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ABSTRACT

Samples collected from several barren and mineralized igneous 

complexes of Laramide age were analyzed for 22 major, minor, and trace 

elements. These data have been studied by standard petrologic and geo

chemical methods in an attempt to better understand the magmatic history 
of the complexes and to arrive at comparisons between the barren and 
mineralized districts.

From the standpoint of bulk chemical composition, the rocks of 
the study suites appear to be normal calc-alkaline igneous rocks, and 
there is little to distinguish between the barren and the mineralized 
rock suites.

The minor and trace elements proved more useful for comparative 

purposes. Relative and absolute abundances of rubidium, strontium, and 

barium appear to be distinctive between the barren and mineralized 
suites, and Pb/Ba as well as V/Ti and Mn/Ti are possibly indicators of 

hydrothermal activity. Elements such as yttrium and zirconium provided 

information on crystallization trends during the magmatic stage.
The major and minor element data presented here are consistent 

with a two-stage derivation of calc-alkaline magma from a descending 
lithospheric plate in a subduction zone.

xii



CHAPTER 1

INTRODUCTION

Igneous complexes of Late Cretaceous and Early Tertiary age occur 
throughout the Cordilleran region of western North America. These com

plexes are composed of equigranular and porphyritic plutonic, subvolcan- 
ic, and volcanic rocks with compositions that vary from diorite to 

granite. Some of these complexes are unique in that they are spatially, 
temporally, and presumably genetically associated with the porphyry cop
per deposits of the Basin and Range Province of western North America.

With the exception of the Bisbee district, all the known economic 
porphyry copper deposits of the Southern Basin and Range Province fall 

into the age range of 52 to 72 m.y. (Livingston, 1973), which is the time 

span corresponding to the Laramide Orogeny in southwestern North America 
(Damon and Mauger, 1966; Atwater, 1970).

Igneous complexes containing associated ore deposits may be 
separated by as little as a few miles from petrologically similar com
plexes containing little or no economic mineralization. Some of the fac
tors which may account for the presence- or absence of mineralization are:

1. A difference in minor element chemistry may exist between 
barren and mineralized igneous complexes. This difference 

could reflect different magma sources or contamination of 
an ascending magma by crustal material. The initial content

1
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of water, sulfur, carbon dioxide, or other volatile 

constituents may also be critical.
2. The mineralized plutons may have undergone a slightly 

different crystallization history, particularly with 
regard to volatile and fluid phases. The crystalliza
tion history of a magma will be strongly influenced by 
the depth of emplacement, fluid, and lithostatic pres
sure variations, and the chemical and physical charac
teristics of the wall rocks. The permeability of the 
wall rocks may be of particular importance.

3. A difference in fracture-related permeability in the 
crystallizing magma may affect the circulation of hydro- 
thermal fluids from either magmatic or meteoric sources.

4. There may be a difference in erosional history. If 

porphyry copper deposits should form at the tops of 
intrusive or volcanic systems, as suggested by some re
searchers (Gilmour, 1972; Sillitoe, 1972, 1973), then 

the barren igneous complexes may simply represent the 
eroded "roots" of the system from which the mineralized 
top has been stripped away.

5. There may be variations of plate tectonic mechanisms 
which affect magma generation within a descending litho
spheric plate or within the upper mantle.



Purpose of Investigation
The object of this investigation is to attempt to explain some 

of the fundamental differences between barren and mineralized igneous 
complexes by utilization of the following petrochemical methods:

1. A comparison of major element variations and standard 
petrologic indices between the barren and mineralized 
igneous complexes as well as a comparison of the study 
suites with other published analyses of calc-alkaline 
igneous rocks from orogenic regions.

2. A comparison of trace element content and elemental 
ratios between the barren and productive igneous com
plexes. These data provide information regarding crys

tallization history and allow tentative conclusions to 
be drawn regarding the source of magma for the igneous 
bodies in question. Trace and minor elements of par
ticular interest are the alkali metals, the alkaline 

earths, and their ratios such as K/Rb and Rb/Sr. Other 
elements useful in this study include yttrium, zirco

nium, and some elements of the first transition series.

Method of Analysis
The three main areas selected for this study are the Lakeshore 

Mine, located south of Casa Grande, Arizona, the Lone Star mining dis
trict located north of Safford, Arizona, and the Mount Harvard area lo 

cated in the Santa Rita Mountains southeast of Tucson, Arizona. 

Additional samples were also collected from the Amole pluton in the
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Tucson Mountains west of Tucson, Arizona, and the Texas Canyon pluton 

located east of Benson, Arizona (Figure 1). These areas were selected 

on the basis of the following parameters:

1. All the areas have been dated by radiometric methods and are 

between 52 and 72 m.y. old.
2. Each of the areas contains a variety of igneous rocks which 

appear to constitute a single igneous event.
3. Both the Lakeshore and Safford areas have pre-mineral rocks 

consisting of andesitic volcanics and volcanic debris which 
may represent an early event in the igneous history of the 
deposits. In addition, the Lakeshore system has apparently 
had the deep levels of the intrusive system exposed in the 
footwall of the Lakeshore fault.

4. Published mapping and geologic reports describe all the areas 
concerned.

A total of 71 samples were collected from surface exposures, 

drill core, and underground workings in the areas concerned. The sam

ples consist of 1 to 2 kg of material collected over an area of several 
square meters where possible. Core samples were smaller, and averaged 
about 15 cm of split core. Except for a few samples collected for com
parative work, an attempt was made to collect only unweathered surface 
material. An attempt was also made to select material least affected 
by hydro thermal alteration, although subsequent thin-section examination 
disclosed that several samples are too altered for reliable results.
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A thin section was prepared from hand specimens of each rock 
type, though not for each individual specimen. These slides were exam

ined under the microscope to determine mineralogy, texture, alteration, 
and mineralization. All petrographic work was of a qualitative or semi- 
quantitative nature.

The samples were prepared for analysis by crushing to about 0.5 

cm by jaw and roll crushers and grinding in a ceramic plate pulverizer. 
Final grinding was for 15 minutes in a shatterbox. Samples which had 
coarse material were reground, though no attempt was made to size the 

final product by screening.
After rolling and blending, material for analysis was pressed 

into a 2.54 cm diameter pellet with an 11,000 kg Carver laboratory press.
All analyses were performed on the Siemens X-ray spectrometer in 

the Department of Geosciences at The University of Arizona. Elements 
selected for analysis were as follows:

Major elements: Si02, A^Og, total Fe (reported as Fe20g), MgO,
CaO, Na^O, and I^O

Minor and trace elements: Rb, Sr, Y, Zr, Ba, Ti, Mn, V, Cr, Co,

Ni, Cu, Zn, Ga, and Pb.

The elements listed above, in particular the trace elements, 

were selected for specific geochemical reasons, as will be discussed in 
Chapter 4. Unfortunately, analysis of other desirable elements such as 

the rare earth elements was restricted by limitations of the X-ray spec

trometer. A discussion of the analytical procedures and instrumental 

parameters is given in Appendix I. All analytical results and calculated 
petrologic indices are given in Appendix II.
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All analytical data were put onto computer cards and the CIPW 

normative mineral assemblages, petrologic indices, and important ele
mental ratios were calculated at The University of Arizona Computer 

Center. Computer subroutines were also used to plot some of the data.

The major element data have been assembled on standard petrologic 
diagrams and are discussed in Chapter 3 by individual areas. The areas 
and data are then compared with each other, and discussed within the 

broader framework of magmatism of Laramide age in the southern Basin and 
Range Province.

In Chapter 4, minor and trace element distribution is discussed 
with regard to theoretically predicted behavior and comparisons and in

terpretations are made between the barren and mineralized igneous com
plexes of this study. Some tentative comparisons are presented between 

the analyses of this study and published average calc-alkaline trace 
element abundances. Unfortunately, the scarcity of this published data 
and the difficulty of comparing analyses obtained by different analyti
cal techniques limit the usefulness of this approach.

Results indicate that although the mineralized plutons appear to 

be normal calc-alkaline rocks with respect to major element distribu

tion, there are differences in the behavior of trace and minor elements 
between the barren and mineralized igneous complexes. The alkaline ele

ments and the large, highly charged cations and their various ratios 

show some interesting trends during magmatic crystallization, and the 

behavior of lead and barium proved to be a possible indicator of hydro- 
thermal activity.
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From the standpoint of the source of calc-alkaline magma, the 
data of this study are permissive of a two-stage derivation of calc- 
alkaline magma as described by Green and Ringwood (1968) and Taylor 

(1969).
In conclusion, some possible applications to mineral explora

tion are examined and some suggestions for further research are
presented



CHAPTER 2

GEOLOGY OF THE STUDY AREAS

The following discussions of the geology of the various study 
areas has been compiled from the literature and from company geological 

groups on the operating properties. Field work was limited to sample 
collection and reconnaissance examination of the areas. Local rock no

menclature as used by the company geologists is utilized in the follow
ing descriptions. Stratigraphic nomenclature for non-igneous rocks is 
after Wilson (1962) unless otherwise noted.

Lakeshore District

The Lakeshore Mine, a joint venture of the Hecla Mining Company 
and the El Paso Natural Gas Company, is located on the southwest flank 
of the Slate Mountains in Pinal County, Arizona. The mine is on the 

Papago Indian Reservation about 28 miles south of the city of Case Grande 
on Arizona State Highway 15 to Sells.

The mine is similar to many of the porphyry copper deposits of 

southern Arizona with mineralization associated with a quartz monzonite- 

granodiorite stock of Paleocene age. At Lakeshore, the intrusive stock 

and the pre-existing rocks of Precambrian, Paleozoic, and Mesozoic age 

are mineralized. Due to overall depth and grade considerations, the 

deposit is being mined by underground rather than by open pit methods.
9
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The Precambrian and Paleozoic rocks of the Papago Reservation 
have been described by McClymonds (1959). Hogue (1940) and Hammer (1961) 

have described stratigraphic and structural relationships of the northern 
Slate Mountains. Hammer also described several small precious metal oc
currences in the northern Slate Mountains and included a detailed strati
graphic section measured at the north end of the range. Harper and 
Reynolds (1969) briefly described the geology of the Lakeshore Mine, and 
South (1972) discussed the sulfide zoning of the deposit.

General Geology

The Slate Mountains form a northwest-trending range approximately 
10 km long and 3.5 km wide. The range is surrounded by alluvial filled 

basins, as is typical of this part of the Basin and Range Province.

The average elevation of the desert floor is about 550 m, and the range 

rises to a maximum elevation of 1015 m at Prieta Peak.

The dominant formation exposed in the Slate Mountains is the 
Older Precambrian Pinal Schist. Younger Precambrian Apache Group and 
Paleozoic sedimentary rocks crop out at the northwest end of the range 
and Mesozoic sedimentary and volcanic rocks flank the range on the south

west. The Lakeshore stock, an elongate pluton of Paleocene age 

(Livingston, 1973) and granodiorite composition, crops out on the west 

and southwest margins of the range. The mineralization of the Lakeshore 
Mine is associated with a porphyritic phase of this stock.

The Apache Group crops out on the north flank of the range and 
consists of shale, quartzite, and limestone. The unit is represented by 
beds of mineralized skarn in the mine area.
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The Paleozoic sedimentary sequence disconfonnably overlies the 
Apache Group. The normal Paleozoic section of southern Arizona is pres
ent up through the Escabrosa formation which forms the present erosion 
surface.

The sequence tentatively assigned a Cretaceous age includes 
continental sedimentary rocks, sandstone and conglomerate, interbedded 
with volcanic flows, breccias, and fragmental pyroclastics. These rocks 
are not well known as they are poorly exposed on the surface, and, where 

cut by drill holes and underground workings, the rocks have been altered 
by the nearby intrusion of the Lakeshore stock.

Mine Geology

Mineralization at the Lakeshore Mine is spatially and temporally 

related to the Lakeshore stock, which has intruded all older rocks in

cluding the Cretaceous sedimentary and volcanic sequence (Figures 2, 3). 
The Lakeshore stock appears in two textural phases, a coarse-grained 
equigranular phase, and a porphyritic phase. The porphyritic phase is 

now separated from the equigranular phase by the Lakeshore fault, a 

northwest-striking Basin and Range normal fault with an estimated 3300 m 

of vertical displacement (J. Quinlan, personal communication, 1973).
The fault dips approximately 55° to the southwest.

The geologic staff at the Lakeshore Mine believes that the quartz 
monzonite porphyry in the hanging wall of the Lakeshore fault represents 

the original downdropped top, or cupola, of the Lakeshore stock. This 

interpretation is substantiated by isotopic age dates of 67 m.y. in both
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meters
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Tertiary fanglomerate

Younger Precambrian Apache Group
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------- sedimentary rocks
geology by Lokeshore Staff modified after South, 1972

Figure 2. Surface Geology, Lakeshore Mine Area.



13

Tertiary fanglomerate Kvs Cretaceous volcanic and 
sedimentary rocks

CPU Laramide Upper Porphyry DBS Precambrian diabase

QPL Laramide Lower Porphyry Precambrian toctite ( Mescal 
Limestone )

TKqm Laramide quartz monzonite 
porphyry

OSQ Precambrian Dripping Springs 
Quartzite

Geology by Lokeshore Staff Modified after South, 1972

Figure 3. Geology of Section AA', Figure 2.
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the equigranular and porphyritic phases of the stock (Johnston, 1972). 

Major and minor element geochemical studies to be presented later also 
support this interpretation.

The mineralization at Lakeshore is confined to intrusive and 
pre-existing rocks on the west side of the Lakeshore fault. The Lake- 
shore stock on the east side of the fault is essentially barren of both 
alteration and mineralization. Thus, on the basis of current interpre

tations of structural relations in the area, the Lakeshore stock east of 

the fault represents the bottom of the porphyry copper system at 
Lakeshore.

The quartz monzonite porphyry of the hanging wall was originally 

separated into two units by the mine geologists. The two units are phys
ically separated from one another in the mine area by a zone of Precam- 
brian and Paleozoic(?) sedimentary rocks. The upper and lower 

porphyries have similar textures and compositions; however, the upper 

porphyry contains ore-grade copper-molybdenum mineralization, whereas 
the lower porphyry, although hydrothermally altered, is essentially 

barren. The texture of the lower porphyritic unit becomes increasingly 

equigranular with depth, and gradationally changes into a texture simi
lar to that of the stock east of the Lakeshore fault. Later drilling 

has confirmed that the upper and lower porphyries are contiguous.

The horizon of sedimentary rocks separating the porphyritic 

phases has been converted to a mixture of sulfide and calc-silicate min

erals locally referred to as the "Tactite" ore horizon. The upper por

phyry contains typical porphyry mineralization consisting of disseminated
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and velnlet chalcopyrite, pyrite, and molybdenite. The sulfide zoning 

in relation to the various rock types has been described in detail by 
South (1972).

Alteration minerals typical of the porphyry copper environment 
are present at the Lakeshore deposit, although it appears that alteration 

zoning has been strongly influenced by the lithologies of the various 
pre-intrusive host rocks. No well defined zoning patterns of alteration 
have yet been reported.

All of the rocks intruded by the quartz monzonite porphyry have 

been mineralized to some extent. The highest grade mineralization is 

associated with the "Tactite" zone where chalcopyrite and molybdenite is 

associated with a diopside-tremolite-garnet rock developed from the 
Mescal Limestone and possibly some slivers of Paleozoic carbonate rocks. 
The Cretaceous (?) sediments and volcanic rocks have also been extensively 

altered and mineralized for an unknown distance from the Lakeshore stock.
Oxidation is extensive in the mine, reaching a depth of 425 m in 

some areas. The zone of supergene enrichment is irregular in the cen
tral part of the mine, but a chalcocite blanket attains considerable 
thickness at the northwest end of the deposit.

The deposit is bound on the east by the Lakeshore fault and on 

the west by the "C" fault. The "C" fault strikes parallel to the Lake- 

shore fault, but the dip averages about 45° easterly. Reverse movement 
on the fault is indicated. Mineralization continues at a deeper level 

west of the "C" fault, an area still undergoing exploration.
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The Lone Star District,
Safford, Arizona

The Lone Star district, also known as the Safford district, is 

located along the southwest flank of the Gila Mountains, about 8 km 
north of the town of Safford in Graham County, Arizona. The district 

has had only limited production, recording 88,119 kg of copper, 2.6 kg 
of gold, 17.7 kg of silver, and 576 kg of lead between 1886 and 1957 (P. 
Dunn, personal communication, 1973). The combined value of the metals 
produced is approximately $42,000 according to records of the Arizona 
Bureau of Mines and the U. S. Bureau of Mines. The above figures do not 

include recent production from a leaching operation of Producers Miner

als Corporation at the San Juan Mine.

At least three ore deposits of the porphyry type are known in 
the district (Figure 4, in pocket). One of these, the San Juan Mine, 

has been mined for a copper-oxide vat leaching operation. Kennecott 

Copper Corporation acquired the area surrounding the Lone Star Mine in 
1959 and began detailed exploration of the district including deep drill

ing and the sinking of a 243 m deep development shaft. A large tonnage 

of low grade oxide and mixed oxide-sulfide ore was developed during this 
period. Plans were proposed for an in situ leaching operation, possibly 
using nuclear explosives to fracture the column of oxide ore, but for 

various reasons, economic and otherwise, this plan was set aside. The 

property is now idle, although Kennecott still holds the claims.

The Phelps Dodge Corporation also, in 1959, purchased a group of 
claims northwest of the Kennecott deposit, and subsequent work by Phelps
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Dodge has disclosed the Dos Pobres porphyry copper deposit. Development 

work continues on this project, but no data have been released.

Regional Geology

The Gila range lies in the transition zone between the Mogollon 
highland to the north and the Basin and Range Province to the south.
Rocks exposed in the Gila range are primarily volcanic and intrusive 
rocks of Late Mesozoic and Tertiary age. With the possible exception of 
a few small exposures of Cambrian(?) quartzite, no Paleozoic rocks are 

known in the district. The nearest extensive exposure of Paleozoic rocks 

is in the Morenci district located about 25 km to the northeast. South
west of the Gila range, across the Gila River Valley, metamorphic and 

granitic intrusive rocks of Older Precambrian age compose the Graham 
Mountains.

The oldest volcanic rocks in the Gila range are thought to be 
Cretaceous in age and they are predominantly andesitic in composition.
The volcanic rocks have been intruded by numerous small stocks and dike 
swarms of Early Tertiary age. The copper-molybdenum deposits of the 

district are thought to be associated with this stage of intrusive ac
tivity (Robinson and Cook, 1966). The location and orientation of these 
intrusive bodies appears to have been strongly controlled by northeast

trending zones of strong fracturing. These shear zones strike about 

N50-65°E and the dip is near vertical. The zones have widths of from 

1000 to 2000 m and strike lengths up to 5000 m.

West of the Kennecott ore body is a roughly circular feature 
filled with breccia and pyroclastic material. This area has been
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interpreted to be a volcanic vent associated with this same Early Tertiary 
period of igneous activity (Robinson and Cook, 1966).

Following the end of the Early Tertiary igneous activity, the 
district was eroded and. most of the supergene oxidation and enrichment 
of the copper ore bodies took place at this time. Volcanic activity re
sumed in the region, probably in Miocene time, and the district was 
covered by as much as 600 to 1000 m of pyroclastics, andesite, and ba
salt. Finally, the district was cut by northwest-trending Basin and Range 

faults. Regional tilting to the northeast also took place at this time.

Local Geologic Setting

The pre-mineral andesites and intrusive rocks of the Lone Star 

district are exposed in a zone about 20 km long and up to 3 km wide 
along the southwest margin of the range. These pre-mineral rocks are 
overlain to the north by post-mineral volcanic rocks of Mid-Tertiary to 

Quaternary(?) age. To the southwest, the pre-mineral rocks are cut off 
by the Butte fault, a Late Tertiary feature having perhaps 600 m of ver
tical displacement. Post-mineral volcanic rocks and Quaternary valley 
alluvium are exposed southwest of the fault. Mines and prospects occur 
throughout this zone of pre-mineral rocks, but the following discussion 
will confine itself to the area immediately surrounding the Kennecott 

Copper Corporation properties and the San Juan stock.

Porphyritic andesite and andesite breccia constitute the domi

nant rock types in the district. These rocks do not appear to be 

strongly deformed and the total thickness of this volcanic pile exceeds
i

1000 m, as indicated by drilling. The base of this series has not been
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found in the district. The older volcanic rocks were assigned a Creta
ceous age by Robinson and Cook (1966) on the basis of regional relation
ships, but the series could be as young as Early Tertiary. One whole 
rock K-Ar isotopic date of the andesite gave an apparent age of 60 m.y.
(P. Dunn, personal communication, 1973). There is a strong possibility, 

however, that this date has been reset by the extensive intrusive acti
vity of the same age in the district.

The older volcanics were strongly sheared in several strong 

northeast-trending zones, probably in Early Tertiary time. These shear 
zones served to localize the emplacement of two larger intrusive bodies, 

the San Juan stock and the Lone Star stock. Isotopic K-Ar age dates of 

58 m.y. have been reported for both of these intrusive bodies (Robinson 
and Cook, 1966). On the basis of field relations, these two intrusive 
masses, which may be connected at depth, are the earliest intrusive rocks 
in the area. The bulk of the intrusive bodies are quartz diorite and 
granodiorite in composition, but quartz monzonite and more acid phases 
are common. Younger intrusives consist of a series of branching dikes 
and small plugs of rhyolite, quartz latite, and dacite with their por- 
phyritic equivalents. Beneath the Kennecott ore body these dikes and 

small intrusives appear to coalesce into a larger intrusive mass of un
known dimensions. This body is a dacite porphyry near the surface, but 

grades into an altered granodiorite or quartz monzonite porphyry at 

depth. A specimen from a depth of about 1050 m in drill hole SD-7A gave 
ari isotopic K-Ar apparent age of 62.4 ± 2 m.y. (Damon and Mauger, 1966).
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Much of the Kennecott ore body is covered by post-mineral vol
canic rocks which cap the Gila Mountain range. These rocks include 
flows of intermediate composition and rhyolitic welded tuffs. The latest 
igneous event is represented by basalt flows of Quaternary(?) age. These 
rocks have been largely removed by erosion on top of the range, but they 

are preserved in the downfaulted southwest block of the Butte fault.

Mineralization and alteration is centered in two areas in the 
zone of discussion of this paper, the San Juan stock and the area north 

of the Lone Star stock which includes the Kennecott ore body. The al

teration and mineralization of the San Juan stock has been described in 
detail by Blake (1971) and will only be summarized here. The San Juan 

stock is about 450 m in diameter and is composed of quartz diorite, 

granodiorite, and quartz monzonite porphyry. Blake (1971) has demon
strated an alteration zoning pattern of the San Juan stock similar to 
many porphyry copper deposits, as described by Lowell and Guilbert 
(1970). The only major difference in the zoning pattern is the abun
dance of secondary biotite developed in the andesite adjacent to the 

stock. Primary mineralization consists of chalcopyrite, pyrite, and 

molybdenite disseminated and in quartz-sulfide veinlets. Sulfide min

erals also commonly occur replacing biotite in association with chlorite 
and sericite.

The main Kennecott ore deposit is somewhat atypical of the com

mon porphyry copper deposits of the southwest. Rather than being cen

tered around a single intrusive stock, mineralization is associated with 

a complex network of dikes and small plugs of rhyolite, quartz latite.
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dacite, and similar rocks intruded into the older andesitic volcanic 
series. Both the intrusive rocks and the pre-existing volcanic rocks 

are mineralized. As might be expected from the geologic relationships, 
no well-defined alteration zoning has been developed. In general the 
intrusive rocks contain moderate to intense quartz-sericite alteration, 

while secondary biotite and minor sericite and chlorite is developed in 

the andesitic host rocks. Primary mineralization consists of pyrite, 

chalcopyrite, and molybdenite in fractures with quartz and minor calcite. 
There does not appear to be any well-defined zonation of molybdenite 

with respect to chalcopyrite.

At the Kennecott deposit, the ore body was oxidized, leached, and 
enriched by supergene processes prior to the deposition of the post
mineral volcanics. Following Basin and Range block faulting and tilting 
in Late Tertiary time, the chalcocite blanket was oxidized in place with 
only minor enrichment. As a result, more than 50% of the economic min
eralization consists of oxidized copper minerals, mainly malachite, 
brochantite, and chrysocolla. The rest of the ore body contains varying 

amounts of chalcopyrite, covellite, chalcocite, tenorite, and other cop
per minerals.

On the basis of the observed geologic relations just described, 

it seems that the Safford deposits formed near the top of the porphyry 

copper system. It has also been suggested that the andesite volcanism 

which preceded intrusion and mineralization is part of the same igneous 
event which led to the formation of the ore deposits (Sillitoe, 1973).
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Santa Rlta-Mount Harvard Area

The Santa Rita igneous complex is located in T. 19, 20 S., R. 13, 
14 E., Pima and Santa Cruz Counties, Arizona. The area covers the higher 
part of the Santa Rita Mountain range 50 km southeast of Tucson. The 

general geologic relations, Mesozoic and Tertiary stratigraphy, have been 
described in detail by Drewes (1971a,b,c, 1972). Detailed geochrono- • 

logical work by Drewes and others has established the timing of igneous 

events (Figure 5, in pocket).
The Santa Rita range is divided into two segments by the 

northwest-trending Sawmill Canyon fault. The northeast segment of the 
range is composed of Precambrian granitic rocks and sedimentary rocks of 
Paleozoic age. These older rocks have been extensively intruded by 
stocks, dikes, and sills of Mesozoic and Tertiary ages. This area con
tains the disseminated copper deposits of the Helvetia-Rosemont area.

The segment of the range southwest of the Sawmill Canyon fault 
is composed of intrusive, volcanic, and sedimentary rocks of Mesozoic and 
Tertiary age. Sedimentary rocks of Paleozoic age crop out as small iso

lated hills along the west flank of the range. The structural relation

ships between the Paleozoic rocks and the younger rocks of the main 

range are problematic.

Igneous activity began in this region during the Triassic period 

with the extrusion of volcanic flows of intermediate to acid composition. 

Interbedded with these volcanic rocks are red beds and other continental 

clastic rocks. These units attain a thickness of several hundred meters 
on the east flank of the range. The intrusion of the Squaw Canyon and
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Piper Gulch plutons, dated at 180 m.y. by Drewes (1971b), apparently 
terminated this phase of igneous activity. No economic mineral deposits 

have been unequivocally tied to this period of magmatism in this region, 
although ore deposits of this are known from other areas in southeast 
Arizona, such as Bisbee.

Intrusive rocks of Laramide age represent the next stage of ig

neous activity. The age of this large composite pluton is about 67-68 
m.y. (Drewes, 1971a) and it consists of about 50% granite, 30% grano- 
diorite, and 20% diorite and quartz diorite. These rocks have mostly 

equigranular textures, though some porphyritic phases are known.
No disseminated copper deposits are known to be associated with 

these rocks. Limestone replacement deposits in the Paleozoic carbonate 
rocks and vein deposits within the igneous complex may be associated 
with magmatism of either Laramide or Mid-Tertiary (Miocene) age. This 
area was assumed to be barren on the basis of the absence of any evi

dence of zones of widespread hydrothermal alteration or mineralization, 

and the separation of the study area from the Helvetia-Rosemont district 
by the Sawmill Canyon fault.

Miscellaneous Sample Areas
Several limited suites of samples were also collected from other 

igneous complexes in southern Arizona. An insufficient number of samples 
were collected from any single area to justify complete petrographic and 

petrologic analysis; however, chemical data from these samples are in
cluded for comparative purposes. These areas are:
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1. The Amole pluton (T. 13 S., R. 11, 12 E.) at the north end 

of the Tucson Mountains northwest of Tucson, Arizona.
The Texas Canyon pluton (T. 16 S., R. 22, 23 E.) in the 
Dragoon Mountains east of Benson, Arizona.

2.



CHAPTER 3

PETROLOGY

The petrology of the main sample areas will be discussed in the 

following sections. Average or representative chemical analyses are in
cluded with each area, and tables of all analytical results, normative 
mineral assemblages, and petrologic indices are given in Appendix II. 
Normative mineral assemblages of this discussion are CIPW norms calcu

lated by the method of Barth (1962). The differentiation index is the 
sum of the normative salic minerals as defined by Thornton and Tuttle 
(1960). The modified Larsen factor, hereafter referred to as the MLF, 
(Carmichael, Turner, and Verhoogen, 1974) utilized in trace element 
studies is defined as 1/3S1 + K - Ca - Mg. The Peacock Index (Peacock, 
1931) is defined as the silica content at the point of intersection of 

the total alkali (K^O + Na20) curve and the calcium curve on a conven
tional Barker diagram.

All the following standard petrologic diagrams, such as Barker 

differentiation diagrams and AMF-ACF diagrams, are constructed from data 

from the least hydrothermally altered rocks of the suite unless other
wise noted.

Shown in Figure 6 is the petrographic classification system uti
lized in this report. This classification is taken from Streckeisen 
(1967). In plotting mineral compositions on this diagram, alkali
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feldspar includes potash feldspar (normative) and albite (Aby^.^Qg). 

Plagioclase includes all normative plagioclase (Ang_gg).

Safford District
Igneous rocks in the Safford area vary in composition from basalt 

to rhyolite and in age from Cretaceous(?) to Late Tertiary. However, as 
all the rocks of Mid-Tertiary age and younger are presumed to be post
mineral, they are not discussed in this study.

The pre-mineral rocks include andesite, quartz diorite, diorite, 
granodiorite, quartz monzonite, and their porphyritic equivalents. In 
field occurrence, the rocks have the following distribution.

The Safford andesite is the oldest and most abundant of the pre
mineral igneous rocks of the district. The unit is composed of massive 

flows of andesite, andesite porphyry, and flow breccia. Some minor 
thicknesses of dacite and rhyodacite are also present. The quartz mon

zonite, granodiorite, quartz diorite, and equivalent porphyritic rocks 
occur associated with two intrusive stocks— the San Juan stock on the 
west and the Lone Star stock on the east. The dacites, quartz latites, 

and rhyolites occur as dikes, small irregularly shaped intrusive masses, 
and possibly as part of a volcanic vent. Representative chemical anal
yses of the various units are included in Table I. Mineralogical com

positions of the Safford rock suite are shown on Figure 7.

Safford Andesite

The Safford andesite series is composed of holocrystalline 

rocks, generally with porphyritic textures of varying
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Table I. Average Compositions of Rocks from the Safford District.

Oxide 1 2 3 4 5
Si02 65.50 61.39 61.60 68.65 70.15

A1203 15.82 15.48 18.53 16.12 16.67

4.28 5.90 5.84 4.00 3.26
MgO 3.33 4.67 2.53 0.03 0.40

CaO 3.15 4.37 4.28 1.98 0.53

Na20 4.13 3.81 4.97 4.42 2.69
k 2o 2.57 2.25 1.97 3.40 4.55

Ti02 0.50 0.62 0.62 0.36 0.52

MnO 0.039 0.098 0.112 0.082 0.016
TOTAL 99.37 99.09 100.45 99.04 98.79

Norm
Q 18.56 13.72 11.22 24.18 33.73

Ab 37.29 34.51 44.28 40.42 24.88
Or 15.27 13.41 11.55 20.46 27.69
An 15.92 20.04 21.07 10.01 2.71
En 9.24 13.00 6.93 0.08 1.14
Wo 0.73
Mt 3.00 4.15 4.04 2.84 2.34
Co 0.57 0.48 1.75
*Total Fe as Fe203
1. San Juan Quartz Monzonite (SJ-2)
2. Lone Star Quartz Diorite (KC-11)
3. Safford Andesite (KC-18)
4. Dacite (KC-15)
5. Rhyodacite (KC-12)
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groundmass:phenocryst ratios. In thin section, a typical specimen con

tains about 65% subhedral plagioclase phenocrysts with a composition 

that varies from A n ^  to An^. The plagioclase usually shows oscillatory 
zoning and poorly developed albite twinning. Other phenocrysts present 
include approximately 10% clinopyroxene and 10 to 15% hornblende and 

biotite. The groundmass contains small (0.1 mm) plagioclase crystals 
with minor quartz and rare potash feldspar.

Hydrothermal alteration in the andesite is related to the prox

imity of the intrusive rocks. Near intrusive margins alteration is char
acterized by abundant fine, ragged secondary biotite with lesser amounts 
of sericite and chlorite. The strongly altered andesite usually contains 

abundant quartz-sulfide stringers. Moving away from the intrusive mar

gin, the alteration becomes dominantly sericitic in the salic minerals, 
biotite is somewhat recrystallized, and hornblende is replaced by bio

tite and chlorite. Sericitic alteration gradationally passes into pro- 

pylitic alteration which consists of minor dusting of plagioclase with 
sericite and kaolinite. The mafic minerals are partially to wholly re
placed by chlorite.

Lone Star Stock
The Lone Star stock is composed of quartz diorite with lesser 

amounts of granodiorite and quartz monzonite. The quartz diorite phase 

is typically an equigranular to weakly porphyritic rock containing about 

60% subhedral plagioclase (Angg-An^g) and 5 to 10% hornblende and bio

tite. The interstitial minerals constitute about 30 to 35% of the rock 

and they consist of about equal amounts of quartz and potash feldspar.
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Hydrothermal alteration of the Lone Star pluton is irregularly 
distributed, being most strongly developed near the margins of the stock 
and adjacent to cross-cutting dikes and plugs. Alteration extensiveness 
varies from complete sericitization of all major mineral constituents 
except quartz to less than 10% sericitization of interstitial potash 
feldspar and minor chlorite development on mafic minerals. Virtually all 
specimens examined contain modal pyrite as disseminated grains in amounts 
from a trace to about 2%.

San Juan Stock

The San Juan stock is a small intrusive mass located about one- 
half mile northwest of the Lone Star pluton with which it may be con
nected at depth. The petrology and field relations of this intrusive 

body have been described in detail by Blake (1971). Mineralization con

sists of quartz veinlet stockworks with pyrite, chalcopyrite, and sparce 
molybdenite. The total sulfide content is quite low, generally 2 to 5%, 
and the chalcopyrite:pyrite ratio is high. As a result of the low total 

sulfide, leaching in the zone of oxidation has not been extensive, and 
the oxidized capping contains abundant copper oxides.

A small breccia pipe is exposed at the north end of the stock. 

This structure contains fragments of sericitized intrusive rock in a 
matrix of milky quartz and potash feldspar. Total sulfide content of 
this pipe is about 5%, and appears to be mostly pyrite with a very low

copper content.
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Dikes and Small Intrusive Bodies
The latest intrusive event of the Laramide history of the Safford 

district was the emplacement of a swarm of northeast-trending dikes and 
irregularly shaped intrusions that vary in composition from quartz latite 
to rhyolite. There is an indication, as disclosed by deep drilling, that 
the source of these shallow intrusions may be a quartz monzonite stock 
at depth below the Kennecott ore deposit. The dikes and irregular in
trusive masses often show evidence of shallow emplacement and possibly 

volcanism. This evidence includes some circular features, lithic tuff, 
and explosion features. Unfortunately, much of the area containing 
these rocks is covered by the Mid-Tertiary volcanic rocks and information 
is available only from limited drilling and underground workings.

Ore mineralization in the Kennecott-Safford area was apparently 
contemporaneous with this last igneous event. Some of the dikes are 

mineralized, and some are barren. They cross-cut one another in random 
fashion. All the rocks of this series are hydrothermally altered to 
some extent. Alteration intensity varies from propylitic to extensive 
quartz-sericite-pyrite in these near-surface intrusions. Within the 

zone of oxidation the sulfide-rich rocks have been converted to a mix

ture of quartz, kaolinite, and limonite.
Field evidence indicates these late intrusions definitely post

date the Lone Star pluton, although the interval between the time of 

emplacement of the two igneous series may not be great. As no mutual 

contacts with the San Juan stock were noted, it is not known if the San 

Juan intrusion belongs to the same intrusive episode as the dike complex.
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or if the San Juan pluton belongs to the same period as the Lone Star 
stock. Isotopic age dating tends to support the latter relationship.

Discussion of Safford Rocks

The Laramide age igneous rocks of the Safford district form a 
well-defined series on a standard Barker differentiation diagram (Figure 
8). All of the igneous rocks in the Kennecott-Safford area which have 

been dated radiometrically fell into the same age range, and on the basis 

of temporal and spatial relationships it seems probable that all of the 
rock suite with the possible exception of the Safford andesite are co

magma tic. As reliable geochronologic data for the Safford andesite are 

not available at the present time, it is possible only to say that both 

major and minor element data to be presented later are permissive of 

the andesite series being a possible parent magma for the later intru
sive rock suite.

The Safford rock suite falls into the calc-alkali classification 
of Peacock (1931) with an alkali-lime index of about 57.5. The AMF dia
gram (Figure 9) also follows the standard calc-alkali trend which shows 

only minor iron enrichment. Superimposed on this AMF diagram and also 

on those to follow is an experimentally derived calc-alkali trend of 

Green and Ringwood (1969). This experimental trend was derived by plot
ting compositions of residual liquids of starting materials of various 

calc-alkaline rock types at pressures between 27 and 36 kilobars.

Lakeshore District

The igneous rocks of the Lakeshore district do not show the 

broad spectrum of primary rock compositions seen in the Safford district.
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Little is known of the Cretaceous (?) volcanic and sedimentary rocks 

that pre-date the intrusion of the Lakeshore stock. Surface exposures 

of the pre-intrusive rocks are poor, and where they are cut by under
ground workings and drill holes near the ore body, hydrothermal altera
tion has largely obscured the original rock features.

The main intrusive mass of the Lakeshore stock is well exposed 
along the western flank of the mountain range in the footwall block of 
the Lakeshore fault. In the hanging wall block west of the Lakeshore 

fault, the Lakeshore stock is known mainly in underground workings and 
drill holes as outcrops are small and scattered.

Mineralogical distribution of the rocks of the Lakeshore area 
(Figure 10), and average chemical compositions of representative speci

mens (Table II), illustrate the limited chemical and mineralogical vari

ation of the rocks of the study suite.
The pre-intrusive rocks include Paleozoic and Precambrian car- 

bohate and clastic rocks as well as the Cretaceous(?) sedimentary and 

volcanic series. The pre-Mesozoic rocks are not part of the problem 
considered here and they will not be discussed further. The Mesozoic 

rocks include a complex intermixture of volcanic flows, breccias and 
pyroclastics. The absolute age of this rock series is unknown except 

that it is post-Paleozoic and pre-Paleocene. Whether these rocks were 

an early part of the igneous activity which terminated with the emplace

ment of the Lakeshore stock and subsequent mineralization is even more 

difficult to establish than in the case of Safford. The problem is 

compounded in this case by a lack of adequate samples, as samples of an
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Table II. Average Compositions of Rocks from the Lakeshore District.

Oxide 1 2 3 4 5
Si02 64.48 66.14 65.51 68.36 59.26

A12°3 15.28 15.28 15.30 13.13 15.07

Fe203* 4.64 4.66 4.52 4.53 6194

MgO 3.53 3.34 2.74 2.63 4.96

CaO 4.05 3.32 2.25 3.31 5.69

Na20 3.49 2.81 2.71 3.05 3.26

k2o 3.41 3.60 5.07 3.53 2.21

Ti02 0.68 0.63 0.59 0.59 0.86
MnO 0.093 0.053 0.061 0.09 0.081

TOTAL 99.65 99.83 93.75 99.22 98.33

Norm .•
Q 17.01 22.33 20.30 25.51 13.30

Ab 31.30 25.43 24.88 27.99 29.95 •
Or 20.30 21.43 30.62 21.62 13.36
An 16.23 16.60 11.41 11.63 20.44
En 9.82 9.29 7.73 7.42 14.01
Wo 1.61 1.21 1.98 3.38
Mt 3.26 3.27 3.22 3.23 4.95
*Total Fe as Fe203
1. Lakeshore stock, Footwall black (LS-4)
2. Lakeshore stock, upper porphyry (LS-6)
3. Lakeshore stock, lower porphyry (LS-9)
4. Lakeshore stock, hanging wall equigranular phase (LS-13)
5. Pre-intrusive volcanic(?) rock (LS-14)
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obvious clastic or fragmental nature had to be eliminated. Also omitted 

from this study were the intensely hydrothermally altered rocks near the 

contact of the Lakeshore stock.

Cretaceous(?) Rocks

A typical specimen of the least altered of the available samples 
of the volcanic (?) rocks shows about 50% 1 to 2 mm subhedral plagioclase 
phenocrysts (Au^ ^ q) . Plagioclase is also present in the groundmass.

The groundmass constitutes about 60 to 70% of the rock and shows a fine 

interlocking network of quartz, potash feldspar, and anhedral plagioclase. 
Biotite is present in amounts from 5 to 10%. Modal sulfide, mainly 
pyrite, occurs as disseminations and in quartz-sericite stringers.

Alteration extensiveness in the pre-intrusive rocks is primarily 
a function of fracture density. The fractures are filled with quartz 
accompanied by sericite and sulfides. Occasionally potash feldspar or 

biotite occur with the quartz stringers. Where these veinlets are 
closely spaced, the entire rock is converted to a mixture of quartz, 
sericite, pyrite, and other hydrothermal minerals.

Lakeshore Stock

The Lakeshore stock occurs in two distinct phases which are of 

similar composition, but one phase is equigranular and the other is 

porphyritic. The porphyritic phase occurs above the equigranular phase 

in the hanging wall block of the Lakeshore fault. For convenience in 

mapping, the Lakeshore staff has divided the porphyritic phase into two 

units, an upper porphyry which occurs above the Precambrian and Paleozoic
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"tactite" zone, and the lower porphyry which occurs beneath the meta- 

sediment wedge.

Equigranular Phase. The equigranular phase is a weakly porphy- 
ritic rock containing about 45% subhedral plagioclase (An^Q^g) . Inter
stitial to the plagioclase are somewhat smaller anhedral crystals of 

potash feldspar (25%) and quartz (20%). The balance of the rock is ac
counted for by about equal amounts of hornblende and biotite. Apatite, 

zircon, and sphene are common accessory minerals.

All specimens from the surface outcrops are fresh except for 
slight surface weathering. One specimen (LS-13) taken from the equi
granular phase in the hanging wall block of the Lakeshore fault shows 
slight dusting of feldspars by sericite and less than 5% chloritization 
of mafic minerals.

Porphyritic Phases. The porphyritic phases show a well-developed 

porphyritic texture with an average phenocryst:groundmass ratio of ap
proximately 40:60. The phenocrysts are subhedral, embayed, and corroded 
plagioclase crystals (An^g) up to 5 mm long. The groundmass is made up 

of about equal amounts of quartz and potash feldspar as anhedral grains 

(0.1 to 0.2 mm). In some specimens quartz also occurs as large (2 to 

3 mm) "eyes" in amounts up to about 5% of the rock. Biotite constitutes 

5 to 10% of the rock as euhedral to subhedral books.

Studies of alteration zoning of the Lakeshore deposit have not 
been published to date, although South (1972) discussed the sulfide 

zoning in detail and included some observations on alteration.
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Preliminary work indicates that alteration zoning of the igneous rocks 

has been strongly modified by the proximity and composition of the sedi

mentary and volcanic rocks that constitute the host of the intrusion.
The most common alteration product in the porphyritic phase is 

sericite, which occurs in varying degrees of extensiveness. In extreme 
cases all silicate minerals except quartz are replaced by sericite with 
minor amounts of other alteration minerals. In most cases, sericitiza- 
tion of the feldspars varies from about 25 to 75%. Mafic minerals are 

commonly replaced by chlorite or mixtures of chlorite and sericite. As 
is the case with the felsic sedimentary and volcanic rocks, alteration 
in the porphyritic phases is primarily a function of fracture density.

Discussion of Lakeshore Rocks

The chemical variation of the Lakeshore rocks is illustrated on 
the Barker diagram of Figure 11, and the AMF diagram. Figure 12. Al

though the samples do not have as wide a composition range as would be 
preferred, the data permit a continuous differentiation series. The 
only sample which falls outside the trend is sample LS-5, a surface 

sample of the Cretaceous(?) volcanic series. As can be seen on the 

chemical analysis, the rock is actually a basalt, and recent geochrono- 

logical work has indicated the presence of Late Tertiary mafic flows in 

the area (D. Hunter, personal communication, 1975). Possibly the er

ratic sample is a member of this series.

The data from the pre-intrusion volcanic series taken from the 
underground workings are permissive of inclusion of the volcanic series 

as a part of the same magma system as indicated on the differentiation
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diagram. This evidence is not, however, conclusive in regard to a con
sanguineous origin for all the igneous rocks of the suite.

The Lakeshore suite also falls into the calc-alkaline classifi
cation of Peacock (1931) with an alkali-lime index of 57.2. The AMF 
diagram shows a calc-alkaline trend similar to the Safford suite, al
though the dispersive range is smaller. The experimental trends shown 
on the AMF diagram are identical to those explained in the discussion of 
the Safford suite.

Santa Rita Area
Igneous and sedimentary rocks of the Santa Rita area have been 

extensively studied by Drewes (1971a,b,c, 1972). Detailed mapping and 
geochronological studies have disclosed igneous activity beginning in 
the Triassic period with the extrusion of intermediate and acid vol
canic rocks. This period of volcanic activity was followed by the em
placement of intrusives during the Jurassic period. The monzonite of 
Piper Gulch and associated intrusive rocks represents this stage of 
magmatic activity.

Intrusive rocks of Late Cretaceous and Paleocene age are widely 
distributed in the northern part of the range. The intrusive rocks of 
this age crop out both northeast and southwest of the Sawmill Canyon 
fault zone. These rocks are distributed approximately as follows: 
granite, in several textural phases, 50%; granodiorite and quartz monzo
nite, 30%; and diorite and quartz diorite, 20%.

The volcanic rocks of the Salero Formation and the Gringo Fulch 
Formation are of approximately the same age as the intrusive rocks, and
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may represent an extrusive phase of this period of igneous activity. 

These rocks were not sampled during this study, as it was felt that the 
possible correlation between these volcanic rocks and the intrusive 

rocks of Laramide age was too tenuous.

The average chemical compositions of the major rock types of the 
sample suite are shown on Table III, and the mineralogical variation is 

included on Figure 13. The granitic rocks of the association are equi- 
granular and very coarse-grained. The average mineral composition is 
about 10%, corroded subhedral plagioclase (An^) about 1 to 2 mm in 

length in a coarse, interlocking network of perthitic orthoclase (50%) 
and quartz (40%). Some biotite is present in amounts up to 5% in some 
specimens. Sphene, apatite, and rare zircon are common accessory 

minerals.

The intermediate members of the rock series, as represented by 
the granodiorite of Madera Canyon, are equigranular to slightly porphy- 

ritic rocks containing about 45% subhedral plagioclase (Angg) in a ma

trix of potash feldspar (25%) and quartz (25%). Mafic minerals, prima
rily biotite, comprise about 5% of the rock.

The dioritic rocks are generally fine-grained and weakly por- 
phyritic and they are composed of 70% plagioclase (An^g) with inter
stitial potash feldspar (15%), biotite (10%), and clinopyroxene (5%). 
The average grain size in the rock is about 1 or 2 mm.

Except in the vicinity of a few small veins which cut through 
the north end of the area, there is no widespread hydro thermal altera

tion in this part of the Santa Rita Mountains. All the samples
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Table III. Average Composition of Rocks from the Santa Rita Area.
Oxide 1 2 3 4 5
Si02 73.61 57.68 64.46 72.30 65.10

A1203 12.69 16.36 15.40 12.45 15.26

Fe203* 1.61 7.64 5.42 1.77 4.06

MgO 0.40 9.09 5.37 0.23 3.93
CaO 0.52 6.47 4.16 0.58 3.69

Na20 3.25 3.90 3.80 3.96 3.54

k 2o 5.48 1.78 3.80 5.51 3.30

Ti02 0.27 0.71 0.74 0.25 0.75

MnO 0.031 0.081 0.60 0.048 0.059
TOTAL 97.87 101.85 99.35 97.15 99.69

Norm
Q 30.66 2.62 11.06 24.28 17.29
Ab 30.17 33.29 32.92 36.71 31.90

Or 33.47 10.00 21.66 33.74 19.56
An 2.67 20.81 13.27 16.07
En 1.14 23.86 14.30 0.66 10.89
Wo 3.08 2.66 5.00 0.92
Mt 1.16 5.06 3.64 2.84
Co 0.53
*Total Fe as FegO^
1. Quantrell stock, coarse phase (SR-4)
2. Josephine Diorite (SR-5)
3. Josephine Quartz Monzonite (SR-7)
4. Elephant Head Stock, fine phase (SR-10)
5. Madera Canyon Granodiorite (SR-13)
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Figure 13. Mineralogical Variation of the Santa Rita and Miscellaneous Rock Suites.
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utilized in this study were fresh specimens collected mainly from road 

cuts. The only exception is sample SR-12, which was collected from a 
small pyritic area along the Mount Harvard Observatory road near the base 
of the range. This sample shows abundant kaolinite and limonite after 

pyrite.

The chemical variation within the Santa Rita rock suite is il
lustrated on the Barker diagram (Figure 14) and the AMF diagram (Figure 
15). The alkali-lime index of the Santa Rita suite falls within the 
calc-alkaline group at 60. The AMF diagram indicates that the rock suite 

follows the experimental calc-alkaline trend with the exception that the 
suite is somewhat depleted in iron at the acid end. This characteristic 

is also seen in the Barker diagram by the crossing of the MgO and FegOg 
curves.

Discussion

The association of a particular rock compositional suite with a 
particular tectonic environment has long been recognized (Daly, 1933). 
These suites were initially designated by geographical locations, such 

as the Atlantic Suite, Pacific Suite, and Mediterranean Suite. Later it 
was realized that these designations were not exclusive, and that the 
Atlantic region often contained rocks with the characteristic composi

tion of the Pacific Suite and vice versa. An early attempt was made by 

Peacock (1931) to place the classification on a chemical basis using the 

alkali-lime index and other factors discussed earlier. The rock suite 

he designated as calc-alkaline reaches its greatest abundance in the 

circum-Pacific "Ring of Fire".
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The source of the abundant calc-alkaline magmas and the crystal
lization histories of the calc-alkaline rocks has long been a point of 
discussion in petrology (Bowen, 1956; Cast, 1968; Green and Ringwood,

1969; Osborn, 1969)\ and many theories and some experimental results * 
have been presented. Some of these theories will be discussed in 
Chapter 5.

It has been demonstrated that all the rock suites of this study 
fall within the calc-alkaline designation as defined by Peacock (1931). 
Figure 16 is a partial Barker diagram of 54 rock analyses of barren plu- 
tonic rocks of southern Arizona for comparison with Figures 8, 11, and 

14— the Barker diagrams for the individual rock suites of this study.

The alkali-lime index of the rocks from the barren plutons falls at 
about 60, the same as the Santa Rita suite, and slightly higher than the 
Safford suite (57.5) or the Lakeshore suite (57.2). Also shown for com

parison is Figure 17, an AMF diagram of the same barren plutons plus 
dated volcanic rocks of Late Cretaceous-Paleocene age. The distribution 
on the diagram compares well with both experimental trends and with 
trends observed in other calc-alkaline provinces, such as the Andes of 
Chile (Figure 18). From the standpoint of mineral distribution, a typi

cal calc-alkaline suite again is that of the Chilean Andes (Pichler and 
Zeil, 1969). This diagram (Figure 19) can be compared to the plots for 

the individual suites of this study (Figure 7, 10, and 13), and for bar
ren igneous complexes of southern Arizona (Figure 20). Also seen to fall 

in the same distribution is data from several porphyry copper deposits 
shown on Figure 21.
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From the foregoing chemical and mineralogical comparisons, it 
would appear that both the mineralized and barren igneous rocks are 

normal calc-alkaline suites. The only possible difference is possibly 

a slightly lower alkali-lime index in the mineralized plutons. In the 
following section, the geochemical aspects of the problem will be con
sidered in detail.



CHAPTER 4

GEOCHEMISTRY

It has long been known that the upper part of the earth's crust 

is composed primarily of the eight major elements— oxygen, silicon, alu
minum, iron, magnesium, calcium, sodium, and potassium. These eight ele
ments, combined as the major rock-forming minerals, compose the rocks 
which make up the crust of the earth.

In addition to these major elements, several others such as ti
tanium and manganese occur in amounts up to a few tenths of a percent. 
These elements are commonly referred to as the minor elements. Still 
other elements in amounts up to a few hundred parts per million are 
known as the trace or dispersed elements. These elements do not appear 

in the chemical formula of any of the major minerals, nor do they nor
mally form separate mineral phases during magmatic processes. The trace 

elements commonly occur as solid solution substitutions for the major 
elements in the crystal structures of the rock-forming minerals.

The first systematic attempt to account for the distribution of 

elements within a crystallizing magma was that of Goldschmidt (1937).

In this early work Goldschmidt presented a set of rules based on ionic 
radii and charge to account for the distribution of the elements. 

Goldschmidt's work was later revised by Ringwood (1955a,b) to include 

the concept of electronegativity to account for partial covalent bond
ing. During the same period. Wager and Mitchell (1951) added a wealth

59
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experimental data compiled from work on the Skaergaard intrusive com
plex in Greenland. The elements causing the most difficulty due to 

exceptions to the above rules were those elements comprising the first 
transition series. Scandium through Gallium. Later work in crystal 

chemistry developed the crystal field theory which defines the effects 

of electrostatic fields on the electronic energy levels of transition 

metal ions in a crystal structure (Curtis, 1964). This work on crystal 
field effects has been well summarized and discussed by Burns and Fyfe 
(1967) and Burns (1970). Nockolds (1966) presented a method of account

ing for elemental distribution using total bond energies. This study 
was later modified by Damon (1968). Work by Whittaker (1967) pointed 
out some theoretical weaknesses in early work by Goldschmidt (1937) and 
Ringwood (1955a,b), and suggested a thermodynamic approach to the study 
of elemental distribution.

The application of trace element data to problems of petrology 

was summarized by Taylor (1965). Trace element data have been applied 
to problems of calc-alkaline rocks by several researchers (Taylor and 
White, 1966; Taylor, 1968, 1969). McIntyre (1963) reviewed the theory 

and application of partition coefficients to geologic problems. This 

topic was further developed in regard to anatexis by Shaw (1970). There 
have been many geochemical studies related to ore deposits, but most 

of the studies have been related to the hydrothermal or later stages, 

and little has been said of the geochemistry involved at the magmatic 
stages. Graybeal (1973) examined several mineralized intrusive com

plexes with regard to trace element partitioning between co-existing 

mineral phases. Davis (1974) discussed the geochemistry of the San
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Manuel porphyry copper deposit, and Laine (1974) studied the minor and 
trace element distribution of several porphyry copper and molybdenum 

deposits.
It has only been within the past few years that analytical tech

niques have progressed to the point that reliable trace element data 

are becoming available. Modern analytical methods such as atomic absorp
tion and X-ray spectrometry are beginning to produce results which can 
be duplicated between individual laboratories.

Theoretical Considerations
Trace elements may occur dispersed in minerals as a result of 

any of several processes (McIntyre, 1963).

1. Surface adsorption: Foreign ions are held in a diffuse layer
at the surface of the mineral as a result of the attraction
of surface atoms where bonding charges are not completely sat

isfied. The importance of surface adsorption increases with 

surface area, and therefore is likely to be an important fac
tor where clay and micaceous minerals are involved.

2. Occlusion: Impurities adsorbed at the surface during growth
of the mineral become entrapped as subsequent mineral layers 
are added. These impurities may include distinct fluid 

phases or discrete minute crystals of a different solid phase 

as well as simple ions. In this category are included such 
phenomena as fluid inclusions and minute sulfide inclusions 
in micas, particularly biotite.
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3. Solid solution formation: In the most common case, the trace

element substitutes for a major constitutent at a regular lat
tice position in the crystal.

For the sake of simplicity, this discussion will be confined to 
the latter case, that of solid solution formation. Although the pro
cesses of surface adsorption and occlusion are undoubtedly important in 
certain circumstances, they are less well understood and possibly largely 
random processes, and therefore difficult to treat from a theoretical 
standpoint. These two processes are probably responsible for much of 
the deviation from predicted behavior calculated on the basis of solid 
solution theory.

The three principles proposed by Goldschmidt (1937) are valid 
for many solid solution cases, particularly where largely ionic bonding 
is involved. These principles also form the basis for more recent the

ories. These three rules can be stated briefly as follows:

1. For ions of the same charge and radius, the ions will be ac
cepted into a crystal lattice in direct proportion to their 
relative abundance in the melt.

2. For ions of the same charge, but different radii, the smaller 
ion is preferentially incorporated.

3. For ions of similar radii and different charges, the ion with 

the higher charge is preferentially incorporated.

Fyfe (1964) has presented a theoretical validation of the basic 
rules of Goldschmidt by determining the energy necessary to take an
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ionic crystal apart to the gas phase. By the use of various geometric 
and energetic factors, he arrived at the following relationship:

D = N A e ^ a ( i _ i)
R n

Where: U = the amount of energy to disperse gram-mole of
the crystal into ions in the gas phase

N = Avogadro’s Number
A = Madelung constant, a constant calculated on the 

basis of the geometry of the crystal
e = Coulombic energy of the crystal

z = charge on the ion.
R = sum of the ionic radii
n = constant

From the above equation, it can be seen that substitution of an ion with 

a higher charge (z increasing) or a smaller radius (R decreasing) leads 
to an increase in U, the other factors remaining constant. The crystal 
with the highest bonding energy will be the most stable and the one 

preferentially formed, as predicted by the rules of Goldschmidt.
The major weakness of the Goldschmidt rules is the failure to ac

count for the many chemical bonds that are not wholly ionic. To account 

for this discrepancy, Ringwood (1955a,b) made use of Pauling’s (1948) 
concept of electronegativity as a measure of the amount of covalent con
tribution to the chemical bond. As a result, Ringwood (1955a, 1955b, 

p. 193) proposed the following addition to Goldschmidt's original rules. 

"When substitution is possible in a solid solution between elements of
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substantially differing electronegativities, the element with the lower 

electronegativity is preferentially incorporated into the crystal." In 
practice, this rule seems to apply to electronegativity differences 

greater than about 0.1.

The main exceptions to all the previous theoretical rules are 

some of the elements of the first transition series of the periodic 
chart. The transition elements are characterized by incomplete "3d" and 
"4s" orbitals in their atomic structure. When a transition element is 
accepted into a crystal lattice, the surrounding ligands influence the 

energy distribution of electrons in the "3d" orbitals causing a decrease 

in the degeneracy of the electron configuration of the transition ele
ment. The nature and magnitude of the changes included in the transition 
ion depend on the type, symmetry, and position of the coordinating li
gands. The energy differential induced in a transition metal ion due 

to the asymmetry of the "3d" orbitals is referred to as the crystal field 

stabilization energy or CFSE. For a rigorous treatment of crystal field 
theory, see Burns (1970).

Damon (1968) published a method for dealing with the problem of 

trace element distribution utilizing total bond energies. This work was 
modified from an earlier publication by Nockolds (1966). This approach 

to the problem has the advantage of accounting for electronegativity and 

crystal field stabilization energies. The calculated quantity (Vt) ap

proximately corresponds to the total bond energy.

The total bond energy consists of three parts-—the covalent con
tribution (Vc), the ionic resonance contribution (Vi), and the crystal
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field stabilization energy (Vs). The total bond energy is then repre

sented by the following relation:

Vt = Vc + Vi + Vs

Nockolds utilized Sanderson's (1960) equation for calculating 

covalent bonding energy, that is:

_ 11.8 (Sm + 5.5)
R

Where: Sm = "Stability Ratio" of the "molecule" formed by
metal "X" and oxygen

R = bond length

Values for Vc as reported by Nockolds are utilized in this

thesis.

The quantity Vi is derived by Damon, and shown to be equal to:

v . _ 330 (l-e~°,25A2)
R

Where: A = electronegativity difference
R = bond length

330 = ionic bonding energy in Kcal/mole of a rigid 
molecule with a bond length of one angstrom

The bond lengths, electronegativities, and CFSE used in this thesis are 
those computed by Nockolds (1966). Table IV shows the various geochem
ical parameters utilized in this thesis.

Thermodynamic s

While a crystal is growing from a melt, the various ions in the 

liquid phase compete for the available lattice positions within the
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Table IV. Geochemical Parameters of the Elements of this Study.
Z r R A Vc Vi CFSE Vt

Rb +1 1.47 2.90 2.60 23 76 99
K +1 1.33 2.77 2.60 25 79 104
Na +1 0.97 2.40 2.50 31 86 117
Pb +2 1.20 2.42 1.60 41 31 143
Ba +2 1.34 2.76 2.55 28 77 210
Sr +2 1.12 2.56 2.50 31 81 223
Ca +2 0.99 2.40 2.45 34 83 234
Mg +2 0.66 2.08 2.15 42 74 233
Y +3 0.89 2.29 2.20 38 71 327
Zr +4 0.79 2.12 1.95 44 59 410
Cu +1 0.72 2.08 1.60 46 35 81
Zn +2 0.74 2.05 1.70 48 43 181
Mn +2 0.80 2.18 1.90 43 54 184
Co +2 0.72 2.00 1.60 49 37 17 189
Ni +3 0.69 1.98 1.60 50 37 29 203
Fe +3 0.64 1.94 1.50 51 31 247
V +3 0.74 1.99 1.70 48 44 41 276
Cr +3 0.63 1.93 1.65 50 42 60 335
Ti +4 0.68 1.98 1.70 48 44 368
Ga +3 0.62 1.94 1.60 53 38 273
A1 +3 0.51 1.88 1.90 49 62 333
Si +4 0.42 1.71 1.55 58 39 389
Z = formal charge on the ion 
r = ionic radius, 8
R = bond length, Rx-O, &, (values from Nockolds, 1966)
A = difference in electronegativity (data from Nockolds, 1966)

Vc = covalent bonding energy— Kcal/mole (date from Nockolds, 1966)
Vi = single bond ionic resonance energy, Kcal/mole calculated by the 

method of Damon (1968)
CFSE = Crystal Field Stabilization Energy— Kcal/mole (data from 

Nockolds, 1966)
Vt = total bonding energy— Kcal/mole
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solid. Some ions will be wholly rejected due to size or electronegativ
ity differences, others will be accepted into the open positions in pro
portion to the concentration of the element in the melt. This assumes 
that the concentration of the element is low enough that the solution 

remains ideal. From a thermodynamic standpoint, at equilibrium each 
element will partition itself in such a manner that its chemical poten
tial is equal in each phase.

As long as trace or minor components are present in small amounts 
so that an ideal solution is approximated, then at equilibrium the ele
ments are distributed in accordance with the Berthelot-Nernst distribu

tion law. This law states that at equilibrium the ratio of the 

concentration of the trace component in the solid (Cg) to its concentra
tion in the liquid (C^) is a constant. That is:

Cs/Ci - K

This constant is known as the distribution constant, or partition coef

ficient. This constant is a function of temperature and pressure, but 
not of the concentration of the trace component as long as the concen
tration remains low. As the trace component is usually substituting 

for a specific major element, a more convenient form of the above equa

tion was introduced by Henderson and Kracek (1927). Referring to the 

trace element as Tr and the major element as M, then the partition co
efficient is defined as:

( %  Solid
Sfl

(-% Liquid
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Experimentally derived data from analysis of co-existing phases 

can be used to determine equilibrium conditions and crystallization 
trends (McIntyre, 1963; Graybeal, 1972) as well as possibly temperature 

and pressure during crystallization (Bethke and Barton, 1959).

Although earlier work on determining trace element partitioning 

in simple systems has proven useful, such as McIntyre’s (1963) work on 
the Skaergaard data of Wager and Mitchell, the situation becomes con
siderably more complex when dealing with a crystallizing wet calc- 
alkaline magma. Due to the shallow emplacement presumed for many of 

these plutons, temperature and pressure gradients are steep, and it is 
doubtful if equilibrium conditions are maintained over long periods of 
time. The porphyritic texture of many of these rocks may itself be an 
indication of disequilibrium conditions. Another problem is that at 
some time during the crystallization of a magma there may be a solid 

silicate phase, a liquid silicate phase, a sulfide phase, and a hydro- 
thermal phase co-existing in the system.

Elements Considered and 
Analytical Approach

The ideal method of studying these complex systems is by analy
sis of individual minerals, either by microprobe methods or by perform
ing individual mineral separations and analyses. Another method of 
approaching the problem is to plot concentrations derived from whole 

rock analyses against some index of magmatic differentiation. This lat

ter method is the one which is utilized throughout this study. The 

method is one which provides some advantages. For example, plotting
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data in this fashion provides a means of comparison between separate ig

neous suites by picking corresponding trace element concentrations at a 
value of a common index of differentiation. The approach also provides 

a means of averaging data between specific differentiation ranges to 
partly compensate for variations due to analytical uncertainties and 

possibly for variations due to hydrothermal alteration.
The utilization of this method of plotting requires the accep

tance of the assumption that trace and minor elements behave in a regu
lar, if not always absolutely predictable, manner during magmatic 
crystallization. It also assumes that events taking place during crys
tallization, such as the appearance of various phases, is reflected by 
the shape of the differentiation curve. There is some evidence that 

such is indeed the case (Wager and Mitchell, 1951; Carmichael et al., 
1974).

Besides the major elements discussed earlier in the section on 

petrology, this study includes the large cations rubidium, barium, lead, 
and strontium, the large highly-charged cations zirconium and yttrium, 
and the elements of the first transition series manganese, copper, co
balt, nickel, vanadium, chromium, and gallium. The large cations were 
selected because they do not form separate mineral phases during normal 

magmatic processes. Several interelement ratios within this group such 

as K/Rb and Sr/Ba may serve as useful indicators of events during 
crystallization.

The large highly-charged cations zirconium and yttrium were in
vestigated, as both elements normally show wide range abundances in
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igneous rocks from various tectonic regimes, and there is some evidence 

that the elements may be relatively stable during hydrothermal altera

tion (Lambert and Holland, 1974).
The transition elements included in this study were selected to 

give a range of ionic size, charge, and crystal field characteristics 

as well as varying behavior in magmatic and hydrothermal environments.
As a final point to be considered in discussing elemental distri

bution, the mineral composition of the rock should not be ignored. The 
stability fields of the major rock minerals are governed by the activity 
of water, the fugacity of oxygen, carbon dioxide and other gases, and 

co-existing mineral species as well as temperature and pressure. Thus, 
some elements such as strontium and lead can substitute into the potas
sium positions in potash feldspars; however, these elements are largely 

excluded from potassium micas for crystal structural reasons. In this 

regard then, the distribution coefficient is affected by the stable 
mineral assemblages present during crystallization.

A further complication arises during hydrothermal alteration of 
mineralized plutons. If, as in the above example, potash feldspar is 
altered to sericite, lead and strontium would presumably be released 
from the feldspar crystal lattice. The behavior at that point becomes 

unpredictable. Some of the ions would probably remain trapped or ad
sorbed in the mica lattice, but the balance of the free ions would pre

sumably be redistributed by the hydrothermal fluids. The distance that 

the elements will move depends in part on the fluid dynamics of the
system.
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Geochemistry of 
the Individual Elements

In the following sections, the geochemistry of the individual 
elements will be discussed in regard to differentiation sequences and 
interelement variation. The differentiation index utilized in the fol
lowing discussion is the Modified Larsen Factor (1/3 Si + K - Ca - Mg). 

Average abundance of the elements in several geologic environments is 
shown on Table V.

Large Cations

The large cations include the trace and minor elements rubidium, 

barium, and strontium as well as the major elements potassium, sodium, 

and calcium. Lead is also included in this section, as it commonly sub
stitutes for potassium during magmatic processes. This suite of elements 
includes some of the most useful petrologic indicators in regard to mag
matic history, and the elements of this group will be discussed in some 
detail. For the geochemical parameters used in the following discussions, 
refer to Table IV of the previous chapter.

Rubidium. This element is geochemically important for a number 

of reasons. Its abundance in most igneous rocks varies from less than 
ten to several hundred parts per million, and it is readily determined 

by several analytical techniques. Rubidium is geochemically very simi

lar to potassium, the only significant difference being one of size. 

Rubidium shows a marked coherence with potassium, and the size difference 
only becomes important under conditions of extreme fractionation.
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Table V. Average Abundance of Study Elements in Different Geologic
Environments.

CRUST GRANITE/RHYOLITE GRANODIORITE/DACITE ANDESITE
Si 277,200 339,600/353,900 313,500/306,000 279,700
A1 81,300 74,300/71,400 83,100/87,300 91,000
Fe 50,000 13,700/13,100 29,400/30,000 47,400
Mg 20,900 • 2,400/1,600 9,500/3,900 20,600
Ca 36,300 9,900/10,600 25,400/33,900 50,200
Na 28,300 24,600/25,200 28,500/34,100 27,300
K 25,900 45,100/28,100 25,500/17,000 13,300
Ti 4,400 1,500/1,600 3,400/3,100 4,200
Mn 950 230/400 600/580 1,200
Rb 90 220/108 110/44 31
Sr 375 250/125 440/460 385
Ba 425 1,220/870 500/520 270
Y 33 13/25 30/20 21
Zr 165 210/160 140/100 110
V 135 16/8.5 75/68 175
Cr 100 22/1.7 30/13 56
Co 25 2.4/n.d. 10/9 24
Ni 75 2.0/n.d. 15/5 18
Cu 55 13/6 25/6 54
Zn 70 45/(-)2 60/ (-) (-)
Ga 15 18/16 18/(-) 16
Pb 13 49/18 15/5.2 6.7
-*-n.d. = none detected 
2(-) = no data
Data for crust and granite from Mason (1952).
Data for granodiorite from Turekian and Wedepohl (1961). 
Data for andesite, dacite, and rhyolite from Taylor (1969).
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The average K/Rb ratio for crustal rocks is about 230 (Taylor, 

1965) and he considers normal K/Rb ratios to fall within the range of 
150 to 300. Taylor (1970) has ratios of 230, 386, and 430 for granodio- 
rite, dacite, and andesite, respectively. Figure 22 shows a K/Rb plot 

of the data obtained in this study. Of the sample suites of this study, 

the Santa Rita rocks and those of the Amole area fall roughly on the 
average crustal abundance line, while those of the Safford area appear 
depleted in rubidium with respect to potassium, and these ratios fall 

near the ratio for normal andesite. The Lakeshore rocks fall into an 
intermediate range between K/Rb ratios of about 230 and 400. Figure 23 

is a plot of the K/Rb ratios with respect to the differentiation factor 
for the sample suites. This plot shows the variation of the K/Rb ratios 
with magmatic evolution. Because of the geochemical similarity of rubid
ium and potassium, it would be anticipated that there should be little 

change in K/Rb ratios over most of the normal crystallization interval 
of igneous rocks except for some decrease in the ratio toward the later 
stages of differentiation when ionic size difference becomes an important 
factor. As can be seen on the diagram, the Santa Rita and Amole suites 
show a slight decrease in K/Rb over the crystallization interval, as does 
the Lakeshore suite. Most of the rocks from the Safford area show an 

abnormally high K/Rb ratio, indicating either an enrichment in potassium 

or a depletion of rubidium. There is some evidence for the former situ

ation in this case. Sample KC-17, a drill core specimen, is a sample 

showing obvious potassic alteration in the form of orthoclase-quartz 
veinlets with total secondary orthoclase present in amounts from 20 to
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30%. The original rock was probably a quartz diorite or quartz monzo- 
nite similar to the Lone Star pluton. The relative rubidium depletion 

can also be seen in a plot of rubidium concentration and MLF (Figure 24). 
This diagram illustrates that while there is a systematic increase in 

absolute rubidium content with magmatic evolution in all cases, the 
Safford area shows a distinct potassium enrichment with respect to rubid
ium. The Santa Rita and Amole samples simply show normal increases in 

absolute concentration of rubidium coupled with slightly decreasing K/Rb 
ratios over the differentiation interval.

Strontium. This element is another whose abundance and geochem

ical characteristics are useful in petrochemical studies. Strontium is 
intermediate in size between potassium and calcium, and commonly substi
tutes for calcium in plagioclase feldspars.

Strontium shows a steady decrease in abundance throughout the 
crystallization intervals, as illustrated by Figure 25. The data from 
all three rock suites of this study fall within the same range and are 
indistinguishable on this diagram. An examination of Figure 26, the 
strontium-calcium variation diagram, indicates a slowly decreasing Ca/Sr 

ratio up to about 4% calcium, then a slow increase in the ratio as crys

tallization progresses, and a rapid increase at the acid end of the dif

ferentiation sequence. Again, no distinction between the three rock 

suites can be seen on the basis of the Ca/Sr relationship. The Rb/Sr 
variation diagram (Figure 27) shows some separation between the two 
suites of Safford and Lakeshore, and that of the Santa Rita and Amole
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areas; however, the fields overlap too much to allow any significant dis

tinction. A more informative plot is that of Kb/Sr ratios with respect 

to the MLF (Figure 28). The Santa Rita samples indicate a regular, 
constant increase in Rb/Sr with the exception of two samples. Although 

the data are more erratic, the Safford and Lakeshore samples show a gen
eral increase in Rb/Sr and the data grouping forms a separate population.

Barium. This minor element is present in varying amounts in all 
calc-alkaline igneous rocks. It does not form a separate mineral phase 

in normal magmatic processes, though the occurrence of barium as barite 
in association with many types of hydrothermal ore deposits is well known. 
Barium is nearly the same size as potassium, and substitutes for this 
element in both feldspars and micas, although the feldspar sites are re
ported to be preferred by a factor of about two (Nockolds and Mitchell, 

1948). The same authors attribute this difference to the difficulty of 

charge balance in sheet silicates. Wager and Mitchell (1951) showed 
barium to be slowly concentrated with the liquid fraction until the very 
last stages of crystallization where values rise to over 1000 ppm. Con

centrations of barium in the range of a few tenths of a percent are not 
uncommon, particularly among syenites and other potassium-rich rocks.

Barium abundances in the rocks of this study vary from about 100 
ppm to over 1400 ppm, with the highest values occurring in the Safford 
rocks (Figure 29). The behavior of barium in the Santa Rita and Amole 

samples is somewhat erratic, and values fall off substantially in the 
late-stage acid rocks. This is somewhat contrary to what would be pre
dicted on geochemical grounds.
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The ratios of barium to the alkalis has often been proposed as 

differentiation indices, particularly the Ba/Sr and Ba/Rb relationships 

(Heier and Taylor, 1959; Taylor and Heier, 1960). Figure 30 shows the 

barium-strontium covariance for the samples of this study. Superimposed 

on this diagram is the theoretical barium-strontium differentiation trend 
as shown by Taylor (1965). Most of these samples fall into the low 
barium-high strontium field compared to the trend of Taylor. The plot of 
Ba/Sr with respect to the MLF (Figure 31) shows a more revealing relation
ship. The rocks of the barren suites of Santa Rita and Amole show a 
well-defined trend of increasing Ba/Sr with progressing differentiation, 

as would be predicted from the geochemical parameters. The mineralized 
igneous complexes, Safford and Lakeshore, show enriched strontium with 

respect to barium as indicated by the low Ba/Sr ratios. This is the same 
relationship as reported for the Island Copper district of British 
Columbia by Warren, Church, and Northcote (1974).

The barium-rubidium variation is shown on Figure 32 as a plot of 

Ba/Rb with respect to MLF. This diagram shows the relative depletion of 

rubidium with respect to barium in the mineralized plutons. The average 

Ba/Rb ratio for granodiorite is about 4.5 (Taylor, 1969) while the rocks 

of approximate granodiorite composition from the Lakeshore area average 
about 6, and those from the Safford district near 10.

Lead. This element is included here, as it commonly substitutes 

for potassium in magmatic processes. Lead is an amphoteric element, and 
it also partitions into hydrothermal and sulfide phases if such should
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be present. Due to analytical uncertainties, the data of this study 

are considered to be, at best, only semiquantitative and little quanti
tative interpretation was attempted. Part of the erratic distribution 

of lead on the differentiation diagram (Figure 33) is due to analytical 

errors, and part is due to the occurrence of lead as discrete sulfide 
grains, particularly in the mineralized rocks. Average lead concentra
tions for rocks of this study are about 20 and 18 ppm for the Santa Rita 

and Amole plutons, respectively; and the Safford and Lakeshore rocks 
average between 21 and 23 ppm.

A plot of the variation of lead with respect to potassium is 

shown on Figure 34. Although the data are erratic, there appears to be 
a poorly-defined peak at a potassium content of approximately 3 to 3.5% 
in the Safford and Lakeshore suites. This point may represent a transfer 

of lead to a hydrothermal or sulfide phase and the subsequent removal of 

lead from the system. The Santa Rita and Amole samples have an overall 
low content in the highly-differentiated rocks and there does not appear 

to be any well-defined relationship between lead and potassium in these 
rocks.

Large Highly-charged Cations

The elements in this group include zirconium (+4, ionic radius 

0.79 &) and yttrium (+3, ionic radius 0.89 &). In most geochemical 
studies, yttrium is included with the large rare earths (La-Lu); however, 
none of the rare earths were determined in this study.
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These elements are typically concentrated in volatile-rich mag

mas and the elements often form stable complex ions such as ZrO^~ which 

are strongly fractionated into late-stage differentiates.

Yttrium. The geochemistry of this element has been discussed in

detail by Lambert and Holland (1974). Briefly, yttrium is intermediate
94- 24-in size between Ca and Fe and commonly substitutes for the former in 

most calcium-bearing minerals. Yttrium also substitutes readily into 
the common accessory minerals apatite and sphene. Under conditions of 

extreme fractionation, such as in pegmatites, yttrium forms separate 

minerals such as xenotime (YPO^) and yttrofluorite ((Ca-Y)F2_3). In nor
mal igneous processes, yttrium substitutes only in calcium-bearing min

erals and shows preferential entry into hornblende, calcic garnet, 

apatite, and sphene. In later stages of crystallization, plagioclase 

and augitic pyroxene become important (Lambert and Holland, 1974). The 

same authors report yttrium to be essentially inert in metamorphic pro
cesses, so the element should be only slightly affected by hydrothermal 
alteration.

Yttrium concentrations encountered in this study vary from less 
than 5 to 45 ppm. The differentiation diagram for yttrium (Figure 35) 
shows well-defined yttrium enrichment for the Santa Rita rock suites, a 
less prominent enrichment in the Lakeshore samples, and a near constant 

or slight depletion of yttrium in the Safford rocks. This difference in 

behavior among the three suites could be explained by mineralogical fac
tors as described by Lambert and Holland (1974).
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A plot of yttrium-calcium relationship is shown on Figure 36. 
Superimposed on this diagram is the standard calc-alkali trend as pro

posed by Lambert and Holland (1974). It may be seen that the Santa Rita 
data follows the standard trend closely, though at somewhat lower yttrium 
concentrations. The Lakeshore suite also follows the Santa Rita trend, 
though the Safford suite shows a distinct break in the opposite direc
tion. Lambert and Holland (1974) explain differences such as these in 
that the normal, or "L" is dominated by partitioning into plagioclase, 
whereas the opposite, or "J" trend, as exemplified by the Safford suite, 
is dominated by hornblende partitioning.

Zirconium. This element does not substitute readily for any of 

the common elements during crystallization due to size limitations and 

difficulty of charge balance. As a result, zirconium usually forms a 

separate phase as the mineral zircon, a common accessory mineral in 
igneous rocks. Zirconium does show a limited substitution for Ti^+ and

O Iprobably for FeJ as well. Zirconium apparently substitutes to some ex
tent in apatite and sphene (Nockolds and Mitchell, 1948). It is very 
difficult to obtain reliable zirconium analyses due to the difficulty of 
separating minute zircon crystals from mineral concentrates.

Zirconium shows a considerable range of abundance in common ig

neous rocks, and this feature is also reflected in the analytical re

sults of this study. Concentrations in the study rocks vary from 50 ppm 

to greater than 280 ppm with the higher values being in the Santa Rita 
and Amole samples.
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The differentiation diagram for zirconium (Figure 37) shows an 

interesting distribution. The samples from the Santa Rita and Amole 
areas show a well-defined peak at about the composition of quartz monzo- 
nite. This peak probably represents the separation of zircon in these 
rocks. The suites from Safford and Lakeshore have a much lower average 
concentration of zirconium at about 100 ppm and a poorly-defined peak 
at the composition of granodiorite. The mineralized suites do not show 
the zirconium enrichment, which might be expected of a highly differen

tiated magma, and values are more consistent with reported andesite and 
dacite abundances.

The variation of zirconium with respect to titanium is shown on 
Figure 38. Due to the higher bonding energy of zirconium (Table IV), it 
should substitute preferentially for titanium (+4) in early minerals, 

and the Ti/Zr ratio should increase during crystallization. In this 

case, Ti/Zr ratio decreases over the crystallization range of all three 
sample suites, though the relative enrichment of zirconium in the Santa 
Rita and Amole suites is again evident.

The covariance of zirconium with respect to yttrium is shown on 
Figure 39. The depletion of both yttrium and zirconium in the mineral
ized complexes relative to the barren rock suites is again well 
illustrated.

The First Transition Series Elements

This group includes the elements scandium through gallium. All 

the elements were analyzed for this study except scandium, which was 

not determined due to analytical limitations. Of this group, cobalt and
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nickel are strongly fractionated into early phases in the partitioning 
of olivine and orthopyroxene, and these elements are not abundant in the 
calc-alkaline rocks of this study. Due to their low abundance and ana

lytical uncertainties, the analyses presented for cobalt and nickel are 
of a semi-quantitative nature, and no detailed interpretation of data 
from these analyses will be attempted.

Titanium. This minor element occurs in varying amounts in vir

tually all igneous rocks. Titanium substitutes into many common minerals 
such as biotite, hornblende, and magnetite. It also forms several com

mon accessory minerals such as ilmenite, sphene, and rutile. Titanium 

is commonly trapped in early magnetite and/or ilmenite and is depleted 
from the magma at an early stage in crystallization history.

The differentiation diagram for titanium is shown on Figure 40. 
Titanium shows a simple decrease in concentration over the crystalliza
tion range of the rock suites as would be predicted on geochemical prin
ciples. There appears to be no significant difference between any of 
the rock suites with regard to the distribution of titanium. The vari
ation of titanium with respect to zirconium has already been discussed.

The close relationship between titanium and iron may be seen on Figure 

41. The only significant variation from a linear relationship is that 
some of the samples are slightly enriched in iron with respect to 
titanium.

Chromium. The chromium ion, Cr^+ , is virtually the same size as 

the Fê "*" ion, and the higher total bond energy of chromium (335 Kcal/mole)
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should lead to preferential entry of chromium over iron (247 Kcal/mole) 
in early minerals, and chromium should be depleted from the melt at an 

early stage.
The concentration of chromium shows virtually no variation over 

the differentiation range of the rocks of this study (Figure 42). The 
chromium concentrations vary randomly from about 25 to 300 ppm, and 

average about 50 ppm for all three suites.

Vanadium. The element is intermediate between chromium and iron 
in its geochemical properties, but its large size leads to its enrich

ment in late-stage differentiates. Vanadium does not form a separate 
mineral phase in normal magmatic processes, although vanadinite is not 
an uncommon secondary mineral in certain types of hydrothermal ore 
deposits.

Most vanadium in igneous rocks occurs in magnetite and ilmenite. 
Vanadium is also a common trace constituent in apatite, replacing phos

phorus, and in sphene, replacing titanium. Most mafic silicate minerals 
also contain some vanadium, and biotite containing up to 680 ppm vana

dium has been reported (Rankama and Bahama, 1949).

The differentiation diagram (Figure 43) shows a well-defined 
depletion in vanadium over the range of the sample suites, as would be 

predicted based on the geochemical character of the element. Cr/V 

ratios vary from about 0.2 to 2.5 in the sample suites compared to ratios 

of 0.32 for normal andesites and 0.40 for granodiorite (Taylor, 1969).

The sample suites from all three areas are indistinguishable on the basis 
of vanadium distribution.
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Manganese. This element is relatively abundant in most igneous 
rocks, but it normally occurs over a narrow and fairly constant range of 

concentration. Manganese is present in magmas as the Mn^+ ion, and the
Or. 94-element substitutes readily for Fe . Limited substitution for Mg and

o lCa^T is also possible (Rankama and Bahama, 1949). Probably most manga

nese occurs in mafic minerals such as biotite, hornblende, and pyroxene. 

Manganese seldom becomes sufficiently concentrated to form a separate 
mineral phase in magmatic processes, but manganese oxides, sulfides, 

carbonates, and silicates occur in many hydrothermal ore deposits.
In the suites of this study, manganese varies in concentration 

from less than 100 ppm to over 2400 ppm, and the distribution appears to 
be largely random (Figure 44). The data from the Santa Rita and Amole 
suites form a well-defined differentiation trend in accordance with geo
chemical predictions. The data for the mineralized plutons are much 
more erratic. This effect is probably caused by hydro thermal migration 
of manganese during mineralization.

Cobalt and Nickel. The abundance of both of these elements in 

the sample suites is low, and as mentioned previously^ the analytical 

results are only semiquantitative. In view of the doubtful nature of 
the data, it was felt that plotting the results would be misleading.

Nickel concentrations vary from 1 to about 40 ppm and average 

approximately 18 ppm for all the suites. Cobalt occurs over about the 

same range in absolute concentration and averages about 12 ppm in all
three suites.
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Chalcophile Elements. Of the common chalcophile elements, only 

copper and zinc were determined in this study. These are the elements of 

the Group B cations of the periodic chart. These elements are strongly 
partitioned into a sulfide phase if such should be present during the 

crystallization of a magma. These elements often show erratic distribu

tions in whole-rock analytical determinations, probably partly due to 
their presence as minute sulfide particles, particularly in micaceous 
minerals.

The copper values for all the mineralized rocks are highly er
ratic in their distribution, as would be expected as many of the mineral
ized rocks contain varying amounts of sulfide minerals. In rocks lacking 
a sulfide phase, copper occurs primarily substituting for Fê "*" particu

larly in biotite. This tendency is illustrated on Figure 45, a differ
entiation diagram for the Santa Rita and Amole rocks. Copper 
concentrations are low at the basic end of the series, but copper content 
increases with increasing amounts of biotite in the rocks of intermediate 

composition. At the acid end of the differentiation trend, copper is 
again very low in abundance, and biotite is present only in trace amounts 
in these rocks.

Little has been published regarding the behavior of zinc in mag
matic processes. The element should substutite for Fê "*" in ferromag- 

nesian minerals. Some data were presented on the behavior of zinc at 
the magmatic-hydrothermal stage by Graybeal (1972, 1973).

On the differentiation diagram for zinc (Figure 46), the data 
for the Safford district are quite scattered, but the Lakeshore samples
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show a fairly uniform concentration of about 40 ppm. The Santa Rita 

suite shows a well-defined trend of simple zinc depletion with increasing 

differentiation. In this regard, the zinc distribution does not appear 
to be affected by mineralogy to the same extent as copper.



CHAPTER 5

COMPARISONS AND CONCLUSIONS

Porphyry copper deposits appear to be confined to specific tec

tonic environments throughout the world. The principal tectonic regime 
is erogenic zones located along continental margins and oceanic island 

arcs. These orogenic areas are also the centers for calc-alkaline ig
neous activity. In this chapter, some of the petrologic and geochemical 
characteristics of the barren and mineralized calc-alkaline igneous 
suites of this study will be compared with each other and examined in the 

larger context of calc-alkaline magmatism in general.

Major Elements

As noted earlier in the discussion of petrology, all the rocks 
of this study as well as many other igneous suites of the Basin and Range 

Province fall within the calc-alkaline petrologic suite as defined by 
Peacock (1931). Shown on Figure 47 are comparisons of the major element 
variation, plotted on standard silica variation diagrams, from the samr 

pie suites of this study compared with typical calc-alkaline suites of 

other parts of the world. The areas include igneous complexes occurring 
both on continental crust, such as the Cascade Range in Washington, and 
the Tuapo volcanic zone in New Zealand, as well as suites from island 

arc areas such as Talasea volcano, New Britain, where continental crust 
is thin or absent. As can be seen on the silica variation diagram
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(Figure 47) and the AMF diagrams (Figure 48), there is little distinc

tion between the rock suites of this study and typical calc-alkaline 

rock suites of other regions of the world. The only notable difference 

is a slightly higher average I^O content and slightly lower ^ 2© content 
in the samples from southern Arizona compared with the island arc suites. 

This same difference has also been noted by Kesler, Jones, and Walker 
(1975) who report average K2O values from 0.5 to 3% at 60% silica for 
island arc intrusive rocks of the Caribbean area. These values also 
appear reasonable for the island arc igneous rocks of the Pacific rim 
(Carmichael et al., 1974). By contrast, the igneous rocks of continental 

areas, including the rocks of this study, fall between 1.5 and 5% 1^0 at 

60% SiOg (Kesler et al., 1975). However, as porphyry copper deposits 
occur in both environments, these differences in alkali content do not 
appear to be significant in regard to mineralization.

As can be seen on the preceding diagrams, there is little to dis
tinguish between barren and mineralized igneous complexes of this study 
on the basis of major element variation. The behavior of P^Og is some

what anomalous in the Santa Rita suite, but this apparent iron depletion 
of the more acid members of this particular suite does not seem to be 
characteristic of most calc-alkaline igneous rocks of the southern Basin 
and Range region.

Geochemical Comparisons

The method of comparison of minor and trace element data of this 

study is taken from Taylor (1969). By this method, data for the refer

ence sample is plotted on the ordinate of a graph, and the data for the
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samples to be compared are plotted on the abscissae. Points falling on 

a 45° diagonal indicate equality of composition in both sets of data. 
Points falling to the right of (below) the diagonal indicate relative 

enrichment of the element in the comparative suite relative to the ref
erence sample. Likewise, points falling to the left of (above) the 
diagonal indicate relative impoverishment in the comparative suite.
This method is illustrated in Figure 49, which is a comparison of the 
average granodiorite (high-calcium granite) of Turekian and Wedepohl 
(1961) with the suites of this study. The comparative values for the 
study suites were obtained by taking the modified Larsen factor for the 

granodiorite computed from the major element data of Turekian and 
Wedepohl (1961) and this value (9.73) was used to select elemental con

centrations of the study suites at about the same Larsen factor value. 

From the comparative plot (Figure 49), it can be seen that relative to 
the standard granodiorite, the study rocks are enriched in lead in all 

three suites; copper is about equal in the unaltered Lakeshore rocks, 
and the Santa Rita rocks are slightly enriched; yttrium is equal in the 
Santa Rita suite and depleted in the Lakeshore and Safford groups. In 
like manner, all the elements of the study suites can be compared to the 
reference granodiorite.

Of more particular interest to this discussion is the comparison 

between the barren and mineralized rock suites. For this comparison, 

the suites were divided into the following four groups based on the mod

ified Larsen factor. These groups include the following approximate 
rock types:
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•Modified Larsen Factor
0 - 7  Alkali gabbro, diorite, and vol

canic equivalents
7 - 1 0  Quartz diorite, granodiorite, and

volcanic equivalents

10 - 13 Quartz monzonite, granite, and vol
canic equivalents

13 _ 16 Granite, alkali granite, and vol
canic equivalents

Figures 50, 51, 52, and 53 show the comparative plots of the 
barren and mineralized rock suites. On these diagrams the Santa Rita 
and Amole suites are plotted as the reference suite, and the Lakeshore 
and Safford suites are plotted as the comparative suites. The plots in
clude some of the more important elemental ratios as well as the abso

lute element concentrations. These values were derived by averaging 
the element concentration for each suite within the above limits on the 

individual differentiation diagrams. Where no points fall within a 
specific group, values were obtained by projection from adjacent groups.

Discussion of Comparisons 
by Element Groups

Examination of the comparative.diagrams reveal some interesting 
trends in several of the groups. These groups will be discussed on an 
individual basis by elemental groups.

Large Cations

These elements and various ratios of the elements show some 

interesting relationships on the comparative diagrams. Rubidium is
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Figure 50. Comparison of Barren and Mineralized Rock Suites at the 
Composition of Diorite (MLF 0-7).

Diagonal line indicates equality of composition.
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Figure 52. Comparison of Barren and Mineralized Rock Suites at the 
Composition of Quartz Monzonite (MLF 10-13).
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depleted in all groups of the mineralized suites relative to the barren 

rocks of equivalent composition. The K/Rb ratios are higher than in the 
barren suites as well as higher than the normal crustal average. The 

K/Rb ratio also does not show the regular decrease with differentiation, 
as would be predicted on geochemical principles. There are several pos
sible explanations for this behavior. Possibly potassium was added, or 
alternatively, rubidium was removed during the hydrothermal stage. An
other possibility is that the plutons cooled rapidly, and therefore 
underwent little differentiation following emplacement in the shallow 
part of the earth's crust. This rubidium deficiency and associated high 

K/Rb ratios has also been noted in other calc-alkaline igneous complexes 

(Taylor, 1969). The Rb/Sr ratios also tend to be low in the mineralized 
plutons, again possibly due to a relative rubidium deficiency.

Strontium shows little difference between the barren and mineral
ized rocks. The element is increasingly depleted in more differentiated 
rocks in a normal manner. In the granite group (modified Larsen factor 
13-16), strontium is slightly higher in the mineralized suites compared 
to the barren rocks. This is probably a mineralogical effect, as the 
mineralized rocks tend to be somewhat higher in plagioclase than the bar
ren rocks, and most of the strontium is carried in the plagioclase lat
tice, as discussed earlier.

Barium shows an interesting behavior pattern. The element is 
slightly depleted in the mineralized suites with respect to the barren 

suites for the diorite (modified Larsen factor 0-7) and granodiorite 

(modified Larsen factor 7-10) groups; however, the element becomes
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increasingly enriched in the'more acid members of the mineralized suites. 

The Ba/Sr ratios are consistently low, and the Ba/Rb ratios are high in 

the mineralized suites compared to the barren suites. As mentioned pre
viously, barium tends to be enriched in the liquid fraction during mag

matic cyrstallization, reaching the point of forming a separate mineral 
phase under some hydrothermal conditions. The systematic increase in 
barium content in the mineralized suites may then be an indicator of in
creased hydrothermal activity.

Lead is an interesting element with regard to hydrothermal acti
vity. It is readily accepted in potassium sites during normal magmatic 

crystallization, but it partitions readily into a hydrothermal or partic
ularly sulfide phase should one be present. Barium, as indicated previ
ously, may be affected by a hydrothermal phase, but not by a sulfide 
phase. Thus, the Pb/Ba ratio should show a sharp decrease in the sili
cate phase with the presence of a sulfide phase. Shown on Figure 54 is 

a plot of the Pb/Ba ratio against the modified Larsen factor. Although 
the data are somewhat scattered, it appears that the Lakeshore and 

Safford suites show a sharp drop in the Pb/Ba ratio, whereas the Santa 
Rita suite just shows a systematic decrease.

Large Highly-charged Cations

The members of this elemental group are depleted in the mineral
ized suites of all four of the differentiation groups. Yttrium shows the 

greatest depletion in all categories of composition. Lambert and Holland 
(1974) have indicated that strong yttrium depletion occurs in rocks of 

the Chilean Andes and possibly some of the southwest Pacific Islands.
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The rocks of the Santa Rita suite, while slightly depleted with respect 

to the standard calc-alkaline trend of Lambert and Holland (1974), fol

low the same "L" shaped curve as the standard trend. The rocks from the 
Safford show a distinct break in the opposite direction, or a "J" trend 

as defined by Lambert and Holland (1974). The Lakeshore suite is inter
mediate in yttrium concentration between the Safford and Santa Rita 
suites, and the Lakeshore suite shows no well-defined trend. Lambert 
and Holland (1974) attribute the characteristic "J" trend to domination 
of yttrium partitioning by clinopyroxene and hornblende during crystal
lization. These same authors ascribe the "L" trend to domination of 
yttrium partitioning by plagioclase.

The strong depletion of yttrium is difficult to explain. It is 
possible that an early crystallizing phase such as apatite might have 
depleted the magma of yttrium.

Zirconium shows a strong concentration peak on the differentia
tion diagram for the barren suites at a modified Larsen factor value of 
about eight. A similar maximum has been noted in other calc-alkaline 
suites at about the same point in the differentiation sequence (Carmichael 

et al., 1974). These same authors attribute this peak to the appearance 
of zircon as a stable phase. A much less well-defined maximum is pres

ent in the diagram for the mineralized suites. The reason for this dif
ference may lie in the behavior of titanium.

As can be seen on Figure 38, the Ti/Zr ratio decreases from 

about 50:1 to 10:1 compared to a decrease of about 20:1 to 10:1 in the 
barren suite. Perhaps in the mineralized suite rocks, titanium occurs
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in an oxidation state and mineralogical site such as to strongly deplete 
the magma in zirconium early in the crystallization history.

Due to analytical limitations, none of the rare earths or other 

large highly-charged cations were determined during this study. • Of the 
remaining members of this group, molybdenum is strongly concentrated in 
most igneous complexes containing porphyry copper mineralization. This 
element is concentrated into volatile phases until it is fixed as the 
sulfide molybdenite.

The Transition Elements
This series of elements contains many of the common industrial 

metals, and their economic occurrences cover the entire spectrum of min
eral deposits. All the elements from atomic number 22 titanium through 

31 gallium were determined in this study. The only other member of the 
series, scandium, was not determined for analytical reasons. Of this 
group, titanium, manganese, and iron are abundant in normal calc-alkaline 
rocks. In addition, copper and sometimes zinc are enriched by two or 

three orders of magnitude in mineralized rocks. Of the remaining ele
ments, nickel, cobalt, and chromium are too low in abundance to work with 

easily. Other complicating factors in working with the transition ele
ments is that most of them commonly occur in more than one oxidation 

state and they are capable of occupying various sites in different 
minerals.

In the rock suites of this study, concentrations of nickel and 
cobalt are low and erratic in distribution, and there appears to be no 

substantial difference between the barren and mineralized rock suites.
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Chromium Is low in abundance, averaging about 50 ppm throughout the 
crystallization range of all three suites. Titanium and vanadium show 

a systematic decrease over the crystallization interval, as is predicted 

by geochemical principles. There is little to distinguish between the 
barren and mineralized suites, as can be seen on the comparative diagrams. 
The Fe/Ti ratios remain essentially constant and consistent over the 

crystallization intervals of all three rock suites (Figure 41). This 
feature tends to argue against any addition of iron from outside the 
system during sulfide formation. Possibly much of the iron present as 
pyrite was derived from the breakdown of ferromagnesian minerals during 
the hydrothermal-sulfide phases.

Manganese shows a consistent decrease in the barren suite rocks, 

but the data for the Safford and Lakeshore rocks is much more erratic.
In general, the average manganese concentration for the mineralized 
suites is near that of the barren suites as seen on the comparative dia

grams. The erratic distribution seen in the mineralized suites indicates 

some migration of manganese on a local scale, but the average over a 
given crystallization interval indicates little overall change within 
the system.

In a further attempt to analyze the behavior of the transition 

elements, a plot was constructed of Mn/Ti against V/Ti (Figure 55).
This diagram indicated the much more extensive variation of manganese 
with respect to titanium in the mineralized suites. The barren suite 

has a somewhat larger variation of vanadium with respect to titanium.

The copper content of the mineralized suites is extremely vari

able. It is interesting to note that the samples from the equigranular
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phase of the Lakeshore stock (samples LS-1,2,3,4, and 13) all show a 
copper content near normal for granodlorite, about 20 ppm.

In summary, the behavior of the transition elements is strongly 

dependent on the various crystal, hydrothermal, and sulfide phases pres

ent in the magma system. Undoubtedly, more reliable and informative 
data on transition element distribution can be obtained by individual 
mineral analyses to obtain information on partitioning.

Possible Magma Sources
The source of calc-alkaline magma has been a point of discussion 

for many years, and many hypotheses have been proposed. Some of the more 
popular theories include:

1. Mixing of magmas (Larsen, Irving, Gonyer, and Larsen, 1937).
2. Partial melting of sialic crustal rocks, or contamination of 

basaltic magmas by sialic crustal material (Daly, 1933; Tilly, 
(1950).

3. Direct fractional crystallization of basaltic magma (Bowen,
1956, reprinted edition).

4. Various "two-stage" processes involving direct separation

of a basaltic parent magma from the mantle followed by sub

sequent separation of an andesitic magma and emplacement 
with or without continued differentiation (Green and Ringwood, 
1968; Taylor, 1969): '

The concept of mixing of magmas has never enjoyed wide acceptance. 
Various mixtures of granite, granodlorite, and basalt selected to give 

a major element composition approximating an andesite were shown by
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Taylor (1969) to have discrepancies in many trace elements— notably 
rubidium, cesium, chromium, nickel, thorium, uranium, tin, lithium, and 
the rare earths.

The participation of sialic crustal material in the formation of 

calc-alkaline magma appears to be limited. Initial strontium isotope 
ratios for most orogenic calc-alkaline rocks fall near the 0.704 average 
for oceanic basalts, which are presumed to be derived directly from the 
mantle (Carmichael et al., 1974). The initial strontium isotope ratios 
of some calc-alkaline igneous rocks from continental areas, including 
some porphyry copper deposits, average slightly higher (Figure 56). This 
slight increase in initial strontium isotope ratios could represent some 
minor crustal contamination or fluid interaction during crystallization. 

Taylor (1969) accounted for the slight differences in initial strontium 
ratios by assuming an extended time interval between his Stage I and 
Stage II of his two-stage process. As porphyry copper deposits are found 

in some island areas where sialic crust is thin or absent, crustal con
tamination is not likely to be a factor in porphyry copper mineralization.

The two-stage hypothesis as proposed by Green and Ringwood (1968) 
is a plate tectonic model which seems to fit with many geologic and geo
chemical observations. Briefly, this theory has basalt, primarily ocean 
tholeite, being erupted at oceanic spreading centers. At a later stage, 

this oceanic crust is subducted at a plate margin. At depths of 100 to 

150 km, the near-liquidus phases of plagioclase and pyroxene are replaced 

by garnet and jadeite-poor pyroxene. The magma composition with the low

est liquidus temperature at such pressures was found to be andesitic.
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Taylor (1969) discussed the geochemical restraints on such a pro

cess. The refractory elements nickel, cobalt, and chromium will be de

pleted during Stage I, and the non-compatible elements potassium, 
rubidium, the rare earths, and the large highly-charged cations, are con
centrated by the melting of minor mantle phases, possibly phlogopite.

During Stage II melting, the first liquid is andesitic in compo
sition with near-basaltic abundances for the refractory elements. The 
K/Rb and Ba/Sr are variable, but generally high, and Rb/Sr is low, as is 

typical in unfractioned material.

If the foregoing is actually the case, then the "parent" magma 
for calc-alkaline igneous rocks would be andesitic in composition. In 
this respect, it is interesting to note that the most basic major rock 
types of 27 porphyry copper and molybdenum deposits described by Lowell 
and Guilbert (1970) is diorite.

As discussed earlier, the initial strontium isotope data argues 

against extensive contamination of calc-alkaline magma by crustal rocks. 
It has been suggested, however, that pelagic sediment contamination may 
be an important factor in calc-alkaline magmatism, and it has been sug
gested that these sediments may provide metals for incorporation into 

the magma, as well as water (Sillitoe, 1975). Church (1973) evaluated 
sediment mixing using concentrations of lead, thorium, uranium, and 

barium in conjunction with lead and strontium isotope ratios. He has 

concluded that sediment contamination amounts to less than 2% in andes

ites of. the Cascade region. Taylor (1969) reached the same conclusion 
utilizing other trace elements, as did Oversby and Ewart (1972) in the 
Tonga Trench area.
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Once the andesitic magma Is emplaced in the low pressure regime 
of the upper crust, crystallization and differentiation can take place 

subject to the compositional restrictions of the parent magma. At the 
time of emplacement, the situation can become exceedingly complex involv

ing local tectonics, interaction with meteoric waters, volcanism, and 
alteration and mineralization, among many other possibilities (Gilmour, 
1972; Sillitoe, 1972, 1973, 1975).

It should also be pointed out that the foregoing hypothesis is by 

no means the final answer. While many regions of calc-alkaline magmatism 
are spatially associated with subduction zones, the relationship is much 
more difficult to illustrate in some cases, particularly in the interior 
of western North America. Other possibilities for magma generation in 
these regions have been proposed by Livingston (1973) and Wyman (1976).

The Role of Water

Calc-alkaline igneous activity and particularly that part leading 
to the formation of ore deposits, involve much participation of water and 
other volatiles. Such features as the explosive nature of calc-alkaline 
volcanism, the abundance of hydrated minerals, hydrothermal breccia, 
plagioclase zoning, and disequilibrium porphyritic textures all point to 
high volatile activity, mainly water.

The source of water in magmas has been a point of contention in 

recent years. Some researchers believe the water to be of magmatic ori
gin, derived directly from the mantle, or possibly by transporting 
water-saturated rocks down to the mantle along a subduction zone
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(Burnham, 1967). Other workers emphasize the possible importance of 
meteoric waters, particularly as related to hydrothermal mineralization 

(Sheppard, Nielson, and Taylor, 1971).
Sheppard et al. (1971) found oxygen isotope ratios typical of 

meteoric water in the outer zones of the Chino copper deposit in New 
Mexico, while the inner potassic zone contained water with magmatic iso
topic composition. On this basis it is possible to suggest that under 
certain conditions, the volatiles of magmatic origin, including water, 
may be concentrated toward the central part of a crystallizing magma 
until a separate fluid phase is formed and eventually the fluid pressure 
reaches a point of exceeding the load pressure and the surrounding solid

ified rocks are extensively shattered. This brecciation could produce 
the typical shattered and "crackled" aspect so familiar in porphyry cop

per deposits. The resulting increase in permeability would provide 

channelways for mineralizing solutions of either magmatic or meteoric 
origin. One possibility, then, for the difference between barren and 
mineralized plutons is that the barren plutons lacked sufficient water 
to produce the initial fracturing.

Application to Exploration
As pointed out earlier, the rocks associated with porphyry copper 

deposits appear to be perfectly normal calc-alkaline igneous rocks from 
the standpoint of major element chemistry. This preliminary study has 
indicated that some of the minor and trace elements, and elemental ratios 

might prove useful in delineating mineralized igneous complexes. Studies 

of this nature could be used in areas of sparce outcrop or in areas of
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extensive post-mineral cover. This assumes, of course, that the igneous 

suite of interest is lacking extensive evidence of alteration and 
mineralization.

Should such a petrochemical study be undertaken, the following 
points may prove significant:

1. K/Rb ratios tend to be higher, from 250 to over 400 in the min
eralized rocks, particularly in the porphyritic members of
the suite. Fresh, equigranular rocks from mineralized suites 
such as Lakeshore average between 200 and 350, slightly lower 
than the porphyritic rocks. The barren suites average values 
between 150 and 250; the average for granodiorite is about 230 
(Turekian and Wedepohl, 1961).

2. Rb/Sr and Ba/Sr average somewhat lower in mineralized rock 

suites. Rb/Sr averages about 0.50 in the barren suites and 0.25 

in the mineralized suites at the composition of granodiorite. 
Turekian and Wedepohl (1961) give a value of 0.25 for K/Rb of 
granodiorite. Ba/Sr, in the same compositional range, averages 
about 1.1 for the mineralized rocks and 2.0 for the barren suites.

3. The large highly-charged cations yttrium and zirconium are

low in abundance in the mineralized rocks. Yttrium averages 10 

to 15 ppm in the mineralized rocks compared to about 30 ppm for 
the standard granodiorite. Zirconium averages about 100 to 110 
ppm for the mineralized rocks compared to about 250 ppm for the 

barren rocks of this study and 140 ppm for the standard 
granodiorite.
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5. The transition elements are of limited usefulness in studies 
of this nature involving whole-rock analyses. Possibly the 
erratic behavior of manganese can be considered indicative of 
hydrothermal conditions, and ratios of manganese and other 

elements such as copper and zinc should be more thoroughly 
investigated.

6. The Pb/Ba ratios might be diagnostic in determining sulfide 
activity. A sharp decrease in the ratio may be indicative 
of formation of a sulfide phase. Other ratios such as Cu/Ba 

or Zn/Ba could also be diagnostic of hydrothermal activity.
It should be emphasized that studies of this type are only useful 

if a sufficiently broad spectrum of rocks are sampled that concentration 
trends can be established, and the data can be handled in such a manner 

that valid comparisons with reference data can be made.

Suggestions for Further Research

The foregoing study has scarcely touched the surface of the prob
lems of the geochemistry of these complex igneous systems. Many more in
vestigations of this type on intrusive complexes in many different 

environments will be necessary before the tentative conclusions reached 
in this study can be justified. Some other related studies which should 
be considered are:

1. The pre-ore environment, particularly the pre-ore andesitic 

rocks, need further geological, geochemical, and geochrono- 
logic studies.
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2. The partitioning of various elements, particularly the transi

tion elements, should be studied in more detail. This type 

of study will involve the widespread analysis of individual 
minerals within these igneous systems.
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Qualitative X-ray fluorescence analysis is an instrumental 
method utilizing measurement of secondary, or fluorescence, X-rays gen

erated in a sample by a primary X-ray beam. The method is rapid, non

destructive, and requires a minimum of sample preparation to achieve 

satisfactory results. With the equipment available at The University of 
Arizona, laboratory elements from atomic number 11, sodium, to atomic 
number 92, uranium, can be determined if sufficiently abundant. Sensi

tivity and accuracy vary over the range of elements depending on concen
tration of the element, matrix effects, and interelement interferences.
The accuracy of the analytical results is also dependent upon the ana
lytical accuracy of the standard samples utilized. The standards employed 
in this study included the United States Geological Survey standard rocks 
G-l and G-2, granites; GSP-1, granodiorite; AGV-1, andesite; BCR-1, 

basalt; and W-l, diabase. Values utilized were those reported by 

Flanagan (1973).

Theoretical Considerations

Production of X-rays

When an atom of an element such as tungsten is bombarded by elec
trons of sufficient energy, the orbital electrons may be removed from 

their respective shells. When an electron is ejected from the innermost, 

or "K" shell, an electron from the next outer shell, the "L", moves in 
to fill the vacancy. This transfer gives rise to characteristic X-rays 

of an energy equal to the difference in energy between the initial and
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final states of the transferred electron. In the above example the 

characteristic radiation produced is referred to as the K alpha energy 
level.

While it is possible to directly bombard a sample with an elec

tron beam as is done with the electron microprobe, a continuous X-ray 
spectrum produced by a conventional X-ray target tube is used as excita
tion energy in X-ray spectroscopy.

Like other electromagnetic radiation. X-rays are both absorbed 
and scattered by the material through which they pass. The decrease in 
intensity due to absorption is a function of the wavelength of the ab
sorbed radiation and the average atomic number of the absorbing matrix.
An experimentally derived factor known as the mass absorption coefficient 
relates these variables. Tables of values of the mass absorption coef

ficients for the elements at various wavelengths are available (Birks, 

1959; Jenkins and De Vries, 1969). The mass absorption coefficients for 
composite multielement samples such as natural rocks may be computed by 
weighted averages if the chemical composition is known.

The only scattering effect of immediate interest is the inco
herent, or Compton scattering produced through loss of energy due to the 
collision of the exciting photons with the other electrons of the sample. 

The effect of Compton scattering is to produce a secondary peak of a 

slightly longer wavelength than the primary radiation. The Compton peak 
may be used to approximate the mass absorption coefficient of a sample 

under certain circumstances, as will be discussed in a later section.
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Quantitative Analysis
When a sample is irradiated by a primary X-ray beam, each of the 

elements in the sample produce fluorescence X-rays of a characteristic 

wavelength. By the use of an analytical crystal of the proper lattice 
spacing, it is possible to isolate the characteristic wavelengths of any 
particular element for detection and measurement. The X-ray intensity 
of an element may be related to the concentration of the element in the 
sample in the following manner:

Cj = KIj x uj

Where: Cj = concentration of element "j" in the sample
Ij - measured intensity of element "j"

uV - mass absorption coefficient of the sample at 
the characteristic wavelength of element "j"

K * constant
While it is theoretically possible to experimentally determine 

values for K and Uj, in practice it is more convenient to utilize a 
standard sample of known composition. For the standard sample:

c! - k i ! x u !

Dividing the equation for the unknown sample by the equation for the 

standard and solving for Cj gives the following relationship:

Cuj
^  CjS

s
uj
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All of the quantities on the right hand side of the equation can be 
readily measured or calculated except u^. The determination of the mass 

absorption coefficient for samples of unknown composition is one of the 
major problems of X-ray spectroscopy. Several experimental and empirical 
methods of handling the problem have been published (Alley and Myers, 
1965; Cuttitta and Rose, 1968; Reynolds, 1963, 1967), but none of these 
methods are entirely satisfactory for all elements. With samples such 
as natural rocks, the common practice is to use a standard with a compo
sition as close as possible to the unknown composition and either ignore 

the mass absorption term or apply some small empirical correction. This 
latter procedure was the one followed in this study.

Analytical Procedure
As a preliminary to an analytical run for a particular element, 

the optimum instrumental parameters needed to be determined for that 
element. After the instrument had warmed up and stabilized, a reference 
sample, usually a simple compound of the element to be determined, was 
utilized to obtain the proper settings for the goniometer and the pulse 
height analyzer. The goniometer setting was determined by making a two 

theta scan across the calculated peak position at 0.02° intervals. A 
short count of total intensity at each of the goniometer settings was 

plotted and the true peak position was determined. The pulse height ana

lyzer settings were obtained by setting a two volt window on the pulse 

height analyzer in the differential mode, and performing a baseline scan 
at 0.5 intervals. The total intensity was counted for 10 seconds at 

each interval, and a plot of the results was used to set the proper
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baseline and window. The proper attenuator settings were also obtained 
at this time. All operating parameters for the elements of this study 
are shown on Table VI.

At the beginning of an analytical run, the standards were counted 

first, and a quick calibration plot was constructed to be sure that 
everything was in order. During the course of an analytical run one of 

the standard samples was rerun every five or six samples to keep track 
of instrumental drift. For each sample, total intensity counts were 
taken on the peaks of the element to be determined, a suitable background 

position, and the peaks of any interfering elements. This latter meas
urement was made to derive correction coefficients to compensate for the 
effect of the interfering element. During the analytical run for rubid
ium and strontium a total intensity count was also taken on the molyb

denum Compton peak for mass absorption corrections.
Following adjustment of intensity counts of the analytical peaks 

for background and any interferences, calibration curves were constructed 
for each element (Figures 57 to 77) except yttrium and zirconium. A 

computer data reduction process was used in the case of these latter two 
elements. For those elements whose X-ray wavelengths are longer than the 

absorption edge of iron (1.744 &), a calibration plot was constructed 

using the ratio method of Volborth (1963). By this technique one of the 
standard samples, usually the standard with the highest intensity for the 

element in question, was selected as a reference sample, and the inten

sities of the other standards were divided by the intensity of the ref

erence standard. This ratio was then plotted against concentration for
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Table VI. X-ray Operating Parameters.
ELEMENT

ATOMIC
NO.

ENERGY
Kev

XRF
PEAK

2 0
DEGREES TUBE

VOLTAGE
Kv

CURRENT 
. Ma PATH CRYSTAL

Detec
tor1 " (Voltage—

VOLTS
ATTENU
ATION2

BASELINE
VOLTS

WINDOW
VOLTS

COUNT TIME 
(MINUTES)Na 11 1.041 Kotl f 2 53.13 Cr 40 Vac Kapioo etc 1775 20 6 12.0 4Mg 12 1.253 Kal,2 43.60 Cr 50 40 Vac KAP100 FPC 1775 20 6 12.0 2A1 13 1.486 Kal,2 36.50 Cr 50 40 Vac' KAPIOO FPC 1775 20 10 10.0 1Si 14 1.739 Kal,2 31.04 Cr 50 40 Vac KAPIOO FPC 1775 1 20 11 15.0 1K 19 3.312 Kal,2 50.29 W 45 30 Vac EDdT020 FPC 1650 i 10 5.5 6.5 1Ca 20 3.690 Kal,2 44.84 W 45 30 Vac EDdT020 FPC 1650 j 10 6.5 6.5 1Ti 22 4.508 Kctl,2 58.35 W 45 30 Vac NaC1200 FPC 1650 i 10 7.5 7.0 1V 23 4.949 Kal,2 52.72 W 45 30 Vac NaC1200 FPC 1650 1 10 7.5 11:0 1Cr 24 5.411 Kal,2 47.92 W 45 30 Vac NaC1200 FPC 1650 ; 10 8.5 10.5 1

Mn 25 5.894 Kal,2 27.63 W 40 24 Vac EDdT020 FPC 1700 i 10 5.0 12.0 1
Fe 26 6.398 Kal,2 25.41 W 40 24 Vac EDdT020 FPC 1700 10 5.0 12.0 1
Co 27 6.924 Kal,2 37.01 Mo/Filter 55 46 Air NaC1200 Scint 1125 ; 10 6.0 12.0 1Ni 28 7.471 Kal,2 34.21 Mo/Filter 55 46 Air NaC1200 Scint 1125 10 7.0 12.0 1Cu 29 8.040 Kol, 2 31.72 Mo/Filter 55 46 Air NaC1200 Scint 1125 10 8.0 14.0 1Zn 30 8.631 Kal,2 60.58 Mo/Filter 55 46 Air L1F220 Scint 1325 j 20 5.0 15.0 1Ga 31 9.241 KOI,2 56.20 Mo/Filter 55 46 Air L1F220 Scint 1325 i 20 5.0 15.0 1Rb 37 13.373 Kal, 2 37.99 Mo/Filter 55 46 Air L1F220 Scint 1050 ; 5 7.5 14.0 1Sr 38 14.140 KOI,2 35.85 Mo/Filter 55 46 Air L1F220 Scint 1050 ; 5 7.5 14.0 1Y. 39 14.931 KOI,2 33.90 W 55 46 Air LiF220 Scint 1050 j 5 9.0 13.0 1Zr 40 15.744 KOI,2 32.10 W 55 46 Air L1F220 Scint 1050 5 10.0 12.0 1
Ba 56 5.156 L3o 31.68 Mb/Filter 55 46 Vac EDdT020 FPC 1650 20 10.5 8.0 2Pb 82 10.550 48.73 W 55 46 Vac L1F220 FPC 1650 i 40 5.0 11.0 2

l-FPC = Flow Proportional Counter 
Scint - Scintillometer
^Gain ® 5000

Attenuation
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Figure 57. Sodium Calibration Curve
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BCR Oj

GSP O

O g -2

G-l O,

IB G-l

Figure 58. Mass Absorption Coefficient Estimation for Magnesium.
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Img G-l u,uo
Correlation Coefficient - 0.97 
Detection Limit - 0.04%

AGVO

GSPO

G-l O

IMg/IMg G-l
Figure 59. Magnesium Calibration Curve.
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1.096 m  + 0.01771 W-l o

Detection Limit - 0.04%
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G-l O

0.01771

Figure 60. Aluminum Calibration Curve
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Isi G-l

G-2 pDetection Limit - 0.02%

P AGV

ISi/ISi-G-1
Figure 61 Silicon Calibration Curve
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IK G-l

Correlation Coefficient - 0.99 
Detection Limit - 0.002%

.ow-1

IK-G-1
Figure 62. Potassium Calibration Curve.
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O W-l% CaO ICa G-l

Detection Limit - 0.002%
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ICa/ICa-G-1
Figure 63. Calcium Calibration Curve
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Figure 64. Titanium Calibration Curve
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112V ppm + 2.04IV G-2 BCR O
Correlation Coefficient 
Detection Limit - 3 ppm
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O G-l
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Figure 65 Vanadium Calibration Curve
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21.32 ±£±-ppm Cr = O G—1Icr G-l

Detection Limit
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Figure 66. Chromium Calibration Curve.
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67. Manganese Calibration Curve.
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Figure 68. Iron Calibration Curve



50

Co
ppm

'ow-i

BCR O/

O AGV

ppm Co = 9.98 - 4.05
Imoc

Correlation Coefficient -0.94 
Detection Limit - 1.0 ppm

!

ICo
Imoc x 10

6
-3

Figure 69. Cobalt Calibration Curve.
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Figure 70. Nickel Calibration Curve.



158

O W-l

OAGV60 -

ppm Cu Imoc
Correlation Coefficient - 0.97 
Detection Limit - 1 ppm

0/ BCR

Imoc

Figure 71. Copper Calibration Curve
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Figure 72. Zinc Calibration Curve.
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Figure 73 Gallium Calibration Curve
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Figure 74. Rubidium Calibration Curve.
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ppm Sr Imoc
Correlation Coefficient - 0.99 
Detection Limit - 2 ppm

o BCR

Imoc

Figure 75. Strontium Calibration Curve
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ppm Ba - 125IBa G-2

Detection Limit - 150 ppm

ppm AGV Q,

O BCR

IBa G-2
Figure 76. Barium Calibration Curve.
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Figure 77. Lead Calibration Curve
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each of the standards to obtain a calibration curve. No mass absorption 

corrections were attempted for elements of this group except magnesium. 
For those elements whose wavelengths are shorter than the iron absorption 
edge a calibration curve was constructed by plotting the ratio of net 

intensity:molybdenum Compton intensity against concentration. Reynolds 
(1963) has demonstrated that in most natural rock samples the mass ab
sorption coefficient is inversely proportional to the molybdenum Compton 
intensity for the elements of this group, and division of net peak in
tensity by the molybdenum Compton intensity provides a correction for 
the mass absorption differences.

A least mean squares equation was computed from the standard data 

and this equation was used to calculate concentrations of the various 

elements in the study samples. This equation is shown on the calibration 

plots of the elements. The correlation coefficient was computed for each 
of the data sets to obtai a measure of the degree of fit of the calibra
tion curve to the data points. This coefficient was computed from the 

following equation:

r2 = (E(X - X)(Y - Y)}2
{£(X - X2)}{E(Y - Y2) }

2Values for r close to one indicate a good fit of the data to the curve 
while values near zero indicate essentially no correlation in the data.

The lower detection limits for the various elements was computed 

by the method of Jenkins and De Vries (1969). The equation utilized is
as follows:
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L. L. D. - —  ~  m Tb
Where: L. L. D. == lower detection limit in percent

m = counts per second per percent element 

Ry = background in counts per second 

Tb = background count time in seconds 
The detection limits determined for this study are shown on Table VI.

In general, most of the analyses were straightforward and followed 
the procedure outlined above, but some elements presented special prob
lems, and these elements will be discussed on an individual basis.

Sodium

The main problem with this element is the low net intensities 
encountered, and count times up to four minutes were necessary to provide 
reliable results. At these long X-ray wavelengths, sample penetration 

is only a few microns, and the characteristics of the sample surface be
come very important. This is particularly true of the rocks containing 

abundant micaceous minerals, as the pressure of the formation of the 
sample pellet tends to align the platy minerals parallel to the sample 

surface. This tendency has been called the biotite mica effect by 
Volborth (1964). As a result of this effect, most of the sodium analy

ses, as well as aluminum and silicon, are probably slightly on the low
side.
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Magnesium

A slight improvement in the magnesium calibration curve was ob
tained by application of a mass absorption correction. This correction 

coefficient was derived by plotting the known mass absorption coeffi
cients of the standards against the background intensity (Figure 57). 
This curve was used to estimate the mass absorption coefficients of the 
unknowns, and the net magnesium peak intensities were corrected using 
the ratio of the mass absorption coefficients.

Aluminum

This element presents a special problem in that its characteris
tic peak intensity is enhanced by silicon. This enhancement was cor

rected as follows:

K ’C--, + K"I„

Where: Ia-| = intensity of aluminum

Cai * concentration of aluminum 
Igl = intensity of silicon 

K 1, K1’ = constants
by dividing the above equation by Ig :̂

By then plotting Igj/Igj. against Ca^/Is£ for the standards where all 
quantities are known, the constants K* and K" can be determined by regres

sion analysis (Figure 59). When these constants have been calculated,
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the concentration of aluminum in the unknowns can be computed by the 
following relation:

Rubidium and Strontium

The only difficulty with the analysis of these elements is the 
correction of the background intensity. This correction was derived by 
counting the element peaks and background on reference samples PCC-1 and 
DTS-1, peridotite arid dunite, respectively, which contain no measurable 

rubidium or strontium. The ratio of peak intensity to background inten
sity for these two samples was used to correct the background for the 
other samples.

Yttrium and Zirconium
A slightly different technique was employed for these two ele

ments. Due to the number of background and interelement interference 
corrections required, only one standard sample, granodiorite GSP-1, was 
utilized, and the analyses calculated by computer. The background cor
rection is the same as that employed for rubidium and strontium analysis 
as previously described. The yttrium and zirconium K alpha peaks are 
enhanced by rubidium K beta and strontium K beta, respectively. The 

correction coefficient was derived by measuring a pure RbCl sample at 

the rubidium and yttrium K alpha positions and computing a ratio to 

correct the yttrium peak intensity. The same process using a pure SrCOg 

sample was used to derive a correction coefficient for zirconium.
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As only one standard was used in this analysis, no calibration 

curve was constructed. A statistical check of multiple measurements of 
sample GSP-1 showed a standard error of 3.3 ppm for yttrium and 48 ppm 
for zirconium.
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The following tables include analytical results for all the 

samples utilized in this study. Excluded from the tables are all samples 
which were considered too altered to provide reliable results. All major 
elements are reported as weight percent oxide. Iron is reported as FegOg 
based on the determination of total iron. All trace and minor elements 
are reported as parts per million.

Normative minerals listed on the tables are calculated on a 
volatile-free basis, and mineral names are abbreviated as follows:

Q '= quartz 
Ab = albite 

Or = orthoclase 

An = anorthite 

En = enstatite 
Wo = wollastonite 
Mt = magnetite 
Co = corundum

Other abbreviations used are:
D.I. = Differentiation Index
MLF = Modified Larsen Factorl
T.E. = Trace Elements
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Table VII. Analyses of the San Juan, Safford Rock Suite♦
OXIDE SJ-1 SJ-2 SJ-3 SJ-4 SJ-5

9

SJ-6 SJ-7 SJ-8 SJ-9 SJ-10Si02 57.25 65.50 67.76 67.41 69.61 63.92 65.21 64.98 65.33 66.80
a 12°3 16.91 15.82 14.89 15.96 14.12 18.82 14.79 14.82 15.23 16.62
Fe2°3 7.12 4.28 3.60 4.23 3.59 . 5.54 3.93 3.88 4.07 5.51MgO 5.90 3.33 2.55 2.92 1.81 . 2:65 3.67 3.11 3.80 4.14CaO 3.40 3.15 2.30 1.84 1.84 2.39 2.29 1.73 2.42 2.94
Na20 3.80 4.13 3.91 3.01 3.52 .4.66 4.69 3.53 3.92 4.17
k 2o 2.29 2.57 3.39 4.06 3.45 2.09 2.78 2.34 2.75 2.31
tio2 0.99 0.50 0.48 0.57 0.46 0.50 0.63 0.62 0.62 0.62MnO 0.04 0.09 0.04 0.04 0.03 0.70 0.05 0.04 0.04 0.05Total 97.70 99.37 98.92 100.04 98.43 100.64 98.04 94.88 98.18 103.11
Norms
Q 9.72 18.56 21.88 24.32 27.84 18.13 15.91 26.61 19.92 19.07Ab 34.75 37.29 35.58 27.23 32.44 41.56 42.64 33.54 35.79 36.30Or 13.78 15.27 20.29 24.16 20.92 12.25 16.63 14.63 16.52 13.23An 17.18 15.92 11.56 9.20 9.37 11.76 11.24 9.08 12.21 14.14En 16.59 9.24 7.13 8.12 5.13 7.26 10.26 9.09 10.67 11.08Wo - - - - - - 0.10 — — —
Mt 5.05 3.00 2.54 2.97 2.57 3.83 2.77 2.86 2.88 3.72Co 2.23 0.57 0.67 3.60 1.40 4.43 - 3.86 1.58 2.03D.I. 58.25 71.12 77.25 75.71 81.20 71.88 75.18 74.78 72.24 72.24MLF 4.85 8.08 10.20 10.80 11.30 8.40 8.63 8.96 8.45 7.74
T.E.
Rb 69 55 58 80 56 45 60 59 61 62Sr 512 666 510 515 460 175 577 475 516 610Ba v 511 758 896 938 779 997 599 537 994 1047Y 9 8 5 11 4 5 9 7 6 8Zr 105 105 81 86 74 74 85 83 65 89Ti 4963 2600 2533 2924 2354 2631 3371 2415 3255 3193V 138 62 65 77 36 91 54 48 79 59Cr 92 95 71 55 65 76 75 34 64 73Mn 399 630 271 266 175 490 363 260 256 365Co 34 2 1 4 10 6 1 1 1 22Ni 43 8 4 20 13 10 1 12 28 17Cu 4046 118 626 5488 2618 617 4130 4415 2100 936Zn 58 79 90 90 100 83 37 21 42 38Ga 9 18 16 .0 1 16 7 4 10 15Pb 16 16 23 9 17 24 38 23 11 16
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Table VIII. Analyses of the Kennecott-Safford Rock Suite.
OXIDE KC-1 KC-2 KC-5 KC-6 KC-7 KC-8 KC-9 KC-10 KC-11 KC-12Si02 63.53 67.85 57.10 63.69 60.44 63.49 68.37 68.09 61.39 70.12A1,0, 15.90 16.56 16.55 16.08 15.60 14.65 16.76 15.43 15.98 16.67FegO^ 4.32 2.47 8.24 6.42 7.65 5.84 2.01 3.14 5.90 3.26MgO 3.71 0.87 5.10 5.26 4.74 3.17 0.80 1.12 4.67 0.40CaO 3.91 2.41 2.82 1.09 1.87 2.40 3.61 2.26 4.37 0.53Na.O 4.26 3.49 3.78 4.91 3.87 3.66 2.74 3.12 3.81 2.64
k 2o 2.97 3.13 2.85 1.23 2.72 3.10 4.18 4.04 2.25 4.55Ti02 0.48 0.29 1.03 0.72 0.73 0.73 0.23 0.31 0.62 0.52MnO 0.08 0.04 0.02 0.12 0.22 0.26 0.03 0.13 0.10 0.02Total 99.16 97.11 97.49 99.52 97.84 97.30 98.73 97.64 99.09 98.79
Norms
Q 13.30 27.96 10.04 18.73 15.64 19.67 26.07 26.85 13.72 33.73Ab 38.36 32.51 34.84 44.03 35.67 34.10 25.17 29.04 34.5124.88Or 17.60 19.18 17.29 7.26 16.50 19.00 25.27 24.74 13.41 27.69An 15.55 12.40 14.36 5.40 9.53 12.36 18.33 11.62 20.04 2.71En 10.27 2.49 14.45 14.50 13.43 9.08 2.26 3.20 13.00 1.14Wo 1.56 . - - — — — — _ 0.73Mt 3.02 1.79 5.90 4.47 5.47 4.22 1.43 2.27 4.15 2.34Co — - 2.38 5.12 3.24 1.03 1.30 2.06 — —
D.I. 69.26 79.65 62.17 70.01 67.80 72.78 76.51 80.62 61.64 86.29MLF 7.34 10.92 6.19 7.01 7.49 8.85 11.06 11.67 5.51 14.09
T.E.
Rb 96 75 103 41 94 85 137 133 68 116Sr 576 289 437 451 354 452 116 292 • 721 269Ba 733 2235 147 623 908 986 613 952 756 1177Y 13 11 14 14 12 14 11 11 12 8Zr 110 107 120 130 104 143 92 112 121 109Ti 2460 1635 5810 3689 3678 3668 1301 1660 3113 2750V 104 80 190 105 112 138 52 61 127 83Cr 61 61 114 102 104 80 47 82 60 113Mn 683 303 128 1064 1947 2397 567 1187 897 90Co 1 2 29 14 11 1 1 1 14 1Ni 5 8 59 6 1 1 1 1 1 1Cu 66 78 3622 493 224 91 8 38 57 115Zn 88 93 448 201 362 359 135 150 85 58Ga 18 16 15 17 17 19 15 16 20 15Pb 32 35 21 57 42 35 25 26 23 20
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Table VIII, Continued.

Oxide KC-13 KC-14 KC-15 KC-16 KC-17 KC-18 KC-20 KC-21
S102 55.85 63.35 68.65 55.56 70.73 61.60 71.56 61.42

17.93 17.52 16.12 16.80 16.77 18.53 15.00 18.59
Fe^Og 8.82 9.21 4.00 9.30 2.46 5.84 1.78 5.80
MgO 4.99 0.42 0.03 6.08 0.64 2.53 0.65 3.70
CaO 7.22 0.33 1.98 5.91 2.21 4.28 1.09 4.34
Na20 4.07 1.82 4.42 3.63 3.38 4.97 4.43 4.57
K20 1.09 4.10 3.40 0.73 4.75 1.97 3.04 1.63
tio2 0.86 0.47 0.36 0.96 0.24 0.62 0.18 0.56
MnO 0.06 0.03 0.08 0.25 0.02 0.11 0.07 0.09
Total 100.89 97.25 99.04 98.97 101.20 100.45 97.80 100.70
Norms
Q 6.35 35.37 24.18 9.71 25.08 11.22 29.29 12.62
Ab 36.29 17.47 40.42 33.06 30.21 44.28 40.78 40.56
Or 6.39 25.89 20.46 4.37 27.93 11.55 18.41 9.52
An 27.26 1.75 12.01 27.80 10.92 21.07 5.54 21.29
En 13.68 1.24 0.08 17.02 1.76 6.93 1.84 10.10
Wo 3.33 - - 0.78 1.71 - — -

Mt 6.10 6.86 2.84 6.57 2.23 4.04 1.27 4.00
Co — - 1.75 - - 0.48 1.84 1.53
D.I. 49.03 78.73 85.07 47.15 83.22 67.05 88.48 62.70
MLF 1.45 12.79 12.09 1.63 13.00 6.66 12.50 5.60
T.E.
Rb 33 117 84 21 46 33 122 27
Sr 847 90 337 520 548 745 266 770
Ba 352 543 652 172 1030 795 1607 665
Y 12 8 9 11 10 14 18 6
Zr 94 96 116 74 107 108 208 101
Ti 4895 2388 1895 6361 1312 3105 1053 2854
V 186 117 71 245 35 112 47 93
Cr 38 280 120 57 104 78 15 70
Mn 525 241 740 2233 119 1036 482 1233
Co 24 23 1 26 1 12 1 1
Ni 18 5 6 9 7 1 4 1
Cu 1036 437 1070 863 99 76 53 7
Zn 135 82 249 224 49 106 63 82
Ga 19 21 15 19 16 19 12 16
Pb 17 4 28 10 12 15 20 29
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Table IX. Analyses of the Lakeshore Rock Suite,

Oxide LS-1 LS-2 LS-3 LS-4 LS-6 LS—7 LS-8 LS-9
Si02 65.32 65.63 66.51 64.48 66.14 65.65 64.52 65.51
a 12°3 15.26 15.15 15.13 15.28 15.28 15.65 14.25 15.30
Fe2°3 4.07 4.82 4.68 4.64 4.66 4.65 4.84 4.52
MgO 3.20 2.52 2.77 3.53 3.34 3.o0 3.99 2.74
CaO 3.85 3.94 3.60 4.05 3.32 2.20 3.63 2.25
Na20 3.08 3.80 3.23 3.49 2.81 2.70 3.09 2.71
k 2o 3.34 3.09 3.53 3.41 3.60 5.34 3.70 5.07
Ti02 0.64 0.56 0.62 0.68 0.63 0.64 0.71 0.59
MnO 0.09 0.09 0.09 0.09 0.05 0.06 0.09 0.06
Total 98.85 99.60 100.16 99.65 99.83 99.99 98.82 98.75
Norms
Q 20.61 19.14 21.19 17.01 22.33 18.83 18.39 20.30
Ab 28.18 34.49 29.24 31.30 25.43 24.44 28.25 24.88
Or 20.10 18.45 21.03 20.30 21.43 31.80 22.26 30.62
An 18.30 15.33 16.51 16.23 16.60 11.00 14.35 11.41
En 9.00 7.03 7.71 9.82 9.29 8.63 11.21 7.73
Wo 0.47 1.77 0.60 1.61 1.21 • — 1.59 —

Mt 2.89 3.40 3.29 3.26 3.27 3.27 3.43 3.22
Co - - - - - 1.58 - 1.41
D.I. 68.89 72.08 71.46 68.61 69.o9 75.08 68.90 75.80
MLF 8.27 8.46 9.05 7.86 . 8.92 11.22 8.14 11.16
T.E.
Rb 128 111 131 107 100 218 129 175
Sr 567 584 512 596 509 397 559 392
Ba 693 556 693 770 683 641 721 768
Y 16 16 15 17 14 19 16 19
Zr 110 126 112 106 107 116 96 108
Ti 2668 2355 2633 2867 2666 2685 2981 2467
V 45 82 64 60 79 71 37 70
Cr 44 56 49 37 49 44 54 59
Mn 809 819 789 860 461 489 835 532
Co 1 1 1 23 1 1 2 4
Ni 1 9 12 19 9 13 9 14
Cu 3 20 21 24 809 980 278 822
Zn 41 41 26 31 37 30 44 36
Ga 16 17 17 15 15 15 16 14
Pb 36 31 14 16 34 31 25 32
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Table IX, Continued.

Oxide LS-10 LS-11 LS-12 LS-13 LS-14 LS-15
Si02
AI2O3
FezOs
MgO
CaO
Na20
k 2o
T102
MnO
Total
Norms
Q
Ab
Or
An
En
Wo
Mt
Co
D.I.
MLF

T.E.
Rb
Sr
Ba
Y 
Zr 
Ti
V 
Cr 
Mn 
Co 
Ni 
Cu 
Zn 
Ga 
Pb

62.91
15.90
5.68
3.45
3.83
3.03
3.25
0.70
0.07
98.82

18.44
27.79
19.61
19.41
9.73

4.04
0.49
65.84
7.69

111
555
639
15 
128
2953
65
68

574
6

17
474
39
16 
29

64.43
16.14
5.64
3.62 
3.13 
2.93
3.63 
0.71 
0.03

100.26

19.94
26.47
21.58
15.63
10.06

3.96
1.87
67.99
8.64

101
507
774
16
120
2957

85
55
247
5
14 
786
24
15 
19

65.80
16.04
4.67
2.94
3.41
2.79
2.74
0.59
0.08
99.06

25.94
25.61
16.55
17.30
8.30

3.33 
2.55 

68.oO 
8.32

112
494
571
17 
123
2499
52
59
680
3
18 
641
34
14
30

68.36
13.13
4.53 
2.63 
3.31 
3.05
3.53 
0.86 
0.09
99.22

25.51
27.99
21.62
11.63
7.42
1.98
3.23
75.12
9.68

123
450
589
19
148
2478
99
50
824

1
4
19
35
14
19

64.67
14.48
7.56
3.88
5.01
3.46
2.13
0.86
0.07
99.92

19.71
30.87
12.51
17.59
10.64
2.85
5.24

63.09
5.93

60
266
378
23
180
3906
57
80
614
6
20

2490
3*4
10
19

59.26
15.07
6.94
4.96
5.69
3.26
2.21
0.86
0.08
98.33

13.30
29.95
13.36
20.44
14.01
3.38
4.95
56.61
4.67

51
426
772
16

124
3897
156
98
693
1
28

5968
24
4
2
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Table X. Analyses of the Santa Rita Rock Suite
Oxide SR-1 SR-2 SR-3 SR-4 SR-5 SR-6 SR-7 SR-8Si02 72.23 73.79 73.19 73.61 57.68 65.55 64.46 57.12Mao, 13.72 12.34 12.89 12.69 16.36 15.61 15.40 17.45FeaOg 2.03 1.67 1.23 1.61 7.64 4.36 5.42 7.50MgO 0.27 0.99 0.13 0.40 9.09 3.84 5.37 7.15CaO 0.64 0.91 0.51 0.52 6.47 2.59 4.16 6.32Na20 3.99 3.81 4.06 3.25 3.90 4.06 3.80 3.75K20 5.10 3.69 5.32 5.48 1.78 4.34 3.80 2.48Ti02 0.24 0.18 0.15 0.27 0.71 0.63 0.74 0.75MnO 0.02 0.04 0.06 0.03 0.08 0.06 0.06 0.08Total 98.24 97.42 97.54 97.87 101.85 100.98 99.35 102.52
Norms
Q 26.29 32.68 26.90 30.66 2.62 13.07 11.06 2.97Ab 36.69 35.42 37.55 30.07 33.29 35.91 32.92 32.53Or 30.85 22.57 32.37 33.47 10.00 25.26 21.66 14.15An 3.25 4.68 1.28 2.67 20.81 11.39 13.27 22.68En 0.76 2.83 0.37 1.14 23.86 10.44 14.30 19.07Wo — - 0.52 - 3.88 0.55 2.66 3.05Mt 1.45 1.21 0.88 1.16 5.06 2.99 3.64 5.05Co 0.53 0.48 - 0.53 — _

D.I. 93.83 90.68 96.83 94.31 45.91 74.24 65.63 49.65MLF 14.87 13.37 15.38 15.41 0.39 9.66 7.00 2.15
T.E.
Kb 240 236 287 242 56 207 187 81Sr 96 121 85 100 723 345 514 740Ba 492 661 585 523 865 887 907 958Y 38 36 28 26 17 24 21 14Zr 161 150 110 139 129 282 231 158Ti 1387 1084 907 1570 4733 3260 3735 4949V 17 35 14 14 172 67 100 163Cr 60 90 45 24 49 30 35 56Mn 222 425 633 304 806 550 598 831Co 1 1 1 1 12 1 24 14Ni 11 1 6 1 6 13 13 1Cu 23 29 16 32 52 72 94 25Zn 27 30 31 16 95 34 56 75Ga 15 16 11 13 21 18 20 18Pb 1 7 0 18 43 34 31 4
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Table X, Continued.

Oxide SR-9 SR-10 SR-11 SR-12 SR-13
Si02 57.78 72.30 73.35 66.43 65.10
AI2O3 19.85 12.45 12.17 22.03 15.26
Fe^Oi 6.77 1.77 1.53 3.09 4.06
MgO 3.60 0.23 0.09 0.76 3.93
CaO 4.18 0.58 0.71 0.52 3.69
Na20 3.40 3.96 3.93 1.95 3.54
k 2o 4.92 5.51 5.32 3.12 3.30
Ti02 0.66 0.25 0.23 0.59 0.75
MnO 0.20 0.05 0.03 0.01 0.06
Total 101.36 97.15 97.36 98.50 99.69
Norms
Q 4.43 24.28 26.51 39.09 17.29
Ab 30.11 36.71 36.23 18.07 31.90
Or 28.67 33.74 32.53 19.02 19.56
An 20.45 - - 2.66 16.07
En 9.80 0.66 0.26 2.17 10.89
Wo - 5.00 1.48 - 0.92
Mt 4.65 - - 2.22 2.84
Co 1.44 — 4.18 16.34 —

D.I. 63.20 94.73 95.27 76.18 68.76
MLF 7.94 15.29 15.28 12.11 7.89
T.E.
Rb 254 278 306 87 80
Sr 584 51 57 577 560
Ba 900 264 114 1188 839
Y 33 44 45 8 18
Zr 270 194 192 165 124
Ti 4373 1423 1251 3309 3756
V 63 5 1 91 83
Cr 84 52 57 56 38
Mn 2041 475 268 9 590
Co 17 1 1 5 13
Ni 1 32 14 24 23
Cu 117 17 26 29 41
Zn 123 41 26 24 47
Ga 22 15 15 16 18
Pb 56 42 13 29 9
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Table XI. Analyses of Miscellaneous Rock Suites.

Oxide TC-1 TC-2 TC-3 AG-1 AG-2 AG-3 AG-3 AG-5
Si02 72.63 71.55 70.54 73.74 74.56 75.37 73.38 59.43
AlgOg 14.38 15.49 14.51 13.26 13.20 13.53 13.56 16.13

2.10 1.64 1.86 1.68 1.07 1.12 2.08 5.60
MgO 0.40 0.99 0.30 0.38 0.22 0.17 0.99 5.50
CaO 1.88 1.79 1.48 1.29 0.95 0.79 1.33 3.94
Na20 4.51 4.02 3.86 3.46 3.47 3.31 3.23 3.63
k 2o 3.91 3.92 4.13 5.25 4.84 4.90 4.87 3.72
t io2 0.22 0.20 0.21 0.22 0.16 0.16 0.31 0.72
MnO 0.02 ’ 0.02 0.02 0.02 0.07
Total 100.03 99.60 96.89 99.30 98.49 99.38 99.77 98.74

Norms
Q 25.27 25.94 27.56 28.69 31.80 33.39 29.68 7.49
Ab 40.61 36.29 35.99 31.60 31.95 30.26 29.39 32.77
Or 23.16 23.29 25.33 31.55 29.32 29.47 29.16 22.09
An 7.48 8.93 7.62 5.24 4.83 3.99 6.69 16.83
En 1.11 2.75 0.86 1.07 0.62 0.48 2.77 15.26
Wo 0.75 - - 0.51 - — - 1.13
Mt 1.47 1.15 1.36 1.19 0.76 0.79 1.47 3.92
Co - 1.52 1.14 - 0.59 1.50 0.62 -

D.I. 89.06 85.51 88.88 91.81 93.07 93.13 88.23 62.35
MLF 12.98 12.53 13.18 14.70 14.82 15.14 13.93 6.23
T.E. -

Rb 134 131 171 223 224 219 215 133
Sr 499 533 476 145 145 128 280 658
Ba 1285 1395 1399 751 604 444 694 1035
Y 19 15 15 21 18 17 19 21
Zr 132 18 124 123 101 104 150 241
Ti 1265 1169 1236 1289 924 920 1816 5400
V 23 68 38 15 14 9 61 114
Cr 59 35 53 63 44 38 46 64
Mn 238 194 194 225 667
Co 1 1 1 1 1 1 1 1
Ni 1 12 12 8 16 17 21 20
Cu 12 14 18 40 25 16 230 71
Zn 36 33 37 16 9 14 26 35
Ga 19 19 20 18 17 18 19 15
Pb 38 21 26 23 9 12 27 23
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FIGURE 5 GEOLOGIC MAP OF THE

NORTHWEST PORTION OF THE MT 
WRIGHTSON QUADRANGLE ,

PIMA AND SANTA CRUZ COUNTIES, 

ARIZONA

K ilometers

Scale : 1 :48 ,000

M N. 13°

" v ’ Geologic contact •, dashed where inferred

. Fau l t ; dashed where inferred; dotted 
where concealed

‘ ‘ Thrust fau l t ;  teeth on upper p la te ;

dashed where in fe r red , dotted 
where concealed
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•  Sample locat ion
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Modif ied af ter  Drewes ,1971 Bolin,D.S., M

Gravel and alluvium

Dikes and small intrusive bodies

Quartz monzonite of Yoas Stock

Quartz monzonite of the Quantrell 
Stock •, coarse phase - ,6 8 -6 9  m.y 
( K /A r )

Quartz monzonite of the Quantrell 
Stock ; apl i t ic phase

Quartz diorite of Josephine Canyon 
6 7 m y . ( K/Ar)

Quartz monzonite of Josephine 
Canyon , 6 I m.y (Rb /Sr )

Granadionte of Madera Canyon-, 
coarse phase

Granodionte of Madera Canyon; 
porphyrit ic phase

Granodionte of Madera Canyon; 
melanocratic phase

Sedimentary and volcanic rocks

Sedimentary and volcanic rocks

Carbonate and clastic sedimentary 
rocks
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Gravel and al luvium

Volcanic flows and pyroclastic rocks

Rhyoli te dikes,  p lugs, and smal l intrusive 
masses possibly including volcanic vent 
m a te r ia l ;  Td is the doCitic phase

Quartz diori te of the Lone Star Stock;
Tsld is the quartz dior i te phase, Tslq is 
the quartz monzonite phase

Quartz monzonite porphyry of the Son Juan 
Stock

Andesite , dacite , quartz loti te flows,and breccia

Quartzite of uncertain age

Geologic con tac t , dashed where inferred

Faul t ; dashed where covered; dotted where 
—  inferred

-  Roods

3  Mine shaf t

- H  1 1 Diamond d r i l l  hole and sample location

FIGURE 4 GEOLOGIC MAP OF PART 
OF THE SAFFORD MINING DISTRICT, 

GILA COUNTY, ARIZONA
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Scale : I : 2 4 , 0 0 0  

Geology by Bear Creek Mining Co
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