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Abstract Four of the major plutons in the vicinity of the
Candelaria mine (470 Mt at 0.95% Cu, 0.22 g/t Au,
3.1 g/t Ag) and a dike-sill system exposed in the Candelaria
open pit have been dated with the U-Pb zircon method.
The new geochronological data indicate that dacite mag-
matism around 123 Ma preceded the crystallization of
hornblende diorite (Khd) at 118+1 Ma, quartz—monzonite
porphyry (Kgm) at 116.3+£0.4 Ma, monzodiorite (Kmd) at
115.5£0.4 Ma, and tonalite (Kt) at 110.7£0.4 Ma. The
new ages of the plutons are consistent with field relation-
ships regarding the relative timing of emplacement.
Plutonism temporally overlaps with the iron oxide Cu—Au
mineralization (Re—Os molybdenite ages at ~115 Ma) and
silicate alteration (ages mainly from 114 to 116 and 110 to
112 Ma) in the Candelaria—Punta del Cobre district. The
dated dacite porphyry and hornblende diorite intrusions
preceded the ore formation. A genetic link of the metallic
mineralization with the quartz—monzonite porphyry and/or
the monzodiorite is likely. Both of these metaluminous,
shoshonitic (high-K) intrusions could have provided energy
and contributed fluids, metals, and sulfur to the hydrother-
mal system that caused the iron oxide Cu—Au mineraliza-
tion. The age of the tonalite at 110.7 Ma falls in the same
range as the late alteration at 110 to 112 Ma. Tonalite
emplacement may have sustained existing or driven newly
developed hydrothermal cells that caused this late alteration
or modified “°’Ar/*’Ar and K/Ar systematic in some areas.
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Introduction

Magmas that formed the plutonic rocks south of Copiapo,
northern Chile (Copiap6 plutonic complex, e.g., Marschik
et al. 2003a) are heat and potential fluid, metal, and sulfur
source for the Early Cretaceous (~115 Ma) hydrothermal
iron oxide-rich Cu—Au mineralization in the Candelaria—
Punta del Cobre district (e.g., Marschik et al. 1997;
Marschik and Fontboté 2001a; Mathur et al. 2002).
Petrographic studies on the rocks of the Copiap6 plutonic
complex date back to the early 1960s (Tilling 1962, 1963a,
1976). Geochemical and petrogenetic isotope geochemical
studies were carried out by McNutt et al. (1975, 1979) and
more recently by Mathur et al. (2002) and Marschik et al.
(2003a). Previous geochronological studies, using K—Ar or
“OAr/*°Ar isotope methods on igneous silicates from these
plutons, provided a wide spectrum of ages ranging from 69
to 119 Ma (Farrar et al. 1970; Zentilli 1974; Arévalo 1994,
1995, 1999; Ullrich et al. 2001). They represent cooling
ages or may record alteration or reheating events. The range
of ages suggests a complex (hydro-)thermal history. U-Pb
zircon ages provide reliable information on the time of
crystallization due to a high closure temperature of about
900°C (Mezger and Krogstad 1997) and the fact that
zircons are fairly resistant to post-magmatic (hydro)thermal
alteration, although there is evidence from experiments for
leaching of Pb, U, and Th from metamict zircon by
hydrothermal fluids (Geisler et al. 2002). In this contribu-
tion, we present new U-Pb geochronological data on
zircons from four units of the Copiapd plutonic complex
and a dacite porphyry dike—sill system that cuts the
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Candelaria ore body, and discuss the relevance of these data
for the iron oxide Cu—Au ore genesis in the Candelaria—
Punta del Cobre district.

Geologic context

The Late Jurassic—Early Cretaceous rocks of the Coastal
Cordillera—Precordillera in the Atacama region represent a
magmatic arc and an associated marine back-arc environ-
ment to the east (e.g., Marschik and Fontboté 2001b). The
pre-Mesozoic basement is locally exposed in an approx.
25-km wide belt along the coast and in discontinuous
outcrops in the Precordillera, east of Copiapd. Paleozoic
rocks are mainly high-grade metamorphic rocks and
granitoid intrusions (e.g., Brown 1991; Lucassen et al.
1999, 2002). The oldest reported protolith ages of about
1.46 to 1.21 Ga are for the Belén and Quebrada Choja
supracrustal sequences in the Precordillera in northern
Chile (Damm et al. 1990). Evidence for Late Archean
basement components in the region comes from U-Pb
upper intercept ages (2.69 to 2.78 Ga) for detrital zircons
from Devonian metasedimentary rocks at Quebrada Las
Animas near Chafiaral (latitude 26°25'S; Berg and Baumann
1985). The strong discordance of the U-Pb data points
suggests zircon growth around older cores, and the ages
derived from these detrital zircons are interpreted to rep-
resent a metamorphic event at around 600 Ma (Berg and
Baumann 1985). Further evidence for Neoproterozoic—
Cambrian metamorphism + magmatism between 525 and
500 Ma (Pampean Cycle) is provided by Sm—Nd isochrons
for metamorphic rocks of northern Chile (e.g., Lucassen
et al. 2000). Cambrian and Ordovician—Silurian plutonism
occurred mostly in northwest Argentina (Damm et al. 1990,
1994), whereas Carboniferous to Permian intrusions are
mainly exposed in the Chilean Coastal Cordillera and
Precordillera (e.g., Damm et al. 1981; Brown 1991;
Lucassen et al. 1999). Near Chanaral, a transition from
alkaline S-type (mainly monzogranites and syenogranites)
during Permian and Triassic towards calc-alkaline I-type
magmatism (mainly tonalites and granodiorites) during
the Late Jurassic to Early Cretaceous is recognized
(Damm et al. 1981; Berg et al. 1983; Berg and Baumann
1985). The Permo-Triassic and Jurassic plutons intruded as
laccoliths along low-angle extensional shear zones (Grocott
et al. 1994; Grocott and Wilson 1997), whereas Early
Cretaceous plutons emplaced as vertical sheets during arc-
parallel lateral displacement along the Atacama Fault Zone
(e.g., Scheuber and Andriessen 1990; Brown et al. 1993;
Scheuber et al. 1995).

The igneous rocks in the Candelaria area (Fig. 1)
represent Jurassic(?)-Early Cretaceous arc magmatism
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(Marschik and Fontboté 2001b). Volcanic and volcano—
sedimentary deposits interfinger with an Early Cretaceous
carbonate succession (Chafiarcillo Group) that formed in a
shallow marine back-arc environment to the east and south-
east of Copiapd (e.g., Marschik and Fontboté 2001b).
Marine deposition commenced in pre-Upper Valanginian
times as shown by ammonites in the upper part of the
volcanic—volcaniclastic Punta del Cobre Formation
(Bandurrias Group; Marschik and Fontboté 2001b;
Mourgues 2004; Fig. 2). From the late Valanginian to
Aptian, carbonate rocks of the Chafarcillo Group accumu-
lated to a thickness of 1,700-2,000 m (Corvalan 1974,
Jurgan 1977a,b; Fig. 2). Basin inversion started in late
Aptian times, resulting in regression and partial erosion of
the back-arc sequence (e.g., Segerstrom and Parker 1959;
Zentilli 1974; Jurgan 1977a,b; Arancibia 2004; Gana and
Zentilli 2000; Mourgues 2004). Plutons of the Chilean
Coastal Batholith intruded the Early Cretaceous arc/back-
arc deposits in the west of the area. Their emplacement
caused a wide contact metamorphic aureole near the
town of Tierra Amarilla, south of Copiapd (latitude
27°30'S, Fig. 1; Tilling 1962, 1963a,b, 1976). In this area,
the batholith intrusions have been grouped into the Copiapd
plutonic complex (Marschik et al. 2003a).

Intrusive rocks

The Copiapd plutonic complex consists of several elongat-
ed or irregularly shaped, sub-alkaline to alkaline, magne-
tite-series volcanic arc I-type of plutons (Fig. 1). The
plutonic rocks have initial *’St/**Sr from 0.7031 to 0.7032;
initial '**Nd/'"**Nd from 0.51273 to 0.51278; and
2%pb/2*Pb, *O7Pb/***Pb, and *”°Pb/***Pb from 18.43 to
18.77, 15.55 to 15.60, and 38.13 to 38.40, respectively, and
680 values from +6.9 to +8.6%o (Marschik et al. 2003a).
Calculated initial '*’Os/'**Os ratios for magmatic magne-
tite from plutons of the Copiapd complex are relatively
homogeneous ranging from 0.21 to 0.41 (Mathur et al.
2002). These isotopic characteristics suggest the presence
of mantle and crustal components in the batholithic rocks.

The Copiap6 plutonic complex near the Candelaria mine
(Fig. 1) comprises the following major units: pyroxene
diorite (Kpd), hornblende diorite (Khd), monzodiorite
(Kmd), quartz—monzonite porphyry (Kqm), tonalite (Kt),
and granodiorite (Kgd, Fig. 1). The rocks of the pyroxene
diorite unit are coarse-grained with hypidiomorphic granu-
lar to porphyritic textures. They are exposed west of the
Candelaria tailings impoundments and west of the Alcapar-
rosa mine (Fig. 1). Bent plagioclase twin planes and
undulatory extinction of most groundmass minerals in
samples taken near the Alcaparrosa mine suggest that the
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pluton is affected by shear deformation related to shear  Pintadas (Fig. 1) have been dated at 111+3 Ma using the
zones that occur locally along the eastern margin of the = K—Ar method on biotite (Arévalo 1994; all geochronolog-
batholith (Marschik et al. 2003a). ical data are reported at 20 errors except when otherwise

The pyroxene diorite has gradational contacts with the  stated). The main outcrops of the quartz—monzonite
hornblende diorite. The latter consists mainly of medium-  porphyry unit are to the west of the Candelaria tailings
to coarse-grained rocks with a hypidiomorphic granular  impoundments (Fig. 1). The rocks of this unit contain
texture. Hornblende diorite rocks exposed at Quebrada Las  plagioclase and occasionally amphibole phenocrysts in an
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Alteration and mineralization ages

® 40Ar[39Ar biotite weighted mean plateau age (Marschik and Fontboté 2001a)
40Ar/39Ar amphibole isochron age (Marschik and Fontboté 2001a)
Re-Os molybdenite age (Mathur et al. 2002)

Rb-Sr isochron (Marschik et al. 1997)

40Ar/39Ar biotite inverse isochron age (Marschik et al. 1997)
40Ar/39Ar biotite plateau age (Ulirich and Clark 1999)

40Ar/39Ar biotite total fusion age (Marschik et al. 1997)

40Ar/39Ar biotite isochron age (Arévalo 1999)

40Ar/39Ar amphibole plateau age (Ullrich and Clark 1999)
40Ar/39Ar whole rock isochron age (Arévalo 1999)

K-Ar whole rock age (Marschik et al. 1997)

orthoclase and quartz-rich matrix. They have SiO, and K,0
contents of around 65 and 5 wt%, respectively, and
therefore show shoshonitic characteristics (Marschik et al.
2003a).

The quartz—monzonite porphyry has a north—northwest
trending structural contact with the monzodiorite pluton,
which is exposed to the north of the Candelaria tailings
impoundments (Fig 1). Monzodiorite rocks are commonly
medium- to coarse-grained, showing a hypidiomorphic
granular texture. They have SiO, contents of around
60 wt% and show high-K characteristics with K,O contents
of around 3.2 to 4.6 wt% (Marschik et al. 2003a). Biotite
from the monzodiorite unit yielded a *“’Ar/*°Ar-weighted
mean plateau age of 111.5+£0.4 Ma (lo; Arévalo 1999).
The pyroxene diorite, hornblende diorite, and quartz—
monzonite porphyry to the west and southwest of Cande-
laria are marginally affected by sodic or sodic—calcic
alteration, whereas in the monzodiorite this type of
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alteration has not been recognized. Therefore, the monzo-
diorite is thought to be younger. A tonalite pluton occurs in
the southwestern part of the study area at Quebrada Los
Lirios (Fig. 1). The tonalite rocks represent a later intrusive
event because they cut diorites and microgranitic dikes that
are correlated with the quartz—monzonite porphyry unit
(Tilling 1962). Several isotope ages are published on this
unit including a K—Ar biotite age of 98.0+3.0 Ma (Zentilli
1974) and a K—Ar hornblende age of 69.0+4.0 Ma
(Arévalo 1994). More recently, Arévalo (1999) reported a
“OAr*°Ar biotite-weighted mean plateau age of 109.8+
0.4 Ma (lo) and a *°Ar°Ar hornblende-weighted mean
plateau age of 110.1£1.3 Ma (lo). The outcrops of the
granodiorite unit in the study area lie mainly at Sierra el
Granate. There, the granodioritic rocks are medium-grained
and show a hypidiomorphic granular texture.

The plutons intruded the lower part of the Chaiiarcillo
Group around the time as these marine deposits reached
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their maximum thickness in the late Aptian (Fig. 2).
Therefore, the depth of pluton emplacement is probably
around 1,700 to 2,000 m (Marschik et al. 2003a).

Lamprophyre, andesitic, dacitic, and aplite dikes are
observed within the study area. Aplite and lamprophyre
dikes cut batholithic and country rocks (e.g., Tilling 1962,
1976). An aplite hosting sulfide mineralization has been
drilled at Candelaria (Marschik et al. 2003a). Lamprophyre
dikes postdate mineralization in the Punta del Cobre district
(Fig. 1), where they were emplaced mainly along the north—
northwest to northwest-trending faults, which also control
portions of the ore (Marschik and Fontboté 2001b). Dacite
porphyry stocks, dikes, and sills are largely confined to the
volcanic rocks and metasedimentary rocks adjacent to the
batholith contact. These dacitic rocks show a close spatial
relationship with mineralized zones within the district,
though they are commonly barren or may be only weakly
mineralized (e.g., locally in the Candelaria mine), respec-
tively. Dacite porphyry stocks, dikes, and sills are affected by
sodic, sodic—calcic, potassic or calc-silicate hydrothermal
alteration (Marschik and Fontboté 1996, 2001a).

Relationship of iron oxide Cu—Au mineralization
and magmatism

The major iron oxide Cu—Au ore bodies in the Candelaria—
Punta del Cobre district are hosted in Early Cretaceous
volcanic and volcaniclastic rocks near the eastern margin of
the batholith (Fig. 1), within and just outside the contact
metamorphic aureole. There are, however, several small
mines and ore showings with a similar mineralogy within
the batholithic rocks. La Candelaria is the largest mine in
the area with 470 Mt at 0.95% Cu, 0.22 g/t Au, and
3.1 g/t Ag at a cutoff of 0.4% Cu and an output of over
200,000 t/year of Cu metal (Fig. 1; Marschik et al. 2000;
Ministry of Mines, Chile 2002). The mineralization shows
structural and litho-stratigraphic controls. The hypogene
iron oxide-rich Cu—Au ore occurs mainly as veins, string-
ers, and as stratiform, breccia and replacement bodies.
Pre-ore ductile deformation was accommodated by north—
northeast trending shear zones that occur at or close to the
batholith contact and at Candelaria. Some of the early
magnetite at Candelaria is affected by shear deformation.
Most of the copper vein and breccia ores are controlled by
northwest to north-northwest trending faults. Reactivation
and post-mineralization block faulting with a sinistral
strike—slip component occurred along these northwest to
north-—northwest trending faults displacing the Candelaria
orebody.

Results of previous stable and radiogenic isotope studies
are coherent with a significant magmatic fluid, metal, and

sulfur component in the ore-forming hydrothermal system.
Sulfides have &*Scpr values mainly between —3.2 to
+3.1%0 (Rabbia et al. 1996; Marschik et al. 1997; Ullrich
and Clark 1999; Marschik and Fontboté 2001a), though
some values of up to +7.2%o0 have been reported (Rabbia
et al. 1996; Ullrich and Clark 1999) suggesting the presence
of sulfur from magmatic and locally also non-magmatic
sources. The calculated isotopic composition of a fluid in
equilibrium with ore-related quartz lies between +5.9 and
+8.9%0 6'%0gmow for a temperature range from 370 to
440°C (using isotope fractionation factors of Friedman
and O’Neil 1977) that is based on microthermometric
measurements on fluid inclusions in the ore-related quartz
(Marschik et al. 2000). These results point towards a
magmatic—hydrothermal fluid contribution or participation
of non-magmatic fluids equilibrated with silicates at high
temperatures. The isotopes of chlorine, strontium, and
CI/Br ratios in fluid inclusions in ore-stage quartz from
Candelaria suggest mixing between fluids from mantle-
derived magmatic Cl and crustal brine Cl reservoirs
(Chiaradia et al. 2006). Lead of ore minerals has the same
isotope composition as the unaltered batholitic and volcanic
rocks of the area (Marschik et al. 2003b), suggesting
derivation of the ore lead, and by inference also Cu, directly
from a hydrothermal fluid exsolved during crystallization of
the batholithic magmas and/or from hydrothermal leaching
of the altered volcanic rocks. Finally, the similarity in initial
870s/'%80s of the ore of 0.36+0.1 and magmatic magnetite
in the plutons ranging from 0.21 to 0.41 supports the
hypothesis that the plutonic magmas are the source for
metals in the Candelaria—Punta del Cobre district (Mathur
et al. 2002). However, none of these studies could link so
far the mineralizing fluid to a particular intrusive phase in
the area.

The age for the metallic mineralization at Candelaria is
represented by molybdenite Re—Os ages of 114.2+0.6 Ma
and 115.2+0.6 Ma (Mathur et al. 2002). The ages of
the silicate alteration minerals associated with iron oxide
Cu—Au ore in the Candelaria—Punta del Cobre district can
be broken into an older group of about 114 to 116 Ma and a
younger group of 110 to 112 Ma. A compilation of the
relevant geochronological data is given in Fig. 2 (see also
Marschik and Fontboté 2001a for details).

Sampling and analytical techniques

Representative samples were collected from four units
of the Copiapd plutonic complex and from a dacite
porphyry dike—sill complex exposed in the open pit of the
La Candelaria mine (Fig. 1). A monzodiorite sample (PC
99030) was collected from a road cut along the road Tierra
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Amarilla—Candelaria, at kilometer 9.790 from the town of E § _§ £

Tierra Amarilla. The sample comes from an outcrop that 2% L 8_ % %

also exposes tourmaline-bearing aplitic dikes, which cut the . £ ‘E s & 3 —ig § 3

monzodiorite. The quartz—-monzonite porphyry unit (PC g «2 QE g S N\;E > 2

99023) was sampled from an outcrop to the northwest of = 'g g § .% A~ .g 2

Portezuelo Blanco, about 150 m west of the road between I i P

Tierra Amarilla and the Candelaria mine. A sample from 2 %ﬂg EDE“D %DE‘D B LE 9 g

the hornblende diorite unit (PC 99027) was taken to the 5 ExE€EEE o0

north of the road between the Candelaria mine to the east g £7 g _i g E % £ g;ﬂ é £33

and the Panamericana highway in the west. The tonalite O O ToRFoRA&TA AT

unit (PC 99025) was sampled in a valley to the north of £

Portezuelo Los Lirios, and a sample of the dacite porphyry 3 . g g = i;

dike—sill complex (PC 99033) comes from the pushback of § 2 Z £Z % Z

the Candelaria open pit. o N 3 = 7 = 523 = 5

U-Pb zircon isotope analysis was carried out at the 5 g g é § __qé § __:é § é §

Department of Earth and Environmental Sciences, Ludwig- E > @ § = § = § = § =

Maximilians Universitit, Munich, Germany. Heavy mineral E § %; I § I § e § I

separates were obtained using jaw crusher, roller mill, =

shaking table, and magnetic separator at the Department :é g

of Geosciences, University of Arizona, Tucson, USA. All 2 ﬁ

obtained zircon separates were further purified by hand- % 83 S = I O3 N

picking using only optically pure grains for analysis. Before % g* ; E ; ; ;

spiking, all mineral separates were cleaned in an ultrasonic 2

bath with quartz-distilled 6 N HCI, twice deionized, quartz- ';\ g

distilled water, and Medison-distilled acetone. £ ﬁ

Zircon fractions were treated using the standard methods é % % %‘ § § §

described by Krogh (1973, 1982). Samples were split 28| € x = =

after dissolution leaving two-thirds of the solution unspiked

and adding a “°*Pb/**U mixed spike to the remaining §

one third. Isotopic ratios of Pb and U were determined 5

using a Finnigan MAT 261/262 multi-collector mass (*E

spectrometer in static mode. Pb blanks did not exceed & % <+ < <«

20 pg. The following values were used for the composition 8 T - 5 5 T

of the Pb blank: *°°Pb/***Pb=18.15, **"Pb/***Pb=15.63, 2 q % & 4 S

208pp/294pph=38.14. Common Pb corrections were done = = = = = =

using either Pb isotopic ratios from whole rock residues . z B B B = g

(Marschik et al. 2003a) adapted to the age of intrusion or E f 8 & = S 5

the model of Stacey and Kramers (1975). For 3-D planar or ) - a8 2 = & =

linear regression calculations, we used equations from 3 = ® & § = 5

ISOPLOT 2.49 program (Ludwig 2001). U-Pb data were 2 w wm owm »m » §

evaluated using the programs PBDAT and ISOPLOT/EX éﬁ 2 ;r” g ;*\, ;‘? ? o

2.49 of Ludwig (1993, 2001), respectively. Error ellipses £ £ 2 & & d & E

shown in the figures below, as well as given age errors, are g3 8 &8 & S ;

at the 20 level. Thorium concentrations were calculated é.f o . 2

from 2°*Pb concentrations. Decay constants used are those 2 = 2 - E q‘é

recommended by the IUGS (Steiger and Jager 1977). g E 5 § §~ g = g
g, |E 22:%E g |
i85 |2 2.if% ¢ :

Zircon characteristics and analytical results ﬁ § § g E g 5 5 g g
g ~ A T O S = 5

The results of U-Pb zircon geochronology are summarized :) . & 8 4 3 d g

in Tables 1 and 2. The units are discussed in chronological 2 Téu & 2 & & & E

order regarding zircon crystallization ages. The zircons of el 3 e 2 &2 2 & b

@ Springer



791

Miner Deposita (2006) 41:785-801

nwe 10d 94¢7°() = UONBUIWILIOSIP SSEW qd ‘OHeI qd o./dd g, WOK PAIEINI[ED YL,

onewstd pajeduold dja ‘onewstd uoys dys onewsud d

uaon[suen oy juatedsuern ‘parojodo-ofed WSO £ OTWRIOW ‘90BJINS pantd ‘WIp ‘paIojod-3jIep UaYo 7 :2Imonns d9epms (0861) urdng 01 Surpoode adA) Terpayqns o} [eIpayns p :9dK ‘adeys ,

(1ue1q-qd 3 20°0 105) 1°8€=0d 42/Ad g7 “€9°ST=0d 15e/Ad ;07 “ST'8T1=0d 5r/Ad gy ‘UONOLI0O 1¥IVG g

BN [11 32 ONPISAI-YM 0} SUIPIOOOR §/6°ST=Ad,,/Ad,; ‘SOP'81=0d,,/Adg,, ‘UOBOLI0D (*)qq

y'LOS 6CEl  6TII  TOC CTIPLSO'0 0TT 986€£1'0  8E0 899LI00 S¢S T9€ SLO  OEl 9¥¥LI  STI-001 ¥S juaredsuen ‘fexpayns ‘djo ‘7v ¥
9'ILS T'LEL ¥ E€Il 96°CL €CI6S0°0 9SCI 09v¥1'0  9¢€0 8ELLIOO  6SI  C6'E TSI 61¢C PPl 081-0SI ¥S+S  Judonsuen ‘rerpaynd ‘djo+d ‘7 €
eyl €CIT 6011 090 068700 0L0 L69IT0O ¥E0 9¥ELIOO  06L v6'€ LSO  8IT TSOT 0SI—00I S Jueon[suen ‘[epayne ‘d 7y [4
cLEL  TOIT 0601 TCT 8LLBYO'O 88'€ SOPIT'0  99°€ LYPOLIOO  CS9 68¢€ €L0 Syl T86I 001-09 S juaredsuen ‘erpayns ‘d ‘zy I
(2066 Dd) aeuoy,
BIN 9T J& ONPISAI-Y A\ 0} SUIPIOIE /GG ST=0d,-/qd, (7 ‘96FE€ 8T=0d,(z/Ad; “HONIILIOD (woa)qq
Ovecl  6'SIT  SSIT 06£0 SO0S8Y0°0 O0¥S'0 L8OTI'0 9S€°0 €L08I00  OFS S991 +9'1 T901I  S6¥9 08> Sd juaredsuen ‘ssaf10[oo ‘d ‘v ¥
SLTL €911 8CIL 9050 LLS8Y00 9¥9°0 9€ICI'0 99¢€0 6118100 819 €TLI €Il 98  86vL  001-08 - sjwowSey Auo uid 7y €
98CI  S9I1  6'SI1 TTTO 009870°0 61¥'0 LSICI'0O 0SE€0 I¥I8I00 €001 <CCT¥I 080 Ivs  0°LL9 0SI-00I Sd sjuowSey Auew Yyuid 7y 4
Vest  8LIT 0911 T6S0 LIT6Y0O'0 0CTL'O CTOECI'0 8SE0 S9IBIO0 LLET S88I €60  SI8 6TL8 00€-00C Sd Juaredsuen ‘sso[10[od “d 7y I
(0€066 Dd) PILIOIPOZUOI
BN 9T & ONPISAI-YA\ 0} SUIPIONE H19°GT=qd,,/Ad o7 ‘€65 8T=0d,z/Ad0; “TONIILIOD woqq
LYTl  SO9IT  T911 $08°0 61S870°0 9601 €SICI'0 C69°0 LII8IOO €99 €€¢C 960 6601 CTYvII 001-19 d TeIpayue ‘sso10[0d ‘d+dd ‘Tv/ IV 4
0°LZl 6911 ¥IIl ¥rL0 L9S8F0°0 8L80 +0CCI'0 90¥'0 $CT8I00  8L1 S8¥C ¢€v'e ¢€llE  ¥'L06 00C00I (¢Sd) d  Tespayue ‘ssopi0[oo ‘d+d[d ‘TV/1V !
(€2066 Dd) A1hydiod ayruozuow—zyen()
BN 811 10J onpISaI-y A\ O} SUIpIoode C165°S1=0d,2/9d o7 mmvv.w_nnn_gm\n_&oom 1uonoaLI0d (Mg
€CCl T8I 6'LIT TT80 IL¥P8Y00 9001 €9€CI'0 OL¥'O IS¥8I00 998 LS €50  9¥l  L9LT 05> TIS-¥TS ‘d ‘sd [®10) ‘7Y ¥
L'691 €811  8CIT 8680 09¥6¥0°0 091'1 [€€CI'0 0,90 8CIBIOO  vLT CTL9 L60 19T 1'69C  0TI-09 TIS-¥CS ‘d ‘Sd syuowSey Yuid 7y €
6'SIT  T'6ll  €6I1 9L0°T 6€€870°0 CTIOT ¥PPCl'0 <PI'T 1L98100  LvL 9€9 650 991 1°00€ 08-0S CTIS-TS ‘d ‘sd Jueredsuen yuid ‘dys ‘v 4
SOT  L9IT  €LIT 0O8T'T LII8YO'0 9TET #8ITI'0 9S¥0 S9€8100  vI€ 16L L90O  STT 8§LEE  0E1-06 CIS-HTS ‘d ‘Sd Juaredsuen ‘yuid ‘dys ‘zy I
(L2066 Dd) 2m101p dpudIqUIOH
BINL 221 10} (SL61) SIowery 29 A20B)S JO [9pOW 9y} 0} SUIPIOOOE UONOALI0d (Woqq
Sycl 8Tl LTI TOL'1T SIS8Y0°0  06'1 0S8CI'0 89¢€'0 01C6100  0¢€C 9S8F% 180 6Lyl €8I STI-08 €IS Juaredsuen [erpaynd ‘d 7y €
¥SOl  9°€ST  T6Cl 798 SE€9I0I'0 086 99¢€8C0 8ETT T¥T0CTO0 61 66ty SI'T €191 ¢€ovl S9> €IS uonoey [ejoy ‘d 7y 4
I'S19 6871  €ICI  TT9 1CE090°0 0L9 86LST'0 0€9°0 S668100 ¢85 I86C 080  +0I 86CI 08-0S €IS [expayqns ‘dys 7V !
(€€066 D) P Aoeq
Adgpr  Neez N Adgoe Nz Nger  9dyg, (widd) (wdd) (wdd) (wr) ozis
Ao MAd,0; /Adogr  %OT  /Ad,; %OT  /Adye; %OT  /Adggr /Adggz  TAd NML UL n ureln adAL (Louereaddy
(e]N) so3e juareddy sonjel o1Woje PAjend[e) "SBOIN Slisilive) sonsLR)oRIRyD uoolz ddwes

s)[nso1 [eonAJeue pue SONSLIJOBIRYD U0dIZ T IqEL

pringer

A



792

Miner Deposita (2006) 41:785-801

the investigated igneous rocks have been classified using
the typology model of Pupin (1980, 1985). Cathode

luminescence images of selected grains are shown in Fig. 3.

Dacite porphyry dike—sill complex
Zircon characteristics

Zircons of the dacite porphyry dike (sample PC 99033) are
euhedral to sub-rounded, colorless to pale pink colored, and
transparent to translucent with pitted crystal faces. Round-
ing of edges and pyramidal apices are due to magmatic
corrosion. The decrease in transparency of the zircons

Fig. 3 Cathode luminescence
images of zircons from the dated
igneous rocks. a—¢ Zircons of
the dacite porphyry dike—sill
complex (PC 99033) contain
nuclei, which have coherent
boundaries with the outer zones.
The zircons are characterized by
oscillatory and sector zoning.
Dissolution surfaces truncating
growth zones are observed. In
many of the zircon, there is a
well-developed, more or less
wide zone of low luminescence
(dark zone; see arrows).

d—f Zircons of the hornblende
diorite (PC 99027) display a
homogenous inner domain with
lower and an outer domain
commonly with higher lumines-
cence. The crystals lack any
visible seed crystal or an
inherited core. d,e The predom-
inantly developed steep pyramid
(211) suggests zircon S type
characteristics. g,h Zircons of
the quartz—monzonite porphyry
(PC 99023) lack inherited cores.
Sector zoning is well-developed.
A dissolution surface separates a
voluminous, heterogeneous in-
ner domain from an outer do-
main (see arrows). Mineral
inclusions without or very low
luminescence are common. i
Elongated prismatic zircon from
the monzodiorite (PC 99030)
hosting a medial tube with low
luminescence surrounded by a
dark reaction rim (see arrow). j—
1 The zircons of the tonalite (PC
99025) are characterized by a
homogeneous outermost growth
zone; they may or may not
contain a medial tube filled
opaque material

(j, see arrow) or a dark central
zone (k) or an inherited core (1)

MAG: 390 x  HV: 150 kV __ WD: 29.0 mm

MAG: 250 x  HV: 150 k¥ WD: 30.0 mm

MAG: 280 x  HV: 150 kV _ WD: 29.0 mm
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coincides with the increase in color intensity and surface
corrosion phenomena. Euhedral zircons are prevalently free
of inclusions and commonly characterized by dull pyrami-
dal apices, which seem to have grown onto earlier corroded
(sub-rounded) pyramidal apices. Despite modification of
the zircon shapes due to magmatic corrosion, the zircon
type can be identified. The zircons in the dacite porphyry
dike represent a single population (Pupin 1980) that can be
denoted as S13-type, with equally developed prisms (100)
and (110) and pyramidal faces (101) and (211). According
to Pupin (1980), this zircon type is commonly derived from
calc-alkaline series granodiorites and monzogranites of
hybrid crustal and mantle origin.

MAG: 390 x  HV: 15.0 kV _ WD: 280.0 mm MAG: 320 x  HV: 15.0 kW WD: 2.0 mm
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Three grain-size fractions were prepared for U-Pb
analysis. Fraction 1 consists mostly of short prismatic
crystals with sizes between 50 and 80 wm. Fraction 2 is
composed of complete crystals and crystal fragments with
sizes <65 wm, and fraction 3 contains euhedral prismatic
crystals with sizes of 80 to 125 um. Only fraction 3 is
enriched in transparent, colorless crystals and incorporation
of fragments has been avoided.

Cathode luminescence images are shown in Fig. 3a—c.
They reveal that the zircons contain nuclei, which have
coherent boundaries with the outer zones. Dissolution
surfaces are observed truncating growth zones. The crystals
are characterized by oscillatory and sector zoning. Zones of
high or low luminescence reflect low or high trace element
concentrations, respectively (Sommerauer 1976). In most of
the zircon, there is a well-developed, more or less wide,
zone of low luminescence (dark zone; Fig. 3a—c).

Analytical results

Uranium and thorium contents in all grain-size fractions are
low (U=130 to 183 ppm; Th=104 to 148 ppm) and show a
positive correlation between increasing U contents and
increasing grain size. Common lead concentrations in the
zircons are high (***Pb/2**Pb ratios from 202 to 774). In the
absence of whole rock Pb isotopic data on this sample, we
use the Pb(om) correction model of Stacey and Kramers
(1975) with ©=9.74. The data of fraction 3 plot on the
Concordia at 122.7 Ma, whereas the data points 1 and 2 are

discordant (Fig. 4). Therefore, the analytical error of
+0.5 Ma on the age, defined by fraction 3, cannot be taken
as measure of accuracy of this age. The discordant data
suggest that the Pb isotope system in parts of the zircons is
disturbed. A 3-D planar regression model, after Ludwig
(2001), applied to the data of all three fractions also points
to a disturbed Pb isotope system. Calculations result in
anomalous common Pb ratios (*°’Pb/***Pb=15.9 and
206pp2%4ph=24.839). If anomalous 2°°Pb enrichment is
assumed, data points in a 3-D planar regression model
would fit a regression line providing a younger intercept
age of around 119 Ma. Positions of data points 1 and 2 in
the Concordia diagram of Fig. 4 suggest the presence of an
inherited radiogenic lead component and a loss of radio-
genic lead and/or gain of uranium compared to the
concordant data point 3. We assume that the dominant
dark zone mentioned above may have incorporated exter-
nally derived uranium and radiogenic lead, which is
responsible for discordance of the data points 1 and 2. We
consider the age of about 123 Ma of fraction 3 as a
maximum age for the emplacement of the dacite porphyry
dike—sill complex.

Hornblende diorite unit (Khd)
Zircon characteristics

Zircons of the hornblende diorite (sample PC 99027) are
pink and transparent. The larger zircon crystals (>150 pum)

Fig. 4 U-Pb Concordia dia-
gram of sample PC 99033 from
the dacite porphyry dike—sill
complex in the Candelaria mine.
Data points of grain-size frac-
tions are concordant (fraction 3)
and discordant (fractions 1 and
2). Discordant position of frac-
tion 1 with an 2°°Pb/***U age
less than that of the concordant
fraction 3 seems to indicate that
discordance of all fractions may
derive from composite loss of
radiogenic Pb and/or U gain
combined with inherited com-
mon lead. An age calculation
from these fractions is therefore
irrelevant. The Concordia age of
fraction 3 at 122.7 Ma is inter-
preted as the time of zircon r
crystallization and represents a
maximum value for the age of
intrusion of the dacite porphyry
dike—sill system. The analytical
error of £0.5 Ma on the age
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Dacite dike (PC 99033)

Zircon fractions
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2: total fraction, <65 ym

3: euhedral prismatic, 80-125um
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! Pb(com) for correction:
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are commonly broken into fragments along marked fracture
lines perpendicular to the long axis. The zircons commonly
show a central channel filled with opaque mineral phase(s).
Zircons of the hornblende diorite can be classified into P5-,
D-, and S-types (Pupin 1980, 1985). Zircons assigned to the
P5- and D-type categories are predominant. The zircons
with S-type characteristics are nearly identical in transpar-
ency and color to the P-type zircons. S-type zircons either
appear as homogeneous single crystals or are directly
grown on corroded remnants of P-type zircons. The most
striking aspect is the complete lack of inclusions in the
S-type zircon generation. They show continuous variations
in shape from S24- to S12-types. The presence of P5-, D-, and
S-types suggests zircon crystallization during more than
one stage of magma development. According to Pupin
(1980, 1985), P5- and D-type zircons crystallize in alkali
series granites of mainly mantle origin, whereas S-type
zircons commonly are formed from crustal magma sources.
The occurrence of S24- to S12-types can be interpreted as a
gradual change in magma composition by crustal assimila-
tion processes, reaching a tonalitic end member (distribu-
tion area “T.” for tonalite; Pupin 1980).

Cathode luminescence images of selected crystals are
given in Fig. 3d,e. They show a homogenous darker inner
domain, a lighter outer overgrowth, and do not contain any
visible seed crystal or an inherited core.

The fragmentation during zircon processing was intense
due to the presence of numerous cracks in the zircon
crystals. Zircons were separated into grain-size fractions but
could not be further differentiated based on crystal shapes.
Fractions 1 and 2 consist of euhedral, short prismatic
crystals of 90 to 130 um or 50 to 80 pum, respectively.
Fraction 3 is composed of zircon prism fragments without
pyramidal apices (60 to 120 pum). Fraction 4 consists of
small zircons (<50 wm) and includes crystals and crystal
fragments.

Analytical results

The zircons of the hornblende diorite have uranium
contents from 269 to 338 ppm and thorium contents from
166 to 261 ppm. High quantities of common Pb in zircons
(*°°Pb/2**Pb from 274 to 866) require Pbe,y, corrections. Pb
isotope ratios of “leachates” and “residues” are known from
leaching experiments on equivalent whole rock (WR)
samples (Marschik et al. 2003a). Both 2°°Pb/***Pb ratios
of “WR leachates” and “WR residues” are slightly depleted
in radiogenic lead compared with calculated values from
the Stacey and Kramers (1975) model (1=9.74). The Pb
model age of 1,635 Ma is based on the mean value of Pb
isotope ratios from residues of the hornblende diorite
(samples PC 97006, PC 97007, PC 97008 in Marschik
et al. 2003a), which are recalculated to a crystallization age

@ Springer

of 118 Ma and adapted to the Pb evolution model of Stacey
and Kramers (1975), and a p-value of 9.63 corresponding
to *°°Pb/***Pb=18.442 and a **’Pb/***Pb=15.591.

Figure 5 shows the results in a Concordia diagram.
The data points of fractions 1, 2, and 4 are concordant at
117.7+0.4 Ma (20; probability of concordance=0.82;
MSWD of concordance=0.049; Concordia age after
Ludwig 2001). Fraction 3 data are slightly discordant in
the Concordia diagram (Fig. 5) because of an inherited
radiogenic lead component and have been omitted from the
age calculation. Fraction 2 has somewhat higher Pb/U ages
than fractions 1 and 4, which may also result from an
inherited radiogenic lead component. Therefore, an age of
118+1 Ma seems more realistic. This age represents the
maximum age of the zircon crystallization and of horn-
blende diorite emplacement.

Quartz—monzonite porphyry unit (Kqm)
Zircon characteristics

Zircons of the quartz—-monzonite porphyry (sample PC
99023) are colorless and transparent. The shapes are
predominantly subhedral to rarely anhedral. Whitish dull
pyramidal apices, rounded edges, and pitted crystal faces
are caused by magmatic corrosion. The degree of magmatic
dissolution makes it difficult to determine the character-
istics for the zircon type (Pupin 1980). The original P5-type
characteristics can be inferred from rarely preserved,
euhedral, elongated, prismatic zircons.

Cathode luminescence images show zircons without
inherited cores (Fig. 3g,h). A voluminous, heterogeneous
inner domain is separated by a dissolution surface from an
outer domain with well-developed sector zoning. A
pronounced dark boundary zone between the two domains,
as observed, e.g., in zircons from the dacite porphyry dike,
is not developed. Mineral inclusions with no or very low
luminescence are common.

The large proportion of dull, brownish zircons argues
for metamictization, due to high U and Th contents (see
below). These metamict crystals were omitted from
analysis. Two grain-size fractions (fraction 1, 100 to
200 wm; fraction 2, 61 to 100 wm) were prepared for
analysis.

Analytical results

Data points of grain-size fractions 1 and 2 are concordant
at 116.3+0.4 Ma (20; probability of concordance=0.13;
MSWD of concordance=2.2; Concordia age calculated
according to Ludwig 2001; Fig. 6). The probability for
X-Y equivalence and Concordance is 0.54; therefore, the
error of the Concordia age is appropriate (Ludwig 2001).
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Fig. 5 U-Pb Concordia dia-
gram of sample PC 99027 from
the hornblende diorite (Khd)
unit. Three data points repre-
senting grain-size fractions 1, 2,
and 4 are concordant at 117.7+
0.4 Ma (Concordia age, Ludwig
2001). Fraction 3 data are
slightly discordant in the Con-
cordia diagram and have been
omitted from the age calcula-
tion. Fraction 2 has somewhat
higher Pb/U ages than fractions
1 and 4, which may result from
an inherited radiogenic lead
component. Therefore, an age of
118+1 Ma seems more realistic.
This age is interpreted as the
time of zircon crystallization
and thus, represents the maxi-
mum age for the emplacement
of the hornblende diorite

This age is interpreted as zircon crystallization age, which
represents the maximum age for the intrusion of the quartz—
monzonite porphyry. High common Pb quantities in zircons

Fig. 6 U-Pb Concordia dia-
gram of sample PC 99023 from
the quartz—monzonite porphyry
(Kgm) unit. Data points of grain-
size fractions are concordant at
116.3+£0.4 Ma (Concordia age,
Ludwig 2001). The age repre-
sents the time of zircon crystal-
lization and represents the
maximum emplacement age

206P bl238U

206P bl238U
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quartz—monzonite porphyry unit given in Marschik et al.
(2003a). These Pb ratios recalculated for the time of
formation at 116 Ma (*°°Pb/***Pb=18.593; **’Pb/***Pb=
15.644) provide a p-value of 9.83 and a Pb model age of
160 Ma. This may suggest assimilation and homogeniza-
tion of crustal Pb in the mantle-derived melt. Uranium and
thorium concentrations in zircons are high (U=907 and
1,144 ppm; Th=1099 and 3,113 ppm) and exceed the
elevated concentrations in the monzodiorite (Table 2; see
sample PC 99030 below). These high U and Th concen-
trations are consistent with the shoshonitic character of
these rocks (Marschik et al. 2003a).

Monzodiorite unit (Kmd)
Zircon characteristics

The zircon populations of the monzodiorite (sample PC
99030) are heterogeneous. The rock contains large zircon
crystals (up to 500 pm long) but also many crystal frag-
ments. Zircons can be distinguished according to transpar-
ency and color. Euhedral, transparent, and colorless to pale
pink zircons commonly contain a medial tube in their
central domain, which is filled with opaque (hematite?) or
transparent materials (probably liquid/melt inclusions). The
zircon type can be characterized as P5 [Pupin 1980; prisms
(100)>>(110) and pyramidal apex (101)]. They commonly
show an irregularly formed, edge-rounded, anhedral over-
growth, which possibly formed during a second crystalli-
zation phase under different melt conditions.

Cathode luminescence investigations suggest homoge-
nously developed zircons. Inherited cores are lacking. High
or low luminescent rims envelop the medial tubes (Fig 31),
mentioned above. These rims are presumably caused by the
chemical reaction between the host zircon and tube filling.

Uranium (650 to 873 ppm) and thorium (541 to
1062 ppm) contents are high. There are also zircons, which
are similar in type (P3/P5) but are brown, totally dull, and
with scarred surfaces, suggesting that they experienced
strong metamictization. These zircons were omitted from
analysis.

Four grain-size fractions were prepared for analysis.
Grain-size fraction 1 (200 to 300 um) and 4 (<80 pum)
consist predominantly of euhedral and colorless P5-type
zircons. The fractions 2 (100 to 150 um) and 3 (80 to
100 pm), in contrast, are composed almost completely of
crystal fragments.

The zircon types can be used to estimate temperatures
and alkalinities of melts (Pupin 1980, 1985). P5-type
zircons, which are the most abundant in the monzodiorite,
are suggestive of melts of alkaline series granites of mainly
mantle origin and melt temperatures in excess of 800°C.
This is consistent with geochemical and isotope geochem-
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ical characteristics (Sr initial ratio ~0.70315 and €Nd ~5.6)
of these rocks (Marschik et al. 2003a).

Analytical results

The uranium and thorium concentrations in zircons of the
monzodiorite are between 650 and 873 ppm or between
541 and 1062 ppm, respectively. Discordia calculation
(Ludwig 2001) based on all grain-size fractions yields a
lower intercept age of 115.5£0.4 Ma (20; probability of
fit=0.43; MSWD=0.83; according to Ludwig 2001;
Fig. 7). This age is interpreted as the time of zircon crys-
tallization and gives a maximum age for the magma
emplacement. The discordance of fractions 1 and 2 cannot
be attributed to inherited older lead components because of
the lack of inherited cores. Reasons for this discordance
may lie in the zircon crystallization itself. Presence of
median tubes, filled with opaque material or transparent
liquids/fluids, are certainly a trap for inherited lead
(Fig. 31).

Common Pb correction in zircons was done using Pb
isotopic ratios of the equivalent whole rock residue analysis
of the monzodiorite (samples PC97002/03) given in
Marschik et al. (2003a). The corresponding p-value is
9.51. Calculations based on the Stacey & Kramers’ two-
stage model for lead isotopic evolution (Stacey and
Kramers 1975) using Pb isotopic ratios (*°°Pb/2**Pb=
18.349; 2°"Pb/?**Pb=15.557), similar to those of the
whole rock residues but adapted to crystallization age of
116 Ma, and a p-value of 9.51, yields a model age of
1,350 Ma. This Pb model age is inconsistent with this upper
Concordia intercept age of about 2,840 Ma. We assume that
the Pb isotope system in zircon of large grain size is
disturbed, because of the presence of median tubes, which
are more abundant in these zircons. The p-value is below
that of “average active terrestrial lead” (9.74; Stacey and
Kramers 1975), but tends to that of the mantle (8.35;
Zartman and Doe 1981), supporting the hypothesis of a
mantle component in the melt. This is consistent with the
zircon types and geochemical data mentioned above
(Marschik et al. 2003a).

Tonalite unit (Kt)
Zircon characteristics

Zircons from the tonalite (PC 99025) form a homogeneous
population with respect to properties observed under the
microscope. They are euhedral, transparent to translucent,
and colorless. Shapes are mainly short prismatic (length/
width=1.5 to 2, rarely 3). Tube- and drop-shaped inclusions
are concentrated in the inner domain, which reduces
transparency. Identified zircon types are S25/S24, S18/
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Monzodiorite (PC 99030)

Pb(com)-correction:

WR-residue (mod)

2%pp2%pp = 18.349

Pb/”**Pb = 15.557

Pb-model age = 1350 Ma
M =9.505

207

Discordia age based on four points
Lower intercept: 115.5 £ 0.4 Ma
(Upper intercept: 2840 + 1500 Ma)

(20, decay-const. errors ignored)
MSWD = 0.83; Probability (of fit) = 0.43

Fig. 7 U-Pb Concordia dia-
gram of sample PC 99030 from
the monzodiorite (Kmd) unit. Zircon fractions
The lower discordia intercept | 1:200-300pm
age (Ludwig 2001) calculated 0.01825 2 100-150pm
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S13, and S8/S4 (Pupin 1980, 1985). The zircons of this
sample are characterized by a homogeneous outermost
growth zone as observed under cathode luminescence
(Fig. 3j-1). The zircons may or may not contain a medial
tube (Fig. 3j) or a dark central zone (Fig. 3k) or an inherited
core (Fig. 31). A marked dark boundary zone separates an
inner from the outer growth zone (Fig. 3k,1). The boundary
zone has an outer dissolution surface, which is visible in
almost all zircons of this sample.

Four grain-size fractions were prepared according to
their transparency. Grain-size fraction 1 (60 to 100 pm)
comprises transparent crystals, while fractions 2 (100 to
150 wm) and 3 (150 to 180 pwm) comprise translucent
crystals. Fraction 4 contains translucent, elongated prismat-
ic S4-type zircons (100 to 125 pum). The latter are the most
abundant. According to Pupin (1980), this type commonly
originates from calc-alkaline series granites.

Analytical results

Uranium and thorium concentrations in zircons of the
tonalite are low (U=144 to 205 ppm; Th=118 to 219 ppm).
Data of fractions 1 and 2 plot nearly concordant in the
Concordia diagram (Fig. 8), whereas fractions 3 and 4
deviate from the Concordia. The best fit regression line of
all four data points intersects the Concordia at 110.7+
0.4 Ma (20; probability of fit=0.64; MSWD=0.44).
Common Pb correction of data is based on the Pb isotopic

0.121 0.122 0.123 0.124

207 P b/235U

analysis on whole rock residue of tonalite sample PC 97009
of Marschik et al. (2003a). The p-value of 9.57 is below
that for average active terrestrial lead (9.74, Stacey and
Kramers 1975) and shifts towards the mantle value (8.35,
Zartman and Doe 1981). This is consistent with the lowest
measured €Nd value of +4.6 for the rocks of the Copiapd
plutonic complex and a Sr initial ratio of 0.7032 (Marschik
et al. 2003a). Recalculated values of 2°°Pb/***Pb=18.405
and °’Pb/2**Pb=15.575 (1=9.57; 111 Ma) result in a Pb
model age of about 2,414 Ma. This Pb model age is
inconsistent with this upper Concordia intercept age of
about 4,251 Ma, suggesting that the Pb isotope system in
parts of the zircons is disturbed (see also sample 99030). As
suggested above (PC 99033), we assume that the dark
central zone and the medial tube have incorporated ex-
ternally derived uranium and radiogenic lead. An inherited
radiogenic lead component in the cores may contribute to
the disturbance of the Pb isotope system.

0.125

Discussion

The new U-Pb zircon ages are interpreted as maximum
crystallization ages. These ages show that dacite magma-
tism at about 123 Ma predates the crystallization of the
nearby batholithic rocks that took place between 118+1 and
110.7+0.4 Ma (Early Cretaceous; Fig. 2). The new U-Pb
zircon geochronological data are consistent with the field
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Tonalite (PC 99025)

116 ¢ -

Zircon fractions

1: well assorted, transparent, 60-100 um
2: broken transparence, 100-150 ym

3: broken transparence, 150-180 um

4: elongated prismatic, 100-125 pm

Pb(com)= WR residue (mod)
2%pp/**Pb(com) = 18.405
27pp/*Ph(com) = 15.575

M =9.57, Pb-model age = 2414 Ma

Model 1 solution on 4 points

Lower intercept: 110.7 £ 0.4 Ma
(Upper intercept: 4251 + 350 Ma)
MSWD = 0.44; Probability of fit = 0.64

Fig. 8 U-Pb Concordia dia-
gram of sample PC 99025 from
the tonalite (Kt) unit. The re- 0.0180 +
gression line of all data points
intersects the Concordia at i
110.7+£0.4 Ma and 4251+
350 Ma
0.0176 T
=
©
Q00172 T
—~—
o]
[a L
© L
o
N
0.0168 T
0.0164 T
0.0160
0.09

relationships of the various plutons (Tilling 1962; Marschik
et al. 2003a). There is a magmatic succession from
hornblende diorite (118+1 Ma) via quartz monzonite
(116.3+0.4 Ma) and monzodiorite (115.5+0.4 Ma) towards
tonalite (110.7+0.4 Ma).

Nd model ages of the plutonic rocks range from 716 Ma
(Neoproterozoic) to 488 Ma (Cambrian—Ordovician) based
on a single-stage evolution model, or between 513 (middle
Cambrian) to 436 (Early Silurian) based on a two-stage
evolution model, respectively (Sm—Nd data from Marschik
et al. 2003a). These model ages suggest a mixture of Early
Cretaceous mantle and older crustal melt components. The
Pb model ages vary between 160 and 2,414 Ma, also
representing a mélange of ages from mantle and various
crustal sources. The multigrain analysis method used
provides some additional information on the provenance
of the assimilated crustal Pb but does not allow identifica-
tion of distinct Pb sources. We can distinguish three groups
of Pb model ages: a Paleoproterozoic age of 2,414 Ma
(tonalite, PC 99025), Late Paleoproterozoic—Early Meso-
proterozoic ages of 1,350 Ma (monzodiorite, PC 99030)
and 1,635 Ma (hornblende diorite, PC 99027), and a
Jurassic age of 160 Ma (quartz—monzonite porphyry, PC
99023). There are indications of the presence of old crustal
material at a depth that may have contributed Pb to the
magmatic systems. Archean (2.69 to 2.78 Ga; Berg and
Baumann 1985), Proterozoic (1.46 to 1.21 Ga; Damm et al.
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1990), and Neoproterozoic—Cambrian (600 Ma, and 525 to
500 Ma; e.g., Berg and Baumann 1985; Lucassen et al.
2000) ages are reported. Outcrops of Carboniferous to
Permian rocks occur in the Chilean Coastal Cordillera and
Precordillera (e.g., Damm et al. 1981; Brown 1991;
Lucassen et al. 1999). Zentilli et al. (2001) report ca.
1 Ga xenocrystic zircon in the Lower Cretaceous dacite,
which hosts Cu—Au mineralization in the Punta del Cobre
district and suggest that the felsic magmas picked up
zircons in the Proterozoic and Paleozoic crystalline base-
ment of the Coastal Cordillera.

Magmatism temporally overlaps with the iron oxide Cu—
Au mineralization and related alteration at Candelaria—
Punta del Cobre (Fig. 2). A genetic link between the
mineralization and dacite porphyry dike emplacement is
unlikely. The new U-Pb zircon data suggests that the dike—
sill complex intruded the volcanic and metasedimentary
sequence about 8 Ma before the ore formation. The
question arises why the dacite is hydrothermally altered
but not as heavily mineralized as the surrounding rocks. At
Candelaria, the bulk of the ore is hosted by coarse
volcaniclastic rocks that were porous, permeable and filled
with probably connate, modified meteoric or sea waters,
whereas the dacite porphyry dikes and sills are compact and
dense rock masses, essentially without any permeability.
Dike intrusion may have been accompanied by autometa-
somatism and alteration without significant associated
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metallic mineralization. Potassic alteration could have
occurred due to the cooling of magmatic fluids and sodic
(—calcic) alteration by interaction with heating non-mag-
matic, saline(?) fluids stored in or drawn into the
volcaniclastic rocks, respectively. The latter, ore-forming
hydrothermal activity also caused alteration and locally
some minor Cu—Au mineralization within the dike, but ore-
forming fluids preferentially infiltrated the permeable
sedimentary layers.

Marschik and Fontboté (1996) and Mathur et al. (2002)
suggested that diorite magma could be related to the
metallic mineralization. The age of the hornblende diorite
(118+1 Ma), however, seems to preclude a genetic link.
The zircon age of 116.3+£0.4 Ma for the quartz—monzonite
porphyry is also older than the age of the main Cu-Au
mineralization (Re—Os molybdenite ages of 114.2+0.6 and
115.24£0.6 Ma; Mathur et al. 2002). However, taking a
likely time delay between zircon saturation in the melt and
the time of hydrothermal fluid release into account, the
shoshonitic quartz—monzonite porphyry could also be
responsible for the ore formation. Its porphyritic texture is
consistent with rapid cooling due to sudden fluid expulsion,
a fluid that could have contributed metals and sulfur. The
monzodiorite (115.5+0.4 Ma) with high-K characteristics is
the closest in age to the iron oxide Cu—Au mineralization at
Candelaria and has the same initial '*’Os/'**Os within error
(18705/1SSOSinitial(ore):0-36i0-1 > 18705/18805initia] (Kmd) =
0.27+0.02; Mathur et al. 2002). Therefore, the monzodio-
rite could also be responsible for the ore formation.
Additionally, there are field relationships that seem to
support such a hypothesis. The monzodiorite has north—
northwest trending structural contacts to the east and west
(Fig. 1), i.e., its emplacement was probably controlled by
similar structures that controlled some of the iron oxide
Cu—Au mineralization in the district (Marschik and
Fontboté 1996, 2001a). Furthermore, the Candelaria mine
lies to the south—southwest of the monzodiorite pluton,
i.e., along strike of the structure that forms the eastern limit
of the outcrop of the pluton (Fig. 1). The monzodiorite may
therefore underlie the Candelaria deposit. However, these
spatial configurations could also have developed through
post-mineralization tectonic events. Post-mineralization
block faulting may also explain why intense pervasive
sodic(—calcic) alteration is not observed in the monzodio-
rite, whereas this alteration affected the pyroxene diorite,
hornblende diorite, and quartz—monzonite porphyry,
where they form the eastern margins of the batholith
(Fig. 1). In addition to the pervasive sodic(—calcic) alter-
ation, the quartz—-monzonite porphyry is locally cut by
numerous amphibole—scapolite bearing veins that are
similar to amphibole =+ scapolite-rich veins observed in
the upper part of the Candelaria deposit. Voluminous sodic
(—calcic) alteration is common in IOCG districts (e.g.,

Pollard 2001); however, its role in ore genesis remains
unclear. In the case of Candelaria, the district scale sodic
(—calcic) alteration developed sodic scapolite and/or albite-
rich assemblages =+ calcic amphibole + pyroxene =+ epidote +
andraditic or almandine-rich garnet in the sedimentary
country rocks adjacent to the batholith (Marschik and
Fontboté 2001a). This alteration could have occurred
during contact metamorphism by heating saline waters
trapped in the sedimentary rocks, which also infiltrated the
plutonic rocks, and each intrusion may have triggered an
own alteration cell. At Candelaria, paragenetic relationships
suggest that the main sulfide mineralization postdates peak
contact metamorphic assemblages and the sodic(—calcic)
alteration, though these events may have also been in time.
These relationships imply that at least parts of the quartz—
monzonite porphyry were crystallized before the main
mineralization occurred.

The younger alteration ages between 110 and 112 Ma
suggest that there was hydrothermal activity that produced
similar hydrothermal mineral associations as those that ac-
companied the main mineralization at around 115 Ma (Fig. 2).

The tonalite age (110.7+0.4 Ma) overlaps with the late
alteration ages at 110 to 112 Ma. Tonalite emplacement
may have driven hydrothermal cells that caused this late
alteration or modified “°Ar/*°Ar and K/Ar systematic in
some areas. A thermal influence and modification of K/Ar
ages may explain the relatively young K—Ar biotite age of
111£3 Ma for the hornblende diorite at Quebrada Las
Pintadas reported by Arévalo (1994). The hornblende
diorite has a direct contact with the tonalite not far from
where the sample for K/Ar analysis was taken. The
“OAr?Ar biotite-weighted mean plateau age of 109.8+
0.4 Ma (1o) and the *°Ar/*°Ar hornblende-weighted mean
plateau age of 110.1+1.3 Ma (lo) for the tonalite unit
reported by Arévalo (1999) may represent unmodified
cooling ages. They suggest that the crystallization and
cooling below the closure temperature of hornblende and
biotite may have occurred within one million years or less.
This is consistent with the regional geologic context, which
suggests that the plutons were emplaced at relatively
shallow levels during uplift and experienced rapid post-
magmatic cooling.

Conclusions

The new U-Pb zircon ages are interpreted as crystallization
ages or maximum ages. They show that dacite magmatism
around 123 Ma preceded the crystallization of the horn-
blende diorite (Khd) at 118+1 Ma, the quartz—monzonite
porphyry (Kqm) at 116.3+0.4 Ma, the monzodiorite (Kmd)
at 115.54+0.4 Ma, and the tonalite (Kt) at 110.7+0.4 Ma.
The new geochronological data are consistent with field
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relationships of the plutons. Plutonism temporally overlaps
with the iron oxide Cu—Au mineralization (~115 Ma) and
silicate alteration (mainly from 114 to 116 Ma and 110 to
112 Ma) at Candelaria—Punta del Cobre. Previous studies of
these ore deposits suggest that the sulfur and metals are
mainly derived from magmatic sources. The dacite and
hornblende diorite intrusions preceded the ore formation. A
genetic link of the metallic mineralization with meta-
luminous, high-K to shoshonitic granitoids with SiO,
contents around 60 to 65 wt% is likely. The quartz—
monzonite porphyry and/or the monzodiorite may have
provided energy and contributed fluids, metals, and sulfur
to the hydrothermal system that caused the mineralization
in the Candelaria—Punta del Cobre district. Tonalite
emplacement may have sustained existing or driven newly
developed hydrothermal cells that caused late alteration at
110 to 112 Ma or modified *“°Ar/*°Ar and K/Ar systematic
in some areas.
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