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ABSTRACT

The relationship of K^O/SiO^ ratios of suites of calc-alkaline 

plutonic and volcanic rocks from areas of porphyry copper deposit in

terest in central and southern Arizona to depth to an inferred Laramide 

.subduction system was investigated. The method of derivation consists 

of plotting the KgO content at 60% SiOg (K^q) for a suite of specimens 

from each district against KgQ-versus-depth values for modern seismic 

zones. This procedure yields a relative depth to an inferred paleosub

duction zone for each area that defines a fairly systematic trend across 

Arizona, but in a direction reversed from the eastward-dipping zone that 

was expected. The dip of a line through the depth-readings is 20° west- 

southwest .

Various explanations for the anomalous trend are proposed. In

cluded are the subduetion-related hypotheses of slab reversal and flat

tening and buckling of a normally eastward-dipping plate, intersection 

of structures in the crust such as the Texas lineament with pockets of 

molten material in the lower crust or upper mantle, accumulation of par

tial melts beneath irregularities in the crust, and inapplicability of 

KgO/SiOg ratios to the subduction model in this region.

Intrusions associated with productive porphyry copper deposits 

generally give shallower depth-values by 50 to 100 km than do non

productive stocks. Although the range in depths for porphyry copper 

districts is 100 to 250 km, about 60% of the plutons appear to have

x



xi

originated in the 180 to 220 km region. These values are on the border

line between predominantly mantle and both mantle and crustal contribu

tion to the chemistry of the source magmas. Barren stocks gave apparent 

depths down to 300 km.



INTRODUCTION

Lipman, Prostka, and Christiansen (1971, 1972) have determined 

depths to two imbricate subduction zones for the western United States 

using KgO/SiOg ratios from contemporaneous, dated suites of mid-Tertiary 

calc-alkaline volcanic rocks. The north-south axis between the zones 

extends southward through Montana, Idaho, and Utah, but terminates at the 

northern border of Arizona due to a lack of chemical data. Part of the 

problem of attempting to define a Laramide subduction zone by the ^ 0 /  

Si02 technique is the paucity of chemical information of unaltered rocks. 

Several provocative questions which might be answered with analyses of 

volcanic and hypabyssal complexes concern some interesting relationships 

extant during the Laramide period in Arizona:

1) Is there a systematic variation in KgO/SK^ values across 

Arizona that may be relatable to Laramide subduction?

2) Are intrusions associated with porphyry copper deposits de

rived from the same apparent depth in the mantle or crust?

3) Are non-productive stocks from a different apparent depth 

than productive stocks?

4) Do the porphyry copper deposits lie along an axis between

two Laramide subduction zones, similar to the mid-Tertiary axis 

determined farther north by Lipman and others (1971, 1972)?

These are some of the questions posed for consideration in this paper and 

discussed more fully in the section on results.

1
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In order to analyze Laramide chemical trends across Arizona, 

chemical data were generated for twenty igneous complexes in the central 

and southern portions of the state. For each area, several I^O and S K ^  

values were plotted on a simple Barker variation diagram and a least 

squares curve was drawn through the array of points. The ^ 0  value at 

60% Si02 (K^q) was then read off the graph and plotted against the KgQ- 

versus-depth values for modern seismic zones presented in Dickinson 

(1968) and Lipman and others (1971, 1972). Depth to a possible Laramide 

subduction system beneath Arizona were thus acquired for each igneous 

complex.

The results of this investigation proved interesting, although 

somewhat puzzling. A more or less systematic trend across Arizona was 

determined, but the depth values show an arrangement reversed from what 

was expected. Instead of a possible subduction system surfacing to the 

west or southwest of Arizona and dipping eastward beneath the continent, 

the plot of paleo-depths increases oceanward from Morenci in eastern 

Arizona with a 100 km reading to Ajo in the southwest with a 250 km depth 

value.

Several suggestions for the cause of the reversed trend are out

lined in the conclusion section, but the most apparent is that the geo

logically complex Laramide period in Arizona involved a westward-dipping 

segment of a perhaps normally eastward-descending subduction system.

This idea is difficult to support, however, without further study of 

geology and chemical data on Laramide rocks from the adjacent states and 

Mexico. Other possible explanations for the reversal include
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post-Laramide rotation of southern Arizona, intersection of structures, 

accumulation of molten material beneath irregularities in the crust 

causing abnormal chemical values, and inapplicability of the subduction 

model approach. It is indeed important to note that ^O/SiO^ ratios 

may have no immediate connection with subduction in this area and in

stead may reflect purely crustal phenomena, although plate tectonic 

authorities assert that a Cordilleran-type continental margin complete 

with a Benioff zone must have obtained during the Laramide interval 

whether or not the results were manifest in the extrusive-hypabyssal 

rocks of southern Arizona.

Previous Work

Evidence relating porphyry copper deposits to active subduction 

zones has been accumulated in recent years for the western Pacific re

gion, the Middle Eastern (Tethyan) belt, and the western South American 

and northwestern North American copper provinces. Research by workers 

such as Guilbert and Sumner (1968), Guild (1971), Hodder and Hollister 

(1972), Mitchell and Garson (1972, and Sillitoe (1972, 1975) has placed 

the spatial and temporal distribution of these deposits into a tectonic 

framework encompassing plate convergence, transform faulting, and pre

dominantly calc-alkaline igneous activity.

When the Laramide-age porphyry copper occurrences of the south

western United States are discussed in terms of their regional setting, 

however, various mechanisms for their emplacement other than subduction 

have been proposed. The model of Livingston (1973) explains the linear 

array and progressive decrease in age of the deposits from west-central
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Arizona to northern Sonora, Mexico, as due to northwesterly movement of 

the North American plate over a mantle "hot spot". The "hot spot" mode 

of formation had first been suggested for the Azores-Kelvin seamounts by 

Morgan (1971) and for the Hawaiian-Emperor seamount chain by Jackson, 

Silver, and Dalrymple (1972).

Models proposed by Titley (1972) and Lowell (1974) involve intru

sion along intersecting pre-ore structures not obviously related to plate 

movements. The arcuate arrangement of the porphyry copper deposits in 

central and southern Arizona and southwestern New Mexico, according to 

Titley (1972), is the result of linear Mesozoic structures interacting 

with Paleozoic to Lower Cretaceous Sonoran foreland basin tectonics.

Lowell (1974) shows an elliptical cluster of deposits which he relates 

to a copper source in the lower crust or upper mantle present since 

Precambrian time. He attributes emplacement of the stocks to zones of 

crustal weakness. However, these theories describe neither an ultimate 

cause of deformation and emplacement of igneous bodies into the crust 

nor an explanation of the concentration of ore-forming minerals. Such a 

mechanism appears to be provided by plate interaction mechanisms pre

sented by Dewey and Bird (1970), Dickinson (1970), and a host of subse

quent papers on continental margin dynamics.

There is a vast literature on various aspects of plate tectonic 

theory, with the Basin and Range Province of southwestern North America 

still eliciting considerable controversy, especially with regard to geo

logic events which occurred during the last 80 m.y. From sea floor mag

netic anomaly data, Hamilton (1969) and Atwater (1970) showed that 2000 km
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of the East Pacific plate must have been subducted beneath western North 

America in late Cretaceous and early Tertiary time. Surely the effects 

of subducting such a tremendous amount of lithospheric material must be 

reflected in the geologic record of that period.

Explanations have been attempted of the somewhat simpler geologic 

phenomena north of the Arizona-Utah border (Lipman and others, 1971,

1972), and for the enormously complex Basin and Range Province of Nevada 

and Utah (Burchfiel and Davis, 1975), but little has been suggested to 

account for observations in Arizona itself. Controversy stems mainly 

from the apparent distance of the area from reconstructed trench posi

tions. Part of the problem concerns the amount of Basin and Range ex

tension and perhaps rotation that has occurred after the Laramide period. 

Hamilton and Myers (1966) suggest that as much as 300 km of Cenozoic ex

tension may have taken place in Nevada and Utah. Of course the dip of 

the alleged paleo-Benioff zone would also have been a controlling factor 

on the distance inland affected by subduction-related activity. Accord

ing to Atwater (1970) and Lipman and others (1971), the Mesozoic subdue

tt ion zone off western North America was probably steep, at greater than 

45°, and thus would have affected only a narrow zone of continent within 

about 500 km of the trench. But Coney (1971) has suggested a change in 

the direction of plate movement during the late Cretaceous that may have 

altered the rate of movement and dip of the paleo-Benioff zone, and 

therefore the geometry and extent of inboard, subduction-related conti

nental igneous phenomena. Le Pichon (1968) states that when the spread

ing rate exceeds 8-9 cm/year going into a trench, the trench decouples
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intro two parallel subduction systems with each absorbing part of the 

movement. This split appears to have occurred in the western United 

States north of Arizona during mid-Tertiary time as shown by chemical 

ratios to depth calculations by Lipman and others (1971, 1972), in the 

Andaman Sea (Mitchell and Garson, 1972), and perhaps also in the Cana

dian Cordillera during late Cretaceous and early Tertiary time as sug

gested by Godwin (1975). So, was a shallowly-dipping Benioff zone or 

even a double imbricate set of subduction zones present off the coast 

of southwestern North America during the Laramide also? And were these 

paleoseismic zones the source or at least the cause of Laramide igneous 

activity and ore formation?

Evaluation of the existence of a Laramide subduction system at 

the time of formation of the Arizona porphyry copper province must be 

gained from multiple sources of information. Among possible indicators 

are marine magnetic anomaly data, certain diagnostic rock assemblages 

and their arrangement, age relationships, fracture system arrays, iso

tope data, chemical compositions of igneous units, and the distribution 

and character of ore deposits. Structural relations compiled by Rehrig 

and Heidrick (1972) outline a system of west-southwest directed regional 

compression for Arizona, and marine magnetic anomaly data have shown 

rapid and voraceous consumption of East Pacific oceanic crust during 

the Laramide (Hamilton, 1969). The age relations of copper-bearing 

stocks also exhibit a systematic trend more or less from the oldest at 

Mineral Park in northwestern Arizona to the youngest at La Caridad, 

Sonora, Mexico (Livingston, 1973). A less well-defined west to east
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zoning, from the older deposit at Ajo, Arizona, to the younger ore body 

at Chino, New Mexico, was also presented by Livingston (1973) and Lowell 

(1974). In addition, both published and unpublished initial strontium 

isotope data quoted in Lowell (1974) indicate an upper mantle-lower 

crustal source for porphyry copper stocks in Arizona. Thus, evidence 

for the existence of a Laramide subduction system beneath Arizona is 

compelling, and further information can be expected from analyses of 

chemical compositions of the rock suites reported here.

KpO/SiOo Ratios

Chemical trends have been employed by numerous authors to show 

relationships in differentiated plutons as functions of plate tectonic 

interpretations. Kuno (1959) led the way, with early applications by 

Dewey and Bird (1970) and Dickinson (1968). Also among recent workers 

are Bateman and Dodge (1970) who discuss temporal and compositional 

changes in the Sierra Nevada batholith of California, and Baird, Baird, 

and Welday (1974) who show relationships in the Southern California 

batholith. Kuno (1966) first used plots of total alkali percentages to 

demonstrate transverse variations in chemical composition across indi

vidual island arcs and petrologic contrasts among different arcs. In a 

simplification by Dickinson (1968), however, it was found that partial 

Barker diagrams of K^O versus SiO^ provided the greatest and most diag

nostic proportional variation of any major oxide or combination of alkali 

elements, such that I^O/SiOg plots of comagmatic suites commonly yielded 

straight-line trends with less scatter of points than did other oxide
ratios.
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Dickinson (1968) grouped suites of rocks according to their 

overall I^O and SiOg levels and the slopes of their variation curves.

He found that distinctions could be made on the basis of potash to silica 

trends among intra-oceanic island arcs, complex arcs, and marginal conti

nental ranges erupting high-potash lavas. These relations are inde

pendent of longitudinal variation in basement rock-type. The explana

tion given is that magmatic evolution is controlled primarily by pressure 

effects on partial melting or crystallization at distinctive depths 

rather than by the introduction of crustal contaminants. From this 

theoretical base, Dickinson (1968) plotted K^O values of lava suites at 

both 55% and 60% Si^^ against depth to the inclined seismic zones be

neath presently active andesitic volcanoes, and found correlations to 

within 25 km on a straight-line curve (Figure 1). Silica contents at 

55% and 60% were used in the calculations because they represent the 

average SiOg percentages of the more abundant intermediate andesitic 

rocks occurring in island arc environments.

Lipman and others (1971, 1972) then plotted K^O at 60% SiO^ (now 

called Kq q) for suites of calc-alkaline volcanic rocks in the western 

United States on the depth-versus-Kgg variation curve of Dickinson (1968) 

for modern volcanoes, and obtained distances to an apparent mid-Tertiary 

subduction system. The resultant contoured map of the Cordillera showed 

two shallowly dipping imbricate subduction zones, with the north-trending 

axis cutting through Montana, Idaho, and Utah, and becoming indistinct 

at the Arizona border due to lack of chemical data.
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at 6 0 %  SiOat 55%  SiO.

DEPTH IN KM

Figure 1. Plots of the Potash Levels in Selected Arc Lavas Versus the 
Depths from Corresponding Volcanoes to the Inclined Seismic Zones 
beneath the Arcs— from Dickinson (1968).

Dashed lines indicate the approximate limits of certainty in the position 
of a mean curve passing through the plotted scatter of points.
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The purpose of this thesis, then, was to acquire chemical infor

mation on the important Laramide pulse of igneous activity in central 

and southern Arizona in order to see if subduction-related phenomena 

are reflected in the chemistry of rocks in this geologically complex 

region. It was also intended to evaluate possible differences in depth 

relations between productive and non-productive stocks, and to determine 

if systematic trends of depth values can be established with the por

phyry copper deposits. Nielson and Stoiber (1973) have pointed out that 

distances to Benioff zones for various volcanic arcs in the circum- 

Pacific differ by as much as 50 km for a given 1^0 percent at 60% SiOg. 

Thus, depth values derived in this study are entirely relative and not 

directly comparable with those found in other regions. A further ob

jective was to bring together published whole rock analyses from "por

phyry copper" districts, and to generate new chemical data where 

necessary.

Scope of Investigation 
and Sampling Procedure

A preliminary literature search on the subject of plate tecton

ics was conducted to provide background on chemical and petrologic char

acteristics, structural phenomena, and ore deposit associations of 

down-going lithospheric slabs. The Laramide magmatic pulse was chosen 

for study because of its importance in porphyry emplacement and its sig

nificance in the evolution of the western Cordillera of North America. 

Dates and chemical analyses of fresh Laramide igneous rocks from all over
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Arizona were collected from publications, theses, and the pending re

search of other graduate students so that a suitable number and distri

bution of igneous complexes could be appraised. Laramide rocks rim the 

Colorado Plateau from northwestern Arizona to the central and southeast

ern portions of the state. However, dates are generally lacking for in

trusive rocks in the central and southwestern parts of Arizona along the 

California and Mexico borders. Districts which have not been dated 

were automatically eliminated, because a few stocks that had been thought 

Laramide through the 1950’s have been proven to be Jurassic or mid- 

Tertiary in age by Damon and Bikerman (1964) and Jones (1974).

The igneous complexes finally selected range in age from 74 to 

35 m.y., a period which is bracketed by the 80 and 40 m.y. dates given 

for directional changes in the North American and East Pacific plate 

movements by Coney (1971), and by the period from 80 to 48 m.y. which 

encompasses the Laramide magmatic pulse of Damon and Mauger (1966).

The age distribution is also less than the maximum 30 m.y. life-span 

for active trenches suggested by Le Pichon (1968).

Water-rock interactions and mass-transfer of pertinent constit

uents to and from country rock create a problem in plutonic environments, 

especially within altered stocks associated with porphyry copper depos

its. Care was taken in sampling to minimize hydrothermal effects, with 

collection carefully planned to involve only fresh, unaltered materials. 

Many of the ore deposits were probably emplaced beneath genetically re

lated volcanic piles within as little as 1500 m of the ground surface, 

according to Lowell and Guilbert (1970) and Sillitoe (1972, 1973).
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Stocks as shallow as these would be especially likely to show chemical 

changes from commingled meteoric fluids. A few of the non-productive 

stocks analyzed here, such as the Texas Canyon Granite and the Schief.- 

felin Granodiorite at Tombstone, were probably formed deeper in the 

crust and were not as susceptible to external influences. Ash flows 

temporally associated with plutons in the Roskruge, Tucson, and Silver 

Bell Mountains were also included for comparison, but they may well have 

been contaminated by surface interactions.

Strontium isotope data were sought to evaluate continental 

crustal contamination for comparison with depth, but unfortunately only 

two published values exist for rocks chosen for this paper. The Granite 

Mountain monzonite porphyry at Ray gave a ®^Sr/®^Sr ratio of 0.7082 

(Moorbath, Hurley, and Fairbairn, 1967). Comparing this to values of 

the Precambrian basement complex of 0.76 to 0.80 shows that the porphyry 

did not originate from crustal melting, but rather had a source area 

similar to that of basalt (Lowell, 1974). Values of 0.7096 for the quartz 

monzonite and 0.7107 for the Mount Lord ignimbrite at Silver Bell (Damon, 

1965) also indicate little contamination by crustal rocks. Additional 

87sr/86gr ratios from other southwestern porphyry copper deposits, quoted 

in Lowell (1974), also fall in the 0.706 to 0.710 range. However, Kesler, 

Jones, and Walker (1975) reported several values that indicate minimal 

contamination of island arc systems in the Caribbean, but minimal to 

moderate contamination of continental porphyry copper occurrences.

Whether or not values from barren stocks would discount an anatectic 

origin has not been determined.
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Areas chosen for study (Figure 2) were necessarily those with 

available Laramide dates and good geologic control. Several porphyry 

copper deposits had to be excluded for lack of unaltered rock assem

blages. The distribution of areas selected was also considered impor

tant, in order to present an adequate array of potential depths to the 

paleo-Benioff zone across the map. In addition, a number of barren or 

non-productive complexes were chosen for comparison with producing 

stocks, the term "barren" implying merely a lack of known ore-grade 

mineralization.

Chemical information from nine of the areas chosen was consid

ered adequate, so no additional rock samples had to be analyzed from 

these places. For eleven other igneous complexes, however, there was 

either insufficient chemical data with regard to the rock differentiates 

or there was a total lack of chemical information. For these areas a 

sampling program was carried out and whole-rock chemical analyses were 

performed by x-ray fluorescence spectrometry in the laboratories of the 

Department of Geosciences of The University of Arizona during the spring 

of 1975. Maps and rock descriptions of the. regions selected for sam-. 

pling were compiled from the literature before going into the field.

The objective during sampling was to obtain the freshest rock 

possible, because both weathering and hydrothermal alteration can be ex

pected to cause a shift in K^O/SiOg values. This task became especially 

difficult in regions of important mineralization. The specimens col

lected from Silver Bell and San Manuel, and those donated from Morenci, 

are all somewhat altered, even though they were obtained at a distance 

of several miles from the mines.
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Bulk samples for analysis weighing 8 kg were collected from 

road-cuts and outcrops. Blocks with fractures at least 1 m apart were 

sought for sampling, thereby minimizing alteration effects and ensuring 

a nearly primary magmatic composition for the rock. Such large samples 

were preferred so that bias in chemical values was reduced, especially 

with coarse-grained and porphyritic rocks. A weathered rind as much as 

4 cm wide had to be separated from a few specimens before final crushing 

and grinding for x-ray fluorescence analysis.



DESCRIPTIONS OF AREAS AND ROCK UNITS STUDIED

Introduction

The following section gives a brief description of the geology 

and geologic history of each area involved in this study with a list of 

pertinent publications, isotopic age data, and sources of chemical compo

sition data. Hand samples collected by the writer (JD numbers) are each 

described in a short paragraph, as previous workers have generally pro

vided detailed petrographic descriptions for all of the rocks obtained. 

Geologic maps showing the location of each JD sample accompany the de

scriptions. The chemical analyses are given in Appendix A.

Potash and silica contents of 157 rocks chemically analyzed by 

other workers and used in this report are listed in Appendix B. The 

amount and intensity of any alteration, if such information is avail

able, is also provided, although fresh samples were used as much as pos

sible. For locations of these samples, the appropriate reference must 

be consulted. Graphs of the I^O/Sit^ values are shown in the Discussion 

section. Results and conclusions are presented in the Discussion and 

Conclusions sections.

M 2.

The geologic history of Ajo has been described by Gilluly (1946), 

with more recent discussions of the Cornelia pluton by Wadsworth (1968) 

and Graybeal (1972). Three dates for the Cornelia stock given by 

McDowell (1971) average 63 m.y.

16
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The composite Cornelia pluton (Figure 3) crops out over a 9 

square mile area, intruding Precambrian Cardigan gneiss. Copper mineral

ization and associated alteration at Ajo are generally confined to a 

down-faulted portion of the stock east of the Gibson Fault. According to 

Wadsworth (1968), the main facies of the pluton grades from a center zone 

of porphyritic micro-quartz monzonite outward through porphyritic quartz 

monzonite to equigranular quartz monzonite. In sharp contact with the 

quartz monzonites is an outer phase of granodiorite, with a border zone 

of fine-grained quartz diorite. The units become progressively older 

toward the margins of the stock.

Fourteen chemical analyses of the Cornelia pluton (Table B.l, 

no. 7) were taken from studies by Gilluly (1946), Graybeal (1972), and 

Laine (1974). Only 8 samples reported by Laine (1974) were considered 

fresh enough for use in the ^O/SiOg variation diagram (Figure 23, p. 72) 

and these each had up to 7% calculated potassic alteration, but none 

exceeded 8% total alteration.

An additional sample of fresh-looking, fine-grained, dark gray 

biotite quartz diorite (JD-25) was collected from the border zone (Table 

A.l). From detailed petrographic analyses, Gilluly (1946) describes the 

Cornelia quartz diorite generally as composed of zoned euhedral to sub- 

hedral plagioclase laths, books of biotite up to 2 mm in diameter, partly 

chloritized hornblende, and anhedral quartz. Orthoclase is not usually 

present except as poikilitic grains near the granodiorite contact. In 

hand sample JD-25 contains 50% plagioclase, 35% biotite and hornblende, 

and 15% quartz (Table A.l).
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Sacaton and San Tan Mountains

The geology of the Sacaton and San Tan Mountains was mapped by 

Balia (1972), who described the Sacaton Peak Granite and Three Peaks 

Monzonite in detail. Dates for the two intrusions were also provided by 

Balia (1972), the Three Peaks stock averaging 71.3 m.y. and the Sacaton 

granite 61.2 m.y. The porphyry copper deposit at Sacaton has been dated 

by Damon (in Titley, 1972) as 65 m.y. old.

The Three Peaks pluton is exposed only in the Sacaton Mountains 

(Figure 4). According to Balia (1972), it is a composite stock with a 

border of very fine grained diorite, an inner border phase of coarser- 

grained diorite, an intermediate zone of biotite monzonite, and a core of 

medium-grained monzonite.

Three facies of the Sacaton Peak Granite were identified by Balia 

(1972). The border phase consists of foliated medium-grained biotite 

quartz monzonite with porphyroblasts of pink microcline. A non-foliated 

biotite quartz monzonite with rounded quartz phenocrysts composes the 

intermediate zone, and the core contains biotite quartz monzonite with 

large orthoclase phenocrysts and numerous aplite dikes. The Sacaton 

Peak pluton is exposed in the southern portions of both the Sacaton and 

San Tan Mountains, but is known locally in the San Tan Mountains as the 

Walker Butte Quartz Monzonite.

Since chemical analyses have not been determined for either in

trusion, samples were collected from both plutons for each facies (Table 

A.1). A good linear trend on the 1^0/Sit^ variation diagram was expected 

for each of the stocks (Figure 24, p. 72)» but an arrangement of points



kilometers

border
facies

•  JD sample locations

intermediate facies

core facies
35 ) Ltm Coolidge Q

border facies

‘-'Sacaton deposit

|Pol | Alluvium |Ltdi| Three Peaks diorlte, inner facies f t tm l Three Peaks Monzonite

| Lsq I Sacaton Peak Granite ludoj Three Peaks diorite, outer facies | pCg | Precombrion granites

Figure 4. Geologic Map of the Sacaton and San Tan Mountains, Arizona. 

Modified after Balia (1972).
ro
o



21

in a horseshoe shape resulted instead. The cause of such a scattered 

distribution could not be determined.

Samples JD-29 and 32, from the outer zone of the Sacaton Peak 

stock, are moderately foliated, medium-grained, weakly propylitized quartz 

diorites. The 20-25% biotite and 2-3% hornblende grains show some chlor

ite and epidote alteration. The outcrop from which JD-29 was obtained is 

strongly chloritized. Quartz composes 15-20% of the rock, plagioclase 

40%, and K-feldspar about 5%. Sphene and magnetite are abundant acces

sories. Hand samples JD-31 and 33, from the intermediate biotite quartz 

monzonite facies, are characterized by abundant rounded quartz pheno- 

crysts up to 1 cm in diameter. Biotite composes 5-10% of the rock, 

quartz about 20-25%, plagioclase 45%, and K-feldspar about 15%. The rock 

is fine- to medium-grained in JD-33 and medium-grained in JD-31. Both 

samples are fresh and equigranular with no foliation. Specimen JD-30, 

from the core zone of the Sacaton Peak granite, is a weathered, porphyr- 

itic, medium-grained quartz monzonite cut by thin aplite dikes. Pheno- 

crysts of poikilitic orthoclase, ranging up to 2 cm in length, are 

surrounded by granular quartz, plagioclase, K-feldspar, and books of 

biotite. Quartz composes 30% of the rock, plagioclase 40%, K-feldspar 

15%, and biotite 15%.

The inner facies of the Three Peaks stock, represented by samples 

JD-34 and 35, is a medium-grained, hypidiomorphic-granular biotite quartz 

monzonite. Biotite averages about 15% of the rock, chloritized horn

blende about 2%, pink K-feldspar and plagioclase approximately 30-35% 

each, and quartz about 15%. Sphene and magnetite are common accessories.
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A rock which looks very different from the biotite quartz monzonite of 

the inner zone borders the Three Peaks stock. It is a fine-grained, 

equigranular biotite granodiorite with 20% biotite, 2-3% hornblende, 20% 

quartz, 45% plagioclase, 15% K-feldspar, and abundant accessory magnetite 

and sphene. Samples JD-36 and 37 were.collected from this facies.

Superior

A detailed account of the geology of the Superior mining district 

was provided by Short and others (1943). The Silver King Quartz Diorite 

(Figure 5), located 3 miles north of the town of Superior, is included 

as a possible Laramide intrusion, although it has been questionably 

dated by Balia (1972) at 20.9 m.y. The Tertiary Whitetail Conglomerate, 

however, has been found in depositional contact with the quartz diorite, 

indicating a much older age for the stock. Balia (1972) noted that the 

large dacite ashflow sheet which surrounds and once probably covered the 

pluton has also been dated as approximately 20 m.y., and may have caused 

the potassium-argon age of the quartz diorite to be reset. He suggested 

that the Silver King stock may be of age similar to that of the other 

quartz diorite plutons in that area at about 70 m.y.
t

The geology of the Silver King Quartz Diorite is discussed in 

detail by Puckett (1970), and five principal facies are identified: a

porphyritic hornblende quartz diorite border unit, a fine-grained biotite 

quartz diorite, a medium-grained biotite quartz diorite, a dacite por

phyry, and an aplite. Chemical analyses of a fresh specimen from each 

of these phases (Table B.l, no. 15) are available in Puckett (1970),
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so no additional samples were collected. B^O/SiOg values for the stock 

cluster well on the variation diagram (Figure 25, p. 73).

Inspiration

The Schultze Granite, located east of Miami, Arizona, covers 

about 20 square miles. The geology has been described in detail by 

Ransome (1903, 1919), Peterson (1962), and supplemented and summarized 

by other workers, including 01mstead and Johnson (1966), Graybeal (1972), 

and Balia (1972). A potassium-argon age of 62 m.y. has been determined 

for the pluton by Creasey and Kistler (1962), and 58 m.y. by Livingston 

and others (1967), and McDowell (1971).

The Schultze Granite intrudes Precambrian Pinal Schist (Figure 

6). Mineralogically, much of the pluton is quartz monzonite, except for 

the granite porphyry facies, which forms a gradational border along the 

northeast edge of the intrusion. The granite porphyry is thought to be 

slightly younger than the main part of the Schultze Granite, and it ap

pears to be genetically related to the three porphyry copper deposits 

located along its outer contact (Peterson, 1962). Chemical analyses of 

fresh Schultze Granite (Table B-l, no. 4) are presented in Ransome (1919) 

and Graybeal (1972). Two of the Ransome samples are supposedly from the 

granite porphyry phase, but show chemical values similar to those of the 

quartz monzonite (Figure 26, p. 73). The granite porphyry is generally 

moderately hydrothermally altered.

The main phase of the Schultze Granite is porphyritic with a seri

ate groundmass. Large euhedral phenocrysts of orthoclase and rounded
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aggregates of quartz are set in a medium-grained matrix of plagioclase, 

orthoclase, quartz, and biotite, with magnetite, apatite, rutile, and 

zircon as accessories (Graybeal, 1972). The granite porphyry, according 

to Olmstead and Johnson (1966), consists of euhedral quartz phenocrysts 

embedded in a microcrystalline matrix of biotite and K-feldspar.

Copper Cities and Castle Dome

Copper Cities and Castle Dome are located on opposite ends of the 

northeast-trending Lost Gulch Quartz Monzonite intrusion, with Copper 

Cities on the east side and Castle Dome on the west side (Figure 7). 

Ransome (1903, 1904, 1919) was first to map portions of the region, but 

the definitive work was done by Peterson, Gilbert, and Quick (1951) and 

Peterson (1954, 1962). A potassium-argon date by Creasey (1965a) on 

hydrothermal biotite at the Copper Cities mine establishes the time of 

mineralization and alteration at 63 m.y. Ages for the Lost Gulch Quartz 

Monzonite indicate the Copper Cities stock to have been emplaced 64 m.y. 

ago (Livingston, Mauger, and Damon, 1968) and the Castle Dome pluton 62 

m.y. ago (Creasey and Kistler, 1962).

The Lost Gulch Quartz Monzonite, which is exposed as several in

trusive bodies, was thought by Peterson (1962) to have been emplaced 

along the contact between two Precambrian units, the Ruin Granite to the 

north and the Pinal Schist to the south. The quartz monzonite has two 

textural varieties (Simmons and Powells, 1966). One is a porphyritic 

quartz monzonite with pale red orthoclase phenocrysts 2.5 to 8 cm long 

set in a coarse-grained groundmass of quartz, feldspar, and biotite. The 

other variety is a quartz monzonite porphyry containing large orthoclase
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phenocrysts, smaller phenocrysts of quartz, plagioclase, and biotlte, and 

a fine-grained groundmass of quartz, orthoclase, and minor plagioclase. 

The contacts between the two textures are sharp to gradational.

Chemical analyses of fresh Lost Gulch Quartz Monzonite were pro

vided by Ransome (1919) and Peterson and others (1951) for the Castle 

Dome area, and by Laine (1974) for Copper Cities (Table B.l, no. 3).

The study by Laine (1974) also contains chemical values from the granite 

porphyry, which is a late stage of the quartz monzonite similar to the 

granite porphyry facies of the Schultze Granite. Peterson (1954) sug

gests that they may be related intrusions. The Lost Gulch granite por

phyry occurs as dikes and small masses, and consists of medium- to 

coarse-grained phenocrysts of oligoclase, quartz, orthoclase, and bio- 

tite set in a microcrystalline groundmass of quartz and orthoclase.

Laine (1974) calls the granite porphyry of Peterson (1954) a 

quartz monzonite and the quartz monzonite a granite porphyry, based on 

chemical and mineralogical data. Five of the six values from Laine 

(1974) used in the present study for the Copper Cities granite porphyry 

are less than 25% altered, mostly to a phyllic assemblage. One fresh 

sample was also included. The 25% cut-off is the point below which the 

position of the sample on the K2 O/SiOg variation diagram does not appear 

to fluctuate much from that of the unaltered specimen, for this partic

ular rock-suite (Figure 27, p. 74). Apparently the lack of chemical 

variation is due to stability of the 40-55% orthoclase in the rock and 

retention of the original SiOg content in the dominant alteration min
eral, sericite.
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Ray

Comprehensive studies of the Ray porphyry copper deposit have 

been undertaken by Ransome (1919), Metz and Rose (1966), and especially 

by Banks and others (1972). Banks and others (1972) provide a detailed 

analysis of intrusive relations, mineralizing events, and chemical vari

ations of Laramide rocks in the Ray district. Twenty-five potassium- 

argon ages and fourteen chemical analyses were presented as a basis for 

correlation. The following descriptions and ages were taken from Banks 

and others (1972) and Metz and Rose (1966).

Intruded into the Precambrian basement rocks and Paleozoic sedi

ments are 13 distinctive Laramide-age igneous rock-types (Figure 8). 

Stocks of Tortilla Quartz Diorite of 70.5 m.y. age consist of fine- to 

medium-size hypidiomorphic grains of biotite, pyroxene rimmed with horn

blende, plagioclase, and interstitial quartz and K-feldspar. Locally 

the rock is porphyritic. Following closely in age is the Rattler stock 

at 69.8 m.y. The main facies of this composite pluton is a granitoid, 

medium-grained granodiorite. Numerous dikes of andesitic to rhyodacitic 

composition cut the Tortilla stocks, the Battler intrusion, and commonly 

one another.

The source of the copper mineralization at Ray is the Granite 

Mountain Porphyry,. with an average age of 60.8 m.y. The unaltered rock 

is a granodiorite, with euhedral to subhedral orthoclase, plagioclase, 

and quartz set in a groundmass of quartz, orthoclase, and accessory bio

tite. Textures range from seriate-porphyritic, to granitoid, to por

phyritic with 65% groundmass.
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Dikes of porphyritic quartz latite were intruded after the 

Granite Mountain Porphyry and before the younger Teapot Mountain Porphyry. 

The Teapot Mountain Porphyry gives a date of 63 m.y., and although it 

records an older isotopic age than the Granite Mountain Porphyry, it ex

hibits local intrusive relations into the Granite Mountain stock. The 

Teapot Mountain Porphyry is a quartz monzonite with phenocrysts of ortho- 

clase, quartz, andesine, biotite, hornblende, and magnetite in an apha- 

nitic matrix. It is generally deuterically altered and occurs as small 

irregular intrusions and dikes. Rhyodacite dikes that may be either a 

late phase of the Teapot Mountain Porphyry or a separate intrusive se

quence represent the final period of Laramide igneous activity at Ray.

The U.S.G.S. Professional Paper by Ransome (1919) provides chem

ical analyses of five fresh samples from various rock-types of Laramide 

age. Eight additional analyses were obtained (Table B.l, no. 13) from 

the study by Banks and others (1972). It may be noted that the Laramide 

igneous rocks at Ray become progressively more siliceous as they become 

younger. The composition of the stocks and associated dike swarms change 

from quartz diorite through granodiorite to quartz monzonite, thus pro

viding a good linear array of points on the K^/SiOg variation diagram 

(Figure 28, p. 74).

Copper Creek

The Copper Creek Granodiorite is the host for several copper de

posits of the Bunker Hill mining district in the Galiuro Mountains, 

Arizona. Simons (1964) has provided a detailed account of the geologic
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history of the area. Ages of the granodiorite are recorded in Creasey 

and Kistler (1962) at 68 m.y. and in Creasey (1967) as ranging from 66 

to 69 m.y. for emplacement of the pluton and subsequent mineralization 

and alteration.

Precambrian basement rocks. Paleozoic sediments, and Mesozoic 

Glory Hole volcanics were intruded by the Laramide Copper Creek Grano

diorite (Figure 9), which was in turn overlain by Tertiary Galiuro Vol

canics. The intrusion ranges in composition from biotite granodiorite 

to quartz monzonite. According to Simons (1964), it is medium-grained, 

porphyritic, and slightly cataclastic, with phenocrysts of normally 

zoned andesine surrounded by quartz, K-feldspar, biotite, minor amphi- 

bole and clinopyroxene, and sphene, magnetite, apatite, and zircon as 

accessories.

A chemical analysis of the Copper Creek Granodiorite (Table B.l, 

no. 11) from just north of the Old Reliable mine was obtained from 

Simons (1964). Three other samples from the pluton were also collected 

and analyzed (Table A.l), giving a good linear trend of K^O and SiG^ 

values (Figure 29, p. 75). JD-22 is a fresh, fine- to medium-grained,

hypidiomorphic-granular biotite quartz monzonite. In hand sample, bio

tite averages 20% of the rock, hornblende 1-2%, quartz and K-feldspar 

about 20% each, and plagioclase 40%. Mafic inclusions are numerous. 

JD-23 is a fine— to medium-grained granodiorite, showing slightly more 

alteration of the plagioclase than JD-22. Biotite averages 15% of the 

sample. The texture is very weakly porphyritic, with laths of plagio

clase up to 5 mm in length. JD-24, from the Bunker Hill mine, is a
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moderately propylitized granodiorite. Biotite composes 10-12% of the 

sample and hornblende 2%. Biotite may be fresh to almost completely 

replaced by chlorite and epidote in hand sample, while hornblende is 

totally altered to the same minerals. The fractures are generally 

stained with iron oxides.

San Manuel

The ore body at San Manuel was formed during and slightly after 

intrusion of a Laramide monzonite or granodiorite porphyry stock into 

Precambrian Oracle "Granite" (Figure 10). Hosts for the ore are the 

Oracle quartz monzonite and dacite porphyries. The U.S.G.S. Professional 

Paper by Creasey (1965b) is probably the most complete work on the gen

eral geology of the San Manuel area, but numerous other authors, includ

ing Schwartz (1953), Thomas (1966), Lowell (1968) on the Kalamazoo 

deposit, and Lowell and Guilbert (1970), have contributed greatly to 

knowledge of the alteration, mineralization, and structures in the mine. 

Potassium-argon ages for the monzonite porphyry are 69 m.y. by Rose and 

Cook (1965) and 67 m.y. at San Manuel and Kalamazoo by Creasey (1965b). 

Rose and Cook (1965) have also dated the time of hydrothermal alteration 

as 69 and 65 m.y.

All of the Laramide monzonite porphyry exposed is at least weakly 

altered to the propylitic stage. Two phases of the intrusion were out

lined by Thomas (1966). The most common variety is a porphyritic facies, 

with abundant plagioclase phenocrysts averaging 5 mm in diameter set in
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a medium-gray fine-grained groundmass of quartz and orthoclase. Euhedral 

biotite phenocrysts are numerous where alteration is not extensive. The 

second variety is a sparsely porphyritic phase, consisting of white 

plagioclase phenocrysts up to 1.5 cm in diameter embedded in a dark gray 

' to black fine-grained matrix.

Only one chemical analysis of the least altered monzonite por- 

phyry (Table B.l, no. 14) was available from the literature (Creasey, 

1965b), so two more samples (JD-38 and 39, Table A.l) were collected 

from the less extensively altered body of monzonite porphyry located 

about 2 miles southwest of the San Manuel mine, in the "Purcell window". 

The least altered samples found were weakly propylitized, but a tight 

cluster of points on the K^O/SIO2 variation diagram indicates that they 

are rather unchanged chemically from fresh specimens (Figure 30, p. 75). 

The rock at first glance looks like an andesite porphyry, with abundant 

plagioclase phenocrysts in a dark gray matrix. Plagioclase is zoned, 

euhedral, and ranges up to 7 mm in length. Biotite and altered horn

blende are also abundant, composing about 20% of the sample, while 

plagioclase makes up at least 50% of the rock. A microcrystalline ma

trix of plagioclase, biotite, hornblende, quartz, and orthoclase make up 

the rest of a specimen. Chloritization and epidote alteration of the 

mafic minerals and saussuritization of plagioclase are common features. 

Mineralogically and chemically, these samples appear to be granodioritic 

in composition.
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Safford

The San Juan and Lone Star stocks at Safford, Arizona (Figure 

11), have been studied in detail by Robinson and Cook (1966). Potassium- 

argon dates reflect a time of emplacement for the stocks of 62 to 58 m.y. 

(Damon and Mauger, 1966; Robinson and Cook, 1966) and a time of copper 

mineralization and hydrothermal alteration of 53 m.y. (Robinson and Cook, 

1966). The San Juan intrusion is a small composite pluton consisting of 

quartz monzonite porphyry, granodiorite porphyry, and granodiorite. The 

Lone Star stock is larger and composed primarily of quartz diorite, minor 

granodiorite, and quartz monzonite. Both plutons intrude Cretaceous (?) 

porphyritic andesite.

Strong pre-mineral fracturing occurred after intrusion of the 

stocks, mostly in adjacent areas rather than in the plutons themselves. 

This fracturing provided conduits for copper-bearing hydrothermal solu

tions and a host environment for deposition of ore minerals (Robinson 

and Cook, 1966).

Chemical and petrographic analyses of the stocks and related 

rocks were provided by Bolin (personal communication, 1974; M.S. thesis, 

in preparation). Only 10 analyses were used here, however, due to the 

altered character of most of the samples (Table B.l, no. 5). Of the 10 

samples 5 were fresh; 2 were 5% propylitically altered, and 3 were up to 

20% propylitically, argillically, or phyllically replaced. With greater 

than 20% alteration a scattering of points occurred on the ^0/5102 vari

ation diagram, probably due to an addition of chemical consituents by 

hydro thermal fluids. With less than 20% the alteration was apparently
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isochemical, providing a good linear distribution of values on the graph 

(Figure 31, p. 76).

Morenci

Lindgren was first to describe the geologic history of Morenci 

in a U.S.G.S. Professional Paper (1905), with subsequent information 

summarized by Moolick and Durek (1966). A recent detailed account of 

the geology, structure, stratigraphy, and mineralization was presented 

by Langton (1973). In addition, an excellent analysis of the breccias 

occurring in the Morenci-Metcalf district appears in an M.S. Thesis by 

Bennett (1975). Potassium-argon dates of the Laramide rock-units are 

published in McDowell (1971) and Bennett (1975).

Moolick and Durek (1966) considered the main Laramide-age pluton 

at Morenci to represent a series of intrusions that generally became 

more siliceous with age, having had a common source. The oldest Lara

mide stock in the area, at 62 m.y. (McDowell, 1971), is a diorite por

phyry which cuts Precambrian basement rocks and Paleozoic and Mesozoic 

sediments (Figure 12). Transitional to the diorite is the principal 

host rock of the ore, a monzonite porphyry. Diabase associated with 

district-wide faulting was intruded next, followed by emplacement of 

an elongate stock of Older Granite Porphyry with a potassium-argon age 

of 56 m.y. (Bennett, 1975). Four large breccia bodies were then in

truded into Older Granite Porphyry and monzonite porphyry. Finally, a 

body of Younger Granite Porphyry, accompanied by further brecciation, 

was emplaced into the center of the Older Granite Porphyry, with
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fracturing of the monzonite porphyry and mineralization terminating 

Laramide intrusive activity in the area. An upper limit on the time of 

mineralization was set at 55.2 m.y. from a sample of monzonite porphyry 

obtained near the open-pit copper mine.

Two chemical analyses (Table B.l, no. 6) of fresh monzonite por

phyry and one of fresh diorite porphyry were obtained from Lindgren 

(1905). An additional set of analyses from fresh quartz monzonite was 

provided by Laine (1974), most of whose samples for Morenci were exten

sively altered. Rock specimens renumbered JD-42 to 44 (Table A.l) of 

diorite porphyry, monzonite, and Older Granite Porphyry were generously 

provided by Phelps-Dodge geologist, Ken Bennett. JD-42 is a dark gray 

fine-grained diorite with laths of plagioclase and hornblende and inter

stitial mafic minerals, plagioclase, quartz, orthoclase, and magnetite.

A few phenocrysts of plagioclase up to 5 mm long were also found. This 

sample is a section of drill core containing considerable pyrite in 

veinlets and as fine disseminations through the mafic constituents, which 

Moolick and Durek (1966) cite as unusual for the diorite.

Sample JD—43, from the Older Granite Porphyry, contains euhedral 

to anhedral quartz phenocrysts up to 1 cm long, smaller phenocrysts of 

plagioclase, orthoclase, and 5-7% biotite, and a microgranular groundmass. 

The phenocrysts compose 50-60% of the specimen. Secondary quartz and 

orthoclase veinlets are numerous, but no sulfide minerals are visible. 

This sample was not used in the K^q calculation because the abundance of 

secondary K-feldspar resulted in a poor fit on the KgO/SiOg variation 

diagram (Figure 32, p. 76).
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JD-44, from a fresh pinkish-gray monzonite dike (?), consists of 

60-70% phenocrysts of zoned plagioclase, orthoclase, and hornblende set 

in a microgranular matrix of quartz and feldspar. Hornblende composes 

less than 5% of the sample. The phenocrysts range up to 7 mm in length, 

but average 2-3 mm.

Dos Cabezas

Cooper was first to publish a moderately small-scale reconnais

sance geologic map of the Dos Cabezas Mountains in 1956. Erickson (1969) 

contributed a detailed map and study of the geologic history of the 

range in a Ph.D. dissertation, with a summary of his work including ages 

appearing in Southern Arizona Guidebook III (1968). The Three Laramide 

stocks for which dates are known (Erickson, 1968, 1969) are the Silver 

Camp stock in the south-central portion of the range (62.4 m.y.), and 

the Cowboy (59 m.y.) and Maverick (55.9 m.y.) stocks in the northern 

section of the region. Chemical analyses had not been performed on these 

intrusions. The stocks intrude Precambrian Pinal Schist and granitic 

units and Laramide volcanic rocks (Figure 13).

Samples collected for chemical analysis from all three plutons 

(Table A.l) give a good linear trend on the K^O/SiOg variation diagram 

(Figure 33, p. 77). JD-18, from the Silver Camp stock, is a fine

grained, hypidiomorphic-granular biotite quartz diorite. Biotite is 

slightly chloritized and composes about 15-20% of the rock. Magnetite 

is a common accessory. About 2-3% hornblende crystals up to 7 mm in 

length once existed, but the hornblende is now completely replaced by
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biotite and chlorite. Samples JD-16 and 17 were collected from the Cow

boy stock. Both are fine-grained, hypidiomorphic-granular biotite 

quartz diorites. JD-16 contains 20-25% biotite, and JD-17 about 15-20%. 

Magnetite is abundant. Both samples are fresh to weakly propylitized, 

with biotite altering to chlorite and minor epidote replacing the feld

spars along fractures. A few hornblende phenocrysts are replaced by 

biotite. JD-15, from the Maverick stock, is a medium-grained dark gray 

porphyritic biotite quartz monzonite. Tabular feldspar phenocrysts up 

to 2 cm in length compose 5% of the rock and rounded blebs of quartz 

with an average diameter of 3 mm comprise about 10% of the sample. The 

groundmass is biotite-rich, containing up to 30% chloritized biotite. 

Fractures filled with epidote or chlorite are common. Magnetite is also 

abundant.

Texas Canyon

The Texas Canyon Quartz Monzonite occupies the southern portion 

of the Little Dragoon Mountains, cropping out over an area of 26 square 

miles. Cooper and Silver described the region in a comprehensive 

U.S.G.S. Professional Paper published in 1964. Potassium-argon ages 

for the quartz monzonite stock were determined by Damon (1964) as 54 

m.y. and by Damon (1965) and Livingston and others (1967) on biotites 

from several samples as averaging 50.3 m.y.

The Texas Canyon Quartz Monzonite intrudes Precambrian Pinal 

Schist along its northern border, Precambrian Apache Group sediments to 

the east, and Precambrian to Cretaceous sediments and volcanic rocks to
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the south and west (Figure 14). The major ore deposits, especially the 

copper-zinc skam and replacement deposits at Johnson Camp, are spatially 

and apparently genetically related to the quartz monzonite stock (Cooper 

and Silver, 1964; Weitz, 1976).

According to Cooper and Silver (1964), the Texas Canyon Quartz 

Monzonite is divisible into porphyritic, non-porphyritic, and sheared 

facies. The porphyritic variety is by far the most common type, con

sisting of K-feldspar phenocrysts averaging 3-4 cm in length set in a 

medium-grained groundmass of feldspar, quartz, and biotite. Biotite 

composes about 5% of the rock and quartz, K-feldspar, and plagioclase 

occur in nearly equal amounts. Magnetite, apatite, and zircon are ac

cessory minerals.

Chemical analyses of the stock (Table B.l, no. 1) were deter

mined by Bolin (personal communication, 1974). Two samples show minor 

weathering, but the third sample appears completely fresh. Since the 

values cluster closely on the K^O/Sit^ variation diagram (Figure 34, 

p. 77), no further samples needed to be collected.

Tombstone

Butler, Wilson, and Rasor (1938) and Gilluly (1956) have de

scribed the geologic history and ore deposits of the Tombstone area in 

detail (Figure 15). A potassium-argon date on the Schieffelin Grano- . 

diorite is given in Creasey and Kistler (1962) as 72 m.y. A large body 

of intrusive quartz latite known as the Uncle Sam Porphyry has a similar 

age of 71.9 m.y., as reported in Marvin and others (1973). Gilluly
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(1956) regarded this unit as Tertiary, however. Creasey and Kistler 

(1962) also dated a small outcrop of intrusive rhyolite in the area at 

63 m.y.

The Uncle Sam Porphyry, according to Gilluly (1956), is a gray to 

buff-colored quartz latite porphyry, with inconspicuous phenocrysts of 

plagioclase, biotite, and hornblende ranging from 1 to 8 mm in length, 

smaller quartz phenocrysts, and an aphanitic to glassy groundmass. In

clusions of Mesozoic-age Bronco volcanics and Precambrian granitoid rocks 

are common.

Chemical analyses (Table B.l, no. 2) of fresh Schieffelin Grano- 

diorite and Uncle Sam Porphyry were taken from Butler and others (1938) 

and Gilluly (1956). Two additional samples of the granodiorite and one 

from the intrusive rhyolite were collected for analysis (Table A.l).

JD-19 and 20, from the Schieffelin Granodiorite, contain hypidiomorphic 

to weakly porphyritic grains of biotite, hornblende, and plagioclase, 

with finer quartz and orthoclase. Magnetite is abundant as an accessory. 

Hornblende crystals range up to 8 mm in length, but most of the rock is 

fine- to medium-grained. The mafic minerals compose about 20% of a 

sample, with hornblende laths averaging 5%. Weak propylitic alteration 

is common. Sample JD-21, from the intrusive rhyolite sill, consists of 

phenocrysts of euhedral to anhedral quartz up to 3 mm in diameter, feld

spar up to 2 mm long, and tiny euhedral biotite books in a pink aphanitic 

groundmass. Phenocrysts compose only about 15% of the sample. The 

analysis of the intrusive rhyolite was not used in the calculation of 

K^q on the KgO/SiOg variation diagram (Figure 35, p. 78) because of the
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9 m.y. difference in age between the rhyolite and the older Schieffelin 

Granodiorite and Uncle Sam Porphyry.

Patagonia

The Patagonia granodiorite crops out over an area of 30 square 

miles along the core of the Patagonia Mountains. Schrader (1915) was 

first to describe the mineral deposits of the Patagonia Mountains. In 

1972, a Ph.D. dissertation by Graybeal covered trace element partition

ing in rocks at the Four Metals mine, located in the central part of 

the range. A general summary and geologic map of the Patagonia Mountains 

north of the United States-Mexico border was published by Simons (1974). 

The quartz monzonite and granodiorite facies of the Patagonia pluton were 

dated by the potassium-argon method at 58 m.y. (Marvin and others, p. 17,

1973). Damon and Mauger (1966) analyzed a geologically earlier quartz 

diorite phase and obtained an age of 63.9 m.y.

The Patagonia granodiorite is elongate in a slightly northwest

erly direction (Figure 16). It intrudes Paleozoic and Mesozoic sediments 

and volcanics on its eastern border and Precambrian granite along its 

western and northern edges. All of the known important mineralization 

occurs near the eastern and northern flanks of the pluton (Graybeal, 

1972). The main phase of the granodiorite ranges in composition from 

quartz diorite in the north to quartz monzonite in the south. Several 

earlier and minor facies of the granodiorite are exposed along the edges 

of the pluton: a biotite hornblende syenodiorite, biotite quartz mon

zonite, biotite augite quartz diorite, and a small stock of porphyritic 

biotite granodiorite in the Washington Camp area.
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Schrader (1915) and Graybeal (1972) report chemical analyses of 

fresh samples of the main phase of the Patagonia granodiorite (Table B.l, 

no. 16). Thus, specimens of the minor facies were collected and ana

lyzed by the writer (JD-4 to 7, Table A.l), establishing a good linear 

trend on the I^O/Sif^ variation diagram (Figure 36, p. 78). According 

to Graybeal (1972), the granodiorite has two continuously varying tex

tural varieties that exhibit gradational contacts and similar composi

tions. One end-member variety is equigranular and the other porphyritic. 

Both are medium-grained and consist of euhedral to subhedral zoned pla- 

gioclase crystals, books of biotite, fresh subhedral to anhedral horn

blende, and anhedral quartz and orthoclase. Slight propylitic alteration 

is a common feature.

Sample JD-4, from Sycamore Canyon on the western side of the 

Patagonia Mountains (Figure 16), is a medium- to coarse-grained, 

hypidiomorphic-granular biotite granodiorite. Biotite comprises about 

25% of the rock, hornblende about 3%, pink K-feldspar 15-20%, quartz 20%, 

and plagioclase 35%. Magnetite and sphene are the accessory minerals,

- and minor chlorite and epidote occur as alteration products. Also in 

Sycamore Canyon is a small body of fresh syenodiorite (JD-5). This 

fine-grained dark gray rock consists mostly of plagioclase, 3-5% quartz, 

about 30—35% biotite and hornblende, and abundant magnetite. The aver

age grain size is 3$ to ^ mm. JD-6 is a medium-grained, hypidiomorphic- 

granular granodiorite from the main facies of the Patagonia pluton. 

Biotite composes 10-12% of the sample and hornblende about 3%. Magne

tite is common as an accessory mineral. The rock appears fresh.
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Sample JD-7 was collected near the Four Metals mine. It is a fresh

looking, medium- to coarse-grained biotite granodiorite with a 

hypidiomorphic-granular texture. Constituents include plagioclase, 

quartz, 5-7% hornblende, 15% biotite, about 15% K-feldspar, and abundant 

accessory magnetite. The small pluton in the Washington Camp area is 

composed of porphyritic granodiorite (JD-8). A few phenocrysts of K- 

feldspar up to 2 cm long are set in a fine- to coarse-grained seriate 

groundmass of euhedral to subhedral plagioclase, interstitial orthoclase, 

large euhedral blebs to anhedral interstitial grains of quartz, about 

12% biotite, and minor magnetite. The rock appears fresh.

Santa Rita Mountains

An early description of the mineral deposits of the Santa Rita 

Mountains, Arizona, was presented by Schrader (1915). However, most of 

the geologic investigation of the area has been the nearly exclusive 

project of Harald Drewes, U. S. Geological Survey. He has mapped the 

two quadrangles which cover the Santa Rita Range (Drewes, 1971a,-c), and 

presented the geologic history of the area in three U.S.G.S. Professional 

Papers (Drewes, 1971b, 1972a,-b). Ages of the Laramide igneous rocks 

have also been summarized by Drewes (1971a). The oldest upper Cretaceous 

igneous suite (Figure 17) is the Salero Formation, whose middle member, 

a rhyodacite tuff, was dated at 71 m.y. Intruding the Salero Formation 

is the Josephine Canyon Diorite which records potassium-argon ages of 

61, 62, and 63 m.y. and a lead-alpha date of 67 m.y. During this time 

the Madera Canyon Granodiorite was also emplaced, with the
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coarse-grained phase yielding an age of 68 m.y. Although the Elephant 

Head Quartz Monzonite stocks intrude Josephine Canyon Diorite, they give 

ages of 68 and 69 m.y. Thus, the Josephine Canyon pluton may have been 

reheated during subsequent igneous activity such that a slightly younger 

potassium-argon date is now discerned in the rock record.

A normal trend in differentiation of the magma is at first ap

parent in a gradation from the initial production of dioritic rock 

through granodiorite to formation of the slightly younger quartz mon

zonite stocks. Drewes (1971b), however, has noted a similar variation 

in the 71 m.y. old Salero Formation volcanics from a dacitic to rhyoda- 

citic composition. The 3 to 4 m.y. gap in time of solidification between 

the extrusive rocks and their plutonic equivalents suggests to him 

availability near the surface of two magmas, one dioritic and one quartz 

monzonitic, for a considerable period.

Chemical analyses of the Santa Rita intrusive complex (Table B.l, 

no. 17) were obtained mostly from Bolin (personal communication, 1974). 

Samples with less than 10% alteration, primarily surficial argilliza- 

tion, were used on the ^O/SiO^ variation diagram (Figure 37, p. 79), 

and include six medium-grained equigranular granites, two medium- to 

coarse-grained diorites, one quartz monzonite, and one weakly porphyritic 

granodiorite. Four chemical analyses from the Salero Formation volcanics 

(Drewes, 1971b) supplement the suite. Schrader (1915) published a par

tial analysis of the quartz monzonite country rock at the Carrie Nation 

mine. Old Baldy district, that was also used on the variation diagram.
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Sierrita

The Sierrita mine occupies the southeastern section of the 

Sierrita Mountains, and is one of three known major porphyry copper ore 

bodies in that range. The geologic history of Sierrita has been out

lined by several writers, including Cooper (1960, 1971) and Hillman 

(1970). Ages of the deposit are quoted at 58 m.y. (Hillman, 1970; Laine,

1974) and 61 m.y. (Titley, 1972). The porphyry copper ore at Sierrita 

is associated with a composite stock of granodiorite, quartz diorite, 

and quartz monzonite porphyry (Figure 18). These units, intrude Precam- 

brian granitic rocks. Paleozoic sediments, Jurassic Harris Ranch quartz 

monzonite, and Lower Cretaceous volcanic rocks (Laine, 1974).

The Laramide quartz diorite is fine-grained and equigranular, 

with laths of euhedral to subhedral plagioclase, interstitial quartz, 

elongate crystals of hornblende, flakes of biotite, and abundant acces

sory magnetite. The quartz monzonite is porphyritic with a fine to very 

fine grained groundmass. Phenocrysts consist of coarse euhedral plagio

clase and smaller grains of orthoclase and quartz. Euhedral zoned 

plagioclase, subhedral biotite, and anhedral-granular to graphic tex

tured orthoclase and quartz comprise the groundmass (Laine, 1974).

Chemical analyses of the quartz monzonite porphyry and quartz 

diorite (Table B.l, no. 9) were obtained from Hillman (1970) and Laine 

(1974). Although a few of the samples used exhibit up to 25% propylitic 

alteration, analytical data from both rock-types cluster well on the 

KgO/SiOg variation diagram (Figure 38, p. 79).
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Tucson Mountains

The Tucson Mountains (Figure 19) were first mapped and their 

geologic history recorded in detail by Brown (1939). Various subsequent 

reports by Kinnison (1958), Imswiler (1959), and Mayo (1963, 1966) have 

provided a large amount of information on the petrographic and struc

tural relationships of rocks exposed in the area. Potassium-argon dates 

for rocks of the Tucson Mountains are summarized in Bikerman and Damon 

(1966), with facies comprising the Amole stock giving the oldest Lara- 

mide ages— the Amole granophyre is 75.1 m.y. old, the quartz monzonite 

73 m.y., and the central core of Amole granite gives an age of 71.4 m.y. 

The Cat Mountain rhyolite, which may be related to the Amole pluton, 

was dated at 65.6 and 70.3 m.y., with ages reset from a time of extru

sion of about 74 m.y. The Biotite rhyolite, a small intrusion outcrop

ping in the southern part of the Tucson Mountains, was determined to be 

60.5 m.y. old. The youngest Laramide formation is the Shorts Ranch 

andesite, at 56.8 m.y.

Four chemical analyses of the Amole granite and one of the Amole 

quartz monzonite (Table B.l, no. 10) were provided by Bolin (personal 

communication, 1974). Another sample of the Amole quartz monzonite (JD- 

14), plus specimens of Cat Mountain rhyolite (JD-10), Shorts Ranch ande

site (JD-2 and 9), and Biotite rhyolite (JD-1) were collected by the 

author for comparison (Table A.l). The Shorts Ranch andesite and Bio

tite rhyolite have been analyzed chemically, but were not used to calcu

late Kgg on the K^O/SiO^ variation diagram (Figure 39, p. 80) due to a
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poor fit with the Amole granite and Cat Mountain rhyolite, which are 

13-16 m.y. older.

Sample JD-14, from the Amole quartz monzonite, is a fine- to 

medium-grained hypidiomorphic-granular biotite quartz monzonite. The 

rock is composed of about 30% biotite, usually in aggregates, subhedral 

plagioclase, and anhedral quartz and K-feldspar. Magnetite is an abun

dant accessory mineral. Occasionally biotite is altered to chlorite, 

but generally the rock is fresh. The Cat Mountain rhyolite (JD-10) 

contains about 15% phenocrysts of quartz and feldspar up to 2 mm in 

diameter, and 10-15% xenoliths set in a dark purplish-brown matrix of 

devitrifled glass. Iron oxides generally coat the fractures. JD-2 

and 9 are samples from the Shorts Ranch andesite. JD-9, gathered from 

the northern outcrop of andesite, is an extrusive rock according to 

Kinnison (1958). It contains 30% phenocrysts of feldspar averaging 2 mm 

in length, microphenocrysts of hornblende and minor biotite composing 

15% of the rock, and a gray aphanitic groundmass. JD-2 was collected 

from an intrusive Shorts Ranch andesite stock in the southern part of 

the Tucson Mountains. Flow structure in this sample is exhibited by 

subparallel orientation of feldspar phenocrysts, which comprise as much 

as 50% of the rock. Microphenocrysts of euhedral biotite and minor horn

blende totalling 10% of the specimen are set in a pink aphanitic ground- 

mass. The feldspar phenocrysts average 3-5 mm long and tend to be 

moderately weathered. JD-1, from the Biotite rhyolite, contains very 

abundant phenocrysts and xenoliths and appears nearly granitoid. The 

buff-colored, microcrystalline matrix comprises about 20% of the sample.
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Phenocrysts consist of feldspar grains, fragments and crystals of quartz, 

and abundant flakes of biotite. The average phenocryst size is 2-3 mm. 

Xenoliths compose about 20-25% of the rock and average 2 mm to 2 cm in 

diameter.

Roskruge Mountains

Detailed geological and geochemical studies of the Roskruge 

Mountains were compiled by Heindl (1965) and Bikerman (1965, 1967). The 

potassium-argon chronology was determined by Bikerman (1965). A series 

of ash flows and volcanic breccias known as the Roskruge volcanics and 

a small granodiorite stock are the principal Laramide formations in the 

range (Figure 20). Bikerman (1965) suggests that these two units may 

have been derived from the same magma chamber. The Roskruge volcanics 

make up a large portion of the Roskruge Mountains, overlying units of 

Mesozoic sediments and volcanic rocks similar to the Amole group in the 

Tucson Mountains. Potassium-argon dates for the Roskruge volcanics 

average 74.1 m.y. for the lowermost Viopuli ignimbrite and 69.8 m.y. for 

the upper Roskruge formation. A similar age of 68.6 m.y. is given for 

the Cocoraque Butte pluton, a small granodiorite stock exposed over 1 to 

2 square miles in the northeast portion of the range.

Two chemical analyses of the upper ash flows of the Roskruge vol

canics (Table B.l, no. 8) were presented in Damon (1967). An additional 

sample for comparison was collected by the author, along with two speci

mens from the Cocoraque Butte pluton (Table A.l). An adequate linear 

trend was determined on the K^O/Sit^ variation diagram (Figure 40, p. 80)
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using these samples for calculation of Kgg. Sample JD-3, from the 

Roskruge volcanics, is a well-fused rock with abundant phenocrysts of 

euhedral to anhedral quartz, subhedral feldspar, and biotite flakes set 

in a pinkish-orange matrix. Phenocrysts range up to 5 mm in diameter 

but average 1 to 2 mm, and compose 50% of the sample. Biotite totals 

less than 5% by volume. Xenoliths are generally gray in color and com

prise about 10% of the rock. Samples JD-11 and 12 were collected from 

the Cocoraque Butte pluton. The rock is weakly porphyritic, with sub

hedral zoned plagioclase up to 5 mm in length in a fine-grained ground- 

mass of orthoclase, plagioclase, quartz, biotite, and abundant accessory 

magnetite. JD-11 is less porphyritic than JD-12. Both samples appear 

fresh in hand sample.

Silver Bell

Initial research on the geology of the Silver Bell district was 

provided by Stewart (1912). Subsequent detailed mapping and petrographic 

and structural analyses of portions of the Silver Bell Mountains were 

presented by Kerr (1951), Richard and Courtright (1954, 1966), Watson 

(1964), and Clarke (1965).

The alaskite, which may be a mid-Cretaceous unit (Richard and 

Courtright, 1954)j was intruded as an elongate stock into Paleozoic and 

Mesozoic sediments (Figure 21). Emplacement of a pluton of dacite por

phyry was followed by intrusion of an andesite porphyry. An unconformity 

separates these units from the Mount Lord ignimbrite, which is a series 

of agglomerates and volcanic flows similar to the Cat Mountain rhyolite 

in the Tucson Mountains. Intrusion of quartz monzonite stocks and dikes
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represents the final stage of Laramide igneous activity, followed by 

porphyry copper-type mineralization and hydrothermal alteration.

A summary of potassium-argon dates for the Laramide rocks of the 

area was published in 1965 by Mauger, Damon, and Giletti. The quartz 

monzonite ranges in age from 67.1 m.y. for unmineralized rock to 65.5 

and 63.4 m.y. for mineralized specimens from the El Tiro pit. The ef

fect of the quartz monzonite on units which it intruded is apparent in 

their ages. The oldest Laramide rock in the area on the basis of geo

logical relationships is the alaskite, which gives a date of 64.6 m.y. 

but is probably at least 70 m.y. old. The dacite porphyry records an 

age of 57.5 m.y., and the Mount Lord ignimbrite dates at 59.7 m.y. All 

of these units are older than the quartz monzonite, according to Richard 

and Courtright (1954) and Watson (1964).

No chemical analyses of the Laramide rocks of the Silver Bell 

Mountains have been published, so five samples were collected by the 

author (Table A.l). Three specimens were selected from various parts of 

the ore-bearing quartz monzonite porphyry and two from the Mount Lord 

ignimbrite. Difficulty was encountered in trying to obtain fresh samples 

of quartz monzonite porphyry, so rocks showing the least amount of hydro- 

thermal alteration were collected. All samples were from the stage 2 or 

weakly propylitic zone of Kerr (1951). Specimens of pre-unconformity 

dacite and andesite porphyries were not collected due to the lack of con

trol on ages and the commonly extensive alteration of these rocks.

Samples JD-26, 40, and 41, from the quartz monzonite porphyry, contain 

about 2% indefinite phenocrysts of pink orthoclase up to 2 cm long and



65

smaller phenocrysts of plagioclase, both set in a fine- to coarse

grained groundmass of quartz, orthoclase, plagioclase, and biotite. Bio- 

tite composes 10-15% of the rock. Propylitic alteration is moderate in 

these samples, with chloritization of biotite and sericitic alteration 

of plagioclase giving a pale green tinge to the plagioclase grains. 

Veinlets of chlorite, epidote, and limonite are common.

Sample JD-27, from the upper portion of the Mount Lord ignim- 

brite according to descriptions in Watson (1964), contains phenocrysts 

up to 8 mm long of quartz and feldspar and microphenocrysts of magnetite 

and an altered mafic mineral, all set in a weakly banded dark pink vitric 

groundmass. Phenocrysts compose less than 15% of the rock, and xenoliths 

are common. Epidote replaces the mafic minerals. Sample JD-28 may rep

resent the lower unit of the Mount Lord ignimbrite. It consists of 8% 

phenocrysts of fresh pyroxene up to 1 cm in diameter, numerous small 

phenocrysts completely replaced by iron oxides, abundant flattened amyg- 

dules, and a dark gray vitric matrix. Xenoliths are present but not 

abundant in this rock. Analyses of the Mount Lord ignimbrite showed an 

erratic spread on the KgO/SiOg variation diagram and, therefore, were 

not used in calculating K^ .  Values obtained from the Silver Bell quartz 

monzonite gave an almost perfect linear trend (Figure 41, p. 81).

Lakeshore

The Lakeshore porphyry copper deposit (Figure 22), located in 

the Slate Mountains within the Papago Indian Reservation, has not been 

well-documented geologically. Harper and Reynolds (1969) published a 

brief description of the geologic history of the area and South (1972)
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reported on sulfide ratios and zoning patterns from diamond drill core 

sample analyses. Potassium-argon dates from the Lakeshore stock were 

presented by Damon and Mauger (1966) and Johnston (1972). The quartz 

monzonite porphyry and equigranular quartz monzonite reflect essentially 

the same time of emplacement, of 67.3 m.y. for the equigranular quartz 

monzonite and an average of 67.2 m.y. for two samples of the quartz mon

zonite porphyry (Johnston, 1972).

The composite Lakeshore stock consists of two main quartz mon

zonite facies and a somewhat older quartz diorite phase (Harper and 

Reynolds, 1969). The quartz monzonite porphyry and equigranular quartz 

monzonite grade into one another and are thought to be closely associated 

with the porphyry copper mineralization.

Bolin (personal communication, 1974) provided fifteen chemical 

analyses of Laramide rocks from the Lakeshore area (Table B.l, no. 12). 

Eight samples were fresh enough, showing less than 5% surface argilliza- 

tion, or propylitic or phyllic alteration, to use on the ^O/Sit^ vari

ation diagram. Analyses from both the quartz monzonite porphyry and 

equigranular to weakly porphyritic quartz monzonite showed strikingly 

similar chemical compositions (Figure 42, p. 81).



LABORATORY ANALYSIS

X-ray fluorescence spectrometry was selected as the analytical 

method for this study because of its accuracy and precision in silicon 

and potassium determinations. Rapidity of analysis, ease of detection 

of gross errors, non-destruction of sample, replicability, and high ana

lytical precision for most rock-forming elements were additional reasons 

for employing this technique.

For whole-rock sample preparation, each specimen was ground to 

minus 200 mesh. Five grams of powdered sample were made into a dry paste 

with a few drops of 1% gum arable solution, and pressed into pellet form 

at 15,000 psi. Methyl cellulose and boric acid were used as backing for 

the pellets.

Concentrations of the eight major rock-forming elements— Si, Al, 

Ti, Fe, Mg, Ca, Na, and K— were measured in the laboratories of The 

University of Arizona Department of Geosciences with a Siemens X-ray 

fluorescence spectrograph. Standards used for comparison and calibration 

were selected wherever possible from materials in the same range of major 

element composition as the unknowns. U.S.G.S. standards— G-l, G-2, AGV, 

GSP, and BCR— and International standards— -HIM G, NIM S, GA, GH, RDA,

AND, and BAS—-were employed variously to calculate a calibration curve 

for each element by the method of least squares (Volborth, 1963). Anal

yses of the standards are published in Flanagan (1973).

68
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Problems were encountered with the lighter elements— Al, Na, and 

Mg. Correction factors had to be used in calculating a least squares fit 

to bring the standard samples closer to a more linear trend when inten

sity versus percent element were graphed. Considerable drift in inten

sity readings for Na and Mg were found during the necessary eight hours 

of machine time. Prolonged experiment times were required because of 

the longer counting interval needed for those elements. To correct for 

Na and Mg, the mass absorption coefficient ratios were multiplied by the 

intensity reading for each standard. With Al, correction for Si Kf 

enhancement of the Al K* peak was calculated from a least squares regres

sion analysis of intensities versus concentrations. These methods were 

suggested by David S. Bolin (personal communication, 1975).

The standard error calculated for each element in this study is 

given below:

All of these error

Si02 1.65%

M 2°3 0.68%

Ti02 0.032%

FeO 0.42%

MgO 0.58% -

CaO 0.14%

Na^O 0.17%

K2° 0.10% e.g., KgO is 3.6% + 0.10%

factors are within reasonable bounds, but considerable

improvement of the lighter element analyses could have been achieved by 

using other analytical techniques such as atomic absorption analysis.
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In Table A.l the chemical compositions of 44 rocks analyzed in 

this study are given. Ten samples from Ajo, Patagonia, and Inspiration 

which had not been analyzed for silica were also obtained from Graybeal 

(1972). These samples were run on the x-ray fluorescence spectrograph 

and the silica values appear in Table B.l, along with I^O and SiO^ 

compositions obtained from other workers for this report.

Some samples, especially those with silica contents below 60%, 

total well under 100%. These rocks contain a high proportion of biotite, 

which may account for as much as 6 to 7 weight percent water and other 

volatiles in a sample. The alteration minerals, kaolinite, sericite, 

and limonite, would also contribute a high percentage of water, but most 

of the samples analyzed in this study are fresh or nearly fresh. A prob

lem may also stem from preferred orientation of biotite flakes in the 

pellets. If the mica content is high enough, Sit^ intensities are gen

erally decreased (Volborth, 1963). Using the available set of standards 

for low-silica samples may also have presented inconsistencies, since 

the least squares calculations are weighted in favor of the higher values 

for each oxide. Thus, for abundant oxides such as silica, rocks with 

lower percentages than average may be reported to contain amounts some

what less than the actual content.



DISCUSSION

Treatment of Data

Both from the analyses cited in Table B.l and from original col

lection of material (Table A.l) 201 chemical compositions of predominantly 

calc-alkaline intrusive rocks were compiled from the 20 selected areas. 

Dickinson (1968) and Lipman and others (1971, 1972) did not use rocks 

which contained more than 2% volatiles, and recalculated the major oxide 

analyses of these rocks with minor volatiles to 100%, volatile free.

This procedure could not be followed with data collected in this study 

because some chemical analyses were incomplete and because slightly 

altered rocks, with more than 2% volatiles, had to be used from several 

areas. The minor error introduced in the final calculations is evalu

ated below.

The KgO and Si02 values were then plotted on Barker variation 

diagrams (Figures 23-42), the cluster of points showing increasing K^O 

percent with increasing SiOg content on graphs obtained from differenti

ated intrusive complexes. Four levels of data found according to the 

number and distribution of points for each area are as follows, with de

creasing degree of precision:

1) Ten or more chemical analyses from a differentiated stock, 

giving a good linear array of points.

2) Fewer than ten points plotted from a differentiated stock, also 

showing a good linear array.

71
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60
wt.% SiO

Figure 23. KgO/SiC^ Variation Diagram for Laramide Igneous Rocks at Ajo.

Analyses cited in Table A.l and Table B.l, no. 7. Trend line drawn by 
least squares fit.

wt.% SiO.
Figure 24. KgO/SiC^ Variation Diagram for Laramide Igneous Rocks in the 
Sacaton and San Tan Mountains.

Analyses cited in Table A.l. Trend lines drawn through averaged KgO and
SiOg values for each stock and point 0.1% K20/43% SiO. (see text). x -
Three Peaks Monzonite (TP), • = Sacaton Peak Granite (SP).
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wt.% SiO,
Figure 25. KgO/SK^ Variation Diagram for Laramide Silver King Quartz 
Diorite at Superior.

Analyses cited in Table B.l, no. 15. Trend line drawn through averaged 
I^O and Sit^ values and point 0.1% ^0/43% Si02 (see text).

w t .%  K20

wt.% SiO.

Figure 26. Variation Diagram for Laramide Igneous Rocks at Inspiration.

Analyses cited in Table B.l, no. 4. Trend line drawn through averaged
KgO and SiQg values and point 0.1% ^0/43% Si02 (see text).
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w t.%  SiO

Figure 27. I^O/Sit^ Variation Diagram for Laramide Igneous Rocks of 
Copper Cities and Castle Dome.

Analyses cited in Table B.l, no. 3. Trend line drawn by least squares fit.

w t.%  SiO.

Figure 28. K^O/SiOg Variation Diagram for Laramide Igneous Rocks at Ray.

Analyses cited in Table B.l, no. 13. Trend line drawn by least squares
fit.
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6-

Figure 29. K^O/SiO. Variation Diagram for Laramide 
Copper Creek.

Analyses cited in Table A.l and Table B.l, no. 11. 
least squares fit.

w t .%  KoO

w t. %  SiO,

Figure 30. K^O/SiOg Variation Diagram for Laramide

Analyses cited in Table A.l and Table B.l, no. 14.
through averaged KgO and SiÔ  values and point 0.1%

80

Igneous Rocks at 

Trend line drawn by

i80

San Manuel Granodiorite.

Trend line drawn 
1^0/43% Si02 (see text).
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w t .%  SiO,

Figure 31. K-0/Si02 Variation Diagram for Laramide Igneous Rocks at
Safford. z

Analyses cited in Table B.l, no. 5. Trend line drawn by least squares 
fit.

w t .%  K20

Figure 32. I^O/SiOg Variation Diagram for Laramide Igneous Rocks at 
Morenci.

Analyses cited in Table A.l and Table B.l, no. 6. Trend line drawn by
least squares fit.
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w t.%  SiO

Figure 33. I^O/Sit^ Variation Diagram for Laramide Igneous Rocks in the 
Dos Cabezas Mountains.

Analyses cited in Table A.l. Trend line drawn by least squares fit.

60
w t.%  SiO.

Figure 34. K^O/SiOg Variation Diagram for Laramide Texas Canyon Quartz 
Monzonite.

Analyses cited in Table B.l, no. 1. Trend line drawn through averaged
KgO and S K ^  values and point 0.1% 1^0/43% Si02 (see text).
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w t .%  SiO,

Figure 35. KgO/SiO Variation Diagram for Laramide Igneous Rocks at 
Tombstone. .

Analyses cited in Table A.l and Table B.l, no. 2. Trend line drawn by 
inspection.

w t .%  KoO

w t .%  SiO,

Figure 36. I^O/SK^ Variation Diagram for Laramide Igneous Rocks in 
the Patagonia Mountains.

Analyses cited in Table A.l and Table B.l, no. 16. Trend line drawn by
least squares fit.
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wt.% SiO
Figure 37. K^O/SiOg Variation Diagram for Laramide Igneous Rocks in 
the Santa Rita Mountains.

Analyses cited in Table B.l, no. 17. Trend line drawn by least squares 
fit.

wt.% SiO.
Figure 38. I^O/SiO- Variation Diagram for Laramide Igneous Rocks at 
Sierrita.

Analyses cited in Table B.l, no. 9. Trend line drawn by least squares
fit.
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wt.% SiO,
Igneous Rocks in

Analyses cited in Table A.l and Table B.l, no. 10. Trend line drawn by 
least squares fit.

w t.%  k2o

wt.% SiO,
Figure 40. K-O/SiOg Variation Diagram for Laramide Igneous Rocks in 
the Roskruge Mountains.

Analyses cited in Table A.1 and Table B.l, no. 8. Trend line drawn by
least squares fit.
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wt.°/o SiO

Figure 41. K-O/SiOg Variation Diagram for Laramide Igneous Rocks at 
Silver Bell.

Analyses cited in Table A.l. Trend line drawn by least squares fit.

w t .%  KoO

w t .%  SiO.

Figure 42. KgO/SiO^ Variation Diagram for Laramide Lakeshore Quartz' 
Honzonite.

Analyses cited in Table B.l, no. 12. Trend line drawn through averaged
^ 0  and SiOg values and point 0.1% 1^0/43% Si02 (see text).
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3) Tight cluster of points from a monolithologic stock.

4) Scattered array of points.

The K^O contents at 60% SiOg (Kgg intercepts) were derived by 

several methods depending on the above distribution of points on each 

graph. Intercepts for five areas in the group 1 category— Ajo, Ray, 

Safford, the Santa Rita Mountains, and Sierrita (Figures 23, 28, 31, 37, 

38) were obtained by least squares fit by computer, with correlation co

efficients at least 0.06 above the critical absolute value (Crow, Davis, 

and Maxfield, 1960). Discrepancy is less than 10 km for subduction zone 

depths computed from K^q values derived by inspection, linear, or poly

nomial calculations.

K6o intercepts for group 2 areas were also analyzed by least 

squares fit, several having a nearly perfect linear arrangement of points 

(Figures 29, 32, 33, 39, 40, 41). Included in this category are Copper 

Creek, Morenci, Dos Cabezas Mountains, Tucson Mountains, Roskruge Moun

tains, and Silver Bell samples. Discrepancy for this group is also less 

than 10 km for subduction zone depths.

Group 3, comprising Superior, Inspiration, San Manuel, Texas 

Canyon, and Lakeshore, has intrusions with a single rock-type which give 

tightly clustered Kg0/Si02 point distributions (Figures 25, 26, 30, 34, 

42). Intercepts for these areas were derived by averaging the KgO and 

Si02 contents, then drawing a line on the KgO/SiOg graph between the 

averaged point and the position 0.1% 1^0/43% SiO^, and reading the K^q 

value off the graph. The value 0.1% K20/43% SiO^ is the point of con

vergence for three lines derived from graphs of K_0/S10« values for
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active island arcs, and may represent the composition of a mantle source 

for partial melts (Dickinson, 1968).

Four complexes appear in group 4. The Schieffelin Granodiorite 

and Uncle Sam porphyry at Tombstone (Figure 35) are similar in chemical 

composition, so their K^O/Sit^ values form an ovoid cluster which does 

not lend itself to computation and consideration as either a linear trend 

or a true monolithological cluster. A K^q intercept was determined by 

inspection, but the apparent position may vary by as much as 30 km in 

depth to the paleosubduction zone.

Plutons in the Patagonia Mountains and at Copper Cities-Castle 

Dome were placed in group 4 because the slopes of their KgO/SiOg vari

ation lines depend on only one or two points (Figures 36 and 27, respec

tively) . Otherwise their trends would form a scattered array of points 

of little statistical significance. It must be noted, however, that JD 

analyses of the Patagonia Granodiorite form an almost perfect linear 

trend, which may indicate that the scatter of values, in the Patagonia 

Mountains at least, is due more to differences in analytical method than 

to variability in the stock.

Stocks in the Sacaton and San Tan Mountains, mapped as differ

entiated complexes by Balia (1972), also show indistinct chemical trends. 

Ages for the Three Peaks Monzonite and Sacaton Granite differ by 9 m.y., 

so analyses were averaged separately and the K^q intersections figured 

for each stock as a cluster of points (Figure 24). A somewhat linear 

array exists for the plutons taken together, but it is more a horseshoe 

form with the open end toward low-oxide percentages. When determined
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separately, depths to the paleosubduction zone differ by 40 km for the 

two plutons, and could indicate a shallowing of dip of the down-going 

slab with time. However, this hypothesis cannot be sufficiently tested 

with such spare and preliminary data.

Potash contents at both 55% and 60% SiO^ were first correlated 

with depths to active seismic zones by Dickinson and Hatherton (1967). 

However, the use of I^O values at 60% SiOg for computing depths was 

adopted by Lipman and others (1971, 1972) as a more realistic value for 

continental calc-alkaline volcanic suites, and is therefore employed in 

this report. From KgQ-versus-depth values reported in Lipman and others 

(1972), a line was constructed as a reference for the chemical data in 

this thesis, and depths to an apparent Laramide subduction zone under 

central and southern Arizona were thus derived. These depths are pre

sented in Table 1.

Errors

Errors in the depth calculations are compounded from several 

sources. First of all, the limits of certainty in the KgQ-versus-depth 

reference curve are + 12.5 km according to Dickinson (1968). Analytical 

errors computed in the section on laboratory techniques resulted in neg

ligible depth read-off deviation for I^O and + 5 km for SiO^. In addi

tion, the depth values for several areas were calculated twice for 

comparison, once using volatile-free chemical analyses recomputed to 

100%, and again using the actual oxide contents. The difference in de

terminations was generally zero but ranged up to 10 km for a few 
districts.

Z
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Table 1. Ages and Depths to an Inferred Laramide Subduction System. 

(Arranged by depth with abbreviations used in Figures 43-49)._______

LOCALITY
ABBREVI
ATIONS

k 2o AT 
60% Si02

DEPTH
(KM) AGE (M.Y.)

Morenci M 1.02 100 55-62

Superior Su 1.56 140 21 (70?)

Copper Creek CC 1.96 170 66-69

Safford S 2.04 180 53-62

Ray R 2.23 190 61-70.5

San Manuel SM 2.32 200 65-69

Inspiration I 2.34 200 58

Silver Bell SB 2.41 210 63.4-67

Patagonia P 2.48 210 58.64

Copper Cities-Castle Dome CC-CD 2.52 210 62-64

Texas Canyon TC 2.57 220 54

Sacaton-San Tan Mountains 
Sacaton Peak Granite SP 2.10 180 61.2, 65
Three Peaks Monzonite TP 2.58 . 220 71.3

Lakeshore L 2.63 220 67

Sierrita Si 2.75 230 58, 61

Dos Cabezas DC 2.93 240 56-62.4

Ajo A 2.95 250 63

Tombstone T 3.15 260 72

Roskruge Mountains RM 3.18 260 68.6-70

Santa Rita Mountains SRM 3.25 270 60-71

Tucson Mountains TM 3.72 300 70-74
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Errors contributed by weathering and hydrothermal alteration 

effects are nearly impossible to quantify. On comparing specimens from 

the same pluton, however, it was found that weak to moderate propylitic- 

ally to phyllically altered rocks did not show variation in KgO and SiOg 

contents from fresh samples. Evidently potash and silica are not added 

to most calc-alkaline rock-types until a highly intensive and extensive 

level of hydrothermal alteration is achieved, which varies from area to 

area. Chemical-mineralogic relationships reported In several alteration 

studies (Sales and Meyer, 1951; Laine, 1974; Davis, 1974) indicate that 

both KgO and SiC^ are fixed at alteration intensities involving propyl- 

itization and argillization, and can be constant even through phyllic 

alteration. Potassic alteration (Lowell and Guilbert, 1970; Davis and 

Guilbert, 1973) drastically modifies KgO/SiOg ratios.

The method of determining K^q may also constitute a source of 

uncertainty, especially from regions whose rocks yield chemical contents 

which form a cluster. However, of the five group 3 districts (Figures 

25, 26, 30, 34, 42), values from San Manuel and Superior are centered on 

or near 60% SiOg and Lakeshore is clustered at 65% SiOg. Obviously, the 

possibility for error increases with departure from 60% SiOg, causing 

Inspiration and Texas Canyon at 70% SiGg to be the least reliably deter

mined of the group 3 deposits.

Results

The depths to a possible Laramide subduction system quoted in

Table 1 appear realistic, ranging from 100 km at Morenci to 300 km for •
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rocks in the Tucson Mountains. The region from 80 to 270 km depth cor

responds approximately to the mantle low-velocity zone (Dickinson and 

Batherton, 1967), which is apparently partially molten. Toksoz, Minear, 

and Julian (1971) also suggest that melting occurs from a depth of about 

80 to 280 km. Above 200 km, only the upper 10 km of a descending litho

spheric slab and the adjacent mantle are involved in melting, with the 

presence of minor water. The presence of even tenths of a weight percent 

water lowers liquidus temperatures and allows melting of low-temperature 

constituents and formation of a partial melt of andesitic composition. 

From 200 km to about 300 km depth, dehydration occurs and the zone of 

heating broadens to affect the mantle more than the slab (Toksoz and 

others, 1971).

If the lithospheric slab is significantly involved in melting, 

then depletion of the mantle in potash and other constituents through 

time, as suggested by Dickinson (1968), would probably not occur. This 

problem is important to attempts to define depths to a paleosubduction 

zone by referring to distances to modern seismic zones and the chemical 

components of their associated volcanoes. The absolute Kg^-versus- 

depth relations may have been different in Laramide time, but relative 

values probably correlate.

Chemical differences between rocks erupted in an island arc 

setting and those produced within a continental margin may provide fur

ther discrepancies in the KgQ-versus-depth calculations, because the 

KgQ-depth reference line was obtained mostly from observations of island 

arc volcanoes. Although the major components of a magma may be set
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primarily in the zone of partial melting, it is possible that a melt must 

accumulate in a chamber at or below the base of the crust before rising 

through fractures to the surface. If this is so, then the amount of time 

involved in magma accumulation prior to eruption, distance of the chamber 

from the surface, and even possible sources of contamination below and 

above the chamber may need to be considered in discussing the chemical 

evolution of the resultant rock assemblages.

Figure 43 is a location map of the depths to a possible Laramide 

subduction system for Arizona derived in this study. First observations 

indicate that indeed a more or less systematic trend does exist, but 

that it is the reverse of what one would expect if the trench had been 

to the west. Possible explanations will be discussed in the next section.

Section lines A-A* and B-B* were drawn across Figure 43 in the 

directions N75°E and N-S, respectively, and appear to be the only trends 

that show significant variation in depth values. From this diagram the 

cross-sections in Figures 44 and 45 were derived, with all localities 

projected into section A-A* and areas within 50 km of the section line 

projected into section B-B'. An "x" designation is used for points 

representing productive stocks and an "o" for non-productive ones. The 

Santa Rita intrusive complex has an "a" because the status of its ore 

deposits is as yet uncertain. In addition, the age of the pluton at 

Superior is indeterminant and is designated as such on the drawing. 

Section C-C' (Figure 46), also incorporating only areas within 50 km of 

the section, was drawn to show the flatness of the depth-trend in the 

northwest-southeast direction.
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Figure 43. Depths in Kilometers to an Inferred Laramide Subduction System, Arizona.

All data derived (groups 1-4) are plotted. Compare with Figure 47. Letter symbols and data 
from Table 1.
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Figure 44. Section A-A* of Depths to an Inferred Laramide Subduction System, Arizona.

All districts projected onto graph. Letter symbols in Table 1. x = productive stocks, 
o = barren stocks. See also Figure 48.
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Figure 45. Section B-B* (See Figure 43) of Depths to an Inferred 
Laramide Subduction System, Arizona.

Districts within 50 km of section line projected onto graph. Letter 
symbols in Table 1. x = productive stocks, o = barren stocks. Slope 
of trend line determined by productive stocks only.
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Figure 46. Section C-C* (See Figure 43) of Depths to an Inferred 
Laramide Subduction System, Arizona.

Districts within 50 km of section line projected onto graph. Letter 
symbols in Table 1. x = productive stocks, o = barren stocks.
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It was thought that more definitive trends would be generated 

with increased data precision, so depth values for districts in groups 1 

and 2 with KgO/SiOg trends calculated by the least squares method were 

plotted in Figure 47. The variation in depths, however, is similar to 

that in Figure 43.

The dip of a line through the point scatter in Figure 44 aver

ages about 20°, and is comparable with the 20 to 25° dip for the mid- 

Tertiary subduction system determined by Lipman and others (1971, 1972), 

even though the direction is reversed. Shallow dips also found for 

' seismic zones beneath continental margins in northern Japan and the 

Katmai peninsula of Alaska provide further support for the low dip es

tablished here.

It is interesting to note the position of productive stocks in 

Figure 44. In general they are at significantly shallower depths than 

the so-called barren stocks. And although productive areas range from 

100 km down to 270 km, if the Santa Rita Mountains are included, nearly 

60% originated in the 180 to 220 km region. If theories proposed by 

Toksoz and others (1971) are valid, these depths are on the borderline 

between predominantly mantle and both mantle and crustal contributions 

to the chemistry of the source magmas.

Eliminating the "barren" intrusions from Figure 44 provides a 

cleaner distribution of depth values (Figure 48). If the questionable 

Santa Rita intrusive complex were also removed from the cross-section 

and if Morenci were excluded as possibly belonging to another subduc

tion zone primarily under New Mexico, then the slope of a line drawn
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Figure 47. Depths in Kilometers for Stocks in Groups 1 and 2 to an Inferred Laramide Subduction 
System in Arizona.

Data are from least squares determinations and are statistically most reliable. Compare with 
Figure 44. Letter symbols in Table 1.
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Figure 48. Section A-A* of Depths for Productive Stocks to an Inferred Laramide Subduction 
System in Arizona.

Letter symbols in Table 1.
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through the remaining deposits is 10°. In addition, virtually no lat

eral variation in depth was found for productive stocks in Figure 46 and 

a shallow dip of 14° was determined for ore deposits plotted in Figure 45. 

It appears, therefore, that a narrow zone of partial melting may control 

production of intrusions genetically, associated with ore-grade 

mineralization.

Attempted correlation of depths for all 21 areas by age discloses 

a slight increase in distance to the proposed paleosubduction zone with 

time (Table 1). It was thought that the 21 m.y. duration assigned to 

the Laramide interval was perhaps too large, but confining depth values 

on the map and cross-section A-A* to pre- and post-65 m.y. categories 

only smoothed out the trends already visible (Figures 49-52). Rock 

units at Ray, Silver Bell, and the Santa Rita Mountains span the 65 m.y. 

dividing line and so appear on both maps.
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Figure 49. Depths in Kilometers to an Inferred 53-65 M.Y. Old Subduction System in Arizona. 

Letter symbols in Table 1.



-100

-200

-2 5 0

-3 0 0

Figure 50. Section A-A' of Depths to an Inferred 53-65 M.Y. Old Subduction System in Arizona. 

Letter symbols in Table 1.
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Figure 51. Depths in Kilometers to an Inferred 65-74 M.Y. Old Subduetion System in Arizona.

Letter symbols in Table 1.
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Figure 52. Section A-A* of Depths to an Inferred 65-74 M.Y. Old Subduction System in Arizona. 

Letter symbols in Table 1.
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CONCLUSIONS

Early theories of plate tectonics assumed a descending litho

spheric slab as being similar to a carpet slipping under a buoyant plate, 

but recent thinkers are considering a more sophisticated and probably 

realistic view of a carpet sliced in the direction of movement, with 

some segments twisted, buckled, bent, or peeled off, some separated from 

the whole, and some faster or slower than the main slab. Boeder (1973) 

suggests that surface structures in California reflect a late Jurassic 

flipping of the subduction zone beneath the Sierras, from an eastward to 

a westward dipping position that remained through Cretaceous time. A 

steepening of dip and consequent overturn of the slab has also been pro

posed for the Canadian Rockies (Boeder, 1973). Mechanisms for slab re

versals are several. Wickham, Boeder, and Briggs (1976) show two models 

for the Ouachita foldbelt involving short-term changes in the direction 

of plate descent. The first concerns arc-continent collision in which 

an island arc overrides a spreading center and an oceanic section of 

plate attached to a nearby continent descends beneath the island arc.

The second model shows continent-continent collision with a late ero

genic flip. Karig (1972) proposes that during polarity reversals of 

island arcs, the Benioff zone steepens and overturns before a new sur

face trace breaks through at the former back side of the arc. Such a 

dislocation lacks a facies change that would indicate major suturing 

and the disappearance of an ocean basin by subduction.

101



102

Several possible reasons are proposed for the reversed trend In 

depth values found in this study. The first and most obvious choice is 

for a descending slab to have "surfaced" somewhere in New Mexico and to 

have been dipping toward the southwest. A projection of the 20° dip on 

a line through the point scatter in Figure 44 intersects the ground sur

face very near the Rio Grande rift in New Mexico. Where it may have 

surfaced before Basin and Range extension is a matter of conjecture.

But such a hypothesis counters most of the evidence accumulated from 

geologic relationships in California, New Mexico, and elsewhere, from 

magnetic anomaly patterns from the Pacific Ocean floor, and on movements 

of the North American and Farralon plates. However, there may have been 

a normal eastward-dipping lithospheric slab beneath California and Mexico 

with a portion of that plate or a section of plate from New Mexico dip

ping westward beneath Arizona at the same time. The cause for such re

versals within a continental environment, however, is still uncertain.

Although a line through the depth values in Figure 44 appears 

to compute well, it is nonetheless essentially a two-point fit. Deletion 

of Morenci and Ajo presents a large cluster of values that may only indi

cate that the porphyry copper stocks were generated at one particular 

depth along the slab with involvement in melting of a thin mantle of 

water-rich sediment, and. that "barren" stocks were derived 50-100 km 

below this depth perhaps from melting of the lower mafic portions of the 

plate. Stocks transitional between "barren" and productive regimes such 

as Patagonia, Texas Canyon, and Copper Creek fall into a central hori

zontal position on the depth plots. The low dip of the slab apparent in 

the cross-sections (Figures 44-46) also suggests that buckling or
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bending of a generally eastward-dipping descending plate may be the 

cause of the reversed chemical trend.

Irregularities in the crust may also have controlled the appar

ent chemical reversal. Possibly an accumulation of molten material be

neath the base of a crust which thinned gradually from a distended 

coastal block undergoing compression to a thinner back-arc basin similar 

to the Japan Sea caused the backwards chemical fluctuations. Although 

major Basin and Range extension did not begin until mid- to late-Tertiary 

time, several authors have proposed active crustal expansion and thin

ning in Arizona during the Laramide period.

Along with the agove, the possibility of major structural inter

sections in both the slab and the crust must be considered. Such inter

sections may be responsible for igneous activity and ore deposition in 

Arizona. Linear age relations for porphyry copper deposits shown by 

Livingston (1973) to decrease in age from the northwest at Mineral Park, 

Arizona, to the southeast at La Caridad, Sonora, Mexico, could have been 

caused by intersection of rising plumes from a north-trending subducted 

lithospheric slab, with a west-northwest oriented zone.of crustal weak

ness such as the Texas lineament. Effects of such intersections on 

chemical trends is unclear, however.

Proof of Laramide subduction-related activity in Arizona is in

conclusive from the data collected in this study. Although the infor

mation was derived in a manner identical to that of Lipman and others 

(1971, 1972) and is therefore as valid, more chemical and geological 

information must be gathered from rock assemblages in adjacent American
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and Mexican states in order for a clearer picture of Laramide subdue- 

tion enomena to be obtained. Ratios of the alkali elements or of the 

alkalies to alumina may be more beneficial in determining chemical trends 

in this area. Also in an area in which potassium metasomatism is known 

to be extensive, specifically the potassic alteration associated with 

porphyry copper metallization, it may be necessary to normallize KgO 

values against a fixed compound such as alumina. In addition, Palacios 

and Oyarzun (1975) achieved excellent correlation by comparing Sr/Sit^ 

ratios with depth to the subduction zone in Chile. After further test

ing, this method may be useful for establishing distances to downgoing 

lithospheric slabs, as the correlation found in the above study was 

much higher than that resulting from use of KgO/SiO^ ratios from the 

same rocks. A recent report by Hutchison (1976), however, comparing K, 

Sr, and Rb trends with depth to the Benioff zone under the Indonesian 

volcanic arc showed correlation coefficients for equations using each of 

these elements better than 0.80, with K^O slightly higher than Rb and Sr.

It must be noted also that ratios may not be a valid

means of determining depths to subduction zones in all areas. Crustal 

idiosyncracies and non-subduction related mantle phenomena may have in

fluenced the chemistry of Laramide rocks in southern Arizona to such a 

degree that either subduction played no part in their genesis or their 

chemical values were changed considerably during progression toward the 

surface. It is also possible that the slab reversal is real and that 

this is the first suggestion of it.
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Table A.l. Chemical Analyses of JD Samples*

SAMPLE Si02 A ^ Tx°2 FeO MgO CaO NagO K2° Total

JD-1 67.15 15.89 0.49 2.47 0.83 3.61 3.48 3.33 97.25

JD-2 67.45 16.61 0.50 2.75 0.57 2.20 3.47 3.94 97.49

JD-3 73.15 13.79 0.26 1.92 0.00 1.14 3.63 4.47 98.36

JD-4 63.32 17.03 0.65 4.06 2.27 3.49 4.62 2.84 98.28

JD-5 56.10 17.75 0.87 6.02 3.72 6.77 3.47 1.89 96.59

JD-6 65.94 17.22 0.55 3.16 1.40 3.26 4.10 3.28 98.91

JD-7 67.49 15.19 0.57 3.81 1.71 2.44 3.46 3.55 98.22

JD-8 66.73 16.61 0.50 2.98 1.55 2.82 3.80 3.40 98.39

JD-9 66.57 16.94 0.45 2.42 0.82 2.64 3.78 3.28 96.90

JD-10 69.24 14.75 0.44 1.75 0.17 1.59 3.59 4.63 96.16

JD-11 62.13 15.83 0.63 3.39 2.35 3.83 3.75 3.40 95.31

JD-12 64.40 16.20 0.60 3.53 2.20 3.49 3.76 3.60 97.78

JD-14 58.03 16.47 0.84 5.27 3.77 5.49 3.36 3.47 96.70

JD-15 65.53 12.62 1.22 6.84 1.57 3.13 2.75 4.13 97.79

JD-16 55.46 14.48 1.05 6.17 6.73 6.57 3.39 1.72 95.57

JD-17 55.14 17.04 1.16 6.55 4.91 6.99 3.55 2.21 97.55

JD-18 63.90 16.04 0.74 3.89 2.32 3.57 3.79 3.65 97.90

JD-19 63.87 16.20 0.83 4.16 2.21 4.06 3.44 3.37 98.14
JD-20 63.03 15.93 0.87 4.48 2.89 3.85 3.78 3.42 98.25

JD-21 75.68 19.26 0.10 0.79 0.03 0.43 0.00 5.48 101.77
JD-22 64.36 15.59 0.70 3.97 2.84 2.51 3.46 3.23 96.66

JD-23 63.38 15.92 0.70 3.72 2.87 2.47 4.00 3.43 96.49
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Table A.l. Chemical Analyses of JD Samples*, Continued.

SAMPLE Si02 Al2°3 Ti°2 FeO MgO CaO Na20 I^O Total

JD-24 66.25 15.25 0.59 3.49 2.46 2.80 3.62 4.22 98.68

JD-25 54.06 15.42 0.84 4.91 4.08 5.88 3.75 2.44 91.38

JD-26 74.37 13.81 0.30 1.76 0.37 0.89 3.59 4.73 99.82

JD-27 61.79 15.45 0.88 4.06 2.76 3.88 3.28 4.02 96.12

JD-28 53.86 14.83 1.10 5.85 3.92 2.40 3.22 3.49 88.67

JD-29 64.84 15.84 0.65 4.29 1.91 4.54 3.77 2.25 98.09

JD-30 70.63 15.35 0.32 1.91 0.65 2.12 3.99 3.72 98.69

JD-31 72.19 14.99 0.25 1.75 0.60 2.18 3.77 3.30 99.03

JD-32 66.12 15.01 0.60 3.97 1.90 3.86 3.21 3.79 98.46

JD-33 69.93 16.38 0.36 1.91 0.78 2.47 4.23 2.98 99.04

JD-34 65.85 16.41 0.54 3.36 1.61 4.06 3.34 2.86 98.01

JD-35 66.42 15.84 0.53 1.25 1.74 3.95 3.93 2.52 96.18

JD-36 61.58 15.30 0.85 5.16 3.52 4.86 3.22 3.62 98.11

JD-37 61.77 15.36 0.88 4.79 3.47 4.54 3.43 3.51 97.75

JD-38 60.28 15.67 0.83 4.18 4.19 4.68 3.60 2.30 95.75
JD-39 59.24 15.78 0.79 4.31 4.51 4.11 3.75 2.31 94.80
JD-40 69.27 15.89 0.50 2.62 0.97 2.20 3.93 3.97 99.35
JD-41 67.05 15.79 0.63 3.08 1.42 2.95 3.90 3.43 99.25
JD-42 61.86 19.60 0.58 3.01 1.57 4.08 4.74 1.23 96.67
JD-43 68.69 17.36 0.26 1.17 0.39 1.57 4.39 3.94 97.77
JD-44 65.45 17.45 0.51 2.42 1.29 3.13 4.95 2.46 96.66
*Rock Types:
JD-1 Biotite rhyolite, Tucson Mountains, SB h SW h. Sec. 5, T. 15 S., 

R. 13 E., San Xavier Mission quadrangle, Pima County.
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JD-2 Shorts Ranch andesite, Tucson Mountains, NE h SE k. Sec. 18, T.
15 S., R. 13 E., San Xavier Mission quadrangle, Pima County.

JD-3 Upper Roskruge volcanics, Roskruge Mountains, SW h SW h. Sec. 28,
T. 15 S., R. 9 E., Cocoraque Butte quadrangle, Pima County.

JD-4 Biotite granodiorite, Patagonia Mountains, NE h SW h. Sec. 1, T.
24 S., R. 15 E., Nogales quadrangle, Santa Cruz County.

JD-5 Syenodiorite, Patagonia Mountains, SW k NE k. Sec. 1, T. 24 S.,
R. 9 E., Santa Cruz County.

JD-6 Granodiorite, Patagonia Mountains, 31°22,40,IN lat. and 110°45,6"W 
long., Santa Cruz County.

JD-7 Granodiorite, Four Metals mine, Patagonia Mountains, 31 23,51"N 
lat., and 110°43,30,,W long., Santa Cruz County.

JD-8 Porphyritic granodiorite, Washington Camp, Patagonia Mountains, 
31°23'20"N lat., and 110°41,30"W long., Santa Cruz County.

JD-9 Shorts Ranch andesite, Tucson Mountains, NE k NE k> Sec. 17, T.
14 S., R. 13 E., San Xavier Mission quadrangle, Pima County.

JD-10 Cat Mountain rhyolite, Tucson Mountains, SW k SW ky Sec. 11, T.
14 S., R. 12 E., San Xavier Mission quadrangle, Pima County.

JD-11 Cocoraque Butte granodiorite, Roskruge Mountains, NW % SE *%, Sec.
8, T. 14 S., R. 10 E., Cocoraque Butte quadrangle, Pima County. 

JD-12 Cocoraque Butte granodiorite, Roskruge Mountains, NW k SE
Sec. 8, T. 14 S., R. 10 E., Cocoraque Butte quadrangle, Pima 
County.

JD-14 Amole biotite quartz monzonite, Tucson Mountains SW k NE ky Sec.
25, T. 13 S., R. 11 E., Cortaro quadrangle, Pima County.

JD-15 Maverick stock, porphyritic quartz monzonite, Dos Cabezas Moun
tains, NW ky NW ky Sec. 19, T. 13 S., R. 27 E., Luzena quadrangle, 
Cochise County.

JD-16 Cowboy stock, quartz diorite, Dos Cabezas Mountains, SW ^ SE *5 
Sec. 15, T. 13 S., R. 26 E., Luzena quadrangle, Cochise County. 

JD-17 Cowboy stock, quartz diorite, Dos Cabezas Mountains, NW k SW
Sec. 23, T. 13 S., R. 26 E., Luzena quadrangle, Cochise County. 

JD-18 Silver Camp stock, quartz diorite, Dos Cabezas Mountains, NW k
SE ky Sec. 12, T. 14 S., R. 26 E., Dos Cabezas quadrangle, Cochise 
County.

JD-19 Schieffelin granodiorite. Tombstone Hills, NW % NE k, Sec. 4, T.
20 S., R. 22 E., Tombstone quadrangle, Cochise County.

JD-20 Schieffelin granodiorite. Tombstone Hills, NE k NW k. Sec. 15,
T. 20 S., R. 22 E., Tombstone quadrangle, Cochise County.

JD-21 Intrusive rhyolite, Tombstone Hills, NW k NE k, Sec. 31, T. 20 S., 
R. 23 E., Tombstone quadrangle, Cochise County.

JD-22 Copper Creek granodiorite, Galiuro Mountains, NE k SW k. Sec. 11, 
T. 8., R. 18 E., Galiuro Mountains quadrangle, Pinal County.

JD-23 Copper Creek granodiorite, Galiuro Mountains, NE k NW k, Sec. 14, 
T. 8 S., R. 18 E., Galiuro Mountains quadrangle, Pinal County. 

JD-24 Copper Creek granodiorite. Bunker Hill mine, Galiuro Mountains,
NW k SW k, Sec. 14, T. 8 S., R. 18 E., Galiuro Mountains quad
rangle, Pinal County.
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JD-25 Cornelia quartz diorite, Ajo Mountains, NE % SW Sec. 19, T. 12
S. , R. 6 W., Ajo quadrangle, Pima County.

JD-26 Quartz monzonite porphyry. Silver Bell Mountains, NW $6 SW Sec.
10, T. 12 S., R. 8 E., Vaca Hills quadrangle, Pima County.

JD-27 Mount Lord ignimbrite. Silver Bell Mountains, SW h SE hit Sec. 15,
T. 12 S., R. 9 E., Silver Bell Peak quadrangle, Pima County.

JD-28 Mount Lord ignimbrite. Silver Bell Mountains, SW hi SE Ht Sec. 15,
T. 12 S., R. 9 E., Silver Bell Peak quadrangle, Pima County.

JD-29 Sacaton Peak biotite quartz monzonite, border facies, Sacaton
Mountains, SW h SW hit Sec. 29, T. 5 S., R. 7 E., Signal Peak quad
rangle, Pinal County.

JD-30 Sacaton Peak quartz monzonite, core facies, Sacaton Mountains,
SE hi SE hit Sec. 13, T. 5 S., R. 6 E., Signal Peak quadrangle,
Pinal County.

JD-31 Sacaton Peak quartz monzonite, intermediate facies, Sacaton Moun
tains, NW k NE %, Sec. 18, T. 5 S., R. 7 E., Signal Peak quadrangle, 
Pinal County.

JD-32 Sacaton Peak biotite quartz monzonite, border facies, Sacaton 
Mountains, SW hi NE h. Sec. 34, T. 4 S., R. 6 E., Sacaton 7%' 
quadrangle, Pinal County.

JD-33 Sacaton Peak quartz monzonite, intermediate facies (Walker Butte 
quartz monzonite), San Tan Mountains, NE % NW *5, Sec. 3, T. 5 S.,
R. 8 E., Blackwater 7%' quadrangle, Pinal County.

JD-34 Three Peaks quartz monzonite, Sacaton Mountains, NW ^ SW $s, Sec.
24, T. 5 S., R. 5 E., Casa Grande quadrangle, Pinal County.

JD-35 Three Peaks quartz monzonite, Sacaton Mountains, NW SW $s, Sec.
14, T. 5 S., R. 5 E., Casa Grande quadrangle, Pinal County.

JD-36 Three Peaks diorite, inner facies of border zone, Sacaton Moun
tains, NE hi SW hit Sec. 15, T. 5 S., R. 5 E., Casa Grande quad
rangle, Pinal County.

JD-37 Three Peaks diorite, border facies, Sacaton Mountains, SW hi SW hit 
Sec. 10, T. 5 S., R. 5 E., Casa Grande quadrangle, Pinal County. 

JD-38 San Manuel porphyritic granodiorite. Black Hills, SW hi SE k. Sec.
4, T. 9 S., R. 16 E., Mammoth quadrangle, Pinal County.

JD-39 San Manuel porphyritic granodiorite. Black Hills, SW hi SE hit Sec.
4, T. 9 S., R. 16 E., Mammoth quadrangle, Pinal County.

JD-40 Silver Bell quartz monzonite. Silver Bell Mountains, NW % SW
Sec; 10, T. 12 S., R. 8 E., Vaca Hills quadrangle, Pima County. 

JD-41 Silver Bell quartz monzonite, Silver Bell Mountains, NW % SW
Sec. 10, T. 12 S., R. 8 E., Vaca Hills quadrangle, Pima County. 

JD-42 Diorite, Morenci, qpproximately Sec. 20, T. 4 S., R. 29 E.,
Clifton quadrangle, Greenlee County.

JD-43 Older granite porphyry, Morenci, approximately, Sec. 33, T. 3 S.,
R. 29 E., Clifton quadrangle, Greenlee County.

JD-44 Monzonite (?) dike (?), Morenci, NW hit Sec. 5, T. 4 S., R. 30 E., 
Clifton quadrangle, Greenlee County.
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Table B.l. Potash and Silica Values Used in this Report for Rocks Analyzed by Previous Workers

ALTERATION %SiO %K20
LOCALITY AND FORMATION______ (where recorded)____________ ___________

Cochise County

1. Texas Canyon
quartz monzonite slightly weathered 70.79 3.92 

slightly weathered 67.66 3.93 
fresh 71.54 N 4.13

2. Tombstone
Schieffelin 
Granodiorite 

Uncle Sam porphyry
62.33 3.36 
68.04 3.32 
66.59 3.77 
69.16 3.64

Gila County

3. Copper Cities and 
Castle Dome 
Granite porphyry 20% phyllic.

5% potassic 76.00 5.66
14% phyllic.
6% potassic 71.00 5.54

none 69.00 5.42
19% phyllic 74.00 5.18
8% phyllic 74.00 5.18

15% phyllic 73.00 5.30

REFERENCE

Bolin, personal com
munication, 1974

II

Butler, Wilson, and 
Rason, 1938 

Gilluly, 1956

Laine, 1974
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Table B.l. Potash and Silica Values Used in this Report for Rocks Analyzed, by Previous
Workers, Continued.

LOCALITY AND FORMATION
ALTERATION 

(where recorded)
%Si02 %K2°

REFERENCE

Lost Gulch Quartz
Monzonite 1% potassic 70.00 4.34 Laine, 1974

none 71.00 4.34 11
4% potassic 70.00 4.34 II

4% potassic 
3% phyllic.

69.00 4.58 II

2% potassic 
2% phyllic.

71.00 4.22 II

2% potassic 71.00 4.22 II

4% phyllic 70.00 3.73 II

1% potassic 69.00 4.34 II

3% potassic 68.00
69.63

4.10
4.04

II

Ransome, 1919
fresh 69.60 4.56 Peterson, Gilbert, and
fresh 70.68 4.48 Quick, 1951

4. Inspiration
Schultze Granite 70.95 3.34 Ransome, 1919
Granite porphyry 69.35

68.95
3.63
3.69

i i

I t

Schultze Granite 70.76
66.62

3.70
3.47

Graybeal, 1972
II

Graham County

5. Safford
Lone Star quartz 

diorite
moderate propylitic

to argillic 61.06
slight weathering 61.82

3.04 Bolin, personal com- 
2.34 munication, 1974
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Table B.l. Potash and Silica Values Used in this Report for Rocks Analyzed by Previous
Workers, Continued.

LOCALITY AND FORMATION
ALTERATION 

(where recorded)
%Si02

REFERENCE

dacite-rhyolite
dikes and plugs moderate phyllic 72.31 4.57 Bolin, personal com

Safford andesite fresh 55.29 0.85 munication, 1974
fresh 60.67 2.07 I I

fresh 58.55 1.73 I I

San Juan stock moderate phyllic 65.20 2.65 I I

nearly fresh 68.51 3.42 I I

weak propylitization 68.06 6.10 I I

Greenlee County

weak propylitization 70.90 3.50 I I

6. Morenci
diorite porphyry 61.20 1.35 Lindgren, 1905
quartz monzonite 

porphyry
moderate propylitization 68.04 2.65 I I

moderate propylitization 69.30 2.39 I I

quartz monzonite 

Pima County

19% phyllic 68.00 1.93 Laine, 1974

7. Ajo
quartz monzonite 1% phyllic 64.00 3.85 Laine, 1974

4% potassic 
6% potassic.

66.00 4.22 I I

3% phyllic 66.00 3.98 I I

5% potassic 63.00 3.49 I I

6% potassic 64.00 3.85 I I
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Table B.l. Potash and Silica Values Used in this Report for Rocks Analyzed by Previous
Workers, Continued.

LOCALITY AND FORMATION
ALTERATION 

(where recorded)
%sio2 %K20

REFERENCE

7% potassic 64.00 3.61 Laine, 1974
6% potassic,
2% phyllic 68.00 4.46 11
4% potassic.
3% phyllic 65.00 3.49 H

hornblende biotite
quartz monzonite 65.29 4.11 Gilluly, 1946

66.23 3.22 ii
biotite quartz diorite 60.59 1.63 ii
quartz monzonite 72.16 5.28 Graybeal, 1972

64.64 4.00 ii
granodiorite 55.80 3.18 ii

8. Roskruge Mountains
Roskruge volcanics 73.97 5.14 Damon, 1967

70.77 3.60 II
9. Sierrita

quartz diorite 20% propylitic 55.40 1.66 Hillman, 1970
15% propylitic 52.60 1.95 ii
25% propylitic 56.20 1.50 11

7% propylitic 58.40 2.09 ii
17% propylitic 49.90 1.76 ii
7% propylitic 58.60 2.45

13% propylitic 54.50 1.98 ii
26% propylitic 54.40 1.82 ii
1% propylitic 55.20 2.04 ii

11% propylitic 56.20 1.90 ii
18% propylitic 58.20 1.65 ii



Table B.l. Potash and Silica Values Used in this Report for Rocks Analyzed by Previous
Workers, Continued.

LOCALITY AND FORMATION
ALTERATION 

(where recorded)
%Si02 %k2o

REFERENCE

25% propylitic 52.80 2.19 Hillman, 1970
19% propylitic 54.50 1.82 it

14% propylitic 56.70 2.20 it

25% propylitic 51.30 1.69 ii

quartz monzonite
12% propylitic 58.40 2.19 it

porphyry fresh 71.90 4.00 it

1% propylitic 67.10 4.23 it

fresh 67.50 3.80 n

fresh 71.50 4.24 it

fresh
1% porpylitic

70.90
70.00

4.53
3.70

it

fresh 66.60 3.53 ii

fresh 69.40 3.92 ii

2% propylitic 69.50 2.88 n

fresh 69.40 3.96 ii

27% sericite 68.70 3.48 ii

fresh 68.10 3.88 ii

1% sericite 65.30 3.64 n

fresh 69.40 3.58 ii

fresh 68.80 3.50 n

fresh 71.20 2.97 it

fresh 70.80 5.58 it

3% phyllic 65.00 3.73 Laine, 1974
quartz diorite 9% potassic, 1% phyllic 57.00 2.41 ii

4% potassic, 3% phyllic 53.00 2.29 ii

3% potassic, 5% phyllic 55.00 2.65 n

3% potassic, 6% phyllic 52.00 2.17 it

8% potassic 56.00 2.89 ii
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Table B.l. Potash and Silica Values Used in this Report for Rocks Analyzed by Previous
Workers, Continued.

LOCALITY AND FORMATION
ALTERATION 

(where recorded)
%S102 %K29 REFERENCE

5% potassic 56.00 2.41 Laine, 1974
6% potassic, 1% phyllic 56.00 3.01 i i

8% potassic 56.00 2.65 I I

6% potassic 55.00 2.41 I I

fresh 58.00 2.41 I I

10. Tucson Mountains
Amole granite slight weathering 73.37 5.21 Bolin, personal com

Do. 74.46 4.82 munication, 1974
Do. 75.37 4.90 i i

Do. 72.87 4.87 i t

Pinal County

Do. 58.98 3.72 I I

11. Copper Creek
Granodiorite 62.28 2.69 Simons, 1964

12. Lakeshore
quartz monzonite slight weathering 65.18 3.34 Bolin, personal com

Do. 64.60 3.09 munication, 1974
Do.

moderate chlorite and
65.18 3.53 I t

sericite 64.48
65.58

3.41
3.70

I I

I I

weak phyllic 64.17 3.25 I I

Do. 66.29 3.74 I I

fresh 68.10 3.53 I I 116



Table B.l. Potash and Silica Values Used in this Report for Rocks Analyzed by Previous
Workers, Continued.

LOCALITY AND FORMATION
ALTERATION 

(where recorded)
%Si02

REFERENCE

13. Ray
Granite Mountain

Porphyry 70.52 3.34 Ransome, 1919
Quartz diorite porphyry

dike 68.26 2.80 i i

Diorite porphyry dike 65.30 3.08 ii

Troy (Rattler)
Granodiorite 64.84 2.46 i i

Quartz diorite 60.42 2.34 i i

Tortilla Quartz
Diorite 56.6 2.1 Banks and others, 1972

56.4 1.9 II

Rattler Granodiorite 55.8 1.2 II

67.1 2.5 II

66.1 2.6 II

hornblende andesite dike 57.0 2.1 It

Granite Mountain
Porphyry 68.4 3.0 II

porphyry dike 66.1 4.2 II

14. San Manuel
granodiorite porphyry fresh 61.8 2.5 Creasey, 1965

15. Superior
quartz diorite stock 58.11 1.40 Puckett, 1970

59.60 1.56 II

60.20 1.44 II
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Table B.1. Potash and Silica Values Used in this Report for Rocks Analyzed by Previous
Workers, Continued.

LOCALITY AND FORMATION
ALTERATION 

(where recorded)
%Si02 %K20

REFERENCE

Santa Cruz County

16. Patagonia
granodiorite 66.00 3.79 Graybeal, 1972

66.25 4.00 I t

65.35 3.70 I t

65.95 3.90 II

67.49 3.47 II

quartz monzonite 65.60 3.09 Schrader, 1915

17. Santa Rita Intrusive Complex
quartz monzonite 67.17 3.99 Schrader, 1915
Salero Formation 59.1 3.5 Drewes, 1971

58.7 2.7 II

59.1 2.8 II

63.2 3.4 It

Granite slight weathering 71.80 5.07 Bolin, personal com
Do. 75.34 3.71 munication, 1974
Do. 74.19 5.29 II

Do. 74.16 5.44 II

Diorite Do. 53.83 1.88 I t

Quartz monzonite fresh 62.76 4.36 II

Diorite slight weathering 54.04 2.55 II

less than 10% clays 55.97 4.91 II

Granite fresh 73.30 5.48 II

fresh 73.35 5.28 II

Granodiorite lessJthan 5% chlorite 65.08 3.36 II
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