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Abstract

The Sur-Sur tourmaline breccia is located in the southeast part of the Rio Blanco-Los Bronces porphyry cop-
per-molybdenum deposit, central Chile. The breccia hosts approximately one-quarter of the total resource of
57 Mt of fine copper at Rio Blanco. The breccia is hosted within, and contains altered clasts of, granodiorite
from the 12 to 8 Ma San Francisco batholith, which intruded a sequence of Miocene volcanic and volcaniclas-
tic rocks. A series of weakly mineralized to barren felsic porphyries cut the breccia and indicate a minimum
age of approximately 6 Ma for mineralization at Sur-Sur.

The Sur-Sur breccia dike is at least 3 km long, 0.2 km wide, and has a vertical extent of at least 1 km. The
breccia has been cemented by early biotite and anhydrite at depth and by tourmaline and specularite at higher
altitudes. These early-formed cements have been overgrown and in some cases replaced by chalcopyrite, mag-
netite, pyrite, and quartz. Mineralogical zonation in the breccia includes a transition from biotite cement and
related biotite alteration upward to tourmaline cement and quartz-sericite-tourmaline alteration at approxi-
mately 3,000-m elevation. Iron-oxide minerals are also zoned, with a transition upward from a magnetite-dom-
inated zone below 3,330 m to a specularite-dominated zone above 3,600 m. Pyrite is the dominant sulfide at
altitudes above 4,000 m.

Secondary liquid-rich, vapor-rich, and hypersaline fluid inclusions are preserved in quartz and tourmaline
cement. Measured homogenization temperatures are mostly between 300° and 450°C, and salinities range from
0 to 69 wt percent NaCl equiv. Sulfur isotope compositions of sulfide cement range from —4.1 to +2.7 per mil.
The lowest 034Ssuifide) values are in samples from between 3,700- and 4,000-m elevation, where they correspond
to the highest copper grades in the tourmaline breccia. This high-grade zone also contains abundant specular-
ite (locally replaced by magnetite). Modeling of sulfate-sulfide equilibrium indicate that approximately 150°C
of cooling over a vertical interval of 100 m would be required to account for the zonation of sulfide isotope
compositions at Sur-Sur, making conductive cooling an unlikely ore-forming mechanism.

Measured 2°Pb/2*Pb values of lead in anhydrite cement in the Sur-Sur tourmaline breccia and the Rio
Blanco magmatic breccia range from 17.558 to 18.479. 20Tph2%Pl values range from 15.534 to 15.623, and
205ph2% P values range from 37.341 to 38.412. The lead in anhydrite is considerably less radiogenic than that
indicated by values obtained previously for lead in sulfide ores and igneous host rocks at Rio Blanco-Los
Bronces. The source of lead in anhydrite must have been from rocks external to the main magmatic-
hydrothermal system, probably the Precordilleran basement.

A magmatic-hydrothermal explosion from a deep-seated crystallizing intrusion triggered breccia formation
at Sur-Sur. Hydrostatic pressures catastrophically exceeded lithostatic load plus the tensile strength of the con-
fining granodiorite, leading to widespread brecciation and subsequent invasion by large volumes of magmatic
gas and hypersaline brine. The low-density gas phase (carrying H,0, SO,, HCI, and B,0,) separated physically
from the dense copper-bearing brine and flushed through the breccia column first, where it condensed into
ground waters of uncertain derivation. Anhydrite, specularite, and tourmaline were deposited from this low-
salinity, acidic, oxidized hybrid solution. Subsequent upwelling of magmatic-hydrothermal brine resulted in
sulfide deposition. High-grade copper deposition is interpreted to have occurred in response to mixing of the
oxidized, acidic water with the copper-bearing magmatic-hydrothermal brine.

t Corresponding author: e-mail, pfrikken@utas.edu.au
*Appendices 1 and 2 are electronically available at <www.segweb.org/EG/papers/Abs100-5_files/07FrikkenAppendix.pdf>
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Introduction

THE Rio BrANCO-LOs BRONCES breccia-hosted copper-
molybdenum deposit is located 80 km northeast of Santiago
in the Chilean Andes (lat 33°09'; Fig. 1). It is the world’s third-
largest porphyry copper deposit, with a resource of 6.99 bil-
lion metric tons (Gt) at 0.75 percent copper, 0.018 percent
molybdenum, and 0.035 g/t gold, which equates to 56.73 mil-
lion metric tons (Mt) of fine copper (Camus, 2002). Mineral-
ized breccias in the central (Rio Blanco) and southeastern
(Sur-Sur) sectors are being mined currently by CODELCO
(Andina Division), whereas the northwestern part of the ore
deposit (Los Bronces) is an Anglo American mining operation
(Fig. 1). The Andina mining operation exploits two styles of
mineralized breccia: the Rio Blanco biotite-cemented breccia
(known as the “magmatic breccia”) located in the center of
the ore deposit, and the 3-km-long Sur-Sur tourmaline brec-
cia, which occurs above and to the southeast of the biotite-ce-
mented breccia and incorporates the Don Luis and Sur-Sur
mining sectors (Fig. 1).

Rio Blanco-Los Bronces has been the subject of several ge-
ological and geochemical investigations. Warnaars et al. (1985)
provided the first comprehensive descriptions of the mineral-
ized breccias, with additional descriptions provided in Serrano
et al. (1996). Vargas et al. (1999) was the first to document
mineralogical zonation in the Sur-Sur breccia complex.
Skewes et al. (2003) documented the geology of the Donoso
breccia at Los Bronces. Fluid inclusion investigations of brec-
cia cements from the Rio Blanco, Sur-Sur, and La Americana
sectors were reported by Kusakabe et al. (1990) and Vargas et
al. (1999). Fluid inclusions from Los Bronces were analyzed
by Holmgren et al. (1988) and Skewes and Holmgren (1993).
Kusakabe et al. (1984, 1990) reported sulfur isotope composi-
tions for sulfate and sulfide minerals from Rio Blanco-Los
Bronces. Lead isotope compositions were analyzed by Tosdal
and Munizaga (1996). Serrano et al. (1996), Skewes and Stern
(1996), and also Hollings et al. (2005) analyzed Sr-Nd compo-
sitions of rocks and minerals from Rio Blanco-Los Bronces.
Deckart et al. (2005) determined the timing of mineralization
through a detailed U-Pb and Ar-Ar geochronological study.
Characteristics of melt and fluid inclusions in the late por-
phyries have been documented by Davidson and Kamenetsky
(2001) and Davidson et al. (2005). However, the processes of
ore deposition remain poorly understood. We report here
mineralogical and isotopic zonation within the porphyry-re-
lated Sur-Sur tourmaline breccia complex and use these re-
sults to interpret the processes that caused deposition of high-
grade ore. Our work is based on field and petrographic
observations of selected drill core, together with sulfur iso-
tope, fluid inclusion, and radiogenic isotope analyses of sam-
ples collected through two sections of the Sur-Sur breccia
complex. Mineralogical zonation has been compiled from the
digital database of CODELCO (Andina Division), which con-
tains results of more than 20 yr of core logging by Andina ge-
ologists. We have supplemented this digital database with our
own field and petrographic observations.

Geology

The geology of the Rio Blanco-Los Bronces deposit is out-
lined in Figure 1. The geologic setting of the deposit and key
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geodynamic elements relevant to ore formation have been
discussed in detail in Warnaars et al. (1985), Serrano et al.
(1996), Vargas et al. (1999), Kay et al. (1999), Frikken (2004),
Hollings et al. (2005), and Deckart et al. (2005). A brief de-
scription of the geology is provided below.

The Rio Blanco-Los Bronces deposit is hosted by Miocene
volcanic and volcaniclastic rocks of the moderately deformed
Abanico Formation and weakly deformed Farellones Forma-
tion (Warnaars et al., 1985; Serrano et al., 1996; Vargas et al.,
1999; Hollings et al., 2005). These have been intruded by the
late Miocene San Francisco batholith (Vergara et al., 1988;
Serrano et al., 1996; Fig. 1). The Rio Blanco-Los Bronces de-
posit occurs within the roof zone of this batholith and the
overlying Farellones Formation. Deckart et al. (2005) dated
the three phases of the San Francisco batholith at Rio Blanco-
Los Bronces: Rio Blanco granodiorite (11.96 + 0.40 Ma), Cas-
cada granodiorite (8.4 + 0.23 Ma), and Diorite (8.19 + 0.16
Ma), all of which preceded the main mineralizing events.

In the late Miocene-Pliocene, the San Francisco batholith
and the Farellones Formation were intruded by mineralized
biotite and tourmaline-cemented breccias and late mineral
felsic porphyries (Deckart et al., 2005). Ore in the Rio Blanco
sector occurs primarily as cement in the Rio Blanco magmatic
breccia, a biotite-anhydrite-sulfide-cemented magmatic-hy-
drothermal breccia complex associated with biotite and lesser
K-feldspar alteration. Tourmaline breccias host mineraliza-
tion at Sur-Sur, La Union, Don Luis, and Los Bronces (Fig.
1). The Sur-Sur and Don Luis open pits exploit sulfides that
occur as hydrothermal cement in the north-trending Sur-Sur
tourmaline breccia. This >3-km-long and up to 300-m-wide
tourmaline-cemented breccia has a dikelike morphology (Fig.
1) and is mineralized to depths of at least 1,300 m below the
present surface. In addition to tourmaline and sulfides, the
Sur-Sur breccia is cemented by Fe oxides, quartz, and anhy-
drite, and the clasts and adjacent granodiorite have under-
gone quartz-sericite-pyrite-tourmaline alteration.

A series of postmineral rock-flour breccias were emplaced
on the western side of the Sur-Sur tourmaline breccia. The
magmatic breccia and the tourmaline breccia were then in-
truded by weakly mineralized and altered to barren por-
phyries, stocks, and diatremes, which are described by David-
son et al. (2005). These include dikes of quartz monzonite
porphyry (6.32 = 0.09 Ma) and feldspar porphyry (5.84 + 0.03
Ma), the Don Luis porphyry stock (5.23 + 0.07 Ma) and the
dacite chimney (4.92 + 0.09 Ma: all U-Pb age determinations
from Deckart et al., 2005). Magmatism at Rio Blanco-Los
Bronces ceased with emplacement of the La Copa rhyolite
complex, a volcanic vent that contains both intrusive and ex-
trusive facies, including diatreme breccias and ignimbrites.
The La Copa complex was emplaced at approximately 4.03 +
0.19 Ma, based on a K-Ar biotite age determination by Quirt
et al. (1971).

Sur-Sur Tourmaline Breccia

The tourmaline breccia at Sur-Sur contains a distinctive se-
quence of hydrothermal minerals that sequentially filled void
space and now cement the breccia (Fig. 2). Mineral deposi-
tion in the breccia can be grouped into the oxide and the min-
eralization stages (Fig. 2). Sulfide cement formed during the
mineralization stage and comprises the ore at Sur-Sur. A



SUR-SUR BRECCIA COMPLEX, RIO BLANCO Cu-Mo DEPOSIT, CHILE

I
|i| Legend 1w 70w

Chile | Argentina
i+ |

I Custsrnary volcanic racks

+ |Lats Tertiary intrusions |
! Los Paelambres

< \ 32°5
R |
LW .

Late Tartiary »
Zlu‘.'—srs.'.'o“ss +or

Lale Creloceous Lo UK
Larly lertiary volcanic raocks It

‘ ‘ S

A Jurassic to early Tertiary plutons ,J'Eod

COMesoevic sedimenlary and velcanic roecks

Tl Falzozaic bazament
] 33°5—

io Blanco -

os Bronces

=}

23

p

=]

[=}

Pl ]

N
=3

K
'

El l .
: < Teniente F475
Ccrrfra.ll./ Principal |
* '(].-'Gurdr'ffﬂra_‘l Valley | Cordillera
s
| |
BJ. |
+ |
| 28000N
R L T L L F————— ==
* |
| +
|
|
|
|
|
|
: +
| 27000M
g o ot e e | e e A — o S el iy —— = ——— —— '_ —_—
{ RIO . [
o BLANCO :
v DON LUIS .

2600
L H — — _26000N
|
|
|
l *
..... |
|
\Thols Dacite Chimney | XGC 50ss
) |
*4 Don Luis Porphyry
] " UR-SUR
E Feldapar Parphyry i
) ) 1 25000M
B Hﬂ Quartz Manzonita Porphyry 5 - _I _______
+
Magmatic-hydrothermal breccias |
|
l:l undifferentiated hrennias . 1 o
- tourmaline-camanted braccia , 1 v
W
|
biotite-cemented breccia
I:' LA AMFRIGANA
Miocene host rocks " ] v
l:l San Francisco Batholith VI
e L2 — _ _24000N
Farellnnea Formation |
v |
T jw | v
(= o (=
g — (F=] (K=} " "
= 300m (= " = ¥ v
£ lew | e %

Fic. 1. A. Regional geology of central Chile and location of the Rio Blanco-Los Bronces ore deposit (adapted from Ser-
rano et al., 1996). B. Local geology map of Rio Blanco-Los Bronces (adapted from Vargas et al., 1999). CVZ = Central vol-
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Fic. 2. Infill paragenesis of the Sur-Sur tourmaline breccia, encompassing cement phases deposited during breccia for-
mation and minerals deposited in postbreccia veins. The vertical distribution relates only to the minerals cementing the brec-
cia. Also shown diagrammatically are the three main types of fluid inclusions observed at room temperature in quartz and
tourmaline, with respect to the timing of growth of their host minerals. From top to bottom, the fluid inclusion types are (a)
two phase, liquid rich undersaturated; (b) three or more phases and hypersaline (contains a halite daughter crystal); (c) two-

phase, vapor-rich.

series of weakly mineralized veins have cut the breccia com-
plex and appear to be associated with late porphyry intru-
sions. The postbreccia mineralization comprises quartz sul-
fide and pyrite-rich veins.
Oxide stage

The mineralogy of the oxide stage varies with elevation
through the Sur-Sur breccia body (Fig. 3). Tourmaline was
the first and most abundant cement precipitated in the mid-
dle and upper levels of the breccia (Figs. 2—4A, B). Coarse,
euhedral tourmaline needles radiate outward from the clast
margins (cockade texture; Fig. B, C). The tourmaline needles
range in length from 0.1 mm to 1 cm and are generally
translucent blue to yellow and green color in plane-polarized
light. In some areas, tourmaline also has replaced the margins
of altered granodiorite clasts, forming fine-grained tourma-
line selvages on the tourmaline cements (Fig. 4B). In the
upper parts of the breccia, coarse specularite has overgrown
tourmaline and is, in turn, overgrown by sulfide cement (Fig.
4C). The specularite is euhedral and partially fills void space,
growing outward from the early-formed tourmaline (Fig. 4C).

Early void-filling specularite crystals are up to 3 mm long and
1 mm wide.

Below 3,100-m elevation, the oxide stage is dominated by
early-formed biotite and anhydrite (Figs. 2-4D-F, 5A). This
part of the Sur-Sur breccia is locally termed the “potassic al-
teration” domain. There is a transitional zone between 3,000
and 3,100 m where biotite and tourmaline coexist as breccia
cement (Fig. 3). Above this zone, tourmaline is the dominant
silicate phase. Biotite is the dominant oxide-stage cement
below the transitional zone. Only tourmaline and specularite
occur above 3,600 m (Fig. 3). Above 3,600-m elevation, an-
hydrite is absent due to dissolution by modern-day ground
waters (Vargas et al., 1999; Figs. 2, 3, 5), and so it is not pos-
sible to assess the full vertical extent of cementation by oxide-
stage anhydrite.

Mineralization stage

The second stage of void infill was the main-stage mineral-
ization event at Sur-Sur. It involved the deposition of quartz,
chalcopyrite, magnetite, pyrite, tourmaline, and minor hematite
into open spaces (Figs. 2, 4C, F, 5A-D). Chalcopyrite and
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FIc. 3. East-west cross section XC 50ss through the Sur-Sur tourmaline
breccia (section location shown in Fig. 1), showing surface and underground
diamond drill hole locations used in this study. Filled triangles represent bi-
otite-cemented breccia; unfilled triangles represent tourmaline-cemented
breccia. Abbreviations: BTTZ = biotite-tourmaline transition zone, mt =
magnetite, spec = specularite, TSS, C, and DL are drill hole labels.

magnetite appear to have been coprecipitated based on tex-
tural relationships (e.g., Fig. 5B, C). In the deep levels of the
breccia complex, oxide-stage anhydrite crystals have been in-
filled, and in some cases partially replaced by chalcopyrite as-
sociated with the mineralization stage (Figs. 4E, F, 5A). A sec-
ond generation of tourmaline cement associated with the
mineralization stage occurs as fine-grained, equigranular blue
and/or black masses and sinuous trails that have cut later
formed cements (Fig. 2).

A zonal distribution of the oxide minerals, magnetite, and
specularite is evident in section XC 50ss. Magnetite is
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predominant at elevations below 3,330-m depth (magnetite >
specularite; Fig. 3). There is a transitional zone between
3,330 and 3,600 m where the two minerals have similar abun-
dances. A specularite-dominated zone occurs above 3,600 m
(specularite > magnetite; Fig. 3) and coincides with an in-
creased abundance of vugs in the breccia. Locally, between
3,600 and 4,000 m above sea level, magnetite forms a pseudo-
morph after oxide-stage specularite (Fig. 5B-E). This zone
corresponds to higher copper grades (<2% Cu). Magnetite
does not occur above 4,000-m elevation, where pyrite is the
dominant sulfide mineral and specularite coexists with chal-
copyrite (Fig. 4C). Incipient supergene alteration has pro-
duced thin chalcocite rinds around chalcopyrite grains at high
elevations.

Postbreccia veins

After cementation, the tourmaline breccia was cut by a
weak stockwork of quartz sulfide veins (Fig. 4B) with quartz-
sericite-pyrite alteration halos. These quartz veins contain
minor amounts of chalcopyrite, pyrite, bornite, anhydrite,
tourmaline, and fine blades of specularite (Fig. 2). At lower
elevations in the Sur-Sur breccia, chalcopyrite cement has
been partly altered to bornite adjacent to some postbreccia
veins. Also, hematite has replaced magnetite cement (Fig.
5F), and fine blades of specularite have been deposited
within and surrounding the postbreccia veins.

Late-stage pyrite-rich veins with minor quartz, chalcopy-
rite, anhydrite, and gypsum, and with quartz sericite alter-
ation halos (analogous to the D veins described from El
Salvador by Gustafson and Hunt, 1975) characterize the
final phase of vein formation at Rio Blanco-Los Bronces.
They cut the tourmaline breccia at Sur-Sur (Fig. 4B). They
also cut the chalcopyrite-bearing quartz veins, and all
phases of the late porphyries, up to and including the Don

Luis porphyry.
Mineral zonation

In addition to the mineral zonation described above, Vargas
et al. (1999) recognized a specularite alteration halo, which
extends upward and outward gradationally, and a biotite brec-
cia that extends downward from the tourmaline breccia. They
also noted that the abundance of pyrite increases upward
through the breccia and that pyrite/chalcopyrite ratios in-
crease outward to the margin of the orebody.

We have investigated mineral zonation in the Sur-Sur brec-
cia complex using the digital database of CODELCO Andina
Division. The spatial distribution of hydrothermal minerals is
plotted on longitudinal section D-D’ and cross section XC
50ss (section locations shown in Fig. 1). The drill holes cover
an area from the La Americana sector in the south through
the Sur-Sur sector to the Don Luis sector in the north (Fig.
1). Drill holes have been projected onto section line D-D’
from a distance up to 225 m from either side of the section. A
series of longitudinal sections have been prepared to show the
spatial distribution of biotite (potassic alteration), quartz-
sericite (phyllic alteration), tourmaline, and specularite (Fig.
6). Mineral zonation also has been summarized schematically
in section XC 50ss, based on detailed drill core logging and
thin section petrography, and supplemented by data from the
mine’s digital database (Fig. 3).
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A well-defined mineral and alteration zonation from north
to south in the tourmaline breccia body along section D-D’
(Fig. 6) correlates with the zonation observed at Sur-Sur in
section XC 50ss (Fig. 3). Biotite-cemented breccias associ-
ated with potassic alteration occur in the Don Luis sector and
deep in the Sur-Sur sector (Figs. 3, 6A). The biotite-ce-
mented breccias in the Don Luis sector have elevated hypo-
gene copper grades (0.75-1% Cu); however, the biotite brec-
cia at the base of the Sur-Sur tourmaline breccia has low
copper grades (0.2-0.3% Cu). Above and to the south of the
potassic alteration zone, a transitional zone of approximately
100 m in the vertical rock column separates biotite (potassic)
alteration and quartz-sericite (phyllic) alteration (Fig. 3). Tex-
tural relationships between hydrothermal biotite and tourma-
line in the transitional zone are unclear due to the fine-
grained nature of these minerals.

The distribution of quartz-sericite (phyllic) alteration cor-
relates with the distribution of tourmaline cement in the Don
Luis, Sur-Sur, and La Americana sectors (Figs. 3, 6B, C). The
tourmaline-cemented breccias and phyllic alteration assem-
blage are also associated with elevated hypogene copper
grades (~1% Cu). High-grade ore in the Don Luis and Rio
Blanco sectors is associated with biotite alteration and
cementation.

The findings of Vargas et al. (1999) are confirmed by the
specularite distribution shown in Figures 3 and 6D. Most
specularite occurs above and to the sides of the Sur-Sur and
Don Luis mineralized centers (Figs. 3, 6D).

Ar-Ar Geochronology

Deckart et al. (2005) provides comprehensive new U-Pb
and Ar-Ar datasets for Rio Blanco-Los Bronces, together with
a detailed appraisal of the magmatic-hydrothermal evolution
of the ore deposit. We supplement this data set with two Ar-
Ar analyses to help determine the timing of biotite and tour-
maline cementation.

Previous geochronological studies on the Sur-Sur tourma-
line breccia have been performed on altered whole-rock
breccia samples (e.g., Warnaars et al., 1985; Serrano et al.,
1996). They yielded ages of 7.1 + 0.8 and 5.1 + 0.2 Ma (Table
1; Serrano et al., 1996). The Rio Blanco magmatic breccia has
been dated previously using both whole-rock samples and
mineral separates (biotite, K-feldspar), which gave ages
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between 7.3 + 0.7 and 4.2 + 0.1 Ma (Serrano et al., 1996). In
both cases, the older ages were obtained from whole-rock
samples using the K-Ar technique; whereas younger ages
were obtained from pure mineral separates of biotite and K-
feldspar using the “Ar/*Ar technique.

In this study, hydrothermal (secondary) biotite was hand-
picked from a sample of fine-grained cement collected from
the deepest levels of the Sur-Sur tourmaline breccia (2,873-m
elevation). In addition, pervasive sericite-altered granodiorite
clasts were collected from a high-level tourmaline breccia
sample (4,021-m elevation). The altered clasts were separated
from the tourmaline cement and powdered prior to analysis.
Sample locations, elevations, and results for the Ar-Ar study
are listed in Table 1, and stepwise release spectra are illus-
trated in Figure 7. The plateau age for hydrothermal biotite
is 4.78 + 0.04 Ma. This age is similar to, but does not overlap
with, 4Ar/9Ar age determinations for biotite (4.6 + 0.1 Ma)
and K-feldspar (4.2 = 0.1 Ma) from the magmatic breccia in
the Rio Blanco sector (Serrano et al., 1996). The plateau age
for the sericite-altered whole-rock sample is 5.42 + 0.09 Ma
and is similar to the whole-rock ages reported previously for
the tourmaline breccia (Serrano et al., 1996).

As discussed in Deckart et al. (2005), the ore deposit has
been the site of repeated and widespread postmineralization
intrusive activity that could have reset Ar-Ar and K-Ar isotope
systems. The age of our shallow-level sericite-altered breccia
sample (5.42 + 0.09 Ma) is notably older than the biotite ce-
ment (4.78 + 0.04 Ma); even though textural relationships in
the breccia indicate that the biotite and sericite probably
formed contemporaneously. The discrepancy in Ar-Ar ages is
therefore best explained by isotopic resetting, with the shal-
low-level sericite sample cooling below the Ar-Ar closure
temperature approximately 600,000 yr prior to the biotite
sample from approximately 1,250 m deeper within the ore
deposit.

Observed crosscutting relationships (Frikken, 2004) show
that the magmatic breccia at Rio Blanco predates the intru-
sion of the quartz monzonite porphyry (U-Pb age: 6.32 + 0.09
Ma) and that the tourmaline breccia at Sur-Sur predates the
emplacement of the feldspar porphyry dike (U-Pb age: 5.84 +
0.03 Ma). Therefore, these intrusions provide minimum age
constraints on the mineralized breccias at Rio Blanco-Los
Bronces.

F1G. 4. Photographs and photomicrographs of rocks and ores from the Sur-Sur tourmaline breccia. A. Subvertical intru-
sive contact between the Sur-Sur tourmaline breccia (BXT) and the postmineral Don Luis porphyry (DLP). B. Hand speci-
men of mineralized tourmaline breccia from the Sur-Sur open pit. Angular clasts of granodiorite have been pervasively al-
tered to quartz-sericite-pyrite-chalcopyrite. Tourmaline occurs as an alteration selvage on clast margins and has grown both
into and outward from clast margins. Voids between tourmaline needles have been filled by chalcopyrite. The breccia ce-
ment and clasts are cut by a late-stage, 1-cm-wide vuggy quartz-chalcopyrite-pyrite vein and a thin (1-mm) pyrite-chalcopy-
rite vein. Scale in centimeters. C. Photomicrograph of oxide-stage specularite that has grown into space from a thin selvage
of tourmaline at clast margins and has been overgrown by chalcopyrite. Note that specularite is stable in the presence of chal-
copyrite and no magnetite is present (sample 492, DL-57, 4,021 m asl; reflected light). D. Photomicrograph of biotite brec-
cia from the deepest intersections of the Sur-Sur breccia complex. Biotite occurs as rims around clast margins and as infill.
Anhydrite has partially cemented the central void space (sample 215a, TSS-22, 2,873 m asl; transmitted light). E. Photomi-
crograph of anhydrite cement replaced by chalcopyrite. The chalcopyrite has penetrated cleavage planes in the anhydrite
crystal and also occurs in two fractures that cut the anhydrite grain (sample 335, DDH-628, 3,261 m asl; transmitted light).
F. Photomicrograph of an anhydrite crystal cut by chalcopyrite and sericite (breccia cement mineralization stage, transmit-
ted light). Abbreviations: anhy = anhydrite, bt = biotite, cpy = chalcopyrite, GD = granodiorite, ser = sericite, spec = spec-
ularite, tm = tourmaline.
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[+ E]
eudomorphs

43

magnetite
pseudomorphs
of specularite

Fic. 5. Reflected light photomicrographs of Sur-Sur tourmaline breccia. A. Early tourmaline and anhydrite crystals cut and
partially replaced by chalcopyrite (sample 62b, TSS-22, 2,919 m asl). B. Photomicrograph showing specularite in contact with
anhydrite and chalcopyrite. The specularite has been partially replaced by magnetite. Chalcopyrite contains pyrite inclusions
(sample 01BXT12, TSS-12, 3,541 m asl). C. In this sample, magnetite associated with the mineralization event forms an al-
most complete pseudomorph of oxide-stage specularite (sample 523, DL-71, 4,033 m asl). D. Magnetite pseudomorphs after
specularite. Magnetite crystals have been partially replaced at their outer margins and along internal fractures by late-stage
hematite (sample 523, DL-71, 4,033 m asl). E. Early specularite replaced by magnetite (sample 7, TSS-4, 3,708 m asl). F. Late-
stage hematite alteration of magnetite associated with a postbreccia vein (sample 01BXT12, TSS-12, 3,541 m asl). Abbrevia-
tions: zmhy = anhydrite, cpy = chalcopyrite, hem = hematite, mt = magnetite, py = pyrite, qz = quartz, spec = specularite.
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TABLE 1. Step-heating “Ar-39Ar Isotope Data, Apparent Ages, and Plateau Ages for Hydrothermal Biotite Cement
(sample 215a; 2,873-m elev) and Sericite Whole Rock (sample 530; 4,021-m elev)

Sample 215a - mass = 0.9 mg, | value = 0.002451 = 0.000018

DDH Section Meters Altitude Lithology Material Method 3Ar released  Plateau age (Ma)
TSS 22 XC-50 782 m 2,873 m BXMGD Hydrothermal biotite Ar/Ar 86% 4.78 + 0.04 Ma
Power S6AT/10AY S9AT/0AY r Ca/K % 40Atm % FAr 39AT/0AT® Age

0.5 0.0034 0.0343 0.049 0.697 100.53 0.14 -0.183 —0.81+ 5.44

1 0.0031 0.1786 0.243 0.392 91.74 0.48 0.435 1.92 + 1.64
1.5 0.0015 0.5174 0.068 0.21 44.62 2.44 1.057 4.67 + 0.29
1.75 0.0006 0.7598 0.007 0.065 17.69 6.65 1.078 4.76 + 0.12

2 0.0004 0.8335 0.009 0.044 12.74 4.81 1.043 4.61 + 0.10
<2.25> 0.0003 0.8314 0.002 0.078 10.41 3.77 1.074 4.74 + 0.16
<2.75> 0.0004 0.8155 0.002 0.109 11.42 4.14 1.083 4,78 + 0.16
<3.50> 0.0003 0.8154 0.006 0.27 11.22 4.93 1.085 4.79 + 0.11
<4.50> 0.0002 0.8551 0.002 0.406 6.37 6.4 1.093 4.83 + 0.08
<7.00> 0.0001 0.8796 0.013 0.268 4.62 66.22 1.083 4.78 + 0.02
Volume ¥K: 61.53 X 1E-10 cm3 NTP

Integrated age: 4.75 + 0.04 Ma

Initial 40Ar/36Ar: 320.54 + 98.19 (MSWD = 0.55, isochron between 0.18 and 2.63)

Correlation age: 4.76 + 0.09 Ma (85.5% of 3Ar, steps marked by >)

Plateau age: 4.78 = 0.04 Ma (85.5% of 3Ar, steps marked by <)

All errors are 2 X standard error

Sample 530 - mass = 0.9 mg, J value = 0.002449 + 0.000018

DDH Section Meters Altitude Lithology Material Method Ar released Plateau age
DL-53 XC-30 50 m 4,021 m BXT WR sericite Ar/Ar 81% 5.42 + 0.09 Ma
Power S6AT/10AY S9AT/0AY r Ca/K % 40Atm %0 3Ar S9AT/0Ar® Age

0.5> 0.0034 0.0003 0.151 0.064 102.01 0.46 -54.75 -259.73 + 213.55
0.75> 0.0033 0.0016 0.013 0.033 99.45 0.55 3.421 15.05 + 38.88
1> 0.0033 0.0065 0.003 0.012 99.32 0.87 1.003 4.42 + 9.54
1.25> 0.0032 0.0229 0.005 0.005 96.85 1.24 1.348 5.94 + 3.05
1.5> 0.0031 0.0621 0.007 0.005 91.76 1.76 1.297 5.72 + 1.42
1.75> 0.0025 0.1915 0.011 0.003 74.93 3.31 1.286 5.67 + 0.44
2.25> 0.0026 0.1559 0.01 0.003 78.61 4.12 1.348 5.95 + 0.48
<2.75> 0.0026 0.1649 0.009 0.003 79.07 6.71 1.245 5.49 + 0.39
<3.25> 0.0023 0.257 0.007 0.004 68.01 9.24 1.224 5.40 + 0.25
<3.75> 0.0022 0.2836 0.008 0.004 64.95 13.05 1.216 5.37 + 0.19
<4.25> 0.0021 0.3042 0.012 0.003 62.11 17.2 1.227 5.41 +0.16
<4.75> 0.0016 0.4062 0.012 0.004 49.34 14.54 1.232 5.44 + 0.13
<5.50> 0.0018 0.3746 0.008 0.008 53.43 12.28 1.227 541 +0.15
<6.50> 0.0016 0.4168 0.01 0.01 48.01 7.83 1.233 5.44 + 0.16
7 0.0025 0.1847 0.014 0.053 73.96 6.86 1.387 6.12 + 0.37

Volume ¥K: 43.51 X 1E-10 cm?3 NTP
Integrated age: 4.42 + 0.91 Ma

Initial 90Ar/36Ar: 295.17 + 6.8 (MSWD = 1.23, isochron between 0.59 and 1.82)

Correlation age: 5.43 + 0.08 Ma (93.1% of 39Ar, steps marked by >)
Plateau age: 5.42 = 0.09 Ma (80.8% of 3Ar, steps marked by <)
All errors are 2 X standard error

Sulfur Isotope Geochemistry

Sulfur isotope compositions of sulfides from Sur-Sur have
been determined using conventional techniques to separate
coarse-grained sulfides (Robinson and Kusakabe, 1975) and
by the laser-ablation method for fine-grained (100-300 #m)
sulfides (Huston et al., 1993). Laser-ablation analysis of sulfur
isotopes was performed using a 117 Nd:YAG laser. The ana-
lytical uncertainty for the conventional technique is estimated
to be +0.2 per mil. An analytical uncertainty of +0.1 per mil

is estimated from internal standards of homogenous galena
from Broken Hill (03*S = 3.4%0) and Rosebery (034S =
12.4%o0) run with an SO; reference gas of 63*S = CDT. These
internal standards were calibrated against international spha-
lerite standards TAEA NZ1 (034S = 1.83%0) and NBS (d34S =
4.34%0).

One hundred and fourteen sulfur isotope analyses were
completed in the current study on sulfides from three miner-
alized paragenetic stages identified in the Sur-Sur sector: (1)
sulfide cement (n = 72), (2) postbreccia quartz sulfide veins
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{l%‘-' Plateau ages: 4.78 £ 0.04 Ma
based on 86% of 23Ar
released.

Correlation age: 4.76 £ 0.09
11 Ma based on 93% of 8Ar
released, MWD = 0.6.

Integrated age: 4.75 £ 0.04 Ma
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Fic. 7. “Ar/ Ar apparent age spectra for (A) hydrothermal biotite and (B)
sericite-altered whole-rock samples from the Sur-Sur tourmaline breccia.

(n = 27), and (3) late-stage pyrite-rich veins (n = 15; Table 2,
Fig. 8). In addition, seven sulfur isotope analyses were ob-
tained from anhydrite cement in the tourmaline breccia
(Table 2). All data for section XC 50ss are shown in Figure 9,

TABLE 2. Summary Statistics for Sulfur Isotope Analyses of
Sulfides and Sulfates from Sur-Sur

Mean Range Standard
Mineral n 0348 %o 0348 Yo deviation
Sulfide cement 72 -1.1 —4.1to +2.7 1.5
Sulfide veins (qtz/ser) 27 -0.9 —4.1to +2.5 1.2
Late stage pyrite-rich 1 -0.4 -1.7to +1.1 0.8

veins

Sulfides (Total) 114 -0.8 —4.1to +2.7 14
Sulfate cement 7 +12.2 +11.2to +13.4 0.9

Abbreviations: qtz = quartz, ser = sericite
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Fic. 8. Histograms of sulfur isotope data from the Sur-Sur tourmaline
breccia in paragenetic order. A. Tourmaline breccia sulfide cement. B. Sul-
fide veins with associated quartz-sericite alteration halos. C. Late-stage
pyrite-rich veins. D. Tourmaline breccia anhydrite cement. The late-stage
pyrite-rich veins have sulfur isotope compositions clustered around zero per
mil, whereas many of the sulfides in the breccia cement and sulfide veins
with quartz-sericite halos have negative sulfur isotope compositions, proba-
bly due to deposition from an oxidizing magmatic-hydrothermal fluid.
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B) Quartz-sulfide veins C) Pyrite veins
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F16. 9. Copper grades and sulfur isotope compositions of (A) sulfide and sulfate cement from the tourmaline breccia, (B)
postbreccia quartz sulfide veins, and (C) pyrite-rich veins, plotted as a function of depth. All samples were collected from
section XC 50ss in Sur-Sur sector. Copper grades relate only to the tourmaline breccia cement. The highest copper grades
correlate with the lowest 934S values obtained for sulfide breccia cement from the top of the Sur-Sur tourmaline breccia.

and the complete data set for Sur-Sur is available as a digital
supplement to this paper at <www.segweb.org/EG/papers/
Abs100-5_files/07FrikkenAppendix.pdf>.

Tourmaline breccia-sulfide cement

Sulfur isotope compositions were determined on chalcopy-
rite (n = 48), pyrite (n = 20), bornite (n = 1), and chalcopyrite
and/or chalcocite composites (n = 3). Results range from —4.1
to +2.7 per mil with a mean value of —1.1 per mil (Table 2).

Sulfur isotope compositions of sulfide cement of the tour-
maline breccia are zoned spatially (Figs. 10A, 11). Samples lo-
cated at the highest altitudes in the tourmaline breccia (>4,000
m asl) have the lowest §%4S sulfide values (Figs. 9, 10A), coin-
cident with the high-grade zone at Sur-Sur (Fig. 10B). Similarly
low values occur both to the north and south, along strike of the
Sur-Sur tourmaline breccia body and in the deepest drill hole
in section XC 50ss (Fig. 11). Chalcopyrite has been partly re-
placed by supergene chalcocite at these elevations, but laser-
ablation analyses of coexisting chalcopyrite and chalcocite
grains indicate no significant difference in sulfur isotope com-
positions compared to those obtained from composite grains
(Fig. 8A, App. 1). Therefore, the low 034S values at the top of
the breccia body are not a function of supergene effects.

As for chalcopyrite, the lowest 034S values in pyrite were
obtained above 4,000-m elevation (Fig. 9). These results indi-
cate that sulfide sulfur was fractionated to progressively lower
values upward through the breccia column during hypogene
sulfide deposition.

Tourmaline breccia-sulfate cement

Sulfur isotope results from seven anhydrite samples from
the tourmaline breccia cement have 034S values between 11.2
and 13.4 per mil, with a mean value of 12.2 per mil (Table 2,
Fig. 8D). Anhydrite occurs below the incipiently weathered
zone at 3,600-m elevation in Sur-Sur (Fig. 3). Above this
zone, gypsum is the only sulfate mineral present. The narrow

range of values suggests no significant fractionation of sulfur
isotopes during anhydrite deposition in the lower parts of the
Sur-Sur tourmaline breccia, although only a limited number
of samples were analyzed.

Postbreccia quartz sulfide veins

Sulfur isotope compositions were determined for 27 sul-
fides from chalcopyrite + pyrite-bearing quartz veins with
quartz-sericite alteration halos that cut the tourmaline brec-
cia at Sur-Sur. Analyses were performed on chalcopyrite (n =
20), pyrite (n = 5), bornite (n = 1), and molybdenite (n = 1),
and results range between —4.1 and +2.5 per mil, with a mean
value of 0.9 (Fig. 8B; Table 2). The lowest values were ob-
tained from the top of the Sur-Sur tourmaline breccia body,
as in the breccia cement.

Pyrite veins

Sulfur isotope compositions of 15 pyrite samples from late-
stage pyrite-rich veins range between —1.7 and +1.1 per mil,
with a mean value of —0.4 per mil (Table 2). The lowest val-
ues are located to the north and south, along strike of the
tourmaline breccia body and outside the main mineralized
system. Although these veins contain gypsum and traces of
anhydrite and chalcopyrite in addition to abundant pyrite, the
low abundances of anhydrite and chalcopyrite prevented
analyses of any mineral pairs. Sulfides analyzed from the late-
stage pyrite veins do not vary significantly from 0 per mil (Fig.
8C; Table 2), indicating limited sulfur isotope fractionation
within the hydrothermal fluid during this stage.

Fluid Inclusions

We have performed a total of 328 microthermometric
analyses on fluid inclusions in quartz (305 from 15 samples)
and tourmaline cement (23 from five samples) from the
Sur-Sur tourmaline breccia (Appendix 2). These samples
were selected to provide maximum spatial coverage and



SUR-SUR BRECCIA COMPLEX, RIO BLANCO Cu-Mo DEPOSIT, CHILE

947

2900 m

758 -22

5543 contours
1 +2t00%: B -21to-3%:
CO0to-1% MMl -3t0-5%
[ -1 10 -2 %

Cu grade (wt %)
Ml 2.0t =2.5% Cu [ 0.5t01.0% Cu
E1.0t02.0% Cu 1 0.0to0.5% Cu

F1G. 10. A. Spatial zonation of sulfur isotope compositions of sulfide cement in section XC 50ss. Open circles represents
sample locations. B. Copper-grade distribution in section XC 50ss. The location of the section is shown in Figure 1. The high-
est copper grades correlate with sulfide minerals that have the lowest analyzed sulfur isotope compositions from the Sur-Sur

breccia.

also to provide temperature constraints on the sulfur isotope
data set. Note that in this and subsequent discussions, fluids
with salinities of <10 wt percent NaCl are referred to as low
salinity aqueous liquids, saline aqueous liquids (>10 wt %
NaCl) are referred to as brines, and salt-saturated liquids at
room temperature are referred to as hypersaline liquids.
Microthermometric measurements were performed at the
University of Tasmania using a Linkam MDS600 heating-
freezing stage manufactured by Linkam Scientific Instru-
ments Ltd. The Linkam stage has an upper temperature limit
of 600°C and was calibrated using synthetic fluid inclusions
supplied by Synflinc Inc. The precision of measured temper-
atures is +1.0°C for heating and +0.3°C for freezing (Rae et
al., 2003). Salinities were calculated as wt percent NaCl equiv

or, in the case of hypersaline fluid inclusions that contain
halite and sylvite daughter crystals, wt percent NaCl + KCI
equiv. The salinity of halite-undersaturated inclusions was
calculated from measured freezing point depression temper-
atures by applying a linear least squares regression (Potter et
al., 1978). The salinity of halite-saturated inclusions was cal-
culated from halite dissolution temperatures using the
SALTY algorithm (Bodnar et al., 1989).

Fluid inclusions have been classified based on observed
phase relationships at room temperature (Figs. 12, 13). Type
i are two- or three-phase, liquid-rich fluid inclusions that ho-
mogenize to liquid on heating. They are subdivided into type
ia (liquid + vapor) and ib (liquid + vapor + opaque; Fig. 12).
Type ii are salt-saturated (halite- and/or sylvite-bearing) fluid
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FIG. 11. Spatial zonation of sulfur isotope compositions of sulfide cement in longitudinal section D-D' through the Sur-
Sur tourmaline breccia. Open circles represent sample locations. The location of the section is shown in Figure 1. The
lowest 3¢S values obtained from sulfides in the Sur-Sur tourmaline breccia occur in the two mining sectors of Sur-Sur
and Don Luis.

Inclusion type Phases at 25°C Homogenization behavior

Type i

El Ligquid = vapor Vapor disappears

Liguid > wvapor + opague Vapor disappears, solid
phase does not dissolve

an heating

5 @

Type ii

[+]

Liguid-vapar-halite

Liguid-vapar-sylvite

Liguid-vapor-halite-sylvite

Vapor + halile disappear

Vapor + sylvite disappear

Vapor + halite + sylvite

o

XA

hematite-anhydrite-opaque + anhydrite disappear. non-
soluble solids remain upon

Type iii heating

O

Vapor > liquid Liguid disappears

F1c. 12. Fluid inclusion types recognized in quartz and tourmaline cement from the Sur-Sur breccia. Based on petro-
graphic observations made at room temperature, six types of fluid inclusions were recognized. Type ia are two-phase (liquid
+ vapor), undersaturated liquid-rich fluid inclusions that homogenize to a liquid. Type ib are three-phase (liquid + vapor +
insoluble solid), undersaturated liquid-rich fluid inclusions that contain an unknown insoluble opaque mineral. These inclu-
sions homogenize to a liquid, but the solid phases do not dissolve. Type iia are three-phase hypersaline inclusions with a halite
daughter salt and vapor bubble in a liquid. These inclusions homogenize either by vapor disappearance or halite dissolution.
Type iib are three-phase hypersaline inclusions with a sylvite daughter salt and vapor bubble in a liquid. Type iic are multi-
phase (at least four phases) hypersaline inclusions with a variety of daughter minerals present in addition to vapor and lig-
uid. These may include halite, sylvite, anhydrite, hematite, and/or opaque. Type iii are two-phase (vapor + liquid) undersat-
urated vapor-rich inclusions that either homogenize to vapor or decrepitate before homogenization.
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tourmaline opaque ; : e : tourmaling

F1G. 13. Photomicrographs of fluid inclusions in quartz and tourmaline cement from the Sur-Sur breccia. A. Type iic =
halite, hematite, opaque, and vapor-bearing polyphase hypersaline fluid inclusions in quartz. B. Type iii = vapor-rich inclu-
sions in quartz. C. Type ia = secondary trail containing coexisting type i, liquid-rich and type iii, vapor-rich fluid inclusions in
quartz (sample 190). D. Coexisting type ii, hypersaline and type iii, vapor-rich fluid inclusions; the vapor-rich inclusion also
contains a halite daughter crystal and an opaque in quartz (sample 490). E. A hybrid vapor-rich inclusion that also contains
a halite daughter crystal. Ty, (halite) = 527°C, T, (vapor) = >600°C in quartz (sample 524). F. Type ib = liquid-rich inclusion
with an opaque in tourmaline. G. Type iia = halite and vapor hypersaline inclusion in tourmaline. Abbreviations: H = halite,
L = liquid, V = vapor.
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inclusions that have been subdivided into type iia (liquid + BXT quartz BXT tourmaline
vapor + halite), iib (liquid + vapor + sylvite), and iic (liquid + 50 prorrprrrpreerprerrpreer 12 e
vapor + several daughter minerals; Fig. 12). Type ii inclusions LA n =304 1 n=28
homogenize by vapor bubble disappearance or salt dissolu- 40 110 N
tion. Type iii are vapor-rich fluid inclusions that homogenize
to the vapor phase. The fluid inclusions range in maximum 30
dimension up to 40um but those analyzed were typically N
between 10- and 20-um diameter. Based on the criteria of 20
Roedder (1984), unequivocal evidence of primary origins for 10
fluid inclusions was not observed, and all inclusions were as-
sumed to be secondary. Our complete fluid inclusion data set 0 0
is available as a digital supplement to this paper at www.seg 100 200 300 400 500 600100 200 300 400 500 600
web.org/EG/papers/Abs100-5_{iles/07FrikkenAppendix.pdf. Temperature of homogenization (*C)

The three major types of fluid inclusions summarized in 60 PSR I I 8 S L
Figure 12 were observed only in quartz cement from the '::D-— _n=E2757 n=22 -
tourmaline breccia. Tourmaline does not contain any vapor- L - i

rich fluid inclusions, although rare type ia, ib, and iic fluid in-
clusions were observed along cleavage planes (Fig. 12). Al-
though we have not analyzed fluid inclusions in anhydrite
from Sur-Sur, Frikken (2004) analyzed salt-undersaturated
(types i and iii) fluid inclusions from anhydrite cement in bi-
otite-cemented breccia in the Rio Blanco sector.

.'..\—UIIIJI

=
Quartz-hosted fluid inclusions 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
The fluid inclusions analyzed in quartz cement from the Salinity (wt% NaCl equivalent)

. . . . 12 T T T T T T 14+ L N [N B e
tourmaline breccia were type ia (n = 100), type ib (n = 2), E ' ' LE ' ' ]
type iia (n = 152), type iib (n = 2), type iic (n = 23), and type 10 n=>58 | 121 n=17 .
iii (n = 26; Figs. 14, 15). Most of the samples were collected 10!
from section XC 50ss (Fig. 16). Individual samples were also 8- o 1
collected from sections XC-00ss, XC-40ss, and XC-70ss (lo- N 6L |8 ]
cated 220 and 44 m to the north and 88 m to the south of XC 6 1
50ss, respectively), in order to obtain greater spatial coverage 4= 1 a4l N
of data (Fig. 1). The samples were collected at elevations sl 4 o 1

from 2,919 to 4,066 m. Type iii fluid inclusions are most
common, comprising 50 percent of all inclusions present. 0 0 ==

Generally, types i and ii inclusions are smaller (5-15u4m) than -100 -80 -GT?Bmp_ﬁqe?’atur-g%f- }rD ’;] ezir;go{"CJ-GD -0 =20
coexisting type iii inclusions (10-20um). Daughter minerals e — I' ————
in type ii fluid inclusions include halite, sylvite, opaque, an- LG n-39 1 H hes
hydrite, tourmaline, and hematite (Fig. 12). |

Measured vapor homogenization temperatures (TLV) for ar i
type i fluid inclusions range widely (195°-446°C), with most
between 300° and 440°C (Table 3, Fig. 14A). Vapor homoge- 2r -
nization temperatures for type ii fluid inclusions range from
135° to >600°C. Liquid homogenization temperatures (T;L) 1

for type iii fluid inclusions range from 353° to >600°C (Table

J ‘ ‘ |-
-60 -40 -20 0 0 - -40 -20 0

Eutectic melting temperature (*C}

FI1c. 14. Frequency histograms of (A, B) homogenization temperatures 40

(Th), (C, D) salinities (wt % NaCl equiv), (E, F) freezing temperatures (Ty), |' T T T 10 I\JI L N
(G, H) eutectic temperatures (Te) and (I, J) final melting temperatures (Ty) r n=108 1 1 . e ia n=20 1
for quartz and tourmaline cement (F-]) in the Sur-Sur mineralized system. &r 7 tvoe ib T
BXT quartz = quartz cement (tourmaline breccia), BXT tourmaline = tour- - s Iype l 1
maline cement (tourmaline breccia). Similar ranges of temperatures and & Dl type I —
salinities have been obtained for the different fluid inclusion types. Note, L [ type ”b E
however, that hypersaline fluid inclusions were not analyzed from tourma- 4 L1 type ic

line, although they were observed rarely (e.g., Fig. 13G). Many of the eutec- | A typeiii |
tic melting temperatures are lower than —35°C, suggesting the presence of

abundant divalent cations such as Ca or Fe in addition to Na and K in solu- 21 1
tion. This has been confirmed by proton-induced X-ray emission (PIXE) i L j T

analyses of nine fluid inclusions from Sur-Sur, with maximum concentrations
of 0.89 wt percent Ca and 0.64 wt percent Fe detected during analyses of -60  -40 20 0 20 -80 40 -20 0 20
nine fluid inclusions (Frikken, 2004). Final ice melting temperature ("C)
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F1c. 15. Temperatures of homogenization vs. salinity (ex-
pressed as wt % NaCl equiv) for different fluid inclusion types an-
alyzed from (A) quartz and (B) tourmaline breccia cements. BXT
quartz = quartz cement (tourmaline breccia), BXT tourmaline =
tourmaline cement (tourmaline breccia). In (A), hypersaline fluid
inclusions that homogenize via halite dissolution plot on the
“halite trend” of Cloke and Kesler (1979), implying that the fluids
may have been halite-saturated prior to their entrapment.
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FIG. 16. Spatial variations in homogenization temperatures and salinities of fluid inclusions hosted by quartz cement from
the Sur-Sur tourmaline breccia (section XC50, supplemented by data from XC40-XC 70). A. Geologic cross section XC50
(Sur-Sur) showing diamond drill holes and fluid inclusion sample locations (white circles). Pie charts next to each sample lo-
cation denote the relative proportions of type i (white fill pattern), type ii (gray), and type iii fluid inclusions (black) observed
petrographically in individual samples. Also shown are arbitrary spatial subdivisions within the breccia: deep, mid, and shal-
low levels. Bbx = biotite-cemented breccia, BXT = tourmaline-cemented breccia. B-D. Temperatures of homogenization vs.
salinity (expressed as wt % NaCl equiv) for different types of quartz-hosted fluid inclusions from (B) shallow-, (C) middle-,
and (D) deep-level samples from the Sur-Sur tourmaline breccia. Note that different fluid types can be discriminated into
discrete fields in (D), whereas broad spectrums of data were obtained at middle to shallow levels. E-G. Frequency his-
tograms of salinities (wt % NaCl equiv) for different types of quartz-hosted fluid inclusions from (F) shallow-, (C) middle-,
and (D) deep-level samples from the Sur-Sur tourmaline breccia.
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TABLE 3. Summary of Fluid Inclusion Data for Quartz- and Tourmaline-Hosted Fluid Inclusions from

Drill Cross Drill hole Cugrade  FI types Tt (°C)
Sample no.  hole no. section depth (m) Rock type (wt %) i:idii (%) FI type Tt (°C) (mean) T. (°C)
Quartz-hosted fluid inclusions
S$S221b TSS-22 XC 50 28 BXTGDCC 2.15 30:35:35 ia
iic
SS123a E20-A 0 170 BXTGDCC 0.2 32:36:32 ia
iia
SS62b TSS-22 XC 50 736 BXTGDCC 1.54 22:30:48 ia -59.0
iia
iii
S$S224b TSS-22 XC 50 500-510 BXTGDCC 0.73 9:24:67' ia -72.3t0-33.0 -51.6 46.2 to -10.9
iia
iii —47.1to-36.0 422
$5223b TSS-22 XC 50 300-310 BXTGDCC 0.96 14:29:57 ia
iia
SS222f TSS-22 XC 50 130-140 BXTGDCC 2.07 6:38:56 ia
iia
SS228f TSS-4 XC 50 50-60 BXTGDCC 0.96 10:42:48 ia -82.8 to -38.5 -61.3 —49.2 to -26.0
iia
iii -70.4
SS101a C-50 XC 50 26 BXTGDCC 1.36 17:36:47 ia, ib -76.3to-42.0 -57.6 —49.9 to —24.0
iia -70.0
iii —71.0 to —-43.1 -57.1 —41.5 to -32.3
SSLGS50 DL-64 XC 50 192-200 BXTGDCC 0.6 20:31:49 ia
iia, iib
iii
$S230b DL-64 XC 50 20-30 BXTGDCC 3.91 24:20:56 ia -72.0to —41.0  -53.7
iia
iii
SS190 DL-03 XC 50 139 BXTGDCC 2.52 41:42:17 ia —88.6 to —42.5 -56.2 -53.5to 274
iia
iii -34.9
SSVHG50a DL-03 XC 50 56 BXTGDCC 13.85 24:32:44 ia —74.1 to —49.3 —60.7
iia
iii
SSVHG50d  DL-03 XC 50 58 BXTGDCC 9.93 ia, ib —86.3 to —52.2 -74.3 -58.6 to —32.1
iia, iic
iii -71.6
SS490 DL-57 XC 40 85 BXTGDCC 2.46 37:23:40 ia —-65.6to—41.7 -51.7 -50.4 to —-24.7
iia, iic
iii —75.4 to -53.8 —66.4
SS524 DL-71 XC 70 99.5 BXTGDCC 2.75 51:05:44 ia -43.5to -36.7 -38.7 -30.4 to 2.8
iia, iic
iii —66.7
Tourmaline-hosted fluid inclusions
SS62b TSS-22 XC 50 736 BXTGDCC 1.54 ia, ib
iic —-62.2to -54.0  -58.1 -50.8 to —41.3
SS223a TSS-22 XC 50 300-310 BXTGDCC 0.96 ia —49.2to —46.0 —48.0
SS7 TSS-4 XC 50 155 BXTGDCC 1.11 ia, ib —64.0 to —45.9 -52.5
SSVHG50d  DL-03 XC 50 58 BXTGDCC 9.93 ia, ib —59.7 to —49.3 -53.3 —62.4 to -30.6
SS225¢ TSS-22 XC 50 609 BXTGDCC no data ia -53.8 to —48.3 —49.7
Summary data
Quartz i -89.0 to -33.0 -59.0 to 3.0
Quartz ii
Quartz il -75.0 to -35.0 —49.0 to —24.0
Tourmaline i —64.0 to —46.0 —62.0 to =31.0
Tourmaline ii

Notes: Homogenization temperature ranges and means (°C) for vapor (TiV), liquid (T,L), and salts (T,D), plus salinities (wt % NaCl equiv), freezing
Abbreviations: BXTGDCC = tourmaline breccia (Cascada granodiorite clasts), FI = fluid inclusion, T,V = vapor homogenization temperature, TyL =
Tt = freezing temperature, T, = eutectic temperature, Ty, = final ice melting temperature
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the Sur-Sur Tourmaline Breccia Cement (see text and Fig. 12 for definitions of fluid inclusion types)
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T, (°C) T, (°C) TiL (°C) TV (C) TiDpae  Salinity
(mean) Tw (°C) (mean) TuL (°C) (mean) TwV (°C) (mean) TuDhpaiite (°C) (°C) (mean) (mean)
-20.5to 11.9 -9.0 244.6 to 390.4 323.8 18.4
-25.4t0 15.0 -5.2 233.5 to 309.3 276.2 137.1 to 416.3 307.6 39.5
-25.0 to -2.8 -9.4 302.9 to 433.5 351.5 11.9
242.2 to 495.1 342.5 193.5 to 477.3 332.1 41.6
-26.0 -18.9t0 0.0 -7.2 242.1 to 427.2 360.5 9
250.6 to 452.6 317.8 214.6 to 505.7 358.0 42.9
-1.7 390.5 2.9
-30.7 -23.5to -0.7 -8.9 299.8 to 428.6 357.4 114
242 8 to 498.0 328.0 249.6 to 453.4 364.4 43.3
-23.6 -10.3 to -0.8 -5.3 397.5to 505.6  451.6 427.3 7.8
-18.8 to -0.5 -8.3 305.2 to 411.8 355.0 10.8
-36.3 232.6 to 328.2 280.1 179.1 to 448.2 331.4 40.8
-20.6 to -3.9 -10.7 331.1 to 444.6 379.9 13.9
231.1 to 431.6 295.4 130.8 to 383.5 263.9 36.2
-33.5 -23.6 to -2.7 -12.1 309.5 to 446.0 370.1 15
134.8 to 321.7 259.3 159.4 to 547.0 308.9 39.8
-17.6 452.4 144.9 20.9
-38.6 —21.1to-3.1 -12.4 299.4 to 433.7 377.9 152
-52.3 18.3 240.0 to 432.0 300.0 137.5 to 338.1 245.3 34.8
-36.9 9.4 to 4.3 7.7 499.7 to 534.0 511.2 11.2
-15.5t0 0.0 -7.6 328.0 to 402.3 356.1 10
253.1 to 380.1 305.9 103.0 to 462.4 280.3 40.4
-0.2 408.7 to 497.5 453.1 0.4
-11.6to 5.4 -85 195.2 to 421.2 348.3 12
-23.7 241.5 to 322.0 270.2 167.1 to 372.9 285.8 35.8
-11.7 406.8 15.7
-37.8 -17.3 to -0.3 -7.0 290.8 to 425.4 359.0 9.5
231.5 to 453.2 285.1 166.1 to 498.8 310.6 394
1.2to 1.3 1.3 370.2 to 393.1 381.6 2.1
—44.2 -15.1t0 0.1 -79 309.5 to 394.0 325.3 10.8
219.7 to 269.8 245.5 209.2 to 361.0 290.0 37.5
—48.6 >550
—49.0 4.2 >600 303.9 to 344.2 324.1 115.0 6.7
163.4 to >600.0 322.7 156.4 to 552.2 326.5 41.5
-15.8 >600 19.46
-36.2 —-20.6to -1.1 -9.3 304.3 to 360.5 333.0 114
202.4 to 578.9 306.0 244.2 to 446.7 33.8 41.2
—-23.0to -0.4 -12.0 352.5 to 425.0 393.7 13.6
-19.1 -5.8 to 20.0 1.9 311.1 to 440.9 362.0 8
260.8 to 577.3 370.7 238.9 to >600.0 373.7 45.1
—46.3 -16.1 to -6.3 -10.6 396.9 to >600.0 469.4 526.7 25.5
-22.7 301.6 to 389.7 345.7 23.5
—46.1 -31.7to -26.7 -29.2 148.1 to 402.6 263.8 217.6 to 303.9 258.8 35.3
—7.7t04.9 -2.0 240.3 to 284.0 262.2 8.2
-199to-1.5 -9.7 188.9 to 235.4 210.7 12.2
—42.2 -12.0 to 12.9 -3.4 140.5 to 301.9 213.6 13.5
-10.1t0 0.7 -2.8 156.2 to 445.2 227.0 4.7
-25.0 to 20.0 195.0 to 446.0 0.0 to 23.0
135.0 to >600.0 131.0 to >600.0 25.0 to 69.0
—-23.0to 1.0 353.0 to >600.0 0.0 to 59.0
-23.0 to 13.0 141.0 to 445.0 1.0 to 23.0
148.0 to 403.0 217.0 to 304.0 33.0 to 38.0

temperatures (Tr), temperatures of first ice melting (T.,) and temperatures of final ice melting T,
liquid homogenization temperature, ThDyaiite = halite dissolution temperature, TiDgiee = sylvite dissolution temperature,
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3, Fig.14A). Halite dissolution temperatures (ThDhalite) for
type ii fluid inclusions are between 131° and >600°C, how-
ever sylvite dissolution temperatures (ThDgylvite) for type ii
fluid inclusions are 180° to 194°C (Table 3)."Measured freez-
ing temperatures (Ty) for type i fluid inclusions vary widely,
between —89° and -33°C (Table 3, Fig. 14E). Freezing tem-
peratures for type iii fluid inclusions also vary markedly (-75°
to —35°C). Eutectic temperatures (T.) for type i fluid inclu-
sions range from —59° to 3°C, however type iii fluid inclusions
have a narrower range of eutectic temperatures between —49°
and —24°C (Table 3; Fig. 14G). Final ice melting tempera-
tures (Tw) for type i fluid inclusions are between —25° to
—20°C (Table 3; Fig. 14E), and for type iii fluid inclusions are
from —23° to 1°C (Fig. 141I).

Based on the measured freezing point depressions and salt
dissolution temperatures, a range of salinities has been calcu-
lated for the quartz-hosted fluid inclusions from Sur-Sur
(Figs. 14C, 15A). The brines, gases, and low-salinity aqueous
liquids define a continuum from dilute (~0 wt % NaCl equiv)
to hypersaline (69 wt % NaCl equiv) compositions. Most of
the salinities calculated for type ii salt-saturated fluid inclu-
sions are between 30 and 50 wt percent NaCl equiv (Fig.
14C).

Tourmaline-hosted fluid inclusions

Microthermometric analyses were performed on 23 fluid
inclusions in tourmaline from five samples of tourmaline
breccia. These included type ia (n = 14), type ib (n = 5), and
type iic (n = 4; Fig. 14B, D, F, H, ]) fluid inclusions. Samples
were collected from section XC 50ss between 2,919- and
4,064-m elevation. Type i inclusions are the most abundant,
but rare type ii inclusions are also present. The fluid inclu-
sions are generally small (5-40 gm) and elongate due to their
growth along cleavage planes. Daughter minerals in tourma-
line-hosted type ii fluid inclusions include halite, hematite,
and opaques.

Vapor homogenization temperatures for tourmaline-hosted
type i and ii fluid inclusions range from 141° to 445°C (Table
3; Fig. 14B). Halite dissolution temperatures for type ii fluid
inclusions are between 217° and 304°C. Freezing tempera-
tures for type i fluid inclusions are from —64° to —46°C (Fig.
14F). Eutectic temperatures for type i fluid inclusions are
from —62° to —31°C (Fig. 14H), and final ice melting temper-
atures for type i fluid inclusions are from —23° to 13°C (Fig.
14]). Salinities calculated for type i fluid inclusions range
from 1 to 23 wt percent NaCl equiv with most values between
1 and 15 wt percent NaCl equiv. Type ii fluid inclusions have
a narrow range of calculated salinities between 33 and 38 wt
percent NaCl equiv (Table 3; Figs. 14D, 15B).

Fluid types and spatial variations

Coexisting type i and iii fluid inclusions within individual
secondary trails (Fig. 13C) define a distinctive fluid inclusion
assemblage within quartz cement in the tourmaline breccia.
These inclusions have similar T,V and TiwL (mostly between
350° and 400°C) and are interpreted to indicate the presence
of two fluids (low-salinity water and gas) at the time of en-
trapment. A second distinctive fluid inclusion assemblage is
defined by trails that contain coexisting type ii and iii fluid in-
clusions. This assemblage has been observed in samples from
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the highest elevations of the breccia complex (samples
SSVHG50d and SS524 at 4,064- and 4,032-m elev, respec-
tively; Fig. 13D, E). These inclusions had consistently high
homogenization temperatures (>500°C) for both halite and
vapor (Table 3) and indicate that high-temperature hyper-
saline brine and gas coexisted in the highest parts of the brec-
cia complex at the time of entrapment. Furthermore, the type
ii fluid inclusions that homogenized by salt dissolution plot in
the halite trend of Cloke and Kesler (1979), indicating that
the fluids may have been saturated with halite before entrap-
ment (Figs. 15A, 16B-D).

Although observations of coexisting fluid phases are limited
to a few secondary trails in quartz cement, the range of salin-
ity determined for the Sur-Sur tourmaline breccia suggests
the possibility of the coexistence of multiple fluid phases dur-
ing cementation. The greatest range in homogenization tem-
peratures has been obtained at the shallowest levels (Fig.
16B), with the range of T, values becoming somewhat nar-
rower at depth (Fig. 16D). Halite-saturated inclusions (type
iia) are present throughout the vertical extent of the breccia.
Multiphase fluid inclusions (type iic) occur only at mid- to
shallow-level depths (Fig. 16B, C). Type iii vapor-rich fluid in-
clusions commonly have higher homogenization tempera-
tures than type i liquid-rich inclusions but overlap where type
i and iii fluid inclusions occur in the same samples (Fig. 16).
The highest temperatures of homogenization of type iii fluid
inclusions also were found at shallow levels.

The salinities of the inclusions also seem to indicate the
presence of both low-salinity aqueous liquid and high-salinity
brine at depth (Fig. 16D). A third grouping of type i fluid in-
clusions with salinities around 20 wt percent NaCl equiv may
be the product of mixing between these two end members. At
mid and shallow levels, the distinctions are less obvious, also
suggesting possible fluid mixing (Fig. 16B, C).

Lead Isotopes

Extensive lead isotope data are available for central Chile
(Tilton, 1979; Hildreth and Moorbath, 1988; Puig, 1988; Zen-
tilli et al., 1988; Davidson et al., 1991; Kay and Ambruzzi,
1996; Tosdal and Munizaga, 1996, 2003; Kay et al., 1999; Fig.
17). These data cover the Central volcanic zone (CVZ) and
the Southern volcanic zone (SVZ) between 22° and 38°30'S,
including the flat slab zone from 28° to 33°S (Fig. 17). Lead
isotope analyses of sulfides from the Rio Blanco-Los Bronces
ore deposit (Tilton, 1979; Puig, 1988; Zentilli et al., 1988; Tos-
dal and Munizaga, 1996, 2003) comprise a well-homogenized,
closely spaced cluster within the field for the regional vol-
canic rocks of the Southern volcanic zone (Fig. 17).

In this study, the isotopic composition of lead was deter-
mined in two samples of anhydrite cement from the Rio
Blanco magmatic breccia and two samples from the Sur-Sur
tourmaline breccia (Table 4). Textural relationships indicate
that the anhydrite precipitated prior to sulfide deposition. No
analyses of the Pb content of the samples were obtained but
a subsequent study of lead in anhydrite from the oxide stage
of the El Teniente deposit of central Chile (Cannell, 2004)
determined Pb contents of 0.5 to 25 ppm and similar isotopic
ratios.

The isotopic compositions of lead in anhydrite from Rio
Blanco-Los Bronces are distinctly less radiogenic than that of
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FIG. 17. Uranogenic and thorogenic diagrams showing lead isotope com-
positions for regional volcanic rocks in central Chile, sulfides from the Rio
Blanco-Los Bronces ore deposit, and anhydrite cement from the Rio Blanco-
Los Bronces ore deposit (this study). Data for regional rocks are from Kay et
al. (1999). Sulfide data from Tilton (1979), Puig (1988), Zentilli et al. (1988),
and Tosdal and Munizaga (1996). The sulfide minerals and igneous wall rocks
at Rio Blanco-Los Bronces have more radiogenic lead isotope compositions
than anhydrite, which appears to plot on mixing lines between the sulfide
ores and Precordilleran (B) or Peruvian basement (A).

the ores and local host rocks. They define an array of values
in Figure 17 from the least radiogenic lead, found in anhy-
drite cement from the Rio Blanco magmatic breccia, to the
most radiogenic lead, found in anhydrite cement in the Sur-
Sur tourmaline breccia. The most radiogenic lead in anhy-
drite is similar in isotopic composition to the lead in the sul-
fides. Lead isotope data are not available on more refractory
minerals of the oxide stage from Rio Blanco. It is unlikely that
the lead isotope compositions of anhydrite from Rio Blanco
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TABLE 4. Lead Isotope Compositions of Anhydrite Cement from the
Sur-Sur Ttourmaline Breccia and Rio Blanco Magmatic Breccia

Altitude 206Ph/ 207Ph/ 208Ph/
Sample no. DDH (m) 204P]y 204P]y 204P]y
RB246h DDH-450 2,846 17.558 15.534 37.341
RB240b DDH-450 3,078 18.345 15.586 38.205
SSO01BXT12 TSS-12 3,541 17.892 15.567 37.774
SS60c TSS-22 3,077 18.479 15.623 38.412

Abbreviations: DDH = diamond drill hole

have been reset by later fluids, as there is no petrographic ev-
idence of alteration of the anhydrite samples. Our samples
were collected at elevations between 2,846 and 3,541 m
(Table 4), beneath the domain of supergene anhydrite disso-
lution documented by Vargas et al. (1999).

The lead isotope data appear to indicate that the fluids that
precipitated anhydrite at Rio Blanco-Los Bronces were dis-
tinct from the sulfide-forming fluids, at least in terms of their
lead isotope compositions. The sulfides at Rio Blanco-Los
Bronces have a magmatic-hydrothermal source of lead that is
identical to the igneous intrusions and volcanic rocks that host
the deposit (Tosdal and Munizaga, 2003). The earlier formed
anhydrite must have incorporated lead from sources distinct
from the local intrusions and volcanic wall rocks. One of those
sources was probably the Precordilleran basement, as the
thorogenic (**Pb/***Pb) isotope compositions for anhydrite
cement form a linear trend that extends from the Chilean flat
slab field toward the least radiogenic field for the Pre-
cordilleran basement and Precordillera (Fig. 17). However,
the equivalent trend of 27ph2%ph data lies between Pre-
cordilleran rocks in central Chile and the basement rocks
from Peru, implying a more complex origin for the lead de-
posited with the anhydrite.

Discussion

Constraints on temperature and redox conditions

The main stage of chalcopyrite deposition in the sulfide ce-
ment at Sur-Sur is estimated to have occurred at tempera-
tures of approximately 450° to 300°C, based on the range of
temperatures of homogenization obtained from fluid inclu-
sions in quartz cement (Fig. 14A). From Figure 18A, the oxy-
gen fugacity (fo,) of hydrothermal fluids is interpreted to have
varied by 4 to 5 log units, from specularite stable through
tourmaline + magnetite stable, to biotite + magnetite stable
conditions. The lower limit of log fo, values in Figure 18A is
defined by the reaction of schorl (Fe tourmaline) to annite
(Fe biotite):

NaFe3Als(Sis015)(BO3)3(OH)4 (5) +
6KC1(,,¢,) + 125103 () + 5Fe304 ) + 11H20

= 6KFe3AlSizO10(0OH)a () + 5HC1((lq) +
NaCl(,,q) + 3H3BOs(q) + 2.502@.

The position of the tourmaline and/or biotite transition in
Figure 18A is dependent on the composition of biotite and
tourmaline, the activity of H3BOs and the ratios axac/anc and
axc/ancy, the latter constrained by a section on an axac/@rnc
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versus axc/anct diagram (Fig. 18B). The biotite cement from
Sur-Sur has magnesium numbers (Mg # = 100°Mg/Mg + Fe)
of 55 to 65, based on electron microprobe analyses (Frikken,
2004), indicating compositions intermediate between phlogo-
pite and annite end members. Electron microprobe analyses
of tourmaline cement (Frikken, 2004) indicate compositions
that are intermediate between dravite (Mg tourmaline) and
schorl, with a component of elbaite, the Li-Al-rich end mem-
ber. The Mg # of tourmaline is more variable than that of bi-
otite, ranging between 20 and 80 with most values between
40 and 60 (Frikken, 2004). Based on our calculations, the sta-
bility of schorl with respect to annite, albite, muscovite, and
K-feldspar is also relatively insensitive to temperature from
350° to 450°C. Based on the observed mineralogy (Fig. 2),
the oxygen fugacity of hydrothermal fluids at Sur-Sur de-
creased from specularite stable at high altitudes (Fig. 6D)
through biotite and magnetite stable at depth, notably below
3,000 m at Sur-Sur and also below about 3,300 m in the Don
Luis sector (Fig. 6A).

Sulfur isotope zonation

The observed mineralogical zonation at Sur-Sur is coinci-
dent with the zonation of sulfur isotope compositions of sul-
fides from near-zero values at depth to values of —4 per mil at
the top of the breccia. The distinctly negative sulfur isotope
values obtained for chalcopyrite at high altitude (>3,700 m
asl) in the Sur-Sur tourmaline breccia correlate with zones of
high copper grade (Fig. 10), abundant specularite (or anhy-
drite at depth), and vuggy textures. This transition occurs
over a vertical interval of approximately 100 m (Fig. 10).

The extent of redox-controlled isotopic fractionation of sul-
fur isotopes depends on the initial ratio of aqueous sulfate to
aqueous sulfide (R value) and also on any influences imposed
by external sulfur reservoirs (Ohmoto and Goldhaber, 1997).
For example, if we assume a bulk sulfur composition of +1
per mil, ranges of chalcopyrite and anhydrite compositions
similar to those measured from Sur-Sur are predicted to pre-
cipitate from a reduced fluid (R = 0.25) that undergoes cool-
ing from approximately 450° to 300°C (Fig. 19A). This range
of temperatures is consistent with the bulk of the fluid inclu-
sion data from Sur-Sur (Fig. 14). Although this is a nonunique
result, Figure 19A shows that the observed range of 034S val-
ues of sulfide and sulfate minerals at Sur-Sur (e.g., —4.1 to
+13.4%o) can be produced by precipitation from a cooling,
reduced fluid. However, the large decrease in 034S values to
-5 per mil over a vertical interval of ~100 m (Fig. 10) would
require approximately 150°C of cooling (Fig. 19A) over a very
narrow vertical interval. Such enormous temperature gradi-
ents are rare in hydrothermal systems, except as a result of
fluid mixing, which would be consistent with the measured
range of salinity data from fluid inclusions (Fig. 15).

Alternatively, exsolution of magmatic SO could have pro-
duced a shallow crustal fluid reservoir enriched in SOs or SO
either through condensation into meteoric water or through
disproportionation of the magmatic gas; Rye, 1993). In this
case, the oxidized fluid is assumed to have a bulk sulfur iso-
tope composition of +11.2 per mil (the lowest 03*S sulfate
value measured from the Sur-Sur tourmaline breccia ce-
ment; Table 2). Assuming that the fluid in this scenario is
highly oxidizing (R = 0.9), the range of sulfide sulfur isotope
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content of 1 per mil and mXs0,/mZ,s value (R value) of 0.25 (i.e., reduced,
HsS-predominant fluid). Two curves for chalcopyrite compositions are
shown: chalcopyrite compositions precizl?itated from an SOs-bearing fluid and
chalcopyrite precipitated from an SO7™ -bearing fluid (Ohmoto and Gold-
haber, 1997). SOz undergoes disproportionation to aqueous sulfate at ap-
proximately 400°C, but kinetics may inhibit the onset of this transition in nat-
ural systems. Hence, some overlap of temperatures has been plotted for the
two curves. B. Calculated sulfur isotope compositions for sulfate-sulfide
equilibria as a function temperature (°C) vs. §34S assuming a total sulfur con-
tent of 11.15 per mil and an mZso,/mZir,s value of 0.9 (i.e., oxidized, SO»-
predominant fluid). As for (A), two curves for chalcopyrite compositions are
shown: chalcopyrite compositions precipitated from an SOs-bearing fluid and
chalcopyrite precipitated from an SOs-bearing fluid (Ohmoto and Gold-
haber, 1997).

compositions predicted to form at temperatures of 450° to
300°C would be comparable to those observed at shallow lev-
els in the Sur-Sur tourmaline breccia (Fig. 19B). In this case,
extreme temperature gradients are again required. Such gra-
dients may have occurred if the SOg-bearing magmatic gas
condensed into lower temperature meteoric ground water or
some external water at the top of the breccia body.

Fluid sources

Oxygen-deuterium analyses of cements and alteration
minerals from Rio Blanco-Los Bronces have indicated that
the hydrothermal fluids were predominantly magmatic
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(Kusakabe et al., 1984, 1990; Skewes et al., 2003). At Sur-Sur,
the presence of hypersaline brine inclusions in the breccia ce-
ment is also strong evidence for a magmatic fluid, consistent
with a magmatic-hydrothermal origin for the Sur-Sur tourma-
line breccia.

The lead isotope compositions of sulfides from the cement
in the mineralized breccia indicate a well-homogenized
source. They have a lead isotope signature similar to igneous
rocks of the Southern volcanic zone. In contrast, anhydrite
cements from Sur-Sur and Rio Blanco have lead isotope com-
positions that are distinct from the host rocks and sulfide min-
erals (Fig. 17). This less radiogenic lead is isotopically com-
parable to the Precordilleran basement and Precordillera of
central Chile (Fig. 17). The presence of exotic lead in anhy-
drite implies that the oxide-stage fluid at Sur-Sur must have
been sourced at least in part from outside the magmatic-hy-
drothermal system and surrounding wall rocks. The fluid
could have been meteoric ground water, connate water from
the underlying evaporite-bearing Jurassic sedimentary rocks
(Fig. 1A), metamorphic water from the lower crust (e.g., Kay
et al., 1999) or a fluid from some other source. High-tem-
perature exchange of 150 between the external fluid and the
local igneous wall rocks may explain why O-D studies have
failed to clearly identify external fluids at Rio Blanco-Los
Bronces (e.g., Kusakabe et al., 1984, 1990; Skewes et al.,
2003).

Genetic model

In shallow crustal settings, exsolution of hydrothermal flu-
ids from a crystallizing magma can result in the generation of
large volumes of gases, including oxidizing components such
as SOsy), acidic components such as HCl(y), and smaller vol-
umes of dense, saline brine (Henley and McNabb, 1978;
Burnham, 1979; Bodnar et al., 1985). The formatlon of
magmatic-hydrothermal breccia requires catastrophic brittle
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failure of the crystallizing intrusion, and the overlying rock
column when hydrostatic pressures exceed both lithostatic
load and the tensile strength of the host rocks (Burnham,
1979, 1985). Under these conditions, aqueous phase separa-
tion will have occurred from the melt during brittle failure,
releasing magmatic gas and hypersaline brine (e.g., Bodnar et
al., 1989; Fournier, 1999).

In Figure 20A, we speculate that during the oxide stage,
initial brecciation was triggered by magmatic fluid exsolution.
Creation of a fractured rock column above the magma al-
lowed SOq-rich, buoyant gas to separate physically from the
coexisting brine. The gas ascended through and was trapped
at the top of the blind breccia column (either by the termina-
tion of the fracture array or by water descending into the
breccia from the overlymg rock column), produclng a shallow
crustal fluid reservoir enriched in SO or SO~ (either through
condensation into meteoric water or through magmatic gas
disproportionation; Rye, 1993). This fluid could have ab-
sorbed all or part of the magmatic gas plume, generating a hy-
brid oxidized, acidic fluid that contained SOs, HCI, and pos-
sibly B, and which had the capacity to cause intense
quartz-sericite-tourmaline alteration. This hybrid fluid would
have contained magmatic sulfur (derived from SOs)) and
also appears to have contained exotic lead, based on the lead
isotope composition of anhydrite. The density contrasts be-
tween the brine and vapor were such that the dense brine re-
mained near the magmatic source at this time.

Brine migration upward through the breccia at the time of
copper sulfide deposition (mineralization stage) is assumed
to correspond to a period of magma resurgence (Fig. 20B).
The upsurge in brine or brine plus additional vapor would
have been driven by pressure differentials within the mag-
matic-hydrothermal system; either tectonic or magmatic.
Mixing of copper-rich brine and the high-level reservoir of
acidic, oxidized water (Fig. 20B) is inferred to have caused
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F1c. 20. Schematic diagram showing possible fluid evolution in the Sur-Sur tourmaline breccia. A. Magmatic-hydrother-
mal brecciation triggered by a deep-seated crystallizing intrusion allowed magmatic gases and hypersaline brines to exsolve
from the melt. Expansion of low-density steam propagated the brecciation front upward and outward from the initial explo-
sion point. Ground waters permeated into the upper and outer parts of the brecciated rock column, condensing magmatic
gases and producing an acidic, oxidized hybrid water that precipitated oxide-stage specularite, tourmaline, and anhydrite and
caused widespread quartz-sericite-tourmaline alteration. B. Upwelling of the dense, copper-bearing magmatic-hydrothermal
brine caused deposition of chalcopyrite through the breccia column. The highest ore grades developed at the top of the brec-
cia column due to mixing of the brine with the oxidized hybrid water.
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the transition from chalcopyrite-magnetite to chalcopyrite-
specularite and finally pyrite-specularite mineralization, as
well as the high-grade copper mineralization at the top of the
breccia column. Precipitation of chalcopyrite would have
been promoted by changes in temperature, pressure, the ox-
idation state of the fluids, well as changes in acidity, salinity,
and activity of the sulfur species. The gradients in redox po-
tential and activity of sulfur caused by mixing of hypersaline
brine and low-salinity fluid were the most important factors
controlling chalcopyrite precipitation in the Sur-Sur tourma-
line breccia, although high-temperature phase separation of
magmatic-hydrothermal gases and brines also may have
caused precipitation of at least some of the sulfides.

Given that most of the ore occurs in pore spaces within the
breccias, water-rock interaction was probably not a major ore-
forming process. In Figure 21 the precipitation mechanism is
modeled as oxidation of relatively reduced brine, which
would account for the highest grades of chalcopyrite occur-
ring with specularite in the upper parts of the Sur-Sur tour-
maline breccia.

Concluding Remarks

The Sur-Sur tourmaline breccia is an intensely fractured
and altered column of rock that has been cemented by vari-
able amounts of hydrothermal tourmaline, specularite, sul-
fides, anhydrite, magnetite, and quartz. The presence of high-
temperature  hypersaline fluid inclusions confirms a
magmatic-hydrothermal origin for the breccia that must have
been sourced from a crystallizing intrusion emplaced at some
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unknown depth below the currently explored mine levels.
The remarkably simple paragenesis and the lack of any re-
brecciated mineralization imply that the Sur-Sur tourmaline
breccia was cemented during one major hydrothermal event.
This was triggered by a catastrophic magmatic-hydrothermal
explosion which formed the >3-km-long and >1,200-m-high
breccia dike. The explosion fractured the San Francisco
batholith extensively, and irreversibly and instantaneously
changed the hydrology and confining pressures of the mag-
matic-hydrothermal system, creating new space into which
brines, low-salinity aqueous fluid and gases could migrate
readily.

We have documented mineralogical and isotopic zonations
that provide evidence for fluid mixing, phase separation, oxi-
dation, and water-rock interaction during the formation of the
Sur-Sur breccia. While all of these processes were important
for the formation of the magmatic-hydrothermal breccia, we
interpret that high-grade ore formed at the top of the system
mainly due to fluid mixing.
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