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Abstract

The Rosario Cu-Mo-Ag deposit is located in the Collahuasi district of northern Chile. It comprises high-grade
Cu-Ag-(Au) epithermal veins, superimposed on the core of a porphyry Cu-Mo orebody. Rosario has mining re-
serves of 1,094 million metric tons (Mt) at 1.03 percent copper. An additional 1,022 Mt at 0.93 percent copper
occurs in the district at the nearby Ujina and Quebrada Blanca porphyry deposits. The Rosario reserve contains
over 95 percent hypogene ore, whereas supergene-sulfide ores dominate at Ujina and Quebrada Blanca.

Mineralized veins are hosted within Lower Permian volcanic and sedimentary rocks, Lower Triassic gran-
odiorite and late Eocene porphyritic quartz-monzonite. The Rosario fault system, a series of moderate south-
west-dipping faults, has localized high-grade Cu-Ag-(Au) veins. At Cerro La Grande, similar high-grade Cu-
Ag-(Au) veins are hosted in north-northeast-trending, sinistral wrench faults. Normal movement in the Rosario
fault system is interpreted to have been synchronous with sinistral strike-slip deformation at La Grande.

Hydrothermal alteration at Rosario is characterized by a K-feldspar core, focused in the Rosario Porphyry
that grades out to a secondary biotite-albite-magnetite assemblage. Paragenetic relationships indicate that mag-
netite was the earliest formed alteration product but has been replaced by biotite-albite. Vein crosscutting re-
lationships indicate that K-feldspar formed during and after biotite-albite alteration. Chalcopyrite and bornite
were deposited in quartz veins associated with both K-feldspar and biotite-albite assemblages. The early hy-
drothermal fluid was a hypersaline brine (40-45 wt % NaCl) that coexisted with vapor between 400° and
>600°C. Weakly mineralized illite-chlorite (intermediate argillic) alteration of the early K and Na silicate as-
semblages was caused by moderate temperature (250°-350°C), moderate-salinity brines (10-15 wt % NaCl).
Molybdenite was precipitated in quartz veins that formed between the potassic and intermediate argillic alter-
ation events. These fluids were 350° to 400°C with salinities between 10 and 15 wt percent NaCl.

Porphyry-style ore and alteration minerals were overprinted by structurally controlled quartz-alunite-pyrite,
pyrophyllite-dickite, and muscovite-quartz (phyllic) alteration assemblages. The quartz-alunite-pyrite alter-
ation formed at 300° to 400°C from fluids with a salinity of 10 wt percent NaCl. The pyrophyllite-dickite as-
semblage formed between 250° and 320°C from dilute (5 wt % NaCl) fluids. An upward-flared zone of mus-
covite-quartz-pyrite altered rocks surrounds the fault-controlled domain of advanced argillic alteration. Thick
veins (0.5-2 m wide) of fault-hosted massive pyrite, chalcopyrite, and bornite precipitated brines with a salin-
ity of 30 wt percent NaCl at temperatures of 250° to 300°C.

Pressure-depth estimates indicate that at least 1 km of rock was eroded at Rosario between formation of the
K-Na silicate and advanced argillic assemblages. This erosion was rapid, occurring over a period of 1.8 m.y. The
Rosario Porphyry intruded immediately after the Incaic tectonic phase, implying that it was emplaced as the
Domeyko Cordillera underwent gravitational collapse, expressed as normal faults in the upper crust. Gravita-
tional sliding potentially accelerated exhumation and helped to promote telescoping of the high-sulfidation en-
vironment onto the Rosario Porphyry.

The hydrothermal system responsible for porphyry Cu mineralization at Rosario was partially exhumed prior
to the formation of high-sulfidation ore and alteration assemblages. This implies that emplacement of a second
blind intrusion occurred somewhere beneath the Rosario and Cerro La Grande high-sulfidation vein systems
and is supported by the fault geometry and zoning of precious metals and sulfosalts at the district scale.

Introduction host high-sulfidation epithermal deposits (e.g., Lepanto-Far
Southeast in the Philippines: Arribas et al., 1995; Hedenquist
et al., 1998; La Mejicana-Nevados del Famatina, Argentina:
Losada-Calderén, 1992; Losada-Calderén et al., 1994). The
t Corresponding author: e-mail, glen.masterman@bolnisigold.com.mx agVﬁnced arg,ﬂlhlc ali[ era;ion assemblafg)el typl%dﬂy ,{lorms at
*Current address: Bolnisi Gold NL, Calle Diego de Vilchis No 3503, Col. shallow C.ruStd evels ( 0071’00.0 m below t e paleowater
San Felipe C.P. 31240, Chihuahua, Chihuahua, Mexico. table: Arribas, 1995; Cooke .and SIH.IIHOIIS, 2000) in contrast to
**Current address: 24 Lyndale Drive, North York, Ontario, Canada M2N 2Y1.  the zone of potassic alteration, which occurs at depths of ca.

MANY porphyry copper deposits are associated with zones of
advanced argillic alteration. Some of these alteration zones
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1 to 3 km (Sillitoe, 2000). In northern Chile, several of the
major Eocene-Oligocene porphyry Cu-Mo deposits are char-
acterized by zones of advanced argillic alteration superim-
posed directly onto K silicate altered rocks. The best docu-
mented example occurs at Chuquicamata, where structurally
controlled phyllic and advanced argillic alteration assem-
blages associated with Butte-style Cu-Ag veins (Sillitoe, 2000;
Ossandon et al., 2001) have cut a broad zone of potassic al-
teration. Similar reversed zoning has been described in other
Chilean porphyry Cu deposits, including Rosario (Dick et al.,
1994; Lee, 1994), Mansa Mina (Sillitoe et al., 1996), La Es-
condida (Padilla Garza et al., 2001), and Quebrada Blanca
(Hunt et al., 1983).

This study describes the temporal and spatial evolution of
porphyry-related and high-sulfidation veins at the Rosario
Cu-Mo-Ag deposit (Fig. 1). We also examine the structural
controls on vein formation and use fluid inclusion microther-
mometry to estimate pressures during the main stage of vein
formation. Exhumation rates during formation of porphyry
and epithermal ore at Rosario have been constrained by the
dating of early and late vein stages (Masterman et al., 2004).
In this paper, we propose a scale-integrated structural and hy-
drothermal model to explain superpositioning of high-grade
Cu-Ag massive sulfide veins onto low-grade porphyry Cu-Mo
stockwork veins. Ore and alteration mineral assemblages and
zoning in the late-stage massive sulfide veins are consistent
with those described for high-sulfidation deposits by Heden-
quist (1987), White and Hedenquist (1990, 1995), and Ar-
ribas (1995). Geodymanic implications for the formation of
giant porphyry copper deposits in the north Chilean Andes
are also discussed.

District and Deposit Geology

Collahuasi is situated in Region I of northern Chile, 5 to 10
km from the border with Bolivia (Figs. 1, 2). The geology of
the Collahuasi district has been described by Vergara and
Thomas (1984), Dick et al. (1994), Moore and Masterman
(2002), and Masterman et al. (2004). The lowest stratigraphic
units at Rosario comprise northeast-dipping volcanic and sed-
imentary rocks interfingered with graded feldspathic sand-
stone (Figs. 3, 4). These are conformably overlain by dacite
ignimbrite (293 + 14 Ma, U/Pb age: Masterman, 2003) in-
terbedded with thick beds of tuffaceous sandstone, minor
limestone (2—10 m thick), and rare units of coherent andesite
(<5 m thick). Massive rhyodacite ignimbrite at the top of the
sequence is concordant with the underlying stratigraphy (Fig.
3).

Copper mineralization at Rosario is associated with a series
of northwest-trending quartz sulfide and massive sulfide veins
occupying an area 1,500 m long and 1,200 m wide (Fig. 3).
Ore-grade mineralization has been intersected to the current
level of diamond drilling at depths of 900 m and is localized
within and around a biotite porphyritic quartz-monzonite
known as the Rosario Porphyry (C. Munchmeyer, J.P. Hunt,
and H. Ware, 1984, Geologia del Distrito de Collahuasi y del
pérfido cuprifero Rosario: Santiago, Compaiiia Dofia Inés de
Collahuasi, Internal Company Report, p. 84; Dick et al.,

1994; Lee, 1994) of late Eocene age (34.4 = 0.4 Ma, “°Ar/*Ar
primary biotite age: Masterman et al., 2004). This stock has
intruded a porphyritic granodiorite called the Collahuasi Por-
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Fic. 1. Map showing the location of the Collahuasi district relative to

other major copper and gold deponts in Chile and western Argentina. Met-
allogenic belts for the five major copper provinces are also shown. Dashed
contour lines are the depths to the Wadati-Benioff zone. Modified from

Muntean and Einaudi (2000).

phyry (245 + 12 Ma: Masterman, 2003). Detailed descriptions
of the Collahuasi and Rosario Porphyries are provided in
Clark et al. (1998) and Masterman et al. (2004). The Col-
lahuasi Porphyry is considerably older than any mineraliza-
tion events at Rosario. Illite and alunite alteration at Rosario
have been dated at 34.5 + 0.5 and 32.6 + 0.3 Ma, respectively
(“9Ar/*Ar plateau ages: Masterman et al., 2004). Alunite at
the La Grande epithermal vein system, 1.5 to 2 km south of
Rosario (Fig. 2), formed at the same time as alunite at
Rosario, based on a weighted mean plateau “°Ar/*Ar age of
32.7 + 1.6 Ma (Masterman et al., 2004).
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The Collahuasi district contains two major copper-molyb-
denum porphyry deposits in addition to Rosario, which were
not included in our structural study. The Ujina deposit is lo-
cated approximately 7 km southeast of Rosario and has been
dated at 35.2 + 0.3 Ma (**Ar/*°Ar primary biotite age: Mas-
terman et al., 2004). The Quebrada Blanca deposit, located 8
km southwest of Rosario (Fig. 2), has an age similar to that of
Ujina, based on a *Ar/*Ar age determination on secondary
biotite (34.9 + 0.4 Ma: Maksaev, 1990). These deposits
formed prior to the emplacement of the giant Rosario por-
phyry and associated La Grande veins, which appear to mark
the culmination of mineralization within the district.

Structure

In the Rosario and La Grande areas, development of brit-
tle faults postdated folding in the Collahuasi Formation. A se-
ries of moderate to steep (45°-65°), southwest- and northeast-
dipping faults (the Rosario fault system) have cut the orebody
(Figs. 3, 4) and are associated with advanced argillic alteration
and high-grade, polymetallic Cu-Ag-(Au) veins. These faults
show considerable dextral (up to 1,100-m strike separation)
and minor sinistral (300-m strike separation) offsets (Fig. 3).
A second group of faults, striking north-northeast, occur in
the Cerro La Grande area 2 to 4 km south of Rosario (Fig. 2).
These faults also contain high-grade polymetallic Cu-Ag-(Au)
veins (Dick et al., 1994; Lee, 1994).

Fault evolution

Two discrete fault reactivation events have been identified
from detailed analysis of kinematic indicators on the major
fault surfaces using the techniques outlined in Petit (1987)
and Doblas (1998). First generation striations, characterized
by steep-pitching grooves on polished surfaces, are associated
with normal faults (Fig. 5A). Paleostress modeling, using the
method of Etchecopar et al. (1981), indicates that normal
faulting occurred under near-vertical maximum compressive
stress (01) and southwest-trending subhorizontal minimum
compressive stress (03). This marks the first phase of brittle
deformation during which the Rosario fault system is inter-
preted to have formed as a series of synthetic and antithetic
extensional faults.

A. Nommal Faults

o Normal

B. Sinistr:
S

< Simistral

MASTERMAN ET AL.

At Rosario, the only major fault with sinistral strike-slip
movement is the Luld fault (figs. 3, 5B). This fault has been
truncated by dextral displacement in the Rosario 2 and Pique
faults. The sinistral Monctezuma and La Grande faults also
have been dextrally offset by the Rosario fault system (Fig. 2).
Left-lateral deformation in the Lulu, Monctezuma, La
Grande, and Cacique faults may have occurred before, dur-
ing, or after normal movement in the Rosario fault system.

A second generation of subhorizontal striations (Fig. 5C) is
associated with dextral strike-slip reactivation evident in the
dextral strike separation of volcanic facies on either side of
both faults. Dextral strike-slip kinematic indicators have been
directly observed in the Pendltima fault and are implied by
the apparent dextral displacement of the Collahuasi Porphyry
along the Ultima fault (Fig. 3). The maximum compressive
stress (01) during brittle dextral strike-slip deformation was
near horizontal, trending 160° during dextral strike-slip de-
formation (Fig. 5C).

Paleostress fields

Evolution of the local paleostress field at Rosario is shown
in Figure 6. Stress tensors modeled for the sinistral faults are
consistent with those derived from kinematic data on the nor-
mal faults (Fig. 6). Moreover, both fault systems host high-
grade polymetallic Cu-Ag-(Au) veins. We infer that left-lat-
eral movement in the north-northeast-trending faults was
synchronous with normal movement in the Rosario fault sys-
tem and that high-sulfidation mineralization formed at this
time. Mineralization predated dextral-reverse reactivation of
these faults, based on observed fault textures in the massive
sulfide veins, including sigmoidal tension gashes and sulfidic
clast-supported microbreccias (Masterman, 2003). We fur-
ther infer that the minimum compressive stress (03) during
formation of these faults was northeast directed and permit-
ted southwest escape in the Rosario fault system and left-lat-
eral displacement along the north-northeast-trending faults
at Cerro La Grande (Fig. 6A).

The local stress field during postmineralization dextral re-
activation of the Rosario fault system is shown in Figure 6B.
The model shows that the principal compressive stress di-
rections were rotated clockwise relative to the stress field

C. Dextral Faults

u Faults

+ Dextral

Fi1c. 5. Lower hemisphere equal area projections of major faults at Rosario. Symbols in the great circles are trend and
plunge of fault striations. A. Normal faults. B. Sinistral faults. C. Dextral faults. Reactivation of normal faults during dextral
strike-slip movement is supported by overlapping fault orientations and overprinting striations on fault surfaces. The north-
northwest orientation of sinistral faults is consistent with the interpretation that they accommodated southwest escape dur-

ing normal faulting.
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of g3. B. Postmineralization dextral reactivation of the Rosario fault system.
Clockwise rotation of 01 to north-northwest resulted in dextral movement in
the northwest-trending faults at Rosario. There also may have been some
sinistral reactivation of the north-northeast—trending faults.

responsible for normal and sinistral movement. However the
calculations of Etchecopar et al. (1981) used in the pale-
ostress modeling assume that the fracture patterns are prop-
agated in cohesive rock. Therefore, the amount of rotation of
the local stress field required to reactivate the Rosario fault
system as dextral faults was probably less than that indicated
in Figure 6B.

Mineral Mapping

Zones of ore and alteration mineral associations were
mapped in detail across three northeast-southwest vertical
cross sections at the Rosario deposit (Fig. 7) and a single east-
west section through the La Grande vein (Fig. 8). Drill core
logging was augmented by a short-wave infrared absorption
(SWIR) spectroscopic study that identified fine-grained alter-
ation minerals. In total, 19 drill holes at Rosario (7,470 m) and
two at La Grande (1,100 m) were logged graphically. Rock
type, structure, vein types and paragenesis, relative ages of
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intrusions, ore and alteration mineral associations and their
distribution, and approximate volume percent of the main
mineral constituents were recorded. SWIR spectra obtained
using an Integrated Spectronics Pty. Ltd. portable infrared
microanalyzer (PIMA) were collected on 1,046 diamond drill
core samples. Detailed examination of sulfide and alteration
overprinting relationships was carried out on 120 polished
thin sections using transmitted and reflected light mi-
CTroscopy.

Spectra were obtained on zones of bleached alteration
every 4 m to evaluate small-scale mineralogical variations
through zones of clay and white mica alteration. Sample
spacing was 8 to 16 m in zones of hydrothermal alteration
that lacked white micas and clay (e.g., biotite or chlorite al-
tered rocks). Multiple spots were analyzed by the PIMA in
each core sample following the procedure of Thompson et al.
(1999). Mineral identification was made by comparing each
measured spectrum to a reference database using The Spec-
tral Geologist processing software (AUSSPEC International
Pty. Ltd). Spectral mineral identification was confirmed by
detailed petrographic examination of the altered rocks, as
well as electron microprobe analyses, which was used to de-
termine fine-scale compositional variations in individual
minerals.

Veins and Altered Rocks

The spatial and temporal distribution of veins and associ-
ated alteration, based on crosscutting relationships and min-
eral overprinting textures, is illustrated in Figure 9 and sum-
marized in Table 1. We use the A, B, and D vein
nomenclature of Gustafson and Hunt (1975), the C vein
nomenclature of Dilles and Einaudi (1992), and the M vein
nomenclature of Arancibia and Clark (1996) to describe the
main vein types recognized at Rosario. Seven vein stages (M
A-1,A-2, A-3, B, C, and D veins) are related to porphyry-style
ore and alteration types, of which there are four distinct al-
teration assemblages. These assemblages include magnetite,
biotite-albite, K-feldspar, and illite-chlorite (Figs. 7, 9). About
50 percent of the copper at Rosario is associated with the
early A-stage veins, with another 10 to 20 percent in the B-
and C-stage veins (Fig. 9). Most of the molybdenite occurs in
B veins.

Fault-hosted polymetallic massive sulfides, defined as E
veins in this study, is the last vein type to have formed at
Rosario (Fig. 9). The E veins are characterized by two main
infilling stages. The first consists of pyrite, chalcopyrite, bor-
nite, and chalcocite and is associated with an alteration as-
semblage of quartz-alunite =+ diaspore + andalusite + barite.
The second is the tennantite-enargite stage (TES), which also
contains minor mawsonite, colusite, and vinciennite. The ten-
nantite-enargite stage is associated with pyrophyllite-dickite
alteration proximal to veins and phyllic (muscovite) grading
out to argillic (illite-smectite) alteration assemblages away
from veins. The pyrophyllite-dickite alteration assemblage
has overprinted the earlier formed assemblage of quartz-alu-
nite-pyrite. Muscovite-quartz and illite-smectite alteration of
the wall rocks is interpreted to have formed contemporane-
ously with the pyrophyllite-dickite assemblage (Fig. 9). These
late-stage veins account for about 30 to 40 percent of the total
copper at Rosario.
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Fic. 7. Stacked northeast-southwest alteration sections in the Rosario deposit (see Figs. 3 and 4 for locations). All sec-
tions have the same coordinates in the northeast section lines. Contours of hypogene copper grades are shown at the 0.6, 1.0,
and 1.5 wt percent Cu values. The Rosario fault system controls pyrophyllite-rich alteration that grades out to muscovite
fringed by zones of kaolinite-illite-smectite. K-feldspar alteration in the core of the deposit is enveloped by biotite-magnetite-
albite alteration. Chlorite-epidote alteration surrounds all other alteration types on the margins of the deposit. Section B-B'
is reproduced from Masterman et al. (2004). Fluid inclusion sample localities are indicated by the numbers R990007,
R990124, R990106, R990108, R990085, 990170, and R200021.
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FIc. 8. East-west cross section through the La Grande veins. The subver-
tical veins cut coherent volcanic rocks, interbedded with thick (10-50 m) sed-
imentary units. The rocks dip 40° NE. Amygdaloidal andesite interbedded
with crystal-sandstone at the bottom of the sequence is overlain by por-
phyritic and megacrystic andesite and porphyritic dacite. Hydrothermal al-
teration of the wall rocks is typically restricted to a zone, 25 m wide, on op-
posite sides of the vein but reaches 50 m wide in the amygdaloidal andesite.
Alteration zoning is characterized by pyrophyllite-alunite-dickite next to the
vein, surrounded by muscovite that grades out to an illite-smectite fringe.
The volcanic rocks are altered to epidote-chlorite beyond the zone of illite-
smectite alteration. Vein minerals are pyrite, enargite, chalcocite, and bor-
nite. The vein has a maximum thickness of 15 m and averages 30 wt percent
Cu, 70 g/t Ag, and 0.8 g/t Au. Fluid inclusion sample localities are indicated
by the numbers R990299 and R990324.

M veinlets

Irregular, discontinuous magnetite (M) veinlets occur only
in the Permo-Triassic host rocks that surround the Rosario
Porphyry. They are generally <0.3 mm wide and are the
earliest vein type seen in the Rosario deposit. M veinlets

843

comprise chains and beads of magnetite (Fig. 10A). The vein-
lets lack definitive walls and have no internal structure. M
veinlets are interpreted to have formed, in part, by replace-
ment of wall rock because there is no evidence of open-space
filling. No M veinlets were observed in the Rosario Porphyry.

A-1 and A-2 veinlets

Irregular and segmented A-1 veinlets contain biotite, minor
quartz, and chalcopyrite. Quartz-albite-biotite A-2 veinlets are
discontinuous, range from <0.3 to 5 mm wide, have sharp irreg-
ular walls, and contain minor chalcopyrite, pyrite, rutile, and
magnetite (Fig. 10B). Both of these vein types occur in the bi-
otite-albite-magnetite-illite-chlorite alteration zone (Fig. 7). The
alteration halos that surround Al veins are, in places, indistin-
guishable from the strongly developed ragged biotite that occurs
as a background alteration assemblage. By contrast, A-2 veins
have well-defined albite halos, stained brown by the presence of
fine-grained biotite. Secondary albite in these halos has replaced
primary plagioclase in contact with the veinlets. A-1 veinlets are
locally cut by A-2 veinlets. Both vein types cut M veinlets. A-1
and A-2 veinlets are concentrated in the volcanic and sedimen-
tary host rocks but are rare in the Rosario Porphyry.

A-3 veinlets and veins

K-feldspar—bearing A-3 veins have cut M, A-1, and A-2 vein-
lets and are most abundant in the Rosario Porphyry. Chalcopy-
rite and bornite are the main ore minerals in these veins. A-3
veins are 5 mm to 2 cm wide and exhibit either irregular, dis-
continuous, and segmented walls or regular, continuous, and
parallel walls. Alteration envelopes associated with A-3 veins
are easily recognized in rocks that lack pervasive secondary K-
feldspar, as their pink K-feldspar halos are clearly distinguish-
able. The envelopes are generally 2 mm to 5 cm wide and com-
prise perthitic K-feldspar and minor chalcopyrite and bornite.
Pervasive K-feldspar altered rock is spatially associated with
high densities of A-3 veins, evident in a few drill holes at depths
greater than 600 m below surface (Fig. 10C).

B veins

B veins are continuous planar fractures, with parallel walls
that have been filled by anhedral to subhedral quartz and
minor K-feldspar. Some B veins contain parallel lateral bands
of flaky molybdenite intergrown with granular quartz. Molyb-
denite more typically occurs in vein selvages, together with
anhedral quartz and K-feldspar (Fig. 11A-B). B veins gener-
ally lack alteration envelopes.

In some B veins, anhedral quartz has been overgrown b
euhedral quartz, and central voids have been filled by chal-
copyrite and/or pyrite (Fig. 11B). Both types of quartz contain
fluid inclusions and show undulose extinction, with minor
subgrain development on grain boundaries. Some chalcopy-
rite and pyrite grains in the veins contain inclusions of molyb-
denite, whereas others have truncated molybdenite grain
boundaries. B veins with euhedral quartz and chalcopyrite-
pyrite filling the centers of the veins are typically associated
with texturally destructive, fine-grained muscovite envelopes.

C veins

C veins have regular, continuous walls, some internal band-
ing, and vary from <3 mm to 2 cm wide. C veins cut B veins,
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F1c. 10. Photographs and photomicro-
graphs of magnetite M and A veins from
zones of biotite-magnetite-albite and K-
feldspar alteration. A. Photomicrograph of a
biotite-quartz-chalcopyrite A-1 vein that cuts
a magnetite vein in biotite-magnetite-albite
altered porphyritic andesite (plane-polarized
light). B. Photograph of biotite-, magnetite-
albite-chlorite-illite  altered  porphyritic
dacite. Dark clots disseminated through the
rock are biotite-magnetite-chlorite inter-
growths. The cores of feldspar phenocrysts
have been replaced by illite. The rock is cut
by several generations of A-2 veins. The light
brown stain in the bleached envelopes of the
vein is due to the presence of biotite inclu-
sions in secondary albite. C. Example of per-
vasive K-feldspar alteration in the Rosario
Porphyry. Note that the porphyritic texture
has been destroyed in the rock on the right-
hand side of the sample. This zone corre-
sponds with a high density of quartz-K-
feldspar-bornite-chalcopyrite A-3 veins. On
the left-hand side, phenocrysts have been
enhanced by illite replacement of the
feldspar. M and A vein nomenclature from
Arancibia and Clark (1996) and Gustafson
and Hunt (1975), respectively. Abbrevia-
tions: alb = albite, bi = biotite, ill = illite, K
fsp = K-feldspar, mt = magnetite.

Fic. 11.  Photographs and photomicro-
graphs of B and C veins. A. Photomicro-
graph of flaky molybdenite inclusions in K-
feldspar. Molybdenite and K-feldspar are
associated with subhedral quartz and chal-
copyrite in the vein selvage (cross-polarized
light). B. Photograph of drill core from the
Rosario  Porphyry. In this example, the
quartz-chalcopyrite-molybdenite B vein cuts
the quartz-K-feldspar-chalcopyrite  veins.
Flaky molybdenite is associated with an-
hedral to subhedral quartz in the vein sel-
vage, whereas chalcopyrite occupies the cen-
tral part of the vein. Phenocryst shapes in the
bleached envelope of the vein consist en-
tirely of muscovite. Bleached phenocrysts
outside the envelope are illite. Coin diam-
eter = 20 mm. C. Photograph of biotite-
magnetite-albite altered andesite cut by a
pyrite-chalcopyrite-quartz C vein with a
chlorite-illite alteration envelope. D. Inset
from C. Photomicrograph of the vein and
alteration envelope. Note that the chlorite-
illite envelope around the late vein over-
prints the ragged biotite envelope around
the early vein (plane-polarized light). B and
C vein nomenclature from Gustafson and
Hunt (1975) and Dilles and Einaudi (1992),
respectively. Abbreviations: K fsp = K-
feldspar, mo = molybdenite, gtz = quartz.
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A veins, and M veinlets. They occur throughout the K-
feldspar-illite and biotite-albite-magnetite-illite-chlorite alter-
ation zones. The veins are filled with quartz, pyrite, and
minor chalcopyrite, illite, and chlorite. Quartz is typically eu-
hedral with crystals grown perpendicularly to the vein walls
and distributed symmetrically on both sides of the vein.
Quartz prisms attached to vein walls terminate in central do-
mains now filled by pyrite and chalcopyrite. C vein envelopes
contain chlorite and minor illite, which are best developed in
the biotite-albite-magnetite-illite-chlorite alteration zone
(Fig. 11C-D),

D veins

These are planar and continuous veins of pyrite with sub-
ordinate quartz, muscovite, and chalcopyrite. They typically
occur parallel to the orientation of the Rosario fault system
(Fig. 7). D veins are less than 1 mm to more than 20 cm wide
and cut M, A, B, and C veins in all alteration zones. Pyrite is
the principal vein mineral, with minor chalcopyrite. Euhedral
quartz, present in some veins, shows undulose extinction and
contains abundant fluid inclusions. D veins have muscovite
alteration halos. In the biotite-albite-magnetite-illite-chlorite
alteration zone, the alteration halos are zoned outward from
feldspar-destructive muscovite through muscovite-chlorite to
chlorite.

E veins

Polymetallic massive sulfide (E) veins have cut all other
veins, except for some D veins at Rosario. The widest E veins
(0.5-5 m) occur in branches of the Rosario fault system (Fig.
7). Smaller veins (0.5-10 cm) are concentrated near the faults
but decrease in abundance away from these zones. The main
sulfides in E veins are pyrite, chalcopyrite, bornite, chal-
cocite, tennantite, and enargite (Fig. 12A-B). Gangue miner-
als, which constitute up to 20 vol percent of veins, include
quartz, alunite, diaspore and zunyite + andalusite, barite, and
pyrophyllite. Vein alunite, which occurs as euhedral blades,
contains anhedral inclusions of diaspore and APS minerals
(Fig. 12C-D).

Tennantite-enargite stage (TES)

Tennantite (Fig. 12A-B) and enargite occur generally as re-
placements of pyrite, bornite, chalcopyrite, and chalcocite
within E veins at Rosario. Minor Sn-bearing sulfides, includ-
ing mawsonite, colusite, and vinciennite also overprint bor-
nite, chalcocite, and chalcopyrite and have formed contem-
poraneously with tennantite and enargite (Fig. 12B).
Microfractures (<50 um wide) that have cut bornite and chal-
copyrite are lined by djurleite and digenite with sphalerite in
centers of the fractures.

Structural controls on vein formation at Rosario

Structural analysis of vein orientations, based on detailed
underground mapping by Lee (1994), revealed that most vein
types have a preferred orientation parallel to the Rosario fault
system. Early-formed A veins in the Rosario Porphyry and ad-
jacent to the Rosario fault have no apparent preferred orien-
tation (Fig. 13A), although this interpretation may change if
there were more data. By contrast, B veins have a preferred
orientation of 320°%77° SW, occurring in high densities near

847

the Rosario 1 and 2 faults (Fig. 13B). Late-stage E and ten-
nantite-enargite stage veins occur in southwest- and north-
east-dipping conjugate populations (33965 SW and 321°%/50
NE, respectively; Fig. 13C). The bisecting angle between the
two averaged populations of the late-stage E veins is ~65°,
consistent with subvertical o1 and subhorizontal southwest o3
estimated in the paleostress model for normal faulting at
Rosario (Fig. 6A).

The La Grande veins

Subvertical massive sulfide veins occur in the northeast-
dipping volcanic units at La Grande (Fig. 8), 1.5 km south-
west of Rosario. These volcanic rocks occur stratigraphically
below those that host the Rosario deposit. Narrow alteration
envelopes (10-15 m wide) in volcanic rocks surrounding the
veins are zoned outward from inner pyrophyllite-dickite-
quartz-diaspore-alunite (+APS minerals)-zunyite out through
muscovite and illite-smectite assemblages to outer chlorite-
epidote.

The La Grande veins are 0.5 to 15 m wide, with smaller
veins (1-20 cm wide) typically restricted to pyrophyllite alter-
ation envelopes (<20 m wide). Enargite, pyrite, chalcocite,
and bornite are the main sulfides (Fig. 12E), with subordinate
colusite and mawsonite. The main La Grande vein lacks
gangue, but the small veins contain up to 50 vol percent
quartz, dickite, zunyite, pyrophyllite, and minor APS miner-
als, with or without alunite (Fig. 12F). The sulfide paragene-
sis in the La Grande veins is the same as in the Rosario E
veins. Enargite constitutes the bulk of the sulfide assemblage
and has overprinted all other copper-bearing sulfides. Co-
lusite and mawsonite appear to have formed contemporane-
ously with enargite.

District-scale metal zonation

The precious and base metal sulfide mineral assemblages
within E veins are zoned between Rosario and Cerro La
Grande (Fig. 14). Historically, major veins in Cerro La
Grande were mined for Cu and Au. Vein samples from the
Don Eduardo, Forastera, and Anita workings, 2 to 3 km south
of Rosario, have Ag/Au values between 25/1 and 5/1 (Platt,
1988). By comparison, the Poderosa veins located 500 m
southeast of Rosario were mined predominantly for Cu and
Ag with Ag/Au values of 65/1 (C. Munchmeyer, ].P. Hunt, and
H. Ware, 1984, Geologia del Distrito de Collahuasi y del p6r-
fido cuprifero Rosario: Santiago, Compaiiia Doifia Inés de
Collahuasi, Internal Company Report, p. 84). Typically, the E
veins are enargite rich at Cerro La Grande and tennantite
rich at Rosario (Fig. 14). Sphalerite is present in E veins at
Rosario but has not been observed in veins around Cerro La
Grande.

Fluid Inclusions

A reconnaissance study of fluid inclusions was carried out
to assess the spatial and temporal evolution of hydrothermal
fluids at Rosario and La Grande. Quartz containing work-
able fluid inclusions was sampled from diamond drill core.
A total of 21 doubly polished wafers (150 4m thick) were ex-
amined petrographically, including samples from each vein
stage. Ten wafers were selected for heating and freezing
measurements. These samples have provided information
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F1G. 12. A. Photomicrographs of pyrite, tennantite, bornite, and chalcopyrite in an E vein from Rosario (reflected light).
Scale bar = 500 um. B. Photomicrographs of partial tennantite-mawsonite (tennantite-enargite stage) replacement of bor-
nite and chalcopyrite (reflected light). C. Photomicrograph of the Collahuasi Porphyry overprinted by pervasive quartz-di-
aspore-alunite-+ pyrophyllite-zunyite. The isotropic crystal with cubic habit is zunyite (cross-polarized light). D. Photomi-
crograph of a pyrophyllite veinlet that has cut tabular alunite (cross-polarized light). E. Photomicrograph of E vein massive
sulfides in the La Grande vein. Enargite coexists with pyrite, chalcocite, and bornite (reflected light). F. Photomicrograph of
euhedral quartz and pyrite. The pyrite has been cut by chalcocite-filled veinlets. Chalcocite also has overgrown quartz. Platy
dickite occurs around the margins of the euhedral quartz against the pyrite and truncates the veinlets of chalcocite (com-
bined reflected and transmitted light). The E and tennantite-enargite stage (TES) vein nomenclature was instigated in this
study to designate the polymetallic epithermal veins. Abbreviations: alun = alunite, bn = bornite, cc = chalcocite, cp = chal-
copyrite, dg = digenite, dias = diaspore, dj = djurleite, dk = dickite, en = enargite, mw = mawsonite, prl = pyrophyllite, py =
pyrite, qtz = quartz, tn = tennantite, zun = zunyite.
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Fic. 13. Lower hemisphere equal area projections of mineralized veins. Data are separated into the main paragenetic
stages. A. Early-stage chalcopyrite-bornite A veins. B. Quartz-molybdenite B veins. C. Late-stage polymetallic E veins. Data
from Lee (1994). The lack of data for A veins prevents any meaningful conclusion of preferred orientation. By contrast, the
orientation data for B and E veins are consistent with formation during normal movement in the Rosario fault system. Small
fault offsets and microdeformation textures (e.g., milled sulfide microbreccias) that cut E veins support the interpretation
that dextral strike-slip reactivation postdated deposition of high-sulfidation state sulfide assemblages.

on the physicochemical conditions of mineralization during
most of the paragenetic stages at Rosario and La Grande
(specifically, stages A, B, C, E, and TES).

v, Rowario Porphyry 1% Cu contour
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Fic. 14. Plan view of the major veins in the Rosario-Cerro La Grande
area. Colored zones highlight the distribution of base and precious metals.
Enargite-bearing veins with low Ag/Au occur at Cerro La Grande. Tennan-
tite veins with high Ag/Au occur in the north and east at Rosario and/or
Poderosa and Condor, respectively. Sr/Ca values of aluminum-phosphate-sul-
fate (APS) minerals (determined by electron microprobe analysis) in the ad-
vanced argillic altered rocks at Rosario and La Grande are also shown. The
La Grande and Rosario veins are both exposed between 4,600 and 4,100 m
a.s.]., with some of the Rosario veins open downdip below 4,100 m. Veins in
Cerro La Grande crop out at 4,800 m a.s.l. The deepest exposures occur in
the Don Eduardo and Forastera veins, which have been worked from surface
to elevations of 4,610 and 4,530 m, respectively (190-350 m below surface).

Samples were selected for microthermometric analyses on
the basis of Roedder’s (1984) criteria, specifically the fluid in-
clusions trapped a single, homogeneous phase (as indicated
by constant liquid/vapor ratios and coherent homogenization
temperature and salinity data obtained from discrete fluid in-
clusion populations); and the inclusions represent an iso-
choric (constant volume) system, so that after trapping, noth-
ing has been added to, or removed from, the inclusions (i.e.,
no petrographic evidence for mineral growth on the inclusion
walls or for leakage or reequilibration of inclusions after en-
trapment, such as inclusions with scalloped walls, annular or
hooklike morphologies, or a regular-shaped parent inclusion
that is surrounded by a halo of small daughter fluid inclusions,
e.g., Ayllon et al., 2003). We avoided samples with obvious
macroscopic and/or petrographic evidence for postmineral-
ization deformation, which could have caused reopening and
reequilibration of the fluid inclusions.

Temperatures of liquid-vapor homogenization, dissolution
of salt daughter crystals, and the final melting of ice were
measured on a Linkam MDS600 heating/freezing stage. The
Linkam stage has a maximum temperature limit of 600°C and
was calibrated using synthetic fluid inclusions supplied by
Synflinc Inc., with precisions of +1.0°C for heating and 0.3°C
for freezing. Heating and freezing experiments were com-
pleted on 470 fluid inclusions.

Salinities of halite-undersaturated fluid inclusions, reported
as weight percent NaCl equivalent (wt % NaCl equiv), were
calculated from freezing point depression temperatures (final
ice melting), using the method of Potter et al. (1978). Weight
percent NaCl equivalent was calculated for halite-saturated
fluid inclusions by the algorithm of Sterner et al. (1988). The
computer program SALTY (Bodnar et al., 1989) was used to
calculate the concentrations of NaCl and KCI in fluid inclu-
sions that contained both halite and sylvite daughter crystals.

Populations

The fluid inclusion types encountered in this study are
summarized in Figure 15 and Table 2. Fluid inclusion sample
numbers are listed in Table 3 and sample locations are shown
in Figures 7 and 8. Three major types of fluid inclusions and
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F1c. 15. Photomicrographs of fluid inclusions in vein quartz from Rosario (plane-polarized light. A. Liquid-rich Ia inclu-
sions in quartz from an E vein. B. Liquid-rich Ib inclusion that contains a solid opaque mineral trapped next to type IIIb in-
clusions in an A-3 vein. The brine inclusion contains halite and an opaque mineral. C. Type IIa vapor-rich inclusion from an
A-3 vein, showing characteristic negative crystal shape. D. Vapor-rich inclusion from an A-3 vein, typical of the IIb type with
negative crystal shape and multiple daughter minerals. The solid orange-colored phase is hematite, the prismatic crystal is
birefringent and may be anhydrite. The aqueous component of this inclusion homogenized by expansion of the bubble, even
though it contains approximately 50 vol percent liquid. The presence of daughter minerals and substantial liquid suggests
that liquid and gas may have been trapped heterogeneously in this inclusion. E. Type IIIa brine inclusion from an E vein
containing a single cubic salt phase identified as halite. F. Brine inclusion from an A-3 vein characteristic of type I1lc. It con-
tains multiple daughter crystals identified as halite, sylvite, and an opaque phase. Abbreviations: A = anisotropic daughter
mineral, Cpy = chalcopyrite, H = halite, Hm = hematite, L = liquid, O = opaque, S = sylvite, V = vapor.
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TABLE 2. Summary of Fluid Inclusion Types, Morphology, Phases Present at 25°C, and Homogenization Behavior

Fluid inclusions

Phases at 25°C

Homogenization
Type Subtype! Inclusion shape Size (um)  Number Dominant Types behavior
I A Elongate, negative <5-50 2 Liquid Liquid + vapor Vapor disappearance
crystals or rounded, less
commonly irregular
B Elongate, negative <5-30 3-5 Liquid Liquid + vapor + opaque + Vapor disappearance
crystals or rounded, hematite + insoluble unknown
less commonly irregular
II A Stubby negative crystals, 5-30 2 Vapor Vapor + liquid Liquid disappearance
less commonly rounded
B Stubby negative crystals, 5-30 3-5 Vapor Vapor + liquid + opaque = Liquid disappearance
less commonly rounded hematite + insoluble unknowns
111 al Negative crystals, 5-30 3 Liquid Liquid + vapor + halite Vapor disappearance
rounded or irregular
an Negative crystals, 5-30 3 Liquid Liquid + vapor + halite Salt dissolution
rounded or irregular
bi Negative crystals, <5-40 46 Liquid Liquid + vapor + halite + Vapor disappearance
rounded or irregular hematite + insoluble
unknown + opaque
bn, Negative crystals, <540 4-6 Liquid Liquid + vapor + halite + Salt dissolution
rounded or irregular hematite + insoluble
unknown + opaque
< Negative crystals, 10-40 4-7 Liquid Liquid + vapor + halite + Vapor disappearance
rounded or irregular sylvite + hematite + insoluble
unknown + opaque
ch Negative crystals, 10-40 4-7 Liquid Liquid + vapor + halite + Salt dissolution
rounded or irregular sylvite + hematite + insoluble
unknown = opaque
v Rounded or irregular 20-40 3-11 Daughter silicate daughter minerals + Did not homogenize
minerals shrinkage bubble + cubic below 600°C

mineral (halite?) + opaque +

liquid

1} indicates fluid inclusions that homogenize by disappearance of the vapor bubble, 1, indicates inclusions that homogenize by halite dissolution

10 subtypes have been identified at Rosario and La Grande.
They have been classified by the number of phases present at
room temperature, using the scheme of Nash (1976). Type 1
fluid inclusions are liquid rich, halite undersaturated, and ho-
mogenize by disappearance of the vapor phase (Fig. 15A-B).
Type II fluid inclusions are vapor rich and homogenize by ex-
pansion of the vapor phase (Fig. 15C-D). Type II fluid inclu-
sions less than 6 um are generally filled entirely by vapor,
whereas larger type II fluid inclusions usually contain a small
amount of liquid. Type III fluid inclusions are halite saturated
and homogenize either by disappearance of the vapor phase
(Tv-1) or dissolution of the halite daughter crystal (Ts halite).
Type III fluid inclusions may contain only a single soluble
daughter mineral (e.g., halite; Fig. 15E) or may contain halite
plus one or more insoluble daughter minerals. Some type II1
fluid inclusions contain halite and sylvite, as well as multiple
insoluble daughter minerals (Fig. 15F).

All veins in the Rosario deposit have been repeatedly frac-
tured in the presence of an aqueous fluid. This has resulted in
complex overprinting of various fluid inclusion populations,
so it is almost impossible to establish age relationships among
the different fluid inclusion types within any single vein of
quartz. It is not possible to distinguish conclusively between

overprinting and simultaneous trapping of different fluids.
For this reason, fluid inclusions have not been classified as
primary, secondary, or pseudosecondary. Instead, we have
adopted a method of relating groups of fluid inclusions to the
various stages of vein development similar to that outlined by
Bodnar and Beane (1980) and Bloom (1981). Fluid inclusion
populations containing multiple inclusion types must satisfy
the following criteria if they are considered to have coexisted
at the time of trapping (e.g, type II and type III inclusions
trapped during phase separation): (1) they occur in close
proximity not separated by more than 5 to 50 um, (2) they
have overlapping temperatures of homogeniztion, and (3)
they do not occur in younger vein stages.

Type I fluid inclusions are observed in every vein stage at
Rosario and are also present in the E/TES (massive sulfide)
veins at La Grande. The wide range of homogenization tem-
peratures and salinities for the type I inclusions in any single
quartz vein may reflect complex overprinting of different
fluid types. We consider that the most reliable homogeniza-
tion and salinity data for type I inclusions occur in the ten-
nantite-enargite stage (TES) veins, as these were the last to
form. Type I fluid inclusion microthermometric data from the
other vein stages are treated with caution. Low-density type
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II fluid inclusions are most abundant in A-2 and A-3 veins but
small quantities also occur in B and E veins. In general, ho-
mogenization temperatures of type II inclusions in A-2 and A-
3 veins are higher than those in B and E veins. We therefore
infer that the vapor-rich fluids trapped in A-2 and A-3 veins
were different from those trapped in the later B and E vein
stages.

Type 11T saline and hypersaline brine fluid inclusions occur
mainly in the A-2 and A-3 vein stages where they coexist with
the type I and II fluid inclusions. The abundance of type II
fluid inclusions in A-2 and A-3 veins exceeds, by an order of
magnitude, that of type III fluid inclusions which homogenize
by vapor disappearance. However, homogenization tempera-
tures of the small number of vapor to liquid homogenizing
type III fluid inclusions correlate well with homogenization
temperatures of coexisting type II inclusions. We infer that
overlapping homogenization temperatures indicate simulta-
neous trapping of two different fluids. Fluid inclusion popu-
lations from each vein stage are summarized in Table 3. Mi-
crothermometric data from each vein stage is presented in
Figures 16 and 17.

Fluid inclusions in A veins: Fluid inclusions in A-2 veins ho-
mogenize between 246° and >600°C (Figs. 16A-B, 17A), with
65 percent of all fluid inclusions homogenizing at tempera-
tures >400°C (Table 3). Type Ila and IIb vapor-dominated
fluid inclusions have the highest apparent homogenization
temperatures (385° to >600°C), although these may be 150°
to 300°C below the actual homogenization temperatures
owing to difficulty observing the final disappearance of the
liquid (Bodnar et al., 1985). The salinities of vapor-rich fluid
inclusions ranged from 1.8 to 18.9 wt percent NaCl equiv
(Figs. 16C, 17A).

More than half of the type III hypersaline fluid inclusions
homogenized by halite dissolution, with the remaining 40
percent homogenizing by vapor disappearance. Final homog-
enization temperatures, either by vapor disappearance or
halite dissolution, ranged from 255° to 497°C and averaged
350°C (Figs. 16B, 17A, Table 3). Salt dissolution tempera-
tures for type III fluid inclusions ranged between 246° to
497°C, corresponding with calculated salinities of 34.4 to 59.3
wt percent NaCl equiv (avg of 41.7 wt % NaCl equiv; Figs.
16C, 17A). Liquid-rich type I fluid inclusions have a salinity
range of 13 to 25.2 wt percent NaCl equiv and homogenize
from 320° to 524°C (avg of 426°C).

A-3 veins contain abundant type II vapor-rich fluid inclu-
sions that homogenize between 369° to >600°C (Table 3).
Salinities of the type II fluid inclusions vary from 3.3 to 21.4
wt percent NaCl equiv (Figs. 16C, 17A). These tempera-
tures correlate with data from a small number of type III in-
clusions that homogenize by vapor disappearance between
447° and 539°C (Figs. 16A, 17A). Over three-quarters of the
type III hypersaline fluid inclusions analyzed from A-3 veins
homogenized by halite dissolution with a bimodal distribu-
tion of 215° to 300° and 340° to 480°C. Salinities calculated
from these halite dissolution temperatures range between
33 and 73 wt percent NaCl equiv (mean = 45.3 wt % NaCl
equiv; Fig. 16C). Some type IIIc liquid + vapor + halite in-
clusions are present, with KCI concentrations that range
from 12.7 to 19 wt percent. The total salinities of type IIlc
fluid inclusions range from 43.4 to 72.8 wt percent NaCl +
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KCl equiv. Liquid-rich type Ia and Ib fluid inclusions occur
in the same quartz grains as vapor-rich (type II) and hyper-
saline brine (type III) inclusions and show variable homog-
enization temperatures and salinities that range from 203° to
451°C and 1.2 to 25.6 wt percent NaCl equiv, respectively
(Table 3, Figs. 16B-C, 17A).

Fluid inclusions in B veins: B veins are characterized by
type I and I inclusions, which homogenize between 261° and
457°C (Table 3, Figs. 16D-E, 17B), with 60 percent of fluid
inclusions homogenizing at temperatures >350°C. The high-
est temperature of homogenization of liquid-rich fluid inclu-
sions (>340°C) overlaps the homogenization temperatures of
coexisting vapor-rich {fluid inclusions, which vary from 342° to
457°C. Salinities of the type I and II fluid inclusions range
from 1.3 to 23 and 2.7 to 7.7 wt percent NaCl equiv, respec-
tively (Figs.16F, 17B).

Fluid inclusions in C veins: Type I fluid inclusions in C
veins homogenize between 153° and 400°C, although 90 per-
cent of the data are between 200° and 300°C (Table 3, Figs.
16G-H, 17C). Salinities range from 3.1 to 23 wt percent NaCl
equiv (avg salinity = 15.8 wt % NaCl equiv, Figs. 161, 17C),
with 63 percent of analyses falling between the mean and
maximum values (15.8-23 wt % NaCl equiv).

Fluid inclusions in E veins: Fluid inclusions in quartz
gangue associated with pyrite-bornite-chalcopyrite massive
sulfide veins (E veins) homogenize between 153° and 453°C,
with two discrete populations occurring between 200° to
320°C (mode 300°C) and 360° to 440°C (mode 400°C: Figs.
16]-K, 17D). Salinities of type I and II fluid inclusions vary
from 1.7 to 23.0 wt percent NaCl equiv and have a mean of
12.8 wt percent NaCl equiv (Figs. 16L, 17D). The small num-
ber of type III fluid inclusions homogenize predominantly by
halite dissolution between 149° and 314°C, indicating salini-
ties of 29.6 to 39.3 wt percent NaCl equiv. The high temper-
atures of homogenization (360°—440°C) of type I fluid inclu-
sions overlap with homogenization temperatures of the type
IT fluid inclusions (400°-500°C), whereas the lower tempera-
ture population (200°-340°C) corresponds with those of lig-
uid-rich fluid inclusions measured in the TES veins.

Fluid inclusions in tennantite-enargite (TES) veins: Type 1
liquid-rich fluid inclusions in quartz associated with tennan-
tite-enargite mineralization at Rosario homogenize between
155° and 364°C. About 85 percent of these fluid inclusions
homogenize between 220° and 320°C (270°C mean homoge-
nization temperature: Figs. 16M-N, 17E). Calculated salini-
ties are between 0.7 and 22.2, with an average of 6.1 wt per-
cent NaCl equiv (Figs. 160, 17E). At La Grande, inclusions
in tennantite-enargite stage quartz sampled from 3,880-m el-
evation, have average temperatures of homogenization of
320°C (+20°C). By contrast, quartz-hosted fluid inclusions
from 4,280-m elevation have a mean homogenization tem-
perature of 280°C (+30°C). Calculated salinities range from
0.7 to 6.8 wt NaCl equiv for both samples.

Interpretation of microthermometry and pressure estimates

In A-2 and A-3 veins, a small number of type III inclusions
homogenize by disappearance of the vapor bubble at temper-
atures similar to that of coexisting low-density vapor-rich (type
IT) fluid inclusions (Fig. 16B), suggesting that brines and gases
were present as separate phases (fluid immiscibility) when
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FI1G. 16. Summary of microthermometric data for the various fluid inclusion populations. They are grouped across the
page by population type and ordered down the page from the earliest formed fluid inclusions (A veins) to those formed last
(TES veins). Histograms down the left-hand column summarize vapor-to-liquid homogenization temperatures for type I and
type IIT inclusions. Homogenization temperatures of type IT inclusions are the temperatures of homogenization to the vapor
phase. The center column shows total homogenization temperature by either vapor to liquid, liquid to vapor, or by halite dis-
solution, whichever occurred last. The right-hand column depicts the salinities of all fluid inclusions, calculated either by
final ice-melting temperature (e.g., for the liquid- and vapor-rich inclusions) or by halite dissolution temperature (e.g., for
the brine inclusions). (A)-(C). Populations A-2 and A-3. (D)-(F). Population B. (G)-(I). Population C. (])-(L). Population E.
(M)-(O). Population TES.
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F1G. 17. Binary plots of total homogenization temperature vs. salinity for inclusions in each of the populations. A. A-2 and
A-3 veins. B. B veins. C. C veins. D. E veins. E. Tennantite-enargite stage veins. Although the measured temperature ranges
are large, average homogenization temperatures decrease from the A-2 and A-3 to the B and C veins. High-temperature type
I and II fluid inclusions from quartz in E veins perturb the temporal cooling trend. These liquid- and vapor-rich inclusions
typically occur in quartz associated with alunite, pyrite, and diaspore. A second population of low-temperature type I and ITI
fluid inclusions are associated with quartz in the sulfide-rich parts of the E veins. Homogenization temperatures of the low-
temperature type I inclusions in the overlap those in the tennantite-enargite stage (TES) veins. We interpret this relation-
ship to indicate overprinting of E vein quartz by late TES fluids.

these fluids were trapped. Fluid inclusions that homogenize
by halite dissolution exhibit a wide range of homogenization
temperatures and salinities and constitute ~75 percent of
type III fluid inclusions in A-2 and A-3 veins.
Halite-homogenizing fluid cannot be trapped in equilib-
rium with a vapor phase in the HoO-NaCl system (Fig. 18;
Roedder and Bodnar, 1980; Bodnar, 1994). The lack of solid
halite inclusions or their relict shapes in A vein quartz sug-
gest that accidental trapping of halite crystals was unlikely
(e.g., Eastoe, 1982; Richards and Kerrich, 1993) and there is
no evidence of postentrapment modification (e.g., Eastoe,
1978; Audetat and Giinther, 1999). The highest temperature

halite homogenizing fluid inclusions from Rosario (530°C
and 45 wt % NaCl equiv) potentially cooled isobarically from
immiscible brine and vapor (Fig. 18, path A-A'). The mini-
mum temperature of 200°C for fluid inclusions that homog-
enize by halite dissolution at 390°C corresponds with pres-
sures as high as 2 kbars. However it is inferred that these
elevated pressures possibly record fluid overpressuring
caused by the tensile strength of the overlying rock rather
than deep formation of the veins (e.g., Kontak and Clark,
2002). The data suggest that cooling and overpressuring may
have existed down to 250°C and salinities of ~35 wt percent
NaCl (Fig. 18).
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FIG. 18. Pressure-temperature diagram illustrating trapping conditions in
the NaCl-HzO system, from 100° to 700°C for a 45 wt percent fluid, based on
data of Bodnar (1994), Cline and Bodnar (1994), and Cline and Vanko
(1995). The liquid-to-vapor curve (L-V) separates the stability field for liquid
+ vapor and liquid; the liquid-vapor-halite curve (L-V-H) separates stability
fields for liquid + vapor and vapor + halite; the liquidus (LIQ) separates sta-
bility fields for liquid + halite and liquid. An isochore (ISO) divides the lig-
uid-stable field into two regions; inclusions trapped on the high-temperature
side of the isochore (Th v=1) will exhibit final homogenization to the liquid,
whereas inclusions trapped on the low-temperature side of the isochore (Ts
halite) will exhibit final homogenization via halite dissolution. Fluids that un-
dergo final homogenization by halite dissolution are interpreted to have
formed by isobaric cooling. The example illustrated here is a 45 wt percent
NaCl fluid that evolved by phase separation on the liquid-vapor curve (L-V)
at ca. 530°C (path A-A"). Inclusions trapped in the gray shaded region ho-
mogenized to the liquid between 200° and 350°C (between paths A'-A" and
B-B') and exhibited final homogenization at ca. 390°C (between A' and B).
Those inclusions that homogenized to liquid at temperatures down to 200°C
were trapped at pressures as high as 2 kbars, implying that the cooling fluids
were overpressured. The interpretation that fluid pressures fluctuated dur-
ing vein formation at Rosario is based on the multiple crosscutting relation-
ships and crack-seal textures in the A-3 veins. (e.g., Fig. 11D).

Trapping pressures can be determined from the behavior of
immiscible vapor-rich and brine fluid inclusions in the NaCl-
H:0 system (Bodnar et al., 1985; Fournier, 1999). The mini-
mum pressure of 500 bars is estimated for trapping of high-
temperature type IIT fluid inclusions that homogenize by
vapor bubble disappearance in the A-3 veins (Fig. 18). At this
pressure and at 450° to 540°C, the rock should be almost duc-
tile and can behave in a plastic manner, preventing formation
of open fractures, except for episodic shear failure (Fournier,
1991, 1999). If pressures were lithostatic this would have re-
quired an overburden of at least 2 km. The “wormy,” discon-
tinuous and segmented morphologies of the earliest vein
stages at Rosario (M and A veins) are consistent with this in-
terpretation.

Coexisting high-temperature vapor and liquid-rich fluid in-
clusions in B veins implies that the fluids were boiling. At a
salinity of 10 wt percent NaCl equiv, boiling of a 350°C fluid
corresponds to a minimum pressure of 200 bars. At this tem-
perature, the rock behaves in a brittle fashion, indicating that
the pressure regime was hydrostatic. This estimate is consis-
tent with the B veins having formed at a similar depth as A
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veins (~2 km; Haas, 1971) but under hydrostatic pressure.
Temperatures of 250° to 350°C and depths of at least 1.8 km
are indicated for the formation of C veins, as there is no evi-
dence of boiling.

Type I and II fluid inclusions in quartz from E veins ho-
mogenize at about 330° to 450°C. In Figure 19, the range of
temperatures is plotted in histograms as a function of depth
below the paleosurface compared to the hydrostatic and
lithostatic boiling curves. The range of homogenization tem-
peratures possibly reflects discrete fluid compositions, differ-
ences in elevation of the paleowater table, or changes from
lithostatic to hydrostatic pressures during formation of E
veins. The presence of brine inclusions that homogenize by
halite dissolution in the same vein quartz are consistent with
high confining pressures. Thus, E veins may have formed as
the pressure fluctuated between lithostatic and hydrostatic
conditions. Fluid overpressuring also could have occurred in
veins sealed by sulfide and quartz deposition. Boiling of a 10
wt percent NaCl fluid in the E veins at these temperatures
corresponds to a minimum pressure of 200 bars, similar to the
A and B veins. Under lithostatic conditions, the minimum for-
mation depth is estimated to be 0.8 km, but if the boiling flu-
ids contained COz and other volatiles, then the depth would
have been greater (Hedenquist and Henley, 1985).

Veins of the tennantite-enargite stage formed at depths of
greater than 600 m because there is no evidence of phase sep-
aration in inclusions that homogenized at 270°C. In the La
Grande vein, the tennantite-enargite stage veins formed from
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Fic. 19. Fluid inclusion temperatures from three E vein samples plotted
in histograms as a function of depth compared to hydrostatic (10 wt % NaCl)
and lithostatic (10 and 25 wt % NaCl) vapor-saturated curves. Also shown are
the temperatures calculated, based on A*Sgo - Fes,, for three coexisting alu-
nite-pyrite samples (white-filled circles; Masterman, 2003). The hydrostatic
boiling curve was calculated using the data of Haas (1971) and fitted to the
low-temperature alunite-pyrite equilibrium pairs. The corresponding litho-
static boiling curves were plotted relative to the hydrostatic curve using the
data of Fournier (1987). Inclusions that homogenize to the right of the litho-
static boiling curves were possibly trapped when fluids were overpressured.
Alternatively, these inclusions may have been trapped in veins that formed
deep in the system, then reopened at shallow depth in the presence of a dif-
ferent hydrothermal fluid. An uncertainty of +190 m, based on the estimated
uncertainty of alunite-pyrite temperatures, is shown for the hydrostatic boil-
ing curve at a temperature of 275°C.
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nonboiling fluids at a minimum depth of 720 to 1,160 m be-
neath the water table (280°-310°C and ~3 wt % NaCl equiv).

Rate of exhumation

The paleosurface at Rosario was at least 1,200 to 1,300 m
above the present surface during formation of the A and B
veins based on minimum estimates of pressure and depth. It
was eroded to approximately 1,000 m above the present sur-
face by the time the C veins had formed and was at least 400
m above the present surface during formation of the E veins.
Assuming the paleowater table was near surface when the
tennantite-enargite veins formed, then the paleosurface was
at least 200 m above the present surface at Rosario and 200 to
300 m above that at Cerro La Grande.

The cooling age of alunite (32.6 + 0.3 Ma), associated with
the formation of the E veins, is about 1.8 m.y. younger than
that of primary biotite and illite (34.4 + 0.3 and 34.1 + 0.6 Ma,
respectively: Masterman et al., 2004), which reflects the ages
of the A and B veins at Rosario. However, the age of alunite
is indistinguishable from that of hydrothermal muscovite
(32.9 + 0.6 Ma: Clark et al., 1998), implying that formation of
E veins and the tennantite-enargite stage was broadly con-
temporaneous or that the Ar systematics of alunite were reset
during muscovite formation. Based on the temporally con-
strained pressure-depth estimates, a minimum of 1 km of
overburden is estimated to have been eroded at Rosario over
a 1.8-m.y. period, which equates to an exhumation rate of 600
m/m.y. This rate is almost twice the rate of exhumation esti-
mated by Maksaev and Zentilli (2000) based on fission track
data from the Domeyko Cordillera. The exhumation rate at
Rosario has been ~10 m/m.y. since the formation of the E and
TES veins. This is less than the average rate (50 m/m.y.) esti-
mated for the corresponding period across the Domeyko
Cordillera by Maksaev and Zentilli (2000).

Discussion and Conclusions

The conclusions drawn in the following sections are based
on a limited fluid inclusion database and could change if more
data were collected. Furthermore, the range of temperatures
of homogenization and ice melting in the different fluid in-
clusions does not permit a rigorous analysis of the fluid evo-
lution in the vein system at Rosario. However, a plausible
model can be constructed from a consideration of the phase
relationships in the NaCl-H2O system, as described by Bod-
nar et al. (1985) and Hedenquist et al. (1998; Fig. 20). The in-
terpretation of fluid evolution in Figure 20 is only one possi-
ble scenario guided by average trapping temperatures and
salinities observed in the fluid inclusions. Temporal evolution
of the Rosario porphyry copper deposit is illustrated in Figure
21.

Rosario stock emplacement and early K silicate alteration

Primary biotite in the Rosario Porphyry cooled through its
closure temperature at 34.4 Ma (Masterman et al., 2004), in-
dicating that the stock intruded the Permian volcanic terrane
some time before this. Based on the crosscutting relationships
between M, A-1, A-2, and A-3 veins, it is possible that the
magnetite alteration assemblage and some of the biotite-al-
bite alteration assemblage formed prior to emplacement of
the Rosario Porphyry.
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FI1G. 20. Pressure-temperature diagram showing phase relationships in
the NaCl-H,O system at lithostatic and hydrostatic pressures. Based on data
of Bodnar et al. (1985) and Pitzer and Pabalan (1986), adapted from Fournier
(1987, 1999) and Muntean and Einaudi (2001). G = gas, L = liquid, S = solid
salt. Double dot-dashed lines are contours of constant wt percent NaCl dis-
solved in brine; short dashed lines are curves of the condensation points of
steam containing the indicated wt percent NaCl. Curve A shows the boiling
point curve for a 10 wt percent NaCl solution at pressures and temperatures
below its critical point (CP) and the condensation curve for steam containing
10 wt percent NaCl at temperatures and pressures above the critical point.
Curve B shows the three-phase boundary, G + L +8, for the system NaCl-
H30; curve C shows the three-phase boundary, G + L + S, for the system
NaCl-KCI-H20 with Na/K in solution fixed by equilibration with albite and
K-feldspar at the indicated temperatures. The vertical dashed-dot line shows
the approximate temperature of the brittle-ductile boundary for a strain rate
of 107 s7! (Fournier, 1999). Ascent paths for the various exsolved magmatic
fluids are shown with the corresponding fields of fluid inclusion populations.

At the site of formation of the A veins, magmatic-
hydrothermal fluids had temperatures of 500°C and consisted
of hypersaline brine (~45 wt % NaCl) and low-density vapor
(2 wt % NaCl). Fluid overpressuring and decompression cy-
cling can account for the presence of brine inclusions that ho-
mogenize by halite dissolution in quartz samples from A-2 and
A-3 veins. These veins also contain brine inclusions that ho-
mogenize by disappearance of the vapor bubble, which prob-
ably formed by phase separation when the rock fractured. A
supercritical fluid containing about 10 wt percent NaCl at
temperatures >600°C is inferred to have exsolved from a crys-
tallizing magma chamber at depths of 5 to 6 km. This fluid as-
cended in the single-phase field below its condensation curve
and intersected its solvus at about 2.4 km (path 1, Fig. 20). In
the two-phase region, the fluid separated into high-density
brine and low-density vapor. Biotite-albite and K-feldspar
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Fic. 21. Schematic cross sections through the Rosario and La Grande deposits, showing a model of the evolution of the
Rosario magmatic-hydrothermal system. The present-day surface elevation at Rosario (4,600 m a.s..) is shown as zero me-
ters relative to depth. A. Position of the paleosurface at ca. 34.4 Ma, relative to the present-day surface, at the time of A vein
formation and related biotite-albite and K feldspar alteration. Location of the isotherms is based on fluid inclusion homoge-
nization temperatures. Age constraints are from “’Ar/%Ar ages of igneous biotite and hydrothermal muscovite and alunite
(Masterman et al., 2004). B. By about 34.0 Ma (min “’Ar/*Ar age of illite), the system was dominated by moderate-salinity,
evolved magmatic-hydrothermal waters that produced the B and C veins. C. At 32.6 Ma, normal movement in the Rosario
fault (shallow apparent dip) coincided with emplacement of a second intrusion beneath Cerro La Grande. Magmatic vapor
ascended along the faults and condensed to form the quartz-alunite-pyrite-diaspore assemblage associated with E veins.
Fault-valve activity in the veins promoted discharge of overpressured brines and subsequent self-sealing by sulfide deposi-
tion, consistent with sulfide breccia and cementation textures in the veins. D. Late-stage tennantite-enargite stage veins and
related pyrophyllite-dickite and muscovite-quartz alteration formed by 32.3 Ma (min *Ar/*Ar age of muscovite). The hy-
drothermal system was probably dominated by cool, low-salinity magmatic water mixed with a small amount of meteoric
water. Tennantite, enargite, and precious metals were deposited during formation of pyrophyllite (and muscovite), presum-
ably in response to mixing of the magmatic fluid with ground water.

alteration associated with A veins formed when the magmatic-  alteration envelopes, implying that the fluids were in equi-
hydrothermal brines interacted with the wall rocks (Fig. 21A).  librium with the preexisting K-feldspar-biotite-albite alter-

Collapse of the Rosario magmatic-hydrothermal system

ation. Fluid inclusion microthermometry suggests that
molybdenite was deposited with the quartz at temperatures

The highest concentrations of molybdenite occur in between 350° and 400°C. These fluids were cooler than
quartz veins within the Rosario Porphyry. These veins lack those that caused the K-feldspar-biotite-albite alteration
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(~500°C). Thus molybdenite-bearing veins most likely formed
as the Rosario Porphyry cooled and crystallized (Fig. 21B).

The illite-chlorite alteration assemblage at Rosario possibly
reflects a domain of early acid neutralization by feldspar al-
tered wall rocks (e.g., Heinrich, 2003, Fig. 21B). Fluid inclu-
sion evidence indicates that the type C veins associated with
illite-chlorite alteration formed at about 250°C, consistent
with mineral stability temperatures defined empirically for
this assemblage by Reyes (1990). There are two possible pres-
sure-temperature pathways for the type C hydrothermal flu-
ids, assuming that they were of magmatic origin. The exsolved
fluid either failed to intersect its solvus during ascent (path
2A, Fig. 20) and its salinity (15 wt % NaCl) reflects the bulk
salinity of the magmatic fluid (Hedenquist et al., 1998), or the
fluid was a low-density, moderate-salinity vapor that cooled
and condensed isobarically (path 2B, Fig. 20; Heinrich,
2003). Both paths can potentially lead to sericite alteration by
cooling, if the fluid was originally in equilibrium with K-
feldspar and K/H mole ratios remain constant (Hemley, 1959;
Sverjensky et al., 1991; Hedenquist et al., 1998).

Fluid inclusion data indicate that the fluids that formed the
B veins had a temperature between 350° and 400°C with an
average salinity of 9 wt percent NaCl, whereas those that de-
posited the illite-chlorite assemblage reached a maximum
temperature of 350°C with an average salinity of 15 wt per-
cent NaCl. At hydrostatic pressure, these temperatures are
consistent with paleowater table depths of about 2 km, simi-
lar to the lithostatic depth inferred for the K silicate alter-
ation. Thus there was little erosion between formation of K
silicate and intermediate argillic alteration assemblages.

Quartz-alunite-pyrite alteration and formation of the E veins

At Rosario E veins were localized by the moderately south-
west dipping Rosario fault, whereas at Cerro La Grande they
are controlled by steep north-northeast trending faults (Fig.
21C). These structures are inferred to intersect ~1.6 km
below the present surface at Cerro La Grande (Fig. 21C), im-
plying that the acid fluids that caused the quartz-alunite-
pyrite-diaspore alteration originated in the region beneath
Cerro La Grande. Fluid inclusion data indicate that temper-
atures at the base of the quartz-alunite-pyrite zone were be-
tween 350° and 400°C (4,140-m elevation), whereas tempera-
tures decreased to 260°C by the time the fluids ascended to
4,290-m elevation. The sharp temperature gradient implies
that the hydrothermal system operated in the transition from
lithostatic to hydrostatic pressures at about 800-m pale-
odepth. The fluid that formed quartz-alunite-pyrite-diaspore
alteration associated with E veins may have followed path 3 in
Figure 20, where a low-density vapor separated from the
magmatic-hydrothermal fluid when it entered the two-phase
(liquid + gas) region and ascended buoyantly ahead of the
dense brine.

The hydrothermal system associated with the Rosario Por-
phyry had waned before the formation of the E veins at
Rosario. Therefore, apparently increasing fluid temperatures
in the late-stage veins (Figs. 16]-K, 17D) imply the presence
of a blind intrusion located beneath or at the intersection of
structures that controlled hydrothermal fluid flow at Cerro La
Grande and Rosario (Fig. 21C). Fluid inclusion data from
quartz gangue in E veins indicate that the fluids that
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deposited Cu-Fe sulfides had a moderate temperature (mean
290°C) and salinity (30 wt % NaCl equiv). Some brine inclu-
sions homogenized via halite dissolution, indicating that they
possibly formed when the fluids were overpressured.

The Rosario fault system is a major northwest-trending su-
ture in the Permo-Triassic basement block. It is parallel to the
trans-arc lineaments of Richards (2000) but has a shallow dip
and a normal sense of displacement. High-angle normal faults
(~60°) are well oriented for reactivation but do not sustain sig-
nificant fluid overpressures. In contrast, low-angle normal
faults (~40°) tend not to be seismically active and may be-
come locked (Jackson and White, 1989), thus promoting fluid
overpressure (Sibson, 2001). Rupturing is inferred to have
discharged overpressured fluids along the Rosario fault sys-
tem, followed by self-sealing by sulfide deposition (e.g., Sib-
son, 2001). Breccia textures in the sulfide-rich parts of E
veins are consistent with the possibility of cyclic fluid over-
pressuring and decompression during formation of the E
veins. Similar processes most likely occurred during sinistral
strike-slip movement in the La Grande fault system.

Tennantite—enargite stage veins and
pyrophyllite-dickite alteration

Pyrophyllite and dickite alteration was synchronous with
tennantite and enargite deposition at Rosario and La Grande,
and Ag-rich tennantite (TES) veins at Rosario formed on the
margins of the 32.9 Ma hydrothermal system. Proximal Au-
rich enargite veins at Cerro La Grande occur directly above
an inferred blind intrusion emplaced at this time. Fluid in-
clusion data indicate that quartz gangue in the TES veins was
deposited at a minimum paleodepth of 600 m. The paleosur-
face was therefore at least 200 m above the present surface at
Rosario if the paleowater table was near surface during for-
mation of the tennantite-enargite stage veins. By contrast, the
paleosurface was at least 1,200 m above the present surface
during formation of the A and B veins, thus the Rosario por-
phyry system was therefore partially exhumed at the time the
Rosario veins formed. Rapid exhumation at Rosario in the
late Eocene-early Oligocene appears to have caused superpo-
sition of two distinct mineralization styles within the same ore
deposit.

Mechanism for rapid uplift

Late Eocene exhumation rates in the Domeyko Cordillera
(200-300 m/m.y.) reflect uplift and erosion caused by crustal
thickening during the Incaic orogeny (Maksaev and Zentilli,
2000). However, these rates of exhumation are significantly
lower than those required to superimpose high-sulfidation
state massive sulfide veins onto the core of the Rosario por-
phyry. A mechanism that accelerated exhumation locally and
that is consistent with the overall structural evolution of the
Collahuasi district is proposed in the model below.

Rapid exhumation during the early Oligocene unroofed
late Eocene shallow-crustal magma chambers. The reduction
in confining pressure caused a switch from lithostatic to hy-
drostatic pressure and promoted hydrothermal fluid flow.
Partial exhumation of the Rosario hydrothermal system
caused telescoping of the high-sulfidation epithermal veins
onto the earlier formed porphyry-style mineralization and al-
teration assemblages. The model presented in Figure 22
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FI1G. 22. Northeast-southwest schematic section showing a model of di-
vergent gravitational collapse inferred to have affected the Collahuasi dis-
trict. A. Most of the late Eocene shortening was accommodated by isoclinal
folds in the Mesozoic sedimentary and volcanic rocks. Note that the Permian
basement was uplifted relative to the Mesozoic sequences along deep struc-
tures, which may have included the Domeyko and Loa fault systems. Thin-
skinned deformation (e.g., reverse faults) was accommodated along low-
angle thrusts and inverted basin-margin faults. Magmas ascended from a
mixing, assimilation, storage, and homogenization (MASH) zone at the base
of the crust to levels of neutral buoyancy in the middle-to-upper crust. They
did not erupt but crystallized and produced high-level, intrusion-centered
brittle-ductile veins (e.g., the early-stage veins at Rosario). B. Partial collapse
of the orogenic belt is inferred to have occurred at the end of the Incaic
orogeny. Crustal units were detached along gravity slides that were poten-
tially connected to thrusts in the foreland. Detritus from erosion was either
collected in basins above the detachments or transported out of the system.
Exhumation changed the environment from lithostatic to hydrostatic at the
site of ore formation and coincided with formation of intermediate- and late-
stage veins at Rosario. That porphyry and superimposed high-sulfidation
style mineralization occur at the same crustal level implies protracted intru-
sive activity at Rosario and the existence of a well-developed and replenished
MASH zone at the base of the crust. Adapted for the Collahuasi district from
a diagram in Rey et al. (2001).

incorporates the conditions of fixed boundary gravitational
collapse (e.g., Rey et al, 2001). Tectonic relaxation and
magma intrusion at the end of a major orogeny can be ac-
companied by propagation of normal faults (Fig. 22; Vander-
haeghe and Teyssier, 2001). Gravitational sliding occurs in the
brittle crust on divergent faults that transport the upper
crustal units away from the uplifted lithosphere. These nor-
mal faults can be high angle in the upper crust and merge into
low-angle detachment zones near the brittle-ductile transi-
tion (Vanderhaeghe and Teyssier, 2001) or connect to thrusts
in the foreland and hinterland (Rey et al., 2001). Detritus
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produced by erosion was either transported away or may have
accumulated in basins above the detachments. An example of
a synmineralization debris flow in the region may be the
Sichal Formation (Marinovic and Lahsen, 1984), which was
deposited in intermontane basins during the late Eocene to
Oligocene.

Reconstruction of convergence vectors along the South
American continental margin has shown that at the time of
porphyry ore formation in late Eocene-early Oligocene, sub-
duction was east-northeast directed (Pardo-Casas and Mol-
nar, 1987). The overall pattern of shortening in the Collahuasi
district is consistent with this direction of convergence. How-
ever, syn- and postmineralization normal and strike-slip
movement in the northwest- and north-northeast-trending
faults at Rosario are associated with a local stress field not
readily reconciled with that expected for the far field stresses.
If the regional stress field remained constant during this pe-
riod, then normal fault development at Rosario may have re-
flected decoupling of upper and lower crustal stresses (e.g.,
gravitational collapse at the end of an orogenic event). Alter-
natively, there may have been a fundamental change in lithos-
pheric stress, possibly related to a transient change in the con-
vergence direction, rate of subduction, or trench blockages
(Richards, 2000).

Two main tectonic models have been advanced to explain
the spatial and temporal emplacement of the cluster of world-
class porphyry copper deposits along the Domeyko fault sys-
tem. The first model proposes that transtensional deformation
in the arc-parallel fault system favored emplacement of epi-
zonal intrusions associated with copper mineralization (e.g.,
Lindsay et al., 1995; Reutter et al., 1996; Dilles et al., 1997;
Tomlinson and Blanco, 1997a, b). The second model advo-
cates the trapping of magmas related to porphyry Cu mineral-
ization at structural sites along inverted back-arc basin faults
(McClay et al., 2002) and may best explain the geologic fea-
tures observed in the Collahuasi district. Both models are con-
sistent with the northeast-directed convergence determined
for the Andean margin during the late Eocene-early
Oligocene (Pardo-Casas and Molnar, 1987). However, sub-
duction-coupled rock uplift also requires synchronous erosion
to account for rapid exhumation (England and Molnar, 1990).
In the Collahuasi district, Permo-Triassic crystalline base-
ment, uplifted relative to the Jurassic and Cretaceous sedi-
mentary rocks, provided the structural trap for ore-related
magmas, and porphyry and epithermal ore formation post-
dates the Incaic orogeny (Pardo-Casas and Molnar, 1987). A
model of gravitational collapse is consistent with the estimated
convergence rates, which were slower in this period than dur-
ing the Incaic orogeny (Pardo-Casas and Molnar, 1987). We
infer that shallow-crustal extension following rapid conver-
gence and crustal thickening has been a critical element in the
formation of high-sulfidation ore in the porphyry deposits of
northern Chile, as it facilitated shallow-crustal fluid flow dur-
ing the transition from lithostatic to hydrostatic pressure.

Implications for exploration

Cooling and collapse of the Rosario hydrothermal system
implies emplacement of a second blind intrusion, somewhere
beneath Rosario and Cerro La Grande, in order to account for
the later high-sulfidation vein systems. Precious metal zoning
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at the district scale, together with the overall fault geometries
(Fig. 21D), suggests that this rejuvenated magmatic activity
was focused between Cerro La Grande and Rosario. Explo-
ration for additional copper resources in the Rosario area
should thus be guided by the distribution of the phyllic as-
semblage beneath Cerro La Grande, as this alteration repre-
sents the root zone of the epithermal system and potentially
occurs at the top of an as yet undrilled porphyry-style ore de-
posit. Given the discovery of copper-molybdenite skarn min-
eralization on the northeast side of the Rosario Porphyry,
there may also be potential for distal base metal (Zn, Pb)
and/or precious metal (Au, Ag) carbonate-hosted deposits.

Reconnaissance short wave infrared (SWIR) spectroscopy
has identified phyllosilicate assemblages (muscovite, illite,
+smectite, +chlorite) in the hydrothermally altered rocks at
Rosario and La Grande. The presence of muscovite may in-
dicate lateral proximity to advanced argillic alteration, poten-
tially associated with massive sulfide veins. Alternatively, mus-
covite may occur in the vertical transition between the
epithermal and porphyry environments (e.g., Lepanto-FSE:
Hedenquist et al., 1998). Illite occurs with or without chlorite
in the weakly mineralized assemblage that is the latest stage
of porphyry-style alteration and mineralization at Rosario.
However, illite is also present in an assemblage with smectite,
distal from advanced argillic alteration that surrounds massive
sulfide veins. The presence of illite + chlorite may therefore
indicate proximity to porphyry-style mineralization in the
Collahuasi district, whereas the assemblage illite-smectite
may be the outer zone of alteration related to high-level ep-
ithermal veins.
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