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Abstract The Antucoya porphyry copper deposit (300 Mt
at 0.45% total Cu) is one of the largest deposits of a poorly
known Early Cretaceous porphyry belt in the Coastal
Cordillera of northern Chile. It is related to a succession
of granodioritic and tonalitic porphyritic stocks and dikes
that were emplaced within Jurassic andesitic rocks of the La
Negra Formation immediately west of the N-S trending
sinistral strike-slip Atacama Fault Zone. New zircon
SHRIMP U-Pb data indicate that the porphyries of
Antucoya crystallized within the time span from 142.7+
1.6 to 140.6+£1.5 Ma (£2 o), and late, unmineralized, NW—
SE trending dacite dikes with potassic alteration and
internal deformation crystallized at 141.9+1.4 Ma. The
Antucoya porphyry copper system appears to be formed
after a change of stress conditions along the magmatic arc
from extensional in the Late Jurassic to transpressive
during the Early Cretaceous and provides support for an
Early Cretaceous metallogenic episode of porphyry-type
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Introduction

The Antucoya porphyry copper deposit is one of the largest
systems of the poorly known Early Cretaceous metal-
logenic belt in northern Chile (Camus 2003; Sillitoe and
Perell6 2005), containing resources of 300 million tonnes
of oxidized ore at 0.45% total Cu. The deposit is located
130 km NNE of Antofagasta, at 1,710 m of altitude on a
subdued part of the Buey Muerto hills, on the eastern slope
of the Coastal Cordillera (Fig. 1). Most geological
information is from exploration work, including 43,000 m
of diamond drilling and 510 m of underground galleries,
done by SQM Metales S.A., the former owner of the
property (Tapia et al. 1998). Recently, in December 2005,
Antofagasta Minerals S.A. have acquired the Antucoya
mining property and this company also holds the adjacent
Buey Muerto claims, where a porphyry copper deposit with
a geological resource of 219 Mt of oxide ore at 0.36% Cu
was discovered (Perelld et al. 2003).

We have used zircon U-Pb dating to resolve a precise
age of crystallization for three samples from the main
intrusive rock units of the Antucoya porphyry copper
deposit, and compared these results to other geochronolog-
ical data, providing support for an Early Cretaceous
metallogenic epoch in the Coastal Cordillera of northern-
most Chile.

@ Springer



Miner Deposita (2006) 41:637-644

638
70°30'W 70°00'W
» n
S S,
B ?(;1 TOCOPILLA N
g
w
o &
Q 2 ANTUCOYA-
Ty \®¥ BUEY MUERTO
-~ \“® o
I8 ‘C(J _
Q
7]
S
VR &
w
. ? o
B . p SOUTH 20T
f AMERICA [
I
70°30'W 70°00'W
Miocene to recent Faults and
alluvium lineaments
Jurassic to Early Cretaceous |  Early Cretaceous
intrusive rocks porphyry-related
. . mineralization
I:l Jurassic volcanic rocks:
La Negra Formation
Geology after

Boric et al. (1990)

- Paleozoic basement

Fig. 1 Location of the Antucoya porphyry copper deposit and the
geological setting of the Early Cretaceous porphyry-related copper
deposits of the Coastal Cordillera of northern Chile

Geologic background

A variety of copper deposits, including iron oxide—copper—
gold, VMS, strata-bound copper—(silver), and some por-
phyry copper deposits, represent an Early Cretaceous
metallogenic episode along the Coastal Cordillera from
Peru to central Chile (e.g., Maksaev and Zentilli 2002;
Camus 2003; Sillitoe 2003; Sillitoe and Perell6 2005).
Although exact ages are somewhat equivocal (Munizaga et
al. 1985; Boric et al. 1990), the Early Cretaceous porphyry

@ Springer

copper deposits represent the earliest mineralization of this
type in the evolution of the Chilean Andes.

The Antucoya porphyry copper deposit occurs within an
intrusive complex composed of multiphase granodioritic
and tonalitic porphyries and dacite dikes, which were
emplaced within Jurassic andesitic volcanic rocks of the
La Negra Formation. Postmineralization gravel partly
cemented by nitrates, regolith, and gypcrete cover most of
the Antucoya deposit; thus, only limited surface exposure
exists. Copper-bearing ore occurs as stockwork, dissemina-
tion, impregnation in altered rocks, and as breccia matrix; it
is hosted by the granodioritic and tonalitic porphyries, and
by magmatic to hydrothermal breccias, within an area of
1.6x1.0 km (Fig. 2). Unmineralized, NW-striking dacite
dikes (5 to 20 m thick) crosscut the mineralized porphyries
and hydrothermal breccias. The volcanic succession ex-
posed at the Buey Muerto hills strikes 25-30°W and dips
from 20 to 30°NE. It is formed out of massive aphanitic to
porphyritic andesites, locally interbedded with fine-grained,
tuffaceous calcareous sandstone and siltstone horizons. The
Antucoya copper deposit occurs immediately west of a
conspicuous N-S lincament of the main trace of the
Atacama Fault Zone. This is a regional intraarc, sinistral
strike-slip fault zone, which was active during the Early
Cretaceous (e.g., Dallmeyer et al. 1996; Scheuber and
Andriessen 1990). Dike emplacement and brecciation at
Antucoya are controlled by NW-striking faults. These NW
faults splay from the neighboring N-S Atacama Fault Zone
and are consistent with a NW—-SE compression at the time
of faulting and dike emplacement.

Two altered and mineralized porphyry intrusions occur
at Antucoya. The dominant lithology is granodioritic
porphyry (“Antucoya porphyry”) and lesser tonalite por-
phyry (known as “fine-grained porphyry”). The granodio-
ritic porphyry is formed by plagioclase phenocrysts (25%)
up to 3 mm long, and perthitic K-feldspar phenocrysts up to
1 mm long (5%). Plagioclase phenocrysts are altered to
kaolinite, illite, calcite, and traces of anhydrite. The
groundmass (70%) is a microcrystalline aggregate of quartz
and argillized feldspar, with chlorite and opaque mineral
dissemination and minor relicts of chloritized fine-grained
biotite. The granodiorite porphyry contains a dense stock-
work of quartz veinlets, some with oxidized copper
minerals (atacamite, brochantite, chrysocolla, and copper
wad), hematite, and limonites (after sulfides), and some
with late veins of calcite, anhydrite, and opaque minerals.

The tonalite porphyry (fine-grained porphyry) has minor
relict (phantom) plagioclase phenocrysts (ca. 10%) up to
2 mm long, with strong argillic alteration and partly calcite
replacement. The groundmass (90%) is a microcrystalline
aggregate of quartz and argillized plagioclase with abun-
dant chlorite and disseminated opaque minerals that appear
to completely replace mafic minerals and relicts of partly
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Fig. 2 Geology and hydrothermal alteration of the Antucoya porphyry
copper deposit: a geological cross-section of the deposit, b cross-
section showing the distribution of the hydrothermal alteration types,

chloritized microcrystalline aggregates of biotite and minor
sericite. This porphyry also contains a stockwork of quartz
veinlets, and late calcite veins, but also fractures coated by
limonite and copper oxide minerals. The granodiorite and
tonalite porphyries have mutual intrusion relationships,
suggesting either that these are composite intrusions or that
they intruded almost simultaneously. In addition, magmatic-
hydrothermal breccias occur along the contacts between
these two porphyries in the center of the deposit, but are also
spatially related to NW-striking faults. These are polymictic
and matrix-supported, pipe-like, irregular bodies, which
range from near vertical to SW-dipping; their recognized
vertical extent is 250 to 350 m. The uppermost part of the
breccia bodies (above the 1,400-m level) has a matrix of
hydrothermal minerals, whereas downward an altered grano-
dioritic igneous matrix dominates. The breccia fragments are
angular to subrounded and are composed of altered and
mineralized granodioritic and tonalitic porphyries.

¢ geology of the 1,350-m level, and (d) hydrothermal alteration types
of the 1,350-m level

NW-striking, unmineralized, dark-gray dacite porphyry
dikes crosscut the mineralized porphyries; these dacite
dikes are formed by plagioclase phenocrysts (25%) up to
4 mm long, fresh or partly sericitized, and some affected by
brittle microfracturing, partly chloritized microcrystalline
biotite and opaque minerals forming pseudomorphs after
amphibole phenocrysts (5%), and scarce quartz eyes up to
2 mm in diameter. The groundmass (70%) consists of
microcrystalline aggregates of quartz and argillized plagio-
clase microliths. Fine-grained biotite dissemination occurs
in the groundmass, but biotite is largely replaced by
chlorite. Although the dacite dikes were intruded after
mineralization, they are affected by potassic alteration
(biotite), with partial chloritization and argillic overprint.
These dacite dikes occur along NW-trending faults, and are
internally affected by microfractures; this brittle deforma-
tion is probably related to fault reactivations after dike
emplacement.
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Four hypogene hydrothermal alteration assemblages
were recognized at Antucoya: potassic, chlorite—sericite,
quartz—sericite, and propylitic. The first three alteration
types affect the porphyries and breccias, whereas propylitic
alteration is restricted to the volcanic country rocks
(Arellano 2003). However, most of the recognized orebody
is affected by pervasive supergene argillic alteration (illite,
dickite, and kaolinite) and oxidation (atacamite, brochan-
tite, chrysocolla, copper wad, jarosite, and limonite), which
extend down to depths of 300 to 350 m from the surface,
and are overprinted on previous hypogene alteration types.
Supergene processes, albeit unconstrained, are thought to
have developed during the formation of the Oligocene—
Miocene coastal Tarapaca pediplain (Mortimer et al. 1974).
Potassic alteration mainly affects breccia bodies and the
tonalitic porphyry characterized by the biotite, K-feldspar,
and quartz assemblage. Fluid inclusion data indicate that
potassic alteration took place at temperatures around 450—
500°C, with fluid salinities from 7 to 68wt% NaCl equivalent
related to liquid—vapor phase separation (Arellano 2003).
A stockwork of quartz veins with chalcopyrite, pyrite, and
molybdenite with quartz—sericitic haloes occurs in the
uppermost part of the deposit (Fig. 2), and an assemblage
of chlorite, sericite, smectite, quartz, pyrite, and chalcopyrite
occurs within the Antucoya granodiorite porphyry and
magmatic-hydrothermal breccias. The propylitic assemblage
of chlorite, quartz, albite, epidote, calcite, and pyrite occurs
within the surrounding volcanic country rocks (Arellano
2003).

Materials and analytical methods

Zircon grains were separated from three samples of the
main intrusive rock units at the Antucoya porphyry copper
deposit following normal mineral separation procedures:
crushing, desliming, and heavy liquid and paramagnetic
separation. Handpicked, prismatic dipyramidal zircon crys-
tals, from 50 to 250 um long, were mounted in epoxy
together with chips of the Temora and SL13 reference
zircons, sectioned approximately in half and polished.
Reflected and transmitted light photomicrographs were
prepared for all zircons, as were cathodoluminescence
(CL) scanning electron microscope images. The CL images
were used to decipher the internal structures of the
sectioned grains and to ensure that the ~20 um of SHRIMP
spot was wholly within a single age component within the
sectioned grains. U-Th-Pb analyses were made using
the SHRIMP 1I at the Research School of Earth Sciences,
The Australian National University, Canberra, Australia,
following procedures given in Williams (1998, and refer-
ences therein). Each analysis consisted of six scans through
the mass range with a Temora U-Pb reference grain
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analyzed for every three unknown analyses. The data were
reduced using the SQUID Excel Macro of Ludwig (2001);
U/Pb ratios were normalized relative to a value of 0.0668
for the Temora reference zircon, equivalent to an age of
417 Ma (see Black et al. 2003). Uncertainties in the U-Pb
calibration was 0.36% for an analytical session. Uncertain-
ties given for individual analyses (ratios and ages) are at the
1o level (Table 1). Tera and Wasserburg (1972) concordia
plots, probability density plots with stacked histograms, and
weighted mean 2°°Pb/?*®U age calculations were carried out
using ISOPLOT/EX (Ludwig 2003). Weighted mean
206pp/2381 ages were calculated and the uncertainties are
reported as 95% confidence limits.

Geochronology

Samples of the granodioritic porphyry, tonalitic porphyry,
and a dacite dike from the Antucoya porphyry copper were
dated. The new zircon geochronologic results are summa-
rized on Table 1, whereas *°°Pb/***U ages (2 o) and
representative U-Pb Tera—Wasserburg concordia plots are
shown in Fig. 3.

Zircons from the mineralized granodiorite porphyry of
the Antucoya orebody (KP-64; Fig. 3a) yielded a
206pb/238U age of 142.7+1.6 Ma (16 analyzed spots).
Zircons from the mineralized tonalite porphyry (KP-65;
Fig. 3b) yielded a 2°°Pb/***U age of 140.6+1.5 Ma (18
analyzed spots). Zircons from a postmineralization dacite
dike from Antucoya (KP-67; Fig. 3c) yielded a *°°Pb/***U
age of 141.9+1.4 Ma (16 analyzed spots). The relatively
invariable Th/U ratios and their respective spot U-Pb ages
(Table 1) are consistent with magmatic zircons, and no
inherited components were detected. These characteristics
together with the high closure temperature of zircon (e.g.,
Cherniak and Watson 2000) allow us to interpret the new
U-Pb data as representative of the crystallization ages of
the respective igneous rocks. The three new zircon U-Pb
ages are statistically identical as they overlap within their
analytical uncertainty (at £2 o level), indicating that a
succession of magma injections took place at Antucoya
within a short period of time that falls within the time span
of analytical uncertainty of the SHRIMP U-Pb dating
method.

Discussion

The zircon U-Pb data indicate that the succession of
intrusions of Antucoya crystallized within the time span
from 142.7+1.6 to 140.6=1.5 Ma. Late, NW-SE trending,
dacite dikes with internal brittle and ductile deformation
that crystallized at 141.9+1.4 Ma suggest that the porphyry
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system developed during a stage of active sinistral shearing
along the neighboring N-S Atacama Fault Zone. The U-Pb
age for a potassic altered, but unmineralized dike represents
the minimum age for the hypogene copper mineralization.
The formation of the Antucoya porphyry copper deposit is
after a change of stress conditions along the Mesozoic
magmatic arc from extensional in the Late Jurassic to

Mean = 141.9 + 1.4 Ma [0.92%)] 95% conf.
MSWD = 0.76, probability = 0.72

45 47 49

transpressive during the Early Cretaceous, according to the
tectonic interpretation of northern Chile by Scheuber and
Gonzalez (1999).

Perell6 et al. (2003) reported K—Ar ages of 137+4 Ma
and 132+4 Ma for hydrothermal biotite and sericite,
respectively, from the neighboring Buey Muerto property,
which is part of the same porphyry copper system as
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Antucoya. The biotite K—Ar age overlaps with the U-Pb
ages within its relatively large analytical uncertainty,
whereas the sericite age is slightly younger. However, these
K—Ar ages are regarded as minimum age estimates for the
porphyry system and are consistent with the lower closure
temperature of micas for the K—Ar method compared to that
of zircon in U-Pb dating.

Antucoya appears to be approximately coeval with the
main mineralizing stage of the Mantos Blancos copper
deposit, where hydrothermal breccias, disseminations, and
stockwork sulfide mineralization were formed related to
dioritic and granodioritic stocks and sills dated by the
“OAr/*?Ar method between 141 and 142 Ma according to
Ramirez et al. (2006). In addition, whole rock K—Ar ages of
132+8 Ma and 118+15 Ma were published for the Puntillas
porphyry copper deposit (Munizaga et al. 1985; Boric et al.
1990). These ages also suggest an Early Cretaceous
porphyry mineralization, but the large errors of the K—Ar
ages make it uncertain if the Puntillas deposit was formed at
the same time as Antucoya.

Conclusions

The Antucoya intrusive complex crystallized at 142.7+1.6
to 140.6+£1.5 Ma, which is within a relatively short time
span of less than ca. 2 Ma during the earliest Cretaceous.
The emplacement of the porphyry intrusions took place
within NW-trending faults that splay from the adjacent N—-S
sinistral strike-slip Atacama Fault Zone at the onset of
transpression along the suprasubduction magmatic arc.

The U-Pb data for the Antucoya porphyry copper
deposit provide the first precise ages for an early Creta-
ceous metallogenic episode of porphyry-type mineralization
along the Coastal Cordillera of northern Chile. The same
mineralizing episode appears to be represented by other
porphyry copper deposits of northern Chile. However, more
precise ages are required to check the temporal extent of the
mineralizing event.
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