COMPOSITION OF EPIDOTE FROM
PORPHYRY COPPER DEPOSITS

by
Michael Louis Fellows

A Thesis Submitted to the Faculty of the
DEPARTMENT OF GEOSCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
MASTER OF SCIENCE
In the Graduate College
THE UNIVERSITY OF ARIZONA

1 9 7 6

STATEMENT BY AUTHOR
This thesis has been
fillment of requirements for
University of Arizona and is
Library to be made available
the Library.

submitted in partial ful
an advanced degree at The
deposited in the University
to borrowers under rules of

Brief quotations from this thesis are allowable
without special permission, provided that accurate ac
knowledgment of source is made.
Requests for permission
for extended quotation from or reproduction of this manu
script in whole or in part may be granted by the head of
the major department or the Dean of the Graduate College
when in his judgment the proposed use of the material is
in the interests of scholarship.
In all other instances,
however, permission must be obtained from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR
This thesis has been approved on the date shown below:

SPENCER R. TITLEY
Professor of Geosciedqes

ACKNOWLEDGMENTS
I am grateful to Dr. S. R. Titley for his guidance
and assistance during the preparation of this thesis.

Dr.

John Anthony, Dr. John F. McKnight and Dr. Denis Norton
critically read the manuscript and made very Worthwhile
suggestions.

E. Mathez introduced me to the electron

microprobe and instructed me in its use.

T. Teska aided

in the probe work and kept the electron microprobes and
ancillary equipment operating.

To J. Delaney and J. Foutz ,

I extend my thanks for their help and companionship in the
many hours spent making the whole rock chemical analyses.
Mrs. S. Lehman helped type the first draft of the inarm-*
script.

Funds for computer time were provided by the

Department of Geosciences, University of Arizona.
To my family, Marian, Christopher and Joseph, I
apologize for the many weekends and evening hours this
thesis kept us apart.
appreciated.

Their patience and support is deeply

TABLE OF CONTENTS

LIST OF

TABLES o

o o o oo

LIST OFILLUSTRATIONS
ABSTRACT

oo

INTRODUCTION

. ..

o o o o o o o .
@ 6

o o * oo

eo
.

o o e * o o o'.o o
. . . , . .. .

g o o o o o o e o
oo

eo.o

... „ viii

o o e o o

e o e o o o oe o

eo o

Purpose and Scope of Study
» . . o.
»
"t
diS . o. o o- o oe a . o . o . . . oo . oo o
S^uii^pl^B Selection ■ . . . . . . . . o . e . . . .
Analytical Techniques . . . . . . . . . . .
. .
PHYSICAL PROPERTIES OF THE EPIDOTE GROUP
MINERALS: A REVIEW . . . . . . . . . . . . . . . . .
Chemistry , Structure and Physical Properties
...
Phase Equilibria Studies
. . . . . . . . . . . . .
COMPOSITIONS OF EPIDOTES FROM SEVERAL
ORE DEPOSITS
. . . . . . . . . . . . . o.

*i

o . o o o

2£UL

I
3
5
5
7
12
12
21
34

S i e r n t a ^ime . . . . . . .
. . . . . o . . . . . .
35
General Geology and Paragenesis of Epidote
. .
35
Epidote Compositions
. . . . . . . . . . . . .
42
Compositions ofCoexisting Minerals . .. . , .
87
Summary of Observations . . . . . . . . . . . .
'103
Puchuca-Real del Monte District . . . . . ..■. . .
107
General Geology
and Epidote Paragenesis . . , .
107
Summary of Observations . . . . . . . . . . . .
123
Other Porphyry and Skarn Deposits . . . . . . . . .
126
Compositions of Epidotes
. . . . . . . . . . .
127
Comparison of Epidotes from Porphyry and
Skarn Deposits
.
. « . . . .. . . . . .. . . .
141
COMPARISON OF MEASURED EPIDOTE COMPOSITIONS WITH
THOSE FROM METAMORPHIC ENVIRONMENTS . . . . . . . . .

iv

144

TABLE OF CONTENTS

(Continued)
Page

INTERPRETATION

. . . . . . .

........

150

Physico-chemical Controls Of Epidote
Composition . . . . . .
The Alteration Environment
SUMMARY

h

o

o

o - o

o

o

o

o-

150
166

o o o o o o

175

Conclusions
0 0 0 6 0 0 0 0
The Composition of Epidote as an Exploration
Tool
APPENDIX A:
REFERENCES

COMPOSITIONS OF MICROPROBE STANDARDS .
0 0 0 0 0

0 0 0 0

o 0 0 0 0 0

175
177
179
182

LIST OF TABLES
Table
1.

Electron microprobe operating parameters

2 . Reported occurrences of epidote in active
areas. . . . . . . .
. . . . . . .
3.

Sierrita sample descriptions

4.

Microprobe analyses of epidotes from Sierrita

. .

51

5.

Analytical precision of microprobe analyses .

. .

54

6.

Abundance of selected trace elements in epi
dote concentrates from three Arizona copper
deposits
. . o ' .
.
o
o
e
o
o
.
o ..
.
e
.
o

e

57

7.
8o

9.

10 .
11 .

. . . . . . . . . .

26

.

Whole rock chemical analyses of Sierrita
samp 1 es.. . « . . . . . . . . . .. . . . .. . .

81

MicrOprobe analyses of chlorites from
Sierrita

88

Microprobe analyses of biotites from
Sierrita
. . . . . . . . . . . . . . . . . . . .

98

Microprobe analyses of amphiboles from
Sierrita
. . . . . . . . . . . . . . . . . . . .

101

Sample descriptions, Pachuca-Real

Ill

del Monte . . .

12 . Microprobe analyses of epidotes from
Pachuca-Real del Monte, Mexico
. . . . . . . . .
13.
14.
15.

43

114

Chemical analyses of volcanic -rocks in the
Pachuca-Real del Monte district
.. . » . .. . .

124

Whole rock chemical analyses of samples from
several porphyry copper deposits

128

Microprobe analyses of. epidotes from Ely,
Nevada
. . . . . . . . . . . . . . . . . . . . .

131

VI

vii
LIST OF TABLES

(Continued)

Table
16o
17.

Page
Microprobe analyses of epidotes from San
Manuel and A j o , Arizona . . . . . . . . . . .

. .

134

Microprobe analyses of epidotes from some
Arizona "skarn" deposits
. . . . . . . . . .

. .

137

LIST OF ILLUSTRATIONS
Figure
1,

Index map showing the location of mineral
S a iftp l e C l

.

o ■.

2 . The Al-Fe-'Mn epidotes
3.

4.

e

o

o

o

. . ...

o

.

.

o

e

6

o

. . . . .

Compositions of Crystalline phases in the
system Ca-Fe-Al-Si-O-H projected to the
Ca-Fe-Al plane . . . . o . o o . . . . . .

o

e,

. . .

.

.

.

6

15

24

Pressure-temperature stability field of
28

5.

Compositions of synthetic epidotes formed
at various f0 and temperature conditions
and 5 kb fluiS pressure

. . . . . . . . . . . .

31

Geologic map of the Sierrita-Esperanza
deposit and vicinity showing sample loca
tions - . o' ... e o d o o o . o e e . o o . o e o

37

Range and frequency of all epidote analyses,
Sierrita . . . . . . . . .
. . . @ o . . . . . .

47

Range and frequency of epidote analyses for
individual samples, Sierrita . . . . . . . . . .

48

Compositional profiles, Sierrita sample S-2

..

59

10 . Compositional profile, Sierrita sample S-5 .

..

60

11.

..

61

..

62

6.

7.

8.
9.

Compositional profiles, Sierrita sample S-12

12 . Compositional profile, Sierrita sample S-19
13.
14.

Variation of MnO with the iron content of
epidote, Sierrita
. . . . . . . . . . . . . . .

66

Octahedral site occupancy in epidote,
Sierrita . . . . . . . . . . o o . . . . . . . .

68

Viii

IX
LIST OF ILLUSTRATIONS

(Continued)

Figure

'Page

15.

Calcium site occupancy, Sierrita epidote . . . .

16.

Relationship between ferric iron and CaO
content of epidote . . . . . . . . . . . .

17.
18.

d

69
.

71

Intra-sample variation in epidote composi
tion f Sierrita .
. . . . . . .. . . . ..
....

.

73

Variation in epidote composition away from
a vein, Sierrita
sample S-10 . . . . . . . . .

.

.75

Variation in Fex and Mn of epidote in
traverse across the Sierrita deposit . . . . . .

78

Composition of epidote from four different
rock types, Sierrita . . . . . . . . . . . . . . .

79

Relationship between bulk rock oxidation
ratio and epidote composition, Sierrita

. . . .

83

22 . Relationship between bulk rock oxidation
ratio and epidote composition in two reterrains
.. . . . «

. . . .

84

19.

20 .
21 .

23.
24.

25.

26.
27.

28.

Relationship between epidote composition
and stable iron oxide phase
. . . . . . . . . .

86

Fe-Mg-Al triangular diagram illustrating
the composition of chlorites from ore de
posits and three metamorphic terrains
. . . . .

90

Relationship between Mg/Fe ratio of
chlorite to MgO/FeO ratio of host rock,
Sierrita . . . . . . . . . . . . . . . . . . . .

91

The distribution of iron between coexisting
epidote and chlorite . . . . . . . . . . . . . .

95

Fe-Mg-Al triangular diagram illustrating
the composition of biotites from several
ore deposits or intrusions associated with
ore deposits . . . . . . . . . . . . . . . . . .

99

Composition of Sierrita amphiboles repre
sented on Hallimond1s partial triangle for
calcium amphiboles . . . . . . . . . . . . . . .

102

LIST OF ILLUSTRATIONS

(Continued)

Figure
29.

30.

31.
32.

33.
34.
35.

36.
37.
38.
39.
40.
41.

Page
Comparison of epidote and chlorite composi
tional parameters from profile across
Srerrrta . . . . . . . . . . . . . . . . . . . .

10 5

Composite section along the Veta Purisima
and Veta Dios te Guie Showing the location
of samples from the Pachuca-Real del Monte
District, Mexico . . . . . . . . . . . . . . . .

108

Range and frequency of all epidote
analyses, Pachuca-Real del Monte . . .

• '
115

...

. .

Range and frequency of epidote analyses
for individual samples, Pachuca-Real del
MOnte
4 0 . . . ' . O O O . O O ' . 0 . 0 . 0 0 . 0

11a6

Compositional profiles, Pachuca-Real
del Monte
. . . . . . . . . . . . . . . . . . .

118

Variation of MnO with the iron content
of epidote, Pachuca-Real del Monte . . . . . . .

122

Relationship between bulk rock oxidation
ratio and epidote composition, PachucaReal del Monte . . . . . o . . . . . . . . . . .

.

125

Range and frequency of all epidote
analyses, 131^^ . . . . . . . . . . . . . . . . .

13 0

Range and frequency of epidote analyses
for individual samples, Ely
. . . . . . . . . .

132

Range and frequency of epidote analyses,
San Manuel and Ajo . . . . . . . . . . . . . .

.

135

Range and frequency of epidote analyses
from several Arizona "skarn" deposits
. . . . .

138

Comparison of the compositions of epidotes
from all deposits examined . . . . . . . . . . .

142

Comparison of the composition of epidotes
from "porphyry" and "skarn" deposits with
those from three metamorphic environments

145

...

xi
LIST OF ILLUSTRATIONS

(Continued).

Figure
42.

43.

44.

45.

46.

Page
Relationship between epidote composition
and host rock oxidation ratio for five
areas examined in this study . . . . . . . . .

.

153

Relationship between epidote composition
and coexisting iron oxide phase from six
of the deposits sampled in this study
. . . . .

155

Mineral stability relations in the system
Ca0 *-K20 -Al 203 'Si0 2 ~H 20 as a function of
log (aCa++/a^+) and log (aK+/aH+) at 300°C . . .

170

Mineral stability relations in the system .
CaO-MgO-K^O-Al^O^-FeO-SiQo-’HoO as a 9function
Of log (aca++//aE
and log (aMg++/aH+) at
300°C and log (aK+/aH+) = 5 . 4
. . . . . . . .

.

171

.

172

Possible stability relations in the system
MgO-B^O-A^Og-CaO-FeO-SiC^-^O as a function
of log (aMg++/ aH+ ) and log (aK+/aH+ ) at 300°C
and high log '1(aCa++/ag+ ) (>11.5) . . . . . . .

ABSTRACT
. Electron microprobe analyses demonstrate that epidote from eight porphyry copper deposits and an epithermal
vein deposit are rich in ferric iron and that there are
no significant compositional differences between epidote
formed in metasomatically altered calcareous hosts and
epidote formed in altered igneous host rocks.

Although the

compositions of epidote from any environment vary widely in
iron content, epidotes from ore deposits in general contain
more iron than epidotes from greenschist and amphibolite
facies metamorphic rocks.

This difference is presumably

related to the greater availability of iron in a relatively
oxidized hydrothermal fluid responsible for alteration
and ore deposition=

Thus, the high ferric iron content of

epidotes from porphyry copper deposits imply fairly high
oxygen fugaqiti.es in the hydrothermal fluid and suggest that
oxidized meteoric waters were involved in the alteration-•
mineralization process.
In porphyry deposits in diorites, quartz diorites,
and andesites, calcium plays a crucial role in the character
of alteration mineralogy,

Relatively high calcium ac

tivities greatly extend the stability field of epidote such

xiii
that, the mineral is stable with K-feldspar (with or without
biotite or chlorite) in the potassic alteration zone.
Similarly, at high calcium activities, the minerals epidote
and' chlorite supplant sericite as the product of intense
hydrogen metasomatism and sulfide deposition, the classic
phyllic alteration zone.

INTRODUCTION
Minerals of the epidote group are common to a
variety of geologic environments.

They are known to occur

as primary products of igneous crystallization however their
chief occurrence is in a wide range of metamorphic environ
ments including low to medium grade regionally metamorphosed
terrains , contact metamorphic aureoles, active geothermal
areas and syn- or post-magmatic hydrothermal alteration
systems.

As such/ epidote is a common mineral in deuteric

alteration assemblages

(Marmo, 1971) and alteration assem

blages attending base and precious metal mineralization.
Numerous field and laboratory studies have attempted
to isolate and examine the intensive variables responsible
for the formation and variation in composition of epidotes
in regional and contact metamorphic environments.

Some

workers have even attempted to establish metamorphic isograds on the basis of epidote composition.

The extension

of these types of investigations to evaluate the Conditions
under which alteration and ore deposition take place in the
hydrothermal regime is the objective of this study.
Other studies of the major and trace element com
position of alteration phases associated with base metal
ore deposits

(especially porphyry copper deposits) have
1

demonstrated that variations and gradients do exist which,
besides answering fundamental questions regarding physico
chemical conditions of the hydrothermal environment , can
also serve as direct indicators towards those areas more
likely to contain favorable mineralization»

It is certainly

possible that epidote as well may show similar variations
which might add to our understanding of ore deposits.
The recognition that presently active, geothermal
systems such as the Salton Sea and numerous fields in New
Zealand are perhaps the surface expression of hydrothermal
ore forming environments gives added impetus to a study
like this

(Skinner et a l . , 1967; Muffler and White, 1969;

Browne and Ellis, 1970).

In these systems, alteration

phases such as epidote are now forming and it is possible
to establish the relationship between the composition of
the phases and the chemistry of the fluid present.
Epidote, along with chlorite and Calcite, is gen
erally considered to be a characteristic mineral phase of
the propylitic facies of hydrothermal alteration especially
prominent in porphyry copper deposits throughout the world
(Creasey, 1966; Lowell and Guilbe.rt, 1970) .

in the porphyry

environment, however, epidote is not restricted solely to
the distal or halo propylitic facies.

It can also occur

in K-feldspar-biotite stable assemblages characteristic of
the potassic alteration facies

(Guilbert and Lowell, 1974).

Epidote also is found as an alteration product in other en
vironments such as skarn (or pyrometasomatic) deposits and
epithermal vein systems.

An examination of epidote in

these environments is therefore desirable in achieving a
more complete understanding of the overall alteration
process that takes place during hydrothermal ore deposition.
Initially, it is important to identify those
parameters that are responsible for variations in composi
tion of epidote group minerals.

Once this is done, the

observed variations in major, minor or trace elements in
these minerals might be used to monitor Changes in intensive
variables within or between hydrothermal systems.

Whether

or not gradients or variations exist, the composition of
epidote should be explicable in terms of the reaction of a
hydrothermal fluid with the host rock and can perhaps es
tablish the relative importance of fluid composition versus
that of wall rock environment on the composition of the
alteration phases.

It is possible although unlikely that 5

compositional variations can be used to distinguish epidote
formed through hydro thermal alteration from that formed by
other processes.
Purpose and Scope of Study
This study seeks to obtain information regarding
the nature of the hydrothermal ore forming environment
through the study of the major element chemistry of Al-Fe

4
epidotes found in alteration assemblages of porphyry copper
deposits and a precious metal epithermal vein deposit.
Samples were specifically selected to test the effect of
several parameters on the composition of hydrothermal
epidotes:
(.1) Distance from mineralizing centers

(zoning away

from veins and areal variations within a
deposit),
(2) Host rock composition,
(3) Mineral assemblage,
(4) Apparent depth of formation,
in addition, it was desirable to examine whether
epidotes formed in hydrothermal systems differed in any way
from those formed under conditions of various facies of
metamorphism.

The composition of epidotes obtained from

numerous studies of metamorphic terrains are available in
the literature.

These data were used and epidotes from

metamorphic environments were not analyzed in this investi
gation.

This study does not critically evaluate the use

of major or trace element variations in epidote as an ex
ploration tool to distinguish between barren and productive .
hydrothermal systems as well as serving as a pathfinder
to ore.

I

5
Methods
Sample Selection
Samples were collected from eight ■'porphyry copper"
deposits and two mineral prospects from the southwestern
United States»
1°

The localities sampled are shown in Figure

The term "porphyry copper deposit" is in the broad

sense, any hypogene copper mineralization spatially and
genetically related to an intermediate intrusive rock
(Titley, 1966).

Even though nearly all the deposits sampled

in this study can properly be called porphyry copper de
posits according to the above definition, the term as used
here includes only those deposits in which the mineraliza
tion with associated alteration occurs exclusively in
igneous host rocks.

Four of the sampled deposits fall into

this category? Sierrita, Ely, San Manuel, and Ajo.

Although

significant copper mineralization at Ely, Nevada occurs in .
altered carbonate host rocks, the epidote sampled in this
study came from the basement porphyritic quartz monzonite
(Kreis, 1973) and for the purpose of this study, the de
posit is termed a porphyry deposit.

Epidote from the re

maining four deposits— Christmas, Morenci, Pima, and Twin
Buttes— and the two mineral prospects— Control and Cobre
Grande— is derived from metasomatically altered carbonate
wall rocks.
deposits.

These six deposits are here termed "skarn"
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Figure 1.

Miles

Index map showing the location of mineral de
posits sampled.
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On account of the abundance of epidote, diversity
of rock types, and minimal supergene effects, DuvalSierrita Corporation's Sierrita deposit was selected for
a study of the. areal variations within a single deposit.
Nineteen rock samples were taken from various rock units
within the open pit as well as from the surface in a
traverse away from the pit.

Five epidote-bearing cores were

available from Ely and single epidote bearing specimens were
taken from the remainder of the deposits.
Epidote bearing samples from the classic epithermal
district of FaChuca^Real del Monte, Mexico, made available
through the generosity Of Dr, J. E. Dreier, afforded an
excellent opportunity to study epidote compositions from
this particular environment as well as test vertical varia
tions in epidote composition in a hydrothermal system.
All samples from Pachuca are from altered volcanic wallrock s adjacent to the silver bearing veins.
Analytical Techniques
The electron microprobe was used to obtain major
and trace element abundances in epidote.

To evaluate the

significance of bulk rock chemistry on epidote compositions,
whole rock analyses were made where possible on unaltered,
non—epidote bearing, portions of the samples.

Eleven major

elements were determined by atomic absorption using a

lithium metaborate fusion technique
Bodkin, 1969; Graybeal, 1972).

(Medlin, Suhr, and

Ferrous iron was determined

using a potassium permanganate titration method
et ai°/ 1953).

(Hillebrand

this same technique was also used to de

termine the ferrous iron content of one epidote separate
since the electron microprobe Cannot distinguish the oxida
tion state of iron.
Epidote, biotite, chlorite, and actinolite were
analyzed in 45 polished and carbon coated thin Sections„
Two of these polished sections were composite slides com
posed of several hand selected grains and rock chips from
various samples.

The remainder were standard polished

thin sections of individual rock samples.
slides

These round

(I” in diameter) were prepared using conventional

microprobe mounting and polishing techniques.
Data were collected on two electron microprobe
machines; a Norelco probe and an A.R.L. EMX-SM.

The

operating parameters for each machine are given in Table 1,
which also lists the standards used for each element.

On

several Of the samples, Ti, Mg, K, Na, Cr, Cu, Zn, and S
were measured using the Norelco instrument.

For these

elements, epidote sample X-ray intensities were not suf
ficiently above the detection levels with the operating
parameters listed in Table 1 even though the samples were
scanned for 200 seconds and these data are not presented.

9
Table 1.

Electron microprobe operating parameters.

Accelerating Potential

(Kv)

Noreico

ARL EMX-SM

20

15
O

00

0

o

1
OS
m

Beam Current (A)
Count Time (seconds)

20

20

Beam Diameter

3-10

1-3

Si

Pyroxene-1

Anorthite

Al

Alumina

Anorthite

Fe

Pyroxene— 4

Fayalite

Mn

■--

Fayalite

Ca

Pyroxene-1

Anorthite

Ti

Chromite

Sphene glass

Mg

Chromite

Diopside glass

Cr

Chromite

-ee~™3

K

Plagioclase

Microcline

Na

Plagioclase

Albite

S

Troilite

Cu

Copper

Zn

Zinc

(microns)

0.70-0.82

Standards*
Element

*Compositions of standards are given in Appendix A.
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Detection levels were estimated to be three times the
square root of the background counts on the sample for a
particular element (Dirks, 1963).

Background X-ray inten

sities were determined by observing counts above and below
peak wavelengths for each element on both standards and
samples.

Six to seven single probe analyses were usually

made on each epidote grain and several grains from each
sample were typically examined.

Continuous traverses a n d .

profiles were made across several grains to determine the
extent of intragrain compositional variations.
Raw X-ray intensity data.were corrected by computer
for background, drift, atomic number, matrix absorption,
characteristic fluorescence and dead time using EMRADR
V I , a program developed at the University of Toronto by
J. C. Rueklidge and E. L. Gasparrini. • The oxide weight
percentages for each epidote analysis were then used to
calculate the structural formula using the equation

where

is the number of cations of species i per formula

unit, N is the number of cations in the formula unit, c^
is the oxide weight percent of the oxide of element i, w^
is the atomic weight of the m e tal, and

is the ratio of

the molecular weight of the oxide to the weight of the
metal contained„

For epidote with the ideal formula

Ca 2Al 2FeSi 3 0 jL2 (QI1) / calculations Were made on the basis
of a double cell and the mineral formulae were normalized
to 16 cations

(N), the standard format for presenting

analyses of this species.

Biotite, chlorite , and actinOlite

analyses were normalized to 22, 20, and 15 cations respec
tively .

For the purposes of this study, this technique

is preferable to those in which the number of cations is
calculated by specifying the number of anions

(mainly

oxygen) since these methods require a knowledge of the
distribution of iron into the ferrous or ferric valence
state.

PHYSICAL PROPERTIES OF THE EPIDOTE
GROUP MINERALS: A REVIEW
Before discussing the analytical results , it- is
desirable to review the chemistry and structure of the
epidote group minerals as well as examine pertinent phase
equilibria and field studies involving these minerals.
This background information will make it easier to under
stand the significance of the epidote analyses as they
are presented and bring out the limitations of the approach.
Much of this discussion will also form the basis for the
interpretation of the results , examining those variables
that may affect the composition of epidote, thus placing
constraints on the physico-chemical conditions obtaining
during hydrothermal ore formation.
Chemistry , Structure and Physical Properties
Epidote gives its name to a group of minerals that
make up several complex calcium-aluminum silicates having
the general formula
X 2Y3Z3°12(0B'P)
in which
X = Ca+ 2 , Fe+ 2 , Mn+ 2 , Mn+ 3 , Ce"1"3 , La*3 , Y*3 , and Th+3
Y = Al+ 3 , Fe+ 3 , Mn+ 3 , Fe+ 2 , Mn*2 , and Ti * 3
Z = Si+4 and Al +4

13
Five members are distinguished on the basis of composition
and crystal structures
Zoisite
Clinozoisite
Epidote
(Pistac
Piemontite

GagjAlgSi^O^g (OH)

Orthorhombic

Ca2A1 3S;L30 l2
+3
Ca 2 (Al,Fe ',)3 Si 3 0 12 (OH)

Monoclihid

Ca 2 (Al"1"3 ,Fe+3 ,Mn+3)3

Monoclinic

Monoclinic

Si3012
Allanite

(Ca,Ce,La,Y )2

Monoclinic

(Al+ 3 Fe+ 3 Fe+ ?Mn+ 2 )3 Si3 0 1 2 (OH)
With the exception of the mineral allanite, the compositions
of the members of the epidote group are determined largely
by the replacement of A1 in octahedral sites by Fe and Mn,
Iron as well as manganese in epidote is primarily in the
+3 valence state,

published zoisite and clinozoisite-

spidote analyses generally show Fe +2 and Mn +2 values in
the range 0,01 to 0.10 atoms per formula unit

(Strens,

1966? Myer, 1965, 1966? Hormann and Raith, 1971),

The

only ferrous iron analysis made in this study (Sierrita
sample S-18) falls within this range, having 0,035 Fe "*"2
atoms per formula unit.

Where Fe "1*2 and Mn +2 are present in

epidote they generally substitute for calcium.

Moreover,

published analyses show no relationship between the amount
of ferrous iron and the amount of ferric iron.

Similarly,

no obvious relationship exists between ferric to ferrous
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iron ratios and the environment in which the epidote formed„
The rare-earth-bearing species allanite is the only epidote
group mineral that contains appreciable ferrous iron (Deer,
Howie, and Zussman, 1962).

This mineral is fairly rare,

found only in pegmatites and less commonly as a primary
igneous crystallization product.

It was not found in the

samples used in this study and will not be discussed fur
ther.

,
The compositional ranges of the remaining four

members along with their characteristic optical and crystallographic properties are shown in Figure 2.

The ortho-

rhombic member zoisite has a very limited range of chemical
composition such that replacement of A1 by Fe

*4*3

rarely

exceeds 0.3 atoms per formula unit (Miyashiro and Seki ,
1958? M y e r , 1966).

The monoclinic epidotes

(excluding

allanite) on the other hand show extensive replacement
of Al by Fe+ ^ and Mn+^.

There is a limit to the extent

of this substitution however, for in the clinozoisiteepidote

(pistacite) solid solution series, replacement

of Al by Fe +3 ranges from 0 to about 1.5 atoms per formula
unit (Deer et al., 1962)? the maximum reported in this
study is 1.33.

The manganean epidote, piemontite, as much

as 1.8 Mn +3 or Fe +3 atoms can substitute for aluminum
(Deer et al., 1962? Strens, 1966) .
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3 Al
ZOI SITE
C L IN OZ OI S IT E Q1

0.2

EPIDO TE-22

P IE M O N T IT E

0.4

0.5

Optic Sign
2 Fe

Figure 2.

2 Mn

The Al-Fe-Mn epidotes.
The minerals are defined on the basis of crystal
system, optic sign and orientation and composi
tion.
All are in the monoclinic system except
zoisite which is orthorhombic. Stippled area
represents probable limit of stable composi
tions.
(After Stre n s , 1966)

16
Members of the epidote group identified in hydrothermal systems include zoisite and members of the
c1inozoisite-epidote series.

Clindzoisite-epidote species

were the only epidote phases observed in this study and
remaining discussions will be concentrated on the chemistry.
Structure and physical properties of the members of this
solid solution series.
The chemical composition of an epidote in the
clinozoisite-epidote solid solution series may be expressed
by the formula
Ca2 (A1l - XFex 3>3Si301 2 (0H>
where x can vary from 0 to about 0.40.

ClinozqiSite is

the species name generally applied to iron poor epidote
with x iess than 0 .1 0 ; however, the practical distinction
between clinozoisite and epidote is made on the basis of
optical properties.

Clinozoisite is optically positive

and n a AC is positive while the more iron rich varieties
are optically negative and n

AC is negative

varieties are optically positive).

(manganese

There is a small range

of compositions where optically negative species give
positive n a AC

(Hermann and Raith, 1971).

These relation

ships between optical properties and chemical composition
are illustrated in Figure 2.
This report designates the composition of a par
ticular epidote mineral with the value of x in the formula

'

above,
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For example, an epidote labeled Fe^ ^qq denotes

an epidote having 30 mole percent of the hypothetical pure
iron end member pistacite

(Ca^Fe

^Sig 0 ^ 2.'(dH) }■ that is,

of the three Al-Fe atoms 0.9 are ferric iron atoms.
workers

Other

(Strens, 1965, 1966,° Holdaway, 1965, 1972? Liou,

1973) prefer to use the designation "Ps 30" to refer to
an epidote of equivalent composition.

The Fe

or Ps value

is calculated by the mole ratio Fe+ ^/(Al + Fe+ ^).
Iron contents of analyzed Al-Fe epidotes range from
F eo Q2 to Fe 0 4 qq suggesting a continuous solid solution
between pure aluminum clinozoisite and iron rich epidote.
Several workers have however questioned this assumption.
Strens

(1963, 1965) proposed an immiscibility gap between

FBq 23 and Fe 0 2 5 ? Holdaway (1965) suggested a gap between
F 6 q 20 and FBq 2 9 ? Brown (1967) analyzing a wide range of
compositions found no gap in either of these regions but
his data lack epidotes in the compositional range Fe^
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to F 6 q 2 5 ' Hermann and Raith (1973) did not observe a miscibility gap between F e Q 23 and FeQ 25 but suggested that
it may exist for metamorphic Conditions less intense than
greenschist or amphibplite facies? Rambaldi (1973) found
no discontinuity between Fe 0 275 and Fe^ 3 2 7 ”

Epidotes

from modern active or recently active hydrothermal systems
also fail to unequivocally demonstrate the existence of
such a miscibility gap.

The best evidence for a lack of
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complete miscibility between the aluminum and iron endmembers is provided by Hietanen (1974) who finds not only
coexisting epidote and clihozoisite grains but also
stringers and lamellae of epidote in clinozoisite grains.
Experimental data are lacking which substantiate
immiscibility within the range of temperatures in which
epidote is thought to form in nature (Holdaway , 1972).
Holdaway (1972) has interpreted data obtained from the
high temperature decomposition of epidotes as suggesting
that the epidote solid solution is satisfactorily explained
by an ionic solution model if one assumes slight positive
deviations from ideality which increase with decreasing
temperature and pressure.

If this is indeed the case, un~

mixing of clinozoisite-epidbte at low temperatures is
distinctly possible (Holdaway, 1972).

These details re

garding the possibility of a miscibility gap over some
temperature range have an important bearing on the interp
retation of the results Of this study.
The epidote structure is built on chains of Al-Fe
octahedra which share edges and form chains parallel to
the b crystallographic axis.

These octahedra are linked

by SiO^ and Si^O^ groups in the c direction.

Calcium and

other large divalent cations occupy the space between the
chains and cross linking silicon tetfahedra (Deer et al.,
1962; Burns and Strens, 1967).
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Epidotes have two types of octahedral chains„

One

is a single chain of nearly symmetrical octahedra containing
only aluminum.

The octahedral site in this chain is re

ferred to as the M (2) site.

The second chain actually

consists of two octahedra, a central, symmetrical position
occupied primarily by aluminum— the M(l) site— and a
peripheral, unsymmetrical octahedron— the M(3) s i t e occupied by aluminum and ferric iron (Burns and Strens,
1967),

Recent refinements of the clinozoisite-epidote

structure by Dollase (1971.) and Gabe, Portheine, and
Whitlow (1973) reinforce the concept of three energetically
distinct octahedral sites.
Fe

+3

These studies also confirm that

is preferentially incorporated into the M (3) site,

is present only in slight amounts

(a maximum of 13% of

the total ferric iron) in the M (1 ) site, and is never found
in the M(2) site,

Holdaway (1972) using unpublished data

from Dollase indicates that the amount of Fe

+3

in the M(l)

site increases with the iron content of the epidote and
perhaps with the temperature of formation as well.
These details regarding the site distribution of
Fe

+3

are significant in explaining the observed variations.

in the physical and optical properties of the Al-Fe epidotes
at high iron contents

+3
(Fe
greater than 0.9 atoms per

formula unit)(Strens, 1966; Deer et al., 1962? Hormann and
Raith, 1971; Myer, 1966) as well as

^^-temperature
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stability relations in which increasing Fe
epidote stability to higher temperatures
1972)»

4*3

expands

(Holdaway, 1966,

Site occupancy ordering, may also place compositional

restrictions on epidotes formed in high ^nthostatic
vironments such that high iron epidotes may be expected
to occur only where pressure is low enough to allow the
epidote structure to be distorted as the amount of iron
increases.

Such an affect may be offset by the effect

of temperature.
The variation of the physical properties of the
Al-Fe epidotes with their ferric iron content is well
documented (Seki, 1959; Deer et al., 1962; Strens, 1966;
My e r , 1965, 1966? Kepezhinskas, 1969 ? Hormann and Raith,
1971).

Optical properties,, density, magnetic susceptibility *

molar volume, molar entropy as well as other properties all
vary systematically with the amount of iron in the mineral«
The determination of the iron content of epidotes through
measurement of these properties is usually satisfactory,
inasmuch as Fe^ values ± O'.05 of the actual composition
can be obtained (this error does not include the uncertainty
in the measured property which in some methods produces a
much larger variance).
The regular expansion of the unit cell with in
creasing ferric iron forms the basis for a fairly reliable
X-ray determinative technique (Myer, 1965, 1966; Hormann
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and Raith, 1971)«,

The method appears to be valid for epi-

dote compositions up to Fe^ ^

and is applicable to epidote

from a wide variety of geologic environments.

Where sample

volume permits, this technique is recommended over all
other non-analytical methods»
Phase Equilibria Studies
The presence of epidote in diverse geologic en
vironments , especially its occurrence as a critical phase
in greenschist and epidote-amphibolite metamorphic facies,
has prompted many investigations into its synthesis and
stability.

The formation and stability of a hydrous phase

such as epidote may be influenced by numerous factors? such
as composition, temperature, total pressure, fluid pressure,
fluid composition, host rock composition (mineralogy)
reaction kinetics and permeability (Browne and Ellis, 1970),
The significance of several of these factors on epidote
formation and stability have been explored.
The bulk of experimental studies were aimed at
outlining the upper pressure^temperature stability condi
tions of the end members of the Al-Fe epidote series
(zoisite, clinozoisite, and iron-rich epidote).

The purpose

of these investigations has been to establish the physical
conditions for various metamorphic facies.
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. More recent studies have concentrated on examining
of variables other than temperature and pressure«

Numerous

workers have examined such factors as oxygen fugacity and
variable fluid composition , especially fH 0 versus f ^
2

2

and their effect on epidote composition and stability
(Kalinin* 1965; Chatterjee, 1967; Gordon and Greenwood*
1971; Holdaway , 1972; Storre and Nitsch, 1972; Lion* 1973)„
The observation of apparent ongoing epidote formation in
natural geothermal systems has also aided in evaluating the
role of fluid composition in epidote formation as well as
establishing lower pressure-temperature limits for epidote
stability (Keith, Muffler , and Cremer, 1968; Browne and
Ellis, 1970).
The Synthesis of epidote group minerals at rela
tively low pressures

(less than 2kb) is difficult to ac

complish in the laboratory, probably on account of nucleation problems and extremely slow reaction rates

(Ehlers,

1953; Fyfe, 1960; Mertin, 1962; Pistorius, Kennedy, and
Sourirajan, 1962),

Ehlers

(1953) provides a good review

of earlier Uusuccessful attempts to synthesize epidote.
In spite of these problems, zoisite, clinozoisite and epi
dote of variable composition have all been successfully
synthesized (Raap, 1960; Fyfe, 1960; Merrin, 1962; Newton,
1965; Strens, 1965; Holdaway, 1972; Liou, 1973).
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In addition, the upper P-T stabilities of these
minerals have been fairly well established

(Merrin, 1962;

Raap, 1960? Newton, 1965, 1966? Winkler and Nitsch, 1962,
1963? Holdaway, 1965, 1966, 1972? Boettcher, 1970? Liou,
1973? Loomis, 1966? Newton and Kennedy, 1963? Ackermand
and Karl, 1972).

A review of the role of compositional

factors governing epidote stability shows

(Figure 3) that

epidote can form in systems having a wide range of bulk
compositions in the critical Ca-Fe-Al-Si-O-H system.

Ex

perimental work on epidote decomposition have been primarily
restricted to bulk compositions along the epidote—
clinozoisite

(± quartz) tie line

(Figure 3)V

The isobaric,

thermal decomposition products of epidote-bearing assem
blages vary according to the bulk composition of the .
system, as well as fluid composition and oxygen fugacity
(Holdaway,

1972? Liou, 1973),

Very little work has been done to establish low
temperature-p res sure stability conditions for epidote.

At

low temperature, epidote stability is bound by reactions
of the type:
epidote + H^O

=

prehnite + FeOx

(Seki, 1972)

or
epidote + quartz + Al^O^ + HgO

-

laumontite + FeOX
(Liou, 1973),
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Ca a Wollastonite

Grossular

Andradite

Prehnite

Hedenbergite
Epidote

Clinozoisite
Anorthite

^

/M agn etite
Hematite

Figure 3.

Compositions of crystalline phases in the system
Ca-Fe-Al-Si-O-H projected to the Ca-Fe-Al plane.
Solid symbols are anhydrous phases; open symbols
are hydrous phases.
The extent of solid solution
between clinozoisite and the hypothetical iron
rich end member pistacite is indicated by the
solid line. There is complete solid solution
between andradite and grossular.

Evidently, as is the case at high temperatures, the fugacity
of oxygen appears to be an important factor in epidote
formation at low temperatures.

Theoretical stability

diagrams depicting reactions above demonstrate that in
creasing the oxygen fugacity significantly decreases'the
temperature for the first appearance of epidote

(Liou,

1973).
Thus, experimental work at both high and low tem
peratures suggest that pressure-temperature stability field
for epidote is dependent upon oxygen fugacity and that it
expands with increasing oxygen fugacity.
The formation of epidote of various iron contents
in natural geothermal

systems under low pressure^temperature,

conditions confirms the wide stability range of this mineral
(Table 2 and Figure 4).

The composition of the epidote

from these geothermal systems appears to be unaffected by
pressure and temperature of formation (Table 2)=
The influence of fluid composition on epidote
stability has been investigated by numerous workers <,
Examination of the influence of CO 2 on epidote stability
demonstrates that epidote is restricted to environments
low in C (>2 aud rich in H^O.

Increasing iron in epidote

will extend the minerals stability to higher CO 2 conditions,
as well as higher temperatures.

In several geothermal

systems, the presence or absence of epidote is strictly

Table 2.

Reported occurrences of epidote in active geothermal areas.

Location

Composition

“Southern New Zealand"

Depth
(m)

Temperature
(°C)
250

.

*-- '

Pressure
(kb)
2.50

Pauzhetka, Kamchatka*
192

190

331

145

680

Fe0.27-0.29

140

752

Fe0.20-0.25

320

1,310

0.125

Fe0.32

320

1,500

0.145

I.X.D. No. 1

290-328

9141,595

Sportsman No. 1

290-310

1,0491,441

260

1,079

00
p-1
p-1

White and Sigvaldson,
1963
Rusinov, 1966

———

K-l

Source

Fe0.22-.25
Fe0.25-.29
Fe 0.23-0.26

Salton Sea, California
W823-I.I.D.NO, 2
W747h-I.I.D.No. 1

Keith et al., 1968
II

Muffler and White,
1969
II

'

Wilson No. 1
Ohaki-Broadlands, New Zealand
BR-13

Fe0.26

0.105

Browne and Ellis, 1970

Table 2.

(Continued)

Composition

Temperature
(°C)

Depth .
(m)

———

200-250

2001,040

D.H.-6

———

40

D.H.—3

--

Location

Pressure
(kb)

Source

Reykjanes, Iceland
1

as

Q

Tomasson and
Kristmannsdottir, 1972

450550

II

260-285

7001,160

II

160-300

6301,760

II

100-130

200660

138-146

9002,200

"clinozoisite"

198-230

250520

"epidote"

227-232

460
680

D.H.-8
Reykjavik, Iceland
Fe0.09

Sigvaldson, 1963
II

Hveragerdi , Iceland
White and Sigvaldson,
1963
II

^These epidotes may not be authigenic„

K)

T

T— 7

5

-

Pfluid in kilo b a rs

4

-

Range ot Pf-T conditions
ot epidote formation in
hydrothermal ore deposits

Sierrita
Pachuca

100
Figure 4.
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Pressure-temperature stability field of epidote.
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a function of the partial pressure of CO 2 in the fluid phase
(Browne and Ellis, 1970).
Examination of fluid inclusions in quartz associated
with epidote confirm the low COg contents of fluids from
which the mineral formed (Poty, 1968) .

These studies also

confirm the wide stability field of epidote.

Homogenization

and decrepitation temperatures for inclusions suggest a
temperature range for epidote formation from 150° to 450°C
with over half those examined falling below 300°C.

Less

precise pressure estimates suggest that most epidote from
ore deposits forms at pressures less than 1.5 to 2.0 kilobars

(Tugarinov and Naumov, 1972).

In none of these

studies was the iron content of the epidote measured so
that the relation between physico-chemical conditions and
composition cannot be established.
The conclusion to be drawn from the studies sum
marized above is that pressure-temperature conditions,
while controlling overall stability conditions for epidote
have, except in special circumstances, no unique effect on
epidote composition.

Other factors such as oxygen fugacity

and fluid composition also affect epidote stability and
appear to be more important in governing the composition
of Al-Fe epidote composition in metamorphic and metasomatic
environments.

30
In a thorough study of the influence of temperature,
fluid pressure and oxygen fugacity on the composition of
epidote, Liou (1973) synthesized epidotes of bulk composi
tion Peg 3 3 q+ excess water under varying oxygen fugacity
conditions and demonstrated that the ferric iron content
of epidote is highly dependent upon oxygen fugacity«

Epi

dote synthesized under oxygen fugacities established by the
hematite-magnetite buffer (HM) were richer in iron than
those formed at oxygen fugacities established by the quartzmagnetite*-fayalite (QFM) buffer.

Other experiments were

carried out with the copper-copper oxide (CCO) and nickelnickel oxide buffers

(NNO),

All results, summarized in

Figure 5 suggests regular variation in epidote composition
with oxygen fugacity? the Fe

4*3

content of epidote increases

with increasing fn , These observations support the sus2
piciohs of Keith et al. (1968) who suspected variations
in oxygen fugacity as being responsible for differing
compositions of epidotes growing in essentially the same
pressure-temperature conditions in the Salton Sea geothermal
system (Table 2),

Strens (1963) and Holdaway.(1972) too

suggested that £0

influences the composition of epidote

minerals.
Holdaway (1972) pointed out that zoisite which
occurs primarily in the middle grades of high pressure
Harrovian metamorphic assemblages clearly forms only in
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Figure 5.

Compositions of synthetic epidotes formed at
various fn and temperature conditions and 5 kb
2

fluid pressure.
Horizontal bars indicate the range of composi
tions and the vertical tick represents the
average composition.
The bulk composition of the
system is Peg ^33 +
Synthesis temperatures
range from 62do to 686 ° C. Oxygen fugacities
for the buffers are plotted for a temperature of
650°C.
Data are from Liou (1973) who cautions
that iron loss during synthesis could account
for such low Fe values for epidotes for the NNO
buffer runs.
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fairly r^ducihg environments.

Thus zoisite is suggested

as the high temperature-pressure equivalent of clinozoisite,
stable only above 635 + 75°C and 3 ± 1 kb

(Holdaway, 1972)„

These results call in to question numerous identifications
of zoisite in rocks from porphyry copper deposits
1966; Lowell and Guilbert, 1970)>

(Creasey,

Much clinozoisite may

have been misidehtified as zoisite on the basis of poor
optics. ''To distinguish zoisite from cliriozoisite in fine*
grained rocks subjected to low-grade metamorphism, or in
altered plagioclase, one must either accurately measure an
extinction angle or obtain an X-ray pattern

(Myer, 1966;

Holdaway, 1972)„
Epidote does not appear to be stable at oxygen
fugacities lower than those established by the QFM buffer.
In these environments, epidote

(with excess quartz) is

replaced by the assemblage hedenbergite + anorthite + .
garnet _ + fluid (Liou, 1973).
ss
«
The effect of bulk composition or the availability
of components must also be considered in epidote formation,
In metamorphic terrains, epidotes from iron-poor metasedi
ments generally have lower Fe values than those of adjacent
iron-rich metabasic rocks (A. F. Cooper, 1972; Brown, 1967;
Liou, 1973).

In many metamorphic environments, however,

the bulk composition (mineralogy) may strongly influence
the oxygen fugacity of the system.

In spite of this
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complication, the results of recent investigations suggest
that in the metasomatic environment, where iron is avail
able in excess> the iron content of an epidote is a function
of the oxygen fugacity«

COMPOSITIONS OP EPIDOTES FROM
SEVERAL ORE DEPOSITS
There are very few accurate analyses of epidotes
from the alteration zones of hydrothermal ore deposits.
The objective of this Study is to fill this gap in our
knowledge as well as test the possibility that the composi
tions of epidotes can be used to learn more about the
chemical and physical conditions attending hydrothermal
ore formationo

By providing numerous epidote analyses from

ore deposits of several types, it will be possible to see
whether or not epidotes from hydrothermal ore forming
systems differ in any way from those formed in a variety
of metamorphic environments„
This chapter presents the results of nearly 2000
single probe analyses on 310 epidote grains from 11 ore
deposits»

Eight of the deposits can be classified as

porphyry copper deposits according to the definition given
previously.

Two are entirely contact metasomatic replace

ment or skarn deposits

(Control, Cobre Grande) and the last

is a classic epithermal vein deposit in Mexico, the PachucaReal del Monte camp.

For the purposes of comparing composi

tional differences between epidote formed in igneous host
rocks from that which is the result of metasomatic replace
ment of reactive carbonate host rocks , four deposits of
34
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the former type are referred to in this section as "por
phyry copper" deposits while the latter are called "skarn"
deposits«'
The Sierrita porphyry copper deposit was thoroughly
sampled ahd studied, and the general geology of the mine
with a summary of epidote paragenesis is given before pre
sentation and discussion of the analytical results.

The

results of the investigation of the samples from the PachucaReal del Monte district are presented in a similar fashion;
however, little detailed information regarding deposit
geology is given for the remainder of the localities
A
studied and the reader is referred to topical studies of
the individual ore bodies available in the literature.
Sierrita Mine
General Geology and Para
genesis of Epidote
The Sierrita Mine of the Duval-Sierrita Corporation
is in the Pima mining district, 40 kilometers south of
Tucson, Arizona (Figure 1).

The mine is one of at least

three bodies of economic copper-molybdenum mineralization
which constitute a single mineral deposit at the south end
of a large Larimide stock, the Ruby Star Granodiorite
(West, 1976).

Mineralization at Sierrita is preferentially

localized along the contact between Mesozoic intrusive and

'
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extrusive rocks and the presumed source of the mineraliza
tion, a late quartz monzonite porphyry differentiate of the
Ruby.Star Granodiorite

(J. R. Cooper, 1960).

The generalized

geologic map, Figure 6 , is largely the work of Cooper (I960,
1973), modified only slightly by mapping in the mine area
by Duval-Sierrita staff geologists.
The following details of the geology, alteration,
and mineralization at Sierrita are from published reports
by Lynch (1968) and from unpublished reports by lies (1973) ,
Oakley

(1973), Smith (1975) and West

(1976) and from my

own work on the samples collected for this study.

Ore

at Sierrita is predominantly fracture controlled hypogene
chalcopyrite and molybdenite in the Jurassic Harris Ranch
Quartz Monzonite and the Laramide biotite quarts diorite
and quartz monzonite porphyry.
canic rocks

Premineral Triassic vol

(the Ox Frame Volcanics of Cooper, 1973) as

well as Cretaceous sedimentary and volcanic rocks which
locally host ore at the adjacent Esperanza mine are not
present at Sierrita.

The best grade of mineralization

occurs in the areas of most intense fracturing which
corresponds quite closely to the contacts of the Laramide
quartz monzonite porphyry with the Harris Ranch Quartz
Monzonite and the biotite quartz diorite.

In fact, the

bulk of the mineralization at Sierrita is within the
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biotite quartz diorite

(lies, 1973).

Minor disseminated

mineralization occurs in the quartz monzonite porphyry and
associated breccia pipes.
In general, the hydrothermal alteration pattern at
Sierrita is consistent with that found in other porphyry
copper deposits that is, a central potassic zone, giving
way outward to phyllic, argillic and then halo propylitic
assemblages.

At Sierrita however, largely as a consequence

of wall rock chemistry there are significant deviations
from the zoning patterns and alteration assemblages typically
observed (Lowell and Guilbert, 1970).

In this deposit,

potassic and propylitic assemblages dominate, phyllic altera
tion is only locally developed and argillic alteration is
sparse (if even present: at all)

(Oakley, 1973) .

a prominent alteration phase at Sierrita.

Epidote is

It occurs in

large quantities in the biotite quartz diorite in the Center
of the deposit where it is intimately associated with sul
fide mineralization and appears to be a characteristic
phase in an otherwise standard potassic assemblage.

Epi

dote is also abundant in a fringing propylitic zone.
Potassic alteration is characterized by:
(1) Ortboclase in and adj acent to mineralized and un
mineralized 'veins and veinlets.
(2) Secondary biotite in fractures as well as pervasive
replacement of primary mafic minerals.
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(3) Epidote in and adjacent to sulfide bearing frac
tures .
Commonly chlorite replaces secondary biotite ad
jacent to quartz-sulfide fractures.

Other phases in the

potassic assemblage are quartz, pyrite, chalcopyrite,
molybdenite, magnetite, specularite,•anhydrite, fluorite,
and albite.
The influence of wallrock chemistry on alteration
mineralogy is demonstrated by the fact that secondary
orthoclase i s .the dominant potassic alteration phase in
the quartz monzonite porphyry and Harris Ranch Quartz
Monzonite whereas secondary biotite is the characteristic
alteration mineral of the biotite quartz diorite (Smith,
1975).

Nevertheless, orthoclase veining.and flooding in

the biotite quartz diorite as well as the development of
secondary biotite in the felsic rocks is not unknown (Oakley,
1973; Smith, 1975).
Phyllic alteration, defined as quartz—sericite with
or without pyrite, is distributed irregularly along frac
tures outside the potassic zone.

Its distribution also

reflects the influence of wallrock composition as it is best
developed north and east of the. Sierrita pit in the quartz
monzonite porphyry and to the south in the Harris Ranch
Quartz Monzonite.

The phyllic zone at Sierrita is rela^

tively narrow and lacks the pervasive habit of the "typical"
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porphyry copper deposit (Lowell and Guilbert, 1970).

In

the central part of the deposit, scattered veinlets of
quartz-sericife-pyrite cut early potassic stage veinlets.
Outside of the pit, in the quartz monzonite porphyry, epi~
dote locally occurs in quartz-sericite+pyrite veins and
veinlets, but as a rule epidote is markedly less abundant
in the phyllic than in the potassic or propylitic zones.
A wide propylitic zone, largely fracture controlled
but locally pervasive, extends at least a thousand meters
away from the pit.

Propylitic alteration is best developed

in the quartz monzonite porphyry and Ruby Star Granodiorite north of the pit and in the Harris Ranch Quartz
Monzonite south and west of the mine.

Samples of the

biotite quartz diorite were not available for this study.
The assemblage quartz-epidote-chlorite-orthoclase char
acterizes the propylitic facies.

These minerals are com

monly accompanied by one or more of the following minerals:
calcite, specular!te, magnetite, pyrite, actinolite, albite,
sericite, and tourmaline.
A late stage assemblage of stilbite-calcitegypsum±anhydrite+heulandite fills fractures and forms thin
coatings on many fracture surfaces.
Staff geologists at Sierrita recognize two periods
of propylitization (Oakley, 1973):

an "original propylitic

alteration" which formed at the same time as potassic

41
alteration, defines a halo around the ore deposit, a late
"retrograde propylitization" is found throughout the pit
but most intensely developed in the potassic zone within
the biotite quartz diorite.

This retrograde alteration is

fracture controlled and is characterized by the assemblage
epidote-calcite-chlorite-pyrite+marcasite(?)istilbitei
heulandite.

These epidote bearing veins apparently cut

potassic stable fractures

(Oakley, 1973).

If indeed there

are two generations of propylitization, the epidotes from
each are indistinguishable in terms of major chemistry.
Despite whatever term is used to describe the
phenomena, my own observations suggest that most of the
epidote from the biotite quartz diorite within the potassic
zone is intimately associated with sulfidized fractures and
is contemporaneous with both mineralization and fracture
controlled potassic alteration phases.

Locally, the

preferential association of epidote with pyrite in quartz
veinlets which apparently formed later than main stage
mineralized potassic veinlets as well as the replacement
of biotite by chlorite suggests that this assemblage may
supplant typical quartz-sericite-pyrite
in mafic hosts.

(Phyllic) alteration

The assemblage stilbite-calcitelgypsumi

heulandite (and possibly epidote) definitely represents
a very late stage alteration event not properly classified
as retrograde.

Epldote is present in all four major intrusive rock
types at Sierrita; Harris Ranch Quartz Monzonite, biotite
quartz diorite, Ruby Star Granodiorite, and its late dif
ferentiate , the quartz mohzonite porphyry.

In these rock,

epidote occurs in quartz-sulfide veins or veinlets or
immediately adj acent thereto.
The locations from which the samples for this study
came are shown in Figure 6 .

One sample

(S-19) is from the

potassic zone of the adj acent Esperanza mine.

Only 13 of

the 19 samples contained epidote that was suitable for
quantitative work.

The majority of the analyses were made

on epidote grains in polished thin sections however, some
analyses were made on hand picked epidote grains from
crushed samples or material separated using heavy liquids
and magnetic techniques.

The type of epidote analyzed

(whether from a vein or from the adjacent host rock) and
the mineral assemblages in each sample are given in
Table 3.
Epidote Compositions
On the Samples from these 13 sites, 1382 individual
spot or microprobe analyses were made on 217 epidote grains.
From a few of the sites, more than one sample was collected
and data from each of these have been combined and presented
together.

Traverses showing compositional variations across

Table 3.

Sierrita sample descriptions.

Rock
Type*

Alteration
Zone

Vein/Wall

S-l

RSG

Unaltered

NO EPIDOTE

S-2

RSG

Propylitic

Vein

Quartz-epidote-chlorite-Kfeldspar
ipyrite^limonite

S-3

RSG

Propylitic

Vein

Quartz-epidote-chlorite-Kfeldsparisericite±pyrite±cha 1 copyrite-^1imonite (magnetite
in adjacent walls-*specularite)

S-4

RSG

Propylitic

NO EPIDOTE

S-5

QMP

Propylitic/
Phyllic

Vein

S-6

QMP

Phyllic

NO EPIDOTE

S-7

-QMP

Phyllic/
Potassic

Vein

Quartz-ep.idote-chlorite±k£eldspar±
tourmaline+pyrite^chalcopyrite+limonite
(wallrock biotite fresh)

S— 8

QMP

Potassic

Wall

Epidote-tourmaline-actinolite^quartzmagnetite matrix in QMP breccia: epidote
also in plagioclase in breccia fragments
(biotite relatively fresh)

S-9

QMP

Potassic

NO EPIDOTE

Sample

Mineral Assemblage**

Quartz-epidote-chlorite-Kfeldspar+sericite

Table 3.

Sample
S-10

S-ll

S-12

S-13

S-14

Sierrita sample descriptions

(continued).

Rock
Type*

Alteration
Zone

Vein/Wall

Mineral

BQD

Potassic

Vein

Quartz-epidote-maghematite-biotite-chloriteKfeldspar--pyrite-chalcopyrite-molybdenite

Wall

1-7% epidote replaces plagioclase: chlorite
replaces biotite

Vein

Quartz-epidote-maghematite-biotite chloriteKfeldspar pyrite-chalcopyrite-molybdenite

Wall

Thin epidote selvages 5-10mm from vein
margins: epidote replaces primarily
plagioclase; chlorite replaces biotite

Vein

Quartz-biotite->chlorite-epidote-Kfeldsparmagnetite-chalcopyrite-pyrite-molybdenite
(late gypsum and stilbite)

Wall

Epidote replaces biotite and plagioclase:
biotite->chlorite

Vein

Quartz-biotite’-epidote-Kfeldspar-pyritechalcopyrite-molybdenite (late gypsum,
stilbite and calcite)

Wall

Epidote replaces plagioclase and to a
lesser extent biotite: biotite-*chlorite

Wall

Epidote-chlorite replacing mafics: epidote
replaces plagioclase

BQD

BQD

BQD

QMP

Potassic

Potassic

Potassic

Potassic

**

Table 3.

Sierrita sample descriptions

(continued).

Sample

Rock
Type*

Alteration
Zone

Vein/Wall

S-15

HRQM

Potassic

NO EPIDOTE

S-16

HRQM

Propylitic/
Phyllic

Vein

Quartz-epidote— chlorite-Kfeldsparactinolite -sericite ipyrite

Wall

Epidote-chlorite-actinolite-tourmaline
replacing mafics: magnetite->specularite

Mineral Assemblage**

S-17

HRQM

Phyllic/
Propylitic

NO EPIDOTE

S-18

HRQM

Propylitic

Vein

Quartz-epidote-chlorite-tourmalineKfeldspar-pyrite

Wall

Epidote , chlorite, luecoxene, specularite
and oalcite replace mafics and plagioclase
(magnetite in wallrocks->specularite)

Vein

Quartz-Kfeldspar-epidote-magnetitemolybdenite-chalcopyrite-pyrite anhydrite-)gypsum

S-19

QMP

Potassic

*Rock types; RSG = Ruby Star Granodiorite; QMP = Quartz monzonite
porphyry? BQD = Biotite Quartz diorite; HRQM = Harris Ranch Quartz Monzonite.
**Mineral assemblages: - superscript denotes mineral present in only
minor amounts.
= superscript denotes mineral present in only trace amounts.
-> between two minerals indicates former mineral "altering to" the latter.

46
single grains as well as variations away from veins are
available for a few of the samples <,
The range and frequency of epidote compositions in
all Sierrita samples are shown in Figure 7.

In this and

all subsequent illustrations, epidote compositions are
given in terms of the Fe^ value in which x. is the molecular
proportion of the hypothetical pure iron end member pistacite
Ca 2 FegSi^ 0 ^ 2 (°H )«

Its value is determined by the ratio

Fe+ ^/(A1 + Fe+^)o

Individual spot

analyses range from

Fe 0 igg to Fe.Q 45q and

average FeQ 2 9 4 ° Ttie average of the

217 grains is Feg 3 0 2 °

T^ie frequency and range of epidote

compositions for each of the 13 epidote bearing samples
are presented in Figure 8.

The histograms for each sample

are given for individual spot analyses as well as for
analyzed grains.

Beside each diagram are given the number

of analyses represented and the average epidote composition
of each set of data.

The average composition oxide weight

percent of epidote in each sample

(calculated using all

single probe analyses)

is given in Table

4.In this table,

the probe analyses are

reported in terras

ofoxide weight

percent and structural formulae are calculated as previously
described.

The analytical precision for each element in

oxide weight percent is given in Table 5.

The standard

deviation of a single probe analyses in terms of Fe^
value is ± 0.010.

An inspection of the diagrams in Figure 8
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Table 4,

Microprobe analyses of epidotes from Sierrita.

Sample

S-2

3— 3

S-5

S-7

S-8

s io 2

37.33

37.14

37.16

37.48

37.49

22.24

21.32

22.51

2 2 .79

22.74

14.93

16.36

14.47

14.12

13.78

MnO

0.38

0.26

0.27

0.66

0.25

GaO

22.77

22.58

22.55

22.62

22.97

Anhydrous
Total

97.65

97.66

96.96

97.67

97.23

Al2°3
E’e2°3

Structural Formulae Calculated on the basis of 16 cations
Si

6.00

6.00

6.01

6.01

6.03

Al

4.22

4.06

4.29

4.31

4.31

Fe+3

1.81

1.99

1.76

1.71

1.67

Mn

0.05

0.04

0.04

0.09

0.03

Ca

3.92

3.91

3.90

3.89

3.96

0.300

0.329

0.291

0.284

0.279

FeX

Table 4 <, MiGrpprobe analyses of epidotes from Sierrita
(continued)■

Sample

S-10

S-ll

S-12

S~13

Si0 2

37.27

37.08

37.63

37 .23

22.30

21.91

22.90

21.62

15.25

15.93

14.57

16.10

MnO

0.32

0.11

0.28

0.13

CaO

22.50

22.76

22.64

22.38

Anhydrous
Total

97.64

97.79

98.02

97.46

A 1 2°3
Fe203

Structural Formulae calculated on the basis of li
Si

6.00

5.97

6.02

6.02

Al

4.23

4.16

4.31

4.13

1.93

1.75

1.96

Fe +3

.1.85

,

Mn

0.04

0.02

0.04

0.02

Ca

3.88

3.93

3.88

3.88

0.304

0.317

0.289

0.322
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Table 4.

Microprobe analyses of epidotes from Sierrita
(continued)

Sample.

S-14

S-16

S-18

S-19

Si0 2

36.91

37.71

37.54

37.71

21.43

2 2 .35

22.55

. 24.58

16. 66

14.86

14.20

12.59

al2°3
1'e 2°3

0.51*

FeO
0.21

0.23

0.35

0.23

CaO -

22.14

22.73

22.73

23.13

Anhydrous
Total

97.35

97.88

97.88

98.24

MnO

Structural Formulae calculated on the basis of 16 cations 1
Si

5.99

6.05

6.01

5.97

Al

4.10

4.22

4.26

4.58

Fe 4"3

2.04

1.79

1.72

1.50

0.07

Fe +2
Mn

0.03

0.03

x 0.05

0.03

Ca

3.85

3.90

3.90

3.92

0.332

0.298

0.287

0.247

Fe

X

*Measured value; calculated value 0.49%.
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Table 5.

Analytical precision of microprobe analyses«,
Measured precision of an individual probe analyses
in terms of Fe^ values:
la = ± 0.010 units.

Oxide

Mean

a

%a

n

Sample

s io 2

38.04

±0.38

± 1.00

10

S-16

21.22

± 0.12

±0.57

15

S-10

FeO

14.73

± 0.10 ,

± 0.68

15

S-10

MnO

0.32

±0.04

± 8.00

15

S-10

CaO

22.50

±0.24

±1.07

29

S-18

Al203

reveals that for all samples save o n e , the average epidote
composition as determined by the average of all probe
analyses is within one standard deviation of the average
epidote composition calculated using average grain composi
tion.
Based upon anhydrous totals and cation site
occupancy, the analyses presented in Table 4 appear to be
good.
97,65%,

The average anhydrous total for the 13 samples is
The average anhydrous total of 34 complete epidote

analyses presented by Deer et al,

(1962) is 97,90%,

Since

other elements in addition to the five measured In this
study are generally present in epidote the close comparison
is an indication of fairly good analyses.
for all elements except Ca are normal.

Site occupancies

In all these

analyses, iron is assumed to be in the ferric state.

With

accurate, complete mineral analyses it is possible to
calculate the amount of iron in each valence state however
the epidote analyses presented here are not considered
sufficiently complete to warrant using this technique to
calculate the amount of ferrous iron actually present in
the epidotes.

A subsequent section shows that some ferrous

iron is probably present in all the samples but is fairly
regular and is not related to the total amount of iron.
Ferrous iron was actually measured in one sample (S-18)
and the oxide weight percent found, 0,51%, is very close
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to that calculated 0.49%.

Ignoring the ferrous iron and

considering all iron to be in the ferric state only induces
a regular shift in epidote Fe

values to slightly lower

values.
Epidote separates from two'Sierrita samples,
analyzed, by atomic absorption techniques show no abnormal
amounts of copper, molybdenum, lead, zinc or silver (Table
6 ), the values falling well within the ranges reported

by Myer (1965, 1966) and Banks
"hydrothermal" environments.

(1976) for epidotes from
The epidotes do not contain

nearly as much copper as do biotites from mineralized as
well as unmineralized intrusions
Banks, 1974; Graybeal, 1972).

(Levering et a l -, 1970 ?

The measured zinc content is

very low with respect to published analyses, but, the sam
ples are from the potassic zone near the center of the
hydrothermal system and the zinc contents of the epidotes
may reflect the gross geochemical zoning patterns.

The

significance of trace elements in epidotes from mineral
deposits should be examined in a more rigorous study.
The wide compositional variability within an
individual sample is obvious from the histograms in Figure
8.

This extreme variability in the iron content of epi

dotes does not appear to be related to epidotes of different
generations or paragenesis within the samples.

Similar

patterns are expressed by epidote analyses from the
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Table 6 .

Abundance of selected trace elements in epidote
concentrates from three Arizona copper deposits.
Values reported in parts per million.

Sample

Cu

Mo

Pb

Zn

Ag

Sierrita S-ll

12 .

<2

9

20

<1

Sierrita S-18

55

<2

12

43

<1

Christmas

10

<2

28

36

<1

8

2

64

5

<1

Cobre Grande

-
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potassic and propylitic epidotes and from epidote filling
veins versus that replacing minerals in the walls of the
veins.

In fact, individual epidote grains show extreme

inhomogeneity and compositional variability.

Traverses

across single grains, shown in Figures 9 through 12,
demonstrate this and show that in general there is no
regular pattern to the variations.

Several of these

traverses show what appears to be an irregular lamellar
pattern of coexisting high and low iron epidote domains.
This pattern is especially noticeable in sample S-12
(Figure 11) where both Fe
lamellar habit.

and MnO variations show the

The compositional variability in epidote

exhibited here is similar to that described by Kitamura
(1975) in epidotes coexisting with garnet from several
skarn deposits of the Chichibu district, Japan.
and DeVries

Ghent

(1972) have also noted such compositional

variations within single epidote grains.
There are no consistent iron or manganese
zoning patterns within epidote grains.

Wide compositional

variability with little regularity or consistency is the
rule.

Many show cores richer in iron than the edges or

margins but in a few the reverse is observed.

In S-2 many

epidote grains have iron rich cores, averaging Fe^ 3 4 5 /
and iron deficient rims, around FCq 277*

Other grains,

such as those illustrated in Figure 9 show pronounced iron

MnO
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enrichment at the margins or are relatively homogeneous.
A few (not illustrated) have abrupt compositional changes
suggesting coexisting iron rich and iron poor domains.
One grain for example has an area in which the epidote
composition is FCq ^95 while measurements several microns
- ■

<

away indicate a composition of Fe^ 285°
In sample S-3, single epidote grains have ir
regular high and low iron domains.

Epidotes from sample

S-5 show a similar pattern but several grains do show
fairly regular compositional variation (Figure 10) with a
tendency for the iron content to decrease from core to
rim.
Traverses across grains from. S-10 and S-ll. show
iron rich cores but the trend is very slight.

S-ll and

S-12 both show the lamellar pattern of high and low iron
domains

(Figure 11).

S-16 epidote grains have grain edges

and margins richer in iron (Fe^ 3 2 1 ^ than the cores
(Fey 2 3 3 ) °
epidotes.

The reverse situation is observed in S-18
In both these samples however, the grains ex

hibit the lamellar pattern.

The remaining samples were

not studied in detail but all show wide compositional
variations within grains.

The four grains analyzed from

sample S-19 are anomalous in the fact that they are fairly
homogeneous

(Figure 12).
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Manganese distribution within epidote grains shows
a slightly more consistent pattern.

Samples from outside

of the ore zone show MnO enrichment on grain edges

(Figure

9) while samples within the o r e , especially those in the
biotite quartz diorite exhibit MnO depletion
through 12).

The

(Figures 10

profiles in these figures and the analyses

in Table 4 show a wide range in the MnO content of epidote
within and between samples from 0.01% to over 1.00%.

In

several samples manganese variations show the domain or
lamellar pattern in epidote grains as well or better than
the Fe+ "V (A! + Fe+^ ) ratio.
Compositional variations within epidote grains
appear to be dependent on the crystallographic orientation
of the grain.

Nearly all the profiles presented above

are perpendicular to the b crystallographic axis.

These

traverses, as previously discussed, show iron, aluminum,
and manganese compositional variations.

Traverses parallel

to the b axis in the Same grain however do not show as much
variation in Fe

as in traverses normal to b.

is not affected as much as iron and aluminum.

Manganese
This feature

is illustrated in Figure 9 in which significant composi
tional variations in Fex and MnO are noted where measured
perpendicular to b however, when measured parallel to b,
Fex varied but little while MnO seemed to be unaffected.
Few observations of this type were made and so the

■

:-% -

,
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persistence arid significance of this pattern is not known.
If these variations are consistent,, it may be symptomatic
of the way in which epidote crystals grow, normal to the
b axis.

The manganese distribution patterns near grain

boundaries suggest that this element may enter

(or leave)

the epidote crystal by a diffusional process, not controlled
by crystallographic form.,
There is as mentioned previously, a manganese
epidote, piemontite in which manganese occupies octahedral
sites in epidote, proxying for iron and aluminum*

In the

Sierrita epidotes there does not seem to be any consistent
pattern between manganese content and Fex as might be
expected were manganese in the trivalent state replacing
aluminum and iron,

However, on several of the profiles,

especially on grains from S-2 and S-12

(Figures 9 and 12),

domains where MnO is high correspond with .zones where Fa
-2C
is low.

Most of the epidote analyses however do not show

such complementary variations,

This is illustrated in

Figure 13 in which the average MnO is plotted against
average Fe^ in 112 epidote grains,

This diagram shows

only a slight inverse relationship between MnO and Fe^
at low MnO values as well as the considerable range of MnO
in the epidotes,
(greater than Fe^

The tendency for high iron epidotes
to have low amounts of manganese
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suggests that in these epidotes some manganese may sub
stitute for iron and aluminum,
inspection of the epidote structural formulae in
Table 4 shows that the sum of iron, aluminum, and manganese
generally exceeds the number of cations necessary to fill
the octahedral sites

(6 )«

This is illustrated in Figure 14

which also indicates that there may be too much iron if it
is all assumed to be in the ferric state, filling the M (3)
and MCI) sites.

Note also that the amount of manganese

varies but little.

Consider however the calcium position

which should be occupied by four divalent

(possibly tri-

valent too) cations but in the Sierrita samples
is not completely filled.
not make up the deficit.

(Table 4)

Divalent manganese alone will
However, if combined with a

calculated ferrous iron value, the two are sufficient to
fill the position as well as balance the octahedral cations.
These Considerations suggest that much of the manganese in
the analyzed minerals is present in the divalent state,
occupying the between chain calcium site.

Sample S-ll,

S-14, and S-19 epidotes, which fall below the diagonal line
in Figure 15, show deficiencies in manganese and iron.
This is probably due to the low silicon in these samples
which will result in over estimation of the amount of cal
culated ferrous iron.

!
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Fe + Mn
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1.6
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4.5

4.6

4.7

Al

Figure 14.

Octahedral site occupancy in epidote, Sierrita.
Total Fe + Mn + Al greater than 6 (diagonal line) suggests some iron
and manganese must not occupy the Al-Fe octahedral position.
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Figure 15.
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4.0

Calcium site occupancy, Sierrita epidote.
Distribution of points along diagonal line sug
gests some iron and manganese must fill calcium
sites.
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Even when structural formulae are calculated on
the basis of 25 anions per formula unit rather than by the
method used here (fixed cations) which assumes all iron in.
the +3 valence state, there is always more than enough iron
and aluminum to completely fill the octahedral sites«
This is consistent with the conclusion arrived at above that
most of the manganese is not, like iron, proxying for
aluminum but is instead filling the calcium position.
Thus the amount of the piemontite end member in the analyzed
epidotes is negligible.
Variation in the calculated ferrous iron values are
insensitive to other variables, and are roughly the same
in all the Sierrita epidotes
the total amount of iron.

(Figure 14) irrespective of

Thus the assumption that all

the iron is in the trivalent state only induces a regular
shift in Fe^. values to slightly higher values and does
not affect the observations or the conclusions of the study.
A peculiar feature of the analyses noted is the
apparent linear relationship between Fe
tent of epidote.

and the CaO con

Figure 16 plots the Sierrita epidote

analyses along with 19 analyses reported by Hietanen (1974).
Both groups of analyses indicate that as Fe
CaO decreases.

increases,

Similar linear patterns are expressed by

epidote analyses of Cooper (1972) and Hermann and Raith
(1971).

However, this pattern is perhaps fortuitous
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Figure 16.

Relationship between ferric iron and CaO con
tent of epidote.
Dots represent Sierrita epidotes;
triangles
represent analyses of Hietanen (1974).
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inasmuch, as epidote analyses from other sources

(e.g., Deer

et el., 1962; Ernst, 1972; Villas, 1975) are not consistent
in this regard.

Deformation of structure sites in response

to replacement of aluminum by ferric iron is a possible
explanation for such a pattern if it is real.

It seems

reasonable that as Al+^ ions with ionic radii of 0.51
(octahedral coordination) are replaced by Fe

4-3

ions having

ionic radii of 0.64, slight deformation of the structure
may be necessary to accommodate the larger ions and con
sequently a smaller number of the large calcium ions would
be squeezed into the inter-chain positions.
Intrasample variations in epidote composition were
determined on three hand samples from locality 18 and three
from locality 11.

These data are presented in Figure 17

and as for the individual samples there are wide composi
tional variations in epidote grains from the same location.
However, the average composition for each separate sample,
whether from different thin sections or the same section
analyzed at different times, show fairly good correlation
and the Fe^ values fall within 0.010 unit of each other.
This comparison illustrates the wide compositional vari
ability on thin section and hand sample scale and the
necessity for a large number of probe analyses on a single
sample.

The compositional variations as seen previously

are due in large part to variations within single grains
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Intra-sample variation in epidote composition,
Sierrita.
Average grain analyses are plotted on the histo
grams.
Dark horizontal bar represents the com
positional range of individual microprobe
analyses.
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and the range in these variations is consistent in epidotes
from each sample point.
In spite of the wide variations within single epidote grains it is still desirable to see if there are com
positional differences in epidote from quartz-sulfide veins
and epidote replacing matrix material, primarily plagioclase , away from the veins in the biotite quartz monzonite
and Harris Ranch Quartz Monzonite.

The evidence from the

biotite quartz diorite samples is equivocal.

Compositional

differences between wall and vein epidotes do exist but
the magnitude and pattern of these differences is not con
sistent.
of Fe

Figure 18 for example illustrates the variation

away from a vein in sample S-10.

The iron content

of epidote in the wallrock appears to decrease away from
the vein which has a very high iron content.

The epidote

in the vein averages Feg 33.3 + q Q 2 2 while epidote in the
walls averages FeQ 273 + Q 0 1 q.

It may be significant that

the epidote in the wall rock has less variation than that
in the vein.

This pattern is repeated in S-ll where vein

epidote averages Fe Q .330 + 0.024 and wall epidote FeQ 2g7
+ 0 015°

However, in the two other biotite quartz diorite

samples, S-12 and S-13, wall rock epidote contains more
iron than epidote from the veins.
vein epidote averages Fe^ 274 +
rock Fe Q

+ q 034°

q

In S-12 for example,
q

09

an<^ that in the wall

Sample S-13 has similar values.
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Figure 18.

Variation in epidote composition away from a
vein, Sierrita sample S-10.
Short horizontal line represents the average
composition of epidote in vein and wallrock.
Vertical line indicates ± la.
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In the Harris Ranch Quartz Monzonite sample S-18
there is no compositional difference in epidote formed by
replacement of ferromagnesian minerals in the wallrock and
that in veins.

This is illustrated in Figure 17.

Epidote

in sample S-18c occurs primarily in veins whereas in S-18p
the epidote replaces ferromagnesian minerals.
The composition of epidote within veins seems to
be affected by the type of coexisting iron bearing minerals.
Epidote associated with chalcopyrite and pyrite usually
show slight iron depletion adjacent to the sulfides.

Epi

dote s coexisting with specularite are higher in ferric iron
than those associated with magnetite.
From the above discussions it is apparent that the
compositional variations within individual samples are as
great or greater than those between samples.

These wide

variations in epidote composition although not regular
probably reflect either physico-chemical conditions of
growth on a micro scale or post depositional ordering or
equilibration phenomena.

As a consequence of these varia

tions , the significance of changes in the average epidote
composition from location to location is difficult to judge;
however , the average epidote composition of the samples may
reflect the gross geochemical environment of the hydrothermal system.

Unfortunately, there appear to be no sig

nificant patterns to compositional variations across the

■

■

]

„
deposit„

Samples S-2 through S -8 show a slight decrease

in epidote iron content towards the mineral deposit as
illustrated in Figure 19.

Coupled with this decrease in

Fe^ is a corresponding decrease in the standard deviation
of the epidote analyses.

Manganese shows an overall de

crease towards the deposit along the traverse but the
analytical precision (a = + 0.01 Mn). could easily cover
this variation.

Samples from the biotite quartz diorite

in the central part of the mine are not consistent with
this pattern, all having high average iron contents with .
large standard deviations reflecting large compositional
variations within the sample

(Figure 8 ).

These differences

probably reflect the influence of host rock Chemistry and
mineralogy.
The frequency and compositional range of epidote
grains from the four different rock types sampled at
Sierrita are plotted in Figure 20.

Nearly all of the histo

grams show a wide range in Fe^ values, a positive skewness,
and a weak bimodal trend.

As we have seen, these trends

are not the result of different generations of epidote or
epidote of differing paragenesis but reflect a compositional
pattern within individual samples.

The plots of spot

microprobe analyses show a similar pattern.

The average

epidote composition shows little apparent difference
between the four rock types.

This relationship is born

0 .1-.

0 .4 0 0 -

O

0 .3 0 0 -

HRQM

BQD
Open

Figure 19.

Variation in Fe
deposit.

' OMR

RSG

Pit

and Mn of epidote in traverse across the Sierrita

For location of traverse see Figure 6 . Vertical lines through
each point represent ± la. Rock types are shown below the pro
files.
See Table 7.
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Composition of epidote from four different rock
types, Sierrita.
Numbers below rock names are the number of
grains represented in the histogram and the
average composition (Fex ).
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out when average epidote Fe^ values are compared with
several host rock chemical parameters„

Whole rock chemical

analyses of the epidote bearing samples are presented i n :
Table 7„

The Fe^ Values for epidote are not related to

any of the host rock factors examined.^“Weight % CaO, Fe^O^,
total Fe as FeO, total Fe/Al, and Fe+^/(Fe+^+Al)«
The only host rock parameter which shows a reason
able positive correlation with epidote Composition is the
bulk rock oxidation ratio defined by Chinner
+3
100 x (Fe /Total F e ) .

(1960) as

The relationship between bulk rock

oxidation ratio and epidote composition is presented in
Figure 21=

Two possible trends are evident; one for the

felsic rocks and the other for the biotite quartz diorite
samples.

Several samples # notably S-7 and S-12 disrupt the

pattern but the overall effect of the diagram suggests, that
the oxidation character of the host rock exerts an influence
on the average epidote composition.

The extreme composi

tional variation within the samples must be due to other
factors=

This relationship between Fe

and bulk rock

oxidation is similar to that observed by Hermann and Raith
(1973) and Cooper
terrains,

(1972) for epidotes from metamorphic

Although these studies reported epidotes con

taining less iron than those from Sierrita, they observed
the same trend (Figure 22)=

These observations are com

patible with the work of Liou (1973) oh epidote synthesis

Table 7,

Sample

Whole rock chemical analyses of Sierrita samples,

S-2

S-l

S-3

S-4

S-5

S-6

S-7

S-8

S-S

69,00

70,74

68.38

74.05

73.50

71.07

71,98

66,65

72.53

15.31

15,53

15.37

15.01

15.18

15.42

15.13

15.42

13,75

0.47

0.36

0.31

0.29

0.31

0.28

0.30

0.48

0,27

1.76

1 .45

1 .41

0.94

0.69

1.30

1.08

1.46

0.78

FeO

1.76

1,18

0.96

0.97

0.62

0.76

0.64

1.88

0,74

MgO

1.27

0.74

0.57

0.57

0,59

0.64

0.63

1.00

0.47

CaO

2,97

2,01

1.86

1.67

1.76

1.68

1.53

2.73

1,56

Na 20

3.77

5.66

4.99

3.50

3,98

3.53

3.33

3,80

2.71

3.26

5 .11

4.03

4.83

4.26

4.59

5.52

3.24

5.79

--

—-

——

—

—

0.05

0,03

Si°2
M 2°3
Ti0 2
Fe2°3

K 2°
MnQ

!

Total

99,57

102.78

97.88

101,83

100.89

99.27

100,14

96.71

98,63

Oxidation
Ratio

47.31

52.51

56.93

46.58

50.03

60.62

60.29

41.14

48.68

RSG

RSG

RSG

RSG

RSG

RSG

RSG

# #

QMP

Rock
Type*

Table 7.

(Continued).
S-10

S-ll

S-12

S'-13

S-14

S-15

•8-16

S-17

S-18

50.55

56.89

56.25

54.60

69. 35

67.85

67.41

65.70

67.50

68.39

17.71

16,66

15.72

16.67

12.84

15,3:6

15.22

15,42

14.97

16.40

1.28

0.97

1.16

1.19

0.46

0.45

0.55

0.62

0.47

0.62

3.02

3.07

2.96

3.47

1.08

1,45

2.45

1.60

1.58

1.23

FeO

5.17

4.52

3.39

4.68

0.99

1.62

0.89

1.95

1.21

2.24

MgO

6.99

4.75

3.49

4.84

0.66

1.09

0.70

1,24

0.64

1.42

CaO

4,60

5,47.

5.08

6.72

1.62

1.68

2.30

2.20

1.97

2.32

2,91

3.43

4.32

3.34

2.38

3.94

5.01

3.67

4.81

4.46

4,31

2.16

2.92

1.94

6.23

5.09

5.07

4.54

5.00

4.14

0.16

0.09

0.12

0.15

0.04

0.04

0.05

0.08

0.07

0,05

Total

96.70

98.01

95.41

97.60

95.67

98.57

99.65

97.02

98.22

101.27

Oxidation
Ratio

34,45

37,95

44.00

40.03

49.54

44.61

71.24

42.47

54.02

33.07

BQD

BQD

BQD

BQD

QMP

HRQM

HRQM

HRQM

HRQM

QMP

Sample
S i02

A -L20 3
Ti0 2
Fe2°3

Na 2°
K 2°
MnO

Rock
Type*

*RSG, Ruby Star Granodioritej QMR, Quartz Monzonite Porphyry; BQD,
Biotite Quartz Diorite; HRQM, Harris Ranch Quartz Monzonite.
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Relationship between bulk rock oxidation ratio
and epidote composition, Sierrita.
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Relationship between bulk rock oxidation ratio
and epidote composition in two regional meta
mo rphic terrains.
Lines represent linear regression best fits
for each set of data.
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presented earlier in which the composition of synthetic
epidotes was found to be a function Of oxygen fugacity
(Figure 5).
Additional evidence relating the oxidation state
of the environment with epidote composition comes from the
type of iron oxide phase reported in each of the Sierrita
samples«

In only three of the samples (S-8 , S-12, and

S-I9) does epidote coexist solely with magnetite.

These

three samples have average epidote compositions of rP & Q <^2^9 ,
Fe0 289 an(^ F e 0 247 respectively.

Two samples contain inter-

grown magnetite and hematite "maghematite", S-10 with an
F 6 q .304 and S-11 having epidote of Fe^ 3^70

Three others

either contain specular hematite as the exclusive iron
oxide phase or contain magnetite which is incompletely
altered to hematite.

These three samples all have epidote

compositions greater than Fe^ 284°

T^e gross pattern then

is one of increasing Fe+ ^/(Fe+ ^+Al) with increasing degree
of oxidation.

These data are presented in Figure 23.

'' These observations suggest that at Sierrita, the
oxidation state of the host rocks may have been responsible
for establishing the gross epidote compositions.

Never

theless significant variations in composition do exist
within and: between samples that cannot be accounted for by
this mechanism.

These variations are the result either

of very local differences in the oxygen fugacity of the
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hydrothermal fluid during epidote growth or alternatively,
of unmixing at low temperatures«
Compositions of Coexisting Minerals
Chlorite and biotite commonly occur with epidote
at Sierrita.. Chlorite occurs with epidote in quartz veins
of the Ruby Star Granodiorite, quartz monzonite porphyry,
and Harris Ranch Quartz Monzonite <,

In the biotite quartz

diorite, epidote coexists with biotite in veins and with
biotite and chlorite in the rock adjacent to the veins.
Two samples, S-8 and S-16, contain a blue-green amphibole
which was also analyzed.
Table 8 reports the microprobe analyses of chlorites
from seven samples.

The chlorites from S-2, S-3 and S-5

occur with epidote in quartz^sulfide veinlets,

In the re

maining samples the chlorite analyzed is an alteration
product of biotite or hornblende.

These analyses revealed

no apparent major compositional differences between
chlorites from veins and those replacing ferromagnesian
minerals.

All chlorite grains analyzed are extremely

homogeneous.
Figure 24 plots the seven chlorites On a Fe-Mg-Al
diagram along with chlorites from other localities and
geologic regimes.

The Sierrita chlorites all have Mg/Fe

ratios greater than 1.

The composition of the chlorites do

reflect the MgO/FeO ratios in the parent rock (Figure 25).
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Table 8.

Micrdprobe analyses of chlorites from Sierrita-

Sample

S-2

S-3

S-5

S-8

S-18

sio 2

27,55

26.89

26.00

38.12

28.59

19,27

20.39

20.10

15.07

18.51

FeO

19.72

21.81

22.28

19.92

22.20

MgO

20.24

18.16

17.66

16.20

18,64

MnO

0 .81

0.84

1.48

0.57

0.62

CaO

0.09

0.02

0.03

0.03

0.05

87.68

88.11

87.55

89. 90

88.61

Al2°3

Anhydrous
Total

Structural Formulae calculated on the basis of 20 cations
Si

5.64

5.55

5.42

7.84

5.87

A1

2,36

2.46

2.58

0.16

2.13

A1

2.29

2.50

2.36

3.50

2 .36

Fe

3.38

3.76

3.89

3.43

3.82

Mg

6.18

5.58

5.49

4.97

5.71

Mn

0.14

0.15

0.26

0,10

o.u

Ca

0.02

0.00

0.01

0.01

0.01
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Table 8.

(Continued).

Sample

S-10

S-ll

Si0 2

27,57.

27.78

16,96

17.74

0,00

0.08

FeO

18,49

18.68

MgO

20,22

22.25

MnO

0,34

0.38

CaO

0,03

0.02

83.61

86.93

A1 2G3
Ti0 2

Anhydrous
Total

Structural Formulae calculated on the basis of 20 cations
Si

5.90

5.65

A1

2.10

2.36

A1

2.17

1.93

Ti

0.00

0.01

Ee

3.31

3.20

Mg

6.45

6,80

Mn

0.06

0.07

Ca

0.01

0.00

90

Mg

Al+Ti

Figure 24.

Fe-Mg-Al triangular diagram illustrating the
composition of chlorites from ore deposits and
three metamorphic terrains.
• Sierrita (this study)
o Esperanza (Smith, 1975)
^ Mayflower

(Villas, 1975)

* Otago Schist

(Brown, 1967)

^ H a a s t Schist

(Cooper, 1972)

& Feather River

(Hietanen, 1974)
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Relationship between Mg/Fe ratio of chlorite
to MgO/FeO ratio of host rock, Sierrita.
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For the samples S— 2 through S-8 the Mg/Fe+JVLn ratio decreases
towards the orebody.

Smith (1975) reports the composition

of two chlorites from Esperanza; one replacing biotite has
an Mg/Fe ratio similar to those samples from the biotite
quartz diorite, the other, in veinlets, has a higher Mg/Fe
ratio

(2.91) than any analyzed at Sierrita (Figure 24).
in major element chemistry, the Sierrita chlorites

are similar to chlorites from the Mayflower quartz diofite
in the Park City district reported by Villas

(1975).

The

Sierrita minerals are only slightly richer in iron and
manganese

(Figure 24).

A comparison of the composition of

chlorite from Sierrita and the Mayflower mine with those
from three metamorphic terrains yields some interesting
observations regarding the influence of host rock origin
on chlorite composition.

As illustrated in Figure 24,

chlorites studied by Hietanen (1974) from the Feather River
area in the Northern Sierra Nevada are similar in Mg/Fe + Mn
ratios to those from chlorites in ore deposits in quartz
diorite hosts; the Feather River chlorites have only
slightly higher Al/Mg + Fe + Mn ratios.

All of these

minerals are more magnesian than those reported by Brown
(1967) and Cooper

(1972) from the Otago and Haast Schist

metamorphic belts in New Zealand.

Although other factors

such as metamorphic grade are significant, it is noteworthy
that Hietanen's samples are from metamorphosed mafic rocks
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(dacite, diorite, andesite, and gabbro) while those from
New Zealand are from metamorphosed eugeosynclinal sediments.
In these metamorphic areas, there is a clearly defined trend
of increasing Mg-Fe ratio in chlorite with increasing meta
morphic grade.

Chlorite from the Ruby Star Granodiofite and

quartz monzonite porphyry show a trend of decreasing
Hg/(Fe + Mn) towards the ore zone however, their composirtion is probably more an indicator of host rock composition
than any measure of relative temperature.

The variation of .

Mg/Fe ratios in chlorite across the deposit has a similar
form to the change noted in epidote composition.
The regularity of element partitioning between co
existing mineral pairs is often used as a measure of the
extent to which equilibrium has been achieved in a par
ticular geochemical system.

Under equilibrium conditions,

the distribution of a particular element should be con
stant for a given temperature and pressure.

Theoretically,

element partitioning should be independent of the overall
rock composition.

Since first applied by Ramberg and DeVore

(1951) the use of distribution coefficients as reliable
indicators of true equilibrium conditions has been ques
tioned.

Despite these objections, the uniformity of the

distribution coefficients for a series of minerals from
similar paragenesis is still used as a permissive test of
equilibrium.
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The distribution of iron between coexisting epidote
and chlorite in seven Sierrita samples is moderately uni
form as indicated in Figure 26»

The average of the dis

tribution coefficients for iron in the Sierrita samples is
1.04 ± 0 . 1 6 .

1

This is quite similar to the average dis

tribution coefficient for Villas' samples from the Mayflower
mine.

Within the Sierrita samples there is a strong ten

dency for distribution coefficients of samples from similar
environments and rock types, to be nearly identical, sug
gesting that to a first approximation , the formation of
epidote and chlOrite took place under equilibrium condi
tions.
The change in K^Fes across the deposit is similar
to the patterns previously observed for Fe

values of epi-

'

dote and Mg/Fe ratios of chlorite; that is, high on the
fringes , decreasing in the phyllic zone and then increasing
in the center of the pit in the biotite quartz diorite.
Although the compositions, of chlorite and epidote may be
laid to host rock composition, distribution coefficients
should be independent.

Assuming equilibrium was maintained,

these variations in distribution coefficients Could be due
1.
The distribution coefficient of iron between
epidote and chlorite is given by;
K|e ep-chl = (x®P/(l - x)||) / C x ^ V d

- x ) ^ 1)
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The distribution of iron between coexisting
epidote and chlorite.
• Sierrita (this study)
o Mayflower

(Villas, 1975)

& Feather River (Hietanen, 1974)
o Haast Schist

(Cooper, 1972)
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to changes in temperature or to the effect of varying con-*
centrations of other elements in either epidote or chlorite.
The pattern of iron distribution between epidote
and chlorite for the Sierrita and Mayflower samples is dis
tinctly different from that found in two cdntact/regional
metamorphic-regimes.

Distribution' points for epldote-

chlorite pairs from the Feather River area and the Haast
schist show a wide scatter and low average distribution
coefficients.

Within each.environment,

Fe"
s do not tend

to vary systematically with grade.
M t h o u g h data from these four environments are in
. no way compelling, they may point to some basic differences
in geochemical processes operating in strictly metamorphic
as opposed to hydrothermal environments.

Thus , where

.. mineral compositions alone are not definitive , measurement
of iron distribution between coexisting epidote and chlorite
may be useful in distinguishing alteration minerals re
sulting from hydrothermal processes versus those of contact
or metamorphic origin.

The ability to distinghish the two

would be useful in the search for certain types of ore
deposits»
The coefficients for the distribution of aluminum
show a poor tendency to decrease with distance from the
quartz monzonite porphyry-biotite quartz diorite contact.
The K ^ s from epidote-chlorite pairs at Sierrita are
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similar to those from the Mayflower mine and they are vir
tually the same as those from the Feather River area
Hietanen (1974) and a glaucophane schist belt of the
Shirataki district, Japan (Ernst, 1972)„
Manganese distribution between epidote and chlorite
resembles that of other hydrothermal and metamorphic areas.
but shows extreme irregularity.

The only noticeable trend

observed at Sierrita is the previously mentioned pattern
of decreasing manganese content of chlorite towards the
pit.

. .
Analyzed biotites are slightly enriched in magnesium

(Table 9 and Figure 27) having phlogopite contents of 0.60,
0.62 and 0.70.

All three samples are from the matrix of

the biotite quartz monzonite near sulfide bearing quartz
veinlets.

Unlike the associated epidote, biotite grains

are essentially homogeneous ? they contain slightly more
magnesium than typical biotite from igneous rocks

(de

Albuquerque, 1973)

(Figure 27) and thus betray their

Secondary origin.

The analyzed biotites resemble those from

ore associated intrusions such as Santa Rita, Bingham
Canyon, Ajo, Globe-Miami, Patagonia, and the Mayflower,
all of which are plotted on the modified AFM diagram in
Figure 27.

At Esperanza, biotite in a veinlet cutting the

quartz monzonite porphyry is significantly richer in mag
nesium than those reported here from Sierrita

(Smith, 1975) .
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Table 9.

Sample

Microprobe analyses of biotites from Sierrita.

S-10

S-ll

37.43

38.31

37.87

14.36

14.86

15.90

2.16

2.74

2.45

FeO

17.29

12.68

15.45

MgO

14.97

17.16

14.51

MnO

0.41

0.30

0.15

CaO

0.03

——

Na 20

0.13

0.14

0.14

9.47

9.75

9.61

! 96.22

95,94

96.08

Si02

A -L2°3
*i 6 2

k 2°
Anhydrous
Total

'

S-13

Structural Formulae calculated on the basis of 22 cations
Si

5.67

5.72

5.73

Al

2.33

2.28

2.27

Al

0.24

0.34

0.57

Ti

0.25

0.31

0.28

Fe

2.20

1.58

1.96

Mg

3.38

3.83

2.28

Mn

0.06

0.04

0.02

Ca

0.01

— —

Na

0.04

0.05

0.04

K

1.83

1.86

1.86
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Mg

A l+Ti

Figure 27.

Fe-Mg-Al triangular diagram illustrating the
composition of biotites from several ore de
posits or intrusions associated with ore
deposits.
The large circled area represents the composi
tion of biotites from igneous rocks as given by
de Albuquerque (1973).
• , Sierrita (BQD) (this study); o , Esperanza
(QMP) (Smith, 1975); o , Mayflower Mine (Villas,
1975); +, Santa Rita, (Beane, 1974) ; & ,
Bingham and Last Chance Stock (Moore and
Czamanske, 1973); □ , Cornelia, Patagonia, and
Schultz Stocks (Graybeal, 1972).
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Similarly, vein biotite from the Mayflower mine and from
the Bingham stock is considerably more phlogopitic than
corresponding host rock biotite„

Because ferric iron was

not determined on the Sierrita biotites, the bxyannite
component is unknown; consequently an estimate of the tem
perature of biotite formation using Beane's
geothermometer is not possible °

(1974) biotite

Based upon the phlogopite

contents alone, temperatures.as high as 600°C or as low as
200 C are possible.

Although not rigorously examined, the partitioning
of major elements between biotite and epidote is similar
to that exhibited by the Mayflower samples,

Small standard

deviations from the average K^s suggest formation of the
minerals under equilibrium conditions,
The two analyzed amphiboles
essentially actinolites

(S^8 and S-16) are

(tremolite-ferrotremolite series)

with significant amounts of Tschermak's component (Table
10, Figure 28),

The analyses are incomplete so an accurate

value for H a m m o n d ' s component

(the sodium end member) is

unknown but it cannot be large since the anhydrous totals
are high.

The average water content of 14 amphiboles of

the tremolite-ferrotremolite series in Deer et al,
is about 2", 00%,

(1962)

Although similar in composition, the

paragenesis of the two amphiboles is different? the actinolite in sample S-8 occurs with epidote, tourmaline, and
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Table 10.

Microprobe analyses of amphiboles from Sierrita.

Sample

S-8

S-16

Si02

50.59

50.91

5.94

3.33

FeO

15.56

15.31

MgO

13.91

14.83

mo

0.97

0.98

CaO

12.18

12.31

Anhydrous Total

99.15

97.67

A12°3

Structural Formulae calculated on the basis of 15 cations
Si

7.21

7.36

Al

0.79

0.57

Al

0.21

0.00

Fe

1.86

1.85

Mg '

2.96

3.20

Mn

0.12

0.12

Ca

1.86

1.91
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E d e n ite
F e r r o e d e n ite

H aost

P a rg o s ite
>

Ferrohastingsite

Schist
F e a th e r

R iv e r

700
F e rr o lr e m o lite

Figure 28.

g j

F e rro ts c h e rm o k ite

Composition of Sierrita amphiboles represented
on Hallimond's partial triangle for calcium
amphiboles.
Compositional ranges of amphiboles from the
Mayflower mine and two metamorphic terrains are
shown for comparison.
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magnetite replacing £erromagnesian minerals while the
amphibole in S-16 occurs with epidote in veinlets.
The two Sierrita amphiboles are only slightly more
aluminous than amphiboles from the Mayflower mine and from
the Feather River area (Figure 28).

Actinolites formed in

igneous rocks, whether metamorphosed or altered r appear to
contain less silicon and sodium than those from meta
morphosed sediments and volcanics such as are represented
by the minerals from the Haast schist (Figure 28).

The

aluminous amphiboles coexisting with the actinolites from
Haast schist and the Mayflower mine are not shown on
Figure 28.
Summary of Observations
Individual Sierrita epidote grainS exhibit extreme
compositional inhomogeneity.

In many grains, this in-

homogeneity is expressed as alternating zones or lamellae
of high and low iron contents.

Manganese distribution

generally reflects this same pattern.

These variations

may reflect changes in physical or chemical conditions
during epidote growth, they may be a low temperature
ordering or unmixing phenomena.

The Sierrita epidotes are

fairly iron rich, the average composition of the 217 grains
analyzed with 1382 single microprobe analyses is Fe^ 3 0 2 °
The range in composition stretches from Fe^
Manganese contents are low.

to Feo 4 5 0 °
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The large compositional Variations within individual
samples make it difficult to attach significance to varia
tions between samples and complicate any attempt to de
termine the effect of various geochemical or geologic
parameters on epidote composition.

A slight trend of de~

creasing ferric iron in epidote is noted in a traverse
across the deposit in samples from the Ruby Star Granodiorite and quartz monzonite porphyry.

At the center of

the pit however, in the biotite quartz diorite, epidotes
are again fairly iron rich.
pattern (Figure 29).

Manganese shows a similar

A degree of host rock compositional

control is suspected since the only parameter which shows
a respectable correlation with epidote composition is the
oxidation ratio of the host rocks.

As t h e .oxidation ratio

increases so does the ferric iron content of the associated
epidote.

The suggestion that the Oxidation character of

the system is responsible for the composition of the epidote
is supported by the type of coexisting iron oxides.

Epi

dotes coexisting with specularite are in general richer in .
iron than those associated with "maghematite" which in turn
contain more iron than epidotes from magnetite bearing
assemblages.

All these facts indicate that in hydrothermal

systems and other environments where iron is readily
available, the composition of epidote is primarily a func
tion of the oxygen fugaCity of the system.
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Chlorite , biotite, and actinolite from the Sierrita
deposit is similar in composition to minerals described
from other ore deposits.

In some deposits these minerals

are compositionally distinct from those in metamorphic
terrains.

The chlorites analyzed all have moderate Mg/Fe

ratios which appear to be related to the MgO/FeO ratios in
the host rocks,

Mg/Fe ratios show a pattern across the

deposit similar to that of epidote; that is they decrease
toward the deposit and then increase in the biotite. quartz
diorite in the pit.

Manganese exhibits a very pronounced

tendency to be relatively high in chlorite from the pro-*
pylitic zone and. low in that from the potassic zone
(Figure 29).
The regularity of the distribution of iron between
coexisting epidote and chlorite suggests but does not prove
equilibrium conditions,

Iron distribution coefficients

decrease toward the deposit in the propylitic and phyllic
zones, and increase dramatically in the potassic zone in
the biotite quartz diorite (Figure 29) , The distribution
patterns for iron between coexisting epidote and chlorite
from mineral deposits are different from those from metamorphic terrains and may serve to distinguish metamorphic
from hydrothermal assemblages where simple composition
alone will not.
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Pa.chupa^Real del Monte District
General Geology and Epidote
Paragenesis
The Pachuca-Real del Monte district is in central
Mexico, approximately 100 km north-northeast of M e x i c o .
City (Figure 30),

Mineralization in this classic epithermal

district is found along two regular vein sets in a midTertiary andesitic volcanic pile»

Base and precious metal

sulfides and sulfosalts are the ore minerals.

Epidote is

an important constituent of the vein gangue suite which
includes quartz, caleite, albite, rhodenite , bustemite,
chlorite, prehnite, kaolinite, barite, sericite and adularia
(Geyne et a i ., 1963).

However, epidote is most abundant

in the altered wallrocks of the veins where it occurs with
albite, chlorite, pyrite, carbonate minerals, and kaolinite
to define a propylitic assemblage.

This propylitic altera

tion has affected to varying degrees the andesitic volcanics
of the entire district (Wisser, 1951).

Propylitization was

the initial alteration response? the formation of sericite
/

and quartz followed, more closely restricted to fractures.
Rhodonite, bustamite, barite, prehnite and adularia are
confined to altered vallrocks adj acent to the veins
(Geyne et al., 1963).
Two prominent strike directions of the veins define
an "East” system and a "North" system; "East" system veins
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1 0 00 0N
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V e to

P u r fs lm o

a
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T ir o

Pachuca

S am ple

Sobae
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V eins

R ic o
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F a u lts
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E d u o rd o (S u rfo c e )
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Figure 30.

Locations

5km

A p p ro x im a te

upper

and

lo w e r

lim its

o re

w it h in

veins

Pachuca

of

Composite section along the Veta Purisima and Veta Dios te Guie
showing the location of samples from the Pachuca-Real del Monte
District, Mexico.
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are more numerous but those of the "North" system are richer
(Wisser, 1951),

The vertical range of mineralization along

each vein set is about 700 m (Figure 30).

The top of the

mineralization is irregular however the bottom of the bfe
zone is fairly flat.

J. E. Dreier (1975 and oral com

munication) suggested that the irregular top reflects
structural control of mineralization in individual fractures
whereas the flat bottom is an. assay boundary reflecting a
decrease in the silver values in the ore.

On the basis of

fluid inclusion work Dreier (1976) demonstrated that boiling
of the hydrothermal fluids took place at the top of the
veins, which might also account for the irregular upper
surface.

Although some of the veins are mineralized and

make ore at the surface, the most common surface expression
of the veins is a highly bleached zone rich in quartz,

The

veins exhibit no lateral gradients in ore or gangue min
eralogy .

Production stopes between the 200 and 500 meter

levels are 3 to 4 meters wide

(Geyne et al., 1963).

The persistence of epidote above, within and below
the productive portions of the vein system at PachucaReal del Monte provide an excellent opportunity to establish
the presence of vertical variations in epidote composition
in a hydrothermal system.

This then was the primary pur

pose in analyzing epidote from Pachuca-Real del Monte.
The secondary purpose was to see if there are any basic
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differences in the composition of epidote from this type
of mineral deposit and that from other ore and non-ore
environments.

1

The analyzed epidotes are from samples, generously
provided by J. E. Dreier, of wallrocks in the Pachuca-Real
del Monte vein Systems above, in and below ore producing
segments of veins.

The single surface sample is from one .

of the stronger veins of the "East" system while those
samples taken in and below the ore zone are from the "North"
system.

Sample locations are shown in the generalized pro

file and sketch map in Figure 30.

Four samples are from

altered andesitic or daoitic wallrocks adjacent to the
veins and three are core samples from a diamond drill hole
(DH-58) drilled from the bottom of the La Rica shaft, along
the Veta Dios te Guie.

The sample designations give the

depth in meters from the bottom of the La Rica shaft.
Descriptions of samples are given in Table 11.
Epidote occurs primarily aS replacements of mafic
minerals and plagioclase and secondarily as thin veinlets
with quartz, prehnite, calcite and chlorite.

Where it

replaces ferromagnesian minerals or plagioclase, epidote
is usually accompanied by chlorite or calcite.

Geyne et al.

(1963) identified both clinbzoisite and iron rich epidote.
They stated that clinozoisite occurs mostly in the groundmass or in plagioclase phenocrystS in the rock, whereas
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Table 11.

Sample
VE -6

Sample descriptions, Pachuca-Real del Monte.

Description
Surface sample adjacent to the Veta (vein)
Eduardo several hundred meters above the ore zone.
-The Veta Eduardo crops out as a poorly defined
fault with local quartz stringers and conspicuous
bleaching and iron staining. There was probably
no production from the vein directly beneath the
sample spot.
The rock is a flow breccia of andesite or
dacite from the Vizeaiha formation.
Abundant
epidote replaces plagioclase phenocrysts in
dacitic clasts as well as occurring with calcite,
chlorite, and clay in the breccia matrix.
Sample
contains trace disseminated pyrite.

SS-26

Sample from workings in the ore zone On the
400 m level 2 m east of the Veta San Sabas.
Abundant fine grained epidote replaces plagio-'
claSe in dacite probably Of the Real del Monte
formation.

PR-21
PR-25

- Two samples near the base of the ore zone
on the 700 m level adjacent to the Veta Purisima.
PR-21, taken 10 m west of the vein is dacite of
the. Pachuca formation.
Epidote almost completely
replaces plagioclase laths and is associated with
calcite, albite(?) and chlorite. Epidote also
replaces mafic phenocrysts <. Abundant pyrite. PR-25 is also an altered dacite, taken 18 m
west of the Veta Piirisima. Epidote completely
. replaces plagioclase and mafic phenocrysts.
It
is generally rimmed.by albite(?), Chlorite and
trace disseminated pyrite are also found»

DH-58
237 m
374 m
428 m

Diamond drill core samples from vertical hole
drilled from thebottom of theLa Rica shaft
at
the 600 m level. Depths below collar listed in
meters.
DH-58 237 m is from dacite flows of the
Pachuca formation. Mafic minerals and plagio
clase are replaced by epidote.
Epidote also
found in veinlets with quartz, and calcite.
Near
the veinlets, epidote alone replaces mafics? at
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Table 11.

Sample

(Continued).

Description.
distances greater than 1 cm, epidote plus chlor
ite replace the ferromagnesian phenocrysts.
The remaining two samples (BE-58 374 m and
DH-58 428 m) are from andesite flows of the
Corteza formation„ In DH-58 374 m epidote with
albite replaces matrix plagioclase and mafics.
It also occurs with quartz in veinlets. Epidote
in DH-58 428 m occurs as very small crystals
associated with drussy quartz and calcite re
placing large areas of breccia clasts or matrix
material.
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more iron rich varieties generally replace mafic phenocrysts„

Although many of the analyzed epidotes contain

small amounts of iron, none were measured having either the
chemical or optical properties of elinozoisite.
On polished thin sections from the seven samples,
268 spot microprobe analyses were made on 37 epidote grains«
The average composition of the epidote in each sample is
given in Table 12.

The frequency and compositional ranges

for each individual sample are presented in the histograms
in Figure 32.

The average compositions of all the epidote

grains range from FeQ 257 to FeQ 3 3 9 /. the average composi
tion of all 37 grains is FCq 257

(Figure 31).

The range of

both spot analyses and grain average composition is broad,
having a magnitude similar to that for the Sierrita samples.
The Pachuca plots, however, are shifted to lower Fe

values.

As in the Sierrita samples, extreme intra-sample composi
tional variations are evident, as is demonstrated in the
frequency and range plots of the individual samples in
Figure 32.

The precision of the analyses is the same as for

the Sierrita samples, that i s , one standard deviation (la)
for a given Fe
- •

value is ±0.010.
■

As in the Sierrita samples, much of the composi
tional variation within individual polished sections is an
expression of single grain inhomogeneity as illustrated in
Figure 33 A and b.

in these diagrams, the change in Fe '

Table 12.

Microprobe analyses Of epidotes from Pachuea-Real del Monte, Mexico.

Sample

VE -6

SS-26

PR-21

PR-25

DH-58
237 m

DH-58
374 m

DH-58
428 m

Si0 2

37.52

37.12

37.10

37.12

37.44

37.67

38.23

24.20

23.54

24.02

22.28

24.02

22.47

24.29

11.87

12.74

12.88

15.09

12.52

14.31

12.72

0.16

0.20

0.15

M 2°3
Fe2°3

—*—

---

0.09

—

MnO

.

CaO

22.85

23.50

22.84

23.43

22-9 2

22.76

22.61

Anhydrous
Total

96.44

97.06

97.04

98.07

96.90

97.30

97.85

Structural Formulae calculated on the basis of 16 cations
6.04

5.95

5.95

5.94

6.01

6.06

6.08

Al

4.59

4.45

4.54

4.20

4.54

4.26

4.55

Fe +3

1.44

1.54

1.55

1.81

1.51

1.73

1.52

0.02

0.03

0.02

——

0.01

———

3.94

4.04

3.93

4. 02

3.94

3.93

3.85

0.238

0.257

0.255

0.301

. 0.250

0.289

0.250

Mn
Ca

Fex

114

Si
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100

Spot Analyses
n = 268
Mean = 0.258

Number

of

Analyses

50

50r
Grains
n = 37
Mean = 0.2 57
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Figure 31.
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Range and frequency of all epidote analyses,
Pachuca-Real del Monte.
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Range and frequency of epidote analyses for indi
vidual samples, Pachuca-Real del Monte.
Spot microprobe analyses are plotted in the
upper histogram; the average compositions of
individual grains are plotted in the lower his
togram.
Numbers below sample identification
give the number of analyses represented and the
average epidote composition of the sample.
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Range and frequency of epidote analyses for
individual samples, Pachuca-Real del Monte
(continued).
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Compositional profiles, Pachuca-Real del Monte.

A. Compositional variations across epidote
grain, sample PR-21.
B. Compositional varia
tions across epidote veinlet, sample DH 58,
237 m.
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Figure 33.

Compositional profiles, Pachuca-Real del Monte
(continued).
C. Compositional variations across epidote
veinlets, sample DH 58, 374 m.
D. Composi
tional variation across epidote grain, sample
DH 58, 428 m.
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and MnO are plotted for traverses across single epidote
grains.

The profiles indicate compositional variations

normal to the b crystallographic axis.

The profile in

Figure 33 A reveals the lamellar or domain pattern of
alternating bands of high and low average Fe_ previously
seen in many of the Sierrita samples.

Figure 33 B depicts

the gross variations in epidote iron content across two
veinlets.

These veinlets are composed of intergrown

crystals of epidote which range from less than 0.1 to 0.2 mm
wide.
In general there are no recognizable differences
in composition between epidote of different paragenes.
Epidote replacing ferromagnesian minerals is Similar in
ferric iron content to that replacing plagioclase and
neither can be distinguished on the basis of composition
alone from the epidote in veinlets.
There is no consistent zoning expressed in any of
the epidote grains analyzed.

A few, such as DH-58 428 m,

have cores richer in iron than, the borders

(Figure 33 D ) .

However, the wide spacing on spot analyses makes it ques
tionable to attach much significance to this pattern,
especially since other traverses
gross zoning patterns.

(Figure 33 A) show no

Manganese was not measured on all

the epidote grains but where it was measured, there is no
indication of Mn enrichment or depletion near grain edges

12 1

as is the case in the Sierrita samples»

Manganese however,

mirrors closely the lamellar pattern defined by the ferric
iron variations, as is illustrated in Figure 33 A where an
inverse relationship between MnO and :Fe^ is obvious , with
high manganese values occurring only where the Fe
low.

value is

When MnO-Fe„ .values for 14. epidote .grains are plotted
-

x

against each other, a similar relationship emerges

(Figure

34),
There are no vertical variations in epidote composi
tion nor are there any significant variations between those
samples from the ore zone and those from above or below in
the Pachuca samples,
According to Dreier (197$), the vertical thermal
gradient in the hydrothermal fluid was low during ore
deposition and approached a trend representing the ir
reversible adiabatic expansion of water.
in the veins was near 250°C.

Fluid temperature

Fluid inclusion data indicate

that much of the epidote formed in the wallrocks at temperatures hear 300 C but that some epidote, primarily that
in late veinlets could have formed at temperatures as low
as 200°C.

The pressure, assumed to be hydrostatic, was

probably around 250 bars at the time of ore deposition.
These pressure and temperature ranges for epidote formation
at Pachuca-Real del Monte are consistent with those es
tablished by other fluid inclusion studies

(Tugarinov
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Figure 34.

Variation of MnO with the iron content of
epidote, Pachuca-Real del Monte.
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and Namtiov, 1972) and by measurements in active geothermal
ar^as (Table 2 , Figure 4)„
The effects of host rock composition on epidote
composition was not examined, inasmuch as chemical analyses
of the unaltered rocks were not available«
Whole rock analyses of Geyne eh al„

However, the

(1963) for rocks of

equivalent composition to those used in this study (Table
13) suggest that a very slight positive correlation
appears between epidote composition and the oxidation ratio
of the presumed original host rock (Figure 35)„

The wide

variations in epidote composition in individual samples
preclude attaching much significance to this or any other
difference in composition between samples.
There i s no other means of assessing the relative
'

,

’

\

oxidizing or reducing character of the Pachuca samples as
iron oxides are absent.
Summary of Observations
There are too few spot and grain analyses to make
definitive statements about the significance of the varia
tions in composition of the Pachuca-Real del Monte epidotes.
The high intragrain and sample compositional variability
require large numbers of analyses to assign an average
composition to the epidote found in each sample«
No obvious compositional differences appear be
tween the epidotes formed as an alteration product of

124
Table 13.

Chemical analyses of volcanic rocks in the
Pachuca-Real del Monte district.
1 = Corteza Formation? corresponds most closely
to andesite (DH-58 Z 1 & , 428 m ) . 2 = Pachuca
Formation; corresponds more closely to andesite
than to dacite, but it is high in silica (PR2 1 ,
2,5, DH-58 237 m) . 3 = Real del Monte Formation;
. flow breccia; corresponds most.closely to dacite
(SS26). 4 = Vizcaina Formation; corresponds most
closely to andesite, although it is. high in
silica and alumina and low in potash and iron
(VE6 ). Source: Geyne et al., 1963, Table 1.

1

2

3 .

4

59.2

60.8

61.1

60.8

16.2

15.8

16.8

16.1

2.2

2.0

2.0

1.3

FeO

3.8

2.9

2.3

3.5

MgO

3.4

3.5

1.9

2.7

CaO

5.4

5.7

3.7

6.3

Na 20

2.8

3.3

3.8

3.1

k 20

2.6

2.2

2.3

1.4

Ti02

1.2

0.84

0.76

0.89

0.33

0.24

0.20

0.23

0.10

0.08

0.08

0.07

2.6

2.2

3.1

2.4

0.05'

0.71

2.3

1.2

sio2

w

CD

h tj

A ^2°3

E2°3
MnO
CM

o

C02

S

n.d.

n.d.

n.d.

n.d.

Total

99.9

100.3

100.3

100.0

Oxidation
Ratio

34.2

38.3

43.9

25.0
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Relationship between bulk rock oxidation ratio
and epidote composition, Pachuca-Real del Monte.
Oxidation ratios calculated from analyses given
in Geyne et a l ., 1963.
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plagioclase, epidotes formed from mafic phenocrysts, and
epidotes occurring in veinlets.
variation exists in composition.

Similarly, no vertical
Fluid inclusion studies

indicate that the ore solution at the top of the veins
was boiling during sulfide deposition.

This phenomena unr

doubtedly affected the chemistry of the solution and may
have caused the compositional fluctuations recorded in
several of the analyzed epidote grains.

The average com

position of the Pachuca epidotes is Fe^ 257'' significantly
lower than the average epidote at Sierrita

(Fe^

°

This

difference may result from the lower average total iron
content of the volcanic rocks in which the minerals formed
as compared with the iron rich biotite quartz diorite at
Sierrita.
Other Porphyry and Skarn Deposits
Epidote samples from several other mineral deposits
shown in Figure 1 were analyzed to see if there were major
compositional differences in epidotes from similar types
of ore deposits.

Accordingly, no details of geology and

mineralization are given for the deposits sampled.

Epidote

associated with mineralization in calc-silicated Paleozoic
carbonate rocks was collected from six deposits in Arizona.
These deposits are referred to as "skarn" deposits.
deposits falling in this category are:

The

Twin Buttes, Morenci,

Christmas, Control, Pima, and Cobre Grande.

Alteration
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epidotes in igneous host rocks from three deposits were also
analyzed.

These mines are referred to as "porphyry copper"

deposits in the text and illustrations.
sampled are:
Nevada.

The deposits

San Manuel and Ajo in Arizona and Ely in

Although much of the mineralization at Ely is

derived from tactite ore bodies

(James, 1976) the analyzed

epidote came from generally unmineralized igneous rocks
beneath, the ore and for the purposes of this study, the
deposit is classified as a "porphyry copper".

Table 14

presents whole rock analyses for the samples from these
three deposits.
Compositions of Epidotes
E l y , Nevada.

The analyzed epidotes from the Ely

deposit are from core specimens from four drill holes within
the several orebodies and are designated by hole number
(fictitious) and the depth in feet from the hole collar.
Collar elevations vary for each hole and they are not
known.

The epidote analyzed in this study occurs in a

barren body of porphyritic quartz monzonite which underlies
the Ely orebodies

(Kreis, 1973).

This intrusive body is

thought.to represent the parent magmatic body for quartz
monzonite porphyry cupolas which intrude Paleozoic sedi
mentary rocks and host ore (James, 1976).
Epidote is a fairly common Constituent in the core
of the basement porphyritic quartz monzonite and is part of

Table 14.

Whole rock chemical analyses of samples from several porphyry copper
deposits.

Ely-1
1162'

Ely-1
1442 *

Ely-2
2835'

Ely-3
2765'

Ely-4
626'

Silver
bell

San
Manuel

Ajo

52.47

54.77

54.84

54.87

59.83

66,15

63.50

63.65

15.33

16.87

16.32

16.42

16.90

15.23

12.84

16.20

0.32

0.48

0.69

0,73

0 .56

0 .55

0.79

0.64

4.68

3.15

4.52

1.79

2.54

1.64

2.48

1.94

1.78

2.03

3.35

2.79

1.28

2.29

2.58

2.11

MgO

1.56

1.28

1.94

2.14

1.11

1.31

1.24

1.70

GaO

12.00

9.47

8.43

6 .49

4.95

2.50

2.58

3.70

Na 20

0.68

3.33

2.60

2.32

2.72

3. 85

2 .70

4.78

K 2°
MnO

4.85
— *

3.68

4.23
—— '

7.27

6.37

3.98

3.46

3.17

——

0.07

0.10

0.05

Sample
Si02

Al2°3
«o2
Fe2°3
FeO

——

Total

93.67

95.06

96.92

94.82

96.26

97.57

92.27

97.94

Oxidation Ratio

70.29

58.27

54.84

36.60

64.10

39.19

46.38

45.28

Tock Type**

PQM

PQM

PQM

PQM

PQM

QMP

QMP

QMP

.

*Not determined.
**QMP, Quartz Monzonite Porphyry? PQM, Porphyritic Quartz Moazonite.
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a propylitic or deep level alteration assemblage (Kreis,
1973)»

Epidote occurs with pyrite, chlorite, and calcite,

and occasionally with K-feldspar.

Its major mode of

occurrence is in quartz veins and veinlets associated with
pyrite and calcite.

The veins and veinlets commonly have

diffuse pink alteration envelopes of K-feldspar.

Dis

seminated epidote replaces hornblende and plagioclase near
mineralized fractures.
One h u n d r e d twenty^nine spot microprobe analyses
were made on 32 epidote grains hand picked from the
crushed core^

The average composition of all the analyzed

epidotes in the five Ely samples is Fe^

(Figure 36).

The compositions of individual samples are shown in Table
15 and Figure 37.

These analyses were made on. the Norelco

instrument and show excess silica.

Except for two samples,

the analyses are from single grains:

the 16 spot analyses

on Ely 4-6261 came from four grains while 25 grains were
examined by 40 single microprobe analyses in Ely 1-1162'.
As with previous samples, significant compositional
variation occurs within single epidote grains.

Composi

tional profiles were not made and manganese was not mea
sured on the Ely epidotes.

The only observable trend in

epidote composition is a slight decrease in Fe with depth.
No. good correlation exists between epidote composition and
any host rock compositional parameter.

The slight positive
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100
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n= 129
Mean-0 .2 7 5
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Figure 36.

0.300
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Range and frequency of all epidote analyses,
Ely.
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Table 1 5 o

Microprobe analyses of epidotes from Ely, Nevada,

Sample

ELY-1
1162 V .

ELY-1 •
1442'

ELY-2 '
2835'

ELY-3
2765'

ELY-4
626'

Si0 2

38.79

37.79

38.79

38.79

38.12

A 1 2°3

23.05

23.62

23.72

24.48

21.79

13.62

13.61

13.27

13.33

15.95

CaO

23.15

23.36

23.15

23.15

23.17

Anhydrous
Total

98.61

98.38

98.93

99.75

99.03

T s 2°3

Structural Formulae calculated on the basisi of 16 cations
Si

6.15

5.99

6.11

6.06

6.06

Al

4.30

4.41

4.41

4.51

4.08

Fe +3

1.62

1.62

1.57

1,57

1.91

Ca

3.93

3.97

3.91

3.87

3.95

0.274

0.269

0.263

0.258

0.319
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0.263
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<10
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0.200

3

_
Fex

0.200

0.300

Fe

0.300

z

ELY 4 6 2 6 '
16
0.319
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n
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Fex
Range and frequency of epidote analyses for
individual samples, Ely.
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Figure 37.

The numbers below sample designation indicate
the number of spot microprobe analyses repre
sented and the average epidote composition.
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correlation of host rock oxidation.ratio with epidote com
position in the Sierrita and Pachuca samples is not evident
in the Ely epidotes.

However, when sample Ely 1-1162* is

removed a least squares fit of the remaining four data
points defines a linear relationship having a slope similar
to that given by the Sierrita and Pachuca samples.

Specu

lation on the significance of this fact is unwarranted in
view of the extreme inhomogeneity of the epidotes and the
limited number of analyses.

Magnetite is present in only

one sample and consequently no other means is available
for inferring the oxidation state in which the epidotes
formed.
San. Manuel and Ajo, Arizona.

Epidote from two

classic "simple 11 porphyry deposits, San Manuel and Ajq,
show no fundamental difference in composition from those
at Ely or Sierrita.

A sample of quartz monzonite on the

2015 level from near the No. 4 shaft at San Manuel provided
two epidote grains which have an average composition of
Fey 273

(Table 16 and Figure 38).

In the quartz monzonite,

epidote is an alteration product of plagioclase especially
near biotite grains replaced by chlorite and calcite.
Magnetite is stable in the rocks.

The sample is from the

propylitic alteration zone near the boundary with the
phyllic zone.
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Table 16.

Microprobe analyses of epidotes from San Manuel
and A j o , Arizona.

Sample

San Manuel

Ajo

38.15

.37.44

23.37

22.34

13.76

15.21

CaO

22.75

22.51

Anhydrous Total

98.03

97.50

Si0 2
^ 1 2°3
^2°3

Structural Formulae calculated on the basis of 16 cations
Si

6.08

6.03

Al

4 .39 ’

4.24

re*3

1.65

1.84

Ca

3.88

3.88

0.273

0.303
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Range and frequency of epidote analyses, San
Manuel and Ajo.
The numbers below sample designation indicate
the number of spot microprobe analyses repre
sented and the average epidote composition.
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The epldote in the Ajo sample is also part of a
propylitic assemblage developed in the Cornelia quartz
monzonite porphyry.

The sample is from the northwest part

of the pit and was provided by R„ Laine (1974, his sample
9).

Epidote occurs in veinlets as an alteration product

of plagioclase and biotite.

Magnetite is stable in the

wallrock, • Slight K-feldspar and albite flood veinlet
margins.

Very, minor disseminated chalcopyrite is also

present.

This mineral assemblage may represent a deep

potassic assemblage similar to that described by Lowell
(1968) at San Manuel.

The average composition of the three

epidote grains analyzed is Feo 303°

Manganese was not mea

sured on either the San Manuel or Ajo samples.
"Skarn" Deposits.

The average compositions of

seven epidote minerals from six Arizona "skarn" deposits
are presented in Table 17.

The frequency and range of

the spot microprobe analyses are illustrated in Figure 39.
As in all previous samples, these epidotes show drastic
compositional variability.

The two Twin Buttes samples

represent different generations of epidote.
in TB-1 is intergrown with laumontite

The epidote

(CaA^Si^O.^°45^0)

and calcite in a veinlet in quartz monzonite.

These min

erals were deposited over an earlier veinlet assemblage
of sphalerite , pyrite, molybdenite, chalcopyrite , and
anhydrite.

This epidote gives an X-ray pattern resembling

Table 17»

Microprobe analyses of epidotes from some Arizona "skarn" deposits.

Sample

1TB-1

Control

Cobre
Grande

Pima

37.74

37.58

37.57

37.57

22.97

23.56

22.69

22.10

21.50

16.38

14.21

13.91

15,13

15.48

15,54

22.94

2 2 .45

23.30

22.91

23.13

22.99

23.53

98.19

98.06

98.45

98 =12

98.53

98,14

98.14

TB-2

Morenci

38.20

37.52

98.45

28.14

21.71

8.91

CaO
Anhydrous
Total

Si0 2
M 2°3
Fe2°3

Christmas

.

Structural Formulae calculated on the basis of 16 cations
Si

5.95

6.03

6.03

6.01

5,98

6.02

6.02

Al

5.17

4,12

4.30

4.42

4.26

4,17

4.06

1.05

1.98

1.70

1.67

1,81

1.87

1.88

Ca

3.83

3.87

3.97

3.91

3.95

3.94

4.04

Fex

0.169

0.325

0.283

0,274

0,298

0.309

0.316

Fe«

.

137

138

£

< 10 r

TB-1

TB- 2

0.169

0 .3 2 5

0.100

0.200

0 .3 0 0

0.4 00

Fex

Figure 39.

Range and frequency of epidote analyses from
several Arizona "skarn" deposits.
The numbers below sample designation indicate
the number of spot microprobe analyses repre
sented and the average epidote composition.
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Range and frequency of epidote analyses from
several Arizona "skarn" deposits (continued).
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clinozoisite, but ipicroprobe analysis shows it to be a low
iron epidote

169^°

The epidotd in TB-2 occurs in a

quartz^pyrite—ehaicopyrite. veinlet which cuts a biotitechlorite-actinolite hornfels.
is extremely iron rich,

Epidote from this paragenesis

325°

The average composition of the Morenci epidote is
Feo 2839

mineral is associated with quartz, pyrite,

chalcopyrite and minor magnetite in veinlets cutting a
garnet-diopside skarn„

Individual grains show wide com

positional variationso

In one grain for example, composi

tions range from Fe^ 253 to Fe^

2 2 6

°

Several grains show

the lamellar pattern of alternating domains of high and
low iron content.
One grain from a pervasively epidotized intrusive
rock from the Christmas pit averages Fe^ 2 7 4 °

Epidote in

a covellite-actinolite vein cutting marble from the Control
mine (Marble Peak) has the composition Fe^

.

Cobre

Grande, a small skarn prospect in the Santa Teresa Mountains
west of Safford, Arizona yields epidote fairly rich in iron,
FCq 2 Q9°

this prospect, massive epidote occurs with

quartz, andradite, specularite, pyrite, and chalcopyrite
at the contact of Paleozoic limestone with a quartz monzonite stock.

The Pima epidote occurs with quartz, actino-

lite, pyrite, and chalcopyrite in veinlets which criss
cross an andradite skarn; this epidote also has a high
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ferric iron content

(Fey 3 x 6 ^ °

Epidote magnetically sep

arated from the Christmas and Cobre Grande rocks contain
very low amounts of copper, zinc, lead, silver, and moly
bdenum (Table 6 }.
Comparison of Epjdotes from Porphyry
and Skarn Deposits
There seems to be no significant differences in
major element chemistry between alteration epidote formed
in calcareous host rocks

("skarns") and that developed in

igneous rocks in classic "porphyry copper" districts.
This is illustrated in Figure 40 in which all epidote grain
analyses obtained in this study are plotted according to
deposit t y p e T h e

compositional variation within each

class is extreme and is a reflection of the extent to which
ferric iron and aluminum contept varies in individual epidote samples.

Compositional differences between epidotes

within a single deposit are as great as compositional dif
ferences from deposits of the same type.
The average composition of 254 epidote grains from
Sierrita, Ely, San Manuel, and Ajo is FSq 2 9 9 °

The average

of 18. grains from the six deposits classified as "skarns"
is Fe0 2 7 8 °

(TB-1 is treated as a single grain.)

It may

be coincidental that the compositional range for both groups
is about the same, 0.180 Fe„ units.
X

-

Although there is a

considerable range of overlap, the distinct shift in the
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Comparison of the compositions of epidotes from
all deposits examined.
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histograms for these two classes may indicate some slight
but meaningful differences in the alteration processes in
volved .
in any event, the epidote from the ’'skarn" and
"porphyry copper" deposits appear on the whole to be some^
what richer in ferric iron than epidote from the epithermal
veins at Pachuca-Real del Monte

(Figure 40).

In each of

these three groups, the range of composition for individual
spot analyses is extreme but is approximately the same in
all classes, 0.240 ± 0.010 Fe^ units; the only difference
is the values for the upper and lower limits.

This observa

tion suggests that the average composition for epidote in a
particular deposit is governed by factors unique to the
locale or type of hydrothermal system but that the possible
range of composition is controlled by a fundamental uni
versally applicable geochemical or physical principle.

COMPARISON OF MEASURED EPIDOTE COMPOSITIONS
WITH THOSE FROM METAMORPHIC ENVIRONMENTS
One objective of this study is to investigate the
differences in major element chemistry between epidote
formed in alteration assemblages of hydrothermal ore de
posits and that formed in contact and regional metamorphic
events„

Although numerous workers have analyzed epidotes

from metamorphic terrains, only recently have any analyses
of epidotes from ore deposits become available
1975; Morgan, 1975; Ritamura, 1975).

(Villas,

Data from this in

vestigation, combined with those from the literature, pro
vide enough mineral analyses to make reasonable' comparisons
between epidotes of different paragenesis.

This chapter

compares epidotes from five types of metamorphic and hydrothermal regimes.

Figure .41 presents histograms showing

the frequency and range of 536 grain analyses.

The five

classes include three metamorphic facies and two types of
ore deposits.
In each category, there is a wide range of com
position but distinct differences between classes are evi
dent.

There are however, certain problems inherent in

presenting the data this way since equal weight is not
given all areas.

Thus in any one category, many analyses

from a single area may change the overall form of the
144
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frequency plots .and.unduly influence the average .composi
tion for the class,

In this light, such plots do not ade

quately insure that variables other than simple metamorphic
grade (such as host rock composition) are not responsible
for the obvious differences in average composition of each
group.

A more equitable method of presenting the data would

be to use only the average composition of all epidotes for
each area studied.

When treated in this way, the only major

difference noted is a shift of the average "skart" epidote
composition to a higher value of Fex where it is similar
to the average for the five "porphyry copper" deposits
represented.

The differences between classes persist when

analyses from rocks of similar composition are compared.
Epidote from porphyry copper deposits are rich in
ferric iron.

The average composition of 254 epidote grains

from five deposits

(Sierfita, Ely, San Manuel, Ajo, and

Mayflower) is Fe^ 299°
FOq 2 3 q to F 6 q 4 0 0 °

Grain compositions range from

The 14 skarn deposits represented in

the histograms in Figure 41 include 18 grains from the
six Arizona deposits-reported in this study along with 20
from three tungsten-molybdenum-copper prospects described
by Morgan

(1975)? 38 analyses are from five base metal

deposits in the Chichibu district of Japan (Kitamura, 1975).
As a group the skarns average

(Fe^ 260^ o n ^-Y slightly lower

in ferric iron, than the porphyry deposits.

On this basis,
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it is inappropriate to argue for any significant differences
between epidote from skarn and porphyry deposits , but more
samples from skarns need to be analyzed,
Epidote analyses given in Figure 41 for three metamorphic facies are all from the literature.

Although

epidote commonly occurs in assemblages from other meta-•
morphic facies

(e.g., zeolite facies) a large number of

analyses are not available.

The facies classification

used here is that of Eskola (1939).

As conceived by Eskola

and substantiated by subsequent workers , the Glaucophane
Schist Facies represents rocks subjected to metamorphic
conditions of low temperature and high pressure.

Green-

schist and Amphibolite Facies refer to assemblages formed
at moderate to high temperatures respectively at low to
high pressures.

For this study, epidotes from rocks that

fall into Eskola's epidote amphibolite facies, transitional
between greenschist and amphibolite facies, are included
in the Amphibolite Facies class.
In all cases, the facies assignments are those
made by the sources.

In cases where facies was not speci

fied, the epidote analysis Was not used.
The Glaucophane Schist epidotes are from Japan ,
Taiwan, and. California and have a very wide range of iron
contents

(Ernst, 1972; Coleman and L e e , 1963? Liou, H o ,
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and: Yen, 1975) Indicating moderately oxidizing metamorphic
conditions.

The average epidote composition is Fe^ 2 5 7 °

The Greenschist Facies epidotes come from diverse
regional metamorphic terrains in Canada, Europe, New
Zealand, and the United States

(Brown, 1967; Cooper, 1972;

Hermann and Raith, 1971, 1973; Hietanen, 1974) „

The average

composition of 96 grains is FOq 2 1 3 '' distinctly lower in
ferric iron than the three previous groups,
Epidotes from Amphibolite Facies have the lowest
average Fe^ value of all those reviewed-

Although con

siderable spread is still evident, from FeQ 040 to FeQ 2 9 9 '
the average

(Fe^ 2.6 fl) ^'s markedly lower than any other

metamorphic or hydrothermal category.
grains are from a variety of terrains.

The 8 9 analyzed
Many are from the

same regions as the Greenschist Facies epidotes discussed
above.
As Figure 41 illustrates, there is good evidence
to suggest that although there is significant compositional
overlap between epidotes of differing paragenesis, taken
in the aggregate, epidotes from hydrothermal ore deposits
tend to be much richer in ferric iron than epidote from the
three metamorphic facies discussed.

Similarly, for the

metamorphic terrains, a trend of decreasing epidote iron
content with increasing metamorphic grade is evident.

This

conclusion is consistent with that of Miyashiro and Seki
(1958) , Ernst

(1972), and Hermann and Raith (1973) .

INTERP RETATION
Physico-chemical Controls of
Epidote Composition
Epidotes from porphyry copper deposits are in
general richer in iron than epidotes from regional metamo rphic environments but those from all environments show
extreme compositional variability , much of which takes
place within single thin sections and even within individual
grains.

These variations are hot an expression of im

perfect analytical techniques but indicate definite varia-*
tions in the abundance of iron and aluminum within the
epidote and presumably reflect changes in physico-chemical
conditions during epidote formation.

However, "unmixihg"

of epidote into low and high iron varieties in response to
decreasing temperature is another possible explanation,
in any event , this wide compositional variation makes it
difficult to attach significance to and interpret the ob
served changes in average epidote composition from sample
to sample.
The results presented in the previous chapter con
form with other studies which'point to two chief factors
which control the composition of alteration epidote.

These

two factors are bulk rock composition (specifically, the
amount, valence state, and availability of iron) and the
.150
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oxygen fugaclty irrespective of whether it is controlled
by the host rock or imposed by a dynamic hydrothermal
system.

In this chapter, these factors as well as others

are examined further, and the implications of the results
of this research on the character of the alteration environ
ment are presented.
At Sierrita, the effect of bulk rock chemistry,
plays an important part in controlling the Overall character
of the alteration assemblages

(Smith, 1975; Guilbert and

Lowell, 1974), especially the abundance,of iron-bearing
phases such as biotite, chlorite and epidote.

The effect

of host rock chemistry on the composition of epidote is
indicated by the higher than expected iron content of
epidote from the biotite quartz diorite in the center of
the deposit.

At Sierrita the primary effect of the biotite

quartz diorite was that of providing a source of iron. .
In the hydrothermal environment the effects of areal
differences in host rock chemistry on alteration products
should not be as extreme as that recorded in metamorphic
environments

(see for example MeIson, 1966) inasmuch as

nearly all the alteration minerals generally form in the
presence of an unconfined fluid phase which undoubtedly
would tend to eradicate or minimize much of the differences
in wallrock composition.

Such a process must have been

operative at Sierrita since the effect of host rock
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chemistry in epidote composition is not as severe as anti
cipated considering the contrast in iron -contents of the
various host rock types.

The oxidation ratio , which is

intrinsically a function of rock mineralogy, can be related
to the composition of alteration epidote in several Of the
deposits studied«

The individual samples from Sierrita

as well as the average epidote compositions from Several
deposits show a positive correlation with the oxidation
ratio of the rocks in which the epidotes occur.
observations are summarized in Figure 42.

These

As mentioned

previously this same relationship is observed by others
(Hormann and Raith, 1973; Cooper, 1972) in metamorphic
terrains

(Figure 22).

These observations are consistent

with the results of Liou's

(1973) experimental work indi

cating that the ferric iron content of synthetic epidotes
is a function of oxygen fugacity.
previously been suggested by Strens

Such a relationship had
(1965) and others

(Keith et a l . , 1968; Holdaway, 1972).
A study of the minerals associated with epidote at
Sierrita and elsewhere suggests that the buffering capacity
of the rocks is limited with respect to the fluid and that
the oxidation state of the hydrothermal fluid is very im
portant in governing silicate alteration and sulfide
mineral assemblages.

The iron oxide minerals are gen

erally reliable indicators of the oxygen fugacity and are
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Figure 42.

Relationship between epidote composition and
host rock oxidation ratio for five areas
examined in this study.
Sierrita, • ; Ely, ■ ; Pachuca-Real del Monte, A ;
San Manuel, +? Ajo, *.
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very effective buffers as well.

Other mineral equilibria

such as the one between biotite and Kspar + magnetite +
fluid are also capable of performing as buffers.
A definite pattern of increasing Fe

with increasing

degree of oxidation is evident•when epidote compositions
are plotted as a function of the type of iron oxide present
(Figure 43).

The partial compositional overlap may be the

effect of shifting temperature on oxygen fugacity.
In the biotite quartz diorite at Sierrita, biotite
and magnetite are replaced by chlorite, epidote, and sul
fides in the selvages of mainstage sulfide veinlets.

Al

though other considerations are important, the lack of
complete destruction of these minerals may be a sign that
to a certain extent, in the center of the deposit, host
rock minerals did buffer the oxygen fugacity of the fluid.
Co-existing magnetite and hematite in two of these samples
suggests that the mineralizing fluid was initially slightly
more oxidizing than fn

conditions imposed by the magnetite2

bearing wallrocks.

An alternative suggestion is that the

ability of the rock to buffer a circulating fluid is
limited by the permeability of the rock.

In the laboratory,

however, most solid buffer reactions are actually controlled
by the diffusion of
chemical systems.

between two otherwise isolated geo
If buffering processes are similar in

nature, the ability of a rock to buffer fn

in a fluid
2
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Relationship between epidote composition and
coexisting iron oxide phase from six of the
deposits sampled in this study.
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passing through cracks.may hinge on the rate of diffusion
of H 2 rather than on the -extent of actual fluid-rock inter
action.
The extremely wide compositional variation observed
in single epidote grains suggests / however / that'such an
interpretation is far too simple.

Several possible explana

tions might account for these variations:
(1) Changes in temperature or pressure.
(2) Variations in the availability of iron or
aluminum or both. - (3) Radical fluctuations in f^

in the hydrO2
thermal fluid during epidote growth,

(4) Post depositions! process not related to the
physical chemistry of the alteration environ^
ment, such as unmixing or ordering phenomena
in response to decreased temperature.
Information previously presented suggests that
changes in temperature and pressure alone will not bring
about drastic variation in epidote composition.
Fluctuation in the activities of components such as
aluminum and iron probably do take place, especially in the
case of iron which participates in numerous equilibria.

The

lack of consistent zoning patterns between individual epi
dote grains and the homogeneity of associated silicates
(chlorite-biotite and actinolite) suggests, however, that
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if such variations took place , individual mineral phases
either did not record these events or post formation pro
cesses have removed them.

In addition, laboratory studies

indicate that the composition of synthetic epidotes is con
trolled, not so much by the amount of iron or aluminum
available, but rather the oxygen fugacity of the system.
Radical fluctuations in fn
duced by temperature changes

in a fluid can be pro2
(physical changes in the fluie),

or by changes, in the concentration of all species involved
in equilibria in which oxygen participates,

If the ob

served variations in epidote composition do indeed repre
sent changes in the physico-chemical conditions obtaining
during the alteration process, then variations in fn

are
2

the most likely cause.

The homogeneity of other mineral

phases such- as biotite and chlorite, suggest that either
these mineral compositions are not sensitive to changes
in fn , the minerals are able to quickly eradicate any
2
compositional inhomogeneities, or that the observed intragrain compositional variations in epidote are not a result
of fn

changes. Mueller (1973) indicates that the composi2
tion of minerals in the tremolite-actinolite series are
critically dependent on f '.
2

According to Browne and Ellis

(1970) a physical

change in the fluid Such as boiling is adequate to alter
oxygen fugacity of a fluid of the magnitude needed to
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account for the observed composition variations in epidote.
Boiling affects f^

primarily in changing the fugacities
.
of other components in the fluid principal CO^,
and
2

probably sulfur.

Another possible physical process that

will produce a similar effect is the mixing of oxidizing
meteoric water with magmatic water.

Such mixing, however,

is not likely to produce local, rapid fluctuation in ig
2
required to explain the chemical variations.
• Changes in the concentration of all aqueous species
involved in equilibria in which oxygen participates is
'probably the most effective way of changing oxygen fugacity.
Most noteworthy might be the formation of sulfides, such as
the sulfidation of magnetites
Fe3°4 + 352 =

202 + 3FeS2

or hydrolysis and sulfidation:
Fe 30 4 + 2H+ + 12S-2 + 0 2 =

3FeS 2 + 6H20

or the precipitation of sulfidess
Cu

+ h O n + Fe
'2

‘

Barnes and Czamanske

+ 25
+

25

+ H
‘

“

=

CuFeS. +
"

**“ 2

(1967) suggested that oxidation is the

most effective means of precipitating sulfides from sulfide
complexes.
At Sierrita, chalcopyrite and pyrite associated with
epidote in veins and veinlets are preferentially localized
adjacent to biotite and magnetite, suggesting that the
sulfidation of these minerals besides releasing iron,
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magnesium, potassium, calcium and other elements, may also
have oxidized the hydrothermal fluid.

Such a process could

account for the high ferric iron contents generally observed
in the veinlet epidotes.

The chemical variations observed

in the analyzed epidotes may indicate local fluctuations in
oxygen fugacity resulting from sporadic sulfide deposition.
The abundance of anhydrite in the alteration assemblages
at Sierrita is consistent with a high oxygen fugacity.

The

destruction of biotite and magnetite adjacent to mainstage
sulfide veinlets at Sierrita also point to the relatively
oxidizing character of the fluid responsible for alteration
and mineralization.

Other factors, notably, hydrogen ion

activity, however, must also be considered.

The composi

tional variation observed in individual grains would sug
gest that perhaps the fn

of the fluid was not actually
2
buffered at all, but that local equilibria, controlled by
chemical processes such as hydrolysis or sulfidation re
actions or by changes in the physical state of the fluid,
for example, boiling, produced irregular fluctuations in
the oxygen fugacity.
Compositional variations in the Pachuca epidotes
suggest that the fugacity of 0 ^ (or the avai 1 abi 1 ity of
Fe) must have varied drastically in the veins.

The in

crease in iron content away from a few of the major veins
as well as the overall low average iron of the Pachuca

epidote seems to indicate fairly low oxygen fugacities of
the hydrothermal fluids.

Although the effect of bulk

rock composition was not studied, the rock analysis of
Geyne et al.

(1963)

(Table 13) suggests that the volcanics

have higher iron contents than the quartz magnetite por
phyry and granodiorite at Sierrita and about the same
amount of iron as the rocks from Ely, Nevada.

Therefore,

the mere availability of iron is probably not significant
in controlling the epidote composition.

The strong rela

tionship between epidote composition and whole rock oxida
tion ratios presented earlier (Figure 42) may indicate that
the volcanics at Pachuca were more thoroughly altered
than those at Sierrita or Ely, and were therefore able to
buffer the hydrothermal solution to lower oxygen fugacities.
This conclusion would imply that permeability is an im
portant factor affecting not only the extent of altera
tion, but perhaps even the composition of the alteration
minerals.
The general pattern observed at Sierrita of a
slight trend towards decreasing iron in epidotes towards
the mineralizing center probably reflects the variation
of fn

in the hydrothermal fluid across the deposit.
This
2
pattern is explicable in terms of a hydrothermal model
which involves mixing of cool, oxidized meteoric waters in
the periphery of the deposit with warm, less oxidized,
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magmatic derived fluids»

The inevitable movement towards

equilibria will result in a fluid oxidation trend towards
increasing fQ .
2
The oxidation, states of post-magmatic fluids re
sponsible for hydrothermal alteration are not well known.
In general, the potassic alteration assemblages attest to
f„

conditions within the stability field of magnetite,
2

as is indicated by the stable assemblage biotite-Kfeldspar ± magnetite (Beane, 1974).

Direct and experimental

measurements indicate oxygen fugacities in magmas to be
near those given by the nickel-nickel oxide (NNO) buffer
(Eggler and Burnham, 1973).
Burnham (1973) the fn

According to Eggler and

in a calcalkaline magma is controlled
2

by the initial FegO^/FeO or fH g/f^
2

ratio of the melt Or
2

by the buffering action of wallrock mineral assemblages.
Their calculations suggest that during the normal course of
magmatic differentiation or exchange of fluid with the
wallrocks, the oxygen fugacity will not shift more than 1.3
log units from the initial fn , thus remaining well within
2

the stability field of magnetite.

Only under what Eggler
i

and Burnham (1973) call "unusual conditions" will fA
drastically away from the initial buffered value.

move

2
Such

conditions, they say, commonly occur near the tops of
shallow intrusions.

Water at higher levels of the crust

is likely to be more oxidized either by the inflow of
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meteoric water or by equilibration with oxidized sediments.
The exchange of this water or

would oxidize the magma.

Such exchange would be hastened by extensive fracturing
in and around the intrusion.
Gzamanske and Wones

(1973) describe a differentia

tion sequence showing an extreme oxidizing trend.
this trend does not exceed f

Even

conditions defined by the
2

hematite-magnetite buffer

(HM) and biotite remaining as a

stable phase.
Meteoric water with oxygen fugacities in the
stability field of hematite undoubtedly circulated in the
propylitic zones during the formation of hypogene porphyry
copper deposits.

Ma.gmatically derived fluids at the

mineralizing center should be relatively less oxidized
early in the alteration process but with time they would
become more oxidized with the ever increasing interaction
of meteoric water.
Judging from the alteration assemblages, just such
a process took place at Siefrita.

There the initial stages

of hydrothermal alteration.in the biotite quartz diorite
resulted in the formation of biotite and magnetite from
hornblende

(Smith, 1975).

With time, the hydrothermal

fluid became more oxidizing due to dilution by meteoric
water and biotite and magnetite were broken down, releasing
Si, Fe, Al, Ca, Mg, and K which combined to form chlorite.
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epidote and K-feldspar along with sulfides.

The increase

in oxidation state of the fluid was contemporaneous with
intense H+ metasomatism.

Thus the decrease in iron content

of epidote from the propylitic towards the potassic zone
could reflect the shift from a system dominated by meteoric
water along the periphery to one dominated by magmatically
derived water in the center.

The overall high average iron

content of epidotes from within the biotite quartz diorite
may result from host rock composition but nevertheless
suggest very oxidizing conditions.

The oxidation was

perhaps caused by a massive inflow of meteoric water, by
sulfide deposition, or other alteration processes.
Barnes and Czamanske

(1967) suggest that oxidation

of ore bearing fluids can bring about sulfide deposition.
Observations of epidote compositions at Ely, Nevada
are interesting in the context of this model.

The shift

in average epidote composition towards decreasing iron
content may indicate the involvement of meteoric water near
the surface, its effect diminishing with depth.

In this

light, epidote from deep central and deep peripheral
alteration assemblages

(Guilbert and Lowell, 1974) may be

characterized by lower Fe

values.
x ::

The domain or lamellar structure defined by al
ternating bands of high and low iron content in epidote
grains analyzed in this study are difficult to explain.
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Although a case has been made for fluctuations in oxygen
fugacity during the growth of single epidote crystals which
could cause the compositional pattern, the lack of con
sistent zoning patterns across grains, and from grain to
grain, in the same sample casts some doubt on this explana
tion.

An alternative explanation is that of compositional

unmixing or ordering at low temperature.
As discussed previously, several workers have pro
posed a miscibility gap in the c 1 inozoisite~epidote solid
solution series

(Strens, 1963, 1964; Holdaway, 1965).

The

wide range of epidote compositions from all environments
(Figure 41) apparently does not support the existence of
such a gap at any temperature, but certain observations such
as the lamellar features described from Sierrita and Pachuca
epidotes and observations of Hietanen (1974) are explicable
by a process of unmixing of originally homogeneous epidotes.
Hietanen (1974) reported grains of clinozoisite
with domains, stringers, and lamellae about 10 \i wide of
high iron epidote which
exsolution"

(p.

20).

. . resemble textures due to
The compositional range of epidotes

examined in this study precluded the possibility of observing
the compositional’changes with the microscope.

Epidote

analyses from geothermal fields are not very useful in an
swering the question.of unmixing, for despite the wide range
of analyses reported, few grains from any single area have
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been looked at in detail.

The best evidence for any im-

miscibility is the occurrence of clindzoisite and epidote
at fairly low temperatures at Hveragerdi, Iceland.

Although

occurring•at similar depths and temperatures, these two
minerals do not actually coexist.
No experimental data demonstrate immiscibility in
the clinozoisite’-epidote solid solution series at any tem
perature.

Holdaway

(1972) asserts that the partial con

vergence of the epidote and clinozoisite-quartz stability
curves with decreasing temperature and pressure

(Figure 4)

implies that the epidote solid solution is becoming more
non-ideal as temperature decreases.
In summary, evidence from experimental and field
studies indicates that the composition of epidote as a
product of hydrothermal alteration is determined by the
availability of iron and oxygen fugacity.

The more oxi

dizing the system, the more ferric iron in the epidotes.
To a certain extent, the composition of the host rock
controls the oxidation state of the alteration environment
and consequently the epidote composition.

At Sierrita and

elsewhere, wall rock chemistry has played a part in de
termining the composition of epidote, but the primary
control was apparently exerted by the oxidation character
of the ore forming fluid.

The high average iron content

o f .epidote from all deposits suggests formation in a fluid
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environment that was relatively oxidizing and whose oxygen
fugacity was not completely controlled by the buffering
capacity of the wall rocks.

A model involving mixing of

abundant fairly oxidized meteoric water with less oxidized
water of magmatic origin can explain the high average iron
contents of the epidote minerals , but it does not adequately
explain the irregular and inconsistent chemical variations
observed in individual epidote crystals.
Boiling of the fluid can also account for the oxi
dized conditions implied by the alteration assemblages.
Sulfide deposition and hydrolysis reactions are more
likely the result of, rather than the reason for, increased
oxygen fugacity of the fluid.

The influx of meteoric water

was probably more effective than boiling in raising the
fn

of the mineralizing solution than either boiling or
2
solid-fluid equilibria.
The compositional patterns in individual epidote
grains are perhaps due to local equilibria that affected
the oxygen fugacity or to a process of unmixing or ordering
pf originally homogeneous minerals in response to de
creased temperature.
The Alteration Environment
At Sierrita and elsewhere where mafic rocks form
important porphyry copper ore hosts the alteration as
semblage quartz-epidote-chlorite-K-feldspar±biotite is
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contemporaneous with the main period of sulfide deposition.
In these deposits, the epidote-chlorite association is not
evidence of a propylitic overprint on mainstage potassic
alteration.

The assemblage epidote'-chlorite-K^feldspar,

occurring on the fringes of Sierrita as well as other
deposits, is properly classified as a propylitic alteration
suite.

The stable association of epidote with K*-feldspar

and chlorite in these regimes as well as in the deep altera
tion zones of porphyry copper deposits

(Lowell and Guilbert,.

1970; Guilbert and Lowell, 1974) point to the wide
temperature-fluid composition conditions enjoyed by this
assemblage and emphasize the influence of wall rock
chemistry on alteration processes.
The initial alteration observed in the biotite
quartz dibrite at Sierrita, and in these mafic host rocks
in general, is the destruction of hornblende and possibly
calcic plagioclase to produce a more magnesium rich bio
tite , with the residual iron forming magnetite
1975).

(Smith,

Although pervasive in character this alteration

was the result of poStmagmatic hydrothermal fluids, high
in potassium, moving through fractures in the rock.

The

high phlogopite contents of the biotite indicate a hydrothermal rather than an igneous origin

(Beane, 1974), but

contain far less magnesium than later biotite from veins
(Beane, 1974; Smith, 1975; Villas, 1975).

The total effect
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was one of increasing potassium activity with little overf
all change in the activities of magnesium or iron.

In

general, the fracture controlled sulfidation event followed
the pervasive biotitization.

In this stage, the destruction

of biotite, magnetite and plagioclase by hydrolysis read- .■
tions proceeded with the addition of H , sulfer, and silica.
As discussed previously, the fn. of the fluid apparently
2

increased during this process as H

+

was depleted.

The

reaction of biotite to form chlorite and epidote was
apparently an equilibrium process as the distribution of
iron and magnesium indicate.

These reactions freed iron,

magnesium, calcium, sodium, aluminum and silicon, not all
of which recombined and deposited, as epidote, chlorite,
1

albite, K-feldspar or sulfides.

Calcium and potassium,

being more soluble, were preferentially partitioned to the
fluid.

Some potassium was redeposited in veinlets as

orthoolase but much of it must have moved towards the
cooler peripheral alteration zones giving rise to the ob
served K-feldspar soaking adjacent to veins in the propylitic zone.

Calcium not taken up in epidote contributed

to a relatively high calcium activity in the fluid.
With continuing high aH+, continued reaction will
result in the formation Of orthoclase, muscovite
and eventually kaolinite.
Mayflower Mine

(sericite),

Alteration assemblages at the

(Villas, 1975) and very locally at Sierrita
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(Oakley, 1973; Smith, 1975} imply such a process.

However,

relatively high calcium activities of the fluid will some
what restrict the formation of sericite and clays as Figure
44 illustrates.

2

At low log (a^a++/a H+) the typical K-

feldspar-sericite-kaolinite alteration relationships will
2
prevail but at high log (aGa++/a H+)— >7 on Figure 44—
these minerals will be- unstable with respect to species such
as epidote and Ca-Al zeolites.

2

Changes in log (aCa++/a H+)

values do not affect biotite-chlorite equilibria as shown
in Figure 45,

Figures 44, 45 and 46 portray stability

conditions at 300°C, a reasonable temperature for the
alteration and mineralization at Sierrita indicated by
fluid inclusion studies

(Denis, 1974),

The abundance of calcium minerals filling late
veinlets at Sierrita and Pachuca (gypsum, calcite, zeolites,
and prehnite) suggests a relatively high activity of Ca
in the hydrothermal fluid at these deposits.

Thus the

stable association of epidote^chlorite-K-feldspar over
wide temperature ranges may be due to the high activity of
calcium in the hydrothermal fluid (Figure 45).

As the

arrows in Figure 44 indicate, increasing temperature ex
pands the stability fields of epidote and K-feldspar at the
expense of other calcium and potassium minerals and explains
the common occurrence of K-feldspar with epidote
chlorite) in deep potassic alteration zones.

(and
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Figure 44.

Mineral stability relations in the system
Ca 0 -K 20 -Al 203 -Si 0 2 -H 20 as a function of log
(aCa++/a£'+) and log (aK+/aH+) at 300 C.
Quartz saturated:

atr^ = l : P = 1.0 bar.
2

Calcite saturation given is for pC 0 2 =

bars

and anhydrite saturation is given for a log
aSO^ * aH+ = 15.5.
(After Browne and Ellis,
1970 and Villas, 1975)
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L°9laCa+ y aH1'l

Epidote

^rfy
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Figure 45.

K -feldspar

C hlorite

Biotite

Mineral stability relations in the system
Ca 0 -Mg 0 -K 20 -Al 203 -Fe 0 -Si 0 2 ”H 20 as a function
of log CaCa++/a 2+) and log CaMg++/a 2 +) at
300°C and log (aK+/aH+) = 5.4.
Quartz saturated:

aH o = ^ : P = ^ ^

bar.
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Chlorite
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Biotite
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Figure 46.

Possible stability relations in the system
Mg 0 -K 20 -Al 203 -Ca 0 ~Fe 0 -Si 0 2 ~H 20 as a function of
log (■aM g++/ag+) and log (.aK+/aH+ ) at 300 C and
high log U Ca++/ay+ ) (>11.5).
Quartz saturated:

a- _ = 1: P = 1.0 bar.
ti-.-U

Arrows indicate shift of equilibria with de
creasing log (aca++/aH ^ * Increasing temperature
produces a similar effect.
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It is important to note here that the observed
mineral assemblages at Sierrita require a low frn
-

and

- 2

-

acrx _ to form and remain stable so that the activity of
4calcium is not buffered by calclte or anhydrite formation..
Anhydrite and gypsum are common at Sierrita but they are
primarily very late fracture-filling minerals

thus during

j- |

the formation of epidote the activity of Ca
was only
v
.
-■
.
'
locally buffered by anhydrite- or calcite-producing reac
tions .

The effect of high fco

will be to stabilize seri2
cite and K-feldspar with respect to epidote through such
buffering action.
It is interesting here to speculate on the conse
quences of boiling of an HgO-COg fluid on epidote altera
tion equilibria.

The most important effect would be a

rise in pH and a slight cooling of the fluid (Browne and
Ellis, 1970).
calcite

If the initial CO^

(or S0^=) is such that

(anhydrite) buffers the activity of Ca++ to con

ditions within the stability field of sericite or Kfeldspar, loss of CQg by,boiling produces a K-feldsparalbite-epidote-chlorite+ caleite or anhydrite assemblage. .
At Sierrita this, assemblage is typical not only adjacent
to the sulfide veinlets in the biotite quartz diorite , but
the Harris Ranch Quartz Monzonite and Ruby Star Granodiorite.
Figures 45 and 46 show possible chlorite-epidote stability
relations.
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Chlorite is stable over a wide range of log
2
(a£a++/a g+) in the solution? however, the assemblage
chlorite-epidote is stable only when log (a^a++/a £+) is
high or at low temperatures.

Where CO 2 is abundant in

solution (especially at high temperatures), epidote will
no longer be stable with chlorite and K—feldspar due to
the buffering effect of calcite,

A similar relationship

holds at higher temperatures for anhydrite.
These considerations of fluid chemistry imply that
where calcium activities of the mineralizing solutions are
high, whether due to the initial composition of the fluid
or the type of host rocks, the- minerals epidote-chlorite
supplant sericite as the product of intense hydrogen
metasomatism and sulfide deposition (that is the classic
phyllic alteration zone).

This is illustrated in Figure 46

by the stability relations of Mg-K-(Fe) minerals at high
activities of calcium.

SUMMARY
'Conclusions
The analyses presented in this investigation and
the limited others available demonstrate that epidote from
porphyry copper deposits are rich in iron and that only
slight compositional differences exist between epidotes
formed in metasomaticaliy altered calcareous hosts and epi
dotes formed in altered igneous host rocks.

The reason

for these epidotes to be enriched in iron relative to epi-*/
dote from greenschist and amphibolite facies metamorphic
rocks is the large quantities of iron available in a rela
tively oxidized hydrothermal fluid.

Where iron is readily

available, the composition of an epidote is determined by
the oxygen fugacity of the system.

Although poorly known,

the oxygen fugacity of an ore solution from a magmatie
source is probably too low to produce the compositions of
epidote observed in this study.

Therefore, the results,

especially at Sierrita suggest that oxidized meteoric
waters were involved in the alteration and mineralization
process.

Mixing of cool, oxidized meteoric water on the

periphery of the Sierrita deposit with magmatically derived,
less oxidized fluids at the center of the deposit are
175
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probably responsible for the trend of decreasing iron con
tents of epidote toward the deposit.
Oxidation of the ore solutions may have precipitated
sulfide mineralization.

At Sierrita and elsewhere, wall

rock chemistry and mineralogy have played a part in es
tablishing the .composition of epidote but the primary
control was apparently exerted by the oxidation character
of the ore forming fluid.

The oxygen, fugacity of the fluid

was not effectively controlled by the buffering capacity
of the rocks since the vein assemblages are fairly oxidized
with respect to wall rock assemblages *
The extreme compositional variation noted in epidote
grains is brought about either by radical fluctuations in
£q

during epidote growth or to post formational unmixing

at low temperatures.

Changes in Oxygen fugacity of the type

needed to produce the compositional discontinuities observed
may be produced by boiling of the ore fluid, sulfide deposi
tion or other solid-fluid equilibria involving oxygen.

The

lack of any consistent and regular zoning patterns cannot
be adequately explained by either hypotheses.
At Sierrita, Ely, and elsewhere, calcium played a
crucial role in controlling the character of alteration
mineralogy.

High calcium activities, whether brought about

by the destruction of calcic plagioclase in mafic host or
whether initially high in the ore solution, greatly extend
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the stability field of epidote and the mineral is thereby
stable with K-feldspar (with or without biotite or chlorite)
in the potassic alteration gone.

Similarly, at high calcium

activities, the minerals epidote-chlorite supplant Sericite
as the product of intense hydrogen metasomatism and sulfide
deposition, the classic phyllic alteration zone.

These con

siderations stress the need to evaluate alteration responses
in terms of host rock and fluid composition and to use geo
chemical principles not simply mineral distribution patterns
in the study of ore deposits.
The Composition of Epidote as.
an Exploration Tool
The results of this study are somewhat disappointing
regarding the-use of epidote Composition as a guide to
mineralized areas,

Although basic compositional differences

apparently exist between epidotes associated with ore de
posits and those from metamorphic terrains, and even though
the wide compositional variation noted within samples could
partially be eliminated by taking bulk samples, the overlap
in composition is broad enough that the distinction between
hydrothermal and metamorphic epidote would be impossible
without numerous samples,

The distribution of iron between

epidote and chlorite appears to be a valid way to dis
tinguish metamorphic from hydrothermal minerals,

Distribu

tion coefficients for mineralizing systems appear near

178
1 while those from metamorphic terrains are generally less

than 1 and vary widely.
Epidote composition might be used to focus on the
center Of a mineralizing system once it has been located,
but this task could probably be better accomplished by more
routine geochemical and geologic prospecting techniques«
The possibility of trace elements in epidote as pathfinders
to ore was not explored in this study and the few analyses
made show no extraordinary amounts of base metals in epi^
dotes from porphyry copper deposits.

APPENDIX A
COMPOSITIONS OF MICROPROBE STANDARDS
The electron microprobe standards used in making
the epidote analyses reported in this study were homogeneous
natural minerals, pure metals or compounds and synthetic
glasses whose compositions are reliably established.

Table

A-l lists the standards with their compositions in ele
mental mole percent.

These standards are available in the

Geochemistry Laboratory of the Lunar and Planetary Labora
tory, -University of Arizona.
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Table A-l.

Compositions of microprobe standards.

Pyroxene-1

Pyroxene-4

Alumina

Chromite

—— —

Plagioclase-2

Albite

23.06

30.63
11.03

Si

25.21

24.31

A1

0.35

1.16

52.92

6.76

17.02

Ti

0.16

0.12

— ——

0.49

0.04

Fe

2.28

16.48

— ——

28.99

0.26

0.02

Mg

10.21

13.57

-—

4.89

0.14

— ——

Ca

17.55

0.57

Na

0.18

K

— —

——

--

Mn

0.05

0.46

---

Cf

0.14

— ——

Ni

———

—— —

—--

43.82

42.83

47.08

0

———

—

___

10.89

1.38

——”

1.90

6.72

0.09

1.98

0.13
26.44
0.11

30.32

0.01

— ——

«-— ?-»

——

———

46.77

48.24
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Table A-l„

(Continued).

Troilite-1

Anorthite

Fayalite

Si

--

20-19

13.81

A1

——

19.39

0 -05

—

Ti

Sphene
14.32

Diopside

Microcline

25.93

30.27

11.23

9.69

— —

24.43

--

52-27

———

—-

Fe

63-50

Mg

—~—

— —

0.04

—— —

18.51

Ca

—-

14.40

0.21

20.44

—— —

— ——

Na

--

———

--

0,14

———

14 o04

K
Mn

—
———

— —

Zn
S

36.50

0

———

— ——

— ——

46.00

.

---

1.55

———

0.38

—

—--

———

-- -

31.78

40.80

44.33

—

—— —

———

45,98
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