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ABSTRACT

Fracturing and attendant hydrothermal alteration -mineralization

northeast of Esperanza falls into two distinct groups.

One such group

is a system of three major sets of veins whose areal distribution and
magnitude of fracture density are some function of distance from the
progenitor stock at Sierrita- Esperanza.

The second group comprises

veinlet -controlled and pervasive alteration distal to the system at
Sierrita -Esperanza, and whose areal distribution and fracture density

are not functions of distance from the progenitor stock.

Fluid inclu-

sion homogenization temperature profiles of the peripheral alteration
are distinctly warmer than those of porphyry- centered vein sets which
it cuts and overprints.

The implication is that the peripheral altera-

tion is the product of hydrothermal activity separate from the hydro thermal event related to the system at Sierrita -Esperanza.

Patterns of fracturing and vein sets northeast of Esperanza
have been greatly influenced by a zone of structural weakness cutting
through the area from southwest to northeast.

The existence of this

zone is graphically exemplified by the intrusion pattern of two generations- of quartz latite dikes..

The zone has had a profound impact on

fracture attitudes, fracture densities, and the areal distribution of
hydrothermal effects adjacent to Esperanza.

ix

CHAPTER 1

INTRODUCTION

The porphyry copper deposits of the American Southwest manifest a number of characteristics which serve to define these bodies
as a type ore occurrence.

Although certainly no two deposits are

identical, most of the porphyry coppers are very similar in geometry,

igneous associations, age (Lowell and Guilbert, 1970; Guilbert and
Lowell, 1974), alteration and mineralization zoning (Creasey, 1966;

Lowell and Guilbert, 1970; Rose, 1970; Guilbert and Lowell, 1974;
Rose and Burt, 1979), tectonic setting (Titley, 1972), and attendant
patterns of fracturing and veining (Lowell and Guilbert, 1970; Rehrig
and Heidrick, 1972).

The mesoscopic features associated with porphyry copper deposits, such as alteration and mineralization zones and patterns of
fracturing, are perceived in the field as static entities.

However,

such features certainly represent cumulate effects of many events over
a period of time.

Heuristic modelling of hydrothermal systems gener-

ated by cooling stocks indicates that the porphyry environment must
have been very dynamic, capable of geologically rapid thermal, chemical, and mechanical evolution (Norton and Knight, 1977; Knapp and
Knight, 1977).

This evolution can be traced in the field through

study of the relationships between present characteristics of the
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porphyry environment, using the static features to reconstruct the
dynamic development of the system.

Objective of the Study

Fracturing in the country rock and the crystallized progenitor
stock of a porphyry copper deposit plays an important role in determining much of the final appearance of the system.

Computer models

predict that fracture permeability has an enormous effect on the cooling rate of stocks (Norton and Knight, 1977), and it is fracturing
which provides channelways for circulating fluids which alter wall rocks and deposit hydrothermal minerals.

A study of the density,

distribution, and relative timing of different fracture sets is in
turn closely tied to important information on other parameters of the
system.

The chemical and thermal nature of the system is delineated

by the mineral paragenesis and fluid inclusion characteristics of
veins which heal fracture sets.

The purpose of this study is to investigate the pattern of
fracturing and attendant hydrothermal veining in country rock adjacent
to a porphyry copper deposit.

The Sierrita -Esperanza deposit, owned

by the Duval Corporation and located forty kilometers southwest of
Tucson, Arizona, was selected for this investigation.

This deposit

lies within the Pima Mining District, some eight kilometers southwest
of the porphyry copper body at Twin Buttes, and approximately fifteen
kilometers south -- southwest of the porphyry copper complex at Mission -

Pima (Figure 1).

Sierrita -Esperanza provides an excellent opportunity

to observe hypogene fracturing and veining which is relatively

3
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Figure 1.

Location Map of Sierrita -Esperanza. -- The 4000 ft. elevation contour marks the core of the Sierrita Mountains.
Other porphyry copper deposits in the Pima Mining District
are also indicated.
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unobscured by supergene effects.

Unlike other deposits in the dis-

trict, Sierrita -Esperanza has not undergone severe post -ore structural

dislocations complicating original patterns of hydrothermal mineralization and alteration (Kinnison, 1966; Smith, 1975; West, 1976; Kelly,
1977; Aiken and West, 1978).

This study is similar to previous work done to the north and
northwest of the Sierrita orebody (Haynes and Titley, 1980).

In the

area north of Sierrita, a regular sequence of fracturing events, vein
mineral paragenesis, and distribution of fracture densities has been
A specific aim of the present work has been to ascertain

developed.

whether these patterns persist eastward to the northeast of the
Sierrita -Esperanza complex, and to determine the nature of any modifi-

cation effected upon fracturing and related features in this area
(Figure 2).

Scope and Method of Study

Fractures northeast of the Esperanza pit were characterized
by relative timing, orientation, and fracture densities of hydro thermal veins in the country rock adjacent to the Sierrita -Esperanza
complex.

These characteristics were examined in the context of altered

terrane and structural and intrusive elements of the study area.

Petrographic examination of standard thin sections was used to determine the modal compositions of both altered and unaltered rocks in the
study area.

Vein mineralogy and paragenesis were studied in thin sec-

tion, polished chips, and slabbed and stained blocks.

Mineral identi-

fications were also obtained with X -ray diffraction techniques, and

Figure 2.
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Disposition of the Study Area Relative to the Esperanza Open Pit. -- Crosses mark section corners.
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compositional variations in epidotes were monitored by electron microprobe analysis.

The filling temperatures and salinities of fluid in-

clusions in alteration minerals were determined by standard heating freezing techniques.

CHAPTER 2

GENERAL GEOLOGY

The structural and stratigraphic elements of the eastern
Sierrita Mountains have been described by Cooper (1960, 1971) and Lacy
(1959), who provide a more complete discussion of the general geology
of the area than is given below.

Specific accounts of the mine

geology at Sierrita -Esperanza are given by Schmitt et al. (1959),

Lynch (1966, 1968), Smith (1975), and Aiken and West (1978), among
others.

The study area is bounded by rocks representing nearly the
entire geologic section found within the Sierrita Mountains.

The

oldest rocks in this section belong to a Precambrian granodiorite,
dated at 850 million years B.P. (Cooper, 1973).
the thesis area on the northeast (Figure 3).

This rock unit borders

The Paleozoic column com-

mon to much of southeastern Arizona is also present on the eastern side
of the Sierritas, composed of Cambrian, Devonian, Mississippian, Pennsylvanian, and Permian marine sedimentary rocks.

Paleozoic carbonate

and clastic rock units form a ridge which projects into the eastern
margin of the study area.

This ridge has been complexly faulted and

folded and has been described as the southwest limb of a breached anticline with an axial trace to the northwest (Whitcomb, 1948).
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Figure 3.

General Geology Northeast of Esperanza. -- Contacts after
Cooper, 1973. Quartz latite dikes mapped in present study.

Quaternary Alluvium
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The Mesozoic section in the southeastern Sierrita Mountains is
made up of terrigenous sedimentary rocks and volcanics of Triassic and
Cretaceous age.

The Triassic Oxframe volcanics bound the study area

on the South, cropping out within and adjacent to the Esperanza pit.

Cretaceous rocks occur south and southeast of the Esperanza pit and
also within the ridge in the eastern portion of Figure 3, faulted
against the Paleozoic section.

During the latter part of the Mesozoic, the region experienced
repeated episodes of intrusion.

The oldest Mesozoic pluton in the

southeastern Sierritas is the Jurrasic Harris Ranch Quartz Monzonite,
dated at 190 million years. B.P. (Cooper, 1973).

The emplacement of

this body was followed by the intrusion of a biotite quartz diorite,
67 million years ago.

Diorite crops out within the confines of both

the Sierrita and Esperanza pits.

The major episode of intrusion on

the eastern side of the Sierrita Mountains took place at 59 million
years ago with the emplacement of the Ruby Star Granodiorite (Damon
and Mauger, 1966).

A quartz monzonite porphyry stock cropping out on the southern
fringe of the batholith is held to be the progenitor of the ore deposits at Sierrita -Esperanza (Cooper, 1960; West, 1976).

This stock

has been dated at 56 million years (Creasey and Kistler, 1962) and is
interpreted as a late -stage differentiate of the batholith to the
north.

The quartz monzonite porphyry lies outside the southwest margin

of the study area, commonly in gradational contact with the larger mass
of the Ruby Star Granodiorite (Aiken and West, 1978).

Other exposures

10

of the quartz monzonite porphyry occur to the south of the Esperanza
pit, and on the eastern margin of the batholith in the area of Twin
Buttes (Cooper, 1973; Kelly, 1977).

Intrusive elements postdating the quartz monzonite porphyry
include quartz latite dikes of uncertain age which cut all rock types
Andesite sills and plugs intrude the volcanics

in the mine area.

south of Esperanza.

Tertiary terrigenous sediments and Quaternary

alluvium complete the geologic column on the eastern flank of the
Sierrita Mountains.

Lithology Northeast of Esperanza

The field work of this study was conducted within the southeasternmost salient of the Ruby Star Granodiorite batholith.

The

limits of the study area were deliberately selected to cover country
rock as monolithologic as possible.

The justification for this selec-

tion was to minimize potential complications in fracturing and alteration patterns which might arise due to variations in rock type.

Ruby Star Granodiorite
The most common rock type northeast of Esperanza is a holocrystalline, hypidiomorphic granular rock described by Cooper (1960)
as a biotite oligoclase granodiorite.

The modal composition determined

in this study and presented in Table 1 is essentially the same as analyses reported by Cooper (1960) and Lovering et al. (1970) for the
composition of equigranular granodiorite north of the SierritaEsperanza mines.
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Table 1.

Modal Compositions of Igneous Rocks, North and Northeast of
Esperanza.

Percenta

Ruby Star Granodiorite, equigranular phase
Plagioclase (oligoclase)

53.7%

Orthoclase (some perthite)

17.5%

Quartz

20.3%

Biotite

8.0%

Accessories (hornblende, zircon, sphene,
apatite, magnetite)

0.5%

Aplite Dike
Plagioclase (oligoclase, some myrmekite)

21.9%

Kspar (orthoclase, microcline)

40.7%

Quartz

36.4%

Accessories (muscovite, zircon,
magnetite)

1.0%

Quartz Latite Dike
Plagioclase phenocrysts ( oligoclase)

17.0%

Biotite

3.9%

Accessories (magnetite, zircon,
apatite)

1.2%

Groundmass (quartz, feldspar)

aPercentages express cm2 phase per 100 cm2 area.

77.9%
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The texture of the granodiorite becomes porphyritic on the
western border of the study area.

In the SW% of the SE %, Section 4,

and the NW% of the NE4, Section 9, the granodiorite contains large
phenocrysts of perthitic orthoclase up to 3 x 5 centimeters in size.

The porphyritic phase of the granodiorite in the study area marks the
fringe of a core zone to the batholith described by Lovering et al.
This core zone extends to the north for several kilometers.

(1970).

Aplite

A compositional variation in the batholith takes the form of
aplite dikes and segregations.

A few small knolls north of Esperanza

are composed of fine -grained, sugary - textured rock dominantly made up

of quartz and potassium feldspar.

These knolls do not generally

appear in sharp intrusive contact with the granodiorite, but rather in
a gradational relationship with the host rock.

The granodiorite be-

comes progressively finer grained and equigranular, diminishing in its

mafic fraction, until the composition of the rock is aplitic.
Small aplite dikes abound throughout the study area.

In thin

section, the aplite dikes commonly show micrographic intergrowth of
quartz and orthoclase, quadrille microcline twinning, and myrmekitic
texture.

The subordinate plagioclase component may be seen to be em-

bayed by quartz or potassium feldspar.

The aplite dikes range in

thickness from two centimeters to a meter or more, but are most com-

monly 20 centimeters thick or less.

In certain cases, aplites grade

into pegmatites, or contain pegmatitic cores composed of bluish milky
quartz, perthite, and large anhedral knots of magnetite.
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The aplite dikes are presumably late -stage derivatives of the

granodiorite (Rehrig and Heidrick, 1976).

The dikes do not show any

preferred distribution within the study area such as a radial arrangement around a center.

Absence of aplite dikes in certain places is

more likely a function of cover by alluvium than actual non- occurrence.

The aplites can be considered to represent the first development of
planes of weakness in the batholith.

Figure 4 displays an equal -area

plot of aplite dike attitudes from the terrain northeast of Esperanza.

The plot reveals a nearly random scatter of attitudes, indicating that
the dikes were not emplaced under a stress regime dictating a preferred
orientation.

Quartz Latite

Another intrusive element cutting the Ruby Star Granodiorite
is a series of quartz latite dikes.

These dikes were intruded in two

generations, and may be found in apophyses a few centimeters thick up
to sections nearly ten meters across.

The quartz latite is a porphyry,

with phenocrysts of plagioclase and minor biotite set in a weakly birefringent, aphanitic groundmass.

The plagioclase phenocrysts are

oligoclase, as determined from extinction angles of twinning.

Apatite,

magnetite, and zircon are minor accessories.

The older set of quartz latite dikes has been extensively
altered.

Plagioclase is largely replaced by clays, and biotite has

been chloritized.

The younger set of dikes show a slight dusting of

plagioclase by clays and minor calcite, but otherwise remain fairly
unaltered.

Biotite in the younger dikes is an apple green color, a

14

Figure 4.

Equal -Area Plot of Poles to Aplite Dike Attitudes. -Contour intervals are 5% - 3% - 1% points per 1% total
Maximum is 5% total points per 1% total area.
area.
Fifty -eight points are represented.
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feature characteristic of biotite of alteration origin (Lowell and
Guilbert, 1970).

Third order interference color and strong pleochroism

of the biotite indicate that chloritization is probably minor.

Pebble Diking
A third rock type which crops out with the study area is not
strictly igneous; i.e., crystallized from a melt, but does appear as
an intrusive phase.

The intrusive is a narrow pebble dike which bor-

ders a section of unaltered quartz latite dike for approximately 400
meters through the central portion of Section 3.

The pebble dike

maintains a very uniform thickness of about half a meter along most of
the length of its exposure.

The dike consists of a subangular to very

rounded clasts of quartz and a variety of plutonic and volcanic ( ?)

rocks set in an epidotized groundmass.

Exposures in prospect pits show that the pebble dike, although
parallel to the-quartz latite dike adjacent on the east, may be bounded
on each side by granodiorite.

In other exposures, the pebble dike

appears to be in contact with granodiorite on the west and quartz latite on the east.

The pebble dike is generally observed in an intru-

sive relationship with its wallrocks, but in a prospect pit in the NE4
of the SW4, Section 3, the dike is bounded on both sides by striated
surfaces.

The pebble dike displays several distinctive features.

Firstly,

the dike contains clasts of five or six different rock types, including quartz pebbles, altered plutonic rocks, quartz- orthoclase pebbles,
and several distinct fine -grained lithologies which may be volcanic in
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origin.

The country rock which the dike intrudes could only provide

two, or at most three, sorts of clasts -- aplite, granodiorite, or
quartz latite.

Secondly, the groundmass of the pebble dike is highly altered,

while the wallrocks to the dike are much less so.

The granodiorite in

contact with the pebble dike does show chloritization of the biotite
contained within it, but not pervasive epidotization of the rock as a
whole.
Smaller

Thirdly, the pebble dike clasts have a size gradation.
fragments tend to lie nearer the walls of the dike.

The smaller frag-

ments also are less well rounded, and near the walls of the dike show
a preferred orientation of the long dimension of the clast parallel to
the contact.

Also along the margins of the dike, fragments of granod-

iorite may appear arrested in the process of being plucked from the
walls into the dike groundmass.
The origin of

pebble dikes and other types of intrusive

breccias has been discussed by Mayo (1976), who proposes that some intrusive breccias may represent natural analogues to the industrial
process of fluidization.

Fluidization is accomplished by the suspen-

sion and transport of particulate materials within a pressurized
stream of gas or liquid.

Several characteristics described above for

the pebble dike are consistent with this mechanism of origin:
1.

The preferred orientation of elongate fragments indicates

alignment through flow or shearing.
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Plucking of fragments of wallrock into the dike implies motion

2.

of dike material past the walls.

The presence of exotic rock types with the dike suggests the

3.

involvement of lithologies upsection, since removed by erosion, whose
clasts became entrained and sank within the matrix of the dike.

The high degree of alteration of the dike matrix versus the

4.

relatively slight alteration of the wallrock hints that the matrix was
.

.

.

comminuted rock

.

.

.

literally stewed in reactive fluids"

(Mayo, 1976, p. 416).
5.

The tendency for larger clasts to collect in the middle por-

tion of the dike may be the result of flowage differentiation, the
property of suspended particles in a moving fluid to drift toward the
central axis of the conduit.

Larger particles are more efficiently

sorted into the middle of a moving stream than smaller particles under
the same shear stress (Bhattacharji and Smith, 1964, p. 152).

These characteristics strongly suggest that the pebble dike
originated as a pulverized, fluidized rock material with entrained
fragments of wallrock, emplaced along a plane of weakness.

Fragments

of granodiorite appear within the pebble dike, but no quartz latite
has been recognized.

The pebble dike may therefore represent an

earlier event of intrusion along a plane of weakness that later also
guided the quartz latite dike.
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Structural Elements Northeast
of Esperanza

There are three main structural elements to be observed in the
Ruby Star Granodiorite northeast of Esperanza.

These three features

are faults, striated joints and veins, and relative extension due to
diking.

Faults

The Ruby Star granodiorite contains few features with which to
accurately gauge fault displacement.

The study area is in main part a

well developed pediment surface, and pediment gravels and regolith
obscure significant areas of outcrop.

It is seldom possible to trace

faults for any distance with confidence.

Most of the faults shown in

Figure 5 were observed only in stream gullies, drainage canals, or
prospect pits.

The homogeneous character of the country rock may even render
it difficult to determine relative sense of movement on fault planes.
Where sense of relative motion can be discerned, however, it is commonly left- lateral.

ment as well.

A few small faults show components of normal move-

The latest action on most fault planes northeast of

Esperanza was mainly post -ore, as faulting generally cuts veins in the
country rock.

Striated Surfaces

Minor movement on discrete surfaces is evident throughout the
study area in the form of striated joints and veins.

Slickensided

Figure 5.
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veins are commonly very similar to one another in appearance and orientation.

A series of thick quartz veins lies in a swath across the NW1

of the SEA, Section 4, clearly filling fissures and almost invariably
slickensided.

These veins pinch and swell and range up to 25 centi-

meters in thickness.

The strikes of these veins have a pronounced

bias towards the northeast quadrant.

The rake of slickensides on

these planes is also fairly consistent, ranging from horizontal to
about 45° south (Figure 6).
The northeast -striking fissure -fill veins indicate a relative

extension to the northwest.

Subhorizontal slickensides reveal that

some component of lateral motion was exerted on these planes as well.
Other striated surfaces, observed in the area show little evidence of
dilation.

A few such planes have low dips and bear record of slippage

which was nearly horizontal.

Dikes

A very important structural element northeast of Esperanza is
marked by the disposition of dikes cutting the granodiorite.

Most of

the quartz latite dikes have a strong N30E - N40E trend, with the two
generations of dikes bracketing a zone several hundred meters wide.

The dikes appear nearly vertical and their en echelon character is due
mainly to an original pattern of intrusion rather than offset by faults.
It is possible to trace individual dikes into narrow apophyses which
pinch out.

The dikes define a broad zone of structural weakness which bisects the study area from southwest to northeast.

A traverse
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Figure 6.

Attitudes of Striated Joints and Veins Northeast of
Esperanza. -- Rake of slickensides on planes shown by
heavy dot.
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perpendicular to the trend of the dikes in the central part of Section
3 crosses approximately ten meters of dike in 400 meters distance.
This amounts to an equivalent extension of 1% per kilometer to the
northwest.

Discussion
The structural data given above are limited in scope, but the

observations are consistent with those of other workers in the region.
Thacpaw (1960) and Weaver (1965) both describe left- lateral faulting
in the Ruby Star Ranch area, just north of McGee Road from the terrain
discussed above.

The stratigraphic units in sedimentary rocks north-

east and east of the present study area have left -lateral offsets
(Whitcomb, 1948; Houser, 1949; Burroughs, 1959).

Lacy (1959) explains

the gross structural character of the eastern Sierrita Mountains in
terms of left- lateral breaking, and Lutton (1958) also describes the
southeastern Sierritas as a left -lateral wrench zone.

Lutton further

notes the presence of a "major tension system" marked by fracturing
and dikes northeast of Esperanza, and describes planes in the area
with subhorizontal slickensides.
Perhaps one of the more significant structural details given
in the literature for the eastern flank of the Sierrita Mountains is
contributed by Weaver (1971).

Based on seismic profiles and drill

core information, Weaver proposes the existence of three or four
graben -type structures arrayed along the fringe of the batholith from

the Ruby Star Ranch northwards to the San Xavier Indian Reservation.
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The trends of these troughs are north -northeast, very similar to the

trend of the zone adjacent to Esperanza bracketed by quartz latite
dikes.

Weaver's data suggests that the N30E - N40E structural grain

revealed by dikes and striated surfaces northeast of Esperanza is part
of an area pattern of fairly widespread effect.

This structural grain

is also of primary significance to the patterns of fracturing and
hydrothermal alteration in the present study area.

CHAPTER 3

HYDROTHERMAL ALTERATION AND MINERALIZATION

Fracturing in the country rock exerted an important control on
the distribution of hydrothermal alteration and mineralization northeast of Esperanza.

This control is particularly evident within two

kilometers of the pit area, as most of the hydrothermal effects within
and adjacent to Esperanza are manifested as veins (Smith, 1975; West,
1976; Aiken and West, 1978).

However, at distances further removed

from the pit area, there occur zones of pervasive as well as veinlet
controlled alteration.

Hydrothermal effects northeast of Esperanza

may then be divided into two major groups; a system of veins whose distribution appears related to the progenitor stock of the SierritaEsperanza complex, and alteration peripheral to the complex, not
spatially related to the progenitor stock.

Veins Centered on the Progenitor Stock
Hydrothermal veins in the Ruby Star Granodiorite north of
Sierrita and immediately to the west of the present study area have
been described in detail by previous workers (Haynes and Titley, 1980).
North of Sierrita, it was found that there exist three major sets of
veins whose distribution is some function of distance from the central
portion of the quartz monzonite porphyry stock north of the two pits.

24
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Based on variations in fracture densities and symmetrical areal extent
of the three major vein sets, the central portion of the quartz monzonite porphyry could be designated as an "intrusive center" to which
fracturing in the Sierrita -Esperanza complex was spatially and genetically related.

The same three major sets of veins described north of

Sierrita persist around this broadly defined "intrusive center" to the
north and east of Esperanza, maintaining an areal distribution roughly
centered on the progenitor stock.
Cross -cutting relationships between these three vein

sets

northeast of Esperanza reveal an early hydrothermal event which produced quartz -K- feldspar+magnetite veins.

An intermediate episode of

fracturing was filled with quartz -sulfide veins, and later fracturing
in the system allowed deposition of quartz -K- feldspar-- epidote +chlorite

+sulfide veins (Table 2).
The early quartz -K- feldspar veins are characteristically very

fine and meandering and rarely occupy fractures which are straight and
planar.

Some veinlets in this generation are extremely fine, visible

in thin section down to widths narrower than 200 microns.

Orthoclase

is the major mineral in the early veins, and may be the only important
alteration mineral in very fine veinlets.

Quartz appears with ortho-

clase either as discrete intermixed grains or as tiny stringers within
a feldspathic selvage.

Magnetite, where it occurs, is seen as solid

inclusions within either quartz or orthoclase.
Fracturing following the deposition of quartz -K- feldspar

veinlets was filled with a quartz -sulfide mineral assemblage.

There

RIO

411MIII

ggealaSVAWkatetinOtS

Biel

MIN*
IIIMINO

MN.*

MMANOMMINOV

ON.

I1W

,1MI

aimatualui

.11111=

1-

am. ;

=MIN

't

I1!Si =777.17.7777777:11-3M

al:FlutaaH

alTuapc14014

S USAH
2uTanlouid

zlaenb

dspiaj-x

a4T30Til

alToTlaS

a4opTdg

aqTqau.TeN

a4TaAd

alTiAdo3IND

:z emu.

A1.103

sum paiewe3 AJAqdJo jo speueBeied

27

are indications of more than one set of sulfide veins.

North of Sier-

rita, previous work has noted a subset of quartz veins with less than
1% total sulfide content, which is but by quartz veins with greater
than 1% total sulfide content (Haynes and Titley, 1980).

In a limited

number of cases, this sequence may be perceived northeast of Esperanza.
However, weathering tends to obscure the relationship.

Generally,

where sulfide veins crosscut one another, goethite staining renders it
difficult to determine which vein may have had a higher original sulfide content, if indeed there was a difference.
In some cases, earlier sulfide veins do contain only a low
percentage of sulfides.

Staining by sodium cobaltinitrate shows that

earlier sulfide veins may also have an orthoclase selvage, or even
orthoclase in the vein itself.
veins.

Magnetite may also be present in these

Later sulfide veins produce prominent goethitic or jarositic

staining in weathered outcrop.

These veins commonly have a sericitic

selvage on the order of a centimeter wide.
rather low.

Quartz content is generally

Magnetite has not been observed in weathered examples of

these veins, although magnetite- pyrite veins with sericitic selvages

have been found in unweathered rock from prospect pit dumps.

Most sul-

fide veins, either relatively early or late, commonly occur in regular
sets of straight, planar, and subparallel fractures.
There are two other types of sulfide veins seen within 1.5
kilometers of the Esperanza pit, which, owing to a paucity of unweathered outcrop, are difficult to trace out in the full possible extent of
their areal distribution.

In a drainage canal in the NW% of Section 10,
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unweathered granodiorite hosts the more common sulfide vein sets described above as well as veins bearing hydrothermal biotite +sulfides,
and quartz - molybdenite veins.

Hydrothermal biotite veins contain

pyrite in some cases, although biotite may also occur by itself.

In

the NA; of Section 10, biotite veins are cut by sulfide veins with
feldspathic selvages.

The temporal relationship between biotite veins

and the more widespread quartz -K- feldspar+magnetite veins is not known

for certain, as the two types were not seen in the same outcrop.

But,

observations in the Esperanza pit (Smith, 1975) have shown that hydro -

thermal biotite is an early alteration phase, preceding at least in
part the development of orthoclase veins.

Sulfide veins with feldspathic selvages are cut in turn by
sparsely distributed quartz- molybdenite± pyrite veins.

Molybdenite is

a major component of these veins in the NW% of Section 10, but it
occurs only as a rare accessory in sulfide veins elsewhere in the study
area.

Quartz- molybdeníte veins are cut by quartz -pyrite veins, the

latter belonging to the set of sulfide -bearing fractures which show

prominent goethite staining in weathered outcrop.
The latest veins in the three major sets arrayed about the
quartz monzonite porphyry stock contain a quartz -K- feldspar -epidote

mineral assemblage with accessory chlorite and sulfides.

K- feldspar is

seen as a flamboyant selvage mineral, flanking a central fill of prismatic quartz and epidote.

Epidote and quartz may be cogenetic, al-

though at least some quartz in certain veins predates some epidote.
Epidote may be limited to an accessory occurrence in some cases.
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Chlorite and sulfides also generally occur as minor accessories, in
most cases appearing to postdate the deposition of most quartz in
these veins.

Commonly the late quartz -K- feldspar -epidote veins are

cavity -fill features, with open space textures and remnant void space
accompanying the vein minerals.

Such veins are generally rather iso-

lated, or occur in groups of three or four closely spaced fractures.

Peripheral Alteration
The style of alteration on the fringes of the system at
Sierrita -Esperanza is distinct from that of alteration and mineralization spatially related to the progenitor stock.

Hydrothermal effects

on the periphery of the system may be pervasive as well as fracture
controlled.

The peripheral alteration is also paragenetically dis-

tinct from the three major vein sets discussed above (Table 3).
Peripheral quartz -epidote -K- feldspar or quartz -epidote veins cut sul-

fide veins emanating from the heart of the system.

Pervasive altera-

tion and complete replacement of the country rock overprints and
obliterates veins whose distribution is centered on the progenitor
stock.

Veins associated with pervasive alteration on the fringes of
the system at Sierrita -Esperanza invariably bear epidote.

Some such

epidote veins may have a K- feldspar selvage, revealed in staining with
sodium cobaltinitrate, but K- feldspar selvages only occur where the

veins cut country rock not otherwise altered.
these veins is generally minimal.

The quartz content of

The epidote as seen in thin section

and slabbed rocks is fine and granular in texture.

Epidote selectively

Sericite

Calcite

Actinolite ( ?)

Tremolite -

Magnetite

K- feldspar

Albite

Chlorite

Epidote

Quartz

Table 3:
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replaces feldspar along the walls of these veins, creating a ragged,
irregular margin.

Chlorite is a common accessory and may in certain

cases predominate over epidote.

Magnetite can also be an accessory,

but in contrast to epidote- bearing veins in the central portion of the

system, sulfides are not observed in epidote veins on the fringes of
the system.

A second vein type distal to the Esperanza pit in the present
study area contains a quartz -epidote mineralogy. Quartz in these veins
contains tiny prisms of epidote, indicating that the two minerals precipitated simultaneously.

The only other component seen in these

veins are extremely fine, acicular crystals of a brownish -green to
transparent mineral tentatively identifed as tremolite- actinolite.

This mineral is a volumetrically insignificant component of these
veins.

The quartz -epidote veins are always associated with one or both

of two styles of pervasive alteration; propylitization or epidotization of the country rock.

This pervasive alteration is found through-

out the northeastern portion of the study area, occurring in elongate
zones trending northeast (Figure 7).

Where the granodiorite has been propylitically altered, the
rock acquires a bleached appearance, with a mineralogy which is an
albite- chlorite -epidote assemblage.

In thin section, plagioclase is

very much dusted with clays in the cores of crystals, but possesses
unaltered albitic rims.

Original orthoclase may be totally albitized,

as revealed by staining with sodium cobaltinitrate.

In partly altered

Figure 7.
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rocks, orthoclase may persist as a remnant phase, highly clouded with
alteration products and mantled with albite (Table 4).

Biotite becomes completely chloritized in the propylitic zones.
Hornblende, where present, alters to chlorite or another amphibole.
The latter mineral has second order interference color distinct from
chlorite's first order gray or berlin blue interference, and shows a
length -slow optic character.

actinolite.

This alteration mineral may be tremolíte-

It is volumetrically a very minor component of the pro -

pylitized rock.

The cores of propylitized zones in many cases are composed of
massive epidote which totally replaces the original rock.

Epidotized

zones are linear or pod -like and are always enclosed in wide mantles

of bleached, propylitized rock.

The replacement zones are a very por-

ous assemblage of crystalline epidote in radiating masses; subordinate
quartz and remnant sphene or zircon from the original granodiorite.
A third type of pervasive alteration distal from Esperanza is
an assemblage of quartz -calcite- muscovite.

This alteration type is

minor in areal extent, appearing only in a single linear zone in the
SEA of the SET, Section 3.

The muscovite (or sericite) is coarse and

easily separable for X -ray identification (Appendix A).

Chlorite is a

minor component of the alteration assemblage, but is present in sufficient amounts to lend a greenish cast to the rock.

Remnant zircon

and sphene may be seen in thin section and the rock also contains
traces of disseminated pyrite and molybdenite.
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Table 4.

Modal Compositions of Altered Rocks, North and Northeast of
Esparanza.

Percenta

Propylitic Alteration in Ruby Star Granodiorite
Plagioclase (albite, myrmekite)

46.7%

Orthoclase (remnant)

6.4%

Chlorite

1.7%

Epidote

6.9%

Quartz

33.0%

Amphibole

3.7%

Accessory (sphene)

1.2%

Replacement Epidote
Epidote

90.1%

Quartz

4.4%

Zircon

0.3%

Void

5.2%

Calcareous Alteration in Ruby Star Gradodiorite
Calcite

51.3%

Quartz

26.1%

Muscovite

18.8%

Chlorite

2.8%

Accessories (zircon, sphene, pyrite)

1.0%

aPercentages express cm2 phase per 100 cm2 area.
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The calcareous alteration is entirely subordinate to the
propylitization -epidotization more commonly found on the fringes of
the Sierrita -Esperanza system.

This alteration type was only seen in

outcrop at the site described above.

However, there are other small

areas near the eastern margin of the study area where the regolith
mantling the country rock is calcareous.

Epidote Compositions and
Alteration Paragenesis
In order to clarify the relationship between alteration
centered on the progenitor intrusion and alteration peripheral to the
system, epidote from both groups of hydrothermal effects was analyzed
with the electron microprobe (Appendix B).

The object of this analysis

was to determine what chemical differences might exist between distinct generations of a single alteration mineral.

Epidote compositions may be described in terms of a solid
solution series from clinozoisite (Ca2A13Si3012(OH)), through epidote
proper (Ca2FeAl2Si3012(OH)) to a hypothetical iron endmember, pistacite
(Ca2Fe3Si3012(OH)).

The major substitution in this solid solution

series is ferric iron for aluminum, although epidotes commonly contain
small amounts of manganese as well.

Compositional variations in epi-

dotes are most evident in changing molar Fe /(Fe + Al) ratios, which

generally do not exceed 0.33 but may range up to 0.50; i.e., 1.0 to 1.5
ferric irons per unit formula (Deer, Howie, and Zussman, 1966).

A very thorough study of epidote compositions by microprobe
analysis was carried out at Sierrita by Fellows (1976).

From the
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manganese content of epidote in this peripheral vein is higher than
that of epidote in the veins discussed above, ranging from 0.10 to
1.26 wt. % MnO.

Epidote from the replacement body again has a relatively high
iron content.

The mean of ten spot analyses for this sample is 0.309.

Manganese content of this epidote is low and erratic, varying from
0.04 to 0.16 wt. % MnO.

Epidote from replacement zones and different vein sets northeast of Esperanza is chemically and paragenetically distinct.

Epidote

from late veins of the three major fracture sets centered on the quartz
monzonite porphyry is on the average nearly saturated with ferric iron,
as are epidote samples from the replacement body.

This high iron con-

tent for these particular vein epidotes is not surprising, in view of
the fact that pyrite, magnetite, or hematite are common accessories in
veins proximal to the progenitor stock.

This particular hydrothermal

system apparently contained abundant iron.

The high iron content of the replacement epidote is not so
easily explained.

There is not nearly enough iron in unaltered granod-

iorite containing only 8% biotite to create a rock which is more than
90% epidote.

Iron had to be added to this altered system, perhaps

supplied by leaching from propylitized rocks which always surround the
zones of epidotization.

Discussion

The zones of pervasive alteration northeast of Esperanza have
important implications on the hydrothermal history of the area.

Modal
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compositions of fresh and altered rocks and the staining of feldspars
in sample blocks show that the propylitization of the granodiorite involved mainly a loss of K20 and perhaps some iron, with the addition
of water.

Other oxide constituents seem to have been rearranged mín-

eralogically, with only minor gains and losses in bulk composition.

However, bulk compositions of the more intensely altered rocks; i.e.,
the epidote and carbonate alteration types, had to have changed radically from the original granodiorite.

The calcareous alteration must

have required the addition of considerable Cam and CO

2

to the rock.

Other constituents, such as iron, appear to have been largely removed.

On the other hand, the epidotized zones require the significant addition of iron and calcium to the altered rock.

CHAPTER 4

FRACTURE SET DENSITIES, DISTRIBUTIONS,
AND ORIENTATIONS

The abundant hydrothermal veins north of Esperanza show that
the country rock adjacent to the progenitor stock was broken repeatedly
during the evolution of the system.

The mineralogy of the vein sets

described in the previous chapter can be used to indicate more than
just changing chemical conditions during this evolution.

Different

vein types highlight different fracture sets, revealing not only temporal relationships through cross -cutting, but also the variation in

space and time of fracture set densities and the orientations of fracture planes.

Fracture Densities

The measurement of fracture density consists of determining the
cumulate length of some fracture set of interest and dividing that
length by the area over which it was measured.

This operation yields

a number with units of inverse length, commonly expressed in cm 1.
Fracture density studies by other workers have generally used a 50
centimeter square as a measurement area ( Titley, Fleming, and Neale,

1978; Haynes and Titley, 1980), a geometry which was also adopted in
the present study.

However, a variety of geometries may yield ident-

ical or very similar densities for a given fracture set (Appendix C).
40
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Fracture densities of different vein sets northeast of Esperanza were compared with patterns that have been described for the area
north and northwest of Sierrita (Haynes and Titley, 1980).

The re-

ported variation of fracture density versus distance from the quartz
monzonite porphyry for the three major vein sets north of Sierrita is
shown in Figure 9.

An important feature of the diagram is the implied

concentric symmetry of the fracture densities relative to an "intrusive
center" within the quartz monzonite porphyry.

Figure 9 makes no state-

ment regarding direction of traverse from the center, save for an
understood northwards trend into the Ruby Star Granodiorite.

Given

that the same three major vein sets cut the same type of country rock
to the northeast of Esperanza as to the north of Sierrita, it might be
expected that this concentric pattern of fracture density distribution
would continue around the "intrusive center" to the east into the present study area at arbitrary distances in arbitrary directions from the
"intrusive center ".

However, with the possible exception of the early

quartz -K- feldspar veins, such accurate prediction is not generally obtained.

Just as north of Sierrita, the distribution of quartz -

K- feldspar veinlets northeast of Esperanza effectively defines the

limit of fracturing related to the porphyry copper system.

Fracture

densities for the early quartz -K- feldspar veins or the other two sets

related to the progenitor stock fall to zero in areas of unaltered
outcrop on the eastern margin of the study area (Figure 10, in pocket).
Fracture density of the early veinlets across the interior of the

Figure 9.

Variation in
sive Center"
Sierrita. -major sets of

Fracture Density vs. Distance from an "IntruWithin the Quartz Monzonite Porphyry, North of
The curves represent the density of the three
veins; quartz -K- feldspar(+magnetite), quartz sulfide, and quartz -K- feldspar + epidote veins, which may
also be discerned northeast of Esperanza. (After Haynes
and Titley, 1980)
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-1

system remains fairly even, rarely ranging above 0.06 cm

except in

the core area of the fractured terrane.

Fracture densities for sulfide veins which occur northeast of
Esperanza are quite high near the heart of the system, ranging from
-1
-1
or even more (Figure 11, in pocket).
to 0.20 cm
0.15 cm

Sulfide

veins die out on the margins of the system in an irregular fashion, not
On the edge of the terrane

smoothly distributed over the whole area.

cut by sulfide- bearing fractures, the veins tend to occur in narrow

zones within which is seen moderately high fracture densities.

These

zones may cut and be flanked on either side by outcrop only a few
meters away which is essentially unveined.

This situation gives rise

to anomalous "hot spots" of sulfide veins on the fringes of the system.

Sulfide fracture density tends to decrease to about half its core area
value at approximately 2.5 kilometers from the central portion of the
progenitor stock.

High values for sulfide vein density may persist,

however, significantly further than this distance within the zone
marked by quartz latite dikes.
Late quartz -K- feldspar -epidote veins related to the Sierrita-

Esperanza complex occur proximal to the pit area and are not recognized
beyond about 2.5 kilometers from the center of the quartz monzonite
porphyry.

This distance limit may be somewhat artificial, with the

true extent of this vein type obscured by cover.

In the core area of

the system, proximal to the pits, epidote veins maintain a rather low
but even density of 0.02 cm

1

to 0.04 cm

1

(Figure 12, in pocket).
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The distinct quartz -epidote +K -feldspar veins on the periphery

of the system show no variation in density or distribution as a function of distance from the quartz monzonite porphyry.

Instead, epidote

veins beyond about 2.5 kilometers from the progenitor stock vary in
density as a function of proximity to alteration zones.

Quartz -epidote

veins in the propylitized zones on the margins of the system may attain
-1

quite high densities, reaching values of 0.25 cm

or more even 3.5

kilometers from the center of the progenitor stock.

Structural Influence on Fracturing

The development of fracturing northeast of Esperanza was not
governed simply by distance from the progenitor stock, but came under
at least one of two other influences.

One such influence was a zone

of structural weakness perturbing the pattern of veins associated with
the Sierrita -Esperanza system, and the other was the group of pervasive

alteration zones peripheral to the system.

The zone of structural weakness is a very important element
affecting the distribution of fracture densities northeast of Esperanza.

This zone is marked by a swarm of quartz latite dikes which trend N30E N40E through the heart of the study area.

The westerly group of dikes

at least predates the sulfide veins in the area, while the easterly
group is formed by dikes virtually uncut by any veins of any type along
3.0 kilometers of strike.

The existence of this zone of weakness is revealed by another
mappable feature in addition to the dikes.

Veins associated with the

porphyry system at Sierrita- Esperanza die out with distance from the
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-1

center of the mineralized system to background values of 0.01 cm
less in the Ruby Star Granodiorite.

or

Rock which was within effective

fracturing range of the porphyry copper system has a weathering character distinct from rock which was outside of the system.

The more

highly fractured the rock, the smaller the fragments into which it
breaks apart upon weathering.

Where fracture densities decline to

background values, weathered outcrop of the granodiorite breaks into
boulders up to meters on a side.

This difference in weathering char-

acter may be used to define a "boulder line" across the study area.
Inside of this line and toward the pit area, boulder -sized outcrop un-

cut by veins is virtually absent, and outside of the line, fracture
densities of the three major vein sets related to the progenitor
stock decline to background values (Figure 13).

As a field term in

this study, "boulder" refers to fragments which are on the order of
50 centimeters on a side, or greater.

The "boulder line" mapped northeast of Esperanza does not have
a symmetry concentric to the center of the quartz monzonite porphyry.
Such a concentric symmetry might be expected of fracturing governed by
a center within an isotropic medium.

Instead, the boulder line ap-

proaches within about 2.5 kilometers of the quartz monzonite porphyry
center in the N70E direction, swinging away to 3.5 kilometers or more
in the N35E direction, then curving back around the core of the system

on a trend roughly EW.

The "boulder line" defines a rude lobe coaxial

with and parallel to the zone cut by the quartz latite dikes, although
broader in extent.

Figure 13.
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Just as the "boulder line" is perturbed, fracture densities of
vein sets are also affected to the northeast of the progenitor stock.
Figure 14 represents variation of fracture density for early quartzK-feldspar, intermediate sulfide, and late peripheral epidote veins
along the length of a 90° circular arc of 3.0 kilometers radius, drawn
from a point in the central portion of the quartz monzonite porphyry.
Level lines on the left -hand portion of each graph are values of frac-

ture density predicted for this distance by Haynes' and Titley's study
(1980; Figure 9).
The fracture densities of quartz -K- feldspar veins do not vary

significantly from the reference value in Figure 14 along the entire
length of the arc.

However, sulfide veins vary in density, forming a

broad maximum centered over the zone marked by the quartz latite dikes.
Epidote veins rise to a density maximum where the arc crosses the
western edge of the zone of quartz latite dikes, dropping to near -zero

values away from the zone.

Epidote vein density rises again where the

arc intersects a narrow, linear alteration zone on the eastern margin
of the system.

The effect which the diked zone exerts upon fracture density
is also illustrated from consideration of fracture densities of sulfide
veins at distances of 2.0, 2.75, and 3.5 kilometers from a point in
the quartz monzonite porphyry (Figure 15).

At 2.0 kilometers, sulfide

vein densities do not appear to increase dramatically within the zone
cut by dikes above values predicted by Figure 9 for sulfide veins at
this distance.

Although sulfide vein density within the zone of quartz
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Variation in Fracture Densities along a Circular Arc. -The Abscissa marks the trend of a radius line from the
"intrusive center" shown in Figure 13 to an arc at 3.0 km,
sweeping clockwise from NNW to N70E. Vertical bars show
where the arc intersects the quartz latite dikes.
Dots
represent single fracture density measurements.
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Variation in Sulfide Vein Density along Circular Arcs. -The abscissa represents the trend of radius lines from the
"intrusive center" shown in Figure 13 to arcs at 2.0, 2.75,
and 3.5 km distance, from points on the arc due north of
the quartz monzonite porphyry to points due east. Vertical bars marks the intersection of the arcs and the quartz
latite dikes. Dots represent single vein density measurements.
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latite dikes is close to predicted values, values outside of the zone
to the west are actually higher.

Sulfide vein density may then fall

within the zone of quartz latite dikes at 2.0 kilometers distance from
the "intrusive center ", yet at least one anomalous value does occur in
this area.

At 2.75 kilometers, there is a distinct contrast between the
density of sulfide veins within the diked zone and the density of sulfide veins outside the zone.

To the west of the area cut by dikes the

density of sulfide veins at 2.75 kilometers distance is very near to
the value referenced on Haynes' and Titley's curves (Figure 9).

But,

adjacent to or within the zone of quartz latite dikes, sulfide vein
density increases to five times the value seen to the west.

In con-

trast, to the east of the zone of dikes, sulfide vein density at 2.75
kilometers falls away to zero.

At 3.5 kilometers from the central portion of the progenitor
stock, the effect which the zone of quartz latite dikes has on sulfide
vein density is most pronounced.

At 3.5 kilometers, sulfide vein

density outside of the diked zone in the present study area is essentially zero.

Within the zone, however, sulfide vein density increases

dramatically to 0.15 cm 1.

This value is nearly twice the mean inte-

grated fracture density for all three major sets of veins at a comparable distance from the progenitor stock, measured north of Sierrita
(Haynes and Titley, 1980).
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Fracture Orientations

The zone of structural weakness not only has a major effect on
the density of vein sets, but also has a controlling influence on fracture attitudes.

The majority of all veins in the area northeast

of Esperanza strike northeast, essentially parallel to the quartz
latite dikes.
Reliable attitudes for the early quartz -K- feldspar veins are

relatively few in number, owing to several factors.

This vein set is

early, and as such has been overprinted by all subsequent hydrothermal
activity.

In addition, the early veins are generally very narrow and

difficult to pick out in the weathered, coarse- grained granodiorite.

Thirdly, weathered rock has little tendency to break apart on early
quartz -K- feldspar veins and afford surfaces whose attitude may be

easily measured.

In contrast, sulfide vein attitudes are plentiful and easily
obtained.

Sulfide veins generally have high density and are prominent

in weathered outcrop owing to goethite staining.

Sulfide veins also

occur in neat, planar fracture sets which efficiently break apart outcrop on weathering.
Epidote- bearing veins are likewise fairly amenable to attitude

measurement, being late in the temporal sequence of fracturing and
therefore not obscured by subsequent activity.

Epidote veins are gen-

erally visible in weathered outcrop either by distinct vein selvages
or by coloration of epidote itself.
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The early quartz -K- feldspar, intermediate sulfide, and late

epidote veins all have very similar "master attitudes" to the fracture
sets which they occupy, regardless of distance from the progenitor
stock.

A contoured equal -area plot of early vein attitudes shows a

pole density maximum corresponding to an attitude of N40E6ONW (Figure
16a).

Sulfide veins have a tight pole density maximum reflecting a

general orientation of about N38E52NW (Figure 16b).

The equal -area

plot of all epidote vein attitudes measured in the study area yields a
pole density maximum corresponding to an orientation of N38E65NW
(Figure 16c).

53

Figure 16.

Contoured Equal -Area Plots of Poles to Vein Attitude
Planes.

Figure 16.

Contoured Equal -Area Plots of Poles to Vein Attitude
Planes. -- Contour intervals represent percent points per
1% total area.
a.

b.

c.

Quartz-K-feldspar+magnetite vein attitudes. Maximum
pole density is 26% points per 1% total area. Thirty eight points plotted.
Quartz -sulfide vein attitudes. Maximum pole density
equals 21% total points per 1% total area. Four hundred fifty -six points represented.
Quartz -epidote +K -feldspar vein attitudes.
Maximum
pole density equals 18% total points per 1% total area.
One hundred nine points represented.

CHAPTER 5

FLUID INCLUSION DATA

The thermal and chemical nature of hydrothermal fluids can be
determined by fluid inclusion studies of alteration and gangue minerals.

The temperatures and salinities of fluids effecting alteration

and mineralization northeast of Esperanza were studied with a gas -flow
heating- freezing stage (Appendix D).

The validity of information gained from fluid inclusion studies is predicated upon several assumptions.

One assumption is that

hydrothermal minerals trap homogeneous samples of fluids from which
the minerals precipitate during crystal growth.

A second assumption

is that the fluid inclusions do not undergo significant gains or losses
of material, or change in volume, after entrapment.

A third assumption

is that fluid inclusions contemporaneous with the formation of the host
mineral may be distinguished from inclusions formed after the deposition of the host mineral (Roedder and Skinner, 1968; Roedder, 1976,
1979).

Fluid inclusions forming with the precipitation of the host
mineral are termed primary.

Fluid inclusions which form in flaws or

cracks in a crystal after the deposition of the host mineral are
termed secondary.

A special case of the latter are pseudosecondary

inclusions, which may form in a crack developed during precipitation
54
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of the host mineral which is subsequently healed by later crystal
growth.

An exhaustive list of criteria useful for distinguishing

primary, secondary, and pseudosecondary inclusions is given by Roedder
(1976, 1979).

In the present study, the major intent of the fluid inclusion
work was to obtain temperatures of formation of veins and pervasive
alteration northeast of Esperanza.
(Figure 17).

Three sample sites were selected

One site was near the western border of the study area,

removed from the zone of structural complications and about 2.0 kilometers from a central point within the quartz monzonite porphyry.

The

second site was located proximal to the younger set of quartz latite

dikes in the SA of the NE4 of Section 9, 2.0 kilometers from the same
point.

The third sample site was selected in an area approximately 4.0

kilometers from the center of the progenitor stock, near the older
generation of quartz latite dikes and several zones of peripheral
propylitic alteration.

All fluid inclusions observed in this study were of the
moderate- to low- salinity, liquid -rich variety with a small vapor
bubble.

Such inclusions are classified as Type I by Nash (1976).

Thermal Profiles of Veins
at Site #1

All three major sets of veins associated with the quartz monzonite porphyry at Sierrita -Esperanza are represented at Site #1.

Fig-

ure 18 shows temperature profiles of fluid inclusions in each of these
vein sets obtained by homogenizing the vapor bubble with the liquid.

Figure 17.

Sample Sites Selected for Fluid Inclusion Studies.

Otz Monzonite
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Figure 18.

Homogenization Temperature Profiles for Veins at Site #1.

Figure 18.

Homogenization Temperature Profiles for Veins at Site #1.
-- The histograms represent fluid inclusion homogenization
temperatures in quartz- K- feldspar+magnetite, quartz sulfide, and quartz -K- feldspar + epidote veins 2.0 kilom-

eters from the approximate center of the quartz monzonite
porphyry adjacent to Esperanza. The ordinates of the
histograms are frequency (number of inclusions).
Primary inclusions in quartz

Secondary inclusions in quartz

Primary inclusions in epidote

Secondary inclusions in epidote

Pseudosecondary ( ?) inclusions in epidote
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The early set of quartz- K- feldspar+magnetite veins have pri-

mary inclusions in quartz which homogenize in the range 320° - 360° C.
The material contains abundant secondary inclusions which form a prominent spike in the thermal profile at 140° - 160° C and which begin to
decrepitate near 300° C.

These secondary inclusions complicate the

search for primary inclusions simply through creating a sorting problem.

The existence of abundant secondary planes in the material also

makes it very likely that many original primary inclusions were opened
and refilled with later fluids (Roedder, 1971).

Primary inclusions from quartz in the intermediate sulfide
veins homogenize in the range 260° - 320° C.

This quartz is cogenetic

with the sulfides, containing solid inclusions of sulfides and their
alteration products.

Quartz in this set of veins at Site #1 is also

rich in secondary inclusions.

These secondaries again form a distinct

peak in the thermal profile at 140° - 180° C.

The thermal profile at two late quartz-K-feldspar-epidote veins
from Site #1 is significantly different from the two earlier vein sets.

Epidote from these late veins yielded two primary inclusion homogenization temperature peaks.

One maximum ranges from 300° - 340° C, with

a few inclusions at even higher temperatures.

The other peak is

cooler, with primary inclusions homogenizing at 160° - 200° C.

Another

feature of the thermal profile of the epidote veins is a number of
inclusions which homogenize from 300° - 360° C but do not appear to be
strictly primary.

Inclusions in this group tend to be small and angu-

lar, commonly associated with planes of "microdebris" or other fluid
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inclusions.

These inclusions appear to be secondary in origin, al-

though possibly they are pseudosecondaries formed in crystal flaws
during the ongoing precipitation of the epidote.

No planes of inclu-

sions in this group were observed which terminated within the crystal,
a characteristic which might have indicated a pseudosecondary origin.

However, samples of epidote were ground very thin to permit adequate
light transmission for microscopy.

The samples may have unfortuitously

not contained the termination of a pseudosecondary plane.
Primary inclusions in quartz associated with epidote in the
late veins show homogenization temperatures in the range 160° - 200° C,
an

interval comparable to that of primary inclusions in epidote.

The

homogenization temperatures of secondary inclusions in quartz of these
veins create a spike at 140° - 160° C.

Rarely, secondary inclusions

in quartz of this vein set contain a tiny squarish, nonmagnetic opaque
mineral which is probably pyrite.

Secondary inclusions in both quartz

and epidote are observed to decrepitate upon heating to approximately
300° C.

Thermal Profiles of Veins
at Site #2

The second sample site chosen for fluid inclusion study lies
immediately adjacent to a quartz latite dike which cuts all veins in
the country rock.

The dike thickness at the sample site is two meters,

and vein material for study was taken at distances 2.2 and 3.0 meters
away from the dike.
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In early quartz -K- feldspar and intermediate sulfide veins 2.2

meters away from the dike, primary inclusions in quartz yield homogenization peaks which are essentially identical to analogous veins at
Site #1.

The early veins display a primary thermal peak at 320° -

360° C, while the sulfide veins show a primary peak at 280° - 340° C.
An important difference between the thermal profiles for veins
at Site #1 and Site #2 appears in the portion of the histograms created
by secondary inclusions.

At Site #2, secondary inclusions in quartz

from the early vein (Figure 19a) are virtually absent at temperatures
below 200° C.

The secondary spike so prominent at Site #1 for homoge-

nization temperatures between 140° - 160° C is missing at Site #2.
The cause of this situation appears to be decrepitation by thermal
effects from the intrusion of the dike.

Even prior to a first labora-

tory heating, quartz from the early vein near the dike contains numbers
of darkened, empty inclusions.

Decrepitation in the form of darkened, emptied inclusions is
also evident in the sulfide vein, although some secondary inclusions
in quartz still persist which homogenize in the temperature interval
of 140° - 240° C (Figure 19b).

The proportion of primary to secondary

inclusions in the sulfide vein quartz, however, is much higher at
Site #2 than at Site #1.

Some percentage of the cooler secondary in-

clusions in the sulfide veins at Site #2 may have been eliminated by
decrepitation.

The thermal profile of fluid inclusion homogenization temperatures for the quartz -K- feldspar- epidote +chlorite veins is a composite
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Homogenization Temperature Profiles of Veins at Site #2.

Figure 19.

Homogenization Temperature Profiles of Veins at Site # #2.
-- The upper three histograms show fluid inclusion thermal
profiles for quartz- K- feldspar+magnetite and quartz sulfide veins 2.2 meters from a quartz latite dike, and
two quartz -K- feldspar -epidote- chlorite veins 2.2 and 3.0
meters from the dike. The lowermost histogram represents
fluid inclusion homogenization temperatures in a quartz K- feldspar + epidote vein about 70 meters southwest of the
other veins, 20 meters removed from the quartz latite dike.

QPrimary inclusions in quartz

Secondary inclusions in quartz

Primary inclusions in epidote

Secondary inclusions in epidote

62

from two different fractures, one at 2.2 meters and the other 3.0
meters removed from the dike.

Both veins show very similar profiles

when considered separately and both belong to the same late fracture
set, so data from both are regarded here collectively.

Primary inclu-

sions from quartz in these veins show an unusual scatter in homogenization temperatures from 160° - 360° C (Figure 19c).

This scatter

suggests that .there is more than one generation of quartz in these

particular veins and that perhaps these fractures were reopened.

Such

reopening, or extended filling of the veins is also suggested by a
mineralogic feature.

Both of these veins contain pyrite which is in-

variably mantled and embayed with magnetite.

The original sulfide

encountered later conditions which rendered it unstable.

The unusual

thermal profile may be the result of original opening of the vein during the sulfide stage, with later reopening allowing the deposition of
the quartz -K- feldspar -epidote +chlorite assemblage.

Secondary inclusions in quartz of these veins show numbers of
individuals still persisting which homogenize in the range 120° 200° C.

Inclusions which have been darkened and emptied by decrepita-

tion are also evident, however.

The profile shows attenuation of the

number of secondary inclusions homogenizing below 160° C, in contrast
to the thermal profiles from Site #1 whose secondary inclusion homogenization temperatures are most numerous below 160° C.

Fluid inclusion work was performed on a third late vein in the
vicinity of Site #2.

This quartz -K- feldspar- epidote vein was sampled

about 70 meters southwest of Site #2, some 20 meters removed from
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outcrop of the quartz latite dike.

Primary inclusions in epidote of

this vein homogenized in the temperature interval of 300° - 360° C,

with a very close grouping of many inclusions between 330° C and 340° C
(Figure 19d).

Primary inclusions in quartz cogenetic with the epidote

homogenized between 340° C and 360° C.

Secondary inclusions in the

epidote homogenized in the interval 260° - 280° C.

A number of the

secondary inclusions in the quartz were cursorily observed to homogenize in the temperature range of 140° - 160° C.

Examples of these

latter inclusions were also noted to decrepitate upon heating the
sample to 300° C or more.

Thermal Profiles of Peripheral Veins
and Replacement Epidote, Site #3
Veins within the quartz latite dikes on the north -central

boundary of the study area contain quartz as their major mineral, although magnetite may be a common or even prominent accessory.

Minor

amounts of sulfides altering to goethite may also be discerned on
careful inspection.

The thermal profile of fluid inclusions in this

vein type have primary inclusions in quartz which homogenize in the
range of 200° - 240° C (Figure 20a).

Secondary inclusions in this

quartz create a homogenization temperature spike in the histogram at
140° - 180° C.

The sample site for the fluid inclusion material taken

from the quartz latite dike was removed from any immediately adjacent
zone of propylitic alteration common to the surrounding area.

There

is no vein type other than the quartz magnetite veins at the exact

Figure 20.

Fluid Inclusion Homogenization Temperatures for Materials
at Site #3. -- Fluid inclusions were studied in quartzmagnetite and quartz -epidote veins and in replacement epidote.
Inclusions studied in vein materials were taken
from quartz.
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sample site, although traversing the dike along its length reveals
quartz veins in the dike cut and offset by epidote veins.

Replacement epidote forming the cores to some of the peripheral
alteration zones contains fluid inclusions, even though this epidote is
not strictly vein controlled.

Primary inclusions in the epidote form

a broad homogenization peak ranging from 320° - 420° C, with the majority of inclusions falling between 360° C and 400° C.

Secondary inclu-

sions in the epidote homogenize in the range 240° - 360° C (Figure 20b).
Quartz epidote veins associated with the replacement zones and cutting
propylitized rock have primary inclusions in quartz which homogenize at
temperatures from 300° C to 380° C.

This quartz is cogenetic with the

epidote in the vein, by virtue of containing tiny crystals of scattered
epidote.

Numerous secondary inclusions in quartz of the quartz -epidote

vein range up to 320° C in homogenization temperature, with a pronounced peak at 140° - 180° C (Figure 20c).

Fluid Salinities

Certain problems were encountered in obtaining completely
satisfactory freezing data for each vein type in this study.

Most

fluid inclusions in the material studied were no larger than five to
seven microns in maximum dimension.

These inclusions were very diffi-

cult to monitor in freezing runs owing to their small size and the
limitations of the optic system.

Primary inclusions in some of the

vein types were nearly impossible to sort out from an overwhelming
majority of secondary inclusions without prior heating of the material.
Such a step was undesired, to prevent any ambiguities which might arise
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from possible loss of liquid from the inclusion.

The small size of

the inclusions in some material also presented problems in nucleating
ice, most notably in the replacement epidote.

Inclusions in this

material were not observed to freeze, or exhibit any changes in appearance attributable to freezing, even upon bathing the sample directly
with liquid nitrogen.

Because of these problems, fluid salinity data

were obtained only for large primary inclusions in epidote from veins
2.0 kilometers from the central portion of the progenitor stock, and
from large secondary inclusions in quartz from veins 2.0 and 4.0 kilometers from the heart of the system.

Salinities and homogenization temperatures determined for inclusions in the veins described above are displayed in Figure 21.

A

salient feature of the diagram is that inclusions with higher homogenization temperatures have rather uniform salinities in the range of
three to five equivalent weight percent NaCl.

Inclusions with cooler

homogenization temperatures, below about 2300 C, have slightly higher
salinities in the range of five to twelve equivalent weight percent
NaCl.

Discussion and Interpretation
Homogenization temperatures of fluid inclusions do not necessarily represent true trapping temperatures of the liquids, except in
the special case where the system lay on the boiling curve for the
given P -T conditions.

Unless evidence of boiling is observed, the

homogenization temperatures of the inclusions requires a pressure correction to obtain true trapping temperatures {Nash, 1976).

Figure 21.

NaCI

wt.%

equiv.

150

.

200

250

Homogenization Temperature

o

.

,

°C

300

o

o

o primary
secondary

350

Primary incluFluid Inclusion Homogenization Temperature vs. Equivalent Salinity.
sions are from epidote, with majority of secondary inclusions shown taken from quartz.

5-

10-

15-

68

Unfortunately, no evidence of boiling was seen in any of the material
investigated in this study.

The determination of a precise pressure

correction is therefore not possible.

However, previous fluid inclu-

sion work on veins in the Sierrita pit has provided pressure corrections for fluid inclusion filling temperatures in that area (Preece,
1979).

The data from the Sierrita pit requires a pressure correction

of +60° C for inclusions homogenizing at 140° C, decreasing to a correction of +10° C for inclusions homogenizing at 425° C.

The present results may also be compared to data obtained for
veins north of Sierrita (Table 5).

The homogenization temperature

profiles for veins concentrated toward the quartz monzonite porphyry
are essentially identical northeast of Esperanza as those reported for
veins north of Sierrita, except for the late quartz -K- feldspar -epidote

veins (Haynes and Titley, 1980).

Homogenization temperatures for pri-

mary inclusions higher than about 230° C are not reported in epidote
veins north of Sierrita.

In contrast, primary inclusions in epidote

from Sites #1 and #2 in the present study area homogenize at temperatures up to 380° C.

Northeast of Esperanza, late veins related to the quartz monzonite porphyry have a distinctly warmer thermal profile than analogous
veins to the west.

This apparent temperature difference could be due

to pressure effects during formation of these veins, or it may be a
real thermal difference.

The thermal profile of primary inclusions in

epidote at Site #1 suggests the continued deposition of epidote in
these late veins over a cooling interval from about 360° C to 160° C.
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Table 5.

Homogenization Temperatures of Fluid Inclusions in Veins
Related to the Quartz Monzonite Porphyry.

Present Study

Haynes and Titley (1980)

Quartz -K- feldspar +Magnetite Veins

340° - 360° C

340° - 360° C

Quartz - Sulfide Veins

260° - 340° C

240° - 320° C

(Quartz) -K- feldspar -Epidote Veins

160° - 360° C

170° - 230° C
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Veins related to the quartz monzonite porphyry located at
Site #2 show at least a percentage of secondary inclusions as having
suffered decrepitation.

This decrepitation is reasonably attributed

to the intrusion of the quartz latite dike, and indicates that the
second generation of dikes cutting through the area do indeed postdate
the hydrothermal veins.

This fact is also strongly suggested by the

absence of any veins in such dikes.
Quartz- magnetite+sulfide veins cutting the dike at Site #3

very likely belong to the same fracture set hosting the quartz sulfide
veins in areas closer to the quartz monzonite porphyry.

The homogeni-

zation profile of the quartz -magnetite vein sampled from the dike has

cooler primary inclusions than seen in quartz sulfide veins closer to
the progenitor stock, but this may be due simply to a greater distance
from the source of heat in the hydrothermal system.
The quartz - magnetite vein in the dike at Site #3 does not show

higher temperature secondary inclusions corresponding to later, warmer
fluids responsible for the peripheral epidote veins.

Material from

this quartz -magnetite vein also does not show any unequivocable signs

of decrepitation from reheating.

The lack of warm secondary inclusions

or signs of decrepitation may be explained by noting that the exact
sample site was chosen some tens of meters removed from neighboring
zones of propylitization.

Relatively low fracture density in the im-

mediate vicinity may have isolated the vein from the circulation of
later, hotter fluids.
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The thermal profiles and field relationships of the replacement epidote bodies and the quartz -epidote veins on the periphery of

the system imply that these two alteration types are closely related
in genesis and timing.

The homogenization temperatures of fluid in-

clusions in these alteration assemblages are up to 100° C hotter than
those of the sulfide veins which they cut or overprint.

The altera-

tion zones also appear to be unrelated to the alteration -mineralization
associated with the progenitor stock at Sierrita -Esperanza.

These

characteristics suggest that the replacement epidote is the product of
a thermal event distinct in space and later in timing than the hydro -

thermal system related to the quartz monzonite porphyry associated
with the Sierrita -Esperanza complex.

The effects of this later thermal

event are possibly responsible for the profusion of secondary inclusions at 140° - 180° C seen in the homogenization temperature profile
of nearly every vein examined in this study.

The peripheral altera-

tion can be concluded to predate the intrusion of the second generation of quartz latite dikes, as inclusions in the temperature range of
140° - 180° C tend to be decrepitated in veins adjacent to the younger

quartz latite dikes.

CHAPTER 6

SUMMARY AND CONCLUSIONS

A definite sequence of hydrothermal events' in a zone northeast

of Esperanza can be related to episodes of fracturing in the country
rock.

The scale of this rock failure ranged from mesoscopic to mega -

scopic, resulting both in hydrothermal veins meters to tens of meters
in length, and planes guiding the intrusion of dikes traceable for
kilometers along strike.

Initial development of planes of weakness in the Ruby Star
Granodiorite northeast of Esperanza is represented by aplite dikes.

These dikes occur over most of the thesis area, except where the
country rock is obscured by alluvium.

The attitudes of the aplite

dikes show no preferred orientation, indicating that their intrusion
was not influenced by strong area or regional directed stress regime.
Subsequent fracturing northeast of Esperanza appears to have
been a response to the intrusion of the quartz monzonite porphyry on
the southern margin of the batholith.

Fractures healed with quartz-

K-feldspar+magnetite veins die out with distance away from the quartz
monzonite porphyry.

The fracture density of these veins is fairly

constant over the extent of their occurrence.

However, a "boulder

line" roughly marking the limit of this fracturing is not symmetrically disposed to the quartz monzonite porphyry, but instead suffers a
72

73

distinct perturbation to the northeast.

Contoured equal -area plots of

vein attitudes for the early quartz -K- feldspar and later fracture sets

display a strong preference in strike direction to the N40E.

Intru-

sions of quartz latite dikes also have attitudes dominantly N30E N40E in strike, and elongate alteration zones northeast of Esperanza
are nearly parallel to the dikes.

The northeasterly direction common

to the orientations of these various features suggests that their development was influenced by an areal or regional structural regime.
The intrusion of the earlier set of quartz latite dikes may
postdate the early quartz -K- feldspar vein set.

The early set of quartz

latite dikes does not appear to be cut by quartz -K- feldspar veins, but

it is cut by later vein sets.

Some of these later veins are an inter-

mediate generation of fractures related to the quartz monzonite porphyry, filled with a quartz- sulfide mineralogy.

The density

distribution of this system of veins is highly influenced by the zone
containing quartz latite dikes, and is not symmetrically disposed to
the progenitor stock as a simple function of distance.

After the sulfide veins formed, the hydrothermal system related to the quartz monzonite porphyry at Sierrita -Esperanza appears

to have been rejuvenated by a new thermal event.

Late fracturing prox-

imal to the quartz monzonite porphyry is filled with a quartz K- feldspar -epidote assemblage of minerals with fluid inclusion homoge-

nization temperatures 50° C to 100° C higher than the predecessor sulfide veins.

The density of epidote veins proximal to the progenitor

stock is low and fairly even.

On the periphery of the system, epidote
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veins show dramatic variations in fracture density relative to proximity to alteration zones.

The alteration on the periphery of the system consists of
propylitization, quartz -epidote +K -feldspar veins, and replacement

bodies of epidote and rare calcite -sericite rock.

The peripheral al-

teration postdates the sulfide veins related to the quartz monzonite
porphyry, cutting and overprinting sulfide veins on the margins of the
system.

Replacement bodies in altered zones in the study area require

A

significant addition of components to the original granodiorite.

very likely source for the constituents added to the pervasively
altered rocks northeast of Esperanza are the carbonate sedimentary
rocks in the Paleozoic section intruded by the Ruby Star Granodiorite.

Carbonate sedimentary units are in contact with the granodiorite on
the eastern margin of the study area, and in fact the pluton may be
propylitized or even epidotized along this contact.

The elongate

propylitic alteration zones within the Ruby Star Granodiorite, although
not genetically related to the cooling of the batholith itself, bear
some mineralogic resemblance to post -magmatic endoskarns described by

Lehman (1980) in the Patagonia Mountains in southeastern Arizona.

There, an alteration assemblage of chlorite, clinozoisite, calcite,
sericite, and clay minerals was formed along the margins of a pluton
intruding a sequence of Paleozoic sedimentary rocks.

It is probable

that the Paleozoic rocks in the walls or roof of the batholith in the
present study area provided constituents to circulating fluids which
effected metasomatism along the margins of the pluton or along zones
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of enhanced permeability within the Ruby Star Granodiorite.

The

however, must
source of heat driving the circulation of such fluids,

have been a thermal event later than the emplacement of the batholith.
The N30E - N40E zone of structural weakness cutting through
hydrothermal
the study area continued to be important even after the
another set
activity was waning, and served to guide the intrusion of
of quartz latite dikes.

This second set of dikes was perhaps preceded

and
by pebble diking -- explosive release of volatiles with comminution

fluidization of country rock -- along part of the course of the

younger quartz latite dike swarm.

Both the pebble dike and the late

and do not appear to
quartz latite dikes cut veins in the country rock
be veined themselves.

The quartz latite dikes also appear to decrepi-

tate fluid inclusions in veins proximal to them.

The second set of

of the sysquartz latite dikes is not highly altered on the periphery
remains
tem as is the granodiorite or the early set of dikes, but
reasonably pristine.

The younger quartz latite dikes would therefore

appear to postdate the peripheral alteration.

Faults cut the younger

rock.
set of quartz latite dikes and veins in the country

Shearing on

displacement
pre- existing veins and joints also took place, with
probably left -lateral in sense.

Fracturing related to the quartz monzonite porphyry at
of distance
Sierrita -Esperanza is not distributed as a simple function
the
from the progenitor stock in direction north and northeast of

Esperanza pit.

Fracturing and attendant hydrothermal veins were
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heavily influenced by structural complications evidenced by a number
of features:
1.

Quartz latite dikes.

2.

Dominant, "master orientations" of vein set attitudes.

3.

Perturbations in fracture density distributions outwards in a

northeast zone marked by the dikes.
4.

A strong northeast - trending linear element guiding the distri-

bution of much of the late alteration on the fringes of the system.

Fracture densities of veins related to the progenitor stock are
functions of both proximity to an "intrusive center" within the quartz
monzonite porphyry and disposition relative to the structural zone cutting through the study area from southwest to northeast.

The influence

of the structural zone on fracture density is particularly evident beyond about 2.0 kilometers from the central portion of the quartz monzonite porphyry, perhaps indicating that within this distance, the stock
had the dominant control on the development of cracking in the country
rock.

The relationships of vein sets and dikes northeast of Esperanza

indicate that the zone of structural weakness existed as a pre -, syn -,
and post -mineralization feature.

Altered fractures on the periphery of the system at SierritaEsperanza are not disposed as a function of distance from the quartz
monzonite porphyry.

Rather, the alteration lies in zones either on a

N30E - N40E trend, or arrayed along the eastern contact of the Ruby
Star Granodiorite, distinct in paragenesis, distribution, and thermal
character from vein sets related to the quartz monzonite porphyry
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north of the mine area.

The peripheral alteration appears to be the

result of a different hydrothermal event than the system generating the
Sierrita -Esperanza complex.

The source of heat for a second hydrothermal event in the area
northeast of Esperanza is indeterminate from this study.

The source

may be a quartz monzonite porphyry body which crops out in the vicinity
of Twin Buttes and parallels the contact of the Ruby Star Granodiorite
on the eastern side of the study area.

However, this intrusion is at

least five kilometers away from the border of the Ruby Star Granodiorite.

At the nearest exposed approach of this quartz monzonite, the

Ruby Star shows no vein sets that could be related to an "intrusive
center" to the east, analogous to the vein sets concentrated on the
stock adjacent to Sierrita -Esperanza.

A second possibility for a heat

source generating the peripheral alteration is the parent body of the
late generation of quartz latite dikes.

These dikes have in fact been

described by some workers as fine -grained equivalents to the quartz

monzonite bodies on the southern fringe of the Ruby Star Granodiorite
batholith (Rehrig and Heidrick, 1976).

The dikes may represent the

uppermost salients of another as yet unexposed quartz monzonite stock
northeast of Esperanza.

The results of this study have shown that many of the features
of the porphyry copper environment at Sierrita -Esperanza can be related

to the fracturing of rock around or within the exposed stock presumed
responsible for the mineralization and alteration of the system.

Frac-

tures governed the distribution and density of hydrothermal veins which
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resulted in the alteration and mineralization of the country rock.
Many of the final characteristics of the porphyry copper deposit at
Sierrita- Esperanza appear to have been determined by the timing and

nature of fracturing in the rocks which hosted the system.
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APPENDIX A

X -RAY IDENTIFICATION OF MINERALS

Very small amounts of unknown minerals may be identified from
diffraction patterns produced on film by bombarding a sample with
X -rays of known wavelength.

Identification may be made through two

methods, one of which is comparison of an unknown film pattern with
type film patterns of known minerals.

A second and more precise

method of identification may be done by calculating the separation of
atomic planes (d- spacings) within the crystal structure of the unknown,

for comparison with tabulated values of such spacings in known minerals.
The X -ray diffraction technique used in this study for mineral

identifications was the powder photograph.

A sample of an unknown was

finely ground, mixed with a thermosetting resin and fashioned into a
hair -thin, cylindrical spindle.

The spindle, once hardened, was

mounted in a Debye- Scherrer camera with a 5.7.3 mm diameter.

The X -ray

film was loaded as a Straumanis mount (Culity, 1978, pp. 162 -168).
The basic machine parameters for the X -ray generator were the

same for all sample runs.
length of 1.54178 Á.

The radiation used was Cu Ka, with a wave-

A nickel filter was employed on a spot focus port

to remove undesired wavelengths from the raw beam.

The generating

voltage of the X -ray tube was 40 kilovolts, and the generating current
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was set at 20 milliamperes.
Table A -l.

Individual sample parameters are shown in
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Table A -1.

X -ray Sample Parameters.

Sample

Duration of
Exposure

Method of
Identification

SLM-20

12 hrs.

film comparison;

Remarks

Muscovite

d- spacing calc.

SLM-53

10 hrs.

film comparison

Chlorite

SLM-58

10 hrs.

film comparison

Chlorite

SLM-59

10 hrs.

film comparison

Chlorite

SLM-63

10 hrs.

film comparison;
d- spacing calc.

Biotite? Perhaps
beginning to
chloritize. 001
is narrow, but
other lines match
well with biotite
standard film and
tabulated
d- spacings.

APPENDIX B

MICROPROBE ANALYSIS

Compositional variations in epidote reported in this study were
determined with the ARL Scanning Electron Microprobe in the Lunar and
Planetary Science laboratories of The University of Arizona.

Composi-

tions were determined in the microprobe mode rather than through electron dispersive spectrometry.

Raw information was processed and

refined by the Bence -Albee data reduction program in the computer sys-

tem adjunct to the analyzing machine.

Machine parameters for the

analyses performed are shown in Table B -1.

Samples to be analyzed were polished to a 0.3 micron finish
and carbon -coated in a vacuum chamber.

The samples were analyzed for

Ca, Fe, Mn, Al, and Si, with oxide weight percentages normalized to
the thirteen oxygens present in the ideal epidote unit formula.
time on all analyses was thirty seconds.

Count

Calibration standards and

detector crystals for the elements analyzed are given in Table B-2.
The electron microprobe cannot distinguish different valence
states of single elements, as in the case of ferrous versus ferric
iron.

However, the data reduction program can report iron either as

Fe0 or Fe203.

Most iron in epidote is ferric, so that the valence

ambiguity is not of critical significance (Fellows, 1976).
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Table B -1.

Machine Parameters of Electron Microprobe Analyses.

Emission current

50 microamperes

Accelerating potential

15 kilovolts

Aperture

300 microns

Beam diameter

40 microns

Sample current

20 nanoamperes

Table B -2.

Element

Calibration Standards and Detector Crystals.

Standard

Crystal

Ca

SN4 (anorthite)

PET

Al

SN4 (anorthite)

RAP

Fe

SN18 (chromite)

LIF

Mn

SN22 (rhodonite)

LIF

Si

SN5 (diopside glass)

PET

84

The valence question does raise another ambiguity in regards
to manganese.

The data reduction program reports all manganese as MnO,

when most likely a good share of the manganese in epidote is, like
iron, in the +3 valence state (Fellows, 1976, p. 13).

Manganese con-

tent of the epidotes in this study was generally very low, so that
reporting manganese as Mn0 rather than Mn203 should not introduce
serious errors in bulk composition.

Bulk compositions of the spot

analyses in this study are listed in oxide percentages in Table

B -3.

37.61
37.19

22.90
23.14
22.05

20.70
22.28
22.94
23.36

23.50

24.00
23.38
22.30

22.08

23.01

22.16

23.40

23.28

23.11

23.57

23.26

23.12

23.31

23.45

2

3

4

5

6

7

8

9

10

11

12

37.11

37.62

36.65

36.74

36.99

37.16

37.19

37.51

36.91

24.11
37.53

2

23.54

A1203

SiO

1

Ca0

0.13

0.39

0.25

0.20

0.16

0.29

0.08

0.00

0.54

0.05

0.51

0.08

Mn0

Oxide Weight Percentages of Epidote Analyses.

Veins in Core
of System

Sample

Table B -3.

17.41

15.88

14.36

14.28

15.16

15.26

17.06

18.55

16.97

15.14

15.70

13.43

Fe203

100.39%

100.59%

98.38%

98.43%

99.85%

98.34%

99.69%

99.81%

98.91%

98.85%

98.09%

98.70%

Total

0.33

0.30

0.28

0.28

0.29

0.30

0.33

0.36

0.33

0.29

0.30

0.26

Fe
(Fe + Al)

Molar

22.06

22.53
22.73

22.74
22.03

22.73
22.82

23.25
23.01
23.27

24.28
24,54
19.77

23.34

23.34

23.45

23.43

23.13

23.27

23.20

23.40

23.15

23.16

23.28

23.48

22.64

14

15

16

17

18

19

20

21

22

23

24

25

A1203

13

Ca0
2

36.92

38.25

38.18

37.90

37.54

37.50

37.18

37.46

37.25

37.36

37.14

37.09

37.45

SiO

0.01

0.12

0.20

0.13

0.14

0.20

0.28

0.26

0.07

0.24

0.20

0.11

0.15

Mn0

19.10

13.24

13.52

14.09

14.43

15.81

16.44

16.65

17.25

16.69

16.60

17.03

17.45

Fe203

Oxide Weight Percentages of Epidote Analyses -- continued

Veins in Core
of system

Sample

Table B -3.

98.44%

99.63%

99.46%

98.56%

98.28%

100.16%

99.91%

100.37%

99.72%

100.47%

100.12%

100.10%

100.45%

Total

0.38

0.25

0.26

0.28

0.29

0.30

0.31

0.32

0.33

0.32

0.32

0.32

0.34

Fe
(Fe + Al)

Molar

22.33
23.33

24.06

23.46

23.01

23.29

28

29

30

37.53

37.62
37.65

21.84

22.68
22.95

22.35

22.94

22.46

22.93

22.84

2

3

4

5

38.02

37.67

22.54

23.13

37.73

1

Replacement
Epidote

37.36

22.75

23.32

27

37.38

37.39

22.66
37.34

2

23.00

A1203

SiO

26

Ca0

0.16

0.10

0.15

0.15

0.09

0.04

0.31

15.53

14.98

15.04

16.77

15.59

13.56

14.47

15.65

15.15

0.08
0.12

15.33

Fe203

0.17

Mn0

Oxide Weight Percentages of Epidote Analyses -- continued

Veins in Core
of System

Sample

Table B-3.

98.62%

98.58%

98.35%

99.22%

99.02%

98.67%

98.50%

98.91%

98.69%

98.51%

Total

0.31

0.29

0.33

0.31

0.30

0.26

0.28

0.31

0.30

0.30

Fe
(Fe + Al)

Molar

22.70
22.51

22.63

22.97

23.17

8

9

10

2

38.27

25.29

24.61
25.07
23.72

24.52

23.49

23.48

23.60

22.79

23.72

2

3

4

5

6

37.99

40.92

39.22

39.07

24.22

23.31
38.03

37.87

38.20

37.80

37.75

37.61

SiO

1

Peripheral Veins

22.48

22.64

7

22.17

22.17

A1203

22.70

Ca0

0.16

0.24

0.14

0.22

0.11

0.18

0.04

0.14

0.09

0.11

0.09

Mn0

12.67

12.67

12.61

13.19

12.37

13.46

16.07

15.72

15.09

16.01

16.16

Fe203

Oxide Weight Percentages of Epidote Analyses -- continued

6

Replacement
Epidote

Sample

Table B -3.

99.34%

100.34%

100.64%

99.78%

100.33%

99.20%

99.32%

99.54%

98.31%

98.99%

98.72%

Total

0.25

0.25

0.24

0.25

0.24

0.26

0.32

0.30

0.30

0.31

0.32

(Fe + Al)

Molar
Fe

00

24.32
25.48

23.21

22.66

23.11

8

9

10

25.74

25.03

23.80

A1203

7

Ca0
2

38.26

38.34

37.77

38.48

SiO

0.58

1.26

0.26

0.10

Mn0

11.45

12.38

13.61

12.53

Oxide Weight Percentages of Epidote Analyses -- continued

Peripheral Veins

Sample

Table B -3.

99.14%

100.12%

99.17%

99.91%

Total

0.22

0.24

0.26

0.24

Fe
(Fe + Al)

Molar

APPENDIX C

FRACTURE DENSITY MEASUREMENT

The density of a given fracture set may be measured by a variety of different geometries with similar results.

Figure C -1 repre-

sents an idealized set of parallel, planar fractures evenly spaced ten
centimeters apart.

A 50 centimeter square, with two sides parallel to

the fractures, contains 250 centimeters of fracture length per 2500 cm2
-1

area.

The fracture density of this area is therefore 0.10 cm

(Figure C -la).

The same result can be obtained with a 40 centimeter

or 30 centimeter square with sides parallel to the fractures (Figures
C -lb, C -lc), or with a 50 centimeter line perpendicular to the fracture

set (Figure C -1d), or with two rectangles whose area sums to 2500 cm2
(Figure C -le).

A circle with an area of 2500 cm2 yields a fracture

density value within 6% of 0.10 cm-1 (Figure C -1g), and a 50 centimeter
square with sides not parallel to the fractures still gives a density
-1
(Figure C -1h). An isosceles triangle with
value within 1% of 0.10 cm
-1

an area of 2500 cm2 yields a fracture density within 2% of 0.10 cm
(Figure C -li).

An ambiguity arises when the spacing of fractures is such that
positioning the measurement area or line may present a choice of including or deleting a fracture.

A 25 centimeter square on the illus-1

trated set of fractures might give a density value of 0.08 cm
90

or
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d

b
c.
.10

.10

e

.10

.10

I

.10

.12

.106

.08

Figure C -1.

Fracture Density Measurement. -- The density of a
parallel set of fractures may be measured with a
variety of geometries with comparable results.
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0.12 cm 1, depending on whether or not the square was cut by two or
three fractures (Figure C -1f).

However, in this situation considering
-1

both squares collectively would again give a density of 0.10 cm

.

Another ambiguity arises when fracture densities become low
and the sample area might be intersected by only a single crack.

If

the fracture spacing were actually greater than the side of the square
or the circumference of the circle, true fracture density would be
less than the value measured.

In such cases, it is necessary to do

one of two things:
1.

Position the measurement area so that it is intersected by

less than a full length of side or diameter by the fracture, in the
same proportion to the amount of outcrop which the fracture may be
judged to cut.

This method is subjective and has dubious reproduci-

bility.
2.

Expand the measurement area to a maximum possible on the out-

crop cut by the fracture.

The more area so measured, the more accurate

the fracture density must be for that outcrop.

This method allows

reproducibility of result as well.

A third ambiguity in the measurement of fracture densities lies
in its two -dimensional nature.

Fracture planes parallel to the sample

surface will not be represented in the density measurement.

In the

present study, this ambiguity was minimized by noting that most fracturing in the study area was moderately to steeply dipping, therefore
subhorizontal sample areas were selected.

Sample areas on vertical
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faces were measured only where such surfaces intersected the strike
of the fracture set at a high angle.

APPENDIX D

USE OF THE GAS -FLOW HEATING -FREEZING STAGE

The bulk of the fluid inclusion work in this study was carried
out on a University of Arizona SGE Model III gas -flow heating- freezing
stage.

The basic design of this stage is shown in Figure D -1 and has

been described by Werre et al. (1979).

The sample chamber of the stage is constructed of two INVAR
metal rings which mount three glass or fused silica plates apiece.
Placed together, the INVAR rings create five stacked interplate spaces.

The central space, accessed by pulling the rings apart, holds the study
specimen.

The sample chamber is engineered to pass compressed air or

bottled gas through the three spaces above, below, and containing the
study specimen.

This design allows very rapid adjustment of tempera-

ture within the sample chamber and efficiently minimizes both lateral
and vertical thermal gradients around the specimen.

The inlet of forced air or gas on the stage is a canal containing a Sylvania Series I electric heating torch.

The egress channel

from the sample chamber allows access of an Omega chrome -alumel thermocouple.

The thermocouple is connected to a Doric Digital Trendicator

which has a resolution of 0.1° C.

Current to the heating torch is sup-

plied by a variable transformer and controlled with a footpedal on -off
switch for instantaneous application and termination of power.
94

Plan View of Model III Heating- Freezing Stage.

gas flow channel
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Figure D -1.
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inlet
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INVAR rings

sample
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Sample Chamber
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gas

thermocouple

thermocouple
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Calibration of the stage with standards of known melting point indicates that the heating of the sample chamber is accurate to at least
+ 5° C up to 420° C.

The optics of the system consist of a Leitz binocular microscope with long -focus objectives having working distances greater than
six millimeters.

The specific optics used for most of the present

work were a Leitz UTK 50X objective in conjunction with 16X oculars.
The stage was lit by a high- intensity fiber optics illuminator.

Samples used in fluid inclusion work were ground to an arbitrary thinness, depending on transparency of the material.

Clear

quartz could be viewed in chips a sizable fraction of a millimeter
thick.

Highly colored and relatively translucent epidote needed to

be ground very thin, on the order of 100 microns or less, to permit
sufficient light transmission.

Sample chips were polished to a 0.3

micron finish, generally on both sides of the chip.

Heating Procedure
All inclusions in the present study were liquid -rich and

homogenized the vapor bubble into the liquid with sufficient heating.
During heating runs, the Model III stage was fed compressed air
metered in at a set rate of 40 standard cubic feet per hour (SCFH).
The rate of heating was controlled by the variable transformer and
could be raised from ambient conditions several tens of degrees centigrade per minute, if so desired.

Slower rates of heating were used

in actual homogenization runs, particularly when the bubble had
shrunken and seemed about to disappear.

As the bubble verged on
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homogenization with the liquid, the heating rate was slowed ideally to
1° or 2° C/minute.

Once an inclusion homogenized, power to the heating torch was
cut and the forced air draft could cool the sample chamber many tens
of degrees centigrade per minute.

On the reappearance of the vapor
An in-

bubble, the inclusion would be heated again and rehomogenized.

clusion which had not leaked during the first heating would rehomogenize within 1° or 2° C of the initial temperature.

A leaking inclusion

would significantly increase in vapor /liquid ratio and homogenize at a
distinctly higher temperature, or else empty completely.

Freezing Procedure
In freezing runs, the stage was fed dry nitrogen gas.

Link-

ages were engineered either to feed gas directly from the bottle to
the stage, or to first run the gas through a coil immersed in liquid
nitrogen, feeding the stage a supercooled flow.

It was also possible

to feed the stage a mixture of cooled and ambient gas.

To freeze inclusions, supercooled gas was metered into the
stage at 40 SCFH.

The inclusions generally needed to be lowered to

-40° C to -50° C before ice would nucleate.

The precise freezing

point depression of an inclusion was determined by slowly warming the
sample and noting the temperature at which ice finally disappeared.
Salinity in equivalent NaC1 weight percent was calculated by using this
freezing point depression in a regression formula determined by
Potter, Clynne, and Brown (1977).
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Warming the frozen sample was accomplished by metering a mix
of ambient and supercooled gas into the stage, 20 SCFH each, while providing a low voltage to the electric torch, generally at 20 V or less.
The rate of warming of the sample could be delicately adjusted by
varying the gas flow rate and the current to the torch.

Temperatures

could be changed and maintained to the nearest 0.1° C.
In many inclusions in this study, it was difficult to see ice
crystals.

However, the freezing and thawing of an inclusion could be
Upon

satisfactorily monitored from the behavior of the vapor bubble.

freezing, expanding ice in the inclusion generally collapsed the vapor
bubble, or at least forced it into an angular outline.

Upon thawing,

the vapor bubble would expand, regain its spherical outline, and perhaps move around within the inclusion.

In slowly warming a frozen sample, cutting off the current to
the torch would result in a rapid drop in temperature.

In a partially

thawed inclusion, any ice crystals present would swiftly grow and refreeze the inclusion within a few degrees.

If ice were not present,

the inclusion would have to be cooled many tens of degrees to refreeze.
Such refreezing would also recollapse the vapor bubble.

By warming

and refreezing an inclusion by 0.1° C increments, the freezing point
depression could be determined to the limits of resolution of the
trendicator, even if ice was difficult to observe directly.
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