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ABSTRACT

The results of field measurement of density, orientation, and 

vein fillings for mesoscopic veins and veinlets and laboratory study of 

fluid inclusions are presented for the porphyry copper deposit in the 

Oxide pit of the Silver Bell mine.

Alteration is variably manifested depending on rock type and con

sists of pervasive, selectively pervasive, and vein-controlled assem

blages. Fluid inclusion homogenization temperatures up to 460 and 416°C 

were observed for quartz-molybdenite and quartz-pyrite-sericite veins, 

respectively. Evidence of boiling in quartz-pyrite-sericite veins allows 

a pressure determination of 270 bars which, together with depth-of-burial 

estimates, suggests about 1.1 km of cover.

The fracture density of different vein types in the Oxide pit is 

variable both between and within rock units. Fracture density appears 

to increase from west to east in the pit. The Oxide pit is characterized 

by steeply-dipping fractures which changed successively in orientation as 

the hydrothermal system developed. Early veins display a suborthogonal 

fracture pattern with east-northeast to northeast and northwest to north- 

northwest orientations. Later veins exhibit orientations which progress 

from northeast to northwest strikes as one moves from east to west in 

the pit.

x



INTRODUCTION

The purpose of this study is to develop an understanding of the 

temporal and spatial development of fracturing, alteration, and minerali

zation of the porphyry copper deposit in the Oxide pit of the Silver Bell 

mine. Numerical simulation of hydrothermal systems (Norton and Knight, 

1977; Norton, 1978) indicates that thermal perturbations attending the 

emplacement of magmas into the crustal environment can give rise to heat 

and mass transfer via thermal conduction and hydrothermal fluid convec

tion. Fracture permeability is a key in determining the magnitude, tim

ing, and distribution of transport phenomena and thus alteration and min

eralization (Norton and Knapp, 1977). In porphyry copper deposits, the 

study of fractures and the mineralogies which fill them is essential to 

developing a comprehensive knowledge of the genesis of particular systems 

as well as the overall deposit type. This study has been approached in a 

two-fold manner. First, the structural fabric of the Oxide pit was de

lineated by measurement of mesoscopic altered and mineralized fractures. 

Second, detailed observations of alteration and mineralization in their 

temporal and spatial manifestations were carried out. The end-product of 

this work yields information pertinent to our understanding of the sequen

tial structural development and generation of the hydrothermal system 

which resulted in mineralization at the Oxide pit. It also allows some 

conclusions to be drawn regarding the nature of ore controls there.

The Oxide pit was chosen for this study because of the lack of 

previous detailed work, accessibility, and size. An area with about 9,000 

feet of bench exposure was studied. Work was restricted to the lowermost

1
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exposures in the pit, the 2660 and 2620 benches. They lack much of the 

extensive supergene oxidation and leaching which characterize the Oxide 

pit, thereby allowing maximum access to hypogene characteristics.

Following an introduction to the general geology of the Silver 

Bell district and a description of the investigative methods, specifics 

of pit geology and the results of alteration and.fracture studies will be 

presented. Utilizing the paragenetic sequence as a framework, fracture 

systematics will be discussed first with regard to fracture densities and 

distribution and then with respect to orientation. Finally, the data 

will be summarized and conclusions presented regarding the development 

of fracturing, alteration, and mineralization in the Oxide pit.



LOCATION AND GENERAL GEOLOGY

The Silver Bell mining district is located in the southern por

tion of the Silver Bell Mountains, Pima County, Arizona approximately 35 

miles northwest of Tucson (Figure 1). The Silver Bell mine consists of 

two active open pit operations, Oxide pit in the southeast and El Tiro 

pit in the northwest. Geologic descriptions of the Silver Bell district 

are given in the works of Stewart (1912), Kerr (1951), Richard and 

Courtright (1954, 1966), Watson (1964, 1968), Galey (1979), and Graybeal 

(in press). The district.geology will only be summarized here.

Porphyry-style mineralization at Silver Bell is related to 

Laramide-age composite porphyry stocks which intrude dominantly carbonate 

Paleozoic strata and Mesozoic intrusive, volcanic, and sedimentary lithol

ogies (Figure 2). The first of the Mesozoic intrusive events recognized 

was the emplacement of a large mass of alaskite in the western portion of 

the district. The alaskite intruded Paleozoic sedimentary rocks and Cre

taceous arkoses but did not result in any known mineralization. Following 

this, a sill-like body (Watson, 1964) of subvolcanic dacite porphyry was 

intruded. This rock occupies a major portion of the district northeast 

of the contact between the alaskite and the Paleozoic strata. Laramide- 

age plutonism commenced with the intrusion of syenodiorite porphyry 

(Watson, 1964) as small plugs in the area of the Oxide pit and as dikes 

throughout the district. Following the syenodiorite porphyry, dikes and 

large stocks varying in composition from quartz monzonite porphyry to 

granodiorite porphyry were emplaced and are spatially and temporally re

lated to hydro thermal alteration and mineralization in the district.

3
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Figure 2. Geologic Map of the Silver Bell District (from Galey, 1979).
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Post-mineralization andesite and rhyolite dikes of mid-Tertiary age form 

the last intrusive events in the district. A K-Ar age of 65 ± 2 m.y. 

has been obtained on biotite from quartz monzonite porphyry in the El 

Tiro pit (Mauger, 1966), but only the relative ages of earlier intrusions

are known.



STRUCTURE

Three tectonic directions (northwest to west-northwest, east- 

northeast, and north-northeast) impart to the Silver Bell district a 

distinctive structural grain (Figure 3).

The northwest- to west-northwest-trending Silver Bell fault has 

guided intrusion of the alaskite and dacite porphyry. The Silver Bell 

fault is a high-angle fault with apparent slip on the order of several 

thousand feet (Richard and Courtright, 1966) and its trace is marked by 

the northwest-trending contact between the alaskite and the Paleozoic' 

sedimentary rocks. A northwest- to west-northwest-striking zone of hy

drothermal alteration and pyrite mineralization which contains the Oxide 

and El Tiro pits parallels the Silver Bell fault. This Silver Bell fault 

forms the northern portion of the Silver Bell-Bisbee discontinuity, an

element of a regional N55°W tectonic fabric shown by Titley (1976), who
)

noted that in the Silver Bell area the discontinuity is marked by a com

plex zigzag pattern.

In the eastern part of the district, the orientation of dikes co- 

magmatic with the stocks which were the progenitors of mineralization is 

strongly east-northeast, but dikes of this orientation are rare across 

from or west of the Silver Bell fault.

The Atlas, Barite, and Mt. Mammoth faults are north-northeast

trending high-angle faults which cut the Silver Bell district and have 

been the focus of minor post-porphyry lead-zinc-silver mineralization. 

Movement along these faults generally postdates porphyry mineralization

7



Figure 3 Map Showing the Distribution of Major Faults and Laramide Dikes (after Galey, 
1979). —  Also shown is the approximate areal extent of hydrothermal alteration 
and disseminated pyrite mineralization (after Richard and Courtright, 1966).
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although some pre-monzonite movement has occurred along the Mt. Mammoth 

fault (Watson, 1964).



METHOD OF STUDY

Geologic mapping of the 2660 and 2620 benches of the Oxide pit 

was carried out at a scale of 1:2,400 with the purpose of providing a 

base map for fracture studies and delineation of major rock types and 

their geologic relationships. Systematic observation and measurement of 

fractures was accomplished by establishing fracture density stations at 

various positions in the pit. The techniques used have been described by 

Titley (1978) and Haynes and Titley (1980). At each station, a sample 

area generally 50 cm square was delineated and the length, width, ori

entation, and mineralogy of all mesoscopic veins passing through it was 

recorded (Figure 4). The sum of the lengths of all veins divided by the 

area of the.sample yielded the integrated fracture density for that sta

tion in units of inverse centimeters. Measurement of fracture density in 

drill core was used in two locations to augment information on the floor 

of the pit where exposures were not available. In these instances the 

integrated fracture density was arrived at by calculating the area of 

fractures intersecting the core and dividing by the volume of the core 

sample to give fracture density in cm*"*. Orientations could not be ob

tained from core samples.

Laboratory work was oriented toward further detailing field ob

servations of alteration mineralogy and paragenesis. Hand lens and probe 

examination of sawed slabs, petrographic study of numerous thin sections, 

and sodium cobaltinitrite staining for potassium feldspar were useful in 

establishing the overall nature and degree of alteration which was not ob

viously fracture-controlled and in determination of alteration phases,

10
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Figure 4. Typical Fracture Density Station. —  This particular station 
is in alaskite and possesses a fracture density of 0.17 cm-  ̂
defined by quartz-pyrite-chalcopyrite and quartz-molybdenite 
veining.



especially those of minor abundance. Fluid inclusion studies were under

taken in an attempt to determine the temperatures and salinities of the 

fluids responsible for alteration and mineralization.

12



GEOLOGY OF THE OXIDE PIT

Though reflecting district geology as a whole, some specifics of 

Oxide pit geology are noteworthy.

Rock Types

Three rock types make up most of the exposures on the 2660 and 

2620 benches (Figure 5, in pocket). Alaskite forms much of the north and 

south walls of the western portion of the pit, syenodiorite porphyry is 

exposed on the north and south sides of the central and eastern pit area, 

and quartz monzonite porphyry spans the pit from its eastern to its west

ern boundaries. Contacts between the alaskite and syenodiorite porphyry 

are not well exposed but contacts between the quartz monzonite porphyry 

and the other rock types are recognizable, generally high-angle, and rela

tively straight. Chilled margins are frequently present and evident in 

the quartz monzonite. Dikes of quartz monzonite porphyry are common pe

ripheral to its contacts. The modal mineralogy of these rocks is given 

in Table 1.

Small exposures of dacite porphyry are observed within the syeno

diorite, and it is not clear whether these occurrences represent lower 

contacts with the syenodiorite or xenoliths within it. In the pit, the 

dacite porphyry is highly silicified but recognized by its 10-15% content 

of rounded quartz phenocrysts.

Quartz-chlorite-calcite homfels is observed on the 2660 bench in 

the north-central pit area. This small outcrop is a portion of a larger 

body of hornfels observable on the levels above the 2660 bench.

13
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Table 1. Mineralogy and Textures of the Oxide Pit Rock Types.

ALASKITE
SYENODIORITE
PORPHYRY

QUARTZ MONZONITE 
PORPHYRY

TEXTURE

medium- to 
coarse
grained 

equigranular 
(%)

porphyritic with 
a hypidiomorphic 

granular 
groundmass 

(%)

porphyritic with 
a hypidiomorphic 

granular 
groundmass 

(%)
phenocrysts'. 50a 30-55 (40 avg.)b

35c 55c

groundmass - 50a 70-45 (60 avg.)b

65c 45c

quartz 25b 4a 21b

25c 2C 20C

plagioclase 25b
(oligoclase)

18c
(oligoclase)

65(?)a

70c
(andesine)

40b (andesine) 

44c (andesine)

potash feldspar 50b 10(?)a 33b

54c 15 c ro 00 o

biotite (?)a 6b

2C 12 (biotitei 
hornblende)c

5C

hornblende la

lc

pyroxene 5a

accessories trace zircon, 
apatite, and 
opaques6

'1% apatite, 6% 
magnetite/ilmen- 
ite, minor zir
con and sphenea

minor accessory 
apatite, sphene, 
and magnetite

fwatson (1964).
“Author's petrographic work.
cGraybeal (in press) for the rocks of El Tiro pit.
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Structure

Numerous minor faults are present in the Oxide pit. Only the 

more continuous and best developed of these faults are shown in Figure 

5. The amount of displacement along these faults is not known but is be

lieved to be small. The minor faults are generally northeast-trending 

and accompanied by a few centimeters of fault gouge or breccia and, in 

some instances, by the development of "bull" quartz veins and silicified 

zones up to 8 m wide. Movement along these faults is apparently post

mineralization.

In the center of the Oxide pit is a steeply-dipping, north- 

northeasterly-striking shear zone called the A-B fault (Galey, 1979,

Fig. 2) (Figure 6). The amount of movement along the A-B fault is diffi

cult to assess, although Galey (1979) suggests about 150 m of apparent 

left-lateral slip. Activity postdates mineralization and offsets grade 

contours in the pit (Galey, 1979).
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Figure 6. Blue-colored Oxidized Zone Highlights a Portion of the A- 
Fault on the North Wall of the Oxide Pit. —  The benches 
40 ft in height.

B
are



ALTERATION AND MINERALIZATION

The deposition of metalliferous and silicate alteration phases 

in hydrothermal systems is the result of thermochemical constraints which 

come into play as hydrothermal fluids react with the rock through which 

it flows. Utilizing the terminology Of Titley, Fleming, and Neale (1978) 

and Titley (1979), alteration will be discussed as "vein-" or "veinlet- 

controlled," "pervasive," or "selectively pervasive." The alteration 

paragenesis shown in Figure 7 is based on the observation of crosscutting 

relationships in field and sample study. Some degree of overlap between 

successive alteration assemblages is indicated by infrequent observations 

of crosscutting relationships which transgress the overall order of the 

paragenetic sequence.

Pervasive Alteration

Pervasive alteration is manifested in the syenodiorite porphyry 

and the quartz monzonite porphyry by the formation of secondary biotite. 

Biotitization is well-developed in the syenodiorite porphyry in which the 

addition of as much as 60% secondary biotite and overall recrystalliza

tion of the rock to a biotite metasomatite has resulted, in some cases, 

in textural obliteration producing a rock which is dark green to black 

in color and containing about 10% relict plagioclase phenocrysts (Figure 

8). Locally, zones of pervasive orthoclase alteration accompany biotiti

zation, producing a light-colored texturally-degraded rock composed of 

very fine grained orthoclase and quartz with varying amounts of fine

grained biotite as clots and ribbonlike zones in the rock (Figure 9).

17



Alaskite
Syenodiorite
Porphyry

Quartz Monzonite 
Porphyry

PERVASIVE ALTERATION Biotitization
Orthoclase

Biotitization

SELECTIVELY 
PERVASIVE ALTERATION Argillization

Chloritization
Argillization

Chloritization
Argillization

VEIN-CONTROLLED
ALTERATION

EARLY
Q-Bio±py±cpy±

mt+Qr
Q-Bio±py±cpy

Q-Or-Plag±(py) Q-Or±(py)±(cpy)

Q-py-cpy Q-py-cpy±chl±or Q-py-cpy±chl+Or

Q-mb±py±cpy±
Or

Q-mb±py±cpy±
chlior

Q-mb±py±cpy±chl+ 
Or .

U VTE Q-py-ser Q-py-aer Q-py-ser

Alteration Paragenesis at the Oxide Pit, Silver Bell Mine. —  Q = quartz, Or = ortho 
clase. Flag = plagioclase, py = pyrite, cpy = chalcopyrite, mb = molybdenite, mt = 
magnetite, chi = chlorite, ser = sericite.

Figure 7.
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Figure 8. A Specimen of Syenodiorite Porphyry Exhibiting Pervasive
Biotite Alteration. —  Veinlets consist of quartz, chalcopy- 
rite, and pyrite.
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Figure 9. Syenodiorite Porphyry Pervasively Altered to Biotite, Ortho- 
clase, and Quartz. —  Small stub to right has been stained 
for potassium feldspar. Note also the diffuse biotite halos 
around thin quartz veins.
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In the quartz monzonite porphyry, 1-4% shreddy secondary biotite has 

been added to the rock but does not significantly alter its appearance.

Selectively Pervasive Alteration

Two types of selectively pervasive alteration can be seen in the 

Oxide pit, chloritization and argillization. The chloritization of bio

tite within the syenodiorite and quartz monzonite porphyries has pro

ceeded to various degrees. In the quartz monzonite porphyry the replace

ment of igneous and hydrothermal biotite by chlorite, rutile, and magne

tite has been almost complete with only minor amounts of relict biotite 

remaining. The syenodiorite porphyry was less susceptible to chloritiza

tion even though as much as 85% of the available biotite may be replaced 

by chlorite, rutile, magnetite, and rarely ilmenite. Also evident in 

the syenodiorite are accumulations of "felty" chlorite, rutile, and mag

netite which appear to be pseudomorphic after.prismatic grains which pos

sibly were original amphibole or pyroxene replaced by biotite and then 

chlorite.

The argillization of feldspars occurs in all rock types. Up to 

80% of phenocryst and groundmass plagioclase grains may be replaced by 

varying amounts of sericite, illite, kaoUnite, and montmorillonite. 

Rarely, orthoclase grains exhibit dustings of "clay" as well. This al

teration may be related to supergene processes.

Vein-controlled Alteration

Vein-controlled alteration is responsible for approximately 80 to 

85% of the sulfide content in the Oxide pit. The distribution and rela

tive importance of the different vein types will be discussed in the
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following chapter, although it should be noted that early vein types are 

not as widely distributed throughout the study area as later sulfide- 

dominant veins. Five general vein assemblages can be observed in the 

Oxide pit (Figure 7). From oldest to youngest, they are biotite, ortho- 

clase, quartz-pyrite-chalcopyrite, quartz-molbydenite, and quartz- 

pyrite-sericite veins. Vein assemblages vary between rock types but 

overall show a similar development.

Biotite-bearing veins occur in the syenodiorite and quartz monzo- 

nite porphyries but have not been observed in the alaskite. Biotite 

veins within the syenodiorite porphyry range from sharp-walled fracture 

fillings to diffuse veins whose boundaries grade into wall rock (Figure 

9). Varying in width from <0.1 mm microfractures to 3 mm veinlets, bio

tite veins also contain quartz with or without orthoclase, magnetite, 

chalcopyrite, and pyrite. In the quartz monzonite porphyry, biotite 

veins are thin, 0.1-3 mm, sharp-walled and consist of quartz and biotite 

with accessory chalcopyrite and pyrite. In both rock types, these veins 

are straight and continuous for lengths up to a meter. The sulfide con

tent of this vein type is typically less than 5%.

The'earliest vein assemblage observed in the alaskite consists of 

sharp-walled veins up to 2 mm wide which contain a mosaic of equigranular 

quartz, orthoclase, and plagioclase. These veins are not abundant and 

are continuous for only a few centimeters. Within the quartz monzonite 

porphyry, pink alteration orthoclase forms replacement selvages 1 cm wide 

or less around quartz veins up to 3 mm in width (Figure 10). Pyrite and 

chalcopyrite, at less than 1%, are minor vein constituents. These veins 

are straight and continuous over several meters. Although no distinct
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Figure 10 Quartz Monzonite Porphyry Showing a Quartz Vein with a T
Orthoclase Halo Cut by a Quartz-molybdenite-chalcopyrite Vein.
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feldspar-predominant vein type is observed in the syenodiorite porphyry, 

orthoclase does occur as an accessory mineral within the early vein- 

controlled alteration assemblages in this rock type.

Quartz-pyrite-chalcopyrite veins are common to all three rock 

types. This vein type is abundant and has resulted in the myriad quartz- 

pyrite-chalcopyrite veins so ubiquitous in the pit. Through-going and 

persistent over several meters in length, quartz-pyrite-chalcopyrite 

veins range from microfractures to vein openings 2 cm wide but average 

about 1-2 mm in width. Pyrite and chalcopyrite occur in varying ratios 

and usually compose 5-10% of the vein, although the sulfide.content may 

be as high as 80%. Some fractures appear to consist only of coatings of 

sulfide on wall rock. Chlorite is a minor vein constituent in the por

phyries but has not been observed in the alaskite. Orthoclase is an ac

cessory phase in this assemblage.

Quartz-molybdenite veins (Figure 11) are sharply bordered and 

continuous over several meters strike length. Although this vein type 

is typically planar, some veins are curviplanar within the alaskite. The 

sulfide content of these veins is generally 2-10% but may be as high as 

70-80% in small volumes. Molybdenite "paint" along fractures is common. 

Quartz and molybdenite may be the only vein minerals, though chalcopyrite 

and pyrite are commonly present and often compose as much as 80% of the 

sulfide content. Chalcopyrite-to-pyrite ratios range widely, with chal

copyrite and pyrite often present in equal amounts. Chlorite and ortho

clase are accessory, but variably present vein minerals and orthoclase 

halos around molybdenite-bearing veins are rarely observed in the quartz 

monzonite porphyry.
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Figure 11. Closely Spaced Quartz-molybdenite Veining in Alaskite. —
Note the sharp vein boundaries and the development of pinch- 
and-swell texture.
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The final vein assemblage to develop was sulfide-rich quartz- 

pyrite-sericite veins with sericite replacement selvages. These veins 

vary in character from 1 mm quartz-pyrite veins with restricted gray 

1-4 mm selvages of sericite and quartz to 1 cm quartz-pyrite-sericite 

veins with 2-3 cm sericite selvages (Figure 12). Pyrite often composes 

more than 50% of the vein, and only trace amounts of chalcopyrite have 

been observed. These veins are typically straight and continuous over 

tens of meters.

Mineralization

Within the study area, copper grades for protore rock are greater 

than 0.1% and average about 0.25% (Galey, 1979). Sulfide mineralization • 

occurs as both fracture fillings and as disseminated grains. Ratios of 

vein-controlled to disseminated sulfide average about 5:1. Disseminated 

pyrite and chalcopyrite most often occur adjacent to or intergrown with 

biotite and its chloritic replacement. Localization of some disseminated 

sulfides along microfractures is evident in thin section. Chalcopyrite 

is an important phase in this occurrence and often equals or surpasses 

pyrite in abundance, although an estimate of the average pyrite-to- 

chalcopyrite ratio would be about 1.5:1. Sulfide ratios within the dif

ferent vein assemblages are variable, but it is generally true that 

chalcopyrite is more abundant than pyrite in the biotite veins, with 1:2 

being a rough approximation of the pyrite-to-chalcopyrite ratio. Quartz- 

orthoclase and quartz-pyrite-chalcopyrite veins are typically pyrite- 

dominant with pyrite-to-chalcopyrite ratios ranging from 0.5:1 to 10:1.
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Figure 12. Quartz-pyrite-sericite Veining in Syenodiorite Porphyry.
Note the relatively wide, high-sulfide quartz veins and 
well-developed sericite halos leaving an unsericitized do
main between vein selvages.



28

Molybdenite distribution within the quartz-molybdenite veins is erratic, 

while pyrite-to-chalcopyrite ratios in the veins average 1-2:1. Pyrite 

within the late quartz-pyrite-sericite veins is essentially the only sul

fide. On the average, the Oxide pit system is characterized by about 

2-3% total sulfide, although areas of closely spaced quartz-pyrite- 

sericite veining add considerably to this estimate by bringing total sul

fide values up to 4-5%.. The alaskite shows a lower total sulfide content 

than the porphyries, averaging 1-2% sulfides. The bulk of copper miner

alization and all the molybdenum mineralization is localized within or 

along mesoscopic fractures.

Zoning

The Oxide pit is centered within an area of potassic and phyllic 

alteration which is surrounded by a wide zone of propylitization (Galey, 

1979). The previously discussed mineralization exists within rocks ex

hibiting potassic (Creasey, 1966) alteration cut by a paragenetically 

late quartz-pyrite-sericite assemblage indicative of phyllic (Lowell and 

Guilbert, 1970) alteration. The levels of exposures studied and the lat

eral extent of the study did not lend themselves to the definition of al

teration zone boundaries.



FLUID.INCLUSION STUDIES

Fluid inclusion studies were undertaken in order to obtain data 

concerning the thermochemical state of the fluids responsible for alter

ation and mineralization. Heating and freezing measurements were carried 

out on samples from all vein assemblages. Usable data were retrieved 

only from the quartz-molybdenite and quartz-pyrite-sericite.vein types 

(Figure 13). The inhibiting factors preventing study of earlier assem

blages were the predominance of submicroscopic inclusions and the paucity 

of visible ones. Only low-temperature secondary inclusions were observ

able in samples of early vein material. The size of usable inclusions 

averaged 5-10 p.

Fluid Inclusion Types

Following the classification of Nash (1976), both Type I liquid- 

rich and Type II vapor-rich inclusions were observed. Liquid- and vapor- 

rich inclusions occur together in two different samples from quartz- 

pyrite-sericite veins. Only Type I inclusions were seen in samples from 

quartz-molybdenite veins. The designation of an inclusion as primary or 

secondary, was made judiciously, using the criteria of Roedder (1967).

Homogenization Temperatures

Histograms of observed homogenization temperatures are shown in 

Figure 14. Temperatures ranging from 150 to 460*0 were obtained from the 

homogenization of inclusions in quartz-molybdenite veins. Inclusions from 

quartz-pyrite-sericite veins showed homogenization temperatures up to

29
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Figure 13. Map Showing the Location of Fluid Inclusion Samples. —  Samples FD-1, FD-7, FD-15, F-93, 
and F—97 are from quartz-molybdenite veins. Samples FD-4, FD-9, FD-16, 2660-7, and 
2660-60 are of quartz-pyrite-sericite vein material.

wp



F
R

E
Q

U
E

N
C

Y

31

Q T Z -M B -P Y - CRY

Q T Z -P Y -S E R

TH (°C)
( i r t  Primary

I I Secondary

I V  I Homogenized to Vapor

Figure 14. Fluid Inclusion Homogenization Data for Quartz-molybdenite 
and Quartz-pyrite-sericite Veins.
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416°C. .The Type-II inclusions in this assemblage homogenized to vapor 

between 390 and 405°C.

Salinities

The small size of inclusions permitted few freezing point deter

minations. Employing the data of Potter, Clynne, and Brown (1978), sa

linities were determined for 13 inclusions from quartz-pyrite-sericite 

vein material. The salinities of these samples ranged from 1.2 to 5.5 

weight percent equivalent NaCl (Figure 15). This evidence and the lack 

of salt daughter products.in either of the vein types observed indicates 

deposition of these assemblages from low- to moderate-salinity fluids.

Geobarometry

The coexistence of liquid- and vapor-rich inclusions which ho

mogenize in the same temperature range suggests boiling in the system at 

the time of deposition of the quartz-pyrite-sericite assemblage. In such 

a case, the fluids were entrapped in conditions described by the two- 

phase boundary in the I^O system and require no pressure correction.

Also, this relationship can be used to obtain an accurate estimate of the 

pressure on the system during formation.

The data of Sourirajan and Kennedy (1962) indicate that a 1-5 

weight percent equivalent NaCl solution at 395°C will boil at a pressure 

of 270 bars. Utilizing the data of Hass (1971) extrapolated to higher 

temperatures (Bodnar, 1978), a depth of 3.7 km is indicated for a boiling 

solution of this salinity under hydrostatic pressure. Using an average 

density of 2.7 g/cm^ for rock, lithostatic pressure would correspond to a 

minimum column of rock of 1.1 km. Graybeal (in press) has estimated.
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Figure 15. Salinity Data for Quartz-pyrite-sericite Veins.
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via stratigraphic reconstruction, that the El Tiro area was overlain by 

1.8 km of rock during the Laramide. This depth estimate is in the range 

of that indicated by a lithostatic load for the Oxide pit.



FRACTURE DENSITIES

Introduction

Knapp (1978) has recently shown that fracturing of both intru

sive and host rocks in porphyry copper systems is the result of devia- 

toric stresses related to the dynamic processes which disperse energy 

away from hot plutons. Fracture density measurements were made quanti

tatively to describe how fracturing developed both temporally and spa

tially within the ore-grade rocks of the Oxide pit. Measurements were 

made at exposures which exhibited an "average" fracturing characteristic 

of that area.

Two considerations are noteworthy with regard to fracture density 

data. First, the integrated fracture density represents only the end- 

product of the fracturing process. The fracture density at any given 

time in the hydrothermal system is approximated by the fracture density 

of the individual alteration assemblages, which is generally considerably 

less than the integrated value. Second, in interpreting the data on 

fracture distribution, the absence of a vein type at. a particular station 

does not necessarily indicate its total absence from adjacent areas but 

may denote a lack of extensive or homogeneous development. Average 

fracture densities for integrated veins and all vein assemblages are 

listed by rock type in Table 2.

Fracture Densities of 
Specific Vein Types

The mean fracture densities for individual vein assemblages 

(Table 2) show different trends through time. In the alaskite, fracture

35
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Table 2. Mean Fracture Density Values for Integrated Veins and Specific 
Vein Types in the Oxide Pit in Units of cm- .̂ —  The number in 
brackets after the rock type represents the number of fracture 
density stations in that lithology. See also Figure 4 for 

________  calibration of 0.17cm-!.- • " ______________
Alaskite

(19)
Syenodiorite 
Porphyry (13)

Quartz Monzonite 
Porphyry (13)

biotite veins — 0.16 0.05

feldspar veins 0.01 —— 0.07

Q-py-cpy ± chi ± 
(Or) 0.09 0.23 0.18

Q-mb ± py ± cpy ± 
Or 0.12 0.16 0.07

Q-py-ser 0.05 0.08 0.12

Integrated 0.27 0.63 0.49
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densities increase with time until quartz-molybdenite deposition and 

then drop during quartz-pyrite-sericite alteration. Within the syeno- 

diorite and quartz monzonite porphyries, fracture densities increase 

until quartz-pyrite-chalcopyrite veining and then drop off in the syeno- 

diorite porphyry for the two successive fracture events. Fracture den

sity in the quartz monzonite porphyry decreases for quartz-molybdenite 

veining and increases during quartz-pyrite-sericite deposition.

Biotite Veins

The restriction of early biotite-filled veins (Figure 16) to the 

eastern half of the pit reflects the lack of development of biotite vein

ing in alaskite. Fracture densities of biotite veins vary from 0.009 to 

0.54 cm- .̂ The two areas of veining greater than 0.1 cm"'*' occur in the 

syenodiorite porphyry central to the pit along its southeast margin.

Feldspar Veins

Feldspar veins (Figure 17) generally possess low fracture densi

ties ranging from 0.01 to 0.13 cm”^ and are patchily developed throughout 

the pit.

Quartz-pyrite-chalcopyrite Veins

Figure 18 shows the spatial distribution of quartz-pyrite- 

chalcopyrite veins. The assemblage shows its highest densities in the 

syenodiorite and quartz monzonite porphyries in the eastern portion of 

the Oxide pit. Quartz-pyrite-chalcopyrite fracture densities vary con

siderably within each rock type ranging from 0.01 to 0.32 cm*""*- in the 

alaskite, 0.06 to 0.46 cm-^ in the syenodiorite porphyry, and 0.01 to
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Figure 16. Distribution of Fracture Densities for Biotite Veins.
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Figure 17. Distribution of Fracture Densities for Feldspar Veins.
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Figure 18. Distribution of Fracture Densities for Quartz-pyrite-chalcopyrite Veins.
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0.32 cm-^ in the quartz monzonite porphyry. Fracture densities for this 

assemblage within the quartz monzonite porphyry decrease markedly from 

east to west in the pit.

Quartz-molybdenite Veins

Fracture densities for quartz-molybdenite veins range from 0.01 

to 0.19 cm”-*- in the alaskite, 0.03 to 0.54 cm”^ in the syenodiorite por

phyry, and 0.03 to 0.21 cm”-*- in the quartz monzonite porphyry. The areal 

distribution of fracture densities of quartz-molybdenite veins (Figure 

19) reveals a high contrast between the eastern and western portions of 

the pit. The eastern portion of the Oxide pit possesses areas of very 

high fracture density for this vein type, but these areas are isolated 

and developed against an overall background of low-density molybdenite 

veining. The western side of the pit exhibits a consistently high degree 

of fracturing on its north side and a lesser degree of fracturing along 

its southern side. This pattern corresponds with the high molybdenite 

grades averaging 0.03-0.04% along the northwestern portion of the pit. 

Although comparably high molybdenite grades are locally present in the 

eastern side of the Oxide pit, lower grades are more characteristic 

(Figure 20).

Quartz-pyrite-sericite Veins

Areas of highest fracture density of this assemblage (Figure 21) 

exhibit a bleached appearance typical of the oxidation of this high- 

sulfide vein type. For the most part, however, this texturally destruc

tive alteration does not develop sufficient density to obliterate the 

texture of large volumes of rock in the study area. Quartz-pyrite-
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Figure 20. Average Molybdenite Grades for Portions .of the 2660 and 2620 Benches in the Oxide Pit.
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sericite veins range in fracture density from 0.01 to 0.14 in the

alaskite, 0.03 to 0.12 cm“^ in syenodiorite porphyry, and 0.01 to 0.32 

cm-^ in the quartz monzonite porphyry.

Integrated Fracture Densities

From the integrated fracture densities (Table 2), it can be seen 

that the alaskite has sustained the least amount of fracturing, the 

quartz monzonite porphyry is intermediate, and the syenodiorite porphyry 

possesses the highest average integrated fracture density.

Figure 22 shows that the eastern portion of the pit exhibits a 

higher concentration of fractures than the western half. Notice that 

the values for integrated fracture densities show a broad variation 

within rock types and also that the lowest integrated fracture densities 

in the quartz monzonite porphyry occur in the western portion of the pit.

Summary and Interpretation 
of Fracture Densities

A wide range of fracture densities exists both between and within 

rock types for any given alteration assemblage. The development of early 

biotite and feldspar alteration was not as extensive as that of subse

quent, more ubiquitous quartz-sulfide vein types. Veinlets containing 

quartz-pyrite-chalcopyrite and quartz-molybdenite mineralization gener

ally compose 50% or more of the fracturing sustained in the study area.

The continuation of homogeneous and high fracture development in 

the alaskite during molybdenite deposition as compared with the lower 

fracture densities in the quartz monzonite porphyry and sporadic breakage 

of the syenodiorite porphyry has resulted in consistently good molybdenite
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grades in the northwest portion of the Oxide pit. It appears that frac

ture densities greater than 0.1 cm-^ for molybdenite-bearing veins is 

requisite for grades of 0.03% molybdenite or better.

Overall higher fracture densities exist in the eastern portion 

of the Oxide pit. The data regarding fracture density distribution, es

pecially within the quartz monzonite porphyry, suggest that the low inte

grated fracture densities in the western half of the pit may be due to 

its position with respect to a center of fracturing and a lateral gradi

ent in fracture density rather than the result of rock-type control over 

the degree of breakage. The development of lateral gradients in fracture 

density in porphyry-ore type deposits has been shown by Haynes and Titley 

(1980) and Kanbergs (1980). If fracture density decreases to the north 

and northwest of the study area, it is possible that the interpreted 

150 m slip displacement along the A-B fault could be partly responsible 

for the observed variation in fracture density by juxtaposing less frac

tured rock with more densely broken rock. However, a lateral gradient in 

fracture density appears to explain the observed trends and would indi

cate a decrease in integrated fracture density to the west or northwest.



FRACTURE ORIENTATIONS 

Introduction

Orientations of fractures bearing different alteration minerals 

in the 2660 and 2620 benches of the Oxide pit exhibit changing patterns ' 

through a portion of the paragenetic sequence. Fracture orientations 

are correlative in a general way to rock type and location in the pit 

because of the restricted occurrence of lithologies other than the quartz 

monzonite porphyry. Division of the study area into east, central, and 

west domains serves as a clear way of displaying structural trends. 

Fracture orientation data were plotted on strike rose diagrams with 10° 

class intervals.

Integrated Fractures

Figure 23 shows the orientation of all fractures measured in 

this study. Sixty-six percent of all fractures lie within a broad maxi

mum ranging from northeast to northwest. A weakly developed peak occurs 

in the east-northeast direction.

When the integrated fracture orientations are separated by rock 

type (Figure 24), the components of the broad maximum are distinguished. 

Fractures in the alaskite exhibit a well-developed northwest to north- 

northwest maximum and a less well-developed peak centered on N5°E. Frac

tures in the syenodiorite porphyry possess a north-northeasterly major 

peak and numerous subordinate peaks in the east-northeast, northeast, 

northwest, and west-northwest directions. Within the quartz monzonite 

porphyry, fractures mirror the integrated orientations for all rock types.

48
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that is, a broad maximum distributed between northeast and northwest and 

a minor east-northeast peak.

Division of the 2660 and 2620 benches into east, central, and 

west domains and consideration of fracture orientations, irrespective of 

rock type, reveals a distinctive structural fabric (Figure 25). Fractur

ing in the east domain shows a northeast to north-northeast maximum with 

subordinate east-northeast, northwest, and west-northwest peaks. In the 

central domain, fracturing is dominated by north to north-northeast di

rections. Northwest to north-northwest fracture orientations character

ize the west domain. Clearly, fracture orientations sweep from north

easterly through northwesterly from east to west in the pit.

Fracture Orientations of 
Specific Vein Types

Biotite Veins

The orientation of biotite veins (Figure 26) is inconsistent.

In the syenodiorite porphyry, three isolated east-northeast, northeast, 

and north-northeast peaks, as well as a range of minor orientations in 

the northwest quadrant, are evident. Two maxima of east-northeast and 

northwest characterize biotite veins in the quartz monzonite porphyry.

Feldspar Veins

Feldspar vein orientations (Figure 27) all come from.the quartz 

monzonite porphyry, except one from the alaskite. This vein type is 

characterized by a well-developed northeast peak and a north-northwest 

double maxima of N5 ± 5°W and N25 ± 5°W. This bidirectional pattern is
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FELDSPAR VEINS

Figure 27. Strike Rose Diagram for Feldspar Veins•
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similar to, though shifted to the north of, that shown by biotite veins 

in the quartz monzonite porphyry.

Quartz-pyrite-chalcopyrite Veins

The orientations of quartz-pyrite-chalcopyrite veins are shown 

in Figure 28. It can be seen that the broad peaks defined by the rose 

diagram of integrated veins are the result of the combined data from the 

east, central, and west domains. The orientation of quartz-sulfide veins 

in the eastern domain is predominantly northeast to north-northeast. 

Northerly to north-northeast-striking veins are observed in the central 

domain, and north-northwest to northwest directions are exhibited in the 

western.domain.

Figure 29'graphically shows the orientation of quartz-pyrite- 

chalcopyrite veins. The dominant trends observed are for northeasterly 

vein orientations in the eastern portion of the pit swinging through 

northerly orientations to northwesterly directions in the western portion 

of the Oxide pit. Note the apparent orthogonality of the less densely 

developed vein sets.

Quartz-molybdenite Veins

The sum of orientations of molybdenite-bearing veins (Figure 30) 

is highly weighted by the large number of northwesterly to north-striking 

veins observed in the alaskite of the western domain. The central domain 

shows a northerly trending maximum as well as northeast and northwest 

subordinate peaks. A northwest maximum and east-northeast, north- 

northeast, and westerly peaks form an irregular distribution of orienta

tions in the eastern domain.



QTZ-PV-CPV VEINS 

INTEGRATED

N

N
I

’ E g #  CENTRAL DOMAIN

N= 74

%  of observations 3 6 9 12 IS

WEST DOMAIN

N= 123 

—i— . E
%  of observations 3 6 9 12 IS

Figure 28. Strike Rose Diagrams for Orientations of Quartz-pyrite-
chalcopyrite Veins.



CREST 2660 BENCH

30000 N -

EXPLANATION
> 3 OBS 
3- 4 OBS 
1-2  OBS

0 200 400 FEET
2660 and 2620 BENCHES 

OXIDE PIT, SILVER BELL MINE

Figure 29. Distribution and Orientation of Quartz-pyrite-chalcopyrite Veins. —  Orientations within 
20° of each other are shown by the average strike direction. The length of the bar
indicating direction is proportional to the number of observations.

in



58

QTZ-Mb VEINS
INTEGRATED

VEINS

N= 177 
--- --- - E
6 8 tO

CENTRAL DOMAIN

N= 23

%  of observotlone 4 8 12 16 20

WEST DOMAIN

N= 130

%  of observotlone

Figure 30. Rose Diagrams Plotting the Orientation of Quartz-molybdenite
Veins.



59

• The spatial distribution and orientation of quartz-molybdenite 

veins (Figure 31) define a strong northwest pattern in the western pit, 

while a weakly developed north-northeast-trending pattern is seen in the 

eastern pit.

Quartz-pyrite-sericite Veins

Quartz-pyrite-sericite vein orientations (Figure 32) show a close 

similarity to the strike directions of quartz-pyrite-chalcopyrite and 

quartz-molybdenite veins in the western and central domains. The domi

nant trends of quartz-pyrite-sericite veins are northeasterly in the 

eastern domain, northerly in the central domain, and northwesterly in 

the western domain.

The areal distribution and orientation of quartz-pyrite-sericite 

veins exhibit the same structural fabric as that shown by the two previ

ous vein types (Figure 33).

Vein Inclinations

Figure 34 shows dip histograms for the various vein alteration 

types. Eighty-one percent of all veins studied have dips exceeding 50*. 

All the vein types, with the exception of quartz-feldspar and quartz- 

pyrite-sericite, show a predominance of subvertical dip angles. Quartz- 

feldspar veins have a bimodal dip distribution of 50-70° and 90°, while 

quartz-pyrite-sericite veins tend to be flatter than earlier vein types 

exhibiting a dominant dip angle of 50-70°.
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Summary and Interpretation 
of Fracture Orientations

64

The salient points of the preceding discussion are summarized

below.
. '

1. Orientation data presented for integrated fractures within the 

2660 and 2620 benches of the Oxide pit show that fractures strike 

predominantly to the northeast and north-northeast in the eastern 

portion of the area, to the north and north-northeast in the 

central portion, and to the northwest and north-northwest in the 

western portion of the pit.

2. Early biotite and feldspar veins do not possess the well-developed 

spatial distribution of orientation, as do the integrated or 

later-generation fractures. Orientations of these early vein 

types in the quartz monzonite porphyry possess roughly orthogonal 

northeast to east-northeast and northwest to north-northwest 

maxima.

3. Quartz-pyrite-chalcopyrite, quartz-molybdenite, and quartz-pyrite- 

sericite veins show systematic orientations regardless of rock 

type but dependent on spatial position in the pit. This system

atic orientation consists of a structural fabric which comprises 

and is typified by the distribution of integrated fracture 

orientations.

Generation of fracture permeability in the intrusion and host 

rocks of porphyry copper-type deposits is the result of dynamic pluton- 

related stresses (Heidrick, 1974; Knapp, 1978). Fracture orientations 

reflect the interplay of local deviatoric and regional stresses. A
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pluton emplaced into a relaxed environment lacking a regionally directed 

stress, thus with vertical and = 03, will develop radial and con
centric fracturing centered upon the intrusive energy source (Koide and 

Bhattacharki, 1975; Knapp, 1978). Intrusion of a magma into a regionally 

stressed medium produces fracture orientations determined by that stress 

field.

Rehrig and Heidrick (1972, 1976) and Heidrick (1979) have docu

mented the existence of a regional-Laramide stress field which resulted 

in systematic ENE ± 20® and NNW ± 20® orthogonal fracture patterns in 

mineralized and unmineralized plutons in Arizona and New Mexico. Also, 

Rehrig and Heidrick (1972) state that more complex fracture patterns are 

observed in productive plutons as the result of locally derived radial 

and concentric fractures in combination with the regional Laramide frac

ture system.

The orientation of early biotite- and feldspar-filled fractures 

is here interpreted to reflect regional Laramide stresses. As described 

by Rehrig and Heidrick (1972); given conditions of intrusion-related up

lift, these stresses consist of as vertical, as the axis of maximum 

compression oriented east-northeast, and Og the axis of maximum expansion 

oriented north-northwest. Although bearing the signature of regional 

Laramide fracture patterns, the erratic orientations of biotite veins in 

the syenodiorite porphyry indicate that a complex stress regime was opera

tive. Subsequent fracture episodes, with their northeast- to northwest

sweeping patterns of orientation, are believed to be predominantly radial 

in nature with additional components of concentric and regional Laramide 

fracture directions. The orientation of later veins indicates a change
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in the stress regime to a situation in which Og = Og. Such a stress en

vironment might arise in response to increased pluton-related vertical 

stress or the relief of east-northeasterly directed compressional stress 

along a structural inhomogeneity such as the Silver Bell fault. The 

east-northeast dike swarms so well developed in the eastern portion of 

the district do not extend southwestward across the Silver Bell fault. 

Kanbergs (1980) has shown that the style of fracturing for altered frac

tures and Laramide dikes in the area west of the El Tiro pit exhibit ori

entations which are concentric and radial to a Laramide-age quartz monzo- 

nite porphyry stock which is central to the ore system in the El Tiro pit. 

The observations and data presented here suggest the local development of 

zones along the Silver Bell fault in which Og was equivalent in magnitude 

to Og for at least a portion of the structural development and life of 

the hydrothermal system.

If the findings of Kanbergs (1980) are applicable here, the radial 

fracture pattern in the Oxide pit may be indicative of an intrusive energy 

source to the south of the pit. District mapping does not reveal any out

cropping intrusions. The potential for further mineralization associated 

with a possible buried intrusion appears reasonable and could be evalu

ated with a study similar to the present one in the area south of the 

Oxide pit.



SUMMARY AND CONCLUSIONS

Data and conclusions concerning the development of the Oxide pit 

hydrothermal system are summarized below.

1. The development of alteration in the Oxide pit is characterized 

by pervasive biotitization, selectively pervasive chloritization 

of biotite and argillization of plagioclase, and vein-controlled 

alteration progressing from quartz-biotite to quartz-orthoclase, 

quartz-pyrite-chalcopyrite, quartz-molybdenite, and finally 

quartz-pyrite-sericite assemblages. The above alteration is va

riably manifested, depending on rock type.

2. Later-formed structures are more through-going and continuous 

than early-formed fractures.

3. Sulfide phases were deposited throughout the life of the hydro- 

thermal system but markedly increase in abundance through time. 

Copper was deposited as chalcopyrite, predominantly as vein fill

ings, but also as disseminations. Chalcopyrite was deposited in 

all vein types except late quartz-pyrite-sericite. The bulk of 

vein-controlled chalcopyrite occurs in quartz-pyrite-chalcopyrite 

and quartz-molybdenite veins. Molybdenite was deposited in one 

veinlet set late in the paragenetic sequence and thus is restrict

ed temporally.

4. The nature of disseminated mineralization appears to be con

trolled partly by structure and partly by chemical factors. Some 

disseminated sulfides occur along microfractures, while the

67
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preference for disseminated chalcopyrite and pyrite deposition 

with biotite suggests that a process of iron exchange localized 

sulfides.

5. Fluid inclusion homogenization temperatures up to 460°C observed 

for quartz-molybdenite veins and to 416°C for quartzrpyrite- 

sericite veins indicate a regime of decreasing temperature with 

time. The fluids responsible for these late assemblages are.of 

low to moderate salinity. Observation of coexisting liquid- and 

vapor-rich fluid inclusions with similar homogenization tempera

ture permits a pressure determination of 270 bars and an estimate 

of depth-of-burial of 1.1 km, assuming lithostatic load, for the 
Oxide pit system.

6. Fracture density of the various vein assemblages in the Oxide pit 

is marked by a wide range of values both between and within rock 

units. Fracture density increases from west to east in the pit. 

Quartz-molybdenite fracture densities of at least 0.05 cm“^ are 

necessary to attain molybdenite grades of 0.01%.
7. The major control of ore-grade mineralization is the development 

of areas of sufficiently dense copper and molybdenum mineralized 

fractures.

8. At this level of observation, fractures in the Oxide pit are 

steep at dips generally greater than 50°. Early biotite and 

feldspar veining possesses a suborthogonal fracture pattern with 

east-northeast to northeast and northwest to north-northwest max

ima which are interpreted to be the result of regional Laramide 

stress. Later quartz-pyrite-chalcopyrite, quartz-molybdenite.
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and quartz-pyrite-sericite veins exhibit a pattern of fracture 

orientations which progress from northeast to northwest as one 

moves from east to west in the pit. This pattern is believed to 

be the result of pluton-related radial stress. The radial fabric 

is complicated by concentric and regional Laramide fracture di

rections and appears centered on a point south of the Oxide pit.

9. The contrast in orientation between early and late vein types

indicates a changing stress regime through the life of the hydro- 

thermal system.

With regard to ore search, certain aspects of this and similar 

studies are noteworthy. In the southwestern United States porphyry cop

per districts, the recognition of fracture styles which vary from the re

gional Laramide fracture pattern as being viable for ore-grade minerali

zation should be considered in evaluation of potentially mineralized 

systems. Structural analysis of mesoscopic structural data could prove • 

to be a useful and inexpensive means of delineating potential targets es

pecially if directionally indicative fracture patterns, such as radial 

and concentric fracturing, are discovered.

An area of future study of the development of the Oxide pit hy

drothermal system would be to trace fracturing, alteration, and mineral

ization in the alaskite or quartz monzonite porphyry west of the Oxide 

pit. The results of such a study would be compatible with the data pre

sented here and would allow comparison with the work of Kanbergs (1980) 

on the El Tiro pit.
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