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ABSTRACT

The northern  Picacho Mountains in Pinal C ounty, Arizona, con

sist of igneous and metamorphic rocks of Precam brian to late T ertia ry  age. 

Major igneous activ ity  occurred  during Precambrian time with in trusion  

of Oracle Granite and during  m id-T ertiary  time with final igneous in tru 

sion and metamorphism of a metamorphic core complex, which presen tly  

covers over 75 percen t of the  range . Minor igneous activ ity  occurred 

during  Laramide and late T ertia ry  times.

The Precam brian te rran e  consists of Pinal Schist and Oracle 

G ranite, which has been in truded  by small stocks and dikes of Laramide 

age and porphyritic  dikes of m id-T ertiary  age. The metamorphic core 

complex te rran e  consists of a 24.6 m .y .-o ld  hornblende monzogranite and 

granite gneiss with a minimum age of 23.6 m .y. The te rran e  was la ter 

in truded  by ap lite , andesite , and fine-g rained  interm ediate d ikes. The 

Precambrian te rran e  was in truded  by andesite and diabase dikes during  

middle to late T ertia ry  time.

Small a reas of alteration and copper mineralization are found in 

the northern  Picacho Mountains. The alteration is usually weak, and the 

mineralization is usually very  minor, although some very  small a reas have 

been strongly  altered  and mineralized. All m id-T ertiary and older un its 

a re  altered  and m ineralized, th u s establish ing  a minimum age for hydro - 

thermal alteration and m ineralization.
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INTRODUCTION

The Picacho Mountains

The Picacho Mountains are  located 65 km northw est of Tucson and 

90 km southeast of Phoenix^ Arizona (Fig. 1). The highest elevation of 

the range in the study  area  is 1,010 m. The alluvial flatlands west of the 

range have an elevation of about 500 m, whereas the alluvial flatlands on 

the east side of the range have an elevation of about 610 m.

The range is within the Sonoran D esert, and the area  is typified 

by low annual rainfall, usually less than 25 cm. Flora include saguaro , 

barre l cactus, ocotillo, cholla, pin cushion, hedge hog, prickly  p ear, 

sageb rush , m esquite, and palo ve rd e . The vegetation is sparse  and does 

not in te rfe re  with mapping or geologic in te rp re ta tio n . Fauna in the area 

include javelina, coyote, deer, cottontail rab b it, jack rab b it, roden t, 

sq u irre l, snake , lizard , and mountain lion.

Soil and talus are locally ex tensive, especially on hillsides in the 

no rthern  p a rt of the range . Outcrop may be limited to as little  as 30 p e r 

cent in these a re a s .

Purpose

A search of the geologic lite ra tu re  older than  1975, when th is  

thesis was begun , indicated th a t the only published geologic maps of the 

Picacho Mountains in Pinal C ounty , Arizona, were the Geologic Map of 

Arizona (Wilson, Moore, and Cooper, 1969) and the Geologic Map of Pinal 

C ounty , Arizona (Wilson and Moore, 1959). The sta te  map a t a scale of

1
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1:500,000 and the county map a t a scale of 1:375,000 both indicate th a t 

the no rthern  half of the Picacho Mountains is composed en tirely  of P re - 

cambrian g ran ite . Preliminary field tr ip s  indicated th a t several o ther 

major mappable un its were also p re sen t. Since then , the U .S . Geological 

Survey has published a geologic map of the Picacho Mountains a t 1:62,500 

(Yeend, 1976). Yeend's map indicates the presence of many other major 

geologic un its in addition to the Precam brian g ran ite , b u t the scale p re 

cludes detailed geologic mapping and geochronologic in terp reta tion  of the  

more complex a reas .

The purpose of my study  was to detail the geology of the n o rth 

e rn  Picacho Mountains and to use th a t information to determine the geo

chronology of th is  extrem ely complex region. Also, detailed geology and 

geochronology should aid in any fu tu re  exploration for base metals in the 

a rea . The final study  area selected includes all rock units in the U .S . 

Geological Survey Picacho R eservoir and Picacho Reservoir SE 7&-minute 

topographic map areas (Fig. 2, in pocket).

Procedure

Field mapping was done both on U .S . Geological Survey Picacho 

Reservoir and Picacho Reservoir SE 7&-minute topographic maps and en

largem ents of selected smaller areas within the la rg e r map areas (Fig. 2). 

S tandard pacing and B runton compass methods were used th roughout the  

field work. All areas were examined f irs th an d . Aerial photographs were 

obtained a t scales of 1:24,000 and 1:6,000, b u t the lack of major color 

con trast or w eathering charac te ristics between the various igneous un its
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Over 600 hand-size rock specimens were ga thered . Of these , 

about 150 were thin sectioned and examined and about 240 were stained 

for identification of plagioclase, q u a rtz , mafic minerals, and potash feld

sp a r. Some mafic minerals were identified by X -ray diffraction; a few 

opaque minerals were identified by  polished-slab inspection and micro

chemical te s ts .

rendered  the photographs of little  value. Less than  5 percen t of the geol

ogy was in te rp re ted  from aerial pho tographs.

General Geology

The Picacho Mountains are  most easily described geologically by 

dividing the  mountains into no rthern  and southern  halves separated by 

the narrow N. 60° W .-trending s trip  of alluvium th a t passes just south 

of the North Star mine (Fig. 2). The no rthern  half of the mountains can 

be fu r th e r  divided into a northw est block and a northeast block by the 

alluvium strip  th a t tren d s  approxim ately N. 15° W. The northeast block, 

which contains the Granite Hills, will hereafte r be re fe rred  to as the 

Granite Hills block. The igneous rock names used in th is  thesis are  those 

given by the IUGS Subcommission on the Systematics of Igneous Rocks 

(Geotimes, 1973) as shown in F igure 3.

O utcrops in the no rthern  half of the  Picacho Mountains are P re - 

cambrian granite  and Precam brian sch ist and gneiss. The Precam brian 

basement has been extensively  in truded  by  Late Cretaceous and T ertia ry  

porphyritic  d ikes. T ertia ry  andesite and diabase dikes, and T ertia ry  

quartz  ve ins. The porphyritic  dikes can be d istinguished from each o ther 

by th e ir s trik es  and dips an d , to some e x ten t, m ineralogy. One group
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Figure 3. General classification and nomenclature of qu artz -b earin g  plutonic rocks as recom
mended by the IUGS Subcommission on the System atics of Igneous rocks. — Modified from Geotimes 
(1973) ,
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strik es north  to w est-northw est and dips west or southw est 65± 15 de

grees (Fig. 4, in p o ck e t) . The o ther group strikes east-n o rth east and 

dips nearly vertica lly . Rehrig and Heidrick (1976), who have mapped and 

studied p o rphy ry  dikes in southern  Arizona, concluded th a t e ast-s trik in g  

dikes are Late C retaceous to early  T ertia ry  (Laramide) and n o rth -strik in g  

dikes are  m id-T ertiary . T herefore , e as t-  to n o rth east-s trik in g  porphyry  

dikes in the study  area have been mapped as Late Cretaceous to early  

T ertia ry  and n o rth - to no rthw est-s trik ing  dikes have been mapped as 

m id-T ertiary . This assignm ent of ages matches geologic relationships 

mapped in the  study  a rea , as no rthw est-s trik ing  porphyry  dikes cu t 

e a s t-n o rth east-s tr ik in g  dikes b u t the  reverse  was not observed (Figs. 2 

and 4).

The Picacho range south of the alluvial s trip  and the North Star 

mine is dominated by an early - to m id-T ertiary metamorphic core complex 

composed of monzogranite to quartz  monzonite and granite  gneiss. The 

m onzogranite has an outcrop area of approxim ately 10 km2. The monzo

granite  is in in trusive  contact with the granite gneiss, which is the 

southernm ost unit in the study  a rea . The granite  gneiss composes most 

of the Picacho Mountains south of the study  area  (Yeend, 1976), cropping 

out over 40 km2. The major core complex u n its , monzogranite and granite  

gneiss, have been in truded  by andesite  and holocrystalline fine-grained  

dikes ranging in composition from monzogranite to alkali feldspar syenite . 

The interm ediate dikes s trik e  no rth -no rthw est; the andesite dikes appear 

to be somewhat more random in orien tation , bu t most of them have a 

northerly  s trike  (Fig. 2).



DETAILED GEOLOGY

Lithology

Discussion of the lithology of the  northern  Picacho Mountains 

begins with the oldest rocks and p rog resses chronologically through to  

the youngest. The oldest rocks are  Precambrian Pinal Schist and Oracle 

G ranite. T here is a lithologic h iatus in the study  area between the Oracle 

Granite and the next o ldest ro ck s , which a re  Late C retaceous to early  

T ertia ry  in age. The southern  tw o-th irds of th is study  area  are dominated 

geologically by a metamorphic core complex of early  to m id-Tertiary age 

(Rehrig and Reynolds, 1977; Banks, n . d . ; D avis, :n .d .). The youngest 

rocks in the area studied are  andesite , diabase, and quartz  veins of mid- 

to la te -T ertia ry  age. F igures 2 and 4 (in pocket) a re  the  geologic maps 

th a t should be re fe rred  to th roughou t the  following discussion. F igures 

5 (in pocket) and 6 are  sample location maps for all hand samples collected 

and analyzed during  the  s tu d y . All mineral percentages p resen ted  are  by 

volume.

Precam brian Rocks

Pinal S ch is t. The oldest un it in the northern  Picacho Mountains 

is Pinal Schist, which has been dated a t 1.8 to 1.6 b .y .  (Livingston and 

Damon, 1968). I t  crops out predom inantly in the northw est block, b u t a 

small outcrop was mapped a t  the  south  end of the Granite' Hills block. The 

sch ist is locally gneissic. A general northw esterly  tren d  was observed in 

the  s trik es of the  foliation in th e  Pinal Sch ist. The dip of the  foliation is

7
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Figure 6. Sample location map. North S ta r mine area



vertical to sub vertica l. I t is noted th a t Yeend (1976) mapped sch ist with 

vertical to subvertical foliation as Precam brian and schist with horizontal 

to  subhoriibrital foliation a s 'm id -T e rtia ry .

Oracle G ranite . The Oracle Granite of Precam brian age described 

by Peterson (1938), Banks (1976), and Suemnicht (1977) is ind istingu ish 

able from the Precam brian granite  in the  study  area . The Tortilla Moun- 

tains_to the  east, the  Tortolita Mountains to the sou theast, and the Santa 

Catalina Mountains to the  east-so u th east of the study  area  were v isited . 

The rocks mapped as Oracle Granite in these th ree  mountain ranges ap 

pear the same as the Precam brian g ran ite  in the  study  area. Damon (1959) 

and Giletti and Damon (1961) have obtained dates of 1420 and 1450 m .y . 

for the Oracle G ranite. The g ran ite  is found ih the study area almost 

exclusively in the  northw est and Granite Hills blocks. Minor outcrops 

were also observed along the  north  edge of the hornblende monzogranite, 

which forms the cen tral portion of the  study  area .

Approximately 80 samples of Oracle Granite were collected in the 

study  area . Of these , 66 were stained for q u a rtz , o rthoclase , and plagio- 

clase identification by the technique described by Bailey and Irwin (1959) 

and point coun ted . Thin sections were made of the  remaining samples and 

of some of the  stained samples.

The Oracle G ranite, especially from the  Granite Hills block, is 

characterized  by extrem ely large orthoclase c ry s ta ls , up to 5 by 3 by 3 

cm; in a coarse-grained  groundm ass composed prim arily of plagioclase 

(Anig to Anai*), q u a rtz , and b io tite , with minor ch lorite , se ric ite , magne

tite , and epidote (Table A -l, A ppendix). The composition of the  Oracle

9
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Granite is similar to the  composition of th is unit found elsewhere in sou th

ern  Arizona (Suemnicht, 1977), b u t some variations do ex is t. The appar

ent lack of uniformity in composition (Fig. 7) is  due to variation in 

percentage of o rthoclase , which may be explained by the  relatively large  

grain size of the  orthoclase cry sta ls  as compared to the quartz  and plagio- 

clase g ra in s . Field examination of an Oracle Granite outcrop th a t covers a 

minimum of one square  meter indicated th a t the rock contains 25 to 30 p e r

cent o rthoclase . Percentages of orthoclase determined from th in  and 

stained sections th a t cu t large orthoclase phenocrysts are  similar to those 

observed in the field, b u t percen tages determined from sections th a t do 

not cu t large phenocrysts are  le ss . "The quartz-plagioclase ratios for 

Oracle Granite samples range from 0.42 to 1.40 with most values between 

0.5 and 1.0 (Table A -l, A ppend ix ). This narrow  range of values demon

s tra te s  the similarity in composition of th is unit throughout the study  

area .

The Oracle G ranite north  of the  Granite Hills and north  of the 

quartz  vein and shear zone shown on F igure 2 is moderately foliated. 

Foliation in the  Oracle G ranite locally increases as the  contact between 

the granite  and the  Pinal Schist is approached. Many postulated fau lt 

zones contain sheared  and foliated Oracle G ranite. Yeend (1976) mapped 

foliated and nonfoliated varie ties as separate  un its , b u t the sim ilarities in 

composition (Fig. 7), color, and tex tu re  suggest th a t both varie ties rep re 

sen t the same unit and th a t they  d iffer only in degree of metamorphism. 

Banerjee (1957) and Suemnicht (1977) described weakly to moderately 

foliated Oracle Granite elsewhere in sou thern  Arizona, and th e ir descrip 

tions closely match th e  charac te ristics of the  foliated Oracle Granite seen
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The extrem e abundance of po rphy ry  dikes in the northw est block 

tends to obscure the Precam brian geology, and the dikes were therefore  

not included in Figure 2 b u t were mapped a t a smaller scale on Figure 4. 

Removal of the dikes from Figure 2 perm its detailed consideration of the 

Pinal Schist-O racle G ranite contact. The Pinal Schist in the northw est 

block is surrounded  by Oracle G ranite. The contact varies from sharp  to 

gradational. Pinal Schist forms a roof pendant in the Oracle Granite and 

is therefore  demonstrably older than the Oracle Granite in the study  a rea . 

The Pinal Schist outcrop a t the south end of the Granite Hills block may 

also be a roof pendant in the Oracle G ran ite , b u t evidence for th is  conclu

sion is lacking.

Upper C retaceous and Lower T ertia ry  Rocks

North Star Granite and North S tar Monzonite. For c la r ity , the 

granite  and monzonite units mapped exclusively in the vicinity of the 

North Star mine will be hereafte r re fe rred  to as the North S tar granite 

and the North S tar monzonite. The granite  crops out in sec. 8 and 17,

T. 7 S . , R. 10 E. The outcrop in sec. 8 is too small to show a t the map

ping scale. The monzonite crops out in secs. 7, 8, and 17. These two 

units are  d istinctly  d ifferen t both in composition (Fig. 8 and Table A-2, 

Appendix) and in te x tu re . The granite is quartz  and orthoclase rich and 

contains only 10 to 20 percen t plagioclase. The monzonite contains 40 to 

50 percen t plagioclase. The g ran ite  is coarse grained and equigranular; 

the monzonite is fine to medium grained and is typically porphyritic  with

in the northern  Picacho M ountains. Both the foliated and unfoliated v a ri

eties have therefore  been mapped as Oracle G ranite.
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Figure 8. Modal quartz-orthoclase-p lagioclase te rn a ry  diagram for North S tar monzonite and 
N orth Star gran ite



14

medium-grained phenocrysts of plagioclase in a fine-grained  phaneritic  

groundmass of o rthoclase , q u a rtz , and mafic m inerals. The granite  is 

recrystallized and silicified. Mineralization in the form of chrysocolla was 

found a t sample location GRq-1. Most monzonite outcrops show some de

gree of copper m ineralization, predom inantly in the form of chrysocolla.

The degree of mineralization ranges from a trace to almost complete re 

placement of the host monzonite by chrysocolla. Where strongly  mineral

ized ,"the  monzonite is also intensely  a lte red , the feldspars being partially  

to completely converted to clay and seric ite . O utcrops of a ltered  and 

unaltered monzonite have the same appearance , bu t physically the altered  

varie ty  is extremely friab le , whereas the unaltered is not. At the only 

m onzonite-granite contact, which was mapped in sec. 17, the monzonite 

is unaltered  and the granite  is a lte red .

Ages for the North S tar monzonite and the North S tar g ranite  

have not been radiom etrically determ ined. On the basis of contact and 

tex tu ra l rela tionsh ips, the granite  is apparen tly  older than the mon

zonite. The monzonite is cu t by n o rth -s trik in g  porphyry  dikes and is 

therefore  older than the d ikes. Spatial relationships suggest th a t the 

North Star monzonite and local oxidized copper mineralization are  geneti

cally re la ted . If the mineralization is Laramide (I could not establish th is  

in the study  a re a ) , the monzonite is perhaps Laramide.

Diorite and Section 29 G ran ite . Diorite outcrops were mapped 

only around the no rthern  edge of the Picacho Mountains. A single outcrop 

of g ran ite , which is compositionally d ifferen t from the North S tar g ran ite .



was mapped in the SW& sec. 29, T. 6 S . , R. 10 E. This granite will 

henceforth be re fe rred  to as Section 29 g ran ite .

Samples from each of the diorite outcrops show a slightly different 

composition (Fig. 9), but all contain over 30 percen t mafic minerals. The 

granite  has a very  high (about 20 percent) mafic mineral content (Table 

A-3, Appendix) and is also plagioclase rich . The diorite and granite are 

medium to coarse grained and tex turally  very  similar. The Section 29 

granite has been dated by the Laboratory of Isotope Geochemistry at The 

U niversity of Arizona at 67.0 ± 1.4 m .y . (Damon, 1975, personal com

m on .). Contact relationships between the diorite and gran ite , proximity, 

and sim ilarity in tex tu re , degree of a lteration, and mineralization all indi

cate th a t the diorite and granite  may be different phases of the same 

magmatic body.

The diorite a t the north end of the Granite Hills block has been 

in truded  by nonporphyritic andesite dikes and easterly  strik ing  rhyolite 

d ikes. One outcrop of diorite in the northw est block was in truded by 

nonporphyritic andesite dikes and a n o rth -strik ing  rhyolite dike. The 

Section 29 g ran ite , which crops out over an area of about 0.01 km2, is not 

cu t by any of the dikes.

E asterly  Striking Pel sic D ikes. Dikes with east to northeast 

s trike  are  found almost exclusively in the Granite Hills block, although 

a few dikes with similar s trikes were mapped in the northw est block of 

the study  area . The dikes range in composition from rhyolite to andesite 

and a re  generally light to medium colored. Sixty percen t of the rhyolite 

dikes are  aphanitic; the re s t of the dikes are  porphyritic  with a
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predominantly aphanitic groundm ass. Compositions of these easterly  

strik ing  dikes shown on Figure 9 and Table A-4 (Appendix) were based 

on phenocryst abundances and p roportions. No clearcut crosscu tting  

relationships between easte rly  s trik ing  dikes were observed , so age r e 

lationships within th is group of dikes could not be determ ined.

Middle to Upper T ertia ry  Rocks

S ch ist. The sch ist th a t occurs in secs. 35 and 36, T . 7 S .,  and 

secs. 1 and 2, T. 8 S . , R. 9 E . , has horizontal to subhorizontal foliation. 

As previously mentioned, Yeend (1976) considered the age of sch ist with 

horizontal to subhorizontal foliation to be m id -T ertiary . The schist forms 

roof pendants in the granite  gneiss and is cu t by northerly  strik ing  rhyo

lite dikes and is therefo re  older than both .

Granite G neiss. Granite gneiss, which forms the southern  half 

of the Picacho Mountains (Yeend, 1976), crops out in the study  area  in 

secs. 33, 34, 35, and 36, T . 7 S . , and secs. 1, 2, 3, and 4, T . 8 S . ,

R. 9 E. The granite  gneiss in the study  area has a fairly  uniform compo

sition (Fig. 10 and Table A-4, Appendix) and contains both muscovite and 

biotite. Total mica content is about 7 p e rcen t. There appears to be a 

trend  of increasing muscovite accompanied by decreasing biotite from 

east to west across the g ran ite  gneiss in the study  a rea , b u t not enough 

samples were examined to justify  a s tro n g er statem ent. Foliation in the 

granite gneiss ranges from almost nonexistent to m oderate, and sligh t 

localized mylonization was observed . The dip of the foliation is very  shal

low; no p re fe rred  orientation of s trik es  was recognized in the study  a rea ,
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although Yeend noted a N. 45o-80° E . average s trike  of foliation in th is  

un it south of the study  area .

Biotite from the g ran ite  gneiss has been dated a t 23.6 ± 0 .5  m .y . 

by the Laboratory of Isotope Geochemistry, The U niversity  of Arizona 

(Damon, 1975, personal comm un.). This established a minimum age for 

the rock . Yeend mapped the g ran ite  gneiss as being of T ertia ry  age.

The g ran ite  gneiss contains pegmatitic and aplitic dikes, many 

too small to show a t the  mapping scale. The pegmatites grade uniformly 

into the  g n e iss . The gneiss has also been in truded  by nonporphyritic  

andesite dikes and fine-g rained , holocrystalline dikes, which strike  

northerly  (Figs. 2 and 5).

Hornblende M onzogranite. Hornblende^monzogranite forms the  

central core of the  no rthern  Picacho Mountains and composes over 90 p e r

cent of the bedrock outcrop of the  south half of the study  area  north  of 

the gran ite  gneiss. The outcrop area is approxim ately 10 km2.

The hornblende monzogranite has a uniform composition (Fig. 11 

and Table A-6, A ppendix). I t  contains 10-20 percen t mafic minerals, 

which are predom inantly euhedral hornblende c ry s ta ls , some large  enough 

(1 by 0.5 by 0.5 cm) to make the  rock locally po rphy ritic . This rock unit 

is difficult to name because its  composition overlaps the  compositional 

fields of m onzogranite, quartz  monzonite, quartz  monzodiorite, and grano- 

diorite (Figs. 3 and 11). The u n it is  medium to coarse grained equ ig ranu - 

la r . It is unfoliated, has v ery  minor jointing, and is a ltered  and 

mineralized to v ery  minor e x ten t. I t  contains sem icircular, medium- to 

fine-grained  cry sta l xenoliths, which a re  usually about 10 cm in diam eter.
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These xenoliths are  much d ark er than the  host rock and contain more 

mafic m inerals, mostly hornblende.

Biotite from the hornblende monzogranite has been dated a t 24.6 

± 0 .5  m .y . by the Laboratory of Isotope Geochemistry a t The U niversity 

of Arizona (Damon, 1975, personal com m un.). Mapping by Yeend (1976) 

and the  mapping done for my study  indicate th a t there  are  no o ther major 

young igneous bodies within several kilometers of the hornblende monzo- 

granfEe. T herefore, there  is no obvious nearby heat source th a t could 

have rese t the K-Ar clock of the hornblende monzogranite. One must 

therefore  assume th a t the  radiom etric age date obtained from the  ho rn 

blende monzogranite rep resen ts  the tru e  age of its  in trusion  and 

solidification.

Hornblende Monzogranite P o rp h y ry . Hornblende monzogranite 

porphyry  is found only in secs. 11 and 12, T . 7 S . , R. 9 E . , and appears 

to be a border phase of the hornblende monzogranite with similar composi

tion. Two varieties are  apparen t (Fig. 11 and Table A-6, A ppendix).

One is slightly  more quartz  rich than  the  hornblende monzogranite and 

the o ther slightly  more quartz  deficient.

Pegmatite and A plite. H undreds of pegm atites and aplites were 

found in the  granite  gneiss. Much smaller quantities of aplites and no 

pegmatites were found in the hornblende monzogranite north  of the g ran 

ite gneiss (Fig. 2 ). About 10 percen t of the  pegm atites are  large enough 

to map a t the  mapping scale, whereas less than  one percen t of the aplites 

are  large enough to map a t the  mapping scale. Sharp contacts between 

the pegmatite and g ran ite  gneiss were not observed in the  study  a rea .
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Instead , the  change from gran ite  gneiss to pegmatite occurs over a d is

tance of a few centim eters by a gradual increase in grain  size. The 

pegmatite bodies are  len ticu lar, and ends of the  bodies can usually be 

found cropping out.

The aplites within the  g ran ite  gneiss and hornblende monzogran- 

ite in trude  prim arily along jo in ts, although aplite cu tting  o ther aplite at 

random angles was o b se rv ed . Most of the  aplite bodies are  less than  0.5 

meter wide. Some can be traced  for distances up to hundreds of m eters, 

stopping only when the outcrop becomes buried under alluvium. All 

aplites within the  hornblende monzogranite have sharp  con tacts, and most 

of the aplites within the granite  gneiss have sharp  contacts. The sides 

of the aplite dikes are  always parallel.

Examination and analysis of stained and thin sections indicate 

tha t the pegmatites and aplites have a composition v e ry  similar to th a t of 

the g ran ite  gneiss (Fig. 10) and are also equ igranular and hipidiomorphic. 

The aplites are fine to v e ry  fine grained , and the pegmatites are  extrem e

ly coarse grained , with c ry sta ls  of quartz  and orthoclase as long as 15 

cm being common. The host g ran ite  gneiss is coarse g rained . The peg- 

matities and aplites are  unfoliated and have no p re fe rred  grain  orientation. 

No crosscu tting  relationships between the  aplite and pegmatite bodies 

were observed .

N ortherly  S trik ing  Felsic D ikes. Rhyolite to andesite dikes with 

north  to northw est s tr ik es  occur almost exclusively in the northw est block 

of the  study  area , although a few nonporphyritic  n o rth -s tr ik in g  rhyolite 

dikes were mapped in sec. 36, T . 7 S . , and sec. 1, T . 8 S . , R. 9 E.
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The northerly  strik ing  felsic dikes in the northw est block have a 

wider range of composition than  do the easte rly  strik ing  felsic dikes in 

the Granite Hills block (Fig. 9 and Table A-4, A ppendix). The dikes in 

the northw est block are  mainly holocrystalline. They are quartz  deficient.

Tw enty-five percen t of the northerly  s trik ing  rhyolite dikes in 

the northw est block are aphanitic . The re s t  of the northerly  s trik ing  

dikes are  po rphy ritic . The porphyritic  rocks are  composed of 3-10-mm- 

diameter phenocrysts in a groundm ass containing grains 0.5 to 2 mm in 

diam eter. The porphyritic  rhyolites contain phenocrysts of quartz  and 

orthoclase. The o ther porphyritic  northerly  s trik ing  dike rocks typically 

contain 2-5 percen t euhedral hornblende phenocrysts , along with q u a rtz , 

orthoclase, or plagioclase, depending on rock type . The percentage of 

hornblende phenocrysts was observed to vary  along the same dike in some 

instances, and dacite dikes with as much as 20 percen t euhedral ho rn - . 

blende were observed .

The s trik es  of the dikes are parallel to subparallel. The dikes 

strike  almost due north  where they  in trude  Oracle Granite in the sou thern  

p a rt of the northw est block, b u t they  change direction where they  cross 

the Oracle G ranite-Final Schist contact and s trik e  northw est in the Pinal 

Schist. The dikes dip west to southw est 65 ± 15 degrees and range in 

width from about 2 to 65 m, with over 80 percen t of the dikes 3 to 10 m 

wide. In the area  of most in tense diking shown on Figure 4 the separation 

between the dikes is generally less than  100 m, the average being 25 m. 

Some dikes are  in actual parallel contact.

Where found, c rosscu tting  relationships between no rtherly  s tr ik 

ing dikes were examined in detail. Some were ambiguous due to  alluvial
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or vegetative cover. This examination indicated th a t less siliceous dikes 

are cu t by e ither dikes of similar composition or by more siliceous dikes. 

This leads to the speculation of continuous differentiation of the source 

magma during  the in trusion  of these d ikes.

F ine-grained Interm ediate Rocks. F ine-grained monzogranite to 

alkali feldspar syenite rocks are  found as dikes and small stocks in tru d 

ing the hornblende monzogranite and granite gneiss u n its . Most of the 

interm ediate dikes occur in the sou thern  th ird  of the study  a rea , and the 

small stocks are  c lu ste red  in secs. 23 and 13, T . 7 S . , R. 9 E . , and secs. 

18 and 19, T. 7 S . ,  R. 10 E. (Fig. 2).

These interm ediate rocks have a highly variable composition (Fig.

12 and Table A-7, A ppendix). The stocks are 'predom inantly  monzogranite, 

whereas the dikes range from monzogranite to alkali feldspar syenite. The 

rocks generally contain 5 to 10 p ercen t mafic m inerals, prim arily horn

blende and b io tite, and are holocrystalline, fine g rained , hypidiomorphic, 

and equig ranu lar.

The dikes and small stocks of interm ediate composition have very  

sharp contacts with the rocks they  in tru d e . The fine-grained  tex tu re s  of 

the interm ediate rocks are d istinc t from the coarser grained tex tu re  of the 

rocks they  have in tru d ed . The interm ediate rocks are  locally cu t by non- 

porphyritic  andesite d ikes. The interm ediate dikes s trike  almost exclu

sively northw est.

Quartz Veins and D iabase. The quartz  veins and diabase are  d is

cussed together because they  appear to be similar in age. Both rock 

types are found exclusively in the no rth ern  Precam brian te r ra n e . The
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quartz  veins a re  composed of white bull q u artz , the diabase of plagioclase 

and mafic m inerals. The quartz  from the quartz  veins seldom displays any 

crystal faces. The grain size of the  diabase ranges from coarse to fine. 

The quartz  veins as well as the diabase dikes are  controlled by faults 

(Figs. 2 and 4 ). Over 100 quartz  veins and 50 diabase dikes were exam

ined in the study  area . Approximately half of the  quartz  veins and a 

q uarte r of the  diabase bodies show copper mineralization in the  form of 

chrysocolla. Where the  mineralized zones appear to have a p re fe rred  

orientation, they  are  essentially  concordant with the  host quartz  vein or 

the diabase bodies, so e ither the mineralization occurred  concurrently  

with the formation of the quartz  and diabase or both were affected by 

the same stru c tu ra l controls during  th e ir formation.

N onporphyritic A ndesite . The youngest igneous rocks in the  

study area are  a nonporphyritic  andesite  and a v e ry  fine grained diorite, 

which have been mapped together as nonporphyritic  andesite . These 

rocks a re  found th roughou t the  s tu d y  a re a . They are found in large 

quantities in the g ran ite  gneiss unit and the sou thern  half of the horn

blende monzogranite un it and are  locally abundant in the cen tral p a rt of 

the Granite Hills block (Fig. 13).

The m icrocrystalline varie ties range in composition from monzo- 

diorite to d iorite (Fig. 14 and Table A-8, A ppendix). Thin-section exam

ination indicates a gradational change in grain size from very  fine phan- 

eritic  to aphanitic fo r th is  u n it. The andesite and diorite form narrow 

d ikes, seldom exceeding 5 m in w idth , averaging 1-2 m. Some of th e  

dikes can be traced  for hundreds of m eters. S trikes are  somewhat



Figure 13. Geologic map of an area north  of the Granite Hills

O'

Scale 1:6000 

500 ' 1000 '

0 m 100 m

1500'

500 m
= 3

Cl = 20 feet Datum = M .S.L. 

Geology by Gary S. Johnson

Base: See Fig,

Explanation

Mid to late T ertiary

Late C retaceous- 
early  T ertiary

Precambrian

[a Andesite
qv Quartz vein

r Rhyolite
dp Dacite porphyry
ap Andesite porphyry

P Oracle Granite



27

Figure 13. Geologic map of an area north  of the  Granite Hills
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variab le , bu t a north  s trike  is most common. Local shearing  of host rock 

adjacent to some of the  andesites and diorites suggests th a t the  andesites 

and diorites may have in truded  along zones of s tru c tu ra l weakness.

Mineralization

Copper mineralization occurs sporadically th roughou t the  study  

area (Fig. 15). Almost all copper mineralization is in the form of ch ryso - 

colla, with only trace  amounts of malachite, tu rquo ise , and tenorite  and 

rare-am bunts of su lfides. In the sou thern  p a rt of the  study  area , copper 

mineralization occurs in hem atite-stained pegm atites within the granite  

gneiss. Approximately 5 to 10 percen t of the several hundred  pegmatites 

examined a re  hematite stained . Copper mineralization is minor and occurs 

as minute quantities of chrysocolla dissem inated in  quartz  and a t grain 

boundaries.

The only significant copper mineralization a t the  surface in the  

study  area is in and around the  North S tar mine (Figs. 2, 3, and 15), 

where chrysocolla ± turquoise ± malachite ± tenorite  occurs in veins up to 

several m eters long and 0.5 m wide. Veins of similar size and composition 

are also found at one locality within the hornblende monzogranite along its  

northern  edge (Fig. 15). O ther surface copper mineralization occurs as 

trace  amounts of chrysocolla dissem inated in host rocks and as extremely 

fine grained chrysocolla disseminated! in quartz  ve ins.

Veins and faults control the  copper m ineralization. The ch ryso 

colla is seen to fill joints and frac tu re s  in the in tru sive  rocks. Where 

dissem inated, the chrysocolla sp reads out fo r a few centim eters on e ither 

side of hairline fra c tu re s . Where m assive, the chrysocolla forms pods or
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lenses, which north  of the North S tar mine parallel the po rphyry  dikes 

and south of the  mine parallel or fill frac tu res  in the hornblende monzo- 

gran ite . A study  of Figure 15 indicates th a t much of the chrysocolla oc

cu rs along fault zones. The vein control of copper mineralization includes 

the association with pegm atites in the granite  gneiss and with quartz  

veins and diabase dikes in the Precam brian te rra n e . Pegmatites cu tting  

the granite gneiss have no apparen t s tru c tu ra l control, w hereas, as p re 

viously mentioned, quartz  veins and diabase dikes are  stru c tu ra lly  con

trolled .

Hydrothermal Alteration

Most of the rocks in the study  area are  not hydrotherm ally a lte red , 

b u t locally there  is slight hydrotherm al a ltera tion . Epidote, chlorite , 

and silica are the prim ary alteration p roducts (Fig. 16). A small gossan 

covering about 300 m2 is found about a thousand m eters north  of the North 

Star mine (Fig. 4 ). A comparison of Figures 15 and 16 shows little  ev i

dence for correlation between location of a ltered  rock and location of 

s tru c tu ra l fea tu res or copper m ineralization.

C oarse-grained in tru sive  rocks in the North S tar mine area (Oracle 

Granite and North Star monzonite) have been highly a ltered  adjacent to 

chrysocolla veins. Here feldspars have been a ltered  to clay and the rocks 

are friab le. This alteration ex tends from less than  one meter to a few 

m eters away from the mineralized lenses .

Epidote occurs predom inantly as veins along frac tu re s  and joints 

primarily in andesites and the no rtherly  s trik ing  po rphy ry  d ik es . The 

epidote veins range from less than a millimeter to 50 cm in width; more
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F igure  16. A lteration map of the  n o rth e rn  Picacho Mountains
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than 95 percen t of these veins a re  less than  2 cm wide. The quartz  veins 

apparen tly  rep resen t complete replacement of the p reex isting  rock by 

q u artz . Adjacent to some of the  la rg e r quartz  ve ins, replacement has 

been only partia l and host-rock  grain boundaries and fabrics are  still 

visible. Where indications of the  host rock a re  completely gone the area 

has been mapped as a quartz  vein. Where the area has been enriched 

with silica b u t host-rock  grains and tex tu res  are  still visible, the  area  

has been indicated as one of hydrotherm al alteration in the  form of 

silicification (Fig. 16).

Chloritic alteration of plagioclase in the  hornblende monzogranite 

is obscure b u t does cause a sligh t increase in friab ility  and a slight 

change in color. Calcite veinlets occur in the hornblende monzogranite 

ju st southeast of the  North S tar mine. Pyrite  occurs as individual grains 

and veinlets sou theast of the North S tar mine, also in the area ju s t south

west of the North S tar mine, perhaps indicating a similar age for the 

py rite  and calcite hydrotherm al a ltera tion .

Supergene Alteration

Supergene alteration occurs as hematite a fte r  py rite  and ch ryso - 

colla presum ably a fte r  copper-bearing  sulfides or oxides. The granite  

gneiss te rran e  in the sou thern  portion of the study  area  is unaltered .

The only alteration in th e  sou thern  portion of the  study  area is as 

hem atite-stained pegm atites. Hematitic alteration is responsible fo r the 

red staining of most of the rocks around th  e North S tar mine (Fig. 16). 

Yeend (1976) described the  area  as "a b rig h t red -o range  gossan . 11 Close 

examination of the red -s ta in ed  rocks in the  mine a rea  reveals fine-grained
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cubes of hematite a fte r p y rite . The rocks contain less than 0.1 percen t 

hematite and are  otherwise generally u n a lte red ; how ever, the degree of 

rock alteration in the mine area is variable . Dike rocks are  unaltered 

except fo r hematite stain ing .

As previously d iscussed , the Oracle Granite and North S tar mon- 

zonite adjacent to chrysocolla veins are  highly a lte red . This alteration 

may be e ither super gene or hypogene, depending on w hether the a lte r

ation occurred during  the original formation of th e  mineralized body or 

w hether the alteration occurred  during  the  conversion of the  body to 

chrysocolla by supergene p rocesses.

There is very  little  p y rite  p resen t a t the  surface anywhere in the  

study area. In those places where it was originally p resen t it has been 

mostly converted to hem atite. The hematite pseudom orphs a fte r  py rite  

aid greatly  in identifying the initial presence of py rite  in the  study  a rea .



DISCUSSION

Precam brian Events

Livingston and Damon (1968) reported  the age of the Pinal Schist 

to be 1.8 to 1.6 b .y .  I t  occurs as a roof pendant in the Oracle G ranite, 

which has been described by Peterson (1938), Banks (1976), and Suem- 

nicht (1977), among o th e rs . The Oracle Granite has been dated a t 1420 

to 1450 m .y . by Damon (1959) and Giletti and Damon (1961), among o thers . 

The descriptions provided in these  earlie r works leave little  doubt th a t the  

host rocks at the north  end of the Picacho Mountains are  Pinal Schist and 

Oracle G ranite.

The Oracle Granite contains schlieren whose elongation tren d s  

northw est. This orientation may indicate a s tru c tu ra l fabric  within the 

Oracle G ranite, and it seems similar to the orientation of Precam brian 

fabrics described by Banerjee (1957). The Oracle Granite in the n o rth 

west block is unfoliated to slightly  foliated; the foliation in the Oracle 

Granite strikes no rthw est. The tren d  of the schlieren elongation may be 

another indication of the  same no rthw est-trend ing  Precam brian fabric  or 

it may have been controlled by a p reex isting  no rthw est-trend ing  fab ric .

The Oracle Granite is cu t by small diabase dikes, only a few of 

which are  large enough to show a t the  mapping scale. All diabase dikes 

were mapped as of T ertia ry  age because some diabase dikes cu t northerly  

strik ing  porphyritic  dikes of m id-T ertiary  age (Fig. 4 ). Diabase dikes 

th a t cu t Oracle Granite in the  S ierra  Ancha Mountains, Gila C ounty, A ri

zona, have been dated by Damon, L ivingston, and Erickson (1961) at
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1200 m .y . The lack of crosscu tting  relationships between some diabase 

dikes and o ther units in the s tu d y  area  precludes making a definite s ta te 

ment about the age of every  diabase dike.

Laramide Events

Several units in the no rthern  Picacho Mountains are  of Laramide 

age. The granite  in section 29 at the  north  end of the  range (Fig. 2) 

has been dated at 67.0 + 1 .4  m .y. The diorite in the same locality is ap

parently  p a rt of the same magmatic body.

The relationship between the  northerly  strik ing  felsic dikes in 

the northw est block and the easte rly  strik ing  felsic dikes in the Granite 

Hills block is not clear. Several lines of evidence indicate th a t they  

rep resen t separa te  igneous even ts. The northerly  s trik ing  porphyritic  

dikes are predom inantly holocrystalline, whereas the  easterly  s trik ing  

porphyritic  dikes have a predom inantly aphanitic groundm ass. The no rth 

erly  strik ing  felsic dikes contain euhedral hornblende phenocrysts in 

significant qu an titie s , whereas the  easte rly  strik in g  felsic dikes typically 

contain less than  1 percen t hornblende, which occurs as small grains gen

erally lacking good crysta l shape or development.

The th ree  small e as t-s tr ik in g  rhyolite dikes mapped in the no rth 

west block in sec. 37, T . 6 S . , R. 9 E. (Fig. 4) are  term inated by a 

northw est-strik ing  rhyolite p o rphy ry  dike. O ther relationships were am

biguous, and no evidence was found to indicate if the  th ree  small dikes 

were p a rt of the  same igneous even t th a t formed the easterly  strik ing  

felsic dikes in the G ranite Hills block. The nonporphyritic  northerly  

strik ing  rhyolite dikes mapped in the  sou thern  half of the  s tudy  area  may
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rep resen t a d ifferen t igneous event than  the one th a t produced the n o rth 

erly  strik ing  dikes in the northw est block. The southern  dikes are  non- 

porphyritic , and less felsic dikes are  not p resen t in the southern  a rea .

The easte rly  strik in g  po rphyry  dikes in the Granite Hills block 

are probably of Laramide age. The northerly  s trik ing  porphyry  dikes in 

the northw est block are probably of m id-T ertiary  age as evidence p re 

sented by Rehrig and Heidrick (1976) certainly  su g g ests . Petrographic 

studies p resen ted  in an earlier chap ter also indicate th a t the easterly  

and northerly  strik ing  po rphyry  dikes rep re sen t separate  igneous ev en ts . 

Their d ifferent s trik es  indicate d ifferen t orientations of s tre s s . There 

were many igneous events during  Laramide time, b u t as Rehrig and 

Heidrick (1976) have pointed ou t, dikes from these even ts almost always 

have an easterly  s tr ik e .

The North S tar granite  and North S tar monzonite un its in the 

vicinity of the North Star mine have an age older than th a t of the n o rth 

erly  strik ing  dikes because the monzonite is in truded  by  northerly  s tr ik 

ing dikes (Fig. 4). Where the granite  and monzonite are  in contact, the 

granite has been silicified and recrysta llized , whereas the monzonite has 

been much less strongly  affected , suggesting  a slightly  older age for the 

g ran ite . The contact, however, may be a fau lt. It was noted th a t the 

North Star monzonite is usually mineralized by supergene chrysocolla. If 

the original hydrotherm al mineralization is of Laramide age and if it has 

not been moved during  supergene a ltera tion , the monzonite is also of 

Laramide age or o lder.

The Oracle Granite is slightly  to moderately foliated almost in its  

en tire ty  north  of the major quartz  vein and shear zone in sec. 4, T . 7
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7 S . , R. 10 E . , in the Granite Hills Block (Fig. 2), whereas south of th is 

zone the foliation extends only a few tens of meters into the  Oracle G ranite. 

The foliation is parallel to the s trike  of the quartz  vein . The presence of 

only a small amount of metamorphosed Oracle Granite south  of the vein 

and much g rea te r quantities of metamorphosed Oracle Granite north  of the 

quartz  vein suggests th a t the vein in truded  along a major fault zone th a t 

faulted essentially  unfoliated Oracle Granite against foliated Oracle Gran

ite . The faulting did cause some shearing  and mylonization of the Oracle 

G ranite, producing an intensely  deformed rock , b u t th is deformation ex 

tends only a few m eters into the host rock on e ither side of the fault zone.

The easte rly  strik ing  porphyritic  dikes in trud ing  the Oracle 

Granite both north  and south of the shear zone are  unmetamorphosed and 

appear to have no relationship to the direction of foliation or faulting 

(Fig. 2). This indicates th a t the metamorphism and la te r faulting oc

cu rred  p rior to the diking, which is presum ed to be of Laramide age.

The Oracle Granite is also apparen tly  unaffected by the in trusion  of the 

Section 29 granite  67 m .y . ago a t the  north  end of the Granite Hills block, 

because the degree of metamorphism slowing decreases from south to 

north away from the quartz  vein and shear zone. The metamorphism 

therefore  occurred during  some tectonic or erogenic episode between 1.4 

b .y .  and 67 m .y . ago.

T ertia ry  Events

The granite  gneiss a t the sou thern  end of the study  area has 

been dated at 23.6 ± 0 .5  m .y . , a date th a t rep re sen ts  the la test rese ttin g  

of its K-Ar clock. It is younger than  the  southern  sch ist th a t forms roof
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pendants in it and younger than  the northerly  strik ing  rhyolite  dikes 

th a t cu t the sch ist b u t a re  term inated by the  gneiss. Keith (1980, p e r

sonal commun.) suggested  th a t the  granite  gneiss originally in truded  as 

a two-mica granite  during  the  Eocene Epoch. Several unmetamorphosed 

two-mica granites elsewhere in Arizona are  of Eocene age (Keith, 1980, 

personal commun.) . The 23.6 m .y . K-Ar date for the  granite  gneiss in 

dicates the age of uplift th a t coincided with in trusion  of the hornblende 

monzogranite north  of the granite  g n e iss .

The pegmatite and aplite in the g ran ite  gneiss have been d is

cussed in a previous section. They have compositions similar to th a t of 

the granite  gneiss. The contacts between the pegmatite and the g ranite  

gneiss are  gradational, bu t the  contacts between the aplite and the g ran 

ite gneiss a re  usually sh a rp . Aplite cu ts the hornblende monzogranite, 

and the aplite-hornblende monzogranite contacts are  sharp . No pegmatites 

cu t the  hornblende m onzogranite.

The predominance of sharp  contacts between aplite dikes and 

their host suggests  th a t the aplites came a fte r the in trusion  and solidifi

cation of the host rock. The presence of the aplites prim arily along 

joints also implies th a t the host rock was solid before the aplites in truded  

i t .  On the o ther hand, all pegm atite-granite  gneiss contacts are  g rada

tional. Also work on growth and nucleation of c ry s ta ls  by Fenn (1977) 

among o thers suggests th a t the pegm atites formed during  solidification 

of the granite  gneiss from a melt or during  ultrametamorphism of the  

granite  gneiss.

A postulated major fau lt has been mapped between the  hornblende 

monzogranite to the  south and the Precam brian te rra n e  in the north  half
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of the study  area (Figs. 2 and 15). The presence of th is  fau lt cannot be 

conclusively established because there  is no bedrock outcrop along its  

path  in the no rthern  Picacho M ountains. The alluvial s trip  where th is 

fau lt has been mapped is a linear fea tu re  with steep hills on e ither side. 

Also, the  rocks nbrth of the alluvial s trip  give no indication of having been 

thermally affected by the in trusion  of the  hornblende monzogranite to the 

sou th . Finally, northerly  s trik in g  dikes occur north  of the  s trip  and they  

plunge under the alluvium, b u t they do not occur on the south side of the  

s tr ip . Although circum stantial, th is evidence seems overwhelming th a t 

there  is a major fault between the hornblende monzogranite and the rocks 

to the north  (Figs. 2 and 15). This postulated major fau lt may be a con

tinuation of e ither the  Mogul fault (Wilson and o th ers , 1969) or the  

Dragoon discontinuity (T itley, 1976). The fau lt is probably Laramide or 

older in age because extensional m id-T ertiary  s tru c tu re s  are  mostly north  

trend ing , whereas th is zone tren d s  easterly  (Stew art, 1978). It was ap

paren tly  reactivated during  m id-T ertiary  time, because the  rocks on its  

south side are  of m id-T ertiary  age.

Some of the  mineralization found in the  Precam brian te rran e  a t the 

north  end of the range is associated with diabase and quartz  ve ins. The 

presence of diabase dikes and quartz  veins along shear and frac tu re  zones 

th a t cut porphyry  dikes indicates e ither a m id-T ertiary  mineralizing event 

o r m id-Tertiary remobilization. The quartz  veins a re  parallel to the  sh ear

ing and foliation. The diabase dikes also occur along shear and fault 

zones, b u t the ir s trike  is usually not the same as th a t of the  fau lt or shear 

zone they  have in truded  (Fig. 4 ). These contact relationships a t least 

suggest th a t th is  va rie ty  of diabase may be younger than  the quartz
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veins and th a t the quartz  veins may be contemporaneous with the  faulting 

and shearing .

N ortherly strik in g  dikes in the  northw est block probably in truded  

along m id-T ertiary extensional frac tu re s  above an igneous in trusion . The 

change in strikes from north  to northw est a t the Oracle Granite-Pinal 

Schist contact may have nothing to do with the  con tac t, b u t th ere  are  d is

tinc t differences between these  two un its tha t may explain the change in 

s tr ik e . The Oracle Granite is unmetamorphosed to slightly  metamorphosed 

in the northw est block. The g ran ite  may have been frac tu red  and jointed 

prior to the  in trusion  of the  d ikes, b u t s trong  evidence for such f ra c tu r 

ing was not observed . T hus, the dikes apparently  in truded  a homogen

eous unit with no lithologically or tex tu rally  related p re fe rred  direction of 

weakness. The Pinal Schist is strongly  foliated. Most dike boundaries 

are  parallel o r subparallel to the  s trike  of foliation in the Pinal Schist.

The change in s trik e  of the dikes as they  cross into the Pinal Schist 

therefo re  rep re sen ts  a response to a combination of regional s tre sse s  and 

host-rock  fabric . The dike orientations in the  Oracle Granite provide 

evidence th a t the th ree  principal s tre sse s  may have had the following 

orientations during  in tru sion  of the dikes: n o rth -so u th , east-w est, and 

vertical, with the no rth -sou th  being g rea te r than  the  east-w est. The 

lesser horizontal s tre ss  (east-w est) was probably tensional a t th is  time 

(Stew art, 1978). The s trike  direction of the  dikes in the Pinal Schist is 

due to a combination of both regional s tre sse s  and s tru c tu ra lly  aniso

tropic rock fa b ric s .

Faults cu tting  across the  no rtherly  trend ing  dikes may be late 

T ertia ry  in age. T heir orientation does not match the  extensional s tre sse s



presumed to have been operating  during  early  and m id-T ertiary  time 

(Davis 1977; Eaton, 1979; Coney, 1979). The quartz  veins and diabase 

dikes th a t occur along these faults would therefore  be late T ertia ry  or 

younger.

As pointed ou t, the hornblende monzogranite is cu t by  aplite 

dikes bu t not by pegmatite d ikes. The aplite dikes have sharp  contacts 

with the hornblende monzogranite, indicating th a t they  rep re sen t a 

separate  igneous even t. This would make them distinct from the aplite 

dikes seen in the granite  gneiss to the south . Hoelle (1976) has dated 

aplites in the Santa Catalina Mountains a t 19.6 ± 4.0 m .y. The aplite 

dikes that in truded  the hornblende monzogranite may be equivalent in 

age to those dated by Hoelle.

Metamorphic Core Complexes

"Metamorphic Core Complexes are  outcrop areas of relatively high 

topographic relief th a t comprise domes and arches of anomalously deformed 

and metamorphosed igneous and sedim entary rocks" (Davis and Coney, 

1979, p . 120). The complexes have up to four d ifferen t elem ents, which 

consist of a core, metamorphic carapace, decollement, and cover (Davis, 

n . d . ) . The cores usually consist of gneiss derived from plutonic rocks 

of granitic composition and younger plutonic rocks of variable composition 

(Davis, n . d . ; Reynolds, 1980). The metamorphic carapace consists of 

highly metamorphosed s tra ta  above the core. The cover consists of older 

rocks, which w ere, or still a re , originally above the  complex b u t were 

unaffected by. the metamdrphism. The cover is separa ted  from the o ther 

two elements by a decollement along which any low-angle faulting or
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shearing between the cover and the core or carapace took place (Davis,

n . d . ).

Metamorphic core complexes are found throughout the w orld. One 

band of complexes extends from Canada th rough  the United States into 

Mexico along the Western Cordillera with a t least ten  d ifferen t complexes 

being recognized in Arizona (Rehrig and Reynolds, 1977; Coney, 1979; 

Davis and Coney, 1979; B anks, n .d . ;  Rehrig and Reynolds, n .d . ) .

The metamorphic core complexes in Arizona are indicators of the 

massive extension th a t occurred  during  m id-T ertiary time (Coney, n .d .)  

and seem to be most im portant in explaining chaotic metamorphic areas 

in terms of overall regional geology and plate tectonics.

The Picacho Mountains have been described  as a metamorphic 

core complex (Rehrig and Reynolds, 1977, n .d . ;  B anks, n .d . ) .  Rehrig 

and Reynolds (n .d .)  described several d ifferen t aspects of a metamorphic 

core complex tha t are p resen t in the southern  Picacho Mountains. In the 

no rthern  Picacho Mountains only the  granite  gneiss and hornblende mon- 

zogranite, which are  p a rt of the core , are p re sen t. The small sch ist 

bodies mapped in the granite  gneiss may rep resen t rem nants of the meta

morphic core complex carapace.

The metamorphic core complex rocks found in the Picacho Moun

tains are described by Rehrig and Reynolds (n .d .)  as being similar to 

those found in the  Durham and Suizo Hills and D esert Peak. Banks (n .d .)  

reported  th a t the in trusive  rock in the  Picacho Mountains is similar in 

age, chem istry, and petrog raphy  to core complex in tru s ive  rocks in the 

Santa Catalina and Tortolita Mountains and Durham Hills.
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In conclusion, work of o ther au tho rs indicates th a t a metamorphic 

core complex is exposed in the Picacho Mountains. The presence of the  

complex was not well established during  th is  s tudy  because several p a rts  

of the complex are  not p resen t in the no rth ern  Picacho M ountains. The 

regional extensional tectonics called on to explain metamorphic core com

plexes in general must also explain the  tectonic h isto ry  of the  Picacho 

Mountains (C rittenden , Coney, and Davis, 1978; Coney, 1979, n .d . ;  

D avis'and Coney, 1979).

Geochronology

The oldest un it in the study  area  is the  1 .8-1.6 b .y .-o ld  Pinal 

Schist, which was in truded  by the  Oracle Granite about 1450 to 1420 m .y . 

ago. There is a lithologic h iatus in the no rthern  Picacho Mountains be

tween the older Precam brian and younger Laramide rocks. Stew art (1978), 

among o th ers , postulated th a t most of Arizona was p a rt of the  stable North 

American craton during  th is period and th a t most of the Mesozoic Sevier 

erogenic event bypassed Arizona. Some diabase dikes in the study  area 

may be Precam brian, b u t th e ir ages could not be established .

Laramide un its are  found along the extrem e no rthern  edge of the 

Picacho Mountains and possibly in the  vicinity of the  North S tar mine.

The age of the northernm ost Laramide u n it, th e  Section 29 g ran ite , is 67 

± 1 .4  m .y ., whereas the  age of the  un its  around the  North S tar mine are  

probably Laramide, although the un its have not been radiom etrically dated . 

The Laramide orogeny in sou thern  Arizona is marked by  easte rly  strik ing  

faults (Davis, n .d . ) .  It may be reasonably concluded th a t easte rly  s tr ik 

ing faults in the  study  area are  also Laramide in age, including the
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postulated major fault south of the N orth S tar mine. Most copper porphyry  

deposits in sou thern  and cen tral Arizona are  associated with Laramide 

in trusions (Anderson, 1968), suggesting  th a t most copper mineralization 

found in the study  area  is also of Laramide age. T herefore , copper min

eralization in the no rthern  Picacho Mountains probably developed during  

Laramide time and was remobilized during  m id-T ertiary  igneous activ ity . 

Laramide activ ity  also included the in trusion  of easte rly  s trik ing  porphyry  

dikes in the Granite Hills block.

Several d ifferen t un its of middle to late  T ertia ry  age are  found in 

the  no rthern  Picacho M ountains. The oldest a re  sch ist and granite  gneiss, 

which p reda te  the  24.6 m .y .-o ld  hornblende monzogranite un it. The age 

of the sch ist and granite  gneiss a re  not known, b u t evidence from else

where in Arizona indicates th a t the  granite  gneiss formed during  Eocene 

time (Keith, 1980, personal commun.) . The sch is t, g ran ite  gneiss, and 

hornblende monzogranite a re  p a rt of a metamorphic core complex th a t 

crops out over 75 percen t of the Picacho Mountains. The similarity in 

ages between the granite  gneiss and the hornblende monzogranite indi

cates th a t the K-Ar clock of the  g ran ite  gneiss was re se t by the  in trusion  

of the hornblende m onzogranite. Also during  m id-T ertiary  time, the  P re - 

cambrian te rra n e  to the no rth  of the  nornblende monzogranite in the  

northw est block was extensively  in tru d ed  by no rtherly  strik in g  porphyry  

d ikes.

The fine-grained  dikes and small stocks of interm ediate composi

tion are  younger than the  hornblende monzogranite and g ran ite  gneiss 

they  in tru d e . They may rep re sen t a la te  stage in th e  metamorphic core 

complex evolution in the Picacho M ountains. Core complex un its are
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mineralized with chrysocolla, therefo re  prim ary copper mineralization 

e ither occurred or was remobilized during  m id-T ertiary  time. Minor ig 

neous activ ity  continued in the  no rthern  Picacho Mountains th rough  late  

T ertiary  time. This activity  is rep resen ted  by the  small dikes of andesite  

th a t are  found in trud ing  all o ther mapped u n its .



SUMMARY OF CONCLUSIONS

The geologic map of Yeend (1976) and the  mapping done during  

my study  dem onstrate th a t more than  ju s t Precam brian granite  and gneiss 

a re  p resen t in the Picacho M ountains. The no rth ern  half of the  Picacho 

Mountains can be divided into two major p a rts , with an easte rly  trend ing  

s trip  separating  them. The no rth ern  p a r t  is Precam brian basem ent, which 

has been in truded  by dikes of Laramide and m id-T ertiary  age. Most of 

the  rocks of the southern  p a rt a re  components of a m id-T ertiary  metamor- 

phic core complex. The two p a rts  have been fu r th e r  divided for descrip 

tive  purposes into the  northw est and Granite Hills blocks and the central 

and southern  p a rts  of the study  a rea .

The northw est block of the no rthern  Picacho Mountains has a P re 

cambrian basement composed of Pinal Schist and Oracle G ranite, the former 

forming a roof pendant in the  g ran ite . The Precam brian rocks of th is 

block have been in truded  by a m id-T ertiary , northerly  s tr ik in g , po rphyry  

dike swarm th a t is so closely spaced in places th a t the  Precam brian host 

cannot be identified between individual d ikes.

The Granite Hills block can be divided into two p a rts  separated  

by a major no rthw est-s trik ing  shear zone (Figs. 2 and 15). South of the  

shear zone the  Oracle G ranite is unfoliated and north  of the  shear zone 

the  granite  is slightly  to moderately fo liated . The Precam brian basem ent 

te rra n e  in th is  block has undergone only minor Laramide in tru s iv e  activ ity  

in the form of dikes and small s tocks.
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The central p a rt of the  s tu d y  area is composed of 24.6 m .y .-o ld  

hornblende monzogranite. Since m id-T ertiary  time, the  a rea  has u n d e r

gone minor igneous activ ity  as seen in the fine-g ra ined , interm ediate to 

fel sic dikes and small stocks and the  small, randomly oriented andesite 

d ikes.

The southern  p a rt of the  study  area is  granite  gneiss, which con

tains ubiquitous pegmatite and aplite dikes. The gran ite  gneiss of p ro b 

able Eocene age has also been in truded  by the  same fine-g rained  interm e

diate to felsic dikes and andesite  dikes th a t in truded  the  hornblende 

monzogranite. Neither the hornblende monzogranite nor the granite  gneiss 

has been in truded  by the p o rp h y ry -ty p e  dikes th a t in trude  the P recam- 

brian  units in the two no rthern  blocks. Andesite dikes of late  T ertia ry  

age in trude  all older un its in the  study  area .

Detailed mapping was also necessary  to determine possible ages 

for mineralization and altera tion . I t  was observed th a t almost all copper 

mineralization in the  no rthern  Picacho Mountains occurs as supergene 

chrysocolla and th a t un its as young as m id-T ertiary  are  m ineralized. The 

mineralization is therefo re  m id-T ertiary  or o lder. Likewise, un its  of mid- 

T ertia ry  age are locally hydrotherm ally a ltered . A conclusion might be 

drawn th a t the original mineralizing event o r even ts may have occurred 

during  m id-T ertiary  time; however, I was unable to  determine the  maxi

mum age of the  original mineralization during  th is  s tu d y .

Detailed lithologic examinations of all rock types were perform ed 

during  th is s tu d y . This was done to identify  the rocks and to perm it 

comparison between them and o ther rocks elsew here in Arizona. As an 

example, these  examinations indicated th a t the Precam brian gran ite  in the
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study  area  is  similar to Oracle Granite described in nearby  mountain 

ranges. The examination also revealed th a t the  g ran ite  gneiss un it con

tains both muscovite and biotite and is low in plagioclase, similar to g ran 

ites of Eocene age identified elsewhere in Arizona (Keith, 1980, personal 

com m un.). The hornblende monzogranite contains 10 to 20 percen t large  

euhedral phenocrysts of hornblende, and many of the  northerly  strik in g  

dikes also contain large euhedral phenocrysts of hornblende. This may 

indicate a genetic relationship between the hornblende monzogranite and 

the  northerly  strik ing  dikes.

One of the main resu lts  of th is s tudy  is the use of mapping and 

petrology to characterize and describe a possible metamorphic core com

plex in the  study  area . Metamorphic core complexes th roughou t Arizona 

have been described by R ehrig and Reynolds (1977), Coney (1979), Davis 

and Coney (1979), and Banks ( n .d . ) , and th e ir un its have been charac

terized by Davis ( n .d . ) .  The granite  gneiss and hornblende monzogran

ite in the southern  and cen tral p a rts  of the no rth ern  Picacho Mountains 

closely match descrip tions of the  "core unit" as described by D avis, and 

they  are p a rt of the core unit of the Picacho Mountains metamorphic core 

complex.



APPENDIX

MINERALOGIC COMPOSITION, QUARTZ-ORTHOCLASE- 

PLAGIOCLASE COMPOSITION, AND QUARTZ- 

PLAGIOCLASE RATIOS FOR ROCK UNITS

The mineralogic compositions of specimens reported  in the appen

dix were determined in the following m anner. Each rock was slabbed and 

stained for potassium. Most were then  point counted an average of th ree  

times. Total counts generally ranged from one to five thousand, depend

ing on the size of the specimen. If the rock was highly a ltered  o r weath

ered , only a visual estimate was made. The quartz-orthoclase-plagioclase 

composition normalized to 100 p ercen t and the quartz-plagioclase ratios 

were then calculated.
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Table A -l. Oracle Granite
Q = quartz ; Or = o rthoclase ; PI = plagioclase; v = visual

51

Mineralogic Composition Q -O r-Pl Composition

Specimen Q Or PI Mafics Q Or PI
Number % % % % % % % Q/Pl

P- 1 28.3 13.0 51.9 6.8 30.3 14.0 55.7 0.55
P- 2 31.2 18.5 42.8 7.5 33.7 20.0 46.3 .73
P- 3 32.0 18.2 37.3 12.5 36.6 20.8 42.6 .86
P- 4 25.1 25.9 43.6 5.5 26.5 27.4 46.1 .57
P- 5 37.4 16.8 37.9 7.9 40.6 18.3 41.1 .99
P - 6 23.6 17.6 46.4 12.4 27.0 20.1 53.0 .51
P- 7 30.9 21.1 45.7 2.3 31.7 21.6 46.8 .68

>0 1 00 33.3 13.2 47.6 5.9 35.4 14.0 50.6 .70
P- 9 19.2 33.3 27.5 20.0 24.0 41.7 34.4 .70
P-10 22.8 24.3 43.7 9.2 2 5 A 26.7 48.2 .52
P-11 37.2 20.2 28.9 13.6 43.1 23.4 33.5 1.29
P-12 26.9 19.6 46.2 7.3 29.0 21.1 49.8 .58
P-13 22.1 19.2 46.8 11.8 25.1 21.8 53.1 .47
P-14 30.0 26.1 40.3 3.5 31.1 27.1 41.8 .75
P-15 33.8 20.4 31.3 14.4 39.5 23.9 36.6 1.08
P-16 30.3 25.5 33.8 10.4 33.8 28.5 37.7 .90
P-17 37.5 9.9 29.2 23.4 48.9 12.9 38.1 1.28
P-18. 31.2 4.2 54.4 10.2 34.8 4.7 60.5 .57
P-19 47.9 7.3 34.4 10.4 53.5 8.2 38.4 1.39
P-20 31.4 16.7 36.7 15.3 37.0 19.7 43.3 .86
P-21 30.2 28.7 29.6 11.5 34.1 32.4 33.4 1.02
P-22 23.6 22.3 43.8 10.3 26.3 24.8 48.9 .54
P-23 21.5 13.2 44.1 21.1 27.3 16.7 55.9 .49
P-24 29.5 24.5 33.1 12.9 33.9 28.2 38.0 .89
P-25 34.7 23.7 25.0 16.6 41.6 28.4 30.0 1.38
P-26 32.2 18.4 34.3 15.1 38.0 21.7 40.4 .94
P-27 26.7 26.4 28.4 18.5 32.8 32.4 34.8 .94
P-28 29.5 25.0 29.8 15.6 35.0 29.6 35.3 .99



Table A -l. Oracle G ranite—Continued
Q = quartz ; Or = orthoclase; PI = plagioclase; v = visual
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Mineralogic Composition "Q-Or-Pl Composition

Specimen Q Or PI Mafics Q Or PI
Number % % % % % % % Q/Pl

P-29 29.9 25.9 43.3 0.9 30.2 26.1 43.7 .69
P-30 40.3 23.8 34.6 1.2 40.8 24.1 35.1 1.16
P-31 32.1 33.5 29.4 4.9 33.8 35.3 30.9 1.09
P-32 33.1 31.6 34.6 0.7 33.3 31.8 34.9 .96
P-33 21.9 29.4 44.7 4.0 22.8 30.6 46.6 .49
P-34 32.8 27.4- 39.1 0.7 33.0 27.6 39.4 .84
P-35 29.5 23.1 39.4 8.0 32.1 25.1 42.8 .75
P-36 42.4 11.1 30.3 16.2 50.7 13.2 36.1 1.40
P-37 22.3 12.4 42.6 22.7 28.9 16.0 55.1 .52
P-38 25.4 21.0 37.5 16.1 30 v3 25.0 44.7 .68
P-39 37.3 29.9 30.8 2.1 38.1 30.5 31.4 1.21
P-40 26.2 22.0 40.2 11.6 29.6 24.9 45.5 .65
P-41 29.1 21.7 44.6 4.5 30.5 22.7 46.8 .65
P-42 32.2 18.1 34.4 15.3 38.0 21.4 40.6 .93
P-43 24.2 30.6 32.0 13.2 27.9 35.2 36.9 .75
P-44 31.8 28.3 34.1 5.8 33.8 30.0 36.2 .93
P-45 33.0 16.0 39.6 11.4 37.3 18.0 44.7 .83
P-46 26.3 34.4 . 30.1 9.2 29.0 37.9 33.1 .88
P-47 26.0 28.3 31.1 14.6 30.4 33.2 36.4 .83
P-48 38.2 19.3 40.6 1.8 39.0 19.6 41.4 .94
P-49 34.7 22.8 34.1 8.5 37.9 24.9 37.2 1.02
P-50 31.4 18.2 36.1 14.3 36.7 21.2 42.1 .87
P-51 30.7 11.6 38.1 19.6 38.2 14.4 47.4 .81
P-52 35.5 0.0 53.9 10.6 39.7 0.0 60.3 . 66
P-53 34.5 13.5 37.2 14.8 40.5 15.8 43.7 .93
P-54 20.0 34.1 29.1 16.7 24.0 41.0 35.0 .69
P-55 26.0 23.0 34.8 16.2 31.0 27.5 41.5 .75
P-56 20.0 15.1 35.3 29.5 28.4 21.4 50.1 .57
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Mineralogic Composition Q-O r-Pl Composition

Table A -l. Oracle G ranite—Continued
Q = quartz ; Or = orthoclase; PI = plagioclase; v = v isual.

Specimen Q Or PI Mafics Q Or PI
Number % % % % % % % Q/Pl

P-57b 26.0 13.6 40.7 19.8 32.3 16.0 50.7 .64
P-58 'XjSOv <50v ,v25v ^25v
P-59 36.4 5.4 48.3 10.3 40.6 5.5 53.9 .75
P-60 42.1 19.0 34.4 4.4 44.0 19.9 36.0 1.22
P-61 27.4 16.9 33.9 21.8 35.1 21.6 43.3 .81
P-62 28.6 15.1 40.4 15.9 34.0 18.0 48.1 .71
P-63 18.1 2.8 43.1 36.1 28.3 4.3 67.4 .42
P-64 28.1 18.0 34.7 19.2 34.8 22.3 43.0 .81
P-65 38.4 26.8 32.0 2.8 39.5 27.6 32.9 1.20
P-66 22.3 20.8 32.7 24.2 29 J 27.5 43.1

C
O

C
D



Table A-2. North S tar Monzonite and North S tar Granite
Q = quartz ; Or = orthoclase; PI = plagioclase.
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Mineralogic Composition ‘Q -O r-Pl Composition

Specimen
Number

Q
%

Or
%

PI
%

Mafics
%

Q
%

Or
%

PI
% Q/Pl

North Star Monzonite

M-l 19.0 26.4 39.9 14.6 22.2 31.0 46.8 0.48
M-2 21.5 24.2 42.4 11.8 24.4 27.5 48.1 .51
M-3 15.4 24.8 40.3 19.5 19.5 31.2 49.3 .38
M-4 18.9 30.9 42.9 7.4 20.4 33.3 46.3 .44
M-5 18.2 36.4 40.5 5.0 19.1 38.3 42.6 .45
M-6 14.9 35.0 36.9 13.2 17.1 40.3 42.5 .40
M-7 12.0 38.0 35.5 14.5 14.0 44.4 41.5 .34
M-8 23.8 32.7 40.8 2.7 24.4 33.6 42.0 .58

North S tar Granite

GRq-1 33.5 38.8 23.6 4.1 34.9 40.5 24.6 1.42
GRq-2 33.6 43.8 16.3 6.3 35.9 46.8 17.4 2.07
GRq-3 37.3 37.3 19.5 5.9 39.6 39.6 20.7 1.91
GRq-4 36.3 42.1 13.9 7.8 39.3 45.6 15.0 2.62
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Mineralogic Composition : Q -O r-Pl Composition

Table A-3. Diorite and Section 29 Granite
Q = quartz ; Or = orthoclase; PI = plagioclase; v  = visual

Specimen Q Or PI Mafics Q Or PI
Number % % % % % % % Q/Pl

L- 1 3.0 14.7 38.4 43.9 5.4 26.2 68.5 0.08
L- 2 24.8 20.7 34.7 19.8 30.9 25.8 43.3 .71
L- 3 4.2 16.8 28.9 50.0 8.4 33.7 57.9 .15
L- 4 - 23.4 20.9 23.1 22.6 30.2 27.0 42.7 .71

i c
n 11.8 11.8 42.5 34.0 17.8 17.8 64.4 .28

L- 6a 7.4? 19.8? 35.5? 37.2? 11.8? 31.6? 56.6? .21
L- 7 3.7 27.9 24.0 44.4 6.6 50.2 43.2 .15

i C
O 12.5 27.2 29.3 31.0 18.1 39.4 42.5 .43

L- 9 7v 8v 45v 40v 11.7 13.3 75.0 .16
L-10 55v 45v

a. Highly a lte re d .



Table A-4. Porphyry  Dikes
Q = quartz ; Or = orthoclase; PI = plagioclase; v = visual
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Mineralogic Composition . Q -O r-Pl Composition

Specimen Q Or PI Mafics Q Or PI
Number % % % % % % % Q/Pl

E asterly  S trik ing  Dikes
PD- 1 5v lOv 55v 30v 7.1 14.3 78.6 0.09
PD- 2 <10v 15v 50v 25v .20
PD- l Same as PD-1 except extrem ely fine grained groundm ass
PD- 4 Same as PD-1
PD 5 25v 2v 40v 33v 37.3 3.0 59.7 .63
PD- 6a 30?v 35?v 35?v .86

N ortherly S trik ing  Dikes
PD- 7 6.7 55.1 26.8 11.4 7.6 62.2 30.2 .25
PD- 8 9v 27v 34v 30v 12>.9 38.6 48.6 .26
PD- 9 13v 48v 24v 15v 15.3 56.5 28.2 .54
PD-10 66.2 33.8
PD -11 3v 87v lOv
PD-12 Similar to PD -11
PD-13 30v 38v 20v 12v 34.1 43.2 22.7 1.5
PD-14 7v 50v 25v 18v 8.5 61.0 30.5 .28
PD-15 lOv 60v 15v 15v 11.8 70.6 17.6 .67
PD-16 6v 65v 18v l lv 6.7 73.0 20.2 .33
P D -17 8v 36v 34v 22v 10.3 46.2 43.6 .24
PD-18 lOv 44v 33v 13v 11.5 50.6 37.9 .33
PD-19 15v 60v 25v
PD-20 8.5 43.0 27.5 21.0 10.8 54.4 34.8 .31

a. Highly altered
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Table A -5. Granite Gneiss
Q = quartz ; Or = orthoclase; PI = plagioclase

Mineralogic Composition Q -O r-Pl Composition

Specimen Q Or PI Mafics Q Or PI
Number % % % % % % % Q/Pl

G- 1 26.5 30.7 38.1 4.7 27.8 32.2 40.0 0.70
G- 2 33.3 24.8 37.7 4.1 34.8 25.9 39.4

G
OO
O

G- 3 25.0 27.3 41.3 6.4 26.7 29.1 44.2 .61
G- 4 , 22.6 37.7 30.3 9.4 24.9 41.6 33.4 .75
G- 5 25.8 31.1 39.8 3.3 26.7 32.2 41.1 .65
G~ 6 25.3 43.8 26.4 4.4 26.5 45.8 27.7 .96
G- 7 28.3 33.4 35.0 3.4 29.2 34.5 36.2 .81

00O 28.5 45.5 24.4 1.7 29.0 46.2 24.8 1.17
G- 9 23.1 39.4 33.3 4.1 24.1 41.1 34.8 .69
G-10 22.2 36.3 35.1 6.4 2 3 / 7 38.8 37.5 .63
G - l l 27.2 30.6 34.8 7.4 29.4 33.0 37.6 .78
G-12 29.2 37.2 28.9 4.7 30.6 39.0 30.3 1.01
G-13 23.3 31.1 39.5 6.1 24.8 33.1 42.1 .59
G-14 28.7 33.3 32.5 5.5 30.3 35.3 34.4

O
O

O
O

G-15 22.2 47.0 25.0 5.8 23.5 49.9 26.5 .89
G-16 30.9 43.2 21.4 4.5 32.4 45.2 22.4 1.45
G-17 24.2 29.7 34.9 11.3 27.2 33.4 39.3 .69
G-18 24.3 39.6 29.9 6.3 25.9 42.2 31.9 .81
G-19 19.3 33.6 38.6 8.5 21.1 36.7 42.2 .50
G-20 27.0 33.3 35.5 4.1 28.2 34.8 37.1 .76
G-21 27.9 30.7 34.8 6.6 29.9 32.8 37.3

OOO
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Mineralogic Composition ' Q -O r-Pl Composition

Specimen Q Or PI Mafics Q Or PI
Number % % % % % % % Q/Pl

Table A-6. Hornblende monzogranlte
Q = quartz ; Or = orthoclase; PI = plagioclase; v = visual

H- 1* 21v 32v 32v
H- 2* 5v 38v 40v
H- 3* 25v 15v 30v

H- 4* 4.5 27.3 48.8
H- 5* 2lv 32v 32v

H- 6* 2.4 34.9 43.7
H- 7 Iv 40v 38v
H- 8 8.3 28.4 43.8
H- 9 14.5 31.6 34.7
H-10 9.5 35.2 39.0
H - l l 16.3 24.2 44.9
H-12 11.8 25.1 47.9
H-13* 5v 40v 38v
H-14 18.6 30.6 35.5
H-15 18.5 30.1 45.6
H-16 17.0 27.0 39.5
H-17 14.6 34.1 42.3
H-18 20.9 27.7 42.0
H-19 14.0 25.2 44.7
H-20 16.9 26.5 41.1
H-21 24.0 33.1 26.4
H-22 10.2 32.6 40.2
H-23 7.6 38.7 37.8
H-24 19.9 33.2 35.4
H-25 12.2 31.5 43.8
H-26 16.3 23.4 48.8
H-27 12.4 20.7 45.9
H-28 23.1 24.1 33.3

15v
17v
30v
19.4 5.6 33.8 60.5 .09
15v •

19.1 3.0 42.2 54.8 .05
21v
19.5 10.3 35.3 54.4 .19
19.2 17.9 39.1 43.0 .42
16.2 1L4 42.0 46.6 .24
14.6 19.0 28.4 52.6 .36
15.2 14.0 29.5 56.5 .25
17v
15.3 22.0 36.1 42.0 .52
5.8 19.7 32.0 48.4 .41

16.5 20.3 32.3 47.4 .43
9.0 16.0 37.5 46.5 .35
9.4 23.1 30.6 46.4 .62

16.0 16.6 30.1 53.3 .31
15.5 19.9 31.4 48.7 .41
16.5 28.7 39.6 31.7 .91
17.0 12.3 39.2 48.4 .25
15.9 9.1 46.0 44.9 .20
11.4 22.5 37.5 40.0 .56
12.4 14.0 36.0 50.0 .28
11.6 18.4 26.5 55.1 .33
21.0 15.7 26.2 58.1 .27
19.4 28.7 29.9 41.4 .69



Table A-6. Hornblende m onzogranite—Continued
Q = quartz ; Or = orthoclase; PI = plagioclase; v = visual
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Mineralogic Composition ' Q -O r-Pl Composition

Specimen Q Or PI Mafics Q Or PI 
Number % % % % % % %  Q / PI

H-29 16.1 21.2 45.3
H-30 17.9 24.5 46.8
H-31 11.6 24.5 41.0
H-32 20.4 14.6 55.6
H-33 15.6 18.2 46.6
H-34 16.2 36.1 36.6
H-35 13.6 27.7 39.3
H-36 10.1 26.5 50.8
H-37 25.9 30.9 39.4
H-38 25.8 25.0 39.1
H-39 24.9 21.2 39.7
H-40 22.4 36.0 34.1
H-41 15.3 37.8 35.5
H-42 22.3 29.7 37.2
H-43 20.7 32.2 41.0
H-44 12.4 14.6 61.6
H-45 18.7 23.1 44.4
H-46 16.8 34.2 37.2
H-47 13.0 30.1 42.0
H-48 11.3 19.3 46.0
H-49 6.1 25.9 43.5
H-50 9.9 24.6 50.0
H-51 15.4 32.5 42.7
H-52 9.4 32.2 47.9
H-53 a 4.1 19.8 47.9
H-54 24.8 27.7 39.7
H-55 a 
H -56a 20v 70v

17.4 19.4 25.7 54.9 .35
10.7 20.1 27.5 52.5 .38
22.9 15.0 31.8 53.2 .28

9.4 22.4 16.1 61.4 .37
19.6 19.4 22.7 57.9

C
O

C
O

11.1 18.2 40.6 41.1 .44
19.4 16.8 34.3 48.8 .35
12.6 11.6 30.3 58.1 .20
3.9 26.9 32.1 41.0 .66

10.1 28L7 27.8 43.5 .66
14.1 29.0 24.7 46.3 .63
7.5 24.2 38.9 36.9 .66

11.4 17.3 42.7 40.1 .43
10.8 25.0 33.3 41.7 .60
. 6.0 22.1 34.3 43.6 .51
11.3 14.0 16.5 69.5 .20
13.7 21.6 27.0 51.5 .46
11.8 19.1 38.8 42.2 .45
14.9 15.3 35.4 49.4 .31
23.4 14.7 25.2 60.1 .25
24.5 8.0 34.3 57.7 .14
15.5 11.7 29.1 59.2 .20
9.4 17.0 35.9 47.1 .36

10.5 10.5 36.0 53.5 .20
28.1 .09
7.8 26.9 30.0 43.1 .62

lOv



Table H-6. Hornblende raonzogranite—Continued
Q = quartz ; Or = orthoclase; PI = plagioclase; v = visual
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Mineralogic Composition Q -O r-Pl Composition

Specimen Q Or PI Mafics Q Or PI
Number % % % % % % % Q/Pl

H-57 17.2 27.6 40.8 14.4 20.1 32.2 47.7 .42
H-58 24.0 24.8 43.0 8.3 26.1 27.0 46.8 .56
H-59 28.8 9.8 54.8 6.6 30.8 58.6 58.6 .53
H-60 23.1 22.9 47.1 6.9 24.8 24.6 50.6 .49
H-61 13.0 27.9 41.3 17.8 15.8 33.9 50.3 .31
H-62 16.1 26.4 48.8 8.7 17.6 28.9 53.4 .33
H-63 23.4 28.1 37.5 11.0 26.3 31.6 42.1 .63
H-64 3.3 32.1 50.8 13.7 3.8 37.3 58.9 .06
H-65 14.8 31.0 41.8 12.3 16.9 35.4 47.7 .35
H-66 19.2 33.5 36.3 11.0 2L 6 37.7 40.7 .53
H-67 16.2 31.9 40.2 11.7 18.4 36.1 45.5 .40
H-68 15.5 22.7 47.8 13.9 18.1 26.4 55.6 .33
H-69 19.8 25.6 47.3 7.3 21.4 27.6 51.0 .42
H-70 13.0 30.0 34.0 23.0 16.9 39.0 44.1 .38
H-71 16.9 23.8 46.9 12.3 19.3 27.2 53.5 .36
H-72 20.9 33.6 34.4 11.1 23.5 37.8 38.6 .61
H-73 15.7 23.7 44.1 16.5 18.8 28.4 52.8 .36
H -74*a 5.0 25.4 37.1 32.5 7.4 37.7 55.0 .13
H -75*a 5.4 47.0 40.9 6.7 5.8 50.4 43.8 .13
H-76 16.8 26.2 43.3 13.8 19.5 30.4 50.2 .39
H-77 21.1 28.7 37.6 12.6 24.1 32.9 43.0 .56

♦Border phase 

^Altered
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Table A-7. F ine-grained interm ediate rocks 
Q = quartz ; Or = orthoclase; PI = plagioclase; v visual

Mineralogic Composition Q-O r-Pl Composition

Specimen Q Or PI Mafics Q Or PI
Number % % % % % % % Q/Pl

F - 1 37.4 30.2 26.6 5.8 39.7 32.1 28.3 1.40
F - 2 30.6 19.6 30.6 19.3 37.9 24.2 37.9 1.00
F - 3 6v 58v 20v 16v 7.1 69.0 23.9

OCO

F - 4 21.5 35.5 35.5 7.4 23.2 38.4 38.4 .60
F - 5 20.2 35.1 37.2 7.4 21.9 37.9 40.2 .54
F - 6 17.4 37.2 39.7 5.8 18.4 39.5 42.1 .44
F - 7 17.4 41.3 38.8 2.5 17.8 42.4 39.8 .45
F - 8 19.0 31.4 40.9 8.7 20.8 34.4 44.8 .46
F - 9 19.8 30.0 40.5 9.6 22.0 33.2 44.8 .49
F-10 6.3 68.1 22.2 3.5 6.5 70.5 23.0 .28
F - l l 7.4 78.5 8.3 5.8 7^9 83.3 8.8 .90
F-12 17.4 33.9 31.8 16.9 20.9 40.8 38.3 .55
F-13 23.8 26.7 40.9 8.7 26.0 29.2 44.8 .58
F-14 5v 61v 27v 7v 5.4 65.6 29.0 .19
F-15 18.2 45.0 27.7 9.1 20.0 49.5 30.5 .66
F-16 6.7 46.7 30.0 16.7 8.0 56.0 36.0 .22
F-17 8.3 54.5 26.0 11.1 9.3 61.4 29.3 .32
F-18 17.6 34.4 36.4 11.6 19.9 38.9 41.1 .48
F-19 20.0 44.4 18.9 16.7 24.0 53.3 22.7 1.06
F-20 22.5v 22.5v 29V 16v 30.4 30.4 39.2 .78
F-21 14v 70v lOv 6v 14.9 74.5 10.6 1.4
F-22 24.2 39.1 27.3 9.4 26.7 43.2 30.1 .89
F-23 24.8 40.5 28.7 6.1 26.4 43.1 30.5 .87
F-24 13.2 51.7 34.3 0.8 13.3 52.1 34.6 .39
F-25 5.8 62.0 27.3 5.0 6.1 65.2 28.7 .21
F-26 9v 70 v 12v 9v 9.9 76.9 13.2 .75
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Table A-8. Nonporphyritic andesite
Q = quartz ; Or = o rthoclase; PI = plagioclase; v  = visual

Mineralogic Composition Q -O r-Pl Composition

Specimen
Number

Q
%

Or
%

PI
%

Mafics
%

Q
%

Or
%

PI
% Q/Pl

A- 1 5v 25v 50v 20v 6.3 31.3 62.5 0.10
A- 2 5v lOv 70v 15v 5.9 11.8 82.4 .07
A - 3 2v 7v 64v 17v 2.7 9.6 87.7
A- 4 2? max 16.5 37.6 45.9 2.7 29.4 67.9
A - 5 1? max 15.6 50.6 33.8 1.5? 23.2 75.3
A - 6 1.5 14.9 47.6 36.5 2.3 23.3 74.4
A- 7 Iv 3v 46v 50v 2.0 6.0 92.0
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