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ABSTRACT

This study focuses on the style and distribution of mineralized 

fractures as they extend away from the center of the El Tiro porphyry 

copper deposit. Fracture density, mineralogy, filling temperatures, and 

orientations in Mesozoic-age alaskite wall rock were investigated in the 

context of their temporal and spatial evolution.

Vein paragenesis within the periphery consists of early chlorite- 

biotite, followed by K-feldspar-quartz, quartz-epidote ± plagidclase, 

quartz-chlorite, and volumetrically prominent barren quartz. Integrated 

fracture density is highest in the ore body and decreases systematically 

away from the ore center. The edge of the porphyry system is character

ized by areas of intensely fractured rock adjacent to relatively unfrac

tured domains. Propylitic veins and quartz veins are predominantly 

restricted to the periphery and coincide with an arcuate fracture pat

tern concave toward the ore body.

The peripheral fracture patterns were likely controlled by the 

structural setting and interplay of local and regional stress fields. 

Fracture orientations within the ore body more closely mirror the re

gional east-northeast stress direction. It is suggested that stresses 

associated with intrusion and cooling of a Laramide-age quartz monzonite 

porphyry stock, central to the ore system, strongly shaped fracture 

style, density, and orientation at the periphery.

x



INTRODUCTION

Statement of Problem

The fracturing of rock in porphyry copper deposits has long been 

recognized as being an extremely important control in the localization 

and geometry of these ore bodies (Ransome, 1919; Lindgren, 1933; 

McKinstry, 1955). The overall structural framework of many of these de

posits has been well documented. However, few data are available on the 

style and distribution of mesoscopic fractures peripheral to the ore 

bodies. Stocks which are generally central to the ore body appear to 

have provided most of the driving energy to break wall rock and create 

permeability (Knapp, 1978). Gangue and ore components are thought to be 

transported by hydrothermal convection through fracture-permeable rock, 

possibly from source regions several kilometers distant from the ore 

center (Norton, 1979). Therefore, the overall understanding of fractur

ing in the periphery of known ore deposits will provide data potentially 

useful in exploring for hidden ore bodies.

Geography

The Silver Bell mining district is situated about 35 miles 

northwest of Tucson, Arizona, in the north-central part of Pima County 

(Figure 1). The district lies on the southwestern flank of the Silver 

Bell Mountains and presently contains two productive porphyry copper de

posits, the El Tiro and Oxide, owned and operated by ASARCO, Incorporat

ed. The study area includes the west end of the El Tiro Pit as well as

1
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Figure 1. Index Map Showing Location of the Silver Bell District.
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areas west and southwest. It is an irregularly shaped region of about 
23 km as shown in Figure 2. The region generally slopes westward with 

elevations ranging from 850 m in the east to 730 m in the west. Topo

graphic relief is moderately rugged to rolling, characterized by well- 

developed westward drainages. Alluvium and mine dumps cover 

approximately 40% of the study area.

Scope and Method of Study

The only previous study which characterizes the nature of frac

turing as it extends away from a porphyry copper ore body was by Haynes 

and "Titley (1979) at Sierrita. In the present study, collection of 

field data involved geologic mapping and detailed measurement and in

spection of mineralized fractures. Temperature data were obtained 

through fluid inclusion studies in the laboratory. Additional labora

tory work consisted of slab and petrographic examination of rock and 

vein specimens.

The collected data were used for interpretation of the temporal 

and spatial evolution of fracturing of the porphyry system. Fractures 

mineralized by hydrothermal solutions were grouped according to distinc

tive mineral assemblages, regardless of the mechanical origin of the 

fractures. In this study, the term vein alteration assemblage or vein 

alteration refers to the mineral assemblage of fracture filling and in

cludes the description of altered minerals in the vein or wall rock ad

jacent to the vein. By inspection of crosscutting mineralized fractures, 

a vein alteration paragenesis was determined. The areal extent of vein 

alteration type in conjunction with its relative age permitted



Figure 2. Index Map of Field Area and General Geologic Map of the Silver Bell 
District. —  After Galey (1979).



5
determination of temporal and spatial evolution of fracturing. Fracture 

density and orientation were also determined for veins of different ages. 

Fracture density is expressed as the cumulative length of mineralized 

fractures divided by the area of the sample square (Figure 3). Its 

units are reciprocal centimeters and it is an approximation of the rela

tive fracture permeability. Vein orientations provided data for inter

pretation of the structural evolution of the porphyry system. For use 

in final interpretations, regional geologic background information was 

compiled and the study area, excluding the pit, was mapped at a scale of 

1:4800.

General Geology and Structure

Geologic investigations in the Silver Bell district have been 

conducted by a number of authors (Stewart, 1912; Kingsbury, Entwistle, 

and Schmitt, 1941; Kerr, 1951; Richard and Courtrigfrt, 1954, 1966;

Watson, 1964; Cummings, 1973; Davis, 1977; Galey, 1979; Graybeal, in 

press).

Figure 2 is a geologic map of the Silver Bell district from 

Galey (1979). Lithologies are primarily Mesozoic and Cenozoic crystal

line and sedimentary rocks. The study area is an exposure of an alask- 

ite pluton, which intrudes Mesozoic clastic rocks (Richard and 

Courtright, 1966). The alaskite is earlier and unrelated to ore- 

associated monzonite to quartz monzonite porphyry stocks of Laramide age 

which flank it to the east.

The profound west-northwest to northwest structural grain of the 

district, defined by shapes of plutons and contact geometries (Figure 2),
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Figure 3. A Typical Sample Station Illustrating Method for Collection 
of Fracture Data. —  The sample square is generally 50 x 50 
cm, marked by a black felt-tipped pen line. Mineralogy, 
length, crosscutting relationships, and orientation of each 
vein or veinlet is recorded.
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is believed to be the result of a linear basement weakness which guided 

intrusion of the alaskite and subsequent Laramide plutons (Richard and 

Courtright, 1966). Several other important structural directions exist 

in the district. A set of high-angle, north-south to north-northeast 

faults, including the Atlas, Barite, and Mammoth Faults (Figure 2), are 

major structures in the northern part of the district. Latest movement 

on these faults is vertical and as young as mid-Tertiary (N. Joseph, 

personal communication, 1980). Most of the dikes associated with Lara

mide plutons and many small faults trend east-northeast. The dikes are 

most abundant in the central and eastern parts of the district and are 

especially abundant just east of the Oxide and El Tiro Pits.

The statistical studies of fracture orientations in Laramide 

stocks of southern Arizona (Rehrig and Heidrick, 1972, 1976) established 

that dikes, veins, joints, and elongate stocks of that age are preferen

tially oriented east-northeast ± 20°. This pattern was interpreted as 

the product of major crustal extension and differential uplift achieved 

under the influence of weak lateral compression directed east-northeast 

± 20°. Rehrig and Heidrick also noted that the productive stocks ac

tually displayed more complex fracture patterns, which were interpreted 

as the result of superimposed radial and concentric patterns on the re

gional stress field.



SPECIFIC GEOLOGY, VEIN 
ALTERATION AND PARAGENESIS

Geology and Results 
of Field Mapping

The alaskite is a medium- to coars ely-equigranular intrusive rock 

of granitic to quartz monzonitic composition with a trace to 2% biotite. 

Everywhere within the study area the alaskite is at least slightly hydro- 

thermal ly altered. K-Ar age dating of the alaskite has proved to be un

successful (Mauger, 1966), but according to Mauger the alaskite intrudes 

probable lower Cretaceous arkose and is cut by Laramide-age plutons. An 

irregularly shaped aplite mass in the north-central part of the field 

area (Figure 4, in pocket) was delineated during field mapping. The 

aplite is assumed to be a late phase associated with the alaskite, and 

may "bottom-out’1 in alaskite, as suggested by several flat contacts seen 

between underlying alaskite and overlying aplite. Numerous small aplite 

dikes penetrate the alaskite throughout the study area.

Contact relationships between the alaskite and surrounding rocks 

are relatively simple. The western contact, between the alaskite and 

Mesozoic sediments, is a steeply dipping intrusive contact generally 

conformable to the northwest strike and southwest dip of the Mesozoic 

sediments. To the east of the study area, as exposed in the El Tiro 

Pit, the contact between the alaskite and El Tiro quartz monzonite stock 

trends northwest and dips steeply to the southwest. Mauger (1966)

8



reports a K-Ar age of 65.5 ± 2 m.y. from biotite in quartz monzonite at 

the El Tiro Pit.

No major faults were noted in the field area. Several small, 

northeast-trending faults offset the alaskite-Mesozoic sediment contact 

and display apparent right-lateral offset.

Results of mapping (Figure 4) show a distinct peripheral struc

tural zone of high-angle fractures which define an arcuate pattern con

cave toward El Tiro Pit. The arcuate pattern is composed of steeply 

dipping granodiorite to quartz monzonite dikes, very prominent barren, 

milky quartz veins (Figure 5), and subordinate plagioclase replacement 

veins. The structural zone is approximately 500-850 m wide and is

marked by discontinuous breaks. Its eastern border is approximately
*

850 m west of the inferred center of economic mineralization. East of 

this zone, monzonite dikes and larger veins generally trend northeast.

Description of Zoning

Previous workers have shown that the El Tiro mineralization has 

a potassic-altered core surrounded by a propylitic-altered fringe zone 

with both zones locally overprinted by late phyllic alteration (Galey, 

1979; Graybeal, in press).

For convenience in later description of vein alteration and 

structural relationships, the study area was divided into three concen

tric domains. From the periphery to the center of economic mineraliza

tion, these domains are respectively termed the Peripheral Zone, 

Intermediate Zone, and Ore Zone (inset, Figure 4). The Peripheral Zone 

consists of the arcuate breaks and accompanying propylitic

9
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Figure 5. A Large Quartz Vein in the Peripheral Zone Mapped as an Ele
ment of the Arcuate Fracture Pattern. —  Top photo is taken 
looking west. The bottom photo is the same vein as veiwed 
southeast along strike.
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mineralization. This zone has a very low total sulfide content. The 

Intermediate Zone is characterized by lack of propylitic vein altera

tion, by eastward-trending fractures, by higher sulfide content, and by 

superposition of phyllic alteration on earlier potassic alteration. The 

Ore Zone is characterized by fracture-icontrolled copper-molybdenum min

eralization, by well-developed potassic alteration, and by local strong 

phyllic alteration.

Vein Alteration

Vein alteration in porphyry copper systems is the result of com

plex mechanical and hydrothermal processes. The fracturing of wall 

rocks during cooling of ore-related plutons is interpreted to be a con

tinuing process and occurs repeatedly during the life of the hydrotherm

al system. Each set of fractures which opens is filled by a mineral 

assemblage deposited from hydrothermal solutions at existing physical- 

chemical conditions. The result of continuous fracturing and evolving 

physical-chemical conditions is the creation of complex and often dense

ly fractured rock characterized by crosscutting veins and veinlets with 

different mineral assemblages.

The mineralized fractures range in type from simple fracture

filling containing one or two minerals to complex vein alteration assem

blages. These latter assemblages are often alteration products of 

earlier deposited minerals which have been exposed to later hydrothermal 

solutions. The actual vein appearance is a function of the stress his

tory responsible for fracturing, physical properties of the host rock,



and initial fracture mineralization and subsequent mineralization- 

alteration.

Figure 6 contains a series of drawings illustrating some impor

tant end-member vein alteration styles observed in the study area. The 

term selvage refers most commonly to a zone of hydrothermally altered 

wall rock adjacent to the vein wall (Figure 6F) or to a distinctive min

eral band along a vein wall, not affecting the wall rock (Figure 6E). 

Complex vein morphology, characterized by Figure 6C, 6D, and 6E, is gen

erally interpreted as evidence for reopening of veins. Reopening allows 

deposition of new minerals or alteration of existing minerals.

Peripheral Zone

Vein alteration in the Peripheral Zone is typically thin and dis

continuous. Fractures are commonly anastomosing and display variations 

in thickness (Figure 7). The majority of veinlets have thicknesses on 

the order of one to five millimeters. The early veins appear to be pre

dominantly fracture-filling rather than replacement features and gener

ally have no alteration selvages. The later veins tend to be more 

persistent, straighter, and thicker. The following vein descriptions 

are listed in paragenetic order.

Chlorite-biotite. Chlorite-biotite veins are not volumetrically 

important, but they do constitute the earliest vein mineralogy observed. 

At two sites, 1.5 and 1.4 km from the ore center, sharp-walled but sinu

ous dark veinlets less than 0.5 mm thick were observed to be cut by K- 

feldspar-quartz veins. Thin section study revealed that the dark

12
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Figure 6. Various Vein Alteration Styles Found in Field Area. —  (A) Plain fracture or fissure 
filling; (B) disseminated mineralization in a vein matrix which is generally composed 
of one mineral; (C) irregular bands and patches, generally one mineral, in vein ma
trix; (D) vein center line filling, generally one mineral surrounded by vein matrix; 
(E) vein wall selvage (alteration does not affect wall rock); (F) wall rock replace
ment selvage (alteration of wall rock is fracture-controlled).
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Figure 7. An Example of a Braided and Anastomosing Vein Set in the
Peripheral Zone. —  The borders of the vein set are marked 
by dashed lines. This particular vein contains a quartz- 
chlorite assemblage. Field of view is approximately 30 cm.
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veinlets contain partially to completely chloritized biotite with minor 

interstitial quartz, K-feldspar, and sulfides. Thus, while the assem

blage now is chlorite plus minor biotite, it is believed that biotite 

was deposited originally and later partially or completely altered to 

chlorite.

In the Ore Zone, thin vein biotite followed by biotite- 

chalcopyrite and quartz-biotite-chalcopyrite ±: pyrite are the earliest 

reported vein assemblages (Graybeal, in press).

K-feldspar-quartz±limonite. K-feldspar-quartz veins are some

what more abundant than chlorite-biotite veins, but still compose only 

a small fraction of all veins. The alaskite is a poor recorder of po- 

tassic alteration, and the felsic character of this rock type impedes 

identification of K-feldspar veins. Typically, veins of this type are 

found to be thin and discontinuous, generally less than two millimeters
f

thick and fairly sharp-walled with no observable selvage. The veins 

contain microscopic grains of quartz and K-feldspar in about equal pro

portions. The assemblage occurs occasionally as a combination of a 

quartz vein matrix with irregular bands and stringers of mesoscopic K- 

feldspar. Minor brown to red-brown limonite is associated with some of 

the veins as diffuse staining or small patches presumably after sulfides 

or magnetite.

Barren Quartz and Related Veins. Barren milky to gray or clear 

quartz veins are by far the most abundant vein type in the Peripheral 

Zone. These veins are gradational compositionally with quartz-chlorite
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and quartz-iron oxide veins; however, the latter veins are distinguished 

as separate vein alteration types.

The thickest quartz veins approach widths of six meters. The 

thicker veins are part of the arcuate fracture pattern. Locally, up to 

four distinctive stages of silica vein filling and/or wall rock replace

ment are associated with the arcuate veins. They are therefore classi

fied as compound veins. Away from the centers of many of the veins, 

which consist of massive quartz, wall rock may only be partially silici- 

fied. It is usually ribboned by small quartz veins and veinlets gener

ally oriented at oblique angles to the strike of the main feature.

Along the strike of these quartz veins, local secondary sodic plagio- 

clase and epidote occur within the silicified alaskite wall rock.

Elsewhere, other quartz veins are thin, generally less than one 

centimeter thick with sharp vein walls and no visible selvage. Some of 

the earlier quartz veins contain minor hematite, most often as fine dis

seminations, giving the vein a light pink to red color. In the later 

quartz veins, limonite, which is locally jarositic and probably after 

pyrite, occurs sporadically as patches and stringers.

Quartz-epidote±Plagioclase and Related Veins. The quartz- 

epidotetplagioclase veins are volumetrically unimportant, but distinctive 

paragenetically. Two end-member vein types are noted. The most common 

type is a fairly planar vein with sharp walls. The vein rarely exceeds 

two millimeters in width and is composed of quartz with epidote dissemi

nations, and locally epidote vein wall selvages with quartz center
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lines. The second type of vein consists of a planar hairline quartz- 

epidote center with a wall rock replacement selvage of plagioclase feld

spar up to two centimeters wide. Minor, disseminated red hematite 

and/or limonite is associated with some of the former veins.

PlagioclasA alteration is also manifested by distinctive 

fracture-controlled replacement veins up to 6 m wide. These features 

are traceable for strike lengths up to 200 m. Orthoclase is pervasively 

altered to plagioclase, giving the rock a unique bleached appearance.

Only interstitial quartz remains unaltered. Frequently, within and par

allel to these veins are fine veinlets (generally less than 0.5 mm) of 

white plagioclase and/or quartz-epidote, suggesting that wall rock re

placement was fracture-controlled.

Quartz-chloritetEpidote. Quartz-chlorite veins are distinguished 

from earlier chlorite-biotite veins by their wider aperture and abundant 

quartz. Veins are generally less than 1 cm wide, but may be up to 20 cm 

wide. The veins typically have a green tinge and are predominantly fis

sure fillings of gray to milky gray quartz with generally less than 1% 

disseminated chlorite, identified petrographically as pennine and dis

seminated epidote. Commonly the chlorite occurs as a vein wall selvage 

accompanied by a quartz center line filling. Many of the veins contain 

a fine dusting of microscopic subhedral magnetite. Locally limonite af

ter sulfides or magnetite occurs within veins as irregular mesoscopic 

disseminations. Quartz-chloriteiepidote veins locally contain dissemi

nated sericite, in one specimen volumetrically equal to the chlorite.
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Many of the veins are breccia veins and contain fragments of 

wall rock plagioclase partially replaced by K-feldspar.

Intermediate Zone

Veins of the Intermediate Zone are more persistent and straight- 

er than those of the Peripheral Zone. Veins here are slightly thicker 

than in the Peripheral Zone, excluding the thick veins of the arcuate 

set. No chlorite-biotite, quartz-chlorite, or quartz-epidote+plagio- 

clase veins extend into the Intermediate Zone. However, up to three- 

meter wide northeast-trending veins of replacement plagioclase were 

observed occasionally. K-feldspar-quartz veins display thin quartz 

center lines and K-feldspar wall rock replacement selvages up to two 

centimeters wide. Barren quartz veins are also present in the Interme

diate Zone but in minor quantities.

Quartz-sericite-limonite/Pyrite and Related Veins. Quartz- 

sericite-limonite/pyrite veins consist of fracture fillings of a milky 

quartz, often dusted by generally microscopic sericite, with pyrite 

and/or limonite center lines or vein wall selvages. Sericite wall rock 

replacement selvages are common, varying in width from less than one 

centimeter to pervasive replacement of all feldspars between veinlets 

where veining is intense.

Ubiquitous limonite veins occur in the outer part of the Inter

mediate Zone. These features are simple, thin and straight, limonite- 

and hematite-filled fractures and are volumetrically the most important



fracture filling in the Intermediate Zone. The limonites in the sam

pled veins were inferred to be indigenous after pyrite.

Ore Zone

Among the three zones, veins of the Ore Zone are by far the most 

persistent and straight. For details of vein alteration and paragenesis 

in the El Tiro Pit, the reader is referred to Graybeal (in press). The 

emphasis of the present study was to determine the basic vein types, 

fracture density, and vein orientations within the alaskite of the Ore 

Zone. Although supergene effects are still present on the 2450 ft level 

of the El Tiro Pit, four basic vein types were distinguishable. The 

vein types are K-feldspar-quartz ± sulfides, clay-sericite ± sulfides, 

quartz-sulfides ± sericite, and quartz-molybdenite ± K-feldspar.

Vein Paragenesis

Figure 8 summarizes the vein alteration paragenesis and the rel

ative abundance of vein types. Vein abundance was determined by simply 

counting the number of observed veins of each vein type. The total 

study compares approximately 1200 veins. It can be noted from Figure 8 

that certain minerals or mineral assemblages overlap in time.

Chlorite-biotite and K-feldspar-quartz vein alteration are de

fined as the potassic vein assemblage. Quartz-epidote and quartz- 

chlorite veins are interpreted as the conventional propylitic assemblage. 

The quartz-sericite-limonite/pyrite veins and indigenous limonite veins 
are grouped as the phyllic assemblage.

19
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VEIN ALTERATION PARAGENES1S

Mineral
Assemblag

Decreasing Age 

------------------->

Bio—Chlor

Kspar-Qtz

Epi-Qtz ± 
Flag

Qtz

Qtz-Chlor

Otz-Seric-
Py

Figure 8. Vein Alteration Paragenesis. —  Width of line denotes rela
tive abundance of vein type. The widest part of each line 
corresponds to the actual number of observed veins. Approxi
mately 600 quartz veins were observed out of 1200 total 
observations.
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.The interpretation of vein paragenesis, as shown in Figure 8, 

was aided and supported by fluid inclusion data and time-dependent frac

ture orientation trends as presented in later chapters. Interpretation 

of the early paragenetic sequence was hindered by the small number of 

potassic veins. The determination of paragenesis among the potassic 

assemblages incorporated observations from approximately five well- 

exposed crosscutting relationships. Approximately ten crosscutting re

lationships were available for determination of paragenesis between the 

propylitic and potassic assemblages. The paragenetic position of pro- 

pylitic veins and quartz veins was based on a greater number of observa

tions. Almost all thin quartz veins clearly post-date the propylitic 

veining event.

In summary, a weakly developed chlorite-biotite ± quartz ± sul

fide assemblage is the earliest, overlapped and followed by a K-feldspar- 

quartz assemblage. Quartz-epidote ± plagioclase directly follows but 

does not overlap with the K-feldspar-quartz vein assemblage. An in

crease in silica deposition is indicated by appearance of quartz- 

chlorite veins which slightly overlap with the epidote assemblage. 

Deposition of thin barren quartz veins follows and is mineralogically 

and probably temporally gradational with the quartz-chlorite deposition.

A continuously evolving hydrothermal system is indicated by the data.

The paragenetic position of the wider arcuate set of quartz 

veins was harder to ascertain. No clear crosscutting relationships with 

the other alteration types were found. However, the close association 

of wall rock silicification with propylitic wall rock alteration



adjacent to some of the thick quartz veins, in conjunction with fluid 

inclusion data presented in the next chapter, suggests that quartz was 

deposited in the arcuate breaks during propylitic vein alteration.

Quartz-sericite-limonite/pyrite veins have been shown to be as

sociated with late stages of hydrothermal activity by Galey (1979) and 

Graybeal (in press). The propylitic vein assemblages are restricted to 

the Peripheral Zone and do not occur in areas marked by intense phyllic 

alteration. No crosscutting relationships were observed between the 

propylitic veins and the phyllic veins. Some quartz-sericite-limonite/ 

pyrite veins cut barren quartz veins. The overlap of these latter two 

vein alteration assemblages, as shown in Figure 8, is based on fluid in

clusion studies which show lower filling temperatures for some of the 

barren quartz veins.
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FLUID INCLUSION STUDIES

Introduction

Cooling plutons are visualized as heat sources providing energy 

to drive convecting hydrothermal solutions in pluton and wall rock 

(Norton and Knight, 1977). The temperatures and salinities of some of 

these solutions may be measured from fluid inclusions found in fracture 

fillings (Nash, 1976). In conjunction with a vein paragenesis, further 

evolutionary aspects of porphyry systems can be studied through fluid 

inclusion analysis.

The field work yielded five usable samples from the Peripheral 

Zone. Sample locations and distance from the inferred ore center are 

shown in Figure 9. The vein assemblages examined were clear quartz from 

a K-feldspar-quartz vein (S-402), quartz from a quartz-sericite vein 

with minor limonite (S-386), quartz from a quartz-chlorite-epidote vein 

(S-375), quartz from an arcuate barren quartz vein (S-390), and cloudy 

and clear quartz from a quartz-epidote-plagioclase assemblage adjacent 

to a thick, arcuate quartz vein (S-137).

Fluid Inclusion Types

All but one of the 290 usable inclusions are liquid-rich. Type I 

inclusions (moderate salinity— no daughter minerals) with a small vapor 

bubble as classified by Nash (1976). One Type II vapor-rich inclusion 

was noted in sample S-137. No Type III inclusions with salt daughter 

minerals were found. The bulk of inclusions in samples S-402, S-375,

23
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Figure 9. Fluid Inclusion Sample Locations. —  Nunbers in parentheses 
denote distance in kilometers from the inferred ore center.
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and S-386 are secondary using criteria established by Roedder (1967).

The usable inclusions generally ranged from 1.5 to 5 y. Inclusions in 

S-390 were also very small, but appeared to be primary. The fluid in

clusions of S-137 are quite exceptional due to their large size (to 66 y " 

long) and perfect primary characteristics (Figure 10).

Homogenization Temperatures

Histograms of homogenization temperatures for all samples except 

S-137 are shown in Figure 11. The diagonally shaded areas diagram the 

position and quantity of inferred primary inclusions and represent the 

filling temperature range for the particular alteration assemblage. 

Filling temperatures for K-feldspar-quartz range from 290 to 350°C; for 

quartz-chlorite, from 240 to 290°C; for quartz-sericite-limonite, from 

250 to 330°C; and for barren quartz, 150 to 290°C.

The secondary inclusions display a distinct grouping at a tem

perature range of 150-250°C, with peaks at 210-230°C in samples S-402 

and S-386. The secondary inclusions of S-375 have a sizeable grouping 

between 210 and 230°C, but a maximum frequency between 170 and 190°C.

The 150-230°C range of primary inclusions in S-390 is strikingly similar 

to the pattern of secondary inclusions in S-375.

The assemblage quartz-epidote-plagioclase-limonite occurs as an 

outcrop 3 m wide by 6 m long, adjacent and subparallel to a major arcu

ate, barren quartz vein. The minerals have grown in a centrosymmetric 

zone pattern with an epidote center, grading outward into a plagioclase- 

quartz and quartz-plagioclase zone which is surrounded by late vug fill

ings of clear quartz. Open vugs remain and are dusted by limonite.
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*

Figure 10. A Type I Primary Fluid Inclusion from Sample S-137. —  The 
length of the inclusion is 39 y. It is located in clear 
quartz.
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Figure 11. Histograms Showing Homogenization Temperatures for Samples 
S-402, S-375, S-386, and S-390. —  Shaded area represents 
filling temperatures of primary inclusions.
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Figure 12 is a histogram of homogenization temperatures from S-137. 

Primary inclusions associated with quartz-plagioclase have filling tem

peratures in the high 200°C to low 300°C range. Late quartz-filling 

temperatures have a range from approximately 140 to 250°C.

Salinities

Because of the small size of most fluid inclusions, fluid salin

ities derived from freezing point depressions were difficult to obtain.

A total of 24 inclusions yielded usable data and include 3 to 6 salini-r 

ties from each sample. The freezing point depressions were converted to 

weight percent NaCl using formulas from Potter, Clynne, and Brown (1978) 

and are reproduced as a composite histogram in Figure 13. Salinities 

ranged from 1.6 wt % (weight percent) NaCl to 11.8 wt % NaCl, with a 

mean of 5.8 wt % NaCl. No distinct mineral assemblage contains a unique 

salinity range. Therefore, the histogram represents the general charac

ter of hydrothermal solutions within the Peripheral Zone, excluding 

early chlorite-biotite veins, which were not tested. In sumaary, the 

bulk of hydrothermal solutions in the Peripheral Zone were of moderate 

to low salinity, regardless of their temporal position.

Pressure Corrections

Using stratigraphic reconstruction, Graybeal (in press) esti

mated a maximum cover of 6000 ft (1800 m) above current exposures in the 

El Tiro area during the time of mineralization. This would yield ap

proximate pressures of 180 bars, assuming a hydrostatic condition, or 

600 bars under a lithostatic load.
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Figure 12. Histogram Showing Homogenization Temperatures for Sample 
S-137. —  Shaded area represents filling temperatures of 
primary inclusions.
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Figure 13. Composite Histogram from 24 Fluid Inclusions of Various 
Alteration Assemblages Showing Weight Percent NaCl.
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Table 1 summarizes the observed filling temperature ranges, as

suming lithostatic conditions. The maximum temperature of hydrothermal 

solutions in the Peripheral Zone was about 400°C. Even if pressure cor

rections shifted the absolute temperature ranges upward by 40 or 50°, 

the relative position of peaks would stay constant owing to similar sa

linities between samples.

Interpretation and Summary

A lack of major thermal gradients between synchronous veins was 

presumed. Therefore, the reported filling temperature from a selected 

vein sample is believed to represent the thermal character of all syn

chronous veins of the same vein alteration type. Also, it was assumed 

that the fluid inclusion data mainly represent thermal events associ

ated with the evolution of the porphyry copper system in the El Tiro 

area. The following final conclusions are made from the data.

1. Vein-filling temperatures indicate that hydro thermal solutions 

decreased in temperature with time ranging from a maximum of 

about 330-400°C for K-feldspar-quartz veins to a minimum record

ed temperature of about 150°C for late, barren quartz. Uncor

rected maximum filling temperatures within the Ore Zone are 

344-394°C (Galey, 1979) suggesting a temperature gradient of 

only 40-50°C per kilometer during the K-feldspar-quartz altera

tion event.

. The hydrothermal solutions were all of low to moderate salinity. 

Type I inclusions are commonly associated with propylitic or

2



Table I. Vein-filling Temperature Ranges Including Lithostatic Condition Pressure 
__________ Corrections. —  Assumed lithostatic pressure of approximately 600 bars.

Sample
Number

Distance from 
Ore Center

Vein Alteration 
Assemblage

Temperature 
Range (°C)

Pressure-corrected 
Maximum Temperature

( ° c )
S-402 1.7 km Kspar-qtz 290-350 340-400

S-375 1.5 km Qtz-chlor-ep 240-290 280-340

S-386 1.3 km Qtz-seric-lim 250-330 290-370

S-390 1.3 km Barren quartz 150-290 190-340
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phyllic alteration (Nash, 1976). However, they may also repre

sent an important ore-depositing fluid in the center of porphyry 

systems (Preece, 1979; Reynolds and Beane, 1979).

3. Primary inclusions in barren quartz in the range of 150-230°C 

match well with the large secondary inclusion population found 

in other samples and suggest that these secondary inclusions are 

associated with a thermal event contemporaneous with barren 

quartz deposition.

4. The thermal ranges of the quartz-sericite-limonite and barren 

quartz-filling temperatures overlap, but the latter event has 

the lower temperature, suggesting that some quartz veining con

tinued after phyllic alteration.

5. The arcuate barren quartz veins are associated with thermal 

events ranging from 140-330°C. In S-390, a peak of primary in

clusions ranging from 250-270°C was found together with primary 

inclusions in the range 150-230°C, suggesting reopening of the 

vein. The fluid inclusion data support an interpretation of 

these veins as being long-standing and complex in their

formation.



FRACTURE DENSITIES

Introduction

Fracture density values were collected at sample locations be

lieved to represent typical or average areas of fractured rock. Within 

a particular outcrop, the sample square was visually selected to repre

sent an average fracture density of that area. Lateral fracture density 

variations across the system are viewed essentially on one horizontal 

level, and the approximate 120 m vertical drop across the system is con

sidered negligible.

Integrated Fracture Densities

Integrated fracture density refers to the fracture density value 

derived from the summation of the lengths of all mineralized fractures 

within a sample square. The areal distribution of these values is shown 

in Figure 14. At the edge of the porphyry system fracturing is non- 

uniform. Domains of high fracture density are juxtaposed against do

mains of relatively unfractured rock. The domains of fractured rock are 

roughly elongated northwest, parallel to a regional structural grain. 

Also, a dramatic drop in fracture density occurs within the aplite body 

and in the alaskite north of the aplite.

The mean integrated fracture density was obtained by taking the 

arithmetic mean of integrated values from individual sample stations 

within a defined sample domain. Overall, consistently fractured rock 

with a mean integrated density of approximately 0.05 cm-1 extends out

34
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Figure 14. Map Showing Areal Distribution of Integrated Fracture Den
sity Values.
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from the mineralization center to about 1.2 km. However, one

embayment-like domain of alaskite with fracture densities of less than

0.05 cm-^ exists within 0.9 km of the mineralization center.

Mean integrated fracture density on the 2550 ft level of the El 

Tiro Pit in phyllically altered alaskite is 0.13 cm"*̂ . Nearly all mea

sured fractures on the 2550 ft level were quartz-sericite-pyrite veins. 

Fracture measurements at the bottom of the El Tiro Pit (2450 ft level) 

in potassically altered alaskite reveal a mean integrated fracture den

sity of 0.21 cm~^ and compare well with a mean integrated fracture 

density of 0.21 cm-'®" in the adjacent quartz monzonite porphyry (Norris, 

1979). The above densities may be somewhat lower than the actual value 

for all hypogene veins because of masking of weak or susceptible veins 

by supergene effects. The most striking aspect of fracturing within 

the central portions of the system is the widespread and uniform charac

ter of fractured rock.

Fracture Density versus Distance

Integrated Values

Figure 15 is a graph of mean integrated fracture density plotted 

against distance from the inferred mineralization center. Station 

points were plotted on a base map, and concentric circles with success 

sive radii 200 m apart were drawn around the inferred mineralization 

center (Figure 14). The solid points represent the mean integrated 

fracture density from a group of stations within a 200 m segment. The
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Figure 15. Graph of Mean Integrated Fracture Density Plotted against Distance from the Ore 
Center. —  Solid circles represent the mean density value with the number by the 
circle denoting the number of stations used. Vertical bars represent the range of 
fracture density within the particular measurement area. ~u
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vertical bars represent the range of measured values within a segment.

The range is extreme and is best explained by the tendency of fractures 

to occur in swarms separated by unfractured rock. Individual swarms may 

be narrow, on the order of 1 m, or very wide, up to and exceeding 50 m. 

All vein mineralogies display some tendency toward this fracture style, 

but swarms are especially prominent in quartz-chlorite, quartz, and 

quartz-sericite-limonite/pyrite veins. The latter assemblage generally 

has the widest swarms.

The first two sample intervals, closest to the mineralization 

center, include measurements from the 2550 ft level and are probably low 

because supergene effects obliterate much primary veining. It may be 

that fracture density remains constant over the first 0.6 km away from 

the mineralization center. A steep drop in fracture density from 0.6 km 

to about 1.2 km is manifested by a decrease of about 0.02 cm-*' per 100 m. 

Nearly constant density values of approximately 0.09 cm-"*- characterize 

the interval from 1.2 km outward to 1.8 km. From 1.8 km westward, the 

values again drop with the furthest western sector registering a mean 

integrated fracture density of 0.07 cm-\

Summary. Relevant at this time are the following conclusions 

regarding spatial character of integrated fracture densities:

1. Fracture density values decrease systematically outward and 

westward from the mineralization center. Mean values in the 

Ore Zone are approximately 0.21 cm in the Intermediate Zone, 

0.15 cm and in the Peripheral Zone, 0.097 cm-\  These

i
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I

values are within the range observed at other porphyry deposits 

(Haynes and Titley, 1979).

2. Fracturing is consistent and uniform in the pit, but in periph

eral areas it tends to degrade into domains of fractured and 

unfractured rock.

3. Fracture-controlled permeability in the total system is non- 

symmetrical around the ore center. It appears to be anisotropic 

with possible northwest- and northeast-trending channelways.

Specific Vein 
Alteration Assemblages

The fracture density of specific vein alteration assemblages was 

obtained from individual sample stations. The arithmetic mean of all 

such specific values provided mean fracture density values for specific 

vein alteration assemblages. These mean fracture densities are listed 

in paragenetic order in Table II. From the table, it is evident that 

fracture density increases through time from values in the 0.03-0.04 cm""" 

range for early potassic assemblages to values of 0.1 cm- "̂ for late 

phyllic veins.

The areal distribution of specific vein-type fracture densities 

is shown in the following sections. This will be followed by a synthe

sis and summary of the important spatial-temporal, and thermal relation

ships among the various vein alteration assemblages.

Potassic Vein Assemblages. Chlorite-biotite veins were observed 

only at 12 stations. Graphic methods are not statistically applicable



Table II.Table II. Mean Fracture Densities of Specific
Vein Alteration Assemblages. —  Illus
trates a general increase of fracture 
density through time.

Vein Alteration Assemblage
Fracture Density 

cm"1
POTASSIC

biotite-chlorite-quartz .04

K-feldspar-quartz .03

PROPYLITIC
quartz-epidote±plagioclase .04

quartz-chloritetsericite .07

Barren quartz .08

PHYLLIC
quartz-limonite .06

quartz-sericite-limonite .07

limonite .10
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to this small sample number. The majority of stations containing this 

assemblage are between 1.5 and 1.8 km from the mineralization center.

Fracture density of the K-feldspar-quartz assemblage decreases 

rather uniformly from the pit center outward, from high values of 0.08 

cm~^ to a low value of 0.02 cm ^ in the western part of the study area 

(Figure 16). The distance versus fracture density plot has the gentlest 

slope of all such profiles and displays a decrease of about 0.004 cm-^ 

per 100 m. Figure 17 shows that the areal distribution of this assem

blage is quite sporadic in the Peripheral Zone. In the Intermediate 

Zone, where phyllic alteration is not strong, K-feldspar-quartz veining 

is locally well-preserved with fracture densities of slightly over

0.05 cm-"*-.

Propylitic Vein Assemblages and Quartz Veins. To show patterns 

associated with the conventional propylitic assemblages, the combined 

quartz-chlorite and quartz-epidote fracture density values were plotted 

against distance from the ore center (Figure 18). Mean or average den

sity values increase from less than 0.04 cm“^ to a high of about 0.07 

cm”^ at 1.8 km and then decrease to values under 0.05 cm~^ at the west

ern edge of the field area. Figures 19 and 20 are similar plots but 

display only data from quartz-epidote and quartz-chlorite veins, re

spectively. The patterns of distribution are repeated with the quartz- 

chlorite assemblage. The quartz-epidote veins, however, display a • 

rather flat slope profile.
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Figure 16. K-feldspar-quartz Fracture Density versus Distance from the Ore Center. —  Solid
circles represent the mean density value with the number by the circle denoting the
number of stations used. Vertical bars represent the range of fracture density
within the particular measurement area.
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Figure 17. Map Showing Areal Distribution of K-feldspar-quartz 
Fracture Density Values.
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Figure 18. Combined Quartz-chlorite and Quartz-epidote Fracture Density versus Distance from the
Ore Center. —  Solid circles represent the mean density value with the number by the
circle denoting the number of stations used. Vertical bars represent the range of
fracture density within the particular measurement area.
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Figure 19. Quartz-epidote Fracture Density versus Distance from the Ore Center. —  Solid circles

represent the mean density value with the number by the circle denoting the number of
stations used. Vertical bars represent the range of fracture density within the par
ticular measurement area.
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Figure 20. Quartz-chlorite Fracture Density versus Distance from the Ore Center. —  Solid circles

represent the mean density value with the number by the circle denoting the number of
stations used. Vertical bars represent the range of fracture density within the par
ticular measurement area.
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The areal distribution of fracture density of the combined pro- 

pylitic vein assemblages is shown in Figure 21. This figure demon

strates the localized nature of fracturing. Only minor propylitic 

veining is seen in the alaskite north of the aplite. In the Intermedi

ate Zone, in areas where the phyllic veining is weak, no evidence exists 

for development of vein chlorite or epidote. Therefore, propylitic vein 

alteration does not appear to be masked by phyllic alteration; rather, 

it is limited to the peripheral areas of the system.

Figure 22 shows that barren quartz veins are mainly restricted 

to areas greater than 1.2 km from the mineralization center. Addition

ally, their population dramatically decreases within and north of the 

aplite. Comparison of Figures 4 and 22 shows that the thinner veins 

largely conform with areas penetrated by the thicker, arcuate barren 

quartz veins.

Figure 23 is a distance versus fracture density plot for barren 

quartz veins. It illustrates a high-fracture density plateau of about 

0.075 cm-* from 1.4 to 2.0 km away from the ore center, dropping off in 

either direction to values of 0.05 cm-* or less. The last figure fur

ther corroborates the presence of a distinctive peripheral vein and 

veinlet-cojntrolled fracture shell west and southwest of the El Tiro pit.
I

This peripheral shell actually includes both barren quartz and the pro

pylitic vein assemblages.

Phyllic Vein Assemblages. Figure 24 illustrates the dramatic 

decrease in fracture density from the ore center to the alaskite- 

Mesozoic sediment contact for all quartz-limonite/pyrite ± sericite
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Figure 21. Map Showing Areal Distribution of Combined Propylitic Vein 
Alteration Assemblage Fracture Density Values.
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Figure 22. Map Showing Areal Distribution of Barren Quartz Vein Fracture 
Density Values.
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Figure 23. Barren Quartz Fracture Density versus Distance from the Ore Center.—  Solid circles 
represent the mean density value with the number by the circle denoting the number of 
stations used. Vertical bars represent the range of fracture density within the par
ticular measurement area. mo
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veins. The most significant drop in fracture density exists in the in

terval from the ore center to 1.2 km. This interval shows a decrease of 

about 0.009 cm"*̂  per 100 m. The accompanying fracture density distri

bution map (Figure 25) also shows that phyllic alteration is largely re

stricted to within 1 km of the ore center. In contrast to other vein 

types, fracture density does not decrease in the northern part of the 

study area.

Summary

Figure 26 is a summary plot of distance from ore center versus 

fracture density for the four major vein alteration groupings. The 

barren quartz veins and combined propylitic vein assemblages stand out 

uniquely in defining the peripheral fracture shell, while K-feldspar- 

quartz and quartz-limonite/pyrite ± sericite veins decrease steadily 

from the ore center outward. Extrapolating slope profiles of the two 

latter vein alteration types suggests that the K-feldspar-quartz veins 

would extend further out from the ore center than the quartz-limonite/ 

pyrite veins. This was found to be the case at Sierrita (Haynes and 

Titley, 1979).

The following summary points may be made at this time regarding 

the presented fracture density data, incorporating data from previous 

sections.

1. Although the barren quartz veins and propylitic type veins form 

a distinctive fracture concentration at the periphery, the over

all fracture profile shows a fairly steady decrease in fracture
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Figure 25. Map Showing Areal Distribution of Quartz-limonite/Sulfide ± 
Sericite Fracture Density Values.
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density from the ore center to the periphery. Thus, when the 

system is viewed as a static whole, fracture density is highest 

within the ore center.

2. Early potassic veinlets in the periphery were volumetrically un

important, but important in terms of fracture penetration and 

higher temperature. Later propylitic veins, including barren 

quartz veins, become volumetrically important but only in the 

periphery. Their lower temperature range, in contrast to the 

earlier K-feldspar-quartz, suggests an evolving and cooling hy

drothermal system. The data therefore suggest that the two vein 

types are part of the same hydrothermal system.

3. Within the peripheral portions of the system, a steady increase 

in fracture permeability through time is suggested. This in

crease may be explained by a combination of continual fracturing 

of the alaskite and rebreaking of older fracture filling, pro

viding access to later solutions of different chemical-physical

character.



FRACTURE ORIENTATIONS

Introduction

A tenet of this investigation is that the thinner fractures are 

related to or influenced by the larger mesoscopic and megascopic struc

tural elements in the general El Tiro area and district as a whole. The 

main structural elements believed to be important in this context are as 

follows: the N70°W major structural line, a N5°W structural line delin

eated by alignment of the western contacts of the quartz monzonites in 

the Ore Zone area and to the north, the N40-45°W contact of Mesozoic 

sediments and alaskite, the north-northeast district-prominent fault di

rection, east-northeast oriented dikes and faults, and the arcuate vein 

and dike pattern.

Most of the structural information will be presented in terms of 

strike rose diagrams because the majority of the fractures are high- 

angle. Ultimately, equal-area percent plots and pole diagrams showing 

dips will be presented.

Orientations

Aplite Dikes

A summary of the aplite dike orientations presents information 

pertinent to the pre-ore structural setting. Figure 27 is a strike rose 

diagram of aplite dike trends. Three distinct peaks are present. The 

most prominent peak, N60-70°E, correlates well with east-northeast

56
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Figure 27. Strike Rose Diagram of Aplite Dikes Related to the
Alaskite. —  Rosette bars are constructed for 10° class 
intervals with bar lengths plotted in percentages of total 
measurement shown beneath the plot.



58

striking Laramide regional extensional fractures, while the N30-40°W 

peak may be a conjugate set or an expression of the alaskite-Mesozoic 

sediment contact. A distinctive N10-20°E peak correlates well with the 

direction of the Atlas Fault.

Monzonite Dikes

Figure 28 (Rehrig and Heidrick, 1976) is a strike rose diagram of 

Laramide monzonite dike orientations from the Silver Bell district. A . 

east-northeast direction clearly predominates. Within the southern and 

central part of the field area, the east-northeast dike direction is not 

prevalent, suggesting that this area is anomalous compared to the dis

trict as a whole.

Altered Fractures—
Integrated Values

- Figure 29 is a strike rose diagram representing over 1200 frac

ture orientations from almost entirely within the Peripheral Zone. This 

pattern does not match the interpreted regional east-northeast dike pat

tern (Figure 28). Assuming the aplite dikes are earlier than the de

scribed vein alteration, comparison of Figure 29 with the aplite dike 

orientations of Figure 27 suggests a shift of fracturing toward the 

northwest quadrant with time. If the former pattern is of regional 

stress-induced origin or a product of broad local influences, it should 

repeat itself over the entire field area.

To examine the areal distribution of fracture orientations, the 

Peripheral Zone was divided into five east-west domains, from south to
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Figure 28. Strike Rose Diagram of Laramide Dikes in the Silver Bell 
District. —  Rosette bars are constructed for 10° class 
intervals with bar lengths plotted in percentages of total 
measurement shown beneath the plot. After Rehrig and 
Heidrick (1976).
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Figure 29. Integrated Strike Rose Diagram of 1249 Fracture Orienta
tions Predominantly from within the Peripheral Zone. —  
Rosette bars are constructed for 10° class intervals.
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north labeled I through V, each being 2000 ft (900 m) wide in the north- 

south direction (Figure 30). Integrated strike rose diagrams are in

cluded for each domain. The most important aspect of Figure 30 is that 

from south to north the peak maxima consistently swing frather eastward, 

once again defining an arcuate pattern.

Looking at changes across the system from west to east. Figure 

31 displays two strike rose diagrams which respectively represent inte

grated fracture orientations within the southern and northern halves of 

the Intermediate Zone. Both diagrams contain maxima in the northeast 

quadrant with the northernmost of the two displaying the more easterly 

maximum and most closely resembling the regional pattern. Figure 32 

shows fracture rose diagrams from the 2550 ft level, the 2450 ft level, 

and combined levels of the El Tiro Pit. A northeast direction is the 

clearly preferred direction for fracture filling. Thus, in terms of 

integrated values, fracture directions tend to become more northeasterly 

from south to north and from west to east.

Altered Fractures—
Specific Values

Once the integrated patterns were developed and examined, strike 

rose diagrams were prepared for specific vein alteration types within 

the Peripheral Zone. Figure 33 displays eight strike rose diagrams ar

ranged according to the inferred paragenetic order. Chlorite-biotite 

vein orientations tend to be quite variable, but nevertheless display 

one strong peak from N10-20°E. The rest of the diagrams display a num

ber of important peaks. In every case, peaks and/or peak maxima show
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Figure 30. Integrated Strike Rose Diagrams from Five Domains Predomi
nantly within the Peripheral Zone. —  Domains are denoted in 
Roman numerals. Rosette bars are constructed for 10° class 
intervals.
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Figure 31. Integrated Strike Rose Diagrams of Fracture Orientations in 
the Southern and Northern Halves of the Intermediate Zone.
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Figure 32. Integrated Strike Rose Diagrams of Fracture Orientations in 
El Tiro Pit.
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of strike to the northeast with increasingly younger vein alteration as

semblages. Thus through time, factors influencing vein orientation favor 

the northeast and, eventually, the east-northeast direction.

From Figure 33, the early K-feldspar-quartz veins have a maximum 

population from N60-80°W, which is the major structural trend. Signifi

cant peaks at north-south to N10°W are present both in quartz-chlorite 

veins and quartz veins. The quartz-chlorite veins also display an im

portant N10-20°E peak, suggesting possible genetic ties with the 

chlorite-hiotite veins.

To amplify on the areal distribution of fracture orientations. 

Figure 34 contains a series of strike rose diagrams from the Peripheral 

Zone for veins of specific mineralogies, arranged from south to north 

according to the same domains used to generate the diagrams of Figure 

30. Within each domain, the specific vein alteration-type rose diagrams 

are arranged in paragenetic order. Almost without exception, vein ori

entations regardless of mineralogy become more northeasterly toward the 

northern part of the study area. The milky quartz veins conform to the 

same trend excepting those of Domain V which actually have a peak maxi

mum of N40-50°W.' In combination with significant east-west trends in 

Domain III, the milky quartz veins exhibit a possible weak radial frac

ture pattern centered around the El Tiro Stock.

The division of the Peripheral Zone into east-west "strip" do

mains has proved to be quite informative. These domains, however, were 

not constructed to relate specifically in some particular manner to the 

ore body, nor did they include data from the Intermediate Zone.
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Consequently, a series of five wedge-shaped domains, W-I through W-V, 

were constructed with apices centered approximately on the geometric 

center of the high-grade hypogene zone, as shown in Figure 35 (in pock

et). Lower-hemisphere, "computer-generated Schmidt equal area plots, 

contoured where statistically applicable, are shown for the integrated 

data and specific vein alteration types.

The integrated vein mineralogy plots of Figure 35 show the gen

eral tendency for peak maximum to shift northeasterly from south to 

north. The strong, northeast-trending maximum of Domain W-I appears to 

be due partially to influences of a strong northeast maximum of quartz- 

sericite-limonite/pyrite veins. Excluding this influence, a stronger 

northeast peak than in the previous Domain I remains an anomaly.

Overall, peak maxima and structural pattern shifts correlate 

well with the previous domain orientation plots of Figure 34. Some ex

ceptions and particular orientations warrant further mention. K- 

feldspar-quartz, barren quartz, and quartz-iron oxide (includes limonite 

and hematite) ± sericite veins of Domain W-I show a distinct N50-60°E, 

moderately southeast-dipping preferred orientation. In contrast, K- 

feldspar-quartz veins of Domain W-II display a very strong N60-70°W peak 

reflecting the major structural direction. In total, diagrams of Figure 

35 show several anomalous orientations that may be a weak radial pattern 

related to the porphyries of the ore body or other influences related to 

the nearby quartz monzonite stock southeast of the study area.

Additional Spatial Relationships. Figure 36 is a schematic map 

illustrating all quartz-limonite/pyrite ± sericite vein strike
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orientations. The westerly or peripheral locations display more random 

orientations with a substantial northwest component, in contrast to al

most exclusively northeast-trending veins closer to the pit. Figure 37 

demonstrates a similar trend for K-feldspar-quartz veins.

A series of rose strike diagrams representing data from domains 

at increasing distances west from the pit were chosen to illustrate ori

entation changes in barren quartz veins. Domain construction incorpo

rated the same concentric circle method as used previously. The four 

resulting strike rose diagrams are shown in Figure 38. Pitward, east- 

northeast maximum yield to a northeast favored direction at the periph

ery, with an accompanying important north-south peak.

A schematic map of all propylitic assemblage vein strike orien

tations (Figure 39) illustrates an arcuate pattern, which is concave to 

the east, but does not show the previously demonstrated east-west direc

tional trends. A set of strike rose diagrams constructed in the same 

manner as those for the quartz veins is illustrated in Figure 40. A 

surprisingly strong N70-80°W peak maximum exists for the most pitward 

domain, and the pattern in general fails to show the previous trends.

Altered Fractures-Ore Zone

Strike rose diagrams of the four main noted vein types in the 

Ore Zone are reproduced as Figure 41. While all vein types display im

portant peaks or peak maximum trending northeast to east-northeast (com

pare to integrated pit orientations. Figure 32), K-feldspar-quartz and 

quartz-molybdenite veins have maximum northwest to west-northwest strike
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2000 N

Figure 36. Map Showing Areal Distribution and Strike Orientation of 
Quartz-limonite/Sulfide ± Sericite Veins. —  Measurements 
in close proximity within 20° of each other are shown as 
one averaged symbol.
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Figure 37. Map Showing Areal Distribution and Strike Orientations of
K-feldspar-quartz Veins. —  Measurements in close proximity 
within 20° of each other are shown as one averaged symbol.
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Figure 39. Map Showing Areal Distribution and Strike Orientation of
Combined Propylitic Vein Alteration Assemblages. —  Measure
ments in close proximity within 20° of each other are shown 
as one averaged symbol.
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orientations. A strong northwest direction for potassic vein alteration 

in the El Tiro Pit has also been demonstrated by Norris (1979) and 

Graybeal (in press).

The salient points of the structural data presented are summa

rized below. The following chapter is devoted to structural 

interpretations.

1. Combined data from the various vein alteration assemblages show 

peak maximum or important preferred orientations, representing 

all the main structural elements.

2. Structural data of aplite dike directions and work of previous 

investigators indicate that a northeast fracture direction 

evolved prior to deposition of economic mineralization.

3. Integrated fracture patterns from the Peripheral Zone do not 

correlate with regional fracture patterns. Fracture directions 

in the other two zones, however, do match reasonably well with 

such patterns.

4. The pattern of the orientation of the thinner veins correlates 

with the arcuate, concave eastward fracture trend of thick, bar-

. ren quartz veins. The pattern is repeated by all major vein 

types in the Peripheral Zone.

5. The arcuate pattern is present in ore-related vein alteration 

assemblages as well as those assemblages less clearly ore- 

related. This pattern suggests that all major vein types recog

nized in this study may be related to the ore center.
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6. In addition to the arcuate fracturing, a weak radial fracture 

set emanating from the mineralized center is suggested.

7. Early diversely oriented chlorite-biotite veins with possible 

northeast maximum give way to northwest maximum during K- 

feldspar-quartz deposition followed by a gradual shift back to 

the north and, finally, northeast with time.

8. A general tendency for K-feldspar-quartz veins, phyllic veins, 

and barren quartz veins to become more northeasterly in orienta

tion from the periphery toward the pit is recognized. Converse

ly, the propylitic vein assemblages do not show this trend.

9. Assuming that peripheral and ore center K-feldspar-quartz veins 

are correlatable, a temporal shift to the northeast at expense 

of northwest directions is seen both in the pit and periphery.



STRUCTURAL INTERPRETATION

The previous sections have shown that the fracture phenomena 

within the study area are extremely complex. However, relatively con

sistent trends relate fracture-filling temperatures, densities, and 

orientations.

Knapp (1978) notes that evolution of stress and strain in hydro- 

thermal systems is caused by tectonic, gravitational, magmatic, and 

thermal forces. Tectonic forces are responsible for regional stress 

fields. The distortion-producing stresses associated with magmatism 

acting in addition to regional tensile stress fields are defined as de- 

viatoric stresses.

A regionally-controlled fracture pattern has been suggested for 

the majority of Laramide dikes at Silver Bell. However, other tectonic 

lineaments were responsible for emplacement-control and geometry of the 

main Laramide plutons. Within the field area, the arcuate fracture pat

tern implies a local stress mechanism in addition to a regional one. A 

combination of locally and regionally generated stresses is suggested 

to have strongly influenced fracturing during the evolution of the hy-, 

drothermal system.

The concentric fracture pattern west of the El Tiro Pit con

ceivably could be related to stresses emanating from the El Tiro stock, 

influenced by contact geometry and host-rock lithology, while to the 

east regional stresses controlled the geometry of fracturing. Calcula

tions indicate that magma pressure-induced stress fields are augmented

78
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and maintained by thermal stress fields resulting from cooling of plu- 

tons and heating of host rocks (Knapp, 1978). It is therefore suggested 

that an arcuate fracture component may have remained open to hydrotherm

al solutions as a result of thermally-induced rock contraction-expansion 

oriented normal to a thermal front emanating from the cooling quartz 

monzonites of the ore center.

A combination of regional and locally-induced stresses also of

fers an explanation for the temporal sequence of fracture orientations. 

As a working hypothesis, is considered to have been vertical during 

Laramide time within the El Tiro area owing to effects of emplacement, 

crystallization, and cooling of Ore Zone related stocks. Prior to po- 

tassic vein alteration, a regionally produced direction oriented 

northeast to east-northeast with oriented northwest is envisioned, 

based on northeast and east-northeast trending pre-ore dikes. The exis

tence of strong northwest and west-northwest K-feldspar vein orienta

tions suggests interchange or equivalence of the and Og directions.

Such interchange may occur as a result of increased uplift rate or 

stock-related vertical deviatoric stress where northeast-oriented com- 

pressional stresses are relieved at the expense of northwest-striking 

release fractures. The occurrence of double northwest maximum is prob

ably due to capture of some K-feldspar-quartz veins by the N70°W di

rected major structural anisotropy.

The bulk of copper mineralization formed during biotite to 

early K-feldspar vein alteration (Graybeal, in press). The early phase 

of hydrothermal alteration, then, is suggested to be characterized by a
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fixed stress field and the creation of multi-directional fracture pat

terns. Following K-feldspar-quartz deposition, the shifting back toward 

the north and eventually northeast quadrants suggests, once again, in

terchange of ©2 and O y
The problem of a regional fracture pattern predominating in the 

Ore Zone with an anomalous pattern in the Peripheral Zone is enigmatic. 

Calculations by Knapp (1978) suggest that deviatoric stress in and ad

jacent to the causative pluton would be extremely strong, thereby pro

ducing a complex fracture pattern. This is opposite from what is 

observed. Possibly, the Ore Zone acted as an isotropic point where the 

principal deviatoric stresses were nearly equal, thus allowing the rock 

to fracture along regional stress trajectories.

Summary

The structural study has shown that the fracture system’s gene

sis is probably a function of a variety of dynamic and interacting fac

tors. The crucial points regarding evolution of the structural pattern 

are summarized below.

1. The arcuate fracture element is suggested to be caused by me

chanically and/or thermally-induced stresses emanating from the 

Ore Zone area.

2. The influence of a regional stress field played a greater or 

lesser role throughout evolution of the fracture system. Local

ly initiated change in stress trajectories produced a fixed 

stress field during ore deposition.
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3. Important to note is that while regional stress fields have been 

shown to influence fracture geometry, it is not implied that 

the regional stresses directly produced the observed fracturing. 

Causative plutons are central to areas of anomalously high rock 

fracture density values. This abundance of localized fractures 

implies a local stress mechanism for fracture initiation. The 

mechanics of interaction between regional and local stresses to 

produce regional fracture geometries are as yet poorly 

understood.

4. In the Peripheral Zone, the often brecciated and thin and dis

continuous nature of early veins suggests a shear stress 

component.

5. The regular and persistent nature of many barren quartz veins 

and phyllic veins suggests fracture formation by the tensile 

mode. Further evidence, then, is provided for regained influ

ence of regional tensional stresses during the late hydrothermal 

stages.

6. Local structural-lithologic linear elements are shown to influ

ence fracture directions. In the Peripheral Zone, high-fracture 

density domains may have been caused by mechanical preparation 

of rock due to such rock anisotropy.

7. A dynamic interaction between ore-center generated stresses and 

the rock anisotropy system in the periphery is suggested.

Because the propylitic vein assemblages do not appear to follow 

recognized east-west patterns, they may reflect abnormally

8.
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strong peripheral stress fields and perhaps reflect culmination 

of the arcuate fracturing event.

/



SYNTHESIS AND CONCLUSIONS

Vein-veinlet alteration attends deposition of ores in the por

phyry environment and is a product of hydrothermal fluid flow. The po

tential for hydrothermal fluid flow is an inevitable consequence of the 

occurrence of magmas in the crust; however, the magnitude and style of 

the flow is a function of rock permeability— in our case, fracture per

meability (Norton, 1979).

Based solely on fracture density, the integrated fracture data 

demonstrate that fracture-controlled permeability decreases away from 

the mineralization center. Furthermore, fracturing of rocks in the ore 

center is widespread and uniform while the periphery reveals numerous 

relatively unfractured domains. For alaskite wall rock, the ore zone is 

the focal point of fracture permeability. It is suggested that the me- 

chanical and thermal energy associated with the ore center monzonites 

accounts for the increase of fracture density toward the Ore Zone.

Looking at specific vein alteration types, a second subordinate 

but distinctive area of fracture permeability is defined by a shell of 

quartz and propylitic type veins which are restricted largely to the 

Peripheral Zone and form the bulk of the arcuate fracture pattern. 

Various lines of evidence suggest that these veins are part of the por

phyry system. The peripheral fracturing is interpreted to be a product 

of distal effects of stresses emanating from the Ore Zone, modified by 

a regional stress field and rock anisotropy.
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The spatial distribution of fracture flow channels in the Per

ipheral and Intermediate Zones suggests that fracture-controlled perme

ability is locally isotropic, but that it is anisotropic on a larger 

scale. Temporally preferred but successively different directions char

acterize the evolution of the hydrothermal system.

In this particular porphyry system, a high contrast exists be

tween the style of fracturing in the Ore Zone and the Peripheral Zone; 

thus, fracture style may be an important guide to ore. Furthermore, 

fracture orientations between the two zones also differ dramatically 

and demonstrate the dynamic nature of the fracture system. For the ex

plorationist, a systematic examination of the various aspects of frac

turing could prove to be of equal importance to alteration studies in 

the search for hidden ore deposits.

After considering all the data and their interpretation and in 

keeping with the original goals of this study, the following conclu

sions are presented.

1. The use of combined fracture density and fracture orientation 

data, in combination with a known vein alteration paragenesis, 

is a powerful tool that can be applied in tracking the evolu

tionary development of porphyry copper hydrothermal systems.

2. Complex fracture patterns can be unraveled when viewed in tem

poral progression or when separated by areal domains. A know

ledge of the integrated fracture system provides useful but more
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3. Locally produced stresses and the structural setting augment ef

fects of regional stress fields, thereby accounting for the va

riety of observed fracture orientations.

4. Fracture density data suggest that fracture-controlled permea

bility has preferred directions in certain areas and at certain 

times. This implies that any convective transport of hydro- 

thermal fluids is influenced with respect to transport direction, 

time, and fluid chemistry, by the variable nature of fracture- 

controlled permeability.

5. Mapping of fracture density versus distance from the ore body 

could be a useful tool where potential ore-related stocks are 

hidden. However, fracture density variation can exist parallel 

as well as perpendicular to the ore body. Integrated fracture 

density values and potassic fracture density values would appear 

to be better guides to the ore center than propylitic or quartz 

vein alteration.

6. K-feldspar veinlet alteration, although often subtle, is par

ticularly extensive. While pervasive potassic alteration is 

generally restricted to the Ore Zone, vein-veinlet alteration 

extends into the wall rocks, perhaps further than any other vein 

type.

7. The spatial orientations of peripheral wall rock fracture ori

entations may serve as a guide or "pointer" toward the ore body. 

These guides include concentric and radial patterns.
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8. Areas in which fracturing deviates from regional fracture pat

terns and their spatial position with respect to areas with more 

typical regional patterns could prove useful as a field and map 

reconnaissance tool.

9. Orientations of the thicker megascopic fractures and dikes are 

largely mimicked by thinner mesoscopic fractures. In lieu of a 

detailed fracture study, orientation of larger structures could 

serve as a reconnaissance exploration tool.

10. The vertical level of the exposed porphyry system is probably 

critical to the observed fracture orientations and fracture 

style. The inferred high crustal level of the Silver Bell sys

tem indicates that tensional regional stress fields may have 

been more important here than in some other systems. Therefore, 

the findings at Silver Bell should be used with caution when ap

plied as exploration tools in areas explored at deeper levels.

11. Fracture orientation and fluid inclusion studies aid paragenesis 

interpretation of vein and veinlet alteration. If paragenesis 

is properly interpreted, logical fracture pattern changes 

through time and generally decreasing temperatures of vein al

teration assemblages would be expected.

12. The potential for hydrothermal fluid flow exists in all parts of 

the porphyry system; therefore the pattern and style of fractur

ing in the peripheral wall rocks may be as significant as those 

in the ore center for development of the ore body. With respect



to the history of the system as a whole, copper deposition oc

curred during a period characterized by a fixed stress field. 

The proper timing of fracture events, both in the central and 

peripheral areas of the porphyry system, appears to be a criti

cal factor which influences the deposition of fracture-

controlled economic mineralization
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LOCATION OF DOMAINS

Figure 35

Lower Hemisphere, Pole-to-Plone, Schmidt Equal Area Plots From 
the Peripheral and Intermediate Zones Showing Specific Vein Al
teration Assemblage Fracture Orientations Arranged in Paragenetic 
Order and Divided by Domains.--Contours,shown where statistically 
applicable, are in percent. Some contour plots include data from sev
eral domains, as labeled. Number to the right of the circle repre
sents the number of poles to planes.
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