D be GenEve

Article scientifique 2008 Published version

This is the published version of the publication, made available in accordance with the publisher’s policy.

Mineral zoning and geochemistry of epithermal polymetallic Zn-Pb-Ag-Cu-
Bi mineralization at Cerro de Pasco, Peru

Baumgartner, Regine; Fontboté, Lluis; Vennemann, Torsten

How to cite

BAUMGARTNER, Regine, FONTBOTE, Lluis, VENNEMANN, Torsten. Mineral zoning and geochemistry
of epithermal polymetallic Zn-Pb-Ag-Cu-Bi mineralization at Cerro de Pasco, Peru. In: Economic geology
and the bulletin of the Society of Economic Geologists, 2008, vol. 103, p. 493-537. doi:
10.2113/gseconge0.103.3.493

This publication URL:  https://archive-ouverte.unige.ch//unige:21616

Publication DOI: 10.2113/gsecongeo.103.3.493

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.



https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch//unige:21616
https://doi.org/10.2113/%E2%80%8Bgsecongeo.103.3.493

©2008 Society of Economic Geologists, Inc.
Economic Geology, v. 103, pp. 493-537

Mineral Zoning and Geochemistry of Epithermal Polymetallic
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Abstract

The large Cerro de Pasco Cordilleran base metal deposit in central Peru is located on the eastern margin of
a middle Miocene diatreme-dome complex and comprises two mineralization stages. The first stage consists of
a large pyrite-quartz body replacing Lower Mesozoic Pucard carbonate rocks and, to a lesser extent, diatreme
breccia. This body is composed of pyrite with pyrrhotite inclusions, quartz, and black and red chalcedony (con-
taining hypogene hematite). At the contact with the pyrite-quartz body, the diatreme breccia is altered to
pyrite-quartz-sericite-pyrite. This body was, in part, replaced by pipelike pyrrhotite bodies zoned outward to
carbonate-replacement Zn-Pb ores bearing Fe-rich sphalerite (up to 24 mol % FeS).

The second mineralization stage is partly superimposed on the first and consists of zoned east-west-trend-
ing Cu-Ag-(Au-Zn-Pb) enargite-pyrite veins hosted in the diatreme breccia in the western part of the deposit
and well-zoned Zn-Pb-(Bi-Ag-Cu) carbonate-replacement orebodies; in both cases, sphalerite is Fe poor and
the inner parts of the orebodies show typically advanced argillic alteration assemblages, including aluminum
phosphate sulfate (APS) minerals. The zoned enargite-pyrite veins display mineral zoning, from a core of enar-
gite-pyrite + alunite with traces of Au, through an intermediate zone of tennantite, chalcopyrite, and Bi min-
erals to a poorly developed outer zone bearing sphalerite-galena + kaolinite. The carbonate-hosted replace-
ment ores are controlled along N35°E, N 90° E, N 120° E, and N 170° E faults. They form well-zoned
upward-flaring pipelike orebodies with a core of famatinite-pyrite and alunite, an intermediate zone with tetra-
hedrite-pyrite, chalcopyrite, matildite, cuprobismutite, emplectite, and other Bi minerals accompanied by APS
minerals, kaolinite, and dickite, and an outer zone composed of Fe-poor sphalerite (in the range of 0.05-3.5
mol % FeS) and galena. The outermost zone consists of hematite, magnetite, and Fe-Mn-Zn-Ca-Mg carbon-
ates. Most of the second-stage carbonate-replacement orebodies plunge between 25° and 60° to the west, sug-
gesting that the hydrothermal fluids ascended from deeper levels and that no lateral feeding from the veins to
the carbonate-replacement orebodies took place.

In the Venencocha and Santa Rosa areas, located 2.5 km northwest of the Cerro de Pasco open pit and in
the southern part of the deposit, respectively, advanced argillic altered dacitic domes and oxidized veins with
advanced argillic alteration halos occur. The latter veins are possibly the oxidized equivalent of the second-stage
enargite-pyrite veins located in the western part of the deposit.

The alteration assemblage quartz-muscovite-pyrite associated with the pyrite-quartz body suggests that the
first stage precipitated at slightly acidic pH. The sulfide mineral assemblages define an evolutionary path close
to the pyrite-pyrrhotite boundary and are characteristic of low-sulfidation states; they suggest that the oxidiz-
ing, slightly acidic hydrothermal fluid was buffered by phyllite, shale, and carbonate host rock. However, the
presence in the pyrite-quartz body of hematite within quartz suggests that, locally, the fluids were less buffered
by the host rock. The mineral assemblages of the second mineralization stage are characteristic of high- to in-
termediate-sulfidation states. High-sulfidation states and oxidizing conditions were achieved and maintained in
the cores of the second-stage orebodies, even in those replacing carbonate rocks. The observation that, in
places, second-stage mineral assemblages are found in the inner and outer zones is explained in terms of the
hydrothermal fluid advancing and waning.

Microthermometric data from fluid inclusions in quartz indicate that the different ores of the first mineral-
ization stage formed at similar temperatures and moderate salinities (200°-275°C and 0.2-6.8 wt % NaCl equiv
in the pyrite-quartz body; 192°-250°C and 1.1-4.3 wt % NaCl equiv in the pyrrhotite bodies; and 183°-212°C
and 3.2-4.0 wt % NaCl equiv in the Zn-Pb ores). These values are similar to those obtained for fluid inclusions
in quartz and sphalerite from the second-stage ores (187°-293°C and 0.2-5.2 wt % NaCl equiv in the enargite-
pyrite veins; 178°-265°C and 0.2-7.5 wt % NaCl equiv in quartz of carbonate-replacement orebodies;
168°-222°C and 3-11.8 wt % NaCl equiv in sphalerite of carbonate-replacement orebodies; and 245°-261°C
and 3.2-7.7 wt % NaCl equiv in quartz from Venencocha). Oxygen and hydrogen isotope compositions on
kaolinite from carbonate-replacement orebodies (650 = 5.3-11.5%0, 0D = -82 to —114%o) and on alunite from
the Venencocha and Santa Rosa areas (0150 = 1.9-6.9%o, D = -56 to ~73%o). Oxygen isotope compositions
of quartz from the first and second stages have 650 values from 9.1 to 17.8 per mil. Calculated fluids in equi-
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librium with kaolinite have 680 values of 2.0 to 8.2 and dD values of —69 to —97 per mil; values in equilibrium
with alunite are —1.4 to 6.4 and -62 to —79 per mil. Sulfur isotope compositions of sulfides from both stages
have a narrow range of %S values, between —3.7 and +4.2 per mil; values for sulfates from the second stage
are between 4.2 and 31.2 per mil. These results define two mixing trends for the ore-forming fluids. The first
trend reflects mixing between a moderately saline (~10 wt % NaCl equiv) magmatic end member that had de-
gassed (as indicated by the low D values) and meteoric water. The second mixing indicates condensation of
magmatic vapor with HCl and SOz into meteoric water, which formed alunite.

The hydrothermal system at Cerro de Pasco was emplaced at a shallow depth (~500 m) in the epithermal
and upper part of a porphyry environment. The similar temperatures and salinities obtained for the first stage
and second stages, together with the stable isotope data, indicate that both stages are linked and represent suc-
cessive stages of epithermal polymetallic mineralization in the upper part of a porphyry system.

Introduction

RECENT GEOLOGIC studies of magmatic-hydrothermal systems
have mainly concentrated on fluid evolution in porphyry cop-
per and epithermal high-sulfidation Au-(Ag) deposits (Einaudi
et al., 2003; Bethke et al., 2005; Fifarek and Rye, 2005; Hein-
rich, 2003). However, less attention has been paid to associated
epithermal polymetallic base metal deposits which occur in the
upper parts of the same environment and which, according to
crosscutting relationships and geochronological data, form later
in the evolution of the system than the precious metal deposits.
A number of such base metal deposits are superimposed on
porphyry copper deposits (e.g., Butte, Morococha), whereas
others have no known link to mineralized porphyry deposits
(Einaudi et al., 2003). In the porphyry environment, epither-
mal high-sulfidation Au-(Ag) deposits also may be overprinted
by such base metal deposits (e.g., Bendezi et al., 2003).
Epithermal polymetallic deposits are also referred to as
Cordilleran base metal deposits, a term introduced by
Sawkins (1972). The term Cordilleran base metal veins and/or
deposits was subsequently used by Einaudi (1982), Gilbert
and Park (1986), Bartos (1987), Macfarlane and Petersen
(1990), Hemley and Hunt (1992), Bendezii and Fontboté
(2002), and Bendezi et al. (2003, 2008). Cordilleran deposits
have also been termed as Butte-type vein deposits (Meyer et
al., 1968), polymetallic veins, and recently zoned base metal
veins (Einaudi et al., 2003). The main features of Cordilleran
base metal deposits can be summarized as follows, from Ben-
dezi et al. (2008): (1) they have a close association in time and
space with calc-alkaline igneous activity (i.e., in the same en-
vironment as most porphyry Cu and high-sulfidation epither-
mal Au-Ag deposits); (2) they form under epithermal condi-
tions at shallow levels beneath the paleosurface; (3) they
include Cu-Zn-Pb-(Ag-Au-Bi) metal suites, very rich in sul-
fides (up to more than 50% total sulfides), and have high
Ag/Au ratios; (4) there is a well-developed zonation of ore and
alteration minerals (core zones may also include high-sulfida-
tion and advanced argillic alteration); (5) early pyrite-quartz
cores are associated with low-sulfidation mineral assemblages
containing pyrrhotite-(arsenopyrite) that can be extensive and
form large bodies zoned outward to Zn-Pb ores; (6) they
occur as open-space fillings (veins, breccia bodies) in silicate
host rocks and as replacement in carbonate rocks; and (7) the
base metals are deposited late in the evolution of the por-
phyry system (as seen from abundant crosscutting relation-
ships and sparse geochronological data) after porphyry Cu,
skarn, and high-sulfidation Au(-Ag) mineralization. Cordilleran
base metal deposits have been historically an important
source of Cu as well as Zn, Pb, and Ag in the North American

Cordillera and Peru. Table 1 summarizes the characteristics
of several of these deposits.

The second largest known Cordilleran base metal deposit,
after Butte (Montana), is Cerro de Pasco, in central Peru. It
is a Zn-Pb-Ag-Cu-Bi deposit spatially related to a middle
Miocene diatreme-dome complex. Post-1950 production plus
known resources total more than ~175 million metric tons
(Mt) at 7 wt percent Zn and 2 wt percent Pb, as well as 3 oz/t
Ag (Einaudi, 1977; Geological staff of Cerro de Pasco, 1950,
pers. commun., 2001). In addition, prior to 1950, 1200 mil-
lion ounces (Moz) Ag, 2 Moz of Au, and about 50 Mt at 2 wt
percent Cu were mined (our estimate based on data of
Jiménez, 1924; Geological staff of Cerro de Pasco Corpora-
tion, 1950; Einaudi, 1977; Fischer, 1977; Baumgartner, 2007).
Contributions on the geology and mineralization at Cerro de
Pasco include McLaughlin (1924), Bowditch (1935), Graton
and Bowditch, (1936), Lacy (1949), Geological staff of Cerro
de Pasco Corporation (1950), Jenks (1951), Ward (1961), Pe-
tersen (1965), Einaudi (1968, 1977), Silberman and Noble
(1977), Mégard (1978), Rivera (1997), Angeles (1999), Baum-
gartner et al. (2003), and Baumgartner (2007). Several un-
published reports of Cerro de Pasco Corporation, CENTRO-
MIN, and Volcdn Compaiia Minera S.A contain additional
information on Cerro de Pasco.

While it is probable that silver was mined at Cerro de Pasco
prior to the Spanish conquest, the first historic record of pro-
duction from the district is in 1630 (Bowditch, 1935, and refer-
ences therein). In the 19" century, Ag production declined and
most claims at Cerro de Pasco were acquired by the American
Cerro de Pasco Corporation (1906-1970). Two mineralization
stages occur at Cerro de Pasco. The first consists of a large
pyrite-quartz body with pipelike pyrrhotite bodies zoned to Zn-
Pb ores characterized by marmatitic sphalerite, mainly the
Cayac Noruega A, B, and J-337 and K-327A orebodies: see
Einaudi, 1977; these orebodies were exploited underground in
the late 1940s, as well as the the oxidized portion of the eastern
part of the deposit (belonging to the second mineralization
stage). The second mineralization stage comprises polymetallic
base metal carbonate-replacement orbodies on the eastern part
of the deposit and enargite pyrite veins on the western part; the
latter narrow and rich copper veins and orebodies (mainly
enargite and chalcopyrite) were exploited down to a depth of
700 m at the beginning of Cerro de Pasco Corporation. In the
early 1970s, the mine was nationalized and was integrated into
the state-owned CENTROMIN. In 1999, Cerro de Pasco was
again privatized and Volcan Compaiiia Minera S.A., the current
owner, took the control of the mine.

Mineralization at Cerro de Pasco comprises two stages with
contrasting mineralogy (Einaudi, 1977; Baumgartner, 2007).
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This contribution presents a study of the mineralogical zoning
of the Cerro de Pasco deposit and a fluid inclusion and stable
isotope study of ore and gangue minerals. The mineralogical
study includes field and petrographic documentation of the
well-zoned polymetallic mineralization of the second stage
and updates the early descriptions of Ward (1961) and Ein-
audi (1968, 1977) of the first mineralization stage. The docu-
mentation of the second-stage polymetallic mineralization has
become possible because of recent extensive mine develop-
ment in the eastern part of the open pit, which allowed a de-
tailed description of the structure, morphology, mineralogy,
and zoning of the newly exposed orebodies at Cerro de Pasco.
For the fluid inclusion and stable isotope study, samples were
collected from both mineralization stages. Fluid inclusions
were measured in quartz (from the first and second mineral-
ization stages) and sphalerite (second mineralization stage).
Cathodoluminescence (CL) imaging was used in the fluid in-
clusion survey in order to highlight different quartz genera-
tions. The mineralogical and microthermometric data, com-
bined with stable isotope measurements of sulfide, sulfate,
carbonate, and silicate minerals from the first and second
mineralization stages, constrain the temperature, pH, redox
state, salinity and origin of the ore-forming fluids and provide
information on their spatial and temporal evolution.

Rubright and Hart (1968); ages
compiled in Landtwing (2004);

Inan and Einaudi (2002)

Sillitoe (2000), Ossandén et al. (2001)
Hunt (1985), Dick et al. (1994), Clark
et al. (1998), Masterman et al. (2005)

Padilla et al. (2001)

References

replacement bodies

Type of
orebodies
Veins and

Veins
Veins
Veins
digenite; enr = enargite; fm = famatinite; gn = galena; Iz = luzonite;

pyrite; sl = sphalerite; tn = tennantite; tt = tetrahedrite; wf = wolframite

District and Deposit Geology at Cerro de Pasco

Cerro de Pasco is located on the high Andean plateau of
central Peru, at an elevation of 4,300 m. A regional north-
south longitudinal fault juxtaposes Paleozoic metamorphic
rocks with Mesozoic sedimentary rocks (Fig. 1). In the mine
area, the longitudinal fault is believed to be represented by
high-angle, N 15° W-striking reverse faults (Fig. 2). The old-
est exposed rocks at Cerro de Pasco are weakly metamor-
phosed shale, phyllite, and quartzite of the Devonian Excel-
sior Group. On the eastern side of the diatreme-dome
complex, the Excelsior Group phyllite forms a north-
south—striking and north-plunging anticline, named the Cerro
anticline (Fig. 3). This Group is overlain in an angular uncon-
formity by sandstone and conglomerate with pebbles of
quartz and Excelsior-type argillaceous clasts belonging to the
Permo-Triassic Mitu Group (McLaughlin, 1924; Jenks, 1951).
Outcrops of the Mitu Group are rare in the vicinity of the
Cerro de Pasco district and become more widespread to the
south (Fig. 1). Above the eastern half of the district, the Mitu
Group is covered by a thick (up to 3000 m) Upper Triassic-
Lower Jurassic carbonate sequence belonging to the Pucard
Group (Angeles, 1999, Rosas et al., 2007). This carbonate se-
quence is principally composed of thick-bedded, dark-col-
ored limestone and dolomite with local shale interbeds and
siliceous concretions (Jenks, 1951). In the western part of the
district, the Pucard Group is only 300 m thick and consists of
thin-bedded, light-colored limestone (Jenks, 1951).

From the Eocene to lower Miocene, multiple folding
episodes with a northeast-southwest axial direction brought
the Excelsior, Pucard, and the Mitu Group rocks to shallower
levels. In the Middle Miocene, magmatic activity affected the
region (Silberman and Noble, 1977; Bendeza et al, 2003;
Baumgartner, 2007; Bendezu, 2007). At Cerro de Pasco, as in
the nearby Colquijirca district, magmatism consisted of an
early phase of explosive volcanism, represented mainly by a

Porphyry stock and volcano-

Paleocene andesite, and quartz-
sedimentary rocks

Sandstone and limestone
Chuqui porphyry Complex
monzonite porphyry

Host rock

TaBLE 1. (Cont.)

pyrargyrite; py

enr, cv, cp, bn, tn,

sl, gn
py-cp-(tn), py-bn-
(enr), ce-dg-cv

pY, enr, cp, bn, tt-tn
supergene cc and cv

Second-stage
ore minerals#3
cp, sl, gn, tn

ore minerals®

First-stage
nukundamite; po = pyrrhotite; pyrg

37.0-38.5 Ma
31-33 Ma
38-36 Ma

32.9 Ma
(porphyry stage)

Age
Mineral abbreviations: asp = arsenopyrite; bn = bornite; cc = chalcocite; cp = chalcopyrite; cst = cassiterite, cv = covellite; dg

5 First and second stage are referred to early and late
mt = magnetite; mo = molybdenite; nk

1 Main ore in the district

2 Subordinate ore in the district

3 Cordilleran ores are not mined

4 Pyrite accompanies ore minerals

Utah, United States
Chuquicamata, Chile.
Main stage veins
Collahuasi, Rosario

(superimposed on
vein, Chile3

Location
Bingham, “non-
porphyry ores,”
early porphyry)?
La Escondida,
Late stage, Chile?
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Quartz monzonite porphyry dikes

Dacite to rhyodacite porphyries
(showing domal structures)

Intermediate to felsic tuffs

oUBOIN-PIN

Diatreme breccia (Rumiallana Agglomerate)

Eocene Pocobamba Formation,
mainly limestone and marl
3 Cretaceous Goyllarizquizga Group,
sandstone

Upper Triassic-Lower Jurassic Pucara
Group, limestone and dolostone

Permian-Triassic Mitu Group, sandstone
"/~ Devonian Excelsior Group, phyllite

J Orebodies

\ Fault

™ Fold axis

\‘ Thrust or reverse fault

85 Strike and dip

Fi1c. 1. Regional geologic map (modified from Bendezi et al., 2003) and schematic west-east (A-A') cross section of the
Cerro de Pasco district. The cross section illustrates the present topography at Cerro de Pasco.
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(1994, unpub. report). The mineralization types occurring in the open pit (plain black line) are shown, as well as the names

of the principal orebodies studied here.
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dacitic diatreme breccia (known locally as Rumiallana Ag-
glomerate), and sparse external volcanic deposits (only recog-
nized southeast of the diatreme, in the Santa Rosa area; Fig.
2), followed by multiple dacitic porphyritic domes at 15.4 Ma
(Baumgartner, 2007) and quartz-monzonite porphyry dikes
intruded at 15.4 to 15.1 Ma (Baumgartner, 2007). The pres-
ence of vertical breccia bodies with angular clasts of several
centimeters in size of Pucard carbonate rocks and carbonate
rock-flour matrix suggests that diatreme-related fluid expul-
sion occurred through the sedimentary sequence. These brec-
cia bodies follow a northeast-southwest—trending corridor in
the San Alberto area and can also be recognized in the north-
south—trending large pyrite-quartz body (Fig. 3, see below).

Erosion removed part of the diatreme-dome complex, as
well as the overlying rocks, as shown by the presence of col-
lapsed blocks of Mitu and Pucard Group rocks inside the dia-
treme and the absence of these rocks outside the diatreme
(Figs. 1, 3; Baumgartner, 2007). The total erosion from the
middle Miocene to the present is probably on the order of
500 m, as indicated by the fact that the prediatreme erosion
surface in the Santa Rosa area is preserved below ~100 m of
outflow deposits (Fig. 3) and by the diatreme size.

The north-south-trending longitudinal fault, mentioned
above, was probably already active during the Triassic to
Jurassic, at the time of deposition of the Pucard Group, as
supported by the fact that the its thickness is different on op-
posite sides of the longitudinal fault (3,000 m in the eastern
and 300 m in the western portions). The occurrence of the
Upper Cretaceous to Eocene Shuco breccia and conglomer-
ate, which belongs to the Pocobamba Formation and consists
of Pucara clasts, along the longitudinal fault is additional evi-
dence for the protracted tectonic activity of the longitudinal
fault. A complex set of faults is prominent in the Pucard car-
bonate rocks in the Cerro de Pasco open pit. The first set
strikes N 120° E, dips 70° to 80° S and is present in the east-
ern part of the open pit (Fig. 3). The second set strikes N 170°
E, dips vertically, and is mainly present in the southern part
of the deposit. The third fault set strikes N 35° E, dips 80° E,
and is present in the northern open pit. The three fault sets
are dextral and/or sinistral strike-slip faults and formed by
compression in the later stages of folding.

First Mineralization Stage

The large pyrite-quartz body (Fig. 3) is 1,800 m long and
150 m wide (in places up to 300 m) and has an elongated, ver-
tically oriented funnel shape (Figs. 4, 5). Below the 1800 level
(~550 m), the pyrite-quartz body is narrower and becomes a
discontinuous sheath along the diatreme breccia-Excelsior
shale contact. According to Lacy (1949), at greater depth
(below 750 m), the pyrite-quartz body passes into the dia-
treme breccia and adjacent to the contact of a stock of quartz
monzonite porphyry. To the west, the pyrite-quartz body has
a steep contact to the diatreme breccia and replaces it (Fig.
3), whereas the eastern portion against the Pucard carbonate
rocks is irregular, apparently reflecting different facies of the
replaced carbonate rocks. Relict sedimentary textures of the
Pucari carbonate rocks, as well as those of the breccia fabrics
of the diatreme and of the vertical breccia bodies in the Pu-
card rocks, are locally recognizable in the replaced rock (Fig.
6B). Following the contour of the pyrite-quartz body and up
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to a distance of 50 m, an alteration halo is present and is char-
acterized by the assemblage muscovite-pyrite-quartz, typical
of phyllic alteration (Fig. 6A).

In the following, sulfide minerals found in contact without
showing reaction products are grouped as an “assemblage,”
according to Barton et al. (1963). The symbol (-) joins miner-
als of a single assemblage that are in apparent equilibrium.
The term “association” is used for all minerals appearing in a
sample but not necessarily in contact or showing reaction bor-
ders. The symbol (+) joins minerals that are present every-
where in the association and the symbol (+) precedes miner-
als that are not always present or are rare.

A paragenetic sequence for the first stage of mineraliza-
tion is presented in Figure 7, which integrates the observa-
tions of Einaudi (1968, 1977), Lacy (1949), and Bowditch
(1935). Pyrite I (Fig. 7) constitutes 90 percent of the body,
and black and red hematite-bearing chalcedony and quartz
account for the remaining 10 percent. Pyrite I has a grain size
of 500 ym to 1 mm and contains minute pyrrhotite inclusions
(Fig. 6C) and trace amounts of chalcopyrite and arsenopyrite.
Lacy (1949) also reported stannite inclusions in pyrite I.
Minute cracks have been observed within the pyrite grains.
Table 2 lists the chemical composition of typical samples of
the pyrite-quartz body.

Steep to vertical pipelike pyrrhotite bodies partly replaced
the pyrite-quartz body along its entire vertical extent (Figs. 3,
4). These pyrrhotite pipes show an upward and outward zona-
tion and are mineralized with the metal suite W-Sn-Cu-Zn-Pb
(Fig. 8). The core zone, only observed at deep levels, is com-
posed of the assemblage pyrrhotite-quartz-wolframite. The
intermediate-level assemblage consists of pyrrhotite-spha-
lerite-chalcopyrite-stannite (Fig 6E; Einaudi, 1977). The
outer zone, which is present over the whole vertical extent of
the pyrrhotite bodies and which includes the Zn-Pb ore, con-
sists of the association pyrrhotite + Fe-rich sphalerite + ar-
senopyrite with minor marcasite, tennantite, chalcopyrite,
chlorite, muscovite, siderite, and calcite (Fig 6D). Sphalerite
contains 10 to 23.9 mol percent FeS with larger variations
along crystallographic growth zones (Einaudi, 1977; Baum-
gartner, 2007). The Zn-Pb ores, characterized by this Fe-rich
sphalerite and the presence of fine-grained (avg size around
50 um) pyrite II and arsenopyrite, form extensive replace-
ments of carbonate in the Pucard Group rocks (Fig. 3), with
galena becoming increasingly important at the margins. The
transition zone between the pyrrhotite pipes and the Zn-Pb
ores consists of a fine-grained mixture of pyrite and marcasite
resulting from the alteration of pyrrhotite (Fig 6F). A typical
ore composition of the pyrite-quartz body and the Zn-Pb ores
is given in Table 2.

Second Mineralization Stage
Carbonate-Replacement Orebodies

Morphology of the main orebodies

The main zoned Zn-Pb-(Bi-Ag-Cu) carbonate-replace-
ment orebodies are Cuerpo Nuevo, Manto V, Cayac Noruega
C, Rosita, Peggy, and Cola C.N.A and Cola C.N.B (Fig. 3).
They comprise an important resource and have only recently
become accessible. These bodies follow subvertical faults
trending N 35° E, N 120° E, and N 170° E (Figs. 3, 9) and
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FIc. 6. A. View of the Cerro de Pasco open pit looking north. The important features have been outlined. B. Sample of
the diatreme breccia partly replaced by the pyrite-quartz body. C. Photomicrograph showing pyrite I with pyrrhotite blebs
(plain-polarized reflected light, CPR 433). D. Association of pyrrhotite with arsenopyrite and pyrite (plain-polarized re-
flected light, fpe-131-3). E. Deep- to intermediate-level association of pyrrhotite, chalcopyrite, and sphalerite occurring in
the pipelike pyrrhotite bodies (plain-polarized reflected light, fpe-131-3). F. Pyrite replacing pyrrhotite, in part showing bird’s
eye texture (plain-polarized reflected light, fpe-136-9). G. Breccia (probably fluid-escape breccia) from the San Albeto area
consisting of angular and subangular clasts of different facies of the Pucard Group rocks with a rock-flour matrix of the same
composition (CPR 99). H. Example of a second-stage vein crosscutting the first-stage Zn-Pb mineralization related to
pyrrhotite in the central part of the open pit, 1200 level, 8920-E, 9860-N. Abbreviations: asp = arsenopyrite, c¢p = chalcopy-
rite, po = pyrrhotite, py = pyrite, sl = sphalerite.
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FIRST MINERALIZATION STAGE

Assemblages or associations typical for a zone

pyrrhotite - quartz
-wolframite

pyrrhotite - sphalerite -
chalcopyrite - stannite

pyrrhotite + sphalerite +
arsenopyrite + pyrite +
chalcopyrite

sphalerite + arsenopyrite +
pyrite + chalcopyrite +
pyrrhotite

zone

minerals

pyrite-quartz|

body pipe-like pyrrhotite bodies

Zn-Pb ore

pyrite |
pyrite Il
pyrrhotite
wolframite
cassiterite
ilmenite
chalcopyrite
sphalerite
stannite
arsenopyrite
galena

magnetite
argentite
polybasite

quartz
chlorite
sericite
siderite
calcite

tetrahedrite-tennantite

mol% FeS in
sphalerite

28.9-10.0 mol % FeS

Key

Minerals present in the association

Major, ubiquitous
Common

Uncommon

Local, in minor amounts
Rare

Fic. 7. Paragenetic sequence for the first stage of mineralization (including observations of Bowditch, 1935, Lacy,
1949, and Einaudi, 1968, 1977). Pyrite generations according to Lacy (1949). Pyrite I is coarse grained (>500 um); pyrite
II is fine grained (~50 um). This sequence reflects the evolution of a fluid in time and space; therefore, minerals precip-
itating in the outer zones (right part of the diagram) may be contemporaneous with other minerals in the inner zones (left
part of the diagram).
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TaBLE 2. Selected Whole-Rock Analyses of Mineralized Samples from the Second-Stage Replacement Orebodies Hosted in Pucard Carbonate Rocks
and from Western Enargite Veins Hosted by the Diatreme Breccia, Cerro de Pasco

Au Ag Bi Sh Su As Sn Zn Pb
Zone Sample no. Location (ppb) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (%) (%)
Carbonate-replacement bodies
Core cpr 149 N-9964, E-9575, 4320m b.d.l. 184 2385 31200 48018 4280 b.d.l. 0.8 1.3
Intermediate cpr 82 CP-00-108 (34.00m) b.dl 29100 10100 56600 77200 3200 b.d.l 1.16 0.38
Outer (close to
intermediate)  cpr 77 CP-00-108 (13.00m) b.d.l 348 b.d.l 473 262 1250 b.d.l 3.75 b.d.l
Outer cpr 76 CP-00-108 (9.70m) b.d.l. 150 b.d.l. 110 480 1090 b.d.l. 45 5.95
Outermost cpr 89 CP-00-108 (74.70m) b.d.l. 5 b.d.l. 101 29 33 b.d.l. 2.6 0.25
Western enargite-pyrite veins
Core zone cpr 109 W open pit 416 186 267 5860  >99999 43100 b.d.l. 0.38 0.02
Core zone cpr 124 W open pit b.d.L 103 14 7750 >99999 49700 b.d.L 0.08 0.1
Core zone cpr 135 W open pit 2960 81.2 49 795 8674 2670 b.d.L 0 0.03
Intermediate cpr 137 W open pit 11500 216 761 20300  >99999 10500 b.d.L 0.18 0.15
Intermediate cpr 139 W open pit 16200 216 268 11000 76404 27300 b.d.l. 0.13 0.03

Notes: All samples were analyzed with ICP + INNA except samples cpr 82 and 76, which were analyzed with XRF; analytical methods: XRF = X-ray flu-
orescence spectroscopy; INNA = instrumental neutron activation analysis; ICP = “near total” digestion ICP-MS; b.d.. = below detection limits
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Pyrrhotite body

— — Not to scale
Transition Transition
zone zone

Pyrite-quartz body

Sphalerite, galena, pyrrhotite, pyrite,
arsenopyrite, chalcopyrite

Transition zone: Fine grained mixture of
pyrite, marcasite, (sphalerite, galena)

B
]

} Zn-Pb ore

Zn-Pb ore

Pyrrhotite, sphalerite, chalcopyrite, stannite ‘
(constitutes locally an assemblage)

Pyrrhotite, quartz, wolframite (present

Pipe-like
as assemblage only in the deeper pyrrhotite
Pyrrhotite, arsenopyrite, sphalerite, pyrite, portions of the pipes) bodies
chalcopyrite

F1G. 8. Schematic zoning of pipelike pyrrhotite bodies and related Zn-Pb ores from the first mineralization stage, based
on Einaudi (1977) and this study.

locally favorable Pucard beds, mainly dolo-arenite horizons.
The carbonate-replacement orebodies have an irregular
upward-flaring pipelike shape with a diameter ranging from
50 cm to 50 m (Figs. 9, 10, 11). Most of these bodies show an
inclined plunge (between 25° and 60°) in the direction of the
diatreme-dome complex. The morphologies and sizes of the
main orebodies are listed in Table 3. The Matagente area con-
tains two main orebodies, Cuerpo Nuevo and Manto V, as

well as two smaller ones, Peggy and Rosita (Fig. 3). The
Cayac Noruega body is located in the central part of the open
pit (Fig. 3).

The San Alberto orebody, located in the northern open pit,
is hosted by an elongated northeast-southwest, subvertical
body breccia consisting of angular and subangular clasts of Pu-
card Group rocks, up to 5 cm in size, with a rock-flour matrix
of the same composition (Fig. 6G). The breccia is recognized
to extend from the bench 4350 to 4100 and crosscuts bedding.
In the benches of level 4200 and deeper, the breccia contains,
in addition to Pucard carbonate fragments, clasts of Excelsior
Group phyllite. This breccia is probably related to fluid escape
controlled by faults following a N 35° E direction.

The Uliachin and El Pilar orebodies, located 500 m south
and 200 m east of the open pit, respectively (Fig. 3), also

]

Pyrite-quartz body

J

belong to the second-stage carbonate-replacement orebodies
and have been mined since ancient times.

Mineral zoning

The orebodies replacing carbonate rocks show a well-de-
veloped lateral and vertical zoning (Fig. 12). (1) A core zone
comprises the assemblage famatinite-pyrite accompanied by
alunite. It is surrounded by (2) an intermediate zone with the
assemblage pyrite-tetrahedrite + bismuthinite-stibnite solid
solution with kaolinite and aluminum phosphate sulfate
(APS) minerals such as hinsdalite and (3) an outer Zn-Pb—-rich
zone with the association pyrite + sphalerite + galena, accom-
panied by kaolinite and quartz. (4) The outermost zone is
characterized by Fe-Mn-Zn-Ca-Mg carbonates + hematite +
magnetite. The best developed zones are the intermediate

pyrite-tetrahedrite + Bi mineral zone and the outer sphalerite
+ galena zone, which are economic, whereas the core zone is
only weakly developed and in part absent.

This zoning is typical for all orebodies in the Cerro de
Pasco pit except the breccia-hosted San Alberto orebody,
where only the outer Zn-Pb and the outermost zones are rec-
ognized. Figure 13 shows a paragenetic sequence for each
zone. This sequence must be viewed as the evolution of a
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F1c. 9. Three-dimensional block diagram, showing the Cerro de Pasco deposit with possible fluid path for the two min-
eralizing events. Black arrow is for the first mineralization stage, mainly following the north-south structures, and white arrow
is for the second mineralization stage. The fluids for the enargite-pyrite veins followed east-west structures, whereas the flu-
ids responsible for the carbonate-replacement orebodies followed structures along the N 35° E, N 120° E, and N 170° E

faults.

fluid in time and space; therefore, minerals precipitating in
the outer zones (right part of the diagram) may be contem-
poraneous with other minerals in the inner zones (left part of
the diagram). Table 4 lists the chemical formulas of uncom-
mon sulfosalts present at Cerro de Pasco.

Core zone (famatinite-pyrite): The core zone is generally
less than 5 to 20 ¢cm wide and has been observed at the 4320
bench outcrop in the Cuerpo Nuevo orebody, in the Cayac
Noruega, and Manto V orebodies. Cuerpo Nuevo consists of
a well-zoned replacement body. The bulk rock texture is fine
grained (150 um) and friable, showing a grayish color. The
sulfide assemblage in the core consists of famatinite-pyrite.
Famatinite occurs as subidiomorphic roundish grains (avg 100
um diam), in part showing crystallographic faces and com-
monly replaced and overgrown by tetrahedrite-tennantite
(Fig. 14D). Locally, tetrahedrite grains contain relics of fama-
tinite, suggesting that the replacement of famatinite by tetra-
hedrite was nearly complete. Famatinite is close to stoichio-
metric, with arsenic contents less than 5 wt percent (Table 5).
Pyrite occurs as euhedral grains, which average 80 to 200 um
in diameter, and is in direct contact with famatinite and does
not show any reaction rim. Late fine-grained (<20 um) pyrite

is present, generally disseminated within kaolinite. In the
core zone, Cu grades in hand specimens are up to 1 wt per-
cent and locally up to 4.8 wt percent (Table 2).

Alunite, quartz, and kaolinite occur in the core zone; alu-
nite is present as small idiomorphic crystals (1040 um)
within famatinite and tetrahedrite (Fig. 14B, E). Quartz oc-
curs as idiomorphic crystals, commonly within pyrite (20-60
um; Fig. 14C). The presence of abundant kaolinite (10-30 vol
% of the rock) is responsible for the rock being friable.

The core zone overprints an early quartz and pyrite assem-
blage which was deposited along the N 120° E and N 170° E
faults present in the open pit (Fig. 3). Quartz occurs as euhe-
dral grains with an average size of ~100 um, and pyrite occurs
as subhdral to euhedral grains (up to 100 um). Locally, pyrite
contains rare inclusions of pyrrhotite (up to 20 um), which
could be part of the first stage. The quartz-pyrite assemblage
appears to shield the vein walls and thereby may have pro-
moted the development of a high-sulfidation assemblage in
the core zone.

Intermediate zone (tetrahedrite-pyrite + Bi minerals): The
transition between the core and the intermediate zones is
gradual and is marked by the assemblage pyrite-tetrahedrite
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F1G. 10. Three-dimensional view of the Manto V orebody. The body has an upward-flaring pipelike shape as shown in the
scheme B. Above 4,320 m, the body is oxidized to an Ag-rich material consisting mainly of Fe oxides and silica (pacos).

+ Bi minerals (Fig. 13). The intermediate zone has been ob-
served in drill hole CP-00-108 and in the 4320 bench at
Cuerpo Nuevo. The ore contains abundant pyrite (5-40 vol
%) and kaolinite and/or dickite (5-50 vol %) and has a friable
texture. The rock is generally fine grained (150-200 um) but,

locally, pyrite and tetrahedrite are visible at macroscopic scale
(rarely up to 1-2 mm: Fig. 14A). Grades in the intermediate
zone can locally reach up to 2,000 g/t Ag, up to 1 wt percent
Bi, up to 7 wt percent Cu, up to 5 wt percent Sb, up to lwt
percent Zn, and up to 0.4 wt percent Pb (Table 2).

TABLE 3. Morphology Characteristics of the Second Mineralization Stage Main Orebodies at Cerro de Pasco

Minimum down-

Orebodies Trend Plunge Size (m) plunge distance (m)  Zonation Host rock
Matagente area
Cuerpo Nuevo N 120° E 60° S 400 x 100 400 Yes Pucari carbonate
Manto V E-W, N 60° W 30°W 500 x 80 160 Yes Pucari carbonate
Diamante area
Cayac Noruega N 170° E 55°S 50 x 50 110 Yes Pucard carbonate
San Alberto N35°E 50° SW 30 X 50 200 No Breccia
East-west enargite-pyrite veins
Central and north N 70°-90° E, 80°-90° S, 2 X 500 760 Yes Diatreme breccia and
open pit N 120° E 80°-90° N pyrite-quartz body
Southern part N 60°-70° E, E-W 80°-90° N Yes Excelsior phyllite
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[ ] Outermost zone (hematite, magnetite, Fe-Mn-Zn-Ca-Mg carbonates)

Fic. 11. A. Northeast-southwest cross section (D-D'), showing the geom-
etry of zonation in the Cuerpo Nuevo orebody. Note that the lower part is un-
known but appears to continue downdip of the body. Core and intermediate
zones have been merged (drawn from surface and drill hole data). B. North-
east-southwest cross section (E-E') on the Cayac Noruega replacement ore-
body in the central part of the open pit (drawn from surface and drill hole

data).

The main Ag-Bi-Cu sulfosalts include tetrahedrite, cupro-
bismutite, bismuthinite-stibnite solid solution series,
matildite, emplectite, and chalcopyrite. Tetrahedrite grains
containing relicts of famatinite suggest nearly complete re-
placement of famatinite by tetrahedrite (Fig. 14E). In addi-
tion, single grains commonly show oscillatory As-Sb zoning,
the cores being richer in Sb (Fig. 16A). Electron microprobe
analyses indicate two populations of tetrahedrite (Fig. 15).
Tetrahedrite replacing famatinite (Fig. 16C) falls in the com-
positional field of tetrahedrite (Nickel, 1992), whereas the
other population falls in the field of tetrahedrite-tennantite
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and Bi-bearing tetrahedrite. The latter occurs always in the
presence of bismuth minerals. Copper contents in tetra-
hedrite range from 34 to 43 wt percent, Sb contents are 0.36
to 28.4 wt percent, and As contents are 0.79 to 9.8 wt percent
(Table 5). On average, tetrahedrite contains 8 wt percent Bi
(up to 18 wt %), 4 wt percent Zn, and 2 wt percent Fe (Table
5). Grains with bismuthinite-stibnite solid solution series
occur as laths and, under crossed polars, are strongly
anisotropic in reflected light. SbhaS3 contents are between 16
and 26 wt percent. At the margin of grains of bismuthinite-
stibnite solid solution, where it is replaced by tetrahedrite, a
thin rim (<4 gm) of an unknown mineral occurs (Fig. 16B).
Emplectite (~100 um) is greenish in plane-polarized re-
flected light, is generally replaced by cuprobismutite, and
contains an average of 61.8 wt percent Bi and 19.9 wt percent
Cu (Table 5). Cuprobismutite (up to 200 mm) occurs as laths
and is characterized by a strong bright white color in reflected
light. Cuprobismutite contains 65 wt percent Bi, 12 wt per-
cent Cu, and between 2.9 and 4.7 wt percent Ag (Table 5). In
places matildite forms an outer rim (5-10 gm) of bismuthi-
nite-stibnite solid solutions, the whole being surrounded by
tetrahedrite. Matildite is also present as xenomorphic grains
within tetrahedrite; the xenomorphic grains average 50 ym in
diameter (Fig. 16D) and are close to stoichiometric in com-
position, with 54.8 wt percent Bi, 28 wt percent Ag, and 16.5
wt percent S (Table 5). Chalcopyrite occurs in the tetra-
hedrite as small blebs (50-70 #m) and occurs locally with cov-
ellite. Traces of covellite replace along fractures most Cu-
bearing minerals.

Additional sulfides that occur in the intermediate zone are
minor antimonpearceite, colusite, and sphalerite. Antimon-
pearceite is present as inclusions (40-50 um diam) in tetra-
hedrite (Fig. 16D). Antimonpearceite contains between
64.8 and 67 wt percent Ag, 6.6 to 8 wt percent Cu, 5 to 7 wt
percent Sb (one sample as low as 2 wt % Sb: Table 5), and
between 1 and 2 wt percent As. Bismuth contents reach up
to 4.8 wt percent (one sample up to 7.3 wt %, Table 5). Co-
lusite was found in two samples as small crystals (50 ym) ad-
jacent to tetrahedrite and lacks replacement textures. It is
thus considered that pyrite-tetrahedrite-colusite is an equi-
librium assemblage (Fig. 16E). Late pyrite occurs with
kaolinite as small euhedral grains (10 um) and cements
brecciated sphalerite (Fig. 16F). Sphalerite compositions
range from 0.1 to 4 mol percent FeS, although the average
value is ~1 mol percent.

Kaolinite, quartz, alunite, and hinsdalite, an aluminum
phosphate sulfate (APS) mineral (Fig. 17A) occur in the in-
termediate zone. Alunite gives way to hinsdalite from the core
to the intermediate zone. Hinsdalite and alunite occur locally
as small euhedral grains (10 #m) within colusite. Barite is also
present in the intermediate zone. Kaolinite and APS mineral
contents vary in this zone from 5 to 50 vol percent. APS min-
erals normally have Sr contents between 5.5 to 7.4 wt per-
cent, Pb contents of 6.4 to 8.4 wt percent, and Ca contents
between 2.4 and 2.7 wt percent. Quartz occurs as euhedral
grains in pyrite.

Outer zone (sphalerite + galena + pyrite + Ag sulfosalts):
The transitions from core to intermediate zone and outer zone
are gradual. The outer zone consists of a friable sphalerite-
bearing material, and near the outermost zone it becomes
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Sphalerite, galena, pyrite, kaolinite, hinsdalite, quartz, barite, dickite (Zn=2-7%, Pb=0.8-4%, Cu<1%, Ag<150 g/t, Bi<0.5%)
Outer most zone
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F1c. 12. Idealized zonation based on mapping of the 4320 bench and drill hole (CP-00-108) descriptions (modified from
Baumgartner et al., 2003). For whole-rock analyses of typical mineralized samples (see Table 2).
TaBLE 4. Chemical Formula of Uncommon Sulfosalts and more massive. Sphalente is hght brown or colorless and oc-
Gangue Minerals Present at Cerro de Pasco curs mainly as small grains (avg 50 um to 1 mm, rarely up to
Minerals Chemical formula 2 mm in size). FeS contents in sphalerite are low, from 0.01

to 3.5 mol percent. In the intermediate to outer zones the av-

Major ore minerals
Famatinite
Tetrahedrite
Bi tetrahedrite-tennantite
Bismuthinite-stibnite solid solution series!
Cuprobismutite

CusSbS,

(Cu,Fe)12SbaS13

(Cu,Fe,Bi,Zn ,Ag)12<Sb,A5)4813
(Bi,Sb)Sg

CuyoBii2S23

Subordinate ore minerals

Matildite AgBiSy

Emplectite CuBiS;
Antimonpearcite (Ag,Cu)(Sb,As)2S11
Colusite CugsVa(As,Sn,Sb)Ss
Proustite Ag3AsSs3

Jordanite Pbi4(As, Sh)sSa3

Gangue minerals

Alunite KAl3(SO4)2(OH)s
Hinsdalite (Pb,Sr)Al3(PO4)(SO4)(OH)s
Svanbergite (SrAl3(PO4)(SO4)(OH)s)

erage FeS content in sphalerite is less than 2 mol percent,
whereas in the outermost zone it is slightly higher (up to 4.7
mol %).

Galena is also present (50 um to 1 mm, up to 5 mm in size)
and generally replaces, or less commonly is replaced by, spha-
lerite. Locally, it overgrows sphalerite and pyrite. Whole-rock
analyses of typical ore indicate Zn contents up to 45 wt per-
cent, Pb up to 6 wt percent, and Ag up to 300 ppm (Table 2).

Where Ag sulfosalts are present, they occur near the con-
tact with the intermediate zone and only in minor amounts.
Silver and Pb sulfosalts, such as proustite and jordanite, are
present as ~50- to ~30-um inclusions in galena replacing
pyrite (Fig. 17B). Sphalerite abundance diminishes through
the outer to the outermost zone, and galena is the main con-
stituent of massive galena-bearing ores on the external mar-

1 Bi content: 64.3-69.0%, BisSs between 73.6 and 83.2

gins of the outer zone. Hinsdalite and svanbergite abundances
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SECOND MINERALIZATION STAGE IN CARBONATE REPLACEMENT BODIES

Assemblages or associations typical for a zone

Bi,S5-Sb,S; ss.
antimonpearcite ———
colusite
cuprobismuthite
emplectite

sphalerite
matildite
galena
proustite
jordanite
stephanite
magnetite
hematite

quartz
carbonates
kaolinite

famatinite-pyrite pyrite-tetrahedrite + pyrite + galena + sphalerite | hematite+magnetite+
Bi-minerals Mn-Fe-Zn
Zone Early quartz
. . Core zone Intermediate zone Outer zone Outer most zone
Minerals and pyrite
pyrrhotite - ==
pyrite -— - ——  — — j— —
famatinite -_—l
tetrahedrite —

chalcopyrite -

hinsdalite

alunite
woodhouseite
svanbergite
barite

mole% FeS in sphalerite

0-2.5 mole % FeS

0-3 mole % FeS 0-6.5 mole % FeS

Minerals present in the association

Major, ubiquitous
Common

Uncommon

Local, in minor amounts
Rare

F1G. 13. Paragenetic sequence of the Cordilleran base metal replacement orebodies. This sequence reflects the evolution
of a fluid in time and space; therefore, minerals precipitating in the outer zones (right part of the diagram) may be contem-
poraneous with other minerals in the inner zones (left part of the diagram).

decrease from the intermediate to the outer zone. Kaolinite is
abundant in the outer zone and is responsible for the friable
texture of the Zn-Pb ore.

Outermost zone (magnetite + hematite + Fe-Mn-Zn-Ca-Mg
carbonates: The outermost zone contains magnetite, hematite
(typically blades of 50-100 #m length), and, adjacent to Pu-
card limestones, Fe-Mn-Zn-Ca-Mg carbonates and hydro-
thermal dolomite. Sphalerite and galena are subordinate and
constitute less than 2 vol percent of the outer zone. These
minerals occur intergrown with hematite and magnetite grains
(up to 100 um in size) and, rarely, with Fe-Mn-Zn-Ca-Mg car-
bonates. Sphalerite has a slightly higher FeS content than in
the outer zone (up to 4.7 mol %). Textural relationships be-
tween hematite and magnetite are complex. Locally, hematite
is replaced by magnetite and subsequently replaced by pyrite

(Fig. 17C-D). Late euhedral pyrite occurs with Fe-Mn-Zn-
Ca-Mg carbonates. The external margins of the outermost
zone locally consist of massive Fe-Mn-Zn-Ca-Mg carbonates,
typically (Feos 09, Mnoi-o4, Znoi-02s, Caooi-0.00, Mgo.01-0.015)
COsg, that are easily recognized in the field because of their
high specific gravity. These carbonate minerals contain euhe-
dral pyrite grains that are up to 50 um in size.

Second Mineralization Stage Enargite-Pyrite Veins
Enargite-pyrite veins in the western part of the deposit

The irregular, up to 2-m-wide Cu-Ag-Au-(Zn-Pb) veins in
the western part of the deposit strike N 70-90° E and dip
steeply to the south in the central and northern parts of the
open pit and strike N 120° E with steep dips to the north in
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Fic. 14. A. Hand specimen of the intermediate zone with abundant kaolinite and tetrahedrite (CPR 82). B-E. Typical
views of the Cu-rich core and the Ag-Bi-rich intermediate zone in reflected light (plane-polarized light, except where noted
otherwise). B. Idiomorphic alunite within famatinite, Cuerpo Nuevo, oil immersion, CPR 149. C. Idlomorphl(, quartz within
early pyrite, Diamante, CPR 84. D. Tetrahedrite as subidiomorphic overgrowth on famatinite and partly as replacement,
Cuerpo Nuevo, CPR 149. E. Idiomorphic alunite within pseudomorphic tetrahedrite after famatinite, oil immersion, CPR
149, Cuerpo Nuevo. F. Emplectite (gray), bismuthinite-stibnite (white), and chalcopyrite (yellow). Note the presence of su-

pergene covellite (CPRS1).

its southern part (Fig. 18). They are anamostosing veins with
a maximum strike length of 500 m and extend to a depth of
at least 760 m (Fig. 18). The veins are mainly hosted by the
diatreme breccia. Where they enter the adjacent pyrite-
quartz body, they form horsetails which terminate to the east
before entering the carbonate rocks (Fig. 3). In places, they
crosscut the Zn-Pb ores of the first mineralization stage.
Ward (1961) reported that some veins in the footwall of “vein
43” were mined for enargite in their deeper levels and for

galena and sphalerite in their upper portions, suggesting a
vertical zonation.

The veins individually show a less well-developed zonation
than the carbonate-replacement orebodies and consist of an
enargite-pyrite core, an intermediate zone of tennantite, stib-
nite, and Bi minerals, and a poorly developed outer zone with
small amounts of Fe-poor sphalerite and galena. The best de-
veloped ore, the enargite-bearing zones, were exploited for
copper until 1950. In the following, as well as in Figure 19,
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TABLE 5. Electron Microprobe Analyses on Complex Sulfosalts from the Second-Stage Replacement Bodies and Veins

Sample S Fe Cu Zn As Ag Sn Sb Pb Bi
Mineral no. (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) Total
Core zone
Famatinite (avg n=23) cpr 149 29.84 0.02 43.72 0.02 3.66 0.02 0.18 22.67 b.d.l 0.03 100.13
Enargite cpr 109 32.79 0.06 48.04 0.02 17.76 0.03 b.d.lL 0.49 n.a. 1.57 100.87
Luzonite cpr 137 31.07 0.38 45.23 b.d.L 11.76 0.03 n.a. 10.15 n.a. 0.03 98.74
Intermediate zone
Tetraedrite cpr 149 24.98 0.15 37.07 7.73 0.79 0.39 0.20 28.45 b.d.lL b.d.lL 99.77
Bi tetrahedrite cpr 149 23.29 1.22 36.91 6.82 2.67 1.38 0.14 22.97 b.d.l 4.24 99.64
Tennantite cpr 109 28.15 1.64 43.82 6.12 18.00 0.00 n.a. 2.33 b.d.lL b.d.lL 100.08
Cuprobismutite cpr 81 18.41 0.10 12.70 0.07 b.d.l 3.30 0.00 0.34 b.d.l 65.62 100.55
Emplectite cpr 81 18.36 0.08 19.81 0.06 b.d.lL 0.12 0.00 0.14 b.d.lL 62.07 100.68
Matildite cpr 82 16.55 0.09 1.25 0.15 b.d.l 27.90 0.00 0.00 b.d.l 54.65 100.59
Antimonpearcite cpr 82 15.07 0.05 777 0.14 0.65 65.70 0.00 7.54 b.d.L 3.38 100.31
Bismutinite-stibnite
ss. series cpr 149 20.27 0.04 0.52 0.11 b.d.lL 0.07 0.15 11.20 b.d.lL 67.95 100.31
Proustite (avg n=23) cpr 77 18.02 0.07 0.12 0.46 12.73 64.99 0.00 0.66 b.d.l b.d.l 97.00

Notes: b.d.l. = below detection limits, Cd was always below detection limits, n.a. = not analyzed

observations on veins 25, 43, 44, and 79 (Fig. 3) are syn-
thetized, in part integrating results of Jobin (2004).

Core zone of veins (enargite+ pyrite): Prior to the deposi-
tion of enargite, minor amounts of early pyrite-quartz were
precipitated. This pyrite is well crystallized and can be com-
pared to pyrite I of the pyrite-quartz bodies, although no
pyrrhotite or pyrrhotite inclusions have been observed. Enar-
gite grains form massive aggregates and also are found in
vuggy quartz (>90-95% SiOs, Fig. 20A) developed in the di-
atreme breccia. Luzonite typically replaces enargite, but in
one sample the opposite was observed. A later pyrite replaces,
coats, and is replaced by enargite and luzonite, indicating that

Bi
100

e
o ©

Tetrahedrite

@ Tetrahedrite replacing famatinite

Tennantite

pyrite was deposited throughout the paragenesis. Repeated
banding of pyrite and enargite occurs locally.

In the innermost part of the veins, enargite occurs as
xenomorphic grains (100-800 gm), which can reach up to 2
mm in size (F ig. 20B). Arsenic contents in enargite range
from 15 to 18.3 wt percent, and Sb contents are less than 4
wt percent (Table 5). Antimony contents in luzonite reach 10
wt percent, and As ranges from 11.7 to 17.3 wt percent. Cop-
per and As grades in hand specimens are ~8 and ~2.6 wt per-
cent, respectively (Table 2). Several enargite- and tennantite-
bearing samples have high Au concentrations (up to 16 g/t:
Table 2).

in carbonate
Tetrahedite-tennantite in replacement orebodies

samples bearing Bi-minerals

[ ] Tennantite in enargite-pyrite veins

100

Qe ——

Sb 50

=
 —

As

Fi1c. 15. Tetrahedrite-tennantite composition in second-stage veins and replacement orebodies. There are two tetra-
hedrite-tennantite populations in replacement orebodies, one Bi poor (solid circles) and another Bi rich (note the positive
Bi-As correlation). Bi-rich tetrahedrite-tennantite occurs only in samples carrying Bi minerals, such as bismuthinite-stibnite
solid solution, emplectite, or cuprobismuthite. Classification based on Nickel (1992).
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FIG. 16. Photomicrographs from the core and intermediate zones. A. Famatinite crystal showing compositional variations
(backscattered electron (BSE) image, CPR 149). B. Overgrowths of tetrahedrite and bismuthinite-stibnite solid solution se-
ries on famatinite. A rim of matildite is observed. Note reflection anisotropy of famatinite. The undetermined mineral (gray)
is too small to identify, Cuerpo Nuevo, plain-polarized reflected light, CPR 149. C. Famatinite replaced and overgrown by
idiomorphic tetrahedrite (BSE, CPR 149). D. BSE image showing blebs of antimonpearcite and matildite within tetra-
hedrite. Without BSE, antimonpearcite is difficult to distinguish from tetrahedrite; the BSE image reveals the texture of an-
timonpearcite. Matildite may also be mistaken for galena without BSE (BSE image, CPR 82). E. Local assemblage of pyrite-
tetrahedrite-colusite (plain-polarized reflected light, CPR 84). F. Brecciated sphalerite cemented by late pyrite,

plain-polarized reflected light, CPR 74.

Alunite occurs in the veins and is, in places, coated by
pyrite (Fig. 20C). Alunite has not been observed in contact
with enargite. Quartz, zunyite, and alunite form an assem-
blage (typical of advanced argillic alteration), accompanied by
diaspore and APS minerals (e.g., svanbergite and woodhouse-
ite: Table 4) in a 2- to 10-cm-wide halo around the veins.

Barite plates, up to 1 em, occur in the veins and overgrow
enargite and pyrite, for example, in vein 25.

Intermediate zone of veins (tennantite-pyrite + chalcopyrite
+ bornite + chalcocite): Tennantite, pyrite, chalcopyrite, bor-
nite, chalcocite, and minor stibnite and bismuthinite, as well
as bismuthinite-stibnite solid solution, are present in the
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FIc. 17. A. Backscattered electron image showing hinsdalite, kaolinite, and pyrite from the intermediate zone, CPR 81.
B. Proustite and jordanite as inclusions in galena, Cayac Noruega, (plain-polarized reflected light, CPR 77. C-E. Photomi-
crographs of the outermost zone. C. Hematite replaced by magnetite (plain-polarized reflected light, CPR 433). D. Pyrite
replacing magnetite, magnetite replacing hematite (plain-polarized reflected light, CPR 433). E. Magnetite replaced by
hematite (plain-polarized reflected light, CPR 439).

intermediate zone and are accompanied by APS minerals. Ten-
nantite replaces grain boundaries as well as whole grains of
enargite and luzonite. In turn, tennantite grain boundaries are
replaced by iron-poor sphalerite (0.2-2.6 mol % FeS). Chal-
copyrite occurs as tiny grains (<150 gm) replacing enargite and
luzonite and overgrows tennantite. Chalcopyrite also replaces
bornite along crystallographic planes (Fig. 20D). Although

ubiquitous, chalcopyrite is less abundant than tennantite and

locally fills brecciated pyrite (Fig. 20E). Stibnite, bismuthinite,
and bismuthinite-stibnite solid solution generally consist of
minute grains (<20 um) within enargite and luzonite (Jobin,
2004). Arsenic and Sb contents in tennantite range from 13.3
to 18.8 and 1.2 to 8 wt percent Sb, respectively (Table 5).

The APS minerals, svanbergite and hinsdalite, occur in
the intermediate zone and are accompanied by kaolinite and,
locally, sericite.
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Fic. 18. North-south cross section, showing the limits of the pyrite-quartz body and relative position (projection) of all
estimated copper veins and orebodies. Modified from Rivera (1970).

Outer zones of veins (sphalerite + galena + pyrite): Spha-
lerite and galena occur in the outer zone which has a typical
width of a few millimeters to centimeters and is weakly de-
veloped. They are present as small grains (50-200 um), gen-
erally replacing tennantite. FeS contents of sphalerite are low
(0.2-2.6 mol % FeS). Zinc and Pb were only economic in the
upper portions of vein 43 (Ward, 1961).

Small amounts of kaolinite and sericite are the only ob-
served alteration minerals. Sericite in the outer zone is diffi-
cult to distinguish from that of the muscovite-pyrite-quartz al-
teration halo developed in the diatreme breccia at the contact
with the pyrite-quartz body.

Enargite-pyrite veins in the southern part of the deposit

In the southern part of the diatreme, a series of large enar-
gite-pyrite veins, which are presently inaccessible, occupy
curved and branched fractures (San Anselmo vein system;
Fig. 3). These veins strike from N 60°-70° E through east-
west (Ward, 1961). According to previous descriptions
(Bowditch, 1935; Ward, 1961), the vein mineral assemblage is
similar to the western east-west enargite-pyrite veins hosted
by the diatreme breccia and the pyrite-quartz body. However,
in the enargite-pyrite veins in the southern part of the open
pit, silver minerals such as Ag-rich tetrahedrite are more
abundant and chalcopyrite is present. Gold contents are
“high” (Ward, 1961), although no values are published. Native
gold has been reported by Lacy (1949).

South of the main open pit, in the Santa Rosa pit (Fig. 4),
high Au grades (up to 90 ppm: Henry, 2006) occur in strongly

oxidized enargite-pyrite veins in the diatreme breccia and
phyllite and shale of the Excelsior Group. These strongly ox-
idized veins contain goethite and earthy hematite accompa-
nied by alunite, zunyite, diaspore, and quartz. Pervasively ad-
vanced argillic-altered porphyritic rocks (probably quartz
monzonite dikes) are present in the Santa Rosa open pit.
Alunite crystals are commonly mantled with Fe oxides and
crystals do not exceed 300 um in size. Petrographic observa-
tions reveal that inclusions of woodhouseite, an APS mineral,
are abundant in this zone. The oxidized portions occur along
the extension of the southern Excelsior phyllite-hosted enar-
gite-pyrite veins (San Anselmo, Bolognesi, and Cleopatra
veins).

Copper orebodies within the pyrite-quartz body

Graton and Bowditch (1936) and Ward (1961) reported
more than 50 copper orebodies in the pyrite-quartz body
(Fig. 18), but they were not observed in our study. The cop-
per bodies in the eastern extremity of the pyrite-quartz body
were described as pipes, possibly indicating the replacement
of limestones (Ward, 1961). The copper bodies are reported
to contain enargite and tennantite (i.e., a mineral association
similar to that in the east-west—trending enargite-pyrite veins
in the diatreme-dome complex) rather than famatinite and
tetrahedrite, which is more typical of the core zones of the
carbonate-replacement orebodies. Tennantite is reported to
be argentiferous, and hypogene chalcocite replaces chalcopy-
rite and bornite (Ward, 1961).
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SECOND MINERALIZATION STAGE IN DIATREME-HOSTED VEINS

Assemblages and associations typical for a zone

enargite-pyrite

pyrite + galena +
sphalerite

pyrite-tennantite

Zonation
Minerals Core zone

Intermediate

Z0ne Outer zone

pyrite Ill
enargite
pyrite IV
luzonite
bornite
digenite
covellite
stibnite
bismuthinite-stibnite s.s
tennantite
chalcopyrite
sphalerite
galena

barite
quartz
alunite
kaolinite
dickite
svanbergite
hinsdalite
muscovite

supergene

mol% FeS in sphalerite

0.24 -2.6

Always
Uncommonly

Rarely

Commonly, but not always

Minerals present in the assemblage

Not always and, where present, only in minor amounts

Fi1c. 19. Paragenetic sequence of the second-stage veins hosted in the diatreme breccia. This sequence reflects the evo-
lution of a fluid in time and space; therefore, minerals precipitating in the outer zones (right part of the diagram) may be
contemporaneous with other minerals in the inner zones (left part of the diagram).

Oxidized veins at Venencocha

In the Venencocha area, located 2.5 km northwest of the
Cerro de Pasco open pit, oxidized veins are observed in the
diatreme breccia and mainly controlled by ring structures
around the north and northwestern margins of the diatreme
(possibly subsidence faults; Fig. 2). They contain massive
goethite-jarosite and minor hematite and have an alteration
halo consisting of alunite, quartz, zunyite, and diaspore, typ-
ical of advanced argillic alteration. Gold anomalies have been
detected in the center of the oxidized veins (up to 1 g/t) and
decrease toward their borders. Although oxidized, these
veins are similar to the enargite-pyrite veins in the western
part of the open pit; therefore, they are considered to be part
of the second mineralization stage. Advanced argillic-altered
dacitic domes with alunite and quartz and with small
amounts of zunyite, diaspore, and pyrite are also present.
This advanced argillic alteration may be related to the sec-
ond-stage enargite-pyrite veins or an earlier hydrothermal
pulse.

Supergene Oxidation

Supergene oxidation locally reaches down to a depth of 100
m below surface. In the eastern part of the deposits, super-
gene oxidation of carbonate-replacement orebodies produced
Ag- and Pb-rich oxidized ores (“pacos”) of economic impor-
tance in the past, mainly in the Matagente area. These ores
consist of quartz, calcite, limonite, native silver, cerussite,
jarosite, calamine, smithsonite, and anglesite (Bowditch,
1935; Amstutz and Ward, 1956).

Cathodoluminescence and Fluid Inclusion
Petrography and Microthermometry

All fluid inclusions measured are two-phase (liquid +
vapor) aqueous inclusions and have sizes between 10 and 45
um; the microthermometric results are summarized in Table
6 and the results for different fluid inclusion assemblages
plotted in Figure 23. Microthermometric measurements
were conducted on fluid inclusions belonging to the same
fluid inclusion assemblage, as defined by Goldstein and
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tennantite

luzonite

F1c. 20. A. Vuggy quartz in the diatreme breccia with enargite filling the open spaces. B. Enargite-pyrite vein with luzonite
replacing enargite and tennantite replacing luzonite (plain-polarized reflected light, CPR 139). C. Alunite in pyrite-quartz
body with pyrite coating alunite, indicating a hypogene origin of the latter (CPR 199). D. Chalcopyrite replacing bornite along
crystallographic planes (plain-polarized reflected light, CPR 607). E. Brecciated pyrite cemented by chalcopyrite. F. Tennan-
tite, sphalerite, and galena replacing luzonite along grain boundaries in an enargite-pyrite veins (plain-polarized reflected light,

Fpe-131-4). Abbreviations: bn = bornite, cp = chalcopyrite, cv = covellite, dg =

Reynolds (1994), and occurring in a single and distinguish-
able growth zone or defining a single healed microfracture.
Raman spectroscopy on selected samples failed to detect CO»
or other condensed gases (detection limit of 0.13 mol %:
Rosso and Bodnar, 1995). In addition, no clathrate formed
during freezing, indicating that COs,, if present, must be in
very low concentrations (Rosso and Bodnar, 1995). Because

digenite, enr = enargite, py = pyrite.

the hydrothermal system formed close to the present surface,
and therefore was likely under hydrostatic conditions, no
pressure corrections have been applied.

Pyrite-quartz body (first mineralization stage)

Cathodoluminescence imaging in quartz grains from the
pyrite-quartz body shows only one dull luminescing quartz
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generation with locally brightly luminescing growth zones have homogenization temperatures and calculated salinities

(Fig. 21B). Primary fluid inclusion assemblages in quartz in the range of 200° to 275°C and between 0.2 and 11 wt per-
g ry & 1 2 P

growth zones (Table 6, Figs. 21C, 22A), here termed I,y.q. cent NaCl equiv, respectively (Fig. 23). Within single fluid

200 pm
—

Fic. 21. Tansmitted light, cathodoluminescence (CL), and transmitted light images from growth zones in quartz grains
used for the microthermometric measurements of fluid inclusions from the pyrite-quartz body (A and B, sample CPR 23c;
C, sample 23a, first mineralization stage), from the Venencocha area (D, E, and F, sample CPR 365, second mineralization
stage), from quartz grains in the enargite-pyrite veins in the western part of the open pit (G, H, and I, sample CPR 439b,
second mineralization stage), and from the carbonate-replacement orebodies in the Matagente area (], K, and L, sample
CPR 480c, second mineralization stage). Note that in (H), CL imaging reveals a magmatic quartz core (1) that shows disso-
lution borders, overgrown by texturally irregular hydrothermal quartz (2) also showing dissolution textures. This quartz is in
part overgrown by oscillating growth zones under CL in hydrothermal quartz (3).
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F1c. 22. Selected images of typical fluid inclusion occurrences from the Cerro de Pasco district. A. Fluid inclusions along
a growth zone in quartz from the pyrite-quartz body (stage Ipy.qu, sample CPR 23a). B. Isolated fluid inclusion in quartz
within pyrrhotite from the first mineralization stage (stage I, sample fpe 131-1). C. Saline fluid inclusion along a fracture
in the core of magmatic quartz (stage ITA1, sample CPR 439b). D. Vapor-rich fluid inclusions along healed cracks in the core
of magmatic quartz (stage ITA1, sampleCPR 439b). E. Fluid inclusions in a growth zone in quartz from the enargite veins,
second mineralization stage (stage ITenpy, sample CPR 439b). F. Infrared image of a fluid inclusion along a growth zone in
enargite (stage Ienpy, image from Jobin, 2004). G. Fluid inclusions in growth zone of a quartz crystal from the carbonate-re-
placement orebodies (stage Il,, sample CPR 608a3). H. Fluid inclusions along growth zones in sphalerite from carbonate-
replacement orebodies from the second stage (stage Il4, sample CPR 480). I. Isolated fluid inclusion in a growth zone in
quartz from carbonate-replacement orebodies (stage II, sample CPR 325).
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14 1 First mineralization stage
0 o Qtz in pyrite-quartz body (lpy-qtz)
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‘;C: A Qtz in pyrrhotite bodies (lpo-qtz)
E o ®m Qtz in Zn-Pb ores (Is-qtz)
o
i Second mineralization stage
E 8 - L4 o Qtz in magmatic
o o quartz cores (llgtz)
> ¢
s A )\ ¢ Qtz in enargite-pyrite
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iy % T A Slin carbonate
5 J & replacement bodies (llsi)
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Thomogenization (°C)

F1c. 23. Homogenization temperature (T1) vs. salinity (wt % NaCl equiv) of fluid inclusion assemblages, mainly in quartz
from the first and second mineralization stages and in sphalerite from the carbonate-replacement orebodies (second miner-

alization stage).

inclusion assemblages, variations in the homogenization tem-
perature are small, whereas salinities are variable (see digital
supplement to this paper available at <www.geoscience-
world.org>; members and subscribers, <www.segweb.org>).
The highest salinities (from 9-11 wt % NaCl equiv) are found
in fluid inclusion assemblages that also contain low-salinity in-
clusions (1.0 wt %: digital supplement). Two explanations can
be given for the wide-salinity variation within single assem-
blages: what is defined as an assemblage is incorrect and flu-
ids were trapped at different times, or the assemblage is real
but the inclusions have been opened after trapping and partly
reequilibrated with another fluid (e.g., Foley et al., 1989;
Simmons, 1991). We therefore consider only fluid inclusion
assemblages with limited salinity variations, mostly <7 wt per-
cent NaCl equiv; assemblages that meet this criterion have
salinities from 0.2 to 7.5 wt percent NaCl equiv for the pyrite-
quartz body. Minimum pressures range from 10 to 55 bars,
corresponding to minimum depths of approximately 100 to
600 m below the water table, assuming hydrostatic pressure.

Pipelike pyrrhotite bodies and related Zn-Pb ores
(first mineralization stage)

Quartz grains (<500 pm) within pyrrhotite from the
pyrrhotite bodies and within sphalerite from related Zn-Pb
ores are the only material available for the fluid inclusion study
in the pipelike pyrrhotite bodies; a CL study was not con-
ducted on these samples. Fluid inclusion assemblages and iso-
lated inclusions in growth zones in quartz (stage Ipo-q) within
pyrrhotite have homogenization temperatures between 192°
and 250°C and salinities between 3.7 and 12 wt percent NaCl
equiv (Table 6, Fig. 22B). Again, the higher salinities may be
the result of reopened inclusions. The salinities of assem-
blages considered reliable range from 1.1 to 4.3 wt percent

NaCl equiv Stage ILy.q, fluid inclusion assemblages in quartz
within Fe-rich sphalerite have homogenization temperatures
between 183° to 212°C, with salinities ranging from 3.2 to 7.5
wt percent NaCl equiv. The minimum estimated pressures
range between 10 and 60 bars and correspond to minimum
depths of 100 to 600 m, which agree with the minimum esti-
mates for the pyrite-quartz body.

Western enargite pyrite veins ( second mineralization stage)

Cathodoluminescence imaging on single quartz grains from
the western veins indicates the presence of multiple quartz gen-
erations. All analyzed euhedral quartz grains associated with
enargite in the core of the veins have a bright luminescing core
in CL with complex oscillatory growth zones typical of mag-
matic quartz and irregular margins indicating dissolution (1,
Fig. 21H). These magmatic cores contain melt inclusions (~50-
um glass inclusion with a shrinkage bubble) as well as two-phase
inclusions (liquid and vapor) and vapor-rich inclusions (stage
I1y,) along cracks. The magmatic quartz cores are overgrown by
hydrothermal quartz characterized by marked oscillation with
predominantly dull to dark luminescence in CL and rare
brightly luminescing growth zones (3, Fig. 21H). This hy-
drothermal quartz contains abundant aqueous inclusions in
growth zones (stage Iyyen, Figs. 211, 221). Healed fractures are
present in the hydrothermal quartz, but fluid inclusions present
in those fractures have not been measured because of their
small size. In one sample, between the magmatic quartz core
and the hydrothermal quartz with growth zones, irregularly lu-
minescing hydrothermal quartz occurs, containing minute in-
clusions of pyrite and anatase; the texture is characterized by
both dark and bright luminescent areas. The external borders of
this irregularly luminescing quartz show dissolution borders
(Fig. 21H) and contain aqueous inclusions of various shapes and
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sizes, commonly with evidence for necking down; therefore,
they were not selected for microthermometric measurements.

The two-phase fluid inclusion assemblages coexisting with
vapor-rich inclusions along cracks within the magmatic quartz
core in diatreme-hosted veins (stage Il Table 6, Fig. 22C-D)
have homogenization temperatures between 220 and 280°C
and highly variable salinities, from 1 up to 22.3 wt percent
NaCl equiv (Fig. 23). These cracks do not extend into the hy-
drothermal quartz, suggesting that the associated inclusions, in
part moderately saline (up to 21 wt % NaCl equiv), record a
previous hydrothermal pulse. Rare stage Il fluid inclusions
contain hydrohalite that disappears after ice melting, indicating
an apparent salinity between 23.2 and 26.3 wt percent NaCl
equiv (Goldstein and Reynolds, 1994). Vapor-rich inclusions
(>80 vol %) contain no detectable CO, and freezing tempera-
tures were not obtained due to unobservable phase changes.

The aqueous stage Iljyen fluid inclusion assemblages in
growth zones from hydrothermal quartz have homogeniza-
tion temperatures from 187° to 293°C and salinities between
0.2 and 5.2 wt percent NaCl equiv In one sample, fluid inclu-
sions within a growth zone coexist with a small number of
vapor-rich inclusions, for which homogenization or freezing
measurements were not possible. The minimum pressure es-
timates from stage ILey.qt, fluid inclusions range from 20 to 70
bars and correspond to a depth of 200 to 700 m below the
water table at hydrostatic pressures.

The fluid inclusions in single enargite grains from enargite-
pyrite veins of the second mineralization stage (stage Ilenpy:
Table 6, Fig. 22F), measured by Jobin (2004) using an infrared
microthermometry stage, have homogenization temperatures
between 195° and 270°C with variable salinity (3.5-9.3 wt %
NaCl equiv: Jobin, 2004). The above results should be viewed
with caution because, according to Moritz (2006), homogeniza-
tion and melting temperatures obtained by infrared light de-
pend on the light intensity and can result in an overestimation
of fluid salinities and underestimation of trapping temperatures.
According to the measurements on enargite by Moritz (2006),
the trapping temperatures may be underestimated by 15° to
25°C (i.e., 220°-295°C instead of the reported 195°-270°C).
Taking into account the temperature uncertainty, the obtained
homogenization temperatures are in agreement with the mea-
sured temperatures obtained in quartz (220°-290°C) from the
quartz-enargite assemblage. The true salinities are difficult to
evaluate, because the light intensity may dramatically affect the
final ice-melting temperatures (Moritz, 2006).

Carbonate-replacement orebodies
(second mineralization stage)

Several quartz crystals from the center and intermediate
zone of carbonate-replacement orebodies show only one gen-
eration of hydrothermal quartz based on CL imaging; they
are characterized by bright oscillatory luminescence in the
center of the crystal that becomes darker toward the borders
(Fig. 21K). Some bands contain pyrite inclusions. Fluid in-
clusions in quartz from the pyrite-tetrahedrite intermediate
zone are designated as assemblage Il whereas those in
sphalerite from the outer zone are termed IIy. The abundant
stage Ly« fluid inclusions contained in this quartz are pre-
sent in discrete growth zones (Figs. 21L, 22G) and have
homogenization temperatures between 178° and 265°C and
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salinities from 0.2 to 10.6 wt percent NaCl equiv (Fig. 23). As
for the first mineralization stage, the inclusions with a salinity
~10 wt percent coexist in the same assemblage with inclu-
sions having a salinity of ~2 wt percent. For the reasons ex-
plained above, the measurements obtained on fluid inclusion
assemblages with highly variable salinites are discarded; the
remainder salinities vary from 0.2 to 7.5 wt percent NaCl
equiv. Pressure estimates vary between 20 and 50 bars, corre-
sponding to a minimum depth of 200 to 500 m below water
table at hydrostatic pressure.

Stage Il fluid inclusions in sphalerite from the outer zone
of carbonate-replacement orebodies have homogenization
temperatures between 168° and 222°C and salinities between
3 and 11.8 wt percent NaCl equiv (Table 6, Fig. 22H). These
microthermometric measurements on sphalerite that con-
tains 1 to 2 mol percent FeS could also be affected by the lim-
itations described above for enargite, although the Linkam
stage was equipped with an infrared filter.

Venencocha

One quartz crystal from oxidized veins in the northwestern
Venencocha area was studied and shows bright oscillatory lu-
minescence in the center and darker quartz in the external
part (Fig. 21E). Stage IIyy-a fluid inclusion assemblages have
a narrow range of homogenization temperatures between
245° and 265°C and salinities between 3.2 and 7.4 wt percent
NaCl equiv (Table 6, Fig. 22B). Minimum hydrostatic pres-
sures have been estimated between 30 and 45 bars, which is
equivalent to depths of 300 to 450 m.

Stable Isotope Results
Pyrite-quartz body (first mineralization stage)

Oxygen and sulfur isotope compositions of quartz and
pyrite from the pyrite-quartz body were analyzed. The 6150
values range from 13.3 to 16.5 per mil and 0**S values are
about 0.4 per mil (Table 6, digital supplement).

Pyrite and sphalerite from the first-stage Zn-Pb mineraliza-
tion have a narrow range of §34S values from 2.8 to 3.3 and 1.9
to 2.1 per mil, respectively (Table 6). Published d3S data of
Austria (1975) reported in Einaudi (1977) for pyrite, spha-
lerite, and galena from the Zn-Pb ores in underground levels
from the mine (digital supplement) range from 0 to 1.5 per
mil for pyrite, between —1.6 to —0.2 per mil for galena, and
from 0.8 to 3.5 per mil for Fe-rich sphalerite.

Western enargite-pyrite veins (second mineralization stage)

Quartz from the enargite-pyrite core zone and isolated in
vuggy quartz vugs has 680 values between 10.8 and 13.3 per
mil (Table 6). Enargite and pyrite from the core zone, both in
the pyrite-enargite-quartz assemblage, have 034S values of 0
and 2.5 per mil, respectively. Barite from the intermediate
zone of western veins hosted by the diatreme breccia has a
0348 value of 31.2 per mil (Fig. 24, Table 6).

Carbonate-replacement orebodies
(second mineralization stage)

Quartz from the core zone of carbonate-replacement ore-
bodies, occurring with pyrite have 650 values from 10.1 to
17.8 per mil (Table 6). Barite samples have 6150 values be-
tween —1.0 and +10.4 per mil (Table 6).
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FIG. 24. The 03S values of sulfides and sulfates from the first and second mineralization stages at Cerro de Pasco.

Hydrogen and oxygen isotope compositions of kaolinite
samples from the carbonate-replacement orebodies at Cuerpo
Nuevo and the Colas area (Fig. 3) are given in Table 6 and the
digital supplement. Kaolinite samples from the intermediate
zone occur with hinsdalite, tetrahedrite, and pyrite, whereas
in the outer zone, kaolinite is intergrown with sphalerite and
galena. The 0150 and 6D values of kaolinite are plotted in
Figure 25 and show two populations with respect to the in-
termediate and outer zones, ranging from 0D = -85 to —97
and 0130 = 5.3 to 10.5 per mil and between 0D = -114 to
—106 and 0180 = 9.2 to 10.8 per mil, respectively (Table 6).

Sulfur isotope compositions of pyrite, sphalerite, galena,
and barite have been measured in orebodies at Cuerpo
Nuevo, Colas, and San Alberto (Table 6). The small veins in
the northeastern part of the open pit were also analyzed
(Fig. 3). The 0%S values for pyrite from the intermediate
and outer zones of the bodies vary from —0.1 to +1.6 per mil.
The §34S values for sphalerite from the outer zone range be-
tween 3.7 and +4.2 per mil, and those for galena range
from 0.7 to +3.1 per mil. Barite 3*S values fall into two
groups. The first group comprises barite with high 3¢S

values (18.1-31.2%o), including samples from Cuerpo
Nuevo (19.3-24.4%o), one from San Alberto (18.1%o), and
the only available sample for the western enargite-pyrite
veins (31.2%o). The second group has lower d34S values
(4.2-10.5%o0) and includes the single analyzed sample from
the uneconomic veins in the northeastern part of the open
pit (5.5%o), a sample from Cuerpo Nuevo (4.2%o), and one
from San Alberto (10.5%o).

Carbon and oxygen isotopes values were measured in Fe-
Mn-Zn-Ca-Mg carbonates from the outermost zone, from
late calcite veins close to the orebodies in weakly altered Pu-
card limestone, and from unaltered Pucard Group rock (Fig.
26). The measured Fe-Mn-Zn-Ca-Mg carbonates include
grains overgrowing sphalerite and/or galena and idiomorphic
crystals filling voids. The 6'C values for unaltered Pucard
Group carbonate rocks range from 1.4 to 2.7 per mil and the
0180 values from 19.2 to 25.3 per mil. Late calcite veins have
013C values ranging from 0.7 to 1.0 per mil and 30 values
from 18.8 to 21.3 per mil. Fe-Mn-Zn-Ca-Mg carbonates have
a wide range of 0'3C values from -8.1 to +1.0 per mil and
0180 values from 9.5 to 19.5 per mil.
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F1G. 25. 0D and 6150 plot of alunite and kaolinite with corresponding fluids in equilibrium with those minerals. The 0D
and 0150 values of fluid in equilibrium with alunite (from oxidized veins at Venencocha and Santa Rosa) were calculated
using the equation of Stoffregen et al. (1994) at 250°C. A mixing trend line shows the two fluid end members responsible
for the formation of alunite. This mixing trend intersects the meteoric water line (Craig, 1961) at the D and 6’80 values es-
timated for middle Miocene meteoric water at Cerro de Pasco (0D = =90 + 10%0 and 6180 close to =12 + 1%o). The 0D and
0150 values of fluids in equilibrium with kaolinite were calculated using fractionation factors of Sheppard and Gilg (1996)
for O, and Gilg and Sheppard (1996) for H, at 220°C for kaolinite from the intermediate zone and at 200°C for kaolinite
from the outer zone of carbonate replacement orebodies. The kaolinite-equilibrated fluids lie on a mixing trend between me-
teoric and magmatic water. The magmatic end member corresponds to a fluid characteristic of those of late sericitic alter-
ation fluids. In the lower part of the diagram, 680 values of fluids in equilibrium with quartz are presented, calculated using
equation of Zhang et al. (1989) at 250°C for quartz in the pyrite-quartz body, 220°C for quartz occurring in the cores of car-
bonate-replacement orebodies, 250°C for quartz in the enargite-pyrite veins, and 250°C for quartz in oxidized veins at Ve-
nencocha. Other fields and lines are the kaolinite line after Sheppard et al. (1969), water dissolved in felsic magmas (Taylor,

1986, 1988) and volcanic vapor after Giggenbach (1992).

Venencocha and Santa Rosa

Quartz samples from advanced argillic alteration halos
around oxidized veins in Venencocha have 0180 values of 14.5
and 17.5 per mil. Alunite samples occurring in the association
alunite + quartz + zunyite + diaspore from advanced argillic
altered halos in oxidized veins at Venencocha also have been
analyzed (Table 6). The 6'%0so, values were measured be-
cause the sulfate site is more reliable than the hydroxyl site
for the retention of primary oxygen isotope compositions in
alunite (Bethke et al., 2005). The 6'50so, values range from
2.5 to 6.9 per mil, the 6D values from —56 to —69 per mil, and
the 834Sso, values from 21.1 to 24.2 per mil (Table 6).

In the Santa Rosa area, alunite has a 5050, value of 1.9
per mil, a 0D value of —73 per mil, and a 63Sso, value of 21.5
per mil.

The 6'50s0, and 0D values of the alunite samples (CPR
347, Venencocha) and (CPR 351, Santa Rosa) may be dis-
turbed by postdepositional isotope exchange, as suggested by
the fact that these samples yield distinctly younger (and un-
realistic) “Ar/*Ar ages (12.3 Ma) than the other analyzed alu-
nite samples (14.5 Ma) and the interpreted 14.5 to 14.4 Ma
age of mineralization (Baumgartner, 2007).

Discussion

A time-space diagram for the magmatic-hydrothermal sys-
tem at Cerro de Pasco, including the geochronological data of
Baumgartner (2007), is shown in Figure 27. The diatreme-
dome complex has been dated at 15.4 + 0.07 Ma and stage 11
(enargite-pyrite veins and carbonate replacement orebodies)
at 14.5 + 0.08 to 14.4 + 0.07 Ma. The age of stage I (pyrite-
quartz body and pyrrhotite pipes zoned to Zn-Pb ores) is con-
strained by crosscutting relationships which indicate that it
took place between these two events; the possibility that
stages I and II were close in time cannot be excluded.

A first stage with pyrite-dominated mineral assemblages
and Fe-rich sphalerite and a second stage with Fe-poor
sphalerite also have been recognized in other Cordilleran
base metal deposits (Table 1), including the Miocene Peru-
vian deposits of San Cristobal, Huanzald, Morococha, and
Colquijirca. At San Cristobal, an early stage with pyrite-
quartz-wolframite and arsenopyrite and Fe-rich sphalerite is
followed by late minor Fe-poor sphalerite, sulfosalts, and
galena (Campbell et al., 1984). At Huanzald (Imai et al.,
1985), pyrrhotite appears with pyrite as well as arsenopyrite
and Fe-rich sphalerite, which is followed by a late stage with
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tennantite, enargite, and Fe-poor sphalerite. At Morococha
(Petersen, 1965; K. Kouzmanov et al., 2006, unpub. report for
Pan American Silver Corp.), the mineralogy of the Italia
manto consists of pyrrhotite, magnetite, sphalerite, and
galena, and a later stage of mineralization consists of enargite,
and/or tennantite, and Fe-poor sphalerite. Most of the Peru-
vian Cordilleran deposits show an early event with pyrrhotite,
arsenopyrite, and Fe-rich sphalerite, although at Colquijirca
(Bendezd, 2007), pyrrhotite and Fe-rich sphalerite are not
abundant.

Origin of zoning

The fluid evolution in time and space responsible for the
zoning in the second-stage base metal deposits can be ex-
plained in terms of advance and retreat of the hydrothermal
activity in the sense of Bartos (1989) and Hemley and Hunt
(1992). In the core zones of the western enargite-pyrite veins,
enargite replaces luzonite, suggesting a slight temperature in-
crease (Maske and Skinner, 1971). This is interpreted to re-
flect fluid advances, with the inner zones prograding outward
and overprinting minerals in the intermediate and/or the
outer zones. At Cerro de Pasco, the preexisting minerals are
destroyed and relicts are scarce.

At Cuerpo Nuevo, famatinite is replaced and overgrown by
tetrahedrite and tetrahedrite by Fe-poor sphalerite, suggest-
ing that the intermediate zone encroached on the core zone
and the outer zone encroached on the intermediate zone in a
retrograde fashion (i.e., fluid retreat). This late reversal of the
overall temporal sequence is interpreted to occur during the
cooling of the hydrothermal system (Meyer et al., 1968; Ein-
audi, 1982; Einaudi et al., 2003).

The spatial and temporal extent of mineral zoning in the
veins and replacement orebodies is also a function of the host
rock. In the western enargite-pyrite veins, sulfide deposition
occurs within an irregular body of leached rocks (residual
vuggy quartz), which may have been initially guided by a
fault. The residual vuggy quartz was the site of high perme-
ability. In the enargite-pyrite veins, which are hosted by the
diatreme breccia and siliciclastic rocks, only the core zone is
well developed, whereas the intermediate zone is less devel-
oped and the outer zone only almost nonexistent. This may be
due to the nonreactive and relatively impermeable nature of
the diatreme breccia and siliciclastic host rock. The more
porous and reactive carbonate rocks permit percolation and
formation of larger replacement orebodies with a well-devel-
oped intermediate and outer zone.

Ore-forming fluids and minimum pressures

Results of the fluid inclusion study in quartz from the first
mineralization stage pyrite-quartz body (stage Ipy-q) point to
the presence of moderate- to low-salinity fluids at tempera-
tures ranging from 200° to 275°C. These temperatures are
compatible with the formation of the quartz-muscovite alter-
ation halo adjacent to the pyrite-quartz body. The relatively
large range of the fluid inclusion salinities (0.2-6.8 wt %
NaCl equiv) can be explained by mixing of a moderately
saline fluid (~10 wt %) with a low-salinity fluid. The latter,
probably meteoric water, was likely hot because of the lack of
correlation between salinity and homogenization tempera-
ture (Fig. 23).
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The fluid inclusion results obtained in the pipelike
pyrrhotite bodies (192°-250°C, 1.1-4.3 wt % NaCl equiv),
zoned to Zn-Pb mineralization (183°-212°C, 3.2-4 wt %
NaCl equiv), show a slight temperature decrease with de-
creasing salinity (Fig. 23). This suggests mixing between a
hot, moderately saline fluid (10 wt % NaCl equiv) with a
slightly cooler and lower salinity fluid, possibly meteoric
water, as suggested for the pyrite-quartz body. Overall, there
was a decrease in temperature from the pyrite-quartz body
and the pyrrhotite pipes outward to the Zn-Pb ores.

From paragenetic observations and fluid inclusions in enar-
gite in the second-stage enargite-pyrite veins in the western
part of the open pit, the enargite was precipitated at temper-
atures from 187° to 293°C and salinities from 0.2 to 5.2 wt
percent NaCl equiv (Table 6, Fig. 23). The slightly higher
temperatures obtained from fluid inclusions in stage Ilyy-a
quartz from the Venencocha area (245°-261°C, with salinities
of 3.2 to 7.7 wt % NaCl equiv) agree with temperature esti-
mates for the formation of diaspore (220°-300°C) and zunyite
(250°-300°C) in active geothermal systems (Reyes, 1990).

In the stage II carbonate-replacement orebodies, the tem-
perature decreases from the core zone (178°-265°C, median
234°C, and 0.2-7.5 wt % NaCl equiv in fluid inclusions in
quartz) to the outer zone (168°-222°C, median 196°C, and
3-11.8 wt % NaCl equiv in fluid inclusions in sphalerite), but
the temperatures are similar to those of the western enargite-
pyrite veins (235° and 227°C, respectively). The tempera-
tures correspond to those expected for the dickite and kaoli-
nite stability (upper stability limit of kaolinite at 270°C) in
active geothermal systems (Hemley et al., 1980; Reyes, 1990),
minerals that are abundant in the intermediate zone of the
carbonate-replacement orebodies. According to Hemley et
al. (1980) and Reyes (1990), the upper temperature stability
limit of dickite is 270°C.

In summary, all fluid inclusions trapped during the second
mineralization stage are characterized by salinities of 7.5 to
5.2 wt percent NaCl equiv for the carbonate-replacement
orebodies and enargite-pyrite veins, respectively. The varia-
tion in salinity most likely resulted from variable mixing of a
10 wt percent NaCl equiv magmatic fluid with a low-salinity
fluid (possibly meteoric water). The range of salinities in ex-
solved water from deep magmas, 2 to 10 wt percent, is in
agreement with those obtained for the magmatic end mem-
ber interpreted for both mineralization stages. The relatively
high salinities encountered in fluid inclusions along fractures
within the cores of magmatic quartz (up to 26.3 wt % NaCl
equiv and 220°-280°C) may have been caused by extreme
boiling (cf. Simmons and Browne, 1997) and may not repre-
sent a fluid that originally had higher salinities. Alternatively,
as reported by Simmons (1991) and Albinson et al. (2001) at
Fresnillo, the variations in salinity may have been caused by
discrete pulses of saline fluids, boiling at 250° to 330°C. The
presence of numerous vapor inclusions favors a boiling sce-
nario which would also be consistent with the observed salin-
ity variations without temperature change. The formation of
stage Iq, fluid inclusions along the cracks in magmatic quartz
might be related to the texturally irregular zone of hydrother-
mal quartz (2, Fig. 21H) deposited between the magmatic
quartz core (1, Fig. 21H) and zoned quartz (3, Fig. 21H).
Boiling can take place when the pressure decreases abruptly
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and fractures within the magmatic quartz core could be the
result of this pressure decrease.

Depths of ore formation for the two mineralization stages
using minimum trapping pressures on the L-V curve are esti-
mated to be on the order of 200 to 700 m below water table
(Table 6). More precise pressure estimations cannot be made
because of the absence of coexisting liquid and vapor inclu-
sions. These depths are consistent with estimates of erosion
based on geologic evidence (i.e., on the order of 500 m; see
above).

Stable isotopes

Sulfur isotope compositions measured in sulfides from the
first and second stage are compatible with a magmatic source
for sulfur (=3.7 to +4.2%o: Table 6; cf. Ohmoto, 1986). Tem-
perature estimates based on sulfur isotope compositions of
pyrite-sphalerite, pyrite-galena, and galena-sphalerite pairs
from the first-stage pyrrhotite bodies and related Zn-Pb ores
range between 197° and 260°C, using the fractionation equa-
tions of Kajiwara and Krouse (1971). These estimates agree
with temperatures obtained from fluid inclusions from the
first stage (192°-250°C). The mineral pairs pyrite-sphalerite,
galena-sphalerite, and barite-pyrite from the second-stage
carbonate-replacement orebodies indicate temperatures be-
tween 195° and 271°C (digital supplement), which are in the
same range as those obtained by microthermometric mea-
surements (178°-265°C).

Alunite oxygen and hydrogen isotope compositions at Ve-
nencocha and Santa Rosa provide an estimate of the compo-
sition of meteoric water in the ore-forming fluids. Similar
data have been obtained from several epithermal intrusion-
centered base metal deposits, including Colquijirca (Bendezi
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2007), Julcani (Deen et al., 1994), San Cristobal (Campbell et
al., 1984; Beuchat et al. 2004), and Main Tintic (Hildreth and
Hannah, 1996; App.), and for epithermal high-sulfidation
precious metal deposits such as Sumitville (Bethke et al.,
2005), Pierina (Fifarek and Rye, 2005), the El-Indio-Pascua
belt (Deyell et al., 2005), and Lepanto (Hedenquist et al.,
1998), as well as volcanic systems. The presence of magmatic
vapor, in addition to meteoric water, has been confirmed at
Cerro de Pasco according to the 034Ss0, and 615050, values of
alunite from Venencocha and Santa Rosa. The alunite sam-
ples have high 0%4S values, characteristic of magmatic-hy-
drothermal alunite samples as defined by Rye et al. (1992)
and also show a large variation in 680 values (Fig. 28) ex-
tending toward !8O-depleted compositions, which suggests
that magmatic vapor with HCl and SO condensed into mete-
oric water. The SO; disproportionated to HSO; and HsS (Rye
et al., 1992; Arribas et al., 1995), with the HsS oxidizing to
SO% in the vadose zone, above the water table (i.e., steam-
heated) to form paragenetically late barite at Cerro de Pasco
(Fig. 25). The isotopically heavy sulfate in barite (Fig. 25) is
thought to be representative of the magmatic sulfur source.
In a D versus 0150 diagram (Fig. 25), fields and lines for
original water dissolved in felsic magmas prior to exsolution
(FMW of Taylor, 1986, 1988) and for meteoric water (Craig,
1961) and kaolinite (Savin and Epstein, 1970) are plotted.
The isotopic fractionation of magmatic fluids, which takes
place on crystallization (Dobson et al., 1989; Hedenquist
and Richards, 1998), is also shown. Values of 6D and 4180
for fluids in equilibrium with alunite (Table 6; digital sup-
plement) were calculated using the fractionation factors
from Stoffregen et al. (1994) at 250°C, which was the tem-
perature estimated from the mineral assemblages and from
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the microthermometric data on quartz occurring with alunite
(stage Ilgu-a). The isotopic composition of meteoric water at
Cerro de Pasco can be evaluated by extrapolating the trend
obtained for fluids in equilibrium with alunite at Venencocha
and Santa Rosa. The two alunite samples which appear to
have experienced postdepositional isotopic exchange (Baum-
gartner, 2007) are not included in the mixing line (Fig. 25).
Meteoric water in the middle Miocene had a 0D of —90 + 10
per mil and a 6'0 of —13 + 1 per mil (Fig. 25), which are
higher values than the isotopic composition of local meteoric
waters at Julcani during the middle Miocene (0D = -120 to
—138%o0 and 0180 = —17.5 to —18.8%o0: Deen et al., 1994) and
also higher than those proposed for Colquijirca (0D = —140 +
10%o and 6180 = —18 + 1%o: Bendezi, 2007). Colquijirca is
now located at a similar altitude (4,000—4,300 m) but the de-
posit is slightly younger (10-12 Ma). The mixing line between
meteoric water and the fluids that formed alunite intersects
the field of volcanic vapors (0D = —20%o and 0150 = 8%o). In
high-sulfidation deposits where a magmatic-hydrothermal ge-
netic model is proposed (Hedenquist et al., 1998; Bethke et
al., 2005; Deyell et al., 2005; Fifarek and Rye, 2005; Bendezi,
2007), two end-member fluids are commonly identified, and
alunite forms after the magmatic vapor condenses into mete-
oric water.

Oxygen and hydrogen isotope compositions of fluids in
equilibrium with kaolinite were calculated at 220°C for the
intermediate zone and at 200°C (based on fluid inclusions)
for the outer zone of the carbonate-replacement orebodies,
using fractionation factors of Sheppard and Gilg (1996) for
0130 and of Gilg and Sheppard (1996) for 0D. The interme-
diate zones of the veins are characterized by higher 6D values
(71 to —=79%o) that lie closer to the magmatic end member
than those from the outer zones (—83 to —97%uv), whereas the
0180 values for both zones are similar (0180 = 2.0-7.3 and
4.6-6.3%o, respectively). The fluids in equilibrium with kaoli-
nite are interpreted to have formed from mixing of waters of
meteoric and magmatic origin (Fig. 25). The results suggest
that the magmatic end member is similar to the fluid that pro-
duces late phyllic alteration in the porphyry environment
(e.g., Beane, 1983; Hedenquist and Richards, 1998). The
scatter and low 0D values (down to —-97%o) of the fluids re-
sponsible for kaolinite at Cerro de Pasco can be explained by
magma degassing, a process which decreases 0D in the aque-
ous liquid, as proposed for other deposits (e.g., Shinohara and
Hedenquist, 1997; Hedenquist and Richards, 1998).

Isotopic compositions of water in equilibrium with quartz
from the core zones of carbonate-replacement orebodies
and enargite-pyrite veins were calculated using equations
of Zhang et al. (1989) at 250°C and are plotted in Figure
25. Most measured quartz values in the carbonate-replace-
ment orebodies (050 = —-1.78 to —0.80%0) and enargite-
pyrite veins (0180 = 1.5-3.8%o) agree with the calculated
0180 values estimated for fluids in equilibrium with kaolin-
ite. At the San Alberto carbonate-replacement orebodies,
where only the outer zone is present, the 6180 value of
water in equilibrium with quartz is much lower, perhaps
due to a larger proportion of meteoric water in the ore
fluid. The 050 values of fluids in equilibrium with quartz
from enargite-pyrite veins must be interpreted with caution
because they are derived from analyses of quartz grains
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which contain magmatic cores, as discussed above. Never-
theless, because the 680 values are similar to those from the
replacement orebodies, it is believed that the enargite-pyrite
veins were also formed from mixed magmatic-meteoric flu-
ids. For the pyrite-quartz body, the 6150 values calculated for
fluids in equilibrium with quartz at 250°C (6.6-7.8%o) are
slightly heavier than those from the second mineralization
stage (Fig. 25) but still compatible with the 650 values of the
kaolinite-precipitating fluids. Thus, the latter fluids, which
plot close to the magmatic degassing line (Fig. 25), are inter-
preted to represent slightly diluted fluids (up to ~30%), as
shown by the fluid inclusions in quartz from the second-stage
carbonate-replacement orebodies. This would also be the
case for the first stage based on similar fluid inclusions in
quartz. The fluids from the enargite-pyrite veins would have
been diluted to at least 50 percent of the magmatic fluid by
meteoric water (because fluid inclusions in quartz reach 5.3
wt % NaCl equiv) or they represent an undiluted but more
degassed magmatic fluid.

Marine carbonates at Cerro de Pasco (Fig. 26), which are
the host rocks of the replacement orebodies, have 13C values
(1.3-2.8%0) and 9180 values (19.1-24.7%o) similar to those of
Pucard limestone reported by Moritz et al. (1996). Hy-
drothermal Fe-Mn-Zn-Ca-Mg carbonates have 013C values
(=6.6 to —4.5%0) and 680 values (9.5-19.5%o) that differ
from the 013C and 680 values of Pucara limestone. The lower
013C values indicate a stronger contribution of magmatic car-
bon. Using oxygen isotope fractionation equations for water
in equilibrium with siderite, magnesite, and smithsonite
(Zheng, 1999), the 0180 values of water in equilibrium with
Fe-Mn-Zn-Ca-Mg carbonates at 200°C (1.0-8.0%o) are simi-
lar to the 00 values of the quartz and kaolinite fluids
(2.0-7.3%o0). The late vein calcite samples (613C = 0.7-0.9%o
and 0180 = 18.8-21.0%o) lie close to the field of marine lime-
stone, suggesting that the late calcite veins recycled carbon-
ate from the Pucard Group rocks and/or formed at much
lower temperatures from fluids that equilibrated with the wall
rocks.

Two different mixing trends have been identified based on
the microthermometric and stable isotope data: mixing of
magmatic and meteoric waters for the second- and first-stage
fluids and condensation of magmatic vapor into meteoric
water, forming the alunite in oxidized polymetallic veins at
Venencocha and at Santa Rosa, with a proportion of magmatic
vapor between 70 and 40 percent.

Fluids with characteristics similar to those found at Cerro
de Pasco have been described in other intrusion-centered or
diatreme-related base metal deposits (App.). Fluid inclusion
studies in quartz from these deposits indicate homogenization
temperatures between 170° and 350°C and salinities ranging
from 0.2 to 8 wt percent NaCl equiv (one generation at Tin-
tic up to 17 wt %), similar to those obtained at Cerro de
Pasco. The 0150 and 0D values are variable from one deposit
to another, but for all, both magmatic and meteoric end-
member fluids are recognized, and both fluids were involved
in mineralization. At Julcani (Deen et al., 1994), San Cristo-
bal (Campbell et al., 1984; Beuchat et al., 2004), and Colqui-
jirca (Bendezu, 2007), there is evidence for meteoric water as
a dilutent. At Lepanto, there is strong evidence that meteoric
water both condensed and diluted the vapor that leached the
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rock and formed alunite (Hedenquist et al, 1998). Mancano
and Campbell (1995) showed that the likely cause of enargite
deposition at Lepanto was mixing and cooling and/or dilution
of the deep magmatic fluid (around 5 wt % NaCl equiv:
Hedenquist et al. 1998) with heated ground water.

Evolution of the Hydrothermal System at Cerro de Pasco

First mineralization stage

Mineral reactions and assemblages, temperature of fluids,
estimated redox conditions and pH, and FeS content of spha-
lerite are used to determine the environment of deposition
for the first mineralization stage (Table 7). The presence of
pyrrhotite is characteristic of low-sulfidation states at 192° to
250°C. Low-sulfidation states are also indicated by the high
FeS content of sphalerite in equilibrium with pyrite in Zn-Pb
ores from the first stage.

The depositional environment for the first mineralization
stage has been plotted on an Ry — 1000/T diagram [Ry = log
(finy/fu,0] and on alog fs, — 1,000/T (Fig. 29A-B, respectively).
The first-stage evolutionary path is represented by a black
arrow labeled “Ipy.qi.” for the pyrite-quartz body and “T,..4” for
the pyrrhotite pipes and Zn-Pb ores (Fig. 29A-B). Pyrite pre-
cipitated at slightly acidic pH (4-5), constrained by the alter-
ation assemblage quartz-muscovite-pyrite in the pyrite-quartz
body at 200° to 275°C. The size of the pyrite-quartz body
probably reflects a substantial hydrothermal system providing
sulfur-rich fluids. The presence of hematite in red chal-
cedonic clasts within the pyrite-quartz body indicates that
conditions were locally oxidizing, possibly due to low rock
buffering. However, the presence of pyrrhotite inclusions
within pyrite suggests that at higher temperatures (>275°C),
the conditions were more reducing. Later, the precipitation
of Zn-Pb ores (183°-212°C) was favored at lower Ry values.
The position of the rock buffer, which at Cerro de Pasco in-
cluded the Excelsior shale and phyllite at depth, is estimated
to be lower than the Giggenbach “rock buffer” (an approxi-
mation for fresh andesite: Giggenbach, 1987; Fig. 29A).
These rocks contain carbonaceous components that would
have contributed to more reduced conditions.

Second mineralization stage

The mineral reactions and assemblages of the core zones of
the enargite-pyrite veins and carbonate-replacement orebod-
ies (Table 7), and in particular the presence of enargite and
famatinite, indicate high-sulfidation states. This is confirmed
by the low FeS contents in sphalerite from the carbonate-
replacement orebodies which range from 0.02 to 5 mol per-
cent FeS (avg 1 mol % FeS) at 178° to 265°C, as well as in the
enargite-pyrite veins, where sphalerite FeS contents are from
0.2 and 2.6 mol percent at 293° to 187°C. Furthermore, the
alteration assemblages with development of residual vuggy
quartz in the diatreme and deposition of alunite both in the
enargite-pyrite veins and carbonate-replacement orebodies
indicate very acidic, oxidizing fluids (pH below 2), consistent
with a high-sulfidation state (e.g., Einaudi et al., 2003). In the
external zones of the carbonate-replacement orebodies, the
sulfidation state is intermediate (indicated by the mineral re-
action hematite + pyrite => magnetite at 168° to 222°C:
Table 7), probably due to interaction of the fluid with the

TABLE 7. Reactions and Assemblages Used for Determining the Sulfidation State of the Two Mineralization Stages at Cerro de Pasco (Fig. 29)
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0.67Cu3AsSs + So = 2.67Cu12As84S13

Core

Enargite-pyrite veins (ITenpy)

tennantite

CusFeSy + 4FeSs = 5CuFeS; + Sy

]
g
T

>

(=}

]

£L
Bor, =
52 E
== Q
o O QO

High-intermediate

No data

No data

Sphalerite-pyrite

chalcopyrite
0.67CusSbSs + Sz = 2.67 Cu12Sh4S13

famatinite

Intermediate

High

265-178

Alunite-quartz

Core zone

Carbonate replacement

bodies (11z,-pb)

tetrahedrite

Intermediate

Kaolinite-quartz-APS3
Sphalerite-pyrite

Intermediate

Intermediate
Intermediate

0.1-2.5
0.4-4.5

222-168

Sphalerite-pyrite

Outer

Intermediate

No data

4Fes05 + FeSs = 3Fe304 + Sa

hematite pyrite

Outermost

magnetite

I Temperature estimates in Baumgartner (2007) from fluid inclusions in quartz, except for those in outer zone of carbonate-replacement bodies which were measured in sphalerite

2 Einaudi et al. (2003)

3 APS = aluminum phosphate sulfate minerals, such as hinsdalite, svanbergite, and woodhouseite
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carbonate host rock, and indicates a decrease in sulfidation
states compared to the core zones. This is supported by the
fact that the second-stage sphalerite from the outermost zone
yields slightly higher FeS contents (up to 4.7 mol %).

The evolution of the second mineralization stage is shown
on a log fs,-T diagram (Fig. 29B), symbolized by two gray ar-
rows. Arrow Ilenpy corresponds to the path for enargite-pyrite
veins, whereas the Ilzp, arrow represents the path for the
carbonate-replacement orebodies.

The ore mineral zonation suggests that in both carbonate
and diatreme host rocks, vein walls were largely sealed due to
early quartz and pyrite deposition, which lowered the wall-
rock buffering potential during the formation of the core
zone, as reported by Bartos (1989) for Yauricocha and
Quiruvilca (Peru), Butte, and Main Tintic (United States).
Even in the outer zone, characterized by the precipitation of
sphalerite and galena at 168° to 265°C (arrow IIz,p,, Fig.
29B), a significant shielding effect by the outermost zones has
to be assumed to explain the low pH {fluids, indicated by the
presence of minerals like hinsdalite and kaolinite. On enter-
ing fresh carbonate rocks, a drastic decrease in sulfidation
state occurred as a response to pH increase (fs, is pH and sul-
fur content dependent) and resulted in the precipitation of
Fe-Mn-Zn-Ca-Mg carbonates. Although the evolutionary
paths of the enargite-pyrite veins and carbonate-replacement
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ores in fs,-T space are similar, the slopes are different, which
reflect the contrasting effects of the different host rocks,
buffering being a more important control in carbonate rocks.

Geologic Model

A geologic model for Cerro de Pasco is proposed in Figure
30 that is consistent with the available geochronological re-
sults (Baumgartner, 2007), mineral assemblages, redox condi-
tions, microthermometric, and isotopic results discussed
above. Explosive volcanism took place in the middle Miocene
and a diatreme-dome complex, >2 km in diameter, was em-
placed along the longitudinal fault (Fig. 30A). According to
current models for the evolution of porphyry copper systems
(e.g., Fournier, 1999; Einaudi et al., 2003), exsolving mag-
matic fluids accumulated in apophyses, in the brittle-ductile
transition zone at around 450°C. Following a pressure de-
crease near the brittle-ductile transition, phase separation
into a coexisting dense brine phase and a low density vapor
phase occurred (Ulrich et al., 1999; Harris et al., 2003).

The low-density vapor ascended along fractures (Fig. 30B),
and a portion condensed into ground water. The SOz dispro-
portionated and, along with the HCI, generated acidic fluids
that leached the rocks of the diatreme-dome complex. Only
advanced argillic alteration related to the second mineraliza-
tion stage has been preserved. Hydrothermal fluids derived
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FI1c. 29. A. Ry-1000/T diagram, showing phase boundari

es in the system Fe-S-HsO and the position of the main redox

buffers (after Einaudi et al., 2003). Ry = log (fu,/fi,0). Mineral abbreviations: hm = hematite, mt = magnetite, po =
pyrrhotite, py = pyrite, qtz = quartz. The large unfilled arrow I,y represents the general path followed by the fluids form-
ing the first mineralization stage pyrite-quartz body. The other arrow (Ip,..q1) represents the pyrrhotite pipes zoned to Zn-Pb
ores. The first mineralization stage fluid probably follows the S gas buffer at high temperature and water/rock ratios and at

lower temperatures (approx 300°C) precipitates the pyrite-q
wall rocks so that the Ry drops until the “rock buffer” line is

uartz body. At lower water/rock ratios, the fluid reacts with the
reached. At Cerro de Pasco, the rock buffer line was probably

lower than the one of Giggenbach (1987), which is based on a fresh andesite, whereas at Cerro de Pasco the rock buffers are
shale and phyllite (containing organic matter) from the Excelsior Group.
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F1G. 29 (Cont.). B. Log fs,-1000/T diagram (modified from Einaudi et al., 2003), illustrating fluid environments for the
first stage (stage I) and second stage (stage II) for veins hosted by diatreme breccia (ITenpy) and for replacement orebodies
in carbonate rocks (Ilz,.pp). Fluid environment is based on sulfide assemblages described in the text, temperatures based on
fluid inclusions from Baumgartner (2007), and sulfidation reactions from Barton and Skinner (1979). Mineral abbreviations:
asp = arsenopyrite, bn = bornite, cp = chalcopyrite, cv = covellite, dg = digenite, en = enargite, fm = famatinite, hm =
hematite, lo = lollingite, mt = magnetite, po = pyrrhotite, py = pyrite, qtz = quartz. Contours of mol percent FeS in spha-
lerite coexisting with pyrite or pyrrhotite are from Scott and Barnes (1971) and Czamanske (1974). The fluids from the sec-
ond mineralization stage follow, at high temperatures and water/rock ratios, the SOz gas flux. At lower temperatures (around
300°C), the minerals from the core zone precipitate (famatinite and/or enargite with pyrite). Because the vein walls are
sealed with an early deposition of pyrite and quartz, the log fs, decreases only slightly. In the diatreme-hosted veins (arrow
ILenpy), this slight decrease continues in the intermediate and outer zones because of partial wall-rock buffering. In contrast,
fluids from the replacement orebodies (arrow I1z,.p,) have much lower fs, due to wall-rock buffering. The black arrows show
the fluid environment of the first mineralization stage Iy.qr. and Ipo.1), which is characteristic of low-sulfidation states. Enar-
gite luzonite inversion between 275° and 300°C is after Maske and Skinner (1971). Brittle-ductile transition from Fournier
(1999). The position of the hematite-magnetite phase boundary is after (1) De Haller et al. (2006), (2) Myers and Eugster

(1983), and (3) Einaudi et al. (2003).

from the same magmatic source as for the low-density vapor
were released and channeled upward along fractures and
faults. These fluids mixed with meteoric water and ore depo-
sition took place below 300°C. In the core zones of the sec-
ond stage, alunite that is related to magmatic vapor conden-
sation into ground water and quartz plus ore minerals related
to a magmatic liquid with up to 10 wt percent NaCl coincided
and overprinted one another (Fig. 30C).

Most of the carbonate-replacement orebodies show an
upward-flaring pipelike morphology with inclined plunge
(between 25° and 60°) in the direction of the diatreme-
dome complex, suggesting that the hydrothermal fluids as-
cended from deeper levels and that no significant lateral
feeding from the veins to the carbonate-replacement ore-
bodies took place (Fig. 9). Rather, both veins in the dia-
treme breccia and carbonate-replacement orebodies may be
the result of parallel and divergent ascending fluid paths

within the same hydrothermal system (Fig. 30). The re-
placement orebodies in carbonate rocks contain Sb-bearing
ores, which are virtually As and Au free, with only minor
amounts of copper, whereas enargite-pyrite veins contain
Cu-As and Au. The enargite-pyrite veins were controlled by
east-west faults and the carbonate-replacement orebodies
along N 35° E, N °120 E and N °170 E, whereas the pyrite-
quartz-body and the pyrrhotite pipes zoned to Zn-Pb ores
were channeled mainly along a north-south direction, prob-
ably along the longitudinal fault.

The first and the second stages were formed by similar flu-
ids at similar temperatures but the earlier stage that had
formed the large W- and Sn-bearing pyrite-quartz body had a
lower sulfidation state. A similar early W- and /or Sn-bearing
pyrite and/or pyrrhotite-quartz stage has been described in
several other Cordilleran deposits (Table 1), and this may be
a typical part of the evolution of this class of deposit.
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MINERALIZATION TYPE

A 15.4-15.1 Ma projected dome
Zn-Pb-(Bi-Ag-Cu) replacement

I bodies (Fe-poor sphalerite).
Advanced argillic alteration in the
core zone

Cu-Ag-Au-(Zn-Pb) veins
— (enargite-pyrite veins). Advanced
argillic alteration in the core zone

[ zn-Po ore (Fe-rich sphalerite)
I Pipe-like pyrrhotite bodies

[ ] Pyrite-quartz body
GEOLOGICAL UNITS \

Quartz monzonite porphyry dikes

projected dome Dacite to rhyodacite porphyries
(showing domal structures)

B between 15.4 and 14.5 Ma

=T T —1

AT T

BUSVOIN-PIN

Diatreme breccia

J

Eocene Pocobamba Formation,
mainly limestone and marl

Cretaceous Goyllarizquizga Group,

sandstone

E Upper Triassic-Lower Jurassic Pucara
Group, limestone and dolostone

°C,
Sothe,,n Permian-Triasssic Mitu Group,
sandstone
projected veins Devonian Excelsior Group,
phyllite
C 145-14.4Ma projected dome
_ SRR FLUIDS
EIfENE e o Present day surface

\_, Meteoric water

f Magmatic fluids
>
'\ Magmatic vapor

Diluted magmatic fluids

500 m

‘~450 1 km

C iSOth erm

F1c. 30. Time and space evolution of the geologic setting and mineralization setting at Cerro de Pasco. Geology based on
Jenks (1951) and Angeles (1999). A. Magmatic activity between 15.4 and 15.1 Ma was characterized by successive intrusions
of the diatreme, dacitic domes, and quartz-monzonite dikes (Baumgartner, 2007). B. Hydrothermal activity formed the first
mineralization stage (including the pyrite-quartz body and pyrrhotite pipes zoned to Zn-Pb ores). This stage formed from
moderate-salinity fluid (orange arrows) formed by mixing between a magmatic water (end-member salinity ~10 wt % NaCl;
red arrow) and meteoric water (blue arrows) Magmatic vapors (dashed arrows) were present in the system prior and/or dur-
ing the first mineralization stage, although erosion has removed the likely associated advanced argillic. C. Formation of the
second mineralization stage (between 15.5 and 14.4 Ma, Baumgartner, 2007). The carbonate-replacement orebodies in the
eastern part of the open pit were formed by magmatic water (orange arrow) and partially diluted by meteoric water (blue
arrow). The alunite of the advanced argillic altered halos of oxidized veins at Venencocha and Santa Rosa (second mineral-
ization stage) formed by a magmatic vapor (dashed arrow) that condensed into meteoric water (blue arrow).
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The similarity of the hydrothermal fluids identified at
Cerro de Pasco and in the upper parts of other porphyry cop-
per systems (e.g., Butte, Morococha, and Yauricocha), and
the superposition of base metal veins on other large porphyry
copper deposits raises the question whether Cerro de Pasco
conceals a deeper porphyry deposit. The available evidence
does not allow this question to be answered.

Conclusions

In this study, it is confirmed that two stages of mineraliza-
tion took place at Cerro de Pasco. The first stage was em-
placed along north-south structures, following the longitudi-
nal fault and the Cerro anticline, and consists of a
pyrite-quartz body and vertical pyrrhotite pipes zoned out-
ward to Zn-Pb-Fe-rich sphalerite-bearing ores. The predom-
inant mineral assemblages are characteristic of low-sulfida-
tion states. However, the presence of hematite within quartz
from the pyrite-quartz body suggests that the fluids were lo-
cally oxidized, which is typical for exsolving magmatic fluids.
The second stage comprises western enargite-pyrite veins
hosted in diatreme breccia and in the pyrite-quartz body as
well as carbonate-replacement orebodies, which are located
on the eastern and central part of the present open pit. The
enargite-pyrite veins are controlled by east-west faults,
whereas the carbonate-replacement orebodies occur along N
35° E, N°120 E, and N°170 E. There is a marked mineral
zonation in the carbonate-replacement orebodies and less
well developed in the enargite-pyrite veins. It consists of a
core zone (famatinite and/or enargite-pyrite), an intermediate
zone (tetrahedrite and/or tennantite, pyrite, and Bi minerals),
an outer zone (Fe-poor sphalerite-galena), and an outermost
zone (magnetite-hematite-Fe-Mn-Zn-Ca-Mg carbonates).
The outermost zone is absent in the enargite-pyrite veins.
The mineral assemblages, with Fe-poor sphalerite, are char-
acteristic of high- to intermediate-sulfidation states. Alter-
ation minerals in the first (quartz-muscovite-pyrite) and sec-
ond (alunite and other APS minerals, kaolinite) stages are
consistent with other evidence of the environment of deposi-
tion temperatures of fluids, redox conditions, pH, and FeS
content of sphalerite determined from mineral assemblages.
High-sulfidation states and very acidic and oxidizing condi-
tions were achieved and maintained in the cores of the sec-
ond-stage orebodies, even in those replacing carbonate rocks.
This suggests that each successive increment of fluid was
shielded from the rock buffer due to the effects of the wall-
rock alteration itself. The progression with time in single
veins and orebodies was from relatively low oxidation and/or
sulfidation states to higher oxidation and/or sulfidation states
and then returning to lower oxidation and/or sulfidation
states.

The fluids forming the first and second mineralization
stages at Cerro de Pasco had similar temperatures (200°-
250°C and 196 °-230°C, respectively) as well as comparable
salinities (2.4-3.5 and 4.2-7.1 wt % NaCl equiv). The stable
isotope results coupled with the microthermometric data sup-
port the existence of a magmatic ore-forming fluid of 10 wt %
NaCl equiv diluted by a heated meteoric water (0 wt % NaCl
equiv). The advanced argillic alteration bearing alunite of the
second stage in the Venencocha and Santa Rosa areas indi-
cates condensation of volcanic vapor into ground water.

BAUMGARTNER ET AL.

Cerro de Pasco was emplaced at a relatively shallow level
(200-500 m), corresponding to the upper parts of the por-
phyry environment; however, porphyry copper mineralization
has not been found so far. According to the fluid inclusion
study and the stable isotope studies, both mineralization
stages are linked and represent successive mineralizing
events. This is also indicated by the morphology of Fe-poor
sphalerite-bearing carbonate-replacement orebodies of the
second mineralization stage, which show an upward-flaring
pipelike form with inclined plunge (between 25° and 60°) in
the direction of the diatreme-dome complex, suggesting that
the hydrothermal fluids ascended from deeper levels and that
no lateral feeding from the veins to the carbonate-replace-
ment orebodies took place.
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EPITHERMAL POLYMETALLIC MINERALIZATION AT CERRO DE PASCO, PERU: FLUID INCLUSIONS AND STABLE ISOTOPES
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