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ABSTRACT 

Covellite (CuS) has traditionally been described as a mineral formed by supergene oxidation 
processes, although its occurrence as a hypogene mineral is weU documented. However. it may be 
difficult to distinguish hypogene covellite fIom that of supergene origin without consideration of 
associated d e r &  and geologic setthg. Also, the mineralogical relationships sunounding covellite 
in the Cu-Fe-S system are poorly constrained with respect to temperature, particularly above 250°C. 

This thesis was plaaned as  a fk t  step towards the characterisation of coveliite. attempting to 
develop practical criteria for the differentiation of hypogene from supergene covellite in the 

Chuquicamata porphyry copper deposit, Chile. Approximately 120 samples of ore were collected 
h m  3 drillholes that intersect the major alteration zones (e.g. potassic, quartz-sencitic, chloritic), 
withm tbe 4500N coordmate section, recornmended by mine staff to be representative of the deposit. 
The petrology and mineralogy of the samples were studied using reflected light microscopy, x-ray 
diffraction, and the electron microprobe. 

Both supergene and hypogene coveliite are prominent ore minerals in the studied section of 
Chuquicamata This study indicates that hypogene and supergene covellite differ both texturally (in - 

habit and mineral assemblages), and compositiondy with respect to minor constituents (specifically 
iron content). 

Hypogene coveUites from Chuquicamata contain signincant Fe, which varies systematicaily 
fiom O to < 5 weight %, and appears to indicate crystallisation dong the coveiiite-idaite tie line. The 

Fe content of hypogene coveaite has not been adequately documented before. In contrast, supergene 
covellite in the studied samples rarely deviates fiom the stoichiornetric composition CuS. 

The hypogene sulphide assemblages were studied in the context of experimentailydetermined 
sulphide phase equilibria to pose constraints on temperatures of ore deposition. Assemblages nom 
withlli the potassic zone of aiterauon in the 450N section at Chuquicamata can be constrained to 
a temperature range of approximately 400 to 600°CC, although they may have been as low as 30°C. 
The conspicuous occurrence in the potassic alteration zone of the non-equilibrium assemblage 
chalcopyrite-covellite in the proportion Ca. 2 9  may suggest rapid unmixing of idaite when pyrite 
failed to nucleate. Assemblages £tom the quartz-sericite zone suggest crystailization temperatures 
between 300 and 435OC (based on coveliite-digenite assemblages). Late-stage hydrothermal 
polymetaliic veins probably formed above 275-320°C. 

Suiphur isotopic compositions of coexisting sulphides and sulphates (mainly anhydrite) fiom 
Chuquicamata were determined to complement the petrologic study. Coexisting sdphur-bearing 
mine& indicaie temperatures of equilibration between 300 and 37S°C for samples 
sericite alteration zone. Isotopic temperatures are therefore in agreement with 
mineralisation inferred from sulphide phase equilibria 

from the quartz- 
temperatures of 
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CHAPTER 1: INTRODUCTION 

1.1 General Statement 

In broad te-, the primary objective of this project is to aid in providing limits to the 

temperature, pressure, and chernical character of the fluids responsible for ore deposition in the 

Chuquicamata porphyry copper deposit, through study of the sulphide petrology. In particular, 

the focus is on the coveliite-bearing ore mineral assemblages, both supergene and hypogene, 

which have not previously k e n  detailed. 

1.2 What is a Porphyry Copper Deposit? 

There are many types of porphyry system, charactensed on the basis of metal content, 

h y d r o t h e d  aiteration patterns and tectonic settings, but they ail possess three main features: (1) 

suiphides of Fe, Cu, Mo, Zn, and locally native Au, are disseminated in veins and stringers 

fo-g stockworks; (2) the mineralisation is spatidy and genetically related to intrusive bodies, 

of which at least one has a distinct porphyritic texture; and (3) large volumes of rock are affected 

by hydrothermal alteration/ mineralisation (Lowell and Guilbert 1970). Porphyry copper deposits 

tend to be low-grade (ca. 1% Cu), large-tonnage deposits (>IO0 * 106 tomes) (Clark 1993). 

Porphyry systerns generay occur at convergent plate margins and in rift-related senings 

(Sillitoe 1972). The Andean deposits, including Chuquicamata and the weli-snidied El Salvador 

deposit, are examples of convergent margin porphyries above subduction zones at continental 

rnargins. The evolution of porphyry copper systems is strictly associated with the magmatic events 

related to the plate boundaies, but the origin and source of the metals are debated by many 

authors (summarised in Pirajno 1992). 

As mentioned above, hydrothermal alteration and sulphide mineralisation are essential in 

the formation of porphyry deposits. Magmatic waters are first exsolved from the crystallizing 

porphyry intrusion. The early magmatic-hydrothermal solutions fonn at temperatures between 

750 to 450°C, at depths between 1 and 5 km below the surface. The fluids are exsolved over a 

period of tirne. and they circulate through both the cooling intrusive and the adjacent wall-rocks. 

These later magmatic waters generaily mix with convective fluids (some of meteonc origin); the 



later h y d r o t h e d  solutions have temperatures Erom 450 to 250°C and form at depths between I 

and < 0.5 km. The alteration- mineralisation patterns of porphyry systems depend on the nature of 

the fluids and the compositions of the intrusives and the wail-rocks. 

Several models have been described in the last 25 years for the dominant patterns of 

alteration and mineralisation associated with porphyry deposits (Meyer and Hemley 1967; 

Gustafson and Hunt 1975). The most widely accepted model is that of Loweii and Guilbert 

(1970). which postdates concentric zones of alteration assemblages around a high-temperature 

core. The earliest alteration is a result of the effects of alkali metasomatism (usuaily potassic) 

w i t h  the intrusive porphyry body. Figure 1.1 depicts the zona1 patterns related to a quartz- 

monzonite porphyry system. The potassic core gives way to diffuse propylitic alteration; this zone 

is charactensed by disseminated and veinlet-type sulphide mineralisation. The later hydrothennal 

aiteration zones form more or less concenttic zones about the potassic core, overprinting the early 

metasomatic effects and causing a redistrîbution of the sulphide mineralisation (Guilbert 1986); 

the phyllic, or quartz-sericite, zone surrounds and overlaps the potassic zone. Mineralisation 

consists of pyrite (up to 30% by volume in disseminations and veidets; Pimjno 1992). 

chaicopynte. bomite, molybdenite, and rare Au (Hollister 1978). Many variations of. and 

depamires from, this model exist in natural systems, but it is accepted as a generalised model of 

alteration for porphyry systems. 

The mineralisation formed during the stages described above is the hypogene 

mineralisation, formed from ascending, hot ore fluids. Many of the largest porphyry deposits (Cu 

and Au) have been sigiuficantly enriched as a result of chernical weathering, through a process 

referred to as supergene e ~ c h m e n t  (Gamls, 1954). The supergene enrichment of disseminated 

Cu deposits depends on the association of copper sulphides with pyrite and other iron-bearing 

sulphides, such as chalcopyrïte and bomite. The oxidation of these Fe sulphides (by the addition 

of H,O in the presence of Od creates a localized acid environrnent (Faure 1991). As a result, cu2+ 
remains in solution and is transported down to the water table, where it is reduced to Cu+ and 

cornes in contact with hypogene sulphides in the unweathered zone. The solution now has a large 

Cu+/Fe2+ ratio; when pyrite is exposed to this solution. equilibrium is reestablished by the 

(simultaneous) precipitation of Cu and dissolution of Fe (i.e., pyrite is replaced by a copper-rich 



mineral such as chalcocite. Cu& or covellite, CuS). In other words, rock below the water table 

becomes signifcantly e ~ c h e d  in Cu, where the Cu is derived fkom copper-bearing sulphide 

minerals above the water table (Garrels 1954). Supergene professes occur at 20-50°c, 

simcantIy lower temperatures than hypogene processes. 

13 The Nature of the Problem 

One of the fmt problems to be addressed deals with the basics of suiphide petrology, 

namely an effort to recognize high- to low-temperature equilibriurn mineral assemblages. 

Although rnining of the deeper hypogene sulphides started in Chuquicamata about 60 years ago, 

little has been published in the scientifk literature on their distribution. mineral associations. and 

chernical make-up. 

Another problem to be investigated was the apparent misinterpretation of covellite 

assemblages. Because until the 1960's the mine exploited the near-surface, weathered part of the 

Chuquicamata ore system, it was assumed that covellite (CuS) occmed only as a supergene 

mineral in the Chuquicamata deposit (Lopez 1939), and until 1992 coveilite was used by mine 

staff as an indicator minerai to characterize supergene ore in the course of mapping. Although it is 

now recognised that covellite occurs in both supergene and hypogene assemblages at 

Chuquicamata (Zentilli et al. 1994), there continues to be a practical problem distinguishing 

hypogene covellite assemblages nom those of supergene or@, both in hand specimen and under 

the microscope. 

1.4 Chuquicamata Porphyry Copper and Associateci Deposits 

The Chuquicamata porphyry copper deposit has long been described as a world-class 

mineral deposit (Cook 1978). The deposit contains over 45 W o n  tonnes of copper metal. and 

the open pit is about 3.5 km in length, 1.5 lon wide, and has been excavated to over 700 m (Clark 

1993). Over 150 mineral species and groups occur there, several of which are unique to 

Chuquicamata. 

The Chuquicamata deposit is a major representative of a number of porphyry copper 

deposits of Eocene-Oligocene age in the Central Andes, most of which occur in a longitudinal 

association with the Domeyko Fault System, a shea. system that extends over 2000 km. These 



porphyry copper systems are geneticdy Iïnked to calc-alkdine magmatism in response to 

subduction of oceanic crust under the conbenta1 margin of South America (Sillitoe 1986). 

Chuquicamata (centred at Ca. Lat.22°16.5'S 1 Long.6S054'W) is Located in the Atacama desert, 

about 3000 m.a.s.1. and 240 km NE of the poa of Antofagasta. The mine is 16 km north of the 

town of Calama, listed in The Guiness Book cf WorId Records as the driest spot on Earth. 

Because many of the abundant copper-karing mineral species are readily soluble, the high copper 

grades in the upper zones of the deposit are pady a result of the extreme aridity of the region. 

Figure 1.2 is an index map marking the location of Chuquicamata, The deposit itself occurs in the 

Chuquicamata Plutonic Cornplex. an elongate granodioritic porphyry cornplex composed of three 

subdivisions, the Este, Oeste, and Banco porphyries, dîstinguishable on the bais of texnual 

variations. To the west, the deposit and the Chuquicamata porphyries are separated from the 

unmineralised Fomuia granodiorite by the West Fissure, a major fault structure (Zentilli et al. 

1995). 

1.4.1 Local Geology 

Mineralisation discussed in this thesis is conked to the various phases of the 

granodioritic- monzogranitic Chuqui porphyry, namely the Este, Banco, and Oeste porphyries: 

contacts between the three units are generaliy difncdt to define (2entilli et al 1995). Figure 1.3 

shows the geology of the deposit and the unmineralised rocks adjacent to it. To the east, the 

Chuqui porphyry complex intcudes Mesozoic rnetasediments and Paleozoic igneous and 

metamorphic rocks (Alvarez and Rores 1985). The Elena Granodiorite is locally in contact with 

the Este porphyry on the East side of the deposit, but the contact relationships are ambiguous: it 

is not clear whether Elena is a texturd variation of the Chuqui porphyry, related to its 

emplacement and coo3ng pattern (Ambrus 1979). or whether the Elena granodiorite is an entirely 

separate (Paleozoic?) unit (Aracena 198 1). To the west, mineralisation is tnincated by the West 

Fissure, a north to northeast trendhg fault zone that is a major branch of the regional Domeyko 

Fadt System (Lindsay et al. 1995). West of the fault lies the Fortuna Granodionte, a generaily 

unaltered, in places weakly mineralised, porphyritic homblende granodiorite. Several authors have 

suggested (e.g., Ambrus 1979; Sillitoe 1973) that the Fomuia granodiorite is the unmineralised 

precursor of the Chuqui porphyry, perhaps even an underlying intrusive having undergone uplift 



Figure 1.1. Schernatic drawing of the Loweii-Guilbert mode1 of alteration-mineralisation zona1 
patterns related to a quartz-rnonzonite porphyry systern. Alteration: K, potassic; A, argfic; QSP, 
p h y k  (quartz-sencite pyrite); P. propylitic; CSE, chlonte-sencite-epidote +/- magnetite; QSC, 
quartz-sencite-chlonte +/- K-feldspar (after Loweii and Guilbert 1970). The Chuquicamata of 
today is a result of a later quartz-sencite stage (T,) overprinting the earlier potassic stage (T,) 
after considerable exhumation of  the system (as hypothesited by ZenW et ai 1994). giving a 
lower-temperature core surrounded by a zone of hi&-temperature aiteration-mineralisation 
assemblages at the level of present-&y erosion. 
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and exhumation (Sillitoe 1973). However, a recent study at Dalhousie University by Amott et ai. 

(1996), using the aiiiminum in homblende (based on the work of Hamrnarstrom and Zen 1986), 

shows that the Fortuna granodiorite was probably formed at too shaiiow a depth to be the root of 

the Chuqui porphyries. Regional strucnual mapping (e.g., Reutter et al. 1993) suggests the 

possibility of signifcant srrike-slip displacement across the West Fissure (possibly resulting in the 

displacement from 5 to 35 km of a large portion of the altered and mineralised zone). 

The leaching, oxidation, and secondary enrichment common to many porphyry systems 

(section 1.2) played an important role in the ore-forming processes at Chuquicamata. Much of the 

Cu metal has been mined from the zone of supergene enrichment. which occupies an area of 3.5 

km (N-S), with an average width and thickness of 500 m and 400 rn respectively (Pirajno 1992). 

The 'blanket' enrichment zones of chalcocite and chdcocite + covefite have grades of up to 18% 

Cu and are commonly referred to as the 'chalcocite basin' (personai comm. 1996, M. Zentilli). 

These zones are underlain by an elongate and deeper zone of covellite enrichment, with grades of 

1045% Cu (Ambrus 1979). 

1.4.2 Previous Work on Sulphide Mineral Assemblages at Chuquicamata 

The deep hypogene suiphide mineral distribution at Chuquicamata has not been published, 

aithough several theses and interna1 reports summarize mine data. The most detailed description 

of the hypogene mineralisation at Chuquicamata (Lopa 1939) mentions that enargite is the main 

copper ore minerai, whereas bornite and chaicopyrite are present in minute amounts. More 

recently, in an intemal report, Tobey (197 1) descnbed a centrai zone of hypogene low pyrite-te 

copper sulphide ratio surrounded by successive zones of pyrite, chaicopyrite, and pyrite- 

chalcopyrite. Deeper muüng showed that the zone of potassic alteration is overprinted by later 

sencitic aiteration and associated hydrothermd mineralisation. In this study, sulphide mineral 

zoning has been looked at in tenns of possibly king characteristic of the different alteration 

zones. Revious workers disthguished a "late-magmatic" potassic assemblage and a 

"hydrothermai" quartz-sencite assemblage. Modem use of the term "hydrothermal" includes any 

mineralisationl aïteration formed h m  hot waters, and for the purposes of this thesis both 

dteration assemblages at Chuquicamata are considered hydrothermal. 

Soto (1979) wrote that the most comrnon sulphide minerais in the potassic zone of 



alteration (characterised by the association biotite-potassium feldspar-(aohydrite)-(sericite)) are 

bornite, chalcopyrite and pyrite, with variable amounts of hematite and rnagnetite. These 

descriptions are generaily in good agreement with Tobey's (1971) internai report. Tobey and Soto 

both descnbe a central zone dominated by the association bomite-chaicopynte, which locally 

contains 'inclusions' or a core of digenite. The digenite is associated with either, or both, of the 

other two sulphides. Bomite is the dominant copper sulphide in the core of the potassic zone. The 

central area with the bornite-chalcopynte association gradually passes into a zone dominated by 

chalcopyrite-pyrite, in veins or disseminated in the host rocks, with hematite and magnetite. A 

zone of propylitic aiteration, typically occurring at the margins of porphyry copper deposits, is 

restricted in Chuquicamata to the eastem margin, and is characterised by chlorite, calcite, 

epidote, quartz, and aikaii feldspars. Copper mineralisatioo is limited in the propylitic zone, which 

is dominated by the aiteration minerals pyrite, hematite, and chiorite. 

The zone of quartz-sericite alteration is composed of severai phases. Soto (1979) 

contends that the earliest (oldest formed) phase is one of large quartz veins with charactenstic 

mineralisation, specincally molybdenite accompanied by copper and iron sulphides, most 

commonly pyrite and chalcopyrite. These make up the so-called 'blue veins', Locaüy with halos of 

senci tic aiteration. 

The middle, and principal, phase of quartz-sericite alteration is characterised by both halos 

of sericitic alteration around sulphide (+/- quartz-alunite) veins. and large areas of sencitised waii- 

rock with ~ i g ~ c a n t  kaoiinite, where the onginai texture may be lost. Disseminated suiphides are 

abundant in the high-copper core zone (high bornite, chalcopyrite and chalcocite, with low pyrite) 

and mer in the h g e s  of the quartz-sericite alteration, where the dominant sulphides. are pyrite 

and chalcopyrite. In general, the muieralisation in the veins is the same as in the disseminations 

(Soto 1979). 

Late-stage veining is considered the last phase of hydrothermal mineraikation, 

accornpanied by low-temperature (hypogene) aiteration characterised by the formation of clays. 

Common sulphide associations in the large cross-cutting veins are enargite-pyrite-(coveliite), 

pyrite-chdcocite and pyritecoveilite, with minor sphalerite, galena, tennantite, and tetrahedxite 

(Soto 1979). 



Figure 1.2. Index map locahg Chuquicamata with respect to its Latitude and Longitude. Note 
the broad areal relationship between major Eocene-Oligocene porphyry copper systems in 
northern Chile and the regional Domeyko fault system (after Maksaev and Zentiili 1988). 



Figure 1.3. Simplifed plan view of  the Chuquicamata open pit as of 1979, with major alteration 
units outlined (modified after Martin et al. 1993). 
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Tobey (197 1) noted that u i ~ ~ c i e n t  data were available fiom the deeper ievels of the ore 

deposit to permit accurate deheation of the zones of high primary chalcocite and coveilite. Soto 

(1979) and Alvarez and Fiores (1985) mention that covellite in the late-stage hydrothermal 

assemblages appears to be of hypogene ongin, but Iater geologists continued to consider this 

mineral to be solely a result of the supergene enrichment process (for example, until recently 

coveilite was used at Chuquicamata as the indicator mineral for supergene ore). 

1.4.3 Present Geologicai Mdels 

Chuquicamata is a deposit with a lower-temperature quartz-sencite core surrounded by a 

zone of higher-temperature potassic aiteration, the reverse from the generalised Loweii and 

Guilbert (1970) model. 

Published dates (mostly K/Ar dates with relatively large erroa) from the Chuquicamata 

igneous host rocks show a range from 40 to 28 Ma; this was ascribed to a relatively continuous 

mineralisation/alteration history lasting about 10 m.y . (Sillitoe 1988). However, new " ~ r / ~ ~ ~ r  

dates indicate instead the resuits of IWO discrete periods of alteration with associated 

mineralisation: the first at Ca. 34 +/- 1 Ma, and the second at Ca. 3 1 +/- 1Ma (Zentilli et al- 1994). 

The porphyntic texture of the quartz-mouzonite intrusion and the ductile deformation of 

potassium feldspars shows the older event, characterised by potassic alteration, to have occurred 

fairly deep in the crust (>5 km?), while the younger event, dominated by quartz-sericite aiteration 

and displaying evidence of brittle deformation such as wide quartz veins and open-space fiIling 

textures with distinct alteration halos, probably occurred relatively closer to surface (2entilli et al. 

1994; Lindsay et al. 1995). Fuaher indication of two periods of alteration cornes from the sericitic 

alteration-associated quartz veins that extend much farther than the range of the potassic 

alteration zone, and cleariy crosscut eariier veins associated with the potassic alteration (personai 

cornm. 1995, D. Lindsay). 

To explain the reversed zonation, Zentilli et al. (1994) hypothesized that the older 

alteration, at 34 Ma, could be associated with an intrusion that would have shown the 'typical' 

porphyry copper concentric zonation of alteration layen described extensively for the much 

smder El Salvador deposit (Gustafson and Hunt 1975). This older Chuquicamata went through a 

period of rapid cooling accompanied by some exhumation before a second magmatic and 



hydrothermal event at 3 1 Ma superimposed later quartz-sencite alteration over the earlier potassic 

alteration, now much nearer to surface. An apatite fission track age (Maksaev 1990, sarnple FT 

19) indicates that the system cooled to about 100°C by 30 Ma. Dates fiom the zone of supergene 

mineralisation show that the deposit reached an exiremely shailow stage by about 17 Ma and has 

remained there until the present (Sülitoe et al. 1996). 

Figure 1.4 shows cross-section 4500N through the deposit, described by mine staff as 

king representative of the deposit. In addition, the 4500N section cuts all of the alteration zones 

and contains several deep drill holes with good core recovery that make it ideai for a petrologic 

study. The drill holes shown on the section are those for which sampling for this project 

concentrated. The aiteration zones outlined were mapped by the mine staff during the Iast few 

years. 

15 Objectives 

The timing of the potassic and quartz-sericite alteration have been fairly weli constrained 

through " ~ r / ~ ~ ~ r  ages for potassium feldspars, biotite, and sencite (Ravenhurst et al. 1996). 

Much more work is requiced to constrain the temperature and pressure of mineralisation. With the 

advent of this new genetic model for the Chuquicamata porphyry copper deposit, many questions 

are king raised with regards to the mineralogy of the deposit (the possibility of two or more 

hypogene phases) and the temperature, pressure, and chemicai character of the hydrothermal 

fluids responsible for the two penods of mineralisatioddteration. 

The long-term objective of the ongoing study of Chuquicamata is to trace the evolution of 

the temperature, pressure, and composition of the fluids responsible for the formation of the 

deposit, leading to a comprehensive genetic model. The immediate problem is the question of the 

hypogene ore minerai assemblages, specincaily those containing coveiiite, which, as mentioued 

above, have not been fully described or analyzed. Do different hypogene covellite assemblages 

correlate with the different periods of mineralisation? And how do these compare with the 

supergene covellite assemblages? In this context, this thesis focuses on the sulphide rnineralogy 

and the information it c m  convey about the temperature and chemical character of the 

mineralising fluids. Specificaily: 



Figure 1.4. Cross-section 4500N through the deposit, showing ciriil hole and sample locations, 
and alteration zones as mapped by the mine staff. Ser = sericitic; SK = potassic overprinted by 
quartz-sericite; K = potassic; Clr = chloritic/propylitic. 



a) to determine the hypogene coveilite assemblages associated with potassic and sericitic 

aiteration in an E-W section representative of the hydrothermal system; 

b) to establish the paragenetic sequence of the assemblages: and, 

c) to use these assemblages to constrain the temperature and composition of the 

hydrothermal fluids as a contribution to the long-term objective described above. 

In addition, a specific goal is to establish practical criteria for distinguishing hypogene 

from supergene covellite. 

1.6 Methodology 

The thesis uses two main approaches: suiphide petrology, which includes everything fkom 

texturd descriptions to geochemical work, and sulphur isotope geothermometry. Initial samples 

were collected at Chuquicamata by M. ZentiUi and M. Graves in 1993. Drill core was sampled on.  - 

the basis of availability to represent ore mineral assemblages from aU mapped ore and alteration 

zones. Further sampling was done by D. Lindsay in 1995 and 1996 as per the author's request. to 

fiil gaps Ieft by the original sampling technique and to answer specinc questions. 

1.6.1 Suiphide Petrology 

A petrographic study was undertaken to recognize those primary assemblages that contain 

covefite. A paragenetic sequence was established not only of the minerals within the 

assemblages, but dso between the assemblages themselves. This work was carried out with a 

petrographic microscope under reflected light. on about 100 polished thin sections of drill core 

fiom mineralised porphyry and quartz veins fiom Chuquicamata. 

Previously-detennined experimental sulphide assemblages in the system Cu-Fe-S (-As-Sb) 

(e.g. Barton and Skinner 1979) are used to provide some constraints on the temperature. oxygen 

fugacity, and pH of the fluids responsible for ore deposition. For instance, I have used the 

metastabie coexistence of covefite and chalcopyrite to infer a decomposition of idaite during 

cooling below Ca. 200°C (Chapter 3, Section 3.3.3). 

Detailed minerai chemistry of the coexisting ore minerals cm estabiish the presence of 

many of the ionslcompounds in solution at the time of ore deposition. The two rnethods used for 

minera1 composition analysis were the electron microprobe and the X-ray difhctometer. The 



electron microprobe was essentiai for identification of Cu-Fe-S phases that are optically 

indistinguishable, of which there are severai. For instance, the electron probe has dowed us to 

differentiate between blaubleibender, or 'blue-rernaining', coveiiite and regular coveilite, two 

copper suiphides with similar optical properties but very different temperature implications. The 

main use of the electron microprobe in this thesis was the determination of the chernical 

composition of sulphide minerals, and the study of the variation in chemicd composition of the 

miemals, regionally in the 4500N section. AU analyses were performed using a JEOL 733 electron 

rnicroprobe equipped with four wavelength spectrometen and an Oxford Link eXL energy 

dispersive detector operated by the Earth Science Departrnent of Dalhousie University, with the 

assistance of R. MacECay . 
1.6.2 Sulphur Isotope Thermometry 

A study of the sulphur isotope kactionation between sulphide minerai pairs and between - 

sulphide-sulphate pairs aiiows an estimate of the temperature of equilibration of the minerai pairs. 

The isotopic ciifference between two coexisting sulphur-bearing rninerals may be produced by 

effects of temperature-dependent fractionation. The factor for isotope exchange between 

minerais, an inverse function of temperature, is determined fiom the measured isotopic difference 

between coexisting minerals. If the sulphur isotopic compositions can be determined for the two 

minerais, their temperature of equilibration can be caiculated and compared to experimentally- 

determined fractionation factor vs temperature curves for many cornmon suiphide pairs (e-g. 

Friedman and 0'Nei.i 1977). As weU, the sulphur isotopic composition of a mineral c m  give dues 

to the source of the sulphur. 

Sdphw-bearing minerai grains were obtained by crushing, sieving, and hand picking the 

minerals. Twenty separated samples underwent X-ray diffraction to iasure their purity, using the 

facility at Dahousie University. and were sent to the NERC Isotope Geoscience Laboratory, 

where isotopic analyses were obtained under the supervision of Dr. Baruch Spiro, British 

Geological Survey, UK. 

The sulphur isotope study is a complement to the sulphide petrology, used to confirm 

hypotheses formed from the petrologic study regarding temperature of mineralisation. 



1.7 Organizaüon of the Thesis 

Severai forms of presentation of the data were considered ranging fiom organization of 

the data according to alteration zone, to organization according to environment of formation 

(supergene vs hypogene. for example). Since the focus of this study remains rooted in the 

sulphide petrology and the relationship between phases, arguably the best method of presentation 

is to concentrate on the ore minerals themselves. Chapter 2 presents general inforxnation on 

selected minerais at Chuquicamata and their occurrence and relationships in the geochemical 

systems that best define them (for example, experimental work and thermal snidies are discussed 

here). Chapter 3 contains a l l  information specifc to Chuquicamata. Each phase is discussed with 

respect to its textural occurrence in the 4500N cross-section at Chuquicamata, its mineralogy, and 

its chernical composition and variations. The occurrence is expanded on in a section devoted to 

"nerd groupings. 

Chapter 3 detaiis the assemblages and the paragenetic sequence of phases within each 

aisemblage. The distribution of assemblages with respect to alteration mnes is presented 

graphically, and leads to a discussion of the paragenetic sequence of ssemblages. 

Chapter 4 summarises the interpretations regarding temperature M t s  of assemblages 

using experimentd work on the Cu(-Fe)-S system of severai authon, sumrnarised in Barton and 

Skinner (1979) and Vaughan and Craig (1978). The interpretations are based on the texnual and 

chemicai observations of phases within assemblages. 

Chapter 5 presents sulphur isotope data, although this pilot study is intended to 

complement the petrologic study. Information about the physicochemical conditions of the 

system that can be inferred £!rom the isotopic data is linked back to mineralogy of the cross- 

section studied. 



CHAPTER 2: TRI3 CU-FE4 AND RELATED SYSTEMS 

2.1 General Statement 

The Cu-Fe-S system is cornplex-although it is the most-studied ternary sulphide system. 

many muieralogical relationships remain undetemiined as a result of the presence of extensive 

solid solutions, metastability and unquenchable phases. Many phases in the system have closely- 

related crystal chemistry, resuiting in sirnilar physical appearance and X-ray powder diffraction 

patterns. Until the electron microprobe became widely-used as a tool for distinguishing opticaily- 

simila. phases, the Cu-S system was thought to be ~lat ively uncomplicated, consisting mostly of 

only 3 binary phases. covellite (CuS) digenite (CyS,), and chalcocite (Cu,S). We now know that 

at least 8 distinct copper-sulphides exist (Barton and Skinner 1979). although the stability of some 

of these phases is still in question (Goble 1980). What follows is a surnmary of the state of 

understanding of the Cu(-Fe)-S system nom the literature. This analysis is to a large extent based 

on a compilation and evaluation by MxInnis (1993). 

2.2 Mineralogid Associations in the Binary C u 3  System 

Experimental work on coveUite and associated copper (-iron) sulphides dates back to 

Richardson and Jeffes (1952). and very Little has been done since the late 1970s. Figure 2.1 is a 

schematic diagram of temperature vs composition for the phases in the Cu-nch portion of the Cu- 

S system. Coveiiite. CuS, possesses a hexagonal structure. with one me of Cu atom in 

tetrahedral coordination with S (the tetrahedra sharing corners to form layers). and a second type 

of Cu in trigond coordination with S to build planar layers (Kalbskopf et al. 1975). CoveUite has a 

fmed, nearly impurity-fkee chernical composition, and is stable up to 507OC (Kulierud 1965), 

above which it decomposes to digenitechalcocite plus excess sulphur. Table 1 Lists the rninerals 

and phases, with notes on their thermal stabilities and ceil structure, of the binary Cu-S system. 

Between 507T and 157OC, coveiIite fonns with digenite a d o r  chalcocite. Digenite, 

CyS,, is the dominant high-temperature phase, and some workers conclude that digenite does not 

exist in the pure Cu-S system at low temperature (below about 70°C), suggesting that naturai 

digenites contain a srnaLi amount of iron (- 1%) as a necessary, stabilizing constituent (Morimoto 

and Koto 1970). As temperature nses above 2S°C, digenite exists over an increasing 



compositional range and becomes a stable phase in the Cu-S system at 70°C. At slightly higher 

temperatures, somewhere between 76 and 83°C- digenite inverts to a high-temperature cubic 

form, similar to high-temperature chalcocite (Roseboom 1966). At higher temperatures the soiid 

solution expands to include compositions which are more suiphur- and iron-rich. For this reason 

digenite is included in both Table 1 and Table 2 (Minerais and phases of the Cu-Fe-S system). 

Soiid solution between digenite and chalcocite is complete above 43S°C. 

Chalcocite, Cu,S, is very cornmon in both hypogene and supergene eavironments. It is 

stable up to 103OC; above this tempemure. it inverts to a hexagonal form which is itself stable up 

to 435'~.  Although the high-temperature cubic form exhibits a solid solution field (chalcocite- 

digenite).which extends from about 1.75 to 2: 1 for Cu:S, chalcocite does not deviate measurably 

from Cu,S. 

Below 157°C covellite will coexist with a phase that is distinct, but similar to itself, the - 

blue-remaining covellite (lacking the characteristic red-violet colour of optically-nonnal 

covellite in immersion oils, and possessing a dBerent X-ray diffraction pattern). Frenzel(1959) 

recognized a phase he c d e d  ''blaubleibender" or ''blue-remahing" covellite, siniiar to regular 

coveiiite but lacking the pleochroism. He also found that it has a similar but distinct X-ray pattern. 

Moh (1964) synthesized blue-remainiog covellite below 157"C, but its themodynamic stability 

rernains in doubt (refer to Section 2.3. Experimentai studies with coveiiïte). Blue-remaining 

covellite has a generai formula of Cu,+& where x=û. 1 to 0.4, and is recognized as a separate 

phase (two, really: natural yanowite has a composition approximating Cu,-,,S and natual 

spionkopite has a composition around  CU,,,,.^^ (Goble 1980)). Blaubleibender covellites are 

indistinguishable fiom reguiar covellite in hand specimen. 

CoveUte has been shown in several studies not to depart measurably from the 

stoichiornetric composition of Cu:S ratio in 1 : 1. Any mention in the literahue of coveilite or blue- 

remaining covellite containhg iron is usuaily as an aside, where the authors report that analyses 

with iron are omitted due to microprobe calibration problems or some other technical difflculty. 

The one exception io this is the study on the products of supergene oxidation in the Copiapo 

mining district (Sillitoe and Clark 1969). They report that some of the iron content of the six 

samples of blue-remaining coveliite may be due to minute inclusions of goethite, but 'some at 





least of the blaubleibender covefite is ferroan'. Published references to hypogene coveilite are 

rare. 

Other stable copper sulphide phases at low temperature include anilite (Cu7S,) and 

djurleite (CU~.~~S).  Both anilite and djurleite closely resemble digenite, and may be easily 

overlooked without careful x-ray or microprobe examination. There seems to be some debate 

about the composition of anilite; some sources Say Cu,S,, corresponding to Cu,,S (the same 

composition as Cu-rich blue-remaining coveliite), but others report Cu,,,S. Above 70°C anilite 

decornposes to digenite and covellite (Morimoto and Koto 1970). Since it can aiso form from the 

breakdown of digenite t covellite below about 7S°C, the presence of aniiite, therefore, is not 

evidence of deposition below 75'. 

Djurleite usually occurs as fine intergrowths with other copper suphides. and it 

decomposes above 93°C to hexagonal chalcocite and the cubic chalcocite-digenite phase 

(Roseboom 1966). Roseboom also found in the same snidy that the assemblage djurleite-covellite 

is ngt stable in the Cu-S system. 

2.3 Mineraiogical Associations in the Ternary Cu-Fe4 System 

Figure 2.2 is a temary diagram for the Cu-Fe-S system which plots the locations of the 

temary suiphides according to their standard (accepted) chernical composition. Chalcopyrite is 

the most cornmon of the t e m q  copper-iron sulphides, possessing an ordered tetragonal structure 

which is stable up to 557°C. Chemicaliy, it deviates very little from ideal CuFeS,, though it may be 

slightiy metal-rich at high temperature (Barton 1973). Above the thermal maximum, chalcopyrite 

decomposes to pyrite plus the intermediate solid solution, which. although not a high-temperature 

polymorph of chalcopyrite, is nonetheless closely related in stmcnire and composition. 

Bomite exists in severai polymorphic fomis (Monnimoto and Kullerud 1961). The low- 

temperature form in most ores is tetragonal, inverting to cubic on heating to 228°C. Bornïte, iike 

digenite, exhibits extensive solid solution in the Cu-Fe4 system, especiaiiy with regard to the 

CdFe ratio. Solid solution with digenite becomes complete above 33S°C. 

There are descriptions of 'anomalous' or 'x-' bomite from several locations (summarised 

in Brett and Yund 1964). These varieties of bomite contain a slight excess of sulphur relative to 



Table 1. Minerals and phases of the Cu-S system. Numben in brackets are references, cornpiled in 
Craie and Scott ( 1974). 

1 Mineral Name 1 Composi<ion 1 Thermal Max. ('0 ( Thermal Min. (OC) 1 Smicturc Type 

- 
- 

Cu$ 

djurleite 

C+S 

digenite 

- 
anilite 

"blaubleibendef' 
coveliite 

- - -- - -- . - - - -- - 

References: 
(1) Roseboom (1966) 
(2) Buerger & Buerger ( 1944) 
(3) Wuensch & Buerger ( 1963) 
(4) Morimoto & Kullentd (1963) 
(5)  Skinner ( 1970) 
(6) Moh ( 1964) 
(7) Janosi (1964) 
(8) Jensen ( 1947) 
(9) Munson (1966) 

435 (1) 

Cu,.!$ 

( covellite 

- 

(10) Morimoto (1962) 
(1 1) Morimoto et al. (1969) 
(12) Morimoto & Koto (1970) 
( 13) KuUerud (1965) 
(14) Berry (1954) 
(15) Evans (1968) 
( 16) Taylor & Kullerud ( 197 1) 
( 17) Taylor & Kullerud ( 1972) 
(18) Rickard (1972) 

1129 (8) 

C G  

c%+xss 

Cu,!% 

C u d  

103 

93 (1) 

CuS 

CuS, 

hexagonal (2.3) 

435 

83 (1) 

1129 (8) 

70 (12) 

157 (6) 

cubic (4) 

-- 

507 (13) 

550 (9) 

orthorhombic ( 10) 

-- 
83 

-- 

- 

cubic (4) 

cubic (4) 

orthorhombic (1 1) 

hexagonal ( l8)  

-- 
? 

hexagonal ( 14) 

cubic (16. 17) 



References : 
(1) HaU & Gabe (1972) 
(2) Cabri & Ha11 (1972) 
(3) Cabri & Harris (1971) 
(4) Szymanski et al. (1973) 
(5) Buerger (1947) 
(6) Cabri et ai. (1973) 
(7) Kajiwara ( 1969) 
(8) Shimazaki & Clark (1 970) 
(9) Cabri (1973) 
(10) MacLean et al. (1972) 

Table 2. Mïnerals and phases of the Cu-Fe-S system. Numbers in brackets are references, 

(1 1) Barton (1973) 
(12) Yund & KuUerud (1966) 
(13) Morimoto & Kuilerud (1966) 
(14) Yund (1963) 
(15) Frenzel(1959) 
( 16) Kullerud et al. ( 1969) 
(17) Morimoto & Kdierud (1963) 
(18) Clark (1970) 
(19) Morinioto (1970) 

compiied in Craig and 

Minerai Name 

digenite 

- 
bornite 

- 
--- 
x- borni te 

idaite 

fukuchilite 

chalcopyrite 

cubanite 

intermediate ss 

talnakhite 

int  phase I 

int. phase II 

mooihoekite 

int. phase A 

haycockite 

primitive cubic phase 

Scott (1974). 
Composition 

(c"Fe)9s5 

( cum9ss  

Cu,FeS, 

Cu,FeS, 

Cu,FeS, 

CusFes,~ 

Cu5~Fes63 

Cu,FeS, 

CuFeS, 

CuF+S, 

wide range 

C%Fe$,, (3) 

c e e ~ s  ,, (3 

cU$e,s t, (3 

c%hs M 

C@ePSM 

Cu,Fe,S, 

wide range 

Thermal Min. (OC) 

- 
8 3 

- 
? Metastable 

Thermal Max. (OC) 

83 

1129 

228 (13) 

- 
1 LOO (16) 

125 (12) 

50 1 (12) 

200 (7) 

557 

200-2 t 0 6 )  

960 (16) 

186 (9) 

230 (9) 

520 (9) 

167 (9) 

23 6 

? 

20-200 (9) 

Structure Type 

cubic 

cubic (17) 

temgonal( 13) 

cubic (13) 

228 

- 
-- 
- 
--- 
-- 
20-200 

- 

186 

230 

? 

167 

--- 
20-200 

cubic (13) 

tetragonal ( 19) 

hexagonal (14, 15) 

cubic (8) 

tetragonai (2. 1 1 ) 

orthorhombic (5) 

cubic (4) 

cubic ( 1 )  

? 

? 

tetragonal(2) 

? 

orthorhombic 

cubic? (9) 



Figure 2.2. Minerais reported within the Cu-Fe-S system. Abbreviations are as follows: cc, 
chaicocite; dj, djurleite; di; digenite; ai, aniiite; bcv, blue-remaining covellite; cv, coveilïte; bn, 
bomite; a-bn, anomalous bornite; id, idaite; £k, fukuchilite; tai, tainaichite; cp, chalcopynte; mh, 
mooihoekite; hc, haycockite; cb, cubanite; py, pyrite; mc, marcasite; gr, greigite; sm, smythite; m- 
po, monociinic pyrrhotite; h-po, hexagonal pyrrhotite; tr, troilite; mk. mackinawite; ??, Cu- 
mackinawite? (data fkom several authon; refer to Tables l and 2). 



normal bornite, fonn below 125°C (fkom low-temperature solutions rather than through solid- 

state reactions on cooling), and are probably metastable (Yund and Kullenid 1966). Sillitoe and 

Clark (1969) describe a phase they refer to as anomaious bornite, forming as an intermediate 

stage in the aiteration of bornite, on the way to the ultimate oxidation products of bornite, 

malachite and goethite. 

Pyrite does not deviate measurably fiom the ided composition FeS,, except with respect 

to trace element distribution. The concentration of trace elements in a single phase (e.g., cobalt 

content of pyrite) has been used as a guide to temperature of mineralisation (Barton 1970). Pyrite 

is stable in the Cu-Fe-S system over a temperature range of 25-742"C, although equilibrium phase 

relations are not well established below 300°C (Toulmin and Barton 1964). 

A synthetic phase of composition Cu,,Fe,S, was fmt reported by Menvin and Lombard 

( 1937), but a naturd analog was not found until much later (Frenzel 1959). The similarity of this - 

new phase, idaite, with bomite, except for an orange tint and a strong anisotropism, led some 

worken to refer to idaite as 'orange bornitey. Yund and Kuilerud (1966) found that idaite is 

stable below 501°C, although the phase relations remai. in doubt. The high-temperature 

eqwlibrium assemblage of pyrite + bomite may be replaced by idaite + chalcopyrite at 300°C. At 

high temperatures idaite coexists with pyrite and digenite. Below 228"C, idaite may break down 

to give the metastable assemblage chalcopyrite + covellite in the absence of pyrite. Sillitoe and 

Clark (1969) descnbe a chalcopyrite-like phase, idaite, found as an intemediate stage in the 

oxidation of bomite. They describe the optical properties of this supergene sulphide as closely 

comparable to those described by Frenzel(1959), and the composition as close to Levy's idaite 

(1967), given the formula Cu,FeS,. 

In the temary Cu-Fe-S system, the rie-lines between coveiiite, on the Cu-S join, and other 

phases in the system, change with temperature. Figure 2.3% a representation of the temary phase 

diagram at 400°C, shows that when coveilite appears at 507"C, it is tied to both idaite 

(Cu,FeS,), which fonns at 50 1°C, and the extensive chalcocite-digenite-bornite solid solution. 

At high temperature (-400°C) this solid solution extends fkom the Cu-S join where it is 

continuous with the high chaicocite - high digenite solid solution, to a composition even more 

iron- and suiphur-nch than regular bornite (Cu,FeS,), up to 15 atomic % Fe. Below about 335"C, 



this suiphur-rich bornite splits into a bornite soiid solution and a digenite soiid solution. Figure 

2.3b shows that at this point covellite is tied to idaite and the digenite solid solution. These tie- 

h e s  remain in effect even at low temperature (25'C). 

In some cases idaite wiU break down below 223°C (based on Schneeberg 1973). when it 

should decompose to pyrite + digenite + covellite: 

ZCu,,FeS,, (id) - 2FeS, (py) + 2CuS (cv) + Cu$, (dg) 

This reaction appean to be prevented by the difficulty in nucleating pyrite: in the event that pyrite 

fails to grow, idaite may be represented by the chemicaliy-equivalent, but non-equilibrium, 

decomposition products covellite + chaicopyrite: 

2Cu5,FeS, (id) - 9CuS (cv) + 2CuFeS, (cpy) [Barton and Skinner 19761. 

2.4 Coveilite Crystal Chemistry 

Coveliite is not an abundant mineral but it occurs in most copper deposits, usudy as a . - 

coating on other sulphides in the zone of supergene enrichment. It is associated with other copper 

minerais, especidy chalcocite, chalcopyite, bomite, and enargite, and is denved fiom them by 

alteration. It is often found as disseminations through these and other copper minerais. 

Mineralogicai sources generaily agree (e-g., Klein and Hurlbut, after Dana, 1977; Deer, Howie. 

and Zussman 1962) that hypogene covellite is known but uncornmon. Although covebte is a 

hexagonal mineral, it rarely occurs in tabular hexagonal crystals. It possesses a (0001 } cleavage, 

giving perfect flexible plates of m e U c  indigo-blue (or darker). Coveliite has a fmed. nearly 

impur@-free composition by weight percent of Cu 66.4, S 33.6%. Although chernically vely 

simple, it has a complex structure: one copper atom is in tetrahedrai coordination with sulphur, 

with the tetrahedra sharing corners to fonn layers, and a second copper atom in trigond 

coordination with sulphur to forrn planar layes. The excellent (000 1 } cleavage is parallel to this 

layer structure. The structure can be viewed as made of sheets of CuS, triangles between double 

layers of CuS, tetrahedra, where covalent sulphur-sulphur bonds link the layers (Figure 2.4). 

2.5 Experimental Studies with Coveilite 

Blaubleibender, or blue-remaining, covellites (Section 2.2) have been observed in nature 

and described for several &cades (Frenzel 1959). They had been attributed to a smaii excess of 

copper in the covellite structure (ranging £kom Cu,-,-,.,S), until Moh (1971) synthesized two 



distinct varieties of blaubleibender coveliite, Type A (Cu,-$3) and Type B(Cu,,S), later named 

yamowite and spionkopite respectively, after their type localities (Yarrow and Spionkop Creeks) 

in southwestern Alberta (Goble 1980). Potter (1977) used Moh's technique to synthesize phases 

with compositions Cu,, , , ,S and Cu,, , ,,S, and showed that these phases are metastable in the 

Cu-S system; that is, they possess a more positive free energy at a given temperature. pressure, 

and buik composition, as opposed to a stable phase which possesses the most negative free energy 

under the same conditions. 

The observed presence of n a d  yarrowite and spionkopite, having compositions of 

approximately Cu ,-,,S and CU,,,,-~S, respectively and produced by natural leaching of Cu-rich 

sulphides (Goble 1980), and metastable synthetic phases of approximately the same composition 

produced by synthetic leaching of Cu-rich sulphides suggest that yarrowite and spionkopite are 

naturally-occurring but metastable phases in the Cu-S system. However, it was later shown that - 

synthetic varieties of blaubleibender covellite are not necessarily smicturdy-identical to nahual 

varieties. Synthetic blaubleibender coveliite may exist in a metastable pseudocubic structure that 

has a simiiar powder pattern to the hexagonal structure of naturai blue-remaining coveilites. 

Potter's conclusions, then, should be applied to natural yarrowite and spionkopite with caution. 

Although his synthetic samples were show to be metastable, X-ray powder and optical data do 

not prove that these samples are in fact yarrowite and spionkopite. Single-crystal X-ray data is 

required to resolve the issue. 

Other associations in the Cu-Fe-S system have been investigated. It was suggested that the 

assemblage coveliite-djurleite, not stable in the system Cu-S, rnight be stable in the temary system 

when djurleite contains significant iron, but Roseboom (1966) concluded that "because coveiiite 

does not take up any iron, this would require that the djurleite have a greater Fe:Cu ratio than any 

digenite that is also stable. Digenite is known to have considerable solid solution toward Cu,FeS, 

and a djurleite solid solution having a comparable Fe:Cu ratio seems unlikely but no data are 

available". However, what about a situation where covellite does take up iron? As wîU be 

discussedïn Chapter 3, coveliites from Chuquicamata contain up to 5 weight percent iron, an 

amount not previously reported Would this affect Roseboom's conclusions? In a case where 

coveiiite takes up as much iron as any 'pure' digenite that is also stable, would the combined 



Figure 2.3 (a). Schematic phase relations in the centrai portion of the Cu-Fe-S system at 4ûû°C 
and (b). at 300°C (after Craig and Scott, 1979). 



Figure 2.4. Structure of covellite, CuS. The dotted lines indicate covalent S-S bonds (after B.J. 
Wuensch. 1974. in Suijide Mineralogy). 



Fe:Cu ratio for covellite and djurleite have to be more than digenite? Or would the mere presence 

of iron in coveUite affect the argument, and aiiow the assemblage coveilite-djurleite to become 

stable in the system Cu-Fe-S? The assemblage djurleite-Fe-covellite is not observed in the 4500N 

section at Chuquicamata, so this study can provide no answers, but it is an intriguing question. 

Other common temary phases, such as cubanite, are not discussed here since they are not 

observed in the 4500N sample set chosen for this snidy. 

2.6 Related Systems: Zn-Fe-S and Cu-As(-Sb)S 

Other common sulphides observed at Chuquicamata include sphalerite, and the sdphosaits 

enargite and colusite. The tungsten ore wofiarnite is a rare but interesting phase observed in a 

few samples from the 4500N section. 

Sphalerite is the low-temperature (cubic) polymorph of ZnS, and wurtzite is the high- 

temperature hexagonal polymorph. For pure ZnS the inversion temperature is 1020°C (Men and . - 

Crenshaw 1912); however, often in hydrothemai systerns sphalerite is saturated with FeS, 

lowering the inversion temperature to approximately 875°C. 

Buerger (1934) found that sphaiente codd be considered the high-S form of ZnS, and 

-te the low-S fom. Other snidies (e.g. Shalimova and Morozova 1965) c o n f i e d ,  through 

optical absorption, that the hexagonal phase contained a deficiency of sulphur and that this 

deficiency was removed in the cubic phase. Nickel (1965) noted that most analyses of natural 

sphalente show a su1phur:metal ratio >l. Since sphalerite and wunzite Vary slightly in 

composition, the phase change in general is not isocompositional or invariant, but likely a funcrion 

of both temperature and f,,. 

Kuiierud (1953) snidied the dry binary system ZnS-FeS and concluded that: (a) the iron 

content of sphalerite is determined by the temperature of formation; and (b) the unitceil 

parameter of sphalerite varies with Fe content. Later studies (e.g. Kudenko and Stetsenko 1964) 

found that minor elements can cause the same distortions of the crystal structure of sphalente as  

iron. Several studies (e.g. Godovikov and Pitsyn 1965; Anfilogov et al. 1966) suppoa the 

conclusion that the Limit of substitution of  Fe for Zn is raised substantiaüy in aqueous solutions. 

Stroitelev and Babanskiy (1969) show that this is ody sometimes tme. The mechanisrn of entry of 

Fe hto sphalerite is obviously complex, govemed not only by temperature but also by 



composition, concentration and pH of hydrothermd solutions. 

Meagre data exists on the copper contents of zinc-sulphides, but Frenzel and Ottoman 

(1967) reported wumite containing 2.8 wt% Cu coexisting with sphalerite containing 0.2 wt% 

Cu. Clark and Sillitoe (1969) reported a supergene sphalerite fiom Copiapo containing L5+/-2 

wtQ Cu; this 'sphalerite* was interpreted as a metastable intemediate phase in the replacement of 

Cu-fiee sphalente. The most recent study (Craig and Kdierud 1973) indicates the solubility of Cu 

in ZnS is very smail between 200 and 800°C. 

Enargite is orthorhombic and has an ideal composition of Cu,AsS,. In general, enargite 

varies Little from the ideal (Maske and S k i ~ e r  197 l), although natural enargite invariably contains 

some Sb substituting for the As (up to 6% by weight). Minor Fe and Zn may also be present 

(Klein and Hurlbut, d e r  Dana, 1977). 

The low-temperature polymorph of enargite, luzonite, has a tetragonal structure and does - 

not show any marked deviation from the ideai composition of Cu,AsS,. The structure of enargite 

diffen from that of luzonite in that luzonite has a structure derived from sphaiente, in which S 

atoms lie at the nodes of a face-centred cubic lattice. Enargite has a structure derived from 

wurtzite (the high-temperature polymorph of sphalerite), where S atoms lie at the nodes of a 

hexagonal close-packed lattice. The inversion temperature fiom luzonite to enargite has not been 

fixed and is tentatively placed in the range 275OC to 320°C (Maske and Skinner 197 1). 

Famatinite, Cu3SbS,, the antimony "analogue" of enargite, is isostruchual with, and shows an 

extensive solid solution toward, luzonite. Famatinite has a melting temperature of 627°C. 

Colusite, CU,~V,AS,S~,S,, or Cu,(As,Sn,V)S,, is a complex sulfosalt that can be thought 

of as a rather messy enargite. Most published analyses of colusite hclude 5-8 elements, although a 

broad range of isornorphous replacement is characteristic. An ideal crystal-chemical formula for 

colusite is CuXV2(A~, Sn)&3, (Orlandi et al. 198 1). The study by Orlandi indicates that iron rnay 

enter either the V site, as it does in samples from Butte (Levy 1967), or the (As, Sn) site, as 

show in colusite fiom Gay (Pshenichnyi et ai, 1974). Gennaniurn may also substitute for (As, Sn) 

as in Gay. 

With regards to cornmon oxides, there have k e n  several studies on the effect of 

temperature on the composition of woIframites. The chemistry of wolframites in the hubnerite 



(MnWOJ-ferberite (FeW04) series varies to a great extent. The compositional changes depend on 

the conditions of formation: changes in temperature, composition of country rocks and of ore- 

forming solutions, and pH of solutions, to name a few. 

Singh and Varma (1977) showed that the intermediate rnember of the series (wolframite 

with a composition between 75 and 25% MnO) has the highest crystallisation temperature 

(compared with hubnentes, 100 to 75% M O T  and ferberites, 25 to 0% MnO). Under lengthy 

conditions of high temperature and pressure, the most favourable conditions are created for 

mixing of hubnxite and ferberite components. and therefore the formation of wolfiamites, which 

are excluded at low temperature under uear-surface conditions. 

Othen have shown a dependence on the influence of the country rocks. Barbanov (1975) 

concluded that during lengthy activity of high-temperature solutions on country rocks, a leaching 

of components and a change in the composition of solutions takes place. which translates into a . - 

change in ratios of Mn and Fe in wolnamites. Denisenko (1971) identified "inverse dependence of 

composition of wolfiamites on the degree of iron content of the mineral paragenesis". h other 

words, with a low sulphur concentration in the solutions in a reducing environment, ferbente 

varieties should develop, whereas with an increase in the piutid pressure of H,S, most of the Fe 

present in the solutions will go into the composition of the sulphides, leaving hubnerite varieties to 

crystallize. WoIframite in an Fe-rich environment is related to the later stages of hydrothermai 

activity (Voyevodin, 198 1). 

2.7 Highlights Relevant to this Study 

The main focus of this study is the characterization of hypogene, that is to Say high 

temperature, covellite assemblages. As such, temary phase diagrams for the Cu-Fe-S system in 

the 250" to 500' range and the experimental studies that refmed them are referred to throughout 

this thesis. 

Within the Cu-S system, specific points of interest include: the assemblage digenite- 

covelüte and the various relationships it defines (e.g. equilibrium assemblage vs replacement 

assemblage); and the presence of blaubleibender covellites, which are documented and examined 

for the infoilfliition they may provide about hypogene vs supergene assemblages. 

Within the Cu-Fe-S system, particular attention is paid to the idaite-covellite tie, which is 



3 1 

Linked to both the composition of covellites in the Chuquicamata system and to their mineralogical 

relationships. 



3.1 Definitions of relevant terms 

Just as each texture displayed by ore minerals can be formed by more than one process, so 

descriptive terminology c m  be interpreted in several ways. It is therefore necessary to define 

some terms that are commody used throughout this thesis. 

The initial god of a petrologic investigation is to recognize (past or present) equilibriwn 

minerd assemblages. A system (which can be any quantity we choose, in this case ore minerals) in 

equilibrium has no spontaneous tendency to change over a reusowbie amount of time under fvred 

physical and chernical conditions (Barton et al. 1963). Minerals that coexist are not necessarily in 

equil ibri~ 

Any minerals occ-g together, with unspecifed spatial and equilibrium relationships, 

will be considered an association. A mineral assemblage wiU be dehed as miner& occurring in - 

direct contact with one another, and may or may not be in equilibrium. 

For each assemblage, an attempt is made to infer the puragenetic sequence (i.e. the order 

of deposition) of the minemls through study of their texnual relationships. 

3.2 Main ore minerais 

The face of the dominant rnineralogical species found at Chuquicamata is an evolving one, 

with new phases at depth in the deposit competing with the cornmon low temperature (and hence, 

nearer-surface) rninerals. Early in the minhg history, the most common minerals mined in 

Chuquicamata were copper oxides (Cook 1978); by the 1940's enargite and chalcopyrite were the 

dominant hypogene ore rninerals (Lopez 1939). The foilowing is an account of the main ore 

mherals found in the 45ûûN section of the deposit, as of the tirne of this study, including their 

occurrence, properties of identification and chemicai character. For background information 

regarding the themochemical properties of the rninerals and an account of the experimental work 

associated with the- refer to Chapter 2. Table 3 details the locations of the samples chosen for 

study, Uicluding drill hole number, depth, and the aiteration and rnineralisation zone in which they 

occur (as mapped by mine staff at Chuquicamata). Figure 1.4 cm be referred to for the spatial 



distribution of the drill holes in cross-section 4500N. Appendix C offen bnef descriptions of the 

drill core samples fiom which the polished sections for this petrographic study were made. 

3.2.1 Analytical Methods 

The electron mincoprobe was used to determine the chemical composition of suiphide 

minerais, and to study the variation in chemical composition of the mienrals through the 450N 

cross-section. Analyses were carried out on a E O L  733 electron microprobe equipped with four 

wavelength dispersive spectrometers and and Oxford Link eXL energy dispersive system. The 

energy dispersive system was used for ali elements. Resolution of the energy dispersive detector 

was 137eV at 5.9Kev. 

Each spectrum was acquired for 40 seconds with an accelerating voltage of 15Kv and a 

beam curent of 15nA. Probe spot size was approxhately 1 micron. The raw data was corrected 

using Link's ZAF mauix correction program. Instrument calibration was perfomed on cobalt - - 

metai. Instrument precision on cobalt metal (x=10) was +/- 0.5% at 1 standard deviation. 

Accuracy for major elements was +/- 1.5 to 2.0% relative. 

Geological standards were used as controls. Sulphide standards used were n a d  

chalcopyrite and synthetic Cul& suppiied by CANMET. 

Appendix A contains the electron microprobe data from which representative samples 

were drawn for this section, and on which some conclusions are based. 

X-ray diffractometry was performed by the author at the Fission Track Research 

Laboratory, Earth Sciences Department, Dalhousie University. The analyses were performed on 

small sub-samples by standard powder diffkac tion. An autornated Philips 1 OOkV generator and 

ciiffractometer unit was used for mineral identifcation by powder diffr;ictometry. The veiy tine- 

grained granular matenal was powdered in acetone by hand in an agate mortar. The powdered 

sample was placed on a glas microscope slide and mounted in the ciiffractometer (in some cases, 

an amorphous, single crystal silica mount was used to reduce the background resonse fkom the 

mount itself). The sample and x-ray detector were rotated at a known rate with respect to a CuKa 

x-ray source. Energy detected was recorded and processed automatically. Output consists of a 

peak list, energy response c w e ,  and peak match fit lists for various search routines (Cuesta 

Report, 1996). Peak lists are included for each sample (Appendix B). 



Table 3. Chuquicamata, Sect ion 4500N. Samples are documented wi th  respect to drill hole, depth, alteration 
and mineralisation zones. 

PTS 
SAMPLE separates for describedl 

DDH No. DEPTH ALTERATION MINERALISATION PTS rulphur isotopes photo comments 
Forîuna granod. 
quark-sericite 
quarû-sericite 
quark-serlcite 

quark-seriche 
quark-sericite 
quartz-sericite 
quark-sericite 
quariz-sericlte 
quartz-sericite 
quartz-serlcite 
quartz-sericite 
quartz-saricite 
qua--sericite 
quark-sericite 
quartz-sericite 
quariz-sericite 
qua--sericite 
quartz-sericite 
quark-sericite 
quark-sericite 
qua--serlcite 
quartz-sericite 
quark-sericite 
quartz-serlcite 
quartz-sericite 
quartz-sericite 
quark-serlcite 
quartz-serlcite 
quartz-saricite 
quartz-sericite 

cv, en, PY 
cvl en, PY 
ml en, PY 
cv, en, PY 
cv, en, PY 
cv, en, PY 
cv, en, QY 
cvl en, PY 
cv, en, PY 
cv, en, PY 
cv, en, PY 
mass. pytl-cv, en 
mass py+l-cv, en 
mass. pytl-cv, en 
maas. py i  1-cv, en 
rnass. pytl-cv, en 
mass. py+l-cv, en 
mass py+l-cv, en 
mass pytl-cv, en 
mass py+l-cv, en 
mass pytl-cv, en 
mass pytl-cv, en 
mass. pythcv, en 
mass pytl-cv, en 
mass. pytl-cv, en 
py +1- cv 
py +I- cv 
py +/- cv 
py +1- cv 
py +I- cv 

X gypsum+ PY 
X  
X X X  
X  
X X  
X anh+ py 
X X 
X 
X 
X  

01 195 beyond Falla Oeste 
06/95 probed 09/95 for py, en, cv 
08195 
m 
05195 

01/95 probed 01/95 for cv, dg; no hand sample 

probed 11/95 for sph, en, cv 
06/95 
01i95, 06195 probed 01195 for cv, dg 

01 195 probed 01/95 for cv, dg, an, bcv, sph 

O1 195 probed 01/95 for cv, dg, wolf, 
06t95 probed 09/95 for py, cv, dg, en; probed 1 1/95 for wolf 
01195 probed 01/95 for sph, cv, dg 
01 195 
01/95 

probod 05196 foi cv, rutile 
probed 01/95 for cv, dg 



Table 3. Chuquicamata, Section 4500N. Samples are documented with respect t o  drill hole, depth, alteration 
and mineralisation zones. 

PTS 
SAMPLE separates for describedl 

DDH No. DEPTH ALTERATION MINERALISATION PTS sulphur Isotopes photo comments 
2967 quark-seriche 

quartz-sericite 
quark-sericite 

quarksericite 
quark-sericite 
quartz-sericite 
quartz-sericite 
quark-serlcke 
quartz-sericite 
potasslc 
potasslc 
potassic 
potassic 
potassic 
potasslc 
potassic 
potassic 
potassic 
potassic 
potasslc 
potasslc 
potasslc 
potassic 
potasslc 
potassic 
potassic 
potasslc 
potassic 
potassic 
potassic 

cv. PY, dg, mo X 
cv, PY, dg, mo 
cv, PY, dg1 mo X 
dg, py, cpy, mol sph, en X 
dg, py, cpy, mo, sph, en X 
dg, PY, CPY, mo, sph, en X 
cv, CPY, dg, PY 
cvl CPY, dg, PY X 
cvl cpy 8 dg, PY 
cvl CPY , dg, PY X 

cv, CPYI dg, PY X 
cv, CPY, dg PY X 
cv, CPY 1 dg, PY X 

cv, CPY * dg, PY 
cv, CPY, dg, PY X 
cpy, bn, dg, py, mo X 
cpy, bn, dg, py, mo X 
cpy, bn, dg, py, mo X 
cpy, bn, dg, py, mo X 
CPY, bn, dg, py, mo X 
cpy, bn, dg, py, rno X 
CPY, bn, dg, FY, mo X 
CPY, bn, dg, PY, mo X 
CPY, bn, dg, py, mo X X 
cpy, bn, dgl py, mo X 
cp~,bn,dg,py,mo X 
CPY, bn, dg, py, mo X X 

mo 
mo 

bn + cpy 

bn + cpy 

gy psum + CPY 
cpy-cv min 

probed 01/95 for cv. dg, mol en, sulphosan (?) 

06135 faun gouge, massive sulphlde, probed Ni95 

probed 11135 for cv, id, cpy 

05/95 

06/95 probed 09195 for cv, cpy, dg, bn 
06/95 prokd 09195 for cv, cpy, Fe-oxide 



Table 3. Chuquicamata, Section 4500N. Samples are docurnented with respect to drill hole, depth, alteration 
and rnineralisation zones. 

PTS 
SAMPLE reparates for describedl 

DDH No. DEPTH ALTERATION MlNERALlSATlON PTS sulphur isotopes photo comments 
potasslc 
pocasslc 
potassic 

potassic 
potassic 

potassic 
potasslc 
potassic 
potasslc 

potassic 
potasslc 
potassic 
potassic 
potassic 
potassic 
potassic 

potassic 
potasslc 
potassic 
potassic 
potassic 
potassic 
potassic 
potassic 
potassic 

X anh + py 
X 
X X 
X 

cm-sale panels of kspar adjacent to QS altn 

probed 05196 for cpy, Fe-oxide 
06M probed,09/95 for ga, dg, en, cv, py 

probed OS196 for cv, id, cpy 

06l95 probed 09/45 for bn, cpy, ga, dg, py; probed 05H 1 for col 
05/95 

qlz vns wl sericite, cuüing K a b  

05/95 
06/9!5 probed 05196 for cv, dg, col, Fe-oxide 
05195 
06I95 probe 09/95 for bn, dg, cpy, py, cv; probed 11/95 for dg, bn, rt 
06/95 

probed 05196 for Feoxide 

ptobed 05/96 for tn, cv, on? 
06/95 probed 05196 for sph, dg, bn, en 
06/95 probed 09/95 foi cv, cpy, Fe-oxide 

01 195 probed 01/95 for cv, bcv, dg, bn 



Table 3. Chuquicamata, Section 4500N. Samples are documented with respect to drill hole, depth, alteration 
and mineralisation zones. 

PTS 
SAMPLE separates for describedi 

DDH No. DEPTH ALTERATION MINERALISATION PTS sulphur isotopes photo commcnIs 
potasslc X 01/95 
potassic 
potasslc 
potassic 
potasslc 
potasslc 
potassic 
potassic 

potasslc 

potasslc 
potasslc 
potasslc 

potasslc 
potassic 

potasslc 
potasslc 
potassic 
potassic 
potairsic 

06l95 probed 09195 for sph, dg, col, py 

probed 01195 for cv, dg, bcv, an 
probed 01/95 for cv, dg, Id 

massive sulphlde w/ massive sulphale, probed O9B5 
probed 11145 for sph. dg, en 

probed 09/95 for cv, mol bn, sph, en, ga 

probed 05196 for cpy, dg, sph 

probed 05196 for sph, dg, bn, cpy, rutile 



3.2.1 Covelüte (Cd) 

Occurrence. In Chuquicamata, coveilite has three main modes of occurrence: 

a an acicular form, on its own or in association with digenite, where coveiiite rnay be 

concentrated dong the edges of digenite, or evenly distributed throughout (this assemblage is 

found in both of the major alteration zones studies, but considered by the author to be typical of 

quartz-sericite alteration); 

b. thin lamellar crystals of covellite replacing other Cu-sulphides, mainly chakopyrite; in some 

cases chalcopyrite has disappeared completely, and only the arrangement of covellite lamellae in 

loose lattices shows former chalcopyrite existence (sue of lameliae varies widely) (this assemblage 

is typical of, but not necessarily restricted to, covellite in zones of potassic alteration); and, 

c. massive coveliite, interstitial to other minerals (pyrite or silicates, mainly), and small 

subrounded grains, some of which may not show pleochroism and may be blaubleibender (blue- . - 

remainiag) covekte, or may be a basal section of regular coveilite. Massive covellite may be of 

supergene or hypogene origin (texturai differences will be discussed later, see Section 3.3). 

Diagnostic properties. Covellite is easily recognizable in both hand sample and polished section 

by its deep blue colour. In hand sample, it is dark indigo-blue with a semi-metaliic lustre and a 

black streak In reflected light, coveiiite possesses extreme reflection pleochroism (from white to 

indigo-blue) and anisotropism (bright orange to copper-brown). both of which are even more 

smking in oil than they are in air. In the case of a basai section, which does not show pleochroism, 

the colour alone is enough to identify the mineral. 

Chemistry. Of the approximately 100 samples of hypogene ore studied in polished section hem, 

less than 15 have no coveilite whatsoever. Analyses of over 150 samples of covelhte h m  various 

hypogene mineral assemblages show that iron can substitute for copper up to 5 weight %. This 

phenornenon has not been described before. If only a few samples contained iron, we might be 

tempted to conclude that this aberration results from microprobe beam inaccuracies or rnicro- 

inclusions within the covellite. The large number of iron-bearing coveiiites, however, ail 

interpreted as part of a hypogene environment, is enough to Mer that coveliite can indeed have a 



sigdkmt iron content. A binary plot of Fe vs. Cu shows that the coveliite analyses Vary 

continuously from O weight % Fe (where many analyses are clustered around the standard 

stoichiometric coveilite) to slightly less than 5% Fe. Figure 3.1 shows that a few (possibly 

spunous) samples contain between 5 and 7% Fe. Estandard idaite is located on the same plot, the 

iron variation is seen to be systematic and may indicate crystallisation along the covellite-idaite tie 

h e  (Figure 2.4b). The few analyses of supergene covellite fiom the sample set have a fmed 

composition of CuS. Table 4 tabulates 3 representative electron microprobe analyses of coveilite 

fiom Chuquicamata., along with the mean, maximum md minimum taken fkom the complete 

sample set (n) of covellites fkom Chuquicamata, where n for each element is the number of 

analyses of that element that f d  above the b i t  of quantification (Appendix A). The calculated 

standard deviation and the detection limit and also provided. Representative samples were chosen 

on the basis of common mineral assemblages at Chuquicamata. 

Table 4. Chernical composition (weight %) of hypogene covellite from Chuquicamata. 

Whatever its stabiiity withia the Cu-S system, blaubleibender coveilite is recognised as a 

phase separate fiom regular coveliite. It is reportedly enriched in copper over normal coveute by 

1.5 to 2 percent (Frenzel 1959; Moh 1964), and cm be enriched by as much as 6.7 percent 

Sarnple 

cu454B (77) 

cul95 (79) 
" 

cu495 (46) 

stoichiometric composition 

mean 

standard deviation 

maximum 

minimum 

# of analyses > LOQ 

detection limit (LOQ) 

S 

32.93 

32.80 

32-95 

33.53 

33.06 

0.74 

34.52 

30.29 

148 

0.50 

Cu 

66.03 

67.13 

65.63 

66.47 

66.18 

1.16 

69.39 

62.37 

148 

0.50 

Total 

100.42 

99.93 

100.85 

100.00 

100.07 

101.99 

97.77 

148 

Fe 

1.46 

1.99 

1.56 

0.93 

4.36 

0.25 

72 

0.25 

assemblage - 
cv+cpy 

c v d g  (no cpy) 

py+cv 

As 

0.28 

0.28 

0.03 

0-35 

0.25 

35 

0.25 



(Frenzel 196 1. for synthetic samples; Sillitoe and Clark 1969, for samples of narurai 

blaubleibender covellite). Although we have only 12 analyses of phases that fit unequivocaüy the 

composition of blaubleibender covellite, this dearth is due more likely to the failure of the author 

to recognize this phase than fiom its absence from the ore minerai assemblages. The samples of 

blaubleibender coveliite range from about 68% Cu to 73.47%, e ~ c h e d  in copper by alrnost 7% 

over the regular coveilites. As can be seen in Figure 3.2, a temary Cu-Fe-S diagram, the 

blaubleibender covellites plot in a field distinct from that in which reguiar coveliîtes from 

Chuquicamata plot. The blaubleibender coveliites show a continuous range from O to about 3 

weight % Fe, with at lest  one analysis at 4% Fe. This trend munies the iron concentration of 

reguiar covellites h m  Chuquicamata. Table 5 gives the chemical composition of blue-remaining 

covelhtes from Chuquicamata. Two defmed phases, yarrowite and spionkopite, are considered 

blaubleibender coveiiites, and their stoichiorneaic compositions are presented in Table 5 for 

cornparison. The mean, standard deviation, maximum, and minimum are calculated from the 

number of analyses for each element that are above the limit of quantifkation. 

Table 5. Chernical composition (weight %) of blaubleibender covellite from Chuquicamata. 

Samp Ie I CU 

stoichiomeÛic yarrowite ( 7235 

standard deviation 1 1.26 

maximum 1 72.65 

minimum 1 68.80 

#of analyses > LOQ 1 8 



Figure 3.1. Cu vs Fe plot of coveiiites nom Chuquicamata. Standard idaite is represented by a 
soiid triangle. 

60 
Cu (wt %) 

covellite 70 



Figure 3.2. Cu-Fe4 diagram showing fields of coveilîte (open circles) and blue-remaining 
covellite (open squares) fmm Chuquicamata. Standard idaite is plotted as a solid triangle. 
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3.2.2 Anilite (Cu,,$) 

Occurrence. Rarely identitied from Chuquicamata, aniiite occurs as individual grains or as small 

'pods' in intimate intergrowths in massive digenite. 

Diagnostic properties. Anilite fiom Chuquicamata has oniy been identi£ied in polished section, 

where reflected light study shows it to be indistinguishable fiom digenite, varying from light blue 

to white-grey. AU positive identifications of anilite fiom the samples studied here corne from the 

electmn microprobe. It is very iikely that there is more of this mineral present than has been 

identifie4 and its rarity in Chuquicamata can probably be attributed to the difficulty in recognizing 

this phase. 

Chemistry. As mentioned in Chapter 2, there is some conhision about the composition of anilite, . - 

with some sources quohg  CL@,, which corresponds to Cu,$ (the same composition as 

synthetic Cu-nch blaubleibender covellite), and other sources € ï g  the composition at Cu,,,S. 

Anilites kom Chuquicamata match the Cu,,,S composition, with copper content at 75.42 weight 

percent, but these may be copper-rich blaubleibender coveliites and not anilites. 

3.2.3 Digenite ( C e 3  

Occumence. Digenite is prevalent in Chuquicamata, where it occurs in three ways: 

a. massive digenite, which may or may not be associated with acicular covellite andlor blocky to 

subrounded disseminated enargite, interstitial to other minerals, m d y  silicates or pyrite 

aggregates; 

b. dissemiaated grains of digenite with bomite in stable intergrowths, some fiom eutectic 

formation, some as exsolution products (this assemblage is found mainly in zones of potassic 

alteration; it is less common in quartz-sericite aiteration, where the minerals may occur together in 

inclusions. interpreted as locked grains, in other sulphides); and 

c. replacement digenite after other sulphides, particularly galena 

Diagnostic properties. In hmd sample, digenite is metaiiic blue and lighter than covellite. In 



reflected light, n a d  digenites show a dull blueish colour of moderate reflectivity. Some species 

may lose their blue colour more or less completely due to admixtures: the colour in this case turns 

greyish white. An octahedrd cleavage is commonly visible, or the mineral may form an aggregate 

of blue to blue-white octahedral lameW. Digenite may be, in some samples. opticdiy 

indistinguishabie fiom chalcocite (CL@). unless the two occur together. In Chuquicamata, 

chalcocite plays a large role in the zone of supergene e ~ c h m e n t ,  where it is the most important 

copper mineral. The extent of chalcocite in the hypogene ore zones is unclear, judging from the 

4500N section, it is rare in hypogene ore mineral assemblages. AU of the copper-rich sulphide 

found in this study is considered too copper-deficient to be chalcocite (see Table 6, below). An X- 

ray diffkactogram of a separate fkom sample cul92 shows that the phase in question can be 

strucnirally identified as digenite and not chalcocite (Appendix B). 

Chemistry. Digenite can show extensive solid solution towards bomite at elevated temperatures, 

and even so-called 'pure' digenites commody contain iron in excess of 1%. Figure 3.3 shows that 

samples of hypogene digenite from Chuquicamata plotted on a binary Fe vs.Cu diagram show, 

iike the coveliites, a continuous variation in iron content from O to 3 weight percent. A temary 

Cu-Fe-S plot with standard bomite located on it shows that the same trend observed with 

coveliite-idaite can be seen with digenite-bornite, as the digenites Vary systematicaily with respect 

to iron content and appear to indicate crystallisation along the digenite-bomite tie Line (Figure 

3.4). High digenite is said to exhibit solid solution towards Cu$ (Roseboom 1966), and although 

the cubic high digenite cell is not found below about 76'. its compositional equivalent is preserved 

at lower temperatures. Digenites nom Chuquicamata range fiom 74.53% Cu (about3.5% lower 

than standard digenites, both natural and synthetic), with significant iron, >2.5 weight %, to 

79.60% copper Vable 6). Table 6 presents 3 representative samples of digenite h m  

Chuquicamata, based mainly on mineral assemblages, with the maximum, minimum, calculated 

mean, and standard deviation based on the complete sample set, n, where n is the number of 

analyses for each element that are above the limit of quantification. 



Figure 3.3. Cu vs Fe plot showing Fe content of digenites from Chuquicamata. Standard digenite 
contains 78.1 wt% Cu; standard chaicocite contains 79.9 wt% Cu. 



Figure 3 -4. Cu-Fe3 plot show ing digenties fiom Chuquicamata trending toward the standard 
bornite composition. 

bornite \ 



1 ame o. Lnermcar composiuon (weigni 70) or cugeriite rrorn Lnuqucamaca. 

standard deviation 1 1.25 1 0.75 1 031 1 0.57 1 0.90 1 

stoichiornetric digenite 

stoichiomeuic chalcocite 

assemblage Sample 

detection limit (LOQ) 1 0.50 1 0.25 1 0.25 1 0.50 1 

78.11 

79.86 

maximum 

3.2.4 Enargite (Cu,(As,Sb)SJ 

Cu 

Occurrence. ln Chuquicamata, enargite occun in two distinct assemblages: 

21.89 

20.14 

79.60 

a. in digenite + covellite, interstitial to pyrite aggregates or disserninated in gangue material, 

enargite is present locaily in subhedral bloclq to subrounded grains; and 

b. veins of enargite + pyrite, where enargite occurs both in large blocky crystals and as massive 

anhedral intergrowths with pyrite, and fme-grained angular (wedge-shaped) crystals of enargite 

with angular pyrite, disseminated in sulphate veins. These veins are seen in the mid-to-shallow 

regions of the deposit and appear to be limited to zones of quartz-sencite alteration. 

Fe 

100.00 

100.00 

Diagnostic properfies. Enargite has a submetallic lustre and is gre y-black to black with a violet 

tint in hand sample. In reflected light enargite is pink-brown to light brown and shows moderate 

reflectivity. The reflected colour may be strongly influenced by accompanying minerais, and may 

be differentiy described according to adjacent phases. Reflection pleochroism is weak in air, but 

may be distinct dong grain boundanes and is appreciably stronger in oil. p y  crearn to light rose- 

brown to violet-grey. Anisotropy is strong, with colours ranging nom dark violet red to light 

2.74 

As 

1.40 

S Total 

23.5 1 L02.08 



olive. Cleavage parailel to (1 10) is abundant and aiways visible in coarse-grained aggregates. 

Chemistry. Enargites from Chuquicamata show a range from 0.40 to 4.32 weight % antimony 

substituting for arsenic. Several enargite-like minerals from one sarnple of quartz-sericite 

alteration range in antimony content fkom 8.50% to 11.66%, apparently at the expense of both 

arsenic and copper. (However, these samples have low totals, and are rnissing a component that 

makes up between 6 and 9 percent by weight of the composition; these samples are inferred 

ternantite-tet~~hedrite senes minerah). The arsenic content of the enargites ranges from about 

16.05 to 18.99%, well within the range for standard enargites. Several samples from both quartz- 

sericite and potassic zones of alteration contain severai percent zinc and/or iron. The samples that 

contain signiflcant zinc show a range from 7.7 to 8.5% Zn. and a lower overaii copper content 

(about 43%, whereas standard enargites have a copper content closer to 50%), suggesting that . - 

the zinc substitutes for copper in the unit cell; these samples are also probably sulfosaits fkom the 

ternantite-tetrahedrite series. Iron contents are low, O to 4. It is likely that the iron also 

substitutes for copper. Table 7 gives the chernical composition of enargite samples h m  

Chuquicamata. 

Table 7. Chernical composition (weight %) of enargite fkom Chuquicamata. 

Samp Ie 

cu182B (57) 

cu46 1B (32) 

Cu 

48.93 

48.92 

cu44 1 (94) 

stoichiometric enargite 

mean 

standard deviation 

maximm 

minimum 

# of analyses > LOQ 

detection limit (LOQ) 

1.22 

0.52 

1.64 

0.50 

49.94 

48.4 1 

49.37 

0.68 

50.54 

48.28 

Fe 

20 

0.50 

As 

17.55 

18.00 

3 

0.25 

100.6 1 

100.00 

100.62 

0.80 

101.95 

99.15 

3 1.86 

32.57 

32.14 

0.55 

33.02 

30.59 

18.81 

19.02 

18.09 

0.65 

18.99 

16.05 

Sb 

t .84 

1.87 

en+dg+cv+sph 

* 

1.40 

1.01 

4.32 

0.40 

20 

0.25 

S 

3 1.86 

31.63 

12 

0.40 

TotaI 

100.18 

100.42 

20 

0.50 

assemblase 

ewpy 

dg+cv+enipy 

2o 
. 



3.2.5 Bornite (Cu$&,) 

Occurrence. Bornite bas severai associations in Chuquicamata: 

a. disseminated grains of bomite + digenite intergrowths, mainly fkom eutectic formation, 

although in some cases a cubic network is preserved, indicating exsolution on decomposition of 

high-temperature Cu$; the assemblage bomite + digenite is also found as subrounded to ovoid 

inclusions in pyrite, and is common interstitial to pyrite aggregates, where bomite >> digenite in 

zones of potassic alteration; and 

b. stringers, veinlets and disseminated grains of bornite + chalcopyrite are commun, mainly as 

equilibrium intergrowfhs, although there are cases where a film of chalcopynte around bomite is 

clearly later--this relationship is aiso seen where bomite, interstitial to pyrite, contains narrow 

'needles' of chalcopyrite, invading from a later chalcopyrite border around the bomite. 

Diagnostic propenies. B o d e  is rose-brown in hand sample, similar to pyrrhotite when fresh, 

but tarnishes very quickly to copper-red, blue, and violet. In reflected Light, bornite is light pinkish 

browo, of moderate reflectivity, one of the most readily recognised of the sulphides. The colour of 

a freshly-polished surface darkens quickly to red and then to violet-pink. Bornite may show a 

variable but weak anisotxopy. 

Chemistry. Bornites from Chuquicamata have iron contents ranging from 10.32 to 13.50%, the 

upper limit of which is approximately 2 percent higher than standard hypogene bomite. The 

excess iron in this case appears to substitute for copper. Table 8 gives the chernical composition 

of 3 representative samples of bornite from Chuquicamata. The calculated mean and standard 

deviation, as weii as the maximum and minimum values, are taken from the sample set n, where n 

is the number of analyses for each elernent that are above the limit of quantification. 



Table 8. Chernical composition (weight %) of bornite from Chuquicamata. 

mean 62.41 11.61 25.48 

standard deviation 1.06 0.70 0.38 

1 maximum 1 64.94 1 13.50 1 26.37 1 

Sample 

cu467B (6 1) 

cu476B (65) 

cu467B (49) 

stoichiornetric bornite 

1 minimum 1 60.47 1 10.32 ( 24.55 1 

Fe 

11.27 

11.49 

11.69 

11.13 

Cu 

62.68 

62.71 

62.46 

63.32 

1 detection limit (LOQ) 1 0.50 ( 0.25 1 0.50 ( 

S 

25-13 

25.72 

25.30 

25.55 

Although the composition of anomalous bomites are generaily dehed  by a slight excess 

of sulphur combined with a decreased copper content over regular bomites. several samples from 

Chuquicamata which may fit the description of anomaious bomite contain about the same amount 

of sulphur as regular hypogene bomites (Le. 25-26.5 weight percent). However, as seen in Table 

9, these samples are characterised by an increased iron content, in the range of 1243.5%. and a 

lower copper content (60-6 1.6%) than regular bomite. 

- 
Total 

99.08 

99-92 

99.45 

100.00 

assemblage 

bn+cpy+dg-cv 

bn+dg 

sp h+bn+cpy 

Table 9. Electron microprobe analyses of possible anomalous bornites, Chuquicamata, 4500N 

, 

Sample 

CuSFeS4 (standard h ypogene bornite) 

Anomalous bomite (von Gehien, 1964) 

Cu503 possible anomalous bornite? 

Cu503 possible anornalous bomite? 

Cu482 possible anomalous bomite? 

Cu482 possible anomdous bomite? 

Wt-96 Cu 

63.33 

6 1.5 

60.69 

6 1.93 

61.66 

60.79 

WL% Fe 

1 1.12 

115 

13.50 

12.17 

12.36 

13.06 

Location 

Somrneskahl (S pessart) 

DD2234,253.27rn 

DD2234.253.27m 

DD2234.29753m 

DD2234,297.53m 

Wt,% S 

25.55 

26.5 

25.30 

25.36 

25.53 

25.32 

Total 

100.00 

99.5 

99.49 

99.46 

99.54 

99.17 



3.2.6 Chdcopyrite (CuFeS,) 

Occurrence. Chalcopyrite is found throughout the system and occurs in several ways: 

a. narrow veins and stringers of massive chalcopyrite, usuaily at l e s t  partiatly replaced by 

massive covefite, where coveilite lameliae are arranged in loose lattices d e r  the chaicopyrite. and 

massive chalcopyrite interstitial to silicate rninerals (this is rnainly restricted to zones of potassic 

alteration); and 

b. disseminated anhedral to subhedral grains of chalcopyrite + bomite intergrowths, and veinlets 

of the same assemblage, which occurs in both zones but dominantly in the potassic. 

Diagnostic properties. Chalcopyrite is metaiiic yeilow in hand sample, and may show a somewhat 

greenish-yeiiow hue in contact with pyrite. In reflected light, chalcopyrite is light yellow and has a 

high lustre. In tirne, chaicopyrite in polished sections wiil turn a dark yellow golden colour in a 

uniform or spotty manner. Reflection pleochroism is rare, but in some instances lamellar smcture . * 

of chalcopyrite grains c m  be recognised due to pleochroic effects. Anisotropy is weak but usuaiiy 

Chemisny. Chalcopyrite fiom Chuquicamata does not deviate signifïcantly nom the ideal 

composition (Table 10). 

Table 10. Chernical composition (weight % ) of c halcopyrite from Chuquicamata. 

Sample Cu Fe S Total assemblage 

stoichiometric chalcopyrite 

mean 

standard deviation 

maximum 

minimum 

34.63 

34.90 

# of analyses > LOQ 

detection b i t  (LOQ) 

30.43 

30.45 
m 

14 

0.50 

0.42 

35.51 

34.29 

0.79 

36.17 

33.41 

34.94 

34.85 
I 

1.10 

101.75 

98.25 

0.48 

31.26 

29.58 

14 

0.25 

100.00 

100.20 

14 

0.50 

14 



3.2.7 Sphalerite (ZnS) 

Occurrence. Although sphalerite may be dificult to spot in hand specimen as a resdt of the 

(generaily) small grain size in samples fiom Chuquicamata, it occm in many assemblages. In 

general, the addition of sphaierite to any of the assemblages described below is as a later phase 

(possibly the latest, as in the case of possible supergene sphalente described in section 3.3.4). 

though some notable exceptions do exist: 

a. massive sphalerite, composed of a 'welded' aggregate of fme-grained euhedral to subhedral 

sphalente crystals, where remnant grain boundaries are stiu visible; in some samples the massive 

sphalente is interstitial to aggregates of subrounded pyrite grains +/- other sulphide rninerals; and 

b. skeletai sphalerite within digenite + coveliite, interstitiai to pyrite aggregates; sphalente looks 

like a strange intergrowth-possibly the digenite + coveilite is a result of the unmVring of mineral 

A, where the high-temperature assemblage was mineral A + sphalente, but more iikely the 

sphalen te is earlier. 

Diagnostic properries. S phalerite c m  be resinous, white to completely black, green or reddish, 

but most often brown, or rneta.Uk in hand sample. In reflected light, sphaierite is light grey with a 

very delicate blue or brownish tint, depending on minera1 associations and intensity of 

illumination. It has a very low reflectivity, and usuaily has numerous intemal reflections, ranging 

from white in the iron-poor sphalentes. to yeilow, light brown and dark brown. 

Chemistry. The bulk of the sphalerite samples analyzed from Chuquicamata fail within the 

standard ZnS range, with zinc contents around 67 weight percent. A few samples show decreased 

zinc contents (around 65%), but these same samples contain copper up to 4.5%, which apparently 

substitutes for zinc in the sphalente structure. Analyses £iom samples of possible supergene 

sphalente (Section 3.3.4) contain between 4.68 and L0.02 percent copper by weight, whereas the 

zinc content of these samples is as low as 60 percent. These very high copper content of these 

samples may be due to microbeam inaccuracies, or the samples may represent an intermediate 

phase in the replacement of copper-suiphides by sphalente. Figure 3.5, a binary plot of Cu vs. Zn 

shows a more or less h e a r  relationship, suggesting that copper substitutes for zinc in the low- 



temperature environment. The iron content of Chuquicamata sphalerites varies from O to almost 1 

percent by weight There is no clear relationship to the zinc and copper contents, but in general 

the samples containing more iron are the possible supergene sphalentes, at the iower lirnit of the 

zinc range. Table 1 1 presents 3 representative sphaiente samples fkom the sample set n. where n is 

the nurnber of analyses for each element that are above the limit of quantification. 

Table 1 1. Chernical composition (weight %) of sphalente fiom Chuquicamata. 

3.2.8 Pyrite @es3 
Occurrence. mte is ubiquitous in Chuquicamata samples. and was likely formed throughout the 

mineraiising history. Successive stages of pyrite precipitation are even found within the same 

'grain'. mte mainiy occurs as aggregates of couse- to fme-grained sub- to euhedral crystals, 

either welded together (where grain boundaries may stiii be visible) or cemented with: massive 

chalcopyrite, digenite + coveilite, bornite +/- digenite, massive coveliite, or massive sphaiente. 

The occurrence of veins of pyrite + enargite intergrowths are also noted, as well as fine-grained 

cubic pyrite crystals disseminated throughout many samples. 

Sample 

cu467B (55) 

c d 0 3  A (30) 

cu50 1 (35) 

stoichiometric sp halerite 

mean 

standard deviarion 

maximm 

nlliimum 

# of analyses > LOQ 

detection ümit (LOQ) 

Zn 

68.33 

65.40 

67.36 

66.4 1 

67.66 

1.39 

69.33 

62.98 

15 

0.80 

Cu 

1.35 

0.96 

0.38 

1.58 

0.58 

8 

0.50 

Fe 

0.63 

0.27 

0.90 

0.36 

2 

0.25 

assemblage 

sph(rnassive)+bn+dg+ga 

cv+sph+dg 

bn+cpy+dg+sph 

S 

32.54 

32.58 

33.42 

33.59 

32.76 

0.43 

33.64 

32.22 

15 

0.50 

r 

Total 

100.87 

99.33 

100.78 

100.00 

100.99 

0.87 

101.82 

99.33 

15 



Figure 3.5. Zn vs Cu plot showing variation in sphalente compositions fkom Chuquicamata. 
Standard sphaierite is plotted as a solid circle. 

standard 
sphaierite 

Zn (wt %) 



Diagnostic properiies. Pyrite is light brass-yellow with a highly m e t a c  lustre in hand sarnple. 

Reflectivity of pyrite is very hîgh, exceeded only by some of the native metals and a few rare ore 

minerais. Io reflected iight pyrite is very light yeiiow, and in the niajonty of cases anisotropic 

effects are not observed. 

Chemistry. Pyrites fiom Chuquicamata deviate little from the ideal composition. Two groups of 

pyrite can be defmed on the bais of their trace elements. specifcaily arsenic. Whereas some pyrite 

samples are arsenic-free, those that do contain mace amounts have arsenic contents that fall within 

a very srnail range, between 0.20 and 0.34 weight percent. In general, samples that contain arsenic 

also carry trace gold, up to 0.50 weight percent. Table 12 gives the chernical composition of 

pyrite £rom Chuquicamata. 

Table 12. Chemical composition (weight %) of pyrite ftom Chuquicamata. 

Sample 

cu182B (59) 

cu489 (96) 

cu482 (36) 

3.2.9 Molybdenite (Md3 

Occurrence. Veins of molybdenite in quartz and sulphate (the 'blue veins', found in the 4500N 

section only in zones of quartz-sericite alteration) are easily recognizable in hand specimen. Mhor 

molybdenite is associated with several other assemblages: 

Cu 

stoichiometric pyrite 

mean 

standard deviation 

maximum 

aiiaimum 

# of analyses > LOQ 

detection limit (LOQ) 

0.33 

0.02 

0.61 

0.08 

0.69 

0.54 

2 

0.50 

As 

0.34 

46.55 

46.88 

0.37 

Total 

100.35 

100.94 

101.37 

0.34 

0.29 

7 

0.25 

Fe 

46.45 

47.15 

47.59 

assemblage 

enipy 

py+dg 

cpy+py+cv 

S 

53.56 

53.79 

53.78 

i 

53.45 

53.75 

0.29 

47.59 

46-14 

16 

0.25 

100.00 

100.85 

0.46 

54.17 

53.12 

16 

0.50 

10 1.79 

99-92 

16 



a. aggregates of very fine-grained curved tabular strands of molybdenite, either replacing or 

overprinting other sulphides, such as coveilite or bornite (+/- chalcopyrite) (this association is 

found in both major zones of alteration); and 

b. fme-grained molybdenite in c w e d  tabular form and sphdles growing with digenite + covellite, 

interstitial to pyrite aggregates; the Iack of molybdenite-digenite and molybdenite-covellite 

intergrowths may suggest that an assemblage of molybdenite + mineral B broke down to fom 

molybdenite + digenite + coveliite. 

Diagnostic properties. Molybdenite is light silver-grey and fîaky in hand sample. with a highly 

metallic lustre. In reflected light molybdenite is generdy pure white and possesses a high 

reflec tivity . The reflec tion pleochroism, fiom grey-white to white to slate-blue, is very high, 

exceeded only by a few minerais. Effects of anisotropisrn are also very high, with colours ranging , - 

from white with a pink tint to deep ink-blue. very visible with the characteristic undulatory 

extinction of bent leaves of molybdenite. 

Chemistry. Molybdenite anaiyzed from Chuquicamata, both h m  the 'blue veins' and 

disseminated molybdenite in other hypogene assemblages, is more or Iess stoichiornetric Md,. 

Copper is a minor component of most of the samples (< 1 weight percent). 

3.2.10 Woiframite ((Fm) WOJ 

Occurrence. Its grain size in Chuquicamata samples make it unidentifiable in hand specimen, and 

although it is not common, wolframite occurs in one of two f o m  in the same basic assemblage : 

a rounded masses of woln;unite, full of holes and inclusions of pyrite and covellite, in contact 

with pyrite + digenite + coveliite. in quartz-sericite-associated assemblages; and 

b. fme-grained (locally curved) tabular to wedge-shaped grains of woIframite in digenite + 
coveiiite, interstitial to pyrite aggregates or disseminated in silicates. 

Diagnostic properlies. WoIframite is black to blackish browu in hand sample, with a greasy, 



submetallic lustre. The reflectivity of woIframite is quite low. approximately that of sptialerite, and 

the colour effect varies in reflected iight according to the accompanying minerais, grey to greyish- 

white to brown. Anisotropic eRects are weak but distinct, possibly varying with chemicai 

composition. Brownish-red to blood-red intemal reflections are aimost always visible in oil, but 

rarely in air. 

Chemishy. All of the wolframites in Chuquicamata tend towards the hubnerite variety, with 

manganese contents varying from 11.94 to 15.22 weight percent. A few samples are pure 

hubnerites. but most contain minor iron, ranging fiom 0.65 to 3.88 percent. Copper contents in 

the wolfkamites range continuously fiom O to 1.84 weight percent. 

3.2.11 Colusite Cu,V,As,Sn,S, or (approximately ) Cu,(As,Sn,V)S, 

Occurrence. Aithough there is not very much of it in Chuquicamata. colusite does occur, either 

as part of the digenitecoveliiteenargite assemblage where it is found as individual grains 

separated by digenitecoveiiite intergrowths, or as very fine round inclusions in massive digenite 

(+ coveuite). 

Diagnostic properties. Colusite occurs in tetrahedrai bronze-brown crystals in hand sample. In 

reflected light colusite appears coppery-cream coloured to creamy-tan, of moderate reflectivity. It 

is cornpletely isotropic, and cleavage is not observed. although zona1 textures are common. visible 

by ciifferences in colou. shade and polishing hardness. 

Chemistry. As can be seen from Table 13, colusites kom Chuquicamata comprise at least three 

distinct groups. differentiated on the bais of major elements tin and arsenic, and minor elements 

zinc. vanadium, and iron. There is a clear distinction between those samples that contain zinc and 

those that do not. Th is a trace to major element; samples that contain zinc also contain th as a 

major element. making up 12.5 1 to 20.36 percent. A distinction is also made between samples 

that contain zero to trace amounts of iron md those with ~ i ~ c a n t  iron content, up to 12.W 

percent. These samples contain linle or no arsenic. Samples with high arsenic (up to 16.71%) are 



Table 13. Chernical composition (weight %) of colusite from Chuquicamata. 

Sample ZIi 

1 detection limit (LOQ) 1 0.50 



also those that contain measurable vanadium. AU samples fd into eirher a high-arsenic or a hi&- 

tin category; the high-arsenic samples contain no zinc and trace iron. The high t h  content samples 

can be further subdivided between those that contain zinc and/or si@icant iron, those that 

contain zinc and trace iron, and those without zinc. Urhile it is clear that arsenic and tin substitute 

for each other, it is also apparent that samples containing zinc and signifcant iron do so at the 

expense of copper. 

3.2.12 Idaite CbsFeS, 

Occurrence. Idaite occurs as 'streaks' or curved tabular 'grains' interfïngered with similar-looking 

gains of coveilite disseminated in silicate gangue in zones of potassic alteration. It also occm as 

rounded but irregular-shaped grains which may or may not be associated with covellite, rimmed 

by irreguiar and angular chalcopyrite. 

Diagnostic properties. Both macro- and rnicroscopicaIly, idaite resembles bomite with a copper- 

reddish colour and rnetallic lustre. Idaite is of moderate reflectivity, and refiection pleochroism is 

high. fkom red-orange to aimost brown. Anisotropic effects are enormous, with sharp extinction 

and a yeliowish-green colour at the 45' position. 

Chemistry. AU of the idaites found at Chuquicamata have a composition very close to CU,,F~S,~. 

Copper contents fall within a limited range, from 57.20 to 58.97 weight percent. The iron content 

ranges from 8.1 1 to 1 1.35 percent. Most of the samples contain trace mgsten. up to 0.47%. and 

at least one sample of idaite contains trace arsenic. Table 14 gives the chemical composition of 

idaite from Chuquicamata Three representative samples of idaite are presented h m  2 samples; 

the mean and standard deviation are calculated from the complete sample set (number of analyses 

for each element that are above the limit of quantification. 



3.3 Mineral Groupin@ AssembIages 

For ease of reference, each assemblage described below has k e n  given a number code, 

where the fust number classes the assemblage by its dominant phases (for example. all of the 100 

number assemblages are dominated by coveiiite(-digenite), a l l  of the 400 number assemblages are 

dominated by chalcopyrite, etc). The assemblages have k e n  descnbed fkom a purely textural 

point of view, and paragenetic interpretations have been made based on the textures. 

In most assemblages, pyrite is the b t  phase formed, evidenced by the euhedral to 

subrounded grains (where most other phases are in a massive/anhedral fom) cornmon to almost 

every sample studied, with other sulphides f m g  spaces between pyrite grains, surrounding the 

pyrite, and/or filling cracks or hctures in pyrite grains. In the common assemblage pyrite + 
digenite + covellite, pyrite is cleariy the eariiest phase, often in fine euhedral grains surrounded by 

massive digenite-covellite intergrowths (cu195). Coveiiite, occurring here as fine needles 

distributid throughout the digenite, is probably an equiiibrium assemblage with the digenite 

(possible exsolution?). 

There has obviously ken. however, more than one pulse of pyrite precipitation. In some 

Table 14. Chernical composition (weight %) of idaite from Chuquicamata. 

SampIe 

cu450 (3) 

eu465 (57) 

cu465 (65) 

stoichiomeüic idaite 

mean 

standard deviation 

maximum 

minimum 

# of analyses > LOQ 

detection limit (LOQ) 

Cu 

57.20 

57-41 

58.05 

56.14 

57.91 

0.63 

58.97 

57.20 

6 

0.50 

Fe 

9.7 1 

1 1.35 

9.38 

9.87 

9.73 

0.85 

11.35 

8.69 

6 

0.25 

S 

34.7 1 

29.42 

34.21 

33.99 

33.55 

1.86 

34.71 

29.42 

6 

0.50 

Total 

10 1.62 

98.18 

101.64 

100.00 

101.20 

1.35 

101.95 

98-19 

6 

assemblage 
I 

cv+id+dg+bn 

cpy+bn+dg+id 

cpy+cv+id 



-3 

O. CU 

8 
CU. 



T-e 15, DISTRIBUT!ON OF OflE MINEPAL ASSEMBLAGES AT CHUQUICAMATA, SECTION 4500N 
mineral names as dumn headinas &note mineralls) dominatirig o given group of assemblanes 

I 
W H  SW -. . !YS- ! O?*88. .QS EV K? 1 :Wb 1 1 DDH 2234 iCu50i' 1 
O!?H ZW-. ... c!!m - - *.- - .cx,'?!ic 407,400 
DDH 2234 cu509 1 15.80 la& 
DDH 2234 _ cM93 - - - - - - . -- Il!!.% popotaadc 344 400,4Q9,4!0 

DDH 2234 cu503 253.27 potassk 100 411,405 
294.20 . L'OH 2234. . CM79 . -. - - .- .. m!!sbc .!O0 300 409 

DDH 2234 cu480 295.55 M o v e r  K? 103. 104 304 40 1 
O!?_H_Z134. CU@! 2 9 5 M  QS OY K? 103, !@ 300 
DDH 2234 cu482 297.53 poîassk 103 405,407 
!WH 223 ~ 4 8 7  301 *?5 ~ t a s d c  305 40 1 
ODH 2234 cu488 302.69 potassk 400 

3 0 5 3  WYel K? lm! 304 407 
DDH 2234 cu49l 306.79 potassic 304 402 

30185 . FJ!MiC 402 



iMe 15. DISTRIBUTION OF ORE MINERAL ASSWBLAGES f l  CHUQUICAMATA, SECTION 4500N 
neral names as cdumn headings denole mineral(s) dominatinq a gben group of assemblages 

40% 400 
800 
800 

304,300 800 
300 

401,407 

Wt406,401 
800 , 

4QQ, 401,406 
30 1 409,401,406 602 800 

408 
SM, 407 

BO0 
304 404 600 

402,407 
402 800 

303 400,407,406 
-3 SO!, O ?  600 
302 401,404,402,407 000 

qoa 
Ili2242 

1;4!33 pom; , 

104.20 303 401,402 

?H 224C - - e!I60 200.75 P !W~ 409,401 @O 
IH 2242 cu481 20232 OS over K? 1M 108 300,302 800 
IH  2?_4?_ E ! ! ~  23845 PM!%!!!! !O- 402 600 
3H 2242 cu465 260.14 408,404 
!H??42 ~ ~ 4 6 7  201.27 QS ove! K? 407,403 700 
3H 2242 cu468 263.23 QSover K? 108 602,603 

L 

?H?242 W ? 5  2&%?4 POtas~b 4-, 409 900 
3H 2242 cu473 289.39 polassk 103 300 40 1 600 
?Hi242 ~ ~ 4 7 4  286.75 as 0 % ~  KT 404,401 
3H 2242 cu476 288.10 OS over K?? 1 .O1 Et02 401,406 
W 2 2 4 2  ~ 4 7 ?  TW*M ~ t a s ~ i c  400,409,401 700 
I H  2242 cu478 288.95 potassic - 401,404 600 



cases (cu489), coarse-grained subrounded pyrites are marked with 'inclusion trails' of teardrop- 

shaped digenite, outlining a grain shape in the pyrite. This assemblage is interpreted as the 

formation of pyrite grains followed by a lapse in pyrite precipitation. During this Iapse, digenite 

was precipitated and surrounded the earlier pyrite grains. A subsequent period of pyrite formation 

then surrounded the digenite and conformed to the earlier pyrite grain shape, squeezing the 

digenite into separate inclusions, leaving a pyrite core, an inner rim of digenite inclusions. and an 

outer rim of Later pyrite. Other evidence of more than one period of pyrite formation cornes fiom 

looking at samples from the two main alteration zones. h the zone of potassic aiteration, pyrite 

aggregates are commonly surrounded by digenite-bornïte intergrowths (cu490), where the 

digenite and bornite may show smooth intergrowths or the cubic network pattern suggesting 

exsolution (either way, it is interpreted as an equilibnum assemblage). In quartz-sericite alteration, 

pyrite is always surrounded by the digenite-covellite assemblage, and is the earlier phase. 

However, it is not necessarily the eariiest one, as some euhedral pyrite grains in the zone of 

quartz-sericite alteration contain fme round to ovoid inclusions of the assemblage digenite + 
bomite (~305)~ interpreted as locked grains and, therefore, representîng an assemblage of phases 

earlier than the pyrite. Figure 3.6 is an excellent example. 

Table 15 details the distribution of the coded assemblages according to sample number. 

The codes were chosen arbitrarily and do not have genetic (temporal) implications, except where 

the assemblage paragenesis is described (Section 3.5). when one sulphide minerai 'assemblage' is 

referred to as having formed later than another 'assemblageT. Conclusions of parageneis are based 

only on direct observation in this chapter, and Chapter 4 discusses temperature iimits imposed by 

some of the sulphide assemblages. For instance, in sample cu205 described above, the assemblage 

covellite + digenite +/- pyrite (where pynte. when it is present, is the first phase formed of the 

three, described as code 103) is interpreted to have formed later than the assemblage digenite + 
bornite (descnbed as code 303). III general, the 100 and 200 code numbers are the sulphide 

assemblages that are characteristic of quartz-sericite alteration, whereas the higher-coded 

assemblages are characteristic of potassic alteration. Many of the assemblages described can be 

considered subsets of a few main assemblages (e.g., digeaite + coveilite + wolframite and digenite 

+ covefite + enargite are variations of the same basic assemblage, probably changing through time 



as a function of temeprature and composition of the ore fluids), but they are separated here for 

easier comprehension. 

33.1 Coveilite (-Digenite) Assemblages 

100 coveiiite 

Disseminated grains of covellite, in fine-grained columnar form (sample cu454) and semi- 

massive anhedral masses interstitial to euhedral silicate minerals (sample c305) are commonly 

associated w ith disseminated to veinlet sulphate, mainly anhydrite (Figure 3.7a). Narrow stringers 

of coveilite undulate and pinch and sweli in silicate gangue (sample cu480). 

10 1 coveiiite + pyrite 

One example of this is in sample cu184, where a hised aggregate consisting of f i e -  to 

medium-grained subrounded to rounded pyrite grains contaios interstitial massive coveilite; a very 

fine film of covellite nuis dong the edges of individual pyrite grains in the aggregate, and coveiiite 

fills tension fractures in pyrite grains. 

The same assemblage with a slightly different appearance is seen in sample cu476, where a 

narrow veinlet of pyrite in irregular globular texture encloses covellite-in this way, coveiiite may 

appear to be earlier than pyrite, but upon close inspection. minor grain boundaries are still 

apparent benveen fine rounded pyrite grains. It seems mort Lkdy then that the pyrite vein is 

enclosing remnant interstitial coveliite. 

102 covelhte + pyrite + enargite 

Sample cul85 contains miai-aggregaies of 3+ grains of medium-grained pyrite adjacent to 

subrounded fine-grained covellite, with blociq tabular grains of enargite. 



Figure 3.6. Sample cu205. DDH 2967,5 14 .90~~ Reflected light photograph of a euhedral pyrite 
grain surrounded by massive digenitecovellite, where coveilite (dark blue) occurs in an acicular 
fom in the digenite (light blue). The pNte (yeliow) contains very fine round to ovoid inclusions 
of bomite and bomite-digenite intergrowths. Scale bar 0.09mm. 



in sample cu2 14 a completely different texture is in the fom of a vein of minor 

subrounded pyrite remnants and fme-grained subrounded to blocky enargite grains surrounded by 

a thick blanket of coveilite, where the edges of enargite grains are patiaiiy dissolved; there are 

several occurrences here of blue-remaining covellite (Figure 3.73). This texture, of massive to 

wide, almost bande& veins of coveiiite completely enveloping earlier minerais, partidy dissolving 

and replacing some, such as enargite, and simply flooding others that are more resistant, such as 

pyrite, is interpreted as supergene enrichment of pre-existing sulphides by low-temperature 

coveuite- 

103 pyrite + digenite + covellite 

Sample CU 199 is a typical example of this common assemblage, where disseminated grains 

of pyrite and welded aggregates of fine-grained subrounded pyrite are disseminated throughout 

silicate gangue and in narrow veinlets and stringers. Some areas show disseminated 'groupings' of 

pyrite aggregates with a globular texture, while others have minor interstitial coveliite +/- 

digenite. Many pyrite grains contain very fine-grained rounded to ovoid inclusions of coveilite 

andor digenite, probably not Iocked grains. 

In sample cu210, sulphides in veins consist mainly of pyrite + digenite + covellite, with 

digenite and covellite filling spaces between massive elongate irregular pyrite masses (1-2 mm). 

The digenite-covellite assemblage fills spaces to varying degrees: in some veins, there are almost 

equal amounts of pyrite and digenite-covellite, with spaces between pyrite masses fded by 

massive-textured digenite with abundant 'strokes' and radiating spindles of coveiiite, very 

concentrated dong edges of digenite. Abundant tabular strokes of covellite are distributed 

throughout the massive digenite. Suiphides are bordered by (and spaces in digenite-coveliite filliag 

are filled by) sulphates; where the sulphides thin out, sulphates continue in a narrow vein, 0.5 mm 

in width. In other veins, semi-massive to massive rounded elongate pyrite masses are in contact 

with very minor amounts of coveliite + digenite in s m d  patches. No sulphate is associated with 

these veins. Other than the veins, there are abundant grains of disseminated pyrite, subrounded 

elongate to irregular, average size 0.2 mm, +/- surrounded by or in contact with anguiar digenite 

(~ovellite). 



In general. as described above, this assemblage consists of early-formed euhedrai to sub- 

rounded pyrite grains swrounded by later equilibrium digenite~oveilite, where covellite occurs as 

fme needles disseminated in digenite. Covellite and digenite also occur together when variably- 

sized interlocking Iamellar crystals of covellite replace grains of massive digenite (sample cu476). 

104 pyrite + digenite + covellite + enargite 

The most common fonn of this assemblage is coarse-grained subrounded to subangular 

pyrite with interstitiai digenite + covellite + enargite, where the enargite is massive-textured and 

smooth, no visible grain boundxies are apparent, just angular and irregular-shaped enargite in 

contact with digenite + cove~te ,  where coveilite occurs as n m w  needles in digenite (e.g., 

sample cu205). 

The other type of this assemblage (e.g., sample cu461) shows aggregates of srnail 

subrounded pyrite grains with massive interstitial covefite and digenite (very minor digenite 

compared to covellite, where covellite may even have replaced digenite. covellite occurs in an 

interlocking mass of very fine needles) and enargite, where the enargite occurs as discrete smdi 

blocQ to subrounded grains in the covellite (dgenite). 

Where enargite occurs with digenite and covellite, it appears to be the earlier phase (after 

pyrite?). It occurs as coarse to fme blocky grains paaly surrounded by (where the enargite is in 

contact with pyrite) or disseminated in the assemblage digenite-covellite (cu501. cu205). 

Although no obvious textures show mineral paragenesis for these assemblages, (unüke the 

wolnamite described below), the enargite likely formed after pynte. Pyrite in this association 

occurs in fme to medium-grahed spaced aggregates, with blocky to irregular-subrounded grains 

of enargite disseminated in the spaces between pynte grains. The enargite is not aiways in contact 

with pyrite, but where it is. the contact is usuaiiy smooth, with the edges of the enargite grain 

conforming to the shape of the rounded pyrite. Spaces behveen pyrite and enargite, and 

sunounding enargite, are hlled by digenite-coveU.ite. assumed to be an equilibrium assemblage. 

Since no direct intergrowths between enargite and covellite and enargite and digenite are 

observed, the enargite is interpreted to have formed beiore the digenite-covellite. 



105 pyrite + woiframite + digenite + covellite 

This assemblage is seen in sample cu204, where abundant curved tabular crystals of 

wolframite, fme to coarse-grained, are disseminated in gangue with massive-textured angular 

grains of digenite-coveliite and are interstitial to aggregates of subrounded medium-grained pynte 

with massive digenite + covellite; in some places, pynte has closed around the interstitid 

assemblage, leaving apparent inclusions, in massive pyrite, of smali subrounded wolframite grains 

surrounded by digenite + coveilite. In these samples, wolnamite > digenitdcoveilite (Figure 3.8). 

In sampie cu205, coarse elongate to blocky subrounded pyrite grains are surrounded by 

digenite + covellite + wolhnite, where coveliite occurs in narrow needles and snokes 

concentrated dong edges of massive digenite (to give massive covellite), and wolframite occurs in 

he-grained subrounded to ovoid dissemuiated grains in the digenite-covellite. 

A few samples show wolframite o c c e g  in a blobby pocked mass with pyrite 

aggregates, where paragenesis becomes difficult to ascertain, but where it occurs in long tabular 

to stubby grains, disseminated in silicate gangue and in contact with pyrite, the long blades of 

wolframite (cu2W) contain very fie-grained round inclusions of pyrite, suggesting that the 

wolfiarnite formed after the pyrite. However, very fme cracks running across the wolfkamite 

grains are fUed or partidly fUed by digenite, +/- covellite, and where ail three minerais are 

interstitid to pyrite aggregates, the assemblage digenite-covellite clearly surrounds the wofiamite 

blades and stubby grains. 

106 pyrite + digenite + coveilite (+ enargite) + sphalente 

S tringers and veinlets of medium-grained subrounded to rounded separate pyrite grains 

with spaces med with digenite + coveliite + sphalente + enargite are not uncornmon; sphaierite 

occurs in £ine subrounded to slightly irregular grains in massive coveiiite-digenite; enargite occurs 

in contact with both covellite-digenite and sphaierite, in smaii blocb to irregular grains (sample 

cu199). 

In a sample of fault gouge (sample cu44 l), not typical of other ore samples, an aggregate 

of spaced medium-grained pyrite grains is ffled with interstitial digenite + covellite, where 

digenite is massive and coveiüte occurs as narrow needles distributed throughout digenite. In 



Figure 3.7 (a). Sample cu192. DDH 2967,325.93~~ Reflected light photograph of fine-grained 
sub-rounded th-larneUar grains of covellite (cornflower blue to blue-white) disseminated in vein 
sulphate (anhydrite. dark brown, cleavage visible), around subhedral silicate grains (light brown- 
grey). Space bar 0. L8mm. 



Figure 3.7 (b). Sample cu214. DDH 2967,211.60m. Reflected light photograph of vein of 
massive covellite (blue) sunounding small subrounded disseminated grains of pyrite and enargite. 
This is a typical sample of supergene ore, where coveiiite envelops aii earlier sulphides. Space bar 
0.36mrn. 



Figure 3.8. Sarnple cu204. DDH 2967.513.05rn. Reflected light photograph of an aggregate of 
fme subrounded to subanguiar pyrite grallis with spaces innlled by curved tabular woIframite 
grains (brown) and massive digenite-covellite, where coveiiite occurs as needles in the digenite. 
Digenite- coveiiite network is clearly later than the wolframite, as it has hfütrated dong fine 
fractures in the wolfiamite grain. Field of view 0.72mm. 



massive interstitial digenite + covellite, sphalente occurs as skeletal blocky grains; no direct 

intergrowths are observed between sphaierite and digenite, or sphaierite and covellite, and the 

sphaierite is rarely in contact with the pyrite (being dominantiy disseminated in the once-open 

spaces between the grains). Enargite in this assemblage occurs as very fine rounded globular 

grains disserninated in the interstitial digenite + coveliite + sphaierite. 

Since no direct intergrowths occur between sphalente and coveiiïte, and sphalerite and 

digenite, and the minor spaces open in the grains of skeletal sphalente are fded with digenite- 

covellite intergrowths, sphalerite is interpreted to have formed afier pyrite, but before the 

assemblage digenite-coveliite (Figure 3.9). The exact relationship of enargite to the rest of the 

assemblage is yet to be detemiined. 

107 pyrite + digenite + coveliite + molybdenite 

The sample of fault gouge (cu44l)contains an unusual assemblage consisting of abundant 

fine-grained molybdenite in curved tabuiar grains and fine spindles with digenite +/- coveilite, 

interstitial to rounded medium-grained pyrite grain aggregates; the assemblage rnolybdenite + 
digenite + covellite also occurs as narrow fracture filliags in the pyrite; no direct intergrowths of 

digenite-molybdenite, or coveliite-rnolybdenite are observed but the fuie grain size and optical 

similarity of the phases &es interpretation of paragenesis mcult. 

Molybdenite may be the earliest phase (after pyrite?), with later digenitecovellire, or 

molybdenite may have formed in equitibrium with another phase, which subsequently broke down 

to give digenite + covellite, as suggested by the occurrence of fue needies of molybdenite in the 

digenite (a texture similar to that of covellite needles in massive or Iamellar digenite). 

108 pyrite + digenite + coveliite + colusite 

In sample cu489 creamy brown-beige colusite in fme-grained aggregates of rounded to 

irregular grains or in disseminated subrounded grains with digenite and covellite is found between 

and surroundhg coarse subrounded to subangular grains of pyrite in a spaced aggregate; the 

colusite grains and fme aggregates occur disseminated in digenitecovellite intergrowths where 

coveilite occurs as fine needles and streaks in massive digenite; no direct intergrowths between 



coveli.îtecolusite or digenite-colusite are observed; colusite is sometimes is found as subrounded 

to rectanguiar inclusions in pyrite, alone or in smooth contact with digenite in digenite(-covellite) 

+ colusite inclusions. 

Where the colusite is in contact with pynte. it confomis to the rounded to irregular edges 

of the pynte grains. Where several 'grains' or masses of colusite occur together in the digenite- 

covelIite, narrow spaces between the grains are fïiled with digenite-covellite intergrowths 

(digenite > coveilite. where covellite occurs as f i e  needles in random orientation distributed 

through massive digenite). Like enargite, colusite is interpreted to have fomed before the 

equilibrium assemblage digenite-covellite. 

Colusite is aiso found as very fine round inclusions in veins of massive coveiüte + digenite, 

where covellite occurs as coarse feather and brush-strokes, and covellite > digenite (cu48 1). In 

another texture. colusite is observed in disserninated grains of digenite and veins of massive 

digenite + coveiiite, where digenite > coveliite and the rovellite mainly occurs as fine needles in 

srnail groups in the digenite (cu467. cu474). A very nmow film of colusite rims fine-grained 

irregular grains of digenite (+/- 0.1 mm) disseminated in silicate gangue. and leaves very fine- 

grained 'inclusion trails' in veins of massive digenite + coveiiite, sometimes appearing to outline 

subrounded grains or delineate grain boundaries within the massive digenite (Figure 3.9b). 

3.3.2 Digenite (-Bornite) Assemblages 

300 (pynte +) digenite 

Veins consist of coarse-grained (1-3 mm) subrounded elongate and slightly irregular pyrite 

grains, with spaces between grains f i ed  by (and aggregates surrounded by) massive digenite + 
sdphate (e.g., CU 189). 

Digenite is one of the most common sulphide phases found at Chuquicamata. It is 

commoniy seen in an open hnework of massive digenite surroundhg euhedrai silicate 'cut- 

outs', and in large angular flakes of irregular-shaped digenite filling space between euhedral 

silicate miaerals (cu435). As mentioued above, it occurs in two ways with covellite, one 

interpreted as an equilibrium assemblage and the other as a replacement, with digenite as the 



Figure 3.9 (a). Sample cu441. DDH 2242, 145.32m. Reflected light photograph of a sample of 
fault gouge, showing skeletai sphderite (brown) in open spaces between subrounded pyrite grains 
(yellow). The open spaces were later nUed with a digenitecoveilite network. where coveiiite 
occurs as dark blue needles in massive digenite. Space bar 0.09mm. 



Figure 3.9 (b). Sample cu467. DDH 2242,26 1.27m. Reflected light photograph of  a vein of 
massive digenite (iight blue), surrounding fine-grained euhedral to subhedral silicates (brown). 
Needles of covehte (dark blue) form networks in the digenite; inclusion 'trails' of  colusite (beige) 
appear to delineate grain boundanes in massive digenite. Scale bar 0.09mm. 



eariier phase. 

30 1 digenite + galena 

Digenite + gaiena is a rare assemblage that is seen as minor occurrences of anguiar 

irregular cores of galena, +/- 0.2mm across. in an open h e w o r k  of semi-massive digenite + 
suiphate, surrounding euhedral to subhedrai silicate minerais (e.g., sample cu46 1). At lest some 

of the digenite appears to be controiled by the shape of sulphate minerals (anhydrite). 

The irregularity of the shape of the galena cores are evidence of the replacement of galena 

by digenite. 

302 bornite + galena 

Aiso rare, seen only in sample cu500, is this assemblage, consisting of very fme-grained 

cores of subrounded galena in massive bornite (interstitial to spaced corne-grained pyrite 

aggregate) . 
No obvious replacement textures can be seen, but galena is clearly eariier than the 

surrounding bornite +/- digenite. 

303 digenite + bomite 

This assemblage is seen as a film of digenite + bornite around euhedral to subrounded 

silicate minerals. and irregular masses of digenite + bornite interstitial to silicates; bornite-digenite 

assemblage shows srnooth intergrowths in some areas; in others, digenite f o m  a cubic network 

in bomite (e.g., sample cu476). 

Other than covellite. the most common intergrowth with digenite is bomite. This 

assemblage occurs in severai ways. The one most often observed is the smooth intergrowth, 

where disseminated grains are made up of digenite and bornite in approximately equd volumes. 

and the contacts between the two phases are smooth (cu454). This appears to be an equilibrium 

assemblage, shown by the eutectic intergrowth. Also interpreted as an equiïbrium assemblage is 

the exsolution texture, rarely preserved in these sarnples. but locally seen in smd grains (+/-0.2 

mm) where digenite forms a cubic network with bomite (cu476). This texture is typical of the 



exsolution of bomite from digenite upon the decomposition of P-Cu,S (Rarndohr 1980) (Figure 

3.10a). Sixniiar to this texture is a replacement texture that munies exsolution. In some samples, 

bornite grains disseminated in silicate gangue andlor associated with sulphate veinlets have k e n  

rimmed or partiaily replaced by digenite. Where the digenite is rimming bornite grains (cu509). 

the rim is composed of very fine bands of digenite interlockhg at 90' around the bornite grain 

(Figure 3. lob). Where digenite has partiaüy to almost cornpietely replaced bomite (cu49 l), the 

'massive' digenite is acniaily a cubic network advancing across the bomite. 

304 pyrite + digenite + bomite 

Sarnple cu500 consists of massive pyrite, in aggregates of fine-grained to coane-grained 

(0.05 mm to + I  mm) subrounded, inclusion-filleci, variably srnwth to shattered grains of pyrite 

with interstitial massive bomite + digenite (boniite s> digenite), where digenite in the bomite 

occurs as small speckled areas or irregular smooth intergrowths. 

Similarly, sample cu490 consists of veins and stringen of pyrite + digenite + bomite + 
suiphate in a silicate matrix, where the sulphide stringers consist of single grains and welded 

aggregates of severai grains of pyrite, ai l  sizes, separated by interstitial massive digenite-bornite 

intergrowths. 

In contrast, sample cu205 consists of euhedral pyrite crystais, 0.3 to 0.5 mm, which 

contain fme-grained round to ovoid inclusions of bomite-digenite smooth intergrowths. 

In general, this assemblage consists of early pyrite grains or aggregates surrounded by 

later digenite-bornite intergrowths, except in the case (descnbed elsewhere in this thesis), where 

second-generation pyrite contahs inclusions of digenite-bomite grains. 

3.33 Cbalcopyrite Assemblages 

400 chalcopyrite 

Chaicopyrite occurs in massive form in nanow veins and stringers in silicate gangue, and 

in open frameworks around fine euhedral silicate crystals (sample cu474). Many samples in both 

the quartz-sericite and potassic zones of alteration contain very fine-grained disseminated grains 



Figure 3.10 a. Sample cu476. DDH 2242,288.10111. Reflected light photograph of bornite and 
digenite in an exsolution relationship. Digenite (Light blue) forms a cubic network in bomite 
(tamished purplish-blue) as it exsolves fkom a high-temperature C u  phase (Rarndohr, 1980). 
Bornite-digenite grains are disseminated in silicate matrix (light brown). Space bar 0.18m.m. 



Figure 3.10 b. Sample cu491. DDH 2234,306.79m. Reflected light photograph of bomite and 
digenite in a replacement relationship. digenite (light blue) advances across the bomite grain 
(pink), with digenite lameiiae forming a cubic network very similar to that seen in exsolution. 
Bomite-digenite grains are disseminated in a silicate- sulphate matrix (suiphate veinlet is dark 
brown). Space bar 0.09mm. 



of chalcopyrite, +/- associated with other sulphide minerais. 

401 chalcopyrite + bornite 

A very comrnon assemblage, where chalcopyrite is usually the most abundant phase, in 

subrounded to irreguiar grains, very fine-grained up to 1 .O mm, as weU as minor tabuiar grains 

with subrounded ends, +0.05 mm, with minor to moderate component of bomite in irregular 

intergrowths (e-g., sample cu442). 

Chahpyrite-bomite intergrowths are very common in s m d  arnounts in quartz-sericite 

alteration, and as one of the main ore assemblages in zones of potassic alteration. Although earlier 

workers originaiiy assumed that most of the chalcopyrite-bomite assemblage seen in 

Chuquicamata represented a eutectic intergrowth, a detailed examination shows that only a minor 

amount is iikely an equilibrium assemblage. Many clear examples of small 'grains' (+/a2 mm) 

composed of welded aggregates of very fine-grained euhedrai to subhedral chdcopyrite grains 

occur with massive bornite filling spaces between chalcopyrite and in some instances almost 

outlining b e  euhedral chaicopyrite grains (cu442). Remnant interstitisil bomite is preserved as 

inclusions in the chalcopyrite. 

402 chaicopyrite + digenite + bornite 

One common example of this assemblage is in sample cu450, which contains irregular 

subrounded to anguiar disseminated grains of chalcopyrite + bomite + digenite, where the 

intergrowths between chakopyrite and bornite, and digenite and bornite. are smooth fronts; no 

direct intergrowths between chalcopyrite and digenite are observed. 

Sarnple cu49 1 is an example of euhedral to subrounded fine-graineci chalcopyrite 

surrounded by massive-textured bomite with minor grandar digenite along edges of bomite; some 

grains show a chalcopyrite core sunounded by bomite and digenite, where digenite is a cubic 

network in bornite. 

The assemblage chalcopyrite + digenite + bomite is really an extension of digenite + 
bomite, since the chalcopynte is generally the first phase formed of the three, and the minera1 

paragenesis is detennined by the bomite and digenite. In one process, subrounded grains of 



chalcopyrite in a welded aggregate, to massive chalcopyrite, are partMy surrounded by (spaces 

fded by) minor to moderate bornite, with digenite replacing the bornite in the cubic network 

described above (cu509). Where there is no boniite in contact with chalcopyrite. digenite forms a 

rim around the chalcopyrite and fills cracks/ hctures in the cubic-network replacement pattern. 

For other grains disseminated in silicate-sulphate gangue paragenesis is dficult to determine, with 

contacts between ail three minerais very smooth, almost iike a eutectic intergrowth. However, 

close inspection of the assemblage in fine-grallied disseminations shows that euhedral chalcopyrite 

grains are partiy surrounded by the equilibrium assemblage bornite + digenite (cu454). This 

association probably carries over to other grains where irregular chalcopyrite + bornite + digenite 

offers no clues. Another tex- documented for this assemblage is in disseminated grains to 

massive bomite with minor digenite, containing fine needles or rims of cbalcopynte, or s e  

speckled 'grains' of chalcopyrite in the bomite (cu500). While the partial narrow rims around 

bornite would seem to show that chalcopyrite is later, the needles and speckied grains of 

chalcopyrite in bomite are probably remnants of earlier chalcopyrite that has been replaced. As 

well. the minor digenite in bornite is interpreted as an equilibrium iotergrowth, and the lack of 

digenitethalcopynte htergrowths suggest that bomite-digenite is the later assemblage. 

403 chalcopyrite + covellite + idaite 

This assemblage is usuaily in the iorm of very irregular grains and small masses of 

chalcopynte disseminated in silicate gangue, with covellite and idaite. Idaite occurs in cunted 

tabdar streaks within or adjacent to the same kind of streaks of covellite, and weird little irregular 

'grains', not necessarily in contact with coveilite (aithough it may exhibit the same texture 

spatiaily close by), as alrnost the core of a grain, where the rim is made up of a film of 

chalcopyrite (of varying thickness, depending on the 'grain' shape of the idaite +/- coveiiite) (e.g., 

sample cu465). Covellite occurs in streaks and irregular grains in the chalcopyrite as weii. +/- 

associated with the idaite, but it also occurs in a fine granular fom clustered at the edges of the 

chalcopyrite (cu465) (Figure 3.1 1). 

Mineral paragenesis is exceedingly difficult to determine: idaite and coveilite sometimes 

appear to be streaks of one 'grain', suggesting the possibility that a high-temperature phase 
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exsolved both on cooling. Chalcopyrite definitely look to be later in this assemblage, but this is 

complicated by later covellite replacing parts of the chalcopynte + covellite + idaite assemblage in 

the network of lamellae discussed above. 

404 covellite + chalcopyrite 

The best example of this assemblage is seen where massive coveUte is in contact with 

massive chalcopyrite, or in chalcopyrite with intersecting h e s  of covellite in it at about 90"; 

covellite has an aimost graphic texture next to the chalcopyrite, formed from a network of 

covellite lameilae (e.g., sample cu455). 

Texturaliy. coveilite of this type differs from the other coveilites we see at Chuquicamata, 

in that coveilite replacing another phase fomis an interlockhg network of lamellae of widely 

varying sizes. This texture is often seen as a thick rim arcund digenite (cu476), but the most 

remarkable examples of replacement are seen in the assemblage covellite + chalcopyrite. In many 

cases. coveilite can be seen starting to replace veins and grains of chalcopyrite around the edges 

and from cleavage planes in the chalcopyrite ( ~ 4 5 5 )  (figure 3.12a). In some cases the 

chalcopyrite has disappeared completely, and only the arrangement of covellite lamellae in loose 

lattices shows the former chalcopyrite existence (cu455). 

In sarnple cu494, covellite and chalcopyrite occur together in an assemblage that bears 

finie resembiance ro the replacement texture descnbed above (Figure 3.12b). The (probably 

metastable) coexistence of these two minerals can be explained by the breakdown of high- 

temperature idaite (see Chapter 2 for details). 

405 pyrite + covellite + chalcopyrite 

This assemblage is seen in veins, where a vein of massive chalcopyrite surrounds fme- 

grained separated subrounded to rounded grains of pyrite, with narrow stringers of covellite 

cutting through both the chalcopyrite and the pyrite; covellite also rims the massive chdcopyrite 

at the edges of veins; aiso, in some samples we see coveiüte + minor chalcopyrite as a s m d  

rounded inclusion in pyrite (e.g.. sample cu495). 

This assemblage is especially interesting in tenns of mineral paragenesis, since the textures 



are very clear indicators of the order of mineral deposition: fme to coarse-grained disseminated 

pyrite grains surromded by a vein of massive chdcopyrite, where massive coveliite tas begun to 

take over in a network of lameiiae, working in £rom the edges of the chalcopyrite (cu495). 

Covellite 'stringen' or fhcture fillùigs cut across the chalcopynte and through the rounded grains 

of pyrite, but the 'massive' covellite preferentially attacks the chalcopyrite and leaves the pyrite 

grains undisturbed. 

406 chalcopyrite + h i t e  + coveilite 

A relatively common assemblage, typified in sample cu487, consists of fme-grained 

rounded to subangular chalcopyrite disseminated in silicate gangue, with bornite + covellite nUing 

cracks and fractures in chalcopyrite; bornite also occm in smooth intergrowths with chalcopyrite 

in fine-grained rounded grains, with covellite partially rimming the grains or invadhg the grains in 

fine needles. 

407 (pyrite +) chalcopyrite + bornite + digenite + covellite 

Sample cu454 contains irregular to subrounded fine to medium-grained chalcopyrite 

grains disseminated in silicate gangue or in 2-3 mm masses, surrounded by bomite-digenite in 

smooth intergrowths, and rimmed or partidy Rmmed by very fine needles andlor granular 

coveilite; some speckied or partiy 'dissolved' fiae grains of chalcopyrite are disseminated in 

bornite-digenite intergrowths in contact with massive chalcopyrite. 

Sample cu500 contains massive bomite (interstitial to variably spaced M, welded aggregate 

of fme to couse-grained pyrite) with nmow needles of chalcopyrite in the bornite, starting frorn 

the outer edges, as weil as minor occurrences of tinely speckled chalcopyrite grains as 'inclusions' 

in the bomite; digenite occurs as small irreguiar smooth intergrowths with massive bomite, and 

coveilite occurs as fuie needles in smali patches at the edges of the bomite + digenite + 
chalcopyrite. 



Figure 3.1 1. Sample cu4JO. DDH 2242, 16 1.98m. Refiected light photograph of semi-massive 
coveUite (light to dark blue) + idaite (Iight blue to dark red), where the two minerals occur as 
interfhgered needles or 'stmkes' and curved tabular 'grains'. Matrix is silicate with some suiphate 
in upper right corner. Field of view 0.75rnm. 



Figure 3.12 a Sample cu455. DDH 2242, 193.86m. Reflected light photograph of covellite (dark 
blue) replacing chalcopyrite (bright yeliow) in a lattice of loosely-spaced lamellae. Coveiiite- 
chalcopyrite is in a matriix of silicate (brown). Scale bar 0.18mm. 



Figure 3.12 b. Sarnple cu494. DDH 2234,219.84m. Reflected light photograph of metastable 
assemblage coveiiite (dark blue) + chalcopynte (bright yeliow) as an inclusion (locked grain) in 
pyrite (light yeilow). Ratio of covellite to chalcopyrite is approximately 9:2. Scale bar O.09mm. 
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There appear to be two major subgroups of this assemblage defined by their respective 

mineral paragenesis. Some cases are very difîicult to judge, such as ones where there appears to 

be remnant chalcopyrite and bornite (impossible to deterrnine earlier relationship, possible 

equilibrium. but now very minor bomite lefi and only trace chalcopyrite) attacked fmt by digenite, 

then by coveihte in a very regular lanice network, surrounding euhedral medium- to very fme- 

grained pyrite grains, where the pyrite rernains virtuaiiy unaffected (cu482). In other cases, indeed 

most of them, chaicopyrite is obviously sunounded by e q u i l i b h  digenite-bornite, with later 

covellite intmding in fine needles and splatshots (cu442). A third possibility exists, in that bornite 

+ pyrite react to produce digenite + chalcopyrite below 22B°C (Yund and Kullerud, 1966). If this 

reaction were in fact proceeding here, we would see the products at the interface between bomite 

and pyrite, instead of within or at the edges of the massive bornite. 

408 coveilite + chalcopyrite + Fe-oxide 

Again in sample cu455, where massive covellite is in contact with massive chalcopyrite, 

and covellite has a graphic texture and is rimmed by a nmow f a  of iron oxide; the iron-oxide 

also forms as streaks in the massive covellite, and rims holedgouges in the covellite and 

chalcopyrite. 

3.3.4 Spbalerite Assemblages 

600 sphaierite 

Sphalerite mainly occurs as a minor phase in various assemblages which cm be fount 

throughout the deposit. It commoniy occurs as skeletal grains disseminated in silicate gangue and 

as small subrounded grains and irregular masses adjacent to, and possibly overprinting, other 

sulphides, such as pynte with surrounding digenite + coveiiite (cu48 1). 

601 sphalerite + pyrite + galena 

Sample cu467 contains this assemblage in minor amounts, where welded to spaced 

aggregates of fine-grained subrounded to subangular pyrite grains, are surrounded by (and have 



spaces med by) galena + sphalerite; galena is a very minor phase, in very fine rounded grains and 

subrounded slightly irregular-shaped graios, surrounded by massive sphalente. 

The galena apparently formed after the pyrite grains, as it £ U s  angular open spaces left by 

the pyrite (see below for m e r  discussion). 

602 sphalente + bornite + chalcopyrite 

In sample cu467, massive sphalerite, pocked and with irregular edges. is cut by narrow 

veins, pinching and swelling, of bomite + chalcopyrite; the bornitc and chalcopyrite occur in 

irregular intergrowths in veins full of hoies and gouges, and very fuie-grauied euhedrai to 

subhedral silicate minerais. 

The veins and stringers of chaicopyrite + bomite are interpreted as an equilibrium 

assemblage. The massive sphderite is scratched and gouged, and contains fine-grained 

subrounded to subangular inclusions of pyrite. In some instances, remnant grain boundaries of 

subhedral fine-grained sphderite grains are apparent in the massive sphalente. Elsewhere in the 

section, semi-massive pyrite is mside :ip of spaced to welded aggregates of subrounded variably- 

sized pyrite grains (4.05 to 0.2 mm), with very minor fine grains of galena disseminated between 

the pyrite grains, and massive sphalerite suirounding the pyrite and galena. in the same section, 

we observe a small amount of semi-massive gaiena adjacent to massive sphalerite, with spaces 

around/between the galena and sphalerite 6Ued by massive smooth digenite-bomite intergrowths. 

Mineral paragenesis for these associations is interpreted as: pyrite, foliowed by minor galena, 

followed by massive sphalerite. Since the veinlets of bomitechalcopyrite, interpreted as an 

equiiibrium assemblage, are not in contact with the presumably eutectic intergrowth of digenite- 

bornite, it is difficult to ascertain the order. However, based on the placement of chaicopyrite in 

other samples, the chalcopyrite-bomîte veinlets likely formed More the massive-textured 

digenite-bomite. 

603 sphalente + bornite + digenite + galena 

Sample cu467 consists of massive sphalerite, possibly a welded grain aggregate (outlines 

of apparent grain boundaries are sometimes visible) in contact with semi-massive irregular galena, 



with spaces in and between sphalente and galena nUed by approximately equal amounts of bomite 

and digenite in smooth intergrowths. The mineral paragenesis of this assemblage is discussed 

above, in conjunction with the other sphaleritedominated assemblages. 

700 chalcopyrite + coveiiite + sphalerite 

This unique assemblage is typified in sampie cu507, where a vein of massive chalcopyrite 

with abundant cracks and hcnires is Wed with very fme granuiar digenite +/- covefite; the 

digenite + covellite also borden the chdcopyrite vein. The digenite is then Rmmed and in some 

areas taken over by fine grandar sphaierite. which f o m  a film around the edges of the 

chalcopyrite vein and invades along cracks and fkacnires. Where the digenite-coveliite pinches 

out, granular sphalerite rims the massive chalcopyrite vein; massive chaicopyrite is also found in 

an open framework surrounding euhedml to subhedrai silicate minerais, most of which aiso have a 

thui coating of digenite andlor sphalente (Figure 3.13). 

This assemblage occurs at relatively shaliow depths in the porphyry system, and rnay be 

indicative of low-temperature sphalente replacing earlier high-temperature phases. 

701 sphalerite + (chalcopyrite +) digenite + bomite (+covellite) 

Sample cu509 is an exarnple of this unique assemblage, where disseminated grains and 

intempted stringers of elongated chalcopyrite grains. +/- 0.25 mm, and grains of bomite-digenite 

intergrowths, are al l  rimmed by a narrow fiùn of sphalente. Bornite occurs in isolated or small 

groupings of grains disseminated in silicate gangue, and as a minor component in the chalcopyrite 

stringers, surrounding euhedral to subhedral chalcopynte and concentrathg along edges of the 

veinlets; digenite occurs as a granular coating, very fme-grained, around the edges of the 

chdcopyrite seringers, and as granuiar rims around and partial cubic networks in bomite grains. 

with interlocking 'needïes' of digenite starting at edges of bomite g r a s  and projecting part or aii 

the way across the grains. Each grain is rimmed by a fine film of granular to massive-textured 

sphaiente, which also rims the outer edges of, and the fr;ictures/cracks in, the chalcopyrite 

veinlets. Where coveliite is part of this assemblage, it occurs as a minor component, as very fine 

needles in the granular digenite rimming bomite and/or chalcopyrite. This texture is tentatively 



interpreted as supergene sphalerite. 

3.3.5 Molybdenite Assemblages 

800 molybdenite 

Molybdenite occurs as isolated curved tabular grains, 4 . 5  mm long, to veins of massive 

rnolybdenite in massive quartz; minor flakes of molybdenite occur with disseminated grains of 

covellite (e.g., sample cu434). 

Massive molybdenite occurs in late-stage veins (+/- 5 mm wide) in massive quartz, the so- 

cailed 'blue veins' in the upper regions of quartz-sericite zones of alteration (cu433)(Figure 3.14). 

80 1 molybdenite + other sulphide phases 

Sample cu500 contaios +/- 0.1 mm aggregates of curved molybdenite strands associated 

with semi-massive and disseminated grains of bomite + chalcopyrite; individual strands are 

dissemuiated in massive interstitial bornite and molybdenite masses are disseminated in gangue 

and in contact with edges of interstitial bornite. 

In sample cu201, rninor molybdenite in splayed flakes is in contact with subaogular to 

subrounded very fme-gcained pyrite grains disseminated in silicate gangue. 

Molybdenite, though rarely the dominant sulphide, nevertheless occurs in many minerd 

associations covering a range of suiphide assemblages and alteration zones. Other than the 

possible equiübrium assemblage with digenite and coveilite described above, molybdenite occurs 

in most associations as fme curved tabuiar grains and spindles disseminated in silicate gangue, 

spatially associated with other sulphides, or in contact with them. Fine-grained c w e d  tabular 

'balls' of molybdenite overprint areas of disseminated to semi-massive covellite, where covellite 

has completely replaced earlier chalcopyrite (cu503). Aggregates of very fme-grained molybdenite 

strands are disseminated in gangue and overprint parts of massive interstitial bomite and 

disseminated grains of bomite + chalcopyrite (cu500). In most cases, molybdenite occurs as a 

later phase, overprinting earlier sulphides where it is in contact with them. and disseminated in the 

spaces left where it is not. 



Figure 3.13. Sample cu507. DDH 2234, 1 13.65m. Reflected light photograph of chalcopyrite 
(yeilow) - coveiiite (Mue) - sphalerite (grey) - suiphate (dark brown) vein in silicate ma&. 
Covellite occurs as fme lamellae replacing chalcopyrite, with vexy fine-grained granuiar sphalerite 
Nnming. This texture represents possible supergene sphalente. Space bar 0.18mm. 



Figure 3.14. Sample cu433. DDH 2242.56.45m. Plane Light photograph of a cut section of drill 
core through a 'biue vein', made up of massive moiybdenite (metallic grey) + quaaz + anhydrite. 



3.3.6 Other Pyrite Assemblages 

200 pyrite 

20 1 (pyrite +) enargite + sphalerite 

Spatidy associated with the coarse enargite-pyrite veins is minor sphalerite in skeletal 

grains (possibly due to rapid crystallization) adjacent to large blocky grains of enargite, with 

edges slightly dissolved- indicative of a possible enargite-sphalente assemblage, with enargite not 

as susceptible to later dissolution by percolating fluids (e.g., sample cu183)? 

202 pyrite + sphalerite 

203 pyrite + enargite 

This couse-grained assemblage consists of veins of massive enargite + pyrite + sulphate in 

silicate ma&; massive enargite-pyrite consists of angular to irregular subrounded intergrowths of 

the two minerais, each commonly containing inclusions of the other; there are minor areas of very 

fine-grained disseminated grains of enargite and pyrite in sulphate, with an almost 'shattered' 

appearance, which may be right alongside massive enargite-pyrite veins; enargite also occurs as 

large blocky grains ( 1 .O+ mm) with distinct cleavage ahost at 90'; both enargite and pyrite occur 

as srnail blocky to wedge-shaped and tabular randomly-oriented grains grouped together in 

massive sulphate adjacent to larger grains-possibly pieces broken off of larger grains during 

quartz-sencite veining (e.g., sample CU 182)? 

Veins of coarse-grained pyrite + enargite + sulphate represent another generation of both 

pyrite and enargïte. The enargite in these veins is up to several millimetres in size, large blocky 

grains with semi-massive pyrite (CU 182). Both the p y d e  and enargite also occur in these veins as 

abundant fine wedges and randody-onented angular grains disseminated in massive sulphate. 

This assemblage is interpreted as an equilibrium assemblage. 



204 pyrite + woifiwite 

Wolframite occurs in two fonns: in one, massive blobby pocked wolfiamite is in contact 

with massive pyrite, where the pyrite is made up of welded aggregates of fuie-grained subrounded 

to subangular pyrite grains, where grain boundaries are sti l i  apparent in some places (e.g., sample 

cu20 1); in the other, narrow tabuiar grains of wolframite are disseminated in silicate gangue and 

in contact with (abutting) subrounded corne-grained pyrite (e.g., sample cu2û4). As discussed 

earlier, paragenesis is Micult to determine where massive wolframite is intergrown with pyrite, 

but the srnaLi tabular grains of wolframite can be observed to have been deposited after the pyrite, 

and this interpretation can be extended to encompass other textures of the same assemblage. 

3.4 Distribution of Assemblages 

The distribution of minerals is one due to the relative timing of emplacement of one 

minerai assemblage over another. Since recent AdAr dates from Dalhousie Univenio/, Nova 

Scotia, put the event that produced the quartz-sericite zone of aiteration at approximately 3 1 Ma, 

2 to 3 Ma later than the episode of potassic alteration, minerai assemblages from each event WU 

be treated as s e p m e  entities for now. The remaining question is whether each episode of 

alteration has a characteristic ore mineral assemblage. 

3.4.1 Assembiages Characteristic of Quarbi-sericite Aiteration 

Figure 3.15, a cross-sectionai view of the Chuquicamata deposit with the alteration zones 

clearly outlined, shows that quartz-sericite alteration dorninates the western haif of the deposit. 

and abus the West Fissure. In the central portion of the deposit this alteration zone dominates at 

shailow depths, and continues this way even m e r  east. At greater depths, however, the quartz- 

sericite alteration grades into elongated pods, onented up and to the east, of quartz-sericite 

overprinting earlier potasic alteration. These zones are discussed M e r  in Section 3.4.3. 

As has k e n  described above, covehte occurs in many mineral associations, the most 

common king with digenite in stringers and veins, disseminated in silicate-sulphate gangue, or 

surrounding euhedral to subhedral spaced to semi-massive pyrite grains. The covellite and 



digenite are assumed to be in equilibrium, either as eutectic intergrowths or as exsolution 

products (see Chapter 4 for discussion on temperature implications). This equilibriurn assemblage 

is typical of quartz-sericite aiteration and occurs throughout the zone. As c m  be seen in Table 15 

and Figure 3.16, where the distribution of covellite-digenite-dominated assemblages are plotted 

on the 4500N section, these assemblages dominate in the quartz-sericite zone. They are also 

found in zones of potassic alteration, albeit in much lesser amounts (see discussion in section 

3.4.3). Some of the covellite, occurrhg as disseminated grains or with digenite, is achiaiiy 

blaubleibender coveiiite, which is found in minor amounts throughout the zone, regardless of 

depth or minerd associations. 

Within the basic scheme of covellite + digenite +/- pyrite cornes enargite. Enargite in this 

association occurs as blocky to subrounded grains disseminated adjacent to pyrite and surrounded 

by coveliite + digeaite. The addition of woIfrarnite makes a fouah assemblage characteristic of 

quartz-sericite aiteration. Wolfkamite only occurs in this zone. 

Another assemblage containhg enargite is the corne-grained enargite + pyrite, which 

forms veins above the typical hypogene assemblages described above. These veins occur oniy in 

the zone of quartz-sericite alteration, and are interpreted as late-stage hydrothermal veins. 

The so-caiied 'blue veins', made up of massive molybdenite + quartz, may have formed 

More the quartz-sericite alteration, as they possess a degree of shearing and deformation that is 

not necessarily matched elsewhere in this zone. Since the absolute age of the veins has yet to be 

determined, and the relative age is diffcuit to interpret based on textues and mineralogicai 

associations (since the blue veins in section 4500N are not in contact with the more common 

assemblages), the interpretation m u t  be made based on the distribution of the veins. The blue 

veins in section 450N occur exclusively in the zone of quartz-sericite alteration, at relatively 

shallow depths. What this means in terms of deformationai history, uplift, etc. is unclear. 

Molybdenite is also found at much p a t e r  depths in this zone, as curved tabular grains 

disseminated in gangue and sometimes associated with other suiphides, namely coveIiite, digenite 

and pyrite. 

Sphalerite in quartz-sericite alteration is found rnainly as skeletal graias disseminated in 

gangue and as small subrounded grains associated with other sulphides (pyrite, digenite, 



coveiiite). Most samples that do contain sphalerite have only a minor amount. Figure 3.17 details 

the distribution of sphaierite assemblages in the 45ûûN section. 

Bornite and chalcopyrite, although not rare in this zone, occur in rninor amounts as fine- 

grained disseminations in silicate-sdphate gangue. They may be spatially associated with the more 

common sulphides here. such as covellite and digenite, but they are rarely in contact with them. 

There are rninor occurrences of digenite-bomite intergrowths in disseminated grains or in contact 

with pyrite, but most of the bomite and digenite-bornite 'grains' occur as fine round to ovoid 

inclusions in pyrite. These inclusions are interpreted as locked grains. 

3.4.2 Assemblages Characteristic of Potassic Alteration 

Potassic alteration dominates the eastem side of the deposit, and a portion of the central 

area, where it occurs undemeath a 'blanket' of quartz-sericite alteration. Further east, potassic 

alteration grades into the (poorly mineralised) propylitic alteration. 

Most of the chalcopyrite and bomite that occurs in the system is concentrated in the zone 

of potassic alteration. They often occur together, but bomite occurs even more commonly with 

massive digenite. in equilibrium intergro wths and sometimes as replacement intergrowths, on their 

own or surrounding pyrite or chalcopyrite. The assemblage bornite + digenite + chalcopyrite is 

extremely common in this zone. Massive chalcopyrite is found in several samples. and is 

commonly panially or completely replaced by massive covellite. This texture is not seen in the 

zone of quartz-sericite alteration. Coveilite in the potassic zone also occurs as fme needles and 

acicular bundles at the edges of other sulphides, particularly bomite and chalcopyrite. CoveUte in 

the potassic zone is in contrast to covellite in the quartz-sericite zone, where it dominantly occtus 

in equilibrium with digenite. Figure 3.18 shows the distribution of chalcopyrite-dorninated 

assemblages in the 4500N section. 

Where pyrite in the quartz-sericite zone is mainly surrounded by digenite-covellite, here it 

is usually surrounded by digenite-bornite intergrowths or by massive chalcopyrite (which may or 

may not be invaded by later stringers of coveilite). 

Sphalerite is common in potassic alteration. The massive sphalente described eariier in 

section 3.3, possibly made up of welded grain aggregates and part of an assemblage that may 



contain galena, pyrite, bomite, digenite, andor chalcopyrite, occurs exclusively in this zone. 

Another sphalerite assemblage exclusive to potassic alteration is the possible supergene sphalerite, 

where it occurs as narrow rims around disseminated grains and/or veins composed of 

chalcopyrite, digenite, and bomite (sr any combination thereof) (Tigure 3.17). Other sphalerite 

occurrences in this zone consist of minor isolated grains dissemuiated in gangue or associated 

with other suphides. 

Molybdenite in potassic alteration occurs much the same way as in quartz-sericite 

alteration, as isolated curved tabular grains or fuie bundles of grains disseminated in gangue near 

other suiphides, or overp~ting other suiphides. Veins of massive molybdenite are not seen, 

although there is at least one occurrence of semi-massive to disseminated grains and curved flalq 

bundes of rnolybdenite in silicate gangue in a sample that contains little else in the way of 

sulphides. 

Galena, which occurs only in minor amounts in a few samples, has been described 

texturaiiy as one of the earliest phases. Whatever minera1 associations it occurs with, it is only 

found in zones of potassic alteration. 

Other sulphides that occur in minor amounts are idaite and colusite. The idaite 

assemblage, with covellite and chalcopyrite, is observed only in potassic alteration. Assemblages 

containhg colusite are discussed below. 

3.4.3 Assemblages Characteristic of Quartz-sericite Overprinting Potassic 

Alteration 

Several samples of ore, ostensibly in the zone of potassic alteration, show a marked 

deparhue fiom both the potassic and the quartz-sencite alteration, although they contain elements 

of both. These samples are interpreted as lower-temperature quartz-sericite aiteration overprinting 

the earlier, high-temperature potassic alteration. 

In te- of distribution, relatively vast areas in the deep central and eastem portions of the 

deposit that were once dominated by potassic alteration have been affected by the later 

hydrothennai fluids. The zones of quartz-sericite overprhting potassic alteration occur as large 

'stcetched' pods surrounded by reguiar quartz-sericite alteration, or with quartz-sencite aiteration 



to the West and pure potassic alteration as a rim to the east (refer to Figure 3.15). Smalier 

elongated pods of pure potassic alteration also occur within the Iarger areas of this combined 

dteration. 

The mark of this type of alteration in terrns of ore minerals is generaily the presence of the 

equilibrium assemblage digenite + coveliite in contact with assemblages charactenitic of potassic 

dteration. 

Above and below these samples is pure potassic aiteration, and while the samples 

themselves may contain typicai potassic mine& such as chalcopyite and bonite-digenite 

intergrowths, they dso appear to have been 'flooded' by digenite + coveIlite, which fds  any 

available space between the earlier suiphides. For instance, colusite is only found in the zone of 

quartz-sericite overprinting potassic. As described above, the colusites occur in one assemblage 

as fine rounded to subrounded individuai grains disseminated in spaces between large pyrite 

grains. Elsewhere in the same sample, pyrite is partidy surrounded by massive digenite + bomite, 

taken as a eutectic intergrowth. The spaces between colusite grains are flooded with massive 

àigenite + covellite, which aiso surrounds the pyrite and other sulphides. 

The same type of texture is repeated in other sampies of potassic dteration, where spaced 

pyrite grains with skeietal sphaiente between (but not in contact with) the grains are 

fded/sunounded by covellite + digenite in a texture typical of quartz-sencite alteration. 

In some samples, coveiiite and digenite may not be the only later minerals to make their 

way into earlier assemblages. Several samples of potassic alteration contain veins and 

disseminated stocks of pyrite grains with interstitial digenite + coveiiite + enargite. where the 

enargite occurs in smdi subrounded blocky grains or more anguiar intergrowths with the other 

two phases; this texture, as has been mentioned above, is relatively common in quartz-sericite 

alteration. 

Other examples of quartz-sencite overp~ting potassic aiteration are seen in samples 

where stringers and veins of massive coveliite + digenite (+/- surroundhg rounded pyrite grains) 

cut through silicate-sulphate gangue and are spatially associated with, but not in contact with, 

typical potassic assemblages, such as cügenite + bornite + chalcopyrite. A few such sarnples have 

veins of massive digenite-covellite, interpreted as an equilibrium intergrowtb, that contain very 
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fme round inclusions or subrounded irregular inclusion t r d s  of colusite. The question is whether, 

in these instances, the colusite is high-temperature, characteaitic of potassic alteration, or 

whether it may have corne in with the typical quartz-sericite-associateci sulphides. What is clear is 

that to date, colusite has only been found in zones of potassic alteration that appear to have been 

o v e r p ~ t e d  by quartz-sericite alteration. 

35 Paragenetic Sequence of Assemblages 

A rnuch more difncult task than the minera1 paragenesis within each assemblage cornes 

when we try to reconstruct the paragenetic sequence of the assemblages themselves. Many 

assemblages appear £iom the scaie of sampling done for this study to be vimiaily 'isolated' €rom 

each other, making interpretation of relative timing somewhat ambiguous. However structural and 

texturai clues are very valuable, and though this study does not answer aU the questions of 

paragenesis it does provide the basis for a more detailed sampling scheme for fuaher in-depth 

analy sis. 

Figure 3.19 is a graphical representation of the minera1 paragenesis as constructed from a 

detailed petrologic study of the ore assemblages in the 45ûûN cross-section at Chuquicamata. 

While the paragenetic sequence is organised by minerai, the author would Like to stress that it is 

the order of the minerai assembiuges that is redy k ing  dehed. The assemblages, by mineral, 

are broken into those characteristic of potassic alteration vs sericitic alteration. 

Pynte is the fust sulphide formed, and occurs surrounded by and as inclusions in other 

very high-temperature minerais, such as gdena and massive chalcopyrite. Galena and chalcopynte 

are also among the earliest phases, dong with the rare samples of massive sphalerite. 

The (probably equilibrium) assemblage of chalcopyrite + bomite is seen cutting massive 

sphalerite and is obviously later. Bornite shows continuous mineralisation from the early varieties 

in eutectic growth with chalcopyxite, to massive bomite replacing chalcopyrite after chaicopyrite 

precipitation had ceased, to eutectic formation with hi&-temperatme digenite. Also early, 

forming before or contemporaneously with bornite, is idaite. How long precipitation of idaite 

lasted is anyone's guess; it is not very common in these samples, but this may be due in part to its 

decomposition on cooling. 



The coveiiite found in the potassic zone is undoubtedly a higher-temperature variety than 

that found in the later hydrothermal ores, but it corne at the tail end of the other high-temperature 

minerals. It is found ahos t  exclusiveIy as a replacement mineral, resulting nom hydrothermal 

leaching, where the coveilite appears to have formed during dissolution of the prirnary phase 

(commoniy chalcopyrite or digenite; 'prhary' in this case refers only to the relative timing of the 

minerals involveci, since they are ail obviously in the hypogene environment). AIthough ieaching 

without imrnediate replacement is common in other deposits, no evidence is seen for it here. 

Recent argon dates from Dalhousie University for the two main periods of alteration 

c o n f i  what c m  be observed from a textural snidy of the ores: that quartz-sericite aiteration is 

considerably later than potassic alteration. As mentioned before, the best example of this. seen 

time and again, is that of euhedral pyrite grains containing inclusions of bomite or bornite-digenite 

intergrowths, and smunded by coveilite-digeaite intergrowths. Therefore at least one generation 

of pyrite was formed afier the bornite-digenite assemblage and the other high-temperature 

minerals. Other mid-temperature assemblages are pyrite + enargite and pyrite + wolframite, both 

of which precede the dominant quartz-sericite-associated ore assemblage covellite + digenite. 

Molybdenite assemblages are dficult to place. Those containing only a small amount of 

molybdenite in isolated or small groups of grains are probably early in the mid-temperature range 

characteristic of quartz-sericite alteration. However the so-called 'blue veins' pose a problem. On 

the one hand the molybdenite veins occur mainly (or in the case of our samples, ody) in quartz- 

sericite aiteration, but there is evidence to suggest that the sencite cuts the veins. As weli, 

molybdenite in this zone is very sheared, suggesting that the blue veins formed before the quartz- 

sericite alteration event. - 
Coarse-grained pyrite-enargite veins are limited to the quartz-sencite alteration zone and 

form an upper boundary between earlier hypogene ore and the supergene ore above. These veins 

are evidence of late-stage h y d r o t h e d  veinhg. 

Supergene assemblages, dominated by rims of chalcocitel djurleite or sphalerite around 

grains and veins of other copper sulphides, and blankets of covellite overlying and enveloping 

other phases, are the most recent sulphide assemblages to have formed. 



Figure 3.1 5.  Chuquicamata cross-section 4500N. detailing alteration zona. 
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Figure 3-16. Distribution of coveiIite-digenite assemblages in cross-section 4500N. 
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Figure 3.17. Distribution of sphaierite assemblages in cross-section 4500N. 
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Figure 3.18. Distribution of chalcopyrite-dominated assemblages in cross-section 4SOON. 
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3.6 Eypogene vs Supergene Covellite 

Are hypogene and supergene covefite different, and can we corne up with a set of criteria 

to distinguish them? This was one of the major questions we started out with. M e r  detailed study 

of the suiphide assemblages in Chuquicamata's 4500N section, we c m  surnmarise the observations 

and data gathered regarding covellite in the porphyxy system in the foilowing way: with respect to 

mineralogy (grain morphology and minerai assemblages) and to chemistry (minor elements. 

specificaily iron) . 
How does coveliite occur in Chuquicamata? In the high-temperature potassic zone, 

covellite is most often found as a replacement mineral. It is most comrnon as a decomposition 

product of chalcopyrite (e-g., cu455), although it can also be found originating fiom more copper- 

rich sulphides, such as digenite (e.g., cu482). Although obviously a secondary phase in these 

samples, coveilite is still of hypogene origin. a fact which is left in no doubt due to the cornmon 

association of hypogene anhydrite with these assemblages. In the quartz-sericite zone, covellite 

occurs in a very fme-grained acicular form associated with digenite (e-g., cu192). or as 

disseminated b e  subhedral grains in massive-to-vein sulphate (usudy anhydrite, although it has 

been associated with barite). By contrast, most of the typical supergene covellite found at 

Chuquicamata is massive (e.g., cu2 14). 

With respect to mineral asssemblages, we have seen that coveliite occurs in many 

assemblages. In the hypogene environment, coveiiite occurs as a replacement phase in the potassic 

zone, where it is also associated with high-temperature idaite. In the quartz-sericite zone, coveMte 

is mainly associated with digenite in what is taken to be an equiiibrium assemblage, whether by 

eutectic growth or by exsolution. While we do observe samples of supergene coveliite attacking 

aggregates of small  rounded pyrite grains and chalcopyrite veinlets, the most typical samples at 

Chuquicamata are associated with the later-stage hydrothermal veins, specificdy the corne 

enargite-pyrite veins (e.g., cu2 13). 

The most s-g difference between hypogene and supergene coveilites at Chuquicamata 

is seen in their chemical composition. As we have seen, hypogene covellite contains signifcant 

iroa, up to about 5 weight percent. This has not been descrïbed before, as any reference to iron- 

bearing hypogene covellite in the literature has been dismissed as due to calibration or 



identifcation problem. In direct contrast, samples of supergene coveilite fiom Chuquicamata 

show almost no variaton fiom stoichiometric CuS. Where it does deviate, the small iron content 

can be attributed to an inherited impurity. 

The first two points brought up here may be useful in mapping the deposit, in aiding to 

distinguûh hypogene fiom supergene ore. W e  the chemicd character of coveilite is not usehi 

for fidd mapping, it may help to differentiate assemblages in other sections of the deposist, where 

the mineraiogicai relationships outiined above may not hold tme. 



CHAPTER 4: Temperature limits on assemblages from experimental work on Cu-Fe4 

phases 

4.1 Introduction 

The Cu-Fe-S system is the most-studied temary suiphide system. S U ,  it remains one of 

the most confusing, due to the extensive solid solutions and the presence of metastable and 

unquenchable phases. Much work has gone into definhg the minerals and phases and coming up 

with an accurate phase diagram, but it still has many problems, especially at Iow temperature 

(Barton and Skinner 1979). It was suggested long ago that the ranges in composition of the solid 

solutions might offer precise geothermometers, but rnost phases fail to preserve these 

compositions upon cooling. However, enough experimental work has gone into the most common 

phase relations to make them useful in the study of naturai systems, although caution must be 

used in the application of quili'oritu diagrams to naniral assemblages. 

4.2 Assemblages in the Cu-Fe-S System 

ùiterpretation of ore mineral textures in this system are notoriously difficult, since 

equilibration between minerals such as bornite, chaicocite, digenite, and copper is so rapid, even 

at low ternperatures, that the compositions and textures of the minerals record only their rnost 

recent histories (Barton et ai. 1963). It has been fkequently observed that reactions involving 

chalcopyrite are slower than the rest, and those involving pyrite are much slower; the tendency for 

ores representing the copper-rich porion of the Cu-Fe-S system to violate the phase mie is 

attributed to the inertness of pyrite (Barton et al. 1963). 

One excellent example of this behaviour is seen in the coexistence of chalcopyrite and 

covellite in an apparently eutectic intergrowth (documented in sample cu494, Section 3.3 -3). 

While equilibrium phase diagtams clearly show that these two minerals do not occur together, 

their observation in naNel systems seems to de@ the phase d e .  The assemblage covellite + 
chalcopyrite is the chemicai equivalent of, and appears to represent, idaite. The absence of idaite 

fiom the assemblage is explained by Schneeberg (1973): idaite decomposes to digenite + covellite 

+ pyrite at ternperatures below 223°C. CoveKte and chaicopyrite do not react at 2ûû°C but do at 



higher temperature. The reluctance of pyrite to grow permits idaite to decompose to the 

metastable assemblage covellite + chalcopyite at lower temperature. 

Not aU of the original idaite in Chuquicamata is represented by chemically-equivalent 

breakdown assemblages. The compositions of the idaite specimens found at Chuquicamata 

(descnbed in Section 3.2.1 1) correspond to CU~~F~S, , ,  the composition of the phase described by 

FrenzeL(1959) and found to be stable below 501°C (Yund and Kuilerud 1966), as opposed to the 

supergene phase, also (confusingly) called idaite; this supergene phase seems to have the same 

optical properties as the high-temperature idaite, but its composition has been fixed at Cu,FeS,. 

We are obviously dealing with the high-temperature phase at Chuquicamata, but questions stilI 

abound. Should the preserved idaite in the potassic zone of aiteration be interpreted as having 

been quenched at a temperahue above about 225OC? This is one possibility, that wouid give some 

rnineralogical credence to the suggestion that the system undenvent (possibly quite rapid) uplift 

and some exhumation after the event that resulted in potassic alteration (ZentiIli et al. 1995). 

Many individuai temperature points for specific reactions can be specified for the Cu-Fe-S 

system; in the direct determination of phase relations, the most useful data direct attention to the 

circurnstance where one assemblage of phases replaces another. Table 18 lists the invariant points 

of the reactions which are of particular interest to this study. 

Normal hypogene ores in a hydrothermal environment aiready serve to place assemblages 

between 200 and 500'~; the question is, can specific assemblages help to place M e r  conseaints 

on temperature? It is obvious from Table 16 and from data presented in Chapter 2 that 

assemblages in the Cu-Fe4 can be at least somewhat useful in this regard. Severai samples from 

the zone of potassic alteration at Chuquicamata preserve the assemblage covellite + idaite 

(documented in Chapter 3); since above 4 8 2 ' ~  the same b u k  composition would precipitate 

digenite + sulphur melt, we can conclude that this assemblage formed below 482°C. In one of 

those samples (cu465), idaite is found with chalcopyrite, and minor bornite. Since idaite does not 

normally form ties with chdcopyrite (Figure 4.1), tbis assemblage is most lilcely due to the 

breakdown of high-temperature pyrite + boniite to idaite + chaicopyrite at 3 0 0 ' ~  (Yund and 

Kdierud 1966). In this way the temperature of formation for sample cu465 c m  be constrained to 

between 300 and 482OC. 



Figure 4.1. 3ûû°C isothermai section. Assemblages consisting of two condensed phases are 
indicated by numeral 2; tie-lines are not shown in these fields. Compositionai limits of solid 
solutions and compositions of coexisting phases are only approximate (fkom Yund and Kullenid 
1966). 



Table 16. Summary of invariant points fkom the condensed Cu-FeS system of possible interest to 

High-T Assemblage 

sulphur-cich bornite boniite + digenite + 
c hakopyrite 

high digenite in presence of bornite digenite 

high boniite in presence of hi& digenite bornite 

not reversible 

not quenchable bornite 

1 digenite + chalcopyrite 

isometric cubanite 260 

cornplete fcc solid solution 335 

boxnite + pyrrhotite - 325 

isomeaic cubanite + pyrite 330 +/- 5 

idaite + sulphur melt 434 

bruite + iron 475 

high bomite + high digenite 

copper + isometric cubanite 
I 

pyrrhotite + chalcopyrite 

pyrite + coveiiite 

- 

high digenite (ss) + su1phu 482 
me1 t 

high digenite (ss) + pyrite + 50 1 
sulphur melt 

isometric chalcopynte sulphur sanii-ated 
cornpounds; in presence of 
cubanite, inversion lowers 
to -480 C 

isometric cubanite + isometric _ 
chaicopyrite 

isometric chalcopyrite (ss) - 550 l 
l pyrite + bornite isomemc chalcopyrite + 1 568 

sulphw melt 

1 pyrite + isometric chalcopyrite pmot i t e  + suiphur me~t 1 - - 

melt (eutectic, 15% Cu, 
41% Fe) 

pyrrtiotite -t digenite + iron 

References: Brett (1963). Bren an 
L 

Yund (1964). Greigg et ai. (1955). Kuiienid (1960). Morimoto and Kullerud 
(1% 1). Roseboom and KulIerud (1958). Yund and ~uÜerud (196 1.1963). Merwin and Lombard (1937). 



This is useful, but to be able to translate approximate temperatures across more than just 

one sample, we need to look at the more common sulphide assemblages. In the potassic zone, the 

digenite-bornite assemblage, for instance, is prevalent and may have some temperature 

implications of its own. Can we say anythbg about temperature based on textural observations? 

Digenite-bornite is found here in exsolution relationships, where reconstruction of the original 

state of the grain is possible (that is, it is unlikely that part of the exsolved material has migrated 

out of the host grain). Even so, can we Say that the preserved digenite-bonite exsolution 

reiationships formed at higher temperature than the abundant digenite-bornite eutectic 

intergrowths found in both potassic and quartz-selicite zones of alteration? Exsolution occurs on 

cooling below solid solution, where one phase becomes sanirated with the other as the 

temperature decreases. Although a precise temperature connot be determined, for digenite and 

bomite exsolution occurs somewhere in the neighbourhood of 335°C. Reserved exsolution 

assemblages probably formed nom grains thai were precipitated above 33s0c, whereas eutectic 

intergrowths should have formed below that, because there is not much solid solution in the 

samples studied here (i.e., both digenite and bomite are relatively pure when they occur together). 

It is possible that what we have interpreted as eutectic intergrowths are actually high-temperature 

grains where the pattern of exsoiution is characterised by the two phases separating compietely. 

In the quartz-sericite zone, the most cornmon assemblages are those with digenite + 
covellite. Experimental studies show that covellite is CuS without, so far as has been shown, the 

capacity to f o m  solid solutions (except possibly with Mue-remaining covellite) (Ramdohr 1980). 

However, with increasing temperature above 30O0c digenite has an increasing capacity to dissolve 

CuS or Cu& high-temperature digenite in naturai occurrences can dissolve up to 32% of CuS in 

excess of Cu2S (Buerger 1941). At Chuquicamata we see numerous exsolution patterns of 

digenite with covellite, where coveliite occurs as lamellae parailel to (1 11) (e.g., sample cu441), 

or in thin tabular tufted to feather-like masses in digenite (e.g., sample cu205). These digenite 

assemblages mut have formed with excess CuS weil above 3ûO0c, whereupon covellite was 

exsolved on cooling. However, compositional variations in digenites kom Chuquicamata (detailed 

in Chapter 3, Section 3.2.3) show that they had not dissolved much Cu$. Solid solution between 

digenite and CkS becomes complete above 4 3 5 * ~ ,  and since digenites frorn Chuquicamata are 



compositionally closest to the 'digenite' end-member of the solid solution, an upper lixnit of 43S°C 

can be placed on these assemblages. 

4 3  Other Assemblages 

WoIfrmite assemblages, which were described in some detail in Section 3.2.10, are found 

only in the zone of quartz-sericite aiteration at Chuquicamata We would therefore suspect them 

to have formed at a lower temperame than some other assemblages. The composition of the 

wolnamites is decidedly toward the hubnerite variety, with minor iron contents. As described 

previously, studies show that the intemediate member of the hubnente-ferberite series (i.e., 

wolfr;imites with the highest degree of rnixing of Mn and Fe components) has the highest 

crystailisation temperature, while formation of the end-memben depends more on factors such as 

the Eh and pH of the solutions and the partial pressure of H,S than it does on temperature (Singh 

and Vanna 1977; Voyevodin 1981). It would then make sense to interpret the observed 

wolframite assemblages at Chuquicamata as lower temperature (in the 250°C range), since high- 

suiphidation systems take most of the iron into the early sdphides, leaving Mn-rich woIframites to 

crystallize in later-stage hydrothermal activity. 

Also interpreted as a result of later-stage hydrothermd activity are the coarse enargite- 

pyrite-(sphalente) veins found in quartz-sericite aiteration zones. The temperature of these veins 

is difficult to fm. but the composition of the enargites is a due. Enargite in these veins contains 

sigmfïcant antimony, which the low-temperature poiymorph of enargite, luzonite, usually does 

not. Aiso, X-ray diffraction studies on three samples of enargite fiom these veins c o n f i i  that we 

are dealing with enargite and not luzonite. Since the inversion temperature from enargite to 

lwonite has not been fked but is somewhere in the range of 275OC to 320°C (Maske and Skinner 

1971), we cm conclude that the veins formed above the inversion temperature, and that the late- 

stage hydrothermal activity was still at relatively elevated temperattues. Other enargite 

assemblages are interpreted as having fonned at even higher temperature. 

Other sulfosalts in Chuquicamata are potentiaily usehi as well. HaU (1967; compiled with 

other data in Barton 1970) demonstrated that a given sulfosalt is not appreciably more stable than 

aay of several alternative conf&urations that represent the same buik composition. Therefore, 



relatively small changes in temperature and composition have the abiiity to strongly mod@ the 

configuration of sulfosalt phase fields, and for this reason naturai suifosait assemblages may 

contain precise thermochemical information (Barton 1970). Unfortunately, data for complex 

sulfosdts such as colusite are few. 

4.4 Summary 

Figure 4.2 provides a graphical sumrnary of the inferred temperatures of mineralisation for 

sulphide assemblages in the 4500N section. In the potassic zone, pyrite was the fmt mineral to 

crystallize, probably at temperahues of 500 '~  or higher and continuhg down to lower 

temperature. Chaicopyrite could have fomed anywhere below 557'~, but probably precipitated 

above 4û@C or so, since the common digenite-bornite assemblage is interpreted to have formed 

later than chaicopyrite. Digenite-bomite assemblages formed at +/- 335'~. where the +/- 

(although it was more iikely at a higher temperature than a lower one) codd be 50' or greater. 

Idaite assemblages, although not very common, are in good agreement with other assemblages in 

this zone, having formed between 300 and 482OC. Temperatures for the duration of the potassic 

event could have been between about 600 and 275'C, but it is extremely unlikely that 

temperatures reached below 300' at this stage, and they may have stayed weil above that, in the 

400 to 450' range. 

Less interpretation can be made using various sulphide assemblages in the quartz-sericite 

zone, but the most cornmon assemblages have been weU-documented. The digenite-coveiiite 

assemblages formed between 300 and 435OC. Wolnamite and enargite, crystallizing with or soon 

after pyrite, must have fonped in this range as weii, or at slightly higher temperanires, since 

covellite-digenite follows these phases in the paragenetic sequence. Later assemblages such as the 

late-stage' hydrothermal veins of enargite-pyrite must have fomed above 275 to 320'~. Since the 

absolute ages of the alteration events and their associated mineralisation have been determined at 

34+/-1 Ma for the potassic zone and 3 1+/-1 Ma for the sencitic zone, we can make some 

interpretations about the cooling of the system. If the potassic event cooled from 6ûû"C or higher 

to 350-450'C in -1 m.y., it is improbable that the system stayed at that temperature for the next 

2-3 ny., especidiy when the spatial associations are considered (i.e. the fluids would have to 



Figure 4.3. Sumrnary of temperatures of mineralisation estimated From 
sulphide assemblages ai Chuquicamata, scction 4 5OON. See text for 
specific samples. Temperatures for pyrite and chaicopyrite 
are inferred ody frm paragenesis. 
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have traveiled up to several kilometres without losing their heat to the country rocks). A more 

likely interpretation is that a second heating event at 3 1 Ma produced the hydro thed  fluids 

responsible for ore deposition in the quartz-sericite zone, in agreement with the theory posnùated 

by Zentilii et al. ( 1994). 

Other assemblages that can provide information about the formation of the system include 

those containing low-temperature phases like anomalous bornite. and the supergene assemblages. 

The so-caüed 'anornaious bornite' or sulphur-rich bornite, has been found to f o m  fiom low- 

t e m p e m e  solutions below 12S°C (Yund and Kderud 1966). It is unclear whether this implies 

only supergene processes, or whether it can f o m  fiom very late hydrothemal fluids. Recognition 

of this phase is difficdt, and the Chuquicamata samples that rnay correspond to it should be 

snidied fiuther for positive identification and for possible evidence of supergene e~chment .  

In the supergene environment, dated at 17-12 Ma (Sillitoe et ai. 1996), the possible 

'supergene' sphaierite is a new phenornenon and to date there is not much information on which to 

rely. It may have fomed up to lûûOc, well above what would usiially be considered reasonable 

for supergene processes. Supergene covellite and chalcocite probably fomed between 25 and 



CHAPTER 5: STABLE ISOTOPE STUDY 

A stable isotope study can yield valuable information when used in conjunction with other 

mineralogical and geochemical studies of a rnineral deposit. With an integrated study, some 

insight can be gained into the physical/chemical conditions of ore formation (e.g., temperature, 

pH, redox state, pressure, depth), the source of the ore constituents (especially sulphur, carbon 

and metals), the mechanisms of transport, and composition of the fluids, specificaiiy 

sulphide/sulphate ratios. The scope of the isotopic snidy done here was limited to a few weH- 

chosen samples from the 45WN section at Chuquicamata to gain some insight into temepratures 

of equilibration and the possible source of the sulphur. 

Thirty-four samples of sulphides and sulphates were analyzed for their sulphur isotope 

compositions at the NERC Isotope Geoscience Laboratory (British Geological Survey) in 

Nottingham, UK (three samples were dupiicates to assess precision of the results), under the 

supervision of Dr. Baruch Spiro. 

AU of the samples were separated rnanualiy by crushing and sieving the rock to between 

80 and 60 mesh (corresponding to 180-250 microns), and hand-picking the individual grains. 

Sample sizes sent for analysis varied between 8.0 and 30.0 mg. 

5.1 Sulphur Isotope Theory and Mechanisms of Fractionation 

Sulphur has four stable isotopes. Their atomic numbers and naturai abundances are as  

follows: 

s32 s33 S 34 s36 
95.1% 0.74% 4.2% 0.02% 

The isotopic ratio in any given reservoir is expressed as the heavy isotope over the iight 

isotope, in this case for the two most abundant isotopes, Le. the ratio of sM/sn. Different 

reservoirs (e.g., minerais) nay have different isotopic ratios. These differences are measurable and 

ïmply that there must be fkactionation of the sulphur isotopes. There are two mechanisms of 

hctionation in the sulphur systern. The fint is fiactionation during kinetic reactions, i.e,. a 

unidirectional reaction that directly affects the sulphur bond (Nielson 1979). of which an excellent 



example is the bactend reduction of sulphate to H,S; this bacterial reduction accounts for most of 

the hctionation in the sulphur cycle. The second mechanism is isotopic exchange under 

equilibrium fractionation. Typical equilibrium systems include sulphate and sulphide in a magmatic 

environment, and dissolved sulphide and precipitating sulphide miderals in h y d r o t h e d  fluids. 

For sulphur-bearing minerais, the hcûonation effect at constant temperature is largest between 

sulphate-sulphide pairs (where sY is preferentiaily taken into the sulphate), and smallest but stiil 

measurable between many suiphide-sulphide pairs. where there is a preferential order of 

concentrating SM. 

If evidence c m  be obtained that indicates the source of the sulphur in the suiphides, it 

helps in determining the processes by which some base-metal deposits have formed (Jensen 1967). 

The isotopic composition of any compound A cau be expressed as a "del" value: 

gA=((RA-\)/%) * 103 

where RA is the isotopic ratio in compound A 

and % is the isotopic ratio defmed for a standard sample 

and del values are measured in per mil, parts pet thousand. 

For sulphur: 

asY %, = ( ( ~ ~ / s ~ ~  - s"/s3* ,) 1 s34/s3* Cm) * 103 

where CDT is milite fkom the Canon Diablo iron meteonte, the standard for sulphur, where 

S34/s32 = 0.0450045. 

Positive per mil deviations indicate enrichment of S" relative to the standard, whiie negative per 

mil deviations uidicate depletion. 

Ohmoto (1972) pointed out that the 8sY of an ore-bearing fluid indicates (loosely) the 

origin of the sulphur in the fluid. Sulphur of mantie magmafc üsigin is vsurned to have a del 

value around zero, comparable to the standard (approximating the primordial earth and the 

mantle) (Ohmoto and Rye 1974). A 8s" of about +20%,, approxix~1ate1y that of seawater, implies 

marine evaporites or seawater as a source of the sulphur. Intermediate values suggest that the 

sulphur may have k e n  remobilized from the sunoundhg rock. 

In magmatic hydrotherrnai ore deposits the ore solutions are derived at high temperatures 

and there is not much isotope fractionation resulting fiom exchange reactions (Jensen 1967). 



Magmatic hydrotherrnal solutions become weii-mixed during crystallization of the parent magma; 

the result is homogenization of the isotopic composition. Therefore, when mineralizing solutions 

escape fiom the magma, very little suiphur isotope frilctionation occurs. The majority of 6SN 

values of sulphides from porphyry copper deposits are between -395, and +l%,, which has led to 

the proposal of a deep crustal or mande ongin of the sulphur (Hoefs 1987). 

The isotopic difference between two coexisting (equilibrated) sulphur-bearing minerais or 

mineral phases may originate from temperature-dependent fiactionation effects. The fractionation 

factor, a, is defmed as the ratio of the isotopic ratios of any two compounds A and B, i.e. a,, = 

RA/'&. This fractionation factor for isotope exchange between minerals is a linear function of 

ln2, where T is temperature in degrees Kelvin. The relationship between fractionation and 

temperature is given by the equation: 

103bt = A/T~ + B 
where A and B are experimentally- or theoreticaily-determined equilibrium constants for a given 

system, Le., A and B are specinc for any mineral pair. Experimentaiiy-detemined curves for 

common sulphate- suiphide mineral pairs are based on the work of Sakai (1968), and are used in 

this thesis. If the fractionation factor is known, these curves can be used to find the temperature of 

equilibration. 

5.2 Method of Analysis 

Sulphur-bearing mineral phases must be separated and analyzed individually. Samples 

from Chuquicamata were chosen based mainly on ease of separation; many of the copper- 

sulphides are very fmely iqergrown, and sepamion of sulphur-bearing phases is difncult. Samples 

of coexisting suiphates (usually anhydrite) and sulphides (pyrite or chaicopyrite) were picked from 

fine to medium-grallied sulphate veins in the quartz-sericite and sericite-overp~ting-potassic 

zones of alteration. Electron microprobe analyses of the samples to be separated ensure the 

homogeneity of the phases. The samples were hand-picked and X-ray cliffiaction was performed 

on most of the separated samples to assess their purity. The minerais or mineral phases are 

converted to S02, in one of several ways. The two most common are direct oxidation and 

oxidation of the sulphide to a sulphate. In the latter method. the sulphate is then precipitated as 



barium-sulphate and reduced to barium-sulphide at a temperature of about 1000°C when mixed 

with excess carbon. The barium-suiphide is treated with acid to evolve H,S, and precipitated as 

silver- or cadmium-sulphide, which is rapidly and easily oxidized to S4. The gas is then anaiyzed 

in a masç spectrometer, a device that separates charged atoms and molecules on the basis of theû 

masses, based on their behaviour in a magnetic field. Figure 5.1 is a simplified diagram of a basic 

mass spectrometer. The spectrometer is made up oE the inlet system; the ion source, where ions 

are fonned, accelerated and focused into a beam, usuaiiy by bombardment of electrons; the mass 

analyzer, where ion beams are separated accordhg to their mass:charge ratio by passing them 

through a magnetic field (the ions are deflected into circular paths. with radü proportional to the 

square root of M/e (masdcharge)); and the ion detector, which collects the separated ions, 

converts them into elecaical impulses and feeds them into an amplifier. The ion beams of the two 

isotopes desired m u t  be collected simuitaaeously so that the isotopic ratios of two samples can 

be compared under nearly identical conditions. 

Values of ~ S ~ / S ~ *  can be determined in a mass spectrometer to +/- 0.2 %,. 

5.3 Purpose 

If measurable equilibnum hctionation can be shown to occur in the formation of 

coexisting minerds, then suiphur isotopes can be used to estirnate the temperature of 

equilibration. How valid are these isotopic temperature estimates? One must assume not only 

equilibrium between coexisting mineral phases at the tirne of deposition, but also preservation of 

isotopic equilibrium and accuracy of caiibration curves where a is related to temperature. 

If equilibrium cannot be shown, sulphur isotopes are useful for indicating the source of the 

sulphur, a major factor in contmlling the sulphur isotopic composition of hydrothermal ore 

deposits. 

Del ( 6 ~ ~ )  values of sulphides and sulphates reflect not only temperature and source, but 

the pH (relative acidity) and fo, (oxygen fugacity) of the ore-bearing solutions as weil (Ohmoto 

1972). Any knowledge gained about these factors b ~ g s  us closer to understanding the complex 

conditions of ore deposition. 



Figure 5.1. Schemaric diagram of a basic mass spectrometer. 



5.4 Results for the Prosent Study 

Table 17 lis& isotopic data for the 34 suiphur-bearing mineral separates from 

Chuquicamata. 

Isotope fractionation theory predicts that hypogene sulphate should be e ~ c h e d  in 6s" 

relative to any coexisting (equilibrated) sulphide (Sakai 1968). For vein sampies of sutphate- 

sulphide, then, such as sample cu199, which &as gypsum veinlets with disseminated to semi- 

massive pyrite and lesser digenite, a signincantly higher 6s" value is expected for the gypsum 

than for the pyrite. As shown in Table 19, a ~ t u a l 8 ~ ~  values agree with the theory of 

fractionation. In a 'typical' porphyry copper deposit (Field and Gustafson 1976), hypogene 

sulphates range in 6s" values from about +7.3 to +17.0 p e n d ,  with a mean of +lO.7. Some of 

the Chuquicamata samples (e-g., cu499, cu502) contain both gypsurn and anhydrite. as massive 

gypsum with anhydrite cores; the gypsurn in these samples is interpreted to have formed by simple 

(supergene?) hydration of hypogene anhydrite. As such, it is expected to idmit  the sulphur 

isotopic composition of the anhydrite, and should be emiched in SM. The data clearly indicates 

this e~chment; samples cu499 and cu502 have gypsum values above +17 permil, in good 

agreement with hypogene anhydrite isotopic compositions, and considerably heavier than the 

sample of primary gypsum (cu199). In contrast, any supergene sulphate derived from the 

oxidation of sulphide-sulphur is expected to be enriched in S3* (Field 1966). The mean 6"s value 

of sulphates fiom Chuquicamata is 15.9 p e n d ,  considerably higher (i.e., the sulphates are 

considerably heavier) than at El Salvador. 

Hypogene suiphides nom most deposits generally range about O p e r d  or are siightly 

negative; the weU-studied El Salvador deposit shows a mean of hypogene sulphides of -3.0 permil 

(Field and Gustafson 1976). A general SY enrichment in the order molybdenite >= pyrite > 

chalcopyrite Amnite has been predicted theoretically from bond strengths (B achinski l969), and 

observed in several deposits (Ayres et al. 198 1; Field and Gustafson 1976). 

Hypogene sulphides fiom Chuquicamata have a mean of -2.3 p e r d ,  about what would be 

expected for primary sulphides nom a magmatic hydrothermal environment. Molybdenite shows 

the greatest e~chmen t  in SM over the other sulphides; pyrite is next, varying ftom 4.6 to -4.5 

p e n d .  A general trend cm be observed, where most pyrite is compositionally heavier than 



chalcopyrite and bomite, although there is signifcant overlap. In the two samples where 

coexisting chalcopyrite + bomite were anaiyzed (cu438 and cu453). individual values are different 

but chalcopynte is consistentiy isotopically heavier than bomite, as has been predicted by 

Bachinski (1969). 

Two samples of supergene sulphide, CU 109 and c314, h m  two cross-sections 1300m 

apart, have been analyzed to determine whether or not supergene covellite is isotopically 

distinctive relative to the hypogene sulphides. Any isotopic eEect is unlikely to have formed by 

sulphide-sulphide equilibria in the low-temperature supergene environment (i.e., there is no 

fractionation (Sakai 1968)); instead, the isotopic ratio of supergene sulphides is most likely an 

inherited-characteristic nom the dominant hypogene sulphides senring as host for supergene 

replacement. With the sulphur isotope analyses of supergene rninerals, it is sometimes possible to 

identify isotopicaily the primary host mineral (Field and Gustafson 1976). Samples of supergene 

covellite fiom Chuquicamata are between -5.0 and -5.8 p e d ,  very consistent and signifcantly 

depleted in SM compared to di of the hypogene sulphides. This depletion may be due to the effect 

of extremely acidic conditions in the supergene environment, since changes in pH affect the 

isotopic compositions of sulphides (Hoefs 1987). Another possibility (discussed in Chapter 4) is 

that the supergene environment at Chuquicamata was not at 25'C. as in 'typical' supergene zones, 

but acmdy at temperatures up to LOOOC, where sorne isotopic hctionation is stiU expected. 

5.5 Sulphate- sulphide Equilibrïa 

Specific samples of sdphate- sulphide pairs were chosen for this study in an effort to 

CO- and m e r  constrain hypotheses made about the tempera- of mineraibation h m  

sulphide phase equilibria. Sulphate- sulphide pairs work best for this kind of interpretation due to 

the large degree of fractionation between the two minerai species; some coexisting sulphide pairs 

have also been used, although they generally give lower temperatures of mineralisation, possibly 

due to their continued equilibration d o m  to lower temperatures. The common equilibrium 

sulphide pairs at Chuquicamata, such as chalcopynte + bomite or coveilite + digenite, have not 

been well-calibrated and are not very useful for inferring temperatures. 



Table 17. Analytical data given as 8SY per mil values for mineral concentrates of the 
Chuquicamata amples. 

1 

143.77m: suiphide-dch cc-en-py veins in shanered quanr En 4 . 8  
Q -3.8 

453.3511~ veins of massive coveiüre in quara. look supergene, Cv -5.0 
btiurfccting dissemin& fg pyriu Cv -5.8 

Py -3.1 

2îS.  1Om; quartz + alW feldspas, and semi-mas. to massive vns of En -3.6 
pyrite + enargife (luge strinted crymis) Fy 4.0 

234.45m; dissem. fg-mg pyrite and covellirt in sericitùcd rnmix Cv -3.6 
Py -1.6 

Anh +19.2 
Anh ~17.3 digrnite. in vein of pink anhydnte in sericifized porphm 1 
Gyp +?.O 569.421~ fg dissem. pydc + digenite (+/- bn) aad gypsum vnlers in qa- 

rich rock 

56.45m: abuad;int mo in vebs and minor dissem. mo in dominaatly qa Mo +1.1 
bost I - 

95.86m MXTOW vdets of mo. piaching and sweliïng. and dissem. cv +py Mo +1.3 
in q a  vein host I 
1%. 10m abundant dissem. fg barnire + chaicopfite, in mainIy qtz host 

Cp -2.4 

193.78m; voie of m. serni-massive and dissan bn-cpy in potassidy- Py -2.4 
akred porphyry with abundant narrow suiphare veins 

Gyp + 16.0 
Gyp + 16.9 

193.86m; abundant semi-mars. to massive cpy beuig replaceci by massive Cv-Cp -05 
cv I 
21630m. suni-massive and disScm. chaicopyrite +pyrite in pink gypsum Py 4.5 
v e k  in saiatiTCd prphyry 

Gyp + 16.2 

249.15m; xmi-massive pyrite +/- cpy with inwstitial dg in gyp Cp -3.6 
rock with anhydritc cons 

252.15m; semi-massive parches and dissan. py+dg+cv in seticiMcd 
porphyry with abundant suipharc (blueish-anhydritc?) 

2942b:  p a t c h  of massive pyrite with minor digcnite in pocassicaiiy- Py -15 
altcred porphm wich minor suIphate. 



Figure 5.2 plots individual 6"s values of sulphides and sulphates from coexisting pairs 

against the isotopic ciifference, or delta value, which is a function of temperature as discussed 

above. The delta value is a direct rneasurement, but the superimposed temperature scale is an 

interpretation only, based on an assumption of equilibrium. For sample cu199, for instance, the 

isotopic data suggest that the gypsum-sulphide veins fonned at temperatures in excess of 700'~. 

This temperature is obviously not realistic for veins in the quartz-sencite zone, and we must 

conclude that the assemblage is not in equilibnum. 

Assuming the ht ionat ion between coexisting sulphates and suiphides in Chuquicamata is 

due entirely to temperature effects, the assemblages point to a restricted range for temperature of 

mineralisation between 300 and 375'~. AU but one of the pairs that plot in this field are from the 
w 

zone of potassic alteration (although sample cu204, from the quartz-sencite zone, suggests the 

same range of temperature or a little lower); while this is not an unreasonable temperature of 

mineralisation for a system as large as Chuquicamata, it is sigiuficantly lower than what would be 

expected for a typical high-temperature potassic zone (for instance, the El Salvador deposit, 

which is similar in many ways to Chuquicamata and has been well-studied). Sulphur isotope data 

fiom El Salvador, plotted in Figure 5.2, are taken from Field and Gustafson (1976) and are shown 

for comparison only. They will not be discussed further here. Isotopic temperatures are also low 

in comparison with the temperatures of mineralisation determined for Chuquicamata fiom 

sulphide equilibna (Chapter 4), aithough there is of course leeway in the temperature ranges 

determined £rom the suiphide petrology. So what could serve to lower the temperature of 

mineralisation in the potassic zone?Because much of the potassic alteration is overprinted by later 

quartz-sencite alteration, with which the veins of massive anhydrite + disseminated pyrite are 

associated, the low temperatures of equilibration fkom sulphur isotopic compositions point to 

samples, ostensibly from potassic aiteration. that are in actuality the result of quartz-sencite 

alteration. A system the size of Chuquicamata almost certauily benefitted fiom the mixing of 

meteoric waters and magmatic waters, which, had it happened during the quartz-sencite event, 

would have affected the fluid temperatures. Oxygen and strontium isotopes are required to test 

this possibility. MUUng of magmatic water with oxidising meteoric waters could dso have affected 

the 6% values of sulphates h m  Chuquicamata, which are clearly isotopically heavier than those 



at El Salvador (Figure 5.2). the higher oxidation potential of the resulting fluids would resdt in 

the precipitation of 'heavier' sulphates coexisting with sulphides. However, while temperature 

determines the fractionations between sulphur-bearing rninerals. other factors can affect the &%S 

values in hyd ro thed  deposits (Ohmoto 1972), and the isotopic data shouid be studied for other 

information it can provide about the system. 

Disregardhg sample CU 199 then, a linear regression analysis was performed on the 

remaining sulphates and sulphides using Yorffit, a weighted fit based on uncertainties in the data 

points (Figure 5.3). The large amount of scatter in the individual isotopic analyses (compared to 

the smaii number of analyses) gives a signifcant margin of error, and when the regressions are 

extended back to the Y-axis, the intercept estimates do not overlap. Table 18 gives the statistical 

analysis for the points, as perfonned by Yorkfït (York 1969). 

Table 18. Regression analysis performed by Yorkfit for individual 8% values of sdphates and 
sulphides plotted against Asulphate-sulphide for Chuquicamata, section 4500N. Absolute error for 
individual P S  values is 0.2 ~ e n n i l :  error for A values are 0.4 mnnil. 

Iterations 

1 htercept error without Sum S 1 1.685688 1 1.585744 1 

Intercept 

XBar 

1 htercept error with Sum S 1 3.767585 1 3.817981 1 

S ulp hates 

5 

1 Slope error without Sum S 1 8 S8729E-02 1 8.078 158E-02 1 

Sulp hides 

5 

1 .742888 

19.57778 

1 Slope error with Sum S 1 0.1919298 1 0.194497 1 

1 1.22243 

19.57778 

The important point to consider is that. aithough the intercepts of the h e s  from the 

suiphide data and the sulphate data do not converge. the Sum S value, a measure of whether or 



Figure 5.2. Plot of sulphate and sulphide 6 3  permii values vs delta (A) values of coexisting 
sulphate-sulphide mineral pairs for Chuquicamata and El Salvador. El Salvador data taken h m  
Field and Gustafison (1976). Temperanire scale based on experimental work by Sakai (1968). 
Sulphates are samples of anhydrite nom Chuquicamata, whereas suiphides are samples of pyrite 
or chalcopyrîte from Chuquicamata. Readers are referred to Field and Gustafson (1976) for 
details of suiphate and sulphide samples h m  El Salvador. 

Chuquicam: 

Y 
Ei Salvador 1 & e m Y  

A sulphate - sulphide 

Sulphate 

i Sulphide 

(Isotopic temperatures after Sakai, 1968) 



not the points fit the iine within enor, is very high. The high Sum S value implies real scatter of 

the data points, i.e., the points do not redy fit the line. This suggests that the linear 

approximation is not a good model. We note, however, that a linear relationship should not be 

expected. since temperature, a function of the A value, varies. Figure 5.4 does show that the lines 

do diverge fiom a point, i r  ., one fine has a positive slope and one has a negative slope, therefore, 

the hear mode1 c m  be used as a fmt-order approximation. If the Lines. +/- erron, were to 

intenect dong the Y-axis, this point wodd give a 6 " ~ ~ ~  of the system that is consistent with the 

data (i.e., at very high temperature there is no fractionahon. so at the limit we are left with the 

total sulphur content). In the case where the h e s  do not converge on the Y-axis, we are left with 

the question of what to use as the 8 " ~ ~ ~  value. It can be seen in Figure 5.4 that the gap between 

the errors for the intercepts is quite small, from about +5.5 to +7.5 permil. Given that there is so 

much scatter in the data points, it is reasonable to assign a total sulphur content (Le., convergence 

of the lines) around +6.5 p e d .  

If the total sulphur content ( 8 9  value) at Chuquicamata is around +6.5 permii, and we 

use the isotopic composition of sulphides to represent H,S and the sulphates to represent SO,, we 

end up with a dissolved sulphate to sulphide ratio for the 3 1 Ma sencitic dteratiodmineralisation 

event of 0.8: 1. This ratio implies that the system would produce about 55% sulphide to 45% 

sulphate, a conclusion that is in reasonable agreement with direct observations. Most vein 

suiphides in the potassic zone at Chuquicamata are associated with sulphates, while the 

disseminated sulphides tend to be associated with silicate gangue. Further study is needed to 

assess the tme extent of sulphate mineralisation in the quartz-sencite alteration zone, but from this 

optical study we can at le-t conclude that there is significantiy more sulphate than has been 

described previously at Chuquicamata. Isotopic data place Chuquicamata in a sulphide-rich 

systern, but shifted toward an equal suiphate-sulphide system; this placement is borne out by the 

assemblages descnbed above. The dissolved su1phate:sulphide ratio implies that at the Ume of 

mineralisation concurrent with the event that resulted in quartz-sericite alteration, Chuquicamata 

was a slightly reducing system. 



Figure 5.3. Estimate of 6 Y ~  value for total suiphur content for the Chuquicamata hydrothennal 
system as detemiined fiom convergent lines of regression for plots of sulphate and sulphide 6% 
p e r d  values vs delta (A) values of coexisting suiphate-sulphide mineral pairs. 
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The proportions of oxidized and reduced sulphur species in solution can be evaiuated in 

ternis of temperature. pH and f, of hydrothermal fluids (Rye and Ohmoto, 1974). Figure 5.4a 

shows the stability fields of sulphur phases in a pH-log fO2 diagram. Figure 5.4b plots the 6 Y ~  

values at points A. B, C, and D, detailing the extreme effects that changes in f,, have on the 

suiphur isotopic composition. An increase in oxygen higacities has a much stronger effect on the 

6% values than a change in pH due to the large isotopic fractionation between sulphates and 

suiphides (Hoefs. 1987). Figure 5.5 is the same type of diagram, but it shows the mole hctions of 

aqueous suiphur species relative to the total sulphur content. Figure 5.5 can be compared to 

Figure 5.4a to see how changes in the physico-chernical conditions of a system can affect the 

mineralogy. For instance. in vely reducing conditions the sulphide fiaction would be dominated by 

phases like pyrrhotite, and there wouid be no suiphate mineraiisation. In very basic conditions. the 

dominant sulphur species is S"; by assuming that the bulk of the sulphides present in 

Chuquicamata (pyrite, chalcopyrite, bornite. idaite. and the other copper sulphides) can be 

represented by H2S. an upper limit of about 7 for the pH of the system can be inferred. Also by 

assuming that al l  of the suiphides can be represented as H,S. and knowing that the ratio of 

suiphate to sillphide is close to 1, Chuquicamata must plot in the upper left quadrant of Fimure 

5.5, corresponding approximately to area B in Figure 5.4a In other words. the potassic zone was 

produced in a relatively acidic, moderate-to-high oxygen higacity environment (Le.. there was a 

significant arnount of oxygen available). 



Figure 5.4 a. Stabiiity fields of sulphur phases in a pH-log f,, diagram at 2 5 0 ' ~  for total sulphur 
content O. 1 and ~ a ' +  = 10e3 mol kg-' ; b. 8% values of sulphides and sulphate at 250°C (from 



Figure 5.5. Mole fractions of aqueous sulphur species relative to total suiphur content plotted on 
a pH- log f,, diagram. T = 250°C and 1 = 1.0. ZSO, = S0:' + HSOi + KSO; + NaSO; (fkom 
Ohmoto 1972). 



5.6 Summary 

The sulphur isotopic compositions of the sulphides fiorn Chuquicamata are very similar to 

hydrothemal sulphides fiom other deposits, such as El Salvador, and show the expected relative 

sY enrichment predicted by Bachuisici (1969). Isotopic temperatures denved from coexisting 

sulphates and suiphides in the quartz-sericite (overprinting potassic) zone of alteration are 

between 300 and 37s°C. These temperatures are lower than what would be expected from the 

hypogene environment at Chuquicamata, and are possibly explained by hydrothermal fluids rn.ïxing 

with meteoric waters, 

The total sdphur at Chuquicamata during the 3 L Ma sencitic alteration event, determined 

fiom the iimited number of isotopic analyses performed, has a 6% value of approximately +6.5 

p e d  Such s ~ - e ~ c h e d  total sulphur implies a sulphur source derived from either local country 

rocks (not likely in the case of Chuquicamata) or (more likely) from a mixture of magmatic and 

suiphate-rich water (Hoefs, 1987). However, the isotopic study undertaken here was a 

prelimlliary one, and M e r  work on sulphur, oxygen and hydrogen isotopes will provide more 

concrete evidence of sources. 

The dissolved sulphate-to-suiphide ratio represented in Chuquicamata shows that the 

environment that produced the sericitic aiteration was acidic and had available a signifcant 

amount of oxygen. 



CHiW'lXR 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

1) Different hypogene covefite assemblages correlate with the different periods of 

mineraiisatiod alteration at Chuquicamata. In the potassic zone of alteration, coveliite occurs 

almost exclusively as a hypogene replacement phase; most commonly it originates from 

chalcopyrite, bomite and/or digenite. Although coveUite in this zone is secondary in nature. it is 

still clearly of hypogene ongin, evidenced by its common association with hypogene anhydrite. In 

the quartz-sericite zone, coveilite occurs as subhedral crystals disserninated in massive sulphate (- 

silicate) gangue, as tufted and feathery masses exsolved from digenite, and as acicular crystais in 

eutec tic intergrow ths with digenite, ail hypogene in character. 

2) Supergene and hypogene covtllite c m  be disthguished on the basis of mineralogy 

(grain morphology and ore mineral assemblages) and chernical composition (minor elernents). The 

texturd occurrence of hypogene coveUite has been described above; supergene covellite in 

Chuquicamata is generdy massive or has a fme grandar texhue. Hypogene covellite is associated 

with high-temperature idaite, digenite and suiphates (anhydrite and barite), while coveiiite in the 

supergene environment is associated with late-stage hydrothermal veins (specificaiiy the corne 

enargite-pyrite veins) or with disseminated to semi-massive pyrite, chalcopynte andjor boniite. 

Chemically, hypogene covellites have been shown to contain ~ i ~ c a n t  Fe, up to 5 weight %. It 

must be stressed that this is a real phenornenon; the results are reproducible and not likely to be 

due to calibration or identification problems, as has been suggested in the iiterature. Supergene 

coveilite rarely deviates fkorn stoichiometric CuS, uniess it contains Fe or other minor elements 

inhented fiom the replaced phase(s). 

3) Based on sulphide phase equilibria, temperatures of mineralisation at Chuquicamata are 

between approximately 400 and O 0 C  for the potassic alteration phase (although they rnay have 

been as low a s  3000C). and between 300 and 435'C for the quartz-sencite alteration phase. Late 

stage hydrothermal veins crystallized at temperatures above 275-320°C. Given that the two 

periods of alteratioid rnineralisation are separated by 2-3 m.y., these temperature impIications 

support the hypothesis that the quartz-sencite zone resulted fiom a second heating event. Some 



types of supergene enrichment, such as the possible supergene sphalerite. may have formed up to 

1oo0C. 

4) Temperatures of equilibration based on suiphur isotopic compositions of cwxisting 

sulphides and sulphates are between 300 and 375°C for samples fkom the potassic zone at 

Chuquicamata, and are interpreted as representing the sencitic. and not potassic, alteration phase. 

because anhydrite in veins in the potassic zone probably formed during later quartz-sencite 

aiteration. However, the temperature is sti l l  low, and may have resulted kom mixing of magmatic 

and meteoric waters. The limited number of analyses point to a total sulphur content (6*S value) 

of the system of +6.5 permil for the quartz-sericite (overprinting potassic) zone, which could 

suggest that the sulphur was derived fmm a mixture of magmatic water and water with heavier 

sulphur (i.e., magmatic water done is not enough to expiain the reiatively s Y - e ~ c h e d  total 

sulphur). The sulphate to suiphide ratio for the system at about 31 Ma is approximately 0.8: 1, 

showing that the environment at the t h e  of quartz-sericite alteration was acidic with a moderate 

to high oxygen fugacity. 

6.2 Recommendations 

The coveilite-bearing hypogene assemblages have been characterised with respect to their 

sulphide minerdogy and chernical composition. To further round out the work started here and to 

apply it to the Chuquicamata system as a whole, severai projects will be instrumental. 

1) Minerals with high bond strength, such as sphalerite and pyrite, are much more likely to 

preserve a record of their history than rninerals in which rates of solid-state diffusion are high 

(chalcocite, digenite, boniife, and chalcopyrite). Most of the ininerals studied in detail in the 

45ûûN section tend to equiiibrate very quickly. An optical snidy of sphalerites fiom this cross- 

section would determine crystal zoning, and electron probe work on compositionally-banded 

sphalentes wouid confirm if, and to what extent, re-equilibration had occurced in these samples 

(this couid change the conclusions drawn on the basis of sulphide equilibria). 

2) Suiphur isotopic data should be gathered for samples in the potassic zone for 

cornparison with (a) temperatures determined fiom suiphide phase equilibria, and (b) temperatures 

determined from suiphur isotopic fhctionation between coexisting sulphur phases in the quartz- 



szricite zone. 

3) Samples fkom both the potassic and sericitic zones should be analyzed for oxygen and 

strontium isotopes to determine if perhaps mixing occurred with (more oxidising) meteoric waters 

during minerakation. 

4) A detailed study of non-ore minerais in the 4500N and other cross-sections WU 

determine the true extent of sulphate mineralisation. This is necessary for cornparison with the 

implications, from the limited sulphur isotope study conducted here. thrtt the dissolved 

sdphate:sulphide ratio was close to 1: 1, which could mean that the environment was much more 

oxidising than what has k e n  interpreted so far. 

5) A fluidmelt inclusion study of silicates, sulphates, and some sulphides (sphaierite and 

enargite can be studied under inh-ed  light) would aid in constraining temperatures of 

mineraüsation and would give, induectiy, the composition of the hydrothermal fluids, including 

their equivalent salinity. As weil, since an independent estimate of temperature is available fkom 

isotopic data, fluid inclusions can be used as geobarometea when the compositionai data is used 

with experimental P-V-T-X properties for a fluid composition similar to that at Chuquicamata. 

The implementation of these recommendations would make si@cant advances in M e r  

constraining the temperature, pressure and chernicai character of the fluids responsible for 

mineralisation at Chuquicamata, which will in turn lead to greater understanding of the processes 

responsible for concentrathg such large volumes of copper and sulphur in one spot in the earth's 

cmst. 



The electron mincoprobe was used to determine the chemical composition of sulphide 

minerais, and to smdy the variation in chemical composition of the mienrals through the 4500N 

cross-section. Analyses were carried out on a JEOL 733 electron microprobe equipped with four 

wavelength dispenive spectrometers and and Oxford Link eXL energy dispenive system. The 

energy dispersive system was used for ail elements. Resolution of the energy dispersive detector 

was 137eV at 5.9Kev. 

Each spectrurn was acquired for 40 seconds with an accelerating voltage of 15Kv and a 

beam curent of 15n.A. Probe spot size was approximately 1 micron. The raw data was corrected 

using Link's ZAF matrix correction program. Instnxment calibration was performed on cobalt 

metal. Instrument precision on cobalt metal (x=10) was +/- 0.5% at 1 standard deviation. 

Accuracy for major elements was +/- 1.5 to 2.0% relative. 

Geological standards were used as controis. Sulphide standards used were naturai 

chalcopyrite and synthetic CU,.& supplied by CANMET. 

Tables of chemical analyses are organised by mineral. Each table includes the mean, 

rnaximun, minimum, and calculated standard deviation for the number of analyses for each 

element that are above the detection limit (limit of quantification). 



1 Digglie - Welghl Percent 1 

CuK - 
78.50 

78.91 
78.07 

7739 

7842 
76.42 
75.71 
77.09 

76.M 

74.66 
76.12 

76,lf 
75.97 
76.69 
n126 
n.46 
78.30 

75.53 
75.68 
np 
76.25 

75.04 
76.82 

77.16 
76.W 
77.42 
76.89 
77,02 

76.22 

FeK - 

1.47 
1 .BO 

0.50 

0.54 

0,51 

1 .a9 
2.74 

0.40 
0.27 
0.90 

0.70 

AsL - 
0.25 

0.36 

0.27 

0.32 

O@ 

0.27 
0.20 

0.29 

0.25 

0.27 

Total 
100.61 

101 .O1 
99.04 

lOO.40 
101.15 
100,29 
100.71 
99,47 

98,96 

08.00 
98.20 
99.32 
98.50 

99.1 O 
99.06 

?%a 
100.11 
99.06 

100.19 
99.26 
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98.01 
100.34 
98.95 
98.04 
99.12 
98.69 

100.02 
98.21 

sph 

en 

en 

sph 

en 
en 



CuK 
78.18 
79.23 
7ï.78 
78.44 

76.85 
78.14 

76.36 
?7,65 
79.60 
77.63 

75.54 
n.43 
70.66 

75.08 

75.41 
77.87 
78.33 
75.41 

75.08 
74.53 
76.35 
77.73 
78.60 

66.47 
63.32 
72.35 
73.51 

78.1 1 

FeK 

159 

1.17 

0.93 
1.27 
2.57 

1.73 
2.44 
2.49 

1.68 
1.31 

S K  
20.63 

20.76 
21.65 
20.72 
21.79 
21.76 
22.12 
21.82 
22.04 
2186 
23.15 
21.20 
22.49 

22.92 
21.74 
21.90 
21.63 
23.51 
22.74 
22.18 
22.06 
20.95 

22.15 

33.53 
25.56 
27.65 
26.49 

21.89 

Total 
98.81 
99.99 
99.43 

09.16 

100.23 
89.90 
99.66 

89.47 
101.65 
99.59 

100.08 
98.M 

102.08 
W,27 
99.72 
99.77 
99.97 

100.92 
100.26 

99,19 
100.09 
100.00 

100.75 

ioo.00 

as,m 
ioo.00 
ioo,oo 
121.89 



Dlpnit! - Welghl Percent 1 
52 !!-!?%J!a 

Smpla 
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-. 

min 

nples 

a!! 
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03 

!O0 
73 
56 
76 
20 
25 
69 

10 

06 
4 

28 
93 
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CPY *bg+bn 
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d g t q t X  

PY+cv+dQ 
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PY "+!'El 
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da 
de 
bu 

dg-incl 
dg-lncl 

dg 
dg 

de? 
!?Q 

dg'l-lncl 

da? 
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dg 
c1Q 
be 
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CuK - 
79.53 
79.86 

76.95 
75.65 

75.26 

74.29 
74.28 
74.15 
72.60 
72.47 
72.45 
71.15 
5f3.74 
46.01 
26.29 
72.02 
72.24 
76.87 

78.1 1 
79.53 
70.86 

76.98 
1.25 

79.60 

74.53 

FeK - 

2.46 

2.40 
2.29 

2.18 

2.00 
0.48 
1.31 

13.04 
16.65 
5.82 
4.1 1 

1.38 
0.75 
2.74 

0.27 

Total - 
120.47 
120.14 

0.00 
104.40 
99.34 
97.19 
98,62 

1W.60 
99,71 

100.61 
101.83 
101 .O0 
101.84 
101.64 
95.12 
42.46 
g9.20 
98.60 
99.57 

99.66 
0.90 

lO2,O8 
98.00 

iigh lotal 
ilgh zinc; probable sph Inclusion mixed analysas 
ow lob1 

nteqed!aIe composition; dgrbcov 
Aosef to bcov or mixed anaiyses 
m v  
m v  
XoV 

mv or mixed analyses d g b  
Aoser to boov 
ikeiy a bomile Inclusion 
ikeiy a bomlle Inclusion 
ow lotal 
nlemediate dgenilelbornite composition; suspect mixed ana!yses 
iuspect mixeql anaiyses with Indusions 
mbable sphalerile indudon; sph in ihis sarnple 



CuK - 
52 

76.93 
1.27 

78.9t 
74.66 

13 

0.50 

C M  
75.42 
74.17 

Total - 
52 

99.73 
1 .O3 

101.15 

se.00 

! 3 

ptaJ 
99,27 
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f&vellite - Weight Pe!~nt  1 
Je ana! 

Point - 
! 

0- 
72 

78 
79 
! 1 
! 6 
2 

P 
5 
6 

7 
8 

9 
11 
1 T 
1 = 
14 
16 
16 
17 
18 

1s 
20 
21 
23 

25 
27 
29 
33 
36 

18 
1 g 

CuK 
64.37 
65.88 
67,30 
68.14 
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66.80 
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66.40 
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66.46 
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CuK 
67.30 
67.75 
66.48 
8454 
65.61 
@.O7 
66.20 
65.70 
67.03 
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67.31 
67.19 
69.39 
65.99 
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65.08 
66.20 
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64.24 
65.36 
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66.60 
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65.62 
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67.22 

Total - 
90.59 

101.23 
90.57 
97.77 
99.83 
97.17 
90.33 
99.86 
09.06 
99.49 
99.12 
99.63 
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90.02 
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97.77 

100.76 
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dgmten 

LOQ) 

Sbt 

0.74 
1 .O7 

Total 

Tilx 



Enargite Analyses - Weight Percent 
able analyses in 8 samples 

Point Adyzed A~lemblaqe 

53 en qntsultatetpy 
56 en en+sulfaietpy 
57 en-grain entpy 
68 en-rnagve entpy 
60 eq entcvtpy 
84 en entpy 
17 en pytcvtytsph 
18 en pytwtentsph 
92 en? cvtentpy 
94 en en+dg+cvtsph 
95 en en+dg+cvtsph 
29 en dgiqtentpy 
32 en dg+cv+en+py 
33 en cvtdgtentpy 
34 en e n w  
62 en? cpytcv+en 
38 en dg+cv+entpy 
O6 en pytûgtbntsphteri 
97 en pytdgtbntsphten 
99 en e+dgten 

27 en dgtcvten 
28 en d g w t e n  
15 en wtentcpy 
18 en cvtentcpy 
14 en pytcvten+sph 

CuK - 
48.38 
49.24 
48.93 
48.62 
48.33 
48.28 
50.29 

49.89 

49.64 
49.94 
49.43 
48.52 
48.92 
50.04 
49.84 
49.38 
49.55 
6O,l3 
50.54 
49.44 

43.55 
44.16 
43.42 
44.17 
44.51 

42.89 
41.W 
42.25 

40.9E 
42-14 

Sbt - 
4.32 

1.84 
0.92 
0.92 
1.86 

1.44 
1.87 
0.75 
1 .O9 

1.01 
0.4C 
0.44 

8.5C 

10.74 
1 1.6C 

10.92 

8.71 

Total - 
99.34 

100.03 
100.19 
90.59 

100.44 
99.79 

101.26 

101,22 

101.00 
100.61 
100.42 
09.98 

1 W.42 
101 -39 
101.61 
101.01 
99.15 

101.26 
101.79 
101.95 

99.28 
99.76 
99.20 

100.34 
100.89 

91.77 

93.46 
9553 

92,73 
93.77 

tennantite 
tennantite 
lennantite 
tennantlte 
tennantile 

low total 
low total 
low tolal 
low total 
low total 

ietrahedrite missing a componenl 
iûtrahûdritû missing a componenl 
ietrahedrite missing a componenl 
:etrahedrite missing a componenl 
.etrahedrile missing a componenl 



1 Enargite Analyses - Welght Percent 
able analyses in i 

I 
iamples 

hesomblage llnK 

48.41 

ERR 

€Ri3 
ERR 
ERR 

O 

0.80 

high total 

CuK 

49.37 
O.6B 

50.54 
48.20 

20 

50.61 

0.50 

SbL 

1.40 
1.01 
4.32 
0.40 

12 

0.40 

Total 

100.62 
0.80 

101,95 
99-15 

20 

104.40 



iM 

m m  

stoichiometric 

std 

sph sphtclgtcv 
sph sphtdg+cv 
sph cpytbntùgtsph 
sph PY +cv+sph 
sph dgtcytsph 
sph spbtcv 
sph cpy+dg+sph 
sph py+cvtsph 
sph pytcvtentsph 
sph py+dg+bn+sph+en 
sph py+dgtbn+sphten 
sph cpy+dgtsph 

le. 

I I  

I 

adyzmâ assemblage 
. . sph PY+=P~ 

seh p y c + q h  
seh ? ! W P ~ ~ Q  
set! cpy ~!'Q??Y?~P~+PY 
lieh ,seh+d~?e 
sph W!.dgw 
SI?!! !!~h+b0+?!J 
!!Ph 8phb0+? 
*Ph en+dg*+sph 
~h ~!8+cv?sph 

sP?-rnasi, ~I??'!+_~~!+cPY 
@'!*w% sph+!??+d~+w 

sph %WW+Q~ 
s ~ h  clg+Wphtpy 
?ph bw~y7d f l eph  

hlgh Cu - possible multigraln bearn poinl 
hlgh Cu - passible multigraln beam poinl 
hlgh Cu - possible multigraln beam point 
high Cu - possible multigraln beam point 
htgh Cu - pogsible mix 
hlgh tolal 
high total 

high total 
hlgh total 
hlgh total 
high total 



15 acceptaMe sarnples ln 7 samples 

I I 1 4 1 1 1 1 1  1 I 

ZnK 
69.33 
e .90  

15 

Smmple 

meJ! 
mi? 
n 

CuK 
1.60 
0.68 

7 

Pdnl FeK 
0.90 

0.36 
2 

rndyzed aammblege S K 
33.- 
32.22 

15 

Tolsl 
101.82 
99.33 

15 



r :  
r i :  



npies - AU ln 

Analyzed 
w dl 

wdl 
WM 
w dl 
wbl 

wlf-incl 
wolf-incl 

w d l  

woll 
wql1 
woll 

Wb1 
wdl 

merite MI 

~mplele analyses 

Assemblage 
cv+d~+woH 
wolftcvtpy 
woif+py+d~+cv 
wolftCvtdQ 

~bfm!+dg+PY 
PY + w u  
PY t ~ i f  
dgtqtwolf 
dgwtwolf 
dgiq+woif 

bgw+wdf 
$g+cvtwlf 
dg+-twdf 

NO4 

CuK - 

0.52 
1.21 

1.13 

054 

0.73 
1.84 

099 
0.46 
1.84 
0.52 

6 

0.50 

AsL - 
0.29 
0.27 

0.25 

0.27 
0.02 
0.29 
0.25 

3 

0.25 

W M  
51.86 
52.10 
51.24 
52.51 
52.55 
52.73 
53.36 
58,89 

58.92 
58.37 
58.95 

58.17 
59.25 

60.72 
55.30 
3.24 

59.25 
51.24 

13 

0.50 

Total 
52.51 
53.43 
52.62 
54.77 
54.88 
54.93 
56.85 

75.22 

75.29 
73.59 
74.05 

74.13 
75.76 

78.86 
63.69 
10.23 
75.76 
52.51 

13 





Point 

07 
s8 
39 
41 
45 
2 
?! 
15 
1 s 
!?? 
ga 
5 ! 
3s 
?S 
49 
41 
9 

Pdnt 
11 

2? 
85 
19 
49 

73 
75 
79 

81 
92 

i t  percent 

Arialyzd 

FE!!!! 

F E ?  

Feoldde 

F*x#e 

Analytad 
niîjle 
futlle 
futile 
nrtile 
rutile 
nitlle 

rutile 
rutile 
niale 
rutile 

ZnK - 
5.99 

CuK - 

CuK 

0.53 
0.50 

1.38 
1,24 

1 !90 
1.61 

1.53 
1.45 

FeK - 
1.44 

1 .O1 

0,61 

0.70 

FeK - 
54.55 
24.97 
55.41 
55,a 
55.02 
o.sa 
62.62 

50.q 
!@.O8 
63,92 
61 4 9  
tj4.15 
52.80 
53.87 

53.64 
54.94 
g.91 

AuM - 
1 ,O9 
0.59 

S K 

1.81 
0.55 

CeK - 
0.10 

0.08 
O. 18 
0.10 

CaK - 
1.1 1 

0.29 

0.19 
0,66 

SIK - 

0.22 

V K  - 

0.20 
0.22 

0.35 

AIK - 

SIK - 

2.22 
4.89 
0.25 
0.84 
0.13 

TiK - 
50.00 
50.81 

53.1 1 
52.94 
53.24 
52.87 
53.05 
52.31 
53.96 
53.33 

AIK - 

0.15 

1.23 
2.24 
0.18 
0,81 

Total - 
52.54 
5l.M 

53.1 1 
53.20 
54.88 
54.1 O 

54.03 
54.89 

54.13 
54.73 

TIK - 

0.1 E 



CaK - 
27.4Q 
27.69 

27-64 
27.67 
27.93 

?W 
27.55 

274s 

47.96 

48.76 
50.80 
40.59 

49.37 

44.86 
48.- 
49.67 

anhydrite 
anhydrlle 

anhygte 
anhydrlle 
aphydrlle 
anhydrile 
anhydrile 
anhydrlte 



APPENDIX B 

X-RAY DIFFRACTION ANALYSES 

X-ray diffraction analyses were done at the Fission Track Research Laboratory, Earth 

Sciences Depamnent. Dalhousie University. The analyses were perfomed on smaü sub-samples 

by standard powder diffraction. An automated Philips 1OOkV generator and diffiactometer unit 

was used for minerd identifcation by powder diffractometry. The very fine-grained granular 

material was powdered in acetone by hand in an agate rnortar. The pcwdered sarnple was placed 

on a glass microscope slide and mounted in the ciiffractometer (in some cases. an amorphous, 

single crystal silica mount was used to reduce the background response fiom the mount itself). 

The sample and x-ray detector were rotated at a known rate with respect to a CuKa x-ray source. 

Energy detected was recorded and processed automatically. Output consists of a peak list, energy 

response curve, and peak match fit Iists for various search routines (Cuesta Report, 1996). Peak 

lists are included for each sample. Sample numbers are descriptive tenns, e.g., cul99gyp is a 

sample of gypsum nom CU 199. 





Angle 
[di: 

43.495 
44.290 
44.490 
15.373 
46 .Li0 
47 -8:: 
18 .X 
52 .:53 
50 -295 
5:  .V3S 
5: -22': 
53.5:: 
5: -265 
55 .;:3 
55 -723 
56.680 
57 . U O  
58 -38s 
bC -240 
6:.!40 
52 -320 
03.64s 
5 4 . 6 3  
65. :8C 
68 -575 
69.863 
70 -530 
71 .a85 
72.805 
74 .I3O 
71 .?bS 
.*6.475 
7 7 . 4 3  
7 9 - 5 2  
91.940 
g j  -22': 
83.690 
84.3VV 
85 -385 
85 -822 

a-valut 
@: LI 

2 .O790 
2 .OS23 
2 .3368 
1.9973 
: .96:1 
1.90C9 
: -884: 
: .8:72 
: - 8 2 7  
1.788: 
: -782: 
:.71:1 
: -6891 
: -6679 
1.6484 
1.6227 
: .6030 
1 Sa67 
:.%O 
: .5123 
: ,4887 
l .4609 
: -4413 
: .43c: 
: .3674 
: ,3453 
: 2 3 4 2  
: -325: 
1.2980 
: .2795 
: .2690 
: ,2446 
:.23:8 
1.2041 
1 .l7b8 
1.1600 
1 .:Sb7 
1. :4Z4 
:.:393 
:. :3:4 

d-value 
@2 [j 

2 .O841 
2.0514 
2.0398 
2 . W Z  
1.9662 
: .9C56 
: -8887 
:.92:7 
:.8:7: 
: .792S 
: .?B65 
1 -7i53 
1.6932 
1.6720 
1.6524 
1.6267 
1 .a070 
1 S907 
: -5388 
1.5161 
: . 4924 
1 .(64S 
;.4168 
1.1336 
: .3737 
1 . I l 8 6  
: ,3375 
1.3284 
:.3012 
1.2827 
1.2722 
1.2476 
: -2348 
1 .tO74 
1.1777 
: .lb28 
:.:575 
1. 1452 
: .:42: 
: . : 32  

Peak ridth Peak int Back. in: se!. int 
3: 

7.: 
;.7 
: .2 
4.6 
3.5 

LC.2 
1.2 

58 -2  
32.5 
4.9 
5.7 
3 - 7  
t n 
A .w 

2 -9 
z .4 
8 .C 
3 -8 
1 .Q 
2.5 
9 -9 
Y .7 
2.3 
3.9 
:.2 
5.5 
3.8 
: - 7  
1.3 
3 -2 
: .b 
: .Z 
: .6 
: .3  
1.6 
0.5 
: .8 
1 .: 
3.3 
3.5 
* 7 
W i l  



Saiple identification: ca502sdf 
Oata ieasured at: :9-Ap:-:996 13::S:VO 

2iff:actcieter :y ce: PU3710 BASEC 
Tube anode: Cu 

Gentrator tension LW]: 40 
Generator current [ i~ ] :  45 

ilavelength Alpha: :]: 1.54060 
Yavtlength Alpha2 ::: 1.54439 

Zntensi ty rat io [ ai?ha?/al?halj: 3 A00 
Oivargence dit: 1% 
Receivisg si::: 0.1 

flonacmmtor useC: E S  

Star: angle Ir2i] : iO.O1O 
End ançfe [12i]: K9.990 
Step size :xZi; : 0.020 

flariiur intensitv: 691.6900 
:ire ter step :si: 0.500 

Type a f  scan: CUNfINUOOS 

Yiniiua teak t ip width: 0.00 
Naxiiui gear tiu uidth: 1.00 

Peak oast uid tn :  2-90 
H i n i i ~ i  siçnificance: 0.75 

Yuber of ?eaks: 38 

Angle d-value d-valae Peak  idt th Peak int 8ack. int Rel. int Signif .  



Fiiez tUS02SUL.Of 8-Oec-1996 :7:46 
------------------------------------------------------*----------------------- -------*---------------------________________________________________------------------------------------------------ 

PhilLips Analyticai X-Ray 8. V. PC-APO, Diffraction softuars 

O-va lue d-va lue 
i [l '2 11 

Peak u i d t h  Peak i;: Back. i n t  
[counts] 

!el. int 
3! 

3.3 
4.: 
0 .4  
6.7 
2.7 

:3.3 
3.5 

23.3 
6 -9 
7.3 
3.2 
5 .O 
3.2 
5.2 
1.2 
2 -6 

Signif . 

: -82 
2.3: 
3.84 
2 .O3 
: .:2 
L.76 
: .33 
3 .O4 
: .68 
: .23 
: .9C 
: -16 
I .Y9 
i.69 
3 .8î  
: .46 



S a i p i t  i den t i f i c a t i on :  cu493gyp 
Data u a s u r e d  a:: 20-Apr-:996 9:d7:CC 

3iff:ac:oie:er W e :  PU37:C 3ASEC 
TaSe a3oat: CL 

5enerata: :ension [Ni: 40 
tenera tor  current  [ah: : 4s 

~av t i t ng tZ i  Alpha1 [: : 1 .SIC69 
Uave1eng:h Alpha2 f: : : .S4439 

:::erisity r a t i o  (a2~ta2fa:pha: :: 3 X C  
Oivtrgence sii:: l x  

Receiving di t :  O.! 
i!onoc!woiator aseG: YES 

t b a r b  ,. , . ang!e :12i: : :0.013 
End angle [x2i: : 89.990 
Step size [ x 2 i ]  : 0.020 

Yaxtiui i n t ens i t y :  5640.0:O 
T h e  ? s r  step !s] : 3.800 

Type o f  scan: L2NI:iiUDBS 

a i a i au r  ~ e a k  t i p  u i d t h :  3.00 
Faxi iu i  peak t i p  u id th :  1 .$O 

Peak base uidth:  2.00 
Aini iu i  s igni f icance:  0.75 

Huiber of peaks: 67 

m g r e  a-vrrua a-varua reir r i o r n  rcrk  iur oacn. i n L  ntr. inr 
[counts] 

5640 
: 42 
119 
78 

2 t 34 
53 

:376 
SC 
90 

353 
324 

94 
3:32 

110 
286 
: 2: 
266 
234 
:5: 
:cc 

74 
79 

[counts) 

38 
29 
29 
28 
28 
27 
2 7 
2 7 
27 
26 
26 
26 
26 
2 5 
25 
25 
25 
2 S 
24 
24 
tr 
-1 c 





Saip!e identification: ca479su:f 
l a t a  reasured a t :  :9-Ap:-!996 14:22:3C 

Viffrac:oieter type: ?U37:0 9ASE3 
Tube anode: :L 

Gentrator tension [ k ~ ]  : 40 
6tnerator current [ i ~ ] :  45 

~avc leog th  alphal :: : : .S4CbO 
iiavelengtn Alpha2 11 : : 3 4 4 3 9  

:3:ensity ra t io  { aLphat/alphal): 0.500 
Divergence s l i t :  I r  
Receiving di t :  0.: 

~onochroiator  used: YES 

Star: angle [di:: ;3.3:0 
End angle [x2i!: 119.990 
Step s ize  (xti] : 0.320 

Haxiiui intensi ty : :169.640 
:he per s tep fs:: 3.800 

Type of scan: CONTINUOUS 

l i n i i u i  peai t i p  g i d t h :  0.00 
H a r i i u i  peak t i p  uidth: 1.00 

Peak base uidth: 2 -00 
Hiniiui s ignif  icance: 0.75 

Nuibtr of peaks: 43  

Rngle d-value 
[di] ': [f 

d-value Peak width Peak i n t  8ack. int 
'2 [] [z2i] [counts] Icounts) 

o. LOO 
0 .!O0 
3.100 
3 -380 
3 .:cc 
3.:40 
O ,064 
O . N O  
O ,060 
O ,040 
0.120 
3 . M O  
O ,480 
O .O60 
O .O60 
3.:30 
3.240 
A n u .w6O 
Y .360 
3.350 
3 ,360 
t .C80 



Angle d-valiie d-valut Peak d i d t b  Peak in: 8ack. i n t  flei. i3: Signif. 
[xzi) [caunts] [caunts) 



. . - - - - - - - . - - . . 

?hi!Lips Anaiyticai X-Ray 8. V .  Pt-APD, Diffraction softrarc 

Saiplt id tn t i f ica t i sa :  cu479anh 
Data r tasurta a t :  20-Apr-1996 lO:08:00 

0iffrac:oieter type: PU3710 aASED 
Tube anode: CU 

6tntrator :ension [Ni: 40 
Gentrator current [ah]: 45 
Yavelength Alpnal :: : : -54060 
Yavelength Ahhd2 1: : 1.54439 

Intensity rat io (alphaZ/aIpha: j: 
Divergence d i t :  
Receiving sii:: 

Honochraratar useu: 

S t a r t  angle [r2if:  
EM ang!e L12i) : 
S t e ~  s ize  C12i; : 

Haxiiui intensity: 
Tire oer s t t p  $1: 

Type of  scat: 

ainimua 2eak t i p  uidt?: 
flaxirui Peak t i p  &th: 

Peak base widtb: 
Hiniiui sigaificaner: 

Nuiber of ?ta is:  

0.500 
1 r 
3.: 
YES 

13 .O10 
89.990 
3.320 

4'384.360 
3.800 

t lNT 1 NUOUS 

3.3C 
1 .OC 
2 *ou 
0.75 

57 

Angle d-value d-vaLue Peak width Peak int 8rck. i n t  Rtl. int Signif. 



Il ai 3 
CL. O 

Il U 
U 

!! 5 



. . a  ....... 
= . G A =  O U )  
4 L l c i O Y  
'UT)-O C a 
.rr .d 4 4  O 
1 1 ' 3 C ) C I  

a 
4- 
id- 

l = .?' 



File: CU214CV.D~ 8-Oec-L996 :7:39 

Phillips ~nalyticai X-Ray 0 .  V.  ?C-APO, Diffraction softwan 

Angle d-value d-vahe Peak u i d t h  Peak i n t  Back. i a t  2el. int S i g n i f .  
[rzi: ': [] '2 [l 2 [counts: [caunts] [ti 





F i !e :  CU204GYP .OI - 8-Oec-1996 17:36 

Phillips l n a l y t i c a l  X-Ray 0 .  V.  Pt-IPO, Oiffraction softuare 

Angle d-value d-vahie Peak uidth Peak int Oack. iat R d .  i n t  S i g n i f .  
[ai: [counts] [countsl 



Saiple ident if icat ion:  cu204a 
l a t a  neasured at: 28-Nar-1996 16: 35:30 

Diffractoieter :ype: PU3710 M E 9  
Tube anode: Cu 

ticnerator tension [k~]: 40 
Generator current  [NA]: 4S 
Yavelength blpnal [] : : .54ObO 
Yavelength Alpha2 f]  : 1.54439 

Zntensity rat io  (alphaZlal~ha1):  0.500 
Divergence d i t :  Ix 
Rectiviag di t :  0.1 

Honocnroiatar ustd: YES 

Sta r t  angle  [r2i]: 5.010 
End angle [zZij : 99 .99O 
Step s i r e  [r2i]  : 0 . N O  

l ax i iu i  intensi ty:  9139.360 
fine ger s tep [s] : 0.500 

Type of scan: CONTINUOUS 

l i n i i u i  peat :ip uidth: 0.00 
!atiaui peak t i p  uidth: 1.00 

Peak base ridth: 2.00 
Hiniiui s ignif  icance: 0.75 

Humber of peaks: 41 

Angle d-value d-value Peak uidth Peak i n t  Rack. int Rel. int Signif. 
[counts] [counts] 
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Saiph  identification: ca18Spy 
Oata ieasured a:: 22-:id-:99S :0:58:00 

Diffractoieter type: PU3710 9ASE3 
Iübe anode: fi 

Senerator tension 40 
Cenerator x r r t n t  [#A] : 45 

Yavelengt3 Abha: : :.5bC6C 
Uavt:ength A l ~ h a 2  :: : 1.54439 

in tens i :~  :a:io (alpha2/a:?hal;: 
Divergence 5:::: 
Receiving si::: 

flonochroia tor  set?: 

Star: angle i12i:: 
EaC angle i x 2 i : :  
Step size i x 2 i : :  

!iaxiiui inttnsity:  
Yiit ?er step (sj: 

Type of scan: 

Biuiiua 7ean t i p  i~idti: 
Nariiui peak :i? didti:  

Peak base ï i d t h :  
Rinimur s ignif  icance: 

nuiber of pears: 

3 -500 
: x 
A i Y . .  

Y ES 

i n  4u .uvw rrnn 

m. ?CC 
9 -323 

l713.96Y 
:.$CC 

CYNI:!iL'P:S 

0.CO 
: .3C 
2.3C 
3-75 

38 

Angle d-value d-value Peak width Peak int Bacit. i n t  Rd. int Signif .  
fr2i) '1 [l '2 11 l [counts] [counts] 







Angle d-vaii it  d-valüe Peak dij:h ?eak int 3ack. i 3 t  2e!. int S i g n i f .  
:rtiI ': [J '2 - Y  ,, {rti; [counts] [counts: [ t ]  



2i f  f rac3ie:er :ype: 3U37:: 3ASEY 
?sbe anode : fi 

tenerator tension ;k~j: IC 
Cenerator :urrta: :iA;: 4s  
Uave!tng:S ;i!;ha; [: : : .SC60 
Yavdength Alpha2 [: : : .54439 

h t e n s i t y  rat io  [ a:pha:/ai~ha: :: 3.500 
livergence si::: ;r  
Receivi~g s i i t :  0.1 

!tonochro@ator used: YES 
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Saiple id tn t i f  icat ion:  cu:83e11 
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APPENDLX C 

HAND SAMPLE DESCRIPTlONS OF 4SOON SAMPLES 

DD 2967 

CU 18 1,67 1 Sm: altered quartz-feldspar porphyry with sencite; narrow vein of pink gypsum (late); 

coating of chlorite on hvture surfaces: < 5% sulphide. disseminated blck-grey tamished metallic 

mineral (Fe or Ti-oxide, or possibly mineral of tetrahedrite series). 

~~182,224.76m: quartz and altered (clay?) feldspars; semi-massive to massie veins of pyrite + 
enargite (lead-grey, metallic, massive and coarse stnated crystals); sulphides 15+%, enargite > 

pyrite (2: 1); good separate for suiphur isotopes. 

cu183,225.10m: similar to cu182.20+% massive veins of enargite + pyrite (probably rnoderate 

sphalerite as weil, but difficult to determine here); separate for sulphur isotopes. 

CU 184, 233.04m: beautifid semi-massive to massive pyrite flooded with covellite (occurs 

intestitialiy). possibly some chalcopyrite (minor); 30+% sulphides in quartz-feldspar matrix 

(feldspars altered slightly); no sulphate. 

CU 185,234.45m: disseminated fine-grained to medium-grained pyrite + disseminated fine t- 

medium coveilite (isolated euhedral (?) grains); later pyrite + enargite vein < 0Scm wide; other 

than the vein. -5% sulphide in sercitised matrix with blueish suiphate (anhydrite?). 

CU 186, 3 14.74m: minor disseminated pyrite +/- coveilite, with very narrow (< 1mm) veinlets of 

covellite-pyrite in quaru vein (1% sulphides or iess). 

CU W , 3  16.26111: disseminated covellite (-digenite?) in white flaky sulphate (gypsum) + 
dissemianted pyrite and pyrite-covellite-digenite; possible separate for suphur isotopes? 



CU 189, 324.69m: disseminated sulphides (pyrite aggregate with bomite surrounding and 

interstitial. very fme, rounded grains of bomite +/- pyrite); 1% sulphides in sugary silicate- 

sulphate matrix with white gypsum. 

cu190.325.20m: < 10% disseminate suiphide, pyrite with digenite-coveilite sunounding and 

interstitial; disseminated digenitecovellite; minor bornite in pyrite assemblage; pynte-bornite- 

dipnite concentrated almg narrow healed fractures in quartz-feldspar porphyry flooded with 

granular sulphate. 

CU 19 1,325.49m: very altered porphyry, extreme sencitization; abundant disseminated covellite, 

bornite +/- chaicopyrite, and pyrite; narrow veins of blueish anhydrite contain disseminated 

coveliite-pyrite (?), very fme-grained: 5% sulphides. 

cu192.325.93m: semi-massive to fine-grained disseminated digenite + pyrite (digenite >> pyrite) 

in highly sericitized rock with pink/orange sugary sulphate (gypsum) + blueish anhydrite: minor 

occurrences of massive-textured Baky tamished bomite; 10% sulphides. 

cu193,408.00m: abundant disseminated fine- to medium-grained pyrite + digenite +/- covellite 

+/- bomite (individuai minerals c Mm); 5+% sulphides in highly sericitized porphyry cut by < 

k m  miw quartz veins. 

CU 194,4 1 1.38m: mainiy disseminated pyrite-digenite + narrow l+mm veinlets of pyrite +/- 

digenite in (mostiy) quartz; c 5% sulphides. fme-grained. 

CU 196,4 15.40m: clay-rich altered prophyry with fme-grained dissemuiated pyrite +/- digenite and 

vein assemblage pyrite-digenite; 245 suiphides. 

cu197.566.23m: essentidiy the same as cu196, pyrite > digenite in sericitized rocks. 



205 

cu198,567.48m: minor veinlets of pyrite + digentie: disseminated pynte and veinlets of massive 

moiybdenite; 2% sulphides in very gmgy porphyry. 

cu199,569.42m: fme-grained disseminated pynte + digenite +/- bomite +/- chdcopyrite; narrow 

(Irnm?) veinlet of coveliite (?) + pynte; 5+% sulphides in quartz-rich rock. 

~~200,574.23m: semi-massive to dissemuiated pyrite + digenite + chalcopyrite (much less 

chaicopyrite than pyrite and digenite); narrow veidets and stringers of pyrite and of digenite + 
pyrite +/- coveliite; 20% sulphides in sercitized quartz porphyry. 

cuîO 1,547.87m: abundant semi-massive to disserninated pyrite + coveiiite (+/- digenite); minor 

chaicopyrite; 15% sdphides in moderately sencitized porphyry. 

~~202,575.14rn: abundant fme-grained disseminated digenite + pyrite (also occurs with narrow 

rims of digenite around pyrite), +/- coveliite; sencitized (and clay-aitered?) feldpars in in 

porphyry; 5- 10% suiphides. 

~303,576.98m: stringer and disserninated pyrite + coveliite, distinct from semi-massive pyrite + 
digenite +/- covellite ssemblage; covellite-digenite-pyrite in blueish anhydrite (?); chalcopyrite 

somecimes included in this assemblage, or disseminated; 5+% sulphides in sencitized porphyry 

with sulphate. 

cu204.5 13.05111: abundant semi-massive to massive pyrite with digenite-covellite surrounding and 

f m g  spaces; disseminated pyrite + digenite + covellite, minor chaicopyrite; disseminated pyrite in 

vein of pinkish-white anhydrite; - +/-20% sulphides in sencitized porphyry; good separates for 

sulphur isotopes. 

cu205,S 14.90m: vein of pyrite-digenite (?) (steel-grey streak); disseminated pyrite +/- digenite; 

other than the vein (0.5 to k m  wide), sample contains 1.3% sulphides in sericitized porphyry 



with white gypsum crystals. 

cu206,5 18.65m: fine stringers of covellite + digenite; disseminated pyrite +/- digenite +/- 
coveiiite, and narrow veinlets of pyrite + chalcopyrite; 5+96 sulphides in sericitized porphyry with 

blueish anhyckite and pink gypsum? 

cu207.605.70m: mainly disseminated and fine stringen of pyrite; minor digenite + covellite; 

bomite seam in sencitized porphyry. 

cu208,607.96m: abundant disserninated to semi-massive pyrite +/- chalcopyrite, + digenite- 

coveiiite (bornite?); 5% sulphides, some disseminated in blue anhydrite? in sericitized porphyry; 

smeared appearance. 

cu209, 6 l9.86m: 1-2% disseminated pyrite and covellite in sericitized porphyry . 

cu2 10,455.90m: disseminated pyrite and chalcopyrite, + coveilite, with stringen of chaicopyrite- 

bomite (very tamished); 4% suiphides in sericitized rock with pink sulphate - gypsum? 

DD 2242 

cu43 1, 38.55m: abundant disseminated chalcopyrite + coveiiite, coveilite > chalcopyrite, looks to 

be later, filluig spaces and veinlets between chdcopynte; 5% suiphides in sencitized porphysr, no 

sulp hate. 

cu432.40.9 lm: c0.5crn wide veins of molybdenite; disseminated and narrow stringers of covelbte 

+ chalcopyrite; 2% sulphides in sericitized porphyry. 

cu433,56.45m: abundant rnolybdenite in veins; minor disseminated molybdenite, and chalcopyrite 

and pyrite + covellite; 5-10% sulphides in dominantly quartz host. 



cu434.95.86m: narrow veinlets of molybdenite, pinching and swelling, and abundant dissemianted 

covellite and coveilite + pyrite; molybdenite dominant sulphide; 4% suiphides in quartz vein 

hast* 

cu435, 103.07m: narrow (c0.5cm) veins of ?-pyrite; 5% sulphides in sencitized porphyry with 

greasy appearance (possibly some gypsum?). 

cu436, 103.83m: disseminated chdcopyrite, rounded and envelopped by covellite, and 

disseminated coveiiite (minor, cl % for both); abundant disseminated digenite with &or pyrite or 

chalcopyrite; 5% sulphides in sericitized potassicdiy-altered porphyry with relict pink feldspars. 

cu437, 1 3 8 .%m: mainly disseminated to stringer c halcopyrite with coveilite surroundhg and 

filling spaces between chalcopyrite; +/- digenite; 5+8 sulphides in quartz and sugary pink 

gypsum? (soft). 

cu438, 139.15m: smeared-out altered porphyry with dissemuiated to stringer chalcopyrite + 
bonite +/- coveiiite, and disseminated covehte; 5% sulphides. 

cu439, 14 1.28111: minor disseminated to stringer chaicopyrite 4- digenite (?); 1% sulphides in 

sericitized porphyry. 

cu440, 142.13m: 4cm * lmm vein of semi-massive chdcopyrite + minor bornite; narrow stringers 

of chdcopyrite + bomite; semi-abundant fine-grained disseminated chdcopyrite and coveilite 

(coveiiite surrounding/replacing chalcopyrite?); 5% sulphides in quartz-rich porphyry. 

cu44 1, 145.32m: fault gouge, very chloritised?; massive area of fuie-grained (< lmm) pyrite 

spheres flooded with digenite; disserninated pyrite + digenite + sphalerite, and chalcopyrite 

+bornite; 40% sulphides. 



cu442, 149.60m: mainly fine stringen of chalcopynte, semi-massive, with surrounding covellite: 

disseminated fine to medium-grained (>2mm) aggregates of bomite + coveliite and bomite + 
covellite + chalcopyrite; 4% sulphides in sericitized porphyry with narrow veins (0.5cm) of pink 

gypsum; mlnor moly bdenite. 

cu443, 15 1.38m: narrow viens and abundant isolated patches of molybdenite; minor molybdenite 

+ pyrite/chalcopyrite; stringen of pyrite + chalcopyrite, minor bomite, minor covellite: 

disseminated chaicopyrite + bomite; 5+% sulphides in quartz-sericite with later pinkish sulphate 

(good c1eavage)-gypsum? barite? 

cu4-44, 154.42m: abundant stringers of coveiiite + bomite (+/- digenite) +/- chaicopyrite; 

disseminated coveilite, bomite + chalcopyrite, and minor molybdenite; molybdenite occurs with 

coveilite/bomite +/- chaicopyrite (?); abundant disseminated fine-grained to massive (srnail 

patches) of digenite; 4 0 %  sulphides in quartz-sericite with pink sulphate - gypsurn? 

cu445, 153.63m: < 0.5cm wide pyrite veins in 2cm-wide quartz vein in quartz-sericite porphyry: 

semi-massive pyrite with interstitial digenite-covellite + sphaierite (? silvery to black some red 

metallic tamish, with streak of sphaierite); gives massive sulphides vehs with semi-rnassive pyrite- 

digenite +/- covebte +/- sphalente aggregates throughout; 20% suiphides in sample. 

cu446, 156.77m: mainly stringers and large (up to 5mm) flalq aggregates of digenite; isseminated 

rounded chalcopyite with fme rims of coveilite; some digenite-covellite contains euhedral grains 

of <lmm pyrite; 5% sulphides inmoderately sericitized poorphhyry,; sulphides occur with feldspars 

and narrow vein quartz. 

cu447, 160.76m: semi-massive to disseminated coveiiite +/- pyrite; very fine stringers of 

chalcopyrite + coveilite; very fme stringers of coveliite; semi-massive coveilïte occurs in mainly 

quartz in sencitized porphyry; 5+% sulphides. 



cu448. 16 1 .Wm: fuie stringers and abundant dissemianted digenitetoveilite, +/- pyrite; digenite- 

covehte dissemianted to semi-massive; minor moiybdenite?; 5+% sulphides in sencitized 

~orphyty* 

cu449, 16 1.41m: abundant fme stringers of coveilite +/- pyrite. and abundant disseminated 

coveilite + digenite t+/- bornite: minor disseminated chaicopyrite +/- rimmed by covellite; 5- 10% 

sulphides in quartz-sericite porphyry. 

cu450, 161.98m: abundant fuie stringers of coveliite with chaicopyrite (coveilite >> chaicopyrite, 

Mnming and fig); stringen of bornite +/- chaicopyrite; abundant disseminated coveilite, 

chaclopynte, bomite; - 5% sulphides in sencitized porphyry. 

cu45 1, 164.98m: abundant stringers and disseminated bornite + chaicopyrite; disseminated 

chalcopynte with coveUite rirnming; disseminated covellite + digenite and occasional fuie stringers 

of digenite; veinlet of moiybdenite; 4% sdphides in quartz-sericite porphyry; narrow vein of late 

sulphate with chalcopyrite-bornite sninger concentrated dong the boundary. 

cu452. 189.86m: very fine stringers and disseminated bomitechalcopyrite @ornite > 

chalcopyrite); minor very fme-grained disseminated pyrite: possible minor coveilite: < 5% 

sulphides (mainly bomitechalcopyrite) in d d l y  sencitized potassically-altered porphyry. 

cu453. L 93. lûm: abundant disseminated and semi-massive bornite + c halcopyrite; semi-abundant 

digenite + bornite, minor covellite; c 10% sulphides in (mainly) quartz. 

cu454, 193.78m: abundant massive and disseminated (mm size) bomitechalcopynte; serni- 

abundant veinlets of molybdenite; minor fine-grained disseminated covehte; narrow 2-3mm wide 

vein of sdphate (pink gypsum) + suiphides; 15% sulphides in potassicaily-altered porphyry with 

abundant n m w  sulphate veins (crossing, diverging, etc.) 



cu455, 193.86m: abundant semi-massive to massive chalcopyrite with interstitial coveilite; 

abundant veins of massive bomite-chalcopyrite, 2mm to lcm wide; 5+% suiphides in q u m  

(vein?), 

cu456, 194.20111: abundant fine stringers and disseminated very fme bomite-chalcopyrite: 

moderate disserninated coveilite + digenite; disseminated sulphides in quartz (veins?) cut by 

pinkish suiphate veins; 10% suiphides in porphyry. 

cu457, 195.76m: abundant veinlets (c 0.5cm wide) of semi-massive to disseminated bomite- 

chalcopyrite, +/- very fine rims of covellite; disseminated bomite, chalcopyrite and minor covefite 

throughout; 5+% sulphides in potassically-altered porphyry. 

cu458, 196.55 m: mainly disserninated minor f i e  stringers of bomite ; disseminated fme-grained 

coveliite +/- digenite, < bomite; possible minor molybdenite; 2% sulphides in potassic and sencitic 

porphyry (large. cm-scale panels of potassium-feldspar adjacent to quartz-sencite alteration). 

cu459.200.04m: very fme stringen, occassional semi-massive patches, and disseminated 

chalcopyrite-bornite; disseminated covellite throughout; minor molybdenite; 1-2% sulphides in 

potassicaily-altered porphyry. 

~~460,200.75rn: abundant narrow (mm scaie) unduaiting pinched veins of semi-massive 

chalcopyrite-bornite, and wveilite +/- digenite; disseminated chalcopyrite, bomite and covellite; < 

5% sulphides in potassicdy-altered porphyry. 

cu46 1,202.52m: mainly network of 1 -3mm wide veinlets of semi-massive to disseminated pyrite 

+ digenite (digenite > pyrite); moderate disseminated to semi-massive bornite; minor disseminated 

covellite?; 1û+% suiphides in mainly quartz. 

cu462.252.55m: sulphides consist mainly of chalcopyrite-bomite disseminated and in fme 



stringers: disseminated coveilite, c bomite; possible minor molybdenite; 1+% sulphides in 

potassicdy-aitered porphyry with abundant coarse bio tite cry stals. 

cu463, 257.63m: essentidy the same as cu462; 1 % sulphides, mainly chalcopyrite-bomite in fine 

stringers and disseminated throughout potassically-altered porphyry. 

cu464,258.45m: disseminated and stringer bomite-chalcopyrite, with minor coveiiite rimming 

chalcopyrite; minor disseminated digenite?; 6% sulphides in potassicdy-altered porphyry. 

cu465, 260.14m: abundant veinlet, stringer, and disseminated chalcopyrite-bomite; disseminated 

chalcopyrite + pyrite; bornite andor covehte on late fracnue surface; 5% sulphides in 

potassically-altered porphyry. 

~3467.26 1.27m: mainly abundant dissemhated and fine stringers to a few occurrences of semi- 

massive pyrite-digenite; one 0.5 to lcm wide band of massive pyrite + digenite + bomite +/- 

covellite (vein consists of > 60% sulphide); other than the band of sulphide, ~ample consists of 

- 10% sulphide in sericitized porphyry with several narrow (mm scale) veins of white sulphate 

(gypsum) +/- sulphide. 

~~468,253.23m: mainly veins and disseminated pyrite + chalcopyrite + digenite + coveilite, and 

the assemblage chalcopynte + bomite; 15% sulphides in sericitized porphyry. 

~~469,263.66m: some fine stringers and abundant very fine-grained disseminated chalcopyrite + 
pyrite +/- covellite +/- bomite; abundant disseminated coveKte-digenite (?); 1-296 sulphides in 

quartz-rich veias with minor sericite cutting potassically-altered porphyry. 

~~470,264.53m: minor very fine-grained stringers and dissemioated chalcopyrite + covefite, with 

covellite disseminated on its own or as fme rims around chcalcopyrite; < 1 % sulphides in 

po tassicaiiy-altered porphyry . 



cu47 1,264.98m: narrow ( 1 -2mm) bands of sulphide, 3cm apart, pyrite + digenite + covellite, with 

possible bomite; fie-grained disseminated pyrite and digenite-coveilite throughout; L % sulphides 

in moderately sericitized potassically-aitered porphyry; abundant coarse biotite crystals. 

cu472.265.6h: mninly very fme-grained disssemianted to stringer chalcopynte +/- bornite with 

coveiiite surroundhg and disseminated on its own; 1% sulphides in sericitized potassicaiiy-altered 

porphyry with abundant large biotite crystals. 

~~473,284.39rn: minor sulphides, consisting mainly of very fme stringers and some disseminated 

chalcopyrite +/- pyrite, with minor bomite: 1+% sulphides in potassicaiiy-altered porphyry with 

abundant large biotite crystals. 

~~474,286.75rn: narrow vedet  of digenite bordered by covellite (up to 1Smm wide); abundant 

very fme-grained disseminated covellite-digenite; rounded chalcopyrite with covellite rims; 2% 

sulphides in potassicaüy-altered porphyry. 

~~475,282.04m: dissemianted, stringer, and fine stockwork veins of chalcopyrite, rimmed and 

sometirnes invaded by coveilite; stackwork and disseminated chalcopyrite + bonite; < 5% 

sulphides in potassically-altered porphyry. 

cu476.288.10m: abundant fine stringers of chalcopyrite (+/- minor bomite) with coveilite 

rimming and/or replacing (?); stringers are cut in some places by narrow pinching and sweihg 

veins of pyrite-digenitecoveihte; abundant disseminated chalcopyrite (+/- bonite) wtih coveiiite, 

and covellite on its own; 5% sulphides in potassically-aitered porphyry. 

~~477,288.65rn: veins of semi-massive to massive chaicopyrite with very minor bomite and 

minor bordering coveiiite; disseminated chalcopyrite with covellite rims throughout; possible 

minor sphalente?; 5+% sulphides in moderately sericitized porphyry (chalcopyrite veins with 

quartz-sericite halos cutting through potassically-altered porphyry. 



cu478,288.95m: very fine stringer to disseminated coveiiite (+ digenite?); minor chalcopyrite 

stringen wtih rims of covefite; abundant Iarge crystals of biotite, some associated with sulphides: 

1-21 sulphides in potassicdy-altered porphyry. 

DD 2234 

~~479,294.20m: patches of massive pyrite with minor digenite rimming srnail rounded grains or 

aggregates of pyrite; some massive digenite in assemblage pyrite-digenite: 5+% sulphides in 

potassicaüy-altered porphyry with minor sulphate. 

cu480,295.55m: abundant disseminated to semi-massive patches and veins (nmow, < 3mm wide) 

of pyrite + digenite, with covellite rimming massive digenite; dissemianted pyrite and digenite- 

covellite; 5% sulphides in potassically-altered porp hyry . 

cu48 1,295.98m: cnss-crossing veiniets and 1-3mm wide bands of pyrite + digenite, possible 

rninor coveiiite; semi-abundant disseminated digenite +/- covelüte throughout porphyry and in 

pink sulphate (gypsum) veins; 5-7% sulphides in potassically-altered porphyry with sulphate. 

cu48ZT297.53m: very weii-defïned vein of pyrite + covellite + chaicopyrite, L+mm wide in k m  

wide quartz vein, cutting potassicaliy-altered porphyry; very fme-grained disseminated 

chaicopynte with rirns of coveliite; I+% sulphides. 

~~483,297.89rn: very fine-grained chaicopyrite +/- bornite dissemianted throughout quartz veins, 

wtih coveute rimrning chakopyrite; narrow undualting veinlet of chalcopyrite +/- bomite +/- 

pyrite cutting through slightly sencitized porphyry; 1 % sulphides. 

cu484.298.65m: disseminated and stockwork veins of chalcopyrite, + very minor pyrite; 1-2% 

sulphides in quw-nch potassically-altered porphysr. 

cu485.299.82m: vein of chalcopyrite + pyrite (chalcopyrite > pyirite) with very rninor fme- 



grained digenite? covellite?; very fine-grained dissemianted chaicopynte wtih rims of coveliite; 2% 

sulphides in potassically-altered porphyry. 

cu486,30 1.37m: disseminated chalcopynte, chaicopyrite + bomite, and bornite with possible 

minor coveiIite; veinlet of chalcopyrite: 1+% sulphides disseminated in quanz and feldspar in 

potassicdy-altered porphyry . 

cu487,30 I .95m: disseminated chalcopyrite + bornite, bomite, and minor covekte; locally 

coveilite borders semi-massive chalcopynte; 2-3% sulphides in potassicaily-dtered porphyry with 

sorne sericitization. 

~~488,302.69rn: abundant disseminated fme-grained chdcopynte-bomite, where bomite is not 

dways in massive form, and occurs locally with chalcopyrite as octahedra andhr cubes; 

dissemianted chalcopyrite and bornite; minor lead-grey massive mineral-possibly enargite?; L+% 

sulphides in sencitized potassically-altered porphyry wtih narrow pink veins of sulphate (gypsum); 

abundant coarse disseminated crystals of biotite. 

~~489,305.73m: one 5mm wide vein of pyrite + digenite, and abundant disseminated pyrite + 
dipnite +/- covellite; 2% sulphides in potassically-altered porphysr. 

~~490,307.95rn: abundant disseminated to semi-massive chaicopyrite + bornite +/- covellite, 

strung into veinlets; disseminated coveilite, +/- rimming chalcopyrite; 7% sulphides in quartz- 

veined potassically-altered porphyry with some sericitization. 

cu49 1,306.79m: mostly disseminated digenite-coveilite, and minor saingeres; minor chalcopyrite- 

bomite, and disseminated bomite +/- digenite (?); 3+% sulphides in quartz-rich porphyry veined 

wtih sulphates (white gypsum?). 

cu492.308.20m: 1-2mm wide pinched veins of pyrite-digenite with rninor covefite bordering; 



minor disseminated digenite +/- covellite; 1% suiphides in Large quartz vein. 

cu493,2 16.30111: mainly semi-massive and dûseminated chalcopyrite + pyrite (pyrite Later?); 5% 

sulphides in pink sulphate (gypsum) veins in sericitized porphyry. 

cu494,2 19.84m: moderate disseminated chalcopyrite + bornite +/- coveilite; minor bomite + 
coveliite; possible digenite; abundant biotite, typical sarnple of potassic aiteration: 2% sulphides in 

potassicaii y-ai tered porphyry . 

cu495,22 1.49~11: abundant semi-massive pyrite + chdcopyrite, with interstitiai covellite; 15-29% 

sulphides in sencitized porphyry (sencite-anhydrite rock). 

cu496.244.40m: minor dissemùiated chalcopyrite +/- bornite; c 1 % suiphide in potassicaily- 

altered porphyry with abundant coarse biotite crystals. 

cu497,245.49m: very minor disseminated chalcopyrite and pyrite; < 1% sulphides in potassicdy- 

altered porphyry with abundant biotite. 

~~498,245.68m: similar to cu497, minor disseminated chalcopyrite and rninro pyrite; abundant 

coarse biotite in potassicaiiy-altered porphyry with < 1 % suiphides. 

~~499,249.15m: semi-massive pyrite aggregate with interstitial covellite + digenite; minor 

disseminated bornite in py&e aggregate; 10% suiphides in slightly sencitized porphyry with 

gypsum veins wtih anhydrite cores. 

cu500,250.00m: massive sulphide, rnainly pyrite with interstitial digenitecovellite; dissmeinated 

copper-sulphides in flalq white gypsum; 40% sulphides with massive sulphate. 

cu50 1,250.70m: semi-massive patches and disseminated pyrite + digenite; 10% sulphides in 



sericitized porphyry with sulphate. 

~~502,252.15m: mainly semi-massivz patches and disseminaied pyrite + digenite + cvoeilïte: 5- 

10% suiphides in sencitized porphyry with abundant sulphate (blueish anhydrite). 

~~503,253.27m: abundant semi-massive chalcopyrite (+/- pyrite?) + bomite, wtih cvoeilite nms; 

semi-massive patches of coveilite; lO+% suiphides in exmmely sericitized porphyry. 

cu504, 107.86rn: narrow veiniets of chalcopyrite + bornite +/- coveilite rims; 1 veinlet of bomite 

+/- coveiüte rim; abundant disseminated pyrite; 2-3% suiphides in quartz veins and disseminated 

through sericitized potassicaiiy-altered porphyry. 

cu505, 108.32m: minor disseminated chalcopryite, chalcopyrite with covellite rims, and 

disseminated coveute; minor fine stringers of chalcopyrite with massive interstitial coveliite; 1% 

sulphides in quartz-veined potassicaüy-aitered porphyry with abundant coane biotite crystais. 

cu506, 1 1 1.09m: minor disseminated chdcopyrite +/- bornite, and chalcopynte with covellite 

rims; 1% suiphides or less in potassicaliy-altered porphyry with abundant biotite. 

~ ~ 5 0 7 ,  1 13.6jm: vein of chdcopyrite-bomite with covebte rim, 1-3 mm wide in quartz-sencite 

vein; abundant disseminated chalcopyrite, bomite, and coveliite in sencitized vein in potassicdly- 

altered porphyry; 7+% sulphides. 

cu508, 1 14.7 lm: fme-grained stringer to disseminated chalcopyrite +/- bomite with fuie covehte 

rims; minor disseminated enargite?; 1-2% sulphides in sericitized pouissically-altered porhyry with 

coarse biotite crystais. 

cu5W. 1 15.80m: mainly disseminated chalcopyrite + coveliite +/- sphalerite (?); 2-3% suiphides in 

potassically-altered porphyry with 4cm-wide gypsum vein cuning potassic alteration assemblage. 
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