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Abstract There are six distinct classes of gold deposits, each represented by metallogenic prov-
inces, having 100’s to > 1 000 tonne gold production. The deposit classes are: (1) orogenic gold;
(2) Carlin and Carlin-like gold deposits; (3) epithermal gold-silver deposits; (4) copper-gold por-
phyry deposits; (5) iron-oxide copper-gold deposits; and (6) gold-rich volcanic hosted massive sul-
fide (VMS) to sedimentary exhalative (SEDEX) deposits. This classification is based on ore and
alteration mineral assemblages; ore and alteration metal budgets; ore fluid pressure(s) and com-
positions; crustal depth or depth ranges of formation; relationship to structures and/or magmatic
intrusions at a variety of scales; and relationship to the P-T-t evolution of the host terrane. These
classes reflect distinct geodynamic settings. Orogenic gold deposits are generated at mid-crustal
(4—16 km) levels proximal to terrane boundaries, in transpressional subduction-accretion com-
plexes of Cordilleran style orogenic belts; other orogenic gold provinces form inboard by delamina-
tion of mantle lithosphere, or plume impingement. Carlin and Carlin-like gold deposits develop at
shallow crustal levels (< 4 km) in extensional convergent margin continental arcs or back arcs;
some provinces may involve asthenosphere plume impingement on the base of the lithosphere.
Epithermal gold and copper-gold porphyry deposits are sited at shallow crustal levels in continental
margin or intraoceanic arcs. Iron oxide copper-gold deposits form at mid to shallow crustal levels;
they are associated with extensional intracratonic anorogenic magmatism. Proterozoic examples
are sited at the transition from thick refractory Archean mantle lithosphere to thinner Proterozoic
mantle lithosphere. Gold-rich VMS deposits are hydrothermal accumulations on or near the sea-
floor in continental or intraoceanic back arcs.

The compressional tectonics of orogenic gold deposits is generated by terrane accretion; high
heat flow stems from crustal thickening, delamination of overthickened mantle lithosphere inducing
advection of hot asthenosphere, or asthenosphere plume impingement. Ore fluids advect at
lithostatic pressures. The extensional settings of Carlin, epithermal, and copper-gold porphyry de-
posits result from slab rollback driven by negative buoyancy of the subducting plate, and associ-
ated induced convection in asthenosphere below the over-riding lithospheric plate. Extension thins
the lithosphere, advecting asthenosphere heat, promotes advection of mantle lithosphere and
crustal magmas to shallow crustal levels, and enhances hydraulic conductivity. Siting of some
copper-gold porphyry deposits is controlled by arc parallel or orthogonal structures that in turn re-
flect deflections or windows in the slab. Ore fluids in Carlin and epithermal deposits were at near
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hydrostatic pressures, with unconstrained magmatic fluid input, whereas ore fluids generating
porphyry copper-gold deposits were initially magmatic and lithostatic, evolving to hydrostatic pres-
sures. Fertilization of previously depleted sub-arc mantle lithosphere by fluids or melts from the
subducting plate, or incompatible element enriched asthenosphere plumes, is likely a factor in
generation of these gold deposits. Iron oxide copper-gold deposits involve prior fertilization of Ar-
chean mantle lithosphere by incompatible element enriched asthenospheric plume liquids, and
subsequent intracontinental anorogenic magmatism driven by decompressional extension from
far-field plate forces. Halogen rich mantle lithosphere and crustal magmas likely are the causative
intrusions for the deposits, with a deep crustal proximal to shallow crustal distal association.
Gold-rich VMS deposits develop in extensional geodynamic settings, where thinned lithosphere
extension drives high heat flow and enhanced hydraulic conductivity, as for epithermal deposits.
Ore fluids induced hydrostatic convection of modified seawater, with unconstrained magmatic input.
Some gold-rich VMS deposits with an epithermal metal budget may be submarine counterparts of
terrestrial epithermal gold deposits. Real time analogs for all of these gold deposit classes are
known in the geodynamic settings described, excepting iron oxide copper-gold deposits.

Keywords: gold deposit, orogenic gold deposit, geodynamics, tectonic setting, supercontinent.

Numerous schemes have been proposed for the classification of gold deposits, based on a va-
riety of precepts or criteria. The scheme of Boyle[l] was founded in morphology of the orebody,
mineral paragenesis, host rock and age. Hodgson and MacGeehan!® used the precept of syngenetic
versus epigenetic, among other characteristics. According to Bache®, gold deposits can be classi-
fied as (1) pre-orogenic volcano-sedimentary, (2) post-orogenic plutono-volcanic, or (3) detrital
deposits. Gold deposits were classed by Poulson*! on the basis of crustal setting, from deep hypo-
thermal to near-surface epithermal. Robert et al.”! proposed sixteen classes of gold deposits based
on geological setting, form of mineralization, alteration, metal association, etc. They subdivide
structurally controlled gold-silver vein deposits into batholith-associated (Korean type), green-
stone hosted, turbidite hosted, and iron formation hosted veins.

The authors reach consensus on a classification for world-class gold deposits based on multi-
ple lines of observational evidence and quantitative data, at a variety of scales. This classification
draws on recently developed concepts in geodynamics, advances in analytical technology that
have permitted large databases to be generated and analyzed, and in particular the application of
precise geochronology that allows the timing of mineralization to be constrained to magmatic or
tectonic events in a P-T-t framework. These classes are: (1) convergent margin orogenic gold de-
posits, that include all of the four subdivisions of gold-silver vein deposits of Robert et al.”); (2)
continental margin to intracratonic Carlin and Carlin-like gold deposits; (3) arc-related epithermal
gold-silver deposits; (4) oceanic arc to continental arc copper-gold porphyry deposits; (5) anoro-
genic to late orogenic iron-oxide copper-gold deposits; and (6) gold-rich submarine volcanic
hosted massive sulfide (VMS) to sedimentary exhalative (SEDEX) deposits. Inasmuch as the
world’s main placer gold deposits develop in foreland basins to orogenic belts, placer deposits can
be linked geodynamically to orogenic gold deposits.

Section one sets out plate tectonic concepts, the supercontinent cycle, and lithosphere char-



Supp. SUPERGIANT GOLD METALLOGENIC PROVINCES 3

acteristics for the geodynamic underpinnings of this review. In the following sections, each of the
six classes of gold deposits is systematically described, in terms of characteristics, classic deposits,
world-class metallogenic provinces, structural style, host rocks, metal ratios, hydrothermal fluids,

origins, and geodynamic setting(s).
1 Mineral deposits, geodynamic settings, and the supercontinent cycle

1.1 Plate tectonics

The theory of plate tectonics is a kinematic theory according to which the lithosphere, the
upper mechanical boundary layer of the Earth, including crust and lithospheric mantle, is divided
into a finite number of torsionally, but not flexurally, rigid lithospheric plates. These plates interact
at divergent spreading centres, convergent subduction zones, and transform fault boundaries as
they move across the surface of the Earth. The oceanic and continental lithospheric plates consti-
tute the translationally mobile upper mechanical boundary layer of the three dimensional convec-
tion cells in the asthenospheric mantle. The upper and lower mantles convect independently. Heat
is removed from the core and mantle to the surface lithosphere by this convection, and by plumes
that likely form at the core-mantle boundary and advect through the convecting lower and upper
mantles to the surface!®.

Subducting oceanic lithospheric plates have been imaged by seismic tomography penetrating
the 670 km D' boundary, and probably are stored in lithospheric ‘graveyards’ at the 3 000 km
deep core-mantle boundary (D"), where they are sporadically reactivated as mantle plumes!”.
Accordingly, there is mass as well as heat exchange between the upper and lower mantles.

In the 1980s, Mitchell and Garson™), and Sawkins'”, provided the first attempts to synthesize
the relationship between different classes of mineral deposits and plate-tectonic geodynamic set-
tings, an approach pioneered by Stanton. They convincingly demonstrated how deposits of dia-
monds and Sn-U formed in anorogenic continental hot spots; deposits of salt and limestone-hosted
Pb-Zn formed on passive margins; granitoid-related ores of Cu and Mo, and base metal massive
sulfides developed in magmatic arcs; and sandstone-hosted U and Cu developed within intracon-
tinental basins, to give a few examples. This elegant synthesis worked convincingly for some de-
posit types in the Phanerozoic. However, at that time there were diverse views on the syngenetic
versus epigenetic timing, and tectonic setting, of what are now termed convergent margin oro-
genic gold deposits; some deposits such as iron-oxide copper-gold had not been fully recognized
as a distinct class of gold deposit; and extrapolations to the Precambrian met with conceptual
problems stemming from uncertainties in the nature of plate tectonics during that era. Moreover,
this initial approach of relating mineral deposits to geodynamic setting did not explain the epi-
sodic secular distribution of orogenic gold and some other deposits referred to below.

1.2 Supercontinent cycle

The supercontinent cycle is an extension of plate tectonic theory. The concept emerged in the
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late 1980s from recognition that the continental masses assemble and disaggregate in a cyclic pat-

tern on a timescale of 200—500 Ma!

(107121 A1l of the present continents formed a single landmass

termed Pangea that broke up at 180 Ma, and this led to speculation that there may have been for-

mer supercontinents that broke up and reassembled in cycles going back to at least 2700 Ma (fig.
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Fig. 1. (a) The secular distribution of select classes of mineral deposits in relation to the breakup and aggregation of
continents as part of the supercontinent cycle (modified from Barley and Groves!™!). (b) Diagrammatic history of the ma-

jor continents, in the supercontinent cycle framework (modified from Rogers!'?).

The mechanisms driving this cycle are not well understood. Murphy and Nance!'" recog-

nized two principal styles of supercontinent aggregation, which they termed internal and external.

Internal aggregation corresponds to continent-continent collision with a single well defined suture;
examples include the 1800 Ma Trans Hudson Orogen (THO), Appalachian, and middle to late Ter-

tiary Alpine-Himalayan orogenic belts. External aggregation corresponds to Cordilleran style tec-
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tonics, where several allochthonous terranes are progressively accreted to a continental margin
along numerous transpressional terrane boundary ‘docking’ faults, also termed the Turkic-style of
orogenic belt!".

Kerrich and Wyman'"”! suggested that late Archean magmatic-accretionary events in the Su-
perior and Slave Provinces of Canada, Finland, Southern Africa, India and Western Australia, all
with associated orogenic gold deposits, likely corresponded to an early external supercontinent
aggregation, and that the secular distribution of all orogenic gold deposits globally was linked to
episodes of accretionary tectonics. Accordingly, Archean and post-Archean orogenic gold deposits
formed in a common convergent margin geodynamic setting, and lithologies characteristic of the
Archean, such as komatiites, tonalites or banded iron formation, are unlikely to have been the

principal factors in the genesis of the Archean deposits !'*!7).

In an important synthesis for understanding mineral deposits'"”

, it is shown that the geody-
namic settings and temporal distribution of several major classes of metallic mineral deposits can
be related to the cyclic aggregation and breakup of the continents, in the supercontinent cycle.
Metal deposits related to anorogenic magmatism, such as Olympic Dam type iron-oxide cop-
per-gold, and sandstone-hosted copper-lead, would form during initiation of supercontinent frag-
mentation, whereas deposits related to convergent tectonics, e.g. orogenic gold, and epithermal
gold, predominate during periods of subduction and supercontinent aggregation.

Superimposed on this ~ 500 Ma supercontinent cycle are variations arising from: (1) the na-
ture of the mantle lithosphere; (2) thermal decay of the mantle; (3) preservation; (4) external ver-
sus internal cycles; and (5) thermal structure of subduction zones. Diamonds are preserved be-
neath Archean cratons given the depth and characteristics of cratonic mantle lithosphere, and Pro-
terozoic Olympic Dam type deposits are located at Archean craton margins where mantle litho-
sphere thins and has been metasomatically enriched (fig. 2). Kambalda-type nickel deposits are
restricted to the late-Archean when the mantle was still hot enough to generate superplumes with
sufficiently high thermal buoyancy flux to erupt abundant komatiites through oceanic and conti-
nental lithosphere. The scarcity of high crustal level porphyry copper =+ gold and epithermal gold
ores in terranes older than 200 Ma is considered to be the consequence of their low preservation
potential in rapidly eroded magmatic arcs and collisional mountain belts. Preservation potential is
higher in external Cordilleran style than in internal Himalayan style mountain belts. This feature,
together with stable Archean lithosphere may explain the prodigiously rich VMS deposits in
back-arc settings and orogenic gold in belts of transpressional accretion of the Superior Province.
The secular change in host lithologies of orogenic gold deposits, and in the style of VMS deposits
from Archean Abitibi type, through Proterozoic type, to the Phanerozoic Kuroko and Cyprus types,
may reflect both thermal decay of the mantle, and differences in the angle of subduction, nature of
the mantle wedge and arc magmas, that in turn stem from secular trends in the thermal structure of

convergent margins (fig. 2).
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Construction of Archean Continental Lithosphere
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Fig. 2. Cartoon illustrating possible scheme for the development of Archean cratonic lithosphere by plume-arc inter-
action. (a) Slab pull under the arc causes arc migration towards oceanic plateau and its mantle residue——the product
of a plume. (b) Buoyant plateau and mantle residue jam in subduction zone; arc and plateau crust imbricate; arc mantle
and plume mantle residue imbricate to form a cratonic mantle lithosphere keel. (¢) Enriched melts from thermal
boundary layer (TBL) and mantle plumes fertilize continental mantle lithosphere. Subduction at craton margins is
prevalently steep in the post-Archean eras (a) modified from Kelemen et al.!'®); see table 1).
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Table 1

Formation of continental lithosphere

Archean

Post-Archean

Crust features

Crust composition

Process

Mantle lithosphere
features

Process

Tectonic imbrication of arc magmas, trench tur-
bidites, and ocean plateaus at convergent mar-
gins. 40—60 km thick. Blueschists, eclogites,
melange present but rare.

High Na,0, AL (La/Yb),

Arc basalts + tonalites from shallow subduction
of hot young ocean lithosphere. Tonalites (TTG)
slab (basalt) melting. Garnet residual in eclogite.

Refractory peridotite. ~ Low Fe, high SiO,.
Low K, U, Th, Rb, Cs. 200—300 km thick. Dia-
monds.

Residues of polybaric melting in hot mantle
plume, residue of ocean plateau komatiite-basalt
sequence.

Tectonic imbrication of arc magmas, trench turbid-
ites, and ocean plateaus at convergent margins.
40—60 km thick. Blueschist, eclogites, melange.

High K, low AL (La/Yb),

Arc basalts and granitoids from steep subduction of
cool old ocean lithosphere. Granodiorites (BADR)
slab dehydration-wedge (peridotite) melting. Garnet
absent.

Refractory peridotite. Low Fe, high SiO,. Low K, U,
Th, Rb, Cs. 200—300 km thick. Diamonds.

Residue of basalt melt extraction in arc mantle,
lithosphere peridotite.
Some slab eclogite.

Same slab eclogite captured by advancing arc;
Plateau obducted, residue subcreted,

TTG liquids hybridize with peridotite =
SIOQ

References in text.

high

The abundance of VMS deposits in the Superior Province, and the contrasting sparseness or
absence of similar deposits in late Paleoarchean terranes of India, Southern Africa and Western
Australia, might be considered at odds with such a unified supercontinent cycle framework for
mineral deposits. Trace element and isotopic studies have shown, however, that Western Austra-
lian volcanic rocks of similar age to those of the Superior Province were generally erupted through
continental lithosphere, and therefore do not correspond with the more primitive oceanic arc and

back arc-plume settings represented by 2.7 Ga VMS-hosting volcanic terranes in Canadal" 2.

1.3 Archean versus post-Archean lithosphere

Cartoons depicting the tectonic setting of ore deposits generally do not extend beyond the
base of the crust, the petrological MOHO. However, geodynamic settings, mantle magma reser-
voirs, and mineral deposits should be considered in the larger scale lithosphere-asthenosphere
framework.

There is now near universal consensus that plate tectonics and the supercontinent, or supere-
vent, cycle were operating in the Archean®. However, there is a fundamental difference in the
processes by which lithospheric plates formed in the Archean and post-Archean; this bears directly
on metallogeny. Modern oceanic lithosphere has a thin basaltic crust and depleted lherzolitic man-
tle lithosphere, collectively 5 to 70 km thick, depending on distance from the oceanic spreading
axis. Compared to the underlying asthenosphere, oceanic lithosphere is relatively cool, mechani-
cally rigid, and buoyant, except at convergent margins where negative buoyancy drives subduction.
Consequently, plates move themselves via age-related density differences relative to convecting

asthenosphere; they are not viscously coupled to upper mantle convection cells’®. Archean ocean
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crust was thicker because the higher mantle potential temperature generated larger melt fractions
at ocean spreading centres'>>’,

Continental lithosphere has a crustal sector 20 to 80 km thick and a subcontinental mantle
lithosphere sector 100 to 250 km thick. Continental mantle lithosphere under Archean cratons is
thicker, more buoyant and refractory than under younger continental regions; its thickness, buoy-
ancy, and thermal structure control the stability of Archean cratons, lead to the preservation of
diamonds in the mantle lithosphere, and preservation of orogenic gold, komatiite hosted nickel,
VMS and other deposits in the crust (fig. 2).

The asthenosphere is relatively hot and fluid, and convects. Between the non-convecting
lithosphere and convecting asthenosphere is a thermal boundary layer, corresponding to the seis-
mic low velocity zone. Heat is transferred through the asthenosphere, which is adiabatic, by con-
vection, but through the lithosphere by conduction. Magmas passing through the lithosphere ad-
vect heat.

During the Archean, hot young oceanic lithosphere subducted at shallow angles. Conse-
quently, oceanic arcs had a bimodal basalt-TTG (high Al-tonalite, trondjemite, granodiorite suite)
association; the former from melting of peridotitic subarc wedge, the latter from slab crust melt-
ing*. Mantle plumes underwent deep, high degree polybaric melting (~30%) to generate ocean
plateaus with a basalt-komatiite association, and a complementary buoyant, refractory residue
(~70%"*)). As arcs retreated, ocean plateaus on ocean lithosphere jammed into the arcs generating
imbricated arc-plateau crust, and imbricated subarc mantle and plume residue mantle lithosphere
(fig. 2(a), (b)). Thicker ocean lithosphere may have inhibited development of slab windows and
associated asthenospheric alkaline magmas. For shallow subduction, blueschists, eclogites, and
mélanges are not readily obducted.

In the post-Archean era, cool older ocean lithosphere subducted steeply. Accordingly, arcs
formed by slab dehydration-wedge melting, to give a basalt, andesite, dacite, rhyolite (BADR)
association. Few plumes were hot enough to yield komatiites, such that the residue was thinner,
less refractory and buoyant. Arc-plume assembly generated a compositionally different crust, and
thinner mantle lithosphere. Proterozoic and Phanerozoic oceanic and continental arc granitoids
formed at different sites in arc crust, as opposed to Archean slab-derived tonalites that are typi-
cally devoid of mineral deposits* (fig. 2(c)). Thinner ocean lithosphere promoted development of
slab windows.

Low degree partial melts in the thermal boundary layer, and low degree melts in plumes, may
stall in mantle lithosphere; such liquids are highly enriched in incompatible elements such as K,
Th, Nb, Ta, Au, and LREE. They form domains of metasomatized mantle that may remelt later
during decompression, extension, or impingement of a plume on the base of the lithosphere.
Similarly, in deep Archean mantle lithosphere, carbonatitic liquids from an asthenosphere plume

may react with P type (peridotite), and E type (eclogite) mantle to form diamonds (fig. 2(c); table
1).
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In summary, the supercontinent cycle and knowledge of lithosphere development collectively
provide an elegant unifying framework for understanding the origin, secular distribution, and
cyclicity of the different classes of mineral deposits.

2 Orogenic gold deposits

2.1 Introduction
Structurally hosted lode gold systems in metamorphic terranes constitute a distinctive class of
epigenetic precious-metal deposit; they are associated in space and time with accretionary tecton-

31527 Their origin, however, has been conten-

ics, and are here termed orogenic gold deposits!
tious for over a century, and there remain polarized views on both the timing and mode of their
formation. This class of gold-silver deposit has variously been named lode or reef type, terms that
include veins in shear zones, through stockworks to mineralized wall rocks. The term mesother-
mal or mesozonal has also been used in view of their predominance in mid-crustal, greenschist
facies environments. However, the deposits are now known to have formed over a large range of
crustal depths from >25 km to the near surface environment, with a commensurately large range

27,2
7 8]; hence those terms

of PT conditions, the crustal continuum scheme of Groves and coworkers!
are not appropriate. Gold-only'” is a misnomer inasmuch as the deposits contain significant Ag,
with Au/Ag ratios averaging 5, and sporadically have enrichments of W, Mo, or Te. Here, “turbid-
ite”, or “slate belt” hosted lode gold deposits are included with their greenstone volcanic-hosted
counterparts, as they all share common metal budgets, ore-fluid characteristics, and geodynamic
setting. Similarly, the granitoid hosted Mesozoic gold-bearing quartz vein systems of Korea and
eastern China are included, as these also share those specified characteristics with greenstone and
turbidite-hosted deposit counterparts. Nor is the arbitrary and reductionist distinction between Ar-
chean, Proterozoic, and Phanerozoic orogenic gold deposits useful for the same reasons.

This class of precious metal deposit differs in terms of paragenesis, alteration style, metal
budget, ore fluid chemistry, structural style, and geodynamic setting from Carlin-type, or epither-
mal gold deposits, that collectively are either in terranes that have not been metamorphosed or did
not form coevally with metamorphism of the host terrane, and are associated with intracontinental

[29-32]

extension or magmatic arcs . Specifically, the relatively high Au/Ag ratios contrast with

much lower ratios in Carlin and epithermal counterparts.

2.2 Characteristics

Studies®** ¥ of orogenic gold deposits of all ages have revealed a number of common
characteristics (table 2): (1) Rich gold metallogenic provinces are associated with accretionary
orogenic events, principally in external supercontinent cycles, or external sectors of internal su-
percontinent aggregation cycles. (2) Many gold metallogenic provinces are sited proximal to
translithospheric structures, or the tectonic boundaries of composite metamorphosed volcanic-

plutonic or sedimentary terranes. (3) Mineralization is typically syn- to post-peak metamorphism,
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Table 2 Principal characteristics of orogenic lode gold deposits

Classic Mesoarchean Barberton (Sheba, Fairview).
provinces Neoarchean  Abitibi (Timmins), Dhawar (Kolar), Quadrilatero, Brazil (Morro Velho), Slave (Con),
(classic Tanzania (Buluyanhulu), Yilgarn (Kalgoorlie), and Zimbabwe (Cam, Motor).
deposit Proterozoic =~ West Afria (Ashanti), Trans-Hudson (Homestake), Tapaios, Guyana (Las Christina),
camps) and NT, Australia (Granites).
Paleozoic Lachlan Fold Belt (Bendigo, Ballarat), Baikal Fold Belt (Sukhoi Log), Southern Tian
Shan (Muruntau, Kumtor), Bohemian Massif (Kasperske Hory).

Mesozoic- Otago (Macraes), Tombstone Belt (Fort Knox, Pogo, Scheelite Dome), Juneau Gold
Tertiary Belt (AJ, Treadwell), Sierra Foothills (Jamestown), Yana-Kolyma (Natalka), and
Jiaodong Peninsula (Jiaojia, Linglong).

Structural style Ductile to brittle-ductile, reverse, strike-slip faults or oblique-slip; anticlinal domes.

Mineralization style Veins, breccias, disseminated.

Host rocks Mafic and ultramafic volcanic rocks, intrusive rocks, BIF-chert, greywacke.

Metal associations Au, Ag, £ As, Sb, Te, W, Bi; Au/Ag averages 5.

Gold fineness 800—950

Proximal alteration Muscovite, Ca-Fe-Mg carbonates, chlorite, albite, pyrite, tourmaline.

P-T conditions 220—500°C, 0.5—4 kb

Ore fluids Low salinity, aqueous-carbonic + H,S, CH4, CO,, £ N,.

Isotopes (Water) D = —20%0— — 80%o; 5'%0 = 6%o0 — 10%o.

Heat sources Asthenosphere, crust.

Other features Increasing salinity related to mixed fluid from sedimentary basins.

Radiogenic isotopes indicate old and juvenile crust interaction with fluids, sporadi-
cally high boron. Reactivation of older deposits generates some secondary isotopic

and fluid inclusion signatures.

and late-tectonic, within the larger time frame of orogenic belts involving accretion of one or mul-
tiple allochthonous terranes. (4) Orogenic gold deposits are distributed in belts of great geological
complexity, with gradients of lithology, strain, and metamorphic grade, reflecting an orogenic en-
vironment. (5) Most supergiant metallogenic provinces are in greenschist facies metamorphic ter-
ranes. (6) Deposits are structurally controlled, and associated with second or higher order splays
of translithospheric faults. The structures have high-angle oblique displacement, commonly with
reverse slip, but with some examples in transcurrent fault regimes. (7) Deposits are generally re-
stricted to the brittle-ductile transition, with syn-kinematic gold precipitation. (8) The alteration
mineral paragenesis in greenschist facies domains is dominated by quartz, carbonate, mica, (£ al-
bite), chlorite, and pyrite (+ scheelite and tourmaline). (9) There is a distinctive element associa-
tion characterized by enrichment in Au, Ag (£ As, Sb, Te, W, Mo, Bi, B), with low enrichments of
Cu, Pb, Zn, Hg, and Tl relative to background abundances. Arsenic, Sb, and Hg are more abundant
in the low temperature sector of the continuum of these deposits. (10) Ore forming hydrothermal
fluids are dilute aqueous carbonic fluids, with uniformly low fluid salinities (typically
<6wt%NaCl equivalent), and CO,+CH, contents of 5—30 mole%, with sporadic H,O-CO, un-
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mixing. (11) Fluid pressures fluctuate from supralithostatic to sublithostatic within the brit-
tle-ductile shear zones. (12) Within a given deposit, vein systems may have vertical extent of more
than 2 km, with a lack of zoning or weak zoning, albeit with some zoning of metal content at the
scale of an entire mining district.

Most of these deposits occur in terranes that experienced greenschist facies metamorphism,
and the deposits feature greenschist-facies alteration assemblages. Recently, it has been recog-
nized that Archean orogenic gold deposits in sub-greenschist, amphibolite, and even granulite fa-
cies terranes share numerous characteristics, such as structural setting, metal inventory, element
association, and ore fluid properties and likely source, in common with greenschist hosted coun-

[28,35,36,38,43—45,56

terparts 1. Accordingly, this class of structurally hosted orogenic gold deposit may

be viewed as forming over a crustal depth range, or ‘crustal continuum’, extending from granulite

[28.561 - A gold deposits of this orogenic class are hosted in

to sub-greenschist facies environments
metamorphosed terranes, and this feature is arguably one of the most significant unifying charac-
teristics.

This section is concerned with orogenic gold deposits that formed close in space and time

(577591 Smaller deposits may form later in

with tectonism and metamorphism of the host terranes
the same terranes; these tend to have distinct mineral parageneses”">. Gold concentrations may
also occur much later from secondary remobilization of primary ore by saline basement brines, as
in some Proterozoic gold orebodies at Chibougamau, Quebec, that formed by leaching of Archean

Au-rich porphyry systems ®*®'.

2.3 Structural architecture, Coseismic mineralization

Orogenic gold deposits are associated with, or proximal to, first-order transcrustal generally
terrane-bounding, or ‘docking’, structures that demark the boundaries of distinct, tectonically jux-
taposed metamorphosed supracrustal sequences, or tectonostratigraphic terranes''>>"*'*%62] (table
2). These first-order structures are typically characterized by megaboudinage; doubly plunging
folds; complex anastomosing brittle-ductile shear zones; well defined L-S tectonic
fabrics with steeply plunging to subhorizontal lineations; and gradients of lithological type,
metamorphic grade, and intensity of hydrothermal alteration®****. The geometry and displace-
ment vectors in these complex structures indicate protracted histories of episodic movement and
reactivation. Many are high angle reverse faults with later transcurrent motion™**. The geometry
of these regional structures at depth is poorly constrained. There is some seismic evidence from
the Abitibi greenstone belt and Kalgoorlie Terrane that the high angle structures hosting the de-
posits become listric at depth. Local connection to depths of ~80 km in the mantle lithosphere is
indicated by the syn-kinematic emplacement of lamprophyres along the structures, and the geo-
chemistry of the lamprophyre dykes that signify residual minerals stable at =80 km!®*!. Major
mining camps are located on regional structures where there are large scale discontinuities, such

as dilational or antidilational jogs as at Kirkland Lake and Malartic; deflections with strike-slip
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thrust duplexes, for example, Timmins; or fault bifurcations or sharp changes in attitude exempli-
fied by the Angel Camp and Jackson-Plymouth gold districts of the Foothills Metamorphic belt,
California'®.

Although spatially and temporally associated with structures of regional extent, orogenic
gold deposits are rarely located within these first-order structures, but instead are hosted in sec-
ond- or higher-order splays off the regional structures. This geometrical relationship is particularly
well developed in the Abitibi subprovince, where the majority of the deposits are located to the
north or south of the two major east-west trending structures; the Destor-Porcupine and Kirkland
Lake-Cadillac Faults. At Timmins, the giant Hollinger-McIntyre-Coniaunium and Dome vein sys-
tems are respectively on the Hollinger and Dome Faults, second order splays of the first order De-
stor-Porcupine Fault. Similarly, the Kirkland Lake and Val d'Or camps are north of the regional
Kirkland Lake-Cadillac Fault. The giant lode gold deposits of the Kalgoorlie-Kambalda trend,
Western Australia, are distributed east and west of the Boulder-Lefroy fault on subsidiary
splays!'®. The reasons why the deposits typically flank the first-order structures have been dis-
cussed by McCuaig and Kerrich!®”! and Cox!®*),

On the scale of individual deposits, the morphology of fracture and shear zone systems in
these second- and higher-order splays, which typically show displacements of tens to a few hun-
dred meters, may be grouped into four general structural styles: (1) breccias; (2) stockworks and
vein sets; (3) laminated veins in shear zones; and (4) predominantly ductile shear zones hosting

(5691 These four structural morpholo-

thin, discontinuous, highly attenuated and deformed veins
gies represent a gradation from dominantly brittle to dominantly ductile conditions that likely re-
flect increasing crustal depths and temperature.

Gold may be contained dominantly within quartz veins, as “replacement” within altered wall
rocks bounding veins and shear zones, or as some combination of these two styles. Notable re-
placement dominated gold deposits are iron-formation hosted deposits, the Kalgoorlie deposit of
the Yilgarn block, and vein selvage-related gold mineralization of the Hollinger-MaclIntyre deposit,
Timmins, Ontario®*7%7!],

These orogenic gold deposits formed synkinematically, and at syn- to post-peak metamorphic
conditions, in gross rheological and thermal equilibrium with the host terranes. Accordingly, de-
posits in higher grade terranes are not metamorphosed lower temperature counterparts. For exam-
ple, at Red Lake, Ontario, there is a transition from deposits in greenschist facies rocks with
greenschist grade alteration assemblages to counterparts in amphibolite facies rocks with amphi-
bolite grade alteration assemblages!’?. Similar transitions of metamorphic grade between deposits
have been identified in Coolgardic Domain'”, Norseman Terrane®” and Yellowknife gold
camp''l.

Over the crustal range from subgreenschist to amphibolite and granulite facies, mineraliza-
tion was syn- to post-peak metamorphism and synkinematic, with cyclic fluid pressure fluctua-

tions driving a cycle of brittle hydraulic fracturing and vein emplacement, with intervening peri-
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ods of slow ductile deformation, all in the framework of the coseismic-interseismic cycle of active
faults. Hence the cyclicity of deformation style, fluid pulses, vein formation, and gold deposition

58,65,74—77

are dynamically and genetically linked' I (for a review see ref. [53]).

2.4 Metal inventory

Orogenic gold deposits are characterized by a distinct metal and trace element inventory con-
sisting of high enrichments relative to background abundances of rare elements Au, Ag, As, Sb +
Tet Se £ W £ Mo + Bi + B, but generally low level or no enrichment of the abundant base metals
Cu, Zn, Pb, and Au/Ag ratios averaging 5. Gold fineness in orogenic deposits of all ages, includ-
ing slate belt examples, is high averaging 900, with low variability, whereas gold fineness in por-
phyry, volcanogenic, and epithermal deposits is lower and more variable*383 178791, Sporadic en-
richments of galena, sphalerite, or molybdenite occur, but do not reach economic grades. The en-
richment of rare elements, yet absence of enrichment of relatively abundant base metals, is likely

due to differences in transport of the elements by the hydrothermal fluid. According to Loucks and

[

Mavrogenes®™, gold is transported as the AuHS (H ,S)7 complex, whereas transport as chloride

complexes is more important in other environments.

2.5 Ore fluids

The hydrothermal ore-forming fluids were dilute, aqueous, carbonic fluids, with salinities
generally <3 wt % NaCl equivalent, and CO,+ CH, + N, £ H,S. They possess low Cl but rela-
tively high S, possibly reflecting the fact that metamorphic fluids are generated in crust with ~60
x107° C1, but ~1 000x10°° S. Primary fluid inclusions are: (1) H,O—CO,, (2) CO,-rich with vari-
able CH, and small amounts of H,O, and (3) 2-phase H,O (liquid-vapor) inclusions. Inclusion
types 2 and 3 are interpreted to represent immiscibility of the type 1 original ore fluid. Immisci-
bility was triggered by fluid pressure drop during coseismic events, and possibly by shock nuclea-

tion, leading to highly variable homogenization temperatures in an isothermal systeml** >8],

Gold solute concentrations in the ore fluids have been estimated at ~20 pg/g (ppb), requiring
commensurately large quantities of hydrothermal fluids, or about 6000 km® for the Abitibi terrane
deposits.

Regardless of the actual concentration of Au in the hydrothermal ore-forming fluids, in order
to form an economic orebody it is necessary to induce a change in the fluid chemistry that will
efficiently remove gold from solution by destabilizing aqueous Au-S complexes. Based on avail-
able data, destabilization could be accomplished by a number of processes: (1) cooling the fluid,;
(2) oxidation of the fluid; (3) reduction of the fluid; (4) decreasing pH of the fluid, or; (5) lowering
>S in the fluid. This modification of fluid chemistry can be achieved by: (1) large-scale pressure
and temperature gradients along the fluid plumbing system; (2) reaction of the fluid with the
wallrocks surrounding the fluid conduit; (3) transient pressure fluctuations inducing phase immis-
cibility in the fluid; (4) fluid mixing; or (5) chemisorption.
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2.6 New constraints from nitrogen isotopes

After more than a century of research on orogenic lode gold deposits, their origin remains
contentious. The principal hypotheses for their origin are: (1) deposition from granitoid-related
magmatic hydrothermal fluids®®"; (2) precipitation from deeply convecting meteoric surface wa-

[85].

ters™™; (3) the product of mantle derived fluid interaction with the lower granulite crust®®; or (4)

the product of fluids generated by metamorphism of ocean crust and sediments in a subduc-

(18] ' These proposed genetic models are based on various lines of geo-

tion-accretion complex
logical and geochemical evidence (mainly H, O, C, and S isotope studies) from different deposits.
However, much of the isotope data cannot be interpreted uniquely: many of the 8°C carbonate
data have values consistent with mantle fluids, crustal magmas, or crustal dehydration, and the
same is true of the majority of S-isotope data on sulfides. Similarly, many of the calculated 8'%0
and dD values of fluids plot where metamorphic and magmatic fields overlap. Collectively, Sr and
Pb isotope data permit mixing of fluids derived from crustal and mantle resources'®”). Clearly, a
new, less ambiguous, approach is required to distinguish between these hypotheses.

Nitrogen, primarily as structurally bound NH4", may substitute for K in potassium-bearing
silicates such as micas and K-feldspars because of its similar ionic radius and charge™*"). The
isotopic composition of nitrogen has large variations in geological samples (e.g. Clayton”"),
which makes this isotope system a potentially important tracer for the origin of terrestrial silicates
and volatiles such as mantle-derived mid-oceanic ridge basalt (MORB, 8N = —8.7%o to —1.7%0)

and diamonds (815N = —10%o to 0%o) which have a mean 8N value about —5%0""'**!. Sedimen-

tary and crystalline rocks show relative enrichments in N, with 8"°N values between 0%o and
10%o for organic N in marine sediments®”; between +5%o and 10%o for S-type granites, with low

N contents, averaging 21x10™7 %], (100

; and between +2.5%o0 and 18%o for metamorphic rocks

The results show that N content of micas from Archean gold deposits in Canada and Western
Australia is between 20 and 200x10° (average 76x10°%), and 8'"°N spans 10%o to 24%o (fig.3). In
contrast, biotite and K-feldspar from a peraluminous granite in the Archean Abitibi belt are char-
acterized by systematically lower "N of —~5%o to 5 %o, and generally lower N contents of 10 to
50x107° *"1. Based on these results, Jia and Kerrich®®” conclude that N in the micas is unlikely to
have been derived either from orthomagmatic fluids expelled from crystallizing granitiods, or
from mantle derived fluids given the low N content and 8'°N-depleted character of mantle nitro-
gen. It is also unlikely that N in the hydrothermal micas of gold deposits is meteoric surface water,
given that global mean nitrogen isotopic values of meteoric water are 4.4 + 2.3%o (n = 263)/'°',
Furthermore, meteoric water convection occurs at hydrostatic fluid pressures whereas structural
analysis of the veins indicates their precipitation during hydraulic fracturing by ﬂuids at lithostatic
fluid pressure. Accordingly deeply convecting meteoric water can be ruled out™”!. Collectively, the
dilute, aqueous carbonic and N-bearing composition of the ore fluids is consistent with the meta-

morphic fluid hypothesis, where fluids are derived from a 8'°N-enriched source of volcanic and
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siliciclastic sedimentary rocks at the greenschist to amphibolite transition. The setting is within a
subduction-accretion complex, where fluids advect on regional scale structures into the super-
crustal sequences where the deposits form.

1000 - - -
Greenschist facies s EUDKET'OIAPJS_V'“C: Goldh k‘glﬁ?‘m block
tasediment : err-Addisons Goldhaw orseman
metasediments \__‘2 | '@ Dome « Hemlo
h ¢ Hollinger  + Geraldton
Increasing metamorphic e
5 grade . e® l“‘\_.
. l/". o= . N\
~ 100 Upper amphibolite facies .\ A 1 AL \
T?. - metasediments \ '\
= r @
= L i \
I : o \
L ) 7 .1
r Lo o * o]
Granites -
1ol @ K-feldspar + Muscovite
[ ©Biotite % Lepidolite «——Metamorphic rocks—— -« = = - -
L« Mantle derived rocks—-P— Organic manermeniIes—.‘
=10 -5 0 5 10 15 20 25

SN

Fig. 3. N content and 8"°N values of hydrothermal mica separates from Archean orogenic gold deposits in Canada
and Western Australia compared to results for K-silicates from granites, Abitibi greenstone belt of Superior Province.
Modified from Jia and Kerrich®”.

2.7 Geodynamic settings of orogenic gold deposits

Globally, giant orogenic gold metallogenic provinces appear at four distinct times in Earth
history: the Neoarchean (~2.7 Ga); the Neoproterozoic, with the Birimian goldfields and Home-
stake; the lower Palaecozoic, with Muruntau and Kumtor in central Asia and the Victorian gold-
fields of Australia; and in Mesozoic rocks of the North American Cordillera, exemplified by the
Mother Lode, and eastern Asia. Each of these times corresponds to major accretionary orogenic
processes. The specific geodynamic setting is of transpressive accretion of allochthonous terranes
to one another, or a pre-existing continental margin, typified by Cordilleran tectonics. This tec-
tonic regime is distinct from continent-continent collision, such as the Alpine-Himalayan Orogen,
an internal orogen'"*!.

In the Superior Province and Yilgarn craton, gold mineralization post-dates termination of the
main pulse of granitoid emplacement. Syn-tectonic granitoids in the Superior Province are domi-
nantly slab melting TTG’s, whereas the Yilgarn granitoids are intracrustal melts. Gold mineraliza-
tion predates post-orogenic peraluminous ‘S-type’ granites in the Superior Province®”. Gold de-
posits in these superterranes are located proximal to regional scale accretionary fault zones that

tend to ‘skirt’ the large batholithic intrusions. Few deposits are located within granitoids. Based on
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structural style in the southern Superior Province, and the ubiquitous metamorphosed nature of

terranes hosting orogenic-gold deposits, Polat and Kerrich!'®

suggested that the terranes are
high-T, low-P type subduction accretion complexes, where subduction-accretion, metamorphism,
magmatism, and gold mineralization are closely associated in space and time, but in detail gold
mineralization postdates syn-tectonic batholiths. This model accounts for the restriction of oro-
genic gold deposits to metamorphic terranes (fig. 4).

Internal orogens, such as the Trans Hudson, Appalachian, and Alpine orogenic belts do not
feature large lode gold provinces. Rather, they generally host small deposits, albeit with structural,
mineralogical, and geochemical similarities to giant Archean, Palaeoproterozoic, and Phanerozoic
counterparts, and similar post-peak metamorphic temporal relations; shoshonitic lamprophyres are
sparse. These relationships may stem from the presence of deep plumbing systems that develop in
the terrane boundaries of transpressive external orogens, in contrast to smaller, shallower, and less
connected structural networks in internal orogens such as the 1.9 Ga Trans Hudson orogen (THO).
An exception is the Homestake Mine, South Dakota (1100 t Au produced), where the local geol-
ogy of this sector of the THO has features common to external orogenic belts, including a
rift-drift-accretional geodynamic evolution!!**'%.

Other orogenic gold provinces are not located on translithospheric accretionary structures.
Examples are the Lupin deposit in the Northwest Territories (now termed Nunavut) of Canada,
and the Victorian slate belt orogenic gold province, Southeast Australia®'’. In such cases outboard
accretion may lead to lithosphere thickening, delamination of mantle lithosphere with upwelling
of hot asthenosphere, collectively generating high crustal heat flow. Mesozoic orogenic gold de-
posits of China and Korea are distinctive in being located at the margins of Archean cratons, and

1% Notwithstanding the spatial association, the ore fluids are

located in or proximal to granitoids'
neither consistent with a magmatic origin, nor with meteoric water convecting in and proximal to
a granitoid heat source. Rather, the deposit characteristics and ore fluid properties are similar to
those of all other orogenic gold deposits'®”. Given the areal extent of these Mesozoic orogenic
gold provinces, high crustal heat flow may stem from impingement of a mantle plume on the base
of the lithosphere. Thinner cratonic margin lithosphere would then melt and dehydrate the overly-

ing crust.
3 Carlin and Carlin-like gold deposits

3.1 Introduction

The tectonic controls on the genesis of Carlin-like gold deposits continue to remain an
enigma some thirty years after discovery of the Carlin deposit itself in northern Nevada. It is still
even highly debatable as to whether this is a totally distinct class of gold system, or alternatively
whether some relationship exists between these gold systems and epithermal gold!'"”), grani-

toid-related gold[ms], or orogenic gold deposits[109]. In fact, Phillips et al.l"% have recently sug-
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Fig. 4. (a) Schematic diagram illustrating possible fluid reservoirs involved in a collisional and/or transpressive geodynamic
regime. O Formation waters tectonically expelled from cover thrust units, advect along thrust faults. 2 Syntectonic veins
buffered by low-, or high-3'*0 lithologies. &) Metamorphic fluids from old basement. @ Metamorphic fluids from dehydra-
tion of subcreted oceanic lithosphere: these are the principal hydrothermal ore fluid for lode gold deposits. 6 Mantle volatiles
from late decompression advect up suture. &) Magmatic fluids from trondhjemites generated by melting base of subcreted
lithosphere. () Formation brines that penetrated basement during extensional phase. Low-5'%0 meteoric water from
high-altitude mountain range. (b)—(d) Timing relationships between metamorphism at shallow and deep crustal levels modeled
for deep-later type metamorphic terranes. Piezothermal arrays calculated with the mode and method of England and Thomp-
son!'”!. (b) A piezothermal for an erosion rate of 35 km per 50 Ma. and onset of erosion at 20 Ma after initial thickening (thick
line). Thin lines represent the 400°C isotherm for heat source distribution II " and contoured for different thermal conductivi-
ties. (¢) The changes of metamorphic peak temperature with depth. Contours are for differing conductivities of (a). The shaded
field indicates the area in which crustal melting and fluid production are likely to occur. (d) Piezothermal arrays for two different
times of erosion onset at 5 and 20 Ma after initial homogeneous crustal thickening to double thickness crust and for characteristic
erosion times of 30, 70, and 100 Ma Superimposed straight lines are trajectories of rocks now preserved at the surface. Times and
depth of metamorphic peak for these rocks is shown by the dots (modified from ref. [57]).
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gested that deep weathering of Late Archean orogenic gold systems in the Yilgarn Craton pro-

duces gold systems that resemble those in Nevada. The basic geological characteristics of
[30. 111.112] o

application of many of these features to other parts of the world is often questionable. Under-

Carlin-like deposits are well described from northern Nevada and northwestern Utah

standing of the global distribution of Carlin-like gold ores remains poor because many reported
occurrences of anomalous gold disseminated in sedimentary rocks, which might be amenable to
bulk-mining methods, are classified as Carlin-like with little additional justification.

The Carlin-like deposits in Nevada and Utah are mainly restricted to three important trends:
the Carlin, Battle Mountain-Eureka, and Getchell trends. These trends are indicative of the spatial
association between hydrothermal activity and pre-existing major faults within the Basin and
Range physiographic province, an association first recognized by Roberts''"*!. More modern geo-
physical studies have shown these faults to be Neoproterozoic basement structures, which may
have originated during episodic rifting along a passive margin of ancestral North America !''*''%,
The gold deposits are hosted by Cambrian through Triassic miogeoclinal clastic and carbonate
rocks along the trends, with carbonaceous and calcareous siltstones being the most preferred host.

Many ore zones are localized where high-angle normal faults intersect favorable lithological units.

3.2 Characteristics

More than one hundred Carlin-like gold deposits and occurrences are now recognized in the
northern Basin and Range province of the western USA. They have a pre-mining resource of
slightly more than 4 800 t Au that mainly grade 1—2 g/t, with about 60 percent of this resource
within the Carlin trend itself. About 20 percent of this total recognized resource has been recov-
ered through the end of the 20th century. Gold is both disseminated within given strata and in ir-
regular, discordant breccia zones. It is submicron and consistently sited in arsenian pyrite rims

(161171 The Ag-As-Au-Hg-Sb geochemical signature, related to the

around very fine pyrite grains
common occurrence of realgar, orpiment, cinnabar, and stibnite, suggests a predominance of sul-
fur-complex within the hydrothermal systems. Au/Ag ratios are variable, but commonly >1.

112,118 .
18] Carbonate disso-

A consistent and characteristic alteration pattern has been described'
lution, mainly decalcification, but in places also including dissolution of dolomite, is the most
widespread diagnostic alteration process. This process increases rock porosity and permeability,

191201 The carbonate dissolution is

thus enhancing subsequent migration of hydrothermal fluids'
more efficient in calcareous siltstones, than in the pure carbonates, because these clastic sedimen-
tary rocks have a higher initial permeability. Conversely, silicification is best developed adjacent
to structures in carbonates where greater fluid/rock ratios exist. Argillic alteration is defined by the
presence of kaolinite, illite, montmorillonite, and lesser sericite that have replaced detrital silicates
in the clastic rocks. Sulfidization of iron-rich host rocks, as well as fluid mixing, is most com-

121]

monly called upon for destabilizing gold-bisulfide complexes! Ore deposition for the

Carlin-like deposits in northern Nevada was at temperatures of about 180—250°C and at depths
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of about 2.5—6.5 km from a low-salinity (<8wt%onac1.cquiv), CO2- (<<10mole%) and H,S-bearing
fluid!""*'#"1#2] There is a general lack of consensus as to whether ore fluids may be totally mete-

23] t[124]

.. ... Nn . .
oric in origin'** or may also have a deep crustal metamorphic or magmatic componen

3.3 Geodynamic setting

The absolute timing for gold deposition in the Nevada Carlin-like gold deposits has been
controversial since initial discovery. However, isotopic dating studies now clearly indicate that
these gold deposits formed between 42—30 Ma!'**! (table 3). In a broad framework, this period
represents a part of the time span of transition from convergence to extension in the Cordilleran
foreland thrust belt, as the associated continental margin simultaneously shifted from a zone of
orthogonal/transpressional collision to a transform margin. This Middle Eocene to Early Miocene
transition included a slowing of convergence with the eventual sinking of a subducting slab into

the mantle, the onset of extensive extension, unroofing of metamorphic core complexes, and

Table 3 Summary of selected large Carlin-like deposits

. . . Gold/t o Ore
Region Tectonics Host rocks Deposits Grade/g * t Reference
(prod+res) age/Ma
Nevada (Ba- back-arc Pz,-Tr miogeocli- Goldstrike- 1800 5.0—24 42—30 [124]
sin and extension; nal clastics and Post-Miekle
Range), USA  calc-alkaline carbonates Twin Creeks 665 23
magmatism Gold Quarry - 641 1.0—2
Maggie Creek
Jerritt Canyon 378 3.7
Cortez-Pipeline 300 8
Tintina Gold post-extensional Pz schist in pericra- Brewery Creek 28 0.5—2.0 ca. 90 [125]
Belt, Yukon subduction tonic terrane True North 37 2.5 [126]
(Canada) and and calc-alkaline and Pt-E. Cambrian
Alaska magmatism miogeoclinal
(USA) clastics
Dian-Gui- shift from middle Pz -Tr Zimudan >32 5 K(?) [127], a)
Qian area, compressional to  miogeoclinal = clas- Lannigou >60 7
SW Yangtze  extensional tics and carbonates Gaolong =20 4
craton China) regime Getang 9 6.2
Chuan-Shaan collisional late Pz -Tr turbid- Dashui 46 5.0—60 Ti-J, [127],b)
-Gan area, tectonics ites La’erma 6 1.5—5.6
NW Yangzte and calc-alkaline Dongbeizhai 52 5.5
craton magmatism Jiancha-ling 52 5
(China)
Zarshuran, post-collisional precambrian shales Zarshuran 22 10 ca. 14 [128,129]
NW Iran felsic to interme- and carbonates

diate volcanism

a) Hu, R. Z., Su, W. C,, Bi, X. W. et al., Geology and geochemistry of Carlin-type gold deposits in China, Mineralium
Deposita, 2001, in press. b) Mao, J., Qiu, Y., Goldfarb, R. et al., Geology and distribution of gold deposits in the western Qinling
belt, central China, Mineralium Deposita, 2001, in press.
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widespread calc-alkaline magmatism landward of the Mesozoic Sierra magmatic arc (Seedorff,
1991; Burchfiel et al., 1992; Hofstra et al., 1999). These tectonothermal activities were associated
with formation of the Carlin-like gold deposits, as well as many important epithermal gold depos-
its and large porphyry systems such as Bingham Canyon and Battle Mountain.

The restriction of Carlin-like deposits to a 12-Ma-long time window within an approximately

124], the deformational and

35-Ma-long episode of back-arc tectonism is puzzling. As shown!
magmatic events migrated from north (Washington-Idaho-Montana) to south (southern Nevada)
over this broader Middle Eocene to Early Miocene time. Resulting metamorphic core complexes
and magmatic bodies characterize this entire north-south transect across the western USA and,
where they occur in northern Nevada and northwestern Utah, they show no consistent spatial as-
sociation with the Carlin-like gold deposits''>*"*"

A critical question that must be resolved is, therefore, what was so special about this specific
area in the central Basin and Range at this one time. Although the miogeoclinal rocks and crustal
structures are more widespread than simply the area of the Carlin gold deposits, Ilchik and Bar-

tOl’l[123]

suggest that the relatively reduced nature of these rocks in northern Nevada was critical for
required high sulfur and gold solubilities within fluids produced during broad-scale extension.
Another possibility for the restriction of the ores to this part of the Palaeo passive margin sedi-
mentary sequence is a Paleozoic syngenetic gold enrichment within some of the sedimentary units,
which is then remobilized by hydrothermal events initiated during the subsequent extension and
increased geothermal gradient. Emsbo et al!'! have noted disseminated and relatively
coarse-grained gold within a number of the units in northern Nevada that are correlative with
bedded barite and sea-floor base metal mineral occurrences. Finally, a plume beneath the central
Basin and Range at ca. 42—30 Ma, the ancestral Yellowstone hot spot, may also have been sig-

. el . . . . . 132.133
nificant for initiating voluminous fluid circulation!"**"**,

3.4 Carlin-like deposits

The above, possibly critical, features noted from the central Basin and Range, are not consis-
tently recognized in association with hypothesized Carlin-like gold deposits described elsewhere
in the world. This uncertainty hinders establishment of any reasonable tectonic model that can be
used for global exploration for Carlin-like deposits. Elsewhere in North America, deposits such as
Brewery Creek!'”), in the ca. 90 Ma Tombstone gold belt of east-central Alaska/central Yukon, are
sometimes referred to as Carlin-like!"*®.. These include zones of auriferous brecciation and dis-
seminated gold in carbonaceous, calcareous clastic rocks with an associated As-Sb-Hg signature,
similarities with the Carlin-like deposits of Nevada. However, the temporal association with
nearby granitoid magmatism, the occurrence of gold bearing veins in these granitoids, and the lack
of documented pre-ore decalcification suggest these are not Carlin-like deposits, but rather may
somehow be related to the other orogenic gold deposits of the Tombstone belt. Also in the North
American Cordillera, Paleozoic strata near shale-hosted barite and base metal deposits in the Sel-
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wyn and Red Dog basins might be favorable sites for discovery of Carlin-like gold deposits, as-

B! to be significant. The lack of later plutonism in either of the

suming the model of Emsbo et al.!
miogeoclinal basin sequences subsequent to Paleozoic metal deposition, however, may make these
parts of the passive margin less prospective for generation of epigenetic Carlin-like gold systems.

Outside of northern Nevada and northwestern Utah, southern China is most commonly rec-
ognized for gold resources within Carlin-like deposits. Resources of about 15 Moz Au occur in the
Dian-Gui-Qian and Chuan-Shaan-Gan areas, respectively along the southwestern and northwest-
ern margins to the Yangtze craton. These may be, in part, significantly less productive systems
than those in Nevada because of the more-limited, free-milling oxide zones. English language
summaries of the auriferous areas include refs. [127,134, 135]. Early Paleozoic to Triassic cal-
careous and carbonaceous clastic rocks host ores; silicification, kaolinitization and decalcification
have been noted, ore zones are characterized by a Au-Ag-Ag-Hg-Sb geochemical signature, and
associated granitoids are uncommon.

The Dian-Gui-Qian area is economically the more important of the two, located along the
boundary of Yunnan, Guangxi, and Guizhou. A variety of isotopic dates on the Carlin-like deposits
from the area, all of somewhat questionable validity, are spread over Cretaceous time (Hu et al.,
2001, listed at the foot of table 3). The deposits occur in sedimentary rocks of the Youjiang basin,
a rift filled with middle Paleozoic to Triassic sediments within the Yangtze craton miogeocline.
Folding and thin-skinned thrusting of these now gold-bearing, carbonate platform and foreland
basin strata occurred a few hundred kilometers inland of the continental margin during the middle
Mesozoic. This was a consequence of accretion/subduction of the Qiangtang-Indochina superter-
rane along this part of the Yangtze craton margin, with the suture marked by the Jinshaji-

U361 Terrane accretion continued until about 50 Ma, when final conti-

ang-Ailaoshan fault system
nent-continent collision was marked by the docking of the Indian continental mass. Resulting Hi-
malayan orogenesis included transform escape tectonics within the earlier accreted superterrane
block!*”. However, there is little published information regarding the effects of the final collision
on the Dian-Gui-Qian area and other parts of the interior Yangtzte block. Surprisingly, there is
very little reported magmatism associated with the Mesozoic-Tertiary collisions along the edge of
the craton. In a broad sense, the overall probable Cretaceous age for Carlin-like gold deposition
occurs within a lengthy period where the older passive margin (miogeocline) was undergoing a
transition from a compressional to a more extensional stress regime, which is somewhat similar to
the western North America scenario. Until more reliable and detailed information is available re-
garding the regional tectonics of the southwestern Yangtze Craton, meaningful comparisons be-
tween China and North America are difficult to draw.

Carlin-like gold deposits are recognized from two localities in the Chuan-Shaan Gan area.
Both of these, the western Qinling orogenic belt and the northeastern corner of the Songpan-Ganzi
basin, are dominated by basinal rocks of late Paleozoic and Triassic ages, respectively. In the for-

mer, however, many of the larger 64—96 t Au deposits classified'?”! as Carlin-like, including Ba-
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guamiao, Shuangwang, and Liba, are undoubtedly orogenic gold deposits within large brit-
tle-ductile shear zones (Mao et al., 2001, listed at foot of table 3). Since the middle 1980s about
fifteen new discoveries in the western Qinling belt show most features that are characteristic of
Carlin-like gold systems such as the Dashui, La’erma, Manaoke, and Pingding deposits. The sec-
ond group of Carlin-like deposits, about 100 km to the south and including the roughly 2 Moz Au
Dongbeizhai deposit, are also very similar, and their host strata indicate a maximum age of no
older than Middle Triassic. Important differences between most of these deposits in the
Chuan-Shaan-Gan area and those in Nevada are that the former are mainly structurally-controlled
and found within relatively unreactive siliciclastic and carbonate units. These features may partly
explain the relative lower tonnages in the Chinese deposits.

There are no absolute dates on the Carlin-like deposits in the Songpan-Ganzi basin. The
rocks were folded and thrusted, as well as intruded by anatectic plutons, in the middle Mesozoic
during the same collisional events along the craton margin, as described above. There is no evi-
dence for any later extension here in this part of the Chuan-Shaan Gan area. Therefore, it can only
be speculated that gold genesis may have been a part of the middle Mesozoic deformational epi-
sode within the basin and adjacent northwestern Yangtze craton margin. In contrast, numerous
absolute dates are available for the western Qinling belt Carlin-like deposits and these typically
range between 240 and 170 Ma (Mao et al., 2001). These age constraints suggest that this group of
Carlin-like ores formed coevally with the nearby orogenic gold deposits also in this part of the
Qinling orogen, both within the belt of terranes defining the early Triassic collisional suture be-
tween the North China and Yangtze cratons. Most significantly, in both of these parts of
Chuan-Shaan Gan area, and in contrast to the western USA and perhaps the Dian-Gui-Qian area,
the defined Carlin-like deposits appear to be associated with collisional tectonism. In this case, the

proposed genetic link between orogenic gold and Carlin-like gold deposits''®”’

seems relatively
more attainable.

The ca. 14 Ma Carlin-like deposits of the Zarshuran district of northwestern Iran, historically
a significant producer of arsenic ores, are now important targets for disseminated gold. The depos-
its have reserves of about 22.4 t Au, and are hosted in a Precambrian sedimentary rock sequen-

(128121 'The majority of the gold is hosted in a calcareous and carbonaceous shale unit that is

ce
intercalated with a series of carbonate beds. Mehrabi et al.'*®! suggest that coeval andesitic to
rhyolitic Miocene volcanism is indicative of a magmatic origin for the hydrothermal fluids, and
associated deformation to development of a regional anticlinal trap. They also make the important
observation that the relatively deeper levels of formation for Carlin-like deposits, such as =4 km
in the Zarshuran district, favor a greater preservation potential of these types of gold systems

1.138) indicate a much shal-

compared to epithermal gold vein deposits. In contrast, Daliran et a
lower formation depth for these ores in northwestern Iran, a possibility supported by nearby active
geothermal systems.

An association of the Iranian gold deposits with the major Zagros fault zone may be signifi-
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cant, although, and as for the Nevada Carlin-like deposits, the fault is a basement structure that
was first active hundreds of millions of years prior to ore formation!*”. As with Nevada in the
middle to late Tertiary, the Miocene of northwestern Iran was probably in a post-collisional tec-
tonic state. Seaward of the future gold district, the final closure of a branch of the Neo-Tethys
Ocean, and docking of the Zagros shelf/Arabian Peninsula region on the leading edge of Africa,

occurred sometime during the Oligocene!'*”!.

4 Arc-related epithermal gold deposits

4.1 Introduction

Epithermal mineral deposits are the main source of gold resources that have been formed
within the upper few kilometers of crust. Giant epithermal gold deposits, as defined in Sillitoe!"*"),
contain anywhere from 200 t to 1 000 t Au. Minerable gold grades in these deposits vary over
about two orders of magnitude, from the bulk-minable ores at Round Mountain of just over 1 g/t
to the bonanza-type (i.e. >32 g/t) gold ores of about 60 g/t at Hishikari. Similar to the cop-
per-gold porphyry and skarn deposits, the epithermal deposits occur in both continental and oce-
anic arc tectonic settings. The majority of these rim the Pacific margin, in arcs that were active in
middle Cretaceous or younger times. Other significant deposits are associated with Alpine events
in southern Europe (e.g. Greece, Romania), and in locally-preserved, shallow-level remnants of
late Paleozoic Gondwanan (e.g. NE Queensland) and Paleo-Tethyn (e.g. Central Asia Tian Shan)
arcs. Epithermal gold deposits are typically classified into low-sulfidation or high-sulfidation sub-
groups, with hot spring gold deposits best interpreted as an expression of the former at the paleo-

surface.

4.2 Characteristics

Epithermal gold deposits are most typically assumed to be the products of igneous-driven
hydrothermal cells within the upper 1—2 km of crust™>'*!]. Therefore, a spatial association with
volcanic lithologies and underlying porphyry systems characterizes the majority of the deposits.
Both fluids exsolved from the shallow magma chamber and convecting meteoric waters, in vari-
able proportions, are likely to be involved in ore formation in these settings. Temperatures of min-
eral deposition range between about 100 and 300°C and reported Au/Ag ratios are quite variable.
A spatial association with major transcurrent structures has been observed in places®?, although

(1401 Active auriferous geothermal systems in

this may not be important in the ore-forming process
volcanic terranes (e.g. Matsukawa, Broadlands, Salton Sea) are now well accepted as modern-day
analogs to past epithermal gold deposits (table 4).

The characteristics of low sulfidation (or adularia-sericite) systems are significantly different

(16171641 1 ow sulfidation

from those of high sulfidation (or acid sulfate, alunite-kaolinite) systems
deposits are typically sited laterally to the sub-volcanic intrusive bodies and are dominated by

low-salinity meteoric waters. Massive open-space veins and stockworks host the gold ores in
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Table 4 Summary of selected large epithermal gold deposits
. . . Highorlow  Gold/t . 1 Ageofore/
Region Tectonics Deposits sulfidation  (prod-res) Grade/g * t Ma Reference
Continental deposits
Andes continental arc per- Yanacocha, Peru high 870 1.03 <15 [142]
haps during change in Pierina, Peru high 310 2.8
subduction angle El Indio, Chile high 300 6.6
Pascua, Chile high 340 1
La Coipa high 95 1.37
Cerro Vanguardia  low 95
Orcopampa, Peru low 12
Kori Kollo low 156 2.26
Western USA  back-arc  continental Cripple Creek low 780 23 <30 [142]
extension during slab g mmitville high 15 1.6
sinking
Round Mt. low 310 1.2
Goldfield high 160 10.5
Comstock low 280 14.6
McLaughlin low 110 4.7
NE Russia back-arc  continental Kubaka low 80 25 105—70 [143]
extension during slab o oven low 34
sinking .
Julietta low 22 20
SE China post-collisional Zijinshan high 9 5 ca 100 [144]
orogen extension
Peri-Mediterr- complex Sacaramb low 2—100 Miocene?  [145]
anean of mlcfo.—contme.nt Chelopech, hlgh 193 >4 [146]
southern collisions, with local Bulgaria
Europe extension perhaps due Bor, Serbia high 44 0.4 [147]
to onset of lithospheric .
detachment Lahoca, Hungary high 50 2.1
Telkibanya low
Rodalquilar, Spain  high 10 7
Central Asia  back-arc region Kochbulak high 125 13.4 Pz, [148]
to ﬁ?f}“nemﬁl Kairagach high 63 [149]
coTIsIons Shkol'noe low 9 9.04
Xitan high 15 7 a)
Axi low 112 5.8
Thomson and  back-arc extension Cracow low 30 0.5—4.3 C—P [150]
Hodgkinson-  along continental Kidston low 130 1.25—1.58 [151]
Broken River margin ..
fold belts, Pajingo low 12 9.9
E-Australia
Oceanic island arcs
Southwest oceanic arc Ladolam low >600 35 <10 [151]
Pacific Porgera low >550 47 [152]
Lepanto high >120 35 [153—155]
Chinkuashih high 92 4.6
Wafi high 60 0.6
Hishikari low 250 55
Emperor low >150 10
Martha Hill low >150 2.0—3
Carribbean Oceanic arc Pueblo Viejo high >700 3.0—4 130 [156]

(To be continued on the next page)
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(Continued)

Region Tectonics Deposits I_slllﬁg(gﬁlgr (pS)(()ilJ(rii(t:s) Grade/g * t! Age]\(/)[f ore/ Reference
Lachlan belt, accreted island arcs Peak Hill high >9 0.5—2 (0} [157]
Australia
Stikinia and accreted island arcs Sulphurets  (Snow- low 22 2.8 Ts—J, [158]
western field)
Canada Stewart low 70 7 Ts—J,
Southern Ural accreted island arcs Bereznjakovskoje  low 50-100 >3 D; [159]
Mountains, gold belt
Russia
Avalon  ter- accreted island arc Hope Brook high 45 2.5 latest Pt [160]
rane, eastern
Canada

a) Rui, Z., Goldfarb, R. J., Qiu, Y. et al., Paleozoic-Early Mesozoic gold deposits of the Xinjiang Autonomous Region,
northwestern China, Mineralium Deposita, 2001, 36, in press.

volcanic environments, with commonly associated pyrite, argentite, tennantite/tetrahedrite, ar-
senopyrite, tellurides, and base metal sulfides. Very distinctive ore textures include breccias,
banded and crustiform veins, and druse-filled cavities. In more sedimentary rock-dominant ter-
ranes, realgar, orpiment, cinnabar and stibnite are the more common sulfide mineral phases. Adu-
laria and calcite, along with widespread quartztchalcedony, are notably abundant because of the
near-neutral hydrothermal fluids that were buffered by the country rocks. Illite is common in adu-
laria-rich assemblages nearest the causative intrusion, and gradually gives way to smectite at

1% Where boiling oc-

greater distances along the fluid cooling path and extending to the surface!
curs, the rising steam escaping toward the surface produces an alteration signature similar to that
seen in the high-sulfidation deposits (see below).

The high sulfidation systems are, in contrast, dominated by magmatic fluids!'®". Rather than
hosted in discrete veins, most of the gold in these deposits occurs within replacement zones in
volcanic rocks or as disseminations in more permeable rocks. As discussed by Hedenquist!'®”,
these metalliferous zones develop where a relatively channelized, escaping oxidized magmatic
fluid discharges into the overlying groundwater table. The resulting extremely acidic water (pH<<
2) leaches the country rock and leaves a massive vuggy silica residue, with associated kaolinite,
alunite, pyrophyllite/diaspore and barite associated in the adjacent country rocks. Pyrite, enargite,
and luzonite are the most consistent metal phases found with gold in the vuggy silica; base metal
sulfides and tennantite/tetrahedrite are also present in many metal assemblages. The larger
high-sulfidation deposits appear to be associated with relatively shallow crustal levels, localized in

highly permeable ignimbrites and other types of tuffs and lacustrine sediments!'*?).

4.3 Tectonomagmatic setting of mineralization

Epithermal gold deposits are most consistently sited in the same general tectonic settings as
those characteristic of gold-bearing porphyry deposits. This is especially true for the Circum-Pa-
cific, where both oceanic and continental arcs are well recognized for their metalliferous mag-
matic systems. Depending on the thermal regime, epithermal ores may evolve temporally during

the growth of an arc (e.g. southern Europe, Andes, Mariana Islands) or during post-
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collisional thermal events (e.g. NE Iran, Cripple Creek). In both cases, the deposits may be con-
centrated in the back arc region of a convergent plate margin environment or in the shallow vol-
canic part of the arc itself. Associated crust varies in type and thickness, but associated magma-
tism is consistently potassic (i.e. K>Na in the related igneous rocks).

The potassic igneous rocks are younger, emplaced at stratigraphically higher crustal levels,
and are erupted further landward of an active trench than the non-potassic igneous rocks. The lat-
ter, typically close to the continental margin, include low potassium tholeiites and calc-alkaline
igneous rocks. Collectively, these features indicate potassic magma formation at deeper levels
along the Benioff zone!””). The association between potassic igneous rocks and epithermal gold

133 'He pointed out that

deposits was well documented in the Circum-Pacific region by Sillitoe!
approximately 20 percent of the large epithermal deposits in this region are clearly associated with
shoshonitic and alkaline potassic igneous rocks, whereas these rocks make up no more than three
percent of all igneous rocks in the Circum-Pacific. A tectonic setting in which post-collisional,
partial melting of a no longer active, sunken slab could oxidize mantle sulfides and release gold

into the evolving potassic magma[lss]

is perhaps critical.

As pointed out'””)] there may be a great deal of ambiguity involved with the tectonic classifi-
cation of epithermal gold deposits. The one main consistency is the presence of elevated geo-
therms at shallow crustal levels, bringing magmas and fluids into the near crustal environment.
This contrasts with the earlier discussed orogenic gold deposits that evolve in deeper crustal levels
under more typical thermal gradients. The high geothermal gradients typically develop in both arc

and back-arc positions as supported by the presence of epithermal gold deposits in both settings.

4.4 Continental volcanic arcs

The Andes represent the best-documented example of volcanic arc-related epithermal gold
deposits in a continental setting. An abundance of important epithermal gold ores have been
formed and preserved mainly during the last 15 Ma throughout the arc. These include
high-sulfidation systems such as Yanacocha (896 t), Pierina (320 t) and Pascua (352 t). Generally
not as high in gold tonnage, low-sulfidation deposits are also widespread in the Andes and include
Cerro Vanguardia (Argentina; 100 t) and Kori Kollo (Bolivia; 160 t Au). Kay et al.l'")
that many of the deposits formed in the waning stages of Andean magmatism, where a peak in

indicate

compressional deformation correlated with a maxima for crustal thickening and regional uplift. In
contrast to this model that relies on a shallowing of the subduction zone, other workers correlate
the epithermal hydrothermal activity with a change from flat to a steeper, more normal subduction

167]). This would allow for an influx of hot as-

angle of the Nazca plate (e.g. James and Sacks!
thenospheric flow and crustal thickening via magmatic underplating, with a westward migration of
arc magmatism, uplift, and probably hydrothermal activity. Whereas the exact temporal correla-
tion between Nazca plate history and gold veining remains controversial, the epithermal gold ores

of the Andes are undoubtedly the consequence of shallow-level syn-arc magmatism.
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In contrast, high- and low-sulfidation epithermal mineralization in the western USA corre-
lates with post-arc continental magmatism. There is an apparent younging of major epithermal
systems oceanward from about 30 Ma in the Colorado Mineral Belt (e.g. Cripple Creek, 800 t), to
ca. 25—20 Ma from western Colorado to central Nevada (e.g. Round Mountain, Goldfield), to 14
Ma in western Nevada (e.g. Comstock), and to the last few million years along the San Andreas
fault system (e.g. McLaughlin). All of these gold systems developed subsequent to 120—80 Ma
arc magmatism, and to Laramide (e.g. 80—50 Ma) basement uplifts and foreland basin formation

in the related back arc!'®®

. They broadly correlate with the sinking of the Farallon slab after uplift
of the present-day Rocky Mountains, extensional tectonism migrating back towards the continen-
tal margin, and the Early Miocene initiation of the San Andreas transform fault system. The de-
posits, therefore, formed at least 50 Ma after cessation of the main Cordilleran arc magmatism,
and on both sides of the Mesozoic continental margin arc.

It is likely, but unknown, that significant Andean-style epithermal gold deposits developed in
shallow levels of the southern and central North American Cordilleran arc earlier in the Mesozoic,
as mainly deeper crustal levels are now exposed in the Sierra batholith and much of the Klamath
Mountains. Farther to the north, a few tens of kilometers inland of an Eocene continental margin
magmatic arc (Cascades to Coast batholith), ca. 50 Ma epithermal gold deposits formed during
back-arc extension in the northern Cordillera, between northern Washington (e.g. Republic) and
the southern Yukon (e.g. Mount Skukum/Wheaton River).

Other Circum-Pacific Mesozoic continental volcanic arcs that are spatially associated with an
abundance of epithermal gold deposits occur in the Russian Far East and in southeastern China. In
both regions, ore formation seems to show a close temporal association with preserved Pacific,
shallow level arc-related magmatism. In northeastern Russia, high- and low-sulfidation gold de-
posits are widespread (e.g. Kubaka, Karamken) within the ca. 105—70 Ma Okhotsk-Chukotka

[

volcanic arc!' ') The relatively-narrow, >3500-km-long, calc-alkaline arc may be related to

slab rollback beneath, and associated extension within, the accreted Mesozoic oceanic terranes of

711 Therefore, the epithermal gold deposits are associated with a narrow arc,

easternmost Russial
such as in the Andes, but they post-date the main period of collisional tectonism, such as in the
North American Basin and Range province. This again re-emphasizes the association of continen-
tal epithermal gold with shallow, high-temperature crustal regimes, rather than with a single spa-
tial/temporal tectonic setting.

A distinct late Yanshanian (e.g. mainly Early Cretaceous) metallogenic province extends in a
NNE-trend for about 1 000 km along the coastal side of the southeastern China fold belt. Epither-
mal gold deposits are widespread along most of the coastal region, although, as with much of
China, they are not widely developed; the high-sulfidation Zijinshan deposit with 9.6 t Au is the
largest recognized resource. The deposits are immediately south of an area of economically im-
portant Cu-Fe-Au-Mo porphyry and skarn deposits along the lower Yangtze River!'’?, and it is

likely that this area too is prospective for additional epithermal gold deposits. The epithermal de-
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posits are associated with 146—87 Ma potassic, calc-alkaline igneous rocks that appear to be
products of post-collisional crustal extension within Neoproterozoic and younger country
rocks!'?). Metallogenic settings are comparable to those of the Oligocene-Miocene of the USA
Basin and Range.

The peri-Mediterranean region of southern Europe, extending from southeastern Spain to
Bulgaria, has been an important source of epithermal gold for 5000 years. On the eastern side of
this belt, production from mainly the South Apuseni Mountains of Romania, the Drina-Rhodope
51 "and parts of northern Greece may have reached 2240 t Aut*®!. Major high- and
low-sulfidation deposits include Chelopech (Bulgaria, 201.6 t), Bor (268.8 t) and Lahoca. More

recently, additional epithermal gold provinces have been delineated in Sardinia and Tuscany!'"¥.

arc of Bulgaria[

The gold deposits throughout this Carpathian-Balkan region formed at shallow crustal levels in
Late-Oligocene to Miocene time, simultaneously with widespread potassic, calc-alkaline magma-

(73] and difficult to generalize. The

tism. The overall tectonic setting of the gold ores is complex
ores post-date the main stage of Alpine continent-continent collision that ended at about 40 Ma.
The subsequent history is defined by a series of microcontinent collisions, arc-forming events, and
extensional episodes in the sutured area that likely represents a diachronous post-Eocene tecton-
ism of the region. Much of the tectonism may have been controlled by some type of lithospheric
detachment and resulting shallow emplacement of asthenosphere!'’®).

Whereas most of the epithermal gold deposits in continental settings are Cretaceous through
Cenozoic in age, locally preserved, shallow levels of older Paleozoic orogens also contain some
important ore systems. Such gold deposits of Variscan (late Paleozoic) age are scattered through-
out relatively low-grade metamorphosed parts of the Tian Shan in central Asia. These deposits,
some spatially associated with important Cu-Au porphyry systems, include Kochbulak (128 t) and
Kairagach in the Chatkal-Kurama district of Uzbekistan!'**!, Shkol’noe in the Kundjol district of
149], and Xitan and Axi in Xinjiang, China (Rui et al., 2001, listed at the foot

of table 4). Geochronological data indicate that the gold deposits and related magmatism devel-

northern Tadj ikistan!

oped late- to post-collisional, and thus are not accreted island arc gold systems (see below). The
distribution of these deposits north of the main Variscan suture zone, and much of the related de-
formation and magmatism, again suggests a back-arc tectonic setting for the central Asian epi-
thermal deposits. More reliable detailed studies are needed, however, before it can be determined
whether the deposits formed as part of the main arc event or during post-collisional, back-arc ex-
tension.

On the opposite side of the Paleo-Tethys Ocean, Paleozoic epithermal gold deposits formed
within various fold belts of the Tasman orogen. Although better known for its important orogenic
gold deposits, preserved shallow levels of the orogen host some important epithermal gold ores of
varied age. Older arc-related hydrothermal episodes included formation of the Ordovician
high-sulfidation Peak Hill epithermal system during development of the Lachlan fold belt!">",
Unlike many typical high-sulfidation epithermal deposits, but similar to the giant Pueblo Viejo
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epithermal gold deposit, Peak Hill is characterized by a pyrophyllite, rather than a vuggy quartz,
core zone!"®”). The epithermal veins are broadly spatially, distinctly temporally, and probably ge-
netically, associated with the important Au-Cu porphyry deposits, such as Cadia Hill, throughout
northern New South Wales. Some workers have proposed that the arc magmatism associated with
the shallow gold systems formed in an oceanic setting and represents, therefore, accreted oceanic
island arc epithermal/porphyry gold deposits (e.g. Cooke et al.'’!) such as is recognized in
northwestern North America (see below discussion of Stikinia).

Younger epithermal deposits preserved within the Tasman orogen occur in a more definite
continental setting within the Thomson and Hodgkinson-Broken River fold belts of Queen-

[178

sland!"”™. These have many features in common with Tertiary Basin and Range low-sulfidation

epithermal deposits (Nevada) discussed above. The Queensland deposits were also formed in

U] The Cracow

continental basins, similarly associated with back arc extensional volcanism
deposit in the Bowen basin (about 32 t Au) is associated with Early Permian circular volcanic
features, which evolved during Late Carboniferous-Early Permian felsic to intermediate volcanic
episode. Nearby low-sulfidation, auriferous breccia pipes in Precambrian basement rocks (e.g. >
128 t Au at Kidston) are also part of the same hydrothermal epoch, but may represent the part of a
continuum of mineralization styles that is more closely tied to the causitive intrusions!*"). Within
the Drummond basin, hydrothermal deposits of approximately the same age range from
epithermal veins (e.g. Pajingo, Mt. Coolon) to hot springs style ores, and probably are
(1501 With the final seaward growth of the

Tasman orogen in the Late Permian to Triassic, volcanism and low-sulfidation epithermal events
178]

contemporaneous with felsic to intermediate volcanism

(e.g. North Arm) migrated to the east into the evolving New England fold belt!

4.5 Oceanic island arcs

Epithermal gold deposits are notably associated with Cenozoic oceanic arcs in the southwest
Pacific, with giant systems containing 320—960 t Au at Lihir, Porgera, and Lepanto. These depos-
its, generally grading 2—10 g/t Au, are consistently ca. <10 Ma. Many of the epithermal systems
from this region are genetically associated with copper-gold porphyry deposits. As is pointed out
below, the transition from orthogonal to oblique subduction may be critical for the localization of

311 High-sulfidation deposits are well recognized above many mineralizing

magmas and fluids!
plutons in the region (e.g. Lepanto, Philippines), whereas low-sulfidation deposits are sited in lat-
eral environments. It is the latter group that is, however, most important economically, forming the
majority of the high tonnage resources in the calc-alkaline subaerial volcanic sequences of the
Southwest Pacific.

The distribution of epithermal deposits, from Taiwan of China to the North Island of New

1138, Most deposits are ultimately the products of subduction of one

Zealand, is described in detai
oceanic plate beneath another. However, in a number of locations, epithermal gold deposits overly

a zone where an oceanic plate is subducting beneath continental crust. These include the subduc-
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tion of the Pacific plate beneath Australia to form parts of New Guinea, parts of Sumatra and Java,
and the North Island of New Zealand!'*.

The Southwest Pacific epithermal deposits are relatively base metal-rich, are dominated by
crystalline and not chalcedonic quartz, and typically lack adularia in low-sulfidation deposits''*®.
Silver contents of the epithermal veins are also generally uncharacteristically low relative to those
for gold. These are important differences from the epithermal deposits of the western USA. Many
of the Southwest Pacific deposits have formed at greater depths than are typical of epithermal sys-
tems in other regions. Kelian, on the island of Java, for example, formed at depths of at least
900—1500 m at temperatures of 280—310°C, indicating P-T atypical of the epithermal gold de-
posit typel' >\, Also, the earlier, alkalic intrusion-related ores at Porgera show many features char-
acteristic of orogenic veins and not simply classic epithermal deposits!'®!).

Both the solely young ages and the commonly “deep” epithermal systems are consequences
of high rainfall, rapid uplift, and extreme erosion rates that expose deeper parts of the
still-remaining hydrothermal systems!"*”!. Surface discharge from hydrothermal systems is un-
common within the oceanic arcs perhaps due to the high hydrostatic head that must be overcome

(151 Instead lateral flow along highly-permeable

for vertical flow in these high relief environments
zones may exceed 5—10 km before vertical structures are reached that are favorable for develop-
ment of vein systems from mixed magmatic-meteoric fluids. In contrast to this more common arc
environment, within the back-arc continental rift setting of New Zealand, present-day hot springs
are actively depositing gold from mainly heated meteoric waters near Taupo.

Subduction-related tectonics within Meso-Pacific oceanic island arcs in the Late Triassic and
Early Jurassic, immediately prior to their collision with and docking along the Canadian Cordil-
lera continental margin, were associated with a major interval of porphyry formation''*®.. Result-
ing alkalic Cu-Au and calc-alkalic Cu-Mo + Au porphyry deposits now cluster throughout pre-
sent-day central British Columbia, occurring within the accreted island arcs developed upon what
are termed the Stikinia and Quesnellia terranes. The alkalic stocks are both silica-saturated and

[182] " Commonly the Ca-

silica-undersaturated, and have primitive mantle geochemical signatures
nadian Cordillera porphyry deposits zone outwards to important gold-rich epithermal vein systems
(Sulphurets, Red Mountain). Some of these low sulfidation epithermal systems show a more re-
placement style of mineralization (e.g. Snowfield). Other epithermal gold-silver vein districts in
the Stikine terrane, such as Stewart and Toodoggone, are related to subvolcanic intrusions that are
part of the same Early Jurassic magmatic episode.

A similar tectonic scenario appears to characterize a belt of epithermal gold deposits within
the southern Ural Mountains. Epithermal gold deposits of the Bereznjakovskoje gold belt extend
along the eastern edge of the mountain range and contain 64—128 t Au in a Late Devonian inter-
mediate volcanic and subvolcanic rock sequence!'>”. These arc-hosted gold lodes probably formed
in an oceanic setting and, as with Stikinia above, were accreted to a continental margin during the

Uralide orogeny.
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Preserved epithermal gold deposits from the Precambrian are rare, but, given favorable con-
ditions for preservation in a stable region, cannot be totally discounted. A high sulfidation epi-
thermal gold deposit within a latest Proterozoic oceanic arc in the Avalon terrane of eastern Can-

183

ada has been reported!"®*). The arc would have formed somewhere within the Iapetus Ocean and,

some 200 Ma later, was accreted to North America. Early tilting or burial of the volcano-plutonic

sequence may be a critical factor for preservation of the shallow-level gold systems*.

5 Copper-gold porphyry deposits

5.1 Introduction

Porphyry deposits are the leading source of copper and molybdenum, but some also contain
abundant gold and silver. Several gold-rich deposits contain from 300 to more than 1 500 t of gold.
Gold-rich porphyry deposits occur in both continental and island-arc orogenic settings. Classic
provinces in continental settings include the central Andes, western USA, and Papua New

Guinea-Irian Jaya, whereas volcanic island-arc deposits occur throughout the western Pacific (ta-

ble 5). The largest gold-rich porphyry deposits are listed in table 6).

Table 5 Principal characteristics of copper-gold porphyry deposits

Age range
Classic provinces
(Classic deposits)

Structural style
Mineralization

style
Host rocks

Metal

tions and ratios

associa-

Gold fineness
Proximal altera-

tion

P-T conditions

Heat sources
Other features

Mainly Cenozoic and Mesozoic, but can be any age; Tertiary most common

Continental margin: Western USA (Bingham and Dos Pobers), Central Andes (Bajo de la Alumbrera and
Marte), Papua New Guinea-Irian Jaya (Grasberg, Ok Tedi, Freida River).

Island arc: Western Pacific (Panguna, Batu Hijau, Lepanto-Far South East)

Mainly brittle, with early semi-ductile “A veinlets” related to magmatic intrusion; fracture patterns indi-
cate regional and local stress fields

Steeply dipping stockwork veins and fractures localized about causative intrusion (s); progression of
“A”,“B” and “D” veins through space and time

Intermediate to felsic calc-alkaline and K-alkaline porphyritic intrusions and adjacent volcanic, sedi-
mentary and other rock type; coeval andesitic to dacitic volcanic rocks are common in island arc set-
tings; K-alkaline rocks more common in continental settings

Central Cu-Au (Mo, Ag); outer Pb-Zn (Ba, Mn); Mo common in core of continental deposits and in
periphery of island arc deposits. Common Au (x10™%): Cu(%) of 1:3 to 1:1 with >1:1 for deposits with
Au> 0.6 107

Native gold and electrum

Variation in space and time with respect to causative intrusion(s) emplacement: central and early
K-silicate alteration; peripheral and late intermediate argillic; sericitic and advanced argillic alteration
associated with intrusive margins, faults and lithocaps(advanced argillic)

Early-stage magmatic fluid, 8'0= +6% — +10%o (K-silicate alteration); Late-stage external fluid,
8'"%0=—10%o0 — +5%o (phyllic and advanced argillic)

Causative intrusion (s)

Topology of subducting slab exerts a control on porphyry mineralization in the overlying arc; as do
deformational settings that lead to crustal thickening, block uplift and arc-transverse fault/fracture zones

For details see refs. [140, 183—189].

5.2 Deposit characteristics

Porphyry deposits are characterized by disseminated, veinlet- and fracture-controlled cop-
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Table 6 Summary of selected large gold-rich porphyry copper deposits

. . B Tectonic Chem.
Deposit, Location AutY  Cu (%)” Au/g « t! g 0 Age/Ma Reference
setting assoc.

Grasberg, Indonesia 1599 1.3 1.42 Cont KA 3 [190%*, 191]
Bingham, Utah, USA 933 0.7 0.31 Cont KA ~38 [192, 193*]
Panguna, Papua New Guinea 766 0.46 0.55 VIA CA 34 [194]
Bajo de la Alumbrera, Argentina 516 0.53 0.64 Cont KCA-SH 8 [195, 196%]
Lepanto-Far South East, Philippines 441 0.73 1.24 VIA CA 1.5 [197, 198]
Batu Hijau, Indonesia 366 0.53 0.4 VIA CA 3.7 [199, 200%]
Ok Tedi, Papua New Guinea 287 0.67 0.61 Cont KCA 1.2 [201%]

a) Contained metric tonnes of gold determined from reported reserves and past production, with the exception of the re-
source figure quoted for Lepanto-FSE. b) Average grades are those reported, or calculated from reserve and production data, in
the references indicated by star (*). ¢) Tectonic setting: Cont=continental; VIA=volcanic island arc. d) Chemical association of
causative intrusions and related rocks: CA=calc-alkaline; KCA=high-K calc-alkaline; KA=K-alkaline; SH=shoshonite.

per-iron sulfide minerals distributed throughout a large volume of rock in association with
potassium silicate, sericitic, propylitic and, less commonly, advanced argillic alteration in

186.202.203] "1 porphyry systems, there exists a

porphyritic plutons and the immediate wall rocks!
close spatial and temporal link between volumetrically-small causative intrusions and broadly
dispersed magmatic-hydrothermal alteration and mineralization. Porphyry copper deposits are
large, typically hundreds to thousands of million tons, and low to medium in grade with
0.3%—1.5% copper. The majority of gold-rich porphyry deposits occur in the circum-Pacific and
contain 0.3—1.6 g/t gold!***%4],

The general characteristics of porphyry systems are summarized in table 5. The most impor-
tant characteristics are: (1) Presence of causative intrusions of intermediate to felsic composition,
and small diameter (<2 km). (2) Shallow levels of emplacement, typically 1—4 km. (3) Porphy-
ritic texture of causative intrusions, where feldspar, quartz and mafic phenocrysts are contained in
a fine-grained to aplitic groundmass. (4) Multiple phases of intrusion, which may be pre-, syn- or
post-ore; late-stage diatremes are typical in western Pacific volcanic arc settings. (5) Multiple
stages of hydrothermal alteration associated with each mineralizing intrusion. (6) Extensive de-
velopment of fracture-controlled alteration and mineralization in both porphyritic intrusions and
adjacent wallrock. (7) A progression from early, discontinuous and irregular veins and veinlets (“A
veinlets”), through transitional planar veins (“B veins”), to late through-going veins (“D veins”)
and breccia bodies. (8) Hydrothermal alteration that progresses from early, central potassium sili-
cate and distal propylitic styles, to late sericitic, advanced and intermediate argillic alteration types.
(9) Sulfide and oxide minerals which vary from early bornite-magnetite, through transitional
chalcopyrite-pyrite, to late pyrite-hematite, pyrite-enargite or pyrite-bornite. (10) Early alteration
and copper mineralization generated by magmatic fluids with 30 to 60 wt% NaCl equivalent sa-
linities over a temperature range of 400 to >600C. Fluids related to late alteration and minerali-

zation commonly include a meteoric component and are more dilute (<15 wt% NaCl equivalent)

and lower in temperature at 200 to 400°C.
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5.3 Tectonic controls on mineralization

The majority of published papers concerning the controls on the localization of intru-
sion-related copper and gold porphyry deposits have focussed on the general tectonic framework
of volcano-plutonic arcs, structural setting, magma composition, lithological association, and
crustal-scale faults. According to Sillitoe!*”), porphyry deposits occur either in compressional or

1 discuss the

extensional regimes of both continental and oceanic island-arcs. Corbett and Leach!
effects of orthogonal- versus oblique-convergence on the styles of crustal deformation and deposit
types in arc settings; they observe that intrusion-related mineralization typically develops in arcs
having orthogonal convergence during localized changes to oblique convergence.

(2051 suggests that many gold-rich porphyry deposits in the western Pacific arcs

Solomon
formed as a consequence of a reversal in subduction polarity, as exemplified by north Luzon,
Philippines and Bougainville, Papua New Guinea. The development of calc-alkaline and K-rich
alkaline magmas in this setting likely reflects deep second-stage melting of the previously melted
mantle wedge above the subducting slab and upwelling in a dynamic tectonic environment. There
is a direct genetic link between high-K igneous rocks and the formation of gold-rich porphyry

[155,206,207]

copper and epithermal deposits , as discussed in the previous section. In addition, many

workers believe that it is the high oxidation state of porphyry magmas that leads to metal enrich-

ment, through the vapor saturation of the crystallizing melt?% 10,

Some studies stress the importance of compressive deformation, crustal thickening and rapid
uplift in the localization of intrusion-related deposits at high-levels in continental margin set-

16621 The focussing of ascending magma and hydrothermal fluids along major transcurrent

tings!
faults and regional lineaments, defined by satellite imagery and geophysical data, is a regularly
cited theme. Porphyry and intrusion-related epithermal deposits are localized along strike-slip
faults and lineaments that extend sub-parallel to, or are oblique to perpendicular to magmatic arcs.
Examples of arc-parallel fault zones that control the distribution of mineral deposits include the
Philippine fault in the Philippines, and the West Fissure-Domeyko fault system in Chile!?'?. Ex-

amples of arc-transverse structural controls are the Lakekamu transfer structure
[151]

Bulolo graben
system in Papua New Guinea
in the Andes™

ducting slab, magma genesis and mineralization in the overlying arc has been highlight-
[166,213,214]
ed .

, and cross-arc segmentation of magmatism and mineral deposits

1 In the central Andes the potential relationship between the topology of the sub-

The relationships between tectonic elements and the localization of both porphyry cop-
per-gold and intrusion-related epithermal deposits are documented below. Particular emphasis is
placed on the relationship of the topology of the subducting slab to the style of deformation and its
control on magmatism and associated mineralization in the overlying arc crust (fig. 5). Examples
are drawn from the Neogene and Pleistocene mineral districts in Papua New Guinea, Indonesia,
and the Philippines, and the Miocene districts of the central Andes, where the effects of subse-
quent tectonic events are relatively minor. These regions have been studied extensively and abun-
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dant data are available. The potential to apply these relationships to the early Tertiary deposits of

the western USA is also discussed.

670

Magmatic arc

Upper mantle

(b)

Fig. 5. Schematic block diagrams illustrating both the subduction of a buoyant aseismic ridge and the relationship of
the topology of the down-going slab to the style of deformation and localization of magmatism in the overlying conti-
nental or oceanic plate. (a) Generalized geometry: upwelling of asthenosphere and arc-transverse magmatic trends
(symbolized by darker volcanoes) are localized by tears in the slab; note magmatic gap above flat-slab region. (b) De-
formation styles in overlying plate: note arc-parallel and arc-transverse fault and fracture systems. Diagrams adapted
from refs. [151, 215, 216].

5.4 Crustal thickening, block uplift and topology of the subducting slab
5.4.1 Continental settings. Compressional tectonics led to localized deformation and crustal
thickening immediately prior to, or during, the emplacement of mineralized intrusions in the Cor-
dilleran margin of the central Andes and the Papuan fold and thrust belt in continental New
Guinea. This crustal thickening caused the uplift of the Cordillera, Altiplano and Puna Plateau in
the central Andes!'®, and the Central Ranges in New Guinea'>'”). Both regions lie above 3000 m
and have experienced significant erosion.

In the central Andes, crustal thickening was accompanied by a decrease in dip of the sub-
ducting Nazca Plate during the waning stages of arc volcanism as the arc migrated towards the

east!' 214 A general southward younging in the age of intrusion-related deposits exists, from
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early Miocene in the Maricunga Belt in the north, to latest Miocene at El Teniente in the south.
This distribution coincides with the southward progression of crustal thickening and decrease in
slab-dip. Kay et al."'®! document this parallel relationship on the basis of REE and other chemical
signatures of calc-alkaline and K-rich alkaline lavas erupted coevally with mineralization. The
cause of this reduction in slab-dip is not certain, but may represent the southward progression of

the subducted trace of the buoyant aseismic Juan Fernandez Ridge beneath the central An-
dogl211:214.218]

281 presented for the late Miocene Farallon district, about

In contrast, the geochemical datal
250 km east of the Maricunga Belt, show no indication of substantial crustal thickening during, or
prior to, mineralization. The emplacement of the Bajo de la Alumbrera and other porphyry depos-

1.[16(’], as is dis-

its in this district may require another mechanism than that proposed by Kay et a
cussed below.

The mineralized Plio-Pleistocene K-rich alkaline intrusions, such as Ok Tedi and Grasberg in
the Central Ranges of New Guinea, do not overlie a well defined Wadati-Benioff zone and lack
coeval subaerial volcanic rocks. However, this paucity of volcanic rocks may in part reflect the
extensive uplift and erosion of the region. The source of the K-rich alkaline magmas is uncon-
strained. Favored possibilities include delayed partial melting of the mantle modified by Creta-
ceous (?) subduction beneath the continental margin, prior to the accretion of allochthonous arc

[219]

terranes™ -, or alternatively asthenospheric upwelling arising from the docking of arc terranes

transported from the east™**".

The emplacement of many of the western USA porphyry deposits occurred during the latest
Cretaceous to early Tertiary Laramide orogeny, a period of folding, thrusting and crustal thicken-
ing!"**2!1 " A shallow angle of subduction for the Farallon plate is inferred to have developed due
to an increase in the rate of convergence during this time!**'!. Alternatively, Murphy et al."** pro-
posed that the Farallon Plate was buoyed by the migration of the subduction zone over a mantle
plume, beginning at about 70 Ma. Many of the western USA deposits, with ages that range from

[222]

about 54 to 72 Ma, lie proximal to the inferred hinge of the Farallon plate at 60 Ma*“*~, as modi-

fied by Kirkham!*'.

5.4.2 Island-arc settings. The Plio-Pleistocene gold and copper deposits in the Baguio and
Mankayan districts of the Luzon Central Cordillera of the northern Philippines occur in an uplifted
portion of oceanic basement that lies more than 1 500 m above sea level. The presence of mid
Miocene coralline limestone (Kennon Formation) and convex geomorphologic valleys attest to the
Pliocene to Recent uplift of this region. The Central Cordillera contains folded and thickened crust
that lies above the trace of the subducted aseismic Scarborough seamount chain. The east-
ward-directed subduction of this chain beneath the Manila trench in Pliocene to Recent times is
inferred to have led to the formation of a broad structural arch termed the Stewart bank, slab flat-

223 223

tening, and resultant uplift®**, According to Yang et al.***! there was a 2 to 3 Ma hiatus in arc
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magmatism during the interruption of subduction by initial ridge-arc collision, followed by re-
newed magmatism at about 2 Ma related to upwelling asthenosphere localized by a tear in the
down-going slab. The timing of this second magmatic pulse correlates well with the 1.5 to 1.2 Ma
timing of porphyry and epithermal mineralization at Lepanto in the Mankayan district!'*®),

Crustal thickening and regional uplift are relatively under-developed in the volcanic island
arcs underlain by oceanic crust in Indonesia. However, Pliocene porphyry copper-gold deposits
and related high-sulfidation systems, including Batu Hijau in Sumbawa and the Tombulilato dis-
trict in North Sulawesi, occur in arc crust that lies above kinks in the subducting slabs, which are
inferred from the distribution of earthquake hypocenters (Wadati-Benioff zone; Garwin, in prepa-
ration). These kinks define arc-parallel segments of varying slab-dip that locally coincide with the
margins of subducted oceanic plateaus, for example the Roo rise on the Indian plate south of Batu
Hijau. Hence, even in regions where large-scale crustal thickening is lacking, the topology of the
subducting slab is inferred to exert a control on the localization of intrusion-related deposits in the

overlying arc.

5.5 Crustal basement, collisional events and regional-scale faults

The majority of the largest and richest porphyry copper-gold deposits lie along arcs con-
structed on continental margins, where causative intrusions are inferred to be emplaced at high
structural levels due to crustal thickening and rapid uplift®'). However, in the magmatic arcs of
Indonesia, exclusive of Irian Jaya, intrusion-related porphyry and high-sulfidation epithermal gold
systems are preferentially developed in arcs built on oceanic lithosphere. The continental sectors
of the western Indonesian arcs, the Sunda and Central Kalimantan arcs, lack large porphyry de-
posits and evidence of Neogene crustal thickening, such as the regional fold and thrust belts that
characterize the central Andes and the Central Ranges of New Guinea. Hence, in orogenic arc set-
tings that lack the localization of compressional deformation and block uplift, thick continental
crust may impede rapid magma ascent and high-level emplacement of mineralizing intrusions.
Structurally prepared sectors of arcs built on thin oceanic lithosphere may prove to be ideal hosts
for intrusion-related deposits, as discussed below.

The moderately- to steeply-dipping Indian plate slab is subducting obliquely beneath the
Sunda arc in Sumatra, with the Sumatra dextral strike-slip fault accommodating a large portion of
the arc-parallel component of subduction. This segment of the Sunda arc lacks any significant in-
trusion-related copper-gold deposits, with the singular exceptions of the Tangse porphyry cop-
per-molybdenum and Miwah high-sulfidation epithermal systems in the northern tip of Suma-
tral®4, where the dip of the slab flattens to about 30°. Hence, gentle slab dips appear to be a
common denominator for intrusion-related mineralization in continental arc settings.

In contrast, the development of intrusion-related deposits in the volcanic island-arcs of east-
ern Indonesia is generally controlled by arc-transverse normal- and oblique-slip fault zones in

oceanic lithosphere that overlies kinks in the subducting slab, as discussed above. The Batu Hijau
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porphyry deposit, on Sumbawa in the Banda arc, lies within 30 km of a major left-lateral
oblique-slip fault zone that controls the distribution of Miocene volcano-sedimentary units and the
present coastline of the island. Northerly directed subduction is nearly orthogonal to the trend of

331 This geometric relationship is inferred to have been rela-

the arc in the vicinity of Sumbawal
tively stable since the middle Tertiary>®!. The age of the causative intrusions and mineralization
in Batu Hijau (~3.7 Ma)'**"! corresponds to the approximate timing of the collision of the Austra-
lian continent with the Banda arc at ~4 to 2.5 Ma, in the vicinity of Timor towards the east!***??*.
This collision is inferred to have caused arc-parallel extension, as the arc expanded westwards
away from the site of collision. Fault plane solutions from recent earthquake hypocenters indicate
about 3 mm/a of east-west extension along arc-transverse strike-slip faults in the vicinity of Sum-
bawa-Timor***#),

Hence, major tectonic events, such as continent-arc, arc-arc and ridge-arc collisions, may
cause a deviation in the regional stress field of an arc undergoing near-orthogonal convergence,
leading to episodic dilation along arc-transverse strike-slip fault arrays. In turn, such events act to
localize the rapid ascent of magma and associated efficient release of mineralizing fluids at high
structural levels. Similarly, the formation of intrusion-related Plio-Pleistocene deposits in the Lu-
zon Central Cordillera of the northern Philippines, and at Chinkuashih in northern Taiwan, may
also be related to fault reactivation due to variations in regional stress fields. In this case, the
variations in stress fields were caused by the collision of the Philippine Sea plate with the Eura-

(2161 Another example of the causative

sian continent in of China, which commenced at about 5 Ma
relationship between collisional tectonic processes and intrusion-related mineralization occurs in
the Bougainville-Solomon island arc of the southwest Pacific. There, the Pliocene development of
the Panguna (Bougainville) and Koloula (Guadalcanal) porphyry deposits correlates with a rever-

[205

sal in the polarity of subduction®). These deposits are related to northeasterly directed subduc-

tion, which was initiated following the termination of southwesterly directed subduction in the
middle to late Miocene, due to the collision of the arc with the Ontong Java plateau**".
Regional-scale arc-transverse faults are not well documented from ground mapping in the
central Andes and the Central Ranges of New Guinea. However, the cross-arc distribution of min-
eral deposits, district-scale faults, age-equivalent volcano-plutonic units and remotely-sensed
lineaments, have led workers to postulate the existence of deep-seated fault zones in the overlying
lithospheric plate or in the down-going slab. Examples include arc-transfer structures that extend
through several of the large deposits in mainland Papua New Guinea'”"! and the trace of the
“Easter Hot Line” beneath the Miocene Maricunga belt and Farallon district of Chile-Argen-
tinal213:2311
The Easter hot line marks a linear zone of upwelling asthenosphere localized by an easterly
trending kink or tear in the subducting Nazca plate as the slab-dip flattens from north to south. It
lies adjacent to the northern boundary of the Chilean flat-slab and is inferred to overlie the rifted

[213

margin of the Arequipa-Antofalla Craton®"!. Hence, the localization of early- to late-Miocene
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mineral deposits along this belt may reflect the reactivation of deep-seated crustal faults. The
arc-transverse distribution of deposits, which extends eastwards from the El Teniente deposit
through Paramillos Sur to the San Luis belt in Chile-Argentina, follows the southern margin of the
Chilean flat-slab, adjacent to the edge of the subducted Juan Fernandez Ridge. This axis also co-
incides with a kink in the down-going slab, and may reflect decompression melting and upwelling
of asthenosphere through a tear in the subducting plate, referred to by some as a slab window!*' .
The distribution of early Tertiary porphyry deposits in the western USA defines local

[232]

cross-arc axes, as typified by the northeast-trending Idaho-Montana porphyry belt"“, which lo-

cally coincides with the trans-Challis—Great Falls lineament. The Butte mining district, Montana

233]

occurs adjacent to this lineament'***, which is inferred to mark an intra-plate discontinuity that

2131 the northeast-trending porphyry belt

dates back to the Precambrian. According to Kirkham!
may have developed in a similar setting to arc-transverse mineral trends in the central Andes, ad-

jacent to the margins of flat-slab segments in the subducted Farallon plate at about 60 Ma.

5.6 Conclusions

The largest and most significant intrusion-related copper-gold and gold deposits in the west-
ern Pacific and the central Andes are associated with a common set of tectonic-related geological
features. Many of the deposits occur in continental orogenic settings, which are characterized by
crustal thickening, block uplift and a flattening or variation in the dip of the subducting slab.
However, volcanic island-arcs underlain by oceanic crust also host large deposits. In both conti-
nental and oceanic settings, kinks or tears in the subducting slab, or instabilities in the mantle, lo-
calize asthenospheric upwelling, which leads to the rapid ascent of magma to high-levels in the
overlying crust, where vapor saturation, exsolution of volatiles and copper-gold deposition may
occur. The spatial coincidence of kinks in the down-going slab with deformation zones in the
overlying arc lithosphere facilitates magma emplacement by establishing a link between the as-
thenosphere and the upper levels of the arc crust (fig. 5). The episodic reactivation of crustal-scale
fault- and fracture-systems in transpressional to transtensional settings further enhances crustal
permeability in orogenic arcs, where changes in plate convergence direction, collisional events
and the subduction of buoyant aseismic ridges serve to vary the orientation of predominantly
arc-orthogonal compressive stress fields.

In contrast, the largely extensional tectonic settings that form in pull-apart basins, developed
along arc-parallel strike-slip fault zones in oblique-convergence arc settings, and in back-arc rift
basins, favor the decoupling of ore-bearing volatile phases from ascending magmas and cooling
intrusions. Low-sulfidation epithermal gold and volcanic-hosted massive sulfide deposits, which
typically indicate a less direct relationship to causative intrusions, would be more common in

these tectonic settings.
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6 Iron-oxide Cu-Au deposits

6.1 Introduction
Iron-oxide copper-gold deposits are a relatively recently-recognized class of structurally con-
trolled, epigenetic deposits. They generally formed in extensional environments predominantly in

[234—237

the Palacoproterozoic to Mesoproterozoic 1. Large deposits of this class typically contain

>100 Mt at 0.8%—1.6% Cu and 0.25—0.8g/t Au. According to Hitzman et al.”*’!, they may
form part of an even more-extensive class of deposits, termed iron-oxide Cu-U-Au-REE deposits
which include the giant P-bearing iron ores of Kiruna, Sweden and the iron-rich REE ores of Ba-
yan Obo, Inner Mongolia, China.

The type example of this deposit class is Olympic Dam, with about 2 000 Mt of 1.6% Cu and
0.6g/t Au, which formed in the Stuart Shelf, South Australial®*®

clude Ernest Henry, with 167 Mt at 1.1% Cu and 0.5g/t Au in the Cloncurry district of Queen-
4237

1. Other world-class examples in-

sland™®!. Deposits that likely belong to this class, but which are as yet not well documented, in-
clude Salobo with about 1 000 Mt at 0.85% Cu and 0.4 g/t Au; Igarape Bahia/Alemao with 140 Mt
at 1.5% Cu and 0.8g/t at Alemao; and other deposits at Carajas, Brazil "), although other associa-
tions have been suggested for these deposits”>*’!. The Candelaria deposit (326 Mt at 1.06% Cu and
0.26g/t Au) in the Chilean Andes is possibly of this type; however it has some unusual features
such as the presence of significant Fe-sulfides, lack of the characteristic minor-element concentra-
tions, and a typical skarn paragenesis[24l]. Smaller deposits (1—10 Mt) occur in southeast Mis-

souri, USA, and the Wernecke Mountains, Yukon'®*?!,

6.2 Characteristics

2], plus sub-

The principal characteristics of the deposit class are taken from Hitzman et all
sequent references on specific mineral provinces, with additional contributions on Carajas, Brazil,
from the personal experience of one of us (table 7). They are characterized by: (1) High tonnage
and low grade. (2) A dominance of iron-oxides, magnetite and/or hematite. (3) Low sulfide con-
tent of relatively low-sulfur copper minerals. (4) Low SiO, content. (5) Characteristic metal asso-
ciation of Fe-Cu-Au-REE, commonly with anomalous Ag, As, Co, F, Mo, Nb, Ni, P and/or U. (6)
High Cu/(Cu + Zn + PDb) ratios.

At the regional scale, the deposits lie proximal to, or along, crustal-scale faults or shear-zones,
or lineaments defined from remotely-sensed and/or geophysical data sets. At the deposit scale
there is also structural control: they occur along, or between, lower-order faults or shear structures;
along lithostratigraphic contacts; or at, or adjacent to, contacts between granitoids and supracrustal
rocks. In terms of morphology they may have classic pipe-like shapes, for example Olympic Dam;
resemble ring dikes, as at Igarape Bahia/Alemao, Sossego at Carajas; be somewhat irregular, e.g.
Ernest Henry; or have the sheet-like form of Candelaria. Most large ore bodies consist, at least in
part, of breccias, but there may also be replacement of reactive or porous rocks. In brec-
cia-dominated ore bodies there is commonly replacement of fragments, and the margins of the
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Table 7 Principal characteristics of iron-oxide Cu-Au deposits

Age range/Ga
Classic provinces
(Classic deposits)
Structural style

Mineralization style

Host rocks

Metal associations
Gold fineness
Proximal alteration

P-T conditions
Ore fluids
Isotopes (water)
Heat sources
Other features

1.8—0.1 (most 1.8—1.4)

Stuart Shelf, South Australia (Olympic Dam); Cloncurry Region, Queensland (Ernest Henry); Cara-
jas Region, Brazil (Salobo, Igarape Bahia); Atacama Province, Chile (Candelaria).
Mostly brittle to brittle ductile structures, variable structural control.

Variably oriented, commonly steep, breccias, discordant veins or concordant replacement-style bod-
ies.

Extremely variable. Range from Archean gneisses and greenstones to broadly coeval granitoids or
volcanic and sedimentary rocks.
Fe-Cu-Au (Ag, As, Co, Fe, Mo, Nb, Ni, P, REE, U)
Not recorded, but electrum as well as gold.

Intense alteration. Variation with depth. May be Na-Ca feldspar to K-feldspar to sericite and fayalite
to grunerite to actinolite to carbonate with decreasing depth. Quartz poor, particularly at depth.
Variable. Probably 200—400°C for Cu-Au, but up to 600°C for Fe-silicates and magnetite.

High salinity, acid, oxidized fluids.

8 180= +6%o to +10%o

Probably magmatic (alkaline?) intrusions. Olympic Dam coeval with anorogenic magmatism.

May be transitional to giant P-bearing iron ores of Kiruna and to REE-rich iron ores of Bayan Obo.

May be related to Au-Pd deposits such as Serra Pelada and Jacutinga-type.

pipes. In contrast to many other hydrothermal deposit classes, the ores are generally devoid of, or
deficient in, quartz, and silicate minerals are replaced by magnetite, indicating SiO, dissolution
rather than deposition.

The deposits are hosted in a wide variety of rocks, from coeval anorogenic granitoids exem-
plified by Olympic Dam; to older metamorphic terranes of volcanic or metasedimentary rocks
such as Ernest Henry and Candelaria; to much older terranes of gneiss, granitoids or metavolcanic

rocks such as the Archean host rocks at Carajas.

6.3 Vertical zonation
There appears to be significant variation of alteration mineralogy with depth. The depth of

formation is estimated to extend from about | km to at least 6 km below surface although there are

235

exceptions'®>*. There is a general trend with increasing depth from dominantly hematite exempli-

fied by Olympic Dam, to magnetite for the Ernest Henry and Carajas deposits, with a correspond-

ing change in accompanying Fe-rich minerals from carbonate through actinolite to grunerite, and

240

fayalite as at Salabo'**’’. There is also a parallel trend from sericitic, through potassic, to Na-Ca

feldspar alteration with depth®”. Quartz may be more abundant at higher crustal levels. The

depth variations correspond in a general sense with those recorded in orogenic gold deposits as in

[28

the continuum model of Groves®, and in some porphyry-Cu systems such as Yerrington, Ne-

242

vada®*. Unlike porphyry systems, however, the deposits are not sited in or adjacent to a recog-

nizable source intrusion. There are few data on variations in metal ratios, although Au/Cu ratios

[241], and locally at Olympic Dam24!.

are reported to decrease with increasing depth at Candelaria
The ca. 2.0 Ga Phalabowra Fe-P-Cu ores in South Africa have similarities to the Fe-oxide Cu-Au

class in that they are magnetite-rich, contain S-poor Cu minerals such as chalcopy-
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rite-bornite-chalcocite, and have high P and REE contents. They are, however, sited within an al-
kaline igneous complex. Consequently, these may represent the most proximal ores to the alkaline
magmatic source in the class as a whole, with higher-level deposits distal expressions of these
deep-seated, volatile-rich magmatic-hydrothermal systems tapped by fundamental lithospheric
structures.

Typically these deposits formed in multiple stages, with a higher temperature stage charac-
terized by Fe-oxides and associated calc-silicates and/or Fe-rich silicates, followed by a
lower-temperature stage of Cu-sulfides, dominantly chalcopyrite, bornite, and chalcocite, and gold

238

mineralization, with further Fe-oxides'**®. Other orebodies such as Candelaria show more com-

plex overprinting relationships.

6.4 Source(s) of hydrothermal fluids and metals

Available fluid-inclusion, mineral-stability and other thermodynamic data from a number of
these deposits indicate that the mineralization formed from variable, but generally high salinity,
low pH and oxidizing hydrothermal fluids. Temperatures ranged from 600°C for deposition of
early magnetite and associated Fe-silicates at deeper crustal levels to 200—400°C for the Cu-Au
mineralization (summaries in refs. [235, 236]). The few published oxygen and carbon isotope data
are consistent with involvement of a deep magmatic or metamorphic fluid, at least for the early

(2351 with some meteoric water influx in the later stages***. The Au-Pd

stages of mineralization
deposit at Serra Pelada in the Carajas Region is a sulfide-poor hematite-rich deposit, and is in the
same lithotectonic and metallogenic province as several iron-oxide copper-gold deposits. It most

245]

likely formed from a similar saline acid, oxidizing hydrothermal fluid***!, and hence could be

genetically related to the iron-oxide copper-gold deposit-class.

6.5 Genetic models
The ultimate source of the mineralizing fluids has been intensely debated. Most authors reject
2461 but

rather now invoke a hydrothermal origin. According to some workers the primary ore fluids have

magmatic segregation models initially invoked to explain the Kiruna P-rich iron ores

been exsolved from specific magmas. Within the proponents of a magmatic source, both alkaline

(234] [247

magmas'>*, and specific granitoid suites'**”! have been proposed as fluid and metal sources. Al-

ternatively, the ore fluids were connate basinal brines, derived perhaps from older evaporites,
commonly in extensional settings[248].

There is no obvious close spatial relationship to specific igneous bodies, and hence if these
deposits are magmatic-hydrothermal in origin they must form distal to the parental magmas,
Phalabowra excepted. This is in contrast to deposit styles such as porphyry copper-gold, which are
proximal to the magma source. However, numerous lines of evidence support a genetic relation-
ship to magmas, and specifically to alkaline magmas: (1) The high temperature (600°C) and
magmatic/metamorphic isotopic signature of at least the early hydrothermal fluid. (2) The saline

ore fluid, which is characteristic of magmatic, rather than low salinity metamorphic fluids. (3) The
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distinctive ore-metal association of both compatible and incompatible elements, which is similar

4] (4) The pipe to ring-dike forms of the

to that of alkaline rocks, as first recognized by Meyer[
breccia bodies, which resemble those of explosive alkaline intrusions. (5) The broad similarity of
the carbonatite-hosted, magnetite-chalcopyrite-bornitetchalcocite-apatite ores at Phalabowra to
the iron-oxide copper-gold ores. (6) The broadly coincident timing of the Olympic Dam ore body
(%] (7) The depleted mantle-like Nd isotope signature of the

Phalabowra and Olympic Dam deposits, combined with the occurrence of hydrothermally-altered

with anorogenic magmatism

lamprophyric dykes containing high-Cr chromites in the Olympic Dam breccia ore body, and co-
incident magnetic and gravity anomalies consistent with an alkalic mafic body at depth®". (8)
The common siting of at least the Proterozoic deposits near transition from thick Archean to thin-
ner post-Archean mantle lithosphere (fig. 2(c)), where extension will develop preferentially at
such lithosphere boundaries, leading to decompressional melting of metasomatized domains of
mantle lithosphere, and in turn alkaline magmatism characterized by enrichment of incompatible
and compatible elements.

As a corollary, the evaporite model fails to explain the origin of the Carajas deposits, which
are hosted in Archaean terranes of gneisses and granitoid-greenstones rather than coeval rocks in

extensional basins.

6.6 Geodynamic setting

The Proterozoic deposits on the Stuart Shelf and in the Carajas region appear to have formed
in association with intracratonic magmatism, bimodal volcanism and associated anorogenic
(A-type) granitoids, during major extensional tectonic events, as is the case for most other regions
containing these deposits’>'. Craton margins appear to be important: the Olympic Dam deposit is
sited within 50 km of the Torrens hinge zone, which effectively demarks the eastern margin of the
Archean Gawler craton**!; and Carajas is sited in the only remaining remnant of a once-extensive
Archean craton, on the eastern margin of one of the most extensive anorogenic terranes on Earth
(fig. 2(c)). The tectonic setting for the Cloncurry deposits, including Ernest Henry, is less clear.
According to Williams®*”], the deposits are broadly coeval with an intrusive suite of I-type tonalite,

[247], associated with a transition from ductile

granodiorite, monzogranite and alkali feldspar bodies
to brittle deformation in the compressional Isan orogeny. They also appear to lie close to a bound-
ary between thick Archean lithosphere and thinner lithosphere, although Archean rocks straddle
both sides of the boundary.

The Phanerozoic examples, such as Candelaria, formed in continental arcs or areas of exten-
sion behind continental arcs. Thus, there are different tectonic settings for different deposits within
the overall deposit class, with both extensional anorogenic provinces and extensional environ-
ments within compressional settings hosting Fe-oxide copper-gold deposits. Phanerozoic deposits
such as Candelaria may not be exact equivalents of the Proterozoic iron-oxide copper-gold depos-

its; they possess characteristics that are intermediate between these and porphyry copper-gold de-
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posits related to alkalic igneous rocks?*. It is possible that differences between the characteristics
of various deposits in the broader class of Fe-oxide copper-gold deposits, such as metal associa-
tions and sulfur-metal ratios, relate to source magmas: mafic alkaline to carbonatitic magmas for
the Cu-Au-REE-P-F-U class; but alkalic granitoids for copper-gold deposits with relative lack of
incompatible element enrichment. The former may be generated in anorogenic extensional set-
tings, whereas the latter occur in local extensional settings, or related to late extensional deforma-
tion, in overall compressional orogenic belts. However, there are too few well-documented depos-

its with published metal associations to be certain.
7 Gold-rich VMS and SEDEX deposits

7.1 Introduction

Volcanogenic massive sulfide deposits form on or subjacent to seafloor, from the conjunction
of magmatic, hydrothermal, and sedimentary processes. They occur in volcanic and vol-
canic-sedimentary sequences ranging in age from the 3.4 Ga Pilbara craton, Western Australia®"]
to modern hydrothermal sulfide sediments presently accumulating at ocean ridge, seamount,
propagating ridge, arc, and back arc settings. This section draws on major reviews>> >>*,

The gold content of VMS deposits is variable from 10 g/t in the 2.7 Ga Horne deposit, No-
randa, to <0.2 g/t ****%] Production from VMS deposits provided 33% of the Cu, 29% of the Pb,
56% of the Zn, 30% of the Ag, and 3.6% of the Au in Canada in 19882*. The Thomp-
son-Bousquet deposit in the Abitibi greenstone belt may be an Au-rich VMS deposit'**”. Total
production of gold from Canadian VMS deposits is 970 t, and 237.5 t has been produced from the
Mount Morgan deposit alone'>>***!, Together with the abundant base metals in VMS deposits, are
variable Au contents, and variable contents of Ag, Cd, Sn, Bi, Se, Co, and In recovered during

smelting!**?.

7.2 Characteristics

The base of VMS systems is a subvolcanic sill located several hundreds of meters below the
seafloor. Sills, specifically the margins, are characterized by intense high temperature alteration
that is an integral part of a laterally extensive tabular body of alteration composed of epidote, al-
bite, and quartz. Compositionally, these altered zones are hydrothermally leached of metals, with
intense modification of alkali and alkali earth metals, and silica addition.

Above the sill is a structurally controlled alteration pipe, or conduit, that widens vertically
upwards towards the seafloor. The pipe has a more intensely altered core that grades into stock-
work, or so-called stringer, ore subjacent to the seafloor, and a less altered annulus. Massive sul-
fide ore is sited above the pipe, or distally if allochthonous. Ore bodies are zoned from Cu-rich
stockworks to Zn- and Pb-rich stratiform massive sulfide. Barium and Mn precipitated distally if
ocean bottom water was oxidizing. Water depth may control metal ratios. Mineralogically, the
majority of VMS deposits are simple, composed of ~90% pyrite, with chalcopyrite, sphalerite, and
galena **?(fig. 6).
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Fig. 6. Generalized model of VMS-producing hydrothermal system, incorporating elements of all subtypes of VMS
deposits. Crosses are a subvolcanic intrusion, which may be contributing some metals and gases to the hydrothermal

fluid. The heavy cross-hatched areas under the massive sulfide deposits are alteration pipes. This diagram is drawn
252]).

perpendicular to the fracture system that controls hydrothermal discharge (modified from Franklin'
There is a general consensus that VMS deposits can be classified into two groups based on
metal budget; a Cu-Zn and a Zn-Pb-Cu group. Both groups include Au-rich examples. The former
are generally characterized by prominent stockwork zones, and occur in mafic volcanic dominated
sequences with minor proximal felsic units. The latter are dominantly tabular massive stratiform
ore with subdued stockworks, and occur in felsic dominated volcanic sequences which may have

significant proportions of sedimentary rocks in the footwall (table 8).

7.3 Processes

In terms of processes, subvolcanic sills are a focussed source of heat, and the high tempera-
ture alteration bodies represent reaction of convecting seawater with the footwall sequence to
leach metals. Reaction of modified seawater with basalt at 350—400°C lowers the pH to dissolve

81 Silicified domains of the laterally extensive

metals from rocks into the hydrothermal fluidst
tabular alteration zones act as an impermeable cap to lower the Rayleigh number, and hence pre-
vent the rapid dissipation of energy from the sills that occurs in a permeable, high Rayleigh num-
ber convective system!*’.

Intense alteration of the core of the pipe stems from reaction of the metal bearing hydrother-
mal ore fluids as they advect up the structural conduit. Volumetrically, ore fluids are dominated by
heated seawater, but there may be unconstrained inputs of magmatic fluids and metals. Less in-

tense alteration of the annulus results from mixing with entrained cooler and less modified sea-
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water with high temperature fluids in the core of the pipe.

Table 8 Principal characteristics of VMS deposits

Age range
Classic provinces
(classic deposits)

Structural style

Mineralization style
Host rocks

Metal association

and ratios

Gold fineness
Alteration

PT conditions
Ore fluids

Isotopes (water)

Heat sources

Mesoarchean to present day, but Neoarchean and Phanerozoic most common.

2.7 Ga volcanic terranes of the Superior Province (Mattagami, Horne, Quemont, Noranda); Paleopro-
terozoic Trans-Hudson (Flin Flon, Canada); Paleozoic volcanic belts of eastern Australia (Mount Mor-
gan, Mount Leyll).

High sulfidation: Paleoproterozoic, Skellefte, Sweden (Boliden).

Sited above brittle faults, either caldera collapse faults.

Cu-Zn: Pronounced stockwork feeder pipe; Zn-Pb-Cu: subdued stockwork.

Stratabound tabular bodies of massive sulfide, underlain by variably developed stockwork feeder zone.
Cu-Zn class: mafic dominated volcanic sequences, with proximal felsic intrusions;

Zn-Pb-Cu class: felsic dominated volcanic sequences, with variable proportions of sedimentary rocks in
the footwall.

High sulfidation: felsic to intermediate volcanic sequences, variable sediments.

Cu-Zn class: variable Au (<0.2 to 10x10™), Ag; Zn-Pb-Cu class: variable Au (<0.2 to 10x10°%) , Ag;
Au/Ag 0.02 to 0.07, variable Cd, Sn, Bi, Se, Co, In contents.

High sulfidation: base metals, Au, Ag, As, Sb, Hg.

300—700

Cu-Zn: Fe-rich chlorite, pyrite, chalcopyrite, quartz in subjacent footwall and stockwork core of pipe,
annulus of muscovite. Deep tabular bodies of high temperature (350—400°C) epidote, albite, quartz at
level of subvolcanic sill.

Zn-Pb-Cu class: sericitic core, with annulus of Mg chlorite.

High sulfidation: advanced argillic.

At or below seafloor, water depths 500 m to >2 km.

Hot, chemically modified seawater at 350°C to 200°C with unconstrained quantities of magmatic
fluids and metals, and progressive mixing of ambient seawater. Cu-Zn: higher T (>300°C), low pH
(<4.5), moderate to high fO,. Zn-Pb-Cu: lower 7 (150—300°C), moderate pH (4.5—6), moderate fO,.
High sulfidation: oxidized, acidic, S-rich magmatic fluids.

SD= +20%0— +50%o; 5'*0= —3%0— +6%o. High sulfidation: magmatic ranges, mixing with sediments.

Subvolcanic sill.

Metal zoning reflects progressive cooling of the ore fluids by mixing in ambient seawater.

Copper is precipitated first, such that the fluids evolve to more Zn and then Pb-rich compositions.

Diachronous epiclastic units signify active growth faulting; either caldera collapse faults, or alter-

natively extensional faults in rift settings.

7.4 Gold-rich VMS deposits

A review of gold in VMS systems is given

[260, Large and coworkers have conducted exten-

sive studies of VMS deposits, including Au-rich examples from eastern Australia. There are two
principal VMS metallogenic provinces: the Rockhampton district in eastern Queensland that in-
cludes the Au-rich Mount Morgan deposit; and the Cambrian Mount Read volcanic sequence of

western Tasmania, with the Rosebury, Hercules, Que River, Hellyer, and Mount Lyell VMS de-

[255

posits**). Collectively, gold abundance in those deposits ranges from 0.2 to 4.75 g/t, with an av-

erage of 1.6 g/t.

255]

Large et al.**! recognize the same duality of VMS deposits as Franklin®?, based on metal
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budget, spatial association, and type of volcanic terrane. The Cu-ZntAu class is represented by
the Mount Chalmers, Mount Morgan, and Mount Lyell deposits, whereas the Zn-Pb-Cu-Ag + Au
class is represented by the Rosebury, Que River, and Hellyer deposits. According to Large et
al.™ in the Cu-Zn VMS deposits, gold is transported as a AuCl,” complex, in high temperature
(>300C), low pH (<<4.5), high salinity, and moderate to high fO, ore fluid. For the Au-rich
Zn-Pb-Cu deposits, they conclude that Au is present as an Au(HS), complex, in an ore fluid
characterized by lower T (150—300°C), moderate pH (4.5—6), and moderate fO,. They propose a
zone refining process to explain the Au-rich caps of Zn-Pb-Cu VMS deposits.

Active vents on the seafloor with high temperature hydrothermal discharge have aqueous
gold contents of 0.1x107'>—0.2x107"2. Hence these systems transport a metric ton of gold per

thousand years. High aqueous H,S contents are required to stabilize Au(HS), to low temperatures.
Gold is precipitated in active vents as ambient water mixes in, and the oxidation state crosses the
H,S/SO; boundary®®. Gold contents of hydrothermal precipitates from active vents are

0.07—4.9x107°. Gold-rich precipitates are high sulfidation assemblages, with Zn (>10%), Pb

(>0.1%), Ag (> 100 g/t), As (>>200 g/t), Sb (<500 g/t), and lower abundances of Hg and T11*°%).

1.2°0 There is not

A summary of gold contents of VMS deposits is given in Hannington et a
consensus on all the data points: for example, the Proterozoic Homestake deposit, South Dakota,
is generally considered to be an orogenic gold deposit but not a VMS (see earlier section), and
Wyman et al.>*!! have argued that much, if not all, of the gold at the Archean Agnico Eagle de-

posit, Quebec, is structurally controlled, postdating the barren massive sulfide.

7.5 High-sulfidation Au-rich VMS

Epithermal precious metal deposits have been subdivided into high- and low-sulfidation
types. The division is based on sulfide mineralogy, alteration, and spatial association to intrusive
bodies!'****?%] Classic Cu-Zn and Zn-Pb-Cu VMS deposits have low-sulfidation mineralogy.
The Pb-Zn-Cu class of VMS deposit hosted in felsic dominated volcanic sequences, also has a
high-sulfidation member!"**. The high-sulfidation member is characterized by a high-sulfidation
sulfide assemblage, advanced argillic alteration, and an epithermal trace element suite of Au, Ag,
As, Sb, Hg; they form from oxidized acidic, and S-rich fluids of magmatic origin.

Sillitoe et al.'"**! describe modern arcs with shallow water hydrothermal systems generating
high-sulfidation accumulations having an epithermal Au and trace element suite. These systems
occur in environments transitional between terrestrial epithermal and deep water VMS systems,
although samples with advanced argillic alteration have been dredged from the Lau back arc basin
under water depths of ~2 km. High-sulfidation VMS deposits are known from Proterozoic terranes
to active hydrothermal systems. The Cu-rich Paleoproterozoic Boliden deposit, Skellefte district,
produced 118 000 t Cu, 128 t Au, 411 t Ag, with an As, Sb, Co, W, Bi, Se, Te, Hg suite!**,

7.6  Gold-rich SEDEX deposits
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Classic sedimentary exhalative deposits (SEDEX) characterized by a Pb-Zn-Ag budget occur
in rifted epicontinental to intracontinental sedimentary basins, generally with syn-mineralization
volcanic activity!'”?**!. Some recent discoveries, notably Eskay Creek in British Columbia, may
warrant a subclass of Au-rich SEDEX deposits, or alternatively a new class of gold deposits. The
Eskay Creek deposit is sited in the Cordilleran Stikine terrane, at the contact between a middle
Jurassic bimodal volcanic sequence and an overlying mudstone-basalt sequence. Proximal
lithological units are pyroclastic deposits, andesite, and shallow marine sandstone and shales.
Syndepositional faulting signifies an extensional environment. According to Roth et al.?%! the
characteristics are atypical of most VMS deposits, whereas Sherlock et al.>*®!
VMS sulfide-sulfosalt deposit.

As of 1998, one of the zones had reserves of 1.9 Mt, grading 3.2% Pb, 5.2% Zn, 0.7% Cu,

60.2 g/t Au, and 2652 g/t Ag. Gold rich zones possess an As, Sb, Hg association. The deposit

term Eskay Creek a

formed from relatively low-temperature ore fluids at <<20°C, under water depths of 1.5 km. Ore
fluids were gas-rich and underwent liquid-gas phase change, and mixed with a lower temperature
(~100°C), more saline fluid, in which the high K/Na and CI/Br ratios signify a magmatic origin.
Sherlock et al.** consider that the high precious to base metal ratios are due to inefficient pre-

cipitation mechanisms for base metals at low temperatures.

7.7 Geodynamic settings

Based on mapped caldera structures, and the geochemistry of associated magmatic rocks,
VMS deposits in the Archean Superior Province appear to form in rifting intraoceanic arcs, or in
back arcs. All of the VMS deposits formed over the last 20 Ma of 300 Ma of magmatic activity,
and that interval is interpreted as extension of oceanic lithosphere. At Matagami and Noranda
there is an association of Fe-rich tholeiitic basalts with high-Si rhyolites, an association found in
modern backarcs*®”. In the Noranda area and Wawa subprovince there is association of ‘anoma-
lous’ andesites with fractionated LREE and HREE, interlayered with ‘normal’ arc tholeiitic basalts,
and adakites (the volcanic equivalent of high Al, high La/Yb, tonalites)*. Anomalous andesites
are mixtures of arc tholeiitic basalt and adakite liquids. It is not clear how the two distinct mag-
matic processes operate coevally. Here we suggest that the locally high geothermal gradients in
the subduction zone, required to generate slab melt derived adakites results from local plume im-
pingement that flattens the subducting slab. Barley et al.?" also propose a back arc setting for
VMS deposits in 2.7 to 2.6 Ga greenstone belts. The supergiant Kidd Creek VMS deposit, Tim-
mins, is hosted in a sequence of interlayered komatiites, low-Ti basalts, and primitive to evolved
arc tholeiites. Wyman et al.**® interpret the geodynamic setting as a plume impinging on an in-
traoceanic arc. High thermal flux advected by plume magmas may account for this unusually large
deposit.

Proterozoic VMS deposits at Flin Flon, Manitoba, Canada also appear to form in an exten-
sional environment. The Flin Flon district is a complex tectonic collage of MORB, OIB, primitive
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(2692701 Some VMS deposits in Phanerozoic terranes are also

to mature arc, and back arc fragments
interpreted to have formed in rifted oceanic arcs, or back arcs, including the Au-rich VMS depos-
its of eastern Australia®>!. VMS deposits also form in continental margin arcs, or back arcs: ex-
amples including the Boliden deposits, Skellefte, Sweden[m]; the Ordovician Bathurst district,

272l and the Iberian pyrite belt. Alternatively, Boulter?””!

New Brunswick, Canadal compares the
setting of Rio Tinto to a sill-sediment complex, such as is forming in the Guayanas basin, Sea of
Cortez.

If high sulfidation VMS deposits are submarine counterparts of terrestrial epithermal pre-
cious and base metal deposits, then they form in similar geodynamic settings; oceanic and conti-
nental arcs'">*. The geodynamic setting of the Eskay Creek deposit is not yet resolved. According
to Sherlock et al.*

rather are akin to rift related basalts.

1 the flat REE patterns of basalts are unlike fractionated arc magmas, but

The source and flux of volatiles from the subduction zone to the subaerial Kudryary volcano
in the Kurile islands has been constrained from rare gas and stable isotope systematics. The
*He/*He ratio of 6.7 R, corresponds to 84% mantle helium, and requires 1x10° t/a of mantle to be
degassed to generate this flux, or about 300 km*/Ma. The CO, budget of 50x10° mol/a is com-
prised of 12% mantle CO,, 67% marine carbonate, and 21% subducted sedimentary organic. In
sub-seafloor crust, which is characterized by high hydraulic conductivity, abundant convecting

seawater dilutes the magmatic input.

8 Geodynamics of world class gold deposits: Synthesis

[274] How-

Continental lithosphere has grown at convergent margins throughout earth history
ever, as discussed above, the thermal structure of convergent margin subduction zones has de-
cayed through time: progressively steeper subduction angles have led to different composition,
thickness, and mechanical properties of continental lithosphere (fig. 2). Cooling of the mantle as a
whole has resulted in decreasing intensity and temperature of plume, or ‘hotspot’, magmatism and
the composition of primitive plume magmas has evolved from komatiite-basalt sequences to ba-
salt-dominated sequences.

Mantle plumes are involved both in the growth and destruction of convergent margins. Thick
ocean plateau crust is buoyant: hence ocean plateaus jam into subduction zones rather than sub-
duct®”*"®! Examples are the Caribbean-Columbian and Ontong Java ocean plateaus that have
jammed into the Pacific Rim subduction system, respectively in the Caribbean and near Papua
New Guinea. This conceptual advance has given rise to a new appreciation of Archean greenstone
belts as subduction-accretion complexes. Convergent margin tectonics generates bimodal arc
magmas with trench turbidites. During subduction rollback plume related ocean plateau sequences
are imbricated with the arc. As composite subduction-accretion complexes migrate oceanwards,
tonalitic batholiths intrude the arc-trench-plateau complex?’" 27, Capture of ocean plateaus by

subduction zones solves the paradox of the Mg, Ni deficit of the andesite model of Taylor and
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[280 281]

McLennan™" for crustal growth!

Another consequence of decreasing plume magmatism through time is greater continental
freeboard. Isley and Abbott***! have demonstrated a 98% correlation between the secular distribu-
tion of iron formations and oceanic plume magmatism. There are four superplume events between
3.8 Ga and 1.6 Ga, with the global 2.7 Ga greenstone belt event corresponding to the second. As a
consequence, in Archean terranes with abundant Algoman BIF and komatiite-basalt plateau se-
quences, thick terrestrial siliciclastic deposits are sparse due to flooding of the continents.

There is compelling evidence that continental lithosphere grew early in earth history, with
continued growth and recycling of both ocean and continental lithosphere generating near-steady

[

state continental mass®****. Models of progressive or episodic growth are based principally on

Nd-isotope data, and are unconstrained. Destruction of continental lithosphere occurs at conver-

(285 There are geochemical signa-

gent margins by subduction-erosion and sediment subduction
tures in plume basalts of Archean and Phanerozoic age for prior subduction recycling of continen-
tal lithosphere to the core-mantle boundary, and its return to the surface in mantle plumes from

286287 Tmpingement of anomalously hot mantle plumes

which the basalts are erupted ~1 Ga later!
on convergent margins also promotes destruction of oceanic and continental convergent margins
via topographic uplift accompanied by erosion. Dalziel et al.®! term this ‘plume modified
orogeny’.

Giant gold metallogenic provinces do not form in response to chemical evolution of the man-
tle as a whole. Core formation, with attendant sequestering of siderophile elements, including Au,
W, Mo, and PGE from the silicate earth was complete within 10’s Ma of earth accretion®®”). Con-
sequently, the siderophile inventory of the silicate earth is believed to stem from a late veneer of
accreted meteorites”™"). Sun et al.”*! have demonstrated a secular invariance in the Ti/Pd ratio of
the mantle, a ratio of a lithophile to a siderophile and chalcophile element, such that the gold con-
tent of the mantle has also remained constant. However, localized low degree alkaline partial
melts in the asthenosphere may be highly enriched in Au and incompatible elements such as Th, U,
Rb, and REE (fig. 2(c)).

8.1 Accretionary orogenic belts proximal to continental margins

There is a distinctive secular distribution to orogenic gold deposits. They are abundant in 2.7
Ga and Paleoarchean greenstone belts; the Neoproterozoic; lower Paleozoic of central Asia and
the Tasman orogenic belt; and Jurassic to Triassic accretionary events in the North American
Cordillera and China.

The sparsity of orogenic gold deposits in the Neo- and Mesoarchean terranes reflects the fact
that these are predominantly high-grade tonalite-gneiss belts that represent arc midcrust, with mi-
nor intensely deformed and metamorphosed greenstone remnants. Given the fact that the majority
of orogenic gold deposits form and are preserved in greenschist facies terranes, these were either

eroded from higher levels of the gneiss terranes, or some gold deposits formed at convergent oro-



50 SCIENCE IN CHINA (Series D) Vol. 43

genic margins but were destroyed by plume impingement on the orogens'**.

2.7 Ga corresponds to the conjunction of a Cordilleran style supercontinent accretion with a
superplume event. Transpressive terrane accretion is a favorable tectonic setting for generating
orogenic gold deposits. Cold, dense oceanic plates cool the base of the subduction-accretion com-
plex until terrane-terrane collision terminates subduction, and granitoid magmatism also termi-
nates. Isotherms then rise through thick subcreted volcanic-sedimentary melange inducing dehy-
dration reactions, with transport of aqueous incompatible elements, including Au, Ag, As, Sb, Se,
Te, Bi, B, Cs, Rb, and K up terrane boundary structural conduits to sites of precipitation in the
brittle-ductile regime. Coupling of the plume residue to imbricated arc-plateau crust resulted in
high preservation potential, given the thick, refractory and mechanically rigid mantle lithosphere
‘keel” (fig. 1).

Wyman et al.”® have pointed out that few of the 2.7 Ga greenstone belts have orogenic gold
deposits, and that the prodigiously rich gold metallogenic provinces of this age are highly local-
ized. For example, 5000 t of gold have been produced from the 2.4 million km® Archean Superior
Province, yet 4000 t of this total has been mined from two narrow corridors in the southern vol-

2681 this spatial concentration of gold
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canic zone of the Abitibi belt. In the model of Wyman et al.!
deposits results from subduction step-back (fig. 7). Qiu and Groves proposed that collision
followed by delamination, that advects hot asthenosphere to the base of thinned lithosphere, was
the driving force for the Yilgarn orogenic gold province.

During stability of the 2.7 Ga supercontinent and subsequent breakup, few orogenic gold de-
posits formed. The next major accretionary orogenic events were at 2 Ga in Northeast Brazil and
West Africa, and the 1.9 Ga Trans Hudson orogen of North America. Major gold deposits formed
in the Birimian and Trans Hudson; however, these orogenic events were dominated by internal
continent-continent collisions where formation and preservation of orogenic gold deposits is less
favorable than in external Cordilleran style orogenic belts. Stability, then breakup of the 2 Ga su-
percontinent accounts for the Meso- to Paleoproterozoic ‘gap’, when few gold deposits formed or
were preserved.

Giant orogenic gold provinces formed at convergent margins in the Phanerozoic. They were
either destroyed, or alternatively preserved where terrane accretion incorporated the mineralized
belts into a continent, such as in Asia, the Tasman orogenic belt, and Cordillera. Proterozoic and
Phanerozoic terranes hosting giant orogenic gold provinces are characterized by a higher propor-
tion of metasedimentary rocks than Archean counterparts. Convergent margins acquired a pro-
gressively larger sedimentary budget as continental freeboard increased in response to decreased
plume magmatism in ocean basins. Goldfarb et al.* have demonstrated that orogenic gold depos-
its in the Cordillera are specifically related to a change of plate vectors.

Black smokers in back arc basins provide a real-time analog for many of the processes
thought to be involved in the formation of volcanogenic massive sulfide (VMS) deposits. Are

there also real time analogs for orogenic gold deposits? A series of distinctive hot, or warm springs
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aligned on major crustal structures occur in the circum-Pacific belt. When compared to

Hotspot track & buoyant,

depleted mantle
@) \

crust and
lithosphere

Accreted plateau

fragments
(b)

Unaccreted platea
fragments

Unaccreted plateau
fragments

Fig. 7. Geodynamic history of the Southern Volcanic Zone (SVZ). (a) plume ascent under and near an
Abitibi arc generates a topographic and thermal high outboard of the arc (indicated by pillow pattern). (b)
Subduction zone jamming and suture of plateau fragments causes step back of subduction and formation of
proto arc (a simplified representation). Low-Ti tholeiites and plateau fragments- komatiite flows nearer
plume occur together. (c) Rifting of the juvenile arc along and near the Malartic Block (pillow pattern indi-
cates Val d'Or domain) results in eruption of the Kinojevis Group (KJ) along a propagating ridge, followed
by the Black River Group (BRG) arc succession. Some komatiitic sequences are isolated south of the BRG.
(d) Underthrusting of the Pontiac subprovince is followed by strike-slip movement along the De-
stor-Porcupine-Manneville fault zone (D-P-M FZ)-the Cadillac-Larder Lake fault zone (C-LL Fz). Modified

from Wyman et al 2%,
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meteoric water dominated hot spring systems, the structurally controlled variety are distinctive in
terms of: (1) discharge at topographic ridges rather than in depressions, signifying a geopressur-
ized fluid; (2) abundant CO,; (3) low salinity; (4) relatively enhanced solute concentrations of As,
Sb, B, Li, Rb (etc.); (5) low abundances of base metals; and (6) an association with mercury
and/or sulphur deposits. Isotopically, the CO, springs are consistent with fluids of metamorphic
origin, with little or no involvement of local meteoric water. All of the hot or warm springs dis-
cussed above involve advective flow of thermal waters, likely of metamorphic origin, along major
crustal structures. In California, the CO,-hot springs have been interpreted as the surface expres-

. . L . 292
sion of active metamorphism in the Franciscan complex®*?).

In the Southern Alps, New Zealand, Craw and Koons!?**!

describe dilute aqueous,
CO;-bearing fluids generated by metamorphic dehydration being released up structures during
rapid uplift; and gold is precipitated from these fluids either by cooling, or mixing with dilute
low-salinity meteoric fluids. They suggest that these may be analogs of orogenic gold systems'***].
In terms of orogenic gold deposits that form inboard of collisional plate margins, such as the de-
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posits of China and Korea! , which may form in response to delamination of mantle litho-

sphere, there is seismic evidence for this phenomenon beneath Tibet.

8.2 Oceanic arcs, and oceanic and continental back arcs

Most arcs, and all active back arcs, are in a state of extension. As the oceanic slab sinks and
rolls back beneath an arc, the arc and back arc pair migrate oceanward, coupled to the sinking slab
by trench suction and induced convection® (figs. 2(a) and 8(b)). During back arc extension the
asthenosphere rises to compensate for lithosphere thinning. Both elevation of isotherms in the ris-
ing asthenosphere, and decompressional melting, advect heat to the lithosphere, which is thinned
by coupled listric and transfer fault systems. Accordingly, there is the conjunction of high heat

flow, magmatism, enhanced hydraulic conductivity, and associated hydrothermal systems.

8.2.1 Submarine settings. The geodynamic setting in which VMS deposits are thought to form
is oceanic arcs, and oceanic or continental back arcs. Modern accumulations of massive sulfide at
hydrothermal vents, are known from ocean ridges, seamounts, propagating ridges (e.g. Red Sea),

[296

and arcs and back arcs'®”®!. However, the largest deposits which most closely resemble Au-rich

VMS deposits in form, metal budget, and magmatic association are in oceanic or continental back
arcs'?’),

Back arc basins of the circum Pacific are active. Included are the Taupo-Havre-Lau system;
the north Fuiji basin; the New Hebrides, Mariana, and Okinawa troughs; the East Scotia and Japan
seas; and Shikoku and Kurile basins. Back arc basins are sited above mantle with pronounced
seismic wave attenuation due to elevated isotherms in the asthenosphere and the presence of melts.
As an arc under extension migrates oceanward a back arc opens and an independent spreading

center develops. Initial stages of rifting are characterized by Fe-rich tholeiites and high silica rhy-
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olites, caldera development, and explosive volcanism. Mafic magmatism is from variable sources:
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Fig. 8. Processes operating in a subduction zone and back arc (modified from Tarney et al.,***)). K and incompatible element
enriched domains of lithosphere from OIB melts may enter the arc either from slab rollback or from induced convection in sub-
arc asthenosphere, or through a slab window.

initially, back arc basin basalts (BAB) from the subarc mantle wedge, and when a spreading center
develops, MORB-like and enriched OIB-like basalts.

Compared to ocean ridge systems there are differences in the thermal and structural charac-
teristics of ocean crust, magma compositions, hydrothermal fluids, and type of sediment. Modified
seawater hydrothermal fluids discharging at vents are at 200—400°C, pH = 2—35, with higher
concentrations of Zn, Ba, Pb, Cd, and As than ridge hydrothermal fluids. Accumulations of mas-
sive sulfide have been described from the Woodlark basin[zggl; the Lau basin, including Au-rich
sulﬁdes[299’300]; the Eastern Manus basin!® Ol]; and the Okinawa continental back arc®*?. The Oki-
nawa back arc is a close analogue to the Kuroko VMS deposits which formed during

mid-Miocene opening of the Japan sea back arc®"!,

8.2.2 Subaerial settings. The geodynamic association between epithermal gold-silver and por-
phyry copper-gold deposits with subduction has been recognized since the early 1970s*”). Both
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deposit types occur in oceanic and continental margin arcs; accordingly it is possible that the ulti-
mate source for the metals is modified mantle wedge (fig. 8).

Four types of oceanic arcs are recognized, based on the composition of arc basalts generated
from enriched, undepleted, depleted or highly depleted mantle wedges®"*. Depleted refers to pre-
vious stages of melt extraction, which remove incompatible elements including Au, Ag, Pb, Th, U,
As, Sb, Cs, Tl, and LREE from the mantle wedge in the melts. Given the association of some epi-
thermal gold-silver and porphyry copper-gold deposits with K-rich magma derived from enriched
mantle wedge, it is possible that the enrichment event is critical to generating magma with appro-
priate metal and volatile budgets.

There are two possible geodynamic scenarios for enrichment of arc mantle wedge lithosphere:
subduction jamming or entrainment of OIB-enriched mantle into the subarc mantle. The giant
Ladolam gold deposit on Lahir island, Papua New Guinea, is sited above a subduction zone into
which the Ontong Java ocean plateau has jammed. McInnes et al.”°* have shown that veined per-
idotite xenoliths from mantle lithosphere beneath the deposit are 2 to 800 times more enriched in
Cu, Au, Pt, and Pd than surrounding depleted arc mantle. Gold ores have osmium isotope compo-
sitions similar to the xenoliths, signifying that the mantle is likely the source of Cu and precious
metals. Metasomatic enrichment of the mantle wedge is from fluids and/or melts streaming off the
jammed plateau. Wedge peridotite then melts to produce volatile and K-rich basalts, which evolve
to more felsic compositions in arc crust by assimilation-fractional crystallization. Mathur et al.**®!
have determined a correspondence between the size of Chilean porphyry copper deposits and os-
mium isotope compositions, where the largest deposits have the most mantle like signatures. Arc
mantle wedge depleted in previous melt extraction events requires a relatively larger volatile
budget from the slab to remelt (fig. 8). Consequently, the conjunction of events required to gener-
ate volatile-rich magmas for porphyry copper-gold deposits may be: (1) stage one early wedge
depletion and (2) later refertilization of the refractory residue from stage one depletion, by slab
fluids and/or melts, all in the context of slab architecture controlling arc lithosphere structure as
discussed above (fig. 5).

Alternatively, K-rich arc magmas may form where OIB melts impinge on an arc, or
OIB-enriched magmas from the lithosphere or thermal boundary layer enter an arc (fig. 8), or
where OIB melts enter the arc system through a slab window (figs. 5 and 8(b)). Carlin and
Carlin-like deposits in continental margin arcs probably involve similar processes as for epither-
mal deposits. Carlin deposits from Nevada are in a continental back arc, where lithosphere exten-
sion advects heat to the crust, as well as mantle and crustal magmas. Plume impingement may

have played a critical role.

8.3 Intracratonic extension with anorogenic magmatism
Iron oxide copper-gold deposits constitute the only major class of gold deposit not related to

a convergent margin geodynamic setting at the time of mineralization. At 1.5 Ga a supercontinent
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broke up. Anorogenic magmatism was associated in space and time both with assemblage and
breakup of the supercontinent. Crustal thickening in collisional orogenic belts that developed dur-
ing assembly led to post-tectonic crustal heating, and voluminous anorogenic rapakivi granites
were emplaced over 1.76 to 1.55 Ga. During and following supercontinent rifting, a suite of man-
tle derived anorogenic anorthosites, granites and rhyolites were emplaced <<1.5 Ga. Seventy per-
cent of known Proterozoic anorogenic magmatism aged 1.5 to 1.27 Ga occurs in a belt 1000 km
wide and 5000 km long extending from southern California to Labrador. The iron oxide cop-
per-gold REE deposits of Missouri are part of this belt™"7=,

There are two possible sources of heat to drive anorogenic magmatism during intracontinen-
tal extension. Far field forces thin the continental lithosphere, deflecting asthenosphere isotherms
upward, and decompressional melting advects heat into the lithosphere. Alternatively, impinge-
ment of a mantle plume on the base of continental lithosphere will induce intracontinental exten-
sion, as in the 1.1 Ga Midcontinent rift (Windley, 1995). It is not known if one of these two
mechanisms or both were involved in the 1.5 Ga supercontinent rifting.

The siting of Meso- to Paleoproterozoic iron oxide copper-gold deposits near boundaries
between thick Archean and thinner and younger lithosphere provides clues to their origin. The
following sequence of geodynamic events may be envisioned: (1) In the Archean, arcs capture
ocean plateaus, and thick, refractory continental mantle lithosphere keels develop (fig. 2). (2) Over
time, low-degree OIB melts of the asthenosphere infiltrate mantle lithosphere to produce domains
metasomatically altered and enriched in incompatible elements®™’ (fig. 2). (3) Following assem-
bly of the Paleoproterozoic to Neoproterozoic supercontinent crustal melting generates rapakivi
granites, leaving a water-deficient but halogen-rich lower crustal residue. (4) During superconti-
nent rifting, extension is focused at margins of Archean cratons where there is a transition from
thick refractory to thinner less refractory mantle lithosphere (fig. 2). (5) Low degree mafic, but
incompatible element enriched, melts formed by decompression of the thermal boundary layer and
metasomatically altered domains of mantle lithosphere (fig. 2). (6) High degree melts of astheno-
sphere pond at the base of the crust, generating second stage crustal melts of halogen-rich A-type
granites. (7) Magmatic and crustal fluids are involved in mineralization.

The east African rift may be a modern analogue for the environment in which iron oxide
copper-gold deposits form. Intracontinental extension involves Proterozoic lithosphere, with me-
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tasomatically altered domains from which alkaline magmas are produced®®”. There are extensive

tholeiitic to alkali basalts from asthenosphere melting. Lakes fed by alkaline, oxidizing hydro-
thermal fluids are precipitating cherts enriched in REE and incompatible elements (R. Renaut,

personal communication).
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