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The biotite + muscovite ± garnet- bearing Texas

Canyon (TC) , Presumido Peak (PP) , and Gunnery Range (GR)

granites are members of an enigmatic suite of Eocene age

granites in southern Arizona. The late orogenic granites

intrude Precambrian through Jurassic metasediments and

metavolcanics. The major and minor element geochemistry of

the high silica, weakly peraluminous granites is rather

uniform. However, trace element concentrations, REE

patterns, and isotopic compositions imply gross similarities

between the TC and GR granites when both are compared to the

PP granite. The TC and GR granites were derived from a

depleted Precambrian lower crustal source area with low

Rb /Sr, while the PP granite was the result of anatectic

melting of an enriched Precambrian mid -to -upper crustal

source. The PP granite is an integral part of a metamorphic

core complex, and this tectonic setting accounts for the

geochemical differences between it and both the TC and GR

granites.
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ABSTRACT

The biotite + muscovite ± garnet- bearing Texas

Canyon (TC) , Presumido Peak (PP) , and Gunnery Range (GR)

granites are members of an enigmatic suite of Eocene age

granites in southern Arizona. The late orogenic granites

intrude Precambrian through Jurassic metasediments and

metavolcanics. The major and minor element geochemistry of

the high silica, weakly peraluminous granites is rather

uniform. However, trace element concentrations, REE

patterns, and isotopic compositions imply gross similarities

between the TC and GR granites when both are compared to the

PP granite. The TC and GR granites were derived from a

depleted Precambrian lower crustal source area with low

Rb /Sr, while the PP granite was the result of anatectic

melting of an enriched Precambrian mid -to -upper crustal

source. The PP granite is an integral part of a metamorphic

core complex, and this tectonic setting accounts for the

geochemical differences between it and both the TC and GR

granites.



CHAPTER 1

INTRODUCTION

"Each granite is a unit to be discussed by itself,

to be related to its setting and to be interpreted on its

intrinsic evidence. There are granites and then there are

granites, but they are still all logically related to one

another." H.H. Read wrote these words in 1957 in the intro-

duction to his book "The Granite Controversy" and in a sense

was prophetic as to the upcoming intensified study of

granitic rocks.

A belt of inner -Cordilleran muscovite -bearing

granites was first delineated by Miller and Bradfish (1980).

While two -mica granites are rare in the large batholiths of

western North America, the granites are common in a belt

that lies cratonward of the coastal batholiths. The

distribution of these granites as well as their size and age

is shown in Figure 1 . The majority of the granites are

between 45 and 90 m.y. old, although older and younger

plutons are present in the belt.

The presence of a muscovite -bearing granitic zone in

the Cordillera of western North America adds to the intrigue

of this widely studied igneous terrain. The results from

early workers (Kistler and Peterman, 1978; Davis and Coney,

1
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Figure 1. Distribution of Phanerozoic Muscovite -Bearing
Plutonic Rocks in Western North America. The
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shown. From Miller and Bradfish (1980).
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1979; Armstrong, Taubeneck, and Hales, 1977; Best et al.,

1974; and Zartman, 1974) have been used to make generalized

first -order statements about the significance of this belt,

yet its origin remains enigmatic. The muscovite- bearing

belt is located at the western edge of inferred Precambrian

crust and generally corresponds to areas that have undergone

deformation and regional metamorphism of Mesozoic to early

Tertiary age (Miller and Bradfish, 1980).

Recent workers have concentrated on various geologic

and geochemical aspects of the two -mica granites and

determined that they are a result of anatectic melting of

the crust (Farmer and DePaolo, 1984). The mechanism

responsible for the anatexis, however, remains a debatable

topic.

Purpose

The main objective of this study was to provide a

further understanding of the two -mica granites of Arizona

using chiefly geochemistry and isotope geochemistry. The

granites chosen for study were assumed to be anatectic melts

derived from within the continental crust and would there-

fore also essentially provide a geochemical cross -section of

the crust of southern Arizona.

The three two -mica granites chosen for this study

are the Texas Canyon quartz monzonite, the Presumido Peak

granite, and the Gunnery Range granite. The three granites
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are all located in southern Arizona and are shown in Figure

2. The plutons were chosen to give a maximum geographic

spread across southern Arizona.

Previous Work

The geochemistry of the three granites studied here

has not been systematically analyzed before. Various

geochemical aspects of each granite have been part of other

authors' work, but an integrated geochemical study of

several two -mica granites in Arizona has not previously been

done.

The Texas Canyon pluton was initially studied by

Cooper and Silver(1964), but they did not list any geochem-

ical analyses of the pluton. In a study that compared

barren and mineralized granites in Arizona, Bolin (1976)

provided analyses of major, minor, and various trace

elements for three samples of the pluton, but did not list

sample localities or speculate about the source of the

pluton. K -Ar ages for the Texas Canyon pluton have been

published by several authors (Livingston et al., 1967;

Marvin et al., 1973) .

The Presumido Peak pluton was part of a large area

studied by Haxel, May, and Tosdal (1982), but no geochemical

analyses of the granite were provided. Sr and Nd isotopic

data for the Presumido Peak granite was presented in Farmer

and DePaolo (1984) as part of an isotopic study of granites
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of the southern Basin and Range area, but they did not use

trace element data to further refine their isotopic con-

straints on the source area of the pluton. Age data for the

pluton has been woefully lacking, although one K -Ar age has

been published (Shafiqullah et al., 1980).

The Gunnery Range batholith has received very little

attention both geologically and geochemically. The geology

of the area has not been studied since Eldred Wilson's

reconnaissance mapping of the early 1930s and no geochemical

analyses of the batholith have ever been published. Several

K -Ar ages for the granite were published in Shafiqullah et

al. (1980).

Scope of the Investigation,

A combination of field and laboratory work was used in

this investigation. Field work was done to view the geology

of each area and to collect suitable representative samples

from each pluton for both petrographic and chemical analy-

sis. Thin sections were made to ensure that each sample was

not well altered, as well as for petrographic analysis.

Geochemical analyses of the samples were done to determine

bulk rock chemistry and isotopic compositions . X -ray

fluorescence (XRF) analyses provided major, minor, and

selected trace element abundances. Instrumental neutron

activation analyses (INAA) were done on most of the samples

to determine rare earth element and other trace element



7

abundances. Isotope dilution determinations of Sr and Nd

isotopic compositions for selected samples provided crucial

petrogenetic constraints as well as a Rb -Sr isochron, and

hence a better determined age, for each granite.

Organization

The thesis is organized into five major sections and

progressively narrows its focus from the broad aspects of

the granites to the details of the geochemistry of each

granite. The first section describes the geologic setting

of each of the granites. The second section gives a

petrographic description of the granites and begins to focus

on the differences between the plutons. The third section

discusses the geochemistry of each of the granites and

places constraints on the source areas of the plutons based

on geochemical differences. The fourth section describes

the isotope geochemistry of the granites and places further

constraints on their source areas. Finally, the last

section discusses as many aspects of the granites as

possible in the context of modeling their origin. A

conclusion follows this discussion that summarizes the

findings of the thesis.



CHAPTER 2

GEOLOGIC SETTING

In this section a brief description of the general

geology of each area studied will be given, with particular

emphasis on pre- intrusive rocks. The three plutons all have

slightly different wallrocks and tectonic setting which may

have a bearing on their geochemical differences.

The three areas studied are all in the Basin and

Range province of Southern Arizona. The Gunnery Range

Batholith is the only one that crops out in more than one

range. All three plutons are truncated on the east and west

sides by range bounding normal faults and thus geologic

relationships are obscured on these sides.

Texas Canyon

Location and Accessibility

The Texas Canyon (TC) quartz monzonite is exposed

over approximately 72 square kilometers at the southern end

of the Little Dragoon Mountains in Cochise County (Fig. 3,

in pocket). Accessibility is good by way of Interstate 10

and ranch roads. The geology and ore deposits of the

Dragoon Quadrangle are described in great detail by Cooper

and Silver (1964).

8
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General Geology

Wallrocks include predominantly Precambrian through

Creataceous sedimentary and metasedimentary rocks (Fig. 3,

in pocket). Lower Precambrian rocks include the Pinal

Schist, which is thought to be approximately 6 km thick in

this area. The Pinal Schist consists of interbedded

sericite schist and metagreywacke with subordinate meta -

basalt and metarhyolite flows. These rocks represent a

metamorphosed eugeosynclinal sedimentary sequence. The

Tungsten King granite and its associated aplites are

assigned a lower Precambrian age based on structural

relationships and correlation with a similar rock to the

north in the Winchester Mountains.

The Dripping Spring quartzite and the Pioneer shale,

two members of the upper Precambrian Apache Group, are

exposed in the area. Diabase sills similar to those found

in the Salt River Canyon of central Arizona intrude the

Apache Group here also.

Paleozoic rocks exposed include the Cambrian Bolsa

quartzite; the Cambrian Abrigo formation, which consists of

shale, limestone, and dolomite; the Devonian Martin forma-

tion, which consists of dolomite with minor shale and

sandstone; the Mississippian Escabrosa limestone; the

Pennsylvanian- Mississippian Black Prince limestone; the

Pennsylvanian Horquilla limestone; and the Earp formation of

Permian -Pennsylvanian age, which consists of interbedded
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limestone, calcareous sandstone, and shale. The Paleozoic

sediments and especially the Abrigo formation, host skarn

and manto type deposits in the Johnson district.

The lower Cretaceous Morita and Cintura formations

of the Bisbee Group crop.out in the southern part of the

area as roof pendants. These two formations are composed of

interbedded shale, sandstone, and minor impure limestone.

The Tertiary TC quartz monzonite consists of three

phases: 1) the main porphyritic phase; 2) the aplitic and

pegmatitic phase; and 3) the greisen -like altered phase.

The main porphyritic phase contains K- feldspar megacrysts

and constitutes approximately 80% of the pluton. The

aplitic and pegmatitic phase is concentrated in the western

part of the pluton and represents approximately 15% of the

pluton. The greisen -like altered phase occurs in northeast

trending zones in the eastern part of the pluton and

represents approximately 5% of the pluton. Tungsten

(huebnerite + wolframite) vein deposits also occur in these

zones. The petrography of the Texas Canyon quartz monzonite

will be discussed in the next chapter.

The TC quartz monzonite is located in the 1.65 to

1.72 b.y. age crustal province of Van Schmus and Bickford

(1981) and Farmer and DePaolo (1984). Figure 4 shows the

spatial relationship of the crustal -age provinces in the

southwestern United States and the location of the three

study areas.
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Figure 4. Crustal Age Provinces in the Southwestern United
States. Study areas are also located: TC- Texas
Canyon; PP- Presumido Peak; GR- Gunnery Range.
The Mojave -Sonora megashear (M -S) of Anderson and
Silver (1979) and Anderson and Schmidt (1983) is
approximately located. Faults that are shown are
the San Andreas fault (SAF) and the Garlock fault
(GF) . Figure after Farmer and DePaolo (1984) .
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Presumido Peak

Location and Accessibility

The Presumido Peak (PP) monzogranite (Haxel et al.,

1980) is exposed over approximately 170 square kilometers in

the southern end of the Baboquivari Mountainsand in the Pozo

Verde Mountains in Pima County and also in the Sierra de

Pozo Verde in northern Sonora, Mexico (Fig. 5, in pocket).

Accessibilty is fair by way of ranch roads off State Highway

286. The western half of the Baboquivari - Pozo Verde

mountain range lies within the Papago Indian Reservation.

General Geology

The geology of the PP area has been described by

Haxel et al. (1980) in the general framework of the geology

of the southern Papago Indian Reservation and by Haxel, May,

and Tosdal (1982) as part of their geologic map of the PP

quadrangle. The geology of the Sierra de Pozo Verde in

northern Sonora is not described in any detail by the

Consejo de Recursos Naturales no Renovables in their "Mapa

Geologico de la Parte Septentrional del Estado de Sonora."

Davis, Gardulski, and Anderson (1981) describe the struc-

tural characteristics of the Pozo Verde Mountains and point

out the presence of a mylonitic tectonite that is an

integral part of metamorphic core complex terranes (Davis,

1980). The mylonitic tectonite was formed at the expense of

the PP monzogranite.
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The PP monzogranite intrudes an assortment of

dominantly Jurassic rocks (Haxel et al.. 1982). The country

rocks include metamorphosed lower Jurassic sediments and

intermediate to felsic volcanics as well as middle to upper

Jurassic intermediate to felsic intrusive and volcanic rocks

(Fig. 5, in pocket). The metamorphosed lower Jurassic rocks

include amphibolitic schists, quartzofeldspathic schists,

phyllites, metaconglomerates, argillites, and metarhyolites.

The middle to upper Jurassic rocks consist of syenogranitic

to dioritic plutons and dacitic volcanics. The plutons

range in age from 170 to 140 m.y. and intrude the lower

Jurassic sequence of metasedimentary and metavolcanic rocks

(Haxel et al., 1980) .

The Tertiary PP monzogranite has been divided into

two phases: 1) an "older" phase that weathers to a rusty

color and contains biotite and minor muscovite and garnet;

and 2) a "younger" phase that weathers to a white color and

contains various combinations of biotite, muscovite, and

garnet (Haxel et al., 1982). Abundant pegmatite and aplite

dikes occur in the country rocks adjacent to the northern

contact. The petrography of the pluton will be discussed in

the next chapter.

The age of the PP monzogranite was assumed to be

approximately 58 m.y. because of field, petrographic, and

compositional similarity to the Pan Tak Granite of the

Coyote Mountains at the northern end of the Baboquivari



14

Mountains. However, this study demonstrates that the PP

monzogranite is actually 40.9 + 0.9 m.y. (see Isotopic

Studies chapter). The significance of this younger age will

be discussed later.

Other Tertiary rocks in the area include diorite

porphyry dikes, intrusive rhyolite, and rhyolitic to

rhyodacitic flows. Geologic relationships infer that these

rocks are younger than the PP monzogranite.

The PP monzogranite is located in the 1.65 to 1.72

b.y. crustal -age province (Fig. 4). However, Haxel et al.

(1980) suggest that because there are no exposures of

Precambrian rocks in south -central Arizona that this is a

"basementless" terrane. Although Precambrian exposures are

lacking, Nd isotopic studies have shown that Precambrian

crust does underlie this part of Arizona (Farmer and

DePaolo, 1984).

Gunnery Range

Location and Accessibility

The Gunnery Range (GR) monzogranite batholith is

exposed as actual outcrop over approximately 700 square

kilometers (Fig. 6, in pocket) . It forms part of five

northwest -trending parallel mountain ranges in southern Yuma

County and in the westernmost parts of Pima and Maricopa

Counties. Minor outcrop extends into Sonora, Mexico. The

GR monzogranite crops out in the Gila, Butler, Tinajas
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Altas, Copper, Cabeza Prieta, Tule, Sierra Pinta, Mohawk,

Bryan, Aquila, and Granite mountains.

Accessibility to this part of Arizona is very poor.

Travel is over jeep trails and through washes and should be

done in four wheel drive vehicles. Periods of travel are

restricted because the GR batholith is within the large

Marine Corps and Air Force Gunnery Range that is in this

part of Arizona. During periods of inactivity, access is

granted by the military to enter the area. The central part

of the GR batholith lies within the Cabeza Prieta National

Wildlife Refuge where travel is also restricted. Most

access roads into the area start at Interstate 8. Very few

roads pass over or through the mountain ranges. Traveling

through this inhospitable part of Arizona is best done

during the cooler parts of the year.

General Geology

The geology of the Gunnery Range area is not well

understood because little detailed work has been done in the

area. Eldred Wilson described the geology of southern Yuma

County in an Arizona Bureau of Mines publication in 1933 and

since then not much has been published about the geology of

this area. Wilson's reconnaissance mapping has been only

slightly modified and his work was later incorporated into

the 1969 Geologic Map of Arizona. Radiometric age determi-

nations have changed some of Wilson's interpretations but
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more geochronolgic work and detailed mapping are necessary

to clarify the geology of this remote corner of Arizona.

The country rock assemblage that the GR batholith

intruded is dominated by schists and gneisses of Mesozoic( ?)

age (Wilson, 1933). The age of these metamorphic rocks may

vary from Precambrian to Jurassic (Tosdal and Haxel, 1982;

Shafiqullah et al., 1980; Anderson and Silver, 1979). The

schists represent metamorphosed arkoses, sandstones, and

other sedimentary rocks as well as metamorphosed volcanic

rocks (Wilson, 1933). These schists may be equivalent to

Pinal Schist. Gneisses in the area include both ortho- and

paragneisses (Wilson, 1933). Anderson and Silver (1979)

point out the localities of crystalline rocks of Precambrian

age south of the GR batholith in northwest Sonora. These

Precambrian rocks probably extend into the Gunnery Range

area. Thay also point out Mid -Jurassic plutonic and

volcanic rocks in the Gunnery Range area, however, exact

locations are not given. Other Mesozoic rocks in the area

include granites and related crystalline intrusive rocks and

flows, dikes, and plugs of rhyolitic to andesitic composi-

tion. As previously mentioned, more geochronologic work is

necessary to determine pre- Tertiary age relationships.

The Tertiary GR batholith is a leucocratic monzogra-

nite to granodiorite that forms sharp intrusive contacts

with its wallrocks. Abundant aplite and pegmatite dikes
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invade the wallrock close to the contact. The petrography

of the GR batholith will be discussed in the next chapter.

Other Tertiary rocks exposed in the area include

dacitic to basaltic dikes, plugs, and minor clastic sedimen-

tary rocks. Quaternary basalts are common in the Cabeza

Prieta and Tule Mountains. The Pinacate basalts are a

conspicuous feature of the southern part of the area and

extend into Sonora.

The GR batholith is located in the 1.72 to 1.80 b.y.

crustal -age province (Fig. 4). Silver and Anderson (1974)

and Anderson and Silver (1979) postulate that two crustal -

age provinces (1.6 to 1.7 b.y. and 1.7 to 1.8 b.y.) are

juxtaposed in the area by the Mojave- Sonora megashear which

is a zone of major left -lateral offset. Although they do

not pinpoint the location of this fault, it is apparent from

their diagrams that it passes very close if not through the

Gunnery Range area. Approximately 800 km of left -lateral

offset is thought to have occurred and if so, the 2.0 b.y.

old age province in Figure 4 may have been translated south

as well. The crust of southwest Arizona may be a complex

picture. This tectonic feature will be discussed in light

of geochemical results in the Discussion chapter.



CHAPTER 3

PETROGRAPHY

The presence of biotite, muscovite, and /or garnet in

granitoid rocks represents a unique mineralogical expression

of the peraluminous nature of the rocks (Clarke, 1981). The

three granites used in this study contain some combination

of those minerals and are part of an enigmatic petrographic

suite in western North America.

In this section, petrographic descriptions based on

both hand specimen and thin section studies of each of the

granites will be given. An effort was made to collect

samples from fresh outcrops that represented distinct phases

of each pluton and that showed no alteration effects on a

macroscopic scale. Sample localities are shown in Figs. 3,

5, and 6 in the pocket and listed in Table Al in Appendix A.

Modal abundances (Table 1) were determined from

single stained thin sections and therefore may not be truly

representative of the medium to coarse grained granite

samples, especially for accessory phases. The modal

abundances determined for the finer grained aplite samples

can be considered to be closer to the true mineralogy. The

reliability of these point -count results is probably within

18



19

Table 1. Modal Analyses (Volume Percent).

Rock Type

Texas Canyon (TC)
MZG MZG -A MZG -A MZG

Presumido Peak (PP)
MZG MZG MZG -A MZG GRD MZG -A

Gunnery
MZG -P

s=

Range (G))
GRD MZG
C ..

GRD GRD
G

Sample No. TC-05 TC-11 TC-12 TC-13 PP-01 PP-02 PP-03 GR-03 GR-04 GR-05 GR-06 GR-1 GR -11 GR -12 GR -20

Quartz 35.6 38.6 37.5 30.6 33.7 32.7 35.4 31.5 33.5 33.1 35.0 32.3 31.0 31.9 27.8

K-feldsparl 23.5 29.6 21.9 22.3 29.9 28.0 29.4 23.5 20.1 27.0 28.0 21.7 22.4 21.0 18.8

Plagioclase 33.8 19.7 29.3 38.8 31.8 32.9 30.1 38.4 42.0 29.6 26.0 40.5 40.9 42.0 40.7

(An) 25 8 9 27 15 17 8 24 26 7 27 23 22 31

Biotite 4.5 - - 3.3 2.5 3.5 - 4.4 2.9 - - 3.1 5.1 3.9 6.8

Muscovite2 1.6 10.9 10.4 3.2 1.0 2.0 4.3 1.6 1.4 8.9 10.0 1.5 - 0.6 0.5

Garnet - 0.8 0.6 - 0.7 0.7 0.8 1.4 1.0

Opaques 0.4 - 0.3 - 0.4 0.2 - 0.3 0.4 0.4 0.9 0.7

Other3 0.6 0.4 - 1.8 - - 0.3 0.1 -Í 0.2 0.7 4.7

Total Points 800 800 750 800 825 835 725 750 730 730 * 75¡'0 760 790 800
Counted

Rock Types: MZG - monzogranite
GRD - granodiorite
A - aplite
P - pegmatite

1See text for description

2Primary muscovite only. Secondary muscovite /sericite is included in the last ('Other') category.

3lnciudes accessory and alteration minerals. See text for description.

*Approximate mode.
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2 -3% of the actual abundances of minerals of greater than 5%

of the total volume (Van der Plas and Tobi, 1965).

Texas Canyon

The TC quartz monzonite was named by Cooper and

Silver (1964), but in the petrographic classification of

Streckeisen (1976), the TC samples lie in the monzogranite

field (Fig. 7). This discrepency in terminology cannot be

avoided when more recent classification systems are used.

For consistency, the given name TC quartz monzonite will

continue to be used in this section.

The TC quartz monzonite has a hypidiomorphic-

granular texture and is medium to coarse grained. It is

most commonly porphyritic with potassium feldspar crystals

up to 3 cm long. Aplites are allotriomorphic - to hypidio-

morphic- granular and fine to medium grained.

The most abundant minerals in all samples are

quartz, potassium feldspar, and plagioclase (Table 1).

Quartz occurs as anhedral to subhedral grains and occa-

sionally as clots up to 8 mm in diameter in the porphyritic

phase. Quartz often shows minor undulatory extinction.

Potassium feldspar is for the most part microcline with

minor orthoclase and occurs as subhedral to anhedral

crystals in the groundmass and as large euhedral zoned

megacrysts. Biotite, quartz, and muscovite are often found

along zone boundaries in the megacrysts. Plagioclase is



* Texas Canyon

Presumido Peak
Gunnery Range
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10 35 65 90

Figure 7. Ternary Diagram Showing Modal Composition of the
Granites Studied. Each point represents the
results of counting between 715 and 835 points
per thin section. Petrographic classification
from Streckeisen (1976) .
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found as subhedral crystals in the groundmass and commomly

has myrmekitic intergrowths. The plagioclase crystals are

twinned and zoned with more calcic cores locally altered to

sericite. Anorthite contents are listed in Table 1.

Biotite forms polycrystalline aggregates of subhe-

dral to anhedral crystals in the main porphyritic phase of

the pluton. Minor chloritization of the biotite has

occurred. Radiation haloes around zircon crystals occur

locally in the biotite books.

Muscovite also forms polycrystalline aggregates of

subhedral to anhedral crystals. It is subordinate to

subequal with biotite in the main porphyritic phase and

occurs by itself in the aplitic phase. Muscovite is present

as both a primary and a secondary mineral. The primary

muscovite appears as discrete clearly terminated grains and

is often associated with biotite. The muscovite does not

appear to be the alteration product of any other primary

minerals (e.g. biotite, feldspar). Secondary muscovite is

clearly an alteration product and has very ragged diffuse

edges (e.g. alteration within a plagioclase crystal).

Textural criteria for determining primary vs. secondary

muscovite were taken from Miller et al. (1981). Although

the word "muscovite" is being used for the white mica

present, it can be assumed, based on studies of other

southwestern North America two -mica granites (Bradfish,

1979; Miller et al., 1981; Anderson and Rowley; 1981; Wright
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and Haxel, 1982), that it is not true end -member muscovite

but rather celadonitic muscovite. However, the word

"muscovite" will continue to be used for the white mica

present in the three granites.

Garnet occurs as a minor phase in the aplite samples

and is absent in the main porphyritic phase. The garnet is

subhedral to euhedral, pinkish -red in color, and locally has

quartz embayments in crystal faces.

Opaque minerals present in the samples are magnetite

and minor ilmenite. Magnetite crystals are subhedral to

euhedral and are locally oxidized to hematite. Ilmenite was

identified during microprobe analyses of Fe -Ti oxides by Q.

Ren (1984, Ren and Guilbert, in prep.). The magnetite:ilme-

nite:hematite ratio in sample TC -05 is 31.9:23.5:44.6. The

implications of the opaque mineralogy of the three plutons

will be discussed later.

Accessory minerals include apatite, zircon, rutile,

and epidote. Apatite crystals are prismatic and euhedral

and are generally included in feldspar and quartz crystals.

Euhedral zircon crystals are rare and often included in

biotite. Rutile needles occur as an alteration product of

biotite while epidote occurs as an alteration product of

both biotite and plagioclase. Sample TC -13 contains more

epidote and chlorite than the other samples.
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Presumido Peak

The PP monzogranite has been divided into an "older"

and "younger" phase by Haxel et al. (1982) ; a division based

primarily on field characteristics. Sample PP -02 was

collected from the "older" phase and samples PP -01 and PP -03

were collected from the "younger" phase. The samples form a

cluster in the monzogranite field of Fig. 7 and do not show

the spread in modal composition shown by the TC and GR

granites.

The PP monzogranite has a hypidiomorphic- granular

texture and is medium grained. The aplitic phase of the

pluton is fine grained and has an allotriomorphic -granular

texture. The "older" phase has a slight foliation represen-

ted by the alignment of mica crystals. The foliation

becomes much stronger to the south and eventually the

monzogranite becomes a mylonitic tectonite (Davis et al.,

1981). For purposes of this study, petrographic and

geochemical sampling was avoided in the metamorphosed

southern section of the pluton.

The prevalent minerals in all samples are quartz,

potassium feldspar, and plagioclase (Table 1). Quartz

crystals are anhedral to subhedral and locally have an

undulatory extinction, especially in sample PP -02. Potas-

sium feldspar is invariably microcline and occurs as

anhedral to subhedral crystals. Quartz blebs are often

found as inclusions in the potassium feldspar. Plagioclase
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occurs as anhedral to subhedral and is usually only slightly

normally zoned, although several plagioclase crystals have

distinct cores. Myrmekitic intergrowths are common.

Plagioclase is chiefly oligoclase and measured anorthite

contents are listed in Table 1.

Biotite is present in the non -aplite samples as both

subhedral to euhedral individual crystals and anhedral to

subhedral polycrystalline aggregates. Biotite cleavage

planes are often bent in sample PP -02.

Muscovite occurs as primary looking subhedral to

euhedral crystals and subhedral polycrystalline aggregates.

Muscovite forms tablets and laths that are similar in size

(1 -3 mm) to the quartz and feldspar that make up most of the

rock. Locally, muscovite and biotite crystals are inter -

grown and have distinct mineral boundaries. Smaller

subhedral secondary muscovite crystals partially replace

plagioclase and biotite and are typically by the host

mineral. Primary and secondary muscovite can usually be

clearly distinguished in thin section on the basis of

textural relations and size.

Garnet is found in all phases of the PP monzogra-

nite. It occurs as large (1 -2 mm) subhedral to euhedral

dodecahedrons that are reddish to pink in color. Some

garnets are slightly embayed. A curious phenomenon was

observed in the field: closely spaced concentric rings of

garnets were found in a 0.5 m wide garnet- muscovite aplite
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dike. The rings were probably spherical in three dimensions

and may represent a unique late stage nucleation event (T.

Loomis, pers. comm.). Similar garnet bands are found in the

two -mica garnet- bearing Wilderness Granite of the Santa

Catalina Mountains.

Magnetite occurs as subhedral to euhedral crystals

and is commonly associated with biotite. In his Fe -Ti oxide

study, Q. Ren analyzed sample PP -02 and found a magnetite: -

ilmenite:hematite ratio of 92.7:0.0:7.3.

Accessory minerals include apatite and rare zircon

and allanite( ?). Apatite occurs as minute acicular crystals

in plagioclase and biotite. Several small euhedral zircon

crystals wer found but are generally very rare. Inherited

zircons are present in the petrographically similar Pan Tak

granite to the north (Wright and Haxel, 1982), but none were

noted in the PP monzogranite by this author. Two grains of

euhedral zoned allanite( ?) were found included in feldspar

crystals.

Gunnery Range

The GR granite was named in Shafiqullah et al.

(1980) with reference to the coarse -grained leucocratic

granite that constitutes the Gunnery Range Batholith.

Samples were taken from six widely spaced localities within

the batholith to test for petrographic and geochemical

differences. The samples lie in the monzogranite and
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granodiorite fields of Fig. 7 and, excluding the aplite

sample GR -05, all lie very close to the monzogranite-

granodiorite boundary line. Overall, the GR granite grades

from granodiorite to monzogranite in modal composition.

The GR granite has a hypidiomorphic- granular texture

and is medium to coarse grained. Potassium feldspar

phenocrysts up to 2 cm long are common and in places form a

"weathered- out -phenocryst pavement" near the base of large

outcrops. Aplites are allotriomorphic- to hypidiomorphic-

granular and fine grained while pegmatites are hypidiomor-

phic- granular and very coarse grained. Due to the coarse

grain size, only an estimated modal analysis of the pegma-

tite sample GR -06 is given in Table 1.

The main minerals in the GR granite samples are

quartz, potassium feldspar, and plagioclase. Quartz occurs

as anhedral to subhedral crystals in the groundmass and as

subhedral polycrystalline blebs up to i cm in diameter.

Quartz crystals are occasionally resorbed and have slight

undulatory extinction. Potassium feldspar is present as

anhedral to subhedral microcline and orthoclase crystals in

the groundmass and as euhedral to subhedral zoned microcline

megacrysts. The megacrysts commonly have quartz blebs,

biotite laths, and plagioclase inclusions along zone

boundaries. Plagioclase crystals are subhedral to anhedral,

are locally zoned, and have myrmekitic intergrowths.

Inclusions of quartz and potassium feldspar are common and
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cores locally contain sericite and secondary muscovite

laths. Measured anorthite contents are in the high oligo-

clase range and are listed in Table 1. GR -20 is the most

altered and deformed sample: a dusty clay alteration is

common in the feldspars and plagioclase twin lamellae are

wavy.

Biotite crystals are subhedral to euhedral and

generally form polycrystalline aggregates. Inclusions of

quartz blebs, magnetite, rutile, and zircon are sporadic.

Biotite cleavage planes are distorted in sample GR -20.

Muscovite is present in all samples except GR -11,

and occurs as primary subhedral to euhedral crystals and

smaller secondary anhedral to subhedral laths. The primary

crystals are up to 2 mm in size and are most commonly

associated with biotite, yet discrete grain boundaries

between biotite and muscovite are observed. Secondary

muscovite is found locally along cleavage planes in biotite

and in the cores of feldspars.

Garnet is found only in the aplitic and pegmatitic

phases of the GR granite. The euhedral to subhedral garnet

dodecahedrons are up to 2 mm in diameter and pinkish -red in

color.

Magnetite is the dominant opaque mineral and occurs

as fine grained subhedral to euhedral crystals that commonly

form polycrystalline clots. Q. Ren's analysis of samples

GR -03, GR -10, and GR -11 found magnetite:ilmenite:hematite
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ratios of: 87.7:6.2:6.1, 17.0:14.1:68.9. and 63.4:15.1:21.5,

respectively. The opaque mineralogy of the GR and TC

samples is quite similar in comparison to the PP pluton,

which lacks an ilmenite component.

Accessory minerals in the GR samples include

apatite, zircon, epidote, and minor allanite. Euhedral

apatite prisms occur as inclusions in quartz, plagioclase,

and occasionally biotite. Zircon crystals are subhedral to

euhedral and are inclusions in quartz and biotite. Epidote

occurs in most of the granitic samples as an alteration

product of biotite and, less often, plagioclase. Sample GR-

20 has several percent epidote and secondary muscovite /seri-

cite. Euhedral zoned allanite was found in several thin

sections.

Overall Comparison

Petrographically, the three plutons can be divided

into two distinct groups based on the presence of potassium

feldspar megacrysts and the presence of garnet in the main

granitic phase. The TC and GR plutons consist of leucocra-

tic biotite + muscovite monzogranite to granodiorite, have

large microcline phenocrysts, and lack garnet as a minor

phase, although garnet is present in the aplites and

pegmatites. The PP pluton is a leucocratic biotite +

muscovite + garnet monzogranite and lacks potassium feldspar

megacrysts.



CHAPTER 4

GEOCHEMISTRY

In this chapter, the results of geochemical analyses

of samples from the TC, PP, and GR granites are presented.

Major and minor elements, trace elements, and rare earth

elements (REE) are all discussed in separate sections within

the chapter. The origin of observed trends of trace element

and REE data are also discussed in their respective sec-

tions. The data presented for the GR granite is the first

of its kind for this relatively unstudied pluton..

Whole rock analyses were done by the XRF and INAA

methods. Major and minor element and selected trace element

(Rb, Sr, Pb, Y, Zr, Nb, Cu, Zn, Ga, and Th) values were

determined by XRF, and REE and other trace element values

(Cs, Ba, Hf, Ta, Sc, Cr, Th, and U) were determined by INAA.

Analytical techniques for XRF and INAA are given in Appen-

dices B and C, respectively. A comparison of recommended

values for international standard rocks and values obtained

by XRF in this study is presented in Table B1 in Appendix B.

Major and Minor Element Geochemistry

Whole rock major and minor element analyses and CIPW

norm values for all samples are given in Table 2. All

samples contain greater than 71.0% SiO2, and the aplite and

30
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Table 2. Whole Rock Chemical Analyses and CIPW Norms.

Texas Canyon Presumido Peak Gunnery Range

Sample No.

Rock Type1

TC-05

MZG

TC-11

MZG-A

TC-12

MZG-A

TC-13

MZG

PP-01

MZG

PP-02

MZG

PP-03

MZG-A

GR-03

MZG

GR-04

GRD

GR-05

MZG -A

GR-06

MZG -P

GR-1C

GRD

GR-11

MZG

GR-12

GRD

GR-20

GRD

5102 (wt %) 71.91 75.87 75.92 72.17 74.30 75.29 75.92 72.82 73.74 73.87 74.02 73.76 73.62 73.10 71.84

TiO
2

0.21 0.03 0.03 0.14 0.07 0.12 0.02 0.16 0.09 0.01 0.02 0.10 0.14 0.13 0.21

A1203 15.58 14.69 14.87 15.69 14.27 14.85 13.96 15.33 14.75 14.55 14.69 15.37 15.21 15.13 15.78

Fe203* 1.82 0.41 0.86 1.47 0.95 1.29 0.40 1.52 1.19 0.35 0.32 1.24 1.38 1.20 2.43

MnO 0.06 0.05 0.03 0.06 0.11 0.C5 0.14 0.04 0.05 0.14 0.03 0.04 0.06 0.04 0.05

MgO 0.42 0.26. 0.26 0.38 0.30 0.34 0.26 0.33 0.26 0.26 0.26 0.32 0.32 0.26 0.46

CaO 1.97 0.41 0.32 2.16 1.03 1.49 0.71 1.78 1.35 0.64 0.53 1.36 1.70 1.76 2.30

Na20 4.77 4.32 3.64 5.01 4.44 4.26 4.20 4.53 4.46 4.44 4.50 4.8° 4.60 4.51 4.98

K20 3.45 3.95 4.86 2.93 4.03 3.88 4.27 3.66 3.87 4.20 4.59 4.0. 3.97 4.07 3.03

Total 100.19 99.99 100.79 100.01 99.50 101.57 99.88 100.17 99.76 98.46 98.96 101.0S 101.00 100.20 101.08

A1203 1.03 1.21 1.26 1.02 1.05 1.07 1.09 1.05 1.06 1.12 1.10 1.04 1.02 1.01 1.01

CaO+Na2O+K2O

CIPW Norm

(wt %)

Quartz 24.48 31.89 32.24 25.13 28.42 29.52 31.00 26.42 27.03 28.45 26.96 24.61 25.60 25.52 23.80

Corundum 2.41 3.21 3.63 2.52 1.84 2.47 1.96 2.51 2.19 2.35 2.02 1.92 1.95 1.86 2.40

Orthoclase 20.33 23.37 28.67 17.26 23.96 22.66 25.33 21.61 22.95 25.17 27.32 23.45 23.23 24.00 17.71

Albite 42.72 38.85 32.64 44.87 40.12 37.82 37.86 40.65 40.20 40.44 40.71 42.91 40.90 40.42 44.24

Anorthite 4.88 1.02 0.79 5.34 2.57 3.65 1.77 4.41 3.36 1.61 1.32 3.38 4.18 4.36 5.65

Wollastonite 1.95 0.41 0.32 2.14 1.03 1.46 0.71 1.77 1.34 0.64 0.53 1.35 1.67 1.74 2.26

Enstatite 1.16 0.72 0.72 1.05 0.83 0.93 0.72 0.91 0.72 0.73 0.72 0.81 0.87 0.72 1.26

Ferrosillite 1.24 0.37 0.71 1.06 0.85 0.94 0.52 1.05 0.91 0.50 0.28 0.92 1.00 0.85 1.68

Magnetite 0.54 0.12 0.25 0.44 0.28 0.37 0.12 0.45 0.35 0.10 0.09 0.3`_' 0.40 0.35 0.73

Ilmenite 0.29 0.04 0.04 0.19 0.10 0.17 0.03 0.22 0.13 0.01 0.03 0.14 0.19 0.18 0.29

Diff. Index 87.53 94.11 93.54 87.26 92.50 90.00 94.18 88.67 90.99 94.05 94.99 91.07 89.73 89.94 85.74

Notes: 15ee Table 1 for Rock Type abbreviations

*
Total iron reported as Fe203
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pegmatite samples have higher values than the granite

samples. The PP granite is slightly more SiO2 rich, with an

average content of 74.80 %, compared to the TC (72.04%) and

GR (73.15 %) granites. As SiO2 contents increase during

differentiation, TiO2, Al2O3, Fe2O3, CaO, Na2O, and MgO

decrease in abundance.

A useful chemical classification system based on the

principle of alumina saturation was developed by Shand

(1927). The molecular ratio of Al2O3 /CaO + Na2O + K2O

(abbreviated A /CNK) can be used to divide granitic rocks

into metaluminous (A /CNK < 1.0) and peraluminous (A /CNK >

1.0) suites. A /CNK values for samples of this study are

listed in Table 2. The granitic samples of the three

plutons are all weakly peraluminous (A /CNK = 1.0 -1.1) while

the aplite /pegmatite samples are strongly peraluminous

(A /CNK = 1.10- 1.26). The PP granite is slightly more

peraluminous on the average than the TC and GR granites.

The weakly peraluminous nature of the granites is reflected

by the presence of less than 1.0% normative corundum in

their calculated norms (Table 2). Normative corundum values

range between 0.10 and 0.93 weight % for the granite samples

and between 1.13 and 3.03 weight % for the aplites and

pegmatite.

In an attempt to classify peraluminous granites,

Reynolds and Keith (1982) devised a scheme where peralumi-

nous granites can be separated into alkaline and subalkaline
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groups based on Si02, CaO, and K20 contents. Variation

diagrams that plot CaO versus Si02 or K20 - Ca0 versus Si02

have been divided into alkaline and subalkaline fields.

Figure 8 depicts CaO versus Si02 and Figure 9 is a K20 - Ca0

versus Si02 plot for all the samples. The granites are

within the subalkaline field in both diagrams while the

aplites and pegmatites are in the alkaline field or are

marginally alkaline. Subalkaline peraluminous granites tend

to be enriched in CaO, MgO, and Ti02, and slightly depleted

in K20 compared to alkaline peraluminous granites. Other

peraluminous granites of western North America are also

subalkaline while the peraluminous granites of Europe and

southeast Asia are alkaline (Reynolds and Keith, 1982).

The Na20 content of peraluminous granites can not be

fit into a classification scheme similar to K20 and CaO

contents. The TC, PP, and GR granites all have relatively

high Na20 contents (4.26 -5.01 %) compared to the Na20

content of the average calc- alkaline granite (3.08 %) and

granodiorite (3.84%) of Nockolds (1954) .

Another classification scheme for granites based on

geochemistry, mineralogy, and field relationships was

developed by Chappell and White (1974). This system divides

granites into I -type and S -type granites and is more of a

genetic classification: the I -type granites have an igneous

source and the S -type granites have a sedimentary source.

Selected characteristics of I- and S -type granites are
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listed in Table 3. Based on the major element data presen-

ted so far, the TC, PP, and GR granites most closely fit

into the I -type category. However, the petrographic

characteristics of the three granites indicate an affinity

to S -type granites. This discrepency is discussed further

in the "Discussion" chapter.

.AFM diagrams for the three granites are presented in

Figure 10. All samples plot near the A (K2O + Na2O) apex of

the diagram and show a good trend from the least evolved

granite sample to the most evolved aplite or pegmatite

sample. Total iron (the F component) decreases with

differentiation as biotite and magnetite decrease in

abundance. TiO2 also follows this trend. MgO (the M

component) contents are approximately equal in all samples

(0.26 -0.46 %) .

An ACF diagram for the non -aplite samples from the

three plutons is presented in Figure il. Total iron was

used in the F component instead of Fe0 and an average molar

content between FeO and Fe2O3 was used. Takahashi, Aramaki,

and Ishihara (1980) found the ACF diagram to be very

effective in chemically determining between I -type and

S -type granites. All of the granite samples of this study

are within the I -type field, and the vast majority of

granites in western North America lie within the I -type

field (Takahashi et al., 1980).
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Table 3. Selected Cha acteristics of I- and S -Type Gran-
ites. Modi led from Chappell and White (1974) and
Sillitoe (i981).

SiO2

Na2O

CaO

I-type S-type

Wide range 56 -75% Moderate range 66-
75%

High > 3.2% Relatively low
< 3.2% in rocks
with 5% K2O

High Low

Al2O3 /(Na2O + Low < 1.1 High > 1.1
K2O + CaO)

REE

(87Sr /86Sr)
i

Isochrons

8180

Hornblende/
Sphene

Muscovite/

Apatite

Magnetite
Ilmenite

Normative
corundum

Low < 0.708

Good

Low <10°700

Commonly present

Normally absent

As inclusions in
biotite /hornblende

Present
Rare

Low < 1%

Economic Cu, Mo, W (porphry-
mineralization type)

Flat patterns

High > 0.708

Scattered points

High > 10 °Foe

Absent

Commonly present

Discrete crystals

Absent
Common

High > 1%

Sn, U + Mo, W
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Figure 11. ACF Diagram For Granite Samples. The diagram
depicts the following molar ratios: A= A1203-
Na2O -K2O; C= CaO; F= FeO +MgO. Total Fe was used
in the F component instead of FeO. I- type /S-
type boundary based on the position of Eastern
Australian granites. Diagram after Takahashi,
Aramaki, and Ishihara (1980).
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The normative mineralogy of the TC, PP, and GR

samples show a high overall content of quartz (Q), albite

(Ab) , and orthoclase (Or) . The sum of these three compo-

nents is known as the Thornton and Tuttle index and is a

good summary index of bulk composition and amount of

differentiation. The Thornton and Tuttle index is presented

as the "Diff. Index" in Table 2. The PP pluton is the most

evolved overall (DI= 90.92 - 94.00) while the GR pluton

shows the widest range (85.69 - 93.94) of differentiation.

The normative Q -Ab -Or content of a rock can be

compared to experimental work in the Q- Ab- Or- An -H2O system

to determine the pressure of melt generation. Anderson and

Cullers (1978) have used a grid system of Ab /An ratios and

total pressure values placed on Q -Ab -Or diagrams to estimate

pressure conditions during fusion that produced the Wolf

River Granite of Wisconsin. The composition of undifferen-

tiated plutons that have changed little since fusion can be

used to estimate the depth of fusion. The normative Q -Ab -Or

compositions of the three granites as well as the Ab /An -

total pressure grid are plotted in Figure 12. The TC and GR

granites lie between the 5 and 8 kb isobaric minimum melt

curves that correspond to approximately 19 -30 km depth which

is equivalent to lower crustal levels. The PP granite

compositions lie approximately between the 4 and 5 kb curves

that correspond to approximately 15 -19 km depth or interme-

diate levels of the crust. Apparently the source area for
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Figure 12 . Plot of Normative Quartz (Qz) , Albite (Ab) , and
Orthoclase (Or) (Normalized to 100 %) for the
Three Granites. Aplite and pegmatite samples
have been excluded. Ab /An and pressure grid
after Anderson and Cullers (1978).
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the PP granite was at a higher level in the crust than the

TC and GR granite's source area.

The above correlation between modal Q -Ab -Or composi-

tion and depth of melt generation may be misleading if, in

fact, the muscovite in the granites is not pure end member

muscovite. Centanni (1985) has pointed out that the

extended stability of celadonitic muscovite reduces the

minimum pressure restriction on the equilibrium between

muscovite and a granitic melt. This experimental observa-

tion will change Figure 12 shifting the depth of origin

(fusion) towards lower pressure regimes. Qualitatively,

this would place the depth of melt generation for the TC and

GR granites into intermediate crustal levels and into upper

crustal levels for the PP granite.

Without electron microprobe data for the TC, GR, and

PP granites, it is difficult to place stringent constraints

on their exact depth of origin. However, it appears the

source area for the PP granite was at a higher level in the

crust than the TC and GR granite's source area. This is

consistent with the high level of emplacement postulated for

the PP granite (Haxel et al, 1984).

Summary of Major and Minor Element Geochemistry

The major and minor element content of the three

granites does not vary significantly. The following is a
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summary of the major and minor element characteristics of

the TC, PP, and GR granites:

1. The SiO2 content of the three granites is

greater than 71.0 %. TiO2, Al2O3, total iron, CaO, Na2O,

and MgO decrease in abundance as SiO2 increases.

2. The main phase of each pluton has A /CNK values

between 1.0 and 1.1 and is weakly peraluminous.

3. The granites are all subalkaline based on

their SiO2, CaO, and K2O contents.

4. The granites all have high Na2O contents

compared to average granites.

5. All of the granites lie in the I -type granite

field of ACF diagrams.

6. The normative mineralogy of the granites has

high values for Q, Ab, and Or with a combined total of

greater than 85 %. Normative corundum is between 0.10 and

0.93 wt% for the granites and between 1.13 and 3.03 in the

pegmatite and aplites.

Trace Element Geochemistry

Trace elements have long been used to "fingerprint"

igneous rocks, to characterize their source regions, and to

examine genetic relationships in igneous suites (Hanson,

1978). In this section, inter -pluton variations in trace

element content as well as variation of trace elements in

granite /aplite pairs will be examined. Several possible
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explanations for observed trends of abundances will be

discussed in the "Discussion" chapter.

Trace element abundances for all analyzed samples

are given in Table 4 and element ratios are given in Table

5. Although REE are trace elements, they will be discussed

separately in the following section "REE Geochemistry ".

Inter -pluton Trace Element Variation

In this section, the abundance of individual trace

elements in the three plutons will be compared. Certain

elements are grouped together on the basis of their geochem-

ical behavior.

Rb and Sr. Rb and Sr values for the three plutons

exhibit a definite trend. The TC and GR granites have low

Rb contents and high Sr contents while the PP granite has

significantly higher Rb content and significantly lower Sr

content. The GR granite is depleted in Rb with values as low

as 59.0 ppm. Rb /Sr ratios (Table 5) show a distinct

grouping and when plotted against K /Rb ratios (Figure 13),

the TC and GR granites define a low Rb /Sr - high K /Rb trend

and the PP granite has a high Rb /Sr - low K /Rb trend.

Ba. A distinct difference in Ba contents is also

apparent in the three granites. The TC and GR granites have

much higher Ba contents (972.3- 1560.0 ppm) than the PP

granite (489.1 ppm) .
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Texas Canyon Presumido Peak Gunnery Range

Sample No. TC-05 TC-11 TC-12 TC-13 PP-01 PP-02 PP-03 GR-03 GR-04 GR-05 GR-06 GR-10 GR-11 GR-12 GR-20

Rock Type1 MZG MZG-A MZG-A MZG MZG MZG MZG-A MZG GRD MZG-A MZG-P GRD MZG GRD GRD

Rb 116.4 225.5 284.2 128.8 283.8 201.5 232.8 75.1 97.7 147.0 159.5 1194 114.2 108.5 59.0 Rb

I.D. 117.8 224.5 283.0 128.8 285.0 202.2 281.8 75.8 na 148.8 157.0 116.6 116.6 112.7 59.0
Sr 576.2 12.7 50.1 482.0 164.8 265.0 19.9 730.1 511.1 65.2 30.7 499.5 540.9 677.1 731.7 Sr

I.D. 589.5 8.2 45.6 482.0 163.8 264.2 16.8 729.8 na 64.8 26.7 528.0 579.7 667.2 748.0.
Cs 2.05 3.26 na 2.39 2.19 na 1.27 0.64 0.80 0.78 0.72 1.96 0.70 2.04 na Cs
Ba 1287.0 29.6* na na 489.1 na 71.2* 1560.0 na 62.8 32.0* 972.3 1005.0 1181.0 na Ba
Pb 17.0 16.1 16.9 17.7 33.0 31.1 10.4 24.3 23.4 22.5 25.4 24.4i 28.2 24.1 17.6 Pb
Y 16.0 18.4 14.1 16.6 28.9 24.0 51.6 9.6 11.4 20.0 20.4 14.9 12.7 10.2 9.2 Y
Zr 149.6 51.1 47.7 107.4 72.6 93.7 83.2 132.9 96.7 66.8 50.6 105.1 136.5 125.3 173.2 Zr
Nb 16.9 24.2 29.3 15.2 30.6 17.5 30.4 12.07 15.08 23.5 20.6 17.4 16.9 16.9 14.7 Nb
La 21.81 4.40 na na 8.26 na 5.72 24.03 na 4.75 3.26 na 19.03 24.16 na La
Ce 43.08 10.66 na 29.78 16.76 na 13.72 46.32 26.52 11.55 6.62 32.78 37.59 47.04 na Ce
Nd 15.38 4.65 na na 7.62 na 5.49 15.45 11.86 4.64 2.09 na 12.60 17.22 na Nd

I.D. 17.03 9.2 16.49 12.40 24.15
Sm 2.36 1.85 na na 2.36 na 3.14 2.52 na 1.85 1.40 na 2.42 2.77 Sm

I.D. 2.84 2.35 2.970 2.11 3.46
Eu 0.7022 0.0696 na 0.5178 0.2845 na 0.1545 0.6950 0.4320 0.1342 0.1144 na, 0.5933 0.7252 na Eu
Tb 0.294 0.337 na 0.327 0.540 na 0.933 0.221 0.243 0.394 0.379 0.320 0.234 0.215 na Tb
Yb 1.06 1.55 na 1.20 2.59 na 6.28 0.769 0.891 2.07 1.62 na 0.846 0.766 na Yb
Lu 0.148 0.208 na na 0.388 na 0.991 0.105 na 0.291 0.214 0.144, 0.144 0.110 na Lu
Hf 3.75 1.38 na 2.46 1.63 na 2.96 3.42 2.33 2.21 1.14 2.64 3.64 3.04 na Hf
Ta 0.91 2.08 na 0.95 3.52 na 3.42 0.33 0.77 1.40 1.16 0.72 0.45 0.67 na Ta
Sc 2.84 3.96 na 2.73 4.02 na 7.23 1.59 1.52 1.70 2.01 1.52 2.67 1.49 na Sc
Cr 33.6 20.9 na 35.2 41.4 na 23.8 22.2 32.6 15.0 17.5 30.8 28.9 18.1 na Cr
Cu 5.2 <1.0 5.5 5.0 15.2 <1.0 <1.0 6.9 <1.0 2.6 1.9 2.5 6.3 6.9 <1.0 Cu
Zn 24.2 11.5 <1.0 17.4 17.5 4.7 <1.0 24.7 27.7 <1.0 4.1 28.5 33.5 23.4 38.7 Zn
Ga 22.0 27.3 29.6 23.9 21.2 17.5 24.0 18.7 18.0 22.0 21.9 20.0 20.1 18.9 19.0 Ga
Th 5.29 3.34 na na 8.02 na 14.79 3.60 na 2.16 1.73 4.33 4.34 4.69 na Th

XRF 7.5 13.0 9.3 16.0 8.7 6.6 9.4 8.4
U 0.95 1.55 na na 1.67 na 3.82 0.87 na 1.02 1.25 na 1.76 2.13 na U

Notes: 1See Table 1 for Rock Type abbreviations
Elements done by INAA: Cs,Ba,La,Ce,Nd, Sm,Eu,Tb,Yb,Lu,Hf,Ta,Sc,Cr,Th,U

Errors at 1U confidence interval: < 3% - Sc,La,Sm; < 5% - Cr,Ce,Eu,Yb,Lu,Hf,Th; 6 -10% - Rb,Nd,Tb,U; 11 -15% - Ta,Ba; 16 -25% - Cs
* - error is > 30%

na - not analyzed
I.D. - values obtained by isotope dilution
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Table 5. Element Abundance Ratios.

Sample No.

Texas Canyon Presumido Peak Gunnery Range

TC-05 TC-11 TC-12 TC-13 PP-01 PP-02 PP-03 GR-03 GR-04 Gr-05 GR-06 GR-10 GR-11 GR-12 GR-20

Na20/K20 1.38 1.09 0.75 1.71 1.10 1.10 0.98 1.24 1.15 1.06 0.98 1.20 1.16 1.11 1.64

K/ Rb 246 145 142 189 118 160 125 405 329 237 239 280 288 312 425

Rb/Sr 0.20 27.40 6.21 0.27 1.74 0.76 16.77 0.10 0.19 2.30 5.88 0.22 0.20 0.17 0.08

Ca/Sr 24 228 46 32 45 40 256 17 19 71 123 20 23 19 22

K/Ba 22 1108 - - 68 - 497 19 - 554 1191 34 33 29 -

Ba/Sr 2.2 2.3 - - 2.97 - 3.6 2.1 - 1.0 1.0 2.0 1.9 1.7 -

Ba/Rb 11.0 0.1 - - 1.7 - 0.2 20.8 - 0.4 0.2 8.2 8.8 10.9 -

Th/U1 5.57 2.15 - - 4.80 - 3.87 4.14 - 2.12 1.38 - 2.47 2.20

(Ce/Yb)y 10.49 1.78 - - 1.67 - 0.56 15.58 - 1.44 1.06 - 11.49 15.89

Eu/Eu* 0.86 0.11 - - 0.32 - 0.12 1.00 - 0.20 0.21 - 0.91 1.02

Notes: 1INAA Th values used.
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Figure 13. K /Rb Versus Rb /Sr Diagram for Granite Samples.
Aplite and pegmatite samples have been excluded.
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Cs. Cs values do not show a wide variation between

the three granites. However, the GR granite is slightly

depleted (0.64- 2.04ppm) compared to the other two (2.05 -2.39

ppm)

Zr and Hf. The TC and GR granites have higher Zr

contents (96.7 -173.2 ppm) than the PP granite (72.6 -93.7

ppm) and Hf contents show a similar trend with the TC and GR

granites containing 2.33 -3.75 ppm versus 1.63 ppm in the PP

granite.

Nb and Ta. Nb and Ta values show a similar dispar-

ity in abundances among the three plutons. The TC and GR

granites have lower Nb (12.07 -17.4 ppm) and Ta (0.33 -0.95

ppm) values than the PP granite (17.5 -30.6 ppm and 3.52 ppm

respectively) .

The low values for Nb and Ta in the TC and GR

granites are considerably lower than the average values of

Nb (22 ppm) and Ta (2.3 ppm) reported for calc- alkalis

granites in Wedepohl(1969).

Y. Y contents are significantly higher in the PP

granite (24.0 -28.9 ppm) than in the TC and GR granites

(9.2 -16.6 ppm) .

Sc. Sc values show a progressive increase in

abundance from the GR (1.49 -2.67 ppm) to the TC (2.73 -2.84

ppm) to the PP granite (4.02 ppm) .

Cr. Cr abundances show a trend similar to the Sc

trend in the three granites. The GR granite has low values
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(18.1 -32.6 ppm), the TC intermediate values (33.6 -35.2 ppm),

and the PP granite has the highest value (41.4 ppm).

Ga. Ga abundances show no distinct trend among the

three granites although the TC samples have slightly higher

values (22.0 -23.9 ppm) than the GR (18.0 -20.0 ppm) and the

PP samples (17.5 -21.2 ppm).

Ga is closely associated geochemically with alumi-

num. The average content of Ga in granitic rocks is 18.5

ppm (Wedepohl, 1969) and the three granites of this study

have a slightly higher average Ga content, which also

reflects their higher than average aluminum content.

Th and U. The discrepancy between the INAA and XRF

values for Th is disturbing and cannot be explained at this

point. Th values for standard rocks are in good agreement

with recommended values in both cases. Although the XRF

values are higher than the INAA values, a distinct trend is

seen for the values obtained by each method. The PP granite

has higher Th contents than the TC and GR granites, although

absolute value ranges can not be given for each pluton

because of the analytical discrepancy. U values show no

apparent trend and the three granites have overlapping

values in the range 0.87 -2.13 ppm.

Pb, Cu, and Zn. Several trends are observed for

these elements among the granites. Pb (31.1 -33.0 ppm) and

Cu values ( 15.2 ppm) are higher in the PP granite than in

the TC (17.0 -17.7 ppm and 5.0 -5.2 ppm) and GR granites
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(17.6 -28.2 ppm and <1.0 -6.9 ppm). Zn abundances show an

opposite trend with the TC (17.4 -24.2 ppm) and GR samples

(23.4 -38.7 ppm) having higher abundances thanthe PP samples

(4.7 -17.5 ppm) .

Summary of Inter -pluton Trace Element Variation.

Rb, Nb, Ta, Sc, Cr, and Th are depleted in the TC and GR

granites relative to the PP granite. The PP granite is

depleted in Sr, Ba, Zr, and Hf relative to the TC and GR

granites. All three granites are depleted in U.

Trace Element Variation in Granite /Aplite Pairs

Trace element behavior in a differentiating magma is

largely controlled by the nature of the crystallization

processes and the distribution coefficients of the minerals

present. A mineral /melt distribution coefficient (KD) is

the measured weight fraction of a given trace element in a

mineral divided by the measured weight fraction of that

element in a coexisting melt.

In order to evaluate the evolution of a magmatic

liquid it is necessary to take into account all mineral

phases in equilibrium with that liquid. In this case,

distributions are described by the bulk distribution

coefficient (D) which is calculated from the weight propor-

tions (w) of each mineral in the assemblage:

D /in=1 wi KDi

Elements with D «1 are called incompatible and they will be
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concentrated in the liquid phase during melting or crystal-

lization. Elements with D >1 are called compatible and these

will be retained or extracted in the residual or crystalli-

zing mineral phases respectively.

The aplite samples in this study show enrichment and

depletion trends relative to their host granites and these

trends are shown in Figure 14 for 15 trace elements.

Elements that show relative enrichment (i.e. act incompati-

bly) in all the granite /aplite pairs are Sc, Ga, Rb, Y, Nb,

and U. Elements that show relative depletion in all the

granite /aplite pairs (i.e. act compatibly) are Cr, Sr, Zr,

and Ba.

For several elements the PP granite /aplite pair does

not follow the enrichment /depletion trend shown by the TC

and GR granite /aplite pairs. Cs and Ta are incompatible

elements in the TC and GR systems while they are compatible

in the PP system. Conversely, Hf, Pb, and Th are compatible

in the TC and GR systems and incompatible in the PP system.

Granite / Aplite Trace Element Modeling. An attempt

was made to model the fractional crystallization processes

that led to the observed trace element distribution of Rb

and Sr between the granite and aplite pairs in the three

granites. Ba was not used in the modeling because two of

the aplite values have high errors associated with them

(Table 4). Distribution coefficients used in this modeling

were taken from Mittlefehldt and Miller (1983) .



Figure 14. Enrichment Factors for 15 Trace Elements for the
TC, PP, and GR Granite /Aplite Pairs. Arranged
by atomic number, the factors are simply the
logarithm of the ratio of the concentrations
from the most evolved aplite sample to the least
evolved granite sample. Based on their position
in the AFM diagrams (Fig. 10) and the complete
ness of their trace element analyses (Table 4),
the following sample pairs were chosen:

TC TC-11/TC-05

PP PP-03/PP-01

GR GR-05/GR-03

In cases where data exists for an element in a
lesser evolved granite sample (e.g., PP -02),
that sample was used to calculate that particu
lar enrichment factor. The three bars shown for
each element are in the order TC, PP (black),
and GR.
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Assuming that Rb and Sr obey Henry's Law, their

concentrations in a melt (CL) that is evolving by fractional

crystallization can be described by the Rayleigh equation:

CL = C0FD -1

where Co is the original concentration of an element in the

liquid, F is the fraction of liquid remaining, and D is the

bulk distribution coefficient (Hanson, 1978). In the

present case, Co can be equated to the concentration of the

element in the granite and CL to the concentration in the

aplite. The bulk distribution coefficient is derived from

the modal mineralogy of the granite samples and F is the

value desired in order to quantify the amount of fractional

crystallization necessary to produce the aplites.

In modeling the TC granite, samples TC -05 and TC -11

were used. Approximately 67% fractional crystallization

(F =0.33) is necessary to produce the observed Rb distribu-

tion and approximately 97% is necessary to produce the

observed Sr distribution. If samples TC -05 and TC -12 were

used, approximately 77% and 87% fractional crystallization

is necessary to produce the observed Rb and Sr ratios

respectively. A distinct discrepency exists in both cases

as to the amount of fractional crystallization necessary to

produce the observed trends.

Samples GR -04 and GR -05 were used to model the GR

granite. Approximately 46% crystallization will produce the

observed Rb ratio and 76% crystallization is necessary to
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produce the observed Sr ratio. Once again the Rb and Sr

ratios are not produced by the same amount of fractional

crystallization.

In modeling the PP granite, samples PP -01 and PP -03

were used. The Rb values for the two samples are extremely

close and a value of F greater than 1.0 is necessary to

produce the observed Rb ratio. To produce the observed Sr

ratio, approximately 81% crystallization is necessary.

The same discrepency between F values to produce the

observed Rb and Sr ratios exists in all three plutons and

can not be readily explained. It is possible that the

distribution coefficients used for the feldspars were not

correct and the bulk distribution coefficient values

calculated for Sr does not represent the true values

(Whalen, 1983). Another possibility is that the presence

and percentage of crystallized intercumulus melt may have

also effected the values of D. The most likely explanation

is that the model chosen does not reflect the physical

conditions during crystallization and possibly incremental

equilibrium crystallization (McCarthy and Hasty, 1976) was

the mechanism by which the observed trends formed.

Rare Earth Element (REE) Geochemistry

The use of REE in petrogenetic studies of igneous

rocks to place constraints on source areas is an important

tool (Hanson, 1980). However, because of the diverse
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history of rocks of granitic composition, the tool cannot

always be used to its fullest extent (Hanson, 1978). In

this section, the REE geochemistry of the three granites is

examined from both a qualitative and quantitative viewpoint.

The limitatiions of using REE in petrogenetic studies of

granites are made clear in the discusiion of quantitative

modeling.

Qualitative View of REE Patterns

REE values are listed in Table 4 and REE patterns

for the three granites are presented in Figs. 15, 16, and

17. REE values have been normalized to the CI chondritic

average of Evensen, Hamilton, and O'Nions (1978) and

normalization information and values are presented in

Appendix D. A qualitative discussion of the patterns will

be followed by a quantitative discussion based on REE

modelling.

Texas Canyon and Gunnery Range. The granite REE

patterns for the TC samples (Fig. 15) and the GR samples

(Fig. 16) are almost identical. The REE are strongly

fractionated and have (Ce /Yb)N values between 10.5 and 15.9

(Table 5). The patterns are light REE (LREE) enriched and

heavy REE (HREE) depleted. There are no significant Eu

anomalies and Eu /Eu* (the observed Eu value divided by the

Eu value predicted by a smooth chondrite -normalized REE

pattern) values are between 0.86 and 1.02 (Table 5). The
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Figure 15. Chondrite -Normalized REE Patterns for Texas
Canyon Samples. The chondritic average of
Evensen et al. (1978) was used for normaliza-
tion. Gd value was interpolated from Sm -Tb
slope. * - see text for discussion.
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Figure 16. Chondrite -Normalized REE Patterns for Gunnery
Range Samples. Gd values were interpolated from
Sm -Tb slope. * - see text for discussion.
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Figure 17. Chondrite -Normalized REE Patterns for Presumido
Peak Samples. Gd values were interpolated from
Sm -Tb slope. * - see text for discussion.
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aplite and pegmatite samples have relatively flat REE

patterns with (Ce /Yb)N values between 1.1 and 1.8 and have

large negative Eu anomalies with Eu /Eu* values between 0.11

and 0.21.

The TC and GR patterns qualitatively suggest several

mineralogical characteristics of the source area. It is

possible that the HREE depletion can be attributed to a

garnet, clinopyroxene, and /or hornblende residue. The

negligible Eu anomalies suggest that either: 1) feldspar was

not an important phase in the residue; 2) other phases such

as garnet, clinopyroxene, hornblende, and orthopyroxene

counterbalanced the negative Eu anomaly trend produced by

feldspars in the residue; 3) the source did not originally

have an Eu anomaly; or 4) there were high oxygen fugacities

during magma genesis. Moller and Muecke (1984) suggest that

in highly polymerized melts, especially those with strong

aluminosilicate complexes, oxygen fugacity may not be the

overriding factor in determining resulting Eu characteris-

tics. It is clear that explanations for Eu anomalies can be

complex and at times unresolvable.

REE patterns similar to the TC and GR patterns have

been reported from other granites in the western United

States. Gromet and Silver (1983) show a similar pattern for

a granodiorite from the eastern Peninsular Ranges batholith,

southern California. In their study of the Spanish Peaks

region, Colorado, Jahn, Sun, and Nesbitt (1979) have shown
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very similar patterns for granites in that area. Many of

the Mesozoic and Tertiary granites of the Basin and Range

area analyzed in Farmer and DePaolo (1984) also have REE

characteristics similar to the TC and GR granites.

Presumido Peak. The REE patterns for two of the PP

samples are shown in Fig. 17. The granite sample (PP -01)

has a significantly different REE pattern than the TC and GR

granites. The REE are only slightly fractionated and have a

(Ce /Yb)N value of 1.7. The LREE have a concave -up pattern

and there is a pronounced negative Eu anomaly (Eu/Eu* _

0.32). LREE concentrations are much more depleted than in

the TC and GR samples. HREE concentrations are approxi-

mately 15X chondrite compared to approximately 5X chondrite

in the TC and GR samples. The aplite sample (PP -03) has a

REE pattern with a positive slope, a large negative Eu

anomaly (Eu /Eu* = 0.12), and is LREE depleted and HREE

enriched compared to the granite sample.

The PP patterns are similar to other high SiO2 rocks

that show LREE depletion. Miller and Mittlefehldt (1982)

and Mittlefehldt and Miller (1983) have described this

"anomalous" behavior in the Sweetwater Wash pluton of

southeastern California and elsewhere and believe that

fractionation of very felsic magmas results in depletion of

LREE in liquids because of the early and continuing crystal-

lization of very small quantities of the REE enriched

accessory minerals monazite and allanite. The change in REE
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concentrations from sample PP -01 to the more evolved sample

PP -03 clearly displays this "anomalous" behavior. The

highly influential role of accessory phases compared to

major mineral phases on bulk rock REE patterns has also been

demonstrated by Gromet and Silver (1983).

The relatively flat pattern and low LREE concentra-

tions of sample PP -01 may imply that monazite or allanite

was present in the residue after partial melting created

this granite. The negative Eu anomaly suggests that feld-

spar was an important phase in the residue. The high HREE

concentrations imply a lack of garnet in the residue. The

source region for the PP granite is clearly different from

the source region for the TC and GR granites.

Anomalous Nd Depletion in Aplite /Pegmatite Samples

A feature common to the REE patterns of all analyzed

aplite and pegmatite samples is their anomalous Nd depleti-

ons (Figs. 15, 16, and 17). The chondrite -normalized Nd

values fall well below their expected position based upon a

normal smooth fit between the Ce and Sm values represented

by the dotted line in the three plots. This anomalous

depletion is uncommon but other examples do exist (Shearer

et al., 1984; Goad and Cerny, 1981).

The Nd depletion cannot be adequately explained

based on mineralogical, analytical, or geochemical argu-

ments. There is no mineral phase known in felsic rocks that
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will retain Nd relative to Ce or Sm. In theory, there

should be a phase present in all the granite samples

analyzed in this study that preferentially retains Nd, but

only a detailed mineralogical study could answer this

question. The analytical argument is that the INAA values

for the aplite and pegmatite samples are not accurate.

However, the error values for Nd are low (Table 4) and

results from samples that were analyzed by isotope dilution

for Nd are very close to the INAA values (Table 4). In

order to address the analytical validity of the aplite Nd

values, they would have to be analyzed by isotope dilution.

The only geochemical argument that may explain the Nd

depletion is the physical mixing of two magmas with signifi-

cantly different REE characteristics (W. Boynton, pers.

comm., 1984). Figure 18 depicts how two REE patterns from

two distinct magmas could be added together to form a third

"hybrid" REE pattern with a Nd depletion. This is not a

plausible explanation due to the very nature of the aplites

and pegmatites: they are late -stage differentiates of the

associated granitic body. Shearer et al. (1984) make no

attempt to geochemically explain their Nd depleted patterns.

Quantitative Modeling of REE Geochemistry

Quantitative modeling of the REE geochemistry and

petrogenesis of granitic rocks is a difficult task due to

the many assumptions that must be made about the nature of
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Figure 18. Physical Mixing of Two Magmas to Produce a Third
"Hybrid" Magma. The REE patterns for magmas 1
and 2 can be added to form REE pattern 3, which
would represent the pattern of the "hybrid"
magma. Compare the Nd depletion in pattern 3
with the aplite and pegmatite patterns in Figs.
15, 16, and 17.
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the source area and conditions during magma genesis. The

composition and mineralogy of the source and prevailing P,

T, PH
2
0, f02, etc. conditions are all crucial in determining

the ultimate geochemical nature of a magma. Studies have

been done (e.g., Jahn et al., 1979; Cullers, Koch, and

Bickford, 1981; Hanson, 1978) where using other trace ele-

ment and isotopic data, possible source areas were narrowed

down to several based upon REE modeling.

The model used in this study simplistically assumes

modal batch melting where the melt and the parent have the

same normative composition. Because the number of assump-

tions was realistically kept to a minimum, other models that

take into account non -modal melting, changing distribution

coefficients during melting, and the presence of a volatile

phase during melting were not used. Shaw (1970) gives the

following equation to describe modal batch melting:

CL/C0 = 1/ (Do + F(1-D0)] (1)

where CL is the weight concentration of a given trace

element in a melt; Co is the concentration of that element

in the parent that is melting; Do is the bulk distribution

coefficient for the element; and F is the weight fraction of

melt relative to the original parent or, stated differently,

the degree of partial melting. The bulk distribution

coefficient, Do, is defined by the following:

Do = El Xi Kdi (2)

where Xi is the weight fraction of a given mineral i in the
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original parent and Kdi is the mineral /melt distribution

coefficient for a certain trace element for mineral i. The

distribution coefficients used in this study were taken from

Arth and Hanson (1975). Arth (1976), and Mittlefehldt and

Miller (1983) .

The TC and GR granites were chosen for modeling

because of their gross geochemical similarities (see

Isotopic Studies chapter also). The PP granite was not

modeled because it is believed that an accessory phase (or

phases) was responsible for its irregular REE pattern and

the experimental work on distribution coefficients for mon-

azite and allanite is incomplete.

The source of the TC and GR granites was assumed to

be within the continental crust based on their trace element

geochemistry and the results of Sr and Nd isotopic studies

(see next chapter) and specifically, the lower crust which

is probably granulitic. The information from the literature

suggests that REE in granulitic rocks are similar to grey -

wackes (Jahn et al., 1966; De Albuquerque, 1977; Jahn and

Zhang, 1984). The REE concentrations of average greywackes

were taken from several sources (Haskin et al., 1966; Arth

and Hanson, 1975; Nance and Taylor, 1976) and the average of

these averages (AAG) as well as the upper and lower limits

of the concentrations are shown in Fig. 19. The REE pattern

for the Post -Archean Australian Sedimentary (PAAS) rock of

Nance and Taylor (1976) is also shown in Fig. 19 because
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Figure 19. Chondrite -Normalized REE Patterns of Proposed
Source Rocks. PARS- Post -Archean Average
Australian Sedimentary rock of Nance and Taylor
(1976). AAG- Average of Average Greywackes from
Arth and Hanson (1975), Haskin et al. (1966),
and Nance and taylor (1976). Dotted lines are
upper and lower limits of greywacke REE concen-
trations.
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this is the REE composition used in other studies (Jahn et

al., 1979; Farmer and DePaolo, 1984) when modeling partial

melts of continental crust.

Model calculations were made using the mineralogy

expected in a dry granulite of intermediate composition.

The high rate of plutonism and igneous activity during the

Laramide probably raised heat flow levels high enough to

leave the lower crust dry. The percentage of different

minerals was changed during the modeling until REE patterns

with similar shapes to the TC and GR patterns were produced.

Fig. 20 shows the results of the modeling in which the REE

abundances of the AAG of Fig. 19 were used as initial con-

centrations. The dotted lines show the resultant patterns

produced from 30% and 50% partial melting of the crust with

a residual mineralogy of 70% clinopyroxene, 18% orthopyro-

xene, 7% plagioclase, and 5% garnet. The patterns are quite

similar to the TC and average GR patterns which are also

shown in Fig. 20. Considering the limits of greywacke REE

concentrations shown in Fig. 19, the calculated patterns

could be adjusted to better fit the TC and GR patterns. An

important point to note is the lack of a negative Eu anomaly

in the calculated patterns even though the AAG pattern shows

one. The REE modeling would be greatly improved if more

constraints could be placed on the source area.

Based on the assumptions made here, it appears that

the REE abundances of the TC and GR granites are:
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Figure 20. Comparison of TC and GR REE Patterns with Model
REE Patterns. The dotted lines represent 30%
and 50% partial melting of a granulite facies
lower crust with the REE concentrations of AAG
in Fig. 19. The residue mineralogy is 70% cpx,
18% opx, 7% plag, and 5% gar.
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1) compatible with a lower crustal origin, or 2) indicative

of greywacke(?), or rocks from which greywackes are derived,

in the source area. The latter choice is less likely

because the 5% garnet used in the REE modeling is required

to produce the HREE depletion exhibited by the TC and GR

granites.



CHAPTER 5

ISOTOPE STUDIES

Isotopic studies of granitic rocks have become

increasingly important recently because of the great inter-

est in the composition and structure of the continental

crust. The combined use of Sr and Nd isotopes provide

strong constraints for determining potential source areas of

igneous rocks.

In this chapter, the results of an isotopic study of

the TC, PP, and GR granites are presented. The Sr and Nd

isotopic composition of each of the plutons was determined

in order to make inferences about possible source areas and

a Rb -Sr isochron was also established for each pluton. The

chapter is divided into three parts: 1) a Rb -Sr isotope

section, 2) a Nd -Sm isotope section , and 3) a brief section

on oxygen isotopes.

Samples used for isotopic analyses were from the

same rock powders used for major element and trace element

analyses. Isotopic compositions were determined by isotope

dilution and analytical techniques are described in Appendix

E. Analytical results are presented in Tables 6, 7, and 8.

The Sr and Nd isotopic data are presented using the epsilon

( ) notation which is described in Appendix F.

69
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Table 6. Trace Element Concentrations (ppm) and Ratios
Used in Isotopic Calculations.

Sample Rb Sr Sm Nd Rb* Sm* Sr/Nd

TC -05 117.8 589.5 0.578
TC -05
UCLA 108.2 580.6 2.843 17.03 0.534 0.101 34.1

TC -11 224.5 8.2 79.502

TC -12 283.0 45.6 17.982

TC -13 128.8 482.0 0.773

PP -01 285.0 163.8 5.042
PP -01
UCLA 274.6 163.0 2.35 9.2 4.869 0.154 17.7

PP -02 202.2 264.2 2.218

PP -03 281.8 16.8 48.715

GR -03 75.8 729.8 0.3005

GR -05 148.8 64.8 6.647

GR -06 157.0 26.7 17.033

GR -10 116.6 528.0 0.639
GR -10
UCLA 112.4 507.0 2.970 16.49 0.641 0.109 30.7

GR -11 116.6 579.7 0.582
GR -11
UCLA 104.1 468.7 2.112 12.40 0.642 0.103 37.8

GR -12 112.7 667.2 0.489

GR -20 59.0 748.0 0.228
GR -20
UCLA 56.6 529.0 3.462 24.15 0.310 0.087 21.9

NOTE: Rb* = 87Ró /86Sr Sm* = 147Sm/144Nd



Table 7. Isotopic Data.

Sample Age (m.y .) fSm /Nd f Rb /Sr
(143Nd /144Nd)M (87Sr /86Sr)M

6Nd 'Sr
Nd

TD.M.
{b.y.)

TC -05 54.6 5.99 0.71039+2 +78.2
TC -05 UCLA 54.6 -0.486 5. 52 0.511299+24 0.71050+3 -9.8 +80.2 1.3

TC -11 54.6 960.33 0.77016+1 +57.6

TC-12 54.6 216.44 0.72270+2 +61. 3

TC-13 54.6 8.35 0.71063+3 +79.4

PP-01 40.9 60.00 0.72483+2 +247.7
PP-01 UCLA 40.9 -0.217 57.00 0.511200+18 0.72481+8 -12.2 +248.8 2.7

PP-02 40.9 25.82 0.72561+3 +282.0

PP-03 40.9 588.06 0.74646+3 +194.6

GR-03 53.4 2. 63 0.70732+2 +37.7

GR-05 53.4 79.37 0.71198+2 +35.5

GR-06 53.4 204.96 0.71989+6 +35.9

GR -10 53.4 6.73 0.70756 +3 +37.4
GR -10 UCLA 53.4 -0.446 6.75 0.511201 +15 0.70756 +3 -11. 8 +37.4 1.5

GR -11 53.4 6.04 0.70754 +3 +37.8
GR -11 UCLA 53.4 -0.476 6.76 0.511158 +18 0.70762 +4 -12. 6 +38.3 1.5

GR -12 53.4 4.91 0.70736 +3 +36.2

GR -20 53.4 1.76 0.70736 +4 +39.0
GR -20 UCLA 53.4 -0.558 2.75 0.511179 +19 0.70747 +2 -12.1 +39.7 1.3

71

Note: The subscript M means that the values are measured ratios.



Table 8. Rb -Sr Concentrations (ppm), Ratios, and Isotopic
Data for Analyzed Mica Separates.

Sample Rb Sr 87Rb/86Sr (87Sr/86Sr)
N

72

TC -05

Biotite 752.0 24.2 90.557 0.78173 ±3

Muscovite 613.0 29.6 60.205 0.75669 +30

PP -01

Biotite 1867.0 24.2 225.3 0.80303 +4

Muscovite 1168.0 16.7 204.9 0.83815 +4

GR -03

Biotite 536.3 19.9 78.42 0.76678 +5

Muscovite 336.0 44.7 21.78 0.72410 +5
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Rb and Sr Isotopes,

Sr isotopes were measured for two purposes: 1) to

provide an isochron for each pluton to verify existing K -Ar

ages and more precisely define the age of each pluton; and

2) to provide an initial 87Sr /86Sr (hereafter referred to as

Sri) value for the plutons which is an important petrogene-

tic indicator.

Trace element concentrations of Rb and Sr and ratios

used in isotopic calculations are presented in Table 6 and

the measured 87Sr /86Sr values and Sre values are presented

in Table 7. It should be noted that several of the samples

were also analyzed by V. Bennett of UCLA as a matter of

routine during Nd isotope analyses. The results from the

two labs are in good agreement overall.

Rb -Sr Isochrons

Rb -Sr isochrons were constructed for each of the

plutons using both whole rock data (Tables 6 and 7) and

mineral data (Table 8). Biotite and muscovite were the

minerals used in this study. The isochrons were generated

by a computer program written by Dr. M. Shafiqullah of the

Laboratory of Isotope Geochemistry. Statistics relevant to

the fitting of the isochron to the data points were also

calculated by the program.

The isochron for the TC granite is presented in

Figure 21. It incorporates all the data from the whole rock



Figure 21. Texas Canyon Whole Rock and Mica Isochron.

Age - 54.6 ± 0.2 m.y.

(87Sr /86Sr) i - 0.71006 ± 0.00006

Samples used- TC -05, TC -05 Biotite, TC -05
Muscovite, TC -05 UCLA, TC -11, TC -12, TC -13

Note: Because of the relatively large scale used
on the X -axis, there are three samples
(TC -05, TC -05 UCLA, and TC -13) that appear
as one dot at the intersection of the
isochron and the Y -axis.
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Figure 21. Texas Canyon Whole Rock and Mica Isochron.
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samples and from biotite and muscovite separates from sample

TC -05. The isochron defines an age of 54.6 ± 0.2 m.y. and

an SrI of 0.71006 ± 0.00006. This age is in good agreement

with a published K -Ar age for muscovite from the TC pluton

(Table 9). The age is slightly older than the published

K -Ar ages for biotite, but this is to be expected because

biotite has a lower blocking temperature for Ar than

muscovite. The biotite and muscovite points in the isochron

lie on the extension of the line defined by the whole rock

points and imply that there has been no resetting of the

Rb -Sr systematics within the pluton.

Two isochrons are presented for the GR granite. The

isochron in Figure 22 was constructed from only whole rock

samples and yields an age of 53.4 ± 0.3 m.y. and an SrI of

0.70698 ± 0.00002. The second isochron, which is presented

in Figure 23, incorporates the whole rock data and data from

biotite and muscovite separates from sample GR-03. This

isochron yields an age of 53.7 ± 0.2 m.y.and an SrI of

0.70699 ± 0.00003 which is in very good agreement with the

whole rock isochron. Once again, these ages are within

statistical error of published K -Ar ages for biotite from

the GR granite (Table 9). The statistical overlap between

the ages derived from the whole rock and whole rock plus

mineral isochrons also implies that there has been no

postcrystallization change in the Rb -Sr profile of the

batholith due to a thermal event.
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Table 9. Published K -Ar Ages for the TC, PP, and GR
Granites (Ages in m. y.) .

Texas Canyon

53.7 f 1.3 Muscovite
49.6 -51.7 ± 1.3 Biotite (range of two samples)
31.0 Orthoclase
70.4 Plagioclase

Source: Livingston et al. (1967); Recalcu-
lated using new constants

50 -52 ± 3 Biotite (range of two samples)

Source: Marvin et al. (1973)

Presumido Peak

30.3 ± 0.6 Muscovite from pegmatite

Source: Shafiqullah et al. (1980)

Gunnery Range

52.5 -53.1 ± 1.3 Biotite (range of two samples)

Source: Shafiqullah et al. (1980)



Figure 22. Gunnery Range Whole Rock Isochron.

Age - 53.4 ± 0.3 m.y.

(87Sr /86Sr) i - 0.70698 ± 0.00002

Samples used- GR -03, GR -05, GR -06, GR -l0, GR -l0
UCLA, GR -11, GR -11 UCLA, GR -12, GR -20, GR -20
UCLA
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Figure 23. Gunnery Range Whole Rock and Mica Isochron.

Age - 53.7 ± 0.2 m.y.

(87Sr /86Sr) i - 0.70699 ± 0.00003

Samples used- GR -03, GR -03 Biotite, GR-03
Muscovite, GR -05, GR -06, GR -10, GR-10 UCLA,
GR -11, GR -11 UCLA, GR -12, GR -20, GR -20 UCLA
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The isochron for the PP pluton is presented in

Figure 24. The isochron was constructed using the whole

rock data and data from a muscovite separate from sample

PP -01. The isochron yields an age of 40.9 ± 0.9 m.y. and an

SrI value of 0.72136 ± 0.00111. This age is lower than the

58 m.y. age postulated by Haxel et al. (1980) which was

based on petrographic similarities of the PP granite to the

garnet- two -mica Pan Tak granite present approximately 50 km

to the north of the PP granite. Wright and Haxel (1982)

dated the Pan Tak granite using the U -Pb method and deter-

mined an age of 58 m.y. A 58 m.y. reference isochron is

also displayed in Figure 24 for comparison to the isochron

determined in this study. The crucial points in the 40.9

m.y. isochron are the aplite sample PP -03 and the muscovite

sample which act as leverage points to pull the isochron

down from the 58 m.y. isochron. The biotite sample was not

included in the isochron because it lies well below (see

Table 8) the isochron and would cause a lower age than 40.9

m.y. However, if an isochron is drawn through the biotite

point and the SrI value, an age of approximately 25.5 m.y.

is obtained. This age corresponds to a K -Ar age of 25.4

m.y. for a biotite sample from the Wilderness granite

(Damon, Erickson, and Livingston, 1963) which is an integral

part of the Santa Catalina metamorphic core complex.

Whether or not this is fortuitous or truly represents a



Figure 24. Presumido Peak Whole Rock and Mica Isochron.

Age - 40.9 ± 0.9 m.y.

(87Sr /86Sr) i - 0.72136 ± 0.00111

Samples used- PP -01, PP -01 Muscovite, PP -01
UCLA, PP -02, PP -03

58 m.y. reference isochron is also shown for
comparison to age postulated by Haxel et al.
(1980) . See text for further discussion.
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common feature of the metamorphic core complexes of southern

Arizona can not be determined at this point.

The only published K -Ar age for a rock from the PP

pluton is 30.3 ± 0.6 m.y. which was determined for a

muscovite separate from a pegmatite sample (Table 9). The

discrepancy between the isochron age and the K -Ar age is

probably a function of the metamorphic event that formed the

metamorphic core complex in the Baboquivari -Pozo Verde

Mountain area (Haxel et al., 1980; Davis et al., 1981). The

K -Ar age was probably reset during the metamorphic event

while the Rb -Sr system may not have been affected as

strongly although the data for the biotite separate would

argue against that. The systematics of Rb and Sr retention

by various minerals during thermal events has not been

thoroughly investigated yet. It is possible that the notion

of blocking temperatures that is well established in the

K -Ar system may also apply to the Rb -Sr system. If this

analogy can be drawn, muscovite may retain Rb and Sr more

than biotite and in the case of the PP pluton, the muscovite

sample might not have been "reset" during metamorphism.

ESr Values

The g Sr values show a distinct trend in the three

granites. The GR samples have the lowest values ( +35.5 to

+39.7) while the TC samples have slightly higher g Sr values

( +57.6 to +80.2). The PP samples have the highest values
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with a range of +194.6 to +282.0. Farmer and DePaolo (1984)

report an £Sr value of +108 for a sample ( "80 AZ PUP -22 ")

taken to the west of the localities of the PP granite

samples used in this study. As was noted in the trace and

REE element sections of the last chapter, the TC and GR

granites are quite similar to each other when both are

compared to the PP granite.

The SrE values suggest that the Rb /Sr ratio of the

source region for each of the granites is different and is

progressively more radiogenic from the GR granite to the TC

granite to the PP granite. The source area for the GR

granite had a low Rb /Sr ratio that probably reflects Rb

depletion. The source area for the TC granite had a

slightly higher Rb /Sr ratio although was probably depleted

in Rb as well. On the other hand, the source area for the

PP granite had a moderate to very high Rb /Sr ratio .

Sm and Nd Isotopes

Sm and Nd isotopes were measured for selected

samples as part of a joint study with V. Bennett of UCLA to

determine crustal structures in southwestern Arizona. Sm

and Nd isotopic data are presented in Tables 6 and 7 and

gild values in Table 7.

Nd isotopes were measured in this study for one

sample from the TC granite (TC -05) and three samples from

the GR granite (GR -l0, GR -11, and GR -20). The results for
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the PP sample (PP -01) are taken from Farmer and DePaolo

( 1984). Their sample "80 AZ PUP -32" was taken from the same

small outcrop that sample PP -01 was taken from (G. Haxel,

pers. comm., 1982). They also report Nd isotopic measure-

ments for sample "80 AZ PUP -22 ".

The three samples from the GR granite were chosen

for analysis based on their geographic position within the

batholith. Sample GR -20 is from the easternmost part of the

batholith (see Figure 6, in pocket) and sample GR -11 is from

the westernmost part of the batholith. The two samples are

separated by approximately 70 km.

£Nd Values

The ENd values show little variation both between

and within the plutons. The TC sample has an eNd value of

-9.8 and the PP samples have values of -9.8 ( "80 AZ PUP -22 ")

and -12.2 ( "80 AZ PUP -32 "). The GR samples have values of

-11.8, -12.1, and -12.6. The large negative values are

consistent with a large, if not total, crustal component in

the granites. The lowest values are very close to that

predicted from the Nd isotopic provinces established by

Farmer and DePaolo (1984). Figure 25 is a slightly modified

version of their diagram depicting Nd isotopic provinces for

granites of the southwestern United States. The boundaries

between ENd provinces are determined by the age boundaries

of the underlying crust (compare Figures 4 and 25).
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Figure 25. Nd Isotopic Provinces for Granites in the
Southwestern United States. Bold lines repre-
sent ENd contour lines. ENd provinces are
separated by bold dashed lines and the circled
values represent the lower limit for the ENd
values in that province. Compare this figure
with Fig. 4 for study area locations. From
Farmer and DePaolo (1984).
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The 'Nd and SrC values for samples from this study

and for selected granitic samples from southern Arizona

reported in Farmer and DePaolo (1984) are presented together

in Figure 26. Values reported for the 1.65 -1.80 b.y. old

continental crust of Arizona, New Mexico, and Colorado are

shown as the stippled field in the figure. Granites that

were derived by anatectic melting of this crustal reservoir

have ENd and E Sr values that lie in the stippled field.

Variations in Sr6 are attributed to depletion or enrichment

of the crustal source.

The TC, PP, and GR samples all fall within the

stippled field although in different ESr regions. The GR

samples are clustered towards the depleted end of the

crustal field and the PP samples are spread out in the more

enriched area. The TC sample lies in the depleted end of

the crustal field. The isotopic homogeneity of the GR

granite stands out quite clearly in this figure.

Two other peraluminous muscovite- bearing granites

are also shown in Figure 26. They also lie in the stippled

region of the figure. The Wilderness granite of the Santa

Catalina Mountains has very similar values to the "80 AZ

PUP -22" sample from the PP granite. The Sierra Blanca

granite of the Papago Reservation is in the enriched area of

the crustal field.

Several other granite types from southern Arizona

are also shown for comparison in Figure 26. The Leatherwood



Figure 26. ENd vs. Srg for Southern Arizona Granites.
Symbols, locations, and coordinates are listed
below.

This Study

11r- TC -05

- PP-01 ("80 AZ PUP-32")

- GR -10

4:- GR -11

- GR-20

Data from Farmer and DePaolo (1984)

- Wilderness Granite, Santa Catalina
Mountains ( fNd= -10.0 , ,Sr= +111)

p - Sierra Blanca, Papago Reservation
( -12.4, +162)

o - Presumido Peak, Papago Reservation
("80 AZ PUP-22") sample further to
the west from PP -01; ( -9.8, +108)

x - Leatherwood quartz diorite, Santa
Catalina Mountains ( -7.6, +54)

Porphry Copper -type Intrusives

+ - Ajo (A) ( -6.9, +50)

+ - Silverbell (SB) ( -8.1, +80)

+ - San Manuel (SM) (-5.6, +141)
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quartz diorite of the Santa Catalina Mountains is a barren

Laramide intrusive and contains a large component of

depleted crust although it is not completely crustally

derived (Slid= -7.6). Three Laramide porphyry copper -type
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metaluminous intrusives are also shown. Based on their iNd

values, the mineralized stocks at Ajo, Silverbell, and San

Manuel are all a mixture of mantle melts and depleted or

enriched crust. The crustal component is estimated to be

greater than 75% (Farmer and DePaolo, 1984). It should be

noted that hydrothermal alteration of an intrusive system

will increase £Sr values thus making it more difficult to

determine whether or not the crustal component was depleted

or enriched (Farmer and DePaolo, 1982).

Oxygen Isotopes

Although oxygen isotope analyses were not performed

during the course of this study, oxygen isotope values have

been reported for two -mica granites of southern Arizona

(Solomon and Taylor, 1981). The same outcrop that sample

PP -01 was taken from was also sampled by G.C. Solomon for

his oxygen isotope study of Mesozoic batholithic rocks in

southeastern California and southern Arizona (G. Haxel,

pers. comm., 1982). 5180 values for the bulk of the two -mica

granites fall between +8.77. and +9.2% although the overall

range is between +7.2%o and +10.9°40.
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Summary of Isotope Studies

The following is a brief summary of conclusions

which can be drawn from the isotopic characteristics of each

of the granites:

1. A whole rock + mica separate Rb -Sr isochron for

the TC granite yields an age of 54.6 + 0.2 m.y. and an SrI

of 0.71006 ± 0.00006. £ Sr values for the samples range from

+57.6 to +80.2. The granite has an ENd value of -9.8. The

TC granite was derived from a Precambrian crustal source

with a low Rb /Sr ratio.

2. A whole rock isochron for the GR granite yields

an age of 53.4 ± 0.3 m.y. and an SrI value of 0.70698 ±

0.00002, while a whole rock + mica separate isochron defines

an age of 53.7 + 0.2 m.y. and an SrI value of 0.70699 ±

0.00003. The concordance of the two isochrons implies that

the GR batholith has not been affected by subsequent thermal

events in the area. E Sr values range from +35.5 to +39.7

while £Nd values for three samples are between -11.8 and

-12.6. The GR granite was also derived from a Precambrian

crustal source with a low Rb /Sr ratio.

3. A whole rock + muscovite isochron for the PP

granite yields an age of 40.9 + 0.9 m.y. and an SrI value of

0.72136 ± 0.00111. The effects of a post -crystallization

thermal event are probably recorded by the isochron and by

the biotite separate which lies way off the isochron. This

isochron age should be considered a minimum age for the PP
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granite. £ Sr values range between +108 and +282 and suggest

source region heterogeneities. The E Nd values for two

samples from the pluton are -9.8 and -12.2. The PP granite

was formed by the partial melting of Precambrian crustal

rocks with a high Rb /Sr ratio.



CHAPTER 6

DISCUSSION

In this chapter, the results from the preceeding

chapters and the implications of the geochemistry of the

three granites are discussed. The first section uses the

geochemical data from Chapters 4 and 5 to define the source

regions of the granites. Conditions pertinent to magma

genesis are examined next and then the tectonic implications

of the two -mica granites are discussed. Finally, the notion

of granite classification systems and their applicability to

the granites of this study is analyzed.

Source Areas as Inferred From Geochemical Data

One of the chief goals of a geochemical study of

granites is to discern "where" the granites came from.

was previously mentioned, the geochemistry of the granites

acts like a fingerprint: the granites retain characteristics

of their source area. It is the job of the geochemist to

decipher the geochemical data from a granite and through

logical arguments, eliminate as many hypotheses about its

source area as possible.

In this study, the major and minor element, trace

element, and isotope geochemistry can be used together to

place constraints on the source area of the TC, GR, and PP

90
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granites. However, it is important to use the most reliable

geochemical evidence to guide the interpretation.

The isotopic data will be discussed first because it

gives the most relevant information about the source area.

The REE data is the next most reliable information and will

be discussed second. Finally, the trace element data is

discussed in light of the conclusions drawn from the iso-

topic and REE data. In this manner, the interpretations

follow a logical progression.

It should be noted that without a complete geochem-

ical analysis of the granites, as was done in this study,

the logical progression would break down and the results

would not be as conclusive. If, for instance, the ever so

important isotopic analyses were not available, the conclu-

sions would be solely based on the REE and trace element

data and thus, would be open to further speculation.

Isotopic Evidence

The results of isotopic studies of granites are

probably the most definitive when determining source areas.

The Nd and Sr isotopes are not easily altered by post

crystallization processes and thus provide an excellent

source area "signature ".

Based on the results presented in Chapter 5, it is

clear that the TC, GR, and PP granites were derived from the

continental crust. Their ENd values range from -9.8 to
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Precambrian rocks exposed in'southern Arizona. If the

granites had been derived from subducted oceanic crust or

the mantle, they would have
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eNd values closer to +10. It is

also evident from Figure 26 that the granites do not repre-

sent a mixture of mantle and crustal components. Thus,

further discussion of the geochemical data must rely upon a

source area within the continental crust.

Variations within the continental crust must be

considered as was shown by the Sr£ values for the TC, GR,

and PP granites. The TC and GR granites have i Sr values

that imply a source area with low Rb /Sr values, while the

higher Sr£ values for the PP granite imply that its source

area had higher Rb /Sr values. Reasons for these variations

will be discussed later in light of REE and trace element

data.

The oxygen isotope values for two -mica granites in

southern Arizona reported by Solomon and Taylor (1981) also

shed light on the nature of the crustal source. Since

pelitic schists generally have 5180 values much greater

than 15°!«, Solomon and Taylor argue that mass balances

dictate that such rocks may not play an important role as

source material during generation of the peraluminous melts.

Thus, a metasedimentary source for the two -mica granites of

this study may not be plausible.
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REE Evidence

REE are the next most reliable indicator of source

area characteristics. The REE content of a granite is not

easily altered by post- intrusive events and if modelled

carefully, can provide constraints on the mineralogy and

composition of the source region.

The REE patterns of the three granites did not

resemble those that may have resulted from the melting of a

basaltic parent (Hanson, 1980) and hence, tentatively ruled

out a subducting slab or the asthenospheric wedge as poten-

tial source areas. The continental crust appeared to be a

more reasonable source area based on similar studies (Farmer

and DePaolo, 1984; Hanson, 1980) as well as the gross shape

of the patterns.

The isotopic evidence clearly points to a crustal

origin for the granites, and for the sake of continuity

while discussing the REE in Chapter 4, this evidence was

used in the REE modelling. As was pointed out, the REE

content of the TC and GR granites could have resulted from

the melting of a granulitic parent, which is consistent with

the Sr isotope results (i.e., a low Rb /Sr ratio in the

source area).

The REE content of the PP granite was much more

difficult to model. The higher Sr isotope values suggest a

source area with a high Rb /Sr ratio. The PP granite's REE

pattern also suggests a higher feldspar content and lack of
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garnet in the residue. It can be assumed at this point that

the PP granite was not derived from a granulitic source

region.

Trace Element Evidence

Without benefit of the conclusions drawn from the

isotopic and REE data, the trace element data would be open

to many interpretations. The trace element abundances are

susceptible to being "set" or "changed" by a wider range of

magmatic conditions than isotopic or REE abundances. The

H2O and CO2 content, the [Cl -] and f02 values, and the

crystallization and degassing history of a magma are

difficult to discern yet may play very important roles in

determining its ultimate chemical composition.

With this in mind, the trace element data will now

be discussed based upon variations within a crustal source.

The trace elements are grouped together for discussion based

on similarities in geochemical behavior.

Rb, U, Th, Cs, Nb, and Ta. Reynolds, Keith, and

Dewitt (1982) have pointed out that peraluminous granites of

late Cretaceous to early Tertiary age in Arizona and south-

eastern California are markedly depleted in the lithophile

elements K, Rb, U, and Th when compared with peraluminous

muscovite -bearing granites of Eurasia. They also speculate

that the lower crust beneath Arizona and California may have

been depleted by an episode of anatexis that produced the
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voluminous 1.45 b.y. -old granites. The lower crust is

probably composed of granulite grade metamorphic rocks as a

result of that anatectic event and ensuing Mesozoic crustal

magma genesis.

.Granulites are well known for depletion of certain

lithophile elements such as K, Rb, Cs, U, and Th, and to a

lesser extent, Nb and Ta (Heier, 1973). Rocks of granulite

facies also remain normal or even enriched in Sr, Ba, and

possibly REE (Heier, 1973; Tarney, 1976). As a consequence

of these depletions, the Rb /Sr ratios of granulite facies

rocks are lowered.

The observed Rb and Sr trends of the TC and GR

granites can probably be explained if their source area was

in the depleted lower crust. The PP granite on the other

hand, probably had a source area richer in Rb.

As was already pointed out, Th and U are mobile

elements during granulite facies metamorphism. The low

values for Th and U in the TC and GR granites suggest that

they may have been derived from a depleted source. The

higher values of Th in the PP granite is compatible with an

origin in an undepleted source area although U values for

the PP granite are of the same magnitude as the other two

granites. The higher Th content of the PP granite was also

evident in the stream sediment survey of Mosier and Alcott

(1979), which showed a strong Th anomaly south of the Sasabe

Dump granite. The Th is probably derived from thorite and
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relatively abundant monazite that occur as accessory

minerals in the Sasabe Dump granite (P.K. Theobald, pers.

comm., 1982) .

In a regional geochemical survey of the distribution

of U and Th in granitic rocks of the Basin and Range

province, McNeal, Lee,and Millard (1981) found that the

average U and Th contents of Mesozoic granites was 3.2 and

13.2 ppm respectively and the average Th /U ratio was 4.12.

Relative to this data, all three granites are depleted in U

and the TC and GR granites are depleted in Th (based on XRF

values). Coney and Reynolds (1980) also found that Cordil-

leras low -K peraluminous granites generally contain markedly

lower U content than global analogues of comparable K2O

content.

As previously mentioned, Cs can be depleted during

granulite facies metamorphism. All three granites are

depleted in Cs compared to average low -Ca granites which

contain approximately 4 ppm Cs (Wedepohl, 1969). The

depletion in the TC and GR granites could be related to

their source area.

The low values for Nb and Ta in the TC and GR

granites are considerably lower than the average values of

Nb (22 ppm) and Ta (2.3 ppm) reported for calc- alkalic

granites in Wedepohl (1969). Once again this depletion is

consistent with their derivation from a granulitic source

area that was depleted in Nb and Ta.
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Ba and Sr. The mineralogy of the source area could

also have had an important role in determining the Rb, Sr,

and Ba contents of the three granites. The lower Sr content

of the PP granite compared to the other two granites could

imply a larger amount of residual plagioclase and K- feldspar

in the PP source area which is consistent with the REE data.

The high Sr content of the TC and GR granites implies that

the bulk distribution coefficient for Sr, Der, was less than

1.0 during partial melting or that Sr was extremely enriched

in their source area.

The extreme differences in Ba contents are similar

to those shown by Sr. It is possible once again that the

source area for the TC and GR granites was enriched in Ba

compared to that of the PP granite, but coupled with the Sr

data, it is more likely that the residual mineralogy in

their respective source areas was different. The lower Ba

content of the PP garnite could imply a larger amount of

K- feldspar and /or biotite and muscovite, all of which have

high KDs for Ba, in its residuum compared to that of the

other two granites. DBa was probably less than 1.0 during

the melting that formed the TC and Gr granites.

Y and Sc. Y behaves similarly to the REE, espe-

cially the heavy REE. The low values of Y in the TC and GR

granites can probably be attributed to residual garnet in

the source area that retained the heavy REE and Y. The high

values of Y in the PP granite imply that garnet was not a
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residual phase in the source area. This is also consistent

with the interpretation of the REE content of the granites.

High Y values have been found in stream sediment

samples south of the PP granite in northern Sonora (Mosier

and Allcott, 1979) and the source of the anomalies are the

Y -rich garnets of the Sasabe Dump granite, the southern

extension of the PP granite (pers. comm., P.K. Theobald,

1982).

Sc is geochemically similar to the REE and, not

surprisingly, Mosier and Allcott (1979) found stream sedi-

ments to be high in Sc south of the PP granite. Garnets are

often enriched in Sc and the source of the Sc anomalies may

also be the garnets of the PP /Sasabe Dump granites.

Distribution coefficients for Sc are not well known

and hence, residual phases responsible for the observed Sc

abundances can notbe determined. However, as in the case of

Y, residual garnet may have a deciding role in the enrich-

ment or depletion of Sc in partial melting processes.

Zr and Hf. The bulk of Zr and Hf is contained in

the highly refractory mineral zircon. The behavior of Zr

and Hf is such that they become concentrated in high

temperature magmatic processes and would thus have a higher

concentration in magmas derived by partial melting due to

high temperatures than those derived from melting at lower

temperatures. The higher Zr and Hf contents of the TC and

GR granites could be attributed to their partial melting at
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temperatures slightly higher than that at which the PP

granite melted. This interpretation would be consistent

with the depths of melt generation postulated from the

Q -Ab -Or diagram in Figure 12.

The modal zircon content of the three granites could

also have an important bearing on their Zr and Hf contents.

Studies done on the zircon content of several other musco-

vite- bearing plutons in southern Arizona (Shakel, Silver,

and Damon, 1977; Wright and Haxel, 1982) have shown that

they contain a significant inherited zircon population. If

the TC and GR granites contain more zircons than the PP

granite, this modal difference could also account for the

observed differences in Zr and Hf contents. However, no

large scale differences in the abundance of zircons between

the three granites was noted during petrographic examina-

tions.

Source Area Summary

Although the specific rock types in the source areas

of the three granites can not be unequivocally defined, the

overall characteristics can be outlined. The granites were

derived from regions within the continental crust that

varied in chemical composition. The arguments presented

above imply a granulitic source for the TC and GR granites

and possibly a greywacke( ?) or granodioritic( ?) source at a

higher level in the crust for the PP granite.
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Magma Genesis,

In order to better understand the emplacement

mechanisms and generation of the two -mica granites of

southern Arizona, the tectonic regime that was present

during their emplacement must be examined. The prevailing

tectonic regime has great bearing on the conditions for

magma genesis in any orogenic setting. The tectonic

framework of Arizona during the late Cretaceous and early

Tertiary, as well as its consequences for magma genesis,

will be examined in this section.

Tectonic Regime

During the late Cretaceous and early Tertiary, the

Cordillera of western North America experienced a signifi-

cant magmatic event - the development of the Laramide

magmatic arc. This event has been elegantly placed into a

tectonic framework by Coney and Reynolds (1977). They

developed the idea of a migrating magmatic arc due to the

changing angle of the subducting slab that was beneath

western North America during Mesozoic through Tertiary

times. Figures 27, 28, and 29 are taken from their article

and digramatically present their idea. Figure 27 is a plot

of the distribution of radiometric ages of intrusive and

extrusive rocks from southwestern North America versus their

distance from the paleotrench. The sweep of the magmatic

arc inland and then back towards the trench is attributed to



160%

.

120

40

o

101

/
i

C TC

S l * PP

I.

i

.- _____-

o GR

_ _-__ . _

o

MAGMA GAP *

200
. i I

400 t 600 800 1,000 Km

Tucson

Figure 27. Distribution of Radiometric Ages Plotted as a
Function of Distance From the Paleotrench of
Southwestern North America. Texas Canyon (TC),
Presumido Peak (PP), and Gunnery Range (GR)
location vs. age points are also plotted. This
pattern is attributed to a changing angle of
subduction and hence, a migrating locus of
magmatism. From Coney and Reynolds (1977).



Trench Tucson

- ''''"",11111.. -

Figure 28. Various Dip -Angles of Benioff Zone Below
Southwestern North America.

80 60
M.Y.B.P

102

Figure 29. Benioff Zone Dip Angle as a Function of Time
Beneath Southwestern North America. From Coney
and Reynolds (1977).
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the change of the angle of subduction and hence the migra-

tion of the locus of magmatism. Figure 28 shows various

Benioff zone dip angles and Figure 29 is a plot of the

change in Benioff zone dip angle as a function of time.

Notice that the TC, PP, and GR granites are plotted in

Figure 27 and that the PP and GR granites fall in the "magma

gap" developed trenchward from the arc. The TC granite was

emplaced during the latest stages of the inward sweep of the

arc. It can be seen from Figure 29 that the two -mica

granites were emplaced during a period of very shallow sub -

duction after the arc had passed to the east.

The thermal changes in the crust of southwestern

North America were probably extreme during late Cretaceous

to mid- Tertiary time. Figure 30 is a graphic representation

of a hypothetical temperature curve through time derived

from the frequency and duration of magmatic events in

southern Arizona (Damon, in prep.). The late Laramide two -

mica granite event falls between the main pulse of Laramide

activity and the beginning of the mid- Tertiary event. The

crust at 12 km, which is at a higher crustal level than the

depths of melt generation postulated for the two -mica

granites in Chapter 4, was cooling during the late Laramide

when the two -mica granites were emplaced. It is tempting to

tie the two -mica granites into a scenario where they are

related to the large amounts of granodiorite emplaced during

the Laramide, perhaps being a last gasp of hydrous magma
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or a partial melt of the granodiorites themselves. There

are several lines of evidence from this study that cast

serious doubts on this genetic link. The primary argument

against it is that the three granites studied here, and

other muscovite- bearing granites of the southwest that have

been studied, have been shown to represent complete crustal

melts with £ Nd values close to or equal to the values

expected for the Precambrian crust in the area. Laramide

intrusives, on the other hand, have ENd values ( -5.6 to

-8.6) that reflect a mantle -crust mixture (Farmer and

DePaolo, 1984). It would be impossible to generate the 6Nd

values of the two -mica granites from the partial melting of

Laramide granodiorites. Another argument based on the REE

geochemistry of the TC and GR granites is that their source

area probably contained garnet and did not have a large

feldspar component. These characteristics do not describe

the mineralogy of the Laramide granodiorites and probably

would not describe their metamorphosed equivalents. The

source area for the PP granite, postulated from its REE

pattern, may have mineralogical characteristics similar to

the granodiorites. However, the overall evidence suggests

that the two -mica granites are not genetically related to

Laramide batholithic rocks.

It appears that some other thermal perturbation was

necessary to initiate the crustal melting that gave rise to

the two -mica granites. it is possible that after the main
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Laramide arc passed and the subducted slab continued to

flatten, the asthenosphere was squeezed up and to the east

against the base of the crust and caused the lower crust to

heat up and melt. This mechanism may be viable if a

younging -to- the -east of two -mica granites is observed, which

has been proposed (S. Keith, pers. comm., 1982).

The previous argument relies on a subcrustal heat

source for the generation of the two mica granites yet the

possibility of thermal changes within the crust itself

cannot be discounted. Haxel et al.(1984) have documented

latest Cretaceous and early Tertiary thrust faulting in

southcentral Arizona that precedes the emplacement of

two -mica granites within the Papago Reservation. They have

also noticed a close relationship between this thrust

faulting and regional metamorphism and early Tertiary

granitic plutonism that is represented by the two -mica

granites found in several mountain ranges in southcentral

Arizona. The thrusting depressed mid- crustal rocks to

somewhat deeper levels of the crust which were then anatec-

tically melted. They hypothesize that "the thermal energy

responsible for the melting came largely from the mantle via

the lower crust, but anatexis was localized or augmented

beneath areas of thermal blanketing by upper -crustal

overthrusting ". Thus, a thermal perturbation that was a

combination of crustal and subcrustal processes is envi-

sioned for the formation of the two -mica granites of south-
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central Arizona. However, this relationship may be harder

to imagine in areas where episodes of thrust faulting

preceeding granite emplacement have not been documented such

as the Texas Canyon and Gunnery Range areas. Anderson et

al. (1984) have documented thrustsheets of Precambrian

crystalline rocks that have been emplaced northward across

the Mojave- Sonora (M -S) megashear in northwestern Mexico.

They also mention locally prominent ductile deformation of

unspecified Tertiary age near the M -S megashear. Further

work is necessary to determine the age of the thrusting and

the possibility of extending the thrust sheets into the

Gunnery Range area.

Coney and Harms (1984) have also postulated that the

metamorphic core complex belt, which also coincides with the

inner Cordilleran belt of muscovite-bearing granites (Miller

and Bradfish, 1980), represents a crustal "welt" that has

been present since the Mesozoic and was a result of Mesozoic

through early Tertiary compression. This area of thickened

crust may have caused the geothermal gradient to be higher

through time along this belt and hence, a logical locus for

crustally derived melts. They suggest that two -mica granites

typical of the Cordilleran core complex belt were produced

by melting in overthickened crustal roots. Their palin-

spastic reconstruction of pre -Basin and Range crustal

thicknesses shows that the crust in southern Arizona was

between 25 to 35 km thick.



108

Conditions During Magma Genesis

Magma sources and conditions during magma genesis in

Cordilleran settings have been extensively studied by Wyllie

and others ( Maaloe and Wyllie, 1975; Stern and Wyllie,

1981; Huang and Wyllie, 1981; and Wyllie, 1981). Their

studies have determined that the normal product of partial

melting of a wide range of crustal rocks is H2O- undersatura-

ted granite liquid. Maaloe and Wyllie (1975) concluded on

the basis of granite petrography and experiments that most

large bodies of granitic magma initially contained relative-

ly low H2O contents, probably less than 1.5 %, and that most

batholiths remained H2O- undersaturated through most of their

histories. H2O- saturation and evolution of vapor occurs

either as a result of rising to areas of lower pressure or

through crystallization (Jahns and Burnham, 1969). The

abundance of hydrous minerals in aplites and pegmatites is a

direct function of the final crystallization of a magma.

Based on the study of phase relationships in an

I -type and muscovite -bearing S -type granite (Stern and

Wyllie, 1981, and Huang and Wyllie, 1981, respectively),

biotite and muscovite can be precipitated from H2O- undersat-

urated magmas with very low H2O contents, at pressures

ranging from low values where the hydrous mineral stability

curve crosses the excess -H2O solidus, to the highest

pressures where the hydrous mineral is stable above the

solidus. Thus the presence of muscovite in the three



109

granites of this study does not necessitate that their

source area was H2O- saturated. In fact, Huang and Wyllie

(1981) point out that it is not even necessary for a

silicate liquid (i.e. the observed granitic rock) to be

saturated with H2O in order to precipitate muscovite or any

other hydrous mineral. They consider it a "misconception

prevalent in the literature" that hydrous minerals can be

precipitated only from magmas with several percent of H2O.

The SiO2 content of a magma is controlled by the

depth of melt generation. Wyllie (1977) notes that it is

impossible to derive high -SiO2 granitic melts by anatexis of

crustal rocks at depths greater than 30 Km. With increasing

depths, the liquid composition becomes depleted in SiO2 and

progresses through granodiorite towards syenite. The depth

of melt generation for the TC, PP, and GR granites postu-

lated from Q -Ab -Or ratios in Chapter 4 is consistent with

Wyllie's experimental work.

The prevailing oxygen fugacity conditions during

partial melting and subsequent magma evolution will also

have an effect on the mineralogy and geochemistry of the

final magma. The presence of magnetite in the TC, PP, and

GR granites implies that they crystallized under oxidizing

conditions. In his analysis of a sample from the TC granite

(TC -05), Q. Ren determined that the sample plotted above the

nickel -nickel oxide buffer curve and below the hematite -mag-

netite curve in a standard plot of oxygen fugacity versus
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temperature (Ren and Guilbert, in prep.). Although the

analysis of more samples would be desirable, it appears that

the three granites crystallized in an oxidizing environment,

which may also have some bearing on the lack of an Eu

anomaly in the TC and GR granites' REE patterns.

Significance of Muscovite

The presence of muscovite and the weakly peralumi-

nous nature of the TC, PP, and GR granites, can be attribu-

ted to one, or both, of the following factors: 1) the

composition of the source area of the magmas, and 2) the

evolution of the magma itself.

The peraluminous character of granitic rocks has

most often been linked to the melting of pelitic rocks that

have a high aluminum content. The classification system of

Chappell and White(1974) shows that their S -type granites

are derived from a sedimentary source and have retained many

geochemical features of that source area. However, the

presence of muscovite in a granite does not automatically

point to a sedimentary source. The TC, PP, and GR granites

are not strongly peraluminous and do not contain other

aluminosilicates, such as cordiérite, that are indicative

ofa metasedimentary source. The presence of garnet in the

main phase of the PP granite may imply that its source was

more aluminum rich. As was pointed out in the last chapter

though, oxygen isotopes do not support a metasedimentary
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source for the two -mica granites of Arizona. Greywackes may

be a permissible source because their sedimentary component

can be quite variable in composition, ranging from other

sediments to volcanic rocks. The partial melting of grey -

wacke can produce melts that are rich in sodium (Kiling,

1972) which is one of the characteristics of the granites of

this study mentioned in Chapter 4.

There are several mechanisms by which a magma can

become peraluminous and muscovite -bearing during the course

of its crystallization. Amphibole fractionation (Cawthorn

and Brown, 1976) can lead to the formation of corundum -nor-

mative magmas during magmatic differentiation. Amphibole is

fractionated into more mafic parent magmas and the differen-

tiation sequence ends up with a muscovite- bearing magma.

This sequence is common in many granitic terrains where

hornblende- bearing granodiorites have late stage muscovite

rich pegmatites and aplites. Bradfish (1979) determined

that the muscovite- bearing granite phase of the Tea Cup

granodiorite was most likely formed by amphibole fractiona-

tion because he found the more mafic phase of the pluton

near the muscovite -bearing phase. However, more mafic

contemporaneous magmas have not been found in the areas of

the TC, PP, and GR granites, which implies that amphibole

fractionation is probably not a viable explanation for their

peraluminous character. Another process that may form

peraluminous granites is the removal of alkalies by a vapor
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phase (Luth, Jahns, and Tuttle, 1964). The model deals with

high water content magmas that produce an aluminum oversatu-

rated melt due to the leaching of alkali cations by an

aqueous phase during the final stages of a granite's

crystallization history and possibly into the subsolidus

cooling history. The prime factor in alkali leaching is the

presence of Cl -, HC1, and H2O. The presence of abundant

late stage aplites and pegmatites and muscovite that appears

to be secondary are characteristic of this process. This

alkali leaching model has not been extensively called upon

by workers to explain peraluminous magmas.

Thus, the significance of muscovite and the weakly

peraluminous nature of the TC, PP, and GR granites is not

clear at this point. The mechanism of amphibole fractiona-

tion can probably be ruled out unless a hornblende- bearing

magma of approximately the same age can be found at depth in

the three areas. A viable explanation could call upon two

factors: 1) a source area with moderate aluminum content and

2) late -stage magmatic processes that altered the bulk

geochemistry of the granites. If the two -mica granite

magmas did not reach the surface, which is safe to assume

because peraluminous volcanics of the same age are lacking

in the study areas, the late -stage fluids developed in the

magma could not have been vented. The magmas may have

"stewed in their own juices" and been geochemically and

mineralogically altered. However, the fact that the
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granites are completely crustally derived probably has the

greatest significance on their geochemistry. It is not

coincidental that they differ geochemically from the

partially mantle derived metaluminous Laramide magmas.

Tectonic Implications

The two -mica granites have been seen to represent

crustal melts and thus carry information about the crustal

regions that they were derived from. Several inferences

regarding the tectonics and structure of the southern

Arizona crust can be made based on the geochemistry of the

three granites of this study.

Relationship of GR Batholith to the Mojave- Sonora Megashear

The M -S megashear is a structural feature that

trends southeast from the Mojave desert region of southern

California to Sonora, Mexico (see Figure 4). First recog-

nized by Silver and Anderson (1974), it separates two

distinct provinces of Precambrian igneous rocks. Rocks that

are 1.7 - 1.8 b.y. old crop out to the southwest of the

megashear and 1.6 - 1.7 b.y. old rocks are found to the

northeast of the M -S megashear. Anderson and Silver

postulate that these two provinces have been juxtaposed due

to left -lateral faulting along the M -S megashear during

Jurassic time. 800 Km of left -lateral displacement has been

calculated based on correlation of distinct rock types on

either side of the fault.
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The exact location of the M -S megashear has always

been problematic and its proponents have been hard pressed

to place the feature accurately on a map. Early versions of

their maps (Anderson and Silver, 1979) showed the M -S

megashear passing through the Gunnery Range area, although

the maps were somewhat schematic in nature. The M -S

megashear apparently passed through the middle of the

Gunnery Range batholith.

It appeared that the GR batholith offered a unique

situation possibly to pinpoint the location of the M -S

megashear if in fact the batholith intruded both of the

provinces juxtaposed by the megashear. The following

premise was to be tested: if 1) the GR batholith was derived

by anatectic melting of the crust, 2) the M -S megashear had

brought together two different crustal provinces, and 3) the

GR batholith essentially stradled the M -S megashear, then

the westernmost and easternmost parts of the batholith may

be geochemically different reflecting the different crustal

sources on either side of the M -S megashear. This theory is

illustrated in Figure 31.

The geochemical results from the GR batholith do not

support the theory. The isotopic results from the western-

most sample (GR -11) and the easternmost sample (GR -20) are

virtually identical. The gild values ( -12.6 and -12.1,

respectively) imply a Precambrian source of approximately

1.6 - 1.8 b.y. in age and the e5r values ( +37.8 and +39.0,
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Figure 31. The Relationship between the GR Batholith and
the Mojave- Sonora Megashear. This illustrates
the relationship tested by geochemical analyses
of the GR batholith. The top diagram shows
crustal melting on either side of the megashear.
The lower diagram depicts the relationship of
the resulting granite body and the megashear.
Ages are for the juxtaposed crustal regions.
Geochemical results suggest that the megashear
is located further to the east.
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respectively) imply that the source was depleted in Rb (low

Rb/Sr) .

There are two immediate conclusions that can be

drawn from the geochemical results: 1) the age difference,

which at most is 200 m.y., between the two provinces

juxtaposed by the M -S megashear is not sufficiently large to

be detected by Nd isotopes,or 2) the M -S megashear does not

pass through the GR batholith. The configuration of Nd

isotopic provinces shown in Figure 25 suggests that the

first conclusion is valid yet it raises fundamental ques-

tions about the M -S megashear itself. With the postulated

800 Km of offset, one would expect that older Precambrian

rocks and crust (gNd = -18) would have been translated to

the southeast. However, with the movement along faults

younger than the M -S megashear (i.e. San Andreas and

Garlock), the configuration of crustal rocks due to the

latest movement along the M -S megashear may have been

obliterated. This explanation calls upon many unknown

variables and hence is not preferred. The second conclusion

that the M -S megashear does not pass through the GR batho-

lith is probably the more likely. Anderson et al.(1984)

tentatively point out the location of the M -S megashear to

the east of the GR batholith. A location farther to the

east would explain the isotopic homogeneity of the batholith

because the crustal source would then be one distinct

crustal province. The concept of the M -S megashear remains
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controversial when applied to the geology of southwestern

Arizona.

Crustal Age and Compositional Variations

Farmer and DePaolo (1983) illustrated how the

combined use of Sr and Nd isotopes from granites can be used

to delineate crustal provinces of different age and composi-

tion. The data from this study implies that the crust of

southern Arizona is between 1.6 to 1.8 b.y. old, as was

pointed out by Farmer and DePaolo (1984), and does not have

any major structural breaks between the region of the GR

granite and the TC granite that can be discerned by the use

of isotopes. However, vertical zonation of the crust of

southern Arizona has been documented here by the use of Sr

isotopes. Fountain and Salisbury (1981) concluded that the

large -scale layering in the continental crust is not

compositional but metamorphic, and that the lower crust is

composed of granulites ranging from mafic to silicic

gneisses, the middle crust is made up of migmatites with

abundant granitic intrusions, and the upper crust consists

essentially of little metamorphosed supracrustal rocks plus

some tectonically raised lower -middle crustal rocks.

Although the TC, PP, and GR granites are similar in age,

bulk chemistry, and are derived from crust of the same age,

their Sr isotopic compositions imply a vertical change in
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the Rb /Sr ratio of the crust which can be explained by a

progressive downward increase in metamorphic grade.

Two -Mica Granites and Metamorphic Core Complexes

The differences in the mineralogy, bulk chemistry,

and isotopic signature between the PP granite and the TC and

GR granites appears to be a result of their different

tectonic settings. The PP granite is a part of a metamor-

phic core complex and was intruded into an actively defor-

ming middle to upper crust. The depth of magma genesis

postulated for the PP granite in Chapter 4 is not as deep as

for the TC and GR granites. This is consistent with the

thrusting model presented in Haxel et al. (1984) that was

used to explain the genesis of the two -mica granites of the

Papago Reservation. Apparently, two -mica granites that are

integral parts of metamorphic core complexes are different

than two -mica granites that are not. The Wilderness granite

of the Santa Catalina Mountains, another two -mica granite

related to a metamorphic core complex, is probably more

similar to the PP granite than to the TC or GR granites.

Two -mica granites that are outside of the strict boundaries

of the metamorphic core complex belt may be genetically

different.

Magmato- Tectonic Model for Two -Mica Granite Formation

The crustal source regions for the TC, PP, and GR

granites are schematically shown in Figure 32. Geochemical
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Figure 32. Crustal Source Regions for the TC, GR, and PP
Granites. Granulite facies metamorphism is
shown schematically to increase downward. Rb /Sr
ratios will decrease downward due to the
depletion of Rb during the granulite facies
metamorphism and hence magmas derived from
deeper levels of the crust will have lower
( Sr/ Sr)i values. The boundary between upper
and lower crust is arbitrary and crust in this
region should be considered the mid-crust. ENdvalues reflect the presence of Precambrian crust
in the areas of magma genesis for all three
granites.
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results have constrained the source regions for the granites

to the depicted crustal levels. Granulite facies metamor-

phism is assumed to increase downward as well as the amount

of Rb, U, and Th depletion.

The lithochemical nature of those source regions

controls the chemistry of the resultant melt. The weakly

peraluminous melts may have been the result of melting of a

higher grade metamorphic equivalent of the Pinal Schist.

Greywackes are abundant in the Pinal Schist and may be the

ultimate source rocks. This is rather simplistic though,

because a batholithic sized body, such as the GR granite,

represents the product of the partial melting of a large

heterogeneous portion of the crust. A source region of more

than 2,300 square kilometers would be necessary to produce

the 700 square kilometers of actual outcrop of GR granite if

30% partial melting is assumed (see Chapter 4)!

Based on the position of the three granites in

Figure 32, it seems likely that the TC and GR granites may

have been affected more by subcrustal processes than the PP

granite. The transfer of heat from the subducted slab to

the base of the crust through frictional heating during low

angle subduction was probably crucial to the formation of

the TC and GR granites. The crustal welt of Coney and Harms

(1984) may have acted to intensify this frictional heat

because it projected further below the rest of the base of

the crust. During the actual flattening of the slab, the
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asthenosphere wedge may have been "squeezed" in an easterly

direction against the base of the crust and caused heating

and partial melting. Crustal processes at a higher level in

the crust, as well as heat input from below, were responsi-

ble for the generation of the PP granite, but crustal

processes were the dominant cause of the thermal perturba-

tion responsible for mid -crustal partial melting.

Granite Classification Systems

The development of universal classification systems

for granites has become increasingly popular in recent years

(Chappell and White, 1974; Ishihara, 1977; Pitcher, 1979).

During a symposium devoted to "the geology of granites and

their metallogenetic relations" held in Nanjing, China in

1982, seven different classification systems were presented

that were based on various aspects of their tectonic

setting, proposed source rocks, petrologic characteristics,

and geochemistry (J. Guilbert, pers. comm., 1983). Many of

the classification systems were proposed by people working

in diverse geologic settings and hence their particular

system may not be universally applicable. This has been

found to be true with the majority of granite classification

systems.

The three weakly peraluminous two -mica granites of

this study do not fit neatly into any of the existing

systems: they cannot be "pigeon holed ". As was pointed out
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in Chapter 4, the TC, PP, and GR granites have characteris-

tics of both I- and S -type granites. Their opaque mineral-

ogy suggests that they do not fit into the magnetite- and

ilmenite- series classification system (Ishihara, 1977)

either. Ishihara (1981) lists characteristics of magnetite -

and ilmenite- series granites and a brief summary of the

diagnostic features are presented in Table 10. As previous-

ly mentioned, Q. Ren analyzed samples from the TC, PP, and

GR granites and found that magnetite was the dominant Fe -Ti

oxide. However, Ishihara's classification system implies

that muscovite- bearing granites should contain ilmenite.

Ishihara was surprised to find that Arizona's muscovite

-bearing granites contain magnetite and not ilmenite (S.

Ishihara, pers. comm., 1982). Ren also determined that

Fe -Ti oxide contents are between 0.2 and 1.3 vol. %, which is

typical of magnetite- series granites (see Table 10). The

SrI values for the three granites are all greater than

0.7070 and would classify them as ilmenite- series granites.

It appears that the two -mica granites of Arizona may be

transitional between the magnetite- and ilmenite- series

granites. If one was forced to place the TC, PP, and GR

granites into existing classification systems, they would be

called "S -type magnetite- series" granites.

The classification system of Pitcher (1979) depicts

various geological environments where granites are formed

and the TC, PP, and GR granites fall into the Andinotype
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Table 10 . Characteristics of Magnetite- and
Ilmenite- Series Granites. From Ishihara (1981)

MINERALOGY

MAGMA CONDITIONS

ISOTOPES

(87Sr /86Sr)
i

GENESIS

TECTONIC SETTING

GLOBAL EXAMPLES

Magnetite- series

Magnetite, sphene,
and epidote

Opaque oxide
content: 0.1 -
2.0 vol%

High oxygen
fugacity

Generally < 0.707

Generated at great
depths

H2O may be important
as an oxidizing
agent

Tensional environment

Australian I -types

Ilmenite- series

Minor ilmenite and
very little
magnetite

Very low opaque
oxide content

Primary muscovite
Garnet and monazite

as accessories

Low oxygen
fugacity

Generally > 0.707

Generated at
shallow depths
in continental
crust

Crustal carbon may
be the reducing
agent

Compressional
environ.

No associated
volcanic rocks
implying deep
emplacement

Australian S -types
and some I -types

1/3 of Japanese
ilm. series are
S -types
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environment. Underplating of the crust by mantle derived

magmas is an integral part of this model and plays an

important role in the generation of granitic magmas.

However, the granites studied here would fit best into

Pitcher's compositionally restricted peraluminous granite

association which is typical of the Hercynian belt of

Europe. The Hercynotype environment is a result of oblique

continental collision and tectonic shortening with associa-

ted regional low pressure metamorphism. The tectonic

shortening and regional metamorphism sounds similar to the

environment present in southcentral Arizona during late

Cretaceous to early Tertiary time. A continental collision

has not been proposed before for this time period and will

not be proposed here, although Pitcher's classification

system would suggest one. Evidently the compositionally

restricted granites may occur in other geological environ-

ments as well.

One must be extremely careful when trying to place

granites into various classification systems. The prime

reason that the systems differ so much is that they are all

based on the characteristics of granites from different

geologic settings. Chappell and White based the I- and

S -type classification on Paleozoic granites from the eastern

part of Australia where 1.4 b.y. old sedimentary or metased-

imentary rocks have been postulated as the source material

for the S -type granites. Ishihara based his classification
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system on granites from Japan and eastern Asia. There have

been difficulties applying these systems to the Cordillera

of North and South America where the tectonic history and

basement rocks are different from the western Pacific rim.



CHAPTER 7

CONCLUSIONS

The conclusions of this study can be examined from

two perspectives: 1) conclusions specific to the three

granites studied here, and 2) general conclusions relevant

to the two -mica granites of Arizona and western North

America. The first category will be summarized first and

then be used to make more generalized conclusions.

The geochemistry of the weakly peraluminous, two -

mica TC, PP,and GR granites suggests that they are anatectic

melts of Precambrian crust but have source regions at

different levels within the crust. £Nd values are consis-

tent with a Precambrian source that is between 1.6 to 1.8

b.y. old and eSr values imply low Rb /Sr ratios in the source

areas of the TC and GR granites and a moderate to high Rb /Sr

ratio in the PP granite's source area. The trace element

and REE geochemistry of the three plutons also define

different characteristics of the source areas for the TC and

GR granites and the PP granite. The TC and GR granites were

derived from a garnet- bearing granulitic lower crust

probably through heating of the base of the crust by asthe-

nospheric magmas. The PP granite was derived from a

quartzofeldspathic mid- crustal source due to the increase of

126
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the geothermal gradient that resulted from subcrustal

heating and Laramide thrusting. The PP granite appears to

be the end product of complex processes that gave rise to

the Baboquivari -Pozo Verde metamorphic core complex. These

processes took place in mid- to upper crustal regions.

Rb -Sr isochron ages for the TC (54.6 ± 0.2 m.y.) and

GR (53.4± 0.3 m.y.) granites are concordant with previously

determined K -Ar ages and suggest rapid cooling of the

plutons. The age of the PP granite is still a matter of

concern. The isochron age (40.9 ±0.9 m.y.) determined here

is younger than an inferred U -Pb age and older than a K -Ar

age for the pluton. The geochronology of the PP granite

appears to reflect the thermal overprint of the late -stage

metamorphic events in the development of the Baboquivari-

Pozo Verde core complex. The Rb -Sr isochron age should be

considered a minimum age for the granite.

The magmato- tectonic regime that was responsible for

the two -mica granites of southern Arizona was a unique

event. The change from typical metaluminous Laramide

granites to peraluminous granites seems to correlate with a

change in the angle of subduction which in turn caused

thermal readjustments in the crust. Two -mica granites

appear to be late orogenic magmas.

The two -mica granites of western North America have

proven to be geochemical "fingerprints" of the underlying

crust due to their origin completely within the crust
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(Farmer and DePaolo, 1983, 1984). They vary geochemically

from their worldwide counterparts because they are the

result of partial melting of a completely different crust

than the Australian, European, and Asian examples. Tectonic

setting and the lithochemical characteristics of the crust

will have definite effects on the resulting crustal melts.

The variation within a relatively small area that was shown

in this thesis, should make geologists leary when trying to

use global classification systems.

The words of H.H. Read that were quoted at the

beginning of this thesis describe the findings of this

thesis quite well. Although on first appearance the TC, PP,

and GR granites are quite similar, their tectonic settings

are sufficiently different to cause significant differences

in various aspects of their geochemistry. Genetically it is

hard to talk about the TC and GR granites in the same frame-

work as the PP granite. As a corollary to Read's classic

statement, I submit that there are two -mica granites and

then there are two -mica granites.

Suggestions for Further Work

The study of the two -mica granites of Arizona is not

complete by any means. Questions still remain as to their

origin and tectonic significance in southwestern North

America. The following suggestions are given to incite

further work on this peculiar igneous suite.
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1. Microprobe data on minerals from granite samples

from this study and other peraluminous plutons should

provide further constraints on their origin. Is there a

difference between the muscovite compositions of the TC and

GR granites versus the composition of the PP granite which

was generated at a higher crustal level? Will the F content

of the biotites in the three plutons be significantly

different?

2. Oxygen isotopic measurements of the TC and GR

granites should be done for comparison to the PP granite and

other peraluminous granites in the southwest.

3. A U -Pb geochronologic study of the PP granite

should be done to resolve the questions that surround the

Rb -Sr data from this study and to place further constraints

on the thermal history of the Baboquivari -Pozo Verde meta-

morphic core complex.

4. The two -mica granites of other metamorphic core

complexes in southwestern North America should be studied to

determine whether or not the geochemical variations between

metamorphic core complex and non -metamorphic core complex

granites found in this study are valid. Can the crustal

welt theory of Coney and Harms (1984) be tested geochemi-

cally by analyzing two -mica granites?

5. The REE concentrations of aplite samples from

this study and from other muscovite -bearing granites should

be analyzed by isotope dilution to determine whether or not
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the Nd depletion found in aplites of this study and others

is a real feature or simply an analytical problem.



APPENDIX A

SAMPLE LOCATIONS

The following table gives the latitude and longitude

of the sample location as well as a brief description of the

sample site.

Table Al. SAMPLE LOCATIONS

Gunnery Range (GR)

GR -03 32 °21.42' (Lat.) Sierra Pinta Mtns. : North
113 °37.70' (Long.) Pinta Tank

GR -04 32 °15.95' Sierra Pinta Mtns. : Heart
113 °33.13' Tank

GR -05 32 °15.95' Sierra Pinta Mtns. : Heart
113 °33.21' Tank

GR -06 32 °15.88' Sierra Pinta Mtns. : Heart
113 °33.33' Tank

GR -10 32 °14.39' Cabeza Prieta Mtns. :

113 °47.62' Buckhorn Tank

GR -11 32 °18.68' Tinajas Altas Mtns. :

114° 2.94' Tinajas Altas Tank

GR -12 32 °25.88' Gila Mtns. : sample from
114° 8.93' outcrop on jeep trail

north of Cipriano Pass

GR-20 32°25.10'
113°18.73'
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Granite Mtns. : sample
collected by Dick
Tosdal, U.S.G.S.
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Texas Canyon (TC)

TC -05 32° 3.78' sample collected from
110° 4.60' fresh road cut on north

side of I -10 just west
of on -ramp from rest
area

TC-11

TC-12

32° 1.78'
110° 7.66'

32° 2.59'
110° 5.67'

outcrop in wash approx. 1.3
km W -SW of Adams Peak

road cut on north side of
I -10 at west bound on-
ramp at Dragoon turnoff

TC -13 32° 1.54' road cut approx. 0.6
110° 6.23' km NE of Adams Ranch on

Adams Ranch Rd.

Presumido Peak (PP)

PP -01 31 °36.16' outcrop in Los Encinos Wash
111 °37.20' approx. 0.5 km South of

dirt road into area from
Los Encinos Ranch

PP -02 31 °35.22' outcrop on dirt road to
111 °37.33' Caponera Tank (approx.

2.0 km north of Caponera
Tank)

PP -03 31 °36.27' outcrop in Los Encinos Wash
111 °37.20' approx. 0.2 km North

from PP -01 site



APPENDIX B

XRF TECHNIQUES

Major, minor, and various trace elements were deter-

mined by XRF at the University of California at Berkeley.

XRF analyses were done on an automated Tracor XRF machine

under the supervision of Joachim Hampel at the Department of

Geology and Geophysics facility.

Because of the coarse grain size of many of the

granite samples, great care was exercised in sample prepa-

ration to ensure that the final analyzed aliquots of rock

powder were representative. Approximately 1 to 1.5 kg of

crushed pebble size rock sample was pulverized in a stain-

less steel shatter box to less than 400 mesh. The fine

grain size ensured that biotite books were sufficiently

pulverized and mixed homogeneously with the rest of the

whole rock powder. Pressed powder pellets were then made

using polyvinyl alcohol as a binding agent.

The Tracor XRF machine is fully automated and

provides a linear fit to weight percent oxide concentration

vs. intensity data for international standard rocks of known

composition. Four standard granitic rocks (CRPG -GA, NIM G,

ZGI -GM, AND GSP -1) were used in this study. Major and minor
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elements were determined using this interpolation /extrapo-

lation method by comparing the intensities of elements in

unknown samples with those in known standard samples. Trace

elements were determined by comparing unknown samples to

"internal reference lines ". These reference lines were

constructed by analyzing approximately 30 international

whole rock and pure element standards. Analytical accuracy

is reported in Table B1. Tungsten values were all below or

near the detection limit of the machine so they were not

reported.

Table B1. XRF Analytical Accuracy

Major and Minor Elements (wt. %)

NIM G Abbey (1978)
This Work Recommended Values

Si02 75.61 75.73

TiO2 0.07 0.09

A1203 13.02 12.13

Fe203T 2.26 1.96

Mn0 0.02 0.02

Mg0 0.26 0.05?

Ca0 0.82 0.77

Na20 3.52 3.30

K20 4.93 5.00



Table B1. -- (cont.)
Trace Elements (ppm)

This Work
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NIM G Abbey (1978) Detection
Recommended Values Limit

Pb 52.5 53 3.6

Y 32.2 32 4.5

Zr 445.3 500 4.2

GSP -1 Abbey (1978) Detection
This Work Recommended Values Limit

Nb 23.8 29 3.6

Cu 37.1 35 6.6

Zn 101.0 98 6.3

Ga 17.1 21 5.0



APPENDIX C

INAA TECHNIQUES

Trace element concentrations were determined by

INAA. Samples of rock powder that weighed approximately 500

mg were put in polyethylene vials that had been soaked in an

HC1 and HNO3 solution. A sample of high purity SiO2 that

had been pulverized in the stainless steel shatter box used

to prepare the other rock powder samples was also included

to test for contaminants that may have been introduced in

the pulverizing process. Three international standard rocks

(BCR -I, NIM -G, NBS -B) and one chemically prepared REE

standard were also put in polyethylene vials.

The samples were irradiated at the University of

Arizona reactor for one hour in a thermal neutron flux of

7 X 1011 neutrons/cm2 -sec. During irradiation, the samples

were continuously rotated on a "lazy susan" carousel to

ensure a uniform neutron dose. The irradiation was per-

formed under the direction of Dr. George Nelson of the

Nuclear Engineering Department.

Samples were counted at three different times over a

period of six weeks after irradiation to obtain data for

elements with varying half life. Sample counting and data

reduction were performed in the gamma -ray spectrometry
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facility in the Lunar and Planetary Sciences Department at

the University of Arizona. This work was supervised by Dr.

W. V. Boynton and D. H. Hill.

The analytical error for each element was determined

by averaging the errors for all samples. The error ranges

are reported in Table 2b. It should be noted that four

samples (GR -04, GR -10, TC -13, and BCR -1) did not fall

completely into the counter during the first count. The

first count was crucial for elements with a short half life

and thus these elements are not reported for the four

samples.

Trace element results from the high purity SiO2

sample showed negligible contamination from the stainless

steel shatter box. Iron, which would be a likely contami-

nant, was barely detectable proving that the shatter box is

a viable grinding tool for trace element work.



APPENDIX D

REE NORMALIZATION INFORMATION

The following two tables give information relevant

to the REE plots shown in Chapter 4. Table Dl lists the

chondritic abundances used to normalize the REE and Table D2

lists the chondrite normalized values used to construct the

REE plots for each pluton. The chondritic REE abundances

are those used by Dr. W. V. Boynton in his research.

Table Dl. Chondritic Abundances Used in REE Normalization

Element Chondritic Abundance (ppm)*

La 0.2446

Ce 0.6379

Nd 0.4738

Sm 0.1540

Eu 0.05802

Tb 0.3745

Yb 0.1651

Lu 0.02539

*Source: CI Average taken from Evensen, Hamilton, and
O'Nions (1978)
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Table D2. Chondrite Normalized Values Used in REE Plots

TC-05 TC-11 PP-01 PP-03 GR-03

La 89.16 17.99 33.76 23.37 98.24

Ce 67.54 16.72 26.27 21.52 72.61

Nd 32.45 9.82 16.07 11.59 32.61

Sm 18.68 11.99 15.29 20.40 16.34

Eu 12.10 1.20 4.90 2.66 11.98

Tb 7.86 9.00 14.43 24.91 5.90

Yb 6.44 9.41 15.71 38.07 4.66

Lu 5.82 8.20 15.29 39.01 4.14

GR-05 GR-06 GR-11 GR-12

La 19.41 13.35 77.81 98.76

Ce 18.10 10.38 58.93 73.74

Nd 9.79 4.42 26.58 36.33

Sm 12.04 9.07 15.71 18.01

Eu 2.30 1.97 10.23 12.50

Tb 10.53 10.11 6.26 5.74

Yb 12.54 9.82 5.13 4.64

Lu 11.46 8.44 5.67 4.35



APPENDIX E

ISOTOPE DILUTION TECHNIQUES

Rb and Sr isotopic analyses were performed in the

Laboratory of Isotope Geochemistry at the University of

Arizona under the supervision of Drs. M. Shafiqullah and D.

Lynch. Additional Sr and Nd isotopic analyses were per-

formed by V. Bennett at the University of California, Los

Angeles (UCLA). Analytical techniques for sample digestion,

chemical separation of Rb and Sr, and isotopic analyses will

be discussed below. Techniques used at the University of

Arizona will be discussed in more detail than those at UCLA

because of the author's greater familiarity with the former.

Sample Digestion

Samples of rock powder weighing no less than 50 mg

were weighed and spiked with a 84Sr and a 85Ró spike in

Teflon crucibles. The amount of spike added was calculated

according to Rb and Sr contents obtained by XRF. The Rb and

Sr content of micas was estimated. HNO3 and Hf were added

to the crucible which was then covered and put on a hot

plate overnight. The cover was removed and the solution was

heated to dryness. Two milliliters of both HC1O4 and HNO3

were added and the contents were again heated to dryness.

Twenty milliliters of 6N HC1 were then added and the samples
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were boiled to dryness. Another 20 ml of 6N HC1 was added

and boiled to dryness. The samples were then taken into

solution in 2.5N HC1 and transferred to centrifuge tubes.

Sample digestion at UCLA is done following basically

the same procedure as outlined above. In both labs, samples

that would not dissolve easily were put into bombs and kept

in a heated oven for several days.

Chemical Separation

Samples were centrifuged to remove insoluble complex

fluorides and loaded into cation exchange columns containing

15 ml of Dowex AG- 50W -X8 sulfonated polystyrenedivinylben -

zene resin. The appropriate acid fractions were collected

for Rb and Sr as 2.5N HC1 was passed through the columns.

The Sr fraction of samples with low Sr contents (70 ppm)

were passed through the columns a second time to remove any

Rb contaminant which may have carried over in the first

pass. This precaution prevented Rb interferences during

mass spectrometry analysis. Samples were then dried and

mounted on single Ta filaments and loaded into a 16 sample

turret.

At UCLA, Rb, Sr, Sm, and Nd were eluted from Dowex

AG- 50W -X4 cation excahnge resin using 0.2M 2- Methyllactic

acid. Appropriate acid fractions were collected using an

automated "lazy susan" collection system. The chemical
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procedures used for Sr and Nd isotopic analysis are des-

cribed by Papanastassiou et al. (1978) and DePaolo (1978).

Isotopic Analysis

Rb and Sr isotopic analyses were done at the

University of Arizona on a VG 354 90° sector 54 cm radius

mass spectrometer with five adjustable collectors. Sr

isotope analyses were done using switching through triple

collectors. The most precise measurements wer gained by

simultaneous measurements in the axial position. The

following sequence of readings constitute one cycle:

Low Axial High

86 87 88
87 88 89
82 83 84
83 84 85
84 85 86
84.5 85.5 86.5
85 86 87
85.5 86.5 87.5
86 87 88
87 88 89

This provides background values for masses 84, 85, 86, 87,

and 88. The filament was conditioned to "burn off" any

excess Rb by starting measurements on the 30 mV scale and

stepping up to 2 -3 V for the actual Sr measurements. A

minimum of 75 cycles and usually 125 -140 cycles were used to

determine the final isotopic ratios. During the course of

the investigation, measurements were made on the standard
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NBS 987 and the average 87Sr /86Sr value was 0.710251 ±30.

The accepted value is 0.71025 ±6. Rb isotope analyses were

done using a single collector and beam switching which

alternately measured masses 85 and 87.

Rb, Sr, Sm, and Nd isotope analyses were done at

UCLA on a VG 500 mass spectrometer. A detailed description

of their analytical techniques is reported by DePaolo

(1981a). The only change that has been made is that Nd is

run as NdO+ rather than Nd +.



APPENDIX F

ISOTOPIC DATA REPRESENTATION

Isotopic data for Sr and Nd are presented in terms

of the epsilon (E) notation. DePaolo and Wasserburg (1976,

1977) have previously defined gSr and eNd for a rock of age

T as follows: e Sr(T) is the deviation in parts in 104 of a

rock's initial 87Sr/86Sr ratio from the 87Sr /86Sr ratio in a

model reservoir assumed to be representative of the bulk

earth (UR) (a non -chondritic reservoir) and ¿Nd (T) is the

deviation in parts in 104 of a rock's initial 143Nd /144Nd

ratio from the 143Nd /144Nd ratio in a model chondritic

reservoir (CHUR) . g Sr (T) and 6Nd (T) are the values reported

in Table 5.

The equation for calculating i Sr (T) can be written

as follows:

iSr (T) = 104 87Sr /86SrROCK
(T) -1 (1)

87Sr /86SrUR(T)

The 87Sr /86SrROCK(T) is given by:

87Sr /86SrROCK(T) = (87Sr /86Sr) meas -

(87 /86Sr)meas (exp[Xp T] - 1)

where (87Sr /86Sr)meas and (87Ró /86Sr)meas are the isotopic

ratios measured for the sample, XRio = 1.42 X 10- 11yr -1, and

T is in units of 106 yr. The 87Sr /86SrUR(T) is given by:
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87Sr /86SrUR = 0.7045 - 0.0827 (exp T[ Rb ] - 1)

where the numbers given are 87Sr /86SrUR(0) and 87Rb/86Sr(0),

respectively.

The equation for calculating ENd(T) can be written

as follows:

144Nd (T 10
) = / 143Nd/ NdROCK (T) - 1 (2)

\ 14 3Nd/ 14 4NdCHUR
(T )

The 14 3 Nd/ 14 4NdRO
CK (T ) is given by:

143Nd /144NdROCK (T) = (143Nd/144Nd) meas

(147Sm/144Nd)
meas (eXp [XSmT] - 1)

where (143Ná /144Ná)
meas and (1478m/144Nd) are themess

isotopic ratios measured for the sample, XSm = 6.54 X

10- 12yr -1, and T is in units of 106 yr. The

143Nd /144NdCHUR(T) is given by:

143Nd /144NdCHUR(T)
= 0.511836 - 0.1967 ex TC p Csm ] - 1)

where the numbers given are 143Nd /144NdcHUR(0) and

147Sm/144

1980) .

follows:

N CHUR(0), respectively (Jacobsen and Wasserburg,

Rb -Sr and Sm -Nd enrichment factors are defined as

fRb/Sr = 87Rb/86SrRQCK

0.0827

f Sm/Nd = 147Sm/144NdRCCK

0.1967

1 (3)

1 (4)

These enrichment factors indicate the rock's relative en-

richment compared to their respective model reservoirs.



ESr (T) and gNd (T) can also be defined using the

enrichment factors as follows:

gSr(T) = gSr(0) - fRb /SrQSrT

g Nd (T) = 6Nd (0) - f Sm /NdQNdT
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(5)

(6)

where T is in units of 109 yr and QSr = 16.67 X 10 -9 yr and

(2Nd = 25.13 X 10 -9 yr.

The model Sm -Nd age, TÓd, represents the time when aM

rock sample would have had the same £Nd value as the

depleted mantle (DePaolo, 1981a, 1981b). The £ Nd of the

model depleted mantle is given by the following:

iNdDM(T) = 0.25T2 - 3T + 8.5 (7)

The TDd
age is obtained by equating equations 6 and 7 andM

solving for T using the quadratic formula.

' Nd (0) - f Sm /NdQNdT = 0.25T2 - 3T + 8.5

has its solution defined by:

DM ( 3 - fSm/Nd(2Nd) - ( 3 - f Sm/NdQNd) 2 - 8.5 + Nd ( 0 )

0.50



LITERATURE CITED

Anderson,J.L., and Cullers,R.L.,1978,Geochemistry and
evolution of the Wolf River Batholith, a late Precambrian
rapakivi massif in North Wisconsin, U.S.A.:Precambrian
Res., v.7, p.287 -324.

Anderson,J.L., and Rowley, M. C., 1981,Synkinematic intrusion
of peraluminous and associated metaluminous granitic
magmas, Whipple Mountains, California: Canadian
Mineralogist, v.19, part 1, p.83 -101.

Anderson,T.H., and Silver,L.T.,1979,The role of the Mojave -
Sonora megashear in the tectonic evolution of northern
Sonora, in Anderson,T.H., and Roldan -Quintana,J., eds.,
Geology of northern Sonora guidebook,Geological Society
of America Cordilleran Section meeting, p.59 -68.

Anderson,T.H., and Schmidt , V. A., 1983, The evolution of Middle
America and the Gulf of Mexico -Carribean Sea region
during Mesozoic time:Geological Society of America
Bulletin, v.94, p.941 -966.

Anderson,T.H., Bajek,D.T., Chepega,J.R., Ichikawa,K.M.,
Rodriguez- C.,J.L., Stevens,W.E., and Silver,L.T., 1984,
Crystalline thrust Sheets near the Mojave- Sonora
megashear, Sonora, Mexico:Geological Society of America
Abstracts with Programs, v.16, no.6, p.430.

Armstrong, R. L.,Taubeneck,W.H., and Hales, P.O., 1977, Rb -Sr and
K -Ar geochronometry of Mesozoic granitic rocks and their
Sr isotopic compositions, Oregon, Washington, and Idaho:
Geological Society of America, v.88, p.397 -411.

Arth,J.G.,1976,Behavior of trace elements during magmatic
processes- a summary of theoretical models and their
applications :U.S.Geol.Soc.J.Res., v.4, p.41 -47.

Arth,J.G., and Hanson, G.N., 1975, Geochemistry and origin of
the early Precambrian crust of northeastern Minnesota:
Geochim.Cosmochim.Acta, v.39, p.325 -362.

Best,M.G., Armstrong, R .L.,Graustein,W.C.,Embree,G.F., and
Ahlborn,R.C.,1974,Mica granites of the Kern Mountains
pluton, eastern White Pine County, Neavada- Mobilized
basement of the Cordilleran miogeosyncline ?:Geological
Society of America Bulletin, v.85, p.1277 -1286.

147



148

Bolin,D.S.,1976,A geochemical comparison of some barren and
mineralized igneous complexes of southern Arizona:Unpub.
M.S. thesis, Univ. of Arizona, Tucson, Arizona, 190 pgs.

Bradfish,L.J.,1979,Petrogenesis of the Tea Cup Granodiorite,
Pinal County, Arizona:Unpub. M.S. thesis, Univ. of
Arizona, Tucson, Arizona, 160 pgs.

. Cawthorn,R.G., and Brown,P.A.,1976,A model for the formation
and crystallization of corundum -normative calc- alkaline
magmas through amphibole fractionation: Jour.Geol., v.84,
p.467 -476.

Centanni,J.P.,1985,Composition, synthesis, and thermal
stability of celadonitic white mica: Implications for
plutonic muscovite: Geological Society of America
Abstracts with Programs, v.17, p.347.

Chappell,B.W., and White,A.J.R.,1974,Two contrasting granite
types:Pacific Geol., v.8, p.173 -174.

Clarke,D.B.,1981,The mineralogy of peraluminous granites: a
review:Canadian Mineralogist, v.19, part 1, p.3 -17.

Coney,P.J., and Reynolds , S. J., 1977,Cordilleran Benioff
zones:Nature, v.270, p.403 -405.

Coney,P.J., and Reynolds,S.J.,1980,Cordilleran metamorphic
core complexes and their uranium favorability:U.S.Dep.
Energy Open File Rep., GJBX -258.

Coney,P.J., and Harms, T.A., 1984,Cordilleran metamorphic core
complexes: Cenozoic extensional relics of Mesozoic
compression: Geology, v.12, p.550 -554.

Cooper,J.R., and Silver,L.T.,1964,Geology and ore deposits
of the Dragoon quadrangle, Cochise County, Arizona: U.S.
Geological Survey Professional Paper 416.

Cullers,R.L.,Koch,R.J., and Bickford,M.E.,1981,Chemical
evolution of magmas in the Proterozoic terrane of the St.
Francois Mountains, southeastern Missouri, 2. Trace
element data:J.Geophys.Res., v.86, p.10388- 10401.

Damon,P.E.,Erickson,R.C., and Livingston,D.E.,1963,K -Ar
dating of Basin and Range uplift, Catalina Mountains,
Arizona:Nuclear Geophysics, National Academy of Sciences/
National Research Council Publication 1075, p.113 -121.



149

Davis,G.H., and Coney, P. J., 1979, Geologic development of the
Cordilleran metamorphic core complexes:Geology, v.7,
p.120 -124.

Davis,G.H.,1980,Structural characteristics of metamorphic
core complexes, southern Arizona, in Crittenden,M.D.,Jr.,
Coney,P.J., and Davis,G.H.,eds., Cordilleran metamorphic
core complexes:Geological Society of America Memoir 153,
p.35 -77.

Davis,G.H.,Gardulski,A.F., and Anderson,T.H.,1981,Structural
and structural- petrological characteristics of some meta-
morphic core complex terranes in southern Arizona and
northern Sonora, in Geology of northwestern Mexico and
southern Arizona:Field Guide and Papers,Geological
Society of America Cordilleran Section meeting,
p.232 -358.

De Albuquerque ,C.A.R.,1977,Geochemistry of the tonalitic and
granitic rocks of the Nova Scotia southern plutons:
Geochim. Cosmochim.Acta, v.41, p.1 -13.

DePaolo,D.J.,1981a,A neodymium and strontium isotopic study
of Mesozoic calc- alkaline granitic batholiths of the
Sierra Nevada and Peninsular ranges, California:J.
Geophys.Res., v.86, p.10470- 10488.

DePaolo,D.J.,1981b,Nd in the Colorado Front Range and
implications for crust formation and mantle evolution in
the Proterozoic:Nature, v.291, p.193 -196.

DePaolo,D.J., and Wasserburg,G.J.,1976,Nd isotopic
variations and petrogenetic models :Geophys.Res.Lett.,
v.3, p.249 -252.

DePaolo,D.J., and Wasserburg,G.J.,1977,The sources of island
arcs as indicated by Nd and Sr isotopic studies:Geophys.
Res. Lett., v.4, p.465 -468.

Evensen,N.M.,Hamilton,P.J., and O'Nions,R.K.,1978,Rare -earth
abundances in chondritic meteorites:Geochim.Cosmochim.
Acta, v.42, p.1199 -1212.

Farmer,G.L., and DePaolo,D.J.,1982,A Nd and Sr study of the
hydrothermally altered porphyry at San Manuel, Arizona:
Geological Society of America Abstracts with Programs,
v.14, p.163.

Farmer,G.L., and DePaolo,D.J.,1983,0rigin of Mesozoic and
Tertiary granite in the western United States and
implications for pre- Mesozoic crustal structure. i. Nd



150

and Sr isotopic studies in the geocline of the northern
Great Basin:J.Geophys.Res., v.88, p.3379 -3401.

Farmer,G.L., and Depaolo,D.J.,1984,Origin of Mesozoic and
Tertiary granite in the western United States and
implications for pre- Mesozoic crustal structure. 2. Nd
and Sr isotopic studies of unmineralized and Cu- and Mo-
mineralized granite in the Precambrian craton:J.Geophys.
Res., v.89, p.10141- 10160.

Fountain,D.M., and Salisbury,M.H.,1981,Exposed cross -
sections through the continental crust: implications for
crustal structure, petrology, and evolution:Earth Planet.
Sci.Lett., v.56, p.263 -277.

Goad,B.E., and Cerny, P., 1981,Peraluminous pegmatitic
granites and their pegmatite aureoles in the Winnipeg
River District, Southeastern Manitoba:Canadian Mineralo-
gist, v.19, part 1, p.177 -194.

Gromet,L.P., and Silver, L. T., 1983, Rare earth element distri-
butions among minerals in a granodiorite and their
petrogenetic implications :Geochim.Cosmochim.Acta, v.47,
p.925 -939.

Hanson, G. N., 1978, The application of trace elements to the
petrogenesis of igneous rocks of granitic composition:
Earth Planet.Sci.Lett., v.38, p.26 -43.

Hanson,G.N.,1980,Rare earth elements in petrogenetic studies
of igneous systems:Annu.Rev.Earth Planet.Sci., v.8,
p.371 -406.

Haskin ,L.A.,Frey,F.A.,Schmitt,R.A., and Smith,R.H.,1966,
Meteoritic, solar, and terrestrial rare -earth distri-
butions: Physics and Chemistry of the Earth, ed.
L.H.Ahrens, v.7, p.169 -321.

Haxel,G.,Wright,J.E.,May,D.J., and Tosdal,R.M.,1980,
Reconnaissance geology of the Mesozoic and lower Cenozoic
rocks of the southern Papago Indian Reservation, Arizona:
A preliminary report, in Jenny, J.P., and Stone,C.,eds.,
Studies in Western Arizona:Arizona Geological Society
Digest, v.12, p.17 -29.

Haxel,G.,May,D.J., and Tosdal,R.M.,1982,Reconnaissance
geologic map of the Presumido Peak 15' quadrangle,
Arizona: U.S. Geological Survey Miscellaneous Field
Studies Map MF- 1378, scale 1:62,500.



151

Haxel ,G.B.,Tosdal,R.M.,May,D.J., and Wright,J.E.,1984,Latest
Cretaceous and early Tertiary orogenesis in south -central
Arizona: Thrust faulting, regional metamorphism, and
granitic plutonism:Geological Society of America
Bulletin, v.95, p.631 -653.

Heier,K.S.,1973,Geochemistry of granulite facies rocks and
problems of their origin:Phil.Trans. Royal Soc. of
London, A 273, p.429 -442.

Huang,W.L., and Wyllie,P.J.,1981,Phase relationships of
S -type granite with H2O to 35 kbar: Muscovite granite
from Harney Peak, South Dakota: J.Geophys.Res., v.86,
no.Bll, p.10515- 10529.

Ishihara,S.,1977,The magnetite- series and ilmenite- series
granitic rocks:Mining Geology, v.27, p.293 -305.

Ishihara,S.,1981,The granitoid series and mineralization:
Econ.Geol.,75th Anniversary Volume, p.458 -484.

Jacobsen,S.B., and Wasserburg, G.J., 1980, Sm -Nd isotopic
evolution of chondrites:Earth Planet.Sci.Lett., v.50,
p.139 -155.

Jahn, B., Sun, S. S., and Nesbitt,R.W.,1979,REE distribution and
petrogenesis of the Spanish Peaks igneous complex,
Colorado: Contrib.Mineral.Petrol., v.70, p.281 -298.

Jahn,B., and Zhang,Z.,1984,Archean granulite gneisses from
eastern Hebei Province, China: rare earth geochemistry
and tectonic implications:Contrib. Mineral. Petrol., v.85,
p.224 -243.

Keith,S.B., and Reynolds , S. J., 1981, Low -angle subduction
origin for paired peraluminous- metaluminous belts of
mid -Cretaceous to early Tertiary Cordilleran granitoids:
Geological Society of America Abstracts with Programs,
v.13, p.63 -64.

Kiling,I.A.,1972,Experimental study of partial melting of
crustal rocks and formation of migmatites:24th Int.Geol.
Congress, Section 2- Petrology, p.109 -113.

Kistler,R.W., and Peterman ,Z.E.,1978,Reconstruction of
crustal blocks of California on the basis of initial
strontium isotopic compositions of Mesozoic plutons:U.S.
Geological Survey Prof. Paper 1071, 17p.



152

Livingston, D. E., Damon, P.E.,Mauger,R.L.,Bennett,R., and
Laughlin,A.W.,1967, Argon 40 in cogenetic feldspar -mica
mineral assemblages:J.Geophys.Res., v.72, p.1361 -1375.

Luth,W.C.,Jahns,R.J., and Tuttle,O.F.,1964,The granite
system at pressures of 4 to 10 kilobars:J.Geophys.Res.,
v.69, p.759 -773.

Maaloe,S., and Wyllie,P.J.,1975,Water content of granite
magma deduced from the sequence of crystallization
determined experimentally with water undersaturated
conditions :Contrib.Mineral.Petrol., v.52, p.175 -191.

Marvin ,R.F.,Stern,T.W.,Creasey,S.C., and Mehnert,H.H.,1973,
Radiometric ages of igneous rocks from Pima, Santa Cruz,
and Cochise Counties, southeastern Arizona:U.S.
Geological Survey Bull. 1379, 25 pgs.

McCarthy,T.S., and Hasty,R.A.,1976,Trace element distribu-
tion patterns and their relationship to the
crystallization of granitic melts:Geochim.Cosmochim.
Acta, v.40, p.1351 -1358.

McNeal,J.M.,Lee,D.E., and Millard,H.T.,Jr.,1981,The distri-
bution of uranium and thorium in granitic rocks of the
Basin and Range province, Western United States:J.
Geochem.Explor., v.14, p.25 -40.

Miller,C.F., and Bradfish,L.,1980,An inner Cordilleran
muscovite bearing plutonic belt:Geology, v.8, p.412 -416.

Miller,C. F.,Stoddard,E.F.,Bradfish,L.J., and Dollase,W.A.,
1981/Composition of plutonic muscovite:Genetic
implications: Canadian Mineralogist, v.19, part 1,
p.25 -34.

Miller,C.F., and Mittlefehldt,D.W.,1982,Light rare -earth
depletion in felsic magmas:Geology, v.10, p.129 -133.

Mittlefehldt,D.W., and Miller,C.F.,1983,Geochemistry of the
Sweetwater Wash pluton, California: Implications for
"anomalous" trace element behavior during differentiation
of felsic magmas:Geochim.Cosmochim.Acta, v.47, p.109 -124.

Moller,P., and Muecke,G.K.,1984,Significance of europium
anomalies in silicate melts and crystal -melt equilibria:
a reevaluation :Contrib.Mineral.Petrol., v.87, p.242 -250.

Mosier,E.L., and Allcott,G.H.,1979,Geochemical evidence for
thorium and associated elements in nothern Sonora,



153

Mexico: in Watterson,J.R., and Theobald,P.K.,eds.,
Geochemical Exploration 1978, Proceedings of the Seventh
International Geochemical Exploration Symposium, The
Assoc. of Expl. Geochemists, p.129 -137.

Nance,W.B., and Taylor, S.R.,1976,Rare earth element patterns
and crustal evolution -I. Australian post -Archean sedimen-
tary rocks:Geochim.Cosmochim.Acta, v.40, p.1539 -1551.

Nockolds,S.R.,1954,Average chemical compositions of some
igneous rocks:Bull.Geol.Soc. of London, v.65,
p.1007 -1032.

Noyes,H.J.,Frey,F.A., and Wones,D.R.,1983,A tale of two
plutons: Geochemical evidence bearing on the origin and
differentiation of the Red Lake and Eagle Peak plutons,
central Sierra Nevada, California : Jour. Geology, v.91,
p.487 -509.

Pitcher,W.S.,1979,The nature, ascent, and emplacement of
granitic magmas:Geol.Soc. of London Journal, v.136, pt.6,
p.627 -662.

Reynolds,S.J., and Keith, S. B., 1982,Geochemistry and mineral
potential of peraluminous granitoids:Arizona Bureau of
Geology and Mineral Technology Fieldnotes, v.12, no.4,
p.4 -6.

Reynolds,S.J.,Keith,S.B., and Dewitt,E.,1982,Late
Cretaceous -early Tertiary peraluminous granitoids of
Arizona -California and their related mineral deposits:
Geological Society of America Abstracts with Programs,
v.14, p.227.

Shafiqullah,M.,Damon,P.E., Lynch ,D.J.,Reynolds,S.J.,Rehrig,
W.A., and Raymond, R.H.,1980,K -Ar geochronology and
geologic history of southwestern Arizona and adjacent
areas, in Jenny,J.P., and Stone,C.,eds., Studies in
Western Arizona: Arizona Geological Society Digest, v.12,
p.201 -260.

Shakel,D.W.,Silver,L.T., and Damon, P. E., 1977, Observations on
the history of the gneissic core complex, Santa Catalina
Mountains, southern Arizona:Geological Society of America
Abstracts with Programs, v.9, p.1169 -1170.

Shand, S. J., 1927, The Eruptive Rocks:John Wiley, New York,
488 p.

Shearer ,C.K.,Papike,J.J.,Redden,J.A., and Walker,R.J.,1984,
Mineralogy and REE geochemistry of an S -type granite:



154

Harney Peak Granite,South Dakota: Geological Society of
America Abstracts with Programs, v.16, no.6, p.652.

Silver,L.T., and Anderson,T.H.,1974,Possible left -lateral
early to middle Mesozoic disrurtion of the southwestern
North America craton margin:Geological Society of America
Abstracts with Programs, v.6, p.955.

Solomon,G.C., and Taylor,H.P.,Jr.,1981,Oxygen isotope study
of Mesozoic batholithic rocks in southeastern California
and southern Arizona, in Howard, K.A.,Carr,M.D., and
Mil ler, D . M. , eds., Tectonic framework of the Mojave and
Sonoran Deserts, California and Arizona:U.S. Geological
Survey Open -File Report 81 -503, p.100.

Stern,C.R., and Wyllie,P.J.,1981,Phase relationships of
I -type granite with H2O to 35 kbar: The Dinkey Lakes
biotite- granite from the Sierra Nevada
Batholith:J.Geophys. Res., v.86, no.Bll, p.10412- 10422.

Streckeisen,A.,1976,To each plutonic rock its proper name:
Earth Sci.Rev., v.12, p.1 -33.

Takahashi,M.,Aramaki,S., and Ishihara,S.,1980,Magnetite-
series/Ilmenite- series vs. I- type /S -type granitoids, in
Granitic Magmatism and Related Mineralization,
Ishihara,S., and Takenouchi,S.,eds.:Mining Geol. Japan
Spec. Iss. 8, p.13 -28.

Tarney,J.,1976,Geochemistry of Archean high -grade gneisses,
with implications as to the origin of the Precambrian
crust, in Windley,B.F.,ed., The Early History of the
Earth:London, Wiley, p.405 -417.

Tucker, W. C.,Jr.,1980,The geology of the Aguila Mountains
Quadrangle, Yuma, Maricopa, and Pima Counties, Arizona,
in Jenny,J.P., and Stone,C.,eds., Studies in Western
Arizona: Arizona Geological Society Digest, v.12,
p.111 -122.

Van Der Plas,L., and Tobi,A.C.,1965,A chart for judging the
reliability of point counting results:Amer.J.Sci., v.263,
p.87 -90.

Van Schmus,W.R., and Bickford,M.E.,1981,Proterozoic chron-
ology and evolution of the mid -continent region, North
America, in Precambrian Plate Tectonics, A. Kroner,ed.

Wedepohl,K.H.,ed.,1969,Handbook of Geochemistry:Springer-
Verlag, Berlin.



155

Wilson,E.D.,1933,Geology and mineral deposits of southern
Yuma County, Arizona:Ariz.Bur. Mines Bulletin 134.

Wilson,E.D.,1960,Geologic map of Yuma County, Arizona:
Arizona Bureau of Mines, scale 1:375,000.

Wright,J.E., and Haxel,G.B.,1982,A garnet- two -mica granite,
Coyote Mountains, southern Arizona: Geologic setting,
uranium -lead isotopic systematics of zircons, and nature
of the granite source region:Geological Society of
America Bulletin, v.93, p.1176 -1188.

Wyllie,P.J.,1977,Crustal anatexis: an experimental review:
Tectonophysics, v.43, p.41 -71.

Zartman,R.E.,1974,Lead isotopic provinces in the Cordillera
of the western United States and their geologic signifi-
cance: Econ.Geol., v.69, p.792 -805.



GENERAL GEOLOGY OF THE TEXAS CANYON AREA

Pu

OTpu

Johnson

District

Poo

32 °00

OTpe

Figure 3. General Geology of the Texas Canyon area.

110°05'

A

MAP UNITS

EXPLANATION

QTgu Quaternary and Tertiary undifferentiated basin fill gravel
and sediments

Ttc and Ta
Ttc Texas Canyon Quartz Monzonite

coarse -grained leucocratic biotite= muscovite quartz

monzonite (monzogranite of Streckheisen, 1976);
K- feldspar megacrysts common; dashed zones indicate
greisen -like alteration zones

Ta Aplite phase of Texas Canyon Quartz Monzonite
fine- to medium -grained leucocratic muscovitet garnet
biotite aplite with minor pegmatite

forms very resistant outcrops
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pepsg Pinal Schist
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GENERAL GEOLOGY OF THE PRESUMIDO PEAK AREA
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QTgu Quaternary and Tertiary undifferentiated gravels
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rhyolite to rhyodacite

Tpp Presumido Peak Monzogranite

medium -grained, unfoliated to foliated leucocratic biotite+
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"younger phase " - muscovite+ garnet monzogranite is most

common; abundant pegmatite and aplite
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Jg Granite and Quartz Diorite

porphyritic biotite monzogranite and hornblende quartz diorite
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Hornblende and augite- hornblende diorite and quartz diorite
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Jcr Metarhyolite
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Qs Basin fill sediments

Qb Basalt
flows

El Ts Sand, silt, gravel, and conglomerate

E] Tb Basalt
flows

Tvi Volcanics and subvolcanic plugs

Ti Dikes and plugs
dacitic to andesitic in composition

Tgr Gunnery Range Granite and Granodiorite
coarse -grained leucocratic biotitea muscovite
monzogranite to granodiorite; K- feldspar
megacrysts are common

garnet bearing pegmatite and aplite dikes are
more abundant in the eastern part of the
batholith

Lgr Granite and related crystalline intrusive rocks
of Laramide age

Kkv Kofa volcanics
flows, dikes, and plugs of rhyolitic to ande-

sitic composition

El Mgr Granite and related crystalline intrusive rocks
of undetermined Mesozoic to Laramide age

Mgn Gneiss
ortho- and paragneisses
metamorphosed intermediate to felsic igneous

rocks are most common
Precambrian( ?) or younger

Msch Schist
metamorphosed arkoses, sandstones, and other

sedimentary rocks= minor igneous masses
Precambrian( ?) or younger
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