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Abstract - The Chilean Andes comprise the most richly endowed copper province on Earth. A total
resource (including production) of about 490 million tonnes of fine copper has been identified in more than
63 porphyry copper deposits and numerous prospects.

Andean porphyry deposits occur along five metallogenic belts that extend from central Chile to southemn
Perti and northwest Argentina. They formed between the Early-Late Cretaceous and Pliocene. Within these
belts the deposits occur in clusters associated with multiphase plutonic complexes. This relationship is
particularly prevalent in the Late Eocene-Oligocene belt, the most prolific of all. The time span between the
oldest and youngest belt corresponds to the period in which contractional tectonism of the Andean cycle was
established and developed from Late Cretaceous to Recent.

The five porphyry belts reflect Andean tectonomagmatic evolution, with progressive eastern migration of
volcanism and plutonism with time. Arc migration correlates with discrete and transient periods of increased
convergence velocity and convergence angle. These periods coincide with the strongest deformation events
that in turn correlated with the temporal development of each one of the five porphyry belts. These events
resulted in regional uplift, shortening, and crustal thickening which in turn produced syn-orogenic erosion.

Porphyry copper emplacement occurred syn-tectonically and the resultant multiphase intrusive complexes
have variable compositions ranging from granodiorite to tonalite, monzonite and quartz monzonite evolving
inall cases from intermediate composition pre-mineral phases to more felsic intra-mineral phases. Areversal
to more mafic magmatism has been reported locally.

Alteration and mineralisation processes evolved from early magmatic stages dominated by high-temperature
fluids to late stages dominated by low or moderate-temperature hydrothermal fluids with magmatic and
meteoric components.

Supergene modifications such as oxidation, leaching and secondary enrichment have been very important in
developing the high-grade copper orebodies that are presently being profitably mined in the Andes. Lateral

migration of copper-bearing solutions has developed proximal exotic deposits.

Introduction

Chile and southern Pert contain one of the largest copper
concentrations on Earth. A total resource (including
production) of about 500 million tonnes of fine copper has
been identified in 63 porphyry copper deposits (Fig. 1). If
10 million tonnes of contained fine copper is taken to be
the minimum tonnage required to classify porphyry copper
deposit as a giant ore deposit, then this part of the Andean
cordillera contains eleven of the 20 giant porphyries along
the Circum-Pacific belt. Among them are the three largest
of all, El Teniente, Rio Blanco-Los Bronces and
Chuquicamata (Fig. 1), all containing resources plus
production above 50 million tonnes of fine copper. El
Teniente is the largest of all with 94.4 million tonnes of
fine copper (resources plus production). Currently Chile
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produces about 4.94 million tonnes of fine copper annually,
which represents around 37% of global production.

The presence of so many large copper porphyries has
intrigued researchers throughout the 20th century.
Exploration efforts, with the discovery of about 12 world-
class porphyry copper deposits in the last 25 years, have
enhanced interest in understanding the Andean geological
evolution and metallogenesis. The geological processes
that are common factors in controlling the emplacement of
these ore bodies along the porphyry copper belts located in
the Domeyko cordillera and in the Andes of central Chile
have been the subject of research by numerous individuals
in Chile and elsewhere. As a consequence, during the last
15 years, the understanding of the tectonomagmatic
evolution of the Chilean porphyry copper systems has
greatly progressed. The results of these efforts have been
communicated widely at international conferences,
technical journals and special publications (e.g., Sillitoe
and Camus, 1991; Camus et al., 1996; Skinner, 1999;
Camus, 2003).
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The Andean Porphyry Deposits

In the central Andes, porphyry copper-molybdenum and
| gold-rich porphyry deposits occur in seven temporally
discrete, roughly parallel north-trending metallogenic belts
that extend from central Chile and NW Argentina to
southern Pertt. Of the seven belts, six occur in Chile and
their time spans are as follow: Late Palacozoic-Triassic
(239-195 Ma); Cretaceous (132-73 Ma); Paleocene-Early
Bocene (65-50 Ma); Late Eocene-Oligocene (43-31 Ma);
Upper Oligocene to Middle Miocene (23-12 Ma); and Late
Miocene-Pliocene (12-4 Ma). Most of the porphyry copper
mineralisation occurs in the three youngest belts which are
located in northern and central Chile (Fig. 1).

Copper, molybdenum and gold endowments in the Chilean
porphyries are greatest in the youngest systems. Fig. 2
shows a rather gradual increase of the abundances of these
three metals with respect to time, with the Late Eocene-
Oligocene and Late Miocene-Pliocene being the most
important periods of copper-molybdenum-gold deposition.
The increase in copper and molybdenum deposition from
the Cretaceous relative to the Late Miocene-Pliocene is
almost 39 and 66 times respectively, whereas gold increases
approximately five times. This significant increase in metal
content can also be recognised at the level of individual
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belts. In the Late Eocene-Oligocene belt, three separate
porphyry sub-stages can be differentiated with different
time spans (Fig. 3): Early (43-41 Ma), Intermediate
(39-36 Ma) and Late (34-31 Ma). The latter sub-stage
shows the largest copper-molybdenum concentration and
most of this large volume of metals is concentrated in only
three deposits (Rosario, Chuquicamata and Radomiro
Tomic, Fig. 3). The same situation occurs in the Late
Miocene-Pliocene belt, where three porphyries account for
more than 180 Mt of contained fine copper (Los Pelambres,
Rio Blanco-Los Bronces and El Teniente; Figs. 1 and 2).

Geological Framework

The Chilean porphyry deposits are associated with the
geologic and metallogenic evolution of the Andean
cordillera of Chile and neighbouring Argentina. Mesozoic
and Cenozoic sedimentation, magmatism and tectonic
deformation have dominated this region, and are
superimposed on a Palaeozoic basement. This complex
history is the result of three tectonic cycles developed during
the Early Palaeozoic (Famatinian cycle), Late Palaeozoic
(Gondwana cycle) and the Mesozoic-Cenozoic (Andean
cycle; Mpodozis and Ramos, 1990). Collision, subduction
and accretion of allochthonous terranes characterised the
Barly and Late Palacozoic cycles (Bahlburg and Herve,
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Figure 2:  Diagram showing copper, molybdenum and gold distribution with time. The five metallogenic

belts are shown with the respective tonnage expressed in tonnes of metal.
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1997). In contrast, the Andean cycle lacks evidence of
collision of major terranes. Its evolution is more related to
subduction, with the initial development of a back-arc basin
which evolved into a continental arc at the end of the Early
Cretaceous. The emplacement and distribution of the
porphyry copper-molybdenum, copper-gold and gold
systems is closely associated with the geological events
that took place during the evolution and development of
the Gondwana and the Andean tectonic cycles, the latter
being the most productive in terms of metal deposition
(Fig. 2).

Geological Characteristics of the
Tectonic Cycles
The Gondwana Cycle (Carboniferous to Middle Triassic)

The Gondwana tectonic cycle was characterised by an arc-
related subduction accretionary complex that extended
along the Chilean coastal region south of 25°S latitude from
Late Devonian to Early Jurassic (Mpodozis and Ramos,
1990). Complex sequences of “I” and “S” type granitoids
and related volcanic rocks of rhyolitic composition were
emplaced along Chile and Argentina to the east of the
accretionary complex. These rocks have been interpreted
as products of anatexis within the framework of a period
of extensional tectonics or as the result of the felsic
differentiation of a calc-alkaline subduction-related
assemblage (Mpodozis and Ramos, 1990; Mpodozis and
Kay, 1992).

Several stages of compressional deformation have b
recognised in Argentina. Associated with th
deformational stages, two groups of porphyry cop
occurrences can be recognised in Argentina (Sillitoe, 197
and in northern Chile (Fig. 4). The oldest group
occurrences crops out principally in Argentina and cov
the period 295-266 Ma. The youngest group (239-195M
has only been recognised in northern Chile. These
groups can be correlated with similar groups in eastar'
Australia (Horton, 1978). None of them are of economr
significance in South America today.

|

The Andean Cycle (Mesozoic to Cenozoic)

The Andean cycle is the most important tectonic eventi
occurred along the western margin of Gondwana, |
commenced during the upper Triassic, when a maj
palacogeographic change took place and the L
Palaeozoic magmatic arc shifted westward to a new posfis
near the present Chilean coast (Mpodozis and Ramg:
1990). A complex series of interconnected extensio
ensialic basins, most of them of half-graben type, fom:
behind the arc during the Jurassic-Early Cretaceous. Tt
arc was built on the Palaeozoic accretionary prismi
northern and central Chile, whereas the basement of{
back-arc basins was the Late Palacozoic magmatic b
(Mpodozis and Ramos, 1990).

The back-arc basin system and its extensional tectoi
framework were active until Early Cretaceous time. Duni
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the Late Cretaceous, the basins were inverted as a The Jurassic-Cretaceous back-arc system was not
gonsequence of a major contractional deformation event continuous, and varied from ensialic to marginal basins.
elated to the opening of the Atlantic Ocean (~ 130-135 Ma). Consequently, the Late Cretaceous contractional event

gy were then overprinted by a series of continental resulted in different styles of tectonic deformation
magmatic arcs that have migrated eastward with time. Arc (Mpodozis and Ramos, 1990), which in turn significantly
megnatism has dominated the Andean evolution during influenced the metallogenic processes that developed
g Upper Cretaceous and the Cenozoic. during this cycle, especially those related to emplacement
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of porphyry-style mineralisation. The largest and most
important copper-molybdenum deposits of porphyry-style
present along the Andean belt were formed during the
contractional stage of this tectonic cycle, in addition to the
more significant porphyry-gold occurrences. In contrast,
during the extensional early stages of the Andean cycle,
the formation of stratabound copper, copper-silver, [OCG
deposits and magnetite-apatite iron oxide orebodies,
characterised metallogenesis.

Meso-Cenozoic Tectonomagmatic
Evolution of Porphyry Systems

Porphyry copper-molybdenum and porphyry gold deposits
formed within the Andes since the Carboniferous, but those
emplaced during the Andean tectonic cycles are the best
preserved. They occur along five metallogenic belts
(Fig. 1) that show similar geological features suggestive of
a common genetic origin. These characteristics are
described separately for each belt.
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in the rectangles are million tonnes of fine copper.

Cretaceous Belt (132-73 Ma)

Towards the final stages of the evolution of the Jurasi
Early Cretaceous magmatic arc, porphyry-siy
mineralisation developed within what are now the ezsi
flanks of the Coastal Range, between 22°-36°S (Fig. §
This porphyry copper belt extends for 1500 km witha
of ten deposits and prospects having been discoveredl
date, selected examples of which are shown in Figs. |4
5a. Atotal of 5.5 Mt of fine copper, including both resoun
and production, have been identified in this belt. '

The Cretaceous porphyry deposits and prospects occurt
three discrete clusters, with ages decreasing from norit
south (Fig. 5a). These clusters are located in northern Cli
(Antucoya, Galenosa-Puntillas; 132-118 Ma); central Ch
(Andacollo, Domeyko, Pajonales, Los Loros; 106-91
Fig. 5a) and southern Chile (San José, Polcura and Galley
90-73 Ma). Economically, the most important deposi
Andacollo, where a medium size, immature secondi’
enrichment blanket is being mined (Fig. 5a). The nortt
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Chile cluster was localised by some of the eastern strands
ofthe Atacama Fault System (AFS) a 1000 km long trench-
Jinked strike-slip fault system (Figure 5a) that was active
from Early Jurassic to Early Cretaceous (Brown ef al.,
1993). The northern Chile Cretaceous porphyries consist
essentially of oxide copper mineralisation.

Within the framework of the tectonomagmatic evolution
of the Andes, the Cretaceous belt formed at a time of
profound tectonic change. An extensional tectonic regime
and high angle “Mariana-type” subduction had dominated
since the Late Triassic. This was transformed to a
contractional tectonic regime and development of a
“Chilean” type subduction zone, due to an increase in the
rate of convergence. The oblique NW convergence vector
| of the Phoenix plate that dominated from Jurassic to Early
| Cretaceous, shifted gradually to a more orthogonal vector
(Williams, 1992). This change favoured the emplacement
I of porphyry systems along reactivated normal faults.
Magmatism also underwent a change, from intermediate
I diorite, quartz diorite and gabbro to more alkaline and silica
I rich tonalites and dacite porphyries. This compositional
change discriminates the pre-mineralisation and syn-
| mineralisation intrusions in the Cretaceous belt.
I Petrochemically, the intrusions are high K calc-alkaline to
I shoshonitic (Rogers, 1985; Williams, 1992). According to
| Munizaga et al., (1985), initial St isotopic ratios for some
I of the intrusions associated with the porphyry systems
emplaced during the 106-97 Ma time span vary between
0.703-0.704, suggesting limited crustal contamination.

Paleocene Belt (65-50 Ma)

The Paleocene belt extends for 1500 km from southern Pert
(16°20'S) to northern Chile (29°30°S). Along its length, a
total of twelve porphyry deposits and prospects occur, four
of them in southern Peru and the remainder in Chile
(Fig. 5b). The southern end of the belt contains six gold-
silver epithermal systems of high and low sulphidation
style. Towards the southern end of the belt, several groups
of small tourmaline breccia pipes are recognised (Sillitoe
and Sawkins, 1971).

When compared to the Cretaceous belt, the Paleocene belt
shows a significant increase in copper content (Fig. 2). As
"~ can be seen in Figs. 5a and 5b, the total contained copper
increases from 5.5 Mt of fine copper in the Cretaceous belt
fo 52 Mt in the Paleocene belt.

The Paleocene belt represents the eastward migration of
the magmatic arc during the Late Cretaceous to Paleocene.
This migration was initially developed in southern Pertt
(16°S latitude) during the Peruvian compressive phase
(84-79 Ma). It was followed by the Incaic I tectonic phase
(59-52 Ma) that, in northern Chile, extended south to about
23.24°S latitude (Maksaev, 1979; Noble ef al, 1985;
McKee and Noble, 1990; Benavides-Caceres, 1999).
During most of the Paleocene, the principal compressive
stress vector was E-directed, associated with an increase
in the rate of convergence (>15 cm/year) related to the
Tncaic I tectonic phase (Pardo-Casas and Molnar, 1987).
According to Williams (1992) mineralisation in this belt
commenced at 65-60 Ma with the emplacement of several
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epithermal deposits (San Cristobal, El Pefion and Guanaco).
Porphyry style mineralisation developed only at the end of
this period at Lomas Bayas and Sierra Gorda (F ig. 5b).

The main copper mineralising stage of the Paleocene belt
occurs within the 60-55 Ma interval, coincident with the
development of major structural systems such as the
Incapuquio and Micalaco Faults in southern Perd. The
Incapuquio and Micalaco Faults are very complex and show
sinistral/transcurrent, normal and dextral/reverse
movements that have been traced for more than 140 km
and probably controlled the emplacement of the Toquepala,
Cuajone and Quellaveco porphyry cluster (Zweng and
Clark, 1995). In northern Chile, during this same time
period, the porphyries of Cetro Colorado, Mocha and
Spence were emplaced, in addition to the low sulphidation
epithermal systems of San Cristobal and El Peiién. To the
north of Mocha and south of Toquepala, the belt is
concealed beneath thick sequences of Late Oligocene to
Miocene ignimbrite sheets (Tosdal ez al., 1984).

From about 24°S latitude and during the 55-48 Ma time
span, no porphyry deposits were developed and
metallogenesis was dominated by high and low sulphidation
epithermal systems (Puig et al., 1988; Fig. 5b). It is
important to note that most of these deposits occur in
association with volcanic centres and calderas (Puig et al.,
1988; Cornejo and Mpodozis, 1996). This period coincides
with decreased convergence rates favouring extensional
tectonics, and contrasts with the preceding compressional
regime that resulted from decoupling between plates.

During the Paleocene, magmatism along the Chilean section
of the belt is characterised by the presence of multiphase
intrusions with compositions varying from gabbro,
granodiorite, quartz diorite, quartz monzonite and diorite,
with granodiorite being the predominant plutonic rock
(Williams, 1992). These rocks are cal-alkaline, meta-
aluminous, low in Fe and high K (Williams, 1992). REE
patterns indicate low La/Yb ratios (3.2-7.5) and negative
Eu anomalies, indicating a low pressure fractionating
mineralogy dominated by plagioclase, olivine and pyroxene
in a magma source equilibrated with a thinner crust
(<40 km; Williams, 1992). An exception is the granodiorite
porphyry associated with the Cerro Verde-Santa Rosa
(Fig. 5b) deposit, where La/Yb ratios of 20-22 have been
determined (Le Bel, 1995).

Late Eocene-Oligocene Belt (43-31 Ma)

The Late Eocene-Oligocene belt contains one of the largest
concentrations of copper in the world. Thirty three
porphyry copper-molybdenum and porphyry copper
deposits and prospects have been identified to date,
containing ~241 Mt of fine copper (Fig. 6). The largest
deposits are Chuquicamata (66.4 Mt fine Cu) and La
Escondida (32.5 Mt fine Cu; Table 1). As shown in Fig. 6,
porphyry systems in this belt occur in clusters of more than
two to four deposits which are associated with large
multiphase plutonic complexes. The belt extends for more
than 1400 km along the Cordillera Domeyko in northern
Chile and can be traced from the border with Pera (18°5







































