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ABSTRACT

The Pima mine, a 39,000 ton per day copper mine, 
is located 17 miles south of Tucson, Arizona,

The mine is in a sequence of Paleozoic and Meso
zoic sediments striking east-northeast and dipping south
easterly intruded by a Tertiary quartz monzonite porphyry, 
The Paleozoic Permian(?) dolomites, limestones, and sand
stones have been altered to calc-silicate skarn, marble, 
and quartzite. The overlying Mesozoic Triassic(?) clastic 
sediments have undergone some recrystallization and hydro-
thermal alteration. The clastic metasediments are divided /
into three distinct lithologic units: lithic arenite,
arkose, and interbedded and overlying black argillite.
Three types of hydrothermal alteration in the clastic rocks 
are propylitic alteration (epidote, chlorite, and quartz, 
with or without sericite), quartz-sericite alteration, and 
potassic alteration (K-feldspar and quartz, with or without 
sericite and chlorite). The porphyry has undergone potassic 
alteration.

Dominant structures are an east-west post mineral 
fault in the western part of the pit, and strong low angle 
shearing and faulting which truncates the ore body at depth.

x
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Two joint sets, one parallel to bedding and the other at 
right angles to bedding are prominent in the mine. 
Faulting is in two dominant directions, one striking 
northwest, dipping northeast and the other striking 
northeast, dipping northwest.

Mineralization is predominantly disseminated 
pyrite and chalcopyrite, and molybdenite-quartz veinlets. 
There are less important amounts of magnetite, hematite, 
sphalerite, galena, tennantite, and bornite, Mineral
ization is believed to be both structurally and chem
ically controlled.



INTRODUCTION

Purpose and Scope of Study
The purpose of this study is to investigate the 

ore deposits at the Pima Mine and their relationship to 
pyrometasomatism and hydrothermal alteration. The depos
its involve the intrusion of a quartz monzonite porphyry 
into sediments of Paleozoic and Mesozoic age, resulting 
in high grade mineralization of the Paleozoic rocks and 
disseminated ore in the younger Mesozoic sediments and 
quartz monzonite porphyry. Both types of deposits will 
be discussed, with greater emphasis given to the dissem
inated ores.

It is hoped that this study will provide infor
mation that will aid economic geologists in their under
standing of the mechanisms involved in pyrometasomatic 
mineralization and alteration. It is also hoped that the 
information presented here will be of some help to the 
Pima Mining Company in their study of the area.

Methods of Study
Geologic mapping of the exposed pit walls was 

conducted from June through mid-September of 1970. The 
mapping was done on a scale of one inch to two hundred

1
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feet using the existing engineers' map of the Pima mine 
as a base map.

One hundred thin sections were examined with the 
petrographic microscope to define lithologies and hydro- 
thermal alteration. Eight polished sections were examined 
to determine minerals present, their paragenesis and 
paragenetic sequence. Seven polished thin sections were 
observed under the ore and petrographic microscope to 
determine the relationship between sulfide, oxide, and 
silicate mineral assemblages. A minor amount of x-ray 
diffraction work was performed to substantiate microscope 
mineral identification. The thin sections, polished sec
tions, polished thin sections, and their descriptions are 
now on file at the Pima Mine.

Ten rock samples were analyzed to determine their 
compositions. This was done with the use of the atomic 
absorption unit at the Arizona Bureau of Mines.

Definition of Terms
The term 'pyrometasomatism' will be used in this 

study to refer to the alteration which has taken place in 
sedimentary rocks as a result of intrusion of an igneous 
melt. It includes alteration due to thermal and metaso- 
matic effects. It is less restrictive than other terms 
such as pyrometamorphism and contact metamorphism, Pyro- 
metasomatism means essentially the same thing as Park and
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MacDiarmid's (1964) 'igneous metamorphism' and Bateman's 
(195°) 'contact metasomatism*.

The term skarn will be used to describe the car
bonate rocks in the pyrometasomatic aureole which have 
undergone alteration to produce calcium, iron, and mag
nesium silicate minerals. Typical minerals produced are 
garnet, epidote, and various pyroxenes and amphiboles.
It has been customary for Pima geologists to refer to 
these rocks as hornfels. This term however, has been 
employed in such a wide sense in the literature that it 
has no precise meaning, so it will not be used in this 
study.

The term "Pima mining district" will be used here, 
as it was by Cooper (i960), to refer to the area on the 
east side of the Sierrita Mountains. The area includes 
the Pima, Mission, Twin Buttes, Esperanza, and Sierrita 
open pit mines.

Location
The Pima Mine, an open pit, "complex" porphyry 

copper deposit (Titley. and Hicks, 1966), is located in 
Pima County approximately 17 airline miles southwest of 
Tucson, Arizona (Figure 1). The mine, which lies off the 
northeast flanks of the Sierrita Mountains, is in parts 
of section 36, T. 16 S., R. 12 E., section 31, T. 16 S., 
R. 13 E., and section 1, T. 1? S., R. 12 E.
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Figure 1, Index Map Showing the Location of thePima Mine
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Topography and Accessibility

The area studied is in fairly flat, typical desert 
pediment terrain of southeastern Arizona, with an average 
elevation of 3,300 feet (Figures 2 and 3). The only areas 
with any appreciable topographic relief in the immediate 
vicinity are Mineral Hill, Helmet Peak, and the San Xavier 
East and San Xavier West hills. These topographic highs 
rise from 250 to 450 feet above the alluvium-covered ped
iment, and the hills are all underlain by sediments of 
Paleozoic and Mesozoic age.

The mine area can be reached from Tucson by trav
eling south on Interstate 19 and then southwest on the 
Pima Mine Road (Figure 1).

History and Production
The Pima mining district on the northeast flank 

of the Sierrita Mountains, has had a long history of inter 
mittent production from several small underground mines. 
Total production from these small mines, however, has 
amounted to $20,000,000 in copper, lead, zinc, silver, 
gold, and molybdenum (Thurmond, Heinrichs, and Spaulding, 
1954).

The small silver-lead deposits, less than five 
miles south and southwest of the Pima mine, were known 
to the Jesuits and early Spaniards prior to 1875, From
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Figure 2, Aerial View of the Pima Mine, Looking
West

Figure 3, Aerial View of the Pima and Mission 
Mines, Looking Northeast, The Pima Mine is in the Fore
ground
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1880 to 1893* silver-lead ore was shipped from the San 
Xavier Mine, The copper deposits at Mineral Hill, one 
half mile west of the Pima mine, were developed "between 
1882 and 1884, and intermittent production continued from 
1897 to 1919 (Wilson, 1950). In 1943, the San Xavier 
Mine was reopened to produce important amounts of lead 
and zinc following World War II,

The Twin Buttes copper deposits west of the modern 
Twin Buttes open pit, produced a minor amount of ore dur
ing the eighteen nineties. Extensive development of the 
area began in 1903 and a substantial amount of ore was 
shipped from several of the underground mines until 1929 
(Wilson, 1950).

In 1950, following a study of the Mineral Hill 
area, geophysical work was begun by R, E. Thurmond and 
W , E, Heinrichs, Jr, of the United Geophysical Company 
which eventually led to the discovery of the Pima ore 
body. An initial magnetometer and electromagnetometer 
survey indicated anomalies which warranted diamond 
drilling. Upon the completion of 16 diamond drill holes, 
sinking of the Pima shaft began in January, 1952, and was 
completed to 600 feet below the surface by April, 1953 
(Thurmond, Heinrichs, and Spaulding, 1954).
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The Union Oil Company, which had originally 

contracted the geophysical work, sold three quarters of 
their interest to Cyprus Mines in 195^ and Cyprus later 
sold a quarter interest to Utah Construction and Mining 
Company, Pima Mining Company is now jointly owned by 
the three companies just mentioned.

Shipments of ore from underground commenced in 
May, 1952. Open pit operations began in 1955 and through 
several expansions have now reached a production of about
39.000 tons of ore per day. Plans call for another ex
pansion in late 1971 to about 53.000 tons per day. Pro
duction to December 31, 1970, from the Pima mine was
72.838.000 tons of ore milled at an average grade of 
0.72^ copper. In addition to copper, over four million 
pounds of molybdenum and over forty-five million ounces 
of silver have been recovered.

Following the discovery of Pima, other.discoveries 
in the district led to the development of the Palo Verde 
underground mine and the Mission, Esperanza, Sierrita, and 
Twin Buttes open pit copper mines.

Previous Work
The earliest geologic work published on the gen

eral area was by Ransome (1922). There have been several 
unpublished Master's theses written from 1929 to i960 on 
the various small underground mines south of Pima,
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Mayuga (1942) made a comprehensive study of the Helmet 
Peak area.

Following the discovery of the Pima mine and later 
the Mission deposit, several articles were published on 
these mines and the surrounding area (Thurmond, 1955; 
Thurmond and Storms, 1958; Journeay, 1959; Richard and 
Courtright, 1959; Lacy, 1959; Irvin, 1959? MacKensie,
1959; Gale, 19&5; Lacy and Titley,-..1962; MacKenzie, 19&3; 
Kinnison, 1966; and Beeder, 1968). A comprehensive study 
of some geologic features of the Pima district was made 
by Cooper (i960) and from this study he proposed the 
San Xavier thrust fault of six and one half mile displace
ment. Cooper, however, does not discuss the geology of 
the various mines in the district. There is now avail
able an open file geologic map of the Twin Buttes quad
rangle by Cooper (1970) in which the various rock units 
have been mapped in more detail than in the i960 version. 
There is no text accompanying the map.



GEOLOGIC SETTING

The Pima Mine lies off the eastern flank of the 
Sierrita Mountains in the Basin and Range province of 
southern Arizona, The Sierrita Mountains were formed by 
a large intrusive body of granodiorite flanked by igneous 
and sedimentary rocks ranging in age from PreCambrian to 
Quaternary (Figure 4).

The granodiorite intrusive unit, which forms the 
core of the mountains near the northern end, was assigned 
an age of Late Cretaceous or early Tertiary by Cooper (i960), 
because of its crosscutting realtionship with Paleozoic 
and Cretaceous sediments. It has subsequently been dated 
by Creasey and Kistler (1962) at 60 million years and by 
Mauger (1966) at 59 million years using potassium-argon 
methods. Cooper (i960), has divided the intrusive into 
three separate varieties on the basis of textures (1) 
granodiorite porphyry, found in small bodies; (2) medium
grained equigranular granodiorite, found in the medium
sized bodies? and (3) porphyritic granodiorite, which 
forms the largest part of the intrusive. Cooper (1970) 
has named the whole intrusive unit the Ruby Star Grano
diorite on his more recent map (Figure 4),

10



Figure 4. Generalized geologic map of the Pima 
District, after Cooper (1970).
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The oldest rock exposed near the Sierrita Moun

tains is granite of PreCambrian age (Figure 4 and Table 1). 
The age of the granite has been determined on the basis of 
its subjacent nonconformable relationship with the middle 
Cambrian Bolsa Quartzite, About four and one half miles 
southeast of the Pima Mine, the Bolsa Quartzite lies with 
gentle dip on the granite (Cooper, i960), Relationships 
near Twin Buttes and on the west side of Mineral Hill also 
suggest that the Bolsa Quartzite was deposited on the 
granite and that the granite is therefore of Precambrian 
age (Cooper, i960). In distinguishing the generally 
coarser grained granite from the younger granodiorite, 
Cooper used the character of the biotite as the field 
criterion. The biotite in the older granite is in aggre
gates of tiny flakes, whereas the biotite in the younger 
granodiorite is in conspicuous books. An intrusive rock 
that Cooper (i960) regarded as a separate facies of the 
granite has been named the Sierrita Granite by Lacy (1959). 
Damon and others (1966) dated the granite at 140 million 
years + 14. This dating assigns a Jurassic age to an 
intrusive previously thought to be a Precambrian granite. 

According to Cooper (i960), most of the Paleozoic 
formations of the region outcrop discontinously south of 
the Pima Mine. The following formations have been recog
nized: the Cambrian Bolsa Quartzite and Abrigo Formation,
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Table 1. Rocks Exposed in the Pima Mining District
Qu

a
te

rn
ar

y

Alluvium

Te
rt

ia
ry Helmet fanglomerate (28, 3° m.y.) 

Quartz monzonite porphyry (56 m.y.) 
Biotite rhyolite (57 m.y,)
Ruby Star granodiorite (59, 60 m.y.) 
Diorite and Andesite

Me
so

zo
ic Early Triassic to late Cretaceous 

sedimentary, volcanic and igneous 
rocks
Harris Ranch Monzonite (210 m.y.)

Pa
le

oz
oi

c

Rainvalley Formation - Permian
Concha Limestone - Permian
Scherrer Formation - Permian
Epitaph Dolomite - Permian
Colina Limestone - Permian
Earp Formation - Pennsylvanian - Permian
Horquilla Limestone - Pennsylvanian
Escabrosa Limestone - Mississippian
Martin Limestone - Devonian
Abrigo Formation - Cambrian
Bolsa Quartzite - Cambrian

Pr
e-

ca
mb

ri
an

Mostly granite, some schist and gneiss



Devonian Martin Limestone, Mississippian Escabrosa Lime
stone, and the Pennsylvanian and Permian Naco group which 
includes the Horquilla Limestone, Earp Formation, Colina 
Limestone, Epitaph Dolomite, Scherrer Formation, Concha 
Limestone, and the Rainvalley Formation. Because of dis
continuity of outcrop, metamorphism, and complex faulting, 
the details of stratigraphy and structure are not well 
known. On Cooper's preliminary map (1970) he has shown 
the various Paleozoic formations as distinct units. On 
Cooper's i960 map they were shown simply as 'Paleozoic 
sedimentary rocks’.

Rocks mapped as Cretaceous(?) by Cooper (i960) 
are exposed in the northeastern and southern parts of 
the Pima district. These Cretaceous (?) rocks include 
sedimentary units of conglomerate, arkose, graywacke, 
quartzite, shale, a few thin beds of limestone and ande
sitic and rhyolitic volcanic rocks. Because of similar
ities in lithologies between these rocks in the Pima 
district and the Cretaceous Amole Arkose in the Tucson 
Mountains, Cooper assigned the rocks to Cretaceous(?) age. 
In Cooper's more recent work (1970), the area was mapped 
in more detail and the rocks previously dated as Creta- 
ceous(?) have been assigned ages ranging in age from 
lower Triassic to upper Cretaceous. Most of these changes 
and correlations of ages are discussed by Hayes and Drev/es 
(1968).



Cooper (i960) has mapped four separate early Ter
tiary intrusive rocks including the Ruby Star granodiorite 
previously discussed. Diorite, andesite, granodiorite, 
and quartz monzonite porphyry cut previously deformed 
Mesozoic and older formations. The intrusives are min
eralized locally. The diorite and andesite are found in 
the southern part of the district as dikes and plugs in 
the Mesozoic complex. The andesite is mineralized in the 
Esperanza mine. The quartz monzonite porphyry crops out 
in and near the Esperanza and Sierrita mines, in the Pima, 
Mission, and Twin Buttes mines and at a few other local
ities in the district. The porphyry is associated with 
all the major copper deposits in the district and is pre
sumed to be genetically related to them, even though the 
porphyry itself is only locally mineralized. The porphy
ry has been dated by Creasey and Kistler (1962) at 56 

million years.
Cooper (i960) mapped a rhyolitic tuff south and 

east of Helmet Peak which is slightly older than the 
quartz monzonite porphyry. He has renamed the unit bio- 
tite rhyolite in his recent 1970 map and indicates a date 
of 57 million years (Creasey and Kistler, 1962).

The Helmet Fanglomerate, a deformed post mineral
ization conglomerate, is exposed near the center of the

15



Pima district (Figure 4). The fanglomerate is predomi
nantly a coarse ill-sorted conglomerate characterized by 
angular pebbles and boulders in a silty matrix (Cooper, 
I960), A tuffaceous unit within the fanglomerate has 
been dated by Mauger (1966) at 28 and 30 million years 
by potassium-argon methods.

Unconsolidated Quaternary alluvium overlies all 
the previously mentioned formations.

16



GENERAL GEOLOGY OF THE PIMA MINE

The rocks within the mine area have been divided 
into three major unitsi a Paleozoic carbonate section 
altered to skarn, Mesozoic clastic, rocks, and Tertiary 
quartz monzonite porphyry and syenite. These rocks are 
all overlain by the late Tertiary Helmet Fanglomerate and 
Quaternary alluvium and gravels.

Lithology

Paleozoic Rocks
The rocks which have been assigned a Paleozoic 

age within the pit are now altered to calcian and mag
nesian skarn and marble.

The original Pima mine was located in what is the 
western portion of the present pit; the high grade ore 
that was mined was in the Paleozoic skarn rocks. As a 
result of the early mining phase in which steep pit walls 
were used, there has been a great deal of slumping and 
sliding of the western pit walls. Because of this, there 
are areas in the pit which were inaccessible during the 
field season, so very little of the Paleozoic rocks 
were exposed for mapping. The only previous geologic

1?
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maps of the Pima mine were some generalized underground 
maps and geologic cross sections prepared from diamond 
drilling information.

The Paleozoic rocks are now exposed only in the 
western part of the pit, and they consist predominantly 
of garnet and diopside skarn interbedded with limestone, 
marble, and quartzite (Figure 5). The sediments strike 
approximately N60° - 70°E and dip about 45°SE. The dip 
decreases slightly at depth below present mining opera
tions ,

iIn the area mapped, mineralized garnet, diopside, 
epidote and actinolite-tremolite skarn overlie barren 
gray limestone and white marble, and this limestone and 
marble in turn overlies another unit of mineralized skarn. 
According to drilling information, the barren limestone 
and marble lens pinches out to the east. The pinching 
out is apparently the result of increased skarnification 
of the unaltered marble and limestone.

The contact between the Paleozoic rocks and the 
Mesozoic clastic rocks was not exposed in the pit during 
the field season. However, in the southwestern portion 
of the pit, on the 2710 bench, the Paleozoics and younger 
elastics are separated by a fifty foot wide syenite sill 
(Figure 5). Projecting this contact along strike north
easterly to the other side of the pit, an east-west
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post-mineralization fault breccia is encountered and 
obscures contact relationships. Consequently the rela
tion is not clear but the contact between Paleozoic and 
Mesozoic sediments appears to be a fault contact along 
which a syenite sill has been intruded, A Tertiary quartz 
monzonite porphyry sill-like body occurs at the contact of 
Paleozoic and Mesozoic rocks in other parts of the pit as 
is indicated from diamond drill holes (Figures 6 and 7).

The mineralized skarn, marble, and quartzite 
previously mentioned are underlain by a strongly foliated 
marble unit which in turn is underlain by barren granite 
or granodiorite. There is usually strong shearing above 
and below the foliated marble, The geologic relations 
between the skarn, the marble, and the basement granite 
have all been interpreted by company geologists from 
drilling information. The basement granite or granodio
rite resembles the Ruby Star granodiorite of Tertiary age 
which outcrops about one and one half miles west of the 
mine.

The normal sequence of rocks as previously de
scribed in descending order of skarn, limestone and marble, 
skarn, quartzite, foliated marble and basement granite 
is present below the present pit, except in the western 
part. In that area of the pit the Paleozoic rocks are 
both overlain and underlain by Mesozoic clastic



Figure 6. Generalized Geologic Cross Section Along 
the 5^»900E Coordinate Looking West, Modified After Seeder 
(L968), see Figure 5 for Location of Cross Section
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rocks. This relationship has been interpreted by com
pany geologists to represent a normal sequence of Mesozoic 
rocks underlain by Paleozoics, and all of this sequence 
has been faulted against Mesozoic clastic rocks. The 
approximately 100 foot thick breccia zone previously men
tioned has been interpreted as the fault breccia along 
which the movement took place. The upper section of 
Mesozoic elastics and Paleozoic skarn rocks hqve been

Itermed the "hanging wall elastics" and "hanging wall v 
hornfels" by company geologists. The rocks below the / 
fault zone have been called "footwall elastics" and 
"footwall hornfels". So, essentially, a normal sequence 
of Mesozoic elastics underlain by a sequence of Paleozoic 
rocks has been subjected to reverse faulting striking 
about east-west and dipping south, This has brought the 
older Paleozoics up and on top of younger Mesozoic clastic 
rocks, resulting in a hanging wall sequence of Mesozoic 
elastics underlain by Paleozoic carbonate rocks on the 
south and a similar footwall sequence on the north.

Because of the thermal and metasomatic effects 
undergone by the Paleozoic carbonate rocks, very little 
is known about the original nature of the sediments. 
Because of this and limited exposure of the Paleozoics, 
it is difficult to correlate the rocks on the basis of
lithology with other Paleozoic formations in the general
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area. Cooper (1970), however, has shown the lower Per
mian Colina Limestone overlain by the Epitaph Formation 
within the pit area. This relationship was based on 
some mapping by Cooper early in the history of the mine 
(Drewes, personal communication). Cooper has assigned 
the rocks of the adjoining Mission mine to the Naco group. 
Gale (1965) believed on the basis of two quartzite units 
separated by diopside skarn, that the rocks in the Mission 
mine were principally the Schemer Formation. The 
Schemer (?) is thought to be underlain by Colina(?) lime
stone and Earp(?) Formation in the Mission mine (Gale, 
1965).

Following is a brief description of the Paleozoic 
formations involved. ,

The lower Permian Colina Limestone, a thick bedded 
to massive, dark gray to black limestone, conformably over- 
lies the Pennsylvanian Earp Formation in southeastern 
Arizona. Overlying the Colina is the lower Permian Epi
taph Formation.

The Epitaph is variable lithologically, varying 
from dolomite in the lower part of the section to alter
nating limestone, mudstone, and dolomite in the upper part; 
it contains abundant gypsum in the Twin Buttes area 
(Bryant, 1968). The upper part of the Epitaph grades
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into the overlying Permian Scherrer Formation. The 
Scherrer is characterized by a limestone and dolomitic 
limestone unit bounded above and below by a sandstone unit.

Possibly, as mining continues at Pima, the strat
igraphic relationships will be a little more clear and it 
will be possible to assign the units to a more definite 
position stratigraphically.

Mesozoic Rocks
The clastic sedimentary rocks lying stratigraph

ically above the Paleozoic carbonate rocks in the Pima 
mine were assigned an age of Cretaceous(?) by Cooper (i960). 
This age relationship was based on their lithologies and 
stratigraphic position of similar rocks in the region. 
Following subsequent detailed mapping. Cooper (1970) as
signed new ages to the rocks previously called Cretaceous(?), 
the ages ranging from lower Triassic to upper Cretaceous,

The rocks within the Pima mine are shown on 
Cooper's 1970 geologic map as the Triassic Rodolfo For
mation, with lower Cretaceous Angelica Arkose outcropping 
on the surface at the southeast edge of the pit. This 
study concerns itself with the rocks exposed in the lower 
part of the pit referred to as "Triassic(?)". The



original clastic sediments would be better termed meta
sediment ary rocks because of contact metamorphism and 
hydrothermal alteration effects.

On the basis of examination of approximately 100 
thin sections, the Triassic(?) rocks have been divided 
into three different units. From oldest to youngest they 
are medium grained lithic arenite, medium grained arkose, 
and black to brown argillite. Folk’s classification 
(1968) was used for naming the clastic rock types. In 
the past, these rocks were referred to by Pima Mining 
company personnel simply as elastics or "arkosite".

Lithic Arenite. The lithic arenite is composed 
of angular rock fragments and detrital quartz and feld
spar in a finer grained groundmass of quartz and potassium 
feldspar (Figures 8, 9* 10, and 11), The larger angular 
grains range in size from 0,1 to 3.0 mm, in diameter, 
averaging 0,5 to 1,0 mm. The lithic rock fragments 
were derived from sedimentary, igneous, and metamorphic 
rocks. Most conspicuous are detrital grains of quartzite. 
There are also abundant angular detrital grains of quartz, 
and a lesser amount of detrital orthoclase. Only a trace 
of plagioclase was observed in the thin sections. As 
mentioned before, these larger grains occur in a finer- 
grained groundmass of potassium feldspar and fine sand to
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Figure 8, Photograph of Hand Specimen of a Lithic 
Arenite (MH-29).

Sample number MH-29. a lithic arenite, showing 
texture and sand-sized lithic fragments. It was collected 
from the 2750 bench on the north side of the pit. Scale 
is in inches.

Figure 9. Photomicrograph of Thin Section of a 
Lithic Arenite (MH-29).

Sample number MH-29, a lithic arenite, showing 
texture. The smaller grains are predominantly quartz 
with minor orthoclase. The larger grains are rock frag
ments, Crossed nicols, X4.6,
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Figure 8. Photograph of Hand Specimen of a Lithic Arenite (MH-29)

Figure 9. Photomicrograph of Thin Section of a Lithic Arenite (MH-29)



Figure 10. Photomicrograph of Thin Section of a 
Lithic Arenite (MH-2).

Sample number MH-2, a lithic arenite showing tex
ture. The smaller grains are predominantly quartz with 
minor orthoclase. The larger grains are rock fragments. 
The rock was collected on the 2710 bench on the south 
side of the pit. Crossed nicols, X3.3.

Figure 11. Photomicrograph of Thin Section of a 
Lithic Arenite (MH-3).

Sample number MH-3, showing the typical texture 
of a lithic arenite. The smaller grains are predomin
antly quartz with minor orthoclase, the larger grains 
are rock fragments. The rock was collated from the 2710 
bench on the south side of the pit. Crossed nicols,
X3.1.
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Figure 11. Photomicrograph of Thin Section of a 
Lithic Arenite (MH-3)
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silt-sized quartz or chert. An * average' lithic arenite 
is composed of about 30$ quartz, 25$ rock fragments, 5$ 
orthoclase, and ZOfo fine grained groundiaass (fine sand 
to silt sized quartz and feldspar). The remaining 20% 
commonly consists of various hydrothermal alteration 
products.

The lithic arenite within the pit is principally 
on the lower most benches, above which it gives way to 
arkose and argillite (Figure 5). The area shown on 
Figure 5 «as lithic arenite also contains local occur
rences of arkose, argillite, quartzite and siliceous silt- 
stone. Overall the unit is dark gray and massive, not 
exhibiting any bedding within the pit.

On the north side of the pit, especially on 
benches 2750, 2790, and 2830 (Figure 5)» the sediments 
have been so extensively hydrothermally altered with 
secondary K-feldspar that it is difficult to recognize 
the rock type megascopically. However, because of similar 
appearance microscopically, they have been grouped with 
the lithic arenite on the geologic map.

Arkose. Above the lithic arenite is a distinctive 
arkose which is quite different from any of the minor ar
kose units within the lithic arenite. The medium grained, 
light gray arkose is composed of about 55 volume per cent
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orthoclase and 45 volume per cent quartz. All the grains 
are angular and about 0,5 mm in diameter (Figure 12), In 
hand specimen, the rock resembles a medium to fine grained 
felsic igneous rock (Figure 13). It is not exposed below 
the 2750 bench, and it is interbedded with black argillite 
above the 2750 bench on the southeast side of the pit. Thin 
layers of gypsum commonly coat fracture surfaces in the 
arkose. The only place where bedding planes are visible 
and it is possible to determine the attitude of bedding 
of the Triassic(?) rocks is where the arkose is inter
bedded with the argillite (Figure 14), The contacts of 
interbedded argillite and arkose are in some places quite 
sharp (Figure 15 and 16), and in other places very grada
tional, At four different locations on the 2910 and 
2950 benches on the southeast side of the pit, the bedding 
is distinctive enough so that it is possible to determine 
the attitude. The beds strike N60°E to N75°E and dip 48° 
to 65°SE (Figure 5).

Argillite. Above the arkose is a black to brown 
argillite exposed mostly on the 2950 bench (Figure 5).
There were three to four benches above the 2950 which 
were not mapped during the field season, but it is known 
that black argillite is exposed on at least some of the 
upper benches.



Figure 12. Photomicrograph of Thin Section of 
an Arkose.

Sample number MH-51A, showing the texture of a 
typical arkose. The minerals are angular grains of quartz 
and sericitized orthoclase in about equal proportions.
It was collected on the 2870 bench on the south side of 
the pit. Crossed nicols, X5.6.

Figure 13. Photograph of Hand Specimen of an
Arkose.

Sample number MH-51A, showing the typical mega
scopic texture of the Triassic(?) arkose. The rock is 
composed of quartz and orthoclase. Scale is in inches.
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Arkose
Figure 13. Photograph of Hand Specimen of an
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Figure 14, Exposure of Interbedded Arkose 
(light color) and Black Argillite (dark gray to black) 
on the 28?0 Bench, Southeast Side of the Pit. The Rocks 
are Striking East-Northeast and Dipping Southeast About450



Figure 15. Photograph of Hand Specimen of Arkose 
Argillite contact.

Sample number MH-51C, showing sharp contact be
tween arkose and black argillite, collected on the 2870 
bench on the southeast side of the pit. Scale is in 
inches.

Figure 16. Photomicrograph of Thin Section of 
Arkose-Argillite contact.

Sample number MH-51C showing sharp contact be
tween the black argillite on the right, and the arkose 
on the left. The rock has been turned on its side and 
the argillite actually lies above the arkose. Crossed 
nicols, X7.
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Figure 16. Photomicrograph of Thin Section of Arkose-Argillite Contact
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The argillite is composed principally of silt

sized grains about 0,005 mm in diameter. Within the fine 
grained groundmass are larger grains of quartz about 0,05 
mm in diameter, the larger quartz grains commonly making 
up 15% by volume of the rock.

Tertiary Rocks
Quartz Monzonite Porphyry. The Tertiary quartz 

monzonite porphyry, which is assumed to be the same rock 
dated by Creasey and Kistler (1962) at 56 million years 
in the Pima district, crops out as small discontinuous 
masses within the present pit (Figure 5). Drilling has 
indicated a larger body of the porphyry at depth on the 
north side of the pit which will be. exposed as mining 
continues. The small exposures of porphyry appear to be 
discontinuous dike- and sill-like bodies intruding the 
Triassic(?) clastic rocks. The contacts between porphyry 
and elastics are always gradational and quite commonly 
involve silicification of the clastic metasediments,

The porphyry is composed of subhedral pheno- 
crysts of plagioclase, orthoclase and quartz in a finer 
grained groundmass of quartz and orthoclase (Figure 17), 
The phenocrysts average about 4,0 mm across and constitute 
from 25% to 55% of the rock by volume. The least abun
dant phenocryst is quartz. It constitutes 5% or less of



Figure 17. Photomicrograph of Thin Section of 
a Quartz Monzonite Porphyry

Sample number MH-48, showing plagioclase and 
orthoclase phenocrysts in a fine grained groundmass of 
quartz and orthoclase. Two subrounded phenocrysts of 
quartz can be seen at the top middle of the photograph. 
Crossed nicols, X6.



Figure 17. Photomicrograph of Thin Section of a Quartz Monzonite Porphyry
V u Jw
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the rock and the grains are commonly well rounded. The 
orthoclase and plagioclase constituting the remainder of 
the phenocrysts vary considerably in their respective 
proportions. The quartz and orthoclase grains making 
up the finer grained groundmass are combined in equal 
proportions and range in size from 0,02 mm to 0,2 mm 
across. One specimen of porphyry which was fresh enough 
to permit optical determination of the composition of the 
plagioclases gave Angg. There is a noticeable lack of 
any mafic minerals in most of the porphyry, although 
chloritized biotite constituting 6̂  by volume was noted 
in two of the samples. Eleven of the fourteen thin 
sections examined were equivalent in composition to a 
quartz monzonite porphyry, the remaining three being of 
granite porphyry composition.

Syenite. A fifty foot wide sill of syenite is 
exposed on two benches in the southwestern corner of the. 
pit (Figure 5)* The syenite is a medium grained, flesh 
colored, equigranular rock composed of interlocking grains 
of orthoclase about one millimeter in diameter. One sam
ple collected from the sill consisted of interlocking 
grains of quartz and orthoclase and could appropriately 
be termed a granite. The syenite has been detected in 
several drill holes and seems to be persistent at depth.
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It occurs at the contact of Paleozoic skarn and Tri- 
assic(?) clastic metasediments. On the 2710 bench, the 
syenite is in fault contact with the Paleozoic rocks and 
grades into the elastics on the south.

The syenite ves not seen in contact with the quartz 
monzonite porphyry either in the pit or the subsurface, 
and because of this, the age relationship between the 
porphyry and the syenite is not definitely known. The 
syenite, however, is locally mineralized.

Helmet Fanglomerate. Overlying Paleozoic, Meso
zoic, and early Tertiary rocks is a ten to twenty foot 
thick unit of calcite-cemented Helmet fanglomerate. It 
is composed of cobbles and boulders of all older rock 
types cemented in a silty matrix. A tuffaceous unit with
in the fanglomerate south of the mine area has been dated 
by Mauger (1966) at 28 and 30 million years using potas
sium argon methods.

Quaternary Alluvium
All rocks at Pima are overlain unconformably by 

about two hundred feet of Quaternary alluvium.

Structure

Regional Structure
The area near Pima and to the south of the mine 

is characterized by generally northwest trending



Paleozoic and Mesozoic rocks overlain unconformably by the 
northeast striking Helmet fanglomerate. These rocks 
have all been deformed by thrusting and reverse and normal 
faults. The bedrock structures are marked by west-north-

f
west to east-northeast overthrusts. In addition there 
are northerly striking, steeply dipping, normal and strike 
slip faults which post-date the earlier thrust faults . 
(Gale, 1965).

Cooper (i960) has mapped a low angle fault which 
he calls the San Xavier thrust (Figure 4), He has corre
lated this with low angle faulting found in drill holes 
near the Pima and Mission mines and in other areas to the 
south. Cooper has postulated a movement of six and a 
half miles N10o-20°W, and suggests that the movement was 
post-Helmet fanglomerate and thus also post-mineralization. 
He admits, however, that, the age determination of the 
faulting is inconclusive. The distance of thrusting was 
determined by similarities in geology and structure of 
the northern plate to geology and structure of the area 

' to the south. Cooper suggested that the Pima and Mission 
deposits are the ,top half of the Twin Buttes deposit.

Lacy and Titley (1962) felt that the post mineral
ization six and a half mile thrusting of such a thin sheet
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without total structural destruction is somewhat question
able, They proposed an alternative hypothesis involving 
gravity gliding off the Sierrita batholith (Ruby Star 
granodiorite), They felt that the major period of thrust
ing was penecontemporaneous with the intrusion of the 
granodiorite and that the thrust sheets which fringe the 
intrusive represent rock shed from the roof of the batho
lith which had been domed up during intrusion, Lacy and 
Titley also suggested that the mineralization was essen
tially post thrusting and that it was controlled in part by 
the (1) thrust faults and (2) by location of later intru
sive and related faulting.

The question involving the nature of the San 
Xavier fault is still unresolved.

Structure Within the Pima Mine
As previously mentioned, the Paleozoic and Meso

zoic rocks within the mine area strike N60o-75°E, and dip 
450-65°SE, In addition to some major structures, the 
rocks are also cut by a multitude of minor faults and 
joints. The minor faults contain gouge zones ranging from 
less than an inch to several inches across. Because of 
the massive character of the rock and the gouge-filled 
faults, it was not possible to determine the nature or 
relative displacement of the faults. The major joints
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are usually expressed as large planar surfaces dipping 
into the pit. There are many fractures which have been 
rehealed with quartz, calcite, and sulfide minerals and 
because of this, these rehealed fractures do not lend 
themselves to determination of attitude.

In an attempt to analyze the structural features 
within the pit, the poles of 307 joints and 219 faults 
measured in the field (Figure 5) were plotted on a 
Schmidt equal area riet (Figures 18 and 19), Figure 18 

indicates two dominant directions of jointing, one strik
ing N8l°E and dipping 36°SE and the other striking N62°E 
and dipping 42°NW, One joint set is approximately parallel 
to bedding and the other is approximately perpendicular to 
bedding. Bedding joints and cross joints are quite common 
and are to be expected when dealing with sedimentary 
rocks. There is a less dominant joint set which strikes . 
N12°E and dips 52°NW, It might have been more meaningful 
to plot the mineralized joints separate from the unminer
alized joints, but only about 15 of the total 307 joints 
were mapped as mineralized. For that reason 'it would not 
be meaningful to distinguish between the two types of joints. 

The nature of the faulting is a little less clear 
(Figure 19), There is definitely a concentration of 
faults striking N44°W and dipping 45°NE. There is also
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Figure 18, Schmidt Equal Area Lower Hemisphere 
Projection of Poles to Joint Surfaces, 207 Points

Contours drawn at 1%, 2?$, 3%, and 4#, representing 
the percentage of points in individual circles of 1% area
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Figure 19. Schmidt Equal Area Lower Hemisphere 
Projection of Poles to Fault Surfaces, 219 Points

Contours drawn at •!$, 2%, y/o, 4%, and 5%. repre
senting the percentage of points in individual circles of 
1% area



a less pronounced grouping of faults which strikes N6o°E 
and dips 59°NW, the latter group of faults probably re
lated to joints of the same orientation. The grouping 
in the northwest quadrant is less well defined. There 
would probably be better defined grouping of all the 
faults had it been possible to subdivide the faults 
according to the type of fault or relative displacement 
involved. If this could have been done, it might have 
made it possible to determine something about the stresses 
involved in faulting of the ore body. The massive nature 
of the rocks did not lend themselves to this type of 
determination.

There are several major structural features with
in the mine area. Probably the most prominent one is an 
east-west post mineral fault which dips about 30o-45°S.
It is expressed in the pit as a fault breccia about one 
hundred feet thick. The rock within the brecciated zone 
consists of very angular, well fractured fragments ranging 
in size from less than an inch to several inches in dia
meter (Figure 20). The brecciated zone is oxidized and 
iron stained from the surface to a few hundred feet below 
the surface. It trends east-west for about 2,000 feet 
and turns northwest on the western side of the pit and 
it is truncated on the east by major shearing trending
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Figure 20. Photograph of Exposure of the Fault Breccia on 2710 Bench, North Side
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northeasterly. The one hundred foot thick brecciated 
area represents a fault zone along which rocks on the 
south have been moved relatively upward so that Paleozoic 
rocks now overlie Mesozoic clastic rocks. The rocks to 
the south are referred to by the Pima personnel as 
'hanging wall elastics' and 'hanging wall hornfels' and 
the rocks to the north as 'footwall elastics' and 'foot- 
wall hornfels*,

Diamond drilling has indicated another major 
structural feature within the mine area. It consists 
of strong shearing at depth below the present pit. The 
strong shearing, which is nearly flat-lying, is above 
and below the thick foliated marble unit previously 
described as the rock which lies above the basement 
granite or granodiorite and lies below the mineralized 
skarn and clastic metasediments. The strong shearing 
above the basement rock at Pima, Mission, and elsewhere 
in the district is the faulting which Cooper (i960) has 
correlated with other low angle faulting in the district 
and has termed it the San Xavier Thrust, The present 
study does not involve itself with a detailed examination 
of this still unresolved problem.



ALTERATION

Alteration of the Paleozoic Rocks
Generally, it is accepted that the alteration 

produced in a pyrometasomatic environment is a function 
of the composition of the invaded rocks and/or the compo
sition of the invading fluid, whether that fluid be hydro- 
thermal, magmatic, or meteoric water. The result of this 
process will be referred to here as silication, not to 
be confused with silicification. Silication is "applied 
to ore deposits whose wall rocks originally contained 
enough carbonate to result in skarn assemblages by re
action with silica whether or not they are at the con
tact of an igneous body" (Meyer and Hemley, 1967, p, 179). 
Silicification, on the other hand, "involves an increase 
in the proportion of quartz or opaline silica to other 
minerals in an altered rock" (Meyer and Hemley, 1967,
P. 179).

As discussed earlier, the Paleozoic rocks were 
very limited in their exposures in the pit during the 
field season. This lack of appreciable exposure has made 
a detailed study of the alteration of these rocks quite 
difficult, although some general relationships have
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emerged. The alteration of the Paleozoic carbonate rocks 
is exemplified by marble, serpentine, and various types of 
skarn. The marble and limestone are rarely mineralized 
whereas the skarn is persistently associated with sulfide 
mineralization, at times becoming quite massive. The 
assays in the skarn occasionally reach several per cent 
copper, but more commonly are around one per cent. The 
serpentine is commonly associated with magnetite, the 
magnetite being responsible for the magnetic anomaly 
which led to the original discover of Pima,

The least altered rocks exposed in the pit are 
the unmineralized limestone and marble which form a one 
hundred to two hundred foot thick lens-shaped unit in the 
western part of the pit (Figure 5). The fine grained, 
dark gray limestone and the coarsely crystalline white 
marble are transitional into each other and the limestone 
and marble lens itself grades vertically and laterally 
into various types of mineralized skarn.

Garnet skarn is the most abundant type of skarn 
exposed in the pit. Garnet rarely constitutes one hundred 
per cent of a give rock, more commonly being combined 
with other silicate, carbonate, sulfide, and oxide miner
als to form an interlocking network of skarn and sulfide 
minerals. The grain size of the fine grained anisotropic



garnet ranges from 0,01 mm to 0,03 mm. One thin section 
did contain zoned anisotropic garnet grains ranging in 
size from 1,0 mm to 2,0 mm. The color of the garnet 
varies from a reddish brown to a pale green, the pale 
green variety often resembling diopside skarn megascop- 
ically except that the garnet is slightly darker. The 
compositions of the garnets are not determined for this 
study, but Gale (19^5) determined the compositions of the 
garnets in the Mission mine to be of the composition of 
the andradite (Ca^Fe^CSiO^)^) - grossularite 
(Ca^Al2(SiO^)^) series.

Diopside (CaMgSigO^) skarn, the next most abundant 
alteration product within the Paleozoic rocks, is often 
associated with massive garnet skarn and the two rock 
types commonly grade into each other. If diopside consti
tutes more than fifty per cent of the rock, it is termed 
diopside skarn. The diopside is pale green, fine grained, 
and distinguished from green garnet with difficulty.

Other less abundant alteration silicate minerals 
include epidote skarn, actinolite-tremolite skarn, and 
massive fine grained black and green serpentine (Figure 5). 
These rocks are all mineralized to varying degrees with 
sulfide and oxide minerals,
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During this study, it was hoped that an alter

ation pattern in the Paleozoic rocks might be apparent 
which was related to proximity to the quartz monzonite 
porphyry or possibly related to stratigraphy, structure, 
or, in turn, to mineralization. With the limited expo
sure of the Paleozoic rocks, an alteration pattern was 
not readily apparent and time did not permit a detailed 
extensive examination of skarn alteration of the diamond 
drill core at depth or on the fringes of the deposit.

Alteration of the Mesozoic Clastic Rocks 
The Triassic(?) metasediments within the pit have 

been subjected to contact metamorphism and hydrothermal 
alteration resulting in minor recrystallization of the 
detrital clastic sedimentary rocks and development of 
various hydrothermal alteration assemblages.

In general, the mineral assemblages produced in 
wall rocks by hydrothermal alteration are the result of 
a system attempting to adjust to new physical-chemical 
conditions. The new conditions are imposed on the system 
by processes which may. or may not be related directly to 
mineralization. The timing of the alteration can be 
largely coincident with mineralization, as appears to be 
the case at Butte, Montana, or it can precede mineraliza
tion even in several stages such as at East Tintic
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district, Utah, It is not the purpose of this study to 
give an exhaustive discussion of the concepts of hydro- 
thermal alteration. The reader instead is referred to 
writings by Hemley and Jones. (1964), Creasey (1966),
Meyer and Hemley (196?), and Lowell and Guilbert (1970).
An attempt will be made to describe the alteration as
semblages present at Pima and to discuss them in light 
of the references just mentioned. Reference will be made 
especially to the alteration assemblages and zoning of 
•typical* porphyry copper deposits as discussed by Lowell 
and Guilbert. Many of these deposits are characterized 
by a central potassic zone containing quartz, K-feldspar, 
biotite with or without sericite and anhydrite grading 
outward into a phyllic zone containing quartz, sericite, 
and pyrite and then into an argillie zone with quartz, 
chlorite, and clay minerals, this in turn grading into 
a peripheral propylitic zone containing chlorite, epidote, 
and carbonates.

The Triassic(?) metasediments at the Pima mine 
are characterized by three distinct assemblages of alter-' 
ation mineralogy. They are (1) epidote, chlorite, quartz, 
with or without sericite, (2) quartz and sericite, and (3) 
potassium feldspar and quartz with or without sericite and 
chlorite. All three assemblages can, in addition, contain
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late calcite veinlets and minor disseminated calcite. 
Examination of thin sections and determination of alter
ation mineralogy has been done on samples collected 
during geologic mapping of the pit and does not include 
samples from below the present pit. The only exception 
to this distribution is in the lower-most 2710 bench, 
from which samples were collected from diamond drill holes 
at 2,710 feet to 2,720 feet elevation. Because time did 
not permit a detailed examination of the drill core, the 
alteration scheme presented here will not be a complete 
three dimentional picture, but instead will be of the 
alteration exposed at the time of the field work. Perhaps 
future work along these lines will change slightly the 
concepts presented here.

The epidote-chlorite-quartz with or without ser- 
icite assemblage is restricted to the southwest corner 
of the pit in the lithic arenite, between 54,300N and 
54,700N, and 55.000E and 55,600E on the 2710, 2750, and 
2830 benches (Figure 21), The mineral assemblage is 
similar in many respects to the propylitic alteration 
described by Creasey (1966) and by Lowell and Guilbert 
(I970)i and that assemblage will also be referred to here 
as propylitic. The epidote and chlorite occur as dis
seminations throughout the groundmass of the clastic
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sediments, each constituting less than ten per cent of 
the rock by volume. Anhedral grains of epidote, typically 
associated with disseminated pyrite, surround or partially 
surround pyrite grains (Figure 22), This relationship can 
be observed not only in thin section, but also megascop- 
ically. The grain size of the epidote ranges from 0.125 mm 
to 0.50 mm. The epidote does not appear to be a direct 
replacement product of a preexisting mineral as it does■s
in so many of the porphyry copper deposits of the Southwest, 
Instead the epidote appears to be associated more closely 
with pyrite deposition which may in turn be related to 
alteration.or replacement of preexisting minerals.

The chlorite in the propylitic assemblage occurs 
as irregular shredded aggregates from 0.125 mm to 0.50 mm 
in diameter distributed throughout the groundmass and 
rarely as veinlets. Generally, chlorite in porphyry cop
per deposits is thought of as an alteration product of 
ferromagnesian minerals, principally biotite. There is 
a definite lack of ferromagnesian minerals in the clastic 
rocks except for some minor fine grained sparsely dissem
inated biotite, commonly less than one per cent by volume. 
If chlorite is indeed a replacement mineral it may repre
sent alteration and partial remobilization of fine grained



Figure 22. Photomicrograph Showing Epidote 
Nearly Surrounding Pyrite

Sample MH-2 of a lithic arenite showing epidote 
(highly birefringent) nearly surrounding pyrite (black). 
Sample was collected from the 2710 bench in the southwest 
corner of the pit. Crossed nichols, X50.
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biotite, but there is no evidence that it is a direct 
replacement mineral. Quartz occurs in the propylitic 
assemblage as veinlets less than a millimeter across, 
commonly containing pyrite and chalcopyrite.. The veinlets 
exhibit crosscutting relationships with all minerals 
except late calcite veinlets. The late calcite veinlets 
commonly contain pyrite or chalcopyrite and either cut 
across quartz veinlets or occur with quartz as composite 
veinlets. The detrital orthoclase grains are unaffected 
by alteration but they do rarely contain tiny flecks of 
sericite. When a rare detrital plagioclase grain is 
present it also contains flecks of sericite. Detrital 
feldspars are dusted with what appear to be clay minerals 
that may not necessarily be of hydrothermal origin.
Clay minerals are to be expected in detrital feldspars 
due to weathering and near-surface alteration during 
deposition of the sediments.

The quartz-sericite with or without calcite 
assemblage at Pima is characterized by sericitization of 
the feldspars along cleavage planes and sericite scat
tered throughout the grains. The alteration is not so 
pervasive as that described by Lowell and Guilbert (1970) 
which they call 'phyllic* alteration. In their phyllic 
alteration, the feldspars are completely sericitized to



form a felted mat of fine grained muscovite with ultra- 
fine granular quartz. At Pima, the feldspar grains are 
less than twenty per cent sericite and there is no fine 
grained silica deposited within the feldspar grains.
Quartz occurs as veinlets less than one millimeter across, 
occasionally intergrown with pyrite or chalcopyrite.
Again, rare late calcite veinlets cut across quartz 
veinlets. The quartz-sericite with or without calcite 
assemblage at Pima does not occur as a zone as such, but 
rather at scattered localities on the south and southeast 
side of the pit (Figure 21). It was observed in only 
eight of the approximately one hundred thin sections 
examined.

The most widespread type of alteration at Pima 
is the potassium feldspar, quartz, sericite assemblage with 
or without calcite. This assemblage is characteristic 
of the potassic alteration zone discussed in detail by 
Creasey (1966), Meyer and Hemley (1967), and Lowell and 
Guilbert (1970), The relative stabilities of orthoclase, 
sericite, and kaolinite have been shown by Hemley and 
Jones to be in part functions of temperature and potassium 
to hydrogen ion ratio (Figure 23). As shown in Figure 23, 
K-feldspar is the stable phase at higher K+/H+ ratio. As 
that ratio decreases, sericite becomes the stable phase,
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Figure 23, Reaction Curves for the System 
KgO-Al^OySiOg-HgO (Hemley and Jones, 1964)

and K-feldspar is altered to sericite releasing SiOg and 
K+ according to the reaction l^KAlSi^Og + H+ =
0,5KA1Si^010(OH)2 + 3Si02 + K+ . At lower K+/H+ , kaoUnite 
or pyrophyllite "becomesthe stable phase depending on temp
erature, and sericite is altered to clay according to the 
reaction KAlSi3010(0H)2 +.H+ + 1.5H20 = l^AlgSigO^tOH)^ + 
K+ . The significance of the preceding relationships is



that the hydrothermal alteration seen in many base metal 
deposits is controlled to a large extent by the hydro
lytic process (hydrogen metasomatism) and the zoning of 
alteration minerals observed in many of the porphyry 
coppers can be attributed in part to temperature and 
relative amounts of hydrogen metasomatism during hydro- 
thermal activity. .

The potassic alteration at Pima affects all of 
the clastic metasediment except in those areas described 
previously as of propylitic and quartz-sericitic alteration 
(Figure 21). The alteration is most intense in two par
ticular areas of the pit. On the four lower-most benches 
on the north side (Figure 5), the rocks contain such an 
abundance of secondary K-feldspar that it has obliterated 
the original rock texture and it becomes difficult to 
discern the rock type megascopically. The other area of 
intense potassic alteration is on the 2710 bench between 
54-,900N and 55.000N, and 56,200E and 56,400E (Figure 5). 
Drilling information has shown this zone to be a pipe
like body of intense potassic alteration and high grade 
mineralization approximately concordant to known bedding 
attitudes, i.e., the pipe-like body plunges to the 
south-southeast and extends above and below the 2?10 
bench. It has been called the 'breccia pipe area' by
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Pima Mining Company personnel, but there seems to be 
some question according to company geologists as to 
whether it is actually an intrusive breccia or whether 
it represents a sediment breccia affected by intense 
alteration and mineralization. It was found in the south
east portion of the pit, exposed not in the pit walls 
but rather on the floor of the pit (Figure 5). Mining 
operations during the field season did not permit an 
examination of the area. For those reasons, it is not 
apparent exactly what the relationship is between the 
'breccia pipe' and the surrounding country rock.

The potassic alteration at Pima in general is 
characterized by K-feldspar and quartz in veinlets, 
sericitization of the detrital feldspar in the walls 
with rare veinlet and disseminated calcite. The veinlet 
K-feldspar occurs in fracture fillings less than 0,5 mm 
across with quartz, pyrite, chalcopyrite, molybdenite, 
and rarely calcite. Where a K-feldspar veinlet cuts 
across a detrital orthoclase grain, it alters or heals 
a portion of that sericitized or argillized grain by 
alteration to fresh K-feldspar. There are also irregular 
patches of fresh K-feldspar in many of the thin sections 
which are here called alteration K-feldspar, One cannot 
be as certain in calling this nonveinlet controlled



57
material secondary K-feldspar as one can in calling the 
fracture controlled K-feldspar secondary. There are 
three criteria which can be used to distinguish massive 
secondary K-feldspar from original rock orthoclase* (1) 
the secondary K-feldspar appears.very fresh in thin 
section, not in the least sericitized or argillized as 
is the detrital orthoclase; (2) the irregular masses of 
secondary ^-feldspar have the same nonperthic petrographic 
appearance as "tiie definite secondary K-feldspar which 
is fracture controlled; and (3) when staining a thin 
section with a solution of sodium cobaltinitrite, both 
secondary veinlet K-feldspar and the patches of fresh 
K-feldspar in question take an even stain compared to 
detrital orthoclase which is always slightly turbid due 
to argillization. In addition, but not always as apparent, 
secondary K-feldspar many times forms an interlocking 
mosaic of fine-grained K-feldspar, whereas detrital grains 
of orthoclase and quartz exhibit a sedimentary rock tex
ture .

The sericite occurs in the potassic alteration 
zone as an alteration product of the feldspars. It 
ranges from tiny flecks scattered throughout a grain to 
complete replacement of detrital feldspar. When calcite 
is present, it is either in veinlets or disseminated as
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irregular patches, but it does not appear to be a re
placement mineral.

Of the three alteration mineral assemblages 
present in the Triassic(?) metasediments, the only one 
which suggests any grouping as such is the propylitic 
alteration assemblage which is concentrated in the south
west corner of the pit (Figure 21), The quartz-sericite 
alteration is quite restricted (Figure 21), but the potas- 
sic alteration on the other hand is quite widespread 
(Figure 21) and it is most pervasive in the 'breccia 
pipe* area. Although it is most pervasive in the high 
grade 'breccia pipe' area it also occurs in rock which 
assays 0,10^ copper in other parts of the pit. Had time 
permitted studying a larger vertical and lateral area, 
it might have been possible to delineate more definite 
alteration zoning, if indeed it does exist.

In attempting to compare the alteration of the 
clastic metasediments to the alteration in some of the 
porphyry coppers, it must be kept in mind that the mineral 
ogical composition of a typical quartz monzonite porphyry, 
present in the porphyry coppers, is similar to but not 
identical to the composition of the arkosic and lithic 
sediments at Pima. There is a noticeable lack of plagio- 
clase and mafic minerals in the clastic Triassic(?) rocks.



This lack of mafic minerals might explain the absence of 
secondary biotite in the area of potassic alteration at 
Pima, secondary biotite being quite common in portions of 
many of the porphyry coppers. Another mineral quite 
commonly seen in the potassic zone of porphyry coppers 
is anhydrite, occurring in veinlets with K-feldspar,
In explaining the absence of anhydrite at Pima, one 
notices that calcium was readily available in the hydro- 
thermal system at Pima as exemplified by the widespread 
calcite veining. It is true that much of the calcite 
veining is late but there is also early calcite inter- 
grown with quartz and sulfide veinlets. The lack of 
anhydrite might be due to a sulfate-poor hydrothermal 
system.
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Alteration of the Quartz Monzonite Porphyry 
Of the fourteen thin sections of the quartz mon

zonite porphyry examined, all but three showed potassic 
alteration. The potassic alteration assemblage is the 
same, with one exception, as that described for the Tri- 
assic(?) clastic rocks, that is, K-feldspar, quartz, and 
sericite, with or without calcite. The one exception to 
this assemblage is one sample of porphyry which contained 
chloritized biotite in addition to the above mentioned 
minerals. The secondary K-feldspar occurs as veinlets
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and irregular masses replacing the grouhdmass of the 
porphyry, Sericite is found as flecks scattered through
out orthoclase and plagioclase phenocrysts and in the 
finer grained orthoclase groundmass, the sericite commonly 
becoming quite coarse-grained but rarely occurring in 
veinlets. Quartz is found in veinlets with K-feldspar, 
pyrite, chalcopyrite, molybdenite, and calcite, with many 
of the veinlets cut by later calcite veinlets. In the 
quartz monzonite porphyry exhibiting potassic alteration, 
there is no secondary biotite or anhydrite as is the case 
in many of the mineralized porphyries of the Southwest.

As mentioned above, all but three samples of the 
porphyry showed potassic alteration. Of those three, one 
contained quartz-sericite-calcite alteration, one sericite 
calcite alteration, and the third showed chlorite- ser- 
icite-leucoxene alteration. The quartz and calcite occur 
in veinlets, the sericite is disseminated as flecks in 
the wall rock feldspars, and the chlorite is an alter
ation product of biotite with minor leucoxene along cleav
age planes, -

The quartz monzonite porphyry is exposed in the 
pit as small isolated dike or sill-like bodies. This 
distribution makes it difficult to discern any alteration 
zoning with respect to the whole mass of porphyry. One
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interesting feature is the intense potassic alteration 
of the clastic metasediments on the north side of the pit. 
Most of the porphyry that is exposed is also on the north 
side of the pit and a larger body of porphyry does occur 
at depth on the north side, as evidenced by diamond 
drilling. It appears that the proximity of clastic 
metasediments to the porphyry may influence the degree 
of potassic alteration of the metasediments. As mining 
operations continue and more of the porphyry is exposed, 
detailed mapping may indicate the presence of other alter
ation assemblages in the porphyry, or possibly even a 
zoning of alteration assemblages outward from the porphyry.

Alteration of the Syenite 
The only type of alteration seen to exist in the 

few exposures of syenite (Figure 5) is quartz-sericite 
alteration, the disseminated flecks of sericite occurring 
as an alteration of the coarse-grained orthoclase. Quartz 
occurs as a coarse grained fracture-filled veinlet with 
later sericite replacing the quartz. There were only 
three thin sections of syenite examined.



MINERALIZATION AND PARAGENESIS

The most abundant copper mineral at Pima is chal- 
copyrite occurring with pyrite in all rock types as vein- 
lets, disseminations, and as coatings on open fractures, 
Massive chalcopyrite is present in some of the garnet and 
diopside skarn on the west side of the pit, and it was in 
this high grade area that the original Pima pit was located. 
As it became profitable to mine lower grade ores, open 
pit operations began in the clastic rocks to the east, 
which contained the disseminated chalcopyrite. At the 
present time, most of the mining is in the lower grade 
disseminated ores with some blending of high grade skarn.
In addition to chalcopyrite and pyrite mineralization, 
there are also important amounts of molybdenite and 
magnetite with minor sphalerite, galena, tennantite, 
bornite, and hematite throughout the Paleozoic and Mes
ozoic rocks at Pima.

Copper mineralization on the various benches is 
concentrated principally in two high grade zones with the 
amount of mineralization decreasing outward from the two 
zones (Figure 24), The same configuration of minerali
zation is present on the other benches but the 2710 bench 
was chosen to illustrate the typical distribution of ore.
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The high grade of the area on the west appears to be a 
function of the rock type. In much of the Paleozoic 
skarn rocks the assay is about copper, although at 
the contact with Triassic(?) clastic rocks the grade 
decreases sharply (Figure 24), Eastwardly the grade 
decreases to less than 0,105$ and then begins to increase 
again until it is over 1% copper in the high grade zone 
on the east. This high grade zone, the 'breccia pipe* 
area, consists of intensely fractured and rehealed 
elastics which have been pervasively altered to fine 
grained pink K-feldspar and quartz. The mineralization 
consists of veinlet and disseminated chalcopyrite with 
minor pyrite. It will be noted in Figure 24 that the 
copper assay decreases more gradually and more uniformly 
away from the high grade area on the east than it does 
away from the high grade area on the west. This relation
ship would be expected if the control of the minerali
zation on the west were principally the wall rock type.
The high grade ore was deposited in the more reactive 
carbonate or skarn rocks, then at the contact with 
clastic rocks the assays drop very abruptly. If the 
high grade area on the east represents a true structurally 
controlled breccia pipe, one would expect the type of 
mineralization shown on Figure 24 in which the grade of
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copper decreases gradually outward from a more permeable 
structurally prepared center of mineralization. Unfor
tunately, mining operations did not permit mapping of the 
'breccia pipe' area, and because of this many details 
about the nature of mineralization of the immediate area 
are not known.

Molybdenum mineralization, also important econom
ically, does not always exhibit a one-to-one relationship 
with copper mineralization as is indicated in Figure 25. 
Molybdenite does seem to be more abundant in the quartz 
monzonite porphyry and the arkose unit of the elastics 
than in other rock types.

Silver is recovered as an important by-product at 
Pima. In fact, the Pima mine ranked number one in Arizona 
and ranked 13th in the nation as a silver producer in 
1969 (Jett and Knight, 1971). No silver minerals have 
been identified at Pima, but silver may occur in galena 
or tennantite.

The only chalcocite present is in a very thin 
enrichment zone below an oxidized zone fifty to one 
hundred feet thick. Occurrences of chrysocolla, malachite, 
azurite, and cuprite have been reported in the oxidized 
zone, but they are rare.
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Description of the Metallic Minerals 

Chalcopyrite
Chalcopyrite occurs principally as veinlets and 

disseminations in all rock types, as small massive re
placements of garnet and diopside skarn, and less im
portantly as exsolution lamellae and blebs in sphalerite. 
The veinlets of chalcopyrite in elastics and porphyry 
commonly contain pyrite, quartz, K-feldspar, and calcite 
while those in the skarn contain only chalcopyrite and 
pyrite. The veinlets in all rock types are crosscut by 
younger calcite veinlets. Discrete disseminations of 
chalcopyrite in the skarn are later than garnet and mag
netite and in some instances can be seen to have replaced . 
these minerals. Chalcopyrite in most instances is con
temporaneous with or earlier than pyrite, the later pyrite 
being indicated by pyrite veinlets crosscutting the earlier 
chalcopyrite. One polished surface was observed which 
contained pyrite that was partially replaced by chalco
pyrite as evidenced by cusp and carle texture indicating 
that chalcopyrite was later than pyrite. Chalcopyrite 
is contemporaneous and intergrown with sphalerite, ten- 
nantite, and galena, that is, none of the minerals appear 
to be replacing any of the other minerals.
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The chalcopyrite which has exsolved from sphal

erite is concentrated in blades and blebs along cleavage 
planes (Figure 26A). Upon higher magnification, even 
smaller blebs can be seen around the larger ones, and 
where a larger blade or bleb is present, the surrounding 
sphalerite is impoverished in the smaller exsolved blebs 
of chalcopyrite, thus giving supporting evidence for. 
exsolution. In one polished surface, exsolved chalco
pyrite is concentrated at the contact of sphalerite with 
tennantite,

Pyrite
Pyrite occurs as veinlets and disseminations in 

all rock types. As with chalcopyrite, veinlets containing 
pyrite also contain quartz, K-feldspar, calcite, and chal
copyrite. Pyrite has been deposited over a wider range 
of time than any other sulfide mineral, late deposition 
of pyrite being evidenced by pyrite veinlets cutting 
across all other minerals. Early deposition of pyrite 
is indicated by textures showing partial replacement of 
pyrite by chalcopyrite and sphalerite, specifically, 
embayed, and cusp and carie texture. In addition to 
pyrite deposited early and late in the sequence, it has 
also been deposited contemporaneously with at least



Figure 26, Photomicrographs of Polished Sections and Thin Section,
A. Sample number PS-3, a polished section showing 

chalcopyrite (small blebs and blades) which has exsolved 
from sphalerite (si). Reflected light, X22,

B, Sample number PS-5, a polished section showing 
sphalerite (si) which has partially replaced pyrite (py). 
Sphalerite is in contact with tennantite (tn). Some 
chalcopyrite (cp) has exsolved from the sphalerite. Re
flected light, X22,

C, Sample number PS-6, a polished section showing 
chalcopyrite (cp) which has been deposited around euhedral 
to subhedral magnetite (mag). Reflected light, X120,

D, Sample number MH-36 a thin section of a lithic 
arenite showing a euhedral pyrite grain (py) which upon 
deposition has fractured the detrital quartz grain (q), 
Sericite (s) has been subsequently deposited in the frac
tures, Crossed nicols, X50,
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chalcopyrite, sphalerite, and galena. In all polished 
surfaces examined, pyrite is well fractured.

Molybdenite
No polished sections containing molybdenite were 

examined, but from observations during detailed mapping 
of the pit, molybdenite was seen to occur principally in 
quartz veinlets and as coatings on fracture surfaces.
The highest concentration of molybdenite appears to be 
in the quartz monzonite porphyry and the arkose unit of 
the Triassic(?) clastic rocks. Molybdenum assays are 
not routinely run on blast hole drill cuttings and for 
this reason the distribution of molybdenite within the 
ore body is not well known.

Sphalerite
Sphalerite has been identified in the Triassic(?) 

clastic rocks, the Paleozoic skarn, and in the syenite 
as veinlets and disseminations. It is intergrown with 
tennantite, galena, chalcopyrite, pyrite, and quartz. In 
one specimen it has partially replaced pyrite (Figure 26B), 
With one exception, sphalerite always contains exsolved 
chalcopyrite. Aside from the exsolved chalcopyrite, more 
massive chalcopyrite appears to be contemporaneous with 
sphalerite, that is the two minerals have mutual boundaries
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without either mineral showing replacement textures or 
crosscutting relationships.

Galena
Only two polished surfaces were seen to contain 

galena. In the one surface, galena occurs with pyrite, 
chalcopyrite, and sphalerite in a quartz veinlet in arkose. 
The galena does not appear to be replaced by or be re
placing any of the other minerals in the veinlet and for 
that reason galena is assumed to be contemporaneous with 
the pyrite, chalcopyrite and sphalerite. In the other 
polished section galena is intergrown with and appears 
to be contemporaneous with chalcopyrite, sphalerite, and 
tennantite.

Magnetite
Magnetite occurs only in the Paleozoic rocks.

It generally is associated with serpentine, but it can 
also be found disseminated throughout the other Paleozoic 
rocks. In one polished section, euhedral to anhedral 
grains of magnetite are intergrown with and appear to 
have been deposited contemporaneously with garnet; sub
sequent deposition of chalcopyrite has filled in around 
the earlier magnetite grains (Figure 26c). Upon higher 
magnification each magnetite grain is seen to be an inter- 
grov/th of magnetite and hematite,. this hematite being
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the only hematite identified in a polished surface. 

Bornite
There was no bornite observed during detailed 

mapping of the pit or in any of the polished surfaces, 
but according to Beeder (1968), bornite does occur in 
isolated lenses in the foliated marble unit below the 
present pit.

Tennantite
Tennantite is not an abundant mineral at Pima, 

but it has been identified in polished sections inter- 
grown with and presumably deposited contemporaneously 
with sphalerite, chalcopyrite, and galena. In one 
polished surface, tennantite was seen to have been 
partially replaced by sphalerite, thus indicating that 
at least some of the tennantite was earlier than the 
sphalerite.

Paragenesis of Mineralization 
Garnet and magnetite, deposited early in the 

Paleozoic carbonate rocks, were followed by deposition of 
pyrite which continued to be deposited until late in the 
mineralization history of the mine, Chalcopyrite has 
filled in many open spaces around garnet and magnetite, 
the garnet and magnetite being developed by skarnification



of the Paleozoic carbonate rocks. In some cases, chalco- 
pyrite has partially replaced.the magnetite and garnet, 
Chalcopyrite along with pyrite, sphalerite, galena, ten- 
nantite, quartz, K-feldspar, and calcite continued to be 
deposited in fractures in the other rocks at the same time 
that disseminations of chalcopyrite and pyrite were also 
being deposited. While most of these minerals were being 
deposited as fracture fillings, some were replacing early 
pyrite and silicates. Molybdenite deposition took place 
in quartz veinlets and in unhealed open fractures. Upon 
slow cooling of the previously deposited sphalerite, 
chalcopyrite exsolution began. As late pyrite deposition 
ceased along fractures, calcite was deposited in open 
fractures cutting across other sulfide and silicate 
minerals.
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• RELATIONSHIP OF ALTERATION TO MINERALIZATION

The alteration at P.ima can he divided into two 
general catagories, the skarn alteration in the Paleo
zoic dolomites and limestones resulting in the develop
ment of various calc-magnesian-iron silicates and the 
alteration of the Triassic(?) clastic sediments and the 
Tertiary quartz monzonite porphyry resulting in the devel
opment of various silicate assemblages. There were no 
relationships apparent which would lead one to conclude 
that the two major types of alteration (skarn and silicate) 
occurred at different times with respect to one another, 
Kinnison (1963) also concluded that the two types of 
alteration at Mission were more or less contemporaneous.
If the two types of alteration are more or less contemp
oraneous, what can be said of the time relationship of 
alteration and mineralization?

It is generally accepted that in pyrometasomatic 
deposits, the skarn minerals such as garnet, diopside, and 
epidote are deposited early with sulfides deposited later. 
It is generally true at Pima that the early development 
of skarn was followed by deposition of sulfides. Within
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the Paleozoic carbonate rocks, ore is deposited only in 
skarn and generally not in marble, limestone, or quartzite. 
In other words, the sulfides have preferentially replaced 
the calc-magnesian silicates rather than the limestones 
or marble. Calc-magnesian alteration of the Paleozoic 
rocks, then, preceded and controlled later deposition of 
the sulfides.

The alteration - mineralization history in the 
clastic metasediments and the quartz monzonite porphyry 
is considerably different. The alteration seems to be 
closely related in time to the deposition of sulfides.
This relationship is evidenced by close association of 
alteration minerals in veinlets intergrown with sulfides, 
the pyrite-sericite relationship (Figure 26D), and by the 
close association of epidote with pyrite in the propy- 
litic zone. High grade (+0.7^) copper mineralization 
is always associated with potassic alteration, but the 
converse is not always true, as rocks containing less 
than 0.4# copper also commonly display potassic alteration, 
Propylitically altered rocks in the southwest corner of 
the pit have a higher pyrite to chalcopyrite ratio than 
rocks with potassic alteration. Rocks with propylitic 
alteration generally assay less than 0.4# copper, but 
this low assay area can grade into ore in a distance of



less than thirty feet. Molybdenite mineralization appears 
to be less correlative with alteration, although this 
negative correlation is not completely substantiated. 
Molybdenite appears to be more heavily concentrated in 
higher-silica rocks such as the porphyry and arkose than 
in the more silica-deficient lithic sandstone and ar
gillite, This is an observation that has not been tested 
with assays and chemical compositions of the various rocks. 
Copper mineralization, then, seems to be associated in 
time but not necessarily in space with alteration in the 
Triassic(?) and Tertiary rocks. Molybdenite mineral
ization is associated in time with alteration in the 
sense that it is concentrated in quartz veinlets.
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CONCLUSIONS

The Pima mine, a pyrometasomatic deposit or "com
plex" porphyry copper deposit (Titley and Hicks, 1966), has 
been in production since the early nineteen fifties.
Through 1970, it has produced close to 73.000,000 tons 
of ore at an average grade of 0.72$ copper. Important 
amounts of molybdenum and silver have also been recovered. 
The mineralization is in a sequence of east-northeast 
striking, southeasterly dipping complexly faulted Paleo
zoic and Mesozoic sediments intruded and mineralized by 
a Tertiary quartz monzonite porphyry.

The Paleozoic rocks, possibly Permian in age, 
strike east-northeast and dip 450-65° southeast with 
dips decreasing below the present pit. Original dolomites, 
limestones, and siliceous sandstones have been altered to 
calc-silicates, marble, and quartzite.

Stratigraphically above the Paleozoics are Tri- 
assic(?) clastic metasediments with approximately the 
same attitude as the Paleozoics, The clastic rocks have 
been divided into three distinct and recognizable litho
logic units. A lithic arenite, exposed on the lower
most benches, is composed of angular lithic fragments
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of preexisting igneous, metamorphic and sedimentary 
rocks set in a finer grained groundmass of detrital ' 
orthoclase and quartz. Above the lithic arenite is an 
arkose composed of angular grains of quartz and ortho
clase. The arkose resembles a fine grained granite 
megascopically, but can be seen to be interbedded with 
a black argillite. The third unit within the clastic 
rocks is a black argillite which lies stratigraphically 
above the other units and is exposed on the upper benches.

The Paleozoic and Triassic(?) rocks at the Pima 
mine have been intruded by an early Tertiary quartz 
monzonite porphyry exposed in the mine area as small dike 
and sill-like bodies (Figure 5) with a larger body at 
depth on the north side of the property, A small syenite 
sill-like mass which may or may not be related to the 
porphyry occurs along the contact of Paleozoic and Mes
ozoic sediments (Figure 5).

The Paleozoic carbonate rocks have been altered 
to the garnet, diopside, actinolite-tremolite, and 
epidote skarn typical of pyrometasomatic deposits in 
southwestern North America, The skarn alteration in the 
Paleozoic rocks preceded and controlled mineralization 
in those rocks. The mineralization is more or less re
stricted to areas altered to skarn; in fact, the sulfide



minerals replace the calcium, magnesium, and iron silicate 
skarn minerals.

The occurrence of the limestone and marble lens 
enclosed "by various types of skarn in the western part 
of the pit suggests two possible explanations concerning 
the development of skarn assemblages. The development of 
the skarn could in part be a function of rock type, that 
is, the skarn has developed in impure limestones and 
dolomites, whereas the marble has developed as a result 
of rocrystallization of a fairly pure limestone. An 
alternative explanation might be that the solutions 
responsible for silication simply did not permeate the 
marble and limestone. This impermeability could have 
been a function of insufficient fracturing or, more likely, 
the original nature of the lens of limestone. The lens of 
limestone may represent a microfacies within the impure 
limestone and dolomite. If the relatively pure lime
stones were exposed to the same solutions which altered 
the other rocks to skarn, one would expect development 
of such minerals as wollastonite (CaSiO^) and possibly 
idocrase or vesuvianite (a hydrous calcium aluminum 
silicate) as is common in many pyrometasomatic deposits.
In other words the introduction of a siliceous fluid into 
limestone will develop minerals such as wollastonite and
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idocrase whereas a similar fluid introduced into dolomite 
or impure limestone will develop diopside, garnet, and 
serpentine, Wollastonite and idocrase are conspicuously 
lacking in the limestone and marble lens at Pima. This 
fact, in addition to the presence of completely fresh 
limestone, indicates this lens was for the most part 
not in contact with the altering solutions involved in 
silication of the other sediments which resulted in the 
skarn assemblage.

Mineralization and alteration in the Triassic(?) 
clastic metasediments were more or less contemporaneous. 
Three different hydrothermal alteration assemblages have 
been recognized in the clastic metasediments at Pima:
(1) propylitic alteration consisting of epidote, chlorite, 
and quartz with or without sericite and calcite; (2) 
quartz and sericite alteration, and (3) potassic alter
ation consisting of K-feldspar, quartz, and sericite, with 
or without chlorite and calcite. There is no real appar
ent zoning of the alteration mineral assemblages, but 
the propylitic alteration is concentrated in the south
west corner of the pit. The potassic alteration is quite 
widespread while the quartz-sericite alteration is re
stricted to some isolated occurrences throughout the pit. 
There are two areas within the clastic metasediments
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which show a high degree of potassic alteration. One 
area is on the lower benches along the north side of the 
pit where intense potassic alteration may be related to 
the close proximity of the elastics to the quartz monzonite 
prophyry. The other area is the 'breccia pipe' area on 
the south side of the pit. It may or may not be a true 
breccia pipe but it is exemplified by massive fine grained 
pink K-feldspar and high grade copper mineralization.
The quartz monzonite porphyry has essentially been sub
jected to only potassic alteration as far as can be dis
cerned from the limited exposures. The small number of 
outcrops of the syenite show only quartz-sericite alter
ation.

The most important ore minerals at Pima are 
chalcopyrite and molybdenite, the chalcopyrite being 
deposited in veinlets and as disseminations whereas the 
molybdenite is concentrated in quartz veinlets and on 
open fractures. Both minerals are commonly associated 
with disseminated and veinlet pyrite. Much less abundant 
minerals are sphalerite, galena, tennantite, bornite, 
magnetite, and hematite. Magnetite reaches appreciable 
concentrations and at times is quite massive in the 
Paleozoic skarn. The magnetite is commonly associated 
with black or green serpentine. In areas where the



magnetite becomes massive, it commonly constitutes close 
to one hundred per cent of the rock.

The mineralization at Pima is related to the 
intrusion of the quartz monzonite porphyry and may be 
controlled by bedding and by joints and faults parallel 
and normal to bedding. When the porphyry was intruded 
into the sequence of folded and faulted sediments, the 
Paleozoic dolomites and impure limestones were altered 
to calc-silicates while the pure limestones and sandstones 
were converted to marble and quartzite. This alteration 
was essentially determined by the original rock types, 
but the permeability of altering fluids was certainly 
aided by fracturing and faulting. During this time the 
sequence of clastic sediments was moderately recrystalized. 
Following development of the skarn and closely related 
deposition of magnetite in the skarn, sulfide minerals, 
principally chalcopyrite, were preferentially deposited 
in the more chemically favorable skarn. At the time of 
sulfide deposition in the skarn, hydrothermal alteration 
and sulfide deposition was going on in the clastic meta
sediments and quartz monzonite porphyry. One area on the 
west side of the present pit, pipe-like in shape, received 
a high concentration of chalcopyrite and potassic alter
ation, The area may have been strongly structurally
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prepared approximately concordant to "bedding. Copper 
mineralization decreased outward from these two centers 
of high grade mineralization to almost barren ground in 
between the two areas. Below the clastic metasediments 
are zones of high grade ore in more Paleozoic skarn. 
Premineralization fracturing was probably important in 
aiding the circulation of the hydrothermal fluids. De
position of pyrite continued after other sulfides. All 
activity was followed by the development of late calcite 
veinlets. Subsequent fracturing and faulting has modified 
the ore body slightly.



COMPARISON OF THE PIMA AND MISSION ORE BODIES

It is more logical to think of the Pima and 
Mission mines as one ore body rather than two, the two 
mines being separated only by a property line, and the 
mineralization being more or less continuous,

A detailed study was made of the Mission mine 
by Gale (1965) in his Ph.D, dissertation. From that study 
and the present work completed at Pima, some similarities 
and differences in geology, alteration, and mineralization 
at the two mines have become apparent. The geology of 
the two mines is essentially the same with complexly 
faulted Paleozoic and Mesozoic sediments having been 
intruded and mineralized by sills and dikes of Tertiary 
quartz monzonite porphyry. The Mission mine does contain 
a greater exposure of Paleozoic rocks than does the Pima 
mine, the Pima mine consisting predominantly of Mesozoic 
clastic rocks with the Paleozoics being exposed only on 
the west side. The Paleozoic rocks at Mission, altered 
to diopside and garnet skarn, strike northwest with some 
of the rocks being subjected to anticlinal folding along 
a northwest axis. Some of the other Paleozoic rocks 
have been faulted by thrust and reverse faults striking

83 .



84
parallel to bedding and dipping both northeast and south
west, The northwest striking thrust and reverse faults 
have been mineralized by massive vein replacements; in 
addition to which there are late northeast striking quartz- 
sulfide veinlets. The northeast and northwest structures 
are all cut by post mineral northeast striking strike slip 
and normal faults parallel to joints at Pima. As at Pima, 
there are lower grade disseminated ores in the clastic 
rocks and the porphyry.

Gale has suggested that the mineralization and 
alteration at Mission are related to a silica concentration 
gradient. The gradient is thought to be the result of 
silica traveling from a source outward into the limestones 
and dolomites. Gale feels that the silicates and sulfides 
in the ore body are related to distance from the porphyry 
and that the silicates were deposited first and the sulfides 
later. The sulfides preferentially replace silicates 
with higher CaCO^ to SiOg ratio, calcite being the mineral 
most preferentially replaced. Even though calcite is 
preferentially replaced by sulfides, Gale states that 
diopside skarn is the best ore rock and that this relation
ship is due to chalcopyrite replacing interstitial calcite 
in the diopside skarn, whereas in pure diopside skarn the 
ore grade is much lower. The high preference of sulfides



replacing other minerals is first calcite, then diopside, 
and last garnet or garnet with interstitial quartz.

Gale suggests that the silicate alteration and 
sulfide mineralization took place in one continuing and 
related process which was marked by increasing deposition 
of iron and the appearence of sulfur-rich phases in the 
latest stages. Early garnet was relatively iron-poor 
and was deposited at greater distances from porphyry than 
later-formed iron-rich andradite deposited near the porphy
ry. Gale believes that alteration and mineralization in 
the porphyry occurred at the time of formation of the late 
quartz-sulfide veins which cut the skarn. He then states 
that alteration and mineralization of limestone must have 
taken place prior to alteration and mineralization of the 
porphyry. The validity of this statement seems somewhat 
tenuous,

In addition to the metallic minerals identified 
at Pima, Gale also identified "orange bornite" and yellow 
stannite at Mission, Two other minerals were identified 
as cubanite(?) and scheelite(?),

According to Gale the control of ore deposition at 
Mission was a combination of structural phenomena along 
major faults, and chemical control with sulfides having 
replaced calcite and cale-silicates.

It is difficult to assess the findings of Gale at 
the Mission mine in terms of the present study at Pima.
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The study at Pima involved itself principally with the 
alteration and mineralization of the Mesozoic clastic 
metasediments and the Tertiary quartz monzonite porphyry 
and very little with the Paleozoic carbonate rocks, 
whereas Gale's study was concerned principally with the 
alteration and mineralization of the Paleozoic rocks;
Much of Caleb information was obtained from diamond drill 
core whereas the recent work at Pima was concerned pri
marily with a detailed description of lithologies, struc
ture, mineralization and alteration exposed in the pit 
during the summer of 1970. From the information avail
able, the alteration and mineralization in the Paleozoic 
rocks of both mines appears to be very similar although 
the relationship of alteration and mineralization to the 
distance from the porphyry has not been studied at Pima. 
It is difficult to compare the alteration and mineral
ization in the clastic rocks of the two mines because of 
a lack of detailed study of this problem in Gale's work. 
It is also difficult to compare structural information 
of the two mines because of a real lack of structural 
information from Pima.

It would be advantageous in the future for a 
study to be made encompassing both mines plus the area 
surrounding both deposits.



SUGGESTIONS FOR FURTHER STUDY

Many times during a geologic investigation of this 
type, problems which must go partially unsolved or questions 
which must remain unanswered become apparent. In the 
opinion of the author, four problems warranting further 
geologic study have become apparent during the recently 
completed study at Pima. Probably the most important in 
terms of obtaining a better understanding of the general 
geology at Pima is determining the overall structural 
geology of the mine area, the age relationship of faulting 
and folding at Pima, and how it correlates with other 
local and regional structures. A feature known for sev
eral years during mining at Pima but very little investi
gated is the question of the "breccia pipe". Is it 
really a breccia pipe in the true sense of the term and, 
if so, what controls its location and how is it related to 
the intrusion of the quartz monzonite porphyry? A problem 
which is important to mining and development drilling at 
Pima is the relationship of alteration to mineralization 
and the relationship of alteration and mineralization to 
the distance from the quartz monzonite porphyry. A final 
problem which warrants further study is that of correlating
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all phases of geologic information between the Pima and 
Mission mines. This may be the most difficult problem 
not from a geologic standpoint but from the standpoint 
of company policy. It might well be beneficial to both 
mining companies involved and at the same time could 
solve many pertinent problems in the geologically complex 
Pima Mining district.
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EXPLANATION
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FIGURE 5 .— GEOLOGIC MAP OF THE PIMA MINE, PIMA COUNTY, SHOWING GEOLOGY EXPOSED ON BENCH FACES, JUNE-SEPTEMBER, 1970.
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