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Abstract Iron oxide-copper-gold (IOCG) deposits, de-
fined primarily by their elevated magnetite and/or hema-
tite contents, constitute a broad, ill-defined clan related to
a variety of tectono-magmatic settings. The youngest and,
therefore, most readily understandable IOCG belt is lo-
cated in the Coastal Cordillera of northern Chile and
southern Peru, where it is part of a volcano-plutonic arc
of Jurassic through Early Cretaceous age. The arc is
characterised by voluminous tholeiitic to calc-alkaline
plutonic complexes of gabbro through granodiorite
composition and primitive, mantle-derived parentage.
Major arc-parallel fault systems developed in response to
extension and transtension induced by subduction roll-
back at the retreating convergent margin. The arc crust
was attenuated and subjected to high heat flow. IOCG
deposits share the arc with massive magnetite deposits, the
copper-deficient end-members of the IOCG clan, as well
as with manto-type copper and small porphyry copper
deposits to create a distinctive metallogenic signature.
The IOCG deposits display close relations to the
plutonic complexes and broadly coeval fault systems.
Based on deposit morphology and dictated in part by
lithological and structural parameters, they can be sep-
arated into several styles: veins, hydrothermal breccias,
replacement mantos, calcic skarns and composite
deposits that combine all or many of the preceding
types. The vein deposits tend to be hosted by intrusive
rocks, especially equigranular gabbrodiorite and diorite,
whereas the larger, composite deposits (e.g. Candelaria-
Punta del Cobre) occur within volcano-sedimentary se-
quences up to 2 km from pluton contacts and in inti-
mate association with major orogen-parallel fault
systems. Structurally localised IOCG deposits normally
share faults and fractures with pre-mineral mafic dykes,
many of dioritic composition, thereby further emphas-
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ising the close connection with mafic magmatism. The
deposits formed in association with sodic, calcic and
potassic alteration, either alone or in some combination,
reveal evidence of an upward and outward zonation
from magnetite-actinolite-apatite to specular hematite-
chlorite-sericite and possess a Cu-Au-Co-Ni-As-Mo-U-
(LREE) (light rare earth element) signature reminiscent
of some calcic iron skarns around diorite intrusions.
Scant observations suggest that massive calcite veins
and, at shallower palaeodepths, extensive zones of bar-
ren pyritic feldspar-destructive alteration may be indi-
cators of concealed IOCG deposits.

The balance of evidence strongly supports a genetic
connection of the central Andean IOCG deposits with
gabbrodiorite to diorite magmas from which the ore
fluid may have been channelled by major ductile to
brittle fault systems for several kilometres vertically or
perhaps even laterally. The large, composite I0CG
deposits originated by ingress of the ore fluid to rela-
tively permeable volcano-sedimentary sequences. The
mafic magma may form entire plutons or, alternatively,
may underplate more felsic intrusions, as witnessed by
the ore-related diorite dykes, but in either case the origin
of the ore fluid at greater, unobserved depths may be
inferred. It is concluded that external ‘basinal’ fluids
were not a requirement for IOCG formation in the
central Andes, although metamorphic, seawater, evap-
oritic or meteoric fluids may have fortuitously contam-
inated the magmatic ore fluid locally. The proposed
linkage of central Andean and probably some other
IOCG deposits to oxidised dioritic magmas may be
compared with the well-documented dependency of
several other magmatic-hydrothermal deposit types on
igneous petrochemistry. The affiliation of a spectrum of
base-metal poor gold-(Bi-W-Mo) deposit styles to rela-
tively reduced monzogranite-granodiorite intrusions
may be considered as a closely analogous example.

Keywords Iron oxide-copper-gold deposits -
Metallogeny - Central Andes - Diorite - Extensional
tectonics - Volcano-plutonic arcs
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Introduction

Iron oxide-copper-gold (IOCG) deposits comprise a
broad and ill-defined clan of mineralization styles which,
as the name implies, are grouped together chiefly
because they contain hydrothermal magnetite and/or
specular hematite as major accompaniments to chalco-
pyrite = bornite (e.g. Ray and Lefebure 2000). Besides
the copper and by-product gold, the deposits may also
contain appreciable amounts of Co, U, REE, Mo, Zn,
Ag and other elements. IOCG deposits currently
account for <5 and < 1%, respectively, of the world’s
annually mined copper and gold production, much of it
derived from Olympic Dam and Ernest Henry in
Australia and Candelaria and Mantoverde in Chile.
Notwithstanding their modest economic contributions,
IOCG deposits have become fashionable exploration
and research objectives over the past few years.

Fig. 1 Position of the central

One of the best developed, but perhaps rather poorly
appreciated, IOCG provinces is located in the South
American Coastal Cordillera and immediately adjoining
areas of northern Chile and southern Peru (latitudes 13—
33°30’S; Fig. 1), where it is closely associated with
Mesozoic batholiths and major arc-parallel fault sys-
tems. The origin of IOCG deposits has recently become
the subject of considerable debate, with both metal-
bearing magmatic brine (e.g. Hitzman et al. 1992;
Pollard 2000) and external ‘basinal’ brine heated by
intrusions (e.g. Barton and Johnson 1996; Hitzman
2000) being proposed as viable ore-forming fluids. In
view of the fact that the central Andean IOCG province
is the world’s youngest, is largely unaffected by the
complicating effects of later metamorphism and defor-
mation and is relatively well documented geologically, it
provides an ideal example with which to assess the
competing genetic models. Understanding the origin of
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IOCG deposits is, of course, also fundamental to their
effective exploration.

This article reviews the geological and metallogenic
settings of the IOCG province in the Coastal Cordillera
of Chile and Peru and then the styles and salient features
of the IOCG deposits themselves, with particular
emphasis on smaller, higher-grade deposits as well as the
large, better-documented examples like Candelaria and
Mantoverde (Table 1). On balance, the evidence favours
a magmatic-hydrothermal origin for central Andean
IOCG deposits, besides revealing several features
and relationships of potential use during deposit- and
district-scale exploration.

Geological setting
General features

In the Coastal Cordillera and immediately adjoining
physiographic regions of northern Chile and southern
Peru, major Mesozoic plutonic complexes are emplaced
into broadly contemporaneous arc and intra-arc volca-
nic products and underlying penetratively deformed
metasedimentary units of Palaeozoic age. Early Prote-
rozoic cratonic basement of the Arequipa-Antofalla
massif underpins the central segment of the Coastal
Cordillera (Shackleton et al. 1979) and the adjoining
Andean Cordillera, between about latitudes 14 and 26°S
(Ramos and Aleman 2000). Extensive longitudinal
brittle fault systems and/or ductile shear zones, includ-
ing the Atacama Fault System in northern Chile (e.g.
Scheuber and Andriessen 1990) and deeply penetrating
faults that localised the Cafiete basin in Peru (Atherton
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and Aguirre 1992), were active during the Mesozoic
volcanism and plutonism. Widespread extension
induced tilting of the volcano-sedimentary sequences.
Immediately east of the Mesozoic arc terrane of the
Coastal Cordillera in northern Chile and southern Peru,
sedimentary sequences accumulated in a series of inter-
connected, predominantly marine back-arc basins
(Mpodozis and Ramos 1990).

Early to mid-Jurassic through mid-Cretaceous vol-
canism and plutonism throughout the Coastal Cordil-
lera and immediately adjoining regions are generally
considered to have taken place under variably exten-
sional conditions in response to retreating subduction
boundaries (slab roll-back) and steep, Mariana-type
subduction (Mpodozis and Ramos 1990; Grocott and
Taylor 2002). Nevertheless, Atherton and Aguirre (1992)
questioned the existence of subduction during the Early
Cretaceous in southern Peru and favoured extension at a
passive continental margin. Throughout much of the
Coastal Cordillera of northern Chile and southern Peru,
western portions of the Mesozoic arc terrane (and the
corresponding fore-arc) seem likely to have been
removed by subduction erosion or lateral translation
(Rutland 1971; Dalziel 1986; Mpodozis and Ramos
1990) or, at the very least, lie below sea level.

Volcano-sedimentary rocks

The Middle to Late Jurassic La Negra Formation, up
to 5,000-10,000 m of subaerial to locally shallow-sub-
marine basalt, basaltic andesite and andesite lavas, tuffs
and minor intercalated sedimentary rocks, and correla-
tive formations comprise the arc and intra-arc

Table 1 Tonnage and grade of selected IOCG deposits, central Andes

Deposit (Fig. 4) Tonnage® Cu(%) Au(g/t) Ag(g/t) Data source
(million tonnes)

Raul-Condestable, Peru >25 1.7 0.9 6 de Haller et al. (2002)

Eliana, Peru 0.5 2.7 Injoque (2002)

Monterrosas, Peru 1.9 1.0-1.2 6 20 Injoque (2002)

Mina Justa, Peru 209 0.86 Minor Present Rio Tinto Mining and Exploration Ltd.
(unpublished data, 2003)

Cobrepampa, Peru 3-5 2-5 Present 15 Injoque (2002)

Tocopilla, Chile ~2.4(0.31) 3.1 (16) Present locally Ruiz and Peebles (1988)

Montecristo, Chile ~15 1.6 0.6 J. Esquivel (personal communication, 2003)

Cerro Negro, Chile 249 (49) 0.4 (0.71) ~0.15 Atna Resources (press release, 2002)

Teresa de Colmo, Chile 70 0.8 Trace Hopper and Correa (2000)

Mantoverde, Chile ~230 oxide, 0.55 oxide, 0.11 Zamora and Castillo (2001)

>400 sulphide 0.52 sulphide
Candelaria, Chile 470 0.95 0.22 3.1 Marschik et al. (2000)
Punta del Cobre, Chile ~120 1.5 0.2-0.6 2-8 Marschik and Fontboté (2001b)

Carrizal Alto, Chile 3 5

Panulcillo, Chile ~3 (10.4)
Tamaya, Chile >2(0.9) 12 (20)
Los Mantos de Punitaqui, Chile ~2 (gold
zone only)
El Espino, Chile ~30 1.2
La Africana, Chile 3.3 2.5

2.7-3.5(1.45) Up to 0.1

4

0.15

Ruiz et al. (1965)

Hopper and Correa (2000)

Ruiz and Peebles (1988)

R. Muhr (personal communication, 1998)

Correa (2003)
N. Saric (personal communication, 2003)

4Cumulative production and/or reserves, only approximate for mines active before the 20th century

Alternative tonnage and corresponding Cu grade
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successions in northern Chile (Boric et al. 1990; Pic-
howiak 1994; Figs. 1 and 2). La Negra lavas overlap the
tholeiitic and calc-alkaline compositional fields (Pic-
howiak et al. 1990). The volcanic arc appears to have
been topographically subdued and to have developed
close to sea level (Fig. 2). Late Jurassic to Early Creta-
ceous arc volcanism occurred along the eastern side of
the Coastal Cordillera, at least from latitudes 26-29°S,
where it is represented by up to 3,000 m of basaltic
andesite, andesite and dacite volcanic rocks now as-
signed to the Punta del Cobre Group (Lara and Godoy
1998), host to the Candelaria-Punta del Cobre IOCG
district (e.g. Marschik and Fontboté 2001a).

The Jurassic and Early Cretaceous back-arc domain
between latitudes 21 and 27°S in northern Chile, the
Tarapaca basin (Fig. 1), is dominated by marine car-
bonate and continental terrigenous sequences, although
interbedded andesitic volcanic rocks also occur locally
(Muiioz et al. 1988; Mpodozis and Ramos 1990; Ardill
et al. 1998). Evaporite horizons appear locally, especially
in the Late Jurassic (Fig. 2; Boric et al. 1990; Ardill et al.
1998). In the back-arc basin of central Chile (Aconcagua
Platform; Fig. 1), south of about latitude 31°30’S, a
Jurassic marine carbonate sequence, including a thick
gypsum horizon, is overlain by Late Jurassic continental
red beds and Early Cretaceous marine carbonates, while

[A. Late Jurassic - Early Cretaceous 21°- 26° §

La Negra arc Tarapaca basin

10CG veins
>~162 Ma ¥

Evaporites
<~155Ma

? Metasedimentary

basement Back-arc extension

+ poorly evolved arc magmatism

[B.__Early Cretaceous - 12°-14° §

Carnete basin Platform sediments

Evaporites > ~120 Ma

10CG veins
~115Ma

Intra-arc extension
+ primitive subaqueous magmatism

Fig. 2 Schematic tectonic sections of the central Andean margin at
A latitudes 21-26°S in the Late Jurassic—Early Cretaceous and
B latitudes 12-14°S in the Early Cretaceous, showing steep
subduction at a retreating convergent boundary. Note in A that
IOCG deposits occur in a subaerial arc paralleled eastwards by a
sediment-dominated back-arc basin, whereas in B IOCG deposits
occur in a subaqueous intra-arc basin. Approximate ages of
evaporites and IOCG deposits (see text) are also shown. Sections
adapted from Ramos and Aleman (2000)

farther west up to 5,000 m of Early Cretaceous volcanic
and volcaniclastic sedimentary rocks accumulated in an
intra-arc basin formed in response to vigorous extension
(Aberg et al. 1984; Mpodozis and Ramos 1990; Ramos
2000). Most of the volcanic rocks range in composition
from basalt to andesite and are high-K calc-alkaline to
shoshonitic in composition; parts of the sequence dis-
play compositional bimodality (Levi et al. 1988).

Mesozoic arc rocks in southern Peru include the Rio
Grande and Chala Formations of mid-Jurassic age, both
of which comprise basaltic andesite of medium- to high-
K calc-alkaline affinity (Romeuf et al. 1995). The back-
arc domain includes the Arequipa basin (Fig. 1) in
which up to 1,500 m of Early Jurassic basaltic volcanic
rocks belonging to the Chocolate Formation are over-
lain by several thousand metres of mainly terrigenous,
Middle to Late Jurassic sedimentary rocks (Vicente
1990; Sempere et al. 2002a, 2002b). The Cafete basin
(Fig. 1), the southern portion of the West Peruvian
trough (Wilson 1963), is dominantly Early Cretaceous in
age (Cobbing 1978) and probably best interpreted as a
product of advanced intra-arc extension (Ramos and
Aleman 2000). The Copara and Quilmana Formations
in the Canete basin are dominated by high-K
calc-alkaline to shoshonitic basalt and basaltic andesite,
although subordinate dacite and rhyolite impart a bi-
modal signature to the latter formation (Atherton and
Aguirre 1992). These volcanic formations are underlain
by a clastic-carbonate succession containing very minor
amounts of evaporite minerals (Palacios et al. 1992).

The Jurassic and Early Cretaceous arc and intra-arc
sequences throughout the Coastal Cordillera are domi-
nated by basaltic andesite, appear to possess greater
amounts of lava than other volcanic or volcaniclastic
products and lack volumetrically important felsic vol-
canic rocks. Furthermore, there is little evidence of
major volcanic edifices typical of most subduction-related
arc terranes, and the volcanic environment may well
have been more akin to flood basalt provinces.

Low-grade, non-deformative, diastathermal (burial)
metamorphism induced by elevated geothermal gradi-
ents consequent upon crustal thinning was active during
accumulation of all the Mesozoic arc and intra-arc
volcanic sequences, with the resulting metamorphic
grade commonly attaining the prehnite-pumpellyite
facies and, at depth, greenschist facies (Levi et al. 1989;
Atherton and Aguirre 1992). This low-grade regional
metamorphism is not directly related to pluton
emplacement, which gave rise to fairly restricted and
easily distinguishable contact aureoles similar to that
related to the Tierra Amarilla batholith near the
Candelaria IOCG deposit (Tilling 1976; Marschik and
Fontboté 1996, 2001b).

Plutonic rocks

The plutonic complexes, ranging in composition from
primitive early gabbro and diorite through quartz diorite



and quartz monzodiorite to tonalite and granodiorite
and, uncommonly, monzogranite were emplaced
throughout the Jurassic and Early Cretaceous as a series
of relatively short pulses, each estimated to last roughly
3 tol4 M.Y. where extensively dated between latitudes
25°30" and 27°30’S (Dallmeyer et al. 1996; Lara and
Godoy 1998; Grocott and Taylor 2002). Hence, unsur-
prisingly, multiple ages of any particular intrusive rock
type occur throughout the Coastal Cordillera; for
example, the early gabbros from latitudes 23-24°S in
northern Chile are dated at 196-185 Ma (Early Jurassic)
(Pichowiak et al. 1990), whereas those farther north in
the Carfiete basin of Peru are clearly assignable to the
mid-Cretaceous (Regan 1985). Plutons are irregular in
outline but markedly elongate parallel to the orogen,
northerly in northern Chile and northwesterly in
southern Peru. Typical plutons exceed 50 km in longi-
tudinal dimensions. During the Mesozoic, the locus of
plutonism in northern Chile migrated ~50 km or so
eastwards to reach the eastern border of the Coastal
Cordillera by the Early Cretaceous (Farrar et al. 1970;
Berg and Baumann 1985; Parada 1990; Dallmeyer et al.
1996; Lara and Godoy 1998; Fig. 3), and an apparently
similar but still poorly defined progression also took
place in southern Peru (Clark et al. 1990).

Abundant andesite, basaltic andesite and basalt
dykes cut many of the plutons and their host rocks (e.g.
Pichowiak and Breitkreuz 1984; Regan 1985; Scheuber
and Gonzalez 1999; Taylor and Randall 2000; Sempere
et al. 2002b). Both synplutonic emplacement features
(Moore and Agar 1985; Regan 1985) and radiometric
dating (Dallmeyer et al. 1996) show that the dykes are
broadly synchronous with host or nearby plutons.
Furthermore, individual dyke swarms tend to be
centred on single plutonic complexes, beyond which
they cannot be traced very far (Taylor and Randall
2000).

COASTAL LONGITUDINAL | pRe. | WESTERN
CORDILLERA VALLEY (‘IORDILLER‘A CORDILLERA
70°30'W 70°00 69°30° 69°00 68°30° 68°00’ Ma
Pliocene : 07
Miocene
TERTIARY | Ollg
Eocene 50
Late
CRETACEOUS | pigdie + 1001
Early
Late ! 150
gMagmatic arc rocks
JURASSIC | piddie
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Early | | 200
1 1 I

e ——
0 100 km

Fig. 3 Generalised spatial and temporal distributions of magmatic
arc rocks (from Hammerschmidt et al. 1992) and IOCG deposits
(this study) in northern Chile. Note the systematic eastward
migration of both the arc and contained mineralization, and the
marked decline of IOCG mineralization from the Late Cretaceous
onwards
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In northern Chile and southern Peru, the Jurassic and
Early Cretaceous intrusive rocks, most of them horn-
blende-bearing, are largely metaluminous and calc-
alkaline (Parada 1990; Pichowiak 1994), although early
gabbros are tholeiitic in character (Regan 1985;
Pichowiak et al. 1990). All the intrusive rocks are oxi-
dised and belong to the magnetite-series (Ishihara and
Ulriksen 1980). Initial strontium isotope ratios for plu-
tonic rocks decrease markedly eastwards across the
Coastal Cordillera of northern Chile, in general from
0.704-0.705 for the Middle—Late Jurassic to 0.703-0.704
for the Early Cretaceous rocks (McNutt et al. 1975; Berg
and Baumann 1985; Pichowiak 1994; Parada et al.
1999), a pattern that may be interpreted to imply max-
imal extension and crustal thinning and, as a conse-
quence, minimal crustal contamination during the Early
Cretaceous period. Nevertheless, the mantle wedge re-
mained the main site of magma generation throughout
the Jurassic-Early Cretaceous interval (Rogers and
Hawkesworth 1989).

The plutonic complexes of the Coastal Cordillera
between about latitudes 26 and 27°30’S were emplaced
syntectonically during the Early to Middle Jurassic as
gently inclined, sheet-like bodies up to several kilometres
thick, controlled by east-dipping extensional fault sys-
tems (Grocott et al. 1994; Grocott and Taylor 2002), but
thereafter probably as steep, slab-like bodies localised by
ductile shear zones (Grocott and Wilson 1997). Roof
lifting and floor depression both enabled pluton
emplacement (Grocott and Taylor 2002). In accord with
this intrusion mechanism, the outcropping plutons were
emplaced at relatively high crustal levels, <~10 km
between about latitudes 22 and 28°S (Dallmeyer et al.
1996; Scheuber and Gonzalez 1999), and cooled rapidly
as shown by concordance between U-Pb zircon ages and
Y0Ar/*Ar isotope-correlation ages (Berg and Baumann
1985; Dallmeyer et al. 1996), as well as by relatively
restricted (<4 km) contact-metamorphic aurcole deve-
lopment.

The Coastal Cordillera became amagmatic after
~90 Ma, and most of the Late Cretaceous and younger
plutonism, including emplacement of the main Coastal
Batholith of southern Peru, was restricted to belts far-
ther east (Cobbing 1985; Taylor et al. 1998; Grocott and
Taylor 2002).

Structural elements

The Atacama Fault System follows the axis of the
Coastal Cordillera for > 1,000 km between about lati-
tudes 20 and 30°S where it is made up of a series of
concave-west segments comprising NNW-, N- and
NNE-striking ductile and brittle faults which underwent
variable motion, including sinistral strike-slip (e.g.
Hervé 1987; Scheuber and Andriessen 1990; Brown et al.
1993). Transient ductile deformation, charted by
greenschist and amphibolite facies mylonites (Scheuber
and Andriessen 1990; Scheuber et al. 1995), occurred at
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shallow crustal levels (< 10 km) in close association with
Mesozoic pluton emplacement, but gave way to brittle
behaviour during arc cooling (Brown et al. 1993). The
brittle faults tend to be localised by pre-existing mylonite
zones, commonly along pluton margins (Brown et al.
1993). Fault displacement on the Salado segment of the
Atacama Fault System, between latitudes 25 and 27°S,
changed from normal slip to left-lateral transtension at
~132 Ma (Grocott and Wilson 1997; Grocott and
Taylor 2002), as apparently it also did as far north as
latitude 22°S (Scheuber and Gonzalez 1999). Neverthe-
less, sinistral motion of Jurassic (pre-155 Ma) age has
been interpreted between latitudes 22 and 26°S
(Scheuber et al. 1995; Scheuber and Gonzalez 1999). The
Atacama Fault System is the best documented of three
principal orogen-parallel fault systems in the Coastal
Cordillera between latitudes 25°30” and 27°S, where it is
paralleled westwards and eastwards, respectively, by the
ductile to brittle Tigrillo and Chivato systems (Grocott
and Taylor 2002; Fig. 5). The three fault systems, in
concert with the plutonism, young eastwards from
Jurassic—Early Cretaceous in the case of the normal-slip
Tigrillo system to Early Cretaceous for the left-oblique
extensional Chivato system. East-side-down displace-
ment on the fairly shallowly inclined Tigrillo fault ex-
ceeds 1 km, and only a few kilometres of strike-slip
offset are deduced for the Atacama Fault System
(Grocott and Taylor 2002).

In southern Peru, a series of poorly known, orogen-
parallel faults exist in the arc terrane, including the
Caiiete intra-arc basin, as well as localising the Arequipa
back-arc basin. The prominent Treinta Libras fault zone
along the ecastern margin of the Coastal Cordillera
underwent dextral strike-slip motion in the Jurassic—
Early Cretaceous, and is marked by a broad dyke swarm
(Caldas 1978; Injoque et al. 1988).

During the early Late Cretaceous, transpression
triggered by final opening of the Atlantic Ocean basin
caused tectonic inversion of the formerly extensional
back-arc basins (Mpodozis and Ramos 1990; Ladino
et al. 1997). At the same time, the Chivato fault system,
a set of northwest-striking transverse faults throughout
the Coastal Cordillera and other structural elements
between at least latitudes 18 and 30°S, underwent reac-
tivation in the transpressive regime (Taylor et al. 1998;
Grocott and Taylor 2002). Positive tectonic inversion
also affected southern Peru in the early Late Cretaceous
(Benavides-Caceres 1999) and caused demise of the
Canete basin (Cobbing 1985). The far more subdued
deformation in the Coastal Cordillera of northern Chile
and southern Peru since the mid-Cretaceous took place
in a fore-arc setting.

Metallogenic setting

The Coastal Cordillera of northern Chile and southern
Peru is endowed with iron, copper and subordinate gold,
silver and zinc resources, all of mainly Early Jurassic to

mid-Cretaceous age. In addition to the IOCG deposits
highlighted in this article, ‘Kiruna-type’ massive mag-
netite-(apatite), porphyry copper-(gold), manto-type
copper-(silver) and volcanic hosted massive sulphide
(VHMS) zinc-copper-barite deposits are the principal
ore types.

Magnetite deposits

The massive magnetite deposits occupy the same belt as
many of the IOCG deposits over a longitudinal distance
of nearly 700 km between latitudes 25 and 31°S in
northern Chile and a similar distance in southern Peru,
although large deposits there are far more restricted in
latitudinal extent (Fig. 1). Many investigators subscribe
to a hydrothermal-replacement origin for the magnetite
and minor associated actinolite and apatite (e.g. Ruiz
et al. 1965, 1968) and locally developed clinopyroxene
(e.g. Fierro Acari, southern Peru; Injoque 2001),
although some advocate emplacement mainly as intru-
sions and minor extrusions of iron oxide melt (e.g.
Espinoza 1990; Nystrém and Henriquez 1994; Naslund
et al. 2002). A number of small magnetite deposits occur
as veins in diorite intrusions, which both Ménard (1995)
and Injoque (2001) favour as the magmatic-fluid source
for the magnetite deposits in general. Several large
magnetite deposits, including El Romeral and El
Algarrobo in northern Chile, are steep, lens-like bodies
within intrusion-bounded screens of Early Cretaceous
andesitic volcanic rocks along strands of the Atacama
Fault System (Ruiz et al. 1968; Bookstrom 1977).
However, the major Marcona deposit in Peru is differ-
ent, being a series of strata-bound bodies (mantos)
replacing principally early Palaeozoic but also Jurassic
(Rio Grande Formation) carbonate horizons west of),
rather than within, the major Treinta Libras fault zone
(Injoque et al. 1988; Injoque 2002).

Inclusion of the magnetite deposits as end-members
of the IOCG clan (Hitzman et al. 1992) is supported by
the abundance of early-stage magnetite in many IOCG
deposits, the occurrence of late-stage pyrite, chalcopyrite
and gold in and near some massive magnetite deposits
(e.g. Marcona, El Romeral, Cerro Negro Norte;
Bookstrom 1977; Injoque et al. 1988; Vivallo et al. 1995)
and the commonality of certain alteration and gangue
minerals, especially actinolite and apatite, although no-
where are the two deposit types observably transitional.
Nevertheless, magnetite veins and lens-like bodies occur
widely in both Jurassic and Early Cretaceous IOCG vein
districts, including some of the more important ones like
Los Pozos (Mantoverde; Vila et al. 1996), Naguayan
and Montecristo (Boric et al. 1990). There are also
several examples of IOCG deposits located alongside
major concentrations of massive magnetite (e.g. Mina
Justa in the Marcona district; Moody et al. 2003). Thus,
the genetic model for the massive magnetite bodies in the
Coastal Cordillera is likely to possess major components
in common with that preferred for the IOCG deposits.



Porphyry copper deposits

Porphyry copper deposits, some relatively enriched in
gold, are distributed throughout the Coastal Cordillera
of northern Chile (Fig. 1), where most of them appear to
be of Early Cretaceous age (~135-100 Ma) (Munizaga
et al. 1985; Boric et al. 1990; Perell6 et al. 2003). The
best-known deposit, and the only producer, is Andacollo
where a zone of supergene chalcocite enrichment is
exploited; however, several others have been extensively
drill tested (e.g. Galenosa-Puntillas, Antucoya-Buey
Muerto, Mercedita; Fig. 1). Several prospects also exist
in the Coastal Cordillera of southern Peru (Fig. 1),
where Tia Maria is likely to be Jurassic in view of
available radiometric ages for nearby plutonic rocks
(Clark et al. 1990). The deposits are typically much
smaller (<~300 million tonnes) than those in the
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Tertiary porphyry copper belts farther east (Fig. 4), and
hypogene grades are relatively low (up to ~0.4% Cu).
The deposits are related to small stocks of quartz diorite
to granodiorite porphyry emplaced into arc plutonic or
volcanic rocks, and tend to be dominated by potassic
alteration.

The porphyry copper and IOCG deposits in the
Coastal Cordillera are readily distinguishable because
the potassic alteration and copper-(gold) mineralization
in the former are centred on, and largely confined to,
porphyry stocks, which are absent from the latter. Fur-
thermore, the characteristic quartz veinlets containing all
or part of the chalcopyrite in the porphyry copper
deposits as well as the pyrite-dominated, sericite-bor-
dered D-type veinlets are also absent from the IOCG
deposits, and the iron oxides that define the IOCG class
are sparsely represented in the porphyry copper deposits.
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into western Middle—Late 9, LIMA
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Manto-type copper deposits

Manto-type copper deposits occur as strata-bound
disseminated bodies, as steep hydrothermal breccias
around barren, finger-like gabbro to diorite plugs and
as related veins, mostly within basaltic to andesitic arc
volcanic sequences of the La Negra Formation
between latitudes 22 and 25°S (Fig. 1). However, the
largest deposit, Mantos Blancos, is unusual in being
partly hosted by felsic volcanic rocks and plugs
(Ramirez 1996). Broadly similar copper-silver deposits,
including El Soldado, are widespread in the Early
Cretaceous volcanic and sedimentary rocks of the
Central Chile intra-arc basin (e.g. Fig. 1; Maksaev and
Zentilli 2002).

The highest-grade parts of manto-type deposits,
typically controlled by the permeability provided by
faults, hydrothermal breccias, dyke contacts, vesicular
flow tops and flow breccias, are characterised by hypo-
gene chalcocite and bornite, which grade outwards and
downwards through chalcopyrite to minor distal con-
centrations of pyrite. The chalcocite-bornite cores of
large deposits commonly abut original redox boundaries
in the host stratigraphic packages and are overlain or
flanked by sulphide-deficient zones containing hypogene
hematite (Sillitoe 1992; Kirkham 1996). Albite, quartz
and chlorite are the main alteration minerals in the cores
of the deposits. Opinion is divided between magmatic-
hydrothermal (e.g. Holmgren 1987; Wolf et al. 1990)
and metamorphogenic (e.g. Sato 1984; Sillitoe 1990,
1992) fluid origins for the manto-type deposits, although
the latter alternative is favoured by the obvious simi-
larities to stratiform, sediment-hosted copper deposits
(Kirkham 1996). Nevertheless, emplacement of plutonic
complexes may have been instrumental in causing the
fluid circulation that resulted in manto-type copper
formation (Maksaev and Zentilli 2002).

The manto-type deposits comprise a distinctive class
of copper mineralization uncommon outside the Coastal
Cordillera of northern and central Chile (Sillitoe 1992;
Kirkham 1996). Although many manto-type copper
deposits contain albite alteration, calcite and minor
hematite, and some are spatially related to gabbro and
diorite bodies—features shared with some central An-
dean IOCG deposits (see below)—the manto-type style
appears to be distinguished by its asymmetrical sul-
phide-oxide zonation and marked deficiency in gold.
Caution is necessary, however, because it will be recalled
that the breccia-hosted IOCG deposit at Olympic Dam
in South Australia is also characterised by similar
asymmetrical sulphide-oxide zonation, with distal pyrite
giving way through chalcopyrite and bornite-chalcocite
to overlying hematite (Reeve et al. 1990).

Notwithstanding these apparent differences, some
investigators treat at least selected large manto-type
deposits (e.g. Mantos Blancos) as members of the IOCG
class (Williams 1999; Pollard 2000), include the two de-
posit types in a broader manto-type category (Injoque
2000) or propose that manto-type deposits are shallow

manifestations of the IOCG type (Vivallo and Henriquez
1998; Orrego et al. 2000). However, manto-type deposits
are apparently nowhere observed to be directly related or
transitional to IOCG deposits; while an intimate genetic
connection cannot be precluded at present, substantive
geological support is a clear necessity.

VHMS deposits

Several VHMS deposits of Kuroko type were formed
in central and northern Peru during the Early Creta-
ceous. The VHMS belt overlaps with the northern
recognised limit of the IOCG belt in the Caiiete intra-
arc basin (Fig. 1; Injoque 2000). The deposits display
classic massive and stringer types of mineralization and
are particularly noted for their zinc and barite contents
(Vidal 1987), although copper besides zinc is important
at Cerro Lindo, the most southerly deposit (Ly 2000).
These ore textures and metal contents, besides the
deficiency of magnetite and hematite, clearly distin-
guish the Peruvian VHMS from central Andean IOCG
deposits.

I0CG deposits
Sites of mineralization

In northern Chile, mainly between latitudes 22 and 31°S,
most of the IOCG deposits are hosted by the La Negra
Formation arc volcanics and their stratigraphic equiva-
lents farther south as well as by the Late Jurassic and
Early Cretaceous plutons that intrude them (Table 2).
Candelaria-Punta del Cobre and some smaller IOCG
deposits, however, were generated near Early Creta-
ceous plutons emplaced near the contact between Late
Jurassic—Early Cretaceous volcanogenic sequences
(Punta del Cobre Group) and Neocomian marine car-
bonate sequences. Most IOCG deposits documented
from southern Peru, between latitudes 12°30” and 14°S,
are confined to the Caifiete intra-arc basin (Fig. 1). The
copper-bearing Marcona magnetite district, including
the Mina Justa IOCG deposit, and several minor mag-
netite and IOCG deposits farther south pre-date for-
mation of the Caiiete basin and occur within the Jurassic
arc terrane (Fig. 4).

The latitudinal extent of Mesozoic IOCG deposits in
the central Andes is closely comparable with that of
Tertiary porphyry copper deposits (Fig. 4), although
known IOCG deposits are apparently few and relatively
minor between latitudes 16 and 22°S where the west-
ernmost part of the IOCG belt may now lie beneath sea
level. The Coastal Cordillera IOCG province spans three
structurally, stratigraphically and metallogenically dis-
tinct tectonic segments of long standing, and is delimited
by fundamental transverse segment boundaries at
roughly latitudes 13° (the Pisco-Abancay deflection) and
33°30’S.
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Table 2 (Contd.)

Associated  Data source(s)

metals

Closely related Deposit Deposit style  Ore-related alteration  Main hypogene

Principal ore
control

Host rocks

Deposit

opaque minerals

age (Ma)

intrusive rock(s)

(Fig. 4)

Ruiz et al. (1965)

Hem, mg, Mo, Ni, As

Uncertain

Veins

Uncertain

N10°E fault

Andesitic and

Tamaya

bn, cp, py

trachytic volcanics,

lutite
Andesitic volcano-

McAllister et al.

Hem, mg,

Sericite

Vein

Monzodiorite/

NNE fault

Los Mantos

(1950); Ruiz

cp, py

diorite intrusion

sedimentary rocks

de Punitaqui

et al. (1965)
Correa (2003)

Albite, epidote, Hem, mg, Mo, Co

~108 Mantos, veins

Diorite intrusion

N fault

Andesitic volcanics

El Espino

cp, py

chlorite, actinolite,

sericite

Saric (1978)

Cp, py,
hem, mg

Chlorite, quartz

Vein

Diorite

N10°W fault

Diorite

La Africana

Mineral abbrevations: ars arsenopyrite; bn bornite; c¢p chalcopyrite; hem hematite; mg magnetite; po pyrrhotite; py pyrite; sph sphalerite

Carrizalillo
de las Bombas Lm0

Las Animas

~26°15' S

W
4 \ 4
TIGRILLO / CHIVATO
FAULT SYSTEM ; ‘\ FAULT SYSTEM
MIDDLE-LATE / EARLY
JURASSIC [ ) CRETACEOUS
BELT IS H s\ BELT
1§ 2 & 10 km
& [ [ —————————]

DEPOSIT TYPE

Cretaceous plutonic complex == Massive magnetite
Early Cretaceous sedimentary rocks ==10C6
Late Jurassic-EarlyCretaceous DEPOSIT STYLE
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Paleozoic metasedimentary rocks PP
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Fig. 5 Schematic east-—west sections of the Middle-Late Jurassic
and Early Cretaceous IOCG belts in northern Chile, showing
distributions of plutonic, volcanic and sedimentary rocks and main
fault systems. Selected IOCG and massive magnetite deposits,
coded on the basis of deposit style, are projected onto the sections.
Note the eastward migration of plutonic and volcanic rocks and
their contained mineralization with time, the structural localisation
of some of the deposits and the close spatial association between
I0CG and magnetite deposits. Taken with slight modification from
Espinoza et al. (1999) and Gelcich et al. (1998), with fault additions
schematised from Grocott and Taylor (2002)

Metallogenic epochs

The relatively restricted radiometric age data, provided
for gangue (actinolite) or alteration (biotite, sericite)
minerals by the K-Ar method unless stated otherwise,
suggest that the principal IOCG deposits in northern
Chile and southern Peru were mainly generated in
Middle-Late Jurassic (170-150 Ma) and Early Creta-
ceous (130-110 Ma) epochs (Fig. 4), although a few
Late Cretaceous and Palaeocene examples are also
known (Figs. 1 and 4). The metallogenic epochs
migrated eastwards in concert with spatially related
plutonic belts (Figs. 3, 4 and 5).

The Middle-Late Jurassic deposits are located near
the Pacific coast. In northern Chile, they include
Tocopilla  (165+3 Ma), Guanillos (167+7 Ma),
Naguayan (153 +5 Ma), Montecristo and Julia (164 £
11 Ma; Boric et al. 1990), Las Animas (162+4 Ma;
Gelcich et al. 1998) and, based on ages of ~150 Ma for
the host diorite pluton (Moscoso et al. 1982), probably
Carrizal Alto. In southern Peru, the large Mina Justa
deposit and other copper mineralization in the Marcona
district (154+4.0 and 160+ 4.0 Ma; Injoque et al.
1988) and Rosa Maria (ca. 160 or 145 Ma; Clark et al.
1990) are assigned to the same overall metallogenic
epoch.



Most of the major IOCG deposits and numerous
smaller examples are located farther east in the Coastal
Cordillera and are Early Cretaceous in age (Fig. 4). This
epoch includes: Candelaria (116-114 Ma, *°Ar/*°Ar and
Re-Os; Marschik and Fontboté 2001b; Mathur et al.
2002; or 112-110 Ma, “°Ar/*°Ar; Ullrich and Clark
1999; Arévalo et al. 2000; Ullrich et al. 2001), Mant-
overde (123+3, 121+3 and 11743 Ma; Vila et al
1996; Orrego et al. 2000), Galleguillos (121 +4 Ma;
R.H. Sillitoe and M. Orrego, unpublished data, 1999),
Brillador (contiguous pluton dated at 108.5 Ma;
Moscoso et al. 1982), Panulcillo (115+3 Ma; R. Ardila
in Sugaki et al. 2000) and El Espino (nearby pluton
dated at 108 +£3 Ma; Rivano and Sepulveda 1991) in
northern Chile; and Raul-Condestable (116.5-113 Ma,
U-Pb on sphene; de Haller et al. 2002; A. de Haller,
personal communication, 2003) and Eliana (115+5.0
and 113+3.0 Ma; Vidal et al. 1990) in southern Peru.
Additionally, district-wide hydrothermal alteration at
the Productora IOCG occurrence, near latitude 29°S, is
centred on an albitised diorite intrusion (Ray and Dick
2002) dated at 129.8+£0.1 Ma (U-Pb, zircon; Fox 2000),
although K-feldspar associated with the IOCG miner-
alization returned an average age of ~91 Ma
(**Ar/*°Ar; Fox 2000; Fox and Hitzman 2001), proba-
bly due to re-setting during subsequent batholith
emplacement (G.E. Ray, personal communication,
2003).

The largest of the younger IOCG deposits is Dulci-
nea, situated about 12 km east of the eastern border of
the Coastal Cordillera (Figs. 1 and 4), which is hosted
by a diorite-monzodiorite intrusion and andesitic
metavolcanic rocks assigned ages of 65-60 Ma (Iriarte
et al. 1996). The La Africana deposit, at the southern
extremity of the IOCG belt and also previously mined
formally, cuts a diorite of presumed Late Cretaceous age
(Saric 1978). The El Espino deposit may also be Late
Cretaceous or Palacocene rather than Early Cretaceous,
as stated above, if the Late Cretaceous—Palaecocene age
favoured for the nearby diorite intrusion by Rivano and
Sepulveda (1991) is substantiated. A few small and less-
important IOCG deposits, as well as several small
massive magnetite deposits, of Late Cretaceous or Pal-
aeocene age are also present immediately east of the
Coastal Cordillera in northern Chile. Minor IOCG vein
deposits also occur in the coastal batholith of Peru,
where they are likely to be of Late Cretaceous age (Vidal
1985).

The age distribution of IOCG deposits and occur-
rences in the Coastal Cordillera is certainly more com-
plex than the two broad epochs defined above would
suggest, as witnessed by K-Ar ages obtained for
numerous mineral occurrences, many containing iron
oxides, copper and gold, in the Coastal Cordillera be-
tween latitudes 26 and 28°S (Diaz and Vivallo 2001).
Based on the ages, these workers proposed four
metallogenic epochs: 188-172, 167-153, 141-132 and
130-98 Ma, which coincide with four eastward-youn-
ging plutonic belts of broadly the same ages.
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Tectonic controls

Only limited information is available on the detailed
tectonic environments of IOCG formation in the
Coastal Cordillera, although all major deposits were
generated during regional extension or transtension, and
localised by ductile to brittle faults and fractures of
varied strike (Table 2). At least between latitudes 22 and
27°30’S, the Late Jurassic deposits were generated in
association with normal fault systems displaying east-
side-down displacements, whereas those dated as later
than ~132 Ma, essentially all the Early Cretaceous
deposits, were localised by sinistral transtensional
structures within or related to the Atacama and Chivato
fault systems (Grocott and Wilson 1997; Scheuber and
Gonzalez 1999; Grocott and Taylor 2002), but typically
beyond the main north—south splays (Fig. 5). The con-
trol of the Mantoverde deposit, for example, has been
interpreted as a strike-slip duplex or side-wall ripout
(Brown et al. 1993; Taylor et al. 1998) or, alternatively,
as a strike-slip relay ramp breached by the ore-control-
ling Mantoverde fault (C. Bonson in Grocott and Taylor
2002).

In contrast to the steep attitudes of most IOCG-
controlling faults, a low-angle listric normal fault,
>1 km in down-dip extent but giving rise to little
apparent offset, in combination with a series of steep
hanging-wall splays localised the Mina Justa IOCG
deposit in the Marcona district of southern Peru (Moody
et al. 2003). The fault may merge eastwards with the
major Treinta Libras strike-slip fault zone (see above).

Most, but perhaps not all, of the ductile deformation
in individual fault systems pre-dated related 1IOCG
deposit formation, as clearly observed at Mantoverde
and elsewhere. Syn-mineralization ductile shearing was,
however, proposed at the Panulcillo deposit by Hopper
and Correa (2000), and is observed to have been active
during early magnetite introduction at several of the
IOCG deposits. Opinion concerning the tectonic setting
of the major Candelaria-Punta del Cobre deposit is
divided: Martin et al. (1997) and Arévalo et al. (2000)
believed that mineralization took place during trans-
tension while low-angle ductile shearing was still active
because of thermal mediation by the nearby plutonic
complex (cf. Dallmeyer et al. 1996; Grocott and Taylor
2002). Biotite schist is believed to have formed concur-
rently with the early stages of magnetite and chalcopy-
rite precipitation (Arévalo et al. 2000). In stark contrast,
Marschik and Fontboté (2001b) and Ullrich et al. (2001)
proposed a less-likely interpretation that copper-gold
mineralization post-dated schist formation and coin-
cided with initial back-arc basin inversion and con-
comitant uplift. A similar notion, gabbro and diorite
emplacement and, by association, IOCG generation
during initial tectonic inversion, was favoured by Regan
(1985) and Injoque (2001) for the Cafiete basin, although
an extensional setting for the mafic magmatism would
seem to be more reasonable. The relatively minor Late
Cretaceous and Palacocene IOCG deposits were formed



798

after the early Late Cretaceous tectonic inversion event,
during subsequent extensional episodes (e.g. Cornejo
and Matthews 2000).

Deposit styles

The IOCG deposits of northern Chile and southern Peru
include representatives of most common mineralization
styles, either alone or in varied combinations (Table 2,
Fig. 4). Vein deposits are by far the most abundant, with
many hundreds of them occurring throughout the
Coastal Cordillera belt, especially in northern Chile.
There, the IOCG veins accounted for Chile’s position as
the world’s leading copper producer in the 1860-1870s,
although most of them have not been the focus of
attention over the last 40 years or so because of their
relatively small size (Table 1) and the fact that many of
the mines are severely depleted. The veins, products of
both replacement and associated open-space filling,
typically occur as swarms of up to 40 occupying areas up
to several tens of square kilometres (Fig. 6). The prin-
cipal veins are 1-5 km long and 2-30 m wide, with ore
shoots worked for at least 500 m down the dip of the
veins, and attaining 700 m at Tocopilla and 1,200 m at
Dulcinea.

In addition to the veins, isolated breccia pipes (Car-
rizalillo de las Bombas, Teresa de Colmo) and calcic
skarns [San Antonio, Panulcillo, Farola (Las Pintadas)]
also occur locally (Fig. 4). The major IOCG deposits,
however, are typically composite in style and comprise
varied combinations of breccias, stockworked zones and
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Fig. 6 Pluton-hosted IOCG veins and controlling faults in the
Tocopilla district, northern Chile. Principal mined deposits are
named. Taken from Boric et al. (1990)

replacement mantos besides veins, as observed at Can-
delaria-Punta del Cobre (Martin et al. 1997; Marschik
and Fontboté 2001b), Mantoverde (Vila et al. 1996;
Zamora and Castillo 2001), Cerro Negro and Raul-
Condestable (Vidal et al. 1990; de Haller et al. 2002).
Breccias, both hydrothermal and tectonic in origin, are
common components of the composite deposits
(Table 2), in particular at Mantoverde where they
comprise the shallower, currently mined parts of the
main fault-controlled vein structure (Vila et al. 1996)
and the associated Manto Ruso strata-bound deposit
(Fig. 7; Orrego and Zamora 1991). The predominant
breccias at Cerro Negro also comprise strata-bound
mantos. Composite deposits, including Candelaria-
Punta del Cobre (Marschik and Fontboté 2001b) and
Ratul-Condestable (Vidal et al. 1990), contain bodies of
dispersed mineralization controlled in part by stratal
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permeability provided by fragmental volcanic or volca-
niclastic horizons. The large Mina Justa deposit in the
Marcona district consists of irregular patches, veinlets
and breccia fillings of well-zoned sulphide mineralization
within a low-angle fault zone that transgresses the host
stratigraphy (Moody et al. 2003).

Hornfelsing of volcano-sedimentary host rocks to
IOCG deposits is ubiquitous and may have predisposed
them to widespread brittle fracturing and consequent
permeability enhancement. Typically, however, the
thermal effects are difficult to discriminate from meta-
somatic products, including widespread and pervasively
developed biotite, actinolite, epidote, albite and related
minerals. Permeability barriers, especially marbleised or
even little-altered carbonate sequences, may have played
an important role in the confinement and ponding of
hydrothermal fluid in some deposits, such as Candelaria-
Punta del Cobre and El Espino (Correa 2003). Never-
theless, if fluid penetration is more effective, carbonate
rocks may be transformed to skarn and constitute inte-
gral parts of some composite deposits (e.g. Raul-
Condestable; Vidal et al. 1990).

Intrusion relations

In common with many IOCG deposits worldwide (e.g.
Ray and Webster 2000), a number of the Andean
examples lack clear genetic relations to specific intru-
sions despite being located in close proximity (<2 km)
to outcropping plutonic complexes, including early
dioritic phases (e.g. Sierra Dieciocho pluton east of
Mantoverde; Fig. 7; Zamora and Castillo 2001; and
Ojancos plutonic complex west of Candelaria; Fig. 8;
Marschik and Fontboté 2001b). Mantoverde and Can-
delaria-Punta del Cobre are typical examples of deposits
where the IOCG mineralization and nearby plutonic
complexes are not observed to be in contact, although
radiometric dating has shown that the intrusive activity
and alteration-mineralization episode overlap tempo-
rally (Fig. 9). For example, at Mantoverde, K-Ar ages
of 123+£3, 121£3 and 117+3 Ma (Vila et al. 1996;
Orrego et al. 2000) for hydrothermal sericite are
encompassed by U-Pb zircon, whole-rock Rb-Sr iso-
chron, “°Ar/*’Ar hornblende and K-Ar ages of ~127—
120 Ma for the contiguous Sierra Dieciocho plutonic
complex (Figs. 7 and 9; Berg and Baumann 1985;
Dallmeyer et al. 1996; Espinoza et al. 1999).

Similarly, preferred ages of 116-114 Ma (Marschik
and Fontbote 2001b; Mathur et al. 2002) or 112-110 Ma
(Ullrich and Clark 1999; Arévalo et al. 2000; Ullrich
et al. 2001) for copper mineralization at Candelaria fall
within the 117.2+1.0- to 110.5+1.7-Ma emplacement
span for the contiguous Ojancos plutonic complex
(**Ar/*°Ar; Ullrich et al. 2001).

In clear contrast, however, most of the principal
IOCG vein deposits in northern Chile, such as Toco-
pilla, Gatico, Montecristo, Julia, Las Animas, Ojancos
Nuevo, Carrizal Alto, Quebradita and La Africana
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Fig. 8 Spatial relations of IOCG and carbonate-hosted massive
magnetite deposits, including the major Candelaria deposit and
related deposits in the Punta del Cobre district, to the Ojancos
plutonic complex, in particular the diorite phase. The rest of the
complex comprises monzodiorite, tonalite and monzogranite. The
Farola deposit is a garnet-rich skarn (Ruiz et al. 1965). Although a
case may be made for a genetic relationship between the diorite and
deposits hosted by both volcanic (Punta del Cobre Group) and
sedimentary (Chafiarcillo Group) rocks, it should be noted that the
pluton-hosted IOCG veins share faults with pre-ore ‘diabase’
dykes, suggesting that the unobserved magmatic source of the
dykes may be more closely related genetically to the mineralisation
than the outcropping diorite itself. Compiled from Diaz et al.
(1998) and Marschik and Fontboté (2001b)

(Fig. 4), are hosted by plutons, most of them dioritic in
composition. Several of the IOCG vein deposits and
their host intrusions have been shown to possess similar
ages, a relationship that is particularly clear at Las
Animas where alteration biotite is dated at 162+4 Ma
(K-Ar) by Gelcich et al. (1998) and the nearby diorite at
161 £4 (K-Ar, biotite), 159.7+1.6 (U-Pb, zircon) and
157.6+2.6 Ma (Rb-Sr, whole rock; Fig. 9; Dallmeyer
et al. 1996). Furthermore, in southern Peru, the
Monterrosas and Eliana veins are hosted mainly by
gabbrodiorite (Atkin et al. 1985; Vidal et al. 1990).
Irrespective of whether host rocks are dioritic or
more felsic plutons (e.g. Julia) or their nearby wall rocks
(e.g. Brillador, Tamaya; Table 2), the IOCG veins nor-
mally share localising faults with mafic to intermediate
dykes. They are variously described as andesite, basalt,
dolerite, diabase, diorite, gabbro or simply mafic in
composition, and are typically of pre- or syn-ore timing
(Table 2; Ruiz et al. 1965; Boric et al. 1990; Espinoza
et al. 1996), but locally mapped as post-ore (e.g. La
Africana; Saric 1978). Additionally, syn- to late-miner-
alization diorite dykes occur alongside the volcanic-
hosted Mantoverde vein-breccia deposit (Vila et al.
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Fig. 9 Comparisons of radiometric ages for hydrothermal minerals
from IOCG deposits and magmatic minerals from host (Las
Animas) or contiguous (Mantoverde, Candelaria) plutonic com-
plexes determined using a variety of methods. Note the overall
temporal coincidence of hydrothermal and intrusive events within
the error limits of the methods employed. See text for further
details. Data compiled from Gelcich et al. (1998), Espinoza et al.
(1999), Ullrich and Clark (1999), Orrego et al. (2000), Marschik
and Fontboté (2001b), Ullrich et al. (2001) and Mathur et al. (2002)

1996; M. Orrego, personal communication, 2002), pre-
and post-breccia diorite dykes are associated with the
Teresa de Colmo breccia (Correa 2000; Hopper and
Correa 2000) and diorite dykes are present in the El
Salado vein district (Browne et al. 2000) and at Punta del
Cobre. Typically, the dykes observed by the writer are
best described in hand sample as fine- to medium-
grained diorite porphyries.

It is particularly instructive to point out that the
Ojancos Nuevo veins lie within, and the Farola copper
skarn abuts, an areally extensive diorite phase of the
Ojancos plutonic complex, which, as noted above, is
<2 km from the Candelaria-Punta del Cobre deposit
and of broadly the same age (Figs. 8 and 9). The
Panulcillo copper-gold skarn deposit, the southernmost
in an 80-km long, north-trending belt of small copper
skarns extending as far as San Antonio (Fig. 4), lies
adjacent to an albitised diorite intrusion (Sugaki et al.
2000), as do the breccia mantos at the Cerro Negro
deposit. Drilling also intersected an albitised diorite
intrusion containing low-grade chalcopyrite mineraliza-
tion about 500 m beneath the Teresa de Colmo chalco-
pyrite-bearing breccia (Correa 2000; Hopper and Correa
2000).

Notwithstanding the apparently widespread associa-
tion between IOCG deposits and broadly dioritic plu-
tons and minor intrusions, some of them intensely
albitised, in the Coastal Cordillera, it should also be
mentioned that volumetrically minor dacite porphyry
dykes, documented as cither syn- or inter-mineral in
timing, occur within the Punta del Cobre (R.H. Sillitoe,
unpublished data, 1992; Marschik and Fontboté 1996;
Pop et al. 2000), Raul-Condestable (de Haller et al.
2002) and Mina Justa (Moody et al. 2003) deposits. At
Raul-Condestable, zircon from the dacite porphyry
yields U-Pb ages of ~115 Ma, closely similar to that for

hydrothermal sphene associated with the IOCG miner-
alization (de Haller et al 2002; A. de Haller, personal
communication, 2003).

Geochemistry and mineralogy

Long before the iron-oxide-bearing copper deposits of
northern Chile were assigned to the IOCG clan, Ruiz
and Ericksen (1962) and Ruiz et al. (1965) (see also Ruiz
and Peebles 1988) subdivided them into magnetite-
dominated and (specular) hematite-dominated subtypes.
Most members of their two subtypes are chalcopy-
rite + bornite-bearing veins, but the hematite-rich sub-
type also includes the vein breccia at Mantoverde and
the veins, breccias and mantos at Punta del Cobre. No
doubt Candelaria would have been assigned to the
magnetite-rich category had it been known at that time!
Subsequent work has shown that at least some of the
hematite-rich veins are transitional downwards to the
magnetite-rich variety (Fig. 10), as observed at Julia
(Espinoza et al. 1996), Las Animas (Gelcich et al. 1998)
and, as a result of recent deep drilling, at both Mant-
overde (Zamora and Castillo 2001) and El Salado
(Browne et al. 2000), in keeping with the generalised
vertical zonation of IOCG deposits proposed by
Hitzman et al. (1992). A similar upward and outward
change from magnetite to hematite is also documented
at the district scale at Candelaria-Punta del Cobre
(Marschik and Fontboté 2001b). An appreciable pro-
portion of the magnetite in the hematite-rich veins is the
mushketovite variety: pseudomorphous after specular
hematite (Ruiz et al. 1965). Late-stage hematite also cuts
and replaces some of the magnetite. Widespread devel-
opment of magnetite after hematite was recently re-
emphasised at Candelaria-Punta del Cobre (Marschik
and Fontboté 2001b), Raul-Condestable (de Haller et al.
2002) and Mina Justa (Moody et al. 2003). The iron
oxides are typically post-dated by pyrite and copper-
bearing sulphides (e.g. Ruiz et al. 1965), although tem-
poral overlap is observed locally.

The magnetite-rich veins contain appreciable actino-
lite, biotite and quartz, as well as local apatite, clino-
pyroxene, garnet, hematite and K-feldspar, and possess
narrow alteration haloes containing one or more of
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actinolite, biotite, albite, K-feldspar, epidote, quartz,
chlorite, sericite and scapolite (Table 2; Ruiz et al. 1965;
Boric et al. 1990; Espinoza et al. 1996; Injoque 2001,
2002). In contrast, the hematite-rich veins tend to con-
tain sericite and/or chlorite, with or without K-feldspar
or albite, and to possess alteration haloes characterised
by these same minerals (Table 2). Tourmaline may be a
constituent of either subtype, but is perhaps most com-
mon where hematite is more abundant than magnetite.
Both TOCG subtypes tend to be relatively poor, but by
no means deficient, in quartz, while especially the spec-
ular hematite-rich variety is commonly associated with
coarse-grained calcite and ankerite, either as early or late
additions or as a distal equivalent (Fig. 10; Ruiz et al.
1965). Monomineralic chalcopyrite may be intergrown
with these carbonate minerals.

Both the magnetite- and specular hematite-rich
IOCG veins contain chalcopyrite and generally subor-
dinate pyrite, but in a few cases bornite accompanies the
chalcopyrite (Table 2). The main Tamaya vein was
dominated by bornite to a depth of 400 m (Ruiz et al.
1965). The irregular but broadly vein-like Mina Justa
deposit contains concentrically zoned sulphide assem-
blages, with a bornite-chalcocite core grading outwards
through bornite-chalcopyrite and chalcopyrite-pyrite to
a broad pyrite halo (Moody et al. 2003). Similar zoning,
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albeit without chalcocite in the central zone, is also de-
scribed from Panulcillo (Hopper and Correa 2000). As
in many vein deposits, the copper is concentrated in
well-defined ore shoots separated by barren or low-grade
vein segments. Copper contents, without any influence
by supergene processes, tend to diminish in some vein
systems at depths of several hundred metres, in response
to increasing pyrite (La Africana) or pyrrhotite (Carrizal
Alto) contents. Gold contents are higher, but typically
undetermined, in the hematite-rich than in the magne-
tite-rich deposits (Ruiz et al. 1965). A few of the
hematite-rich veins were worked as small, stand-alone
gold deposits, including Los Mantos de Punitaqui
(Table 2) where the economically dominant metals are
uniquely zoned from copper through gold to mercury
over a distance of 4.5 km (McAllister et al. 1950; Ruiz
et al. 1965).

Both IOCG vein subtypes are characterised by highly
anomalous amounts of Co, Ni, As, Mo and U (Table 2),
as shown by the widespread occurrence of minor
amounts of cobaltite, safflorite, danaite (all with Co and
As), niccolite, chloanthite (both with Ni and As),
molybdenite and uraninite (Ruiz et al. 1965). The Car-
rizal Alto veins contain as much as 0.5% Co in places
(Ruiz et al. 1965). Arsenic, as arsenopyrite, may also
occur commonly, especially at Tocopilla, and is also
reported at Candelaria-Punta del Cobre (Hopf 1990).
Cobalt and Mo contents are also anomalously high at
Raul-Condestable (Atkin et al. 1985), Candelaria
(Marschik and Fontboté 2001b) and El Espino (Correa
2003). Ilmenite is recorded as an ancillary hydrothermal
mineral in several deposits, especially in southern Peru
(Injoque 2002), although the magnetite from IOCG
deposits is typically low in titanium (Hitzman et al. 1992;
G.E. Ray, personal communication, 2003). Minor, typ-
ically late-stage Zn and, in some examples, Pb are
present in several of the vein deposits (e.g. Espinoza et al.
1996) as well as at Raul-Condestable (Vidal et al. 1990;
de Haller et al. 2002), whereas the anomalously high zinc
contents in parts of the Candelaria-Punta del Cobre
deposit appear to accompany the final stage of copper
introduction (N. Pop, personal communication, 1999;
Marschik and Fontboté 2001b). Several hundred parts
per million of LREE are reported in parts of the Can-
delaria-Punta del Cobre deposit and Productora pros-
pect, at least partly in allanite (Marschik et al. 2000;
C. Osterman in Ray and Dick 2002), as well as at Ratl-
Condestable (A. de Haller, personal communication,
2003).

Alteration related to the large composite deposits is
typically complex and rather wvaried in character
(Table 2). Widespread, early sodic or sodic-calcic alter-
ation characterised by albite with or without actinolite
occurs in some of the IOCG districts (e.g. Candelaria-
Punta del Cobre; Marschik and Fontboté 1996, 2001b),
but is apparently absent elsewhere (e.g. Mantoverde;
Vila et al. 1996; Cornejo et al. 2000). Pervasive biotite-
quartz-magnetite + K-feldspar alteration immediately
preceded copper introduction at Candelaria-Punta del
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Cobre, an event associated even more closely with for-
mation of actinolite (Ullrich and Clark 1999; Arévalo
et al. 2000; Marschik and Fontbote 2001b). Signifi-
cantly, the same minerals also comprise narrow alter-
ation haloes to the IOCG veins within the contiguous
Ojancos plutonic complex (Diaz et al. 1998). Albite,
chlorite and calcite become predominant in the shal-
lowest parts of the Punta del Cobre deposit (Marschik
and Fontbote 2001b) as they are in the Teresa de Colmo
breccia pipe (Correa 2000; Hopper and Correa 2000).
High-grade mineralization at Mina Justa is intergrown
with actinolite, clinopyroxene and apatite, and is closely
associated with K-feldspar-chlorite-actinolite alteration
(Moody et al. 2003). In the Mantoverde vein-breccia,
however, sericite besides K-feldspar and chlorite is clo-
sely associated with copper mineralization, and biotite is
scarce (Vila et al. 1996; Cornejo et al. 2000). In contrast,
at Raul-Condestable, potassic alteration is not evident
and early albite, scapolite and a variety of calcic am-
phiboles are followed by iron oxides, chlorite and seri-
cite (Vidal et al. 1990; de Haller et al. 2002). Potassic
alteration is also unreported at El Espino where early
albite is overprinted by epidote, chlorite and lesser
amounts of actinolite and sericite (Correa 2003). Pro-
grade garnet dominates the skarn-type IOCG deposits
(Fréraut and Cuadra 1994) and, at Panulcillo (Table 2),
is observed to be paragenetically equivalent to K-feld-
spar-albite-quartz and biotite-magnetite assemblages in
contiguous andesitic volcanic rocks (Hopper and Correa
2000).

Metallogenic model

Geological synthesis of the Coastal Cordillera IOCG
province in northern Chile and southern Peru at re-
gional, district and deposit scales enables construction of
a preliminary metallogenic model.

Regional- and district-scale aspects

Most of the IOCG deposits were generated during the
early development of the ensialic Andean orogen, when
the crust was variably extended and attenuated and
unusually hot, and magmatism was relatively primitive.
IOCG formation took place during both extensional and
transtensional tectonic regimes. The greatest number of
IOCG deposits, including some of the largest, were
generated during the Early Cretaceous when crustal
attenuation attained a maximum.

The deposits are controlled principally by brittle
faults, although ductile deformation locally overlapped
with the early stages of mineralization. The voluminous
tholeiitic to calc-alkaline intrusions that either host or
occur in proximity to the IOCG deposits possess a
dominantly mantle source, lack appreciable crustal
contamination and are oxidised, in common with their
thick volcanic-dominated host-rock sequences. These

basaltic to andesitic sequences were tilted above zones of
extensional detachment, and subjected to prehnite-
pumpellyite and greenschist facies diastathermal (burial)
metamorphism in response to elevated geothermal gra-
dients prior to and possibly also during IOCG ore for-
mation. The IOCG deposits, along with massive
magnetite, manto-type copper and small porphyry cop-
per deposits, provide a distinctive metallogenic signature
to the Jurassic and Early Cretaceous Coastal Cordillera
(cf. Oyarzun 1988; Maksaev and Zentilli 2002). Once
compression, crustal thickening and more evolved
magmas became widespread in response to the early
Late Cretaceous tectonic inversion, IOCG (as well as
massive magnetite and manto-type copper) deposit for-
mation diminished dramatically in the Late Cretaceous
and only very locally persisted into the Palaeocene.

In contrast to many IOCG provinces worldwide,
especially those of Precambrian age, the relationship of
the Andean IOCG deposits to intrusive rocks is sub-
stantially clearer. In particular, a number of the deposits
are hosted by or occur near gabbrodiorite or diorite
intrusions. Even where somewhat more felsic plutonic
phases act as host rocks, broadly contemporaneous
diorite dykes commonly share controlling faults with the
IOCG veins, implying that relatively primitive magma
sources existed at depth just before and potentially
during copper mineralization. Therefore there is strong
suggestion of an intimate connection between relatively
primitive, poorly fractionated and little-contaminated
gabbrodiorite to diorite magmas and the IOCG deposits
(Table 2; Fig. 11). In this regard, it should be remarked
that Marschik and Fontboté (1996; but not 2001b)
linked the Candelaria-Punta del Cobre IOCG deposit to
nearby diorite of the Ojancos plutonic complex, which,
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Fig. 11 Cartoon of Jurassic IOCG vein in the La Negra arc of
northern Chile to show possible sources of ore fluid. Vertically
ascendant magmatic fluid supplied from an unobserved diorite
magma source at depth is preferred. See text for further discussion.
Note Triassic evaporites are very restricted in both volume and
extent, whereas those in both the overlying intra-arc basin and
back-arc basin are too young to have contributed to the ore fluid,
being deposited after IOCG formation



as noted above, itself hosts IOCG veins and skarns.
Similarly, the IOCG deposits in the Cafiete basin have
been related genetically to gabbrodiorite intrusions
(Vidal et al. 1990; Injoque 2001, 2002). Furthermore, it
should also be recalled that Ménard (1995) concluded
that the massive magnetite deposits within the Atacama
Fault System are also genetically related to diorite
intrusions. Notwithstanding the compelling evidence in
favour of a gabbrodiorite to diorite intrusive source for
the IOCG ore fluids, it should be re-emphasised that
very minor volumes of dacitic magma, in addition to the
more mafic melt, were also clearly available during
copper mineralization in the case of at least three of the
deposits (Candelaria-Punta del Cobre, Ratl-Condesta-
ble, Mina Justa), although not necessarily sourced from
the same part of the parental magma chamber as the
metalliferous fluid.

This inferred genetic association with relatively mafic
plutonism would nicely explain the Cu-Au-Co-Ni-As-
Mo-U signature, bearing in mind that a similar metal
suite, albeit subeconomic with respect to copper, cha-
racterises some calcic iron skarns associated with dioritic
intrusions (Einaudi et al. 1981; Meinert 1992; Ray and
Lefebure 2000). The Larap magnetite deposit in south-
eastern Luzon island, the Philippines, part of a Neogene
island arc, provides an instructive example. The mag-
netite skarn, developed from both carbonate and non-
carbonate lithologies, is part of a low-grade porphyry
copper system related to diorite porphyry intrusions,
and is enriched in Co, Ni and U, besides Cu, Mo and Au
(Sillitoe and Gappe 1984). Wang and Williams (2001)
reported a similar Cu-Au-Ni-Co-Te-Se suite from the
Mount Elliott skarn deposit in the Cloncurry I0CG
district of Queensland, Australia.

Magmatic-hydrothermal provision of copper and, to
a lesser degree, gold in the Coastal Cordillera province is
unequivocally confirmed locally by the existence of the
Mesozoic porphyry copper-(gold) deposits in associa-
tion with volumetrically restricted albeit somewhat more
felsic porphyry stocks. Indeed, the extensional, as op-
posed to compressive, stress regime prevalent during
porphyry copper formation in the Coastal Cordillera is
believed to be a major factor responsible for the small
sizes and low hypogene grades of these deposits (cf.
Sillitoe 1998; Tosdal and Richards 2001). Therefore, the
widely exposed, deeper plutonic complexes, from the
tops of which porphyry copper stocks may have already
been eroded, may also reasonably be expected to have
had the capacity to generate broadly similar magmatic-
hydrothermal fluids for IOCG genesis (cf. Oyarzin
1988). Available sulphur isotopic results for several of
the IOCG deposits fall in a fairly narrow range centred
around 0 per mil (Fig. 12; Fox 2000; I. Ledlie in Hopper
and Correa 2000; Marschik and Fontboté 2001b), en-
tirely consistent with a largely magmatic source for the
sulphide sulphur; however, an origin by leaching from
Mesozoic igneous rocks cannot be entirely ruled out.
Sulphur isotopic values consistent with a magmatic
origin (Fig. 12) even characterise the Teresa de Colmo
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Fig. 12 Sulphur isotope values for sulphide minerals, mainly
chalcopyrite and pyrite, from selected I0OCG deposits and
prospects in northern Chile and southern Peru. Data taken from
Vivallo and Henriquez (1998), Fox (2000), I. Ledlie in Hopper and
Correa (2000), Injoque (2001), Marschik and Fontboté (2001b) and
de Haller et al. (2002). The markedly high and low values at Raul-
Condestable are attributed to reduction of evaporitic or seawater
sulphate (Ripley and Ohmoto 1977; de Haller et al. 2002) and
biogenic sulphur (de Haller et al. 2002), respectively, whereas
values for the other deposits suggest a dominance of magmatic
sulphur

deposit, which cuts an evaporite sequence (Correa 2000;
Hopper and Correa 2000). Raul-Condestable presents
an apparent exception, however, with both highly posi-
tive and highly negative 6°*S values being interpreted in
terms of the involvement of seawater or evaporitic sul-
phur and biogenic sulphur, respectively (Fig. 12; Ripley
and Ohmoto 1977; de Haller et al. 2002).

In porphyry copper deposits, metal-bearing, mag-
matic-hydrothermal fluid is channelled upwards from
parent magma chambers via steep, typically cylindrical
porphyry stocks, within and around which much of the
copper and gold are eventually concentrated in re-
sponse to declining fluid temperature. Alteration and
mineralization are, therefore, relatively confined, al-
though zones of >5 km? may be affected by potassic
alteration in giant systems (e.g. El Teniente, Chile;
Skewes et al. 2002). In the case of large composite
IOCG deposits, such confinement of alteration and
mineralization is not so apparent, especially where so-
dic-calcic alteration either presages or accompanies the
copper mineralization. Alteration in the Candelaria-
Punta del Cobre district, for example, occupies
>30 km? (Marschik and Fontbote 2001b). Neverthe-
less, the alteration associated with simple IOCG veins,
breccia pipes and skarns is generally just as volumet-
rically restricted as that with non-IOCG deposits of
these types.

The tendency for alteration and mineralization to be
unusually widespread in many IOCG districts, especially
in association with large composite IOCG deposits, may
be ascribed to the existence of magmatic-hydrothermal
fluid sources at considerable depth within either the host
or contiguous plutonic complexes. Fluid ascent on ap-
proach to ore-forming levels appears to be guided by
second- and lower-order splays of the major localising
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fault zones, intrusive contacts and permeable strati-
graphic horizons, and therefore may not be as tightly
focused as in most porphyry copper deposits. The pre-
cise locations of the source intrusions remain to be
clarified, although these could potentially be at consid-
erable palaeodepths, perhaps as great as 10 km, given
inferred depths of pluton emplacement and the associ-
ation of the IOCG deposits with crustal-scale ductile to
brittle fault zones (e.g. Grocott and Wilson 1997). In the
case of the vertically extensive veins and other deposit
styles hosted by gabbrodiorite and diorite, it may rea-
sonably be presumed that the mineralizing fluids were
exsolved during final consolidation of the deep, com-
positionally similar portions of the plutons (Fig. 11).
However, where diorite dykes and the IOCG veins share
controlling faults cutting more felsic plutons, derivation
of both the dyke magma and metalliferous fluid from
deeper, more mafic and less-fractionated parts of the
plutonic complexes may be inferred. Replenishment of
magma chambers by more primitive mantle melts could
result in underplating of plutonic complexes by more
mafic material as well as acting as a potential trigger for
liberation of sulphur- and metal-charged fluid, in the
manner proposed recently by Hattori and Keith (2001).
Hypothetically, IOCG ore fluids might be supplied by
mafic intrusive phases anywhere within host or nearby
plutonic complexes, which range from several to perhaps
10 km in vertical extent (e.g. Grocott and Taylor 2002),
assuming that they were efficiently tapped by steep,
through-going faults. Such a deep origin for IOCG flu-
ids in the central Andes accords with a postulated deeper
source of magmatic fluids in IOCG than in porphyry
copper deposits, inferred from higher CO, contents
(Pollard 2001), in keeping with those documented in
fluid inclusions from Candelaria (Ullrich and Clark
1999). The elevated geothermal gradients that existed in
the extensional Mesozoic arc terranes of the Coastal
Cordillera would have favoured prolonged ascent and
even lateral flow of the deeply derived magmatic fluid
before cooling was sufficient to cause wholesale metal
precipitation.

Consideration of alternative fluid sources

A non-magmatic origin for IOCG ore fluids and their
contained metals in the Andean province gains little
support from the overall geological settings of many of
the deposits. Hitzman (2000) and Kirkham (2001) fa-
voured chloride-rich basinal brine produced by evap-
orite dissolution as perhaps the most likely fluid for
copper and gold transport and IOCG deposit forma-
tion in the Coastal Cordillera of northern Chile.
Evaporites, albeit predominantly sulphates rather than
halite, are preserved in the Tarapaca and Aconcagua
back-arc basins, as noted above (Fig. 11; Mufioz et al.
1988; Mpodozis and Ramos 1990; Ardill et al. 1998)
and occur in minor amounts at depth in the Carete
intra-arc basin (Palacios et al. 1992). Although a

genetic model involving such external fluids is perhaps
not unreasonable for IOCG deposits within the Canete
basin (e.g. Raul-Condestable) and along the eastern
edge of the Coastal Cordillera (e.g. Teresa de Colmo)
and, hence, close to the back-arc environment, it seems
a far less likely possibility for the majority of the
deposits occurring within the volcanic arc itself. It
would seem to be especially convoluted to invoke ba-
sinal brine access as a means of forming the IOCG
veins, many of which are sealed within sizeable plu-
tonic complexes and possess original depth extents of
>1 km (Fig. 11). Most of these veins were formed
immediately following emplacement of their host plu-
tons (Fig. 9), clearly while they were still hot and
therefore even less likely to permit the ingress of
external brine.

Provision of brine from a back-arc sedimentary basin
by means of gravity-induced flow is precluded by pal-
aeo-topographic considerations, given that an at least
partially subaerial arc must be higher in elevation than a
marine back-arc basin. The extensional setting also
precludes tectonically induced brine expulsion at the
times when most of the IOCG deposits were generated.
The only other alternative, crustal-scale convection
(Fig. 11; Barton and Johnson 1996, 2000), also seems
implausible, especially in the case of the Middle to Late
Jurassic La Negra arc, because fluid circulation across
an ~50-km width of a pluton-dominated arc would need
to be invoked. Furthermore, some of the oldest (latest
Middle Jurassic) IOCG veins in northern Chile were
generated at least 7 M.Y. before evaporite formation at
<~155 Ma in the adjoining back-arc basin (Fig. 2;
Ardill et al. 1998). Finally, it is important to note that
the Mesozoic IOCG belts of the central Andes span 19°
of latitude, within and alongside only parts of which
evaporites are documented.

Even less likely is an evaporite or formational brine
source within or beneath the Mesozoic plutonic com-
plexes of the IOCG-bearing La Negra arc in northern
Chile. Triassic sedimentary sequences locally beneath
the arc and the thin Jurassic sedimentary intercalations
within it are preserved only discontinuously and are
volumetrically minor (Fig. 11). Moreover, the only
known potential brine sources would appear to be the
extremely limited sabkha facies described locally as part
of Triassic rift sequences, but such material would be
restricted to the region between approximately latitudes
24 and 27°S (Suarez and Bell 1992, 1994). Palacozoic
meta-sedimentary sequences and older crystalline base-
ment are the most common substrate to the plutonic
complexes and clearly could not have acted as brine
sources during the Mesozoic (Fig. 11). Indeed, the host
plutons for the Las Animas, Carrizal Alto and Que-
bradita vein deposits directly intrude the metasedimen-
tary rocks (Ruiz et al. 1965).

Descent of brine from overlying sources, proposed in
some shield areas (Gleeson et al. 2000) and elsewhere
(Haynes 2000), might be invoked as a means of gener-
ating the IOCG deposits within the arc, but widespread



descent of fluid for at least 1 km down pluton-hosted
faults to generate veins at palaeodepths as great as 5 km
or more seems highly improbable (Fig. 11). Indeed, the
widespread pseudomorphing of specular hematite by
magnetite, suggestive of thermally prograding hydro-
thermal systems, not to mention formational tempera-
tures of > 500 °C for the magnetite (e.g. Marschik and
Fontboté 2001b), would seem to be more easily expli-
cable in terms of ascent rather than descent of the ore
fluid, in keeping with more conventional concepts of
vein formation. Furthermore, there are no known
Mesozoic sedimentary accumulations that are either
capable of copious brine generation or sufficiently
widespread to have overlain the numerous I0CG
deposits in the Mesozoic arc of northern Chile, bearing
in mind that significant copper mineralization was active
during both Middle—Late Jurassic and Early Cretaceous
epochs. Moreover, the well-known evaporite occurrence
in the restricted Coloso basin, at latitude 23°50’S, is
appreciably younger than nearby IOCG deposits formed
in the Middle-Late Jurassic epoch (Flint and Turner
1988).

A perhaps more reasonable non-magmatic ore fluid
would be metamorphic brine of the type believed by
some investigators to have been responsible for the
manto-type copper deposits (see above). Generation of
metamorphic fluid accompanied subsidence of the intra-
arc basins transgressed by the central Andean 1I0CG
belts (Aguirre et al. 1999), and such a fluid has been
considered as a possible, even the sole, contributor to the
IOCG deposits in the Cafiete basin of southern Peru
(Vidal et al. 1990; Injoque 2000), and perhaps also to
those in the Coastal Cordillera of northern Chile
(Hitzman 2000). However, ingress of metamorphic fluid
to large cooling plutons to generate the IOCG veins
confronts some of the same difficulties as those consid-
ered above for other externally derived brines.

Heated seawater is another fluid that may have been
available during pluton emplacement and IOCG for-
mation in the intra-arc basin environment, and has been
proposed at Raul-Condestable in the northern part of
the Cafiete basin on the basis of the sulphur isotopic
values (Ripley and Ohmoto 1977; de Haller et al. 2002).
Certainly, seawater may be inferred to have played a key
role in VHMS formation only slightly later in the same
part of the Canete basin (Vidal 1987).

On the basis of this discussion of possible external
fluid sources, it is concluded that evaporitic, meta-
morphogenic and seawater brines all seem unlikely to
have been solely responsible for the genesis of the
IOCG deposits in the Coastal Cordillera, although
their local involvement, along with that of locally de-
rived meteoric water, remains feasible. Given that a
single fluid type rather than different or blended fluids
would seem to be required to explain the common
characteristics of the IOCG deposits throughout the
1,700-km-long Coastal Cordillera belt, the magmatic-
hydrothermal model discussed above is believed to gain
further support.
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Deposit-scale aspects

Pluton-hosted IOCG deposits in the Coastal Cordillera,
chiefly veins, tend to be localised by minor faults and
fractures and to be relatively small in size, albeit of
appreciable horizontal and vertical extents (Fig. 13).
Nevertheless, the large vein districts, like Tocopilla, may
be areally extensive (Fig. 6). In contrast, IOCG deposits
in volcanic and sedimentary host rocks to plutons are
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Fig. 13 Schematised styles of IOCG deposits in the Coastal
Cordillera of the central Andes. Note the fundamental control
imposed by faults, commonly shared with pre-ore mafic (basaltic
andesite/diorite) dykes. Large deposits are composite, in the sense
of comprising several closely spaced mineralization styles, and
localised by zones of high structural and lithological permeability,
possibly confined beneath carbonate or other lithologically
determined aquitards. Vein breccias (and breccia mantos and
pipes) tend to occur at relatively shallow palaeodepths and, hence,
are typically confined to volcanogenic wallrocks. There is an
upward change in the predominant hydrothermal iron oxide from
magnetite to specular hematite. The IOCG system may be
concealed beneath an extensive zone of barren feldspar-destructive
alteration containing pyrite. A deeply derived magmatic fluid
guided upwards along the dyke-filled faults, and possibly sourced
from the same magmatic reservoir as the dyke rock itself, is
hypothesised. Note that telescoping of alteration types (e.g.
potassic over sodic-calcic) and mineralisation styles, especially
within composite deposits, is a possibility locally; however, the
phenomenon is considered to be far less widely developed in the
low-relief extensional arcs of the Coastal Cordillera than it is in the
highly uplifted compressive arcs that host the Tertiary porphyry
copper deposits farther east
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variable in size, but include all the largest deposits. The
largest host-rock deposits appear to be those where
fault-guided magmatic-hydrothermal fluid permeates
one or more porous stratigraphic horizons (Fig. 13),
which in the case of Candelaria span a 350-m-thick rock
package (Ryan et al. 1995; Marschik and Fontboté
2001b). Low-angle fault or shear zones may also
enhance syn-mineralization permeability. Fluid ponding
beneath aquitards, such as marbleised carbonate
sequences, may also favour the formation of large
composite deposits (Fig. 13). Known copper-gold skarn
deposits in the Coastal Cordillera are small, but clearly
an integral component of the IOCG spectrum, thereby
rendering redundant any discussion of the generic dif-
ference between these skarns and other IOCG deposits
in the belt. This assertion is amply supported by obser-
vations at Panulcillo, where Hopper and Correa (2000)
charted the equivalence of garnet skarn and potassic
assemblages developed in contiguous andesitic volcanic
rocks.

Marschik and Fontboté (1996) considered the Punta
del Cobre IOCG deposit to be intermediate in overall
style between massive magnetite and porphyry copper
deposits, both of which occur fairly close by in the
Coastal Cordillera (Fig. 1). However, IOCG and por-
phyry copper deposits, as discussed above, are clearly
distinct and apparently not directly related; nevertheless,
they may display certain features in common, including
occurrence of hydrothermal magnetite and/or hematite
and potassic, potassic-calcic and/or sodic-calcic alter-
ation (cf. Pollard 2000; Lang and Thompson 2001).

Many gold-rich porphyry copper deposits worldwide
contain abundant hydrothermal magnetite + hematite as
a component of both early, barren sodic-calcic and later,
ore-related potassic-(calcic) alteration assemblages (e.g.
Sillitoe 2000). Magnetite contents at Grasberg, for
example, attain 15 vol% in parts of the potassic
alteration zone (MacDonald and Arnold 1994), not
volumetrically dissimilar to some IOCG deposits.
Furthermore, in a few porphyry copper deposits, sodic-
calcic alteration, defined by sodic plagioclase, clinopy-
roxene, amphibole and magnetite, rather than the more
normal potassic assemblages directly hosts all or part of
the copper-gold mineralization (Sillitoe 2000), especially
in the case of deposits in the Intermontane belt of British
Columbia, Canada (Lang et al. 1995). Moreover, two of
the deposits in the Intermontane belt (Afton and Ajax)
constitute late stages of the Iron Mask batholith, which
happens to contain magnetite-apatite veins like those in
the Coastal Cordillera belt (Cann and Godwin 1983;
Snyder and Russell 1995).

Interestingly, copper mineralization in several central
Andean IOCG deposits (e.g. Raul-Condestable, El
Espino) is exclusively present in zones of sodic-calcic
alteration, although potassic alteration or combinations
of this with sodic-calcic alteration phases are more
typical hosts. This situation may be a product of vertical
alteration zoning, not just radically different fluid
chemistries, as it is in the case of at least some porphyry

copper-(gold) deposits (e.g. Sillitoe 2000). Moreover, if
this comparison between the upward transition from
sodic-calcic to potassic alteration in some IOCG and
porphyry copper deposits is valid, then similar fluid
evolutions, perhaps controlled by declining temperature,
might be invoked in both cases. Zoning in I0OCG
deposits of the Coastal Cordillera is still poorly docu-
mented, although observations from several vein dis-
tricts and Candelaria-Punta del Cobre show that
magnetite-actinolite-apatite is transitional upwards to
hematite-chlorite-sericite at both the individual vein and
district scales (Figs. 10 and 13). Sizeable hydrothermal
breccia veins, pipes and mantos appear to be largely
restricted to this shallower, hematite-dominated IOCG
zone (Fig. 13), where fluid overpressures may develop
more readily.

The close association of magnetite-dominated IOCG
and massive magnetite-(apatite) veins containing minor
copper in several districts, especially but not limited to
those of Middle-Upper Jurassic age, may be taken to
suggest that the two deposit types are transitional and,
furthermore, that copper contents of IOCG veins may
decrease downwards, giving rise to massive magnetite
veins (Fig. 10; cf. Espinoza et al. 1999; Naslund et al.
2002; Ray and Dick 2002). The same relationship is also
favoured by the tendency of IOCG mineralization to
occur alongside some massive magnetite deposits, per-
haps suggestive of a crude zonal relationship (e.g. Mina
Justa, Mantoverde). The deeper massive magnetite
bodies, with or without copper, lack hydrothermal bio-
tite and K-feldspar and are accompanied by sodic-calcic
alteration, in keeping with the conclusions of several
previous workers (Hitzman et al. 1992; Pollard 2000;
Ray and Dick 2002). The district- and deposit-scale
geological evidence, especially the intimate association
between IOCG and massive magnetite deposits in parts
of the Coastal Cordillera, does not support radically
different fluid sources for the two deposit types, as re-
cently §;proposed on the basis of differences in their
870s/'%80s ratios (Mathur et al. 2002).

Hydrothermal magnetite in porphyry copper deposits
is normally considered to result from precipitation of
iron partitioned directly from the source magma into
magmatic-hydrothermal brine (e.g. Arancibia and Clark
1996). However, at least part of the iron present as iron
oxides in some of the massive magnetite (Ruiz et al.
1968; Ménard 1995) and I0CG (Cornejo et al. 2000)
deposits of the Coastal Cordillera may have resulted
from leaching by hot hypersaline magmatic fluid of
ferromagnesian minerals in igneous rocks adjoining the
sites of mineralization. Zones of mafic-poor, albite-
K-feldspar-altered rocks developed in the vicinities of
many large massive magnetite and some IOCG deposits,
including Candelaria (Marschik and Fontboté 2001b)
and Mantoverde (Cornejo et al. 2000), provide the
supporting evidence.

The upward extensions of IOCG deposits are even less
well known than their roots, although there is limited
observational evidence for occurrence of coarse-grained



calcite veins (Fig. 10), even immediately above large
composite deposits like Candelaria-Punta del Cobre.
Small copper-gold skarns located above the Candelaria
deposit (Ryan et al. 1995) are probably more a reflection
of the carbonate protolith than uppermost manifesta-
tions of the entire Candelaria-Punta del Cobre district.
Ray and Dick (2002) concluded that a 1.5-km-wide,
down-faulted block of massive silicified tuff containing
pyrite, sericite and minor dumortierite represents the
shallowest alteration facies at the Productora IOCG
prospect. This proposal would be in keeping with the
widespread occurrence of extensive zones of pyritic
feldspar-destructive alteration affecting volcanic se-
quences locally throughout the Coastal Cordillera, some
of them in proximity to IOCG districts. Silicification
accompanied by sericitic and/or advanced argillic alter-
ation is commonly recorded.

Exploration consequences

The preceding discussion highlights several geological
features and relationships of possible use in IOCG
exploration in the Coastal Cordillera of the central
Andes and, potentially, in similar extensional environ-
ments elsewhere:

1. Middle-Late Jurassic and Early Cretaceous plutonic
belts in the Coastal Cordillera are more prospective
for IOCG deposits than the younger magmatic arcs
farther east. The latter coincide with the principal
porphyry copper belts of the central Andes (Fig. 4),
thereby underlining an inverse correlation between
major IOCG and porphyry copper deposits.

2. Large IOCG deposits seem more likely to form
within major orogen-parallel, ductile to brittle fault
systems that underwent extension or transtension
than in association with either minor or compres-
sional fault structures.

3. Receptive rock packages cut by gabbrodiorite, diorite
or more felsic plutons containing IOCG veins or
bordered by skarns may be especially prospective for
large composite IOCG deposits. The intrusive rocks
are likely to display at least localised zones of weakly
developed potassic-(calcic) and/or sodic-calcic alter-
ation.

4. Fragmental volcanic or volcaniclastic host rocks
characterised by high intrinsic and/or structurally
imposed permeability favour the formation of large
composite IOCG deposits if suitable progenitor
intrusions and deeply penetrating feeder faults are
present. High- or low-angle faults or shears may
create the structural permeability.

5. Relatively impermeable rocks, such as massive mar-
bleised carbonate units, may be conducive to fluid
ponding and the consequent development of imme-
diately subjacent IOCG deposits (Fig. 13). Such
impermeable units may even still conceal IOCG
deposits and, as at Candelaria (Ryan et al. 1995),
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minor copper skarn occurrences may represent
hanging-wall leakage anomalies (Fig. 13). The pos-
sible relationship of calcic skarns to IOCG deposits
should not be overlooked.

6. Broad, strongly developed contact-metamorphic
(hornfels) and metasomatic (sodic-calcic and/or
potassic alteration) aureoles to gabbrodiorite or
diorite intrusions are a favourable indicator for large
composite IOCG deposits.

7. Intense and pervasive hydrothermal alteration is a
prerequisite for large, composite IOCG deposits, al-
though the copper-gold mineralization may be
accompanied by potassic, potassic-calcic or sodic-
calcic assemblages.

8. Mineralized hydrothermal breccia and the predomi-
nance of specular hematite over magnetite both sug-
gest relatively shallow palaecodepths and, hence,
persistence of IOCG potential at depth (Fig. 13). By
the same token, widespread development of magne-
tite and actinolite indicate fairly deep levels in IOCG
systems, with less likelihood of encountering eco-
nomic copper-gold contents at appreciable depth.

9. Some, but by no means all, composite IOCG deposits
have irregularly and asymmetrically developed pyrite
haloes that may provide useful vectors to ore.

10. Coarsely crystalline calcite or ankerite veins may be
either the tops or distal manifestations of IOCG
deposits.

11. Speculatively, extensive zones of barren feldspar-
destructive alteration, including silicification, seri-
cite, pyrite and even advanced argillic assemblages,
within volcano-sedimentary sequences may either
conceal underlying IOCG deposits or intimate their
presence nearby. In essence, such zones are litho-
caps, comparable to those well documented from
the porphyry copper environment (e.g. Sillitoe
2000).

12. The distal fringes and immediate surroundings of
massive magnetite deposits may be prospective for
IOCG deposits if suitable structural preparation and
volcano-sedimentary host rocks are present.

13. Notwithstanding point 12, districts dominated by
massive magnetite bodies or veins may imply rela-
tively deep erosion levels unfavourable for major
IOCG deposit preservation.

Concluding remarks

This review of the central Andean IOCG province
concludes that the most likely ore fluid is of magmatic
parentage, although inadvertent participation of non-
magmatic fluids, of the types generated during low-grade
diastathermal (burial) metamorphism, seawater circula-
tion or evaporite dissolution, cannot be ruled out locally
and, indeed, have been proposed at Candelaria-Punta
del Cobre (Ullrich et al. 2001) and Raul-Condestable
(Ripley and Ohmoto 1977; Vidal et al. 1990; de Haller
et al. 2002). Metals, with the possible exception of some
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of the iron, are also thought most likely to have been
provided directly by the same magmatic source, for
which a primitive gabbrodiorite to diorite composition
at appreciable depths beneath the deposit sites is pre-
ferred. It is salutary to recall that Buddington (1933)
proposed this same genetic relationship between diorite
intrusions and veins rich in magnetite, Cu, Au, Co and
Ni. No evidence for involvement of alkaline magmas, as
implied for IOCG deposits in general by Groves and
Vielreicher (2001), is present in the central Andean
province.

Notwithstanding this fundamental genetic conclu-
sion, the disparate and poorly defined nature of the
IOCG deposit clan does not necessarily imply that all
other iron oxide-rich copper-gold deposits worldwide
are generated in the same or even a similar manner.
Indeed, a non-magmatic brine origin for some IOCG
provinces, as advocated by Barton and Johnson (1996,
2000), Haynes (2000) and others, may remain a possi-
bility. Nevertheless, although the IOCG deposit class is
too all-encompassing as presently defined, the obvious
similarities between several large IOCG deposits,
including Candelaria-Punta del Cobre in Chile, Sossego
in the Carajas district, Brazil and Ernest Henry in the
Cloncurry district of Queensland, Australia (e.g. Mark
et al. 2000; Leveille and Marschik 2001), may be taken
to suggest that broadly similar, probably pluton-related
hydrothermal systems were operative periodically from
the Archaean to the Mesozoic. Indeed, diorite and/or
gabbro also abut both the Sossego and Ernest Henry
orebodies, although current wisdom would consider it to
possess no direct genetic connection with, and to pre-
date, the copper-gold introduction. In all three cases, the
plutonism and deeply penetrating fault zones proximal
to ore are products of regional extension, in either
subduction-related arc or intracontinental rift settings
(cf. Hitzman 2000).

If the genetic relationship to oxidised, primitive,
dioritic magmatism proposed herein for the Coastal
Cordillera province and, possibly, some deposits else-
where is correct, then at least a selection of deposits
assigned to the IOCG class would seem to constitute an
extended clan in the same manner as proposed by
Thompson et al. (1999) and Lang et al. (2000) for base
metal-poor, lithophile element (Bi-W-Mo)-enriched
gold deposits in association with highly fractionated
and relatively reduced felsic intrusions. In both cases, a
broad range of deposit styles, including pluton-hosted
veins, skarns, breccias and replacement mantos, is
evident. The even broader spectrum of copper and gold
deposits linked to alkaline magmatism (Jensen and
Barton 2000; Sillitoe 2002) may be cited as yet another
example of the same fundamental metallogenic influ-
ence exerted by magma type, as detailed by Blevin and
Chappell (1992) and others for common mineralization
types like porphyry copper and tin-tungsten deposits.
Acceptance of this proposal might provide an expla-
nation for the occurrence of IOCG deposits in associ-
ation with petrochemically similar intrusions in both

subduction-related arcs and intraplate settings, in an
analogous manner to formation of lithophile-element
enriched gold deposits both along the landward sides of
Cordilleran arcs and in collisional settings (Thompson
et al. 1999).
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