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Abstract

Clusters of high-sulfidation epithermal deposits containing more than 50 Moz of gold are hosted by ad-
vanced argillic-altered Miocene volcanic rocks in the Yanacocha district, northern Peru (lat. 6°59'30" S, long.
78°30'45" W). We describe the nature of the volcanism and its relation to the gold ores on the basis of new dis-
trict-scale geologic mapping, 69 “*Ar/*Ar ages on igneous rocks and hydrothermal alunite, and petrologic and
geochemical investigations.

Volcanic rocks of the Calipuy Group are the oldest Cenozoic rocks at Yanacocha, and include the Huambo
Cancha andesite, andesitic lahars of Tual and Chaupiloma (19.5-15.9 Ma), and the dacitic Cerro Fraile pyro-
clastics (15.5-15.1 Ma). The younger Yanacocha Volcanics (14.5-8.4 Ma) form a cogenetic series of lavas and
pyroclastic rocks with a cumulative volume of ~88 km? that represents eruption from a moderate-size volcanic
center. Early pyroxene>hornblende-bearing lavas of the Atazaico Andesite (14.5-13.3 Ma) erupted from small
stratovolcanoes progressively younger from southwest to northeast. Dacitic dikes followed that are spatially as-
sociated with gold deposits at Quilish and Cerro Negro (~7 Moz Au) and stage 1 alunite (13.6-12.6 Ma). The
Colorado Pyroclastics erupted in the center of the district and include the hornblende- and biotite-bearing an-
desitic to dacitic Cori Coshpa (12.6 Ma) and Maqui Maqui (12.5-12.4 Ma) ignimbrites. The Colorado Pyro-
clastics are overlain by hornblende>pyroxene-bearing andesitic to dacitic lavas, flow-domes, and minor pyro-
clastic rocks of the Azufre Andesite (12.1-11.6 Ma). Widespread stage 2 alunite (11.5 Ma) and minor gold
deposition (~0.5 Moz) closely follow. The San Jose Ignimbrite (11.5-11.2 Ma) overlies the Azufre Andesite and
stage 2 alunite and includes three members of hornblende-pyroxene (biotite) dacite and andesite that erupted
in the center of the district and flowed southward. Mineralogically similar domes were emplaced into the in-
ferred vents.

The Coriwachay Dacite (10.8-8.4 Ma) forms the youngest and most silica rich igneous rocks in the district,
and includes intrusions and flow domes of dacite to rhyolite at Corimayo (10.8 Ma), Cerro Yanacocha (9.9 Ma),
and Yanacocha Lake (8.4 Ma). Most of the gold (>47 Moz) was deposited at Yanacocha during intrusion of the
late Coriwachay Dacite. These late dacites are volumetrically smallest (~2% of the total volume of erupted
magma) and are temporally associated with stage 3 to 5 alunites. Stage 3 alunite (11.0-10.7 Ma) developed
along a northeast trend for 9 km that includes the gold deposits of Corimayo, San Jose, Carachugo, and Maqui
Maqui. The deeper Kupfertal Cu-Au porphyry has an age of 10.7 Ma on hydrothermal biotite and underlies
zones of stage 4 and 5 quartz-alunite alternation that are 0.8 and 1.5 m.y. younger, respectively. Stage 4 alunite
ranges in age from 10.2 to 10.3 Ma at the Tapado and Chaquicocha Sur gold deposits to Cerro Sugares east of
the Maqui Maqui deposit. Stage 4 also includes a younger alunite age of 9.9 Ma from the San Jose gold de-
posit. Stage 5 alunite ranges from ~9.3 to ~8.2 Ma at Cerro Yanacocha, the largest gold deposit in the district.
All these deposits contain massive and vuggy quartz, quartz-alunite, and quartz-pyrophyllite alteration associ-
ated with pyritexenargite-tennantite-covellite.

Magmatism in the Yanacocha district lasted for ~11 m.y. The Yanacocha Volcanics spanned the last ~6 m.y.
of this period and were associated with long-lived magmatic-hydrothermal activity and episodic gold mineral-
ization. The Yanacocha calc-alkaline suite was oxidized, water and sulfate rich, and evolved from early pyrox-
ene>hornblende andesite to late titanite-bearing dacite and minor rhyolite. Several dacites contain populations
of both high- and low-aluminum hornblendes that crystallized in the middle and upper crust, respectively. The
variation of Mg, Ti, P, Sr, and Ba contents in these rocks is consistent with a complex magmatic origin via both
cooling, fractional crysta.lhzatlon periodic recharge of deeply derived hydrous basaltic or andesitic melts, and
mixing with silicic melts derived by crustal melting. Low eruption rates, high phenocryst contents of the vol-
canic rocks, and widespread hydrothermal alteration are consistent with the hypothesis that most of the mag-
mas at Yanacocha crystallized in shallow chambers as granitoids that passively degassed ore fluids. The com-
positional diversity of the volcanic rocks together with an extended magmatic-hydrothermal history reflect
complex magmatic processes that were optimum for producing the world-class gold deposits at Yanacocha.
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Introduction

SUBDUCTION-RELATED calc-alkaline volcanism or plutonism in
a given area along continental margins globally is well docu-
mented for a duration of up to 5 m.y. and, in some cases, 11
m.y. (Marsh et al., 1997; Coleman et al., 2004; Grunder et al.,
2008). Protracted magmatism leads to a self-organization of
widespread magma batches that become more spatially fo-
cused, hydrous, oxidized, and silica-rich through time. Exten-
sive hydrothermal alteration associated with porphyry and
epithermal mineral deposits coincides broadly with late-stage,
more centralized and more evolved magmatic activity (Dilles,
1987; Casselman et al., 1995).

The Yanacocha district is located in the northern Andes of
Peru centered on lat. 6°59' 30" S and long. 78°30' 45" W, be-
tween 3,400 and 4,200 m in elevation, and 600 km north of
Lima and 125 km east of the Pacific Ocean in the Depart-
ment of Cajamarca (Fig. 1). The district is characterized by
andesitic and dacitic volcanic rocks and subvolcanic intrusions
that are broadly contemporaneous with genetically related
epithermal high-sulfidation gold deposits hosted by advanced
argillic alteration. Yanacocha belongs to the global association
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of high-sulfidation ore deposits with hydrous, calc-alkaline
magmatism characterized by oxidized magnetite-series
dacites (Deen et al., 1994; Arribas, 1995). Intermediate-com-
position magmas in this association are the source of mag-
matic-hydrothermal fluids that cause acidic alteration of rock
and subsequent gold and copper-iron sulfide mineralization
(Ransome, 1907; Steven and Ratté, 1960; Stoffregen, 1987;
Arribas et al., 1995). High-sulfidation epithermal deposits
worldwide are commonly characterized by alteration zones of
vuggy residual quartz containing ore mineral assemblages
with relatively high sulfur contents and sulfidation states
within broad zones of alunite + quartz + pyrophyllite + dias-
pore + dickite alteration. This alteration characterizes hypo-
gene advanced argillic alteration that formed at relatively low
temperature (~150°-350°C) from highly acidic, oxidized, and
sulfur-rich hydrothermal fluids (Arribas, 1995; Hedenquist et
al., 1998). These early acidic fluids enhanced the permeabil-
ity and fluid-flow pathways prior to gold deposition by devel-
oping large stratiform and subvertical zones of residual quartz
alteration (Sillitoe, 1999).

At Yanacocha, the magmatic record is well preserved in a vol-
canic field associated with numerous subvolcanic intrusions,
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Fic. 1. Location map of the Yanacocha mining district in the Yanacocha Volcanic Field (YVF), northern Peru, showing
key locations. Note the porphyry Cu-Au and other Au and base metal deposits that define a northwest trend from the
Michiquillay and Minas Congas porphyry Cu-Au deposits, to the Tantahuatay high-sulfidation gold deposit and possibly to

the La Granja porphyry Cu deposit.
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and characterized by amphibole-bearing andesitic to dacitic
magmas that were water rich and anhydrite bearing (Cham-
befort et al., 2008). On the basis of previous work, Miocene
volcanism at Yanacocha spanned several million years, and
was punctuated by several spatially and temporally distinct
pulses of hydrothermal activity (Turner, 1997; Longo, 2005;
Longo and Teal, 2005).

This paper presents the following: (1) the volcanic stratig-
raphy of the Yanacocha district based on new geologic map-
ping of ~1,000 km? exposures, (2) 69 “Ar/*9Ar ages from ig-
neous and hydrothermal minerals and rocks, (3) the petrology
of the igneous rocks based on major and trace element chem-
istry as well as mineralogy, and (4) the distribution and age of
hydrothermally altered rocks in the district. We conclude the
paper with a geologic model that identifies the spatial and
temporal relationships of the volcanism and hydrothermal ac-
tivity, and comment on the role of magmatic processes in
forming giant magmatic-hydrothermal gold deposits. Teal and
Benavides (2010) present geologic maps and interpretations

developed independently of this study.

History of the Yanacocha mining district

Yanacocha is a world-class mining district with combined re-
serves, resources, and production that amount to >50 Moz of
gold in oxidized ore from eight high-sulfidation epithermal de-
posits (Table 1). These deposits overlie a large, poorly mea-
sured gold and copper resource in sulfidic rocks that includes a
Cu-Au porphyry (Myers and Williams, 2000; Teal et al., 2002;
Bell et al., 2004). From the beginning of mining in 1993 until
the end of 2009, the total ounces of gold from ore tons mined
has exceeded 38 Moz (Table 1), making Yanacocha the most
productive group of epithermal gold deposits in the world.

The district was first mined by native Peruvians during pre-
Incan time (E. Maynard, pers. commun., 1998), and ancient
pits were found at nearly every site where modern exploration
discovered a gold deposit. In addition to mining native gold
and cinnabar, pre-Inca and Inca peoples fashioned a technol-
ogy for extracting clays and quartz for ceramics. The district
was forgotten until 1968 when Nippon Mining explored three
years for porphyry copper deposits by drilling 13 diamond drill
holes at the site of the Kupfertal porphyry-style Cu-Au deposit
near Cerro Yanacocha (Plate I). The British Geological Survey
(1969-1971) subsequently detected metal anomalies at Yana-
cocha in a regional drainage geochemical survey, and in 1981,
the CEDIMIN branch of the French government agency
BRGM claimed the area and continued exploration (A.D.
Quiroz, writ. commun., 1994; Benavides and Vidal, 1999).

Yanacocha was then explored by Newmont Peru Limited
(NPL) (Table 1). Newmont geologists first visited the district
in September 1983 and recommended acquisition. In 1984,
CEDIMIN signed a joint venture agreement with Newmont
and Buenaventura, and exploration directed by NPL began
(Table 1). At this time, Yanacocha was classified as a volcanic-
hosted, low-grade silver deposit and was considered a low pri-
ority. Drilling targeted two silver anomalies near Cerro Yana-
cocha and gold-bearing quartz-alunite veins at Yanacocha
Norte. The drilling resulted in discovery of a non-economic
silver deposit, and, more importantly, an interesting drill
intercept with gold (7 m @ 9.6 g/t Au) at Yanacocha Norte.
Exploration drilling continued, and by 1986, two zones rich in
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gold (1-17 g/t Au) were delineated at Yanacocha Norte and
Sur. Systematic rock-chip geochemical surveys identified sev-
eral gold anomalies throughout the district that included
Cerro Quilish, San Jose, Carachugo, and Maqui Maqui.
Drilling resulted in discovery of gold deposits at Carachugo in
1988 and Maqui Maqui in 1989-1990. Gold mining opera-
tions began in 1993 at Carachugo Sur. The first gold reserve
of 1.3 Moz was announced by Minera Yanacocha, S.A. in 1992
(Table 1), and by the end of 1994 the combined reserve and
resource increased to 8.1 Moz. The gold reserve and com-
bined resource dramatically increased during the next five
years, and peaked in 2000 at 36.6 Moz as geologists discov-
ered 13 new gold deposits with >25 Moz in resource (Table
1). Annual gold production increased from 73,700 oz in 1993
to a peak of 3.33 Moz in 2005, and by 2010 cumulative gold
production was 38.1 Moz (Table 1).

Local concern about contamination from the mining oper-
ation, fueled by the Choropampa mercury spill in 2000, led to
numerous protests and road closures that forced Minera
Yanacocha to relinquish all permits for exploration and devel-
opment of the Quilish gold deposit. Exploration has been in
steady decline since the spill, and restricted to areas nearby
the active mines. The gold reserve and resource decreased to
10.5 Moz in 2010. The total gold mined (38.1 Moz) combined
with the 2010 reserve and resource (10.5 Moz), and with the
nonminable resources at Quilish and elsewhere (~6.5 Moz),
provide the basis for our estimate of ~55 Moz for the total
gold endowment of Yanacocha (Table 1).

Regional Geology

Structural setting

The Andean Cordillera displays a characteristic northwest
structural trend in the Department of Cajamarca, but a major
bend in the Cordillera, referred to as the Chimu Andes trend
or Cajamarca Curvature (Benavides-Caceres, 1999), deflects
the Mesozoic strata into a series of west- and west-north-
west-trending fold axes and faults that project beneath the
Yanacocha Volcanics (Figs. 1, 2; Reyes, 1980; Wilson, 1984).
Prominent northeast-striking faults and fractures, oriented
transverse to the Cordillera, define the Cutervo-Cajamarca
structural zone and include the four major lineaments named
Cajamarca, La Zanja-Tantahuatay, Sipan-Hualgayoc, and
Cutervo (Fig. 1). The lineaments are associated with several
significant metal deposits, of which the most southerly and
important is Yanacocha. It lies within the Chicama-Yanacocha
structural corridor (Quiroz, 1997; Turner, 1999). Approxi-
mately 20 km northeast of the Yanacocha district is a north-
west-trending belt of eight porphyry Cu-Au deposits that ap-
pears to extend 100 km from Michiquillay to La Granja (Figs.
1, 2; Llosa et al., 1999; Diaz et al., 1997).

Tectonics and magmatism of northern Peru

Tectonic episodes of the Andean Cycle in Peru (Cobbing et
al., 1981; Megard, 1984) began with the subduction of the
Farallon plate in the early Mesozoic and have lasted for >200
m.y. (Petford and Atherton, 1995). Several episodes of com-
pression and uplift, followed by various magmatic events and
extension, shaped the Andes of northern Peru (Noble et al.,
1990; Benavides-Caceres, 1999).
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Fic. 2. Simplified geology map of northern Peru surrounding Yanacocha and Minas Congas, modified after Cobbing et

al. (1981), with geology from Longo (2005). Locations and age

s of (1) ores from mineral districts in the the structural corri-

dor defined by the Cajamarca and La Zanja-Tantahuatay lineaments (gray dots) and (2) Cenozoic volcanic formations (black
dots) are keyed by number 1 through 13 to sources in App. Table Al.

Cenozoic volcanism in northern Peru is marked by four
episodes that began in the early Eocene (55 Ma) and ended
in the late Miocene (8.4 Ma), based on 4°Ar/3%Ar and K-Ar
ages (App. Table Al). Each magmatic episode was separated
by a period of erosion marked by an unconformity. Volcanism
in northern Peru began after the Incaic I orogeny in the early
Eocene at ~ 55 Ma with eruptions of silicic ash-flow tuffs of
the Llama Formation (Cobbing et al., 1981; Noble et al,
1990; Benavides-Caceres, 1999). Volcanism flared up again
after the Incaic II orogeny (~44 Ma) with eruptions of vol-
canic rocks of the Porculla Formation and silicic ash-flow

tuffs of the Huambos Formation (39-35 Ma; Noble et al.,
1990; Fig. 2). Diorite stocks that crop out in the Minas Con-
gas and Michiquillay districts span 4 m.y. in the middle
Eocene, and may be roots of stratovolcanoes that erupted
these volcanic rocks (Fig. 2; Table A1). During the Oligocene,
northern Peru experienced volcanic quiescence that culmi-
nated in the Quechua I orogeny at ~23 Ma (Noble et al.,
1974; McKee and Noble, 1982).

Arc volcanism reinitiated near Yanacocha following
Quechua I deformation. Conglomerates, volcaniclastic rocks,
and air-fall tuffs of the Chala sequence (23.2 Ma; Fig. 2) were
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deposited in angular unconformity atop the Huambos For-
mation (Noble et al., 1990). Miocene volcanism near Yana-
cocha includes older andesites and dacites of the Calipuy
Group volcanic rocks (19.5-15.5 Ma; this study) that are over-
lain by younger andesites and dacites of the Yanacocha Vol-
canics (14.5-8.4 Ma; this study). At ~8.4 Ma arc volcanism
ceased near Yanacocha and is correlated with initiation of flat-
slab tectonics and development of a volcanic gap between lat.
2° and 15° S in northern Peru (Gutscher et al., 1999).

Timing of regional magmatism and mineralization

Mineralization is broadly associated with Miocene magma-
tism in the Department of Cajamarca (Fig. 2; Table Al).
Early to middle Miocene granitoid stocks, 20 km northeast of
Yanacocha, span a ~5 m.y. interval (20.8-15.9 Ma). Stocks as-
sociated with Cu-Au porphyry ores have ages of potassium sil-
icate alteration ranging from 20.6 to 15.4 Ma at Misacocha,
Amaro, Perol, Chailhuagon, Galeno, and Michiquillay, and an
age of alunite at Cochafies of 16.1 Ma. Middle Miocene mag-
matism in a ~25-km-long belt from Chailhuagon northwest to
the Tantahuatay district is recorded by igneous ages from 14.4
to 8.3 Ma in the Tantahuatay, Cerro Corona, Hualgayoc, and
La Zanja mineral districts, and by ages of hydrothermal activ-
ity that range from 15.6 to 11.0 Ma. High-sulfidation epi-
thermal deposits in the Tantahuatay district overlap the mag-
matism and span a 2.3 m.y. interval from 13.3 to 11.0 Ma,
~0.2 m.y. younger than the porphyry Cu-Au mineralization
~6 km southeast at Cerro Corona (13.5 Ma).

Previous ages from Yanacocha

Previously reported isotopic ages partly outline the mag-
matic and hydrothermal events at Yanacocha (Table Al).
Three K/Ar (Noble et al., 1990; D.C. Noble, pers. commun.,
1997), three U/Pb zircon ages (Chariadia et al., 2009), and
eight 9Ar/%9Ar ages (n = 6; Turner, 1997; n = 2; Chariadia et
al., 2009) range from 15.8 to 8.4 Ma for early to late Miocene
volcanic rocks and intrusions. These data suggested a 3.4 m.y.
gap in magmatic activity between 15.8 and 12.4 Ma. Previous
ages of hydrothermal alunite were obtained only from the
gold deposits in the northeastern part of the district (e.g.,
Carachugo, Fig. 3), and span 11.5 to 10.9 Ma (Turner, 1997;
Harvey et al., 1999). Previous ages on late dacitic and rhyo-
dacitic dikes range from 9.9 to 8.4 Ma (Turner, 1997; Charia-
dia et al., 2009). Turner (1997) proposed that early volcanic
activity at Yanacocha spanned ~1 m.y., hydrothermal activity
and gold deposition overlapped with the early volcanism and
continued for another 0.5 m.y., and, after a ~1 m.y. gap, post-
mineral dacitic magmatism lasted an additional 1.5 m.y.

Yanacocha Geology, Ores, and Hydrothermal Alteration

Pre-Cenozoic rocks

Cenozoic volcanic rocks overlie Cretaceous limestone and
marl of the Pulluicana-Quillquifian Group and Cajamarca
Formation, and older quartzite and argillite from the Goyllar-
isquizga Group on the margins of the Yanacocha district (Be-
navides, 1956; Cobbing et al., 1981; Wilson, 1984). Quartzite,
black hornfels and argillite fragments found in the intrusions,
pyroclastic rocks, and pebble dikes in the Yanacocha district
suggest that these rocks lie at depth. Thick-bedded micritic
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limestone crops out northeast of the Maqui Maqui deposit
and along the La Quinua fault in the central part of the dis-
trict (Fig. 3, Plate I).

Cenozoic volcanic rocks

Miocene andesitic and dacitic volcanic rocks are up to
1,800 m thick, based on exposures, drill hole intercepts, and
geophysical data (Goldie, 2000, 2002) in a 25 km diameter
area centered on Yanacocha (Fig. 3, Plate I). Early to middle
Miocene volcanic rocks, classified as the Calipuy Group
(Reyes, 1980; Cobbing et al., 1981; Wilson, 1984), overlie the
Pulluicana and Goyllarisquizga Group sedimentary units with
angular unconformity (Fig. 4). The younger and more cen-
trally focused Yanacocha Volcanics of middle Miocene age
cover an area of ~350 km? that is slightly elongated in a north-
east-southwest direction for 20 km (Figs. 1, 3; Plate I). The
Yanacocha Volcanics are composed of andesitic and dacitic
lavas, domes, ignimbrites, and minor subvolcanic intrusions,
dikes, and breccias

Quaternary glaciation

Pleistocene glaciers extensively scoured and reshaped the
volcanic geomorphology above 3,900 m elevation in the east-
ern parts of the Yanacocha district and produced polished and
striated quartz-rich altered rocks on the highest peaks and in
U-shaped valleys up to 300 m deep (Klein et al., 1999; Har-
vey et al., 1999; Longo, 2000, 2005). Moraines crop out at
>3,700 m elevation and contain cobbles of advanced argillic
altered volcanic rocks. Massive quartz and quartz alunite
boulders are common. Detrital gold ore in the La Quinua
gravel deposit (>10 Moz Au) was sourced from an eroded
portion of Cerro Yanacocha (Williams and Vicufia, 2000; Mal-
lette et al., 2004). Up to 300 m of rock was removed from the
original paleosurface in the eastern parts of the Yanacocha
district so that the present exposures represent deeper levels
of the high-sulfidation epithermal systems.

Hydrothermal alteration and gold ores

The Yanacocha district consists of clusters of high-sulfida-
tion epithermal gold deposits that occur in a N 50° E-trend-
ing zone of intense hydrothermal alteration 15 km long by up
to 8 km wide and >100 km? in area (Plate I). The intense hy-
drothermal alteration hosts the gold ore and makes protolith
identification and stratigraphic correlation extremely difficult
(cf. Teal and Benavides, 2010).

In the center of the district, a corridor ~10 km2in area ex-
tends from Cerro Yanacocha through the San Jose, Cara-
chugo, and Chaquicocha deposits (Figs. 3, 5A) and consists of
rock that is nearly 100 percent altered to quartz (Longo, 2000,
2005). Quartz-rich rock at Yancocha, formed by intense hy-
pogene acidic leaching of original igneous rocks (Steven and
Ratté, 1960), displays a variety of textures that include mas-
sive quartz, vuggy quartz, granular quartz, and vuggy quartz
partly replaced by granular quartz (Table 2; Supplementary
data (SD) Figs. 1A-C). Quartz-rich rock occurs largely as gen-
tly dipping, tabular bodies 100 to 200 m thick that are broadly
conformable to the volcanic stratigraphy (Harvey et al., 1999;
Longo, 2000; Bell et al., 2004), but is also present as struc-
turally controlled subvertical bodies, locally >450 m thick,
that crosscut the stratigraphy (i.e., Chaquicocha Norte;



1198

LONGO ET AL.

770000E

780000E

. - Granja Porcon .
.- e
9220000N |
.

e
ambo Cancha

1 ngamérca RSN

Maqui Maqui

Kilometers

Yanacocha Rocks

Qg - Fluvial and glacial deposits
Tl - Tuffaceous lacustrine sediments
Tnri - Negritos Ignimbrite

Tsji - San Jose Ignimbrite =

Tupha - Azufre Andesite volcanics
upper px-hb andesite-dacite
Tmmi - Colorado Pyroclastic sequence
Tlpha - Atazaico Andesite volcanics
lower px-hb andesite

O Gold deposits

-] A EEL

O

Calipuy Group Volcanics (pre-Yanacocha)

Tmcv - Minas Congas and Pefia de Leon

i pyroclastic rocks
Tefd - Cerro Fraile dacitic pyroclastic rocks
Tlalc - Chaupiloma lower andesitic lahars

Tlalt - Tual lower andesitic lahars
Tha - Huambo Cancha andesite

Cretaceous Basement Rocks
Cajamarca Formation and

Kls Pulluicana and Quillquifian Groups
Limestones and marls

Kq - Goyllarisquizga Group quartzite

Yanacocha Intrusions and Breccia

- Ted/Typa/Teyr - Coriwachay dacite domes
Tbxh/TIx - Hydrothermal breccia/laminated rocks
Tsjd - Domes of the San Jose Ignimbrite

- Typ - Yanacocha feldspar porphyry and diatremes
Ted - Quilish dacite plugs

AANA

\

Tphad - Atazaico and Azufre domes

Faults

Fic. 3. Simplified geologic map of the Yanacocha district showing the locations of the gold deposits and names of selected
localities discussed in the text. Pseudo-section line A-J shows the location of the stratigraphic columns in Figure 7.

Longo, 2000; Goldie, 2000). The quartz-rich rocks define a
central alteration zone that is progressively enveloped by ~10-
to 100-m-wide alteration zones of quartz-alunite + pyrophyl-
lite + diaspore + dickite + kaolinite (advanced argillic), illite-
smectitexpyrite (intermediate argillic), and a distal and
weakly developed zone of chlorite-illite-smectite-calcite
(propylitic) (Table 2; Harvey et al., 1999; Myers and Williams,
2000; Bell et al., 2004).

Gold ore commonly contains higher grades (>2 g/t Au) in
steeply dipping structural zones of fractured massive and

vuggy quartz that are enclosed within larger tabular zones of
quartz-rich alteration with lower gold grades (~0.2-1 g/t Au;
Harvey et al., 1999; Longo, 2000; Myers and Williams, 2000;
Teal et al., 2002). Gold ore with typical grades of 1 to 2 g/t is
hosted in quartz-rich altered rocks that originally contained
hypogene sulfides (Table 2), subsequently oxidized by super-
gene processes. Supergene oxidation within some structural
zones reached depths of >400 m (Harvey et al., 1999; Goldie,
2000, 2002; Myers and Williams, 2000; Longo, 2000; Bell et
al., 2004). The central oxidized, quartz-rich zones generally
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FIG. 4. Generalized stratigraphic column for the Yanacocha district showing lithologic units of Miocene Calipuy Group vol-
canics and Yanacocha Volcanics, their age range based on “Ar/*Ar determinations, and range of thicknesses. Dikes and domes
are shown schematically in correct stratigraphic or age position. Abbreviations: bi = biotite, hb = hornblende, px = pyroxene.

have the highest average gold grades (>2.5 g/t) and host local
bonanza-grade gold ore (up to 540 g/t), where paragenetically
late, coarse visible gold is intergrown with barite or quartz in
vugs and along high-angle fractures that crosscuts quartz-rich
rock. It is also associated with massive botryoidal limonite,
rare Sn-rich hydrous iron oxide, and locally cream-colored
porcellaneous chalcedony with rutile.!

1 Creamy chalcedony at Rodalquilar is interpreted as an oxidation product
of chalcedony containing fine-grained hypogene sulfides and bonanza gold
(Arribas et al., 1995), and at Yanacocha it is termed silice pardo (Gomez,
2002; Bell et al., 2004).

At depths below supergene oxidation, sulfide ore zones con-
tain covellite-enargite-pyrite + chalcocite (Harvey et al., 1999;
Goldie, 2000; Bell et al., 2004). Higher gold grades (>5 g/t) are
associated with pyrite-tennantite-covellite-gold + barite + or-
piment + native sulfur, and apparently formed during the last
stage of hydrothermal mineralization (Longo, 2000). Grains of
coarse visible gold (up to 1 mm in size) are adjacent to pyrite
veinlets replaced with tennantite in zones grading >25 g/t Au.
The ore-related minerals discussed above commonly also fill
cavities and fractures in the quartz-rich zones, and therefore,
locally postdate the principal wall-rock alteration.
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g Carachugo
Maqui Maqui
Cerro Yanacocha ! San José

Complex

Atazaico andesitic lavas

13.31 Ma

Machay dome

F1c. 5. Photographs of volcanic, stratigraphic, and intrusive relationships in the Yanacocha district annotated with “0Ar/*Ar
ages. (A) View northeast from Cerro Negro Este showing locations of some of the gold deposits and the topographic high char-
acteristic of the central part of the district. (B) The Cerro Atazaico stratovolcano (14.21 Ma) and vent for Atazaico Andesite
lavas in the western district. (C) View southeast of the middle and upper members of the San Jose Ignimbrite (SJI) overlying
in angular unconformity with lavas of the Atazaico Andesite and the Machay dome, which intrudes the Atazaico lavas. (D) The
base of the middle SJT is marked by a concentration of coarse lithics (bottom left) that are predominantly accidental fragments
of hydrothermally altered rock. The San Jose Ignimbrite unconformably overlies the Machay dome and lavas of Atazaico An-
desite. In the background, the composite-age Ocucho dome intruded lavas of Atazaico Andesite. (E) View looking northwest
in the Alta Machay area of middle and upper SJI (foreground) to Atazaico Andesite, overlying the Chaupiloma (Tual) andesitic
lahars (background). (F) Exposures: characteristic of fluted columnar exposures of the upper SJI.

Hydrothermal breccias heterolithic and monolithic breccias with dense quartz ce-

Many varieties of hydrothermal breccia (Sillitoe, 1985; Davies
et al., 2008) are spatially associated with gold ore in quartz-rich
rock and include the following: (1) early matrix-supported,

ment; (2) heterolithic and monolithic breccias with alunite ce-
ment; and (3) heterolithic, matrix- to clast-supported breccias
with a granular quartz matrix, referred to as phreatic breccias
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VOLCANISM AND ASSOCIATED HYDROTHERMAL GOLD DEPOSITS AT YANACOCHA, PERU

at Yanacocha (Table 2). Early hydrothermal breccias with
dense quartz cement are hosted in a variety of quartz-rich and
quartz alunite alteration (Abarca and Harvey, 1997; SD Fig.
4). They appear to predate gold ore, because they commonly
grade <0.03 g/t Au and are only locally cut by fractures con-
taining barite and coarse native gold, e.g., at Chaquicocha
Alta (Fig. 3, Plate I). Later hydrothermal breccias with
quartz-alunite matrices contain fragments of massive quartz
and early quartz-cemented breccia, and locally have high gold
grades >25 g/t.

Phreatic breccias are chaotic, poorly sorted, matrix- to
clast-supported breccias that resulted from eruptions of su-
perheated ground waters at a shallow depth. These breccias
crosscut all lithologies and alteration types, and contain frag-
ments of nearly all rock types found at Yanacocha (SD Fig.
5). There are no juvenile fragments. Fine-grained granular
quartz forms the matrix of these breccias. Multiple steeply
and gently dipping fluidized pebble dikes and sills are a late
component of the phreatic event that crosscuts the main
body of phreatic breccia. They have a characteristic core of
coarse, well-sorted, rounded pebbles (2-6 mm in size) of
massive quartz that grade outward to sand-sized (<1 mm)
particles that show both planar and crossbedded features
(SD Fig. 6).

Diatreme breccias

Diatreme breccias are rare and intrude the volcanic sec-
tion. These breccias widen upward and are spatially associ-
ated with feldspar and quartz porphyry intrusions. A clay-rich
matrix supports clasts (SD Fig. 7), which are heterolithic and
include quartz-rich rock, clay-altered Yanacocha porphyry,
volcanic and porphyritic rocks, and basement quartzite and
black argillite. Rare juvenile fragments of the Yanacocha por-
phyries are plastically deformed and suggest contemporane-
ous intrusion and brecciation (Abarca and Harvey, 1997;
Turner, 1997; Longo, 2000; Loayza-Tam, 2002). Common
quartz- and clay-altered fragments indicate hydrothermal ac-
tivity prior to breccia emplacement. The clay-dominated
breccias are not strongly mineralized themselves, but gold ore
commonly occurs along their margins, suggesting the ore flu-
ids took advantage of the permeable breccia margin
(Changanaqui, 1995; Abarca and Harvey, 1997; Turner, 1997;
Rota, 1997; Harvey et al., 1999; Longo, 2000). Rota (1997,
1998) defined irregular but distinct, cone-shaped bodies of
clay-rich matrix supported breccia at Carachugo and Cerro
Yanacocha that widen toward the surface and narrow to a
cylindrical-shaped root at depth, similar to the diatremes de-
scribed by Lorenz (1986).

Mapping and Sampling for “°Ar/*Ar Geochronology

Geologic mapping was integrated with “©Ar/*%Ar age deter-
minations, geochemistry, and petrography to establish the
volcanic stratigraphy and temporal framework of volcanism
and mineralization within the district (SD Table 1). We pre-
sent 69 new *Ar/*Ar ages of volcanic rocks and hydrothermal
alunite and biotite (App. Tables A2, A3) to complement the
mapping centered on Yanacocha (Plate I). Geologic mapping
at 1:25,000 scale covered an area ~1,000 km?2 within and sur-
rounding the Yanacocha mining district, augmented by de-
tailed core logging of diamond drill holes from the center of
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the district. The least altered volcanic and intrusive rocks be-
yond the limits of the hydrothermal alteration were sampled
for radiometric dating and petrologic studies. These rocks
were then correlated with hydrothermally altered rocks in the
center of the district, based on stratigraphic relationships,
petrography, and isotopic ages.

Of the 69 samples selected for “Ar/9Ar geochronology, 48
were fresh to very weakly altered igneous rocks, of which 37
were from volcanic units and 11 were from intrusions and
domes (Table A2). Petrographic analysis of each sample con-
firmed that 85 percent of these rocks sampled for dating are
fresh and show no hydrothermal alteration; the remaining
rocks contain trace to minor amounts of alteration minerals.

The remaining 21 samples were from hydrothermally al-
tered rocks that include hydrothermal alunite (n = 20) and bi-
otite (n = 1). These samples were dated to determine the age
of the mineralization events (Table A3). All alunite-bearing
samples were collected from stratiform horizons or breccia
zones of quartz-alunite alteration within or adjacent to each
major gold deposit, and contain from trace to >3 g/t Au (Table
A3; Longo, 2005). Most of the mapped alunite is relatively
coarse grained (>100 gm) natroalunite or alunite associated
with quartz, and in many cases also occurs with pyrophyllite,
kaolinite, diaspore, and pyrite (Longo, 2005; SD Figs. 8, 9).
Isotopic analyses of sulfur from 22 alunites, including all the
samples dated, yielded 03*Scpr values from 11.4 to 25.9 per
mil (Table A3). Two samples of pyrite yielded 0**Scpr com-
positions of —2.4 and —14.5 per mil (Longo, 2005). The high
034S values for alunite and low values for pyrite indicate for-
mation of magmatic-hydrothermal alunite rather than steam-
heated or supergene alunite (cf. Rye et al., 1992). The alu-
nites ages provide a maximum age of gold deposition at each
locality, given that gold crosscuts quartz-alunite alteration, as
previously discussed.

40Ar/39Ar Results and Interpretation

Results of the age determinations are summarized and
preferred ages listed in Table 3, Figure 6, and Tables A2 and
A3. The Appendix provides details of the analytical methods
and representative examples of the age spectra (App. Figs.
Al-A4). The age spectra of the 69 experiments are mostly
simple, and 62 of the age determinations meet all the crite-
ria for a reliable estimate of the crystallization age (Table A2;
see Longo, 2005). That is, plateau ages are the weighted
means of three or more heating step ages comprising over
50% of the total 3Ark gas released and are concordant with
isochrons with initial 4°Ar/36Ar intercepts calculated from Ar
compositions of the same steps. In these cases, the plateau
age is taken as the preferred age because the analytical un-
certainty is generally less than the uncertainty of the
isochron age, owing to the often small dispersion in step Ar
composition.

Some of the plateaus are bordered by heating step ages that
reveal the effects of minor argon loss, excess argon, or argon
recoil. These effects do not compromise the interpretion of
crystallization ages (Duncan et al., 1997; McDougall and Har-
rison, 1999; Longo, 2005). Interpretations of the ages of a few
problematic samples are discussed below. All additional age
spectra are available in online Supplementary Data (or see
Longo, 2005).



1204 LONGO ET AL.
TABLE 3. Textural and Petrographic Characteristics of
Rock name Phenocryst
(symbol) Previous Composition SiOy Phenocryst abundance
no. samples names’ rock type (wt %) proportions and size (mm)
Tual(t) and Chaupiloma(c) San Pablo, Porculla, Andesite, t59-62 PI>Hb>Px>Opq Pl: A 0.75-2
lower andesite lahars (Tlal) Llama; Lower Andesite principally lahars, c57-62 Hb: A 0.75-3(R 3-5)
Tual Tlalt 4 Lahars (LAL) rare lavas Cpx>Opx Px: C 0.5-1.5
Chaupiloma Tlale 11
Cerro Fraile pyroclastics Frailones, Huambos Dacite, 61-69 PI>Bi >Qz>Hb> Qz: C0.7-2.7
Tefd pyroclastic rocks Opg>Af Pl A1-25
23 Hb: C 0.7-2.5
Bi: A 2-5 coarse
(0.5 cm dia.)
Atazaico Andesite Porculla, Regalado, Andesite, 59-61.5 PI>Px>Hb >Opq Qz: C in domes/Int
Tlpha Lower Yanacocha principally lavas Pl: A 1-3
28 Volcanics (LPHA) Rare Qz, 2% in intrusions up to 6
domes/int Hb: C 1-2.5
domes/Int up to 5
Px: C 0.5-2 Cpx>Opx
twin Cpx common
Quilish Dacite Early dacite Dacite (intrusions) 63-64 PI>Hb>Qz>Af > Pl: A 3-6
Ted Bi> Opq Hb: A 2-5
8 Bi: R 1-2
Qz: C Em 1.5-2.5
Colorado Pyroclastics Maqui Maqui Trachyandesite 60-66 PI>Hb>Opq>Bi Pl A1.5-35
Cori Coshpa CC Ignimbrite or Pyroclastic To dacite, rare Qz+Af Hb: A 0.75-3
Maqui Maqui MM Sequence (MMI) ignimbrite trace Cpx in MM Bi: R0.5-1.5CCR4
Tmmi Cpx: T <0.35
22 QzRO05
Yanacocha porphyry Yp and Cp plugs, Andesite to dacite 61-63.6 Pl=Hb>Af Pl: A 0.2-6
Yp and Cp sills, diatremes porphyry dikes, Trace Qz+Bi +Ap+Cpx Hb: A 0.5-8
plugs, lavas Kfs: R 0.25-0.35
Bi: T 0.25-0.5
Px: T 0.35 to absent
Qz T 0.25-1.5 Em
Azufre Andesite Porculla, Regalado, Trachyandesite, 61-65 PI>Hb>Px>Opq Pl: A 2.5-5
Tupha Upper Yanacocha trachydacite, silicic no Qz-Af-Bi-Tit domes to 6.5
33 Volcanics (UPHA) andesite, and low- Hb: C 1-2.5
silica dacite; Oxyhb(Poikilitic)
lavas-domes R 3-5 Intto 10
Bimodal Hb ac<0.75
pr>1.0,
Px: C 1-2.5 Cpx>Opx
Lower San Jose Ignimbrite Huambos, Frailones, Dacite, andesite, 62-64.2 PI>Hb>Cpx >Opq>Bi Pl A 154
Tlsj Otuzco minor trachydacite, rare Opx Hb: A 1.5-5
19 trachyandesite; +1 mm are poikilitic
Ignimbrite Px: C 0.5-0.75 R2.0
Bi: R 0.6-2
Qz TO0.15
Middle San Jose Ignimbrite ~ Huambos, Frailones, Dacite, trachydacite, ~ 61-63.4 PI>Hb>Opq >Bi >Px. Pl: A 1.5-3.5
Tmsj Otuzco trachyandesite; Hb: C1-25R 4
24 ignimbrite (T +1em Cz)
White Tuff White Tuff Px: T-R 0.3-1.0 Cpx
trachydacite, Bi: R 0.25-2.5
ignimbrite Qz: T 0.5-08
Upper San Jose Ignimbrite Frailones, Huambos, Andesite to dacite, 62.2-65 PI>Hb>Cpx>Opx > Pl A 1-3
Spatter Ign Upper San Jose Spatter minor trachydacite Opg>Bi Hb: A 1-6
Tusj Ignimbrite and trachyandesite; Spatter blobs Px>Hb (T +1em Cz)
11 ignimbrite Oxyhb(Poikilitic)
Px:A05-3

Bi: T 1.3
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Volcanic Rocks and Related Intrusions, Yanacocha District
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Total Total Accessory Fragments
phenocrysts mafics? minerals (accidental Extent Ar-Ar
(vol %) (vol %) (size mm) Textures and juvenile) (km?2) age(s)
14 lavas 9-13t Ap Pyroclastic breccia, Contaminated with basement, 430 19.53+0.13t
60 lahars 6-13¢ broken phenocrysts, porphyritic, trachytic lava, Tlalt~35 15.90+0.18¢
clast-supported epiclastic and white pumice fragments, Tlale>350 15.41+0.36¢
Detrital gz generally poorly sorted and
heterolithic
20-50 4-18 Zr Nonwelded to eutaxitic, Heterolithic with porphyritic 340+ 15.51+0.05
poorly-sorted and ash-rich dacite, basement rocks, and to 15.15+0.06
Qz 1-9 Bi 2-10 pyroclastic breccias and tuff  abundant white pumice dips
Avg 4.5 avg 4.3 breccias, the ignimbrites (2-5mm), abundant broken 12°-40°
b 2-5 contain remnant phenocrysts, rare charred NNE to
avg 3.5 elutriation pipes wood §°-25° E
26-58 6-29 Ap Two types of flow-foliated Rare mafic enclaves of West district: 14.52+0.13
Avg ~50 15 avg lavas: (1) Fine-grained diorite 157 to 13.31+0.08
Domes pilotaxitic, (2) medium- East district:
13-26 grained (1-5 mm) por- 80
phyritic, pyroclastic rocks District-wide
are monolithic, poorly-sorted est.: 340
and clast-supported
19-44 5-12 T Ap+Zr Porphyry, glomero- na na no radiometric
34 common No Tit porphyritic age
CC: 40-58 5-14 Large Ap Eutaxitic, fines depleted, Basement Qzand Arg 89 12.63+0.05
Pm: 10-30 striated abundant broken pheno- fragments common, rare eroded: to 12.40+0.10
MM: 40-68 biotite cloudy cores crysts, Seriate pl w/ Int porphyritic, nonwelded minimum
55 common CC: 1.5-2 (0.7 in MM). white pumice in CC,
Pm: 10-25 MM: T-1.5 Pm 5-10-cm-size, 20-25 vol %
20-39 10-12.5 Ap Int are coarsely porphyritic na na 12.39+0.12
R 43 (e.g., DN-77, SLT-2); to 11.90+0.11
Avg. 32 Lavas are trachytic-textured, 12.26+0.124
Qz <1 and flow-foliated (e.g.,
Lava: 10-38 YS-370); commonly clay
altered (Cp)
22-55 4-19 Ap>Zr Flow foliated, pilotaxitic, Rare mafic enclaves of diorite 125 West district
C3l1 C~10 porphyritic (bimodal), 12.09+0.10
rare glomero-porphyritic to 11.91+0.08
East district
12.09+0.08
to 11.68+0.07
32-63 4-13 large Ap Eutaxitic to non-welded, Hetero- to monolithithic, trachytic 134 11.79+0.14
C 46 striated broken phenocrysts, andesite and basement argillite 11.54+0.09
Pm 5-20 cloudy cores fines depleted fragments, pumice 1-4cm rare to 11.43+0.06
(0.3-0.75), altered accidental fragments of SM, 11.58+0.18*
Zr0.2. Large (up to 1 m diam) patchy- and
wormy-textured quartz-alunite
accidental fragments at Cerro Baul
37-71 3-12 Trace Tit Ap,Zr  Devitrified, eutaxitic to Heterolithic porphyry and 100 11.43+0.11
Avg 66 nonwelded, broken basement fragments, abundant to 11.29+0.08
phenocrysts, fines depleted accidental fragments of Mq, Vq,
White Tuff gA, and qz-andalusite-Af pumice
Ap (0.25) White Tuff: lapilli AR-2/1 fiamme AR-10/1
Zr (0.2) devitrified White tuff: rare porphyry altered White Tuff
fragments, pumice ? 11.22+0.08
37-74 3-10 C Ap, Fines-depleted, eutaxitic, Rare fiamme (AR 10/1); rare 16.5 11.25+0.07 and
Avg. 54 Green Cpx T Zr dominated by broken previously altered accidental 11.24+0.10
up to 7 phenocrysts and small blobs fragments, abundant spatter 175
Mtx 50-74 and blocks <5 c¢m, clast size blobs 20-50 vol % (AR 7:1, Cumulative
Blobs 40—45 grades downward from pvAR 2-1), and equant sub- areal extent

10-50 to 1-5 ¢cm

angular blocks with laminated
to thin-bedded tuff that
resemble base-surge deposits

3 members
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TABLE 3.
Rock name Phenocryst
(symbol) Previous Composition Sioz Phenocryst abundance
no. samples names’ rock type (wt %) proportions and size (mm)
Domes of San Jose Regalado Dacite, andesite, and 6264 PI>Hb>Cpx>Opx > PLA 2-3
Ignimbrite minor trachydacite Opq>Qz>Af Hb: A 25
Tsjd to trachyandesite Px: A 0.5-1.5
6 Emplaced into vents QzT 0.1
of TS| AET 05
Coriwachay Upper (late) dacite Dacite to rhyolite 67-71 PI>Hb>Qz>Af>Bi> Pl A 25-7
Dacite Opq>Tit Hb: A 0.5-2.5
19 Bi: C 0.8-2
Qz C Em 0.8-3.5
Tit C to 1.2 mm
Members
Corimayo dacite Dacite 67-69 R Bi>Hb PLA1-7HbA1-25
Ted Bi: C <2
11 Qz: C Em <2.0
Tit: C <1.0
Co. Yanacocha dacite Yanacocha quartz Dacite 68 Pl: A <4 Hb A <3
porphyry porphyry Bi: C <2
Typq Qz: C Em <4
7 Tit: C <1.2
Yanacocha Lake Rhyolite 70.6 Pl: A <4 Hb A <2
rhyolite dikes Bi: C <1
Teyr Qz: CslEm <1
1 Tit: C <0.4
Negritos ignimbrite Rhyolite 71 Bi>Hb Pl: A <2 Hb C <0.5
Tnr Bi: A <2Qz A <2
1 Tit: C <0.4

1 Previous names of Ryes, 1980; Cobbing et al., 1981; Wilson, 1984; Turner, 1997; Longo, 2005

2 Ferromagnesian minerals (applied to the mafic minerals hb+cpx+opx)
3 Edwards, 2000

4 Ages from Turner, 1997

5 Ages from Chiaradia et al., 2009

The relative abundance and maximum size in mm are reported for each mineral: A = abundant, C = common, R = rare, T = trace, N = none; rock
abbreviations: Arg = Argillite, Qtz = quartzite, Int = intrusion, P = porphyritic, Ign = ignimbrite, Int = intrusion

Mineral abbreviations: Af = alkali feldspar, Ap = apatite, Bi = biotite, Cpx = clinopyroxene, Hb = hornblende, Opq = Fe-Ti oxides, Opx = orthopyrox-
ene, Pl = plagioclase, Px = pyroxene, Qz = quartz, Rt = rutile, Tit = titanite (sphene), Zr = zircon. Other abbreviations: AR = cross sectional aspect ratio
(pv-planar view), Bimodal Hb = ac-acicular lath and pr-prismatic, Cz = concentrically zoned = large 1-cm-size Hb with onion-skin zonation that is visible
in hand samples (for details on Hb zoning see Chambefort et al., in press), Em = embayed, Eu = euhedral, Mtx = matrix, Oxyhb = oxyhornblende, Pm =
pumice, Mq = massive quartz, Vq = vuggy quartz, gA = quartz alunite, Avg = average, na = not applicable; Colorado Pyroclastics: CC = Cori Coshpa

ignimbrite, MM = Maqui Maqui ignimbrite

Volcanic Stratigraphy and Geochronology
The geologic mapping, core logging, petrography, and ra-
diometric ages from this study allow revisions to and im-
proved understanding of the Miocene volcanic stratigraphy
(Figs. 3, 4, 6, 7, 8; Plate I). The Miocene stratigraphy is di-
vided into eight major volcanic units of which the first three
are assigned to the older Calipuy Group volcanic rocks (after
Cobbing et al., 1981; Wilson; 1984), and the last five are here

named the Yanacocha Volcanics (Fig. 4, Tables 3, 4).

Calipuy Group

Volcanic rocks of the Calipuy Group are up to 600 m thick
and erupted from numerous centers over a wide area from
~20 and ~15 Ma (Reyes, 1980; Wilson, 1984; Turner, 1997;
Davies, 2002; Longo, 2005). These rocks include, from old-
est to youngest, the following: (1) the Huambo Cancha an-
desite, (2) the lower andesitic lahars of the Tual and Chaupi-

loma sequences, and (3) the Cerro Fraile dacitic pyroclastic
sequence.

Huambo Cancha andesite (Tha): Porphyritic andesite and
volcaniclastic rocks at Huambo Cancha and Rio Porcon overlie
Cretaceous quartzite at an angular unconformity and are the
oldest Cenozoic volcanic rocks exposed in the study area
(Figs. 3, 4, Plate I). Trachytic- and coarsely porphyritic-tex-
tured andesitic lavas are interbedded with thin-bedded vol-
caniclastic siltstones. The Huambo Cancha andesite is locally
tightly folded from compressional deformation not recog-
nized in the overlying rocks. The andesite is typically hy-
drothermally altered to clay with disseminated pyrite or in-
digenous limonite after pyrite. The undated Huambo Cancha
andesite is older than the overlying 19.5 Ma Tual andesite
(Table A2; SD Table 1).

Lower andesitic lahars of Tual (Tlalt) and Chaupiloma
(Tlalc): These coarsely porphyritic hornblende and horn-
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(Cont.)
Total Total Accessory Fragments
phenocrysts mafics? minerals (accidental Extent Ar-Ar
(vol %) (vol %) (size mm) Textures and juvenile) (km?2) age(s)
28-60 3-25 Ap (0.1) Porphyritic, pilotaxitic, Rare mafic enclaves of diorite ~5 12.01+0.10
44 avg, flow foliated, seriate Pl with Pl and Cpx dominant to 11.23+0.07
24-43 4-16 Zr, Ap, Rt, Tit Porphyry texture, R flow ~15
35 avg. foliations, seriate PI
>94-43 10-15 C Tit, R Ap, Broken phenocrysts Porphyritic dacite (3-4 mm-diam) ~7 10.78+0.05
Qz ~3 T Zr with tuff 11.06+0.02
to 10.62+0.155
30 4-8 CTit, TRt, TAp R EuQt ~2 9.91+0.04
Qz ~5 9.90+0.05*
30 ~10 C Tit R Eu Qt ~1 8.40+0.06*
Qz ~5 8.59:0,145
43 ~5 T Ap, T Tit Broken phenocrysts Dacite porphyry, Hb-Bi feldspar ~5 8.43+0.04
Qz 15 porphyry, rare granular-textured
quartz

blende-pyroxene andesites are divided in two sequences; the
Tual and the Chaupiloma (Figs. 3, 4; Table 3; Plate I; SD Fig.
10). The andesites, up to 415 m thick, filled paleochannels cut
into the Huambo Cancha andesite and the Cretaceous base-
ment rocks (Figs. 4, 7; Table 4).

Both of these units are dominated by lahar and hypercon-
centrated flow deposits. The Tual andesite crops out only in
the southwestern and western parts of the district, north of
Cajamarca (Fig. 3, Plate I), where it forms distinctly stratified
yellow, poorly reworked epiclastic rocks, pumice-rich debris-
flow and lahar deposits, and volcaniclastic sandstones and peb-
ble conglomerates. The Chaupiloma andesite overlies the Tual
andesite along a disconformity (see Figs. 4, 7, erosional hiatus
1). The Chaupiloma is characterized by thick gray lahar de-
posits of hornblende-pyroxene andesite that are interbedded
with rare ash-fall tephra and volcaniclastic sedimentary rocks
ranging from pebble conglomerates to laminated siltstone (SD
Fig. 10). The lower 80 m consists of 1- to 3-m-thick beds of
lahar flows with large fragments of andesite and basement
rock (<2 m diam) that are interbedded with 1- to 2-m-thick
beds of massive lahars with small fragments (<3 cm diam, SD
Fig. 11). Above the basal lahars are 20 m of thin (~1 m) beds
of fine-grained and pumice-rich mudflows. Thick lahar de-
posits that are interbedded with laminated siltstone, ash-fall
tephra, and andesitic lavas dominate the upper 40 to 80 m.

Plagioclase from pumice in a basal lahar of the Tual an-
desite east of Huambo Cancha yielded an early Miocene age
of 19.53 =+ 0.13 Ma, and plagioclase from glomeropor-
phyritic andesitic lava near the top of the Chaupiloma an-
desite at Maqui Maqui Norte yielded a middle Miocene age
of 15.90 + 0.18 Ma (Table A2). These ages suggest there
may be a significant time gap between the Tual and Chaupi-
loma andesites.

Cerro Fraile dacitic pyroclastics (Tcfd): The Cerro Fraile
dacitic pyroclastic deposits are characterized by distinctive
outcrops of large, irregular, free-standing columns. These py-
roclastic rocks have been previously classified as the Huam-
bos Formation (Table 3; Wilson, 1984; Turner, 1997). The
Cerro Fraile pyroclastic rocks overlie both the Chaupiloma
and Tual andesites with erosional disconformity (Fig. 4, ero-
sional hiatus 2), and crop out in an area of >300 km2. They
reach a thickness of 220 m in the northeast part of the dis-
trict where they fill a north- to northwest-trending pale-
obasin 10 by 20 km (Figs. 3, 4, 7; Table 4; Plate I). These
rocks were gently folded prior to eruption of the Yanacocha
Volcanics.

The Cerro Fraile pyroclastic rocks display a characteristic
columnar jointing and consist of a series of 1- to 10-m-thick
ignimbrites and unwelded, poorly bedded pyroclastic de-
posits interlayered with thin-bedded (<1 m) tuff (Tables 3, 4,
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“OAr/*Ar Age with 20 error bars (Ma)

FIc. 6. “0Ar/9Ar ages of Miocene igneous rocks as a function of stratigraphic position and of hydrothermal minerals by
age groups (stages 1-5) and locations. The preferred ages with 20 error bars are plotted for all samples from this study in-
cluding eight ages (1 alunite and 10 fresh igneous rocks) from Turner (1997; Tr) and Chiaradia et al. (2009; Ca, the 20 error
(£0.02) for the U-Pb ages are less than the size of the symbol), and one K/Ar age on alunite from Carachugo Sur (D.C. Noble,
pers. commun., 1997; N). The age for the Tual andesitic lahar (19.5 Ma) is not displayed here.

SD Fig. 12). Ignimbrites are partially welded and devitrified,
and interlayed with pyroclastic surge deposits. The ignimbrite
and poorly bedded pyroclastic deposits are ash rich and con-
tain abundant white pumice and lithic fragments of por-
phyritic dacite and basement rocks. The lithic fragments in-
crease in size (>2 m; SD Fig. 13) downward in each individual
flow. Unwelded bedded pyroclastics tend to dominate the
base of the sequence, whereas ignimbrites dominate upward
in the sequence.

The mineralogy of the Cerro Fraile dacitic pyroclastic rocks
readily distinguishes it from other volcanic rocks in the Yana-
cocha district. The Cerro Fraile has coarse and abundant bi-
otite (0.5 cm diam and up to 10 vol %), quartz (up to 9 vol %),

and subordinate hornblende (up to 5 vol %), but lacks pyrox-
ene, apatite, and titanite (Fig. 8, Table 3).

Five “Ar/%Ar ages of biotite and plagioclase from the Cerro
Fraile pyroclastic rocks range from 15.51 + 0.05 Ma at Cerro
El Fraile (the type locality, Plate I) to 15.15 = 0.06 Ma at
Maqui Maqui Norte (Table A2). Plagioclase and biotite were
analyzed for one sample (DN-12) and the plagioclase yielded
a reliable plateau age of 15.18 + 0.14 Ma (98.2% of the total
gas released, MSWD = 0.97), whereas the plateau for the bi-
otite was defined by <50 percent and its isochron *Ar/36Ar in-
tercept differed slightly from the atmospheric value. The age
range overlaps the youngest °Ar/*Ar age from the underly-
ing Chaupiloma andesite; nonetheless, we interpret the Cerro
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TABLE 4. Thickness and Areal Extent of the Volcanic Rocks in the Yanacocha District

Tual and
Chaupiloma Cerro Fraile Atazaico Colorado Azufre San Jose Coriwachay
Rock package Lahars Pyroclastics Andesite Pyroclastics Andesite Ignimbrite Dacite
Age (Ma) 19.5-15.9 15.5-15.2 14.5-13.3 12.6-12.4 12.1-11.6 11.6-11.2 10.8-8.4
Outcrop area/
areal expanse (km?) 88/430 66.3/340+ 102.5/340 9.8/89 22/125 136/175 1.2/15
3 Locations Thickness (m)
2 Cerro Regalado 140 P 180 a a a a
Qc Granja Porcon 230+ ? 200-310 a a a a
5 Cerro Negro 415 0-55 240-320 a 45 a a
2 Quilish 315 P 250 Northeast Quilish a a a
E  Corimayo P P 45+ 90+ +310 P 0-60 domes
Encajon >250 ~210 ? >80 a a a
Yanacocha P >125 >40 ~220 a a Intrusions
Chaupiloma 130+ 130 0-20 50-90 a a Intrusions
+  San Jose P >90 110 P 80 100+ Intrusions
£ Baul P P P P =110 =60 a
é’ Chaquicocha P >190 170 160 P P Intrusions
- Hornamo ? >135 40 115 125 a Intrusions
& Maqui Maqui 110+ 220 +200 225+ 70+ a a
£ Arnacocha ? ? >50 80+ 50 40 a
= Combayo 0-40+ 0-50+ a a a 350 a

Notes: a = absent from the section, ? = possibly present

Fraile as entirely younger than the Chaupiloma on the basis
of field observations that indicate the Cerro Fraile dacite al-
ways overlies the Chaupiloma andesite and the two units are
not intercalated (see Fig. 4; erosional hiatus 2). Turner (1997)
obtained a *Ar/*%Ar age of 15.78 + 0.17 Ma from biotite from
a dacitic tuff north of Cerro El Fraile that we include as part
of the Cerro Fraile dacitic pyroclastics (Fig. 6).

Yanacocha Volcanics

Volcanic and minor subvolcanic intrusive rocks are divided
here into five mappable major units of andesite to rhyolite
composition, confined to the Yanacocha district and erupted
during a 6 m.y. period, from 14.5 to 8.4 Ma (Figs. 4, 7,9). The
five units from oldest to youngest are the Atazaico Andesite
(effusive stage 1), the Colorado Pyroclastics (explosive stage
1), the Azufre Andesite (effusive stage 2), the San Jose Ign-
imbrite (explosive stage 2), and the Coriwachay Dacite
(Longo and Teal, 2005). In total, the volcanic rocks crop out
over an area >500 km2, display high phenocryst contents, and
evolved from spatially and temporally distinct eruptive cen-
ters along a 25-km-long northeast-trending corridor (Fig. 3;
Tables 3, 4; Plate I).

Atazaico Andesite (Tlpha): Lavas with flow-breccia facies,
flow domes, and minor pyroclastic deposits of pyroxene>
hornblende andesite (Table 3; SD Figs. 14, 15) accumulated
during effusive stage 1 of the Yanacocha Volcanics. They are
here named the Atazaico Andesite (Table 3). They attain
thicknesses of 320 m in the center of the district and have an
areal extent of 340 km? (Figs. 4, 7; Tables 3, 4; Plate I). At the
margins of the district, individual lava flows filled paleochan-
nels along an erosional disconformity cut into the Calipuy
Group volcanic rocks (see Fig. 4; erosional hiatus 3). The
Atazaico Andesite apparently erupted from numerous mono-
genetic volcanoes and small composite cones around the dis-
trict, such as Cerro Atazaico (Figs. 3, 5B; Plate I).

The Atazaico Andesite is characterized by abundant phe-
nocrysts of plagioclase and ferromagnesian minerals (Fig. §;
Table 3; SD Fig. 5C). It crops out in two texturally distinct
types of lava: (1) fine- to medium-grained plagioclase and
hornblende phenocrysts (<2.5 mm long) within a fine-
grained pilotaxitic groundmass, and (2) porphyritic with
medium-grained phenocrysts (1.0-5.0 mm long). Lavas were
intruded and locally overlain by pyroxene andesite flow-
domes containing rare quartz phenocrysts and associated
with minor amounts of block and ash flows (SD Fig. 16). The
domes include the subvertical, flow-foliated andesite at An-
tibuyoc, Cerro Regalado, Cerro Quilish, and Cerro Negro
Oeste (Fig. 3; Plate I). Domes at Quilish are associated with
zones of hypogene advanced argillic alteration and hydro-
thermal breccias.

Lava eruption and subsequent dome building spanned 1.2
m.y. and progressed temporally from southwest to northeast
across the district. Lavas to the southwest have ages of 14.52
+ 0.13 to 14.21 + 0.16 Ma and are overlain by flows from the
Cerro Regalado andesitic dome with an age of 13.85 + 0.09
Ma (Fig. 7A). The two youngest ages in the northeastern part
of the district include 13.76+0.17 Ma for an andesitic tuff low
in the stratigraphic section and 13.31+0.08 Ma for a strati-
graphically higher andesitic lava south of Arnacocha (Figs. 3,
5C-E, 6, 7 Section I). These ages suggest only a minor time
gap of ~0.5 m.y. between eruption of the Cerro Fraile Pyro-
clastics and the Atazaico Andesites (Fig. 6).

Quilish dacitic intrusions (Ted): Numerous early horn-
blende-biotite dacite porphyry dikes and plugs intrude the
Atazaico Andesite and older units in the western district and
crop out along the northeast Yanacocha trend for 14 km. They
are herein named the Quilish dacitic intrusions (Figs. 4, 7, 9;
Plate I). The dacite porphyries contain 30 to 40 percent phe-
nocrysts of plagioclase, hornblende, slightly embayed quartz,
sanidine, biotite, and Fe-Ti oxides set in an aplitic (<0.05
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FI16. 9. Composite chronostratigraphic summary that shows the spatial distribution and ages of volcanic units, intrusions,
and Au (Cu) deposits in the Yanacocha district. Localities include Cerro Regalado in the west-northwest to Combayo in the
east-southeast. Yanacocha district volcanic rocks include: the pyroxene>hornblende Atazaico Andesite (TIpha), the Maqui
Magqui and Cori Cospha ignimbrites of the Colorado Pyroclastics (Tmmi), the Quilish dacite (Ted), Yanacocha porphyry and
early diatremes (Typ), hornblende>pyroxene Azufre andesite-dacite (Tupha), San Jose Ignimbrite (Tsj), Corimayo dacite
(Ted), Yanacocha dacitic porphyry plugs and diatreme (Typq), and Yanacocha Lake rhyolitic domes and dikes (Teyr). Site lo-
cations include the following: R = Cerro Regalado, CN = Cerro Negro, CO = Combayo, CT = Corimayo-Tapado, M = Maqui
Maqui, Q — Quilish, SCC = San Jose-Carachugo-Chaquicocha, Y = Yanacocha Complex.

mm) quartzofeldspathic groundmass (Fig. 8; Table 3). In the
eastern part of the district, several dacite porphyry dikes with
hydrothermal andalusite? alteration strike northwest and in-
trude Cretaceous limestone and Chaupiloma andesite in a
2.3-km-long zone near La Sorpresa (Plate I).

In the Quilish area and elsewhere in the district, the dacite
intruded lavas of the Atazaico Andesite (14.5-14.2 Ma), but
it has not been observed to intrude younger rocks (e.g., Col-
orado Pyroclastics, 12.6-12.4 Ma). We infer on the basis of
stratigraphic relationships that the dacitic intrusions have
ages between ~14.2 and ~12.6 Ma, similar to the ~14 to 12
Ma ages for hydrothermal alunites in the western parts of the
district.

Colorado Pyroclastics (Tmmi): Andesitic to dacitic ig-
nimbrites, referred to herein as the Colorado Pyroclastics,
represent explosive stage 1, and based on available ages,
these eruptions began about 0.7 m.y. after the last eruption
of the Atazaico Andesite. They crop out in the fault-bounded
Colorado graben in the eastern part of the Yanacocha dis-
trict, and are up to >225 m thick (Figs. 3, 4, 7, 9; Table 4;
Plate I). The Colorado Pyroclastics are divided here into
three informal members: (1) basal laminated rocks, (2) the
Cori Coshpa andesitic ignimbrite member, and (3) the
Maqui Maqui dacitic ignimbrite member (Fig. 4). The Col-
orado Pyroclastics crop out over an area of ~90 km? centered

2Andalusite is characteristic of relatively high temperature advanced
argillic environments in the deeper parts of epithermal systems transitional
into porphyry environments. Simmons et al. (2005) and Reyes (1990) report
andalusite forms at >250°C in the epithermal environment (>600 m), but its
general stability is >360°C.

on Cerro Yanacocha, which is the likely source of the ig-
nimbrites (Fig. 3; Table 3; Plate I).

Laminated rocks consist of thin-bedded, fine-grained air
fall tuff, or reworked tuff, and local medium-bedded lithic
tuff with fragments of basement quartzite. They are com-
monly strongly hydrothermally altered (SD Fig. 17). The
thickest sections (20 m) lie at the base of the Colorado Pyro-
clastics, but laminated rocks are exposed in at least two higher
stratigraphic positions where they are associated with gold de-
posits (Figs. 4, 7,9). The laminated rocks have <1- to 50-mm-
thick beds that are locally crossbedded and consist of chal-
cedony with local opal and kaolinite. Edwards (2000)
interpreted some laminated rocks as water-lain tuffs and
surge deposits, and Longo (2000, 2005) interpreted the thinly
laminated chalcedony as derived from deposits of colloidal
silica that settled from acidic lakes over fumarole vents in vol-
canic craters.

The Cori Cospha andesite member is the lower of the two
ignimbrites. In the type exposures below Cerro Hornamo at
Cori Cospha it is 40-60 m thick (Figs. 4, 7, Plate I), is light
gray to white, non-welded, and contains 20 to 25 volume per-
cent white pumice of trachyandesitic composition. Lithic
fragments include Cretaceous argillite and quartzite as well as
porphyritic andesite. Phenocrysts are dominated by plagio-
clase and include hornblende and biotite, but pyroxene is ab-
sent (Fig. 8; Table 3). Biotite yielded an age of 12.63 + 0.05
Ma (Fig. 6; Table A2).

The Maqui Maqui dacitic ignimbrite member (SD Fig. 18)
overlies the Cori Coshpa ignimbrite along a poorly exposed
contact, and forms a single cooling unit commonly 90 m thick,
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but up to 230 m thick in the Colorado graben (Fig. 3; Plate I).
The Maqui Maqui ignimbrite is dark gray to gray-brown, is
moderately welded, has eutaxitic texture, and contains abun-
dant crystals of broken plagioclase as well as both hornblende
and biotite. In contrast to the Cori Cospha ignimbrite, the
Maqui Maqui ignimbrite has only trace amounts of biotite
(Fig. 8; Table 3). It contains minor (<1-2 vol %) accidental
fragments of black argillite, quartzite, and porphyritic vol-
canic rocks <1 to 5 cm in size. Fiamme range from <1 to 10
cm long and have aspect ratios of 6:1.

The Maqui Maqui ignimbrite yields ages of 12.49 + 0.08
and 1240 + 0.10 Ma. A third sample (DN-52, plagioclase)
yielded neither acceptable plateau nor isochron ages. These
ages are slightly younger at the 95 percent confidence level
than the 12.63 + 0.05 Ma age of the Cori Coshpa ignimbrite.
Therefore, the age determinations and the field relationships
suggest that the two ignimbrites result from different erup-
tions (Fig. 6; Table A2).

Yanacocha porphyries and early diatremes (Yp and Cp
rocks): Early porphyries and diatreme breccia at Yanacocha
include andesite porphyry dikes and plugs, clay-altered dia-
tremes, and coarsely porphyritic lavas. The porphyry intru-
sions (Yp) have abundant coarse phenocrysts dominated by
plagioclase and hornblende, trace biotite and quartz, and py-
roxene is trace to absent. They are generally clay altered and
hence termed clay porphyry (Cp) by some geologists (Table 3,
SD Fig. 19). The compositions and hornblende-rich phe-
nocryst mineralogy of the porphyries are similar to the Maqui
Maqui dacitic ignimbrite, and dissimilar to the Atazaico and
Azufre Andesites (Fig. 8; Table 3). Volumetrically minor dia-
treme breccias are spatially associated with the Yanacocha
porphyries at Cerro Yanacocha (Rota, 1998; Loayza-Tam,
2002), Carachugo Norte (Myers, 1997; Rota, 1997), and
Cerro Pabellon adjacent the Corimayo gold deposit (Barreda
and Edwards, 2000) (Figs. 3, 9; Plate I).

Yanacocha porphyries intruded the flow domes at Cerro
Negro Oeste and Chaquicocha Norte (E.C. Vicuiia, writ. com-
mun., 1997; Velasco et al., 2000), and andesitic lava flows at
Corimayo (Gomez, 2002; Longo, 2005). Moreover, the Yana-
cocha porphyries intruded or occur interbedded with or lie atop
ignimbrites with eutaxitic texture at Cerro Yanacocha, Encajon,
Carachugo, and Maqui Maqui (Abarca and Harvey, 1997;
Myers et al., 1997; Longo, 2005). These ignimbrites are strongly
altered, host much of the gold, and have no reliable radiometric
ages; therefore, the Yanacocha porphyries provide a minimum
age. On this basis, we tentatively assign the altered pyroclastic
rocks that are intruded by the Yanacocha porphyries to the
Colorado Pyroclastics, although deeper parts of the sections
may also include the older Cerro Fraile dacitic pyroclastics.

Three Yanacocha porphyry samples yield ages (12.4-11.9
Ma) that overlap in part with the age range of the Maqui
Maqui ignimbrite and the Azufre Andesite (Fig. 6, Table A2).
An andesitic lava flow with coarse hornblende (up to 3 mm
long), informally called the Yp sill, conformably overlies a eu-
taxitic-textured ignimbrite above 4,050 m elevation on Cerro
Yanacocha and has an age of 12.39 + 0.12 Ma (YS-370, Table
A2). A second sample is a coarsely porphyritic andesitic plug
with abundant hornblende phenocrysts (up to 8 mm long)
that intruded the Maqui Maqui ignimbrite at Maqui Maqui
and has an age of 12.13 + 0.10 Ma (DN-77). A third sample is
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an andesitic dike (11.90 + 0.11 Ma, SLT-2 68 m; Table A2)
that intruded Azufre Andesite lava flows at Corimayo (11.91
+ 0.11 Ma, COR-7 178m; Table A2). The dike contains
coarse-grained (<5-mm-long) hornblende phenocrysts but
lacks pyroxene so is similar to the phenocryst mineralogy of
the Maqui Maqui intrusion (DN-77) and phenocryst textures
of Cp dikes. Turner (1997) obtained a “Ar/*Ar age of
12.26+0.12 Ma from hornblende in a biotite-bearing, por-
phyritic hornblende andesite similar to the Yp sill at Pampa
Larga (Fig. 6; Table 3; Plate I). Chiaradia et al. (2009) sam-
pled andesitic intrusions at Quilish and obtained complex
U/Pb ages from three zircons from which they interpret a
12.4 Ma age similar to the Colorado Pyroclastics.

Azufre Andesite (Tupha): Lavas, flow-domes, and minor py-
roclastic deposits of strongly porphyritic, trachytic-textured,
hornblende-pyroxene andesite to dacite, constitute effusive
stage 2. These rocks lie atop the Colorado Pyroclastics, or in
erosional unconformity atop older units (Fig. 4). Exposures
comprise a 125 km? area within a 5 to 8 km-wide zone ex-
tending ~15 km from Pampa Cerro Negro in the west-south-
west to Alta Machay in the east-northeast. Cerro Azufre near
the Maqui Maqui mine is the type locality (Fig. 3, Table 3;
Plate I). The lavas are up to 310 m thick, flow-layered, and
grade locally into blocky autobrecciated horizons a few me-
ters thick (Fig. 4; Table 4). Lavas of Azufre Andesite and the
older Atazaico Andesite are difficult to distinguish in the
field, on the basis of textures and mineralogy (cf. Fig. 8; Table
3; SD Fig. 20), and are here divided mainly on the basis of
“0Ar/%Ar age and stratigraphic position. Laminated rocks
overlie Azufre lavas at Cerro Negro Este (Fig. 9).

Extrusive domes with feeder dikes (Fig. 5D) are commonly
associated with adjacent pyroclastic deposits consisting of
block and ash flows that overlie the lavas and occur as isolated
exposures. Pyroclastic deposits are relatively more abundant
in the Azufre Andesite in comparison to the Atazaico An-
desite. The domes have slightly larger and less abundant phe-
nocrysts compared to lavas and typically form equant to
slightly elongate bodies (~0.2-2 km?) characterized by promi-
nent ribs elongate parallel to steeply inclined flow-foliations
(SD Fig. 21). Many of the Azufre domes, including those at
San Jose, Baul, and Sacsha, are composite in age and formed
via dome-building during many eruptive events (Plate I).

Feeder dikes to the domes cut older lavas and pyroclastic
rocks (Fig. 7, Sections C, E, F; Plate I). A dense black, por-
phyritic andesite dike intruded fragmental rocks hosting gold
ore and a Colorado-age andesitic lava or the YP sill (YS-370)
at Cerro Yanacocha, and is here interpreted a feeder dike to
an eroded Azufre dome. The dike has a phenocryst mineral-
ogy with plagioclase, pyroxene, and hornblende in a pilotaxitic
groundmass similar to the Azufre Andesite. The center of the
black dike is fresh, but the outer margins are altered to kaoli-
nite and dickite adjacent to quartz-alunite altered rock along
a distinct contact that was well exposed in the high wall of the
Yanacocha Sur mine pit. The black dike has an age of 12.09 +
0.08 Ma and is assigned to the Azufre Andesite (Table A2).
Therefore, it provides a maximum age for the alteration and a
minimum age for the pyroclastic rocks that host the gold at
Cerro Yanacocha.

Azufre Andesite is bracketed stratigraphically by the Maqui
Maqui ignimbrite (12.40 + 0.10 Ma), and the lower member
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of San Jose Ignimbrite (11.54 + 0.09 Ma), and may overlap in
time with Colorado-age Yp porphyry intrusions (see Fig. 6;
Table A2, Yanacocha porphyry, 12.4-11.9 Ma; Longo, 2005).
A total of eight samples of the Azufre Andesite have ages
ranging from 12.09 + 0.10 to 11.58 + 0.18 Ma (Turner, 1997,
n = 2; Longo, 2005, n = 7; Fig. 6; Tables 3, A2). The age of
samples from the western part of the district at Cerro Negro
to central parts of the district at Corimayo range from 12.10
to 11.91 Ma, and samples in the east-central part of the dis-
trict at Cerro Yanacocha to southeastern parts of the district
at the Machay dome and the Ocucho dome complex returned
ages of 12.09 to 11.68 Ma (Fig. 3; Plate I).

San Jose Ignimbrite (Tsj): Dacitic and andesitic ignimbrites
constitute a second stage of pyroclastic volcanism, referred to
as explosive stage 2, that postdate the Azufre Andesite and
represent the last voluminous eruptions of the Yanacocha Vol-
canics. The San Jose Ignimbrite consists of three members
that were closely followed by eruptions of three or more
dome complexes in the east-central part of the district (Figs.
4, 6,9). The ignimbrites, especially the middle member, con-
tain abundant accidental fragments of quartz-alunite, massive
quartz, vuggy quartz, and quartz-sanidine-andalusite (see
above footnote 2) altered rock that locally contain up to 350
ppb Au; altered rock fragments indicate at least some ad-
vanced argillic alteration and gold mineralization predates the
San Jose Ignimbrite (SD Fig. 22). The San Jose Ignimbrite is
up to 350 m thick and covers an area of 175 km? within a 15-
km-wide topographic depression, here named the Otuzco
trough, that extends 15 km southward from Cerro Yanacocha
to Cajamarca (Figs. 3, 4, 7; Tables 3, 4; Plate I).

Based on *Ar/%Ar ages (Table A2), the lower member
(11.46 + 0.08 Ma) and middle member (11.27 + 0.05 Ma)
may be the products of two temporally distinct eruptions,
separated by approximately 0.2 m.y., whereas the ages of the
middle and upper members are analytically indistinguishable
(~11.3 Ma, see below). Therefore, these middle and upper
members could have formed as two temporally distinct erup-
tions or a single evolving eruption (Fig. 6). Each of the three
ignimbrite members is mineralogically and texturally distinct;
there are also vertical changes in mineralogy and degree of
welding that suggest an origin from several pyroclastic flows.
Contacts between members are rarely marked by obvious de-
positional features such as surge layers, or co-ignimbrite air
fall layers (Figs. 5C-E; SD Fig. 23).

The lower member of San Jose Ignimbrite (Tlsj) is the most
voluminous, and is extensively exposed in area of 134 km?. It
typically forms a compound cooling unit of three or more
hornblende-pyroxene-biotite dacitic ignimbrites, each of
which includes a zone of poorly sorted and poorly to non-
welded lapilli pumice tuff below an upper densely welded ig-
nimbrite characterized by strongly developed eutaxitic tex-
ture. These ignimbrites are crystal rich compared to the
juvenile pumice which has sparse phenocrysts (Fig. 8; Table
3). Five “Ar/¥Ar ages for the lower member range from
11.54 + 0.09 to 11.34 + 0.16 Ma. The last (S]JS-79A23.4 wr)
has a plateau age making up <50 percent, but a concordant
isochron age (Table A2). Thus, the lower member may have
erupted as a series of cooling units through a period of
~200,000 years. Since these ages are all within error (Fig. 6,
Table A2), an alternative is that they erupted as a single time
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given by the weighted mean age of 11.46 + 0.08 Ma (n = 5,
MSWD = 2.0).

The middle member of the San Jose Ignimbrite (Tmsj) is a
white, non-welded to densely welded, hornblende-biotite an-
desitic to trachydacitic ignimbrite containing large (1 cm),
concentrically zoned hornblendes and lapilli-sized pumice
(Table 3). Several internal cooling breaks are recorded by
variation upward from non-welded pumiceous ignimbrite to
densely welded ignimbrite with fiamme and eutaxitic texture.
The ignimbrite crops out from Alta Machay to Cajamarca
over an area of ~100 km? (Fig. 3; Table 3; Plate I). Basal lithic
concentrations are common and may be observed at Machay,
where the middle member (11.30 + 0.09 Ma, CB-74) uncon-
formably overlies the Machay dome of the Azufre Andesite
(12.01 + 0.10 Ma), and nearby in Quebrada Azufre, where the
middle member unconformably overlies Atazaico Andesite
(Fig. 5C; Table A2; Plate I). These basal accumulations in-
clude accidental fragments of previous altered rock (see
above) that are boulder size at Machay.

Six 9Ar/*Ar ages for the middle member range from 11.30
+0.09 to 11.22 + 0.08 Ma and suggest a short time interval for
eruption. Plagioclase and hornblende were analyzed for one
sample (CB-38) and both yielded equivalent and acceptable
plateau ages (11.27 + 0.07 and 11.29 = 0.15 Ma, respectively)
with concordant isochron ages (Table A2). The weighted
mean age of 11.27 + 0.05 Ma (n = 5, MSWD = 0.78) is
younger than the mean age for the lower member; however,
the oldest age of the middle member is indistinguishable
from the youngest age from the lower member so it remains
unclear whether or not there is significant time interval be-
tween the two eruptions.

The upper member of the San Jose Ignimbrite (Tusj) is the
most distinctive of the three members, has the smallest vol-
ume and surface exposure (16.5 km?), and ranges in thickness
from 10 to 100 m (Figs. 4, 5C, F, 7; Tables 3, 4; Plate I). This
simple cooling unit is moderately to densely welded and con-
tains abundant <10 ¢cm- to 50 cm-long, commonly flattened
blobs, and subordinate equant sub-angular blocks, of un-
vesiculated andesite (Fig. 5F; SD Fig. 8C). The flattened
blobs are interpreted as spatter, and the deposit is termed a
spatter ignimbrite (Longo, 2005; called the Sacsha breccia by
Moore, 2002). The clasts are supported by a matrix of glass
with ash-sized particles (<2 mm), dominated by broken pla-
gioclase phenocrysts and small blobs and blocks. The upper
member displays crude columnar jointing and dips 10°-15°
south, away from an apparent vent (Fig. 5C, F). Weathered
outcrops have a fluted appearance that is reminiscent of elu-
triation pipes in which resistant clasts stand in positive relief
(Fig. 5F, SD Fig. 24).

The spatter ignimbrite has the most mafic mineralogy of
the San Jose Ignimbrite and contains large poikilitic oxyhorn-
blende and abundant green augite similar to the earlier
Azufre Andesite, and rare 1 cm size, concentrically zoned
hornblende similar to the middle San Jose member (Fig. §;
Table 3). The phenocryst mineralogy of the flattened clasts
and the surrounding matrix are similar and both are phe-
nocryst rich (Table 3). The ignimbrite has a weighted mean
age of 11.25 + 0.06 Ma (n = 2, MSWD = 0.027), and is iden-
tical to the weighted mean age of the middle member (Table
A2). A hornblende separate from sample BS-3 yields a
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plateau age (11.50 + 0.09 Ma) that does not agree with geo-
logic field evidence that it is part of the spatter ignimbrite. Its
isochron age (11.30 + 0.25 Ma), however, agrees with the
mean age. This mean age supports two eruption scenarios
that are consistent with the stratigraphic relationships; either
a single continuous eruption produced both the middle and
upper members, or the upper member represents a separate
eruption <100,000 years after the middle.

San Jose Ignimbrite both overlies and hosts the San Jose
gold deposit where the ignimbrite grades abruptly downward
from fresh rock (~30 m depth) to weakly argillic altered rock
(~60 m depth) rock, to gold-bearing (5-10 g/t Au) granular
and vuggy quartz altered rock with cavities that resemble eu-
taxitic texture (Plate I; Klein et al., 1997, 1999; Longo, 2005).
Before mining operations began at San Jose, siliceous lami-
nated rocks cropped out above the fresh ignimbrite, and a
narrow zone, 1 to 2 m wide, of hydrothermal opal and smec-
tite typically marked the transition between the relatively
fresh ignimbrite and quartz-rich altered rock (Klein et al.,
1997; D.C. Noble, pers. commun., 1997; Sillitoe, 1999). Two
diamond drill core samples (SJS-78A-5 m and -79A-20.3 m)
of the ignimbrite above the gold deposit yielded ages of 11.43
+ 0.11 to 11.24 + 0.10 Ma (Fig. 6; Table A2). The ages of
these samples are interpreted as the lower and upper mem-
bers, respectively, of the San Jose Ignimbrite. Local advanced
argillic and weaker alteration also cuts both the upper and
middle members of the San Jose Ignimbrite southeast of the
Ocucho dome. These observations and the presence of gold-
bearing hydrothermally altered accidental fragments in-
cluded within the San Jose Ignimbrite indicate that this ign-
imbrite both pre- and postdates periods of gold deposition
(Fig. 6).

I%omes associated with the San Jose Ignimbrite (Tsjd
domes): Three low-silica dacitic dome complexes were closely
associated in time with the 11.5 to 11.2 Ma San Jose Ign-
imbrite. These extrusive domes are found at Ocucho (11.68 +
0.07 and 11.36 + 0.09 Ma), Chaquicocha Sur (11.28 + 0.09
Ma), and Alta Machay (11.23 + 0.07 Ma; Tables 3, A2; Plate
I). The composite domes at Chaquicocha Sur, Ocucho, and
Alta Machay are part of a 6.5-km-long, northeast trend that
also includes the Azufre age San Jose, Baul, and Sacsha
domes (Fig. 3; Plate I). The domes are elongated parallel to
cm-spaced near-vertical flow banding (SD Fig. 21), were fed
by dikes, and show evidence for successive emplacement and
growth. Older hydrothermally altered andesitic domes are
overlain by fresh domes that post date the San Jose Ign-
imbrite. The Ocucho dome complex (1.6 km?) is emplaced
into an older dome that was previously altered to kaolinite
and opal. The Chaquicocha Sur dome (0.2 km2) crops out in
a glaciated valley and is the root of a formerly larger eroded
dome complex. The Alta Machay dome (0.14 km?) is the least
eroded and crops out along the hanging wall of the Sugares
fault (Fig. 3; Plate I). Erosional remnants of a pyroclastic de-
posit crop out on the south side of the dome and contain large
blocks (up to 50 cm) of hornblende dacite that lie atop Azufre
hornblende-pyroxene andesitic lavas.

The domes are porphyritic to seriate with flow-foliated phe-
nocrysts within a pilotaxitic groundmass. The mineralogy of
each dome is similar to a corresponding member of the San Jose
Ignimbrite (Fig. 8; Table 3). The Ocucho and Chaquicocha
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Sur domes are similar to the lower and upper members and
contain hornblende and green augite, whereas the Alta
Machay dome is similar to the middle member and contains
hornblende, but lacks pyroxene. Based on age and phe-
nocryst mineralogy, the Ocucho, Alta Machay, and Chaquic-
ocha Sur domes may occupy the respective vents for the
lower, middle, and upper members of the San Jose Ign-
imbrite (Fig. 3; Plate I).

Coriwachay Dacite: The Coriwachay Dacite includes at
least four units of small volume, high-silica, dacitic domes and
plugs along with rhyolitic dikes and ignimbrites, that have
ages from ~10.8 to 8.4 Ma (Fig 6; Plate I). The principal
members are the Corimayo dacitic domes, the Cerro Yana-
cocha dacite porphyry intrusion, the Yanacocha Lake rhyolitic
dike, and the Negritos rhyolitic ignimbrite. Quartz-eye dacite
porphyry intrusions, resembling the dacite porphyry intrusion
at Cerro Yanacocha, also crop out at Chaquicocha, but intense
quartz-alunite and silicic alteration preclude “°Ar/*Ar dating.
All units of the Coriwachay Dacite have a distinctive phe-
nocryst mineralogy that includes quartz, biotite and horn-
blende, and accessory titanite (Fig. 8; Table 3; SD Fig. 25).
Intrusions and domes have a porphyritic to seriate texture
with a glassy to aplitic groundmass and abundant phenocrysts
(Table 3; SD Fig. 26).

Corimayo dacite (Ted): The Corimayo dacite is named for
extrusive domes mostly buried beneath the La Quinua
gravel deposits at Tapado and Corimayo (Gomez and Klein,
2000; Gomez, 2002), and include the Tapado dacite (U/Pb,
zircon, 11.06 + 0.02 Ma; Chiaradia et al., 2009) and the un-
dated La Quinua dacitic dome (Longo, 2005). These domes,
along with similar dacitic domes and intrusions, occupy an
~8 km easterly trend from La Quinua to Chaquicocha
Norte. Domes at Corimayo, La Quinua, Punta Negra and
Chaquicocha Norte have distinctive flow foliations and are
spatially associated with silicified laminated rocks similar to
those described in the Colorado Pyroclastics (Figs. 3, 9,
Plate I). Dacitic tuffs associated with the domes were found
only in drill core at Corimayo (Gomez and Klein, 2000;
Gomez, 2002). The Corimayo dacites generally have a
higher phenocryst content (up to 43 vol %) compared to
other Coriwachay Dacites (Fig. 8; Table 3). The age of bi-
otite from the dome at Corimayo is 10.78 + 0.05 Ma (Table
A2), and is similar to the ages from the Punta Negra dacite
at Encajon (U/Pb, zircons, 10.72 + 0.02 and 10.37 + 0.02
Ma; 40Ar/39Ar, biotite, 10.62 + 0.15 Ma; Chiaradia et al.,
2009). Chiaradia et al. (2009) report four ages for their
Tapado dacite (U/Pb, zircons, 11.06 = 0.02, 11.09 + 0.24,
and 11.38 = 0.25 Ma; 4°Ar/39Ar, hornblende, 11.06 + 0.67
Ma) and suggest the older zircon ages are antecrysts that re-
flect an older age inherent to progenitors of the final
magma. Therefore, considering the possibility that their ac-
cepted age for the Tapado dacite (11.06 + 0.02 Ma) also re-
flects the older age of an antecryst, we prefer to accept our
“0Ar/39Ar age for the Corimayo dacite (10.78 + 0.05 Ma).

Cerro Yanacocha dacite porphyry and late diatreme (Typq):
Intrusions of dacite porphyry crop out at Yanacocha Norte,
Yanacocha Oeste, and Chaquicocha along a northwest trend,
and are spatially associated with gold ore (Fig. 9; Plate I).
Dacite porphyry plugs have a northerly trend through the
Cerro Yanacocha deposit, where they are spatially associated
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with a large, matrix-supported breccia body containing frag-
ments of the dacite porphyry and referred to as a diatreme.
The dacite porphyry intrusions are both unaltered and al-
tered. Altered porphyries have vuggy quartz with halos of ad-
vanced argillic alteration, and are cut by hypogene alunite- or
alunite-pyrophyllite—cemented open-space breccia that con-
tains covellite-enargite-pyrite assemblages (Loayza-Tam, 2002).
Quartz phenocrysts are larger and more abundant, and ferro-
magnesian minerals less abundant, in the Cerro Yanacocha
dacite porphyry compared to the Corimayo dacite (Fig. 8;
Table 3; SD Fig. 26). Biotite from the dacite porphyry at
Yanacocha Oeste has an age of 9.91+0.04 Ma (Table A2) that
is identical to a “Ar/*%Ar age from dacitic porphyry at Yana-
cocha Norte (9.90 + 0.05 Ma; Turner, 1997).

Yanacocha Lake rhyolitic dikes and plugs (Tcyr): These
high-silica dacitic to rhyolitic intrusions are the youngest ig-
neous rocks in the Yanacocha district. They form dikes ex-
posed along a ~4 km northwest trend from Yanacocha Lake,
where they intruded clay-altered diatreme breccias (Chan-
ganaqui, 1995), to Chaupiloma, where they intruded the
Cerro Fraile dacitic pyroclastics (Plate I). The dikes display
steeply dipping, commonly contorted, flow foliation. Quartz
phenocrysts are smaller and more abundant in the Yana-
cocha Lake rhyolite compared to the other units of the Cori-
wachay Dacite (Table 3). Also, the Yanacocha rhyolite is lo-
cally spatially associated with diatreme breccias. For
example, at Chaupiloma, angular and contorted fragments
of the flow-foliated rhyolite occur in a breccia along the dike
margin. A biotite from the Yanacocha Lake rhyolitic dike
yielded an age of 8.40 + 0.06 Ma (Turner, 1997), and is sim-
ilar to another “Ar/%Ar age of biotite (8.59 + 0.14 Ma) from
a rhyolitic intrusion at Yanacocha Oeste (Chiaradia et al.,
2009).

Negritos ignimbrite (Tnr): At the Cerros de los Negritos, a
single cooling unit of welded rhyolitic ignimbrite forms a ~50-
m-thick erosional remnant (~5 km?) that lies atop dacitic flow
domes. The ignimbrite is columnar jointed, pinkish tan to
light brown in color, and displays eutaxitic texture (Fig. 3; Ta-
bles 3, 4; Plate I, SD Fig. 27). The ignimbrite is crystal-rich,
contains a phenocryst assemblage similar to other Coriwachay
dacites, and has abundant accidental fragments of argillite,
quartzite, porphyritic dacite, and rare granular to vuggy
quartz. A sanidine from the Negritos ignimbrite yielded an
age of 8.43 + 0.04 Ma, identical to the age of the Yanacocha
Lake rhyolite dike.

The Negritos ignimbrite may have vented near current ex-
posures (Fig. 2) or from 8 km southeast from a fissure that is
now occupied by the Chaupiloma and Yanacocha Lake rhy-
olitic dikes that have the same age as the Negritos ignimbrite.

Revisions to volcanic stratigraphy

Previous geologic mapping first defined most of the un-
dated Cenozoic volcanic rocks in the Yanacocha district as the
Calipuy Group, and these rocks were subdivided into the
Llama Formation and the overlying Porculla Formation® and
considered early Tertiary age (Cobbing et al., 1981; Wilson,

3 Reyes (1980) first applied the name San Pablo Formation to a sequence
of andesitic and dacitic volcanic rocks of the upper Calipuy Group that were
subsequently named Porculla Formation by Cobbing et al. (1981).

LONGO ET AL.

1984). The undated dacitic and rhyolitic pyroclastic rocks that
overlie the Porculla Formation in the district were previously
considered late Miocene and Pliocene age, and named the
Huambos Formation (Reyes, 1980; Cobbing et al., 1981; Wil-
son, 1984). Subsequently, K/Ar and 4Ar/*Ar age determina-
tions from pyroclastic units of the Llama Formation and the
Huambos Formation in their type areas yielded Eocene ages
(Noble et al., 1990).

The new geologic mapping and “Ar/*9Ar age determina-
tions from this study significantly revise the volcanic stratig-
raphy of the Yanacocha district. Volcanic rocks of Eocene and
Oligocene age have not been identified at Yanacocha, so pre-
vious correlations of local pyroclastic rocks with the Llama
Formation (55-44 Ma), the Porculla Formation (~44 Ma),
and the Huambos Formation (39-35 Ma, Noble et al., 1990)
should be abandoned. Likewise, we have not recognized post-
mineral volcanic or subvolcanic rocks with late Miocene and
Pliocene ages younger than 8 Ma. The pyroclastic rocks
mapped as Huambos Formation (Reyes, 1980; Wilson, 1984)
and subdivided into the Frailones and Otuzco Members
(Turner, 1997) here yield middle Miocene ages of 15.5 to 15.1
and 11.5 to 11.2 Ma and are now assigned to the Cerro Fraile
dacitic pyroclastic rocks of the Calipuy Group and the San
Jose Ignimbrite of the Yanacocha Volcanics, respectively. Fur-
thermore, the fresh andesitic rocks that were considered to
be postmineralization and part of the late Miocene Regalado
Volcanics (Turner, 1997) here yield middle Miocene ages
from 14.5 to 11.7 Ma and are now assigned to the Atazaico
and Azufre Andesites.

The revised stratigraphy now defines the volcanic rocks of
the Calipuy Group at Yanacocha as the early Miocene Tual
and Chaupiloma sequence of andesitic lahars (20-16 Ma) and
the overlying Cerro Fraile dacitic pyroclastic rocks (15.5—
15.1 Ma). These rocks can be broadly correlated across the
district and underlie the younger Yanacocha Volcanics. The
Yanacocha Volcanics are here defined as five units that in-
clude in ascending stratigraphic order the Atazaico Andesite,
the Colorado Pyroclastics, the Azufre Andesite, the San Jose
Ignimbrite, and the Coriwachay Dacite (Fig. 4, 7, Sections E-
H). The Atazaico Andesite (14.5-13.3 Ma) is a first sequence
of intermediate composition lavas and are intruded by the
Quilish dacites (~14.2-12.6 Ma). The younger Colorado Py-
roclastics (12.6-12.4 Ma) are here subdivided into three
members that include the basal laminated rocks, the Cori
Coshpa ignimbrite, and the Maqui Maqui ignimbrite. These
rocks are intruded or overlain by the Yanacocha porphyries
(12.4-11.9 Ma). The Azufre Andesite (12.1-11.7 Ma) is a sec-
ond sequence of intermediate composition lavas that are sim-
ilar to, but younger than, the Atazaico Andesites. Three new
members are now defined for the San Jose Ignimbrite
(11.5-11.2 Ma) and mapped to source vents occupied by
domes of similar age in the east-central part of the district
(Figs. 3, 7; Plate I). The Coriwachy Dacites are now recog-
nized as the youngest igneous rocks (10.8-8.4 Ma) at Yana-
cocha, and are localized to the east-central part of the district.

All these Miocene rocks, and especially the pyroclastic
units, host or are associated with gold mineralization at Yana-
cocha. The Atazaico Andesite and Cerro Frailes pyroclastic
rocks host gold in the west part of the district and at depth in
the east-central part of the district. The Colorado Pyroclastics
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host much of the gold ore at Maqui Maqui, Cerro Yanacocha,
Carachugo and Chaquicocha. The Azufre Andesite also hosts
gold mineralization in the east-central part of the district at
Chaquicocha, Quecher, and Arnacocha. The San Jose Ign-
imbrite hosts much of the gold at the San Jose deposit, and
the Coriwachay dacites are spatially associated with the gold
mineralization from Corimayo to Cerro Yanacocha and
Chaquicocha (Fig. 3, Plate I).

Petrology of the Magmas

Each major eruptive and intrusive rock sequence of both the
Yanacocha Volcanics and the older Calipuy Group volcanics
can be distinguished on the basis of phenocryst mineralogy and
abundance as well as major and trace element composition
(Figs. 8, 10-12; Tables 3, 5). Effusive eruptions of the Atazaico
and Azufre andesites (effusive stages 1 and 2) contain clinopy-
roxene and high-Al amphibole, whereas explosive eruptions of
the Maqui Maqui dacitic ignimbrite of the Colorado Pyroclas-
tics and the dacitic San Jose Ignimbrite (explosive stages 1 and
2) contain biotite, both low- and high-Al amphibole, and local
clinopyroxene, sanidine, and titanite (Longo, 2005). Magmatic
activity culminated with the Coriwachay high-silica dacitic to
rhyolitic domes, intrusions, and ignimbrites that contain low-Al
amphibole, biotite, magnetite, titanite, and quartz. On the basis
of amphibole barometry, high-Al hornblende crystallized at
~900°C at ~20 km depth from a magma of more mafic com-
position than the dacites, which contain low-Al hornblende
crystallized at ~750° to 800°C from a dacitic upper crustal
magma chamber (~5-10 km depth) (Longo, 2005; Chambefort
et al., 2008). Therefore, the effusive stage andesites evolved
from deep sources, whereas the explosive stages and late Cori-
wachy dacite are largely evolved in shallow magma chambers.
The presence of hornblende throughout the eruptive sequence
indicates that melts had high water contents (>4 wt %; Burn-
ham, 1979; Behrens and Gaillard, 2006). The presence of small
anhydrite inclusions in high- and low-Al hornblende and py-
roxene indicates that the magmas were sulfur rich and sulfate
saturated (oxidized) throughout much of their evolution
(Chambefort et al., 2008).

Major-element compositions

The combined volcanic and subvolcanic intrusive rocks of
the Yanacocha Volcanics range from 57 to 71 wt percent SiOs,
The volcanic rocks dominate igneous rock compositions with
<66 wt percent SiOs (Fig. 10A-C). Volumetrically minor sub-
volcanic intrusions range from 55.3 to 70.6 wt percent SiOs,
and include the late Coriwachay Dacites that are the only
rocks with >66 wt percent SiOs (Figs. 8, 10, 11; Table 3). The
Yanacocha Volcanics define a medium- to high-K calc-alka-
line suite that ranges from andesite through dacite and rhyo-
lite, and they are distinctly higher in KO than the older an-
desites and dacites of the Calipuy Group (Figs. 10C, 11).
Nearly 25 percent of our samples of Yanacocha Volcanics
ranging from 60 to 65 wt percent SiOs have high total alkali
contents and are classified as trachyandesite and trachydacite
(Figs. 10C, 11; Tables 3, 5). The K20 content increases and
TiOs, P2Os, MgO and FeO contents decrease with increasing
SiOsin the Yanacocha Volcanics, similar to other calc-alkaline
suites globally (Fig. 10A-D). TiO; decreases smoothly with in-
creasing SiOs, consistent with melt evolution to higher SiO»
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via simple differentiation from a mafic parent magma (Fig.
10B). In contrast, both P2O5 and MgO illustrate wide scatter
at a given SiOs content that is not consistent with simple frac-
tional crystallization of a single mafic parent (Fig. 10A, D).

The Colorado Pyroclastics, Azufre Andesite, and San Jose
Ignimbrite have similar compositions that lie along the andesite-
dacite boundary and range from 60 to 66 wt percent SiOs.
They are more K5O rich than the earlier Atazaico Andesite
and related Quilish dacitic intrusions (Fig. 11; Table 5). The
evolution from the Atazaico Andesite to the Colorado-Azufre-
San Jose silicic andesite and low-silica dacite follows a trend
of sharply decreasing MgO with increased SiOs. In contrast,
the younger Coriwachay Dacites have significantly greater
SiO; values and lie along a higher MgO-SiO; trajectory (Fig.
10D).

Trace-element compositions

Both Sr and Ba display a large range at a given SiO» content
(particularly at 60-66 wt %; Figs. 10E, F) and provide evi-
dence for geochemical heterogeneity inconsistent with a sin-
gle magma source and simple evolution. Strontium increases
with SiOs content in the pyroxene-bearing rocks from the
Atazaico Andesite to compositions of about 62 wt percent
SiOs, and then decreases slightly from 62 to 71 wt percent
SiOy in the San Jose Ignimbrite and the late Coriwachay
Dacite. Barium increases with increasing SiOz content, con-
sistent with its generally incompatible behavior in magmas
(Korringa and Noble, 1971; Blundy and Wood, 1991).

Chondrite-normalized rare earth element (REE) data for
the Yanacocha Volcanics define a consistent inclined pattern,
with light REE enrichment (10-100 times chondrite), a rela-
tively flat pattern of heavy REE (2-20 times chondrite), and
a lack of any Eu anomaly (Fig. 12). These patterns are char-
acteristic of many andesitic to dacitic volcanic and hypabyssal
plutonic rocks associated with porphyry copper and epi-
thermal gold deposits in the Andes and elsewhere (e.g.,
Gustafson, 1979; Chiaradia et al., 2004). Within the Yana-
cocha Volcanics, the REE abundances vary by a factor of 2 to
5, with the highest concentrations observed in the Atazaico
Andesite and the lowest concentrations in the late evolved
Coriwachay Dacite. The light REEs show a slightly smaller
range than the heavy REEs, as evidenced by more steeply in-
clined patterns of the Coriwachay Dacite.

Discussion of magmatic evolution

The compositional evolution of magmas through time at
Yanacocha reflects complex processes that include deep mafic
source magmas and crustal assimilation combined with crys-
tal fractionation and differentation in both deep and shallow
magma reservoirs (see also Chiaradia et al., 2009). Hydrous,
sulfate-rich, relatively mafic andesite to basalt likely differen-
tiated in deep magma chambers and conduits (Chambefort et
al., 2008), whereas shallow dacitic magma chambers evolved
by both crystal fractionation of mafic magma and mixing with
crystal melts. The latter processes produced the late Cori-
wachay high-silica dacite and rhyolite that are temporally as-
sociated with most of the gold ores.

Figure 13 illustrates the key fractionation and mixing
processes. Deep-sourced hydrous basaltic andesite magmas
apparently fractionated garnet and amphibole to produce the
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F1G. 10. Selected silica variation diagrams (SiOz, wt %) for the Calipuy Group volcanic rocks and Yanacocha Volcanics (n
= 184): (A) vs. P2Os (wt %); (B) vs. TiOz (wt %); (C) vs. K2O (wt %), illustrating overlapping compositions of volcanic versus
intrusive rocks. (D) vs. MgO (wt %); (E) vs. Sr (ppm); (F) vs. Ba (ppm), illustrating lower Ba content of the Calipuy Group
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Volcanics.
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adakite-like trend of decreasing Y and increasing Sr/Y ob-
served in the Atazaico and Azufre Andesites (Defant and
Drummond, 1990). This Y versus Sr/Y trend (Fig 13A) is
commonly observed in porphyry copper or other magmas de-
rived from a deep source area where garnet is typically stable
(>35 km, i.e., >12 kbars pressure) and preferentially incorpo-
rates Y (Chiaradia et al., 2004; Johnson, 1998). Crystal frac-
tionation of garnet, high-Al amphibole, and pyroxene in deep
magma conduits would have also reduced the heavy REE
content as observed during magma evolution (Kay and
Mpodozis, 2001; Figs. 10B, D, 12). This differentiation trend
is also characterized by an increase of Sr as a result of the ab-
sence of sodic plagioclase, which strongly incorporates Sr but
is destabilized under high water-pressure conditions (>2
kbars; Singer et al., 1995). Therefore, much of the differenti-
ation from basaltic andesite to silicic andesite or low-silica
dacite occurred via crystal fractionation in deep conduits or
magma chambers at >35 to 7 km depth.

The second major process involves assimilation of crustal
rock to produce rhyolitic melts that mix with deep-sourced
magmas. Such assimilation and mixing may have occurred in
both the deep and shallow magma chambers. The elevated

content of Ba (500-1,100 ppm) and KoO (1-3.5 wt %) are
both greater than what can be produced by simple crystal
fractionation from a basaltic parent, and therefore require
crustal sources. The great range of Ba at given SiO; content is
consistent with assimilation of heterogeneous crustal compo-
sitions. Chiaradia et al. (2009) presented isotopic data that in-
dicate an increased component of crustal-derived material in
the more silicic and younger magmas at Yanacocha. Figure
13B illustrates the approximate path on a SiOs versus MgO
diagram produced by crystal fractionation of mafic silicates in
deep magmas from a parent Atazaico Andesite with 58 wt
percent SiOs. Although some magma compositions follow this
trend, many compositions between 60 and 64 wt percent SiOs
lie along mixing lines between low-silica parent and high sil-
ica differentiates. A mixing hypothesis also explains the pres-
ence of both high-Al and low-Al amphiboles in the Colorado
Pyroclastics and the San Jose Ignimbrite.

Much of the magma differentiation took place in shallow
magma chambers. The mineral assemblage of sodic plagio-
clase, low-Al hornblende, biotite, pyroxene, Fe-Ti oxides, and
titanite in the low-silica dacitic San Jose Ignimbrite provide
evidence for shallow crystallization (~750°-800°C and 1.5-2
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kbars; Chambefort et al., 2008). The decrease of Sr content
with increase of SiOs to more than 62 wt. percent is consis-
tent with crystallization of plagioclase (Fig. 10E). The lack
of an attendant Eu anomaly suggests the magma was oxi-
dized (Weill and Drake, 1973). The decrease in abundance
of middle and heavy REE for the San Jose Ignimbrite sup-
ports the hypothesis that magmatic evolution involved frac-
tional crystallization of hornblende, titanite, and apatite
minerals preferentially enriched in middle and heavy REE
(Fig. 12). We conclude that complex processes that include
periodic input of a basaltic andesite or low-silica andesite
parent magma combined with assimilation-fractional crys-
tallization and magma mixing can produce the observed di-
versity of high-silica andesite and low-silica dacite (DePaolo,
1981).

The silicic magmas of Coriwachay Dacite appear to be mix-
tures of silica-rich differentiates or crustal melts (>70 wt %
Si0Oy) with silicic andesite and low-silica dacite (~62—-63 wt %
SiOs) on the basis of the SiOz versus MgO plot (Fig. 13B).
The Coriwachay Dacites have MgO contents that are too high
to be produced by simple crystal fractionation, and therefore
require periodical recharge by more mafic melt.

These late Coriwachay dacites and rhyolites are volumetri-
cally minor, but are associated with the bulk of the gold, cop-
per, and sulfur introduction. They are characterized by the
highest contents of incompatible elements such as K and Ba,
and the lowest middle and heavy REE contents of all the
Yanacocha magmas (Figs. 10-12). These REE compositions
are consistent with fractional cystallization of low-Al horn-
blende, titanite, and apatite together with plagioclase in a
shallow magma chamber similar to andesite-dacite of the San
Jose Ignimbrite. The crystal-rich nature of the late Cori-
wachay Dacite is consistent with derivation from one or more
crystallizing fluid-saturated granitoid magma chambers (e.g.,
Burnham, 1979; Dilles, 1987) that we hypothesize was peri-
odically recharged by small amounts of deep-sourced and
more mafic magma over a period of 2 to 3 m.y.

The Yanacocha magmas were strongly oxidized at NNO
+1.5 to +2 based on Fe-Ti oxide geothermometry and the as-
semblage magnetite + titanite + quartz (Wones, 1989; Longo,
2005; Ghiorso and Evans, 2008). Under these oxidized condi-
tions, little reduced sulfur was present in the melt and mag-
matic Fe- and Cu-Fe sulfides were only formed in the trace
amounts observed (Brennecka, 2005). Therefore, copper and
likely gold behaved in the magmas as incompatible elements,
similar to Ba (Dilles, 1987; Dilles and Proffett, 1995). The in-
crease of Ba with increased SiOz content provides a proxy that
is consistent with enrichment of copper and possibly gold in
the youngest dacitic-rhyolitic magmas. Thus, we propose that
water-, chlorine-, and sulfur-rich fluids separated from the
crystallizing silicic magmas and removed magmatic copper

FI1G. 12. Rare earth element (REE) patterns normalized to chondrite (Sun
and McDonough, 1989) for representative samples of the five main units of
the Yanacocha Volcanics, from oldest to youngest: A) Atazaico Andesite, B)
Colorado Pyroclastics, C) Azufre Andesite, D) San Jose Ignimbrite, and E)
Coriwachay Dacite. The solid black lines outline the field for all the samples
in A through E. Note the decrease in REE abundance from oldest to

youngest.
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TABLE 5. Representative Whole-Rock Chemical Analyses of Igneous Rocks

Colorado Coriwachay
Tual Chaupiloma Pyroclastics Lower Dacite
andesitic andesitic Cerro Fraile Atazaico Quilish Azufre Maqui Maqui San Jose Cerro
lahar lahar Pyroclastics Andesite Dacite Andesite ignimbrite Ignimbrite Yanacocha
CC-18 DN-84 Frailes-1 CNN-1 DO-4 CHQS-2 DN-7 CB-56 YN-1A
Wt %
SiO2 61.18 59.33 64.96 61.48 63.50 63.07 63.07 63.86 68.09
TiOs 0.82 0.62 0.50 0.67 0.58 0.59 0.58 0.56 0.40
AlOs 20.02 18.90 17.17 17.67 17.27 18.09 18.21 18.87 16.72
FesOs 5.45 5.54 5.24 5.61 5.48 4.31 4.47 3.88 2.55
MnO 0.08 0.08 0.11 0.10 0.18 0.06 0.10 0.03 0.05
MgO 2.01 0.43 1.60 2.38 1.71 1.28 0.85 0.47 0.58
CaO 6.26 8.55 4.89 5.98 5.27 5.28 6.15 4.54 3.85
NaO 2.92 4.01 2.72 3.81 3.33 4.60 4.05 5.05 4.33
K20 0.90 2.16 2.48 1.89 2.37 2.28 2.14 2.27 3.10
P20s5 0.25 0.26 0.16 0.24 0.21 0.23 0.22 0.25 0.16
ppm
Ba 327 624 959 681 569 776 591 758 677
Co 6.5 9.3 9.5 13.0 9 75 8.0 6.7 3.5
or 50 70 nd nd nd nd nd 40.0 nd
Cs 1.7 2.8 2.2 0.9 2.9 1.0 1.8 10.3 7.6
Su 35 17 20 25 <5 <5 20 13 <5
Ga 22 21 20 21 18 23 22 25 23
Hf 3 4 3 3 2 3 3 3 3
Mo 8 3 nd nd nd nd nd 2 nd
Nb 7 7 7 4 4 5 6 5 4
Ni 10 <5 15 15 <5 <5 5 6 <5
Pb 10 10 20 30 <5 10 5 13 25
Rb 41.6 62.4 76.8 50 69 50.8 58.2 69.9 80
Sn 2 1 1 <1 <1 <1 1 1 <1
Sr 667 632 612 737 497 888 888 1035 729
Ta 0.5 0.5 0.5 <0.5 <5 <0.5 <0.5 <0.5 <0.5
Th 5 6 5 4 6 6 5 5 7
Tl <0.5 <0.5 <0.5 0.5 <0.5 <0.5 <0.5 <1 <0.5
U 1.5 1.6 4 1.5 2 1.5 1.5 1.8 2.5
Vv 160 111 85 135 115 10 80 107 10
w 3 1 1 <1 <1 <1 3 1 <1
Y 43 14.2 11.5 15 13.5 8 13 8.1 5
Zn 65 80 65 70 45 75 60 99 215
Zr 122 114 102.5 116.5 79 126 131.5 112.5 111.5
La 25 19.2 18.5 21 19.5 24.5 20.5 20.7 20
Ce 36.5 38 35 41.5 36 48.5 375 39.9 375
Pr 5.3 45 4.1 5.2 4.5 5.8 5 4.8 4.2
Nd 20 17.8 16 21 16.5 21.5 19.5 18 15.5
Sm 4.8 3.2 3.2 4.0 3.3 3.9 3.3 3 2.7
Eu 14 1.1 0.7 1.2 0.8 1 0.9 0.9 0.7
Gd 4.9 3.1 2.7 3.4 3.1 3.0 2.9 2.4 2.1
Tb 0.8 0.5 0.4 0.5 0.4 0.4 0.4 0.3 0.3
Dy 5.8 2.6 2.3 2.9 2.2 2.2 2.3 1.6 1.3
Ho 1.3 0.5 0.4 0.5 0.5 0.3 0.4 0.3 0.2
Er 4.3 14 1.3 14 1.3 1.0 1.4 0.8 0.6
Tm 0.7 0.2 0.1 0.2 0.2 0.1 0.1 0.1 0.1
Yb 4.6 1.3 1.3 1.5 1.2 1.0 1.1 0.7 0.6
Lu 0.9 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1
Sr/Y 15.5 44.5 53.2 49.1 36.8 111.0 68.3 127.8 145.8
Ce/Yb 7.9 29.2 26.9 27.7 30.0 48.5 34.1 57.0 62.5

Analyses normalized 100% volatile-free composition

and gold to form ore fluids (Burnham, 1979; Dilles, 1987;
Simon et al., 2005, 2006).

Age of Hydrothermal Alteration

Hydrothermal alteration that is associated with the gold de-
posits covers >100 km? and consists of massive and vuggy
quartz, and several advanced argillic assemblages containing
alunite, pyrophyllite, diaspore, dickite, and kaolinite plus quartz

and pyrite (Plate I). Hydrothermal alunite is present in sev-
eral of the high-sulfidation gold deposits (Fig. 14). As dis-
cussed above, the age of alunite at any given deposit provides
an estimate of the maximum age of the gold mineralization at
that deposit.

Twenty “0Ar/3Ar age determinations on hypogene alunite
and one on hydrothermal biotite define five stages of hy-
drothermal activity, from 13.6 to 8.2 Ma, associated with gold
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Fic. 13. Trace and major element diagrams illustrating crystal fractionation versus mixing of mafic and silicic melts. A. Y

vs. Sr/Y, illustrating the fractional crystallization (amphibole,

garnet, pyroxene) path in deep hydrous magmas for the Calipuy

Group and early Yanacocha Volcanics, versus late Yanacocha Volcanics mixing trends. B. SiOs versus MgO illustrating early

crystal fractionation, and intermediate and late stage mixing

paths with parental magma compositions. Note high MgO con-

tents of Coriwachay Dacites require admixture of a mafic magma component. Symbols as in A. B also highlights the location

of intrusions.

deposits in the Yanacocha district (Figs. 6, 9; Table A2; Longo,
2005; Longo and Teal, 2005). The ages of these 21 altered sam-
ples are plotted versus distance along a pseudo-section 15 km
long, from Cerro Negro Oeste in the southwest to Cerro Sug-
ares at Maqui Maqui in the northeast (Fig. 14; Plate I). These

data indicate that hydrothermal activity began in the southwest
at Cerro Negro and Quilish, and then migrated concurrently
with magmatism to the eastern parts of the district where it be-
came widespread. By ~9.25 Ma hydrothermal activity became
centered exclusively at Cerro Yanacocha (Fig. 14).
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FIG. 14. “0Ar/9Ar ages for 21 samples of hydrothermal alunite and biotite plotted versus distance along a 16-km south-
west-northeast transect from Cerro Negro Oeste to Maqui Maqui in the northeast (Fig. 9; Plate I). These ages define five
general stages of hydrothermal activity, which indicate an early northeastward temporal migration, followed by a late focus,
at ~9.25 Ma, at Cerro Yanacocha: stage 1 ~14.2-12.0 Ma, stage 2 ~11.5-11.2 Ma, stage 3 ~11.0-10.7 Ma, stage 4 ~10.3-9.95
Ma, stage 5 ~9.25-8.22 Ma. Ka = Kupfertal alunite, Kb = Kupfertal biotite; N = Noble, pers. commun. (1997), Tr = Turner

(1997).

Hydrothermal stage 1 alunite has been found only in the
gold deposits at Cerro Negro Oeste (13.56 + 0.24 Ma) and
nearby at Quilish (n = 2, 13.48 + 0.64 and 12.64 + 0.61 Ma),
both in the southwest. Subsequent Stage 2 hydrothermal ac-
tivity was apparently widespread in the eastern part of the
Yanacocha district at ~11.5 Ma, consistent with eastward mi-
gration of hydrothermal activity that traced the progression of
volcanism through time across the district. Stage 2 alunite oc-
curs at Cerro Collotan, at Cerro Yanacocha (CLL-1, 11.41 +
0.89 Ma), and in a zone of advanced argillic alteration with
only trace (<100 ppb) gold at Cerro Azufre, adjacent to the
Maqui Maqui gold deposit (11.46 + 0.15 Ma; Turner, 1997;
Fig. 14; Plate I). Widespread stage 2 alteration here is inter-
preted to include extensive and largely barren massive and
vuggy quartz crosscut by later sulfide-gold veins, heterolithic
breccia, and alunite veins in the Cerro Yanacocha area (Har-
vey et al., 1999; Longo, 2000, 2005; Loayza-Tam, 2002). The
gold-bearing and strongly hydrothermally altered accidental
fragments present in the 11.5 to 11.2 Ma San Jose Ignimbrite
are inferred to have formed in stage 2.

After eruption of the San Jose Ignimbrite, hydrothermal
stage 3 alunite was widely generated along a ~10-km-long
northeasterly trending zone from Corimayo to Maqui Maqui
(Figs. 9, 14; Plate I). Hydrothermal activity occurred at Cori-
mayo-Tapado, Cerro Yanacocha, Carachugo and Maqui
Maqui from ~11.0 to 10.7 Ma on the basis of seven alunite
ages and one hydrothermal biotite age, the latter from the un-
derlying Kupfertal porphyry deposit.* Hydrothermal biotite

+ The Kupfertal porphyry deposit lies between the San Jose deposit and
the Encajon-Cerro Yanacocha deposits ~400 m below the bottom of a deeply
incised glacial valley with 300 meters of vertical relief (see Fig. 3; Plate I).

at Kupfertal, collected from a depth of 571 m in core hole
DDH KUP-3, has an age of 10.73 + 0.05 Ma (Table A3). Out-
crops of quartz-alunite-pyrophyllite—altered andesite cut by
quartz-pyrite-enargite-covellite stockwork veinlets with >0.5
g/t Au and up to 1.0 wt percent Cu occur directly above the
dated hydrothermal biotite sample. The age of igneous biotite
(10.78 = 0.05 Ma) from the Corimayo dacite dome is similar
to the ages of hypogene alunites (10.75 + 0.16 Ma) from
younger cross-cutting veins and breccia (~4 km west of Ku-
pertal), and is similar to the Punta Negra dacite (10.72 + 0.02
Ma; Chiaradia et al., 2009) at Encajon (~1 km west of Kupfer-
tal) that is crosscut by advanced argillic alteration with alunite
(10.81 + 0.16 Ma; Table A3, Fig. 3, Plate I). Therefore, the
40Ar/39Ar ages from six alunites and the hydrothermal biotite
age from the Kupfertal porphyry are analytically indistin-
guishable and have a weighted mean of 10.75 + 0.04 Ma, and
support a single widespread event associated with the 10.75
to 10.72 Ma Corimayo and Encajon dacites (Figs. 6, 14).
Nonetheless, one stage 3 alunite age of 11.01 + 0.09 Ma from
veins that crosscut the San Jose Ignimbrite at Cerro Baul is
analytically older (Fig. 6), but similar to the ~11.1 Ma age of
a dacite at Tapado (Chiaradia et al., 2009). Similar “Ar/*%Ar
ages for alunites were obtained at nearby Carachugo Sur
(10.92 + 0.09 Ma, Turner, 1997; 10.95 + 0.40 Ma, Noble, pers.
commun., 1997).

A period between ~10.75 and ~10.25 Ma (Figs. 6, 9) lacks
hydrothermal ages, and is followed by widespread stage 4 alu-
nite ages that range from 10.3 to 9.9 Ma (n = 4) in the east-
ern part of the district. Here, alunite is associated with gold
mineralization that occurs along a ~4-km-long east-west
trend from Chaquicocha to Tapado and a further ~7 km
northeast of Tapado at Sugares (Fig. 14; Plate I). The three
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alunite ages from the Chaquicocha and Tapado deposits, and
Sugares (Leach, 1999) near the Maqui Maqui deposit, are an-
alytically indistinguishable, and have a weighted mean age of
10.25 + 0.11 Ma. Alunite from an outcropping zone of quartz-
alunite alteration adjacent to the San Jose Sur deposit has an
age of 9.95 + 0.14 Ma (Table A3) that is ~0.8 m.y. younger
than the 10.73 Ma age of hydrothermal biotite from the
Kupfertal porphyry.

Stage 5 alunites are samples of hydrothermal breccias with
alunite cement associated with the central zone of gold
deposits at Cerro Yanacocha, ~500 m to 1 km north of the
youngest stage 4 alunite at San Jose (Plate I; Table A3). Five
ages range from 9.2 to 8.2 Ma and three have relatively large
analytical uncertainties (Figs. 6, 14). These alunite ages imply
two substages at ~9.2 and ~8.8 Ma that follow an apparent
gap in hydrothermal activity from ~9.9 to ~9.3 Ma (Figs. 6, 9,
14). The five alunites are permissive and do not require two
substages; however, two substages are supported by geologic
evidence for multiple hydrothermal veins and breccias that
postdate the Cerro Yanacocha dacite porphyry (9.91 Ma). At
Encajon and Cerro Yanacocha, veins cut earlier veins, and
breccias contain fragments of both earlier breccia and veins
(Abarca and Harvey, 1997; Loayza-Tam, 2002).

Temporal relationship of porphyry-style and
epithermal alteration at Yanacocha

Based on previous work by P. Mitchell (writ. commun.,
2000), R.H. Sillitoe (writ. commun., 2000), Pinto (2002), and
Gustafson et al. (2004), a spatial relationship was proposed for
porphyry- and epithermal-style alteration at Kupfertal, Yana-
cocha Norte, Maqui Maqui, La Zanja, Tantahuatay, Perol and
Hualamachay (Figs 1, 2). These authors suggested that hypo-
gene advanced argillic alteration and high-sulfidation gold
ores overlie and grade downward to deeper porphyry-style bi-
otite alteration with Cu-Fe sulfides. Alteration grades down-
ward from vuggy and massive quartz to a gray quartz-rich
rock with irregular white patches of alunite and pyrophyllite
that replace the quartz matrix and grade into worm-shaped
clots and discontinuous veinlets (Klein et al., 1999; Heden-
quist, pers. commun., 2000; Pinto, 2002), termed patchy and
wormy texture alteration (also termed gusano; Gustafson et
al., 2004). A transition from patchy and deeper wormy texture
alteration to A-type quartz veins occurs from ~90- to 150-m
depth at Kupfertal (Gustafson et al., 2004). The wormy
quartz-pyrophyllite-alunite overlies sericitic (muscovite) al-
teration, which in turn overlies deeper biotite-bearing potas-
sic alteration containing pyrite, chalcopyrite, and bornite.

The “°Ar/*Ar age determinations provide temporal-spatial
constraints on the transition from the shallower epithermal
environment to the deeper porphyry system at Kupfertal.
These constraints are plausible despite minor complications
that include the overprint of younger quartz-alunite alter-
ation and possible fault offsets. The age of the deep por-
phyry-style biotite alteration at Kupfertal (10.73 + 0.05 Ma)
is the same as the widespread stage 3 magmatic-hydrother-
mal alunites located ~4 km west at Corimayo, ~1 km north-
west at Punta Negra in Encajon, and 0.8 km south of Kupfer-
tal from a sample of Yanacocha porphyry (Yp) ~50 m below
the San Jose Sur deposit (stage 3; Figs. 6, 14; Table A3).
These data indicate that shallow epithermal quartz-alunite
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alteration was contemporaneous but ~1 to 4 km distal to the
deeper Kupfertal Cu-Au-bearing hydrothermal biotite alter-
ation; similar to the distribution of quartz-alunite alteration at
Lepanto, Philippines, which occurs up to 4 km from the
causative Far Southeast porphyry (Hedenquist et al., 1998).

The two alunite samples closest to the Kupfertal porphyry
yield much younger ages that indicate they were not forme
from the same porphyry hydrothermal event. Alunite from
the San Jose Sur deposit that is topographically above and
~500 m south of Kupfertal has an age of 9.95 = 0.14 Ma, and
patchy alunite that formed directly above the Kupfertal por-
phyry has an age of 9.25 + 0.10 Ma; ~0.8 and ~1.5 m.y.
younger than the porphyry-style biotite alteration at Kupfer-
tal, respectively. These two younger alunites apparently de-
veloped in stages 4 and 5, respectively. The biotite and alunite
ages near Kupfertal are consistent with observations through-
out the east-central part of the Yanacocha district that suggest
at least three distinct hydrothermal vein and breccia events
with alunite ages of 11.1-10.7, 10.3-9.9, and ~9.2-8.2 Ma
were associated with emplacement of the 11.1-10.78, 9.91,
and 8.43 Ma domes and porphyry intrusions of the Cori-
wachay Dacites. We hypothesize that there were separate
pulses of hydrothermal {luids that accompanied each of sev-
eral Coriwachay porphyry intrusions emplaced episodically
over a period of ~2.4 Ma.

Temporal and Spatial Evolution of Magmas and Ores

The temporal and spatial evolution of the Yanacocha dis-
trict is summarized in a series of six time panel maps that
show volcanic rock units and ages, alunite ages, and gold ore
occurrences to illustrate the relationships between igneous
and hydrothermal events (Fig. 15).

Atazaico Andesite, intrusions of Quilish dacite,
and stage 1 alunite

An andesitic volcanic field with an areal extent of ~340 km?2
and average thickness of 80 m first developed, and locally
erupted from north-northwest trending vents. Pyroxene-
hornblende andesitic lavas erupted from numerous mono-
genetic volcanoes and small composite cones in the western
parts of the district, such as Cerro Atazaico and Cerro Negro
Oeste (14.5-14.2 Ma; Fig. 15A). Eruption was followed by
dome-building and minor pyroclastic ejection of quartz-bear-
ing pyroxene andesite at Cerro Regalado (13.9 Ma), Quilish,
and Cerro Negro Oeste. Volcanism progressed eastward to
form the Chaupiloma trend and the Chugares volcano (13.7-
13.3 Ma).

The Quilish dacitic porphyry plugs and dikes postdate and
intrude the lavas of the Atazaico Andesite and are spatially
associated with hydrothermal centers in the western district
at Los Pinos, Exaltado, and Quilish. The dacites here are as-
sociated with hydrothermal activity that formed stage 1 alu-
nite (~13.6-12.6 Ma) and associated gold ore at Cerro Negro
and Quilish. A few of these dacites also crop out in the east-
ern district.

Colorado Pyroclastics

The Colorado Pyroclastics represent the first eruptions from
the east part of the district near the Maqui Maqui dome and
Cerro Yanacocha. The latter area is here proposed to constitute
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the composite Yanacocha volcano and center of magmatic ac-
tivity for a ~4 m.y. period from 12.4 to 8.4 Ma (Fig. 15B). The
Colorado Pyroclastics sequence includes the Cori Coshpa and
Maqui Maqui hornblende + biotite ignimbrites of andesite,
trachyandesite, and dacite composition, with ages of 12.6 and
12.4 Ma, respectively. Small volumes of associated and
slightly younger porphyritic hornblende andesitic sills and
dikes, plugs, domes, and lavas (Yanacocha porphyries) have
ages from 12.4 to 11.9 Ma. Also, we propose that most dia-
tremes developed during this period (i.e., Pabellon, Carachugo
Norte, and Yanacocha, or YBX1 of Loayza-Tam, 2002). Ex-
posures suggest that the Colorado Pyroclastics originally cov-
ered ~90 km? with an average thickness of 100 m. Although
no alunite alteration related to gold mineralization is identi-
fied for this time interval, laminated tuffaceous rocks inter-
calated with ignimbrites are locally strongly hydrothermally
altered.

Azufre Andesite and stage 2 alunite

The Azufre Andesite represents a renewal of effusive py-
roxene-hornblende andesitic volcanism erupted between
~12.1 and 11.6 Ma from a series of monogenetic vents and
domes of silicic andesite to low-silica dacite. Lavas originally
covered an area of ~120 to 125 km?2 centered on the Yana-
cocha volcano. Multiple vent complexes produced a series of
coalescing domes (i.e., the Corra Blanca domes at Cerro
Negro, Shoclla dome at Tatiana, and the San Jose, Chaquic-
ocha, Sacsha, and Machay domes; Fig. 15C), lavas, and minor
pyroclastic deposits that covered areas >60 km?2. These erup-
tions were similar to large coulee-style lavas, such as the Chao
dacite (~90 km? and up to 300 m thick) in northern Chile
(Guest and Sanchez, 1969).

Stage 2 alunite formation is inferred, based on geologic ar-
guments presented above, to have produced widespread al-
teration both in the western district at Cerro Negro Este and
Pabellon Sur (15 km?) and in a larger 42 km? area to the east,
north, and west of the San Jose gold deposit in the eastern
district (Fig. 15C). The alunite alteration is spatially associ-
ated with, and likely closely followed, eruption of the Azufre
Andesite domes. Two overlapping ages of stage 2 include
11.41 + 0.89 Ma from a patchy quartz-alunite at Collotan ad-
jacent Cerro Yanacocha (this study), and 11.46 + 0.15 Ma
from an alunite at Cerro Azufre in the eastern district
(Turner, 1997). Large tabular bodies of massive hydrother-
mal quartz in this area obliterated original rock textures, con-
tain 30 to 350 ppb Au, and may represent the earliest stage
of gold mineralization in the east (Harvey et al., 1999; Longo,
2000).

San Jose Ignimbrite and associated domes

The San Jose Ignimbrite consists of hornblende-pyroxene +
biotite dacite and is inferred to postdate the stage 2 advanced
argillic alteration in the eastern part of the district, based on
accidental fragments of advanced argillic altered rock. The
San Jose Ignimbrite consists of three cooling units erupted
over a period of ~0.3 m.y. (11.54-11.22 Ma; Table A2). Each
cooling unit erupted from a distinct and separate vent area
near Chaquicocha, flowed south-southeast, and filled a 175
km? topographic depression called the Otuzco trough (Plate
I), where thicknesses range from 40 to 350 m (Fig. 15D). The

LONGO ET AL.

lower member is apparently older (11.46 + 0.08 Ma), whereas
the middle member (11.27 + 0.05 Ma) and upper spatter
member (11.25 + 0.06 Ma) are identical in age, and represent
either a single eruption or two eruptions separated by only a
short time gap (~0.1 m.y. or less)’. Post-ignimbrite dome
complexes filled three vents at Ocucho (11.36 Ma), Chaquic-
ocha Sur (11.28 Ma), and Alta Machay (11.23 Ma) that likely
represent the source of the lower, middle, and upper mem-
bers. Hydrothermal activity was not associated with the erup-
tions of the San Jose Ignimbrite, but closely followed.

Coriwachay Dacite and stage 3, 4, and 5 alunite

Corimayo dacite and stage 3 alunite: A series of isolated
dacitic domes are aligned along a 5-km zone from Chaquic-
ocha Norte, Corimayo (10.78 Ma), Punta Negra (10.72 Ma;
Chiaradia et al., 2009) and La Quinua; the Cori Coshpa
dacitic intrusion crops out 2.7 km north (Fig. 15E).

Stage 3 alunites occur as veinlets and in hydrothermal brec-
cia containing gold ore that crosscuts intense quartz-rich al-
teration along the margins of the Corimayo dome (Gomez,
2002). Stage 3 hydrothermal zones contain alunite with ages
of 11.0 to 10.7 Ma and extend widely for 10 km from Cori-
mayo to Maqui Maqui (Fig. 15E). Stage 3 alteration zones
contain gold in a ~14 km? area that includes the San Jose,
Carachugo, Quecher, and Arnacocha deposits (Fig. 3; Plate
I). Northwest-striking fault and fracture zones at Maqui
Maqui and Corimayo localized gold deposition. The stage 3
alunites have the same age within analytical uncertainty as hy-
drothermal biotite (10.73 Ma) in the deep Kupfertal por-
phyry, up to 4 to 6 km distant (Fig. 15E). We conclude that
shallow epithermal gold deposits related to stage 3 alteration
formed synchronously with the deeper porphyry-style Cu-Au
mineralization during the same magmatic-hydrothermal event.

Cerro Yanacocha dacite porphyry and stage 4 alunite: The
Cerro Yanacocha dacite porphyry and associated diatreme
(YBX4 subtype 2; Loayza-Tam, 2002) intrudes a Corimayo-
style porphyry intrusion (the Punta Negra dacite at Encajon),
a Yanacocha (Yp or feldspar) porphyry, early diatreme bodies
(YBX1; Loayza-Tam, 2002) and breccias, as well as the previ-
ously altered Colorado Pyroclastics at Cerro Yanacocha
(Loayza-Tam 2002; Longo, 2005). We include the altered
dacite porphyry at Chaquicocha Sur as part of the Cerro
Yanacocha intrusions (Longo, 2005). The 9.91 + 0.04 Ma age
of the Cerro Yanacocha dacite porphyry is analytically indis-
tinguishable from each of five ages of stage 4 alunite from the
eastern Yanacocha district, which range from 10.29 + 0.31 to
9.95 + 0.14 Ma (Figs. 6, 15F).

Yanacocha Lake rhyolitic dikes and stage 5 alunite: The
Yanacocha Lake rhyolitic dike (8.40 + 0.06 Ma; Turner, 1997)
and the petrographically similar northwest-striking Chaupi-
loma dike are the same age and compositionally similar to the
Negritos rhyolitic ignimbrite (8.4 Ma) that crops out 8 km to
the northwest. These dikes are the youngest intrusions re-
lated to the Yanacocha Volcanics, and mark the cessation of

5 Eruption of the San Jose Ignimbrite may be interpreted from the
weighted mean ages for the lower (11.46 + 0.08 Ma, n=5), the middle (11.27
+ 0.05 Ma, n = 5), and the upper (11.25 = 0.06 Ma, n = 2) members as two
separate eruptions; the lower at ~ 11.46 Ma, and the middle and upper at
~11.25 Ma (see p. 1214). The range 11.54-11.22 Ma (Table A2) for eruption
of San Jose Ignimbrite is found elsewhere in this paper.
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magmatism in the Cajamarca structural block (Figs. 1, 2)
when flat-slab subduction began in northern Peru (Gutscher
et al., 1999).

Stage 5 hydrothermal alunites range from ~9.3 to ~8.2 Ma
(Fig. 14) and are broadly spatially and temporally associated
with intrusions of Coriwachay Dacite in the Cerro Yanacocha
area (Fig. 15F). The “Ar/*Ar ages and the geologic evidence
support division of stage 5 into an earlier substage 5A at 9.3
to 9.1 Ma and a later substage 5B at 8.8 to 8.2 Ma, which is
temporally associated with the Yanacocha Lake rhyolites.

Rates of Volcanic Eruption and Gold Deposition

Volcanic volumes and eruption rates

The Yanacocha Volcanics have an estimated cumulative
erupted magma volume of ~88 km?, which represents a small-
to moderate-sized volcanic center (Table 6). The volumetric
eruption rates at Yanacocha are small and of similar magni-
tude to other multivent stratovolcano fields of dacitic volca-
noes (Kudo et al., 2003; Hildreth et al., 2003, 2004; Frey et

TaBLE 6. Estimated Volcanic Eruption Volumes, Ages, and Silica Contents
Compared with Contained Gold and Age of Each Mineral Deposit in the
Yanacocha District

Rock Sequence Average  Areal
thickness extent ~ Volume Agel SiOs
(m) (km?2) (km3) (Ma) (wt %)
Atazaico Andesite 36.2 14.5-13.3  60.0
western district 185 157 29 14.5-13.9  60.8
eastern district 90 80 7.2 13.7-13.3  61.9
Colorado Pyroclastics 133 89 11.8 12.63-124 632
Azufre Andesite 113 125 14.1 12.1-11.7 624
San Jose Ignimbrite 138 175 242 11.46-11.25 634
Coriwachay Dacite 100 15 1.5 11.1-84 692
Total 87.9
Gold deposits Au (Moz)? Age (Ma)!
Cerro Negro deposit 1.0 13.6
Cerro Quilish deposit 6.0 ~13.0 Stage 1
District-wide acid-sulfate alteration 0.5 11.5 Stage 2
Carachugo-Chaquicocha Norte 6.0 11.0
Maqui Maqui-Corimayo-San Jose 6.6 10.75  Stage 3
San Jose Sur-Tapado-Chaquicocha Sur 10.0 10.3 Stage 4
Cerro Yanacocha Complex? 25.0 9.3t0 8.2 Stage 5
Total gold 55.14

1 Ages from this study, Turner (1997), and Chiaradia et al. (2009)

2The gold endowments in millions of ounces (Moz) from each gold de-
posit are estimates that consider the unpublished and published proven and
probable reserves, and indicated and inferred mineral resources, at Yana-
cocha of L. Leng writ. commun. (1999); D. Hall writ. commun. (2000);
and Newmont annual reports, Form 10-K, 1999-2010; these estimates rep-
resent a minimum gold endowment for the Yanacocha district, and do not
consider the poorly defined resource of the Au-bearing sulfide, or the loss
of gold ore from Quaternary glaciation (Cerro Yanacocha-La Quinua, the
exception)

3 Gold (Moz) for the Cerro Yanacocha Complex includes the La Quinua
reserve-resource of ~10 Moz

4The basis of the estimate for total gold includes total production from
ore tonnes mined by 2010 (38.1 Moz), an estimated 6 Moz Au from the
Quilish deposit that was removed from the reserve and resource when per-
mits were relinquished in 2002, the 2010 reserve of 10.5 Moz Au, and an
estimated 500,000 oz Au deposited during stage 2 alunite

These data were used for Figure 17
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al., 2004; Siebe et al., 2004; Klemetti and Grunder, 2007;
Grunder et al., 2008). Eruptions of Atazaico Andesite began
in the west at 14.5 Ma, lasted ~1.2 m.y., and include ~36 km?
(0.03 km?1,000 yr) of pyroxene-hornblende andesitic lavas
(Figs. 16, 17; Table 6). Eruptions of the Colorado Pyroclastics
began at 12.63 Ma, spanned 0.23 m.y., and include ~12 km?
(0.05 km?®1,000 yr) of andesitic and dacitic ignimbrites. Erup-
tions of the Azufre Andesite began at 12.1 Ma, spanned ~0.4
m.y., and include ~14 km? (0.04 km?¥1,000 yr) of andesitic
and dacitic lavas and subordinate associated domes and pyro-
clastic deposits. The San Jose Ignimbrite erupted ~24 km?
(0.12 km?¥1,000 yr) at ~11.46 Ma (lower member) and ~11.25
Ma (middle and upper members) that filled the Otuzco
graben south of Cerro Yanacocha (see footnote 5). Therefore,
over a ~3.3 m.y. interval, from 14.5 to 11.2 Ma, eruptions de-
posited ~88 km3 of Yanacocha Volcanics (0.027 km?3/1,000 yr)
over an area of 500 km?2.

The Coriwachay Dacite magmatism represents a shift to
small volumes of more highly oxidized dacite to rhyolite that
formed domes and porphyry dikes and plugs in the center of
the district. Three brief episodes of felsic magmatism at 10.8,
9.9, and 8.4 Ma span a 2.4 m.y. interval (Fig. 16). The first two
episodes included domes of Corimayo dacite and dikes of
Cerro Yanacocha dacitic porphyry that have an estimated 0.9
km? of magma. The final magmatism at ~8.4 Ma included the
Yanacocha Lake rhyolitic dike (~0.1 km?) and the Negritos
rhyolitic ignimbrite (~0.5 km?3). Thus, from ~10.8 to 8.4 Ma,
eruption rates decreased to ~0.006 km?/1,000 yr.

Gold deposition rates compared to magmatic silica content

Gold deposition rates may be estimated on the basis of the
alunite ages and the total mass of gold deposited for each hy-
drothermal center (Figs. 16, 17; Table 6). Hydrothermal ac-
tivity and associated gold deposition increased as eruptive
output decreased, and reached a peak during the end stages
of magmatism when eruption volumes were at a minimum.
Conversely, high rates of eruption appear to have been affili-
ated with little gold deposition.

Melt SiO; contents increased gradually during eruptions of
the Atazaico Andesite, peaked at ~12.4 Ma with eruptions of
Colorado Pyroclastics, and then decreased slightly with the
initial eruptions of Azufre Andesite (Figs. 11, 17). Early Quil-
ish dacitic dikes intruded the Atazaico Andesite in the west
parts of the district and are spatially associated with stage 1
alunite and the oldest gold deposits at Quilish and Cerro
Negro (~6 Moz). Stage 2 produced widespread quartz-alunite
alteration with little associated gold ore (<0.5 Moz Au) after
eruption of Azufre Andesite (12.1-11.6 Ma), but prior to the
San Jose Ignimbrite (11.5-11.2 Ma). Melt SiOs contents in-
creased with time, from andesite to dacite during eruption of
Azufre Andesite and the San Jose Ignimbrite (Figs. 11, 17).
Stages 1 and 2 were associated with deposition of ~7.5 Moz of
gold during this longer period of volcanism (14.5-11.2 Ma)
that erupted ~87 km? of volcanic rocks over 3.3 m.y. Over 85
percent of the gold ore at Yanacocha was deposited in the last
2.8 m.y. of hydrothermal activity (~11.0-8.2 Ma), during
which the final ~2 percent of the total volume of magma was
erupted. During stage 3 (11.0-10.7 Ma), gold deposition in-
creased ~12.6 Moz during a period when less than 0.9 km? of
dacitic domes were erupted. During stage 4 (10.3—ca. 10 Ma),



1228 LONGO ET AL.
. X 1 1 T 1 1
Yanacocha DIStrlCt | ........................................................................................................ |
. 11.1 m.y.

Yanacocha Volcanics BAM.y. [oreere e et e e e e et e e e et et et e et et ]

Cerro Yanacocha 37my [ ]

L Stage 1 2 3 4 Stage 5
Hydrothermal Activity 5 stages during 5.4 m.y. [ 1 I I
Cerro Yanacocha Au Deposits 3 stages during 2.6 m.y. || [ |

Carachugo-Chaquicocha Au Deposits
San Jose Au Deposit
Corimayo-Tapado Au Deposits
Maqui Maqui Au Deposit
Kupfertal Porphyry
Coriwachay Dacite

San Jose Ignimbrite

Azufre Andesite Sequence
Yanacocha Porphyries
Colorado Pyroclastics

Quilish Dacite

Atazaico Andesite Sequence

Cerro Fraile Pyroclastic Sequence

Discrete Cells of
Hydrothermal Activity through Time

2stages during 0.7m.y. | |1
2 stages during 0.8 m.y. . l
2 stages during 0.6 m.y. [ |
2 stages during 0.5 m.y. I 1
| porphyry Cu-Au
2.4 m.y. |:| |:| |:|
J0.3 my.
[Jo6my.
] 0.5 m.y.
O o2my.
/
[ i2my.
Mo.ss my.

20 18

16 14 12 10 8

Age (Ma)

Fic. 16. Bar chart displaying the ages and time spans based on the “°Ar/3Ar ages of (A) total magmatism at Yanacocha
district (stippled bars); (B) individual igneous rock unit (solid gray bars); and (C) the hydrothermal activity based on alunite
stages (solid black bars 1 to 5) and for individual gold deposits (lower small black bars). Note that each stage of gold miner-
alization is temporally associated with intrusions of either early Quilish Dacite or late Coriwachay Dacite.

~10 Moz of gold was deposited, and during stages 5A and 5B
(between 9.4 and 8.2 Ma), 25 Moz of gold ore was de-
posited—nearly 65 percent of all the gold ore at Yanacocha
(Table 6).

Concluding Remarks

Magmatism and ores

Yanacocha is a >50 Moz gold district where gold deposition
was temporally and spatially associated with a moderate-sized
volcanic field characterized by a low to moderate eruption
rate of phenocryst-rich andesitic, dacitic, and sparse rhyolitic
lavas and pyroclastic rocks from stratovolcano and dome com-
plexes. Low volumes of erupted magma, and extensive asso-
ciated hydrothermal alteration, suggest large volumes of
magma remained in the crust where they crystallized as plu-
tonic rocks. Similar situations have been observed in crustal
sections exposed in tilted and eroded porphyry copper de-
posits (Dilles, 1987; Stavast et al., 2008). Extensive quartz-
alunite alteration in the eastern part of the Yanacocha district
was centered on volcanic vent areas during several relatively
short and discrete periods lacking volcanism (Figs. 14-17).

Volcanic eruptions preceded, and in some cases, postdated
the alteration (e.g., eruptions of the San Jose Ignimbrite). Hy-
drothermal activity occurred as a series of temporally discrete
cells, each with a maximum duration of 0.5 to 0.8 m.y., based
on ages of alunite (Figs. 6, 9, 16). The compositional diversity
of the volcanic rocks and the discrete pulses of hydrothermal
activity imply that there was a complex, evolving, and
recharging magmatic system at depth.

The volcanic stratigraphy, based on field relations and
“Ar/3Ar ages, indicates a magmatic duration of 6.1 m.y. that
includes a 5.4 m.y. period of episodic hydrothermal activity
(Fig. 16). During this period of 6.1 m.y., magmatism and hy-
drothermal activity progressed through time from southwest
to the northeast across the district. The volcanic eruption
rates decreased with time, whereas the volume of hydrother-
mally altered rock and mass of gold deposited both increased
(Fig. 17). The Yanacocha magmas evolved to become more
silica-rich and hydrous, and from high to very high oxidation
states. High intrusion to volcanic eruption ratios are here in-
ferred to have been associated with the bulk of the gold in-
troduction. This magmatic and hydrothermal record is similar
to many porphyry Cu-(Mo-Au) deposits where crystallization
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of late granitoid intrusions and associated porphyry dikes and
plugs produce magmatic-hydrothermal fluids and ores (Yer-
ington, Nevada: Dilles, 1987; Bingham, Utah: Keith et al.,
1998; El Abra, Chile: Campbell et al., 2006).

We propose that gold deposits similar to Yanacocha are
unlikely to form in volcanic centers that experienced only
high-volume rates of eruption, or in systems with simple and
short-lived magmatic-hydrothermal histories. At Yanacocha
and similar magmatic systems associated with quartz-alunite
and gold ores (e.g., Goldfield, Ransome, 1909; Summitville,
Steven and Ratté, 1960; Nansatsu, Hedenquist et al., 1994),
water-rich dacitic magmas crystallized at depth to form plu-
tons which degassed their volatiles to produce hydrothermal
solutions. The small volumes of erupted dacites were domi-
nated by thick lavas, domes, and minor pyroclastic deposits;
this is consistent with the loss of most volatiles prior to
magma eruption. Formation of world-class epithermal gold
deposits may be favored in volcanic centers characterized by

low eruption rates, compositional diversity, abundant sub-
volcanic plutons, and several temporally distinct magmatic-
hydrothermal pulses that reflect complex evolution of hy-
drous and sulfur-rich arc magmatism over several million
years.

Exploration

Yanacocha demonstrates that world-class high-sulfidation
epithermal systems with long-lived volcanic centers and mul-
tiple mineralizing events can be partly to entirely concealed
by unaltered parts of the host volcanic center. Fresh andesitic
rocks previously considered to be postmineralization and part
of the late Miocene Regalado Volcanic rocks (Turner, 1997)
here yield middle Miocene ages, from 14.5 to 11.6 Ma, and
belong to the Atazaico and Azufre Andesites of the Yanacocha
Volcanics. They erupted before stage 2 to 5 quartz-alunite al-
teration and associated gold deposition, and locally these
rocks host gold ore. Gold ore has been found below fresh, but
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pre-mineral, volcanic rocks at Yanacocha. These outcrops re-
veal only subtle hints of the deeper hydrothermal system in
peripheral alteration assemblages that include low-tempera-
ture opal replacement and fracture-filling, clay, or chlorite
(i.e., San Jose Sur, Chaquicocha Sur and Quecher gold de-
posits). By conducting careful and systematic geologic map-
ping, petrography, geochemistry, and radiometric dating, the
explorationist can deduce the stratigraphy of complicated, hy-
drothermally altered, and faulted volcanic rocks. By knowing
the timing, the stratigraphy, and the hypothetical processes
for magmatic evolution, the explorationist can construct real-
istic models and hypotheses for ore formation, and then tar-
get potentially hidden orebodies both at Yanacocha and in
other districts worldwide.
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APPENDIX 1
Geochronology

Analytical methods and criteria for interpretation
of crystallization ages

The “Ar/*Ar ages reported in this study were determined
in the noble gas mass spectrometry laboratory of the College
of Oceanic and Atmospheric Sciences at Oregon State Uni-
versity. Samples, either whole-rock disks or mineral separates
wrapped in Cu foil and loaded in evacuated silica vials, were
irradiated for 6 hours in the Oregon State University TRIGA
Reactor. The neutron flux (J) was monitored with Fish Creek
Tuff biotite standard (FCT-3), with an age of 28.03 + 0.12 Ma
(Renne et al., 1998), placed at regular intervals in the silica
tubes, and the error in J is generally within 0.5%.

Samples were heated incrementally using a 10W COz laser
(mineral separates) or a double vacuum resistance furnace
with thermocouple temperature control (whole rocks and
mineral separates). The isotopic composition of Ar released at
each step was measured using a MAP-215/50 mass spectrom-
eter in peak-hopping mode. Step ages are displayed as age
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spectra and isochrons (App. Figs. A1-A4). A plateau age is
the mean of three or more contiguous and concordant step
ages, weighted by the inverse of the variance (McDougall
and Harrison, 1999). The mean square of weighted devia-
tions (MSWD) is an F-statistic that compares the variability
of step ages about the mean with the individual step vari-
ances. A value less than about 2.5 indicates that the step
ages are true samples of a common plateau age. We also cal-
culated an isochron age from the slope of the linear regres-
sion of “0Ar/36Ar vs. 39Ar/6Ar compositions for the same
steps that comprise the plateau age. This calculation makes
no assumption about the initial °Ar/*Ar composition of the
rock or mineral, and so can be used to assess the significance
of non-atmospheric initial Ar. From samples for which
plateau and isochron ages are the same, within analytical un-
certainty, and for which the 0Ar/36Ar isochron intercept is
indistinguishable from the atmospheric value (295.5), we
conclude that the plateau age is a robust (statistically signif-
icant) estimate of the crystallization age (Dalyrymple and
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F1c. Al. “Ar/Ar age spectra for representative samples of the Calipuy Group volcanics and the Atazaico Andesite from
the lower Yanacocha Volcanics in the western district. Each heating step is represented by a horizontal rectangle whose
height is + 20 uncertainty of the step age. Each spectrum yields a robust weighted mean plateau age with a +20 uncertainty
given by the standard error of the mean. Other data reported includes the total fusion and isochron ages, the mean standard
weighted deviate (MSWD), and the sample type as whole rock or mineral. (A) CC-18, plagioclase of pumice from a Tual an-
desitic lahar; (B) DN-84, plagioclase, Chaupiloma andesitic lava flow intercalated between lahars; (C) Frail-2, biotite, Cerro
Fraile dacitic ignimbrite, type locality; (D) CNN-1, plagioclase, Atazaico Andesitic lava flow north of Cerro Negro.
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Lanphere, 1974; Duncan et al., 1997; McDougall and Harri-  mass spectrometer was scanned through each isotope mass of

son, 1999). argon (36Ar, 37Ar, 35Ar, ¥Ar and 40Ar) in five passes, and a re-
The “0Ar/*Ar ages were calculated with ArArCALC v2.2  gression curve fitted to each mass to enable calculation of iso-

software from Koppers (2002) and the ages are reported topic ratios at the inlet time of the argon gas.

within the limits of a 20 error (95% confidence interval). The
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F1c. A2. “9Ar/*9Ar age spectra for samples, upper part of the Yanacocha Volcanics. Each spectra yields a robust weighted
mean plateau age. (A) CB-5, whole rock, Atazaico andesitic tuff-breccia from the eastern part of the district; (B) MM-342,
plagioclase, Maqui Maqui ignimbrite from the hanging wall of the Maqui Maqui gold deposit; (C) CHQS-2, hornblende,
Azufre andesitic lava flow at Chaquicocha Sur; (D) DO-60, plagioclase, Azufre andesitic lava flow at Cerro Negro Este; (E)
SJS-T9A at 20.3 m, whole rock, lower San Jose Ignimbrite atop the San Jose gold deposit; (F) YN-1A at 20.3 m, biotite, Yana-
cocha dacitic porphyry from Cerro Yanacocha.
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1235

B SJS-79A 23.4 meterd
0.004 A Whole Rock - matrix
Inverse Isochron
0.003 1
g ]
€
£ 0.002
0.001 1
Initial “°Ar/*°Ar ratio = 293.2+7.3 (296.5+5,
1 Isochron age = 11.34+0.16 (11.28+0.14) Ma
MSWD = 0.51 (0.94)
0.000 T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
D DN-12 Biotite
0.004 1 Inverse Isochron
0.008 A
5 ]
S
& 0.0021
0.001{ . .
Initial “°Ar/%Ar ratio = 304.2+7
{ Isochron age = 15.36+0.10 Ma
MSWD = 0.22
0.000 T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
F KUP-3 571 m
0.0041 Hydrothermal Biotite
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0.00 0.05 0.10 0.15 0.20 0.25 0.30
S9Ar/*Ar

FIc. A3. “0Ar/¥Ar age spectra and inverse isochron diagrams for three samples that do not meet all the criteria for a ro-
bust age interpretation. The age spectra for SJS-79A 23.4 wr (A) and DN-12 biotite (C) are defined by less than 50 percent
of the total 39Arg released, but are concordant with their respective isochron ages (B, D). Both samples yield a robust
isochron age that is accepted as the interpreted age for the sample. Additional heating steps (shaded gray), separated by un-
related steps, are congruent with the plateau and bring the total 3Ark released to 50 percent. A sample hydrothermal biotite
(E) collected from the Kupfertal porphyry has an isochron (F) that yields a 49°Ar/3Ar intercept that differs slightly from the
295.5 atmospheric value, and the robust weighted mean plateau age (E) is accepted as the interpreted age.
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Cerro Negro Oeste Au Deposit

138.56+0.24 Ma

Total Fusion Age = 13.32+0.28Ma
Total *Ar in Plateau = 93.71%
Isochron Age = 13.56+0.41 Ma
Initial Ratio = 295.5+8.2

MSWD = 0.02

Coarse Euhedral Alunite (0.5mm)
Au =0.81 ppm Cu=99.3 ppm
Ag = 0.88 ppm Mo = 7.4 ppm

30 40 50 60 70 80 90
Cumulative **Ar Released (%)

10 20 100

B Maqui Maqui Au Deposit
DDH-MM-314 259.7 meters

10.81+0.10 Ma

Total Fusion Age = 10.73+0.11Ma
Total *Ar in Plateau = 98.12%
Isochron Age = 10.94+0.49 Ma
Initial Ratio = 283+46
MSWD = 0.44

Deep Sulfide-Patchy Alunite
Au =0.38 ppm Cu =736 ppm
Ag =0.22 ppm Mo =4.7 ppm

0

10 20 30 40 50 60 70 80 90
Cumulative *°Ar Released (%)

100

Kupfertal Patchy Alunite
DDH-KUP-3 94 meters

9.25+0.10 Ma

1 Total Fusion Age = 8.93+0.15Ma

7 |Initial Ratio = 248.3+46

N

Patchy Alunite
Au =0.01 ppm Cu =94 ppm

MSWD (plateau)= 1.20 MSWD (isochron) = 0.59 A9 =0.19 ppm Mo =26 ppm

Total *°Ar in Plateau = 83.61%
Isochron Age = 9.70+0.45 Ma

10 20 30 40 50 60 70 80 90
Cumulative *°Ar Released (%)

100

D Encajon Au Deposit - Yanacocha Complex
DDH-ENC-6 137.5 meters

Late (stage 2) hydrothermal gt-alunite breccia
Au =0.20ppm Cu = 16.1 ppm
Ag =2.28 ppm Mo = 23.9 ppm

8.82+0.11 Ma )

J

I —

Total Fusion Age = 10.73+0.11Ma
Total *°Ar in Plateau = 98.12%
Isochron Age = 10.94+0.49 Ma
Initial Ratio = 283+46

MSWD = 0.44

10 20 30 40 50 60 70 80 90

Cumulative *°Ar Released (%)

100

TABLE Al. Sources of Ages for Late Cenozoic Igneous Rocks and
Hydrothermal Minerals in the Yanacocha District, Northern Peru
(numbered sources correspond to Fig. 2)

Location

Age (Ma)

Reference

Ages of igneous rocks on map (Fig. 2)

Llama Formation
Michiquillay
Picota Diorite

Huambos Formation

Chala Sequence
Michiquillay

Misacocha

El Galeno

Minas Congas district
Amaro stock

Cerro Corona

Cerro Hualgayoc

Yanacocha

Tantahuatay

La Zanja
Negritos-like
rhyolitic ignimbrite

54.8-44.2
46.4

43.6
42.03+0.46
39 to 35
23.2
20.02£0.15

19.77+0.05
20.8
17.5+0.3
16.53+0.13
17.3-15.9

17.3
14.4
14.3

9.1
15.8
11.4
12.3-8.4
12.4-8.6

19.5-8.4
13.2-8.3

11.91+0.06
8.2

Noble et al., 19901

Laughlin et al., 1968

Laughlin et al., 1968

T. Thompson, writ. commun., 20029

Noble et al., 19901

Noble et al., 1990!

Noble et al., 2004 (late intramineral
intrusion)

Davies and Williams, 200513

Llosa et al., 199910

Davies and Williams, 200513

A. Chauvet and L. Bailly,
writ. commun., 2001
T. Thompson, writ. commun., 20029
James, 19983
Borredon, 19925
Macfarlane et al., 19944
Turner, 1997; upper Llama Fm.
Noble et al., 1990; Otuzco tuff
Turner, 1997
Chiaradia et al., 2009; four
porphyritic intrusions
Longo, 2005; this study®
D. Prihar, writ. commun., 19986
Noble and McKee, 19997
Noble et al., 20041
Sample 90-13; Noble et al., 1990

Ages of ores for deposits on map (Fig. 2)

Michiquillay

Minas Congas
Cerro Cocanes
Perol
Chalhuagén

La Zanja

La Granja
Cerro Corona
Tantahuatay
Yanacocha
Yanacocha

20.6
20.1

16.06+0.11
15.8+0.09
15.58+0.12
15.35+0.12
15.61£0.12
13.8+0.4
13.5
13.3-11.0
11.5-10.9
13.6 -8.2

Laughlin et al., 1968
D.C. Noble, pers. commun., 2002

Gustafson et al., 200412

Gustafson et al., 200412

Gustafson et al., 200412

D.C. Noble, pers. commun., 2002
Noble et al., 20041

Diaz et al., 19972

Macfarlane et al., 19944

D. Prihar, writ. commun., 19986
Turner, 1997

Longo, 2005; This study

FIc. A4. Experimental Ar/9Ar data plotted as age spectra for select alu-
nite samples across the Yanacocha district. Each spectra yields a robust
weighted mean plateau age, similar to spectra in Figures Al and A2. (A)
CNN-1, Cerro Negro Oeste gold deposit; (B) DDH-MM-314 at 259.7 m,
Maqui Maqui gold deposit; (C) DDH-KUP-3 at 94 m, Kupfertal Au (Cu)
porphyry; (D) DDH-ENC-6 at 137.5 m, Encajon gold deposit. The gold as-
says are listed in Table A3.
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