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ABSTRACT

A detailed study of microveins, those veinlets less than 1 mm 

wide, was conducted at the Sierrita porphyry copper deposit in an at

tempt to determine microvein contribution to both ore-grade mineraliza- 

tion and fracture-related permeability in the porphyry copper system.

The microveins display a distinct paragenetic sequence, as demonstrated 

by crosscutting relationships which evolved contemporaneously with those 

of the larger veins and veinlets. An early barren orthoclase and 

biotite-chlorite microvein stage is followed by a quartz and plagioclase 

(albite) stage. An intermediate stage of sulfide microveining followed, 

which was in turn superceded by epidote and later phyllic microveins. 

Calcite-gypsum microveins crosscut all other microveins present. The 

stage of sulfide mineralization is characterized by fluids, the sulfide 

content of which increased with time as temperatures cooled from about 

390 to 300°C during deposition in sulfide microveins. Microfracture den

sity relationships indicate that the greatest amount of microfracturing 

occurred during sulfide microvein formation. Study of the distribution 

of ore mineralization between microveins and larger veins and veinlets 

indicates that, on the average, 48% of the ore mineralization is contained 

within microveins. It appears that mineralized microfractures may have 

contributed significantly to the fracture-related permeability of the 

porphyry copper system.

ix



CHAPTER 1

INTRODUCTION

Fracture development is essential for the formation of channel- 

ways to facilitate the flow and circulation of hydrothermal fluids in a 

porphyry copper system. Large quantities of hydrothermal fluids flow 

through these fractures and result in the transfer of chemical components, 

forming the fracture-controlled mineralization and alteration assemblages 

present. Progressive variation in temperature, pressure, and hydrotherm

al fluid composition with time are manifested in changes in these 

fracture-controlled alteration assemblages, thereby recording the evolu

tion of the hydrothermal system (Batzle and Simmons, 1976; Richter and 

Simmons, 1977; Titley, 1978).

Numerous field and laboratory studies have recently investigated 

fracture-controlled mineralization and alteration paragenesis at the 

Sierrita-Esperanza porphyry copper deposit (Figure 1). These studies 

are integral parts of a larger study in progress at The University of 

Arizona whose central thesis deals with describing changes in the 

fracture-controlled mineralization and alteration in a porphyry copper 

system with time and in space. These changes may then be related to evo

lution of fracture-related permeability in the porphyry copper system.

A distinct paragenetic sequence has been recognized for the al

teration mineral assemblages at Sierrita-Esperanza. The geochemistry and 

temperatures of formation of these alteration assemblages have been stud

ied in detail (Mauger, 1966; Smith, 1975; Preece, 1979; West and Aiken,

1
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Figure 1. Location Map of the Sierrita Porphyry Copper Deposit, Pima Min
ing District, Pima County, Arizona.
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in press). Fluid inclusion studies have indicated that temperature de

creased with time during formation of the veins. Detailed analyses have 

been made of fracture Orientation and fracture-related permeability in 

the porphyry copper system (Haynes, 1980; Manske, 1980; White, 1980). 

These studies indicate that fracturing of the rocks persisted through 

much of the life of the hydrothermal system. The distribution of frac

ture densities measured at Sierrita indicates the presence of a center 

of dense fracturing in the Sierrita intrusion system. Fracture densities 

systematically decrease with distance from this center.

The results of all of the above studies are based on observation 

and data collected from examination of macroscopic mineralized frac- . 

tures— those veins and veinlets easily visible in hand sample and which 

are greater than about 1 mm wide. These macroscopic veins and veinlets 

are hereafter referred to simply as macroveins. However, at Sierrita- 

Esperanza and at most other porphyry copper deposits, ore-grade minerali

zation is almost always accompanied by the development of a network of 

numerous microveins which are less than 1 mm wide. These microveins are 

generally discernible in hand sample as mineralized hairline fractures 

but require the use of hand lens and petrographic microscope for adequate 

observation. Little is known about the relationship of microveins to the 

evolution of the fracture-related permeability of a porphyry copper sys

tem, their association with any particular phase of the hydrothermal 

system, or their contribution to ore-grade mineralization.

The purpose of this study is to examine the microveins in detail 

in an attempt to determine their contribution to both ore-grade minerali

zation and the development of the fracture-related permeability in the
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porphyry copper system. The texture, geometry, and continuity of the 

microveins were examined and are discussed. Microfracture densities 

were determined and are compared to those values obtained for macrofrac

tures by other workers.



CHAPTER 2

METHOD OF STUDY 

Stock Selection
The Duval Corporations’ Sierrita section of the Sierrita- 

Esperanza porphyry copper-molybdenum deposit (Figure 2) was chosen for 

this study for a number of reasons. In general, the Sierrita ore body 

lacks the late-stage texturally destructive quartz-sericite-pyrite phyl- 

lic alteration. Since the ore body is not strongly secondarily enriched* 

supergene effects are generally absent, greatly facilitating the inter

pretation of hypogene microvein paragenesis and.alteration mineralogy. 

Fracture-controlled mineralization and alteration occur in three intru

sive units: the progenitor quartz monzonite porphyry stock and two chem

ically distinct wall rocks— a biotite quartz diorite and a quartz monzo

nite, providing an excellent opportunity to observe the effect of host 

rock composition on the microvein and alteration mineralogy.

Sampling Techniques and Preparation 

This study was carried out within the limits of the Sierrita pit. 

Samples were collected from all grades of the ore zone at irregular in

tervals along bench faces at a number of sites within the three host 

rocks. Samples were also collected at traverses across the contacts be

tween each of the host rocks. Where bench stability permitted, a limited 

number of oriented samples were collected for fracture orientation stu

dies. In total, 58 samples were collected from 13 different sites.

5
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Figure 2. Generalized Geologic Map of the Sierrita-Esperanza Open Pit 
Mine and Surrounding Area (after Cooper, 1973).
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Figure 3 shows the location of the sample sites on a geologic map of the 

Sierrita pit. Photographs of some of these sample sites are shown in 

Figure 4.

Site 1 is located at the contact of the three host rock types in 

a zone of high-grade ore (0.5% Cu, 0.07% Mo). Figure 5 is an expanded 

view of sample Site 1 showing the sample locations. Site 11 and Sites 

2 and 13 are traverses across the biotite quartz diorite-Ruby Star 

quartz monzonite porphyry contact, the former through an intermediate- 

grade ore zone (0.4% Cu, 0.004% Mo) and the latter through a barren zone 

(0.005% Cu, 0.005% Mo). Sites 3, 4, and 5 are located near the center 

of the Ruby Star quartz monzonite porphyry intrusive in a low-grade zone 

(0.2% Cu, 0.007% Mo). Sites 9 and 10 are in a high-grade zone in the 

Ruby Star quartz monzonite porphyry (0.55% Cu, 0.006% Mo). Sites 6, 7, 

and 8 are in low-grade Harris Ranch Quartz Monzonite (0.14% Cu, 0.008%

Mo) and Site 12 in barren Harris Ranch (0.005% Cu, 0.005% Mo). . Samples 

in the biotite quartz diorite at Site 14 were collected by Richard Preece 

(1979).

Samples were slabbed and a preliminary examination of microvein 

mineralogy and crosscutting relationships was conducted with the binocu

lar microscope. An area of the sample was selected that was representa

tive of the fracturing and microvein mineralogy of the sample, and an 

oversized thin section (2 x 3") was prepared. The sections were stained 

for K-spar with a sodium cobaltinitrite solution.

Photographic enlargements in the form of negative prints were 

made for each thin section by using the thin sections directly as
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Figure 4. Photographs of Selected Sample Sites within the Sierrita
Pit. —  Photograph of Site 1 (the 3050 bench) and Sites 3, 4, 
and 5 in the Ruby Star quartz monzonite porphyry. Taken from 
dispatch tower at Sierrita pit.
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Figure 4— Continued
Photograph of Sites 2, 11, and 13 at the biotite quartz 
diorite-Ruby Star quartz monzonite porphyry contact. Taken 
from dispatch tower at Sierrita pit.
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negatives in an enlarger with polarizing sheets. Prints were made on 

Polycontrast Rapid II RC Kodak Photographic Paper.

The thin sections were studied with the polarizing microscope. 

Detailed examination was made of microvein mineralogy, paragenesis, geom

etry, associated alteration, and variation in microvein mineralogy in 

differing host rock compositions. Quantitative analysis was made of the 

type and mode of occurrence of sulfides and of microfracture densities.

Quantitative determination of the sulfide type and mode of occur

rence was made using an areal estimation method. Acetate overlays were 

applied to the 4x enlarged negative prints of the thin sections. Each 

sulfide and its mode of occurrence was color coded and the overlays col

ored so that the various sulfides and their distribution could be distin

guished. Every grain represented by a particular color was then traced, 

grouped together, and their collective area determined by the use of a 

compensating polar planimeter. The total area of the thin section was 

then determined and the percentage of the various sulfides computed.

Microfracture densities were determined by a method similar to 

that used by Titley (1978). For each sample, the oversized thin sections 

were used as a representative area in which all measurements were made. 

Within this area, generally about 39.3 cm^, the individual fracture den

sities of each group of microveins displaying a characteristic mineralogy 

was determined. The cumulative length of all the microveins in a particu

lar group was divided by the total area of the sample, yielding fracture 

densities with the dimensions of cm~\ It is assumed that each of these 

fracture densities is representative in some way of the fracture permea

bility displayed at the time that particular stage of microfracturing

12
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occurred. In actuality, each stage of microfracturing extended over a 

period of time. An integrated fracture density was obtained for each 

sample by adding together the fracture densities of each individual 

group of microveins.

Twelve samples with varying microfracture densities were selected 

and assayed for Cu, Mo, and S to give 'microvein1 ore grade. Cu and Mo 

assays were done by Rocky Mountain Geochemical Corporation at their 

Tucson, Arizona laboratory and S assays at their Salt Lake.City, Utah 

laboratory. From these results, the percentages of sulfide minerals were 

determined for each sample. Microvein ore-grade values were compared 

with overall pit ore grade at each of the selected sites, and the dis

tribution of ore minerals between macro- and microveins was thereby 

calculated.

Samples from quartz-rich microveins were prepared for fluid in

clusion study. The samples were taken from five locations in the three 

host rock types which exhibited well-defined crosscutting microvein rela

tionships. Quartz is not particularly abundant in the microveins and is 

confined to infrequent occurrences of early-stage quartz and later stage 

quartz-sulfide microveins, therefore limiting the study of fluid inclu

sions. Both primary and secondary fluid inclusions were present. The 

fluid inclusions were examined and homogenization and freezing point de

pression temperatures measured in the Department of Geosciences' Fluid 

Inclusion Laboratory at The University of Arizona. In total, 297 inclu

sions were studied to determine homogenization temperatures. Only 50 of 

these fluid inclusions were of sufficient size for measuring freezing
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point depression temperatures. Salinities of these inclusions were cal

culated in equivalent weight percent NaCl.

Five samples were prepared for microprobe analyses in order to 

study chemical variations within feldspars lying within alkali alteration 

halos of sulfide microveins. Sample preparation and machine parameters 

are described in detail in Appendix A. Microprobe analyses are tabulated 
, in Appendix A.



CHAPTER 3

GEOLOGIC SETTING

General Geology of the Pima Mining District

The Pima Mining District is located on the eastern flank of the 

Sierrita Mountains in Pima County, Arizona about 30 km south-southwest 

of Tucson (Figure 1). It is the largest mining district in the Southern 

Arizona Copper Province, which is one of the major copper-producing areas 

in the United States. The district consists of three major open pit 

mines, Sierrita-Esperanza, Twin Buttes, and Pima-Mission, and numerous 

small underground workings along the eastern flank of the Sierrita Moun

tains. Small"Cu, Pb, Zn, Mo, and precious metal veins have been worked 

intermittently in the district since Spanish colonial times (Heinrichs, 

1976).

The geography of the area is typical of the Desert Region of the 

Basin and Range Province in southeast Arizona. The Sierrita Mountain 

range, forming the western boundary of the district, rises abruptly from 

an extensive pediment which slopes eastwards to the Santa Cruz River. 

Clusters of a few isolated hills such as Mineral Hill, Helmet Peak, and 

the Twin Buttes rise above the pediment. Sharp ridges, narrow valleys, 

gulleys, and washes characterize the topography.

The Pima Mining District is composed of a wide variety of rock 

types with complex stratigraphic and structural relationships. Precam- 

brian granitic rocks and Paleozoic carbonates host two main periods of . 

volcanic and intrusive activity. The first period occurred during the

15
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Mesozoic. An initial volcanic episode, represented by the rhyolitic to 

andesitic flows of the Ox Frame Volcanics, was followed by intrusion of 

the Harris Ranch Quartz Monzonite stock (Figure 2). The later period, 

which occurred during Laramide time, commenced with extrusion of the rhyo

litic to dacitic Demetrie Volcanics and culminated in the intrusion of 

the Ruby Star Granodiorite batholith and associated quartz monzonite 

porphyry stocks. Porphyry copper mineralization in the district is 

closely associated with emplacement of these later quartz monzonite por

phyry intrusions.

Geology of the Sierrita Mine

The Duval Sierrita porphyry copper-molybdenum deposit is located 

about 40 km south-southwest of Tucson, Arizona at the southern end of 

the Pima Mining District (Figure 1). The Sierrita deposit and adjacent 

Esperanza ore body are geologically part of the same porphyry copper sys

tem. Figure 2 shows a generalized geologic map of the Sierrita-Esperanza 

Mine and surrounding area. Various aspects of the geology, mineraliza

tion, and alteration of this complex have been described by Lynch (1967), 

Smith (1975), Aiken and West (1978), Preece (1979), Haynes and Titley • 

(1980), Manske (1980), White (1980), and West and Aiken (in press) and 

will only be summarized here.

The first exploration work in the Sierrita area started in 1959.

In 1963 Duval Corporation purchased the property, and by 1970 the Sierrita 

Mine began production as one of the lowest grade porphyry copper- 

molybdenum mines in the world. Sierrita daily produces about 92,000 tons 

of ore averaging 0.39% Cu and 0.02% Mo.
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In the Sierrita pit, Laramide age mineralization is localized 

within three intrusive units, the Triassic-Jurassic Harris Ranch Quartz 

Monzonite, the Laramide biotite quartz diorite, and the Laramide Ruby 

Star quartz monzonite porphyry (Figure 3). The Harris Ranch Quartz Mon

zonite outcrops in the southwestern portion of the pit. The Harris 

Ranch Quartz Monzonite ranges from a medium-grained equigranular to por- 

phyritic quartz monzonite and is composed of plagioclase and orthoclase 

in approximately equal amounts with lesser quartz and minor biotite.

Table 1 presents an average modal Harris Ranch Quartz Monzonite composi

tion. The biotite quartz diorite outcrops in the northwestern portion 

of the pit. This rock generally displays a fine- to medium-grained equi

granular texture composed of andesine and biotite with lesser hornblende, 

quartz, and orthoclase. A variable amount of phenocrysts composed of 

clusters of biotized hornblende and euhedral to subhedral laths of ande

sine are occasionally present. Table 1 presents an average model bio

tite quartz diorite composition. The Ruby Star quartz monzonite porphyry 

is a distinctly porphyritic, late-stage monzonitic differentiate of the 

Ruby Star Granodiorite batholith (West and Aiken, in press). Phenocrysts 

are generally composed of abundant euhedral to subhedral oligoclase, 

large euhedral orthoclase up to 5 cm in length, biotite, and subrounded 

to hexagonal quartz. The groundmass is a very fine to medium-grained mo

saic of orthoclase, quartz, and subordinate oligoclase.

Other minor rock types exposed in the pit include the Ox Frame 

Volcanics, several Eocene(?) breccia pipes, and quartz latite dikes.

The Ox Frame Volcanics are exposed at the southwestern edge of the pit. 

The breccia pipes occur in the east-central portion of the pit aligned
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Table 1. Average Modal Mineral Abundances in the Harris Ranch Quartz
Monzonite and Biotite Quartz Diorite. —  Mineral volume per
centages were determined by 500 point count analyses (with 
95.5% confidence, VanDer Plas and Tobi, 1965)»_____________
HARRIS RANCH 

QUARTZ MONZONITE

9 V W1.WWA. *
BIOTITE 

QUARTZ DIORITE
quartz 22.0 % quartz 6.0%

orthoclase 35.0 orthoclase" 5.0
oligoclase 32.0 andesine 46.0

biotite 3.0 biotite 20.0

amphibole (actinolite?) 0.5 hornblende 9.0

tourmaline 0.5 actinolite 1.0

sphene Tr sphene Tr

magnetite 0.5 magnetite 0.4 .

pyrite 1.0 pyrite 0.9

chalcopyrite 0.5 chalcopyrite 0.3

epidote 1.0 epidote 1.5

chlorite 1.5 chlorite 8.5

sericite 2.0 sericite 0.4

montmorillonite 0.5 montmorillonite 1.0

calcite Tr calcite Tr

anhydrite Tr
100.0+%

anhydrite Tr
100.0+%
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along a northwest trend. The breccia is composed of rounded to angular. 

clasts a few centimeters up to more than a meter in diameter of Ox Frame 

Volcanics, biotite quartz diorite, Harris Ranch Quartz Monzonite, and 

Ruby Star quartz monzonite porphyry in a fine-grained groundmass of bio

tite, quartz, rock flour and, locally, magnetite. Northeast-trending 

post-mineralization quartz latite dikes are present, cutting all rock 
types.

The copper-molybdenum mineralization is intimately associated 

with the Laramide Ruby Star quartz monzonite porphyry. This intrusion 

is interpreted as the progenitor of the Sierrita-Esperanza system, since 

both the widespread fracturing of the rocks within the porphyry and the 

majority of sulfide mineralization appear to be temporally and spatially 

related to the quartz monzonite porphyry. All the rocks in contact with 

this porphyry and the porphyry itself are mineralized.

Chalcopyrite and molybdenum are the important hypogene ore miner

als at Sierrita-Esperanza, but pyrite is also abundant. Ore mineraliza

tion occurs predominantly in veins and veinlets less than 1 cm wide and 

1 m long. Sulfide veins up to several centimeters wide and several me

ters long are present but rare. A significant amount of the sulfide min

eralization occurs along microveins less than 1 mm wide. The total sul

fide content averages about 2-3%. The richest ore occurs in the most 

intensely fractured areas which generally closely correspond to the con

tact of the Ruby Star quartz monzonite porphyry with the biotite quartz 

diorite and the Harris Ranch Quartz Monzonite.



CHAPTER 4

MICROVEIN MINERALOGY AND PARAGENESIS

There are eight main groups of microveins present in the three 

host rock types at Sierrita. Each microvein group is distinguished and 

classified into groups here by the presence of a distinct alteration 

mineral assemblage. The alteration minerals in the microveins are prod

ucts of replacement reactions. A distinct paragenetic sequence is indi

cated by crosscutting relationships. The eight groups of microveins are 

listed in Table 2 in their paragenetic order.

With the exception of the phyllic microveins, each of. the groups 

of microveins is observed in all the rock types studied. Phyllic micro

veins were observed only in samples collected in the higher levels of 

the pit. Different host rock compositions appear to have influenced the 

mineral assemblages observed in the microveins as the relative abundance 

of the alteration mineral phases varies from rock type to rock type.

Figure 6A is a composite sketch representing the typical form, 

occurrence, and abundance of microveins as observed in a typical Harris 

Ranch or Ruby Star quartz monzonite thin section. Figure 6B is an 

explanation-overlay for Figure 6A and shows the groups of microveins 

present.

20
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Table 2. Microvein Groups Present in the Three Host Rock Types 
__________ at Sierrita (Listed in Paragenetic Order).__________ _

Microvein Group I. Orthoclase

Microvein Group II. Biotite-chlorite

A. biotite ± chlorite

B. chlorite. ± biotite

Microvein Group III. Plagioclase

Microvein Group IV. Quartz

Microvein Group V. Sulfide

A. Sulfide-C type, 2-10% sulfides

1) alkali feldspar-rich

2) quartz-rich

B. Sulfide-B type, 10-20% sulfides

1) alkali feldspar-rich

2) quartz-rich

C. Sulfide-A type, 20+% sulfides

1) alkali feldspar-rich

2) quartz-rich

Microvein Group VI. Epidote

Microvein Group VII. Phyllic

Microvein Group VIII. Calcite-gypsum 

A. calcite

B. gypsum



Figure 6. Composite Representative Sketch of Microvein Groups as They
Appear in Thin Section.

A. Sketch of photographic enlargement (X3.25) showing typical 
appearance of microveins in thin section in the Harris 
Ranch or Ruby Star quartz monzonite. Note the irregular 
stringers of sulfides (black), generally py and cpy, along 
the trends of the sulfide microveins.

B. Sketch of Figure 6A with microveins drawn and labeled.
Typical distributions of disseminated sulfide grains are 
also represented: c = cpy associated with chlorite, p =
py associated with biotite, C = cpy, and P = pyrite. An 
example of the microfracture density calculations typic
ally made for each sample is listed below for this sample.

Microvein
Mineralogy

Cumulative 
Fracture Length (cm)

Fracture 
Density (cm“^)

orthoclase 2.3 0.06
biotite-chlorite 8.2 0.21

quartz 2.7 0.07
Sulfide-C 6.2 0.16
Sulfide-B 16.0 0.41

Sulfide-A 3.4 0.09
calcite 2.4 0.06

gypsum 1.7 0.04
Integrated Fracture 
Density 1.10
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Figure 6B
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Microvein Groups 

Group I: Orthoclase Microveins

Orthoclase-rich microveins represent the earliest stage of micro- 

veining. The composition of these microveins is somewhat variable. They 

consist dominantly of 50-90% orthoclase, 2-20% biotite, and trace-20% 

gypsum. Minor amounts of quartz, anhydrite, chlorite, calcite, and sul

fides are also present. Textures are variable, but consist of three main 

types. They are: 1) fine-grained interlocking granules of orthoclase

forming a poorly defined microvein, 2) diffuse replacement orthoclase 

alteration halos with no detectable remnant center or microfracture, and 

3) diffuse replacement orthoclase alteration halos with irregularly dis

tributed fine-grained granular quartz, biotite, and chlorite. The second 

type is the most common. The orthoclase is typically unaltered but has 

a turbid, brownish appearance in thin section in plane light. Under high 

magnification, this "turbidity" appears to be caused by the presence of 

tiny fluid inclusions.

The orthoclase microveins vary from 0.05 to about 1.0 mm in width 

and average 0.35 mm. The grain size varies from 0.10 to 0.4 mm but aver

ages about 0.15 mm. These microveins are typically curvilinear to linear 

and appear to be relatively laterally continuous, displaying lengths of 

10 cm or more.

Group II: Biotite-chlorite Microveins

Biotite-chlorite microveins are generally contemporaneous with 

the previously discussed orthoclase microveins. The biotite-chlorite 

microveins are distinguished by the presence of dominant biotite and
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chlorite along a discrete microvein. These microveins can be divided 

into two smaller types based on the biotite content. Type IIA is com

posed almost entirely of biotite with up to 20% chlorite and minor 

amounts of fine-grained quartz and orthoclase, with trace amounts of py- 

rite and anhydrite. Type IIB is composed almost entirely of chlorite 

and up to 40% fine-grained quartz with minor amounts of anhydrite, epi- 

dote, and trace amounts of pyrite.

Both types of microveins are narrow, ranging from 0.002 to 0.02 

mm in width but averaging 0.005 mm. These microveins are generally cur

vilinear and discontinuous, but also occur in parallel sets composed of 

two or three closely spaced microveins. However, they frequently occur 

as irregular, isolated and anastomosing microveins of very little per

sistence. Commonly, they occur in anastomosing "swarms" often associ

ated with quartz-sulfide-orthoclase macroveins.

These biotite- and chlorite-rich microvein types may not actually 

represent separate and distinct microvein types. They may reflect only 

differing percentages of chloritization of biotite. However, they could 

actually represent simultaneous formation of biotite and chlorite.

Group III: Plagioclase Microveins

Plagioclase microveins are not common in any of the samples stud

ied. Where observed, plagioclase microveins clearly crosscut earlier 

orthoclase and biotite-chlorite microveins and are crosscut by younger 

sulfide microveins.

Plagioclase microveins display two distinct modes of occurrence. 

One is as fine-grained granular assemblages with 55-95% plagioclase.
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trace-30% quartz, trace-20% biotite, and trace amounts of chlorite, mag

netite, and anhydrite. The plagioclase is generally weakly to moderately 

pervasively altered to sericite and montmorillonite. The-other less fre

quent occurrence is as very thin, sharp-walled plagioclase microveins.

The plagioclase is clear in thin section and unaltered. The plagioclase 

in these thin, sharp-walled microveins was analyzed with the electron 

microprobe in order to determine its composition. An albitic composition 

of Nagg gCa^ yKg g is indicated.

The fine-grained granular microveins are generally anastomosing 

and curvilinear in form. They vary from 0.05 to 0.67 mm in width, aver

aging about 0.18 mm. The albitic microveins are very thin, generally 

0.05 mm in width and are wavy and discontinuous. The fine-grained granu

lar microveins are more continuous than the albitic microveins and appear 

to have greater lateral continuity.

Group IV: Quartz Microveins

Quartz microveins are uncommon in the samples studied. Because 

of the scarcity of both plagioclase and quartz, no definite crosscutting 

relationships could be established.

Quartz microveins are composed dominantly of 50 to 95% quartz, 

trace to 40% plagioclase, and trace to 15% orthoclase with minor amounts 

of biotite, anhydrite, pyrite, chalcopyrite, and epidote. Within these 

microveins, quartz, plagioclase, and orthoclase generally form a ragged 

mosaic of 0.10 to about 0.90 mm grains with interstitial biotite, anhy

drite, sulfides, and epidote. Rarely, these minerals form a granular as

semblage with a grain size of about 0.05 mm. Plagioclase within these



microveins is weakly to moderately pervasively altered to montmorillonite 

and sericite.

The widths of these microveins range from 0.05 to about 0.90 mm 

but average about 0.15 mm. They are generally thin, irregular, and dis

continuous. Infrequent wider quartz microveins are present which are 

relatively linear and continuous.

Quartz microveining followed orthoclase and biotite-chlorite 

microveining, as demonstrated by crosscutting relationships. The quartz 

microveins can also be observed crosscutting earlier quartz-orthoclase 

macroveins. Figure 7 is a picture showing such a relationship in the 

Harris Ranch Quartz Honzonite.

Group V: Sulfide Microveins

Sulfide microveins are by far the most abundant of all the micro

vein groups. They are defined as those microveins containing two or more 

percent cpy, py, and mo. They also contain significant amounts of quartz 

and alkali feldspars with lesser amounts of magnetite, biotite, chlorite, 

epidote, anhydrite, gypsum, and calcite. This microvein group is further 

divided into three types based arbitrarily on the sulfide content. This 

division was made in order to facilitate the study of changes in the 

characteristics of the alteration fluids during the stage of sulfide 

microveining. The three types are: 1) Sulfide-C microveins with 2-10%

sulfides, 2) Sulfide-B microveins with 10-20% sulfides, and 3) Sulfide-A 

microveins with greater than 20% sulfides.

Each of the three sulfide microvein types can be further divided 

into two classes— an alkali feldspar-rich class and a quartz-rich class. 

The mineralogy of the two classes is independent of the percentage of

27
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quartz
orthoclase
macrovein

quartz
microvein

Figure 7. Photograph of a Quartz Microvein Crosscutting a Quartz-
orthoclase Macrovein. —  Sample 1031-3050-7A in the Harris 
Ranch Quartz Monzonite.



sulfides present in the microveins. Therefore, the sulfide microveins 

will be discussed in general here on the basis of the two classes.

The alkali felspar-rich class is by far the most abundant. A 

composite sketch of this class of microveins in the Ruby Star quartz mon- 

zonite porphyry and Harris Ranch Quartz Honzonite is shown in Figure 8. 

The microveins in this class are very similar to the "alkali seams" de

scribed by Gustafson and Hunt (1975) at El Salvador, Chile. The alkali 

feldspar-rich sulfide microveins are marked primarily by their alteration 

halos of alkali feldspars where they intersect plagioclase and. orthoclase 

phenocrysts. It is not unusual to see small amounts of chalcopyrite 

"peppered" into plagioclase phenocrysts in the immediate vicinity of the 

microveins. Epidote with minor calcite also commonly occurs in the mi

croveins where they intersect plagioclase phenocrysts. The microveins 

are often difficult or impossible to" trace through the groundmass except 

for the presence of disseminated or irregular discontinuous stringers of 

pyrite and chalcopyrite (±mo). Appreciable amounts of magnetite, bio- 

tite, chlorite, epidote, anhydrite, and gypsum are also disseminated 

along the microvein trend, facilitating tracking of the microveins 

through the groundmass. Epidote in these microveins occurs as fine- to 

medium-grained granular aggregates often closely associated with and 

sometimes rimming chalcopyrite. It also is not unusual to see pyrite 

and sometimes chalcopyrite rimmed with late-stage calcite or gypsum.

The alteration feldspars composing the alteration halos are un

altered, even though the plagioclase and orthoclase phenocrysts they in

tersect are generally weakly altered to sericite and clays. The abun

dance of sericite and clays is constant across the phenocrysts and shows

29



Figure 8. Composite Idealized Sketch of a Sulfide-B, Alkali
Feldspar-rich Type Microvein in Quartz Monzonite Porphyry. —  
Orth = orthoclase, olig = oligoclase, bio = biotite, qtz = 
quartz, anhy = anhydrite, epid = epidote, gyp = gypsum, cal = 
calcite, chi = chlorite, py = pyrite, and cpy = chalcopyrite.



30
Sulfide-B Microvein

Potassic halo (sodic halo 
infrequently) ± epid, cal, 
and anhy through oligoclase

.pqbq

sulfides into phenocryst
OHg /

microvein through • 
groundmass— string of 
py, cpy ± potassic _ 
halo, anhy, gyp, chi.

Potassic halo (rarely 
sodic halo) with sodic 
rim through orthoclase 
phenocryst

if? Chi ^  Opy
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no relationship to the microveins. The composition of feldspars within 

these alkali halos was examined by electron microprobe analysis and will 

be discussed in detail later in this chapter.

These alkali feldspar-rich sulfide microveins are generally cur

vilinear and often discontinuous. They often occur as diffuse replace

ment alkali halos with no detectable vein center or microfracture. Where 

microvein widths are measurable due to the presence of sulfides or other 

disseminated grains, they vary from 0.01 to about 1 mm but tend to aver

age 0.3-0 4 mm.

Sulfide microveins of the quartz-rich class occur infrequently. 

These microveins are similar to the orthoclase-quartz veinlets described 

by Mauger (1966) at Esperanza. These microveins are composed of 10-85% 

quartz, forming an interlocked mosaic of grains 0.02-0.5 mm in size. Py- 

rite, chalcopyrite, orthoclase, epidote, calcite, and chlorite with trace 

amounts of anhydrite and biotite occur disseminated along these micro

veins. Infrequently, weak potassic halos may occur in patchy distribu

tions. Where the microveins intersect plagioclase phenocrysts, epidote, 

chlorite, and calcite may be present as alteration halos. The quartz- 

rich microveins range from 0.20 to 0.8 mm in width and average about 0.4 

mm. They are generally slightly wider and more linear and continuous 

than the alkali feldspar-rich class of sulfide microveins.

The three types of sulfide microveins (Sulfide-C, Sulfide-B, and 

Sulfide-A) display a distinct paragenetic sequence as demonstrated by 

crosscutting relationships. The sulfide microveins with the lowest sul

fide content (Sulfide-C microveins) are the oldest of the sulfide micro

veins. They are crosscut by microveins with an intermediate sulfide
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content, Sulfide-B microveins. The Sulfide-B microveins are in turn 

crosscut by microveins with the highest sulfide content (Sulfide-A micro

veins) . Each arbitrarily chosen sulfide microvein type does not repre

sent a distinct separate pulse or stage of alteration; rather, all three 

types together represent the continuum of a single alteration stage, as 

is demonstrated in Figure 9. Figure 9 is a histogram plotting the abun

dance or fracture density of all the sulfide microveins observed versus 

the amount of total sulfides in each of the microveins. The sulfide al

teration stage is therefore characterized by an increased sulfide con

tent in the microveins with time.

Figure 9 can also be used to show the evolution of the sulfide 

microfracture density. Because the sulfide content in the microveins 

increased with time, the lower axis of Figure 9 may be related to a time 

axis with time increasing to the right in the direction of increasing 

sulfide content. Sulfide microfracturing appears to have reached a maxi

mum fairly quickly before sulfide percentages increased past about 10%. 

Microfracturing, then, appears to have decreased relatively slowly as the 

sulfide content continued to increase, beyond 10%.

Group VI: Epidote Microveins

Epidote microveins are relatively rare in the samples studied. 

They are composed dominantly of fine-grained granular epidote with trace 

to 30% quartz and minor chlorite, biotite, chalcopyrite, and pyrite.

These microveins are thin and discontinuous, averaging about 0.06 mm in 

width. In some samples, these microveins are very irregular, pinching 

down to 0.013 mm and swelling to clots about 0.816 mm in diameter.



Figure 9. Histogram of the Microfracture Densities of the Sulfide Microveins versus 
the Percentage of Total Sulfides in the Microvein. —  Sulfide-C, -B, and 
-A microvein types are delineated on the figure.
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Owing to the scarcity of these microveins, definite crosscutting 

relationships could not always be established. However, these micro- 

veins are observed to crosscut sulfide microveins and are themselves 

crosscut by later calcite and gypsum microveins.

Group VII: Phyllic Microveins

Phyllic microveins are present in one unmineralized Ruby Star 

quartz monzonite porphyry sample collected in the upper level of the 

Sierrita pit. These phyllic microveins clearly crosscut sulfide micro

veins present in the same sample. Sericite, together with fine-grained 

disseminated anhedral pyrite, forms halos up to 4.3 mm wide around 0.1- 

0.9 mm wide pyrite-quartz microveins. Minor amounts of fine-grained 

shreddy biotite can also be present. The microveins tend to be in the 

form of irregular trails of pyrite stringers and blebs, composing 10-80% 

of the microvein, with disseminated grains of quartz.

Group VIII: Calcite and
Gypsum Microveins

A late stage of microveining is represented by calcite and by 

gypsum microveins. The calcite microveins are the older of the two.

They are generally monominerallic, but trace amounts of anhydrite and, 

rarely, up to 30% gypsum can be present. They are very thin, averaging 

about 0.03 mm and ranging up to only 0.10 mm in width. These microveins 

are sinuous and discontinuous.

Gypsum microveins crosscut all other microveins present. They 

display a complex mineralogy that includes varying amounts of gypsum, an

hydrite, and calcite with minor orthoclase and biotite. Gypsum may
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compose 5-90% of the microveins with 5-65% anhydrite and trace amounts 

to 30% calcite. The gypsum tends to form fibrous intergrowths oriented 

perpendicular to the microvein wall. Irregular thin selvages of biotite 

can be present. The microveins are generally sinuous, anastomosing, and 

discontinuous. Thicknesses range from 0.04 to 0.9 mm but average about 

0.1 mm.

Secondary Fluid
Inclusion Plane Microfractures

In the quartz of many of the macroveins and generally in each 

quartz grain in the three host rock types, there exist myriad randomly 

oriented crosscutting planes of secondary fluid inclusions which repre

sent minute healed microfracturesL These microfractures are extremely 

short and discontinuous. Their persistence may be measured in lengths 

of less than 1 mm to about 4 mm. Yet they are present in vast numbers 

which would form a huge interconnected network of microfractures if they 

were all to have been open at one time. These fluid inclusion microfrac

tures are present even in samples showing no megascopic evidence of frac

turing and alteration veining, recording the occurrence of previous rock 

fracturing events and corresponding fluid movement. Their presence has 

been noted by other workers in porphyry copper systems (Chivas and 

Wilkins, 1977; Haynes, 1980; Reynolds, 1980) and in geothermal systems 

(Batzle and Simmons, 1976; Richter and Simmons, 1977).

The presence of these planes of fluid inclusions indicates the 

occurrence of repeated fracturing or solution of the quartz on a micro

scale. Subsequent movement of hydrothermal solutions healed these micro

fractures, forming the planes of secondary inclusions. The large number
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of these crosscutting planes of fluid inclusions in the quartz in the 

host rocks and in the quartz of macroveins of various ages suggests that 

fracturing at this small scale occurred throughout much of the cooling 

and hydrothermal alteration history of the system.

Microvein Variation in 
Different Host Rock Compositions

Within host rocks of varying composition, the microvein altera

tion assemblages remain unchanged. However, the relative abundances of 

the mineral phases do vary. A sample that displays these variations 

particularly well is 127-3950-25, shown in Figure 10. This sample is 

composed of a Ruby Star quartz monzonite porphyry dike intruded into the 

biotite quartz diorite. A Sulfide-A + quartz microvein crosscuts both 

the biotite quartz diorite and the Ruby Star quartz monzonite porphyry, 

providing an excellent opportunity to observe wall-rock induced varia

tions in microvein mineralogy.

Where the microvein crosses the biotite quartz diorite, pyrite 

composes about 40% and epidote about 10% of the microvein. Fine-grained 

quartz, trace amounts of chlorite, and minor orthoclase compose the re

mainder of the microvein. Where the microvein intersects plagioclase 

phenocrysts, the plagioclase immediately adjacent to the microvein is 

generally pervasively altered to epidote.

Where the Ruby Star quartz monzonite porphyry is wall rock to the 

microvein, however, epidote composes only about 5% of the microvein and 

pyrite only about 15%. The remainder of the microvein is composed domi

nantly of fine-grained quartz, trace amounts of chlorite, and minor or

thoclase. Where the microvein intersects plagioclase phenocrysts, the
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Figure 10. Photograph of Sample 127-3950-25, Composed of a Ruby Star 
Quartz Monzonite Porphyry Dike Intruded into the Biotite 
Quartz Diorite.



plagioclase is generally altered to minor amounts of epidote with or 

without calcite.

The difference in the epidote content of the alteration assem

blages between biotite quartz diorite and Ruby Star quartz monzonite 

porphyry microveins may be related to both the more calcic nature of the 

biotite quartz diorite plagioclase (andesine as opposed to oligoclase of 

the Ruby Star) and to the overall higher abundance of plagioclase in the 

biotite quartz diorite. The biotite quartz diorite has an overall higher 

abundance of mafic minerals, such as biotite and hornblende, than does 

the Ruby Star quartz monzonite porphyry. This would correspond to an 

overall higher iron content in the biotite quartz diorite. This higher 

amount of iron available to interact with introduced sulfur could have 

resulted in the higher amounts of pyrite observed in the biotite quartz 

diorite portion of the sulfide microveins.

Relation of Microvein Paragenesis 
to Macrovein Paragenesis

Table 3 presents a comparison of microvein alteration assemblages 

and paragenetic sequences as determined in this study with that deter

mined for macroveins by other workers in the area. It appears that the 

microvein paragenesis parallels that observed for the macroveins, which 

indicates a contemporaneity of micro- and macroveining. Early-stage 

barren orthoclase and biotite-chlorite microveins appear to be equivalent 

to the K-spar + Quartz macroveins of Haynes (1980) and Manske (1980). No 

macrovein equivalent is found for the quartz and plagioclase microveins. 

Sulfide microveins are apparently equivalent to the sulfide-bearing mac

roveins of Haynes (1980), Manske (1980), and White (1980). Both Haynes
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Table 3. Relationship of Microvein Paragenesis to Macrovein Paragenesis. —  Haynes' 
(1980) study concerned the Ruby Star Granodiorite northwest of the pit. 
Manske's (1980) study involved the Ruby Star Granodiorite northeast of the 
pit. White's (1980) study concerned the Harris Ranch Quartz Monzonite 

__________ west of the pit._____ ______________ _______________________________________
THIS STUDY 
MICROVEINS

HAYNES
MACROVEINS

MANSKE
MACROVEINS

WHITE
MACROVEINS

orthoclase K-spar + quartz K-spar + quartz + epidote + quartz +

biotite-
chlorite

plagioclase

quartz

-----------------------

magnetite K-spar

Sulfide-C

Sulfide-B

quartz + pyrite 
(<1%)

quartz + pyrite quartz + K-spar + 
pyrite

pyrite (>1%) + pyrite + chalcopyrite pyrite + quartz

Sulflde-A
quartz + sericite

epidote epidote + K-spar epidote + K-spar + 
quartz + chlorite 

quartz + epidote +

epidote ± K-spar

chlorite

phyllic

calcite-gypsum
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and Manske discuss the presence of more than one set of sulfide macro

veins. Haynes has noted that his set of quartz veins with low (<1%) 

sulfide content are crosscut by quartz veins with a high (>1%) sulfide 

content. Manske also sees this relationship in a limited number of 

cases. This increase in the sulfide content of the veins with time is 

also well documented in the microvein paragenetic sequence. Crosscutting 

relationships between Sulfide-C, -B, and -A microveins provide a detailed 

look at the evolution from low to high sulfide content in the veins with 

time. The epidote-bearing macroveins of Haynes, Manske, and White ap

pear to be equivalent to the epidote microveins. Although macrovein 

equivalents of phyllic microveins are present within the Sierrita pit, 

no macrovein correlation could be made outside the pit in the areas 

studied by Haynes, Manske, and White.

Microprobe Data

The compositions of feldspars within alkali alteration selvages 

of sulfide microveins were determined by electron microprobe analyses. 

Particular interest was placed on determining whether or not wall rock 

feldspar compositions influenced the feldspar composition in the alter

ation selvages of the microveins. Microprobe traverses were therefore 

taken across alkali alteration selvages where the microveins intersected 

plagioclase phenocrysts, orthoclase phenocrysts, and the groundmass. Mi

croprobe techniques and machine parameters are described in Appendix A. 

Tabulated analyses for the microprobe traverses are also given in Appen

dix A. The results of selected traverses are illustrated graphically in 

Figure 11. Microprobe results indicate that the composition of these



Figure 11. Variation in Feldspar Composition in Traverses across Alkali
of Sulfide Microveins. —  Determined by microprobe analyses.

Feldspar Composition (molecular percentage)

X Or(KAlSigOg) Component 

# Ab (NaAlSigOg) Component 

0 An (CaAlgS^O^) Component

A. Sample 1031-3050-8A (Site 1, Ruby Star quartz monzonite 
porphyry), traverse 5. Potassic microvein through olico- 
clase phenocryst. Note the presence of the more sodic 
rim on the microvein.

B. Sample 127-3550-8 (Site 6, Harris Ranch Quartz Monzonite). 
Potassic microvein through oligoclase phenocryst.

C. Sample 1031-3050-8A (Site 1, Ruby Star quartz monzonite 
porphyry), traverse 2. Albitic microvein through oligo
clase phenocryst. Note decrease in the calcic component 
towards the center of the microvein.

D. Sample 1031-3050-8A (Site 1, Ruby Star quartz monzonite 
porphyry), traverse 4. Albitic microvein through ortho- 
clase phenocryst. Note the slightly calcic rim on the 
microvein and the decrease in the calcic component towards 
the center of the microvein.

E. Sample 127-3550-11 (Site 7, Harris Ranch Quartz Monzonite), 
traverse 2. Potassic microvein through orthoclase pheno
cryst. Note the excellent development of the sodic rim
on the microvein.
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alkali alteration selvages is variable and that wall rock feldspars do 

appear to influence the major chemistry of the alteration selvages.

Thin reaction rims can frequently be observed on the alkali alteration 

selvages where they intersect orthoclase and, in particular, plagioclase 

phenocrysts.

The alkali alteration selvages are dominantly potassic in compo

sition. However, patchy occurrences of sodic alteration slevages (al- 

bitic) also occur along microveins with potassic selvages. These occur

rences are not related to wall rock feldspar composition and, where 

present, are observed to intersect both plagioclase and orthoclase phe

nocrysts. Very infrequent occurrences of microveins with selvages com

posed totally of sodic feldspar were noted.

Results of typical microprobe traverses through albitic alteration 

selvages that intersect both an oligoclase and an orthoclase phenocryst 

are depicted graphically in the. feldspar composition profile in Figure 

11A and B. Transitions between the alteration selvage front and wall 

rock phenocrysts are generally abrupt. However, the CaO content of the 

feldspar displays a continual decrease from the interior of the pheno

cryst into the alteration selvage of the microvein, dropping to essen

tially zero in the microvein. A reaction illustrating the replacement of 

oligoclase with the more sodic albite and concomitant release of calcium 

in solution can be written as follows:

average oligoclase albite
5(Na0 8,Ca0i2)Al(Si2 8,Al2)08 + 4Si02 + 2Na+ -» GCNaAlS^Og) + Ca44-
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The released calcium appears to be readily complexed by carbonate or si

licate ions in solution, forming the calcite and epidote also present in 

these microveins.

Potassic alteration selvages occur through both plagioclase and 

orthoclase phenocrysts, independent of wall rock feldspar compositions. 

Results of typical microprobe traverses through potassic alteration sel

vages that intersected oligoclase and orthoclase phenocrysts are illus

trated in Figure 11C, D, and E, respectively. These selvages generally 

display a sodic rim against the orthoclase phenocrysts they intersect. 

This fim is especially well illustrated in Figure HE.

The average composition of alteration orthoclase within micro

veins transecting the groundmass is Or97Ab3 (Table 4). This is very si

milar to the average composition of orthoclase in the alkali alteration

Table 4. Composition of Microvein Alteration Orthoclase 
through the Groundmass in Mole Percent Ortho
clase (Or), Albite (Ab), and Anorthite (An). —  
Determined by electron microprobe analysis.

Or Ab An
97.2 2.4 0.2
98.2 1.7 0.1
95.9 3.8 0.2
96.9 2.8 0.2
97.1 2.7 0.2

selvages intersecting orthoclase and plagioclase phenocrysts, which is 

Or95Ab5. These compositions correspond to that-determined by Preece 

(1979) for the macrovein and selvage orthoclase compositions within the 

Sierrita pit.. He reports an average composition of Or96Ab4. Analyses



of igneous orthoclase indicate an average composition of Or86Abl3Anl, 

which is higher in sodium content than the microvein alteration 
orthoclase.

The presence of the sodic rims on the potassic alteration sel

vages might be explained through the difference in composition of the 

igneous and alteration orthoclase. Solution of the igneous potassium 

ions and subsequent transport by the hydrothermal solutions could lead 

to a build-up of residual sodium ions in the igneous orthoclase at the 

alteration orthoclase front, forming the observed sodic rim.

The similarity in composition of alteration orthoclase found in 

both micro- and macroveins supports the idea that micro- and macrofrac

turing events occurred simultaneously.
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CHAPTER 5

DISTRIBUTION OF SULFIDES

Only three sulfide minerals occur in the samples studied from 

the Sierrita pit. In order of decreasing abundance, they are pyrite, 

chalcopyrite, and molybdenite. On close examination of the distribution 

of these sulfides, it proved very important to differentiate between 

those contained within the microveins, those disseminated in the ground- 

mass, and those disseminated within the groundmass but associated with 

biotite and/or biotite altered to chlorite. Tabulated results of sul

fide distribution for each sample.studied are listed in Appendix B.

Figure 6 depicts the average distribution of sulfides within a typical 

thin section of a quartz monzonite sample.

Microvein Sulfides

At Sierrita, chalcopyrite is the dominant sulfide in microveins 

in samples within the ore zones. However, pyrite is also present in no

ticeable abundance, comprising up to 45% of the sulfides in these micro

veins. Molybdenite is not abundant in any of the samples studied, per

haps owing to an inadvertent sampling bias or restriction of molybdenite 

to occurrences in late-stage quartz-molybdenite macroveins.

Pyrite within the microveins tends to occur as euhedral to sub- 

hedral cubes irregularly disseminated along the microvein and/or grouped 

together in stringers. Pyrite in stringers has a tendency to be anhedral 

in form. Microvein chalcopyrite is generally anhedral, occurring as 

disseminated blebs, irregular fine stringers, or sometimes "peppered"
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disseminations in an indistinct halo around the microvein where it inter

sects a plagioclase crystal. Where molybdenite is present within the 

microveins, it is associated with the quartz-rich sulfide microveins and 

occurs as disseminated flakes in the quartz.

Disseminated Sulfides.Associated 
with Biotite-chlorite

Sulfides also occur disseminated in the groundmass associated 

with biotite, chlorite, and/or biotite altering to chlorite. They occur 

as fine-grained (about 0.1 mm) sub- to anhedral grains generally associ

ated with aggregates of shreddy biotite or chlorite and minor amounts of 

anhydrite, epidote, and calcite, with trace amounts of fine-grained 

quartz.

Pyrite and chalcopyrite in this mode of occurrence are usually 

found separately. The pyrite is almost always associated with shreddy 

recrystallized biotite, which is randomly distributed throughout the 

groundmass. Fine-grained anhedral magnetite can also occur with these 

aggregates. Disseminated anhedral pyrite is also associated with aggre

gates of gypsum, anhydrite, or anhydrite altering to gypsum. Minor 

amounts of recrystallized biotite, chlorite, epidote, and trace amounts 

of magnetite may be associated with these aggregates.

The disseminated chalcopyrite is usually found associated with 

aggregates of epidote and chlorite instead of biotite. The epidote often 

forms a rim around the chalcopyrite. Figure 12 shows a sketch of chal

copyrite in this mode of occurrence in the Ruby Star quartz monzonite 

porphyry. It is very interesting to note the distribution of this form 

of chalcopyrite (Figure 6). The chalcopyrite-chlorite aggregates are
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Cbalcopyr i te
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Figure 12. Illustration of the Mineralogical Relationships of Dissemi
nated Chalcopyrite Associated with Chlorite. —  Chalcopyrite 
(black) is surrounded by epidote (dotted) and anhydrite 
(lined) and chlorite. Albite, although not shown, can occur 
infrequently along the contact between plagioclase and chal
copyrite. Biotite can also be present; where it is, the 
chlorite generally rims it and is optically continuous with 
the biotite.
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not randomly distributed but definitely are concentrated in the immedi

ate vicinity of the sulfide microveins in a diffuse sort of halo or en

velope enclosing them. It seems probable that diffusion of hydrothermal 

fluids outward from the sulfide microveins altered biotite to an aggre

gate of chlorite and chalcopyrite with or without epidote.

The pyrite and chalcopyrite associated with aggregates of bio

tite and chlorite respectively represent a secondary origin. They were 

formed through alteration of a pre-existing mafic mineral or introduced 

through deposition by hydrothermal fluids.

Disseminated - Sulfides

Disseminated sulfides with no associated biotite or chlorite are 

relatively uncommon, generally comprising only about 5% of the total sul

fides present. Pyrite is the dominant disseminated sulfide in the Harris 

Ranch Quartz Monzonite. Pyrite and chalcopyrite are the dominant dissem

inated sulfides in the Ruby Star quartz monzonite porphyry. In the 

Harris Ranch, the disseminated pyrite generally composes <1% of the total 

sulfides, which themselves comprise only about 1% of the rock. In one 

isolated sample at Site 12, disseminated pyrite comprises 26% of the sul

fides present. The disseminated pyrite is usually fine-grained and sub- 

hedral to anhedral. In the Ruby Star quartz monzonite porphyry samples 

studied, total sulfides average about 1% of the rock. Disseminated py

rite averages about 5% and disseminated chalcopyrite about 4.5-5% of 

these sulfides. The percentage of disseminated pyrite does vary to 

higher values, the highest being 43% of the sulfides, but these are gen

erally in isolated occurrences. The disseminated chalcopyrite content
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also rises to 12-13% of the total.sulfides in isolated occurrences near 

the contact of the Ruby Star quartz monzonite porphyry with the Harris 

Ranch Quartz Monzonite. In unmineralized Ruby Star quartz monzonite por

phyry, pyrite is the only disseminated sulfide present. It generally 

comprises about 6% of the _<0.5% total sulfides present. Disseminated 

sulfides are usually not present in the biotite quartz diorite.

These disseminated sulfides do not appear to represent a secon

dary origin. They are not found with any of the pre-existing mafic min

erals, nor are they associated with any of the typical alteration miner

als such as chlorite, biotite, or epidote. Neither do they appear to 

have been introduced through deposition by hydrothermal fluids along a 

microfracture, as they are not located along the trend of any discernible 

microvein. This later observation does depend on the orientation of the 

thin section cut with respect to a microvein. If the thin section cut is 

approximately parallel to a microvein, a microvein sulfide intersected by 

the thin section could appear to be disseminated. However, it does not 

appear that the occurrence of disseminated chalcopyrite can be explained 

in this manner. Eleven of the 12 Ruby Star quartz monzonite porphyry thin 

sections studied displayed disseminated chalcopyrite in amounts >1% of 

the total sulfides present. Of the 29 thin sections studied that were 

not in the Ruby Star quartz monzonite porphyry, none contained dissemi

nated chalcopyrite as even 1% of the total sulfides present. Only one of 

these 29 thin sections contained any measurable chalcopyrite, and that 

was 0.5% of the total sulfides present. Sulfide microveins are not any 

more abundant in the Ruby Star quartz monzonite porphyry than in any of 

the other rock types. Therefore, the occurrence of disseminated
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chalcopyrite in the Ruby Star quartz monzonite porphyry cannot be ex

plained by the orientation of a thin section parallel to a microvein.

The occurrence of sulfides disseminated in the groundmass with no asso

ciated biotite or chlorite is therefore taken as being indicative of 

primary origin; that is, crystallization from the original parent magma. 

It is interesting that the Ruby Star quartz monzonite porphyry, the in

terpreted porphyry copper progenitor stock, contains the only dissemi

nated chalcopyrite present, and that the chalcopyrite composes about 50% 

of the disseminated sulfides present. This may suggest a magmatic origin 

for the copper within the porphyry copper deposit.

Sulfide Distribution 
between Microveins and Macroveins

Twelve samples were selected that displayed varying sulfide mi

crofracture densities and were assayed for Cu, Mo, and S to give "micro- 

vein” ore-grade values. Table 5 presents the microvein assay results.

The microvein assay results were used to calculate the volume 

percentages of sulfide minerals present in the microveins in each of the 

12 samples. In these calculations, it was assumed that the only sulfides 

present were pyrite, chalcopyrite, and molybdenite. No other sulfides, 

including secondary sulfides, were observed in thin section. The volume 

percentages of sulfide minerals present in the microveins in these 12 

samples, as calculated from the assay results, are listed in Table 6A. 

Table 6B lists the volume percentages of sulfide minerals present in 

these samples as determined by the areal estimation method.

A comparison of the volume percentages of sulfides in the micro

veins in these 12 samples, as calculated from assay results and by areal
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Table 5. Microvein Assays for Cu> Mo, and S.

Sample
Cu

(wt %)
Mo

(wt %)
S

(wt %)
Site 1:

1031-3050-2 0.29 0.0110 0.66

1031-3050-4 0.36 0.0036 0.84

1031-3050-7A 0.21 0.0018 0.56

1031-3050-10 0.18 0.0055 0.34

1031-3050-14 0.27 0.0016 0.76

1031-3050-15A 0.35 0.0013 0.62

1031-3050-16 0.32 0.0044 1.06

1031-3100-18 0.23 0.0040 1.06

1031-3100-19 0.39 0.0048 0.94

Site 6:

127-3550-8 0.11 0.0042 1.36

Site 8:

127-3450-12A 0.10 0.0011 1.32

Site 11:

127-3550-18 0.16 0.0010 0.62
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Table 6. Comparison between Volume Percentages of Sulfide Minerals
Present in the Microveins in Selected Samples as Determined 
from Assay Results and Areal Estimation. —  A. Volume percen
tages of sulfides in microveins in selected samples as calcu
lated from assay results. Specific gravities used in the volu
metric calculations were 2.76 for the Harris Ranch Quartz 
Monzonite, 2.67 for the Ruby Star quartz monzonite porphyry, 
and 2.94 for the biotite quartz diorite. These values were 
provided by Theresa Ervin, Sierrita pit geologist (personal 

__ _______ communication, 1981).__________________ _______ ________________

SAMPLE
CHALCOPYRITE 

vol %
PYRITE • 
vol %

MOLYBDENITE 
vol %

TOTAL SULFIDE 
vol %

Site 1:

1031-3050-2 0.55 0.37 0.01 0.930

1031-3050-4 0.68 0.49 0.003 1.170

1031-3050-7A 0.40 0.36 0.002 0.760

1031-3550-10 0.33 0.15 0.005 0.485

1031-3050-14 0.50 0.49 0.002 0.992

1031-3050-15A 0.71 0.29 0.001 1.001

1031-3050-16 0.65 0.81 0.005 1.465

1031-3100-18 0.44 0.85 0.004 1.290

1031-3100-19 0.74 0.56 0.005 1.305
Site 6:

127-3550-8 0.21 1.29 0.004 1.504
Site 8:

127-3450-12A 0.19 1.26 0.001 1.450

Site 11:

127-3550-18 0.32 0.50 0.001 0.821
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Table 6— Continued

B. Volume percentages of 
samples as determined by

' sulfides in microveins in selected 
areal estimation (from Table B.l).

SAMPLE
CHALCOPYRITE 

vol %
PYRITE 
vol %

MOLYBDENITE 
vol %

TOTAL SULFIDE 
vol %

Site 1:

1031-3050-2 0.608 0.144 0.048 0.8

1031-3050-4 0.372 0.028 — 0.4
1031-3050-7A 0.430 0.057 — 0.487

1031-3050-10 0.316 0.125 — 0.441

1031-3050-14 0.268 0.256 " 0.524

1031-3050-15A 0.529 0.086 — 0.615

1031-3050-16 0.667 “ —— 0.667

1031-3100-18 1.057 0.003 — 1.06

1031-3100-19 0.175 — — 0.175

Site 6:

127-3550-8 0.102 1.348 — 1.45

Site 8:

127-3450-12A 0.11 2.09 — 2.2
Site 11:

127-3550-18 0.39 0.16 0.55
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estimation, shows discrepancies. Upon consideration of the relatively 

limited lateral continuity of the microveins, this variation would be 

expected. Samples sent in for assay were not the small areas from which 

the thin sections were prepared but instead were the larger hand samples 

from which the thin sections were taken. Therefore, the volume percen

tages of sulfides in the microveins as determined from assay results may 

be compared to these determined in thin section by areal estimation but 

only in a limited way. This also suggests that microfracture densities 

may vary a significant amount over the distance of a typical hand sample.

The "microvein" ore-grade values were compared with total ore- 

grade values in the pit at each of the selected sites. The distributions 

of copper values between micro- and macroveins were thereby calculated 

and are listed in Table 7. From this table, it can be observed that 

29-90% of the ore-grade mineralization is contained within microveins. 

However, due to the limited lateral continuity of the sulfide microveins 

and the apparently significant variation in local microfracture densi

ties as noted earlier, the estimated percentages of ore mineralization 

contained within the microveins at any particular sample location are 

probably unreliable. Nevertheless, comparison of overall microvein as

says with overall total assays should present a relatively accurate rep

resentation of the amount of ore mineralization contained within micro

veins for the Sierrita pit as a whole. The overall average percentage 

of ore mineralization contained within the microveins is 48%. From this, 

it appears that a significant amount of the mineralization at Sierrita 

may occur within microveins.



Table 7. Comparison of the Distribution of Ore Mineralization between Microveins
and Macroveins.

SAMPLE
NUMBER

MICROVEIN 
CU ASSAY

TOTAL ROCK 
CU ASSAY1 '

MACROVEIN 
CU ASSAY2 

(BY SUBTRACTION)

PERCENTAGE ORE 
MINERALIZATION 
IN MICROVEINS

Site 1:
1031-3050-2 0.29 0.718 0.428 40
1031-3050-4 0.36 0.750 0.390 48
1031-3050-7A 0.21 0.722 0.512 29
1031-3050-10 0.18 0.310 0.130 58
1031-3050-14 0.27 0.728 0.458 37
1031-3050-15A 0.35 0.742 0.392 47
1031-3050-16 0.32 0.780 0.460 41
1031-3100-18 0.23 0.788 0.558 29
1031-3100-19 0.39 0.788 0.398 49

Site 6:

127-3550-8 0.11 0.122 0.012 90

Site 8:

127-3450-12A 0.10 0.142 0.042 70

Site 11:

127-3550-18 0.16 0.448 0.288 36

1
2
Data by Rocky Mountain Geochemical Corporation.
Data supplied by Duval Corporation Sierrita geology staff



CHAPTER 6

MICROFRACTURE DENSITIES,
ORIENTATION, AND PERMEABILITY

Microvein Densities

Fracture densities for each microvein type were determined for 

each sample and are tabulated in Appendix C. Figure 6B shows an example 

of the microfracture density calculations made for each sample. Table 8 

lists and compares average microfracture densities for each of the mi

crovein alteration assemblages in the different host rocks at Sierrita. 

Corresponding representative integrated fracture densities of macroveins 

determined in the biotite quartz diorite, Harris Ranch Quartz Monzonite, 

and Ruby Star quartz monzonite porphyry in the Sierrita pit are also 

shown in Table 8. It is important to note the differences in magnitude 

between fracture densities determined for microveins in this study and 

fracture densities determined for macroveins by Haynes (1980). In gen

eral, average microfracture density values are 2.4-6.7 times greater 

than the representative macrofracture density values. In individual 

samples, microfracture density values range up to an order of magnitude 

greater than macrofracture density values. From this, it is apparent 

that the microfractures could contribute a great deal to the overall 

fracture-related permeability of the rock.

Table 8 indicates that by far the greatest amount of microfrac

turing occurred during the sulfide microvein stage of formation. This 

is consistent with observations made by Haynes (1980), who determined 

that the greatest amount of macrofracturing also took place during the
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Table 8. Average Fracture Densities for Different Vein Groups within the Sierrita 
Pit in Each of the Host Rocks.

RUBY STAR QUARTZ

MICROVEIN
GROUP

BIOTITE QUARTZ 
DIORITE
(cm-1)

HARRIS RANCH 
QUARTZ M0NZ0NITE

(cm-1)

M0NZ0NITE
MINERALIZED

(cm"1)

PORPHYRY
BARREN
(cm-1)

Orthoclase 0.035 0.058 0.21 0.33

Biotite-chlorite 0.68 0.27 0.018 —

Plagloclase — 0.15 0.044 0.006

Quartz 0.13 0.079 0.017 0.024

Sulfide 0.89 0.72 0.48 0.78

Epidote —— 0.070 — —

Phylllc — — - — 0.11

Calcite-gypsum 0.41 0.094 0.12 mmmm

Integrated Microfracture 
Density 2.15 1.44 0.68 1.25

Representative Macro- 
fracture Density 
(Haynes, 1980) 0.32 0.60 0.22
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stage of quartz-sulfide vein formation. This association of high frac

ture densities for both micro- and macroveins supports the implied simul

taneity of micro- and macrofracturing as demonstrated in Chapter 4 

through paragenetic relationships. These associated high-fracture den

sities also suggest a possible continuum in size between micro- and 
macroveins.

As discussed earlier. Figure 9 shows the evolution of microfrac

ture density during the sulfide mineralization stage. This figure indi

cates that the microfracturing reached a maximum in intensity while sul

fide percentages in the microveins were still relatively low. Micro

fracturing then began to drop off with time as the sulfide percentages 

in the microveins increased past about 10%.

It is interesting to note that the relative abundance of fracture 

density of each microvein assemblage in the different rock types seems to 

reflect the original composition of the rock. The biotite quartz diorite 

has the highest biotite/chlorite microvein density and the lowest ortho- 

clase microvein density. The Ruby Star quartz monzonite porphyry has the 

highest orthoclase microvein densities. However, the Harris Ranch Quartz 

Monzonite, very similar in composition to the Ruby Star, has lower ortho

clase microvein densities. This may be more a reflection of the potassic 

alteration zone centered on the Ruby Star quartz monzonite porphyry stock 

than a reflection of original rock composition.

In looking at integrated microfracture densities, it is apparent 

that the biotite quartz diorite displays the highest values. This very 

likely is a result of the proximity of all biotite quartz diorite samples 

studied here to two major ore zones within the Sierrita pit, the
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N50°W-trending Sierrita and the N40°E-trending Cross Zone (Figure 13). 

Because the ore mineralization occurs dominantly within stockwork-type 

fractures, higher fracture densities would be expected within these ore 

zones regardless of rock type. The majority of biotite quartz diorite 

in the pit lieis within the Sierrita ore zone. Site 1, which displays 

the highest integrated microfracture densities in the biotite quartz di

orite, lies at the intersection of the Sierrita and Cross Zones.

Sites 6, 7, and 8 in the Harris Ranch Quartz Monzonite display 

successively higher values of integrated microfracture densities. This 

may be attributed to the location of the sample sites with respect to 

the Sierrita Zone (Figure 13). Site 8, which displays the highest inte

grated microfracture densities of the three sites, is closest to the 

Sierrita Zone while Site 6, which displays the lowest integrated micro

fracture densities, is farthest from this zone.

A similar relationship is observed at Sites 3, 4, and 5, which 

are near the N50°W-trending Amargosa Zone (Figure 13). Site 3, which 

displays the highest integrated microfracture densities, is closer to 

the Amargosa Zone than are Sites 4 and 5m which display successively 

lower integrated microfracture density values.

There usually appears to be a noticeable increase in integrated 

microfracture density at the contacts of the rock types. This increase 

is especially well displayed at Site 1, where the Ruby Star quartz mon

zonite porphyry is in contact with the Harris Ranch Quartz Monzonite and 

the biotite quartz diorite. Figure 14 depicts microfracture density val

ues observed in a traverse from the Harris Ranch through the Ruby Star 

and into the biotite quartz diorite at Site 1. This increase in
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Figure 14. Microfracture Density Values Observed in the Harris Ranch

Quartz Monzonite (HRQM)-Ruby Star Quartz Monzonite Porphyry 
(RSQMP)-Biotite Quartz Diorite (BQD) Traverse at Site 1 (Fig
ure 5). —  The traverse follows the 3050 foot bench and starts 
at sample 1031-3050-2 and ends at sample 1031-3050-16.
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integrated microfracture densities towards the contacts of the Ruby Star 

suggest formation of the microveins, in part, through fracturing of a 

rigid rock shell developing around the cooling Ruby Star magma. A vari

ety of methods have been proposed to explain fracturing of the rigid 

shell (Mauger, 1966). They are: 1) differential shrinkage of the crys

tallizing shell surrounding the central body of magma, 2) exsolution of 

a hydrothermal fluid from the magma resulting in considerable expansion 

of the liquid portion of the system, and 3) differential flow of magma 

within the shell. As autobrecciation, which is not observed in the Ruby 

Star, might be expected to accompany differential flow of the magma with

in the shell, the later method seems negligible at least at Sierrita.

The first two methods appear to be the most viable. Perhaps they both 

are important contributors to the increased microfracture densities.

This general increase in microfracture densities towards the 

contacts of the Ruby Star quartz monzonite porphyry is not observed in 

the unmineralized Ruby Star quartz monzonite porphyry. In the unminer

alized Ruby Star quartz monzonite porphyry, microfracture densities in

crease away from the contact zone. Sites 2 and 13 (Figure 15) illustrate 
this phenomenon.

It appears that by whatever method the microveins formed, their 

development took place under the influence of a specifically oriented 

stress field. This is suggested by the orientations of the microveins 

and will be discussed in detail later in this chapter.
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Figure 15. Microfracture Density Values Observed in the Biotite Quartz 
Diorite (BQD)-Unmineralized Ruby Star Quartz Monzonite Por
phyry (RSQMP) Contact at Sites 2 and 13 (Figure 3). — 'The 
traverse starts at sample 127-3950-25 in the BQD and proceeds 
successively through samples 127-BQMP-26, 1031-BQMP-20 to 23 
(Site 2) and 127-BQMP-27B in the RSQMP.
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Microvein Orientations

Microfracture orientations were measured in oriented samples. 

Owing to the absence or inability to distinguish some of the microvein 

types in the oriented hand samples (notably plagioclase, epidote, and 

quartz microveins) and the low abundances of biotite/chlorite and phyl- . 

lie microveins in the particular samples studied, only orthoclase and 

sulfide microvein orientations were recorded separately. Figure 16 shows 

rose diagrams plotting the microvein orientations at 10° increments.

The dominant trend in all the microveins studied is N60-70°E.

This trend is consistent with orientations determined for macroveins by 

other workers in the area (Haynes, 1980; Manske, 1980). This dominant 

trend also matches that observed by Rehrig and Heidrick (1972) for macro

structures at other porphyry copper systems in the region.

Early orthoclase microveins display the dominant N60-70°E trend; 

however, the trend of later sulfide microveins tends to be more random, 

centering around N65-80°E and N10-20°W. The sulfide microvein trend is 

consistent with orientations of the dominant system of macromineralized 

fractures within the Sierrita pit. These veins trend N50-85°E and N5- 

25°W (Aiken and West, 1978; Ervin, 1980; West and Aiken, in press).

Fracture-related Permeability

Permeability for fractured rocks is both a function of the den

sity of the fractures and the cube of the fracture aperture. This rela

tionship is shown in the following equation derived by Snow (1970):
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Figure 16. Rose Diagrams Plotting Orientations of Particular Hicrovein 
Groups.
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owhere k is the permeability (cm ), n is the integrated fracture density 

(cm-^), and d is the fracture aperture (cm).

In order to estimate the magnitude of permeability attributable 

to macro- and microveins, an attempt was made to substitute represents- 

tive values into the permeability equation. The greatest error involved 

in determining the permeability lies in estimating the paleoapertures 

present during fracturing (Haynes, 1980). In general, none of the frac

tures of the Sierrita-Esperanza system contain measurable open space. 

Because the alteration assemblages were formed mainly through replace

ment reactions, there is little or no evidence of open-space filling and, 

therefore, of original fracture aperture. Thus, quantitative determina

tions of macro- and microvein permeability are not possible. However, 

data determined in the previous chapter on the distribution of ore min

eralization between micro- and macroveins show that.a significant amount 

of mineralization (about 50%) is contained within the microveins. This 

suggests that the microfractures may represent an important contribution 

to the development of the overall fracture-related permeability of the 

porphyry copper system.



CHAPTER 7

FLUID INCLUSION STUDIES

A study of fluid inclusions in quartz in microveins was conducted 

in order to determine both the temperature and salinity of hydrothermal 

fluids associated with each specific microvein alteration mineral assem

blage. Samples were selected that displayed well-defined microvein 

crosscutting relationships. Quartz is not abundant in the microveins 

and is found only as infrequent occurrences in early-stage quartz and 

later stage sulfide + quartz microveins. Therefore, the fluid inclusion 

study was necessarily limited.

Five samples suitable for fluid inclusion study were selected. 

Only two microvein types could be examined due to the infrequent occur

rence of quartz in the microveins. These microvein types are Sulfide-B + 

quartz and Sulfide-C + quartz microveins. Four samples of Sulfide-B + 

quartz microveins were selected from the Ruby Star quartz monzonite por

phyry, Harris Ranch Quartz Monzonite, and biotite quartz diorite at Site 

1. They are, respectively, 1031-3050-8A in the Ruby Star quartz monzo

nite porphyry, 1031-3100-18 and 1031-3100-19 in the Harris Ranch Quartz 

Monzonite, and 1031-3100-17 in the biotite quartz diorite. Sample 1031- 

3100-18 also contained a quartz microvein that had been reopened and 

filled with a Sulfide-B microvein. Unfortunately, the quartz contained 

no resolvable fluid inclusions. Sample 1031-3100-17 also contained a 

macro-quartz + sulfide vein crosscutting the Sulfide-B + quartz
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microvein. A single sample of a Sulfide-C 4- quartz microvein, 1031- 

3050-16, was selected from the biotite quartz diorite at Site 1.

Generally, fluid inclusions are not abundant in the quartz of the 

early-stage quartz microveins. However, in the quartz of the sulfide + 

quartz microveins, fluid inclusions are relatively abundant and tend to 

be unevenly distributed, sporadically grouping together near quartz 

grain boundaries and sulfide-quartz contacts. Figure 17 is a diagram

matical sketch of one of the fields of view in sample 1031-3050-8A. It 

shows a typical distribution of fluid inclusions within the sulfide + 

quartz microveins. The fluid inclusions range in diameter from less than 

1.0 pm to about 25 pm, the vast majority being about 7-12 pm in diameter. 

Infrequently, very small' fluid inclusions, all less than 7 pm diameter, 

are observed scattered among the larger fluid inclusions. The majority 

of these smaller fluid inclusions are 3-5 pm in diameter. Fluid inclu

sions also occur as trains of extremely small inclusions, generally less 

• than about 3-5 pm in diameter, along secondary planes extending from 

quartz or sulfide grain boundaries to quartz grain boundaries. Due to 

the extremely small size of the fluid inclusions in these planes and op

tical problems inherent in working with them, no heating or freezing tests 

were conducted on them. All tests were limited to the more abundant larg

er fluid inclusions found along grain boundaries.

All fluid inclusions are much less abundant in the biotite quartz 

diorite. This may be related to the high biotite content of the biotite 

quartz diorite. Slippage along more abundant biotite-related planes of 

weakness may tend to relieve stress in the micro-environment enough to
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Figure 17. Sketch of the Different Fluid Inclusion Types in a Microscopic 
Field of View in Sample 1031-3050-8A in the Ruby Star Quartz 
Monzonite Porphyry.
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prevent significant fracturing and development of secondary fluid inclu

sions in the quartz in the biotite quartz diorite.

The occurrence of numerous randomly oriented planes of Secondary 

fluid inclusions has been discussed earlier in Chapters 4 and 6. It is 

interesting to note that these flui inclusion planes are not nearly as 

abundant in the microveins as they are in the macroveins. Apparently, 

the macroveins represent old lines of weakness which perhaps were more 

easily refractured on a micro-scale than the microveins.

The fluid inclusions studied here were classified by a scheme 

developed by Nash (1976), which is based on the phase relationships ob

servable in the fluid inclusions at room temperature. Practically all 

(97%) of the fluid inclusions observed in this study contained two fluid 

phases, a liquid occupying greater than about 60% of the volume of the 

inclusion and a small vapor bubble. These inclusions are the Type 1 

moderate- to low-salinity inclusions of Nash (1976). Also included in 

this Type 1 category are single-phase liquid inclusions comprising about 

3% of the inclusions observed. These single-phase inclusions are the 

smallest of all the inclusions observed and are generally less than 5 ym 

in diameter.

An attempt was also made to classify the fluid inclusions as pri

mary, secondary, or pseudosecondary using the criteria of Roedder (1979). 

However, no primary inclusions could be established in any of the samples 

studied.

Standard fluid inclusion techniques were used to examine the fluid 

inclusions and to determine their temperatures of homogenization and sa

linities. These techniques are described in detail in Appendix D. A
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distinct gap between lower and higher temperature fluid inclusions can 

be recognized (refer to Figures 18 and 19). The lower temperatures cor

respond to the abundant larger size fluid inclusions shown in Figure 17.

The higher temperatures are generally associated with the infrequent 

smaller size fluid inclusions among the larger fluid inclusions shown in 

Figure 17. These higher temperature, smaller size fluid inclusions are 

assumed to be primary in nature. The abundance of the larger (secondary) 

fluid inclusions made the search for the infrequently occurring, smaller 

high-temperature inclusions (primary) very difficult.

Homogenization. Temperatures

Figures 18 and 19 show histograms of the fluid inclusion homogen

ization temperatures for the two vein types examined. The temperatures 

are hot pressure-corrected and, therefore, do not give the actual temper

atures of fluid inclusion or trapping (Nash, 1976). As no evidence of 

boiling was seen in any of the quartz investigated in this study, no pre

cise pressure correction could be determined. However, previous work by 

Preece (1979) with fluid inclusions in macroveins in the Sierrita pit 

indicates pressure corrections of +60°C for inclusions homogenizing at 

140°C, decreasing to +10°C for those homogenizing at 425°C.

Discussion of Homogenization 
Temperature Data

The fluid inclusion data for the Ruby Star and Harris Ranch 

Quartz Honzonite samples indicate that homogenization temperatures rang

ing from 300 to 3900C are representative of Sulfide-B microveins. Limited 

data from biotite quartz diorite samples indicate that homogenization
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temperatures for fluid inclusions in the Sulfide-B microveins are in the 

range of 320-340°C, which is in good agreement with data in the other 

two rock types. Homogenization temperature for fluid inclusions in the 

earlier Sulfide-C microveins (in the biotite quartz diorite) are at a 

higher temperature range of 370-380°C. The quartz-sulfide macrovein 

crosscutting the earlier Sulfide-B microvein of sample 1031-3100-17 dis

plays homogenization temperatures of 290-330°C. These temperatures, 

lower than those observed in the Sulfide-B microveins, tend to support 

results of other workers at Sierrita who have described decreases in the 

temperature of hydrothermal fluids with time (Preece, 1979; Haynes, 1980). 

The trend of decreasing temperature of homogenization from Sulfide-C to 

Sulfide-B microveins observed in the biotite quartz diorite samples sug

gests a general decrease in temperature of the hydrothermal fluids with 

time during the main stage of sulfide mineralization. From this, it may 

be inferred that the Sulfide-A microveins would display temperatures of 

homogenization towards the lower end and lower than that displayed by 

Sulfide-B microveins. During the sulfide stage, the majority of the 

mineralization appears to have occurred as the hydrothermal fluids began 

to cool to temperatures of 390oC and lower.

A later, low-temperature stage alteration event is recorded by 

the well-defined peak of secondary inclusions ranging from 140 to 210°C. 

This peak is present in all the samples studied, including the macrovein. 

A second peak of secondary fluid inclusions ranging from 220 to 300°C is 

also present in three of the samples studied. Temperatures similar to 

these have been recorded in macroveins by other workers in the area 

(Preece, 1979; Haynes, 1980; Manske, 1980; White, 1980).
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Table 9 is a comparison of microvein fluid inclusion homogeniza

tion temperatures with macrovein fluid inclusion homogenization tempera

tures determined by other workers in the area. The results of homogeni

zation temperature data determined in this study agree very well with 

that determined by other workers in the area for fluid inclusions in 

macroveins.

Fluid Inclusion Salinities

Various problems were encountered in obtaining freezing point de

pression data for the fluid inclusions in this study. Owing to the small 

size of the fluid inclusions and to limitations of the optical system 

used to resolve them, only a small percentage of the fluid inclusions 

analyzed could be successfully subjected to freezing tests; of these, 

the vast majority were the larger secondary inclusions. This, therefore, 

limited any precise determination of primary fluid chemistry and, there

fore, changes in the fluid chemistry with time.

The freezing point depression data were used to calculate salini

ties based on equations developed by Potter, Clynne, and Brown (1978). 

Figure 20 displays the salinities and homogenization temperatures deter

mined for those inclusions that were successfully subjected to freezing 

tests. Data correspond well with salinities determined by other workers 

in the area for the low-temperature stage of alteration. Manske (1980) 

reports salinities in the range of about 3 to 12 equivalent weight per

cent NaCl, which corresponds well with the 0.3-2.78 molal NaCl (1.56-13.93 

equivalent weight percent NaCl) inclusions identified in this study.

Preece also reports a salinity of 2 molal NaCl for the main stage of
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Table 9. Comparison of Homogenization Temperatures of Fluid Inclusions 
in Microveins with those of Fluid Inclusions in Macroveins.

WORKER VEIN TYPE

HOMOGENIZATION 
TEMPERATURE • 

(°C)
This study intermediate sulfide + quartz 

microveins
300-390

Manske (1980). quartz-sulfide macroveins 260-340

Haynes and Titley 
(1980)

intermediate quartz + sulfide 
macroveins

240-320

White (1980) pyrite + quartz macroveins 230-310

quartz + K-spar + pyrite 
macroveins

310-360

Preece (1979) quartz + sulfide macroveins 320-370
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sulfide mineralization. The two primary inclusions that were success

fully subjected to freezing tests in this study indicate salinities of 

about 8 equivalent weight percent NaCl or 1.5 molal NaCl. This corre

sponds well with Preece’s value, considering the spread in his data.

In conclusion, it is apparent that the fluid inclusion salinity 

and homogenization temperature trends observed in the microveins are si

milar to those observed in the macroveins. This further supports the 

contemporaneous evolution of both vein types (micro- and macroveins) as 

previously demonstrated by their similar alteration paragenesis and frac

ture density relationships.



CHAPTER 8

SUMMARY AND CONCLUSIONS

At Sierrita and most other porphyry copper deposits, ore-grade 

mineralization is accompanied by the development of a network of numer

ous mineralized microveins. Quantitative analysis of the distribution 

of sulfides between macroveins, microveins, and granular disseminations 

is necessary in order to develop a clear understanding of the importance 

or contribution of these structures to the development of the fracture- 

related permeability of the porphyry copper system.

Major outcomes of this study may be listed as follows:

1) The microveins display a distinct paragenetic sequence that 

evolved contemporaneously with that of the macroveins. An early 

barren potassic alteration stage composed of orthoclase and 

biotite-chlorite microveins is followed by a quartz and a plagio- 

clase microvein stage, which is followed by an intermediate min

eralizing potassic alteration stage composed of sulfide micror- 

veins with alkali alteration halos. This is in turn superceded 

by a late stage of alteration comprised of epidote + phyllic mi

croveins. Late-stage calcite-gypsum microveins crosscut all 

other microveins present.

2) On the average, 48% of the ore mineralization is contained within 

and surrounds microveins in the samples studied.

3) The majority of disseminated sulfides, which comprise about 20% 

of the total sulfides present, are restricted to diffuse halos
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around microveins and appear to have been formed by hydrothermal 

fluids associated with micro- and macrovein formation. They oc

cur as pyrite-biotite aggregates and as chalcopyrite-chlorite 

aggregates in these halos.

4) Disseminated sulfides of primary origin, though rare, are found 

consistently in the Harris Ranch Quartz Monzonite and Ruby Star 

quartz monzonite porphyry. They comprise approximately 1% of the 

total sulfides present. The Ruby Star quartz monzonite porphyry, 

the interpreted porphyry copper progenitor stock, displays the 

only disseminated primary chalcopyrite, which composes 50% of 

the disseminated sulfides present. This suggests a magmatic 

origin for the porphyry copper deposit copper.

5) The dominant microvein sulfide in ore zones is chalcopyrite, but 

significant amounts of pyrite (up to 45%) are also present.

6) Different host rock compositions effect the microvein mineral 

assemblages. The abundance of mineral phases within the micro

veins changes in such a manner as to mimic the elemental composi

tion of the host rock.

7) Microfracture density studies indicate that the greatest amount 

of microfracturing occurred early in the intermediate stage of 

sulfide microvein formation (Sulfide-B microveins), This paral

lels observations that the greatest amount of macrofracturing oc

curred during the sulfide-bearing macrovein stage.

8) Microfracture orientations display a dominant N60-70°E trend 

which is consistent with the dominant trend of macrofractures in 

the area and at other porphyry copper deposits in the region.
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9) Fluid inclusion studies indicate that sulfide microveins formed 

as temperatures of hydrothermal fluids decreased from about 390 

to below 300°C. These temperatures, coupled with the decrease 

in temperature during deposition, are consistent with those de

termined by other workers in the area for sulfide-bearing macro
veins .

The results of this study suggest that the microfractures may 

have made a significant contribution to the development of the overall 

fracture-related permeability in the porphyry copper system at Sierrita. 

More extensive study of microfracture densities and variations in the 

microfracture densities with increased distance from the center of the 

Ruby Star quartz monzonite porphyry intrusive are suggested. It would 

be of interest to determine whether the decrease in fracture density 

with distance from the porphyry stock, as observed in the macroveins, 

can also be observed in the microveins. Such a study could be utilized 

to provide more detailed insight on the functional relationship between 

fracture density and distance from the porphyry stock. A detailed fluid 

inclusion study attempting to work with the early-stage microveins (or- 

thoclase microveins in particular) is also suggested. It would be inter

esting to see if an initial increase in temperature of the hydrothermal 

fluids, as documented by Preece (1979), could be established in the

microveins.



APPENDIX A

MICROPROBE TECHNIQUES AND ANALYSES 

Sample Preparation
Thin sections, polished to a 0.25pm finish on diamond laps, were 

prepared from selected microvein samples. The sections were carbon- 

coated in a vacuum chamber to insure an even distribution of the carbon. 

Polaroid pictures were taken through the microscope of grains selected 

for microprobe analysis. These pictures were used as base maps on which 

the microprobe traverses were mapped in detail.

Equipment

Microprobe analyses were run on an ARL Scanning Electron Micro

probe in the Department of Lunar and Planetary Science laboratories at 

The University of Arizona. Machine parameters and calibration standards 

are listed below. The count time on all analyses was 30 seconds. Raw 

information was reduced to oxide weight percentages by a Bence-Albee data 

reduction program in the computer system adjoined to the analytical ma

chine. All oxide weight percentages were normalized to 24 oxygens. As 

the microprobe cannot distinguish between valence states, ferrous iron 

(FegOg) was specified for analysis of the feldspar. The weight percent 

oxide data were recalculated to yield feldspar compositions in mole per

cent albite, anorthite, and orthoclase.

Machine parameters:

emission current 30 amp
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accelerating potential 

sample current 

beam diameter

15 kv

25 nanoamps 

10 microns

Element Standard

Na
K
Ca, A1 
Si 
Fe 
Ti

albite
microcline
anorthite
diopside glass
chromite
sphene

Procedure

The microprobe analyses were conducted in order to study chemical 

variations within feldspars laying within the alkali alteration halos of 

sulfide microveins. Traverses were taken across these microveins where 

they intersected plagioclase phenocrysts, orthoclase phenocrysts, and 

fine-grained groundmass quartz + plagioclase + orthoclase in the Ruby 

Star and Harris Ranch Quartz Monzonites. The results of these traverses 

are tabulated on the following pages. Microvein-feldspar phenocryst boun

daries are marked for compositional comparisons.



Table A.l. Microprobe Analyses
NO. OF
ANAL.

SAMPLE POINTS Na20 k2o
Sample 127-3550-11, traverse 1
Orthoclase 1 1.05 . 14.87

11 2 1.70 13.88
potassic mv 3 0.53 15.93

11 4 0.44 15.99
n 5 0.59 15.86
n 6 0.76 •15.74
11 7 0.37 16.13
n 8 0.43 15.92

orthoclase 9 1.46 14.41
II 10 1.52 . 14.15
It 11 1.53 14.02

Sample 127-3550-11, traverse 2

orthoclase 1 1.02 14.91
sodlc rim 2 2.83 12.11
potassic mv 3 0.75 15.40

II 4 0.61 15.69II 5 0.74 15.47II 6 1.87 13.88
II 7 1.50 14.49
II 8 1.07 15.07II 9 1.15 14.86II .10 0.63 15.78II 11 0.89 15.27

sodlc rim 12 3.52 10.42
orthoclase 13 1.29 14.50n 14 0.82 15.20it 15 1.50 14.38

CaO AI2O3 Si02 FeO Ti02 TOTAL

0 .28 18.09 62.93
0 .08 18.36 63.29
0 .05 18.07 63.55
0 .01 18.41 64.10
0 .05 18.15 63.12
0 .03 18.07 64.11
0 .06 18.21 63.92
0.04 18.37 62.73
0 .29 18.62 63.41
0 .15 18.44 63.19
0 .38 18.87 63.65

0 .05 18.26 63.19
0 .37 18.62 63.20
0 .15 18.24 62.31
0 .01 18.10 63.36
0 .02 18.23 63.48
0 .05 18.55 64.55
0 .05 18.60 63.66
0 .03 18.35 63i90
0.09 18.33 63.31
0 .04 18.06 62.43
0 .03 17.99 64.31
0 .94 19.03 63.21
0 .25 18.37 63.10
0 .10 18.19 62.90
0 .05 18.40 62.94

-0.07 —  97.30
—  —  .97.32
—  —  98.14
0.06 0.03 99.04
0.01 —  97.78
-—  —  98.71
0.03 —  98.72
0.02 -- 97.50
0.05 —  98.25
0.09 0.04 97.58
0.02 —  98.47

0.02 —  97.45
0.02 —  97.15
0.04 —  96.89
0.11 0.09 97.97
0.08 —  98.02
0.06 —  98.97

0.03 98.33
0.03 98.47

0.02 0.02 97.78
0.01 96.95

0.04 —  98.53
0.05 —  97.17
0.04 —  97.56
0.05 —  97.27
0.07 0.02 97.37
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Table A.l. Microprobe Analyses— Continued
NO. OF 
ANAL.

SAMPLE POINTS Na20 K70 CaO
Sample 127-3550--11, traverse 3
potassic mv 1 0.69 15.73 0.01tt 2 1.96 13.62 0.09it 3 0.58 15.87 0.04it 4 2.82 12.59 0.09it 5 0.47 15.83 0.07
oligoclase 6 8.46 0.55 3.07

Sample 127-3550--11, traverse 4.
potassic mv 1 1.35 14.66 0.57If 2 0.64 16.40 0.05II 3 0.46 16.52 0.02ft 4 0.37 16.77 0.32
orthoclase 5 0.51 16.46 0.08II 6 0.46 16.57 0.09II 7 3.96 10.86 0.81

Sample 127-3550-•11, traverse 5
potassic mv 1 0.43 16.58 0.03

n 2 2.60 13.40 0.04ii 3 0.69 16.16 0.01ii 4 0.53 16.37 0.04ii 5 0.94 15.63 0.20
plagioclase 6 8.43 0.45 4.85

n 7 7.37 4.22 2.78

Sample 127-3550- 11, traverse 6
albitic mv 1 11.12 0.13 0.43ii 2 10.91 0.12 0.65
plagioclase 3 8.11 2.24 2.07

AI2O3 Si02 FeO Ti02 TOTAL

18.40 63.91 0.08 „ 98.82
18.43 64.25 0.10 0.03 98.47
18.14 63.84 — — — — 98.47
18.20 64.40 0.06 — — 98.15
18.23 62.71 — — 0.03 97.34
21.72 61.96 0.26 — — 96.01

19.37 65.68 0.03 101.66
18.87 66.25 — — — 102.21
18.86 66.15 0.01 . — T" 102.02
18.73 65.74 0.03 — 101.96
19.02 65.66 — — — 101.73
18.66 65.43 — — — — 101.20
19.82 66.26 0.02 101.74

18.61 65.79 0.01 101.47
18.92 66.77 0.04 101.78
18.62 66.30 0.01 101.79
18.69 65.43 0.04 101.09
19.13 65.52 — — 101.41
22.82 62.63 0.54 99.72
20.68 65.07 — — 100.12

19.95 68.97 0.29 100.88
20.07 68.84 0.05 100.65
22.78 62.64 0.47 98.32
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Table A.l. Microprobe Analyses— Continued
NO. OF
ANAL.

SAMPLE POINTS Na?0 k 2o CaO
Sample 127-3550-11. traverse 7
plagioclase 1 1.20 15.29 0.05It 2 1.85 14.62 0.03II 3 2.03 13.99 0.06
potassic mv 4 0.86 15.94 0.03II 5 0.68 16.15 0.05
orthoclase 6 1.21 15.34 0.07It 7 1.87 14.24 0.12II .8 2.96 12.41 0.32

Sample 1031--3050-8A, traverse 1
orthoclase 1 0.61 16.44 0.02II 2 0.61 16.32 0.03II 3 0.82 16.18 0.06
sodic rim 4 8.15 0.25 5.64. II 5 8.36 0.28 5.22
potassic mv 6 1.25 15.17 0.45it 7 0.68 16.39 —

8 0.77 16.04 0.06
sodic rim 9 8.29 0.29 5.07
orthoclase 10 1.70 14.26 0.77

Sample 1031-:3050-8A, traverse 2
albitic mv 1 11.30 0.11 0.27II 2 11.19 0.13 0.60II 3 10.83 0.17 1.14II 4 10.68 0.14 1.20II 5 10.91 0.10 1.23
oligoclase 6 9.57 0.31 2.87II 7 10.39 0.15 1.89

AI2O3 Si02 FeO Ti02 TOTAL

17.94 . 64.57 0.01 99.07
17.68 65.91 —— 100.10
17.98 63.95 0.02 98.03
17.19 64.81 — 98.82
17.18 64.66 —— 98.72
17.53 64.86 0.37 99.38
17.68 64.63 —— 98.54
18.13 64.77 0.05 98.64

18.68 66.34 0.18 102.28
18.26 65.91 0.13 101.26
18.34 66.03 0.11 101.54
24.14 62.84 0.06 101.06
23.65 . 62.87 0.12 100.51
18.76 65.91 0.14 101.68
18.18 66.31 0.28 101.85
18.10 66.38 0.12 101.48
23.50 62.63 0.12 99.90
18.37 65.29 0.08 100.48

19.94 69.82 0.20 101.63
19.83 69.29 — 101.04
20.22 68.71 0.06 101.14
20.11 68.50 0.09 100.72
19.34 67.43 0.41 99.43
21.43 66.45 0.06 100.68
21.06 67.08 0.06 100.64

00 00 .



Table A.l. Microprobe Analyses— Continued
NO. OF
ANAL.

SAMPLE POINTS Na20 k 2o CaO
Sample 1031-3050-8A, traverse 3A
sodic mv 1 0.42 15.92 0.10ft 2 4.27 10.64 0.76it 3 9.58 2.02 2.11

11 4 10.14 0.29 2.76
ollgoclase 5 9.45 0.21 3.63II 6 9.76 0.27 3.72

II 7 9.80 0.33 3.84II 8 9.94 0.35 3.57

Sample 1031-3050--8A, traverse 3B
potassic mv 1 11.11 0.06 0.93

11 2 11.25 0.08 1.44
11 3 11.60 0.11 0.89
n 4 11.61 0.13 1.28

ollgoclase 5 10.62 0.17 2.54
11 6 9.71 0.23 3.85

potassic rim
on ollgoclase 7 0.44 15.85 ——If 8 0.24 16.30 0.06

Sample 1031-3050--8A, traverse 4
albitic mv 1 12.05 0.04 0.07

n 2 12.23 0.07 0.10II 3 12.03 0.11 0.42It 4 11.51 0.11 1.23II 5 11.00 0.11 1.75
orthoclase 6 0.27 15.59 0.03

Sample 1031-3050-■8A, traverse 5
orthoclase 1 0.79 15.43 0.03II 2 0.90 14.71 0.04
'potassic mv 3 0.97 14.92 0.03

AI2O3 FeO TIP? TOTALS102

17.90 • 63.29 1.97 99.61
19.49 65.61 0.34 101.12
21.29 65.92 0.20 101.13
22.26 64.96 0.22 100.63
22.52 63.37 0.20 99.37
22.64 63.42 0.10 99.90
23.13 63.13 — 100.23
22.53 64.11 0.02 100.52

79.79 64.67 1.11 97.67
21.01 66.53 0.29 100.59
20.40 67.49 0.12 100.61
20.72 67.24 0.11 101.09
21.95 64.29 0.02 99.59
23.09 62.98 0.10 99.95

18.53 63.95 mmmm 98.78
18.26 63.25 0.05 98.16

19.59 67.96 0.75 100.48
19.73 67.90 0.21 100.23
19.81 67.85 0.13 100.34
20.61 66.74 0.12 100.31
21.06 65.69 ‘ 0.05 99.66
18.54 62.57 97.00

18.45 63.73 0.26 98.70
18.33 63.96 0.08 98.01
18.44 63.68 0.03 98.07



NO. OF 
ANAL.

SAMPLE POINTS Na20______KgO_____ CaO
Sample 1031-3050-8A, traverse 5, cont.

Table A.1. Microprobe Analyses— Continued

potassic mv 4 3.53 10.82 0.87
oligoclase 5 11.16 0.11 2.08

II 6 10.43 0.84 1.89II 7 8.11 2.63 2.35II 8 10.46 0.10 2.79
II 9 9.25 0.29 4.66
II 10 10.48 0.28 2.94

Sample 1031-3050 1 > traverse 6A
albitic mv 1 11.64 0.11 1.24

11 2 10.98 0.20 2.47
11 3 11.12 0.22 2.05
ii 4 10.99 ' 0.24 2.09
it 5 10.83 0.24 2.28
11 6 11.00 0.26 2.20
11 7 11.02 0.25 2.29

oligoclase 8 10.56 0.25 2.85

Sample 1031-3050--8A, traverse 6B
albitic mv 1 11.79 • 0.11 0.79

11 2 11.94 0.10 1.00
n 3 11.57 0.13 1.52
11 4 11.13 0.22 1.76
11 5 11.29 0.26 1.66
11 6 11.20 0.27 2.01

oligoclase 7 10.05 0.66 2.67
II 8 10.13 1.00 2.09
II 9 11.22 0.23 1.77

AI2O3 FeO TIO2 •TOTALS102

19.14 62.64 0.16 97.16
21.51 64.97 0.14 99.97
21.80 63.90 0.06 98.93
25.66 59.48 0.16 98.38
22.05 63.66 — 99.06
23.26 61.56 0.15 99.17
21.89 64.36 0.13 100.08

20.61 65.85 0.22 99.66
21.63 64.79 0.18 100.26
21.22 65.12 0.09 99.83
21.46 65.21 0.07 100.07
21.55 64.87 0.10 99.87
21.33 64.88 0.02 99.69
21.36 64.62 0.06 99.61
21.76 64.15 0.04 99.61

19.93 66.78 0.42 99.83
20.26 66.47 0.27 100.04
20.82 . 65.89 0.18 100.11
21.16 65.46 0.11 99.83
20.95 65.31 0.16 99.64
20.87 64.99 0.13 99.47
22.33 61.96 0.19 97.86
22.37 63.27 0.13 98.99
21.14 65.33 0.12 99.80

o



Table A.l. Microprobe Analyses— Continued
NO. OF
ANAL.

SAMPLE POINTS Na20 K20 CaO
Sample 1031-3050 1 > traverse 7
potassic mv 1 0.14 15.40 0.82

11 2 0.20 15.94 0.07
11 3 0.22 15.77 0.05
tt 4 0.24 15.77 0.03
tv 5 0.24 15.83 — —
11 6 0.27 15.80 0.02
11 7 0.24 16.28 0.82
11 8 0.29 16.97 0.01

albite 9 10.81 0.08 1.06

Sample 1031-3050--8A, traverse 8
potassic mv 1 0.20 16.38 0.08

11 2 0.20 . 16.50 0.09
11 3 0.21 16.82 0.08
11 4 0.25 16.77 0.02
11 5 0.20 16.77 0.01
11 6 0.16 16.81 0.07
11 7 0.24 16.16 3.11
11 8 0.26 16.52 0.08

sodic rim 9 6.o7 . 7.94 0.58

Sample 1031-3050- a traverse 9 •
albitic mv 1 11.34 0.06 0.37

11 2 11.18 0.10 0.83
it 3 10.96 0.13 1.16
n 4 10.29 0.21 2.08
11 5 11.07 0.26 0.79
n 6 11.18 0.06 0.65

albite 7 10.26 0.81 1.08
11 8 10.96 0.12 1.14

AI2O3 FeO TOTALSi02 TIP?

17.90 62.82 0.34 97.42
17.92 63.67 0.21 98.01
17.99 63.28 0.06 97.37
17.94 62.81 0.10 96.89
18.03 63.50 0.05 97.65
18.03 63.76 0.11 98.00
18.23 63.79 0.09 99.45
18.32 64.88 0.04 100.02
20.30 67.49 — — 99.74

8.45 64.25 0.16 99.62
18.37 64.64 0.12 99.92
18.45 65.31 0.04 100.90
18.50 . 65.57 0.08 101.20
18.43 65.03 0.06 / 100.49
18.60 65.44 —— / 101.09
17.29 61.09 0.08 97.98
18.56 65.05 0.03 100.49
19.49 66.23 0.03 100.45

20.01 69.00 0.32 101.10
20.42 69.06 0.13 101.73
20.79 68.40 0.05 101.50
21.58 66.32 0.16 100.65
20.57 69.02 0.12 101.84
20.35 68.96. 0.01 101.22
21.98 66.66 0.12 100.91
20.70 68.17 0.09 101.18

VOH



Table A.l, Microprobe Analyses— Continued

SAMPLE

NO. OF 
ANAL. 
POINTS Na20 k 2o CaO AI2O3 Si02 FeO Ti02 TOTAL

Sample 1031-3050-8A, 
orthoclase in 
mv in
groundmass 1

alteration

3.60 11.87 0.25 18.39 65.62 0.06 99.79
11 2 0.27 16.76 0.04 17.91 64.17 0.08 99.24It 3 0.20 16.73 0.02 17.82 64.24 0.01 99.01
11 4 0.43 16.40 0.05 17.54 64.02 —— 98.44
11 5 0.32 16.66 0.05 17.58 64.29 0.04 98.93

Sample 127-3550-8 traverse 
oligocfase 1 8.56 0.38 4.66 22.78 62.25 0.16 98.80It 2 8.24 0.39 5.14 23.08 61.28 0.09 98.22It 3 8.43 0.33 4.94 22.72 61.86 0.14 98.43
potasslc mv 4 2.26 13.74 0.07 17.79 64.85 0.04 98.76it 5 0.42 16.45 0.04 17.45 64.31 — 99.68it 6 0.80 15.83 0.04 17.55 64.00 0.08 98.29it 7 0.63 16.00 0.02 17.76 64.28 0.02 98.71it 8 0.59 . 15.68 0.03 17.15 65.13 0.01 98.60

VOto
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Table B.l. Distribution of Sulfides Expressed as Percentage of Total Sulfides. —  Cpy =
c h a l c o p y r i t e ,  c h i  = c h l o r i t e , p y  = p y r i t e , b i o = b i o t i t e . m o  = m o l y b d e n i t e

CHALCOPYRITE PYRITE MOLYBDENITE

SAMPLE
MICROVEIN
CPY

DISS. CPY 
WITH CHL

DISS.
CPY

MICROVEIN
PY

DISS. PY 
WITH BIO

DISS. MICROVEIN 
PY MO

DISS.
MO

MACROVEIN MACROVEIN 
CPY PY TOTAL X1

Site Is 
2

1031-3050-
55 21 17 1 6 __ — 0.77

3
4

58
70

24
23

— 14
6

2
1

2 __ — 0.71
0.40

7A 36 4 1 " tr _ — — — • — 24 — 0.57
BA 38 18 14 16 2 1 — • — 10 2 0.85
SB 14 14 12 11 5 43 — — — 0.91 '
9A 43 24 6 _ 10 1 — — 14 — 0.54
10 37 7 5 _ _ 3 16 — — 25 10 0.64
12 5 11 3 1 3 3 — . — • 17 56 0.89
13 9 18 6 2 43 21 — — — 0.27
14 17 30 4 46 1 2 — — — 0.52
15A 76 10 — 2 12 0.62

Site Is 
16

1031-3100-
88 12 __ tr _ 0.67

17 21 1 tr 24 10 3 — — 26 15 1.20
1.0618 82 18 tr

19 34 26 — — — 41 0.30

Site 2s 
20

1031-BQMP-
7 4 42 25 20 _ 0.15

21 4 92 3 1 — — — — 0.74
22 8 4 tr 67 13 8 — — — — 0.14
23 — — 95 3 3 0.32

Site 3s 
2

127-3900-2 13 tr 76 7 2 tr — — — 1.30

Site 4s 
5

127-3850-
2 2 — 20 1.5 3 — — (Mo) 2.5 69 1.80

Site 6s 
8 
9

127-3550-
1
0.5

5
0.5

13
24

14
32

1 — — 1 66
43

1.45
1.40

Site 7s
—n—

127-3500-
3 _ 66 30 1 — — — — 0.40

VO4N



Table B.l.— Continued
CHALCOPYRITE PYRITB MOLYBDENITE

SAMPLE
MICROVEIN
CPT

DISS, CPT 
WITH BIO

DISS.
CPT

MICROVEIN
PT

DISS. PT 
WITH BIO

DISS.
PT

MICROVEIN
MO

DISS.
MO

MACROVEIN
CPT

MACROVEIN
PT TOTAL Z1

Site 8: 
12A

127-3450-
4 1 82 12 1 2.20

12B HR12 — — 61 2 26 — — — —
Site 9: 
14

127-3250-
RS6 22 1 42 22 2 — — 5 — 0.44

Site 11: 
17BQD

127-3550-
40 52 8 0.13

18A BQD 16 55 — 26 3 — — — — — 0.5518B BQD 54 7 — 38 1 — — — — — 1.86
ms 5 1 4 31 1 3 — — — 39 1.62
20RS 74 2 3 9 2 5 5 — — — 0.26

Site 12: 
22

127-3100-
4 0.5 0.5 93 2 1 0.45

23 HR1 — — 88 10 1 — — — — 0.21
24 — 6 — 81 5 7 — — — — 0.53

Site 13: 
25

127-3950-
1 — — 89 10 — — — — 0.38

Site 13: 
26

127-BQMP
89 11 0.23

27B 1 1 — 74 20 4 — — — — 1.90
Site 14:
BOB

BQD-
37 7 45 11 2.50

BQD 27 10 41.5 5 2.5 14 1.60
*Total sulfide percentage In rock,
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Table C.l» Microvein Densities.

SAMPLE ORTH BIO-CHL QTZ FLAG SULF-C SULF-B SULF-A EPID PHYL CAL-GYP
INT.
DEN.*

CON.
RELA.b„.

Site 1
1031-3050-2 0.48 0.064 — —— 0.65 0.57 0.27 — -- 0.26 2.3
1031-3050-3 0.26 0.41 —— — 0.37 0.32 0.18 —— — •- 1.5
1031-3050-4 —— 0.050 0.02 0.34 0.24 0.39 0.07 —— — 0.02 1.2
1031-3050-5^ 0.7 HRQM .
1031-3050-7A — 0.26 0.20 0.050 0.37 —— — —— 0.13 1.0 HRQM
1031-3050-7Bc 1.1 HRQM
1031-3050-8A 0.42 — —— —— 0.25 0.43 0.20 —— —— —— 1.3 RSQMP
1031-3050-8B 0.24 0.33 — 0.43 1.0 RSQMP
1031-3050-9A 0.08 —— —— 0.16 — 0.21 — —— —— 0.24 0.6 RSQMP
1031-3050-10 0.56 0.074 — — 0.32 0.17 — — — 0.013 1.1 RSQMP
1031-3050-12 —— —— — —— 0.21 —— —— —— — 0.070 0.3 RSQMP
1031-3050-13 0.037 — —— 0.21 0.49 0.7 RSQMP
1031-3050-14 0.25 — —— —— 0.45 — 0.15 —— — —— 0.9 RSQMP
1031-3050-15A —— 2.28 0.32 — 1.00 0.63 — —— — 0.88 5.1 BQD
1031-3050-16 — 0.27 — —— 0.47 0.57 0.24 —— —— 0.21 1.8 BQD
1031-3100-17 0.30 0.86 —— — 0.27 0.48 0.18 —— —— 0.17 2.3 BQD
1031-3100-18 —— 0.76 0.29 —— 0.29 0.69 0.25 —— —— 0.048 2.3 HRQM
1031-3100-19 — 0.11 0.19 0.13 0.30 0.11 — —— — 0.044 0.9

Site 2
1031-BQMP-20 0.61 —— —— —— 0.059 0.36 —— —— —— 0.013 1.0 RSQMP
1031-BQMP-21 0.28 — — — 0.27 0.68 1.2 RSQMP
1031-BQMP-22 0.78 • — 0.14 —— 0.071 0.26 1.3
1031-BQMP-23 0.067 —— — — 0.75 0.44 1.3

Site 3
127-3900-1° 0.6
127-3900-2 0.03 0.024 — 0.18 0.44 0.48 0.43 —— — 0.27 1.9

Site 4
127-3850-4c
127-3850-5 0.13 0.42 0.060

0.8
0.9 vo

*sJ0.28



Table C.l.— Continued

SAMPLE ORTH BIO-CHL QTZ FLAG SULF-C SULF-B
Site 5 
127-3800-6c

Site 6 
127-3550-7c 
127-3550-8 . 0.058 0.070 0.080 0.62
127-3550-9 — 0.14 — 0.15 —— —

Site 7
127-3500-10c 
127-3500-11 0.055 0.23 0.24 0.69

Site 8
127-3450-12A — — 0.43 0.28 0.33 0.42 0.82
127-3450-12B — 1.31 0.26 — 0.089 0.20

Site 9
127-3250-13^
127-3250-14 0.14 0.11 0.15

Site 10 
127-3300-15°

Site 11 
127-3550-17 0.076 0.13 0.080
127-3550-18A — — 1.11 0.28 — — 0.23 — —

127-3550-18B — 0.90 0.24 —— 0.038 ——
127-3550-19 —— —— — — 0.27 0.22
127-3550-20 0.54 — 0.22 — 0.20 —

Site 12 
127-3900-22 0.024 0.38
127-3900-23 — 0.058 — 0.024 0.34 0.18
127-3900-24 0.10 0.042 — — 1.00 -.32 0.29

INT.
SULF-A EPID PHYL CAL-GYP DEN.a

CON.
RELA.

0 .9

0 .9
0 .8
0 .60 .22 0 .06 —— ——

0 .8
0 .011 — — — 1 .2

0 .80 3 .1
0.17 0.025 —— 0.075 2 .4

0 .6
0.058 " —— 0.14 0 .6

0 .7

0 .63 0 .9 BQD
0 .18 —— — 0.28 2;1 BQD
0 .62 —— —— 0.41 3 .4 BQD
0 .22 —— — 0.082 0 .8 RSQMP
0.13 0 .20 1 .3 RSQMP

0.23 _ _ „ 0.14 0 .8
0.060 0.65 — 0.23 1 .5

—— 0.02 —— 0.41 2 .2
VO
00



Table C.l.— Continued

SAMPLE ORTH BIO-CHL QTZ FLAG SULF-C SULF-B SULF-A EPID PHYL CAL-GYP
INT. 
DEN.*

CON.
RELA.

Site 13 
127-3950-25 0.095 0.15 0.45 0.21 0.9 BQD
127-BQMP-26 0.11 — — 0.03 0.28 0.22 0.02 —— — — 0.7 RSQMP
127-BQMP-27B 0.10 — ~ 7 0.57 0.15 0.17 — 0.67 —— 1.7 RSQMP

Site 14 
BQD 0.31 0.020 0.38 0.66 0.37 1.7 BQD/
BQD-80B 0.30 0.92 0.52 1.7 HRQM

^Integrated density.
“Contact relation.
^Integrated fracture densities determined from oriented hand samples.

VO
VO



APPENDIX D

FLUID INCLUSION TECHNIQUES AND PROCEDURES 

Sample Preparation

Doubly polished thick sections of selected microvein samples 

were prepared, mounted in lakeside. The fluid inclusions present in the 

microveins were most easily visible for study when the thick sections 

were ground to 50pm. The sections were removed from the glass slide and 

the lakeside completely dissolved by soaking the sections in metanol.

The fluid inclusions were then examined under both low and high magnifi

cation. Their size, distribution, and relationships to other fluid in

clusions present were noted and sketched in detail. Areas most promising 

for fluid inclusion study were selected and the section broken into rec

tangular chips approximately 4 x 3 mm in size, which contained these 

study areas.

Equipment

The fluid inclusions were subjected to homogenization and freezing 

tests at the Department of Geosciences Fluid Inclusion Laboratory at The 

University of Arizona. Temperatures of phase changes in the fluid inclu

sions were measured with a chromel-alumel thermocouple attached to a Doric 

Model 410A Digital Trendicator using a W3B gas flow heating/freezing 

stage. This stage is described in detail by Werre et al. (1979). A flow 

rate of 40 SCFH was used at which heating temperature measurements have 

an accuracy of ±5°C and freezing temperature measurements an accuracy of

100



101
±0.1°C. The precision and reproducibility were smaller than the measured 

accuracy for heating tests and were generally precise to ±2°C. A posi

tive thermal gradient of 10°C is present between the center and wall of 

the sample chamber. The presence of this gradient, coupled with the 

small size of the fluid inclusions and any variation in the heating rate 

during phase changes, creates uncertainties that can act to decrease the 

accuracy and precision of the temperature measurements.

Procedure

During each freezing and heating test run, the rectangular sample 

chip was placed in the middle of the sample chamber and the tip of the 

thermocouple placed near the area of interest, touching the sample. This 

was done to minimize effects of the thermal gradient present. All freez

ing tests were conducted prior to subjecting the samples to heating tests. 

This was done so as to eliminate any uncertainties which could arise from 

possible stretching or leaking of the fluid inclusions upon subjection to 

heating. Each chip was then subjected to a single heating run where the 

homogenization temperatures of low-temperature fluid inclusions were de

termined first, then those of increasingly higher temperature inclusions 

were determined. This was also done .to eliminate any ambiguities which 

might arise due to possible stretching or loss of liquid from lower tem

perature fluid inclusions if subjected to temperatures higher than their 

homogenization temperature before heating-temperature determinations were

measured on them.
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