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ABSTRACT

Chuquicamata, in northern Chile, is one of the world's greatest natural concentrations
of copper. The Chuqui Intrusive Complex (CIC), developed during the Eocene-Oligocene, is
composed of the heavily mineralized and hydrothermally altered Este, Oeste and Banco
porphyries, and truncated by the West Fault. Juxtaposed across the West Fault lies the
unaltered and unmineralized Fortuna Intrusive Complex (FIC).

The initial objective of this study was to unravel the evolution of hydrothermal
alteration and its relation to intrusion of the various igneous phases. At the same time it was
intended to answer some fundamental questions with practical implications, such as: 1) Is the
FIC genetically related to the CIC or an extraneous body? 2) Was Chuquicamata formed by a
protracted event or multiple phases of alteration? 3) What was the character of the fluids
involved in the development of the main (potassic and quartz-sericitic) alteration zones? 4)
What processes formed the conspicuous K-feldspar megacrysts, and important anhydrite
veins of Chuquicamata? For this purpose a large sample set was studied using optical
microscopy, electron probe microanalysis, lithochemistry and stable isotopes, and the study
was developed in parallel to a geochronological study.

Petrographically and geochemically, the FIC is too felsic to be the source of the Este
Porphyry magmas. High precision *Ar/*Ar dating of hornblende, biotite and K-feldspar
indicates the FIC is ~37.6-35.5 Ma, indicating it crystallized and cooled prior to the
emplacement of the CIC (34-33 Ma).

The potassic alteration zone at Chuquicamata affects the Este Porphyry and is
characterized by an assemblage of albite, K-feldspar, biotite, quartz and rutile. Similar
textures and “°Ar/*°Ar ages suggest that the potassic alteration zone did not result from an
overprinting by a separate intrusion, but represents a more hydrous development phase of
the fresh Este Porphyry. Stable isotope analyses suggest the potassic alteration zone was in
equilibrium with magmatic fluids at 535°C, 60°C lower than the fresh Este Porphyry. The
lack of Ca-bearing silicate minerals in the potassic zone resulted from high halogen-contents
that preferentially partition Ca into the melt and fluid phase.

The Banco Porphyry was intruded into a cooled and potasically altered Este
Porphyry, and has preserved igneous intermediate plagioclase (oligoclase-andesine), in
contrast with the latter, which contains only albite, indicating that it was not affected by
potassic alteration-mineralization. Therefore, the Banco Porphyry was not the source of the
potassic alteration, as has been suggested by other workers.

The Quartz-sericite (Qser) alteration zone is characterized by an assemblage of
muscovite, quartz, rutile and pyrite. The Qser alteration zone formed at ~31 Ma by reaction
with a reducing and highly acidic fluid. Stable isotope studies indicate the fluids responsible
for the alteration event were a magmatic-meteoric mixture and yield temperatures of ~335°
to 400°C. The magmatic component of the Qser alteration event is interpreted to reflect an
intrusion at depth, not yet exposed nor recognized in drilling.

Anhydrite veining occurred late in the Qser alteration event. The anhydrite veins are
the result of hot, CaCl*-rich magmatic fluids from depth mixing with meteoric water. The
source of the Ca is interpreted to be magma at depth, and Sr isotope data suggest there was
no contamination by relatively radiogenic upper crustal rocks.
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Chapter 1

Introduction

1.1 General Statement

Evidence for the effects of hydrothermal systems are found everywhere on the
Earth; however, comparatively few of these have produced economic ore deposits
(Hedenquist and Lowenstern 1994). Therefore, exceptional conditions have to prevail in
order to produce a mineral concentration of economic Valu'e. The hydrothermal alteration
assemblages associated with larger than average ore deposits, a record of fluid-wallrock
interactions at a grand scale, offer a unique basis for studying these processes and
determining the source and geochemical properties of the hydrothermal fluids.

Chuquicamata is one of the largest known porphyry copper deposits in the world.
The Chuquicamata Intrusive Complex, of Eocene-Oligocene age, accompanies a massive
and complex system of hydrothermal alteration. During the early 1990s, Marcos Zentilli
of Dalhousie University and Milton Graves of Cuesta Research Limited began a study of
the structure and sulphide mineralogy at Chuquicamata that involved several students at
Dalhousie. It became clear that a study of the hydrothermal alteration was an essential
component of such an important mineralized system. This thesis focuses on the
hydrothermal alteration at Chuquicamata with an emphasis on the two most important

alteration zones, the potassic and quartz-sericite (Qser).



1.2 Introduction

The Chuquicamata porphyry copper deposit, often referred to as "Chuqgui”, is one
of the largest porphyry copper deposits in the world in terms of size and grade, containing
10 billion tonnes of Cu-ore (Clark 1993). Mining at Chuquicamata began in pre-Hispanic
times, and bulk scale open pit mining commenced in 1905.

At present, the pit is > 3 km wide by 4.5 km long and >900 m deep (Fig. 1.1).
Over 2100 Mt of 1.52% Cu has already been removed with an estimated 11450 Mt of
0.76% Cu ore remaining (Ossandon and Zentilli 1997). This deposit is the result of an
intense and protracted alteration process and a complex structural evolution. The
immense size of this deposit required massive volumes of fluid to alter this mass of rock

and to deposit such a large quantity of ore in a relatively small volume of the crust.

1.3 Location and geography

Chuquicamata is located in the Precordillera of the Chilean Andes, 240 km
northeast of the port of Antofagasta (Fig. 1.2), at an elevation of 3000 m above sea level.
Calama, the closest town to the deposit, is 16 km to the south. The Chuquicamata
community (camp, concentrator, and smelter) has been located immediately to the south
of the deposit, but is presently being relocated to Calama.

Chuquicamata is in the Atacama Desert, one of the driest places on Earth, where
vegetation is found only in the vicinity of the Loa River System, which runs through
Calama. Water is piped into the mine from the high Andes. Hyper-aridity has helped to

preserve the original mineralogy, protecting the highly soluble minerals of supergene



Figure 1.1. The Chuquicamata pit is >3 km wide x 4.5 km long and > 900 m
deep. Dr. Nick Wilson for scale. The conveyor belt is visible in the background.



b Ataspaca 42 Ma

—iTicnamar 41 Ma

———Queen Elizabeth 37 Ma
- Copaquire 36 Ma
~___Quebrada Blanca

- Collahuasi
Ujina
--+-1El Abra 37 Ma
—-—Radomiro Tomic 33-31 Ma
- Chuquicamata 35 -31Ma
‘Mansa Mina

AntofagastaP —Chimborazo
T o={Zaldivar

“——1 a Escondida 34 Ma

Domeyko Fault System

—25S

- El Salvador 41 Ma
— Potrerillos 37 Ma

Figure 1.2. Chuquicamata is located on the Domeyko Fault System which
hosts many other porphyry copper deposits such as Radomiro Tomic, El
Abra and Quebrada Blanca. After Lindsay (1998).
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blankets from dissolution. Waste rock surrounding the open pit dominates the landscape
for kilometres and only the extreme aridity prevents acid rock drainage.

The Chuquicamata deposit lies adjacent to the Domeyko Fault System, a belt that
hosts several other large porphyry copper deposits such as Collahausi, Quebrada Blanca,
El Abra, Radiomiro Tomic, La Escondida, and El Salvador, all formed in the Eocene-

Oligocene (Lindsay 1998) (Fig. 1.2).

1.4 Porphyry copper deposits

Although there are wide variations among porphyry copper deposits and they must
be studied individually, there are also similarities in the major features of these deposits
that have led to the development of generalized empirical models (e.g. Lowell and
Guilbert 1970; Rose 1970; Sillitoe 1973).

Porphyry copper deposits are associated with subduction of oceanic crust in both
island arcs (e.g. Phillippines) and at continental margins (e.g. west coasts of South and
North America). Porphyry copper deposits are commonly of Tertiary age. There are,
however, Mesozoic and Paleozoic porphyry deposits in North America, Australia and
Asia (McMillan and Panteleyev 1988). There are some Precambrian porphyry-like
deposits (Kirkham 1972; Gadl and Isohanni 1979); however, older porphyry deposits are
often masked by metamorphism, post-mineralization alteration and erosion. The country
rocks can be of any composition and the host is most often quartz diorite to quartz
monzonite in composition (Lowell and Guilbert 1970).

Within porphyry copper systems, there are generally multiple phases of intrusion



with the earliest commonly hosting the mineralization (Hedenquist and Richards 1998).
Some porphyry copper mineralization is deposited in the wall rock but the bulk of the
mineralization is generally hosted by the intrusion itself (Lowell and Guilbert 1970).
Porphyry copper deposits are centred on porphyry stocks from 100 m to several
kilometres in diameter (Sillitoe 1996). They tend to be confined to the highly fractured
upper parts of the felsic to intermediate porphyry stocks and the adjacent wallrocks
(Burnham 1979).

Porphyry copper deposits display 3-dimensional zoning of both alteration and
mineralization. Although superseded by modern studies, the simplified ‘onion skin’
model of hydrothermal alteration in porphyry copper deposits shown in Figure 1.3 still
provides a useful framework for discussion (Lowell and Guilbert 1970). The central
potassic alteration zone is viewed as the hottest and paragenetically oldest. The potassic
zone is characterized by quartz, K-feldspar, and biotite. The cooler Qser alteration
surrounds the potassic zone and is characterized by quartz, white mica, and pyrite. The
propylitic zone is the most peripheral. It is characterized by chlorite, epidote, carbonate,
albite, and andalusite. An argillic zone may have developed between the Qser and
propylitic zones, and some deposits include a peripheral magnetite zone at depth (Lowell
and Guilbert 1970) (Fig. 1.3). A more detailed discussion of hydrothermal alteration is
found in Chapter 2 of this study.

Most of the mineralization in porphyry copper systems is deposited in the quartz
stockwork veins and disseminations associated with potassic alteration (Sillitoe 1996;

Hedenquist and Richards 1998). There is much debate regarding role the Qser alteration



Mineral Abbrevations
Q - quartz

Kao - kaolinite
Chl - chlorite

Ser - sericite

Epi - epidote

Mag - magnetite
Andul - andalusite
Alb- albite

Carb - carbonite
Kfeld - Kfeldspar

Figure 1.3. The “onion skin” model illustrates
the simplified zonation of alteration in porphyry
copper systems. After Lowell and Guilbert (1970).
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plays in mineralization. One hypothesis is that the Qser contributes a portion of the ore
in certain deposits (Hedenquist and Richards 1998) while others argue that the Qser
alteration simply remobﬂizes earlier deposited metals (Brimhall 1980). Sillitoe (1996)
suggested that where Qser alteration overprints potassic alteration mineralization may

result in partial or complete removal of the metals.

1.5 Objectives of this study
The principal aim of this study was to develop a dynamic model for the history of
intrusion and alteration of the Chuquicamata Intrusive Complex. In order to fulfill this
goal, the following strategies were established:
1. Contrast the mineralogical and geochemical variations in the potassic and
Qser alteration zones
2. Distinguish the effects of primary magmatic and external hydrothermal
fluids in the deposit and their relative importance in the potassic and Qser zones,
and
3. Develop a model for the chemistry of the hydrothermal fluids that resulted in the
Qser and potassic assemblages.
Some of the questions that needed answers were:
a. Is the Fortuna Intrusive Complex, which is in faulted contact in the west,
genetically related to the Chuquicamata Intrusive Complex?
b. Was the Chuquicamata porphyry deposit formed by a protracted event or multiple

phases of alteration?



C. What fluids were involved in the formation of the potassic and Qser alteration
zones?

d. What is the relative importance of magmatic melts versus fluid phases in the
alteration? |

e. What was the source of the late anhydrite veins?

1.6 Previous work

Table 1.1 is a list of previous work done at the Chuquicamata porphyry copper
deposit, starting with a first report by Waldemar Lindgren in 1917. The first
comprehensive publications were by Lopez (1939, 1942) but then there was a gap of
about 40 years, and most recently several theses (e.g. Lindsay 1998, Ballard 2001) and a
current publication by Ossandén et al. (2001). Some of their research is summarized in

Chapter 3.

1.7 Organization of the thesis
Following this introductory chapter, chapter 2 is a discussion of the governing
processes of hydrothermal alteration including silicate stability and the nature of the
hydrothermal fluids. This chapter is not specific to, but emphasizes, porphyry copper
systems. A glossary of terms is given to help clarify the terminology used in this thesis.
Chapter 3 discusses the research previously done on the Chuquicamata porphyry
copper deposit and summarizes what is already known about the alteration. This chapter

also introduces the mineralization, structure and regional geology, which are not
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discussed in any detail elsewhere in this thesis.

Chapters 4, S and 6 first present observations (e.g. petrographic descriptions,
quantitative comparison of geochemistry, etc.) and then the author’s interpretation (e.g.
what does the petrography tell about the environment of formation, what processes could
have yielded variations in the geochemistry). This approach allows the reader the
opportunity to differentiate empirical evidence from discussion and interpretation, thus
making the information more valuable for future research.

When investigating the effects of alteration, it is essential to have an idea of the
composition of the ‘unaitered’ rocks or protolith. Chapter 4 introduces the least altered
porphyries and describes their importance in the Chuquicamata Intrusive Complex as well
as summarizing the mineralogy and geochemistry of the “fresh” rocks. This chapter also
considers the Fortuna Intrusive Complex and its relationship to the Chuquicamata
Intrusive Complex.

Chapter 5 addresses the genesis of the potassic alteration. Using petrography,
geochemistry, and stable isotope analyses, the changes between the ‘fresh’ and potassic
rocks, and the source and geochemical properties of the altering fluid are examined. In
terms of exploration, it is essential to be able to differentiate between ‘fresh’ and
potassically altered rocks.

Chapter 6 describes the Qser alteration and how it modifies the rocks it overprints.
A description of how the degree of alteration affects the mineralogy, chemistry, and age
of the overprinted rock leads to a genetic interpretation.

Chapter 7 provides answers to the questions posed in section 1.5, developing a
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model for the evolution of the Chuquicamata porphyry system. The conclusions are
presented in Chapter 8. Recommendations for future studies are also discussed in
Chapter 8.

Eight appendices tabulate the sample information, petrology, electron microprobe
analyses, X-ray diffractometry results, whole-rock and trace element geochemistry, stable
isotopes data, “Ar/*Ar ages, and geobarometry. Most appendices describe the

methodology of the techniques used.



Chapter 2
Hydrothermal Alteration

2.1 Introduction

This chapter is a broad overview of hydrothermal alteration associated with ore
deposits, emphasizing the alteration types associated with porphyry copper systems.
Chapter 2 addresses the factors favourihg magma generation, the sources of hydrothermal
fluids, and the alteration types seen in porphyry copper systems. To aid in the discussion
of data reported in Chapters 4, 5, and 6, the changes in assemblages and mineral
chemistry that can reveal the environment of deposition are addressed in section 2.7.

Hydrothermal alteration is commonly, but not exclusively, linked to igneous
intrusions. Alteration is a form of ‘metasomatism’, where fluids add or subtract material
from the original rocks (e.g. Mason and Moore 1982). The hydrothermal fluids that
produce alteration may be of diverse origins. The changes in chemistry and mineral
assemblages resulting from hydrothermal alteration are controlled by the original rock,

the character of the fluids, and the pressure-temperature environment.

2.2 Source and nature of magmas in porphyry systems

Porphyry copper deposits are associated with subduction zones in both island arcs
(e.g. Phillippines) and continental margins (e.g. Chile, Peru). The generation of magma
at subduction zones is the result of anatexis. A popular view of this process involves the
addition of water to the overlying asthenosphere because of dehydration of the subducting

slab, and increased pressure gradients due to crustal shortening and thickening cause

14
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partial melting. Magmas at subduction zones can have a number of possible sources such
as the mantle, subducted crust, and subducted sediments (Winter 2001).

A relatively new model proposed by Oyarzun et al. (2001) would have giant
porphyry deposits result from adakitic magmatism derived from direct partial melting of
the subducting slab. Previous work in northern Chile suggests that Sr and Nd are derived
from the mantle wedge and that the relatively high large incompatible lithophile (LIL)
and high field strength (HFS) element ratios in part reflect scavenging by hydrous fluids
within the wedge (Rogers and Hawkesworth 1989). The authors conclude that the
magma is principally generated in the mantle wedge and that there is little contribution
from the subducted plate (Fig. 2.1) (Rogers and Hawkesworth 1989). Dehydration of the
subducted slab and crustal thickening is suggested to have formed mantle-derived
magmas at depths of 50 to 70 km (e.g. Hedenquist and Lowenstern 1994, Kay and
Mpodozis 2001).

Granitic rocks are classified in many different ways. Many granitoid magmas are
formed by the partial melting of previously existing rocks in the crust. Those formed by
the partial melting of metabasalts (5'%0 values = 6 to 8 %o; Ohmoto 1986 (Fig. 2.2)) are
referred to as I-type granitoids (Chappell and White 1974) and are highly oxidizing
(Burnham and Ohmoto 1980) (Fig. 2.3). Those formed by the melting of sedimentary
rocks (8'°0 = 8 to 12%0; Ohmoto 1986 (Fig. 2.2)) are called S-type granitoids (Chappell
and White 1974) and tend to be reducing in nature (Burnham and Ohmoto 1980) (Fig.
2.3).

Granitoid rocks are also classified based on their Fe-Ti-oxide contents: magnetite-
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deposits. Porphyry Cu-Au deposits are formed by oxidized magmas

that crystallize at lower temperatures than I-type magmas. Porphyry tin
deposits are considerably more reducing. After Burnham and Ohmoto (1980).
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and ilmenite-series (Ishihara 1977). Magnetite-series granites host sulphide deposits of
Cu, Zn, Pb, and Mo whereas ilmenite-series granites host W- and Sn-oxide deposits
(Takagi and Tsukimura 1997). Magnetite-series granites have high oxygen fugacities
which keep the base metals that form sulphides in solution (Fig. 2.3). In contrast, those
metals that form oxides, such as tin, are kept in solution by reducing conditions.

According to Takagi and Tsukimura (1997), the most likely oxidizing agent is
oxidized sulphur (SO,). The genesis of magnetite- versus ilmenite-series granites is
attributed to the SO, content and the SO,/H,S ratios of the source magmas (Takagi and
Tsukimura 1997). To produce an oxidizing (magnetite-series) granite there must be 250
to1700 ppm of SO, as the dominant S-species (Takagi and Tsukimura 1997). When
magmas contain H,S as the dominant S-species and the SO, content is <250 ppm, only
trace amounts of magnetite or none at all will crystallize, thus producing a reducing
granite (ilmenite-series) (Takagi and Tsukimura 1997).

Porphyry copper depésits are generally hosted by magnetite-series, I-type granites
produced by the partial melting of the mantle and lowér crust (Fig. 2.1). Porphyry copper
intrusions tend to crystallize at lower temperature (~600°C) than typical I-type granites
and are subject to relatively higher degrees of subsolidus equilibration (e.g. Burnham and

Ohomoto 1980).

2.3 Hydrothermal solutions
Alteration in hydrothermal systems can be rock or fluid dominated (Giggenbach

1997) (Fig. 2.4). In highly porous areas, the alteration is fluid dominated and may result
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in metasomatism or rock dissolution (Giggenbach 1997) (Fig. 2.4). The resulting
alteration is controlled in part by the nature of the hydrothermal solutions. It is also
controlled by the transport pathway (Fig. 2.5) In porphyry copper deposits, the
transportation path appears to be short enough that the primary fluids are changed
minimally (Reed 1997) (Fig. 2.5). Deposition of the ore occurs in an ore trap where
cooling, pressure reduction or other changes in the environment cause the precipitation of

ore minerals and the genesis of alteration assemblages (Fig. 2.5).

2.3.1 Sources of solutions in hydrothermal alteration

Magmatic, meteoric, metamorphic, connate, and ocean waters may all contribute
to hydrothermal fluids. The composition of the fluid is dependant on its primary source
and its interaction with the wall rock along the transport path (Fig. 2.5). Studies of stable
isotopes, fluid inclusions, and hydrothermal mineral assemblages can be used to help

identify the source(s) of fluids in these deposits.

2.3.1.1 Hydrous magmas

The most abundant component of the volatile phase in felsic magmas is water, as
evident from the common occurrence of hydrous minerals and the nature of fluid
inclusions (Burnham 1997). The initial water contents of felsic magmas associated with
porphyry hydrothermal systems range from 2.5 to 6.5 wt.% (Burnham 1997). In porphyry

copper systems, the salinity may reach 60 wt.% equivalent NaCl based on fluid inclusion
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studies (Roedder 1984). Other common volatiles in felsic magmas are HCl, HF, H,S,
SO,, H, and CO, (Burnham 1997).

The & values of magmatic fluids may fall outside the magmatic range (Section
2.2) because the oxygen isotopic fractionation factors between minerals, silicate melts
and hydrous fluids depends strongly on the composition of the minerals, melt and hydrous
fluids (particularly the Cl and F contents) and on the pressure and temperature (Ohmoto
and Oskvarek 1985). Also, the 8D and 80 of magmatic fluids may vary depending on.
the metamorphic and diagenetic history of the source rocks (Ohmoto 1986). The & values

may change as magmatic fluids interact with wall rocks during cooling (Ohmoto 1986).

2.3.1.2 Meteoric fluids

Meteoric water circulates through the upper crust, carrying various solutes and
altering the rocks it permeates. These meteoric fluids may mix with intruding magmatic
fluids, especially where the magma has been emplaced at shallow depths (Fig. 2.6).
Meteoric fluids may coﬁtinue to affect intrusive rocks after they have solidified
(Hedenquist and Lowenstern 1994). Meteoric fluids locally permeate rocks at lower
temperatures and can overprint or contribute to initial hydrothermal alteration. Meteoric
fluids are important in high-sulphidation epithermal ore deposition and presumably in the
upper levels of porphyry copper systems.

The isotopic signature of the meteoric water line has remained relatively
unaffected over the last 250 Ma (Ohmoto 1986) (Fig. 2.2). Isotopic variations in meteoric

water have three main characteristics in the present day (Ohmoto 1986):
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1. 8D and §'*0 vary linearly (8D = 8 80 +10%0; Craig 1963)
2. 8D and §'®0 values are negative in most places, and

3. & values are dependent on geographic location (latitude and elevation).

2.3.1.3 Metamorphic fluids
There is an ambiguous distinction between pore or hydrothermal fluids and
metamorphic fluids (Ohmoto 1986). In economic geology, metamorphic fluids are
defined as those evolved by dehydration of hydrous minerals (Hoefs 1987, Ohmoto
1986). Metamorphic fluids may contribute components to mesothermal gold deposits.
Metamorphic fluids have wide variations in § values (8D = 0 to -70%. and §'*0 =
3 to 20%o.) (Fig 2.2). The isotopic composition varies with initial rock type and

subsequent water-rock interaction (Hoefs 1987).

2.3.1.4 Connate waters

Connate fluids are those trapped in the interstices of sedimentary and extrusive
igneous rocks at the time of deposition and burial. The salinity of connate waters
increases with depth (Hanor 1979, Hoefs 1987). The isotopic composition of pore fluids
depends on the initial type of fluid (e.g. seawater, magmatic), on the rocks or sediments

the pore fluid occupy, and on the geochemical nature of the fluid (Hoefs 1987).
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2.3.1.5 Seawaters

Seawater has a relatively constant deuterium and oxygen isotopic composition in
present day (8D = 0£10%o; 8*0= 0+1%o.) except in areas of high evaporation such as the
Red Sea (Ohmoto 1986) (Fig. 2.2). The isotopic composition of ancient oceans is less
certain (Ohmoto 1986). SMOW (standard mean ocean water) is used as a standard for
oxygen-deuterium analyses. In submarine spreading centres, basaltic lavas react with
seawater as they erupt and are buried. Seawater is an important factor in the formation of
volcanogenic massive sulphide deposits but not of porphyry copper deposits, except

where the latter form in island arcs.

2.3.1.6 Hydrothermal solutions in porphyry copper deposits

The different models proposed to explain the source of fluids and metals in
porphyry copper deposits range from the orthomagmatic model of Burnham (1979),
which suggests the fluids are magmatic in origin, to other models that propose the Cu and
volatiles may be external to the magma (e.g. Norton 1982, Hedenquist and Lowenstern
1994).

It has been proposed that the water derived from the lower crust is secondary in
importance to that derived from the subduction of oceanic crust in magmatic arc localities
(Hedenquist and Lowenstern 1994, Lehmann et al. 2000). Dehydration of the oceanic
crust may contribute recycled Cu and Zn (Hedenquist and Lowenstern 1994) (Fig. 2.1).
Components such as H,O, Cl, alkalies, and oxidized S may be transferred to the evolving

magma as a fluid or to the melt when the altered oceanic crust is subducted (Hedenquist
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and Lowenstern 1994 and references therein). The high Cl content of arc magmas
supports this theory, as Clis less abundant in strictly mantle-derived magmas (Hedenquist
and Lowenstern 1994 and references therein). However, Cline and Bodnar (1991)
conclude that typical calc-alkaline melts have sufficient Cu, Cl, and H,O to form

economic porphyry copper deposits (e.g. Burnham 1967).

2.3.2 Composition and precipitation of minerals from hydrothermal solutions
Factors such as salinity, pH, redox conditions, pressure, and temperature
determine the solubility of components in hydrothermal solutions. The composition of
hydrothermal solutions is an important factor controlling solubility, transportation, and
deposition (Fig. 2.5). These variables also determine the method of precipitation (Fig.
2.5). The following sections examine components in the hydrothermal solutions and

what may cause them to precipitate in the ore environment.

2.3.2.1 Base metals and ligands

Base metal cations are typically insoluble in fresh water. Since H,O is the main
component of most hydrothermal fluids (Burnham 1997), it must be modified in some
way to increase its ability to transport metals. Metal cations form complex ions in saline
fluids, making them more soluble (Helgeson 1964). The metal-carrying capacity of the
fluids is partly dependant on their CI” content and the SO,/H,S fugacity ratio (Burnham
and Ohmoto 1980).

Hydrogen chloride is strongly ionized below 350°C, but at higher temperatures it
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becomes progressively more ion-paired (Chou and Frantz 1977, Barnes 1979). Chlorine
complexes are the most efficient ‘ligands’ of base metals such as Cu (e.g. Hibbard 1995),

because the Cu-Cl complexes are very stable (Seward and Barnes 1997) (Table 2.1).

Table 2.1. Class ‘a’ ligands tend to complex with Class ‘a’ metals and Class ‘b’ metals
and ligands are more likely to complex with each other than with those of class ‘a’ when
both are present (after Wood and Samson 1998; Seward and Barnes 1997)

Class ““a’” Metals (hard) Borderline Class “b” Metals (soft)
H*, Na*, K*, Ca®*, Mg”, Zn*, Pb™, Fe**, Cu*, As™, | Cu*, Au', Sn*

Sr2+, A13+, FeS+ Sb3+

Class “a” Ligands Borderline Class “b” Ligands
F, H,0, OH, SO,*, HSO,, | CI, Br HS", CN-, S,0,%
CO,* S*, H,S

Chlorine is also present in high concentrations in all hydrothermal ore-forming
fluids (Seward and Barnes 1997). Experimental work indicates that an increase in the
concentration of Cl partitions Cu into the aqueous fluid rather than the silicate melt phase
of a magma (Keppler and Wyllie 1991, Bai and van Groos 1999). Conversely, Cl does
not appear to complex with Mo (Webster 1997, Bai and van Groos 1999).

The cuprous chloride complex, CuCl°, is the dominant Cu-complex at all
temperatures (Barnes 1979, Candela and Holland 1984). Since CuCP° is more stable at
higher temperatures (>250°C), the concentration of Cu in these hydrothermal fluids may

be in the 1000's of ppm (Bames 1979). The Cu solubility in fluids typical of porphyry
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systems drops by 2 orders of magnitude between 350 and 250°C (Cline and Bodnar
1991). Copper remaining in solution below these temperature is assumed to be
transported beyond the limit of the deposit where it would form a low-grade Cu halo
around the ore zone (Cline and Bodnar 1991).

The precipitation of metal-chloride complexes is due to one or more of the

following:

1. increase in H,S (precipitating metal sulphides)

2. increase in pH (by reaction with carbonate or boiling off of acid)

3. decrease in chloride concentration (resulting from dilution with other fluids or addition
of strong ion-pairing cations such as Ca**), and

4. decrease in temperature (Barnes 1979).

Complexes other than Cl may be considered. However, bisulphide-copper
complexes (Cu(HS),>, Cu(HS),, and Cu(HS),(H,S)) are important but not under those
conditions found in porphyry copper systems (Barnes 1979). Fluorine is a ‘hard ligand’
(Table 2.1) and tends not to complex with Cu (Seward and Barnes 1997). Fluorine tends
to partition into the melt and crystalline phases rather than the fluid phase (Webster and
Holloway 1990). Fluorine has been proven experimentally to decrease the temperature of
the liquidus in the Q-Ab-Or system, from 730° (F-free) to 630°C (4 wt% F) (Manning

1982). Fluorine also lowers the solidus (Dingwell 1985).

2.3.2.2 Silica

In hydrothermal solutions, silicon is present above 350°C largely as H,SiO,
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(Fournier 1983), as depicted in the following equation (Rimstidt 1997):
Si0, +2H,0 < H,Si0, [2.1]

The solubility of quartz increases with an increase in the salinity of the fluids
(Fournier 1983) and is also affected by temperature and pressure (Jensen and Bateman
1979).

Quartz solubility increases with pH above 8 but changes in pH below 8 have little
effect on quartz solubility (Rimstidt 1997). As hydrothermal solutions are rarely this
basic this is obviously not the dominant mechanism for the dissolution of silica in these
environment; (Rimstidt 1997).

The solubility of silica is strongly controlled by pressure (Jensen and Bateman
1979). For example, a decrease in pressure from 1250 bars to 400 bars at a constant
temperature (440°C) could result in the deposition of two-thirds of the silica dissolved in
the fluid (Jensen and Bateman 1979).

The solubility of silica also decreases with a decrease in the salinity of the fluids
(Fournier 1983); therefére, mixing a high-salinity, silica-rich fluid with a low salinity

fluid at high temperatures may cause precipitation of quartz (Rimstidt 1997).

2.3.2.3 Alkalies

Hydrothermal solutions are essentially electrolyte solutions which are rich in
alkali chlorides (Seward and Barnes 1997). The principal electrolyte is NaCl with lesser
concentrations of KCl and CaCl, (Seward and Barnes 1997). Fluid inclusion work has

indicated that hydrothermal solutions may be dilute to very saline. NaCl-equivalent
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concentrations may be >50 wt.% in porphyry copper deposits (Roedder 1984).

Chlorides exist predominately as neutral complexes with alkalies, Fe, H, and Ca
(Burnham and Ohmoto 1980). In order for Cu to deposit as an ore mineral, it must be
concentrated in the fluid phase during second beiling (the exsolution of a hydrous phase
from the silicate melt) rather than the melt (Cline and Bodnar). An increase in abundance
of (Na,K)Cl increases the amount of Cu that partitions into the fluid phase rather than the
melt (Cline and Bodnar 1991). Sodium chloride also increases the solubility of quartz.
The ratio of Na:K remains the equal in the crystalline, melt and fluid phases when the

system is in equilibrium (Cline and Bodnar 1991).

2.3.2.4 Sulphur

In hydrothermal fluids, S exists as both H,S and SO, (Burnham and Ohmoto
1980). The fugacity ratio of these two components determines the solubility of base
metals in the hydrothermal fluids (Burnham and Ohmoto 1980). The dominance of SO,
in a system means it is oxidizing (Sasaki and Ishihara 1979).

Anhydrite may occur in the potassic alteration zone of porphyry copper deposits
up to 10 to 15wt%. Gypsum may result from the hydration of anhydrite by circulating

groundwater (Meyer and Hemley 1967).

2.3.2.5 Redox
High magmatic oxidation state is a key factor for the generation of porphyry

copper deposits (Sasaki and Ishihara 1979, Burnham and Ohmoto 1980, Garrido et al.
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2002). A measure of the oxidation state is the Fe,O,/FeO ratio; if the ratio is between 1
and 3, the magma is considered to be highly oxidized (Garrido et al. 2002). This ratio,
however, is susceptible to alteration and should only be used on fresh rocks (Garrido et
al. 2002). In an oxidizing system, SO, is the dominant S species; the dominance of H,S
indicates a reducing environment (Sasaki and Ishihara 1979, Burnham and Ohmoto
1980).

As most magnetites in granites seem texturally to be the product of a late
magmatic or subsolidus stage, it is evident that magnetite forms, not from melts, but from
the alteration of Fe-bearing silicate minerals (Takagi and Tsukimura 1997). As the
magnetite is a late stage, there must be an oxidizing agent in the porphyry system (Takagi
and Tsukimura 1997).

High f,,, of magmas may inhibit the separation and extraction of a S-rich phase,
the main metal-capturing agent during magmatic fractionation (Tagaki and Tsukimura
1997). Fractional crystallization of an oxidizing magma without an early release of gases

leads to the formation of S-rich mineralizing hydrothermal fluid (Matthews et al. 1995).

2.3.3 Reactive replacement and hydrolysis by hydrothermal solution
Chemical reactions can cause volume-for-volume exchange between the rock and
fluid, modifying the original minerals. An example of this in a porphyry copper system is
the chemical reaction that converts K-feldspar to muscovite in the Qser zone.
Hydrothermal systems tend to be open, and as a result, ‘primary’ rock chemistry

may interact with additional elements causing disequilibration reactions, leading to
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changes in the mineralogy (Fig. 2.4). These changes are controlled by pressure and
temperature, as well as by the composition of the original rock and the fluid (Fig. 2.5).

Fracture-controlled fluid flow is a common mechanism by which the fluids are
granted access, resulting in the replacement of the original mineralogy. However,
hydrothermal solutions may also infiltrate along grain boundaries causing changes in the
mineralogy (e.g. Hibbard 1995). Changes in the chemistry of the original minerals may
also occur, as described in Section 2.7.

Hydrolysis refers to the involvement of H* in alteration fluids and is linked to the
solubility and association-dissociation relationships (Guilbert and Park 1986). Hydrolysis
is the process that converts anhydrous minerals, such as feldspars, to hydrolyzed silicates,

like micas and clays (Guilbert and Park 1986):
3 KAISi,O + 2H' = KAILSi,0,((OH), + 6 Si0, +2K* [2.2]

(K-feldspar) (muscovite) (quartz)

The presence of H* (i.e. acid solutions) allows the fluid to hydrate the
tectosilicate, K-feldspar, to a phyllosilicate, muscovite. Hydrolysis is the most important
reaction in hydrothermal alteration (Guilbert and Park 1986) as it controls the pH, an

important factor in the solubility of metals.

2.4 Hydrothermal alteration in porphyry copper systems
Certain types of alteration are ubiquitous in hydrothermal deposits. In porphyry
copper deposits, these include the formation of potassic, Qser, propylitic, and

intermediate argillic alteration zones. Figure 1.3 shows a simplified zonation of porphyry
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copper alteration. Sodic-calcic alteration has been described at the Yerington porphyry
copper deposit (Dilles et al. 1995) but it is not widely recognized in other porphyry
deposits, including Chuquicamata, and so is not discussed here.

Alteration zone names vary from deposit to deposit according to their
characteristic assemblages. The terminology usually develops from the original mapping
or primary development of the mine. In this thesis, the terms used are those applied by
the Chuquicamata mine staff. Table 2.2 lists some definitions of alteration assemblages.
from the propylitic, potassic and Qser alteration zones, and the variations in defining the
different alteration zone assemblages. Table 2.3 gives some estimates of the temperature

conditions of alteration zones in various porphyry copper deposits.

2.4.1 Propylitic alteration

The propylitic alteration assemblage is characterized by the presence of albite,
chlorite and epidote, with little change in the bulk chemical composition (Reed 1997).
The resulting assemblage is rock-dominated, meaning the assemblage reflects the primary
rock composition, not that of the fluid (Reed 1997) (Fig. 2.4). It is a low-temperature
(200-350°C) alteration that forms under conditions similar to greenschist facies

metamorphism (Reed 1997) (Table 2.3).

2.4.2 Potassic alteration
Potassic alteration is characterized by K-feldspar phenocrysts with or without

biotite. It is also known as orthoclase-biotite alteration or K-silicate alteration. K-
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feldspar replaces plagioclase and forms veinlets with quartz and sulphides (Rose and Burt

1979). Biotite, sericite, anhydrite, siderite, and sulphides are commonly associated with

potassic alteration (Rose and Burt 1979). Potassic alteration is an example of fluid-

dominated metasomatism (Fig. 2.4)

Table 2.2. Variation in characterization of alteration zones exist in the literature.

+ quartz

Author Propylitic Potassic Quartz-Sericite
Meyer and Hemley | epidote K-feldspar gquartz
1967 albite + Biotite sericite
chiorite Fe-oxide pyrite
septechlorite Fe-carbonates
carbonate anhydrite
sericite, pyrite no clay minerals
Fe-oxides, zeolites
montmorillonite
Lowell and chlorite K-feldspar quartz
Guilbert 1970 epidote biotite sericite
carbonate +sericite pyrite
adularia +anhydrite
albite
Rose and Burt 1979 | chlorite K-feldspar quartz
epidote biotite sericite
green sericite pyrite
anhydrite +kaolinite
siderite +carbonate
+anhydrite
*apatite
+rutile
Reed 1997 albite K-feldspar quartz
chlorite and/ or biotite sericite
epidote * sericite pyrite
+chlorite chlorite
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Table 2.3. Tabulation of estimated temperature of alteration based on various techniques
such as fluid inclusions and mineral associations.

Potassic
Deposit Temperature Reference
Chuquicamata, Chile 400-600°C Lewis 1997
Santa Rita, NM 350-550°C Beane 1974
Santa Rita, NM 390-580°C Taylor et. al. 1971
Los Pelambres, Chile 550°C Skewes and Atkinson 1985
El Salvador, Chile 525°C Sheppard and Gustafson 1976
Sierrita, AZ 300-430°C Preece and Beane 1982
Ray and Safford, AZ 350-410°C Beane 1974
Bingham, UT and 450-550°C Beane 1974
Galore Creek, BC
Propylitic
Deposit Temperature Reference
general 200-350°C Reed 1997
Sierrita, AZ 320-370°C Preece and Beane 1982
Qser
Deposit Temperature Reference
Chuquicamata 300-435°C Lewis 1997
Santa Rita, NM 285-390°C Taylor et al. 1971
Sierrita, AZ 160-300°C Preece and Beane 1982
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Fluid inclusion studies and the presence of andalusite with K-feldspar at some
porphyry copper deposits indicates the potassic alteration assemblages crystallized
between 400 and 550°C (Table 2.3) (Taylor et al. 1971, Beane 1974). Because HCl is
weakly ionized at these temperatures, the pH is probably higher than in the Qser.

The presence of chalcopyrite-pyrite with anhydrite and hematite and a scarcity of
bornite-pyrite, magnetite, and pyrrhotite in the potassic zone suggests a high fo, and fs,
(Rose and Burt 1979). At higher temperatures (500-600°C), there are large amounts of
oxidized S in the fluid (Rose and Burt 1979).

Potassic alteration assemblages can be distinguished from their igneous

counterparts by variations in the mineral compositions (see below).

2.4.3 Quartz-Sericite (Qser) alteration

Qser alteration, also known as ‘phyllic’ or ‘sericitic’ alteration, is characterized by
the assemblage sericite, quartz and pyrite. According to Guilbert and Park (1986) Qser
alteration involves the replacement of all major primary rock-forming minerals by sericite
and quartz. Meyer and Hemley (1967) suggested that the Qser alteration zone grades into
the potassic alteration zbne. Veins and fractures with Qser alteration cut potassic and
propylitic altered rocks in some deposits and, therefore, the delineation of the Qser
alteration zone is very irregular (Rose and Burt 1979). These cross-cutting relations have
been interpreted to show that the Qser alteration occurs after, or lasts longer than, the
other alteration (Gustafson and Hunt 1975).

Qser alteration occurs at lower temperatures than potassic alteration (Table 2.3).
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Acids, such as HCl, HSO,, and H,CO, dissociate at lower temperatures, and increase the
acidity of the fluid. Qser is an example of fluid-dominated rock dissolution (Fig. 2.4).

It has been suggested that in porphyry copper deposits, a fluid that is in
equilibrium with feldspar and muscovite at S00°C yields only muscovite at 250°C (Reed
1997). Additionally, a decrease in pressure (caused by the hydrostatic pressure reaching
critical failure, ascension, etc.) favours the forward reaction below, with the production of
HCI (Hemley et al. 1992):

KAI;Si,0,,(0OH), +6Si0, + 2KCl = 3 KAl1Si,0,4 + 2HCl [2.3]

Where such equilibria dominate in the potassic zone, pressure would decrease upon
fracturing, precipitating K-feldspar and yielding HCl-enriched fluids into the cooler outer
carapace of the porphyry system, producing H" + CI" and hence Qser alteration via the

reaction 2.2 (Reed 1997).

2.4.4 Intermediate argillic alteration

Intermediate argillic alteration is characterized by smectite and kaolinite replacing
plagioclase (Reed 1997). The argillic alteration zone is depleted in Na and Ca.
Intermediate argillic alteration typically develops in a zone outside the sericitic zone
(Reed 1997). At temperatures above 200 to 250°C, the argillic zone may not develop due

to the instability of smectite at higher temperatures (Reed 1997).

2.5 Structural and tectonic constraints on hydrothermal alteration

Magmas can be generated by subduction of an oceanic plate. Using seismic
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refraction, Wigger et al. (1994) interpret a weakened crust with reduced velocities which
they suggest consists of partially melted zones in the lower crust under the Western
Cordillera and Western Altiplano (Fig. 2.7). These partial melts rise along zones of
lithospheric weakness and pond in the upper crust forming tabular magma chambers at
depths of >6 km (Tosdal and Richards 2001). Below El Tatio/Laguna Colorado, the
largest geothermal anomaly of South America, low velocities and scattered seismic waves
indicate a partially melted zone or magma chambers at 10 to 30 km depth (Wigger et al.
1994).

Apophyses rise from these magma chambers and intrude to within 1 to 3 km of
the surface (Tosdal and Richards 2001). At the reduced pressures at this depth, the
magmas may undergo volatile exsolution and cystallize as porphyritic stocks (Tosdal and
Richards 2001). Some of these intrusions may vent to the surface as volcanic equivalents
(Burnham and Ohmoto 1980).

Fractures increase the permeability in the form of fractures or breccia networks
through which hydrothermal fluids flow and alter the host rocks in the formation of
porphyry copper deposit (Tosdal and Richards 2001). Fractures are produced by two
main processes during the intrusion of porphyry stocks and dykes to near surface depths
(1 to 3 km):

1. phase separation and volume expansion of hydrothermal fluids, and

2. tectonically induced failure (Tosdal and Richards 2001).
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2.5.1 Phase separation and volume expansion of hydrothermal fluids

In porphyry copper deposits, parental magmas are fluid-rich, evident from the
hydrous phenocrysts such as amphibole and biotite which require at least 3 wt.% H,0O in
the initial melt (Burnham 1979). A minimum of 2 wt.% H,O is required to provide the
energy necessary to cause extensive fracturing dming fluid exsolution and vaporization
(Cline and Bodnar 1991). However, >5 wt.% H,0 would result in fluid exsolution and
melt crystallization at depths greater than inferred for porphyry deposits (Cline and
Bodnar 1991).

Fluid saturation of the magma may occur when anhydrous phases begin to
crystallize, resulting in the exsolution of a volatile phase (second boiling) which
necessitates a large increase in volume (Burnham 1979). The hydrothermal fluid
exsolved at magmatic temperatures is in equilibrium with the coexisting magma and
mineral phases (Tosdal and Richards 2001). The increase in volume may be accompanied
by a pervasive brecciation of the volatile-saturated carapace of the intrusion (Fig. 2.8)
(Burnham 1979).

Second boiling, or retrograde boiling, releases energy which may produce
explosive volcanism (P < 0.5 kbar) or extensive fracturing (P < 2 kbar) (Burnham and
Ohmoto 1980). Alternatively, the fluids may escape to surface along fault zones or
breccia pipes (Tosdal and Richards 2001, Burnham 1979). As the high-temperature fluid
migrates away from the parent magma, it cools. This cooling may result in the
supercritical fluid intersecting its solvus and cause its separation into liquid and vapour

phases, increasing the volume and resulting in additional fracturing (Burnham 1979).
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Sudden pressure drops related to hydrofracturing or sudden removal of the lithostatic
load may also result in phase separation (Burnham 1979).

Rather than separating into a liquid and vapour phase, dissolved SO, at higher
temperatures will react with the water to form H,S and sulfuric acid (Burnham 1979).
This results in low-temperature alteration assemblages that are stable at lower pH
conditions (Tosdal and Richards 2001), resulting in alteration assemblages such as seen
in the Qser.

The tendency of metals to partition into the fluid is important for the production of
porphyry copper deposits (Cline and Bodnar 1991). A high alkali chloride content
increases the tendency of base metals, such as Fe and Cu, to go into the fluid (Cline and
Bodnar 1991). The fluids, also rich in SO,, precipitate metal sulphides during cooling or
decompression. If the metals have not partitioned into the fluid during second boiling,

they will not precipitate as ore minerals (Cline and Bodnar 1991).

2.5.2 Tectonically induced failure

In western South America, where the Nazca Plate is subducted under the South
American Plate, oblique convergence has transmitted strain to the overriding plate which
has resulted in deformation. The strain can be divided into arc-normal (convergent) and
arc-parallel (strike-slip) components (Tosdal and Richards 2001). This tectonic stress
may result in areas of reduced pressure or tensional zones creating pull-apart basins at
fault intersections or jogs (Tosdal and Richards 2001). This extension may facilitate the

ascent of magmas by lowering the lithostatic pressure.
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2.6 Models for porphyry copper systems

Early models of alteration and mineralization zoning, introduced in the 1960's and
1970's (Meyer and Hemley 1967, Lowell and Guilbert 1970, Sillitoe 1973), were static
and simplified (Fig. 1.3). The link between porphyry copper systems and subduction
zones was recognized around this time but the complexity of timing and the importance
of structure and of the composition of the fluids are still under investigation today. Once
considered small, localized systems of mineralization, porphyry systems are now viewed
as part of larger, regional systems (Hedenquist and Lowenstern 1994).

The first publication to depict the porphyry system as a part of a volcanic system
was that of Sillitoe (1973) (Fig.2.9). Sillitoe envisioned the porphyry copper system as an
intrusion, smaller than the magma chamber below, with alteration affecting the intrusion
and the host rock (Fig. 2.9). This study also implied a relationship between porphyry
intrusions and Pb-Zn skarn deposits where the granite contacted limestone hosts (Fig.
2.9). Recently, the link between epithermal systems and porphyry systems (Fig. 2.6) has
been explored and interpreted through stable isotope and fluid inclusion studies
(Hedenquist and Lowenstern 1994, Hedenquist et al. 1996).

The study of Sillitoe (1993) described the porphyry system as limited to one
extended period of cooling (Fig. 2.10). Advances in radiometric dating techniques
(“Ar/*Ar and Re/Os) have furthered the hypothesis that hydrothermal systems are created
in pulses of hydrothermal activity, not as a single protracted event (Hedenquist and

Lowenstern 1994) (Fig. 2.6). In fact, to maintain hydrothermal activity for >100 ky, the
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lifetime of some hydrothermal systems, it is necessary to have multiple intrusions (Fig.
2.6) (Hedenquist and Lowenstern 1994).

Porphyry copper deposits are commonly localized in the highly fractured upper
parts of felsic porphyry stocks (Burnham 1979). These fractures were produced by the
action of aqueous fluids during and immediately following their separation from
crystallizing magmas (Burnham 1979). Highly saline fluid inclusions coexist with
vapour-rich inclusions, suggesting that boiling occurred in the potassic and Qser zones

(Roedder 1979).

2.7 Distinguishing primary and secondary assemblages

Mineral assemblages and mineral chemistry can be used as tools to determine the
environment of formation or subsequent changes in the environment. This section
introduces some of the mineralogical tools that are used in this thesis, using examples

mainly, but not exclusively, from porphyry copper conditions.

2.7.1 Biotite

Biotite is a ferromagnesian phyllosilicate commonly associated with porphyry
copper deposits. The range of compositions can be defined by a quadrilateral of Deer et
al. (1966) or by a ternary diagram of phlogopite, annite and proton-deficient (PD)

oxyannite (Beane 1974, Jacobs and Parry 1979, Kusakabe et al. 1986). Substitutions of
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Na, Ca, Ba, Rb and Cs are common for the X-site; Mn, Ti and Fe** for Y-site; Fe’* and Ti

for the Z~site; and F for OH" (Deer et al. 1992).

Table 2.4. Typical compositions of biotite and phlogopite (Deer et al. 1992).

trioctahedral micas (200) X Y Z
biotite K, (Mg, Fe,Al)g | SigsAl,,
phlogopite K, (Mg, Fe?)q SizAl,

Models for porphyry copper deposits consider biotite, along with K-feldspar, an
indicator mineral of potassic alteration (Meyer and Hemley 1967, Rose 1970). In the
Qser alteration zone biotite can occur as inclusions in sericite, although chlorite is more
often present in this zone (Meyer and Hemley 1967). Mafic minerals in the propylitic
zone are often altered to chlorite (Beane 1982) but biotite may persist.

Distinguishing primary (i.e. igneous) from secondary (i.e. hydrothermal) biotite is
an imprecise study. Work at various copper deposits have characterized some of the
chemical and textural variations in biotite which may aid in the distinction of primary and
secondary biotite, although these descriptions can vary by location.

A study of biotite at the Santa Rita Porphyry copper deposit, New Mexico,
(Jacobs and Parry 1979) describes igneous biotite as phenocrystic to microphenocrystic.
Hydrothermal biotite at Santa Rita occurs as secondary disseminated flakes, as aggregates
of flakes resulting from recrystallization of igneous biotite or replacement of igneous
hornblende, and as vein fillings (Jacobs and Parry 1979). An experiment by Brimhall et

al. (1985) ran 0.10 m K,SO,-H,SO, aqueous solutions, buffered by a solid assemblage of
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microcline, magnetite, quartz, and pyrite to fix the oxygen and sulphur fugacities at
appropriate values for early stage porphyry-type potassic alteration of felsic intrusive
rocks. In these experiments, hornblende was destroyed, producing biotite and anhydrite.

Hydrothermal biotite has a tendency to be enriched in Mg relative to primary
biotite (Beane 1974, Jacobs and Parry 1979, Kusakabe et al. 1986). Beane (1974) studied
hydrothermal deposits of North America and concluded that igneous biotites have
molecular ratios of Mg/Fe <1.0 and hydrothermal biotites have ratios of Mg/Fe > 1.5.
Kusakabe et al. (1986) suggest that the enrichment of the Mg in secondary biotite is due
to the reaction of annite and PDoxyannite components with oxygen or water in the
hydrothermal fluids to form K-feldspar and magnetite, creating a phlogopite-rich mineral.

In the Bingham mining district, Utah, biotite shows a systematic increase in Mg
and F in hydrothermal biotite (Moore and Czamanske 1973, Parry et al. 1978). The
alteration biotite also contains more Si, Al, and K and less Fe, Ti, Ba, and Cs than biotite
in the unaltered rocks (Moore and Czamanske 1973, Parry et al. 1978). This result is
probably due in part to the requirement of molecular neutrality and to differences in
atomic radius. Titanium is precipitated as rutile during the alteration process (Moore and
Czamanske 1973).

The substitution of F for OH in the crystal structure of biotite is controlled by the
fugacity ratio of HF to H,O in the fluid phase that last equilibrated with the mica, the
cationic ratios in the biotite, and the temperature of the fluid-mica exchange (Munoz and
Ludington 1974). Iron-rich biotite is much less efficient in removing fluorine from the

fluid phase than phlogopite (Munoz and Ludington 1974).
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Iron-fluorine avoidance occurs in naturally occurring ferromagnesian minerals.
The antipathetic relationship of Fe and F was believed to be the result of the greater
strength of the Mg-F bonds compared with Fe-F bonds (Ramberg 1952 in Mason 1992).
Recent work has emphasized the importance of ‘Fe-F avoidance’ on cation distribution
(Mason 1992). It is postulated that the kinetic of ‘cluster formation’, i.e., the
development of groupings of the same atoms (e.g. Mg-Mg and F-F), may be a control on
F-OH exchange between biotite and the associated ﬂuid (Mason 1992).

The substitution of F for OH increases the thermal stability of the phlogopites
(Munoz 1984). The substitution of F for OH in annite has a destabilizing influence on the
annite crystal structure (Munoz 1984). This may be interpreted as further evidence of
‘Fe-F avoidance’.

At the Henderson molybdenite deposit, Colorado, a Climax-type molybdenite
deposit, anomalously high F-values have been found in biotite (up to 7.5wt%) (Gunow et
al. 1980). It was also observed that the micas with the highest values of X, have
predominately higher values of F (Gunow et al. 1980).

There has been little published on chlorine substitution of the hydroxyl anions in
biotite. Micas have relatively lower Cl than F-contents (Munoz 1984). The lower Cl
contents may be due to a difference in ionic radius as the Cl has an ionic crystal radius of
1.81 A, considerably larger than F- (1.31 A) or OH- (1.38 A) (Munoz 1984). There is a
tendency for Cl to prefer Fe-end-member biotite. This tendency may be referred to as
‘Mg-Cl avoidance’.

A study of granites and diorites from the Basin and Range structural province of
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Utah and Nevada indicates that Cl is greater in biotite with higher Cu-content (Parry
1972). Although this study lacked statistical validity, it is evident that Cl content of
biotite may be a useful exploration tool (Parry 1972). A study of Neogene granitic stocks
and cupolas in Kyushu, Japan, compared biotite and apatite from barren and mineralized
units (Nedachi 1980). This study found that bodies related to Pb-Zn deposits have high
Cl1:OH ratios, where those related to tin mineralization have low Cl:OH ratios (Nedachi

1980).

2.7.2 Feldspars
2.7.2.1 Albite

Albitization implies the replacement of calcium-rich plagioclase by albite and
does not infer any textural relationships between the plagioclases (Moody et al. 1982).
Albitization can occur in all rock types. Burial diagenesis (Ramseyer et al. 1992), green-
schist facies metamorphism (Moody et al. 1982) and granitoids (Weidner and Martin
1987), may all be effected by albitization. However, it is unclear whether albite can form
as the result of magmatic crystallization or if it only forms as the result of secondary
replacement.

The alkali feldspar series is a pseudobinary system with solid solution (Fig. 2.11).
With no water in the system, sanidine and albite will crystallize as a homogeneous
unzoned alkali feldspar at a minimum temperature of 1063 °C (Hibbard 1995). However,
this feldspar (e.g. anorthite) is not stable at temperatures below the solvus and the albite

end-member exsolves from the K-feldspar to form perthite (Fig. 2.11) (see section



52

"(6961) 9sI0IN pue ‘(LS6T)
¢ ¢ wolj “ysu

"[e 30 10poX (8561) usmog pue SuNL “(0S61) SMNY, pue usmog 1oye (S661) preqqiH
B_t woIy AJ}0aXIp oZI[IsA50 0} Jedspyaj-3 pue a3iq[e om) SUIMO[[R ‘SNAJOS 9Y) SIO9SISNUI SNPI[OS Y}
amssaxd Joyem 1oySry Yip -onyaed w0} 03 XTwun usy; Yorym ozZijjeisA1o jiim Jedspiey ouo Ajuo
amssaxd 1a18M MO[ 1Y "UOTIN]OS pIjos Yum Areurqopnasd st sanias sedspyoy esje oy 11'¢ omdig

SO"ISIVEN *OTTSIVY *OfISTVeN *OISIVY *OfISIVEN *OISIV

Qv 1 qv ™ av Ep:|
anquiad 10 LA YUy
saedsprad ¢ v/ -1 009
sNAL0S
: edsp(a (v 1
v ; \ Ul aut +
Supros xedspra) 1dsppy  gog
4 WH-qv gou-yf
UIW (D)1
snpmby oW = 0001
PN
v T -
seqy ¢ = Oy 1eqy 7 = 0%y reqy [ =Yy oozt

() (q) (e)



53

2.4.2.4). However, the presence of water may depress the liquidus and solidus and raise
the solvus (Fig. 2.11). At high Py, the solidus may intersect the solvus, resulting in the
crystallization of two feldspars: orthoclase and a Na-rich feldspar (Fig. 2.11) (Bowen and
Tuttle 1950, Tuttle and Bowen 1958, Yoder et al. 1957, and Morse 1969 in Hibbard
1995).

A study of a highly evolved leucogranite containing accessory muscovite, topaz
and fluorite concluded that the bulk composition of the albite was close to primary
because of a composition of An, (Weidner and Martin 1987). Work by Boles (1982)
describes albitization of plagioclase in sandstones with compositions of Ab,,
contradicting the conclusion that low An-contents indicate a primary, magmatic albite.

Repeating albite and pericline twins are most common in Na- feldspars although
most twins occur in albite (Deer et al. 2001). Albite may display albite and pericline
twins simultaneously. A study by Callegari and De Pieri (1967) indicated that this ‘chess
board albite’ only occurs in albite replacing K-feldspar; however, the authors concluded
that it was not an inherited texture but rather the result of strain produced when the albite
replaced the K-feldspar. Nevertheless, high albites are reported to form albite-pericline
inversion twins when they invert from monalbite at the monoclinic-triclinic symmetry
change (Smith and Brown 1988).

Study of the fluorine-rich leucogranite (Weidner and Martin 1987) also concluded
that, in these subsolidus granite, albites and K-feldspars equilibrate at low temperatures
(<200°C). The presence of albite over more calcic plagioclases is explained by fluorine

linking with calcium that was stably incorporated into the melt’s structure and was
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thereby not available for incorporation in plagioclase (Weidner and Martin 1987).
The conversion of calcium-rich plagioclase to albite necessarily requires the

release of Ca* and possibly Al**. The albitization of plagioclase may be the result of

ionic exchange between a F-bearing hydrothermal fluid rich in Na and the plagioclase

[4Na* + Ca® + 6AI** + 14Si**] + Na* + Si* + 2F
oligoclase An,,
= [5Na* +5A1* +158i*] + [Ca™ + 2F] + Al* (Deer et al. 2001) [2.4]
albite fluorite

[NaAlSi,04¢CaAl,Si, O] + Na* + H,Si0, =
= 2 NaAlSi,O, + Ca? + Al * + 4 OH (Boles 1982) [2.5]
or
CaAl,Si,04 + 2 Na* + Si0, (aq)

= 2 NaAlSi;0; + Ca® (Bird and Helgeson 1981) [2.6]

2.7.2.2 Megacrysts

Megacrystic K-feldspar are generally euhedral and are common in granitoid
plutons. They have been interpreted to be phenocrysts and porphyroblasts (e.g. Deer et al.
2001). The question of whether K-feldspar megacrysts crystallized from a melt or grew
by replacement from a water-rich fluid phase under subsolidus conditions has been
addressed by many authors (e.g. Vernon 1986, Long and Luth 1986). The evidence of
phenocrystic origin in granitoid rocks includes twinning, zoning, and a distinct Ba-

content (Deer <t al. 2001).
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In the Cathedral Peak Granodiorite, California, textural coarsening of K-feldspar
may have promoted megacrystic growth (Higgins 1999). Nucleation occurred when the
magma was undercooled and larger grains grew to megacrysts at the expense of small
grains that were dissolved in the interstitial melt when intruded into warm host rocks
(Higgins 1999). When cooling continued, the growth of the megacrysts was halted and
K-feldspars began to nucleate again, forming part of the groundmass (Higgins 1999).
Higgins (1999) suggests that chemically similar plutons that lack megacrysts inay not
have had the pause in cooling necessary for coarsening.

The partition coefficient for Ba between K-feldspar and silicate liquid or water-
rich fluid phase is greater than 1. Calculated profiles of reverse concentric Ba-zoning
observed in megacrysts favour an igneous origin (Long and Luth 1986). Furthermore, the
presence or absence of reverse Ba-zoning is dependant on the temperature and relative
timing of crystallization of K-feldspar with relation to plagioclase, quartz and mafic
minerals; these factors are sensitive to the H,O content of the magma (Long and Luth
1986). The reverse zc‘ming is due to the crystallization of phases that reject Ba
contemporaneously with the crystallization of K-feldspar (Long and Luth 1986). The
crystallization of hornblende enhances the reversed zoning slightly because it increases
Ba in the residual fluid phase early in the crystallization of K-feldspar (Long and Luth

1986).

2.7.2.3 Microcline versus orthoclase

With its monoclinic symmetry, the most common twinning law in orthoclase is
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Carlsbad. Microcline is triclinic and is characterized by intersecting pericline and albite

twins that produce crosshatch twins. During cooling of K-feldspar, the monoclinic

orthoclase changes its symmetry from C2/m to CI, resulting in the crosshatched

microcline crystals (Smith and Brown 1988). Therefore, the coexistence of the pericline
and albite twins is taken as evidence that the triclinic microcline originally crystallized in

the monoclinic system (Deer et al. 1992).

2.7.2.4 Perthite

Alkali feldspar below the solidus is not stable with a 25 to 90% albite composition
(e.g. Hibbard 1995). This stability is due to the disparity in ionic radii of the larger K-ion
when compared to the Na-ion. When an alkali feldspar is cooled slowly, lattice strain is
alleviated by ion migration, resulting in the appearance of separate mineral phases. This
exsolution produces perthite, which is characteristic of granitoids where slow cooling
occurs in the plutonic environment.

Subsolvus granitoids often have coarse and irregular exsolution textures. In many
igneous rocks, this coarse exsolution is the result of late-stage water concentrated during
differentiation, not by the influx of hydrothermal fluids (Smith and Brown 1988). This
‘deuteric coarsening’ occurs at temperatures below 700°C and may be erroneously
reported as albitization which often displays a chess-board texture (Smith and Brown

1988).
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2.7.3 White Mica

The criteria for differentiating magmatic and secondary muscovite is mainly
textural. Magmatic muscovites are characterized by sharp grain boundaries, grain sizes
comparable to other magmatic minerals in the host rock, the absence of reaction with
other minerals, the absence of other types of alteration in the host rock, and the mineral’s
relative abundance (Speer 1984).

If the mineral assemblage is relatively Al-poor, the muscovite is probably
secondary (Deer et al. 1992). Muscovite crystallized from a melt is generally richer in Ti,
Al and Na and poorer in Mg and Si than those formed by secondary processes (Miller et
al. 1981, Deer et al. 1992). However, there is overlap in the compositional ranges of
magmatic and secondary muscovite, limiting the usefulness of these generalizations
(Speer 1984). Muscovite can only crystallize directly from a melt at pressures over 3.5
kbars (Speer 1984); below this pressure, it can form only in the solid state (Deer et al.
1992).

Common substitutions in the X-site of muscovite are Na, Rb, Cs, Ca and Ba (Deer
et al. 1992). The substitution of Na for K decreases the thermal stability of muscovite
(Speers 1984). Octahedral Al may be replaced by Mg, Fe**, Mn, Li, Cr, Ti and V (Deer et
al. 1992). In muscovite, the Z-site may vary in composition from Si;Al, to Si;Al (Deer et

al. 1992).
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Table 2.5. Typical compositions of illite and muscovite (based on 200) (Deer et al.
1992).

Dioctahedral (200) | X Y Z
Muscovite K, Al, Si Al
Illite K510 Al, Sigs70Ali5.10

The name ‘phengite’ is applied to muscovite where the Si:Al ratio is greater than
3 and the increase in Si is accompanied by substitution of Mg or Fe for Al in the
octahedral site (Deer et al. 1992). The varying amounts of Fe** and Fe** in muscovite
may result in a pale green, red or brown colour. Hydromuscovites are characterized by
high OH-values and low K-values (Deer et al. 1992). A similar deficit in K is observed
in illite, accompanied by an increase in the Si:Al ratio (Deer et al. 1992). Illite is a clay
and so is distinguished from hydromica by grain size (illite <4 pm).

Fluorine may substitute for OH in muscovite (Deer et al. 1992). However, the F-
values are significantly lower in dioctahedral micas than the trioctahedral micas (Gunow
et al. 1980, Munoz 1984). Chlorine substitution for the hydroxyl anions is much less than
F (Munoz 1984). The extent of hydroxyl replacement by halogens is controlled by the
activity of the halogen ion during crystallization, the cation population of the octahedral
sheet, the temperature of hydroxyl-halogen exchange, and the effects of post-
crystallization leaching or enrichment due to hydrothermal fluids (Munoz 1984).

White mica in hydrothermal systems is often referred to as sericite, a
phyllosilicate. The term was first introduced to designate fine-grained mica associated
with ore deposits. It was described by Guilbert and Park (1986) as a fine-grained white

mica that may be muscovite, hydromica, or phengite. Deer et al. (1992) describe sericite



59

as having a muscovite or paragonite composition. Therefore, care must be taken to

identify the composition of the white mica where the term ‘sericite’ is applied.

2.7.4 Anhydrite

The solubilities of anhydrite and gypsum increase with increasing pressure and
salinity and decreasing temperature (Blount and Dickéon 1969, Blount and Dickson
1973). The amounts of calcium sulphates detected in most igneous rocks and
hydrothermal deposits may be less than the amount that actually precipitated, as these
minerals are very soluble at low temperatures and therefore easily dissolved by
groundwater (Meyer and Hemley 1967, Luhr et al. 1984).

In order to precipitate anhydrite, the hydrothermal solution must be oxidizing and
S-saturated. Sulphate minerals form as a result of decreasing the confining pressure
(Rimstidt 1997) such as that which would accompany the retrograde boiling associated
with porphyry copper intrusion (Burnham 1979). This boiling are associated with
sulphide separation, mixing, and oxidation (Seward 1991) which are necessary for the
precipitation of anhydrite. A decrease in the acidity of the solution would also convert

the bisulphate to SO,* and cause anhydrite to precipitate (Rimstidt 1997).

2.8 Glossary of terms
In economic geology, some nomenclature has evolved separately from those terms
used in igneous and metamorphic petrology. To help alleviate the ambiguity, this section

defines what is meant by some of these terms.
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Primary vs Secondary: Primary minerals, textures and structures came into existence at

the time the rock was formed. Secondary minerals, textures, and structures developed at
the expense of the primary rocks and are tﬁe result of alteration.

Deuteric alteration: The alteration of primary magmatic minerals by water-rich solutions
that separate from the magma at a late stage in its‘ cooling history.

Ambiguity arises when trying to determine if deuterically altered granites, as most
granites are, should be considered primary or secondary. If they have cooled slowly and
are hydrous, they have undoubtedly undergone deuteric alteration while equilibrating with
the water-rich fluid.

In this thesis, ‘primary’ is used to indicate a least-altered rock which may have
experienced some deuteric alteration with mineralogy, textures, and structures that are
original crystallization features. Here, deuteric alteration refers to the effects of the
magma-derived fluid on the original compositions of the intrusion. However, only those
minerals exhibiting secondary textures or chemistry are considered deuteric (e.g. change

in the composition of a phase, or the replacement of one mineral for another).



Chapter 3

Geologic background and previous work

3.1 Introduction

Chuguicamata is arguably one of the largest porphyry copper deposits in the
world. Many researchers have studied the Chuquicamata deposit as the workings have
uncovered deeper and wider parts of this giant system. The immense size of the mine has
made it difficult to characterize the entire deposit. The literature is characterized by
individual and often internally inconsistent studies from almost a century of mining. The
following chapter summarizes the previous work on alteration, and comments on some
aspects of the deposit not directly addressed elsewhere in this study, such as

mineralization and structure, which have been investigated by other authors (Table 1.1).

3.2 The Domeyko Cordillera

The Domeyko Cordillera (Fig. 3.1) has an elevation of 3500 m to 5000 m above
sea level. It is underlain by Paleozoic to Triassic crystalline rocks, partially covered by
folded Jurassic and Early Cretaceous marine strata (Maksaev 1990). The marine strata
are unconformably overlain by Upper Cretaceous non-marine redbeds and mainly
Paleogene volcanic rocks and various intrusives (Maksaev 1990).

The Domeyko Cordillera is the westernmost uplifted crustal block of the
composite High Andes Qf northern Chile (Maksaev and Zentilli 1999) (Fig. 3.1). The

Domeyko Cordillera hosts a narrow N-S trending belt of Late Eocene-Early Oligocene
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Figure 3.1. Geology of northern Chile. The Domeyko Cordillera are the
westernmost uplifted crustal block of the composite High Andes of northern
Chile (after Lindsay 1998, Maksaev 1990). The Domeyko Fault System hosts
many large porphyry deposits (see Figure 1.2).
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giant porphyry copper deposits including Collahausi, Chuquicamata, El Abra and La
Escondida (Maksaev and Zentilli 1999) (Fig.1.2). These deposits are related spatially and
genetically to the final igneous activity along this range, before the magmatic front
jumped eastward 30 km in response to tectonic plate interaction (Maksaev and Zentilli
1999).

Using seismic refraction, Wigger et al. (1994) predict that the Nazca Plate is
presently ~70 km below Chuquicamata and 10 km below the Moho discontinuity (Fig.
2.7). Their data also indicate a weakened crust with reduced velocities suggesting
partially melted zones in the lower crust. These magma chambers are found under the
Western Cordillera and Western Altiplano, the present magmatic front in the Andes.

High relative velocities and intermediate-angle oblique convergence between the
Nazca and South American plates during the Eocene and early Oligocene resulted in
crustal transpression and the initiation of the Domeyko Shear System localized along the
magmatic front (Maksaev and Zentilli 1999). The Domeyko Fault System runs N10°E
and is locally referred to as the West Fault or West Fissure. The West Fault (or Falla
Oeste) is exposed along a 170 km zone extending from Calama to Quebrada Blanca (Fig.
1.2).

Crustal shortening and thickening led to uplift within the Domeyko Fault System
and, according to apatite fission track data, to erosion of at least 4 to 5 km from the
Paleozoic crystalline basement between 50 and 30 Ma (Maksaev and Zentilli 1999).

Assuming that cooling was due to denudation alone, modelling of the fission track data
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yields an exhumation of 200 to 100 m/My during this period (Maksaev and Zentilli
1999).

Crustal thickening deepened the zone of magma generation and magmas
accumulated in the lower crust (Maksaev and Zentilli 1999). Neodynium and strontium
isotopes indicate that the Chuquicamata and El Salvador porphyry copper systems were
derived from mantle sources (Zentilli et al. 1988). Small volumes of melt rose rapidly to
shallow levels along traﬁstensional domains of the regional shear system (Maksaev and.
Zentilli 1999), resulted in the emplacement of the Eocene-Oligocene giant porphyry
copper deposits.

The apatite fission track ages are marginally younger than the “°Ar/*Ar dates of
the Chuquicamata porphyry copper deposit, implying fast cooling/exhumation of shallow
mineralizing systems (ca. 2 to 3 km) (Maksaev and Zentilli 1999). After about 30 Ma,
the fission track time-temperature history is compatible with extremely low rates of
exhumation (ca. 50 m/My) (Maksaev and Zentilli 1999). This small amount of erosion
has been due in part to the unusual aridity which has also led to the preservation of a rich
supergene enrichment blanket at Chuquicamata (Maksaev and Zentilli 1999).

The Chuquicamata Porphyry System intruded mainly igneous rocks of Mesozoic
and Paleozoic age (Fig. 3.1) (Lindsay 1998). The west part of the deposit is truncated by
the West Fault, a branch of the Domeyko Fault System. In the east, the Chuquicamata
Porphyry System intruded the Triassic Elena Granodiorite. This Mesozoic granodiorite

has similar mineralogy and texture to the Este Porphyry, the main body in the
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Chugquicamata Porphyry system (Ossandén et al. 2001). This similarity has led to
difficulty in identifying the protolith of altered rocks in the east.
3.3 The Protoliths

Two intrusive systems are exposed in the Chuquicamata open-pit mine; the
Chuquicamata and Fortuna Intrusive complexes. The Chuquicamata Intrusive Complex
has been affected by hydrothermal alteration that abruptly ends at the West Fault, the
contact with the Fortuna Intrusive Complex. The mineralization that makes the
Chuquicamata deposit one of the richest copper deposits in the world, also ends at the
West Fault.

The nature of the movement on the West Fault has been debated over the years,
and two opposing theories have been proposed to explain the origin of the Fortuna
Intrusive Complex: 1) it is the root or source of the Chuquicamata Intrusive Complex, or

2) it is a genetically unrelated intrusive complex.

3.3.1 Fortuna Intrusive Complex and the West Fauit

The Fortuna Intrusive Complex comprises over a third of the exposed rock in the
Chuqui pit and is mined as waste chiefly to maintain slope stability. Discernible units
within the Fortuna Complex were first described in 1957 in a Ph.D. thesis by Renzetti. A
detailed map of the complex was not published until Dilles et al. (1997) divided the
Fortuna Complex into 3 units: the Antena Granodiorite which was intruded by the Fiesta
Granodiorite, and the San Lorenzo porphyries which intruded the Fiesta Granodiorite.

The San Lorenzo porphyry is further divided into the Tetera granite-aplite porphyry, the



67

San Lorenzo granodiorite porphyry, and the San Lorenzo mafic granodiorite porphyry
(Dilles et al. 1997). The Fiesta Granodiorite comprises the majority of the Fortuna
Complex exposed in the pit.

Sillitoe (1973) proposed that the Fortuna Intrusive Complex was the root of the
Chugquicamata Porphyry Complex, uplifted along the near-vertical West Fault (Fig. 3.3).
Sillitoe (1973) theorized that the other “half” of the Chuquicamata Intrusive Complex
was subsequently eroded away. Parada et al. (1986) supported this theory and interpreted
the Fortuna Intrusive Complex to be an unaltered precursor for the purpose of comparison
with the altered Chuquicamata porphyries. Despite substantial evidence to the contrary,
this view has supporters even in recent years (see below).

Ambrus (1979) suggested up to 40 km sinistral movement along the fault linking
the El Abra Intrusive Complex and the Fortuna Intrusive Complex. This hypothesis was
supported by extensive field work and “Ar/*°Ar dating by Maksaev and Zentilli (1988)
and Maksaev (1990). Field work by Dilles et al. (1997) and Tomlinson and Blanco
(1997) established that the amount of displacement was 35x1 km based on various
correlations of rock units on either side of the fault (Fig. 3.4). It is now generally
accepted that pre-mineralization displacement on the West Fault System was dextral
strike-slip under ductile conditions (Lindsay et al. 1995). Post-mineralization movement
was sinistral strike-slip in a more brittle regime (Lindsay 1998).

Mclnnes et al. (1999) used apatite (U-Th)/He thermochronometry to estimate the
amount of vertical fault displacement along the West Fault. They analyzed apatite on

both sides of the West Fault, from the Fortuna Intrusive Complex and from the
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Chugquicamata Intrusive Complex. Their work suggested that the post-mineralization
exhumation was greater in the Fortuna block by 600 + 100m (Fig. 3.5).

Previously published ages are reported in Table 3.1. Early K-Ar biotite ages
(Quirt 1972, Ambrus 1979) indicated that the age of the Fortuna Granodiorite is 35.9 to
39 Ma. More recently, the Antena Granodiorite yielded slightly discordant U/Pb zircon
ages of 39.3 0.4 Ma and 39.0-39.6 Ma K-Ar biotite ages (Dilles et al. 1997). A slightly
discordant U/Pb zircon age of 37.6 + 0.7 Ma and a 37.3-37.9 Ma K/Ar biotite age (Dilles
et al. 1997) were reported for the Fiesta Granodiorite.

Structural and petrologic work have confirmed the similarities between the units
of the El Abra Granodiorite Complex and those of the Fortuna Intrusive Complex (e.g.
Dilles et al. 1997). The Antena Granodiorite is believed to be the equivalent of the Abra
Granodiorite; the Cotari Granodiorite, which intruded the Abra Granodiorite, is believed
to be equivalent to the Fiesta Granodiorite (Fig. 3.4) (Dilles et al. 1997). Dilles et al.
(1997) suggest 35 + 1 km left-lateral displacement along the West Fault.

Recently, there has been much debate regarding Os-isotope analytical work.
Mathur et al. (2000) reported that among South American porphyry copper deposits,
those with the highest Cu-concentrations have the least radiogenic (more mantle-like) Os
isotopic composition, whereas highly radiogenic (more crust-like) Os isotopic
compositions are evident in the smaller deposits (Fig. 3.6). Mathur et al. (2000} suggest

that it may be possible to use this variation in Os isotopic compositions as an indicator of

the amount of mineralization in a system. Chuquicamata has the lowest "®’Os/ '®0s, ratio
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Table 3.1. Previously published dates from the Fortuna Intrusive Complex. Note the
relatively large errors. The two U/Pb zircon ages are both from three slightly discordant
samples (Tomlinson et al. 1997).

Lithology Age + 2sigma | Method Reference
(Ma)

Antena Granodiorite | 36.2 + 1.4 K/Ar Biotite Ambrus 1979
395x1.1 K/Ar Biotite Maksaev et al. 1988b
39.0%1.2 K/Ar Biotite Maksaev et al. 1988b
356x10 “Ar/*Ar TGA Biotite | Maksaev 1990
40.6 +1.2 K/Ar Biotite Tomlinson et al.1997
39612 K/Ar Biotite Tomlinson et al.1997
363+ 1.1 K/Ar Biotite Tomlinson et al.1997
39.3x£0.9 U/Pb Zircon Dilles et al. 1997

Fiesta Granodiorite |37.8+1.2 K/Ar Biotite Quirt 1972
359+1.0 K/Ar Biotite Ambrus 1979
39.0+3.0 K/Ar Biotite Ambrus 1979
373x1.2 K/Ar Biotite Tomlinson et al.1997
37.6 0.7 U/Pb Zircon Tomlinson et al.1997
32.1 Fission track Apatite | Maksaev and Zentilli

1999

San Lorenzo Porph | 385 1.1 K/Ar Biotite Tomlinson et al.1997

37.1+0.9 K/Ar Biotite Tomlinson et al.1997
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of 0.155 in Chilean porphyry deposits. However, there is a wide range in initial "*’Os/
1880)g, ratio at Chuquicamata. There also appears to be a connection between the age of
the deposits and their initial Os signatures (Fig. 3.7).

McBride et al. (2001) contested the “size vs. Os ratio” hypothesis of Mathur et
al.(2000) by analyzing samples from the Fiesta Granodiorite. Their research indicated
that the relatively unmineralized Fiesta Granodiorite has an Os ratio similar to that of the
Chuguicamata samples from Mathur’s (2000) study. Mathur et al. (2001) replied to this
comment by suggesting that the results are compatible with either the Fortuna Intrusive
Complex being the root of Chuquicamata or the Fortuna Intrusive Complex being related
to the El Abra Porphyry copper deposit, as mentioned above. These hypotheses are

discussed further in Chapter 7.

3.3.2 The "Chuqui" Porphyries

The “Chuqui Porphyries” are now referred to as the Chuquicamata Porphyry
System or the Chuquicamata Intrusive Complex. The Chuquicamata Intrusive Complex
was emplaced within a strike-slip fault system during the evolution of the Eocene-
Oligocene magmatic arc (Lindsay 1998).

Several porphyries make up the Chuquicamata Intrusive Complex and they have
been described by different researchers and the nomenclature has changed over time
(Table 3.2). Renzetti (1957) recognized only one porphyry, where Langerfeldt (1964) and
Guilbert (1963) recognized four; Turintvez et al. (1973) and Soto (1979) recognised

three. Most recently, Ossandén et al. (2001) identified four porphyries. Differences in
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Table 3.2. The nomenclature of the Chuquicamata porphyries has changed over the years
because of difficulty in identifying the protoliths and the level of exposure. Note that the
Banco Porphyry was identified and characterized earliest because of its distinct texture.

al. (2001)

Author Este Porphyry Banco Oeste Other
Porphyry Porphyry
Guilbert "A"? Banco Porphyry | "B" ? "C" (Este?)
(1963)
Langerfeldt | Coarse Banco Porphyry | Aplitic ground | Ragged
(1964) interstitial? mass ? texture
(Este?)
Thompson | East side Chuqui | Banco Porphyry
(1964) porphyry
Turintvez et | Porfido Este Porfido Banco Porfido Oeste
al. (1973)
Ambrus Textura Este Textura Banco Textura Oeste | Textura "J"
(1979)
Soto (1979) | Medium- to fine- | Fine-grained Medium-
grained aphanitic matrix | grained
phaneritic matrix aphanitic
matrix
Parada et al. | Porphyry I Porphyry I Porphyry 1
(1987)
Mayne- Porfido Este Porfido Banco Porfido Oeste
Nicholls et
al. (1995)
Ossandon et | East Porphyry Banco Porphyry | West Porphyry | Fine texture

Porphyry
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classification resulted from a combination of the level of exposure (i.e. depth of pit
workings), changes in petrographic nomenclature, the development of new techniques
available to discern rock types, differences in sampling techniques (due to the size of the
deposit), and difficulties in finding unaltered rock in the pit.

The porphyries are distinct units, most easily recognised by the difference in their
textures. Currently there is general acceptance at the mine of three distinctive porphyries:
the Este Porphyry (also known as Porfido Este or the East Porphyry), the Oeste Porphyry
(also known as Porfido Oeste or the West Porphyry) and the Banco Porphyry (also known
as Porfido Banco). Table 3.2 summarizes the changes in the nomenclature over the years.

According to Parada et al. (1987), the Banco and Oeste porphyries intruded the
Este Porphyry. However, only intrusive contacts between the Banco and Este porphyries
have been observed (Ossandén et al. 2001). The crosscutting relationships between the
Oeste Porphyry and Fine-grained Porphyry of Ossandén et al. (2001) remain unobserved
and, therefore, are ambiguous; it is possible that they may simply represent textural

variations of the Este and Banco porphyries.

3.3.2.1 Este Porphyry

The Este Porphyry is currently the most abundantly exposed mineralized rock in
the Chuqui pit, however, during the early mining stages it was less widespread (Fig. 3.8).
It now comprises over 80% of the exposed rock in the Chuquicamata Porphyry System
(Lindsay 1998).

The Este Porphyry is characterized by abundant large orthoclase phenocrysts,



| Quartz-sericite
alteration

Banco Porphyry

West Porphyry

East Porphyry !

Paleozoic- Mesozoic
units

Figure 3.8. Comparison of the importance of the Banco and Oeste porphyries at different
levels of exposure. A) The exposure in 1995; B) The level of exposure in 1966 (based on
a report by Applegate 1966). After Lindsay (1998).
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biotite ‘books’, quartz ‘eyes’, and euhedral plagioclase phenocrysts (An,, ) (Ambrus
1979, Soto 1979, Turintvez et al. 1973). The potassium feldspar megacrysts have
inclusions of quartz and plagioclase (Soto 1979) with a perthitic texture (Ambrus 1979).
Soto (1979) described albite replacing the K-feldspar grains. The quartz eyes are
elongate, polycrystalline aggregates, commonly with corroded edges (Soto 1979). Traces
of amphibole and titanite are also recognized (Guilbert 1963). The Este Porphyry has
"floating" phenocrysts in an intergranular ground mass of quartz and potassium feldspar
(Thompson 1964, Langerfeldt 1964).

Parada et al. (1987) and Ambrus (1979) both reported the K-Ar biotite age for the
Este Porphyry as 33.6 + 0.9 Ma (Table 3.3). Ambrus (1979) also reported a K-Ar age of
34.8 +1.9Ma. An“Ar/Ar K-feldspar age of 33.4 + 0.4 Ma and “’Ar/*’Ar biotite age of
33.9 = 0.3 Ma were reported by Reynolds et al. (1998) (Table 3.3). An excimer laser
ablation ICP-MS study reported a zircon U/Pb age of 34.6 + 0.2 Ma (Ballard et al. 2001).
Further discussion and interpretation of the age data of the Este Porphyry is presented in

Chapters 5 and 7.

3.3.2.2 Banco Porphyry

The Banco Porphyry is most easily recognized because of its unique texture. The
Banco Porphyry has a ‘doubly porphyritic’ texture distinguished by two populations of
plagioclase lath sizes in an aphanitic quartz-feldspar-biotite groundmass (Langerfeldt
1964). It has been described as having a "porcelain” groundmass and fine-grained flow

banding (Guilbert 1963). Soto (1979) reported quartz and tabular biotite in the Banco



Table 3.3. Previously published ages from the Chuquicamata Intrusive Complex.
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Este Porphyry Age Mineral Reference

K-Ar 34.8+1.9Ma. | Biotite Ambrus (1979)

K-Ar 33.6+0.9 Ma Biotite Parada et al. (1987)
OArAr 334+04Ma | K-feldspar Reynolds et al. (1998)
(preferred)

AP Ar 33.9+0.3 Ma Biotite Reynolds et al. (1998)
U-Pb LAICP-MS }34.6+0.2Ma Zircon Ballard et al. (2001)
Banco Porphyry

K-Ar 338+ 13Ma | Biotite Parada et al. (1987)
AP Ar 33.1+£0.2Ma K-feldspar Reynolds et al. (1998)
U-PbLAICP-MS | 33.3+0.3Ma Zircon Ballard et al. (2001)
QOeste Porphyry

K-Ar 31.8£0.9 Ma. Biotite Ambrus (1979)

U-Pb LAICP-MS [335+0.2Ma Zircon Ballard et al. (2001)
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Porphyry. The K-feldspars are microperthitic, and are replaced locally by albite (Soto
1979). Trace amphibole and poikilitic potassium feldspars have been reported (Parada et
al. 1987).

A 33.8 + 1.3 Ma biotite K-Ar age for the Banco Porphyry was reported by Parada
et al. (1987) (Table 3.3). K-feldspar yields an **Ar/*Ar age of 33.1 0.2 Ma (Reynolds et
al. 1998) (Table 3.3). A U/Pb zircon ELA-ICP-MS age of 33.3 + 0.3 Ma was reported by
Ballard et al. (2001) (Table 3.3). Ossanddn et al. (2001), based partly on the present
thesis work, interpreted the Banco Porphyry to have intruded after the emplacement of the
Este Porphyry but prior to potassic alteration. This interpretation on the relative age of
the Banco Porphyry is not supported by the present study and is discussed further in

Chapters 5 and 7.

3.3.2.3 Oeste Porphyry

When the pit mine was shallower, the Oeste Porphyry was a major component in
the Chuqui porphyry (Fig. 3.8). It now comprises little (<5%) of the rock exposed in the
pit and the rock exposed is typically altered by the Qser alteration phase.

The Oeste Porphyry is described as aphanitic with a fine-grained quartz-feldspar-
biotite matrix. K-feldspar is perthitic, subhedral to anhedral, with size varying from 1 to
12 mm (Ambrus 1979, Soto 1979). The plagioclase phenocrysts are euhedral grains 1 to
3 mm long. Quartz eyes are predominantly allotriomorphic and monocrystalline with
local bipyramids (Soto 1979). Biotite is found in small subhedral to euhedral books (Soto

1979).
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Parada et al. (1987) and Ambrus (1979) have both reported a biotite K-Ar age of
31.8 £ 0.9 Ma (Table 3.3). Zircon U/Pb ELA-ICP-MS reveals a 33.5 £ 0.2 Ma age
(Ballard et al. 2001; Table 3.3), making it practically indistinguishable in age from that of

the Banco Porphyry.

3.4 Structural and mineralization evolution

The Chuquicamata Intrusive Complex was emplaced in a dextral strike-slip fault
system that was active during the evolution of the Eocene-Oligocene magmatic arc
(Lindsay 1998). Qser alteration is concentrated along deposit-scale fault systems and
internally-fractured large-scale vein arrays (Lindsay 1998). These fault systems and vein
arrays crosscut the potassic and propylitic alteration (Lindsay 1998).

Mineralization forms a stockwork or veinlet systems, with veinlets (<5 mm wide)
and vein arrays (>>10 cm wide) (Lindsay 1998). The stockwork system is found in the
potassic alteration zone and is composed of veinlets that have a definable emplacement
sequence as follows:

a. quartz + K-feldspar

b. quartz

[¢]

. quartz-molybdenite

d. quartz-Cu-Fe sulphides

[

. Cu-Fe sulphides

=h

Cu-Fe sulphides and sericite alteration halo

The mineralized fractures formed as extensional (NE) and shear-extensional
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(NNE and NNW) fractures that resulted from hyrofracturing influenced by the regional
stress field (Lindsay 1998).

Larger scale mineralized vein arrays are spatially associated with Qser alteration.
This mineralization sequence is dominated by quartz-molybdenite veins that are crosscut
by enargite + pyrite + sphalerite veins and pyrite-dominated(+ chalcopyrite * chalcocite +
covellite) veins (Lindsay 1998). A vertical relationship exists between the enargite-
dominated and pyrite-dominated vein types but their relationship is unclear (Lindsay
1998). The orientations of these vein types coincide with dominant fault trends within

structural domains (Lindsay 1998; Fig. 3.9; Table 3.4).

3.5 Alteration and mineralization

The first comprehensive, although simplified, description of the alteration at
Chuquicamata was written by Guilbert and Park (1986) (Fig. 3.10). Earlier detailed
descriptions of the alteration have been excluded as they are inconsistent and predate the
late 20" century models for porphyry development. In 1993, Zentilli et al. were the first
to propose the ‘multiple intrusion’ alteration model for Chuquicamata that led to this
thesis.

In the 1990s, the mining company (CODELCO) carried out a comprehensive re-
logging of all available drillcore (Mayne-Nichols et al. 1995). This study recommended
the classification of two types of alteration: “fundamental” and “superposition”.
“Fundamental” alteration includes potassic and Qser alteration. “Superposition”

alteration refers to alteration zones that overprint the “fundamental” alteration as well as a
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Table 3.4. The structural domains of Lindsay (1998) shown in Figure 3.9. The domains
are defined based on the sense of motion, orientation and timing.

sinistral: post-
mineral

Domain Initial Latest QOrientation | Mineral Dilation
Displacement Displacement Relation
Messabi Dextral Sinistral NNE-SSW | Dextral: pre- Low
| mineral
sinistral: post-
mineral
A - Zaragoza- | Dextral Zaragoza ? NNE-SSW | Dextral: pre- High
C2 Zaragoza 700m | C2 sinistral and to syn-mineral
C2 400m NE-SW
B - Estanques | Dextral Dextral prominent: Dextral: High
Blancos NE-SW pre-,syn-,
Minor: post-mineral?
WNW-ESE
C - Balmaceda | Sinistral Dextral, sinistral | ~E-W Sinistral: pre- | Mod-high
(500 m, 300 m) mineral
dextral: syn
post?
D - South Sinistral Sinistral ~NW-SE Sinistral: post | Low
Central (500 m)
E - South Dextral?? Sinistral NNE-SSW | Dextral: pre- Low-mod
Eastern mineral?
sinistral: post-
mineral?
F - Southern Dextral ESE-WNW | Dextral: post Low
(Banco H1) (<100 m)
G - West Fault | Dextral? Sinistral NNE-SSW | Dextral: syn- Mod
Americana (35-37 km) mineral?
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Figure 3.10. Simplified alteration zones within the Chuquicamata Porphyry System.

From Guilbert and Park (1986).
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zone known as the SK where the potassic alteration is overprinted by the Qser alteration.
The “superposition” zones include chloritization, silicification, argillization,
epidotization, and alunitization. The nomenclature of Mayne-Nicholls et al. (1995) is
empirical and field-based and was evolving when this project started; therefore, it was not
used during sampling for this thesis.

| Work on geochronological, isotope, and geochemical studies by Cuesta Research
Ltd. in the mid- to late-1990s led to several unpublished confidential reports. These
research contracts resulted in several research theses at Dalhousie University (e.g. Lewis
1997, Lindsay 1998), including the present study.

Ossandén et al. (2001) classified the deposit components based on the principal
stages of mineralization and are described briefly in the following section. The studies
and findings of other workers have been incorporated to augment the descriptions of
Ossandon et al. (2001). The stages described are the early (potassic), quartz-molybdenite,

main (Qser) and late stages.

3.5.1 Early stage

According to the model of Ossandén et al. (2001), early-stage alteration includes
potassic, quartz-K-feldspar, silicification and propylitic alteration (described in Figure 3.1
as propylitic and potassic-propylitic).

Potassic alteration is characterized by an assemblage of secondary biotite, with
local quartz and secondary K-feldspar vienlets (Ossandén et al. 2001). Megacrysts of K-

feldspar were earlier considered magmatic but the presence of resorbed inclusions of
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plagioclase indicate that they may also be potassic alteration features (Ossandén et al.
2001). Quartz was reported as recrystallized (Ossandén et al. 2001). Intermediate
plagioclase has been completely replaced by albite. Ossandon et al (2001) also reported
the presence of anhydrite in the potassic alteration zone. Ossandén et al. (2001) claim
that all of the porphyries of the Chuquicamata Porphyry system have been affected by
potassic alteration. This claim is discussed by the present author in Chapter 5.

Mayne-Nicholls et al. (1995) described the potassic alteration as the early phase
based on the following criteria:

a) the preservation of the rock texture,

b) the stability of feldspars and biotite,

c) the addition of potassium feldspar veinlets, and

d) the replacement of mafic minerals by biotite.
Late veins of sericite with sericitic halos are present in minor amounts and the halos do
not strongly affect the texture of the rock (Mayne-Nicholls et al. 1995) .

K-feldspar ages from the potassic alteration zone range from 32.9 to 33.8 Ma,
with a mean of 33.4 + 0.3 Ma (Reynolds et al. 1998) (Table 3.5). The biotite ages yield a
wider range of ages, as discussed in Chapters 5 and 7. Potassic alteration was coeval with
the cooling and deformation of the host porphyries in a ductile to brittle regime, related to
the dextral strike-slip system (Lindsay 1998).

Veins of quartz and K-feldspar are associated with the potassic alteration
(Ossandén et al. 2001). The potassic alteration zone is associated with chalcopyrite-

bornite mineralization without pyrite (Ossandén et al. 2001). Temperatures of
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mineralization for the potassic zone are 400 to 600°C, based on sulphide phase equilibria
(Lewis 1997).

Table 3.5. Previously published potassic ages.

Sample # Mineral Age Reference

Cu 406 K-feldspar 33.7+0.2Ma Reynolds et al.(1998)
Biotite 340x+04Ma Reynolds et al.(1998)
Biotite 352+0.2 Ma Reynolds et al.(1998)

Cu 408 K-feldspar 33.6 £0.2 Ma Reynolds et al.(1998)
Biotite 32.8 0.2 Ma Reynolds et al.(1998)

Quartz-K-feldspar (‘Ksil’ of Mayne-Nichols et al. 1995) alteration forms a band
of hard white rock across the potassic zone (Ossandén et al. 2001). The quartz-K-
feldspar alteration resulted in the obliteration of the original texture and the biotite is
completely replaced by quartz and K-feldspar (Ossandén et al. 2001). Residual
intermediate plagioclase is replaced by albite (Ossandén et al. 2001). Ksil is apparently
related to zones of cataclastic deformation (Mayne-Nichols et al. 1995).

The zone of silicification also lacks biotite but has less intense cataclastic
deformation than the main quartz-K-feldspar alteration (Ossandén et al. 2001). Some of
the original texture may be preserved locally in the zone of silicification.

The propylitic alteration zone occurs on the east side of the pit (Fig. 3.10).
Ossandén et al. (2001) described the propylitic alteration as having chlorite and epidote
with specular hematite veinlets. According to Mayne-Nichols et al. (1995), the propylitic

zone (referred to as the chloritic alteration zone in that report) is identified by the
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presence of veins and veinlets of chlorite, as well as veinlets of magnetite or hematite.
Langerfeldt (1964) described this zone as fresh, except for the chloritization of all mafic
minerals. The propylitic alteration zone is associated with low-grade chalcopyrite-pyrite

mineralization (Ossandén et al. 2001).

3.5.2 Quartz-molybdenite stage

Almost all molybdenite at Chuquicamata is present in quartz veins. A set of small
(<1 cm) quartz-molybdenite veins is younger than early stage quartz and quartz-K-
feldspar veins (Ossandén et al. 2001). Larger “blue” quartz veins (0.5 to 1 m), with
abundant molybdenite appear to be later than smaller veins, and are clearly cut by main-
stage Qser veins (Ossandén et al. 2001). Lindsay (1998) showed that quartz-molybdenite
veins have a strong preferred orientation consistent with a discrete event within a brittle
dextral strike-slip shear system. In some locations quartz-molybdenite veins are strongly

recrystallized and show stylolites, evidence of pressure solution (Lindsay 1998).

3.5.3 Main stage

The Qser zone typifies main-stage alteration. It was channelled through late
faults (Lindsay 1998) and obliterated much of the original texture of the affected rocks
(Fig. 3.10). Pyrite-enargite veins are also characteristic of this stage (Lindsay 1998).
Only in areas of weak main-stage alteration is the original rock texture discernible.
Langerfeldt (1964) described plagioclase and orthoclase that are mainly converted to

sericite and noted that mafic minerals are absent and biotite is ‘bleached’. Mayne-
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Nichols et al. (1995) divided the Qser alteration into ‘strong’ or ‘minor’ intensities based
on the degree of alteration of the original protolith.

Mayne-Nichols et al. (1995) recognized two transition zones (SK and KS), each
characterized by the style and abundance of sericitization of the potassically altered rocks.
These zones are not useful in a study of alteration; however, they are important to mining
geologists because of the Cu enrichment related to the sericitic alteration event.

The SK (sericitic over potassic in Figure 3.10) is characterized by extreme
sericitization. The original texture of the rock has been partly obliterated. Potassium
feldspar is metastable and mafic minerals have been discoloured and corroded; in this
sub-unit the sericitization is pervasive (Mayne-Nichols et al. 1995).

The KS (potassic with quartz-sericite veinlets in Figure 3.10) is characterized by
potassic alteration. The rock texture can be easily reconstructed and potassium feldspar
and mafic minerals are stable (Mayne-Nichols et al. 1995). In this sub-unit the sericite is
restricted to halos around veinlets and quartz veins (Mayne-Nichols et al. 1995).

Typically mineralized vein assemblages in the main stage are pyrite-chalcopyrite-
bornite, pyrite-bornite-digenite + enargite, and pyrite-digenite-covellite + enargite
{Ossandén et al. 2001)._ It has been proposed by some consultants that the Cu sulphides
in the Qser zone are recycled from the potassic zone. However, the Qser zone at Chuqui
tends to have double the Cu grade of the potassic, suggesting that, in addition to
remobilization, there has been an addition of Cu.

Radiometric dating of the Qser zone has consistently given ages of ~31.0 Ma

(Table 3.6). Ambrus (1977) reported K-Ar sericite ages of 31.0 £ 1.2 Ma. “Ar/*°Ar
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dating of sericite indicates that the Qser alteration event occurred at 31.0 £ 0.3 Ma
(Reynolds et al. 1998). Further *Ar/“Ar dating is discussed in Chapter 6. Re-Os dates
on related pyrite mineralization gave an age of 31 £ 2 Ma (Mathur et al. 2000).

Table 3.6. Previously published Qser ages.

Method Age Mineral Reference

K-Ar 31.0+ 1.2 Ma. sericite Ambrus (1977)
OAr/PAr 31.0+0.3 Ma sericite Reynolds et al. (1998)
Re-Os 31+2Ma pyrite Mathur et al. (2000)

To determine the temperature, chemistry, and source of hydrothermal fluids that
caused the Qser alteration zone a S-isotope study was done by Lewis (1997). This S-
isotope study of sulphide-sulphate pairs indicated the range of equilibration temperatures
of mineralization to be 300 to 375°C (Lewis 1997) (Fig. 3.11). Lewis (1997) also
suggested a temperature of 300 to 435°C for the Qser alteration, based on sulphide phase
equilibria. The low temperatures are interpreted as representing meteoric-magmatic fluid
mixing (Lewis 1997). Based on the sulphate to sulphide ratio (4:5), the oxygen fugacity
equilibria. The low temperatures are interpreted as representing meteoric-magmatic fluid
mixing (Lewis 1997). Based on the sulphate to sulphide ratio (4:5), the oxygen fugacity
was interpreted to be moderate to high for an acidic environment (Lewis 1997).

Two unpublished fluid inclusion studies at Chuquicamata (Collao 1987; Vega
1989) yielded a wide range of homogenization temperatures (210-470°C) and salinities
(1-40 wt,% NaCl-equivalent) (Fig. 3.12). It is probable that secondary inclusions were

analyzed and thus the mean Ty, obtained, 347 + 4°C (Vega 1989) and 338 + 5°C (Collao
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1987), probably represent an average of the Qser alteration event. These temperatures are

consistent with the S-isotope studies mentioned above (Lewis 1997).

3.5.4 Late stage

Covellite-dominant veins characterize the late-stage primary mineralization
(Ossandén et al. 2001). Covellite associated with digenite, and conspicuously without
quartz, pyrite or other sulphides, constitutes a distinct late-stage mineralization (Ossand6n

et al. 2001). These late-stage veins may contain red hematite and anhydrite (Ossandén et

al. 2001).

3.5.5 Supergene enrichment

Mining of the supergene deposit at Chuqui commenced in pre-historic times and
the supergene zone was mainly mined out by the middle of this century; little has been
recorded as to the alteration associated with the supergene enrichment (Ossandén et al.
2001). However, a low-grade supergene deposit remains in the north of the pit area
(Ossandédn et al. 2001). The main ore minerals found in the supergene blanket are
antlerite (CuSO,*Cu(OH),), brochantite (4CuQO-S0,.3H,0), atacamite (CuCl,»3Cu(OH),),
chrysocolla (CuO;SiOZ-ZHZO), and copper pitch (CuMn-8Fe). The supergene alteration
appears to have been mainly quartz and sericite accompanied by kaolinitic clay

(Ossandén et al. 2001).
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Figure 3.12. Fluid inclusion data of Vega (1989- diamonds) and Collao
(1987- squares). 1Itis likely that these are secondary fluid inclusions and

the salinity and homogenization temperature data represent an average of
the Qser alteration event
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Chapter 4

The Fortuna and Chuquicamata Intrusive Complexes

4.1 Introduction

As explained in Chapter 3, two separate intrusive complexes are exposed in the
Chugqui pit. The Fortuna and Chuquicamata Intrusive Complexes are in faulted contact
along the West Fault, a branch of the Domeyko Fault System (Fig. 4.1). To the east of
the fault, the Chuquicamata Intrusive Complex hosts the largest porphyry copper deposit
in the world; to the west, the Fortuna Intrusive Complex is essentially unmineralized but
is mined to maintain slope stability. The relationship of the Fortuna Intrusive Complex to
the Chuquicamata porphyry deposit has been in question for decades.

Although available as part of the mine archives, a detailed map of the Fortuna
Intrusive Complex was not published until Dilles et al. (1997). In that report the Fortuna
Complex is divided into 3 units: the Antena Granodiorite, the Fiesta Granodiorite which
intruded the Antena Granodiorite, and the San Lorenzo porphyries which intruded the
Fiesta Granodiorite (Fig. 4.2). The San Lorenzo porphyry is further divided into the
Tetera granite-aplite porphyry, the San Lorenzo granodiorite porphyry, and the San
Lorenzo mafic granodiorite porphyry (Dilles et al. 1997). The Fiesta Granodiorite
comprises the majority of the Fortuna Complex exposed in the Chuqui pit and is the main
unit described here.

The Chuquicamata Intrusive Complex, also known as the Chuqui Porphyry

Complex, is primarily composed of three porphyries: the Este Porphyry, the Banco
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is composed of the Este, Banco and Oeste porphyries (after Lindsay 1998).
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Porphyry, and the Oeste Porphyry (Fig 4.3). The three porphyries are distinct units but
are most easily identified by their textural differences. The Banco Porphyry is the most
easily recognized by its doubly porphyritic texture and aphanitic groundmass. The Este
Porphyry is recognized by its ‘crowded’ texture characterized by minor amount of
groundmass and abundant phenocrysts. The Oeste Porphyry has the most abundant
groundmass and fewest phenocrysts. A fourth porphyry has been described by some
authors (e.g. Guilbert 1963, Ambrus 1979), although it is debated whether it is a different
unit or merely a textural variation of the Este Porphyry. Most recently, Ossandén et
al.(2001) describe a ‘fine texture porphyry’; this porphyry was not identified during
sampling for this project and, therefore, it is not included in the study. The development
of the nomenclature of the porphyries was discussed in Chapter 3.

The Este Porphyry (also called the ‘East Porphyry’) is the most abundant of the
Chugqui porphyries in terms of volume and pit exposure. It composes about 80% of the
rock volume of the Chuquicamata Intrusive Complex (Lindsay 1998); (Fig. 4.3) and is
altered throughout the pit. The Este Porphyry intrudes the Paleozoic-Mesozoic rocks in
the east (Fig. 3.1). It extends 5 km north to host the Radomiro Tomic (RT) porphyry
copper deposit (Fig 1.2) (Lindsay 1998).

The Banco and Oeste porphyries each comprise about 5% of the rock volume
(Lindsay 1998). The Banco Porphyry intrudes the Este Porphyry as dyke-like bodies in
the northern part of the mine (Fig. 4.3). This is the only cross-cutting relationship among
the Chuqui porphyries documented in core or outcrop. The Oeste Porphyry is limited to

the northern region of the Chuqui pit. It is not observed in contact with the Banco
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Figure 4.3. Distribution of the porphyries of the Chuquicamata Intrusive Complex.
The Este, Banco and Oeste porphyries are identified based on textural differences
(after Lindsay 1998, based on open pit mapping 1995). Note: the area identified as
quartz-sericite alteration has been too altered to identify the host rock.
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Porphyry and appears to have a gradational or faulted contact with the Este Porphyry
(Lindsay 1998).

The remaining 10% of the Chuquicamata Intrusive Complex exposed in the pit
has been extensively altered and the primary mineralogy and texture are not discernible.
These rocks are dominated by Qser alteration. The Qser and argillic alteration completely
obliterate the original texture and mineralogy but it is generally believed to represent
mainly altered Este Porphyry.

With the assistance of the mine staff, samples were selected that best represented
the ‘freshest’ and most representative Fiesta Granodiorite and Este, Oeste, and Banco
porphyries. These samples were used as representative of the protoliths and compared to
the alteration zones in Chapters 5 and 6.

The Este Porphyry hosts most of the mineralization. It is largely affected by
alteration in the pit. For this reason, the “freshest” Este Porphyry was sampled outside
the pit, between Chuqui and the Radimiro Tomic pit excavated to the north (Appendix
A). The sample (Cu 769) was collected from what has been mapped as an offshoot of the
main porphyry body that would have cooled more quickly than the main intrusive body
and, therefore, was less susceptible to the effects of subsolidus replacement and deuteric
fluids associated with the cooling pluton. Although a ~0.5 mm vein of sericite is visible
in hand specimen, there is no evidence that it has affected the rest of the sample or the
primary mineralogy. However, this entire region has been affected by some degree of
ductile deformation (Lindsay 1998).

The Oeste Porphyry is located in an area of predominant Qser alteration. For this
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study, a ‘least-altered’ sample (Cu 516) of Oeste was collected from the pit. It is greatly

affected by the Qser alteration; however, less altered samples are unlikely to be found.
Two samples (Cu 514 and Cu 1333) of the Banco Porphyry were selected from

the pit. They are easily identified by their texture and have also been overprinted by Qser

alteration, although less pervasively than the Oeste Porphyry sample.

4.2 Petrology and mineralogy

4.2.1 The Fiesta Granodiorite of the Fortuna Intrusive Complex

4.2.1.1 Observations

The Fiesta Granodiorite is typically leucocratic, with anhedral mafic minerals
comprising ~15-30% of the rock (Fig. 4.4). Although mostly anhedral, a few mafic
grains show euhedral forms. White plagioclase is euhedral to subhedral and <1 c¢m long.
Megascopic K-feldspar appears interstitial in hand specimen. The Fiesta Granodiorite
typically has a medium-grained (1-5 mm) hypidiomorphic texture. For this study, sample
Cu 046 has been selected as petrographically typical Fiesta Granodiorite.

The amphiboles are pleochroic green to yellow green. One good cleavage is
typical and a second poor cleavage is observed locally. Twinning may be seen in the
basal sections of some grains. In all other samples from the Fiesta Granodiorite, the
amphiboles are partially altered to biotite (Fig. 4.5). In sample Cu 789, the amphiboles

are intimately intergrown with biotite and chlorite. The amphiboles in the Fiesta
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Figure 4.4. Hand specimen of the Fiesta Granodiorite (Cu 789).
White label is 5 cm long for scale.
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Figure 4.5. Typical mineral assemblages in the Fiesta Granodiorite. a) Large titanite,
metastable hornblende, biotite, plagioclase and quartz. Myrmekite is found locally.

b) Poikilitic K-feldspar, biotite, hornblende, plagioclase and quartz (hbd= hornblende).
(mag.= magnification, F.O.V. = field of view, xpl = cross polarized light)
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Granodiorite are calcic with actinolite to magnesio-hornblende compositions (Fig. 4.6).

Plagioclase in the Fiesta Granodiorite has oscillatory zoning and is variably
altered to sericite and clays (Fig. 4.5). Plagioclase is <1 cm in length and euhedral to
subhedral. Plagioclase laths may be included in K-feldspar. Plagioclase in the Fiesta
Granodiorite has a composition of An,y ¢ (Fig. 4.7). A fine-grained myrmekitic texture
occurs locally (Fig. 4.5).

Biotite occurs as intergrowths with chlorite and amphibole and as individual
grains (Fig. 4.5). Biotite has partially replaced hornblende and is altered by chlorite.
Biotite in the Fiesta Granodiorite is locally associated with titanite. Fresh biotite is
pleochroic brown to yellow and is highly birefringent with one very good cleavage (Fig.
4.5).

In the Fiesta Granodiorite, the K-feldspar locally displays microperthitic texture
and may be poikilitic with inclusions mainly of plagioclase but also of hornblende and
quartz (Fig. 4.5). In some cases, it is difficult to discern where the K-feldspar grain
boundaries are in the poikiolitic granodiorite. K-feldspar appears unaffected by
micaceous alteration but inclusions of plagioclase in the K-feldspar grains are locally
affected. Electron microprobe analyses indicate that BaO is enriched in the K-feldspar in
concentric zones near the edge of the grain and around inclusions (Fig 4.8).

Titanite is anhedral to subhedral and some crystals display a good cleavage in one
direction (Fig. 4.5). The grains are up to 1 mm in length. They are enriched in FeO and
Al,0, and in various trace elements such as Nb, Sb, Nd, Ce, Th and La (Fig. 4.9).

Electron microprobe analysis has also confirmed the presence of magnetite in the Fiesta
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Figure 4.6. Amphibole composition diagram (Leake 1978) comparing the Este Porphyry
and Fiesta Granodiorite. The Este and Fiesta amphibole microprobe analyses plot mainly
in the actinolitic-hornblende to magnesio-hornblende fields with some analyses plotting
in the actinolite field. The Fiesta Granodiorite and Este Porphyry plot in a similar

range. Mg, Fe”" and Si in the T-site are calculated from electron microprobe

analyses using Minpet. Terminology after Leake (1978).
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Figure 4.7. Albite-anorthite~orthoclase plot for feldspars of the Fortuna and
Chuquicamata Intrusive complexes. The feldspar of the Banco Porphyry

have an oligoclase composition. The Este Porphyry plagioclase range from
oligoclase to andesine in composition. The Fiesta Granodiorite plagioclase are
oligoclase to labradorite. All three units have Na in the K-feldspar.



Figure 4.8. Electron microprobe backscatter image of K-feldspar from the Fiesta
Granodiorite. Barium is enriched in zones in the K-feldspar (the brightest areas).
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Electron microprobe analysis has also confirmed the presence of magnetite in the Fiesta

Granodiorite.

4.2.1.2 Discussion

The Fiesta Granodiorite is characterized by calcic amphibole, plagioclase, biotite,
K-feldspar, recrystallized quartz, titanite and magnetite (Figs. 4.4 and 4.5). The texture is
mainly medium-grained hypidiomorphic granular (Fig. 4.4).

Biotite and chlorite have partially altered the hornblende along cleavages and
grain boundaries demonstrating that amphibele in the Fiesta Granodiorite are metastable.
The amphiboles are actinolite to magnesio-hornblende in composition (Fig. 4.6).

Plagioclase is oligoclase to labradorite (Fig. 4.7). K-feldspar is perthitic with
Ba-enriched zones around inclusions; the Ba-enrichment is the result of the inclusions
inability to accommodate the Ba-ion. The Ba-zonation and perthitic texture indicate the
K-feldspar are of magmatic origin as described in Sections 2.7.2.2 and 2.7.2.4. Inclusions
of plagioclase in the K-feldspar indicate that some of the K-feldspar is late. A
myrmekitic texture is rare and is interpreted to be of magmatic origin.

The Fiesta graniodiorite has abundant titanite which is enriched in Fe and trace

elements. The presence of magnetite indicates the magma was oxidizing.

4.2.2 Este Porphyry (Porfido Este) of the Chuquicamata Intrusive Complex

The ‘freshest’ Este Porphyry sample was collected ~2 km north (N6853, E4397)
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of the Chuqui pit in order to avoid the effects of alteration in the pit. The sample is not

mineralized and has few veins.

4.2.2.1 Observations

The Este Porphyry is medium-grained and appears hypidiomorphic granular in
hand specimen (Fig. 4.10). In thin section, and especially when stained using sodium
cobaltinitrate, the fine-grained groundmass reveals a more porphyritic texture (Fig 4.10).
The minor groundmass in the Este Porphyry is fine-grained quartz and K-feldspar. There
are 10-15% mafic minerals in these samples.

Amphibole grains up to 3 mm long have been affected by varying degrees of
alteration to biotite and chlorite (Fig. 4.11). Locally, amphibole may be unaltered. In
thin section the amphiboles show one good cleavage and a second fair cleavage, and
exhibit twinning and a green to yellow pleochroism (Fig. 4.11). The amphibole is
primarily actinolitic hornblende to magnesio-hornblende in composition, according to the
terminology of Leake (1978) (Fig. 4.6).

Plagioclase phenocrysts comprise the bulk of the unaltered Este Porphyry. The
grains average 2 to 6 mm in length and are euhedral to subhedral (Fig. 4.10). Plagioclase
phenocrysts display ocsillatory compositional zoning and twinning in cross-polarized
light (Fig. 4.12). Albite twins or intersecting pericline-albite twins (Fig. 4.12) may be
bent. Plagioclase is andesine-oligoclase (An,g 4;) (Fig. 4.7).

Potassium feldspar is a relatively minor phase in the Este Porphyry. K-feldspar

occurs as rare phenocrysts and in the fine-grained groundmass. Phenocrysts of K-feldspar
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Figure 4.10. The Este porphyry. It is medium-grained and appears hypidiomorphic in
hand specimen. a) When stained using sodium cobaltinitrite, the fine-grained
groundmass reveals a more porphyritic texture. The label is 5 cm long.

(sodium cobaltinitrite has stained K-bearing minerals yellow). b) A backscatter image
shows the interstitial nature of K-feldspar.



a. Cu 769 (mag. = 50X, F.O.V. =2 mm, xpl)

Figure 4.11. Amphibole in the Este Porphyry. a) A basal section of
amphibole (hbd) altering to biotite. b) An amphibole is altered to chlorite
along the crystal edges. Note the yellow colour of the amphibole in
plane-polarized light (ppl). The opaque grains are magnetite.



a. Cu 769 (mag

= 200X, F.O.V. = 0.5 mm, xpl)

Figure 4.12. Feldspar in the Este Porphyry a) Intersecting pericline and albite

twins in albite. Note the secondary fluid inclusions. b) Inclusions of plagioclase
and quartz in K-feldspar.

A
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have inclusions of quartz, plagioclase and biotite (Fig. 4.12). Plagioclase inclusions have
the same compositions as plagioclase phenocrysts in the rest of the sample (i.e. andesine-
oligoclase).

Rare K-feldspar megacrysts are visible in hand specimen, and embayments of the
crystals occur locally. Perthitic grains have microscopic lamellae (Fig. 4.13). Barium is
present in all analysed grains and is enriched in concentric zones (Fig. 4.13). X-ray
diffraction confirmed that the K-feldspar in the Este Porphyry is monoclinic orthoclase
(Appendix D).

Quartz occurs as grey mesoscopic phenocrysts (Fig. 4.10). In thin section, quartz
forms polycrystalline ‘eyes’ averaging 2 mm in diameter. Quartz has been recrystallized
with local undulose extinction. It is also the main constituent of the groundmass (Fig.
4.10).

Some biotite grains appear to be primary (i.e. occur independent of amphibole
but may be affected by chloﬁtization) (Fig. 4.14a) whereas other grains are possibly
replacements of amphibole (whereas amphibole and biotite % chlorite are intimately
intergrown) (Figs. 4.11a and 4.14b). In both cases, biotite displays chloritization or
irregular grain boundaries). Inclusions of apatite and zircon are associated with biotite.

Titanite is associated with magnetite, biotite/chlorite and amphibole (Fig.4.15).
Most grains exhibit euhedral diamond-shaped crystals. Some grains show cleavage (Fig.
4.15). The titanite is up to 3 mm in length. Titanite in the Este Porphyry is zoned with

enriched areas of trace elements (Fig. 4.15) such as Nd, Nb, La, Sb, Y and Ce (Fig. 4.9).
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108um B A

Figure 4.13. A backscatter image of compositional zoning of BaO in K-feldspar.
It is common in the ‘unaltered’ Este Porphyry. The lightest band represents an
enrichment of BaO.



a. Cu 769 (mag. = 50X, F.O.V.

Figure 4.14. Biotite in the Este Porphyry. It is metastable throughout the ‘unaltered’
Este Porphyry. a) Biotite is altered to chlorite along the grain boundaries. b) Biotite
as a replacement of amphibole.
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Magnetite is spatially associated with biotite and amphibole (Fig. 4.11) and

has<0.5 wt.% TiO, (Appendix C).

4.2.2.2 Discussion

The Este Porphyry is hypidiomorphic granular to porphyritic with a groundmass
of quartz and K-feldspar.

Actinolitic-hornblende to magnesio-hornblende is interpreted to be metastable
because it is seen to be altered to biotite and chlorite. Euhedral to subhedral plagioclase
phenocrysts of andesine to oligoclase composition are the most abundant mineral phase.
They display oscillatory compositional zoning.

The inclusions of plagioclase and quartz in K-feldspar phenocrysts, as well as
the interstitial nature of fine-grained K-feldspar, distinguish K-feldspar as a late phase.
The exsolution lamellae in K-feldspar suggest a magmatic origin (Section 2.7.2.4).
Regular reverse Ba zonation in K-feldspar supports magmatic crystallization (e.g., Long
and Luth 1979) (Fig. 4.12). The extreme regularity of the Ba-zonation indicates that this
Ba-enriched zone crystallized contemporaneously with minerals that do not preferentially
partition Ba, such as plagioclase and hornblende (Long and Luth 1979).

Polycrystalline pods of recrystallized quartz represent primary quartz phenocrysts
that have been affected by strain. This strain has affected the rocks throughout the study
area (Lindsay 1998). Large chemically zoned titanite represents a sink for trace elements

such as Nd, Nb, La, Y and Ce in the cooling magma.
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4.2.3 Banco Porphyry (Porfido Banco) of the Chuquicamata Intrusive Complex

The samples of ‘fresh’ Banco Porphyry studied here (Cu 514 and Cu 1333) have
been affected by Qser alteration. The original texture and mineralogy of the Banco
Porphyry have been preserved and are easily discerned. These samples are from dyke-
like bodies that were intruded into areas of potassically altered Este Porphyry (Fig. 4.3).
The réason these samples are considered to be ‘fresh’ and not ‘potassic’ is discussed more

thoroughly in Chapter 5.

4.2.3.1 Observations

The Banco Porphyry has a bimodal population of plagioclase phenocrysts and
hence has been termed "doubly porphyritic". The smaller phenocrysts average ~0.5 mm
long and are most abundant; the larger phenocrysts are typically >2 mm long. K-feldspar
grains are pink and visibly poikilitic in hand specimen. Mafic minerals comprise less
than 5% of the rock discernible in hand specimen. Sodium cobalitnitrite staining
confirms that the aphanitic matrix is primarily K-feldspar (Fig. 4.16).

The plagioclase phenocrysts are euhedral to subhedral and range from weakly to
moderately altered to sericite (Fig. 4.17). The smaller population of plagioclase is more
intensely sericitized than the larger grains (Fig. 4.17). Locally, grains display bent and
fractured twins (Fig. 4.17). Electron microprobe analyses indicate the plagioclase is
oligoclase (An,,,) (Fig. 4.7).

Phenocrysts of quartz are grey and measure up to 1 cm in diameter in hand

specimen (Fig. 4.16). In thin section, they are found as polycrystalline quartz ‘eyes’ and
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Figure 4.16. Hand specimen of the Banco Porphyry. It has a very-fine
groundmass with phenocrysts of quartz (grey), plagioclase (white) and
K-feldpsar (vellow). Slab stained using sodium cobatinitrite which stains
the K-bearing minerals yellow. The bright yellow line across the slab
represents a sericite vein. The label is 5 cm long.
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Figure 4.17. The Banco Porphyry with a doubly porphyritic texture.

a) Phenocrysts of plagioclase with a large K-feldspar phenocryst on the left.
Note the small quartz grains in the groundmass. b) Plagioclase grains with
bent twins.
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display undulose extinction. Quartz is also found in the matrix (Fig. 4.17).

Large potassium feldspar phenocrysts up to 1 cm across display minor alteration.
Microperthitic textures were observed. Inclusions of plagioclase are common, as are
quartz inclusions near the edges of K-feldspar grains (Fig. 4. 18). Inclusions of
plagioclase in K-feldspar are locally altered to sericite. BaO is present in patches within
the K-feldspar, with a pﬁrticularly enriched zone near the rim (Fig. 4.19). Megacrysts of
K-feldspar occur locally.

Biotite has kinked cleavage and may be chloritized. Biotite is pleochrioc brown-
yellow and is consistently <1 mm, in size, although they may occur in clusters up to 3
mm in size. Chlorite displays an anomalous inky blue birefringence and occurs as an
alteration product of biotite. Minor opaques are scattered throughout the samples.

Rutile occurs as needles; it is either found along the cleavage planes of biotite, or as a
diamond-shaped pseudomorph. Reconnaissance microprobe work indicates that the rutile

contains FeO but no trace elements were analyzed.

4.2.3.2 Discussion

The different sizes between the phenocrysts and the groundmass is interpreted to
represent two-stages of cooling. An initial period of slow cooling led to nucleation and
the growth of plagioclase, quartz, and K-feldspar phenocrysts in the magma chamber.
Later, rapid cooling occurred during the intrusion of the Banco Porphyry dykes into the
already solidified Este Porphyry, forming the aphanitic groundmass and enclosing the

fine-grained quartz inclusions in the K-feldspar phenocrysts (Fig. 4.18).
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Figure 4.18. a) K-feldspar phenocryst with quartz inclusions at the rim and altered
plagioclase inclusions toward the core. b) Another K-feldspar grain with
irregular edges and a plagioclase inclusion.

124



125

Figure 4.19. Zoned K-feldspar in the Banco Porphyry. The brightest areas are
Ba-enriched; they appear brighter because the BaO increases the relative density.
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The oligoclase composition of the plagioclase suggests they are more sodic than
those of the Este Porphyry. The inclusions of plagioclase and quartz in the K-feldspar
and the perthitic texture suggest a magmatic origin for the potassium feldspar (Section
2.7.2.4). The reverse Ba zonation in the K-feldspar is (Fig. 4.19) also interpreted to be of
magmatic origin as, described in Section 2.7.2.2. The irregular edges of the K-feldspar
phenocrysts (Fig. 4.18), which envelop the small quartz grains, represent very late
growth. During the final cooling stage, the K-feldspar continued to grow, enclosing the
latest nucleated quartz, which otherwise would have remained in the groundmass.

The pseudomorphing of a diamond-shaped mineral (interpreted to be titanite) by
rutile needles is believed to be a secondary alteration, possibly occurring during the Qser

alteration.

4.2.4 Oeste Porphyry (Porfido Oeste) of the Chuquicamata Intrusive Complex

A sample of Oeste Porphyry was selected with the aid of mine geologists.
Although it is pervasively altered by Qser alteration, this sample (Cu 516) is believed to
be the best sample to be found at the present level of mining, because the Oeste Porphyry
outcrops only in the west, coinciding with the pervasive Qser and argillic alteration zones
(Fig. 4.3). The Oeste Porphyry was not sampled to compare alteration effects, for itis a

relatively minor phase in the Chuqui pit.
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4.2.4.1 Observation

The Oeste Porphyry has an open texture, with phenocrysts ‘floating’ in the
groundmass (Lindsay 1998) (Fig. 4.20). The groundmass is very fine-grained quartz and
is more abundant than in either the Este Porphyry or Banco Porphyry.

No amphiboles were observed in the Oeste Porphyry in this study. Plagioclase is
totally altered to clay or white mica, but the original euhedral crystal forms are still easily
discernible. The laths of plagioclase average less than 5 mm in length. Relict laths of
biotite (~2 mm long) were observed with rutile along the relict cleavage. Zircon was
associated with this relict biotite grain. Potassium feldspar occurs as fine-grained
phenocrysts with minor to moderate micaceous alteration. The Oeste Porphyry has
rounded pods of polycrystalline, recrystallized quartz phenocrysts less than 1 cm long.
Rutile is also present as needles arranged in a diamond-shape, and associated with relict

biotite.

4.2.4.2 Discussion

The Oeste Porphyry has more matrix and fewer phenocrysts than the Este
Porphyry. The Oeste Porphyry has only one size population of plagioclase phenocrysts,
differentiating it from the Banco Porphyry. From thin section studies, it is apparent that
the Oeste Porphyry originally had phenocrysts of plagioclase, K-feldspar, quartz, and
biotite. All of these phenocrysts are <5 mm in length. The groundmass is primarily
quartz and K-feldspar. The rutile appears to be replacing titanite and/or amphibole as the

needles are arranged in a diamond-shape.
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Figure 4.20. Hand specimen of Oeste Porphyry. It has been
strongly affected by fracturing and alteration. The white label is 5 cm.
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4.2.5 Interpretation

The Fiesta Granodiorite has a higher mafic index than the Este Porphyry;
however, the mineral compositions overlap. The amphiboles of both units fall within the
same compositional range (actinolitic- to magnesio-hornblende) (Fig. 4.6). Although the
Fiesta Granodiorite has more calcic plagioclase than the Este Porphyry, the plagioclase
compositions overlap (Fig. 4.7). Abundant titanite in the Fiesta Granodiorite and the Este
Porphyry has a similar enrichment in trace elements (Fig. 4.9); however, the
compositional zoning observed in the Este Porphyry titanites is not observed in the Fiesta
Granodiorite (Fig 4.15). Ba-zonation of the K-feldspar is found in both the Este Porphyry
and the Fiesta Granodiorite and the Ba-values fall within the same range (Appendix C).

Mineralogically, the Fiesta Granodiorite could represent a deeper equivalent of the
Este Porphyry. The grain sizes are equivalent; however, the Fiesta Granodiorite lacks
megacrystic K-feldspars.

Mineralogically, the Banco Porphyry is more felsic than the Este Porphyry. The
plagioclase in the Banco Porphyry consistently falls in the oligocene compositional range,
within the range of the more sodic Este Porphyry plagioclase compositions (Fig. 4.7).

The Banco Porphyry lacks amphibole and contains only minor biotite. The groundmass
is primarily K-feldspar and quartz.

The Banco Porphyry has two size populations of plagioclase. Quartz and K-
feldspar phenocrysts are approximately the same size as the larger plagioclase grains,
suggesting that they nucleated and grew during a period of slow cooling prior to intrusion

of the Banco Porphyry dykes. The smaller population of plagioclase phenocrysts likely
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nucleated at the same time as the larger grains, supported by their similar compositions.
Their smaller size is due to low local Ca- and Na-activites. K-feldspar phenocrysts, and
locally megacrysts, include rims of fine-grained quartz and the small population of
plagioclase, indicating that K-feldspar is one of the last phases to crystallize. Final
crystallization occurred as the Banco Porphyry dykes intruded into the Este Porphyry,
forming the aphanitic groundmass of K-feldspar and quartz. Field relations support the
interpretation that the Banco Porphyry intruded into a completely cooled Este Porphyry.
The groundmass of the Qeste Porphyry is very fine-grained quartz and is more
abundant than in either the Este or Banco porphyries. The groundmass of the Oeste
Porphyry is coarser than that of the Banco Porphyry, but finer than that of the Este
Porphyry. The Oeste Porphyry has only one size population of plagioclase phenocrysts.
The plagioclase in the Oeste Porphyry is of undetermined composition. The Oeste
Porphyry is interpreted to have cooled slowly; slow cooling resulted in the nucleation and
growth of the plagioclase phenocrysts before magma ascension. This ascent resulted in a

moderate rate of cooling that formed the fine-grained groundmass.

4.3 Geochemistry of the Fortuna and Chuquicamata Intrusive Complexes

Whole-rock and trace element analyses of characteristic samples from the Fiesta
Granodiorite, and Este, Banco, and Oeste porphyries were done'at the Chemex Lid. 1ab in
Vancouver, BC. The raw data (un-normalized) are reported in Appendix E. Details of
the analytical procedure and reported detection limits are also given in Appendix E.

The normalized, LOI-free whole-rock geochemistries of the Fiesta Granodiorite
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and the Este, Banco, and Oeste porphyries are reported in Table 4.1. These data are
plotted as bar graphs in Figure 4.21 to compare the variations in the major elerents
between the units. Samples from the Banco and Oeste porphyries have been affected by
varying degrees of Qser alteration. The chemical effects of this alteration are discussed in

Section 4.3.3.

4.3.1 Whole-rock geochemistry

The SiO, values are slightly higher in the Chuqui porphyries than in the Fiesta
Granodiorite (Fig. 4.21). The SiO, values of the Este Porphyry (70.55 wt.%) fall within
the range of Si0O, values for the Banco Porphyry (69.5-70.66 wt.%). One sample from
each of the Fiesta Granodiorite, the Este and Banco porphyries have identical Al,O,
values (16.97 wt.%). The other Banco Porphyry sample has a higher AL,O, content
(18.02 wt.%) and the Fiesta Granodiorite has a lower value (15.54 wt.%).

The TiO,, Fe,O,tot, MgO and CaO values are consistently highest in the Fiesta
Granodiorite compared to the Chuqui porphyries. The Este Porphyry has more CaO
relative to the Banco Porphyry but has similar TiO,, Fe,0,,,, and MgO values.

The Este Porphyry has relatively less K,O (1.73 wt.%) than the other units. There
is a wide range in the K,O values of the Banco Porphyry (3.18-4.21 wt.%). The Fiesta
Granodiorite has consistent K,O values (4.04-4.51 wt.%), higher than those of the Banco
Porphyry. The Fiesta Granodiorite has the lowest values of Na,O (2.53-3.7 wt.%). The
Na,O values for the Banco Porphyry vary widely (3.85-5.31 wt.%). The Este Porphyry

falls between the two Banco samples (4.12 wt.%).
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Figure 4.21. Whole-rock geochemistries of the Chuquicamata
and Fortuna Intrusive complexes (normalized to 100%, LOI-free).
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The Este Porphyry has the lowest LOI value (0.44 wt.%). There is a wide
variation in the loss-on-ignition (LOI) values for both the Banco Porphyry (0.80-2.41
wt.%) and the Fiesta Granodiorite (0.85-1.97 wt.%).

The Oeste Porphyry has been extensively altered and,‘therefore, the whole-rock
geochemistry has undoubtedly been affected. The Oeste Porphyry sample has slightly
higher silica values and lower alumina values than the other Chuqui porphyries. It has
consistently lower TiO,, Fe,0,,,, MgO, and CaO values than the other samples. It has
Na,O and K,O values similar to the Banco Porphyry. The LOI values in the Oeste

Porphyry (1.7%) fall between those of the Banco Porphyry samples but is considerably

higher than the Este Porphyry.

4.3.2 Trace and rare earth element geochemistries

Whole-rock and trace element geochemisties of the Fiesta Granodiorite samples
(Cu 524 and Cu 526) indicate the Fiesta Granodiorite of the Fortuna Intrusive Complex is
rhyodacitic (volcanic equivalent of granodiorite) (Fig. 4.22). Figure 4.22 indicates the
three Chuqui porphyries are also the intrusive equivalent of rhyodacite (granodiorite).

The Fiesta Granodiorite and Banco and Este Porphyries plot in the volcanic arc or
syn-collisional granitoid field of the diagram of Pearce et al. (1;84) (Fig. 4.23). A plotof
Rb vs. Y+Nb classifies the Fiesta Granodiorite, Este and Banco porphyries as the
volcanic arc granite field (Pearce et al. 1984) (Fig. 4.24). The Este Porphyry plots in the

same position as one of the Fiesta Granodiorite samples (Fig. 4.24). ¥
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Figure 4.22. The Banco and Este porphyries and Fiesta Granodiorite plot as
rthyodacite (the magmatic equivalent to a granodiorite). The Banco Porphyry
is a subvolcanic rock and may even be classified as a rhyodacite. Fields after
Winchester and Floyd (1977).
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Figure 4.23. The Este and Banco Porphyries and the Fiesta Granodiorite are volcanic
arc to syn-collisional granitoids. Diagram of Pearce et al.(1984).
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Figure 4.24. The Este and Banco porphyries and the Fiesta Granodiorite are of volcanic
arc affinity. Diagram after Pearce et al. (1984).
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Rare-earth element analyses for all units are enriched in light rare-earth elements
(LREEs) compared to heavy rare-earth elements (HREESs) (Fig. 4.25). The Fiesta
Granodiorite appears to be enriched relative to the Chuqui porphyries; however, it has
some overlap with the Este Porphyry. The Banco Porphyry is more REE-depleted than
the Este Porphyry, particularly in the LREES, but is more enriched than the Oeste
Porphyry. It is unclear whether the relative depletion of the Banco and Oeste porphyries
may reflect the degree of Qser alteration or a more depleted source. Regardless of the
relative abundance of the REEs, the trend is the same for all units, with a decrease in
abundance with increase in atomic number in the LREEs. The HREEs give a flatter and

irregular trend. Note the absence of a negative Eu-anomaly in all units.

4.3.3 Discussion of gedchemistry

The Chuqui porphyries have slightly elevated SiO, values compared to the Fiesta
Granodiorite. A quartz-rich groundmass is the reason for the highest silica value in the
Oeste Porphyry. The Al,O, values are consistent for all units. This reflects the relative
abundance of feldspars and the distribution of Al in the alkali and plagioclase feldspars.

There are higher values for all basic elements (i.e. TiO,, Fe,0,,,, MgO and CaO)
in the Fiesta Granodiorite compared to the Chuqui porphyries. These higher values
confirms the more mafic geochemical nature of the Fiesta Granodiorite seen in the lower
Si0, content and reflects the relatively higher abundance of mafic minerals and more
calcic nature of the plagioclase than in the Chuqui porphyries.

The Este Porphyry is slightly more enriched in TiO,, Fe,Ostot, and MgO than the
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Banco Porphyry and has much higher CaO content (A¢,o >1.23 wt.%) because the Este
Porphyry has more abundant basic minerals (amphibole, biotite, and titanite). Some of
the plagioclase is more calcic in the Este Porphyry than the Banco Porphyry also reflected
in the higher CaO value (Fig 4.7). Also, the plagioclase has been altered to sericite in the
Banco Porphyry, replacing some of the Ca with K-rich mica. The Oeste Porphyry has the
lowest CaO, FeO and MgO values of all the porphyries, reflecting the replacement of
mafic minerals (biotite and An-end-member plagioclase) by sericite and clays.

Variations in Na,O and K,O mainly reflect the abundance and composition of
feldspars and the degree of sericite alteration. Na,O is lowest in the Fiesta Granodiorite,
reflecting the more éalcic plagioclase. The plagioclases in these two samples (Cu 524
and 526) show only minor sericite alteration and, therefore, the K,O values reflect the
abundance of K-feldspar, biotite and amphibole.

Na,O is higher in Este Porphyry than Fiesta Granodiorite because of the more
sodic nature of the plagioclase. The K,O is lowest in the Este Porphyry becauée K-
bearing minerals (i.e. K-feldspar and biotite) are less abundant than in the Fiesta
Granodiorite and Banco Porphyry. In the Este Porphyry, K-feldspar occurs primarily as
interstitial groundmass; biotite and amphibole are metastable and not as abundant as in
the Fiesta Granodiorite and there is no sericite alteration of the plagioclase in the Este
Porphyry, in contrast to the Banco Porphyry.

The high Na,O values in the Banco Porphyry reflect the more sodic nature of the
plagioclase than in the Fiesta Granodiorite. K,O is high in the Banco Porphyry due to the

abundance of K-feldspar and the K-mica alteration of the plagioclase. There is only
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minor biotite in the Banco Porphyry and, therefore, it contributes only a small amount of
K,0. K,O is highest in the Banco Porphyry sample characterized by large megacrystic K-
feldspar (Cu 1333) although these megacrysts were intentionally avoided in the
geochemical sample analyzed.

Although no microprobe data are available for the feldspar of the Oeste Porphyry
feldspars, it is apparent that the plagioclase is very sodic as the Na,O content is very high.
This value likely reflects the remnant plagioclase in the sample but may also indicate the
presence of paragonite-composition sericite. The high Na,O and K, O reflect the
abundance of alkali feldspars and sericite alteration.

The high LOI in the Fiesta Granodiorite sample Cu 526 is due to the abundance of
hydrous minerals, such as biotite and amphibole, as well as minor sericite alteration of the
plagioclase. There are few hydrous minerals in the Este Porphyry which has the lowest
LOIL High LOI-values in the Banco and Oeste porphyries reflect the degree of sericitic
alteration.

Trace-element discrimination diagrams show that the Fiesta Granodiorite and Este
and Banco Porphyries are granodioritic in composition (Fig. 4.22). The Fiesta
Granodiorite and Chuqui Porphyries formed in a volcanic arc tectonic setting (Figs.4.23
and 4.24).

Rare-earth element analyses indicate a possible garnet- or hornblende-rich source
indicated by the steep slope of the LREESs (Fig. 4.25). However, the flatter HREE trend is
less meaningful. As there are so few samples from each unit, a definite source is not

discernible.



142

The depletion of REEs in the Banco and Oeste Porphyries may be the result of
Qser alteration, a trend observed and discussed further in Chapters 5 and 6.

The absence of a Eu-anomaly may be indicative of high oxygen fugacities.
Europium preferentially partitions into the melt with a 3+ charge and into plagioclase
with a 2+ charge (Rollinson 1993). Therefore, Eu** is the referred ion at high f,, and,
therefore, partitions into the melt (Rollinson 1993). In this way, Eu avoids being
removed from the melt in plagioclase. The estimated high oxygen fugacity is supported

by the presence of magnetite and titanite.

4.4 Geochronology

Radiometric dates previously published for the Fortuna and Chuquicamata
Intrusive complexes are reported in Chapter 3 (Tables 3.1 and 3.3). High-precision
“©A1/*Ar ages were obtained for the Chuquicamata Intrusive Complex during this project
(Reynolds et al. 1998) and, therefore, no further dates were obtained during this study
(Table 3.3). The Fortuna Intrusive Complex has been dated using only the K-Ar and
discordant U-Pb (Table 3.1). Poor precision in the published ages led to further dating of

the Fiesta Granodiorite using the **Ar/*Ar method.

4.4.1 “*Ar/®Ar of the Fiesta Granodiorite
Data for the *Ar/*Ar dates are given in Appendix G. Appendix G also describes
the methodology of this method. Samples were separated and analyzed at Dalhousie

University.
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4.4.1.1 Hornblende

Spectra obtained from hornblende separates from samples Cu-046 and Cu-524 are
concordant within error over the final ~80% of gas release (Fig. 4.26). Best estimates of
age are 37.2 = 1.2 and 37.9 + 2 Ma, respectively. These ages correspond to observed
3 Arf*° Ar ratios of ~7 to 12 and 9 to 11, respectively (Fig. 4.26). In each case, these
measurements are at the lower limit of values inferred from electron microprobe
determinations of Ca/K ratios (Appendix G) (Fig. 4.26). Hence, some contamination from
biotite is suspected, a conclusion consistent with the observed petrography and with the
very low ¥ Ar/*Ar ratios apparent over the initial ~20% of gas release.

Data obtained from hornblende separates of sample Cu-789 are characterized by
abundant gas at relatively low extraction temperatures, discordant age spectra, and low
3 Ar/*° Ar ratios (Fig. 4.26). Hence, the total gas ége of 36 + 0.3 Ma is interpreted as a

biotite age.

4.4.1.2 Biotite

Spectra obtained from biotite separates from samples Cu-046 and Cu-524 are
concordant over ~95% of the gas release at ages of 36.4 + 0.4 and 36.4 £ 0.6 Ma,
respectively (Fig. 4.27). The moderately discordant spectrum obtained for Cu-407 biotite

has an average age of 36.9 + 0.4 Ma over the bulk of the gas release.
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Figure 4.27. “Ar/”Ar spectra for biotite in the Fiesta Granodiorite are well-constrained.
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4.4.1.3 K-feldspar

This mineral yielded the most consistent data in the present study. All four Fiesta
samples (Cu-789, Cu-407, Cu-046, Cu-1061) had age plateaus comprising ~65 to 80% of
the total gas release over the latter portions of the age spectra (Fig. 4.28). Plateau ages
range from 35.0 + 0.3 Ma to 35.8 £ 0.5 Ma; the mean is 35.5+0.2 Ma.

Sample Cu 790 from the Tetera Porphyry yielded a K-feldspar plateau age of 35.5
+ 0.4 Ma over 80% of the total gas released. This age is consistent with the mean of the

Fiesta Granodiorite samples.

4.4.1.4 Discussion of “’Ar/*Ar ages

The results of the “°Ar/*®Ar study are presented in Table 4.2. The mean age of
hornblende in the Fiesta Grandiorite is 37.6 + 0.7 Ma (samples Cu 046 and Cu 524). The
mean age of Fiesta Granodiorite biotite is 36.4 Ma (omitting sample Cu 407 because of
its discordance) and the K-feldspar mean age is 35.5 + 0.2 Ma (all samples).

The error ranges on the amphibole ages are significant, but the ages are invariably
older than the biotite and K-feldspar ages (Figure 4.29). This difference in ages is
consistent with the higher closure temperature of amphiboles (~500°C) and the lower
closure temperatures of biotite (~300°C) and K-feldspar (170-300°C). The small
difference between the amphibole and K-feldspar (<2 Ma) ages indicates rapid cooling

(~150°C/My).
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Table 4.2 “°Ar/°Ar ages of the Fiesta Granodiorite from this study. The calculated mean
(z 2 standard deviations) for each mineral is reported in bold font (*- not calculated in the

mean).

Sample # Hornblende Biotite K-feldspar

Cu 046 372+ 1.1 Ma 36.4+0.4 Ma 35.5+04 Ma
Cu 407 36.9 +0.5 Ma* 350+ 0.4 Ma
Cu 524 379+ 2.0 Ma 364 £0.6 Ma

Cu 789 36.0 £ 0.3 Ma* 35.5+0.5Ma
Cu 1061 35.8% 0;5 Ma
mean 37.6 + 1.0 Ma 36.4 £ 0.0 Ma 35.5x0.2 Ma

Figure 4.29 shows a possible cooling curve for the Fiesta Granodiorite based on
the “°Ar/*Ar data in this study and the U/Pb zircon and apatite fission track data reported
in Table 3.1. Cooling was very rapid between 700° and 500°C. Between 500°C and
300°C, the cooling slowed to 200°C/My and continue to slow significantly to at least

~200°C.

4.5 Two-feldspar geothermometry

The following equation is a two-feldspar thermometer refined by Haselton et al.
(1983):
Ty= (XA, )7 (18810 + 17030 X%, +0.364 P)- (X, )* (28230 - 39520 X™,,)

10.3 (X*F,)* +8.3143 In { XD (2-X 0 }

AF
XAb

where T is temperature in degrees Kelvin, X = the mole fractions, and P is

pressure in bars.



The two-feldspar geothermometry gives a temperature of 534 to 565°C for the

Fiesta Granodiorite over pressures of 1 to 3 kbars (Table 4.3). This constrains the

temperature at which the feldspar compositions equilibrated.
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Table 4.3. Temperatures calculated using two-feldspar geothermometry (Haselton et al.

1983).
Pressure | Fiesta An,, Orgg | Este Anyy Orys | Banco Ang; Org,
1000 bars | 534°C 322°C 678°C
2000 bars | 550°C 333°C 694°C
3000 bars | 565°C 344°C 710°C

The Banco Porphyry has a considerably higher temperature range (678 to 710°C)

over the pressure range of 1 to 3 kbars (Table 4.3), likely due to equilibration in feldspar

compositions during rapid cooling.

The Este Porphyry temperatures are considerably lower (322 to 344°C) (Table

4.3). These lower temperatures may be due to slow cooling, allowing re-equilibration of

feldspar compositions. It is unlikely the Este Porphyry crystallized at pressures higher
than 3 kbars, so higher temperatures are not likely to have been achieved using this

process. The two-feldspar geothermometer of Haselton et al. (1983) is untested below

500°C and, therefore, the temperature determined for the Este Porphyry is tenuous. Still,

it seems reasonable to assume that subsolidus re-equilibration of feldspar compositions

occurred below 500°C in the Este Porphyry.
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4.6 Hornblende geobarometry

There are enough thermodynamic constraints on the composition of hornblende
that the total aluminum values in the rims of hornblende of calc-alkaline rocks may be
used to calculate the pressure of solidification (Hammarstrom and Zen 1986, Hollister et
al. 1987, and Schmidt 1991). The requirements to constrain the degrees of freedom and
make the Al-content of hornblende a valid geobarometer are the following
(Hammarstrom and Zen 1986; Hollister et al. 1987):
1) the rocks should be calc-alkaline;
2) an assemblage of plagioclase-quartz-hornblende-biotite-orthoclase-magnetite-titanite
must have crystallized together;
3) to constrain temperature, only the compositions of the rims of the hornblende should
be determined (the rims were the only part of the grains that could have crystallized with
the other phases in the final melt);
4) the plagioclase rim compositions should be between An,s and Anss; and
5) the pressure has to have been >2 kbars (the limit of the experimentation).

Using these conditions, the Al ,,, contents of hornblende in two samples of the
Fiesta Granodiorite (Cu 046 and Cu 524) and one sample of the Este Porphyry (Cu 769)
were calculated and the pressures determined using the equations of the aforementioned
authors. The results are presented in Table 4.4.

Pressures of < 2 kbars were derived for all samples, except for the Este Porphyry.

However, it is unclear whether the calculated pressures >2 kbars are values from rim



analyses of the amphibole. All values <2 kbar are below the limit of validity for this

technique.

It would be reasonable to assume that the Fiesta Granodiorite solidified at <2

kbars. Alternatively, the hornblendes may be metastable in the Fiesta Granodiorite which

Table 4.4. Calculated pressures from the Este Granodiorite and Este Porphyry using
hornblende geobarometry. Homblende geobarometer uses the total cation amount of
aluminum. P= -4.76+5.64A1,,, (Hollister et al.1987), P=-3.92 + 5.03Al,
(Hammarstrom and Zen 1986), P=-3.01 + 4.76Al,, (Schmidt 1991). The electron
microprobe data for hornblende are reported in Appendix C.

Sample # | Range of Al,,,, | Equation Calculated pressure
Cu 046 0.668-0.905 Hollister et al. (1987) -0.992-0.344 (kbars)
(Fiesta)

Hammarstrom and Zen(1986) | -0.560-0.632 (kbars)

Schmidt (1991) 0.170-1.30 (kbars)
Cu 524 0.684-0.918 Hollister et al. (1987) -0.902-0.417 (kbars)
(Fiesta)

Hammarstrom and Zen(1986) | -0.479-0.698 (kbars)

Schmidt (1991) 0.246-1.360 (kbars)
Cu 789 0.629-0.978 Hollister et al. (1987) -1.21-0.756 (kbars)
(Fiesta)

Hammarstrom and Zen(1986) | 0.756-0.999 (kbars)

Schmidt (1991) -0.016-1.645 (kbars)
Cu 769 0.640-1.08 Hollister et al. (1987) -1.15-1.33 (kbars)
(Este) {(not all rims)

Hammarstrom and Zen(1986) | -0.701-1.51 (kbars)

Schmidt (1991) 0.0364-2.131 (kbars)

affected the Al-content in the hornblende. Metastability seems a likely alternative as
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some of the pressures have negative values. Regardless, in the Fiesta Granodiorite, the
results are not within the experimental limits of the technique, perhaps due to subsolidus
effects which also affected the two-feldspar geothermometry in Section 4.5.

In the Este Porphyry, the plagioclase compositions fall within the error range for
this analytical technique, however, the rim compositions were only locally calcic enough
to satisfy the analytical requirements. The composition of plagioclase rims is required to
constrain the degrees of freedom and, therefore, this unit is unsuitable for this technique.
The hornblende in the Este Porphyry is interpreted to be metastable, which may also
affect the reliability of this technique. Temperatures calculated using two-feldspar
thermometry indicates the temperature of crystallization necessary to confine the degrees
of freedom using hornblende barometry may not reflect the actual temperature at which

the hornblende compositions were fixed.

4.7 Stable Isotopes of the Este Porphyry

Mineral separates from the Este Porphyry were analyzed at the laboratory of Dr.
Kurt Keyser at Queen’s University in Kingston, Ontario, for oxygen and hydrogen stable
isotopes. The results are presented in Table 4.4 and Appendix F, reported as 5'30 in %o,

where §"0%o=  [®O0/"0 (rier="0/0 angarsy | X 1000
180/ 60 (standard)

with SMOW as the standard.
The measured values of §'*0O can be used to determine the temperature of

equilibrium and the 8'*0 and 3D of the fluid in equilibrium with the minerals gives an
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indication of the source of the fluid (e.g. Rollinson 1993). For the temperatures and
calculated 8y, values to be valid, the minerals must be in isotopic equilibrium. Three
features may indicate whether isotopic equilibrium was achieved. The first is the
presence of isotopic reversals (O’Neil 1986). For example, the order of 8®O enrichment
should be quartz>K-feldspar>biotite; if this order is different for the measured values, the
minerals may not be in isotopic equilibrium. The second requirement is unusually large
isotopic fractionations. If the A, teasper 18 VEry high (1.3 to 1.8 is the normal range),
then isotopic equilibrium has been affected (O’Neil 1986). Finally, the temperatures
calculated for multiple pairs of minerals must be concordant (O’Neil 1986) and
reasonable.

Non-altered I-type plutonic rocks have “normal” igneous values which are 6D ~ -
50 to -90%o and 8'*0 ~ +5.5 to +10%o. (Sheppard et al. 1969). All Este Porphyry values
fall within this range (Table 4.5); there are no isotopic reversals (Table 4.5); and there are
no significantly large isotopic fractionations (Aquartz-feldspar = 1.2%o0). All of these

conditions indicated that there was isotopic equilibrium.

4.7.1 Isotope thermometry

Temperatures were determined using oxygen isotopes from quartz-K-feldspar,
quartz-biotite and K-feldspar-biotite pairs applying the equation:

1000 In o', ~ §%0, - %0, = A(10°T%) + B
where a is the isotopic fractionation factor, T is temperature in degrees Kelvin, and A and

B are experimentally determined constants. The constants used in these calculations are
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from Bottinga and Javoy (1973 and 1975) and are tabulated in Appendix F.

The results of the temperature calculations are given in Table 4.6. These
temperatures are somewhat concordant with a mean temperature of 595° £25°C. The
concordance of temperatures supports the equilibration of isotopes.

Table 4.5. Stable isotope 8-values for the Este Porphyry.

Mineral measured 5'°0 | measured 8D
Quartz 9.4 n/a
K-feldspar 82 n/a
Plagioclase (An_y;) | 8.2 n/a
Biotite 5 -85

Table 4.6 Calculated temperatures from stable isotope pairs from the Este Porphyry
(using constants of Bottinga and Javoy 1973).

Mineral pair Bottinga and Javoy 1973, 1975
Quartz-K-feldspar 626°C
Quartz-Biotite 586°C
K-feldspar-Biotite 575°C

The mean temperature (595°C) is low for magmatic environments. However, low
temperatures can be expected in plutonic rocks where the temperature of equilibration
may represent subsolidus temperatures and not the temperature of crystallization (Faure
1977). This temperature is much higher than that acquired using two-feldspar
geothermometry (Section 4.5). The isotopic age is more reasonable for an intrusive

granitoid.
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4.7.2 Isotopic composition of crystallizing fluids

Oxygen and deuterium values for the fluids in equilibrium with the minerals were
calculated assuming a temperature of 600°C. This value is within the error of the
calculated temperature (Table 4.7).

The water in equilibrium with “normal” igneous values should have values of 8D
~ -40 to -80%o and 8'°0 ~ 5.5 t0 9.5%o (Sheppard et al. 1969). These values are
considered to represent “primary” magmatic water, implying the water was transported
with the magma. The water in equilibrium with the minerals of the Este Porphyry ranges
in 8"*0 from 7.58 to 7.99 %o, well within this primary range. The narrow range of
calculated values is consistent with isotopic equilibrium.

The fluid in equilibrium with the biotite has a 8D value of -54.26%o, which is
within the range of “normal” igneous values. A plot of the biotite oxygen-deuterium

values in Figure 4.30 shows that biotite equilibrated with fluids of magmatic origin.

Table 4.7 Calculated §'®0 of the fluids in equilibrium with the minerals at 600°C.

Mineral calculated 50 reference
quartz 7.720 Bottinga and Javoy 1973
K-feldspar 7.793 O’Neil and Taylor 1967

Bottinga and Javoy 1973

plagioclase 7.968 Bottinga and Javoy 1973

biotite 7.575 Bottinga and Javoy 1973, 1975
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4.8 Summary

The Fiesta Granodiorite and Este Porphyry have amphiboles and plagioclases with
similar compositions, and similar trace-element enrichment in the titanites (Figs. 4.6, 4.7
and 4.9). The K-feldspar in both units is poikilitic with Ba-enriched zones, indicative of
a magmatic origin. Magnetite, zircon, and apatite are present in both units. The Fiesta
Granodiorite has a higher mafic index and, a slightly more calcic plagioclase, indicating it
is mofe mafic than the Este Porphyry.

The Fiesta Granodiorite has a higher percentage of basic elements than the Chuqui
porphyries. These elements are found in the more mafic minerals (i.e. amphibole, biotite,
and calcic plagioclase). The lowest K,O value in the Este Porphyry supports the
observation of lesser amounts of K-feldspar. The lowest CaO values in the Banco and
Oeste Porphyries is due to the more sodic plagioclase and the absence of titanite and
amphibole.

Trace-element discrimination diagrams show the Fiesta Granodiorite and Este and
Banco porphyries are granodioritic in composition (Fig. 4.22). According to trace
elements, all three units formed in a volcanic arc tectonic setting (Figs. 4.23 and 4.24).

The Banco Porphyry has a ‘doubly porphyritic’ texture and was intruded into the
Este Porphyry as a subvolcanic dyke. The BaO zonation, euhedral plagioclase inclusions,
and perthitic texture supports a magmatic origin for the K-feldspar (Figs. 4.18 and 4.19).

The determination of a source magma using rare-earth element data was
inconclusive (Fig. 4.25). The absence of a negative Eu-anomaly is interpreted to

represent a high oxygen fugacity in the magmas (Candela 1990) (Fig. 4.25).
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A1/ Ar ages for the Fiesta Granodiorite indicate that an intrusion age of 37.6 %
0.7. A cooling rate of 200°C/My during intrusion (until 35.5 Ma) is interpreted to have
been followed by significantly slow cooling (Fig. 4.29).

The Fiesta Granodiorite is significantly older than the Este Porphyry (~34Ma).
The Banco Porphyry, which intruded the Este Porphyry, is estimated to have an age of
~33 Ma from previous “°A1/*Ar and U/Pb analyses (Reynolds et al. 1998; Ballard et al.
2001), significantly younger than the Este Porphyry.

Although inconclusive, hornblende geobarometry indicates that the Fiesta
Granodiorite and Este Porphyry likely crystallized at pressures below 2 kbars. Assuming
a pressure of formation of <2 kbars, the range of temperatures determined using two-
feldspar geothermometry can be narrowed to values determined for pressures between 1
to 2 kbars. The Fiesta Granodiorite can be concluded to have crystallized at 534 to
550°C.

The two-feldspar geothermometer was inconclusive in the Este Porphyry but the
Banco Porphyry intruded the Este Porphyry after the Este Porphyry had cooled and been
emplaced, it can be assumed that the Banco Porphyry intruded at a higher crustal level
(i.e. lower pressure) than the Este Porphyry. Therefore, assuming a pressure of intrusion
~1 kbar, a temperature of ~678°C is concluded for crystallization of the Banco Porphyry.

Stable isotope data indicate the Este Porphyry crystallized in equilibrium with
primary magmatic fluids (Fig. 4.30). The calculated temperature, ~595°C, is consistent

with slowly cooled granitoid rocks.



Chapter 5

Petrology and Geochemistry of the Potassic Alteration Zone

5.1 Introduction

As defined in Chapter 2, the potassic alteration is characterized by K-feldspar,
usually with biotite. K-feldspar occurs as a replacement of plagioclase and in veinlets
(Rose and Burt 1979). Guilbert and Park (1986; Fig. 11.12) suggested that the potassic
alteration zone sensu stricto at Chuquicamata occurs only in areas cut by Qser veinlets.
In Figure 3.5, the potassic alteration zone is displayed as telescoped with other alteration
zones (Guilbert and Park 1986): overprinted by Qser, cut by Qser veins and transitional
with the propylitic zone. Detailed mapping by mine geologists indicates that the potassic
alteration zone occurs near the centre of the Chuquicamata pit (Fig. 5.1): in the east, the
potassic alteration zone has a transitional contact with the propylitic alteration zone
(Chapter 3); in the west; the potassic alteration zone is overprinted by Qser alteration
(Chapter 6). The potassic alteration zone, sensu stricto, occurs as patches between the

Qser and propylitic zones.

5.2 Petrology of the potassic alteration zone of the Este Porphyry
The potassic mineral assemblage of the Este Porphyry is characterized by quartz,
plagioclase, K-feldspar and biotite with accessory rutile, apatite, and zircon (Figs. 5.2 and

5.3). The potassically altered rocks of the Este porphyry are medium-grained to
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Figure 5.1. Distribution of the potassic alteration zone (shown
in shades of pink). It is transitional with the propylitic alteration
in the west and overprinted by the Qser alteration in the east.
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Figure 5.2. Hand specimen showing typical texture in the potassic alteration
zone. K-feldspar forms phenocrysts, as well as interstitial groundmass
(yellow colour is sodium cobaltinitrite which stains K-rich minerals).

White label is 5 cm long for scale.
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Figure 5.3. Typical K-feldspar megacryst with concentrically zoned albite
inclusions (Cu 1127). The white minerals are albite, the grey are quartz.
b) Stained using sodium cobaltinitrate which stains the K-bearing
minerals yellow. The white labels are 5 cm across.
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porphyritic (Figs. 5.2 and 5.3). Euhedral poikilitic potassium feldspar megacrysts are

present locally (Fig. 5.3).

5.2.1 Mineralogy

5.2.1.1 Plagioclase

Plagioclase is the most abundant mineral in the potassic alteration zone (Fig. 5.2).
In hand specimen, the plagioclase grains appear white and medium-grained (Fig. 5.2). In
thin section, the plagioclase is euhedral to subhedral with albite twinning (Fig. 5.4).
Intersecting albite and pericline twins are found locally and may be bent, reflecting strain
(Fig. 5.4). Patches of K-feldspar are found in plagioclase phenocrysts, forming
antiperthite; however, the plagioclase twins are continuous on either side of the patches
(Figs. 5.5 and 5.6).

Plagioclase in the potassic alteration zone is sodic (An_). It falls in the albite
compositional field (Fig. 5.7) with consistently <1.5 wt.% CaO. Sodic feldspar also
occurs as exsolution lamellae in string, braided and flame perthites within host K-feldspar

(see Section 5.2.1.4).

5.2.1.2 Biotite
Biotite is present locally in the potassic alteration zone of the Chuquicamata
deposit. It is typically pleochroic brown to yellow with a high birefringence and good

cleavage (Fig. 5.8). “Shreddy” biotite, with its eroded edges, relict cleavage and high
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Figure 5.4. Feldspar in the potassic alteration zone. a) Intersecting pericline
and albite twins. b) Bent twins. Both samples have been affected by Qser
alteration. Note the Qser veins running through both plagioclase grains.
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Figure 5.5. Antiperthite in the potassic alteration zone. Irregular blebs of K-feldspar
occur throughout the large plagioclase grains.



Figure 5.6. Electron microprobe images of antiperthite. Upper left: back scatter
image Remaining: elemental X-ray maps measuring Ca, Na and K. The brighter
the spot, the more of the element there is present. (Cu 1146)
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Figure 5.7. Ternary feldspar diagram. All plagioclase in the potassic zone is
albitic in composition. This is more sodic than the andesine-oligoclase of the

fresh Este Porphyry.
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Figure 5.8. Biotite in the potassic zone at Chuquicamata. It is commonly
corroded along cleavage and grain boundaries.
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birefringence is less abundant. Rare examples of biotite that appear green in plane-
polarized light (Cu 1169).

Electron microprobe analyses show that the biotite is Mg-rich. According to the
classification of Deer et al. (1992), the biotite has a phlogopitic composition but there are
no firm boundaries separating the annite and phlogopite fields (Fig. 5.9). In another
classification scheme, the arbitrary ratio of 2:1 for Mg:Fe (Deer et al. 1966) is used to
differentiate phlogopite and biotite (Fig. 5.10). In this case, more than half of the samples
of biotite analysed are phlogopite sensu stricto (Fig 5.10) and those that plot in the biotite
range are Mg-rich annite. Biotite-phlogopite in the potassic alteration zone is fluorine-
rich (1.63- 6.24 wt%F) (Fig. 5.10).

A plot of Na,O vs TiO, (Fig. 5.11) shows that biotite from the fresh sample plot in
the same field as the biotite in the potassic samples, however, the potassic biotite vary
more and have typically lower TiO, and higher Na,O than the those in the fresh sample.
Rutile is found along cleavage planes and grain boundaries of biotite in the potassic

alteration zone (Fig. 5.12).

5.2.1.3 K-feldspar

In hand specimens, anhedral K-feldspar appears to fill mainly the interstices as a
late phase (Fig. 5.2). There are also large, euhedral megacrysts of K-feldspar which
locally display concentric zones of inclusions (Fig. 5.3). In thin section, the K-feldspar
forms medium- to coarse-grained poikilitic grains with inclusions of mainly albite and

locally quartz and biotite grains (Fig 5.13).
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Figure 5.9. Biotites in the fresh and potassic samples are phlogopitic (after Deer
et al. 1992).
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Figure 5.10. Biotite from the potassically altered and fresh Este Porphyry plot
in the hydrothermal field. Deer et al. (1966) chose an arbitrary value to define
the boundary between biotite (Mg/Fe <2) and phlogopite (Mg/Fe >2). This
arbitrary boundary is shown here as a dashed line. Beane (1974) noted that
igneous biotite had Mg/Fe <1.0 and altered biotite had Mg/Fe >1.5. These
fields are illustrated in red and blue. All biotite in the fresh and altered Este
Porphyry plots as alteration biotite and is mainly phlogopitic in composition.
Those biotites that appear to have 0% F were not analysed for F and are
assumed to have F-contents comparable to those showing a range of values.

D Fresh Este Porphyry
+ Potassic samples
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Figure 5.11. Biotite in the ‘fresh’ Este Porphyry and the potassic alteration
zone have < 1 wt% Na, 0. ‘Fresh’ Este biotite are relatively enriched in TiO,.



Figure 5.12. Electron microprobe i images of biotite from a Qser-overprinted-potassic
sample (Cu 1115). Top left: back scatter Hnage Remaining: elemental X-ray maps
measuring Mg, Fe, and Ti. The bright grains in the bottom right image are rutile, forming
along the cleavage planes of a biotite that is altering to a more phlogopitic mica .
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Figure 5.13. K-feldspar in the potassw Zone. a) K-feldspar grain w1th an
inclusion of albite, both relatively fresh, cut by a sericite vein. b) K-feldspar

phenocryst with inclusions of altered albite.
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Most of the K-feldspar is microperthitic. ‘String’ perthite is the most common
form of perthite (Fig. 5.14a). Locally, braided and flame perthites occur in relatively
smaller grains and around inclusions and grain boundaries (Fig. 5.14-5.16). The perthitic
lamellae are mainly discontinuous throughout the grains (Figs. 5.14 and 5.15).

Locally, K-feldspar grains may exhibit cross-hatch twinning (Fig. 5.14). This
twinning is not visible at certain angles of rotation under cross-polarized light. Perthitic
lamellae are also apparent in the grains exhibiting cross-hatch twinning (Fig. 5.14). K-
feldspar grains exhibit undulose extinction.

The K-feldspar of the potassic alteration zone has Ba contents similar to those of
the fresh Este Porphyry (Fig. 5.16). The Ba-enrichment is visible in the backscatter
images of K-feldspar, but the zones are not as regular as those in the fresh Este Porphyry

(Fig. 5.16).

5.2.1.4 Quartz

Quartz occurs in the potassic alteration zone as polycrystalline lenses up to one
centimetre in length (5.2). In hand specimen, quartz appears grey, irregular, and locally
elongate (Fig. 5.2). Qu\a}cz has been ubiquitously recrystallized in the potassic alteration

zone (Fig. 5.17). It invariably displays an undulose extinction (Fig. 5.17) and locally,

quartz has been ribbonized.



Albne lan

Figure 5.14. Photomicrographs of perthite in the potassic zone (Cu 1112).
a) String perthite with cross-hatch twinning. b) Flame perthite with
faint cross-hatch twinning.



a. Culll4 (mag. = 200X, F.O.V.= 0.5 mm, xpl)

~-feldspa

Figure 5.15. Braided perthite grains in the potassic zone. They are finer-grained
than string perthite grains. a) K-feldspar is pale grey with dark ribbons of albite
b) K-feldspar hosts the braided lamellae.
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Figure 5.16. a) A wide variation in the BaO content of the K-feldspar of the potassic
zone. This variation is similar to that of the Fresh Este Porphyry, however, the potassic
samples lack the magmatic zonation. b and ¢) Backscatter images of K-feldspar.
Lighter areas are Ba-enriched.
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Figure 5.17. Quartz in the potassic zone. It has been extensively recrystallized.
Undulose extinction in quartz is present throughout the potassic alteration zone.
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5.2.1.5 Chlorite
Chlorite occurs locally in the potassic alteration zone along crystal faces and

cleavage planes of biotite.

5.2.1.6 Ti-minerals

Titanite has not been observed in the samples of the potassic alteration zone.
Instead, rutile is common in this zone and occurs as needles, sometimes pseudomorphing
a diamond-shaped mineral (Fig. 5.18). Rutile is associated with biotite, as irregular
grains along grain boundaries and cleavage planes (Fig. 5.12 and 5.18).

Rutile in the potassic alteration zone may have significant amounts of Fe, Nd, Nb,
La, V, Sb, and locally, Ce and Zn (Fig 5.19). However, some rutile grains within this
zone do not appear to be enriched in any of these elements (Fig 5.19). Grains with and
without trace-element enrichments may occur in the same sample. CaO values are

consistently <0.1 wt.%.:

5.2.1.7 Accessory minerals

Fluoro-apatite is commonly associated with phlogopite in the potassic alteration
zone. Apatite is generally euhedral and consistently F-rich with minor Cl. Zircon is also
present as an accessory mineral in the potassic alteration zone. Magnetite and pyrite were
identified in the potassic assemblage.

In this study, sulphate minerals were not observed with the potassic alteration

assemblages; however, anhydrite veins associated with Qser alteration were observed
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Figure 5.18. Rutile in the potassic zone. a) Rutile pseudomorphs primary
titanite. b) Rutile along grain and cleavage boundaries of biotite.
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cross-cutting the potassic assemblages. Anhydrite was reported in the potassic alteration
zone by Ossandén et al. (2001), but the author suspects that all the anhydrite in the

potassic alteration zone is in Qser veins (see below).

5.2.2 Interpretation

At first glance, the fresh and potassically altered Este Porphyry appear similar.
Upon closer examination, the author has determined that they are most easily
distinguished by their plagioclase compositions.

Plagioclase is as abundant in the fresh Este Porphyry as it is in the potassic
alteration zone, indicating that there was a one-to-one volumetric replacement of

andesine-oligoclase by albite,

3 CaALS1,04 + 7 NaAlSi,Of + 12 Si0,+ 6Na™ =
plagioclase silica

13 NaAlSi,O; + 3 Ca* [5.1]
albite
Some of the plagioclase has patches of K-feldspar forming antiperthites which are
interpreted to have been the result of replacement of andesine-oligoclase by K-feldspar

and albite,

3 CaALSi,04 +7 NaAlSi308 +12 Si0,+ 6K" =
plagioclase silica

7 NaAlSi,Op + 6KAISi,Oq + 3 Ca®* [5.2]
albite K-feldspar
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Biotite is not as abundant in the potassic alteration zone of Chuquicamata as it is
in other porphyry copper deposits (e.g., San Manuel/Kalamazoo (Lowell and Guilbert
1970); Santa Rita (Jacobs and Parry 1979). Biotites in the potassic alteration zone have
compositions that overlap with the biotite from the fresh Este Porphyry. However, there
does seem to be a trend toward more Mg- and F-rich compositions. Those biotites that
have compositions overlapping with the fresh Este Porphyry are interpreted to have been
least affected by altering fluids. Locally, biotite is interpreted to formed a replacement of
amphibole, which is observed in the fresh Este Porphyry (Chapter 4). The replacement of
amphibole by biotite,

Ca,[Mg,Fe][Al S1;0,1(OH,F), + 8 H* + K" + 1e=

amphibole
K[Mg,Fe][AlSi;]0,,(F,OH), + 4 SiO, + 4 H,0 +2Mg*+ 2 Ca® [5.3]
biotite silica

Rutile forming along biotite cleavage planes developed as a result of the
immobility of Ti. As the biotite becomes more Mg-rich it cannot accommodate the Ti
and it is expelled from of the structure and forms rutile. Ti occurs in relatively small
amounts in the biotite and so is not included in the biotite formula described in equation
[5.3].

K-feldspar occurs as orthoclase and/or microcline. Cross-hatched twinning occurs
locally in some of the grains, indicating the K-feldspar were inverting from orthoclase to
microcline when final cooling occurred. K-feldspars in the potassic alteration zone are

interpreted to have crystallized from a magma based on the presence of cross-hatch
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twinning, the perthitic texture, and euhedral inclusions of albite. The coarseness of the
perthitic lamellae indicates that there was a deuteric fluid (Section 2.7.2.4; Smith andt
Brown 1988). Also, the inconsistent Ba distribution that is observed locally in the K-
feldspars indicates there was remobilization of Ba following crystallization.

Rutile needles after titanite occur as diamond-shaped aggregates:

CaTiSiOs; + 2 H* = TiO, + 8SiO, +H,0 + Ca X 2 [54]
titanite rutile silica

The presence of magnetite in the potassic alteration zone indicates that the
environment was initially oxidizing. The presence of pyrite is attributed to the
sulphidation of magnetite during the subsequent Qser overprint (Chapter 6).

Anhydrite in the potassic alteration zone at Chuquicamata, was observed only in
veins, which are interpreted to belong to the same generation of veins as those that cut the
Qser zone. Some authors report to have found anhydrite in the groundmass of the
potassic alteration zone at Chuquicamata (Ossandén et al. 2001). It is possible that
anhydrite was precipitated in the magmatic environment, as anhydrite is insoluble at high
temperatures; however, anhydrite is highly soluble at lower temperatures and in high
salinity fluids (Blount and Dickson 1969, 1973). The potassic Este Porphyry is a
medium-grained granodiorite with megacrysts, an indication that it cooled relatively
slowly. Therefore, even if the anhydrite had crystallized at high (e.g. magmatic)
temperatures, the potassically altered rocks would have had to cool through the range of
temperatures at which anhydrite is highly soluble. Although it is possible that the Ca®*

(liberated by the destruction of Ca-silicates during potassic alteration) precipitated as Ca-
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sulphate, it is more likely that deposition occurred later and at higher crustal levels and
lower pressures. In other porphyry copper deposits, where the groundmass is finer and
subvolcanic (i.e. with rapid cooling), anhydrite could conceivably have been preserved in

the potassic alteration zone (e.g. Meyer and Hemley 1967, Lowell and Guilbert 1970).

5.3 The Banco Porphyry

The ‘fresh’ Banco Porphyry described in Chapter 4 was intruded as dykes into the
potassically altered Este Porphyry (Fig. 4.3). The Banco Porphyry samples have
oligoclase (Fig. 4.7). The lack of albite, which is essential to the definition of the potassic
alteration zone in the Este Porphyry, indicates that the Banco Porphyry was not affected

by the potassic alteration.

5.4 Geochemistry

The potassic alteratioﬁ zone is mainly overprinted by the Qser and/or cut by Qser
veins. Therefore, a careful petrographic study, combined with electron microprobe
analyses, was conducted before selecting a sample that represented the “most” potassic
assemblage and the “least” affected by Qser. Sample Cu 1112 was selected as the best
potassic sample because the plagioclase grains have only a dusting of sericite and the

biotite and K-feldspar grains have been unaffected by the Qser alteration.
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5.4.1 Whole-rock geochemistry

To determine the effect of the altering fluid on the geochemistry of the potassic
alteration zone, the whole-rock geochemistry of the fresh Este Porphyry was compared to
that of the potassic alteration zone (normalized to 100%, LOI-free) (Fig. 5.20). The raw
data are reported in Appendix E.

Si0, values for the fresh and potassic samples are similar (70.2 and 70.64 wt.%,
respectively) (Fig. 5.20); TiO, is identical in the two samples (0.32 wt.%) (Fig. 5.20).

The potassic sample has slightly less Al,O, than the fresh sample (A ,,0,=1.14 wt.%).

There is a significant decrease in the Fe,0; ., (> 3x) and the MgO (1.5x) values in the
potassic alteration zone (Fig. 5.20). MnO values are low in both the fresh and the
potassic alteration zone (0.04 and 0.01 wt.%, respectively). CaO is depleted by a factor
of nearly 10 in the potassic alteration zone (Fig. 5.20). Na,O is higher in the potassic
alteration zone (1.67 wt.%) (Fig. 5.20). K,O in the potassic alteration zone is enriched by
2.37 wt.% (Fig. 5.20). P,0O;, is nearly halved in the potassic alteration zone relative to the
fresh sample (Fig. 5.20).

The density difference between the potassic and fresh rock is negligible
(Appendix E). The equal abundance of plagioclase from the fresh to the potassic samples

supports a 1 to 1 volumetric substitution.

5.4.2 Trace and rare-earth element geochemistries
The trace element correlation diagram compares the abundance of elements in the

fresh and potassic samples (Fig. 5.21). The line for r=1 indicates a constant value. If the
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Figure 5.20. Whole-rock geochemistries of the fresh and potassic
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to the potassic alteration zone are reflected in the mineralogy.
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sample plots above the line, then the potassically altered sample is enriched in that
element and, if it plots below, the altered sample is depleted relative to the fresh sample
(Fig. 5.21). Barium and Sr are significantly depleted (440 ppm and 551 ppm,
respectively) in the potassic samples relative to the fresh Este Porphyry (Fig. 5.21).

The fresh Este Porphyry (125 ppm) is only 17 ppm more enriched in Zr than the
sample from the potassic alteration zone (108 ppm), indicating the Zr is relatively
immobile during potassic alteration event. Also, there is little change in the Rb values
with alteration. However, the Nb or Y values in the potassic alteration zone are enriched
relative to the fresh Este Porphyry (A, = 11 ppm; Ay = 5 ppm)(Fig. 5.21). Although the
difference in values are not great, the potassic alteration zone has a ~60% increase in Nb
and a ~40% increase in Y relative to the fresh Este Porphyry.

The rare-earth element pattern in the potassic alteration zone is similar in shape to
that of the fresh Este Porphyry (Fig. 5.22). The values are slightly depressed, but the
relative trend remains the same. The steep slope of the LREEs indicates a strongly
differentiated magma (Fig. 5.22). The HREEs have values close to the detectionv limit,
making the resulting trend questionable. The Eu-value in the potassic alteration zone is
depressed compared to the Banco and Este porphyries, but there is no distinctly negative

Eu-anomaly (Fig. 5.22).

5.4.3 Interpretation
Silica, TiO,, Al,O, and Zr appear to have been relatively immobile (Fig. 5.20 and

5.21). This immobility supports the hypothesis that Ti-bearing minerals were altered to
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other Ti-bearing minerals. The Ti-immobility is seen in the pseudomorphing of titanite
by rutile (equation [5.4]) and the formation of rutile along the cleavage planes of biotite
as Ti* is expelled from the biotite structure (Figs. 5.12 and 5.18). The most aluminous
minerals (e.g. the feldspars) have had their volumes and alumina contents preserved, even
if their compositions changed (equations [5.1] and [5.2]).

The depletion in Fe,0; .y, MnO, and MgO reflects the destruction of amphibole
and titanite and of less abundant biotite. Further, the depletion of Fe,0, ., is due to the
conversion of more Fe-rich igneous biotite to Mg-rich hydrothermal biotite (Fig. 5.11).

The large depletion of CaO reflects the destruction of all Ca-silicate minerals
found in the fresh rock (i.e. andesine-oligoclase, titanite, and amphibole). The
replacement of these minerals by sodic and potassic minerals results in an increase in the
Na,O and K,O contents.

The enrichment of Na,O and K,O is the result of K* and Na* added to the system
by chloride-rich melt and/or deuteric fluids. The silicate melt and/or hydrous fluid
deposited K-feldspar and albite after andesine-oligoclase and abundant megacrystic
perthitic K-feldspar. Slow cooling allowed more time for K-feldspar megacrysts to
crystallize from the last melt.

The depletion of Ba may reflect a lower abundance of mafic minerals such as
biotite and amphibole which can accommodate Ba in their structures. Also, the deuteric
fluid interpreted to have caused the coarsening of perthitic lamellae and remobilized Ba in
K-feldspar may have also removed Ba from K-feldspar locally. The relatively unchanged

LOI indicates there was little hydrolysis during this alteration event.
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The depletion of St coincides with the depletion of Ca for which Sr substitutes.
The relative increase of Nb in the potassic alteration zone is reflected in the increase of
Nb in the potassic rutile compared to the fresh titanite (Fig. 5.19.). The increase in Y in
the potassic alteration zone is more problematic, as Y is measured in the titanite of the
fresh sample but not detected in the rutile. This relative enrichment may be the result of
sample bias.

The relative depletion of LREESs in the potassic alteration zone may be the result
of the destruction of mafic minerals. Lanthanum, Ce, Nd, Sm, and Gd partition strongly
into biotite and hornblende. The depletion of europium may be the result of destruction
of calcic end-member plagioclase, hornblende and biotite which are accommodate Eu in
their structures (Rollinson 1993).

Based on whole rock geochemistry, CIPW norms were calculated for the fresh
Este Porphyry and the potassic alteration zone (Appendix E). The ratio of quartz : K-
feldspar : plagioclase was calculated and the plagioclase value was determined to be
invariable from the fresh to potassic samples. Plagioclase was assigned a value of 20, and
quartz and K-feldspar values were calculated based on the calculated ratios. Minor
mineral phases were assigned a value of 1, although these values don’t necessarily reflect

their relative abundances.
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(14 NaAlSi, 04 + 6 CaAlSi,04) + 4 KAISI; G +13 Si0, + CaTiSiO; + Ca,[Mg,Fel[AlSi,0,,]1(OH,F),
andesine K-feldspar quartz titamite amphibole

+ K[Mg,Fel[AlSi;]0,((F,OH), + 208i0,,, + 7K* + 6Na* + IOH" + i¢
biotite

= 20 NaAlSi,0; + 10 KAIS;,Op + 8 8i0, +TiO, + 2 K[Mg,Fe][AlSi;]0,y(F,0H),
albite , K-feldspar quartz  rutile biotite

+ 6 8i0yy + 2Mg™ + SH,0 + 9 Ca*

Species in italics represent those elements assumed to have been taken into
solution (i.e. mobile elements). A more detailed explanation of the calculations used for

determining this equation is found in Appendix E.

5.5 Geochronology and timing

Argon ages determined during this study and published by Reynolds et al. (1998)
are reported in Chapter 3 (Table 3.4). Reynolds et al. (1998) determined the age of the
potassic event was ~33.4 + 0.3 Ma based on the ages of samples Cu 406, Cu 408, Cu514
and Cu 769 (Table 3.3; Table 3.4). Sample Cu 769 is a sample of fresh Este Porphyry
and Cu 514 is representative of the Banco Porphyry and so were removed from this mean.
A recalculated mean yields a potassic K-feldspar age of 33.7 £ 0.1 Ma. This age is the
same as that of fresh Este Porphyry, within the calculated error (33.4+ 0.4 Ma; K-feldspar
argon age). These similar ages indicate that the K-feldspar in the fresh Este Porphyry
samples was either reset by the potassic event or the potassic alteration is the same age as

the intrusion of porphyry.
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The recalculated mean of biotite ages from the potassic alteration zone (removing
Este and Banco Porphyry ages) is 34.0 + 0.7 Ma. This is the same age as the biotite from
the Este Porphyry (33.9 £ 0.3 Ma).

The Banco Porphyry (33.1 = 0.2 Ma) is significantly younger than the mean age of
K-feldspar in the potassic alteration zone (33.7 + 0.1 Ma). The younger age of the Banco
Porphyry is consistent with the mineralogical evidence that the Banco Porphyry was

unaffected by the potassic alteration (Section 3.3).

5.6 Stable isotopes
Mineral separates from the potassic alteration zone were analyzed for oxygen and
hydrogen isotopes. K-feldspar, quartz, and biotite were separated from three samples (Cu
442, Cu 494, and Cu 1115). These samples were selected based on three criteria:
a) the minerals analyzed were free from Qser alteration,
b) there was sufficient biotite in the sample (biotite is relatively rare in the potassic
alteration zone), and
c) there was sufficient sample to separate adequately quantities of minerals for
analysis.
K-feldspar was separated from a fourth sample (Cu 1105). 8'80 values are based

on the SMOW standard.
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5.6.1 Oxygen isotopes
The tendency of minerals to concentrate *O varies from quartz (the highest) to K-
feldspar to biotite (lowest) (O’Neil 1986). The absolute values of 8'80 of igneous rocks
and their minerals are determined by several factors:
D the temperature of crystallization;
2) the 8'*0 of magma;
3) the effects of fractional crystallization;
4 the retrograde effects resulting from reequilibration at subsolidus temperatures;
and

5) the interaction with aqueous fluids (O’Neil 1986).

Taylor (1968) suggested that the §'®0 values of igneous plutons may be changed
after crystallization by interaction with meteoric water and by exchange with magmatic

water derived from the parent magma.

5.6.1.1 Data from the potassic alteration zone

The quartz in these samples have a narrow 8'°0 range of 10.4 to 11.1 %o (Fig.
5.23). Biotite values range from 6.6 to 7.9 %o (Fig. 5.23). K-feldspar 8'®0 values have
the widest range from 8.9 to 11.0 %o (Fig. 5.23). One K-feldspar sample (Cu 1105) with

30 value = 11.0 %o represents a megacrystic grain.
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5.6.1.2 Isotopic Equilibrium

The isotopic contents of the three minerals fall in the predicted order, supporting
the idea that these minerals reached isotopic equilibrium (Fig. 5.23). According to Taylor
(1968), 8'°0 of quartz in all plutonic rocks normally falls within the range +8.5 to +10.6
%o. Sample Cu 442 is the only sample not to fulfil this particular criterion.

There is a significant variation in the A,k feiasper - 1 0€ typical magmatic range is
1.3 to 1.8 (O’Neil 1986). Samples Cu 442 and Cu 494 give values of 1.9 and 1.5,
respectively, which are close to or within this range. However, sample Cu 1115, has a
much lower A,k reiasper Value (0.8), perhaps indicating a lack of equilibrium in this
sample. This I0W A, x feiasper Value may indicate reequilibration.

Mineralogically, cloudiness in alkali feldspars, and veins filled with quartz, alkali
feldspar, or sulphide minerals suggests later fluid-rock interaction that may have re-
equilibrated '*O isotope values in igneous intrusions (Taylor et al. 1971). These
mineralogical characteristics are all present in the potassic alteration zone, indicating that
O-isotopic data should be applied with caution in this zone.

Concordance of isotopic thermometers is also a good test of isotopic equilibrium.
If three or more mineral pairs give concordant temperatures, they should be in
equilibrium. The problem with this test is that if one of the minerals is not in
equilibrium, then two of the three pairs give poor estimates of temperature. The results of
isotopic thermometry are discussed in Section 5.6.1.3.

In biotite, replacement of OH by F is an important factor. This factor is

important because the hydroxyl site O values can be much different from silicate **O
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values (Taylor 1967, Zheng 1993b). The hydroxyl oxygen is held in the structure by
weaker bonds than silicate-oxygen and may have a relatively lower 180 value (Zheng
1993b). This variation may affect biotite-quartz and biotite-K-feldspar temperature
calculations. This affect on temperture calcualteions is of conc¢rf1 in the potassic

alteration zone because the F-contents are so high in the biotites (Fig. 5.10).

5.6.1.3 Temperature of equilibration

The temperatures of isotopic equilibrium were determined using the equation
{1000 1n &', = &, -8, = A(10°T%) + B} for measured &'°O mineral pairs. The calculated
temperatures span a wide range (Table 5.2; Fig. 5.24).

The widest range (445 to 926°C) of temperatures occurs in sample Cu 442. The
biotite-K-feldspar temperatures are unreasonably high for this system and the quartz 3180
value is outside the magmatic range. These wide range in temperatures indicate that the
three minerals were not in isotopic equilibrium and, therefore, these temperatures are
unreliable.

Sample Cu 1115 has the narrowest range of values which would seem to support
isotopic equilibrium; however, the temperatures (771 to 833°C) are too high for a pluton
which has undergone slow cooling. The temperatures are considered unreliable as they
are obviously the result of subsolidus effects. The high temperatures combined with the

anomalously Iow A .., g rusparindicate that this samples has been re-equilibrated.
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Table 5.1 Measured 80 isotopes from the

potassic zone.

Sample # Mineral 330 (%0)
Cu442 quartz 11.1
k-feldspar 9.2
biotite 79
Cu 494 quartz 104
k-feldspar 8.9
biotite 6.6
Cu 1115 quartz 10.6
k-feldspar 9.8
biotite 79
Cu 1105 k-feldspar 11.0
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Table 5.2 Temperatures calculated based on §'*0. Calculations are based on the
experimental work of Bottinga and Javoy (1973, 1975).
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Sample Qtz-Kspar Kspar-Bt Qtz-Bt
Cu 442 445°C 926°C 716°C
Cu 494 535°C 697°C 646°C
Cullls 833°C 771°C 788°C

Sample Cu 494, which has the only A,k feidspar V2IUE in the magmatic range,

gives a wide range of values (535 to 697°C) which suggests disequilibrium. However,

the quartz-K-feldspar temperature is within the range of potassic alteration (Table 2.3)

and this temperature may represent the temperature of isotopic equilibration. The
calculated biotite temperatures may have been affected by the F substitution in the

hydroxyl site as mentioned in Section 5.6.1.2.

5.6.1.4 Isotopic composition of fluids

Sulphide phase equilibria calculated by Lewis (1997) gave an estimated

temperature of 400 to 600°C for the mineralization temperature. To calculate the '*O

values of the fluids, a temperature of 550°C is assumed. This temperature was chosen to

represent a more slowly cooled version of the fresh Este Porphyry which was calculated

to have equilibrated at ~600°C (Table 4.5). It is also close to the calculated temperature

for the quartz-K-feldspar pair of sample Cu 494 (535°C), which may represent a

subsolidus isotopic equilibrium temperature.
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Using the constants of Bottinga and Javoy (1973, 1975), and based on a
temperature of 550°C, the oxygen isotope ratio was calculated for the fluid in equilibrium
with the minerals using the equation:

1000 In o', = §, -8, = A(10°T?) +B.

The calculated 80" values mainly plot within the range of the magmatic waters (Fig.

5.25).

5.6.1.5 Interpretation

The potassic samples are enriched in §'°0 relative to their fresh magmatic
counterparts (Fig. 5.23). The range of §"°0 in magmatic minerals is +5.5 to +10.0%o
(Sheppard et al. 1969) but, according to Taylor (1968), §*0O of quartz in all plutonic rocks
should fall within the range, +8.5 to +10.6 %o. Quartz in sample Cu 442 is higher than
this range as is the K-feldspar of Cu 1105 which supports the conclusion that
temperatures determined for Cu 442 are unreliable.

Based on what has been determined to be the most reliable data, a temperature of
~535°C has been determined for the potassic alteration zone. It is obvious, from the
temperatures calculated for biotite pairs (Table 5.2) and the calculated values of B0 (Fig.
5.25), that biotite did not achieve equilibrium with the crystallizing fluid with the K-
feldspar and quartz samples.

The 50 values of igneous plutons may be changed after crystallization by
exchange, not only with meteoric water, but also with magmatic water derived from the

parent magma (Faure 1977). Sample Cu 1105, the megacrystic K-feldspar, has a §'°0
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value above the magmatic range. This high §'®0 value is interpreted to represent a more
slowly cooled feldspar that was equilibrated with late magmatic-early hydrothermal
fluids, resulting in an elevated value. This K-feldspar is therefore considered a magmatic

phase that has been affected by deuteric fluids.

5.6.2 Hydrogen isotopes

Oxygen-hydrogen isotopic analyses were conducted on three biotite samples from
the potassic alteration zone (Cu 442, Cu 494, and Cu 1115). There was insufficient
sample for a'8D measurement which may in part be due to the high F-values (Fig. 5.10).
Fluorine in the hydroxyl site would replace OH, decreasing the measurable hydrogen for

isotopic analyses.

5.7 Summary

The potassic alteration zone is overprinted by the Qser in most of the
Chuquicamata deposit (Fig. 5.1). In analyzing samples from the potassic alteration zone
using geochemical techniques, it is important to do a thorough petrographic study first as
moderate Qser alteration is not necessarily observable in hand specimen.

The potassic alteration zone is characterized by a lack of Ca-silicate minerals.
More important than the presence of K-feldspar megacrysts, which are also observed in
the fresh Este Porphyry, the albitic composition of the plagioclase feldspar is the most

diagnostic feature of the potassic alteration zone.
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Biotite in the potassic alteration zone is variably more Mg- and F-rich than the
biotite in the fresh Este Porphyry. It is also relatively Fe- and Ti-poor. The depletion of
Fe in biotite during potassic alteration leads to the expulsion of Ti which, as well, leads to
the deposition of rutile along the cleavages of the biotite grains. Those biotite in the
potassic zone with compositions similar to those in the fresh Este Porphyry are
interpreted to have been affected less by the deuteric fluids.

K-feldspars in the potassic alteration zone are orthoclase or orthoclase inverting to
microcline. The presence of cross-hatch twinning and perthitic textures support a
magmatic origin for the K-feldspars (Sections 2.7.2.3 and 2.7.2.4).

Anhydrite in the potassic alteration zone, described by other authors (e.g.
Ossandon et al. 2001), is interpreted to be related to Qser veining (Chapter 6).

Silica, Ti0,, Al,0,, and Zr remain immobilized in the potassic alteration zone.
CaO is depleted as is observed in the absence of Ca-bearing silicates in the potassic
alteration zone. Potassium and Na,O are enriched in the potassic alteration zone relative
to the fresh rock which is seen in an increase in the abundance of K-feldspar and the
albitic composition of plagioclase.

The REEs have a similar pattern in the potassic alteration zone as in the fresh
sample, although the values are slightly depressed. This depression is likely due to the
mobilization of some elements during the destruction of hornblende and the removal of
Fe and Ca from the system. Regardless, the potassic and fresh rocks appear to have the

same source. The lack of an Eu-anomaly is interpreted to indicate a highly oxidizing
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magma, as is typical of porphyry copper systems (Burnham and Ohomoto 1980; Candela
1990) (Fig. 2.1).

The interpretation of the O-isotopes indicates that the potassic alteration zone
equilibrated at a temperature of about 535°C. This is cooler than that determined for the
fresh Este Porphyry (~595°C).

“OA1/* Ar ages indicate the potassic alteration zone reached argon closure
temperatures at the same time as the fresh Este Porphyry. The similar ages indicate one
of two possibilities: either the fresh mineral assemblage has had its argon reset by the
potassic alteration or the potassically altered rocks are a more hydrous equivalent of the
fresh intrusion. The author favours the latter explanation because stable isotopes indicate
the minerals in the potassic alteration zone are magmatic in origin.

It is proposed here that the destructipn of Ca-silicate minerals is due to high
fluorine and/or chlorine contents. The hydration of the Este magma following early
anhydrous crystallization would also lead to concentrations of incompatible elements (e.g.
Cl, F, and Cu) ih the melt. The work of Weidner and Martin (1987) proposed that the
presence of albite over more calcic plagioclases in a F-rich leucogranite was the result of
F linking with the Ca, leaving the Ca not available for plagioclase formation. At
Chugquicamata, the antiperthitic texture of the plagioclase in the potassic alteration zone
indicates that the plagioclase first crystallized from a melt (likely as andesine) and was
then replaced albite. This replacement is interpreted to have occurred by stripping of Ca

from the Ca-bearing silicate minerals by highly reactive anions.
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K-feldspar in the potassic zone display typically magmatic features such as
perthitic lamellae, crosshatch twinning and euhedral inclusions, however, the Ba-zonation
that is concentric in the fresh Este Porphyry is irregular in the potassic alteration zone.
This irregular zonation is interpreted to be the result of remobilization of Ba during
cooling by deuteric fluids. Deuteric fluids are also interpreted to be the cause of
coarsened perthitic lamellae in the potassic alteration zone

The Banco Porphyry is ~0.6 Ma yéunger than the potassic alteration zone. The

younger age is supported by the absence of potassic alteration observed in the Banco

Porphyry.



Chapter 6

Petrology and Geochemistry of the Quartz-Sericite (Qser) Alteration Zone

6.1 Introduction

The quartz-sericite (Qser) alteration zone is characterize;d by an assemblage of
quartz, white mica, and pyrite. The Qsér overprints all other rock units in the
Chuquicamata porphyry deposit and is truncated to the west by the West Fault which
juxtaposes it against the Fortuna Intrusive Complex (Chapter 4) (Fig. 6.1). Immediately
east of the West Fault, the Qser zone is pervasive and obliterates the mineralogy and
texture of the host rock it has replaced. Further to the east, the Qser overprints the
potassic and propylitic alteration zones to varying degrees, strongly controlled by local
faults (Fig. 6.1). Adjacent to the West Fault, the Qser is difficult to distinguish from the
argillic alteration zone (not discussed in this study) and therefore, has not been
differentiated from it in Figure 6.1.

Pervasive Qser alteration was rock-destructive, replacing the original assemblages
with white mica and quartz. Veins of sericite follow planes of brittle fracture and are
found locally in the potassic, propylitic and fresh rocks. Late veins of Ca-sulphate and
sulphides are also associated with the Qser event and cross-cut the potassic and propylitic
assemblages.

The Qser alteration event is associated with an episode of sulphide deposition
characterized by abundant pyrite and enargite. Associated Cu mineralization is

characterized by chalcopyrite and hypogene covellite.
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Figure 6.1. Distribution of the Qser alteration zone in the Chuqui pit.

The Qser alteration zone is truncated by the West Fault. Immediately east
of the fault the Qser is not differentiated from the argillic alteration. The
Qser overprints the potassic zone (shown in paler yeliow than the Qser
sensu stricto).
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6.2 Petrology

The Qser alteration is characterized by quartz and white mica with accessory
rutile. Veins of quartz, sericite, and anhydrite associated with Qser alteration may
crosscut other alteration zones leaving the host rocks relatively unaffected, or the Qser
may preferentially replace certain minerals.

In hand specimen, the Qser altered rocks vary from white and friable to grey and
silicified (Fig. 6.2). “Sericite” ranges from cryptoscopic grains to large macroscopic
flakes and from white to pale green in colour. Veins of sulphate may be white to pink

(Fig. 6.2).

6.2.1 Textures

In rocks that have been completely replaced by the Qser alteration, the original
texture is no longer observed (Fig. 6.3). White mica grows as microscopic radiating
flakes or in clotted masses with fine- to medium-grained quartz lenses and stringers,
replacing the original mineralogy.

Where complete replacement has not occurred, as in the zone of ‘Qser transitional
to potassic’ (Fig. 6.1), the original textures of the rock may be completely or partially
preserved (Fig. 6.3). In these cases, white mica preferentially replaces minerals, such as

albite, which may maintain its original euhedral shape (see Section 6.2.2.1).



Cu 020

qnarts

Sericite

gypsum

Figure 6.2. Sample Cu 020 is characterized by quartz (grey)cut by white veins of
sericite. The large pink vein is gypsum. The brassy veinlet is chalcopyrite. White
label is 5cm across.



a. Cu 076 (mag. = 50X, F.O.V=2 mm, xpl) 216

g

b. Cu 140 (mag. = 50X; F.O.V. =2 mm, xpl)

kA

Figure 6.3. a) Complete Qser alteration. Quartz and sericite are the only silicate minerals
present. b) K-feldspar has been preserved.
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6.2.2 Mineralogy

6.2.2.1 Plagioclase

In areas of extreme Qser alteration, plagioclase is completely replaced by white
mica (Fig. 6.3). In areas only moderatély affected by Qser alteration or Qser veins,
plagioclase is altered to white mica to varying degrees (Fig. 6.4). Plagioclase is highly
susceptible to the effects of the Qser event. Where other minerals in the potassic
assemblage are unaffected, plagioclase may be extensively altered to white mica (Fig.
6.3). Plagioclase inclusions in K-feldspar may be completely altered to white mica where

the K-feldspar appears unaffected (Fig. 5.13).

6.2.2.2 Mafic Minerals

Biotite and amphibole are not present in the Qser alteration zone. Biotite has been
pseudomorphed by coarse muscovite grains with rutile growing along the relict cleavage
planes (Fig. 6.4). Where Qser overprints potassic alteration, biotite may be preserved

where the albite is replaced (Fig. 6.4).

6.2.2.3 K-feldspar

Where the Qser alteration is intense, K-feldspar is completely replaced by white
mica (Fig. 6.3). Where the alteration is weak, K-feldspar may remain relatively unaltered
(Fig. 6.3), even though all other minerals may be completely altered, including

plagioclase inclusions within the K-feldspar (Figs. 5.13 and 6.4). In some thin sections of



Figure 6.4. a) Biotite is present where albite is altered to sericite. Note the
K-feldspar is relatively unaltered. b) Biotite has been replaced by coarse sericite,
whereas the rest of the minerals have been altered to a fine-grained sericite.

Note the rutile along the cleavage planes of the former biotite.
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moderate Qser alteration, the K-feldspar appears cloudy in plane-polarized light, but

looks relatively less altered in crossed-nichols.

6.2.2.4 Quartz
Quartz occurs in the Qser zone as polycrystalline lenses of recrystallized grains
and in veins. In hand specimen quartz is grey (Fig. 6.2). Quartz displays undulose

extinction in crossed-nichols (Figs. 6.3 and 6.4).

6.2.2.5 Sericite

In hand specimen, sericite is fine-grained and generally white, although green
sericite occurs locally (Fig. 6.2). Individual grains are not readily discernable without a
microscope and, in some cases, the grains are even cryptoscopic. In the Qser alteration
zone, sericite replaces the original mineral assemblages. Where Qser is intense, sericite
with quartz dominates the mineralogy (Fig. 6.5).

In Qser-overprinted potassic rocks, white mica and minor clay preferentially
replace minerals in a particular order (Fig. 6.3 and 6.4): albite may be ‘sericitized” where
all other minerals appear relatively fresh; and biotite pseudomorphed by white mica, with
rutile growing along cleavage planes, is present where K-feldspar remains relatively
unaffected (Fig. 6.4).

‘Clay mineral(s) are observed petrographically along cleavage planes of radiating
mica grains in the coarsely sericitized samples and as a fine-grained alteration of

feldspars in the less intensely Qser-altered rocks (Fig. 6.5).



a. Cu 443 (mag. = 100X, F.O.V.=1 mm, xp}) 220

L, W 7R e, o AR S
Figure 6.5. White mica has a radiating morphology with clay minerals along cleavage
planes and grain boundaries.Both figures are of the same area. The clay is interpreted
to be illite. Clay appears dark in both: a) Cross-polarized light. b) Plane-polarized light.

'3, " -
e d ’ A 3



221

X-ray diffraction was used to confirm the mineralogy of those samples used for
“Ar/PAr age dating and stable isotope analyses (Appendix D). The large number of
peaks in phyllosilicates makes positive X-ray diffraction identification difficult.
Identification is particularly difficult if the mica or clay is a mixture of two or more
phyllosicates; X-ray diffractometry of different white micas can yield coinciding peaks
with similar intensities (Table 6.1).

Table 6.1 Results of X-ray diffraction Qser samples.

Sample # X-ray diffraction results
Cu 020 Tllite/muscovite (?)

Cu 070 Muscovite-2M1

Cu 082 Nlite-2M1

Cu 093 Nlite-2M1

Cu 203 Gypsum, Lllite (?)

Cu 519 Muscovite-2M1

Cu 090 Tlite/muscovite (7)

Cu 807 Nlite-2M1

Cu 128 Mlite-2M1

This difficulty in identifying micas is complicated by sample contamination by other
minor fine-grained phases; for example, quartz and gypsum are commonly intimately
intergrown with the sericite in the Qser zone. The presence of quartz is indicated by an
enhanced 26 peak at 26° and a 20 peak at 11° indicates the presence of gypsum (Fig. 6.6).
From the X-ray diffraction analysis, it can be concluded that the sericite is a dioctahedral

phyllosilicate, or a mixture of more than one phyllosilicate. Sericite from the Qser has
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produced patterns that could be from either muscovite or illite (Table 6.2; Appendix D).
Ilite and muscovite also have similar chemical compositions; the formula for
illite is K, Al Sic,,0,(OH),; if x = 0, the mineral is muscovite (Deer et al. 1992). This
similarity makes it difficult to distinguish them using electron microprobe analyses.
Electron microprobe analyses did not confirm the presence of clay minerals, as the total
values and K,O values for the white mica analyses were too high for clay (Fig. 6.7).
Electron microprobe analyses indicate no chemical variation between the white
mica in veins, in pervasive masses or in replacements of plagioclase (Appendix C).
There is a strong correlation between AL O, and FeO+MgO, indicating Mg and Fe may
have substituted for Al (Fig. 6.7); the abundance of Mg and Fe shows the muscovite is
phengitic in composition. All of the white micas analyzed are F-rich (up to 1.8%); (Fig.

6.7).

6.2.2.6 Ti-minerals

Rutile is the only Ti-mineral found in the Qser alteration zone. The rutile needles
are red under strong plane polarized light and typically form pseudomorphs after
diamond-shaped minerals (Fig.6.8). White mica replacing biotite has small grains of
rutile along cleavage planes (Fig. 6.4). Rutile found along biotite cleavages tends to be
finer grained than that found in the pseudomorphs and occurs as anhedral crystals.

Electron microprobe analyses from one pervasively altered Qser sample (Cu 093)
indicate that the pseudomorphing rutile of the Qser zone falls within the compositional

range of the rutile in the potassic zone, in both FeO and trace element contents.
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Table 6.2 Difficulty in determining mica-clay nomenclature by X-ray diffraction is
demonstrated in these tables which show the five most intense peaks for three minerals,
illite and 2 muscovite. Peaks in micas and clays are often similar and even if there is no
mixture with other mineral identification is difficult. Specifically, quartz has a primary
peak at 3.34 A and is intimately related to the mica and clay. Note that the primary peak
(intensity =100) is within 0.04A in the three examples given and the secondary peak is
separated by only 0.04A. The dA indicates the d-spacing in angstroms and intensity is
given in percent. ‘

Olite-2M1 | dA Intensity
10.0 90
5.02 50
3.34 100
2.988 18
2.005 50
Muscovite- | dA Intensity
1M, syn
10.1 160
4.49 90
3.66 60
3.36 100
2.582 90
Muscovite- | dA Intensity
2M1
9.95 95
4.97 30
3.32 100
2.987 35
2.566 55
1.993 45
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Figure 6.8. a) Rutile in a pervasively sericitized sample. b) Mainly sericitized
sample with needle-like rutile forming a diamond-shaped pseudomorph after
titanite.
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6.2.2.7 Accessory minerals

There was no apatite observed in the Qser alteration zone.

6.2.2.8 Sulphate

Both anhydrite and gypsum occur in veins cutting the Qser zone as well as other
zones. Anhydrite and gypsum are associated with quartz, sericite, and sulphides. In hand
specimen, anhydrite is colourless and displays good crystal form with good cleavage in up
to three directions. Gypsum forms large, colourless grains or white or pink veins in hand
specimen (Fig. 6.2). Satinspar gypsum is rare.

In thin section, anhydrite has a high birefringence, with twins visible in both
crossed-nichols and reflected light (Fig. 6.9). It is colourless in plane-polarized light, and
exhibit a moderate to high positive relief which may change as the stage is rotated (due to
variable refractive indexes). Anhydrite is commonly associated with quartz, sericite, and
sulphides such as hypogene covellite, digenite, and chalcopyrite (Fig. 6.9).

Gypsum is colourless in thin section. with (Fig. 6.9); under reflected light, it
appears dark brown. It shows a low birefringence and has moderately high positive relief.
Gypsum occurs with supergene covellite, chalcocite, and Cu oxides. Gypsum may occur
in veins with anhydrite, sericite, and quartz (Fig. 6.9).

X-ray diffraction has confirmed the existence of gypsum and anhydrite (Appendix
D). Electron microprobe analyses of anhydrite indicate a variation in Sr content (0 to 2%)

(Fig. 6.10). Anhydrite with no detectable Sr is optically identical to anhydrite with Sr.



a. Cu 106 (mag. = 50X, F.O.V. =2 mm, xpl) 228
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Sulphide

b. Cu 1142 (mag. = 100X, F.O.V.
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#

Figure 6.9. a) A vein of highly birefringent anhydrite associated with sulphides
(opaque in transmitted light). b) Gypsum in a vein with sericite selvages.
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6.2.3 Interpretation

Any original mineral assemblages are completely replaced in the regions intensely
affected by Qser alteration. An assemblage of sericite, qliartz, and pyrite is characteristic
of this zone, with some remnant K-feldspar where alteration has been incomplete. Based
on electron microprobe analyses and X-ray diffraction, it is concluded that sericite at
Chuquicamata is mainly phengitic muscovite with minor amounts of illite. Throughout
the rest of this thesis, muscovite and sericite will be used interchangeably.

The alteration of plagioclase occurs early in Qser alteration (Fig. 6.4).
Replacement of albite by muscovite involves K*replacement of Na* and hydrolysis, as

represented in equation 6.1.

3 NaAlSi,O; + K"+ 2H" = KALSi;0,,(OH), + 6 SiO, + 3 Na* -~ [6.1]
albite muscovite quartz

Species predicted to be in solution are shown in italics. The arrow indicates the species
that are removed in solution. SiO, is a byproduct of the alteration of albite to muscovite
and may deposit as crystalline quartz or it may remain in aqueous solution. There are no
new Na-bearing minerals in the Qser zone (e.g. paragonite), indicating that Na* is
completely removed from the system, probably in solution.

An activity diagram for the system Na-K-Al-Si-O-H at 350°C and 1 kbar
illustrates the breakdown of albite (equation 6.1) to muscovite with an increase in acidic
condtions (Fig. 6.11). Location A in Figure 6.11 marks where the potassic assemblage
(K-feldspar-albite) was initially stable in the K-feldspar. An increase in acidity shifts the

stability to a triple point where albite alters to muscovite (Fig. 6.11, location B, where K-
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feldspar remains stable), as implied by the petrography. In order to keep K-feldspar
stable, there must have been an addition of K*, that is an increase in K-activity, to keep
the ratio of K":H" activities constant (Fig. 6.11). If the K-activity were to become too
high, albite would alter to K-feldspar rather than muscovite. The removal of Na* would
have no effect on the K-feldspar stability (Fig. 6.11, location B to C). An increase in H'
or a decrease in K* would move the line from the K-feldspar to the muscovite stability
field (Fig. 6.11, location D).

Si0, is a product of hydrolysis of K-feldspar to muscovite and may remain in an

aqueous solution or deposit as a quartz.

3 KAISi,Of + 2H* = KALSi;O0,((OH), + 6 Si0, +2 K" [6.2]
K-feldspar muscovite quartz
Figures 6.11 and 6.12 shows how a decrease in pH could drive the fluid
composition from the K-feldspar to muscovite stability field without any change in a,.
In some thin sections muscovite after biotite, where K-feldspar remains unaltered,

indicates that biotite altered before K-feldspar but following the replacement of albite.

3K[Mg,Fe][AlSi,]O,,(F,OH), + 20H* =
biotite

KALSi,0,,(F,0H), + 6Si0,+ I2H,0 + 3Fe™* » + 6Mg** » + 2K* ~[6.3]
muscovite quartz

In this reaction, Si0O, is a mineral product. The activity diagram in Figure 6.12
displays how an increase in acidity can lead to the alteration of phlogopite to muscovite

without affecting the stability of K-feldspar. At location E (Fig. 6.12), phlogopite and K-
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feldspar are in equilibrium. An increase in H or a decrease in K* would move the
assemblage to the right where it intersects a triple point (Fig. 6.12, location F). At
location F, phlogopite alters to muscovite while K-feldspar remains stable as observed in
thin section (Fig. 6.4) suggesting that K* and H* are both increasing. A decrease in Mg**
may occur as it is removed from the system but this will not affect the stability of K-
feldspar. In order to alter K-feldspar to muscovite there must again be an increase in H*
or a decrease in K* (Fig. 6.12, locations G to H).

As shown in the activity diagrams discussed above (Figs. 6.11 and 6.12), an
increase in H" or decrease in K™ is necessary to alter K-feldspar to muscovite (at constant
pressure and temperature). If K* is consumed, and the K-activity decreases, during the
alteration of albite, the K-feldspar would have become unstable and alter to muscovite
(Fig. 6.11). Therefore, K+ must be added to the system locally to preserve the K-feldspar
during albite alteration.

The alteration of biotite to muscovite liberates K*, increasing ag,, which would
help to stabilize the K-feldspar. However, in our case, there is too little biotite to have
stabilized the more abundant K-feldspar. Therefore, a decrease in pH or the a,, would be
responsible for the alteration of K-feldspar. Changes in the ay,,, and ay,, do not affect
the K-feldspar-muscovite stability relationship.

As the white mica is F-rich, it is possible that some of the H* could be substituted
by F (equations 6.1, 6.2 and 6.3).

OH-mica + HF = F-mica+ H,O [6.4]
hydroxysericite fluorosericite
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This reaction would increase the activity of H*, thereby lowering the pH and increasing
the effectiveness of the fluid to alter the original assemblage.

Rutile appears to be stable in the Qser zone and shows the same enrichment of
FeO and trace elements as the rutile in the potassic zone (Chapter 5). Therefore, the rutile
must be have been preserved during the Qser alteration, and not mobilized and
redeposited.

The consumption of H* during the hydrolysis of K-feldspar and albite during the
Qser alteration would result in a decrease in acidity (Fig. 6.11). A decrease in the acidity
of the solution would convert the bisulphate to SO,* and cause anhydrite to precipitate
(Rimstidt 1997).

The anhydrite is locally enriched in Sr (Fig. 6.10). It is unclear why there is a
variation in the Sr-content. It may be the result of the anhydrite hydrating to gypsum
(which can accommodate very few impurities in its chemical structure); however, there is
no evidence in the electron microprobe analyses to suggest that any of those grains
anaylzed were gypsum (i.e. the ratios of Ca:S:0 are close to ideal anhydrite values) or
that there is a correlation between the Sr-content and the degree of hydration (Fig. 6.10).
The Sr is substituting for Ca (Fig. 6.10) because the values are closer to stoichiometric
anhydrite if Sr ** values are added to Ca**. The variation in Sr-content may be related to
the time of crystallization. If anhydrite crystallized rapidly at the end of the Qser
alteration event, Sr would have been incorporated into the last of the minerals to

crystallize.
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The association of anhydrite with hypogene sulphides and gypsum with supergene
sulphides supports the hypothesis that gypsum formed by hydration of anhydrite (Lewis

1997).

6.3 Geochemistry

Four samples of Qser alteration were analyzed for whole-rock, trace-element and
rare-carth element geochemistry during this study. They were selected based on typical
Qser assemblages. One sample, Cu 020, was obviously contaminated with veins of
sulphate and sulphide; however, because S-bearing minerals are typical of the Qser zone,

Cu 020 was analyzed precisely for this reason (Fig. 6.2).

6.3.1 Whole-rock geochemistry of the Qser zone

In the Qser alteration zone, the relative abundance of major elements is variable
(see Appendix E for detailed analyses). As only two phases characterize the Qser zone
(quartz and sericite), the whole-rock geochemistry depends largely on the relative
abundance of each.

Four Qser samples were analyzed for major elements using XRF. The values
displayed in Figure 6.13 are normalized to 100%, LOI-free. The abundance of SiO,
ranges from 76.22 to 90.5 wt.% (Fig. 6.13). There is also a wide variation in the alumina
values, from 5.06 to 12.4 wt. % (Fig. 6.13). TiO, values range from 0.07 to 0.26 wt.%
(Fig. 6.13). Sample Cu 020 has twice as much Fe, 0O, as the other Qser samples (Fig.

6.13). On the other hand, there is very little variation in the Fe,O, contents of the rest of
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Figure 6.13. Whole-rock geochemistries of the Qser samples. The values are

normalized to 100%, LOI-free.
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the samples. MgO values ranges from 0.08 to 0.49 wt.% (Fig. 6.13). However, there is
only one sample that has detectable MnO at 0.01 wt.% and there is no detectable Na,0 in
any of the Qser samples (Fig. 6.13). CaO has a wide range of values, from 0.05 t0 3.92
wt.% (Fig. 6.13). K,O varies from 1.53 to 3.83 wt.% (Fig. 6.13). P,O;s has a relatively
narrow range of 0.03 to 0.09 wt.%. LOI varies over a very broad range from 1.99 to 8.97

wt.% (Fig. 6.13).

6.3.2 Interpretation of whole-rock geochemistry

The broad range in SiO,, Al,0,, and K,O values reflects the relative abundances
of quartz and K-mica in the samples analyzed (Fig. 6.13), i.e., the higher the Si0,, the
more quartz in the sample. Al O; and K, O are directly proportional, indicating that their
whole rock abundances are linked to the mineral chemistry of the mica (Fig. 6.14). The
electron microprobe analyses of micas are more variable than the whole-rock analyses
(Fig. 6.14). The Al:K ratio has a narrow range of 2.96 to 3.05 in the whole rock samples,
but in mica, the ratio ranges from 2.74 to 4.05 (mean = 3.24). These values are consistent
with the 3:1 ratio of AL:K in muscovite, the only Al- and K- bearing mineral in the
pervasive Qser zone. The variation in the electron microprobe analyses may be the result
of analytical error.

Mafic elements occur in minor amounts in the Qser zone because of the
destruction of the mafic minerals (biotite and hornblende). MnO values are below
detection in all Qser samples except one (Cu 070). TiO, and MgO values are consistently

low (< 0.3wt% and < 0.5wt%, respectively). Fe,Ostot is enriched in Cu 020, a sample cut
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by veins of sulphide and sulphate (Fig. 6.2). The Fe,0, ., enrichment in Cu 020 is due
to the abundance of pyrite and chalcopyrite veins in this sample. The Fe,0; ,; values for
the other three samples are consistently low (~1wt%) which is present mainly in
sulphides.

The large variability in CaO values is the result of relative abundance of Ca-
sulphate in the samples. In the Qser zone, Ca-sulphates are the only Ca-bearing minerals
present. Cu 020 has abundant gypsum and also the highest CaO value. Sample Cu 102
has only 0.05wt% CaO, indicating the absence of anhydrite or gypsum.

The absence of Na,O in Qser samples demonstrates the complete removal of Na
from the system. This absence is consistent with the lack of Na-bearing minerals in the
Qser alteration zone. The high values of LOI are the result of hydrolysis. Feldspars and
biotites have been hydrated to sericite. The LOI values also reflect the presence of

gypsum (sample Cu 020; Fig. 6.2).

6.3.3 Trace-element and rare-earth element geochemistries

The Qser samples are consistently depleted in Ba, Rb, Nb, and Y relative to the
potassic sample (Fig. 6.15). The depletion of Ba in the Qser zone is consistent with the
destruction of K-feldspar, in which Ba is enriched in the fresh and potassic zones (Figs.
4.13 and 5.16). The depletion of Rb likely also reflects the destruction of the K-feldspar,
which preferentially partitions Rb (e.g. Rollinson 1993).

The variable relative concentrations of Zr and Sr is ascribed to the heterogeneity

of the samples (Fig. 6.15). Zr is typically considered immobile and its variation can be
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attributed to local concentrations of Zr-bearing phases (i.e. zircon).

Strontium, which has a charge of 2+, typically substitutes for Ca. In the case of
the Qser, the Sr concentrates in anhydrite, the only Ca-bearing phase. The lowest Sr
value is in Cu 102, a sample without CaO (i.e. no anhydrite). Where the anhydrite has
been hydrated to gypsum, the Sr has been removed such as in sample Cu 020 which is
also depleted in Sr. Sample Cu 093 has CaO but a lower LOI indicating the Ca is present
as anhydrite and is also enriched in Sr.

In the Qser zone, Y has been depleted by over three times, and Nb by over half,
relative to the potassic sample. This depletion may reflect the relative abundance of rutile
which concentrates Nb. In the fresh/potassic rocks Y would have been partitioned into
the magnetite and apatite. Both of these phases are destroyed in the Qser zone, likely
resulting in the depletion of Y seen here.

The rare-earth element patterns of the Qser samples are similar to those of the
potassic and fresh samples ( Fig. 6.16). The behaviour is consistent with the hydration of
minerals, such as K-feldspar, resulting in an increased volume but the same abundance of
elements. Europium is depleted in all of Qser samples but two samples have a negative
Eu- anomaly. These samples also have the lowest St values as well, indicating that the
Eu may have been partitioned into the anhydrite following the destruction of the
feldspars. The samples with higher Sr and Ca values have depressed Eu values relative to
the potassic sample, but display a similar trend. REEs are very soluble under low pH
conditions, resulting in the leaching of the lightest REEs and Eu** (Taylor and Fryer

1982). This may also account for the negative Eu-anomaly in the two Qser samples.



Sample/C1 Chondrite

100

[
&

243

- ] | i ! i I | { i i } { { | .
: \‘.\ :
3 A :
. ‘ -
: \ N\ E
i , /’\"&\A |
2 :

La

| | | | | | i ] | i | |
P P Tbh.. Ho. Tm Lu
Cel 'Nd " VGd Dy CEr "Yb

Figure 6.16. Rare-earth element data from the Qser (X) and potassic (+)
zones normalized to C1 chondrite.



244
6.3.4 Comparison of the whole-rock geochemistries in the potassic and Qser zones

Figure 6.17 compares the whole-rock chemistry of the Qser samples to that of a
potassic alteration sample (Cu 1112) and a potassic alteration sample that has been only
partially overprinted by Qser alteration (i.e. where albite has been sericitized but other
minerals remain unaffected (Cu 1115)), henceforth referred to as Kser.

Silica content is considerably lower in the potassic alteration sample than in those
affected by Qser alteration (Fig 6.17). The increase in SiO, in the Qser zone indicates
that the SiO, produced in the reactions 6.1, 6.2, and 6.3, must be precipitated rather than
leaving the system in aqueous solution. Although quartz is increased volumetrically, the
overall SiO, content would remain the same since no silica has been added in these
equations. Therefore, the increase in Si0, values also suggest that the hydrothermal
fluids responsible for the Qser alteration event may have been silica-rich and resulted in
quartz deposition and thus a relative increase in SiO, content (Fig. 6.17).

The potassic alteration and Kser samples have higher values of Al,0;. As the
AL O, values are highly variable in the Qser zone, a correlation with the potassic zone is
somewhat ambiguous. The only Al-bearing mineral in the Qser zone is sericite; in the
potassic zone, there are several Al-bearing minerals, such as the feldspars and biotite.
Aluminum is considered to be a relatively immobile element, therefore variations are
interpreted to be the result of sample heterogeneity.

The TiO, values are slightly lower in the Qser zone than in the potassic sample
(Fig. 6.17). These lower values may represent sample heterogeneity as rutile appears to

be preéerved in the Qser alteration zone. Rutile in the Qser zone has a similar trace-
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element enrichment compared to the potassic zone and is therefore considered to have
been unaffected by the Qser alteration event.

The higher Fe,O, value in the Kser sample than in the potassic sample reflects the
greater abundance of biotite (Fig. 6.17). The range in values of Fe,O; in the Qser samples
reflects the abundance of pyrite.

MgO is highly variable in the Qser zone and thus, a correlation with the potassic
zone is not conclusive (Fig. 6.17). The relative enrichment of MgO in the Kser sample
(Cu 1115) reflects the greater abundance of biotite.

The relatively low CaO values in the potassic alteration and Kser samples (Cu
1115 and Cul112) compared to the Qser samples are consistent with the absence of Ca-
bearing silicate and sulﬁhate minerals in the potassic (Fig. 6.17). CaO in the Qser zone
samples is probably due to the presence of Ca-sulphate veins in the Qser.

The Kser sample (Cu 1115) has less Na,O than the potassic sample because of
the alteration of Na-feldspar to sericite (Fig. 6.16). The complete depletion of Na,O in
the Qser samples represents the complete alteration of Na-feldspar.

The Kser sample has more K,O relative than both the potassic and Qser samples
(Fig. 6.17). This relative enrichment is due to the sericite replacement of the Na-feldspar,
resulting in a relative increase of K. The alteration of K-feldspar and biotite results in a
relative depletion of K (equations [6.2], [6.3]), as is seen in the Qser whole-rock analyses
(Fig. 6.17).

P,05 values are similar in the potassic and Qser alteration zones (Fig. 6.17).

Although apatite was not observed in the Qser zone, the P may be the result of remnant,
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fine-grained apatite. It may also represent another phosphorous mineral or the
substitution of P for S in sulphate minerals such as alunite which has been reported in the
Qser zone. There is significant turquoise associated with supergene zone which could
account for the P, but no turquoise was observed in our samples.

LOI values increase from the potassic alteration zone to the Kser to Qser (Fig.
6.16). This increase in LOI reflects the increase in hydrous phases (Fig. 6.17). Hydration
of albite and K-feldspar to muscovite, as well as hydration of anhydrite to gypsum

accounts for this increase in LOL

6.4 Geochronology

Reynolds et al. (1998) concluded that the Qser alteration event occurred at 31.0 =
0.3 Ma based on the analysis of four samples (Table 3.5). Subsequent dating of sericite
was done for this study in the same laboratory (Dalhousie University) to corroborate the
age of the Qser alteration event.

Potassic samples partially overprinted by Qser alteration were also dated and were
determined to be affected by the Qser alteration. In each potassic sample (Cu 494, Cu
442, Cu 1115 and Cu 1105), the albite has been replaced by white mica or clay, leaving

the K-feldspar and biotite apparently unaffected.

'~ 6.4.1 White mica
Five samples were selected for dating from the Qser sample suite, based on typical

Qser mineralogy and textures and the presence of adequate sample material for analyses.
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Results and isotope correlation plots are reported in Appendix G. Dating sericite is
difficult because the fine-grain size and the potential for recoil in stepwise heating.

Samples Cu 093, Cu 082, and Cu 070 were obtained from drill core 3472 at the
3200N section (602.60 m, 332.20 m, 224.33 m depth, respectively). They were sampled
at varying depths to determine the possible effect of elevation on age (Appendix A).
Cu 093

Sample Cu 093 yielded a concordant spectrum with a total gas age of 31.1 £0.2
Ma (Table 6.3). The preferred age over the final 75% of the **Ar released is 31.1 £ 0.3
Ma (Fig. 6.18). At a step around 85%, the argon was lost due to a system error (Fig.
6.18). The absence of argon eliminates the importance of this step in the age calculation
and thus did not contribute to the age calculation.
Table 6.3 “°Ar/*Ar ages for the Qser zone.

The mean preferred age of the muscovite is 31.1 + 0.2 Ma.
*. pot used to calculated the mean.

Sample # Total gas age Preferred age
Cu (070 31.0+£0.5Ma 31.0+0.6 Ma
Cu 082 31402 Ma 309 £0.3 Ma
Cu 093 31.1x0.2Ma 31.1+0.3 Ma
Cu 203 31.2+0.2Ma 30.6 £ 0.3 Ma*
Cu 519 3.5+ 0.2 Ma 32.1 £0.3 Ma*

An isotope correlation plot of Cu 093 confirms the preferred age of 31.1 Ma, with

an error of £ 0.4 Ma (Fig. 6.18). The correlation is well constrained by the data.
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Cu 082

Sample Cu 082 has a narrow range of ages (31.4 to 30.6 Ma) over 40% of gas
released (Fig. 6.19). The preferred age is 30.9 £0.3 Mai

The range in ages (i.e., 0.8 My) does not fulfil the requirements of Fleck et al.
(1977) for an acceptable plateau. According to Fleck et al. (1977), the allowable spread
for this particular sample, based on errors, is 0.63 My. However, since 1977, there has
been an increase in precision of the * Ar/**Ar method and a decrease in the size of error
bars, so it is possible that this sample represents a reasonable plateau.
Cu 070

Sample Cu 070 gives a poorly defined plateau age of 31.0 + 0.6 Ma over 50% of
gas, but has relatively large error ranges (Fig. 6.19). This age is within the range of the
previous two samples and the reported age of the Qser alteration event (Reynolds et al.
1998).
Cu 203

This spectrum is U-shaped, with a large range in ages (Fig. 6.20). The shape of
the spectrum may be due to incomplete resetting of the argon during the Qser event and,
therefore, the older age steps may represent the ages of the potassic minerals being reset.
However, it is more likely that some of the steps in Cu 203 have been affected by recoil.
The preferred age is 30.6 + 0.3 Ma, an average over the final 60% of gas released. This
age has not been used in the calculation of the mean age of the Qser due to complications

with the spectra.
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Cu 519

Cu 519 has a saddle-shaped spectrum, with a large range of ages (Fig. 6.20). The
preferred age is 32.1 + 0.3 Ma, an average over 70% of the gas released. The sample
does not give a plateau age and is not considered reliable. Therefore, it has not been used

do determine the mean age of the Qser zone.

6.4.2 Potassic alteration overprinted by Qser
In an attempt to better constrain the age of the potassic event, four samples were
analyzed using ““Ar/*®Ar. However, as will be shown, these samples have been

overprinted by Qser alteration, which has affected the final ages.

6.4.2.1 K-feldspar

As it was impossible to ensure that sericitized albite inclusions were not contained
in the K-feldspar separates, it was important to look at the temperature of argon release,
to ensure the ages determined were K-feldspar ages. The K-feldspar ages from samples
Cu 442/Cu 494 (see below), Cu 1105 and Cu 1115 were dated to determine if their ages
had been affected by the Qser event. In all cases, preferred ages were determined using
gas that was released above 1150°C. The sericite should have released all its argon by
this temperature and the only mineral being dated then should be the K-feldspar.

Cu 442 and Cu 494

K-feldspars from samples Cu 442 and Cu 494 were inadvertently analyzed

together in the furnace. Both samples are from similar elevations at the same latitude.
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Both samples also represent potassic alteration with a Qser overprint. K-feldspar in both
samples have inclusions of sericitized albite (Fig. 6.21).

The ages are somewhat concordant but with large errors. The final 55% of *Ar
was released above 1150°C, well above the temperature at which *Ar should have been
released from muscovite. These final three steps give an age of 31.1 + 0.7 Ma which
should represent the composite K-feldspar age.

The calculated error is relatively large, but the age is identical to the age of the
Qser alteration event (Section 6.4.1), distinct from the time of the potassic event (Section
5.5), and 2.6 Ma lower than the reported age of the potassic alteration event (Reynolds et
al. 1998).

Cullls

Cu 1115 is characterized by perthitic phenocrysts of K-feldspar with sericitized
albite inclusions (Fig. 6.22). This sample Cu 1115 has a poorly defined spectrum (Fig.
6.22). The last 50% of *Ar was released above 1150°C and gives a preferred age of 31.5
+ 0.6 Ma (Table 6.4). The last two steps have large errors and are interpreted to be the
result of recoil. The cal_culated error is relatively large but the calculated age is consistent
with the Qser event (Section 6.4.1) and well below the age of the potassic alteration
(Section 5.5).

Cu 1105

K-feldspar in Cu 1105 has inclusions of sericitized albite (Fig. 6.23). The final

three degassing steps (>1250°C) in sample Cu 1105 account for 55% of the *Ar release

and give a preferred age of 31.8 £ 0.3 Ma. This age is slightly older than the other
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samples but certainly reflects a Qser alteration age, even though the K-feldspar is

petrographically unaltered (Fig. 6.23).

6.4.2.2 Biotite

Samples of biotite from Cu 442, Cu 494 and Cu 1115 were dated initially to
determine the age of the potassic zone. However, the ages apparently do not reflect that
event; instead, they were assessed to determine the effect of the Qser alteration on the
potassic alteration.
Cu 442

The total gas age of biotite in sample Cu 442 is 31.0 + 0.3 Ma (Fig. 6.24).
Leaving out three end steps which are interpreted to represent K-feldspar contamination,
the preferred age is 31.1 £ 0.2 Ma.
Cu 494

The total gas age of sample Cu 494 is 30.9 + 0.4 (Fig. 6.24). If reassessed to
remove the end steps, the preferred age is 31.3 £ 0.3 Ma.
Cullls

Fine-grained pleochroic brown-yellow biotite in Cu 1115 is corroded along grain
boundaries and is associated with rutile. This sample yielded a total gas age of 31.7 £ 0.2

Ma. The preferred age is 31.7 = 0.4 Ma (Fig. 6.24).
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6.4.3 Interpretation
Muscovite ages are given in Table 6.4. A comparison of total gas to preferred
ages shows a minimal difference, supporting the reliability of the dates obtained.
Table 6.4 “Ar/*®Ar ages for potassic alteration minerals where the

samples have been overprinted by the Qser zone. The mean biotite
age is 31.4 £ 0.6 Ma. The mean K-feldspar age is 31.5 £ 0.7 Ma.

Sample # Mineral Total gas age Preferred age
Cu 494/442 | K-feldspar | 30.8 £0.5 Ma 31.1x0.7Ma
Cu 494 Biotite 30.9 +04 Ma 31.3+£03 Ma
Cu 442 Biotite 31.0+0.3Ma 31.1£0.2Ma
Cu 1105 K-feldspar | 31.3+0.2Ma 31.8+0.3 Ma
Cullls K-feldspar | 30.8 £ 0.6 Ma 31.5+0.6 Ma
Biotite 31.7+0.2Ma 31.7+0.4 Ma

Samples Cu 203 and Cu 519 have total gas ages close to the calculated mean age,
supporting the hypothesis that their preferred ages were unreliable due to recoil effects.

Sample Cu 093 has the best spectrum and the isotope correlation plot is well
defined by the data. Cu 093 has a preferred age of 31.1 £ 0.3 Ma which is nearly
identical to the mean age of the three Qser white mica samples (31.0 + 0.2 Ma).
Therefore, it is concluded that the Qser alteration event occurred at 31.0 £ 0.2 Ma.

Samples Cu 070, Cu 082 and Cu 093 are all located in drill core 3472. They are
separated by a maximum of 388 m in elevation. The ages are nearly identical, suggesting
that Qser alteration occurred at the same time over this range of elevations.

Total gas ages have been reported to illustrate how similar they are to the

preferred ages (Tables 6.3 and 6.4). In the Qser samples, Cu 519 and Cu 203, the total
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gas ages are more reasonable than the preferred ages, indicating that recoil was likely
responsible for the unreliable spectra.

K-feldspar and biotite samples give mean ages slightly higher than those
determined for the Qser alteration event (31.5 £ 0.7 Ma and 31.4 + 0.6 Ma, respectively),
but are consistently lower than those determined for the potassic zone (Section 5.5).
These mean ages are coincident with the muscovite ages within their calculated errors.
This consistency between ages is interpreted to have resulted from nearly comiplete
resetting of the potassic ages by the Qser event.

Fine planes of alteration in the K-feldspar indicate microscopic and cryptoscopic
pathways that have been healed by hydrothermal fluids. The temperatures of the Qser
alteration are estimated to be 300 to 435°C (Lewis 1997); these temperatures are higher
than the closure temperatures of biotite and K-feldspar. The “Ar/*°Ar data indicates the

potassic zone has been reheated, resetting the potassic ages.

6.5 Stable Isotopes

Separation of muscovite and quartz in the fine-grained, pervasively altered Qser
samples was impossible, given the microscopic grain size and the size of the samples
collected. Sample Cu 070 was the only sample with sericite flakes large enough to be
separated from the quartz. The other five samples were a mixture of muscovite and
quartz.

Qser alteration is a low temperature alteration (Table 2.3). Sulphur isotopic

temperature calculations for sulphide-sulphate pairs indicate a temperature of 300-375°C
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for mineralization at Chuquicamata (Lewis 1997). The problem with using 3'*O to
determine isotopic fractionation in this zone is that most §'*O-fractionation studies have

been developed for temperatures over 500°C.

6.5.1 Isotope geothermometry

Using the fractionation constants of Eslinger et al. (1979), a temperature of 421°C
was calculated for the quartz-muscovite §'®0 pair (Cu 070). The Eslinger et al. (1979)
fractionation constants are calculated for 350-500°C. Although the fractionation
constants of O’Neil and Taylor (1969) were calculated for a temperature range of 400 to
600°C, here they give a temperature of 334 °C for the quartz-sericite pair of Cu 070.
Both calculated temperatures are consistent with the estimated temperature of Qser
alteration in other porphyry copper deposits (Table 2.3) and at Chuquicamata (Section
3.5.2).

Hydrogen isotopes are not used as geothermometers because the isotopic
fractionation factors among hydrous minerals are relatively insensitive to temperature
(e.g. kaolinite-sericite pair), too sensitive to the chemical composition of the minerals
(e.g. biotite), and not well calibrated for most minerals (Ohmoto 1986). Another major
problem with a hydrogen isotope thermometer is that exchange between fluids and

minerals occurs even at relatively low temperatures (Ohmoto 1986).
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6.5.2 Isotopic equilibrium

As only one muscovite-quartz pair was analyzed, it is difficult to establish
whether isotopic equilibrium was achieved. Taylor et al. (1971) suggested that, for
temperatures < 600°C, A, qericie <2.5 indicates disequilibrium. Sample Cu 070 has
A quactz-sericie™ 2-6%0 which is therefore consistent with isotopic equilibrium according to
this criterion.

Quartz appears to be resistant to isotopic exchange with hydrothermal solutions
even up to temperatures in excess of 500°C (Taylor et al. 1971). Therefore, unless there
is specific evidence (e.g. petrographic) that the quartz recrystallized in a new
environment, then the isotopic composition of quartz cannot be used as an indicator of the
fluid phase associated with alteration (Taylor et al. 1971) .

Taylor (1968) explains that the §'*0 of all plutonic igneous quartz lies in the range
of 8.5 to 10.6%o0. The 8"0 value of the quartz in Cu 070 is 11.2%o, indicating it is not
magmatic. If the quartz from Cu 070 was precipitated during the Qser alteration, then it
may have equilibrated with the muscovite. This would be consistent with the
precipitation of quartz during the hydrolysis of K-feldspar, biotite and albite (equations
6.1, 6.2, and 6.3).

Petrographically, sample Cu 070 is massive quartz, mica and sulphides. The
massive habit of the quartz suggests that the quartz could have precipitated and achieved

isotopic equilibrium during the Qser event.
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6.5.3 Isotopic fractionation

The "0 and 8D values of the fluids that formed in equilibrium with the quartz
and sericite were determined assuming a temperature of 350°C, based on oxygen and
sulphur isotope geothermometry from this study and Lewis (1997). As the samples were
a mixture of quartz and muscovite in most of the samples, end-member values were
calculated using quartz and muscovite fractionation constants so that a range of the %0

values could be estimated (Fig. 6.25).

6.5.4 Interpretation of quartz-mica isotopic data

The temperature of isotopic equilibration in the Qser zone is estimated to be
~334-421°C. Unfortunately, this range does not refine the constraint on the previously
estimated temperature range for the Qser. However, the range of mineralization
temperatures, 300-375°C, is consistent with the lower temperature determined (Lewis
1997).

The high value for the quartz in Cu 070 (8'*0 = 11.2 %o) is similar to that for
sample Cu 442 (8'°0 = 11.1 %o) in the potassic alteration zone, indicating that the
alteration of albite in the partially overprinted potassic zone may have been deposited a
second generation of quartz.

Sericites are fine-grained and post-depositional isotopic exchange is a concern
(Taylor et al. 1971). If sericite has undergone extensive O and H isotopic exchange in

local groundwater, under near-surface conditions, the 5'*0 and 8D may lie near the
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Figure 6.25. Samples 020,090, 128, and 807 are mixtures of quartz and muscovite
and are plotted here to show the range of possible isotopic compositions. Cu 070
was a pure muscovite sample and thus plots as a single point.
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kaolinite line (Taylor et al. 1971). Although partial exchange is difficult to rule out, none
of the Chuquicamata samples trend toward the kaolinite line (Fig. 6.26).

Where the hydroxyl ion is directly attached to the cations, the substitution of Fe
for Al or Mg is known to have had an important effect on H-isotope fractionations
(Taylor et al. 1971). For example, muscovite concentrates D relative to biotite, and
phlogopite concentrates D relative to Fe-bearing biotite (Suzuoki and Epstein 1970). A
plot of 3”0 and 3D indicates the fluids that formed the Qser alteration zone are a

magmatic-meteoric mixture (Fig. 6.26).

6.6 Summary

The Qser alteration zone is characterized by white mica and quartz with accessory
rutile. Pyrite is the dominant sulphide associated with this alteration zone. Minerals are
replaced in the following sequence: albite is replaced before biotite before K-feldspar.

Alteration occurred in the following sequence:

a) 3 NaAlSi,O; + K' + 2H* = K,Al;Si,0,,(OH), + 6 SiO, + 3 Na* ~ [6.1]
(albite) (muscovite) (quartz)

Once the Na* was released from the feldspar it could combine with CI” to form

NaCl which is highly soluble even at low temperatures (where it would dissociate).

b) 3 K[Mg,Fel[AlSi,]O,(F,OH), + 20 H* =
(biotite)

KALSi,0,(F,OH), + 6 SiO, + 12 H,0 +3Fe** »+ 6 Mg** 7 +2K* »  [6.3]
(muscovite) (quartz)
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Some of the Fe and Mg freed from the biotite was incorporated into the muscovite
to produce its phengitic composition. Chlorine is easily complexed with K, Fe and Mg.

The production of K* would stabilize the K-feldspar which was the last to be altered.

¢) 3 KAISi,0 + 2H' = KALSi;0,i(OH), + 6 Si0, +2 K" [6.2]
(K-feldspar) (muscovite) (quartz)

An increase in H'-activity could lead to the alteration of the K-feldspar (Fig. 6.11
and 6.12). The reactant H* of all three equations attests to the highly acidic nature of the
altering fluid. When these equations are combined, assuming 21 albite, the following

equation is determined using CIPW norms and petrographic observations (see Chapter 5):

21 NaAlSi;O; + 3 K[Mg,Fe][AlSi;]0,((F,0H), +9 KAISi;O; + 9 SiO, + TiO, + 7 K* + 40 H

albite biotite K-feldspar  quartz rutile

=> 11 KALSL;0,,(F,OH), + TiOp+ 75 Si0, + 21Na* + 8 K* + 3Fe * + 6 Mg * + 12H,0  [6.5]

muscovite rutile  quartz

In the Qser alteration zone of the Chuquicamata porphyry system, the “sericite” is
mainly F-rich phengitic muscovite, with minor amounts of illite along grain boundaries
and cleavage planes.

The abundance of anhydrite indicates that the fluids had to have been saturated in
S, highly oxidizing and highly saline (Rimstidt 1997). The solubility of anhydrite
increases with decreasing temperature (Blount and Dickson 1969; Blount and Dickson
1973) due to the stability of ion pairs such as CaCl" and NaSO, at higher temperatures,

therefore, to precipitate Ca-sulphates, an increase in temperature, a decrease in the
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confining pressure, or a decrease in the salinity (Rimstidt 1997). Such a decrease in
confining pressure would accompany the second boiling associated with the Qser stage of
porphyry copper intrusion (Burnham 1979).

The Qser zone is concluded to have an age of 31.0 Ma. This event has reset the
potassic alteration ages and therefore care must be taken when sampling to further
constrain the age of the potassic alteration event.

Stable isotopes indicate the Qser alteration event equilibrated at temperatures of

334 t0 421°C. The fluids were a mixture of meteoric and magmatic with low pHs.



Chapter 7

Discussion

7.1 The relationship between the Fortuna and Chuquicamata Intrusive Complexes

As explained earlier, the Fortuna Intrusive Complex, exposed west of the West
Fault in the Chuqui pit, was initially thought to be an integral part of the Chuqui
mineralized system (Lindgren 1917). In the 1970's, it was suggested that the Fortuna
Granodiorite could be the ‘unaltered’ equigranular root of the Chuqui Porphyry, faulted
vertically to abut the giant porphyry copper deposit (e.g. Sillitoe 1973). Henceforth, the
Fortuna Intrusive Complex was interpreted in chemical and petrographic comparisons as
an unaltered, deep, equigranular equivalent of the Chuquicamata Intrusive Complex (e.g.
Parada et al. 1987).

As regional field mapping advanced (e.g. Ambrus 1979, Dilles et al. 1997), it was
hypothesized that the Fortuna Intrusive Complex could be part of the El Abra porphyry
system, located ~35 km to the north. These authors proposed that the El Abra System
was displaced by ca. 35 to 40 km with sinistral movement along the West Fault to dock
by the Chuquicamata Intrusive Complex (Ambrus 1977, Maksaev 1990, Dilles et al.
1997). The significance of the Fortuna Intrusive Complex and the nature of the
movement along the West Fault remain matters of heated controversy, made evident from
the recent literature disputing the amount of vertical and horizontal movement on the
West Fault (McInnes et al. 2000, Mathur et al. 2001, McBride et al. 2001). This debate is

important to the mining community, because if, as hypothesized, the Chuquicamata
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porphyry deposit was divided by a strike slip fault, where is the other ‘half” of the ore
body? Many millions of dollars have been spent in trying to locate it in the last decade.

Although many authors have studied the movement on the West Fault (e.g.
Ambrus 1979, Lindsay 1998, McInnes et al. 2001) and have petrochemically compared
the Fortuna to the El Abra Intrusive Coinplex (e.g. Maksaev 1990, Dilles et al. 1997,
Tomlinson et al. 1997), the only studies that compare the Fortuna and Chuquicamata
Intrusive Complexes are those that assume the Fortuna was the root of the Chuquicamata
system (e.g. Parada et al. 1987). The Fiesta Granodiorite, the main body of the Fortuna
Intrusive Complex, and the Este Porphyry, the principal unit of the Chuquicamata
Intrusive Complex, were described in Chapter 4 of this thesis. They are contrasted and
compared here in the context of this discussion. The reader is referred to Figures 4.4 to
4.14 and Figs. 4.21 to 4.25 for clarity.

Petrologically and chemically, the Fiesta Granodiorite is more mafic than the Este
Porphyry (66.02 vs. 70.55 wf.% Si0,). The Fiesta Granodiorite has relatively more
amphibole and biotite, and the plagioclase is more calcic (Figs. 4.6, 4.7, and 4.9). This
more mafic mineralogy is reflected in the whole-rock geochemistry where the Fiesta
Granodiorite is consistently enriched in mafic elements (i.e. Ti0,, Fe,0,, MgO, and CaO)
compared to the Este Porphyry (Fig. 4.21). Although mafic minerals are more abundant
in the Fiesta Granodiorite, the mineral compositions are similar to those in the Este
Porphyry (i.e. actinolite to magnesio-hornblende; oligoclase to andesine feldspar) (Figs.
4.6 and 4.7).

The similar mineral compositions and SiO, contents of these two units would
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appear to support the hypothesis that the Fiesta Granodiorite is the root of the Este
Porphyry (Fig. 4.21). The similar Ba-enrichment in the K-feldspar (Fig. 4.8 and 4.13)
and trace-element enrichment (Fig. 4.9) in the titanite of the Fiesta Granodiorite and Este
Porphyry also support a common genesis. Still, the Fiesta Granodiorite appears to be too
felsic to have been the source magma of the Este Porphyry.

Although inconclusive, hormblende geobarometry indicates that the Fiesta
Granodiorite probably crystallized at pressures below 2 kbars. This pressure is too
shallow to have been the root of the Este Porphyry, which probably crystallized at similar
pressures. Dating by McInnes et al. (2001) suggests only 600m + 100m vertical
displacement along the West Fault. The open pit is over 800m deep and no “Fiesta-like”
root has been observed. It is obvious that the alteration extends much deeper, indicating
that the Fiesta Granodiorite cannot possibly represent the unaltered root of the
Chuquicamata Intrusive Complex.

Using the “Ar/*°Ar dating method, mean ages of 37.6 + 0.7 Ma to 35.5 £ 0.2 Ma
for amphibole and K-feldspar, respectively, were determined for the Fiesta Granodiorite
(Chapter 4). Using these ages and those reported in Table 3.1 and Table 3.3, cooling
curves were determined for the Fiesta Granodiorite and the Este Porphyry (Fig. 7.1). Itis
clear from Figure 7.1 that the Fiesta Granodiorite is considerably older than the Este
Porphyry. Intrusion ages of 37.6 + 0.7 Ma for the Fiesta Granodiorite and 34.6 + 0.2 Ma
for the Este Porphyry (U/Pb zircon ages of Tomlinson et al. 1997 and Ballard et al. 2001,
respectively) indicate a difference of more than 3 My. If the Fiesta Granodiorite cooled at

35.5 Ma ("°Ar/*°Ar K-feldspar cooling), it could not have been the source of the 34.6 Ma
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intrusion of the Bste Porphyry. Cooling ages (“*Ar/*®Ar of biotite and K-feldspar) of the
Este Porphyry are 2.1 to 2.5 My younger than those from the Fiesta Granodiorite (Fig.
7.1). This broad difference in ages totally eliminates the possibility that the Fiesta
Granodiorite is the root or the source of the Este Porphyry.

So, how is it that the Este Porphyry and the Fiesta Granodiorite are so similar in
petrography and geochemistry and yet are not genetically related? It is evident from the
REE data (Fig. 4.25) that the Fiesta Granodiorite and Este Porphyry share a similar source
and were both highly oxidized magmas with no negative Eu-anomaly.

Figure 7.2 shows a model for the production of similar intrusions from a common
magma chamber. Partial melting above the subducted slab occurred during the
dehydration of the subducted slab and the overlying sediments, and the crustal thickening
and shortening related to the strain of plate convergence (Chapter 2) (e.g. Maksaev and
Zentilli 1999, Kay and Mpodozis 2001). It has been proposed that the Eocene-Oligocene
porphyry deposits are merely apophyses from a larger magma chamber (Fig. 7.2)(e.g.
Sillitoe 1973, Tosdal and Richards 2001). Given the present tectonic situation (e.g.
Wigger et al. 1994) (Chapter 2) this magma chamber (Fig. 7.2), formed along the
magmatic front during the Eocene-Oligocene by ponding of magma that rose through
lithospheric weaknesses above the subducting oceanic slab (Wigger et al. 1994, Maksaev
and Zentilli 1999). Apophyses rose from this magma chamber through transtensional
domains along the Domeyko Fault System (Lindsay 1998) as differentiated, volatile-rich
magmas (e.g. Burnham 1979, Hedenquist and Lowenstern 1994) (Fig. 7.2). These

apophyses rose to within 1-3 km of the surface (Burnham 1979, Cloos 2001), exsolving
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N Chuguicamata
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Figure 7.2. Model for the genelzion of multiple porpl;yryl\clieposits in northern Chile.
Partial melting above the subducted slab was triggered by crustal shortening and
thickening, and the dehydration of the subducted slab and sediments (Maksaev and
Zentilli 1999, Kay and Mpodozis 2001). A magma chamber formed at 6 to 10km depth
(Sillitoe 1973, Wigger et al. 1994, Tosdal and Richards 2001) where the magmatic front
was located during the Eocene-Oligocene 30 km west of where it is today (Maksaev
1988). The depth of the subducted slab that generated the Eocene-Oligocene porphyry
deposits is still unresolved; however, radiometric isotope studies by Zentilli et al. (1988)
and Maksaev (1990) suggest that the melts were mantle-derived (Chapters 2 and 3).
Porphyritic apophyses rise, from the 6 to 10 km deep magma chamber along
transtensional domains of the Domeyko Fault System (Lindsay 1998), to depths of

1 to 3 km (Sillitoe 1973, Burnham 1979). This model borrows from Sillitoe (1973),
Hedenquist and Lowenstern (1994), Lindsay (1998), Maksaev and Zentilli (1999), Kay
and Mpodozis (2001), and Tosdal and Richards (2001).
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volatiles and crystallizing as porphyritic dykes (Burnham 1979, Hedenquist and
Lowenstern 1994, Cloos 2001) (Fig. 7.2).

The modern day seismic refraction and geomagnetic deep sounding work of
Wigger et al. (1994) and Schwarz et al. (1994) shows that a low resistivity zone as large
as 50 to 200 km lies today under the Central Andes at depths as shallow as 20 km; this
zone is interpreted to be a pocket of magma. The residence time of these magma
chambers is more than 10 My. From this modern history, it is hypothesized that hot
magmatic bodies of this magnitude existed along the Eocene-Oligocene magmatic front
(Fig. 2.7).

Therefore, the El Abra-Fortuna Intrusive Complex and the Chuquicamata
Intrusive Complex may have shared a common source, thus explaining their similar
petrographies and geochemistries. Nevertheless, radiometric dating indicates that the

Fortuna Intrusive Complex intruded prior to the Chuquicamata Intrusive Complex.

7.2 The age of the Banco Porphyry

A cooling curve for the Este and Banco Porphyries was constructed using the ages
in Table 3.3. Figure 7.1 shows the Banco Porphyry is consistently younger than the Este
Porphyry, even considering the different analytical techniques and the different blocking
temperatures.

The relative timing of the Banco Porphyry intrusion is supported by the lack of
albite. The presence of oligoclase indicates that the Banco Porphyry was unaffected by

potassic alteration and, therefore, it must have been intruded following the potassic
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alteration of the Este Porphyry, as displayed in Figure 7.3c. This relationship is supported
by the consistently older radiometric ages of the potassic alteration (33.7-33.9 Ma) than
the Banco Porphyry (~33 Ma). The above facts refute the claim by Ballard et al. (2001),
that the Banco Porphyry is the source of fluids for the potassic alteration.

As shown schematically in Figure 7.2, Banco Porphyry was probably another
apophysis from the magma chamber at depth. Rare-earth element data (Fig.4.25) suggest
that the Este and Banco Porphyries probably shared a parent magma, as described above.
The subvolcanic Banco Porphyry, whose aphanitic groundmass has led to it being called
‘porcelain’, obviously cooled very quickly, chilled on already cool altered rocks of the

Este Porphyry.

7.3 The nature of the potassic alteration

The origin of the potassic alteration assemblage is a major focus of this project. Is
the potassic alteration a more slowly cooled version of the fresh Este Porphyry or was the
Este Porphyry affected by a later potassic hydrothermal event, as proposed by Ballard et
al. (2001)? Are the megacrystic K-feldspars found in the potassically aitered Este
Porphyry magmatic or hydrothermal in origin? Indeed, how does one tell the potassically
altered from fresh host rock? These questions were central to this study on alteration and
fundamental for the geological staff of the mine. After all, how can one characterize the
changes that affect the host rock if one can’t recognize the primary mineralogy?

Megascopically, the fresh versus potassically altered Este Porphyry appear very

similar. The presence of amphibole and titanite in the fresh sample are not discernable in
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hand specimen, nor is the composition of the plagioclase. The most important
distinguishing feature of the potassic zone is the absence of Ca-bearing silicates. The
presence of albite is a more diagnostic feature than the megacrystic K-feldspars (which
are also present in the fresh Este Porphyry) or the biotite (present only locally and the
compositional ranges overlap).

The distinction between the potassic and fresh rocks is very important but the
question as to the origin of the potassic alteration zone has not yet been answered. Is the
potassic assemblage magmatic or hydrothermal in origin?

The K-feldspars of the potassic alteration zone are primarily perthitic. Perthitic
textures form in slowly cooled granitic rocks (e.g. Hibbard 1995) and, therefore, the
potassic K-feldspars, including the megacrysts, are interpreted here to have crystallized
from a magma (Chapter 2).

The perthitic lamellae in the potassic alteration zone are coarser than those of the
fresh Este Porphyry (Fig. 4.13, 5.14, and 5.15), interpreted here to be the result of a more
hydrous magma. As mentioned in Chapter 2, this ‘deuteric coarsening’ has resulted from
late-stage water concentrated by fractionation and not from the influx of hydrothermal
fluids (e.g. Smith and Brown 1988). The euhedral plagioclase inclusions and crosshatch
twinning in the K-feldspars are also interpreted to be of magmatic origin.

The magmatic Ba zoning in K-feldspar of the fresh Este Porphyry is not as
regular in the K-feldspar of the potassically altered Este Porphyry. Although there are
areas of K-feldspar Ba enrichment, reverse zoning occurs only locally (Fig. 5.16). This

lack of reverse zoning is interpreted to be the result of late deuteric fluid migration
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following feldspar crystallization (Chapter 5). The perthitic texture supports the
magmatic origin of the K-feldspar, but this texture does not rule out remobilization of
elements. The Ba content of the potassic alteration K-feldspars is within the same range
as those in the fresh Este Porphyry (Fig. 5.16). In some grains, there appears to be Ba
enrichment around the albite inclusions (Fig. 5.16). Zones of enrichment are interpreted
here to result from the inability of the inclusions to accommodate Ba during
crystallization or subsequent remobilization.

The biotites in the fresh Este Porphyry have compositions that overlap with the
potassic alteration biotite. However, there are some fairly consistent trends in the biotite
composition that help to identify the potassically altered biotite. The potassic biotites
tend to be more phlogopitic, with lower Ti and higher F-values, than the fresh biotite
(Figs. 5.9, 5.10, and 5.11). Those biotites in the potassic zone that compositionally
overlap with the fresh Este Porphyry are interpreted here to be less affected by late
magmatic (deuteric) fluids than those that are more phlogopitic. As discussed in Chapter
2, potassically altered biotite grains have rutile along their cleavage planes, the result of
Ti being released from the trioctahedral structure at the same time as Fe (Figs. 5.12 and
5.18). The high F-values in the potassic biotites reflect the F-content of the deuteric fluid
(Chapter 2).

The albitic plagioclase in the potassic alteration zone is not the primary magmatic
composition. The Py, would have to have been too high (Py,, =5 kbars) at such low
lithostatic pressures (P, <1.5 kbar) to crystallize two alkali feldspars in such a high level

intrusion (Fig. 2.10). The secondary nature of the feldspar composition is supported by
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the patch antiperthites which are interpreted to result from alkali feldspar replacement of
primary andesine-oligoclase (chapter 5).

WAr/®Ar dating (Reynolds et al. 1998) indicates the potassic alteration has the
same age as the Este Porphyry, within error (Fig. 7.1). These ages are interpreted to
represent cooling ages as the minerals display magmatic features (e.g. perthitic texture,
crosshatch twinning). Therefore, the potassic alteration zone is interpreted to represent a
more hydrous version of the Este Porphyry, which depressed the temperature of the
solidus. It is possible that the high-F content of the magma, evident in the F-content of
the biotite of the potassic zone, was increased during crystal fractionation of the melt.
This increase in F-activity may have ‘stripped’ the Ca from the plagioclase, forming
albite. Depressurization during hydraulic fracturing (e.g. Philipps 1986, Cloos 2001)
(Fig. 7.3) was probably responsible for the final rapid cooling.

Oxygen isotopic data indicate that the potassic zone equilibrated at a lower
temperature (~535°C) than the fresh Este Porphyry (595°C) (Tables 4.5 and 5.2). The
5'80 values are consistent with a magmatic fluid (Fig. 4.30). The only exception to this
trend is the megacrystic K-feldspar 8'*0, which falls outside the magmatic range. This
characteristic is interpreted here to represent re-equilibration during cooling. This
reequilibration would have been the result of the same deuteric effect that remobilized the
Ba and coarsened the perthitic lamellae in the K-feldspars.

In this case, potassic alteration can be considered transitional between the effects
of late magmatic and deuteric alteration (Fig. 7.3a). There is no evidence (petrographic,

geochemical, or isotopic) to suggest that fluids external to the magma were involved.



~34.0 Ma

Figure 7.3a. Following the
intrusion of Este Porphyry,
crystallization of mainly
anhydrous phases resulted in a
more hydrous magma. This
magma was also rich in Cl, F,
and Cu. A fluid-rich phase
concentrates at the top of the
carapace. (after Burnham 1979)

Apophysis

~33.9 Ma

Brittle
fractures

Figure 7.3b. When the hydrous
phase separated from the magma
(second boiling), Piyo P Sit
results in hydraulic fracturing.
These brittle fractures created
pathways used by highly acid fluids
that formed the Qser alteration.
(after Burnham 1979)
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However, modification of mineralogical compositions is obvious. The K-feldspar
phenocrysts and megacrysts show clear magmatic features such as microcline crosshatch
twinning and perthitic lamellae, but there is evidence of later deuteric effects such as
coarsened perthitic lamellae and irregular Ba zonation (Chapter 5).

From the following equation 5.5, it is obvious that alkali enrichment was an

important factor:

(14 NaAlSi,0; + 6 CaAlSi,O;) + 4 KAISL,O; + 13 Si0, + CaTiSiO; + Ca,[Mg,Fel{Al 81,0, J(CH,F),
andesine K-feldspar quartz titanite amphibole

+ K[Mg,Fe][AlSi,]O(F,OH), + 20Si0,,,, + 7K* + 6Na* + 9H" + Y H, [5.5]
biotite

= 20 NaAlSi,0; + 10 KAISi;O, + 8 Si0, + TiO, + 2 K[Mg,Fe][AlS1,]0,,(F,OH),
albite K-feldspar guartz rutile biotite

+ 6 8i0,y + 2Mg?* + 5H,0 + 9 Ca®*

As alkali chlorides are essential for the partioning of Cu into the fluid phase, it is
assumed that the K* and Na* formed Cu chloride complexes (Chapter 2). It is also
interpreted here that the fluid involved in the potassic alteration was oxidizing (from the
REE data and the presence of magnetite, as discussed in Chapters 4 and 5). Therefore, it
is also likely that the H" in equation 5.5, that should otherwise result in low pHs, was
complexed with SO,* as H,SO,, rather than as H,S (Burnham and Ohmoto 1980).

The high F content in the biotite of the potassic alteration zone indicates that the
deuteric fluid was F-rich (Fig. 5.10). Fluorine has been experimentally proven to
decrease the temperature of the liquidus and solidus (Manning 1982, Dingwell 1985).

Weidner and Martin (1987) proposed that the presence of albite over more calcic
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plagioclases in an F-rich leucogranite was the result of F linking with the Ca, leaving the
Ca unavailable for plagioclase formation. It is suggested here that the concentration of a
hydrous phase by crystal fractionation not only hydrated the remaining melt, but saturated
it in F and Cl. This enrichment of ligands essentially stripped the crystallized andesine-
oligoclase of Ca, replacing it with alkali feldspars, and replacing the hornblende and
titanite with biotite and rutile, respectively. The concentration F is also interpreted to
have contributed to the lowering of the solidus temperature (Dingwell 1985). K-feldspar
and quartz that had already crystallized would have remained relatively unaffected
because these minerals would not react with an already K-rich fluid.

Figure 7.1 shows cooling curves for the Este and Banco porphyries. From this
diagram, it can be deduced that the Este Porphyry had completely cooled before the
Banco Porphyry was intruded. The absence of albitized plagioclase in the Banco
Porphyry indicates it was also intruded following the potassic alteration. Potassic ages
reported in Chapter 3 indicate that the alteration must have occurred contemporaneously
with the intrusion of the Este Porphyry. It is therefore concluded that the potassic
alteration resulted from a more hydrous phase of the Este Porphyry that had a depressed
solidus temperature.

Based on the assumption that the potassic alteration zone had reached isotopic
equilibrium at 550°C and that the potassic alteration event ceased to affect the biotite
composition prior to the “*Ar/*°Ar closure temperature of the biotite, an age of 34.1-34.6
Ma is proposed for the potassic alteration event (Fig. 7.1).

Stable isotope data of potassic alteration samples in this study have been
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interpreted to give equilibrium temperatures of ~535°C, only 60°C lower than those
determined for the fresh Este Porphyry. It was also determined that the fluids in

equilibrium with the potassic alteration minerals were of magmatic origin.

7.4 The nature of the Qser alteration

The assemblage of quartz, sericite and pyrite characterizes the Qser alteration
zone (Chapter 6). The crystallization of pyrite attests to the reducing conditions of the
altering fluid (H,S). The hydration of all original minerals indicates a highly acidic
environment (Chapter 6). This acidity is supported by equation 6.5, which indicates the
high H* content necessary to hydrate the potassic assemblage. The reducing environment

is interpreted to be represented by the presence of H,S.
21 NaAlSi,0; + 3 K[Mg,Fe][AlSi,]0,,(F,0H), +9 KAISi,05 + 9 SiO, + TiO, + 7 K* + 46 H*=

albite biotite K-feldspar  quartz rutile

11 KALSi;0,4(F,OH), + TiO,+ 75 SiO, + 21Na* + 8 K* + 3 Fe ** + 6 Mg > + 12H,0 [6.5]
muscovite rutile  quartz

The Qser alteration zone was formed by a mixture of magmatic and meteoric
waters (Fig. 6.26). The brittle fractures of the Qser (Lindsay 1998) increased the surface
area available for reactions and aided circulation, which likely facilitated the strongly
pervasive nature of the Qser.

The Qser was formed at ~31 Ma (Fig. 7.1), significantly later than the Este and

Banco porphyries (Fig. 7.3d). Therefore, another pulse of magma is predicted to have
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Figure 7.3c. The Banco Porphyry
intruded the Este Porphyry at ~33 Ma.
The Banco Porphyry was less hydrous
than the Este Porphyry. After Burnham
(1979).

Figure 7.3d. A third intrusion, not

yet exposed, supplied the heat and
some fluid for the 31 Ma Qser
alteration event which overprinted

the potassic alteration and the Banco
Porphyry. Late anhydrite veins are
interpreted to have formed from

Ca liberated during a later potassic
alteration event associated with this
third intrusion. After Burnham (1979).



West Fault

Present erosion level

Alteraﬁé k

Figure 7.3e. Present erosion level and the West Fault produces the alteration
pattern seen today. The potassic alteration zone in the third intrusion is not
yet exposed. (after Burnham 1979)
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supplied the heat and considerable fluid for this event (Fig. 7.3d) (Zentilli et al. 1995).
This pulse of magma is interpreted to have been another apophysis from the postulated

magma chamber, as illustrated in Figure 7.2.

7.5 The formation of anhydrite

Although it has been reported by some authors (e.g. Ossandén et al. 2001), the
presence of anhydrite as a phase in the potassic alteration zone of Chuquicamata is
refuted here. Not only was anhydrite not observed in the potassic zone sensu stricto

~ during this study, but an investigation into the solubility of CaSO, confirms that, even if it
had been precipitated at the temperatures of potassic alteration, in a slowly cooled (i.e.
coarse-grained) pluton, anhydrite would have been dissolved as it cooled through the low
temperature solubility of anhydrite (Blount and Dickinson 1969, 1973). Therefore, the
anhydrite reported in the potassic zone must represent superimposed Qser veinlets.

As the Qser alteration mainly overprints the potassic zone, which is Ca-depleted,
where did the Ca in the anhydrite come from? The source of Ca is interpreted here to be
the intrusion at depth that supplied heat and fluids to the Qser alteration event (Fig. 7.3d).
It is interpreted that a potassic alteration event occurred at a depth not yet revealed by
mining or drilling. The fluids evolved from this intrusion would be rich in Ca, based on
the observation that the second potassic alteration zone is leached of Ca as described in
equation 5.5 (Fig. 7.3).

Anhydrite was precipitated where CaCl* from the deep potassic alteration zone

mingled with the fluids of the late Qser, which would have been NaSO,-rich due to the
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destruction of albite. As these veins are also rich in cupriferous sulphides, it is
interpreted that these deep fluids were the probable source for Qser-related

mineralization.



Chapter 8

Conclusions

After the previous discussion in Chapter 7 the following conclusions can be

reached:

1) The Fiesta Granodiorite is not co-genetic with the Este Porphyry. That is, the
Fiesta Granodiorite is not the root or source, yet may have shared a common deep

batholithic source (Fig. 7.2; ‘magma chamber’).

2) The potassic alteration zone at Chuquicamata is not a superimpesed effect on the
Este Porphyry by some extraneous magma, but represents a more evolved hydrous
stage in the evolution of the Este Porphyry. The potassic alteration zone is essentially
the same age as the Este Porphyry but the solidus temperature was depressed by the

abundant volatiles.

3) Following the above conclusion, it can be postulated that minerals in the potassic
alteration assemblage formed by primary magmatic crystallization, but their
compositions were modified by deuteric fluids of the Este Porphyry during cooling.
The most conspicuous effect of this evolution is the albitization of the plagioclase, which
in the fresh Este Porphyry is oligoclase-andesine. K-feldspar in the potassic alteration

zone exhibit magmatic features such as perthitic lamellae and crosshatch twinning but
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only locally displays the regular Ba zonation observed in the K-feldspar of the fresh Este
Porphyry. The lack of concentric reverse Ba zonation is concluded to be the result of
deuteric remobilization of elements. Potassically altered biotite has higher Mg:Fe ratio,
higher F values and lower Ti than biotite in the fresh Este Porphyry. The removal of Ca
during from the potassic alteration zone resulted in the replacement of amphibole by

biotite and titanite by rutile.

4) The lack of Ca in the potassic alteration zone resulted from deuteric fluids
enriched in Cl and F which leached the Ca from the already crystallized Ca-bearing
silicates. Calcium was replaced by K and Na in the feldspars and biotites when a Cl- and

F-rich fluid preferentially complexed with the calcium.

5) The Banco Porphyry intruded after the cooling and potassic alteration of the
Este Porphyry. Its younger radiometric ages and unaltered plagioclase indicate that it

cannot be the source of the potassic alteration, as suggested by Ballard et al. (2001).

6) The second Qser alteration event, not related to the Este Porphyry, was probably
caused by a third intrusion. As suggested by Zentilli et al. (1995), a porphyry intrusion,
not yet exposed, supplied the heat, fluids, and metals that formed the Qser alteration zone.

The Qser alteration formed in a reducing, highly acidic environment at ~31.1 Ma.
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7) Potassic alteration of the porphyry intrusion at depth supplied the Ca for the
formation of the anhydrite veins. Qser alteration event generated an oxidizing fluid
that crystallized anhydrite when it mixed with CaCl’ from an unexposed intrusion at
depth. This third intrusion brought in other elements besides Ca, such as a net input of

Cu, As, and Zn (eg. Lewis 1997, Graves et al. 1997).

Some important questions remain unresolved:

1) What is the nature of the proposed third intrusion at depth that supplied the heat and
fluids for the second Qser alteration event? Only deep drilling, well below the bottom of

the pit, could answer this question.

2) Where is the mineralization associated with the two mineralizing events (the potassic
and the Qser alteration/mineralization events) that was faulted away by the West Fault? It
is possible, but not proven, that part of the Qser (~31 Ma) alteration and mineralization is
located in the Mansa Mina deposit west of the West Fault, 14 km south of the

Chuquicamata pit

3) How many magmatic pulses were involved in the formation of the Chuquicamata
Intrusive Complex? Do the quartz-molybdenum veins represent another magmatic pulse?
It appears likely that the post-potassic alteration, pre-Qser alteration, blue veins were

formed by a felsic intrusion at depth; but this hypothesis remains speculative.
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There is a great deal of research to be done at Chuquicamata. Iwould recommend

the following projects:

1) To understand the Chuquicamata system more fully, a study of the quartz-molybdenite
veins using fluid inclusions and Re/Os, in particular. A study of poorly investigated

alteration zones (such as the silicification and propylitic) would also be advantageous.

2) Now that criteria exist for the identification of the potassic zone, and the influence of
the Qser overprint on the potassic alteration dates are known, a more rigorous argon
dating program shduld be undertaken to establish a larger data base on the cooling ages of
the K-feldspar and biotite. Also, U/Pb dating of zircon and titanite from the fresh and

potassic alteration should be done to confirm the interpreted common intrusion age.

3) A strontium isotope analyses of anhydrite would give insight into the origin of
sulphate veins, possible confirming the existence of an unseen porphyry at depth, and
ruling out the involvement of extraneous Ca (and Sr) from the country rocks which

should be relatively more radiogenic.
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Sample Locations



DDH 3472 3200N

CU# Field # X Y depth
66 Z-93-701 3200N DDH 3472 268m
67 Z-93-702 3200N DDH 3472 275.6m
68 7Z-93-703 3200N DDH3472 276.6m
69 Z-93-704 3200N DDH 3472 278.32m
70 Z-93-705 3200N DDH 3472 224.33m
71 Z-93-706 3200N DDH 3472 286.76m
72 Z-93-707 3200N DDH3472 292.18m
73 Z-93-708 3200N DDH 3472 295.66m
74 Z-93-709 3200N DDH 3472 = 295.79m
75 Z-93-710 3200N DDH3472 304.0m
76 Z-93-711 3200N DDH3472 306.4m
77 Z-93-712 3200N DDH3472 306.84m
78 Z-93-713 3200N DDH3472 309.47m
79 7Z-93-714 3200N DDH3472 310.42m
80 Z-93-715 3200N DDH3472 313.34m
81 Z-93-716 3200N DDH3472 316.23m
82 Z-93-717 3200N DDH 3472 322.2m
83 Z-93-718 3200N DDH 3472 327.53m
84 Z-93-719 3200N DDH 3472 311.32m
85 Z-93-720 3200N DDH 3472  556.2m
86 Z-93-721 3200N DDH 3472 557.4m
87 Z-93-722 3200N DDH 3472 557.92m
88 Z-93-723 3200N DDH 3472 558.64m
89 Z-93-724 3200N DDH 3472 559.13m
90 Z-93-725 3200N DDH 3472 566.53m
91 Z-93-726 3200N DDH 3472 601.03m
92 Z-93-727 3200N DDH 3472 601.83m
93 Z-93-728 3200N DDH 3472 602.60m
94 Z-93-729 3200N DDH 3472 470.05m
95 Z-93-730 3200N DDH 3472 471.12m
96 Z-93-731 3200N DDH3472 473.82m
97 Z2-93-732 3200N DDH 3472 475.65m
98 Z-93-733 3200N DDH 3472 479.42m
99 Z-93-734 3200N DDH 3472 481.95m
100 Z-93-735 3200N DDH 3472 133.46m
101 Z-93-736 3200N DDH3472 134.32m
102 Z-93-737 3200N DDH 3472 137.72m
103 Z-93-738 3200N DDH3472 139.72m
104 Z-93-739 3200N DDH 3472 142.05m
105 Z-93-740 3200N DDH 3472 143.77m
106 Z-93-741 3200N DDH 3472 446.50m
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DDH 3472 3200N

CU # Field # X Y depth
107 Z2-93-742 3200N DDH 3472 446.93m
108 Z-93-743 3200N DDH 3472 449.24m
109 Z-93-744 3200N DDH 3472 453.35m
110 Z-93-745 3200N DDH 3472 453.56m
111 Z2-93-746 3200N DDH 3472 698.20m
112 Z-93-747 3200N DDH 3472 700.30m
113 Z-93-748 3200N DDH 3472 703.36m
114 Z-93-749 3200N DDH 3472 703.97m
115 Z-93-750 3200N DDH 3472 722.56m
116 Z-93-751 3200N DDH 3472 723.91m
117 Z-93-752 3200N DDH 3472 727.75m
118 Z-93-753 3200N DDH 3472 727.96m
119 Z-93-754 3200N DDH 3472 635.08m
120 Z-93-755 3200N DDH 3472 636.86m
121 Z-93-756 3200N DDH 3472 637.52m
122 Z-93-757 3200N DDH 3472 656.71m
123 Z-93-758 3200N DDH 3472 658.80m
124 Z-93-759 3200N DDH 3472 659.14m
125 Z-93-760 3200N DDH 3472 659.28m
126 Z-93-761 3200N DDH 3472 512.28m
127 Z-93-762 3200N DDH 3472 513.58m
128 Z-93-763 3200N DDH3472 517.42m
129 Z-93-764 3200N DDH 3472 519.22m
130 Z-93-765 3200N DDH 3472 521.21m
131 Z-93-766 3200N DDH 3472 523.87m
132 Z-93-767 3200N DDH 3472 530.35m
133 Z-93-768 3200N DDH 3472 530.61m
134 Z-93-769 3200N DDH 3472 536.86m
135 Z-93-770 3200N DDH 3472 538.29m
136 Z-93-771 3200N DDH 3472 408.13m
137 Z-93-772 3200N DDH 3472 409.56m
138 Z-93-773 3200N DDH 3472 410.72m
139 Z-93-774 3200N DDH 3472 411.36m
140 Z-93-775 3200N DDH 3472 415.12m
141 Z7-93-776 3200N DDH 3472 435.20m
142 Z-93-777 3200N DDH 3472 436.48m
143 Z7-93-778 3200N DDH 3472 441.0lm
144 Z-93-779 3200N DDH 3472 441.40m
145 Z-93-780 3200N DDH 3472 441.67m
146 7Z-93-781 3200N DDH 3472 445.36m
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DDH 2620 3200N

CU # Field # X Y Z
147 Z-93-782 3200N DDH 2620 10.93m
148 Z-93-783 3200N DDH 2620 17.40m
149 Z-93-784 3200N DDH 2620 21.32m
150 Z-93-785 3200N DDH 2620 22.24m
151 Z-93-786 3200N DDH 2620 29.66m
152 Z-93-787 3200N DDH 2620 30.62m
153 Z-93-788 3200N DDH 2620 31.04m
154 Z-93-789 3200N DDH 2620 31.44m
155 Z-93-790 3200N DDH 2620 32.05m
156 Z-93-790A 3200N DDH 2620 35.82m
157 Z-93-791 3200N DDH 2620 36.27m

158 Z-93-792 3200N DDH 2620 39.55m
159 Z-93-793 3200N DDH 2620 62.96m
160 Z-93-794 3200N DDH 2620 63.46m
161 Z-93-795 3200N DDH 2620 64.07m
162 Z-93-796 3200N DDH 2620 67.99m
163 Z-93-797 3200N DDH 2620 69.08m
164 Z-93-798 3200N DDH 2620 109.76m
165 Z-93-799 3200N DDH 2620 112.6im
166 Z-93-800 3200N DDH 2620 114.62m
167 Z-93-801 3200N DDH 2620 116.82m
168 Z-93-802 3200N DDH?2620 118.64m
169 Z-93-803 3200N DDH 2620 210.35m
170 Z-93-804 3200N DDH 2620 210.66m
171 Z-93-805 3200N DDH 2620 212.46m
172 Z-93-806 3200N DDH 2620 212.80m
173 Z-93-807 3200N DDH 2620 213.00m
174 Z-93-808 3200N DDH 2620 217.32m
175 Z-93-809 3200N DDH 2620 221.15m
176 Z-93-810 3200N DDH 2620 221.75m
177 Z-93-811 3200N DDH 2620 226.13m
178 Z-93-812 3200N DDH 2620 228.45m
179 Z-93-813 3200N DDH 2620 233.54m
180 Z-93-814 3200N DDH 2620 233.85m
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DDH 2967  4500N
CU# Field # X Y depth elevation (m)

181 Z-93-815 4500N DDH?2967 671.5m

182 Z-93-816 4500N DDH 2967 224.76m 2234
183 Z-93-817 4500N DDH 2967 225.10m 2233
184 Z-93-818 4500N DDH 2967 233.04m 2226
185 Z-93-819 4500N DDH 2967 234.45m 2224
186 Z-93-820 4500N DDH 2967 314.74m 2150
187 7-93-821 4500N DDH 2967 316.26m 2151
188 Z-93-822 4500N DDH 2967 319.59m = 2147.5
189 Z-93-823 4500N DDH 2967 324.69m 2144
190 Z-93-824 4500N DDH 2967 325.20m 21425
191 7-93-825 4500N DDH 2967 325.49m 2142
192 7Z-93-826 4500N DDH 2967 325.93m 2142
193 Z-93-827 4500N DDH 2967 408.00m 2067
194 7-93-828 4500N DDH 2967 411.38m 2064
195 7-93-829 4500N DDH 2967 413.77Tm 2062
196 7-93-830 4500N DDH 2967 415.40m 2060
197 Z-93-831 4500N DDH 2967 566.23m 1924
198 7-93-832 4500N DDH 2967 567.48m 1923
199 7-93-833 4500N DDH 2967 569.42m 1921
200 Z7-93-834 4500N DDH 2967 574.23m 1916
201 Z-93-835 4500N DDH 2967 574.87m 1915.5
202 7-93-836 4500N DDH 2967 575.14m 1915
203 Z-93-837 4500N DDH 2967 576.98m 1913
204 7-93-838 4500N DDH 2967 513.05m 1972
205 Z-93-839 4500N DDH 2967 514.90m 1970
206 Z-93-840 4500N DDH 2967 518.65m 1968
207 7-93-841 4500N DDH 2967 605.70m 1888
208 Z-93-842 4500N DDH 2967 607.97m 1886
209 Z-93-843 4500N DDH 2967 619.86m 1875
210 7-93-844 4500N DDH 2967 45590m  2023.5
211 7-93-845 4500N DDH 2967 456.40m 2022
212 7-93-846 4500N DDH 2967 461.20m 2018
213 7-93-847 4500N DDH 2967 209.10m 2248
214 Z-93-848 4500N DDH 2967 211.60m 2247
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DDH 2242 4500N

CU # Field # X Y depth elevation (m)
431 793-852 4500N DDH?2242 38.55m 2478
432 Z793-853 4500N DDH 2242 4091m 2476
433 793-854 4500N DDH 2242 56.45m 2462
434 793-855 4500N DDH 2242 95.86m 2436
435 Z93-856 4500N DDH 2242 103.07m 2421
436 Z793-857 4500N DDH 2242 103.83m 2420
437 Z793-858 4500N DDH 2242 138.24m 2392
438 793-859 4500N DDH 2242 139.15m 2392
439 793-860 4500N DDH 2242 141.28m 2390
440 793-861 4500N DDH 2242 142.13m 2390
441 Z93-862 4500N DDH 2242 145.32m 2387
442 793-863 4500N DDH 2242 149.60m 2384
443 793-864 4500N DDH 2242 151.38m 2382
444 793-865 4500N DDH 2242 15442m 2381
445 793-866 4500N DDH 2242 153.63m 2380
446 Z93-867 4500N DDH 2242 156.77m 2378
447 793-868 4500N DDH 2242 160.76m 2375
448 Z793-869 4500N DDH 2242 161.04m 2375
449 793-870 4500N DDH 2242 161.41m 2374
450 Z93-871 4500N DDH?2242 161.98m 2374
451 Z93-872 4500N DDH 2242 164.98m 2372
452 Z93-873 4500N DDH 2242 189.86m 2351
453 Z93-874 4500N DDH 2242 193.10m 2248
454 Z93-875 4500N DDH 2242 193.78m 2248
455 793-876 4500N DDH 2242 193.86m 2248
456 Z93-877 4500N DDH 2242 194.2m 2247
457 793-878 4500N DDH 2242 195.76m 2246
458 793-879 4500N DDH 2242 196.55m 2246
459 793-880 4500N DDH 2242 200.04m 2244
460 793-881 4500N DDH 2242 200.75m 2244
461 Z93-882 4500N DDH 2242 202.52m 2242
462 793-883 4500N DDH 2242 252.55m 2204
463 793-884 4500N DDH 2242 257.63m 2200
464 793-885 4500N DDH 2242 258.45m 2198
465 793-886 4500N DDH 2242 260.14m 2196
466 793-887 4500N DDH 2242 261.02m 2195
467 Z93-888 4500N DDH 2242 261.27m 2195
468 793-889 4500N DDH 2242 263.23m 2194
469 Z93-890 4500N DDH 2242 263.66m 2194
470 7Z93-891 4500N DDH 2242 264.53m 2193
471 Z93-892 4500N DDH 2242 264.98m 2192
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DDH 2242 4500N

CU # Field # X Y depth elevation (m)
472 793-893 4500N DDH 2242 265.60m 2191
473 793-894 4500N DDH 2242 284.39m 2179
474 793-895 4500N DDH 2242 286.74m 2176
475 793-896 4S500N DDH 2242 282.04m 2178
476 793-897 4500N DDH 2242 288.10m 2175
477 7Z93-898 4500N DDH 2242 288.65m 2174
478 793-899 4500N 288.95m 2174

DDH 2242
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DDH 2234  4500N

CU# Field # X Y depth elevation (m)
479 Z93-900 4500N DDH 2234 294.20m 2290
480 793-901 4500N DDH 2234 295.55m 2288
481 793-902 4500N DDH 2234 295.98m 2288
482 793-903 4500N DDH 2234 297.53m 2286
483 793-904 4500N DDH 2234 297.89m 2286
484 793-905 4500N DDH 2234 298.65m 2286
485 793-906 4500N DDH 2234 299.82m 2285
486 Z93-907 4500N DDH 2234 301.37m 2284
487 Z93-908 4500N DDH 2234 301.95m 2284
488 Z93-909 4500N DDH 2234 302.69m 2282
489 793-910 4500N DDH 2234 305.73m 2280
490 7Z93-911 4500N DDH 2234 307.95m 2276
491 Z93-912 4500N DDH 2234 306.79m 2280
492 793-913 4500N DDH 2234 308.20m 2276
493 Z93-914 4500N DDH 2234 216.30m 2364
494 793915 4500N DDH 2234 219.84m 2360
495 793-916 4500N DDH 2234 221.49m 2360
496 Z93-917 4500N DDH 2234 244.40m 2338
497 793-918 4500N DDH 2234 245.49m 2336
498 793-919 4500N DDH 2234 245.68m 2336
499 793-920 4500N DDH 2234 249.15m 2335
500 793-921 4500N DDH 2234 250.00m 2334
501 Z93-922 4500N DDH 2234 250.70m 2334
502 793-923 4500N DDH 2234 252.15m 2332
503 Z93-924 4500N DDH 2234 253.27m 2330
504 Z93-925 4500N DDH 2234 107.86m 2470
505 Z293-926 4500N DDH 2234 108.32m 2468
506 793-927 4500N DDH 2234 111.09m 2465
507 793-928 4500N DDH 2234 113.65m 2462
508 793-929 4500N DDH 2234 114.71m 2462
509 793-930 4500N DDH 2234 115.80m 2660
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DDH 1843  3600N

CU# Field # X Y depth (m)
1101 AMA-01 3600N DDHI1843 14.77-14.85
1102 AMA-02 3600N DDHI1843 15.15-15.25
1103 AMA-03 3600N DDHI1843 32.75-32.82
1104 AMA-04 3600N DDHI1843 24.70-24-79
1105 AMA-05 3600N DDHI1843 37.03-37.10
1106 AMA-06 3600N DDHI1843 44.60-44.66
1107 AMA-07 3600N DDH1843 62.90-63.00
1108 AMA-08 3600N DDH1843 66.71-66.81
1109 AMA-09 3600N DDH1843 86.12-86.23
1110 AMA-10 3600N DDHI1843 103.04-103.10
1111 AMA-11 3600N DDHI1843 103.98-104.17
1112 AMA-12 3600N DDHI1843 116.22-116.40
1113 AMA-13 3600N DDHI1843 138.48-138.62
1114 AMA-14 3600N DDHI1843 152.80-152.90
1115 AMA-15 3600N DDHI1843 157.30-157.50
1116 AMA-16 3600N DDHI1843 154.30-154.65
1117 AMA-17 3600N DDHI1843 185.85-186.00
1118 AMA-18 3600N DDHI1843 193.90-194.00
1119 AMA-19 3600N DDHI1843 207.58-207.70
1120 AMA-20 3600N DDHI1843 223.75-223.85
1121 AMA-21 3600N DDHI1843 228.50-228.57
1122 AMA-22 3600N DDHI1843 253.50-253.85
1123 AMA-23 3600N DDHI1843 354.75-354.85
1124 AMA-24 3600N DDHI1843 400.95-401.10
1125 AMA-25 3600N DDHI1843 449.85-450.00
1126 AMA-26 3600N DDHI1843 462.00-462.10
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DDH 2839  3600N

CU# Field # X Y depth (m)
1127 AMA-27 3600N DDH2839 7.45-7.55
1128 AMA-28 3600N DDH2839 8.70-8.85
1129 AMA-29 3600N DDH2839  17.50-17.65
1130 AMA-30 3600N DDH2839  42.40-42.50
1131 AMA-31 3600N DDH2839  42.80-42.90
1132 AMA-32 3600N DDH2839  58.75-59.00
1133 AMA-33 3600N DDH2839  72.85-73.08
1134 AMA-34 3600N DDH2839  79.00-79.10
1135 AMA-35 3600N DDH2839  84.95-85.05
1136 AMA-36 3600N DDH2839  85.20-85.30
1137 AMA-37 3600N DDH2839  92.00-92.20
1138 AMA-38 3600N DDH2839  95.00-95.10
1139 AMA-39 3600N DDH2839  96.20-96.30
1140 AMA-40 3600N DDH2839 134.30-134.40
1141 AMA-41 3600N DDH2839 137.95-138.10
1142 AMA-42 3600N DDH2839 159.50-159.65
1143 AMA-43 3600N DDH2839 165.05-165.30
1144 AMA-44 3600N DDH2839 167.30-167.45
1145 AMA-45 3600N DDH2839 173.80-174.00
1146 AMA-46 3600N DDH2839 189.70-189.90
1147 AMA-47 3600N DDH2839 192.80-193.00
1148 AMA-48 3600N DDH2839 199.15-199.25
1149 AMA-49 3600N DDH2839 209.95-210.05
1150 AMA-50 3600N DDH2839 228.75-228.90
1151 AMA-51 3600N DDH2839 231.20-231.50
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DDH 1752  3600N

CU# Field # X Y depth (m)
1152 AMA-52 3600N DDHI1752  233.1-233.25
1153 AMA-53 3600N DDHI1752 245.00-245.10
1154 AMA-54 3600N DDH1752 248.00-248.15
1155 AMA-55 3600N DDH1752 197.77-197.92
1156 AMA-56 3600N DDH1752 256.60-256.75
1157 AMA-57 3600N DDH1752 279.00-279.30
1158 AMA-58 3600N DDH1752 290.10-290.30
1159 AMA-59 3600N DDH1752 299.87-300.17
1160 AMA-60 3600N DDH1752 310.00-310.30
1161 AMA-61 3600N DDHI1752 329.85-330.00
1162 AMA-62 3600N DDHI1752 333.95-334.15
1163 AMA-63 3600N DDHI1752  61.80-61.95
1164 AMA-64 3600N DDH1752 19.40-19.50
1165 AMA-65 3600N DDHI1752  93.30-93.45
1166 AMA-66 3600N DDHI1752 119.60-119.80
1167 AMA-67 3600N DDHI1752 137.30-137.40
1168 AMA-68 3600N DDHI1752 161.85-161.95
1169 AMA-69 3600N DDHI1752 198.90-199.00
1170 AMA-70 3600N DDHI1752 184.40-184.45
1171 AMA-71 3600N DDHI1752 385.50-385.70
1172 AMA-72 3600N DDH1752 281.55-281.70
1173 AMA-73 3600N DDHI1752 262.30-262.50
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Other Samples

Cu# field # X y z
406 N4527 E4110 2770m
408 N4930 E3750 banco I3
510 793-931 N3650 E3750 banco H1
511 793-932 N3650 E3750 banco H1
512 Z793-933 N3100 E3180 banco L3
513 Z93-934 N4000 E3450 banco M3
514 793-935 N4900 E3950 banco F4
516 793-937 N5640 E3700 banco F4
524 793-940 N2450 E3000 banco I1
526 793-942 N4300 E2770 banco I3
746 DL93-059 metre 18 banco F4
769 MZ-32-94 N6853  E4397
801/833 DL94-19 N5675 E3795 2770m
803/855 DL94-67 N4747  E4025 2724m
850 DL94-65 N5100 E3590 2620m
877 DL94-122A  N5978 E4620 3030m
877 DL94-122B  N6000 E4632 3030m
925 DL95-57 N2839 E3697 2657m
1039 DL95-140 N3878 E3420 2365m
1046 DL95-127 N3030 [E3600 2593m
1073 DL95-83 N4001 E3896 2621m
1074 DL95-92 N5445 E3878 2748m
1174 AMA-74
1175 AMA-75
1198 VM-1 N3086 E2930 2412m
1199 VM-2 N4620 E3268 2443m
VM-3 N4720 E3319 2441m
VM-4 N4759 E3455 2444m
1204 VM-5 N4689 E3471 2441m
1333 N5300 E3950 2722m, G3
1334 N3399 E3169 c.2411
1335 N4863 E3361 banco M3

Appendix A: Sample Locations
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Fortuna samples

Cu# field # X y z

46 Z-209-93 N 7533750 E 507680

407 grabsample N4800 E2400 banco C2
524 793-937 N5640 E3700 banco F4
526 793-940 N2450 E3000 banco 11
181 Z-93-815 4500N DDH 2967 671.5m
789 DL-94-55 N3894 E2767  J1-2592m
790 DL-94-54 N3670 E2475 2671m
791 DL.-94-56 N3970 E2590  13-2619m
1061 N4263 E2873 2543m

Appendix A: Sample Locations
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El 3000

ElL 2500

Fortma

£
b
3

DD 2967

45«

DD 2242

surface

PIT 1979

DD 2234

El. 2000

E 4000

Cross-section of 4500N

Clr = propylitic

K = potassic alteration

K Sil = silicified potassic alteration

Ser = quattz - sericite alteration

Sk = quartz-sericite over
potassic alteration

Appendix A: Sample Location
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3

3600 section
2671

3100E 1752- 1843 3500E

o Ser

Ser

Ser

Clr = propylitic

K = potassic alteration

K Sil = silicified potassic alteration
Ser = quartz - sericite alteration

) Sk = quartz-sericite over

Appendix A: Sample Location
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DDH 2967 om . Cuesta Samples
i00m ——
200m =y Cu?2l3
s
Cul83E=RU
Cu 185 ulsd
300m ——
am =Gl
u ST,
Calol "
Cul92
400m ~——, Cu 193
Cu 194
= Cu195
Cu 196
Cu 210
e Cu 211
Cu2l2
500m —— Cu 204
= Cu?205
Cu 206
Cu 200
ciz) ca i
g _U
AN — Cu 199
600m -~ Cu 207
— Cu 208
" Cu 209
- Cu 181

Appendix A: Sample Location



DDH 2242 Chuguicamata
0m -
L Cu 431
~ Cu 432
. Cu 433
P
it
L Cu 434
100m—{ Cu 435 Co 440
Cu 436 Cu 441
Cu 442
Cu 443
Cu 444
- Cu 445
— Cu 446
- i
= Cu 8‘& 449
U
Cu 4% e a
=17 ¢y
200m —E} S0
Cud458:
Cu459| [Cu462
Cu 460 Cu 463
Cud6l | |Cudéd
i
u
— Cu 467
B} i
u
[ am G
=}—> cu4ra Gudll
Cu 476 | Cudi2
300m — Cud77
Cu 478
400m =

Cuesta Samples

Appendix A: Sample Location
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DDH 1843 310

Chuquicamata

K Chl = propylitic
K = potassic alteration
K Sil = silicified potassic alteration
Ser = quartz - sericite alteration
Sk = quartz-sericite over
potassic alteration
1AMA 23
1 AMA 24
AMA 25
AMA 26 Appendix A: Sample Location




DDH 2839

[10m

.....

1142
551443

& ¥1144

1146

o ! i€
c‘.

1145

Ksil

1147,: 1148"..-" .

K Sil
Ser
Sk

il

i

potassic alteration
silicified potassic alteration
quartz - sericite alteration

quartz-sericite over
potassic alteration

1151 (s

o 1 I 49

-1 1150

Appendix A: Sample Location
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DDH 1752 312

-------
........
''''''
......

1152

- 1153
Prop = propylitic 11154
K Sil = silicified potassic alteration| ] H '572
Ser = quartz - sericite alteration

Sk = quartz-sericite over 1157
potassic alteration F 1172

F 1158
£ 1159
1160

1161
1162

Appendix A: Sample Location



Appendix B

Petrography
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Electron Microprobe Data
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Appendix C: Electron Micreprobe 346

Flectron microprobe analyses were done in Robert MacKay's laboratory at
Dalhousie University to confirm identification of phases for petrography, as well as to
study variations in the mineral chemistry. A JEOL 733 electron microprobe with four
wavelength dispersive spectrometers and an Oxford Link eXL energy dispersive system
was used The resolution of the energy dispersive detector was 137 ev at 5.9 Kev. Each
spectrum was acquired for 40 seconds, with an acceleration voltage of 15 Kv and a beam
current of 15 nA. Probe spot size was approximately 1 micron. Link's ZAF matrix
correction program was used to correct the raw data. Cobalt metal was used to calibrate
the instrument. The precision of the instrument on cobalt metal (n=10) was + 0.5% at 1
standard deviation. The relative accuracy for major elements was + 1.5 to 2.0%.
Geological standards were used as controls. Detection limits for most elements using the
energy dispersive system range from approximately 0.1 to 0.3%.

X-ray back-scatter images were also done on the JOEL 733 electron microprobe

to clearly display differences in the density of minerals.



Sample

Si02

Al203

Ca0

Na20

K20

BaO

Total

Cu1102-8
Cul102-13
Cul102-14
Cul102-22
Cul102-23
Cul115-05
Culll5-11
Cul119-03
Cul119-04
Cul119-05
Cul116-02
Cul122-02
Cul136-3-7
Cul136-6-7
Cul136-7-7
Cul136-8-7

Cul136-11-1
Cul136-13-2
Cul136-14-7
Cul117-1-9
Cul117-3-9
Cull17-4-3
Cul117-5-3
Cul141-3-3
Cul141-4-3
Cul141-5-3
Cul129-1-7
Cul129-7-3
Cul129-8-3
Cul138-1-7
Cul138-3-7
Cu1138-6-3
Cul101-1-3

Cul106-1-i
Cul1106-2-i
Cu1106-5-d
Cul106-6-3
Cul106-7-3

Cud87-04

Cu487-05

Cu1146-02p]

Cu1146-03

69.21
69.35
68.77
66.79
66.33
67.83
65.94
71.12
70.40
69.79
68.69
68.06
68.55
68.08
67.29
68.26
68.72
69.13
68.93
68.62
68.04
69.12
68.99
68.79
68.51
68.81
69.21
68.71
68.14
68.46
67.87
68.33
69.29
68.33
69.66
68.33
69.34
69.26
67.79
67.73
68.24
68.69

19.61
19.76
19.65
18.57
18.68
19.19
19.45
19.94
19.93
20.47
20.14
20.73
20.22
20.08
20.43
19.86
19.83
19.64
20.18
19.75
20.15
19.86
19.73
19.80
15.64
19.88
19.84
19.92
19.63
19.97
20.14
19.67
19.75
19.59
20.03
19.98
19.96
20.02
19.77
20.05
19.98
20.07

0.07
0.26
0.00
0.03
0.24
0.15
0.56
0.05
0.00
0.39
0.27
0.64
0.55
0.64
1.23
0.43
0.29
0.01
0.42
0.06
0.38
0.05
0.20
0.05
0.04
0.19
0.15
0.14
0.17
0.42
0.65
0.18
0.05
0.00
0.22
0.28
0.00
0.17
0.34
0.51
0.48
0.40

10.05
9.70

10.73
5.42

10.89
10.25
9.23

9.42

9.57

8.23

10.70
10.20
11.13
11.21
1048
11.23
10.59
9.06

11.06
10.98
1142
10.96
1041
11.33
10.25

1143

10.95
11.44
11.08
10.49
10.24
10.94
10.93
10.38
11.08
10.91
10.68
1041
9.17

10.08
10.34
11.12

0.18
0.15
0.10
8.35
0.35
0.09
0.20
0.32
0.10
1.09
0.10
0.34
0.10
0.04
0.10
0.08
0.16
0.88
0.10
0.10
0.09
0.10
0.01
0.07
0.09
0.16
0.16
0.13
0.03
0.08
0.18
0.17
0.16
0.00
0.00
0.12
0.00
0.12
0.19
0.06
0.11
0.06

Appendix C: Albite

0.00
0.12
0.06
0.09
0.00
0.00
0.24
0.05
0.06
0.13
0.00
0.11
0.00
0.05
0.00
0.06
0.12
0.13
0.00
0.06
0.00
0.01
0.15
0.11
0.10
0.00
0.00
0.00
0.06
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.16
0.00
0.13
0.06

99.12
99.34
99.31
99.25
96.49
97.51
95.62
100.90
100.06
100.10
99.90
100.07
100.56
100.10
99.53
99.93
99.72
98.86
100.69
99.56
100.09
100.11
99.49
100.15
98.63
100.47
100.31
100.33
99.11
99.49
99.08
99.30
100.18
98.29
100.98
99.63
99.98
99.98
97.42
98.43
99.27
100.39
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Sample

5102

Al203

Ca0

Na20 K20

BaO

Total

Cul146-04
Cul76
Cul76-02
Cul76-03
Cul76-04
Cul76-08
Cul57-03

67.49
67.44
69.21
69.07
68.00
69.55
66.87

20.46
20.92
19.95
19.89
20.59
20.15
20.03

0.97
1.24
0.08
0.09
0.97
0.20
0.66

1024 0.14
1034 0.11
10.55 0.07
9.51 0.08
934 0.10
929 0.14
557 6.54

Appendix C: Albite

0.00
0.00
0.17
0.00
0.19
0.18
0.38

99.30
100.06
100.03
98.64
99.18
99.52

100.06
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Anhydrite

Cu204a-1

3

10a
10b
10c
10d
10e

o ~Na ;b

12
13
14
16
17
18
19

Cu204b-1

Cui93-2

Cu195-1

Cak
28.10
28.15
28.51
27.74
28.48
28.05
28.24
28.17
26.15
28.20
28.25
28.09
27.18
27.98
27.64
27.85
28.32
27.37
28.13
28.01
28.37
27.71
27.29
28.23
27.83
28.34
28.39
28.06
28.22
28.06
27.87
27.84
28.00
27.90
28.18
28.09
28.01
27.92
28.24
28.21
28.42
28.18
28.54
28.41
27.99
28.11
28.50
28.18

SK
23.85
23.97
24.01
23.52
23.96
24.23
24.26
23.95
22.31
24.04
24.02
24.01
23.32
23.85
23.88
23.64
24.10
23.69
23.83
24.07
24.15
23.70
23.35
23.96
23.96
24.01
24.19
23.79
23.83
24.07
23.76
23.85
24.12
24.03
23.97
2417
23.98
23.93
24.00
23.85
24.07
24.19
23.95
24.02
23.60
24.12
24.23
23.82

Appendix C: Anhydrite

OK
45.92
46.58
46.73
46.47
46.00
46.72
48.45
46.60
47.70
46.96
47.66
46.73
48.86
46.65
46.56
46.37
46.59
46.53
46.21
46.02
45.95
46.07
46.76
45.77
45.41
46.15
46.03
45.59
45.85
46.27
45,73
46.11
46.40
45.76
45.24
45.81
45.66
46.13
46.73
46.10
46.41
46.37
46.69
46.94
46.72
46.77
46.36
45.76

Srl. Total
0.86 98.73
0.88 99.58
0.73 99.99
1.80 99.53
0.59 99.03
0.73 99.74
0.66 99.61
0.87 99.58
0.50 96.66
0.81 100.01
0.88 100.81
0.84 99.66
0.48 99.83
1.147 99.65
1.28 99.36
1.52 99.48
0.33 99.34
1.81 99.39
0.96 99.13
0.90 99.00
0.80 99.27
1.79 99.26
0.90 98.30
0.94 98.89
0.95 98.15
0.94 98.44
0.73 998.34
1.07 98.50
1.42 99.33
0.95 99.36
1.50 98.86
0.89 98.68
0.66 99.17
1.21 98.90
0.54 97.92
0.27 98.34
0.68 98.34
0.69 98.67
0.73 99.70
0.36 98.61
0.33 99.24
0.25 98.98
0.32 98.50
0.47 99.83
0.10 98.41
0.47 99.47
0.22 99.31
1.01 98.77

28.96

29.03

29.24
29.54
29.07
28.78
28.90
29.03
26.65
29.01

29.13
28.92
27.65
29.15
28.92
29.46
28.65
29.18
29.09
28.91

29.17
29.50
28.19
29.16
28.78
29.28
29.12
29.12
29.64
28.02
29.37
28.73
28.65
29.12
28.72
28.36
28.69
28.61
28.97
28.57
28.75
28.43
28.86
28.88
28.09
28.58
28.72
29.19
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Cu454-1

2
3
5
8
7
9
10
14
15
17
18

Cu480-1

24
Cu440-8
10
12
15
17
20
21
22
24
Cudg83-2

Cui82a-1

27.23
27.24
27.70
27.31
27.86
27.17
27.38
27.66
27.60
27.14
27.70
27.46
28.17
28.60
29.16
28.31
28.33
28.43
27.82
27.40
27.43
27.92
28.80
27.99
28.17
28.31
28.48

28.27 -

28.59
28.11
28.01
28.54
27.44
27.76
26.65
27.08
27.92
28.07
27.80
27.80
27.53
27.91
27.52
27.90
27.90
27.95
27.66
28.30
27.35
2719

23.20
22.74
23.32
22.93
23.01

- 22.82

23.38
23.32
23.22
23.07
23.49
22.98
24.01
23.84

- 23.65

24.08
24.22
24.07
23.41
23.27
23.17
23.31
24.43
23.33
23.98
24.21
24.04
23.86
24.03
24.09
24.07
24.14
23.08
23.20
22.53
22.69
23.42
23.54
23.31
23.34
23.07
23.36
23.16
23.48
22.99
22.80
22.79
23.49
22.78
22.82

50.99
48.05
49.20
47.58
48.71
51.11
48.34
49.45
49.44
50.83
49.85
47.30
45.98
46.40
44.85
45.88
46.62
46.85
50.94
49.14
49.57
47.87
47.00
49.30
46.83
45.97
46.57
46.30
46.34
46.13
46.13
46.33
48.60
48.27
53.33
48.91
48.35
47.04
48.10
49.82
51.15
50.96
49.05
50.31
48.26
49.61
46.98
49.08
48.99
49.74

Appendix C: Anhydrite

0.00
0.00
0.00
0.13
0.00
0.00
0.00
0.00
0.13
0.00
0.00
0.00
0.58
0.64
0.63
0.59
0.6e1
0.54
0.00
0.00
0.17
0.00
0.00
0.10
0.46
0.61
0.61
0.61
0.58
0.56
1.18
0.67
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

101.43
98.04
100.22
97.95
98.57
101.10
98.10
100.42
100.38
101.04
101.05
97.74
98.73
99.48
98.38
98.80
99.77
99.89
102.17
99.81
100.34
99.11
100.23
100.71
99.44
99.10
98.70
99.05
90.54
98.90
99.39
99.69
99.12
99.22
102.50
$8.68
99.70
98.64
100.21
100.95
101.75
102.23
89.73
101.69
99.15
100.35
97.42
160.88
99.11
99.75

27.23
27.24
27.70
27.44
27.86
27.17
27.38
27.66
27.73
27.14
27.70
27.46
28.75
29.24
29.79
28.90
28.93
28.97
27.82
27.40
27.60
27.92
28.80
28.09
28.63
28.92
29.09
28.89
20.17
28.67
29.19
29.21
27.44
27.76
26.65
27.08
27.92
28.07
27.80
27.80
27.53
27.91
27.52
27.90
27.90
27.95
27.66
28.30
27.35
27.19
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Cui82a-2
3
4
7

Cu078-1

[(o N ¢; IR I AN

Cu504-2

QoO~NOO W

Cut87-2

Cu208-1

27.90
27.95
28.06
27.58
28.59
28.71
28.72
29.13
28.22
28.23
27.93
28.04
28.46
28.50
28.47
27.95
28.19
28.26
26.99
27.33

- 27.99

27.90
28.67
28.74
28.60
28.55
28.35
28.87
28.64
28.66
28.69
28.83
28.27
29.03
28.78
28.17
28.13
29.18
29.17
28.77
29.13
29.15
28.98
28.73
28.67
28.96
28.72
28.83
28.80
27.77

23.39
23.34
23.43
23.03
24.35
24.22
24.23
24.09
24.25
24.14
23.30
23.55
24.21

24.19
24.11

23.96
23.93
24.04
22.79
22.88
23.86
24.00
23.39
23.62
23.34
23.26
23.24
24.15
23.10
23.42
23.29
23.44
23.18
23.48
23.38
22.54
22.61

23.53
23.82
23.43
23.70
23.72
23.48
23.51

23.44
23.60
23.57
23.48
23.50
23.09

50.65
49.34
51.52
48.25
47.42
46.55
46.26
46.53
46.64
47.07
51.21
47.94
46.38
46.67
46.43
46.53
46.02
46.60
49.50
50.96
46.03
45.78
45.83
45.43
45.32
44.92
45.23
45.64
46.18
46.10
45.63
44.92
45.45
45.84
45.13
45.48
44.09
45.56
45.72
45.30
45.54
45.39
45.19
45.05
44.89
45.71
44.85
44.96
45.83
45.18
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0.00
0.00
0.00
0.00
0.00
0.18
0.14
0.00
0.78
0.51
0.00
0.00
0.41
0.14
0.44
1.14
0.92
0.63
0.00
0.00
0.99
0.87
1.01
0.83
0.87
1.12
1.29
0.69
0.00
1.22
1.30
0.94
1.28
0.21
1.23
0.00
0.00
0.00
0.00
1.03
0.00
0.22
0.00
0.80
1.31
0.35
0.64
1.00
0.58
2.28

101.94.

100.63
103.01
99.87
100.35
90.66
99.35
99.75
99.88
99.94
102.44
99.53
99.46
98.50
99.44
99.58
99.06
98.54
29.28
101.18
98.88
98.55
98.91
98.63
98.13
97.85
98.11
99.34
97.92
99.40
98.91
98.13
98.20
98.56
98.52
96.19
94.83
98.27
98.71
98.53
98.36
98.49
97.66
98.09
98.30
98.63
97.78
88.27
98.72
98.32

27.90

27.95

28.06

27.58

28.59

28.89
28.86
29.13
28.99
28.74
27.93
28.04
28.87
28.64
28.91

28.08
29.11

28.89
26.99
27.33
28.99
28.77
29.68
29.57
28.47
29.67
29.63
29.56
28.64
29.88
30.00

29.77

29.56
29.24
30.01
28.17
28.13
29.18
29.17
29.80
28.13
29.37
28.98
29.54
29.97
29.31
29.36
29.83
29.38
30.05
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Cu2it-9
10
Cu203b-1

O~ WN

Cu082-1

Cu1856-1

28.90
29.08
28.75
28.62
28.83
28.98
29.18
29.16
28.95
28.12
28.75
29.36
28.84
28.87
28.58
29.03
28.68
28.92
29.15
28.82
28.41
28.78
28.60
28.26
28.50
28.32
28.30

23.60
23.60
23.41
23.44
23.50
23.59
23.66
23.79
23.40
23.65
23.39
23.69
23.44
23.55
23.50
23.73
23.43
23.40
23.27
23.61
22.68
22.74
22.81
22.58
22.59
22.81
22.74
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44.81
44.37
46.73
46.39
46.26
47.11
46.81
46.57
46.38
46.73
45.36
45.52
45.24
45.88
45.31
45.44
44.78
45.20
44.82
45.80
46.30
47.61
48.16
46.60
48.24
44.32
48.85

0.48
0.65
0.81
1.00
0.82
0.00
0.00
0.00
0.00
0.00
0.80
0.30
0.62
1.05
117
0.51
0.84
0.70
0.68
0.82
0.00
0.00
0.00
0.00
0.00
0.00
0.00

97.78
97.70
98.70
99.44
99.42
99.68
99.66
99.52
98.73
99.51
98.30
98.87
98.15
99.35
98.55
98.71
897.73
98.21
97.93
98.84
97.39
99.14
99.58
97.45
99.33
95.45
99.89

29.36
29.73
29.56
29.61

29.65
2B.98
29.18
28.16
28.85
28.12
29.55
29.66
29.46
29.92
29.74
29.54
29.52
28.61

28.85
29.43
28.41
28.78
28.60
28.26
28.50
28.32
28.30

352



353

amolg :3 xipuaddy

0£96 ®U 000 <TI0 000 LOO TI'0 LOG €00 910 €€0 000 6961 STO LTL OLSL €¥T LOOY L-¥6¥1D
01'S6 ®MU 000 000 000 €20 110 000 €0°0 1001 STO 000 9091 1T0 6911 TE¥I 08¢ 61'8¢ 9V6¥TO
oV'68 ®U 000 000 000 910 00 SO0 100 9¥'8 L¥0 800 SI'9T 610 €86 oVvl OVC LOLE SY6vTO
vEY6 ®U 000 810 000 €20 ¥1°0 000 000 €£6 0€0 900 €LST ¥I'0 I0°Cl €L'El S6'€ SSLE vvovhD
LOV6 &MU 000 000 000 000 SO0 000 000 856 LTO €00 1061 870 €99 6191 I¥CT T96E TV6¥mD
7€96 ®U 000 ZI'0 000 650 900 000 000 ¢TL6 +¥0 000 vTST LI'O 9¥Cl €I'ST €TV 918 I-v6¥1D)
8866 ®U [I'0 000 000 €20 LOO 000 000 966 6£0 000 0£'ST €20 9VCl 6TSI ¥T'€ 098E IT-8LYND
7€'S6 ®BU 000 000 000 €10 600 0I'0 SO0 166 STO LOO €FST 810 T€TI T8VI OL€ LT'8E OT-8LYTO
STE6 ®BU 000 000 000 ST'0 800 000 000 1IT6 ¥E0 000 ISTI 81'0 9¢€°ST €¥'S1 09T 80°LE 61-8LYD
19°S6 ®&U 000 000 000 000 SO0 100 000 +96 LEO 000 SOEL STO 08'ST 99°GI S6'C C8Le 8I-8LYID
P6'€6 ®U 000 000 000 I+'0 0I'0 SO0 TI'0 856 LZTO 000 €£Cl ST'0 SLST OU'ST 0Tt 069t LI-8LYID)
P6¥6 ©U 000 TI'0 000 LOO SO0 000 SO0 +E6 910 +0°0 66CI 910 SLCL 06'ST ILT 19°LE 91-8L¥yDD
6£¥6 ®U 000 ¥I'0 000 000 900 000 000 1IS6 610 SO0 68CI vC0 S6'6T SYST 65T €e'Lt SI-8LYID
0L'€6 ®BU 000 000 000 TEO0 SO0 200 LOO 1€6 LEO €00 6VTI P10 €L'ST Tovl 8I't SOLE vI-8LYND
SOv6 ®U 000 000 000 900 LOO 000 LOO 806 9T0 800 06CI 800 IL¥PL 6L91 LT'T 61'8E €I-8LYND
96'C6 ®U 000 000 000 SO0 600 LI'0O OI'0 198 1Iv0 S00 6I'€l 910 I8¥I 88SI v0C OFLe TI-8LPDD
PI'S6 ®U 000 000 000 000 900 000 000 ¥¥6 LI'0 000 6L¢cl 800 691 €091 90T €88t OI-8L¥OD
$0'c6 ®U 000 000 000 000 TO0 000 800 ¢T6'8 PC0O SI'0 8CTEl 810 9¥¥I 1861 TO'T L6LE 6-8LYUD
¢1'96 ®/u 000 8I'0 000 000 110 €1'0 #00 986 <TCO 100 Leel SO0 OL'ST 9961 €9CT 81'8¢ 8-8L¥ND
Lv6 eu 000 000 000 000 600 000 900 896 8CTO 100 ISEl ST'0 8I'ST OI'ST 96'C 69°LE L-8LYDD
9¢v6 &U 000 000 000 000 800 000 000 ¢€T6 0CT0 600 €Tel SI'0 €TST ISSI 69T S6'LE 9-8LV1D
8I'¥6 ¥4 000 000 000 000 800 000 000 6£6 €TO v0OO0 €Ll ST0 98Vl €VSI pET €6'LE S-8LYND
¢6°66 B/ 000 000 000 v00 $00 000 €00 0S6 8TO 800 IEYL TI'0 CLYL TTST 9T CL'BE +-8LYND
P8P6 ®BU 000 €10 000 OI'0 LOO OO0 €10 LT6 8I'0 000 €401 SO0 8LTI I1'61 SL'T €80F €-8LY0D
60'C6 ®¥u 000 000 000 000 ¥00 000 CO0 906 ¢€€0 000 68¢l 910 6551 66VI 0OLC CL8E T-8LYOD
7€S6 ®BU 610 000 000 TO'0 900 0CTO 000 +S6 670 v00 9L¢l 0CT0 S9PI TOSI LI'T 658t [-8LyND
ums 4 SOZd €0TP170Z Otd 1D OIN €073 0T OTEN OBD OSI OUWN 0°d €OTIV COLL ZOIS



354

amorg D xipueddy

6896 ®U 000 7ZO 000 OV0 01°0 000 SO0 186 €€0 €00 L¥vI LOO LTSI e¥vl 88'¢ T8LE ¥0-805TD
0S'S6 ®BU 000 000 000 000 €00 LO0O 000 866 1T0 000 €8°€l 600 S6vI 8TSI II't ¥6'LE £0-8050D
oF'v6 e 000 €C0 000 $I°0 800 000 000 LO6 0€0 TI'O vI'PI 91'0 9TVl OI'GT 8T ¥0'8t CO-80STD
oF's6 ®BU QOI'0 070 000 6£0 2I'0 000 000 I¥6 +T0 000 00%I 000 II'ST 88¥%I 90t 68°Lt T10-80SD
I€P6 ®U 000 000 000 #9°0 90°0 000 000 ¥L'8 610 000 OTVYI IS0 [16'S1 £¥el €ev 0L9¢ LO-I8IND
€I'¥6 ®U 000 000 000 000 €00 600 000 +¥8 TE0 SO0 091 CTLO ¥TST 06'Cl LSV 919t 90-18I1D
6676 ®U 000 L1'0O 000 LOO TO0 000 TOO €001 ITO 000 6L°1C LOO 9L¢ 6LVI vI't €60V TI-COIND
€16 ©U 000 000 000 600 $00 81°0 000 TI0L LI'0O 000 STCT 100 18¢ 9SvI OLT TCOV 11-T9IND
Y6 ®U 000 000 000 000 600 000 000 166 PTO 100 900C 000 6TS S9ST 6Tt 696E 01-TOIND
7066 ®/U Q000 CI'0 000 Y00 100 000 SO0 920l 870 000 06'1C 600 1€€ SO9T L8T SO0V 60-C9T11D
89'b6 ®BU 000 000 000 000 810 IT'0 LOO €96 STO 000 ¥L'IC 000 LTV 09SL 18T 66'6c 8-C9IND
I€96 ®U €10 810 000 €40 900 000 800 8I'0L IE€0 900 SL'LT 000 T88 99°C¢T L¥'c 8I'6t L-TOIND
€6'€6 BU Q00 000 000 #0°0 LOO 000 LOO 166 CTCO 000 9181 900 OV8 I8Vl I8¢ LEBE 9-T9IND
9S'¥6 ®B/U 000 000 000 ¥0'0 81'0 000 T00 996 I¥'0 000 610C 800 LTS SI'ST 98¢ TL6E S-C9IND
Lyv6 ®u 000 610 000 LEO $#T0 1T°0 000 +Z6 00 000 OL'61 600 69°C SSSI 60% 688¢ +-C9I1nD
9096 ®/U 000 000 000 000 600 000 000 ¢€O0I LEO 900 €00C TO0 +8L 9ISl V9T 186 C-C9IND
LES6 ®'U 000 9¢€°0 000 LTO 100 100 TO0 0OSOI €£0 100 660C TOO 8Y'S eSSl €67C 056 1-7911D
YLY6 ®BU 000 000G 000 L¥O 00 000 000 €66 8TO0 LOO TC8I LOO T8L ¥I'Gl 06'¢ 8L'8tE O1-S9¥1D
€L'S6 'U 000 000 000 €00 900 €00 000 ¥I0OI 9T0 000 CELT OI'0 816 SESI 8SY L98E 6-S9%1D
€86 ®U 000 000 000 S10 ¥00 000 000 9v6 CE0 ¥00 €€91 0C0 SL6 LVI9l L8T IT6E 8-S9¥1D
S6r6 ®U Q00 €10 000 760 €00 000 000 1IL6 TTO SO0 ¥S°LT 600 OV6 6091 LTT 068 L-S9¥0D
€e's6 ®U Q000 000 000 000 800010 LOO SOOI LI'O 100 #I'81 600 IL8 66'ST £VC 0S6E S-S9PND
6C°¢6 ®U 000 000 000 000 000 SO0 100 666 6£0 100 0L0C €00 9F'S 9SG €6'€ 956 P-SOVND
66v6 ®BU 000 +C0 000 ¢T0 700 000 000 6£01 670 000 09°1C 800 OVY €6'ST LLT L96E ¢£-S9PND
OL'v6 €U (000 000 000 000 CO0 SO0 900 <001 8TO0 100 €S0C 8CO0 P9S 96Vl Tt LS6E T-SOYND
I8v6 ®eu 000 000 000 900 ¢00 000 000 1001 +v£0 000 8C0CT €C0 85S Pyel +v0't I86L 1-S9v1D
wns o $O0zd €0TPTTOIZ 084 1D OIN €07 0T OTEN 0vD OSIW OU 0°d €0TIV ZOLL ZO!S



“ amoig D xipuaddy
el

9676 681 ®U Bu  eu Q70 10 BU TOO 796 9T0 000 65F1 000 L9'ST TLEL vL'e SE'LE PI-G1IIDD
CTS6 ¥6'1 ®u wu  eu G0 LOO ®BU LOO S96 O0E€0 000 SYvl O1'0 TYSI ¥6'€l 96'¢ SI'LE €I-STIIND
68°S6 19°1 ®M  BU BU HE0 €00 BU SO0 $96 SEOQ 000 €£¥I 0C0 LI'9T IL'€l 8L€ 6CLE CI-SITIND
8C'y6 7T v em  BU 000 LOO BU 000 L6'8 870 000 16T €0 OL'cl $6'SI I¥'E 868E 1I-SITIND
[SP6 vLT ®U Bm B 00 010 ®BU GO0 L96 0T0 000 ITHI SO0 196Gl I8€l €8¢ S69¢ OI-SIIIND
76'S6 61T ®M  ®u  BU IS0 600 BU T00 <¢86 LI'O 000 €evl €10 OS'ST ¥I'VL CTI'v 11°LE 60-SITIND
L7E6 SPT ®u  eu e Q00 LOO BU 900 €06 6C0 000 08°SI 060 ¢S6 0¢9l S6°T1 SL6E 80-SIIIND
S0'S6 vET ®u e e GZO OT'0 BU Q00 SS6 1€0 000 Z9VI 91°0 00°ST ebel vie 61°8¢ LO-CTIIND
€Sv6 YT ®BU  BU U GEQ LOO BU 000 ¥E6 OV0 000 99%I OI'0 66%1 69°¢l S8'¢ 8E'LE 90-SITIND
SVP6 TST ®vu  Bu eUu [770 800 BU 000 1€6 LTO 000 9LST 00 ¥9el vTvl 10t T9°LE vO-STIIND
€816 LETZ ®uU eu  BU 9[0 TI'0 BU 000 O0S6 +TO 000 S6¥I 6£0 68CI LI'tl LSE €89¢ LO-SITIND
08¥6 Itz ®W eu  eu 970 CI'0 B/U 100 TH6 8€0 000 91'ST SO0 vovl €Sel €l'c LL'LE TOSTIIBD
€8V6 €T evu  ®u o eu IO YO0 BU QU0 Y6 SYO 0000 90FI €00 TLST 16€l 08¢ 9I'LE 10-SITIND
1T%6 &9 000 000 000 STO SO0 000 OI'0 TL8 ¥I'0 000 €¢I ¥1'0 6LCI 88LI V0T LL6E TC-80S1D
€196 ®U 000 000 000 IS0 600 000 000 886 6£0 000 65SEL €10 68SI T6VI 11t €9°LE 0C-80STD
69°S6 ®U €1'0 ¥I'0 000 810 60°0 000 Y00 956 STO 000 61'¢cl I1'0 8T9I 9SvI €8¢ I€LE 61-8051D
6196 ®U Q00 LI'0O 000 IZ0 €00 01°0 000 186 0TO 000 88CTI 000 LV9T 6I'ST Lt CTrit 8I-80SND
¢6'S6 B/U 000 000 000 IT0 OT'0 000 SI'0 6L6 ¢£¥'0 000 S6TI 000 LI9T SS¥PI 96t TLLE LI-80SDD
69°¢6 ®BU 000 000 000 ¥€0 800 000 SO0 6L8 ¥CT0 €00 SOCL TI'0 8SST IE€¥l Co6't OCLE 91-80S0D
SLY6 ¥U 000 000 000 110 010 800 OI'0 LI'6 €€0 000 Lgel ¥O0 v6'ST I1vlD ILE 69°LE ST-BOSMD
8L96 ¥U 000 OTO0 000 €L0 600 vI'0 800 196 090 LOO ¥8¢l 600 06'ST SEVI 16t LI'LE ¥I-80SUD
Y0'L6 ¥4 000 1CT0 000 Tv0 OI'0 100 TO0O 896 9¥Y0 000 I8¢l 800 6£91 STPI 00V 19°LE €1-80S1D
PE's6 €U 000 000 000 ¥£€0 ¥00 ¥20 €00 006 LvO CO0 68ST 800 ¥TCI 0S¥l OT¥ 6C°8¢ T1-80SnD
ILg6 ®©U 000 000 000 ¥0'0 900 90°0 000 188 6£0 LOO €I'LT 110 €501 00'ST TTE 0£'8¢ 01-80SnD
L9Y6 ®U 000 000 000 600 800 SO0 ¥00 €£6 6T0 000 8591 110 00CI OV¥I OLt 86'LE 60-80SDD
Vs6 'U 000 000 000 CI'0 800 000 TOO S96 €0 100 60%1 CL'0 TCST T9¥PI OL'C Sy'LE SO-80SDD
wms  J SOZd €OTRTTOIZ Ord 1D OIN €07 OTI OTEN OBD O3 OUWN 0°d €0TIV ZOLL ¢O!S



356

amotig D x1puaddy

1096 65 000 ®u ®u [0 €10 ®U 000 THOl LEO TO0 CTOIT 600 L6S 60%1 00Y 8L6E CTTITIMD
9¢'C6 €CY 000 ®BU BU GO0 810 BU SO0 €201 8%'0 000 STOT 000 T99 VOVl v6'e TL6E I-CITIND
vL'S6 IS'S 000 ®U  ®U GO ¥I'0 BU 000 €401 6£0 000 8661 OI'0 859 8SHY1 85S¢ 09°6€ T-8LIIND
0SY6 I¥'S €00 ®'U  BU 910 OI'0 ®U Q00 O0£O0l 620 €00 Lv'6l TI'O LOL STVYI S¥e vT6e I-8L110D
pCC6 0Cv 000 ®U B 8€0 vI0 BU 800 166 CE0 000 9T9T LOO 69'TT 9TVl CI'v 0£8E S-LOLIND
LS'16 TEY €00 ®BU  BU L1060 BU $I'0 896 ¥EO 610 8¢¥I O1'0 91V 8COT 1T0 T81¥ v-LOTIND
6£96 TO9 000 ®UW ®BU Q00 LOO BU 000 €011 TCO 000 ¥€TC L£O 61I'F 6891 €'l v1'0¥ €LOTIND
6996 €6'€ 000 ®BU ®U 000 900 ®U [00 €¥0l ¥F0 000 ¥¥'LT 000 PCIT 8¥vl 0€C LT6L T-LOTIND
YLT6 6L'€ SO0 ®U  ®U 000 €10 BU 000 988 IL0 LOO 9¢91 €00 LI'TI #O¥PI €b'e 68LE [-LOTIND
8096 96'€ 000 ®U ®BU LI0 €10 ®BU QO €86 I¥0 000 TSPI LI'O 8L¥YI TTVL 65°¢ 90°8E €-8TIIMD
9,96 78E 000 ®u eu J7TO LOO ®BU 000 T00T 8€0 TOO €O'ST 910 T®c€l 61¥I ¥I'v TLBE T-3TIIND
€1°S6 LVy €00 ®uU Bu GI'0 LI'O ®U QI'0 €401 LTO 000 8891 €£I'0 SE'IT 98%1 0£T P8¢ I-8TIIMD
8566 66V 0000 ®u Bu L7T0O 010 &4 000 SE£OI LELO 000 €861 ¥0'0 +9°9 IL¥PI SL'E TS6L STYIIND
6756 66€ 0000 ®U BU GO0 OI'0 BU €00 966 €££0 TOO 66ST OI'0 €911 69Vl L6'C 1v'8E v-TPIIND
$8°96 €9'¢ €00 ®U ®U ¢ 800 BU 100 ITOI 0TO 000 ¥O91 ¥1'0 LOET OCTPI €8¢ €L8¢ £CVIIND
9096 IT¥ 000 ®U ®BU TOO 010 B4 800 L66 6V0 IT1°0 ¥9'LL 000 L66 961 PL'e Ov'6t T-TriInd
98'v6 65'¢ 800 ®BU BU 8I'0 SO0 ®U SIT'0 €I'6 LTO CTI'O SVl 000 T96 S6'SI 18T SO'IY I-TvITnd
gsv6 Sv'e U g/u B/ 000 TOO 'U QI'0 8CTOI 61°0 000 1€TC 9C0 9¢'S Lyl SI'T Ov'0F 60-0C110D
LIv6 7S¢ ®vu ®u e 000 TO0 ®U Q00 8I'0I €I'0 000 OLTC 9C0 +0'S O9I'vl TI'T 95°0v 80-0CI1nD
00v6 +v9'¢ ®u eu  eu QL0 €00 Y LOO OTOI LOO 000 8¥CC C€0 c6'v 0Ovl 611 STOV LO-OTIIND
66 10°¢ eu  eu  ®m /00 SO0 BU 000 €L6 LTO 000 001C €0 ¢€v'9 0cvl 161 620V 90-0CTIND
17°¢6 TI'C ®u eu eu (000 900 B/U 000 ¥E6 1I€0 000 €¥ST OF0 COCI €I'ST 881 €9°8¢ S0-0C1InD
80v6 S¢¢ ®u  eu Bu $0°0 $O'0 BU 000 STOT IT0 000 ¢SIC 00 ILS 60vI SL'T v1'0¥ vO-0CIIND
¢I'v6 1€y ®vu eu BU (00 100 BU 000 ST'OL 81'0 000 66€C 600 90¥% €O€l LSO vOTY CO-0CTIIND
17°¢6 ¥Ce U eu eUu GO0 LOO ®BU 000 066 910 000 S9'IT 910 €9°S 06€l 9%'1 1TOV 10-0TIIND
98'66 06T ®u ®u ®BU 790 €I'0 U [00 096 OF0 000 08¥%1 OI'0 LS'ST 68°¢l Tv'e ICLE SI-SITIRD
wns 4 SOZd £0Z¢170'Z o9 1D OIN £071D OTM OTBN OBD OSIN OUA 0°d €OTIV ZOLL ZO'S



357

amorg ;D xipusddy

8686 80°¢ 100 ®u ®u 80 €10 BU BU [0l 6£0 000 6£1C €00 OL'C CI'vI 69'¢ 0S6¢ €-9V11MD
LT8 66T 000 ®u eu 70O LIO eu  ®uU TG0l 6270 000 LEIC SO0 €¥9 69¢Cl 8Ee LL'6t IT-9pIINO
€TL6 TYT €00 ®u  ®u 9I0 $I'0 ®BU BU 80T 9¢0 000 6981 100 8C6 SSE€l TSE 8L°8C [-9V1INO
9¢'001 90°¢ 000 ®u ®u 100 600 BU 900 9CT0L 8¢0 900 I8SI €00 STST LIl +9°¢ 98¢ S-CITINO
CI'66 €0C 000 %eu em Q10910 ®BU Q00 T66 ¥PE0 000 vrel vC0 C9¢l T6€l LST pL6E €-CITINO
678 V¥9°C 000 ®u eU /€0 600 BU 000 166 ¥¥0 000 Z8VI €00 8LVl 6£°€l 65¢ €C8¢ T-SITIND
8C001 ¥¥'C 000 eu ®u $p’Q 800 B4 000 +CO0I SE€0 000 LSST OI'0 L8ST 9TEl Lyt 9¥8¢ I1-SIIImo
6L°86 60 000 ®u eu (000 ¥I'0 ®BU 000 €501 T€0 000 OI'LT LTO OVTI v9El PEV OT6E OI-9pLDO
$6'S6 SPS 000 ®'uU  BU 60 600 BU TOO0 £SOl 9¢0 100 6V0C $OO 909 €LVl 69t vS6e €-0c1ind
€CS6 ¥C9 010 ®¥u 'u Q00 IT°0 BU LOO 9501 IT0 000 S9TC LOOC LSt €LVl €£¢€ TTOV T-0e1ind
L196 S6'S 000 ®u ®'u 000 900 ®&/u TOO0 8LOL ¥£0 000 0TTC LOG L6E 89VI €9t OVOP 1-0c1inD
PLY6 850 000 ®U  ®BU BTO 900 ®U OI'0 L96 TOO0 600 I9VI 910 SLYI €9¢l T8¢ 9S°LE €T9TInD
§C9% ¢€6'1 900 ©®'u eu B¢'0 SO0 &/U 000 66 TEO 100 T6FI ¥I'0 S8PI TYET 08¢ 96°LE P-8S1IND
8€96 ¢9'1 000 %®u ®u 7¢O 800 ®U 000 €86 8CO 000 08%I €20 OV'ST 8E'€l 69°¢ 8€8E T-8SIIND
€L'S6 96C OI'0 ®uU  ®U Q00 OI'0 ®BuU 000 €101 TTO LOO T9LT 8€'0 8LTI 9%'Cl $80 €96¢ 1-8S1IND
¢E96 890 CO0 ®BU U Cg'Q [10 BU 600 696 0TO0 000 9F¥I €F0 TEST 6LET 80V 6LLE S-69L0D
1896 £¥'0 000 ©®U ®BU 9¢’Q ST'0 BU 900 166 €££0 000 OVl v€0 86¥%1 TOVI 1TV LOBE H-69LDD
9I’'L6 890 000 ®u e CI°0 910 ®U 000 LOOT 91°0 200 ZSPI OVO 8LST $O¥I 19°€ 97'8€ [oUI69/
6966 90 700 %®U ®U ¢£0 Y10 BU LOO $96 TTO0 000 vSHI LEOQ LOST €E€€T TSE TYLE T-69LhD
¢1'96 LSO €00 ®u  ®U $6°0 61°C BU Q00 96 0€0 TOO0 €€V ¥S0 9€ST 69€T 06€ 65LE 1-69L1D
0s's6 STy 000 @®U ®Uu Q00 Y00 ®UY TI'0 8901 ITO 000 620C 910 19L TESI 9F'1 19'6€ p-611InD
S6'¢6 Ity 800 ®U  BU Q00 900 ®U SO0 6£6 9£0 900 0L0CZ €£€0 9T9 09SI 901 666€ €-6I110D
SY's6 TOY LOO ®U ®U $0'0 YO0 ®BU_ 000 IE€0T 00 000 €€61 920 +9'8 061 061 L96E Z-611IND
£806 €9'¢ €00 ®u ®BU 000 900 ®U 600 800I LTO 000 THLI SO0 9L'TIT ¥S'El 68°€ 99°6€ I-61TIND
OLve ¥Oy S1°0 ®u e [¢0 +1°0 &Y I1°0 OI'0T 6€0 000 6261 000 LL9 TI¥vl 6L€ ST6E ¥-TITIND
86'¢6 10v 000 %®u ®u ¢['0 LOO ®U €00 €10l I¥'0 100 9L°81 000 688 TTVI €OV 6T6¢ €-CITIND
wns  J  6Ozd €OZPTCOIZ OB [D OIN £071D OTY OTeN 08D OSIN OWA 0°d €OTIV ZOLL ZOIS



358

amoig D m_ncmm%«

0SZ6 000 +00 ®U ®U CCO YOO BU  BU 198 PTO SO0 LSYI S9°0 ITSI 60°€l 99t 085t ®S-I8IM0
9/'16 000 100 ®U ®U pyQ LOO BU EU4  9¥9 €70 LOO LOST 690 8591 S8'El COV 9Tve ey 18IM°
6L76 000 TO0 ®U ®U 900 10 ®U ®BU €69 670 81'0 S9ST LLO IT91 OFEl SOV €I'SE ®BL-I8IMD
8°C6 LTT 000 ®U  BU 8C0 600 BU eU 186 SEOQ 000 LLST SO0 TLTI L6CT $9°¢€ THLE ®C-806MO
90°'S6 SO'T 000 ®U ®BU $70 LOO ®BU BU /86 LEO TOO SOVI SO0 8LFI ¥S¥VI 81T STLE ®I-806MO
1766 000 900 ®U  ®BU 70 ITO &U ®BU QL6 970 000 SYvl TEO €¥9T 80'cl 9L'E OL'9E BL-69LMO
6176 000 000 ®U ®UW 0’0 910 ®BU ®©U €98 €0 €00 CI'PT ¥€0 LLST TTEL €0t 959¢ BY9-69LMO
76°S6 000 LOO ®U ®vu GO ZI'0 ®U ®U  IL6 STO T00 L9V 9€°0 L6ST LY'El 88'¢ SL9E BE-69LMO
S0'S6 000 000 ®U ®U [7TO EI0 &MU BU  ¢G6 610 00 6S¥I TL'O SOOI 6TCl €8¢ L89E BH-6ILMO
S6'¢6 000 000 ®u ®u 7O OI'0 B/U  ®U /€6 170 $00 L6F1 9¢'0 8CCI €L€l vOE PLOE BE-69L00
ZI'¥6 000 000 emu  eMm QO €10 BU ®U  [p6 610 100 LLYD LTO €9°ST 98Tl 99°¢ v69t BI-69LMO
81'96 89T 000 ®uU ®U (000 610 &/U ®BU Q00T 9¢0 800 9591 610 8911 10Vl 8¥E ¥6'LE 4S-VOPTO
PEL6 08T SO0 ®u  eu I70 600 BU ®BU 066 I¥0 TOO0 96'ST OI'0 LEET S6'€l $9'¢ T8LE Ab-vovyno
8€'¢6 TI'T SO0 ®u  ®U GO0 $OO ®BU U (66 1€0 LOO 6811 000 6001 O8°LI ¥8T SS6E BEL-P6¥ND
976 99T €00 ®U ®BU 00 vO0 ®U eu [S6 80 600 II'ST ¥C0 6I'tl I¥el €Lt ST'LE BI-p6pno
TLL6 LTT €00 e ®u TTO CI0 ®U  eu $TOL LEO 000 I9°LT S1'0 STIL $9°€l TSE 6C8¢ I-Op1IMO
c0c6 ¥80 110 ®m ®'U $0°0 SO0 ®u ®Bu [I'6 €0 110 Ol'cl 800 8¥el 6Vl 1ttt 008 T-LylIno
96'C6 060 TOOG ®u  ®u ¢00 110 ®u eu 988 970 T10 vI'tl €10 L8VI T8ECI Tre 069¢ T-LplIno
0I'S6 000 000 ®u ®u 300 110 Bu eu $86 +¥I'0 €00 8I'VL 1C0 SE€91 ICEl 8L'€ 90°LE T-LCTINO
696 v0'0 €00 ®U U QU0 910 ®U ®uU 886 TEO0 100 I¥Pl LI'O OT91 TZ¥'el Ov'e 899¢ I[-LTIIMD
SCUL6 €VT LOO ®'u  Bu 80 OI'0C ®BU  BU 0T €0 000 990C 000 999 eyl S1T'€ 00°6E S-SE1Ino
€086 ¥¥'C SO0 ®©u  'u ¢gQ 810 ®BU BU  H$EOl 8€0 Y00 COIT ¥I'0O €19 8IVI 69t TI'6E P-SETINO
6696 €81 000 ®©u ®u (00 100 ®u ®u €10l OV0 000 €6'L1 SO0 ¥E'O1 9TYI S8'€ 6L°Lt T-SETINO
$606 8C°C 800 ®Bu ®U ¢€0 800 ®U U TTOL 10 TO0 TL61 LIO II'L €LVl 8SE 1E€8¢ I-CEIfmo
9¥'L6 8¥T €00 ®U ®U GO0 P10 BU  BU  €TOI 6€0 000 1061 OI'0 €v6 IL¢l LV'E PP8E v-IpIImo
wns 4 SOZd €OTPTTO¥Z OBd D OIN €070 0T OTEN 08D OSIN OUN O°d €OTIV TOLL ZTO'S



Si02 Al203 Na20

K20 Cl BaO La203 P205

Total

Cul102-1
Cul102-2
Cul102-3
Cull102-4
Cul102-5
Cul102-6
Cul102-9
Cul102-10
Cull02-11
Cul102-15
Cul102-16
Cul102-17
Cul102-18
Cul102-19
Cul102-20
Cul102-21

Culll1s-1.

Cullls-2
Cullls-3
Cull15-45
Culll5-6
Cull15-8
Cull15-9
Cull15-10
Cul115-13
Cull15-14
Cull15-16
Cull15-20
Cull15-21
Cull15-22
Cul105-2
Cull105-3
Cull054
Cull05-5
Cul105-8
Cul105-9
Cull105-10
Cul105-11
Cul105-14
Cul105-15
Cull05-16
Cul105-17

64.56
63.53
64.36
64.31
64.21
64.98
63.51
64.36
63.84
63.32
64.14
64.04
64.76
63.63
64.69
64.56
64.25
64.28
64.50
64.09
63.33
64.59
64.06
63.98
64.32
64.56
63.79
62.99
64.06
64.34
62.71
63.44
64.90
64.31
64.09
64.41
64.57
64.52
64.02
64.09
63.99
63.60

18.34
18.10
18.89
18.60
18.70
18.63
18.52
18.57
18.55
18.49
18.52
18.61
18.67
18.31
18.75
18.41
18.65
18.92
18.88
18.41
18.88
18.79
19.03
18.71
18.74
18.82
18.83
18.72
18.72
18.74
18.91
18.93
18.24
18.42
18.57
18.60
18.60
18.49
18.52
18.45
18.56
18.61

0.69
0.53
0.78
0.56
0.78
045
0.74
0.65
0.68
1.21
0.40
0.54
0.73
0.56
0.66
0.61
0.63
1.52
0.76
0.58
1.31
0.67
2.50
0.90
0.59
0.44
0.87
0.79
1.12
0.57
1.26
0.93
1.10
0.53
0.49
0.68
0.59
0.56
0.88
0.78
0.83
0.60

15.92
15.52
15.29
15.71
15.47
15.81
15.16
15.33
14.97
14.21
15.43
15.58
15.54
15.54
15.80
15.77
15.95
14.23
14.95
15.50
14.34
15.36
11.84
14.56
15.44
15.96
14.85
14.48
14.68
15.80
11.88
14.53
15.09
15.98
15.47
15.41
15.30
16.03
15.24
15.26
15.21
15.10

Appendix C:

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.66
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.60
1.19
0.76
1.13
0.30
1.17
1.09
1.14
1.23
0.81
0.89
0.84
0.54
0.07
0.17
0.49
1.89
1.52
0.91
2.36
1.51
1.87
1.55
1.28
0.91
1.45
1.39
1.33
0.73
2.51
2.26
0.35
0.28
1.10
0.65
1.14
0.92
1.25
1.41
1.28
1.91

K feldspar

0.00
0.00
0.28
0.00
0.00
0.00
0.00
0.19
0.13
0.00
0.00
0.00
0.00
0.00
0.11
0.00
0.00
0.18
0.00
0.00
0.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.19
0.22
0.00
0.30
0.00
0.10
0.00
0.25
0.12
0.17
0.11

0.00
0.12
0.06
0.05
0.00
0.09
0.22
0.00
0.03
0.11
0.02
0.00
0.00
0.00
0.37
0.21
0.00
0.02
0.00
0.07
0.00
0.15
0.05
0.07
0.06
0.07
0.00
0.09
0.11
0.08
0.00
0.00
0.04
0.00
0.00
0.01
0.10
0.09
0.07
0.02
0.00
0.00

99.50
98.40
100.84
99.98
100.28
100.27
99.31
100.18
99.35
98.66
99.32
99.66
100.55
98.58
100.46
99.73
99.97
101.02
100.62
99.56
100.47
101.07
99.35
99.75
100.44
100.75
99.80
98.45
100.02
100.26
97.93
100.27
99.94
99.53
100.03
99.77
100.40
100.61
100.22
100.12
100.06
99.93
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Si02 A1203 Na20 K20 Cl BaO La203 P205  Total 360

Cull06-4-1 6447 18.73 034 1548 n/a 1.13 n/a n/a 100.15
Cu487-01k 64.59 18.37 0.27 1552 0.02 0.15 n/a 0.08 9891
Cu487-02k 63.31 19.06 0.67 1432 0.70 1.64 n/a 0.00 99.70
Cul146-01k 64.68 18.38 0.51 15.74 0.00 0.17 n/a 001 99.48
Cull146-05 65.06 18.59 0.84 1545 0.02 0.00 n/a 0.00 99.96
Cull150-02 6537 18.73 0.68 15.81 0.01 034 n/a 0.05 100.95
Cull150-03 64.75 19.14 0.97 15.12 0.03 1.18 n/a 0.01 101.19
Cul150-04 6546 18.87 1.59 13.74 0.01 047 n/a 0.00 100.14
Cu457-01 63.99 19.24 1.36 1394 0.00 1.73 n/a 0.00 100.26
Cu457-02 63.92 18.92 0.92 1492 0.00 1.17 n/a 0.00 99.85
Cu457-03 64.56 18.91 1.34 1454 001 1.16 n/a 0.05 100.52
Cu457-04 64.62 1894 0.70 1531 0.00 144 n/a 0.14 101.02
Cud57-05 65.04 18.72 0.53 1593 0.02 030 n/a 0.07 100.54
Cu457-06 64.74 1897 1.14 14.61 0.01 1.23 n/a 0.09 100.70
Cu457-08 64.93 18.74 0.82 15.19 0.03 033 n/a 0.00 100.05
Cud36-01 65.21 18.62 0.56 15.68 0.00 0.26 n/a 0.03 100.34
Cu436-03 64.46 18.49 0.62 1550 0.00 0.09 n/a 0.00 99.16
Cud36-04 63.73 18.13 0.63 14.68 0.16 0.00 n/a 0.00 97.33
Cul57-01 64.28 18.74 1.04 14.77 0.00 1.24 n/a 0.00 100.07
Culs57-02 6449 1896 1.21 14.61 0.00 1.08 n/a 0.00 100.35
Cul76-05 64.10 18.58 0.54 1521 0.00 1.03 n/a 001 9945
Cul76-06 65.33 18.75 0.69 14.96 0.14 049 n/a 0.11 100.36
Cul76-07 6547 18.88 1.17 1444 0.02 0.56 n/a 0.03 100.54
Cul64-01 6399 18.83 0.68 14.67 0.14 1.53 n/a 0.00 99.84
Cul64-02 65.06 19.00 093 13.94 007 1.15 n/a 0.06 100.15
Cul64-03 63.52 18.66 0.33 13.64 0.06 1.52 n/a 0.00 97.73
Cul64-04 64.40 18.82 0.53 15.04 0.03 090 n/a 0.18 99.71
Cu746-1 64.82 18.75 1.56 14.41 001 1.16 0.09 0.00 100.79
Cu746-3 64.53 18.67 1.48 14.69 0.02 1.23 0.07 0.06 100.76
Cu746-5 63.87 1822 1.14 1541 0.02 0.54 023 0.03 99.47
Cu746-6 63.14 18.36 0.67 1523 0.00 1.16 0.05 0.05 98.65
Cu769-z1 64.00 18.20 0.94 15.15 0.03 0.53 0.02 0.00 98.86
Cu769-z5 65.20 18.51 0.49 15.48 0.00 0.50 0.05 0.00 100.23
Cu769-z6 64.30 1832 0.74 15.24 0.01 035 0.04 0.21 99.22

Appendix C: K feldspar



Si02 Al203 Na20 K20 Cl BaO La203 P205 Total

Cull105-18 64.50 18.76 0.76 15.14 0.00 1.03 0.10 0.00 100.29
Cull24-4 65.14 18.49 0.44 16.03 0.00 0.23 0.14 0.03 100.51
Cull20-2 65.94 18.80 0.53 15.68 0.00 0.32 0.13 0.17 101.56
Cull20-3 64.79 18.43 0.78 15.48 0.00 0.38 0.00 0.00 99.86
Cul119-01 66.15 18.77 0.42 15.97 0.00 0.00 0.00 0.00 101.32
Cull19-06 65.68 18.95 077 1520 n/a 1.07 wn/a n/a 101.67
Cull16-03 65.06 18.65 0.69 1546 n/a 0.66 n/a n/a 100.52
Cull122-01 65.84 19.04 1.14 1509 n/a 0.69 n/a n/a 101.81
Cull22-03 66.07 18.77 0.74 1574 n/a 055 n/a n/a 101.88
Cull36-1-7 65.41 18.25 047 1590 0.02 0.07 n/a 0.11 100.24
Cul136-2-7 65.70 18.35 0.39 16.05 0.00 0.13  n/a 0.10 100.72
Cul136-4-7 6542 18.38 0.71 15.72 0.00 0.00 n/a 0.08 100.32
Cul136-5-7 65.06 18.49 0.51 15.89 0.00 0.27 wn/a 0.17 100.39
Cul136-9-7 64.64 18.55 0.66 15.57 0.02 032 n/a 0.00 99.76
~ull136-15-7 64.66 18.65 0.61 1596 0.07 0.04 =n/a 0.00 99.98
Tul136-16-1 64.90 18.48 0.77 15.66 0.00 0.30 n/a 0.09 100.22
~ul136-17-1. 65.06 18.63 0.61 16.00 0.06 0.35 n/a 0.12 100.83
Tull36-18-1 64.27 18.99 0.97 14.93 0.00 1.52 n/a 0.09 100.78
~ul136-19-1 64.34 19.04 1.12 14.64 0.00 1.16 n/a 0.00 100.29
Culll7-7-1 64.78 18.55 0.58 15.42 0.13 0.01 n/a 0.01 99.48
Culi17-8-1 64.65 18.94 0.55 15.80 0.02 0.98 n/a 0.00 100.95
Cull17-9-1 6490 18.55 0.64 15.68 0.03 0.08 n/a 0.03 9991
~ull17-10-1 64.28 1893 0.68 15.55 0.00 0.99 n/a 0.00 100.44
Tul117-11-2 66.10 18.72 5.14 893 0.02 0.05 n/a 0.02 9899
~ul117-12-2 65.35 18.66 0.97 14.89 0.01 0.20 n/a 0.10 100.18
“ull17-13-2 65.19 18.67 0.85 15.48 0.05 0.04 n/a 0.00 100.28
Cul141-1-1 65.19 18.48 0.50 16.00 0.04 0.15 n/a 0.01 100.38
Cull41-2-1 64.72 1834 0.84 15.75 0.00 0.00 n/a 029 99.93
Cul129-2-7 64.28 18.14 0.37 15.71 0.07 0.05 n/a 0.17 98.78
Cul129-3-7 64.50 18.63 0.58 15.99 0.04 0.27 n/a 0.13 100.14
Cull29-4-7 65.03 18.45 3.51 11.46 0.52 0.13 n/a 005 99.16
Cul129-5-1 65.03 18.43 0.37 1572 0.00 0.06 n/a 0.09 99.71
Cul129-6-1 65.19 18.70 045 15.76 0.04 0.56 n/a 0.12 100.82
Cull129-9-1 64.56 1844 0.55 15.86 0.02 0.06 n/a 0.10 99.59
~ul129-10-1 65.00 18.52 0.26 16.06 0.02 0.04 n/a 0.07 99.97
Cul138-2-7 64.89 18.66 0.44 1598 0.04 0.13 n/a 0.38 100.53
Cull138-4-7 64.92 18.61 0.76 15.69 0.00 0.22 n/a 0.36 100.55
Cul138-5-1 65.01 18.55 0.51 15.83 0.06 027 n/a 0.00 100.23
Cull138-7 64.89 18.72 0.57 1594 0.00 0.24 n/a 0.14 10049
Cull01-2 64.72 18.79 0.67 15.74 0.02 0.08 n/a 0.12 100.15
Cull01-4-1 65.28 18.68 0.50 16.04 0.02 0.06 n/a 0.03 100.60
Cull06-3-1 63.78 1893 0.74 1490 wn/a 1.59 n/a n/a 99.93

Appendix C: K feldspar
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Sample  Si02 AI203 Ca0 Na20 K20 BaO Total
Cul1333-1 61.87 2336 479 928 0.14 0.00 99.44
Cul1333-2 64.11 21.5 291 1031 0.12 0.00 9895
Cu514-f 62.5 235 497 8355 026 0.00 99.78
Cu514-g 62.7 23.19 441 9.19 02 000 99.69
Cu514-h 61.35 23.89 526 849 0 0.00 98.99
Cu512-3 62.61 22.67 436 9.08 0.19 0.00 9891
Cu512-4 64.77 2192 3.11 926 0.11 010 99.27
Cu769-z2 60.55 2472 654 739 0.15 008 9943
Cu769-z3 62.05 24.06 552 853 0.19 0.00 10035
Cu769-z7 61.86 24.02 552 802 032 0.11 99.85
Cu769-a 61.42 2325 5.16 850 0.65 000 98.98
Cu769-b 60.72 2400 593 830 049 000 9945
Cu769-2 63.79 2251 3.89 9.12 035 000 99.65
Cu769-4 61.27 2438 623 803 052 023 100.67
Cu769-5 61.16 2458 641 834 0.17 0.00 100.67
Cu769-7 61.56 2406 571 833 025 020 100.11
Cu769-8 62.29 23.63 529 890 0.18 0.12 10041
Cu046-1 59.17 2436 6.73 7.36 043 008 098.14
Cu046-4 5879 2542 762 625 062 000 98.69
Cu046-5 61.02 2344 562 7.87 035 010 9840
Cu046-6 60.22 2422 6.07 7.62 035 0.17 98.65
Cu046-7 5536 26.70 926 645 032 006 98.16
Cu046-8 5695 2698 9.13 627 022 007 99.62
Cu046-9 57.02 2658 8.96 628 022 017 99.24
Cu046-10 5348 2854 1140 5.11 0.16 000 98.68
Cu791-1 60.64 2440 625 771 0.69 0.00 99.69
Cu791-2 61.34 24.14 549 835 033 039 100.04
Cu791-3 60.44 2426 595 741 064 0.14 98.85
Cu791-4 5991 2439 6.11 7.76 041 0.00 98.59
Cu790-2 62.53 2254 435 9.00 025 003 9871
Cu790-3 . 6390 22.11 3.66 9.10 0.17 000 98.93

Appendix C: Albite
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Appendix E: Geochemistry

11 samples were analyzed by Chemex Laboratory in Vancouver for whole-rock
major, minor, and some trace-elements using X-ray fluorescence spectrometry (XRF) and
titration. XRF is ideal for the measurement of major and minor elements (Chemex web
site).

11 samples were also analyzed at the Chemex Laboratories for trace-elements and
rare- earths elements, using inductively coupled plasma-mass spectrometry (ICP-MS).
ICP-MS is used as a multi-element analytical technique capable of determining a wide

range of elements to very low detection limits.



Si02
TiO2
Al203
FeO
Fe203

MnO
CaO
K20
Na20
P205
Cr203
Total
+H20
-H20

Ba
Rb

<N Z %

Ce
Dy
Er
Eu
Gd
Ho
la
Lu
Nd
Pr
Sm

Tm

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
ppm
ppm
ppm
ppm
ppm
ppm

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

Method

XRF

XRF

XRF

titration

XRF

XRF

XRF

XRF

XRF

XRF

XRF

XRF
calculated
Leco RCM100
Leco RCM100

Leco-IR detector

XRF
XRF
XRF
XRF
XRF
XRF

ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS

Detection

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01

0.001

2

BN W NN

0.5
0.2
0.2
0.2

0.1

0.2
0.5
0.1
0.1
0.1

chondrite concentration

0.865
0.343
0.225
0.077
0.276
0.078
0.328
0.034

0.63
0.123
0.203
0.052
0.034

0.22

3
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Cs

Co
Cu
Ga
Hf
Pb

Ni

Ag
Ta
Tb

<<ggd

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

Method
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS
ICP-MS

Detection
1

0.5

0.1

0.5

2
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Sample # Sp. Grav.

Cu(86
Cu510
Cu511
Cub12
Cub13
Cu514
Cu516
Cub24
Cub26
Cu746
Cu769
Cutii2
Cuiiis
Cut132
cuii42
Cuii44
Cu070
Cu020
Cui02
Cu093

2.73
2.64
2.61
2.58
2.56
2.58
2.53
2.68
2.58
2.58
2.65
2.6
2.55
2.53
2.58
2.54
2.63
2.64
2.73
2.82

Appendix E: Specific Gravity
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Mass balance calculation for the fresh versus potassic zones  Appendix E

Petrographically, there is evidence of alteration from a fresh assemblage,
represented by Cu 769, to a potassic assemblage, represented by Cu 1112. In the fresh
rocks, amphibole has been partly altered to biotite along cleavage planes and grain
boundaries. Rutile in the potassic zone has pseudomorphed titanite grains.
Volumetrically, plagioclase is the most abundant mineral in the fresh and potassic rocks,
although the composition has changed. Patches of K-feldspar in the plagioclase of the
potassic K-feldspar are the result of replacement. K-feldspar megacrysts are more

abundant in the potassic than the fresh rock.

The abundance of plagioclase remains relatively constant between the fresh and
the potassic sémples. The composition of plagioclase in the fresh rocks are andesine-
oligoclase (Any,,,) and those of the potassic are albite (An). Locally, the plagioclase of
the potassic sample have antiperthitic lamellae. The addition of sodium and silica and the
removal of calcium would result in the replacement of andesine-oligoclase by albite

which can be expressed as:

10 (Cay;Nay,)(AlSi),05 + 12 SiO,+ 6Na* = 13 NaAlSi;0; + 3 Ca® [5.1]

plagioclase silica albite

K-feldspar of the fresh and potassic samples have the same composition. The

potassic samples have more megacrystic phenocrysts of K-feldspar than the fresh sample.
It would seem that there has been an increase in the amount of K-feldspar in the potassic
zone compared to the fresh sample. This increase in K-feldspar and the presence of
antiperthitic plagioclase in the potassic zone suggest that some of the plagioclase in the
fresh rock may have been altered to K-feldspar, rather than to albite, by the addition of

potassium and silica, such as:

10 (Cay;Na,)(AlS1),04 + 12 Si0,+ 6K* => 7 NaAlSi,0; + 6KAlSi,04 + 3 Ca™* [5.2]
plagioclase silica albite K-feldspar
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The formula for biotite is highly variable and can be complex. Formula were
determined (Table 2) using the basic formula for biotite K,[Mg,Fe], ,[Fe**, Al Tily,[Sis
sAlL ;0,0],0,(F,OH), (Deer et al. 1992) and the calculated cations from microprobe date
for biotite (Table 1).

Table 1. The calculated cation values from two electron microprobe analyses, one from
the fresh and one from the potassic.

Cu769 | Culll2 Site
{Fresh) | (Potassic)

Si 5959 |5.975 v4
Aliv 2041 . |2025 Z
Alvi  |0433 | 0462 Y
Ti 0417 |o0.446 Y
Fe2 2.065 | 0.833 Y
Mg 3416 | 4.541 Y
Na 0067 |0.14 X
K 1938 | 1.963 X
CF 0648 |4.119

ccl |0075 | 0.092

OH 0 0

0 24 24

Since the amount of Na is negligible relative to the amount of K, the X site is
assigned to K. The Z site is filled with 6 Si and 2 A1" and 20 O. The Al and Ti remain
relatively constant from the fresh to the potassic biotite. The variation in the Mg:Fe ratio
is what differentiates the biotite in the fresh versus the potassic samples. There is a

increase in the Mg and an equivalent decrease in the Fe from the fresh to the potassic.
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The hydroxyl site of the biotite is filled mainly with fluorine in the potassic

sample while it is relatively OH-rich in the fresh sample (the value for OH is calculated to
be zero in the table because there is no way to measure directly the amount of H in the
electron microprobe analyses. There is only minor chlorine in the hydroxyl sites of both
the fresh and potassic samples.

Table 2. Estimated biotite formula for the fresh and potassically altered Este Porphyry.

Basic Formula K,[Mg,Fel¢ 4[Fe*, AL Til,,[Sis sAl, 3]0,(F,OH),
Fresh K,[Mg; JFe, JIAL", Tio ] [SigAl10,0(F.OH),
Potassic K,[Mg, Feo J[ALY  Tig s [SisAL10,4(F),

KZ[Mg3-5FeZ] [Alvj0-4’Ti0.4] [SisAl] 0,,(F,OH), + Mgz* +F =
KZ[Mg‘LSFeLO] [A‘IViO_4Ti0_4] [Si6A12]020(F)4 + F62+ + OH.

The charge on the biotites is not neutral, as is required for all minerals; they both
have a charge of (+1.76). Since the Al and Ti remain constant in the transition from fresh
to potassic biotites, Al and Ti are removed from the formula and added to the Mg and
Fe?* in the Y-site, and rounded off. As biotite is a minor phase in both the fresh and
potassic zones, the change in the formula is negligible. This neutralizes the formulae and

balances both equations and gives the following equation:

K,[Mg,Fe, " I[ALSig]O,(OH, F), + Mg + F = K,[Mg Fe*"1[AL,Sic]O,(F), + Fe**
+0OH

The values for the cations in the amphibole were calculated using microprobe analyses
and Minpet; the results are given in Table 3.

Table 3. Predicted formula for amphibole in the fresh Este Porphyry.

Basic (Na,K), ;Ca,[Mg,Fe,Al]s[Sig 5 sAly 45051 (F,OH),
Formula
Fresh (Nay; K, )ICa, gMng Na, ;]

[Mg3.6F32+0.9F33+0.3TioA Mn, 1{51, ,Al; O, 1(F,OH),

Simplified Ca,[Mg, ¢Fe, ,Tig Mny,1[81;,Aly 0, 1(F,OH),
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Potassium and sodium contents are negligible and are therefore omitted from the
equation. The iron in the simplified amphibole formula must have a charge of 3+ in order
for the mineral formula to remain neutral. Although the Fe** has been calculated to be
three times greater in abundance than Fe™, the removal of K, Na and Ti from the formula

effects the charge of Fe in this C-site.

Ca,[Mg,Fe**][A1S1,0,,J(OH), + 2F + 10H' + K* + 1&=
amphibole

K[Mg,Fe**1[AlSi,]0,(F), + 4 SiO, + 6H,0 +2Mg"* » + 2Ca®* ~ [5.3]

biotite silica

The reduction of the iron is accounted for by the addition of an electron. The
actual reducing agent is unimportant at this stage.

Titanite, found in the fresh sample, usually have a diamond-shape, which is

pseudomorphed by the rutile that replaces it in the potassic zone.

CaTiSiO, + 2H* = TiO, + SiO, +H,0 + Ca® -~ [5.4]
titanite rutile silica

CIPW norms were calculated using Minpet for samples Cu 769 and Cu 1112, the
fresh and potassic samples, respectively. The calculated norms are in Appendix C. The
values of quartz, orthoclase and anorthite-albite were determined to the nearest whole
number. As the values for plagioclase were nearly identical in the fresh and potassic
samples, a value of 20 was assigned to the plagioclase. Values for quartz and orthoclase

were calculated based on the quartz-orthoclase-plagioclase ratio.



Table 4. Relative abundance of tectosilicates in the fresh Este Porphyry.

Cu 769- fresh
CIPW normative minerals | calculated CIPW values based on 20 plagioclase
Quartz 31 13
Orthoclase 10 4
Plagioclase (Ab+An) 49 20

Table 5. Relative abundance of tectosilicates in the potassically altered Este Porphyry.

Cu 1112-potassic

CIPW normative minerals | calculated CIPW values based on 20 plagioclase
Quartz 20 8

Orthoclase 25 10

Plagioclase (Ab+An) 51 20

Note the decrease in normative quartz and increase in normative K-feldspar. Biotite,
amphibole and titanite are relatively minor phases in both the fresh and potassic samples
and so were given values of 1 each. The formulae of biotite and amphibole have been
simplified, as shown above. Minor elements such as titanium and manganese were not
incorporated for simplicity of the calculations. The calculated values were then used to
represent the units for the following equation:

20(Ca, ;Na, ;)(AlSi),04 + 4KAl1Si,04 + 13 Si0, + CaTiSiO;

andesine K-feldspar quartz titanite

+ Ca,[Mg,Fe][Al Si,0,,J(OH,F), + K[Mg,Fel{AlSi;]O,y(F,OH),
amphibole biotite

+4F +208i0,,, + 7K* + 6Na" + 10H" + 1€ [5.5]
= 20NaAlSi,0; + 10 KAISi,O; + 8 SiO, + TiO, + 2K[Mg,Fe]{AlSi;]O,(F,OH),
albite K-feldspar quartz  rutile biotite

+ 6 SiOy + 2Mg™ + 5H,0 + 9 Ca** + OH-
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Calculation of range of §'*Q equilibrium for muscovite and quartz at 350°C.

Sample Mineral 3"%0 Muscovite- 30 Quartz-
O’Neil and Taylor Matsuhisa et al.
1967 1979

Cu 070 Muscovite 6.36 N/A

Cu 070 Quartz N/A 5.9

Cu 020 Muscovite-Quartz | 6.96 3.9

Cu 090 Muscovite-Quartz | 7.36 43

Cu 128 Muscovite-Quartz | 7.46 4.4

Cu 807 Muscovite-Quartz | 7.46 4.4

Calculation of range of 8D in equilibrium for muscovite at 350°C.

Sample measured 8D calculated 8D
Suzuoki and Epstein 1976
Cu 070 -58 -20.2
Cu 020 -50 -12.2
Cu 090 -54 -16.2
Cu 128 -53 -152
Cu 807 -52 -14.2

Calculated deuterium isotopes of fluid equilibrium.

Calculated temperature Reference valid for temperature range
421°C Eslinger et al. 1979 350-500°C
334°C O’Neil and Taylor 1969 400-650°C
569°C Bottinga and Javoy 1975 500-800°C

Appendix F: Stable Isotopes
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K-feldspar, biotite, hornblende and sericite were dated using the high precision,
stepwise degassing *’Ar/ Ar method available at the laboratory éf Dr. P.H. Reynolds of
Dalhousie University. Samples from fresh and altered rocks were dated. The samples
were first crushed and then separated manually using a binocular picking microscope to
ensure the separates were as pure and free as possible from other potassium-bearing
minerals. The mineral separates were individually wrapped in aluminum foil and stacked
in aluminum canister with between five and seven interspersed flux monitors. The flux
monitor was the hornblende standard MMHb-1. This standard has an apparent K-Ar age
of 520+2 Ma (Samson énd Alexander 1987). The canister was irradiated with fast
neutrons in the nuclear reactor at McMaster University in Hamilton, Ontario. Isotopic
analyses at Dalhousie University were made with a VG3600 mass spectrometer attached
to a double -vacuum tantalum resistance furnace. Errors are reported at the 2-sigma level.
These errors include the uncertainty in the irradiation parameter, J, but do not incorporate
the assumed age of the flux monitor. An age plateau is defined where adjacent steps
containing 50% or more of the total gas evolved exhibit no difference in apparent age

beyond the ones expected from experimental uncertainties.
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CU-407 K-FELLDSPAR ARGON SUMMARY

415

T°C mV39 39% AGE (Ma):lec % ATM 37/39 36/40 39/40 % HC
600 27.1 0.6 31.2+3.2 257 005 0.000871 0.098521 0.05
650 19.1 0.4 36.8+44 167  0.01 0.000566 0.093564 0.01
700 573 1.2 352x1.6 178 0.01 0.0600605 0.096671 0.01
750 62.2 13 34+15 213 002 0.000721 0.095861 0.02
800 58.5 1.3 342x1.6 189 Q.01 0.000641 0.098082 0.01
850 60.6 1.3 343x1.8 30 0.03 0.001016 0.084376 0.03
900 41 0.9 346+256 31.8 001 0.001079 0.081433 0.01
950 54.4 1.2 337x19 33 0.01 0.001119 0.082158 0.01
980 42.3 0.9 34+25 319 001 0.001082 0.082927 0.01
1010 659 1.4 348x1.6 33.8 0 0.001144 0.078737 Y
1040 82.7 1.8 34x13 35.2 0 0.001193 0.078761 0
1070 1586 35 34.1x.8 35.7 0 0.001211 0.073015 0
1100 2394 53 35.1x.6 31.9 0 0.001079 0.08043 0
1140 3852 86 348x .4 28.3 0 0.000958 0.085321 0
1170 947.7 211 348=x.3 234 0 0.000792 0.09114% 0
1200 9416 21 352=x.2 18.4 0 0.000625 0.09598 0
1230 461.1 103 349+.3 17.4 0 0.000589 0.097982 0
1280 1494 33 353+ .8 28.8 0 0.000975 0.083501 0
1350  75.6 1.6 35+1.8 546 0.01 0.00185 0.053624 0.01
1450 471 10.5 3545 41.5 0 0.001407 0.068371 0
1500 273 0.6 258132 958 0.03 0.003242 0.006728 0.04
1550 43.1 0.9 322x179 914 0.01 0.003096 0.010947 0.01

MEAN AGE( 1100°C- 1450°C)= 35 + .4 Ma (20 UNCERTAINTY,INCLUDING ERRCOR IN |}

J=.002322 + .000023 (.9 %)

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR MASS SPECTROMETER
DISCRIMINATION,INTERFERING ISOTOPES AND SYSTEM BLANKS
% TIC - INTERFERING ISOTOPES CORRECTION

Appendix G: *Ar/*Ar
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CU-789 K-FELDSPAR ARGON SUMMARY

418

T°C mV39 39% AGE (Maplc % ATM 37/39 36/40 39/40 % HC
550 9.6 0.9 -137.9 =-8.8 1617 73.78  0.042931 0.369391  12.6
600 9.5 0.9 -48.6 +-7.1 259 3848  0.008303 0.128985  22.65
650 12.5 1.2 1.5+42 952 17.68  0.003158 0.118584  348.75
700 18.4 1.8 21.8+25 473 751 0.001591 0.097454  11.18
750 26.1 2.6 27.8x1.7 315 372 0.001059 0.100346 4.39
800 34.1 34 3191 133 2.08 0.000456 0.110534 2.15
850 35.3 3.5 328+ 9 10 1.78 0.000348 0.111515 1.79
900 32.6 32 3241 11.6 1.74 0.000397 0.111052 1.77
950 29.2 2.9 3261 11.8 1.56 0.000402 0.109885 1.58
1000 34 34 3311 122 1.29 0.000409 0.108154 1.29
1050  88.9 8.9 354« .5 109 042 0.000362 0.103396 0.4
1100 1625 16.3 3573 101 0.23 0.000337 0.10381 0.22
1125 1019 102 354=x.5 9.3 0.35 0.00031 0.105286 0.32
1150  49.7 5 346x.7 9.3 0.5 0.000308 0.107303 0.48
1175 67.8 6.8 354+ .6 84 0.19 0.000274 0.106379 G.17
1200 1129 113 359z 4 6.3 0.01 0.000207 0.107372 0.01
1256 70.9 7.1 359 .5 7.6 0.13 0.000248  0.105841 0.12
1275 23.8 2.4 36.8+.9 7.1 0.14 0.000229 0.102891 0.12
1350 283 2.8 351+54 62.8  2.68 0.002081 0.043257 2.54
1450 143 14 356+3.1 416 042 0.001359 0.066907 0.39
1550 293 2.9 38.7+2.3 526  0.96 0.001759 0.050305 0.83

MEAN AGE(1050°C-1250°C)= 35.5 + .5 Ma (20 UNCERTAINTY,INCLUDING ERROR IN J)

T =.002312 + .0000232 ( 1 %)

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR MASS SPECTROMETER
DISCRIMINATION,INTERFERING ISOTOPES AND SYSTEM BLANKS
% 1C - INTERFERING ISOTOPES CORRECTION

Appendix G: “Ar/*°Ar
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CU-1061 K-FELDSPAR ARGON SUMMARY 421
T°C mV39 39% AGE (Ma)jls % ATM 37/39 36/40 39/40 % C
550 16.3 0.9 -25.3 =-4.7 180 27.99  0.005994 0.129059  33.14
600 234 1.3 15.7x2.5 578 975 0.00196 0.100505  19.98
650 35.8 2.1 28415 244 425 0.000839 0.108812 4.92
700 60.9 3.5 33z .9 16.6 1.48 0.000558 0.103842 1.48
750 38.4 2.2 32x1.1 12.1 202 0.000422 0.112041 2.08
800 43.1 2.5 336+.9 6.2 14 0.000223 0.113974 1.38
850 36.3 2.1 328=x1 8.2 1.41 0.000288 0.114279 1.42
900 29.9 1.7 33412 10.1 1.49 0.000348 0.10979 1.48
950 27.9 1.6 324x=14 14.2 1.61 0.000482 0.108105 1.64
975 21.6 1.2 31.8x1.6 11.7  2.28 0.000414 0.1128 2.37
1000 21.7 1.2 325x1.6 12.2 1.92 0.000422 0.109768 1.96
1025 255 14 338+ 14 109  0.93 0.000365 0.107541 0.92
1050  36.1 2.1 358+ 1.1 107 036 0.000351 0.102205 0.33
1075 355 2 351+1.2 127 0.32 0.000415 0.102109 0.3
1100 355 2 356 1.1 102 0.22 0.000333 0.103444 0.2
1125 458 2.6 357x1 12 0.23 0.000395 0.101092 0.21
1150  69.6 4 351+ .8 149 015 0.000494 0.099793 0.14
1175 1091 64 354+ .6 16.4 0.1 0.000548 0.097261 0.1
1200 1075 6.3 354x.6 16.9 0.1 0.000564 0.096537 0.1
1250 5119 30 358x.2 153 0.09 0.000517 0.097518 0.08
1356 1751 102 36.8x 4 15.7  0.18 0.000528 0.094197 0.16
1450 1103 64 363x.6 225 037 0.000754 0.087777 0.34
1550  85.1 4.9 586=+15 46.6  12.08 0.00151 0.037055 7.13

MEAN AGE(1050°C-1450°C)=35.8 + .5 Ma (26 UNCERTAINTY,INCLUDING ERROR IN J)

¥ =.002312 +.000023 (.9 %)

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR MASS SPECTROMETER
DISCRIMINATION,INTERFERING ISOTOPES AND SYSTEM BLANKS
9% TIC - INTERFERING ISOTOPES CORRECTION

Appendix G: “Ar*®Ar
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CU-1105 K-FELDSPAR ARGON SUMMARY 05

T°C mV39 39% AGEMajlc %ATM 37/39  36/40 30/40 % IIC
550 217 05 174=4 778 0.13  0.00264  0.054356  0.25
600 27.1 07 28928 541 004 0001837  0.067609  0.05
650 697 18 321+13 398 001 000135 0079887  0.01
700 901 23 302+.9 262 0 0000888 0103972 0
725 707 18 209+ .9 207 0 0000702 0112852 O
750 719 18 299+ .8 155 0 0000527 0.120379 O
775 693 18 3048 13 0 0.00044  0.12201 0
800 6701 17 3077 114 0 0000387 0.123129 0
825 635 16 30.9+ .8 12 0 0000407 0.121246 O
850 651 17 30.5%.9 154 0 0000525 0118046 0
875 634 16 315+ .9 171 0 0000582  0.112156 0
900 553 14 32.1£.9 125 0 0000426 0116188 0
925 548 14 325+.9 1.5 0 0000393  0.11611 0
950 58.8 15 31.1£.9 12 0 0000407 0120814 0
975 662 17 304+ .8 135 0 0.00046  0.121398 0
1000 788 2 30.5%.7 135 0 0.00046 0120704 0
1025 965 2.5 30.4+.6 146 0 0000496  0.119556 0
1050 1484 3.8 3095 153 0 0000519 0.116832 0
1075 1193 3.1 30.8£.6 168 0 0000569  0.115187 0
1100 119 3.1 30.6 % .6 19 0 0000646 0112612 0
1150 2563 6.7 312+ 4 175 0 0000595 0112584 0
1200 5257 13.8 31.6+.2 138 0 0.000467  0.11599 0
1300 10745 28.2 32.1%.2 1.7 0 0000397 0116954 0
1450 4685 123 313+ .4 374 0 0001268 0085035 0
1500 5 01  -683%-822 102 001 0003481  0.001829 0

MEAN AGE(1200°C-1450°C)= 31.8 & .3 Ma (20 UNCERTAINTY INCLUDING ERROR IN J)

J=,002383 +.000012 (.5 %)

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR MASS SPECTROMETER
DISCRIMINATION,INTERFERING ISOTOPES AND SYSTEM BLANKS
% TIC - INTERFERING ISOTOPES CORRECTION

Appendix G: “Ar/*Ar
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CU-1115 K-FELDSPAR ARGON SUMMARY 427

T°C mV39 39% AGE (Majxtle % ATM 37/39 36/40 39/40 % HC
700 34.5 1.7 29.6 3.2 454 0 0.001543 0.078501 0
725 44.1 2.2 30.8+23 3.2  0.01 0.001059 0.095222 0.01
750 45 2.2 30.3x2.1 25.6 0 0.000869 0.10459 0
715 37.9 1.9 304+24 24.6 0 0.000838 0.105628 0
800 31.9 1.6 31.1 %31 354 001 0.001205 0.088629 0.01
825 275 14 31.2+35 37.8 0 0.001285 0.085173 0
850 22.1 1.1 28.7x£3.9 37.5 0 0.001277 0.092903 0.01
875 224 1.1 3.1 %43 41.7 G 0.001418 0.079986 0
00 21.8 1.1 30.6 +3.8 332 0.01 0.001132 0.093335 0.01
925 25.5 1.2 30.5+3.3 28.8 0.1 0.00098 0.09986% 0.01
950 34.6 1.7 29.6 £2.7 31 0.01 0.001054 0.099282 0.01
975 45.7 2.3 30.2+22 28.8 0 0.000979 0.100625 0.01
1000 74 3.7 307x14 23.5 0 0.000799 0.105903 0
1025 1609 8.1 30.9+.7 19.6 0 0.000665 0.110738 0
1050 1502 7.6 307+ .8 19.3 0 0.000655 0.111858 0
1075 1109 5.6 3081 24.2 0 0.00082 0.104739 0
1100 114 57 31+1 26.1 0 0.000885 0.101603 0
1150 2533 128 31325 22.3 0 0.000756 0.105689 0
1200 372.1 189 316+ 4 19.8 0 0.000671 0.107784 0
1250 2325 118 317+ .6 26.4 0 0.00089%4 0.098731 0
1350 65.6 3.3 289+27 72.4 0 0.002454 0.040561 0
1450 39.2 1.9 23.3+6.7 92 0 0.003116 0.014511 0.01
1500 0.8 0 -815.8 +-3040.8 103 0.34 0.003515 0.000252 0

MEAN AGE(1150°C-1250°C)= 31.5 £ .6 Ma (26 UNCERTAINTY,INCLUDING ERROR IN J)

¥ = .002382 £ .000012 (.5 %)

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR MASS SPECTROMETER
DISCRIMINATION,INTERFERING ISOTOPES AND SYSTEM BLANKS
% IIC - INTERFERING ISOTOPES CORRECTION

Appendix G: “Ar*Ar



CU-070 SERICITE ISOTOPE CORELATION

T°C (39Ar/40Ar*100 = % (3BAI/40Ar)*1000 = %
650 6.727579 + 6.28606 1.742246 + 6.95483
675 8.419281 = 5.451768 1.28267 + B.488431
700 9.923531 + 4.753276 0.9457158 + 10.60712
725 12.20732 x 4.01975 0.3862496 = 24.09885
750 13.01835 = 3.715512 0.1486795 + 63.39255
775 13.04145 + 4.113228 0.1886688 + 55.14728
800 12.60926 + 3.639646 + 0.2606236 + 34.46273
850 13.15615 + 2.439483 0.1416271 = 43.24482
800 12.84603 + 2.087433 0.2139815 + 23.8225
950 13.15161 x 1.979026 0.1290985 1 38.20044
1050 12.74237 = 1.486221 0.2284974 + 15.30239

# ITERATIONS =2

XBAR = 12.31495

YBAR = .3411868

SUM S =.1427531

SLOPE =-.2485765 + 2.58455E-03 INCLUDING SUMS

X =13.68751 + 1.442146E-02

(Y=0)

Y =3.402393 = 3.208453E-02 (40Ar/36Ar INITIAL= 2.939108E-04 = 3.208453E-02 )

(X=0)

J = .002382 + 2.382E-05 %

ISOCHRON AGE = 31.12 ¢ .34 Ma (20 UNCERTAINTY INCLUDING ERROR IN J)

Appendix G: Isotope correlation

428



CU-082 SERICITE ISOTOPE CORELATION 429

T°C (39Ar/40Ar)*100 = % (36Ar/40Ar)*1000 = %
750 13.11808 + .7165542 3.574727E-02 = 41.03806
775 13.17774 + 8095611 3.489341E-02 + 53.28365
800 13.1911 = .8326825 6.483923E-02 + 34.30751
825 13.20296 + 1.137022 4.673361E-02 = 62.50512
850 13.10644 £ 1.411826 8.482273E-02 x 44.75647
900 12.736 + 1.201685 0.1805059 + 15.76043
950 12.70288 + 1.208243 0.181445 1 18.42283
1000 12.23253 £ 1.833541 0.286932 + 16.50563

# ITERATIONS =3

XBAR = 13.04439

YBAR = 8.008592E-02

SUM S = 1.453082

SLOPE =-.298094 =+ 3.454361E-02 INCLUDING SUMS

X  =13.31309 = 3.521729E-02
(Y=0)

Y =23.968552 +.4506747 (40Ar/36Ar INITIAL= 2.519811E-04 + .4506747 )
(X=0)
J= .002312 + 2.312E-05 %

ISOCHRON AGE = 31.05+.39 Ma (20 UNCERTAINTY INCLUDING ERROR iN J)

ASppendix G: Isotope correlation



CU-093 SERICITE ISOTOPE CORELATION 430

T°C (39AH40A)*100 + % (36Ar/40A)*1000 = %
550 6.10436 = 1.345521 1.804415 + 2.181848
600 8.512614 = .9244576 1.223137 + 2.130883
650 10.65263 = .7296968 0.6149234 = 2.569394
675 11.99182 = 8270795 0.2847038 = 6.106147
700 12.57698 = .7884355 0.1655738 = 9.788392
725 12.83905 = .7421295 0.09937713 + 15.03424
750 12.9102 + 6568976 © 0.1377588 + 8.28139
775 10.48983 = .6518371 0.7201963 = 2.112489
800 13.0947 + .8015861 0.05756828 + 27.97806
825 12.7502 + 8048855 0.1159544 = 13.96492
900 13.20474 + 1.914941 0.04287561 = 119.3498
950 13.27955 + 2.418155 0.05755871 + 112.7036
1000 12.64263 = 2.418519 0.1699351 = 37.58241
1100 10.98771 = 1.374421 0.5817062 = 5.378174

# ITERATIONS =2

XBAR = 11.52894

YBAR = .4401313

SUM S = 10.72461

SLOPE =-2516211 + 4.81 7774E-03 INCLUDING SUMS

X =13.27812 + 3.414536E-02
(Y=0)

Y =3.341056 £ 5.616397E-02 (40Ar/36Ar INITIAL= 2.993066E-04 x 5.616396E-02
(X=0)
J=.002312 £ 2.312E-05 %

ISOCHRON AGE = 31.13 £.39 Ma (20 UNCERTAINTY INCLUDING ERROR IN J)

Appendix G: Isotope correlation



CU-203 SERICITE ISOTOPE CORELATION

T°C (39Ar/40Ar)"100 £ % (36Ar/40Ar)*1000 = %
725 12.49245 + .6846207 0.1790467 = 6.981828
750 12.98045 + 1.085666 0.1072628 + 23.67342
775 12.92042 = 1.092247 0.120362 = 22.09118
800 12.8794 + 1.133602 0.1482373 = 18.43148
825 12.93058 + 1.275377 0.1538366 + 20.45084
850 12.81672 + 1.426316 0.215644 + 16.50867
900 12.31664 = 1.112446 0.4091512 + 6.324344
950 11.93285 + 1.322184 0.4627229 + 6.772463
1000 10.39229 = 1.80909 0.958052 + 4.355785
1100 8.835893 + 1.003099 1.14084 + 2.346908
1200 8.611379 = .7610011 1.16219 x 1.974851

# ITERATIONS = 3

XBAR = 11.3946

YBAR =0.5137189

SUM S = 30.9536

SLOPE =-.2472161 = .0121612 INCLUDING SUMS

X =13.47261 £ .1075125

(Y=0)

Y =38.330647 = .1402878 (40Ar/36Ar INITIAL= 3.00242E-04 + .1402878 )

(X=0)

J= .002312 + 2.312E-05 %

ISOCHRON AGE = 30.69 + .54 Ma (20 UNCERTAINTY INCLUDING ERROR IN J)

Appendix G: isotope correlation

431



CU-519 SERICITE ISOTOPE CORELATION 432

T1°C (3SAI/40Ar)*100 = % (36AI/40Ar)*1000 £ %
850 11.7101 + .5660803 0.2410249 £ 3.268341
875 12.26291 = .604574 0.1067814 + 8.668516
700 12.51079 + .6340265 0.05079545 = 21.16461
725 12.58133 + .6414945 0.07725783 + 14.22099
750 12.75658 + .6797671 0.0674713 + 18.62854
775 12.91829 + .8937424 0.0738253 + 28.19697
800 13.01335 + 1.288824 © 0.08869695 + 37.57363
825 12.9693 £ 2.177126 0.1848201 = 31.51384

# ITERATIONS =3

XBAR = 12.34101

YBAR =.1204759

SUM 8 = 22.10867

SLOPE =-.1771409 + 3.287888E-02 INCLUDING SUMS

X =13.02113 +.1550055
(Y=0)

Y =2.306574 =+ .405991 (40Ar/36Ar INITIAL= 4.335436E-04 + .405991 )
(X=0)
J=.002312 + 2.312E-05 %

ISOCHRON AGE = 31.74 + .68 Ma (20 UNCERTAINTY INCLUDING ERROR IN J)

Appendix G: Isotope correlation
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