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ABSTRACT

The Bajo de la Alumbrera porphyry copper-gold deposit is 
in Catamarca Province, northwestern Argentina. The Late 
Tertiary Farallon Negro Volcanic Complex is intruded by a 
series of dacitic bodies. Two of these Intrusive units, the 
P-2 and P-3 dacite porphyries, are mineralized and have been 
identified as the productive porphyries. The bulk of the 
mineralization is coincident and contemporaneous with intense 
potassic hydrothermal alteration. Estimated resources are 665 
million tonnes of 0.519 percent copper and 0.650 grams per 
tonne gold at a 0.2 percent copper cutoff grade. Hypogene 
copper occurs exclusively as chalcopyrite, but the mineralogy 
and locus of gold has not previously been well constrained.

To obtain information on gold distribution and 
occurrences, three major strategies were utilized: 1) 
petrographic examination, 2 ) electron microprobe analyses, and 
3) quantitative work with available chemical assay information 
and extractive metallurgical test results. The electron 
microprobe analyses were performed on polished thin sections 
prepared from core and surface samples with relatively high 
gold assays. Gold has been found to occur primarily as sub- 
microscopic inclusions in pyrite and magnetite associated with 
chalcopyrite-pyrite-magnetite assemblages. Individual gold 
inclusions also occur in disseminated magnetite, pyrite, 
orthoclase, and, rarely, quartz grains. Micron- sized gold
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and elect rum particles are visible using backscatter electron 
imaging on the microprobe and are observed associated with 
chalcopyrite or orthoclase in three polished thin sections 
from the P-2 Dacite Porphyry in the Intense Potassic zone. 
Gold is found in only one chalcopyrite analysis, which 
suggests either that gold rarely occurs in chalcopyrite or 
that it may be primarily in solid solution in chalcopyrite at 
levels below the detection limit for the electron microprobe 
(approximately 60 to 80 ppm). Metallurgical studies conducted 
on Alumbrera composites have demonstrated that only 40 to 65 
percent of gold occurs in chalcopyrite.

This information is of significance geologically and in 
light of its importance to the extractive metallurgy of the 
sulfide minerals.
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INTRODUCTION

Purpose
Gold is associated with many porphyry copper systems 

along the Cordilleran orogenic belt, as well as in the 
Phillipines, the Caribbean, and Malaysia (Figure 1). At these 
localities, a correlation between copper and gold values 
within the potassic zone is apparent (Vila and Sillitoe, 
1991), but surprisingly few studies have addressed the actual 
mode of gold occurrences.

Detailed ion probe analyses of trace elements in sulfide 
minerals has demonstrated that 'invisible gold' occurs in some 
ore minerals. This 'invisible gold' is not apparent even 
under high magnification petrographic examination, but is 
analytically significant, from 0.5 to greater than 1000 ppm in 
studied sulfides (Chryssoulis et a l ., 1989). Workers studying 
'invisible gold' in sulfides from different ore deposits 
suggest that it occurs as micron-scale disseminated particles, 
in favorable structural sites (Cook and Chryssoulis, 1990), or 
as interstitial solid solutions.

The purpose of this investigation is to document the 
mode (s ) of gold occurrence at the Bajo de la Alumbrera 
porphyry copper-gold deposit. The primary techniques used were 
petrographic examination and electron microprobe analyses. 
Previous workers have shown that a rough correlation exists 
between copper and gold in bulk assay values. This correlation
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Figure 1. Copper-gold-molybdenum ternary plot of metal ratios 
in porphyry deposits. All copper grades are hypogene. 
Multiplication factors are those employed by Kesler (1973) and 
subsequent investigators. The fields occupied by porphyry Cu- 
Mo, Cu-Au-Mo, and Cu-Au as defined by Cox and Singer (1988) 
are also depicted. Deposits: 1 = Panguna, Papua New Guinea, 
2 = Ok Tedi, Papua New Guinea, 3 = Mamut, Malaysia, 4 = Dizon, 
Philippines, 5 = Santo Tomas II, Philippines, 6 = Galore 
Creek, British Columbia, 7 = Morrison, British Columbia, 8 = 
Bell Copper, British Columbia, 9 = Mount Policy, British 
Columbia, 10 = Fish Lake, British Columbia, 11 = Afton, 
British Columbia, 12 = Bingham, Utah, 13 = Bajo de la 
Alumbrera, Argentina, 14 = Marte, Chile, 15 = Lobo, Chile, 16 
= Quebrada Blanca, Chile, 17 = Chuquicamata, Chile, 18 = El 
Salvador, Chile, 19 = Potrerillos, Chile. (Modified from Vila 
and Sillitoe, 1991).
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has led to the assumption that gold likely occurs in chalco- 
pyrite, the sole hypogene copper mineral at Alumbrera. The 
focus of this research was to specifically identify the 
mineral loci of gold, which are chalcopyrite, pyrite, 
magnetite, hematite, orthoclase, and quartz. Petrographic and 
microprobe techniques were used to determine whether gold 
occurs as visible grains or submicroscopic inclusions or 
disseminations.

The results of this investigation are of critical 
importance to the extractive metallurgy of sulfide 
mineralization at Alumbrera. If gold can be extracted at 
greater recovery efficiencies than metallurgical bench tests 
have indicated, the value of the ore is significantly 
greater. Knowing how gold occurs will help make increased 
efficiencies possible.

Research Methods
The samples used for this study were collected or 

recovered by J.M. Guilbert during previous visits to Bajo de 
la Alumbrera. BA-92-3 through BA-92-16 represent some surface 
localities and all other samples were taken from drill hole 
core on 50 meter level data planes from Yacimientos Mineros de 
Agua de Dionisio (YMAD) drill holes. Sample material was 
limited and sections of drill core for some holes of interest 
were not available, so this study has been undertaken with 
these limitations clearly in mind. Polished thin sections
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were prepared by Quality Thin Sections, Inc., Tucson, Arizona.
For the surface samples, slices of rock adjacent to 

those used for thin sections were chemically analyzed at 
Skyline Laboratories (Tucson, Arizona) for Cu, A u , Fe, As, S, 
and total sulfide S in order that chemical data similar to the 
drill hole samples would be available.

Each slide was examined thoroughly with the petrographic 
microscope in order to determine rock type(s ), alteration 
assemblages, and vein sequences present. An unsuccessful 
effort was also made to observe gold petrographical1y .

Color photocopier prints of whole thin sections, at 8 
times magnification, were made at Reproductions, Inc., 
according to the techniques of Guilbert and Yadao (1994). 
These prints were useful in locating areas of interest for 
microprobe analyses in the slides and for determining vein 
sequences and characters.

The polished thin sections were carbon coated as 
preparation for the microprobe analyses. Strips of conductive 
carbon paint were brushed onto each end of the slides, where 
the slide contacted the sample shuttle, and were then allowed 
to dry. Thermal evaporation equipment provided by the 
University of Arizona electron microprobe laboratory was 
utilized to coat the samples. The carbon coating is nearly 
transparent to all X-rays, yet it prevents the buildup of 
charge or overheating at the surface of the specimen.

Wavelength dispersive microprobe analyses were done on the
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University of Arizona Cameca SX-50 Instrument in the Planetary 
Sciences Laboratory, Tucson, Arizona. The detection limits 
for gold and silver and other trace elements were estimated 
for each mineral analyzed (Tables 1-3). The accelerating 
voltage used for all elements was 15.0 kilovolts. Depending on 
probe operating conditions, beam currents of 80 to 299 
nanoamperes were used on all trace elements analyzed (Au, Ag, 
Te, As, Cr, Ti, Mn, V, Zn) and counting times of 500 to 999 
seconds for gold and 200 seconds for silver were used. A beam 
current of 20 nanoamperes and a counting time of 10 seconds 
was used for the analysis of major minerals including iron, 
copper, sulfur, silicon, aluminum, and potassium. The 
minerals analyzed for contained gold include chalcopyrite, 
pyrite, digenite, covellite, hematite, magnetite, quartz, and 
orthoclase. The standards used for electron microprobe 
analysis are as follows: troilite for iron and sulfur; FegOg 
for iron oxides; AI2O3 for aluminum; copper metal for copper; 
arsenopyrite for arsenic; potassium feldspar for silicon and 
potassium; tellurium metal for tellurium; gold metal for gold; 
silver metal for silver, chromite for Cr, vanadium metal for 
V, zinc metal for Zn, sphene for Ti, and manganese metal for 
Mn,

All four spectrometers were used for the majority of the 
analyses of the Alumbrera thin sections. K-alpha lines were 
used for Al, Fe, S, Si, and Cu. L-alpha lines were used for 
silver, arsenic, and tellurium. M-alpha lines were used for
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gold. The analyzing crystals used were thallium acid 
phthalate (TAP) on spectrometers 1 and 2, pentaerythritol 
(PET) on spectrometer 3, and lithium fluoride (LIE) on 
spectrometer 4. Sulfur, silver, and gold were consistently 
analyzed on spectrometer 3, and iron and copper were 
consistently analyzed on spectrometer 4. Other elements were 
analyzed on spectrometer 1 or 2 .

All element spectra were checked for possible 
interferences of other elements that were being analyzed for. 
The background offset for gold was adjusted in order to avoid 
interference from third order Fe K-alpha lines one and two. 
The background offset for A1 was adjusted in analyses of iron 
oxides in order to avoid interferences from third order Ti K- 
alpha lines one and two.

Analyses were performed primarily on disseminated grains 
of chalcopyrite, pyrite, hematite, and magnetite and on grains 
of these same minerals occurring in vein and veinlet systems 
described below. Also analyzed were orthoclase and quartz 
grains associated with potassic alteration in the productive 
porphyries P-2 and P-3, and supergene chalcocite, covellite, 
and digenite.

The ability to detect the presence of an element by 
electron microprobe analysis is determined by whether the 
counts for a peak are significantly greater than the 
fluctuations in the background. To be 99 percent certain a 
peak is present, the background level must be exceeded by
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three standard deviations (3 Sigma). Background intensity is 
a function of atomic number, so actual detection limits are 
likely to be higher for a light element in a heavy matrix than 
for a heavy element in a light matrix (Scott and Love, 1983). 
Detection limits for the trace elements were estimated using 
the following procedure:

1) Sigma (S) was calculated using the counting time (t = 500- 
999 seconds) and the observed background (B) (in counts per 
second). The square root of the product of the counting time 
and the observed background count rate was calculated for each 
of the minerals analyzed and then was divided by the counting 
time to yield Sigma.

S = (t x B )1/2 
t

This sigma value represents the statistical error of the count 
rate or noise. The minimum significant peak or minimum 
detection limit will be at least 2 Sigma above the background. 
3 Sigma values are used in this report for the estimation of 
the detection limits in order to obtain a higher degree of 
certainty.

2) An estimate of the detection limit (DL) for each trace
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element was made using the observed peak (Pk) (above observed 
background) and the observed weight percent (Wt. %) of that 
element in the phase analyzed. The proportion used to 
estimate the detection limit in weight percent is :

DL = (3S/(Pk obs. - B obs.)) x (Wt.% obs.)

The peak count must be greater than the background count in 
order for the calculation to be possible.

3) The detection limit is a function of counting time and 
beam current, so the high counting times and currents used for 
the analyses in this investigation reflect an attempt to 
detect gold at levels below 100 parts per million. Detection 
limit calculations were performed for 8 to 10 different 
analyses for each trace element and mineral and then averaged 
to yield the detection limits listed in Tables 1-3.

The Cameca SX-50 electron microprobe uses the curve- 
fitting correction procedure of Pouchou and Pichoir (1984, 
1987) to correct for matrix effects, a routine that has been 
proven to be superior to conventional ZAP procedures (Love and 
Scott, 1988). The method of Pouchou and Pichoir (known as 
PAP) involves the calculation of an atomic number correction 
en route to the final formula (Love and Scott, 1988). These 
correction factors account for differences in electron
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scattering, x-ray generation, absorption, and fluorescence 
between the specimen and the standards (Scott and Love, 1986).

Table 1. Detection limits in ppm for Au at different currents 
(nA) and counting times (s ).

MINERAL 80 nA 
500 s.

160 nA 
500 s.

250 nA 
999 s.

Chalcopyrite 140 90 60
Pyrite 120 80 60
Magnetite 120 90 60
Hematite 120 90 60
Quartz * 90 *
Orthoclase * 90 *

* denotes not enough analyses with Au to calculate 
detection limits.

Table 2. Detection Limits in ppm for Ag and As. Cu sulfides 
mentioned in table include coveilite, digenite, and 
chalcocite.

Arsenic Silver Arsenic Silver
MINERAL 80 nA 80 nA 160 nA 160nA

10 s. 200 s. 10 s. 200 s.
Chalcopyrite 320 100 230 70
Pyrite 280 100 190 60
Hem./ Mag. 340 100 230 50
Cu sulfides * * 240 60

* denotes not enough data to determine detection limit.
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Table 3. Detection Limits in ppm for Trace Elements in 
Hematite and Magnetite (at 250 nA and 10 second counting 
times).

Element Detection Limit
Manganese 130
Chromium 130
Titanium 190
Aluminum 170
Zinc 410
Vanadium 170

Earlier Work
Very limited pertinent research has been conducted to 

establish mineralogical relationships of chemically-reported 
gold in gold-bearing porphyry copper deposits. In a regional 
context, Sillitoe (1979) noted a correlation between magnetite 
content and high fOg conditions and gold grades in potassic 
alteration zones in porphyry copper deposits. Popov (1977) 
and Sillitoe (1982) noted that at many porphyry deposits, gold 
grade is negatively correlated with molybdenum grade.

Mineralogical studies of gold-rich porphyries suggests 
that gold occurs in many forms. Micron-sized particles of 
free gold are described at Ingerbelle, British Columbia (J. 
McCue, Newmont Mines Ltd., unpublished report) and small 
grains of electrum with 11.5 to 18.5 percent silver and 81.5 
to 88.5 percent gold are associated with bornite-gangue grain
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boundaries at Granisle, British Columbia, and with 
chalcopyrite and pyrite at Bell, British Columbia (Carson et 
al ., 1970; Cuddy and Kesler, 1982). Earliest mineralogical
studies at Panguna, Papua New Guinea, indicate that free gold 
is associated primarily with bornite, secondarily with 
chalcopyrite, and rarely in pyrite (Baldwin et a l ., 1978). 
More recent electron microprobe analyses of Panguna (Danti et 
al., 1988) indicate that gold occurs exclusively as discrete 
electrum grains in leached capping and as electrum inclusions 
in marcasite, bornite, idaite, chalcopyrite, covellite, 
chalcocite, and digenite, and as discrete grains in the copper 
enriched blanket. Below this enriched layer, submicroscopic 
gold is predominant, which occurs primarily in marcasite, 
idaite, and bornite. Inclusions of sylvan!te and hessite in 
bornite are described at Dos Pobres, Arizona (Langton and 
Williams, 1982).

Statistical methods have been employed to correlate gold 
with other minerals utilizing available chemical data. A 
preferential occurrence of gold in bornite is indicated at the 
Carmen porphyry copper deposit, Philippines (Arcilla and 
Reyes, 1989). In the Almalyk region, Uzbekistan, the Almalyk 
porphyry copper deposit has 60 percent of its gold in copper- 
molybdenum phases and 40 percent free gold (Meshchaninov and 
Azin, 1973).

Previous investigations at Bajo de la Alumbrera date from 
1949 (see Stults, 1985). Detailed mapping of and analytical
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work on Alumbrera is included in Stults (1985), and mineral 
centers of the Farallon Negro District, including Alumbrera, 
are discussed in Sillitoe (1981). A feasibility study 
conducted by Fluor-Daniel-Wright for International Musto 
Explorations, Limited (IMZ) in 1993-1994 involved a 
comprehensive study of geology, metallurgy, ore reserves, 
tonnage, and grade distribution at Alumbrera. Plaza (1993) 
composed two volumes on the deposit geology as part of the 
feasibility study. Guilbert (1994, in press) has written the 
most recent description of the Alumbrera deposit geology.

Electron microprobe analyses for gold content in 
chalcopyrite grains at Alumbrera has previously been conducted 
by Stults (1985). These analyses indicate chalcopyrite grains 
contain up to 880 ppm gold. 1 Invisible' or submicroscopic 
gold occurrences in sulfide ore minerals at the Sudbury, 
Stillwater, Brunswick, and other deposits via ion probe 
analyses is documented by Cabri et al. (1984, 1985).

Location and Classification
The Bajo de la Alumbrera porphyry copper-gold deposit is 

located in the Huaifin District of the Catamarca Province of 
northwestern Argentina (Figure 2). It occurs within a cluster 
of hydrothermally altered areas along a NW-trending belt 
nearly 40 km long and 20 to 30 km wide (Allison, 1984). Many 
of these areas have been identified as porphyry copper 
deposits, such as Bajo El Durazno, Bajo de Agua Tapada, Bajo
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Figure 2. Location of Ba jo de la Alumbrera in Catamarca 
Province, northwestern Argentina, South America (from Stults, 
1985).
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Las Pampitas, and Bajo de San Lucas (Figure 3). All of these 
mineralized centers contain a central zone of quartz-magnetite 
alteration, and surface geochemistry conducted at Durazno and 
Las Pampitas indicates a strong spatial correlation between 
elevated gold values and quartz-magnetite alteration (Sasso, 
1994). Similar styles of alteration have previously been 
described at Tanama, Puerto Rico (Cox, 1985), at Island 
Copper, British Columbia (Arancibia and Clark, 1993), and at 
Panguna, Papua New Guinea (Eastoe, 1983).

The Alumbrera deposit occurs in the mountainous desert 
region within the Sierras Pampeanas structural province of 
Argentina (Figure 4) at an elevation of 2600 meters. This arid 
region is characterized by low annual rainfall with occasional 
light snowfalls, mild winters, and sparse vegetation 
consisting of low shrubs and cacti.

The andesitic volcanic rocks of the Farallon Negro 
Volcanic Complex are host to four intrusive dacites at 
Alumbrera, two of which contain productive mineralization. 
The intrusion of these productive porphyries resulted in the 
development of Lowell-Guilbert (1970) style concentric zones 
outward of potassic, phyllic, and propylitic alteration. The 
'bajo1 is a northeast-southwest oriented ellipsoidal erosional 
depression that covers an area of about 2.6 square kilometers 
and is surrounded by ridges of unaltered Farallon Negro 
volcanics. The floor of the depression is characterized by 
yellowish and reddish oxidized outcrops of the hydrothermally
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Figure 3. Location of Farallon Negro mineral deposits (from 
Stults, 1985). Upper Miocene volcanics shown are the Farallon 
Negro andesites; granites, schists, and gneisses are 
Paleozoic. Solid dots represent porphyry copper deposits; 
solid squares represent towns.
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altered and mineralized stock. This basin and some of its 
constituent minerals gave the deposit its name, as 'Bajo de la 
Alumbrera' translates to ' low place with luminous rocks.'

ROck types and the degree of hydrothermal alteration 
influence the topography at Bajo de la Alumbrera (Figure 5). 
The surrounding annulus of phyllic alteration zone has fairly 
subdued relief in comparison to the steep hills of Cerro 
Colorado Norte and Cerro Colorado Sur, which occur in the 
orebody center and are potassically altered and strongly 
silicified. Surficial argillic alteration gives the
phyllically altered dacites a bleached appearance. Slopes 
increase around the deposit where more resistant 
propylitically-altered to fresh rocks occur.

Feasibility Study and Estimation of Reserves.
Bajo de la Alumbrera first became of geologic interest in 

1949 and was first classified as a disseminated copper and 
gold deposit by Sister in 1966; for a detailed history of the 
deposit, see Stults (1985) and Guilbert (1994).

Since 1992, plans have been underway to exploit the 
resources at Alumbrera. International Musto Explorations 
Limited (IMZ) of Vancouver, British Columbia began a 
feasibility study on the deposit in 1992 after signing a 
contract with Yacimientos Mineros de Agua de Dionisio (YMAD) 
for the exploitation of the Alumbrera deposit. In February of 
1993, the holes previously drilled by Investigaciones
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Figure 5. Photograph of Bajo de la Alumbrera, facing the 
west. Central hills are silicified Cerro Colorado Sur (left) 
and Cerro Colorado Norte (right). High mountains in 
background are propylitically altered to fresh Farallon Negro 
Volcanics.
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Desarrollos Mineros Socieda Anonima (IDBMSA) and YMAD were 
relogged by David Plaza, IMZ project geologist. Additional 
holes drilled by Musto in 1992 and 1993 confirmed the 
quantitative aspects of the orebody and defined an extended 
zone of high-grade mineralization at depth and to the 
southwest in the P-3 Dacite Porphyry. The three drilling 
programs have yielded a total of 27,700 meters of core from 
119 holes.

All sample intervals from the I DBMS A and YMAD drill holes 
were reassayed at Chemex Laboratories, Vancouver, to confirm 
copper and gold values. The copper reassays showed a strong 
correlation with the earlier assays and the gold check assays 
varied somewhat from the originals due to improved sampling 
techniques. The IMZ geological model was developed according 
to recent interpretations of the results from the three 
drilling programs. A reserve model of the deposit was then 
generated by MINTEC, Inc. based on the geologic model that was 
provided by Musto and the three sets of assay information. 
The Alumbrera deposit is the largest known copper-gold deposit 
in Argentina. At a 0.2 percent copper cutoff grade, estimated 
resources of 665 million tonnes occur with an average grade 
of 0.519 percent copper and 0.650 grams per tonne gold. The 
deposit thus contains 13,700,000 ounces of gold and 7.593 
billion pounds of copper.
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REGIONAL GEOLOGY

Arc-Related Magraatism
The Bajo de la Alumbrera porphyry copper-gold deposit 

formed along a subduction-generated volcanoplutonic arc, a 
setting similar to that of many of the other porphyry base 
and precious metal deposits along the western margin of North 
and South America. In South America, an eastward migration of 
intrusive and extrusive activity associated with the 
subduct ion of the Nazca Plate beneath the South American Plate 
occurred from the early Mesozoic through the mid-Tertiary. 
It has been suggested by several workers (e.g. Noble et al., 
1974; Clark et al., 1976; Sillitoe, 1981) that this eastward 
trend of magmatic activity, which extended into Argentina by 
the Miocene, was a result of increased rates of subduction of 
the Nazca Plate. Other studies suggest that a declining 
subduction angle of the Nazca Plate developed between 28 to 
33° S from about 17 to about 10 Ma (Reynolds et al., 1990; 
Ramos et al., 1988). The subducting Nazca plate segmented 
into several regions of contrasting dip angles (Barazangi and 
Isacks, 1976). The flat slab segment that underlies Chile and 
Argentina from 28 to 33° S lacks an associated volcanic arc, 
whereas other segments to the north and south are currently 
associated with significant volcanic activity (Reynolds et 
al., 1990).
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Evolution of the Andean Orogen
The Andes of Chile and Argentina constitute the 

southernmost part of the Cordilleran igneous and tectonic 
region that is continuous along the western margins of the 
North and South American plates from Alaska to Chile. 
Metalliferous zones within the Andean Cordillera include some 
of the most important sources of copper in the world. The 
rugged Andean topography is primarily the result of crustal 
thickening, which has been produced in some degree by magmatic 
additions of material from the mantle but primarily by 
compressional crustal shortening (Barazangi and Isacks, 1976). 
Modern geologic provinces along the Andean belt are thought to 
partially owe their individualities to segmentation of the 
subducted Nazca Plate (Jordan et a l ., 1983).

The Andean orogeny has been active from the Jurassic to 
the Holocene. A major phase of volcanic activity associated 
with late Cretaceous and early Tertiary orogeny was clearly 
displaced east of earlier magmatic activity (James, 1971). 
The major part of the Andean batholith was emplaced during 
late Cretaceous to early Tertiary time, when increased rates 
of convergence were likely. The crust in this zone was 
invaded by considerable volumes of intermediate to granitic 
magma (Barazangi and Isacks, 1976).

Andean tectonics above the flat-subducting segment 
between 28° S to 33° S, which includes the Farallon Negro 
Volcanic Complex and Bajo de la Alumbrera, are characterized
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from west to east by 1) a steady topographic rise from the 
coast to the crest of the Andes, 2) no significant Quaternary 
or, possibly. Neogene magmatism, 3) a narrow belt of eastward- 
migrating, apparently thin-skinned. Neogene to Quaternary 
shortening within the Andes, and 4) Plio-Pleistocene uplift of 
crystalline basement along reverse faults in the Pampeanas 
Ranges (Jordan et al ., 1983).

During the Miocene and the Pliocene, as magmatic activity 
migrated eastward, the Argentinan Farallon Negro and Sierra de 
Fatima volcanic centers of the Sierras Pampeanas were 
constructed nearly 175 kilometers east of the highest part of 
the Andean Cordillera.

Structural Setting
The western margin of the South American continent was 

intensely deformed during the Paleozoic and early Mesozoic, 
prior to the Andean orogeny. Pre-Jurassic basement consists of 
fragments of Precambrian to early Paleozoic allochthonous or 
displaced terranes and autochthonous late Paleozoic terranes 
belonging to the Gondwana continent (Jordan et al., 1983). An 
early Carboniferous magmatic arc was apparently established 
over these older rocks throughout the length of the Chilean 
and Argentinian Andes from at least 27° S to 45° S (Davidson 
and Mpodozis, 1991).

Most of the porphyry copper deposits in South America 
occur within strongly deformed belts between the uplifted and



32

eroded terrene of the South American craton to the east and 
the batholithic belt to the west. Many workers have concluded 
that these deposits were emplaced within systems of long 
parallel faults with mostly vertical displacements (Pitcher, 
1972; Pitcher and Bussell, 1977; Cobbing, 1972). Pre-existing 
joint structures have also been inferred to control the 
occurrence of intrusive complexes in the batholiths of Peru 
(Titley and Beane, 1981).

Major faults have apparently controlled the alignment of 
many of the Argentinan and Chilean porphyry copper deposits. 
Landsat image studies conducted by Ramos (1977) suggest that 
mineralization centers in the Farallon Negro region are 
associated with tensional fractures produced from right- 
lateral movement along two NNE megalineaments, the Huaifin and 
the Aconquija (or Tucuman) (Figure 6). Bajo Las Pampitas, 
Bajo De La Alumbrera, Bajo El Espanto, Los Jejenes, and Bajo 
San Lucas occur along a N23°W trend; and Mi Vida, Capillitas, 
Cerro Atajo, and Bajo El Durazno occur along a N70°W trend 
(Garcia, 1969; Stults, 1985). At Bajo de la Alumbrera, a 
N60°W trend is also evident, which may be related to a 
reactivated Precambrian shear zone (Sister, 1979). This trend 
is expressed by the early andesite dikes, dikes of P-4 and P-3 
Dacite Porphyry (Plaza, 1993), and late quartz-calcite- 
pyrolusite veins (Stults, 1985). A subordinate northeast 
fabric is expressed at Alumbrera by minor andesite dikes, the 
northeast elongation of alteration halos, and NE-trending
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Figure 6, a. Megalineaments apparent in the Pampeanas Ranges 
of central Argentina (from Ramos, 1977). b. Copper 
mineralization centers in the Farallon Negro district occur 
along tensional fractures associated with megalineaments (from 
Ramos, 1977).
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faults (Stults, 1985).
In Chile, the El Salvador and Potrerillos deposits occur 

close to the extension of the Argentinan N70°W trend. Other 
Andean porphyry systems such as Chaucha, Ecuador, 
Michiquillay, Peru, and Copaquire and Chuquicamata, Chile are 
reported to have been localized by right lateral slip faults 
such as the West Fissure (Hollister, 1978, Lowell, 1990).

FatalIon Negro Volcanic Complex
The Farallon Negro Volcanic complex of Argentina 

represents the easternmost subduction-^related magmatism along 
the western margin of South America at this latitude (lat. 
270 15'S) . The Complex occurs within the Sierras Pampeanas
morphostructural province (Figure 4), which is bordered to the 
west by the Precotdillera and the Sierras Transpampeanas and 
to the north by the Puna and the Eastern Cordillera. The 
Sierras Pampeanas are a generally north-trending mountain 
range with tremendous relief of from 1,000 to 6,000 meters 
above sea level. Thick-skinned crystalline basement uplifts 
developed across a 350- to 400- km wide region between 26 and 
33° S in the Sierras Pampeanas during Late Miocene, Pliocene, 
and Quaternary time (Clark et al., 1976; Jordan and
Allmendinger, 1986).

The Miocene Farallon Negro Volcanic Complex overlies 
Middle to Upper Tertiary Calchaquense continental sediments 
and a Paleozoic crystalline basement of metasedimentary and
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Plutonic rocks that range from 425 to 445 Ma. Post
deformation erosion of the Calchaquense sediments was followed 
by intense volcanic activity associated with the Farallon 
Negro stratovolcano. The Farallon Negro volcanic complex 
formed within a tectonic depression bounded by regional faults 
covering an area of approximately 700 square kilometers 
(Llambias, 1972). It consists of high potassium calc- 
alkaline andesitic autobrecciated flows, andesite and 
basaltic-andesite flows and dikes, tuffs, intrusive 
porphyritic andesites, dacites, monzonites, and rhyolites that 
constitute the eroded remnant of the original stratovolcano 
and its apparent multitude of intrusive and volcanic centers 
(Stults, 1985).

Intrusion of major andesite porphyries at Bajo El 
Durazno, dacite porphyries at Agua Tapada and Bajo De La 
Alumbrera, and the large quartz monzonite body at Alto De La 
Blenda followed the most intense Farallon Negro volcanic 
activity. Potassium-argon dating by McBride (1972) defined a 
10.6 million year age for at least one of the flow units in 
the Complex and ages of 8.8 m.y, 7.9 m.y., and 7.7 m.y. for 
intrusives that occur at Agua Tapada, Bajo El Durazno, and 
Bajo Las Pampitas, respectively (Caelles et a l ., 1971). The 
intrusives at Bajo de la Alumbrera are thought to be coeval 
with the Durazno intrusives (Stults, 1985).
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DESCRIPTION OF ALUMBRER& ROCKS 

Major Intrusive Events
The Bajo de la Alumbrera deposit consists of a series of 

high-potassium calc-alkaline dacite porphyry stocks that 
intrude andesitic volcanic breccias and the contained andesite 
and andesite porphyry sills and dikes of the Farallon Negro 
volcanic-intrusive complex (Figure 7). These pre-dacite 
porphyry sills and dikes, which are clearly visible along the 
alteration zone margins, were less susceptible to the 
processes of hydrothermal alteration (Sillitoe, 1981).

Porphyritic intrusions into the Tertiary Farallon Negro 
Volcanic Complex at Bajo apparently consisted of three major 
events which occurred at about 7.9 m.y (Stults, 1985; Plaza, 
1993). The first phase involved the intrusion of an early, 
premineralization P-1 Dacite Porphyry, followed by the 
intrusion of the P-3 Dacite Porphyry and, finally, subsequent 
silicification of the P-3 Dacite Porphyry and the other rock 
units in the central part of the orebody. P-2 in this writing
is interpreted to be silicified P-1, P-3, or andesite. Minor 
post-mineral and post-alteration dikes have been classified 
by Plaza (1993) as the P-4 dacites.

Drill Core and Surface Samples Studied
Polished thin sections were prepared from sections of 

core from the various lithologies and zones of alteration at
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Ba jo de la Alumbrera (Figures 7, 8). Lithologic types 
observed in thin section and in available core pieces in nine 
cases conflicted with the drill-hole mesoscopically logged 
lithologies of the most recent reports; these discrepancies 
are noted in Table 4 in parentheses. These differences are 
particularly critical to note, as the detailed sample 
descriptions and gold analyses reported here are broken down 
according to thin section rock type as well as alteration 
type. Rock types reported from level plans and cross-sections 
are listed following the table below, and the thin section 
rock types are explained at the end of the table.
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Table 4. Drill Core Samples Studied with Alteration Zones and 
Copper and Gold Grades. Rock type designation in parentheses 
is as reported from maps and cross-sections (Plaza, 1993).

Sample Rock Type Alteration W t . % Cu/ppm Au
39-50@68 P-3 PP 0.14/0.29

40-46064 P-3 PP 0.50/0.40

40-460114 P-3 PP 0.42/0.40

40-460200 P-3 PP 0.30/0.30

40-54026 P-2 PP 0.03/0.50

40-54036 P-3 (P-2) PP 0.05/1.30

40-54086 P-2 PP 0.08/1.05

40-540130 P-2 PP 0.45/0.93

46-50053 P-3 PP 1.70/1.00

46-500103 P-1 PP 0.35/0.50

46-500153 FA (P-2) IP 0.84/0.70

46-500199 P-2/FA IP 0.58/0.35

46-54047 P-3 WP 0.05/0.30

46-54084 FA (P-2) WP 0.04/0.21

46-540197 P-2 (P-3) IP 0.46/0.70

46-540247 P-3 (P-2) IP 0.38/0.60
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Table 4 (continued).

Sample Rock Type Alteration Wt% Cu/ppm Au

46-54@297 P-2 IP 0.16/0.50

47-5908 P-2 IP 1.98/1.57

47-59091 P-3 (P-2) IP 1.77/1.81

47-590139 FA (P-3) PP 0.76/0.91

47-590198 FA PP 0.60/0.67

47-590408 P-3 PP 0.30/0.58

48-480306 FA PP 0.90/0.79

50-59082 P-1 PP 0.81/1.03

50-590132 P-2/FA IP 0.91/0.90

50-590182 P-2 IP 0,43/0.90

50-590232 P-2 PP 0.99/1.00

50-590282 P-1 (P-3) IP 0.48/1.30

50-590304 FA (P-3) IP 0.54/0.90

All drill hole assay data taken from Reserve Drilling Geology 
Logs (IMZ) and represent 3 meter assay intervals. Sample 
numbers are according to the N-S and E-W coordinate 
system followed by a number representing the depth below 
the surface in meters.
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Table 5. List of Surface Samples Studied

Sample Rock Alteration Wt. % Cu/ W t . %Fe
Type Zone ppm Au

BA-92-3 P-2 IP 0.06/0.320 18.20

BA-92-4 P-2 IP 3.85/3.200 7.65

BA-92-5 P-1 PP 0.02/0.830 8.15

BA-92-9 P-2 IP 1.24/1.200 8.10

BA-92-10 P-2 IP 1.20/1.400 8.00

BA-92-11 P-2 IP 1.55/0.700 12.10

BA-92-12 P-2 IP 2.08/3.500 7.00

BA-92-13 P-2 IP 1.33/1.100 9.55

BA-92-14 P-2 IP 1.39/1.000 11.60

BA-92-15 P-2 IP 1.29/1.700
f

12.90

BA-92-16 P-3 IP 0.07/0.02 4.05

* Surface samples (BA-1-16) analyzed at Skyline Laboratories, 
Tucson, Arizona.

Fragmental Andesites
The potassium-rich, calc-alkaline Farallon Negro 

volcanics are the host rocks for the Alumbrera intrusives and 
include andesite flows and flow breccias. For the sake of 
simplicity, the andesite flows and late andesite dikes, which
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Figure 7 = Geologic map of Bajo de la Alumbrera (after Plaza, 
1993).
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are unbrecciated, and the brecciated andesites, which have 
virtually the same texture and color and which are most 
abundant at Alumbrera, were classified into one group, the 
Fragmental Andesites by Plaza (1993).

According to chemical classifications based on 
variations of SiOg and K2O, the flow rocks are identified as 
shoshonites, while the fragmental units are latites or 
banakites (Mackenzie and Chappell, 1972; Peccerillo and
Taylor, 1976). The Farallon Negro Volcanic rocks differ from 
typical shoshonites in that they contain little olivine and no 
sanidine, and contain sodic rather than calcic plagioclase 
(Stults, 1985).

The brecciated Fragmental Andesites are predominant in 
the study area and consist of sub-angular andesite fragments 
within an andesite matrix. These rocks contain from 52 to 62 
percent Si&g and the fragments and matrix contain phenocrysts 
of sodic plagioclase, pyroxene, biotite, and hornblende. Large 
patches of brown alteration biotite, common in rocks in the 
potass ic zone, replace up to 50 or more percent of the 
original phenocrysts and groundmass (Figures 9, 10). Flow
brecciated andesites are reported to constitute at least 90 
volume percent of the wall rock at Bajo de la Alumbrera. 
Fragments range in size from one to 70 centimeters in 
diameter. Fragments greater than 30 centimeters in diameter 
tend to be rounded to well-rounded in comparison to smaller 
fragments, which are typically subrounded to angular (Stults,
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Figure 9. Fragmental Andesite, sample 50-59@304, showing 
brown secondary biotite that has replaced phenocrysts of 
hornblende (field of view 2.3 x 1.5 mm, plane light).
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1985) .
Proximal Fragmental Andesites of the Farallon Negro 

Volcanic Complex contain in aggregate approximately 122 
million tonnes of ore at a 0=2 percent copper cutoff grade 
with 0.429 percent copper and 0.455 parts per million gold 
(Plaza, 1993). Chalcopyrite and pyrite are concentrated in 
narrow to wide anhydrite-gypsum (BLA-4 veins) and narrow 
quartz-biotite veins (BLA-1 veins). Disseminated magnetite up 
to 50 volume percent, with minor chalcopyrite and pyrite are 
typically dispersed in the groundmass.

P-1 Dacite Porphyry
The P-1 Dacite Porphyry of Plaza (1993), named the "Pre- 

Main Stage Porphyry" by Stults (1985), is the oldest of the 
dacitic intrusions. This pre-mineralization porphyry has 
undergone quartz-anhydrite flooding (BLA-3 veins) in zones 
that encompass up to 20 percent of the rocks within the 
boundaries of the orebody (Figure 11). This porphyry crops 
out in a series of yellow to whitish hills that form an 
annulus about 120 meters wide around the potassically altered 
center of the orebody (Figures 5, 7, 19). P-1 is predominant 
in the northwest quarter of the bowl-shaped depression and is 
in contact with the Farallon volcanics to the west and the P-3 
Dacite Porphyry to the east (Stults, 1985). This unit in most 
cases has undergone moderate to strong sericitic-argillie 
alteration that gives it a "bleached" appearance and obscures
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Figure 11. Quartz-anhydrite flooding zone in P-1 Dacite (field 4 x 3  mm, XN).
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most of the original composition and texture. Relict 
boundaries of original feldspar and biotite are visible in 
thin section. Fresh or weakly altered P-1 rocks are reported 
to contain phenocrysts of quartz and relict plagioclase that 
are 1 to 3 millimeters in diameter (Plaza, 1993). Phenocrysts 
of biotite or chlorite rarely occur in these rocks. The 
light-gray to white aphanitic matrix is now composed of very 
fine-grained quartz, sericite, and clay minerals.

Estimated resources in the P-1 Dacite Porphyry are 
177,089,600 tonnes with an average grade of 0.385 percent 
copper and 0.412 grams per tonne gold at a 0.2 percent copper 
cutoff grade (Plaza, 1993).

Polished thin sections of P-1 typically are yellowish and 
bleached in appearance due to extensive phyllic alteration. 
Near-surface samples display argillic alteration assemblages. 
Phenocrysts of biotite, quartz, and plagioclase are completely 
altered to sericite or chlorite. The aphanitic groundmass is 
quartz, sericite, chlorite, and clay minerals. Zones of 
quartz-anhydrite flooding up to several mm wide (BLA-3) in 
50-590282 contain minor amounts of chalcopyrite and pyrite. 
Anhydrite mostly altered to gypsum (BLA-4) veins occur in most 
of the sections and are mostly barren. Veins of pyrite, with 
a few percent quartz and chalcopyrite inclusions, are 
approximately 2 mm wide and veins of chalcopyrite up to 5 mm 
wide are also observed. Magnetite is not present and 
chalcopyrite and pyrite occur strictly in veins or in
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veinlets and are not disseminated in the groundmass.

P-2 Dacite Porphyry
P-2 occurs most conspicuously at the two central high 

hills called Cerro Colorado Norte and Cerro Colorado Sur 
(Figure 5). Fresh P-2 Dacite Porphyry is reported to occur 
as peripheral dikes outside the boundaries of the orebody 
(Plaza, 1993). These unaltered gray-green aphanitic rocks 
called P-2 by Plaza (1993) contain phenocrysts of plagioclase, 
quartz, and accessory biotite composing about 35 percent of 
the rock volume. Within the central portion of the orebody, 
rocks mapped as P-2 are highly to completely silicified and 
contain up to 50 or more volume percent magnetite. Magnetite 
is particularly abundant between quartz grain boundaries and 
in zones of fine- and coarse-grained quartz flooding (Figures 
12, 13). P-2 occurs in the central part of the orebody where 
strong potassic alteration is predominant and high grade 
mineralization is apparent, particularly in the top portion of 
the orebody. Estimated resources in P-2 are 103,556,900 
tonnes with an average grade of 0.678 percent copper and 1.001 
grams per tonne gold at a 0.2 percent copper cutoff grade 
(Plaza, 1993).

Petrographic examinations of P-2 thin sections suggest 
that units mapped as P-2 appear to be highly silicified and 
magnetitized P-1, P-3, or andesite rocks . Many of these 
sections show strong veinlet-controlled and flood
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silicification around relicts of andesite or P-3 textures 
(Figures 14, 15). Descriptions of textures in P-2 and P-3 in 
the Plaza report are virtually interchangable and earlier 
mapping by Stults (1985) did not recognize an analog to P-2, 
though he noted various peripheral dikes. Plaza also reports 
P-2 to be older than P-3 and suggests that the abundant 
magnetite mineralization in this unit pre-dates the potassic 
alteration event. The abundant magnetite in silicified zones 
that cut P-3 and are thus younger and in the orthoclase 
groundmass argues against this 'early magnetite' aspect of 
Plaza's report.

Flanking the silicified zones, the groundmass of these 
highly altered rocks is principally orthoclase, though 
phenocrysts of plagioclase, biotite, and quartz are generally 
apparent.

All of the P-2 dacites studied are extensively 
silicified, with the exception of 46-540 247, which occurs in 
the Intense Potassic zone and contains brecciated fragments 
and relict biotite and quartz phenocrysts that are texturally 
identifiable as P-3. In these highly silicified samples, 
silicif ication accounts for 20 to 85 percent of the total rock 
volume, in which the original texture is completely 
obliterated. The quartz-predominant stockwork-style veins 
(BLA-2 veins) are randomly oriented, micron-scale to several 
cm wide, and typically contain up to 30 percent magnetite. 
Magnetite is abundant along quartz vein margins as well as in
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Figure 12. Color photocopy print of silicified dacite. White 
areas are quartz-rich BLA-2 veinlets with orthoclase- 
chalcopyrite-magnetite-hematite-pyrite and areas outside these 
veinlets are magnetite-rich orthoclase groundmass (46-54@297, 
plane light, field approximately 1.7 x 2.2 cm).



54

Figure 13. Color photocopy print of silicified dacite, 
showing interlocking quartz grains predominant in BLA-2 
veinlets (46-540297, XN, field 1.7 x 2.2 cm).
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Figure 14. Color photocopy print of silicified P-3 Dacite, 
mapped by Plaza (1993) as P-2 (47-59@91, plane light, field 
1.8 x 2.1 cm). Visible in this field are blocky biotite 
phenocrysts unique to P-3.
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Figure 15. Color photocopy print of silicified P-3 Dacite 
(47-59091, XN, field 1.8 x 2.1 cm) showing veins of quartz 
from less than 1 mm up to 1 cm wide, and phenocrysts of 
plagioclase and biotite up to 3 mm.
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the potassically altered groundmass. Cha1copyrite occurs in 
quartz flooding zones as disseminated grains or in veinlets or 
clusters with magnetite and pyrite. Pyrite at 0.5 to 3 
percent is typically three to five times as abundant as 
chalcopyrite in the studied sections.

P-3 Dacite Porphyry
The P-3 Dacite Porphyry, called the Main Stage Dacite 

Porphyry by Stults (1985), is the youngest and most voluminous 
of the productive porphyries. Along contact zones between the 
two productive porphyries, P-3 is reported to commonly contain 
xenoliths of P-2 (Plaza, 1993). A late phase of P-3, 
characterized by weak potassic alteration and low grade 
mineralization, is apparent in the upper portion of the 
orebody (Plaza, 1993).

Phenocrysts of plagioclase, biotite, and quartz up to 3 
millimeters in diameter compose about 30 percent of the rock 
volume, and the 1- to 3-millimeter unit crystals of brown 
primary biotite, commonly altered to chlorite, most readily 
distinguish P-3 from the other porphyries (Figures 16,17). 
The grey to green groundmass is fine-grained to aphanitic and, 
where potassically altered, is predominantly orthoclase.

Estimated resources are 262,303,700 tonnes with an 
average grade of 0.590 copper and 0.764 grams per tonne gold 
at a 0.2 percent copper cutoff grade.

All of the P-3 sections studied contain 10 to 15 percent
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Figure 16. P-3 Dacite (47-59@408) showing biotite phenocrysts
(field 4 x 3  mm, plane light).
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Figure 17. P-3 (46-54097) showing biotite phenocrysts# some 
of which are partially altered to chlorite (field 2.3 x 1.5 
mm, X N ).
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brown blocky pseudohexagonal biotite phenocrysts up to 3 mm. 
In 40-46064, up to 50 percent of these phenocrysts are altered 
to chlorite and pyrite. The altered phenocrysts contain many 
micron-sized inclusions of rutile parallel to cleavage planes, 
as well as minor hematite and magnetite across cleavage 
planes. Plagioclase phenocrysts are partially to totally 
altered to sericite, and minor anhydrite is apparent in the 
groundmass. The groundmass of the unsilicified P-3 rocks 
contains 1 to 3 percent pyrite but very minor chalcopyrite and 
magnetite (less than 0.5 percent).

In 40-460200, veins of quartz contain chalcopyrite and 
pyrite and intergrowths of hydrothermal sericite with 
chalcopyrite and pyrite, which is characteristic of P-3 rocks 
in the Peripheral or Weak Potassic zones, where significant 
overprinting of phyllic alteration on the potassically altered 
assemblages occurs. In this sample as well as 46-540197, 
which is described next, magnetite is abundant and aggregates 
of chalcopyrite-magnetite-pyrite are dispersed in the 
groundmass (Figure 18).

46- 540197 has undergone extensive silicification and 
magnetitization and is mapped as P-2, but in areas outside 
silicified veins, blocky biotite phenocrysts are 
characteristic of P-3. Magnetite is significant at 
approximately 5 volume percent in quartz veins as well as in 
the groundmass.
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Figure 18. Reflected light photomicrograph of P-3 (39-50068) 
showing chalcopyrite-pyrite-magnetite clusters that are 
extensive in the mineralized zones (field 1.2 x 0.8 mm).
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P-4 Dacite Porphyry Dikes
The P-4 Dacite Porphyry dikes named Late Dacite Porphyry 

by Stults (1985) are post-mineral and post-alteration dikes 
that typically strike north-west. This unit contains 
phenocrysts of plagioclase and hornblende from two to three 
millimeters in diameter (composing about 30 percent of total 
volume) in a dark green aphanitic groundmass (Plaza, 1993).
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ALTERATION AND MINERALIZATION 

Types of Alteration
Potassic, phyllic, and propylitic alteration are all well 

developed at Bajo de la Alumbrera (Figure 19), Central 
potassic alteration is surrounded by successive zones outward 
of phyllic and then propylitic alteration, closely fitting a 
prototype for the Lowell and Guilbert (1970) model for 
porphyry copper deposits. Silicification and extensive 
magnetite mineralization are predominant in the central part 
of the deposit, where the most extensive potassic alteration 
also occurs.

Fluid inclusion studies suggest that early, high 
temperature (300 - 700° C) fluids of high salinity and later 
cooler (175 - 400° C) fluids were involved in hydrothermal 
alteration at Alumbrera. The earlier event is interpreted to 
be a magmatic-hydrothermal event responsible for the 
potassically altered center and the later fluid, which 
resulted in phyllic alteration, is interpreted to be a mixing 
event between initial central plume fluids and inwardly 
encroaching groundwater (Stults, 1985).

The potassic and inner phyllic alteration zones are 
regions of hydrothermal alteration that occur within the 
boundaries of the orebody and are described in more detail 
later in this report. The criteria used for defining the 
boundaries of alteration zones have been adapted from
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definitions by Plaza (1993) as:
1) Potassic Zone

K-feldspar 1 to 50 volume percent in flooding or 
veinlets.

Sericite in P-1 is less than 20 percent.
Sericite in P-2 and P-3 is less than or equal to 20 
percent.
Sericite in FA is less than 5 percent.

2) Productive Phyllic Zone
with or without remnant K-feldspar.
Sericite in P-1 is greater than or equal to 20 percent. 
Sericite in P-2 and P-3 is greater than 20 percent. 
Sericite in FA is greater than 5 percent.

3) Unproductive Phyllic Zone
no remnant K-feldspar.
Sericite predominant.

4) Propylitic Zone
Chlorite-Epidote-Calcite assemblage greater than 20 
percent.
Sericite in P-1 is less than 20 percent.
Sericite in FA is less than or equal to 5 percent.
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Potassic Alteration Zones
Potassic alteration developed at the Alumbrera deposit as 

an accompaniment to the intrusion of the two(?) productive 
porphyries, P-2(?) and P-3. The most extensive potassic 
alteration and most significant mineralization occurs within 
these two productive porphyries. Within the older host rocks, 
both potassic alteration and mineralization decrease rapidly 
outward from the intrusive contacts. Potassic alteration at 
the surface and in outer sections of the deposit can be 
obscured by later phyllic and supergene alteration.

The overprinting of phyllic on potassic alteration was 
apparently a gradual and continuous process that developed 
from the outside toward the center of the deposit, as external 
meteoric waters mingled with internal hypogene hydrothermal 
fluids. Early mineralization is characterized by distinctive 
stockwork style quartz veins, commonly with greater than 30 
percent magnetite and more diffuse potassic assemblages of 
orthoclase, biotite (+/- anhydrite), magnetite, chalcopyrite, 
and pyrite (P-2 and P-3) outside the silicified zones. Rampant 
biotitization of the Fragmental Andesites is inferred to have 
resulted from early hydrothermal activity.

A direct correlation has been found to exist between the 
intensity of potassic alteration (%K) and grade of copper and 
gold mineralization for all of the rock types, particularly P- 
2 and P-3 (Table 6).
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Table 6 = Affect of Potassic Alteration Intensity (%K) on 
copper and gold grades (modified from Plaza, 1993). Note that 
tenor in Cu and An systematically increase with %K in each 
host rock.

Rock Type %K % Cu ppm Au

FA 0 0.155 0.187
FA 1-3 0.463 0.505
FA 5-7 0.510 0.538
FA 10 1.022 0.633
P-1 0 0.135 0.192
P-1 1-3 0.412 0.478
P-1 5-7 0.524 0.601
P-2 10 0.263 0.100
P-2 20 0.734 1.054
P-2 30 0.704 1.032
P-2 40 0.804 1.357
P-2 50 0.951 1.229
P-3 0 0.062 0.101
P-3 1-5 0.249 0.289
P-3 10 0.299 0.403
P-3 20 0.541 0.698
P-3 30 0.787 1.222
P-3 40 0.850 1.149

For simplicity. Plaza (1993) divided the potassic zone 
into three subzones based on the extent of potassic alteration 
and lithologic type (Figure 19). These zones are the Intense 
Potassic, the Peripheral Potassic,and the Weak Potassic. This
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nomenclature is based upon but deviates from more quantitative 
methods that are typically utilized to define alteration zones 
and types (Stults, 1985; Guilbert and Park, 1986). Intensive 
parameters pressure, temperature, and composition dictate the 
alteration assemblages that are observed, as in metamorphic 
petrology. Extensive parameters that define the degree to 
which available mineral assemblages are altered on a scale 
from one to 10 include heat content, reaction progress, and 
time. The pervasiveness, or degree to which the alteration 
affects the entire rock, may be ranked on a similar scale 
(Guilbert, 1986). This thesis conforms to the Plaza (1993) 
method of alteration classification at Alumbrera for the sake 
of simplicity.

Plaza's 1 Intense Potassic zone1 occurs within the central 
core of the orebody and primarily in the volume of P-2 and P-3 
Dacite Porphyries. Resources in this zone are approximately 
239,931,800 tonnes with an average grade of 0.695 percent 
copper and 0.987 parts per million gold at a 0.2 percent 
copper cutoff grade. This total includes 94,710,100 tonnes of 
P-2 with an average grade of 0.706 percent copper and 1.032 
parts per million gold and 143,053, 600 tonnes of P-3 with 
0.689 percent copper and 0.962 parts per million gold (Plaza, 
1993). The strongest potassic alteration in P-2 and P-3 is 
characterized by quartz flooding in fracture zones and 
groundmass replacement by orthoclase, which typically obscure 
the original composition and texture. Quartz flooding has
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been reported to account for 30 to 40 percent of the volume of 
P-2 and 20 to 30 percent of the volume of P-3 in the Intense 
Potassic zone (Plaza, 1993). Fragmental andesites and P-1 
Dacites in this zone are silicified beyond recognition or are 
dissected by veinlets of quartz-anhydrite or anhydrite-gypsum 
that make up from one to 15 percent of the rock volume. Only 
minor phyllic overprinting is evident in the Intense Potassic 
zone.

Host rocks and the P-3 Dacite Porphyry are predominant in 
the Peripheral Potassic zone, which is characterized by mild 
potassic alteration, with up to 20 percent phyllic alteration 
superimposed upon each of the rock types. P-3 Dacites 
typically show 20 percent orthoclase and quartz flooding. Host 
rocks in this zone display veinlet style alteration which 
affects one to three percent of their total volume. In the 
Peripheral Potassic zone, estimated resources are 272,092,000 
tonnes of ore with an average grade of 0.479 percent copper 
and 0.536 parts per million gold (Plaza, 1993).

A late, weakly mineralized phase of the P-3 Dacite 
Porphyry apparently composes most of the Weak Potassic zone 
(Plaza, 1993). Flooding or alteration veinlets in this zone 
represent 10 percent of the rock volume.

Phyllic Alteration Zones
Phyllic alteration has primarily affected the Fragmental 

Andesites and P-1 that surround the productive porphyries.
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Haloes of phyllic alteration are divided into two sub-zones 
based on vein mineralogy and alteration, the Productive 
Phyllic and the Unproductive Phyllic.

The innermost zone is the Productive Phyllic zone, which 
forms a continuous halo immediately outside the potassic 
alteration zone. The Productive Phyllic zone is characterized 
by veinlets of pyrite and chalcopyrite, normally with selvages 
of sericite and minor veinlets of pyrite, chalcopyrite, and 
magnetite. Orthoclase veinlets occur near the boundaries of 
the potassic alteration zone. Sulfides compose one to 1.5 
percent of the total and the pyrite: chalcopyrite ratio varies 
from 2:1 near the boundary with the Peripheral Potassic zone 
to 5:1 near the boundary with the Unproductive Phyllic zone 
(Plaza, 1993). Estimated resources in the Productive Phyllic 
zone are 133,550,400 tonnes with an average grade of 0.320 
percent copper and 0.311 parts per million gold.

The Unproductive Phyllic zone occurs outside the 
boundaries of the Productive Phyllic zone and the orebody. It 
is characterized by veinlets of quartz-pyrite and pyrite in 
pervasive quartz-sericite with rare veinlets of quartz-pyrlte- 
chalcopyrite-magnetite. Pyrite content in this zone ranges 
from 0.5 to 1.5 percent except in the "pyrite halo" where 
pyrite contents reach 5 percent. The pyrite halo is 
approximately 100 meters wide and is found along the southwest 
boundary near the Propylitic zone.
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Supergene Alteration
Supergene alteration of chalcopyrite rims to covellite, 

digenite, and chalcocite is apparent near the surface of the 
deposit, but this enrichment has not been found to be 
economically significant. Supergene bornite replacements of 
chalcopyrite are observed in polished thin sections of surface 
samples as discrete grains and in boxwork vein systems with 
goethite and hematite.

A thin, discontinuous layer of copper-leached capping is 
present at Alumbrera in which the sulfides have been partially 
oxidized to limonites, primarily goethite and jarosite. The 
leached capping lacks the gossan, boxworks, and earthy 
limonites typically associated with porphyry copper deposits 
that have undergone significant supergene enrichment as a 
result of deep oxidation and leaching of sulfides (Stults, 
1985).
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VEIN SEQUENCES

Five major vein types are present in the gold-rich zones 
at Bajo de la Alumbrera (Table 7). Few veinlets with 
abundant sericite, or any phyllic alteration assemblages, were 
observed in the gold-rich portions of the deposit examined in 
this study. The few phyllic veinlets observed were isolated 
and thus cannot be accurately placed into the veinlet 
chronology.

The earliest vein type is here called B LA-1, which 
consists of thin quartz-orthoclase-biotite-chalcopyrite-pyrite 
veinlets. BLA-1 is part of the early potassic alteration of 
the productive porphyries. These narrow veinlets are less 
than a millimeter wide down to a few microns in width, are 
sometimes discontinuous, and show a selvage of orthoclase when 
crossing plagioclase phenocrysts. Where BLA-1 veins occur in 
the Fragmental Andesite, pervasive biotitization is typical 
along vein margins.

The second stage of veining is BLA-2 (Table 7). BLA-2 
veinlets are up to several centimeters wide, are occasionally 
barren, but generally consist of quartz and orthoclase with 30 
percent magnetite and variable amounts of chalcopyrite and 
pyrite (Figures 12, 13). Veinlets of one or more of pyrite, 
chalcopyrite, and magnetite-hematite cut across the silicate- 
rich veins and comprise the late BLA-2 veinlets. Orthoclase 
occurs around quartz grain boundaries. Both of these vein
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Table 7. Paragenetic sequences inferred from vein sequences 
and mineral assemblages. S in BLA-5 column indicates the 
mineral is supergene in origin and not part of BLA-1-5 vein 
series.

Vein BLA-1 BLA-2 BLA-3 Phyllic BLA-4 BLA-5
Sequences over-

print
Orthoclase
Biotite —
Quartz mmmm ---
Anhydrite
Sericite
Chlorite
Pyrite
Chaleo-
pyrite
Magnetite
Hematite
Gold
Silver
Gypsum
Calcite
Coveilite S
Digenite S

Chalcocite S
Bornite S

systems occur in all the rock types. BLA-2 veinlets represent 
the most intense potassic alteration within the productive 
porphyries.

Both BLA-1 and BLA-2 veinlets occur in all observed rock 
types. They occur in apparently randomly oriented fracture
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zones creating a stockwork style of mineralization. The 
distinction between Plaza's (1993) Weak Potassic alteration 
and Intense Potassic alteration is based on the density of the 
stockwork, the frequency of veins, and overlap of alteration 
halos around veins, not the existence of more than one vein 
type. Therefore, "Intense Potassic Alteration" can constitute 
either BLA-1 or BLA-2, or a juxtaposition of both vein types.

The third type, BLA-3, consists of zones of quartz- 
anhydrite flooding up to a few millimeters thick (Figure 11). 
BLA-3 is best developed in the Fragmental Andesite and P-1. 
The veinlets are 80 to 90 percent medium-grained, equigranular 
quartz, with anhydrite, pyrite, and chalcopyrite as the 
remaining constituents. BLA-3 veins are irregularly banded, 
with medium-grained quartz predominant along zones that lack 
anhydrite and contain 10 to 20 percent sulfides, and fine
grained quartz predominant along bands where grains of 
anhydrite are interlocking with quartz. These veins are 
characteristically continuous, though bands pinch and swell, 
and are of similar orientations and range from 2 mm to a few 
cm wide. Pyrite and chalcopyrite are normally disseminated 
into the walls of the veinlets. However, there is little 
obvious alteration of silicate gangue in halos around BLA-3 
veinlets. BLA-3 veinlets resemble "B" veins described by 
Gustafson and Hunt (1975) at El Salvador, Chile.

The fourth type, BLA-4, consists of nearly pure anhydrite 
veins cutting the Fragmental Andesite and P-1 (Figures 21,
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22). Minor amounts of rounded resorbed(?) quartz as well as 
pyrite, chalcopyrite, and accessory magnetite are present 
locally. BLA-4 veinlets are continuous and multidirectional in 
orientation, lack alteration halos, and range from 0.5 mm to 
approximately 4 mm wide. BLA-4 veinlets resemble "D" veins 
at El Salvador (Gustafson and Hunt, 1975). The anhydrite in 
BLA-4 veinlets is commonly altered to gypsum with no obvious 
effect on primary sulfides.

BLA-5 are cal cite veins and clusters up to 4 mm wide, 
which occur in all rock types. They most often traverse grain 
boundaries in zones of equigranular quartz flooding. The 
thinnest, hairline BLA-5 veinlets are barren. However, 
thicker, more continuous BLA-5 veinlets have up to 50 percent 
pyrite and chalcopyrite.
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Figure 20a. Sketch of photomicrograph below. Gyp= gypsum,An= 
anhydrite, Q= quartz, cp= chalcopyrite.

Figure 20b. BLA-4 anhydrite vein in P-1 Dacite (field 4 x 3  
mm, plane polarized).
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Figure 21.
mm, X N ).

BLA-4 anhydrite vein in P-1 Dacite (field 4 x 3
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GOLD AND SILVER TRACE ELEMENT DATA 

Fragmental Andesites
All of the occurrence data for gold to be described in 

the following paragraphs is summarized in Table 8 (p. 87-88) 
and Appendix Tables B1 and B2 contain summaries of all 
microprobe analyses.

Fragmental Andesites analyzed on the electron microprobe 
are 46-50@153 and 50-59@304 (Table 8). Samples studied 
petrographically but not by microprobe include 46-54@84, 47- 
59@139, and 50-590132 (Figure 8). The two samples analyzed by 
probe are from the Intense Potassic Zone. All studied samples 
contained 30 to greater than 50 percent brown alteration 
biotite. Narrow BLA-1 quartz-biotite veinlets containing 
minor pyrite and chalcopyrite are predominant in these 
samples. Of the 25 chalcopyrite and pyrite grains analyzed in 
46-500153, gold was found in two analyses of pyrite along a 
BLA-2 pyrite vein (320 ppm). This gold-rich pyrite vein also 
contained up to 1790 ppm silver. Of the 15 spot analyses 
performed on veinlet and disseminated chalcopyrite and 
orthoclase, and disseminated pyrite and magnetite, in 50- 
590304 gold was found only as two inclusions less than one 
micron in diameter in orthoclase (BLA-2). The two gold grains 
were apparent using backscatter electron imaging (SEM). Grains 
apparent in backscatter images will be referred to from now on 
as 'visible gold’ and gold apparent by microprobe analysis.
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but not optically distinguishable even under the highest 
magnifications, will be called 'invisible' gold or 
submicroscopic gold.

P-1 Dacites
Polished thin sections of P-1 Dacite from 50-59@82 and 

50-59@282 are from the Peripheral and the Intense Potassic 
zone, respectively (Table 8). 46-500103, from the Peripheral 
Potassic zone, was studied pet rographical1y but was not 
analyzed by probe. In 50-59082, 14 analyses were performed on 
vein and disseminated pyrite and chalcopyrite. Gold was found 
at 90 ppm in one analysis of pyrite in a 2-millimeter-wide 
BLA-2 pyrite vein that contained minor inclusions of 
chalcopyrite and quartz. In 50-590282, 250 ppm gold was 
detected in two out of 14 analyzed grains of BLA-2 vein 
chalcopyrite cut by later BLA-3 anhydrite-quartz and BLA-4 
anhydrite veins. Silver up to 160 ppm was found in three of 
the chalcopyrite grains.
P-2 Dacites

More than 90 percent of the visible gold found in 
silicified "P-2" was from the Intense or the Peripheral 
Potassic zones. Although only two grains of visible gold were 
observed in the Fragmental Andesite as previously described, 
22 grains from one to five microns in diameter were observed 
in P-2 using backscatter electron imaging.

17 thin sections of P-2 and P-3 rocks were analyzed from
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the central part of the orebody where the highest gold assay 
values occur (Table 8). Gold grades above detection limits in 
individual minerals are necessary for detection by microprobe, 
recalling that even when the samples are analyzed at the 
highest currents and for the longest counting times, the 
detection limits for gold are 60 to 120 ppm.

Polished thin sections of the following P-2 rocks were 
analyzed: 40-540130, 46-540197, 46-540247, 46-540297, 47-5908, 
50-590132, and BA-92-9 through BA-92-16. Samples studied 
petrographically but not by microprobe include 40-54026 
(Peripheral Potassic), 40-54086 (Peripheral Potassic), 46-500 
199 (Intense Potassic), 47-59091 (Intense Potassic), 50-590182 
(Intense Potassic), 50-590232 (Peripheral Potassic), BA-92-3-4 
(Intense Potassic), and BA-92-5 (Peripheral Potassic) (Figure 
8). Samples of P-2 analyzed by microprobe that are from the 
Intense Potassic zone are 46-540197, 46-540247, 46-540297, 50- 
590132, and BA 92 9-16. Most of the chalcopyrite in the 
shallow or surface samples (BA-92-9-16) was rimmed by 
coveilite, digenite, and/or chalcocite. 40-54086 contained 25 
volume percent supergene bornite disseminated and in a boxwork 
vein with goethite and was the only sample in which bornite 
was observed. This sample was studied petrographically, but 
was not analyzed by microprobe. Samples of P-2 from the 
Peripheral Potassic zone analyzed by microprobe are 40-540130 
and 47-5908.

In 40-540130, 31 grains were analyzed, and submicroscopic
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gold was detected in quartz and orthoclase (BLA-2) along 10 
rims of micron-scale pyrite and chalcopyrite grains at 2760 to 
5480 ppm Au, in orthoclase groundmass, and in 2 out of 2 
analyses of magnetite-hematite disseminated in the orthoclase 
groundmass. All hematite and magnetite analyzed for trace 
elements in P-2 and P-3 contained approximately 0.2 weight 
percent aluminum, 0.1 to 0.2 weight percent vanadium, 550 ppm 
to 14.1 weight percent titanium, and 140 ppm to 0.3 percent 
manganese (Table B2).

In 47-5908, of the 46 analyzed points, up to 100 ppm 
submicroscopic gold was detected in 5 out of 15 analyses of 
pyrite associated with sericite-quartz-chalcopyrite-magnetite 
veinlets (phyllic overprint), in 6 out of 9 clusters of 
hematite and magnetite at levels up to 140 ppm in the 
orthoclase groundmass (BLA-2), in hematite-magnetite 
associated with quartz-chalcopyrite veins (BLA-1) up to 140 
ppm, and at 120 ppm in one grain in the orthoclase groundmass 
(BLA-2).

In 46-540197, of the 20 analyzed grains, submicroscopic 
gold was found in one analysis of magnetite-hematite in a BLA- 
2 microveinlet associated with chalcopyrite, and in 10 out of 
14 analyzed clusters of magnetite (up to 1130 ppm) containing 
abundant chalcopyrite inclusions. 7 grains of visible gold, 
one electrum with silver > 25 percent, in the orthoclase
groundmass ranged from less than one micron to three microns
in diameter.
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In 46-540247, of the 18 analyses performed, visible gold 
was found as inclusions less than one micron to 5 microns in 
diameter in orthoclase and quartz. Six of the visible gold 
grains contained silver at 2 to about 25 weight percent. One 
grain of native copper less than 3 microns in diameter was 
also identified.

In 46-540297, in the 21 analyzed grains, gold was 
detected at 140 ppm in one out of 8 analyses along a hairline 
BLA-2 pyrite veinlet and at 140 ppm in 3 out of 7 analyzed 
BLA-2 magnetite veinlets that are extensive throughout the 
orthoclase groundmass. These narrow BLA-2 veinlets contain 
combinations of pyrite, chalcopyrite, and magnetite/hematite, 
are multi-directional, and are discontinuous throughout the 
silicified zones and the orthoclase groundmass.

In 50-590132, of the 15 analyses, submicroscopic gold was 
found in one grain of copper-rich pyrite in the orthoclase 
groundmass and in three analyses of magnetite-hematite 
clusters.

In BA-92-9, of the 33 analyses, submicroscopic gold was 
detected in two analyses of the orthoclase groundmass; 90 ppm 
up to 120 ppm was found in orthoclase adjacent to magnetite in 
BLA-2.

In BA-92-10, the 19 analyses revealed 140 ppm gold in 
four points in disseminated magnetite-hematite grains, and at 
100 ppm in the orthoclase groundmass along the rim of a 
micron-scale covellite-after-chalcopyrite grain. The narrow
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BLA-1 veinlets of quartz-biotite and chalcopyrite-pyrite- 
quartz in the slide are devoid of detectable gold. Silver was 
detected in two grains of coveilite at levels up to 150 ppm.

In BA-92-11, of the 62 analyses, submicroscopic gold was 
detected in 2 of 20 magnetite and hematite clusters, up to 80 
ppm Au, within BLA-2 quartz flooding zones. Silver was 
detected in one analyses of a grain of chalcopyrite at 110 ppm 
as well as in two analyses of the surrounding digenite 
replacement rim at 160 ppm.

In BA-92-12, of the 21 grains analyzed, gold was not 
detected. Silver was found up to 390 ppm in covellite 
alteration rims, but no silver was detected within the 
enclosed chalcopyrite.

In BA-92-13, 28 analyses were performed. Gold was 
detected in two out of 6 analyzed quartz grains in BLA-2 
quartz flooding zones at 110 and 160 ppm, and in two out of 6 
analyses along a BLA-2 vein of pyrite at 60 and 140 ppm.

In BA-92-14, gold was not detected in the 31 analyses. In 
BA-92-15, 26 analyses were performed, but no gold was found 
and silver was detected exclusively in disseminated covellite 
at 100 ppm. In BA-92-16, of the 20 analyzed grains, gold was 
found in 9 of 14 magnetite grains up to 200 ppm and within a 
less-than-10 micron-diameter grain of pyrite.

P-3 Dacites
The P-3 Dacites analyzed were 40-46@64, 40-46@200, and
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46-54@47 (Table 8). 46-540197, previously described as P-2, 
though highly silicified, has the textural affinities of the 
P-3 rocks. P-3 sections studied petrographically but not by 
microprobe include 39-50068, 40-460114, 40-54036, 46-50053, 
and 47-590 408 (Figure 8). All of these samples are from the 
Peripheral Potassic zone. The analyzed polished thin sections 
of 40-46064 and 40-460200 are from the Peripheral Potassic 
zone and the section of 46-54047 is from the Weak Potassic 
zone.

Of the 43 points analyzed in 40-46064, gold was found in 
two out of three analyzed clusters of hematite and magnetite 
in the orthoclase groundmass up to 140 ppm, from 290-320 ppm 
in vein and disseminated pyrite (Figure 23), and in the 
orthoclase groundmass up to 130 ppm. Gold was not found in 
40-460200.

In 46-54047, of the 15 analyzed points, gold was not
found.
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Figure 22. Reflected light photomicrograph of P-3 (40-460200), 
showing disseminated pyrite grains with magnetite/hematite 
inclusions (field 230 x 150 microns). These phases were most 
often found to be gold-bearing in this investigation.
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Table 8. Summary of Microprobe Results. N.A. indicates that a 
number for that row and column is not applicable.

Rock
Type

Alteration
Zone

Mineral Assoc. Au
levels
(ppm)

grains with
Au/total
grains

FA IP BLA-2 pyrite 
vein

320 1/18

FA IP < 1 micron 
inclusion in 
orthoclase

visible N.A.

P-1 IP chalcopyrite 250 2/14

P-1 PP BLA-2 pyrite 
vein w/ minor 
cp and quartz 
inclusions

90 1/14

P-2 IP quartz and 
orthoclase 
along rims of 
micron-scale 
pyr and cp

2760 - 
5480

10/12

P-2 IP magnetite and
hematite
grains

70—
1130

27/56

P-2 IP pyrite assoc, 
w/ ser-qz-cp- 
mag (phyllic 
overprint) 
veins

up to 
100

5/15

P-2 IP BLA-1 veinlet 
hematite and 
magnetite

up to 
140

6/9

P-2 IP orthoclase 90-
120

3/6

P-2 IP micron-sized 
grains visible

N.A N.A

P-2 IP hairline BLA-2 
pyrite veinlet

140 1/8
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Table 8 (continued).

Rock
Type

Alteration
Zone

Mineral
Association

Au level 
(ppm)

grains w/ 
Au/ total 
grains

P-2 IP BLA-2 
magnetite 
veinlets 
with cp-py

140 3/7

P-2 IP pyrite
grains

up to 
130

2/16

P-2 IP BLA-2 2 mm 
pyrite vein

up to 
140

2/6

P-2 IP BLA-2
quartz veins

110-160 2/6

P-3 PP clusters 
hematite and 
magnetite

up to 
140

2/3

P-3 PP vein and
disseminated
pyrite

up to 
320

2/21

Chemical Assay and Metallurgical Data
At Bajo de la Alumbrera, a positive correlation exists 

between copper and gold grades (Figure 24). Other gold- 
bearing porphyries with similar correlations include Dizon 
(Lowell, 1988), Panguna (Clark, 1987; Eastoe, 1983), Bell and 
Granisle (Carson et al ., 1976), and Sapo Alegre (Cox et al., 
1975).

Table 6 presented the correlation between the intensity 
of potassic alteration (%K) and the copper and gold values, 
for all of the rock types as assembled by MINTEC and Plaza
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BAJO DE LA ALUMBRERA
C opper vs. Gold

Copper (wt.%)

Figure 23. Cu vs. Au for 520 data points representing 3 meter 
assay intervals for all rock types at Alumbrera. Cu in weight 
percent, Au in ppm. Cu/Au data from Table 4 are included in 
this plot.
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(1993). This correlation suggests that gold-copper 
mineralization may have been introduced during the peak of the 
potassic event, which has been inferred for Au-rich porphyries 
in the Maricunga belt of northern Chile (Vila and Sillitoe, 
1991).

Metallurgical studies on Alumbrera rocks conducted by 
Lakefield Research demonstrate that gold recovery approaches 
40 to 65 percent as the copper percent approaches 34.5 percent 
and the concentrate approaches pure chalcopyrite (Figures 24, 
25). The results of this research demonstrate that microprobe 
studies have revealed the major mineral hosts for gold 
particles, but that approximately 40 to 65 percent of the gold 
must be hosted in the chalcopyrite structure at a level below 
the detection limit of the electron microprobe of 60 to 120 
ppm. This hypothesis is supported by the calculation below. 
Detectable gold was found in only one of the 96 chalcopyrite 
grains studied in this thesis (at 250 ppm), but was found up 
to 880 ppm in chalcopyrite grains previously studied (Stults, 
1985). This discrepancy is likely explained by sampling 
disparities; gold particles found by Stults chalcopyrite 
analyses were not included among the chalcopyrite grain 
population studied here. Rare particulate gold in 
chalcopyrite was reported by McLeod (1993) in the IMZ 
metallurgical reports. Future detailed analyses on 
chalcopyrite in concentrates will further clarify this 
discrepancy.
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C oncentra te  G rad e , % Cu

Figure 24. Effect of regrind fineness on gold recovery for 
Composite BLA 13.2, from Lakefield Research Report for Fluor 
Daniel Wright.

C oncentrate  G ra d e , % Cu

Figure 25. Effect of regrind fineness on gold recovery for 
Composite BLA 13.3, from Lakefield Research Report.
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If we consider the average Alumbrera grade as 0.53 
percent Cu and 0.68 ppm Au and the percent copper in 
chalcopyrite is 34.5 percent, the ppm gold in chalcopyrite, 
assuming that all gold at Alumbrera is in solid-solution in 
chalcopyrite, can be determined. At 0.53 percent copper, in 
one tonne of ore (2200 lb.), there are 11.66 lb. or 5294 grams 
of copper.
Then:

34.5 % Cu/100 % cp = 5294 g Cu/x g cp 
x = 15,345 g chalcopyrite per tonne of ore.

From here, the ppm gold value is determined by setting up a 
similar proportion utilizing the average gold grade:

0.68 g Au/15345 g cp = x gpt (ppm) Au/ 10^ 
x = 44.314 ppm Au in chalcopyrite 

Since the microprobe analyses and the metallurgical studies 
have demonstrated that significant gold occurs in phases other 
than chalcopyrite, gold occurrences in chalcopyrite must be at 
levels below 44 ppm or, rarely, at higher levels where 
particulate gold occurs. 44 ppm and below are beyond the 
detection limit capabilities for the electron microprobe and 
for this reason the fact that gold was rarely found in 
chalcopyrite is not surprising. It is more likely that gold 
is more evenly distributed in chalcopyrite than in the other 
host phases. The chalcopyrite structure is favorable for minor 
to trace amounts of Au substitution for Fe or Cu (Deer et al., 
1966), whereas in the other phases important at the Alumbrera



deposit, favorable structural sites are not present.
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DISCUSSION

From the microprobe data, and the petrographic and 
metallurgical reports, the gold budget at Alumbrera may be 
inferred. Metallurgical studies suggest that 40 to 65 percent 
of the gold occurs in chalcopyrite. This gold is presumably 
primarily submicroscopic, solid-solution gold, but an unknown 
but significant percentage also occurs as one to 65 micron 
inclusions (McLeod, 1993; Stults, 1985). 80 to 90 percent of 
the remaining 35 to 60 percent of the gold in the ores occurs 
as submicroscopic particles in magnetite and hematite, with 
minor gold also present in pyrite, orthoclase, and quartz. 
Gold has been observed as inclusions in pyrite and magnetite 
within the gold-bearing Maricunga belt porphyries (Vila and 
Sillitoe, 1991). The hematite, magnetite, and pyrite grains 
that contain gold most often form an assemblage and were 
formed in equilibrium with chalcopyrite.

The ultimate explanation of high gold abundances in 
selected porphyry copper deposits remains in question. No 
simple relationship between petrologic type of gold-bearing 
intrusives has been established (Jones, 1991). A variety of 
crustal settings underlie gold-rich porphyry systems, but all 
of these deposits apparently formed at shallow depths of 
approximately one kilometer (Cox and Singer, 1988). Most 
gold-rich porphyry deposits also contain significantly greater 
volumes of hypogene iron oxides than other porphyry copper
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deposits (Vila and Sillitoe, 1991).
Gold was likely carried in the hydrothermal solutions as 

chloride complexes that are important at temperatures greater 
than 300° C (Henley et al., 1984) and then precipitated when 
conditions became favorable such that the goId-chloride 
complexes dissociated. Gold is not deposited by sulfidation as 
are copper and iron, but apparently precipitates synchronous1y 
as a result of cooling and pH increases in the copper zone 
(Jones, 1992).

Gold has been shown to have a strong relationship to 
assemblages that occur in the central potassic zone, 
particularly magnetite/hematite, pyrite, and cha1copyrite, 
which often occur as interlocking grains. Physicochemical 
conditions allowed for the precipitation of gold, particularly 
in the iron-rich phases pyrite, magnetite, and hematite. 
Barnes (1979) discusses the four major causes of deposition 
from hydrothermal fluids, which typically operate together. 
They include temperature decrease, pressure decrease, chemical 
change from reactions between solutions and wallrocks, and 
mixing of solutions. A change in temperature alone may cause 
precipitation in at least the following four ways: 1) by 
affecting the solubilities of sulfide, oxide, carbonate, and 
sulfate minerals 2) by affecting association and dissociation 
of aqueous metal-bearing complex ions and thus their 
stabilities in solution 3) by influencing ion-pairing 
hydrolysis constants of ions such as Cl- and (HS)- and thus
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their availability for involvement in metal complexes, and 4) 
by affecting the fugacity of oxygen, oxidation potential (Eh) 
and thus relative ion populations of S04— , (HS)-, and HgS 
(Barnes, 1979).

The stability fields for the Fe-Cu-S-0 system in log a 
fC>2 vs. log a Sg space at 550° C, which falls in the 
temperature range constrained by the Stults (1985) fluid 
inclusion studies, show that the observed Alumbrera mineral 
assemblages constrain the locus of gold formation (Figure 26).
Where chalcopyrite. magnetite, and pyrite occur as an
assemblage. conditions of formation were along the A-B
cotectic. Hematite along this cotectic must be after
magnetite. Where hematite is in solid solution with magnetite 
and pyrite is present in the assemblage, the locus is along 
the magnetite-hematite cotectic at B-D. Rarely, hematite 
alone occurs in assemblage with pyrite and chalcopyrite and 
this formation occurred at the conditions along cotectic B-C. 
All copper-gold mineralization associated with the potassic 
event and the BLA-2 veining event can thus be constrained by 
the A-C-D triangle in log a $2 vs. log a fO2 space, with 
observed magnetite-hematite solid solutions suggesting a 
center close to B. A slight variation may be expected in the 
dimensions of the triangle with temperature differences, since 
the fluid inclusion studies by Stults (1985) only constrain 
the temperatures between 400 and 700° C.
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bn + py

—• cp + py —

+ mag

cc + hem

log a0

Figure 26. Stability fields for sulfide phases as a function 
of log a02 and log aS2 at 550° C (from Titley and Beane, 1981. 
Points A, B, C, and D indicate regions constrained by 
Alumbrera potassic alteration mineral assemblages.
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APPENDIX A: Detailed Sample Descriptions
Fragmental Andesites
46-50 153
Alteration Zone: Intense Potassic
Weight Percent Cu: 0.84 
Parts Per Million Au: 0.70
Mineralogy: Quartz abundant in multi-directional

silicified zones up to several mm wide 
which contain discontinuous veinlets of 
chalcopyrite, pyrite, and magnetite- 
hematite .

Biotite (secondary) outside of flooding zones 
in andesite after plagioclase or 
hornblende phenocrysts.

Calcite abundant in andesite in clusters.
Chalcopyrite abundant in silicified zones 

as multi-directional discontinuous 
veinlets with pyrite and magnetite- 
hematite .

Pyrite abundant in veinlets in silicified
zones with chalcopyrite and magnetite- 
hematite.

Magnetite-hematite abundant in veinlets in 
silicified zones with chalcopyrite and 
pyrite.

46-54@84
Alteration Zone: Weak Potassic
Weight Percent Cu: 0.04 
Parts Per Million Au: 0.21
Mineralogy: Biotite abundant in groundmass and phenocrysts

(50 volume percent); is secondary 
alteration mineral. Several biotitized 
fragments apparent.

Plagioclase phenocrysts (40 volume percent) 
are laths with Carlsbad and/or albite 
twins or altered to sericite.

Quartz (3 volume percent) in narrow 
veinlets with biotite, chalcopyrite, 
and pyrite.

Magnetite-hematite (3 volume percent, 
greater than 50 volume percent in 
some zones) disseminated in various 
grain sizes, larger grains often contain 
chalcopyrite inclusions, or in veins with 
chalcopyrite and pyrite.

Chalcopyrite (1 percent rock volume) as
disseminated grains of various sizes and
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in veinlets with magnetite and/or pyrite. 
Pyrite (1 percent rock volume) disseminated and 

in veinlets.

47-59@139
Alteration Zone: Peripheral Potassic
Weight Percent Cu: 0.76
Parts Per Million Au: 0.91
Mineralogy: Plagioclase abundant as laths with albite and/

or Carlsbad twinning; partially 
altered to sericite; most are 
approximately 1 mm long.

Biotite, brown secondary, apparent where 
replaces hornblende phenocrysts.

Quartz abundant in narrow veinlets with 
anhydrite, gypsum (after anhydrite), 
chalcopyrite, pyrite, and, rarely, 
biotite.

Anhydrite abundant in all vein systems with
quartz, biotite, chalcopyrite, and pyrite. 
Much of the anhydrite has been hydrated to 
gypsum.

Chalcopyrite occurs in veins with anhydrite and 
anhydrite-quartz, with pyrite.

Pyrite in veins of anhydrite and anhydrite- 
quartz with chalcopyrite.

Magnetite in oldest vein with quartz, biotite, 
anhydrite (gypsum), and chalcopyrite.

Vein Sequences 1) 2-mm-wide pinch and swell vein of quartz,
biotite, anhydrite, chalcopyrite, and 
magnetite.

2) Narrow multi-directional veinlets of 
anhydrite (gypsum ), quartz, chalcopyrite, 
and pyrite (anhydrite-biotite veinlets 
formed at same time, but barren).

3) 2-mm-wide veinlet of anhydrite (gypsum ), 
chalcopyrite, and pyrite.

47-590198
Alteration Zone: Peripheral Potassic
Weight Percent Cu: 0.60 
Parts Per Million Au: 0.67
Mineralogy: Biotite predominant in grouhdmass and in

phenocryst population after hornblende. 
Plagioclase phenocrysts up to 1 mm.
Quartz in narrow veinlets less than 100

microns wide with anhydrite and minor
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chalcopyrite.

Anhydrite in narrow quartz veinlets and in
later veins with gypsum after anhydrite, 
chalcopyrite, and minor pyrite.

Gypsum after anhydrite abundant an-cp-py veins.
Chalcopyrite restricted to qz-an and gyp- 

an-py veins.
Pyrite minor constituent in gyp-an-cp veins.

48-48@306
Alteration Zone: Peripheral Potassic
Weight Percent Cu: 0.90 
Parts Per Million Au: 0.79
Mineralogy: Biotite after hornblende phenocrysts.

Quartz abundant in silicified veins with 
anhydrite and gypsum, predominant in 
narrow veinlets with orthoclase and 
biotite.

Anhydrite in 1 to 4 mm wide veins with 
gypsum-chalcopyrite-pyrite.

Gypsum after anhydrite in anhydrite- 
chalcopyrite-pyrite veins.

Calcite in late veinlets with chalcopyrite.
Chalcopyrite restricted to anhydrite-gypsum- 

pyrite and calcite veins.
Pyrite restricted to anhydrite-gypsum- 

chalcopyrite veins.
Magnetite less than 0.5 volume percent 

ih clusters.

50-590132
Rock Type: Brecciated Fragmental Andesite; two subrounded 

fragments 2 to 3 cm in diameter apparent.
Alteration Zone: Intense Potassic
Weight Percent Cu: 0.91
Parts Per Million Au: 0.90
Mineralogy: Biotite (secondary) abundant after

plagioclase and hornblende phenocrysts, 
partially altered to chlorite and 
sericite.

Quartz in narrow, less than 125 micron wide, 
veinlets with biotite or chlorite and 
orthoclase younger than wider veins up to 
2.5 mm with chalcopyrite and pyrite.

Chalcopyrite in narrow veins with pyrite, 
hematite, and magnetite; in veins with 
quartz and pyrite; and in clusters with or 
as inclusions in pyrite and magnetite or 
hematite.

Magnetite-hematite occur together in veins or
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in masses with up to 25 inclusions of 
pyrite and chalcopyrite less than 6 
microns in diameter.

50-59@304
Alteration Zone: Intense Potassic
Weight Percent Cu: 0.54 
Parts Per Million Au: 0.90
Mineralogy: Biotite, secondary, abundant after hornblende

phenocrysts; in mi cron-scale discontinuous 
veinlets with quartz cut by anhydrite- 
quartz-biotite veins.

Plagioclase phenocrysts.
Anhydrite 1) abundant in narrow to several mm 

wide zones with quartz most abundant
2) with biotite as selvage around 
chalcopyrite vein (.75 mm wide vein 
with .75 mm selvage on each side) 3) 
disseminated in groundmass and 4) as 
veinlets mostly altered to gypsum.

Quartz in flooding zones with anhydrite.
Chalcopyrite in veinlet with anhydrite- biotite 

selvage and in less than 25-micron-wide 
veinlets with quartz-biotite-anhydrite.

P-1 Dacites 
39-50068
Alteration Zone: Peripheral Potassic
Weight Percent Cu: 0.14 
Parts Per Million Au: 0.29
Mineralogy: Quartz 25 volume percent, in flooding zones

with medium-grained orthoclase and 
sericite.

Orthoclase greater than 250 microns diameter in 
flooding zones with quartz (5 volume 
percent) and abundant in groundmass (15 
volume percent).

Sericite after orthoclase in flooding zones 
and groundmass; after plagioclase 
phenocrysts.

Plagioclase, one unaltered phenocryst.
Clay Minerals 20 volume percent in phenocrysts 

and groundmass.
Calcite 5 volume percent, in 250 micron wide 

veinlet with pyrite and disseminated 
in groundmass and in relict phenocrysts.

Chalcopyrite in 100-300 micron-wide veinlets
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with magnetite-hematite-pyrite and 
calcite selvage and disseminated.

Pyrite in chalcopyrite-magnetite-hematite 
veins.

Magnetite-hematite in veins with chalcopyrite- 
pyr ite.

Hematite and rutile in groundmass with most 
abundant sericite and clays.

40-46@64
Alteration Type: Peripheral Potassic
Weight Percent Cu: 0.50 
Parts Per Million Au: 0.40
Mineralogy: Plagioclase phenocrysts up to 3 mm, altered

to sericite and clays.
Quartz phenocrysts 1 to 2 mm and quartz

fine-grained in groundmass and medium
grained in silicified zones up to 1.8 mm 
wide.

Biotite one relict phenocryst with rutile 
inclusions.

Chalcopyrite less than 0.5 volume percent,
disseminated less abundant than pyrite.

Pyrite less than 0.5 volume percent,
disseminated and minor constituent in 
quartz veins.

46-500103
Alteration Zone: Peripheral Potassic
Weight Percent Cu: 0.35
Parts Per Million Au: 0.50
Mineralogy: Chlorite abundant as alteration of groundmass

and phenocryts.
Plagioclase relict phenocrysts, now mostly 

chlorite and clay minerals.
Orthoclase abundant in groundmass, much altered 

to chlorite, sericite, and clay minerals.
Quartz apparent in narrow veinlets with 

magnetite and pyrite, as round 
phenocrysts, and in groundmass.

Rutile abundant needles in chlorite and clay- 
after-biotite phenocrysts.

Magnetite-hematite in narrow veinlets with 
quartz.

Pyrite in narrow veinlets with quartz.
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50-59@82
Alteration Zone: Peripheral Potassic 
Weight Percent Cu: 0.81
Parts Per Million Au: 1.03
Mineralogy: Quartz eyes up to 1.5 mm diameter and

quartz veinlets with chalcopyrite-pyrite- 
gypsum or chalcopyrite-pyrite.

Plagioclase relict phenocrysts altered to
clay minerals (kaolinite?) and sericite.

Chalcopyrite disseminated and in discontinuous 
veins with pyrite, quartz, and gypsum 
(after anhydrite?).

Pyrite disseminated and in veins up to 3 mm 
wide with inclusions of chalcopyrite and 
quartz tens of microns in diameter.

50-590282
Alteration Zone: Intense Potassic
Weight Percent Cu: 0.48
Parts Per Million Au: 1.30
Mineralogy: Orthoclase 45 volume percent in fine-grained

groundmass.
Quartz 20 volume percent in up to 4 mm wide 

veinlet with anhydrite, gypsum (after 
anhydrite), chalcopyrite, and minor pyrite 
and magnetite.

Anhydrite 3 volume percent in vein systems with 
quartz-gypsum-chalcopyrite(+/-magnetite- 
pyrite), gypsum-chalcopyrite-pyrite, and 
gypsum-chalcopyrite.

Gypsum 25 volume percent as hydrated anhydrite 
in veins and flooding zones.

Chalcopyrite 5 volume percent in 4 mm wide vein 
with accessory gypsum and anhydrite, and 
in narrow veinlets with anhydrite-gypsum 
or anhydrite-gypsum-quartz (+/- pyrite- 
magnetite).

Pyrite 1 volume percent associated with veins 
and veinlets.

Magnetite less than 1 volume percent in 
veinlets.

Vein Sequences: 1) quartz-anhydrite flooding in zones up
to 3 mm wide.

2) 4 mm wide chalcopyrite vein.
3) narrow to wide veinlets of anhydrite- 

gypsum (after anhydrite)-chalcopyrite 
(+/- pyrite).
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BA-92-5
Alteration Zone: Peripheral Potassic
Weight Percent Cu: 0.02 
Parts Per Million Au: 0.830 
Weight Percent Fe: 8.15
Mineralogy: Quartz in flooding zones and in

groundmass with orthoclase.
Orthoclase in groundmass, medium-grained up 

to 1 mm in flooding zones.
Sericite after orthoclase in groundmass.
Clays in groundmass after orthoclase, sericite.
Hematite dispersed and oxidized to iron oxide 

clay minerals.

P-2 Dacites
40-54@86
Alteration Zone: Peripheral Potassic
Weight Percent Cu: 0.08 (mineralization in slide much higher 

than assay value; slide represents small zone of 
supergene enrichment)

Parts Per Million Au: 1.05
Mineralogy: Orthoclase abundant with quartz in groundmass

with goethite, bornite, hematite, 
magnetite, gypsum, sericite

Quartz abundant in groundmass and in vein with 
orthoclase bornite, magnetite, and 
hematite.

Sericite from altered feldspars.
Clay minerals from supergene alteration of 

groundmass.
Bornite (supergene) abundant disseminated in 

groundmass and in central vein boxwork 
(1 mm wide) with hematite and in vein 
selvage (2.5 mm wide on each side)

Hematite finely disseminated in groundmass 
and vein selvage; in boxwork vein center 
with goethite, bornite, and accessory 
quartz and orthoclase and clay minerals.

40-540130
Alteration Type: Peripheral Potassic
Weight Percent Cu: 0.45 
Parts Per Million Au: 0.93
Mineralogy: Quartz fine to medium-grained, predominant in

3 mm wide vein, quartz phenocrysts up to
4 mm diameter.

Sericite greater than 60 volume percent,
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in vein selvages with calcite, after 
orthocla.se in groundmass with clays, after 
plagioclase phenocrysts.

Calcite in veins selvages with sericite.
Chalcopyrite disseminated, some are micron

sized grains.
Pyrite disseminated.
Limonite in fracture veins after pyrite and/ 

or magnetite-hematite.

46-50@199
Alteration Type: Intense Potasssic
Weight Percent Cu: 0.58 
Parts Per Million Au: 0.35
Mineralogy: Quartz composes nearly 100 percent of slide,

which is a silicified zone.
Chalcopyrite in narrow discontinuous veinlets 

with magnetite-hematite and pyrite 
throughout quartz flooding, variable 
orientations.

Pyrite in veinlets in quartz flooding with 
chalcopyrite and magnetite-hematite.

Magnetite-Hematite in veinlets in quartz
flooding with chalcopyrite and pyrite.

Biotite minor in narrow veinlet with chlorite, 
pyrite, and very minor magnetite.

Chlorite minor constituent in veinlet with 
biotite-pyrite (+/- magnetite).

46-54@297 (Slide 1)
Alteration Type: Intense Potassic 
Weight Percent Cu: 0.16 
Parts Per Million Au: 0.50
Mineralogy: Plagioclase few relict phenocrysts in

unsilicified zones up to 900 
microns diameter; partially to extensively 
altered to fine-grained sericite and clay 
minerals.

Quartz (20-30 percent rock volume) abundant in 
stockwork veins up to 5 or more mm wide 
with abundant magnetite and orthoclase.

Orthoclase predominant in replaced groundmass 
with minor quartz and clay minerals.

Chlorite occurs in hairline veinlets with 
goethite.

Pyrite abundant in veinlets and finely 
disseminated in groundmass.

Chalcopyrite as inclusions less than 5 microns
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diameter in or as interlocking grains with 
magnetite-hematite or in veinlets with 
magnetite and pyrite.

Magnetite-Hematite as masses with inclusions 
chalcopyrite and minor pyrite.

Vein Sequences 1) extensive magnetite networks developed in
groundmass.

2) silicification with extensive magnetite 
mineralization.

3) narrow chalcopyrite-pyrite veins.
4) hairline chlorite-goethite veinlets.

46-54 297 (Slide 2)
Alteration Zone: Intense Potassic
Weight Percent Cu: 0.16 
Parts Per Million Au: 0.50
Mineralogy: Quartz composes 30 percent rock volume in
' hairline to mm wide zones of

silicification.
Plagioclase as relict phenocrysts.
Biotite as relict phenocrysts.
Orthoclase composes most of groundmass 

outside of silicified zones, minor 
constituent in silicified zones.

Chlorite occurs in post-silicification
narrow veinlets with sericite, 
chalcopyrite, and magnetite and 
between coarse-grained quartz 
boundaries.

Sericite occurs between grain boundaries
of coarse-grained quartz and as alteration 
of phenocryst and groundmass minerals.

Magnetite composes 30 percent rock volume 
along rims of silicified zones and in 
orthoclase groundmass.

Chalcopyrite disseminated and in quartz
flooding zones (1 volume percent).

Pyrite disseminated and in silicified zones 
(2 volume percent).

47-59@8
Alteration Zone: Intense Potassic
Weight Percent Cu: 1.98 
Parts Per Million Au: 1.57
Mineralogy: Quartz greater than 90 volume percent of slide,

in silicified zones with orthoclase, 
magnetite, chalcopyrite, and pyrite. 

Orthoclase predominant with quartz in
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groundmass outside silicitied zones.
Magnetite in clusters in silicified zones and 

where orthoclase groundmass predominates.
Chalcopyrite in discontinuous veinlets in

silicified zones with pyrite and 
magnetite.

50-59@132
Alteration Type: Intense Potassic
Weight Percent Cu: 0.91
Parts Per Million Au: 0.90
Mineralogy: Quartz (75 volume percent) silicified zones.

Orthoclase groundmass (20 volume percent)
Chalcopyrite constitutes 90 percent of 

opaques, in veinlets with pyrite and 
magnetite-hematite.

Pyrite (4 percent of opaques) in veinlets.
Hematite/Magnetite (6 percent of opaques) in 

veinlets.
Biotite (secondary) in veinlets with quartz.
Chlorite in veinlets with quartz and biotite.
Sphene, one 50 micron grain.

50-59@182
Alteration Type: Intense Potassic 
Weight Percent Cu: 0.43 
Parts Per Million Au: 0.90
Mineralogy: Plagioclase phenocrysts sericitized,

particularly along cleavage planes. 
Biotite altered to clay minerals.
Calcite in clusters.
Sphene one 50 micron grain.

BA—92—3
Alteration Zone: Intense Potassic
Weight Percent Cu: 0.06 
Parts Per Million Au: 0.320 
Weight Percent Fe: 18.20
Mineralogy: Quartz constitutes 90 percent of slide in

silicified zones.
Hematite-limonite in veins dissecting 

silicified zones with resorbed quartz.
Chalcopyrite dispersed, rims altered to 

covellite and chalcocite.
Gold, one grain 30 microns diameter.
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BA-92-4
Alteration Zone: Intense Potassic
Weight Percent Cu: 3.85 
Parts Per Million Au: 3.200 
Weight Percent Fe: 7.65
Mineralogy: Quartz in random, discontinuous, pinch-and

swell-style veinlets with orthoclase 
and in groundmass.

Orthoclase in groundmass with quartz and 
iron oxide minerals.

Plagioclase phenocrysts altered to sericite, 
pyrite, and clays.

Magnetite-hematite 5-10 volume percent in 
groundmass, in assemblage with 
chalcopyrite.

Pyrite disseminated in silicified zones and 
in orthoclase groundmass.

Chalcopyrite disseminated and sometimes in
assemblage with magnetite-hematite; also 
in veinlets in silicified zones.

BA-92-9
Alteration Zone: Intense Potassic
Weight Percent Cu: 1.24 
Parts Per Million Au: 1.200 
Weight Percent Fe: 8.10
Mineralogy: Quartz 90 volume percent in silicified zones

up to 4 mm and in groundmass with 
orthoclase.

Plagioclase phenocrysts altered to sericite.
Orthoclase in groundmass with quartz.
Magnetite-hematite 3 volume percent abundant 

in silicified zones.
Chalcopyrite dispersed in groundmass and in 

silicified zones 1 volume percent.
Pyrite 2 volume percent in pyrite veins up to 

100 microns wide and dispersed.

BA-92-10
Alteration Zone: Intense Potassic
Weight Percent Cu: 1.20 
Parts Per Million Au: 1.400 
Weight Percent Fe: 8,00
Mineralogy: Quartz 40 volume percent in silicified zones,

in groundmass with orthoclase, and quartz 
phenocrysts up to 1 mm.

Orthoclase in groundmass with quartz.
Plagioclase phenocrysts altered to sericite and 

clays.
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Chalcopyrite 1 volume percent disseminated, 
with coveilite rims.

Pyrite 3 volume percent disseminated and in 
veinlets.

Magnetite-hematite 5 volume percent in 
networks, occasionally with chalcopyrite.

Covellite after chalcopyrite, in grains < 100 
microns, around rims of larger grains of 
chalcopyrite.

BA-92-11
Alteration Zone: Intense Potassic
Weight Percent Cu: 1.55 
Parts Per Million Au: 0.700 
Weight Percent Fe: 12.10
Mineralogy: Quartz in silicified zones up to 5 mm wide,

in many narrow, multidirectional veinlets 
less than 100 microns to 2 mm wide, 
and in 2 mm wide veinlet with pyrite. 
Quartz phenocrysts up to 2 mm.

Orthoclase abundant with quartz in groundmass 
with minor sericite.

Pyrite 10 volume percent forms networks inside 
and outside silicified zones and as 
dispersed grains micron-scale to mm 
diameter; also in 100 micron-wide 
vein.

Chalcopyrite 1 volume percent dispersed with 
covellite rims in silicified zones and 
in orthoclase-rich groundmass.

BA-92-13
Alteration Zone: Intense Potassic
Weight Percent Cu: 1.33 
Parts Per Million Au: 1.100 
Weight Percent Fe: 9.55
Mineralogy: Quartz 50 volume percent in silicified veins,

in groundmass with orthoclase and 
sericite, and in phenocryst population.

Plagioclase phenocrysts altered to sericite.
Sericite after plagioclase phenocrysts and 

orthoclase groundmass.
Orthoclase in fine-grained groundmass with 

sericite and quartz.
Chalcopyrite less than 0.2 volume percent, 

disseminated.
Pyrite 1.5 volume percent, in veinlets up to 

1 mm wide and as disseminated grains.
Magnetite^hematite 2 volume percent in
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networks throughout orthoclase ground- 
mass .

BA-92-14
Alteration Zone: Intense Potassic
Weight Percent Cu: 1.39 
Parts Per Million Au: 1.000 
Weight Percent Fe: 11.60
Mineralogy: Quartz 75 volume percent in silicified zones

and in groundmass with orthoclase and 
clays.

Orthoclase in groundmass often altered to clay 
minerals.

Chalcopyrite disseminated with covellite rims; 
grains up to 0.5 mm often all altered to 
covellite.

Pyrite 5 volume percent disseminated and in 
up to mm wide veinlets.

Magnetite-hematite very minor constituents.

BA-92-15
Alteration Zone: Intense Potassic
Weight Percent Cu: 1.29 
Parts Per Million Au: 1.700 
Weight Percent Fe: 12.90
Mineralogy: Quartz in silicified zones up to 1 mm wide

and quartz phenocrysts up to 1 mm.
Orthoclase occurs in groundmass with quartz.
Plagioclase phenocrysts altered to sericite 

and clays.
Sericite after plagioclase phenocrysts.
Chlorite in pyrite veins.
Magnetite-hematite 7 volume percent dispersed 

and often in networks with chalcopyrite.
Chalcopyrite 1 volume percent dispersed with 

covellite rims.
Pyrite 1.5 volume percent in veinlets and 

disseminated grains micron-scale to 
mm diameter.

P-3 Dacites 
39-50@68
Alteration Type: Peripheral Potassic
Weight Percent Cu: 0.14 
Parts Per Million Au: 0.29
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Mineralogy: Quartz coarse-grained in silicified zones,
fine-grained in groundmass.

Sericite abundant as alteration product in 
groundmass and in plagioclase phenocrysts.

Chlorite after biotite phenocrysts.
Calcite disseminated and along chalcopyrite- 

pyrite veins.
Magnetite-hematite disseminated and as 

inclusions in pyrite and chalcopyrite.
Chalcopyrite disseminated.
Pyrite disseminated.

40-46§114
Alteration Zone: Peripheral Potassic
Weight Percent Cu: 0.42 
Parts Per Million Au: 0.40
Mineralogy: Biotite brown blocky phenocrysts, some

partially altered to chlorite, 
with rutile needles along cleavage 
planes and randomly oriented inclusions 
of magnetite and hematite.

Plagioclase phenocrysts with albite and/or 
Carlsbad twins up to 3 mm long, 
partially altered to sericite.

Quartz in narrow veinlets with biotite- 
chalcopyrite (+/- pyrite).

Orthoclase abundant in groundmass, partially 
altered to sericite and quartz.

Sericite abundant in groundmass and in 
plagioclase phenocrysts.

Chalcopyrite disseminated in groundmass with 
minor magnetite and pyrite and in veinlets 
with orthoclase and quartz.

40-460200
Alteration Type: Peripheral Potassic
Weight Percent Cu: 0.30
Parts Per Million Au: 0.30
Mineralogy: Quartz in silicified zones with chalcopyrite

and pyrite.
Orthoclase abundant in groundmass.
Biotite phenocrysts, brown blocky.
Sericite after plagioclase phenocrysts 

and orthoclase groundmass.
Magnetite-hematite dispersed as small grains 

and in abundant aggregates with 
chalcopyrite and pyrite.

Chalcopyrite in clusters with magnetite- 
hematite and pyrite.
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Pyrite in magnetite-hematite-chalcopyrite
clusters.

40-54@36
Alteration Type: Periperal Potassic 
Weight Percent Cu: 0.05 
Parts Per Million Au: 1.30
Mineralogy: Orthoclase (65 volume percent) fine

grained, partially altered to sericite.
Plagioclase (25 volume percent) phenocrysts 

mostly altered to sericite.
Biotite (5 volume percent) partially 

altered to sericite, with inclusions of 
rutile.

Quartz (1 volume percent), a few eyes and in 
narrow veins with sericite-chalcopyrite- 
pyrite.

Magnetite trace in chloritized biotite grains.
Pyrite (1 volume percent) disseminated and in 

veins with a) chalcopyrite or b) 
chalcopyrite-quartz-sericite.

Chalcopyrite (1 volume percent) disseminated 
and in veins with a) pyrite or b) pyrite- 
quartz-ser icite .

Rutile trace, as inclusions along planes in 
biotite.

46-50053
Rock Type: P-3 predominantly with FA contact.
Alteration Zone: Peripheral Potassic
Weight Percent Cu: 1.92
Parts Per Million Au: 3.98
Mineralogy: Biotite, primary phenocrysts in P-3, in

andesite as secondary biotite after 
hornblende phenocrysts.

Sericite abundant in groundmass of P-3 
after orthoclase.

Chlorite after biotite phenocrysts.
Quartz eyes in P-3 and fine-grained quartz in 

groundmass with sericite and 
orthoclase.

Chalcopyrite in clusters with pyrite or
pyrite-magnetite-hematite, or as
inclusions in pyrite.

Pyrite in veins with inclusions of 
chalcopyrite.

Magnetite-hematite in clusters with 
chalcopyrite and pyrite.
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46-54@47
Alteration: Weak Potassic 
Weight Percent Cu: 0.05 
Parts Per Million An: 0.30
Mineralogy: Plagioclase large relict phenocrysts (up to 6

mm long) highly sericitized (sericite most 
dominant in cross-cutting veinlets), 
partially altered to calcite and clay 
minerals.

Biotite phenocrysts partially sericitized with 
abundant inclusions of rutile, and 
accessory magnetite and pyrite inclusions.

Quartz eyes and disseminate grains in 
groundmass.

Orthoclase in groundmass with sericite and 
quartz.

Sericite abundant in groundmass and replacing 
phenocrysts.

Calcite as clusters in altered plagioclase 
phenocrysts.

Clay minerals in altered phenocrysts and 
groundmass.

Pyrite disseminated (up to 600 microns 
diameter) and in narrow veinlets

Rutile and magnetite-hematite as small
micron-sized inclusions in sericitized 
biotite phenocrysts; magnetite very 
minor constituent.

Chalcopyrite not present in slide.

46-54097
Alteration: Weak Potassic
Weight Percent Cu: 0.06
Parts Per Million Au: 0.20
Mineralogy: Plagioclase phenocrysts 1 to 3 mm diameter,

sericitized.
Orthoclase groundmass 80 volume percent. 
Biotite phenocrysts, up to 3 mm

diameter, altered to chlorite.
Chlorite after biotite phenocrysts. 
Hornblende phenocrysts up to 4 mm.
Pyrite (98 percent of opaque population). 
Chalcopyrite (2 percent of opaque population).

46-540197
Alteration Type: Intense Potassic
Weight Percent Cu: 0.46 
Parts Per Million Au: 0.70
Mineralogy: Plagioclase phenocrysts up to 2 mm, partially



114

altered to serialte.
Quartz abundant in cm wide zones of 

silicification with minor orthoclase.
Biotite blocky brown phenocrysts.
Orthoclase predominates in groundmass.
Sericite after plagioclase phenocrysts 

and orthoclase groundmass.
Chlorite in narrow veinlets with orthoclase- 

magnetite-pyrite.
Calcite associated with pyrite and minor 

chalcopyrite and magnetite.
Magnetite-hematite in veins and as masses with 

chalcopyrite as interlocking grains or as 
micron-sized inclusions with gold and 
pyrite.
In zones of quartz flooding along grain 
boundaries in coarser-grained quartz, in 
clusters where quartz is fine-grained.

Chalcopyrite associated with magnetite- 
hematite.

Pyrite in narrow veinlets with orthoclase, 
chlorite, and magnetite or as micron
sized inclusions in magnetite-hematite.

Veins Sequences:
1) narrow quartz veins with orthoclase,

chlorite, chalcopyrite, pyrite, and
magnetite-hematite.

2) cm wide silicified zones with
chalcopyrite and magnetite, and minor 
orthoclase and chlorite,

3) narrow veinlets of quartz-orthoclase- 
pyrite-chalcopyrite-magnetite and 
orthoclase-chlorite-magnetite-pyrite.

4) hairline calcite veins with pyrite, 
and minor chalcopyrite and magnetite- 
hematite .

46-54@247
Alteration Type: Intense Potassic
Weight Percent Cu: 0.38
Parts Per .Million Au: 0.60
Mineralogy: Plagioclase phenocrysts, many are fractured or

shattered.
Biotite as brown blocky phenocrysts and in

hairline quartz veinlets with chlorite- 
magnetite-chalcopyrite.

Quartz as isolated round phenocrysts and in
hairline to 2 mm wide silicif ied zones 
with orthoclase, chlorite, sericite.
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biotite, chalcopyrite, pyrite, and 
magnetite-hematite.

Chlorite after biotite in all veins and 
veinlets.

Chalcopyrite exclusively in veins and veinlets 
(approximately 3 volume percent).

Pyrite- in most veins and veinlets.
(less than 1 volume percent).

Magnetite-hematite in all veins and veinlets, 
and disseminated in groundmass, 
composes 15 volume percent.

Vein Sequences:
1) 2 mm quartz-orthoclase (minor chlorite) 

with chalcopyrite-magnetite-pyrite.
2) 0.5 mm wide vein quartz-orthoclase- 

chlorite-sericite.
3) discontinuous magnetite-chalcopyrite- 

pyrite veins.
4) hairline veinlets of biotite-chlorite- 

quartz-orthoclase with chalcopyrite, 
magnetite-hematite, and pyrite.

47-59091
Alteration Type: Intense Potassic; Silicification and

potassic alteration with phyllic 
overprinting

Weight Percent Cu: 1.77
Parts Per Million Au: 1.81
Mineralogy: Quartz (25 volume percent) 1) in veins up to

several cm wide with minor sericite and 
chalcopyrite, magnetite, and pyrite. 2) in 
narrow veinlets with orthoclase and 
chalcopyrite, pyrite, and magnetite.

Biotite (3 volume percent) as pseudohexagonal 
phenocrysts, partially altered to 
chlorite.

Plagioclase phenocrysts (30 percent rock 
volume) up to 4 mm diameter, 
some are fractured and/or shattered, 
altered to orthoclase and sericite.

Orthoclase (35 volume percent)
predominates in groundmass.

Chalcopyrite (1 volume percent) in 
silicified veins and in hairline veinlets 
with pyrite.

Pyrite (1 volume percent) in silicified 
veins and as major constituent in 
hairline veinlets.

Magnetite (5 volume percent) abundant in
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silicifled veins.

Vein Sequences: 1) veins of quartz up to several cm wide 
with chalcopyrite, magnetite, 
pyrite, and minor sericite.

2) discontinuous hairline pyrite veins which 
offset first vein sets.

3) narrow quartz-orthoclase veins.
4) hairline chalcopyrite-pyrite veinlets.

47-59@408
Alteration Type: Peripheral Potassic
Weight Percent Cu: 0.30 
Parts Per Million Au: 0.58
Mineralogy: Biotite phenocrysts up to 3 mm.

Quartz in groundmass and in narrow veins
with orthoclase. Quartz phenocrysts.

Orthoclase in groundmass with quartz.
Plagioclase phenocrysts altered to calcite 

and clays.
Calcite veinlets with chalcopyrite up to 250 

microns wide cut across silicified veins, 
migrate around grain boundaries.

Chalcopyrite in assemblages with magnetite- 
hematite in silicified zones.

Magnetite-hematite in assemblage with 
chalcopyrite in silicified zones.

BA-92-16
Alteration Zone: Intense Potassic
Weight Percent Cu: 0.07 
Parts Per Million Au: 0.02
Mineralogy: Quartz phenocrysts up to 2 mm and quartz

in groundmass with orthoclase.
Plagioclase phenocrysts with Carlsbad twins 

up to 3 mm, unaltered.
Biotite phenocrysts up to 3 mm abundant, 

many chloritized.
Chlorite after biotite phenocrysts.
Orthoclase abundant in groundmass with 

quartz.
Chalcopyrite less than 0.2 volume percent, 

disseminated, intergrown with 
magnetite.

Pyrite disseminated, trace.
Magnetite-hematite < 0.3 volume percent, 

disseminated with chalcopyrite.
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APPENDIX B. Electron Microprobe Data

Table B1 contains a summary of the sulfide microprobe 
data and Table B2 contains a summary of the oxide microprobe 
data. The weight percent totals given in Table B1 are for the 
individual elements Fe, Cu, and S. The weight percent totals 
listed in Table B2 are for total oxides. A few of the 
analyses previously described are not listed here due to 
inappropriateness of analysis package for that particular 
mineral (i.e. chalcopyrite analysis in iron oxide analysis 
package). The trace element analyses were performed similarly 
for all minerals analyzed and therefore all analyses were 
considered to be valid for inclusion in the previous data 
section.

A zero in a column indicates that the probe analysis 
indicated that the element was not present in the analysis. 
A less than followed by a number indicates that some amount 
for the element was computed by the probe, but that the value 
fell below the indicated detection limit for that element at 
the operating conditions utilized. An asterisk indicates that 
the element was not analyzed for. Trace element amounts in 
both tables are in ppm unless number inside parentheses, in 
which case number represents weight percent.
The iron oxide minerals hematite and magnetite often occur 
together in analyzed grain, so mineral listed is estimated 
predominant component. In general, lower oxide totals
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indicate hematite-rich phases and higher oxide totals 
represent ones which are more magnetite-rich.

Table Bl. Sulfide Microprobe Data
Sample
Number

Mineral W t . Percent 
Total

ppm Au ppm

40~46@64 pyrite 99.000 0 0
99.159 0 <60

100.481 <270 <300
100.216 <270 <300
100.428 <270 <300
100.318 <270 <300
100.650 <270 0
99.260 <270 0

100.389 290 0
101.640 <270 <300
100.973 0 0
100.956 0 0
100.058 0 0
100.401 320 300
100.644 <270 0
100.436 0 <300
99.065 <80 0
98.044 0 <60
98.582 <80 0
98.079 <80 <60
98.736 0 790

chalcopyrite 97.188 0 <300
94.986 0 <300
97.141 0 360
96.514 0 740
96.165 0 70
94.316 0 500
96.910 0 <70
98.168 0 820
95.909 0 70
97.035 0 <70
97.250 <90 230
96.024 <90 <70
96.925 0 0

40-46@200 chalcopyrite 98.330 <60 130
95.405 0 0

46-500153 chalcopyrite 100.758 <270 0
96.829 0 <300
98.032 0 <300
96.437 <270 <300
97.088 0 0
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Sample
Number

Mineral Total % ppm Au ppm

pyrite 101.135 0 0
100.506 0 <300
100.072 320 0
101.144 <270 0
106.640 0 0
100.768 0 0
100.479 <270 <300
102.864 0 0
100.755 <80 <60
99.663 <80 0

100.824 <80 70
100.122 <80 1790
96.770 0 0
99.371 <80 0
98.719 320 <60
97.842 0 70
97.724 0 400
99.686 <80 0

46-54@47 pyrite 100.654 <120 <100
100.468 <120 <100
100.652 <120 <100
100.575 <120 <100
100.687 <120 0
100.016 <120 0
100.533 <120 0
100.506 <120 0
100.888 0 0
100.538 <120 <100

chalcopyrite 85.872 <140 <100
98.355 0 0
98.097 0 0
97.794 0 130
95.033 0 <100

46-54@197 pyrite 95.471 <80 100
96.451 0 <60

chalcopyrite 95.816 0 <60
96.853 0 0
96.156 0 <60

46-540247 pyrite 100.402 1020 0
100.307 1210 0

46-540297 pyrite 99.971 <120 <100
100.148 <120 <100
99.159 0 <100
98.052 <120 <100

100.257 <120 100
100.199 <120 <100
100.897 0 0



120

Sample
Number

Mineral Total 
Wt. %

ppm Au ppm Ag

pyrite 100.070 140 <100
97.615 <120 <100

' 99.204 <120 <100
100.067 <120 <100

chalcopyrite 95.367 0 240
95.060 <120 0
95.803 <120 0

47-59@8 pyrite 96.218 0 <60
97.738 100 <60
97.350 90 <60
98.313 0 <60
98.062 80 <60
97.878 0 70
97.424 90 <60
97.922 <80 <60
98.518 0 <60
98.120 0 <60
96.424 <80 <60
97.429 0 <60
96.804 <80 <60
97.994 80 <60
98.467 <80 <60

50-59082 pyrite 97.702 0 <60
97.369 0 <60
97.329 <80 0
97.643 80 0
97.778 0 <60
97.862 <80 0
98.076 90 60
97.901 <80 60
97.430 <80 70
97.227 <80 <60

chalcopyrite 97.132 0 <70
96.647 0 <70
97.295 0 <70
96.889 0 110

50-590132 pyrite 99.523 <120 <100
100.146 0 120

chalcopyrite 98.654 0 110
50-590282 chalcopyrite 92.327 0 0

95.336 250 0
96.115 0 60
96.436 0 <60
93.512 0 160
92.994 0 <60
94.338 0 130
93.958 0 <60
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Sample Mineral
Number

chalcopyrite

50-59§304 chalcopyrite 
chalcopyrite

pyrite 
BA-92-9 pyrite

chalcopyrite

Percent
Total

ppm Au ppm ,

.439 0 0

.087 0 140

.881 0 0

.297 250 0

.539 0 150

.405 0 110

.672 0 <100

.720 0 <100

.394 0 <100

.553 0 0

.652 <140 <100

.472 0 <100

.122 0 <100

.621 0 0

.891 0 <100

.610 0 <100

.865 0 <100

.701 0 190

.110 0 <100

.788 <120 0

. 943 0 <100

.832 0 <60

.109 0 0

.610 0 0

.391 0 <60

.351 <80 <60

.390 <80 <60

.551 0 <60

.291 0 <60

.501 0 0

.933 0 0

.923 0 <60

.887 0 0

.010 <80 <60

.610 0 0

.907 0 <60

.353 <80 0

.458 0 0

.287 0 <60

.281 0 <70

.100 0 0

.667 0 <70

.171 0 0

.393 0 <70

.093 0 <70

.212 0 <70

.600 0 <60

Wt.

94
94
94
95
86
92
98
96
98
97
97
8991
96
97
97
98
95
98
98
97
84
85
84
84
84
84
84
84
84
84
85
90
91
90
90
91
92
91
93
94
93
94
94
94
93
96digenite
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Sample
Number

Mineral W t . Percent 
Total

ppm Au ppm Ag

BA-92-10 analite 90.037 0 60
covellite 84.831 0 120

89.605 0 150
chalcopyrite 88.830 0 <70

86.820 0 <70
pyrite 85.981 0 0

86.007 <80 <60
86.209 0 <60
86.484 0 0

BA-92-10 pyrite 85.982 0 0
BA-92-11 pyrite 99.282 0 0

99.492 0 0
98.791 0 0
97.743 0 0
98.484 0 0
97.830 0 0
98.360 0 <100
97.688 0 0
97.933 0 0
97.859 0 0
97.941 0 0
99.323 0 0
97.387 0 0
96.372 0 0
97.351 0 0
97.452 0 0
92.857 <120 630
99.299 0 0
99.352 0 <100
99.512 0 0
98.804 0 <100
97.774 <120 0
97.991 0 <100
98.502 0 0
97.840 0 0
98.385 0 <100
97.717 0 0
97.952 0 <100
97.405 <120 0
97.917 0 0

chalcopyrite 91.992 0 0
97.017 0 100
96.469 0 110
96.091 0 <100
96.263 0 110
96.900 0 100
89.282 0 <100
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Sample Mineral Wt. Percent ppm Au ppm Ag
Number Total

chalcopyrite

digenite
BA-92-12 chalcopyrite

BA-92-12 chalcopyrite 
coveilite

pyrite

BA-92-13 pyrite

chalcopyrite

89.763 0 <100
97.501 0 <100
97.481 0 0
99.216 0 160
99.283 0 160
97.806 0 0
96.254 0 0
92.349 <140 0
97.868 0 <100
96.340 0 <100
96.316 0 <100
94.450 0 390
94.624 0 390
96.086 0 220
95.940 0 220
96.224 0 0
96.006 0 0
96.080 0 <100
96.261 <120 0
96.945 0 0
96.407 0 <100
97.399 <120 0
97.486 0 <100
86.101 0 <60
100.764 0 <100
101.045 <120 <100
100.955 0 <100
101.202 0 <100
101.150 <120 <100
96.192 <60 *

96.984 60 *
101.160 0 0
100.995 <120 <100
100.940 <120 <100
100.971 <120 <100
101.237 <120 0
101.030 <120 <100
101.346 <120 0
100.899 <120 <100
101.276 <120 <100
101.132 <120 0
101.138 0 0
101.055 140 <100
94.089 <60 *
100.998 0 <100
99.027 0 100
96.870 0 *
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Sample
Number

Mineral W t . Percent 
Total

ppm An ppm

chalcopyrite 96.939 0 *
100.146 0 <100
99.272 0 0
99.262 0 <100

BA-92-14 pyrite 94.610 <120 0
94.643 0 <100
94.410 <120 0
93.959 0 <100
94.776 0 <100
93.762 0 <100

100.411 <120 <100
100.253 <120 0
100.770 <120 <100
100.494 <120 <100
100.537 <120 <100
100.936 <120 <100
100.816 0 <100
100.352 <120 0
95.572 0 0

100.536 0 <100
100.629 0 <100
101.123 0 130
97.753 <120 <100
97.842 0 0
98.599 0 <100
98.973 0 0
98.336 0 <100

chalcopyrite 98.019 0 <100
96.576 0 0

digenite 99.070 0 <100
100.255 0 <100

analite 101.013 0 <100
coveilite 94.255 0 <100

BA-92-14 covellite 97.160 0 120
chalcopyrite 98.680 0 0

BA-92-15 pyrite 98.487 0 90
99.006 0 <60
98.928 0 0
99.353 0 0
98.835 0 <60
98.944 <80 0
96.960 <80 0
98.457 0 <60
98.623 0 0
96.795 0 <60
96.685 0 0
99.025 0 0
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Sample Mineral W t . Percent ppm Au ppm Ag
Number Total

pyrite 99.152 0 60
99.365 0 0
98.960 0 <60
98.822 0 0
95.729 <80 <60
96.610 0 70
98.507 <80 0
99.091 0 <60

chalcopyrite 80.357 0 0
98.153 0 <70
97.989 0 0
98.599 0 0

coveilite 97.146 0 100
BA-92-16 pyrite 94.672 0 <100

95.026 <120 <100
94.470 <120 0
94.886 0 0
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Table B2o Oxide Data

Sample Mineral
Number
40-46@64 hematite 

quartz

orthoclase 
46-540197 magnetite

46-540247 magnetite

hematite
46-540297 magnetite

hematite 
47-5908 hematite

Total Wt PPm
% Oxide Au Ag Ti Mn A1 V
83.135 <90 90 * * * *
95.784 140 130 * * * *
99.712 90 150 * * a *

100.173 0 <60 * * * *
99.477 0 <60 * * * *

100.199 <90 0 * * a *
99.621 <90 0 * * * *
97.821 <90 <60 * * * *
97.083 130 <60 * * * *
94.877 110 0 * * * *
89.286 140 0 * * * *
90.528 140 0 * a * *
95.389 0 0 * * * a
96.285 140 120 * * * *
96.226 1128 0 * * * *
94.650 0 600 * * * *
98.944 0 0 * * * *
94.902 140 0 * * * *
98.180 140 0 * a * *
92.309 140 0 * * * *
93.637 140 0 * * * *
98.684 0 0 * * a *
99.597 140 0 * * * *
99.544 1130 0 * & * *
98.834 0 730 * * * *
97.010 0 0 * * * *
90.851 0 0 * * * *
95.172 0 0 * * * *
96.515 0 485 * * * *
93.407 0 0 * * * *
97.745 0 0 * * * *
93.673 0 0 * * * *
95.655 0 0 * & * *
89.894 0 0 * * * *
69.556 0 0 * a * *
94.613 0 0 ic * * *

101.597 140 120 * * * *
101.853 140 0 * * * *
99.597 140 0 * * * *
97.897 0 0 * * * *
83.999 0 0 * * * *
75.601 0 0 * * * *
81.516 0 0 * * * *
80.321 0 0 * * * *
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Sample Mineral . Total W t .
Number % Oxide

hematite 85.794 
91.678 
83.494 
84.846 
84.567 
89.601 
84.92
83.24 
85.800 
82.722 
88.376 
84.668

magnetite 91.387
99.024 
95.715 
92.100 
92.10 
91.832 
94.928

quartz 98.499
98.802 
98.890 
98.320 

orthoclase 95.739 
94.020

50-59@132 magnetite 101.161 
hematite 76.237 

76.227 
76.302 
75.605 
61.819 
73.033 
75.650 
76.118

BA-92-9 quartz 92.206
BA-92-10 quartz 95.904

95.035 
98.524 
98.284 

hematite 88.320 
87.706 
84.364 

magnetite 97.401 
93.972

BA-92-11 magnetite 93.157
96.253
98.170

ppm
Aui Ag Ti Mn A1 1
0 0 * * * k

140 0 * ■k k
<90 110 * * k k
120 <60 * k k
<90 90 * * k k
<90 100 * * k k
100 100 * * k k
140 0 * * k k
<90 0 * * k k
90 70 * & k k

<90 0 * * k *
180 0 * k k
140 0 Sfe k k

0 60 * * k k
140 0 * * k k
140 0 * * k k
140 0 * * k k
140 0 * * k k
130 <60 * * k k

0 0 * * k k
<90 0 * * k k

0 0 * * k k
<90 0 * * k k
<90 120 * * k k
120 110 * * k k
140 0 * * k k

0 0 * * k k
0 0 * * . k k
0 0 * * k k
0 0 * * k k

140 0 * * k k
0 0 * * k k

140 0 * * k k
0 0 * * k k
0 0 * a k k
0 0 * * k k
0 0 * * k k
0 0 * a k k
0 0 * * k k

140 0 * * k k
140 0 * * k k

0 0 * * k k
140 0 * * k k
140 0 * * k k
<60 * 7790 0 3430 1460

0 0 * * * k
<60 * 590 330 1370 1530
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Sample
Number

Mineral Total Wt 
% Oxide

magnetite 98.713
95.005
99.750

103.212
94.967
92.346
94.757
94.299
93.363
99.972
98.657

102.579
hematite 84.888

84.563
89.349
89.478
91.278

BA-92-12 hematite 77.390
77.389

BA-92-13 quartz 97.670
94.842
92.830

magnetite 95.118
hematite 70.880

BA-92-15 hematite 90.467
BA-92-16 magnetite 98.429

98.945
99.098

101.618
100.657
99.025
97.666

101.030
96.796
98.480
98.220

■
97.717
97.475
98.378

hematite 57.408

ppm
Au Ag Ti Mn A1 V

<60 * 640 410 1550 1570
0 * 3270 570 2240 1860

70 * 1270 630 8440 1560
80 * (14.1) 3680 990 2000
0 * 2110 140 2100 1070

<60 * 1020 350 2230 1130
0 * 880 130 2410 1150

<60 * 1120 290 2320 1020
<60 * 1410 210 4070 1380

0 * 260 330 1950 1410
<60 * 640 410 1550 1570
<60 * 550 320 1640 2050
0 * 3250 320 26560 1570

<60 * 470 <130 2050 1290
<60 * 1080 200 2550 1410
<60 * 470 <130 3540 1330

0 * 1550 160 2200 1120
0 0 * k k *
0 0 * k k ■ k

110 0 * k k k
160 0 * k k k

0 0 * k k k
140 0 * k k k

0 0 * k k k
0 0 * k k k

140 0 * k k k
140 0 * k k k
140 0 * k k k
140 0 * k k k
140 0 * k k k
140 0 * k k k

0 0 * k k k
140 0 * k k k
140 0 * k k k

0 0 ■k k k k
0 120 * k k k
0 0 k k k k

140 0 k k k k
0 0 k k k k
0 0 k k k k
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