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ABSTRACT

The study area is located in Pima County, Arizona, approximately 

18 miles east-northeast of Tucson, Arizona. Rocks exposed within the 

area include the Catalina Granite(?), the Dripping Spring Quartzite(?), 

the Abrigo Formation, the Martin Formation, the Horquilla Limestone(?), 

the Leatherwood Quartz Diorite(?), the Catalina Granite(?), and pegmatite, 

andesite porphyry, and lamprophyre dikes. The major structural features 

present within the area include gravity-glide faults, drag folds, tension 

fractures, and normal faults.

The area has been extensively affected by regional and contact 

metamorphism and pyrometasomatic and non-pyrometasomatic hydrothermal 

alteration-mineralization. Regional metamorphism primarily affected the 

intrusive rocks and resulted in deformation and the development of wide

spread foliation. Contact metamorphism affected the Abrigo and Martin 

Formations and resulted in the formation of calc-silicate hornfelses and 

tremolite-bearing marbles. Pyrometasomatism primarily affected the Martin 

Formation and resulted in the formation of a massive garnet skarn. Non- 

pyrometasomatic alteration-mineralization resulted in widespread silicate 

mineral veining and weak sericitization.

Base metal mineralization consists primarily of copper and iron 

and is associated with veinlets, skarn silicate minerals, pegmatite dikes, 

and "bull" quartz veins. Mineralization generally postdates alteration. 

Both alteration and mineralization appear to be spatially and genetically 

related to Paleozoic sediment-Catalina Granite(?) stock contacts.
x



INTRODUCTION

Scope and Purpose* of Study

This study was initiated in response to interest expressed by 

Essex International, Inc. in the economic potential of Korn Kob mine area. 

As the initial work progressed, the structural, stratigraphic, and alter

ation complexity of the general Bullock Canyon-Buehman Canyon area became 

apparent and the scope of the study was expanded to include it.

The primary purpose of this study is to determine the types and 

distribution of alteration and mineralization and the extent to which 

structural and lithologic elements may have controlled the varying 

alteration-mineralization effects.

Method of Study

Between January and June, 1972, a 3 square mile area was geolog

ically mapped in detail at a scale of 1 inch equals 600 feet. All geo

logical information was compiled on a topographic base map that was 

constructed from Cooper Aerial Surveys' aerial photographs. Concurrently 

with the geological mapping program, approximately 2200 feet of diamond 
drill core from. 6 drill holes was examined in detail with particular at
tention paid to variations in lithologies and alteration-mineralization 

assemblages. Where necessary, mineral identifications were verified by 

X-ray diffraction and oil-immersion techniques.

During this study, thin-sections prepared from 58 surface samples 

and 49 diamond drill core samples were petrographically studied. Emphasis

1
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was placed on determining the volume percentages and textural relation

ships of the various mineral phases present in each sample. Volume per

centages were determined either by visual estimates making use of the 

American Geological Institute volume percentage charts or, in rare in

stances, by point counts of oriented samples. Both X-ray diffraction 

and oil-immersion techniques were used where necessary to verify petro

graphic mineral identifications. Selected garnet compositions were de

termined by measuring their densities, refractive indices, and unit cell 

dimensions, and then plotting these values on the determinative charts 

for garnet compositions (after Winchell, 1958).

Location and Access

The Bullock Canyon-Buehman Canyon area is located in Pima County 

approximately 25 airline miles east-northeast of Tucson, Arizona. The 

mapped area is approximately 3 square miles in size, and is located in 

portions of sections 13, 14, 15, 22, 23, and 24, T. 12 S., R. 17 E. (Fig

ure 1). Longitude 110°34,W and latitude 32°23,N intersect at the approxi

mate center of the study area.

Access to the Bullock Canyon-Buehman Canyon area is by 31.6 miles 

of paved highway, secondary gravel road, and primitive jeep trail from 

Tucson, Arizona. The area is reached by driving east from Tucson on the 

Redington Pass road a distance of 28.5 miles to Piety Hill and then north, 

on an extremely primitive jeep trail, a distance of 3.1 miles to the 

juncture of Bullock and Buehman Canyons. Access up Buehman Canyon may be 

obtained by means of a second primitive jeep trail. No vehicular access 

is available up Bullock Canyon.
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The study area is situated on the eastern flank of the Santa 

Catalina Mountains and ranges in elevation from 3200 to 4240 feet above 

sea level. The terrain is generally quite mountainous and locally pre

cipitous cliffs with relief in excess of several hundreds of feet are 

present.

The vegetation is quite characteristic of the desert southwest, 

and numerous species of cacti, trees, bushes, and desert grasses are 

present. In general, the various species of prickly pear, cholla, and 

other cacti are restricted to the hills and ridges while cottonwoods, 

willows, and the larger trees are found only within the valleys and deep

er canyons.

The climate is typical of the arid southwestern desert with hot, 

dry summers and mild, pleasant winters. Although no annual precipitation 

data is available, rainfall is estimated to be between 12 and 14 inches 
a year.

Topography, Vegetation, and Climate

History and Previous Work

The mineralized skarns in the Buehman Canyon area were probably 

first recognized by prospectors in the late 1800's. Small-scale devel

opment was completed in the area of the Korn Kob mine by approximately 

1910. Development consisted of the sinking of a 130 foot production 

shaft and the driving of approximately 3900 feet of underground workings 

on two levels. According to Floyd Bingham, long-time rancher in the area 

the mine was developed as a stock promotion scheme and no ore was ever 

produced. In the early 1960's, an attempt was made to acid leach copper



from the mineralized"skarn in the vicinity of the Korn Kob shaft. This 

enterprise ended in failure, and to date no production has been recorded 

from the area.

The only published information concerning the geology of the 

study area is that which is included on the state geologic map. Unpub

lished reports covering the area consist of the U. S. Geological Survey 

map of the Tucson quadrangle by Moore et al. (1941) and a M. S. thesis by 

Raabe (1959). Raabe made a general structural and petrographic study of 

the Bullock Canyon-Buehman Canyon area and recognized what he considered 

to be bedding plane faults and low-grade contact metamorphic effects 

within the sedimentary rocks of the area.

In addition to the studies mentioned above, several other authors 

have described the geology of nearby areas. Schloderer (1974) described 

the geology and deformation of the Paleozoic sedimentary rocks immediately 

to the east of the study area. Broderick (1967) studied the geology and 

metamorphism of the Piety Hill area, approximately three miles to the 

southeast of the study area. McKenna (1966) measured and described the 

Paleozoic stratigraphic section in an area approximately three miles 

northeast of the study area.

5



REGIONAL GEOLOGICAL SETTING

The Santa Catalina Mountains are composed of sedimentary and 

metasedimentary rocks of Precambrian through Paleozoic age and igneous 

rocks of Precambrian, Laramide(?), Middle Tertiary, and possibly other 

Mesozoic-Cenozoic ages. The older Precambrian rocks of the Santa Cata

lina Mountains are represented by the Pinal Schist and the Oracle Granite. 

Unconformably overlying the older Precambrian rocks are the younger Pre

cambrian metasedimentary rocks of the Apache Group. The Apache Group 

rocks are represented by the Scanlan Conglomerate, the Pioneer Shale, the 

Barnes Conglomerate, the Dripping Spring Quartzite, and the Mescal Lime

stone. The Paleozoic sedimentary and metasedimentary rocks include the 

Middle Cambrian Bolsa Quartzite, the Middle to Late Cambrian Abrigo For

mation, the Middle to Late Devonian Martin Formation, the Mississippian 

Escabrosa Limestone, and the Pennsylvanian Horquilla Limestone. Intru

sive into both the Precambrian and Paleozoic rocks are the Laramide(?) 

Leatherwood Quartz Diorite and the Middle Tertiary Catalina Granite.

The sedimentary and metasedimentary rocks of the Santa Catalina 

Mountains, in general, flank a central core of granite gneiss-gneissic 

granite. The gneissic complex was apparently formed during Precambrian 

time and was uplifted, as a gneiss dome, during Middle Tertiary time 

(Banerjee, 1957; Raabe, 1959; Pilkington, 1962; Mayo, 1964; Waag, 1968; 

Peterson, 1968; Davis, 1974; Shakel, 1974). As the gneiss dome was ris

ing, local anatexis and gravity-induced thrust faulting occurred (Mayo, 

1964; Waag, 1968; Davis, 1974; Shakel, 1974). The igneous and
6
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metamorphic geology and geochronology of this mountain range is exceed

ingly complex and is currently under intensive field and laboratory study 

by U. S. Geological Survey, University of Arizona and California Insti

tute of Technology personnel, and others.



PETROLOGY-PETROGRAPHY

General Statement

The rocks within the study area include a Precambrian augen 

gneiss, Precambrian and Paleozoic sedimentary and metasedimentary rocks, 

and Laramide(?) to mid-Tertiary igneous rocks. The Precambrian augen 

gneiss is thought to be correlative with the Catalina Gneiss. The sedi

mentary and metasedimentary rocks include the Precambrian Dripping Spring 

Quartzite(?), the Cambrian Abrigo Formation, the Devonian Martin Forma

tion, and. the Pennsylvanian Horquilla Limestone(?). The igneous rocks 

include a series of Laramide(?) quartz diorite sills, a Tertiary(?) gran

ite stock and associated pegmatite dikes, and several Miocene andesite 

and lamprophyre dikes. Figure 2 (in pocket) is a. geological map of the 

study area at a scale of 1 inch equals 600 feet.

Catalina Gneiss (?)

The oldest rock unit exposed within the area is a tan to gray 

augen gneiss (Figure 3). This unit outcrops only within the extreme 

southern portion of the study area and occurs as two northwest-trending 

bands of gneiss which are intermixed with both a quartz diorite and a 

granite intrusive.

Mineralogically this unit is composed of 40-50 volume percent 

quartz, 20-30 volume percent biotite, 20-30 volume percent muscovite, and 

trace percentages of magnetite, epidote, red garnet, and zircon. Quartz 

occurs either as 0.05-0.2 mm anhedral crystals contained within the
8
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Figure 3. Catalina Gneiss(?).



10
matrix or as ellipsoidal 2-5 mm augen. Both varieties of quartz are 

recrystallized and strained. Biotite occurs either as 0.05-0.2 mm sub

bed ral crystals contained within the matrix or as 2-5 mm augen-like ag

gregates. Muscovite occurs predominantly as 0.5-1.0 mm subhedral 

crystals which are generally strongly oriented and locally bent around 
the quartz augen.

Strong gneissosity and lineation has been developed within the 

augen gneiss. Gneissic foliation strikes N20-40°E and dips at 20-40°NW 

and is the result of the alignment of muscovite crystals. Lineation 

trends S70-85°W and plunges 10-30°W, and is defined by elongate quartz 

and biotite augen.

The augen gneiss is texturally and mineralogically similar to 

portions of the Catalina Gneiss as described by Du Bois (1959), Pilkington, 

(1962), Peterson (1968), and Shekel (1974). For this reason, the augen 

gneiss is thought to be correlative with the Catalina Gneiss.

The age, origin, and structural evolution of the Catalina Gneiss 

are the topics of much heated discussion, and it is beyond the scope of 

this study to delve into each of the individual points of controversy. 

Suffice it to say that the Catalina Gneiss probably consists of metaso- 

matized Precambrian sedimentary rocks which were uplifted as a gneiss 

dome during Tertiary time (Moore et al., 1941; Raabe, 1959; Pilkington, 

1962; Mayo, 1964; Waag, 1968; Peterson, 1968; Davis, 1974; Shakel, 1974).

Dripping Spring Quartzite(?)

The Precambrian Dripping Spring Quartzite(?) is very restricted

in areal extent and occurs in only two small isolated outcrops within
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the southern portion of the study area. This unit is always closely as

sociated with the augen gneiss and occurs in what appears to be depres

sions or small basins within the gneiss. The quartzite strikes N20-40°W 

and dips at 10-30°SW.

The Dripping Spring Quartzite was named by Ransome (1903) for 

the Dripping Spring Mountains south of Globe, Arizona. There it was un

derlain by the Precambrian Pioneer Shale and overlain by the Precambrian 

Mescal Limestone. Creasey (1967), in subsequent work in the Mammoth 

quadrangle, recognized the Dripping Spring Quartzite and divided it into 

three members: the Barnes Conglomerate Member and the overlying middle

and upper members.

Correlation of the unit described as Dripping Spring Quartzite(?) 

with the type Dripping Spring is extremely difficult. In addition to the 

fact that the type Dripping Spring is somewhat variable in lithology, 

only a very small percentage of the total unit is represented within the 

study area. Correlation of this unit with the type Dripping Spring is 

based primarily on its lithological similarity to the Dripping Spring as 

described by Creasey.

The Dripping Spring Quartzite(?) is a dark gray to red-brown, lo

cally conglomeratic, biotite quartzite. Bedding ranges from less than 

0.25 inch to approximately 6 inches in thickness, and locally faint cross
bedding is evident. Within the conglomeratic portions of this unit, 0.5- 

3 inch pebbles comprise 30-50 volume percent of the rock (Figure 4). 

Mineralogically this unit consists of 60-70 volume percent quartz, 10-30 

volume percent orthoclase, and 10-30 volume percent biotite.
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Figure 4. Conglomeratic Portion of the Dripping Spring Quartzite (?)
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Abrigo Formation

The Abrigo Formation is the most widely distributed of all the 

sedimentary units and occurs within the western, southern, and south

eastern portions of the study area. It is in apparent sedimentary con

tact with the underlying augen gneiss and is in fault contact with the 

overlying Martin Formation. Within the western portion of the area, the 

Abrigo Formation is intruded by several quartz diorite sills and a large 

granite stock.

The Middle to Late Cambrian Abrigo Limestone was originally named 

by Ransome (1904) for exposures in the Bisbee area of southern Arizona. 

Stoyanow (1936) correlated the Middle Cambrian rocks in the Peppersauce 

Canyon area ten miles northwest of the study area with the type section,. 

but adopted a new nomenclature. To replace the Abrigo Limestone, Stoyanow 

proposed four new formations: the Peppersauce Sandstone, the Abrigo For

mation, the Southern Belle Quartzite, and the Santa Catalina Formation.

In subsequent work in the same area, Creasey (1967) subdivided the Abrigo 

Limestone into three members. These three members are, from oldest to 

youngest: the Three C Member, the Southern Belle Quartzite Member, and 
the Peppersauce Member.

Correlation with Creasey's work is fairly straightforward in the 

Bullock Canyon area where portions of both the Southern Belle Quartzite 

and the Peppersauce Members are present and where only minor alteration 

is evident. To the west, however, alteration effects increase greatly 

in intensity and correlation becomes considerably more difficult. In the 

more strongly altered areas, correlation was based primarily on the
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presence of the very characteristic Southern Belle Quartzite Member and 

on the author's interpretation of what the original texture and composi

tion of the rocks was prior to alteration.

The Southern Belle Quartzite Member is an exceedingly pure, white, 

thickly bedded orthoquartzite (Figure 5). In thin-section this unit con

sists of well-sorted and rounded, medium- to coarse-grained quartz grains. 

All interstices between the quartz grains have been filled by secondary 

quartz and locally the contacts between the secondary, cementing quartz 

and the detrital grains are sutured. This unit is a maximum of 60 feet 

in thickness, and it locally forms prominent steep cliffs. No fossils 

were found within this unit.

The Peppersauce Member is a light brown to pale green, thinly 

bedded sequence of dolomitic, feldspathic siltstone and sandstone with 

minor silty, micaceous limestone and dolomite (Figure 6). Bedding ranges 

from less than 1 inch to a local maximum of 3 feet in thickness. No fos

sils of any kind were found within this unit.

Locally, along the contact between the Abrigo and the augen gneiss, 

a quartz pebble conglomerate unit occurs (Figure 7). This unit, although 

it is now discontinuous as the result of the intrusion of a quartz dio- 

rite sill, is approximately 2000 feet in strike length and 10-150 feet in 
thickness. The quartz pebbles range from 0.5 to 4 inches in diameter and 

locally constitute as much as 70 volume percent of the rock. The pebbles 

are always well-rounded and oftentimes stretched with the long axis trend

ing N20-30°E and plunging 25-35°N.
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Figure 5. Southern Belle Quartzite Member of the Abrigo Formation.

Figure 6. Peppersauce Member of the Abrigo Formation.



Figure 7. Stretched Pebble Conglomerate Unit within the Abrigo 
Formation.
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Martin Formation

The Devonian Martin Formation occurs primarily within the central 

and eastern portions of the study area and is in fault contact with both 

the underlying Abrigo Formation and the overlying Horquilla Limestone(?). 

The Devonian Martin Limestone was originally named by Ransome (1904) for 

exposures on Mount Martin at Bisbee, Arizona. Stoyanow (1936) described 

the Martin Limestone in the Peppersauce Canyon and also recognized a unit 

higher in the Devonian which he named the Lower Ouray Formation. In sub

sequent work in the same area, Creasey (1967) described the Martin Lime

stone and the Lower Ouray Formation and included them both in what he 

designated the Martin Formation.

Correlation of the rocks described as the Martin Formation within 

the study area with the type Martin Formation is difficult. In addition 

to the fact that the Martin is by nature quite variable in lithology 

(Wright, 1964), the Martin Formation within the study area locally has 

been extensively metamorphosed and pyrometasomatically altered. Altera

tion has resulted in the conversion of large portions of this unit into 

a series of intercalated quartz-diopside hornfels, garnet skarns, and 

tremolite-bearing dolomitic marbles. Correlation of these units with 

the type Martin is based on the author's interpretation of what the com

position and texture of the rocks was prior to alteration. Geological 

projections of unaltered units into areas of strong alteration were also 

used for correlation purposes.

The Martin Formation consists of an alternating series of thinly 

bedded sandy dolomite, dolomitic siltstone and sandstone, and pure
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limestone. Bedding ranges from less than 0.5 feet to a maximum of 4 feet 

in thickness. Visual estimates indicate that this unit is comprised of 

approximately two-thirds dolomite and limestone, and one-third shale, 

siltstone, and sandstone. Although no characteristic fossils were found 

within this unit, one highly deformed horn coral of Paleozoic affinity 

was recognized (D. L. Bryant, personal communication, 1970).

Horquilla Limestone(?)

The Pennsylvanian Horquilla Limestone(?) occurs primarily within 

the eastern portion of the study area and is the youngest of the exposed 

sedimentary rock units. The Horquilla Limestone(?) is in fault contact 

with the underlying Martin Formation and generally caps the hills in the 

vicinity of the confluence of Buehman and Bullock Canyons.

The name Naco Limestone was originally applied by Ransome (1904) 

to the limestone between the Mississippian Escabrosa Limestone and the 

Cretaceous rocks at Bisbee, Arizona. The Naco Limestone was subdivided 

by Gilluly, Cooper, and Williams (1954) into the Pennsylvanian Horquilla 

Limestone, the Pennsylvanian-Permian Earp Formation, and the Permian 

Colina Limestone, Epitaph Dolomite, Scherrer Formation, and Concha 

Limestone.

Correlation of the Horquilla Limestone(?) within the study area 

with the type Horquilla Limestone is based primarily on the lithological 

similarities to the descriptions of McKenna (1966), Bryant (1968), and 

Schloderer (1974). It should be noted, however, that the contact between 

the Horquilla and the lithologically similar, underlying Black Prince 

Limestone and overlying Earp Formation is oftentimes difficult to
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distinguish, and it is possible that portions of either one of these 

units may have been included within the unit mapped as Horquilla 

Limestone(?).

The Pennsylvanian Horquilla Limestone(?) is a light gray to pink 

sandy limestone which is intercalated with thin beds of red to green 

shale (Figure 8). Bedding ranges from approximately 6 inches to a maxi
mum. of 4 feet in thickness. No diagnostic Pennsylvanian fossils were 

found within this unit. The Horquilla Limestone(?) is generally weakly 

marbleized and locally the shale units are slightly phyllitic.

Leatherwood Quartz Diorite(?)

Several sill-like bodies of quartz diorite intrude the Abrigo 

Formation and the augen gneiss within the western and southern portions 

of the study area. The quartz diorite sills range from a few tens of 

feet to several hundreds of feet in thickness and locally are in excess 

of 4000 feet in strike length.

Megascopically the quartz diorite is typically a medium to dark 

gray, foliated, porphyritic rock (Figure 9). Locally, numerous 2-12 inch, 

pale green inclusions of metasedimentary rock are contained within the 

sills. The quartz diorite is comprised of 35-45 volume percent plagio- 

clase, 20-30 volume percent quartz, 15-25 volume percent biotite, 5-10 

volume percent orthoclase, and variable trace percentages of chlorite, 

epidote, sericite, zircon, and magnetite (Figure 10). Plagioclase occurs 

either as 2-4 mm shattered, subhedral phenocrysts (porphyroblasts) or as 

0.05-0.02 mm anhedral crystals. The plagioclase phenocrysts are moder

ately altered to sericite and locally contain numerous 0.05 mm grains of
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Figure 8. The Horquilla Limestone (?).

Figure 9. The Leatherwood Quartz Diorite.
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Figure 10. Photomicrograph of the Leatherwood Quartz Diorite(?). — 
Crossed nicols, 3.5x.
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epidote. Plagioclase appears to be albitic in composition, although this 

determination is somewhat questionable as a result of the sericitic al

teration. Quartz occurs either as 1-3 mm rounded phenocrysts (porphyro- 

blasts) or as 0.05-0.1 mm anhedral. crystals. Quartz always shows 

undulatory extinction, and some minor recrystallization is evident. Bio- 

tite occurs either as 0.4-0.6 mm fibrous aggregates or as 0.05-0.2 mm in

dividual subhedral crystals. The biotite aggregates generally exhibit 

a preferred orientation and are locally bent around the quartz phenocrysts. 

Orthoclase occurs as 0.5-0.2 mm anhedral crystals.

Foliation generally parallels the intrusive contact and ranges 

from being weakly developed within the central portions of the sills to 

being strongly developed near the sill margins. Foliation within the 

central portions of the sills is mainly the result of the preferred ori

entation of biotite, whereas the marginal foliation is the result of 

both the preferred orientation of biotite and strong cataclastic deforma

tion. The distribution of the cataclastic deformation suggests that it 

is related to the intrusion of the sills themselves. The foliation re

sulting from the preferred orientation of biotite is probably related to 

partial recrystallization during post-intrusive regional metamorphism.

Although no absolute age can be assigned to.the quartz diorite 

intrusives, field relationships suggest that they are pre-Tertiary in age. 

The sills do not intrude the tectonically emplaced Martin Formation and 

Horquilla Limestone(?) and are noted in one locality to terminate" abruptly 

against a presumed Tertiary gravity-glide fault.

The quartz diorite sills within the study area are texturally and 

mineralogically similar to the cataclastic phase of the Leatherwood Quartz
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Diorite as described by Hanson (1966), Braun (1969), and Wood (1963) in 

the Marble Peak area. The cataclastic phase of the Leatherwood is a 

gneissic rock with large quartz and plagioclase phenocrysts which are set 

in a finer-grained matrix of quartz, plagioclase, orthoclase, and biotite. 

Because of the similarities between these two units, it is suggested that 

the quartz diorite within the study area is correlative with the Leather- 

wood Quartz Diorite.

Catalina Granite(?)

A large discordant mass of granite intrudes the augen gneiss, the 

Paleozoic sedimentary rocks, and the quartz diorite sills within the 

southwestern portion of the study area. This unit, as shown on the state 

geologic map, is contiguous with a larger, near batholithic-sized intru

sive which forms the core of the Santa Catalina Mountains. In addition 

to the main mass of the intrusive, several smaller, satellitic bodies of 

granite intrude the Martin Formation within the central portion of the 

study area. Megascopically the granite is typically a light gray to 

white, medium-grained, weakly foliated rock (Figure 11). Muscovite crys

tals oftentimes impart a speckled appearance to the rock, and locally, 

small, euhedral red garnets can be seen. Because of the greater resis

tance to weathering, the granite outcrops are generally topographically 

higher than the adjacent metasedimentary rocks.

The granite is composed of 30-40 volume percent quartz, 25-35 

volume percent microcline, 5-15 volume percent plagioclase, 5-10 volume 

percent muscovite, and 1-30 volume percent garnet. Quartz occurs as 0.05- 

0.7 mm anhedral crystals. Microcline occurs either as 2-4 mm subhedral



Figure 11. The Catalina Granite(?).
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to euhedral phenocrysts or as 0.3-1.0 mm anhedral crystals. The micro- 

cline phenocrysts contain numerous small inclusions of quartz, muscovite, 

and orthoclase. Plagioclase occurs as 0.2-1 mm subhedral to euhedral 

crystals and is everywhere weakly altered to sericite. Plagioclase com

positions range from An^g to An^g. Muscovite occurs as 0.1-2 mm subhed

ral crystals and generally shows a preferred orientation. Red garnet 

occurs as 0.1-2 mm clear, euhedral crystals.

The granite is weakly foliated and locally cataclastically de

formed. Foliation results from the preferred orientation of the musco

vite crystals, and generally parallels the granite-sedimentary rock 

contact. Cataclastic deformation is quite weak and is restricted pri

marily to the granite near the contact with the adjacent sedimentary 

rocks.

Although no absolute age can be assigned to the granite, field 

evidence suggests that it is post-Mesozoic and pre-Miocene in age. The 

granite intrudes the Cambrian Abrigo Formation, the Devonian Martin For

mation, and the Mesozoic (?) quartz diorite, and is noted to postdate a 

major Tertiary (?) gravity-glide fault. Andesite porphyry dikes of pre

sumed Miocene age intrude the granite.

The granite exposed within the study area is texturally and min- 

eralogically similar to portions of the Catalina Granite, as described by 

Peirce (1958), McCullough (1963), and Hoelle (1976), and it is suggested 

that the two units may be correlative.
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Pegmatite Dikes

Numerous white to light gray pegmatite dikes intrude the Abrigo 

Formation and the pyrometasomatically altered Martin Formation within the 

central portion of the study area (Figure 12). These dikes range from 6 

inches to 5 feet in width and from several tens of feet to several hun

dreds of feet in strike length. The pegmatites strike N10-20°E and dip 

between 58°E and 72°W.

The pegmatite, dikes are comprised of 10-40 volume percent micro- 

cline, 10-30 volume percent muscovite, 10-30 volume percent quartz, and 

trace percentages of epidote, magnetite, siderite, fluorite, hematite- 

limonite, malachite, and, very locally, beryl. Grain sizes range from 

less than 0.25 inches to a maximum of approximately 6 inches in diameter. 

Compositional and textural zoning is quite common and extremely variable. 

In general, the dikes that carry the copper mineralization also contain 

fluorite, siderite, and hematite-limonite.

The distribution and orientation of the pegmatite dikes strongly 

suggests a genetic link with the granite stock. The dikes appear to be 

spatially related to an embayment of granite and are found to occur 

within a 1000-1500 foot wide zone surrounding the intrusive embayment. 

The orientation of the pegmatite dikes is such that they appear to fan 

out vertically above the granite embayment.

Andesite Porphyry Dikes

Several andesite porphyry dikes intrude the Martin formation and 

the granite within the central portion of the study area. These dikes 

strike N70-90°E and generally have a near vertical dip. The dikes range
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Figure 12. Pegmatite Dikes within the Pyrometasomatically Altered 
Martin Formation.
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from 10 to 30 feet in width and from several hundreds of feet to several 

thousands of feet in strike length. Megascopically the andesite porphy

ry is typically a dark gray to black spotted rock. The spotted appear

ance of this unit is by far its most characteristic feature, and it 

results from the presence of numerous, large, white, plagioclase pheno- 

crysts which are set in a near black, aphanitic groundmass (Figure 13).

The andesite porphyry is comprised of 60-70 volume percent plagio

clase, 20-30 volume percent hornblende, 5-10 volume percent enstatite, 

and variable trace percentages of magnetite and ilmenite(?). Plagioclase 

occurs either as 0.25-1.0 inch euhedral phenocrysts or as 0.1-0.3 mm an- 

hedral crystals. The plagioclase phenocrysts constitute approximately 

45 volume percent of the rock and were found, optically, to have a com

position of AngQ-An^Q. Hornblende occurs as 0.1-0.3 mm anhedral crystals. 

Enstatite occurs as 0.1-0.7 mm subhedral crystals.

The dikes are unfoliated and unaltered, and show no evidence of 

ever having been metamorphosed. In general, no contact alteration ef

fects are recognized within the wall rocks adjacent to the dikes.

Although no absolute age can be assigned to the andesite porphyry 

dikes, the lack of obvious alteration and metamorphic effects suggests 

that they are quite young. Dikes similar in both texture and mineralogy 

to the dikes within the study area have been described by Cooper (1961) 

in the Mineta Ridge area. Based on stratigraphic relationships. Cooper 

has assigned a Miocene age to these dikes. Because of the many similari

ties between the two units, it is suggested that the andesite porphyry 

dikes within the study area are correlative with the dikes described by 

Cooper in the Mineta Ridge area.



Figure 13. Andesite Porphyry.
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Lamprophyre Dikes

Several dark green to black lamprophyre dikes occur within the 

eastern portion of the study area. These dikes range from 2 feet to a 

maximum of 20 feet in width and are generally quite discontinuous along 

strike. The dikes are comprised of 30-40 volume percent plagioclase, 

25-35 volume percent hornblende, 15-25 volume percent epidote, and vari

able trace percentages of chlorite, hematite, sphene, calcite, and musco

vite. The dikes are generally weakly altered to clay and chlorite. No 

foliation other than weak contact flow foliation is evident.

Although no absolute age can be assigned to the lamprophyre 

dikes, field relationships indicate that they are post-Mesozoic in age. 

The dikes generally fill N20-30°E normal faults which in turn cut the 

Tertiary Catalina Granite.



STRUCTURAL GEOLOGY

General Statement

The structural geology of the study area is exceedingly complex, 

resulting as it does from several periods of tectonic and intrusive ac

tivity. The major structural features present within the area include 

low-angle normal faults or gravity-glide faults, folds, fractures, and 

normal" faults. In general, these structural features have been superim

posed on a sequence of sedimentary and metasedimentary rocks which have 

a fairly uniform N40—80°W strike and a 20—60°NE dip.

Gravity-glide Faults

Two major gravity-glide faults are recognized within the central 

and eastern portions of the study area. These faults separate the Abrigo 

Formation from the overlying Martin Formation and the Martin Formation 

from the overlying Horquilla Limestone(?). The gravity-glide faults gen

erally parallel the sedimentary bedding and are locally marked by a 1-5 

foot thick zone of strong shearing and minor limonite staining.

In addition to the two major gravity-glide faults, three minor 

faults are also recognized within the eastern portion of the study area. 

These faults are exposed within the Bullock Canyon area and are marked 

by a 1-3 foot thick zone of shearing. In general, these faults parallel 

the primary sedimentary bedding and are nowhere continuously exposed for 

more than a few hundred feet. In addition to the minor gravity-glide 

faults, numerous discontinuous 1-6 in. thick mylonite zones are recognized
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Folds

Locally, within the Abrigo and Martin Formation, strong drag 

folding is evident (Figure 14). The individual folds range from a few 

inches to several feet in amplitude, and generally strike N50-60°W and 

plunge at 10-30°NW. The majority of the folds are overturned to the 

northeast with the axial planes dipping 20-60°SW. Drag folding is prob

ably related to gravity-glide faulting and indicates that tectonic trans

port was in a general northeasterly direction.

Broad open folding, rather than tight drag folding, appears to be 

the main style of deformation within the Horquilla Limestone. These folds 

range from a few feet to several tens of feet in amplitude, and no dis

cernible pattern of deformation was recognized.

Fractures

A well-developed set of vertically radiating fractures is recog

nized within the central portion of the study area. These fractures are, 

in general, restricted to the pyrometasomatically altered Martin Formation 

and to a 2000 foot wide zone of Abrigo Formation immediately to the west 

of the Martin. The fractures strike N5-20°E and dip between 58°E and 

72°W. The westerly fractures generally dip to the east, whereas the east

erly fractures dip to the west. Fracturing appears to fan out above an 

embayment of Catalina Granite(?), and it is suggested that the intrusion 

of the granite caused local doming which resulted in the development of

the tension fracture pattern.



Figure 14. Drag Folds within the Abrigo Formation
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Normal Faults

One major system of normal faults is recognized within the cen

tral and eastern portion of the study area. These faults strike N35-45°E 

and dip from 47°SE to vertical. Movement appears to have been primarily 

normal with the southeastern sides downthrown. The magnitude of the ver

tical displacement is difficult to determine except in the case of the 

fault that displaces the pyrometasomatically altered Martin Formation.

In this instance, displacement is calculated to have been approximately 

150 feet. The faults are generally marked by a 1-5 foot wide zone of my- 

lonitic breccia.

In addition to the major fault system described above, one other 

minor set of normal faults is recognized -in the area of the pyrometaso

matically altered Martin Formation. These faults generally strike N20-30°W 

and dip at 50-60°SW. Vertical displacements are on the order of 25-75 

feet.

Discussion

The structural evolution of the study area appears to consist of 

the following sequential events: gravity-glide faulting and drag fold

ing, igneous intrusion and tensional fracturing, and normal faulting. A 

diagram showing the hypothesized sequence of structural events is shown 

in Figure 15. The first of the recognizable structural events to have af

fected the area appears to have resulted in the formation of the low-angle 

normal faults. These faults are probably more accurately described as 

gravity-glide faults and are thought to have formed during a period of
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Figure 15. Sequence of Middle Tertiary(?) Structural Events in the Santa Catalina-Rincon Mountains 
Area, Arizona. win
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Tertiary uplift and gneiss doming within the Santa Catalina-Rincon Moun

tains (de Sitter, 1954; Mayo., 1964; Waag, 1968; Peterson, 1968; Davis, 

1974; Shakel, 1974). During this period of gneiss doming, the sedimentary 

rocks covering the Santa Catalina-Rincon complex became unstable and large 

sheets slid off the uplift along low-angle fault surfaces. Drag along 

these surfaces undoubtedly accompanied gravity gliding and resulted in the 

formation of the numerous drag folds observed within the study area.

The next structural event to have affected the study area appears 

to have been related to the forceful intrusion of the Catalina granite(?) 

stock. This event initially resulted in contact metamorphism, pyrometa- 

somatic alteration, and minor contact deformation and culminated in local 

doming and tensional fracturing.

The last major structural event to have affected the area is rep

resented by the N35-45°E trending set of normal faults. These faults are 

downthrown to the east and probably formed as the result of continued 

uplift within the Santa.Catalina Mountains.



ALTERATION

Processes and Terminology

Metamorphism is an alteration process by which consolidated rocks 

are texturally and tnineralogically changed in response to free energy 

gradients (Barth, 1962). The free energy gradients that drive the pro

cess result from some combination of differential pressures, temperatures, 

or chemical activities. The geological conditions giving rise to free 

energy gradients are quite varied and include local increased tempera

tures induced by the intrusion of an adjacent magma (contact metamorphism), 

broad-scale increased temperatures and pressures due to large-scale down

warping and deep burial (regional metamorphism), and tectonic dislocation 

and shearing (dynamic metamorphism). Hydrothermal alteration is a process 

by which consolidated rocks are texturally, tnineralogically, and chemic

ally changed as the result of the passage of aqueous hydrothermal fluids 

through them (Perry, 1968). Hydrothermal alteration occurs because of 

physicochemical disequilibrium between the fluid and the host rock, and 

results in partial or total re-equilibration of portions of the rock sys

tem. Hydrothermal alteration, as the term is currently used, implies a 

direct or indirect link to an igneous source.

Hydrothermal alteration, when it occurs in a carbonate host rock 

which is in close proximity to an igneous body, has been referred to as 

pyrometasomatism (Lindgren, 1933; Schmitt, 1939; Burnham, 1959; Perry,

1968; Titley, 1973). Pyrometasomatism, or the pyrometasomatic process, 

results in the conversion of calcium and magnesium carbonate minerals
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into calcium, magnesium, iron, and alumina silicate minerals. In most 

instances, pyrometasomatism also results in silicification and in the 

introduction of both oxide and sulfide minerals.

The term skarn is generally used to describe the rock that is 

formed as the result of pyrometasomatic hydro thermal alteration of impure 

carbonate rocks. In the classic sense, the term skarn is used to desig

nate metasomatic calcium, magnesium, iron, and alumina silicate rocks 

that may or may not contain iron oxides (Sjogren, 1907; Hess, 1919; Jahns, 

1944; Bateman, 1965; Perry, 1968; Titley, 1973). Perry (1968) expanded 

the definition of the term to include those metasomatically altered ig

neous rocks adjacent to chemically dissimilar sedimentary rocks. In this 

definition, the metasomatic rocks forming on the igneous side of the con

tact are termed endoskarns, whereas those metasomatically altered rocks 

on the sedimentary side, regardless of original composition, are termed 

exoskarns.

Implicit within the preceding discussion of hydrothermal altera

tion is the restriction that the host rocks being altered must be suffi

ciently permeable to allow the passage of the hydrothermal fluid. The 

permeability of a rock is its capacity to transmit a fluid through it, and 

it is measured by the rate at which fluid moves through a given distance 

and cross-section within a given time interval. Geological factors af

fecting rock permeability are basically the distribution and openness of 

existing microfractures, fractures, faults, and pore spaces. Where the 

permeability of the host rock is high and the alteration conditions cor

rect, pervasive hydrothermal alteration may occur.
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For the purpose of this study, metamorphism is defined as an 

isochemical alteration process which occurs in response to induced ther

mal and pressure gradients. Hydrothermal alteration, including pyro- 

metasomatism, is defined as an allochemical alteration process which 

occurs in the presence of an aqueous hydrothermal fluid of probable mag

matic origin.
As used in this study, the definition of hydrothermal alteration 

does not include within it any implication as to the physical or chemical 

state or the origin of the hydrothermal fluid itself. The fluid may be 

gaseous or liquid in form, and although it is associated with an igneous 

heat source, it may be magmatic or meteoric in origin.

General Statement

The sedimentary and igneous rocks exposed within the study area 

have been extensively affected by regional and contact metamorphism and 

pyrometasomatic and non-pyrometasomatic hydrothermal alteration. Region

al metamorphism of portions of the Abrigo Formation and the quartz dio— 

rite intrusives has resulted in local deformation and the development of 

foliation. Contact metamorphism has variably affected the Abrigo and 

Martin Formations and has resulted in the formation of calc—silicate horn— 

felses, tremolite-bearing marbles, and marbles. Pyrometasomatism has af

fected the Abrigo and Martin Formations and has resulted in both weak 

garnetization and the formation of a massive garnet skarn. Non- 

pyrometasomatic hydrothermal alteration-mineralization has affected the 

Abrigo and Martin Formations and the granite and quartz diorite intrusives 

and has resulted in sericitization, silicification, and silicate mineral
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veining. A diagram showing the sequence of alteration events is shown in 
Figure 16.

Similar silicate mineral assemblages are known to form in both 

the contact metamorphic environment and the pyrometasomatic environment. 

To distinguish the differing alteration effects, the author has attempted 

to calculate, where possible, the pre-alteration "parent rock" composi

tion. The volumetric mineral compositions of the altered rocks were de

termined from thin-section studies. Assuming a closed-chemical system in 

all cases, the composition of the pre-alteration "parent rock" was calcu

lated making use of the standard metamorphic reactions of Bowen (1940) 

and Cooper (1957). If the calculated composition of the "parent rock" 

was within the known range of compositions of the unaltered, stratigraph- 

ically equivalent unit, then closed system processes or contact metamor

phism was assumed to have been responsible for the observed alteration 

effects. If the calculated "parent rock" composition differed signifi

cantly from the known range of compositions of the unaltered equivalent 

unit, then open system processes or pyrometasomatism was assumed to have 

been responsible for the observed alteration effects.

The observed field relationships of the variably altered rocks 

were also used to distinguish between the differing alteration processes. 

Discordant relationships such as veins of one silicate mineral assemblage 

crossing either unaltered rocks or altered rocks consisting of a differ

ent silicate mineral assemblage, were taken as strong evidence for pyro

metasomatism. Where differing silicate alteration mineral assemblages 

occurred as stratiform units with sharp compositional contacts, contact
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metamorphism was the process assumed to have been responsible for the 
observed alteration.
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Regional Metamorphism

Regional metamorphism and deformation appear to have affected 

both the quartz diorite sills and, to a lesser extent, the Abrigo Forma

tion. Metamorphism is recognized only within the western and southern 

portions of the study area and is generally of only weak to moderate 

intensity. The quartz diorite sills everywhere show the uniform effects 

of regional metamorphism and deformation. Metamorphism has resulted in 

the recrystallization and reorientation of biotite and has imparted to 

the rock a general weak to moderate schistosity. Deformation, as evi

denced by a slight elongation and straining of the quartz phenocrysts, 

appears to have accompanied recrystallization.

Within the south-central portion of the study area, the Abrigo 

Formation shows the effects of what is interpreted to be regional deforma

tion. Deformational effects are best exhibited within the conglomeratic 

portions of the unit where elongation and stretching of the quartz pebbles 

and cobbles is evident. Regional metamorphism and deformation were prob

ably originally much more extensively developed within the study area, 

but subsequent contact metamorphism, pyrometasomatism, and gravity-glide 

faulting has tended to obscure them.
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Contact Metamorphism

Abrigo Formation

Contact metamorphism within the Abrigo Formation is subdivided 

into four mineralogically and texturally distinct zones. These four zones 

are: the quartz-diopside-biotite hornfels zone, the quartz-garnet h o m -

fels zone, the quartz-muscovite phyllite zone, and the quartzite zone.

The distribution of each of these zones is shown on the included altera

tion map (Figure 17, in pocket).

Quartz-diopside-biotite Hornfels Zone. The quartz-diopside- 

biotite hornfels zone occurs primarily within the western portion of the 

study area and is comprised of several discontinuous bands of metasedi

mentary rocks which are separated by thick quartz diorite sills. The 

metasedimentary units strike N70-80°W and dip 35-61°N. The quartz- 

diopside-biotite hornfels zone actually consists of alternating units of 

gray fine-grained; biotite quartzite and pale green quartz-diopside- 

tfemolite hornfels. The individual hornfels and quartzite units range 

from 1-12 inches in thickness and impart to the zone, as a whole, a vari

egated gray-green appearance (Figure 18). Locally, the quartz-diopside- 

biotite hornfels zone is highly contorted and deformed with individual 

folds and crenulations ranging from a few tenths of an inch to several 

feet in amplitude.

The biotite quartzite units are comprised of 70-80 volume percent 

quartz, 10-25 volume percent biotite, 1-3 volume percent muscovite, and 

variable trace percentages of diopside, epidote, magnetite, sphene, and



Figure 18. Quartz-diopside-biotite Hornfels.
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zircon (Figure 19). The individual abundances and mineral assemblages 

of each of the samples studied are shown in Table 1. Quartz occurs as 

0.05-0.3 mm anhedral to subrounded grains which appear to be detrital in 

origin. Biotite and muscovite both occur as 0.05-0.2 mm subhedral crys

tals which commonly exhibit a preferred orientation. Biotite and musco
vite are found interstitial to the detrital quartz grains, and locally, 

they are observed to be bent around individual quartz grains. Magnetite 

occurs as 0.3-0.5 mm subrounded grains which appear to be detrital in 

origin. Diopside and epidote both occur as 0.3-0.5 mm subhedral crystals. 

Sphene and zircon occur as 0.05 mm subrounded grains.

The quartz-diopside-tremolite hornfels units are composed of 35- 

55 volume percent quartz, 35-60 volume percent diopside, 1-10 volume per

cent tremolite, and variable trace percentages of magnetite, epidote, 

forsterite, talc, and zircon (Figure 20). The individual abundances and 

mineral assemblages of each of the samples studied are shown in Table 2. 

Quartz occurs as 0.05-0.5 mm anhedral to subrounded grains which appear 

to be detrital in origin. Diopside occurs as 0.1-0.5 mm anhedral to sub

hedral crystals, which are locally intergrown with fine-grained, anhedral 

quarta. Tremolite is erratically distributed throughout this unit and 

occurs as 0.2-0.3 mm bladed crystals and as 0.3-0.5 mm fibrous aggregates. 

Tremolite is intimately intergrown with quartz and is always partially 

replaced by diopside. Magnetite occurs as 0.05-0.1 mm subrounded to sub

hedral grains which appear to be detrital in origin.

The individual biotite quartzite units, which are contained within 

the quartz-diopside-biotite hornfels zone, probably formed from a slightly 

ferruginous, argillaceous siltstone or fine-grained sandstone by the
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Figure 19. Photomicrograph of a Biotite Quartzite Unit from the Quartz- 
diops ide-bio tit e Hornfels Zone. —  Crossed nicols, 3.5x. 
Note: b = biotite, q = quartz.



Table 1. Mineral Abundances in the Biotite Quartzite Units of the Contact Metamorphosed Abrigo 
__________ Formation, Percent by Volume in Thin-section._____ ____________________________________
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5-10-10-1 — 15 80 1 — — 1 — 1 2 — - epi veinlet
5-10-10-2 - 25 70 1 - - - - 2 2 - - epi veinlet

5-10-10-10 _ 20 75 1 — — — — 3 1 — epi veinlet
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Figure 20. Photomicrograph of a Quartz-diopside-tremolite Unit from
the Quartz-diopside-biotite Hornfels Zone. —  Crossed nicols, 
lOx. Note: q = quartz, d = diopside, t = tremolite.



Table 2. Mineral Abundances in the Quartz-diopside-tremolite Hornfels Units of the Contact Metamor- 
__________ phosed Abrigo Formation, Percent by Volume in Thin-section.___________________________ _____
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5-2-1-5A - - 45 tr - 5 50 tr tr - - -

5-10-10-3 - 50 1 - 10 35 - 3 1 - - tr pyrite

5-10-10-4 - - 45 tr - 5 45 - 4 1 - - epi veinlet

5-10-10-5 - - 35 tr - 5 55 - 4 1 - - epi veinlet

5-15 - - 55 - - tr 45 - tr - - -

VO
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process of isochemical recrystallization. Petrographic studies indicate 

that the quartz present in this unit is sedimentary in origin, whereas 

the biotite and muscovite are secondary in origin. The individual quartz- 

diops ide-tremolite hornfels units probably formed from a dolomitic silt- 

stone, also by a process of isochemical recrystallization. Petrographic 

studies indicate that the majority of the quartz present in this unit is 

sedimentary in origin, whereas the diopside and tremolite are secondary 

in origin.

Without considering any of the thermodynamic restrictions implicit 

within all chemical reactions, the following, progressive closed-system 

chemical reactions (after Cooper, 1957) are suggested for the formation 

of diopside and tremolite:

5CaMg(C03)2 4- 8Si02 + H20 = Ca2Mg5(0H)2(Si4011)2 + 3CaC03 + 7C02 (1)
dolomite quartz tremolite calcite

Ca2Mg5(0H)2 (Si4011)2 + 3CaC03 + 2Si02 = 5CaMg(Si03)2 + 3C02 + H20 (2)
tremolite calcite quartz diopside

For the sake of simplicity, diopside can be thought of as forming 

directly by the following reaction:

CaMg(C03)2 + 2Si02 = CaMg(Si03)2 + 2C02 (3)
dolomite quartz diopside

To test the hypothesis that the quartz-diopside-tremolite horn

fels units formed from a water-saturated dolomitic siltstone by the pro

cess of isochemical recrystallization, the hypothetical "parent rock" 

composition was calculated. If it is assumed (1) that the
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quartz-diopside-tremolite hornfels unit, as indicated from thin-section 

studies, is composed of an average of 50 volume percent quartz, 45 volume 

percent diopside, and 5 volume percent tremolite and that the quartz pres

ent within the unit is unreacted sedimentary quartz, and (2) that the 

above closed-system chemical reactions were responsible for the formation 

of diopside and tremolite, then the hypothetical "parent rock" is calcu

lated to have been composed of 68.8 volume percent quartz and 31.2 volume 

percent dolomite. This calculated composition is within the known range 

of Abrigo compositions as described by McKenna (1966), Broderick (1967), 

and Creasey (1967) and is within the visually estimated range of composi

tions of the unaltered, stratigraphically equivalent unit in other por

tions of the study area. In view of this evidence, it is concluded that 

the quartz-diopside-tremolite hornfels units formed under closed—system 

chemical conditions.

Quartz-garnet Hornfels Zone. The quartz-garnet hornfels zone oc

curs primarily within the south-central portion of the study area and con

sists of several discontinuous bands of metasedimentary rocks which are 

separated by a schistose quartz diorite sill. The metasedimentary units 

strike N65-80°W and dip 20-40°N. Intrusion of the quartz diorite sill has 

resulted in a severe dislocation and, locally, in a three-fold dilation 

of the original sedimentary sequence.

The quartz-garnet hornfels zone, where unaffected by hydrothermal 

alteration, is composed of 70-80 volume percent quartz, 20-30 volume per

cent garnet, and variable trace percentages of diopside, epidote, magne

tite, and zircon (Figure 21). The individual abundances and mineral
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Figure 21. Photomicrograph of the Quartz-garnet Hornfels Zone. —  
Crossed nicols, lOx.
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assemblages of each of the samples studied are shown in Table 3. Quartz 

occurs primarily as 0.05—4 mm subrounded to anhedral grains which are lo

cally intergrown with garnet. Garnet occurs as 0.1-0.6 mm subhedral to 

euhedral crystals which are locally zoned. Garnet ranges in composition 

from andradite^Q grossularitegQ to andradite^Q grossularitegg. Trace 

amounts of diopside, epidote, magnetite* and zircon occur as 0.05 mm sub

hedral to subrounded crystals.

The quartz-garnet hornfels zone probably formed from a feldspath- 

ic, calcareous, argillaceous sandstone by the process of isochemical re

crystallization. Petrographic studies indicate that the majority of the 

quartz present in this unit is not sedimentary in origin.

Without considering any of the thermodynamic restrictions, the 

following progressive, closed-system reactions (after Cooper, 1957, and 

Barth, 1962, respectively) are suggested for the formation of garnet:

KAlSlgOg + Al4Si4010(0H)g = KAl3Si3010(0H)2 + 4Si02 + A12(0H)6 (4)
orthoclase kaolinite muscovite quartz

2KAl3Sig010(OH)2 + 9CaC03 = 3Ca3Al2(Si04)3 + 9C02 + H20 + K20 (5)
muscovite calcite grossularite

For the sake of simplicity, grossularite can be thought of as 

forming directly by the following reaction:

2KAlSi308 + 2Al4Si4010(OH)g + 9CaCC>3 = 3Ca3Al2(Si04>3 + 8Si02 + 
orthoclase kaolinite calcite grossularite quartz

9C02 + 2A120H6 + H20 + K20 (6)



Table 3. Mineral Abundances in the Quartz-garnet Hornfels Zone of the Contact Metamorphosed Abrigo 
__________ Formation, Volume Percent In Thln-sectlon._________________________________________________

Sample Number Ga
rn

et

Bi
ot

it
e

I Qu
ar

tz

Ma
gn

et
it

e

Ac
ti

no
li

te

Tr
em

ol
it

e

Di
op

si
de

Ca
lc

it
e

Ep
id

ot
e

Mu
sc

ov
it

e

Ta
lc

Mi
cr

oc
li

ne

Remarks
5-2-20-3 20 - 70 tr - - 5 - 3 - - - 2%

wollastonite

5-2-20-4 20 - 70 1 - - 5 - 3 - - i

5-10-10-6 10 - 80 1 - - 5 - 3 - - i

Ui



55
To test the hypothesis that the quartz—garnet hornfels zone 

formed from a feldspathic, calcareous, argillaceous sandstone by the pro

cess of isochemical recrystallization, the hypothetical "parent rock" 

composition was calculated. If it is assumed (1) that the quartz—garnet 

zone, as indicated from thin-section studies, is composed of an average 

of 75 volume percent quartz and 25 volume percent grossularite and that 

the quartz present in this unit is un-reacted sedimentary quartz, and (2) 
that garnet formed by the above closed-system chemical reaction, then the 

hypothetical "parent rock" is calculated to have been comprised of 50.5 

volume percent quartz, 20.8 volume percent kaolinite, 17.3 volume percent 
calcite, and 11.4 volume percent orthoclase. This calculated composition 

is also within the known range of Abrigo compositions as described by 

McKenna (1966), Broderick (1967), and Creasey (1967) and is within the 

visually estimated range of compositions of the unaltered, stratigraph- 

ically equivalent unit in other portions of the study area. In view of 

this evidence, it is concluded that the quartz-garnet hornfels unit prob

ably formed under closed-system chemical conditions.

Quartz-muscovite Phyllite Zone. The quartz-muscovite phyllite 

zone occurs predominantly within the central portion of the study area. 

This zone is conformably underlain by the quartz-garnet hornfels zone and 

is in fault contact with the overlying Martin Formation. The unit strikes 
N70-85°W and dips 20-40°N.

The quartz—muscovite phyllite zone is composed of 65—75 volume 

percent quartz, 25-35 volume percent muscovite, and variable trace per

centages of biotite, magnetite, chlorite, and epidote. Quartz occurs as
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0*05—1 nun anhedral to subrounded grains which are locally interlocked and 

strained. Muscovite occurs as 0.05—0.6 nun subhedral crystals which show 

a strong preferred orientation. Biotite, magnetite, and epidote occur as 

0.05-0.5 mm anhedral to subhedral crystals. Chlorite forms as an altera

tion product after biotite.
The quartz-muscovite phyllite zone probably formed from an argil

laceous siltstone by the process of isochemical recrystallization. Petro

graphic evidence suggests that the quartz present within this unit is 

sedimentary in origin and that the muscovite is metamorphic in origin.

Quartzite Zone. The quartzite zone consists of two non-contiguous 

bands of metasedimentary rocks. These metasedimentary units occur in the 

west-central and extreme southeastern portions of the study area and 

strike N45-75°W and dip 25-45°N.

The quartzite zone is composed of 99-100 volume percent quartz 

and variable trace percentages of magnetite, hematite, zircon, and musco

vite (Figure 22). Quartz occurs as 0.3-1 mm anhedral to subrounded grains 

which are always interlocked and strained. Magnetite, hematite, zircon, 

and muscovite generally occur as 0.05-0.2 mm subhedral to subrounded crys

tals which are quite erratic in distribution. The quartzite zone undoubt

edly formed from a relatively pure orthoquartzite unit by the process of 

isochemical recrystallization. Petrographic evidence strongly suggests 

that the majority of the quartz present within this unit is detrital in 

origin, and that no compositional change occurred during contact 
metamorphism.
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Figure 22. Photomicrograph of a Quartzite Unit within the Quartzite 
Zone. —  Crossed nicols, lOx.
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Discussion. Contact metamorphic effects are most intense within 

the general area of the granite stock and decrease in extensiveness both 

north and east. The decrease in the extensiveness of metamorphism is 

marked by a decrease in the volumetric proportions of altered rocks to 

unaltered rocks. With increasing distance from the granite stock, perva

sively altered rocks grade into totally unaltered rocks.

No textural or mineralogical zoning is recognized within the 

Abrigo Formation. The occurrence of different silicate mineral assem

blages within each of the four contact metamorphic zones is a function of 

the difference in the original sedimentary "parent rock" composition rath

er than a difference in temperature and pressure conditions at the time 

of silicate mineral formation.
Petrographic studies indicate that the Abrigo Formation did not 

attain equilibrium during contact metamorphism. The majority of the 

quartz contained within this unit retains a detrital appearance, and the 

evidence strongly suggests that this quartz was chemically inert during 

the recrystallization process. Additional evidence of disequilibrium is 

found in the fact that tremolite and diopside coexist in the presence of 

excess silica. If equilibrium conditions had been reached and sufficient 

time was available for the reactions to have gone everywhere to comple

tion, all of the tremolite would have reacted with quartz to form diop

side (Bowen, 1940; Cooper, 1957).

Martin Formation

Contact metamorphism has converted the Martin Formation into an 

interbedded sequence of marble and dolomitic marble, tremolite—bearing
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dolomitic marble, and quartz-diopside-tremolite hornfels. The individ

ual metamorphic units range from less than one inch to several tens of 

feet in thickness, and on the weathered surface they oftentimes impart a 

banded and ribbed appearance to the rock outcrop (Figure 23).

The marble and dolomitic marble units are composed of more than 

99 volume percent calcite-dolomite and variable trace percentages of 
quartz, tremolite, diopside, and talc. Calcite-dolomite occurs as 0.05- 

2 mm anhedral crystals which are always interlocked and twinned. Quartz 

occurs as 0.05-0.3 mm subrounded detrital grains. Tremolite, diopside, 

and talc occur as 0.05-0.1 mm subhedral crystals which are locally inter- 

grown with quartz. The tremolite-bearing dolomitic marble units are com

posed of 50-90 volume percent calcite-dolomite, 10-50 volume percent 

tremolite, and variable trace percentages of quartz, diopside, and talc. 

Calcite-dolomite occurs as 0.05-3 mm anhedral, interlocked crystals. 

Tremolite occurs either as 2-8 mm fibrous aggregates or as individual 

0.1-0.5 mm subhedral, bladed crystals. Quartz occurs as 0.1-0.4 mm de

trital grains. Diopside and talc occur as 0.05-0.2 mm subhedral crystals 

which are oftentimes intergrown with tremolite.

The quartz-diopside-tremolite hornfels units are composed of 40-60 

volume percent quartz, 30-50 volume percent diopside, 1-15 volume percent 

tremolite, and variable trace percentages of microcline, forsterite, talc, 

and calcite. The individual abundances and mineral assemblages of each 

of the samples studied are shown in Table 4. Quartz occurs as 0.1-0.3 mm 

anhedral to subrounded, detrital grains which locally form 0.5-10 mm 
granular aggregates and 0.5-2 mm siliceous layers or bands. Diopside
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Figure 23. Contact Metamorphosed Martin Formation. —  The raised bands
consist of quartz, diopside, and tremolite whereas the inter- 
veining bands consist of tremolite-bearing marble.



Table 4. Mineral Abundances in the Quartz-diopside-tremolite Hornfels Zone of the Contact Metamor-
phosed Martin Formation, Percent by Volume in Thin-section.
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occurs as 0.1-0.4 mm anhedral to subhedral crystals which are found in
terstitial to the quartz grains. Tremolite occurs as 0.2-0.6 mm subhed
ral, bladed crystals and is oftentimes intergrown with diopside.

Microcline occurs as 0.1-0.3 mm detrital grains. Calcite occurs as ir

regular, post-silicate veinlets.

The marble and dolomitic marble units probably formed by the re

crystallization of limestones and dolomites. The tremolite-bearing dolo

mitic marble units probably formed by the recrystallization of slightly 

siliceous dolomites. The quartz-diopside-tremolite homfels units prob

ably formed by the recrystallization of water-saturated dolomitic silt- 

stones. All recrystallization processes appear to have been isochemical 

in nature.

To test the hypothesis that alteration within the Martin was es

sentially isochemical in nature, the hypothetical "parent rock" composi

tion of the most appreciably altered unit, the quartz-diopside-tremolite 

hornfels unit, was calculated. If it is assumed (1) that the quartz- 

diopside-tremolite hornfels units, as indicated from thin-section studies, 

are composed of an average of 50 volume percent quartz, 40 volume percent 

diopside, and. 10 volume percent tremolite and that the quartz present in 
this unit is sedimentary in origin; (2) that diopside formed by the 
closed-system reaction dolomite + 2 quartz = diopside + 2C02; and (3) 
that tremolite formed by the closed-system reaction 5 dolomite + 8 quartz 
+ H20 = tremolite + 3 calcite + 7C02, then the hypothetical "parent rock" 

is calculated to have been composed of 77.9 volume percent quartz and 
22.1 volume percent dolomite. This calculated composition is within the
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known range of Martin compositions as described by McKenna (1966), 

Broderick (1967), and Creasey (1967) as well as being within the visually 

estimated range of compositions for the unaltered, stratigraphically 

equivalent unit in other portions of the study area. In view of this evi

dence, it is concluded that the quartz-diopside-tremolite hornfels units 

probably formed under closed-system chemical conditions.

Primary silica content appears to have played an important role 

in determining the mineralogic composition of the contact metamorphosed 

Martin Formation. During contact metamorphism, the siliceous dolomitic 

sedimentary rocks were converted into quartz-diopside-tremolite hornfels, 

whereas the dolomitic rocks with a relative deficiency in silica were 

converted into tremolite-bearing dolomitic marble. The pure carbonate 

rocks were mineralogically unaffected by contact metamorphism.

Textural studies indicate that the quartz-diopside-tremolite horn

fels units did not attain equilibrium during the recrystallization pro

cess. The majority of the quartz contained within these units retains a 

detrital appearance, and the evidence suggests that the quartz remained 

chemically inert during contact metamorphism. Additional evidence of dis

equilibrium is found in the fact that both diopside and tremolite coexist 

in the presence of excess silica.

Equilibrium appears to have been much more nearly attained within 

the tremolite-bearing dolomitic marble units. Textural studies indicate 

that nearly all of the primary silica in these units has reacted with 

dolomite to form tremolite.
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Contact metamorphism is most pervasive within the general area 

of the granite(?) stock and decreases in extensiveness to the north and 

east. The decrease in extensiveness of metamorphism is marked by a de

crease in the relative volume proportions of altered rocks to unaltered 

rocks; No mineralogic or textural zoning is recognized within the Martin 

Formation.

Pyrometasomatism

General Statement

Pyrometasomatic hydrothermal alteration (mineralization) has vari

ably affected the Cambrian Abrigo Formation and the Devonian Martin Forma

tion in the Korn Kob area. Alteration effects consist of weak 

garnetization of portions of the Abrigo Formation and massive garnet skam 

replacement of portions of the Martin Formation. The distribution of pyro 

metasomatic alteration effects is shown on the included alteration map 

(Figure 24, in pocket).

Abrigo Formation .

Pyrometasomatic alteration effects are only recognized within the 

central portion of the study area and are restricted in occurrence to a 

1500 foot wide zone of Abrigo Formation surrounding a small embayment of 

granite and to a thin zone of Abrigo Formation immediately underlying the 

massive garnet skarn. Pyrometasomatic alteration postdates contact meta

morphism and has been superimposed on either a quartz-diopside—biotite 

hornfels or a quartz-muscovite phyllite.
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Pyrometasomatic alteration within the Abrigo Formation is associ

ated with widely spaced, quartz—garnet veinlets and consists of weak gar— 

netization of the host rock adjacent to the veinlets. The quartz-garnet 

veinlets range from 0.5-2 mm in width and are composed of 60-80 volume 
percent quartz, 20-40 volume percent garnet, 3-5 volume percent magnetite, 

and locally, 1-3 volume percent limonite. Quartz occurs as 0.3-3 mm in

terlocked, anhedral crystals. Limonite occurs as 0.05-0.2 mm amorphous 

blebs and as 0.1-0.3 mm cubes of goethite after pyrite. Limonite and 

hematite, after both pyrite and magnetite, impart to the altered zone a 

moderately strong, red-brown color.

The quartz-garnet veinlets generally have somewhat diffuse con

tacts with the adjacent host rocks, and oftentimes garnetization of the 

host rock is evident. Garnetization extends for a distance of 1-15 mm 

into the host rock and forms an envelope around the quartz-garnet 

veinlets.

The close association of garnetization with the quartz-garnet 

veinlets is taken as strong evidence for a hydrothermal origin for garnet. 

The close spatial relationship between the quartz-garnet veining and the 

embayment of granite strongly suggests that the granite was the source of 

gametizing hydrothermal fluids.

Martin Formation

Pyrometasomatic hydrothermal alteration effects are most exten

sively developed within the central portion of the study area where two 

massive skarn bodies outcrop. These two units were originally contiguous, 

but normal faulting has resulted in the present north-south separation.
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The northern skarn unit strikes approximately N35°W and dips at an aver

age of 50°NE. This unit outcrops along a strike length of 800 feet and 

has a maximum true thickness of approximately 180 feet. Drilling results 

indicate that the maximum possible down-dip extension of the northern 

skarn unit is 1000 feet. The southern skarn unit is much more irregular 

in form than the northern unit, and it appears to have been slightly 

folded as the result of movement along the normal fault. In general, this 

skarn unit strikes N50°W and dips at an average of 39°NE. The main por

tion of this unit has an outcrop strike length of approximately 1200 feet 
and a maximum true thickness of 380 feet. Drilling results indicate that 

the southern skarn unit has a maximum down-dip extension of approximately 

1100 feet. Figure 25 (in pocket) shows the locations of all drill holes 

and their spatial relationship to the outcropping skarn. In addition to 

the main portion of this skarn unit, a very thin but continuous skarn ex

tends for a distance of approximately one-half mile to the east.

Reconstruction of the geometry of the skarn body prior to normal 

faulting indicates that the original unit probably had a crude, truncated, 

shield form. Drilling results, coupled with surface mapping, indicate 

that the skarn is thickest at its center and that it tapers off and thins 

both laterally and down-dip. The hypothetical center, or thickest por

tion of the skarn, is located within the southern skarn body approximately 

500 feet east of the normal fault. Drilling results further indicate 

that, except for minor disruptions due to normal faulting and folding, 

the skarn has a nearly planar lower surface.



The massive garnet skarn is composed of 40-89 volume percent gar

net, 5-30 volume percent quartz, 2-25 volume percent biotite, 1-7 volume 

percent magnetite, 0-20 volume percent actinolite, 0-35 volume percent 

calcite, and variable trace percentages of diopside, tremolite, talc, 

muscovite, chlorite, and epidote. The individual abundances and mineral 

assemblages of each of the samples studied are shown in Table 5. The lo

cations and mineral compositions of all the skarn samples are plotted on 

the included cross-sections (Figure 26, in pocket).

Garnet occurs as highly fractured, commonly zoned, 0.5-5 mm sub- 

hedral to euhedral crystals which range in composition from andradite^Q 

grossularite^Q to andradite^ grossularite^ (Figure 27). Garnet appears 

to have been the first skarn silicate mineral to have formed, and it is 

commonly corroded and replaced by magnetite, quartz, biotite, and tremo

lite. A subtle color variation is locally observed within the zoned gar

nets with the outer portions generally being slightly darker in color than 

the inner portions. This color variation probably stems from a slight in

crease in the iron content of the darker portions of the garnet.

Biotite occurs as inclusions within the garnet, as fibrous aggre

gates interstitial to the garnet, and as late-stage quartz-biotite- 

magnetite veinlets. Inasmuch as the veinlet-controlled biotite is not 

truly pyrometasomatic in origin, it will be described in detail under an

other heading. The biotite included within the garnet occurs as 0.05-0.1 

mm anhedral crystals whith are locally iron-oxide stained and chloritized. 

The biotite which is interstitial to the garnet occurs as 0.4-2 mm fibrous 

aggregates (Figure 28). Interstitial biotite is generally iron-oxide
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Figure 27. Photomicrograph of a Highly Fractured and Zoned Garnet. —  
Plane light, 3.5x.

Figure 28. Photomicrograph of a Fibrous Aggregate of Biotite Intersti
tial to Euhedral, Zoned Garnet Crystals. —  Plane light, 
3.5x. Note: q = quartz, g = garnet, b = biotite.
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stained and chloritized as the result of supergene oxidation. Inter

stitial biotite is oftentimes intergrown with magnetite (Figure 29).

Quartz occurs as inclusions within the garnet, as irregular blebs 

interstitial to the garnet, and as late-stage quartz-biotite-magnetite 

veinlets. Since the veinlet-controlled quartz is not truly pyrometaso- 

matic in origin, it will be described under another heading. The quartz 

included within the garnet occurs as 0.05-0.3 mm anhedral crystals (Fig

ure 30). The quartz which is interstitial to the garnet occurs as 0.1- 

1.0 mm irregular, anhedral crystals which are locally observed to corrode 
and replace garnet. Quartz occurs both intergrown with and interstitial 

to biotite and actinolite, and in rare instances it is noted to occur 

along the crystal planes within the zoned garnets.

In addition to the previously mentioned association of magnetite 

with the quartz-biotite veinlets, magnetite- occurs predominantly as 0.05- 

0.2 mm subhedral to euhedral crystals which are found interstitial to 
garnet (Figure 31). Magnetite may be intergrown with biotite. Actinolite 

is quite erratic in distribution and is found in significant quantities 

in portions of only two of the six drill holes that were studied in de

tail. Actinolite occurs as 0.3-0.7 mm long bladed crystals or as fibrous 

aggregates (Figure 32). Locally, actinolite is observed to corrode and 

replace garnet, and it is itself corroded and partially replaced by both 

biotite and quartz. In general, as the volume percentage of actinolite 

increases within a given sample, the volume percentage of biotite de

creases. It is also noted that the samples which contain the higher per

centages of actinolite generally have a texture which is characterized
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Figure 29. Photomicrograph of Biotite Intergrown with Magnetite
Crystals. —  Plane light, lOx. Note: q = quartz, g =
garnet, b = biotite, m - magnetite.

Figure 30. Photomicrograph of Anhedral Quartz Crystals Included with* 
a Euhedral Garnet Crystal. —  Plane light, lOx. Note: _
quartz, g - garnet. * ^
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Figure 31. Photomicrograph of Euhedral Magnetite Crystals Interstitial 
to Euhedral Garnet Crystals and Surrounded by Anhedral 
Quartz. —  Plane light, lOx. Note: q = quartz, g = garnet,
m = magnetite.

Figure 32. Photomicrograph of a Fibrous Aggregate of Actinolite Inter
stitial to Euhedral Garnet Crystals and Surrounded by An
hedral Quartz. —  Plane light, lOx. Note: q = quartz,
g ■ garnet, a - actinolite.



by a higher total percentage of interstitial pore space between the eu- 

hedral garnet crystals.

Calcite is quite erratic in distribution and occurs predominantly 

as 1-3 mm irregular veinlets and as minute disseminations. Calcite ap

pears to be the youngest of all the minerals present within the study 

samples. Small amounts of diopside, epidote, and talc are sporadically 

distributed throughout the skarn. These minerals generally occur as 0.1- 

0.3 mm subhedral crystals which are interstitial to both garnet and mag
netite. Chlorite is an alteration product after biotite, and, judging 

by its occurrence in the more fractured and permeable portions of the 

skarn, it is probably supergene in origin. Very locally within the gar

net crystals, highly corroded and embayed tremolite crystals can be seen.

Textural studies indicate that garnet was the earliest formed of 

the skarn silicate-oxide minerals, and that crystallization of garnet was 

nearly complete before the deposition of any other silicate or oxide min

eral. Magnetite and actinolite appear to have been the next minerals to 

have formed in the skarnification sequence. Before the deposition of 

magnetite and actinolite ceased, biotite deposition began. After the 

cessation of magnetite, actinolite, and biotite formation, quartz deposi

tion began. With the end of quartz deposition, pyrometasomatism was es

sentially completed. A detailed diagram showing the complete paragenetic 

sequence of silicate-oxide deposition is shown in Figure 33.

The garnet skarn has an extremely sharp contact with the under

lying Abrigo Formation and a somewhat gradational contact with the over

lying Martin Formation. The skarn-Martin contact grades from massive
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skarn into a mixed zone of skarn and dolomitic marble, and then into mas

sive unaltered dolomitic marble. The mixed skarn—marble zone ranges from 

1-30 feet in thickness and consists of dolomitic marble which is either 

interbedded with skarn or is cut by numerous skarn veins (Figure 34).

The individual contacts between skarn veins and unaltered dolo

mitic marble grade outward from garnet skarn into a mixed zone of garnet, 

quartz, and iron oxides, and then into a zone of tremolite and calcite, 

and finally into unaltered dolomitic marble. This gradational zone ranges 

from 1-5 inches in width (Figure 35).

Cooper (1957) concluded that the calc-silicate hornfels units in 

the Johnson Camp area of southern Arizona formed from impure carbonate 

rocks by the process of isochemical thermal recrystallization. In this 

work, Cooper suggested that the grossularite hornfels units, contained 

within the Abrigo Formation, formed by the following closed-system chem

ical reactions:

H2KAl3(Si04)3 + 3CaC03 + 3Si02 » Ca3Al2(Si04)3 + KAlSi30g + 
muscovite calcite quartz grossularite orthoclase

3C02 + H20 (7)

2KAlSi308 + 3CaC03 - Ca3Al2(Si04)3 + 3Si02 + 3C02 + K20 (8)
orthoclase calcite grossularite quartz

For the sake of simplicity, the following closed-system chemical 

reaction is suggested for the formation of grossularite:

2H2KAl3(Si04)3 + 9CaC03 = 3Ca3Al2(Si04) 3 + 9C02 + K20 + 2 ^ 0 (9)
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Figure 34. Discordant Vein of Garnet Skarn Cutting the Marbleized
Martin Formation. —  This feature is characteristic of the 
transition zone from massive skarn to unaltered marble.

L
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I*igure 35. Discordant Skarn Veinlet Cutting the Marbleized Martin
Formation. —  Note the dark brown-black transitional contact 
between the garnet veinlet and the unaltered marble.
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To test the possibility that the skarn unit within the study 

area may have formed as the result of isochemical thermal recrystalli— 

zation, the hypothetical skarn "parent rock" composition was calculated.

If it is assumed (1) that the garnet skarn, as indicated from thin- 

section studies, is comprised of an average of 80 volume percent grossu- 

larite and 20 volume percent quartz and that the quartz present within 

the unit is un-reacted sedimentary quartz, and (2) that the above closed- 

system reaction was responsible for the formation of the grossularite, 

then the skarn "parent rock" is calculated to have been comprised of 38.9 

volume percent muscovite, 47.4 volume percent calcite, and 13.7 volume 

percent quartz. This calculated composition is within neither the known 

range of Martin compositions as described by McKenna (1966), Broderick 

(1967), and Creasey (1967) nor the visually estimated range of composi

tions for the unaltered, stratigraphically equivalent unit in other por

tions of the study area. In view of this evidence, it is concluded that 

the massive garnet skarn probably formed under open-system chemical 

conditions.

The observed skarn-marble field relationships strongly support an 

open-system model for skarn formation. At numerous locations within the 

study area, discordant grossularite-quartz veins and veinlets are seen 

cutting relatively pure dolomitic marble units. This relationship sug

gests that the garnet formed from the dolomitic marble by the process of 

additive hydrothermal alteration.

Field evidence suggests that the gravity-glide fault between the 

Abrigo and Martin Formations (Figure 2) served as the control for the
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lateral migration of the skarnifying hydrothermal solutions. Both the 

massive skarn body and the thin but continuous skarn unit which contin

ues for a distance of one-half mile to the east from the main portion of 

the skarn have formed along this fault contact. Locally, discordant 

skarn veins are seen to originate within the skarnified thrust and to ex

tend outward into the overlying marbleized Martin Formation. These veins 

range from less-than 1 inch to 5 feet in width and locally extend sev

eral tens of feet into the Martin Formation. These features seem to in

dicate that secondary permeability, resulting from gravity-glide faulting 

and fracturing, was responsible for the localization of the skarn 

mineralization.

The Martin Formation is the only unit within the study area to 

have been appreciably affected by pyrometasomatism. Weak garnetization 

within the contact metamorphosed Abrigo Formation suggests that contact 

metamorphism preceded pyrometasomatism.

Contact metamorphism probably rendered all of the sedimentary 

units, except for the relatively pure carbonate units within the Martin 

Formation, into chemically inert rocks. Upon the introduction of the 

skarnifying hydrothermal fluids, the pure carbonate unit overlying the 

thrust fault was the only chemically reactive rock which was in contact 

with the hydrothermal fluids, and as a result it was the only unit that 

was appreciably altered.

Although no direct link between the skarn and its igneous source 

has been recognized, indirect evidence points to the Catalina Granite(?) 

as the source of the skarnifying hydrothermal fluids. The skarn either



81

thickens or maintains its maximum thickness in the direction of the 

granite and thins or becomes more discontinuous away from the granite. 

Additional evidence for the skarn-granite genetic link is found in the 

close spatial relationship between weak garnetization within the Abrigo 

Formation and a small embayment of granite. In this instance, the genet

ic relationship between the granite and at least weak skarnification seems 

clear.

The massive garnet skarn is not in contact with the granite stock, 

but is separated from it by a minimum distance of approximately 500 feet. 

By projecting the skarn to where it would hypothetically meet the granite 

stock, it is realized that a considerable portion of the skarn, possibly 

as much as 50 volume percent, has been removed by erosion (Figure 26).

No textural or mlneralogical zoning was discerned within the 

skarn. There are variations in the distribution of both biotite and ac- 

tinolite, but they appear to be erratic in nature. In view of the fact 

that possibly as much as 50 volume percent of the skarn has been removed 

by erosion, the seeming lack of recognizable zoning should not be taken 

as absolute evidence that zoning never existed.

Non-pyrometasomatic Hydrothermal 
Alteration-mineralization

General Statement

The effects of non-pyrometasomatic hydrothermal alteration- 

mineralization are grouped into three generalized alteration types: seri— 

citization, silicification, and variable quartz-epidote-muscovite veining.



The distribution of non-pyrometasomatic hydrothermal alteration- 

mineralization is shown on the included alteration map (Figure 36, in 

pocket).

Sericitization

Sericitic alteration occurs within the granite stock and the 

quartz diorite sills and is best developed within the central and western 

portions of the study area. Alteration consists of a weak, pervasive 

"dusting" of the sodic plagioclase minerals. In hand specimen, sericitic 

alteration is reflected in both a decrease in the hardness and a clouding 

of the plagioclase phenocrysts. In general, the granite is the most ex

tensively and pervasively altered of the two intrusive units. No zonal 

variation in the extensiveness of sericitic alteration is noted within 

the study area.

Silicification

Silicification occurs predominantly within the south-central por

tion of the study area and is noted at two locations along the granite- 

Abrigo Formation contact. Silicification takes the form of silica 

flooding and quartz veining and primarily affects the contact metamor

phosed Abrigo Formation immediately adjacent to the granite stock.

Where affected, the Abrigo Formation has been converted to a rock con

taining 70-90 volume percent silica. The silicified zones are generally 

no more than a few hundreds of feet in diameter and are always associated 

with near pendant-like protrusions of Abrigo Formation into the granite.
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Silicate Veining

Two mineralogically distinct types of silicate veins are recog

nized within the study area: epidote-quartz veins and quartz-muscovite

veins. Veining postdates contact metamorphism and pyrometasomatism.

Epidote-quartz Veins. Epidote-quartz veining occurs predomi

nantly within the central and western portions of the study area and af

fects the Abrigo Formation, the massive garnet skarn, and the quartz 

diorite sills. The individual veins range from 0.1 mm to locally 5 cm in 

width and are composed of 50-90 volume percent epidote, 5-50 volume per

cent quartz, and 0-5 volume percent biotite. Epidote occurs as 0.1-10 mm 

subhedral to "euhedral crystals and consists of solid solutions of the 

minerals clinozoisite and epidote. Quartz occurs as 0.5-30 mm anhedral 

crystals which form interstitial to epidote. Biotite is quite erratic in 

distribution and occurs as 0.1-4.0 mm chloritized, fibrous aggregates.

Aside from the general constancy of composition, the epidote- 

quartz veins are texturally quite variable. This textural variability 

appears to be dependent on the type of host rock in which the veins occur. 

Within the massive garnet skarn unit, the epidote-quartz veins are gener

ally quite coarse-grained and locally they even appear vuggy (Figure 37). 

These veins generally have sharp contacts with the adjacent skarn, and 

very little alteration of the host rock is evident. The veins that cut 

the Abrigo Formation and the quartz diorite sills, however, are fine

grained and frequently they significantly alter the adjacent host rock. 

Alteration within the adjacent host rock generally consists of strong
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Figure 37. Coarse-grained, Vuggy Epidote Vein Cutting Massive Garnet 
Skarn.



epidotization, and it may extend for a distance of 1-8 inches into the 

host rock.

The intensity and extensiveness of vein development appears to be 

at least partially controlled by the pre-vein brittleness of the host 

rocks. In general, the brittle skarn unit shows the most pervasive and 

extensive vein development, whereas the immediately adjacent, presumably 

more plastic marble unit shows no vein development.

Quartz-muscovite Veins. Quartz-muscovite veining occurs predomi

nantly within the western portion of the study area and is restricted 

primarily to the Abrigo Formation, the quartz diorite sills, and the gran

ite stock. The quartz-muscovite veins range from 1-2 mm in width and are 

comprised of 70-80 volume percent quartz, 20-30 volume percent muscovite, 

and locally trace amounts of goethite after pyrite. The intensity of 

veining is very weak and frequently individual veins are separated from 

one another by distances of 20-30 feet. Weakly bleached and silicified 

halos, locally approaching 1 cm in width, oftentimes form within the wall 

rocks adjacent to the veins (Figure 38).



Figure 38. Quartz-muscovite Veinlet Cutting the Leatherwood Quartz 
Diorite. —  Note weakly silicifled and sericitized halo 
adjacent to the veinlet.



BASE METAL AND RELATED MINERALIZATION

General Statement

Base metal and related mineralization occurs primarily within the 

central portion of the study area and consists predominantly of iron and 

coppei; with lesser amounts of zinc, molybdenum, silver, gold, and tungsten 

also being present. Mineralization has four principle modes of occurrence, 

and is associated with veinlets, skam silicate minerals, pegmatite dikes, 

and "bull" quartz veins.

Veinlet Association

Two mineralogically distinct types of mineralized veinlets occur 

within the study area. These two types are: quartz-biotite-magnetite

veinlets and magnetite veinlets. The quartz-biotite-magnetite veinlets 

are restricted in occurrence to the massive garnet skarn unit and form 

what can only be described as a micro-stockwork vein system. The indi

vidual veinlets range from 0.1-0.4 mm in width and are randomly oriented 

with a separation of 0.5-4 cm. Mineral compositions range from a nearly 

pure "end-member" composition of either quartz or biotite to almost any 

intermediate composition of quartz, biotite, and magnetite. The veinlets 

have very sharp contacts with the adjacent skarn and no replacement of 

the individual skarn silicate-oxide minerals is evident. The quartz- 

biotite-magnetite veinlets cross-cut all of the skarn-related minerals 

and their formation clearly postdates skamification. The
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quartz-biotite-magnetite veinlets are mineralogically identical to the 

late-stage skarn silicate-oxide mineral assemblage that fills the inter

stices between the earlier formed garnet crystals. This mineralogical 

similarity strongly suggests that the quartz-biotite-magnetite veinlets 

formed as a continuation of the late-stage skarnification process.

Magnetite veining, as in the case of the quartz-biotite-magnetite 

veining, is restricted to the massive garnet skarn unit. Veinlets range 

from 0.1-8.0 mm in width and are composed of plus 95 volume percent mag

netite and up to a maximum of 5 volume percent quartz. The veinlets gen

erally have sharp contacts with the adjacent skarn and no replacement of 

the skarn silicate minerals is evident. The intensity of magnetite vein

ing is variable and may range from an individual veinlet separation of 

1-2 cm to a separation of 1-4 feet. Where visible in outcrop, the vein- 

lets oftentimes strike N10-20°E and dip 70-85°W. Magnetite veinlets 

clearly cross-cut the skarn silicate-oxide minerals and are locally ob

served to cross-cut the quartz-biotite-magnetite veinlets.

Skarn Silicate Association

The skarn-mineralization association is by far the most economi

cally significant of the base metal mineral occurrences. Mineralization 

consists of copper with trace amounts of zinc, molybdenum, silver, gold, 

and tungsten. Continuity of mineralization is greatest within the thick

er, more massively replaced portion of the skarn and generally decreases 

within the thinner, peripheral portions of the skarn. No significant 

mineralization is noted in either the marbles adjacent to the skarn or 

the Abrigo Formation underlying the skarn.



89

Oxidation of the deposit has been almost complete and only very 

rarely are primary sulfide minerals seen. Based on the amount and color 

of the limonite contained within the skara, primary sulfide content is 

estimated to have been on the order of 3-4 volume percent of the rock.

Copper is now contained primarily within the minerals malachite, azurite, 

tenorite, chrysocolla, and "black chrysocolla", and nowhere are any pri

mary copper sulfide minerals evident. Based on the color and form of the 

limonite present within the skarn, the primary copper minerals are be

lieved to have been chalcopyrite and possibly bornite. The primary copper 

sulfide minerals appear to have occurred as disseminated blebs which re

placed garnet. Secondary copper minerals occur either as coatings on 

post-mineralization fractures or, more rarely, as disseminated blebs.

Copper content within the skarn is quite variable and ranges from less 

than 0.1% to locally over 2.0%.

Molybdenum is contained within the minerals molybdenite and powel- 

lite and is only rarely recognized within the skarn. Molybdenite occurs 

as 1-5 mm disseminated blebs which are found interstitial to and partially 

replacing garnet. Powellite is always found in close association with 

molybdenite and generally forms what appear to be reaction rims around the 

molybdenite. Molybdenum content within the skarn generally averages less 

than 50 ppm.

Tungsten is contained as scheelite and is present only very locally 

within the skarn unit. Scheelite occurs as 1-7 mm subhedral crystals which 

are intergrown with garnet, and is best recognized under ultraviolet light.
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No recognizable zinc, silver, or gold minerals were found within 

the skarn and their presence was detected only by assay methods. The 

zinc content within the skarn ranges from 100-1700 ppm, silver ranges 

from 1-12 ppm, and gold is present only in trace amounts.

Primary skarn permeability appears to have played an important 

role in the localization of the primary sulfide mineralization. As evi

denced by the distribution of limonite after primary sulfide, it is obvi

ous that the moderately permeable skarn zones, with abundant intercrystal 

pore space, were more highly mineralized than the massive, impermeable 

skarn zones. Inasmuch as only very minor fracture and veinlet controlled 

limonite is evident within the skarn, pre-mineralization fracturing does 

not appear' to have played a significant role in the localization of pri

mary sulfide mineralization.

Post-mineralization fracturing appears to have played an important 

i role in the localization of the secondary copper minerals. The more high

ly fractured portions of the skarn, regardless of either primary sulfide 

j content or primary permeability, generally contain the highest grades of

| secondary copper mineralization. This evidence seems to indicate that

| some migration of copper occurred during oxidation of the deposit,

j Based on the limited data available from the six diamond drill

| holes, no primary metal zoning or systematic variation in the metal ratios

| is recognized within the skarn. A slight decrease in copper content was

I noted in the upper 10-30 feet of four of the six drill holes, but this is

attributed to near surface leaching by meteoric waters. No significant
I

I
I



increase in copper grade is noted below this leached zone, so supergene 

enrichment is not important here.

Base metal mineralization appears to have followed the formation 

of the garnet and is probably genetically related to the general skami- 

fication process. Figure 33 shows the paragenetic sequence of skam 

silicate-oxide formation in relation to base metal mineralization.

Pegmatite Dike Association

The mineralization associated with the pegmatite dikes consists 

of copper, molybdenum, silver, and gold minerals, and is of no economic 

significance.

Copper is contained primarily within the minerals malachite and 

azurite, and nowhere is any primary copper sulfide mineral recognized.

The copper minerals occur predominantly as 2-30 mm irregular, limonite 

stained blebs and as post-mineralization fracture coatings. Locally, 1-5 

cm wide malachite stained zones are recognized within the wall rocks im

mediately adjacent to the pegmatite dikes. Copper content within the 

dikes is generally quite low and ranges from 0.05-0.1% total copper.

No molybdenum, silver, or gold minerals are recognized within 

the dikes, and their presence is detected only by assay methods. The 

highest values of molybdenum, silver, and gold are generally associated 

with the highest grades of copper mineralization, and range from 5-15 

ppm silver and trace amounts of gold.
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"Bull" Quartz Association

The mineralization associated with "bull", quartz veins consists 

of copper, zinc, molybdenum, and silver and is of no economic 

significance.

The "bull" quartz veins occur erratically throughout the central 

portion of the study area and consist of over 99 volume percent coarse, 

granular quartz. The veins range from 6 inches to 4 feet in width and 

generally strike N10-90°W and dip 47-90°E. Copper is contained primarily 

within the minerals chalcopyrite and malachite. Chalcopyrite occurs as 

1-5 nun disseminated blebs. Malachite occurs in association with chalco

pyrite and as post-mineralization fracture coatings. The total copper 

content of the veins is quite variable, but generally averages less than 

0.1% copper. No zinc, molybdenum, or silver minerals are recognized 

within the veins, and their presence was detected only by assay methods.



SUMMARY AND CONCLUSIONS

General Geology

Rocks exposed within the study area include Precambrian metamor- 

phic rocks, Precambrian and Paleozoic sedimentary and metasedimentary 

rocks, and Laramide(?) to Miocene intrusive rocks. The Precambrian meta- 

morphic rocks are represented by an augen gneiss, which is thought to be 

correlative with the Catalina Gneiss. The sedimentary and metasedimentary 

rocks are represented by the Precambrian Dripping Spring Quartzite, the 

Middle and Late Cambrian Abrigo Formation, the Middle and Late Devonian 

Martin Formation, and the Pennsylvanian Horquilla Limestone(?). The ig

neous rocks are represented by several Laramide(?) quartz diorite sills, 

a Tertiary(?) granite stock and associated pegmatite dikes, and several 

Miocene andesite and lamprophyre dikes. It is suggested that the Lara- 

mide(?) quartz diorite sills are correlative with the Leatherwood Quartz 

Diorite and that the Tertiary (?) granite is correlative with the Catalina 

Granite.

Three major structural events are recognized within the study 

area. These three events are, from oldest to youngest: gravity-glide

faulting and drag folding, tensional fracturing, and normal faulting. 

Gravity-glide faulting was probably initiated by the Tertiary uplift of 

the Santa Catalina-Rincon Mountains, and it has resulted in the structur

al thinning of the Abrigo Formation and the tectonic emplacement of the 

Martin Formation over the Abrigo Formation and the Horquilla Limestone 

over the Martin Formation. Drag folding probably accompanied
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gravity-glide faulting and is best developed within the Abrigo and Martin 

Formations. As evidenced by the attitude and orientation of the drag 

folds, tectonic transport was probably in a general northeasterly direc

tion. Local doming accompanied the intrusion of the granite stock and 

resulted in the development of a N5-20°E striking, vertically radiating 

set of tension fractures. Continued uplift of the Santa Catalina-Rincon 

Mountains resulted in the development of a N35-45°E striking, southeast

dipping set of normal faults.

, Alteration

Alteration effects within the study area are attributed to either 

regional metamorphism, contact metamorphism, pyrometasomatic hydrothermal 

alteration, or non-pyrometasomatic hydrothermal alteration-mineralization. 

For the purpose of this study, regional and contact metamorphism are con

sidered to be strictly isochemical processes, whereas pyrometasomatic and 

non-pyrometasomatic hydrothermal alteration are considered to be primarily 

allochemical processes.

Regional Metamorphism

Regional metamorphism and deformation is recognized primarily 

within the Abrigo Formation and the quartz diorite sills. Alteration- 

deformation effects within the Abrigo Formation consist predominantly of 

the stretching and elongation of pebbles and cobbles within the conglom

eratic portions of the unit and the straining of individual quartz grains. 

Alteration-deformation effects within the quartz diorite sills consist of 

both uniform, weak to moderate foliation and the elongation and straining 

of quartz phenocrysts.



95

Contact Metamorphism

Contact metamorphism has variably altered the Cambrian Abrigo 

Formation, the Devonian Martin Formation, and the Pennsylvanian Horquilla 

Limestone. Contact metamorphism resulted from the intrusion of the gran

ite stock and was most intense within the central and western portions of 

the study area. Inasmuch as contact metamorphism is a closed-system pro

cess, the mineralogic compositions of the contact metamorphosed rocks 

were controlled by their primary sedimentary compositions.

Contact metamorphism within the Abrigo Formation can be subdivid

ed into four mineralogically distinct zones: the quartz-diopside-biotite

homfels zone, the garnet-quartz hbrnfels zone, the quartz-muscovite phyl- 

lite zone, and the quartzite zone. The quartz-diopside-biotite zone is 

composed of an alternating series of thin quartz-diopside-tremolite horn- 

felses and biotite quartzites and is thought to have formed by the re

crystallization of a thinly interbedded sequence of argillaceous and 

dolomitic siltstones. The garnet-quartz homfels zone and the quartz- 

muscovite phyllite zone are thought to have formed by the recrystalliza

tion of a feldspathic, calcareous, argillaceous sandstone and an 

argillaceous siltstone, respectively. The quartz zone undoubtedly formed 

by the recrystallization of a relatively pure orthoquartzite.

Contact metamorphism has converted portions of the Martin Forma

tion into a thinly interbedded sequence of dolomitic marble, tremolite- 

bearing dolomitic marble, and quartz-diopside-tremolite homfels. The 

tremolite-bearing dolomitic marble and the quartz-diopside-tremolite
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hornfels units probably formed by the recrystallization of siliceous 

limestone and dolomitic siltstone, respectively.

The Horquilla Limestone was only weakly affected by contact meta- 

morphism, and only weak, sporadic marbleization is evident.

Pyrometasomatic Hydro- 
thermal Alteration

Pyrometasomatic hydrothermal alteration postdates contact meta

morphism and has variably affected the Cambrian Abrigo Formation and the 

Devonian Martin Formation. Alteration effects are the most intense 

within the central portion of the study area and are thought to be genet

ically related to the granite stock.

Alteration effects within the Abrigo Formation are restricted in 

occurrence to a 1500 foot wide zone surrounding a small embayment of gran

ite and to a thin zone underlying the garnet skam. Alteration is asso

ciated with widely spaced quartz-garnet veinlets and consists of weak 

garnetization of the host rock adjacent to the veinlets.

Pyrometasomatic hydrothermal alteration of the Martin Formation 

resulted in development of a massive garnet skam replacement body. Post- 

skamification normal faulting has separated the skam into two noncon

tiguous, smaller bodies. Prior to normal faulting, the skam body had a 

crude, truncated shield form and was approximately 1000 by 2000 feet in 

diameter and a maximum of 380 feet in thickness. Massive ska m  replace

ment has occurred within a relatively pure marble unit and appears to have 

been controlled by a major gravity-glide fault. The skam is comprised 

predominantly of grossularite, quartz, biotite, actlnolite, and magnetite.
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Non-pyrometasomatic Hydrothermal 
Alteration-mineralization

The effects of non-pyrometasomatic hydrothermal alteration- 

mineralization may be grouped into three generalized alteration types: 

sericitization, silicification, and variable epidote-quartz-muscovite 

veining. Sericitic alteration is restricted in occurrence to the granite 

stock and the quartz diorite sills and consists of weak, pervasive alter

ation of the sodic plagioclase minerals. Silicification occurs primarily 

within the Abrigo Formation at two locations along the granite-Abrigo 

contact, and consists of moderate silica flooding and quartz veining.

Two mineralogically distinct types of silicate veinlets are rec

ognized within the study area: epidote-quartz veinlets and quartz-

muscovite veinlets. The epidote-quartz veinlets are restricted in occur

rence to the contact metamorphosed Abrigo Formation, the massive garnet 

skarn, and the quartz diorite sills, and locally strong epidotization of 

the adjacent host rock is evident. The quartz-muscovite veinlets are re

stricted in occurrence to the granite stock and the quartz diorite sills, 

and weak sericitization and silicification of the adjacent host rock is 

frequently associated with the veinlets.

Metallization

Base, metal and related mineralization is restricted in occurrence 

to the central portion of the study area and consists predominantly of 

iron and copper; with lesser trace amounts of zinc, molybdenum, silver, 

gold, and tungsten also being present. Mineralization is associated with 

either veinlets, skarn silicate minerals, pegmatite dikes, or bull quartz
veins.
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Two types of mineralized veinlets are recognized within the study 

area: quartz-biotite-magnetite veinlets and magnetite veinlets. The

quartz-biotite-magnetite veinlets are restricted in occurrence to the mas

sive garnet skarn and form what can only be described as a micro-stockwork 

vein system. The veinlets range in composition from a nearly pure quartz 

or biotite end-member composition to almost any intermediate three-phase 

composition. There is a strong mineralogical similarity between the 

quartz-biotite-magnetite veinlets and the late-stage skarn silicate- 

oxide mineral assemblage, and it is suggested that the veinlets are ge

netically related to the late-stage skamification process. The 

magnetite veinlets occur primarily within the garnet skarn and the adja

cent contact metamorphosed Abrigo Formation and are noted to fill N10- 

20°E striking, vertically radiating tension fractures. The veinlets are 

generally composed of over 98 volume percent magnetite. The distribution 

and orientation of the magnetite veinlets strongly suggests that they 

are genetically related to the granite stock.

The mineralization associated with the skarn silicate minerals 

is by far the most economically significant of the known base metal oc

currences. Mineralization is restricted in occurrence to the thicker, 

more massively replaced portions of the skarn and consists predominantly 

of iron and copper with lesser trace amounts of zinc, molybdenum, gold, 

silver, and tungsten also being present. Iron is contained primarily 

within the minerals magnetite and goethite. Oxidation of the copper 

minerals has been completed and copper is contained primarily within the 

minerals malachite, tenorite, and chrysocolla. Zinc, molybdenum, gold.
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silver, and tungsten generally are detected only by assay methods. Min

eralization occurred during the late stages of skarnification and appears 

to have been controlled by primary skam permeability. Post-mineralization 

fracturing is responsible for the localization of the secondary copper 

mineralization.

The mineralization associated with the pegmatite dikes and the 

bull quartz veins consists predominantly of copper and is of very little 

economic significance. The formation.of the pegmatite dikes and the bull 

quartz veins postdates both contact metamorphism and pyrometasomatism, 

and probably represents the last of the major alteration-mineralization 

events to have affected the area.

Exploration Recommendations

The immediate area of outcropping ska m  has been adequately ex

plored and no additional drilling is indicated. However, as evidenced by 

the presence of the four satellitic granite stocks and the widespread con

tact metamorphic effects within the Martin Formation, the entire central 

portion of the study area is probably underlain by the Catalina Granite(?). 

If this is the case, the potential for additional skam deposits at depth 

within this area should be quite good. It is recommended that additional 

drilling be conducted approximately one-half mile east of the outcropping 

skam to test the Abrigo-Martin fault contact for skam-type base metal

mineralization.
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