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Abstract The copper-rich, tourmaline-bearing Donoso
breccia pipe is one among more than 15 different min-
eralized breccias in the giant (>50 million metric tonnes
of copper) Miocene and Pliocene Rı́o Blanco-Los
Bronces copper deposit in the high Andes of central
Chile. This breccia pipe, bracketed in age between 5.2
and 4.9 Ma, has dimensions of 500 by 700 m at the
current surface 3,670 m above sea level. Its roots have
yet to be encountered, and it is >300 m in diameter at
the depth of the deepest drill holes. The Donoso breccia
is, for the most part, monolithic, containing clasts of the
equigranular quartz monzonite pluton which hosts the
pipe. It is matrix supported, with between 5 and 25% of
the total rock volume consisting of breccia-matrix min-
erals, which include tourmaline, quartz, chalcopyrite,
pyrite, specularite, and lesser amounts of bornite and
anhydrite. An open pit mine, centered on this breccia
pipe, has a current production of 50,000 tonnes of ore
per day at an average grade of 1.2% copper, and copper
grade in the breccia matrix is significantly higher.
Measured d18O for tourmaline and quartz from the
matrix of the Donoso breccia at different levels of the
pipe range from +6.9 to +12.0&, and measured dD in
tourmaline ranges from –73 to –95&. Temperatures of
crystallization of these minerals, as determined by the
highest homogenization temperatures of highly saline

fluid inclusions, range from 400 to >690�C. When
corrected for these temperatures, the stable isotope data
indicate that fluids from which these breccia-matrix
minerals precipitated were magmatic, with d18O between
+5.6 to +9.1& and dD between –51 to –80&. These
isotopic data preclude participation of a significant
amount of meteoric water in the formation of the
Donoso breccia. They support a model in which brec-
ciation is caused by expansion of magmatic fluids ex-
solved from a cooling pluton, and breccia-matrix
minerals, including copper sulfides, precipitated from
the same magmatic fluids responsible for brecciation.
Sericitic alteration of clasts in the breccia was also
caused by these magmatic fluids. Different types of fluid
inclusions imply that several different magmatic fluids
were involved in formation of the Donoso breccia. These
include high-temperature, highly saline, non-boiling
fluids, trapped in inclusions that homogenize by halite
dissolution, which probably exsolved from a magma
cooling under relatively high (>1 kbar) lithostatic
pressure conditions, consistent with geologic constraints.
Other high-temperature, highly saline fluids are trapped
in inclusions that homogenize by vapor-bubble disap-
pearance and are spatially associated with vapor-rich
inclusions, suggesting either phase separation (boiling)
or simultaneous separation of immiscible brine and va-
por from a magma cooling at lower hydrostatic pressure
conditions. Both types of high-temperature, highly sa-
line fluids circulated intermittently, as pressure fluctu-
ated between lithostatic and hydrostatic conditions
because of episodes of sealing and rebrecciation.
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Introduction

Tourmaline-bearing breccia pipes, both barren and
mineralized with copper ores, are common in the Andes
of Chile and Peru (Emmons 1938; Kents 1964; Sillitoe
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and Sawkins 1971; Sillitoe 1985; Skewes and Stern 1994,
1995, 1996). A prominent mineralized example, located
in central Chile, is the Donoso breccia pipe (Alfaro 1970;
Warnaars et al. 1985), one of the largest among more
than 15 different economically significant breccias in the
giant Rı́o Blanco-Los Bronces copper deposit (Figs. 1
and 2; Serrano et al. 1996). An open pit mine is centered
on the Donoso breccia, which has a surface dimension of
500 by 700 m and a known vertical extension of
>800 m. The Donoso breccia, together with six other
breccia pipes in the Los Bronces part of the deposit,

contain >10·106 metric tonnes (t) Cu (Fig. 3) at an ore
grade of >1%. This is more copper than in the entire
Yerington district, Nevada, USA (Einaudi 1982; Dilles
1987). The giant Rı́o Blanco-Los Bronces deposit in
total contains >50·106 t Cu (Fig. 3; Skewes and Stern
1995; Serrano et al. 1996). Fluid inclusion studies
(Skewes and Holmgren 1993) indicate that erosion has
removed between approximately 500 to 1,500 m of rock
from the upper part of the Rı́o Blanco-Los Bronces
deposit, and that originally it may have contained as
much as >75·106 t Cu, as does the less eroded El Te-
niente breccia deposit located 75 km to the south
(Figs. 1 and 3; Skewes and Stern 1995; Skewes et al.
2002).

Emmons (1938), Kents (1964), and Warnaars et al.
(1985) proposed an explosive hydrothermal origin for
tourmaline-bearing breccias in the Chilean Andes. Kents
(1964) and Warnaars et al. (1985) considered the Don-
oso pipe to be a ‘‘burst breccia’’ formed as super-heated
magmatic-hydrothermal solutions rose close to the sur-
face and, with decreasing confining pressure, turned into
jets of steam that fractured and possibly blew off over-
lying rocks. In contrast, Sillitoe and Sawkins (1971)
suggested that Andean tourmaline-bearing breccia pipes
are ‘‘hydrothermal collapse breccias’’ formed by the
dissolution action of hydrothermal fluids.

Sillitoe (1985) subsequently revised this latter opinion
and agreed that fracturing that lead to formation of the
principle tourmaline-bearing breccia pipes in Andean
copper deposits, such as the Donoso breccia at Rı́o
Blanco-Los Bronces, was generated by expansion of
magmatic fluids released from cooling stocks, in accor-
dance with the model proposed by Burnham (1979,
1985). He further concluded that, with regard to fluids
responsible for deposition of copper mineralization in
the matrix of these breccias, magmatic fluids were pre-
dominant relative to meteoric-hydrothermal fluids.
Warnaars et al. (1985) also suggested that mineral de-
position in the matrix of the Donoso breccia took place
by rapid cooling of the same magmatic fluids that gen-
erated brecciation. Skewes and Stern (1996) demon-
strated that strontium and neodynium isotopic
compositions of silicate minerals in the matrix of the
Donoso and other copper-mineralized breccias of cen-
tral Chile are similar to those of igneous rocks associated
with these deposits, consistent with a magmatic source
for fluids from which these minerals precipitated. Most
recently, Vargas et al. (1999) proposed that copper
mineralization in tourmaline-bearing breccias of the Rı́o
Blanco-Los Bronces deposit was generated from mag-
matic fluids, but that later meteoric water was respon-
sible for complex reworking of the breccias, and for wide
fluctuations in homogenization temperature, estimated
pressure of trapping and salinity of fluid inclusions.

Both Sillitoe (1985) and Vargas et al. (1999) noted
that the lack of stable isotope data for mineralized
tourmaline-bearing breccia pipes precludes resolution of
the relative role of magmatic versus meteoric fluids
during formation of the breccias. This paper presents

Fig. 1 Location map, modified after Skewes and Stern (1994,
1995), of giant late Miocene and Pliocene copper deposits – Los
Pelambres-Pachón, Rı́o Blanco-Los Bronces and El Teniente – in
the Andes of central Chile. The Donoso breccia pipe is part of the
Rı́o Blanco-Los Bronces deposit. Also shown are the location of
two other very large Tertiary copper deposits in northern Chile – El
Salvador and Chuquicamata – as well as the position of the Chile
trench, which is the boundary between the Nazca and South
American plates, and depth in kilometers (100 and 150 km) to the
Benioff zone below South America. A major change in subduction
angle, from very shallow below the Flat-Slab segment, to somewhat
steeper below the Southern Volcanic Zone (SVZ) of active Andean
volcanoes (triangles), takes place at the latitude of Santiago, where
the Juan Fernández Ridge is presently being subducted (Yáñez et
al. 2001). Progressive southward shallowing of subduction angle,
because of the southward migration of the locus of subduction of
the Juan Fernández Ridge during the Miocene and Pliocene, has
played an important role in the generation of the giant copper
deposits in central Chile (Stern 1989; Skewes and Stern 1994, 1995,
1996; Stern and Skewes 1995, 1997; Skewes et al. 2002)
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field, petrological, fluid inclusion and stable isotope (O
and H) data for the Donoso breccia pipe in the Rı́o
Blanco-Los Bronces deposit. We focus on this breccia
because of its large size, high copper content and grades,
and lack of significant supergene alteration, which to-
gether provide a unique opportunity to study the fluids
that generated its hypogene mineralization. Our data
confirm a predominant role for magmatic fluids in the
generation of this very large copper-rich, tourmaline-
bearing breccia pipe.

Background

The giant Rı́o Blanco-Los Bronces copper deposit is located 70 km
east of Santiago (Fig. 1), Chile, at an elevation between 3,400 and

4,000 m (Fig. 2; Serrano et al. 1996). The deposit is divided in two
properties on which a number of both underground and open pit
mines are operated. Los Bronces is owned by the Compañı́a Mi-
nera Disputada de Las Condes, a subsidiary of Exxon Minerals.
Los Bronces open pit mine is centered on the Donoso tourmaline-
bearing breccia and has a current production of 50,000 t per day of
ore at an average grade of 1.2% Cu. The Rı́o Blanco deposit is
located to the east of Los Bronces. It is owned by the people of
Chile and managed by División Andina of CODELCO, Chile. It
includes both an underground mine centered on the Rı́o Blanco
breccia complex, and an open pit mine centered on the Sur-Sur
copper-rich, tourmaline-bearing breccia pipe (Fig. 2; Vargas et al.
1999), which is similar in size and copper content to the Donoso
breccia pipe.

Rı́o Blanco-Los Bronces is just one of three giant late Miocene
to Pliocene copper deposits located in the high Andes of central
Chile (Fig. 1), the others being Los Pelambres-Pachón (>25·106 t
Cu; Sillitoe 1973; Atkinson et al. 1996) and El Teniente (>75·106 t

Fig. 2 A Schematic map and B
cross section of the Rı́o Blanco-
Los Bronces deposit, modified
after Serrano et al. (1996),
showing location of the Donoso
and other copper-rich breccias
(e.g. Infiernillo, Sur-Sur, La
Americana and Rı́o Blanco
breccias), as well as location of
late, weakly mineralized or
barren, dacite porphyry intru-
sions (black). The latter have in
some case truncated and/or
redistributed pre-existing cop-
per, but were clearly intruded
after emplacement of the main
biotite- and tourmaline-bearing
mineralized breccias. The Don-
oso breccia is not shown in the
cross section, but has the same
general inverted cone shape as
the Infiernillo breccia, which is
another breccia within the Los
Bronces breccia complex
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Cu; Camus 1975; Cuadra 1986; Skewes et al. 2002). These three
giant copper deposits belong to the general group of copper–
tourmaline deposits, characterized by the abundance of tourmaline
and chalcopyrite, recognized by Lindgren (1933). They are hosted
by mafic and intermediate lavas and intrusive rocks of the Miocene
Farellones Formation (Skewes and Stern 1995; Skewes and Aré-
valo 1997, 2000).

A common feature of these deposits is that primary copper
mineralization is concentrated in multiple breccia clusters (Skewes
and Stern 1994, 1995, 1996). Emplacement of mineralized breccias at
Rı́o Blanco-Los Bronces occurred between 14 and 4 Ma, after the
end of the middle Miocene magmatic event that generated the lavas
of the Farellones Formation (Serrano et al. 1996). During this 10-
million-year period, shallowing of the angle of subduction of the
Nazca oceanic plate beneath central Chile, because of subduction of
the Juan Fernández Ridge (Stern and Skewes 1995, 1997; Yáñez et
al. 2001), resulted in crustal thickening and uplift, a decrease in sub-
arcmagma supply, and ultimately eastwardmigration of theAndean
magmatic arc (Stern 1989; Skewes and Stern 1994, 1995; Kay et al.
1999). Rapid uplift and erosional unroofing (Skewes and Holmgren
1993; Kurtz et al. 1997), coupled with decreasing magma supply at
the base of the magmatic systems that generated the deposit, trig-
gered cooling and crystallization of melts in magma chambers. This
resulted in exsolution of magmatic fluids that generated the multiple
breccias in theRı́o Blanco-Los Bronces area.Uplift and erosionwere
also responsible for telescoping of the multiple mineralization and
alteration events that formed this and other giant late Miocene to
Pliocene copper deposits in central Chile, each of which is charac-
terized by overprinting of younger and shallower alteration and
mineralization events on older and deeper events.

At Rı́o Blanco-Los Bronces, at least 15 breccias of significant
size occur along a >6-km-long belt striking approximately N10�W
to N30�W (Fig. 2). Breccias range in surface diameter from several
tens of meters to >800 m. They have sharp, almost vertical con-
tacts with their host rocks, and vertical extensions that, in some
cases, exceed 1,000 m, but are as yet unknown because roots of the
larger pipes have not been encountered.

Dating of individual breccias has been difficult due to extensive
resetting of isotopic ages caused by younger plutons and breccias.
Based on crosscutting relations, and the nature of both the clasts
and matrix of breccias, a general relative chronology of different
types of breccias has been established at Rı́o Blanco-Los Bronces
(Serrano et al. 1996) and other late Miocene to Pliocene copper
deposits in central Chile (Skewes and Stern 1995; Skewes et al.
2002). Generally, the first breccias formed are magnetite- and

amphibole-bearing breccias, which intruded at depths >3 km be-
low the paleosurface (Skewes et al. 1994). They are hosted in
equigranular and porphyritic plutons, usually with monolithic
clasts of the host. Matrix minerals in these breccias include mag-
netite + actinolite ± hornblende ± diopside ± biotite ± apatite.
These magnetite-rich breccias are copper-poor, with almost no
sulfide or sulfate minerals, nor quartz. Igneous plutons that host
these breccias are cut by a stockwork of actinolite, magnetite, and
plagioclase veins, and have their primary igneous minerals replaced
by actinolite, magnetite, sphene, chlorite, and epidote. At Los
Bronces, matrix minerals in one of these breccias was dated by Ar–
Ar techniques at 14.2±0.4 Ma (Skewes, unpublished data).

After a period during which erosion removed a significant part
of the volcanic rock cover (Skewes and Holmgren 1993), copper-
rich breccia pipes were emplaced within the Miocene lavas and
intrusive rocks at shallower levels (<3 km). The Donoso breccia,
with an age of emplacement bracketed between 5.2 and 4.9 Ma
(Warnaars et al. 1985; Serrano et al. 1996), belongs to this group of
pipes. These mineralized breccias can be either monolithic or het-
erolithic. Their clasts are mostly angular intrusive rocks and they
also include fragments of lavas and other breccias. Their matrix
contains either biotite and/or tourmaline, chlorite, quartz, and
sulfide and sulfate minerals, along with magnetite or specularite.
Breccias with a matrix dominated by biotite tend to be slightly
older and/or deeper than breccias with abundant tourmaline. In
some cases, biotite and tourmaline coexist in the matrix with no
obvious replacement relations between these two minerals (Vargas
et al. 1999). Biotite- and/or tourmaline-bearing breccias contain
most of the copper in the Rı́o Blanco-Los Bronces deposit, which
occurs as chalcopyrite and/or bornite. Surrounding host rocks and
clasts within breccias may be altered to biotite, or tourmaline and
sericite, depending on the nature of the matrix of each breccia.
Biotite veins and biotite + K-feldspar alteration are common in
clasts within breccias, and in host rocks surrounding breccias, with
a biotite-dominated matrix. Tourmaline and quartz–sericite–pyrite
veins, as well as sericitic alteration, occur in clasts within breccias,
and in host rocks surrounding breccias, with a tourmaline-domi-
nated matrix.

Younger, weakly mineralized or barren, silicic porphyries in-
trude mineralized tourmaline- and/or biotite-bearing breccias in
each of the three giant copper deposits in central Chile (Skewes and
Stern 1995; Skewes et al. 2002). Some authors (e.g. Ossandón 1974;
Camus 1975; Blondel 1980) have suggested that these small, late
silicic porphyry intrusions were responsible for copper mineral-
ization in the giant breccia deposits of central Chile. However, most
mineralization in these deposits occurs in older breccia pipes that
had already been emplaced when younger silicic porphyries in-
truded. Fluids derived from these late silicic porphyry intrusions
produced quartz–sericite–pyrite veins and alteration minerals, and
redistributed, either truncating and/or concentrating, pre-existing
copper mineralization (Skewes and Stern 1995; Serrano et al. 1996;
Skewes et al. 2002).

Finally, commonly barren rock-flour breccias and pebble dikes
were emplaced near the surface. These breccias are heterolithic,
with clasts that include intrusive and extrusive rocks as well as
clasts of other breccias. Clasts in rock-flour breccias are usually
rounded and almost totally altered. Sulfide minerals, in particular
pyrite, are common in their matrix, which may also contain fine
tourmaline needles, quartz and/or sericite, as well as very small
fragments of rocks and crystals. Although sulfide mineral abun-
dance may be relatively high in rock-flour breccias, copper content
is generally lower than in older biotite- and tourmaline-dominated
breccias.

The multiplicity of brecciation, alteration and mineralization
events in Rı́o Blanco-Los Bronces, as well as in the other giant
deposits in central Chile, is responsible for the enormous amount of
copper in them (Skewes and Stern 1995; Skewes et al. 2002). The
period of brecciation and alteration in the Rı́o Blanco-Los Bronces
deposit lasted for at least 10 million years (M. A. Skewes, unpub-
lished data), and emplacement of copper-mineralized biotite- and
tourmaline-bearing breccias spanned approximately 3 million years
(Serrano et al. 1996).

Fig. 3 Size, measured in millions of metric tonnes (t) of fine
copper, versus millions of metric tonnes of ore, for giant late
Miocene to Pliocene copper deposits of central Chile, compared
with another giant Andean copper deposit, Chuquicamata, and the
ranges of smaller deposits in both the Andes and western North
America. Figure was modified after Clark (1993)
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Donoso Breccia

General

The Donoso breccia is the youngest of seven major
breccias at Los Bronces and has been an important
center of mining activity since its discovery in 1864. Its
age has been bracketed between 5.2 and 4.9 Ma
(Warnaars et al. 1985; Serrano et al. 1996). At the cur-
rent surface, at approximately 3,670 m above sea level, it
is elliptical in shape, with surface dimensions of 500 by
700 m, elongated along the same northwest–southeast
direction as the other six breccia bodies at Los Bronces
(Fig. 2). This breccia has a known vertical extent of at
least 800 m between its highest outcrop at 3,900 m
above sea level and the deepest drill holes, which pene-
trate the pipe to 3,100 m above sea level. At depth it has
the shape of an inverted cone. Its roots have yet to be
found, and it is still >300 m in diameter at its greatest
explored depth. In its upper explored part alone, this
single breccia pipe has >2·106 t Cu with ore grades of
>0.45% Cu, as well as average concentrations of
0.008% Mo and 4 ppm of Ag.

The northern, eastern and western margins of the
Donoso breccia pipe cut an equigranular quartz monz-
onite intrusion, part of the San Francisco batholith,
which includes plutons dated between 20 and 7.8 Ma
(Warnaars et al. 1985; Serrano et al. 1996). Contacts are
sharp and almost vertical. Surrounding the breccia, thin
and irregular veinlets of tourmaline cut the quartz
monzonite host. Along its southern margin, the Donoso
breccia pipe transects other breccias (Fig. 2; Warnaars
et al. 1985).

The Donoso breccia is matrix supported and, for
the most part, monolithic, with clasts of equigranular
quartz monzonite and some less abundant fragments of
older breccias, rare quartz diorite, syenite and andesite
(Warnaars et al. 1985). Dark-colored tourmaline-rich
matrix contrasts very clearly with light-colored quartz
monzonite clasts (Fig. 4; see also Fig. 5G in Warnaars
et al. 1985), making variations in internal textures of
the Donoso breccia relatively easy to recognize. Ac-
cording to Cuadra (1980), most of the quartz monzo-
nite clasts vary in size from 5 to 15 cm, but clasts up
to 1.5 m are not uncommon. The quartz monzonite
clasts in some parts of the breccia pipe have jigsaw-
puzzle textures (Fig. 4), with displacements of only
millimeters and/or centimeters, and with a low per-
centage of matrix (5–15%). The angular nature of
clasts in these parts of the breccia implies that the host
was crystallized at the time of brecciation and that
these clasts were not transported very far within the
breccia pipe. Clasts in other parts of the pipe have
irregular shapes and sizes, are often rounded (Fig. 5A),
and are chaotically distributed in a matrix that can
constitute as much as 25% of the total rock, suggesting
more turbulent conditions and a greater amount of
clast transport.

Matrix mineralogy

The matrix of the Donoso breccia ranges between 5 and
25% of the rock volume. Matrix minerals include
tourmaline, quartz, chalcopyrite, pyrite, specularite, and
lesser amounts of anhydrite and bornite. Dark brown
tourmaline (molecular Fe/Mg=1.2 to 2.4; Table 1),
which occurs as acicular crystals, is the dominant matrix
mineral and first mineral to precipitate (Fig. 6A).
Chalcopyrite and pyrite are the most abundant sulfide
minerals. Their relative abundance (py/cpy) varies be-
tween 1:2 and 2:1, with an average of 1:1 (Cuadra 1980).
Chalcopyrite and pyrite occur as both inclusions and
along cleavage planes in tourmaline, and interstitially to
the other matrix minerals. Coarse crystals of chalcopy-
rite, >2 cm in size, are also associated with pyrite in
cavities within the matrix of the breccia. Chalcopyrite
coexists with bornite, and they appear in some cases to
be cogenetically intergrown, but, in general, bornite is
not abundant. Quartz generally crystallized after dark
brown tourmaline (Fig. 6A), but can include small
grains of tourmaline and sulfide minerals, and quartz is
often cogenetic with chalcopyrite and/or pyrite
(Fig. 6B). Breccia-matrix quartz can also be late, asso-
ciated with pale brown to blue tourmaline (molecular
Fe/Mg<1.2; Table 1) and specularite, in which case it
typically contains small bright red flakes of this oxide.
Specularite occurs as acicular crystals as much as 2 cm
in length, and quartz and specularite are often found
together bordering the center of cavities within the ma-
trix. Anhydrite is not abundant, but does occur as a late-
stage phase in a few localized areas of the matrix of the
breccia. Anhydrite can be replaced along its border by
gypsum. Open vugs are common in the matrix of the

Fig. 4 Photograph of the Donoso breccia at the present surface
showing contrast between light colored clasts of quartz monzonite
and the tourmaline and sulfide-rich matrix. To the left of the
hammer, clasts have a jigsaw-puzzle texture, with one relatively
large clast of quartz monzonite partially separated into smaller
clasts by thin fractures filled with tourmaline and sulfide minerals.
To the right of the hammer, smaller clasts are more chaotically
distributed and the proportion of matrix minerals is higher
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Donoso breccia at the current exposure surface, but they
may have formed due to removal of sulfate minerals by
weathering.

Hydrothermal alteration of clasts
and the host intrusion

Two stages of alteration are recognized in clasts within
the Donoso breccia: one clearly related to generation of
the breccia pipe, and one that apparently occurred in the
quartz monzonite host prior to breccia formation. The
earlier stage of hydrothermal alteration produced
quartz–molybdenite veins, with thin sericite and/or
K-feldspar halos, which are truncated at the edges of

clasts (Fig. 5A). In contrast, hydrothermal alteration
associated with formation of the breccia is pervasive in
small clasts, but produced only a relatively thin rim of
alteration surrounding the outer edges of large clasts
(Fig. 5A). Small clasts, and borders of large clasts, are
pervasively altered to sericite and quartz, and are dis-
tinctly white. Locally, in the deeper parts of the Donoso
breccia pipe, below 3,400 m above sea level, K-feldspar
predominates over sericite as a secondary mineral in
clasts (Fig. 5B). Other common alteration minerals in
clasts include chlorite, tourmaline, and specularite.
Large clasts (>1 m in diameter) preserve primary ig-
neous textures in their centers, although igneous biotite
and hornblende may be replaced pseudomorphically by
chlorite, tourmaline and/or specularite. Clasts contain
little, if any, copper-bearing sulfide minerals, but do
have small amounts of molybdenum associated with
earlier pre-breccia quartz–molybdenite veins. Some late
quartz–pyrite veins, with minor chalcopyrite and with
quartz-sericite halos, cut through both clasts and breccia
matrix (Fig. 5B).

Neither alteration, nor copper mineralization associ-
ated with formation of the pipe, occurs within the quartz
monzonite host surrounding the pipe. Minor tourmaline
veins, without sulfide minerals, appear only locally near
some margins of the pipe. Quartz–molybdenite veins,
with thin sericite halos, in the quartz monzonite, are
believed to be associated with earlier pre-breccia alter-
ation. Away from these veins, barren quartz monzonite
preserves its original igneous texture and mineralogy
(Warnaars et al. 1985).

Mineralization associated with the breccia

Copper mineralization associated with the Donoso
breccia is hypogene, and is concentrated in the matrix
of the breccia pipe. Grades in the breccia matrix range
as high as 10% Cu. Clasts have only weak copper
mineralization, much lower than within the matrix,
which accounts for the lower overall 1.2% Cu grade
being extracted from Los Bronces open pit mine.
Grades of copper mineralization decrease dramatically
away from the breccia in the intrusive host rock, which
is why the intrusive host rocks are not mined at Los
Bronces.

The extent of secondary enrichment in the Donoso
breccia is small, penetrating downward to depths be-
tween only 100 and 200 m, which is significantly less
than in older breccias at Los Bronces. Chalcocite and
covellite are scarce. They only occur locally near the
surface, as thin films surrounding chalcopyrite and py-
rite, the products of incipient supergene enrichment.
Warnaars et al. (1985) attributed lack of secondary en-
richment in this pipe to the coarse nature of primary
sulfide minerals. This, as well as the young age of the
Donoso breccia, prevented development of a thick su-
pergene blanket. Also, rapid erosion (Skewes and
Holmgren 1993), combined with removal of more than

Fig. 5 A A rounded clast of quartz monzonite, which contains
quartz veins that are truncated at the clast margin. These veins are
interpreted to be related to an earlier, pre-breccia, quartz–sericite–
molybdenite phase of alteration and mineralization. The concentric
rim of light colored sericite-rich alteration that surrounds the edge
of the clast, and thin tourmaline veins in the clast, are related to
emplacement of the Donoso breccia. B A late quartz–pyrite vein,
with a sericitic alteration halo, cutting both clasts and matrix in the
deeper part of the Donoso breccia, in an area where secondary K-
feldspar occurs locally in clasts, but has been altered to sericite in
the vein-halo. Calculated d18O of aqueous fluid from which this
quartz precipitated, and which also caused the sericitic alteration, is
within the same range of magmatic d18O values as those calculated
for fluids that precipitated the minerals in the matrix of the breccia
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200 m of rock during early stages of mining (Warnaars
et al. 1985), may have removed the upper part of the
supergene zone.

From assay information, it appears that several
semi-elipsoidal shells of alternating high and low cop-
per grades exist in the breccia matrix, suggesting mul-
tiple pulses of copper mineralization (Warnaars et al.
1985). This is consistent with multiple phases of for-
mation of this single breccia pipe, as also indicated by
tourmaline-bearing breccia fragments observed in some
parts of the pipe. However, zoning of copper grade is
difficult to quantify in the breccia because of the ir-
regular distribution and coarse grain size of copper
sulfide minerals in the matrix and their absence in
clasts.

Fluid inclusions

General

Several drill holes and many surface samples were ex-
amined to find material in the matrix of the Donoso
breccia suitable for fluid inclusion analysis. Fluid in-
clusions were examined in quartz within the matrix of
this breccia over a 410-m vertical interval, between the
present surface, at 3,670 m, and a depth of 3,260 m.
Inclusions were also analyzed from quartz within a late
quartz–pyrite vein that cuts both matrix and clasts at the

3,260 m level. Although fluid inclusions occur in tour-
maline crystals in the matrix of the breccia, they are
usually small (<8 lm) and the dark color of tourmaline
makes it difficult to observe phase changes inside these
inclusions. Microscopic examination indicates that
tourmaline hosts the same types of fluid inclusions as
does quartz.

Within the upper 200 m of the surface, quartz crystals
in the matrix of the breccia are often relatively coarse,
between 1 and 3 cm in size, and some crystals occur in
cavities. In contrast, quartz crystals in the matrix of the
breccia below 3,450 m tend to be smaller, less than
2 mm in size, and contain fewer fluid inclusions, al-
though larger (>5 mm), late euhedral quartz crystals
can grow on layers of earlier, smaller quartz crystals.
These larger late-stage quartz crystals tend also to have
larger fluid inclusions (>15 lm).

Fluid inclusion origin is often difficult to establish.
When inclusions occur in planes that transect one or
more of the crystals in the matrix, they are clearly sec-
ondary. Fluid inclusions that occur randomly in small
clusters, or along growth planes within crystals, were
considered primary.

Based on phases present at room temperature, fluid
inclusions were classified into three broad types. The
first type (type I) is liquid-rich, has a small vapor
bubble (<10%), and contains halite (isotropic cube)
crystals. Type I inclusions can include other daughter
minerals that were tentatively identified as sylvite by its

Table 1 Microprobe analyses, in weight percent oxides, of tourmalines in both the matrix and clasts of the Donoso breccia

Near-surface 210 m below surface 410 m below surface

Paragenesis Matrix Matrix Matrix Matrix Matrix Matrix In clast In clast Matrix In clast Matrix Matrix
Color Brown Brown Brown Brown Brown Brown Blue Pale blue Brown Pale blue Brown Brown
Number of
analysis

(1) (1) (2) (1) (1) (1) (2) (2) (1) (2) (1) (2)

Sample no. I.5-9.7 I.5-9.7 I.5-9.7 I.5-9.7 I.5-9.7 I.5-9.7 I.5-9.7 I.5-9.7 I.5-210 I.5-210 I.5-408 I.5-408

SiO2 33.74 34.23 33.47 34.81 34.55 33.81 35.41 33.59 32.60 37.16 35.35 36.01
TiO2 0.27 0.24 0.57 0.22 0.19 0.19 0.00 0.67 0.28 0.14 0.29 0.34
Al2O3 18.74 24.28 24.42 22.73 21.41 23.61 32.17 24.12 24.98 32.24 24.09 26.15
FeOa 23.95 15.22 15.60 18.70 21.57 18.31 7.11 14.38 17.00 6.76 14.94 14.50
MnO 0.03 0.02 0.02 0.00 0.04 0.00 0.08 0.01 0.03 0.00 0.02 0.01
MgO 5.65 6.85 6.74 6.11 5.37 5.59 6.56 6.88 5.38 6.74 6.72 6.51
CaO 0.61 1.01 1.07 0.70 0.43 0.52 0.78 1.02 1.10 0.03 1.08 0.81
Na2O 2.64 2.26 2.28 2.55 2.66 2.58 1.98 2.36 2.09 2.48 2.32 2.53
K2O 0.08 0.05 0.06 0.06 0.06 0.05 0.02 0.06 0.05 0.03 0.07 0.04
Total 85.71 84.16 84.22 85.88 86.28 84.66 84.09 83.08 83.51 85.57 84.88 86.87
Cations on the basis of 29 oxygens
Na 0.85 0.73 0.74 0.82 0.86 0.83 0.64 0.76 0.67 0.80 0.75 0.82
Ca 0.11 0.18 0.19 0.12 0.08 0.09 0.14 0.18 0.20 0.01 0.19 0.14
K 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
Mg 1.40 1.70 1.67 1.52 1.33 1.39 1.63 1.71 1.34 1.67 1.67 1.62
Fe 3.33 2.12 2.17 2.60 3.00 2.55 0.99 2.00 2.37 0.94 2.08 2.02
Mn 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Ti 0.34 0.03 0.07 0.03 0.02 0.02 0.00 0.08 0.04 0.02 0.04 0.04
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.00 0.32 0.00 0.00
Al 3.68 4.76 4.79 4.46 4.20 4.63 6.00 4.73 4.90 6.00 4.73 5.13
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Si 5.62 5.70 5.57 5.79 5.75 5.63 5.89 5.59 5.43 6.19 5.87 5.99
Fe/Mg 2.38 1.25 1.30 1.72 2.25 1.84 0.61 1.17 1.77 0.56 1.25 1.25

aTotal Fe as FeO
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cubic shape and isotropy, hematite by its bright red
color, pyrite by its cubic form and yellow reflections,
and chalcopyrite by triangular brassy yellow reflections.
Other commonly amorphous opaque minerals in type I
inclusions, which under reflected light often emit yellow
or brassy reflections, could not be identified. Type I
inclusions can also host birefringent translucent min-
erals with tabular or amorphous shapes. The second
inclusion type (type II) contains vapor and liquid, and
is vapor-rich (>75%). Type II inclusions sometimes

have opaque daughter minerals similar to those found
in type I inclusions, but rarely translucent daughter
minerals. The third inclusion type (type III) contains
vapor and liquid, but is vapor-poor (<25% vapor).
Type III inclusions can include one or more opaque
crystals and occasionally birefringent translucent min-
erals. No liquid CO2 was observed in any of the fluid
inclusions.

Microthermometry

Most fluid inclusions were analyzed thermometrically
with an adapted US Geology Survey-type Fluid Inc. gas-
flow heating stage (Werre et al. 1979), although some
temperatures were also determined using a Chaixmeca
heating–freezing stage (Poty et al. 1976; Holmgren et al.
1988; Skewes and Holmgren 1993). Ranges of both
homogenization and freezing temperature measurements
were the same using either stage. Stage calibration was
carried out at –56.6, 0.0, and 374�C, using Syn Flinc
synthetic fluid inclusion standards. Uncertainties in the
microthermometric measurements are ±0.2 at 0.0 �C
and ±3 at 374�C.

Samples were selected for microthermometric analy-
sis after being studied in detail with a petrographic mi-
croscope under both transmitted and reflected light and
then divided into several small chips. Each chip was first
cooled from ambient temperature until the liquid phase
inside the inclusions froze. Phase changes were observed
during heating, and special attention was paid to tem-
perature of first ice melting (eutectic), last ice melting
(Tm-ice), and melting of clathrates, although clathrates
were rarely observed. After measuring the changes at
sub-ambient temperatures, each chip was incrementally
heated only once. The behavior of fluid inclusions at
high temperature was studied in this single run. Phase
changes in liquid-rich inclusions (types I and III) were
studied in more detail than in vapor-rich inclusions (type
II), since the small amount of liquid present in type II
inclusions makes phase changes difficult to observe and
determine accurately.

Many liquid-rich fluid inclusions (types I and III)
froze only at very low temperatures (<–90�C) and
turned a brownish color during cooling to these low
temperatures. Upon heating, these inclusions darkened
further and acquired a granular texture. It was often
hard to observe first liquid formation, which occurred
at low temperatures (<–45�C). This suggests a low
eutectic temperature (<–45�C), indicating the presence
of cations other than Na+ and K+, most likely Ca+2,
Mg+2, and/or Fe+2 or +3 (Crawford 1981; Shepherd
et al. 1985). Salinities of two-phase fluid inclusions
(types II and III) were calculated by measuring the
freezing point depression of the solution (Tm-ice) as
described by Potter et al. (1978). For halite-bearing
inclusions (type I), dissolution temperature of halite
(TmH) was used to determine salinity (Potter et al.
1977).

Fig. 6 A Photomicrograph (4 mm across) of acicular brown
tourmaline, quartz and sulfide minerals in the matrix of the
Donoso breccia. Tourmaline was the first mineral to crystallize,
growing from the edge of a clast, located to the right of the field of
view of the photograph, into the area of the breccia matrix, which
extends well to the left of the field of view. Quartz contains
inclusions of both tourmaline and sulfide minerals, and sulfide
minerals contain inclusions of quartz, indicating that they were co-
precipitated. B Photomicrograph of a small (0.3 mm across), early
quartz (qtz) crystal (crystal #1 in sample I.5-418 m; Table 4),
totally enclosed in chalcopyrite (cpy), and containing inclusions of
chalcopyrite, tourmaline (tour) needles, and specularite (spec). Type
I fluid inclusions in this quartz grain did not homogenize even at
temperatures as high as 690 �C, and this crystal is interpreted as
having crystallized from very hot, near magmatic temperature,
highly saline, copper-rich fluids that both generated brecciation and
precipitated early matrix minerals in the Donoso breccia
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Type I fluid inclusions in the breccia matrix

Type I halite-bearing inclusions occur in all studied
samples, both as primary and secondary inclusions.
They have final homogenization temperatures (Th) be-
tween 244 and 668�C, although some did not homoge-
nize even at 690�C. Sylvite, which occurs only rarely,
always dissolved at a lower temperature than halite.
Halite dissolution temperatures (TmH) between 199 and
503�C indicate that type I inclusions have salinities be-
tween 31.6 and 56.7 wt% NaCl equiv. (Figs. 7 and 8;
Tables 2, 3, and 4).

Type I inclusions have three modes of homogeniza-
tion; they can homogenize by vapor-bubble disappear-
ance (Th=Tb) after the halite crystal has already
dissolved, by dissolution of the halite crystal
(Th=TmH) after the vapor-bubble has disappeared,
and/or, in rare cases, by simultaneous disappearance of
the vapor-bubble and halite crystal (Th=Tb=TmH;
crystal #3 in sample SH5.5-387 m; Table 4). Some in-
clusions, in the deepest samples examined, decrepitated
after the halite crystal had already dissolved, but before
final liquid–vapor homogenization (crystals #4 and #6 in
sample SH5.5-387 m; Table 4). Other type I inclusions,
which occur in early matrix quartz crystals in the deepest
sampled breccia, do not homogenize to liquid even at
temperatures of 690 �C (crystal #1 in sample I.5-418 m;
Table 4).

The microthermometric data for type I fluid inclu-
sions in breccia matrix minerals are grouped according

to the three different levels studied in the deposit: near
the current surface (3,670 m above sea level; Table 2),
at approximately 210 m below the present surface
(Table 3), and at approximately 410 m below the pre-
sent surface (Table 4).

Near-surface samples

Fluid inclusions in samples from near the present surface
in two different drill holes were analyzed microthermo-
metrically. At this level of the breccia pipe, type I in-
clusions in matrix minerals generally coexist spatially
with both type II and III inclusions, but their genetic
relation with these other inclusions is often difficult to
establish.

Fig. 7 Salinity, in weight percent NaCl equivalent, versus homog-
enization temperatures, in �C, for fluid inclusions in quartz within
both the matrix of the Donoso breccia (Tables 2, 3, and 4) and a
late quartz–pyrite vein that cuts the breccia (Fig. 5B; Table 5).
Type I inclusions (solid squares) that homogenize by vapor-bubble
disappearance (Th=Tb; open squares) are distinguished from those
that homogenize by halite disappearance (Th=TmH; solid squar-
es). Type II inclusions (stars) are under-represented because of the
optical difficulties involved in observing their homogenization
temperatures. Maximum salinities measured in type III inclusions
(solid circles) are less than 25 wt% NaCl equiv., which is lower than
the salinities of type I inclusions, but similar type III inclusions in
the La Americana and Sur-Sur breccias at Rı́o Blanco-Los Bronces
have higher salinities, in the range of 25 to 30 wt% NaCl equiv.
(Vargas et al. 1999), that bridge this gap

Fig. 8 Histograms of the homogenization temperatures (�C) and
salinities (wt% NaCl equiv.) of type I inclusions at different depths
below the current surface of the Donoso breccia (Tables 2, 3, and
4). Solid bars represent inclusions that homogenize by halite
disappearance (Th=Tmh), and open bars represent inclusions that
homogenize by vapor-bubble disappearance (Th=Tb). Patterned
bars are inclusions that decrepitated prior to homogenization. In
the deepest part of the deposit studied, 410 m below the current
surface, a few type I inclusions did not homogenize at temperatures
of as high as 690 �C, but these are not indicated in the figure
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Type I inclusions in matrix quartz in the two sample
homogenize by both halite and/or vapor-bubble dis-
appearance between 250 and 503�C. Halite dissolution
occurs between 216 and 503�C, indicating salinities
from 32.7 to 56.7 wt% NaCl equiv. (Fig. 8). Most type
I inclusions (7 of 11 inclusions) homogenize by the
disappearance of the vapor-bubble in the range of 289
to 400�C, and these inclusions have a narrow range of
salinity, from 32.7 to 37.9 wt% NaCl equiv. (Fig. 8).
Four type I fluid inclusions homogenize by halite dis-
solution between 250 and 503�C, and these have a
wider range of salinity, from 34.6 to 56.7 wt% NaCl
equiv. (Fig. 8).

These two different modes of homogenization can
occur within a single crystal, but inclusions that ho-
mogenize differently are usually spatially separated from
each other within these crystals. For example, in crystal
#3 in sample SH5.5-19.2 m (Fig. 9; Table 2), a fluid
inclusion near the base of this quartz crystal, where the
crystal began to grow from the edge of a clast into the
matrix of the breccia, homogenizes by halite dissolution
at 503�C, after the vapor-bubble had disappeared at
257�C. No vapor-rich (type II) inclusions appear to be
spatially associated with this early, high-temperature
inclusion, which has a salinity of 56.7 wt% NaCl equiv.

(Fig. 9). Other, possibly younger type I inclusions, lo-
cated between the base and outer edge of the same
crystal, homogenize by vapor-bubble disappearance at
294 to 360�C, after the halite crystal dissolves at 265�C.
These inclusions have a salinity of 35.6 wt% NaCl
equiv. (Fig. 9). Type II inclusions occur near the outer
edge of the crystal where these lower temperature and
lower salinity type I inclusions are located.

Fluid inclusion data from this single quartz crystal
suggest that the earliest fluid to circulate in the matrix
of the Donoso breccia was a high-temperature, high-
salinity fluid that was not undergoing phase separation
(boiling). This is indicated both by lack of vapor-rich
type II inclusions in spatially association with early-
formed type I inclusions, located near the base of the
crystal, and also by the fact that these early-formed
type I inclusions homogenize by halite dissolution
(Cline and Bodnar 1994). Later high-temperature, high-
salinity fluids probably underwent phase separation
(boiling). This is indicated both by the presence of
vapor-rich type II inclusions in spatially association
with later-formed type I inclusions, located closer to
the outer edge of the crystal, and by the fact that these
later-formed type I inclusions homogenize by vapor-
bubble disappearance.

Table 2 Primary (except where
noted) fluid inclusions in quartz
from samples in the matrix of
the Donoso breccia near the
current surface. Tm-ice
Temperature of last ice melting;
TmH temperature of halite
dissolution; Tb temperature of
bubble disappearance; Th
homogenization temperature of
the fluid inclusions. V Vapor;
L liquid; H halite; Op opaque
mineral; Py pyrite

Vapor (%) Type Tm-ice
(�C)

TmH
(�C)

Tb
(�C)

Th
(�C)

Salinitya Comments

Sample: I.5-9.7 m; elevation=3,676 m
Crystal #1: quartz associated with specularite. Type II, vapor-rich inclusions are abundant
5 I(V,L,H) 300 339 339 37.9
5 I(V,L,H) 277 325 325 36.3
5 I(V,L,H,Op) 227 400 400 33.3
5 I(V,L,H) 216 382 382 32.7
5 I(V,L,H,Op) 340 40.9
5 I(V,L,H) 250 213 250 34.6
80 II(V,L) 380 380 Near the edge

of the crystal80 II(V,L) 382 382
Sample: SH5.5-19.2 m; elevation=3,637 m
Crystal #1: type I inclusions absent from this quartz crystal
10 III(V,L) –4.0 6.4
20 III(V,L) –2.3 3.9
50 III(V,L) –16.0 364 364 19.5
10 III(V,L) –8.7 219 219 12.5
10 III(V,L) 235 235
50 II(V,L) 382 382
Crystal #2: abundant type II vapor-rich inclusions in some areas of this quartz crystal
20 III(V,L) –2.6 187 187 4.3
10 III(V,L) –6.2 260 260 9.5
20 III(V,L) –5.9 259 259 9.1
20 III(V,L) –5.5 260 260 8.5
Crystal #3: type II vapor-rich inclusions are present only near the outer edge of this quartz crystal
5 I(V,L,H,2Op) 265 294 294 35.6 Youngest
5 I(V,L,H,Op) 265 360 360 35.6
10 I(V,L,H,Py,Op) 503 257 503 56.7 Oldest
Crystal #4: type II inclusions abundant and type I inclusion are absent from this quartz crystal
10 III(V,L,Op) 448 448
Crystal #5: type II vapor-rich inclusions are present in this quartz crystal
2 I(V,L,H) 239 289 289 34.0 Secondary
20 III(V,L) 429 429
1 I(V,L,H) 377 234 377 44.0

aWeight percent NaCl equivalent
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Table 3 Primary (except where
noted) fluid inclusions in quartz
from samples in the matrix of
the Donoso breccia �210 m
below the surface. S Sylvite;
Hem hematite; Cp chalcopyrite.
Other abbreviations as in
Table 2

Vapor (%) Type Tm-ice TmH Tb Th Salinitya Comments
(�C) (�C) (�C) (�C)

Sample: I.5-210.3 m; elevation=3,476 m
Crystal #1: type I and II inclusions are scarce in this quartz crystal
5 I(V,L,H,S) 403 225 403 46.3
10 I(V,L,H) 217 >480 >480 32.8
5 I(V,L,H) 384 275 384 44.6
5 I(V,L,H) 321 233 321 39.5
Crystal # 2: quartz
5 I(V,L,H) 199 >510 >510 31.8
5 I(V,L,H) 460 310 460 52.0
5 I(V,L,H) 465 303 465 52.5
5 I(V,L,H) 422 320 422 47.9
5 I(V,L,H,Op) 468 321 468 52.8
Sample: SH5.5-199 m; elevation=3,457 m
Crystal #1: type I inclusions are scarce. Type III inclusions are large (20–60 lm)
and the most abundant inclusions in this late quartz crystal
5 III(V,L) –14.5 265 18.4
5 III(V,L) 267
5 III(V,L) –15.0 265 18.8
5 III(V,L) –11.7 15.7
5 III(V,L) –14.6 265 18.4
5 III(V,L) –15.6 225 19.3
5 III(V,L) 234
Crystal #2: quartz
10 III(V,L) –10.1 260 14.1
10 III(V,L) –10.0 260 14.0
5 III(V,L) –12.6 258 16.6
Crystal #3: quartz crystal intergrown with tourmaline. Type II inclusions are abundant,
whereas type III are rare
75 II(V,L) >444
10 I(V,L,H,Op) 210 444 444 32.4
5 I(V,L,H,Hem) 210 402 402 32.4
5 I(V,L,H) 214 405 405 32.6
Crystal # 4: all inclusion types coexists in this quartz crystal
5 I(V,L,H) 233 403 403 33.7
10 I(V,L,H) 279 556 556 37.0
5 I(V,L,H) 246 520 520 34.4
Crystal #5: all inclusion types coexists in this quartz crystal
5 I(V,L,H) 276 246 276 36.3
5 I(V,L,H) >369 338 >369 43.3
5 I(V,L,H,Op) 366 313 366 43.1
5 I(V,L,H,Op) 206 333 333 32.2
Sample: SH5.5-199.5 m; elevation=3,456.5 m
Crystal #1: euhedral quartz crystals with bright specularite crystals inside. All fluid inclusions
are present, but type I occur isolated in a secondary trail, whereas types II and III coexist
in another sector of the same crystal
5 III(V,L) –13.5 276 276 17.5
50 II(V,L) –0.6 1.1
2 III(V,L) 239 239
5 III(V,L) 236 236
5 III(V,L) –9.0 236 236 12.9
5 III(V,L) –9.3 237 237 13.2
2 III(V,L) 239 239
5 III(V,L) –3.5 426 426 5.7
5 III(V,L) 430 430
20 III(V,L) 429 429
5 III(V,L) –5.0 7.9
5 I(V,L,H,Cp,Op) 394 382 394 45.5 Secondary
5 I(V,L,H) 422 <365 422 48.1 Secondary
5 I(V,L,H,2Op) 468 387 468 52.8 Secondary
5 I(V,L,H,Op) 436 367 436 49.5 Secondary
5 I(V,L,H,Op) 460 387 460 52.0 Secondary
5 I(V,L,H,3Op) 456 387 456 51.5 Secondary
5 I(V,L,H,Op) 465 362 465 52.5 Secondary
5 I(V,L,H,Op) 427 337 427 48.6 Secondary

aWeight percent NaCl equivalent
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Table 4 Primary (except where noted) fluid inclusions in quartz for samples in the matrix of the Donoso breccia �410 m below the
surface. XT Translucent crystal. Other abbreviations as in Table 2

Vapor (%) Type Tm-ice TmH Tb Th Salinitya Comments
(�C) (�C) (�C) (�C)

Sample: SH5.5-387 m; elevation =3,269 m
Crystal #1: type II, vapor-rich inclusions are abundant. Many type I inclusions do not homogenize at 600�C in this quartz crystal
10 III(V,L) –1.7 228 228 2.9 Secondary
1 III(V,L) –4.3 293 293 6.9
20 III(V,L) –5.6 8.7
5 III(V,L) 294 294
2 I(V,L,H) 439 270 439 49.8
20 III(V,L) 312 312 8.7
20 III(V,L) 304 304
20 III(V,L) 306 306
20 III(V,L) –11.6 15.7
20 III(V,L) –29.2 270 270
10 I(V,L,H) 266 368 368 35.6 Secondary
10 I(V,L,H) 471 595 595 53.1
Crystal # 2: quartz
10 III(V,L) –5.4 299 299 8.4 Secondary
10 III(V,L) –19.0 291 291 21.9 Secondary
10 III(V,L) –7.0 10.5
10 III(V,L) –6.0 9.2
Crystal #3: quartz
10 I(V,L,H) 410 410 410 47.0
10 I(V,L,H,Op) 416 416 416 47.6
Crystal #4: quartz
5 III(V,L,Op) 205 205
5 III(V,L,Op) –4.6 205 205 6.5
10 III(V,L,Hem) –1.5 205 206 2.6
5 I(V,L,H) 243 535(d) 34.2
5 I(V,L,H) 246 535(d) 34.4
5 I(V,L,H,S) 347 247 347 41.5
5 I(V,L,H) 356 225 356 42.2
5 I(V,L,H) 340 >425 >425 41.0
Crystal #5: quartz
5 III(V,L) 315 315
Crystal #6: quartz
5 I(V,L,H,Op) 387 272 387 44.5
5 I(V,L,H) 253 34.8
5 I(V,L,H) 377 239 377 44.0
5 I(V,L,H) 292 422 422 37.4
5 I(V,L,H) 253 564(d) 34.8
75 II(V,L) 246 246
5 I(V,L,H,Xt) 354 267 354 42.1
Sample: I.5-418 m; elevation=3,268 m
Crystal #1: small quartz crystal (<0.5 mm) containing tourmaline needles and surrounded by chalcopyrite. Type I inclusions
are the most abundant. They appear to be primary and coexist with a few type II and III inclusions
10 I(V,L,H, Cpy, Op) 338 200 338 40.8
2 I(V,L,H) 413 >628 >628 47.3
20 I(V,L,H,XT) 260 668 668 35.3
20 I(V,L,H,2XT) 238 >690 >690 33.9
20 I(V,L,H,Op) 210 628 628 32.4
20 I(V,L,H,Op) 230 657 657 33.5
5 I(V,L,H,Hem,Op) >690 >690 38.4
5 III(V,L,2Op) –8.4 284 284 12.2
20 III(V,L,Op) –13.1 >690 >690 17.1
80 II(V,L) –0.3 330 330 0.5
Crystal #2: coarse quartz crystal (3 mm) with all fluid inclusion types present. This crystal formed later than crystal #1
5 I(V,L,H, Hem, Op) 238 261 261 34
5 I(V,L,H,2Op) 236 244 244 33.8
10 I(V,L,H,S) 230 287 287 33.5 Sylvite dissolves

at 150�
5 I(V,L,H, Hem) <415 415 415
5 III(V,L,Hem) 415 415
5 III(V,L,Hem,Op) 390 390
5 III(V,L) –4.0 294 294 6.4
80 II(V,L,XT) 357 357
5 III(V,L) –7.6 11.2
10 III(V,L) –9.6 13.6 Secondary

13



Samples 210 m below the surface

In samples collected approximately 210 m below the
surface (Table 3), Type I inclusions generally coexist
spatially with both type II and III inclusions. Type I
inclusions homogenize in the range of 276 to 556�C.
Halite dissolution occurs between 199 and 468�C, indi-
cating a range of salinities from 31.8 to 52.8 wt% NaCl
equiv. (Fig. 8). Most inclusions at this level (80%) ho-
mogenize by halite dissolution between 276 and 468�C,
and have salinities that vary from 36.3 to 52.8 wt%
NaCl equiv. (Fig. 8). A minority of inclusions homog-
enize by vapor-bubble disappearance, between 333 and
556�C, and these have a more limited range of salinity,
from 32.2 to 37.0 wt% NaCl equiv. (Fig. 8).

Samples 410 m below the surface

In samples of matrix quartz collected from the deepest
studied levels of the breccia, approximately 410 m below
the present surface, type I inclusions coexist spatially in
almost all crystals with type III inclusions, but do not
coexist in all crystals with vapor-rich type II inclusions.
Type I inclusions in matrix quartz at this level of the
breccia homogenize between 244 and 668�C. Halite
dissolution temperatures between 210 and 471�C indi-
cate that these inclusions have salinities between 32.4
and 53.1 wt% NaCl equiv. (Fig. 8; Table 4). In one
early quartz crystal intergrown with tourmaline, neither
the halite, nor the vapor-bubble, in the type I inclusions
disappeared upon heating to 670�C. Some type I inclu-
sions decrepitated prior to liquid–vapor homogeniza-
tion, and a few did not homogenize even after reaching
the upper limit of the stage at near magmatic tempera-
tures of 690�C.

Of the inclusions measured, about an equal number
homogenize by vapor-bubble disappearance and by

halite disappearance, and two homogenize by simulta-
neous disappearance of the halite and vapor-bubble.
Type I inclusions that homogenize by vapor-bubble
disappearance do so between 244 and 668�C, which in-
cludes temperatures both lower and higher than the
range observed at shallower levels of the deposit (Fig. 8).
Their salinities range from 33.5 to 53.1 wt% NaCl
equiv. (Fig. 8). Three inclusions decrepitated at tem-
peratures between 535 and 564�C, before final liquid–
vapor homogenization, but after the halite crystal had
dissolved, indicating salinities between 34.2 and
34.8 wt% NaCl equiv. (crystals #4 and #6 in sample
SH5.5-387 m; Table 4). Other inclusions in which the
halite crystal had already dissolved (crystal #1 in sample
I.5-418 m) did not homogenize or decrepitate even at
temperatures as high as 690�C. Inclusions that homog-
enize by halite dissolution do so between 310 and 439�C,
and they have salinities that range from 38.6 to

Table 4 Contd.

Vapor (%) Type Tm-ice TmH Tb Th Salinitya Comments
(�C) (�C) (�C) (�C)

10 III(V,L) –7.9 173 173 11.6 Secondary
5 III(V,L) –23.2 24.8
5 III(V,L) –23.3 24.9
Crystal #3: fluid inclusions in this quartz crystal are large and clearly secondary
5 III(V,L) –2.7 248 248 4.5 Secondary
5 III(V,L) 2.7 233 233 4.5 Secondary
5 III(V,L) 272 272 Secondary
Sample: SH5.5-443 m; elevation=3,195 m
Crystal #1: tourmaline crystal with only type III inclusions
5 III(V,L) 260 260
5 III(V,L) –12.7 297 297 16.7
2 III(V,L) –18.4 259 259 21.5
5 III(V,L) –10.0 14.0
Crystal #2: small quartz crystal in which type II and III inclusions coexist
20 III(V,L) –12.4 297 297 16.4
Crystal #3: small quartz crystal, with all three types of inclusions
5 I(V,L,H) 310 209 310 38.6
5 III(V,L) –7.8 250 250 11.5

aWeight percent NaCl equivalent

Fig. 9 Schematic illustration of a single quartz crystal from within
the breccia matrix (crystal #3 in sample SH5.5-19.2 m; Table 2),
with different generations of inclusions occurring in different parts
of the crystal. Type I inclusions that occur near the base of the
crystal have very high salinities and homogenize by halite
disappearance (Th=TmH). Near the crystal termination, type I
inclusions with lower homogenization temperatures and salinities,
that homogenize by vapor-bubble disappearance (Th=Tb), occur
together with type II inclusions. Symbols inside inclusions represent
the vapor-bubble (shaded circle), halite (open square), and opaque
daughter minerals (solid shapes)
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49.8 wt% NaCl equiv. (Fig. 8). In two fluid inclusions,
halite dissolves at the same temperature at which the
bubble disappears, at 410 and 416�C (crystal #3 in
sample SH5.5-387 m; Table 4).

Type II inclusions in the breccia matrix

Type II vapor-rich inclusions are present in many
breccia-matrix quartz crystals, but they can also be ab-
sent from some crystals. They coexist spatially with both
type I and III inclusions in some crystals (crystal #5 in
sample SH5.5-19.2 m, crystals #4 and #5 in sample
SH5.5-199 m; Tables 2 and 3). In a few crystals, they
coexist exclusively with type I inclusions (crystal #6 in
sample SH5.5-387 m; Table 4) and in other crystals they
coexist only with type III inclusions (crystals #1, #2 and
#4 in sample SH5.5-19.2 m; Table 2). They occur as
primary inclusions and they are also abundant as sec-
ondary inclusions.

Type II inclusions homogenize into vapor, but be-
cause of the small amount of liquid they contain, their
true homogenization temperature is difficult to determine
and can often be underestimated by as much as several
hundred degrees (Bodnar et al. 1985; Sterner 1992).
Therefore, although type II inclusions are very common
in the matrix of the Donoso breccia, this is not reflected
in the number of microthermometric analyses of this type
of inclusions presented in Tables 2, 3, and 4. Two ho-
mogenization temperatures of 380 and 382�C were ob-
tained in near-surface samples (crystal #1 in sample I.5-
9.7 m; Table 2), whereas in samples collected from 210
and 410 m below the surface, most type II inclusions did
not homogenize even at temperatures as high as 550�C.
One inclusion that appeared to homogenize at 330�C,
had a temperature of last ice melting of –0.3�C, indicating
a salinity of 0.5 wt% NaCl equiv. (Fig. 7).

Type III inclusions in the breccia matrix

Type III liquid-rich fluid inclusions are present in matrix
quartz in all samples at all levels of the Donoso breccia.
In many quartz crystals, they were the only type present,
whereas in other crystals they coexist spatially with ei-
ther or both type I and/or type II inclusions. However,
their genetic relationship with other inclusion types is
not always clear. In some crystals, they clearly spatially
coexist with type II inclusions (crystal #2 in sample
SH5.5-19.2 m; Table 2), whereas in others they occur
alone (crystal#1 in sample SH5.5-443 m; Table 4), or as
secondary inclusions (crystal #3 in sample I.5-418 m,
Table 4).

Type III inclusions homogenize to liquid between 173
and 448�C. Their Tm-ice vary between –1.5 and –23.3�C,
indicating salinities from 2.6 to 24.9 wt% NaCl equiv.
(Fig. 7). In the deepest level of the deposit, type III in-
clusions have a wider range of temperature and salinity
than at a shallower depth (Tables 2, 3, and 4). The data
(Fig. 7) suggest that a gap occurs between the highest

salinity for type III inclusions and the lowest salinity of
type I inclusions, but no such gap is apparent in the
larger fluid inclusion data set from the La Americana
and Sur-Sur mineralized tourmaline-bearing breccias at
Rı́o Blanco-Los Bronces (Fig. 11 in Vargas et al. 1999).

Fluid inclusions in a late quartz–pyrite vein

Quartz crystals in the center of a quartz–pyrite vein,
with a quartz–sericite alteration halo (Fig. 5B), which
cuts both clasts and breccia matrix at 410 m below the
present surface, have only two types of fluid inclusions:
types I and III (Table 5). Type III inclusions are the
most abundant. Type I and III inclusions in this vein
lack opaque phases and copper-bearing sulfide daughter
minerals, both present in many type I and III inclusions
in quartz crystals from the matrix of the Donoso breccia.

Table 5 Fluid inclusions in quartz in a quartz–pyrite vein cutting
the Donoso breccia �410 m below the surface. Abbreviations as in
Table 2

Vol%
vapor

Type Tm-ice
(�C)

TmH
(�C)

Tb
(�C)

Th
(�C)

Salinitya

Sample no: I.5-418.4 m; elevation=3,268 m
Crystal #1
5 III(V,L) –10.9 239 239 15
5 III(V,L) –0.6 364 364 1.1
5 III(V,L) 346 346
5 III(V,L) 327 327
5 III(V,L) –10.9 14.9
5 III(V,L) –11.3 15.3
5 III(V,L) 256 256 14.0
5 III(V,L) 258 258
5 III(V,L) 240 240
Crystal #2
5 III(V,L) –3.4 267 267 5.5
10 III(V,L) –3.3 268 268 5.4
5 III(V,L) –3.0 4.9
15 III(V,L) 293 293
5 III(V,L) 347 347
5 III(V,L) 353 353
5 III(V,L) 368 368
Crystal #3
5 III(V,L) –24.4 278 278 25.6
5 III(V,L) 269 269
5 I(V,L,H) 271 258 271 36.0
5 I(V,L,H) 272 265 272 36.0
5 I(V,L,H) 251 224 251 34.7
5 I(V,L,H) 260 <260 <260 35.4
5 I(V,L,H) 284 262 284 36.8
5 III(V,L) 309 309
5 III(V,L) 386 386
5 III(V,L) 392 392
Crystal #4
2 III(V,L) –11.7 301 301 15.8
2 III(V,L) –12.2 16.2
2 III(V,L) –19.3 253 253 22.2
2 III(V,L) 254 254
2 III(V,L) –19.1 259 259 22
2 III(V,L) –16.4 20
5 III(V,L) –2.6 291 291 4.3
2 III(V,L) 247 247

aWeight percent NaCl equivalent
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Type III inclusions homogenize between 239 and
392�C. The Tm-ice vary from –0.6 and –24.4�C, indi-
cating salinities between 1.1 and 25.6 wt% NaCl equiv.
(Fig. 7). In a few crystals, they coexist spatially with type
I inclusions. These homogenize by halite disappearance
between 251 and 284�C, and have salinities between 34.7
and 36.8 wt% NaCl equiv. (Fig. 7).

Lack of type II vapor-rich fluid inclusions and the
mode of homogenization of type I inclusion, by halite
disappearance, are consistent with trapping from non-
boiling solutions. Type I inclusions have trapped a
highly saline fluid similar to fluids trapped in the breccia
matrix, but in the lower temperature and salinity range
of type I inclusions in the breccia matrix. Type III in-
clusions have a similar temperature and salinity range to
their counterparts in the matrix of the breccia. One
significant difference between type I and III inclusions in
the vein, compared with the breccia matrix, is that fluids
trapped in the vein do not appear to have carried sig-
nificant amounts of copper, as indicated by the fact that
they lack copper-bearing sulfide daughter minerals. The
vein also lacks copper-bearing sulfide minerals.

Oxygen and hydrogen isotopes

Stable isotopes of oxygen and hydrogen were measured
in quartz, tourmaline, and specularite (Table 6) from
samples of the matrix of the Donoso breccia collected at
the current surface, and 210 and 410 m below the sur-
face, and from a quartz–pyrite vein (Fig. 5B). These

analyses were performed in the stable isotope laboratory
of the US Geological Survey, Denver, Colorado, ac-
cording to procedures described by Wasserman et al.
(1992).

The d18O values measured in breccia-matrix quartz
range from +6.9& in a sample collected at the 410 m
level, to +10.8& for a sample collected near the surface.
Quartz in the quartz–pyrite vein has a d18O value of
+12.0&. Specularite intergrown with quartz in a near-
surface sample from the breccia matrix has a measured
d18O value of +0.4&. In tourmaline, d18O values range
between +7.9 and +8.9&.

For the near-surface sample with intergrown quartz
and specularite, a temperature of 450�C (Table 6) was
determined for crystallization of these minerals based on
the 18O/16O fractionation factors of Zheng and Simon
(1991). This temperature is within the range of homog-
enization temperatures of type I inclusions (250–503�C;
Fig. 8) for samples from the near-surface part of the
breccia pipe. The temperature determined from d18O
values for quartz and tourmaline in this same sample is
540±110�C (Table 6; Kotzer et al. 1993) and, given the
large error, this is within the range of temperatures es-
timated from both the quartz–specularite oxygen isotope
geothermometer and fluid inclusion homogenization
temperatures. However, tourmaline precipitated before
quartz in this sample and the two minerals may not have
crystallized at the same temperature, or may not have
been in equilibrium with the same fluid. The measured
d18O values of tourmaline in subsurface samples of the
breccia are both higher than values for quartz from the

Table 6 Measured d18O and dD values of matrix and vein minerals in the Donoso breccia, and calculated values of the aqueous fluids
from which they precipitated

Sample no. Measured: d18O in minerals dD in
minerals

Ta

(�C)
d18O in fluidb

(Calculated)
dD in fluidc

(Calculated)

Quartz Tourmaline Specularite Tourmaline
(per mil) (per mil)

(per mil) (per mil)

Current surface
I.5-9.7 m (breccia matrix)
(�3,674 m a.s.l.)

+10.8 +8.9 +0.4 –81 400 (inclusions) +6.8 –51
450 (qtz-hematite) +7.7 –59
540 (qtz–tourmaline)

I.5-11.3 m (breccia matrix)
(�3,672 m)

+8.3 500 (inclusions) +6.1

�210 m below the surface
H5.5-194 m (breccia matrix)
(�3,462 m)

+10.6 560 (inclusions) +9.1

H5.5-199.5 m (breccia matrix)
(�3,465.5 m)

+10.6 560 (inclusions) +9.1

I.5-210 m (breccia matrix)
(�3,467.3 m)

+7.1 +7.9 –95 560 (inclusions) +5.6 –80

�410 m below the surface
I.5-419.3 m (breccia matrix)
(�3,264 m)

+6.9 +8.3 –73 690 (inclusions) +5.9 –73

I.5-418.4 m (vein) (�3,265 m) +12.0 400 (inclusions) +8.0

aFor inclusions T �C is taken as the maximum temperatures of
homogenization of type I inclusions. The quartz–hematite tem-
perature was calculated as described by Zheng and Simon (1991).
The quartz–tourmaline temperature was calculated as described by
Kotzer et al. (1993)

bd18O in the fluid calculated from d18O in quartz as described by
Matsuhisa et al. (1979)
cdD in the fluid calculated from dD in tourmaline as described by
Kotzer et al. (1993)
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same samples, also suggesting that these minerals did
not crystallize at the same temperature or from the same
fluid, consistent with the observation that tourmaline
generally precipitated prior to quartz during formation
of the breccia matrix.

The d18O of aqueous fluids from which quartz pre-
cipitated, in both the matrix of the breccia and in the
quartz–pyrite vein that cuts the breccia, were calculated
using quartz–water fractionation factors of Matsuhisa et
al. (1979). Calculations were at the highest temperatures
obtained for homogenization of type I fluid inclusions in
either the specific sample analyzed or in other samples
analyzed at the same level of the deposit. For the near-
surface sample, the temperature determined from the
quartz–specularite oxygen isotope geothermometer
(Table 6) was also used to calculate the d18O of the fluid.
Calculated d18O values of this fluid vary between +5.6
and +9.1& (Table 6), which are similar to the range of
+7.0 and +9.1& for fresh igneous rocks from Los
Bronces (Holmgren et al. 1988), as well as the range of
what are generally considered to be magmatic waters
(Fig. 10; HP Taylor 1974; BE Taylor 1986). Calculated
d18O of the fluid from which quartz in the quartz–pyrite
vein precipitated is +8.0&, which is also within this
range.

Hydrogen isotopic values for tourmaline range
from –73 to –95&. The dD of fluids from which
tourmaline crystallized were calculated using the same
temperatures used to calculate the d18O of the fluid,
and the water–tourmaline fractionation factors of
Kotzer et al. (1993). Calculated dD values for three
analyzed tourmalines range from –51 to –80&
(Table 6), within the generally accepted range of
magmatic fluids (Fig. 10).

Calculated fluid d18O and dD values are both heavier
than local meteoric waters (Fig. 10). The isotopic data
do not support any mixing between meteoric water and
the magmatic fluids that precipitated matrix minerals in
the Donoso breccia.

Discussion

Isotopic data

The d18O and dD isotopic data indicate that quartz,
tourmaline, and Fe-oxide minerals in the matrix of the
Donoso breccia and, by implication, copper-bearing
sulfide minerals that co-precipitated with these minerals,
crystallized from magmatic fluids. Presumably these
were the same fluids, exsolved from a cooling pluton,
which caused brecciation of the equigranular quartz
monzonite that hosts the breccia pipe, as was previously
suggested by Warnaars et al. (1985) and Skewes and
Stern (1996). Vargas et al. (1999) suggest that meteoric
water played a significant role in generation of the La
Americana and Sur-Sur breccias, two other large min-
eralized tourmaline-bearing breccias in the Rı́o Blanco-
Los Bronces deposit, but the stable isotope data indicate
that meteoric water played no role in formation of the
Donoso breccia pipe. Previous stable isotope studies of
vein and alteration assemblages in the Rı́o Blanco-Los
Bronces deposit also indicate a dominant role for mag-

Fig. 10 Plot of d18O versus dD for the fluids from which minerals
in the matrix of the Donoso breccia precipitated (solid diamonds;
Table 6). Also shown are igneous rocks at Rı́o Blanco-Los Bronces
(solid squares; Holmgren et al. 1988), fluids that caused various
zones or stages of alteration and mineralization in this deposit
(shaded field from Kusakabe et al. 1984, 1990), meteoric waters
from central Chile (solid circles; Kusakabe et al. 1984, 1990;
Holmgren et al. 1988), the general field for magmatic water (HP
Taylor 1974; BE Taylor 1986), and line for global meteoric water
(Craig 1961). The figure illustrates the magmatic affinities of fluids
that precipitated minerals in the matrix of the Donoso breccia.
These are considered to be the same magmatic fluids, exsolved from
an unexposed pluton, which generated the brecciation that created
this giant mineralized breccia pipe
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matic–hydrothermal solutions in formation of this de-
posit (Fig. 10; Kusakabe et al. 1984, 1990). Holmgren et
al. (1988) presented a single analysis of late anhydrite
with low measured dD (–108&) and d18O (+7.3&).
They interpreted this result to suggest possible involve-
ment of meteoric water in formation of the Donoso
breccia pipe. However, anhydrite is only locally devel-
oped as a very late-stage phase, which post-dates ore
deposition, and the anhydrite sample analyzed by
Holmgren et al. (1988) was taken from near-surface,
where most samples are partially hydrated, converted to
gypsum, and probably isotopically re-equilibrated.

Fluid inclusion data

Fluid inclusion data suggest that several different types
of fluids circulated during formation of the Donoso
breccia. Temporal relationships among these fluids are
difficult to determine, and different inclusion types were
trapped repeatedly over time as both primary and sec-
ondary inclusions. Vargas et al. (1999) suggested that
large ranges in salinity, and pressures and temperatures
of entrapment, of these fluids indicate mixing of mag-
matic and meteoric waters during formation of the La
Americana and Sur-Sur breccia pipes at Rı́o Blanco-Los
Bronces. However, in light of the stable isotope data, we
interpret the different fluids involved in generation of the
Donoso breccia to all be magmatic, circulating inter-
mittently as pressures fluctuated between lithostatic and
hydrostatic at different stages of formation of the brec-
cia, as described below.

Highly saline, high-temperature fluids, found in ha-
lite-bearing type I inclusions, have a wide range of
homogenization temperatures (Figs. 7 and 8), and
represent at least two distinct types of highly saline
fluids trapped at variable P–T conditions: one trapped
under vapor-absent (non-boiling) conditions, and the
other under vapor-present conditions. The single-phase
(non-boiling) fluid is trapped in type I inclusions that
occur in some crystals, or in areas of crystals (Fig. 9)
where vapor-rich type II inclusions are absent, and
these inclusions homogenize by halite dissolution. We
interpret this fluid as being derived from a pluton
cooling under relatively high-pressure (>1 kbar)
lithostatic conditions, which favors exsolution of a high
salinity fluid (Shinohara et al. 1989; Cline and Bodnar
1994). This is consistent with geologic constraints.
When the Donoso breccia formed at about 5 Ma, at
least 1,500 m of volcanic rocks of the Farellones For-
mation covered the quartz monzonite pluton that hosts
the breccia (Skewes and Holmgren 1993). In addition,
the breccia pipe is well recognized over an 800-m ver-
tical extent. Based on the funnel-like shape of the pipe,
with margins that are progressively more vertical with
depth, the pipe probably extends at least another
1,000 m or more below the deepest part documented by
drilling. Together, these observations imply >3,300 m
of roof rock above the cooling source pluton, which is

consistent with the estimate of >1 kbar lithostatic
pressure. The relatively low temperatures of vapor–
liquid homogenization, between 200 and 387 �C, com-
pared with halite melting, between 250 and 503 �C, also
suggest high pressures of entrapment for these fluids
(Cline and Bodnar 1994), possibly under overpressured
conditions in a sealed system.

Type I inclusions that homogenize by vapor-bubble
disappearance appear in many cases to be co-genetic with
type II vapor-rich inclusions (Fig. 9). This suggests
trapping of a fluid that was either undergoing phase
separation (boiling), or formed by simultaneous separa-
tion of immiscible brine and vapor from amagma cooling
at relatively low hydrostatic pressure conditions com-
pared with those that resulted in exsolution of the single-
phase (non-boiling) highly saline fluid (Shinohara et al.
1989; Cline and Bodnar 1994). These type I inclusions
have a relatively narrow salinity range, but homogenize
over a wide range of temperatures (Figs. 7 and 8).

Type I inclusions that homogenize by either halite or
vapor-bubble disappearance occur together in breccia-
matrix minerals, as well as in late quartz–pyrite veins
cutting clasts and breccia matrix (Fig. 5B). This suggests
that these two types of highly saline fluids circulated in-
termittently because of fluctuation between lithostatic
and hydrostatic pressures, presumably caused by multi-
ple episodes of brecciation, sealing, and rebrecciation.
This is consistent with the observation of early breccia
fragments occasionally occurring as clasts, and of both
clasts and breccia-matrix being cut by late veins
(Fig. 5B). The single-phase (non-boiling) highly saline
fluid appears to have been among the earliest fluids in-
volved in formation of the breccia (Fig. 9), possibly ini-
tiating the processes of brecciation that ultimately led to
hydrostatic conditions appropriate for formation of va-
por-rich fluids. After crystallization of matrix minerals
caused sealing of the pipe and a return to lithostatic
pressures, single-phase (non-boiling) highly saline fluids
may have circulated again, renewing the brecciation
process. Fluctuation between lithostatic, possibly over-
pressured conditions, and hydrostatic conditions might
have also been an important mechanism for causing
precipitation of copper in the breccia matrix from very
high, near magmatic temperature (>600 �C) fluids in the
deepest parts of the breccia pipe (Cline and Bodnar 1991).

Type III fluid inclusions trapped a relatively lower
temperature, low-to-intermediate salinity fluid. These
inclusions are present at all levels of the breccia pipe
and they can coexist with type I and II inclusions.
However, they also appear by themselves, which sug-
gests that they were trapped from a distinct lower
temperature, low-to-intermediate salinity fluid. Stable
isotope data do not support mixing of low salinity
meteoric and high salinity magmatic fluids to produce
this low-to-intermediate salinity fluid, as suggested by
Vargas et al. (1999). This low-to-intermediate salinity
fluid may have formed by mixing of more saline fluids
with condensed vapor, or by exsolution from the same
magma that liberated highly saline fluids, after the
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remaining magma had become depleted in chlorine
(Cline and Bodnar 1991). Andean magmatic systems
probably are open systems, within which new magmas
repeatedly mix with cooling magmas in chambers that
episodically exsolve fluids as they crystallize to form
plutons (Skewes and Stern 1994, 1995; Cornejo et al.
1997; Skewes et al. 2002). Therefore, fluctuations in
salinity of fluids released from such chambers are not
unexpected.

Both boiling and non-boiling highly saline fluids, as
well as lower temperature low-to-intermediate salinity
fluids and vapor, transported metals, as evidenced by
opaque minerals present in all three inclusion types in
breccia-matrix quartz. However, type I and III inclu-
sions in late quartz–pyrite veins (Fig. 5B) do not contain
opaque and copper-bearing sulfide daughter minerals.
Magmatic fluids that precipitated quartz in these veins,
which also lack tourmaline and contain only minor
chalcopyrite and Fe-oxide minerals, apparently trans-
ported lower concentrations of copper and may have
exsolved from the magma chamber at a late-stage, when
it was depleted in copper.

Sericitic alteration

Sericitic alteration of the borders of clasts in the breccia,
and sericitic halos surrounding late quartz–pyrite veins,
are also both attributed to the same magmatic fluids that
generated the breccia pipe, and not an influx of meteoric
water as is often invoked to explain sericitic alteration in
copper porphyry deposits (Taylor 1974). It is not pos-
sible, however, to determine which of the several mag-
matic fluids that circulated during formation of the
breccia pipe and late quartz–pyrite veins in the pipe
caused this alteration. Potassium-feldspar alteration of
plagioclase in clasts in deeper part of the Donoso breccia
(Fig. 5B) was produced by relatively early (prior to vein
formation) breccia-forming magmatic fluids, as was K-
feldspar alteration observed in clasts in the deeper por-
tions of the Sur-Sur tourmaline-bearing breccia pipe at
Rı́o Blanco (Vargas et al. 1999). The vertical/temporal
change, from K-feldspar to sericitic alteration, may re-
flect a gradient from higher to lower temperature (Gig-
genbach 1992), and/or the vertical/temporal change
from vapor-absent (non-boiling) fluids, to vapor-present
(immiscible/boiling) fluids. This is because vapor en-
riched in CO2, HCl, H2S, SO2, and other S-derived
species, and/or saline fluids mixed with condensed va-
por, may be more acidic than vapor-absent (non-boiling)
highly saline fluids (Henley and McNabb 1978) and,
therefore, have greater potential for generating sericitic
alteration, particularly in the upper, cooler parts of the
breccia pipe.

Source of magmatic fluids

The equigranular quartz monzonite host to the Donoso
pipe was already solidified at the time the breccia was

emplaced and was not the source for the breccia-forming
fluids. This is indicated both by the angular nature of
clasts in the breccia (Fig. 4), and also strontium and
neodynium isotopic data, which show that the breccia-
matrix minerals and the quartz monzonite host pluton
were not in isotopic equilibrium (Skewes and Stern
1996). The pluton from which breccia-forming mag-
matic fluids exsolved is as yet unexposed, and the root of
the Donoso breccia is unknown. Based on occurrence of
brecciated, altered and mineralized silicic porphyry dikes
cutting the Sur-Sur breccia at Rı́o Blanco, Vargas et al.
(1999) suggested that porphyry intrusions and formation
of the Sur-Sur mineralized tourmaline-bearing breccia
had a close genetic relationship. In contrast, no por-
phyry intrusions cut the Donoso breccia, and, in fact, no
porphyry intrusion occurs within the Los Bronces de-
posit. The nearest such intrusion, the La Copa volcanic
complex (Fig. 2), occurs >1 km to the east and is dated
as 4.9 to 3.9 Ma, so this porphyry may be as much as
1 million years younger than the Donoso breccia
(Warnaars et al. 1985; Serrano et al. 1996). Small, late,
barren, silicic porphyry intrusions at Rı́o Blanco-Los
Bronces have redistributed previous mineralization, but
are not responsible for the emplacement of mineraliza-
tion, which occurs within the numerous mineralized
breccia pipes in this giant breccia deposit (Serrano et al.
1996).

Based on the high Fe, S, and Cu content of the
Donoso breccia matrix, the magmatic fluids that formed
this breccia probably exsolved from intermediate or
mafic magmas (Skewes and Stern 1994, 1995), perhaps
mixing within or underplating deeper portions of open-
system magma chambers within which the small, late,
barren, silicic porphyry intrusions at Rı́o Blanco-Los
Bronces evolved. Mafic magmas emplaced into the base
of an evolving, open-system felsic pluton may provide
sulfur, copper, and other chalcophile elements to felsic
magmas that otherwise might be poor in these elements
(Hattori and Keith 2001). Indirect evidence for open-
system behavior involving mixing of mafic and felsic
magmas during evolution of Andean porphyry copper
deposits has been presented by Cornejo et al. (1997),
Rowland and Wilkinson (1998), and Skewes et al.
(2002).

Conclusions

Mineralized breccias occur in many porphyry copper
deposits (Sillitoe 1985), but, in the giant Rı́o Blanco-Los
Bronces deposit, both their number and large size is
remarkable. In this breccia deposit, no simple sequential
scheme of stages of alteration (magmatic, late-mag-
matic, hydrothermal, etc.) occurs, and neither altera-
tion, nor grades of mineralization, are concentrically
zoned surrounding one pluton. A single large hydro-
thermal convection cell, driven by cooling of a central
porphyry stock, was not responsible for either alteration
or emplacement of copper mineralization in the Rı́o
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Blanco-Los Bronces deposit. Instead, copper ore is
concentrated in the matrix of multiple mineralized
breccia pipes, or disseminated in clasts and wallrock in
and surrounding these pipes. Copper-rich breccias were
telescoped, one on top of the other, over a >3-million-
year-long period (Warnaars et al. 1985; Skewes and
Stern 1995; Serrano et al. 1996), during progressive
uplift and erosion that has subsequently unroofed and
exposed this giant breccia deposit (Skewes and Holm-
gren 1993; Skewes and Stern 1994). This deposit is giant
because of the multiplicity of mineralized breccias
(Skewes and Stern 1995; Serrano et al. 1996). Small,
late, silicic porphyry intrusions have concentrated,
truncated and/or redistributed copper mineralization
emplaced in previous generations of copper-rich brec-
cias. The same is true in other giant Miocene and
Pliocene breccias deposits in central Chile, such as El
Teniente (Skewes et al. 2002).

Magmatic fluids that generated multiple mineralized
breccias in the three giant Miocene and Pliocene breccia
deposits in central Chile were derived from plutons
cooling and crystallizing caused by a late Miocene de-
crease in sub-arc magma supply. This was caused by
shallowing of the angle of subduction of the Nazca
oceanic plate as a result of subduction of the Juan
Fernández Ridge (Fig. 1), which eventually led to east-
ward migration of the magmatic arc in the Pliocene
(Stern 1989; Skewes and Stern 1994, 1995, 1996; Stern
and Skewes 1995, 1997).
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