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ABSTRACT

The Tea Cup granodiorite, a Laramide pluton, includes facies 

ranging from biotite-hornblende granodiorite to muscovite quartz monzo- 

nite. Whole-rock geochemical analyses indicate that most facies of the 

•intrusion are corundum-normative. Variation diagrams of the whole-rock 

analyses show trends that suggest differentiation was a possible factor 

in the crystallization history of the intrusion. Rubidium-strontium 

isotope analyses yielded an initial ®^Sr/®^Sr ratio of" 0.7086, suggest

ing that the intrusion was derived in part from anatexis of upper crust

al material but not necessarily pelitic sediments. Depth of emplacement 

based on concordancy of biotite and garnet ages is less than 8 km.

Muscovite occurs in the leucocratic facies of the intrusion as 

discrete grains, laths in plagioclase, fracture fillings, and in associ

ation with biotite and magnetite. The muscovite is believed to be sec

ondary because of its similarity in composition for all occurrences and 

because the depth of emplacement of the intrusion is too shallow to al

low for generation of igneous muscovite.

Several current models for the generation of corundum-normative 

granites, including anatexis, amphibole fractionation, and alkali leach

ing are presented. Results of the study support a fractionation model 

to explain the corundum-normative nature of the Tea Cup granodiorite.

xiii



INTRODUCTION

The petrogenesis of granitic rocks containing biotite and musco

vite is undergoing increasing study. Most of the literature currently 

being published ascribes the origin of muscovite-bearing corundum- 

normative granitic rocks to anatexis of sedimentary material (White, 

Chappell, and Cleary, 1974; Best et al., 1974; Flood and Shaw, 1975; 

Whitney, Jones, and Walker, 1976; Kuntz and Brock, 1977; Flood and 

Vernon, 1978). Alternative models have been proposed to explain the 

origin of peraluminous granites. Two such models involve amphibdle 

fractionation (Cawthorn and Brown, 1976) and alkali leaching (Luth,

Jahns, and Tuttle, 1964).

Biotite-muscovite granites found in the western Cordillera com

monly occur in the metamorphic core complexes and generally have been 

interpreted as products of anatexis of sedimentary material (Lee and 

Van Loenen, 1971; Best et al., 1974). The Tea Cup granodiorite, contain

ing a biotite-muscovite facies, was chosen for study because it does not 

occur in a metamorphic core complex and lacks the post-intrusion metamor

phic effects which are often found in the two-mica granites of the core 

complexes. The study of the Tea Cup granodiorite involved field mapping 

of the intrusion, its contact relationships, petrography of the various 

facies of the intrusion, whole rock geochemistry of samples from each 

facies of the intrusion, strontium isotope analysis, and electron micro

probe analysis of minerals from various facies of the intrusion, with 

special emphasis on muscovite compositions.

1
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While many muscovite-biotite bearing granitic rocks occur in 

Arizona, they have not been studied in any detail. It is the purpose of 

this study to examine one such intrusion in detail. The principal goals 

are to establish its petrogenesis, giving specific attention to the na

ture and origin of the muscovite.

Location and Regional Setting

The Tea Cup granodiorite is a Laramide intrusion located in 

Pinal County, Arizona between the towns of Florence and Kelvin (Figure 

1). The bulk of the intrusion is located in six 7J$ minute quadrangles: 

the Grayback Quadrangle (1964), the North Butte Quadrangle (1964), and 

the Ninety Six Hills NE, NW, SE, SW Quadrangles (1966).

The topography of the intrusion varies from 1675 ft at the Gila 

River to 3973 ft at Coyote Peak located in the southern part of the 

field area. The Ninety Six Hills, also in the southern part of the field 

area, contain hills to 3500 ft in elevation. The most prominent mountain 

in the northern part of the field area is Grayback Mountain at 3570 ft. 

Washes drain to the west in the southern part of the area and to the 

north towards the Gila River in the central and northern parts of the 

area. Major washes located in the area include Paisano Wash, Box 0 or 

Big Wash, Donnelly Wash, and Cottonwood Wash. The Florence-Kelvin High

way, a graded dirt road, and numerous ranch and fence line roads provide 

good access to most of the field area. Outcrops are well exposed in the 

Ninety Six Hills and around Grayback, but are often covered by a pediment 

veneer and desert vegetation elsewhere. Several ranches occupy the area, 

including the Tea Cup Ranch, the Box 0 Ranch, and the Ninety Six Ranch.
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Figure 1. Location of the Tea Cup Granodiorite, Pinal County, Arizona.
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Previous Work

Previous geologic mapping and some petrography of the Tea Cup 

granodiorite has been done in the Grayback Quadrangle by Schmidt (1971) 

and Cornwall and Krieger (1975a), and in the Ninety Six Hills, NW, NE,

SE, and SW by Yeend, Keith, and Blacet (1977). Three age dates from the 

Tea Cup granodiorite have been determined, and include a K-Ar date on 

muscovite (L. Barrett, oral communication, 1978), a K-Ar date on biotite 

(Damon, 1970), and a fission track date on garnet (Banks and Stuckless, 

1973). Whole rock chemical analyses of rocks from the Grayback Quad

rangle also have been done (H. R. Cornwall, written communication, 1978).



GENERAL GEOLOGY

Regional Geologic and Structural History 

The rock units exposed in the area in which the Tea Cup grano- 

diorite is located show evidence of structural events of Precambrian, 

Late Cretaceous-Early Tertiary, and Middle Tertiary to Recent age. Dur

ing Precambrian time, large masses of Oracle Granite were emplaced into 

the Pinal Schist, producing a near vertical east-west trending foliation 

in the schist (Schmidt, 1971). Younger Precambrian sedimentary rocks, 

including the Apache Group and the Troy Quartzite, were deposited uncon- 

formably on the Oracle Granite and Pinal Schist. Maximum thickness of 

the Apache Group is 700 ft in the Tortilla Mountains located 10 miles to 

the east of the Tea Cup granodiorite (Krieger, 1974a,b). The section in 

the Tortilla Mountains is the closest section to the location of the Tea 

Cup granodiorite. Maximum thickness of the Troy Quartzite is also 700 

ft. Younger Precambrian diabase sills intrude the Oracle Granite along 

joint and foliation surfaces and the Apache Group along bedding planes. 

Following a long period of non-deposition. Paleozoic sedimentary rocks 

were deposited paraconformably on the Precambrian sedimentary and ig

neous units. The Paleozoic formations comprising the section in the 

Tortilla Mountains include the Bolsa Quartzite (100 ft thick), the 

Abrigo Formation (268 ft thick), the Martin Formation (250 ft thick), 

the Escabrosa Formation (400 ft thick), and the Snyder Hill Limestone 

(about 100 ft thick). Mesozoic strata are absent in the area, and if 

originally present, were eroded before the beginning of the Laramide

5
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Orogeny because Laramide volcanic rocks disconformably overlie Paleozoic 

and Precambrian rocks in the Tortilla Mountains (Krieger, 1974a,b).

During the Laramide Orogeny at least three magmatic events oc

curred. The first event involved emplacement of the Tortilla Quartz 

Diorite and related diorite intrusives followed by intrusion of the Tea 

Cup granodiorite, Granite Mountain Porphyry, and Tea Pot Mountain Por

phyry plutons. The final event was emplacement of east-west trending 

dike swarms and mineralization of fracture and fissure zones. Schmidt 

(1971) interpreted the east-west dike swarms to be the result of north- 

south extension due to homoclinal bending or elongate doming along an 

east-west axis.

Two episodes of post-Laramide faulting have been recognized in 

the area east of the Tea Cup granodiorite (Krieger, 1974a,b). The first 

event resulted in east-west trending faults, while the second event in

volved north- to northwest-trending faults associated with eastward , 

tilting of the Tortilla Mountain block. Amount of eastward tilting in 

the Tortilla Mountains varies between 60 and 90°. Schmidt’s (1971) in

terpretation of the tilting of the Tortilla Mountain block involves elon 

gated domal uplift and attendant antithetic rotation resulting from 

Basin and Range tectonism. Figure 2 shows a possible mechanism for the 

process which involves a rising dome that eventually collapsed in the 

center, causing individual blocks to tilt upwards and rotate away from 

the center of the dome along curved fault planes.

During Miocene time, intermontane basins formed in areas pres

ently occupied by the Gila River and Ripsey Wash and were filled with
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Sketch of Antithetic Rotation as Applied to the Tortilla 
Mountains (from Schmidt, 1971).
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debris shed from the uplifted Tortilla Mountains. The earliest debris, 

including the San Manuel Formation and the White Tail Conglomerate, were 

deposited in the basins after the high-angle east-west faulting event, 

but prior to tilting of the Tortilla Mountain block. Shedding of debris 

from the rising Tortilla Mountain block occasionally took the form of 

intraformational gravity slides. The debris from the gravity slides in

cludes brecciated masses of younger Precambrian sedimentary rocks, dia

base, and Paleozoic rocks. Later debris deposited in the basins include 

the Big Dome and Quiburis Formations, deposited after the tilting event.

A final faulting event took place during the Pliocene-Pleistocene, char

acterized by north- to northeast-trending normal faults.

Geologic Setting of 
the Tea Cup Granodiorite

The Tea Cup granodiorite has three main lobes or units separated 

by Quaternary gravels and alluvium. Throughout this thesis each lobe 

will be referred to by the name of the ranch occupying it. The northern 

lobe will be called the Tea Cup Lobe, the central lobe will be called the 

Box 0 Lobe, and the southern lobe will be called the Ninety Six Lobe.

Only rocks of Precambrian age have been found intruded by the 

Tea Cup granodiorite. The Ninety Six Lobe intruded Pinal Schist along 

its southern and eastern contacts and Oracle Granite along its north

eastern contact (Schmidt, 1971). Scattered outcrops of a granite similar 

to Precambrian two-mica quartz monzonite found at Middle Mountain have 

been observed along the northeastern and western contacts of the Ninety
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Six Lobe. Quaternary gravels and alluvium cover most of the western and 

southwestern contacts of the Ninety Six Lobe.

The Box 0 Lobe is in contact with Oracle Granite along its 

southeastern and western margins. Scattered outcrops of what may be Pre- 

cambrian two-mica quartz monzonite, henceforth called Middle Mountain 

Granite, appear along the southwestern and southern boundaries of the 

Box 0 Lobe. Quaternary gravels and alluvium cover contacts along the 

southern, eastern, northern, and northwestern portions of the Box 0 Lobe. 

The southeastern, eastern, and northeastern portions of the Tea Cup Lobe 

are in contact with Oracle Granite. Tertiary volcanics are in contact 

with the Tea Cup Lobe along its northwestern edge.

Each of the three lobes contains a different but related set of 

facies. The Ninety Six Lobe is composed of medium- and coarse-grained 

garnet-bearing biotite-muscovite quartz monzonite. Medium-grained 

biotite-hornblende granodiorite and coarse-grained biotite-muscovite 

quartz monzonite make up the main facies of the Box 0 Lobe. The Tea Cup 

Lobe contains facies of medium- and coarse-grained biotite-hornblende 

granodiorite and medium-grained garnet-bearing biotite-muscovite grano

diorite. Pegmatite, aplite, and muscovite quartz monzonite and andesite

dikes are found in all three lobes.



AGE RELATIONSHIPS

The Tea Cup granodiorite is a Laramide pluton that intruded the 

Pinal Schist, the Oracle Granite and diabase dikes and sills, all of 

Precambrian age. Oldest of the Precambrian rocks is the Pinal Schist. 

Its age is unknown but it predates the 1450 m.y. Oracle Granite which 

intrudes it (Livingston et al., 1967). The diabase sills and dikes are 

approximately 1150 m.y. old (P. E. Damon, oral communication, 1978) and 

cut the Oracle Granite. The Tea Cup granodiorite may also intrude a 

biotite-muscovite and muscovite quartz monzonite possibly correlative 

with the Middle Mountain Granite. The Middle Mountain Granite has been 

dated at 1280 + 50 m.y. (K-Ar, muscovite) by Richard Armstrong, Univer

sity of British Columbia (W. Rehrig, oral communication, 1978). Dia

base dikes cut the Middle Mountain Granite and may have reset the age. 

The actual age of the Middle Mountain Granite may be about 1400 m.y., 

the time of a major Precambrian intrusive event throughout western North 

America. Several small outcrops of biotite-muscovite quartz monzonite 

texturally and petrographically similar to the Middle Mountain Granite 

are found in contact with the Tea Cup granodiorite.

The Tea Cup granodiorite has yielded age dates ranging from 61 

to 70 m.y. A K-Ar date of 62.9 + 1.3 m.y. on biotite was obtained from 

the medium-grained biotite-hornblende facies of the Tea Cup Lobe (Damon, 

1970). Banks and Stuckless (1973) obtained a fission track age date of 

61.4 + 3 . 2  m.y. on a garnet from the biotite-muscovite facies of the Tea 

Cup Lobe. An age of 66.7 + 2 . 5  m.y. on muscovite from two-mica facies

10
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of the Box 0 Lobe was obtained through K-Ar methods (L. Barrett, oral 

communication, 1978). Finally whole rock Rb-Sr determination on four 

samples from the Tea Cup granodiorite (Appendix A), which included all 

three lobes, yielded an isochron of 69.69 +6.2  m.y. (Figure 3). The 

Rb-Sr age determinations were done by the Laboratory of Isotope Geochem

istry at The University of Arizona.

The result of the various age determinations suggests that the 

Tea Cup granodiorite is about 63-64 m.y. old. Several nearby intrusions 

have compositions and ages similar to the Tea Cup granodiorite. The 

Granite Mountain Porphyry 2 miles north of the Tea Cup Lobe has several 

age determinations including a fission track date on sphene of 61.0 +

2.1 m.y. (Banks and Stuckless, 1973). The Rattler Granodiorite 10 miles 

east-northeast of the Tea Cup Lobe has a K-Ar date of 68.5+1.4 m.y. 

on biotite (Banks and Stuckless, 1973) and fission track dates on sphene 

of 68.3 + 2.3 m.y. and on apatite of 68.5 + 4.2 m.y. (Banks and 
Stuckless, 1973).

Based on the various age dates from the Ray area. Banks and 

Stuckless (1973) define 5 major Laramide events beginning with the in

trusion of the Tortilla Quartz Diorite (70 + 1 m.y.) and the Rattler 

Granodiorite (68.5 m.y.). Dike rocks were emplaced slightly later and 

continued being emplaced until about 63 m.y. ago. Before the last dike 

rocks were intruded, the Tea Cup granodiorite and Granite Mountain Por

phyry were intruded. Following the intrusion of the Tea Cup granodiorite 

and the Granite Mountain Porphyry was intrusion of the Teapot Mountain 

Porphyry. The Ray mineral deposit was formed soon after the emplacement 

of the Granite Mountain Porphyry.
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PETROGRAPHY OF THE TEA CUP GRANODIORITE

Each lobe of the Tea Cup granodiorite is composed of several 

facies (Figure 4, in pocket). Coarse-grained biotite-hornblende grano

diorite, medium-grained biotite granodiorite, medium-grained biotite- 

hornblende granodiorite, and medium-grained biotite-muscovite 

granodiorite make up the Tea Cup Lobe. The Box 0 Lobe is composed of 

coarse-grained biotite-muscovite quartz monzonite and medium-grained 

biotite hornblende granodiorite. Coarse- and medium-grained biotite- 

muscovite quartz monzonite make up the Ninety Six Lobe. Aplites, pegma

tites, medium-grained muscovite quartz monzonite, and andesite dikes are 

common in all lobes of the intrusion (Appendix B). Contacts between 

facies of granodiorite and quartz monzonite are sharp, while contacts 

between facies of similar composition are gradational. On the basis of 

contact relationships, the felsic facies intruded the more mafic facies.

Medium-grained biotite-hornblende granodiorite (Figure 5), occur

ring in both the Box 0 Lobe and the Tea Cup Lobe, has a hypidiomorphic 

seriate texture. It is composed of 35-60% euhedral plagioclase (An^^- 

An^y), which has both normal and oscillatory zoning and which varies in 

size between 1 and 4 mm. Anhedral perthitic K-feldspar (1-5 mm) makes 

up 10-35% of the rock, while anhedral quartz (0.5-4 mm), occurring as 

discrete grains and myrmekitic inclusions in plagioclase, makes up 15-25% 

of the facies. Subhedral amphibole (1-4 mm) and biotite (1-3 mm) are 

found in nearly equal amounts (5-10%) in the granodiorite facies. Ac

cessory minerals include euhedral sphene (1-4 mm), subhedral epidote,

13
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Figure 5. Medium-grained Biotite-hornblende Granodiorite Outcrop 
Located in the Tea Cup Lobe.
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magnetite, apatite, and zircon. The biotite-hornblende granodiorite fa

cies of the Box 0 Lobe contains plagioclase having slightly higher 

anorthite content, more amphibole, larger grains of biotite, and more 

epidote than the biotite-hornblende granodiorite facies of the Tea Cup 

Lobe.

Coarse-grained biotite-hornblende granodiorite (Figure 6) is 

found only in the Tea Cup Lobe. It has a seriate-porphyritic texture 

and contains 30-35% subhedral plagioclase (A^^-Ang^) varying in size 

from 0.5-6 mm. It is both normally and oscillatorily zoned in addition 

to having albite and Carlsbad twinning. Anhedral quartz (0.2-6 mm) 

constitutes 30-40% of the facies, while anhedral perthitic K-feldspar 

makes up 20-25% of the granodiorite. The coarse-grained facies is also 

composed of 5-10% subhedral biotite (1-5 mm), less than 5% subhedral 

amphibole, and various accessory minerals, including euhedral wedges of 

sphene (less than 3 mm), magnetite, zircon, and apatite.

Medium-grained biotite granodiorite, present in the Tea Cup Lobe, 

is petrographically similar to the medium-grained biotite-hornblende 

facies. However, the anorthite content of the plagioclase (A^g-Ang^) 

in the biotite granodiorite is lower than the anorthite content of pla

gioclase (Ang^-An^y) in the biotite-hornblende facies. Amphibole and 

sphene are either absent or present in amounts of less than 1% in the 

biotite granodiorite, while the biotite-hornblende granodiorite facies 

contains up to 10% amphibole and 3% sphene.

Medium-grained biotite-muscovite granodiorite and biotite- 

muscovite quartz monzonite (Figure 7) occur in the Tea Cup Lobe and
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Figure 6. Coarse-grained Biotite-hornblende Granodiorite Outcrop 
Located in the Tea Cup Lobe.

Figure 7. Medium-grained Two-mica Quartz Monzonite Cut by Pegmatite, 
Ninety Six Lobe.
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Ninety Six Lobe, respectively. The facies have a hypidiomorphic seriate 

texture, and contain 25-50% subhedral oscillatory and normal zoned pla- 

gioclase (An^-A^g) up to 3 mm in size. Quartz (0.5-4 mm) is anhedral, 

makes up 20-25% of the facies, and occurs as discrete grains and as myr- 

mekitic inclusions in plagioclase. Perthitic K-feldspar (0.5-4 mm) is 

anhedral and constitutes 15-25% of the rock. Subhedral biotite (0.3-

1.5 mm) and muscovite occur in nearly equal amounts and account for up 

.to 10% of the rock. Muscovite occurs as discrete subhedral flakes (0.5-

1.5 mm), as ragged laths in plagioclase grains, and as fracture fillings 

in plagioclase grains. It is also found partially surrounding magnetite 

and is intergrown with biotite. Up to 5% euhedral almandine-spessartine 

garnet 0.1-2 mm in size is present in the biotite-muscovite facies of 

the Ninety Six Lobe (Appendices B, C). Accessory minerals include apa

tite, magnetite, and zircon.

Coarse-grained biotite-muscovite quartz monzonite (Figure 8) oc

curring in the Box 0 Lobe, has a seriate porphyritic texture. It is 

composed of 25-50% subhedral plagioclase up to 5 mm in size, 15-30% an

hedral perthitic K-feldspar (1-6 mm), 25-45% anhedral quartz (0.5-7 mm), 

2-5% subhedral biotite (0.5-2 mm), 1-5% subhedral muscovite (0.5-2.5 mm), 

and various accessory minerals including magnetite, rutile, and zircon. 

Plagioclase (An^-An^) has both albite and Carlsbad twinning, but has 

relatively little of the oscillatory zoning present in the medium

grained biotite-hornblende facies. Muscovite occurs as discrete grains, 

as fracture fillings in plagioclase, as rims around magnetite, and as 

ragged laths in plagioclase. It is also intergrown with biotite and
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Figure 8. Coarse-grained Two-mica Quartz Monzonite Outcrop Located 
in the Box 0 Lobe.
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often cross-cuts it. There is a correlation between composition of the 

coarse-grained biotite-muscovite facies and the topographic elevation 

of its outcrops in the Box 0 Lobe (Figure 9). With increasing eleva

tion, the amount of plagioclase and biotite in the facies decreases rela

tive to the amount of K-feldspar, quartz, and muscovite (Appendix B).

North- to northwest-trending dikes of muscovite quartz monzonite 

occur throughout the Ninety Six Lobe and to a lesser extent in the Tea 

Cup and Box 0 Lobes of the Tea Cup granodiorite. The muscovite quartz 

monzonite dikes have a hypidiomorphic seriate texture and contain 20-30% 

plagioclase, 20-25% microcline, 35-45% quartz, 3-15% muscovite, and up 

to 5% garnet. Plagioclase (An^-An^y) is subhedral to euhedral, contains 

rare oscillatory zoning, and varies from 0.2-5 mm in size. Anhedral 

microcline (0.5-5 mm) is perthitic and contains inclusions of quartz, 

plagioclase, muscovite, and garnet. Quartz (0.5-3 mm) is anhedral and 

occurs as discrete grains and as myrmekitic inclusions in plagioclase. 

Subhedral muscovite (0.5-1.5 mm) occurs as discrete flakes and as inclu

sions within feldspar. Euhedral almandine-spessartine garnet up to 2 mm 

in size occurs as discrete grains and in stringers separating muscovite 

quartz monzonite from pegmatite. Accessory minerals include zircon and 

magnetite.

Pegmatites, aplites, and andesite dikes are ubiquitous throughout 

the intrusion, although aplites and pegmatites greatly increase in num

ber, size, and muscovite content in the leucocratic facies of the Tea 

Cup granodiorite. Muscovite quartz monzonite dikes often accompany the 

pegmatites, particularly in the two-mica facies. Trends of the aplites



Figure 9. Muscovite Frequency in the Coarse-grained Biotite-muscovite 
Facies of the Box 0 Lobe.
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and pegmatites vary from N50°E to north-south in the Tea Cup Lobe. In 

the Box 0 Lobe, east-west trending aplites and quartz veins are present, 

while pegmatites are rare. The Ninety Six Lobe contains the greatest 

density of pegmatites trending from N30°W to north-south. Andesite 

dikes have a random orientation throughout the intrusion.

Pegmatites are composed of quartz, plagioclase, and potassium 

feldspar. Muscovite occurs in pegmatites associated with the more felsic 

facies of the intrusion and makes up as much as 40% of the pegmatite. 

Garnet occurs in small amounts in pegmatites associated with muscovite 

quartz monzonites. Aplites are composed of 35-40% plagioclase, 20-25% 

potassium feldspar, 35-40% quartz, and less than 1% garnet, rutile, and 

magnetite. Phenocrysts of quartz and plagioclase, up to 2 mm in size, 

are present in east-west trending aplites in the Box 0 Lobe.

Rounded quartz diorite inclusions, up to 2 ft in diameter, occur 

in the facies of the northern part of the Tea Cup granodiorite (Figure 

10). The inclusions diminish in size and number to the south and are 

absent in facies of the Ninety Six Lobe. Schlieren are also present in 

the biotite-hornblende facies of the Tea Cup Lobe (Figure 11).

Alteration and Mineralization

Alteration of the facies of the Tea Cup granodiorite is generally 

mild, commonly involving sericitization of feldspars and chloritization 

of biotite. Epidotization of biotite and hornblende and alteration of 

plagioclase to kaolinite or montmorillonite may occur in the more mafic 

facies of the intrusion. Northeast-trending zones of silicification and
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Figure 11. Schlieren in the Coarse-grained Biotite-hornblende Grano- 
diorite of the Tea Cup Lobe.



red iron oxide staining are present in granodiorite facies of the Tea 

Cup Lobe.

The more mafic facies of the Tea Cup granodiorite contain the 

largest amounts of alteration. Plagioclase may be heavily altered to 

sericite or clay minerals. Biotites frequently have undergone altera

tion to chlorite. Zones of epidotized granite are present in the bio- 

tite hornblende granodiorite facies where the biotite and hornblende 

have been altered to epidote and the plagioclase to clay minerals.

Other zones in the biotite hornblende granodiorite are composed of 

heavily silicified and iron stained granite. Epidote is common on frac

ture surfaces, particularly near andesite dikes.

The leucocratic facies of the intrusion, including the biotite- 

muscovite quartz monzonite and the muscovite quartz monzonite, have less 

intense alteration effects. Sericitization of plagioclase cores is of

ten present but is generally mild. Biotite, where present, has been 

chloritized particularly where it occurs with increasing amounts of 

muscovite. East-west trending fractures in the coarse-grained biotite- 

muscovite facies of the Box 0 Lobe have the assemblage quartz-albite- 

muscovite along the fracture zone. Muscovite frequently coats the 

fracture surfaces. The western portion of the Box 0 Lobe appears to 

have undergone similar alteration effects, since the quartz-albite- 

muscovite assemblage is pervasive. Accompanying the quartz-albite- 

muscovite assemblage are veins of quartz and black calcite. Limonite 

pseudomorphs after pyrite are present in the east-west trending quartz 

veins of the Box 0 Lobe. Contacts between the biotite-muscovite quartz
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monzonite and the medium-grained biotite-homblende granodiorite gener

ally host the zones of most intense alteration. The contact between the 

coarse-grained biotite-muscovite quartz monzonite and the granodiorite 

has intense alteration of the plagioclase to clay minerals and the bio- 

tite and hornblende to chlorite.

Alteration in the Tea Cup granodiorite is most intense in the 

coarse-grained biotite-hornblende granodiorite and biotite-muscovite 

quartz monzonite facies of the intrusion. The coarser grained facies of 

the intrusion are more susceptible to weathering than the medium-grained 

facies; thus, the alteration present in these facies may be largely su

pergene. However, the large amounts of secondary muscovite as laths and 

sericite in the plagioclase of most of the facies of the intrusion indi

cate that hydrothermal fluids are also responsible for much of the al

teration observed in the intrusion. It is likely that hydrogen 

metasomatism is responsible for much of the sericite and chlorite alter

ation present in the intrusion.

Copper mineralization is uncommon throughout the intrusion. It 

is most prevalent along the eastern contact of the coarse-grained 

biotite-hornblende granodiorite of the Tea Cup Lobe. Most of the copper 

mineralization is in the form of chrysocolla and malachite associated 

with quartz veins. Copper mineralization is also present near some of 

the younger east-west trending felsic dikes that cut the Tea Cup Lobe. 

Scattered spots of copper mineralization are present along the western 

contact of the Box 0 Lobe and the Ninety Six Lobe.



MUSCOVITE CHEMISTRY

Muscovite is a dioctahedral phyllosilicate having the general 

formula XgY^ZgC^QCOH.F)^ where the X site or interlayer is filled by K*"
qj.ions, while the Y or octahedral site is filled by A1 ions. The tetra

hedral site, Z, is filled by a combination of Si^+ and Al^+ ions gener

ally in a ratio expressed as Si^Alg. Muscovite containing Na* ions in 

the interlayer rather than K+ ions is given the name paragonite. Musco

vite in which the Si^+ :A1^+ ratio is greater than 3:1 and in which an 

increase of Sî "** is accompanied by Mĝ "*" or Fê "*" substitution for A l ^  in 

the octahedral sites is termed phengite (Deer, Howie, and Zussman, 1963).

Muscovite occurs in the medium-grained biotite-muscovite grano- 

diorite facies of the Tea Cup Lobe, in the coarse-grained biotite- 

muscovite quartz monzonite facies and the quartz-albite-muscovite 

assemblage facies of the Box 0 Lobe, and in both the medium- and coarse

grained biotite-muscovite quartz monzonite facies of the Ninety Six Lobe. 

Muscovite is also found in pegmatites and medium-grained muscovite quartz 

monzonite dikes that are associated with the two-mica facies of all lobes 

of the intrusions.

A total of 90 muscovite samples were analyzed by the electron 

microprobe. The samples were collected from the coarse-grained two- 

mica facies, the quartz-albite-muscovite assemblage, and from musco

vite quartz veins in the Box 0 Lobe and from the medium-grained 

muscovite-biotite facies of the Ninety Six Lobe (Appendices A, D).
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Results of the analyses are presented on A'KF and AFM diagrams (Figures 

12, 13).

Muscovite from all facies is phengitic and contains as much as 

6 weight percent FeO and 2.5 weight percent MgO. Compilation of all 

muscovite analyses on an A ’KF diagram (Figure 12) indicates that the 

phengitic component is variable. Muscovite from a quartz vein and from 

the quartz-albite-muscovite assemblage in the Box 0 Lobe are the most 

phengitic, while muscovite from the pegmatite and muscovite quartz mon- 

zonite dikes are the least phengitic (Figure 12). Composition of musco

vite from the coarse- and medium-grained biotite-muscovite facies is 

more variable and overlaps to some degree. Muscovite from the coarse

grained biotite-muscovite facies is both more and less phengitic than 

muscovite from pegmatites and muscovite quartz monzonite, but is gener

ally less phengitic than muscovite from the medium-grained biotite- 

muscovite facies. Muscovite from the medium-grained two-mica facies is 

less phengitic than muscovite from the vein and quartz-albite-muscovite 

assemblage (Figure 12).

The paragon!te content of muscovite from the different facies is 

also variable. The muscovite from the coarse-grained two-mica facies 

has as much as 8% paragonite (Appendix F), while muscovite from the peg

matite and muscovite quartz monzonite has as much as 5 .5% paragonite 

(Appendix G). Muscovite from the medium-grained biotite-muscovite fa

cies has up to 4% paragonite (Appendix C), while the paragonite content 

of muscovite from vein and quartz-albite-muscovite facies rarely exceeds 

1.5% (Appendix E). In summary, muscovites that contain the most Na



FeO + MgO Phenglte K2O
Figure 12. A'KF Diagram of Muscovite Compositions for All Facies. —  A', K, and F are expressed as

molecular proportions where A 1=(AI2O3-(Na20+K20)), F=(Fe(HMgO), K=(K20). Muscovite occur
rences represented include those from vein and quartz-albite-muscovite assemblages, 0 , 
from pegmatites and muscovite-quartz monzonite facies, X, from coarse-grained biotite- 
muscovite quartz monzonite facies, SB-67, •, SB-8B, , and from the medium-grained 
biotite-muscovite quartz monzonite, +.



Muscovite

FeO+MgO Phengite K20
Figure 12. A'KF Diagram of Muscovite Compositions for All Facies. —  A*, K, and F are expressed as

molecular proportions where A'^CAlgOg-^agO+KgO)), F=(Fe04Mg0), K=(KgO). Muscovite occur
rences represented include those from vein and quartz-albite-muscovite assemblages, 0 , 
from pegmatites and muscovite-quartz monzonite facies, X, from coarse-grained biotite- 
muscovite quartz monzonite facies, SB-67, •, SB-8B,* , and from the medium-grained 
biotite-muscovite quartz monzonite, +.



Muscovite

■  Phengite

Figure 13. AFM Diagram for Muscovite Analyses for All Facies Where A =
(AI2O3), F = (FeO), and M = (MgO). —  All values are expressed 
as molecular proportions.



29

component are also the least phengitic, while those with less Na compo

nent are the most phengitic.

Muscovite has several different occurrences within each facies.

It occurs as discrete subhedral grains, as ragged laths in plagioclase, 

as rims partially surrounding magnetite grains, and as fracture fillings 

in feldspar. Muscovite is also intergrown with biotite and often cross

cuts it. Muscovite is associated with quartz veins and is found coating 

fracture surfaces.

Detailed electron microprobe analyses (Appendix G) of the compo

sition of muscovite and the mineral phases associated with it were done 

for the various occurrences of muscovite in the medium-grained biotite- 

muscovite facies (LN-1) and a quartz-muscovite vein associated with the 

quartz-albite-muscovite assemblage (SB-54).

Sample LN-1 contains muscovite occurring as discrete grains, as 

laths and fracture fillings in plagioclase, as rims around magnetite, 

and as intergrowths with biotite. Electron microprobe analyses of the 

composition of a distinct muscovite grain partially surrounding a garnet 

(Figure 14) indicate little variation in the composition within the mus

covite grain (Table 1). Muscovite occurring as laths and fracture fill

ings in plagioclase was also analyzed (Figure 15). The results show very 

minor variations in muscovite composition and in the composition of the 

surrounding plagioclase. The greatest variation in muscovite composi

tion is between analyses from the center and the edge of a muscovite 

lath. Analysis A-2 from the center of the muscovite has a greater amount 

of FeO component and less A^ O g  than the analyses (A-3, A-13) from the



Figure 14. Electron Microprobe Analyses of a Discrete Flake of Musco
vite (A-2, 3, 4) and Garnet (A-l, 5) in Medium-grained 
Biotite-muscovite Quartz Monzonite (Sample LN-1, 1A).
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Table 1. Electron Microprobe Analyses of Mineral Phases (Sample 
__________ LN-1, 1A) ♦_______________________________

Muscovite
Analysis A-2

Muscovite
A-3

Muscovite
A-4

Garnet
A-l

Garnet
A-5

NazO 0.39 0.42 0.38 0.07 0.11
k 2o 10.56 10.83 10.91 0.04 0.04
CaO 0.03 0.00 0.01 1.06 1.05
Al,0 i 30.90 31.16 30.52 21.19 20.81
Si02 44.82 45.64 45.73 36.94 36.43
MgO 1.14 1.12 1.26 0.64 0.74
MnO 0.06 0.00 , 0.06 24.28 24.22
CroOo 0.00 0.02 0.03 0.00 0.00
FeO J 4.91 4.98 5.19 18.62 18.19
Ti02 1.04 0.82 0.85 0.08 0.07
Oxygen 0.00 0.00 0.00 0.00 0.00
Total 93.85 94.99 94.94 102.92 101.65 •

Cation
Na

(normalized to 24 
0.1144

oxygen)
0.1209 0.1090 0.0225 ' 0.0355

K 2.0350 2.0625 2.0838 0.0083 0.0081
Ca 0.0049 0.0000 0.0023 0.1817 0.1821
A1 5.5032 5.4818 5.3134 4.0022 3.9809
Si 6.7721 6.8133 6.8454 5.9190 5.9149
Mg 0.2558 0.2497 0.2812 0.1538 0.1784
Mn 0.0081 0.0006 0.0074 3.2944 3.3300
Cr 0.0000 0.0020 0.0041 0.0000 0.0000
Fe 0.6201 0.6222 0.6490 2.4943 2.4693
Ti 0.1185 0.0915 0.9840 0.0092 0.0084
0 24.0000 24.0000 24.0000 24.0000 24.0000



32

Figure 15. Electron Microprobe Analyses of Muscovite as Laths (A-l, 
2, 3, 6, 7, 13) and Fracture Fillings (A-5), in Plagio- 
clase. —  Analyses A-4, 8, 9, 10, 11, and 12 are of the 
surrounding plagioclase. Sample is from medium-grained 
biotite-muscovite quartz monzonite (LN-1, IB).
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edge of the muscovite grain (Table 2). There is little difference in 

the composition of muscovite occurring as laths in the plagioclase and 

muscovite filling fractures in it. Plagioclase located between musco

vite laths and near the edges of muscovite grains has about the same 

composition as plagioclase •x-.l mm from the muscovite grain. However, 

analyses of other plagioclase not containing muscovite laths show a much 

higher anorthite content. Plagioclase located around the muscovite has 

a composition of A^-An^ (Table 2), while plagioclase without muscovite 

inclusions has a composition of about An^-An^ (Appendix C).

Muscovite partially rimming a magnetite grain (Figure 16) was 

also analyzed. Muscovite composition from within one grain shows no 

significant variation. However, muscovite composition A-8 from another 

grain in contact with the magnetite grain has a lower MgO content and a 

higher FeO content than the other analyzed muscovite grain rimming the 

magnetite (Table 3).

Several analyses were made on muscovite intergrown with biotite 

(Figure 17). Little variation in muscovite composition is seen (Table 

4). Similarly, biotite shows little variation within grains regardless 

of its distance from a muscovite grain (see biotite analysis for LN-1, 

Appendix C).

The final set of detailed analyses (sample SB-54) involves mus-
*

covite occurring on the surface of a fracture filled by a quartz vein 

(Figure 18). The quartz-muscovite filled fracture occurs as an east- 

west trending structure in the coarse-grained two-mica facies of the 

Box 0 Lobe. The rock on either side of the fracture resembles the



Table 2. Electron Microprobe Analyses of Mineral Phases (Sample LN-1, IB).
M H H H H M ?b P P P P P

Analysis A -l A-2 A-3 A-6 A-7 A-13 A-5 A-4 A—8 A-9 A-10 A - l l A - l  2
Ha20 0.23 0 .2 6 0 .29 0 .3 0 0 .21 0.27 0.48 10.80 11.29 11.41 11.24 11.44 11.31
k2o 10.86 10.73 10.78 10 .70 10.82 10.76 10.55 0 .23 0 .22 0.24 0 .11 0.17 0 .12
CaO 0.00 0 .0 0 0.03 0 .0 0 0 .0 0 0 .02 0 .00 0.78 0 .54 0 .45 0.47 0 .7 1 0 .7 0
Al^O^ 30.36 27.73 30.35 29.93 29.01 30.48 31.33 21.19 20 .85 20 .32 20.15 20.91 20.89sio23 46.56 46.78 46.43 45 .74 46.03 46 .16 46.29 66.99 67 .61 66.81 66.62 67.19 66.57
HgO 1.22 1.78 1.44 1 .56 1.55 1.52 1.17 0 .02 0 .0 0 0 .0 0 0.01 0 .0 0 0 .0 0
MnO 0.00 0 .19 0 .13 0 .1 6 0 .19 0 .13 0 .06 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
CrnO«| 0 .05 0 .0 0 0 .07 0 .0 6 0 .0 0 0 .01 0 .01 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0
Fe6 3 4 .65 6 .36 4 .92 5 .5 0 6 .61 4.67 4 .81 0 .0 9 0 .1 0 0 .0 0 0.05 0 .0 0 6 .0 0
t io 2 0 .3 0 0 .5 0 0 .19 0 .2 2 0 .4 1 0 .22 0.24 0 .0 0 0 .0 0 0 .08 0 .00 0 .0 0 0 .0 0
Oxygen 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0
T o ta l 94.23 94 .34 94.64 94.18 94 .83 93.84 94.94 100.11 100.61 99.32 98.66 100.42 99 .60

Cation (norm alized to 24 oxygen)
Na 0.0679 0.0774 0.0853 0.0887 0.0602 0.0780 0.1389 2.7469 2.8574 2.9282 2.8983 2.9033 2.8939
K 2.0757 2.0715 2.0559 2.0596 2.0831 2.0688 2.0017 0.0388 0.0366 0.0411 0.0191 0.0289 0.0206
Ca 0.0000 0.0000 0.0042 0.0000 0.0000 0.0033 0.0000 0.1092 0.0761 0.0641 0.0670 0.0989 0.0989
Al 5.3614 4.9467 5.3506 5.3247 5.1584 5.3420 5.4918 3.2755 3.2079 3.1689 3.1600 3.2263 3.2484
SI 6.9771 7.0801 6.9412 6.9056 6.9456 6.9567 6.8848 8.7819 8.8268 8.8405 8.8635 8.7976 8.7844
Mg 0.2717 0.4018 0.3219 0.3510 0.3483 0.3405 0.2599 0.0045 0.0000 0.0000 0.0011 0.0000 0.0000
Mn 0.0000 0.0239 0.0162 0.0201 0.0244 0.0169 0.0074 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Cr 0.0056 0.0005 0.0082 0.0072 0.0000 0.0015 0.0010 0.0000 0.0004 0.0000 0.0000 0.0000 0.0004
Fe 0.5832 0.8047 0.6151 0.6945 0.8331 0.5879 0.5985 0.0101 0.0105 0.0000 0.0055 0.0000 0.0000
T i 0.0340 0.0068 0.0214 0.0253 0.0468 0.0244 0.0273 0.0000 0.0000 0.0082 0.0000 0.0000 0.0000
0 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000
^Muscovite
bp iag ioc lase
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Figure 16. Electron Microprobe Analyses of Muscovite (A-4, 5, 6, 8) 
Rimming Magnetite (A-l, 2) in Medium-grained Biotite- 
muscovite Quartz Monzonite (LN-1, 1C).
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Table 3. Electron Microprobe Analyses of Mineral Phases (Sample LN-1,
_________icy.________________________________________________

Analysis
Mus.a
A-4

Mas.
A-5

Mas. 
A- 6

Mus.
A-8

Mag.b
A-l

Mag.
Edge
A-2

Na20 0.33 0119 0.09 0.24 0.00 0.08
k 2o 10.54 10.55 10.59 10.61 0.04 1.24
CaO 0.06 0.02 0.02 0.00 0.04 0.87
AloO-i 29.58 30.18 29.67 30.23 0.33 7.29
Si02 46.45 45.35 46.29 45.32 0.42 8.17
MgO 2.26 1.80 2.15 0.83 0.02 0.17
MnO 0.08 0.29 0.14 0.07 0.03 0.16
Cr20g 0.04 0.00 0.06 0.00 0.00 0.00
FeO 5.11 4.91 5.34 6.42 85.74 66.09
Ti02 0.29 0.27 0.30 0.22 0.16 0.45
Oxygen 0.00 0.00 0.00 0.00 0.00 0.00
Total 94.75 93.56 ' 94.66 93.95 86.77 84.53

Cation
Na

(normalized to 
0.0964

24 oxygen) 
0.0562 0.0275 0.0700 0.0000 0.0437

K 2.0100 2.0393 2.0237 2.0555 0.0186 0.4345
Ca 0.0098 0.0026 0.0032 0.0000 0.0123 0.2562
A1 5.2126 5.3876 5.2381 5.4087 0.1256 2.3612
Si 6.9454 6.8701 6.9340 6.8806 0.1374 2.2450
Mg 0.5038 0.4062 0.4803 0.1880 0.0113 0.0716
Mn 0.0106 0.0372 0.0181 0.0088 0.0070 0.0367
Cr 0.0046 0.0000 0.0067 0.0000 0.0000 0.0000
Fe 0.6393 0.6218 0.6691 0.8150 23.4189 15.1789
Ti 0.0330 0.0311 0.0340 0.0254 0.0388 0.0921
0 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000
^Muscovite
^Magnetite
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Figure 17. Electron Microprobe Analyses of Muscovite (A-4, 6, 11, 17) 
Intergrown with Biotite (A-18, 19) from Medium-grained 
Biotite-muscovite Quartz Monzonite (LN-1, ID).
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Table 4. Electron Microprobe Analyses of Mineral Phases (Sample LN-1, 
__________ ID)._________________________________________

Analysis
Mus.a
A-4

Mus. 
A- 6

Mus.
A-ll

Mus.
A-17

Bio.b
A-18

Bio. 
A-19

Na20 0.30 0.24 0.31 0.22 0.05 0.06
k 2o 10.43 " 10.72 10.90 10.89 9.25 9.27
CaO 0.00 0.00 0.00 0.00 0.12 0.11
Al^Oq 28.68 29.06 28.81 28.04 16.20 16.65
S102 45.86 45.63 45.41 46.69 35.88 36.43
MgO 1.42 1.39 1.70 1.86 7.00 6.92
MnO 0.09 0.13 0.12 0.12 1.11 1.27
CroO-i 0.00 0.06 0.01 0.06 0.00 0.00
FeO J 5.75 6.02 5.88 6.15 21.25 20.94
T102 1.03 0.88 0.98 1.06 2.27 2.69
Oxygen 0.00 0.00 0.00 0.00 0.00 0.00
Total 93.55 94.13 94.13 ' 95.10 93.14 94.35

Cation (normalized to 24 oxygen) 
Na 0.0877 0.0713 0.0920 0.0633 0.0174 0.0198
K 2.0213 2.0735 2.1113 2.0854 2.0362 2.0087
Ca 0.0000 0.0000 0.0006 0.0000 0.0221 0.0192
A1 5.1365 5.1924 5.1558 4.9634 3.2962 3.3315
Si 6.9703 6.9170 6.8951 7.0127 6.1939 6.1863
Mg 0.3221 0.3148 0.3853 0.4173 1.8002 1.7530
Mn 0.0114 0.0164 0.0151 0.0156 0.1618 0.1827
Cr 0.0000 0.0073 0.0015 0.0067 0.0005 0.0000
Fe 0.7303 0.7628 0.7470 0.7721 3.0677 2.9738
Ti 0.1180 0.0998 0.1118 0.1198 0.2940 0.3435
0 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000
^Muscovite
bBiotite
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Figure 18. Electron Microprobe Analyses of Muscovite (A-2, 
Associated with a Quartz Vein. —  Sample SB-54,

3, 4, 5) 
1A.
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quartz-alblte-muscovite assemblage in that it contains laths of musco

vite in the plagioclase and no biotite, although it contains 20% potas

sium feldspar. The quartz-albite-muscovite assemblage contains no 

potassium feldspar. Muscovite occurring as laths in the plagioclase of 

the quartz-albite-muscovite assemblage was analyzed (Figure 19). The 

results (Table 5) show little variation in composition between the mus

covite found outside the quartz vein and muscovite occurring as laths 

in the plagioclase in the adjacent quartz-albite-muscovite assemblage. 

Plagioclase also shows no variation in composition, regardless of wheth

er it is close to the muscovite grain or far from it. The plagioclase 

analyzed is nearly pure albite.

The compositions of muscovite in its various occurrences in the 

medium-grained biotite-muscovite facies (LN-1) were plotted on AFM and 

A'KF diagrams (Figures 20 and 21). Composition of the muscovite is 

similar for all occurrences within the biotite-muscovite facies (Tables 

1 , 2, 3, 4, and 5).

On the basis of electron microprobe analyses of muscovite oc

currences in the biotite-muscovite .facies (LN-1) and in the quartz vein 

assemblage (SB-54), it is therefore concluded that muscovite compositions 

in a given facies are similar regardless of their occurrence. Muscovite 

compositions show slight variation from one facies to another in the form 

of differences in paragonite content and in phengitic component. There 

is an inverse relationship between the amount of phengitic component and 

paragonite content in the muscovite.
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Figure 19. Electron Microprobe Analyses of Muscovite Laths (A-2, 3, 5) 
in Plagioclase (A-l, 4) from the Quartz-albite-muscovite 
Assemblage (SB-54, IB).



Table 5. Electron Microprobe Analyses of Mineral Phases (Samples SB-54, 1A and IB).
1A IB

Analysis A-2a A-3a A-4a A-5a A-2a A-3a A-5a A-lb A-4*>
Na20 0.14 0.08 0.14 0.15 0.11 0.08 0.15 11.62 11.50
k 26 10.96 11.09 11.17 10.96 11.35 10.94 10.83 0.15 0.11
CaO 0.00 0.00 0.00 0.04 0.02 0.00 0.02 0.03 0.04
AI2O3 29.48 29.93 29.64 28.86 29.31 28.70 29.03 19.26 18.46
Si02_ 47.70 45.44 47.32 46.48 47.23 47.70 46.84 68.74 68.74
MgO 2.25 2.28 2.25 2.46 1.47 2.36 2.35 0.00 0.01
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr2°3 0.00 0.00 0.00 0.05 0.03 0.01 0.00 0.06 0.00
FeO 3.71 4.99 3.79 4.80 3.35 4.66 4.41 0.05 0.00
tio2 0.20 0.22 0.27 0.33 0.35 0.17 0.37 0.00 0.05
Oxygen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 94.44 94.02 94.59 94.13 93.23 94.63 93.99 99.90 98.91

Cation
Na

(normalized 1 
0.0408

to 24 oxygen)
0.0234 0.0412 0.0439 0.0313 0.0217 0.0443 2.9528 2.9498

K 2.0789 2.1375 2.1216 2.1059 2.1828 2.0820 2.0739 0.0244 0.0187
Ca 0.0000 0.0000 0.0000 0.0056 0.0040 0.0000 0.0026 0.0043 0.0060
A1 5.1664 5.3300 5.1993 5.1217 5.2054 5.0456 5.1381 2.9763 2.8767
Si 7.0931 6.8664 7.0433 6.9983 7.1203 7.1158 7.0346 9.0135 9.0911
Mg 0.4988 0.5125 0.4993 0.5524 0.3313 0.5249 0.5254 0.0000 0.0015
Mn 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Cr 0.0000 0.0000 0.0000 0.0057 0.0036 0.0015 0.0000 0.0064 0.0004
Fe 0.4607 0.6300 0.4720 0.6040 0.4224 0.5813 0.5537 0.0057 0.0000
Ti 0.0222 0.0244 0.0306 0.0375 0.0395 0.0196 0.0406 0.0000 0.0049
0 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000

kpiagioclase



^M uscovite

■  Phengite

■  Biotite

Figure 20. AFM Diagram of Muscovite Compositions for All Occurrences of Muscovite. —  Including 
discrete grains (•)> laths in plagioclase (°), fracture fillings (x), rims surround
ing magnetite (+), and intergrowths with biotite (*). All analyses from medium
grained biotite-muscovite quartz monzonite (LN-1). 4Sw



AiP3-(Na20*K20)

Muscovite

FeO+MgO Phengite

Figure 21. A’KF Diagram of Muscovite Compositions for All Occurrences of Muscovite. —  Including 
discrete grains (•)» laths in plagioclase (o), fracture fillings (x), rims surrounding 
magnetite (+)> and intergrowths with biotite (*). All analyses from medium-grained 
biotite-muscovite quartz monzonite (LN-1).

4>



Muscovite compositions of the Tea Cup granodiorite are similar 

to muscovite compositions of other biotite-muscovite granites and re
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lated greisen (Muller, 1966; Rimsaite, 1967; Best et al., 1974; Neiva, 

1974). Muscovites from these intrusions are phengitic and frequently 

contain more than 5% paragonite. Compositions of sericites from other 

rocks are also quite similar to the compositions of muscovites from the 

Tea Cup granodiorite (Deer et al., 1963).



WHOLE ROCK GEOCHEMISTRY OF 
THE TEA CUP GRANODIORITE

The major element analyses of 23 samples of the Tea Cup grano- 

diorite (Appendix A) were done by the U. S. Geological Survey and by 

Continental Oil Company. Eight of the analyses were done by the rapid 

rock analysis method by the U. S. Geological Survey, while the remaining 

15 samples were analyzed by Conoco using x-ray fluorescence techniques 

(Appendices H, I). The results (Table 6) were computed as C.I.P.W. 

norms (Table 7). The Differentiation Index, based on the sum of norma

tive quartz, orthoclase, and albite, was also computed for each sample 

(Table 7).

Results of the analyses were plotted on a Barker variation dia

gram with weight percent oxides versus the weight percent SiOg for each 

sample (Figure 22). It is apparent from the diagram that samples having 

the lowest weight percent SiOg have the highest weight percent AljOg, 

FeO, ^e2®3 » MgO, TiOj, and CaO. Samples having the highest weight per

cent SiOg have the highest weight percent l^O. The trend for Na20 is 

less clear due to the scatter in points, but it appears to increase with 

increasing values of weight percent SiOg.

Samples having the lowest Differentiation Index (less than 81) 

are those from the medium-grained biotite-hornblende facies. Samples 

from the coarse-grained biotite-hornblende facies also have a low Dif

ferentiation Index value. Samples from the biotite granodiorite have 

values that overlap those for the coarse-grained biotite-hornblende

46
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Table 6. Whole Rock Chemical Analyses (Weight Percent Oxides).
Sample 145-5 SR 3 PD-1 SB-49A 148-7 148-5 Ttc-1 121-1 130-2 S-18 OU-1 SB-42

1 ! SN-4 SW-19 SW-3 LB-1 S-25 SN-17 121-1A 145-6 130-3 BO-1
s io2 66.50 70.30 66.10 64.78 69.60 68.80 69.20 69.60 72.00 69.90 75.30 75.80 75.90 73.60 73.40 72.70 72.00 71.80 73.90 73.90 75.30 75.80 74.50

t io 2 .36 .32 .39 .60 .58 .29 .33 .24 • 19 .29 .10 .03 ! - .10 .10 .05 .16 .10 .08 .04 .03 -

" 2 ° 3 16.70 15.40 16.90 16.70 14.70 15.10 16.00 16.00 14.90 15.60 14.90 15.00
i
14.80 15.30 15.70 16.80 16.10 16.40 15.60 14.70 13.60 13.50 15.90

F‘ 2°3 2.00 1.22 1.90 2.59 1.30 1.70 1.43 1.20 .8 0 1.22 .41 .21 1 .14
.48 .54 .27 68 .48 |.34 .28 .53 .42 .21

FeO 1.40 .92 1.44 1.95 1.40 1.20 1.07 88 .36 .92 .31 .16 ! , . .36 .41 .21 .51 .36 i.25 .20 .08 .12 .16

hnO .09 .10 .17 .10 .04 .04 .08 .04 • 03 .10 .07 .03 I .05 .09 .12 .04 .08 .07 .10 .10 .03 .01 .07

MgO 1.10 11.20 1.51 2.21 1.40 1.20 1.48 .80 .50 1.32 .50 .39 1 , 3 .47 .45 .50 .58 .69 ; , s .16 .22 .10 .45

CeO 3.30 2.88 4.60 5.41 2.60 2.20 2.67 2.30 1.90 2.74 1.00 .60 | .39 1.19 1.33 1.39 1.60 2.43 >48 .29 .8 0 58 58

“*2° 3.60 3.18 3.82 3.37 3.50 3.40 3.73 4 .0 0 4.20 4.00 4.37 4.55 4.55 4.10 4.55 5.55 4 .46 4.73 3 .6 0 3 .7 0 3 .60 4 .82

V 2.60 4.27 2.24 1.99 3.20 3.70 3.69 2.80 3.00 3.32 4 58 4.98 4.47 4.46 4 .0 0 3.72 4 .09 2.15 2.47 5 .0 0 4.70 5 .30 4.37

“ 2 .09 - - - .04 .02 - .03 .05 _ _ _ i _ - - - - - L
i

.04 .04 .01 -

P2°$ .13 .13 .19 .32 .09 .10 .11 .07 .04 .15 _ ! -
- - - - .09 1.10

j
.1 0 .01 .01

S - - - - - - - - j -
- - - - -

j
- -

=2° -1 -1 0 - d l 1.10 _ l6S _ .63 i - _-_ __Z__ r, — Z—
f _,49 _ _ d l

Total 98.97 99.92 99.26 100.02 99.37 98.85 99.79 98.64 98.60 99.56 101.54 101.75 100.83 100.15 100.60 101.23 100.26 99.30 99.51 98.98 99.54 99.89 101.06

I



Table 7• C.I.P.W. Norms, Differentlation Index, and Elevation of Whole 
Rock Samples.________________________________________________

Sample 145-5 St-3 SB-49A 148-7 148-5 Ttc-1 121-1 130-2 S-18 8 8 ^ 2
SN-* SN-19 SN-3 18-1 8-25 SN-17 121- 1A 145-6 130-3 80-1PD-1 W - l SB-67 77 25.78 20.26 24.02 27.94 26.82 31.55 31.89 31.15 25.30

Q 26.10 25.98 2 2 .1 0 21.89 27.95 27.27 23.89 28.16 29.89 24.64 26.lk5 25.75 28.24

C 2.80 .69 .32 - 1.19 2 .0 2 1.41 2.74 1 .6 8 .89 1 .0 1 1 .1 1 1.91 l *n
1.59 1.19 1.55 2.29 2.96 3.54 1 .2 1 .92 2.35

or 15.82 25.46 13.41 11.87 19.37 22.55 21.92 16.95 18.15 19.75 26.65 28.83 26.13 26* 35
23.46 21.44 24.05 12.76 14.53 30.17 28.22 31.69 25.40

mb 33.29 28.82 34.76 30.56 32.20 31.49 33.68 36.80 38.61 36.17 38.64 40.03 40.43 36- 81
40.56 48.62 39.86

!
42.66 52.02 33.02 33.76 32.71 42 58

an 15.40 13.56 21.87 24.82 12.35 10.45 12.60 11.03 9.06 12.70 4.89 2.92 1.91 5-9°
6.55 6.73 7.90 11.52 1.72 .54 3.71 2.78 2.83

wo - - - .07 - - - - _ _ - - - “

en 3.13 3.34 4.22 6.16 3.96 3.42 4.11 2.26 1.41 3.67 1.36 1.05 1.17 1- 3°
1.23 1.35 1.59 1.91 1.24 .45 .62 .28 1 .2 2

fa .28 .13 .36 38 .47 .28 .2 1 .2 0 .17 .05 .05 .06 - 09
.1 2 .06 .1 0 .09 .16 - - - .1 0

■t 2.15 1.29 2 .0 2 2.73 1.39 1.83 1.50 1.29 .45 1.29 .42 .2 1 .14 - 50
.56 .28 .71 .50 .35 .30 .1 0 .2 2 .2 1

l * - - - - - - - - .27 _ _ _ _ - -
i

- - - .31 .15 -
ih .52 .45 .55 .84 .83 .42 .46 .34 .27 .41 .14 .04

.14 .14 .07 .22 .14 - .1 1 .06 .04 -
ap .28 .27 .40 68 .19 .2 2 .23 .15 - .32 • • - -  ' - - .19 .2 1 .2 1 - - -

c - - - - - - - - .13 - - -
_ - - r - - .1 0 .1 0 .03 -

D .I. 75.21 80.26 70.26 64.32 79.51 81.31 79.48 81.91 86.64 80.56 92.14 94.61 9 4 .7 9  90-36 89.80 90.33 87.92 83.35 93.37 94.73 93.87 95.56 93.29

Elevation 2880' 2800' 2950' 2600' 2890' 2960' 2840' 2410' 2420' 2570* 2700' 2840' 3010' 22§2L. 2940' 3100' 2950' 2710' 3240' 2410' 2920' 2720' 2950'



49

Figure 22. Variation Diagram (Barker Type) for Whole Rock Geochemistry 
of the Tea Cup Granodiorite.
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granodiorite. The lowest Differentiation Index value for a two-mica 

facies is from the biotite-muscovite granodiorite of the Tea Cup Lobe. 

Differentiation Index values for the two-mica facies of the Ninety Six 

Lobe fall between 87 and 91. The coarse-grained biotite-muscovite fa

cies of the Box 0 Lobe, aplites, and the muscovite quartz monzonite all 

have the highest Differentiation Index, values ranging from 92 to 96.

Corundum is present in the C.I.P.W. norm of all samples except 

one (SB-49A); however, the amount of normative corundum is quite vari

able from one sample to another. The greatest amount of normative corun

dum is present in the medium-grained muscovite quartz monzonite (Table 

7). The second highest value is present in the biotite granodiorite. 

Overall there is no distinct correlation between the amount of normative 

corundum and presence of muscovite in the samples. However, there is an 

increase in amount of normative corundum with increasing muscovite con

tent and elevation in the coarse-grained biotite-muscovite facies of 

the Box 0 Lobe (Table 7) (samples DW-1, SB-42, SB-67). Accompanying the 

increase in normative corundum in the samples from the Box 0 Lobe is a 

decrease in the amount of normative anorthite and enstatite.

There is a slight vertical zonation with respect to calcium and 

iron in the coarse-grained two-mica facies of the Box 0 Lobe. Samples 

from the lower part of the intrusion, DW-1 and SB-42, contain a higher 

amount of calcium and iron than sample SB-67, collected at a higher ele

vation (Table 6).

The results of the whole rock geochemical analyses clearly show 

a trend toward decreasing iron, calcium, magnesium, and titanium, and
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increasing potassium and silicon with the relatively later muscovite

bearing facies. There is also a slight vertical zonation with respect 

to calcium and iron in the Box 0 Lobe. The trends in whole rock geo

chemistry suggest that fractional crystallization may be an important 

factor determining the compositions of the facies of the Tea Cup grano- 

diorite. Similar trends in whole rock geochemistry in the Tea Cup 

granodiorite were observed by Benoit (1971), who proposed a differen

tiation mechanism to explain rock types and zoning present in the Royal 

Stock and Mount Powell Batholith of Montana.



PROPOSED MODELS FOR THE FORMATION 
OF MUSCOVITE IN GRANITIC ROCKS

Most Muscovites thought to be igneous in origin have crystallized 

from melts having greater than 1% normative corundum. Currently there 

are three models that have been proposed to explain the mechanism for 

the generation of peraluminous or corundum-normative granitic melts.

A widely proposed model for the formation of a corundum-normative melt 

is by a process involving melting of upper crustal rocks by heat derived 

from lower crustal or mantle sources. While several models involving 

fractional crystallization have been proposed, one recently proposed 

model for the formation of corundum-normative magmas involves amphibole 

fractionation. Finally, the third model deals with generation of per- 

aluminous melts by the leaching of alkali ions from the melt by a co

existing, high-pressure fluid phase. Other models suggested to explain 

the origin of peraluminous granites include subsolidus alkali leaching 

by hydrothermal solutions, partial melting of hydrous peridotite, garnet 

pyroxenite fractionation, and calcic pyroxene fractionation.

Anatexis

By far, the greatest volume of literature concerning the forma

tion of corundum-normative granitic melts deals with partial melting of 

pelitic sediments and other upper crustal rocks. Winkler (1976) and 

Wyllie et al. (1976) present a good overview of the concept of anatexis 

of upper crustal material. A rigorous treatment of melting reactions in 

pelitic rocks is presented by Thompson and Algor (1977), who have

52
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summarized much of the available experimental data. Descriptive litera

ture interpreting the origin of peraluminous granites with respect to 

partial melting of sediments have been presented by numerous sources, 

most notably by Chappell and White (1974), and Flood and Shaw (1975).

The basic premise as proposed by Wyllie et al. (1976) for the 

generation of granitic batholiths is that they were formed as a result 

of high-grade regional metamorphism of upper crustal rocks. On the basis 

of experimental evidence concerning melting relationships and mineral 

stabilities of granites, tonalites, and muscovite granites, Wyllie et al. 

(1976) conclude that primary magmas generated in the mantle, lower con

tinental crust, or from subducted oceanic crust owing to higher pressure 

will not have the composition necessary to form granite batholiths at 

upper crustal levels. At pressures exceeding 10 kb, compositions of 

liquids coexisting with quartz and alkali feldspar increasingly tend to 

deviate from compositions of most granites (Wyllie et al., 1976). Par

tial melting or anatexis of upper crustal material by heat derived from 

subduetion zones, the mantle, or from rising molten material derived 

from these sources is thought to be responsible for the production of 

most granitic magmas. Several critical factors will influence the vol

ume and composition of the granitic melt formed from anatexis of upper 

crustal rocks. Of these factors, temperature, bulk composition of the 

upper crustal rock, and water content of the melt phase are of prime im

portance. Conceivably, given excess H^O and the necessary bulk composi

tion, anatexis could begin at temperatures of 700°C or lower at 

pH^O = 2 kb and at 680oC at pI^O = 4 kb (Winkler, 1976).
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Experimental petrology has helped define the problem of granite 

magma genesis but has not reached the stage of actually solving the major 

problems concerning the formation of granites. Most experimental work 

has been concentrated on melting relations in the relatively simple hap- 

logranite system, a system containing the components KAlSi^Og-NaAlSigOg- 

SiOg-H^O. The effects of calcium, femic components, and of volatiles in 

granitic melts have largely been ignored by the literature because of 

the complexities involved in experimental work with multicomponent 

systems.

Recently, work has been done primarily by Winkler, Boese, and 

Marcopoulos (1975), on the haplogranodiorite system, a system that in

cludes the component CaA^SigOg. Generally the haplogranodiorite system 

is depicted as the tetrahedron with albite, orthoclase, quartz, and an- 

orthite components in the presence of excess H^O-rich vapor. Figure 23 

is an example of the isobaric system Qz-Ab-Or-An-H^O with excess H^O- 

rich vapor at 5 kb pressure. Five phases, quartz + plagioclase + 

alkali feldspar + liquid + vapor, coexist along the cotectic line P-E5 

for a given pressure (5 kb). From the cotectic line extend 3 cotectic 

surfaces, each containing 4 coexisting phases. Surface E1-P-E5-E2 rep

resents the cotectic surface containing liquid + plagioclase + quartz + 

vapor, surface P-E6-E4-E5 represents the cotectic surface in which 

liquid + plagioclase + alkali feldspar + vapor coexist, and cotectic 

surface P-E5-E3 contains the phases liquid + alkali feldspar + quartz + 

vapor. Because the cotectic line is in a very low percentage area of 

the tetrahedron with respect to anorthite content, small amounts of an- 

orthite can greatly alter the composition of a cotectic melt.
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Figure 23. Isobaric System Qz-Ab-Or-I^O with Excess HgO-rich Vapor at 
5 Kb Pressure. — ■ Stippled and striped areas represent co
tec tic surfaces and line P-E5 represents a cotectic line. 
Qz = quartz, Ab ■ albite. Or * potassium feldspar, An « 
anorthite (after Winkler, Boese, and Marcopoulos, 1975).
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Experimental work by von Platen (1965) indicates that the Ab/An ratio 

of the rock determines the composition of a "minimum melt"; that is, a 

melt having a composition between the actual beginning of melting and 

the end of cotectic equilibrium when one of the three solid phases has 

been used up. Higher pressures favor melt compositions having a higher 

anorthite content. Figure 24, a projection from anorthite onto the Qz- 

Ab-Or plane, shows that albite content of the melt phase also increases 

with increasing pressure. Figure 25, another projection from anorthite 

to the Qz-Ab-Or plane containing the cotectic line, P-E15 with isotherms 

on the cotectic surfaces and numerical values for the anorthite content, 

shows that higher melting temperatures are required for rocks having low 

Ab/An compositions. The implications of the diagrams are that melts 

formed at higher pressures will be more plagioclase-rich and rocks hav

ing compositions in which anorthite content is high will require higher 

melting temperatures than more albite-rich rocks.

The presence of an O-rich vapor phase can determine the volume 

of rock that may undergo anatexis. Because temperatures attained during 

high-grade regional metamorphism usually exceed 650°G, anatexis may oc

cur at fairly low Py q . Figure 26 shows the minimum melting curve for 

granite determined by Tuttle and Bowen (1958). The minimum melting 

curve is for a water-saturated melt. For instance, at 4 kb the water 

content of a water-saturated melt is approximately 10%. However, a 

sedimentary rock containing 5% free pore water would yield only 50% of 

minimum melt composition water-saturated melt (10%) at 4 kb and at 655°C.
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Qz

Figure 24. Projection of Isobaric Cotectic Line P-E5 onto the Qz-Ab-Or 
Plane of the Isobaric System Qz-Ab-Or-An-HgO for Pressures 
of 2, 4, 7 Kb (after Winkler, 1976).

“‘\  7 00*

Figure 25. Projections of the Cotectic Line and of Isotherms onto the
Qz-Ab-Or Side of the Qz-Ab-Or-An-I^O Tetrahedron. —  Numbers 
along the isotherms represent the weight percent An content 
of a melt where Qz+Ab+Or+An = 100. ph  0 = ^ ^  (a^ter
Winkler, Boese, and Marcopoulas, 1975).
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. Pressure-temperature Diagram Showing the Effect of Pressure 
on the HgO Content of Melts above the Saturation 
Temperature. —  After Tuttle and Bowen (1958).

Figure 26



Thus, higher temperatures would be required to completely melt a rock 

with low water content.

Experimental petrology is still in the early stages of determin

ing the effects of other components on melting relations in granite sys

tems. Virtually no experimental work has been done on the relationship 

of ferromagnesian components to the other components of the haplogranite 

or haplogranodiorite systems. Most work has involved the stability re

lations, particularly of end members, of ferromagnesian phases. The 

presence of volatiles also has an effect on melting relationships in 

granite systems. The basic effect of CC^ on melting relationships in 

synthetic granite is to raise the solidus temperature (Figure 27).

According to Winkler's (1976) studies of natural granitic rocks, 

the melting relations of the haplogranodiorite system may prove an ade

quate approximation for most cases of melting of natural granites. The 

conclusion of Winkler and others is that most granite and granodiorite 

melts are formed from anatexis of paragneisses, quartz-feldspar bearing 

mica schists, shales, and graywackes due to high-grade metamorphism at 

temperatures ranging between 650-800oC. Compilations of granite rock 

compositions with respect to components Qz-Ab-Or have been given by 

Tuttle and Bowen (1958), Luth et al. (1964), and Winkler (1976). The 

results (Figures 28 and 29) indicate that compositions of granitic rocks 

are concentrated in the area representing the isobaric ternary minimum 

and eutectic for various pressures in the system NaAlSigOg-KAlSi-jOg- 

SK^-I^O (Figure 30). The implication of this trend is that most 

granites evidently are the result of crystallization from magmas derived

59
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Figure 27. Diagram Showing the Effects of 1^0 Versus Those of H2O + CO2 
on the Liquidus Phase Relations of Synthetic Granite Compo
sition at 2 Kb Pressure. —  Solid lines represent the I^O 
system while the dashed lines represent the H2O + CO2 system 
(from Luth, 1976).
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Figure 28. Contour Diagram of the Distribution of Normative Albite,
Orthoclase, and Quartz in Plutonic Rocks Having 80% or More 
Normative Albite+Orthoclase+Quartz. —  Contours represent 
greater than 1, 2, 3, 4, 5, 6, 7% for a 0.25% area (after 
Tuttle and Bowen, 1958).

Figure 29. Contour Diagram of the Normative Quartz:Albite:Orthoclase
Ratios of 1190 Granitic Rocks. —  The field within the outer 
contour represents 86% of all granites, while the coarse- 
stippled field represents 22% of all granites. The finely- 
stippled field represents 39% of all granites, while the 
black field represents 14% of the 1190 granitic rocks (after 
Winkler, 1976).
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Figure 30. Plot of the Normative Albite-Orthoclase-Quartz Composition 
of Pegmatites, Aplites, and Granites in Relation to the 
Isobaric Minimum, +, and Eutectic, °. —  Pegmatites are*rep
resented by dots, while concentration trends of aplites and 
granites are represented by lines AA* and GG*, respectively. 
Numbers next to the isobaric minimum and eutectic symbols 
represent pressure in kilobars (from Luth et al., 1964).



63

from partial melting rather than from the effects of metasomatic alter

ation of preexisting rock. Diagrams showing proportions of normative 

albite, orthoclase, and quartz represented by granites derived from 

metasomatic alteration would not necessarily have their greatest fre

quency located next to the ternary minimum or eutectic. The fact that 

Winkler (1976) found that the compositions of melts formed by experi

mental anatexis coincide with the range of granite composition of the 

previous figures indicates that melts formed by anatexis are a viable 

source for granitic magmas and may be responsible for most granitic 

rocks.

The previous model for the formation of granitic melts can be 

readily applied to explain the formation of peraluminous granitic melts. 

Conceivably peraluminous granitic melts could be generated through ana

texis of pelitic rocks. Thompson and Algor (1977) demonstrate possible 

melting and crystallization paths (Figure 31) for peraluminous granitic 

melts in the system KAK^-NaAK^-Al^Og-SiC^-t^O. Melting along path A 

for a rock containing the assemblage Ab + Ksp + Mus + Qz will begin 

along the univariant line, 2, for the reaction Mus + Ab + Ksp + Qz +

HgO = L(Als). For rocks of higher alumina content, melting will not be

gin until univariant reaction line 3, Mus + Ab + Qz + H^O = Als + L(Ksp), 

is reached. Muscovite will remain in equilibrium with the liquid after 

Ksp and Ab have melted if excess quartz and I^O are present as well as 

a high alumina content. Eventually muscovite will break down to form 

aluminum silicate + liquid. In order for muscovite to crystallize as a 

primary phase in granite, pressures must remain above invariant point
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Figure 31. Univariant Reaction Curves for the System KAlSigOo-NaAlSigOg- 
Al203-Si02-H2 0. —  Lines A and B represent crystallization 
paths discussed in detail in the text. Hus * muscovite- 
paragonite, Ab ■ orthoclase-albite+anorthite, Ksp = 
orthoclase-albite, Qz = quartz, Als = AloSiO^, L ■ liquid,
V = vapor (after Thompson and Algor, 197/).



or 3.5 kb. Reversing crystallization path A should yield a granite with 

muscovite as one of its phases. Granites crystallizing along path A may 

contain inclusions of aluminum silicate in muscovite and inclusions of 

muscovite in feldspar or quartz. Crystallization along path B would 

yield a rock containing aluminum silicates rather than muscovite, since 

it crystallized at pressures below muscovite stability.

The effect of other components on the system is not well docu

mented. In general, however, the addition of Ca to the system would in

crease melting temperatures. If activity of I^O is decreased by addition 

of COg or conditions of water undersaturation, melting reactions would 

be displaced toward higher temperature and pressure. Thompson and Algor 

(1977) suggest that the addition of FeO and MgO to the system may cause 

biotite to form in place of Ksp and cordierite and/or garnet to form in 

lieu of aluminum silicates.

Descriptive literature interpreting muscovite-bearing granites 

as products of partial melting of politic rocks is readily available. 

Among the strongest proponents of the partial melting model are the 

Australians who have interpreted a number of peraluminous granites, lo

cated in the Lachlan subprovince of New South Wales, as products of par

tial melting of sedimentary material. Chappell and White (1974) have 

established a set of criteria for determining whether a granite is de

rived from partial melting of sediments (S-type) or partial melting of 

igneous material (I-type). The criteria are based primarily on the dis

tinction between peraluminous and metaluminous granites in terms of com

position and mineralogy. Other distinctions made between the two

65
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8 7  8  6granitic types include higher Sr/ Sr initial ratios (>0.708) in gran

ites derived from sedimentary source rocks. Recent oxygen isotope stud

ies by Wenner, Whitney, and Stormer (1977) and O’Neil, Shaw, and Flood 

(1977) indicate that S-type granites have higher 60J' values than I-type 

granites, suggesting a higher degree of interaction with meteoric or con

nate water by S-type granites.

Many of the peraluminous granites have mineralogies that suggest 

derivation from partial melting of pelitic rock. For instance, aluminum 

silicates surrounded by muscovite have been observed by Clarke, McKenzie, 

and Muecke (1976) and Harris (1974). Cordierite has been observed in 

peraluminous granites by Barker (1961) and Flood and Shaw (1975). Gar

net is a common phase of the majority of peraluminous granites studied.

The evidence for the generation of peraluminous granitic melts 

from partial melting of pelitic rocks is substantial enough to conclude 

that many muscovite-bearing granites were derived from such a process. 

However, such a model should not be automatically applied to any 

muscovite-bearing granitic pluton until enough evidence such as Rb-Sr 

isotopes, whole rock geochemistry, and detailed petrography has been 

obtained to support it.

Amphibole Fractionation

Another model for the generation of peraluminous or corundum- 

normative granites is proposed by Cawthorn and Brown (1976) and 

Cawthorn et al. (1976). Basically the model entails the formation of 

corundum-normative magmas by fractionation of amphibole from more mafic 

parent magmas. Figure 32 shows a hypothetical phase diagram for two
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Figure 32. Amphibole Fractionation Models. —  Fractional crystallization 
paths A, B, C, and D are located within the striped area of 
the top diagram (Cawthorn and Brown, 1976).
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Figure 32. Amphibole Fractionation Models. —  Fractional crystallization 
paths A, B, C, and D are located within the striped area of 
the top diagram (Cawthorn and Brown, 1976).
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different fractionation sequences. Factors affecting the fractionation 

sequence include changes in SiOg, CaO, Na/(Na + K) of the liquid phase 

and £$2 ' ^  the Si02 content of the melt exceeds 70% or the CaO content

is less than 2%, amphibole may not crystallize from the melt (Cawthorn 

and Brown, 1976). The Na/(Na + K) ratio may determine the size of the 

stability field for hornblende and biotite. Where Na/Na + K > 0.6, 

hornblende has a stability field as shown by Figure 32A. Where Na/Na + K 

< 0.6, the stability field of biotite is expanded (Figure 32B). In ad

dition, a thermal maximum, M, for the assemblage biotite-feldspar- 

liquid-vapor is established as well as a eutectic, E, for the 

assemblage biotite-hornblende-feldspar-liquid-vapor. The change in 

Na/Na + K ratio of the melt may change the fractional crystallization 

sequence. For instance, a melt of composition A (Figure 32A), where 

Na/Na + K > 0.6, will have the following crystallization sequence: horn

blende, hornblende-feldspar, homblende-biotite-feldspar, biotite- 

feldspar, and feldspar-muscovite-biotite. For a melt of composition A 

but having a Na/Na + K < 0.6 (Figure 32B), the crystallization sequence 

will be biotite, biotite-feldspar, biotite-hornblende-feldspar. If the 

composition of the melt is on the other side of the thermal maximum such 

as composition B (Figure 32B) where (Na/Na + K) < 0.6, the fractional 

crystallization sequence will be biotite, biotite-feldspar, feldspar- 

biotite-muscovite.

Cawthorn and Brown (1976) noted the existence of garnet in many 

corundum-normative granites, particularly in the late-stage leucocratic 

portions of the granite intrusion. Figure 32C and D illustrate the
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dependency of garnet and amphibole stabilities on £q .̂ With decreasing 

£q ,̂ the garnet stability field is enlarged relative to the hornblende 

biotite stability fields. The basic conclusion of Cawthorn and Brown 

(1976) is that garnet forms at the expense of other ferrooagnesian 

phases. Thus garnet should only be present in the facies of an intru

sion containing the least amount of ferromagnesian minerals, such as 

pegmatites and aplites provided that Fe and Mn are available.

The applicability of the amphibole fractionation model to the 

formation of corundum-normative magmas is somewhat unclear. Cawthorn 

et al. (1976) regard amphibole fractionation as the single most viable 

model to explain the formation of all corundum-normative magmas. How

ever, in a later paper, Cawthorn and Brown (1976) have tempered their 

opinion by stating that the model can be used to explain a calc- 

alkaline trend from diopside-normative to corundum-normative rocks.

They admit that not all corundum-normative granites are formed according 

to an amphibole fractionation model. Few studies dealing with origin of 

peraluminous granites have applied the amphibole fractionation model to 

their interpretations. While Cawthorn and others have applied this model 

to explain general regional trends, no one has made an attempt to apply 

the model on a small scale to natural systems.

Recent criticism of the amphibole fractionation model includes 

the contention that amphibole fractionation cannot account for peralumi

nous granites having greater than 1% normative corundum. According to 

Green (1978), observations of amphibole granite suites and their deriva

tive facies suggest that production of a corundum-normative magma will
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proceed until approximately 1% normative corundum is present. Biotite 

then becomes the fractionating phase and may buffer the amount of norma

tive corundum of the magma. Cawthorn and Brown (1978) argue that their 

model is applicable to most granitic rocks since the majority of gran

ites are less than 1% corundum normative. However, both Cawthorn and 

his critics agree that other mechanisms may have to be considered when 

dealing with the formation of granite containing greater than 1% norma

tive corundum.

Alkali Removal by a Vapor Phase

The first model presented for the formation of peraluminous 

granites, anatexis of politic rocks, involved the"formation of a peraV 

luminous granitic melt prior to crystallization of the melt. The second 

model, amphibole fractionation, explains the formation of a peraluminous 

granite by fractional crystallization. The third and final model, fluid- 

phase interaction with coexisting melt and solid, deals with the forma

tion of a peraluminous granite near the final stages of a granite's 

crystallization history and possibly into the subsolidus cooling history 

of the granite through leaching of alkali cations.

The model has generally been attributed to Luth et al. (1964), 

and is largely based on work by Morey and Chen (1955), Orville (1963), 

Burnham (1967), and Holland (1972). Basically the model deals with high 

H^O content magmas that produce an aluminum oversaturated melt because 

of removal of alkalis by an aqueous phase during the cooling process. 

Early experiments by Morey and Chen (1955) indicate that pure water at 

subcritical conditions is capable of leaching alkalis from feldspar.
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Experiments run at 350°C and 340 bars with microcline indicated potas

sium was leached by the water leaving an A^Og residue on the micro

cline. Experiments involving leaching of alkali ions from albite were 

also run at 350°C and 340 bars. Sodium was found in solution and a 

muscovite-boehmite residue was present on the residual albite. Thus, 

it is possible at low temperatures and pressures for pure subcritical 

water to remove excess alkali elements from a solid.

The work of Orville (1963) was done on the system KAlSi^Og- 

NaAlSigOg-NaCl-KCl-HgO at temperatures from 350 to 700°C at 2 kb pres

sure with solution containing 2M total chloride. Figure 33 is a summary 

of Orville's experiments and represents the vapor-crystal alkali distri

bution curves at 500, 600, 650, and 700°C and a pressure of 2 kb. The 

dashed lines between the curves represent a miscibility gap in the alkali 

feldspar solid solution series at the given temperature and pressure.

The results of Orville's experiments indicate that there is a positive 

temperature dependence of the K/K + Na ratio of aqueous chloride solu

tions in equilibrium with feldspar at low pressures.

Experiments done by Burnham (1967) on the effects of chloride on 

the composition of an aqueous phase in equilibrium with felsic rock 

compositions indicate that chloride concentration is largely responsible 

for most changes in K/(Na + K), (Na + K)/A1, and (Na + K)/Si ratios 

(Figure 34) in aqueous solutions after a reaction with granitic material. 

The experiments were conducted using Spruce Pine Pegmatite as the gra

nitic starting material. The starting material was reacted with solu

tions of distilled I^O, 0.058 m HC1, and 0.58 m HC1 over a range in



72

O c

) 40 60 80
MOI per cent K/K+Na)

CRYSTAL

Figure 33. Vapor-crystal Alkali Distribution Curves for Temperatures of 
500, 600, 650, and 700°C at a Pressure of 2 Kb. —  Dashed 
lines between curves represent the extent of alkali feldspar 
immiscibility for a given temperature. The slanted dashed 
line represents assemblages having the same Na/K ratio for 
both the vapor and crystal phases (after Orville, 1963).
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Figure 34. Projections onto the Na-K-Si and Na-K-Al Faces from within
the Na-K-Al-Si Tetrahedron. —  The diagrams show the differ
ences in composition of fluids reacting with a granitic 
starting material, represented by a star. Three kinds of 
fluids were reacted with the granitic starting material in
cluding distilled represented by crosses; 0.058 m HC1
solutions, represented by open circles; and 0.58 m HC1 solu
tions, represented by solid circles. Two numbers are assigned 
to each point in which the first number represents tempera
ture in hundreds of degrees centigrade and the second number 
represents pressure in kb (after Burnham, 1967).



temperature of 500-700°C and pressure of 2-6 kb. Compositions of dis

tilled HgO after reaction with the starting material show slight enrich

ment of Na relative to K and A1 when compared to the composition of the 

starting material. There is also a tendency for enrichment of Si rela

tive to Na and K. Increasingly higher concentrations of Cl in the 

aqueous phase cause greater enrichment of Na + K relative to Si and Al. 

Temperature dependency of the K/(Na + K) ratio, noted by Orville (1963) 

is only conspicuous at low pressures. The dependency of Na and K solu

bility in the aqueous phase on pressure is also minimal, provided that 

Cl concentration exceeds 0.1-0.5 m (Burnham, 1967).

The effect of Cl concentration on the solubility of K, Na, and 

Ca in an aqueous phase in equilibrium with granitic material has also 

been documented by Holland (1972), who attributes the phenomena to 

alkali-chloride complexing. In addition, experiments by Holland (1972) 

show that Mn, Zn, and possibly various base metals will be partitioned 

into the coexisting aqueous phase of a granitic melt if there is a suf

ficient chloride concentration in the aqueous phase. The partitioning 

of Ca, Mn, Zn, etc. into the aqueous phase is roughly proportional to 

the square of the chloride concentration of the aqueous phase (Holland, 

1972).

The implication of studies by Morey and Chen (1955), Orville 

(1963), Burnham (1967), and Holland (1972) is that alkali ion solution 

and transport between coexisting vapor phases and solids or melts can 

be accomplished over a range of fairly low temperatures and pressures if 

Cl concentration of the aqueous phase is high enough. This indicates
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that Cl-rich fluids in the late magmatic and subsolidus stages of an in

trusion* s crystallization history could alter the original bulk composi

tion of the intrusion and cause fairly intense sodium or potassium 

alteration of surrounding wall rocks.

Luth et al. (1964) have compiled several diagrams associating 

O-rich peraluminous melts with alkali loss due to their removal by a 

vapor phase. Figure 35 shows the effect of increasing values of 

on the isobaric minimum and eutectic for the system NaAlSigOg-KAlSigOg-

SiOg-HgO. It is evident that increasing q drives the isobaric minimum 

or eutectic toward the albite-enriched portion of the system. Because 

increasing the water content of a melt will decrease its crystallization 

temperature, H^O-saturated or high 1^0 content melts should reach the 

isobaric minimum or eutectic before crystallization has been completed, 

whereas the crystallization path of dryer melts having higher crystal

lization temperatures will leave the Qz-Or boundary curve before reaching 

the isobaric minimum and proceed along the thermal valley toward the 

feldspar sideline until crystallization is complete. This trend along 

the thermal valley is shown in Figure 30 where the majority of granite 

compositions, represented by the line G-G*, are located to the right of 

the path of the isobaric minimum and eutectic. Highest concentrations 

of H^O-rich pegmatites and aplites (line A-A1) show a closer trend to 

the path of the isobaric minimum and eutectic. Assuming that diopside- 

normative granites represent O-deficient magmas and that corundum-

normative granites represent Hg0-rich magmas, Luth et al. (1964) plotted 

compositions for the two groups as depicted by Figures 36 and 37. The
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Figure 35. Diagram Showing the Result of Increased Pj^O on the Quater

nary Minimum for the System KAlSigOg-NaAlSinOo-SiOo-I^O. —  
Isotherms represent the thermal valley at 10 kb. Open circles 
and pluses represent the isobaric eutectic and minimum, 
respectively (after Luth, Jahns, and Tuttle, 1964).
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Figure 36. Contour Diagram for Diopside, Acmite, or Sodium Metasilicate 
Normative Plutonic Rocks. — ‘Showing frequency distribution 
of their normative albite-orthoclase-quartz compositions in 
relation to the isobaric minimum (+) and eutectic (o) (after 
Luth et al., 1964).

Figure 37. Contour Diagram for Corundum-normative Plutonic Rocks. —  
Showing frequency distribution of their normative albite- 
orthoclase-quartz compositions in relation to the isobaric 
minimum (+) and eutectic (°) (after. Luth et al., 1964).
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trend of the contours for the diopside-normative granite is similar to 

what is expected for crystallization of I^O-undersaturated magmas while 

corundum-normative magmas show greater adherence to the path of the 

isobaric minimum.

The fields of the corundum-normative granites, aplites, and peg

matites all overlap, indicating that they all were probably O-rich. 

Assuming that pegmatites represent I^O-saturated magmas, the exten

sion of the compositions of pegmatites and of the corundum-normative 

granites towards the Sit^ side of the path of the isobaric minimum may 

indicate that alkalis have been lost from the O-rich melts during crys

tallization. Luth et al. (1964) have suggested that the alkali loss 

from the pegmatites and at least some of the peraluminous granites was 

due to removal by a coexisting vapor phase.

The work of Luth et al. (1964) lends support to the conclusion 

that at least some peraluminous granites may be the result of alkali de

pletion by a fluid phase during late-stage crystallization of a t^O- 

saturated melt.

Summary

Each of the three models for the genesis of corundum-normative 

granites has several characteristics peculiar to its mode of formation. 

Chappell and White (1974) define S-type granites as granites derived from 

partial melting of sedimentary material. The characteristics of granites 

derived from partial melting of sedimentary material are outlined in 

Table 8. Characteristics of the granites that are directly related to 

melting of pelitic rocks include high initial 87Sr/86Sr ratios due to
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Table 8. Characteristics of Granites Derived from Partial Melting of 
Sedimentary Material. —  Modified from Chappell and White 
(1974).

1. Relatively low sodium-Na20<3.2% in rocks with 5% K2O
-Na20<2.2% in rocks with 2% KgO

2. Molecular proportion Al^Og/(Na20 + l^O + CaO) >1.1

3. >1% C.I.P.W. normative corundum

4. SiC^ content high (66-76%)

5. Irregular variation diagrams

6. Minerals— muscovite, garnet aluminum silicates, cordierite, discrete 
grains of apatite, and monazite. Sphene and hornblende absent.

7. Initial ®^Sr/®^Sr > 0.708, isochrons show scatter of points, pos
sible homogenization of strontium and resetting of K-Ar dates due 
to later metamorphic events.

8. Where more mafic facies occur with the granites, the sedimentary- 
derived granites are early in the intrusive sequence.

9. Economic deposits— tin, uranium, sometimes molybdenum and tungsten.

10. Granites associated with metamorphic terranes (up to amphibolite 
grade).

11. Migmatites frequently present.

12. May contain xenoliths of metasedimentary material.

13. $180 = 10.4-12.5_________ ‘__________________________________ _________
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high amounts of radiogenic strontium in the sedimentary source rocks 

(Faure and Powell, 1972). The presence of garnet and cordierite in 

granites is considered by some (Flood and Shaw, 1975; Green, 1977) to

be refractory mineral phases remaining from the partial melting of sedi-
18mentary rocks. High values for 6 0 may indicate that granite formed

18from partial melting of 0-rich sialic crust (Taylor, 1968; Wenner et 

al., 1977; O'Neil et al., 1977). The presence of migmatites and xeno- 

liths of metasedimentary material indicate interaction of the magma with 

sedimentary or metasedimentary source rocks. Irregular variation dia

grams and scattered points along isochrons may result from the incorpo

ration of heterogeneous source material by the magma (Chappell and White, 

1974).

Muscovite-bearing granites derived from amphibole fractionation 

resemble the two-mica granites derived from anatexis in that both are 

corundum-normative and peraluminous. Both contain high SiOg contents, 

and the mineralogy of the granites is also similar. However, there are 

characteristics that distinguish corundum-normative granites derived 

from anatexis from granites derived from processes that include amphib

ole fractionation. Concentric zonation of facies is a feature common to 

many intrusions believed to have undergone fractional crystallization 

(Taubeneck, 1957; Larson and Poldervaart, 1961; Benoit, 1971). General

ly, the core is composed of leucocratic granite facies surrounded by the 

more mafic facies. The sequence for intrusion of the various separate 

facies of the intrusion begins with the more mafic facies and ends with



the leucocratic facies. This sequence is opposite from that described 

by Chappell and White (1974) for S-type granites.

Variation diagrams for facies of such intrusions (Taubeneck,

1957; Benoit, 1971) show a decrease in AlgO^, FeO, F^Og, MgO, CaO, and 

Ti02 and an increase in SiOg and ^ 0  toward the leucocratic facies of 

the intrusion. Unlike variation diagrams from granitic intrusions de

rived from assimilation of sediments, the variation diagrams for gran

ites derived from fractional crystallization generally show clear linear 

trends rather than scattering of points. Initial ^ S r / ^ S r  ratios need 

not be as high as those found in granites derived from assimilation of 

pelitic rocks. However, during the process of fractional crystalliza

tion, strontium is concentrated in early calcic plagioclase. Rubidium 

remains in the liquid phase resulting in increasing Rb/Sr ratios with 

increasing fractionation of the magma. Thus, late-stage magmatic facies 

such as pegmatites will contain the highest ratio of Rb/Sr (Faure, 1977).

Biotite-muscovite granites that have undergone alkali leaching 

are similar to those derived from anatexis of sediments or amphibole 

fractionation in that they are corundum-normative and peraluminous.

They also contain a high SiOg content and have a similar mineralogy.

Like granites derived from fractional crystallization, the initial 

®^Sr/®^Sr ratio need not be high. However, due to transport and exchange 

of alkali ions the Rb/Sr ratio of the facies may be variable. The prime 

factor in alkali leaching is the presence of Cl”, HC1, and H^O.

Granites undergoing alkali leaching are probably saturated with 

respect to H^O, subsolvus, and contain abundant late-stage facies such
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as pegmatites and aplites. Borders of the late-stage I^O-rich facies of 

the intrusion may be syenitic due to potassium metasomatism of the wall 

rock by the alkali-rich vapor phase. If HC1 is present, whole rock geo

chemistry would show an increase in alumina relative to the content of 

alkalis and calcium in the late-stage O-rich facies of the intrusion. 

The albite-orthoclase-quartz plots of HgO-saturated magmas should be dis

placed toward the trend of the quaternary isobaric minimum and eutectic 

(Figure 30) and toward NaAlSi^Og with increasing Pg q (Luth et al.,

1964). Loss of alkalis through diffusion between the vapor phase and 

the wall rock may result in a shift of the composition toward the SiOg 

apex of the quaternary system (Luth et al., 1964). However, few studies 

have used alkali leaching as a model for the generation of corundum- 

normative granites.

Muscovite occurring in granites that have undergone alkali leach

ing probably formed during the late stages of the magma’s crystallization 

history or, more likely, it formed as a subsolidus mineral. Therefore, 

muscovite from the facies that have undergone alkali leaching will oc

cur as a secondary mineral found as laths in feldspar or possibly inter- 

grown with biotite. Muscovite crystallizing from a corundum-normative 

magma derived from anatexis or from fractional crystallization should oc

cur as discrete grains.



•PETROGENESIS

Field Relationships and Petrography

The Tea Cup granodiorite is composed of facies including biotite- 

homblende granodiorite, biotite granodiorite, biotite-muscovite quartz 

monzonite, muscovite quartz pegmatites, and aplites. Based on contact 

relationships, the latter three facies were the last to be intruded.

The texture of the facies varies from seriate porphyritic in the coarse

grained facies to hypidiomorphic seriate in the medium^grained facies. 

Quartz, K-feldspar, and plagioclase are ubiquitous minerals in all fa

cies. Plagioclase varies in composition from An^y in the granodiorite 

facies to An^ in the quartz monzonite facies. Biotite occurs in all but 

the most leucocratic facies. Hornblende and sphene are present in the 

granodiorite facies while muscovite and almandine-spessartine garnet are 

present in the leucocratic facies. Accessory minerals include apatite, 

zircon, rutile, and epidote.

The paragenesis for minerals crystallizing from the melt was de

termined on the basis of mineral relations, including size and shape of 

the mineral phases, cross-cutting relationships, and inclusions within 

each mineral phase. Crystallization of minerals in the coarse- and 

medium-grained biotite-hornblende facies began with the formation of the 

accessory minerals sphene, magnetite, and zircon (Figure 38). Biotite 

and hornblende containing inclusions of each other were the next minerals 

to crystallize. Quartz inclusions present in biotite indicate that 

quartz began to form early and continued to form through the late
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Figure 38. Generalized Paragenetic Sequence for Crystallization of 
Biotite-hornblende Granodiorite Facies.
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stages of the intrusion's crystallization history. Plagioclase con

taining inclusions of all earlier minerals began to crystallize midway 

through the crystallization history of the facies. Finally, toward the 

end of crystallization, potassium feldspar began to form, incorporating 

inclusions of all previously crystallized minerals. Sericite, clay min

erals, chlorite, and epidote are alteration minerals that formed after 

the crystallization process was completed.

The crystallization history of minerals from the coarse- and 

medium-grained biotite-muscovite facies began with the formation of mag

netite and zircon in the earliest stages followed by biotite (Figure 39). 

Plagioclase and quartz were the next minerals to crystallize and prob

ably formed throughout the later stages of crystallization history. Po

tassium feldspar formed during the late stages of crystallization of the 

facies. Muscovite may have crystallized during the late stages of crys

tallization and was probably formed as a hydrothermal mineral during the 

subsolidus history of the two-mica facies. Garnet, where present, may 

have formed fairly early in the sequence, since it is euhedral and is 

contained as inclusions in plagioclase. Other studies of garnet in ig

neous rocks (Leake, 1967) based on manganese, iron, and calcium zoning 

in garnets, suggest an early formation of garnet during the crystalliza

tion process of a granitic melt.

Isotopic Study

The initial ®^Sr/®^Sr ratio determined from the Rb-Sr isotope 

data (Appendices J and K) for the Tea Cup granodiorite is 0.7086 + 

0.0002. The initial ratio of ®^Sr/®^Sr for the Tea Cup granodiorite
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Figure 39. Generalized Paragenetic Sequence for Crystallization of 
Biotite-muscovite Quartz Monzonite Facies.
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is high in comparison with most granitic rocks (Faure and Powell, 1972). 

However, the average initial ®^Sr/®^Sr ratio for granitic rocks emplaced 

during the Laramide Orogeny in southern Arizona is 0.7075 (P. E. Damon, 

oral communication, 1978). In fact, the majority of Phanerozoic North 

American batholiths have an average initial ®^Sr/®^Sr ratio of 0.7070 + 

0.0001 (Faure and Powell, 1972). The high initial ®^Sr/®^Sr ratios of 

Laramide granitic rocks in southern Arizona and in North America suggest 

that partial melting of upper crustal material may be responsible for 

the higher than average amount of radiogenic strontium found in them. 

Thus, the initial ®^Sr/®^Sr ratio of the Tea Cup granodiorite is only 

slightly higher than average for Phanerozoic granitic rocks of North 

America, including southern Arizona. The initial ®^Sr/®^Sr ratio of the 

Tea Cup granodiorite is low in comparison to ®^Sr/®^Sr values of 

biotite-muscovite granites of North America that have been attributed to 

anatexis of pelitic rocks. Examples include the Kern Mountains of 

Nevada (Best et al., 1974), the Ruby Range of Nevada (Kistler and 

Willden, 1969), Old Woman Mountains of California (Miller, 1977), and 

the Albion Range of Idaho (Armstrong and Hills, 1967). Values for 

®^Sr/®^Sr ratios commonly exceed 0.710 and show a good deal of scatter 

causing poorly defined isochrons. Because the Tea Cup granodiorite has 

a fairly well defined isochron and a lower initial ®^Sr/®^Sr ratio than 

is typical for granites believed to be derived from partial melting of 

sediments, it is concluded that the Tea Cup granodiorite was formed 

from magma that had interacted with upper crustal material, to get its 

initial ratio of 0.708, although incorporation of sedimentary material
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did not figure greatly in its origin since its initial ®^Sr/®^Sr ratio 

is not as high as those generally ascribed to granites derived from 

anatexis of pelitic sediments.

Depth of Emplacement

Estimates of the depth of emplacement of the Tea Cup grano- 

diorite can be made, although the exact depth of emplacement may never 

be known. Although most of the Phanerozoic cover has been eroded away, 

the Tea Cup granodiorite was emplaced, at least in part, near the base 

of the stratigraphic section as evidenced by its intrusive relationship 

with the Pinal Schist.

Based on the thickness of strata in the Tortilla Mountains, 10 

miles east of the Tea Cup granodiorite, the maximum thickness of cover 

above the Pinal Schist during the time of emplacement was no more than 

1*5-2 km (Krieger, 1974a,b). The thickness of Pinal Schist and Oracle 

Granite overlying the intrusion at the time of emplacement is unknown. 

However, since Precambrian and Paleozoic sedimentary rocks are preserved 

in the uplifted Tortilla Mountain block, it is likely that thickness of 

Pinal Schist and Oracle Granite above the intrusion did not exceed a 

few kilometers.

The most substantial evidence for placing constraints on depth of 

emplacement is the concordancy of the garnet fission track date and the 

biotite K-Ar date on the Tea Cup granodiorite (Banks and Stuckless,

1973). Because biotite K-Ar ages begin to be reset at 150°C over a 

period of a million years, the concordancy of the biotite age with the 

garnet age indicates that once the garnet and biotite crystallized from



89

the melt, the temperature of the intrusion dropped rapidly in less than 

a million years to the 150°C isotherm where the K-Ar age of the biotite 

was set. Garnet fission tracks begin to anneal at 240°C. Zircon age 

dates throughout the region are concordant with the K-Ar age dates, im

plying that no major reheating events have taken place in the area since 

the time of intrusion (Banks and Stuck!ess, 1973).

Assuming the present geothermal gradient of 18.8°C/km (Sass et 

al., 1971) for the area was nearly the same during the time of the Lara- 

mid e Orogeny prior to intrusion, the maximum depth of emplacement of the 

intrusion without causing discordancy in the biotite age data is about 

8 km.

Highly tilted (up to 80° to the east) Late Tertiary gravels on 

the southwestern margin of the Tea Cup granodiorite and in the Tortilla 

Mountains to the east, and lower dipping (about 20° to the east) Late 

Tertiary gravels found throughout the field area have led to suggestions 

by L. Barrett (oral communication, 1978) that the Tea Cup granodiorite 

has been tilted as much as 80° to the east. The result is a hypothetical 

structural block 8 miles thick.. The tilted block is floored by the Tea 

Cup granodiorite intruding Pinal Schist and Oracle Granite and is topped 

by Apache Group and the Phanerozoic sedimentary section found in the 

Tortilla Mountains 8 miles to the east.

The model suggested by Schmidt (1971) to explain the regional 

tilt of the gravels involves domal uplift of the region followed by fault 

ing accompanied by antithetic rotation of fault blocks. In this model 

the Tea Cup granodiorite would occupy the center of the dome. Gravels
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would be expected to dip away from the intrusion on all sides, which is 

not observed.

A simpler explanation for the regional tilt of gravels is that 

minor tilting of the area (up to 20°) may have occurred, probably asso

ciated with Basin and Range faulting, and that gravels dipping larger 

amounts have had, superimposed on Basin and Range faulting, further ro

tation along localized normal faults.

The models outlined above suggest a wide range in depth of em

placement for the Tea Cup granodiorite and must be taken into account in 

estimates of thickness of cover. The model suggesting minor amounts of 

Basin and Range faulting and accompanied rotation of blocks does not 

affect thickness of stratigraphic cover above the intrusion. Since 

stratigraphic and geochronologic evidence suggest a thin stratigraphic 

cover during time of emplacement of the Tea Cup granodiorite, perhaps 

this model should be considered.

In summary, an estimate of about 8 km of cover above the intru

sion at the time of emplacement would satisfy both the estimates for 

depth of emplacement for the biotite-garnet concordancy of ages and from 

general estimates of regional stratigraphic thickness during the Early 

Tertiary.

Petrochemistry

Whole rock geochemical analyses were obtained using 23 samples 

from the Tea Cup granodiorite (Appendices A, H, and I). The results 

(Tables 6 and 7) plotted on a variation diagram (Figure 22) show distinct 

trends for most major element oxide analyses. Compared to the more
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mafic facies of the intrusion, the leucocratic facies have less Fe^O^, 

FeO, MgO, CaO, AlgO^, and Ti02, and more Si02 and K^O. It is evident 

from the variation diagram that there is a geochemical trend in the Tea 

Cup granodiorite in which there is a depletion in the mafic constituents 

of the intrusion relative to the increasing Differentiation Index and 

SiOg content of the more leucocratic facies. Similar geochemical trends 

were observed in other granitic intrusions containing leucocratic facies 

(Taubeneck, 1957; Larson and Poldervaart, 1961; Benoit, 1971) whose ori

gins were interpreted to be from differentiation.

Triangular variation diagrams also show similar trends in compo

sition of the facies of the Tea Cup granodiorite. An AFM diagram (Figure 

40) representing the compositions of the 23 whole rock samples shows a 

decrease in iron and magnesium with increasing alkali composition in the 

more leucocratic facies of the intrusion. The geochemical trends of the 

Tea Cup granodiorite are part of a larger geochemical trend for similar 

aged plutons in the area (Cornwall, in preparation). Schmidt (1971) has 

shown similar trends in composition of plutons in the area that have 

ages similar to the Tea Cup granodiorite. The variation in plutons of 

the area from diorite to quartz monzonite led Schmidt (1971) to suggest 

that the trend is a result of differentiation. Similar geochemical 

trends have been plotted on triangular variation diagrams for other in

trusions interpreted to have undergone differentiation (Kuntz and Brock, 

1977).

Plots of the data in terms of variation in normative quartz, 

albite, orthoclase (Figure 41) show the points centered along the
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Figure 40. AFM Diagram for the Composition of Whole Rock Samples from the Tea Cup 
Granodiorite. —  A = Na20 + KgO, F = FeO 4- M = MgO: All values
expressed as weight percent oxides. VOM
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Figure 41. Plot of Whole Rock Compositions of the Tea Cup Granodiorite Represented by
Normative Quartz, Orthoclase, and Albite for the Quaternary System NaAlSioOg- 
KAlSig0g-Si02-H20. —  Muscovite facies are represented by solid dots and facies 
containing no muscovite are represented by open circles. The isobaric minimum (+) 
for 0.5, 1, 3 kb pressure and the isobaric eutectic (o) for 5 kb pressure are 
included for comparison. VOCO
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thermal valley of the quaternary system, NaAlSi^Og-KAlSigOg-SK^-^O, 

with the muscovite-bearing facies located between the isobaric minimum 

at 3000 bars and the eutectic at 5000 bars, indicating that differenti

ation must have occurred at depths significantly greater than emplace

ment, and suggesting the magma was HgO-saturated at the depth of its 

emplacement.

The available evidence including whole rock geochemistry, pe

trography, and field relationships suggests that the Tea Cup granodio- 

rite is an intrusion that has undergone differentiation, beginning with 

biotite-hornblende granodiorite and continuing eventually to form leuco- 

cratic quartz monzonite. Pegmatites and aplites are the late-stage fa

cies of the differentiated intrusion. Many of the late-stage leucocratic 

facies were nearly H^O-saturated upon emplacement. The differentiation 

trend within the Tea Cup granodiorite may be part of a larger regional 

differentiation trend for Laramide-aged plutons within the Ray area.

Origin of Muscovite

Two facts preclude an igneous origin for muscovite. First, the 

depth of emplacement for the Tea Cup granodiorite is insufficient to 

allow crystallization of primary muscovite under the required 3.5 kb 

pressure (^12 km depth). Estimates of depth for the intrusion based on 

biotite-garnet age concordancy and assumed thickness of cover at the 

time of intrusion require the depth of emplacement to be 8 km or less. 

Maximum confining pressure at this depth is about 2 kb, a pressure too 

low to allow for the formation of primary muscovite. Petrographic evi

dence indicates that muscovite has many modes of occurrence, including
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laths in plagioclase and intergrowths with biotite. Such occurrences 

suggest a secondary origin for muscovite. Although muscovite occurs as 

discrete flakes that suggest a primary origin, their composition is sim

ilar to muscovite occurring as secondary laths in plagioclase and as 

fracture fillings in feldspar (Tables 1 and 2). Electron microprobe 

analysis of a discrete flake showed no distinct chemical variation 

which would imply zoning in the grain (Table 1). Thus, muscovite of 

all occurrences within a facies probably formed under the same condi

tions. Muscovite of similar composition has been found replacing bio

tite or chlorite after biotite in intrusions to the north and east of 

the Tea Cup granodiorite and has been interpreted as secondary in origin 

(N. G. Banks, written communication, 1978).

Muscovite of the Tea Cup granodiorite has significant phengitic 

and paragonitic components that vary inversely in amount for muscovite 

in different facies of the intrusion. Velde (1967) noted a similar rela

tionship coexisting muscovite and paragonite in metamorphic rocks 

where muscovite was phengitic but the paragonite was not. Based on ex

perimental evidence, Velde also suggested that the Sî "*" content of phen

gitic micas is indicative of the pressure-temperature conditions under 

which they formed and is unaffected by such factors as chemical environ

ment. For a given pressure the Si content of muscovite will decrease

with increasing temperature (Figure 42). The amount of other elements 
34* 24- 24- 34-such as Fe , Fe , Mg , and A1 in muscovite may vary with its mineral 

or chemical environment, while the Si4+ content stays the same (Velde, 
1967). Although Velde has experimental evidence to show that chemical
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Figure 42. Experimentally-derived Stability Curves for Synthetic Phen- 
gitic Mica Where the Composition of each Mica is Represented 
by the Number of Si+^ Ions Present (after Velde, 1967).
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environment does not affect the content of phengitic muscovites,

he presents no sound theoretical basis to explain why the Si^+ content 

is not, in part, dependent on chemical environment. Thus, the effect of 

chemical environment on phengite compositions is uncertain but cannot 

be discarded.

The differences in paragonite and phengite contents in the mus

covite from different facies of the Tea Cup granodiorite were probably 

controlled by a complex interrelationship of temperature, pressure, 

presence of mineral phases such as Na-feldspar and K-feldspar, and, pos

sibly, the chemical environment of the system. The presence of a co

existing vapor phase during the late stages of the intrusion's 

crystallization history and possibly into its subsolidus cooling history 

may be the prime factor in forming muscovite. With the exception of 

two whole rock geochemical analyses from the medium-grained biotite- 

hornblende facies, all facies of the Tea Cup granodiorite are corundum- 

normative. Muscovite is present only in the late-stage facies of the 

intrusion. The trend of the late-stage facies toward the direction of 

the path of the isobaric minimum and eutectic in the quartz-albite- 

orthoclase diagram (Figure 41) and the presence of the greatest amount 

of pegmatites and aplites found in this facies suggest that the late- 

stage facies were more HgO-rich. The presence of a coexisting aqueous 

phase in the late-stage facies could be responsible for creating the 

muscovite as well as determining its composition. The presence of HC1 

in the aqueous phase as well as the ratios Na/K or Ca/K may be



responsible for the formation of muscovite as laths and fracture fill

ings in plagioclase:

3NaAlSi,0o + 2H+ + K+ = KAloSi.0 (0H)„ + 6SiO, + 3Na+ (1)
j o  J 3 10 ^ L

(Hemley and Jones, 1964)

3CaAl2Si20g + 2K+ + 4H+ = 2KAlgSig0^(0H)2 + 3Ca2+ (2)

(Orville, 1962)

If the above reaction (1) is responsible for forming muscovite from the 

albite component of the plagioclase, the anorthite-rich centers of the 

plagioclase may become enriched in albite due to the reaction products 

of free quartz and NaCl (aq):

CaAl Si 0 + 4Si0„ + 2Na+ = 2Na AlSi.O. + Ca2+ (Orville, 1962) (3)Z 2 8 Z J o

It has been previously mentioned that the plagioclase containing the 

laths of muscovite are more albite-rich than the plagioclase in the same 

facies that has no muscovite inclusions (Tables 2 and 3). The observa

tion lends support to the viability of muscovite forming from reactions 

(1) and (3) where muscovite that forms in plagioclase will tend to en

rich it in Na relative to Ca. Muscovite associated with biotite and 

magnetite may have been formed from a subsolidus reaction where the 

concentration of H* ions is high:

3KFe3AlSi3010(OH)2 + 2H+ + 1% 02 = KAl3Si301()(OH)2 + S F e ^  +

6Si0o + 3H 0 + 2K+2 2
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The discrete grains of muscovite and magnetite present in most of the 

muscovite-bearing facies of the intrusion may represent complete replace

ment of biotite or of plagioclase by muscovite and magnetite and pos

sibly quartz.

In conclusion, muscovite in all occurrences and facies of the 

Tea Cup granodiorite is probably secondary to the crystallization and 

resulted from subsolidus reactions involving a coexisting aqueous phase. 

The difference in paragonite and phengite content of muscovite from dif

ferent facies is the result of a complex interrelationship between tem

perature, pressure, mineral phases, and chemical environment.

Petrogenetic Model

The study of the Tea Cup granodiorite indicates that neither 

assimilation of sediments nor alkali leaching figured significantly in 

the formation of the intrusion. The initial ®^Sr/®^Sr ratio, though 

high, is not high enough to say that partial melting of sedimentary ma

terial occurred. The isochron derived from four Rb-Sr samples did not 

show unusual scatter and yielded an age for the intrusion that is con

cordant with all other age measurements. Variation diagrams show linear 

trends rather than the scatter found when heterogenous material has been 

incompletely mixed with the original magma during partial melting. The 

sequence of intrusion begins with the mafic facies and ends with the 

leucocratic facies which is opposite from the sequence of intrusion 

produced by partial melting of water-rich pelitic rocks. Inclusions 

are predominantly quartz diorite rather than metasedimentary material



often found in intrusions derived from anatexis. Refractory mineral 

phases that can be definitely attributed to sedimentary rocks such as 

cordierite are not present in the Tea Cup granodiorite.

Evidence arguing against alkali leaching for the origin of 

corundum-normative nature of the Tea Cup granodiorite is centered around 

geochemical evidence. The late-stage facies are not increasingly per- 

aluminous, as would be expected. Variation diagrams show a decrease in 

AJ^Og relative to an increase in alkalis. Host of the borders of the 

intrusion have not undergone extensive alkali metasomatism from the 

alkali-bearing aqueous vapor phase.

Evidence based on field relationships, whole rock geochemistry, 

microprobe analysis, and strontium isotope work indicate that the Tea 

Cup granodiorite underwent differentiation from an initially quartz 

dioritic magma. Field relationships show that the biotite-hornblende 

granodiorite facies were emplaced first and followed by intrusion of 

progressively less mafic facies. Contacts are gradational or, when 

sharp, show younger, more leucocratic facies intruding older mafic fa

cies. While concentric zoning is not pronounced, the facies of the Tea 

Cup Lobe are positioned so that the more leucocratic facies are partially 

enclosed by the biotite-hornblende granodiorite. The whole rock geo

chemistry shows distinct trends that are comparable to other intrusions 

whose origin has been attributed to differentiation (Benoit, 1971). 

Electron microprobe analyses of the various facies show increasing al- 

bite component in plagioclase from mafic to leucocratic facies. The
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Rb/Sr ratio (Appendix K) of the four Kb-Sr samples increases with the 

more leucocratic samples, indicating differentiation has taken place 

(Faure, 1977).

Differentiation may have taken place by two different mechanisms, 

including fractional crystallization and movement of volatiles. The 

amphibole fractionation model of Cawthom and Brown (1976) provides a 

possible mechanism needed to produce corundum-normative granitic facies. 

An amphibole fractionation model is presented for illustration (Figure 

43) in which 5, 10, and 15 weight percent amphibole are subtracted from 

an assumed parent magma. Although the composition of inclusions found 

in the intrusion indicates that the parent magma was probably quartz 

diorite in composition, the whole rock composition of sample PD-1 is 

used as the assumed composition of the parent magma because of the avail

ability of geochemical data for the sample. Amphibole composition is 

based on electron microprobe analysis of amphibole in sample PD-1 (Ap

pendix L). Figure 43 shows a variation diagram representing the frac

tionation of amphibole. The diagram is similar to the variation diagram 

for the whole rock analyses with the notable exception of AlgO^. Frac

tionating amphibole causes an increase in Al^O^, rather than the decrease 

shown in the whole rock variation diagram. While the amphibole fraction

ation model can account for the mineralogic assemblages of the intrusion, 

it alone cannot account for the geochemical trends found in the Tea Cup 

granodiorite. Because the amount of anorthite component in plagioclase 

decreases from the mafic to leucocratic facies in the intrusion, it is 

likely that plagioclase is also fractionated.
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Variation Diagram (Barker Type) for an Amphibole Fractiona
tion Model.

Figure 43.
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Another fractionation model, including both amphibole and anorth- 

ite fractionation, is presented in Figure 44. The same parent magma 

composition and amphibole composition from the amphibole fractionation 

model are used. Increments of 5, 10, and 15 weight percent of both am

phibole and anorthite are subtracted from the parent melt. The trends 

of the variation diagram for the fractionation of amphibole and anorth

ite (Figure 44) resemble the variation diagram for the whole rock analy

ses (Figure 22). While the true mechanisms for fractional crystallization 

in the Tea Cup granodiorite are undoubtedly more complicated, it is 

possible to produce a chemical variation diagram using a fractionation 

model incorporating amphibole and anorthite fractional crystallization 

that resembles the actual chemical variation observed in the intrusion.

Various mechanisms have been suggested for fractional crystalli

zation of a magma during emplacement including gravity fractionation, 

flowage differentiation, and filter pressing (Carmichael, Turner, and 

Verhoogen, 1974). However, the facies of the Tea Cup granodiorite may 

represent a sequence of multiple intrusions from a common source magma 

located at depth that was undergoing fractional crystallization, rather 

than differentiation during emplacement of the intrusion.

An alternative model for differentiation, proposed by Vance 

(1961), involves in situ differentiation beginning with crystallization 

of the intrusion from the margins inward. The rising volatiles are 

sealed in by the impermeable crystallized outer shell and are forced 

toward the center of the intrusion ahead of the crystallizing front of 

the cooling intrusion and are redissolved in the remaining magma at



104

Cl

5

a£L i £

Figure 44. Variation Diagram (Barker Type) for an Amphibole-anorthite 
Fractionation Model.



depth. Migration inward of alkalis and silica carried by the volatile 

laden aqueous fluid leaves behind a more mafic crystallized outer shell 

and enriches the core of the intrusion in alkalis and silica. Critical 

factors that would determine the feasibility of the model include imper

meability of the outer shell to escape of the enclosed volatiles and a 

high enough H^O content to allow for inward migration of alkalis and 

silica. Late-stage fracturing of the intrusion would release the re

maining alkali-silica 0-rich magma causing the formation of pegmatites, 

aplites, and other felsic late-stage intrusions. Vance (1961) has ap

plied his model to reinterpret the origin of zoned granitic intrusions 

studied by Taubeneck (1957), Reesor (1958), and Larson and Poldervaart 

(1961). Benoit (1971) and Erikson (1969) have considered Vance’s (1961) 

model as a possible mechanism for differentiation in the zoned plutons 

of their studies.

The model proposed by Vance has generally been applied to con

centrically zoned plutons with gradational contacts between facies. The 

Tea Cup granodiorite does not have obvious concentric zoning. The con

tact between the coarse-grained two-mica quartz monzonite and the 

biotite-hornblende granodiorite facies located along the margins of the 

Box 0 Lobe is sharp rather than gradational, indicating that the two- 

mica facies was emplaced as a distinct unit rather than resulting from 

inward migration of alkali-rich volatiles. A mafic outer shell sur

rounding the muscovite-biotite facies of the Ninety Six Lobe is absent, 

suggesting that Vance’s model cannot adequately explain large bodies of 

leucocratic facies that are not surrounded by more mafic facies. Thus,
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the model proposed by Vance does not appear to be applicable in explain

ing the differentiation process involved in the Tea Cup granodiorite.

Conclusion

The petrogenesis of the Tea Cup granodiorite initially involved 

partial melting of upper crustal material as evidenced by the initial 

®^Sr/®^Sr ratio of 0.7086. However, the magma derived from the partial 

melting of upper crustal material was not excessively corundum- 

normative (>1%) prior to differentiation. The characteristic geochem

istry, petrography, and field relationships in the Tea Cup granodiorite 

appear to be the result of extensive differentiation during.the intru

sion's crystallization history. Fractional crystallization of amphibole 

and plagioclase within a large magma chamber at depth is a possible ex

planation for the geochemical trends found in the intrusion. Facies of 

different compositions were emplaced as a series of intrusions derived 

from the fractionating magma. Muscovite formed in the late-stage water- 

rich leucocratic facies as a subsolidus secondary mineral.

The Tea Cup granodiorite differs from other two-mica granitic 

rocks of the western Cordillera. The most significant difference is
Q *7 Q 6

that its initial 'Sr/ Sr ratio is close to the average of most Phanero- 

zoic granitic plutons in North America. The bulk of biotite-muscovite 

granites studied in the western Cordillera have initial ®^Sr/®^Sr ratios 

that exceed 0.710. The origin of most such intrusions has been ascribed 

to melting of pelitic sediments. The determining factor for such inter-
O? O £pretations has largely been the initial Sr/ Sr ratio. Many of the 

plutons, however, show a scatter of points along the isochron that has
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been interpreted as the results of assimilation of older heterogenous 

material containing radiogenic Sr (Best et al., 1974). However,

Lanphere et al. (1964) have proposed that the anomalous Sr isotope com

position found in a two-mica granite of the Panamint Range could be the 

result of chemical exchange of radiogenic Sr between older wall rock and 

the two-mica granite in the presence of a fluid during subsequent meta- 

morphic events. The mechanism envisioned by Lanphere et al. (1964) is 

similar to the ion exchange mechanism proposed by Orville (1963). If 

such a mechanism is a viable alternative for the origin of high initial 

®^Sr/®^Sr ratios, then many of the two-mica granites located in metamor- 

phic core complexes could have had much lower initial ®^Sr/^Sr ratios 

prior to metamorphism. The interpretation of an anatectic origin of 

these two-mica granites may be in error if they hinge solely on the 

high ®^Sr/®^Sr ratios.

The Tea Cup granodiorite also differs from other two-mica gran

ites of the western Cordillera in that the chemical variation diagram 

shows evidence for differentiation while the chemical composition is 

more variable for other two-mica granites accompanied by more mafic 

facies in metamorphic core complexes. Few two-mica granites in western 

North America have been studied that are not associated with metamor

phic core complexes, although those which are not have similar geochemi

cal trends to the Tea Cup granodiorite (Benoit, 1971).

It is possible that biotite-muscovite granites found in meta

morphic core complexes have a different origin from plutons like the 

Tea Cup granodiorite. It is also possible that two-mica granites from
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metamorphic core complexes have undergone chemical and isotopic changes 

due to subsequent metamorphic events associated with the core complexes. 

If so, the true origin of such granites may be obscured.

The Tea Cup granodiorite has several characteristics that sepa

rate it from other Laramide plutons in the area. Unlike most plutons, 

the Tea Cup granodiorite has more than 1% normative corundum. According 

to the diagram for normative albite, quartz, and orthoclase the leuco- 

cratic facies of the intrusion were H^O-rich (Figure 41). The chemical 

composition and the presence of H^O and HC1 in an intrusion appear to be 

important factors responsible for producing muscovite in the intrusion 

(Burnham, 1967). What makes such muscovite-bearing intrusions rela

tively uncommon is that few are initially greater than 1% corundum- 

normative and most have been intruded as water-undersaturated melts. It 

is only in intrusions that have formed from anatexis of pelitic sediments 

or differentiation that melts can become strongly corundum normative.

Few intrusions are 0-rich upon emplacement (Brown and Fyfe, 1970; 

Whitney, 1975), but late-stage facies may trend toward water saturation 

as HgO builds up in the residual melt (Jahns and Burnham, 1969). Thus, 

melts that have assimilated pelitic sediments or have undergone exten

sive differentiation may form muscovite. The Tea Cup granodiorite • 

contains muscovite in its late-stage facies because the magma underwent 

extensive differentiation prior to emplacement.
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APPENDIX B

PETROLOGY OF THE TEA CUP GRANODIORITE

The Tea Cup granodiorite is composed of three lobes: the north

ern Tea Cup Lobe, the central Box 0 Lobe, and the southern Ninety Six 

Lobe. Each lobe contains a number of facies ranging from biotite- 

homblende granodiorite to muscovite quartz monzonite. Aplites, pegma

tites, and andesite dikes are common throughout all three lobes.

Contacts between the facies are sometimes sharp, although most are gra

dational, especially where facies of nearly similar compositions are ad

jacent to one another. Alteration and mineralization are variable 

throughout the intrusion, but frequently occur in the more mafic facies. 

Rounded inclusions of quartz diorite are also most common in the mafic 

facies of the intrusion. Sphene and hornblende are common accessory 

minerals in the granodiorite while muscovite and garnet are common ac

cessory minerals in the quartz monzonite.

Tea Cup Lobe

The Tea Cup Lobe is composed of five major facies including a 

coarse-grained biotite-hornblende granodiorite, a medium-grained biotite- 

hornblende granodiorite, a medium-grained biotite granodiorite, a medium

grained biotite-muscovite granodiorite, and a medium-grained muscovite 

quartz monzonite. Pegmatite and aplite dikes are present in all facies.

Ill



Coarse-grained Biotite- 
homblende Granodiorite

The coarse-grained biotite-homblende granodiorite occupies most 

of the eastern half of the Tea Cup Lobe. It is in contact with Oracle 

Granite on most of its eastern margin. The contact is fairly sharp with 

minimal alteration effects on either rock type. Foliation is generally 

absent from the facies. Outcrops are light gray in color and generally 

well weathered. Quartz-feldspar pegmatites and aplites are present and 

generally trend in a direction from north-south to N50°E. Several types 

of dike rocks cut the coarse-grained facies. Numerous younger east-west 

trending dikes cut the facies and extend eastward into the Oracle Gran

ite. The composition of the dikes is variable, but most have been 

classified as rhyodacite porphyry and quartz latite (Cornwall and 

Krieger, 1975a, b). Biotite-homblende andesite dikes (dark green in 

color) are fairly common throughout the intrusion and cut the coarse

grained facies as nearly flat "sill-like" structures.

Alteration of the coarse-grained facies is in the form of what 

has been termed "fissure zones" (Cornwall and Krieger, 1975a). The "fis

sure zones" are usually zones of silicification with red iron oxide 

staining, are fairly common, and trend northeast. Another less common 

type of alteration is epidotized granodiorite in which hornblende and 

biotite have altered to epidote and the feldspars have altered to clay 

minerals. Epidote mineralization along fracture surfaces is common, 

especially in the vicinity of aplite and andesite dikes.

Small amounts of copper mineralization are present at the con

tact between the coarse-grained facies and the Oracle Granite, and near
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the contacts of some of the felsic dikes. The mineralization consists 

of malachite and chrysocolla associated with quartz veins. Round inclu

sions of porphyritic hornblende-biotite quartz diorite are common in the 

coarse-grained facies. They range in diameter from 2 inches to 2 feet 

and are dark gray. The inclusions are composed of approximately 50% 

subhedral to euhedral plagioclase (An^-An^), 20% subhedral biotite 

(0.3 mm), 15-20% subhedral amphibole (0.2-1 mm), 10-15% anhedral quartz 

(less than 0.5 mm), 3% anhedral magnetite, and 1% sphene. Plagioclase 

(3-5 mm) and biotite (2-2*5 mm) also occur as phenocrysts in the inclu

sions. Grains of amphibole and biotite in the groundmass are arranged 

subparallel to each other. In addition to quartz diorite inclusions, 

schlieren are present in the northern part of the facies.
Petrographically the facies is a coarse-grained seriate porphy

ritic biotite-hornblende granodiorite. Plagioclase (An^-An^g) has both 

normal and oscillatory zoning. It is generally subhedral, 0.5-6 mm in 

size, and, based on visual estimates, makes up approximately 30-35% of 

the rock; Carlsbad twinning is common. Many of the more calcic cores of 

the plagioclase have been altered to sericite or clay minerals. Myrme- 

kitic intergrowths of quartz are present in many of the plagioclase 

grains in contact with potassium feldspar. Anhedral microcline feldspar 

is present in amounts varying from 20-25%. Perthitic intergrowths take 

the form of gridiron pattern as well as streaks and blebs. The size of 

the K-feldspar varies from 0.5-15 mm. Inclusions of virtually every 

other mineral in the rock can be found within the K-feldspar. Mild seri 

citic alteration of the cores of the feldspar is common.



Quartz (.2-6 mm) makes up approximately 30-40% of the coarse

grained facies. It is anhedral and may contain inclusions of biotite 

and plagioclase.

Subhedral biotite (1-5 mm) makes up about 5-10% of the rock. 

Apatite, zircon, and magnetite are often found as inclusions within the 

biotite. Alteration of biotite to chlorite is common. Biotite is usual

ly found as discrete flakes but it was also observed rimming amphibole. 

Amphibole is present in amounts less than 5%. Much of it is euhedral 

and is less than 2 mm in size. Amphibole was observed intergrown with 

biotite as well as having rims of biotite. Inclusions of magnetite, 

biotite, and sphene were found in the amphibole.

Accessory minerals in the coarse-grained facies include euhedral 

wedges of sphene (<3 mm), anhedral magnetite, zircon, and apatite.

The effects of mild deformation were observed in several of the 

sections, typically in the form of undulatory extinction in the quartz 

and bending of plagioclase grains.

Medium-grained Biotite- 
hornblende Granodiorite

A small area of medium-grained biotite-hornblende granodiorite 

is located just south of the main part of the Tea Cup Lobe. It is in 

contact with Oracle Granite on the east and with Quaternary alluvium 

and gravels on the west. Contacts with the coarse-grained biotite- 

hornblende granodiorite to the north and medium—grained biotite quartz 

monzonite to the south are indistinct, but appear to be gradational. 

Outcrops are light to medium gray in color and the rock is generally
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quite fresh compared to the coarse-grained facies. Aplites and pegma

tites are more common than in the coarse-grained facies, while the east- 

west trending rhyodacite dikes are less common. The trend of the aplite 

and pegmatite dikes is primarily north-south, while the dark green ande

site dikes again have a horizontal orientation. Zones of alteration and 

mineralization are much less common than in the coarse-grained facies. 

Rounded quartz diorite inclusions are also found in the medium-grained 

biotite-hornblende facies.

The medium-grained biotite-hornblende granodiorite has a hypidio- 

morphic seriate texture. Plagioclase has Carlsbad twins, normal zoning, 

and well developed oscillatory zoning. The plagioclase (A^g-An^) is 

commonly euhedral, ranges in size from 1-4 mm, and makes up approximately 

35-40% of the rock, although it may vary from 25 to 60%. Myrmekitic in

tergrowths of quartz are found in many of the plagioclase grains in con

tact with K-feldspar. Sericitic alteration of plagioclase cores is 

common.

Perthitic K-feldspar (1-5 mm) occurs in amounts nearly equal to 

plagioclase to less than a quarter of the total feldspar content of the 

medium-grained facies. The K-feldspar is anhedral and contains inclu

sions of plagioclase, quartz, amphibole, magnetite, and sphene. Elec

tron microprobe analysis of sample PD-1 from the medium-grained facies 

indicated that the K-feldspar contains approximately 2% albite component 

(Appendix L).

Anhedral quartz (0.5-4 mm) makes up approximately 25% of the 

medium-grained facies. The medium-grained facies contains approximately
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5-10% subhedral biotite (0.5-1.5 mm). The biotite contains inclusions 

of magnetite, zircon, and apatite. Several electron microprobe analyses 

were obtained from biotites in sample PD-1 (Appendix L).

Subhedral amphibole (0.5-2.5 mm) makes up .5-5% of the medium

grained facies. It often contains inclusions of magnetite and biotite 

and may be intergrown with biotite. Several electron microprobe analy

ses of amphibole from sample PD-1 (Appendix L) were calculated to be 

magnesium hastingsite using the AMBOL 2 computer program (Appendix M).

Euhedral sphene (.5-3 mm) is an accessory mineral that makes up 

1-3% of the medium-grained facies. Other accessory minerals include 

magnetite, apatite, epidote, and zircon.

Medium-grained 
Biotite Granodiorite

The medium-grained biotite-granodiorite facies is exposed in the 

southern part of the Tea Cup Lobe. The contact between the medium

grained biotite granodiorite and the coarse-grained biotite-hornblende 

facies appears to be gradational in some areas and quite distinct else

where. The contact between the biotite granodiorite and the biotite- 

muscovite quartz monzonite is distinct, with the younger 

biotite-muscovite facies cutting the biotite granodiorite. The biotite 

granodiorite is also in contact with Oracle Granite and Tertiary volcanic 

rocks. Both contacts are sharp, although the Oracle Granite is more al

tered here than at contacts between it and the biotite-hornblende facies.

Pegmatites, aplites, and andesite dikes are abundant and have 

the same orientation as those found in the medium-grained
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biotite-hornblende facies. Inclusions of the quartz diorite are also 

found in the biotite granodiorite facies. They are especially common 

in the northern part of the Tea Cup Lobe where some of the larger inclu

sions are elongated in an east-west direction. East-west trending bands 

of schlieren are also present in the same area. Northeast-trending fis

sure zones similar to those found in the coarse-grained biotite- 

hornblende facies are common particularly along the contact between 

the biotite granodiorite and the coarse-grained facies. Epidote is 

present on many fracture surfaces, particularly near contacts with ap- 

lite and andesite dikes. A small amount of copper mineralization was 

observed at the very southern tip of the Tea Cup Lobe where chrysocolla 

is associated with quartz veins.

The differences between the medium-grained biotite-hornblende 

granodiorite and the medium-grained biotite granodiorite, in terms of 

texture, mineralogy, and whole rock chemistry, can be subtle. The two 

facies are petrographically similar. The major differences include a 

decrease in the anorthite content of plagioclase and a decrease in am- 

phibole and sphene contents of the biotite granodiorite compared to the 

biotite-hornblende granodiorite. Plagioclase in the biotite granodio

rite has a composition of An^^-An^^. Amphibole and sphene are either 

absent or are present in amounts less than 1% in the biotite granodiorite.

Biotite-muscovite Granodiorite

Biotite-muscovite granodiorite is present in the Tea Cup Lobe in 

the area including Grayback Mountain. Exposures of the two-mica facies 

extend l h  miles west of Grayback Mountain. Quaternary gravels and
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alluvium cover the facies on the western side of the Tea Cup Lobe. 

Medium-grained biotite granodiorite is in contact with the two-mica 

facies on its north and south extents. A series of pegmatites, aplites, 

and muscovite quartz monzonite dikes cuts the two-mica facies along its 

eastern edge. North-south trending quartz-feldspar-muscovite pegmatites 

and aplites are very common throughout the two-mica facies. Dark green 

biotite-hornblende andesite dikes are also present. Inclusions of 

quartz diorite are not common in the two-mica facies, although several 

large quartz diorite inclusions are located on the north flank of Gray- 

back Mountain.

Alteration of the biotite-muscovite granodiorite is relatively 

mild compared to the other granodiorite facies. Fractures located near 

aplite and andesite dikes often have iron oxide staining on their sur

faces, but no copper mineralization was observed in the two-mica facies.

The biotite-muscovite granodiorite is a light gray, medium

grained rock having a hypidiomorphic seriate texture. It is composed of • 

plagioclase (40-50%), microcline feldspar (15-20%), quartz (20-25%), 

biotite (3-5%), muscovite (2-5%), and magnetite (<1%). Accessory miner

als include zircon and apatite. Plagioclase (0.5-3 mm) is subhedral, 

Carlsbad twinned, and has well developed oscillatory zoning. It has an 

anorthite content of An^-An^g. Sericitic alteration of the cores of 

the plagioclase is mild. Myrmekitic intergrowths of quartz are present 

in many plagioclase grains in contact with grains of potassium feldspar.

Microcline (0.5-4 mm) is anhedral and contains inclusions of 

quartz, biotite, magnetite, and plagioclase. Quartz (.5-4 mm) contains



119

a few inclusions of plagioclase and muscovite. Biotite (.5-1.5 mm) is 

subhedral and contains inclusions of magnetite, apatite, and zircon.

Muscovite shows several different occurrences in the two-mica 

facies. It is present as discrete subhedral flakes (0.5-1.5 mm). Mus

covite is also found intergrown with and cross-cutting biotite, and par

tially surrounding magnetite. Many plagioclase grains contain ragged 

muscovite laths oriented parallel to albite twinning or parallel to 

cleavage directions.

Medium-grained Muscovite 
Quartz Monzonite

Situated to the east of Grayback Mountain is a north-south 

trending group of pegmatites, aplites, and ̂ muscovite quartz monzonite 

dikes. The pegmatites are composed of quartz, potassium feldspar, and 

muscovite. Aplites are composed of nearly equal amounts of quartz, po

tassium feldspar, and plagioclase along with a small amount of garnet 

and magnetite.

The muscovite quartz monzonite is a white, medium-grained rock 

having a hypidiomorphic seriate texture. Plagioclase (0.5-3 mm) is 

subhedral and makes up 25-30% of the rock. Carlsbad twinning is common 

but no zoning or myrmekitic intergrowths of quartz were observed. The 

plagioclase contains inclusions of magnetite, garnet, muscovite, and 

quartz. Composition of the plagioclase varies from An^-An^y. Micro- 

cline feldspar (0.5-3.5 mm) is anhedral and makes up 20-25% of the rock. 

Inclusions of quartz and plagioclase are common in the microcline grains 

The muscovite quartz monzonite is also composed of 35-40% anhedral
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quartz (0.5-3 mm), 5-10% subhedral muscovite (0.5-3 mm), and 1% euhedral 

garnet (0.25 mm). Muscovite occurs as discrete flakes and as inclusions 

within feldspar. Fractures in garnet are filled with quartz and musco

vite. Accessory minerals include zircon and magnetite.

Box 0 Lobe

The Box 0 Lobe is composed of two major facies, a coarse-grained 

biotite-muscovite quartz monzonite and a medium-grained biotite- 

hornblende granodiorite. Aplite porphyry and a zone composed of quartz, 

albite, and muscovite also make up a significant part of the Box 0 Lobe.

Medium-grained Biotite- 
hornblende Granodiorite

The margins of the southern half of the Box 0 Lobe include a 

medium-grained biotite-hornblende facies. The facies on the west side 

of the Box 0 Lobe is in contact with Oracle Granite, while the facies on 

the east side of the lobe is in contact with Quaternary gravels and al

luvium. The contact between the Oracle Granite and the biotite- 

hornblende granodiorite is sharp, although both the Oracle Granite and 

the biotite-hornblende granodiorite have undergone mild alteration at 

the contact. The contact between the biotite-hornblende granodiorite 

and the coarse-grained biotite-muscovite quartz monzonite is also sharp, 

but alteration of the granodiorite facies is extensive, resulting in al

teration of feldspar to kaolinite and montmorillonite and of biotite to 

chlorite. The biotite-hornblende granodiorite facies is cut by a few 

northwest-trending pegmatites and muscovite quartz monzonite dikes.
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East-west trending porphyritic aplite dikes also cut the biotite- 

hornblende granodiorite. Rounded inclusions of quartz diorite fre

quently occur in the granodiorite facies. Alteration of the 

biotite-hornblende granodiorite facies is most intense at its contact 

with the Oracle Granite and the coarse-grained two-mica facies. Other 

alteration includes an area of intense epidote replacement of mafic min

erals located at the western edge of the Box 0 Lobe along Paisano Wash. 

Fractures in the granodiorite located near andesite dikes often have 

epidote on their surfaces.

The medium-grained biotite-hornblende granodiorite is medium gray 

and has a hypidiomorphic seriate texture. It is composed of plagioclase 

(40-60%), potassium feldspar (10-35%), quartz (15-20%), biotite (5-10%), 

amphibole (5-10%), sphene (1-2%), magnetite (1-2%), and epidote (0-3%). 

The western, topographically lower, granodiorite facies contains the 

highest proportion of plagioclase, biotite, sphene, and epidote while 

the topographically higher eastern granodiorite facies contains more 

potassium feldspar and amphibole. Plagioclase (A^g-An^y) is euhedral 

and 1-2 mm in size. Oscillatory and normal zoning are present in many 

grains of plagioclase. Alteration of plagioclase to sericite and other 

clay minerals due to weathering is common in the western granodiorite 

facies. Myrmekitic intergrowths of quartz are present in plagioclase 

grains which are adjacent to potassium feldspar grains. Potassium feld

spar is anhedral, 1-3 mm in size, and contains inclusions of quartz, 

plagioclase, magnetite, and sphene. Biotite (1-3 mm) is subhedral, con

tains inclusions of magnetite and quartz, and is often altered to
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chlorite. Amphibole (1-4 mm) is subhedral and contains inclusions of 

magnetite and biotite. Euhedral wedge-shaped grains of sphene vary in 

size from 1-4 mm. Epidote is subhedral and is common in the western ex

posures of biotite-hornblende granodiorite.

Many of the minerals from the granodiorite facies on the west 

side of the Box 0 Lobe show the effects of strain, including bent plagio- 

clase grains, warped or wavy sheets of biotite, and undulatory extinction 

in quartz.

Coarse-grained Biotite- 
muscovite Quartz Monzonite

The Box 0 Lobe is principally composed of coarse-grained biotite- 

muscovite quartz monzonite. The quartz monzonite facies is in contact 

with Oracle Granite on its southeastern and northwestern margins and 

with biotite-hornblende granodiorite on its eastern and western margins. 

Quaternary gravels and alluvium cover the two-mica facies along the 

northern, northeastern, and southern margins of the Box 0 Lobe. The 

contact between the two-mica facies and the Oracle Granite is sharp, but 

alteration of the Oracle Granite along the contact is common. As men

tioned previously, there is considerable alteration of the medium

grained biotite-hornblende granodiorite where it is in contact with the 

two-mica facies. The coarse-grained biotite-muscovite quartz monzonite 

appears to cut the biotite-hornblende granodiorite. There are a few 

small inclusions of biotite-hornblende granodiorite in the two-mica fa

cies near the contact. A few rounded quartz diorite inclusions (less 

than 3 inches) are present in the northern part of the Box 0 Lobe, but
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are nearly absent in the two-mica facies in the southern part of the 

Box 0 Lobe. Although pegmatites are rare, east-west trending porphyrit- 

ic quartz-K-feldspar-plagioclase aplite dikes and quartz veins are com

mon in the biotite-muscovite quartz monzonite.

Typical exposures of the two-mica facies are light brown and 

well weathered into spheroidal shapes. The two-mica facies is a biotite- 

muscovite quartz monzonite having a seriate porphyritic texture. Compo

sition of the two-mica facies varies with topographic elevation in the 

Box 0 Lobe. Samples from an elevation of 2700 ft or below have about 

35-50% plagioclase, 15-25% potassium feldspar, 25-30% quartz, 2-5% bio- 

tite, and less than 2% muscovite. Samples from elevations exceeding 

3000 ft have 25-30% plagioclase, 25-30% potassium feldspar, 40-45% ^

quartz, 1-2% biotite, and up to 5% muscovite. There is a general in

crease in the percentage of muscovite with increase in elevation.

Plagioclase is subhedral and 1-5 mm in size. Carlsbad twinning 

is common throughout the two-mica facies, but oscillatory zoning of 

plagioclase grains occurs only in samples from lower elevations. Seri- 

citic alteration of plagioclase is most intense in grains from samples 

collected at lower elevations. Myrmekitic intergrowths of quartz are 

present between plagioclase and potassium feldspar in many of the sam

ples. The plagioclase grains commonly contain inclusions of biotite, 

magnetite, quartz, and muscovite. Electron microprobe analyses of the 

plagioclase indicate a decrease in anorthite content with increasing 

elevation and percentage of muscovite. Sample SB-8B (2600 ft) contains 

plagioclase ranging in composition from Any to An Sample SB-67
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(3010 ft) contains plagioclase ranging in composition from to An^ 

(Appendix F).

Perthitic potassium feldspar (1-6 mm) is anhedral and contains 

inclusions of quartz, plagioclase, muscovite, magnetite, and biotite. 

Biotite (0.5-2 mm) is subhedral and contains inclusions of magnetite and 

zircon. Biotite becomes increasingly altered to chlorite with increasing 

elevation and percentage of muscovite. Quartz is anhedral and ranges in 

size from 0.5 to 7 mm.

Muscovite (0.5-2.5 mm) is subhedral and has several different 

occurrences within the two-mica facies. It occurs as subhedral discrete 

grains, as fracture fillings in feldspar, and as rims around magnetite 

and plagioclase. Muscovite is found intergrown with biotite and also 

cross-cuts biotite which it appears to be replacing. Electron micro

probe analyses of muscovite indicate that it is phengitic and contains 

up to 10% paragonite component (Appendix F). Muscovite from sample 

SB-8B (2600 ft) is more phengitic and contains less paragonite than does 

muscovite from SB-67 (3010 ft).

Accessory minerals from the coarse-grained biotite-muscovite 

facies include magnetite, rutile, and zircon. Many of the samples con

tain bent grains of plagioclase. Undulatory extinction of quartz and 

plagioclase is also common.

Aplites

In addition to the two major facies of the intrusion, long con

tinuous dikes of porphyritic aplites trend in an east-west direction 

across the Box 0 Lobe. The aplite is light gray green in color and



125

contains phenocrysts of quartz and plagioclase up to 2 mm in size. The 

groundmass is composed of 35-40% plagioclase, 20-25% potassium feldspar, 

and 35-40% quartz. Small amounts (less than 1%) of garnet, rutile, and 

magnetite are also present.

Quartz-albite- 
muscovite Assemblage

Part of the western side of the Box 0 Lobe contains rocks com

posed of quartz, albite, and muscovite. This rock is light gray, 

medium- to coarse-grained, and contains veins of quartz, quartz and 

muscovite, and quartz and black.calcite. Large patches of the black 

calcite up to 50 ft in diameter occur near the western edge of the Box 0 

Lobe. Aplites and andesite dikes cut the quartz-albite-muscovite assem

blage. East-west trending quartz-muscovite veins cutting the coarse

grained two-mica facies have the same quartz-albite-muscovite assemblage 

for as much as several feet on either side of the vein. The veins and 

accompanying quartz-albite-muscovite assemblages are most common in the 

two-mica facies in the area between the two major sets of east-west 

trending aplite dikes.

The quartz-albite-muscovite assemblage is composed of 35-45% 

euhedral plagioclase (0.5-3 mm), 35-50% anhedral quartz (0.5-2 mm), and 

15-25% subhedral muscovite (0.5-0.7 mm). Plagioclase has Carlsbad twin

ning and is.not zoned. Many grains are bent and have undulatory extinc

tion. Plagioclase in sample SB-46 analyzed by the electron microprobe 

is nearly pure albite (Appendix E).
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Muscovite occurs primarily as ragged laths within plagioclase.

It is also present as long plumose clusters in many of the samples. 

Electron microprobe analyses indicate that the muscovite is more phen- 

gitic and that it contains less paragonite component than muscovite from 

the coarse-grained biotite-muscovite facies (Appendix E).

Small amounts of biotite, rutile, apatite, and magnetite are 

also present in the quartz-albite-muscovite assemblage. Limonite pseudo- 

morphs after pyrite are common along quartz muscovite veins.

Ninety Six Lobe

The facies of the Ninety Six Lobe include coarse- and medium

grained biotite-muscovite quartz monzonite, pegmatites, and muscovite 

quartz monzonite dikes.

Coarse-grained Biotite- 
muscovite Quartz Monzonite

The coarse-grained biotite-muscovite quartz monzonite is located 

in the western, northern, and eastern parts of the northern half of the 

Ninety Six Lobe. The facies is in contact with Final Schist, Oracle 

Granite, and Middle Mountain Granite. The eastern contact of the two- 

mica facies is with Oracle Granite and is sharp. The rare contacts be

tween the coarse-grained two-mica facies and the Middle Mountain Granite 

are also sharp with chilled margins in the coarse-grained two-mica fa

cies. Quaternary gravels cover the northern and most of the western 

margins of the coarse-grained two-mica facies. The contact between the 

coarse-grained two-mica facies and.the medium-grained two-mica facies is 

gradational. Numerous north-northwest trending pegmatite dikes commonly
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accompanied by medium-grained muscovite quartz monzonite dikes cut the 

coarse-grained facies. Quartz and quartz-muscovite veins and small ap- 

lite dikes are abundant in the coarse-grained two-mica facies. Dark 

green biotite-hornblende andesite dikes are also common throughout the 

facies.

Alteration zones are rare within the coarse-grained facies and 

are primarily confined to contacts with the Precambrian country rock.

The western contact with the Middle Mountain Granite is heavily silici- 

fied and stained red by iron oxides. Copper mineralization in the form 

of small amounts of chrysocolla is found in the same zone. The eastern 

contact of the coarse-grained two-mica facies with the Oracle Granite 

is altered with red hematitic staining and epidote-coated fracture sur

faces located primarily in the Oracle Granite. The contact between the 

coarse-grained biotite-muscovite facies and the Pinal Schist-Oracle 

Granite contact is extensively altered.

The area is cut by numerous northwest-trending quartz veins.

Both the Oracle Granite and the Pinal Schist appear to have undergone 

hydrogen metasomatism resulting in significant amounts of secondary 

muscovite from alteration of feldspars and biotite. Deformation was 

seen in the Oracle Granite located north of the most intense alteration. 

The Oracle Granite there has a gneissic texture with augen of potassium 

feldspar. Near the Pinal Schist two-mica facies contact, the Oracle 

Granite contains 5-10% aligned muscovite to form a foliation.

The coarse-grained biotite-muscovite quartz monzonite is white 

to light gray and has a hypidiomorphic seriate texture. It is composed
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of 35-40% subhedral plagioclase (1-5 mm), 20-25% anhedral potassium 

feldspar (1-5 mm), 30-35% anhedral quartz (1-5 mm), 5% subhedral musco

vite (0.5-1.5 mm), 1% anhedral to subhedral biotite (less than 1 mm), 

and in some areas less than 1% euhedral garnet (0.1-1.5 mm). Magnetite, 

rutile, zircon, and apatite are common accessory minerals.

Plagioclase has Carlsbad twinning and occasional oscillatory 

zoning. Myrmekitic intergrowths of quartz are present in many grains 

in contact with potassium feldspar. Many plagioclase grains contain in

clusions of quartz, biotite, magnetite, muscovite, and rutile. Seri- 

citic alteration of plagioclase is generally mild. Potassium feldspar 

is perthitic and contains inclusions of quartz, muscovite, biotite, and 

plagioclase. Quartz contains inclusions of muscovite and potassium feld

spar. Biotite is slightly chloritized and contains inclusions of magne

tite and zircon.

Muscovite occurs as discrete grains up to 1.5 mm in size and as 

ragged inclusions (less than 0.25 mm) in feldspar. Other grains of 

muscovite are intergrown with biotite. Fractures in feldspar and quartz 

are frequently filled by muscovite. Muscovite contains inclusions of 

biotite and apatite.

Plagioclase grains are commonly bent. Undulatory extinction is 

present in quartz, potassium feldspar, and plagioclase.

Medium-grained Biotite- 
muscovite Quartz Monzonite

Most of the southern and central parts of the Ninety Six Lobe 

are composed of light gray medium-grained biotite-muscovite quartz
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along its eastern margin. Quaternary gravels and alluvium cover the 

facies on its south and west sides. The contact between the two-mica 

facies and the Pinal Schist is sharp, although dikes up to six feet wide 

cut the Pinal Schist as much as half a mile east of the contact. The 

dikes are medium-grained muscovite quartz monzonite and pegmatitic.

Dark green andesite dikes are confined to the two-mica facies. As is 

common throughout the intrusion, the andesite dikes are randomly oriented 

and vary from horizontal to vertical in dip. No quartz diorite inclu

sions were observed in the medium-grained two-mica facies or in any 

other part of the Ninety Six Lobe. However, a few Pinal Schist inclu

sions are present along the contact between the medium-grained biotite- 

muscovite facies and the Pinal Schist.

The medium-grained biotite-muscovite quartz monzonite has a 

hypidiomorphic seriate texture. Plagioclase (0.5-3 mm) is subhedral 

and makes up 25-35% of the rock. Faint oscillatory and normal zoning 

is common. Carlsbad and albite twinning are also present. Plagioclase 

grains in contact with potassium feldspar contain myrmekitic intergrowths 

of quartz. Inclusions of quartz, magnetite, biotite, and muscovite are 

common in plagioclase grains. Composition of plagioclase varies from 

An^-Angy. Electron microprobe analyses of samples LN-1 (3430 ft) and 

SN-19 (2940 ft) show a difference in anorthite content in the plagio

clase (Appendix C). Plagioclase from the topographically lower SN-19 is 

richer in anorthite (An^-An^) than plagioclase from the higher LN-1 

(An^-An^) • Sericitic alteration of plagioclase is generally mild.

129
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Potassium feldspar (0.5-4.5 mm) is anhedral and makes up 20-25% 

of the rock. It is perthitic and contains inclusions of quartz, bio- 

tite, magnetite, plagioclase, and muscovite. Anhedral quartz (0.5-4 mm) 

makes up 25-35% of the rock. Two to five percent of the rock is sub- 

hedral biotite (0.3-1.5 mm). The biotite contains inclusions of magne

tite and has been locally altered to chlorite.

Muscovite is subhedral, 0.5-1.5 mm in size, and makes up 3-7% of 

the medium-grained biotite-muscovite facies. It has numerous occur

rences: as discrete grains, as ragged laths within plagioclase grains,

as fracture fillings in feldspar, partially surrounding magnetite, and 

intergrown with and partly replacing biotite. The muscovite may contain 

inclusions of quartz, biotite, and apatite.

In many of the samples, up to 5% euhedral garnet is present 

(0.1-2 mm in size). Commonly it is fractured and filled with quartz. 

Electron microprobe analyses of garnet from two locations in the medium

grained facies indicate that the garnet from the lower elevation (SN-19 

at 2940 ft) has a composition of 58% spessartine, 37% almandine, 3% 

grossular, and 2% pyrope. Garnet from the higher elevation (LN-1 at 

3430 ft) has a composition of 55% spessartine, 41% almandine, 2.5% gros

sular, and 1.5% pyrope (Appendix C). Accessory minerals include apatite, 

magnetite, and zircon.

Pegmatites and Muscovite 
Quartz Monzonite

Pegmatites and muscovite quartz monzonite dikes are more common 

in the Ninety Six Lobe than in any other part of the intrusion. They
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are commonly associated with each other and trend in a general north- 

south to north by northwest direction. The pegmatites are composed of 

quartz, potassium feldspar, plagioclase, and muscovite. Garnet is pres

ent in pegmatites associated with muscovite quartz monzonite dikes. 

Muscovite commonly makes up more than 40% of the pegmatite.

Muscovite quartz monzonite dikes are medium-grained and have a 

hypidiomorphic seriate texture. The dikes are 20-30% subhedral plagio

clase, 20-25% subhedral to anhedral potassium feldspar, 35-45% anhedral 

quartz, 3-15% subhedral to euhedral muscovite, and up to 5% euhedral 

garnet. Accessory minerals include zircon, apatite, and magnetite. 

Plagioclase (0.2-5 mm) has Carlsbad twinning, relatively rare oscillatory 

zoning, and contains inclusions of quartz, muscovite, and garnet. Myr- 

mekitic intergrowths of quartz are common in plagioclase grains in con

tact with potassium feldspar. Potassium feldspar (0.5-5 mm) is perthitic 

and contains inclusions of quartz, plagioclase, muscovite, and garnet. 

Quartz is 0.5-3 mm in size. Muscovite (0.5-1.5 mm) occurs as discrete 

grains, as radial clusters, and as: ragged laths in plagioclase. Musco

vite contains a few inclusions of quartz, garnet, and apatite. Garnet 

(0.1-2 mm) contains rare quartz inclusions. Garnet often occurs in nar

row bands and strings separating the muscovite quartz monzonite from 

pegmatites.

Compositions of garnet, determined through electron microprobe 

analysis, are 58% spessartine, 40% almandine, 1% pyrope, and 1% grossu- 

lar (Appendix E).
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Summary

The Tea Cup granodiorite is composed of different facies includ

ing coarse- and medium-grained biotite-hornblende granodiorite, biotite 

granodiorite, medium- and coarse-grained biotite-muscovite granodiorite 

and quartz monzonite, medium-grained muscovite quartz monzonite, pegma

tite and aplite dikes, and an assemblage of quartz, albite, and musco

vite located in part of the Box 0 Lobe.

The Tea Cup granodiorite intrudes Precambrian Pinal Schist, Mid

dle Mountain Granite, and Oracle Granite. Contacts are generally sharp, 

with alteration of the Oracle Granite most intense at contacts with the 

less mafic facies of the intrusion. Foliation is generally absent or 

very subtle throughout the intrusion. Contacts between facies similar 

in composition are often gradational. Examples include contacts between 

the medium- and coarse-grained two-mica facies of the Ninety Six Lobe 

and between the medium- and coarse-grained biotite-hornblende facies of 

the Tea Cup Lobe. Other contacts, such as between the coarse-grained 

two-mica facies and the medium-grained facies of the Box 0 Lobe, are 

sharply defined. Contacts between facies such as the biotite granodio

rite and muscovite-biotite granodiorite of the Tea Cup Lobe are sharp but 

involve increasing frequency of interfingering dikes of the younger in

trusion as the main body of the younger facies is approached.

Inclusions and schlieren are most prevalent in the facies of the 

Tea Cup Lobe and decrease in number and size southward towards the Box 0 

Lobe and the Ninety Six Lobe. Most of the xenoliths are rounded
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Inclusions of porphyritlc quartz dlorite, but a few inclusions of Pinal 

Schist were observed along the southeastern contact of the Ninety Six 

Lobe.

Pegmatites, aplites, and andesite dikes are ubiquitous through

out the intrusion, although aplites and pegmatites are greatly increased 

in number, size, and muscovite content in the leucocratic facies of the 

Tes Cup granodiorite. Muscovite quartz monzonite dikes often accompany 

the pegmatites, particularly in the two-mica facies. Trends of the ap

lites and pegmatites vary from N50°E to north-south in the Tea Cup Lobe. 

In the Box 0 Lobe, east-west trending aplites and quartz veins are pres

ent, while pegmatites are rare. The Ninety Six Lobe contains the great

est density of pegmatites. The trend varies from N30°W to north-south. 

Andesite dikes have a random orientation.

Alteration of the Tea Cup granodiorite is most apparent in the 

granodiorite facies of the intrusion. Northeast-trending zones of 

silicified and hematitle stained rock are common in the coarse-grained 

biotite-hornblende facies and in the eastern part of the biotite grano

diorite. Zones of intense epidote alteration are present in the coarse

grained biotite-hornblende granodiorite of the Tea Cup Lobe and in the 

western facies of medium-grained biotite-hornblende granodiorite of the 

Box 0 Lobe. Alteration associated with the leucocratic facies of the 

intrusion is concentrated along contacts with Precambrian granite.

Copper mineralization is uncommon throughout the intrusion. It 

is most prevalent along the eastern contact of the coarse-grained 

biotite-hornblende granodiorite of the Tea Cup Lobe. Most of the
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copper mineralization is in the form of chrysocolla and malachite asso

ciated with quartz veins. Copper mineralization is also present near 

some of the younger east-west trending felsic dikes that cut the Tea Cup 

Lobe. Scattered spots of copper mineralization are present along the 

western contact of the Box 0 Lobe and the Ninety Six Lobe.

The granodiorite facies of the Tea Cup granodiorite are light to 

medium gray, while the two-mica and muscovite quartz monzonite facies 

are light gray to white. Texture varies from seriate porphyritic in 

the coarse-grained facies to hypidiomorphic seriate in the medium

grained facies.

On the basis of petrography, the facies vary from granodiorite 

to quartz monzonite in composition. Plagioclase is subhedral, 0.5-4 mm 

in size in the medium-grained facies, and 0.5-6 mm in size in the 

coarse-grained facies. It is"twinned under the albite-Carlsbad twin 

law. Oscillatory and normal zoning are common, particularly in the 

granodiorite facies of the intrusion. Composition-of the plagioclase 

ranges from A n ^  in the granodiorite facies to An^ in the quartz-albite- 

muscovite facies. Sericitic alteration is most intense in the coarse

grained facies containing little or no muscovite.

Potassium feldspar is present in all facies except the quartz- 

albite-muscovite assemblage. It is anhedral, perthitic, and ranges in 

size between 0.5-15 mm in the coarse-grained facies and 0.5-6 mm in the 

medium-grained facies. The potassium feldspar commonly contains poiki- 

litic inclusions of all other mineral phases of the facies. Quartz is
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anhedral and ranges in size from 0.5-4 mm in the medium-grained facies 

to 0.5-6 mm in the coarse-grained facies.

Biotite is subhedral and rarely exceeds 2 mm in size in all fa

cies. It makes up less than 5% of the leucocratic facies and up to 10% 

of the biotite-hornblende facies. Much of the biotite has been altered 

to chlorite, particularly where more than 5% muscovite is present. Bio

tite compositions from various facies indicate that biotite from the 

non-muscovite facies has a greater MgO component and less A^O^ compo

nents than biotite from the two-mica facies.

Muscovite is subhedral and ranges in size from 0.2-2 mm. It 

makes up as much as 10-15% of the two-mica facies. Muscovite occurs as 

discrete flakes, laths in plagioclase, rims around magnetite, fracture 

fillings, and as intergrowths with biotite. It is phengitic in compo

sition with a varying paragonite component. The paragonite component is 

inversely related to the amount of phengite present in the muscovite. 

Variation of muscovite composition is greatest between facies. Musco

vite from a single facies has a similar composition regardless of its 

occurrence.

Common accessory minerals include sphene, garnet, magnetite, apa 

tite, and zircon. Euhedral wedges of sphene, 0.5-4 mm in size, are pres 

ent in amounts up to 3% in the biotite-hornblende and biotite 

granodiorite facies of the intrusion. Euhedral garnet, 0.2-2 mm in 

size, is present in amounts up to 5% in the medium-grained and coarse

grained two-mica facies of the Ninety Six Lobe and in the muscovite 

quartz monzonite dikes that cut facies of all three lobes. Garnets are
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almandine-spessartine with 54-58% spessartine component. Other acces

sory minerals include epidote and rutile. Epidote is generally found, 

commonly in large amounts, in the biotite granodiorite and biotite- 

hornblende granodiorite facies of the intrusion. Rutile is present in 

the leucocratic facies of the intrusion.
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REPRESENTATIVE MICROPROBE ANALYSES FROM 
THE MEDIUM-GRAINED TWO-MICA FACIES
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Analysis
LN-1
Flag

SN-19
Flag

SN-19
Kspar

LN-1
Kspar

SN-19
Biot

LN-1
Biot

LN-1
Mus

SN-19
Mus

LN-1
Gar

SN-19
Gar

SN-19
Mag

Na20 10.21 9.53 1.35 1.42 0.14 0.07 0.42 0.33 0.11 0.12 0.07
k 2o 0.21 0.15 . 14.91 14.68 9.48 9.34 10.83 10.53 0.04 0.03 0.04
CaO 2.16 2.40 0.03 0.01 0.31 0.06 0.00 0.00 1.05 1.48 0.02
a i ?o 3 21.95 19.60 19.07 18.89 15.97 17.05 31.16 29.41 20.81 19.93 0.22
Si02 65.65 68.15 64.61 64.74 35.29 36.81 45.64 45.41 36.43 37.27 0.38
HgO 0.01 0.01 0.00 0.03 6.72 6.41 1.12 1.33 0.74 0.84 0.08
MnO 0.00 0.07 0.01 0.00 1.28 1.26 0.00 0.06 24.22 25.06 0.25
Cir20q 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.07
FeO 0.00 0.04 0.00 0.02 23.75 21.83 4.98 5.85 18.19 16.13 85.63
Ti02 0.03 0.00 0.00 0.03 2.59 2.85 0.82 0.95 0.07 0.23 0.01
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.22 99.95 99.97 99.82 95.53 95.70 94.99 93.88 101.65 101.08 86.76

Cation
Na

(normalized i 
2.6030

to 24 oxygen) 
2.4243 0.3619 0.3813 0.0481 0.0220 0.1209 0.0967 0.0355 0.0372 0.0424

K 0.0349 0.0250 2.6262 2.5861 2.0701 1.9983 2.0623 2.0384 0.0081 0.0052 0.0162
Ca 0.3043 0.3366 0.0040 0.0012 0.0512 0.0100 0.0000 0.0000 0.1821 0.2570 0.0061
A1 3.4013 3.0305 3.1034 3.0749 3.2231 3.3714 5.4818 5.2572 3.9809 3.8139 0.0866
Si 8.6335 8.9395 8.9228 8.9434 6.0419 6.1767 6.8133 6.8888 5.9149 6.0517 0.1234
Mg 0.0026 0.0015 0.0000 0.0067 1.7145 1.6041 0.2497 0.3007 0.1784 0.2032 0.0370
Mn 0.0000 0.0083 0.0011 0.0000 0.1849 0.1797 0.0006 0.0082 3.3300 3.4463 0.0693
Cr 0.0000 0.0000 0.0000 0.0000 0.0000 0.0027 0.0020 0.0000 0.0000 0.0000 0.0189
Fe 0.0000 0.0039 0.0000 0.0018 3.3996 3.0628 0.6222 0.7418 2.4693 2.1903 23.4476
Ti 0.0024 0.0000 0.0000 0.0034 0.3329 0.3591 0.0915 0.1088 0.0084 0.0286 0.0025
0 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000
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APPENDIX D

\

SAMPLES FOR ELECTRON MICROPROBE ANALYSIS

Sample
LN-1

Facies
Medium-grained biotite- 
muscovite quartz monzonite

Location 
Ninety Six Lobe

Elevation 
3430 feet

SN-19 Medium-grained biotite- 
muscovite quartz monzonite

Ninety Six Lobe 2940 feet

SB-67 Coarse-grained biotite- 
muscovite quartz monzonite

Box 0 Lobe 3010 feet

SB-8B Coarse-grained biotite- 
muscovite quartz monzonite

Box 0 Lobe . 2600 feet

SB-46 Quartz-albite-muscovite
assemblage

Box 0 Lobe 2630 feet

SB-49 Pegmatite and muscovite 
quartz monzonite

Box 0 Lobe 2600 feet

SB-54 Muscovite-quartz vein and
quartz-albite-muscovite
assemblage

Box 0 Lobe 2810 feet

PD-1 Medium-grained biotite- 
homblende granodiorite

Tea Cup Lobe 2950 feet
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APPENDIX E

REPRESENTATIVE MICROPROBE ANALYSES FROM THE 
MUSCOVITE QUARTZ MONZONITE (SB-49), PEGMATITE 

(SB-49), AND QUARTZ-ALBITE-MUSCOVITE FACIES (SB-46)
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SB-54
Analysis Plan

SB-49
Plan

SB-49 
Kb par

SB-54
Kspar

SB-49
Hus

SB-54
Hus

SB-49
Gar

3 8 -4 9
Peg
Flag

SB-49
Peg

Kspar

SB-49
P "f
Hus

SB-46
Flag

SB—46
Hus

Na.O 11.62 10 .56 0 .8 0 0 .24 0.22 0 .0 8 0 .13 10.97 0.98 0 .4 3 11.58 0 .2 6
K20 0.15 0 .1 1 15.21 16.78 10.57 10.94 0 .0 1 0 .1 0 15.52 10 .76 0 .0 9 11.17
CaO 0.03 1 .44 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .42 1 .26 0 .05 0 .02 0 .12 0 .0 1

19.26 21 .30 18.51 17.74 32.51 28 .70 20 .46 21.08 18.79 31 .48 20 .82 29 .96
68.74 ~ 65 .26 65.17 64.29 45 .59 47 .70 36.75 66.92 64.69 46 .41 68.28 44.66

MgO 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .68 2 .3 6 0 .4 1 0 .0 0 0 .0 0 0 .73 0 .0 0 1.98
MnO 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 6 0 .0 0 24.35 0 .0 0 0 .0 0 0 .0 0 0 .02 0 .0 0

5 * 3
0.05 0 .0 1 0 .0 0 0 .0 1 0 .0 6 0 .0 1 0 .0 0 0 .0 6 0 .04 0 .02 0 .02 0 .0 0
0 .05 0 .0 0 0 .0 0 0 .1 0 4 .13 4 .6 6 17.89 0 .03 0.02 4 .3 4 0 .04 6.03

T iO , 0 .0 0 0 .0 0 0 .03 0 .0 1 0 .5 6 0 .17 0 .15 0 .0 0 0 .0 0 0 .5 6 0 .0 0 0 .44
o 2 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
T o ta l 99 .90 98 .69 100.22 99.18 94.44 94 .63 100.56 100.41 100.08 94.75 100.98 94.51

Cation
Ns

(n orea lised  
2.9528

to  24 oxygen) 
2.7288 0.2134 0.0649 0.0808 0.0217 0.0402 2.7854 0.2635 0.1248 2.9141 0.0777

K 0.0244 0.0185 2.7663 3.0047 2.0081 2.0822 0.0016 0.0160 2.7377 2.0405 0.0153 2.1588
Ca 0.0043 0.2061 0.0000 0.0000 0.0000 0.0000 0.0741 0.1764 0.0068 0.0039 0.0165 0.0016
A1 2.9763 3.3460 3.0106 2.9350 5.7081 5.0456 3.9452 3.2535 3.0619 5.5174 3.1854 5.3517
S i 9.0135 8.6995 8.9940 9.0235 6.7922 7.1158 6.0138 8.7649 8.9454 6.9034 8.8650 6.7703
MS 0.0000 0.0000 0.0000 0.0000 0.1518 0.5244 0.0994 0.0000 0.0000 0.1623 0.0000 0.4467
Ms 0.0000 0.0000 0.0000 0.0000 0.0074 0.0000 3.3753 0.0000 0.0000 0.0006 0.0021 0.0000
Cr 0.0064 0.0013 0.0000 0.0009 0.0066 0.0015 0.0000 0.0064 0.0043 0.0020 0.0022 0.0000
Fe 0.0057 0.0000 0.0000 0.0112 0.5149 0.5818 2.4475 0.0030 0.0023 0.5398 0.0047 0.7639
T i 0.0000 0.0000 0.0030 0.0013 0.0622 0.0195 0.0184 0.0000 0.0000 0.0121 0.0000 0.0504
0 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24. MOO 24.0000
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APPENDIX F

REPRESENTATIVE MICROPROBE ANALYSES 
FROM THE COARSE-GRAINED 

TWO-MICA FACIES

SB—8B
Analysis Flag

SB—67 
Flag

SB-8B
Kspar

SB-67
Kspar

SB-8B
Biot

SB-8B
Mus

SB-67
Mus

Na,0 10.70 10.88 0.63 0.54 0.17 0.35 0.73
K26 0.18 0.15 15.79 16.07 9.41 10.72 10.11
CaO 1.85 0.42 0.00 0.00 0.06 0.02 0.00
AI2O3 21.56 20.14 18.89 18.24 17.30 30.18 33.43
Si02 66.54 67.52 64.21 65.70 36.87 47.22 45.95
MgO 0.01 0.04 0.00 0.00 11.10 1.74 0.97
MnO 0.00 0.00 0.00 0.00 0.90 0.03 0.11
Cr̂ Oo 0.00 0.00 0.01 0.05 0.00 0.00 0.02
FeO J 0.11 0.18 0.05 0.04 16.65 5.04 3.25
Ti09 0.00 0.00 0.03 0.00 3.10 0.10 0.72
0 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Total 100.96 99.32 99.61 100.64 95.56 95.39 95.28

Cation
Na

(normalized
2.7097

to 24 oxygen) 
2.7815 0.1700 0.1433 0.0525 0.1005 0.2078

K 0.0304 0.0249 2.7999 2.8181 1.9673 2.0260 1.8927
Ca 0.2582 0.0586 0.0000 0.0000 0.0105 0.0032 0.0000
A1 3.3186 3.1306 3.0956 2.9567 3.3414 5.2700 5.7834
Si 8.6901 8.9066 8.9287 9.0354 6.0422 6.9965 6.7445
Mg 0.0015 0.0076 0.0000 0.0007 2.7124 0.3845 0.2113
Mn 0.0000 0.0000 0.0000 0.0000 0.1248 0.0037 0.0135
Cr 0.0000 0.0000 0.0009 0.0052 0.0000 0.0000 0.0020
Fe 0.0118 0.0194 0.0055 0.0046 2.2818 0.6239 0.3989
Ti 0.0000 0.0000 0.0035 0.0000 0.3818 0.0115 0.0792
0 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000
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APPENDIX G

ELECTRON MICROPROBE ANALYSIS

Electron microprobe analyses were carried out using the electron 

microprobe available at The University of Arizona. Ten elements were 

analyzed for, including Si, Al, Na, K, Ca, Mg, Fe++, Mn, Ti, and Cr.

An accelerating current of 15 kilovolts and a sample current of 20 nano

amps on brass were used. All analyses were counted for 10 seconds for 

all elements except Mn, Ti, and Cr which were counted for 20 seconds. 

Bence-Albee correction factors were used in determining the weight per

cent of each of the 10 components (Bence and Albee, 1968).

Calibration of the electron microprobe was made using synthetic 

standards. A time of 10 seconds was used for each component during the 

peak counting process. The counting error for calibration is expressed 

as:

% = 7 =  • j —  1 j—
^  • 's  -  ^

where: e * the relative standard deviation

T = the total time spent on counting the peak and background 

Rp = the peak counting rate 

Ry = the background counting rate

A total of 12 seconds counting time was used for analysis of the major 

elements including 10 seconds on the peak and 2 seconds on background.
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A detailed discussion of counting statistics is available in Jenkins and 

De Vries (1969).

Other errors in microprobe analysis include polishing of the 

sample, thickness of carbon coating, homogeneity of standards, sample 

and beam alignment. Studies have shown that such errors usually account 

for an accuracy in analyses of 1% or better (Sweatman and Long, 1969). 

Other sources of error include uncertainty in mass absorption coeffi

cients and beam drift. For major elements, beam drift may account for 

the largest source of error while counting statistics are responsible 

for the major errors in trace element analysis (T. Teska, oral communi

cation, 1978). Beam drift is quite variable and changes with the age of 

the filament. Beam counts during analyses have indicated that beam 

drift usually did not exceed 1%. Considering the counting errors, beam 

drift, and miscellaneous errors, it is likely that the accuracy of the 

electron microprobe analyses is better than +2%. Precision of the 

analyses is greater than the accuracy. Repetition of analyses near the 

same location of the same mineral indicate a precision of approximately

+1%.



APPENDIX H

WHOLE ROCK SAMPLE INFORMATION
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Sample Analysis Source
145-5 Tea Cup Lobe Medium-grained biotite granodiorite rapid rock U.S.G.S.
SR-3 Box 0 Lobe Medium-grained biotite-hornblende granodiorite XRF-TEFA CONOCO
PD-1 Tea Cup Lobe Medium-grained biotite-hornblende granodiorite XRF-TEFA CONOCO
SB-49A Box 0 Lobe Medium-grained biotite-hornblende granodiorite XRF-TEFA CONOCO
148-7 Tea Cup Lobe Coarse-grained biotite-hornblende granodiorite rapid rock U.S.G.S.
148-5 Tea Cup Lobe Coarse-grained biotite-hornblende granodiorite rapid rock U.S.G.S.
Ttc-l Tea Cup Lobe Coarse-grained biotite-hornblende granodiorite XRF-TEFA CONOCO
121-1 Tea Cup Lobe Medium-grained biotite granodiorite rapid rock U.S.G.S.
130-2 Tea Cup Lobe Medium-grained biotite granodiorite rapid rock U.S.G.S.
S-18 Tea Cup Lobe Medium-grained biotite granodiorite XRF-TEFA CONOCO
DW-1 Box 0 Lobe Coarse-grained two-mica quartz monzonite XRF-TEFA CONOCO
SB-42 Box 0 Lobe Coarse-grained two-mica quartz monzonite XRF-TEFA CONOCO
SB-67 Box 0 Lobe Coarse-grained two-mica quartz monzonite XRF-TEFA CONOCO
SN-4 Ninety Six Lobe Medium-grained two-mica quartz monzonite XRF-TEFA CONOCO
SN-19 Ninety Six Lobe Medium-grained two-mica quartz monzonite XRF-TEFA CONOCO
SN-3 Ninety Six Lobe Coarse-grained two-mica quartz monzonite XRF-TEFA CONOCO
LB-1 Ninety Six Lobe Medium-grained two-mica quartz monzonite XRF-TEFA CONOCO
S-25 Tea Cup Lobe Medium-grained two-mica granodiorite XRF-TEFA CONOCO
SN-17 Ninety Six Lobe Medium-grained muscovite quartz monzonite XRF-TEFA CONOCO
121-1A Tea Cup Lobe Medium-grained muscovite quartz monzonite rapid rock U.S.G.S.
145-6 Tea Cup Lobe aplite rapid rock U.S.G.S.
130-3 Tea Cup Lobe aplite rapid rock U.S.G.S.
BO-1 Box 0 Lobe aplite XRF-TEFA CONOCO
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APPENDIX I

WHOLE ROCK ANALYSES

Whole rock analyses of samples from the Tea Cup granodiorite 

were done through rapid rock analysis by the U. S. Geological Survey and 

through x-ray fluorescence methods by Continental Oil Company.

Rapid rock analyses performed by the U.S.G.S. involve wet chemical 

and atomic absorption techniques. A detailed account of each elemental 

analysis is available from the U.S.G.S. (Shapiro, 1975). The methods 

utilized by rapid rock analysis must yield results that sum to 100 + 1%. 

Major elements amounting to 10% or greater are accurate to 1% of the 

amount present. Elements present in amounts from 1-10% are accurate to 

+0.1% absolute. Elements in amounts of less than 1% are reported to 

0.01% and are accurate to +0*2% absolute (Shapiro, 1975).

The whole rock analytical method used by Continental Oil Company 

involves tube excited fluorescence analysis (TEFA). Analyses greater 

than 10% have an accuracy of +1%. Analyses for Si02> however, exceeded 

the calibration range and may have an absolute standard deviation of more 

than +1%. Analyses for elements between 1 and 10% are accurate to +0.5% 

absolute. Elements in amounts of less than 1% are reported to 0.10 for 

TiOg and PgOg and are accurate to +0.05%. The precision of both types 

of analyses has been estimated to be approximately +10% (J. Seely, oral 

communication, 1978; B. Brandt, oral communication, 1978).

The results of the whole rock analyses were used to compute 

C.I.P.W. Norms and Differentiation Indices. The program used is
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entitled Program Petro. It was written by Dan Lynch, modified by V. 

Smith, with subroutines by R. Lane, and was developed at The University 

of Arizona in 1973. The values for FeO for the TEFA analyses were de

rived through Program Petro assuming the same Fe+"*7Fe++ + Fe*11 ratio 

found in most of the U.S.G.S. rapid rock analyses.
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APPENDIX J

ANALYTICAL DATA FOR WHOLE ROCK 
RUBIDIUM-STRONTIUM DETERMINATIONS
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Sample Rb(ppm) Sr(ppm) ®^Sr/®^Sr(measured) 87Rb/86Sr
SR-1 Pegmatite 300 84 0.71733 + 0.0004 10.342

SR-2 Medium-grained two-mica 
quartz monzonite

135 354 0.71114 + 0.0007 1.104

SR-3 Medium-grained biotite- 
hornblende granodiorite

167 421 0.70930 + 0.0008 1.148

SB-67 Coarse-grained two-mica 
quartz monzonite

201 15 0.74873 + 0.001 38.927
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APPENDIX K

MARGIN OF ERROR IN Rb-Sr ISOCHRON
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Relative Residual Ratio Plot
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APPENDIX L

REPRESENTATIVE MICROPROBE ANALYSES 
FROM THE MEDIUM-GRAINED 

BIOTITE-HORNBLENDE FACIES (PD-1)

Biot
Analysis Flag Kspar Center Amp Amp Mag
Na20 7.01 4.17 0.08 1.24 1.42 0.14
k 2o 0.38 8.97 8.90 0.53 0.57 0.04
CaO 6.85 2.17 0.09 11.36 10.95 0.03
AloOo 25.66 20.75 15.29 7.52 7.38 0.25
Si02 60.11 63.20 37.15 47.74 47.30 0.23
MgO 0.00 0.00 12.98 12.84 12.56 0.00
MnO 0.00 0.00 0.76 1.04 1.01 0.22
ClToOo 0.00 0.00 0.00 0.00 0.07 0.01
FeO 3 0.25 0.01 17.06 14.73 14.48 90.84
TiOo 0.04 0.02 2.30 0.82 1.04 0.22
0 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.30 99.29 94.61 97.82 96.79 91.99

Cation (normalized to 
Na 1.8096

24 oxygen) 
1.1073 0.0246 0.3686 0.4287 0.0855

K 0.0649 1.5671 1.8804 0.1043 0.1134 0.0165
Ca 0.9771 0.3189 0.0160 1.8720 1.8233 0.0104
A1 4.0273 3.3500 2.9845 1.3621 1.3521 0.0911
Si 8.0044 8.6571 6.1550 7.3421 7.3489 0.0718
Mg 0.0000 0.0000 3.2044 2.9441 2.9090 0.0000
Mn 0.0000 0.0000 0.1071 0.1352 0.1333 0.0588
Cr 0.0000 0.0000 0.0000 0.0000 0.0084 0.0025
Fe 0.0281 0.0009 2.3629 1.8948 1.8815 23.4930
Ti 0.0037 0.0017 0.2869 0.0947 0.1214 0.0070
0 24.0000 24.0000 24.0000 24.0000 24.0000 24.0000
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APPENDIX M

AMBOL 2 PROGRAM

The AMBOL 2 Program is a computer program designed to calculate 

a structural formula for an amphibole based on its weight percent oxide 

analysis. The program has been used at the Department of Geosciences at 

The University of Arizona and has been modified by Tom Trebisky of the 

Department of Geosciences. The program converts the weight percent 

oxide analyses of amphiboles to cations and distributes the cations 

among sites for the general amphibole formula of:

^2^5Z8°22 (0**) 2

where A = 8-12 coordinated "A" site— Na, K

X = 6-8 coordinated "M4" site— Na, Ca, Mg, Fe*’*", Mn 

Y = octahedral "M1234" site— Al, Fe4^ ,  Cr, Ti, (Mg, .Fe44-, Mn)

Z = tetrahedral site— Si, Al

The program can be run assuming all iron is ferrous, all iron 

is ferric, or a midpoint between the two. The ferric ion is first cal

culated on the basis of charge balance. The process undergoes reitera

tion until the ferrous ion charge balances the structural formula.
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