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A PETROGRAPHIC AND GEOCHEMICAL STUDY OF

SILVER BELL AND PIMA MINING DISTRICTS 

PIMA COUNTY, ARIZONA

by

Richard L. Mauger 

Abstract

Mid-Tertiary and Laramide K-Ar ages were measured on igneous 

rocks from Silver Bell and Esperanza. The ages from barren and 

mineralized Laramide rocks were identical within experimental error. 

Mineralization is restricted to the cooling-crystallization history 

of the associated porphyry. At Silver Bell erosion and enrichment 

probably occurred during the Laramide to mid-Tertiary interval.

The igneous rocks, quartz monzonites, consist of quartz, ortho- 

clase, zoned plagioclase, biotite, chlorite, muscovite, pyrite, 

chalcopyrite, and accessory minerals. The porphyry groundmasses are 

chemically equivalent to a class of naturally occurring, potash-rich 

pitchstones. Pyrite and chalcopyrite occur separately or jointly as 

disseminations and in small veinlets. Associated minerals include 

orthoclase, albite, epidote, chlorite, muscovite, quartz, apatite, 

calcite, and barite. Open space occurs with the sulfides. The

x
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mineralized veinlets fall into classes with particular mineral assem

blages and associated wallrock alteration effects.

The porphyry groundraasses crystallized at about 700°C and 1.5 

kbars water pressure; the estimates are based on petrographic observa

tions and experimental mineral stabilities. The veinlet Pw , T regions 

follow an orderly sequence that indicates a single cooling-crystalliza

tion history for the host rock. Fractional crystallization is used 

instead of hypogene alteration to explain compositional variations in 

the associated pluton that are not related to structural discontinu

ities. A liquid chalcopyrite solution is postulated to account for 

the distribution and paragenetic relationships of disseminated pyrite 

and chalcopyrite. The liquid chalcopyrite can be concentrated within 

the magma body by natural gas-bubble flotation.

A simple empirical classification of porphyry copper minerali

zation is based upon original rock type, position of host rock relative 

to the associated silicic intrusive rock, and the petrologic history of 

the host rock. The cooling-crystallization history of porphyry host 

rocks and the contact metamorphic-metasomatic histories of the different 

wallrock types are of major consideration.

Intermediate initial Sr®^/Sr®^ ratios (0.709 - 0.003) were 

determined for the Silver Bell and Esperanza Laramide porphyries.

Magma tectonics and bulk composition play basic roles in the genesis



xii

of metallization that is spatially and temporally congruent with 

specific types of igneous rocks. Anions other than oxygen, such as 

sulfide and hydroxyl, strongly influence the nature of metal concentra

tion processes that operate in a liquid magmatic environment.

Porphyry copper deposits are located in or adjacent to acid 

igneous rocks that are in part mineralized. Hydrothermal alteration 

from an external source and auto-metamorphism in the host porphyries 

are difficult to distinguish. Using a magmatic hypothesis, isolated 

sulfide disseminations in fresh igneous rock are considered as primary 

features that originated during the cooling-crystallization history of 

the magma body. Concentration of the metallic sulfides occurs while 

the magma is liquid and the host porphyry is considered as the source 

for the mineralization. According to proponents of the hydrothermal 

hypothesis, the disseminated mineralization is introduced from a deep 

source via the veins and veinlets after the host rock is solid. In 

terms of available energy and ease of matter transport, a liquid 

magma is a favored environment for concentration of trace elements.
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CHAPTER I 

INTRODUCTION

Historical Sketches of Esperanza 
and Silver Bell

The Silver Bell Mining district is located on the southwestern 

flank of the Silver Bell Mountains in Pima County, Arizona. The com

munity of Silver Bell, situated about thirty-five miles northwest of 

Tucson, adjoins the site of the mining operation. Oxide and El Tiro 

Pits, the major copper mines in the district, are owned and operated 

by the American Smelting and Refining Company. The Esperanza Pit is 

located in the Twin Buttes district, Pima County, about twenty-five 

miles south of Tucson. The deposit is situated on the west side of 

the Santa Cruz Valley along the eastern foothills and east-sloping 

pediment of the Sierrita Mountains. The Esperanza property is owned 

by Duval Corporation.

Silver Bell and Esperanza are both situated in the southwestern 

portion of the Basin and Range Province of western United States 

(Figure 1). The historical records of mining are similar to those of 

other Basin and Range districts that eventually evolved into porphyry 

copper districts. Early mining activity, prior to 1900, was concen

trated on small, very rich deposits. During the first quarter of the

1



Figure 1.--Index Map Showing the Location of the 
Silver Bell and Esperanza Districts
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twentieth century interest shifted toward larger lower grade deposits. 

Mining activity commenced at Silver Bell in the eighteen sixties with 

development of the Boot Mine, later renamed the Mammoth Mine (Richard 

and Courtright, 1954). The ore included copper, lead, zinc, and some 

silver. The deposits were located in contact metamorphosed Paleozoic 

carbonate rocks adjacent to Laramide silicic intrusive rocks. The 

chalcocite blanket was explored as early as 1909; however, the economic 

conditions at that time were not conducive to exploitation of the low 

grade deposits. In 1948 the American Smelting and Refining Company 

formulated plans to mine the enriched chalcocite zone.

The historical picture at Twin Buttes was similar to that at 

Silver Bell. Early base metal mines were developed in the contact 

metamorphosed Paleozoic sedimentary rocks in the area. An exception 

was the New Year's"Eve Mine that was operated for molybdenite on the 

site of the present day Esperanza Pit. Duval Corporation began explor

ation of the property in 1955 and a large tonnage, low grade mining 

operation commenced in 1959. The ore includes primary chalcopyrite, 

molybdenite, and supergene chalcocite.

Geologic Sketch of Silver Bell

Richard and Courtright (1954, 1966) discuss the rock types, 

structural geology, and economic geology of the Silver Bell mining 

district and vicinity. They showed that the Silver Bell alaskite
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intrudes Cretaceous sedimentary rocks and is intruded by the monzonites 

and quartz monzonites of the mineralized zone. The El Tiro Pit quartz 

monzonite was dated at 65 m.y. by K-Ar on biotite (Mauger et al., 1965). 

The sequence of volcanic rocks in the Silver Bell Range, dacite--Silver 

Bell andesite— Mt. Lord Ignimbrite (usage of Watson, 1964) is also 

intruded by the mineralized zone porphyries. Richard and Courtright 

postulate that intrusion and mineralization were localized along an 

original northwest trending structure that once may have marked the 

contact between alaskite and Paleozoic sediments, mostly carbonate-rich 

rocks. The marked northwest elongation of the porphyry bodies in the 

mineralized zone supports the existence of this original structure.

Watson (1964) carefully studied the volcanic rocks and dikes in 

the Silver Bell Mountains, northeast of the mineralized area. His work 

showed a number of interesting results. The Mt. Lord Ignimbrite (Cat 

Mt. type rhyodacite welded tuff) is in part intrusive into the under

lying volcanic rocks. Also the dacite in the Silver Bell Mountains 

grades laterally (toward the northeast) and vertically into interbedded 

volcanic and sedimentary units. In the mineralized zone itself, the 

dacite is intrusive into Paleozoic carbonate rocks but, is in turn, 

intruded by the pit quartz monzonite and monzonites. Attempts at K-Ar 

dating of the Silver Bell Range volcanic sequence (Mauger et al., 1965) 

gave results that are not compatible with the relative ages based upon 

field relations. However, the Silver Bell Mountain volcanic sequence
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probably represents an episode of Laramide volcanism that closely pre

ceded intrusion along the mineralized zone.

The Ragged Top latite, latite dikes and the Petroglyph Hill 

andesite form a distinctly younger group of volcanic rocks. K-Ar ages 

and different structural trends (Watson, 1964) indicate these younger 

volcanic rocks belong to the episode of mid-Tertiary volcanic activity 

(Damon and Bikeman, 1966) that was so widespread in southern Arizona 

and the Basin and Range Province. Richard and Courtright (1966) pointed 

out that supergene leaching and probably enrichment preceded deposition 

of the conglomerate that underlies the Petroglyph Hill Andesite, dated 

at 28 m.y. by K-Ar on biotite. Stewart (1912) discussed the rock types 

and mineralization at Silver Bell and Kerr (1951) did a detailed petro

graphic study in which he demonstrated a close spatial association 

between the position of the ore bodies and degree of bleaching in the 

host rock biotites.

Geologic Sketch of Esperanza

The rock types, structural geology, and economic geology of the 

Esperanza Mine are thoroughly discussed by Lynch (1966). Cooper (1960) 

published a preliminary report on the Pima mining district, including 

Esperanza, as part of his investigation of the Twin Buttes Quadrangle.

A welded rhyolite tuff, probably Cretaceous in age (Lynch, 1966) is 

exposed in the west wall of Esperanza Pit. This unit was studied
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petrographically by Lutton (1961). He and Lynch note the occurrence of 

quartzite interbeds within the rhyolite sequence. A single Rb-Sr 

analysis on the rhyolite (AEG Progress Report, U. of A. Geochron. Labs., 

1965, p. 31) gives an age of 93 1" 29 m.y. The high error is the result 

of uncertainties in the Rb/Sr ratio and the initial Sr^/Sr®*’ ratio.

The Cretaceous rhyolites are unconformably overlain by a sequence of 

volcanic units and breccias. Lynch (1966) and Richard and Courtright 

(1960) correlate these rocks with the volcanic rocks of the Silver Bell 

Range. The Cretaceous rhyolites and Silver Bell type volcanic rocks are 

intruded by igneous rocks that range from granodiorite to quartz 

monzonite in composition. These intrusive rocks in Esperanza Pit are 

evidently part of a complex border-contact zone of the Ruby Star Pluton 

(named by John Cooper, personal communication), the major Laramide 

pluton exposed on the east slopes of the Sierrita Mountains. The 

Esperanza Pit intrusive rocks and the Ruby Star both gave Laramide K-Ar 

ages on micas (Creasey and Kistler, 1962, and this dissertation). The 

Silver Bell type volcanic sequence at Esperanza is probably Laramide in 

age, on the basis of isotopic ages on crosscutting rocks and the strati

graphic relations.



CHAPTER II

CHRONOLOGY

Mid-Tertiary Volcanism

K-Ar age determinations show that mid-Tertiary volcanic rocks are 

present in both the Silver Bell and Esperanza areas (Table I). Thorough 

descriptions of the equipment, experimental procedures, and sample prep

arations are given by Bikerman (1965) and the Geochronology Laboratory, 

University of Arizona, A.E.C. Progress Reports 1961-65. The Ragged Top 

latite (RM-4-63), from Ragged Top Peak northeast of the main Silver Bell 

Mountains, gives a K-Ar age of 25.0 dr 1.0 m.y. on biotite (Mauger et al., 

1965). This mass of volcanic rock was mapped by Watson (1964), and is 

probably correlative with the rhyolite to latite dikes that cut the 

Laramide volcanic rocks in the Silver Bell Mountains. The Petroglyph 

Hill andesite (PED-1-63), that crops out on a group of low hills in the 

Cocio Ranch area, gives an age of 27.9 ^ 1.4 m.y. on biotite. Richard 

and Courtright (1966) point out that the andesite overlies a conglom

eratic unit composed in part of rock fragments that previously had 

contained disseminated sulfide grains. The stratigraphic and chronologic 

evidence shows that an episode of erosion, supergene leaching, and 

probable chalcocite enrichment occurred over the mineralized area in the 

time interval 28-65 m.y.

7
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The Helmet Fanglomerate (Cooper, 1960) is the most widespread 

mid-Tertiary rock unit in the Twin Buttes area. A bedded tuffaceous 

unit within the Helmet (RM-1-64) gave a K-Ar age of 27.9 ^ 2.6 m.y. on 

biotite. This age is similar to the two mid-Tertiary ages from Silver 

Bell. Creasey and Kistler (1962) obtained an age of 24 m.y. on biotite 

from andesite dikes that cut parts of the Helmet. This age should 

represent the younger time boundary for accumulation of the Helmet 

Fanglomerate. The Silver Bell and Twin Buttes results fall within the 

time interval of most intense mid-Tertiary magmatism in southern Arizona 

as defined by Damon and Bikerman (1966, in press).

The Helmet Fanglomerate accumulated in part during the episode 

of mid-Tertiary magmatism. Cooper (1960) correlated the Helmet with 

the Pantano Formation that is exposed in the Cienega Gap area along 

U. S. Highway 80 southeast of Tucson. There are K-Ar age dates from 

three units within the Pantano at the present time. A rhyolite ash 

flow exposed near the base of the Pantano section at Davidson Canyon 

and U. S. Highway 80 gives ages of 36.7 1" 1.1 m.y. on sanidine and 

32.8 t 2.7 m.y. on biotite (Damon and Bikerman, 1966, in press). 

Plagioclase from a mass of “Turkey Track" andesite in Cienega Gap 

(32* 01.2' N, 110” 38.7' W) gave an age of 24.4 t 2.9 m.y. (Prog.

Rep., U. of A. Geochron. Labs., 1965, COO-689-50). These ages demon

strate that the accumulation of the Helmet and Pantano Formations did,
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in part, overlap in time. A '‘Turkey Track" andesite flow in the Helmet 

gave an age of 37 + 17 m.y. on plagioclase, but an excessively high 

atmospheric correction makes the age too imprecise for use in correla

tion.

The correlation of the Helmet and Pantano Formations by Cooper

(1960) was a natural one on the basis of similar lithology and geo

graphic proximity. The K-Ar ages show that the two units are time 

equivalent, at least in part. Both contain flows or intrusive masses of 

"Turkey Track" andesite, a rock unit discussed by Cooper (1961), Halva

(1961) , and Mielke (1965). Large coherent blocks of Paleozoic sedi

mentary rocks in the Helmet in the Twin Buttes area are interpreted as 

gravitational slide blocks by Cooper (1960) and Weaver (1965). Blocks 

of varied lithologies, including Cretaceous sedimentary rocks, Bolsa 

quartzite, granodiorite, and gneiss, are exposed in the Pantano Forma

tion in a roadcut along the old Benson Highway (32° 00.0' N, 110° 34.6' 

W). The gypsum-bearing brown siltstone at the Cross Hill quarry (32° 

00.31 N, 110° 34.8' W) is overlain by a bewildering sequence of gneiss, 

Cretaceous sedimentary rocks, and Bolsa quartzite. These exposures can 

certainly be interpreted as gravitational slide blocks indicating that 

topographic and tectonic conditions were similar during deposition of 

the Pantano and Helmet Formations. The K-Ar ages, similar lithologies, 

"Turkey Track" units, and slide blocks of older rocks all combine to 

make for a strong correlation between the Pantano and Helmet Formations.
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Laramide Magmatism

Damon et al. (1964, in press) showed that the K-Ar age distribu

tion of Laramide rocks in the southwest Basin and Range was symmetric 

with a peak at 62 m.y. and a standard deviation of 7.5 m.y. The 62 m.y. 

peak was shown to be coincident in time with the classical stratigraphic 

definition of the Laramide in Wyoming and Montana. Thus the time 

designation "Laramide" can be applied to rocks in the southern part of 

the Basin and Range Province.

Silver Bell

Laramide K-Ar ages from the Silver Bell district are listed in 

Table I. The dated units include volcanic, plutonic, and sulfide-bearing 

plutonic rocks. The Silver Bell alaskite (Richard and Courtright, 1954) 

gave an age of 64.6+2.5 m.y. on biotite. The alaskite is intruded by 

mineralized zone quartz monzonite plutons and may actually be older than 

the Mt. Lord Ignimbrite (Watson, 1964) in the Silver Bell Mountains.

The field relationships indicate that the alaskite could have been heated 

during intrusion of the ore zone quartz monzonite plutons; thus the K-Ar 

age may not represent the original age of crystallization.

The alaskite, in thin section, consists of orthoclase pheno- 

crysts, oligoclase, quartz, and biotite. Accessory minerals include 

chlorite, sphene and magnetite. The biotite to chlorite ratio varies 

from outcrop to outcrop. There seem to be two generations of potash



TABLE I

K-Ar Ages from the Silver Bell and Pima Districts

Rock Type 
Sample Number 
Location 
Mineral

K% Ar40
radiogenic 

x 10”^® moles/gm

Ar40/K40 
x 10-3

Ar40
atmos. 
%

Apparent
Age
m.y.

Silver Bell District 

andesite 5.86

Mid-tertiary

2.92 1.66 49.9 27.9 + 1.4
PED-1-63
Cocio Ranch Area
32° 23.1' N, 111° 21.7' W
biotite

quartz latite 6.50 2.91 1.48 39.3 25.0 + 1.0
RM-4-63
Ragged Top Peak
32° 26.5' N, 1110 29.5' W
biotite

Pima District

andesite, Turkey Track type 0.70 4.60 2.11 90 36.6 + 16.5
RM-2-64a
interbedded with Helmet 
Fanglomerate
31° 57.1' N, 1110 04.5' W 
plagioclase



TABLE I--Continued

bedded tuff in Helmet 6.01
Fanglomerate, RM-1-64 
31° 55.8' N, 1110 06.8' W 
biotite

andesite dikes that cut the 3.87
Helmet Fanglomerate (data 
from Creasey and Kistler, 1962) 
biotite

Silver Bell District

alaskite 6.26
PED-22-59
32° 24.8' N, 111* 33.1' W 
biotite

quartz monzonite 5.54
PED-21-59
32° 23.9' N, 111° 31.8' W 
biotite

quartz monzonite (mineralized)
PED-3-63 
El Tiro Pit
32° 25.7 1 N, 1110 32.2 ' W 
biotite

3.00

1.69

Laramide

7.31

6.72

6.88 8.15

1.66 66 27.9 + 2.6

1.4 —  24 + 1

3.87 28.8 64.6 + 2.5

4.02 35.3 67.1+2.7

3.92 19.7 65.5 + 2.0

to



TABLE I-.-Continued

quartz monzonite (mineralized 6.64
and leached) PED-2-63 
El Tiro Pit
32° 25.7 ' N, 1110 32.2 1 W 
biotite

dacite 6.42
PED-23-59
near Oxide Pit
32° 24.1' N, 1110 30.2' W
biotite

dacite (weathered) 4.36
RM-3-63
northeastern side of Silver 
Bell Mountains, 32° 24.7 1 N,
111° 28.8' W 
biotite

rhyolite, Mt. Lord Ignimbrite 7.40
PED-6-63
32° 26.5' N, 1110 32.0' W 
alkali feldspar

7.59

6.65

4.35

7.79

3.79 24.1 63.4 + 2.2

3.43 30.6 57.7 + 2.0

3.31 50.5 55.3 + 2.8

3.56 7.1 59.7 + 1.8

Hw



TABLE I--Continued

Pima District

albite-muscovite-quartz- 
beryl pegmatite 
RM-9-63
31° 59.1' N, 111° 07.8' W 
muscovite

8.99 8.25 2.96 7.1 50.7 + 1.1

phlogopite-muscovite-
sulfide rock
RM-1-62
Esperanza Pit
31° 52.0' N, 111° 07.7' W
phlogopite

8.37 9.46 3.75 19.1 62.6 + 2.0

muscovite-quartz-sulfide
veinlets, RM-3-62
Esperanza Pit
31° 52.0' N, 111° 07.7' W
muscovite

7.74 8.47 3.62 10.8 60.6 + 1.8

granodiorite, Ruby Star,
PED-8-62
McGee Road
31° 54.0' N, 111° 07.0' W 
biotite

7.71 8.17 3.51 9.4 58.7 + 1.8

constants: = 1.21 x 10"4 gram/gram )\/3 = 4.76 x 10-1° yr--i "Xe = 0.589 x 10"10 yr."1
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feldspar present in the phenocrysts; this could be interpreted as a 

result of recrystallization and micro-scale potash metasomatism along 

grain contacts and internal fractures during contact metamorphism. A 

single Rb-Sr whole rock analysis (Table II) of the alaskite gives 112 +

6 m.y. as an upper age limit, assuming that the initial Sr^/Sr®^ ratio 

was not less than 0.708. This limit is about the same as that inferred 

from field relationships in which the alaskite intrudes lower Cretaceous 

arkose (Richard and Courtright, 1954, and Watson, personal communica

tion). The age of the alaskite crystallization is as yet unresolved 

within the Laramide-early Cretaceous time interval.

Unmineralized quartz monzonite from Silver Bell gave a K-Ar 

age of 67.1 +2.7 m.y. on biotite. This rock is composed of quartz, 

potash feldspar, zoned plagioclase, and biotite. Chlorite, sphene, and 

hornblende are accessory minerals. This rock differs from El Tiro Pit 

quartz monzonite in the absence of modal chalcopyrite, pyrite, and 

rutile and the presence of small amounts of hornblende and sphene. The 

El Tiro Pit quartz monzonite gave a K-Ar age of 65.5 +2.0  m.y. on 

biotite. Biotite, from a sample of this rock that had undergone 

supergene leaching, gave an age of 63.4 +2.2 m.y. The leached rock 

contained plagioclase phenocrysts that were strongly altered to a white, 

chalky material, probably a clay mineral. The alteration was especially 

severe along the contacts between zones of different composition within



TABLE II

Initial Sr®^/Sr®^ Ratios of Rocks in the Pima and Silver Bell Areas*

Rock or Mineral 
Sample Number 
Location

Rb®^/Sr (Sr ^/Sr^) meas., K-Ar Age (Sr /Sr 
+ 3.5% normalized m.y. initial 
__________________________________  -  0.0002_____________ _______________ _______________

Pima District

albite from pegmatite in Ruby ~ 0  0.7092 51 0.7092 + 0.0002
Star granodiorite
RM-9-63a
31° 59.1' N, 1116 07.8' W

granodiorite, whole rock, 0.86 0.7098 59 0.7090 + 0.0003
along McGee Road
PED-8-62
31° 54.0' N, 1116 07.0' W

quartz monzonite porphyry 1.92 0.7105 62 0.7089 + 0.0003
whole rock, Esperanza Pit 
RM-7-64
31° 52.0' N, 1116 07.7' W

gypsum, veinlet with quartz ~  0
and minor sulfides,
Esperanza Pit 
RM-4-65 g
31° 52.0' N, 1116 07.7' W

0.7096 0.7096 + 0.0002

HOX



TABLE II--Continued

Silver Bell District

quartz monzonite (mineralized), 0.83 0.7103 65 0.7096 + 0.0002
whole rock
PED-3-63 El Tiro Pit
32° 25.7 ' N, 1110 32.2 ' W

alaskite, whole rock 
PED-22-59
32° 24.8' N, 111° 33.1' W * * ** ***

constants: Rb®^/Rb^ = 2.59

AyjRb87 = 1.39 x 10"11 yr."1

*A11 errors reported as deviations from the means of all analyzed samples within the 66% confidence 
interval.

**K-Ar age of alaskite, assumed to be the true age.

***Initial Sr87/Sr88 ratio assumed to give maximum whole rock Rb-Sr age.

3.40 0.7133 64** 0.7103 + 0.0003

whole rock Rb-Sr age is less than 112 + 6 m.y. 0.708***
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the crystals. The potash feldspar appeared to be unaffected, but the 

biotite appeared to have swelled and may possibly have contained some 

vermiculite. The chalky white phenocrysts imparted a strikingly 

porphyritic texture to the leached rocks, a textural property that is 

not easily discernible in the unleached rock.

The mineralized and unmineralized plutonic rocks give similar 

K-Ar biotite ages within the limits of experimental error. These results 

demonstrate that mineralization and cooling of the host pluton are the 

same event with respect to the K-Ar dating method.

The Mt. Lord Ignimbrite gave an age of 59.7 + 1.8 m.y. on an 

orange colored alkali feldspar. The Mt. Lord is cut by dikes that are 

related to the ore zone quartz monzonite plutons; thus the feldspar age 

is low. The feldspar showed some clay alteration and had a 2v optic 

angle that differed significantly from zero, the angle expected for 

sanidine. Potash feldspars other than sanidine frequently give lower 

K-Ar ages than associated micas. The lower argon retention in the Mt. 

Lord feldspar was probably the result of sub-solidus crystallographic 

inversions from original sanidine to lower temperature forms. The re

ordering process that accompanies the crystallographic transformations 

would certainly allow radiogenic argon to be lost from the mineral.

Biotites from two other pre-quartz monzonite volcanic rocks also 

gave low ages. Biotite from a dacite (PED-23-59) on the southeastern 

rim of Oxide Pit gave an age of 57.7 +2 . 0  m.y. Dacite that is
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stratigraphically below the Mt. Lord on the northeastern slope of the 

Silver Bell Range gave 55.3 + 2.8 m.y. on a highly oxidized biotite with 

a low potassium content. The low apparent age of the sample can be 

ascribed to the effects of weathering that were probably superimposed on 

deuteric alteration of the dacite. The dacite from near Oxide Pit 

should show thermal metamorphism from intrusion of the mineralized zone 

quartz monzonites, but the K-Ar age is still younger than the quartz 

monzonite ages. This discrepancy could be experimental. The young 

apparent ages shown by biotite from the volcanic rocks demonstrate the 

need to have independent stratigraphic control when attempting to date 

weathered and otherwise perturbed rock units.

The Mt. Lord Ignimbrite is similar lithologically and strati

graphically to other rhyodacitic welded tuffs in the Tucson Mountains 

(Bikerman and Damon, 1966, in press) and in the Roskruge Mountains 

(Bikerman, 1965). These rocks have K-Ar ages that range from 68-73 

m.y.; thus the Mt. Lord is assumed to have an age of approximately 

70 m.y. The volcanic and plutonic rocks form a magmatic event that 

is part of the Laramide magmatic event as defined in the Basin and Range 

Province by Damon et al. (1964, in press).

Esperanza-Twin Buttes

The Ruby Star granodiorite, named by Cooper (personal communi

cation) is the major Laramide plutonic mass on the eastern and northern



20

flanks of the Sierrita Mountains. The granodiorite was dated at 58.7 + 

1.8 m.y. on a biotite sample that was obtained from an outcrop along 

McGee Road, approximately two miles north of the Esperanza Pit. Creasey 

and Kistler (1962) report a biotite age of 60 m.y. from about the same 

locality, and a sanidine age of 58 m.y. from a rhyolite ash flow near 

Helmet Peak. Ages of 62.6 + 2.0 m.y. on phlogopite, and 60.6 + 1.8 m.y. 

on muscovite were determined on rocks from Esperanza Pit (Table I). The 

phlogopite was part of a phlogopite-muscovite-sulfide rock that, in plan 

view, was completely enclosed in the pit quartz monzonite. The muscovite 

was collected from quartz-muscovite-sulfide veins and veinlets that cut 

the pit quartz monzonite. The K-Ar age data indicate, as at Silver Bell, 

that mineralization cannot be resolved in time from the cooling age of 

the host Laramide pluton.

Timing of Mineralization

Many geologists have indicated a close relationship in time 

between cooling igneous host rocks and spatially congruent porphyry 

copper mineralization. A close relationship is demonstrated at Silver 

Bell and Esperanza by both the geologic and isotopic studies. Metallic 

sulfide minerals as disseminations and in small veinlets are associated 

with quartz, epidote, orthoclase, albite, muscovite, and chlorite.

These minerals are typical of late magmatic and deuteric crystallization. 

Also, K-Ar age measurements on mineralized plutons, unmineralized



21

plutons, and mineralized fissures failed to resolve the time of mineral

ization from the magmatic cooling history of the host rocks.

Rb-Sr measurements, when used together with the K-Ar results, 

allow some additional inferences to be drawn concerning the timing of 

mineralization. The Rb-Sr results from the Esperanza-Twin Buttes area 

are of particular importance in this respect (Table II). The K-Ar mica 

ages from Esperanza Pit are older or equal in age to the biotite from 

the Ruby Star along McGee Road, with respect to the experimental preci

sion. A very coarse grained book muscovite from a beryl-bearing • 

pegmatite within the Ruby Star granodiorite, approximately six miles 

north of the McGee Road outcrop, gave an age of 50.7 + 1.1 m.y., or 

about ten million years younger than the mica ages from the Esperanza 

Pit. Albite from the pegmatite, Ruby Star granodiorite, and Esperanza 

Pit quartz monzonite have similar initial Sr^/Sr®^ ratios, and thus 

could be derivatives of the same parent magma. These results are 

consistent with the following interpretation: the mineralized quartz

monzonite in the vicinity of the edge and roof of the batholith was 

evidently "cold" at a time when higher temperatures still prevailed at

points deeper within and more toward the center of the batholith. The
87pegmatitic albite showed a radiogenic Sr increment over the initial 

ratio of the granodiorite that would indicate about ten million years 

of additional liquid evolutionary history. This hypothesis suggests that 

other K-Ar mica ages from rocks in the vicinity of the pegmatite should
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be about ten million years younger than ages from Esperanza Pit and 

McGee Road.

A second aspect of timing at Esperanza concerns the "age" and 

origin of the gypsum-bearing veins that cut the pit quartz monzonite. 

These veins contain quartz, galena, sphalerite, and small amounts of 

pyrite and chalcopyrite, in addition to gypsum. Quartz monzonite 

inclusions in the gypsum and vein wallrocks show strong alteration to 

material that is similar to the leached rock in the capping, but iron 

oxide staining is not present. Gypsum would be expected to form late 

in the cooling history of a sulfur-bearing magmatic rock; or, of course, 

the gypsum could be derived from cool supergene waters. The mineral 

assemblage, gypsum-metallic sulfides, is unlikely to form in a rock 

that is undergoing supergene leaching. Drilling information indicates 

that the gypsum is present at depths well below the limit of chalcocite 

enrichment (Lynch, personal communication). The gypsum is thus 

assumed to have been a primary mineral that formed during the cooling 

history of the pit quartz monzonite.

The Sr®^/Sr^ and Rb^/Sr***’ ratios of the gypsum and pit quartz 

monzonite can be used to estimate the time interval between crystalliza

tion of the quartz monzonite and formation of the gypsum-bearing veins.

Two assumptions are necessary: strontium in the gypsum was made

available by chemical breakdown of the quartz monzonite along the veins,
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and the K-Ar mica ages represent the crystallization time of the quartz

monzonite. A Rb-Sr mica age from the Esperanza Pit quartz monzonite

would be a desirable check on the second assumption. The time interval

between igneous crystallization and gypsum formation (4T) is given by:

(Sr^/Sr^)gyp. - (Sr^/Sr^)° qtz. mon.
ARb8  ̂ (Rb8^/Sr88)qtz. mon.

The numerator (Table II) is about 0.0007 + 0004, the Rb8^/Sr88 ratio in
\ 87 -ii -1the quartz monzonite is 1.92 (+ 1.5%) and ARb is 1.39 x 10 years 

Thus A T  is 27 + 15 m.y. Unfortunately, the data are not precise enough 

to yield an unequivical result for the timing of gypsum formation.



CHAPTER III

PETROLOGY OF THE SILVER BELL AND 

ESPERANZA QUARTZ MONZONITES

Introduction

The petrologic study to follow is an intensive investigation of 

fresh igneous rock from the Esperanza and El Tiro Pits. The samples 

were collected from the southeast corner of El Tiro Pit at Silver Bell 

and from the 3935-3970 benches in the southeast corner of Esperanza Pit, 

northeast of the Buzzard's Roost fault (Lynch, 1966). The purpose was 

to examine these rocks from a classical petrologic viewpoint. There

fore, these results should not be mistaken for an area wide investiga

tion of the various intrusive rocks in the districts.

Point Counting Techniques

Differences in the abundances and grain sizes of minerals 

presented a problem in obtaining accurate, representative modal 

analyses of both quartz monzonites. All mineral percentages were 

determined by microscopic point counting, except for the Esperanza 

orthoclase phenocrysts. These were counted megascopically. Cumulative 

mineral percentages were tabulated for a sequence of thin sections.

When the results of additional slides did not significantly change the

24
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cumulative averages, the final cumulative average was taken as the best 

estimate of the "true" modal average. The Esperanza orthoclase pheno- 

crysts were counted by making full scale overlays of a group of slabs 

and then counting the areas of the slab and orthoclase on graph paper. 

Thin sections and slabs were stained with sodium cobaltinitrite to 

facilitate identification of potash feldspars. Whole rock and ground- 

mass modes were determined for both rocks using counting intervals that 

were consistent with the respective grain sizes. Table III is a 

compilation of data relating to the modal analyses. Table IV shows the 

successive cumulative averages for Silver Bell quartz and orthoclase 

phenocrysts. These phenocrysts are sparsely distributed in both rocks 

and are coarse grained, so the cumulative averages stabilized at slower 

rates than those of the more abundant constituents.

TABLE III

Point Counting Data

Rock Unit 
or

Mineral

Counting
Interval

Total
Counts

Approximate 
Area in cm^

Silver Bell groundmass 0.1mm 4,400 0.44
Silver Bell whole rock 0.5m 37,867 95

Esperanza groundmass 0.1mm 7,600 0.76
Esperanza whole rock 0.5mm 25,940 65
Esperanza orthoclase Imm^ 169,500 1695
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TABLE IV

Cumulative Average of Quartz and Orthoclase Phenocrysts 
in the Silver Bell Porphyry as a Function 

of Total Counts

Counts Orthoclase Cumulative 
Average

Quartz Cumulative 
Average

2,700 1.3 3.4

8,413 4.0 6.7

14,234 5.0 5.8

20,640 5.06 5.47

26,349 5.14 5.47

32,071 5.14 5.44

37,867 5.19 5.55

General Textural Features

The rocks examined from each district have similar mineral 

compositions and textural features. Table V is a summary of the grain 

size data. The modal analyses in volume percent are given in Table VI; 

and the modal analyses, recast as weight percent mineral end members 

are given in Table VII. Both rocks exhibit strikingly porphyritic 

textures and show sharp size contrasts between phenocryst and ground- 

mass minerals. The grain size of the Esperanza porphyry is somewhat 

coarser than that at Silver Bell. About one-half of each porphyry is 

aphanitic groundmass that is composed predominantly of orthoclase and
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quartz in approximately a 2:1 ratio. Small amounts of plagioclase, 

chlorite, biotite, muscovite, and accessory minerals compose the rest 

of the groundmass. About two-thirds of the phenocrysts are zoned 

plagioclase; and the rest are quartz, orthoclase, biotite, and occasion

ally chlorite. Accessory minerals include apatite, rutile, epidote, 

probably allanite, and zircon. Calcite and barite are accessory 

minerals in the Esperanza porphyry. Pyrite and chalcopyrite occur as 

components of small veinlets and as isolated disseminations. The ground- 

masses considered separately would be classified modally as granites.

The phenocrysts considered separately would be classified modally as 

granodiorites. However, both whole rocks are quartz monzonites on the 

basis of the modal analyses.

TABLE V

Summary of Grain size Data

Textural Unit Average Linear Dimensions 
of Grains

Silver Bell groundmass 
Silver Bell phenocrysts

.05 mm 
1 mm

Esperanza groundmass 
Esperanza phenocrysts

.15 mm 
10 mm
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Modal Analyses of the Silver Bell and Esperanza 
Quartz Monzonite Porphyries

TABLE VI

Volume % Volume %
Mineral Whole Rock Groundmass

Silver Bell

orthoclase Abg^ 34.24 58.59
quartz 20.28 29.71
plagioclase An^g 29.53
plagioclase An^Q 4.08
plagioclase Angg 3.40 6.86
biotite Mg/Fe = 3 3.68 1.00
chlorite Al/Mg = 1.5 2.61 2.91
muscovite 0.10 0.20
epidote 0.26 0.16
apatite 0.35 0.48
pyrite 0.70 *
chalcopyrite 0.71 *
others <0.10 <0.10

Esperanza

orthoclase Abg^ 34.83 53.01
quartz 22.68 30.04
plagioclase Angy 34.66 13.30
biotite Mg/Fe = 3 1.03 0.10
chlorite Al/Mg = 1.5 2.40 1.78
muscovite 1.66 0.50
epidote 0.39 0.32
apatite 0.17 0.10
pyrite 1.16 0.49
chalcopyrite 0.58 0.25
calcite 0.40 0.11
others <0.10 <0.10

*Sulfides not counted as groundmass
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TABLE VII

Modal Analyses of Silver Bell and Esperanza Quartz 
Monzonite Porphyries Recast as 

Mineralogic End Members

Silver Bell Esperanza
whole rock groundmass whole rock groundmass

weight percent weight percent

orthoclase 24.77 43.29 25.85 39.93
albite 32.71 19.45 32.34 21.51
anorthite 12.34 1.81 9.70 3.78
quartz 20.13 30.13 22.68 30.28
antigorite 1.07 1.22 0.99 0.74
amesite 1.62 1.84 1.42 1.22
phlogopite 2.84 0.79 0.79 0.07
annite 1.16 0.32 0.33 0.03
apatite 0.42 0.59 0.20 0.10
epidote 0.32 0.20 0.48 0.40
pyrite 1.32 * 2.18 0.94
chalcopyrite 1.12 * 0.91 0.40
muscovite 0.11 0.21 1.72 0.52
hornblende — — — — - - - — — -
sphene 0.09 0.14 ---

zircon 0.03 0.07
calcite 0.41 0.11

*Sulfides were not counted as groundmass
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The quartz phenocrysts have a partially resorbed, subhedral 

appearance that is typical of quartz from volcanic rocks. The plagio- 

clase phenocrysts are strongly zoned, and the calcic cores show evi

dence of corrosion. The phenocrysts, especially the Silver Bell 

orthoclase, show a peculiar grain boundary feature in which adjacent 

groundmass grains and phenocrysts of the same mineral are optically 

continuous. This relationship gives the phenocrysts a "tatted" edge.

The general texture of the porphyries is a combination of plutonic and 

volcanic aspects.

Petrography

The composition of the plagioclase was determined by optical 

methods. Extinction perpendicular to the bisectrix gave the best infor

mation on zoned crystals. The Silver Bell plagioclase phenocrysts are 

very complexly zoned. Generally there are three major zonal units, but 

all three need not be present in every crystal. The central zones are 

rounded or elliptical in shape and range in composition from An^^-An^^. 

The cores are surrounded by a complex of zones that has compositions 

from An^Q-An2 .̂ The outermost zones have compositions from A^^-An^* 

Re-entrants and zonal unconformities are common. The trend in zoning 

is normal but reversals occur. Individual plagioclase crystals often

have two or more distinct calcic cores.
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The plagioclase in the Esperanza porphyry is also zoned but not 

as complexly as that at Silver Bell. The average composition was 

estimated as , although the optical characteristics were affected 

by supergene leaching. The largest Esperanza plagioclase grains are 

euhedral in habit and are composed of interlocking sodic plagioclase 

and quartz in an arrangement that resembles "graphic granite" texture.

The potash feldspar phenocrysts in both porphyries are generally 

euhedral and can be either microscopically homogeneous or perthitic.

The Esperanza phenocrysts show internal layering. Various minerals 

including albite, biotite, and quartz are localized as fine-grained 

inclusions along the internal layering contacts. Compositions of Abg^ 

and Abgg have been determined flame photometrically for potash feldspar 

phenocrysts from Esperanza and Silver Bell respectively.

The biotite phenocrysts in the Silver Bell prophyry are euhedral 

books that contain small components of interleaved chlorite. The 

groundmass biotite occurs as small anhedral flakes. The phenocrysts 

contain a variety of inclusions including symmetrically arranged 

acicular rutile, apatite, zircon, and bits of chalcopyrite. Open space 

is common in the biotite books. Biotite phenocrysts are less abundant 

in the Esperanza porphyry and typically occur as ragged, separate flakes 

instead of as books. Biotite is almost absent in the groundmass. The 

larger flakes of biotite are usually associated with chlorite and are 

commonly admixed with chlorite, muscovite, epidote, and calcite. The
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"alteration" of the biotite is a general feature and is not restricted to 

any particular neighboring mineral assemblage. The biotite from both 

districts is light brown and has the indices of refraction and specific 

gravity of a high magnesium biotite. The Mg/Fe ratio has been estimated 

as 3:1 on the basis of the physical and optical properties. The mutual 

occurrence of phlogopitic biotite and sulfide mineralization is evidently 

common in the copper deposits of the western United States. Phlogopitic 

biotites were collected for K-Ar age dating from Ajo, Arizona and 

Cananea, Sonora and other examples are noted at Bagdad, Arizona 

(Anderson et al., 1955, and Anderson, 1950), Bingham Canyon, Utah 

(Stringham, 1953) and San Manuel, Arizona (Schwartz, 1947).

The chlorite in both prophyries is optically positive and has a 

small to moderate axial angle. The optic sign, axial angle, and beta 

refractive index indicate the chlorite is an aluminum-magnesium amesitic 

type; on the basis of these properties, the Al/Mg ratio has been esti

mated as 3:2. In both porphyries chlorite is closely associated with 

biotite, and the chlorite/biotite ratio is greater in the groundmass 

than in the whole rock. Some chlorite at Silver Bell has rutile inclu

sions .

Some muscovite in the Esperanza porphyry is coarse enough to 

have been counted among the phenocrysts. The common mineral associates 

of muscovite are chlorite, biotite, chlorite and plagioclase, and 

disseminated metallic sulfide grains. Chlorite seems to be situated
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between muscovite and metallic sulfides in the disseminated sulfide 

association. Not all of the muscovite in the Silver Bell porphyry is 

recorded in the modal analysis. Much of the muscovite is fine-grained 

sericite that is localized in plagioclase; this material was not counted 

as sericite unless the grain was entirely converted. In general, the 

Silver Bell plagioclase is not strongly sericitized except adjacent to 

disseminated metallic sulfide grains; here the calcium-bearing 

plagioclase is completely converted to albite and sericite. Chlorite 

is invariably present with the disseminated metallic sulfides and 

sericitized plagioclase, suggesting that the sericite-chlorite-sulfide 

association at Silver Bell is identical with the muscovite-chlorite- 

sulfide association at Esperanza, except for the differences in grain 

size.

The accessory minerals in the Silver Bell prophyry and their 

common associations are as follows: zircon, apatite, allanite, and

rutile are associated with biotite; epidote is associated with chlorite 

and/or disseminated sulfides; apatite is associated with chalcopyrite; 

and albite is associated with sericitized plagioclase. The accessory 

mineral associations are similar in the Esperanza porphyry but with 

these additions: calcite occurs with biotite; barite occurs with pyrite

and chalcopyrite; and calcite, epidote, and apatite are associated with

plagioclase.
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Textural and Mineralogic Relationships 
of the Disseminated Metallic 
Sulfide Minerals

Pyrite and chalcopyrite reported in the modal analyses are dis

seminated grains, that is, they are not localized along a fracture or 

other planar feature, Figures 2a and 2b show the typical mineral 

assemblages and textures associated with the disseminated metallic 

sulfides. Pyrite and chalcopyrite occur separately or jointly, and in 

joint occurrences the paragenetic order is pyrite older than chalcopy

rite. Both sulfides are associated with open space or are localized 

within void spaces, but the void spaces do not necessarily contain 

metallic sulfides. The pyrite in the Silver Bell prophyry does occur 

as euhedral crystals that contain small void spaces and inclusions of 

albite, potash feldspar, quartz, and epidote. The pyrite and chalcopy

rite are commonly enveloped in quartz and potash feldspar that is 

coarser in grain size than the normal aphanitic groundmass. Chalcopy

rite is usually anhedral in habit and is commonly associated with 

epidote, chlorite, zircon, and apatite. Calcite and barite are 

associated with chalcopyrite in the Esperanza porphyry. Adjacent to 

disseminated metallic sulfide grains, calcium-bearing plagioclase is 

partly to entirely converted to sericite and albite, and biotite is 

rimmed by chlorite. Sericite also occurs around some of the void spaces 

that do not carry metallic sulfides. The textural and mineralogical



Figure 2.— Illustrations of the Textural and Mineralogic 
Relationships of Disseminated Sulfide Grains

(a) A pyrite crystal (black) contains epidote, albite, 
orthoclase, quartz, and open space inclusions. 
Orthoclase (vertical lines) and quartz (no pattern), 
much coarser in grain size than normal groundmass 
(stippled), surround the pyrite.

(b) Pyrite (black) and chalcopyrite (black dots) are 
surrounded by chlorite (widely spaced fine lines) and 
calcite (intersecting lines). Although not shown, 
epidote is a common member of this assemblage. An 
apatite crystal is shown in the chalcopyrite. On the 
lower left, albite (coarse slanted lines) and sericite 
(checks) are shown in the rectangular outlines of an 
altered plagioclase phenocryst. Chlorite occupies the 
space between the sulfide and sericitized plagioclase. 
In the upper left center, a large plagioclase pheno
cryst is shown with albite along the contact with 
chalcopyrite. Intensity of sericitization decreases 
away from the albite-chalcopyrite contact and the 
albite is not sericitized. In the upper right center, 
a biotite phenocryst (fine closely spaced lines) is 
shown separated from chalcopyrite by chlorite, commonly 
optically continuous with the biotite.
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,1 mm,

Figure 2.--Illustrations of the Textural and Mineralogic 
Relationships of Disseminated Sulfide Grains
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relationships have similarities to those described by Newhouse (1936) in 

his investigation of primary metallic sulfide minerals in igneous rocks.

Small Mineralized Veinlets

Distinct groups of small mineralized veinlets that cut each 

porphyry are listed as follows: rehealed orthoclase-quartz, unhealed

orthoclase-quartz, and muscovite-quartz types. Pyrite and chalcopyrite 

occur in any of the three veinlet types, but molybdenite is more com

mon in the muscovite-quartz type. Figure 3 is a set of diagrammatic 

drawings that portray the textural and mineralogical relationships of 

the orthoclase and muscovite-bearing small veinlet groups.

Rehealed Orthoclase-Quartz Veinlets

A rehealed veinlet is defined as a planar array of a distinctive 

mineral assemblage, usually less than 0.2 mm. in thickness, that shows 

no direct physical evidence of being a fracture. The quartz and 

orthoclase that occur along the trend of the veinlet are coarser 

grained than the normal groundmass. Common minerals include chlorite, 

epidote, pyrite, and chalcopyrite. A thin layer of albite is present 

where the metallic sulfides are in contact with calcium-bearing plagio- 

clase phenocrysts. In one of the thin sections from Esperanza, small 

chalcopyrite veinlets were observed along cleavage cracks in a potash 

feldspar phenocryst without any visible extensions beyond the confines



Figure 3.— Illustrations of Orthoclase and Muscovite-Bearing 
Veinlet Types from Silver Bell and Esperanza

1. Orthoclase-quartz (rehealed): The sketch shows a linear
array of chlorite (slanted fine lines) and sulfide (black) 
intersecting a plagioclase phenocryst on the left hand 
side. Albite (heavy slanted lines) surrounds the sulfide 
grain in the plagioclase phenocryst. The orthoclase pheno
cryst on the right shows no evidence of intersection by the 
vein, but sulfides occur along cleavage cracks. The fine 
dotted patterns indicate groundmass of normal grain size,
and the larger dots indicate slightly coarser grained ground- 
mass occurring along the trend of the vein.

2. Orthoclase-quartz: The vein mineralogy includes quartz
(no pattern), orthoclase (vertical lines), chlorite (radial 
lines), epidote (fine slanted lines), albite (coarse 
slanted lines), and calcite (intersecting lines). A micro
breccia is indicated by the small x's along the lower edge 
of the vein. A shattered, recrystallized quartz phenocryst 
is shown on the left. On the right, albite and calcite are 
associated with the plagioclase phenocryst which has been 
cut by the vein. Notice the layer of orthoclase along the 
upper vein contact. The micro-breccias and orthoclase 
layers commonly line both sides of the vein. The normal 
groundmass is shown by fine stippling.

3. Muscovite-quartz: The vein minerals are quartz (no pattern),
muscovite (fine lines) and sulfides (black). The sulfides 
include pyrite, chalcopyrite, and molybdenite. Muscovite in 
the wallrock along the lower vein contact is indicated by the 
slanted line and dot pattern. Notice the concentration of 
muscovite along the edges of the vein. The normal groundmass 
is stippled.



1. orthoclase-quartz (rehealed)

3. muscovite-quartz

Figure 3.— Illustrations of Orthoclase and Muscovite-Bearing 
Veinlet Types from Silver Bell and Esperanza
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of the host crystal. Similar relationships between chalcopyrite and 

potash feldspar were described by T. S. Lovering (1924) from the Park 

County, Montana district.

Unhealed Orthoclase-Quartz Veinlets

These veinlets are usually less than 1 mm. in width including 

the "altered" wall rock, and there is direct evidence of a physical 

rupture. Micro-breccias are common along both walls and quartz and 

potash feldspar phenocrysts have a shattered, recemented appearance 

when intersected by a veinlet. The common minerals are potash feldspar, 

albite, chlorite, quartz, epidote, pyrite, and chalcopyrite. Calcite 

and barite are present at Esperanza. The veinlet walls show parallel 

bands of potash feldspar that are interposed between the veinlet minerals 

and the normal wallrock. The effects of "alteration" are not recognized 

beyond the limits of the potash feldspar bands. Calcium-bearing 

plagioclase phenocrysts are locally converted to potash feldspar, plus 

lesser amounts of albite and epidote, when intersected by a veinlet.

The calcite in the Esperanza porphyry tends to occur in sites where the 

orthoclase-quartz veinlets have intersected plagioclase phenocrysts.

Pyrite and globular masses of chalcopyrite occur in the veinlets 

and potash feldspar border zones. The metallic sulfide grains are com

monly dotted with inclusions of albite, potash feldspar, epidote, quartz, 

and empty spaces. Chlorite is intimately associated with the sulfides,
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sometimes as fan-shaped crystals which radiate away from the surface of 

a pyrite or chalcopyrite grain. Epidote occurs within the veinlets and 

also in the potash feldspar border zones. At Esperanza, epidote 

clusters project from the potash feldspar border zone toward the 

normal wallrock.

Muscovite-Quartz Veinlets

These veinlets may be a few centimeters wide but are usually 

less than 1 cm. The veinlets consist mainly of quartz, and lesser 

amounts of muscovite, pyrite, chalcopyrite, and molybdenite. Each wall 

of the vein has a border zone in which the normal porphyry is converted 

to a quartz-muscovite mineral assemblage.

Larger Veins

Two larger vein types occur at Esperanza, each with a distinct 

mineralogy. One consists of quartz and lesser amounts of pyrite and 

chalcopyrite; the other contains quartz, gypsum, galena, sphalerite, 

pyrite, and chalcopyrite. Galena and sphalerite are at least as 

abundant as the pyrite and chalcopyrite. These veins show a very large 

concentration of lead and zinc with respect to copper, compared to the 

disseminated mineralization in the porphyry. Porphyry wall rock and 

inclusions show strong alteration in the vicinity of the sulfate-bearing 

veins that is similar to the effects of supergene leaching.
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The mineralized veinlets fall into different groups, each with a 

distinct mineralogy and associated wallrock effects. Anderson et al. 

(1955) described similar groups of veins and veinlets from the Bagdad, 

Arizona porphyry copper deposit and indicated that the sulfate-bearing 

veins formed at a fairly late time in the sequence. The Esperanza 

gypsum-bearing veins were also late in the sequence of vein and veinlet 

formation.

There is a close parallel relationship between mineralogy and 

wallrock alteration associated with the veinlets and that associated 

with the metallic sulfide disseminations and open spaces in the 

porphyries. The orthoclase-quartz and muscovite-quartz veinlets are 

matched mineralogically by assemblages that occur with the disseminated 

metallic sulfides. Figure 4 shows relationships of mineralized vein 

types that cut the Esperanza porphyry.

Estimated Chemical Compositions 
of the Silver Bell and Esperanza 
Quartz Monzonites

The chemical composition of a rock can be estimated from modal 

data, mineral densities, and the chemical compositions of the minerals. 

The method has a number of advantages, despite the lack of experimental 

elegance involved in the estimate. The petrographer can exclude minerals 

in small veinlets; and, in a porphyry, the groundmass can be counted 

independently of the phenocrysts. The estimate also applies to the



Vein type:

Minerals:

orthoclase-quartz orthoclase-quartz muscovite-quartz quartz-sulfide sulfate
(rehealed) (unhealed)

quartz quartz muscovite quartz gypsum

orthoclase orthoclase quartz chalcopyrite galena

albite albite molybdenite pyrite sphalerite

epidote epidote pyrite - - - - pyrite

chlorite chlorite chalcopyrite chalcopy
rite

pyrite pyrite - - — — - - - - ~ ”

chalcopyrite chalcopyrite — ” — — - - - - - - - -

Figure 4. Relationships of Mineralized Vein Types 
Cut the Esperanza Porphyry.

that
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chemical composition of the rock prior to supergene leaching, if the 

original compositions of the minerals can still be determined. A 

representative sample for chemical analysis is difficult to collect 

when the rock in question contains very large and sparsely distributed 

crystals of a particular constituent. The potash feldspar phenocrysts 

in the Esperanza porphyry present this sampling problem.

Table VIII gives the estimated whole rock and groundmass chemical 

compositions for the Silver Bell and Esperanza porphyries. Metallic 

sulfide grains were not point counted as part of the Silver Bell ground- 

mass, therefore their absence from the groundmass estimate is artificial.

Chemically the porphyries are both quartz monzonites. The 

phenocrysts considered separately are chemically similar to a gran- 

odiorite, and the groundmasses are quite similar to potash granite. 

Silica and the alkalies comprise about 75% of the rocks by weight, and 

the lime contents are between 2 and 3%. The rocks have unusually high 

Mg/Fe ratios for silicic igneous rocks, despite the fact that modal 

iron-bearing sulfides are present. No ferric iron could be calculated 

for either porphyry; however, masses of magnetite do occur locally in 

the Esperanza ore body. The copper and sulfur contents were based on 

counts of disseminated grains. Veinlet metallic sulfides were excluded 

from the modal calculations.

Several trends that show the course of chemical fractionation 

between the whole rock and the groundmass are evident in the data. A
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TABLE VIII

Chemical Analyses of the Silver Bell and Esperanza Quartz 
Monzonite Porphyries, Estimated from Modal Data

Silver Bell Esperanza
whole rock groundmass whole rock groundmass

weight percent weight percent

Si02 66.4 74.0 68.0 73.6

A12°3 16.6 13.3 16.0 13.6

K2° 4.6 7.5 4.7 6.8

Na2° 3.8 2.3 3.8 2.5

CaO 3.0 0.7 2.6 1.0

MgO 1.8 1.3 1.1 0.7
FeO (as silicates) 0.5 0.1 0.1 trace
Fe^Og (as silicates) trace trace trace trace

P2°5 0.2 0.3 0.1 trace
h 2o 0.5 0.5 0.4 0.3

C°2 - - ™ — —— 0.2 0.1

S 1.1 * 1.4 0.6

Ti02 trace trace trace trace
Zr02 trace trace trace trace
F trace trace trace trace
Fe (as sulfides) 1.0 * 1.3 0.6
Cu (as sulfides) 0.4 * 0.3 0.1

Trace: calculated to be 05 weight percent

*Sulfides were not counted as groundmass
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summary of these chemical trends is given in Table IX and Figure 5. The 

lime and much of the soda are contained in zoned plagioclase phenocrysts; 

and, as a result, both components are strongly depleted in the ground- 

mass relative to potash and silica. The Mg/Fe ratio in the silicate 

minerals tends to increase in the groundmass due to the increase in modal 

chlorite over biotite. The silica and potash contents increase sub

stantially in the groundmass while the soda and alumina contents tend 

to diminish somewhat. The chemical fractionation trends show up best 

in the Silver Bell porphyry, because of finer grain size and better 

developed plagioclase zoning. It is of interest to note that the cal

culated groundmass analyses fall just on the edge of the compositional 

limits for naturally occurring pitchstones and potash granites given 

by Bowen (1928, pp. 127-128). Bowen points out that the potash granites 

are the only class of acidic phaneritic rocks that have a compositional 

equivalent among the glassy rocks. Thus naturally occurring liquid 

magmas are known that are similar chemically to the Silver Bell and 

Esperanza porphyry groundmasses,

Although quantitative modal data are not available, calcite, 

barite, apatite, epidote, and sericite are much more abundant in the 

vicinity of the metallic sulfide disseminations relative to the whole

rock
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TABLE IX

Trends in Mineralogic and Chemical Evolution Shown by 
the Silver Bell and Esperanza Quartz 

Monzonite Porphyries

Silver Bell Esperanza
whole rock groundmass whole rock groundmass

volume percent volume percent

plagioclase 37.0 : 6.9 34.7 13.3
orthoclase 34.2 58.6 34.8 53.0
quartz 20.3 29.7 22.7 30.0

Si02/Al203 4.0 5.6 4.3 5.4

K20/Na20 1.2 3.3 1.2 2.7

Si02/Ca0 22.0 106 26 74

weight percent weight percent

qtz. + ab. + or. 77.6 92.9 80.9 91.7



quartz

albite orthoclose

Figure 5.— Weight Percent of Albite-Orthoclase-Quartz in the 
Silver Bell and Esperanza Porphyry Whole Rocks and Groundmasses

1. Silver Bell
2. Esperanza

a. whole rock
b. groundmass



CHAPTER IV

PETRCGENESIS AND INTERPRETATION

Depth of Intrusion and Mineralization

The structural and stratigraphic relationships of the Mt. Lord 

Ignimbrite given by Watson (1964) allow a crude estimate to be made of 

the depth of cover that existed over the Silver Bell pluton at the time 

of intrusion. The assumption is made that no additional material was 

deposited above the Mt. Lord before 65 m.y., the approximate time of 

intrusion. The thickness of cover was of the order of 2000 feet with 

respect to a 2800 ft. elevation in Oxide Pit, assuming that the Mt. Lord 

on Silver Bell Peak was no more than 500 ft. thicker than the present 

thickness, and the unit was deposited with only a small initial dip.

This depth of cover corresponds to a load pressure of from 0.1-0.2 kbars. 

The mineralized quartz monzonite at Esperanza intrudes volcanic rocks 

that probably belong to the same magmatic episode as the pit porphyry. 

However, there are no definite stratigraphic relationships to indicate 

the depth of cover that had existed over the exposed levels of the present 

day ore body. The age and stratigraphic evidence at Silver Bell indicate 

that intrusion and mineralization there took place at relatively shallow 

depths.

47
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Petrogenesis

The textural and mineralogic features suggest that the crystal

lization histories of the Silver Bell and Esperanza porphyries can 

conveniently be divided into three stages: phenocryst growth, ground-

mass crystallization, and crystallization of the pore fluids.

The phenocryst growth stage was dominated by growth of large 

crystals and extensive liquid-crystal interactions. The strongly zoned 

plagioclase is evidence for episodes of crystal corrosion and repeated 

reaction with the liquid magma. The Esperanza potash feldspar pheno- 

crysts show different growth zones and contain inclusions that were 

physically trapped during growth of the crystal. Quartz and plagioclase 

from both porphyries show more than one core, suggesting the grains 

grew from multiple nuclei that joined together early in the course of 

crystallization. The biotite phenocrysts at Esperanza show evidence of 

having reacted to produce chlorite plus muscovite during the cooling 

history of the quartz monzonite. This reaction relationship is logically 

the next step on the discontinuous side of Bowen's reaction series after 

hornblende-biotite.

The potash granitic groundmass liquid must have crystallized 

"suddenly" resulting in the aphanitic, equigranular textures. Ground- 

mass grains that crystallized in contact with a phenocryst of the same 

composition were nucleated in the same orientation as the phenocryst, 

resulting in the characteristic "tatted edges" of the phenocrysts.
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A magma in a near-surface environment could breech the surface 

during some point in its magmatic evolutionary history. The volatile 

pressure inside the magma prior to breeching could exceed the static load 

pressure by a factor that depends upon the strength and structural compe

tence of the confining rocks. If the volatile pressure is maintained at 

values greater than static load pressure and fractional crystallization 

occurs, a quartz monzonite magma could evolve to the point where it 

contained quartz, potash feldspar, plagioclase, and biotite phenocrysts 

in contact with a potash granitic liquid that was supercooled with 

respect to volatile pressure equal to load pressure. The volatile 

pressure inside the magma must drop when the confines of the magma 

chamber are breeched. This pressure drop could be propagated away from 

the breech point and cause a wave of crystallization of the supercooled 

groundmass liquid. If crystallization is rapid enough, the temperature 

of the system could actually increase because the rate at which heat is 

evolved from crystallization exceeds the rate at which heat is lost from 

the system. Tuttle and Bowen (1958) call this process adiabatic crystal

lization.

The bulk mechanical properties of a magma body must change.from 

those of a viscous liquid to those of a crystalline solid as more and 

more of the liquid crystallizes. The magma body slowly attains strength 

and imperviousness, two conditions that are necessary to sustain pore 

fluids at pressures above the static load pressure. These pore fluids
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contain low melting temperature components that are concentrated and 

trapped in the rock during quenching of the groundmass. The presence of 

open space in the porphyries indicates that a separate expandable fluid 

phase did form at some time in the magmatic history, either by dissolu

tion of gaseous components from the magma or by "boiling" of the trapped, 

late magmatic pore fluids. "Boiling" of the pore fluids could occur in 

any case because the relative amounts of the gaseous components must 

increase as the fluids are depleted in the rock-forming components. The 

grain size of groundmass quartz and potash feldspar adjacent to the pores 

is larger than in the normal groundmass, indicating that those minerals 

underwent local recrystallization under the fluxing power of the adjacent 

pore fluids. These fluids contained anions such as fluoride, carbonate, 

sulfate, phosphate, and hydroxyl. Pyrite and chalcopyrite both contain 

cavities and are often localized in open cavities, indicating that the 

metallic sulfide components crystallized in the presence of a pore fluid 

that was rich in volatile components.

Some minerals that crystallized on the quartz monzonite liquidus 

would become unstable under water pressure and temperature conditions 

that prevailed during groundmass and pore fluid crystallization. These 

minerals underwent reaction with other solid and fluid phases and were 

replaced by newly stable minerals. The important reactions or new

mineral assemblages are as follows:
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phenocryst conditions 

homogeneous alkali feldspar 

calcium-bearing plagioclase 

phlogopitic biotite

pore fluid conditions 

two alkali feldspars 

albite, epidote, sericite 

chlorite, muscovite

Petrogenesis of the Isolated 
Metallic Sulfide Disseminations

The disseminated pyrite and chalcopyrite in the Silver Bell and 

Esperanza porphyries are thought to have crystallized from the porphyry 

magmas and from pore fluids trapped within the "rigid" porphyries. 

Copper and sulfur formed a significant percentage of some of the pore 

fluids. A simple, convincing calculation enabled Stringham (1953, 

p. 988) to reach a similar conclusion concerning the concentrations of 

copper and sulfur in "epigenetic" ore solutions at the Bingham, Utah 

porphyry copper deposit. The "concentrated" ore solution conclusion 

reached by Stringham could be explained by the existence of an immis

cible , liquid copper-iron sulfide phase that originated in the silicic 

magma. Limited experimental data discussed by F. G. Smith (1963,

Chap. 11) show that the solubility of metallic sulfides in silicate 

melts is extremely low. An immiscible liquid metallic sulfide phase 

would exist in silicic magmas that contain from 1-2% sulfur and 

appropriate amounts of metals. However, the paragenetic relations and

the separate and joint occurrences of pyrite and chalcopyrite preclude
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the possibility that both minerals crystallized from a single liquid 

metallic sulfide phase.

Experimental Behavior of Melts in the 
System Cu-Fe-S

Schuhmann (1950) discussed the thermodynamic properties of 

copper-iron-sulfur melts in relation to copper smelting. His paper 

includes a liquidus diagram for the metal-rich portion of the system.

At atmospheric pressure liquids with metal to sulfur ratios on the metal- 

rich side of the chalcocite-pyrrhotite join are stable; however, an 

immiscibility gap separates the metallic sulfide liquids from the liquid 

metals. The vapor pressure of sulfur over the melts increases very 

rapidly as the bulk composition moves off the chalcocite-pyrrhotite join 

toward the sulfur apex. The work of Yund and Kullerud (1960) shows that 

at 700° C. crystalline solid solutions on the chalcocite-pyrrhotite join 

are in equilibrium with an essentially pure liquid sulfur phase. The 

chalcopyrite solid solution field is essentially at the same composition 

as the minimum melting liquid (T = 915°C.) on the chalcocite-pyrrhotite 

join shown by Schuhmann (1950). Water, alkalies, and other magma com

ponents would probably affect a significant lowering of liquidus tempera

tures along the chalcocite-pyrrhotite join. For example, Richardson and 

Antill (1955) showed that the chalcocite liquidus was depressed from 

1150°C. to about 780°C. upon addition of ten mole percent sodium sulfide.
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These data demonstrate that a liquid copper-iron sulfide phase possibly 

could exist within a partly crystallized silicic magma down to tempera

tures below 700°C. The bulk composition of this liquid is probably 

equivalent to one of the solid solution fields along the chalcocite- 

pyrrhotite join shown by Yund and Kullerud (1960).

The assumption is made that a copper-rich sulfide liquid comes 

into existence during the magmatic history of the Silver Bell and 

Esperanza porphyries and persists into the dissemination crystallization 

stage. The assumption allows a simple explanation for the observed 

spatial distribution and paragenesis of pyrite and chalcopyrite and is 

of great importance in accounting for the accumulation of local high 

grade copper sulfide ore bodies that are closely associated with lower 

grade mineralization in porphyries.

The bulk composition of the metallic sulfide constituents in the 

Silver Bell and Esperanza porphyries was close to the chalcopyrite solid 

solution-pyrite join but probably toward the sulfur-rich side (Triangle 

A, Figure 6, modified after Yund and Kullerud, 1960). The P, T stability 

conditions indicate pyrite can crystallize as a primary constituent 

directly from a magma (Curve 6, Figure 7, after Kullerud and Yoder, 1956, 

and Kullerud, 1959). Crystallization of pyrite causes the remaining 

magmatic liquids to be enriched in copper and iron with respect to sulfur 

and in copper with respect to iron. The liquid metallic sulfide phase 

in equilibrium with pyrite would have a bulk composition in the iron-rich
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S (liquid)

chalcocite
(CugS)

(liquid?)

Figure 6.— Phase Relations in the Cu-Fe-S System at 700°C 
and Atmospheric Pressure (modified after Yund and Kullerud, I960)



Figure 7.— PW ,T Stability Curves for Mineral Constituents 
in the Silver Bell and Esperanza Porphyries

Curve
Number Reaction Reference

1 maximum temperature on alkali feldspar Tuttle and
solvus Bowen, 1958

2 minimum melting curve for granites Tuttle and 
Bowen, 1958

3 stability of phlogopite Yoder and 
Bugster, 1954

4 potash feldspar +muscovite + quartz sillimanite + vapor Yoder and 
Bugster, 1955

5 P ^  1 kbar
stability of chlorite pW ^ l  kbar Fawcett, 1963 

Yoder, 1952

6 stability of pyrite (Pt = Pw assumed) Kullerud, 1959

7 stability of epidote
(average of synthetic and natural samples)

Merrin, I960
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Figure 7.— PW ,T Stability Curves for Mineral Constituents 
in the Silver Bell and Esperanza Porphyries
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corner of the chalcopyrite solid solution field (Figure 6). Both pyrite 

and the assumed chalcopyrite liquid solution would be in equilibrium 

with a sulfur-rich, metal-deficient liquid phase. The sulfur-rich phase 

would be present in small amounts and can be regarded, thermodynamically, 

as dissolved sulfur in the magma with a chemical potential that is fixed 

by the sulfur potential in the other two metallic sulfide phases. This 

crystallization model explains the separate and joint occurrences of 

pyrite and chalcopyrite and the observed paragenetic sequence, that is, 

pyrite older than chalcopyrite. Nucleation of the pyrite crystals and 

chalcopyrite liquid solution would probably be independent of one 

another, so joint or separate occurrences could form. The paragenetic 

sequence observed in joint occurrences results from subsequent complete 

crystallization of a local subsystem that contained crystalline pyrite 

in contact with liquid chalcopyrite solution.

The equilibrium assumption among phases demands that each phase, 

solid or fluid, be saturated with respect to all available components of 

the system. As pointed out by Hawley (1962, pp. 160-163), this means 

that similar solid phases will crystallize from different equilibrium 

fluid phases but in greatly differing relative amounts. Any liquid or 

fluid derived from a magma or pore fluid saturated with pyrite or 

chalcopyrite will also be saturated with respect to those constituents. 

This is a fundamental consideration in the petrogenesis of mineralized 

veins and veinlets within the porphyries, as a saturated solution
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expelled into a structural discontinuity within the surrounding rock 

could produce "epigenetic" mineralization.

Petrogenesis of the Mineralized Veinlets

Fractures of small lateral extent could form in viscous magmas 

and remain open for finite time intervals. Fluid components, in 

equilibrium with the surrounding magmatic phases, accumulate in the 

structural discontinuity. Crystallization obliterates direct evidence 

of a physical fracture because the fracture filling components are in 

equilibrium with most of the surrounding phases. The rehealed 

orthoclase-quartz veinlets form in this way. A small fracture that 

opens in rigid rock adjacent to the magma interface would be filled by 

the same fluids that filled the rehealed veinlets; however, evidence of 

physical fracture would be preserved. Minerals in equilibrium with the 

veinlet fluids are recrystallized or not affected. Those minerals out 

of equilibrium are transformed or replaced.

Phenocrysts of quartz and orthoclase, stable constituents of 

the smallest veinlets, preserve a shattered appearance where inter

sected by the unhealed veinlets. Biotite is unstable with respect to 

veinlet chlorite and metallic sulfides. A mosaic of quartz grains 

containing rutile needles arranged with hexagonal symmetry was observed 

along the border of an unhealed orthoclase-quartz veinlet from Silver 

Bell. This occurrence probably represents complete removal of a biotite
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phenocryst with preservation of the rutile inclusions. Calcium-bearing 

plagioclase phenocrysts, where intersected by orthoclase-quartz veinlets, 

reacted to form orthoclase, albite, and epidote.

The local wallrock composition exerts a striking influence on the 

veinlet mineralogy. At Esperanza calcite is most common at sites where 

the veinlets intersect calcium-bearing plagioclase phenocrysts. The 

calcic plagioclase-orthoclase assemblage conversion requires silica and 

potash to be added from the veinlets to the wallrock. Calcium, sodium, 

and aluminum released from the calcium-bearing plagioclase crystallize 

locally as albite and epidote. Calcite and barite indicate carbonate 

and sulfate ions are components of the veinlet fluids. The occurrences 

of chlorite and epidote indicate water was also a veinlet fluid com

ponent. Pyrite and chalcopyrite were both stable constituents in the 

environment of the orthoclase-quartz veinlets.

The unhealed quartz-muscovite veinlets contain quartz, muscovite, 

pyrite, chalcopyrite, and molybdenite; open space is common. Adjacent 

wall rock orthoclase is converted to muscovite--a conversion that 

releases potash to form additional veinlet muscovite. Water is added 

to the wall zone from the veinlet fluids and the amount of:water that 

is available evidently determines the extent to which orthoclase is 

converted to muscovite.

The potassium content of an Esperanza veinlet muscovite (RM-3- 

62) was 7.74%, approximately ten percent lower than other muscovites
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used for age dating in this laboratory. There is a possibility that this 

mica has an alkali/hydroxyl ratio that differs from that of true 

muscovities. However, the P , T stability relationships are assumed 

to be the same as those given by Yoder and Bugster (1955) for true 

muscovite.

The Esperanza quartz-sulfide veinlets consist of quartz, pyrite, 

and chalcopyrite. The sulfate-bearing veins are the widest and probably 

youngest of the mineralized veins at Esperanza. They contain quartz, 

gypsum, galena, and sphalerite— a mineral assemblage indicative of the 

lowest temperature of formation among the vein types. The wallrock 

alteration along the gypsum-bearing veins is similar to the effects of 

supergene leaching, probably because aqueous sulfate is an important 

component of both the supergene solutions and vein-filling material.

For a given oxygen partial pressure, there will be a certain amount of 

sulfate ion in a sulfur-bearing magmatic fluid. Continued crystalliza

tion of pyrite and chalcopyrite causes the magma and its derivative pore 

fluids to become depleted in reduced sulfur; thus the sulfate/reduced 

sulfur ratio in the rest magmatic fluids must rise, possibly to the 

point where sulfate is much more abundant than reduced sulfur. The 

Esperanza gypsum-bearing veins probably formed in this way. At this 

point in the cooling history of the magma body the pore fluids could be 

called hydrous "melts" or aqueous solutions, and the vein matter may not 

actually represent the bulk composition of the vein-forming fluids. This
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situation would present a violation of the magmatist's assumptions con

cerning an evolving geologic system.

The genetic significance of the mineralized veins and veinlets 

can be boiled down to two fundamentally different viewpoints. Did the 

fractures precede mineralization in the rock and act as channelways for 

ore solutions or were the fractures opened in rock that already con

tained disseminated mineralization? For example Anderson et al. (1955) 

discuss the origin of mineralization in the Bagdad porphyry copper 

deposit in the following way*

It seems probable that the quartz-pyrite-chalcopyrite veins mark 
the course of original channels through which the hypogene solu
tions passed to the minor fractures, producing the alteration of 
the quartz monzonite and forming the hypogene silicates and sul
fides. These channels presumably were clogged by deposits from 
quartz-rich solutions during the final stage of mineralization, 
but in the wider veins, late solutions deposited the galena and 
sphalerite (Anderson et al., 1955, p. 54).

The process that is visualized by Anderson et al. requires that the 

mineralized fractures must have formed a connected plumbing system with 

the larger fractures acting as major conduits. This writer got the 

impression that many of the narrower veinlets, especially the rehealed 

type, did not have extensive lateral continuity. However, this inference 

is very difficult to prove. The mineralized porphyries at Esperanza and 

Bagdad are cut by wide, late veins that carry sulfates, sphalerite, and 

galena. This mineral assemblage indicates a lower temperature of depo

sition than that for the smaller orthoclase and muscovite-bearing types.
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The vein and veinlet materials could have been locally derived from pore 

fluids in the host rock under conditions of uniformly falling temperar 

ture. Thus the formation of the tiniest rehealed veinlets, that contain 

a mineral assemblage much like the host porphyry groundmasses, could be 

pushed back in time toward the liquid history of the porphyries. Post

solidification introduction of the vein-forming materials may not be of 

major importance in such cases.

Causes of Fracturing

Three potential causes for fracturing are evident in a mechanical 

model that consists of a cooling viscous magma encased in a shell of 

rigid partly crystalline rock. Differential flow of the viscous magma 

inside the rigid shell is one possible cause of fracturing. Vesicula- 

tion of an expandable fluid phase in the magma would cause the liquid 

portion of the system to expand, resulting in fracturing in the rigid 

shell. A simple illustration of this feature is shown by Walker and 

Walker (1956, p. 40). A third factor is that the rigid rock shell under

goes differential shrinkage with respect to the central core of still 

liquid magma. Consequently, only those fissures that formed during the 

cooling history of the magma body will intersect pockets of late 

magmatic pore fluids and become mineralized as a result.



Accumulation of Dispersed Metallic 
Sulfides in Silicic Magmas

The occurrence of metallic sulfide liquid phases in magmas is 

well documented, especially in the Sudbury Lopolith (Hawley, 1962) and 

in the Skaergaard Intrusion (Wager et al., 1957). However, these two 

examples represent basic magmas that have higher liquidus temperatures 

and lower viscosities than silicic magmas. Gravitational settling is 

the dominant process by which immiscible metallic sulfide phases are 

concentrated in the basic magmas. Wager et al. (1957) showed that a 

copper-rich sulfide liquid separated from the Skaergaard magma and 

sank to the bottom of the magma chamber. The sulfur content of the 

magma was only about 0.01% by weight at this point. Later a pyrrhotite 

liquid accumulated together with late stage granophyres.

A metallic sulfide liquid would not necessarily sink through a 

silicic magma despite the difference in densities of the two liquids.

A liquid metallic sulfide phase that formed in a highly viscous silicic 

magma would probably be trapped as small dispersed droplets. These 

droplets would eventually crystallize in place as disseminated sulfide 

mineralization. Some unusual phenomena could occur in a magmatic 

system that contained a dispersed metallic sulfide liquid and an expand

able fluid phase. Ovchinnikov (1960) gives a theoretical discussion of 

liquation and natural froth flotation that is based upon an analysis of 

structural ordering in a multi-component, multi-phase system.

62



63

Stans field (1928) showed that in his experimental melt systems gas 

bubbles joined with metallic sulfide globules to produce a two phase 

entity with a lower bulk density than the enclosing silicate melt. 

Ringwood (1956a) studied the surface tensions of molten heavy metal 

iodides and compared the results to those expected for the correspond

ing metal sulfides. In a companion paper (1956b) he suggested that a 

magmatic gas phase could raft metallic sulfide particles because of the 

expected similarity in surface properties.

Natural flotation is a plausible mechanism for producing the 

concentration of metallic sulfides or metals that is sometimes ob

served in lava flow tops and hoods or cupolas of intrusions. Rafting 

would have to occur at high magma temperatures when the magma viscosity 

is low. Differences in surface properties between crystalline pyrite 

and liquid chalcopyrite could result in selective flotation of the 

copper-bearing phase. High grade copper ore bodies could accumulate 

from such a process. Metallic sulfide bodies that had accumulated by 

natural flotation should show a definite affinity for geologic environ

ments that indicate extensive gas activity. The natural flotation 

mechanism does not suffer the major difficulties that are associated 

with simple vapor transport (Krauskopf, 1959) nor from those associated 

with the solubility of the ore constituents in ascending aqueous 

solutions (Barton, 1959).
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Classical thermodynamics (Gibbs, 1875-78) offers a plausible 

argument to explain the merger of the gas bubbles and liquid metallic 

sulfide globules. A thermodynamic condition of stability in a system 

is that the internal energy is minimal. The energy equations contain 

a term in surface energy that is the product of the surface area A, an 

extensive variable; and the surface tension 'ft , the intensive variable. 

The surface energy term is very small in large systems composed of a 

single liquid phase. The surface energy can be quite large in a 

silicate magma that contains tiny dispersed gas bubbles and liquid 

metallic sulfide droplets. The excessive surface energy produces an 

instability in the system that can be reduced by a decrease in the k o  

term. Merger of a gas bubble and metallic sulfide droplet would 

reduce the total surface area between liquid sulfide and silicate 

phases, however, new gas-liquid sulfide surface area would be created. 

The merger would result in a reduction of the surface tension in the 

joined globule-silicate melt surface because the properties of that 

surface are more compatible in contact with a silicic magma than were 

those of the separated, single phases.

Separation of Molybdenum and Copper

At Silver Bell and Esperanza molybdenite occurs in veins, 

veinlets, or zones that contain abundant muscovite, a hydrous mineral. 

These veinlets and zones also contain copper sulfides; thus, at first
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glance, there may not seem to have been much separation of molybdenum 

and copper. The over-all abundance of molybdenum relative to copper in 

unenriched rock is probably from one-tenth to one-hundredth. The 

copper is widely distributed throughout the porphyry, therefore the 

molybdenite occurrences with muscovite do represent major concentra

tions of molybdenum relative to copper in a restricted environment.

This fact indicates that the transport behavior of molybdenum in the 

porphyry copper environment is somewhat different from that of copper.

The occurrence of molybdenite in pegmatites is very well 

documented; for example, see Yokes (1963). This observation alone 

suggests that molybdenum is concentrated in rest magmatic fluids and 

attains a great deal of mobility in those fluids. Krauskopf (1962) 

used thermodynamic calculations to show that molybdenum attains 

appreciable volatility as an oxide or hydrated oxide in the temperature 

range 600o-800°C. The restricted occurrences of molybdenite in 

muscovite veins and veinlets suggests that molybdenum was a component 

of a water-bearing fluid phase that existed in the pore spaces of the 

cooling magma body and subsequently migrated into fractures that 

opened in the rock. This mechanism is compatible with the calculations 

of Krauskopf.

Metallic sulfide liquids with sulfur to metal ratios above the

chalcocite-pyrrhotite join (Figure 6) are not known experimentally at
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atmospheric pressure. Molybdenite, with a metal to sulfur ratio of 1/2, 

probably does not form a separate liquid phase by analogy with the 

behavior of pyrite. Molybdenite could crystallize directly from dif

ferent phases of a multi-component, multi-phase magma. Thermodynamic

ally, the porphyry magma could be pictured as containing a dispersed 

liquid metallic sulfide phase and a distinct expandable fluid phase set 

in a bulk of silicate liquid and crystals. At equilibrium the chemical 

potential of each species is identical in all the phases, where the 

potentials of the silicate crystal components are defined on the 

crystal surfaces and the potentials of the other components are defined 

in terms of homogeneous bulk phases. The coefficients of mass distri

bution for the various components in each phase could, in principle, 

be estimated using considerations of the molecular configurations of 

a particular species and the structural chemistry of the various phases.

A very simple qualitative argument will be presented here. 

Molybdenum could occur in the magmatic system as many different species. 

Known oxidation states include +3, 44, 45, 46. Mo*^ is a component of 

molybdenite and should be considered a possible magmatic species. The 

M o+6 state is found in ions such as MoO^**^ or hydrated equivalents.

This is probably the species that is postulated by Krauskopf (1962) to 

be stable in the range of magmatic temperatures. The size to charge 

ratio of molybdenum species evidently makes substitution in silicate
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crystals unlikely. By analogy the molybdenum species would probably not 

be preferred in the silicate liquid. The important partitioning would 

then be between liquid metallic sulfide phase and fluid phases. The 

structure of the liquid metallic sulfide phase would be close to the 

structure of liquid metals while the magmatic fluid phase would more 

closely resemble weakly interacting covalently bonded species. The 

molybdenum would certainly be concentrated in the fluid phase relative 

to copper, provided that stable hydrated molybdenum species do exist 

at magmatic temperatures. The degree of partitioning among the various 

phases is not known, but the bulk of the molybdenum in a hydrous magma 

would probably eventually appear in the fluid phase if the amount of 

fluid phase greatly exceeded the amount of metallic sulfide phase. The 

muscovite-quartz-molybdenite veinlets were formed when the host rock 

was rigid enough to sustain fractures and develop microbreccias on the 

fracture surfaces. The limited association of molybdenite and muscovite 

is offered as evidence of the important role that a water-bearing 

magmatic fluid phase played in the separation of molybdenum and copper 

at Silver Bell and Esperanza. The fluid phase is multi-component in 

nature and the behavior and chemical properties of that phase are 

difficult to represent thermodynamically using a pure component, water 

for example, as a solvent. The thermodynamic representation of 

solubility demands that the chemical potential of the solvent is related 

to the chemical potential in some appropriate standard state system.
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Under conditions of post-magmatic temperatures and pressures thermo

dynamic treatments of molybdenum solubility in aqueous solutions would 

present a very difficult representation of the standard state system; 

a system in which the walls would have to be allowed to interact with 

the other components. Furthermore, these vein-forming processes are 

primarily transport processes that are not amenable to thermodynamic 

treatments. The solubility of some component in a particular phase is 

not the sole factor in determining the amount of the component that can 

be moved.

Estimates of the PT.t. T Conditions During 
Crystallization of the Silver Bell and 
Esperanza Porphyries

The Pw , T conditions that prevailed during the crystallization 

of the Silver Bell and Esperanza quartz monzonite porphyries can be 

estimated with the help of Figure 7. The following assumptions have 

been made, in addition to those concerning the applicability of the 

mineral stability curves used in Figure 7 (page 58);

1. Magmatic liquids lie on the minimum melting curve for 

hydrous granites. The lime content of the quartz monzonite magmas 

certainly would raise the "granite" liquidus above that of compositions 

in the albite-orthoclase-quartz-water system; however, the groundmass 

liquids were very low in lime. Additional small amounts of copper, 

sulfur, phosphorous, and other trace elemental constituents would



69

probably result in a lowering of the liquidus that would compensate for 

the lime content. Wyllie and Tuttle (1964) show the effects of volatile 

components, in addition to water, on the melting curve for granites.

2. The pyrite stability curve is essentially the same as given 

by Kullerud (1959) for Ptotal = Pw .

3. The lower boundary of the phlogopite stability field in a 

quartz monzonitic magma is marked by the upper stability limits of 

muscovite and chlorite.

4. The epidote decomposition curve is midway between the 

stabilities of natural and synthetic epidotes as determined by Merrin 

(1960).

5. Two alkali feldspars indicate that temperatures of crystal

lization are less than 660°C.; and one alkali feldspar, sodium-bearing 

potash feldspar, indicates that temperatures of formation were at least 

above 500°C., the solvus temperature for alkali feldspars of composi

tion Ab25 (Tuttle and Bowen, 1958).

The important mineral assemblages and estimated P T data are 

listed in Table X.

The appearance of phlogopitic biotite on the quartz monzonite 

liquidus indicates that at least part of the phenocryst growth in 

both magmas occurred at temperatures between 700°C. and 830°C. and 0.25 

to 1.4 kbars water pressure. The Silver Bell groundmass contains
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TABLE X

Mineral Assemblages and Estimates of P^O* T Conditions During 
Crystallization of the Silver Bell and Esperanza 

Prophyries, Assuming Magmatic Liquids Lie on 
the Minimum Melting Curve for Granites

Mineral Assemblages T°C PH20kbars

Silver Bell

biotite phenocrysts 700-830 0.25 - 1.4

chlorite, biotite, and muscovite 
in groundmass

700 1.4

pyrite in groundmass <  760 —

albite, orthoclase, and epidote 
with disseminated sulfides

£  660 2.5 - 4

Esperanza

biotite phenocrysts 700-830 0.25 - 1.4

chlorite and muscovite in 
groundmass

700-660 1.4 - 3.3

pyrite in groundmass <  790 — — -

albite, orthoclase, and epidote 
with disseminated sulfides

S  660 2.5 - 4
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chlorite, biotite, and muscovite— an assemblage that indicates crystal

lization at about 700oC. and 1.4 kbars. Biotite is absent from the 

Esperanza groundmass, and the phenocrysts show a reaction association 

with amesitic chlorite. These relationships and the absence of epidote 

indicate that the Esperanza groundmass crystallized at temperatures 

between 700°C. and 660°C. and water pressures between 1.4 and 3.3 kbars. 

The conditions at Silver Bell and Esperanza are consistent with the 

assumption that some pyrite could have crystallized directly from both 

magmas (curve 6, Figure 7).

Some interesting textural features could result from a change 

in the confining pressure on a magma that initially is under P , T 

conditions in the chlorite stability field. Biotite phenocrysts that 

had crystallized earlier would undergo a reaction with the liquid to 

produce chlorite. A sudden reduction in confining pressure and 

adiabatic- heating would cause the magma to move back into the biotite 

stability field and a new stage of evolution would begin. More than one 

generation of chlorite and biotite might be produced depending upon the 

course of magmatic evolution.

The quartz-orthoclase veinlets and isolated pyrite grains are 

associated with two alkali feldspars, epidote and chlorite. This 

mineral assemblage indicates temperatures of crystallization were less 

than 660°C. and water pressures were about 2.5-4 kbars. At this stage 

in magmatic evolution the remaining liquid would represent a very small
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percentage of the volume of the original magma; and the liquid would 

have a water content of from 7-9%, according to Tuttle and Bowen (1958). 

However, at the stage of small veinlet and dissemination crystallization 

the rest fluids may no longer be restricted to compositions on the 

minimum melting curve for "granite" (curve 2, Figure 7). That condi

tion would violate one of the assumptions that was made earlier. The 

upper temperature limit of 660°C. would still be valid but the water 

pressure need not be as high as 2.5-4 kbars. The fact is recognized 

that water pressures estimated in this discussion exceed the calculated 

load pressures by more than a factor of ten. This discrepancy is not 

so severe when two factors are noted: rocks and viscous magmas have

strengths, and pore fluid pressures are directly transmitted to only 

a small percentage of the total rock volume. As an example internal 

fluid pressures certainly exceed load pressures by a large factor 

prior to explosive volcanic eruptions of viscous silicic magmas.

At some point in the crystallization history a water-rich fluid 

phase is produced. The solid porphyry is somewhat permeable to the 

water-rich fluid but is certainly impervious with respect to the late- 

stage silicate melt phase. Thus the water and other fluid components 

are preferentially lost from the pores as the remaining silicate con

stituents continue to undergo crystallization. The result is that the 

water pressure in the pores must ultimately drop. Local recrystalliza

tion of quartz and orthoclase and the formation of sericite and albite
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from calcium-bearing plagioclase are evidently caused by expulsion of 

water-rich fluids from the pore spaces.

The muscovite-quartz veinlets contain muscovite in place of 

potash feldspar as the stable potash-bearing phase. This reaction 

relationship is quite different from the pore fluid reaction in which 

sericite is formed after plagioclase and orthoclase is not changed.

The muscovite-quartz veinlets formed at lower temperatures or higher 

water pressures than the orthoclase-quartz veinlets. The gypsum-bearing 

veins at Esperanza were the latest of the primary mineralized veins to 

have formed; however, no estimates of the temperature-water pressure 

conditions can be made. Field (1964) devised a method for estimating 

the temperature of formation of cogenetic sulfide and sulfate mineral 

pairs. The method is based upon the equilibrium fractionation of the 

sulfur isotopes and should be applicable to the gypsum-bearing veins 

at Esperanza.

An alternate way to portray the crystallization-cooling histories 

of the Esperanza and Silver Bell porphyries is to consider specific 

regions in Pw> T space. In effect this means dropping the assumption 

that liquids must lie on the minimum melting curve. The approach leads 

to a better correlation among petrographic observations and the inferred 

physical properties of the cooling magma. Also the analysis leads to a 

qualitative prediction for the stability curve for the following

reaction:
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calcium-bearing plagioclase + water + potash 

albite + potash feldspar + epidote

Phenocrysts— Region I, Figure 8-a

Biotite phenocrysts in the quartz monzonites indicate that part 

of the phenocryst stage took place under Pw , T conditions in region I, 

Figure 8-a. The phlogopite stability curve (curve 3) cannot be used to 

place restrictions on the maximum temperature that existed in the magma. 

Region 1 is bounded by the minimum melting curve (2), the chlorite 

stability curve (5), and the muscovite stability curve (8). Curve 9 is 

a hypothetical stability curve for an iron-bearing biotite in the 

environment of a quartz monzonite magma. The curve is probably close 

to a lower limit for the stabilities of the magnesium-rich porphyry 

biotites. The potash feldspar, plagioclase, and quartz phenocrysts are 

assumed to have formed within region I for the most part; however, no 

definite Pw , T conditions can be estimated from these minerals.

Groundmass Crystallization— Region II,
Figure 8-b

Groundmass minerals include muscovite, chlorite, sericite after 

calcium-bearing plagioclase, one alkali feldspar, and pyrite. Biotite 

is either stable or, as at Esperanza, undergoes a reaction with the 

liquid to form chlorite and/or muscovite. There is no textural evidence 

in either porphyry to indicate groundmass muscovite formed as a result



Figure 8a.— Region I, PW ,T Conditions for Phenocryst 
Crystallization in the Silver Bell and Esperanza Porphyries

Figure 8b.— Regions II and III, P^,T Conditions for Crystallization 
of the Groundmass and Disseminations, and the Orthoclase-Quartz 

Veinlets in the Silver Bell and Esperanza Porphyries

Figure 8c.— Region IV, PW ,T Conditions for Crystallization of the 
Muscovite-Bearing Veinlets in the Silver Bell and Esperanza Porphyries

Curve
Number Reaction Reference

1 maximum temperature on alkali feldspar 
solvus

Tuttle and 
Bowen, 1958

2 minimum melting curve for granites Tuttle and 
Bowen, 1958

3 stability of phlogopite Yoder and 
Eugster, 1954

4 __ x_ potash feldspar +muscovite + quartz ZZZ: .... . .sillimanite + vapor
Yoder and 
Eugster, 1955

5 stability of chlorite PW S  1 kbar
Fawcett, 1963 
Yoder, 1952

6 stability of pyrite (Pt = Pw assumed) Kullerud, 1959

8 stability of muscovite Yoder and 
Eugster, 1955

9 hypothetical stability curve for an 
igneous Fe-Mg biotite in the presence 
of quartz and sanidine

Turner and 
Verhoogen, I960 
P. 139

10 kaolinite-quartz reaction listed by 
Burnham, 1952a
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Figure 8a.— Region I, PW ,T Conditions for Phenocryst
Crystallization in the Silver Bell and Esperanza Porphyries
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77

temperoture °C

Figure 8c.— Region IV, PW ,T Conditions for Crystallization of the
Muscovite-Bearing Veinlets in the Silver Bell and Esperanza Porphyries
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of breakdown of potash feldspar. The mineral assemblage specifies Pw , T 

conditions that are within region II, Figure 8-b. This region is 

bounded by four curves:

a. chlorite stability (5),

b. muscovite stability (8),

c. muscovite-quartz reaction (4), and

d. T >  500°C.; assuming that the groundmass potash feldspar has 

about the same composition as the phenocrysts (Abg^).

The overlap of region II and the minimum melting curve for granites 

suggests that the groundmass liquid could have crystallized under Pw , T 

conditions on or close to those on the minimum melting curve.

The isolated disseminations consist of chlorite (biotite is 

unstable), sericite, two alkali feldspars (Figure 2), quartz, pyrite, 

chalcopyrite and open space. Orthoclase has not reacted to give 

muscovite. This assemblage is also stable in region II; however, the 

upper temperature limit is fixed at T ^.660°C. by the presence of two 

alkali feldspars. Decreases in temperature and water pressure accompany 

the transition from crystallization of the groundmass to crystallization 

of the disseminations.

Rehealed Veinlets— Region III. Figure 8-b

The rehealed veinlets contain a mineralogy that is much like the 

groundmass except that muscovite is absent. Albitic plagioclase, formed
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after calcium-bearing plagioclase, and potash feldspar occur together in 

the rehealed veinlets. This assemblage could reasonably be interpreted 

as "sub-solvus" crystallization; however, to be conservative this 

occurrence was not used to fix the boundaries of region III. Region III 

is bounded by the chlorite stability curve (5), muscovite stability 

curve (8), and Pw ^ l  atm. The small area of overlap with the minimum 

melting curve is consistent with the idea that the rehealed veinlets 

formed from small fractures that opened in a viscous crystal-liquid 

mush. The evolutionary path from region II to region III would have to 

follow a pressure decrease coupled with either an increase or decrease 

in temperature. Both allowed paths are compatible with the postulated 

"pressure drop" crystallization of the groundmass liquid.

The unhealed quartz-orthoclase veinlets formed when the 

porphyries possessed rigid mechanical properties. Uallrock micro

breccias indicate that most of the wallrock minerals were crystalline 

when the fractures occurred. Stable minerals include two alkali feld

spars, chlorite, pyrite, chalcopyrite, epidote, and quartz. This 

assemblage is definitely stable in the part of region III where T —  

660°C., neglecting the stability curve for epidote. The upper tempera

ture limit (T ^660°C.) is the maximum temperature on the alkali feld

spar solvus.



Muscovite-Quartz Veinlets —
Region IV, Figure 8-c

The muscovite-quartz veinlets marked the reaction of potash 

feldspar and water to give muscovite. The equilibrium P , T conditions 

are specified by curve 4 that separates the stability fields of 

muscovite plus quartz from potash feldspar plus water. Region IV is 

bounded by the minimum melting curve and the muscovite-potash feldspar 

reaction curve. The low temperature boundary is assumed to be the 

kaolinite plus quartz reaction curve (10); this is also probably a con

servative estimate because kaolinite was not recognized in the muscovite- 

quartz veinlets. Unfortunately region IV is unbounded on the high water 

pressure side.

Results of Alternate Analysis

The Pw , T conditions that are specified for groundmass crystal

lization in the alternate analysis are compatible with the crystalliza

tion of a potash granite liquid on or near the minimum melting curve for 

granites. However, the veinlet and pore solutions did not crystallize 

on the minimum melting curve according to the second analysis. The 

epidote stability curve is the main reason the two methods of analysis 

give inconsistent results. According to curve 7, Figure 6, the 

occurrence of epidote, two alkali feldspars and chlorite requires that 

the water pressure be of the order of 4 kbars. However, under these 

conditions the system is well within the stability field of muscovite

80
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with respect to potash feldspar plus water. This contradition between 

observation and experimental data could be resolved if the reaction that 

follows had a Pw , T stability curve like that of chlorite: 

calcium bearing plagioclase + water + potash 

potash feldspar + epidote + albite

Herrin (1962) suggests that bulk composition is a very important factor

in the experimental synthesis of epidotes. His work shows that the

P , T stability curves vary with bulk composition and the types of w
phases used as starting materials for the experiments.

In summary the second analysis of crystallization Pw , T condi

tions leads to these results. There is a drop in water pressure during 

crystallization of the groundmass and the orthoclase-bearing veinlets. 

This evidence supports the suggestion that the aphanitic groundmass 

crystallized as a result of a drop in internal volatile pressure in the 

magma. The muscovite stability field for the muscovite veinlets could 

be reached from the orthoclase veinlet fields by a drop in temperature 

or a rise in water pressure. The overlap of the minimum melting curve 

for granite and region II suggests that the groundmass liquid crystal

lized under conditions close to those on the minimum melting curve. It 

may commonly be useful to treat the groundmasses of other porphyries as 

"minimum melting liquids" especially when a compositional equivalence 

with a naturally occurring volcanic glass can be inferred or
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demonstrated. The agreement among petrographic observations, experi

mental mineral stabilities, and inferred mechanical properties of the 

magma at the different stages of crystallization indicates that the 

mineralized prophyries developed by normal crystallization of hydrous 

silicic magmas. Profound post-crystallization hydrothermal alteration 

is not needed to explain the observed petrologic features of the two 

quartz monzonite prophyries.

The White Mica Problem

In the porphyry at San Manuel, Arizona, Creasey (1959) notes 

that the altered plagioclase crystals contain sericite. This relation 

ship indicates that the sericite formed at the expense of plagioclase 

after that mineral had attained its typical crystal habit. The relict 

texture does not, in itself, show that the entire rock was altered or 

recrystallized. Sericite after plagioclase is a common feature of 

igneous rocks in the quartz monzonite to granodiorite range, and is 

certainly not restricted to the porphyry copper plutons. The Pre- 

cambrian Johnny Lyon Hills granodiorite (Cooper and Silver, 1964, pp. 

27-28) contains plagioclase that is zoned from Ang^-AngQ. The calcic 

cores show abundant sericite while the sodic rims are nearly free of 

sericite. Thus two distinctly different genetic interpretations are 

possible: reaction of early calcic plagioclase crystals and magmatic

fluids to produce sericite before the sodic rims are crystallized; or
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formation of the sericite by components that move through the crystal 

and react with the calcic core without leaving visible effects on the 

sodic rims. The experimentally demonstrated slowness of diffusion as a 

mechanism of mass transfer is not a conclusive argument against the 

second mode of sericite formation. Movement of matter along small 

cracks with the help of volatile constituents can be inferred as a 

mechanism to offset the slowness of diffusion.

In many cases the chemical composition and physical identity 

of "sericite" are not precisely known. The sericite may be a single 

uniform phase or a mixture of different phases; and the extent to which 

the host plagioclase has been destroyed or simply masked is not readily 

apparent. The lack of such precise compositional and mineralogical 

data precludes any but a qualitative explanation of the sericite on 

plagioclase at Silver Bell and Esperanza.

The petrographic observations from the Silver Bell and Esperanza 

porphyries show evidence for different reactions that lead to the 

formation of white mica. One generation of muscovite formed with the 

muscovite-quartz-metallic sulfide veinlets. This muscovite formed 

at the expense of potash feldspar according to the following reaction: 

potash feldspar + veinlet fluids muscovite + quartz. The equilibrium 

P , T conditions for this reaction are shown in curve 4, Figure 7, and 

the P , T conditions were probably within region IV, Figure 8-c. An 

episode of pervasive sericitization that was concurrent in time with the
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formation of the veinlet muscovite is ruled out because the potash feld

spar was unaffected away from the immediate areas of the veinlets.

The Silver Bell and Esperanza porphyries both contain a small 

percentage of modal muscovite that is not related to the breakdown of 

potash feldspar. The muscovite stability curve (8), Figure 8-c (Yoder 

and Eugster, 1955) lies about 15°C. to the right of the potash feldspar- 

muscovite reaction curve (4), The muscovite at Silver Bell is 

restricted to the groundmass of the porphyry. At Esperanza there is 

textural evidence to suggest that muscovite and chlorite formed by 

reaction with biotite phenocrysts. These relationships indicate that 

the porphyry groundmasses crystallized on or slightly to the left of 

the muscovite stability curve. These relationships support the assump

tion that the lower temperature stability limits of biotite are 

virtually coincident with the upper stability limits of chlorite and 

muscovite.

The sericitized plagioclase in the Silver Bell porphyry can 

usually be related spatially to porous metallic sulfide grains or empty 

cavities. Evidently the fluid constituents, including water and potash, 

were trapped in the pore spaces and then reacted with adjacent plagio

clase to form sericite, albite, and epidote. The potash feldspar was 

unaffected except for recrystallization to larger size grains. Thin 

sections of both prophyries show evidence that the sericitized
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plagioclase was cut by the earliest healed orthoclase-quartz veinlets. 

The sericite had formed prior to the first fracturing in the pluton.

This writer has observed various degrees of sericitization on 

plagioclase phenocrysts in other mineralized quartz monzonite porphyries 

from Kingman, Arizona and the Lone Star district near Safford, Arizona. 

In both cases the sericitized plagioclase phenocrysts were set in an 

aphanitic matrix of fresh potash feldspar and quartz. This same rela

tionship was observed at San Manuel, Arizona by Creasey (1959), It is 

possible that sericitization of plagioclase in igneous rocks, including 

mineralized porphyries, can occur when significant amounts of the magma 

are as yet uncrystallized. The degree and extent of sericitization are 

primarily controlled by the water content of the magma and the course 

of magmatic crystallization in the following way. During the course 

of crystallization a magma body with a high water content would still 

contain some silicate melt and pore fluids at P . T conditions within 

the stability field of muscovite. Sericite forms when the calcium

bearing plagioclase reacts with the magmatic fluids that are present. 

This reaction removes some of the water from the fluids. The remaining 

liquid subsequently crystallizes to an "unaltered" groundmass of potash 

feldspar and quartz. In less hydrous magmas the groundmass may 

crystallize before enough water is accumulated in the rest fluids to

react with plagioclase. In this case the sericitization occurs after
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groundmass solidification, and is spatially controlled by cavities and 

pore spaces. The end effect of these arguments is to push the origin 

of sericitized plagioclase farther back into the magmatic history of 

the porphyries than is generally assumed. A distinct expandable fluid 

phase may be related to the time and extent of sericitization; however,- 

the ideas presented here are not operationally dependent upon the 

existence of such a phase. Pervasive selective sericitization could be 

postulated as an independent event that takes place much later in the 

history of the magmatic body and is impressed on the system from some 

outside source. Such an event is no longer related to the cooling and 

crystallization history of the porphyry.

In summary, there are three mechanisms by which white mica 

formed in the Silver Bell and Esperanza porphyries: the reaction of

calcium-bearing plagioclase and magmatic fluids to give sericite prior 

to the time the pluton attained rigidity to sustain fractures; magmatic 

crystallization and reaction with earlier formed biotite; and reaction 

of potash feldspar with veinlet fluids to form muscovite along fractures.

Implications of an Igneous Theory

A working hypothesis or theory is in part tautological. Its 

value can be judged by the number and accuracy of guidelines that are 

set for scientific investigation. A working hypothesis should be con

ducive to a wide scope of investigation without, at the same time,
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succumbing to the ravages of a universal or ruling theory (Chamberlin, 

1897).

In some instances, the hydrothermal origin of porphyry copper 

deposits has attained such a state of assurance that identification of 

hydrothermal minerals is taken as adequate evidence of a hydrothermal 

origin (see Anderson et al., 1955, p. 80). Identification of hydro- 

thermal minerals does not uniquely indicate a hydrothermal origin. 

Pyrite and other minerals that have been designated as "hydrothermal" 

are widely distributed in igneous, metamorphic, and sedimentary rocks. 

In the opinion of this writer, the one to one correlation among 

hydrothermal minerals, alteration and ore deposition, as illustrated 

in the following quotation, demonstrates only the internal consistency 

of the ideas, not necessarily their validity (see sections 8, 9, 10, 

in Chap. 9, Polanyi, 1958).

The evidence is overwhelming that hydrothermal alteration 
and ore formation are genetically related processes, but appar
ently only to the extent that both are hydrothermal processes. 
There are very few hydrothermal ore deposits that lack associ
ated wall rock alteration, but there are many areas of hydro- 
thermal alteration that are essentially barren of ore deposits. 
Moreover rocks of a certain facies or type of alteration are 
ore bearing in one area and barren in another.

The almost ubiquitous association of alteration with ore 
but not always ore with alteration is readily explained in 
terms of the conditions imposed by each phenomenon on a hydro- 
thermal system. Hydrothermal alteration is dependent mainly on 
the presence, under certain conditions, of hydrothermal solu
tions, whereas the occurrence of ore is dependent, in addition, 
on the availability of ore constituents. Thus the availability

I



of ore constituents is the principle factor in determining 
whether a particular area of hydrothermally altered rock is 
barren or metallized (Burnham, 1962b, p. 783).

The concept of a hypogene origin for silicic igneous rocks that 

contain disseminated copper mineralization has been applied by Anderson 

et al. (1955), Creasey (1959), and Burnham (1962a, b). It seems 

paradoxical to this writer that hypogene solutions (aqueous solutions 

from depth as opposed to magmas) are employed to make over original 

igneous rocks into mineralized igneous rocks. This approach only serves 

to project the source of the mineralizing and altering materials back 

to a larger and deeper mass of magma. Accumulation of the copper and 

sulfur during the liquid history of the host porphyry is, at least, a 

direct approach toward understanding the origin of disseminated copper 

mineralization in seemingly unaltered igneous host rock.

Crook (1935) stated that he thought petrology and the study of 

ore deposits had become separated as disciplines during the nineteenth 

century. As a result, processes by which mineral deposits were thought 

to have formed tended to become divorced from the rock-forming processes 

studied in petrology. Today this schism is probably on an unconscious 

level for the most part, but nevertheless constitutes an important 

factor in present day concepts of mineral deposit genesis, in the 

opinion of this writer. For example, in the hydrothermal origin for 

porphyry copper mineralization, the sulfur and metals are thought to be

80
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ultimately related genetically to the associated porphyry magmatism. 

However, the actual mechanics of mineralization and crystallization of 

the porphyry tend to be treated as two separate processes.

The processes by which hypogene quartz monzonites originate 

should be amenable to experimental investigation. An essential aspect 

of this concept is that lime and to a lesser extent soda are leached 

(physically removed) from the pre-alteration solid rock. Potash and 

silica are added during alteration. Proponents of "hypogene" quartz 

monzonites regard these chemical differences (see Anderson et al., 1955, 

pp. 55-57) as absolute differences from the standard chosen as the 

unaltered rock. There is no doubt that these chemical differences are 

real. However, the ability to uniquely discern the original nature 

of the unaltered rock has been challenged in a later section of this 

paper. An experimental study by Adams (1964) is quite pertinent to 

the origin of hypogene quartz monzonites. He subjected natural 

granitic rocks to attack by water at 500o-800°C. and 2 kbars pressure. 

These conditions are not unlike those expected in crystallizing 

plutonic magmas. Adams' results showed that quartz, orthoclase, and 

albite were removed from the rock in that order, and biotite, amphibole, 

pyroxene, and plagioclase (An >20) were not affected during the 

duration of his experiments. The reader should note that this sequence 

is in accord with the reverse of Bowen's reaction series in magmatic 

fractional crystallization. Adams concluded that high temperature-high
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pressure aqueous leaching could be a mechanism for producing basic 

border zones in more silicic plutons. These results are exactly 

opposite to those required by the proponents of hypogene quartz 

monzonites. Evidently high temperature-pressure aqueous leaching is 

not the mechanism of hypogene quartz monzonite deposition. Potash 

would certainly not be fixed as potash feldspar at more extreme P , T 

conditions where conceivably lime could be leached. Thus the conditions 

for forming hypogene quartz monzonites are pushed away from magmatic 

conditions toward less extreme Pw, T conditions. Lime is leached from 

the plagioclase during supergene leaching but there is inconclusive 

evidence that potash feldspar could develope under these conditions. 

Formation of quartz monzonites by the action of hypogene solutions is, 

as yet, unsupported by experimental evidence.

The magmatic working hypothesis is compatible with a simple 

explanation for the observed chemical variations in some of the 

porphyry copper plutons. Fractional crystallization of plagioclase 

causes lime and soda to be removed from the melt; thus the residual 

liquids are enriched in silica and potash when compared to the initial 

composition of the magma. Strong compositional zoning like that in 

the Silver Bell plagioclase enhances the efficiency of lime depletion. 

The compositional variations observed by Anderson et al. (1955),

Creasey (1959), and others are explainable in terms of fractional
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magmatic crystallization and multiple intrusion. Hypogene leaching 

would be a useful concept when a rock exhibits a relict texture and a 

mineralogy that is not compatible with an origin by magmatic crystal

lization. In the evolution of magmas, the important role of the feld

spars is succinctly stated as follows:

In conclusion the reader is reminded that this section on 
the system albite-orthoclase-anorthite is a tentative statement 
consistent with available data. It will have to be modified as 
new facts emerge from future experiments and from more detailed 
petrographic observations. In spite of its necessarily im
perfect nature some such synthesis is indispensible, for the 
most important single factor influencing evolution of magmas is 
the crystallization behavior of the feldspars (Turner and 
Verhoogen, 1960, p. 116).

Wall rock alteration, ore mineral solubilities in aqueous solu

tions, and other studies inspired by hydrothermal concepts are well 

known in the geologic literature. Very few papers on mineral deposits 

do not contain a discussion of alteration. An igneous theory leads to 

different problems dealing with phenomenological processes that operate 

in "observable" source magmas. A few of such problems are as follows:

1. The experimental petrology of combined hydrous silicate 

and metallic sulfide systems, including the fractional crystallization 

of liquid silicate, liquid metallic sulfides, and associated fluid 

phases.

2. The 

constituents as 

within a liquid

transport of liquid metallic sulfides and other metallic 

colloidal dispersions, or megascopic gas-liquid droplets 

or partially liquid magma.
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3. The general problem of surface thermodynamics of magmatic 

phases— crystal, liquid, or fluid.

4. Trace element partioning among coexisting crystalline, 

liquid, or fluid phases in magmas.

5. The relationship of micro and small scale mineralized 

structural features to the intrusive mechanics of the host porphyry. 

There is potentially an excellent chance of relating the distribution of 

mineralization to the "granite tectonics" of the host plutonic body.

6. Dikes that are spatially related to the porphyry copper 

igneous rocks should contain modal metallic sulfides, if the sulfides 

are components of the magma. There are porphyry copper districts where 

dikes or dike swarms are spatially related to the main mineralized 

pluton and do carry modal metallic sulfide minerals. Ithaca Peak, 

Arizona (Eidel, personal communication), Bagdad, Arizona (Anderson

et al., 1955), and Morenci, Arizona (Lindgren, 1905) have spatially 

associated dikes that carry modal metallic sulfide minerals. The 

clearest relationships are those given by Watson (1964) in his careful 

study of the dikes in a part of the Silver Bell Mountains northeast of 

the quartz monzonite intrusions of the main ore-bearing zone. His 

results show that the youngest set of dikes are spatially related to the 

present day ore bodies and carry modal metallic sulfide minerals. The 

dike rocks were hydrothermally altered according to Watson (1964),
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however the mineralogy and textures of the dike rocks that he described 

could be explained by crystallization of a hydrous magma. Copper 

mineralization in the pre-ore volcanic rocks in the Silver Bell 

Mountains outside the main ore zone is often controlled by the proximity 

of the youngest dikes.



CHAPTER V

EMPIRICAL CLASSIFICATION

Over the last fifty years in the United States, the emphasis on 

classification of mineral deposits has been mainly genetic (Bateman, 

1950, Chap. 8). The geological diversity among porphyry copper deposits 

in the southwestern United States has been increasingly recognized over 

the past twenty-five years. Perhaps an empirical classification based 

on petrologic characteristics of the host rock, like that shown in 

Table XI, would be useful at this time because deposits with differing 

characteristics often are classed together under the existing genetic 

classifications. An empirical classification allows for local dif

ferences in such factors as composition of solutions, temperature and 

pressure of mineral formation, and direction of fluid flow. The 

classification is descriptive in terms of mineralization; the genetic 

aspects are bound up in the petrologic history of the host rock. The 

scheme is not intended to be complete; Butte-type veins and deposits in 

brecciated rock are not easily described in terms of the petrologic 

history of the host rock.

The intent is to show up differences that are not readily 

apparent in genetic classifications. The classification is limited to 

those copper deposits that are localized in or adjacent to an intrusive

94
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Empirical Classification of Porphyry-Type Copper Mineralization

TABLE XI

Distinctive Individual Characteristics

1. the atom ratios Cu/Fe, Cu/S, and Fe/S.

2. the abundances of sulfide minerals as disseminations compared 
to occurrences in veinlets.

A, mineralization localized within the associated intrusive rock

la. disseminations in fresh (igneous mineralogy and texture) 
igneous rock and veinlets with narrow alteration halos.

lb. little or none of the original igneous rock remains; the 
mineralization consists of disseminations and veinlets with 
coalescing alteration halos.

2a. disseminations in altered (atypical igneous rock mineralogy 
and texture) rock plus veinlets with restricted alteration 
halos.

2b. disseminations and veinlets with coalesing alteration halos; 
in this case the veinlet alteration is superimposed upon the 
rock type in class 2a.
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TABLE XI--Continued

B. mineralization is localized in wallrocks adjacent to associated 
intrusive rock

1. original igneous wallrocks

a. wallrock retains typical igneous mineralogy and textures

1. original wallrock more mafic than associated intrusive 
rock

a. sulfides associated with reaction zones along veinlets 
that intersect the associated intrusive rock; limited 
reaction and assimilation (see Figure 9)

b. disseminations and veinlets in "hybrid" rock; 
advanced stage of reaction and assimilation between 
mafic wallrock and magma

2. original wallrock less mafic than associated intrusive 
rock

a. away from contact --  slight evidence of partial
melting and recrystallization; sulfides, mostly 
pyrite in veins and veinlets and associated with 
veinlet alteration halos

b. near contact --  evidence for partial melting and
recrystallization; sulfides as disseminations and vein- 
lets, including rehealed types

b. wallrock altered to atypical igneous mineralogy and texture

1. original wallrock more mafic than associated intrusive 
rock

2. original wallrock less mafic than the associated 
intrusive rock
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TABLE XI--Continued

2. original sedimentary or metasedimentary wallrocks

a. shale, mudstone --  hornfelses (limited metasomatism)

b. carbonate-rich sedimentary rocks --- marbles, calc-silicate 
rocks (strong metasomatism)

c. arkose -—  recrystallization with possible addition of 
alkali feldspars

d. orthoquartzite --  recrystallization with possible addition
of alkali feldspars

Morphology: sulfides as disseminations, veinlets, and lenses that are
grossly conformable with original bedding or a permeable 
structure; locally calc-silicates and sulfides are cross
cutting.

Distinctive Characteristics:

1. continuity of mineralization away from intrusive contact.

2. spatial relationship of mineralization to the areal limits 
of the contact metamorphic-metasomatic halo associated with 
the intrusive contact.

3. comparison of K-Ar ages of micas in the associated intrusive 
rock and micas associated with the wallrock mineralization.

4. paragenetic relationship between ore minerals and contact 
metamorphic minerals in the host rock.

5. the degree to which the mineralization is spatially 
associated with permeable structures or channelways.
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silicic rock that is, in part, mineralized. The mineralization is 

characterized in a descriptive way by the identity, location, and 

petrologic history of the host rocks. Distinctive properties of the 

individual mineralized rock types include the disseminated sulfide/ 

veinlet sulfide ratios and the atomic ratios Cu/Fe, Cu/S, and Fe/S.

Class A includes mineralization that is localized within the 

associated intrusive rock. Subdivisions include the following: (Al) a

spectrum from disseminations in fresh rock and veinlets with narrow 

alteration halos to disseminations in fresh rock with coalescing veinlet 

alteration halos; (A2) a spectrum from disseminations in altered rock 

(autometamorphic in part) and veinlets with narrow alteration halos to 

disseminations in altered rock with coalescing veinlet alteration halos. 

In case A2, the veinlet alteration halos are superimposed on the 

"original11 altered igneous rock. The Silver Bell and Espe^anza 

porphyry samples studied in this dissertation are in class Al for the 

most part. The ratios of disseminated to veinlet pyrite and chalco- 

pyrite are greater than one in both porphyries. The sulfides per unit 

volume are higher in the veinlets, but the total volume of the veinlet 

material is quite small compared to the volume of the bulk quartz 

monzonites. The metal/sulfur and Cu/Fe ratios are consistent with 

those in triangle A, Figure 6. The biotite-sericite-sulfide rock

(RM-1-62) from Esperanza represents class A2.
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Class B includes mineralization in host rocks that adjoin an 

associated, in part, mineralized intrusive rock. Subdivision (Bl) 

includes original igneous rocks and subdivision (B2) includes original 

sedimentary and meta-sedimentary host rocks. The effects of contact 

metamorphism and metasomatism are different in rocks with different 

structural properties and compositions. This contact metamorphic 

behavior is used to further characterize class B host rocks.

Original igneous wallrocks (Bl) are divided into two groups:

(a) the rock exhibits a typical igneous rock mineralogy and texture;

(b) the rock exhibits an atypical igneous rock mineral assemblage and 

texture. Groups a and b are characterized as (1) more mafic, and (2) 

less mafic than the associated intrusive rock. On a theoretical basis, 

the igneous wallrocks in the al and a2 classes should follow the 

behavior that Bowen (1928, pp. 127-201) outlined for inclusions of 

igneous rocks in magmas. More mafic wallrocks (1) are made over into 

rocks with the same mineral assemblage as that forming in the associated 

intrusive rock. The abundances of these minerals are different, 

reflecting the original differences in bulk composition. Melting in 

the mafic wallrock is not important; conversely, fracturing could occur 

while an adjacent more silicic magma was essentially liquid. At an 

early stage of wallrock reaction and assimilation, zones of reaction 

and mineralization would be controlled by fractures or permeable zones



100

that intersect the associated magma (see Figure 9). For example, a 

hornblende diorite or quartz diorite containing hornblende and plagio- 

clase (''-'An̂ g) would be converted into a biotite or chlorite, plagio- 

clase (/~'An2Q_2g), orthoclase rock when in contact with the typical 
quartz monzonite magma. Potash is introduced into the inclusion from 

the magma and fixed as potash feldspar. Mottled rocks like those 

described from Bingham, Utah (Butler et al., 1920, p. 351) could result 

from an advanced stage of mafic rock assimilation by an intrusive 

monzonite or quartz monzonite magma.

Partial melting and actual solution would occur in a less mafic 

wallrock when intruded by the typical quartz monzonite magma. Struc

tures or permeable zones that intersect the magma would, of course, be 

important for localizing the influx of materials from the associated 

magma. However, partial to complete melting and recrystallization 

could occur in less mafic wallrock close to the intrusive contacts.

Thus earlier "access" structures could be annealed over and both veinlet 

and disseminated mineralization could occur.

The Bib class includes original igneous wallrocks that have been 

altered to an atypical igneous rock mineral assemblage. These rocks 

are analogous to rocks in class A2, except for location with respect to 

the associated intrusive rock.

Mineralization in original sedimentary and meta-sedimentary 

rocks (B2) is characterized according to the contact metamorphic-
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1 cm

Figure 9.--Relationships of Veinlet and Disseminated Sulfides at the 
Diorite-Quartz Monzonite Contact, Esperanza Pit

The diorite is indicated by the heavy slanted line pattern; the 
quartz monzonite has no pattern; the black dots indicate metallic 
sulfide grains; the single lines indicate quartz-orthoclase veinlets; 
and the double line indicates a quartz veinlet. Notice that veinlet 
and disseminated sulfides are present in the quartz monzonite, but 
sulfides in the diorite are mostly confined to the veinlets.
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metasomatic behavior of the different wallrock types. These include 

the following:

a. shales, mudstones ---- hornfelses (limited metasomatism)

b. carbonate-rich sedimentary rocks ---- marbles, calc- 
silicate rocks (abundant metasomatism)

c. arkose ---- recrystallization; possible addition of alkali
feldspars

d. orthoquartzite ---  recrystallization; possible addition
of alkali feldspars

Morphologically, the mineralization consists of disseminations, veinlets, 

and lenses that are grossly conformable with the original bedding; 

locally, cross-cutting calc-silicate rocks and sulfides are found. Any 

one deposit may be characterized further by the following properties:

(1) continuity of mineralization away from intrusive contact,

(2) spatial relationship of deposit to limits of contact meta- 

morphic-metasomatic halo about the associated intrusive 

rock,

(3) contemporaneity or lack of contemporaneity between host 

rock mineral and sulfide mineral paragenesis,

(4) similarity or differences in K-Ar ages from micas in 

intrusive rock, wallrock, or associated with mineralization,

(5) degree of spatial association the mineralization bears to

major structures or channelways.



CHAPTER VI

HYPOTHETICAL GENESIS OF A PORPHYRY 

COPPER DEPOSIT

A magma body with a deep vertical extent is assumed as the 

evolutionary starting point for porphyry copper genesis. Liquid copper- 

rich sulfide phase is concentrated toward the top or edges of the magma 

body by rafting of microscopic or megascopic immiscible liquid droplets. 

A liquid metallic sulfide-fluid froth could possibly accumulate under 

favorable conditions of low magmatic viscosity and highly impermeable 

wallrock. This froth would possess extreme mobility and could easily be 

injected into the surrounding rocks. Partial melting and high perme

ability in the wallrock would favor metasomatism resulting in transport 

of the metallic constituents and other magma components into the wall

rock as gases with possibly entrained liquid phases.

Fractional crystallization occurs as the magma begins to cool. 

Crystallization of silicate minerals causes the percentage of copper

bearing sulfide and water-rich fluid phases to increase relative to the 

amount of silicate liquid that remains. Concurrently the permeability 

of the magmatic environment is being progressively reduced because the 

amount of solids and the magma viscosity are both increasing. The 

liquid metallic sulfide and fluid phases could accumulate as

103
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pegmatite-like bodies, or smaller size syngenetic disseminations and 

pore spaces. As the magma body becomes more viscous and finally rigid, 

fractures open and are filled by copper-bearing pore fluids that move 

from the bulk rock toward the structural discontinuity. Multiple vein- 

lets with differing mineralogies could form in this way. Metasomatism 

of adjoining wall rocks has been in progress during the crystallization 

history of the magma. Low melting components, including those intro

duced from the magma, stay fluid when most of the metasomatic rock is 

crystalline. These pore fluids crystallize in place as disseminated 

mineralization or migrate into structural discontinuities and form 

epigenetic mineralization. During metasomatism masses of wallrock" 

material could become mobile as fluid phases or as crystal mushes 

lubricated by pore fluids. This material could be injected as dikes 

or sills.

Areas of crystalline igneous rock can become avenues for con

stituents that are escaping from the liquids and fluids accumulating 

in the vicinity. These constituents can affect a transformation of the 

rock and deposit additional mineral matter. This process results in 

mineralization that may be superimposed on earlier stages.

Porphyry-type copper mineralization is an integrated total of 

complexly superimposed stages of mineralization. Most, if not all of

the stages are related in time to the crystallization of the host or
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associated silicic pluton; however, new stages or remobilization could 

be related to some younger associated igneous rock. The unifying factor 

for these deposits is the presence of an acidic igneous rock body that 

contains some disseminated iron and copper sulfides. The host rocks for 

the actual economic ore body differ from deposit to deposit, reflecting 

the different wallrocks that adjoin the associated porphyry.

Porphyry Copper Metallogenesis

The initial strontium isotope ratios set some restrictions on 

the bulk compositions and geologic histories of the parent rocks from 

which the Silver Bell and Esperanza quartz monzonites were derived.

Faure and Hurley (1963) measured Sr^/Sr*^ ratios of 0.704-0.706 in 

alkali and tholeiitic basalts. These rocks were presumed to have formed 

by fusion from mantle source rocks. Ratios from the Skaergaard Intrusion 

(Hamilton, 1963), Tertiary igneous rocks of Skye (Moorbath and Bell, 

1965), and Tasmanian dolerites (Heier et al., 1965) demonstrate that 

wide variations in initial ratio do exist in both acidic and basic 

rocks. The initial ratios of the Silver Bell and Esperanza quartz 

monzonites are similar to those of Sierra Nevada batholithic rocks 

(Hurley et al., 1965) and rocks of the Coast Range batholith in British 

Columbia (Fairbairn et al., 1964). The ratios in the copper-bearing 

porphyries are higher than those of the oceanic basalts and much lower 

than expected for remelted, ancient, superficial crustal material
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(Moorbath and Bell, 1965). Intermediate ratios indicate that the 

porphyries were not derived from either of these two extremes: direct

differentiation from a basaltic magma, or remelting of ancient crustal 

rocks. The parent material probably had not participated in multiple 

cycles of superficial weathering and sedimentation. Preliminary 

initial Sr^/Sr^ ratios from other Laramide porphyries in Arizona 

indicate values that are similar to those from Silver Bell and Esperanza 

[Moorbath et al., 1962, and Mauger et al., Appendix XII, A.E.C. Prog. 

Rep. (COO-50-689), 1965, Univ. of Arizona Geochron. Labs.]. The 

uniform initial ratios, igneous rock types, and ages indicate that 

there are common genetic features among the Laramide porphyries and 

copper deposits in the Basin and Range Province of Arizona.

The question ultimately arises as to why igneous rocks of a 

certain composition and age are so commonly associated with a particular 

type of mineral deposit. This association is often limited to a 

restricted portion of the earth's crust resulting in a metallogenetic 

province. Do these deposits reflect a fundamental enrichment of the 

particular element in that portion of the crust or is the efficiency 

of concentration in a certain igneous environment more important? A 

deep vertical column of silicic-hydrous magma is an ideal setting for 

concentration of copper by natural flotation of the liquid sulfide as 

long as the magma viscosity does not become high enough to inhibit the
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process. In this respect a rhyolitic magma would probably be much too 

viscous to allow a natural flotation process to occur. Mechanics of 

intrusion and magma viscosity seem most important from this point of 

view. However, the viscosity is in part a function of the magma compo

sition and the flotation of copper requires the presence of sulfur.

Thus aspects of bulk composition are also very important. Most igneous 

rocks contain enough of the various trace elements including copper to 

act as source rocks for mineral deposits. The percentage of copper that 

is potentially extractable from a volume of magma depends on the 

abundance of the sulfide phase. Copper and other trace components 

become incorporated into the crystallizing silicate phases if no sulfur 

is available to form a metallic sulfide phase. Without the sulfide 

phase a magmatic concentration process would not occur. A similar 

argument could be presented for molybdenum where the concentration 

process is dictated by the presence of hydrous magmatic residues. A 

S/Cu weight ratio ^ 1  would insure that most of the magmatic copper 

was in the sulfide phase and thus be available for concentration. Bulk 

composition and magma tectonics are thus thought to be inseparable 

fundamental aspects of porphyry copper genesis.

The abundance of sulfur in the porphyry deposits may reflect an 

enrichment of sulfur in the porphyry source material. The crustal 

enrichment would have to extend at least as far as the limits of

Laramide copper mineralization in the Basin and Range Province. The
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space-time congruency of specific mineral deposits and igneous host 

rocks may be a direct function of the "simple" anion content of the 

magmas because these constituents control the efficiency of the 

magmatic metal concentration process. "Simple" anions are defined as 

those that form electrolyte solutions with water at room temperature 

and pressure. High sulfur favors extraction of copper. Water and 

halogens in the magma would favor extraction of those elements that 

form stable volatile compounds or immiscible fluid phases with those 

elements. The different simple anions should show up as distinct 

trace element characteristics of the igneous rocks that are spatially 

and temporally congruent with a particular type of mineral deposit.

Thus appropriate anion ratios may be a distinctive feature of igneous 

rocks that contain different types of metal deposits. One could 

compare the trace element content of similar igneous rocks in different 

metallogenetic provinces. The Basin and Range copper province and the 

tin-tungsten-bismuth province in Argentina and Bolvia (Stoll, 1965a, b)

would be two areas for comparison.



CHAPTER VII

PHILOSOPHICAL ANALYSIS

Introduction

According to Crook (1935, Chap. 12), the descriptive discipline 

of petrography began to develop in France early in the nineteenth 

century, perhaps as a reaction to the excessive genetic doctrines 

inherent in the earlier rock classifications. The petrographers studied 

and described the properties of rocks in non-genetic terms; and, as a 

result, they developed a non-genetic classification. Crook points out 

in his historical analysis that the studies of ore minerals and mineral 

deposits became separated from the main avenues of petrographic studies 

at this time, and he thought that this separation was still in evidence. 

The early petrographers did not consider ore veins to be "rocks;" and 

as a consequence, they tended to neglect the descriptive study of ore- 

bearing rocks. The early petrographers regarded ore minerals as exotic 

with respect to the host rock and unrelated genetically to the host 

rock. Amstutz (1960) pointed out that this historical development set 

the stage for the modern prevalence of hypogene and supergene epigenetic 

theories. Amstutz (1960) states there is a real need for a set of 

descriptive mineralogic and textural terms devoid of genetic

109



110

connotations that will allow the investigator to proceed with a minimum 

of axiomatic assumptions concerning genesis.

Evolving Magmatic System

There are at least three distinctive points in a description of 

an evolving magmatic geologic system. First, the initial state or 

starting point of the system in question is specified as a liquid 

magma. The liquid does not retain any geometric properties of the 

solid parent rock. Second, the system evolves on a falling temperature 

scale and exports entropy to the surroundings. Third, a representative 

hand specimen or thin section of the system in the final state, the 

state actually observed by the investigator, is representative of the 

initial bulk composition within certain limits. A corollary to the 

third point is that the final volume of the system is somewhat repre

sentative of the initial volume.

The interchange of energy and matter between the system and its 

surroundings is dominated by the energy content of the magmatic system 

and the permeabilities to heat and matter of the system and the 

surroundings. A sequence of derivative magmas must show a decrease 

in the mass of each successive derivative liquid, and the sibling 

magmas should have lower temperatures of crystallization and younger

relative ages than the parent magma.
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Evolving Metamorphic System

A metamorphic process is distinguished by less restrictive con

ditions on the interchange of matter and energy than in the magmatic 

case. Metamorphism can be isochemical, where the initial bulk composi

tion of the system is essentially preserved, or metasomatic, where the 

final bulk composition is not necessarily representative of the initial 

composition. Matter and energy, in a metasomatic process, can flow in 

or out of the system in much greater quantities than the system contains 

initially. Metamorphism is usually discussed using the concept of rising 

intensity of metamorphic conditions, although retrograde effects are 

recognized. The essential evidence for adopting a transformationistic 

formalism is the preservation of geometric features that were inherited 

from a parent solid rock. The initial state of the system is the 

original rock prior to metamorphism.

Parallel Wallrock Evolution

In wallrock that is adjacent to an igneous intrusion the changes 

in temperature will qualitatively follow those in the magma. Matter 

interchange from the magma to the wallrock would tend to reduce any 

time lag between temperature changes in the magmatic system and the 

corresponding temperature changes in the wallrock. The wallrock, like 

other multi-component multi-phase material, will contain liquid and/or 

fluid phases when heated to high temperatures. If these pore fluids
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become extensive enough to form a system that is connected with the 

magma, metasomatism can occur by a suitable transport process. The 

wallrock could retain many pre-metasomatic features and still may have 

contained an abundance of these pore fluids. The flow of matter in the 

contact metasomatic process is dominated by the temperature and pressure 

gradients; these gradients usually coincide and point away from the 

liquid magma.

As the adjacent magma cools and begins to crystallize the low 

melting point liquids and fluids are crystallizing or condensing in the 

magmatic rock and wallrock at the same time. Both rocks undergo a 

parallel thermal evolutionary history because they are under the influ

ence of the same thermal energy source. Large amounts of fluids will 

not build up in the wallrock unless the magma is at temperatures well 

above the "melting points" of the wallrock constituents. This is the 

situation when a gabbro intrudes a granite or arkose for example. 

However, limited portions of wallrock could attain mobility without 

complete melting. Masses of mobile pore fluids could accumulate by 

filter pressing. These fluids would probably contain a copper-sulfur- 

rich phase if the associated magma contained copper-bearing sulfides. 

Other portions of the wallrock could achieve mobility as "crystal 

mushes" lubricated by any combination of water-rich fluids, carbon- 

dioxide -rich fluids, or possibly even interstitial metallic sulfide
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liquid. Mobility as a "crystal mush" is the mechanism by which some 

dunite masses are thought to have been emplaced.

The Problem of Multiple Paths

The state of an equilibrium system, in a thermodynamic sense, 

tells nothing about the evolutionary path of the system toward equilib

rium. Identical final states may be attained by many different evolu

tionary paths; thus the observed final state of a geologic system may 

not uniquely indicate genesis. A unique genetic scheme cannot be 

constructed from observations of the final state alone but must include 

evidence from the surroundings.

What happens in the minds of investigators when the same geologic 

feature can form in two or more different ways? Evidently we have a 

controversy. The magmatic versus metamorphic origin of granites is an 

example. The observer who is studying and describing a body of granite 

in the field must eventually make a judgment concerning his use of a 

magmatic or metamorphic formalism. Since "granites are granites" the 

investigator bases his choice on the geologic setting or surroundings 

of the granite body. Dike swarms, limited contact metamorphic halos, 

and liquid flow structures are features that would indicate the choice 

of magmatic concepts. A granite body located in a high grade meta

morphic terrain could be treated using the concepts and formalisms of 

metamorphic petrology providing the evidence indicated that the granite
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formed essentially in situ. The choice of formalism in each case was 

not based solely on a petrographic description of the granite.

Magmatic and hydrothermal processes would be expected to merge 

under a certain set of conditions because hydrothermal processes are 

considered to operate late in the evolutionary path of a cooling magma. 

The effects of hydrothermal activity impressed on a granitic rock from 

an outside source will be duplicated by late magmatic processes that 

operate within a body of cooling, hydrous magma. Evidently the hydro- 

thermal path is very similar to the cooling magma path. The fact that 

the fluids are designated as either hydrothermal solutions or magmas 

does not change the physical chemical behavior of solutions. The 

designation does, however, direct the investigator toward using the 

conceptual formalisms of either magmatic or hydrothermal petrology. The 

following quotation indicates that a hydrothermal-magmatic "No-Man's 

Land" has been attained in discussing disseminated copper deposits in 

silicic igneous rocks:

The curve for the reaction involving muscovite and quartz
fixes the upper temperature limit for the muscovite subfacies.
At temperatures above this curve, only biotite subfacies 
assemblages occur. The most common of these assemblages, the 
orthoclase-biotite-quartz-albite assemblage, also is the normal 
primary phase assemblage to crystallize from hydrous granitic 
magmas. The biotite subfacies of alteration, therefore, con
stitutes a connecting link, mineralogically, chemically, and 
physically, between magmatic crystallization and hydrothermal 
alteration (Burnham, 1962a, p. 20).
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The Transformationistic Precedent for 
Origin of Porphyry Copper Deposits

The hydrothermal hypothesis is comparable to a metamorphic 

transformation in the sense that the volume and bulk composition of the 

observed vein or mineralized pluton do not necessarily represent the 

composition nor amount of matter that may have passed through these 

systems. The formalisms of transformationistic metamorphic petrology 

have been applied in both specific and general papers concerning the 

porphyry copper deposits. Creasey (1959) used AKF diagrams in his 

general discussion of alteration, and Burnham (1962a, b) used AKF 

diagrams with water as an additional possible component. Both authors 

used the "facies" concept in a metamorphic sense. Gilluly (1946) 

clearly indicates a continuous magmatic evolution between the cooling 

magma and the formation of copper-bearing pegmatitic fluids in his dis

cussion of the Ajo deposit. He adopted transformationistic formalisms 

in describing "additive metamorphism" and emplacement of pegmatites by 

"replacement." Stringham (1953) combined magmatic petrology, the hydro- 

thermal theory, and granitization to explain the petrologic character

istics of rocks in the Bingham Canyon area. He also recalculated the 

chemical analyses of sulfide-bearing rocks to a sulfur-free basis on 

the assumption that the metallic sulfide minerals were not original 

components of the igneous rocks. Creasey (1959) and Anderson et al. 

(1955) have summarized the gain-loss calculations for the common
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rock-forming oxides during hydrothermal transformation of the copper

bearing porphyries. The reference rocks for the gain-loss calculations 

are devoid of modal metallic sulfide minerals, perhaps on the assumption 

that the sulfides are not components of normal igneous rocks. Anderson 

et al. (1955) selected the unaltered igneous rock standard at Bagdad, 

Arizona, from a pluton that is separated from the ore zone igneous rocks 

by at least 500 ft. of Precambrian metamorphic rock. The authors state 

(p. 55) that there is no proof the altered and unaltered rock units 

merge into a single pluton at depth.

Recognition of a pre-existing texture is a necessary condition 

for adopting a formalism based on hydrothermal replacement. If a true 

igneous rock is transformed, a relict igneous texture should be 

recognizable in the transformed rock. This result is straight forward 

unless the same mineral assemblage can form by magmatic crystallization 

or hydrothermal alteration; this evidently is the case for porphyry 

copper igneous host rocks. The operational difficulty of distinguish

ing between the two resultant rocks.in specific cases is noted by Arastutz 

(1963) and is illustrated by other authors in the following quotations:

The potassium silicate facies does not completely destroy 
the original appearance of the porphyry, The plagioclase pheno- 
crysts which are the most conspicuous minerals in the fresh rock 
maintain their approximate outline despite general intense alter
ation. Enough book biotites occur to give the same general effect 
as in the unaltered porphyry. The general appearance of the 
biotite does not reveal that it is regenerated from chlorite, 
which was a propylitic alteration of the original biotite. The
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groundmass recrystallized, but to the unaided eye it is aphanitic 
similar to that in the unaltered rock. The casual observer 
therefore might fail to recognize that the prophyry had been 
profoundly altered and recrystallized (Creasey, 1959, pp. 354- 
355).

The biotite subfacies generally is mineralogically simple, 
consisting chiefly of biotite, orthoclase, and quartz, with more 
or less chlorite, muscovite, and albite. It merges with the 
mineral facies of unaltered granitic rocks and, at times, is 
difficult to recognize as a product of hydrothermal alteration. 
Ordinarily both biotite and orthoclase are more abundant and 
plagioclase is less abundant and more albitic than in the 
unaltered parent rocks (Burnham, 1962a, p. 18).

Lindgren (1905), in his classic paper on the Morenci district, 

emphasized transformationistic concepts in discussing the copper

bearing contact metamorphic rocks that were situated adjacent to a 

Laramide quartz monzonite pluton. These contact rocks had undergone 

striking changes in bulk composition. This observation did not agree 

with the popular assumption of that day that contact metamorphism was 

accomplished by thermal effects alone. The geologic relations of the 

Morenci-Clifton copper deposits clearly favored Lindgren's emphasis on 

metamorphic transformation. There is room for a second working 

hypothesis in which copper and sulfur are regarded as components of 

the silicic magmas, although a transformationistic precedent has been 

set for discussing disseminated copper deposits in igneous rocks.

The porphyry copper districts have common historical backgrounds, 

both scientific and industrial. Prior to 1900 mining development was 

directed toward the utilization of small, very rich deposits that were
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localized within larger areas of low grade mineralization. The scien

tific theories of ore genesis were an attempt to explain the genesis of 

these small deposits that usually had different origins than the host 

rock. Lindgren (1905) and Ransome (1904), in early papers on the 

Morenci and Bisbee districts, focused their attention on the high grade 

copper deposits in metamorphosed sedimentary rocks adjacent to granitic 

intrusive rocks. Initial interest in mining lower grade deposits was 

centered on those districts with enriched chalcocite blankets. Scien

tific interest was focused upon an explanation of the supergene process 

and secondary enrichment. Crook (1935, pp. 104-105) pointed out that 

the importance of supergene enrichment was recognized in the copper 

camps of the western United States early in the twentieth century, 

despite the prevalence of "ascensionists" theories among the workers 

who studied these deposits. The process of secondary enrichment, 

involving through-flowing solutions, again favored a transformation- 

istic approach. The historical dominance of distinctly epigenetic and 

exogenous theories carried through to include the origin of disseminated 

protore sulfides in igneous rocks; although a syngenetic magmatic origin 

in the sense of Vogt (1926) could, at least, have been considered. 

Another factor that worked against proposal of a syngenetic magmatic 

origin was the lack of unleached igneous rock samples for study. These 

rocks are seldom exposed while mining operations are limited to
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secondarily enriched chalcocite blankets. Consequently, few specimens 

were collected that did not show evidence of at least one episode of 

alteration; and the criteria for distinguishing supergene and hypogene 

alteration have never really been clear cut. More fresh unleached 

igneous rock will be exposed as mining progresses to include the 

recovery of protore at greater depths. Such samples have led this 

writer, and hopefully will lead others, to renewed scientific interest 

in the origin of igneous rocks that contain disseminated metallic sul

fides and in the relationship these rocks bear to adjacent mineraliza

tion in contact metamorphic rocks.

Consequences of a Magmatic Working 
Hypothesis

A useful working hypothesis should do the following: provide a

basis for explanation of factual observations; predict relationships 

that are potentially observable; and suggest pertinent experimental 

investigations. The magmatic working hypothesis suggests that the 

mineralogic and textural features in the porphyry copper igneous rocks 

could be discussed on the basis of experimental petrology of silicate 

and sulfide systems. Some important petrologic problems that should be 

considered are as follows: differentiation of a sulfur-bearing silicic

magma; possible formation and behavior of an immiscible metallic sulfide 

liquid; and influence of an expandable fluid phase. An explanation of
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the mineralized veins and veinlets should be related to the mechanical 

properties of a magma that evolves from a viscous liquid to a crystal

line solid. The disseminated sulfides and veinlets may be related to 

aspects of the intrusive mechanics of the host porphyry. Investiga

tions of relatively anhydrous silicate-sulfur systems studied from the 

standpoint of experimental petrology are suggested by the magmatic 

hypothesis, in contrast to research in aqueous chemistry that has been 

inspired by the hydrothermal theory.

The Contrast Between Epigenetic Transforma- 
tionistic and Syngenetic Magmatic Origins

The essential question concerns what is meant by the terms 

syngenetic and epigenetic (Amstutz, 1960) when describing metallic 

sulfide minerals that are distributed over large bodies of igneous rock 

as isolated grains and components of small veins. On a strictly geo

metrical basis the epigenetic identification of the small veinlets 

with respect to the host rock is clear. However, this observation 

only means that the veinlet components were contained in mobile fluids 

at the same time the mass of host rock was behaving mechanically as a 

rigid solid. An isolated metallic sulfide mineral that is unrelated to 

any ingress-egress channelway is an integral part of the rock fabric and 

thus is syngenetic in a geometric sense. The geometrical syngenetic 

aspects of isolated metallic sulfide grains in igneous rock are recog

nized in both the magmatic and hydrothermal transformationistic
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hypotheses; however, the genetic connotations are widely divergent. The 

sulfide components are contained in the crystallizing magma in one case; 

and in the other, hydrothermal solutions invade and transform the 

original rock by causing cogenetic deposition of metallic sulfide and 

secondary rock-forming silicate minerals. The conceptual difference 

encompasses the petrologic features that constitute the normal igneous 

reference point. Using the magmatic hypothesis ninety-eight percent of 

the rock is normal because that percentage of the mineralogy and texture 

is similar to normal igneous rocks. The presence of two percent modal 

sulfide minerals is certainly not a common feature of igneous rocks, so 

two percent of the rock is "abnormal." The same percentage of modal 

metallic sulfide minerals is evidently considered "abnormal" in the 

hydrothermal transformationistic case, because a further assumption is 

made that the rock is altered; that is, the other ninety-eight percent 

of the rock passed through a different post-crystallization history than 

that of a normal igneous rock. Evidently the presence of sulfides is 

taken a priori to indicate post-crystallization alteration.

A transformationistic hypothesis is appropriate in areas such 

as Butte (Sales, 1913 and Sales and Meyer, 1948) where the occurrence 

of disseminated sulfides and rock alteration (transformation) is strictly 

controlled by proximity to mineralized fissures. The mineralized veins 

at Butte are connected into a centralized channelway system, and the

wallrock alteration patterns are identical for a connected vein set no
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matter what the size and orientation. The isolated metallic sulfide 

grains in the Silver Bell and Esperanza porphyries are not necessarily 

restricted to sites along veins or vein border zones. The mineralized 

veins and veinlets within the quartz monzonites contain different 

mineralogies and show different wallrock effects. The veins and vein- 

lets may interconnect and crosscut each other in a complex manner. 

However, if the wallrock that intervenes between the veinlets is 

unaltered, there is no need to postulate post-crystallization transfor

mation of the bulk rock.

Reno M. Sales (1954) closely approached a general igneous theory 

of copper deposits that are associated with silicic igneous rocks. He 

stressed the role of petrologists like Bowen and Fenner in formulating 

the concepts of magmatic fractional crystallization. He specifically 

noted that ore solutions were derived by fractional crystallization of 

hydrous acidic magmas and that dispersed copper sulfide grains could 

have been a component of the magmas. Sales' chief obstacle to a general 

igneous theory was his concept of the "source" of ore solutions. He 

regarded the source as beyond observation. The concept of a non

observable source is succinctly stated in the following quotation:

The author believes all geologists will agree that theories 
involving ore solutions and their origin should be based as far 
as possible upon available facts. Unfortunately, the facts at 
source points are not disclosed for observation. The next best 
procedure, then, is to project known information to the assumed 
source, but any theory so evolved not in full accord with
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observed field relations should not be accepted as final (Sales,
1954, p. 499).

This philosophy is operational with respect to deposits that 

formed by introduction of an ore magma or solution into host rocks away 

from the magmatic source of the solution. The philosophy leads directly 

to wallrock. alteration studies and structural studies that seek to 

define the ingress-egress paths and to project the chemical and physical 

properties of the solutions back toward the "source." The "source" 

remains unobservable or unmeasurable. However, if copper deposits in 

silicic igneous rocks are identified as removed from the source, in 

the sense of Sales, the source is always beyond observation. This 

paradox could occur in applications of the hydrothermal theory to copper 

deposits in silicic igneous rocks. For example Creasey and Kistler 

(1962, p. D3) state that the occurrence of disseminated sulfide minerals 

in the quartz monzonite of the Esperanza area indicates an indirect 

relationship between the ore and host rock. If the "indirect" relation

ship is accepted, the chance to identify a "direct" relationship is 

virtually eliminated. Disseminated sulfides in a fresh quartz monzonite 

could indicate a direct relationship; that is, the sulfides accumulated

directly in the liquid magma.
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Source of Mineralizing Solutions

The source of mineralizing solutions has long been a contro

versial subject. Mineral deposits that are located adjacent to intru

sive igneous rocks can be attributed to the influx of solutions that 

emanated from the adjacent magma. This concept implies a two stage 

process: accumulation of a solution within the intrusion at some stage

in the cooling history, and transportation of the solution beyond the 

confines of the pluton to the site of deposition. The magmatic accumu

lation process should be observed frozen into the igneous rock, if there 

is any validity to the inferred genetic relationship of igneous rocks 

and mineral deposits, specifically contact metamorphic or pyrometaso- 

matic deposits. Conceptually, the source magma must play the role of a 

root system, where solutions accumulate before being subsequently 

expelled into the surrounding rocks. The suggestion is made here that 

parts of certain copper deposits in silicic igneous rocks, at Silver 

Bell and Esperanza, represent the magmatic accumulation process that 

has been frozen into the host rocks and that adjacent contact pyro- 

metasomatic deposits are formed in large part while the spatially 

associated intrusive rock had the mechanical properties of a fluid.

J. H. Vogt (1926) proposed this conclusion for the origin of contact 

raetasomatic deposits in general, however, specific areas in the western 

United States show evidence that mineralization occurred after thermal
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metamorphism of the host sedimentary rocks and freezing of the associated 

plutonic rock (Cooper and Silver, 1964). Bauer et al., 1964, concluded 

that at Ely, Nevada, the contact mineralization was in part contempora

neous with the liquid history of the associated pluton.

Concentration of a trace component produces a compositional 

inhomogeneity in a system. This can be achieved only by export of 

entropy from the system in excess of the decrease in "configurational" 

entropy that is brought about during the ordering process. Composi

tional ordering is not a spontaneous process and will occur only in 

those environments where entropy either flows through the system or is 

contained within the system and is available for export.

A natural process can often be visualized as operating at a 

rate that is the product of a driving energy and a conductance factor. 

This conductance factor is identified as the permeability of the environ

ment to the flow of matter and energy. A liquid magma offers an environ

ment that is favorable for the operation of a concentration process in 

terms of the available driving energy and the high permeabilities to the

transport of matter and energy.



CHAPTER VIII

SUMMARY AND CONCLUSIONS

The Laramide and post-Laramide magmatic chronology was investi

gated in both areas using the K-Ar dating technique. Laramide and mid- 

Tertiary magmatic episodes were recognized. The general sequence is 

similar to that determined in the Tucson Mountains. At Silver Bell, 

the mid-Tertiary rocks include the Ragged Top latite, post-mineral 

latite-rhyolite dikes and the Cocio Ranch andesite. The andesite 

overlies conglomerate units that contain clasts that evidently had been 

leached of disseminated sulfides prior to volcanism. Thus a portion of 

the chalcocite enrichment evidently formed prior to mid-Tertiary 

volcanism. In the Twin Buttes area a tuffaceous unit within the Helmet 

Fanglomerate was dated as mid-Tertiary. The Helmet and Pantano Forma

tions show overlapping mid-Tertiary argon ages on volcanic units, in 

addition to strong lithologic similarities.

Laramide ages were measured on the Silver Bell alaskite, 

mineralized and barren quartz monzonites, dacite, and Mt, Lord Ignim- 

brite. The alaskite could be as old as early Cretaceous on the basis of 

field evidence and one whole rock Rb-Sr age determination. The volcanic 

sequence in the Silver Bell Mountains gave Laramide ages that were 

slightly low compared to ages on the stratigraphically younger quartz

126
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monzonites of the mineralized zone. The low ages probably result from 

weathering (RM-3-63), mineralogic inversion (PED-6-63), and experimental 

factors (PED-32-59). At Esperanza argon ages from the Ruby Star 

granodiorite and pit quartz monzonite were in the range 59-63 m.y. An 

age of 58 m.y. on sanidine had previously been reported from a rhyolite 

near Helmet Peak (Creasey and Kistler, 1962). In both the Silver Bell 

and Esperanza areas, mineralized and barren quartz monzonites give 

similar K-Ar ages on micas. This result indicates protore mineraliza

tion is confined, in time, to the cooling history of the host or 

associated prophyry.

Sr isotope measurements show that the Esperanza porphyry, Ruby 

Star Granodiorite and beryl-bearing pegmatite within the Ruby Star have 

nearly identical initial Sr isotope ratios. This feature is a necessary 

condition for a comagmatic kinship among these particular rock units.

The K-Ar muscovite age from the beryl-bearing pegmatite is 50.7 + 1.1 

m.y., approximately 10 m.y. younger than those from the Esperanza Pit 

and Ruby Star Granodiorite. These results indicate the Esperanza 

quartz monzonite was mineralized and cooled long before pegmatitic 

derivatives of the Ruby Star pluton were cooling in deeper, more central 

areas of the pluton. Initial Sr isotope measurements indicate the Silver 

Bell porphyry and the three Twin Buttes samples have similar initial Sr 

ratios. The isotopic, chemical, and age similarities suggest these 

igneous rocks have properties indicative of a common genesis.
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The petrographically studied igneous rocks are porphyritic 

quartz monzonites that contain quartz, orthoclase, zoned plagioclase, 

biotite, chlorite, pyrite, chalcopyrite, and accessory minerals. The 

phenocrysts alone are chemically and mineralogically similar to a 

granodiorite and the groundmasses are equivalent to a class of naturally 

occurring potash granites and volcanic pitchstones. The metallic 

sulfides, pyrite, and chalcopyrite, occur separately or jointly as 

isolated grains or components of mineralized veinlets. Associated 

minerals include orthoclase, albite, epidote, chlorite, muscovite, 

quartz, apatite, calcite, and barite. Open space is a common associate 

of metallic sulfide grains. Mineralized veinlets at Esperanza and 

Silver Bell include orthoclase-quartz-sulfide and muscovite-quartz- 

sulfide types. The tinest (on the scale of a thin section) orthoclase- 

bearing veinlets were rehealed; that is, they did not show physical 

evidence of having been ruptured. Calcium-bearing plagioclase has been 

replaced by orthoclase and albite along the orthoclase-bearing veinlet 

walls. Locally the liberated calcium appears as epidote or calcite.

The local wallrock composition exhibits a striking control over the 

adjacent veinlet mineralogy. Along the muscovite-bearing veinlets, 

wallrock orthoclase is converted to muscovite. Quartz-sulfide and 

relatively late gypsum-bearing veins cut the Esperanza porphyry. The 

alteration effects along the gypsum-bearing veins are very similar to

those of supergene leaching.
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The Pw , T conditions during the various stages of crystalliza

tion are estimated by comparing stable minerals or assemblages with 

experimentally determined stability curves. On this basis, the porphyry 

groundmasses crystallized at about 700°C. and from 1.5 to 3 kbars water 

pressure. At Silver Bell, the estimated water pressure exceeds the 

probable load pressure. This apparent discrepancy can be accounted for 

by the strength of the enclosing rocks. On the basis of mineral 

assemblages, a sequence of Pw , T fields is constructed to portray condi

tions during crystallization of the sulfide disseminations and veinlets. 

The path connecting these Pw , T fields is consistent with a falling 

temperature and fluctuations in water pressure. The crystallization 

of the rock and veinlets is compatible with a normal igneous crystal

lization of a copper-sulfide-bearing quartz monzonite magma. The 

existence of an immiscible chalcopyrite liquid has been postulated in 

order to account for the ‘observed distribution and paragenesis of pyrite 

and chalcopyrite. The effect of sodium sulfide on the melting behavior 

of chalcocite is used to show this postulate is not unreasonable. "Gas 

bubble flotation" of immiscible, metallic sulfide liquids could occur 

while the host magma is liquid and is one mechanism for producing con

centrations of metallic sulfides in lava flow tops and hoods or cupolas 

of intrusions.

The concept of hypogene igneous rocks is tested using the experi

mental work of Adams. His results indicate hypogene leaching cannot be
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the major cause of compositional variations in porphyry copper plutons. 

Fractional crystallization, especially of the plagioclase feldspars, 

and multiple intrusion are suggested as the mechanisms for producing 

compositional variations. The hypogene igneous rock concept leads to 

an apparent "aqueous-igneous" paradox that has not been important 

geologically since the time of Werner.

A simple empirical classification is proposed in which the 

mineralization is classed according to the petrologic history of the 

host rocks. Mineralization in the associated porphyry is divided into 

four classes according to the petrologic appearance of the host rock: 

fresh with narrow veinlet alteration halos; fresh with coalescing 

alteration halos, altered (autometamorphic) with narrow veinlet halos; 

and altered with coalescing veinlet halos. The igneous wallrocks are 

classed as more mafic or less mafic than the associated intrusive rock. 

The reaction-assimilation relations are expected to be similar to 

those observed for igneous rock inclusions in quartz monzonite magmas. 

The sedimentary and metasedimentary wallrocks are separated into four 

groups on the basis of original composition and behavior during contact 

metamorphism-metasomatism: shale— hornfels; carbonate-rich sedimentary

rock— calc-silicate rock and marble; arkose-recrystallized, with addi

tion of alkali feldspars; orthoquartzite, recrystallized with addition

of alkali feldspars.
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x

Initial Sr^/Sr*^ ratios indicate the Silver Bell and Esperanza 

porphyries were not derived by fractional crystallization of basalts nor 

by melting of ancient crustal rocks. The ratios are similar to those in 

the rocks of the Sierra Nevada and British Columbia Coast Range batho- 

liths. Limited results show the Arizona copper porphyries have inter

mediate, 0.709 + 0.003, Sr^/Sr^ initial ratios. The strontium 

isotopic data, the similar igneous rock types, and the similar K-Ar 

ages show that the Arizona Laramide copper-bearing porphyries have 

genetic features in common.

Bulk composition and intrusive tectonics of the magmas are 

postulated to play fundamental roles in the genesis of metallogenetic 

epochs that are spatially congruent with igneous rocks of the same age. 

Both factors influence the magmatic concentration of the ore constitu

ents. High sulfur favors extraction of copper as an immiscible phase 

that ultimately can be concentrated by natural flotation. High water 

and halogen contents in the magma favor extraction of metals that 

form volatile hydrated oxides or halogen compounds.

The last chapter is devoted to a philosophical analysis of the 

contrasting hypogene and magmatic hypotheses. The topics include evolu

tion of magmatic and transformationistic systems, the problem of multiple 

genetic paths, and the apparent operational indistinguishability of 

magmatic and hydrothermal effects. The conclusion is reached that the
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copper-bearing porphyries at Silver Bell and Esperanza are igneous rocks 

that have not been subjected to post-consolidational transformation 

exclusive of supergene alteration. A relict texture and non-igneous 

mineral assemblage are necessary to prove hypogene transformation of 

an original igneous rock. The presence of disseminated metallic sulfides 

is not necessarily indicative of alteration. Conceptually the porphyry 

magmas play the role of root systems with respect to ore genesis in the 

sense that ore solutions accumulate within the magma and may later be 

expelled into nearby country rock. It is suggested that the isolated 

pyrite and chalcopyrite in silicic igneous rocks may represent the 

accumulated ore solutions frozen into the host rocks and that associated 

pyrometasomatic copper deposits are formed essentially during the liquid 

stage of the copper-bearing porphyries. A "magmatic" working hypothesis 

is presented as an alternative to the hydrothermal theory. The magmatic 

hypothesis is based upon conceptual formalisms and fundamental principles 

from classical igneous petrology.
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