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ABSTRAGCT

Investigations of the structure, texture, and mineral and chem-
ical composition of 62 aplite and pegmatite samples from eight Laramide
and one mid-Tertiary intrusions are reported. Four intrusions known to
be genetically related to porphyry copper deposits include the Boulder
batholith at Butte, Montana, the Patagonia and Sierrita intrusions in
Arizona, and the Santa Rita stock, New Mexico and are classified as
productive. The Amole, Swisshelm, Texas Canyon, and Whetstone
stocks, Arizona, are not known to be genetically related to porphyry
copper deposits and are classified as barren. The Troy stock, Arizona,
which is presently being investigated by several companies, was in-
cluded to evaluate its mineral potential and is consequently not included
‘ in either of the preceding classes.

Reshl’és of these investigations indicate a strong difference in
abundance of dikes in productive and barren intrusions., The former
contain thinner and fewer dikes per line mile mapped. Individual aplite
dikes are texturally, mineralogically, and chemically homogeneous,
and this homogeneity holds for large numbers of dikes from a single in-
trusion. An inverse relationship exists between modal K-feldspar and
plagiociase and also between normative orthoclase and albite, Dikes
from productive intrusions always have high K-feldspar—low plagioclase
contents, a trend agreeing with the high potassium conte;lt of K-feldspar
in dikes from productive intrusions. f‘e, Ca, K, and Cu are high in the
dikes from productive intrusions, but only Fe and K are high in the

xvi
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K-feldspar. A higher PHZO is indicated for dikes from productive intru-
sions, except those from Texas Canyon, suggesting that productive
intrusions crystallized at greater depth.

Continuity of these dikes from the host intrusion into the
surrounding country rocks and textural, mineralogical, and chemical
homogeneity of aplite dikes from a single intrusion strongly suggest a
magmatic origin for the studied dikes. Scarce thin dikes are believed
to be due to the passive intrusive nature of productive stocks, whereas
abundant thick dikes developed in forcefully intruded barren stocks. A |
fracture filled by water-saturated residual magma generated a pegmatite
dike upon slow crystallization, Where more fractures form, creating a
sudden pressure drop, volatiles escape from the potential pegmatite
dike, leaving behind a viscous melt which upon crystallization yields
aplite, Formation of many nucleation centers and the slow growth of
crystals result in homogeneous, fine-grained, xenomorphic granular
aplites. Pegmatites form within the aplite if the entire water-rich melt
is not pressure quenched to aplite.

It is proposed that aplites and pegmatites in productive intru-
sions develop from a residual melt, which coexists with a chloride-rich
aqueous phase before injection. Potassium, sodium, calcium, iron, and
base metals prefer this chloride-rich aqueous phase. At temperatures
below 880°C, potassium and calcium were found to partition preferen-
tially into the melt and sodium into the aqueous phase. A silicate melt
coexisting with a base metal-enriched aqueous phase should be enriched

in the base metals.
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Aplite-pegmatite dike population may well be a useful explora-
tion tool in well-exposed plutons. The aplite-alkali index and the ratio
of K-feldspar to plagioclase in aplites and pegmatites appear to have the
greatest potential as porphyry copper prospecting tools, particularly in

poorly exposed or remote plutons.



CHAPTER 1
INTRODUCTION

The derivation of magmatic aplites and pegmatites from watér-
saturated residual magmas proposed by early workers (Derry, 1931;
Andersen, 1931; and Emmons, 1940) has been confirmed by contempo-
rary workers (Jahns, 1955; Jahns and Tuttle, 1963; Burnham, 1967;
Krauskopf, 1967; Fournier, 1968; and Jahns and Burnham, 1969). Sim-
ilarly, it was also believed by these and others that a hydrothermal '
solution can be derived by "second boiling" in a hydrous magma which
attains supersaturation with respect to water and other volatiles in re-
sponse to reduction in confining pressure, crystallization of anhydrous
minerals, or somé combination of these factors., It has also been advo-
cated and generally accepted that the metallic components of ore de-
posits can be derived from a magma and transported to their present
location by hydrothermal solutions (Holland, 1972). A close genetic
relationship between hydrothermal solutions on one hand and aplite
and pegmatite on the other has been suggested by many workers (Bowen,
1933; Ross, 1933; Lutton, 1959; and Krauskdpf, 1967). The common
association of certain metallic ore deposits with specifié igneous rocks
(Buddington, 1933, and Wilson, 1953) argues for the derivation of these
metals from the same magma that produced the spatially and temporally
related igneous rocks. This concept is also supported by the common
tendency for igneous rocks to be enriched in the same metals that occur

1



in spatially and temporally associated ore deposits (Slawson and
Nackowski, 1959; Parry and Nackowski, 1963; Putnam and Burnham,
1963; and Wahab, 1968). ‘

If the genetic relationship of aplites and pegmatites to hydro-
thermal solutions be accepted, the study of the physical and chemical
characteristics of these rocks in productive and barren intrusions should
be both explorationally and scientifically rewarding in terms of locating
new natural resources and in better understanding the processes and
environments linking aplites and pegmatites to the hydrothermél solu-
tions.

Within the context of this paper, aplite is defined as intrusive,
xenomorphic, sucrosic, granular rock composed essentially of quartz,
potassium feldspar, and alkalic plagioclase with grain size ranging from
0.2 to about 1.0 mm, Pegmatites are here defined as a generally unzoned
assemblage of quartz, potassium feldspar, and sodic plagioclase, a rﬁineral
composition similar to aplite but decidely coarser than related aplites,
with grain size measuring about 1.5 cm, Coinplex pegmatite which was
observed in one area studied has the same mineral composition as simple
pegmatite but is texturally and mineralogically zoned, Aplites and peg-
matites always occur as dikes, and the word "dikes" is used in this
report virtually interchangeably with the phrase "aplites and pegmatites."

A productive or mineralized intrusion is defined as one which
has been found to involve an occurrence which generally ﬁts. the de-
scription of a porphyry coppér deposit (Lowell and Guilbert,.1970) con-
taining commercial amounts of copper and molybdenum sulfides dissem-

inated in the stock and the surrounding host rocks. A nonproductive,



unmineralized, or barren intrusion, in contrast, is one that contains
neither commercial sulfides of these metals within it and the surround-
ing host country rocks nor significant evidence of silicate alteration
phenomena.

The possible close genetic relationship between aplites and
pegmatites and the ore-carrying solutions is not the only factor involved
in selecting these rocks for this research. Aplites, by virtue of their
relatively lighter color and resistance to weathering, are both readily )
distinguishable from their commonly darker colored, generally more
badly weathered host rocks (Fig. 1) and relatively fresh samples of
end-stage magmatic reaction products. Their resistance to weathering
facilitates sample collection,

The objéctive of this research was to study the geologic occur-
rence of aplites and pegmatites in certain productive and barren Laramide
and mid-Tertiary intrusions (Fig. 2), to evaluate the exploration signifi-
cance of these dikes, and to investigate the genesis and possible gen-
etic link between igneous intrusions and related hydrothermal ore |
deposits. This work considers differences in structure, texture, miner-~
alogy, and chemical composition of aplites and pegmatites and tests the
proposal thaf any outstanding variations in these features might provide
insight into the environment of formation of these rocks and may ulti-
mately be explorationally useful in the search for porphyry copper de-
posits, '

To accomplish thi_s objective, 62 samples were collected from
8 Laramide stocks and 1 mid-Tertiary intrusion. Attitudes and other

structural features of dikes were noted, and the nature of their contacts



Figure 1. Fresh aplite dike in weathered granodiorite,
Patagonia stock, Arizona
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with the host rock were studied. Eighty stained thin sections were point
counted to 1,000 counts each and studied to determine textural features
and mineral compositions. Seven hundred two major and 234 trace ele-
ments in bulk rock samples and K-feldspar separates were also analyzed.
Major findings include the presence of scarce thin aplite and
pegmatite dikes in the passively intruded productive stocks in contrast
to the presence of abundant thicker dikes in barren ones. Aplite dikes
are texturally, mineralogically, and chemically homogeneous across
the width of a dike and among dikes from a single intrusion. K-feldsp;ar
in aplite dikes from productive intrusions dominates plagioclase with
a ratio of over 2:1, whereas this ratio is about 1:1 in dikes from barren
ones, This fact is supported by the chemically high K:Na in dikes from
productive intrusions. The K content in K-feldspar of dikes from produc-
tive stocks is higher than that in K-feldspar of dikes from barren ones.

A differentiating magma follows a course in which a hydrother-
mal solution ultimately forms, or it may follow a second course in which
a hydrothermal solution fails to form. The concern of this study primarily
is the first course where a hydrothermal solution forms. Major parameters
controlling the development of a hydrothermal solution include initial
water content of the melt, temperature, pressure, and composition of the
melt, and type of minerals crystallizing from the melt,

- Burnhamand Jahns (1962) found that the solubility of water in a
granitic melt increases as the pressure is raised but that it would not
exceed 15 percent by weight at temperatures and pressures to be ex-
pected in a cooling magma, If the initial water content of a magma is

sufficiently high, crystallization of anydrous silicate minerals and
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decrease in pressure may cause this melt to saturate with water, Further
drop in pressure causes the magma to supersaturate with water and ulti-
mately boil off, giving a hydrothermal solution,

However, a hydrothermal solution might not evolve even if the
initial water content is high. Pressure drop may not be high enough to
saturate and supersaturate a given melt. Crystallization of sufficiently
high amount of hydrous minerals (Burnham, 1967) may use most of the
water, thus preventing saturation of the melt,

When a hydrothermal solution coexisting with a silicate melt
forms, almost all of the chloride in the silicate partitions into this
aqueous phase (Burnham, 1967; Kilinc and Burnham, 1972; Holland,
1972). If the initial content of Cl~ in the melt is sufficiently high, the
hydrothermal solution becomes chloride rich. Alkalies, base metals,
ferric iron, and other traceAelements that were rejected by crystallizing
silicate minerals partition into this chloride-rich hydrothermal solution
(Borina, 1963; Helgeson, 1964; Roedder, 1967; Burnham, 1967; Gam-
mon, Borcsik, and Holland, 1969; and Holland, 1972). Silicon and
al_uminum that remain after crystallization of most of the melt also go
into this hydrothermal solution, giving free quartz and aluminum-bearing

vein minerals, such as feldspars and sericite,



CHAPTER 2

SAMPLING AND SAMPLE TREATMENT

Samgliﬁg

A major sampling objective was to obtain samples sufficiently
fresh to be adequately representative of the texture, mineralogy, and
chemistry of the aplites and pegmatites in the stocks under considera- -
tion., Fresh, unweathered samples of from 5 to 10 pounds trimmed of any
weathered rinds were cut from each dike. To assure optimum representa-
tion at each site, a continuous sample was collected across the width
of each sampled dike, Duplicate chip samples were simultaneously col-
lected from selected dikes for comparison with continuous samples from
the same dikes. The two sampling methods are indicated in Table 1 to
have given similar chemical results.

At least § to 10 samples were selected per stock. A total of 63
samples were collected from 9 Laramide and 1 mid-Tertiary intrusions in
Southern Arizona, New Mexico, and Montana (Fig. 2). Four of these
intrusions are known to be genetically related to porphyry copper de-
posits, These include the Boulder batholith, in which the Butte, Mon-
tana, copper-molybdenum deposit occurs; the Sierrita intrusion, Arizona,

-which is spatially and temporally related to the Esperanza and Sierrita |
porphyry copper deposits; the Patagonia stock, Arizona, which'hosts

the Red Mountain ore deposit and at least several other small porphyry



Table 1, Comparative chemical analyses of channel versus chip sampling of aplites

— —_———

Percent by Weight ' ppm
Sample No. Type SiO2 AlpO3 Fes03 CaOo Nag0O K20 Cu Zn
Amole 3 channel 78.50 11.99 0.81 0.25 3.25 5.52 17 41
3 chip 78.50 11,99 0.84 0.25 3.25 5.38 17 38
6 channel 77.50 12.34 1.40 0.72 2.60 5.90 13 36
6 chip 78.50 11.82 1.26 0.70 2.77 5.80 13 39
Sierrita 40 channel 77.40 12.25 0.99 0.66 2.70 6.05 18 34
40  chip 77.49  11.99  0.90  0.80  3.40  5.02 23 34
Santa Rita 51  channel 77.30  12.25 1.18° 0.60  2.16 6.80 66 88
51 chip 77.62 12,10 1.03 0.78 2.30 6.40 66 61
Troy 67 channel 76.26 13.38 0.32 0.65 3.30 6.05 11 33
67 chip 77.40 12.69 0.28 0.67 3.15 5.75 12 33
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copper-like occurrences; and the Santa Rita stock, New Mexico, the
source of the Chino porphyry copper deposit.

The four other intrusions studied are not presently known to be
genetically associated with any porphyry copper deposit. These include
the Amole stock in the Tucson Mountains, the Swisshelm stock east of
Elfrida, the Texas Canyon granite in the Little Dragoon Mountains, and
the Whetstone stock of the Whetstone Mountains, all in southern Arizona.
The Tro;} granodiorite in the Dripping Spring Mountains of central Arizona,

which is presently attracting active exploration, was also studied.

Sample Treatment

One or more thin sections were cut from each sample for petro-
graphic study. Each section was stained to facilitate identification of
potassium feldspar and plagioclase (Baily and Stevens, 1960).

Five to 10 pounds of sample were passed through two succes-
sive jaw crushers and then through a roller crusher, reducing the sample
to 1/8 inch. All crushers were scrupulously precleaned, and discarded
aplite samples from the stock for which samples were being prepared
were run before the samples used for analyses were crushed. Each
sample was halved, with one ha}f stored in reserve and the other half
split into a quantity sufficiently small to be further process by a Pica
ball mill. This size fraction was pulverized to 200 mesh in a porcelain
Pica ball mill and stored without further treatment for bulk rock chemical
analysis. Aluminum contamination from the porcelain Pica mill is neg-
ligible; two splits of a sample, one pulverized in a tungsten carbide
Pica ball mill and the other in a porcelain Pica ball mill, were within

0.2% Alp03. The remaining sample fraction was pulverized to - 150 mesh
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in a Braun steel disc pulverizer, washed well in distilled water to re-
move fine material,-and then dried. This dried material was then sieved
and the =150 + 170 mesh fraction retained fro K-feldspar separation.
This size fraction proved to be optimal for maximum K-feldspar recovery.
Iron from the disc pulverizer, magnetite, and any mafic minerals were

removed by a hand magnet and subsequently by a Carpco magnetic

separator,

Heavy Liguid Separation

K-feldspar, quartz, and plagioclase were the principal minerals
remaining in the samples after magnetic separation. K-feldspar was sep-
arated from these by heavy liquid separation. The specific gravity for
K-feldspar separation (2.58) was obtained by mixing acetone and acetyl-
e ne tetrabromide. The K-feldspar separate was thoroughly cleaned with
acetone followed by distilled water, then dried. A portion of each sample
was stained with sodium cobaltinitrite to determine its purity., Those
that contained 95 percent or more K-feldspar were stored for subsequent

chemical analysis. Most samples contained 97 percent K-feldspar.

Chemical Analysis

Seven hundred two major and 234 trace element analyses were
run on prepared bulk rock and K-feldspar samples. Prepared samples
were digested using the lithium metaborate fusion technique (Medlin,
Suhr, and Bodkin, 1969) and analyzed on a Perkin-Elmer 403 atomic
absorption spectrophotometer, Detailed description of the method, its
accuracy and precision is given in Appendix A, However, the standard

deviation is less than 1% for Si, less than 1.5% for Al, K, and Na,
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and about 4,5% and 3% for Fe and Ca, respectively. Copper and Zinc,
because of their low concentration in these aplites and pegmétites,

show 7% and 11% standard deviation, respectively.



CHAPTER 3
CRYSTAL CHEMISTRY

Because of their geochemical characteristics, some elements
are incorporated into the structures of early-formed minerals in a differ-
entiating magma, while other elements are not taken into lattices of
developing minerals and are thus concentrated in late mégmatic residual V
liquids. Their passage into various end-stage liquid or gaseous phases
is similarly controlled. The behavior and occurrence of major and trace
elements in a differentiating magma in general and in the porphyry cop-
per environment in particular cannot be well understood and interpreted
without a good grasp of crystal chemical knowledge.

To the extent that rules controlling the behavior of trace and
major elements in a crystallizing silicate melt are known, we may de-
velop a predictive model indicating which elements are concentrated at -
different stages of magmatic differentiation. Goldschmidt (1937) and
Ahrens (1953) were among the first to consider crystal chemistry of major
and trace elements and their behavior during differentiation of a crystal-
lizing magma. Their work has been refined by the work of Ringwood

(1955), Curtis (1964), Nockolds (1966), and Damon (1968).

Ionic Charge and Radius

Goldschmidt (1937) proposed a set of rules which govern the
behavior of ions in a silicate melt during magmatic crystallization.
When two ions of equal charge are competing for the same lattice site in

13
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a solid crystallizing from a melt, the ion with the smaller radius is
preferentially incorporated. Similarly, when two ions of similar radius
are competing for sites, the one with the higher charge is preferentially
incorporated., However, Goldschmidt's model assumes a totally ionic
bond. Since covalent bonding is also important in crystal formation,

Goldschmidt's rules are only partly successful.

Electronegativity

Ahrens (1953) and Ringwood (1955) realized deficiencies in
Goldschmidt's rules with respect to a covalent component in silicate
bonding, the effect of which is an overall decrease of the total bond
energy. Electronegativity, Which is defined by Pauling (1940) as the
power of an atom in a molecule to attréct electrons to itself, accounts
very well for this bond weakening. Applying electronegativity to explain
the behavior of elements during magmatic crystallization, Ringwood
(1955) derived the rule that whenever diadochy in a crystal is possible
between two elements possessing appreciably different electronegativ- -
ities, the one with the lower electronegativity will be preferentially in-
corporated because it forms a stronger and a more ionic bond than the
other, This rule, however, only applies to diadochic substitution in-

volving elements which differ in electronegativity by more than 0.1.

Ionic Potential

Ringwood (1955) introduced the concept of complex ion forma-
tion to predict the behavior of elements during magmatic crystallization.
The formation of a complex ion is a function of its ionic potential (I.P,),

which Ringw}ood (1955) defined as the cation charge divided by its ionic
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radius, Cations with charges of four or more and trivalent cations with
small ionic radii form complexes with oxygen and hydroxyl ion in the
magma. Ringwood found that the stability of a complex decreases as
ionic potential decreases. He thus divided the elements into three
categories: cations with I.P, = 0.60-2.60 behave as free ions in the
melt and occupy sites in the lattice of minerals and are "network modi-
fiers"; cations with I.,P, = 4,83-25.00 occur as.complexes which join
together to form the structural network of the silicates and are referred
to as "network formers"; and cations with intermediate 1I.P.'s from 2.7
to 3.12 behave as network formers when the (Si+ Al)/O ratio is low and
as network modifiers when the ratio is high,

Ringwood contended that the property of the complex as a whole
rather than the property of the individual cation governs its behavior
during magmatic crystallization, Accordingly, he formulated thefollowing
rules:

1. Complexes which are not of the MO4 tetrahedral type cannot
substitute for (8104)"4 and hence tend to concentrate in the
residual fraction of the crystallizing magma, eventually reach-
ing a concentration which is sufficient to precipitate them as
primary minerals. Examples include 003‘.2 and BO3'3.

2. The larger the charge on the cation, the smaller will be the
tendency for MO4 complexes to replace 8104"4 tetrahedra,
Examples include WO4~2, 804~2, AsO4~3, and PO4~3,

3. The larger the size of the central cation, the smaller will be
the tendency for MOy groups to replace SIO4'4 tetrahedra,

| Examples of this are Ge4"4, TiO4~4, and Sn04‘4. Ionic radii
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of Sit4, Ge*4, and Sn*4 are 0.42, 0.53, 0.68, and 0.71

angstroms, respectively.

Total Bond Energy

The most recent approach to total bond energy is taken by
Nockolds (1966), who devised a single function which he call total bond
energy., He defined this as the summation of ionic bond energy (Vj), co-
valent bond energy (Vg), and crystal field energy (Vg) in the case of
transitional elements (Curtis, 1964). Damon (1968) subsequently modi-
fied this definition of total bond energy. Elements with high total bond
energies are preferentially accepted into silicate lattices, while those
with low total bond energies concentrate in the residual liquid of a crys-
talizing mégma.

Behavior of Certain Elements during
Magmatic Crystallization

As mentioned earlier in the introduction, one of the purposes of
this research is to examine the distribution of major and minor elements
in whole-rock samples of aplite and pegmatite and in K~feldspar sepa-
rated from them, with the understanding that controls on the absolute
amounts or interrelationships of some of these elements might reveal
differences between aplites and pegmatites in base metal-producing
stocks versus nonproducing stocks.

Table 2 summarizes the important physical properties of the

elements in question. Values for radius, charge, electronegativity, and
ionic potential are from Ringwood (1955)., Values for fotal bond energy

are from Damon (1968), except for Cutt and Fe™* which are calculated
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Table 2. Some physical properties of selected elements

Ionic Electro- Ionic Total Bond
Element Charge Radius negativity Potential Energy
Si +4 0.41 1.8 9.8 388
Al . +3 0.51 1.5 5.88 336
Fe +3 0.64 1.8 4,68 244
Fe +2 0.74 1.65 2.70 185
Ca +2 0.99 1.0 2.02 236
Na +1 0.97 0.9 1.03 117
K 1 1.33 0.8 0.75 105
Cu +2 0.72 2.0 2.78 200
Zn +2 0.74 1.7 2.70 180

@) -2 1.40 3.5 - -
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according to the formula given by Damon:
Vp = 330 _Zic_ﬁ + Vs

where  Z¢ is cation valence
F=e0 -25A2, where A is the O-X electronegativity difference
R is the O-X bond length

Vg is the crystal field stabilization energy. -

The behavior of elements under consideration will be reviewed.
in light of the geochemical rules developed earlier. This knowledge pro-
vides us with an understanding of the fnineralogical and chemical com-
position of aplites and pegmatites under consideration and will be used
in discussion of results in a later chapter.

Silicon. Because of its high charge (4*) and small ionic radius
(0.4 A), silicon has a high ionic potential (9. 8) .. Accordingly, it occurs
as the complex ion (S104)~4 in a silicate melt (Ringwood, 1955). Its
high total bond energy (388) also governs silicon's behavior during mag-
matic crystallization. Aluminum and germanium are among the few ele-
ments that have properties sufficiently close to silicon to substitute for
it, Application of geochemical rules to silicon indicates that silicon is
most preferred in silicate minerals because it forms tetrahedra basic to
the framework of these minerals.

Whether free quartz forms in the late stages of magmatic crys-
tallization or not depends on the differentiation history and the composi-
tion of the original magma (Krauskopf, 1967). If the magma contains

excess silica over the amount necessary to satisfy the cations ofolivine,
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pyroxene, amphibole, and feldspars, the excess must become increas-
ingly concentrated in the liquid as differentiation proceeds. Thus, free
quartz is often formed as an end product of crystallization, If, on the
. other hand, silica is just sufficient to satisfy these cations, the end
product would be largely feldspar without quartz. Similarly, if silica-
deficient minerals, like olivine, are formed and armored from further
reaction by a reaction rim or removed by gravity settling, the melt is
gradually enriched in silica as differentiation proceeds and free quartz
is among the end products of crystallization. In view of the universal
presence of quartz and other silicates in hydrothermal deposits, silicon
certainly partitions into a developing'hydrothermal phase. Fenner (1933)
contends that this partitioning takes place as SiClgq or SiF4 in a vapor

phase.

Aluminum. As for silicon, the behavior of aluminum is governed
principally by its high ionic potential (5.88) and total bond energy (366).
Because of these parameters, aluminum occurs in a magma as ion com-
plexes and behaves as a "network former" (Ringwood, 1955). The phys-
ical properties of aluminum are sufficiently close to those of silicon that
it frequently substitutes for it in the tetrahedral layer, with concomitant
substitution of sodium, potassium, or calcium to maintain electrical
neutrality. Aluminum may also be in sixfold coordination and form octa-
hedra that connect two tetrahedral layers,

When there is enough alumin_um in a magrﬁa to sa';isfy cations
in feldsparé and micas, it is progressively removed from the melt, Con-

sequently, highly differentiated igneous rocks contain less aluminum
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than those that are less differentiated. Magmatic alumina in excess of
the amount necessary to take care of cations of feldspars and micas re-
sults in increasing concentration of this excess in the residual liquid.
Corundum, feldspathoids, and feldspars may form the end product of
crystallization in this instance. The presence of alumino-silicates in
hydrothermal ore deposits indicates that aluminum partitions into a de-
veloping hydrothermal phase. As for silicon, Fenner (1933) suggests
that partitioning occurs as AlICl3 in a vapor phase.

Iron. Iron occurs as Fet* and Fet*™ in a magma, although
relatively low oxygen fugacities dictate that the former is the more abun-
dant. Because of their ionic potentials, both ferrous and ferric ions
occur as simple ions in a silicate melt, although in a volatile-rich mag-
ma they may occur and behave as complex ions (Ringwood, 1955). Be-
cause of its smaller electronegativity (1.65), high concentration, and
the availability of proper structural sites in growing mafic minerals,
ferrous iron is preferred to the ferric iron in the lattices of pyrogenic
silicate minerals. This fact is verified in that early-forming ferromag-
nesian minerals, such as olivine and pyroxene, contain relatively more
ferrous iron., When a high enough concentration of ferric iron is reached,
it is incorporated in minerals, such as spinels and hematite.

Accordingly, ferrous iron concentrates in early-forming miner-
als from a mafic magma. Ferric iron, in contrast, stays in solution until
a sufficiently high concentration is reached, and it crystallizes in ferric
iron-bearing minerals., This predicted behavior is confirmed by formation
of hematite in rocks formed during later stages of differentiation. Some

late-forming feldspars have a pinkish color which is probably due to
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exsolved or occluded hematite (Andersen, 1915; Wones, 1962; and
Boone, 1969).

Calcium, Calcium occurs as a simple iQn in a magma because of
its low ionic potential (2.78). Its behavior during magmatic crystalliza-
tion is explained by its charge (2%), ionic radius (0.99 A), and electro-
negativity (1.0). Calcium is more successful in competing for structural
sites than either sodium or potassium because it has a relatively higher
charge and total bond energy (236). Although it has a larger ionic radius
than sodium and a higher electronegativity than either sodium or potas--
sium, these properties are offset by its higher charge and total bond
energy.

Accordingly, calcium should concentrate in early-forming sili-
cate phases and be progressively impoverished in the melt, This trend
is observed in igneous rocks., Early-formed plagioclase is higﬁ in cal-
cium content, and the melt is impoverished in this element such that
late-forming plagioclase is progressively poorer in calcium. Aplites
form from a residual magma that must be very low in calcium., When a
chloride-rich aqueous phase develops, calcium partitions in it (Burnham,
1967; and Gammon and others, 1969).

Sodium. Because of its small ionic potential (1.03), sodium
occurs as a simple ion in a silicate melt. Its behavior in the course of
magmatic crystallization is accounted for by its charge (1), ionic radius
(0.97 A), electronegativity (0.90), and total bond energy (117). Sodium
is admitted in plagioclase in preference to potassium because it has a
smaller ionic radius (0.97 A) and a higher total bond energy (117). Its

behavior relative to calcium has been discussed. However, the
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similarity of sodium and potassium permit diadochy in alkali feldspar,
By virtue of its physical properties, sodium concentrates in late magmat-
ic liquids and in late-forming plagioclase. This behavior is confirmed
in nature by consistently high values of calcium in feldspar from gabbro
as contrasted to high values of sodium in plagioclase from granite. In
the event a hydrothermal solution forms, sodium partitions into it in
preference to the coexisting silicate melt (Orville, 196; Jahns and
Tuttle, 1963; Burnham, 1967; and Gammon and others, 1969).
Potassium, Potassium occurs and behaves as a simple ion in a
crystallizing magma because of its low ionic potential (0.75). Potas-
sium's behavior during magmatic crystallization is explained by its single
positive charge, ionic radius (1.334), and its total bond energy (105).
Potassium is rejected with respect to either sodium or calcium in crys-
tallizing plagioclase, because it has a larger ionic radius and a smaller
total bond energy. However, the electronegativity advantage of potas-
sium (0.8) over sodium (0.9) and calcium (1.0) is offset by the smaller
ionic radius and higher total bond energy of the latter elements. The
physical properties of potassium and sodium are sufficiently close that
they readily substitute for each other in alkali feldspar. Potassium in-
take in early-forming alum.ino—silicate minerals should be moderate,
while the bulk of the. element should concentrate in late-forming alumino-
silicates, particularly in the residual magma. This predicted behavior is
corroborated in magmatically derived rocks. Quartz diorite, quartz mon-
zonite, and granite, for example, are arranged in both an increasing or-
der of differentiation index and potassiux;l content. Like sodium,

potassium partitions in a hydrothermal solution in preference to a
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coexisting silicate melt (Orville, 1963; Jahns and Tuttle, 1963; Burnham,
1967; and Gammon and others, 1969). As the temperature drops below
880°C, k+ partitions back into the melt (Orville, 1963; Ellis and Mahon,
1967; and Gammon and others, 1969).

Copper. Because of its low ionic potential 2.78), copper's
behavior as a simple ion in a silicate melt is explained by its electro-
negativity (2.0), ionic charge (2+), and ionic potential (200). Although
copper has a much smaller ionic radius than calcium, potassium, or
sodium, the last three elements are preferentially admitted into alumino-
silicate minerals with respect to copper principally because of their
relatively low electronegativities and relatively high concentrations in
silicate melts. Similarly, iron is preferred relative to copper by crys-
tallizing ferromagnesian minerals because of its lower electronegativity
and greater abundance. However, copper may substitute for iron be-
cause of almost identical ionic radii and total bond energies.

Copper therefore does not importantly enter early-forming fer-
romagnesian minerals in lithophile melts. By virtue of its chalcophile
nature, copper is partitioned into a sulfide liquid. In the absence of an
early-forming sulfide liquid, the more strongly or more plentiful chalco-
phile elements complex sulfur, allowing copper to concentrate in the
residual liquid. Eventually, when a hydrothermal solution forms, copper

may be sufficiently enriched to form copper sulfide minerals in the pres-
ence of sufficient sulfur. When anomalously high concentrations of
copper are reached in the residual ma'gma, ferromagnesian minerals are
enriched in copper through 'copper substitution for iron. This predicted
behavior is confirmed by the observed enrichment of copper in bio'tite or

- hornblende from intrusions genetically associated with ore deposits.
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(Parry and Nackowski, 1963; Putman and Burnham, 1963; Wahab, 1968),
When a hydrothermal solution forms, copper is observed to partition into
it probably as chloride complex ion in preference to the coexisting sili-
cate melt,

Zinc. The crystal chemistry of zinc is similar to that of copper
(Table 1), Consequently, the features controlling the behavior of copper
also control that of zinc. Anomalously high valués of zinc in biotite or
hornblende are indicative of its high concentration in the melt from whidh

these minerals crystallized.

The information developed in this chapter will be used in the

discussion of results obtained in this report.



CHAPTER 4
GENESIS OF APLITES AND PEGMATITES

The purpose of this chapter is to summarize theories of aplite~
pegmatite formation described in the literature and to cite geologic con-
straints for the application of the different models. This information |
will be used in subsequent chapters to examine genetic features of ap--
lite and pegmatite bodies in the areas studied.

Work done on aplites and pegmatites has resulted in many
theories to account for their origin and mode of emplacement., A recent
summary of these theories is found in Cameron and others (1949) and
Jahns (1955). Among many theories presented, the :metamorphic and ig-

neous models are the most widely accepted.

Metamorphic Theory

A metamorphic origin for aplite and pegmatite bodies, especial-
ly those found in foliated rocks, has been proposed by King (1948),
Ramberg (1952, 1956), Reitan (1965), and Matter (1969). These workers
assigned this origin principally on the basis of structural and composi-~
tional criteria. Among pegmatites and aplites of metamorphic origin are
those which derive their necessary components from proximally surround-
ing rocks by metamorphic differentiation, to form concretion, secretion,
or replacement aplites and pegmatites. This concept has i)een described
by Ramberg (1952), Turner and Verhoogen (1960), and Barth (1962), Ac-
cording to this theory, chemical components move by diffusion as ions,
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atoms, or molecules mainly along intergranular films and mosaic fissures
(Ramberg, 1952) to reach sites where their free energies or chemicél ac-
tivities are lowest, This migration takes place in response to pressure,
temperature, and chemical potential gradients developed primarily as a
resuit of fissuring in a body of rock.

The metamorphic hypothesis requires Athat the most mobile ele-~
mental constituents of the host rocks, that is, Na, K, Si, and Al, mi-
grate toward low-pressure sites in response primarily to pressure
differential and chemical gradients to form quartzo-feldspathic aplite
and pegmatite bodies. A similar model has been proposed by Boyle (1961)

to explain the origin of Yellowknife gold vein deposits in Canada.

Criteria for Identification of Metamorphically
Derived Aplites and Pegmatites

Criteria pertinent to aplites and pegmatites of metamorphic der-
ivation and their application to the aplites and pegmatites under study
provides a basis better to judge the origin of the latter. It should be
realized that none of the criteria enumerated below can be considered
alone as a uniquely compelling criterion, although each may be useful
when applied along with others to specific occurrences. The following
is a summary of criteria indicative of the metamorphic origin of aplites
and pégmatites:

1. A nondilational mode of emplacement (King, 1948),
2. Presence of structural elements inherited from host rocks or the
inclusion of host rocks that have not been moved from their

original position, ’ '
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3. Porphyroblasis or concretionary growth at the expense of host
rock (Barth, 1962).

4, The fringing ofpegmatites or aplités by mafic minerals evidently
rejected and expelled from the host rock (Ramberg, 1952) or
residual minerals of the host rock.

5. Absence of petmatite-filled feeder channels (Barth, 1962).

6. Presence of ptygmatically folded masses of pegmatites in foli-
ated rocks, interpreted by Ramberg (1952) as products of meta-
morphism and contemporaneous plastic deformation, |

7. Absence of igneous rocks with which the pegmatites can be
logically correlated.

8. Restriction of pegmatite masses to metamorphic terranes in
which there is evidence of differential fusion or recrystalliza-
tion.

9. Specific dependence of peg‘matite composition upon host-rock
composition (Ramberg, 1956), |

10. Systematic distribution of pegmatites of contrasting composi-

tion with host rocks of contrasting composition.

The presentation and discussion of an igneous modelas pre-
sented below permits the development of criteria for identification of

aplites and pegmatites thus derived.

Igneous Theory

Both magmatic and hydrothermal models for derivation of aplites
and pegmatites will be considered in this section, Criteria developed

here will be applied to the aplites and pegmatites under consideration.
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"Magmatic" here means a natural silicate melt which may be saturated
or undersaturated with respect to volatiles, especially water, "Hydro-
thermal® refers to an aqueous siliceous fluid separating from a crystal-

lizing cooling magma.

Magmatic Theory

Aplite and pegmatite-forming magmas were viewed by early
workers (Merritt, 1923) as viscous liquids or gels, However, due to
-convincing field and laboratory evidence, this theory soon yielded to
the "fluid magma theory." "Fluid magma" has also been referred to as
residual magma, rest magma, residual sblutions, hydrous magma, or ‘
pegmatitic magma, The importance of fluid magma in the development of
aplite and pegmatite bodieg was stressed by Vogt (1923), Andersen
(1931), Emmons (1940), Cameron and others (1949), Jahns and Tuttle
(1963), Fournier (1968), andJahnsand Eumham (1969).

Fluid magma is a silicate melt, saturated or approachin§ satur-
ation with volatiles, which separates from silicate-rich magma because
of crystallization of anhydroué minerals and decreasing miscibility over
a falling temperature and pressure gradient, Emmons (1940) _invokes
differential pressure and Fournier (1968) adds permeability of host rock
to differential pressure as major factors in the formation of aplites and
pegmatites from flu>id magma. When a fracture develops in a crystalliz-
ing igneous body, fluid magma under the influence of a pressure differ-
ential migrates into it. Such a melt, if undisturbed with regard to its
high volatile content, crystallizes as a pegmatite body. With develop-
ment of more fractures due to cooling or other causes, a pressure dif-

ferential is re-created and the volatiles in a potential pegmatite dike
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escape, thus impoverishing the residual melt in volatiles, Crystalliza-
tion of this relatively "dry" melt was said to form an aplite dike (Em-
mons, 1940). Through extensive field and laboratory work, Jahns and
Tuttle (1963) confirmed that substantial and rapid loss of dissolved
volatiles from a fluid magma raises its liquidus temperature and leads
rapidly to the formation of aplite bodiés. Aplites thus formed are there-
fore a "pressure quench" rock. As for the origin of mixed aplite-
pegmatite dikes, Emmons (1940) proposes that a fracture ﬁlle_d with
fluid magma may partially crystallize to a pegmatoid mass, while the .
remainder may lose its volatiles and form an aplite dike. If, however,
an appreciable fraction of water is retained within thel crystallizing body,
not all of the melt is necessarily quenched and this rest liquid with its
high water content can yield masses of pegmatite within a body of other-
wise aplitic rock (Jahns and Burnham, 1969).

Literature on aplites and pegmatites indicates that they form at
depths ranging from 1,500 feet to 7 km. Rose and Baltosser (1966) re-
ported that the Santa Rita stock, New Mexico, which contained aplites
and pegmatites int;uded within 1,500 feet of the surface. Putman and
Alfors (1965) indicated that aplite dikes at the Rocky Hill sto‘ck, Califor-
nia, formed at depths of 5.5 to 7 km, Temperature of formation 6f aplites
and pegmatites is also variable. Jahns (1955) summarized that they form
in the range of 700°C ‘to 4009C, whereas Jahns and Burnham (1969)

cited temperatures of formation as high as 800°C.
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Criteria for Identification of Magmatically Derived Aplites and

Pegmatites. The characteristics of essentially magmatically derived

aplites and pegmatites will be developed by studying appropriate criteria

which have been proposed as diagnostic of magmatic origin of these

rocks, as follows:

1.

Occurrence within or around exposed plutons with which they
are thought to be genetically reiated.

Compositional similarity of host rocks and their enclosed ap-
lites and pegmatites (Miller, 1919; Jahns, 1955). |
Continuity of aplite and pegmatite dikes from intrusive host -
rocks into surrounding older rocks. |

Zoning in complex pegmatites (Cameron and others, 1949;
Jahns, 1955). Zones presumably develop from the wall ‘inward
by fractional crystallization and incomplete reaction in a re-~
stricted system,

Spatial relationship and similarities in composition betweén
aplites and pegmatites and associated plutonic bodies (Camer-
on and others, 1949; Montgomery, 1950).

Lack of influence of composition of the host rocks upon the
composition of the enclosed aplite and pegrﬁatite bodies

(Derry, 1931; Jahns and Wright, 1951; this report).

Relative en;'ichment of adjacent wall rocks in constituents com-
mon to the enclosed pegmatites compared to the average country

rock at some distance from the body (Chadwick, 1958).
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8. Emplacement of aplite and pegmatite bodies by forceful or per-
missive injection,
9. Lack of evidence of rock replacement mechanisms,
10. Matching of opposing walls of irregular dikes.
11. Mineralogical, chemical, and textural homogeneity across
width of aplite dikes and among dikes in a single intrusion
(Derry, 1931; this report).

12. Presence of graphic and granophyric textures (Barker, 1970;

this report).

Hydrothermal Theory

A knowledge of the hydrothermal theory and features character-
istic of aplites and pegmatites derived hydrothermally must be carefully
applied to the aplites and pegmatites under consideratior;. This theory
grew out of attempts to explain the presence of replacement minerals and
" textures in some aplites and pegmatites, It involves the formation of
aplites and pegmatites by precipitation of new minerals introduced by
hydrothermal fluids of magmatic origin, usually through the replacement
of preexisting rocks. Replacement is guided by fractures, minerals or
textural zones, contacts between pegmatites and host rocks, or by any
other structural, textural, or lithologic elements within aplite and peg-

matite masses (Cameron and others, 1949).

Criteria for Identification of Hydrothermally Derived Aplites and

Pegmatites. Replacement has been used as a criterion for both metamor-

phic and hydrothermal aplites and pegmatites. Similarly, another criterion
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common to magmatic and hydrothermal aplites and pegmatites is their

common genetic relationship to associated plutons. Cameron and others

(1949) restrict hydrothermal replacement pegmatites to those (1) whose

minerals have been formed, at least in large part, at the expense of pre-

existing pegmatites and (2) whose constituents have been completely

recrystallized before replacement. Bastin and others (1931) and Park

and MacDiarmid (1970) cite criteria more applicable to ore minerals,

although most are applicable to aplites and pegmatites as well. Such

criteria include:

1,

Nondilational mode of e'mplacement in which replacement along
a fissure causes no offset of an intersecting planar body (Park
and MacDiarmid, 1970).

Pseudomorphic preservation of the forms of preexisting minerals
(Cameron and others, 1949),

Presence of structural elements inherited from the host rocks
or the inclusion of relicts of host rocks that have not been
moved from their original positions (Bastin, 1935).

Unmétching or radical diiference of opposing walls of bodies,
where replacement has worked outward from a central fissure
(Bastin and others, 1931), )

Selective replacement of bodies in some aplites and pegmatites
due to the distribution of early minerals or mineral aggregates
susceptible to replacement (Cameron and others, 1949),
Presence of "complex pegmatites" which carry tin, lithium,

tantalum, beryllium, and other rare elements formed through

replacement of "common pegmatites" composed of potash
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feldspar, quartz, mica, and soxﬁetimes black tourmaline
(Schaller (1925), Hess (1925), and Derry, 1931).

7. Formation of albite to the exclusion of K-feldspar in "complex
pegmatites" (Derry, 1931).

8. Formation of "pocket minerals" and numerous mineral aggre-
gates through exchanges of material among aqueous fluid and
earlier formed crystalline phases in pegmatites (Jahns and
Burnham, 1969).

9. Occurrence of aplites and pegmatites within or around eXposed
plutons with which they are genetically related, provided that
they show other hydrothermal criteria.

10. Relative enrichment of adjacent wall rocks in constituent min?
erals, evidently derived from the aplite or pegmatite fluids,
compared to the average country rock at some distance from the
bodies, though only where other hydrothermal criteria are avail-

able,

It should again be emphasized that none of the criteria enum-
erated above can be considered alone as a criterion for general use,
although each may be of value when applied along with others to specific
occurrences, Zoned pegmatites will not be further considered in this

report,



CHAPTER §
GEOLOGY

Geologic descriptions of intrusions from the literature and by
the author are presented in this chapter. These descriptions emphasize
age relationships, regional and district structural settings, and internal
structures of plutons and those in the surrounding host rock which permit
determinationé of mode of emplacement. Mineralogical variation and
hydrothermal alteration and mineralization where present are also in-
cluded. Hydrothermal alteration in the intrusions and associated aplites
and pegmatites is studied to determine its intensity and pervasiveness
and its bearing on mineralogy and chemicai composition of aplites and
pegmatites. This study also includes short descriptions of mineraliza-
tion in each intrusion; location of known ore deposits, aplites, and
pegmatites are given,

Detailed descriptions of aplites and pegmatites include their
mode of occurrence and their location relative to the intrusions and rela-
tive to alteration and mineralization, Abundances and average widths of
dikes are reported along one-mile traverses through selected area known
by reconnaissance mapping and literature review to carry the maximum '
concentration of dikes. Trends of traverses represented by the lines
A-B on respective figures are directed at angles of 60-90 degrees to
the general strikes of dikes so as to intersect the maximum number of
dikes. Since all dikes do not maintain the same strike, these traverses

34
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in some instancés intersect dikes at angles smaller than 60 degrees,
This variation in the angle of intersection of dikes under consideration
was not found materially to affect the number of dikes per line mile. A
dike must be counted more than once were it offset by a fault or were it
to be nonlinear in shape, The writer was vigilant with regard to this
situation, and no dike was counted more than once. True width of a dike
was always recorded whether a dike was intersected at right angle or
any other smaller angle. Dikes intersected by a traverse were counted
and their average true width computed. Traverses through the Amole anci
Patagonia intrusions were partly covered by alluvium and rock debris, .
respectively. In the case of the Amole intrusion, the distance under
alluvium cover may include, according to distribution of other dikes
along the traverse, not more than two additional dikes, and the same
situation holds true for the Patagonia intrusion, In spite of these short-
comings the difference in the number of dikes per line mile and the dif-
ference in average width of dikes in productive and barren intrusions is
real. As is shown later, productive intrusions have 8 to 10 dikes per
line mile with widths ranging between 3 and 7 inches, whereas barren
intrusions have 10 to 45 dikes with widths ranging between 10 and 72
inches.

Mineralogy, megascopic and microscopic texture, homogeneity
across widths of dikes‘, and distribution of aplites and pegmatites were
recorded. Deuteric and hydrothermal alterations were closely looked for
and carefully studied so as to establish the relation of each to the pres-

ence of sulfides an’d secondary K-feldspar.
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Sample collection was not systematic and the distance between
them and mines, deposits, or prospects was not kept constant. Although
local sampling was random, most of the samples, except for those from
Texas Canyon and some of those from the Boulder batholith, Butte dis-
trict, were located within mines or within a radius of one mile of known
- mineralization. Samples from Texas Canyon range between 2,5 to §
miles from known mineralization, and samples from Butte district were'
collected from within 1.5 to 9 miles of the center of the district.

This study is done to find distributional, structural, textural, '
or mineralogical variations in productive and barren intrusidns. It is
therefore the intention in this chapter to treat productive intrusions as
one group and thé barren ones as another and then study each group in

alphabetical order,

Productive Intrusions

Boulder Batholith

The Boulder batholith is a large pluton in southwestern Mon-
tana with an exposed area of 1,100 square miles (Fig. 3). It extends
from approximately 20 miles southwest to about 50 miles northeast of
Butte, Montana, in a northeasterly direction, It intrudes rocks ranging
in age from Archean to Cretaceous (Fig. 4). Knopf .(1964) determined its
absolute age as 70-78 m.y. |

According to Knopf (1957), Klepper (1962), and Meyer and
others (1968), the Boulder batholith was emplaced as successive surges
of magma of differing composition. The batholith occupied a zone of

weakness between two major tectonic blocks (Fig. 3). The northern
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Figure 3. Tectonic elements of western Montana showing the
location of the Boulder batholith relative to major tectonic elements.—
From Meyer and others (1968)
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Figure 4. Rock types, contact features# and numbered sample
locations of the Boulder batholith, Montana .--After Meyer and others
(1968)
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block is separated from the southern one by the Lewis and Clark linea-
ment. The southern Precambrian buttress block is located about 20 miles
south and east of Butte. The wedge-shaped central zone between these
two blocks has been a zone of recurrent subsidence since the Precam-
brian era and is intemally characterized by extensive deformation (Meyer
and others, 1968). Klepper (1962) suggested that pre-batholithic faults
and fractures trending north-northeast and north-northwest formed or
were reactivated during the Laramide orogeny and localizéd the Boulder
batholith,

Meyer and others (1968) reported that the Boulder batholith is
a composite intrusion (Fig. 4) formed by early emplacement of mafic
bodies followed by intrusion of massive granodiorite, The Butte quartz
monzonite then formed the major mass of the batholith and was, in turn,
followed by intrusion of younger quartz monzonite in dikelike plutons
south of Butte, Magmatic aplites and alaskites are related to the period
of emplacement of the Butte quartz monzonite unit, Quartz porphyry
dikes and plugs locally containing disseminatéd chalcopyrite cut the
quartz monzonite and its aplite and pegmatite, especially in the eastern
portion of the district, Of these several rock units, the Butte quartz
monzonite is minera}izationally most important as it hosts the famed
Butte copper-zinc-—manganeée—silver deposits, It is medium to coarse
grained and granitic in texture, although 1gca1 zones showing poikilitic
K-feldspar occur. Mineralogica@ly, the rock is composed of 21 percent
quartz, 21 percent microperthite, 36-40 percent plagioclase with hom-

blende and biotite composing 15~-20 percent (Meyer and others, 1968).
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Alteration in the Butte mining district is described in many
articles, especially those by Sales and Meyer (1948) and Meyer and
Hemley (1967). A "potassium silicate assemblage,"”" a term adopted by
Meyer and others (1968) after Creasey (1959), is characterized by green
and brown biotite replacing mafic minerals and plagioclase. Plagioclase
and primary orthoclase are replaced by biotite and sericite, and albitic
K-feldspar replaces and rims plagioclase. Anhydrite in veinlets, in al-
tered plagioclase sites, and with recrystallized biotite is an important
minor mineral in this assemblage, which envelops some early quartz
veinlets and is referred to as pre-main stage alteration. Main stage
alteration (Salés and Meyer, 1948) can be described as a central sulfide
vein successively enveloped by phyllic, argillic, ‘and propylitic altera-
tion assemblages. Advanced argillic alteration rarely occurs near sul-
fide veins in intermediate levels on the east side of the district, the
~ central zone of Sales and Meyer (1948), and is distinguished by min-
erals, such as dickite, alunite, pyrophyllite, zunyite, and topaz. This
assemblage is enclosed outward by ubiquitous quartz-sericite-pyrite
alteration. In the absence of advanced argillic alteration, phyllic alter-
ation occurs adjacent to sulfide veins. Next outward, the argillic
alteration envelope consists of a kaolinitic subzone toward the vein and
a montmorillonite subzone toward fresh rock.

Aplites and Pegmatites. Samples from aplite and pegmatite

dikes were collected from within and outside the Butte mining district,
about 1.5 to 9 miles from the center of the district. Evidence, such as
crosscutting of these dikes by hydrothermal alteration and mineralization,

as reported by Meyer and others (1968), indicates that the sampled dikes



41
are younger than the Butte quartz monzonite and older than both hydro-
thermal alteration and mineralization.

Isolated dikes and irregular masses of aplite and pegmatite
occur sparsely throughout the quartz monzonite (Meyer and others, 1968),
although a concentration of dikes and sheets, predominantly of aplite,
is found west of the district and also high on East Ridge on the east side
of the district, She'etlike habit is common, and individual units may
reach 40 feet in thickness, Most of the aplites and pegmatites are tabu-
lar bodies, filling fractures in the quartz monzonite, but some are pod-
shaped or irregular masses. In a few places, aplite dikes show internal
zoning to pegmatite and quartz-sulfide cores., Locally, there is minor
black tourmaline, pyrite, chalcopyrite, molybdenite, and very rarely
pyrrhotite. Meyer and others (1968, p. 1380) state that "the sulfides
are usually present with quartz in core zones in the pegmatite, and local-
ly the cores emerge from the granophyric or aplitic sheaths to invade the
adjoining quartz monzonite as irregular quartz molybdenite pods or vein—
lets.” This relationship bears special significance in the discussi;bn of
genesis of pegmatites and aplites. Aplites and pegmatites from the
Boulder batholith are buff to white and display fine-grained aplitic tex-
ture, although local coarse-grained patches are observed.

Microscopically, the aplites are sugary xenomorphic granular,
although the aplite in sample 24 (Table 3) showed a granophyric texture,
Pegmatite, as seen in sample 21, shows well-developed graphic texture.
Average grain. size is 0.8 mm, but some grains as small as 0.2 mm
were observed. Closely spaced fracturing in quartz grains and deforma-

tion of plagioclase crystals were observed.
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Table 3. Modal mineralogic composition and grain size of aplites from

Boulder batholith, Montana

Percent by Volume Average
Grain
Sample . Size
No. Quartz K-feldspar Plagioclase Accessory Minerals (mm)
22 35 47 18 biotite, magnetite, 0.7
sphene: <1
23 35 43 22 biotite, magnetite, 0.8
sphene: <1 ‘
24 . 33 45 21 biotite, magnetite, 0.5
sphene: <1
25 33 46 21 biotite, magnetite, 0.9

sphene: <1

1., Sample locations are shown on Figure 4,

Mineral composition is 33-35 percent quartz, 43-47 percent

K-feldspar, and 18-22 percent plagioclase (Anjg). Biotite, sphene, and

magnetite are accessory minerals, Quartz occurs as clear anhedral crys-

tals in contact with K-feldspar and plagioclase. Anhedral to subhedral

crystals of perthitic orthoclase and microcline are present, but the for-

mer is more abundant. Sample 24 shows more microcline than perthitic

orthoclase, and it is the same sample that has been noted before to dis-

play granophyric texture. Oligoclase (An]g) forms subhedral to anhedral

crystals which locally show sericitic alteration. Twinning is either ab-

sent or poorly developed. Except for local sericitization of plagioclase,

samples collected from the Butte district do not display hydrothermal

alteration.
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Mineralization, The Butte quartz monzonite unit of the Boulder

batholith is the host rock of the fabulous Butte copper-zinc~-manganese-
silver mining district, It is outside the scope of this study to describe
the Butte ore deposit, descriptions of which may be found in many pub-
lications, the most recent of which is that by Meyer and others (1968)
Broadly speaking, mineralization in large veins at Butte‘falls into a
crudely concentric array with copper in the center, surrounded by 4an
intermediate zone of copper and zinc, and followed outward by zinc,
manganese, lead, and silver. Major constituent minerals are pyrite,
chalcopyrite, bornite, chalcocite, enargite, covellite, digenite, sphal-
erite, and rhodochrosite. Only slightly offset from these zones at the
geographic center of the district and at about the 2800 level and deeper
is @ zone in which quartz-molybdenite veinlets are present. Quartz and
molybdenite occurrences east of the Conf:inental fault may be the up-
thrown extension of the molybdenite zone west of that fault and at depth.
Meyer and others (1968, p. 1387) believe that "the molybdenite zone
with its content of pre-main stage disseminated and veinlet chalcopyrite
appears to be .expanding rapidly in extent below the 3800 level. It may
eventually become an important source of copper and molybdenum for the
district.”

Although the Butte mining district is not at first inspection like
a typical porphyry copper deposit (Lowell and Guilbert, 1970), it has
many porphyry copper features. The pre-main stage mineralization of
molybdenite, chalcopyrite, and pyrite in an alteration assemblage of
orthoclase, biotite, quartz, and minor sericite and anhydrite (Meyer and

others, 1968) is similar chemically and texturally to the innermost zone
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of Lowell and Guilbert (1970), who also indicate that this innermost zone
forms first and is usually centrally located with respect to other zones
and the deepest among them, where sulfides are more disseminated than
vein controlled. Similarly, the pre-main stage mineralization of Butte
formed earliest, its sulfide mineralization is more disseminated and
veinlet controlled than vein controlled, and gains significance with
depth.

Mineralization of the main stage at Butte is qualitatively similar
to that of a porphyry copper deposit, with chalcopyrite as perhaps the |
most abundant primary copper mineral. Alteration in a porphyry copper.
environment is expressed by zonal sequerice in which a central and deep
zone of potassic alteration is enveloped and followed outward and prob-
ably upward by phyllic, argillic, and propylitic alteration assemblages.
This zonation holds for Butte with respect to individual sulfide veins,
where generally a phyllic alteration assemblage is symmetrically fol-
lowed outward by argillic and propylitic assemblages.

Hypogene metallic zoning in Butte is similar to that of porphyry
copper deposi;ts, such as at Bingham Canyon and Santa Rita, where a
molybdeniferous copper zone is followed outward by a copper zone and
a copper, zinc, and lead zone. -

The texture of quartz porphyry and disseminated chalcopyrite in
it is similar to those in porphyry coppers and consequently induced -
Meyer and others (1968, p. 1381) to remark that "the sugary texture of
the groundmass is reminiscent of some of the 'porphyry coppers.' Inter-
estingly, a fex;v disseminated grains of chalcopyrite were observed in

the groundmass of the freshest quartz porphyry available underground."
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Liké most porphyry copper deposits, Butte is hosted and gen-

etically related to an intermediate plutonic intrusion of Laramide age.
Lowell and Guilbert (1970) classified it as a porphyry copper, a classifi-

cation confirmed by the above considerations.

Patagonia Intrusion

The Patagonia stock is located in the Patagonia Mountains
about 15 miles northeast of Nogales, Arizona. It has a northwesterly
trend and covers an area of about 30 square miles. It intruded Precam-
brian, Paleozoic, and Mesozoic igneous and sedimentary rocks (Fig. 5).
Damon and others (1964) dated it as 63.9 m.y. by the K-Ar method.

The g}ranodiorite stock is strongly jointed and is cut by several
persistent vein structures which probably followed preexisting regional
fault planes., Brecciation is spectacularly developed in the Four Metals
breccia pipe. Although the stock is slightly variable in composition,
granodiorite is the predominant phase (Fig. 6). Near the Four Metals
mine, both porphyritic and nonporphyritic phases of this granodiorite
are identified (Graybeal, 1972). Porphyritic texture is clearly associ-
ated with and developed with respect to the breccia pipe (Fig. 6). The
nonporphyritic variety, which constitutes most of the stock, is medium-
grained equigranular and is constituted by volume of 18,9-29 percent
anhedral quartz, 17-22.3 percent anhedral and commonly perthitic ortho- '
clase, 38.2-58.5 percent subhedral to euhedral, slightly altered, zoned
andesine (An3g), 1.8-6.9 percent subhedral flakes of biotite always
partly altered to chlorite, 2.2-4,9 percent hornblende, 0,5-8.6 percent
chlorite, 0.6-1.4 percent magnetite (Graybeal, 1972). Sphene, epidote,

and apatite are accessory minerals. Porphyritic granodiorite is similar
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in composition to the nonporphyritic variety, except that it contains up
to 4.1 percent magnetite and usually no sphene or chlorite.

Although weak phyllic alteration is found in many places in the
stock, it is especially strong in the Four Metals mine and at other min-
eralized veins. Potassic, phyllic, and argillic alteration are present in
the Four Metals breccia pipe (Graybeal, 1972). Carbonates and anhydrite
are also found in the breccia pibe filling vugs and interstitial spaces.,

Aplites and Pegmatites., Samples for this study were collected

from the vicinity of the Four Metals mine at a dis:tance of about 370 to
1,300 feet. Thé aplite and pegmatite dikes mainly lie in the equigranular
granodiorite adjacent to the porphyritic type (Fig. 6). They are included
within the zone affected by potassic alteration.

Aplite, to the exclusion of pegmatite or pegmatite-aplite, con-
stitutes all felsic dikes found in the field. Samples 26-31(Table 4) were
collected from south and west of the breccia pipe. They {ill two sets of
fractures; one set, located west and northwest of the breccia pipe (Fig.
6), strikes about N. 20° E. and dips about 70° SE, and the other set
south of the breccia pipe (Fig. 6) strikes about N. 809 W, and dips
about 85° SW or NE. Aplite dikes are sparse, with eight dikes averag-
ing 4 inches wide per line mile., Their extent along strike could not be
determined because they are generally covered by rock debris, although
300 to 400 feet is a reasonable approximation, Their contacts with grano-
diorite host rock are sharp where exposed along road cuts. Unlike ap-
lites observed in other districts, the Patagonia aplites (Table 4) show
many more coarse-grained patches, This tendency 'increases as the

breccia pipe is approached from the south., But for these coarsely
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Table 4, Modal mineralogic composition and grain size of aplites from
Patagonia stock, Santa Cruz County, Arizona

Percent by Volume Average
Grain
Sample Size
No. 1 Quartz K-feldspar Plagioclase Accessory Minerals (mm)
26 34 46 19 biotite, hematite: 0.30
<1
27 36 43 : 20 biotite, magnetite, 0.3
hematite: <1 :
28 37 48 14 biotite, magnetite, 0.3 .
hematite, sphene: '
<1
29 35 48 16 biotite, magnetite: 0.4
<l
30 39 40 19 biotite, magnetite: 0.4
: <1
31 33 44 21 biotite, magnetite, 0.65

sphene: <1

1. Sample locations are shown on Figure 6,

crystalline patches, their xenomorphic granular textures are monotonous-
ly similar, Hematite after pyrite is observed in some samples, especial-
ly sample 28. Color is tan on weathered surface and pinkish where fresh
surfaces are exposed.
Microscopically, aplite dikes show both xenomorphic granular

sugary and granophyric textures, with the latter predominant (Fig. 7).
Graybeal (1972) observed granophyric texture in the transition zone of
the porphyry. Grain size ranges between 0.2 and 0.65 mm, averaging
0.4 mm. One thousand point counts for each sample indicated an average

mineral composition of 33-39 percent quartz, 40-48 percent K-feldspar,



Figure 7. Photomicrograph showing granophyric texture,
Patagonia stock, Arizona

Note quartz (colorless and at extinction), K-feldspar (yellow
and at extinction), and plagioclase (turbid pink and at extinction).
Stained thin section of sample 30; crossed nicols, X25.

50
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and 14-21 percent plagioclase, with biotite, magnetite, and sphene as
accessory minerals constituting less than 1 percent (Table 4). Quartz is
clear and anhedral with undulose extinction where it is not granophyr-
ically intergrown with K-feldspar. Locally, quartz and K-feldspar form
coarse crystals 0.6 mm in diameter. K-feldspar, where not granophyric
in texture, forms anhedral to subhedral, slightly turbid, sparsely twinned
crystals. Carlsbad twinning is developed to the exclusion of microcline
twinning, indicating that almost all K~-feldspar here is orthoclase. Per-
thitic texture is common but not universal. Plagioclase (Anjg) forms
subhedral to anhedral, sparsely twinned crystals. Locally, sericite is
thinly distributed in plagioclase crystals, occasion.ally following zones
and rarely peripherally distributed. Plagioclase is locally discontinuous-
ly mantled by K-feldspar. Brown biotite of a grain size similar to that of
the principal minerals is randomly distributed. Secondary biotite, green--
iéh brown and of minute (0.05 mm) grain size,occurs in fractures and as
patches. Hematite is present as individual crystals, rarely surrounding .
magnetite and occasionally found in lineations, indicating the presence
of early micro-fractures. Although no sulfide is observed, the presence
of halos filled with hematite is taken to indicate sulfide replacement.
Weak potassic alteration is indicated by sericite after plagioclase,
secondary biotite, and mantling of plagioclase by orthoclase.

Mineralization. There are several mines and mineral prospects

within and around the Patagonia stock, the most important of which is
the Four Metals prospect. A major porphyry copper discovery has been
made by Kerr-McGee Mining Corporation at Red Mountain, but no geo-

logic information has been released. The Four Metals prospect shows
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many porphyry base-metal deposit features. Chalcopyrite, supergene
chalcocite, molybdenite, and pyrite mineralization occur in the Four
Metals breccia pipe as disseminations and vug f{illings, This mineral-
ization is found in a potassic alteration aséemblage of orthoclase, bio-
tite, and quartz, with minor apatite. Minerals of this assemblage occur
as replacements of breccia fragments and as euhedral crystals in the
vugs of the breccia., Anhydrite is partly hydrated to gypsum along the
edges of the filled vugs, Graybeal (1972, p.41) observed that "in the
larger fragments the potassic assemblage yields inward to a phyllic as-‘
semblage with quartz and sericite dominant, which in turn passes into
an argillic assemblage with kaolinite dominant. Outside the mineralized
zone, the phyllic assemblage appears to be dominant with chlorite and
carbonates locally abundant.,"

.Ore deposits are also found in the sedimentary and igneous
rocks around the stock. Lead-zinc-silver replacement deposits along
the northeast side occur in limestone along strongly shattered zones at
the Mowry mine (Smith, 1956)., The mines of the Washington Camp area
on the southeast border are massive replacement deposits of pyrite,
sphalerite, chalcopyrite, and galena in contact skarn rocks. The 3R
mine to the northwest of the Four Metals mine in the Patagonia grano-
diorite produced 10 million pounds of copper from a steeply dipping lens
(Handverger, 1963). There, secondary chalcocite is found to have re-
placed pyrite in a northwesterly striking fault. Copper mineralization is
thought to be defi{zed from the weakly mineralized granitic host. The
Ventura prospect (Fig, 5), a breccia pipe northwest of the stock in Pre-

cambrian granite, has copper-molybdenum mineralization,
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Santa Rita Intrusion

The Santa Rita porphyry copper deposit is about 12 miles north-
east of Silver City in southeastern New Mexico (Fig. 2). The Santa Rita
stock is elongate northwesterly and comprises an area 2,600 by 6,200
feet at the surface. The Santa Rita area lies in a horst bounded on the
north by northeasterly structures like the Barringer fault (Fig. 8), on the
east by the northwesterly trending Mimbres fault, and on the west by
the similarly trending inferred Silver City fault, The strata within the
horst form a broad shallow syncline that is locally modified by domes,
arches, and tight superficial folds peripheral to several plutons (Jones,
Hernon, and Moore, 1967). The Santa Rita granodiorite porphyry stock
and its ore body occurs near the intersection of northeast- and northwest-
trending zdneé of structural weakness.

The Santa Rita stock passively intrudes a gently dipping sec-
tion of the Pennsylvanian Oswaldo and Syrena limestone formations, the
Permian Abo Formation, and the Cretaceous Beartooth Quartzite and
Colorado formations. The stock has been dated as 63 m.y. by the K-Ar
method (Schwartz, 1959). The contact with the wall rocks appears to dip
steeply outward from the center of the pluton (Nielson, 1968). The struc-
tures of the sedimentary rocks surrounding the intrusion indicate a col-
lapsed anticlinal structure, the trace of the axial plane of which coin-
cides with the long axis of the intrusion (Ordonez, Baltosser, and
Martin, 1955; Rose and Baltosser, 1966). The Whim Hill breccia on the
north side of the open pit (Fig, 9) may be due to magma pulsations dur-

ing emplacement (Rose and Baltosser, 1966).
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Figure 9. Geologic map of the Santa Rita area. New Mexico.
After Rose and Baltosser (1966)
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The Laramide igneous intrusive events which culminated in
mineralization began with the intrusion of quartz diorite sills and lac-
coliths into the Colorado Formation. Eruption of ahdesite and andesite
breccia in areas a few miles to the northwest was followed by the pas-
sive intrusion of the granodiorite porphyry and quartz monzonite por-
phyry of the Santa Rita stock. Aplite dikes followed as a late phase of
the granodiorite porphyry in the north pit (Rose and Baltosser, 1966).

Within the stock, there are local gradations in composition and
texture, but granodiorite porphyry, the fnost common rock type, con-
sists of phenocrysts of andesine, hornblende, and biotite in a ground-
mass of sparse quartz, orthoclase, and minor biotite, and accessories
of apatite and sphene,

Both hypogene and supergene alteration Were formed at the
Saﬁta Rita porphyry copper deposit. Hypogene alteration affected cal-
careous, noncalcareous, and igneous rocks. Where the igneous intru-
sion came in contact with puré or impure limestone, pyrometasomatic
alteration developed, including magnetite, garnet, quartz, pyrite, epi-
dote, actinolite, and chlorite, with minor'siderite, apatite, and heden-
bergite. Locally, hematite, orthoclase, biotite, and sericite are
developed. igneous rocks and noncalcareous rocks reacted differently
but nonetheless formed concentric alteration zones in large part similar
to those developed in a typical porphyry copper deposit (Lowell'and
Guilbert, 1970). A central zone of potassic and argillic assemblages
characterized by orthoclase, biotite, quartz, montmorillonite, and kao-
lin is more or less coincident with the granodiorite stock. This central

zone alteration, in turn, is followed concentrically outward by a phyllic
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| assemblage characterized by sericite, quartz, and pyrite, occurring
mainly in the margins of the intrusion, in sedimentary rocks, and in
quartz diorite sills.

The overall hypogene alteration picture is slightly mddified by
supergene alteration and apparently, according to Rose and Baltosser
(1966, p. 217), "much of the kaolinite and montmorillonite, most of the
alunite, some sericite and quartz, and possibly some chlorite are super-
gene," SupergeneAalteration affected the phyllic alteration more than
the potassic and pyrometasomatic alteration assemblages. This super-
gene alteration is due to abundance of pyrite and intense fracturing in
the phyllic zone, Weak supergene alteration in the potassic alteration
assemblage may be due to scarcity of pyrite. Similarly, scarcity of
pyrite in addition to the reactivity of carbonate minerals in the pyrometa-
somatic assemblage may have prevented the development of supergene
alteration.

Aplites and Pegmatites. Aplite dikes in the Santa Rita stock

were reported by Leroy (1954) to occur in the north pit (Fig. 9). Samples
for this study were collected from the "barren island" in the north pit.
The "barren island," as indicated by its name, is neither economically
mineralized nor affected by'hydrothermal alteration.

The entire granodiorite porphyry and quartz monzonite porphyry
intrusion and part of the adjoining mineralized sedimentary rocks are
included in the Santa Rita open pit. Consequently, any dikes that were
present at the surface have been removed by mining. However, Leroy
reported that aplite dikes cut granodiorite porphyry in the north pit and

that thin horizontal aplite sheets were emplaced along flat-lying joints
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developed in the roof of the cooling intrusion. Rose and Baltosser (1966,
p. 218) reported that "in the north pit, veins of magnetite and orthoclase
are cut by veins or thih éplite dikes containing quartz, orthoclase, cal-~
cite, and chalcopyrite." For this study, I was able to locate only five
dikes (Fig. 9) in spite of all the help given by the mine geologists, Re-
constructing the abundance of aplite dikes reported in the literature and
by Baltosser (oral commun., 1972), The Santa Rita intrusion probaﬁly
contained about 8 to 10 dikes per line mile in the north pit, with an
average width of 4 inches, based on width of presently observed dikes .
which range in width between 3 and 5 inches,

The dikes aré pinkish brown, a color that has not been observed
elsewhere, Microscopically, dikes show xenomorphic granular texture
with an average grain size of 0.5 mm. A large grain size (1-2 mm) ap~
lite is observed in sample 52 (Table 5). Granophyric texture, an inter-
growth of quartz and orthoclase, is shown by sample 51. Replacement
and vein orthoclase associated with pyrite and chalcopyrite are not un-
common,

Minéral composition is 31-38 percent quartz, 42-56 percent
K-feldspar, and 12-21 percent plagioclase., Biotite, magnetite, and
pyrite are accessory minerals, The wide comp;:sitional range is due to
the high content of K-feldspar énd low content of quartz and orthoclase
in sample 52, which also has larger grains (1.2 mm).

Potassic alteration in sample 52, based on the presence of
secondary biotite, vein and replacement K-feldspar, and sericite in
plagioclase, is more extensive than that observed in other aplite

samples, Quartz forms anhedral, angular, and rounded clear crystals
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Table 5. Modal mineralogical composition and grain size of aplites from
Santa Rita, New Mexico

Percent by Volume Grain
Sample Size
No.l Quartz K-feldspar Plagioclase Accessory Minerals (mm)
48 38 42 19 biotite, magnetite, 0.50
pyrite: =1
49 36 44 20 magnetite, pyrite: " 0.30
<1
50 35 43 21 biotite, pyrite, mag- 0.50

netite, chalcopyrite:-

=]

51 35 44 21 biotite, magnetite, 0.40
pyrite: <1
52 31 56 12 biotite, pyrite, 1.00

magnetite: =1

1., Sample locations are shown on Figure 9.

with undulose extinction. Coarse-grained quartz occurs in veins with -
K-feldspar and pyrite, K~feldspar rarely shows carlsbad twinning where-
as microcline twinning is absent and perthitic texture is common in
twinned and untwinned crystals alike. Based on the presence of carlsbad
twinning and the absence of microcline twinning, K-feldspar appears to
be orthoclase. Turbid orthoclase forms anhedral to subhedral crystals,
Orthoclase, in addition to being a primary aplite mineral, occurs in veins
in crystéllization association with quartz and pyrite and also in replace-
ment association with plagioclase. Oligoclase (Anjy) forms anhedral to
subhedral crystals with poorly developed twinning. Oligoclase is partly

replaced by orthoclase along cleavage planes and also as a discontinu-

ous mantle,
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Potassic alteration based on the presence of vein-controlled
and replacement orthoclase, sericite in plagioclase, and small greenish-~
. brown flakes of biotite is developed. Pyrite and chalcopyrite are found
in veinlets in association with secondary orthoclase or secondary .
biotite.

Mineralization., Two main types of ore recognized at Santa

Rita are the chalcocite secondary enriched ore within ignebus rocks,
sandstone and shale, and limestone replacement ore, with little or no
enrichment., Three zones of relatively high grade ore trend 'northw'esterlir,
where the widest of them passes about through the center of the intrusion
and into the Lee Hill pyrometasomatic ore area, whereas the other two
zones are found on the eastern and western margins of the stock. A low-
grade zone, which is not mined, forms an island between the north and
soﬁth pits (Fig. 9).

Supergene mineralization is dominantly chalcocite with minor
amounts of covellite., Pyrite and chalcopyrite are by far the dominant
sulfide minerals in the hypogene zone, with minor bornite, molybdenite,

marcasite, and pyrrhotite,

Sierrita Intrusion

The Sierrita intrusion in the Sierrita Mountains of Pima County
is about 20 miles southwest of Tucson, Arizona (Fig. 2). A quartz ‘moxll-
zonite facies of this intrusion is spatially related and is believed by
Cooper (1960) to be genetically related to the Sierrita, Esperanza, Twin
Buttes, Mission-Pima, and Mineral Hill ore deposits (Fig. 10). It com-

prises an area of 77 square miles with its longest dimension trending
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northwest. The intrusion invaded Precambrian granite, Paleozoic sedi-
mentary rocks, Jurassic(?) Harris Ranch quartz monzonite, and a com-
plex of sedimentary and volcanic rocks assigned by Cooper (1960) to
the Cretaceous period., Damon and Mauger (1966) dated Sierrita as 62
m.y. by the K-Ar method. |

Cooper (1960) distinguished two deformational events in the
district, both of which postdate Cretaceous rocks. An early pre-
granodiorite and premineralization orogeny resulted in northwest-
trending complex folding and faulting, A late postmineralization and
post-Helmet Fanglomerate event formed large-scale thrust faulting and
steep southwest tilting. Lacy and Titley (1962, p. 76), however, pro-
posed another model in which "the major period of thrusting was pene-
contemporaneous with the intrusion of the Sierrita batholith" and the
"mineralization was essentially post-thrusting and was partially con-
trolled by thrust faults. Post-mineralization faulting has been confined
to block subsidence and to minor readjustments which have concentrated
in the fringe surrounding the intrusive complex which would 'have stood
as a solid buttress." Lynch (1966) indicated t}lat prominent joint direc-
tions strike east-west, north-south, and northwest, dipping, respective-
ly, 400-50° N., 609 W,, and 55° NE. In the granodiorite about half a
mile north of the Esperanza mine, I observed joints striking N, 509 E.,
dipping 65°-88° NW, Aplites and pegmatites commonly fill northwester-
ly striking joints.

The Sierrita intrusive history, according to Cooper (1960) and
modified by Lynch (1966), begins with the intrusion of minor diorite fol-

lowed by granodiorite, quartz monzonite, quartz latite porphyry found
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on the southwest side of Esperanza pit, quartz monzonite porphyry, a
second diorite, and lastly minor dacite and andesite porphyries. The
intrusive history culminated in hydrothermal mineralization (Cooper,
1960; Oakley, 1973).. The early diorite is a fine-grained gray rock
found in the southern part of the Sierrita intrusion and is composed of
60 percent andesine, 19 'percent biotite, and 19 percent hornblende.
Accessory minerals include magnetite, sphene, epidote, and apatite.
The Sierrita intrusion is dominantly composed of light-gray
granodiorite, which can be divided into three facies: (1) a granodiorite
porphyry border facies, (2) medium-grained equigranular granodiorite
occuring as zones 0.5 to 2 miles wide along the east side of the intru-
sion, and (3) a porphyritic granodiorite. According to Cooper (1960), the
average constituent minerals are 24 percent quartz, 19 percent perthitic
orthoclase, 48 percent oligoclase (An3g), 5.5 percent biotite and chlorite,
and 3.3 percent hornblende., Zircon, apatite, and magnetite are acces-
sory minerals. Quartz monzonite porphyry is found at the southern end
6f the Sierrita intrusion in and near the Esperanza mine (Lynch, 1966),
near Mineral Hill (Cooper, 1960), in the Pima mine (Cooper, 1960), and
at depth near the Mission miﬁe (Richard and Courtright, 1959). The oc-
currence of quartz monzonite porphyry near several of the ore deposits
led Cooper (1960) to suggest a genetic relationship betweep this rock
type and the ore deposits. Mineral composition of the quartz monzonite
porphyry includes phenocrysts of perthitic orthoclase, plagioclase,
quartz, and biotite in a fine-grained groundmass. The mode is 29 per-
cent quartz, 32-35 percent K-feldspar, 34 percent plagioclase, 4.2

percent biotite and chlorite, Apatite, epidote, and zircon are accessory
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minerals, Aplites and pegmatites are associated mainly with the grano-
diorite,

Hydrothermal alteration at the Esperanza mine can be inter-
preted in terms of that of the porphyry cobper deposits of the Southwest,.
Taking Siérrita and Esperanza mines together, Oakley (1973) visualized
a potassic alteration core with phyllic alteration occurfing irregularly
outside of it, Potassic alteration, as expressed by the presence of or-
thoclase along with sericite and silica, is the most prominent alteration,
Phyllic alteration of sericite, quartz, pyrite is restricted in distribution,
is closely associated with the ore zone, and shows a marked decrease
in abundance away from the ore zone, while quartz and K-feldspar remain
fairly abundant (Lynch, 1966)., Phyllic alteration within the Esperanza
mine is practically limited to the igneous intrusive quartz latite porphyry
and quartz monzonite porphyry. Weak potassic alteration as orthoclase
and biotite is displayed at the sites where aplite aﬁd pegmatite samples
were collected (Fig, 11),

Ore deposits north of Esperanza mine along the eastern flank of
the Sierrita intrusion exhibit alteration assemblages different from that
at Esperanza, Alteration at Pima, Mission, and Mineral Hill is princi-
pally skarn type in limestone., However, alteration of the argillites,
quartzite, and quartz monzonite porphyry at Mission mine produced seri-
cite, clay, biotite, quartz, and orthoclase (Kinnison, 1958).

Aplites and Pegmatites. Aplite and pegmatite dikes occur in the

granodiorite and quartz monzonite porphyry, but dikes sampled for this
study are located about three-quarters of a mile north of the Esperanza

pit in granodiorite (Fig. 11). Veinlets filled by secondary orthoclase and
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rare pyrite crosscut aplite and pegmatite dikes (Fig. 12). Only one'of
the eight dikes sampled is pegmatite. After inspection of the area, a
one-mile traverse was run through an area of maximum abundance of
dikes trending at high angle to their strike, The number of dikes, widths,
attitude, and their host-rock type were also studied. This survey (Fig.
11) indicated eight dikes per line mile, averaging about 4 inches wide.
Five of the studied dikes strike N. 150 W, with an average dip of 75°
SW., two dikes strike N. 300 E. and dip 68° NW,, and one dike strikes -
north-south and dips 709 W, Contacts of the aplite dikes with the grané-
diorite are knife-edge sharp, and the opposing walls of a single dike
are always parallel (Fig. 12). Aplite dikes are texturally and mineral-
ogically homogeneous, although random coarse-grained patches are
present, Dike No. 39 (Fig. 11) is a zoned pegmatite 7 inches thick, Its
quartz-rich core grades out into a coarse graphic orthoclase-rich zone,
and this, in turn, grades out into a fine-grained, plagioclase-rich bor-
der zone. Aplites and pegmz;tites are yellowish to brownish gray on
weathered surface but are pinkish where fresh.

Under the microscope, the texture of aplite at Sierrita is su-
crose, xenomorphic granular, with grain size averaging 0.4 mm (Fig. 13).
Coarse crystalline patches filled with quartz and orthoclase grains mea-
suring 1.2-2 mm are formed. Euhedral faces of orthoclase crystals
project into quartz grains filling these coarse crystalline patches (Fig.
14).

Mineral composition of the Sierrita aplite dikes (Table 6) is 33~
38 percent quartz, 41-54 percent K-feldspar, and 12-23 percent plagio-

clase. Accessory minerals are pyrite, magnetite, biotite, and apatite.
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Figure 13. Photomicrograph showing fine-grained, xenomorphic
granular texture in aplite dikes, southern part of Sierrita intrusion,

Arizona
Stained thin section 33; plane polarized light, X25.

Figure 14. Photomicrograph showing a coarse-grained patch
in aplite dike, southern part of Sierrita intrusion, Arizona

Coarse grains of mainly quartz (q), K-feldspar (K), and plagio-
clase (P), surrounded by fine-grained matrix of same minerals. Euhedral
crystal faces (E) project into the coarse-grained patch. Stained thin
section 37; plane polarized light, X25.
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Table 6, Modal mineralogic composition and grain size of aplites from
Sierrita intrusion, Sierrita Mountains, Pima County, Arizona
Average
Percent by Volume Grain
Sample Size
" No.l Quartz K-feldspar Plagioclase Accessory Minerals (mm)
32 35 41 23 biotite, magnetite, 0.40
hematite, pyrite,
apatite: =1
33 34 54 12 pyrite, hematite: <1  0.30
34 35 43 22 pyrite, hematite: <1 0.25
35 37 45 21 pyrite, biotite: =1 0.25
36 37 43 20 biotite, pyrite, mag- 0.50
netite, hematite: <1
37 38 42 20 biotite, pyrite, mag- 0.50
netite, hematite: <1
38 35 45 18 biotite, pyrite, mag-
netite, hematite:=2 0.35
392  (pegmatite) 3-8
40 33 46 21 biotite, pyrite, mag- 0.40
netite, hematite: <1
1. Sample locations are shown on Figure 11,
2. Mineralogic composition of pegmatite was not determined be-

cause of its coarse-grained nature,
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Quartz forms angular and subrounded, clear crystals showing undulose
extinction. K-feldspar forms turbid, anhedral to subhedral crystals and
is generally perthitic. Carlsbad twinning, to the exclusion of microcline
type, is sparsely developed, indicating that orthoclase forms most of the
K-feldspar in this section. Orthoclase is also found in veinlets associ-
ated with quartz and pyrite. Sub}}edral to anhedral plagioclase (An}7) is
sparsely twinned and slightly sericitized. Locally, they are mantled by
orthoclase or replaced along twinning lamellae. Rare equant brown bio-
tite (0.4 mm) is randomly distributed, whereas greenish-brown biotite
(0. 05mm) is vein controlled, and both types alter partly or completely to
chlorite, Graphic growth (Fig. 15), mutual crystaliization boundaries,
and scarcity of veins and repiacement texture indicate mutual magmatic
deposition, Minor, vein-controlled orthoclase, quartz, and biotite with
or without pyrite (Fig. 16) indicate secondary origin for these minerals,
suggesting minor potassic alteration.

Mineralization. The eastern flank of the Sierrita intrusion and

its associated country rocks carry copper, molybdenum, zinc, and lead
mineralization. To the southeast are the open-pit copper-molybdenum
deposits of Esperanza and Sierrita. About 3.5 miles to the northeast is
the Twin Buttes mine. Further north are the Pima and Mission ore bodies
(Fig. 10). Ore minerals in Esperanza-Sierrita, Pirna-Missio'n, and Twin
Buttes are chalcopyrite, supergene chalcocite where supergene enrich-
ment formed, molybdenite, and pyrite with minor sphalerite and galena.
The Mineral Hill deposit to the southwest (Fig. 10) is characterized by
significant amounts of sphalerite and galena in addition to chalcopyrite.

The ore of the Experanza mine, with which aplite and pegmatite samples
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Figure 15. Photomicrograph showing graphic texture in a peg-
matite dike, southern part of Sierrita intrusion, Arizona

Stained thin section 39; plane polarized light, X25.

Figure 16. Photomicrograph showing a veinlet of secondary
orthoclase in aplite, southern part of Sierrita intrusion, Arizona

Stained thin section 35; plane polarized light, X25.
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are spatially and genetically related, as shall be discussed later, is

described by Lynch (1966, p. 275) as

a mixture of hypogene and supergene metallization occurring in
veins and as disseminated grains. Roughly surrounding the
copper-molybdenum ore zone is an aureole of vein type deposits
that was worked for lead, zinc, and silver about the turn of the
century. Metallization was associated with more than one in-
trusive pulse and was followed by a post-intrusive metallization
period associated with hydrothermal alteration and potash meta-
somatism,

Oakley (1973) believes that ore deposition occurred directly after the in-

trusion of the quartz monzonite porphyry.

Barren Intrusions

Amole Intrusion

The Amole intrusion at the north end of the Tucson Mountains,
Arizona, is approximately 20.miles northwest of Tucson (Fig. 2) . The
exposed portion of the intrusion is about 3 by 4.5 miles across, but the
total cross-sectional area may be slightly larger than that showing on
the map (Fig. 17), because the northwestern portion of the stock is
covered by alluvium. The stock is elongate in a northwesterly direction
and intrudes rocks ranging in age from Pennsylvanian to Late Cretaceous
(Brown, 1939). Damon, Mauger, and Bikerman (1964) reported a K-Ar
age of 73 m.y.

Brown (1939, p. 723) states on the mode of intrusion: "Along
the northern contact, the Cretaceous rocks, chiefly the volcanic series,
are highly disturbed and altered." This evidence indicates active intru-
sion of the Amole stock. The stock is strongly jointed in a northeasterly

direction parallel to the long axis of the stock and in a northwesterly
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direction. Northeasterly joints dip 500 SE. and the northwesterly ones
dip 88° SW,

The Amole intrusion is formed éf granite and quartz monzonite
separated by a transitional thin granite porphyry facies 50 to 200 feet
thick (Brown, 1939). Granite occupies the western part of the exposed
stock. It is pink when fresh and tan when weathered. Visible in hand
specimens are pink K-feldspar, quartz, and brown biotite. It is medium
to coarse grained with an average grain size of 4 mm, although K-
feldspar may form crystals 7 mm long. Its mineral composition is
K-feidspar 65 percent, quartz 20 percent, plagioclase lp percent, biotite
2 percent, hornblende 1 percent, and sphene, apatite, and magnetite as
accessory minerals, K-feldspar is perthitic orthoclase which forms tur-
bid anhedral to subhedral crystals. Plagioclase (Anj}g) forms subhedral
crystals, which occur interstitial to quartz and orthoclase. TWinning is
not well developed, but some plagioclase crystals may be zoned. Plagio-
clase crystals are partly altered to sericite and minor kaolinite. Sericite _
always occurs centrally, although in some instances it is evenly distrib-
uted within plagioclase crystals. Quartz is round to angular, slightly
turbid, and shows undulose extinction,. Biotite forms equant greenish-
brown crystals, which are partly altered to chlorite and magnetite. Green
prismatic hornblende crystals are partly.altered to chlorite. According to
Brown (1939), granite porphyry has a transitional contact with granite
but mutually interpenetrates with quartz monzonite. Brown (1939) de-
scribed the granite porphyry as pink when fresh but light tan where

weathered. Andesine and microperthite phenocrysts occur in an aplite
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groundmass of quartz, microperthite, plagioclase, and biotite. Acces-
sory minerals are magnetite, sphene, and hornblende.

Quartz monzonite occurs west and northwest of Amole Peak and
encircles the northeasterly portion of the granite (Fig. 17). It is a fine-
grained gray rock spotted by dark crystals of biotite and hornblende.
Microscopically, it has a hypidiomorphic granular texture with an aver-
age grain size of 2.5 mm., Mineral composition is quartz 15 percent,
K-feldspar 27 percent, plagioclase 44 percent, biotite 7 percent, ho:.‘n-
blende 3 percent, and magnetite 2 percent., Sphene, apatite, and pyrite.
are accessory minerals, Quartz forms angular anhedral clear crystals .
with undulose extinction. Orthoclase forms anhedral to subhedral and
in rare cases occasional euhedral crystals, It locally forms mantles
around piagioclase crystals., Plagioclase (Angg) forms subhedral tabular
crystals with well-developed albite twinning and common zoning. Few
crystals are altered centrally to sericite, Brown biotite occurs as sub-
hedral flakes which alter marginally or along cleavage to chlorite. Green
anhedral hornblende crystals alter marginally or along cleavage planes
to chlorite witzh release of magnetite. Sericitic alteration is not guided
by veins or fractures and is probably of deuteric origin.

Aplites and Pegmatite. Except for sample 6 (Fig. 17), aplite

and pegmatite dikes sampled for this study are located near the center
of the stock in granite and quartz monzonite, Sample 6 was collected ..
near the eastern contact of the stock. Samples 3, 4, and S were closest

to known mineral prospects and were taken about 1.5 miles from the

Mile Wide mine (Fig. 17). )
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Except for a single pegmatite dike, all dikes encountered in
the Amole stock are aplitic. Dikes fill northeasterly and northwesterly
striking joints (Fig. 17) and can be traced into ridge-forming sedimen-
tary rocks between granite and quartz monzonite exposures (Brown,
1939). Although sparse dikes about two inches thick may be found
everywhere in the stock, the maximum concentration and thickness is
found aboﬁt 1.5 miles west of Amole Peak. Seventeen dikes were
counted per line mile (Fig, 17), with widths ranging between 3 and 72
inches. Dikes are generally covkered by rubble or pediment gravels, and
it was difficult to estimate their lengths. They may form en echelon, .
and some are observed to taper away and disappear, with no abrupt
termination observed.

Contact of dikes againsthostrock is observed to be sharp at
less than 0.05 inch (Fig. 18). Aplite dikes are also homogeneous in
texture and mineralogy across their width, except for randomly distrib-
uted coarse~-grained patches. No chilling effect, as indicated by small
grain size, is observed, and similarly there is no apparent exchange in
chemical components of aplite or pegmatite dikes and the immediate host
rocks. Sharp contacts are marked by abrupt sharp differences in miner-
alogy and grain size of dikes and host rocks.

Under the microscope, the aplite dikes have a sugary, xeno-
morphic granular texture with grain size averaging 0.30 mm (Table 7).
Some random patches, however, are composed of minerals up to 0.8 mm,
in size. Granophyric texture is developed in sample 3 (Fig. 17).

Quartz at 34 percent, K-feldspar at 37 percent, and plagioclase

at 28 percent are the principal minerals, with accessory biotite,



Figure 18. Photomicrograph showing contact relationship be-
tween aplite and coarse-grained quartz vein, Amole stock, Arizona

Stained thin section 5; crossed nicols, X25.
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Table 7. Modal mineralogic composition and grain size of aplites from
Amole stock, Tucson Mountains, Arizona

Percent by Volume Average
Grain
Sample Size
No. ! Quartz K-feldspar Plagioclase Accessory Minerals (mm)
1 35 36 : 29 sphene, biotite, 0.3
magnetite, pyrite:
<l
2 33 41 25 magnetite, biotite, 0.28
sphene: =1 .
3 33 36 30 biotite, magnetite: 0.28
=1
4 33 37 28 magnetite, biotite: 0.30
=2

52 (pegmatite)

6 34 38 35 biotite: 0.50
magnetite: =3

1. Sample locations are shown on Figure 17,

2. Mineralogic composit'ion of pegmatite was not determined be-
cause of its coarse-grained nature,

magnetite, and sphene. Clear quartz grains are anhedral angular to
rounded and show undulose extinction. Most K-feldspar is untwinned,
but those that are twinned show carlsbad twinning only, It is therefore
inferred that most of the K-feldspar is orthoclase as anhedral to sub-
hedral turbid crystals. It inéludes plagioclase and quartz and, in turn,
is included by either of the two minerals. Plagioclase (Anjig) is anhedral
to subhedral and twinning is poorly developed. Plagioclase is altered

to sericite and is occasionally rimmed with orthoclase. Brown flakes of
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biotite are altered along cleavage or peripherally to chlorite. Apparently,
alteration is not structurally directed because sericite and orthoclase are

not observed to fill veinlets,

Mineralization. The Amole stock has no known significant as-

sociated mineral production. Mineral prospects of copper, lead, zinc,
molybdenum, and vanadium occur in the sedimentary and volcanic rocks
that the stock intrudes (Jenkins and Wilson, 1920; Kinnison, 1958).
Pyrometasomatic mineralization principally in Paleozoic and Cretaceous
limestone is exposed in the Mile Wide mine (Copper King), the Gould
mine, the Copper Bell mine, and other prospects to the east of the Amole
stock (Fig, 17). Mineralization includes chalcopyrite, pyrite, malachite,
and other minor copper oxides. Fissure veins carrying molybdate and
vanadate minerals occur in the Cretaceous volcanic rocks north of .Amole
Peak (Brown, 1939). Such veins have in the past been worked at the Old
Yuma mine,

Time relationships between aplites-pegmatites and mineraliza-
tion are not clear because the two do not occur together. However, the

presence of sericite alteration and scarce malachite in aplite indicate

that aplites are older than mineralization,

Swisshelm Intrusion

The Swisshelm intrusion on the west side of the Swisshelm
Mountains, Cochise County, Arizona (Fig. 2) is about 7 miles east of
the town of Elfrida and 20 miles north of Douglas, Arizona. The main
exposed part of the stock comprises a 1.5 square mile area, although

the actual area may be larger since the western border is covered by
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alluvium (Fig. 19). The stock intruded rocks of late Paleozoic age (Naco
Group) and Early Cretaceous age (Bisbee Group) and was dated by Damon
(oral commun., 1973) as 30.2 m.y. by the K-Ar method.

Physiographically, the intrusion forms two ridges referred to by
Diery (1964) as the north and south spurs (Fig. 19). It is strongly frac-
tured with steeply dipping joints striking northeast and northwest. Frac-
turing is assignéd to more than one age, since a fracture filled by aplite
is offset by a later fracture also occupied by aplite (Fig. 20).

Diery (1964) recognized four facies in the quartz monzonite in-
trusion, According to him a normal quartz monzonite facies includes the
northern spur, the eastern part of the southern spur, and other small out-
crops to the south of the southern spur (Fig. 19). It is light gray to
light pinkish gray where fresh and light brownish gray on weathered sur-
faces. It is porphyritic with orthoclase phenocrysts in a medium-grained
equigranular groundmass, Constituent minerals,according to Diery
(1964) , are 20-27 percent quartz, 37-45 percent perthitic orthoclase,
23.5 percent plagioclase (An3p-20). Plagioclase is locally altered to
sericite or coarse muscovite. Biotite, generally uniformly distributed,
constitutes 4-5 percent of the rock. It is partly or completely altered
to chlorite and is rarely interlaminated with, or surrounded by, musco-
vite. Magnetite, apatite, and sphene are accessory minerals, Alteration
minerals are fluorite, calcite, sericite, and chlorite,

The "altered" quartz monzonite facies is confined to the west-
ern part of the southern spur, Other than its intense weathering and ex-
tensive hydrothermal alteration (Diery, 1964), it is similar in mineral

composition to the "normal" quartz monzonite facies, Perthitic
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Figure 20. Aplite dike filling a joint offset by a younger joint
also filled with aplite, Swisshelm stock, Arizona

Sample location 45.
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.orthoclase is tgrbid and most of the plagioclase is extensively altered to
sericite, muscovite, and minor clay minerals.

A third type is a fine-grained felsic rock associated with the
alfered quartz monzonite of the southern spur. It is light brownish to
light olive gray and is porphyritic with orthoclase and mica phenocrysts.
The fine-grained (0.5 mm) groundmass shows graphic texture. Diery
(1964) reported its mineralogical composition as 16-22 percent quartz,
41-47 percent orthoclase, 1-2 percent microcline, 11-14 percent oligo-
clase, 5-8.5 percent mica, mainly muscovite, and 2,5-3 percent mag-
netite. Accessory minerals are apatite, sphene, zircon, and fluorite. .
Oligoclase phenocrysts are altered to sericite and muscovite,

A contact facies ofdiorite, monzonite, and syenite is confined
to the contact of the .intrusion with the metamorphosed Paleozoic rocks.
Desilication and alkali metasomatism of the quartz monzonite are con-
sidered by Diery (1964) to have formed these three types of rocks., Diery
(1964) believed that the Swisshelm quartz monzonite was derived by dif-
. ferentiation and late-stage alkali metasomatism of a probable quartz
diorite magma rich in alkali and volatile constituents,

An inclusion of Bisbee Group in the northern spur of the quartz
monzonite (Fig. 19) has an internal structure similar to that of the Bis-
bee Group and does not show evidence of disturbance., It is therefore

considered to be a roof pendant.

Aplites and Pegmatites. Dikes of aplites and pegmatites are

scattered all over the Swisshelm stock, particularly the northern spur
(Figs. 19 and 21). Samples for this study were collected from this por-

tion of the stock. There is apparently no sulfide mineralization in the



Figure 21. Abundant aplite and pegmatite dike population in
the northern spur of the Swisshelm stock, Arizona
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Swisshelm stock, but beryl and fluorite prospects are located about a
mile to the southwest of the sampled area. Based on petrographic study,
fluorite and minor secondary K-feldspar and sericite postdate aplite
dikes.

Abundant aplites and pegmatites occur in the Swisshelm stock,
with aplite dominant, Mixed aplite-pegmatites are common, with peg-
matite usually occupying the centers of dikes. Pegmatite facies in ap-
lite dikes become more common on the northern spur as the eastemn
contact of the stock with the Bisbee Group is approached. Similarly,
grain size increases from 0.4 to 1.4 (Table 8) and muscovite becomes
more abundant as the eastern contact of the stock is approached from
the east., Aplite dikes in the western portion of the northern spur are
pinkish, whereas those to the west are grayish white. Increase of grain
size of pegmatite in aplite dikes and of muscovite content as one goes
west along the northern spur is taken here to indicate increase of vola-
tile content of the system toward the east, which, in turn, méy indicate
that the Swisshelm intrusion is structurally higher on the east. The
contacts of aplite dikes with quartz monzonite host rock are sharp (Fig.
22) and where pegmatite is absent, aplite dikes are tekturally and min-
eralogically homogeneous across their width, although randomly distrib-
uted coarse-grained patches occur in the aplite dikes.

Stéeply dipping dikes striking northwesterly and northeasterly
fill joints in the quartz monzonite and surrounding rocks. Dikes of at |
least two ages are observed, as some dikes cut and offse; others |

(Fig. 20).



Table 8. Modal mineralogic composition and grain size of aplites, Swisshelm stock, Swisshelm

Mountains, Arizona

Percent by Volume Average
Grain
Sample : Size
No.l Quartz K-feldspar Plagioclase Muscovite Accessory Minerals (mm)
41 37 | 31 32 - muscovite, biotite, magnetite <1 0.4
42 33 34 33 - muscovite, biotite, magnetite <1 .35
43 32 34 34 - muscovite, biotite, magnetite <1 .o
44 35 33 32 - muscovite, biotite, magnetite <1 4
45 36 32 28 3.7 biotite, magnetite, fluorite <l 1.2
A 32 32 34 2.0 biotite, magnetite, fluorite <l 1.3
33 37 27 2.0 biotite, magnetite, fluorite <1 1.4
C 31 33 33 3 " biotite, magnetite, fluorite <1 1.4

1. Sample locations are shown on Figure 19.
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Figure 22. Sharp contact relationship between aplite and
quartz monzonite, Swisshelm stock, Arizona
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In thin section, dikes have sugary xenomorphic granular tex-
ture. The pinkish aplites have a grain size of 0.4 mm, while the gray-
ish‘white ones have an average grain size of 1.2 mm, Constitutent
minerals of the pinkish aplite variety are 32-37 percent quartz, 31-34
percent K-feldspar, and 32-34 percent plagioclase. Accessory minerals "
are magnetite, sphene, biotite, and muscovite, Clean quartz crystals
are anhedral and subrounded to angular with undulose extinctibn. Turbid
perthitic K-feldspar forms subhedral to anhedral crystals and includes
minor muscovite, Rare carlsbad twinning indicates the preSence of orthb-
clase; this mineral probably accounts for most of the K-feldspar in the
rock. Subhedral to anhedral crystals of oligoclase (Anjs) are sparselyv
twinned and contain minor inclusions of muscovite. Oligoclase locally
shows sericitic alteration, The grayish-white aplite dikes are composed
of 31-36 percent quartz, 32-37 percent K-feldspar, 27-35 percent plagio-
clase, and 2-3. 7.percent muscovite, In contrast to the pinkish dikes,
the grayish-—vyhite aplite dikes show abundant microcline and their pla-
gioclase is well twinned and has more included muscovite. Fluorite and
magnetite are .accessory minerals.

Diery (1964) detailed aplite dike compositions in the Swiss-
helm stock as being 31;38 percent quartz, 37-:51 percent K~feldspar,
10-23 percent plagioclase, 0.5-4.5 percent muscovite, 0,5-1 percent
biotite, and 1.5-2.5 percent others. The differing mineral abundances
reported by Diery are irreconcilable with those reported earlier by me.
Chemical composition calculated from determinations of the new modal
mineralogic compositioh data agrees well with chemical composition of

the same rocks determined by atomic absorption. Magmatic texture
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including mutual crystallization boundaries, graphic texture, and lack

of pervasive hydrothermal alteration are invoked.

Mineralization., No sulfide mineralization has been observed

within or outside the stock in the surrounding metamorphosed country
rocks. A few fluorite énd beryl prospects are found in the southern por-
tion of the stock (Fig. 19). Beryl and fluorite occur as patches or as
disseminations in aplite-pegmatite dikes. Their economic significance

is doubtful as they have not been extensively prospected or developed.

Texas Canyon Intrusion

The Texas Canyon quartz monzonite intrusion is located abouf
12 miles northeast of Benson, Arizona, along U.S. Interstate 10 (Fig. 2).
The intrusion is very well exposed by the Texas Canyon drainage system
and forms the southeastern half of the Little Dragoon Mountains (Fig:
23). Although the full size of this intrusion is probably largér, its out-~
crop is roughly 4 by 6.5 miles, with the long axis trending northeast.

The Texas Canyon intrusion invaded rocks ranging in age from
Precambrian to Late Cretaceous. Livingston and others (1967) dated the
intrusion at 47.4-54.2 m.y. by the K-Ar method. Contact relations sug--
gest steep, generally concordant contact walls with the Pinal Schist in
the north and northwest and discordant walls where it cuts post-Pinal
Schist rocks, Contact relations at the south end of the mass suggest
that it has a gently arched irregular roof, which has not been completely
uncovered by erosion., Quartz rﬁonéonite and associated aplite dikes
west of the town ?f Dragoon (Fig, 23) contain large inclusions that evi-

dently represent roof pendants because their internal structure conforms
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to that of the walls. According to Céoper and Silver (1964), there is evi-
dence for an early phase of forceful injection in the southwest followed
by a later passive phase of magmatic stoping in the east.

Steeply dipping northeasterly joints are conspicuous through-
out the stock. Their average strike is N, 459 E. with 86° SE. dips.
Other sets of steeply dipping joints are developed locally. The dominant
northeast joint set is generally parallel to the long axis of the stock.
Some of these joints are locally mineralized by veins of quartz in which
hubnerite was detected in a few places (Cooper and Silver, 1964). Ap—.
lites and pegmatites are also observed to fill these joints,

Lithologically, the Texas Canyon stock is a quartz monzonite
with a dominant porphyritic phase and a minor nonporphyritic phase gen-
erally distributed along the external contacts. The porphyritic phase is
pale brown on weathered surfaces and light gray on fresh frac£ures. K-
feldspar phenocrysts 1-10 cm long, averaging 3-4 cm, form 2-5 percent
of the rock and occur in a medium-grained groundmass of 30-35 percent
quartz, 30-40 percent plagioclase, 25-30 percent K-feldspar, and about
5 percent mica, most of which is biotite (Cooper and Silver, 1964). -
Zoned oligoclase occurs as anhedral to subhedral crystals 1-4 cm long. '
K-feldspar and quartz form the groundmass and give the rock a granitoid
texture. K-feldspar is micfocline, although orthoclase may also be pres-
ent. Large quartz masses are in part single subhedral crystals but much
more commonly are aggregates of small anhedral crystals., Accessory
minerals include magnetite, apatite, and minor zircon.

Alteration minerals form scattered patches and lenses commonly

in the northeastern portion of the stock (Fig. 23). Alteration commonly
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consists of sericitization of plagioclase and chloritization of biotite,

K-feldspar is generally unaltered.

Aplites and Pegmatites. Aplites and pegmatites occur abundant-

ly in the Texas Canyon stock, especially in the southern portion. A one-
mile traverse A-B (Fig. 23) intersected 45 dikes, ranging in width from 4
to 23 inches, averaging 13 inches. Dikes sampled for this study are
located in the center of the stock, about 2.5-3 miles from the Empire
No. 2 s}}aft and the Centurion mine and 5 miles from the Johnson Camp
mine. They show no hydrothermal alteration, Dikes are younger than

the quartz monzonite but older than the mineralization. Dikes generally
follow the attitude of joints (N. 459 E,, 870 SE.). Some dikes bifurcate
or suddenly change direction giving rectilinear patterns (Fig. 24). Dikes
are also traceable continuously from within the stock into the surround-
ing country rocks.

Dikes commonly occur as aplite, pegmatite, or a combination
of the two, although single aplite occurrence is always dominant. Where
- both occur in a single dike, pegmatites occur as discontinuous bands
located centrally or peripherally (Fig. 25). Dike—host rock contacts are
always sharp. Dikes are grayish white.

Texturally, aplite is sucrose, xenomorphic granular. Dikes 53-
to 57 (Table 9) located near the center of the stock are coarser grained
(0.7 mm average) than dikes 58 to 60 (0.3 mm average) located to the
south. Muscovite shows preferred orientation and evidence of strain by
the bending of muscovite flakes, bending of plagioclase twinning, and
undulose extinction of quartz. A thousand-point count of six stained

thin sections indicate a mineral composition of 32-37 percent quartz,



Figure 24. Rectilinear pattern generated by bifurcating aplite
dikes that change strike sharply, Texas Canyon stock, Arizona

Sample location 55.
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Figure 25. Pegmatite bands (Peg) occurring peripherally in an
aplite dike (Ap), Texas Canyon intrusion, Arizona

Sample location 54 .
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Table 9. Modal mineralogic composition and grain size of aplite dikes, Texas Canyon stock, Little
‘Dragoon Mountains, Cochise County, Arizona
Percent by Volume Average

. Grain

Sample Size

No. 1 Quartz K-feldspar Plagioclase Muscovite . Accessory Minerals (mm)
53 36 18 33 13 ‘magnetite <1 1.5
. 54 32 31 31 6 garnet <1 0.7
55 34 17 37 12 garnet <l 0.65
56 32 20 36 12 garnet <l 0.5

57 (pegmatite)

58 32 24 36 8 garnet <l 0.3
59 37 29 30 4 0.3

60 (pegmatite)

1.

Sample locations are shown on Figure 23,

S6
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17-29 percent K-feldspar, 30-27 percent plagioclase, and 4-12 percent
muscovite, Accessory minerals are magnetite and garnet, The wide
spread in range of K-feldspar and muscovite is due to the formation of
muscovite apparently at the expense of K-feldspar. Mineral composition
indicates that wherever values of K-feldspar drop muscovite values pick
up and also that combined values of K-feldspar and muscovite are simi-
lar among the six thin sections. Quartz occurs as clear anhedral sub-
rounded fractured grains and has undulose extinction, Microcline is the -
principal K-feldspar, although perthitic orthoclase is also developed.
Plagioclase (Ang) forms subhedral to anhedral crystals, which include or
- are surrounded by muscovite .. Twinning is generally well developed,
sometimes incomplete, and rarely absent. Muscovite occurs as sub-
hedral flakes interstitial to quartz, microcline, and plagioclase and
locally included in the last. A magmatic origin of muscovite is based on
its equant crystal form, interstitial occurrence to magmatic minerals,
and random distribution. Garnet is an accessory mineral not common to

all thin sections.

Mineralization. Pyrometasomatic copper and zinc replacement

ore deposits at Johnson Camp yielded about 1,130,000 tons of ore valued
at $25,600,000 by the end of 1959 (Cooper and Silver, 1964). Ore min-
erals are sphalerite, chalcopyrite, with minor bornite in association
with pyrite, minor scheelite, and traces of molybdenite (Cooper and
Silver, 1964). Other prospects of the Johnson Camp type occur in the
surrounding rocks near the eastern coptact of the 'Texas Cényon stock.
Ihtensix}e mineral exploration is presently going on in the alluvium to

the east and nqrtheast of the stock, Although no announcements have
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been released, drilling has apparently indicated the presence of two
mineral deposits to the east of the stock, the extent and source of which

are not yet known,

Whetstone Intrusion

The Whetstone intrusion of the Whetstone Mountains lies about
16 miles southwest of Benson (Fig. 2) and covers an area of about two
square miles in the Whetstone Mountains, Whereas the Whetstone
Mountains trend northwesterly, the stock itself is elongate in an east--
west direction. Although the topography is rugged, access to the in-
trusion is provided by primitive roads. It intruded Permian carbonate énd
arenaceous rocks and Cretaceous sandstone, conglomerate, and carbon-
‘ates, which are overlain by rhyodacite of middle Cretaceous age (Fig.
26) . Potassium-argon dating indicates an age of 74 m.y. (Creasey,
1967). The intrusion is strongly jointed, with an east~west striking set
of joints parallel to the long axis of the intrusion, dipping about 600 SE.
and a northeasterly set striking about N. 200 E., dipping about 680 SE.
Sedimentary rocks surrounding this intrusion are disturbed as evidenced
by steepening and erratically disturbed strikes of beds. These features
indicate that the stock was actively emplaced: The stock and some
satellite intrusions were mapped by Creasey (1967) as granodiorite.

V. D. De Ruyter (oral commun,, 1971) believes that the intru-
sion is not homogeneous granodiorite but also includes quartz monzonite.
This observation is confirmed by samples collected for this study. Grano-
diorite is grayish black where fresh, is hypidiomorphic granular and its

constituent minerals are 9 percent quartz, 3 percer;t K-feldspar, 54
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percent plagioclase, 14 percent biotite, 13 percent hornblende, and 5
percent pyrite, with sphene, chlorite, and magnetite as accessory min-
erals., Subhedral plagioclase (An37) is slightly seritized and discontin-
uously rimmed with K-feldspar. Orthoclase forms anhedral to subhedral
crystals interstitial to plagioclase. Hornblende is fringed by primary
biotite and orthoclase. Brown subhedral biotite crystals are slightly
chloritized peripherally and along cleavage and are also rarely discon-
tinuously rimmed by orthoclase. Pyrite is disseminated and also clus-
ters most abundantly around ferromagnesian minerals, Quartz monzonite
has hypidiomorphic granular texture, Its composition is similar to that
of granodiorite except for an increase in quartz and K-feldspar and a de-
crease in plagioclase, ferromagnesian minerals, and pyrite. Mineral
composition is 17 percent rounded and subrounded quartz, 25 percent
subhedral orthoclase, 48 percent subhedral to anhedral plagioclase
(An17) crystals. 5 percent brown biotite, 2 percent hornblende, and 1
percent pyrite, Sphene, apatite, magnetite, and chlorite are accessory
minerals., Potassic alteration is indicated by mantling of plagioclase by
orthoclase, partial or complete sericitization of plagioclase, and the
presence of secondary biotite.

As indicated by Figure 26, samples of aplite dikes were col-
lected from the southern margin of the Whetstone stock. Although eco-
nomic mineralization has not yet been located in this stock, a sub-
economically mineralized shear zone runs about north-northeast through
the locale of sample 16. Weak hydrothermal alteration of secondary K-
feldspar and sericite was observed in aplite dikes and their host rocks.

Based on filling of fractures in the granodiorite and quartz monzonite,
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aplites dikes are younger than these two facies, but as indicated by sul-
fide and alteration minerals, aplite dikes postdate or in some instances
are contemporaneous with these two episodes.

Aplites and Pegmatites. Aplite dikes utterly without pegmatite

generally occur along the margins of the Whetstone stock, especially in
the south, southwest, and western portions (Fig. 26). Dikes have pre-
dominant west-northwest strikes with variable but steep dips. North-
easterly striking dikes also occur and dip steeply to the southeast,
Contrary to other nonproductive sampled instrusions, the Whetstone
shows fewer dikes. A traverse (A-B, Fig. 26) on one mile intersected .
only 10 dikes, ranging from 4 to 18 inches in wide but averaging 10
inches., The contact with host rock is sharp (Fig. 27), and no change

in grain size at the contact is observed. However, the contact at site
16 (Fig. 26) shows a change of color toward the center of the dike and
only minor change in grain size (Fig. 27). Going from the margin at the
contact toward the center of the dike, a 0.5-inch oil-colored zone gives
way irregularly to a pinkish colored rock. Thin sections reveal that the
difference inhcolor is due to the presence of clear rather than turbid
orthoclase crystals in the oil-colored portion. Aplite collected from site
16 contains less than one percent pyrite and malachite. There is gen-
erally no change in grain size or color from one dike to another, except
in dike 18, which is grayish white in contrast to the pinkish color of the
other dikes. Another difference is that aplite dikes at the southwest
(dikes 14 through 17) and also some of the dikes at the northeast portion

of the stock show fresh pyrite, although oxidized pyritic halos are not

uncommon (Fig, 28).
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Figure 27. Sharp contact relationship between aplite and grano-
diorite, Whetstone stock, Arizona

This specimen also shows the marked change in tone from the
granodiorite contact toward the center of the dike.

Figure 28. Oxidized pyritic halos in aplite# W hetstone stock,
Arizona

W hetstone sample 16.
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Microscopically, aplite has a sugary xenomorphic granular tex-
ture in which the average grain size is 0.4 mm (Table 10). Like other
aplite dikes in other areas, coarsely crystalline patches greater than
1.0 mm grain size occur, Mineral composition is 33-38 percent quartz,
30-38 percent K-feldspar, and 25-35 percent plagioclase., Accessory
minerals are magnetite, biotite, sphene, chalcopyrite, chlorite, sphene,
chélcopyrite, and pyrite. Anhedral rounded to subrounded clear quartz
grains are fractured and show undulatory extinction, K-feldspar is an~ 4
hedral to subhedral anld is untwinned, except for rare carlsbad twinning
indicating the presence of orthoclase, Based on the absence of micro-
cline rectilinear twinning, K-feldspar is also taken to be mostly ortho-
clase. Perthitic texture has also been observed.. Orthoclase is generally
turbid except in sample 16, where orthoclase forms clear crystals as the
contact of aplite with granodiorite is approached. Plagioclase (Anjg) oc-
curs as subhedral to anhedral turbid crystals with sparsely developed
twinning. Sericite is locally developed in plagioclase, either peripheral-
ly or at the center, and mantles of orthoclase are also formed around
plagiodlase (Fig. 29). Primary biotite forms brown flakes, 2-4 mm in
~ size, whereas secondary biotite of a greenish-brown color occurs as
small aligned flakes (0.05 mm). Pyrite in mutual boundary contact and
replacement relationship with magnetite is not apparently vein controlled.
Textural relationships indicate magmatic crystallization of aplite min-
erals., Plagioclase is partly replaced by sericite and orthoclase. Ab-
sence of extensive plagioclase replacement and of veinlets indicates

that the alteration is deuteric.



Table 10, Modal mineralogic composition and grain size of aplites from Whetstone stock, Whetstone
Mountains, Arizona

Percent by Volume Average

Grain
Sample ’ Size
" No, 1l Quartz K-feldspar Plagioclase Accessory Minerals (mm)
11 37 30 33 biotite, magnetite: <1 . 0.4
12 34 37 28 biotite, magnetite, sphene, chlorite: =1 .4
13 34 37 38 biotite, magnetite, chlorite: =1 3
14 36 35 28 biotite, sphene: =l .3
15 36 35 27 biotite, magnetite, chlorite: =2 ‘ .35
16 37 37 26 biotite, chlorite, magnetite, sphene, .4

chalcopyrite, malachite: <1

17 33 32 : 35 biotite, magnetite, sphene: <1 4
18 -35 37 28 biotite, magnetite, sphene: <1 .5
19 36 36 27 biotite, magnetite, pyrite: =1 .4
20 36 . 38 25 biotite, magnetite, pyrite, carbonate: =1 .8

1. Sample locations are shown on Figure 26.

€0t
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Figure 29. Photomicrograph showing K-feldspar (yellow)
mantling and replacing along cleavage of a plagioclase crystal (pink),
W hetstone stock, Arizona

Stained thin section 16; plane polarized light, X66.
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Mineralization. Drilling of a mineralized zone located close to
the center of the intrﬁsion and striking northeasterly indicated the pres-
ence of subeconomic copper and molybdenum sulfides (V. D. De Ruyter,
oral communic., 1971). Pyrite also occurs irregularly in the intrusion

and surrounding sedimentary rocks.

Unclassified Intrusion

. Troy Stock

The Troy stock was studied after the completion of the early
portion of this research, Results of the early phases indicated a sub-
stantial variation in abundance and mineral and chemical compositions
of aplites and pegmatites of mineralized and barren intrusions. The Troy
stock was selected in order to compare results obtained from its samples
against results from other studied intrusions because active mineral ex-
ploration is presently being conducted in and around the Troy stock.

The Troy stock is located in the Dripping Spring Mountéins
about 75 miles north of Tucson (Fig. 2). The stock is pear shaped, with
its longest axis trending east-west (Fig. 30), and encompasses an area
of about 2 square miles. It has intruded Precambrian and Paleozoic rocks
and is dated at 72 + 2 m.y. (Cornwall, Banks,. and Phillips, 1971).

The Dripping Spring Mountains are strongly deformed, mostly
by tilting and~ faulting. As indicated by relationships with the intrusive
stocks, several of the major faults formed in the late Precambrian and
were later reactivated one or more times, particularly during the Lara-
mide (Cornwall and others, 1971). The Troy intrusion is surrounded b}:

intricately faulted rocks forming small grabens and horsts (Fig. 30) and
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shows evidence of having been forcefully intruded. At the western con-~
tact, wedges of the intrusive granodiorite follow old fault planes. The
general west-northwest strike of the country rocks has been modified,
and to the south it parallels the intrusive contact (Fig. 30). The south-
westerly dips of 25°-30° are increased to 80° in some locations at the
western contact. Islands of Dripping Spring quartzite in the northwest
part of the stock have been strbngly fractured and brecciated (T. E.
Andrews, oral commun,, 1973).

The stock itself is strongly jointed and susceptible to weather-
ing and forms a topographic low with respect to surrounding host rocks.
Numerous Laramide dikes cut the stock. The stock is a composite in-
trusion with lithologies varying from quartz diorite to granitic aplites
(Cornwall and others, 1971). The main rock type is granitoid granodio-
rite. The granodiorite consists of 45-66 percent subhedral to euhedral
andesine crystals up to 6 mm in length, 15-30 subhedral to anhedral .
quartz 2-7 mm in dimater, 10-20 percent anhedral orthoclase, 0-13
percent subhedral biotite as much as 5 mm in diameter, 0~11 percent '
hornblende, 1-4 percent euhedral magnetite-ilmenite, with accessory
apatite, sphene, and zircon,

Potassic hydrothermal alteration, not known to be ‘associated
with sulfides, occurs as veinlets and plagioclase replacements (Fig. 31).

Aplites and Pegmatites. Samples of aplites were collected from

the southwestern part of the stock about 0.5 to 1 mile from the Rattler
mine (Fig. 30). No sulfide minerals were observed in aplite dikes, but
secondary K-feldspar veinlets transect aplite dikes (Pig. 31). Sulfide

mineralization were established by Cornwall and others (1971) to be
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Figure 31. Photomicrograph of aplite showing potassic altera-
tion, Troy stock, Dripping Spring Mountains, Arizona

Secondary orthoclase (yellow) forms a veinlet (——) and also
mantles plagioclase (P). Stained thin section 67; plane polarized light,
X25.
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contemporaneous with alteration, Sampled aplite dikes are therefore
considered to be contemporaneous with alteration, Sampled aplite dikes
are therefore considered to be younger than the stock granodiorite and
to postdate hydrothermal alteration and mineralization,

Present reconnaissance mapping indicated no pegmatites in the
Troy stock, although the stock is marked by an abundance of aplite
dikes, 17 dikes per line mile, averaging 23 inches thick. Dikes fill
radial joints and have steep dips, generally toward the center of the
stock. In contrast to the host rock, aplite dikes are fresh with sharp
nonchilled contacts. Except for crosscutting quartz and orthoclase veins,
the aplite dikes are texturally and mineralogically homogeneous. The
aplite dikes are grayish white with scarce ferromagnesian minerals and
apparently no sulfides, |

In thin section, aplites show xenomorphic sugary textures in
which the average grain size is 0.5 mm (Table 11). Mineral composition
is 29-33 percent .quartz, 41-50 percent K-feldspar, 17-27 percent plagio—'
clase, with accessory biotite, apatite, magnetite, sericite, and hema-
tite. Quartz occurs as anhedral rounded to subrounded crystals ranging
in size from 0.2 to 0.7 mm and displaying undulatory extinction. An-
hedral to subhedral, generally untwinned turbid K-feldspar varies in
grain size from 0.2 to 1.0 mm. The larger grains in many instances are
of secondary origin, Minor carlsbad twinning indicates that the K-
feldspar present is orthoclase, No microcline twinning was observed in
the sections studied. Secbndéry orthoclase occurs as veinlets or as re-
placement of plagioclase (Fig. 31). Subhedral to anhedral sodic plagio-

clase (Ang) occurs as sparsely twinned turbid crystals. Plagioclase is



Table 11. Modal mineralogic composition and grain size of aplites from Troy stock, Dripping Spring
Mountains, Arizona

Percent by Volume Average

' Grain
Sample Size
No. 1 Quartz K-feldspar Plagioclase Accessory Minerals (mm)
.61 32 46 22 biotite, apatite: <1 1.0
| 62 31 48 20 biotite, apatite, hematite, sericite: =1 0.5
63 29 45 26 biotite, apatite, magnetite, sericite: <1 0.5
64 29 48 22 biotite, ‘magnetite, chlorite: =1 0.3
65 29 51 20 biotite: <1 0.5
66 29 49 23 biotite, magnetite, sericite: <1 0.8
67 32 41 ' 27 biotite, sericite, chlorite: <1 0.7
68 33 50 17 sericite, chlorite: <1 0.5

68 30 45 25 biotite: <1 v 0.30

1. Sample locations are shown on Figure 30,

OTT
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replaced by orthoclase and locally sericite, Both deep-brown primary
and greenish-brown secondary biotite is developed in accessory amounts.
Apatite, chlorite, magnetite, and hematite are quite rare, Potassic al-

teration veins without any sulfides cut aplite dikes.

Mineralization. Small deposits of copper sulfides and oxides,

occurring in steeply dipping faults and fissures, have been mined in and
around the Troy stock (Cornwall and others, 1971). Sparsely dissemi-
nated azurite, malachite, chrysocolla, and copper sulfides occur in the
eastern part of the stock and in the surrounding country rocks along the
sout‘hern contact, Cornwall and others (1971) estimate that the Rattler
mine (Fig. 30) in Precambrian Mescal Limestone and diabase contains

2,5(})0,_000 tons of 1 to 1.5 percent copper, mainly as copper oxides.

Summary of Field Data

The information presented here elaborates upon and summarizes
the detailed field work presented in this chapter. This information will
be used to discuss the genesis of the dikes and their significance in

mineral exploration..

Abundance and Thickness of Dikes

All eight of the 'studied intrusions contain aplites with or with-
out pegmatites.- However a noticeable difference in dike population and
thickness has been observed. Aplite and pegmatite dikes in productive
intrusions are generally thinner at an average width of 4 inches and
relatively more scarce at about 7-9 dikes per line mile (Fig, 32), than
nonproductive stocks which contain from 10 dikes per line mile at Whet-

stone to 45 at Texas Canyon and range in width from 10-24 inches. This
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relationship has been quantified by the method described earlier. Figure
32 shows that productive intrusions in general have small numbers of
thin dikes. The Santa Rita intrusion contains 9 dikes per line mile at
about 4 inches wide, whereas the Patagonia and Sierrita intrusions are
low and similar at about 7 dikes per line mile which average 4 inches
thick. Similar data for the Boulder batholith are not available. Among
nonproductive intrusions, the Swisshelm with 38 dikes per line mile and
the Texas Canyon with 45 dikes per line mile contain by far the largest
relative number of dikes. The average width of dikes in the Swisshelm
is 10 and in the Texas Canyon is 13 inches. The Amole and Troy intru-
sions, which both have 18 dikes per line mile with an average width of
about 2 feet, contain the next abundance of dikes. These, in turn, are
followed in decreasing dike abundance by the Whetstone intrusion at 10
dikes per line mile averaging 10 inches wide.

Data on the width and number of dikes per 1in¢ mile in these
intrusions will be developed to indicate passive intrusive history for

productive intrusions and forceful for the nonproductive ones.

Structure and Texture

The structure and texture of dikes observed in the field are
summarized here according to their mode of occurrence and their relation-
ship to fracturing in ;he host rocks. Their contacts with the host rock
and of the textural homogeneity of aplite dikés, mixed aplite-pegmatite
dikes, and pegmatite dikes are also described. These data will be sﬁb-
sequently used in a discussion of the origin of aplites and pegmatites

in the intrusions under consideration.
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Structure, Except for one location at the Texas Canyon intru-
sion where pegmatite forms a pod (Fig. 33), aplites and pegmatites occur
as dikes with long, straight, generally parallel walls. Individual dikes
range from an exposed length of 50 feet at the Amole stock to about 3,000
feet at the Swisshelm stock (Fig. 19). They range in width from a frac-
tion of an inch (Fig. 24) to 7 feet, Dikes rarely terminate abruptly but
rather pinch out gradually (Fig. 34). Dikes generally maintain a constant
strike but occasionally change abruptly. Not uncommonly, they bifurcate.
and meet again forming a rectilinear pattern (Fig. 24). Fournier (1968) |
observed similar behavior of dikes and explained it by their forceful in-
trusion. Although most of the dikes observed are contained entirely
within igneous host rocks, they locally are continuous from the intru-
sions into the surrounding country rocks (Fig. 1'9) .

Texture. Aplite dikes show monotonous textura! homogeneity,
with grain size averaging 0.4 mm (Tables 3-11). Randomly distributed
coarse-grained patches of about 1,2 mm in grain size are found in aplite
dikes (Fig. 14). These patches are usually composed of quartz or quartz
and K-feldspar, or scarce plagioclase (Fig. 14). Single pegmatites show
grain sizes, ranging from S mm to 1.5 cm. It is not uncommon, particu-
larly in the Texas Canyon and the Swisshelm intrusions, to find mixed
aplite~-pegmatite dikes, The pegmatitic material occurs centrally or
marginally (Figs. 25 and 35), and contacts of the dikes with the sur-
rounding aplitic material may be either sharp or gradational. Aplites
also exhibit the sucrose texture characteristic of published descriptions.

Contacts of dikes with host rock are always sharp, as shown in

Figure 27. Observation of the contact of aplite dikes with host rocks
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Figure 33. A pegmatite pod in quartz monzonite, Texas Canyon
stock, Arizona

mry <« >EV V* -«
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Figure 34. Aplite dike which pinches out in the direction of
bifurcation, Texas Canyon stock, Arizona
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Figure 35. Mixed aplite-pegmatite dike with aplite located
centrally, Swisshelm stock, Arizona

Swisshelm sample location 45.
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reveals no change in grain size as a result of chilling., This feature of
aplite was also noted by Derry (1931), whereas pegmatites by contrast

exhibit this chilling feature,

Color of Dikes

Dikes in the areas under consideration display pink and grayish-
white colors. All dikes from productive intrusions are pink with the ex~
ception of grayish-pink dikes from the Boulder batholith at Butte. Dikes
from nonproductive intrusions are either pink or grayish white. For ex-- .
ample, dikes from the Amole and Whetstone intrusions are pink, where-
as those from the Swisshelm and Texas Canyon intrusions are grayish '
white. This color difference is shown in subsequent discussion to indi-

cate a change in the iron content of both the bulk rock and its K-feldspar.

Summary of Petrographic Data

Texture

Microscopic textures confirm the field observations reported
earlier. The textural homogeneify observed in the field is also present
on a microscopic level. The grain size ranges from 0.2 to 1.5 mm with
an average of 0.4 mm (Tables 3-11). Random coarse-grained patches
observed in the field are very well displayed in thin sections of aplite
dikes (Fig. 14). These patches are composed of grains ranging in size
from 1~1.2 mm., Well-developed crystal faces not seen elsewhere in
aplites are commonly found in thgse patches (Fig. 14). Overall, aplite
texture is the xenomorphic granular (Fig. 13) ., similar to that described

in the literature. Graphic texture (Fig. 15) is well developed in
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pegmatites collected from the Texas Canyon, Sierrita, and Swisshelm
intrusions. Granophyric texture (Fig., 7) is also observable in these ap-
lites and is best developed in those from mineralized intrusions. Grano-
phyric texture was defined by Barker (1970) as the intergrowth of quartz
and alkali feldspar on a scale from submicroscopic to 1 to 2 mm. While
granophyric texture in nonproductive intrusions is observed only in
sample 3 (Fig. 17) of aplite from the Amole stock, it is often observed
in aplites from productive ones, especially in those from the Patagonia
stock (samples 27, éo, 31; Fig. 6). Granophyric texture has been de- |
scribed in plutonic rocks "only from aplites for which rapid crystalliza-
tion has been postulated" (Barker, 1970, p. 3342). Superimposed on
these primary crystallization texturés are textures of secondary origin in
the form of orthoclase veins (Figs. 16 and 31), mantling of plagioclase
by orthoclase and partial replacement of plagioclase by orthoclase along
éleavage planes (Fig. 29). The sharpness of dike contacts with the host
rocks observed in the field (Figs. 22 and 27) are confirmed by the pres-
ence of microscopically sharp contacts (Fig. 20). This sharp contact is
defined by vat:iation in grain size of the host rocks and aplite dikes, the
latter much smaller, and also by the difference in color of constituent

minerals.

Mineral Composition

Quartz, K-feldspar, plagioclase, and muscovite in aplite and
pegmatite dikes from Swisshelm and Texas Canyon stocks together con-
stitute 99 percent by volume of the total mineral composition (Tables 3-

11). Biotite, magnetite, sphene, garnet, and pyrite are present in ac-

cessory amounts,
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Single aplite dikes are mineralogically homogeneous, and this
homogeneity prevails among different dikes in the same intrusion (Tables
3-11). This mineralogical homogeneity agrees with the chemical homo-
geneity described later in the chapter on chemical data. Significance of
mineralogical and chemical homogeneities of dikes wil be subsequently
considered. The principal aplite and pegmatite dike minerals include
quartz, plagioclase, and K-feldspar.

Quartz. Quartz occurs as about 0.4-mm anhedral grains and
as granophyric and graphic intergrowths with K-feldspar (Figs. 7 and 15).
Quartz also is found as coarse crystals, averaging 1.2 mm across, in
coarsé-grained patéhes in aplite dikes (Fig. 14). The quartz content in
the studied aplites and pegmatites ranges from 29 to 37 percent by vol-
ume in both productive and barren intrusions (Tables 3-11), The Texas
Canyon and Troy intrusions have low quartz content, at about 29 percent,
a feature corroborated by the low silica content of bulk rocks (Table 16,
Appendix A) collected there. Inspection of Figure 36 indicates that plots
of samples of aplité and pegmatite from barren and mineralized intru-
sions are similar, There is no special correlation of high or low quartz
content with barren or mineralized intrusions. The iﬁconsistent trend in
quartz in aplites from both productive ahd barren intrusions makes this
mineral a poor mineralogic indicator in the exploration for mineral de-
posits.

Plagioclase. Plagioclase is present in examined aplites as an-
hedral to subhedral grains, averaging 0.4 mm in diameter, Plagioclase

crystals have interlocking boundary relationships with K-feldspar and

guartz, Individual crystals are commonly equant and subrounded but
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elongate crystals are also occasionally present. Its composition, deter-
mined by the Michel-Levy method, varies between An7-}g in dikes from
barren stocks and An)g-17 in those from minefalized ones. This differ-
ence is chemically confirmed by the relatively high calcium content of
the latter. It has also been observed that twinning is better developed
in plagioclase from pegmatites than from aplites, Inspection of Figures
36 and 37 reveals a decrease of plagioclase in dikes from mineralized
areas. An inverse relationship of plagioclase to K-feldspar is also clear
(Fig. 37).

K-feldspar. Like plagioclase, K-feldspar is present as anhedral
to subhedral grains, ranging in size from 0.2 to 1.2 mm, with an average
of 0.4 mm, The smallest grains at 6.2 mm are rounded and commonly oc-
cur interstitial to plagioclase, quartz, and K-feldspar. The largest
grains at 1.2 mm occur in randomly distributed coarse~-grained patches
and also in and close to secondary K-feldspar veins, However, most
K-feldspar occur as 0.4 mfn anhedral to subhedral crystals in mutual
interlocking boundaries with plagioclase and quartz. Less commonly,
K-feldspar displays replacement boundaries with plagioclase.

K-feldspar is generally turbid, except at Texas Canyon where
clear K-feldspar is always present. Although particulate hematite was
not observed, this turbidity which is always associated with pink K-
feldspar could be due to the presence of hematite or Fett+ in Alt+++
sites of the feldspar lattice (Andersen, 1915; Wones, 1962; and Boone,
1969). This possibility is supported by a high iron content (0.132-0.175

percent) in pink turbid feldspar in contrast to a low iron content (0.02-

0.055 percent) in relatively clear K-feldspar.
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plagioclase in aplites from studied Laramide and mid-Tertiary intrusions
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Except at the Texas Canyon and Swisshelm intrusions, ortho-
clase forms the major K-feldspar in aplites. Microcline, whose presence
was determined optically, constitutes about 90 percent of the K-feldspar
in aplite dikes from Texas Canyon and about 70 percent of the K-feldspar
. in dikes from the eastern part of the Swisshelm intrusion, This predomi-
nance of microcline in Texas Canyon is not readily explainable but is
cofrelafable with the probable greater depth of its formation. The present
data, for reasons discussed later, indicate that dikes in the Texas Can-
yon intrusion probably formed at much greater depth (8 km) than those
from other intrusions studied (2-4 km). This depth correlation is in
agreement with Dana's (1961, p. 490) statement that "microcline is par-
ticularly characteristic of deep-seated rocks and pegmatites, orthoclase

of porphyries and hydrothermal veins, and sanidine of extrusive lavas."

Fluid Inclusions

Facilities for studying fluid inclusions became available at the
close of this work. Preliminary work had indicated the presence of
fluid inclusions in'aplite‘ samples, contrasting to their abundance in
pegmatites and suggesting that aplite formation environment is not con-
ducive to the formation of fluid inclusions.’ Primary fluid inclusions in
dikes from all mineralized intrusions studied contain halite daughter
minerals (Fig. 38), whereas none was observed. in dikes from barren
areas., Similar observations were made by Roedder (1971). Similarly,
on the basis of preliminary information, the liquid-vapor ratio in fluid
inclusions in dikes from productive areas is always greater than in dikes

from barren areas. Figure 39 from aplites in the Patagonia stock shows



Figure 38. Fluid inclusion with a halite daughter mineral

Boulder batholith, Montana, thin section 21.
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Figure 39. Small vapor phase in fluid inclusion

Sierrita, Arizona, thin section 39.

Figure 40. Large vapor phase in fluid inclusion

Texas Canyon, Arizona, thin section 53.
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a tiny vapor phase, whereas the vapor phase in samples from Texas Can-

yon (Fig. 40) are larger.



CHAPTER $
CHEMICAL DATA

Chemical data of bulk rock and K-feldspars depict the textural
and mineralogical homogeneity initially established. They permit the in-
vestigation of the behavior of individual elements in productive and bar-A
ren environments and the calculation of normative minerals and PH90.
These data will be used to determine depth and temperature of formation

of these dikes and their exploration and genetic significance.

Bulk Rock Analysis

All bulk rock and K-feldspar atomic absorption spectrophoto-
metric analyses are listed in Appendix B. The data are group.ed by
sample location and include analytical values for weight percentage of
Si02, Al203, total iron as Fe203, CaO, Na20, and K20 and ppm
of copper and zinc. Elemental abuﬁdances calculated from oxides in
aplite and peg;matite in each intrusion are averaged. The number of
samples per intrusion and the range of analytical values from which
these averages are calculated are shown in the figures which accom-

pany the discussions of each element.

Sil.icon

- As predicted by its crystal chemical behavior, silicon concen-
tration in these late-forming dikes is relatively high at 35.38-36.81%
Si (Fig. 41A4). This high concentration conforms with the high content of

127
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quartz in the modal determinatiohs (Tables 3 through 11), Silicon con-
centration in dikes from barren intrusions at 35.38-36.81% Si is slightly
higher than that in dikes from productive ones at 35.16-36.23% Si. In-
spection of Figure 41A shows that, taken together, dikes from productive
intrusions have silicon values similar to barren ones, except for dikes
from Texas Canyon. The low silicon values from Texas Canyon (35-38)
and the Troy intrusions (35.61) are consistent with their low modal

quartz,

Aluminum

Aluminum, like silicon, does-not show any trend correlative to
the mineralized or barren status of the intrusions, Except for dikes from
the Texas Canyon and Troy intrusions, the overall aluminum contents in
dikes from barren and mineralized intrusions at 6.40 + 0,1 (Fig. 41B) are
similar. Because feldspars are the principal carriers of aluminum in the
dikes and since the total feldspar contént at 63.0-66 percent by volume
is similar in productive and barren intrusions, these similar values of
aluminum are expected. The high aluminum content of dikes from Texas
Canyon at 7.60% Al is in .agreement with their high muscovite content
content (4-13 percent by volume), whereas the high aluminum values in
dikes from the Troy stock agree with its high total feldspar content (69

percent by volume),

Iron
Low iron concentration in aplites and pegmatites is predicted
from its crystal chemical behavior in silicate melts. Petrographic work

indicates that combined iron oxides, sulfides, and ferromagnesian
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minerals form less than 2 percent by volume in the dikes under considera-
tion. Figure 42A, however, indicates a higher value of iron at 0.45%4
1. 16% Fe in productive intrusions and lower iron content in barren ones
at 0.30%-0.63% Fe. This high iron content in dikes from productive
areas is reflected in the pink color of these dikes. Dikes from the
- Swisshelm, Texas Canyon, and Troy intrusions are grayish White, cor-
relating with their low iron content. Among the barren intrusions, dikes
from the Amole (0.63% Fe) and the Whetstone (0.53% Fe) have high iron

contents, also in agreement with their pink color,

Calcium

Crystal chemistry predicts that calcium will be incorporated
into early-forming silic¢ates so that minerals crystallizing from residual
melts are depleted in this element. This prediction is confirmed analyt-
ically by the low average calcium content at 0.21-0.48% Ca in studied
dikes (Fig. 42B). Although the calcium content is low in dikes from both
productive and barren intrusions, the former show a higher calcium con-
tent (0.31-0.48% Ca). Aplites from the Troy intrusion contain as much
calcium as that found in dikes from productive ones (Fig. 42B). Except
for minor apatite and fluori{e (Swisshelm intr_usion) , Plagioclase is the
only calcium-bearing mineral seen in thin sections. The relatively high-
er calcium content in dikes from productive intrusions is confirmed by

the presence of a higher anorthite content in plagioclase (An10_17) .

Sodium
As predicted by its crystal chemistry, sodium concentrates in

aplites and pegmatites, the products of residual magma crystallization.
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However, it is observed in Figure 43A that dikes from productive areas
contain less sodium (1.55-1.82% Na) than those from barren areas (2.28-
3.30% Na). This compositional variation is in agreement with petro-
graphic findings. Dikes from productive areas not only contain less
plagioclase at 12-23 percent by volume than those from barren stocks,
but the albite content of their plagioclase is also low (Abgg-g3). The
anomalously high sodium content in dikes from the Texas Canyon intru-
sion at 2,98% Na (Fig. 43A) and the very low values for the same ele~
ment from the Santa Rita stock at 1.55% Na are directly proportiohal to
their plagioclase contents. Dikes from the Troy intrusion carry sodium

contents intermediate to those from productive and barren areas at

2.12% Na,

Potassium

Like sodium, potassium is concentrated in late-forming aplites .
and pegmatites. As contrasted to sodium, relatively more potassium at
5.15-5,.56% K is present in dikes from productive areas (Fig. 43B). This
potassium content is consistent with petrographic findings in which |
these dikes were determined to carry more K-feldspar, 41-54 percent by
volume (Fig. 37), than those from barren intrusions (18-38 percent by
volume). Dikes from Texas Canyon have the lowest potassium content
at 3.89% K, corresponding to low content of K-feldspar (23 percent by
volume) in these dikes. The inverse relationship between sodium and
potassium contents in dikes is well expressed by Figures 43A and 43B.
An increase of potassium content corresponds to a decrease in the sodium
content, Aplites from the Troy intrusion have a potassium content at

5.41% K, comparable to that in dikes from productive intrusions, .
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Copper

As indicated by Figure 44A, copper values are relatively high
(10-59 ppm) in dikes flfom mineralized areas. Dikes from the Boulder
batholith and the Whetstone stock are exceptions. High copper content
in aplite dikes from the Whetstone intrusion (24 ppm) is mainly due to a
.single high value (80 ppm). The average copper content drops to 18 ppm
with omission of that sample. Nonetheless, all samples from the Whet--
stone stock are high in copper. Samples from the Boulder batholith at
Butte are low in copper (10 ppm), as was also observed by Al-Hashimi
and Brownlow (1970), who found that the copper content in biotite from
the Boulder batholith is low compared to that of copper-producing intru-
sions elsewhere. Aplite dikes from the Troy intrusion show low copper

content at 12 ppm, similar to values from barren intrusions (Fig. 44A).

Zinc

Considering its geochemical properties, zinc should behave in
a manner geologically similar to copper. However, Figure 44B does not
confirm this prediction, Concentrations of zinc in aplites and pegmatites
are generally irregularly distributed between productive and barren
stocks. Aplites from the Patagonia and Santa Rita stocks, however,
carry relatively high zinc values, 58 ppm and 73 ppm, respectively,
corresponding to similarly high copper values from the same intrusions.
Aplites from the Troy intrusion contain zinc éoncentrations of 28 ppm,

which are similar to those from barren intrusions., -
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K-feldspar Analysis

K-feldspar, like bulk rock, was analyzed by atomic absorption
spectrophotometry. Results are listed in Appendix B and are graphically
portrayed in Figures 45-47. The Troy intrusions is not represented here
because no éttempt was made to separate K-feldspar from its aplites.
Results from these analyses do not exhibit pronounced differences in
element concentrations between productive and barren intrusions. Since.
Silicon and aluminum do not show well-developed, distinctive differ-
ences between ore-bearing and barren intrusions in bulk aplite and peg;
matite analyses, they would not be expected to show distinctions in

K-feldspar and thus were not attempted.

Iron

The iron content of K-feldspar in dikves_f.rom productivé intru-
sions at 0.08?0 .17% Fe is proportionally higher than it was in the bulk
rocks. Iron concentrations in samples from the barren Amole (0.14% Fe)
and the Whetstone (0.10% Fe) intrusions are sufficiently high, however,
to be comparable to those from productive intrusions (Fig. 45A). Again,
as in the bulk rocks, K-feldspar separates from the Boulder batholith at
0.08% Fe are low in iron. Analysis also shows that the color of K~
feldspar is related to its iron content, K-feldspar in dikes from the Santa
Rita stock, which have a deep pink color, contains the highest quantity
of iron (0.17% Fe), whereas K-feldspar from dikes from Texas Canyon,
which are grayish white, contain the lowest (0.02%.Fe). Iron content of
the pink K-feldspar from the Amole (0.14% Fe), Whetstone (0.10% Fe),

Patagonia (0.14% Fe), and Sierrita (0.13% Fe) intrusions is relatively
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high, while grayish-pink samples from the Boulder batholith contain in-

termediate iron (0.08% Fe), as indicated by Figure 45A.

Calcium, Sodium, and Potassium

The calcium content in K-feldspar is relatively low, as ex-
pected, ranging from 0.03%-0.30% Ca (Fig. 45B). Although calcium is
not distinctively different between productive and barren intrusions,
both very low (0.03% Ca) and very high (0.30% Ca) values are observed
for the Texas Canyon and the Santa Rita intrusions, respectively. Like-
wise, sodium (46A) shows no trend, but like calcium, K-feldspar in
samples from Texas Canyon carries the least (0.73% Na)., If samples .
from Texas Canyon with high potassium (12,80% K) and Santa Rita with
low potassium (9.7% K) are excluded, K-feldspar in dikes from produc-
tive intrusions at 11.02%-11.90% K are found to carry generally higher
potassium contents than those from barren intrusions at 9.8%-10.9% K
(Pigure 46B). Kuellmer (1960) observed that alkali feldspars from the
Lost Gulch quartz monzonite, Globe-Miami, Arizona, from within the
area of moderate hydrothermal‘ alteration, contain more orthoclase than
specimens from outside this area. He concluded that primary magmatic
differentiation or hydrothermAal crystallization could be a plausible hy-

pothesis to explain these compositional differences.

Copper and Zinc

Inspection of Figure 47A shows that copper is more concentrated
in K-feldspars in samples from productive intrusions at 10-12 ppm. The
observed high copper content in K-feldspar from the Whetstone samples

at 14 ppm agrees with high bulk rock copper analyses from the same
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intrusion. Like bulk aplites, the high average copper value at 14 ppm
of the K-feldspar from the Whetstone stock (Fig. 47A) is due to sampliie
16. When this sample is excluded, the average value drops to 11 ppm
copper. The zinc content in samples from barren intrusions is relatively
uniform at 29-31 ppm, whereas variable values are observed in samples
from productive areas (Fig. 47B). The highest zinc values occur in
samples from productive intrusions, the Patagonia at 40 ppm and the

Santa Rita at 58 ppm.

Normative Mineral Relationships

Bulk aplite and pegmatite chemical analyses calculated to nor-
mative minerals by the CIPW method are given in Appendix B. Normative
orthoclase is plotted against normative albite to determine possible
trends or distinctive differences in the studied areas and to permit their
comparison to modal plots for feldspars. Normative feldspars after re-
calculation to 100 percent are plotted on a feldspar equilibrium ternary
diagram (Bowen, 1956) to determine possible anomalies in their potas-
sium, sodium, and calcium contents. Finally, normativé salic minerals,
orthoclase, albite, and quartz, after recalculation to 100 percent, are
plotted on the isobaric minimum ternary diagram for the system Or-Ab-
Q-H20 (Tuttle and Bowen, 1958) in order to investigate the PHZO and

temperature conditions at which these aplites and pegmatites formed.

Orthoclase-Albite Ratio

The plot of normative orthoclase versus albite (Fig, 48) depicts
a trend similar to that shown by the plot of modal K-feldspar against

plagioclase (Fig. 37). Like the relationships shown for modal minerals,



142

! . '
- w
v
< 40}~ -
—’ .
8]
o
T
-
o
o
[
z
u S
o
w
Q.
: EXPLANATION
30|~ A A -
W 1 AMOLE INTRUSION
> < - A A
- i}
- ’(]} SWISSHELM ITRUSION A A
s A\ TEXAS CANYON INTRUSION ® A A
< -
o
Fo) (D WHETSTONE INTRUSION T
Zz
BOULDER BATHOLITH W
PATAGON 1A INT RUSION ’g,
— - S Qa -
20~ | &) SANTA RITA INTRUSION o
A\ SIERRITA INTRUSION &
// »
4 | & TROY INTRUSION T
0 ] 2 i 1
o 7/ 20 30

NORMATIVE PERCENT ALBITE

Figure 48. Plot of normative orthoclase against normative
albite for dikes from Laramide and mid-Tertiary intrusions



143

the pldts of normative orthoclase and albite show a linear relationship.
Plots from productive intrusions cluster at the top left corner at about
40 percent by weight orthoclase and 20 percent by weight albite, where-
as plots from barren intrusions spread toward the bottom right corner at
27 percent by weight orthoclase and 34 percént by weight albite. This
linear relationship is controlled both by similarity of total feldspar con-
tent and the inverse reiationship between orthoclase and albite. Since
the amount of feldspar is nearly constant, an increase in o_rthoclase is '
offset by a decrease of albite and vice versa,. It is also observed that

samples from the same intrusion cluster together,

Feldspar Equilibrium Diagram

The normative content of feldspar from dikes under considera-
tion is described and will be used to determine the genetic nature of
these dikesv. Compositions of rock-forming feldspars are expressed as
m'olecular weight percentages of orthoclase, albite, and anorthite and
plotted on a feldspar equilibrium ternary diagram (Bowen, 1956). This
system is, however, not truly ternary at normal pressures because of
incongruent melting of orthoclase to leucite plus liquid; it is actually
quaternary (Barth, 1962). A ternary system forms at 30 percent excess
silica or at 2,600 atm where water dissolves in an orthoclase liquid up
to about 6 percent, from which orthoclase crystallizes directly (Barth,
1962) . Bowen (1956) neglected this incongruent melting of orthoclase
to facilitate discussion and treated the system as ternary, He con-
structed the orthoclase, albite, and anorthite diagram (Fig. 49) in which
a cotectic boundary curve (ER) separates orthoclase and plagioclase

fields.
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Bowen (1928) contended that all normative feldspars crystalliz-
ing from a basaltic magma, for which equilibrium is maintained, must
plot in the plagioclase field of the feldspar ternary equilibrium diagram.
Rocks whose normative feldspar contents fall in the orthoclase field are
potassium rich and could not have formed by fractional crystallization of
a basaltic magma (Bowen, 1928; Schairer and Bowén, 1947).

Normative feldspar from bulk chemical analyses of aplites and
- pegmatites reported here have been recalculated to 100 percent and are
plotted on the ternary diagram (Fig. 50). Inspection of this figure shows
that with the exception of one sample from the Boulder batholith, one
from Troy, and most samples from Texas Canyon intrusions, all samples
~ plot in the orthoclase field. Feldspars from mineralized intrusions plot
toward the orthoclase apex. Samples from the Troy intrusion are com-

parable to those from mineralized areas.

Differentiation Index

The differentiation index (D—1), as described by Thornton and
Tuttle (1960), is the sum of the weight percentage of normative quartz,
orthoclase, albite, nepheline, leucite, and kalsilite. Since no more -
than three of these normative minerals can appear in any given norm,
the differentiation index pertinent to this work is the sum of the weight
percentages of normative quartz, orthoclase, and albite. As "petrogeny's
residuum" is the end product of magmatic differentiation and therefore
rich in the alkali elements, aluminum, and silicon (Bowen, 1937), the
values of the differentiation index of a rock is a measure of how closely

it approaches petrogeny's residuum, Thornton and Tuttle (1960)
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calculated the differentiation index of the major igneous rocks of Daly
(1914) and found that the differentiation indices of plutonic rocks range
from 93 perceht for alkali granite to 6 percent for peridotite (Table 12).
The differentiation indices of aplites and pegmatites of this work range
from 95 to 97 percent, Except for the Texas Canyon and Patagonia in-
trusions, dikes from productive intrusions have lower differentiation

indices at 95 percent than those from barren ones at 95 percent.

Table 12, Differentiation indices for the aplites and pegmatites from
this study and for the major plutonic igneous rocks

Aplites and Pegmatites D-1 Major Plutonic Rock Types 1 D-1
Amole intrusion 97 Alkali granite 93

Swisshelm intrusion 97 Granite 80

Texas Canyon intrusion 96 Granodiorite 67

Whetstone intrusion 97 Gabbro 30 .
Boulder batholith 95 Olivine gabbro 27

Patagonia intrusion 97 Peridotite 6

Santa Rita intrusion 95

Troy intrusion

1. Data from Thornton and Tuttle (1960).

Water Pressure

The water pressure of the rocks under consideration was calcu-
lated in an attempt to determine their temperature and depth of formation,

Tuttle and Bowen (1958) studied the system KAlSizOg-NaAlSizOg-SiOp-H,0
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experimentally, constructed isotherms ‘and isobars for if, and defined
thermal minima for isobars ih the system. Winkler (1967) foﬁnd that the
presence of over 5 percent anorthite in this system caused the isobaric
minima to shift toward the quartz-orthoclase boundary. He concluded,
however, that even if Ab/An is 1.8, the amount of anorthite cdmponents
in the melt is only about 5 percent and therefore no serious error is made
if that small amount is neglected in this discussion. Since the anorthite-
content of almost all of the rocks reported here is less than S percent,
the shift of the isobaric minima is negligible and Tuttle and Bowen's |
(1958) findings are directly applicable.

Normative quartz, orthoclase, and albite of the dikes studied
are plotted on the anhydrous base of the quaternary system (Fig. 50) after
recalculation to 100 percent, This figure shows that samples from pro-
ductive intrusions cluster at a PH,Q of about 1,000 bars to the right of
the thermal minimum. With the exception of Texas Canyon, samples from
barren intrusions group around PH90 of about 500 bars., Samples from
the Texas Canyon intrusion cluster around a PH,0 of 2,000 bars and
those from the Troy intrusion plot near a PHoO of 3,000 bars,

It is evident from Figure 50 that aplites and pegmatites from
productive intrusions do not completely conform to the demands of pe-

trogeny's residuum as they do not plot in the "thermal valley."



CHAPTER 6
DISCUSSION

This chapter presents a discussion of the field, petrographic,
and chemical data given above with regard to the genesis and geologic

significance of aplite and pegmatite occurrences.

Field Data

Within the context of magmatic theory, the presence of aplites
and pegmatites indicates the existence of water-saturated silicate melts
(Derry, 1931; Andersen, 1931; Emmons, 1940). Other acceptable
theories proposed by Emmons (1940), Jahns and Tuttle (1963), Fournier
(1968), and Jahns and Burnham (1969) hold that aplites formed as a re-
sult of pressure quenching of a water-saturated magma, whereas slow
cooling and consequent crystallization of the same melt prdduced peg-
matites. Jahns and Tuttle (1963, p. 90) suggest that aplites and
pegmatites are foun‘d "almost exclusively in subsolvus granites,”" and
because Tuttle and Bowen (1958) consider that subsolvus granites indi-
cate hydrous environments, one may conclude that aplites and pegma-
tites form in a hydrous environment, Jahns and Tuttle (1963) also
suggest that hypersolvus granites contain few, if any, aplites and peg-
matites, Magmas which remain unsaturated with respect to water cannot
be quenched by a reasonable drop of pressure. Consequently, such
magmas are not likely to develop aplites and pegmatites, except locally
where saturation or supersaturation with water has occurred. Fournier

149
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(1968) maintains that a pressure drop may result in saturation or near
saturation with water in previously unsaturated magmas so that any fur-
ther pressure drops may quench the system and develop aplités . Neither
can all saturated magmas develop aplites, since conditions favorable to
their formation take place only in the event of a rapid pressure drop.
This observation is in agreement with the findings of Jahns and Tuttle
(1963, p. 91), who state: "The subsolvus granites, on the other hand,
may carry large amounts of pegmatitic and aplitic material or none at all,
depending on the cooling history of the intrusive." It is thus concluded
that absence or scarcity of aplites and pegmatites does not by itself
constitute a criferion of attainment or nonattainment of water saturation
of a magma. However, the ubiquitous presence of aplites and pegmatites
demands the saturation and quench of the melt from which they crystal-
lized. A hydrous environment, as indicated by the presence of aplites
and pegmatites, is therefore inferred for the Laramide and‘ mid-Tert‘iary
intrusions studied.

The metamorphic theory of Ramberg (1952, 1956) cannot explain
such features as the continuity of dikes from igneous host rocks into the
surrounding country rocks. Ramberg (1956) described pegmatites from
Greenland and attributed them to metamorphic processes. Notable in his
work is the absence of reference to aplite in Greenland. However, where
aplite dikes do occur in metamorphic terranes and are considered to have
formed by metamorphic processes, this theory runs into serious problems
in explaining the contrasting textures of aplites and pegmatites by

simple migration of elements into adjoining fractures, The simultaneous
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development of these two textures suggests the operation of more than
one mechanism, |

Data presented above on the abundance and thickness of aplite
and pegmatite dikes can shed light upon the mode of intrusion of the
host melt if the presence of dikes be taken as evidence of rupturing of
the host intrusion at any early stage of its mechanical competence.

In their study of the Little Dragoon Mountains, Cooper and
Silver (1964) noted that the Texas Canyon quartz monzonite intruded ac-
tively along the sopthern margin and passively on the east and north-
eastern borders. They mapped abundant aplite and pegmatite dikes in
the southern portion of the intrusion as opposed to a scarcity of them to
the east and northeast. I confirmed Cooper and Silver's finding in the
field and in addition observed the presence of thicker dikes in the
southern than in the northeast portion of the intrusion. There thus ap-
pears to be a correlation between the presence of abundant thick dikes
with forceful intrusion and scarce thin dikes associated with passive
intrusion of the Texas Canyon stock. The consolidated rocks of the
Texas Canyon stock appear to have responded differently to the two
modes of intrusion. Where the intrusion was forceful, the consolidated
part of the stock may have been subjected to stresses which formed many
tensional fractures which, in turn, caused rapid decrease of pressure.
Water-saturated melt which filled these fractures developed into aplite
or pegmatite, depending on further pressure drop. In contrast, only a
few fractures per line mile developed in the east where the stock was
passively intruded, causing only sparse thin fractures which were sub-

sequently filled with widely separated dikes.
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A test o_f this mode of dike formation is possible by comparing
the predicted features to those actually observed. Stringham (1966) con~
tends that 23 of 24 intrusions studied in the porphyry copper environment
were intruded passively. Lowell and Guilbert (1970) arrived at the same
conclusion and believe that a typical intrusion related genetically to a
porphyry copper deposit is passively intruded. Based on the published
data, all productive intrusions studied in this research were passively
intruded. Of the barren intrusions studied, the Texas Canyon (Cooper
and Silver, 1964), Amole (Brown, 1939), and Whetstone (Creasey, 1967)
were forcefully intruded. Complete information is not available for the
Swisshelm intrusion. Thus, at least three of four nonproductive stocks
were intruded forcefully. Based on its disturbance of the structure of
the host rocks and the intrusion along preexisting faults, the Troy stock
also intruded forcefully.

If the differing intrusive natures assigned to productive and bar-
ren intrusions are correct and if the model derived from the intrusive his-
tory at Texas Canyon is valid, then correlation of scarcity of dikes with
productivity of intrusions becomes readily explainable. Since mineralized
stocks intrude passively, it is to be expected that only a few fissures
form in the cupola of the shell, resulting in the development of scarce
thin dikes. On the other hand, the forceful intrusive nature of barfen in-
trusions caused many fractures which were subsequently filled by melt
which ultimately crystallized into aplite and pegmatite dikes. It is con-
cluded here that scarce thin dikes are correlative with productive intru-
sions mainly because of the passive intrusive nature of the latter. Depth

of erosion versus possible zoning of aplites and pegmatites in various
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intrusions might also be thought to result in an apparent difference in
number of dikes per line mile. Where erosion cuts deeply into an intru-
sion, most of the dikes are eroded away leaving only scarce dikes. This
situation may lead to the misconception that the intrusion originally car-
ried a small number of dikes. If, on the other hand, erosion barely ex-
poses such an intrusion, most of the dikes are preserved, leading to the
conclusion that dikes are abundant. In this case, the difference in num-
ber of dikes between productive and nonproductive intrusions may be
apparent rather than real or genetic. The-presence of roof pendan‘ts at
the Texas Canyon and Swisshelm intrusions indicates that the two intru-
sions are shallowly eroded and may explain, in part, why both contain
abundant dikes. |

This erosional level explanation for dike abundance fails when
applied to the Amole intrusion where an abundance of dikes occurs even
in the absence of roof pendants. The erosional concept for dike abun-
dance may be misleading, however, unless the depth of erosion at each
intrusion is well‘ documented. The San Manuel-Kalamazoo deposit, a
concealed porphyry copper deposit in Pinal County, Arizona, is for this
reason ideal for study. Lowell (1968) and Lowell and Guilbert (1970) do
.not report the occurrence of aplite-pegmatite dikes, Lowell (oral com-~
munic., 1973) confirmed the écarcity of aplite and pegmatite dikes in
the Laramide porphyry. Scarce dikes of undetermined age cut the Pre-
cambrian Oracle quartz monzonite. R. M. Corn (oral communic,, 1973)
concurs that aplite and pegmatite dikes at the Red Mountain porphyry
copper deposit are uncommon in the exposed igneous intrusion, Aplites

and pegmatites are also scarce in the Butte mining district (Meyer and
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and others, 1968). Aplites and pegmatites have not been observed in the
exposed igneous intrusion at Christmas mine (J. G. Jones, oral commun.,
1973).

One may therefore conclude with respect to the areas presently
studied that, although depth of erésion may have played a role in the
dike population of these intrusions, the original difference is probably
genetic and that the mode of intrusion of these stocks plays the major
role. Scarcity and thinness of aplite and pegmatite dikes' is therefore
concluded to be a useful criterion that may be used in conjunction with
others to locate porphyry copper deposits,

The mesoscopic 'and microscopic texturai features of aplite-
and pegmatite-filled dikes described above also support the concept of
a magmatic origin for these aplite and pegmatite dikes. Andersen (1931)
and Emmons (1940) visualized these dikes as having formed by permis-
sive draining of pegmatitic magma into fractures, whereas Lindgren
(1933), while concurring in their magmatic origin, considered them as
having formed by forceful wedging apart of fissures., Ramberg (1952) ex-
plained the occurrence of parallel-walled pegmatite dikes in both meta-
morphic terranes and plutonic rocks by metasomatic replacement
spreading outward evenly from a fracture. The metamorphic explanation
as given by Ramberg presents difficulties in explaining the simultaneous
formation of the different textures of aplites and pegmatites by one and
the same mechanism. Cameron and others (1949, p. 9) believe that the
shapes of aplite and pegmatite dikes are greatly influenced by the type
of host rocks and consider that most of the pegmatites in granite are

tabular or branching bodies "obviously formed along joints and
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fractures." Fournier (1968, p. 260) confends that ". .. offset of one

dike by another, long straight contacts with sharp corners that are com-
monly accompanied by abrupt changes in the width of the dike, matching
walls on opposite sides of dikes .. ." indicate emplacement of dikes by

injection.

Texture

The textural homogeneity of aplites in 58 studied dikes can besf
be explaine'a by a magmatic origin. Vogt (1923) assigned relative vis- - |
cosities to different silicate melts. He found that iron- and manganese-
rich melts are the least viscous and silica~ and alkali-rich melts are the
most viscous. The relative abundance of water in a granitic melt was
determined by Jahns and Burnham (1969) to reduce its _viscosity consider-
ably. A water~rich, silica~ and alkali-rich melt of low viscosity may be
readily injected into preexisting fractures., Subsequently formed frac-
tures cutting older ones cause volatiles from this water~-rich melt to
éscape to the younger fractures, leaving a relatively dry melt of greatly
increased viscosity in which chemical diffusion is very slow. Minerals
crystallizing from this dry melt draw their components by diffusion from
the immediately adjacent melt, If pressure quenching obtains, mineral
and chemical homogeneities of the crystallizing viscous melt are in-
herited in the solid product. Slow crystal growth in the viscous melt
coupled with the formation of many crystal nuclei due to a pressure
quench would result in ﬁne-gréihed, xenomorphic granular, texturally
homogeneous aplite dikes. The injection of a residual melt chemically

different from the composition of the host rock would result in mineral
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constituents different from those present in the host rock. Rapid crystal-
lization because of pressure quenching results in a much finer grained
texture than is observed in the medium- to coarse-grained host rocks
and also prevents the melt from reacting with the wall rock. Sharp con-
tacts of aplite dikes thus form as a result of their mineralogical and
textural differences from the host rock and of the hindrance of chemical
reactions between the rapidly crystallizing viscous melt and the host
rock. Uniformity of grain size and the lack of chilled aplite dike con-
tacts may be explained by filling of preexisting fractures at magmatic
temperatures. According to Derry (1931), the recently solidified outer.
part of a pluton may be essentially at the same temperature as the in-
jected hydrous pegmatitic melt. Another explanation of the textural
homogeneity across the dikes is that because aplite dikes are thin tabu-~
lar bodies, appreciable thermal gradients across them are not likely to
develop and dike material will crystallize without any change in grain
size, It is also probable that the pressure-quenched melt crystallizes
too rapidly to allow observable difference in grain size between the
margins and centers of dikes,

The presence of randomly distributed coarse-grained patches
in aplites (Fig. 14) is also best explained by the magmatic theory.
Growth of these patches must have taken place in a less viscous melt
where diffusion of ions was relatively rapid'and resistance to crystal-
lization was low. These patches are here considered to have crystallized
from a hydrous melt trapped within the rapidly crystallizing viscous melt.
Studies of Emmons (1940) and Fournier (1968) support this explanation,

The contention that these coarse-grained patches have formed by action
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of a hydrothermal solution after solidi‘ﬁcation is unlikely as evidence for
hydrothermal activity, as explained later, is not sufficient.

. The presence of mixed aplite-pegmatite dikes in the study areas
also supports the magmatic derivation of these dikes. This mixed occur-
rence of aplite-pegmatite takes place where a fracture filled with peg-
matitic magma crystallizes in part to pegmatite, while the remaining melt
loses its volatiles and forms aplite within the pegmatite. This view is .
supported by Emmons (1940), Fournier (1968), and Jahns and Burnham
(1969) . The last authors suggest that pegmatite within aplite dikes forms
where the entire water-rich melt is not pressure quenched to aplite so
that the unquenched portions can yield masses of pegmatites within a
body of otherwise aplitic rock.

The origin of these mixed dikes is explained hydrothermally in
terms of an aqueous solution acting along the contacts of dikes with
host rocks or filling fractures in the center of dikes and depositing
coarse-grained pegmatitic material (Hess, 1925; Schaller, 1925; and
Derry, 1931). The texture and mineralogical and chemical composition
of the dikes studied here and discussed later do not support a hydrother=
mal origin, It is therefore concluded that mixed aplite-pegmatite dikes
are formed from a hydrous magma which begins crystallizing to pegmatite
with subsequent quenching of the remaining liquid to aplite. Converse-
ly, pockets of hydrous melt may be locally trapped in a viscous, gen-
erally anhydrous melt and subsequently crystallize to pegmatite while
the viscous melt crystallizes to aplite.

Information presented above on the color of dikes and of their

constituent feldspars provides insight into chemical control in the
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studied aplite and pegmatite dikes. Chemical analyses of bulk rock and
K-feldspars indicate that pink dikes have more iron than grayish-white
dikes. Similarly, K-feldspar from pink dikes are pink and contain more
iron at 0.1%-0.17% Fe than the grayish-white K-feldspars at 0.02 %~
0.06% Fe. No grayish-white dike is observed in productive intrusions,
It may be thus concluded that the presence of grayish-white dikes in an

intrusion is an unfavorable porphyry-copper indicator,

Petrographic Data

Texture

The textural homogeneity observed in thin section confirms thét
observed in the field and is attributed to the same mechanisms discussed
earlier, Both graphic and granophyric textures indicate a magmatic origin
and both are found in the dikes under consideration. Granophyric texture
is considered by Barker (1970) to form as a result of rapid crystallization,
It is commonly observed in devitrifying glass (Schloemer, 1964) and has
been described in plutonic rocks from aplites (Barker (1970). The mag-
matic origin of granophyric textures is suggested by Barker (1970, p.
3343) when he states: "The restriction of granophyric intergrowth to
granitic composition, the intricate texture, and the diminution of grain
size of intergrowth with presumed rapid cooling, the lineage structure,
and the occurrence in hypabyssal, volcanic, and aplitic rocks suggest
that the intergrowths are products of rapid crystallization.” Graphic
texture is common in granitic plutonic rocks where it is concluded to be
a magmatic texture, Its presence in pegmatite has been considered by

Jahns (1955) as a result of eutectic crystallization in a silicate melt.
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Graphic texture has been considered by Jahns and Tuttle (1963) and

Barker (1970) indicative of magmatic crystallization.

Mineral Composition

Plagioclase. With regard to plagioclase composition, the high
anorthite content at Anjg-17 in productive intrusions as confirmed by the
high calcium content of bulk rock analysis at 0,31%-0.48% Ca may be
due to less differentiation of the source material of these dikes. The
calculated differentiation indices for dikes from productive areas, aver-
aging 95 percent, contrasting with those from barren int'ruAsions at about
97 percent (Table 12) supports this explanation, Anothér possibili.ty is
that of a chloride-rich solution which has been suggested for reasons
discussed later to coexist with melts of productive intrusion carry more
calcium in it than chloride~deficient solutions. A silicate melt coexist-
ing with a relatively calcium-rich chloride aqueous phase is also cal-
cium rich, as calcium preferably partitions into the silicate melt
(Gammon and others, 1969). Subsequent crystallization of this melt
would produce calcium-rich aplites and pegmatites, The rare presence
of CaSOg4 in fluid inclusions in quartz in porphyry copper deposits indi-

cate that calcium activity in the hydrothermal phase may have been

fairly high.

K-feldspar. Point counts and thin section analysis clearly
demonstrate the predominance of K-feldspar at 40-48 percent by volume
in dikes from productive areas (Figs. 36 and 37) and that this trend is
also confirmed chemically by the presence of cc;rrespondingly high po-

tassium contents of 5,2-5.6% K in the bulk rock samples and about'
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11.7% K in corresponding K-feldspar. Figure 40 shows that aplite and
pegmatite dikes in mineralized intrusions have granitic compositions,
whereas those from barren areas are quartz monzonitic, again indicating
the high K-feldspar content of the former. The mineralogical and chémi-
cal homogeneities of these dikes, the granitic composition of dikes from
mineralized areas, and'the predominance of K-feldspar over plagioclase
from these same dikes are discussed below and demonstrate their mag-
matic origin and potenfial exploration significance,

Bowen (1928) states that anomalously potassium-rich residual
melts may form by the differentiation of basaltic magma. He postulated
that a reaction between anorthite in a melt consisting largely of ortho-
clase and anorthite causes the composition of this melt to cross the co-
tective curve of the feldspar equilibrium system (Bowen, 1928, Fig. 59,
p. 231) into the orthoclase field. Schairer and Bowen (1947), however,
found that this postulated reaction was nonexistent and conseq.uently
discredited this conclusion, Considering this reaction of Bowen (1928)
to be valid, Noble (1948) assigned a magmatic origin to the anomalously
potassium~-rich rhyolite dikes in the Homestake mine area, South Dakota.
Higazy (1950) concluded that the origin of anomalously potassium-rich
rocks might be explained in two ways: (1) by crystallization from a pri-
mordial rhyolitic melt or a mixture of rhyolitic and basaltic magmas, the
basaltic magma being subordinate, as explained by Fenner (1948); or (2)
by crystallization from a granitic magma derived, according to Wahl
(1949), by differential remelting of the crust,

If the dikes under consideration formed by fractional cryétal-

lization of an intermediate magma, its residual magma should meet the
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demands of petrogeny's residua (Bowen, 1937). The residual composi-
tion should plot in the system's "thermal valley"” (Bowen, 1937) and its
feldspar composition should plot in the plagioclase field of the system
Or-Ab-An (Bowen, 1928). The dikes studied here do not meet any of the
demands stated above and consequently cannot have originated only by
normal magmatic differentiation.

It is proposed here that aplites and associated pegmatite in
mineralized stocks crystallized from a residual melt that at some time |
before their injection coexisted with an alkali—base-metal—chloride-rich
aqueous phase. Potassium partitions into the melt and sodium into the
aqueous phase in ratios controlled by temperatures from 880°C to 250°C
(Orville, 1963; Ellis and Mahon, 1967; and Gammon and others, 1969).
Within the ffamework of this magmatic model, the formation of a chloride-
rich aqueous phase, its importance in dictating the partitioning of cer-
tain elements at high temperatures,and the later reversal in partitioning
trend of some of the elements into a coexisting silicate phase in re-
sponse to a progressive drop in temperature are discussed.

It is fairly well established that where and when an aqueous
phase coexisting with a silicate melt develops almost all of the chloride
in the silicate melt partitions into this aqueous phase (Burnham, 1967;
Kilinc and Burnham, 1972; Holland, 1972). Results of work done by
Kilinc and Burnham (1972, p. 233) indicate that

when an aqueous phase separates from a granitic magma much
of the chloride it contains also will separate, possibly mak-
ing the coexisting aqueous fluid a highly concentrated brine.
This very saline solution, however, may be diluted with fur-

ther evolution of water from the magma or may become more
saline, depending upon the initial H9O content of the magma.
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Figure 51 from Kilinc and Burnham (1972) shows the variation in chloride
content of an aqueous phase coexisting with chloride~bearing, water-
saturated melts.

Holland (1972) considers the strong partitioning of chloride ion
into the aqueous phase to be an important factor in directing the chem-
istry of ore-forming fluids derived from magmatic sources. The signifi-
cance of high concentrations of chloride ion in ore-forming fluids is
demonstrated by the high chloride ion content of intrusions genetically
related to ore deposits (Stollery, Borcsik, and Holland, 1971). These
workers found that the chloride ion content of biotite in the stock which
was closely related tc; base-metal deposits at Providencia, Zacatecas,
Mexico, was.0.3-0.5 percent by weight, which was more than the aver-
age chloride content of biotites from granitic rocks at 0.1 percent by
weight (Dodge, Smith, and Mays, 1969; Dodge and Ross, 1971). Simi-
larly, "the chloride content of biotite from several other. stocks associ-
ated with base metal deposits is abnormally high" (Holland, 1972, p.
292) . Experiments in progress indicate that biotites do not admit chlor-
ide ions readily and that the solutions at 800°C must be highly saline to
be in equilibrium with biotites containing 0.5% Cl (Holland, 1972).

Alkalies, base metals, iron, calcium, and other metals tend to
partition into this chloride-rich aqueous phase (Borina, 1963; Helgeson,
1964: Roedder, 1967, 1971; Burmham, 1967; Gammon and others, 1969;
and Holland, 1972). The partitioning of potassium and sodium between
a chloride-rich aqueous phase and a coexisting silicate melt is strongly
temperature dependent in the range of 8§800C to hydrothermal solution

temperatures at 250°9C (Orville, 1962, 1963; Ellis and Mahon, 1967;
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Figure S1. Variation in Cl- content of the aqueous phase with crystallization of Cl--bearing,
water-saturated melts _

Curve (1) represents aqueous phase compositions in a closed system at 2.0 kb with an initial
H20 content of 6.3 wt. percent. Curve (2) represents open system conditions at the same pressure and
H20 content as (1) . Curves (3) and (4) are for open system conditions at 1.0 kb, 4.3 percent H20,
respectively. Figure taken from Kilinc and Burnham (1972).
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Gammon and others, 1969). Ellis and Mahon (1967, p. 519) found that
"values of atomic ratio Na/K in solution ‘in contact with rhyolitic rocks
ranged from 10-15 at 2500 to 4 at 600°C, " indicating that a drop in tem-
perature from 600°C to 2500C favors partitioning of sodium into the sol-
ution. Orville (1963) found that the ratio (m K ag/m Na aq) in chloride
solutions ‘in equilibrium with two alkali feldspars increases with temper-
ature from 0.259 + 0.006 at 500°C to 0.351 + 0.007 at 670°C., The work
done by Gammon and others (1969) supports Orville's findings and ex-
tends it to higher temperatures. They found that the ratio (m K ag/m Na.
aqg) in an aqueous phase in equilibrium with an average granitic melt be-
tween 770°C to 880°C and 1.4 to 2.4 kb is 0,57.

Now to consider how the above discussion reflects on the re-
sults described earlier in this section. According to the findings of
Stollery and others (1971) and Holland (1972), granitic rocks genetically
related to base-metal deposits have high chloride concentrations, This
observation is also true for dikes from productive areas. Results of work
on primary fluid inclusions supports high salinity of fluid trapped in
dikes from productive stocks. The presence of halite daughter minerals
in dikes from productive areas indicate that the solutioh from which those
inclusions were trapped must have been supersaturated with halides.
Roedder (1971) also revealed that fluid inclusions associated with ore
also contained daughter crystals of NaCl. Because the partition coeffi-
cients of alkali halides into a liquid phase is much greater than into a
gas phase (Sourirajan and Kennedy, 1962), fluid inclusions in dikes from
productive areas are more saline than those from dikes in barren areas.

Accordingly, alkalies, base metals, and iron and calcium partition into
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this saline phase (Borina, 1963; Helgeson, 1964; and Burnham, 1967).
At a temperature above 8800C, potassium concentrates into the aqueous
phase, whereas sodium partitions into the melt. At 880°C, the ratio
mKaq/ mNaaq is 0.57 (Gammon and others, 1969). As the temperature
decreases to 500°C, the ratio in the aqueous phase d}ops to 0.351 as a
result of potassium from the aqueous phase replacing sodium in the sili-
cate melt, according to the equation (Orville, 1963):

KClaq + Natgj) = KFgj) + NaClag.

Potassium therefore continues to partition into the silicate melt, result-
ing at magmatic temperature in a potassium-rich melt, Aplites and peg-
matites that develop from this melt would thus be anomalously high in
potassium and relatively low in sodium, plotting outside the "thermal
valley" and in the orthoclase field of the feldspar ternary system. This
mechanism readily explains the high content of K-feldspar in dikes from
productive stocks, the high conte_nt of potassium in their respective K-
feldspars, and their granitic composition, Mineralogical and chemical
homogeneity of aplite within a given stock is explained by the same
mechanism that produced their textural homogeneity,

A continuing drop in tempefature below that of aplite and peg-
matite crystallization leads to progressive crystallization of K-feldspar
down to hydrothermal temberatures of alteration at 2500C (Ellis and
Mahon, 1967). In this temperature range, sodium continuously parti-

tions into the aqueéus phase, explaining the high NaCl content ob~

served in fluid inclusions in ore deposits.
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The modification of aplite and pegmatite dikes by a hypothetical
potassium-rich hydrothermal solution, ‘in accordance with the findings of
Fenner (1936), Terzaghi (1948), Anderson (1949), Higazy (1949), String-
ham (1953), and Peters and others (1966), resulting in a high K-feldspar
content in dikes from productive intrusions is apparently unrealistic in
the present work. Although hydrothermal solutions have permeated these
dikes, as shown by secondary orthoclase veins (Fig. 13) and replace-
ment of plagioclase, the quantity of secondary K-feldspar is not suffi-
cient to account for the observed high K-feldspar content in dikes from |
productive areas. Addition of at least 10 percent by volume of ortho-
clase at the expense of plagioclase is needed to upgrade the composi-
tion of dikes of quartz monzonite cdmposition from 35 to 45 percent
K-feldspar granitic compositions. This amount of "secondary" K-feldspar
and the mechanism of its addition are not seen in thin section. The com-
position of all dikes in a single intrusion is so similar that modification
by hydrothermal solution becomes an unreasonable explanation, since
hydrothermal replacement cannot be expected to act uniformly to produce
such similar compositions. On the contrary, if hydrothermal alteration
were the major factor in the hiéh K-feldspar content of dikes, then dis-
similarity of composition of dikes would be expected., If the high con-
tent of K-feldspar in dikes from productive areas was due to hydrothérmal
alteration, then according to Meyer and Hemley (1967), a high sodium
content should exist in K-feldspar in dikes from productive intrusions,
However, the opposite is true where sodium content is lower in K-
feldspar in dikes from productive intrusions than in K-feldspar in those

from barren ones,
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The possibility of a continuum between magmas and ore de-
posits was considered by Spurr in 1923. Tolman (1931) suggested a con-
tinuum between massive quartz or quartz veins and magmatic rocks.
Gilluly (1942) indicated that there was apparently no place in the Ajo
copper district (Arizona) where a hiatus between pegmatite development
and mineralization could be established. Schilling (1956) found
molybdenite-bearing pegmatite at the Questa mine (New Mexico)., Sales
and Meyer (1956) and Meyer and others (1968) described molybdenite in
quartz-rich pegmatite cores, Klepper and Robertson (1956, p. 117) in |
their study of the northern part of the Boulder batholith observed the
presence of tourmaline, pyrite, and less commonly molybdenite "in es-
sentially a feldspar-stable (deuteric) environment during the late stage
of consolidation of the alaskitic and aplitic rocks." They concluded that
*in addition, the presence of abundant tourmaline with feldspar in many
aplitic rocks and of tourmaline with feldspar alteration products in many
veins suggests a close genetic relationship of late-stage igneous and
hydrothermal processes," Lacy (1957) noted the concentration of quartz
and orthoclase of aplitic texture in porphyries just prior to ore deposi-
tion. Lutton (1959) studied four copper-molybdenite deposits in the
vicinity of Tucson, Arizona, and found that molybdenite and chalcopyrite
are deposited as early as the pegmatitic stage, He concluded that peg-
matite could be the missing link between magmas and hydrothermél ore
deposits. |

Results obtained during this work indicate a continuum between
aplites and pegmatites and genetically related porphyry copper deposits,

The texture of oxidized sulfides, uninfluenced by fracturing, and their
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occurrence as isolated grains (Fig. 28) indicate that part of the sulfide
grains is primary. The presence of sulfides in aplites and pegmatites,
the occurrence of identical sulfides in the earliest hydrothermal vein-
lets, and the breadth of stability fields of these sulfide species across
thé pressure-temperature range of these environments argue that sulfides
continued to crystallize from the aplite-pegmatite stage into the stage of
hydrothermal ore deposits.

Orthoclase is found to be an important mineral in establishing -
this continuum. Orthoclase is common to porphyry copper environment ‘
in general (Lowell and Guilbert, 19 70) and to the four studied areas in
particular, Both secondary hydrothermal (Creasey, 1966) and late mag-
matic (deuteric) orthoclase (Klepper and Robertson, 1956) have been
described in the porphyry copper environment, Results of this work in-
dicate the presence of anomalously high orthoclase content in aplites
and pegmatites which are associated with porphyry copper deposits
which are considered to be of primary magmatic origin. The anomalously
high orthoclase content is explained by crystallization of orthoclase
from a residual melt coexisting with a chloride-rich aqueous phase. As
a consequence of this condition, orthoclase apparently began to crys- |
tallize at magmatic temperatures and continued to crystallize from hydro-
thermal fluids responsible for the deposition of the ore deposits with no
hiatus indicated by field, petrographic, chemical, or experimental data.
This observation is in harmony with the experimental work 6f Orville
(1962, 1963), Ellis and Mahon (1967), and’Gam}mon and others (1969).

A potassium-rich silicate melt continues to evolve as the temperature

of the system drops. Rocks forming from this evolving melt are
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anomalously rich in orthoclase, When crystallization of the melt has
ceased, K-feldspar continues to crystallize from the hydrothermal solu-

tion as orthoclase or microcline in veins or replacing plagioclase.

Chemical Data

The distribution of analyzed elements is discussed below to

determine their genetic and exploration significance,

Silicon

The high silicon content in bulk rock at 35.3-36.6% Si confirms

the petrographic findings and indicates that the dikes are products of the - -

latest magmatic differentiation. Compared to chemical analyses of plu-
tonic igneous rocks by Washington (1917), these dikes contain higher
silicon values than those reported for granite and are comparable o
those reported for aplites and pegmatites. The similarity of silicon
values in dikes from productive intrusions at 36.2%-36.6 % Siand those
from barren ones at 35.2%-36.9% Sidoes not render silicon a useful

exploration tool.

Aluminum

Like silicon, aluminum cannot be used as an exploration tool,
because dikes from mineralized and bérren intrusions, except Texas
Canyon, show similar values at 6.4+ 0.1% Al (Fig. 42). This similarity
in aluminum analyses is confirmed by the similarity in the total feldspar
content in dikes from these two environments and by the similarity of
the content of aluminum in orthoclase at 9.75% Al and in albite at
10.33% Al. The high aluminum content in dikes from Texas Canyon at

7.6% Al is explained by the presence of 4-13 percent by volume of
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muscovite carrying 38.5% Al, Relatively greater aluminum at 7.0% Al in
dikes frobm the Troy intrusion is due to the greater abundance of feldspar
at 67~72 percent by volume in dikes in this stock as compared to dikes

from other intrusions at about 60~67 percent by volume,

Iron .

In a volatile saturated or supersaturated residual melt, iron
oxidizes to the Fet*+ state and possibly behaves as a complex ion
(Ringwood, 1955). Because of their similar physiochemical properties, .
Fet*t+ substitutes for Alt++, The filling of part of tﬁe aluminum sites in
feldspars by ferric ions, plus the presence of hematite in crystal de~
fects (Andersen, 1915; Wones, 1962; and Boone, 1969), may cause the
observed color in pink feldspars. Pink dikes and their corresponding
feldspars contain relatively high iron, confirming, in the scarcity of
other iron-bearing minerals in dikes, the probability of this conclusion.

Inspection of Figures 42 and 45 indicates that iron is relatively
high in dikes and their corresponding feldspars in productive intrusions.
Silicates coexisting with iron-rich chloride solutions, as discussed
earlier, may possibly prpduce feldspars relatively rich in the ferric
ion.

High concentration of iron in dikes and their feldspars as an
exploration indicétor discounts the Texas Canyon and Troy intrusions
as having producing possibility. A similar conclusion for Texas Can-
yon has been reached by dike population, feldspar ratios, and other
data in the course of this work. This information casts some doubt on

the likelihood that the Texas Canyon stock is the source of metals in

the Johnson Camp ore deposit.
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Calcium

The low concentration of calcium in aplite and pegmatite dikes
under consideration is expected in residual melts, as calcium is cap-
tured by early-forming silicate minerals, leading to its depletion in the
residual melt. Figure 42 indicates that the calcium content is relatively
high in dikes from productive intrusions. However, because the calcium
content in dikes is generally low and the difference between calcium in .
dikes from productive intrusions (0.3-0.5% Ca) and that in dikes from
barren intrusions (0.2-0.3% Ca) is small, calcium cannot be considered
a good ore indicator., Again, the Texas Canyon aplites and pegmatites
are low in calcium, placing it among the barren intrusions, Samples from
the Troy intrusion contain relatively high calcium and the intrusion ac-
cordingly may be ranked among productive intrusions. The Troy intrusion
shows confusing features, since some properties, such as concventrations
of potassium and calcium, rank it among productive intrusions, whereas
dike population and the concentrations of iron, sodium, copper, and
zinc rank it among barren ones.

The reason for the high calcium content in productive intrusions
may be that their dikes represent a less differentiated residual melt.
Their low differentiation index at 95% supports. this bonclusion. Burn-
ham (1967, p. 55) reported the presence of calcium along with the alka-
lies in chloride-bearing solutions and stated: "The Cl equivalent of
Na+ K+ Ca calculated as NaCl, KCl, and CaCly, accounts for about
80% of the total Cl." Calcium sulfate has also been reported in fluid
inclusions. Gammon and others (1969) found that at temperatures be-

tween 800°C-8850C and pressure 2-2.4 kb the "hydrothermal solution
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tends to be depleted in calcium relative to the silicate melts with which
they are in equilibrium." This relatively high calcium content is explain-
able if the findings of Gammon and others can be extrapolated to lower
temperatures and pressures, Thus,.the chloride~rich aqueous phase,
postulated earlier, is expected to carry relatively high CaCly. Calcium,
according to Gammon and others, is passed to the coexisting silicate

melt, and upon its ‘crystallization relatively calcium-rich dikes form,

Sodium and Potassium

Their progressive concentration in a residual melt, coupled with
their combined genetic and explorational significance, facilitates dis-;
cussion of sodium and potassium together. By virtue of their crystal
chemistry, sodium and potassium concentrate in residual magmas,

It is significant that thesfe two elements have an inverse rela-
tionship when their values in productive and barren environments are
compared (Fig. 43). An increase in potassium contént corresponds to a
decrease in the sodium content in dikes from the same intrusion, Dikes
from mineralized intrusions carry more potassium at 5,2-5.6% K than
those from barren ones at 3,9-4,.6% K. In contrast, dikes from produc-
tive intrusions at 1.6%-1.8% Na contain less ‘sodium than those from
barren ones at 2.3%-3.0% Na. This relationship is also reflected by
the feldspars in the dikes as previously discussed. K-feldspars in dikes
from productive intrusions also have higher potassium content than those
from barren ones.

The exploration relationships of these elements is significant

with respect to the sampling involved for this study. Laramide intrusions
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whose aplite and pegmatite dikes have values of sodium and potassium
comparable to those in dikes from the studied productive intrusions are

excellent exploration targets for porphyry copper deposits.

Copper

An association of anomalously high contents of copper in bulk
rock and in their biotite and hornblende separateé to apparently genet-
ically related ore deposits has been observed by Parry and Nackowski
(1963), Putman and Burnham (1963), Wahab (1968), and Lovering and
others (1970)., It was concluded that the magma that produced both 'the
-igneous rocks and the ore bodies was itself anomalously rich in copper.

Copper commonly substitutes for ferrous ion and magnesium in
crystallizing ferromagnesian minerals, Because of the very low content
of ferromagnesian minerals in these aplites and pegmatites, their mean
copper content (at 20 ppm) is about 15 times less than the mean copper
contents in host stock, such as the quartz monzonite at Esperanza with
300 ppm Cu (Lovering and others, 1970). Bulk analyses of aplites and
pegmatites from productive areas, except in Boulder batholith, show
anomalously high copper contents. Because copper-bearing sulfide and
ferromagnesian minerals cannot commonly be discerned in hand specimen
or thin section, copper probably occurs mainly in crystal defects as cop-
per metal or sulfide (Tauson, 1958), on intergranular surfaces (Eliis
and Mahon, .1967) , or as substitutes for calcium and sodium in feld-
spars. Since copper preferentially partitions into chloride-rich solutions
(Holland, 1972) and because productive intrusions are generally chloride-

rich, silicate melts coexisting with these solutions are more likely to be
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anomalously high in ore metals. Although dikes from nonproductive in-
trusions are characterized by low copper contents, those from the Whet-
stone intrusion have copper contents as high as those observed in
productive areas due to the presence of malachite and chalcopyrite in
sample 16 (Fig. 26) and to the presence of pyrite which may carry copper
in solid solution or blebs of chalcopyrite in most of the samples.

Using copper in bulk rock or K-feldspar separates as a path-
finder element to concealed porphyry copper deposits, the Butte ore
deposit would certainly be missed whereas the Whetstone intrusion would
be taken for a potentially productive intrusion. Dikes from the Amole in—
trusion show even highér copper contents than those from the Butte dis-
trict, The Troy stock, presently being expldred by several mining
companies as potentially productive, has a copper content that place.s it

among the barren stocks (Fig. 454).

Zinc

Most of the introductory discussion presented for copper ap-
plies as well to zinc. The behavior of zinc in these dikes, however, is
evidently more irregular (Figs. 44 and 47). While the Patagonia and
Santa Rita deposits might be discovered on the basis of their anomalous-
1y high zinc contents in aplites and pegmatites, Butte and Sierrita,
known to be productive, would be overlooked. The Amole and Whetstone
stocks would attract attention on the basis of their zinc content. The
Troy intrusion shows zinc contents similar to that observed in barren
intrusions. It is concluded here that zinc in aplites and pegmatites is

an unreliable indicator for porphyry copper deposits,
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Aplite—Alkali Index

The study of aplites and pegmatites from mineralized and barren
intrusions has revealed some interesting features. Notable among these
features is the chemical variation of potassium, sodium, and calcium,
This chemical variation is also observed petrographically in K-feldspar
plagioclase relationships (Fig. 37) and the anorthite con'tent of plagio~
clase. The chemical relationship of these three elements calculated to
normative orthoclase, albite, and anorthite has been well expressed by
Figure 49. The need for defining the relationship of these three elements
by a formula, which could be solved to derive a specific number perti-
nent to mineral explorétion is certainly pressing. This specific number
is proposed to be referred to as the aplite-alkali index (AAI) and is ex-

pressed by the following equation as

aplite-alkali index (AAI) = _Kl;-& x 100
a

in which K = percent potassium in bulk rock aplite and pegmatite

Ca

percent calcium in bulk rock aplite and pegmatite

Na

percent sodium in bulk rock aplite and pegmatite.
This is an empirical formula expressing the relationship between high
potassium and calcium and low sodium in productive dikes,

The aplite-alkali index is calculated for 60 analyzed samples
of aplites and pegmatites and presented in Tables 13 and 14.. Except for
samples 6, 28, and 40 from thfa Amole, Patagonia, and Sierrita stocks,
respectively, it is clear that the aplite-alkali index for dikes from barren
intrusions at 114-249 is low when compared to an index of 290-409 for

dikes from mineralized intrusions, The aplite-alkali index is applicable
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Table 13. The aplite-alkali index (AAI) of 56 samples from studied

Laramide and mid-Tertiary intrusions

Barren Intrusions AAI Mean Productive Intrusions AAl Mean
Amole 1 196 214 Boulder batholith 22 330 315
2 200 23 323
3 197 24 298
4 203 25 307
5 204
6 281 Patagonia 26 347 341
, 27 328
Whetstone 11 182 213 28 286
12 190 29 402
13 197 30 333.
14 199 31 350
15 249 :
16 200 Sierrita 32 316
17 224 33 294
18 235 34 352
19 237 35 290
20 220 36 337
37 311
Swisshelm 41 186 200 38 338
42 208 39 330
43 204 40 275
44 188
45 214 Santa Rita 48 409 387
49 405
Texas Canyon 53 164 140 S50 352
54 114 51 379
55 134 52 383
56 128
57 155
58 134
59 154
60 137
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Table 14, The aplite-alkali index (AAI) of 9 samp-les from the Troy stock

Troy Stock 1 AAI Mean
Troy 61 269 289

62 342

63 291

64 260

65 323

66 311

67 224

68 384

69 170

1. Sample locations are shown on Figure 30.

only where petrographic examination indicated primary crystallization of

the K~feldspar and plagioclase (albite). Samples collected from the Troy'

intrusion displayed aplite-alkali indices ranging from 170, typical of

barren intrusions, to 384, similar to that observed in productive ones.

This anomalous behavior of the Troy samples is explained by the intro-

duction of petrographically observed substantial amounts of secondary

K-feldspar in some of the samples,

Provided that the origin of K-feldspar is known, the AAI will

prove to be an important criterion in the search for new mineral re-

sources,
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Normative Minerals

Several phenomena can be effectively treated from a considera-

tion of the normative mineral calculations.

Orthoclase-Albite Ratio

The orthoclase-albite relationship as seen in Figure 48 is read-
ily explainable in terms of a magmatic origin for these dikes. The mech-
anism by which K-feldspar predominates over plagioclase in productive
intrusions, as previously explained, remains true here also. The ex-
planation presented earlier includes the partitioning of potassium into
the silicate melt coexisting with the alkali chloride-rich aqueous phaée ‘
at a temperature of 880°C and lower. Sodium simultaneously partitions
into the aqueous phase. Consequently, the silicate melt is enriched in
potassium and impoverished in sodium in response to falling temperature,
Dikes solidifying from this melt are consequently rich in orthoclase with
respect to albite, The explorational significance of the orthoclase-
albite relationéhip is also evident from Figure 48, Laramide igneous in-
trusions are considered to have potential for the development of porphyry
copper deposits if, among other encouréging features, the ratio of nor-
mative orthoclase to albite is about 2:1. By sﬁch a measure, the Boulder
batholith and the Patagonia, Santa Rita, and Sierrita intrusions have
mineralization potential, whereas the Amole, Swisshelm, Texas Canyon,
and Whetstone intrusions do not. Ho'wever, the Texas Canyon intrusion
is known to be spatially related to the Johnson Camp ore deposit and
other similar prospects flanking it on the east. That the Texas Canyon

intrusion is the source of the Johnson Camp ore deposit and related
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prospects is not known and is subject to some doubt, according to the
orthoclase-albite relationship. The orthoclase-albite ratio of the Troy
intrusion is equivocal as a mineralization indicator. The ambiguity dis-
played by the Troy samples is due mainly to the effects of hydrothermal
alteration as observed before. If the secondary feldspar introduced by
hydrothermal alteration is excluded, all samples would plot among bar-

ren intrusions.

Feldspar Equilibrium Diagram. With regard to the feldspar
equilibrium diagram (Fig. 49), the plotting of most of the samples withiﬁ
the orthoclase field indicates that they are poor in calcium (at about
3.5 percent anorthite) and rich in orthoclase at 65 percent by weight.
This trend confirms petrographic findings discussed earlier. Since
Bowen (1956) has determined that feldspars crystallizing from a basaltic
magma fall in the plagioclase field of the feldspar ternary diagram, an
additional mechanism acting with differentiation must have operated to
produce these dikes. Neither hydrothermal nor metamorphic mechanisms,
for reasons discussed earlier, have contributed substantially to this
anomalous feldspar composition. The magmatic theory for reasoris pre-
viously discussed explains this situation best. A residual pegmatitic
magma is believed to have coexisted with an alkali chloride-rich aque-
ous phasé . As a result of partitioning of sodium and potassium into the
aqueous phase and residual melt, respectively, in response to decreas-
ing témperature below ~880°C, a resultant silicate melt will contain

anomalously high potassium and plot in the orthoclase field of the feld-

spar temary diagram,
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Differentiation Index

The differentiation indices at 95-97 percent for the dikes in the
study area are higher than that for alkali granite at 93 percent, indicat-
ing that these dikes are probably the product of residual magma which
differentiated beyond granite. According to their differentiation indices,
dikes from mineralized intrusions are probably less differentiated than
those from barren intrusions. The crystal chemistry of calcium indicates
that the calcium content in a silicate melt decreases with differentiation.
This fact is consistent. with the seemingly anomalous high calcium con-

tent in dikes from productive intrusions.

‘Water Pressure

The fact that the plots of samples from productive intrusions, as
discussed earlier in the section on petrography, are not in the thermal
valley of petrogeny's residuum has significant genetic and exploration
implications. Genetically, this high potassium coﬁtent is explained
best by a magmatic theory of origin for these dikes. As discussed below,
dikes from productive intrusions formed in a higher Pyg,0 environment
than did dikes from barren intrusions and were also probably emplaced
at greater depths,

Depth. It is possible to estimate the depth of crystallization
by comparing the composition of aplites and pegmatites with position of
the quaternary isobaric liquidus minimum in the synthetic system Ab-
Or-Q-H20 (Tuttle and Bowen, 1958). Results obtained by this method
must be treated with caution, as noted by Putman and Alfors (1969,

p. 63):
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Unfortunately, direct comparison or extrapolation of experi-

mental data (including work on the rocks themselves) to

natural plutonic rocks is usually subject to some degree of

limitations since nature: (1) provides plenty of chemical com-

ponents; (2) probably always provides for dynamic changes

in physical conditions during formation of the rock or pluton;

(3) provides a relative immensity of time and scale in which

to carry out a variety of processes; and (4) leaves the final

product in various stages of alteration and exposure with

some components missing, depleted, transferred, or en-

hanced.
Comparing chemical data of the aplites and pegmatites under considera-
tion with the isobaric minimum (Fig. 50), a PHo0 of 1 kb and 0.5 kb for
dikes in productive and barren intrusions, respectively, is indicated.
If the PH90 of the saturated residual melt equals a lithostatic pressure
of 1 kb, PH90 and a depth of 4 km (Krauskopf, 1967), then respective
depths of 4 and 2 km are inferred for dikes from mineralized and barren
intrusions. The accuracy of this estimate is subject to some uncertainty.
A plot of normative salic minerals for representative igneous aplites
forms a straight line near the trend of the minimum in the "granite" sys- 4
tem (Fig. 50) and intersects it at a point corresponding to about 2 kb
PHo0O (Tuttle and Jahns, 1968). Compositions of aplites and pegmatites
from productive stocks plot away from this trend. This feature raises
doubts about the use of aplites and pegmatites in productive stocks for
estimating PH,0. The presence of volatiles other than water in the re-
sidual melt would also lead to inaccurate estimates. In addition to these
problems, Bateman and Wahrhaftig (1966) questioned the validity of the
equivalence of PHZO and Pipad’. The possible influence of tectonic

stresses and sequential rupturing leading to devolatilization also must

be considered.
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The estiméted depths of formation of dikes from mineralized
areas, however, compéres well to the 5.5-7 km debth of crystallization
of aplites in the Rocky Hill stock (Putman and Alfors, 1965, 1969). A
4-km depth (13,000 feet) is geologically unrealistic with respect to the
5,000-10,000-foot deep environment of porphyry copper deposits (Lowell
and Guilbert, 1970). Rose and Baltosser (1966) concluded on the basis
of the structure and stratigraphy of the area that the Santa Rita stock in-
truded to within 1,500 feet of the surface., These geologic findings and
the manner in which these dikes differ from those in the data given by |
Jahns and Tuttle (reported by Putman and Alfors, 1969) cast doubt on the
accuracy of depth obtained by this method. Influence of absolute water
pressures at the time of crystallization cannot be unequivocally estab-
lished with the data at hand, although the real chemical differences be-
tween dikes from mineralized and barren intrusions may be used to infer
distinctly different environments of formation. These differences may be
ascribed to depth iny with the attendant uncertainties méntioned above.

Formation of aplites and pegmatites in mineralized intrusions at
relatively dee.per levels than in barren ones may have a bearing on their
respective dike populations. All conditions equal, relatively shallow
intrusions are likely to develop more fractures than deeper ones because
of their closeness to the surface. The filling of these fractures with in-
jected melt causes an abundance of dikes in shallow intrusions,

Temperature, The temperatures of formation of aplites and peg-
matites are estimated by comparing their normative salic minerals to
similar norms in experimental work. The normative Or-Ab-Q for the dif-

ferent areas is recalculated to 100 percent, then plotted on the isobaric
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equilibrium diagrams of the system KAlSi3O8—NaAlSi3Og—SiOz-;H20
projected onto the anhydrous base of the Or-Ab-Q-H20 tetrahedron
(Tuttle and Bowen, 1958, Figs 22 and 23). At PH,0 =1 kb, a tempera-
ture of 720°C is indicated from mineralized areas, whereas cﬁkes from
barren areas indicate a temperature of 760°C at a PH,0 of 0.5 kb. These
temperatures are slightly high, but as mentioned below, geologiqally
realistic. Although experimental work by Putman and Alfors (1969) on
aplites from the ﬁocky Hill stock indicatéd a crystallization temperature -
between 7000C and 7500C, the authors accepted a temperature of GSOOC
as realistic because of the presence of HF in the system. Orville (1960)
has reported a temperature of 710°0C to 7400C for pegmatites from the
Black Hills, South Dakota. Jahns and Burnham (1969) proposed a tem-
perature of 7009C for formation of rocks with pegmatitic and aplitic tex-
ture and also referred to temperatures as high as 800°C for the pegma-
titic phase of crystallization. A summary given by Jahns (1955) suggests

that pegmatites form between 400°C and 700°C with 600°C most common.



CHAPTER 7
SUMMARY

The derivation of magmatic aplites and pegmatites from a water-
saturated magma has been proposed by Derry (1931), Andersen (1931),
Emmons (1940), Jahns and Tuttle (1963), Fournier (1968), and Jahns and
Burnham (1969). It is also believed that a hydrothermal solution is de-"
rived by "second boiling" of a silicate melt which attaiﬁs supersatura-
tion with respect to water and other volatiles. Metallic components of
ore deposits can be derived from a magma and be transported to their
present location by hydrothermal solutions (Holland, 1972). A close
genetic relationship between aplite-pegmatite and hydrothermal solu-
tions has been observed by many workers and is well summarized and
discussed by Lutton (1959) . Assuming this genetic relationship between
aplites and pegmatites and hydrothermal solution to be valid, the study
of these rocks in mineralized and barren intrusions is scientifically and
explorationally rewarding in terms of understanding the processes and
environments linking aplites and pegmatites to hydrothermal solutions
and in locating new porphyry copper deposits,

Sixty-two samples were collected from eight Laramide stocks
and one mid-Tertiary intrusion. Four productive intrusions, the Boulder.
batholith, Butte district, »the Patagonia intrusion, and the Santa Rita and
Sierrita intrusions near the Esperanza mine have been considered. The
Amole, Swisshelm, Texas Canyon, and Whetstone stocks were studied

184
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as barren intrusions, The Troy stock, which is presently attracting min-

eral exploration, was studied to evaluate its mineral potential by com-

paring it with the other intrusions studied in this research.

A metamorphic model for the origin of the studied aplites and

pegmatites has been considered and rejected in light of the following

negative evidence:

1.

2.

Occurrence of aplite and pegmatite dikes in igneous plutons.
Independence of aplite and pegmatite composition from that of
the host rock.‘

Continuity of dikes from the igneous plutons into surrounding
host rocks.

Absence of fringing of dikes by mafic minerals,

Difficulty of reconciling the formation of fine-textured aplite
and coarse pegmatite by the simple migration of chemical ele-
ments into preexisting fractures,

Presence of knife-edge sharp contacts.

Evidence collected during this study denying a hydrothermal

origin for these dikes includes:

1.

z.

Absence of hydrothermal replacement textures.

Absence of "pocket minerals" commonly formed by hydrothermal
solutions., |
Matching of opposite walls of aplite or pegmatite dikes.
Presence of textural, mineralogical, and chemical homogeneity

across a single aplite dike and among dikes in a single intru-

sion,
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Presence of knife-edge sharp contacts.
Absence of sufficiently great amounts of secondary K-feldspar

to explain the difference in mineralogical and chemical com-

position of dikes in mineralized and barren intrusions.

A residual magmatic origin for these dikes is proposed based

on evidence collected during this research, which includes:

lo

Occurrence of dikes within or around exposed plutons with
which they are thought to be genetically related.

Continuity of aplite and pegmatite dikes from the intru»sion into
the surrounding host rocks.

Lack of influence of composition of host rocks upon the com-
position of the enclosed aplite and pegmatite bodies.
Emplacement of aplite and pegmatite dikes by forceful injection.
Presenqe of textural, mineralogical, and chemical homogen-
eities across width of aplite dikes and among dikes in a single
intrusion.

Presence of granophyric and graphic textures.

Within the context of the magmatic theory, the presence of

aplites and pegmatites in an igneous intrusion indicates that the melt

from which they crystallized is saturated or nearly saturated with water

and other volatiles, Aplites are considered to form as a result of pres-

sure quenching of water-saturated magmas, whereas the slow cooling

and subsequent crystallization of the same magmas favors the prodﬁc-

tion of pegmatites. Pressure quenching is caused by a sudden drop in

pressure caused primarily by fracturing of the cooling and shrinking of
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the crystallized shell of the intrusion ahd also to tectonic stresses. Not
all saturated magmas can develop aplites; however, conditions favor-
able to their formation are present only in the event of a rapid pressure
drop. Jahns and Tuttle (1963, p. 91) state that "the subsolvus granites,
on the other hand, may carry large amounts of pegmatitic and aplitic ma-
terial or none at all, depending on the cooling history of the intrusive."

The differences in dike populations and average widths in min-
eralized and barren stocks is dependent primarily on the mode of intru-
sion of the stock and its relative depth. Mineralized stocks intrude
passively and also, because of their deeper location, develop fewer
fractures, This contrasts to the forceful and relatively shallow stocks
which develop abundant fractures. These fractures are subsequently
filled by residual melt which develops intoaplite and pegmatite. String-
ham (1966) has observed that an overwhelming majority of the porphyry
copper stocks intruded passively. Depth of erosion as the'cause of ap-
parent variation in abundance of dikes seems unlikely because intrusions
associated with those porphyry copper deposits known in three dimen-
sions do ﬁot have an abundance of dikes,

Vogt (1923) suggested that in the absence of water and other
volatiles aresidual silicate melt composed of silicon, aluminum, and al-
kalies is the most viscous natural melt. However, Jahns and Burnham
(1969) indicate that the abundance of water in a granitic melt varies its
viscosity considerably. The textural and mineralogical homogeneity of
aplites is best explained by relatively high viscosity of the melts from
which they crystallize, Where fractures form in the host rock a hydrous

low-viscosity melt is injected into them. Subsequent fractures cutting
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ones previously injected with melt causes volatiles from this water-rich
melt to boil off, leaving behind a dry viscous melt in which chemical
diffusion is very slow. Because of slow diffusion rates in the viscous _
melt, crystallizing minerals must draw their components from the immed-
iately adjacent melt. Because of the pressure quench, mineral homo-
geneity of aplites is achieved. Slow crystal growth in the viscous melt,
coupled with the formation of many nuclei as a result of the sharp rise
in the temperature of the liquidus for the system, results in fine-grained,
xenomorphic granular, texturally homogeneous aplites., The sharp con-
tact of aplite and pegmatite dikes with their host rock is reflected by
differences in their mineral composition, grain size, and absence of
chemical reaction with the host rock. Randomly distributed, coarse-
grained patches probably represent a hydrous melt trapped within the
rapidly crystallizing viscous melt, Aplite within pegmatite dikes forms
from a melt which initially crystallizes in part to pegmatite while the
remaining melt subsequently loses its volatiles rapidly and forms aplite,
Pegmatites within aplites, on the other hand, form where the entire
water-rich melt is not pressure quenched to aplite, so that the un-
quenched portions yield masses of pegmatite within a body of otherwise .
aplitic rock.

For chemical-mineralogical reasons, it is proposed here that
aplites and pegmatites in mineralized intrusions crystallized from a
residual melt which before its injection coexisted with an alkali-base
metal-chloride~-rich aqueous phase. Potassium partitioned into the melt
and sodium into the aqueous phase in response to decreasing tempera-

ture from 880°C to 250°C,
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Where an aqueous phase coexisting with a silicate melt de-
velops, most of the chloride in the silicate melt partitions into this
aqueous phase (Burnham, 1967; Kilinc and Burnham, 1972; and Holland,.
1972). The significance of high concentrations of chloride in ore-
forming fluids is demonstrated by the high chloride content in intrusions
genetically related to hydrothermal ore deposits. Alkalies, base metals,
iron, calcium, and other metals partition into this chloride-rich aqueous
phase. The distribution of K" and Nat between a chloride-rich phase and
coexisting silicate melt is temperature dependent in the range from 88060
to 250°C. As the temperature drops from 880°C to 250°C, potassium par-
titions into the silicate melt and sodium simultaneously partitions into
the aqueous phase., The partitioning of sodium into the aqueous phase
explains the high NaCl content observed in fluid inclusions found in ore
v deposits. Aplites and pegmatites that form from this potassium-enriched
silicate melt are therefore anomalously rich in potassium and relatively
low in sodium. Preliminary work on fluid inclusions from the dikes under
consideration indicates that apparently primary fluid inclusions in quartz
in dikes from all mineralized areas studied, in contrast to those from |
barren ones, contain halite daughter minerals. This feature indicates
that dikes from mineralized stocks developed i-n a highly saline environ-
ment.

A continuum between magmas, aplite-pegfnatite, and porphyry
éopper deposits is established primarily by the continuous crystalliza-
tion of K-feldspar at magmatic temperature (880°C) to hydrothermal ore
debosition temperature at 250°C. The crystallization of secondary or-

thoclase in porphyry copper deposits is a manifestation of this continuum.
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The relatively high Fet+*, Catt, and Cu'™" in aplite-pegmatite
dikes from productive intrusions is probably a result of the coexistence
of the silicate melt from which these dikes formed with a chloride-rich |
aqueous phase anomalously rich in these elements, Filling of part of
the aluminum sites in feldspar by ferric ion and the possible presence
of hematite in crystal defects accounts for the pink color in aplite and
pegmatite feldspar.

Comparison of the composition of aplites and pegmatites with
the position of the quaternary isobaric liquidus minimum in the sYnthetic
system Ab~-Or-Q-H7O (Tuttle and Bowen, 1958) indicates respective
PH9O of 1 and 0.5 kb for the crystallization of dikes from mineralized
and barren intrusions. Equating PHéO of a saturated melt with lithostatic
pressure at 1 kb, depths of 4 km and 2 km are indicated, respectively,
for crystallization of dikes from mineralized and barren stocks. Al depth
of 4 km for productive intrusion:s, like the Santa Rita stock, is geologi-
cally unrealistic, as the latter is estimated to have intruded to 1, 500
feet (0.5 km) from the surface. Comparison of the chemical composition
of aplites and pegmatite dikes with the position of the isobaric liquidus
minimum in the system Ab-Or-Q-H20 in order to determine Psz and

depth poses great difficulty.
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CHAPTER 8
CONCLUSIONS

The results of this research have led to the following conclu-

Because of textural and mineralogical homogeneities, channel
is of no significant preference to chip sampling of aplite dikes.
In view of ease of sampling, chip sampling may be preferable.
Since aplite and pegmatite dikes collected from a single .stock
have similar compositions, 5 to 10 samples adequately repre-
sent the composition of the dikes in the stock.

Scarcity and. narrowness of dike populations in productive
stocks is directly related to the passive intrusion of these
stocks and to their relatively deep level of intrusion, This
feature constitutes a useful porphyry copper deposit indicator.
In view of their identical chemical and mineralogical composi-
tion, the aplites and pegmatites under consideration are the
product of chemically identical melts crystallized under differ-
ent water pressures., Pegmatites are the products of crystalliza-
tion of water-saturated residual magmas, whereas aplites are
the pressure-quenched equivélent of the same saturated residual

magmas,

'The predominance of K-feldspar over sodic plagioclase in dikes

from mineralized stocks is a useful feature in the search for
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porphyry copper deposits. The anomalously high K-feldspar
content of these dikes is due to crystallization of K-feldspar
from a silicate melt which coexisted with a chloride-rich
aqueous phase in response primarily to falling temperatures
between 880°C and 250°C,

There is an inverse relationship between potassium and sodium
and calcium and sodium. Where the potassium content is high
in aplite and pegmatite dikes from productive intrusions, the
sodium content is low. The opposite relationship is true for
dikes from barren intrusions. The calcium content is also high
in dikes from productive intrusions,

Potassium content of K-feldspar in dikes from productive intru-
sions is higher than that in dikes from barren ones.,

The aplite-alkali index, _EI\J;_aCL. x 100, is higher, almoét
double, in dikes from productive stocks and is an excellent
exploration tool. |

The total iron content of aplites from productive intrusions is
higher than the content of iron from barren ones,

This research has not revealed. significant variations in the
silicon and aluminum contents in dikes from productive and
barren intrusions.

Whereas evidence for the value of K-feldspar—plagioclase abun-
dance and potassium-sodium relationships as porphyry copper
indicators is compelling, evidence for iron and copper is only

permissive and of zinc is nonindicative,
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Although the Texas Canyon intrusion is spatially related to the
Johnson Camp ore deposit, evidence from this work indicates
that the Johnson Camp deposit may not be genetically relatea

to it.

Based on its dike population and copper, iron, and zinc con-
tents, mineralization of the Troy stock is not indicated. Over
half of the samples from this intrusion indicate a K-féldspar

to plagioclase ratio similar to that from mineralized intrusions,
By eliminating the influence of secondary K-feldspar in these '
samples, this ratio becomes similar to that in nonproductive

intrusions.
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Preparation of Standards

1t is recommended in atomic absorption analysis that the ma-~
trices of standards and unknown be matched as closely as possible to
reduce errors due to differing chemical and physical characteristics of
solutions, such as viscosity. The impdrtance of matching standards and
unknowns was observed by Slavin (1968) and Graybeal (1972). Graybeal
found that considerably higher values of manganese and iron were ob-
tained when these elements were dissolved in 3% HNOg3 in the absence
of dissolved silicates than in their presence.

In the absence of natural aplite-pegmatite and K-feldspar stan-
dards, artificial standards were prepared. These artificial standards
were prepared from chlorides, carbohates, and oxides of the major ele-
ments, Silica was prepared by crushing a clear quartz crystal to -65
mesh, leaching it overnight in a hot 50% HNO3 to remove iron from
grinding and iron oxides. Ten grams of artifical standards were prepared
such that the major element compositions bracketed the range of concen-
tration of elements found in granitic aplite-pegmatite and K-feldspar.

All salts and oxides were pulverized in an agate mortar and dried over-
night at 80°C. Quartz, Al203, Fe203, CaCO3, NaCl, and KCl were
weighed and mixed by shaking in a plastic vial which contained an alum-
inum oxide ball, These oxides were then pulverized in an alumin‘um oxide
Pica ball mill for 6 minutes and stored in glass bottles. Careful weighing
and preparation of standards yielded very regular working curves. Blanks
for.individual elements were prepared by omitting that particular element
from one standard. Concentrations of copper and zinc in aplites and peg-

matites was too low to permit preparation of their standards in the same
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way as that used for the major elements., Instead, standards of these
two elements were prepared by dissolving zinc metal and copper nitrate
in 50% HNO3. Zinc and copper nitrate were weighed and dissolved in
HNO3 so that their concentration was 2.,000 ppm of metal in each. These
2,000-ppm solutions were stored as stock solutions., Working standards
were freshly prepared on the day of each run by proper dilutions with 3%
» HNO3, so that values of copper and zinc in the digested unknown were
bracketed by these standards. It was found that values of copper and
zinc in the USGS standard G-2 were consistently less than that found Hy
the present curves, This discrepancy is due to the difference in the
matrix of the standards and the unknown.

Prepared samples were taken into solution, using a lithium
metaborate (LiBO92) fusion technique for use with the atomic absorption
spectrophotometer as modified by Medlin and others (1969) and adapted
by Graybeal (1972) for use in the Laboratories of Economic Geology of
The University of Arizona. To take a sample into solution, 0.1000 gm of
it is mixed with 0.5000 gm of lithium metaborate on a piece of weighing
paper. After careful mixing, the sample was transferred to a pre-ignited
graphite fusion crucible and fused in a muffle furnace for 15 minutes at
about 10509C. The molten bead was then swirled to gather uncoalesced
beads of the melt and immediately poured into a 250-ml nalgene beaker
containing 40 ml of 3% HNO3.

Pre-ignited graphite crucibles (ultra carbon A-2260, YU-40) were
used. Graybeal (1972) observed that some of the bead would invariably
stick to the bottom of the crucible during the first fusion if cruciblé were

not pre-ignited at about 700°C for 10-15 minutes,
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Dilutions
Dilution of dissolved samples is necessary to bring them to
the optimum concéntration for analysis by atomic absorption. For analy-
sis of sodium and potassium, an aliquot of the fusion solution is diluted
with demineralized water, whereas for silicon, aluminum, iron, and cal-
cium, the aliquot solution is diluted with a 1% solution of lanthanum
nitrate (LaNOg3). Lanthanum nitrate acts as a releasing agent and pre-
vents the formation of refractory substances in the flame. Copper and
zinc are determined directly from the fusion solution. Dilutions used
here are those recommended by Medlin and others (1969) and and are

listed in Table A-1.

Table A-1, Instrumentation and dilution

Wavelength Sample

Element (B) Flame Burner Position Dilution Diluent
Si 2516 N2O-CoH9 parallel 1:6 La
Al 3093 N,O-CqHy parallel 1:6 La
Fe 2483 Air-C9Hy  parallel and 1:6 La
: ‘ perpendicular
Ca 4227 Air-C9oH9  parallel 1:6 La
Na 5890 Air-C9Hg  parallel 1:40 Hy0O

5896

K 7665 Air-CoH,  parallel 1:40 H,0
Cu 3247 Air-C9Hg  parallel none

Zn 2139 Air-C 2H2 parallel none
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Instrumentation

The analyses were obtained by using a Perkin-Elmer model 403
atomic absorption spectrophotometer. Data were read and recorded in
absorbance units, Percent oxides in unknown were interpolated from
generally linear working curves drawn by plotting the absorbance values
against the known percent oxide of the standards. Drift in the instrument
was noticeable for Si and Al and was continuously monitored and cor-
rected by zeroing the instrument after running every 2 to 5 unknowns,
Burner clogging was a problem when using a nitrous oxide-acetylene mix-
ture, and it was necessary to clean it every time a glowing carbon resi-
due started to form. This cleaning was done after running each batch of

2-5 unknowns,

Precision and Accuracy

The precision of the analytical proceduré was determined by
making 8 to 12 replicatesofthe Amole 6 sample. The precision for indi-
vidual elements is reported in Table A-2 as percent by weight deviation
and also as relative percent deviation. Relative percent deviation is the
percent the deviation represents of the total amount of the given oxide
or element in a sample, With the exception of Fe9O3 and CaO, the rela-
tive deviation of other oxides is less than 2 percent. Copper and zinc
have low precision at 11 and 7 percent, respectively. The reason for
this low precision is the low concentration of Fe9O3, CaO, Cu, and Zn
in aplites and pegmatites; consequently in the resulting fusion solution,

they are near the lower detection limit,
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Table A-2. Analytical precision

Oxide or Element Deviation Percent Relative Deviation

Si09 2 0.112 wt% - 0.145

AlO3 .147 wt% 1.19

Feq03 - .049 wt% 4 _.58

Cao .025 wt% 3.35

NagO .034 wt% 1.24

K20 .087 wt% 1.46

Cu ' 1.41 ppm » 11

Zn 2.58 ppm 7

The accuracy of the analyses is depeﬁdent on the accuracy of
the artificial standards. Their accuracy was checked by analyzing USGS
standard rock G-2 and the National Bureau of Standards standard 73a pro-
vided through the courtesy of Dr. D. E. Livingston of the Department of
Geosciences, The University of Arizona. The analyses of these stan-
dards are shown on Table A-3. Comparison of the results on this table
indicates én error in the results obtained for AlpO3 and FepO3. The
. Al9O3 used to prepare the artificial standards was apparently hygroscop-
ic. Hall (1972) reported that the weight of Al9O3 increased considerably
while w_eighing the necessary amount of standards. FepO3 was observed
to stick to the wall of the Pica mill, apparently causing loss of it from

the standards. Both Al203 and Fe203 were corrected by multiplying
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values of all unknowns by a coefficient derived by dividing reported con-

tents of these oxides in USGS G-2 by their values reported here.

Table A-3. Analytical data for USGS G-2 and NBS 73a
USGS G-2 NBS 73a
Oxides and
Elements Measured ‘Present Measured Present

Si0, 69.19 wt%  70.25 wt% 67.10 wt% 68.30 wt%
Al90O3 15.34 wt%  17.65 wt% 17.90 wt% 19.72 wt%
FepOg3 2.52 wt% 1.98 wt% 0.075 wt% 0.067 wt%i
CaO 1,98 wt% 1.93 wt% 0.11 wt% 0.10 wt%
‘NajO 4,15 wt% 4,15 wt% 2.55 wt% 2.50 wt%
K20 4,51 wt% 4.69 wt% 11.80 wt% 11.80 wt%
Cu 11 ppm 10 ppm - -
Zn 75 ppm 73 ppm - _—
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Table B~1, Chemical analyses and norms of aplites and pegmatites from Laramide and mid-Tertiary
intrusions, by district

AMOLE
Sample No. 1 2 3 ' 4 5 6
Rock Type Aplite Aplite Aplite Aplite Pegmatite Aplite
Chemical Analysis
Si02 % 78.89 78.46 78.50 78.00 79.00 77.50
Al)03 % 11,97 12,12 11.99 12.17 11.82 12.34
FepO03 % 1,00 0.712 0.814 0.840 0.649 1.400
ca0 % 0.35 0.38  0.25  0.28 0.17 0.72
NasO % 3.25 3.27 3.25 3,19  3.04 2.60
K90 % 5.40 5.52 5.52 5.55 5.52 5.90
Cu ppm 11 10 17 13 13 13
Zn ppm 53 48 41 40 36 36
Norms
Q 38.60 37.26 37.95 37.62 39.87 38.13
Or . 32.12 32,70 32.74 32.49 32.63  34.89
Ab 27.47 27.63 27.46 26.99 25.67  22.23
An 1.72 1.84 1.24 1.39 0.83 3,57
c 0.14  0.04 0.25  0.39 0.14 0.3l

He 1.00 0.71 0.81 0.84 0.65 1.40
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Table B-1. Chemical analyses and norms.--Continued

WHETSTONE
Sample No. 11 12 13 14 15 16 17 18 19 20
Rock Type ~Aplite Aplite Aplite Aplite Aplite Aplite Aplite Aplite Aplite Aplite

Chemical Analysis

SiO9
Al0O3
Fe203
CaO
Naz0
K20
Cu

Zn

Norms

He

%
%
%
%
%
%
ppm
ppm

78.20 78.36 78.60 78.40 78.90 78.00 78.55 78.86 78.00 78.22
11.95 12.14 11.95 11.95 11.95 12.30 11.95 11.99 12.08 12.25
0.789 0.992 0.687 0.712 0.661 0.712 0.712 0.750 0.878 0.674
0.28 0.55 0.45 0.38 0.17 0.58 0.42 0.56 0.26 0.47
3.25 3.34 3.25 3.22 2.72 3.25 3.020 2.80 2.75 3.10
5.20 5.20 5.32 5.40 5.90 5.30 5.70 S5.60 S5.60 S5.70

20 14 19 13 18 80 18 10 27 16

28 42 29 21 21 17 19 13 18 21

30.75 30.75 31.37 31.92 35.37 31.34 36.69 33.15 33.14 33.69
27.46 28.19 27.25 27.20 22.95 27.46 26.52 24.52 23.27 26.20

1,39 2,73 2,22 1.89 0.83 2.8 2.03 2.78 1.28 2.34
38.10 37.91 38.37 38.24 39.71 37.60 38.65 39.34 40.01 37.42

0.62 0.01 o0.06 o0.11 0.76 0.20 0.04 0.11 1,00 0.10
0.79 0.99 0.69 0.71 0.66 0.71 0.71 0.75 0.88 0.67
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Table B-1. Chemical analyses and norms.,--Continued

BOULDER BATHOLITH

Sample No. 213 22 23 24 - 25

Rock Type Pegmatite Aplite Aplite Aplite Aplite

Chemical Analysis

Si02 % 77.46 77.74 77.65 77.50 77.30
Al,O5 % 12.25 12.30 12,17 12.10 12,32
FeoO3 % 0.81 0.70 0.66 0.66 0.37
Ca0 % 0.90 0.52 0.52 0.52 0.94
NaO % 3.08 2.21 2.30 2.50 2.58
K20 % 5.30 6.08 6.20 6.20 6.25
Cu ppm 10 10 10 11 11

Zn ppm | 34 29 38 33 40

Norms

Or 35.87 35.97 36.70 36.66 36.97
Ab 31.06 18.85 19.44 21,12 21.80
An 26.03 2.56 2.59 2.59 4.67
Q 4,58 39.11  38.75 37.81 35.33
C 1.51 2.91 1.45 1.12 0.99
He 0.81 0.69 °  0.65 0.65  0.37

a. Analysis of a piece of a pegmatite dike not considered representative of this dike.

02



Table B-1, | Chemical analyses and norms.~--Continued

PATAGONIA
Sample No. 26 27 28 29 30 31
Rock Type Aplite Aplite Aplite Aplite Aplite Aplite
Chemical Analysis
SiO2 % 78.20 77.56 77.65 77 .40 77.79 77.53
Al,O3 % 12.00 12.17 12.17 12.16 12,25 12.30
FepO3 % 0.65 0.97 0.97 0.95 0.89 0.92
CaO % 0.40 0.40 0.45 0.47 0.42 0.45
NagO % 2.30 2.40 2.60 2.10 2.30 2,25
K»20O % 6.80 6.70 6.25 6.75 6.50 6.65
Cu ppm 16 11 12 13 48 25
Zn ppm 86 52 58 54 38 47
Norms
Or 40.20 39.64 26.97 39.91 38.42 39.31
Ab 19.44 20.28 21,96 17.76 19.44 19.65
An 0.50 1,97 3.32 2.31 2.10 2.22
Q 38.58 27.13 37.65 38.35 38.69 37.61
C 0.60 0.20 0.27 0.53 0.64 0.49
He 0.65 0.97 0.96 0.95 0.89: 0.96
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Table B~-1 Chemical analyses and norms,--Continued

He

SIERRITA
"~ Sample No. 32 33 ° 34 35 36 37 38 39 40
Rock Type Aplite Aplite Aplite Aplite Aplite Aplite Aplite Pegmatite Aplite
Chemical Analysis
SiOg % 77.40 77.30 77.40 77.57 77.80 77.60 77.23 77 .49 77 .40
Al90O3 % 12,00 12.58 11.91 12,17 12,25 12.25 12.43 12.43 12.25
FeqoO3 % 0.95 0.90 0.92 1,18 0.94 1.25 0.97 0.84 0.99
Ca0O % 0.65 0.80 0.55 0.66 0.8 0.75 0.60 0.55 0.66
Nag20 % 2.30 2.57 2.25 2.57 2.25 2,47 2.38 2.40 2.70
K20 % 6.25 6.08 6.60 6.10 6.10 6.20 6.70 6.60 6.05
Cu ppm 34 26 22 33 24 44 21 18 18
Zn ppm 38 34 / 34 36 34 38 36 34 34
Norms
Or 36.97 35.97 39.03 36.08 36.08 36.70 39.64 39.03 35.88
Ab 19.44 21,75 19.02 21.70 21,27 20.16 20.12 20.28 22.84
An 3,13 3.98 2.73 3.28 3.98 3.73 2.77 2.73 3.28
Q 38,71 37.33 37.88 37.90 38.12 37.88 36.56 37.11 37.10
C 0.24 0.29 0.08 0.09 0.02 0.08 0.16 0.33  0.02
0.95 0.91 0.92 1,18 0.91 1.25 0.97 0.84 0.99
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Table B-1. Chemical analyses and norms,--Continued

SWISSHELM
Sample No, 41 42 43 44 45
Rock Type Aplite Aplite Aplite Aplite Aplite
Chemical Analysis
SiOy % 78.90 78.84 78.72 78.75 78.70
Al,O3 % 12.25 11.99 12,17 12.34 12.20
Fe203 % 0.71 0.64 0.36 0.56 0.18
Ca0o % 0.37 0.37 0.31 0.42 0.40
Na,O % 3.31 3.00 3.10 3.32 3.00
K90 % 5.20 5.26 5.40 5.20 5.40
Cu ppm 9 9 9 10 9
Zn ppm 34 30 34 34 43
Norms
Or 30.57 31.11 31.92 30.76 31.92
Ab 27.98 27.98 26.20 28.05 25.57
An 1.83 1.84 1.53 2.09 1,97
Q 38.98 38.74 39.40 - 38.89 39.76
C 0.54 0.17 0.62 0.47 0.68
He 0.71 0.64 0.35 0.56 0.18
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Table B-1., Chemical analyses and norms.--Continued

SANTA RITA
Sample No. 48 49 50 51 52
Rock Type Aplite Aplite Aplite Aplite Aplite
. Chemical Analysis
SiO2 % 77.19 77.25 77.50 77.30 77.60
(AlpO3 % . 11.70 11,82 11.73 12,26 12.10
FegO3 % 2.11 1.98 1.87 1.18 1.15
CaO % 0.35 0.61 0.60 0.60 0.70
Nag0 % 2.00 2.00 2.20 2.16 2.10
K20 % 7.00 6.70 6.40 6.80 6.60
Cu ppm 54 S0 45 66 70
Zn ppm 69 70 78 88 65
Norms
Or 41.40 39.64 37.87 40,20 39.03
Ab 16.91 16.91 18.60 18.37 17.76
An 1.75 3.03 2.97 2.97 3.78
Q 37.98 38.69 38.94 37.44 38.60
C 0.17 v0.14 0.07 0.22 0.20
He 2.11 1.98 1.87 1.18 1.15
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Table B~1. Chemical analyses and norms.--Continued

TEXAS CANYON

Sample No. 53 ° 54 55 56 57 58 59 60

Rock Type Aplite Aplite Aplite Aplite Pegmatite Aplite Aplite Pegmatite

Chemical Analysis

Si0; % 76.50 75.40 75.35 75.49 76.06  76.00  75.50 75.30
Aly03 % 13.90 14.56 14.56 14,34 14.34 14.34 14,34 14.56
Fep03 % 0.58 0.76 0.62  0.54 0.65 0.62  0.62 "0.62
ca0 % 0.38 0.21  0.20  0.30 0.40 0.30  0.30 0.35
Na20 % ~ 3.56 4.40 4.30 4.07 . 3.75 4.08 3,10 4.20
K0 % 4.88  4.28  4.50  4.40 4,80 4.65 5,04 4.85
Cu ppm 9 7 10 8 8 9 9 10

7Zn ppm 35 49 46 64 28 23 31 32

Norms

Or 290.86 25.30 26.63  26.02 28.41  27.42  29.82 28.69
Ab 30.08 37.20 36.36 34.37 31,70  34.48 32.12 35.49
An © 1,89  1.06  0.97  1.49 1.99 1.49  1.08 1.94
Q 36.34 33,02 32.71 34.37 35.03  33.85 33.65 31.59
C 2.06 2.32  2.26  2.37 2.29 .2.03  2.21 1.75

He 0.58 0.76 0.62 0.54 0.65 0.62 0.62 0.62
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Table B-1, Chemical analyses and norms.--Continued
TROY
Sample No. 61 62 63 64 65 66 67 68 69
Rock Type Aplite Aplite Aplite Aplite Aplite Aplite Aplite Aplite Aplite
Chemical Analysis
SiO2 % 76.00 76.15 67.04 77.00 76.60 75.76 76.26 77.40 76.70
AlgO3 % 13.38 13.21 13.38 12,70 13.21 13.64 13.38 12.69 13.21
Fe;,O03 % 0.45 0.41 0.25 0.33 0.29 0.42 0.32 0.39 0.30
CaOo % 0.93 0.52 0.8 0.67 0.60 0.58 0.65 0.65 0.35
Na0 % 2,95 2.50 2.28 2.92 2.48 2.69 3.30 2.12 3.90
K20 % 6.30 7.18 6.60 6.20 6.75 7.00 6.05 7.00 5.60
Cu ppm 16 14 11 12 11 .13 11 12 11
Zn ppm 33 35 30 30 33 33 33 33 31
Norms
Or 37.25 42.48 39.03 36.70 39.92 41.42 36.20 41.42 33.14
Ab 24,94 21,12 23.84 24.68 20.96 22.74 27.88 17.92 32.96
An 4,62 2,59 3.98 3.34 2,97 2.87 3.23 3.23 1.75
Q 32.75 33.01 32.64.34.82 35.09 32.11 32.53 36.88 31.82
C 0 0.36 0.12 0.09 0.71 0.55 0.20 0.42 0.07
He 0.45 0.41 0.25 0.33 0.29 0.42 0.32 0.39 0.30
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Table B-2. Chemical analyses of K-feldspar from aplites and pegmatites of certain Laramide
and mid-Tertiary intrusions

Total Fe :

Sample SiOjp Al»03 (as Fep03) CaOo Naj0 KoO Cu Zn .
~ No. (%) (%) (%) (%) (%) (%) (opm)  (ppm)
AMOLE

1 66.90 17.90 0.255 © 0.45 2.73 11.80 8 28
2 66.53 18.07 0.150 0.27 3.18 11.90 8 25
3 69.00 16.25 0.278 0.16 2.20 11.60 . 17 31
4 67.00 17.45 0.190 0.14 2.53 12.40 9 34
5 66.90 18.25 0.215 0.20 3.40 11.00 10 34
6 66.30 18.28 0.150 0.33 2.77 12.20 9 31

WHETSTONE
11 66.25 18.25 0.201 0.17 2.49 12.75 14 32
12 66.00 18.25 0.104 0.18 2.20 13.45 10 25
13 65.92 18.42 0.190 0.12 1.80 13.75 14 32
14 65.96 18.16 0.160 0.17 2.10 13.45 11 25
15 68.00 17.73 0.182 0.10 1.90 11.80 12 28
16 68.18 15.90 0.142 0.16 2.22 13.40 37 28
17 67.00 17.64 0.140 0.25 3.13 11.45 10 28
18 65.80 18.42 0.120 - 0.20 1.89 13.90 10 32
19 67.00 18.34 0.140 0.11 1.90  13.92 11 32

20 65.80 18.25 0.115 0.20 2,46 13.10 10 32
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Table B-2. Chemical analyses of K-feldspar,--Continued '
Total Fe

Sample SiOj Al,03 (as Fey03) CaO Nay0 K50 Cu Zn

No. (%) (%) (%) (%) (%) (%) (ppm)  (ppm)
BOULDER BATHOLITH, BUTTE DISTRICT
21 65.48 18.42 0.085 0.10 1.68 14.20 10 29
22 64.80 18.96 0.092 0.18 1.50 14.82 9 28
23 64.48 18.96 0.092 0.16 1.70 14,62 10 29
24 64.88 19.18 0.100 0.18 1.57 14,10 9 29
25 63.85 20.09 0.192 0.16 1.81 13.93 10 36
PATAGONIA

26  65.47 18.25 0.18 0.17 2.24 13.70 10 37
27 66.80 17.56 0.19 0.12 1.75 13,20 9 39
28 64.99 18.95 0.21 0.33 2.92 12.60 9 39
29 65.12 18.20 0.20 0.16 1.78 13.60 10 40
30 65.00 18.30 0.25 0.32 2.01 13.40 10 38
31 66.10 17.95 0.18 0.27 2.25 13.60 10 41
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Table B-2. Chemical analyses of K-feldspar.~--Continued
Total Fe

Sample 8iOj Al203 (as FepO3) CaO NagO Ko0 Cu Zn

No. (%) (%) (%) (%) (%) (%) (ppm)  (ppm)
SIERRITA
32 65.72 17.99 0.19 0.20 1.82 14.10 11 25
33 65.54 17.99 0.180 0.22 1,87 14.10 13 25
34 65.62 17.99 0.180 0.17 1.80 14.10 11 32
35 64.74 17.99 0.18 0.20 1.69 14.15 14 25
36 65.37 18.08 0.19 0.20 1.95 14,15 13 25
37 65.35 18.08 0.23 0.16 1.80 14.40 13 25
38 65.57 17.99 0.18 0.16 1.80 14.20 15 20
39 65.00 18,34 0.18 0.16 2.13 14,10 11 27
40 65.60 18.08 0.16 0.22 1.95 14.00 11 32
SWISSHELM

41 65.30 18.25 0.10 0.22 1.80 14,10 8 31
42 65.25 18.25 0.10 0.22 . 1.80 14.10 9 30
43 67.83 17.38 0.10 0.25 2.45 12.10 8 27
44 66.00 17.90 0.10 0.27 2.15 13.40 8 31
45 67.32 17.82 0.05 0.22 3.05 - 11.30 8 37
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Table B-2, Chemical analyses of K~feldspar.-~Continued
,. Total Fe

Sample SiOjp Al»O3 (as FepO3) CaO NasO K20 Cu Zn

No. (%) (%) (%) (%) (%) (%) (ppm)  (ppm)
SANTA RITA
48 66.45 18.30 0.26 0.42 2.27 11.60 12 58
49 66.60 18.34 0.25 0.40 2.24 11.64 12 58
50 67.00 18.25 0.24 0.41 2.28 11.50 11 59
51 66.60 18.34 0.24 0.41 2.42 11.90 13 59
52 66.50 18.32 0.23 0.40 2.29 11.70 13 59
TEXAS CANYON

53 65.10 18.95 0.07 0.10 2.08 13.70 8 37
54 64.30 18.95 0.032 0.03 0.80 15.90 9 30
55 64.00 19.12. 0.020 0.03 0.83 15.85 7 30
56 64.25 18.85 0.03 0.03 0.75 15.85 7 22
57 64.84 18.95 0.11 0.03 0.98 15.08 7 27
58 64.50 19.12 0.02 0.03 0.80 15.50 7 50
59 64.46 18.95 0.02 0.03 1 0.72 15.82 7 20

- 60 64.40 19.12 0.02 0.03 0.88 15,50 7 30
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