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Mineral exploration of prospective areas concealed by extensive post-mineralization cover is growing,
being very complex and expensive. The projection of rich and giant Paleocene to early Oligocene
porphyry-Cu-Mo belts in northernmost Chilean Andes (17.5–19.5�S) has major exploration potential,
but only a few minor deposits have been reported to date, due to the fact that the area is largely covered
by post-mineral strata. We integrate the Cenozoic stratigraphic, structural and metallogenic evolution of
this sector, in order to identify the most promising regions related to lesser post-mineral cover and the
projection of different metallogenic belts. The Paleocene to early Eocene metallogenic belt extends along
the Precordillera, with ca. 30 km wide, and includes porphyry-Cu prospects and small Cu (±Mo-Au-Ag)
vein and breccia-pipe deposits. Geochronological data indicate an age of 55.5 Ma for an intrusion related
to one deposit and ages from 69.5 to 54.5 Ma for hydrothermal alteration in one porphyry-Cu prospect
and largest known Cu deposits. The middle Eocene to early Oligocene porphyry belt, in the Western
Cordillera farther east, is associated with 46–44 Ma intrusions. It is estimated to be 40-km wide, but is
largely concealed by thick post-mineral cover. The youngest Miocene to early Pliocene metallogenic belt,
also in the Western Cordillera, is well-exposed and includes Au-Ag epithermal and polymetallic veins and
manto-type deposits.
The Oligocene-Holocene cover consists of a succession of continental sedimentary and volcanic rocks

that overall increase in thickness from 0 to 5000 m, from west to east. These strata are subhorizontal
in the west and folded-faulted towards the east. Miocene gentle anticlines and monocline flexures extend
along strike for 30–60 km in the Precordillera and were generated by propagation of high-angle east-
dipping blind reverse faults with at least 300–900 m of Oligocene bedrock offset. The thickness of cover
exceeds 2000 m in the eastern Central Depression, whereas it is generally less than 1000 m in the
Precordillera along the Paleocene to early Eocene porphyry-Cu belt and it can reach locally up to
5000 m in the Western Cordillera, above the middle Eocene to early Oligocene belt.
In the studied Andean segment, the Miocene to early Pliocene metallogenic belt is superimposed on the

Paleocene to Oligocene belts in a 40–50 km wide zone. This overlap may be explained by an accentuated
migration of the magmatic front, from east to west, since ca. 25 Ma, as a consequence of subduction slab
steepening after a period of magmatic lull and flat subduction from ca. 30–35 to 25 Ma. The identified
areas of lesser cover thickness are prone to exploration for concealed deposits, especially along the pro-
jection of major porphyry-Cu-Mo belts.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction et al., 2006). However, the depletion of these areas and recent dis-
Traditional exploration of ore-deposits has been focused on
deep or lateral extensions of exposed ore-bodies, where the geo-
logical mapping is a fundamental tool for targeting (Brimhall
coveries and exploitation of deposits at depths greater than
1000 m (e.g., Superior district; Manske and Paul, 2002), as well
as new drilling technologies, advances in deep-penetrating geo-
physics and geochemistry and better predictive geological models,
are allowing access to deeper environments and large concealed
areas (Sillitoe and Thompson, 2006). Mining and exploration of
deposits becomes increasingly expensive with depth because of
increased waste to ore ratios and underground block cave methods
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are required. Nonetheless, locally high ore grades in certain metal-
lic belts, as in central Andes, are enough to sustain underground
mining. The exploration of deep concealed targets is very complex
and there is little geologic documentation on how to explore for
such targets efficiently, although it is clear that a multidisciplinary
strategy and a good base of integrated geo-scientific knowledge are
needed (Bennett et al., 2014; McCuaig and Hronsky, 2014). As
there is a present reasonable economic depth of drilling, concealed
targets can be quickly filtered or prioritized provided depth of
cover is known, allowing better criteria for decisions on mine con-
cession acquisitions, plan geophysical and geochemical surveys
and/or definition of drilling programs. Zones with bedrock located
at a depth of less than 500–1000 mmay be suitable for exploration,
whereas deeper zones can be ruled out in the current exploration
economics.

In the Central Andes, three extensive Cenozoic longitudinal
metallogenic belts contain the largest copper concentrations
around the world (Figs. 1 and 2; Sillitoe, 1988, 1992; Zappettini
et al., 2001; Camus, 2003; Sillitoe and Perelló, 2005; Maksaev
et al., 2007). Each belt developed progressively and globally from
west to east and represents discrete metallogenic periods. The
westernmost Paleocene to early Eocene (62–51 Ma) belt is 30–
50 km wide and includes mainly porphyry Cu-Mo deposits, and
Fig. 1. Physiographic units of the central Andes, in Perú, Bolivia and Chile showing the l
fault, and (c) Neogene minor fault.
minor copper mineralized tourmaline breccia pipes, enargite-
bearing and Fe oxide-Cu-Au veins, epithermal precious metals
deposits, and porphyry Cu-Au prospects. The largest porphyry
Cu-Mo deposits of this belt are located in southern Peru, at Cerro
Verde-Santa Rosa, Cuajone, Quellaveco and Toquepala, whereas
in northern Chile, the main deposits are Mocha, Cerro Colorado,
Spence and Lomas Bayas (Fig. 2). The middle Eocene to early Oligo-
cene (43–31 Ma) belt varies in width from 130 km in southern Peru
to 30–50 km in northern Chile, and includes mainly porphyry Cu
deposits, with Mo and/or Au, and skarn deposits (Sillitoe, 1988;
Perelló et al., 2003; Sillitoe and Perelló, 2005; Maksaev et al.,
2007). The foremost deposits are in Chile (Collahuasi-Quebrada
Blanca, Chuquicamata, Escondida and El Salvador; Fig. 2), and are
associated with rich supergene enriched zones, and exotic Cu
deposits (Münchmeyer, 1996; Sillitoe, 2005). The easternmost
Miocene to early Pliocene (20–4 Ma) belt is wider, up to 400 km,
extends along Peru, Bolivia, Chile and Argentina, and contains a
variety of mineralization types, including Cu-Au-(Ag) and Cu-Mo
porphyry deposits, skarn deposits, enargite carbonate replace-
ments, high-sulfidation Au-Ag epithermal deposits and red-bed
copper deposits (Sillitoe and Perelló, 2005).

We studied a segment of northern Chile, between 17.5 and
19.5�S latitudes, where the physiographic units are parallel to the
ocation for Fig. 2 (inset box). (a) Neogene major fault, (b) Neogene inferred or blind



Fig. 2. Cenozoic metallogenic belts of the central Andes as defined by the ages of main deposits (based on Perelló et al., 2003 and Sillitoe and Perelló, 2005). Location of the
study area (Fig. 3 inset) is also indicated.
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Andean orogen and correspond to, from west to east: Coastal Cor-
dillera, Central Depression, Precordillera and Western Cordillera
(Figs. 1 and 3). The Coastal Cordillera is up to 25 km wide with ele-
vation up to 1575 m and presents a uniform surface (Mortimer and
Saric, 1972). The Central Depression is 40–55 km wide and its flat
topography increases in altitude eastward from 500–1100 to
1900–2300 m, which gives a mean slope of 1–2�W. The Precordil-
lera is 20–50 km wide, has a gently dipping surface, and reaches
elevations up to 3200–3700 m. The Western Cordillera extends
east of Chile, to the Bolivian Altiplano (Figs. 1 and 3), and presents
an irregular and elevated topography. In the Chilean part of the
Western Cordillera, the altitude varies from 3200 to 6350 m, with
summits corresponding to Miocene to Holocene stratovolcanoes.
The western part of the area is dissected by deep exoreic valleys
(Lluta, Azapa, Vitor, Camarones and Tiliviche-Camiña valleys;
Fig. 3; Mortimer, 1980; García et al., 2011; Kirk-Lawlor et al.,
2013). In the Coastal Cordillera and Central Depression, valley inci-
sions are up to 1000 m, whereas in the Precordillera these are up to



Fig. 3. Simplified geological map of northernmost Chile, showing distribution of main lithostratigraphic units, Late Cenozoic major structures, and location of stratigraphic
columns (red circles, C.1 to C.4, in Fig. 5), detailed geological map (in Fig. 6) and studied cross sections (A, B and C, in Fig. 9).
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1700 m. The studied area is located in the northern-central part of
the hyper-arid Atacama Desert, where yearly mean precipitation
ranges from 0.1 to 0.5 mm at the coast to 300 mm in the Western
Cordillera (New et al., 2002; Strecker et al., 2007). The onset of
extremely arid conditions in the western central Andes was in
the middle Miocene (Rech et al., 2006; Arancibia et al., 2006;
Evenstar et al., 2009; Jordan et al., 2014) and have favored the
preservation of oxidized mineralization zones above and/or adja-
cent to the Paleogene porphyry copper deposits (Alpers and
Brimhall, 1988; Sillitoe and McKee, 1996; Bouzari and Clark,
2002; Quang et al., 2005).

The northernmost Chilean Andes (17.5–19.5�S) encompasses a
portion of the giant Paleocene to early Oligocene porphyry-Cu-
Mo belts (Fig. 2), however only small Cu-(Mo-Au-Ag) deposits
and porphyry-Cu prospects are known. Either the region lacks
porphyry-Cu mineral deposits or such deposits are concealed
beneath an extended and thick Oligocene-Holocene post-mineral
cover (Figs. 2 and 3). The geology of the region is well-mapped at
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a scale 1:50,000 and supported by petrographic, geochemical,
geochronological and metallogenic data (Wörner et al., 2000a;
García et al., 2004, 2011, 2012, 2013; Pinto et al., 2004; Ordóñez
and Rivera, 2004; García and Fuentes, 2012; Valenzuela et al.,
2014; Cortés et al., 2014; Morandé et al., 2015). In this paper, we
present and integrate geologic data including the Cenozoic stratig-
raphy, structural geology and mineral deposits. The goal is deter-
mine areas of shallow post-mineral cover rocks that might be
amenable to exploration and provide an improved estimate of
the distribution of the Andean metallogenic belts.
2. Stratigraphy

In the northernmost Chile, a regional angular unconformity sep-
arates a Late Proterozoic to Eocene bedrock from an Oligocene to
Holocene rock cover, and provides a convenient stratigraphic mar-
ker (Figs. 3 and 4). Within the stratigraphic context, the youngest
bedrock units include Late Cretaceous to Eocene intrusions that
are related to major porphyry copper-molybdenum mineralization
nearby in the Andes. Additionally, the composition and distribu-
tion of thickness of the Oligocene to Holocene post-mineral cover
is crucial to defining potential areas amenable to future mining
exploration.
2.1. Late proterozoic to eocene bedrock

Bedrock includes Late Proterozoic to Paleozoic metamorphic
rocks, Jurassic to Cretaceous volcanic, sedimentary and intrusive
rocks, and Late Cretaceous to Eocene volcanic and intrusive rocks
(Figs. 3–7). The Late Proterozoic to Cambrian Belén Metamorphic
Complex (Pacci et al., 1980a; Lucassen et al., 2000; Basei et al.,
1996; Wörner et al., 2000b; Loewy et al., 2004; García et al.,
2004) and the Late Devonian to Early Caboniferous Quebrada
Aroma Metaturbiditic Complex (García, 1967; Harambour, 1990;
Morandé et al., 2015) are exposed in the westernmost part of the
High Cordillera and Precordillera, respectively (Figs. 3 and 4).
Jurassic to Early Cretaceous marine fossiliferous sedimentary strata
are also present in the Precordillera (Livilcar Formation, Muñoz
et al., 1988; García et al., 2004; and Longacho Formation, Galli
and Dingman, 1962; Morandé et al., 2015). Middle to Late Jurassic
marine volcanic and sedimentary rocks and Late Jurassic and Early
Cretaceous intrusive rocks are largely exposed in the Coastal Cor-
dillera (Figs. 3 and 4; Cecioni and García, 1960; Salas et al., 1966;
Muzzio, 1986; García et al., 2004). Early Cretaceous continental
red conglomerates and sandstones in the Coastal Cordillera uncon-
formably overlie the Jurassic units and are conformably overlain by
middle Cretaceous andesitic lavas and continental sandstones and
by middle Cretaceous marine sedimentary rocks (Muzzio, 1986;
García and Fuentes, 2012). Early Cretaceous continental sedimen-
tary and andesitic rocks crop out locally in the western Precordil-
lera (Punta Barranco Formation; Figs. 4 and 6; García et al., 2013;
Valenzuela et al., 2014) and early Late Cretaceous (100–85 Ma)
quartz monzodiorites and granodiorites form a restricted and dis-
continuous NW-trending belt (Figs. 6 and 7; García et al., 2004,
2013). Late Cretaceous (74–66 Ma) continental volcanic rocks are
present in the Precordillera (Cerro Empexa Formation; Fig. 4;
Galli and Dingman, 1962; García et al., 2013; Valenzuela et al.,
2014).

Late Cretaceous to Paleocene intrusions crop out in the Precor-
dillera and cut the Jurassic-Cretaceous formations (Figs. 3, 4, 5 and
7). In the northern Precordillera, large bodies of coarse-to-fine-
grained amphibole-biotite-bearing granodiorites, quartz monzodi-
orites, quartz monzonites and quartz diorites have yielded several
U-Pb and K-Ar ages between 66 ± 2 and 54.5 ± 1.3 Ma (Table 1;
Muñoz and Charrier, 1996; García et al., 2004) and geochemical
analyses indicate a high-K calc-alkaline affinity (García et al.,
2004). In the southern Precordillera, discrete bodies of medium-
to-fine-grained intrusions include pyroxene-amphibole-biotite
diorites with a U-Pb zircon age of 69.5 ± 1.3 to 66.6 ± 0.8 Ma and
biotite-amphibole granites with U-Pb zircon ages of 66.3 ± 0.5 to
61.7 ± 0.7 Ma (Fig. 7; Table 1; García et al., 2013; Valenzuela
et al., 2014). To the north, in southernmost Peru, early-middle Pale-
ocene porphyry copper-related intrusions have been dated
between 62 and 60 Ma in the Lluta-Palca District (Fig. 7; Wilson
and García, 1962; Clark et al., 1990; Acosta et al., 2011) and
between 65.1 and 53.5 Ma in the Cuajone-Toquepala Cluster
(Sillitoe and Mortensen, 2010; Simmons et al., 2013). The compo-
sition and ages of Paleocene porphyry copper-related intrusions
are similar in southern Peru and northernmost Chile.

Eocene rocks locally crop out in the Western Cordillera, in the
northernmost and southernmost sectors of the study area (Figs. 3,
4 and 7). In the southernmost sector, the early Eocene continental
andesitic volcanic rocks (Icanche Formation; Maksaev, 1978) have
been dated by U-Pb zircon at 49.6 ± 0.53 Ma (Valenzuela et al.,
2014). There, the Cretaceous and Eocene formations are intruded
by medium-grained amphibole-biotite (±pyroxene) granodiorites,
which have yielded a U-Pb zircon age of 44.4 ± 0.5 Ma and a K-Ar
biotite age of 46.3 ± 1.3 Ma (Figs. 3, 4 and 7; Table 1; Argandoña,
1984; Harambour, 1990; Valenzuela et al., 2014). In the northern-
most sector of the study area, the Eocene rocks are intrusions of
mainly medium-grained amphibole-biotite-bearing granodiorites
and quartz monzodiorites that are in part foliated. These have
Rb-Sr, K-Ar and Ar-Ar ages of 46.1 ± 2.8, 35 ± 3, 36.0 ± 0.9 and
31.8 ± 1.0 Ma, but 46.1 Ma is considered as the crystallization
age, whereas 36–32 Ma are considered as minimum ages associ-
ated with deformation and/or hydrothermal alteration (Table 1;
Pacci et al., 1981; García et al., 2012). Thus, the Eocene intrusions
in the study area have ages restricted to 46.3–44.4 Ma and mini-
mum ages of 36–32 Ma. The geochemical composition of the
Eocene intrusions is compatible with high-K calc-alkaline affinity
(García et al., 2012; Valenzuela et al., 2014). To the north of the
study area, in southernmost Peru, middle Eocene intermediate
composition intrusions, with ages of 46.6–39.2 Ma, are related to
currently-mined porphyry-copper deposits (Fig. 2; Wilson and
García, 1962; Clark et al., 1990; Acosta et al., 2011).

2.2. Oligocene to holocene cover rocks

The Oligocene to Holocene cover rocks are extensive, occupying
surface outcrops over most of the study area (Figs. 3, 4 and 5). The
rocks and unconsolidated deposits are predominantly continental
sedimentary and volcanic in origin and include andesitic-dacitic
stratovolcanoes, variably preserved from the early Miocene, and
local hypabyssal intrusions. The cover thickness is highly variable,
ranging from 0 to 250 m in the Coastal Cordillera to maxima of
more than ca. 5000 m in the Western Cordillera. In the Central
Depression and Precordillera, the fluvial, alluvial and pyroclastic
rocks dip horizontally and gently west or are gently folded (Azapa,
Oxaya, El Diablo and Huaylas formations), whereas in the Western
Cordillera, the effusive, pyroclastic, alluvial and locally lacustrine
rocks are moderately to strongly folded and faulted (Lupica,
Utayane, Chucal, Chojña, Macusa, Joracane, Condoriri, Puchuldiza
and Lauca formations, and the Lauca Ignimbrite; Figs. 3, 4, 5 and
6; Salas et al., 1966; Tobar et al., 1968; Mortimer et al., 1974;
Lahsen, 1982; Naranjo and Paskoff, 1985; Kött et al., 1995;
Muñoz and Charrier, 1996; Wörner et al., 2000a; García et al.,
2004, 2011, 2012, 2013; Pinto et al., 2004; Cortés et al., 2014;
Valenzuela et al., 2014).

The Azapa Formation consists of up to 500 m of fluvial conglom-
erates and sandstones (Figs. 3, 4, 5 and 6). The lower sandstones
have yielded detrital U-Pb zircon ages greater than 35 Ma whereas



Fig. 4. General stratigraphic chart of the study area, showing distribution, composition, age and contact relationships of units.
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the upper sandstones have ages greater than 30 Ma (Wotzlaw
et al., 2011). This unit is conformably overlain by the tuffs of the
Oxaya Formation, which have ages between 25 and 17 Ma (see
compilation in García et al., 2004), therefore, the age of the Azapa
Formation is restricted to the Oligocene and probably the late
Eocene. The Oxaya Formation is composed of extensive ignimbritic
rhyolitic tuffs and sedimentary rocks, which are up to 1000 m thick
in the Precordillera and up to 20 m thick in the western Central
Depression (Figs. 3–6). This unit is overlain conformably by up to
400 m thick lacustrine, fluvial and alluvial sandstones, siltstones,
limestones and gravels of the El Diablo Formation (16–9 Ma). In
the eastern Precordillera, the Oxaya Formation is overlain by Mio-
cene andesitic stratovolcanoes or relics of these (e.g., 20–17 Ma
Cordón Quevilque, 15–13 Ma Mamuta, 15–12 Ma Sucuna and 11–
9 Ma Marquez volcanoes) and by the middle-late Miocene fluvial
deposits of the Huaylas Formation (Figs. 3–6).



Fig. 5. Stratigraphic columns of the Oligocene to Holocene cover rocks, showing name, thickness, composition and age control of units and their spatial variations. The
isotopic ages are mainly K-Ar (from García et al., 2004; see text). Location of columns in Fig. 3.
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North to south variations of Oligocene to Holocene stratigraphy
are also pronounced. In the northern part of the Western Cordillera
east of Arica, the Lupica Formation consists of an up to 2500 m
thick sequence of andesitic and dacitic lavas, rhyolitic tuffs and
alluvial and lacustrine sedimentary rocks (Figs. 3–5). Previous
studies of this unit have presumed a Late Cretaceous to Tertiary
age by correlation (Salas et al., 1966); however, geochronology
indicates ages ranging between 25 and 18 Ma (García, 1996,
2002; García et al., 2000, 2004, 2012). The formation is overlain
in angular unconformity, in part progressively, by restricted allu-
vial, fluvial and lacustrine sedimentary rocks (Chucal, Macusa,
Joracane and Lauca formations, and ca. 2.8 Ma Lauca Ignimbrite)
and by middle Miocene to Holocene andesitic-dacitic stratovolca-
noes (Fig. 5). To the south, east of Pisagua, the Late Oligocene to
Early Miocene volcanic and sedimentary rocks (Utayane, Chojña
and Condoriri formations) are covered progressively by middle
Miocene to Pliocene sedimentary rocks and ignimbrites and by late
Miocene to Holocene andesitic-dacitic stratovolcanoes (Lahsen,
1982; Cortés et al., 2014; Valenzuela et al., 2014). Each strato-
volcano can contribute up to 2000 m of thickness to the
Oligocene-Holocene cover. The Lupica, Utajañe and Chojña forma-
tions are intruded by middle-late Miocene diorite to monzonite
and dacitic, hypabyssal, porphyritic and holocrystalline stocks
(Figs. 4 and 7; Wörner et al., 1988; García et al., 2004; Cortés
et al., 2014). East of Arica, these rocks have U-Pb and K-Ar ages
of 16.0 ± 0.6, 12.5 ± 0.6 and 6.6 ± 0.2 Ma (Table 1) and are in part
related to Ag, Pb, Zn and Sb mineralization and hydrothermal alter-
ation (see below).

3. Metallogeny

The Cenozoic metallic ore deposits of northernmost Chile (17.5–
19.5�S) form part of three important Andean metallogenic belts:
the Paleocene to early Eocene (62–50 Ma) and middle Eocene to
early Oligocene (43–31 Ma) porphyry Cu-Mo belts and the Mio-
cene to Early Pliocene polymetallic belt (20–4 Ma) (Fig. 2;
Sillitoe, 1988, 1992; Zappettini et al., 2001; Camus, 2003; Sillitoe
and Perelló, 2005; Maksaev et al., 2007). In the study area, the Pale-
ocene to early Eocene belt occurs along the Precordillera whereas
the middle Eocene to early Oligocene and Miocene to early Plio-
cene belts along the Western Cordillera (Fig. 8; Salas et al., 1966;
Pacci et al., 1980b; García et al., 2004, 2012, 2013; Ordóñez and
Rivera, 2004; Valenzuela et al., 2014). Additionally, two small cop-
per veins (Taltape and Sta. Ana) and one porphyry-Cu prospect
have been recognized in the westernmost Precordillera, are hosted
in the Early Cretaceous rocks and are spatially close to mid Creta-
ceous intrusions (Figs. 6–8; Table 2; Salas et al., 1966; Saric and
Mortimer, 1971; Pacci et al., 1980b; García et al., 2013). These Cre-
taceous deposits are not considered further in the metallogeny.
None of the deposits in the area are exploited to date.

3.1. 1- Paleocene to early eocene belt

The Paleocene to early Eocene metallogenic belt is ca. 30 km
wide and represented by veins, breccia-pipes and vein-
stockworks, containing copper, copper-molybdenum, copper-
gold-silver and silver-lead-zinc mineralization (Fig. 8; Table 2;
Salas et al., 1966; Pacci et al., 1980b; García et al., 2004, 2013;
Ordóñez and Rivera, 2004). Two prospects of porphyry-Cu type
and several Cu occurrences are also known (Table 2). The deposits
are mainly hosted by the Late Cretaceous to Paleocene intrusions
and Cretaceous stratigraphic sequences (Punta Barranco and Cerro
Empexa formations). The largest vein-type deposit is Dos Her-
manos that contains inferred resources of 500,000 tonnes at 1 wt
% Cu and 120 ppm Mo, whereas other veins (as Rosario, Jamiralla
and Eva II) have smaller volumes but higher grades of Cu (10–
18 wt%) and Au (10–19 ppm) (Fig. 8; Table 2; Salas et al., 1966;
Pacci et al., 1980b). The Campanani deposit is a tourmaline-
bearing breccia-pipe and vein-stockwork that contains inferred
resources of up to 100,000 tonnes of mainly oxidized copper ores
at 1 wt% Cu with anomalous Au and Ag values (Salas et al., 1966;
Pacci et al., 1980b; Ordóñez and Rivera, 2004). The host-rock is a
quartz monzodiorite with a U-Pb zircon age of 55.5 ± 1.0 Ma and
a K-Ar age on hydrothermal biotite of 54.5 ± 1.3 Ma (Fig. 7; Table 1;
García et al., 2004). In the Jamiralla vein deposit, a K-Ar sericite age
of 56.1 ± 1.4 Ma indicates a Late Paleocene age for mineralization
(Fig. 7; Tables 1 and 2; Ordóñez and Rivera, 2004). Southward,
some copper occurrences or prospects (Sin Nombre, Quistagama
and Camiña) are spatially close to dioritic and granitic intrusions
with ages ranging from 67 to 62 Ma (Figs. 7 and 8; Tables 1 and



Fig. 6. Detailed geological map of the Taltape area, in the Camarones valley, showing the style of the used available field data; scale 1:25.000 and coordinates in WGS-1984.
See area location in Fig. 3. The Early Cretaceous volcanic rocks (Punta Barranco Formation) are intruded by the 99 Ma Taltape Monzodiorite and dykes and sills. In the western
part of the map, the Taltape reverse fault outcrops and is responsible that the Cretaceous rocks be exposed in the central-eastern part. Note also the differentiation of rock
units in the Oligocene-Miocene cover. Based on García et al. (2004) at north of 20�S and García et al. (2013) at south of 20�S.
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2; García et al., 2013; Valenzuela et al., 2014). The southernmost
vein deposits (El Chino, Sapte, La Hedionda San Pedro and Que-
brada Guacesiña) include Ag(-Pb-Zn) ores without isotopic ages
and are preliminarily assigned to the Paleocene belt (Fig. 8; Tables
2; Pacci et al., 1980b; Ordóñez and Rivera, 2004).

Two porphyry-Cu prospects (La Mancha and Camarones) occur
in this belt (Fig. 8; Table 2). The La Mancha (or Palmani) prospect,
north of the Lluta valley, is buried beneath 700 m of post-mineral
cover. Small surface outcrops of hydrothermally-altered andesitic
rocks intruded by granodiorite contain zones of high density quart-
z ± limonite ± oxide copper and quartz–sericite-pyrite veinlets,
corresponding to early A-type and late D-type veinlets, respec-
tively (H. Munster, written commun., 2014; following the classifi-
cation of Gustafson and Hunt, 1975). An age of 51 Ma has been
preliminarily mentioned for the La Mancha prospect (Sillitoe and
Perelló, 2005). The Camarones (or Chilpe) porphyry-Cu prospect
(Fig. 8) underlies a 600 m thick post-mineral cover and was ini-
tially recognized by Pacci (1978) and Pacci et al. (1980b) as a zone
of hydrothermal alteration and hornfels hosted in Cretaceous vol-
canic rocks, intruded by a granodiorite porphyry dikes. Within
the prospect area a 300 m long and 0.8–2 m thick copper-bearing
vein has been previously mined (Ordóñez and Rivera, 2004). The
host-rock of this vein contains disseminated mineralization of
chalcopyrite and supergene chalcocite (up to 3 and 1 vol.%, respec-
tively) and well as oxide malachite and chalcanthite. The andesite
host rock contains pervasive potassic alteration to secondary min-
eral assemblages of biotite ± quartz ± magnetite ± pyrite, whereas
felsic hosts rocks contain local zones of phyllic-argillic alteration
with quartz ± sericite ± kaolinite assemblages. An inferred resource
of 10 million tonnes at 0.2 wt% copper has been estimated (Fig. 8;
Table 2; Pacci et al., 1980b). Sericite-bearing altered rocks have K-
Ar whole rock ages of 67 ± 3 and 72 ± 3 Ma, which suggest an aver-
age age of ca. 69.5 Ma (Fig. 7; Table 1; García et al., 2004; Ordóñez
and Rivera, 2004).

3.2. Middle eocene to early oligocene belt

This middle Eocene to early Oligocene metallogenic belt is
poorly defined in the Western Cordillera because most bedrock is
concealed by abundant and thick post-mineral cover. Only one
ore deposit is known (Guacesiña), in the southernmost part of
the study area (Fig. 8; Table 2; Pacci et al., 1980b; Ordóñez and
Rivera, 2004). This is a small Ag-(Pb, Zn, Cu) vein hosted in a prob-
able Eocene intrusion lacking isotopic date. In the Eocene intru-



Fig. 7. Simplified map showing distribution and ages of middle Cretaceous to Miocene intrusive rocks, outcrops of pre-Oligocene rock units, and Neogene major faults. For
more detail of ages, see Table 1. Outcrops of the pre-Oligocene bedrock and intrusive rocks were gently exaggerated for better visualization purposes. Outcrops of southern
Peru were taken from Acosta et al. (2011).
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sions of the northernmost part of the area, K-Ar and Ar-Ar ages of
36 to 32 Ma are considered as minimum ages associated with
deformation and/or hydrothermal alteration (Table 1; Pacci et al.,
1981; García et al., 2012), which is compatible with latest Eocene
mineralization in the rest of the Andes. To the north and south of
the study area, the middle Eocene to early Oligocene porphyry-
Cu belt is well developed (Fig. 2; Zappettini et al., 2001; Camus,
2003; Perelló et al., 2003; Sillitoe and Perelló, 2005). Immediately
north and south of the study area, the belt includes the 46–
39 Ma Ataspaca and Tarata districts in southernmost Peru (Clark
et al., 1990; Acosta et al., 2011) and the 38–37 Ma Queen Elizabeth
porphyry-Cu prospect in northern Chile (Camus, 2003; Sillitoe and
Perelló, 2005), respectively. Therefore, due to discontinuous and
limited exposure in the study area this belt of potential porphyry
Cu mineralization can only be estimated to be approximately
40 km wide after projections from north and south.

3.3. 3- Miocene to early pliocene belt

The Miocene to early Pliocene metallogenic belt in the study
region includes the epithermal Choquelimpie Au-Ag deposit, the
Ag, Pb, Zn, Cu and Sb Belén-Tignámar district and several poly-
metallic prospects (Fig. 8; Table 2). Choquelimpie is the most volu-
minous deposit, and contains high-sulfidation epithermal
mineralization mainly as veins and hydrothermal breccias charac-
terized by electrum, argentite, argentiferous galena, realgar and
sphalerite (Sánchez, 1970; Bisso, 1991; Gröpper et al., 1991). The
deposit was formed in a 7–8 Ma andesitic-dacitic volcano and min-
eralization can be temporally related to dacitic dykes dated at
6.6 ± 0.2 Ma (Fig. 8; Table 2; Aguirre, 1990; Wörner et al., 1988).
The resource has been estimated in 56 Mt at 1.1 g/t Au and
16.9 g/t Ag (Cecioni et al., 2000).

The Belén-Tignámar district is formed by several small poly-
metallic deposits that include predominantly Ag, Pb and Zn (±Cu-
Mo) veins, Cu (±Ag) veins and mantos, and subordinately Sb(±Sn)
veins (Fig. 8; Table 2; Salas et al., 1966; Sayes, 1977; Pacci et al.,
1980b; Ordóñez and Rivera, 2004). The individual resources of poly-
metallic deposits are less than 300,000 tonnes ore (as Santa Rosa,
Guanaco, Churicala Sur) that contains locally high grades of up to
1100 g/t Ag, 16 wt% Pb, 20 wt% Zn, 19 wt% Sb and 6 wt%Cu (Table 2).
The Tignámar prospect is a Cu-Mo quartz vein-stockwork, with
inferred 200,000 tonnes ore containing 2 wt% Cu, and has been



Table 1
Summary of isotopic ages of the Late Cretaceous to Miocene intrusive and hydrothermally-alterated rocks of northernmost Chilean Andes, between 17.5 and 19.5�S. See plot in Fig. 7.

Sample Geological unit Approximative
location

Coordinate
UTM E*

Coordinate
UTM N*

Lithology Method and
material

Edad ± error
(Ma ± 2r)

Comment/
Interpretation

Reference

Late Cretaceous to Paleocene intrusions and hydrothermal alteration zones
110520 Camarones alteration zone Chilpe 4,35,139 79,05,458 – K-Ar whole

rock
72 ± 3 Alteration age (sericitization) Ordóñez and

Rivera (2004)
CAM25 Ks diorites Qda. Camiña 4,48,256 78,61,291 Microdiorite U-Pb zircon 69.5 ± 1.3 Valenzuela et al.

(2014)
FR-2 Suca Diorite Qda. de Suca 4,42,745 78,66,940 Diorite U-Pb zircon 67.3 ± 0.6 García et al.

(2013)
MAL-102 Camarones alteration zone S Pachica 4,35,145 79,06,540 Sericitized tuff (?) K-Ar whole

rock
67 ± 3 Alteration age (sericitization) García et al.

(2004)
BL-13 Ks diorites Qda. Camiña 4,50,485 78,62,460 Diorite dyke U-Pb zircon 66.6 ± 0.8 Valenzuela et al.

(2014)
C-7 Qda. Retamilla Granite Qda. Retamilla 4,57,577 78,61,445 Quartz

Monzodiorite
U-Pb zircon 66.3 ± 0.5 Valenzuela et al.

(2014)
MAL-157 Lluta intrusions Qda. Cardones 4,15,865 79,58,575 Quartz

Monzodiorite
K-Ar biotite 66 ± 2 García et al.

(2004)
NMG-434-1 Lluta intrusions Qda. Cardones 4,15,795 79,58,639 Diorite K-Ar biotite 64.5 ± 1.8 Muñoz (written

commun.)
NMG-434-2 Lluta intrusions Qda. Lluta 4,23,815 79,75,625 Diorite K-Ar biotite 64.4 ± 2.0 K low, unreliable age Muñoz and

Charrier (1996)
C-3 Qda. Retamilla Granite Qda. Retamilla 4,58,911 78,61,876 Granite U-Pb zircon 61.7 ± 0.7 Valenzuela et al.

(2014)
MAL-152 Lluta intrusions W Aranche 4,10,595 79,73,239 Basalt dyke K-Ar whole

rock
61 ± 2 Probably minimum age García et al.

(2004)
MAL-2 Esquiña intrusions Esquiña 4,47,965 79,04,926 Quartz Monzonite U-Pb zircon 60.7 ± 0.5 García et al.

(2004)
110508 Jamiralla alteration zone Mina Jamiralla 4,28,063 79,81,167 – K-Ar sericite 56.1 ± 1.4 Alteration age (sericitization) Ordóñez and

Rivera (2004)
MAL-117 Lluta intrusions Mina Campanane 4,26,515 79,74,875 Quartz

Monzodiorite
U-Pb zircon 55.5 ± 1.0 García et al.

(2004)
MAL-117 Lluta intrusions Mina Campanane 4,26,515 79,74,875 Quartz

Monzodiorite
K-Ar biotite 54.5 ± 1.3 García et al.

(2004)

Eocene intrusions
HA.01 Qda. Aroma Granodiorite Qda. Retamilla 4,82,805 78,49,983 Monzogranite K-Ar biotite 46.3 ± 1.3 Harambour

(1990)
ARI-2 Eocene intrusions Pampa Jaillave, N C�

Tawaicoñuñu
4,18,450 80,31,150 Granodiorite Rb-Sr isochron

whole rock
46.1 ± 2.8 Pacci et al.

(1981)
BL-01 Qda. Aroma Granodiorite Qda. Aroma 4,72,085 78,60,256 Granodiorite U-Pb zircon 44.4 ± 0.5 Valenzuela et al.

(2014)
MAL-246 Eocene intrusions W Humapalca 4,22,731 80,23,405 Granodiorite K-Ar biotite 36.0 ± 0.9 Excess of 40Ar. Probably

deformation or alteration age
García et al.
(2012)

ARI-2 Eocene intrusions Pampa Jaillave, N C�
Tawaicoñuñu

4,18,450 80,31,150 Granodiorite K-Ar biotite 35 ± 3 Probably deformation or
alteration age

Pacci et al.
(1981)

MAL-246 Eocene intrusions W Humapalca 4,22,731 80,23,405 Granodiorite Ar-Ar isochron
biotite

31.8 ± 1.0 Initial 40Ar/36Ar of 550 ± 70.
Minimum age

García et al.
(2012)

Miocene intrusions and hydrothermal alteration zones
110518 Lupica Fm. (hydrot. alterated) in

Churicala Norte Mine
Churicala Norte Mine 4,53,294 79,41,383 – K-Ar whole

rock
18.9 ± 1.7 Alteration age (sericitization) Ordóñez and

Rivera (2004)
110510 Lupica Fm. (hydrot. alterated) in

Santa Rosa Mine
Santa Rosa Mine 4,51,619 79,46,963 – K-Ar whole

rock
18.9 ± 0.7 Alteration age (sericitization) Ordóñez and

Rivera (2004)
MAL-214 Lupica Fm. (hydrot. alterated) near

Churicala Norte Mine
E Tignámar 4,52,965 79,41,069 Dacite K-Ar whole

rock
17.1 ± 0.7 Alteration age (sericitization) García et al.

(2004)
GAL-51 Miocene intrusions Murmuntani 4,42,115 79,70,475 Quartz

Monzodiorite-
U-Pb zircon 16.0 ± 0.6 García et al.

(2004)

(continued on next page)
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considered as a porphyry-type prospect (Pacci, 1970, 1977; Pacci
et al., 1980b). The deposits and prospects of the Belén-Tignámar dis-
trict aremainly hosted in the lower part of the Lupica Formation and
are related to intrusion of middle Miocene (16–12 Ma) diorite to
quartz-monzonite hypabyssal stocks (García et al., 2004). Sericitized
rocks in the district have K-Ar whole rock ages between 17.1 ± 0.7
and 18.9 ± 1.7 Ma (Fig. 6; Table 1; García et al., 2004; Ordóñez and
Rivera, 2004). Two copper vein-deposits (El Tranque and El Tranque
Sur) hosted in the BelénMetamorphic Complexmay be older but are
here considered to be Miocene due to their proximity to other Mio-
cene ore-deposits (Table 2).

To the north of Belén-Tignámar district andwest of Putre, a large
(<250 km2) zone of argillic and sericitic hydrothermal alteration
affect rocks of the Lupica Formation and contains copper-
molybdenum prospects (Pacci et al., 1980b). The altered rocks have
K-Ar whole rock ages between 9.3 ± 0.7 and 14.3 ± 1.0 Ma (Fig. 7;
Table 1; Gardeweg, 1996; García et al., 2004). To the NW of Putre,
small Pliocene-Holocene manganese mantos are interpreted as
genetically associated to sedimentary exhalative processes (Salas
et al., 1966; Cruzat, 1967, 1970; Pacci et al., 1980b; García et al.,
2004). In the southernmost Peru, immediately to the north of the
study area, theMiocene to early Pliocenemetallogenic belt includes
middle Miocene Au(-Ag) epithermal mineralization at both the
Pucamarca deposit and Huilacollo prospect (Fig. 8; Acosta et al.,
2011). Therefore, this belt is very wide and defined extensively
along the northern Chile, southern Peru and western Bolivia.
4. Structural evolution

The rocks of the northernmost Chilean Andes (17.5–19.5�S)
have been deformed in various periods since the mid Cretaceous
as evidenced by angular unconformities in strata and fault-
cutting relationships. The main structures affecting the Oligocene
to Holocene units strike N-S to NW-SE and some of these bound
the physiographic units and control the slope variations (Figs. 3
and 9). Here, we emphasize evidence that allows for separation
of distinct deformational periods, especially linked to the Eocene
to Miocene structures that control (a) the exposure and preserva-
tion of blocks containing porphyry copper deposits and (b) the dis-
tribution and thickness of the post-mineral cover.

Early Eocene Icanche Formation rocks are folded and uncon-
formably overlain by the late Oligocene-early Miocene Oxaya For-
mation (Valenzuela et al., 2014). Late Cretaceous to Paleocene
intrusions in the Lluta valley are cut by NNE-trending subvertical
strike-slip faults, and are also unconformably overlain by the
Oxaya Formation (García et al., 2004). These relationships suggest
that middle-late Eocene to probably as young as early Oligocene
contractional and transcurrent deformation is likely part of the
Domeyko Fault System in northern Chile and is linked to the Incaic
contractional phase in Chile (Maksaev, 1979; Reutter et al., 1991,
1996; Maksaev and Zentilli, 1999; Tomlinson et al., 2001, 2015;
Charrier et al., 2007, 2013; Mpodozis and Cornejo, 2012) and Peru
(Noble et al., 1979; Mégard, 1984, 1987; Sébrier et al., 1988; Noblet
et al., 1996).

Oligocene tectonic activity is observed in the western Precordil-
lera, in blind steeply east-dipping reverse faults that are locally
exposed in canyons below the latest Oligocene to Miocene rocks
(Ausipar and Taltape faults; Figs. 3, 6 and 9; Muñoz and Charrier,
1996; García, 2002; García et al., 2004, 2013; García and Hérail,
2005; Charrier et al., 2013). These faults were also active in the
Miocene (see below), therefore, the Oligocene activity must be
detected when the Miocene deformation is restored. The Taltape
Fault is exposed in the Camarones valley, where strikes N20-
30�W and dips 50-60�E, and secondary faults in the hanging wall
show slickensides indicating reverse movement (García, 2002;



Fig. 8. Distribution of the middle Cretaceous to Pliocene metallic ore deposits and the intrusive and metallogenic belts. This includes vein-type, manto-type and vein-
stockwork deposits, occurrences and porphyry-Cu prospects. Outcrops of the intrusive rocks were gently exaggerated for better visualization purposes. Outcrops of southern
Peru were taken from Acosta et al. (2011).
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García et al., 2004, 2013). The fault has reverse displacement of at
least 300 m of Cretaceous rocks (Punta Barranco Formation and
intrusions) atop the lower part of the Oligocene Azapa Formation.
The upper part of the Azapa Formation is present on both sides of
the fault and is not cut by the pre-Miocene fault, which indicates a
reverse movement mainly during the Early Oligocene. The Ausipar
Fault is exposed in the Lluta and Azapa valleys, where strikes N10-
30�W and dips 50–70�E (García, 2002; García et al., 2004; García
and Hérail, 2005). Its hanging wall consists of the Jurassic-Early
Cretaceous rocks that are locally unconformably overlain by the
uppermost part of the Azapa Formation, whereas the footwall con-
sists of a full thickness of Azapa Formation. The Oxaya Formation is
on both sides of the fault, so the thin exposures of the Azapa For-
mation in the hanging wall indicate the existence of an Oligocene
reverse faulting of at least 900 m.

Miocene to Holocene deformation is very minor in the Coastal
Cordillera and Central Depression and is represented by a series
of subvertical faults with a variety of strikes and displacements
generally smaller than 200 m (except one displacement of
500 m) and by gentle and widely spaced folds and flexures with
amplitudes less than 200 m (Fig. 3; García et al., 2004;
Allmendinger and González, 2010; García and Fuentes, 2012). In
the Precordillera, the present-day surface is gently folded in vast
asymmetric west-vergent anticlines and flexures (monocline folds;
Figs. 3 and 9). East of Arica, the Huaylillas and Oxaya anticlines
have lengths of 60 and 50 km, and amplitudes of 950 and 850 m,
respectively, and are bounded to the west by the relatively straight
trace of the surface projection of the blind Ausipar Fault (Figs. 3
and 9; Muñoz and Charrier, 1996; García et al., 2004; García and
Hérail, 2005). The Oxaya Anticline has limbs dipping up to 25�W
and 6�E, and growth strata on its eastern limb indicate that folding
occurred between ca. 11.7 and 10.7 Ma. Across the fold, shortening
(<100 m) is much less than its amplitude (<850 m), which suggests
a steep dip of the Ausipar Fault at depth (García and Hérail, 2005).
To the south, the Precordillera is characterized by a surface that
dips 2–3� west (Sucuna Monocline) that can be followed with
minor structural interruption to the Central Depression where
the surface dips 1–2� west (Fig. 3). To the south of 19 �S, the



Table 2
Summary of metallic ore deposits and Paleocene porphyry copper prospects related to the Mid Cretaceous to Miocene intrusions of the northernmost Chile. Note that minor occurrences and other prospects are not been considered in
this table but they are plotted in Fig. 8.

No.
in
Fig. 8

Name Coordinate
UTM E*

Coordinate
UTM N*

Metal Type Inferred
resources
(t)

Mean grade Host rock, unit References Comments

Mid Cretaceous belt
31 Taltape 4,14,651 78,97,535 Cu Vein 5000 4% Cu Punta Barranco Fm. Salas (1966a), Salas et al. (1966), Saric and

Mortimer (1971), Pacci et al. (1980b), Ordóñez
and Rivera (2004)

Possible resources: 20,000
t with 2% Cu

32 Santa Ana 4,16,051 78,97,500 Cu Vein 8000 4% Cu Punta Barranco Fm. Salas (1966b), Saric and Mortimer (1971), Pacci
et al. (1980b), Ordóñez and Rivera (2004)

Possible resources: 1000 t
with 5% Cu

Paleocene-Early Eocene belt
2 La Mancha

prospect
4,23,424 79,82,608 Cu Stockwork Cerro Empexa Fm. and

Lluta intrusions (K-T)
H. Munster (written commun.)

3 Jamiralla 4,28,063 79,81,167 Cu-(Au,
Ag)

Vein, breccia
pipe

4057 10 g/t Au; 15–
18% Cu

Lluta intrusions (K-T) Salas et al. (1966), Pacci et al. (1980b), Ordóñez
and Rivera (2004)

4 Rosario 4,26,795 79,78,639 Cu-(Au) Vein, breccia
pipe

500 15 g/t Au; 15–
18% Cu

Lluta intrusions (K-T) Salas et al. (1966), Pacci et al. (1980b), Ordóñez
and Rivera (2004)

5 Dos
Hermanos

4,23,335 79,76,879 Cu-(Mo) Stockwork 5,00,000 120 g/t Mo; 1%
Cu

Lluta intrusions (K-T) Salas et al. (1966), Pacci et al. (1980b), Ordóñez
and Rivera (2004)

7 Campanani 4,26,386 79,75,252 Cu-(Au,
U)

Stockwork,
vein, breccia
pipe

1,00,000 Lluta intrusions (K-T) Salas et al. (1966), Pacci et al. (1980b), García
et al. (2004), Ordóñez and Rivera (2004)

8 Eva II (o
Chironta)

4,17,513 79,74,002 Cu Vein 1000 10% Cu Lluta intrusions (K-T) Pacci et al. (1980b), Ordóñez and Rivera (2004)

9 Lucita 4,16,958 79,59,811 Cu-(Ag,
Au)

Vein 60,000 5% Cu Lluta intrusions (K-T) Pacci et al. (1980b), Ordóñez and Rivera (2004)

13 Halcones 4,16,905 79,57,936 Cu-(Au,
Ag)

Vein 50,000 6% Cu Lluta intrusions (K-T) Pacci et al. (1980b), Ordóñez and Rivera (2004)

19 Santuario 4,18,595 79,49,139 Cu-(Pb,
Zn, Mo,
Ag)

Vein Livilcar Fm. Pacci et al. (1980b)

30 Chilpe /
Camarones
prospect

4,35,139 79,05,458 Cu Vein /
stockwork

1,00,00,000 0.2–1% Cu Suca or Punta Barranco
Fm.

Pacci (1978), Pacci et al. (1980b), Ordóñez and
Rivera (2004)

Resources are given for the
Camrones porphyry-Cu
prospect

33 El Chino 4,67,995 78,46,941 Cu-(Au) Vein 2400 Cerro Empexa Fm. Pacci et al. (1980b) Possible resources: 4800 t
34 Sapte 4,66,281 78,44,816 Cu-(Pb,

Zn, Ag)
Vein 60,000 125–150 g/t Ag;

3% Pb
Cerro Empexa Fm. Pacci et al. (1980b), Ordóñez and Rivera (2004) Possible resources:

240,000 t
35 La Hedionda 4,65,786 78,43,533 Cu-(Au) Cerro Empexa Fm. Ordóñez and Rivera (2004)
36 San Pedro 4,65,179 78,42,735 Ag-(Pb,

Zn, Cu)
Vein 3000 150 g/t Ag;

12.5% Pb
Cerro Empexa Fm. Pacci et al. (1980b), Ordóñez and Rivera (2004) Possible resources: 48,600

t
38 Quebrada

Guacesiña
4,70,252 78,30,236 Ag-(Pb,

Zn)
Vein 450 Qda. Aroma Metam.

Complex and Cerro
Empexa Fm.

Pacci et al. (1980b)

Middle Eocene-Early Oligocene belt
37 Guacesiña 4,78,002 78,30,846 Ag-(Pb,

Zn, Cu)
Vein 1500 205 g/t Ag; 2.5%

Au
Eocene(?) granodiorite-
granite

Pacci et al. (1980b), Ordóñez and Rivera (2004) Possible resources: 3000 t

Miocene-Pliocene belt
1 Locura (o

Colpita)
4,59,598 80,12,458 Ag-(Pb,

Zn)
Manto 1500 700 g/t Ag; 0.5%

Pb
Lupica Fm. Pacci et al. (1980b), Ordóñez and Rivera (2004)

6 Choquelimpie 4,72,674 79,75,539 Au-(Ag,
Cu)

Vein,
stockwork

5,60,00,000 1.1 g/t Au;
16.9 g/t Ag

Late Miocene volcano Sánchez (1970), Bisso (1991), Gröpper et al.
(1991), Cecioni et al. (2000), Ordóñez and Rivera
(2004)

10 El Tranque 4,48,399 79,59,656 Cu Vein 500 6% Cu Belén Metam. Complex Sayes (1977), Pacci et al. (1980b), Ordóñez and
Rivera (2004)

in siliceous dyke

11 San Lorenzo 4,49,524 79,58,890 Ag-(Cu, Vein 40,000 357 g/t Ag; 16% Lupica Fm. Salas et al. (1966), Sayes (1977), Pacci et al. Possible resources:
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Table 2 (continued)

No.
in
Fig. 8

Name Coordinate
UTM E*

Coordinate
UTM N*

Metal Type Inferred
resources
(t)

Mean grade Host rock, unit References Comments

Pb, Zn) Pb; 20% Zn (1980b), Ordóñez and Rivera (2004) 100,000 t with 300 g/t Ag
12 El Tranque

Sur
4,48,339 79,58,856 Cu Vein Belén Metam. Complex This work in quartz(-sulfur) vein

system
14 El Milagro 4,45,975 79,57,580 Cu Manto 500 5% Cu Lupica Fm. Pacci et al. (1980b)
15 Guanaco 4,48,058 79,57,542 Cu Manto 2,25,000 3–6% Cu Lupica Fm. Sayes (1977), Pacci et al. (1980b), Calvo (1992),

Ordóñez and Rivera (2004)
Possible resources: 20,000
t with 1% Cu

16 Patiño 4,50,827 79,57,531 Ag-(Pb,
Zn, Cu)

Vein 10,000 200 g/t Ag Lupica Fm. Sayes (1977), Pacci et al. (1980b), Ordóñez and
Rivera (2004)

17 Sabinaya 4,49,243 79,50,797 Cu Manto 240 4% Cu Lupica Fm. Pacci et al. (1980b), Ordóñez and Rivera (2004)
18 Apacheta 4,56,695 79,50,539 Sb-(Ag,

Mo)
Vein 10,000 19% Sb; 209 g/t

Mo
Lupica Fm. Sayes (1977), Pacci et al. (1980b), Ordóñez and

Rivera (2004)
20 Pumane 4,48,553 79,48,060 Cu Vein 1000 1% Cu Lupica Fm. Pacci et al. (1980b), Ordóñez and Rivera (2004)
21 Torpedo 4,51,125 79,47,595 Ag-(Cu,

Pb, Zn)
Vein 6000 2,5% Cu Lupica Fm. Salas et al. (1966), Sayes (1977), Pacci et al.

(1980b), Ordóñez and Rivera (2004)
22 Santa Rosa 4,51,619 79,46,963 Ag-(Pb,

Zn)
Vein 3,00,000 160 g/t Ag; 4 g/t

Au
Lupica Fm. Sayes (1977), Pacci et al. (1980b), Ordóñez and

Rivera (2004)
23 Chulpa 4,54,785 79,46,505 Ag-(Pb,

Zn, Au)
Vein 5000 65 g/t Ag; 72%

Pb; 5% Zn
Lupica Fm. Sayes (1977), Pacci et al. (1980b), Ordóñez and

Rivera (2004)
24 Putagua 4,50,465 79,44,443 Cu-(Pb) Vein 20,000 3% Cu Lupica Fm. Sayes (1977), Pacci et al. (1980b), Ordóñez and

Rivera (2004)
25 Churicala

Norte
4,53,294 79,41,383 Cu-(Ag) Vein 5000 200 g/t Ag Lupica Fm. Pacci et al. (1980b), Ordóñez and Rivera (2004)

26 Churicala Sur 4,53,595 79,40,639 Cu-(Ag) Vein 2,00,000 0.2% Cu; 88 g/t
Ag

Lupica Fm. Sayes (1977), Pacci et al. (1980b)

27 Chivatune 4,55,770 79,40,378 Ag-(Pb,
Zn, Cu)

Vein 50,000 250–350 g/t Ag;
16% Pb; 16% Zn

Lupica Fm. Pacci et al. (1980b), Ordóñez and Rivera (2004) Possible resources:
500,000 t

28 Capitana 4,54,471 79,40,191 Sb-(Ag,
Cu, Pb,
Zn)

Vein 5000 5–7% Sb; 2.5%
Pb; 1080 g/t Ag;
5% Cu

Lupica Fm. Salas et al. (1966), Sayes (1977), Pacci et al.
(1980b), Ordóñez and Rivera (2004)

29 Ociel 4,62,565 79,36,199 Sb-(Ag,
Pb)

Vein 10,000 4.2 g/t Ag; 5% Sb Lupica Fm. Salas et al. (1966), Sayes (1977), Pacci et al.
(1980b), Ordóñez and Rivera (2004)

* Datum WGS-1984.
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Fig. 9. Cross-sections in the western border of the Precordillera illustrating the Oxaya Anticline (A) and the Humayani (B) and Moquella (C) monocline flexures. Trace
locations of cross-sections are in Figs. 3 and 10. Each section has its structural restoration at ca. 30 Ma, showing geological configuration after the formation of the Paleogene
ore deposits.
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Precordillera is bounded to the west by the Humayani, Moquella
and Aroma-Soga flexures (Figs. 3 and 9), which produce a topo-
graphic step of up to 800 m. The 30 km long Humayani Flexure is
related to activation and propagation of the blind Taltape Fault
and was generated after deposition of the Middle Miocene El Dia-
blo Formation (Figs. 3, 6 and 9; García, 2002). In the Moquella
(40 km in long) and Aroma-Soga flexures, the amount of shorten-
ing is small and growth strata indicate a continuous contractional
deformation during the late Oligocene-Miocene (�25 to � 6 Ma),
but the controlling master faults have not been observed at surface
(Pinto et al., 2004; Farías et al., 2005; García et al., 2013;
Valenzuela et al., 2014). Kinematic forward models show that the
deformation in the Moquella Flexure area can be produced by a
single blind 65� east-dipping reverse fault that has a tip-line
located at 3–4 km depth and has had several periods of movement
since the middle Cretaceous (Riquelme, 2015). In summary, the
Miocene anticlines and flexures of the Precordillera show little
shortening but important vertical displacements, and are inter-
preted as generated by propagation of east-dipping blind reverse
faults, several of which are likely reactivated older basement faults
(Fig. 9). Oligocene reverse faulting is also evidenced. In contrast, in
the Western Cordillera, the Miocene to Holocene structures are
partially exposed and form a fold-thrust belt with somewhat dif-
ferent character and vergency along the strike (Fig. 3). At the cen-
ter, between Putre and Tignámar, the belt is west-vergent, involves
the pre-Oligocene basement and has produced a W-E structural
shortening of at least 10 km (Muñoz and Charrier, 1996; García,
2002; García et al., 2004; Charrier et al., 2013), whereas to the
north and south, the belt is east-vergent, thin-skinned, and affects
only the post-Oligocene cover sequence (Lahsen, 1982; Riquelme,
1998; García, 2002; García et al., 2004, 2012; Charrier et al.,
2013; Cortés et al., 2014; Valenzuela et al., 2014).
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5. Thickness variation of the post-mineral cover

Determination of lower thicknesses of the post-mineral cover is
crucial to explore in covered areas. We have estimated the thick-
ness variations for the Oligocene to Holocene cover that conceals
much of the two Paleocene to early Oligocene porphyry-Cu-Mo
metallogenic belts. Integration of all available geological and geo-
physical information allowed construction of a cover thickness
distribution map (Fig. 10). Although the metallogenic belts are
along the Precordillera and Western Cordillera, the reviewing and
compilation data for the Central Depression was also necessary.

In the Central Depression, the cover thickness increases pro-
gressively from west to east, being much smaller than 200 m in
the Coastal Cordillera. In the southwestern part of the Central
Depression, the cover thickness is of 432 m measured from one
drill-hole (Fig. 10; Mordojovich, 1965). In the easternmost Central
Depression, the cover-bedrock contact is not observed but a mini-
mum cover thickness can be estimated: in the Lluta and Azapa val-
Fig. 10. Thickness distribution map of the Oligocene to Holocene post-mineral cover in t
color. Note that in the Central Depression, two reflection seismic profiles exist and the 10
be determined, especially around the Precordillera canyons, the 1000 m isoline is inferred
strip with uplifted bedrock blocks and cover thickness thinner than 1000 m is accessib
Outcrops of the pre-Oligocene bedrock were gently exaggerated for better visualization
leys, the cover is at least 940 and 1020 m in thickness, respectively
(Figs. 5 and 10); in the Camarones valley, the cover is at least
1040 m in thickness; in the Suca valley, the cover is at least
750 m in thickness. Additionally, the cover thickness in the Central
Depression can be estimated from two reflection seismic profiles
(Fig. 10). The transformation of vertical wave time arrival to depth
in the reflection seismic profiles was contrasted respect to
drill-hole information and the observations of the cover-bedrock
contact in canyons in the western Central Depression. In the north-
ern profile, the maximum thickness of cover is 1800 m approxi-
mately in the central part of the Central Depression, and in the
eastern border of the profile, this diminishes to 400 m. In the
southern profile, the maximum thickness of cover is 1700 m, and
this is relatively constant in the entire central-eastern segment
(Fig. 10). Considering the maximum thickness identified in the
seismic profiles and the structural evolution of the Precordillera,
we expect that the maximum depth of bedrock in the eastern Cen-
tral Depression, is over 2000 m (Fig. 10). In summary, data in the
he study area. The inferred area with more than 1000 m thickness is indicated with
00 and 2000 m isolines can be indicated, whereas to the east, the 500 m isoline can
and the higher isolines are not known in theWestern Cordillera. A semi-continuous
le to deep exploration along the Paleocene to early Eocene porphyry-copper belt.
purposes.
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Central Depression allows approximation of the 1000 and 2000 m
thickness isolines.

In the Precordillera, the cover thickness is observed along deeply
incised valleys where the 500 and 1000 m thickness isolines can be
drawn (Fig. 10). The data do not permit to infer the 2000 m and
higher isolines. In the western border of the Precordillera, regional
blind high-angle Oligocene to Miocene reverse faults have caused
uplift, preservation and partial exposure of the bedrock hosting
the Paleocene to early Eocene porphyry-Cu-Mo belt (Figs. 3, 6, 9
and 10). The bedrock is more elevated in the fault hanging walls
(Precordillera) compared to the footwalls (eastern Central Depres-
sion) and its Oligocene offset is at least 300–900 m (Fig. 9). We
assume that the longitudinal segments of faults that were activated
during the Oligocene and Miocene were also the segments acti-
vated during the Eocene. In the western part of the Ausipar Fault
hanging wall, the thickness of cover ranges from approximately
400 to 600 m, whereas in its eastern part, in the Lluta and Cardones
valley, the thickness is small, varying from 0 to 500 m, and in the
Azapa valley, the maximum thickness is observed (900 m). To the
south, east of Codpa village, the Late Cretaceous to Paleocene intru-
sive bedrock is exposed in a valley bottom, at 150 m below the
cover surface (Fig. 10). In the Camarones valley, the post-mineral
cover thickness is less than 500 m, to the west of Esquiña village,
and this increases to thewest and to the east; in the Camarones pro-
spect area, the thickness of cover is approximately 600 to 700 m.
For the hanging wall of the Taltape Fault, the thickness of cover
ranges from 600 to 900 m (Figs. 5, 9 and 10). To the south, in the
Moquella Flexure area, the thickness of cover varies from 300 to
700 m (Figs. 9 and 10). To the east and south of the Camiña village,
thickness remains at less than 500 m.

In the Western Cordillera, above the middle Eocene to early Oli-
gocene metallogenic belt, there are few data for the post-mineral
cover thickness. The thickness of the Oligo-Miocene formations is
ca. 2500 m and each Miocene-Holocene strato-volcano can con-
tribute up to 2000 m of thickness to the cover, therefore a maxi-
mum value of 4500 m can be locally reached. In addition, the
Neogene structural shortening has produced substantial increases
of the cover thickness. Nonetheless, the Oligocene-Holocene cover
is deposited atop the eastern outcrops of the Belén Metamorphic
Complex, and has not been faulted or folded extensively. Here, a
restricted area has a cover less than 1000 m in thickness
(Fig. 10). In general, the data permit to infer the 1000 m isoline
whereas the higher isolines cannot be stablished.

Consequently, the cover thickness in the study area varies
highly from 0 to more than 5000 m and increases globally from
west to east. The cover thickness distribution map has different
resolution depending of available information. Data allows approx-
imation of the 1000 and 2000 m thickness isolines in the Central
Depression and the 500 and 1000 m thickness isolines in the Pre-
cordillera (Fig. 10). In the Western Cordillera, cover thickness data
are very limited and the 1000 m isoline is inferred and the higher
isolines are not known. For the Paleocene to early Eocene metallo-
genic belt in the Precordillera, we distinguish a semi-continuous
strip of uplifted bedrock blocks where the cover thickness is less
than 500 to 1000 m (Fig. 10). The results imply that there is a large
region accessible to exploration at <1000 m, but included are areas
where larger thicknesses of cover may exist in deep paleovalleys.
The cover thickness is strongly controlled by the sedimentation
and volcanic production rates and by the effects of Eocene to Mio-
cene contractional tectonic evolution.
6. Distribution of the magmatic and metallogenic belts

Based on the available geological information summarized
herein we have constructed maps showing an improved distribu-
tion of the prospective magmatic and metallogenic belts and the
places these belts may be amenable to exploration under shallow
post-mineral cover. The Paleocene to early Eocene metallogenic
belt is ca. 30 km wide and defined in the Precordillera by a discon-
tinuous NNW-SSE strip of intrusions and related ore deposits or
prospects that include veins, breccia-pipes and stockworks with
copper, copper-molybdenum, copper-gold-silver and silver-lead-
zinc metal assemblages. Two porphyry-Cu prospects (La Mancha
and Camarones) have potassic and sericite alteration and mineral-
ization associated with quartz-sulfide stockwork veinlets. The age
for intrusion related to the major breccia deposit is 55.5 Ma and
hydrothermal alteration ages in the larger deposits and one
porphyry-Cu prospect are 69.5, 56.1 and 54.5 Ma. Additionally,
large porphyry-Cu-Mo contemporaneous deposits immediately
outside the area and the two porphyry-Cu prospects in the area,
suggest a significant potential for ores beneath the post-mineral
cover (Figs. 2, 8, and 10). To the west of the Paleocene to early
Eocene metallogenic belt from Arica to Camiña (i.e. from 18.5 to
19.5�S), middle Cretaceous (99–85 Ma) intrusions associated with
copper veins are locally exposed in a NW-oriented discontinuous
strip. The southern projection of this middle Cretaceous belt south
of 19�S overlaps with the Paleocene to early Eocene metallogenic
belt (Fig. 8).

The middle Eocene to early Oligocene metallogenic belt is
mainly defined by 46.3 to 44.4 Ma intrusions that are discontinu-
ously distributed in the Western Cordillera, at the north and south
extremes of the study area (Fig. 7). Only one small middle Eocene
to early Oligocene Ag-(Pb, Zn, Cu) vein is present, but to the north
and south of this, the contemporaneous porphyry-Cu belt is well
developed (Fig. 2; Camus, 2003; Perelló et al., 2003; Sillitoe and
Perelló, 2005). In the study area, the post-mineral cover is extre-
mely extensive and thick (Fig. 10). An exception is the area of thin
cover in the Belén-Tignámar area, in approximately 40 km long by
10 kmwide. In this area, the Belén Metamorphic Complex is locally
exposed, and thus there is potential for middle Eocene to early Oli-
gocene ore deposits (Figs. 8 and 10). The wide of this belt in north-
ernmost Chile is unknown but according to projections from north
and south, it can be estimated at approximately 40 km.

The youngest Miocene to early Pliocene metallogenic belt, in
the study area, is well-exposed and formed by mainly small Au-
Ag and polymetallic deposits, which are related to volcanic centers
and diorite, quartz monzonite and dacite hypabyssal intrusions.
The intrusion ages vary from 16.0 to 6.6 Ma and the alteration ages
in deposits and prospects range from 18.9 to 9.3 Ma. The magmatic
belt is evidently defined by stratovolcanoes with different degrees
of preservation. The Miocene to early Pliocene magmatic and met-
allogenic belt at this latitude is very wide, ca. 50 km in the Western
Cordillera of northern Chile and ca. 150 km in the Altiplano of
western Bolivia.

At scale of the Andes, the different magmatic and metallogenic
belts can be seen as parallel and continuous strips in that the
younger are located progressively to east (Fig. 2; Sillitoe, 1988,
1992; Camus, 2003; Perelló et al., 2003; Sillitoe and Perelló,
2005). However, in southern Peru the Mesozoic to Cenozoic mag-
matic belts are non-parallel and are locally superimposed on one
another (Mamani et al., 2010) and in the 250 km Andean arc seg-
ment we have investigated, the Cenozoic magmatic and metallo-
genic belts also overlaps. For example, the Miocene to early
Pliocene metallogenic belt is clearly superimposed in a 40–
50 km-wide-zone on the middle Eocene to early Oligocene metal-
logenic belt and locally on the Paleocene to early Eocene belt
(Fig. 8). The positions of these magmatic and metallogenic belts
in the Andes are thought to form as a result of arc migration as con-
sequence of subduction processes, such as forearc subduction ero-
sion and/or variation of the subduction angle (Mpodozis and
Ramos, 1989; Sandeman et al., 1995; Kay et al., 1999, 2005; Kay
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and Coira, 2009). The Paleocene to early Eocene belt is well-defined
whereas the middle Eocene to early Oligocene belt is poorly
exposed but can be drawn by projections from north and south.
Thus a magmatic arc migration eastward has occurred during the
early-middle Eocene (from 51 to 46 Ma). In northern Chile, this
arc jump was of around 30 km and may have been associated with
moderate erosion subduction of the fore-arc (Mpodozis and Ramos,
1989) but in southern Peru, the migration was of more than
120 km, accompanied of magmatism decreasing and was likely
associated to subduction flattening which existed until the early
Oligocene at ca. 32 Ma (Sandeman et al., 1995; Perelló et al.,
2003; Mamani et al., 2010). In northernmost Chile, a magmatic
calm is apparently present between ca. 39 and 25 Ma (García
et al., 2004; Acosta et al., 2011; Valenzuela et al., 2014) although
detrital U-Pb zircon ages in east-proceeding rocks of the Oligocene
Azapa Formation suggest this magmatic gap began after, around
30–35 Ma (Wotzlaw et al., 2011) and is interpreted to represent
a period of flat-slab subduction. Therefore, the subduction flatten-
ing was initiated in southern Peru at ca. 51–46 Ma and was migrat-
ing southward, to presently central Chile, and would be associated
to subduction of the NE�trending oceanic Juan Fernandez Ridge
(James and Sack, 1999; Martinod et al., 2010). The late Eocene to
early Oligocene porphyry-Cu-Mo deposits were emplaced along
compressional and transpressional fault systems, that accompa-
nied the formation of the Bolivian orocline, crustal thickening,
strong inter-plate mechanical coupling, increased forearc subduc-
tion erosion and slab shallowing (Mpodozis and Cornejo, 2012).
The overlap of the Miocene to early Pliocene metallogenic belt atop
the earlier belts may be explained by renewed magmatism and
maximum migration westward of the volcanic front, since ca.
32 Ma in southern Peru and since ca. 25 Ma in northernmost Chile,
as consequence of subduction slab steepening (Sandeman et al.,
1995; James and Sack, 1999; Kay et al., 1999; Kay and Coira,
2009). Additional geochronology studies of igneous rocks in the
17.5–19.5�S and around would help improve the understanding
of the positions of the magmatic and metallogenic belts and their
durations, and aid in prospecting.
7. Conclusions and implications

The northernmost Chilean Andes (17.5–19.5�S) include the pro-
jections of both the Paleocene to early Eocene and middle Eocene
to early Oligocene arc-parallel metallogenic belts that contain
giant porphyry-Cu-Mo deposits to the south in northern Chile
and to the north in southern Peru. The Paleocene to early Eocene
belt at 17.5–19.5�S is estimated to be 30-km wide in the Precordil-
lera, where is well-defined by several intrusions, Cu veins and
breccias and porphyry Cu-Mo prospects. The age for intrusion
related to the major breccia deposit is 55.5 Ma and hydrothermal
alteration ages in the major Cu vein deposit and one porphyry-
Cu prospect range from 69.5 to 54.5 Ma. This belt is flanked to
the east by the middle Eocene to early Oligocene belt that is asso-
ciated with intrusions of 46.3–44.4 Ma and estimated to be 40-km
wide in the Western Cordillera. The Miocene to early Pliocene met-
allogenic belt is the youngest arc-parallel zone of polymetallic
mineralization and also dominantly occurs in the Western Cordil-
lera where is well-exposed and wide (>50 km) extending east into
the Bolivia. Available hydrothermal alteration ages in this belt vary
from 18.9 to 9.3 Ma and intrusion ages, from 16 to 6.6 Ma. The
Paleocene to early Oligocene belts are highly prospective for por-
phyry Cu-Mo deposits, but are largely covered by post-mineral
sedimentary and volcanic rocks.

The Oligocene-Holocene cover is formed of continental sedi-
mentary and pyroclastic volcanic successions in the west, and vol-
canic effusive and pyroclastic deposits and locally sedimentary
successions with local Miocene intrusions in the east. The thick-
ness of this cover is highly variable, from 0 to 5000 m and
decreases globally from east to west reflecting source volcanoes
and eroding high elevation sources of sedimentary materials in
the Cordillera to the east. The cover thickness distribution is
strongly controlled by volcanism and sediment sources but also
by the Eocene and younger contractional tectonic evolution, espe-
cially in the Precordillera. The cover sequence originally dipped
gently to the west, but has been subsequently deformed by reverse
and local thrust faults and wide amplitude anticlines and monocli-
nes that are oriented north-northwest by south-southeast and are
30 to 60 km long. The dominant structures are steeply east-dipping
(on average 60�) reverse faults which are mainly blind and have
recurrent activity since the Eocene. The bedrock vertical displace-
ment, during the Oligocene, is at least 300 to 900 m. The faults
may include original offset in the middle Cretaceous period, but
most of the movement may have constrained to be Incaic (late
Eocene to early Oligocene) as documented in the Domeyko fault
zone to the south and in southern Peru (Maksaev, 1979; Noble
et al., 1979; Mégard, 1984, 1987; Reutter et al., 1991, 1996;
Noblet et al., 1996; Maksaev and Zentilli, 1999; Tomlinson et al.,
2001, 2015; Charrier et al., 2007, 2013; Mpodozis and Cornejo,
2012). In the study area, these faults have significant uplift in their
hanging walls that both locally exposed basement rocks and also
led to erosion or non-deposition of the Oligocene-Holocene cover
sequence.

Our estimates of the current cover thicknesses were based on
the exposures of basement-cover contact, the stratigraphic thick-
nesses and attitudes of the cover sequence, and cross-sections
and geophysical data (Fig. 10). A significant result of these recon-
structions is that much of the Paleocene to early Eocene metallo-
genic belt in the Precordillera is covered by less than 1000 m of
cover and is therefore amenable to exploration for porphyry Cu-
Mo deposits. In contrast, most of the middle Eocene to early Oligo-
cene metallogenic belt lying to the east is concealed by more than
2000 m of cover with the exception of the areas surrounding the
uplifted and exposed Belén Metamorphic Complex. The map of
cover thickness superimposed on the position of the three metallo-
genic belts at 17.5–19.5�S represents a first attempt to assess
prospectivity using the assumption that surface geology and sub-
surface geophysics and testing by drilling are relatively effective
and economic to depths of 1000 m. In the future, improved esti-
mates of the cover thickness can be accomplished by drilling and
geophysical studies, and by improved geological mapping and pro-
jections of paleo-canyons filled with cover rocks.

In the Andean segment studied here and in southern Peru, the
positions of magmatic and metallogenic belts remain poorly
defined because of the extensive cover. Nonetheless, the belts do
not form simple parallel arrays, and are locally superimposed on
one another. For example, in northernmost Chile our data show
that the Miocene to early Pliocene belt is superimposed on 40–
50 km width of the Paleocene to early Oligocene belts. This overlap
may be explained by renewed magmatism and maximum migra-
tion westward of the volcanic front, since ca. 25 Ma, as conse-
quence of subduction slab steepening, following a period of
magmatic calm and flat subduction from ca. 30–35 to 25 Ma.
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