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ABSTRACT

The San Javier prospect islocated 150 km southeast of Hermosillo in the Mexican
State of Sonora and contains an iron oxide-copper-gold (IOCG) type system. 10CG type
deposits are typified by a dominance of iron oxide minerals such as hematite and
magnetite with significant copper and gold. They are structurally controlled and usually
associated with crustal-scale faulting. Exploration in San Javier, conducted by
Constellation Copper Corporation, has been focused on copper oxide mineralization at
Cerro Verde. Copper is hosted within the Tarahumara Formation, a volcanic unit
composed of intermediate to felsic flows and breccias and considered to be late
Cretaceousto early Tertiary in age. It isestimated that Cerro Verde contains 89 Mt of
material at a grade of 0.35% Cu which occursin veins, stockworks, and hydrothermal
breccias. The deposit is divided into two zones, an upper supergene oxide zone and a
lower sulfide zone. The oxide zone is dominated by Fe and Mn oxides and hydroxides
and is very heavily weathered. Copper occurs as chrysocolla, malachite and chalcocite.
The sulfide zone is dominated by specular hematite and Fe-rich carbonates and contains
significant copper in the form of chalcopyrite. Detailed logging of drill core and
petrographic analysis suggests an alteration/mineralization paragenetic sequence of: 1)
early pervasive potassic alteration, 2) brecciation accompanied by pervasive hematitic
and sericitic ateration and formation of specular hematite veins, 3) siderite veining and
alteration, 4) silicification and formation of quartz-muscovite-sulfide veins, 6) late
brecciation and formation of chlorite-barite-pyrite veins and associated chloritic
ateration of the host rock. Fluid inclusion analysis of quartz intergrown with sulfides
indicates homogeni zation temperatures between 190° and 250°C and salinities of 9 to 12
weight percent NaCl equivalent. Stable isotopic (C, O, and S) of siderite, sulfides, and
barite suggest that the hydrothermal fluids at Cerro Verde were derived from basina
brines that equilibrated with wallrocks along their flow path. The alteration assemblage at
Cerro Verdeis mineralogically similar to the hydrolytic (or HCCS - hematite-chlorite-



carbonate-sericite) alteration associated with the giant IOCG deposits of the Gawler
Craton, Australia (Olympic Dam, Prominent Hill).
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CHAPTER 1
INTRODUCTION
1.1 Introduction

The San Javier copper project islocated in eastern Sonora, Mexico near the small
village of San Javier, on the edge of the Sierra Madre Occidental. Hermosillo, the capital
of Sonora, islocated approximately 150 km to the NW (Fig. 1.1). The Cerro Verde
prospect is classified as an iron oxide-copper-gold (I0CG) deposit because it contains
abundant iron oxide minerals (hematite) together with copper and very minor gold
mineraization. It is hosted in a sequence of intermediate to felsic volcanic flows and
breccias of the Tarahumara Formation which unconformably overlies athick Upper
Triassic sedimentary package known as the Barranca Group. An extensive exploration
program was conducted at San Javier between 2006 and 2007 by Constellation Copper
Corporation which included 201 drill holes, ranging from 100 to 300 metersin depth.
The program has identified aresource at Cerro Verde of approximately 89 Mt at a grade
of 0.35% Cu (Mach and Moran, 2007) which occurs in veins, stockworks, and

hydrothermal breccias.

This study describes the geology of the Cerro Verde prospect, the largest and best
explored of the three prospects which make up the San Javier project. The otherstwo
prospects, Mesa Grande and La Trinidad are considered to part of the same mineralizing
system, though they are regarded as separate for the purposes of this study (Fig 1.2).
This study represents the first rigorous study of an IOCG deposit in eastern Sonora, an
area of increased exploration. The aim of the study is to define the history and chemical
evolution of the alteration and mineralization events at Cero Verde aswell asthe

lithological and structural controls on mineralization.
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The alteration assemblage at Cerro Verde is mineralogically similar to the
hydrolytic (or HCCS - hematite-chlorite-carbonate-sericite) alteration associated with the
giant IOCG deposits of the Gawler Craton, Australia (Olympic Dam, Prominent Hill)
(Skirrow et al., 2002). Thisstyle of ateration has been poorly studied in IOCG systems
outside of Australia. Cerro Verde offers the opportunity to study and describe the upper
portions of an IOCG system in detail through detailed field studies combined with
geochronology and the use of petrographic, stable isotope, and fluid inclusion analyses.
This culminated in the construction of cross-sections detailing the distribution of the
lithology, structure and mineralization/alteration and a metallogenic model for the

formation of the deposit.

1.2 Iron Oxide-Copper-Gold (I0CG) Deposits

|IOCGs are arelatively new and generally poorly understood class of deposits
(Hitzman, 2000; Hitzman et al., 1992; Williams et al., 20053, b). They are found around
the world in rocks ranging from late Archean to Tertiary in age. They often occur in
Proterozoic continental margin settings (Cloncurry 1.53 Ga, Cargjas 2.57 Ga) aswell as
cratonic settings associated with anorogenic magmatism, (St. Francois 1.3 Ga, Gawler
Craton 1.59 Ga,) (Hitzman et al., 1992; Mark et al., 2006; Oreskes and Einaudi, 1992;
Talarico et a., 2005). A number of IOCGs of Mesozoic to Cenozoic age are found in
subduction-related volcanic arc settings (La Candelaria, Manto Verde) (Benavides et a.,
2007b; Sillitoe, 2003b). The host rocks of IOCG deposits are varied ranging from mafic
to intermediate volcanic or plutonic rocks to sedimentary rocks and metamorphosed
sequences. Mineralized zones are dominantly structurally controlled and may be hosted
in veins, stockworks, breccias or replacement mantos. Many of the deposits, particularly
those formed at depth, appear to be located in ductile to brittle structural transition zones
(Nelson et d., 2007).

Mesozoic-Cenozoic IOCG deposits described in the literature are predominantly
found along the cordillera of South America (Arevalo et al., 2006; Benavides et al., 2007;
DeHaller et a., 2006; Sillitoe, 2003a) though similar, less well studied deposits do occur



in North America (e.g. Bga California, Cruise et a., 2007). The Chilean deposits have
ages that range from 170 Ma (Mantos Blancos) to 2 Ma (El Laco), though the main pulse
of mineraization seemsto have been around 115 Ma. They are hosted in thick sequences
of subaerial to shallow marine basalt, basaltic andesite, andesite and tuffs aswell as

igneous intrusions and less commonly sedimentary rocks (Sillitoe, 2003b).

Despite their differences, IOCGs have severa characteristics that link them
together as a deposit class. Abundant of Ti-poor iron oxides (both magnetite and
hematite) occur with Cu-Au mineralization and variable amounts of U and LREEs,
particularly cerium and lanthanum. Fe-Cu sulfides are generally more abundant than
pyrite and are closely associated with, but post-date, iron oxide mineralization (Groves et
al., in press). Quartz veins and silicification are also relatively rare in comparison to other
deposit types. Wall rock alteration in these systems is characterized by sodic alteration
which is often regionally extensive (Hitzman et al., 1992; Haynes, 2000). Sodic
alteration is often transitional to stratigraphically higher, and generaly temporaly later,
potassic and calcic aterations (Hitzman et al., 1992; Groveset a., in press) that
commonly contain ore zones. At shallower levels, IOCG systems may contain sericitic
(or hydrolytic or HCCY) ateration (Hitzman et a., 1992; Skirrow et al., 2002). Intense
carbonate alteration may occur at deep levels (e.g. Guleb Moghrein, Mauritania;
Kirschbaum and Hitzman, 2008) or at shallow levels asin HCCS alteration assemblages
(Skirrow et al., 2002).

|OCGs often show an intimate relationship with crustal scale structures. Nearly
all of the magjor IOCG districts are associated with amajor structural feature. Many of
the Proterozoic deposits are associated with large shear zones, such asthose in the
Cargasdistrict in Brazil and the Cloncurry district of Australia. |0OCG deposits
commonly have strong temporal and spatial relationships with igneous intrusions.
Severa of the Cloncurry deposits (1.53 Ga) are temporally associated with the Williams
and Selwyn granitoids (1.55-1.5 Ga) (Duncan et al., 2009) and the La Candelaria deposit
(111 Ma) istemporally associated with the La Brea and San Gregorio plutonic complexes
(111 Ma) (Arevao et a., 2006).



There has been much debate surrounding the source and evolution of the
mineraizing fluids and the role that igneous intrusions play in the genesis of IOCGs.
Workers such as Pollard (2006) have argued for a purely magmatic source of fluids while
others, including Barton and Johnson (2001) and Hitzman (2000), have argued for a more
diverse set of mineralizing fluids, with igneous intrusions supplying convective heat to
basinal and evaporitic brines. Others advocate a fluid mixing scenario where fluids
exsolved from an intrusion mix with basina or meteoric fluids (e.g., Olympic Dam,
Haynes, 2000). More recently Duncan et al. (2009) and Groves et al. (in press) have
argued that underplating of mantle material drives crustal melting, forming granitoids and

the production of large-scale hydrothermal brines capable of forming IOCG deposits.

Cerro Verde appears to represent the uppermost portion of an IOCG system. It
shares many of the characteristics associated with |OCGs including massive Ti-poor iron
oxide mineralization in the form of hematite with Cu and very minor Au and pervasive to
stockwork controlled hematite-carbonate-chlorite-sericite (HCCS) ateration. ThisHCCS
alteration overprints an earlier period of intense potassic alteration. Thereislittle
evidence for extensive regional sodic or calcic alteration in the Cerro Verde area such as
that demonstrated in many 10CG districts; this may be due to the high level of exposure.
The tectonic environment of the San Javier area appears similar to the Andean IOCGs -
extension in a subduction-related continental margin. However, unlike the Chilean
examples, Cerro Verdeis not known to be associated with major, crustal-scale fault
systems such as the Atacamafault system. Cerro Verde aso appearsto be temporally
and spatially associated with intrusive granitoids though intrusive age relationships are

poorly known.

1.3 Mining History

The area surrounding San Javier has been worked by miners since the 17" century.
San Javier was founded as a mining community. Small vein-type deposits containing
gold, silver, lead and zinc were worked in the surrounding hills in mines such as Santa

Rosa, Los Bronces, Los Animas and La Carcel. Copper was mined up until the 1960’s in



asmall mine on nearby La Trinidad. Evidence of artisanal mining is readily apparent on
Cerro Verdeitself. Many small pits and adits dot the mountainside, though most are no
more than afew meters deep. Coal mining is now the maor source of income for the

town. Many small anthracite mines are located on coal seams within the Barranca Group.



CHAPTER 2

REGIONAL GEOLOGY AND EVOLUTION OF NORTHWESTERN MEXICO

The geologic and tectonic history of the San Javier areais complex, involving
multiple episodes of compression, extension, and magmatism. The rocks range in age

from Precambrian to latest Tertiary. The areaiis still tectonically active.

2.1 The Precambrian and Paleozoic

Mexico, like many parts of the westernmost United States and Canada s partly
composed of accreted terranes. The North American Craton underlies much of northern
Sonora. It is composed of 1.7 to1.8 Ga upper-amphibolite facies plutonic rocks, schist,
and feldspathic gneiss to the south of the Mojave-Sonora Megashear (Caborca Block) and
greenschist facies volcanic and sedimentary rocks to the north of the megashear (North
American Block) (Fig. 2.1) (Anderson et a., 1980). The Mojave-Sonora Megashear is
thought to have a strike-dlip displacement of over 800 km and to have resulted from
sinistral movement during the late Jurassic (Vaencia-Moreno et al., 2001). Geochemical
similarities between the Caborca block and the rocks of the Y avapai Provincein the
southwestern United States suggest the two blocks may have once been continuous. The
southern margin of the Caborca block is thought to extend approximately to Hermosillo
in central Sonora on the basis of geochemical analysis of plutonic rocks which indicate
intrusion through a crystalline basement (Valencia-Moreno et al., 2001).

South of Hermosillo, in the area of San Javier, a zone of deformed Ordovician
through Permian allochthonous quartzite, limestone, shale, chert and conglomerate are
wedged against the volcanic rocks of the Guerrero Terrane (Fig 2.1). In the San Javier
region these sedimentary rocks are known as the San Antonio Formation (Viljoen, 2003).



y . T,

‘ {_r o e ) |

1 -..-'-\-:" lr ™ |
e VO - e A8 1
s S Sl :'. Wmagi i
_I:-\. - ‘-__r._-u _:'h 5 |
iy A o i :
), - .'"I_ i ||.r -_— - - -
!

7

. Hhﬂilﬂ-‘:lp s AT e, il O e ——

Pl 7 e e ——

bl - l.—l fo- ﬂilrl—ll;;:-r-lﬂ-ﬂllﬂl
e T T ETL T R P e |

E e . R EEEs BT T ---a.-gu-llll T

TE W L.rﬁlr'.luu|| h"rHH- t L SR T T LT T
e T I

lelﬁmmlmﬂmmdmmﬁdmmlmm
dismbonon in serthwestern Mexico and the southwestern United Soates Friom
Valetrin-Mdreno et al_ (2001), CV-Cemro Verde. MSM-Mojase-Sonom megakhiear,
SAF-San Andreas fanlt, Co-Caborea, Co-Camanen. H-Hermosallo, M- Maxatan,
G-Crnaymas, N-Navoyoa, EF-El Foeste, Bt-Hatopdas. FV-Predion Verdes, [Tlala
Tibnron The Paleseoic mivgroc liml-rupeochmnl bommdary is modified from
Sewart et al (1990}, and it extension mio the Hajn California penmsnla 5 from
Gustal eral (1991 Proterozoic ape domains adapted from Gelirels and Siewinn
(1997). Lme A-B 15 for (he cross section shoon Below




The Guerrero Terrane, composed of a series of mid to late Mesozoic island arc volcanic
and related sedimentary rocks, was accreted to the North American continent during the

early Cretaceous (Dickinson and Lawton, 2001).

2.2 Mesozoic: The Barranca Group

The oldest rocks exposed in the immediate area of San Javier are those of the
Barranca Group, which have been dated paleontologically to the late Triassic to Early
Jurassic (Stewart and Roldan-Quintana, 1991). These terrestrial to marine sedimentary
rocks are up to 3000 m thick (Stewart and Roldan-Quintana, 1991). They were deposited
in abasin bounded by deformed Paleozoic rocks. This basin extended roughly northeast-
southwest for approximately 110 km and had a width of 40 km (Ferrari et al., 2007).

The Barranca Group is divided into the Arrayanes, Santa Clara, and Coyotes
Formations (Fig. 2.2). They are exposed in an irregular, faulted, gently east-southeast-
plunging syncline. Strata dip to the south on the northeastern limb and east to the
northeast on the southwestern limb (Stewart and Roldan-Quintana, 1991). This syncline
isoffset by up to 2 kmin severa places by northwest-striking, high-angle, normal or
right lateral faults (Stewart and Roldan-Quintana, 1991).

The Barranca Group displays abrupt thickness and facies changes. Conglomerates
contain clasts of Paleozoic limestone and quartzite derived from the San Antonio
Formation and the Caborca Block Precambrian basement (Stewart and Roldan-Quintana,
1991). Clasts are believed to have been derived from areas of high relief along the basin
flanks. The fusilinid-bearing limestone clasts in the conglomerates are dissimilar to the
local limestone and were likely derived from more distant shallow water Permian-aged
carbonates (Stewart and Roldan-Quintana, 1991). Paleocurrent data obtained from the
Arrayanes and Santa Clara Formations indicate a southward transport direction whereas
data from the Coyotes Formation indicate a southwest to west transport direction (Stewart
and Roldan-Quintana, 1991). Stewart and Roldan-Quintana (1991) proposed that the
Barranca Basin was formed by extension associated with trans-tensional movement along

the Mohave-Sonora Megashear.

10
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2.2.1 The Arrayanes For mation

The lowermost unit of the Barranca Group, the Arrayanes Formation, is not
observed in the immediate vicinity of Cerro Verde but has been described from nearby
San Antonio de la Huerta, 14 km to the northeast. It has atota thickness of 1150 m and
isdivided into three members (Stewart and Roldan-Quintana, 1991). The lower member
is 100 m thick and is composed of light brownish-grey, fine- to medium-grained
sandstone often interbedded with coarser-grained conglomerate, and olive-grey siltstone
and shale. It rests unconformably on rocks of Paleozoic age. Individual sandstone beds
range in thickness from 1-15 m and are generally massive, though poorly defined planar
and trough cross-stratification has been observed (Stewart and Roldan-Quintana, 1991).
Sandstones are composed of rounded to sub-rounded quartz grains with minor feldspar.
The conglomerate clasts are made up of pebbles and cobbles dominantly of quartzite and
chert. Siltstones form discontinuous beds that range in thickness from afew cm to up to
20 m. They commonly contain plant fossils. Siltstones may comprise up to half of the
total thickness of the lower member. The middle member of the Arrayanes Formation is
approximately 250 m thick and is composed dominantly of reddish colored siltstone with
lesser fine- to medium-grained sandstone. Sandstones formed as |enticular channels
locally cut into underlying siltstones. The uppermost member is 800 m thick and is

lithologically similar to the lower member (Stewart and Roldan-Quintana, 1991).

2.2.2 The Santa Clara Formation

The Santa Clara Formation is 1400 m thick and gradationally overlies the
Arrayanes Formation. Plant fossils within this formation indicate alate Triassic to
Jurassic age (Stewart and Roldan-Quintana, 1991). Thin layers of rhyalitic tuff within the
Santa Clara Formation have been dated to 240 Ma, establishing a Jurassic age (Stewart
and Roldan-Quintana, 1991). The Santa Clara Formation consists of alower sequence of
fine-grained sandstone, siltstone, and shale that grades upwards into a sequence of
alternating coarse-grained sandstone, conglomerate, carbonaceous shale, and coal. The

lower sequence is composed of greenish-grey to dark-grey shale and interstratified
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yellowish-grey to greenish-grey sandstone with minor interbedded laminated sandstone
(Stewart and Roldan-Quintana, 1991). Numerous plant and marine fossils are found
within the shale. The upper sequence is composed of equal parts sandstone and siltstone
with minor conglomerate, carbonaceous shale and coal. The sandstone is yellowish-grey,
medium-to coarse-grained and is composed of angular to sub-rounded quartz with minor
feldspar. Sandstone occurs in massive units up to 15 m thick which occasionally display
normal grading. Cross stratification within the upper sequence of the Santa Clara
includes low-angle cross beds, interpreted to represent deltaic forsets and troughs formed
in meandering channels. Layers of coal up to 1m thick are also found within the upper

sequence (Stewart and Roldan-Quintana, 1991).

Rocks of the Santa Clara Formation throughout much of the Barranca Basin
appear to have undergone widespread thermal ateration. Cojan and Potter (1991) also
report that the sandstones of the Santa Clara are amost completely devoid of detrital
feldspar. Sparse remnant plagioclase feldspar is amost aways replaced by calcite and
muscovite. Sedimentary clay matrix material in the sandstones is commonly replaced by
muscovite and chlorite. Coal throughout much of the area consists of anthracite which
has been locally atered to graphite (Stewart and Roldan-Quintana, 1991).

2.2.3 The Coyotes For mation

The uppermost unit of the Barranca Group is the 600 m thick Coyotes Formation
which crops out in the Cerro Verde area. The Coyotes Formation is made up of well-
cemented, coarse pebble and boulder conglomerate consisting of rounded quartzite and
chert clasts as well as afew fragments of limestone in afine- to coarse-grained sand
matrix. Clast sizesrange from >1 cm up to 50 cm. The unit also contains interbedded
finer-grained sandstone, generally of reddish-grey color. The contact between the
Coyotes and the Santa Clara formations is unconformable, thus the age of the Coyotesis
uncertain (Stewart and Roldan-Quintana, 1991). The Coyotesisoverlain by the volcanic

Tarahumara Formation and this contact represents a major unconformity.
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2.2.4 Depositional Environment of the Barranca Group

Stewart and Roldan-Quintana (1991) propose that the Barranca Group was
deposited in a prograding delta within an actively subsiding basin. The depositional
environment of the Arrayanes Formation is interpreted to represent afluvia environment
possibly transitioning to deltaic sedimentation while the middle section of red beds likely
represents deposition of sand and silt on afloodplain (Stewart and Roldan-Quintana,
1991).

The Santa Clara Formation represents a progradational deltaic sequence. The
finer-grained sandstones, siltstones and shales may represent pro-delta and delta front
deposits. Thisis supported by the presence of shallow marine fossils, plant debris and
the thinly laminated upward grading nature of the rocks. The coarser channelized
sandstones and coals represent fluvial and marsh environments, respectively, of a
subaerial deltaplain (Stewart and Roldan-Quintana, 1991). The Coyotes Formation may
represent high energy alluvial fan deposits sourced from areas of high relief.

2.3 Cretaceousto Early Tertiary: The Laramide Volcanic Arc

During the Cretaceous and continuing into the early Tertiary, a period of
compression and magmatism was initiated in Sonora as the North American Plate
collided with the Farallon Plate. This produced a northwest trending series subduction
related calc-akaline intrusions and volcanic rocks (Fig. 2.3) known as “Laramide
Magmatic Arc” (McDowell et al., 2001). The oldest rocks associated with this event in
western Mexico are the 140-105 Ma granites of the Coast Range of Baja California.
After thisinitial period, during which the arc remained relatively stationary, the arc began
to migrate to the east, corresponding with an increase in the rate of convergence and a
flattening in the angle of subduction of the Farallon Plate (Vaencia-Moreno et a., 2001).
Igneous rocks become sequentially younger as the arc migrated farther eastward,
ultimately terminating at approximately 40Ma near the border with Chihuahua. The
eastward migration of the arc was coupled with a progressive compositional shift in the

magmas from calc-alkaline to alkaline and a corresponding increase in the total silica
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content (VaenciaMoreno et al., 2001). It has been proposed that these the increase of
silicaand akalis are due to the incorporation of Proterozoic igneous and
metasedimentary rocks into the magma as the arc encountered progressively thicker
North American cratonic rocks (Vaencia-Moreno et a., 2001).

The intrusive rocks associated with this event, known as the Sonoran Batholith,
vary in composition from diorite to quartz monzonite and are volumetrically comparable
to the SierraNevada Batholith in California (VaenciaMoreno et al., 2001). They are
well exposed in central Sonora where they comprise much of the exposed surface in
uplifted areas. Theseintrusions display arange of agesfrom 81 Mato 56 Ma (Damon et
al., 19833, b., Anderson et a., 1980; Poole et a., 1991; Mora-Alvarez, 1992; Gonzalez-
Leon et a., 2000). Spatially associated extrusive volcanic rocks vary in composition
from andesite to rhyolite (McDowell and Keizer, 1977). They have ages ranging from 90
Mato 60 Ma(McDowsell et ., 2001).

2 .3.1 The Tarahumara For mation

The Tarahumara Formation is described as consisting of “propylitically altered
andesitic to dacitic lava, agglomerate, and volcanic breccia of local derivation”
(McDowell et al., 2001). At thetype locality of Arroyo Tarahumara, first described by
Wilson and Rocha (1949), the formation contains andesite flows and breccias. However
in other localities it often includes layers of tuff, ignimbrite, interbedded limestone,
siltstone, and volcanically-derived sandstone. These sedimentary deposits are interpreted
to represent small freshwater 1akes formed during inter-volcanic periods (McDowell et
al., 2001). Fossils discovered within these sedimentary units allowed initial assignment
of the Tarahumara Formation to the Cretaceous (Wilson and Rocha, 1949). Tuffsare
present at multiple levels within the Tarahumara Formation. They are crystal rich and

contain numerous pumice and lithic fragments. The ignimbrite units are characterized by
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abundant lithic fragments, broken phenocrysts, poorly preserved shard outlines, and
discoidal patches of variable color that may represent original fiamme or pumice
fragments (McDowell et a., 2001). Thickness of the Tarahumara Formation varies
greatly from 200m at Arroyo Tarahumara to as much as 2500m at Arroyo La Uvalama
Cerro Tarais (McDowell et al., 2001).

The volcanic rocks of the Tarahumara Formation are thought to be the extrusive
equivaent of the Sonoran Batholith. The andesitic and dacitic lavaflows are interpreted
to have been deposited in close proximity to an eruptive center while the ignimbrites and
tuffs are interpreted to be more distal. McDowell et al. (2001) suggest that the
Tarahumara Formation was likely deposited from avariety of overlapping deposits with
periods of high intensity volcanism followed by relative quiescence. U-Pb dating of
zircons from within the Tarahumara Formation volcanic rocks by McDowell et al. (2001)
has yielded ages between 90 and 73 Ma. The dates suggest that at |east two episodes of
vol canism were responsible for the deposition of the Tarahumara Formation. McDowell
et a. (2001) also noted the presence of Proterozoic cores (1148 Ma) in zircons indicating

the presence of Proterozoic basement in the area

2.4 Mid-Tertiary to Present

At the end of the Eocene and into the Oligocene, the tectonic environment in
Sonora transitioned from compressional to extensional. This shift, which was likely
triggered by the termination of Farallon Plate subduction, corresponded to a massive
increase in volcanic activity to the east of San Javier in the SierraMadre Occidental
(Wark et al., 1990). Thisvolcanic event, known as the “Oligocene ignimbrite flare up”
produced enormous volumes of silicic rocks from a series of NNW trending calderas
active between 38-27 Ma (Swanson et a., 2006). The event began at 38 Ma with the
deposition of andesitic flows up to 250 m thick (Wark et al., 1990). The main period of
ignimbrite volcanism occurred between 30 and 28 Ma and produced up to 1000 m of
accumulated vol canic deposits over an area of 296,000 km?. It is estimated that over

300,000 km?® of material was erupted from as many as 350 calderas (Swanson and
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McDowell, 1983). Felsic tuffs of this age are found unconformably overlying the

Tarahumara Formation in the vicinity of Cerro Verde.

Following the major ignimbrite eruptions, the area underwent a period of
basaltic-andesite volcanism (Ferrari et a., 2007). These lavas show atrend of decreasing
ages to the west and a transition to more mafic compositions (Staude and Barton, 2001).
The earliest volcanics of this period are found in the Sierra Madre Occidental and consist
of bimodal felsic tuffs and intermediate lavas. Volcanism ultimately terminated with the
eruption of basalts on the coast and in Bgja California. Rocksin these areas date from 12
Marto the present day and are associated with the opening of the Gulf of California
(Staude and Barton, 2001).

Thislast period of volcanism is thought to be contemporaneous with the onset of
Basin and Range extension at around 25 Ma (Staude and Barton, 2001). A set of
northeast-striking normal faults offsets Cretaceous-aged rocks but does not affect Tertiary
rocks. In Western Sonora, crustal extension is locally estimated to be nearly 100% (Gans,
1997; Staude and Barton, 2001). Extension produced a series of northwest trending
basins and ridges bounded by normal faults. The basins are dominantly filled by alluvial
sediments. A series of northeast striking strike-dlip faults is observed throughout Sonora,
which locally offset Neogene sedimentary rocks; some faults also offset segments of the
northwest-striking normal faults. The core of the SierraMadre Occidental was immune
from extension. It is thought that the crust was thickened to such as degree by the earlier
felsic volcanism that normal faulting could not develop in this area (Staude and Barton,
2001). Thus, Basin and Range extension is limited to the areas to the east and west of the
SierraMadre Occidental.

Tertiary extension aso led to the development metamorphic core complexes.
Severd are found in northern Sonora associated with low-angle detachment faults. The
southernmost core complex, SierraMazatan, is located approximately 30 km northwest
of San Javier (Wong and Gans, 2003). The presence of these core complexesillustrates

the degree and rapidity of extension during this period.
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CHAPTER 3

GEOLOGY OF THE SAN JAVIER AREA

3.1 Lithology of the San Javier Area

The Cerro Verde prospect is located in the southeast corner of the Tecoripa
Quadrangle (H12-D64). The areais underlain by Paleozoic platform sedimentary rocks
thrust onto the North American plate during the Early Cretaceous (Vaencia-Moreno et
a., 2001). These Ordovician-Mississippian aged quartzites and limestones are the ol dest
rocks exposed in the area and are locally known as the San Antonio Formation (Viljoen,
2003). They crop out to the north and east of Cerro Verde (Fig. 3.1). The sedimentary
rocks of Barranca Group unconformably overlie the San Antonio Formation and are
found to the north and west of Cerro Verde. They dip to the southeast in the immediate
area of Cerro Verde. The Tarahumara Formation volcanic rocks make up alarge
proportion of the central part of the Tecoripa Quadrangle, forming a band that trends
roughly northwest. In the vicinity of Cerro Verde they have a genera dip of between 20°
and 75° consistently to the east. Miocene-aged andesites and rhyolitic tuffs cover much
of south east portion of the quadrangle. These are thought to be the western remnants of
the Sierra Madre Occidental volcanic field and have been dated to 30 Ma (McDowell et
al., 2001). Pleistocene sandstones and conglomerates unconformably overlie both the
Tarahumara and the Barranca Formations and crop out to the northwest of the prospect.

A series of igneous intrusions crop out to the north and west of Cerro Verde (Fig
3.1). Themost prominent of these intrusionsis the San Javier Pluton which islocated 3
km to the north of Cerro Verde and is composed of diorite, quartz monzonite, and lesser
rhyolite porphyry. The varied composition of the pluton indicates multiple pul ses of
magma emplacement, though the exact timing of these intrusions relative to each other is
unknown. Damon et a. (1983b) dated the diorite phase of thisintrusion to 62+1.7 Ma
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using K-Ar on hornblende. Another small outcrop of andesite porphyry isfound
approximately 1 km east of Cerro Verde (Figure 3.1). Thisintrusion has not been dated
but islithologically similar to the andesite porphyry of the Luz del Cobre suggesting a
similar age. A large granodiorite intrusion crops out 10 km to the east of Cerro Verde
and another large granodiorite intrusion is located near the town of Tecoripa, 20 km to
the northwest.

3.2 Structural Geology San Javier Region

Rocks of the Barranca Group and the underlying Paleozoic sedimentary rocks are
folded into a broad, northeast-trending syncline in the San Javier region. The Tarahumara
Formation volcanic rocks do not appear to be folded, though they are strongly faulted and
fractured. The Tarahumara Formation volcanic rocks display a consistent dip to the east
throughout the San Javier area. Thetilting of the volcanic rocks is probably due to Basin
and Range extension (McDowell et al., 2001).

The dominant faults in the area strike northwest and northeast (Fig. 3.1). They
include the Fallalas Lgjas/Fallalo de Campa system (Fig. 3.2) that extends almost
completely acrossthe area. This fault system offsets the Tarahumara Formation volcanic
rocks as well as younger Tertiary andesites and tuffs. Mapping indicates this fault has
normal displacements of approximately 500 m (Servicio Geologico de Mexico, 2004c).
The regional geological map indicates that the dip on this fault is extremely steep and
ranges from east dipping in the north to west dipping near Cerro Verde (Fig. 3.2). Dipon
the fault changes across a northeast-trending cross fault north of Cerro Verde.

Cerro Verdeitself islocated within a horst block bounded to the west by the northwest-
striking Fallalo de Campa fault and the north-striking Fallala Gotera to the east.
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Figure 3.2 Magnetic aromaly map of'the San Javier region. Maodified from the Magmetica de Campo Total map {H12-12
1 120000 seide) fhom the Servicka Geolivzioo Mesdco, 2000, Inset from the Magrietico de Ciimpo Total Mug (H12-D64,
13000 seale) from the Sepvien Cieologien Mexica, 2001

22



3.3 Regional Geophysics

A regional magnetic survey conducted by the Servicio Geol 6gico de Mexico
revealed a number of magnetic anomaliesin the area around Cerro Verde. Most of these
have northwest trends and roughly correspond with the major structural grain
mapped in the quadrangle. Intrusive igneous rocks appear as prominent positive
anomalies, including alarge anomaly situated directly over the San Javier Pluton. Cerro
Verdeitself islocated on the boundary between two large magnetic anomalies located to
the north and south. The northern anomaly is positive and correlates to the San Javier
Pluton while the southern anomaly is negative and is proximal to a maor northwest-
trending fault. The Luz del Cobre Cu-Au deposit is also located at a sharp boundary
between a magnetic high and low but in this case the magnetic low correspondsto alarge
andesite porphyry intrusion. A small outcrop of andesite porphyry is noted on the
guadrangle map just to the west of Cerro Verde and thus this negative anomaly could
represent alarger body of similar andesite porphyry at depth.

3.4 Regional Alteration and Mineralization

The Tecoripa quadrangle geological map identifies areas of hydrothermal
alteration and known mineraization. Types of mapped alteration include oxidation,
pyrite, propylitic, silica, and kaolinite. Much of the mapped ateration is situated within
and around igneous intrusions. Other alteration zones are associated with fault
intersections though these are much smaller. A large zone of ateration with pyrite and
oxidized pyrite is found surrounding the Cerro Verde deposit. Thiszoneis
approximately 4 km long and 1km wide and is elongate to the northeast. It appearsto
correspond with the intersection of a northeast-striking strike-slip fault and a small
andesite porphyry intrusion. The Cerro Verde dteration zone isjust one of severa
mapped zones of similar ateration along this northeast-trend which ultimately terminates
at San Antonio de la Huerta, 12 km to the northeast.
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A zone of widespread silica/oxide alteration surrounds |OCG-type mineralization
at adeposit known as Luz del Cobre, located 3 km west of San Antonio. Mineralization
here is associated with tonalite, and is hosted within brecciated Paleozoic sedimentary
rocks. It represents 4 Mt of 1% Cu and also contains significant gold values (Zaruma
Press Release, 2007). A trend of altered rock and Cu-Au prospects connects Luz del
Cobre with Cerro Verde, with occurrences at Cerro El Carrizo and Cerro LaAruja.

Mineralization aso appears to have occurred along the ring fault system
surrounding the San Javier Pluton. Seven small deposits containing Au, Ag, Pb, Zn and
Cu, with minor Fe, are located along this fault zone within the intrusive rocks themselves
and in the surrounding Barranca Group.

Severa anthracite mines are found within the San Javier area, and many are
actively mined. They are found exclusively with the Santa Clara Formation of the
Barranca Group. They are spatially associated with the San Javier Pluton and other
igneous intrusions and thus it seems likely that the anthracite was produced as a result of

contact metamorphism.
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CHAPTER 4

GEOLOGY OF THE CERRO VERDE PROSPECT

4.1 Introduction

The Cerro Verde prospect is location on a 970 m high mountain of the same name
located 3 km south of the village of San Javier. It forms a massive outcrop of exposed
rock with sparse vegetation and is predominantly composed of felsic/intermediate
volcanic rocks of the Tarahumara Formation (Fig. 4.1). The underlying Coyotes
Formation of the Barranca Group is exposed on the southern and western sides of the

mountain.

The San Javier areawas explored from the 1960°s to mid 1990’s successively by
Phelps Dodge, Orcana, and Pefioles who drilled atotal of 45 holes. While drill logs and
assay results are available for some of these holes, the drill core has been lost.
Constellation Copper Corporation explored the San Javier area during 2006-2007 and
drilled 149 diamond holes and 52 reverse circulation holes. The bulk of the exploration
work has been focused at Cerro Verde. The two other prospects in the San Javier area,
Mesa Grande and La Trinidad, have had limited drilling and are not included in this
study.

Holes drilled by Constellation Copper were logged in detail, split and then
assayed on three meter intervals. A geochemical database was constructed utilizing the
ICP-MS assay data for both major element (%) and minor element data (ppm). The
geological and geochemical results were utilized to produce a model of the oxide
orebody. A NI 43-101 compliant report was released for the project in June 2007 (Mach
and Moran, 2007). Extensive geological mapping at Cerro Verde was conducted during
this period by Project Geologist David Brown (Brown, 2007). A structural study was
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completed by consultant William Rehrig (Rehrig, 2007) and petrographic work on
selected samples was conducted by Paula Hansely (Hansley, 2006).

4.2 Methodology

Fourteen vertical and angle diamond drill cores drilled near the summit of Cerro
Verde were logged for this study (Table 4.1). Relatively closely spaced holes were
selected to allow correlation of lithology, ateration, and mineralized zones. Logging
included lithology, mineralogy, alteration and structure. Five geological sections were
constructed through the area of the logged drill holes (Figs. 4.1, 4.2), two are presented in
the body of thisthesis (Figs. 4.3, 4.4) and the remainders are present in Appendix A.
Additional sections were constructed from logs and images of drill core. No geological
mapping was conducted for this study. Geological maps from Constellation Copper were
utilized and modified based on drill core logging.

Samples for this study came amost exclusively from the sulfide zone as the
extreme weathering of near surface samples makes identification of the original
mineralogy and textures difficult. Logging, together with transmitted and reflected light
petrography, were utilized to determine pre-alteration mineralogy of the rocks and the
sequence of ateration and mineralization events. Due to the fine-grain size of many of
the minerals, the scanning electron microscope was used to complement standard
petrography. Six thicker thin sections were made for afluid inclusion study conducted in
conjunction with Jim Reynolds of Fluid Inc.

Additional laboratory work included whole rock geochemistry to determine the
major element chemistry of the igneous rocks as well as geochronology (U-Pb on zircon)
to define the age of the host rocks. A stable isotope study (C, O, and S) was undertaken

on samples of hydrothermal siderite and chalcopyrite, pyrite and barite.
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Fugure 4.3 Detail of the study area showing doll collar locattions and cross section traces.
Modifisd from Brown (2007)
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4.3 Lithologiesat Cerro Verde

Thelithological sequence at Cerro Verdeis divided into five units. Conglomerates
of the Coyotes Formation of the Barranca Group form the stratigraphically lowest unit
observed in the area. This unit is unconformably overlain by volcanic rocks of the
Tarahumara Formation (Fig. 4.1). These volcanic rocks have been subdivided into four
units based on their compositions and textures. The lowermost unit is afine-grained,
massive dacite flow. It is overlain by two polylithic breccias, both of which contain a
fine-grained matrix. These breccias are differentiated on the basis of the size, shape and
composition of the breccia fragments. While most fragments are composed of volcanic
material, sedimentary fragments such as rounded quartzite pebbles and limestone clasts,
similar to those found in the Coyotes Formation, are also present. The uppermost

volcanic rock unit is a porphyritic dacite flow.

4.3.1 Coyotes Formation, Barranca Group (Unit 5)

The Coyotes Formation, the topmost unit of the Barranca Group, crops out along
the lower western and southern slopes of Cerro Verde and has been intersected in severa
drill holes. The Coyotes Formation at Cerro Verde is composed dominantly of coarse-
grained, clast supported-conglomerate with well rounded quartzite clasts and minor
limestone (Fig. 4.5E). Many of the quartzite clasts have been heavily stained by iron
oxide, often as arim surrounding an unstained core. On average these clasts are 2-5 cm
in diameter, but can be up to cobble and boulder (>10 cm) size. The matrix of the
conglomerate is composed of clay minerals and fine-grained, well-rounded, quartz grains.
Patches of hydrothermal siderite are locally found within the matrix of conglomerates
immediately below the contact with the overlying Tarahumara Formation. The Coyotes

Formation also contains subordinate beds of fine-grained sandstone.
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4.3.2 Tarahumara Formation

Although the Tarahumara Formation is generally described in the San Javier
region as being dominated by andesitic rocks (Mach and Moran, 2007), petrographic and
whole rock geochemical data on samples from Cerro Verde indicate that most rocks are
potassium-rich and could better be described as trachyandesite or trachydacite. The
Tarahumara Formation rocks consist of massive flows, volcanic breccias, and
conglomerates. Flow rocks are generally porphyritic with commonly prominent
potassium feldspar phenocrysts. Though plagioclase phenocrysts were undoubtedly
present, they are now absent or represented only by ghosts of fine-grained muscovite.
Flow rocks appear to have contained mafic phenocrysts, probably biotite and amphibole
based on morphology. However, these phenocrysts have been replaced by iron oxides
and quartz during hydrothermal alteration. The groundmass of the volcanic rocks
currently consists of potassium feldspar, muscovite, and quartz together with other
hydrothermal alteration products. It islikely that in fresh rocks the groundmass was

largely potassium feldspar, plagioclase and quartz along with minor mafic components.

To better constrain the composition of the igneous rocks at Cerro Verde, whole
rock XRF analysis was conducted on ten of the least altered samples representing the
major lithologies (Table 4.2). A plot of the results on a percent total alkali (NaO + K,0)
versus percent silicadiagram (LeBas et al., 1986) shows awide spread of results (Fig.
4.5). Theleast altered samples (SJ-07-73 21m, SJ-07-63 86.6m) suggest trachyandesitic
to trachydacitic compositions. The exceptionally high values of Fe, K and volatiles
(LOI) in several samples clearly indicate that though these samples were deemed
relatively unaltered, they have undergone significant metasomatism. Silica contents vary
widely even within the same lithological unit. In most cases silicahas an inverse
relationship to iron suggesting that SiO, was mobile during ateration (Fig 4.6, Table
4.3). The extremely low values of CaO and NaxO strongly suggest that these elements
were also depleted during hydrothermal ateration. Continental arc volcanics typically
have Navalues of approximately 2-4 wt% and Ca values that range from 10 wt% in
basatsto 1% in rhyolites (Winter, 2001). At Cerro Verde both Na,O and CaO are well
below 1 wt % (Table 4.3). The exceptionally high potassium to sodium ratio supports
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potassium metasomatism of igneous plagioclase. Potassium also has an inverse
relationship with iron suggesting it was either remobilized and removed during iron
metasomatism or the addition of large amounts of iron reduced its percentage of the total
due to constant sums (Fig. 4.6). The overall ateration trend suggested by the whole rock
datais adecreasein silica, sodium and calcium content and an increase in potassium, iron

and volatiles.

4.3.2.1 Fine Grained Dacite Breccia (Unit 4)

The basal unit in the Tarahumara Formation at Cerro Verdeis a breccia of
porphyritic clastsin afine-grained dacite or andesite (Fig. 4.7D). Thisrock is highly
altered thus making identification of original mineralogy difficult. Therock iscomposed
of approximately 5% 1-3 cm angular clasts of porphyritic dacite in an aphanitic matrix.
The clasts are easily distinguished from the matrix by their lighter color. Phenocrystsin
the clasts consist of small (1-2 mm diameter), euhedral to subhedral potassium feldspar
that commonly displays Carlsbad twinning and perthitic textures. The matrix in these
clasts is aphanitic but petrographically can be seen to be composed of quartz, altered
feldspar (dominantly potassium feldspar based on staining), and clay minerals.

This unit has not been observed in outcrop. It isrecognized in only afew drill
holes on the eastern side of Cerro Verde and appears to be highly discontinuous (Fig.
4.4). Unit 4 averages less than 20 m thick where intersdected by drilling. It may be
present under unit 3 farther west but most drill holes in this area terminate above the

contact with the Barranca Group.

4.3.2.2 Block and Ash Flow (Unit 3)

The basal unit of the Tarahumara Formation observed in much of the Cerro
Verde areais avolcanic breccia consisting of large (5-15 cm) rounded clasts and smaller
(~1cm) angular clasts of porphyritic trachydacite in afine-grained matrix of volcanic
origin (Fig. 4.7C). It crops out in areas of especially deep erosion such as ravines and
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along the lower slopes of Cerro Verde. It ranges in thickness from 50-150 m; the true
thickness of the unit is often difficult to determine due to faulted contacts. It isthickest in
the west and north and thins to east and south (Figs. 4.3, 4.4).

The bimodal size and differential rounding of clastsin thisvolcanic brecciais
distinctive. Thelarge clasts are usualy 5 cm to 15 cm in diameter and contain densely
packed phenocrysts of heavily altered feldspar up to 2 mm in length. The original
feldspar has been completely replaced during hydrothermal ateration by fine-grained
muscovite which isin turn often replaced by hematite and /or siderite. None of the
original feldspar remains making determination of the original mineralogy difficult, but
based on relict shapes, the phenocrysts were likely potassium feldspar. The groundmass
in these clasts is composed of fine-grained quartz, atered feldspar microlites, clay
minerals and small crystals of primary magnetite/ilmenite, largely replaced by hematite.
Grains of relict amphibole and biotite are also present. These have largely been converted
to a combination of iron oxide, clay minerals, and fine-grained quartz. In hand
specimen, these clasts commonly have an orange coloration due to staining by iron

oxides.

The smaller angular fragments are orange and grey and can be either porphyritic
or aphanitic. They are generally no more than 1 cm in diameter. Many are
compositionally similar to the larger clasts, but some are clearly different in that they
contain fewer and smaller feldspar phenocrysts and a greater proportion of groundmass
material.

The matrix of the volcanic brecciais easily distinguished from the lithic clasts by
its darker color. The matrix iscomposed of small potassium feldspar (>1 mm)
phenocrysts floating in finer-grained quartz and clay minerals. Unlike the feldspar in the
lithic clasts, which are always completely atered, the feldspar phenocrysts in the matrix
to the breccia often contain small remnants of the original potassium feldspar. Itis
possible plagioclase may have been present as microlitesin the groundmass but if so,
they have been completely converted to muscovite during hydrothermal ateration. In
nearly all samples, the matrix has experienced a higher degree of hematite alteration than

the clasts. Though the original composition of thisrock isimpossible to determine due to
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subsequent hydrothermal ateration, the presence of abundant potassium feldspar
phenocrysts, together with the absence of quartz phenocrysts suggests a trachyandesitic to

trachydacitic composition.

This volcanic breccia contains clasts from several different sources. The rounded
shape of the large clasts suggests that they have been worked but the igneous matrix
precludes a volcano-sedimentary source. The thickness and consistency of the unit over
the Cerro Verde area suggests it was produced by asingle large event. The lack of
grading could suggest an origin as a debris flow. However, the igneous matrix suggests a
volcanic rock. The lack of pumice or other vesiculated material suggests against an
ignimbrite flow. These characteristics could be explained if the unit represents a high
temperature block and ash flow derived from the collapse of partially solidified, viscous
lava dome. Temperatures within these flows can be over 1000°C at their source, but cool
rapidly with distance (Voight and Davis, 2000). Block and ash flows may incorporate
earlier formed volcanic material, explaining the polylithic nature of the unit. Turbulence
within aflow could have produced the rounded clasts observed in Unit 3. Block and ash
flows can produce extremely thick deposits up to 200 m; such deposits are commonly
massive, consistent with observations from Cerro Verde (Bourdier et al., 1989). Because
much of the matrix of a hot block and ash flow is composed of glass, they are particularly

susceptible to ateration, possibly explaining the heavy alteration of this unit.

4.3.2.3 Lahar (Unit 2)

Unit 3islocally overlain in portions of the Cerro Verde area by atexturaly
distinct volcanic breccia. This breccia contains both rounded and angular clasts of
varying composition and sizein afine-grained matrix (Figure 4.7B). It formsalens
shaped channel at least 200 m wide and 150 m long on the eastern side of the prospect
(Figs. 4.3, 4.4). Itisthickest (50 m) indrill hole SJ-06-02.

The breccia contains thin intervals (1-3 m) of dacite similar to that in unit one.
These may be large clasts or thin flows. Obvious volcanic rock clasts within the breccia

are both aphanitic and porphyritic; porphyritic clasts are similar to those found in the
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underlying volcanic breccia. The breccia aso contains small rounded clasts composed of
guartzite, similar to those found in the conglomerates of the Coyotes Formation aswell as
sand to pebble size lithic fragments of quartz. Most clasts are 1 cm or lessin diameter;
clastsrarely exceed 5 cm in diameter. The groundmass of the brecciais fine-grained and
composed primarily of clay minerals and quartz with sparse larger grains of altered
feldspar. Smaller grains, now mainly composed of hematite and clay, may have

originally been mafic minerals.

Lahars are volcanic mud and debris flows created when volcanic material is
liquefied. Such deposits may be emplaced hot or cold (Capra, 2004). Lahars may have
low or high viscosities depending on the amount of entrained water. Laharic deposits are
typically unsorted and ungraded, but may display normal or reverse grading, especially
near the extremities of the deposit. While individual flows are commonly relatively thin
(3-5 m), flows often amalgamate to form thick deposits in topographic lows. The wide
variety of clast compositions, the incorporation of non-volcanic clasts, together with the
lenticular shape of the unit suggests that unit 2 formed as alahar or debrisflow. Thelack
of bedding or other structures and the massive nature of the unit suggest the lahar was
viscous. Thin volcanic flowswithin Unit 2 suggest that it formed from multiple events.

4.3.2.4 Porphyritic Dacite Flow (Unit 1)

The stratigraphically highest unit within the Tarahumara Formation at Cerro
Verdeisaporphyritic dacite or trachydacite flow (Fig. 4.5A). It crops out prominently
on the summit and upper slopes of Cerro Verde and has a maximum thickness of 120 m.
It isthickest in the west and south and thinsto the east and north. It consists of a
porphyritic flow, which is often brecciated at its base. It contains large (1-4 mm), flow-
aligned phenocrysts of sanidine (verified by XRD), many of which have been altered to
sericite. These phenocrysts show Carlsbad twinning and perthitic textures. Individual
crystals are often broken and commonly display rounded irregular edges indicative of
resorption. Plagioclase phenocrysts are conspicuously absent. However it is possible that

they were once present but have since been altered. The groundmassis very fine-grained
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and dark grey in color. It is acomposed of small feldspar crystals, fine-grained quartz,
and clay minerals. Fine crystals of magmatic magnetite are also present and display
ilmenite exsolution lamellae. Many of these magnetite grains have been atered to fine-
grained rutile and hematite. SEM-EDS analysis has also revealed minor apatite.

The basal portion of this unit commonly displays a breccia texture with fragments
supported in amatrix of identical composition. The breccia fragments are angular and
rangein size from 1-5 cm. They often have adlightly lighter color than the matrix. The
similarity of the fragments and the matrix suggests that this breccia represents an
autobreccia

4.3.2.5Dikes

Dikes and sills are found in drill core throughout Cerro Verde. They are
composed of avery fine-grained dacite and average 1-2 min thickness. They contain
very fine-grained (~1 mm) potassium feldspar in amatrix of fine-grained quartz, feldspar,
and clay minerals. The dikes display chilled margins but have been affected by the same
hydrothermal events as the other units of the Tarahumara Formation although they tend
to contain less sulfides than surrounding rocks. This could be due their higher

competency relative to the surrounding vol canic breccias and flows.

4.3.3 Depositional Environment of the Tarahumara Formation

The Tarahumara Formation volcanic rocks at Cerro Verde appear to have formed
relatively close to an eruptive center. Tarahumara Formation sections described in nearby
localities generally contain interbedded tuff and sedimentary units such as limestone and
sandstone interpreted to represent lacustrine deposits (McDowell et al., 2001). The
absence of tuffaceous rocks and fine-grained sedimentary rocks at Cerro Verde suggests
deposition on steep topography. The individual units are laterally discontinuous, pinching
out over ascale of afew hundred meters suggesting emplacement in channels or as

discrete flows. The polylithic nature of the volcanic breccias indicates that that these
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flows include material formed during multiple periods of volcanic activity. With the
exception of Unit 1, all Tarahumara Formation units thin to the south suggesting a

volcanic source to the north.

4.4 Cerro Verde Structural Geology

The Cerro Verde area contains multiple generations of faults and fractures. Most
structures have been interpreted as high-angle normal faults, but numerous low-angle
faults are also present, especially in the northern section of the property (Fig. 4.1).
Minerdization and alteration are largely structurally controlled. However not all
structures are ore bearing and severa faults postdate hypogene mineralization. Dataon
the structural geology of the prospect area are taken from mapping by Constellation
Copper (Brown, 2007), a structura study by Rehrig (2007), and data compiled during
logging and construction of cross sections. Rehrig (2007) compiled over 3000 structural
measurements of vein, fault, and joint orientations collected on the surface of Cerro
Verde. Most measurements were taken on outcrop exposed by the construction of drill
roads. These datawere then statistically analyzed utilizing stereonets and rose diagrams
in an effort to distinguish major trends for both mineralized and unmineralized structures.
A stereonet summary of the orientation all structures from various locations at Cerro
Verde aswell as arose diagram of vein orientations can be found in Appendix F. These
data are difficult to interpret as all structures are grouped together on the same plot, and
the plots do not distinguish between pre-, syn- and post-mineralization faults. From
Rehrig’s analysis, dominant strikes of NW, NS, NE and EW are distinguished and
generally match with the mapped structures (Rehrig, 2007).

4.4.1 Pre- to Syn-Alteration/Mineralization Faults

Severa fault sets have been recognized at Cerro Verde (Figs. 4.1, 4.3, 4.4). In
drill core these faults are often marked by broad zones of breccia and gouge 3to 10 m
thick. The brecciaranges from zones containing lithic fragments, which have experienced
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little to no rotation, to zones containing numerous randomly oriented fragmentsin a
heavily altered matrix. Core from hole SJ-06-26 exhibits breccia over amost its entire
length suggesting the drill hole parallels afault zone. These faults are considered to be
pre- or syn-mineralization because they are often filled by ore stage mineral assemblages.

Faults are subdivided on whether they are steeply or shallowly dipping. High-
angle faults display normal separation and strike dominantly east- to northeast, north, and
northwest. The center of the Cerro Verde area contains a number of east- to northeast-
striking faults that dip to the north and have normal separation ranging from 20 to 80 m
measured in cross section. These faults create a series of down-dropped blocks. North-
striking high angle faults dip to the east and have normal separation of 10-15 m. These
north-striking faults cut and displace the east- to northeast-striking faults on the map
indicating that they are younger.

A series of low angle faults also are present in Cerro Verde. They dip shallowly
(20-30°) to the southwest. In drill core these faults are broad zones up to 5 m thick (Figs.
4.3,4.4). Slickenlines are present on low-angle fault surfaces but it is difficult from
mapping or logging to detect significant offset along these fault zones. Crosscutting
relationships within drill core indicate that these faults postdate movement on the high-
angle faults but paragenetic overlap between chlorite and quartz in some veins suggests
that two sets of faults are closein age. Figures4.1 and 4.2 show a set of low-angle
southwest dipping faults, but it unclear if these are the same as the low-angl e faults that

are observed in drill core.

It is possible that both sets of high angle faults formed before mineralization and
subsequently were utilized by mineralizing fluids. However, it appears more likely that
these faults were active during mineralization, due to the presence of mineralized and
atered breccia clasts within the fault zones. In many cases these clasts are surrounded by
amatrix made up of paragenetically later minerals. The low-angle faults were clearly
active during hydrothermal activity as they cut the earlier mineralized faults and are filled

with paragenetically late minerals.



4.4.2 Post-Mineralization Faults

Some faults cut mineralized rock at Cerro Verde. These faults are marked in core
by breccia and gouge and lack the intense hydrothermal alteration found in the pre- to
syn-mineralization faults. Although few of these faults have been identified, one north-
striking post-mineralization normal separation fault with an offset of approximately 80 m

extends along the eastern face of Cerro Verde.

4.4.3 Joints

The volcanic rocks of the Cerro Verde prospect have been heavily jointed. Joints
are apervasive feature that form a “shallow dipping fabric of closely spaced, shingle like,
limonite coated surfaces, curviplanar joints and large surfaces” (Rehrig, 2007). Rehrig,
(2007) recognized several sets of joints: an east-northeast- to east-striking set, dipping
moderately to the north; a north-striking set with near vertical dip; and anorth-striking set
dipping 40-60° to the east. The north-striking, east dipping set of joints is the most
common. By definition, joints have very little if any offset and generally form due to the
slight extension of the rock perpendicular to the strike of the joint (Davis and Reynolds,
1996). Thus, jointsfound at Cerro Verde likely formed during the same extensional

events that produced the high-angle normal faults given their similar orientations.

4.4.4 Structura Modd

The dominance of normal-component faulting suggests that Cerro Verde area
underwent extension prior to (or during) the major alteration and mineralization events.
Extension is also indicated by the presence of joints roughly parallel to the faults.
Mineralization occurred in aregime with an extensional component as indicated by the
open space fillingsin veins. Mineralized fault orientations suggests a change in stress
field over time with early east-west extension forming the north-trending normal faults
and later shift to more north-south directed extension that formed the east-trending

normal faults. East-west extension returned in the area following the mineralization event
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as demonstrated by the post-mineral north-trending normal fault on the east side of Cerro
Verde. On the regional scale map, the two mgjor faults to the east and west of Cerro
Verde dip to the southwest while the structures observed at Cerro Verde dip to the east
and north. This pattern can be explained by the formation of east-dipping antithetic faults
which dip opposite to the main west dipping faults. Antithetic faults commonly formin

brittle environments in order to accommodate open space formed during extension.
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4.5 Natur e of the Barranca Contact

The nature of the Barranca/Tarahumara contact is somewhat ambiguous. In some
sectionsit isflat lying but in othersit is represented by near vertical faults. When
intercepted in drill core, it usually appears as a brecciated zone up to 10 m wide with
uncemented fragments ranging in size from sand to 10 cm in diameter. Constellation
geologists have hypothesized that the contact could represent a detachment fault with
significant lateral displacement, offsetting upper level mineralization from a deeper
source. The evidence collected by this study suggests the contact is afault in severa

places but that displacement is relatively minor. While no one fault plane can be

45



identified within the contact zone, breccia clasts often contain slickenlines indicating that

there was at |east some movement along this surface.

Iron oxide and copper mineralized clasts commonly found within the breccia
indicate at |east some fault movement and brecciation post-dates hydrothermal activity
and mineralization. While alteration and mineralization are much more prevaent in the
overlying volcanic rocks, minor amounts of ateration and sulfide minerals are found in
sheared sedimentary rocks below the contact, indicating that the Barranca Group was
affected by some of the same hydrothermal fluids that produced mineralization in the
volcanic rocks. Inone particular exposure on the south slope of Cerro Verde, the upper
Barranca Group contact is marked by an intense zone of bright red to purple iron oxide
staining surrounding avein of massive barite up to 15 cm thick. Thisclearly indicates
that this plane was a conduit for hydrothermal fluids. Although it could be argued that
the iron oxide staining was produced exclusively by later supergene fluids, the presence
of the barite suggests that the same hydrothermal fluids which produced mineralization in
the Tarahumara Formation also passed along this contact. Bariteisinsoluble under
oxidizing conditions and thus it is impossible that it could have been mobilized and
redeposited in the supergene environment. Identical sulfur isotope values, collected by
this study, from barite along the contact and barite from elsewhere in the Cerro Verde

prospect area a so suggests that both were formed by the same fluids.
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CHAPTER 5

HYDROTHERMAL ALTERATION AND MINERALIZATION AT CERRO VERDE

5.1 Introduction

Minerdization and alteration at the Cerro Verde prospect occurred during
multiple pulses of brecciation and hydrothermal activity. Alteration and mineralization
were primarily controlled by a series of stockworks, veins, and breccias that provided the
structural permeability needed by the hydrothermal fluids to deposit minerals. Nearly all
rocks within the mineralized zone of Cerro Verde have been pervasively altered, with
many of the primary igneous minerals and textures destroyed. Minerals precipitated
during hydrothermal ateration occur both in veins and as replacements of igneous and

previously precipitated hydrothermal mineralsin the wall rock.

Alteration and mineralization was concentrated within the Tarahumara Formation,
presumably dueto its lithological and structural permeability and probably also to its
chemical composition (Figs. 5.1, 5.2). Three distinct phases of hydrothermal ateration
can be distinguished. The earliest alteration event was a pervasive potassic ateration that
resulted in destruction of much of the fine-grained groundmass of the igneous rocks and
replacement of plagioclase by microcline. Thiswas followed by a complex series of
veins with variably developed alteration selvages. Early veins are generally steeply
dipping and dominated by specular hematite fill with extensive hematization of the
surrounding wall rocks. Thiswas followed by steeply dipping veinsfilled primarily by
siderite and local sideritization of vein selvages. Later steep veins contain quartz with
minor chalcopyrite. Locally silicification occurred adjacent to these veins. Thisisthe
primary period of copper mineralization. A later period of generally low-angle veins
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contain a chlorite-barite-pyrite assemblage. Textural relationships indicate iron was
progressively scavenged from the early hematite alteration onwards resulting in a
succession of iron-rich minerals throughout the hydrothermal event. The paragenetic

sequence is summarized in Figure 5.3.

Theveins at Cerro Verde display open space filling and many contain large (up to
1 cm) euhedral minerals. Veins range in size from thin sinuous veinlets only a few
millimeters wide to several meter wide zones of breccia with amatrix of hydrothermal
minerals. Rehrig (2007) noted three major vein sets: 1) a set striking east-northeast to
east-west with dips greater than 60°, 2) a north-northwest set dipping to the west, and 3) a
set of low angle veins striking to the north with easterly dips. A minor set of near vertical

veins with aNW strike was found near the summit of Cerro Verde (Appendix F-2).
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Figure 5.4 Paragenesis of hypogene mmeral deposition bt Cerro Verde

The deposit is divided into two zones, a supergene oxide zone and a hypogene
sulfide zone. The oxide zone caps the deposit and extends to an average depth of 40-60m;
pervasive oxidation rarely extends deeper than 100m (Figs. 5.1, 5.2). The sulfide zone
represents the original hypogene mineralogy of the deposit.
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5.2 Early Potassic Alteration

Potassic alteration is manifested by the pervasive replacement of the groundmass
of the volcanic rocks by fine-grained potassium feldspar. This style of alteration affects
all the igneous units at the Cerro Verde prospect but was not observed in the Barranca
Formation. Veins do not appear to have been developed during potassic alteration,
though a petrographic study by Hansely (2006) notes the presence of adulariaveins.
Such veins were not observed during this study. Potassic ateration was initially
suspected due to the unusual chemical composition of the rocks. Whole rock geochemical
data (Table 4.3) indicate that the igneous units average 6-8 wt% K,0 though some have
K>0 vaues up to 14 wt%. These values are clearly in excess of those expected in normal
extrusive rocks. Typical andesites have K,0 valuesin the range of 3-4 wt%. To
determine the location of potassium in the rocks thin section chips were stained with
sodium colbaltinitrite. The stained rocks displayed a uniform yellow color indicating the
presence of abundant potassium feldspar (Fig 5.4A, Appendix C-1). Petrographic
analysis of the groundmass revealed that it is composed of small (5-30 um), irregularly
shaped grey anisotropic minerals intermixed with fine-grained clay minerals (Fig 5.4B,
C). SEM analysis of the anisotropic grains confirmed they are potassium aluminosilicate
(Fig5.4D, E). XRD analysis of this groundmass material indicated it was dominantly
microcline. In contrast, XRD analysis of igneous potassium feldspar phenocrysts

indicated they are sanidine.

Potassic alteration appears pervasive within the Cerro Verde drill holes examined
for thisstudy. A radiometric survey of the Cerro Verde region revealed alarge potassium
anomaly (Viljoen 2003) covering approximately five square kilometers (Fig. 5.5). This
zone encompasses nearby mineralization zones at Mesa Grande and La Trinidad. A
northwest trending belt of potassium highs connect Cerro Verde with Luz del Cobre.
Potassic alteration began before, and does not appear to have any overlap with the
hematite/muscovite stage of ateration.

51



Fugnae 5.4 Potassic aliemation. A) Cerro Verde rocks pervesavly stmmed by sodiom
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5.3 Iron Metasomatism and Silicification

Potassically altered rocks at the Cerro Verde prospect are cut by veins containing
an assemblage of dominantly iron-rich minerals that are cut by later quartz veins (Fig.
5.3). Replacement of the wall rock by iron-rich mineralsis commonly well developed
adjacent to veins and decreases outwards. Because of close vein spacing throughout

much of the Cerro Verde prospect, this replacement appears locally pervasive.

The veins display aregular paragenetic sequence of vein-filling minerals. Early
veins are dominated by specular hematite which transition first to siderite and then to
guartz. Other minor minerals found within the veins include muscovite, barite, and
chalcopyrite. However, paragenetic rel ationships between the dominant mineral
assemblages are not always consistent suggesting local reversals of mineral precipitation.
Itislikely that this veining and replacement event formed by an evolving hydrothermal
fluid.
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5.3.1 Early Hematization

Specular hematite is the most common vein filling at the Cerro Verde prospect. A
brecciation/fracturing event initiated this hydrothermal event. Specular hematite veins
range in thickness from less than 1 mm to greater than 10 cm (Fig 5.6B). Hematite also
forms the matrix of breccia zones up to several meters wide that contain angular volcanic
clasts; contacts between the hematite matrix and the clasts are sharp and well defined.

Specular hematite is also found as disseminated grains in vein selvages (Fig 5.6
C, D). Theintensity of wall rock replacement by specular hematite generally decreases
with distance from the vein; locally some vein selvages can have nearly complete
replacement of the wall rock by hematite. Replacement hematite occurs as small,
anhedral grains and elongate euhedral crystals 10-200 um in size replacing primary
igneous magnetite/ilmenite grains, primary igneous mafic minerals, and primary
groundmass minerals as well as hydrothermal potassium feldspar. The matrix of unit

three was particularly susceptible to hematite replacement (Fig 5.6C).

Minor medium- to fine-grained white mica, determined by XRD to be muscovite,
is often intergrown with specular hematite, primarily on vein margins. Muscovite
intergrown with hematite generally occursinterstitially to hematite laths. However,
hydrothermal muscovite is most common as an alteration product within the host rock. It
replaces igneous potassium feldspar phenocrysts, igneous plagioclase microlites, and
microcline derived from potassic alteration (Fig 5.6A). Zones containing abundant
hydrothermal replacement muscovite have alight green tint. Where hematite is abundant
the rocks have a dark grey color. In many cases, the two minerals occur together, jointly
replacing potassium feldspar crystals. They occur to some degree in almost every unit,
ranging from minor veins and replacement of select minerals to nearly complete

metasomatism of the entire rock.

Hematite-filled veins may also contain siderite, barite, and/or pyrite (Fig 5.6E).
Siderite paragenetically replaces hematite as the dominant vein fill with progressive
hydrothermal alteration. However, interlayered hematite and siderite in some veins

indicates fluctuating conditions (Fig 5.7C). Barite is locally intergrown with hematite and
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muscovite in some veins. Barite crystals are generally euhedral and range in length from
<1 mm to several cm. Textura relationships indicate barite was simultaneously
precipitated with hematite, though some barite crystals are cut by micro-veinlets of
hematite (Fig 5.6F). Barite deposition continued during the precipitation of siderite (Fig
5.7F). Minor pyrite occurs in some hematite veins as euhedral crystals which either
predate or were synchronous with specular hematite deposition. Euhedral pyriteis also
found disseminated in the wall rock groundmass around some veins. A second, later

generation of pyriteisaso locally present that replaces hematite.

Pyrobitumen is an extremely rare constituent of some specular hematite veins. It
occurs as masses of brownish colored blebs intergrown with hematite; in one sample
hematite is replaced by magnetite adjacent to the pyrobitumen suggesting local reduction.
SEM-EDS analysis shows these blebs are elementally very light but contains minor

sulfur.

5.3.2 Siderite Alteration

Siderite alteration is manifested by siderite-filled veins and as a replacement of
the groundmass of the host rocks by fine-grained siderite (Fig 5.7A, B). It appearsasa
light tan coloration of the rock, occurring most intensely as a halo around steeply dipping
faults and siderite-filled veins (Fig. 5.7A). Siderite veins are often monomineralic.
Sideritein veinsis commonly coarse-grained (1-3 mm), euhedral, and commonly
displays multiple growth zones. Coarse siderite crystals are commonly enclosed in a
matrix of smaller anhedral crystals. In veins containing both hematite and siderite,
siderite often fillsinterstitial space between the specular hematite crystals (Fig 5.6E). In
these veins hematite often displays irregular to scalloped grain boundaries suggesting
dissolution and replacement by siderite (Fig 5.7D). The transition from hematite to
siderite was accompanied by brecciation as broken fragments of hematite are often
encased by siderite. Siderite in vein selvages most commonly replaces the groundmass of
the host rocks.
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Distinct siderite selvages are generally severa centimeters wide, however, minor
siderite extends beyond the megascopically obvious selvages and disseminated siderite is
widespread throughout Cerro Verde. The siderite usually occurs as small (100-500 um),
anhedral, brown colored grains. Disseminated hematite is often absent or greatly
diminished in siderite-rich zones suggesting the siderite replaced hematite. Siderite may
also replace phenocrysts that have been previously altered to K-spar or hematite-
muscovite. Siderite often forms arim around the edges of the sericiticly atered
phenocrysts but rarely completely replaces the muscovite.

5.3.3 Silicification and Sulfide Mineralization

Silicification and quartz veining at Cerro Verdeis spatially restricted but is
arguably the most important alteration type asit is closely associated with the deposition
of chalcopyrite. Silicification overprinted earlier ateration stages, though euhedral
guartz crystals found encased in siderite indicate temporal overlap between the quartz and
Siderite events (Fig. 5.8A). Silicification occurred in many major faults, forming
silicified zones up 2 m wide in the cores of these faults. These zones sometimes contain
coarse-grained quartz veins or coarse-grained quartz forming the matrix of breccias
containing wall rock fragments. Replacive silicification generally consists of fine-grained
quartz that preferentially replaces fine-grained hydrothermally altered groundmass

minerals.

Quartz veins and veinlets in the silicified zones range in thickness from less than
1 mm up to severa centimeters and constitute a compositionally distinct set of veins (Fig.
5.8B). Thicker quartz veins commonly contain chalcopyrite or open vugs filled with
large euhedral quartz crystals. Chalcopyrite may occur asinclusions or filling interstitial
spaces between the quartz crystals (Fig. 5.8C). Coarse-grained muscovite is commonly
found along the vein edges intergrown with the quartz. Trace sphaleriteislocally present
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as small inclusions in chalcopyrite and quartz. Chalcopyrite also occurs as disseminated
grains within silicified zones surrounding quartz veins or breccias (Fig. 5.8B). Much of
this chalcopyrite replaces siderite (Fig. 5.8E). Chalcopyrite is almost always associated
with small euhedral quartz crystals which are commonly enclosed by the chalcopyrite
(Fig. 5.8F).

Significant chal copyrite also has been observed in hematite-barite-siderite veins.
Examination under the microscope indicates most of these chal copyrite grains replace
siderite and more rarely hematite. Hematite adjacent to chalcopyrite commonly displays
irregular to scalloped grain contacts suggestive of chalcopyrite replacement of hematite
(Fig. 5.7D). Chalcopyrite grains containing small, grains of hematite also indicate
replacement. Rarely, chal copyrite veinlets cut hematite. Chalcopyrite replaces siderite
along cleavage planes and fills fractures within the siderite crystals. Chalcopyrite
replacing siderite commonly contains numerous small inclusions of remnant siderite (Fig
5.8D). Early pyrite associated with specular hematite is also often replaced by
chalcopyrite. Many pyrite grains display either chalcopyrite rims or chal copyrite
replacement along fractures. Chalcopyrite within hematite, siderite, or barite veinsis
most common near quartz veins or zones of silicification. However, many chal copyrite

veins appear to have no connection to silicified zones.

While the vast mgjority of quartz veins are monomineralic or contain minor
chalcopyrite, several quartz-chlorite veins al'so are present (Fig. 5.9C). These quartz-
chlorite veins appear to be transitional into the next major stage of hydrothermal

alteration at Cerro Verde that is typified by massive chlorite vein infill.

5.4 Late Chloritization

The fina major hydrothermal event at Cerro Verde resulted in the precipitation of
chlorite, barite and minor pyrite. Unlike the earlier vein and replacement assemblages
that are spatially related to steeply dipping structures, the chloritization event primarily

affected low-angle structures. This indicates a change of tectonic regime. However, the
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presence of chloritein quartz veins suggests that the transition from silicification and

copper mineralization to chloritization probably occurred closein time (Fig. 5.9C).

Chlorite is volumetrically the most important mineral in this late alteration phase.
Itisfound in veins, asthe matrix of breccias, and as a dark green replacement of the host
rocks (Fig. 5.9A). Chlorite often occurs as thin coatings on fractures. It may aso form
veins up to several centimetersthick. Locally it replaces wall rock around veins and may
form selvages which range in thickness from afew mm to 10 m. In volcanic breccias
chloriteis mainly limited to the matrix and rarely replaces the clasts. Alteration typically
consists of fine crystals of chlorite which mainly overprints and replaces earlier
muscovite, hematite and siderite. XRD and SEM analysis of both vein and alteration

chloriteindicatesit is dominantly aferroan clinochlore.

Chlorite veins generally display coarse chlorite crystals on vein margins and fine-
grained crystalsin vein centers. These veins may contain barite and pyrite intergrown
with the chlorite (Fig 5.9E). Barite occurs as large, euhedral orthorhombic crystals which
commonly grow on vein margins and sometimes pre-date the chlorite. Pyrite may occur
intergrown with chlorite or with both barite and chlorite. Where a pyritic chlorite vein
cuts a specular hematite vein, pyrite often replaces and pseudomorphs the specular

hematite.

5.5 Supergene Oxidation

The Cerro Verde area has undergone significant supergene ateration. Sulfides
are oxidized to an average depth of 40 to 60 m at Cerro Verde and significant oxidation
extends to deeper levels (100 m) along high angle faults.

Oxidation is characterized by conversion of specular hematite to goethite and
other iron hydroxide minerals, giving the rocks a bright red to purple coloration.
Specular hematite in oxidized veins and fractures is partially to completely replaced by
botryoidal goethite and limonite. Siderite veinsin the oxidized zone contain orange red
to brown limonite and are commonly gossanous. Pyrite and chal copyrite in both veins
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and the wall rocks is leached and forms limonitic boxworks. Barite and quartz are often
the only hypogene minerals remaining in highly oxidized veins. Development of
supergene clay isrelatively minor at Cerro Verde, probably because the relatively low
percentage of sulfide and high percentage of siderite in the rock limited acid production

during supergene alteration.

Oxidized zones contain chrysocolla and malachite with minor brochantite,
chalcocite, tennantite, and rare cuprite. A minor zone of copper enrichment containing
copper carbonate minerals and minor chalcocite is present just above the sulfide zone but
islikely limited in development by the overall lack of pyrite in the system.
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CHAPTER 6

FLUID INCLUSIONS

6.1 Introduction

Fluid inclusions are tiny cavities within mineral grains filled with samples of
fluids present when the minerals grew or fluids introduced along fractures after mineral

growth (Roedder, 1984). They may contain liquid, vapor, and/or solid minerals.

Primary fluid inclusions form on growth planes and represent fluids trapped as the
host mineral grew. Secondary inclusions represent fluid trapped in healed fractures at
some time after the growth of the host mineral. Pseudosecondary inclusions are
secondary inclusions that are found along healed fractures that formed during growth of
the crystal.

Fluid inclusions can be heated in the laboratory until all phases are homogenized.
The temperature at which this occurs is known as the homogeni zation temperature.
However, for thistemperature to be meaningful, there are severa requirements. It must
be shown that the inclusion was originally trapped as a homogeneous phase, that the
inclusion has remained a closed system, and that the inclusion has maintained a constant
volume (Roedder, 1984). The only way to show that such requirements have been met
for any inclusion of interest is that the inclusion must be observed along with other
inclusions of different sizes and shapes trapped at the same time within the same
assemblage of inclusions (Goldstein and Reynolds, 1994). If dl theinclusionsin the
same assemblage yield similar homogeni zation temperatures then the inclusion
assemblage probably meets the requirements. Homogeni zation temperatures provide
only aminimum estimate of entrapment temperature in most cases. If the depth of
formation of an inclusion assemblage is known, then a pressure correction can be applied
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to homogenization temperatures to yield the entrapment temperature. No pressure

correction is necessary for inclusions trapped from immiscible fluids.

Salinity of the fluidsin an inclusion is determined by freezing the inclusion and
then gradually warming the inclusion until the ice melts. Commonly theinclusionis
assumed to be a pure NaCl fluid to approximate the salinity in terms of NaCl equivalent
(Goldstein and Reynolds, 1994). The final temperature of ice melting can then be related
to the weight percent NaCl equivalent salinity.

6.2 Methods

This study utilized the fluid inclusion assemblage (FIA) approach to fluid
inclusion geothermometry (Goldstein and Reynolds, 1994). Many past inclusion studies
involved measuring hundreds of inclusions and plotting the data on histograms.
Goldstein and Reynolds (1994) summarized all of the potential real processes that could
violate the basic requirements noted above, thus yielding incorrect homogenization
temperatures. inhomogeneous entrapment due to immiscibility during the time of
entrapment; necking down with more than one phase present in an inclusion assemblage;
stretching of inclusions due to high internal pressures developed during burial or post-
entrapment heating of inclusions; leaking and resealing due to high internal pressures
developed during burial or post-entrapment heating of inclusions; or poor sample
preparation techniques. The FIA approach is different in that it focuses on the
identification of small groups of inclusions that are linked via petrography into
assemblages which formed at approximately the same time (Goldstein and Reynolds,
1994). By linking these assemblages petrographically into the overall mineral
paragenesis, it is possible to determine temperature and compositional variability over the
range of the paragenesis. The FIA method also provides the required check on whether
the requirements have been violated. If most of the inclusions within an FIA have
approximately the same homogeni zation temperature and the inclusions have variable
sizes and shapes, then it is unlikely that the requirements have been violated (Goldstein,

in press).
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Coarse quartz in quartz-sulfide veins from Cerro Verde contains abundant fluid
inclusions suitable for analysis. Six samples of coarse quartz were cut into thick (~100
microns) sections and then manually smeared with immersion oil in order to be able to
see into them with a petrographic microscope, as the oil fills any pitsin the surface of the
guartz. One sample, SJ-07-17 190m (Fig. 6.1A), was selected for microthermometric
analysis as it showed the best paragenetic relations among the different stages of quartz
growth aong with sulfides within a fracture, aswell as clear growth zones in the quartz
defined by primary fluid inclusions. The quartz contains encapsulated grains of
sphalerite and bands of pyrite. Chalcopyrite is later than the quartz in this sample, but
some quartz is later than chalcopyrite in other samples. Figure 6.2F shows a growth zone
defined by irregularly shaped primary inclusions in quartz just prior to the chalcopyrite.
Over 50 fluid inclusions from multiple quartz crystals were analyzed with Jim Reynolds
of FLUID INC. using an Olympus BX51 microscope and a FLUID INC. adapted USGS
Gas-Flow Heating/Freezing stage. Only primary or potentially pseudosecondary

inclusions occurring in assemblages of 4 or more inclusions were measured in this study.

6.3 Results

Sample SJ-07-17 190m contains three types of quartz and the central portion of
the veinisfilled with massive chalcopyrite (Figs. 6.1A, 6.2C). The earliest type of
quartz, type 1, is composed of wispy, grey, interlocking, anhedral quartz crystals (Fig.
6.2A). The cloudy nature of the quartz is caused by abundant healed microfractures
defined by small fluid inclusions (Fig. 6.2B). Thelack of primary fluid inclusionsin this
type precluded temperature measurements. Type 2 quartz is composed of grey euhedral
crystals which contain numerous fluid inclusions. Type three quartz is both euhedral and
anhedral, clear and contains relatively few fluid inclusions. The banding apparent in
Figure 6.2A is actually due to zones of quartz being separated by thin fragments of wall
rock (Figs. 6.1B, 6.1C). Sometimes clear type 3 quartz fills between zones of wall rock
separated from one another (Fig. 6.1D). These textural features are evidence that they

result from crack-seal processes occurring as the vein formed. This separated thin slivers
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of the wall rock and fragments of siderite and muscovite from the vein margin (Fig. 6.1
E).

Fluid inclusion measurements were taken from types 2 and 3 quartz located close
to the boundary with the chal copyrite (indicated by the box in Fig. 6.1A). Cloudy type 2
guartz is shown in Figures 6.2 C, D, and E, and clear quartz (type 3) shown in Figure
6.2F. The earlier type 2 quartz forms a core which is surrounded by the later type 3 (Fig.
6.2 C, D). The cloudy type 2 quartz is characterized by numerous equant shaped, primary
and pseudosecondary fluid inclusions, the largest of which are approximately 10 pm in
diameter (Fig. 6.2E). Sometimes the core zoneislocally overgrown by athin rim of
pyrite. The boundary between type 2 and type 3 quartz is never sharp at high
magnification, but is transitionally defined by the abundance of inclusions decreasing
until the quartz isrelatively clear. Close to the boundary with the type 2 quartz, fluid
inclusions within type 3 are characterized by equant shapes and consistent liquid vapor
ratios but are smaller and less numerous than those found within the type 2 quartz (Fig.
6.2E).). Towardsthe outer edges of the type 3 quartz, close to the boundary with the
massive chalcopyrite, the inclusions are far less numerous and are irregularly shaped.
Figure 6.2F shows a well-defined growth zone of irregularly shaped primary inclusions
within type 3 quartz, just prior to chalcopyrite. All of theinclusionsin all types of quartz
are liquid-rich and homogenize by disappearance of the vapor bubble. No FIAswith all
vapor-rich inclusions were ever observed in any sample.

Rarely, sphalerite is encapsulated within the type 3 quartz (Fig. 6.2C). Though
chalcopyrite can be seen to be surrounded by type 3 quartz (Fig. 6.2C), it could have been
introduced by later fracturing.

Microthermometry on an assemblage of 10 primary fluid inclusionsin zone 2
guartz yielded homogenization temperatures ranging between 240 and 260°C. A cluster
of 6 primary fluid inclusions in close proximity to pyrite had homogenization
temperatures between 245 and 250°C. A primary fluid inclusion assemblage of 10
inclusions located within the transition of clear to cloudy quartz also yielded
homogenization temperatures between 245 and 250°C. A primary fluid inclusion

assemblage of 7 fluid inclusions found within the outermost type 3 quartz, close to the

68



Figrwe 6 2 Phowomcromoaphy ilustrarmg the sommg oo quartz anystals from saople
10717 19 A) Geey “wispy” type | quanz.  B) Close op of “wispy” oype |
quertz. Wispy textime anil grey color formed by thin wmle of unall hid mchinom ©)
Dinck coloted. cloudy. cubicdral tvpe 2 quattr coyatals surroanded by cleas type 3 guarte
Flud mchsion measirentents from these types were oved m this stady. D) Photomm-
crograph of the type ! guanz and the surrotmdmg pymie nme Sphalente bichs oo oftem
found 1 the clear type 3 quanz ovmside of the gymite nm. E) Close op of the boundary
between the cloudy rype 2 and the clear type 3 quintz. Inclosions oo boih sides of the
gyrite nim have equant thapes snd conssctunt L'V rates. F) Iregularly-shaped flned

e lusions with inconsttent L.V ratios from tvpe 3 quastz close to the bounday with
the chalcopymie

69



boundary with the chal copyrite, yielded homogenization temperatures that ranged
between 190 and 220°C. These inclusions were of irregular shape and most had
inconsistent liquid: vapor ratios. A primary fluid inclusion assemblage of 4 inclusions
found in the type 3 quartz, in close spatial proximity to the sphalerite blebs, was found to
have homogeni zation temperatures between 220 and 225°C.

Freezing of the inclusions was attempted in order to establish fluid salinity.
Inclusions were carefully observed as they were cooled to nucleate ice. Rapid, jerky
movements of the bubble prior to formation of ice are indicative of other phases
nucleating (Goldstein and Reynolds, 1994, Chapter 7). In many inclusions a “double
jerk” was observed. It ishypothesized that thisis evidence of the formation of a CO,
clathrate (CO,*5.75H,0). When clathrate is formed prior to formation of ice, water
molecules are pulled from the inclusion to make the clathrate compound, leaving the
remaining water molecules with a higher concentration of salt. This precludesthe
accurate estimation of salinity from the melting temperature of ice, though a measure of
the maximum possible salinity can be determined from the final melting temperature of
theice crystalsif such can be discerned. Salinities are reported for inclusions that did not

have evidence for clathrate formation.

Inclusions located within the type 2 quartz in close proximity to the pyrite rim
gave asalinity between 11.1 and 11.7 wt% NaCl equivalent. Inclusionsin close
proximity to encapsulated sphalerite yielded a salinity between 9.2 and 9.8 wt% NaCl
equivalent. Inclusions at the outer edge of the type 3 quartz (near chal copyrite) yielded
salinities between 12.8 and 13.4 wt% NaCl equivalent. All other FIAs measured showed
evidence of formation of clathrate compound and final melting of ice crystals was not

discernable. The results of the study are summarized in Figure 6.3.
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CHAPTER 7

STABLE ISOTOPES

7.1 Introduction

The stable isotopic compositions of siderite, sulfides, and barite from Cerro Verde
were determined from analysis of samples from16 different drill cores and five surface
samples. The core samples were taken at a variety of depths from within the sulfide
zone. Thefive surface samples were taken from alarge exposed vein of barite located at
the contact between the Barranca Group sediments and the overlying Tarahumara
Formation volcanic rocks. In total, 29 siderite, 23 barite, 17 chal copyrite, and 3 pyrite
samples were analyzed. The analyses were conducted on a GV Instruments IsoPrime gas-
sourced stable isotope ratio mass spectrometer at the Colorado School of Mines
Department of Geology and Geological Engineering’s Stable Isotope Laboratory under
the supervision of Dr. John Humphrey.

7.2 Methods

Carbon and oxygen stabl e isotope anal yses were performed with traditional dual-
inlet techniques. Siderite samples were collected with a dental drill from individual
coarse grains within veins. For each analysis, a sample weighing approximately 90 ug
was reacted with 100% phosphoric acid at 90°C in separate reaction vessel. The resulting
carbon dioxide was cryogenically purified and then analyzed with the mass spectrometer.

All carbon and oxygen values are reported as a per mil difference from the VPDB
international reference standard via standard reference materials and laboratory working
standards. Repeated analysis of an internal laboratory standard yielded a precision of
0.05%o for carbon and 0.08%o for oxygen.
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Sulfide and sulfate samples were also collected with adental drill. Chalcopyrite,
while relatively coarse, often contains inclusions of other minerals such as siderite and
hematite, though being non-sulfur bearing this should not affect isotopic results. Coarse
barite was easily sampled. Approximately 100 pg of an individual sample was combusted
in a Eurovector 3000 elemental analyzer, yielding sulfur dioxide that was delivered to the
mass spectrometer using continuous-flow techniques with helium as the carrier gas.
Values of §**S are expressed relative to the Canon Diablo Troilite (CDT) standard, using
the standards NBS-127 and IAEA-S-1. Repeat analysis of alab working standard
(barium sulfate) yielded a precision of 0.26%o.

7.3 Results

Siderite yielded relatively consistent results, with only minor variation in both
oxygen and carbon isotopes (Table 7.1). The values for §**C ranged from -6.8%o to -
0.8%o with average of -3.1%. and a mode of -3.0%o. Values for 0 ranged from -20.8%o
t0 -6.01%o with an average of -13.3%. and a mode of -13.0%.. Conversion of the oxygen
values from PDB to SMOW yielded positive values that ranged from +24.5%o to +9.4%e,

with an average of +17.6%o.

Sulfur isotopic values for barite ranged from +11.6 to +25.4%o (Table 7.2).
Values averaged +19.2%o. Paragenetically early barite had sulfur isotopic values that
were evenly distributed over the entire range. Paragenetically later barite had a slight
tendency for higher sulfur isotopic values. There appears to be no significant correlation

of barite sulfur isotopic values with depth in the system.

Chalcopyrite displays a range of sulfur isotopic values from +5.5 to +14.0%. with
an average of +11.5%o and amode of +13.0%o0. Only three analyses of pyrite were
conducted because of the difficulty in obtaining pure pyrite separates. These three
samples display awide variation in sulfur isotopic values. Two of the samples have sulfur
isotopic values of +3.5%0 and +3.4%o, the lowest of any of the sulfide samples. The third
sample had a sulfur isotopic value of +23.7%o, one of the highest valuesin the data set.
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Tahle 7.1 Results of the cathon and oxygen stable 1sotope study on siderite
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Frgure 7.1 Plot of 513C ve 3180 from sidenite

7.4 Interpretation

The stable isotope study provides constrains on the source and evolution of the
hydrothermal fluids which created the Cerro Verde deposit. The isotopic datawere
analyzed by first converting the isotopic values of the mineralsinto their probable
agueous components (see Appendix D for calculations). Calculations were made using a
likely temperature range of (300-200°C) based on constrains from fluid inclusion data.
These calculations used the assumption 10%In a=dX minera-dXf1ig Where X represents the
isotopic value of the element in question and a is the fractionation factor (Faure, 1998).
All results assume that the minerals were in equilibrium with the agqueous fluids from
which they were derived.

Oxygen values from siderite were converted to the SMOW scale using the
formula (% SMOW) =1.03*(%0V PDB) +30.86 from Faure (1998). These values were
then converted to H,O values using the formula 10%n o = 3.13*10°T2 - 3.50 (Carothers
et al., 1988). This produced average 5'*Oyz0 values of +7.6, +5.7 and +3.2%o at 300°C,
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250°C and 200°C, respectively. The results clearly indicate that the source of the fluid
responsible for siderite precipitation was not meteoric water, which generally has values
between 0%o0 and -25%. (Taylor, 1997). The moderately positive values found at Cerro
Verde suggest that the hydrothermal fluids precipitating siderite derived their oxygen
from interaction with wall rocks along their flow path. This indicates the system had a
relatively high fluid to rock ratio.

The isotopic composition of CO, in the fluid was also calculated, using 10°In o =
0.8610* 10°T %+ 0.82 (Carothers et al., 1988). The dataindicate hydrothermal fluid §3C
values of -6.5, -7.0 and -7.7%o at 300°C, 250°C and 200°C, respectively. These values
match those of the atmosphere or CO, derived from dissolution of marine carbonate
rocks (Taylor, 1997). The results effectively eliminate hydrocarbons or other organic
carbon sources such as coal as a possible carbon source, as these typicaly have very
negative values, on the order of -20%o to -60%o.

Thus, the carbon and oxygen composition of the siderite suggests that the
hydrothermal fluid was largely buffered by both igneous and sedimentary host rocks
along itsflow path. The fluids were most likely basinal brines. Thereislittle evidence of
adirect contribution of either magmatic or meteoric water to the hydrothermal fluid that
precipitated siderite.

The sulfide and sulfate samples provide a more robust means of testing fluid
composition changes through time. Temperature has very little effect on the fractionation
of sulfur between H,S and pyrite and chal copyrite and so no adjustment was needed
(Ohmoto and Rye, 1979). The sulfur isotope fractionation between sulfate minerals and
agueous sulfate is usually assumed to be negligible and therefore can be ignored (Rye,
2005). The isotopic composition of the SO, that would be in equilibrium with the
measured chal copyrite and pyrite values, can be calculated with the formula 10%n
=6.463* 10°T%+.56 (Ohmoto and Lasaga, 1982). Given the average sulfide value of
+11.4%o, the equilibrium SO, value would be +32. 1%o, +36.2%0 and +41.5%0 at 300°C,
250°C and 200°C, respectively. Thisindicates that the differencesin §*S of the barite
and sulfides could not have arisen via the fractionation of acommon sulfur source under
equilibrium conditions, given that the average SO, value, as measured from barite, is
+19.2%eo.
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The observed patterns of sulfur isotopic composition between sulfates and
sulfides at Cerro Verde could be due to mixing of two separate sulfur reservoirs.
Alternatively, the sulfides and sulfates may share a common sulfur source but have
formed under disequilibrium conditions. The fact that some sulfide and sulfate values are
similar suggests that the system was in disequilibrium. If all the sulfur in the system is
derived from the same source and all the available sulfur in the system was consumed by
the precipitation of sulfide and sulfate, then the average sulfur values should equal the
isotopic composition of the original sulfur reservoir. The average sulfur isotopic
composition of +15.5%o closely matches the isotopic value of seawater during the period
which the Barranca Group was deposited, the Late Triassic/Early Jurassic (Claypool et
al., 1980). Thelow vaues of the two pyrite samples may be due to incorporation of
igneous sulfur derived from breakdown of sulfidesin the igneous host rocks.

Taken together, the isotopic compositions of the minerals suggests that the source of
hydrothermal fluids that affected Cerro Verde was seawater trapped within the Barranca
Basin that reacted with both sedimentary and igneous host rocks during burial.
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CHAPTER 8

GEOCHRONOLOGY

8.1 Introduction

Three samples from the Cerro Verde region were selected for U-Pb
geochronology of magmatic zircons. A single sample of relatively unaltered volcanic
rock from Cerro Verde was analyzed. The age for this unit provides an upper age limit to
volcanism at Cerro Verde and limit the age of mineralization to after thistime. Two other
samples (samples MPSS-7 and MPLC-8) were from nearby intrusions that are spatially
associated with iron oxide-copper-gold style mineralization (Fig. 8.1).

The Cerro Verde dacite sample (CV Geochron) was taken from the summit of
Cerro Verde. Sample MPSS-7 is a quartz feldspar porphyry from a prospect area
between Cerro Carrizo and Cerro Aguja. Thisintrusion is associated with abundant
oxide copper aong fractures, both in the intrusion and the surrounding sedimentary
rocks. In hand samples, the rock appearsto be potassically atered. Sample MPLC-8isa
surface sample of tonalite from nearby the Luz del Cobre copper mine, 12 km northeast
of Cerro Verde. Samples MPSS-7 and MPLC-8 were provided by geologists at the Luz
del Cobre Mine.

8.2 Methods

Zircons were extracted by first crushing and milling the rocks. The resulting
powders were then run through a 250 um disposable sieve and a magnetic separator to
remove magnetic material. A final zircon concentrate was produced via heavy liquids.
Zircon grains from each sample were embedded in epoxy and polished to expose zircon
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cores. Only clear, minimal inclusion and crack-free zircon crystals were selected for
anaysis. All individua grains were imaged with cathodoluminescence using the JEOL
8600 electron microprobe at Syracuse University. The images were then used as guides
during analyses to help avoid altered regions and small inclusions as well asto avoid
analyzing potential overlapping petrogenetic zones. U-Pb dating was carried out at the
University of Arizona Laserchron Geochronological Laboratory using the | soprobe-P
LA-ICPMS. Mass spectrometric methods follow those described by Gehrels et al.
(2006). Common lead corrections were based on direct “*Pb measurement and estimates

of initial Pb composition were based on the model of Stacey and Kramers (1975).
206pp/20"ph and U/Pb were calibrated relative to a Sri Lanka zircon standard dated at 564
+3.2Ma

. Mﬂb:n'lﬁ-; 1:; #‘, |
_r,{, “’H‘l ~
g

JJ

F1!u:: .1 Sarprle locations of rocks uned in U-Pb gmtmmblnp'.

8.3 Results

Analysis of 25 zircons from sample CV Geochron yielded a concordia age of 95.9
+0.5Ma(Fig. 8.2, Table 8.1). Analysis of 16 and 21 zircons for samples MPSS-7 (Fig.

80



8.3, Table 8.2) and MPLC-8 (Fig. 8.4, Table 8.3) respectively, yielded concordia ages of
94.0 £0.7 Maand 97.5 +0.7 Ma. Examples of the zircons used in this study can be found
in Appendix E.

8.4 Interpretation

Previous analyses of Tarahumara Formation volcanic rocks in central Sonora by
McDowell et al. (2001) yielded ages ranging between 90.1 Maand 69.7 Ma. K-Ar dating
of plutonic rocks by Damon et al. (1983a,b) yielded ages of 62+1.7 Ma, 56.7+1.0 Maand
58.8+1.3 Maon the San Javier, San Nicolas and Suaqui Grande plutons respectively.

The dates obtained by this study push the onset of volcanism back an additional 7-8 Ma.
All three ages are within 5 Ma indicating that the rocks may be related to the same 93-98
Ma magmatic event. Thisimplies that the volcanic event that deposited the Cerro Verde
host rocks was probably part of aregional igneous episode. It also indicates that the
volcanic rocks located at Cerro Verde were unrelated to the much younger San Javier

Pluton.
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Table 8.1 Data for sample CV geochron

Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb INTh 206PB* + 207Pb* & 206Pb* £ error 206Pb* + 207Pb* : 206Pb* : Bestage %
CV Geochron {ppm) 204Pb 207Pb* (%)  2350F (%) 238U (%) corr. 238UF (Ma) 235U (Ma) 207Pb* (Ma)  (Ma)  (Ma)
3P3 MIKET_AND RS G 1 124| 1338] 38| 24.3038] 157| ooesz| 157| o.ois5z| 12| oos| szl 1.2| =40 127| -27e.a| 4005 872| 1.2
IP3MIKET ANDRS G2 | 192| 1870] 36| 222venl 10.3| oos18| 104| oo148] 11| o011 s47| 10| sso| 88| -81.5] 2518 84.7| 1.0
IP3IMIKET ANDRSG3 | 2o8| o2ses| 27| 220272 o2| oosao| o3| oo14o] 40| o041 s51] o8| o03| so| sz 223 51| 0.9
IP3MIKET ANDRS G4 | 582| 5048] 17| 21.1470] 28| o0o0854] 20| oo148] 12| o040 sse| 1.1] s25| 27| e3s| eas 83.8) 1.1
IP3MIKET ANDRSG6 | 31| 3373] 3.0 23.1182] 137| ooere| 138| oo147] 14| o010] s43| 13| s55| 11.3] -152.8] 3411 843 1.3
IP3MIKET ANDRSG7 | 2198| 2818] 2. zo43are]l 75| oa1o17| 77| oo1s1] 19| o024 sea4| 18] ema| 72| 144.4] 1784 064 1.8
P2MKET ANDRS G11 | 271| 2428] 25| 2os327] 48| ooeaz| 54| oo14e] 14| oo22| ss5s5| 10| 52| 48] a7 1188 855 1.0
PIMKET ANDR5G12 | 388| 4010] 20| 210727] 30| ooes4| 33| oo150] 14| o042 sez| 13| es53| 30| 721 71 862 1.3
P3MKET ANDR5 G14 | 211| 1983| 34| 2268304] e8| ooe2z| e7| 00151 14| o014 ses| 13| sss| s3] -1002] 2385 6.8 1.3
PIMKET ANDRS G168 | 314| 3355] 27| 21.88s5] e8| ooese| 78| oois2| 27| o4s| s74| as| san| e7| -1me| 1810 g74| 35
PIMKET ANDRS G17 | 224| 2845] 28| 212078] 28| o01oo04] 28| oo15s| 10| o027 sez2| 10| o74| 25] 482 a8r g02| 10
IPAMIKET_ANDRS G18| 4588| 5313] 23| 2132e7| 41| ooess| 42| oo148] 10| o024 sss| o8| =18 37| 433] ora 83.6)| 08
IP3MIKET ANDRS G20| 353| 2o043| 20| 23.33s4] 110| ooeee| 114| ooisz| 10| ooe| srz| 10| sv4| 93| -1vea| 2esa 873 1.0
IP3MIKET ANDRS 322| 251| 2170] 28| 218157 44| ooear| 54| oo15s| 30| osp| seo| 28| e8| 48] 11.3] sms 80.0| 29
IP3MIKET ANDRS G23| 208| 2s543| 28| 227021) 10| ooo2s| 10.8| 00153 10| ooe| sea| 10| o0 93| -117.8| 2888 88.1] 1.0
3P3MIKET ANDRS G26| 318| =2o03| 25| 222730l e8| ooser| vao| oo1s50)] 10| o014 s58| 10| soo| eo| -81.2] 1887 85.8| 1.0
IP3MIKET ANDRS G23| 318| 2sp0] 33| 221402 ool ooeaz|  e4| ooiso|l 12| o3| ese| 1] eos| ve| 487 2194 859 1.1
IP3MIKET ANDRS G20 289 2873] 34| 2241274] 78| oooss| 78| oo152] 15| o019 s74| 1.4 ool es| 453 1858 o74| 14
IP3MIKET ANDRS G33| 244 2480| 33| 228525] 11.1| oosaz| 11.3| oo143] 21| o019 s1.8| 18] s38| 91| -1350] 2750 81.8| 18
3P3MIKET ANDRS 340| 328| 2010] 24| 222012 o8| oos2s| e8| oo150] 18| o28| ss57] 17| eoz2| 58| -534] 1813 857 1.7
IP3MIKET ANDRS G54| 207| 17e3| as| 218150/ e8| oooss| e7| ooiso|l 10| oas| sea| 10| s2i| s8] 10| 1sma 8.1 1.0
IP3MIKET ANDRS 52| 220 18ss| 20| 220014] 4107| o0o824| 10.8| 00147] 18] o047 se4] 17| s81| 28] -1202] 2853 g44| 17
IP3MIKET ANDRS G55 198| 417o00] 3.0 218ss8] 91| oos2o| 92| oo147] 1.1 o0412] s3s| 10| ss4| 78| -287| 2208 83.8| 1.0
IP3MIKET ANDRS G80| 178 1875] 37| 230841 127| ooeie| 127| oo1s4]l 15| o011 ses| 1.4 sea| 117] -1s03] 3404 885 1.4
IP3MIKET ANDRS 3681| 250| o2oe3| 27| 2o.msse| =3| ooear| 24| ooiso| 13| oas| ss7| 12| ess| 77| @pe| 1877 857 1.2
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Table 8.2 Data for Sample MPLC-8

Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb WTh 208Pb* + 207Pb* + 206Pb* + error 206Pk* & 207Pb* : 206Pb* + DBestage £
MPLC-8 {ppm) 204Pb 207Pb* (%) 2350* (%) 238U (%) corr. 2380 (Ma) 235U (Ma) 207Pb* (Ma) (Ma)  (Ma)

IPAMIKET ¥xoRecsa | 651 a3sss| 18| z1sss2] s8] oioan|  s7| ootez| 10| oos| 103s| 10| oes| s4] 35| 134as 38| 10|
IPAMIKET ¥¥0RE G55 | 7o7| 3470l 1.3] 21.3s3m] 25| oio27| 44| ooise| 27| oeo| 1018] 27) oo 42| av2| o4s 048] 27
JP3MIKET ¥¥8Re G52 | 535] 2es8| 15| 21es53] 56| o1ooo| 58| oois7| 18] o2s| 10068 18] 967 54 36| 1347 1wos| 1.8
IPAMIKET ¥¥oRE G40 | 381 1sas| 18] 157285] 444| o13z0| 45s5| 00151 sse| o22| eer| 05| 1259| sae| Fios| omoa g8.7| 95
JPAMIKET ¥¥oRB 48| 51| 2ss3| 17| 210s03] 28| 01012 24| o0o0155| 10| o23| osss| 10| ore| 28] 47| Boe pee| 10|
JPAMIKET ¥¥BREG44 | 644| arvss| 1.3] =218113] 56| ooesr| 58| 00155 14| o024| sso| 1.4) e58] 53] 11.8] 1348 88.0] 14
IPAMIKET ¥¥0REG41| ao0s| 1ess| 24| 212345] 22| ooess| 23| ooisz| 10| oao| oval 10) ess| 2ol s3as| vsa 74| 10|
IPAMIKET ¥x0RE 38| 505| 2o3s| 18] 212221] 42| o1o01s| 45| oois7| 18| o029 1o0.| 18| ose| 42| sne| mo2 1008 18
IP3MIKET ¥¥8REG31| 888| 4710] 18] 207ss2| 25| ooeas| 48| 00141| 28| o058| sos| 28| @1.1] 43| 1043] m32 808 28|
IPAMIKET ¥¥0REG30 | 548| 3240] 15| 214001 48| o005 48| ooise| 10| o21| ser| 1.0] orz| 45| 354 1142 go7| 10|
IP3MIKET ¥xBRec18 | 502| 2o33] 20| 21s5s03] 53| ooees| 54| ooisz| 10| o0s| era| 1.0] e3e| 4s| 14.4] 1285 o7.1] 10|
IP3MIKET ¥¥8Rec18 | 317| 21s0] 28| 21.2182] so0| ooear| s1| oo0144| 10| o002| sza| o8| @10 7ol 558 1812 23| 08
IPAMIKET ¥xoRrec18 | es8| a7zs| 17| 215574] 25| ooese| 28| ooiso| 18] o041| es7| 15| e27| 24| 72| sm4D 857| 15
IPAMIKET ¥¥8ReG15| a3s8| 272s| 33| 221152] 78| ooes4| 77| oois3| 12| o08| ers| 12| e2s| ss| -43.9| 1880 87.8| 12
IPAMIKET ¥¥0REG14 | o52| sees| 18] 213z10] 28| ooees| 20| ocoiso| 10| oma| ess| 10| eas| 27| aval eve g5.2| 10|
IPAMIKET ¥x0Re 12| 281 21s8] 27| 228477| 04| oosos| es| oois1| 10| oo1] ses| 10| =82 sof-1345] 2340 paa| 10|
IPAMIKET ¥¥BRec10| 735| 5213] 18] 213171| 22| ooe71| 25| ooiso| 10| oe41| sso| 10| se| 22| 447| s37 sa0| 10|
ZIPAMKET xxoRe o | 553| 44ss| 22| 210223l 18| oiooo| 18| ocoisz| 10| osa| evs| 10| ess| 17| vra| ava s75| 1.0
ZIPAMKET xxomecr| 327] 2spol 33| 218025 65| ooess| e8| oo1s8| 10| o0s| ses| 1.0 o57| eol  -p4| 1580 poo| 10
ZIPAMKET ¥xomocGa| 7re| 5285 20| 215081] 32| ooe4s| 33| oot4r| 10| o80| s44| o8] e17| 28] 233| 758 844| 08
ZIPAMKET xxoREG1| #15] 3s15] 23| cop4se] 77| ooesz|  7s| oot4e| 18] o21] ess| 18] esz| vzl ses| 1834 5.5 15
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Table 8.3 Data for sample MPSS-7

Is otope ratios

Apparent ages (Ma)

Analysis U 206Pb INTh 206Pb* + 207Pb* +  206Pb* % error 206Pb* % 207Fb* + 206Fb* + Bestage +

MPS5-7 {ppm) 204Pb F0TPb* (%) 2350F (%) 238U (%) corr. 238UF (Ma) 235U (Ma) 207Pb* (Ma)  (Ma)  (Ma)

MKETT2025 R4 GRS0E | 144| 1178 23| 244184| 160| oosss| 1741]| oot4s| 24| 014| o50] 23| &18| 134 -2005] 4340 g50| 23
3 MKET78028 R4 GR4a | 434 3483| 13| 212a20] 34| oooa4| 38| oo144| 13| oas| o2zl 12| oos| az| 48s| 815 gz2| 12
3MKET78028 Rd GR47 | 263 2400] 26| 231o05] 110| ooees| 120| oois1| 12| oqo| eea| 12| avo| 1o0o| -1e16] 207z 063| 12
3 MKET78028 R4 GRd4 | 185 18s0| 24| 23s5718| 125| oopees| 125| ooi4s| 10| oo0s| oszs| oa| azy| ool -2o0ia| 3iaa g28| 08
3MKET78028 Rd GR42 | 181 1o23| 2a| 2220030 77| ooo24| 77| oot4s| 14| o004| ose| 10| so7| 67| -8aa| 1m74 058 10|
3 MKET78028 Rd GR41 o8 os0| 31| 24e8o78| 17.3| ope21| 173| oo147| 13| oos| ses| 12| s04| 134| -3106| 4483 a41| 12
3 MKET78028 R4 GR40 | 114 o45| 37| 2551o8) 251| ooeov| 281| oo014s| 18| o008 o58| 17| 7AE| 213] 4035 7445 g58| 17
IMKET78028 R4 GRan | 280 24ve| 18] 2229778] 70| ooess| 73| oo0143| 23| o0a31) o3| 21| sse| &0l -817| 1sa0 913 214
3MKET78028 Rd GR3G | a7s| avos| 18] 21o773] 57| ooean| 58| oo0i4s| 10| o017) oses| 0@ e03| so0f -287| 1380 048 08
3 MKETT8028 R4 GRA5 o ga3| 26| avvere| 267| oo722| 268| o0o014s| 27| o01o0| sao| 25| 708 183| -6204| FIos 930| 25
IMKET78028 R4 GR32 | 134 1075] 24| 261438] 222| ooves| 223| oo14s| 20| oos| saz| 18| 751| 18| -487.8| sma0 932 18
3 MKET78028 Rd GR31 o5 1o0s0] 33| 22s5722] 23n| oope7e| 243| oo143| 42| o047| osis| as| a54] 100 -sn4| soaa 918 38
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CHAPTER 9

DISCUSSION

9.1 Evolution of the Cerro Verde Mineralizing System

Alteration and mineralization at Cerro Verde was controlled by both structure and
lithology. High-angle normal faults formed conduits that allowed hydrothermal fluids
access to the Tarahumara volcanic rock sequence. The earliest alteration event, replacive
potassic ateration, appears to have occurred throughout the Tarahumara volcanic
sequencein the Cerro Verde area.  However, later alteration events make it difficult to
reconstruct variations in potassic ateration intensity and hence the fundamental controls

on early hydrothermal fluid flow.

Subsequent hematite and siderite alteration, as well as silicification and sulfide
mineralization, were concentrated in the lowermost units of the Tarahumara volcanic
rocks at Cerro Verde. The highest copper grades at the prospect occur along the contacts
of volcanic breccias (Units 2 and 3) with an overlying massive lavaflow (Unit 1). The
higher grades may indicate that there was enhanced permeability at the contacts or,
aternatively, indicate that Unit 1 acted as an impermeable cap, causing mineralizing
fluids to pond along the contact (Figs. 4.3, 4.4). Unit 1 isonly contains significant
mineralization in brecciated zones.

Hematite, siderite, and late chlorite ateration assemblages are best developed in
the volcanic breccia of Units 2 and 3 with only minor alteration occurring in the massive
dacite flow of Unit 1 (Fig 5.1,2) Alteration occurred much farther from fluid-conducting
structures in volcanic breccias than in more massive lithologies. It is possible that the

volcanic breccias originally contained a high proportion of volcanic glass, which was
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more susceptible to alteration. This would have made these units more reactive to

hydrothermal fluids than the massive dacite flow or the Coyotes Formation.

The best copper grades occur where thin quartz veins intersect areas of intense
Siderite alteration and veining. While sulfide is also associated with quartz veins, heavily
silicified zones do not necessarily correlate with areas of high copper grades. Intense
silicification may have reduced permeability and prevented the copper-bearing fluids
from reacting with carbonate in the host rocks. Copper does not appear to have been
introduced simultaneously with the siderite. However, siderite-rich zones may have been
important as ground preparation, providing a means of increasing the pH of the copper-

bearing hydrothermal fluid.

The fluid history of the Cerro Verde deposit can be reconstructed from the
alteration/mineralization paragenetic sequence of mineral precipitation, the isotopic
composition of different mineral phases, and fluid inclusion data. By understanding the
conditions at which the hydrothermal minerals at Cerro Verde precipitated and were
replaced, reasonable conclusions can be made as to the changes in oxidation state, pH,

temperature and solute composition of the hydrothermal fluids.

The Cerro Verde area underwent an early period of intense, replacive potassic
alteration that resulted in the precipitation of large amounts of fine-grained potassium
feldspar and destruction of much of the original volcanic glass, plagioclase, and probably
mafic minerals in the Tarahumara vol canic rocks.

Potassic alteration was followed by the precipitation of large amounts of hematite
(Fex03). Both XRF and ICP-M S data indicate that large volumes of rock at Cerro Verde
have iron contents in excess of 20%. Iron in low to moderate temperature hydrothermal
fluidsis often carried in a chloride complex as FeCl?*, FeCl* or FeCl,° (Seward and
Barnes, 1997). Which species dominates depends on the oxidation state of theiron,
temperature, and chloride content of the fluid. Hematite can be precipitated by an
increase in oxygen fugacity or an increase in pH (Faure, 1998). Coolingisaso an
important precipitation mechanism as chloride complexes destabilize at low temperatures
(Seward and Barnes, 1997).
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Siderite (FeCO3) is a common hydrothermal mineral at Cerro Verde. It was
precipitated mostly after hematite, though there was considerabl e overlap between the
two minerals as indicated by aternating hematite and siderite bands. Siderite formsfrom
Fe?* in CO,-rich fluids. Siderite, like other carbonates, can be precipitated in severa
ways. an increase in temperature, an increase in pH, adecrease in salinity, or a decrease
in the partial pressure of CO, (Rimstidt, 1997). Quartz, though volumetrically minor in
comparison to hematite and siderite, is nonethel ess important because it is associated
with sulfides. A decrease in temperature, pH or salinity can cause silica precipitation
(Rimstidt, 1997).

Chalcopyrite is the most important sulfide found at Cerro Verde though minor
pyrite and trace sphalerite were also observed. Chalcopyrite (CuFeS;) and pyrite (FeS,)
are both formed from ferrous iron and reduced sulfur. Sulfides can be precipitated when
metal -bearing chloride complexes react with reduced sulfur. The reaction may result
from an increase in pressure, an increase in pH, or decreased temperature. Barite (BaSO,)
isacommon gangue mineral at Cerro Verde. Bariteis especially sensitive to changesin
redox conditions. Under reducing conditions, high concentrations of Ba?* can be carried
in solution. However, in sulfate-bearing oxidized solutions barium is extremely insoluble
(Rimstidt, 1997).

The paragenetic sequence of alteration assemblages at Cerro Verde indicate that
conditions at the site of deposition were oxidizing through the period of intense hematite
alteration and became more reduced with the precipitation of siderite, quartz, and
sulfides. However, the oxidation state of the fluids actually transporting the metalsis
unknown. Hematite is precipitated above an oxygen activity of log (-34) at 250°C and
neutral pH. The presence of siderite in some hematite-bearing assemblages suggests
conditions fluctuated to more reducing conditions (Garrels and Christ, 1965). The
precipitation of barite early in the paragenetic sequence also indicates oxidized fluids
although the presence of early pyrite suggests that conditions, at least locally, were
reduced. That neutral pH conditions prevailed over the span of the paragenetic sequence
is suggested by the presence of sericite (fine-grained muscovite) rather than kaolinite,

which forms at pH <4.
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Fluid temperatures during initial hematite precipitation are unknown but may
have been relatively low (~150°C). Increasing temperatures could be responsible for the
switch from hematite to siderite precipitation. A decreasein fluid temperature may have
resulted in the precipitation of quartz asindicated by fluid inclusion data which
demonstrates a temperature decline from 260°C to approximately 190°C. Sulfides were
also largely deposited during this stage of the system.

The period following quartz and sulfide deposition presents a contradiction.
Deposition of barite suggests oxidized conditions but the deposition of pyrite suggests a
more reduced fluid. Chlorite, unlike hematite or siderite, can accept both Fe** and Fe**

and so does not necessarily indicate the redox conditions of the fluid.

A viable metallogenic model for Cerro Verde must take into account the sources
of heat, fluids, metals, and sulfur. It must also explain the observed changes in oxidation
state and provide mechanisms for the reduction of sulfur and the precipitation of both
sulfides and barite. All of these factors must also conform to the known geology for the
deposit as well as the available stable isotope, fluid inclusion and geochemical data.

The most likely heat sourcesin the Cerro Verde area are the numerous intrusions
that have been mapped in the areaincluding the large San Javier pluton located 3 km
away from the prospect. It islikely that additional intrusions are concealed beneath
Mesozoic and Tertiary cover. Volcanism was active in the region for at least 40 Mawith
the earliest age, 97 Ma, reported by this study from atonalite at the nearby Luz Del
Cobre deposit. McDowell et al. (2001) and Damon et al. (1983a, b) report ages of both
extrusive and intrusive igneous rocks in the region ranging from 91 to 54 Ma. A direct
link between mineralization and a particular intrusion at Cerro Verde cannot be
established due to the lack of any absolute isotopic age on the mineralization.

The source of the fluids which formed the deposit is suggested by isotopic data.
Carbon and oxygen isotopic data from siderite, together with sulfur isotopic datafrom
sulfides and barite, suggest the hydrothermal fluids at Cerro Verde were not magmatic
and were more likely sourced from the sedimentary sequence within the Barranca Basin.

The three kilometer thick Barranca Group is composed of both marine and terrestrial
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sedimentary rocks. Sandstones within the basin may have acted as aquifers while shaley
units formed aquitards. Fluid inclusion data from hydrothermal quartz at Cerro Verde
indicate the hydrothermal fluids had salinities of 10-13 wt% NaCl equivalent,
significantly elevated relative to average sea water (3.5%). Although evaporites have not
been recognized in the Barranca Group, the Barranca sequence was deposited in a narrow
basin at a paleolatitude of 30° N. In this position marine waters easily could have
become restricted and developed enhanced salinity.

Thereis significant evidence for hydrothermal fluid flow within the Barranca
Group. Thelack of unaltered detrital feldspar, together with the abundance of clay
minerals replacing feldspar, are hypothesized to have resulted from hydrothermal
alteration of arkosic sandstones (Cojan and Potter, 1991). Alteration of these arkosic
beds, together with alteration of the stratigraphically underlying red beds of the
Arrayanes Formation, could have provided metals to an oxidized hydrothermal fluid. In
other deposit types, such as many carbonate-hosted Pb-Zn deposits (Hitzman et al., 1996;
Sangster et al., 1998) and sedimentary rock-hosted stratiform copper deposits (Selley et
al., 2005; Jowett, 1986), red beds constitute an important source of Fe, Cu, and other
metals. Basinal fluids, acting over extended periods of time leach goethite and other Fe-
hydroxides releasing Fe and adsorbed Cu. At Cerro Verde, moderately saline brines could
have leached metals from red beds and carried them as chloride complexes to be

deposited in the Tarahumara Formation.

Evidence of hydrothermal activity within the Barranca Group is also provided by
the anthracite and graphite derived from coal in the Santa Clara Formation. Under
normal circumstances coa is converted to anthracite by deep (6-11 km) burial (Harrison
et a., 2004). The Barranca Group was likely never buried to more than 3 km and did not
experience regional metamorphism, therefore the anthracite must have been created by an
increased geothermal gradient probably induced by igneous activity. However smply
intruding magmainto a coal bed is not enough to completely metamorphoseit to
anthracite. In the Permian coal fields of India, mica peridotitesintruding directly into the
coal beds did not convert coal to anthracite more than 3 m from the intrusion (Ghosh,

1967). Magma.intrusion is not sufficient to convert large areas of coal into anthracite let
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alone graphite asis found in the Santa Clara Formation. However, circulating
hydrothermal fluids are capable of causing widespread anthracitization of coal. Using
fluid inclusion data and illite crystallography, Daniels et al. (1990) and Harrison et al.
(2004) have shown that the anthracite coals of Pennsylvania were likely formed by 270°C
basinal fluids moving through fracturesin the coal beds. Such a scenario provides a
plausible model for the formation of the anthracite in the Santa Clara Formation. More
importantly it provides evidence for the presence of high temperature hydrothermal fluids
within the basin. However, the fluids that converted the coal of the Barranca Group to
anthracite were probably not those that carried metals to the Tarahumara vol canic rocks.
Devolatilization of the coal would have released carbon which, inevitably, would have
been incorporated into the carbonate. Organically derived carbon typically has heavy
isotopic values, which is not in agreement with values obtained from siderite at Cerro
Verde.

High potassium valuesin Cerro Verde, as indicated from whole rock XRF data,
staining, petrography and airborne radiometrics, indicate that the fluid, at least initialy,
was extremely potassium-rich. This potassium could have been derived through the
breakdown of arkosic sandstones in the Barranca Group. This presents a geochemical
problem. Thelack of plagioclase or any other sodic igneous or ateration mineras at
Cerro Verde suggests that potassium and not sodium was the dominant cation in the fluid.
However, if the fluid was in fact derived from evolved seawater as the isotopic data
suggests, than this fluid should contain significant sodium. Furthermore, with few
exceptions, most arkosic sandstones also contain significant plagioclase. Any fluid
resulting from its breakdown thus should also contain significant sodium. It is possible
that sodium was removed from the fluid due its precipitation deeper in the system. This

would leave remaining fluid enriched in potassium.

One of the most contentious problems for the Cerro Verde deposit and other
IOCGs is how to provide the reduced sulfur necessary for the formation of sulfides.
Sulfur isotope data from Cerro Verde suggests that seawater could have been the source
of sulfur in the hydrothermal fluids. If seawater was in fact the source than it islikely that

sulfur would have been transported as SO42. Therefore a mechanism to reduce this
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sulfur to H,S must have been present in order to form the sulfides. Hydrocarbons such as
methane can be ruled out as a reductant because of the relatively heavy carbon isotopic
values of siderite (Barnes, 1997). Sulfate reduction could have occurred through the
activity of sulfate reducing bacteria. Thisisunlikely, however, due to hydrothermal fluid
temperatures in excess of 190°C, above the temperature conducive to biological activity.
Sulfate reduction may have occurred via the oxidation of Fe?* to Fe**. This can occur
through the conversion of magnetite to hematite (2FeO +2H,0 + 2550, = Fe;03
+.25H,S + 3.5H"; Ohmoto and Goldhaber, 1997). Ferrousiron, present in the
Tarahumara Formation, interacting with an oxidized Fe** bearing solution is one
possibility. Alternatively, iron may have been transported to the ore zone as Fe** where it
interacted with a second oxidized fluid, precipitating hematite. This scenario seems much
more likely as the stability field of Fe* in solution is limited to solutions of very low pH
and high Eh, though it is enlarged by the presence of chloride (Garrels and Christ 1965).
Sulfur could not have been reduced prior to entering the ore zone as this would have
caused the immediate deposition of pyrite upon its reaction with iron and thus would not
be transported. The fluid mixing scenario could explain the presence of both the early
pyrite, associated with reduced fluids, and the presence barite and hematite, associated
with oxidized fluids.

The above reaction has the potential to lower pH but the mineralogy indicates that
conditions never became particularly acidic. A common buffer isthe conversion of
potassium feldspar and plagioclase to fine-grained muscovite and pyrophyllite (Reed,
1997). Though pyrophyllite has not been observed in thin section or detected by XRD at
Cerro Verde, most of the volcanic rocks contain abundant fine-grained muscovite. This

muscovite is paragenetically associated with the precipitation of hematite.

A athough many geochemical issues remain, the Cerro Verde deposit appears to
have formed from moderately saline, potassium- and CO,-rich reduced fluids, derived
from seawater trapped within the Barranca Group sediments, heated by intrusions, and
convected within the basin (Fig. 9.1). The oxidation state of the hypogene fluidsis
uncertain but it appears likely they were reduced enough for the presence of Fe?*. The

cause of the dominance of potassium over sodium in solution is uncertain but could be
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due the precipitation of sodic minerals at deeper levelsin the system. Fluids likely
leached metals from red beds at the base of the Barranca Group. The initiation of normal
faulting during extension provided conduits that allowed fluid access to the overlying
fractured Tarahumara Formation. Cooling and interaction of these fluids at shallow
crustal levels with a second oxidized fluid triggered the precipitation of hematite. Sulfate
could have been reduced through interaction of ferrous iron, from the hypogene fluid,
with this second fluid. This reaction could have a so generated acid that caused intense
sericitic ateration of potassium feldspar and gradually reduced the oxygen fugacity of the
fluid to the point where siderite began to precipitate. CO, was likely derived from the
dissolution of Paleozoic carbonate rocks. Following siderite precipitation, quartz and
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sulfide were deposited as the fluid cooled. With continued fluid cooling, the oxygen
fugacity of the fluid rose, perhaps due to mixing of hydrothermal fluids with meteoric
water. Thisfluid mixing resulted in the deposition of chlorite, pyrite and a second
generation of barite. Without specific age data, mineralization could have occurred
anywhere from 97 Mato 54 Ma.

9.2IsCerroVerdean IOCG? Comparisonswith other IOCGs

Cerro Verde bears many similarities but also severa differences, with other IOCG
deposits around the world including the IOCGs of the South American Cordilleraand the
giant Olympic Dam deposit of the Gawler Craton, Australia. The cordilleran deposits,
including Candelaria and Manto Verde, formed in a continental cal c-alkaline volcano-
plutonic arc and are predominantly hosted by volcanic and volcaniclastic rocks. Most of
these deposits are located in close proximity to the Atacama fault system. Transtensional
deformation of the continental margin during the early to mid-Cretaceous produced
sinistral strike-slip displacements on this fault. The deposits are localized by second and
third order structures on these systems interpreted to be extensional in nature (Sillitoe,
2003).

Many of Cordilleran IOCG deposits also show spatial and temporal associations
with intrusions. Candelariais spatially associated with the monzonitic San Gregario and
the dioritic La Brea Pluton, intruded at 119.2+1.2 Ma and 111.5+0.4 Ma respectively
(Arevao et a., 2006). Mineralization occurred at 115.2+0.4 Ma, showing a close
temporal relationship with both intrusions (Arevalo et d., 2006). The Manto Verde
deposit is spatially associated with the diorites and monzodiorites of the Sierra Dieciocho
complex (ca. 120-126 Ma) (Benavides et al., 2007). Although the age of mineralization
at Manto Verde (117 to121 Ma) is less precisely established than at Candelaria, it still
shows a close temporal relationship (Benavides et al., 2007). Fluid inclusion and stable
isotope data suggest the hydrothermal fluids that formed these deposits were
magmatically derived (Mathur et al 2002; Mark et a. 2006; Benavides et a 2007; Sillitoe
et al 2003). At Manto Verde paragenetically early high temperatures and 83*S values of
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around 0%o are consistent with fluids derived from magmas but later fluid inclusions and
sulfide values are more indicative of seawater and evaporites, indicating a fluid mixing
scenario (Benavides et a., 2007).

The alteration and vein mineral assemblages at Candelariaand Manto Verde
differ in many respects. At Candelaria, large scale, early sodic alteration and associated
magnetite is followed by potassic ateration associated with specular hematite and
massive magnetite. Chalcopyrite + pyriteis hosted in adistinct set of later crosscutting
veins. A set of hematite and calcite veinsis paragenetically last (Arvelo et al., 2006). At
Manto Verde, early potassic alteration and associated magnetite is followed by hydrolytic
(chlorite-sericite-quartz or HCCS) alteration and veins. The ore stage, consisting of
specular hematite and chal copyrite, was followed by barren quartz-calcite veins
(Benavides et a., 2007). No significant sodic ateration is noted in the vicinity of the
Manto Verde deposit.

Cerro Verde formed in an analogous geologic environment and is hosted in
similar rock typesto the Chilean deposits. Thelocal pre- to syn-mineralization faults at
Cerro Verde are extensional though no crustal scale fault has been recognized in the
region. Like Manto Verde, Cerro Verdeis associated with early potassic alteration and
lacks albitization. Chalcopyrite mineralization at Cerro Verdeis associated with specular
hematite but appears to lack the early magnetite stage found at both Candelariaand
Manto Verde. Sulfur isotope values at Cerro Verde and the paragenetically later sulfides
at Manto Verde are very similar suggest that they may have asimilar source. The
ateration assemblage at Manto Verdeisvery similar to that at Cerro Verde, though it

formed in adifferent paragenetic order.

Olympic dam is hosted the A-type Roxby Downs Granite, intruded into Archean
aged metasedimentary rocks at 1588+4 Ma (Johnson and Cross 1995). Minerdizationis
dated to 1575 +£11 Maand is localized by the Olympic Dam Breccia Complex,
interpreted to represent a volcanic maar (Reeve et a., 1990). While the margins of error
of the istotopic ages between the host rocks and mineralization overlap, mineralization

clearly post dates, and is unrelated to, the intrusion of the Roxby Downs Granite.

97



However a series of mafic dikes with an age similar to mineralization have been
recognized within the deposit and may be genetically linked (Haynes et al., 1995).

Olympic Dam displays paragenetically early magnetite £ (hematite), chlorite,
sericite, siderite with minor pyrite, chalcopyrite and uraninite which is overprinted by an
assemblage of hematite, sericite, chalcocite, bornite, pitchblende, barite, fluorite, and
chlorite. The paragenetically last mineral association consists of hematite, or hematite +
granular quartz and barite (Haynes et a., 1995). The deposit is zoned from a barren
guartz-hematite assemblage with periphera silicification in the core of the breccia
complex to an assemblage of hematite, chlorite, carbonate and sericite towards the
margins. It also verticaly zoned, with magnetite-pyrite at the lower levels grading
upwards into hematite with chalcopyrite, bornite, chalcocite and finally barren hematite
at the top (Haynes et al., 1995).

Cerro Verde displays similar ateration assemblages to the giant Olympic Dam
deposit though it formed in a much different geological setting. Both have HCCS styles
of alteration and are mineralogically dominated by hematite, suggesting both formed
from relatively oxidized fluids. The similar alteration styles may also reflect similar
composition host rocks. There are, however, severa significant differences between the
two, including the fact that Olympic Dam is one of the largest ore deposits in the world
and Cerro Verdeisonly marginally economic. The ateration footprint at Olympic Dam
appears to be much larger than that at Cerro Verde. The mixed felsic and mafic igneous
rocks at Olympic Dam, including the relatively uraniferous Roxby Downs Granite,
probably account for the wide variety of metals found at Olympic Dam (Hitzman and
Valenta, 2005). Olympic Dam was probably a much larger and longer lived hydrothermal
system than Cerro Verde accounting for the higher grades. At Cerro Verde mineralization

was probably short lived and occurred during a single pulse of fluid flow.

Under the criteriafor IOCG deposits sensu stricto, laid out in Groves et al. (in
press), evidence from Cerro Verde suggests that it isan IOCG deposit. The Cerro Verde
deposit is dominated by low Ti iron oxide in the form of specular hematite which is
followed paragenetically by potentially economic copper and gold with relatively little
pyrite. Silicification and quartz veins, though present, are volumetrically minor. Light

rare earth elements (LREE) are present; cerium occurs in monazite and lanthanum is
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indicated from the ICP-MS geochemical data. Through regional scale sodic alteration
has not been found, alarge-scal e potassium anomaly surrounds the prospect and early
fine-grained K-spar is noted in petrography. Numerous intrusions have been mapped in
the region though atemporal relationship cannot be established due to the lack of an
absolute date on mineralization. Though analysis of sulfur isotopes suggests a non-
magmatic source of the fluids, intrusions likely provided the heat. Cerro Verde is
structurally controlled at least locally but is not known to be associated with alarge-scale
regional fault. The similarity between the vein and alteration assemblages at Cerro Verde
and other established IOCGs also strongly suggests that the deposit belongsin this class.
Groveset a. (in press) aso stress the importance of mantle-derived, basic to ultrabasic
magmas in the genesis of I0OCG deposits. Strong evidence of thisis found both at the
Proterozoic deposits such as Olympic Dam and the Mesozoic Cordilleran deposits.

Given the current state of regional geological knowledge around the Cerro Verde

prospect, no such connection can be made as of yet.
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Appendre B-1 Unit one  A) Porplyyritic dacite flow, 55-07-72 B ) Dacies flow
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Appendim B-3 Lluy three A} Relanvly unaliered large snunded clast o a fine greed
wiatnx from bole S1-07-62 B jUnit theee wiih large rounded clasis woth disnonve
omnge colomten, frem hole S1.06-16) C YWnn theee in outerop finm the eantem wope
of Caro YVeade 1D ) Diemiy packed feldspar phrmocrysts e the- darge poonded clsst
MNote the complete senote aliemtion of the feldaper and heavy Felx stnmmng of the
proundomss, PPLST0746 191m. E) The matpx of tnit three. Note the larps wre
dhfference in the E-spar pheocyrsts i the clmiton the left wde of the photo from

510762 151m. F) Remant K- Feldspar from the “mamo” of ung dwee, XPL,
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Approdix B4 LUlmt fowr  A) Pervasrvely carbonate altered oot fomr m dnll core,
S51.06-17 B) Heavily alieved vlast in FeOw rach paatrrn from unit foor The fam
othines of sencicly aliesd feldspmr phenocrvatn are still visibils, S1.06-24 108w
) Ezlativly: fresh sample of o foir,. Mot the small v and relsfive ety of
the brecem fagmenits compared (o the other units, S1:06-26 D) Heavaly altered
proundmass conpesed mainly of bemite and sidevtie; smuple 510636 198m
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Appendiz B-5 Unit 5, the Covotes Formation A) Diill Core sample of the Coyobes
Formanos conglomeraie from puvt Below the contpes with the Trrabumars Fomnnoa
S1O7-45 11 Tm B) Quesrtaate ¢lag) under XPL, S10745 117 m O} Hpomded querts
grmin i & it of fine pramed clay pnnerals m the mamx of the Coviotes, XPL
510745 11 T 'ﬂ} Tiltide fillrmg-fracnoies witltno the Covotes Ceopglomiemnic o thr
commact wilki the Toralomars Fommton, S1-06-24 2%, E) Crpstalline sydenie fillmg
pore ipices withm the Coyorrs Coniglomenate, S50745 11 7m
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ALTERATION AND MINERALIZATION PHOTOS
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Appendix U-2 Hematite alicmbion. A) Hemshie alierainon of "matns andeaiis "
51-06-17 B) Complete hrmsine replacuett of a plapoclnse phenocost, S1-06-37
108m. C) Pervamve hematsii alierabon, $1-07.72. B) Hematie replacing sencile.m
foomes plagioclate eryitals, £1-07-63 123m E) Conplete hematis roplacmens
510763 57m. F) Heasy hematiee aleration in the hosi rock gronndmesa, hlkeely
eeplacing mafhc omeraly, 57407-62 13 lm
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Appendix C-3 Hermatte beating verm A) Hemnite Gilled hydrothermal Breeein in
oulcrop. sesteni slope of Cenie Verde. B) (iRt hematite vemn cul by anothes
Kematize vemi, 5307-27 44m. ©) Ve composed of alternating bandy of hematde ind
sidersie. 31-07-17B3m. D) Ve filled with hemaute, saderite apd barge, S3-06-24
1, E) Microphograph of a typical speculn hematiie filled vem. $3-06.02 Tim
F) Specdlar hematite crystalh sncasedd by sidenite, S107-17 B4m
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Appendix T Sadefite plleration. A) Pervanive uderite alteratvon in dnll cote.
from bale 51-06-01 B} Sidenic orysials replacmy 3 bematine groumdmass
Note the zomng vubicating mmaltiple eprodes of prowil, 10601 Wm. C)
Complote ssderie neplacment aof groundmass, 570601 3t D) Toanwtion
from hetnEine o ademie alterstom, 31-00-24 Thn B mdenie altetaton helo
werommdmg & udente ven, ivplacing preeistng hemotte altermnon,
SI06-01
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Appendix C-5 Siderne veina A Carbonate vem contamng only udene,
al06-01. B, Hydrotheomal trecom filled predomunantly by suderne, SE-06-22

O Enbedial, zoned siderte copstnl 3J-07:42 9m. D, Proounant zoning of a
udente crystaly illnstrshing at loast six sizges of growth, 31.06-22 48m. E
Bydeture filling 1o miervtiial speces betwertispecular bemstile cryntals 51-06-37
108m F A lmrge subedral sidente cryniad samounded by simaller anbedial
crysials. ST07-30 T4
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Appenchz C-6 Sihoificstion A) Sibica filling 1o around sadeiite sitered clasts m the
core of a fault pone. S3-07-62 B) Pervauve utlica alisrahon, $1.07.82 13w C)
Silita replacment sssoriated with a quarts vein, S1-08.01 3m D) Vigay quastz
veim 830627 191w E) Quorts veplacing serivatiely aliered proundmans. $5-06-01
M
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Apperahix C-7 Quartz/mulfide vemmg . A) Clhaleopynite within both a quarte vemn anmd
small fractures eonnsting from i SE06-01 104m. B) Chalcopyrite blets withn
cpanete, i section 53.06-01 Fhm O Chalcopynite Bllomy mterstits] spoces wa
qurz vem 5520637 108m. T Chalcopyrie bicbs withn vems domunaied by
hermsstite and siderite. $3-06-37 108m. E) Microphotograph of 2 Chaleomysite bieb
aurrounided by bemustite. ST-06-37 108m Note that the hematite arystale along the
edzes of the bish wie sucased by chalcopyvine F) Clese up of 8 ehalcopyriie bleh
Note the moall welvoons of quarte and fexrozes sulac to thet of the wroonding
bz, S1-07-27 30m
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wcaﬂﬂﬂlﬂﬂﬂmﬂﬂﬂlﬂm A) Paschy omadation m a fanlt zone charsctor-
teed by bleachms snd eanthy Felt B) Heavy argillixation of the host sndesite_ niote the
camplete comversion of the rock {0 clay, $1-06-26. C) Bartic presevved in matnx of
parially oxsdized specular hemante 1) Crysacolla and FeOx mn heayily oxidized dacare,
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Appendiz C-9 Suﬂ:ﬂﬁdﬂmmdmmiw“cmrﬂm#u
cento Verde, bleched tock cut by muneious Felx filled fractures B) Thin specular
hematite vems leadmg from & rane of hyvdrothermal beecoianion C) Specular Bemanits
mamnx beeeesn. D) Goasanous Qtz vewn autting a specular hematite vew. D) Large
posnmbis sbicified vein. E) Pervasave FeOx stminmg onclosely spaced shallowing
dippuig fractures (Conriesy W Rehing), F) Dense closely spaced Fe stuined fracnues
with Cu oxide clast.
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APPENDIX D

STABLE ISOTOPE CALCULATIONS
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£345 of H25 Calculated from Chalcopyrite and Pyrite

Sample # Mineral G348 Formula for Chalcopyrite: 1000ine=-0.0510"6T~2
[0.0510°E){[300+273.15)*2)  (-)(-0.152-5345) (-0.05%104E)/((250+273.15)72) (-)(-0.182-8345) (-0.05*10°6)/([200+273.15)~2) {-)(-0.223-5345)
at J00c at Z50°c at 200°C
WT-2 P 10.78 -0L152206574 10,937 0183601165 10,967 -0L223340985 11.008
MT-15 P 13.04 -0L152206574 13.195 0183691165 13 56 -0L223340085 13,367
WT-16 P 1347 -0L152206574 13.319 -0L183601165 13 349 -0L223340985 13,350
WT-18 P 8.3 -0L152206574 B.516 -0 183601165 8.546 -0 223340985 B.587
MT-17 P 13.23 -0L152206574 13382 0183601165 13 412 -0L223340985 13.453
MT-7 P 13.84 -0L152206574 13.797 0183691165 13 528 -0L223340085 13,868
MT-8 P 12.88 -0L152206574 13.036 -0 183601165 13.067 -0 223342985 13,307
T-12 P 13.70 -0L152206574 13 853 -0 183601165 13 BA3 -0 223340985 13,924
T-19 P . -0L152206574 11285 0183601165 11 316 -0L223340985 11.357
MT-3 [ 13.85 -0L152206574 14.100 -0L183691165 14.131 -0L223340985 14.171
WT-4 P 13.06 -0L152206574 13,211 -0 183601165 13241 -0 223342985 13,282
WT-1 P 13.38 -0L152206574 13.528 -0 183601165 13 558 -0 223340985 13.599
MT-2 P 13.38 -0L152206574 13.528 0183601165 13 559 -0L223340985 13.509
T-14 [ 8.00 -0L152206574 B.148 -0L183691165 8178 -0L223340985 8219
MT-5 P 548 -0L152206574 5.614 -0 183601165 5.644 -0 223342985 5.685
MT-6 P 7.99 -0L152206574 B.140 0183601165 2171 -0L223340985 2211
T-13 P 10.22 -0L152206574 10.375 -0 183691165 10405 -0L223340985 10,445
Formula for Pyrite: 10000no=0.4%1046,T42
(0A*10%)/((3004273.15)%2)  (H(L2IB-5345)  (0.A%10°G)/{(250+273.15)2)  (-)(L4E2-8345)  (0.4°10°6)/[(2004273.15)%2)  (-)(L788-3a5)
WT-23 PY 23.14 1 217652593 21926 1 451529319 21 gR2 1. 785743877 21.357
WT-20 PY 3.51 1 217653593 2.2%0 1 451529319 2046 1. 7RATAZRTT 171
AT-22 PY 361 1 217653593 2,350 1 451529319 2.146 1. 7RETAZRTT 1831

Appendix D-2 Calculation of d34S of H2S Calculated from Chalcopynite and Pyrite
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6534 Values of the S04 Needed to Produce the Caluclated H2S of the Sulfide Minerals at Eqilibrium Conditions
5502-5H25=6.463*10"T"+.56
at 250°c at 200°C at 300°C
(6.463*10M6)/((2504273.15)72)+0.56  24.174-634s  (6.463*10%6)/((2004273.15)2)+0.56  29.429-53as  (6.463*1076)/((300+273.15)"2)+0.56  20.651-63as
24.17465998 35.142 29.42931419 40.437 20.651275838 31.588
24.17465998 37.401 29.42931419 42.696 20.651275838 33.547
24.17465998 37.524 29.42931419 42,819 20.651275838 33.970
24.17465998 32721 29.42931419 38.016 20.651275838 25.167
24.17465998 37.587 29.42931419 42,882 20.651275838 34.033
24.17465998 38.002 29.42931419 43.298 20.651275838 34.448
24.17465998 37.241 29.42931419 42.537 20.651275838 33.687
24.17465998 38.058 29.42931419 43.353 20.651275838 34.504
24.17465998 35.491 29.42931419 40.786 20.651275838 31.937
24.17465998 38.305 29.42931419 43.601 20.651275838 34.751
24.17465998 37.416 29.42931419 42,711 20.651275838 33.862
24.17465998 37.733 29.42931419 43.028 20.651275838 34.179
24.17465998 37.733 29.42931419 43.029 20.651275838 34.179
24.17465998 32.353 29.42931419 37.648 20.651275838 28.799
24.17465998 25,815 29.42931419 35.114 20.651275838 26.265
24.17465998 32.345 29.42931419 37.641 20.651275838 28.791
24.17465998 34.580 29.42931419 39.875 20.651275838 31026
24.17465998 45.857 29.42931419 50.786 20.651275838 42,577
24.17465998 46.426 29.42931419 51.355 20.651275838 43.146
24.17465998 26,221 29.42931419 31.150 20.651275838 22941
24.17465998 26,055 29.42931419 30.988 20.651275838 22778
24.17465998 26.321 29.42931415 31.250 20.651275838 23.041

Appendix D-3 d534 values of the 504 needed to produce the caluclated H2S of the sulfide minerals at eqilibrium conditions
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APPENDIX E

ZICONS USED IN GEOCHRONOLOGY
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Appendiz E-1 SEM mages of nicons osed m the U-Pb mdipmetne dutmp wdes CL
A1 CV Geoclron 1.2 B)CV Geocluyon 16,17 C ) "MPLC-8" 921011 DY MPLC-R"
282930, E)"MPSS-T"35,36.37. F) "MPSS-T" 4950
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APPENDIX F

STRUCTURAL DIAGRAMS

Appendiz F-1. Pople density disgrams for oll sirwctures from Rehrig (2007) Pole uw-:mﬂ_:, Tauilts bluck,
Jiints-vellow, mineralized stticiures-red
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Appendix F-2 Rose diagroms for all vems, from Retirg (2007)
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