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ABSTRACT 

The Bisbee (Warren) mining district, at the southern 

end of the Mule Mountains, is situated on the southwest 

flank of the west-northwest-trending Bisbee anticline. 

Paleozoic limestones and quartzite were deposited uncon-

formably on Precambrian Pinal schist. Pressure from an 

underlying batholith arched the rocks into an anticline, 

with consequent longitudinal and transverse faulting. The 

longitudinal Dividend fault, marking the approximate crestal 

trace of the anticline, became the locus for intrusion of 

the Juniper Flat granite, which enhanced anticlinal fold

ing and fracturing of adjacent strata. Release of stress 

from stretching and arching the strata resulted in forma

tion of the longitudinal Copper Queen graben, which is 

bounded by the transverse Quarry and longitudinal Dividend 

and White Tailed Deer faults, on the southwest flank of the 

anticline. Consequent to downfaulting sedimentary rocks 

within the graben were infolded by drag along the bounding 

faults to form the imperfectly-shaped Copper Queen syncline, 

which plunges southeast. 

Rhyolite porphyry dikes were intruded along high-

angle reverse faults subparallel to the Juniper Flat granite. 

Quartz porphyry and feldspar quartz porphyry intrusions were 

localized by the Dividend fault and adjacent transverse 

xi 



faults in the Copper Queen syncline, in a circular area 

which was subsequently intruded by intrusive breccia. 

These intrusive rocks are collectively termed the Sacramento 

intrusive complex. Feldspar quartz porphyry dikes were 

intruded along faults in the Copper Queen syncline. 

Synclinal downwarping in the Copper Queen graben 

and emplacement of the Sacramento intrusive complex en

hanced and augmented the anticlinal fracture pattern, 

particularly the transverse and diagonal northeast-trending 

faults. These faults were loci for feldspar quartz porphy

ry dikes, later intrusive breccia, and were feeder channels 

for sulfide-depositing hydrothermal fluids. 

Folding, faulting, intrusion, and ore deposition 

occurred in Triassic-Jurassic time. The area was partly 

eroded and then overlain by dominantly clastic sediments 

of Cretaceous age. Marginal thrust faults directed inward 

toward the Mule Mountains were formed by sinking of this 

crustal block relative to adjacent areas. During Late 

Cretaceous or early Tertiary time the Mule Mountains were 

again uplifted in the form of an anticline along approxi

mately the same axis as the previous anticline. Normal 

faulting was renewed and accompanied by intrusion of 

andesite and rhyolite plugs and dikes. Minor, local 

precious and base metal mineralization occurred at this 



xiii 

time. Erosion and intermittent renewal of normal faulting 

followed, giving the Mule Mountains their present appear

ance . 

Disseminated copper ore was deposited in the 

Sacramento intrusive complex, and replacement deposits of 

copper with peripheral lead and zinc were formed in the 

Paleozoic limestones within the Copper Queen syncline. 

These replacement deposits were localized in shattered zones 

adjacent to strike, diagonal, and bedding plane faults. The 

type and intensity of faulting, hydrothermal alteration, 

and form of the ore deposits were controlled by the physical 

and chemical character of the stratigraphic interval within 

which these features occurred. Massive and disseminated 

pyrite replaced the limestones and, following intramineral 

faulting, was partly replaced by copper sulfides. Ore 

deposition was triggered by the entry of ore fluids into 

shattered permeable zones from confined feeder channels 

along connecting faults. Percolating waters formed oxide 

and supergene ore deposits whose random distribution was 

controlled by access of these waters along fractures 

rather than a uniform water table. 

Local silication of limestone and chloritization of 

associated argillic strata occurred as an early stage of 

hydrothermal alteration and was followed by more widespread 



sericitization and silicification associated with pyrite 

deposition. Iron and sulfur were introduced in large 

quantities, as were the ore metals. Control of calc-

silicate versus quartz-sericite alteration may have been 

function of early high oxygen activity and later high 

sulfur activity. 



INTRODUCTION 

The Bisbee (Warren)^" mining district, Cochise 

County, Arizona, is in the southern Mule Mountains near 

the Mexican border. The district is situated at an eleva

tion of approximately 5000 feet, and has a mild, semi-arid 

climate and vegetation typical of the low mountain ranges 

of the Southwest. Relief ranges from less than 500 feet 

in the area of mining, which is largely confined to the 

western and southern slopes of an irregular basin draining 

to the southeast, to more than 1000 feet in the surrounding 

mountainous areas. The area of outcrop is 10 to 40 percent, 

being restricted by talus and, in the lower areas, by soil 

and urban development. 

History 

This mining camp includes a number of small contig

uous communities (e.g., Warren, Bisbee, Tintown, Galena and 

Lowell. See Figure 2 in pocket), which have in recent years 

been consolidated into Greater Bisbee. 

Army scouts located the first claim in the district 

in 1876, on an outcrop of gold-silver mineralization near 

the Dividend fault southeast of Bisbee. An outcrop of copper 

1. The term Bisbee is used as it is more commonly 
known than is Warren, which is the legal designation of the 
district. 

1 
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oxide on the hill south of the present Bisbee post office 

was ignored because of its lower value until 1877, when it 

was staked by George Warren. This claim, containing one of 

the two exposures of copper ore in the district, changed 

hands several times and little work was done until 1880 when 

the Copper Queen Mining Company, organized by Messrs. 

Ballard, Martin, and Reilly, began operations. The richness 

of the ore attracted Phelps Dodge, which acquired adjoining 

ground in 1881. Others followed, and the development of 

the district was aided by the willingness of risk capital to 

back the sinking of deep exploration shafts extending to 

1000 feet or more, in the face of essentially no surface 

mineralization except for a few local patches of gossan. A 

large portion of these ventures was successful and for many 

years, due to the richness of the district, the use of 

geology was not essential to profitable operations. 

Copper has been the principal metal produced and 

has been accompanied by accessory amounts of silver and 

gold. Portions of the camp have been rich in lead and 

zinc, and for a short period of low copper prices after 

World War II production was concentrated almost exclusively 

on ores of these metals. 

Not long after the district had been nearly 

blanketed by claims, the owners met and agreed upon vertical 

claim boundaries because of the diverse orientations of the 

ore bodies, which made the apex law difficult to apply. 
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Consequently the district was spared the extensive litiga

tion and mine wars made famous at Butte, Montana, and 

pursued an orderly course of development. Through the years 

the less successful mining companies ceased operations and 

others were merged with Phelps Dodge, which is now the sole 

operating concern in the district. Ore is currently being 

mined underground from the Cole, Dallas, and Campbell 

shafts, and from the Lavender open pit. 

In the early years of the district large, rich bod

ies of oxide ore were mined from the southern margin of the 

Sacramento intrusive complex, and ore reserves were at one 

time given dimensions in acre-feet. Mining gradually ex

tended southward and deeper in the Paleozoic limestones, and 

the ore became dominantly sulfide. However, oxide ore is 

still being mined and has been mined as deep as the 2433 

level off of the Junction shaft. Recent operations have ex

tended from the 500 level, Cole shaft to the 3233 level, 

Campbell shaft, and ore has been found in the district 

through a vertical range of approximately 4000 feet. 

The success of open pit operations on low-grade 

copper ores elsewhere in the United States led Phelps Dodge 

to begin exploration of the Sacramento intrusive complex, 

which is exposed on Sacramento Hill, in 1909. Open pit pro

duction was started in 1923. Sacramento Hill was reduced to 

a small knob and mining continued downward in the Sacramento 

pit, adjoining the Hill on the south; in 195 2 the Lavender 
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pit, immediately to the east, succeeded the Sacramento 

pit. 

Previous Investigations 

The first significant geologic work in the district 

was done by F. L. Ransome who authored a series of publica

tions, the most important of which were U. S. Geological 

Survey Folio 112 (1914) of the Bisbee quadrangle and Profes

sional Paper 21 (1904) , dealing essentially with the surface 

geology of the district. Bonillas, Tenney, and Feuchere 

(1916) described the general district and underground geology 

and Wisser (1926), Blanchard (1926), and Blanchard and Locke 

(1924), in a series of investigations, examined some geolog

ic features related to ore in greater detail. Wisser's de

scription (1926) of the stratigraphy at Bisbee remains the 

authoritative work on the subject today. Hogue and Wilson 

(1951) described lead-zinc mineralization, Schwartz and Park 

(1932) studied the sulfide mineralogy of the Campbell ore 

body, and Schwartz made a series of geologic investigations 

for the Company. Trischka (1938) and Tenney (1927, 1932, 

1935) reviewed the geology and ore deposits of Bisbee and num

erous other authors listed in the bibliography have had arti

cles of one sort or another on the district. Bryant and Metz 

(1966) described salient features and corrected misconcep

tions on the geology of Bisbee, and Bryant (1964, 1968) made 
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a detailed study of the Sacramento intrusive complex and 

intrusive breccias of the district. The most significant 

work on the district was done by Ransome, Bonillas, Wisser, 

Blanchard and Locke, Hogue and Wilson, Schwartz, Bryant and 

Metz, and Bryant. 

Purpose and Scope 

The general framework of geology and ore deposits 

at Bisbee has been well-described by Bryant and Metz (1966), 

and their predecessors. The objective of this paper is to 

relate structural and lithologic features which were, on a 

regional and local scale, significant to the formation of 

replacement ore deposits in the Paleozoic section, and to 

determine general relationships of hydrothermal alteration 

to ore. 

Mining has exposed new areas of mineralized ground 

subsequent to the work of early students of Bisbee geology, 

affording a better opportunity to study the nature of ore 

occurrence throughout the Paleozoic section. Prior to 

World War II the Escabrosa and Martin formations were the 

ore producers, and the underlying Abrigo formation of Cam

brian age was generally considered to be unfavorable for ore. 

Currently over 90 percent of the ore mined underground comes 

from the Abrigo, in which the character of mineralization 

is different from that in the overlying formations. Conse

quently emphasis is placed on features related to ore in the 
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Abrigo, on an overall view of the character of, and reasons 

for, ore deposition in the various formations of the 

Paleozoic section, and on features which may have general 

significance in calcareous ore environments. 

Methods of Investigation 

Approximately two years, from June, 1962 to August, 

1964 were spent at Bisbee during which time the author was 

resident geologist at the Cole and Dallas mines. Samples 

were collected and data were obtained from studies of ac

cessible mine areas, mine maps, and diamond drill core. 

There are more than one thousand miles of underground work

ings at Bisbee, but bad ground has restricted accessibility 

to a small fraction of the total. Consequently data on the 

older mine areas, particularly in respect to some features 

of ore deposits in the Escabrosa and Naco limestones, were 

acquired from mine maps and descriptions in the literature. 

Underground mapping at Bisbee is done at 25 feet 

to the inch and transferred to section maps having a scale 

of 50 feet to the inch. 85 of these section maps, prin

cipally from the Cole-Dallas area, were prepared for use in 

the present study and include an area of approximately 4 

square miles extending from the 500 to the 2000 level, or 

14 levels in all. The author projected geologic data be

tween workings on these maps and reduced them to a scale of 

200 feet to the inch, following which they were joined to 
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give a single map for each level. Vertical cross-sections 

were made from stope maps, section maps, and 200 scale maps 

in pertinent areas. 

Geologic maps of the Mule Mountains by Ransome 

(1904), Gilluly (1956), and Wilson (1959) were collated to 

form a single map of the area, and vertical cross-sections 

were made of the Bisbee area. 103 thin sections and 36 

polished sections were cut and studied, and 40 samples 

were analyzed by x-ray diffraction methods. 



STRATIGRAPHY 

Formations exposed in the Bisbee district range 

from Precambrian to Cretaceous in age, and are described in 

sequence from oldest to youngest. Except as noted, Ransome 

(1904) named the formations. Most of this chapter has been 

drawn from descriptions by Ransome (1904) and Wisser (1926). 

The reader is also referred to Bonillas et al. (1916), 

Gilluly (1954, 1956), Bryant (1964), and Bryant and Metz 

(1966) for other detailed stratigraphic features. 

Precambrian Formations 

Pinal Schist 

The Pinal schist, of unknown thickness, is Precam

brian in age and the oldest formation exposed in the 

district. Viewed microscopically, the Pinal schist exposed 

at Bisbee consists of an interlocking mosaic of quartz 

grains with interstitial sericite which in places is re

placed by chlorite and serpentine. The schist is light to 

dark greenish-gray with a satin sheen, weathering to greenish 

brown or brown except near the Sacramento intrusive complex, 

where oxidation of disseminated pyrite has changed its color 

to varying shades of red and yellow, with some bleaching. 

As the Pinal schist is easily weathered, it rarely forms good 

exposures except in open cuts. Generally the foliation is 

9 
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steep to vertical and strikes northeast, although locally 

divergent attitudes and minor folds are abundant. 

Paleozoic Formations 

Approximately 6,000 feet of Paleozoic strata, dom-

inantly calcareous, are estimated to have been deposited at 

Bisbee. Erosion has removed about one-third of this and 

about half of the remainder, or approximately 2,000 feet in 

the lower part of the section, has contained most of the 

ore bodies in the district. The Abrigo, Martin, and Esca-

brosa limestones have been the most important ore producers. 

Relatively small amounts of ore have been taken from the 

lower portions of the Naco limestone, and there are indica

tions that ore may some day be mined from the Bolsa 

quartzite. 

In the Bisbee area the limestone formations vary 

markedly in lithology and thickness within short distances, 

so that detailed correlations are not generally possible. 

This variation is due partly to the lenticularity of indiv

idual beds, particularly in the Abrigo, and partly to 

bedding plane faults which are locally crosscutting. 

Bolsa Quartzite 

Erosion cut a relatively smooth plain across the 

steeply dipping Pinal schist upon which 430 to 440 feet of 

Bolsa quartzite were deposited. Middle Cambrian fossils in 

the conformably overlying Abrigo formation, with which the 
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Bolsa quartzite has a gradational contact, have led to the 

assignment of a Middle Cambrian age for the Bolsa quartzite, 

which is lacking in diagnostic fossils at Bisbee. The 

quartzite is white to light gray on fresh surfaces, locally 

pinkish, and weathered surfaces range from white to rusty 

brown. It is resistant to erosion, capping hills and 

ridges, and in places is a prominent cliff-former. 

A conglomerate of milky white quartz pebbles in a 

matrix of subangular sand grains constitutes the base of 

the formation and ranges from 6 inches to 3 feet thick. The 

pebbles are subangular to rounded and are generally less 

than 10 centimeters in diameter. In the northwest part of 

Tombstone Canyon the conglomerate contains pebbles of por-

phyritic rock, similar to the Juniper Flat granite, which 

are now believed to be of Precambrian granite. 

The conglomerate grades upward into a pebbly sand

stone, with pebbles about 1 centimeter in diameter scattered 

through a matrix of sand grains averaging 1 millimeter in 

cross-section. Arkose and arkosic beds are distributed 

through the formation, and crossbedding is common. A few 

worm tracks have been noted near the top of the Bolsa quart

zite. Individual beds range from a few inches to more than 

20 feet thick, averaging 2 to 4 feet. 

A transition zone, marked by a gradual increase of 

shaly material intercalated with beds of platy micaceous 

sandstone and quartzite of progressively decreasing thickness. 
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separates the massive quartzites of the Bolsa formation 

from the lowest limestone of the Abrigo formation. This 

transition zone, 50 feet or more thick, has been included 

in the Abrigo formation by Gilluly (1956, p. 15) on an ar

bitrary basis. 

Abrigo Formation 

Trilobites and brachiopods, which are the dominant 

and almost exclusive fossils found in the Abrigo, indicate 

that deposition of this formation occurred during Middle 

and Late Cambrian time. Measured thicknesses of the Abrigo 

range from 750 feet (Wisser, 1926, p. 2) to 798 feet 

(Bonillas et al., 1916, p. 291). Because of its thin-bedded 

and shaly nature the Abrigo is generally poorly exposed and 

easily eroded to gentle slopes. Weathered surfaces are 

varying shades of gray, green, and yellow. Fresh surfaces 

are dark green to light gray. 

Alternating thin bands or beds, less than 1 inch to 

8 inches thick, of sandy to argillic, locally glauconitic 

material and fine-grained to aphanitic limestone are char

acteristic of the Abrigo formation. Many outcrops reflect 

this character by differential weathering of the more sol

uble limestone, leaving intervening bands of silicate 

minerals, in places converted to chert or epidote, as ridges 

and forming corrugated surfaces. 

Beds and lentils of edgewise limestone conglomerate, 
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coquinoid limestone, and colitic limestone occur in places 

through the formation. Limonite and hematite have locally 

partly replaced pebbles, fossils, oolites, and matrix of 

these beds, apparently prior to hydrothermal mineralization; 

the iron-replaced beds are found in areas not directly asso

ciated with mineralization or zones of oxidation. 

Some beds in the Abrigo are dolomitic, or dolomite, 

particularly near the top of the formation. However, the 

magnesium carbonate content of the formation as a whole is 

low. Detrital quartz is ubiquitous as an impurity in both 

calcareous and argillic beds as subangular to subrounded 

grains and also forms sandstone beds, some of which are 

crossbedded. Individual rock units range from slightly 

sandy limestone or shale to slightly limy, argillic sand

stone. The ratio of argillic to carbonate material varies 

similarly, except that the two components tend to occur as 

discrete lentils or zones of one within the other. Ortho-

clase feldspar is a minor constituent of the sandy limestone 

(Cooper and Silver, 1964, p. 48), partly as rounded detrital 

grains and partly as irregular grains presumed to have 

formed by authigenic recrystallization of fine sediment such 

as potassium-rich clay. 

At Bisbee Wisser (1926, p. 2) separated the Abrigo 

into three members. The lower member consists of approx

imately 30 feet of thin shaly beds 2 inches to 1 foot thick, 

sandy with some limestone, which are overlain by about 
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300 feet of dark shaly limestone in beds 1 inch to 2 feet 

thick. Irregular to wavy laminae and partings of dark ar-

gillic to sandy material, locally altered to chlorite and 

epidote, occur within and separate the limestone beds. Sev

eral intervals of thin-bedded gray limestone within the 

lower member are distinctive because of their fine-grained 

crystalline character and associated wavy partings of silt-

to clay-sized silicate minerals. These intervals are simi

lar to the middle member, which consists of about 175 feet 

of 

"Remarkably even-bedded limestone, the beds av
eraging 2" in thickness. They are separated from 
each other by wavy greenish laminae (chiefly epi
dote) . On the surface these laminae weather more 
resistantly than the beds themselves, and stand out 
prominently in the outcrops....Underground, the 
laminae or partings are much less conspicuous, and 
the series appears simply as thin and uniformly 
bedded fine-crystalline to shaly limestone. Typ
ical of this series is its habit of breaking in the 
drift into large blocks, which look massive; upon 
close examination, the traces of the thin beds may 
be seen upon the fracture surface of the block.... 
no beds thicker than 6" occur within the series;.... 
Toward the bottom of the Middle Member, the beds 
are thinner, around 1", and more shaly; the partings 
increase in relative importance and the series here 
resembles the thin-bedded bands in the lower Abrigo." 
(Wisser, 1926, pp. 2-3). 

However, approximately 60 feet of dense to crystalline gray 

limestone in beds 6 to 18 inches thick occur at the top of 

the lower member, distinguishing it from the middle member. 

In contrast to the thin wavy beds of the middle 

member, the basal portion (37 feet on Mount Martin) of the 

upper member consist of medium-grained crystalline, sandy, 
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crossbeddea limestone in beds 1 to 2 feet thick, with sub

ordinate thin shaly beds and wavy bands. Above this the 

beds vary in thickness from 1 inch to 1 foot, and are pre

dominantly fine to coarsely crystalline limestone and sandy 

limestone, with a few limy sandstone beds, in places altered 

to quartzite, and several wavy-banded units. Crossbedding 

is locally well-developed. 

The top of the Abrigo formation is separated from 

the Martin limestone by the Parting quartzite, as it is 

termed at Bisbee. This unit ranges from less than 1 foot 

to 16 feet thick, is thick-bedded to massive, and is com

posed of subrounded to rounded quartz grains, generally 1 to 

3 millimeters in diameter, cemented by quartz and/or calcite. 

In places the quartzite is very fine-grained to aphanitic 

and may be confused with quartzite beds occurring lower in 

the formation. Generally, however, the Parting quartzite 

has a characteristic texture of rounded quartz grains 

standing out from the matrix much as rice grains are prom

inent in ri.ce pudding. The Parting quartzite is light 

gray to white in color except where it is iron-stained from 

the oxidation of disseminated pyrite, which is common in 

mineralized areas. 

The Parting quartzite is indicated by the symbol OSq 

on geologic maps at Bisbee as it was once believed to repre

sent Ordovician or Silurian sedimentation. Gilluly (1956, 

p. 25) concluded that the Parting quartzite was deposited as 



a regressive sandstone in Late Cambrian seas, and that 

the area containing it remained at or near sea level until 

Upper Devonian time when the Martin limestone was de-

posited . The variation in thickness of the Parting 

quartzite at Bisbee may be due partly to faulting, and to 

erosion or non-deposition. 

Martin Limestone 

The Martin limestone, disconformable on the Abrigo, 

ranges from 300 to 375 feet thick at Bisbee (Wisser, 1926, 

p. 5, and Ransome, 1904, pp. 33-34). Most of the forma

tion is light to dark gray or black, and weathers to 

varying shades of gray or brown. The lower portion of the 

Martin below the Atrypa zone is generally shaly and poorly 

exposed, while the more massive beds above this zone pro

vide better outcrops and in places form cliffs. 

The lateral variation in lithology of the Martin 

formation within the Bisbee area is marked, although not to 

the same degree as in the Abrigo. The lower portion of the 

formation consists of dense to fine-grained crystalline 

2. Later work by Epis and Gilbert (1957) suggests 
that the upper sandy Abrigo beds, the Parting quartzite, 
and possibly sandy beds in the Lower Martin may be 
correlative with the Cambrian Bliss sandstone and'-Ordo-
vician El Paso limestone. 
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limestone and local dolomite, with intervals of thin black 

shale and sandy limestone or limy sandstone in places, with 

sparse crinoids. Most of the beds range from 2 to 12 inches 

thick. 

Above these beds is generally an interval of 25 to 

50 feet of black to gray, massive shale with blocky to con-

choidal fracture. The shale is overlain by a series of 

alternating shaly and massive limestones, in part fossilif-

erous, in beds 1 inch to 4 feet thick. Texture ranges from 

dense to medium-grained crystalline. Some beds are sandy, 

and a few beds contain chert lentils. Wavy banding similar 

to that found in the Abrigo is characteristic of some of the 

thin-bedded sequences. 

Approximately 200 feet above the base of the Martin 

is a series, 5 to 15 feet thick, of highly fossiliferous, 

gray to black, medium-to thin-bedded limestones called the 

Atrypa beds, which form a distinctive stratigraphic marker 

in the district. Atrypa reticularis is the most abundant 

fossil, followed by Theodosia hungerfordi (formerly Spirifer 

hungerfordi), and minor amounts of Hexagonaria davidsoni 

(formerly Acervularia davidsoni) and Coenites prolifica 

(formerly Cladopora prolifica). 

The Atrypa beds are overlain by principally medium-

bedded to massive limestones which grade upward in color and 

texture from dense black to light gray, white or pink, 

medium-grained crystalline or granular. Individual beds vary 
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from 1 inch to more than 5 feet, but are generally between 

6 inches and 2 feet thick. About 15 to 20 feet of gray 

limestone in thin shaly beds separate the Atrypa beds from 

a massive fossiliferous bed up to 15 feet thick, containing 

the coral Coenites (formerly Cladopora) in a matrix of 

black, fine-grained crystalline limestone. This is the 

Main, or Lower, Coral bed. One or two other series 5 to 10 

feet thick of black, fine-grained crystalline beds contain

ing abundant corals occur locally above the Lower Coral bed, 

and are separated from it by similar limestone containing 

white streaks of calcite instead of fossils. 

Corals are scattered through the beds above the 

Atrypa zone to within 20 feet of the top of the formation, 

and Atrypa are correspondingly found for 50 feet below this 

zone, but intermingling of the two fossil types above or 

below this zone is not known to occur at Bisbee (Wisser, 

1926, p. 8). 

The top 30 to 50 feet of the Martin consist of a 

series of pink to pinkish-gray, shaly to massive, fine to 

coarsely crystalline limestone beds 2 inches to 2 feet 

thick called the Pink beds. 

3. Ransome (1904, p. 40) also included Schizophoria 
striatula and Pachyphyllum woodmani as characteristic 
fossils of the Martin limestone. 
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Escabrosa Limestone 

The Escabrosa, of Early to Middle Mississippian 

age, apparently conformably overlies the Martin and is 600 

to 300 feet thick at Bisbee (Wisser, 1926, P. 9). It con

sists largely of gray to white, dense to coarsely crystalline 

crinoidal limestone in beds 1 to 10 feet or more thick. A 

few beds are black or pinkish in color, and some iron-rich 

beds weather yellow. Generally there is little difference 

in color between weathered and fresh surfaces. Portions of 

the formation contain chert lentils or nodules. Argillic 

material, as partings between limestone beds and in streaks 

or disseminated in the limestone as an impurity, is rare or 

absent. The magnesium content of the limestone is generally 

low or absent, and Ransome (19 04, p. 43) considered the Esca

brosa at Bisbee to be essentially non-dolomitic; however, 

Gilluly (1956, P. 30) found significant amounts of dolomite 

in the lower portion of the formation in areas north of Bis

bee. The Escabrosa forms resistant slopes with good expo

sures, and the more massive limestone beds tend to outcrop 

in steep cliffs. 

Pink, fine-grained cyrstalline, shaly to massive 

beds similar to the Pink beds at the top of the Martin have 

been included in the basal 50 feet of the Escabrosa. This 

zone of Pink beds spanning the contact is generally poorly 

exposed, and the specific contact between the two formations 

has not been established. Above the Pink be^j is the Lower 
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Cliff, of 50 to 65 feet of massive, white to gray, dense to 

coarsely crystalline, locally crinoidal limestone, with 

chert in places. This is overlain by a series of limestones 

in beds 1 to 12 inches thick alternating with more massive 

beds up to 10 feet thick. Color, texture, and fossil and 

chert content are variable. Approximately 250 feet above 

the base of the Escabrosa is a zone 50 feet thick termed 

the Lower Chert. This consists of alternating beds 1 to 8 

inches thick of dark gray to black, fine-grained limestone 

and dark gray to white chert. This chert is somewhat lentic

ular but well-bedded, in contrast to chert elsewhere in the 

formation which occurs in distinct lentils and irregular 

masses. From 35 to 200 feet of thin-bedded to massive lime

stones separate the Lower Chert from the Upper Cliff, which 

consists of 85 to 140 feet of crinoidal limestone similar 

to that of the Lower Cliff. Near the top of the Upper Cliff 

in places are concentrations of chert lentils up to 30 feet 

thick and 150 feet long, called the Upper Chert. Above the 

Upper Cliff is a series of generally dark gray to black, 

crinoidal to cherty limestone beds averaging 2 feet thick 

and ranging from 4 inches to 4 feet thick. 

Naco Limestone 

On the basis of their work in central Cochise 

County Gilluly, Cooper and Williams (1954) separated Ransome's 

Naco limestone into six formations and raised the term Naco 
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to group status. However, Gilluly recognized (1956, p. 36) 

that these new formations "will not prove useful over a very 

wide area, so that use for the name Naco in the original 

wide sense will long persist." These formations are named, 

in ascending order, the Horquilla limestone, the Earp forma

tion, the Colina limestone, the Epitaph dolomite, the 

Scherrer formation, and the Concha limestone. In the Bisbee 

area only the Horquilla (1000 feet thick), Earp (460 feet 

thick), and lowermost 250 feet of the Colina have been recog

nized (Bryant and Metz, 1966, p. 192), the higher formations 

having been removed by erosion. In this paper the original 

term Naco limestone is preferred, as distinction of Gilluly1s 

formations is not useful to the discussion which follows. 

1,710 feet of Naco limestone are exposed at Bisbee 

and, using the thicknesses of the overlying formations meas

ured farther north by Gilluly et al. (1954), the original 

thickness of the Naco group at Bisbee was about 3,700 feet 

and possibly more; the maximum formation thicknesses measured 

by Gilluly total 4,954 feet. 

The Naco limestone, of Pennsylvanian-Permian age, 

disconformably overlies the Escabrosa and the contact has 

been placed (Wisser, 1926, p. 12) at that point where the 

beds change from the "dark to black, crinoidal upper 

Escabrosa" to beds which are "very light bluish gray to 

nearly white on the surface,....dark gray to black, upon 

breaking,....aphanitic texture and conchoidal fracture." 
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Blue-gray limestone beds averaging 2 feet thick are 

characteristic of the Naco. Some beds are massive, and 

portions of the formation are thin-bedded to shaly, with red 

argillic beds and partings. Dolomite, dolomitic limestone, 

sandstone, quartzite, and intraformational conglomerates are 

found in part of the section, as are chert nodules and ir

regular masses. Small fusulinids, less than 1/4 of an inch 

long and 1/16 of an inch-in diameter, are characteristic of 

that portion designated as the Horquilla, and serve to dis

tinguish it from both the Escabrosa and the overlying Earp. 

Texture ranges from aphanitic to coarsely crystalline or 

granular, as in the case of crinoidal beds. Locally, iron 

oxide imparts a pinkish to reddish cast to fresh surfaces 

and various shades of red, yellow and brown on weathered 

surfaces. The thin-bedded to shaly, argillic sections of 

the Ilaco tend to be poorly exposed, but most of the formation 

is resistant to weathering and forms good outcrops. 

Mesozoic Formations 

Triassic and Jurassic sedimentary rocks are not 

known in the Bisbee area, and during the time represented by 

these two periods the Paleozoic section was subjected to 

orogeny and erosion, which produced the marked unconformity 

separating these rocks from the Cretaceous section. 

Approximately 5,000 feet of Lower Cretaceous sedi

mentary rocks exposed northeast and southeast of Bisbee were 



24 

termed the Bisbee Group (Dumble, 1902, p. 696; Ransome, 1904, 

p. 56) and subdivided into four formations which are, in 

order of ascension: Glance conglomerate, Morita formation, 

Mural limestone, and Cintura formation. 

Glance Conglomerate 

In the area of mining remnants of Glance conglom

erate are exposed east of a line extending southward from 

the Lavender pit. The formation is characteristically 

brownish-red, and has a thickness of several inches to sev

eral thousand feet. Partly rounded to subangular fragments 

of pre-Cretaceous rocks, ranging up to boulders three feet 

in diameter are enclosed in a poorly-sorted argillic to 

sandy matrix. The ratio of fragments to matrix is highly 

variable from place to place. Locally, rounded fragments of 

chalcocite and boulders of mineralized pre-Cretaceous rocks 

have been found near the base of the formation south of the 

Dividend fault. 

North of the Dividend fault, which strikes west-

northwest, pre-Glance erosion cut a smooth surface on Pinal 

schist, Juniper Flat granite, and the Sacramento intrusive 

complex, and the conglomerate consists of detritus derived 

from these rocks. South of the fault erosion cut the 

Paleozoic section into a series of deep canyons and ridges 

and the conglomerate, which has filled in and smoothed this 

irregular surface, consists of a lower portion composed 
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largely of Paleozoic limestone fragments which grades upward 

into granite and schist fragments. More than 2,200 feet of 

conglomerate were deposited in places south of the Dividend 

fault (Bryant and Metz, 1966, p. 192), as contrasted with a 

maximum known thickness of 75 feet north of the fault. Post-

mineral displacement on the fault dropped the south side 

down, preserving most of the Paleozoic sediments on that 

side, while erosion stripped the north side down to the 

Pinal schist. The angularity and variations in size of 

the fragments in the conglomerate indicate rapid erosion, 

and deposition of the material within short distances of 

its source. 

No fossils other than those in included Paleozoic 

boulders have been found in the Glance. However, grada-

tional contact with the overlying Morita formation, which 

contains Lower Cretaceous fossils, places at least part 

of the Glance in the Cretaceous period. 

Morita, Mural, and Cintura Formations 

Conformably overlying the Glance, and conformable 

with each other, the Morita, Mural, and Cintura formations 

are respectively 1,800, 650, and 1,800 feet thick in the Eis-

bee area. The Mural limestone, consisting of a lower member 

of thin-bedded fossiliferous limestone and an upper member 

of thick-bedded limestone, is sandwiched between gray to 

brown alternating sandstones and shales of the Morita 



and Cintura formations. The transition from the Morita 

formation to the Mural limestone is marked by a progressive 

increase in limy material with a corresponding decrease in 

clastic material. The Mural limestone characteristically 

forms a gray-colored cliff, as opposed to the predominantly 

brown, less-resistant clastic members of the other two 

formations. 

The reader is referred to Ransome (1904) and 

Stoyanow (1949) for detailed descriptions of these forma

tions. 

Tertiary Formations 

Layered Tertiary rocks are not known at Bisbee, but 

extrusive volcanic rocks and Tertiary strata are exposed 

near Tombstone, approximately 20 miles to the northwest. 

Cenozoic Formations 

Unconsolidated to partly consolidated (by caliche) 

detritus from exposed older formations locally cover topo

graphically lower portions of the district as fluviatile or 

landslide deposits. This material generally consists of 

pebbles to boulders in a finer-grained matrix, with locally 

extreme variations in degree of sorting and texture; bedding 

is absent or poorly-developed. 



INTRUSIVE ROCKS 

Diabase 

The oldest known igneous rocks in the district are 

small masses of diabase in the Pinal schist (Bonillas, et 

al., 1916, p. 289). Diabase has not been found in younger 

rocks and these masses may be related to the period of 

deformation and metamorphism of the Pinal schist. 

Juniper Flat Granite 

The Juniper Flat granite (Ransome, 1904, pp. 76-78; 

Gilluly, 1956, pp. 53-55) is an elongate stock having an ex

posed portion about 8 miles long and 2 miles wide, which 

trends northwest subparallel to and on line with the pro

jection of the Dividend fault, northwest of Bisbee. The 

stock has intruded the Pinal schist and Paleozoic strata up 

to and including lower Naco (Horquilla) limestone, and is 

nonconformably overlain by Cretaceous strata which conceal 

its northeastern margin (Figure 4, and Figure 5, in pocket). 

Smaller, irregularly-shaped outliers of Juniper Flat granite 

are exposed for a little over two miles beyond the main mass. 

Steep contacts of the granite with the intruded 

rocks, except for local sills beneath the Bolsa quartzite, 

are indicative of its stocklike form. Contacts of the gran

ite with Pinal schist tend to be sharp and regular, whereas 

27 
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its contacts with the Paleozoic rocks are marked by irreg

ular apophyses. 

Weathered surfaces of the granite are buff to red

dish-brown, and fresh surfaces are pinkish gray. Its 

texture ranges from equigranular granitic, in which the 

grain size varies in different places from one millimeter 

to one centimeter in diameter, to porphyritic. In the 

latter form phenocrysts range from a diameter of 3 milli

meters in a microcrystalline groundmass to 2 centimeters in 

a groundmass of grains 0.5 millimeter in diameter. The por

phyritic phase, found on Juniper Flat and farther northwest, 

grades to the equigranular phase exposed in Tombstone Canyon. 

Quartz as rounded, partly corroded or embayed phen

ocrysts and grains, microcline microperthite, and oligoclase, 

with minor biotite make up the rock-forming minerals. Much 

of the oligoclase has been altered to albite, which contains 

flecks of sericite. The biotite is generally partly to com

pletely altered to chlorite and epidote, with secondary 

sphene along cleavage planes. Accessory minerals include 

zircon, magnetite and apatite. Muscovite, presumably after 

biotite, and tourmaline have been found in places. 

Gilluly (1956, p. 54) noted embayment of phenocrysts 

in the porphyritic phase by crystals of the groundmass and 

suggested that this was due to attack by the residual magma 

late in the stage of crystallization. Analyses presented by 

Ransome (1904, pp. 78, 82) show the porphyritic phase to 
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contain a higher percentage of potash feldspar and quartz 

than does the equigranular phase. 

Escabrosa Ridge Rhyolite Porphyry 

On Escabrosa Ridge (Figures 2 and 5 in pocket) 

southwest of the Juniper Flat granite numerous dikes, sills, 

and irregular masses of rhyolite porphyry have been intruded 

into Pinal schist and Paleozoic strata in an area about 1 

mile wide and 8 miles long (Ransome, 1904, pp. 78-83; Bryant 

and Metjz, 1966, p. 193) . These intrusive masses strike 

subparallel to the long dimension of the Juniper Flat gran

ite, and range from less than 1 foot to 2,500 feet wide. 

The sequence of intrusion is complex, with various rhyolite 

porphyry intrusions crosscutting each other and the Juniper 

Flat granite. 

The porphyry bodies, excepting the sills, were lo

calized generally along pre-existing faults and fractures 

which extend beyond the limits of many of these intrusives 

and dip vertically to steeply northeast, toward the Juniper 

Flat granite. Reverse faulting along the porphyry belt has 

uplifted the rocks east of this belt to the approximate level 

of the Paleozoic formations west of the belt. Most of the 

known porphyry sills were intruded at the contact of the 

Pinal schist with Bolsa quartzite or along bedding planes in 

the lower portion of this formation. 
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The rhyolite porphyry consists of rounded quartz 

grains and pink orthoclase crystals, as phenocrysts up to 

1 centimeter in diameter, distributed through an aphanitic 

groundmass of quartz, muscovite, and orthoclase. Small 

phenocrysts of sodic oligoclase and biotite less than 5 

millimeters in diameter are present in subordinate amounts. 

The biotite is generally chloritized or bleached, and ortho

clase is partly altered to allophane. Owing to weathering 

the groundmass has a pink to red color, against which the 

clear to light pink phenocrysts of quartz and orthoclase 

stand out, imparting a speckled appearance to the rock. 

Ransome (1904, pp. 82-83) concluded that these porphyry in-

trusives were derived from the same magma as the Juniper 

Flat granite. 

Sacramento Intrusive Complex 

The focal point for mineralization in the district 

is a more or less circular exposure of quartz porphyry and 

breccia, about a mile in diameter. Originally named the 

Sacramento stock by Ransome (1904, p. 80) after its promin

ent exposure in Sacramento Hill, it was later divided into 

four units of porphyry and breccia, as described below by 

Bryant and Metz (1966, pp. 193-196): 

... 1. an intensely silicified pyritized 
quartz porphyry more or less in the center and be
lieved to be the earliest intrusive; 2. a breccia 
consisting of an intensely silicified mixture of 
schist, quartzite, limestone, and quartz porphyry 
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The feldspar quartz porphyry exposed in the pit 
has been intensely sericitized without destruction 
of the original texture. The alteration of the 
underground intrusive rocks, through their extent, 
is remarkably uniform in intensity and indicates 
a possible deuteric origin of the alteration. The 
rock may have been quartz monzcnite porphyry, but 
alteration has destroyed all the evidence of the 
original composition. The altered rock consists 
of embayed phenocrysts of quartz:, pseudomorphs of 
sericite after feldspar, and chloritic biotite 
phenocrysts in a groundmass of microcrystalline 
quartz and sericite. The accessory minerals are 
zircon, apatite, and rutile. Alunite and dickite 
have not been recognized in this rock. Pyrite min
eralization is slight and appears to be concentrated 
in the altered biotite phenocrysts. In areas of 
supergene enrichment, the altered biotite pheno
crysts are completely destroyed, probably by action 
of downward-circulating water. 

Underground Feldspar Quartz Porphry 

Samples taken from various dikes in the Cole and 

Dallas mines during the present investigation are generally 

similar to the feldspar quartz porphyry described above. 

Phenocrysts 0.5 to 2 millimeters in diameter of quartz and 

partly to completely altered feldspar, biotite, and horn

blende occur in a fine-grained groundmass of quartz, clay, 

and sericite, with disseminated pyrite. The quartz occurs 

as partly rounded to corroded grains and as round "eyes". 

Small laths of unaltered or slightly sericitized untwinned 

feldspar, probably orthoclase, are present in minor amounts. 

Most of the feldspar occurs as euhedral to subhedral crys

tals completely or nearly completely altered to sericite 

and subordinate calcite. Some of the crystals are zoned, 



fragments, more or less confined to the southerly 
side of the stock, which is designated as intru
sion (?) breccia and is believed to have formed 
during the emplacement of the early quartz por
phyry; 3. a sericitized slightly pyritized 
feldspar quartz porphyry, which is more or less 
in the easterly part of the stock but is also 
prevalent in the mineralized area as dikes and 
sills and is designated as 'underground' porphyry; 
and 4. a breccia consisting of a heterogeneous 
agglomeration of rounded fragments of schist, 
quartzite, limestone, both types of porphyry, and 
low-grade siliceous sulfide, which is designated 
as intrusive breccia and is quite prevalent as 
large irregular masses within the stock area and 
in the mineralized limestone as small irregular 
bodies. 

The quartz porphyry of the Sacramento stock has 
been thoroughly altered, silicified, and pyritized 
so that the character of the original rock is in
determinable. The altered rock consists of anhedral 
grains of quartz, intergranular pyrophyllite, and 
scattered, large, rounded and embayed phenocrysts 
of quartz, commonly termed quartz 'eyes'. Accessory 
minerals include aickite, alunite, and rutile with 
minor zircon, apatite, and bastite. The sulfide 
content is more than 15 percent, mostly pyrite. 

The feldspar quartz porphyry is a rather soft, 
greenish-gray, thoroughly altered rock with scattered 
disseminated pyrite. In the stock area it is on the 
south and easterly contacts of the stock and occurs 
in the mineralized limestone area as irregular dikes 
and sills. The porphyry is distinctive by the ab
sence of silicification and intense pyritization, 
although it is commonly in contact with large mas
sive siliceous bodies in the underground exposures. 
In some instances, along the porphyry contact, a 
shear or breccia zone of black mylonitic material 
with oriented fragments of massive pyrite is present, 
indicating a post-massive sulfide age for this por
phyry. Pyritization and silicification of the early 
quartz porphyry and the formation of the low-grade, 
siliceous, massive sulfide limestone replacements 
undoubtedly occurred at the same time. This surge 
of mineralizing activity, which acted on one but not 
the other porphyry, is believed to separate the two 
intrusions in time. 



and in one specimen from the 13 00 level Cole, carlsbad and 

albite twinning in a few incompletely altered phenocrysts 

are crudely preserved, allowing a tentative, identification 

of the feldspar as andesine. Biotite and hornblende are 

altered to varying degrees to chlorite (including some 

penninite) and calcite, and are locally partly replaced by 

pyrite. Veinlets of quartz and calcite cut the rock, and 

small amounts of calcite are distributed through the ground-

mass in shreddy aggregates. The phenocrysts account for 

15 to 25 percent of the rock, and are principally plagio-

clase and biotite. 

The feldspar quartz porphyry dikes generally trend 

northeast and dip at moderate to steep angles to the north

west, occupying one of the major fracture trends. Pinching 

and swelling is marked in places, the dikes ranging from 

less than 20 to more than 100 feet thick, and small apophyses 

are common. Contacts of the dikes with the enclosing 

Paleozoic sediments are generally fault planes or broken to 

brecciated zones. Contact metamorphism of the sediments 

bordering the dikes has not been observed, except for local, 

minor silicification and recrystallization of limestone. 

The dikes, although widely distributed, account for a very 

minor portion of the Copper Queen block, as opposed to the 

abundance of dikes on Escabrosa Ridge. 



Age of Porphyry Dikes Relative to Sulfide Deposits 

Massive pyrite has replaced the sedimentary rocks 

adjacent to portions of some dikes, particularly in concave 

sections of the contacts where the dikes change in strike or 

dip. A zone of faulting and brecciation of sulfide and 

porphyry exists on many of these contacts. This, the lack 

of contact metamorphic effects, and the fact that the 

porphyry dikes are ubiquitously altered without regard to 

their proximity to ore, led Bryant and Metz (1966, p. 196, 

and Bryant, 1964, p. 49) to conclude that the dikes were 

intruded in the form of deuterically altered and pyritized 

low-temperature mush subsequent to the deposition of massive 

pyrite. Copper mineralization was concluded to be a 

distinct phase later than the deposition of massive pyrite 

and intrusion of the porphyry dikes. The sedimentary rocks 

are partly silicified and altered to calc-silicates, 

chlorite, talc, serpentine, and sericite over wide, 

fractured areas extending for hundreds of feet away from 

the dikes, so that alteration and mineralization are not 

necessarily related to the dikes themselves. 

One may consider as an alternative that the dikes 

follow pre-existing fault zones which would be expected in 

places to form shattered to brecciated areas, particularly 

at points of curvature in strike and dip. Following renew

ed movement along the pre-existing fault zones, now partly 

filled by the dikes, access by hydrothermal fluids would be 
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afforded, permitting replacement of brecciated limestone 

by massive pyrite, and alteration of both the sediments 

and the shattered porphyry dikes. The general, although 

not exclusive, absence of massive pyrite replacement of 

the porphyry dikes is not necessarily evidence for intru

sion of the dike subsequent to massive pyrite deposition. 

The sedimentary rocks adjacent to porphyry dikes are gener

ally more broken than are the dikes, and would provide a 

more favorable locus for sulfide deposition. Also, carbon

ate rocks are usually preferentially attacked and replaced 

by sulfide-depositing hydrothermal fluids as compared to 

other rock types. Post-mineral faults have been observed 

underground in many places, and would account for the 

oriented and sheared pyrite fragments in the fault zones. 

Intrusive Breccia 

Intrusive breccias are a heterogeneous agglom
eration of rock fragments that are embedded in a 
matrix of pulverized rock and have been transported 
sometimes for considerable distances, and emplaced 
in their present condition in what appear to be pre
existing fractures...all the underlying formations 
may be represented in the breccia, but none of the 
overlying formations have ever been identified in 
it. 
(Bryant and Metz, 1966, p. 196) 

The breccias may be in the form of dikes, sills, or irregu

lar masses, and their contacts with the intruded rocks are 
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sharp and generally smooth. Intrusive breccia containing 

fragments of "both porphyries, Pinal schist, Bolsa quartz-

ite, intrusion (?) breccia, and siliceous pyrite and 

silica of the early barren stage" (Bryant and Metz, p. 198), 

including one rounded boulder of Bolsa quartzite measuring 

7 feet by 11 feet, have been noted in the Lavender pit. 

Fragments of Pinal schist found in a breccia cutting 

Horquilla limestone indicate a vertical transport of 3,000 

feet. Hydrothermal alteration of the breccia dikes asso

ciated with ore is of the clay-mica-quartz type like that 

in the Paleozoic sediments. In the few areas containing 

breccia dikes where ore has not been found both the breccia 

and enclosing sediments are slightly to weakly altered 

(Bryant and Metz, pp. 196-199). 

Ascending hydrothermal fluids generated at a late 

stage of magmatic activity are considered to have risen 

along fracture zones and formed the breccias by incorporat

ing, transporting and abrading rock fragments in a dense 

slurry of rock flour and sand. 

These breccias preferentially occupy northeast-

trending fracture zones as dikes in the Paleozoic sediments 

underground and range generally from less than one foot to 

a few tens of feet wide, with fragments generally less than 

6 inches in diameter. By contrast, the breccias exposed in 

the pit are up to 500 feet across and contain many boulders 

more than a foot in diameter. The intrusive breccias are 
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minor, although significant, features in areal extent and 

relative to the abundance of fault and fracture zones. Cop

per and iron sulfides commonly replace portions of the 

matrix and included rock fragments of the intrusive brec

cias, and in places adjacent to some limestone replacement 

ore bodies the copper content of the breccia is high enough 

to be ore. 

Although ore is found underground in proximity to 

some portions of the feldspar quartz porphyry dikes and 

most of the intrusive breccias, many ore bodies are assoc

iated with neither of these intrusives. Ore is, however, 

almost everywhere directly related to northeast-trending 

fractures and faults, indicating that these breaks were 

the main lines of the feeding system for porphyry, breccia, 

and ore alike. Renewed faulting,and fracturing within and 

on the margins of the porphyry dikes afforded paths of as

cent for mineralizing solutions and, in some instances, 

intrusive breccia. The intrusive breccias remained perm

eable and, occupying the main channelways, became avenues 

of ascent for the ore-bearing fluids. Post-ore intrusive 

breccias have not been observed. 

Rhyolite 

Dikes and plugs of rhyolite are intruded into the 

Naco limestone near the mouth of Tombstone Canyon and in the 

Naco Hills, northwest and southwest of Bisbee, respectively 



39 

(Ransome, 1904, pp. 78-83 and Gilluly, 1956, pp. 105-106). 

Similar rhyolite in dikes and sills occurs as far north as 

Tombstone, so that exposures of this rock are scattered 

over a distance of about 20 miles. The rhyolite is pale 

pink, weathering to a deep red color except in some areas 

where it has been bleached white by hydrothermal altera

tion, and is resistant to weathering, generally projecting 

above the intruded rocks. 

Viewed microscopically the rhyolite consists of 

phenocrysts of quartz, orthoclase or sanidine, minor oligo-

clase, and biotite, 1 to 2 millimeters in diameter, dissem

inated through a microcrystalline groundmass. The quartz 

is in corroded or embayed crystals, and the biotite is 

partly altered to chlorite or muscovite. Locally the oligo-

clase is albitized and sericitized. Magnetite, zircon and 

sphene are present as accessory minerals. 

A rhyolite plug south of Tombstone Canyon differs 

from the other rhyolite masses in having fluidal structure 

and vertical lineation parallel to its enclosing walls, and 

in having a microspherulitic groundmass. A similar plug 

occurs in the Naco Hills southwest of Bisbee. 

Ransome (1904, p. 82) distinguished the rhyolite by 

its "minutely crystalline felsitic groundmass" which "may 

have resulted from devitrification of a glassy base" from 

the rhyolite porphyry dikes of Escabrosa Ridge which were 

termed granite porphyry, having a microgranitic groundmass. 
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He concluded that the two types were comagmatic with the 

Juniper Flat granite, differing only in time of intrusion 

and rate of cooling, and stated that the rhyolite and gran

ite porphyry had mutually crosscutting relationships. 

However, Gilluly found some rhyolite dikes in Tombstone 

Canyon cutting across faults considered to have formed 

prior to the unconformity separating Paleozoic and Mesozoic 

strata. These structural relationships and their texture, 

coupled with their areal extent and the fact that they cut 

strata of widely different ages led Gilluly to assign a 

Tertiary (?) age to the rhyolites. Creasey and Kistler 

(1962) arrived at an age of 63 million years for rhyolites 

in the Tombstone area by radioactive dating methods, sup

porting Gilluly's conclusions. 

Andesite Porphyry 

Ransome (1904, pp. 84-85) noted dikes of gray mon-

zonite porphyry (andesite of Bryant and Metz, 1966, p. 196) 

intruded in several places into Cretaceous strata, the most 

notable being a dike 50 feet wide near the Glance mine, 

approximately 6 miles southeast of Bisbee. The rock consists 

(Ransome, 1904, pp. 84-85) of "phenocrysts of oligoclase 

partly altered to calcite, of some mineral (pyroxene?) now 

altered to aggregates of calcite, quartz, limonite, and other 

secondary products, and of biotite, all lying in a ground-

mass composed mainly of orthoclase." 
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Basalt 

Small, greenish dikes which are thoroughly altered 

to chlorite, sericite, quartz, and calcite were noted by 

Ransome (1904, p. 85) in the Paleozoic rocks southwest of 

Bisbee. He concluded on the basis of partly preserved 

textures that these dikes, too small to be mapped sepa

rately, were basalt or dolerite. 

Ages of Intrusion and Mineralization 

Considerable disagreement on the ages of magmatic 

events and mineralization at Bisbee has been expressed in 

previous papers on the district, the focal point being 

whether ore deposition took place in Triassic-Jurassic 

time or was post-Glance conglomerate, i.e., Late Creta

ceous or Tertiary. 

Scattered gold and copper occurrences in the Creta

ceous Bisbee group formations southeast of Bisbee are evidence 

for Late Cretaceous or Tertiary mineralization in the Mule 

Mountains, and Tenney (1932, p. 52) argued for a post-Cre

taceous age of ore at Bisbee. Bain (1952) derived lead-urani-

um dates of 85 to 112 million years from samples of uraninite 

associated with ore, but D. Livingston of The University of 

Arizona (1967, personal communication) recalculated Bain's 

data and arrived at dates of 125 to 155 million years. 

Dr. W. C. Lacy of The University of Arizona sug

gested (1962, personal communication) that some of the 
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major mining districts of the world may have undergone sev

eral periods of mineralization, with resultant reconstitu-

tion and/or modification of some ore bodies. The feeding 

fracture system at Bisbee generally appears to be still 

open, and it is possible that some sulfide deposits in the 

Copper Queen block were modified by Post-Bisbee group or 

other periods of mineralization. Radioactive dates and 

textures from these modified sulfide deposits would indi

cate an age of mineralization younger than the principal 

period of ore deposition. 

Boulders of chalcocite, and mineralized porphyry 

and Paleozoic limestone have been described in the Glance 

conglomerate (Trischka, 1938, p. 36; Bryant, 1964, p. 57; 

Bryant & Metz, 1966, p. 196), making it post-mineral in 

age. Gilluly (1956, p. 55) demonstrated from field rela

tions that the Juniper Flat granite is post-Paleozoic, 

pre-Glance conglomerate in age, and Creasey and Kistler 

(1962), using rubidium-strontium and potassium-argon meth

ods obtained ages of 177 and 163 million years, respectively, 

for the Juniper Flat granite. In 1967 the geologic staff 

at Bisbee sent a sample of sericitized underground porphyry 

to Geochron Labs, Inc. which arrived at a potassium-argon 

date of 181 ± 8 million years for the sericite. Bryant and 

Metz (1966, p. 202) concluded that copper mineralization 

at Bisbee took place in post-Paleozoic, pre-Glance conglom

erate time. 



With the current emphasis on the Laramide as the 

favored time interval for the formation of large low-grade 

copper deposits in the Southwest, arguments on the age of 

mineralization at Bisbee and in adjacent areas will prob

ably continue; however, available data favor intrusion 

of the Juniper Flat granite, Sacramento intrusive complex, 

related dikes and breccias, and mineralization of the 

Copper Que'en block in post-Paleozoic, pre-Glance conglom

erate time. During Late Cretaceous or Tertiary time a 

second period of copper and gold mineralization occurred, 

and may have been associated with the intrusion of the an-

desite and rhyolite dikes and plugs. The ages of the small 

basalt dikes southwest of Bisbee are unknown, except that 

they are younger than the Paleozoic rocks which these dikes 

have intruded. 

Stages in ore formation according to Bryant and 

Metz (1966, pp. 202-203) were: intrusion of the Juniper 

Flat granite with attendant fracturing and faulting, fol

lowed by emplacement of the Sacramento quartz porphyry and 

intrusion (?) breccia along the Dividend fault; pyritiza-

tion, sericitization and silicification of the porphyry and 

adjacent formations (early barren pyrite stage); intrusion 

of feldspar quartz porphyry, and then the intrusive brec

cias; introduction of copper by hydrothermal fluids, which 

deposited pyrite, chalcopyrite, bornite, and chalcocite, 

with later deposition of sphalerite, galena, pyrite, and 
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chalcopyrite peripheral to individual ore bodies and on the 

periphery of the copper ore bodies as a group. 



STRUCTURE 

Reference is made to Figures 4, 5-7 (in pocket), 

8 and 9, showing the geology of the Mule Mountains and ad

jacent areas to the north, as compiled and modified from 

Ransome (1904), Gilluly (1956), and Wilson (1959). Most of 

the discussion under the heading of Regional Structure re

fers to the Mule Mountains and adjacent or proximate areas. 

Regional Structure 

Ransome divided the Bisbee area into seven fault 

blocks (Figure 6) and concluded that the pre-Cretaceous 

structure of the district was caused by a combination of 

lateral compression which created northwest-trending folds, 

thrust faults related to the intrusion of the Juniper Flat 

granite, and subsequent high-angle normal faulting which 

created his fault block subdivisions. After deposition of 

the Cretaceous sediments the district was subjected to re

newed compression which caused the folds and thrust faults 

southeast of Bisbee, and then uplifted with the formation 

of normal fault blocks. 

Bonillas et al. (1916, p. 317) considered the Juni

per Flat granite (now known to be of Triassic-Jurassic age) 

to be Precambrian in age, and expressed the belief that 

the southern Mule Mountains were uplifted and domed around 
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a Precambrian granitic core. Trischka (1938, p. 34) con

cluded that the district was domed by intrusion of the 

Juniper Flat granite. Bryant (1964, p. 59) related the 

major structural features of thel district to doming by 

this intrusion, and concluded that Ransome's synclinal 

Copper Queen block and other folds were apparent features 

due to tilting of strata by faults. Jones (1963, p. 140) 

suggested 1. that the Mule Mountains and other ranges in 

southeastern Arizona were the product of uplift by Pre

cambrian and Triassic-Jurassic granites; 2. that uplift 

continued through late Tertiary time, and 3. that these 

ranges are anticlinal uplifts enhanced by, rather than the 

results of, late block faulting. The Laramide thrusting 

was suggested to have resulted in part from gravity sliding 

rather than compressional forces. 

Figures 4 through 9 show in plan and cross-section 

that the Mule Mountain range is a northwest-trending, 

doubly-plunging anticline, here named the Bisbee anticline, 

with high-angle normal and reverse faults and low-angle 

thrust faults near its northern and southern margins. The 

Juniper Flat granite, Sacramento intrusive complex, and the 

Dividend fault are situated along the axis of the anti

cline, and subordinate folds occur in both Paleozoic and 

Mesozoic sediments subparallel and transverse to this axis. 

A system of longitudinal, transverse, and diagonal normal 

faults, together with their antithetic counterparts, have 
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Table 1. 

Time 

Late 
Triassic 

Sequence of Magmatic and Tectonic Activity as 
Related to Alteration and Mineralization 
(Radioactive dates of intrusives and 
uraninite in m.y.) 

Magmatic Tectonic Mineral-
Activity Activity Alteration ization 

Intrusion 
of Batho-
lith 

Doming 

Anticlinal 
system of 
faults and 
fractures 

Triassic-
Jurassic 
163-
177 m.y. 

Juniper 
Flat Gran
ite 

Additional 
faulting, 
all types 

Copper 
Queen syn-
cline and 
fracture 
pattern 
formed, re
newed move
ment on pre
existing 
faults, dila
tion of NNE 
faults 

Escabrosa 
Ridge por
phyry dikes 

Sacramento Renewed move-
quartz por- ment, empha-

epidote-
chlorite 

phyry sis on dil
ation of NNE-
trending 
faults 

Quartz-
sericite? 

Pyrite? 

181 ± 
8  m . y .  

Feldspar 
quartz 
porphyry 

Same as 
above 

epidote-
chlorite? 
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Table 1. Sequence of Magmatic and Tectonic Activity as 
Related to Alteration and Mineralization 

(Continued) 

Time 
Magmatic 
Activity 

Tectonic 
Activity 

Renewed 
faulting 
on dike 
margins and 
elsewhere 

Mineral-
Alteration ization 

Intrusive 
breccia 

125-155 
m.y. 

sericite, 
quartz 

pyrite; 
Cu, Pb, Zn, 
sulfides; 
uraninite 

Jurassic Post-ore 
faulting? 

Jurassic-
Cretaceous 

uplift, 
erosion 

Cretaceous-
Tertiary 

Tertiary 
63 m.y. 

Andesite, 
rhyolite 

Marginal 
thrust 
faulting 

doming, 
normal 
faults 

Copper, 
gold-quartz 
mineraliza
tion 

Late 
Tertiary-
Recent 

uplift, 
erosion, 
normal 
faults 

Gold placer 
deposits 



broken the anticline into a series of blocks. The west-

northwest- to northwest-trending longitudinal Dividend, 

Bisbee West and Abrigo faults have dropped the southern 

flank of the anticline in steps to the southwest, and a 

fourth fault may be inferred southwest of the Naco Hills, 

separating outcrop areas and pediment from alluvial fill in 

the valley basin to the southwest. 

Antithetic movement to the east on the No Name and 

White Tailed Deer faults interrupted the stepfaulting and 

made the southern end of Ransome's Escabrosa block a horst 

and the Copper Queen block a graben which is bounded on 

the north by the Dividend fault. To the northwest, the 

horst terminates in a zone of northwest-trending dikes 

which is subparallel and en echelon to another, wedge-

shaped horst of Bolsa quartzite and the Escabrosa Ridge 

porphyry dike reverse fault zone. The latter feature is a 

zone of steeply northeast-dipping to vertical faults having 

downward displacement to the southwest and along which a 

porphyry dike complex has been intruded. Ransome (1904, 

p. 91) concluded that faulting and intrusion of the dikes 

were contemporaneous, and Bryant (1964, p. 60) considered 

the reverse faulting to be marginal thrusting related to the 

forcible intrusion of the Juniper Flat granite. 

The north-northeast-trending Ridge and Quarry 

transverse faults have dropped the Paleozoic rocks stepwise 

to the southeast. A wedge of these rocks has also been 
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down-dropped between the antithetic, northwest-dipping 

Hedberg fault zone and the Quarry fault, forming a north-

northeast-trending graben on the northwest margin of the 

Copper Queen graben. 

Diagonal faulting is represented by the northwest-

striking Oliver fault (Figure 10) and the elongate north-

striking tongue of Juniper Flat granite, which is fault-

controlled^ and is situated a short distance northwest of 

the main mass of the stock. Other diagonal faults on 

Escabrosa Ridge strike east, northeast, and northwest. 

Countless subordinate to minor fractures and faults par

alleling the major faults cut the Paleozoic rocks in the 

southern Mule Mountains and the Copper Queen graben is so 

intensely fractured and faulted that it is, in a loose 

sense, a megabreccia. 

Displacement on these major faults and fault zones 

ranges from approximately 250 feet on the No Name fault to 

at least 5,000 feet on the Dividend fault. 

The attitude of bedding in the Copper Queen graben 

led Ransome (1904, p.98) to conclude that it was a south

east-plunging syncline whose northeast limb was truncated 

by the Dividend fault. However, Figures 5, 7 and 8 indicate 

that drag between its bounding faults warped the Copper 

4. The Paleozoic formations on the western contact 
of the granite are down-dropped relative to the Pinal schist, 
which is in contact with the granite on the east. 
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Queen graben into an imperfectly-formed, southeast-plunging 

syncline whose northeast limb was only partly defined by 

drag on the Dividend fault. Similarly, the attitudes of 

the Paleozoic strata near the southern exposed end of the 

Escabrosa horst approximate a crudely-formed, complexly 

faulted anticline. The Escabrosa horst plunges southeast 

under alluvial cover (Figure 9) toward the Gold Hill block, 

and north of the projection of this horst the Paleozoic 

strata dip northeast. These features suggest that the 

horst continues to the southeast and that the attitude of 

these strata continues to be affected by drag along the 

flanks of the horst. 

A syncline plunging southeast similar to the Copper 

Queen syncline extends northwest from the Hedberg fault and 

is broken into segments by lateral and vertical offset on 

the transverse Quarry, Ridge and Apex faults, which strike 

north-northeast. The closure of those segments whose north

western ends abut the Quarry and Ridge faults is probably 

due to drag along these faults. Arching by the Juniper Flat 

granite coupled with downward drag on the No Name fault zone 

caused the Paleozoic sediments to be folded into this syn

cline. The individual segments of the syncline bounded by 

the transverse faults may have been folded independently 

of each other to a certain extent. Although this segmented 

syncline is more or less parallel to the Copper Queen syn

cline, lateral offset on the Quarry and Hedberg faults is 
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not considered sufficient to relate the two folds which, 

however, are similar in mode of formation. 

A block of Escabrosa limestone north of the Abrigo 

fault rests unconformably on the Martin limestone and is 

separated from the latter formation by a zone of shearing 

and brecciation. Ransome (1904, pp. 96-97) suggested that 

the two formations are separated by a thrust fault which 

is older than the high-angle normal faults cutting the 

Paleozoic strata. Under the present tectonic hypothesis it 

seems more likely that this block of Escabrosa limestone 

may have slid downhill under the force of gravity during 

the formation of the Bisbee anticline and the subsidiary 

folds on its southwestern limb. 

The Dividend fault has not been traced beyond its 

junction with the Quarry fault and Ransome (1904, p. 90) 

terminated both faults at this junction. However, Bryant 

(1964, p. 63) found field evidence supporting the exten

sion of the Quarry fault beyond this junction to the 

northeast. The Precambrian terrain north and west of this 

junction is poorly exposed, and this has prevented the def

inition of the northwest extension of the Dividend fault. 

However, normal offset of the Dividend fault by the Quarry 

fault would tend to be compensated for by the effect of 

rising topography on the southwest dip of the Dividend fault 

as it ascended Mule Gulch to the northwest. This compensa

tion would bring the Dividend fault into line with the 
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Juniper Flat granite, which is elongated approximately par

allel to the strike of this fault. 

The alignment of the Juniper Flat granite, Dividend 

fault, and two unnamed faults with similar displacement and 

strike which project into the northwest end of the granite 

indicate that the Dividend fault either extends across the 

Mule Mountains or is part of a major fault zone which does 

so. Also, the localization of the Sacramento intrusive com

plex on the Dividend fault and its large displacement add 

to the evidence of its importance as a zone of crustal 

weakness. 

With the exception of the Escabrosa Ridge porphyry 

dike reverse fault zone and the thrust faults in the Bisbee 

group sediments southeast of Bisbee the major faults in the 

district have normal displacement. The net displacement 

from the footwall of the Dividend fault near the Lavender 

pit to the hanging wall of the Abrigo fault is on the order 

of 10,000 feet. Displacement on the Dividend fault is ap

proximately 5,000 feet southeast of the Lavender pit, but 

decreases to 2,000 feet northwest of the pit. This differ

ence in displacement is taken up by several faults in the 

pit area which split, or horsetail, off of the Dividend 

fault in its hanging wall and have a combined displacement 

of 3,000 feet (Bryant, 1964, p. 67). The Dividend fault 

zone northwest of the Juniper Flat granite has an aggregate 

displacement of several hundred to more than 1000 feet. 
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'The attitudes of the Paleozoic strata southwest of 

the Juniper Flat stock indicate doming by this intrusion. 

However, the steep crosscutting contacts of the stock with 

the Pinal schist limit this doming to the Paleozoic rocks 

adjacent to the stock, whose position and size are not such 

as to readily account for the large-scale folding and block 

faulting which affected both Pinal schist and Paleozoic 

rocks in the southern Mule Mountains. 

More likely, upward pressure from a batholith under

lying the Mule Mountains domed the schist and Paleozoic 

rocks, with consequent rupture along the crest of the Bisbee 

anticline and formation of the Dividend fault zone. The 

development of the rest of the fault system followed with 

steplike downdropping of fault blocks to the southwest and 

southeast from a point near the southern end of the Juniper 

Flat stock (Figures 8, 9, 11), being interrupted in places 

by slumping of blocks along antithetic faults. The north

east-trending transverse faults were generally active later 

than the parallel and diagonal faults, as they cut the 

latter structures in most cases. 

The post-Paleozoic, pre-Cretaceous structural pat

tern on the northeastern flank of the Bisbee anticline is 

concealed by Cretaceous strata. Any record which might have 

been left by the Paleozoic formations has probably been de

stroyed by pre-Bisbee group erosion which, in exposed areas, 

extended down into the Pinal schist. Doming was uneven, 
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Bathol i th  

I .  In i t ia l  pressure  of  bathol i th ,  development  o f  tension f ractures .  

Bathol i th  
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3 .  In t rus ions of  s tock,  d ikes;  subsidence of  ad jacent  b locks dur ing crysta l l i zat ion 

Figure II. Stages in formation, faulting, and intrusion of Bisbee anticline. 



however, as the northeastern flank (north of the Dividend 

fault) was stratigraphically higher than the southwestern 

flank, and failure under tensional stress was probably 

greatest on the southwestern flank as shown by the magni

tude of the stepfaulting southwestward from the Dividend 

fault. The northeastern flank of the anticline may have 

been structurally a comparatively simple block with incip

ient to minor development of the fracture and fault system 

of the Bisbee anticline. It is not uncommon for the flanks 

of anticlinal uplifts which are developed by vertical 

forces to suffer unequal deformation, with the major fault

ing and folding taking place on the hanging wall side of a 

longitudinal fault (in this case the Dividend fault) which 

is usually near the crest of the uplift. Examples of sim

ilar unequal deformation have been illustrated by Wisser 

(1960, pp. 57, 72). 

Northeast-trending, transverse anticlines and syn-

clines occur on the southwest flank of the Bisbee anticline. 

These folds may represent incomplete development of trans

verse graben and horsts, with displacement on the bounding 

faults in the Precambrian basement being replaced upward by 

folding, or draping, of the Paleozoic strata over these 

blocks. W. T. Thorn (1923) has described similar features 

in Montana. The northeast-trending folds in the Cretaceous 

strata on the northeastern flank of the Bisbee anticline 
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are probably related to thrust faulting near the margins of 

the Mule Mountains, as shown by Gilluly (1956, pp. 126-127) . 

The tensional fracture system on the southwest flank 

of the Bisbee anticline, presumably created by the upward 

pressure of the underlying batholith, afforded relatively 

open avenues which tapped the magma. Dilation of this frac

ture system was greatest near the crest of the anticline, 

so that intrusion of both the Juniper Flat granite and the 

Sacramento intrusive comjlex were channeled and localized 

by the crestal Dividend fault zone. These intrusions were 

forceful, since intrusion (?) breccias were formed periph

eral to the intrusive complex and the ascent of the Juniper 

Flat granite created the reverse fault zone along which 

some of the Escabrosa Ridge porphyry dikes were subsequently 

intruded. Also, the Juniper Flat granite enhanced doming of 

the Paleozoic sediments around its margins.^ Other dikes 

were intruded along normal faults, both longitudinal and 

transverse. The reverse fault zone was probably originally 

a zone of fractures and normal faults created by doming. 

These faults later underwent reverse movement as a result 

of the force of intrusion of the Juniper Flat granite. The 

fold and fracture system of the Eisbee anticline, with its 

5. Sills of Juniper Flat granite in the Eolsa 
quartzite contributed to the doming, and the Paleozoic 
beds were probably arched to a certain extent by intrusion 
of the stock, but whether crosscutting or doming of thesa 
strata dominated is not known. 



horsts and graben, was formed prior to intrusion of the 

porphyry dikes. These dikes occupy or are localized by 

the fracture system. 

The form of the Juniper Flat granite may be attrib

uted to its intrusion along the Dividend fault, from which 

it spread out. The smaller mass of granite north of the 

stock was probably similarly controlled by a north-trending 

diagonal fault of the anticline. However, the outline of 

the Sacramento intrusive complex is roughly circular. In 

addition to being localized by the Dividend fault, the 

abundant northeast-trending faults and fractures in the 

Copper Queen graben as well as the northeast-trending fol-

liation of the Pinal schist north of the Dividend fault 

probably contributed to the localization and form of this 

intrusive complex. 

The relative ages of intrusion of the Juniper Flat 

granite and the Sacramento intrusive complex are not known. 

An attractive hypothesis is, however, that the intrusion 

of the Juniper Flat granite added to the tensional stress 

already acting on the Bisbee anticline, and compensation 

was effected by the formation of the Copper Queen graben 

along pre-existing faults and fractures. Then, with the 

northwestern portion of the Dividend fault filled by the 

Juniper Flat granite, that portion of this fault bounding 

the Copper Queen graben became the most accessible avenue 



for igneous intrusion and was utilized by the Sacramento 

intrusive complex. Opposed to this hypothesis are 1. the 

absence of definitive field relationships and 2. the tent

ative identification of the feldspar quartz porphyry as 

quartz monzonite, which indicates that the intrusive com

plex is less differentiated than the Juniper Flat granite 

and as such might be expected to be older than the granite. 

However, intrusion of the Juniper Flat granite was 

somewhat slower and more confined than that of the Sacra

mento porphyries in that it was apparently intruded into 

less-fractured rock, and its dominantly equigranular char

acter indicates that crystallization was slower. Under 

these conditions a certain amount of fractional crystal

lization could have occurred during the ascent of the magma 

with a separation of the early-formed minerals below pres

ently exposed levels. Crystallization in place might then 

have proceeded at an orderly rate with little loss of alka

lis and silica to escaping hydrothermal fluids so that 

these compounds were incorporated in the rock-forming min

erals. Thus, the final intrusive composition was that of 

granite. 

Presumably, intrusion of the Juniper Flat granite 

occurred not long after the batholith had risen to a rel

atively shallow level in the earth's crust, and was not 

overly rich in hydrothermal fluids. This is evidenced by 

the minor alteration of the granite and adjacent formations. 
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Crystallization of the batholith at shallow depth proceeded 

more rapidly than before with a consequent buildup in hydro-

thermal fluids, which collected and were enriched in non-

rockforming elements such as the ore metals and sulfur. The 

added pressure of these fluids promoted intrusion of the 

quartz porphyry along the weakest available zone in the 

earth's crust, which was the Dividend fault and adjoining 

highly fractured Copper Queen graben. This intrusion was 

rapid and forceful, brecciating the wallrock as well as pry

ing its way up along available open spaces, and creating 

more fracturing and points of weakness adjacent to it. 

These formed avenues for intrusion of a second surge of 

magma in the form of the feldspar quartz porphyry. Some of 

the magma forced its way outward into the Copper Queen syn-

cline as dikes, sills and irregular masses along favorably 

situated fractures and faults, principally those trending 

northeast, and in brecciated zones. 

The folds and faults in the Paleozoic strata are 

characteristic of deformation at shallow depths in the 

earth's crust. If one assumes a certain amount of sedi

mentary cover additional to the known thickness of the Naco 

formation, the surface may not have been more than 3,000 to 

5,COO feet above the presently exposed intrusive complex at 

the time of intrusion and mineralization. Thus, cooling 

and crystallization of the porphyries probably took place 

within a relatively short period of time. Due to the rapid 
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cooling of the magma, the hydrothermal fluids in these in-

trusives were probably quickly dissipated into the 

surrounding rocks and altered both the Paleozoic strata and 

porphyries rather than having their components incorporated 

in igneous rock-forming minerals. However, the parent magma 

of these porphyries continued to evolve hydrothermal fluids 

in the course of crystallization. As the pressure from 

these fluids built up they forced their way up along frac

tures and faults, incorporating and transporting rock 

fragments to form the intrusive breccia. 

Subsequent to intrusion of the porphyries, renewed 

faulting occurred on the fracture system of the Copper 

Queen syncline. This faulting included shearing of the 

margins of many dikes as well as the development of the 

horsetail system of faults6 in the hanging wall of the Div

idend fault, which also underwent renewed displacement. 

This faulting was pre-intrusive breccia and pre-ore, as 

both breccia dikes and ore fluids utilized the channelways 

provided by this faulting. Just as batholithic doming and 

intrusion of the Juniper Flat granite created the fracture 

and fault system, renewal of movement may be attributed to 

intrusion and crystallization of the porphyries with conse

quent transfer of mass and loss in volume. This loss in 

volume resulted in the slumping of blocks along the 

6. Bryant (1964, p. 67) describes these faults as 
pre-ore, as they are cut by other faults known to be pre-ore. 
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pre-existing fracture system and created new fractures and 

faults, such as the horsetail faults which cut the intrusive 

complex and adjacent Paleozoic rocks in the hanging wall of 

the Dividend fault. 

A period of erosion followed ore deposition and 

stripped off the upper units of the Naco formation which are 

no longer preserved at Bisbee. During this time oxidation 

of sulfides and enrichment took place, with the formation of 

an irregular chalcocite blanket at the top of the ore in the 

Sacramento intrusive complex. Previous workers have pro

posed renewed movement of several thousand feet on the 

Dividend fault following this oxidation, with erosion of the 

north side of the fault down to the Pinal schist and deposi

tion of the Glance conglomerate on the oxidized surface 

south of the fault. However, it is also possible that pre-

ore movement on the Dividend fault accounted for the large 

offset of the opposing sides of the fault and that erosion 

acting on the area did not begin to deposit Glance conglom

erate until the area had been somewhat worn down. With the 

more subdued relief stream gradients permitted infilling of 

the valleys and covering of the ridges by the conglomerate. 

Whether the major displacement on the Dividend fault was 

pre- or post-ore is thus difficult to resolve. Post-Juniper 

Flat granite movement on the Dividend fault in the area of 

this intrusive has not been shown, and the sealing of the 



fault zone by the granite may have prevented further dis

placement in this area. Conversely, the Sacramento in

trusive complex occupies only a portion of the Dividend 

fault and allowed local renewed movement to take place. 

The post-intrusive complex, pre-ore movement on the Divi

dend fault was probably restricted to' slumping of the 

Copper Queen graben. Thus, the areas northwest of the 

Quarry fault and north of the Dividend fault were not up

lifted, and any post-ore, pre-Glance conglomerate movement 

may have been similarly restricted. 

It is interesting to note that the Gleeson quartz 

monzonite (Figure 4) and Dragoon Mountains are roughly par

allel to, but offset from, the Juniper Flat granite and 

Mule Mountains by a projected zone of east-trending normal 

and thrust faults. This zone is exposed in the hills north 

and south of Government Draw. Gilluly (1956, p. 59) has 

related these two intrusives to a common period of igneous 

activity, and they may have been derived from a single bath-

olith which extended into shallow zones of the earth's crust 

in areas of crustal weakness. The south-central portion of 

Arizona can be divided into a series of elevated and de

pressed fault blocks, as evidenced by existing topography 

and structure. It is suggested that these blocks are not 

geologically young features but represent basic blocks of 

the earth's crust which have been alternately active and 

passive tectonically throughout geologic history. The 



Government Draw fault zone may have undergone right lateral 

displacement at some time prior to intrusion of the Juniper 

Flat granite and Gleeson quartz monzonite. Tension fracture 

zones were thus formed by drag on the fault zone, which 

extended deep into the earth's crust, and were later 

utilized by these intrusions. Subsequent movements on the 

Government Draw fault zone were governed by tectonic 

stresses of a different character, so that normal and re

verse movements occurred. Under this concept batholithic 

doming enhanced the Dividend fault zone, projecting it up

ward through the Paleozoic sediments and making it an even 

more favorable locus for the intrusion of the Juniper Flat 

granite and Sacramento intrusive complex. Whether the area 

surrounding the Gleeson quartz monzonite was similarly 

domed is not known. 

Following deposition of the Cretaceous sediments, 

the Mule Mountain range was subjected to thrust faulting on 

its northern and southern margins (Figures 4 and 5) . The 

Government Draw fault zone on the northern margin of the 

range thrust Paleozoic formations southward over Cretaceous 

strata and fades out into a fold of Cretaceous beds toward 

•the east. On the southern margin of the range the Gold 

Hill and Glance faults have also thrust Paleozoic formations 

over Cretaceous beds but dip southwest and east, respect

ively. 
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into horizontal components of force (Figure 12.) Thrusting 

would tend to be localized near the margins of the crustal 

fault block and the direction of thrusting would be more or 

less normal to the margins of the block. Thus one could have 

several directions of thrusting within a distance of a few 

miles, as is the case in the Mule Mountains. One might also 

expect a certain amount of gravity sliding of sedimentary 

blocks off of the crests of folds developed on thrusts at the 

margins of the block, which would agree with Jones's interpre

tation of the formation of the Glance block (Figures 5, 11). 

Alternatively, the Glance block may represent reverse move

ment and thrusting along the eastern margin of the Mule Moun

tains, with alluvium concealing the balance of this faulting. 

Similarly, reverse faulting which may have occurred on the 

western margin of the range is concealed by alluvium. Move

ment would not necessarily be similar or equal for all sides 

of the block, nor is it necessary that the structural develop

ment of the Mule Mountains block be the same in time and space 

as that of other areas or block, as the blocks could respond 

relatively independently to the stresses of tectonic activity. 

Gilluly (1956, p. 160) has described post-thrusting 

normal faulting, igneous intrusions, and extrusive volcanics 

in adjacent areas north of the Mule Mountains. By inference 

the post-Bisbee group uplift, andesite and rhyolite intru

sions, and normal faulting in the Mule Mountains are thought 

to be post-thrusting in age. 
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The diverse and opposing directions of thrust fault

ing in the Mule Mountains and the fact that folding is most 

intense near the present outcrops of these faults, diminish

ing rapidly with distance away from them, is difficult to 

account for under a theory of lateral compression of re

gional extent. Jones (1963, pp. 143-145) has suggested that 

tlie Glance thrust block (Figure 5) is a gravity slide block 

derived from the Gold Hill block, which was uplifted along 

the Gold Hill thrust. However, this does not explain how 

thrusting occurred on either the Gold Hill fault or the 

Government Draw fault zone. One could possibly invoke 

wrench fault tectonics to develop the thrusts and associated 

folds, but this is again difficult to visualize because of 

the diverse orientations of these structures. 

A third alternative involving thrusting caused by 

vertical forces, either directly or indirectly, seems more 

likely and the Mule Mountains may constitute a basic fault 

block in the earth's crust which was uplifted during the 

post-Paleozoic period of tectonic activity and erosion. It 

may later have subsided along high-angle faults relative to 

adjacent crustal blocks following deposition of the Cre

taceous strata. 

This high-angle faulting, translated into relatively 

incompetent sediments, would cause them to warp into folds 

and become overthrust along both high-angle and low-angle 

faults, as the vertical movement would be partly translated 
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I .  After Cretaceous deposition. 

2. Sinking of block 

Development of folds, thrust faults. 

3. Gravity slide block off of 

of overturned fold . 

Figure 12. Development of marginal thrust faults by vertical forces. 



71 

Exposures of the Glance conglomerate are highest 

near the southern end of the Juniper Flat granite on its 

north side and are found at progressively lower elevations 

to the northwest and southwest, similar to the relative 

elevations of the Paleozoic strata on the southern flank 

of the granite. Also, the northeasterly dips of the Cre

taceous strata which were deposited on the northeast flank 

of the Bisbee anticline impart a symmetry similar to what 

may have existed in the Paleozoic sediments in pre-Bisbee 

group time. The position of the Glance conglomerate and 

younger Cretaceous sediments relative to the older anti

clinal structure suggests post-Bisbee group doming of the 

Mule Mountains, possibly in response to igneous intrusive 

activity. This is indicated by the dikes of andesite which 

intrude the Cretaceous strata, and the Tertiary (?) rhyolite 

dikes and plugs in the area. Ransome (1904, pp. 107-108) 

concluded that the present appearance of the Mule Mountains 

was due either to anticlinal uplift of the range or tilting 

of the range as a single fault block. He favored the former 

interpretation because of the existence of minor folds in 

the Cretaceous strata which strike northwest parallel to the 

structural and topographic trend of the Mule Mountains. The 

northwest-trending anticline in the Cretaceous strata south-

went of tlio Gold Hill thrust may have formed as a consequence 

of the thrusting or, if the Escabrosa horst curves and 
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extends under this area, renewed uplift of the horst in this 

area could have arched the overlying Cretaceous strata into 

the present anticline. 

The post-Bisbee group uplift of the Mule Mountains 

was accompanied by the development in the Cretaceous strata 

of normal faults which strike principally northeast (Fig

ure 5) and dip both northwest and southeast. One of these, 

the Mexican Canyon fault, was initiated by faulting on the 

Mexican Canyon fault zone which cuts Paleozoic rocks under

ground and was originally formed prior to ore deposition. 

The Dividend fault, which is offset by the Mexican Canyon 

and other post-Bisbee group northeast-trending faults, was 

also active at this time, as it offsets Glance conglomerate 

southeast of Bisbee (Figure 5). Other post-Bisbee group 

faults may also have been initiated by renewed movement on 

pre-existing post-Paleozoic faults. 

Erosion followed the anticlinal uplift of the Mule 

Mountains and was probably accompanied by elevation of the 

range along block faults, now concealed beneath the pedi

ments and valley fill surrounding the range, and intermit

tent renewal of movement on faults within the range. If the 

development of the Mule Mountains is correlated with events 

farther north as outlined by Gilluly (1956, p. 160), thrust

ing took place at some time during the early Tertiary. This 

was followed by uplift and normal faulting in Miocene time 

with subsequent erosion, further uplift on faults marginal to 
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the range in Pliocene time, and erosion continuing to the 

present day. 

Cook (1962, pp. 322-349) proposed that a subcrustal 

convection current centered under the basin and range prov

ince of the western cordillera provided the driving energy 

for faulting, uplift, igneous intrusion and volcanic activ

ity of this province. This current was one-sided, rising 

and spilling outward and down to the west, rather than being 

a symmetrical upwelling spilling off to both sides. Recent 

measurements show that this province, including southern 

Arizona, continues to have, a higher than normal heat flow 

and hot springs, together with recurrent earthquakes. These 

indicate that the province is still tectonically active. 

Such a current would probably not have a constant 

velocity over an extended period of geologic time but would 

fluctuate, so that during intervals of high heat transfer 

tectonic activity would be high, with the converse applying 

during intervals of low heat transfer. This could account 

for the repeated but separated intervals of tectonic activ

ity in southern Arizona and the alternate elevation and 

subsidence not only of the region but possibly even of in

dividual crustal blocks such as the Mule Mountains. 

Copper Queen Graben 

The Paleozoic formations in the Copper Queen graben 

strike generally north to north-northeast and dip east at 
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median angles of 25 to 35 degrees. The attitudes of these 

strata swing toward parallelism with the faults bounding 

the graben as these faults are approached, forming a broad 

flat syncline which is somewhat crumpled, with local minor 

anticlines and synclines of small amplitude which terminate 

within short distances vertically and horizontally. These 

folds are open, plunge at low angles, and have gently-

dipping limbs. There are three types of folds, the first 

having axes parallel to the general strike of the beds, the 

second consisting of broad crenulations which plunge in the 

general direction of dip of the beds, and the third being 

drag folds adjacent to faults. Figures 13 and 14 are sche

matic diagrams and sections of the fold pattern in the 

Copper Queen graben, and Figures 16-18 (in pocket) are 

specific examples of folds on different levels underground. 

The attitudes of bedding vary from level to level 

and folding is disharmonic and discontinuous so that only 

rarely do folds extend between levels, which are approximate

ly 100 feet apart. This lack of continuity is partly due 

to low-angle, bedding plane, and high-angle faults which 

offset the beds, and to the variation in response of indiv

idual beds to folding. Thick beds of limestone, sandstone 

and quartzite are less responsive to folding and tend to re

act to stress by fracturing, whereas thin beds of limestone 

and shale are readily folded as well as fractured under 

stress. The Abrigo limestone responds most readily to 
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Figure 13. Schematic diagram of fracture system, strike of 

beds, and folds in the Copper Queen syncline. 
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folding, followed in order of decreasing response by the 

Martin, Naco, Escabrosa and Bolsa formations. Where the 

Abrigo consists of thin alternating beds of shale and lime

stone or sandstone, the shale beds are warped or folded by 

bedding slip and the enclosed limestone and sandstone beds 

conform to this folding partly by bedding plane slip and 

plastic deformation, and partly by fracturing; e.g., the 

folds are formed by a combination of fracture cleavage and 

concentric folding processes. 

The Copper Queen graben is moderately to intensely 

broken by a system of discontinuous, complementary faults 

and fractures which strike west, west-northwest, northwest, 

north-northwest, north, north-northeast, northeast, and 

east-northeast, effectively boxing the compass. Dips are 

quite variable but range generally from 50 to 80 degrees. 

Many faults which dip southeast and northeast are antithetic 

to and terminated by their complementary counterparts. Most 

of the faults and fractures strike in the northeast quadrant 

and dip northwest, with the north-northeast strike predomin

ating over other trends. In places northeast- and north-

northeast-striking faults and fractures are relatively 

closely spaced en echelon in fault zones which may be sev

eral thousand feet to more than a mile long. Figure 10 

illustrates in a general way some of the major fault zones, 

which are represented by single lines, and Figures 13 and 15 

show the relationship of the major fracture trends to the 
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Copper Queen syncline. These figures do not show a system 

of concentric and radial fractures and faults which are 

peripheral and related to the Sacramento intrusive complex, 

as described by Trischka (1938, p. 34). This system has 

not been traced away from the periphery of the intrusive 

complex for any distance, therefore control of the fracture 

pattern in the Copper Queen syncline by the intrusive com

plex appears to have been limited. 

Individual faults rarely extend more than a few 

hundred feet along strike, with displacements of a few 

inches to a few tens of feet, but the aggregate displacement 

along fault zones may amount to several hundred feet. The 

specific amount and direction of fault displacement is not 

determinable in most cases due to the lack of sufficient 

knov/n marker beds and recognizable intersecting fractures or 

faults necessary for the solution of fault problems. How

ever, dip-slip and diagonal-slip slickensides, the apparent 

displacement of formations and marker beds, and a few fault 

intersections whose displacement could be graphically de

termined indicate that most of the faulting is normal, 

although horizontal slickensides indicative of lateral move

ment and reverse faults have been noted in places. Fractures 

and faults which strike in the northeast quadrant generally 

terminate or offset those striking in the northwest quadrant. 

Many faults vary markedly in dip and strike in both 

horizontal and vertical directions so that, with the added 
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complication of discontinuity along strike, the correlation 

of structure between underground workings is difficult and 

in many cases uncertain. Some faults with dips of 80 de

grees or more change their direction of dip within a few 

feet, and in places fault planes have been observed to 

change from a steep northwest dip to a steep southeast dip 

which gradually flattened and disappeared into the bedding 

(Figure 19A). Also, some strike and diagonal faults and 

fractures dipping at moderate angles in the same direction 

as the bedding flatten and pass into the bedding (Figures 

19B, 19C), either terminating or becoming bedding plane 

faults. 

Bedding plane faults, which generally utilize argil-

lic beds in the Paleozoic formations, are not generally 

conspicuous and are so abundant that during the early years 

of the district they were often not recorded. These faults 

are best developed in the Abrigo formation because of its 

alternating thin beds of limestone and shale, along which 

movement could readily take place. Feather joints, or ten

sion fractures, form diagonally to the planes of these 

faults and in places some closely-spaced bedding plane 

faults are interconnected by diagonal tension fractures or 

faults (Figure 35). Some high-angle faults are offset by 

bedding plane faults and others offset or terminate bedding 

plane faults which abut them. 
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Gouge on most faults ranges from a fraction of an 

inch to three or four inches thick and tends to be related 

to the character of the enclosing rock rather than to the 

amount of displacement. Faults in thin-bedded limestone, 

shale and clay contain more gouge than those which cut 

massive limestone and quartzite. Also, a shear zone of 

small displacement which has been subjected to repeated 

movement may contain more gouge than a fault which has had 

a large, single displacement. 

Shattered to brecciated zones occur adjacent to many 

faults and fault zones, particularly in areas of drag fold

ing and at fault and fracture intersections. Many of the 

broken zones have been partly to completely replaced by sul

fides and, later, oxides so that a broken zone showing some 

mineralization may be a guide to ore occurring a short dis

tance away. 

Slickensides on massive pyrite, and pyrite fragments 

in the gouge of some faults are evidence of post-pyrite, but 

not necessarily post-ore, faulting as the copper minerals 

are later than and replace pyrite. Many faults associated 

with pyrite and ore do not contain broken or rolled sulfide 

fragments; conversely, ore has been deposited in some faults 

and disseminated sulfides are localized in the wallrocks ad

jacent to other faults, so that most of the faults are 

considered to have originated prior to ore deposition. 
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Oxidation and leaching of mineralized ground, al

ready weakened by associated pre-ore fractures and 

alteration, as well as the development of mine openings 

and blasting for nearly 90 years have caused post-ore move

ment on many pre-ore fractures and faults. Post-ore 

stresses were such in some areas that older faults offset 

faults which were originally younger, and the observed re

lationships do not always correspond with pre-mine, pre-

oxidation fault relationships. 

Post-ore faulting other than that associated with 

oxidation and mining did occur in the district, of course, 

as evidenced by the faults cutting the Cretaceous sediments, 

but the effects of post-ore faulting on ore bodies in the 

Copper Queen syncline have generally been considered minor. 

Most of the northwest-trending faults are of minor 

importance except for the Oliver fault (Figure 10), which 

strikes N30°w to N60°W and has an average dip to the south

west of 40 to 45 degrees. This fault is well-defined and 

has dropped the Paleozoic section 500 to 1,500 feet to the 

southwest. Northeast-trending fault zones offset the Oliver 

fault, which is considered to be one of the oldest faults 

in the Copper Queen block and is diagonal to the Bisbee 

anticline. The Oliver fault may have formed slightly later 

than the Dividend fault, helping to compensate for the 

stretching of the Paleozoic strata around the southeastern 

nose of the anticline, and earlier than the other major 
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longitudinal faults although direct evidence of age rela

tionships is lacking. 

The fracture pattern in the Copper Queen syncline 

was initiated by the formation of the Bisbee anticline and 

consequent development of the longitudinal fractures and 

faults striking west-northwest parallel to the Dividend 

fault, followed by the transverse and -diagonal fractures 

and faults. Due to the stretching of the rocks caused by 

upward forces, faults and fractures antithetic to the Divi

dend, Quarry, and diagonal fault directions were formed, the 

most significant from an ore control standpoint being the 

north-northeast-trending fractures and faults parallel to 

the Hedberg fault, which is antithetic to the Quarry fault. 

As a consequence of, and in compensation for, this stretch

ing of the rocks and dilation of the anticlinal fault system 

the Copper Queen block sagged, forming a graben in which the 

Paleozoic sediments were infolded to form a syncline. This 

synclinal infolding produced a different set of stresses 

which not only enhanced and modified the pre-existing frac

ture system but created new fractures and faults. 

Compressive forces in the Copper Queen graben acted 

in directions normal to the strikes of the enclosing 

faults, as shown in Figure 15. These forces were in the 

form of passive resistance to the sinking block, forcing the 

Paleozoic formations to become folded and faulted, with 

crumpling and drag causing minor folds to form parallel and 
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diagonally to the enclosing faults of the syncline (Fig

ure 13). Tension and shear fracture sets were formed normal 

and diagonally to the enclosing faults. As the axis of 

major folding is west-northwest, compression was greatest 

along a north-northeast axis. Thus fractures and faults 

striking north, north-northeast, and northeast were devel

oped, or enhanced in the case of pre-existing anticlinal-

ly-developed structures, preferentially to those striking 

west, west-northwest, and northwest. North-northeast- and 

northeast-striking fractures and faults were more strongly 

developed than those striking north, probably because they 

were better developed originally on the anticlinal fracture 

system. Faults striking in the northeast quadrant generally 

cut other trends of fracturing, as stated previously. The 

north-northwest and east-northeast fracture directions are 

thought to represent either pre-existing diagonal faults of 

the Bisbee anticline or secondary shear directions. 

The fracture system in Figure 15 is conveniently 

divided into shear and tension directions with essentially 

horizontal movement postulated. In actuality, however, the 

variation in response to stress of the different rock types, 

and the attitudes of the beds relative to the principal 

stress directions modified and controlled the attitudes of 

fractures and directions of faulting. Displacement could 

thus, by local translation of stress, be any combination of 

lateral and normal or reverse movement. For example, stress 



86 

acting normal to the Dividend fault on a northeast-striking, 

northwest-dipping fault could cause downwarping of incom

petent beds in the hanging wall and produce diagonal slip 

normal faulting instead of lateral shear. The same stress 

on a fault of opposite dip could cause diagonal slip re

verse or thrust faulting. Tension fractures may become 

faults through buckling, and tension faults may be produced 

on shear fault directions by buckling of beds and dilation, 

or opening of the shear direction by drag on crosscutting 

faults. Some fractures and faults formed consequent to in

dividual minor folds, so that their attitudes and displace

ments were locally controlled. 

Of equal or greater effect than lateral compression 

on the fracture system was the downward movement of the 

Copper Queen syncline as a whole with resultant tensional 

stress which promoted normal faulting and dilation of frac

tures and faults from below, the dilation decreasing up-

ward'. Dilation was most effective on fractures dipping 

more or less normal to the dip of the beds, particularly 

on tension fractures striking north-northeast and dipping 

west-northwest, which had previously been opened by anti

clinal faulting and subsequent compression parallel to their 

strike through synclinal infolding. 

7. It is thus not surprising that the multiplicity 
of stresses which acted on the Copper Queen syncline at 
different time intervals resulted in a diversely oriented 
network of complementary sets of fractures and faults. 
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Bedding "plane faults were initiated and underwent 

normal movement as the Bisbee anticline was arched (Fig

ure 20) and then, as the anticline and later the Copper 

Queen syncline were faulted, reverse movement was caused by 

translation of force on bedding plane faults abutting high-

angle normal faults. During the infolding of the Copper 

Queen syncline and the formation of minor folds movement 

was either normal or reverse, diagonal or parallel to the 

direction of dip, depending upon the local stress involved. 

The sinking of the graben promoted normal bedding plane 

faults where high-angle normal faults curved into the bed

ding, and reverse faulting where infolding of the syncline 

was more active. In places relief of stress was easier 

along bedding planes than on crosscutting faults and frac

tures, which were consequently offset by bedding plane 

faults. Reverse faults have locally cut out as much as 

1,000 feet of section. 

This complex faulting and fracturing broke the 

Copper Queen syncline into a jumbled mass of horst and 

graben blocks, with little continuity of individual struc

tures either vertically or horizontally. 

The emplacement of the Sacramento intrusive complex, 

although crosscutting, was forceful enough to create an ad

jacent system of concentric and radial fractures and 

undoubtedly exerted a certain amount of additional lateral 

and vertical stress on the Copper Queen block which probably 
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acted to close some fractures of northwest trend while 

opening and/or renewing movement on those striking -north to 

northeast, the north-northeast-striking set again being 

more favorably dilated than other sets. Porphyry dikes 

were preferentially intruded along the northeast-trending 

sets of fractures and faults and, with subsequent sagging 

of the Copper Queen block in compensation for transfer and 

crystallization of magma, these fracture directions were 

faulted again, shearing the contacts of some dikes with the 

enclosing sediments, and becoming avenues of ascent for in

trusive breccia dikes and ore-forming fluids. 



MINERAL DEPOSITS 

Table 2 lists the common, and some of the uncommon,' 

ore and gangue minerals which occur at Bisbee. The dominant 

minerals are underlined. 

General Features 

Nearly all of the ore deposits and most of the 

mineralization in the Warren district are confined to the 

Copper Queen syncline. The porphyry and Pinal schist north 

of the Dividend fault contain disseminated sulfides and 

oxides, principally pyrite and limonite, but other than 

small supergene copper sulfide pods adjacent to the Divi

dend fault prospecting and exploration over the years have 

failed to find any ore bodies. Ore in the Sacramento in

trusive complex south of the Dividend fault consists of 

disseminated chalcopyrite, bornite and pyrite, which are 

partly to completely replaced by supergene chalcocite. 

Oxide copper minerals are locally abundant in this complex 

and in places high-grade lenses or pods of copper ore were 

mined in the early years of the district. 

Outside of the Sacramento intrusive complex ore bod

ies have had the form of vein, breccia pipe or dike, and 

bedded replacement deposits in the lower portion of the Naco 

limestone and in the Escabrosa, Martin, and Abrigo limestones. 

90 
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Table 2. Minerals Associated with Ore at Bisbee 

(Dominant ore minerals underlined) 

Sulfides 

pyrite (locally 

cupriferous 

chalcopyrite 

bornite 

chalcocite 

sphalerite 

galena 

tetrahedrite 

tennantite 

enargite 

alabandite 

famatinite 

niccolite(?) 

rickardite 

greenockite 

wittichenite 

aikinite 

djurleite 

pyrrhotite digenite 

stromeyerite 

cove1lite 

Oxides, native metals, chlorides, carbonates, silicates 

copper 

silver 

gold 

cuprite 

malachite 

azurite 

tenorite 

bisbeeite 

shattuckite 

aurichalcite 

antlerite 

brochantite 

cuprodescloizite 

cerussite 

anglesite 

smithsonite 

chalcanthite 

turquoise 

chrysocolla 

cerargyrite 

uraninite 
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Table 2 continued 

Gangue Minerals at Bisbee 

(Dominant minerals underlined) 

quartz calcite epidote chlorite 

opal dolomite garnet talc 

chalcedony siderite diopside serpentine 

rhodonite manganocalcite tremolite sericite 

hematite rhodochrosite actinolite pyrophyllite 

magnetite psilomelane idocrase kaolinite 

limonite pyrolusite edenite dickite 

goethite braunite wollastonite montmorill-

jarosite fluorite scapolite onite 

barite gypsum alunite halloysite 

anhydrite (?) 
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Ore-grade material has been found in the Bolsa quartzite and 

Pinal schist at several locations in the district, but in 

such small amounts as to attract little interest. However, 

exploration in the past has been largely confined to the 

more accessible limestones, and continued underground ex

ploration could change this picture in the future. 

Most of the ore bodies contain principally copper, 

with minor local fringes containing lead and zinc minerals 

intermixed with the copper ore. However, ore bodies con

taining predominantly lead and zinc were formed in some 

areas on the northwest and southeast margins of the dis

trict, giving a general overall zoning of central copper 

and peripheral lead and zinc. The lead and zinc ore bodies 

have been described by Hogue and Wilson (1951), and the 

emphasis in this paper is on the copper deposits. Silver 

and gold are ubiquitous in minor to trace amounts in all 

of the ore bodies, but their distribution and concentration 

ratios appear to be erratic. Only locally, and principally 

in the oxide ore bodies are these metals sufficiently con

centrated to contribute significantly to the value of the 

ore. 

Pyrite, chalcopyrite, and bornite are the most common 

sulfides, in that order, and chalcocite, digenite and co-

vellite occur in a relatively small proportion of the 

primary sulfide deposits. Supergene chalcocite, azurite, 

malachite, cuprite, and native copper are the principal ore 
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minerals of the secondary sulfide and oxide ore bodies. The 

ratio of oxide to sulfide ore bodies decreases in depth and 

southward from the Sacramento intrusive complex, around 

whose southern margin occurred a heavy concentration of rich 

ore bodies, principally oxide (Figure 10). Some of these 

ore bodies were in both limestone and porphyry, in the con

tact breccia zone, while other ore bodies were localized 

at intersections of radial fractures with northeast-

trending fractures and faults. Farther south from the con

tact of the intrusive complex the ore bodies are strung out 

like plums in a pudding on fault zones, principally on those 

trending north to northeast and dipping more or less normal 

to the bedding. 

Most of the fracture and fault zones can be traced 

on the surface by discontinuous deposits of silica, calcite, 

manganese and iron oxides, and sparse local chalcocite, mal

achite, and azurite, in and adjacent to fractures. The most 

prominent surface exposures of mineralization were the lim-

onitic outcrops of the Sacramento intrusive complex and the 

exposures of copper oxide ore which were found at the White 

Tailed Deer and Copper Queen mines. However, with the ex

ception of the above three areas surface mineralization is 

generally so slight and subtle as to attract little atten

tion. The pyrite to copper sulfide ratio is quite high in 

the intrusive complex and the porphyries are intensely ser-

citized, so that advocates of the "proper-looking" gossan 
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and approved copper-iron ratios might have ignored the ex

posures of the intrusive complex. It is axiomatic, although 

not understood by the vast majority of those engaged in 

mineral exploration, that surface indications of ore bodies 

are much more subtle and generally more meaningful in lime

stone terrain than in other rock types. If erosion had 

penetrated a few hundred feet less than it did the ore de

posits at Bisbee might never have been discovered. 

Ore bodies are associated with both massive and dis

seminated pyrite, which the ore minerals partly replaced. 

Massive pyrite occurs as bedding replacements and as large 

crosscutting, irregular to lense- or football-shaped bodies 

which commonly have dimensions measured in hundreds of feet 

and replace shattered or brecciated zones. "Massive", as 

used here, denotes a volume of 75 to 100 percent sulfide, 

the remaining percentage consisting of quartz, clay and mica 

minerals, and country rock. The massive sulfide bodies may 

be hard and well-indurated, but often they are poorly-

cemented, crumbly, and sandy to varying degrees, particular

ly adjacent to areas of oxidation and supergene enrichment. 

Meteoric waters, becoming acid through solution of the 

oxidation products of overlying sulfides, attack and reduce 

the intergranular bonding of the pyrite grains so that they 

become incoherent masses of pyrite sand. 

Both disseminated and massive pyrite preferentially 

replace limestone and sandstone or quartzite beds, with 
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argillic beds containing only sparse disseminated pyrite. 

Some massive pyrite deposits are fringed by earthy hematite, 

specularite and magnetite in zones which grade inward from a 

high oxygen to a high sulfur content. Schwartz and Park 

(1932) concluded that the iron oxides formed at a late stage 

in the process of mineralization due to a decrease in the 

sulfur: oxygen ratio at the site of deposition. 

Ore occurs on the margins of the crosscutting mas

sive pyrite bodies and preferentially replaces the basal 

portions of many of these bodies. Irregular zones of ore 

also occur within the massive pyrite adjacent to transect

ing fractures and faults (Figure 21). Chalcopyrite is the 

dominant ore mineral, along with cupriferous pyrite, and as 

a general rule the ore or non-ore character of both dissem

inated and massive sulfides must be determined by assay, 

since much of the chalcopyrite is fine-grained and its rel

ative proportions are not readily discernible. Ore occurs 

along either or both margins of bedded pyrite and, depend

ing on the width of the pyrite beds and the intensity of 

mineralization, may extend partly to completely through the 

beds. The character of the disseminated ore deposits re

flects the original distribution of pyrite grains and 

aggregates which the ore minerals replace. 

Mineralization occurs in areas where pre-mineral 

faulting and consequent fracturing and deformation of adja

cent rock was most active. As a result these areas are 



97 

- /'! i . I ;lr 
• 1) : I <1 % 

• • •  .  J  

6 4 / / ^  6 5  :  .  '  l  
V/A , 

/ /  

/ 

V % ̂  m 
/ /  6̂ ' 

y/1 X 6̂ -

/  ' *  

rj ;i",•.••.. 

/ 
J *  J  J 7 .  • : # s 5 7 /  
IS >/ • ' vw! /"t» 

y -  T r a c e  o f  b e d d i n g  

/  F a u l t  

5 5 5  G o s s a n  

/ • ' • • P y r i t e  

r e  

'#5! 5f'J^t/ -r J s J 

0  '  2 0 0  F E E T  

Figure 21. 700 Level Cole. Ore adjacent to crosscutting 
f a u l t s  i n  m a s s i v e  p y r i t e .  



98 

discontinuous in both vertical and horizontal directions so 

that one may pass alternately from rich to lean or barren 

sections of the fault zones. Within the mineralized areas 

are groups of ore bodies which are separated from each 

other by varying intervals of rock which may be more or 

less pyritic, iron-stained, or gossany, depending upon the 

formation. 

Because of this discontinuity of mineralization the 

intensity and type of sulfide mineralogy developed inde

pendently in each mineralized area and ore body, rather than 

as a progressive development of mineral fronts along the 

northeast-trending fault zones. Distance within the Copper 

Queen syncline from the Sacramento intrusive complex did not 

have any uniform effect on intensity of mineralization other 

than the marked concentration of ore and alteration adjacent 

to the intrusive complex. Pyrite is abundant with all types 

of ore but within an_ore body one or more copper sulfides 

may be locally dominant. The copper: iron ratio of the prim

ary copper minerals increases in a general way with depth, 

but not uniformly. 

Sulfide deposition within the mineralized zones was 

governed not only by the strength of the mineralizing fluids 

but also by local accessibility of the fluids to areas of 

deposition. This accessibility varied during the period of 

mineralization, as post-pyrite, pre-copper sulfide movement 

created new fractures and opened or closed pre-existing ones, 
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modifying the pattern utilized by the fluids which deposited 

pyrite. Replacement by copper minerals was uneven so that 

ore occurs locally along the margins of massive pyrite de

posits and adjacent to crosscutting fractures within these 

deposits. Copper sulfides replaced, or partly replaced, in

dividual shattered grains and aggregates of pyrite as 

disseminated deposits in selected localities controlled by 

fracturing, surrounded by large areas of disseminated and 

bedded pyrite containing only trace amounts of copper. This 

post-pyrite fracture control of ore deposition prevented the 

development of any uniform zoning of copper minerals. Con

sequently ore bodies, and areas within ore bodies, of chal-

copyrite-pyrite occur in proximity to, above, or below other 

ore bodies or areas of bornite-chalcopyrite-pyrite and chal-

cocite-bornite-pyrite. Primary chalcocite-pyrite ore is not 

common and has been mined in only a few places. 

The copper: iron ratio is not related to the type of 

alteration halo or its width. Chemical composition of the 

rock and the altering fluids as well as accessibility dic

tated the type and width of alteration associated with 

pyrite and ore deposition. Within the same mineralized area 

adjacent blocks of slightly recrystallized Escabrosa lime

stone, intensely sericitized Abrigo limestone, and chloritic 

zones in the Abrigo may contain equal amounts of equally 

rich ore. 
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Structural Control of Ore Bodies 

Ore mineralization has replaced portions of some 

intrusive breccia masses which occur as sills and dikes at 

various localities within the Copper Queen syncline, usually 

in association with other types of ore. bodies and having 

similar structural control. Pyrite and copper sulfides re

place both rock fragments and the enclosing fine-grained 

matrix of the intrusive breccias. The interested reader is 

referred to Bryant (1964, 1968) who has described the in

trusive breccias in detail. 

Ore bodies in some areas near the Sacramento intru

sive complex were associated with silica breccia pipes 

(Figure 22). These pipes are different from the intrusive 

breccia as they consist of steeply dipping masses of brec-

ciated quartz which have been recemented by quartz and 

contain disseminated iron and copper sulfides, or dissemin

ated limonite and copper oxides. The breccias are fault-

and fracture-controlled, and some of them spread out near 

their tops to give a trough or funnel shape. Ore fluids, 

ascending the same structures utilized by the silica 

breccia, deposited large bodies of massive sulfide (later 

partly oxidized) in and adjacent to the pipes and beneath 

their broad tops, in areas where the enclosing rock had been 

shattered by the controlling faults. 

In addition to the pipes and troughs, many massive 

sulfide and oxide ore bodies occur beneath more or less 
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tabular caps of silica breccia in the Escabrosa, and to a 

lesser extent in the Martin, limestones (Figure 23). These 

ore bodies are localized in the same way as those described 

below, adjacent to northeast-trending fault zones. 

Other massive pyrite-copper sulfide ore bodies re

place shattered to brecciated Paleozoic limestone along the 

margins of feldspar quartz porphyry dikes (Figure 24) and 

beneath porphyry sills. Most of these sulfide bodies occur 

near the Sacramento intrusive complex where the dikes and 

sills are more abundant, and were preferentially concen

trated near the tops of the porphyry dikes (Blanchard, 

1926, p. 19). The Paleozoic limestones were shattered in 

the vicinity of fault intersections and in concave hanging 

wall areas of faults whose response to stress, particularly 

diagonal slip movement, was uneven. Porphyry dikes were 

intruded along the faults, and post-dike pre-ore faulting 

occurred along the dike margins. This renewal of movement 

shattered the dikes as well as intensifying the broken 

condition of adjacent Paleozoic limestones. Hydrothermal 

fluids subsequently ascended the faulted dike margins and 

deposited ore in these broken zones. 

Intrusive breccia was emplaced on the margins of 

some dikes and in places deposits of barren massive pyrite 

occur on the outer margins of the intrusive breccia. In 

these areas access by later copper-bearing fluids was de

nied so that ore deposition did not occur. Intramineral 
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faulting either did not re-fracture the areas replaced by 

massive pyrite sufficiently for ore deposition to occur or 

altered the feeder fracture system, thus diverting the ore 

fluids away from these areas. 

Limestone inclusions and projections into the dikes 

and sills are locally ore-bearing, and the porphyry masses 

were sufficiently brecciated and replaced by copper sul

fides to become ore in places. However, most of the ore 

was concentrated in the more broken limestones adjacent to 

these porphyry masses. Generally, the underground porphyry 

and limestone inclusion ore bodies were small and inconse

quential . 

The vast majority of ore bodies, both massive and 

disseminated, south of the Sacramento intrusive complex 

marginal ore zone are localized adjacent to or between 

north- to east-northeast-trending fractures and faults 

which are diagonal to the strike of the Paleozoic strata. 

Within this range the dominant strike is from N 20°E to 

N 50°E, with a slight edge to those breaks of more northerly 

trend (Figure 10). 

The three dominant factors controlling the position 

of the ore bodies are strike and northeast-trending diagonal 

faults and fractures, and the attitude of the bedding, which 

usually dips east and strikes north to north-northeast. Ore 

is localized by shattered to brecciated zones in the beds 

.and the intersection of fractures with the bedding, so that 
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ore bodies generally strike parallel or subparallel to the 

beds and plunge northward. Where ore is localized on 

northwest-trending fractures and faults the bedding usually 

strikes northwest. A few ore bodies have been situated par

allel to or in dikes, brecciated zones or intrusive breccia 

which strike transverse to the strike of the Paleozoic form

ations, but these are exceptions to the rule. 

The horizontal projections of the ore bodies form a 

pattern apparently controlled by fractures radiating from 

the Sacramento intrusive complex (Figure 10). This pattern 

is due partly to the location of some ore bodies along 

northeast- and northwest-trending dikes. However, the par

allelism of the strike of the ore bodies to the strike of 

the Paleozoic strata, which curve to form the Copper Queen 

syncline, accounts for most of the radial pattern of ore 

distribution. 

Strike faults which dip in the opposite or same di

rection as the dip of the beds, and bedding plane faults 

limit many ore bodies on one or more sides (Figures 23, 25, 

26, 40). Some ere bodies are localized in and adjacent to 

troughs formed by faults of opposing dip, and troughs formed 

by the intersection of bedding plane faults with high-angle 

faults are common ore loci (Figures 23, 27A, 28). Other ore 

bodies extend outward and updip from the intersection of 

bedding and bedding plane faults with strike and diagonal 

faults (Figures 26, 28-30). Ore bodies are generally located 
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Figure 2 8. Location of shattering and ore relative to faults. 
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in the hanging walls of crosscutting faults, as the ore flu

ids preferentially traveled upward (Figure 31)^ and subsid

iary fractures were open in that direction. The degree of 

fracturing associated with the above structures, and with 

ore, ranges from a slight crackling of thin-bedded argillic 

strata to intense brecciation in more massive, brittle 

strata. 

The northeast-trending diagonal fault zones cross

cut, offset, and enhanced fault and fracture patterns of 

other trends, and were the most throughgoing structures 

along which ore fluids could travel. Travel along these 

zones was made easier by the fact that they connected with 

and extended outward from the main source area of ore 

fluids, the Sacramento intrusive complex. The ore fluids 

were diverted from the main channelways along the diagonal 

faults into connecting fractured areas, which were princi

pally those caused by and associated with strike and bedding 

plane faults. Bedding plane faults are, of course, strike 

faults, and "strike fault" is used here to denote those 

faults which dip at an angle to the dip of the beds, as 

distinguished from "bedding plane faults". 

8. There are exceptions to this generalization, 
however, as the ore fluids moved upward either along the 
bedding or high-angle faults and fractures to permeable 
broken zones favorable for ore deposition. Faults dipping 
in the same direction as the dip of the beds also localized 
ore. In this case the beds in the footwall were fractured 
and pried apart by drag on the fault, allowing ascending 
fluids to deposit ore. 
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Abrigo Limestone. 
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Strike faults and fractures were developed not only 

as tensional features through the anticlinal arching and 

later downwarping of the Paleozoic strata in the Copper 

Queen syncline but also from drag on diagonal faults. Minor 

warps in the bedding and shear and tensional stress caused 

by bedding plane, strike, and diagonal faults added to the 

fracturing of the areas where these fault trends inter

sected. Consequently these areas were more permeable than 

other, less fractured, areas and provided an avenue of es

cape for ore fluids traveling within the confines of the 

northeast-trending diagonal faults. Areas situated between 

diagonal and/or strike faults of opposing dip received the 

benefit of fracturing from both directions, resulting in 

troughs of broken rock which localized many ore bodies. 

Northwest-trending faults are not as abundant and 

were not as active as the strike and diagonal faults, so 

that they did not cause as much subsidiary fracturing and 

were generally not as favorable channels for hydrothermal 

fluids. Also, access of hydrothermal fluids to these frac

tures was limited by their orientation transverse to the 

outward and upward direction of flow of the fluids from the 

Sacramento intrusive complex. 

Brittle, thick-bedded to massive strata of the Naco, 

Escabrosa, and portions of the Martin and Abrigo formations 

shattered readily adjacent to and between faults and in minor 

folds. These broken zones were favorable sites for ore 
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deposition. The more broken portions were completely re

placed by sulfides, and replacement diminished outward 

gradually or abruptly as the degree of shattering in the 

rock diminished (Figures 23, 32-34). 

In less brittle and thinner-bedded rocks such as 

portions of the Martin and most of the Abrigo localization 

of ore along strike, diagonal and bedding plane faults was 

due to a more subtle fracturing of the beds than that found 

in the breccia zones. Drag along northeast-trending 

diagonal faults created tension fissures along the bedding 

planes of the adjacent strata as well as fracturing and 

locally folding them (Figures 26, 27A, 27B, 30), allowing 

hydrothermal fluids which ascended these crosscutting faults 

to penetrate along the beds. 

Penetration was aided by strike faults and fractures 

connecting with the diagonal faults. However, much of the 

9 fracturing was intra-bed, generally in carbonate and sandy 

beds sandwiched between argillic strata, so that the cross-

cutting structures gave only limited access to the shattered 

rock. Well-defined and open bedding planes provided the 

connecting link to areas of fractured beds and were as sig

nificant to ore localization as crosscutting fractures. The 

ore fluids also traveled along bedding plane faults, which 

9. Intra-bed fracturing is confined to individual 
beds, as opposed to fractures which transect two or more 
beds. 
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by differential movement fractured adjacent strata and made 

them permeable zones for ore deposition (Figure 35). The 

most favorably shattered zones occurred where the greatest 

differential movement took place, frequently in warps in the 

bedding and in curved portions of both strike and diagonal 

faults (Figure 2 8C, D). Consequently the optimum loci of 

ore deposition were not always immediately adjacent to fault 

intersections. In places intrabed shattered zones caused by 

bedding plane faults and local warping of the beds occur at 

some distance away from the main crosscutting faults. Here, 

the ore fluids ascended subsidiary fractures and along the 

bedding to the sites of deposition (Figures 30, 31). Also, 

some strike faults and associated fractured areas either do 

not connect directly with the diagonal feeder faults or 

do not connect with them at higher levels (Figure 28), so 

that the relationship of diagonal faults to ore is not as 

readily apparent. 

Factors Aiding Replacement by Sulfides 

A few examples of the localization of ore in shat

tered zones caused by high-angle and bedding plane faults 

and warping of the beds have been described. There are 

many combinations of faulting and folding which have pro

duced the necessary shattering for ore localization and the 

avenues of access from the diagonal faults. In each case, 

however, the ore fluids have moved from confined major 
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channelways into local broken and more permeable zones 

where they were able to spread out, attack, and replace 

the rock. 

Crosscutting fractures and faults associated with 

the ore bodies are not generally filled with ore and 

gangue minerals, with the exception of veins in the 

Escabrosa limestone and small irregular gash fractures 

adjacent to ore which may be filled with calcite, quartz, 

and/or sulfides. Individual fractures and sheeted zones 

cut across many bedded and disseminated ore bodies, and 

extend into, but not always through, many massive sulfide 

bodies (Figures 32, 33). These fractures and sheeted 

zones are often little more than hairline cracks, yet 

their position relative to ore indicates that the ore 

fluids not only entered and exited along them, but that 

they were instrumental in localizing the ore, which is 

situated adjacent to these fractures. 

Replacement was aided by ionic diffusion and inter-

granular and capillary movement of the fluids through the 

rock. Rove (1947, pp. 69-71) determined average permeabil

ities of the Paleozoic limestones at Bisbee, which ranged 

from 0.0000016 millidarcys for the basal portion of the 

Escabrosa limestone to 0.0000062 millidarcys for the Abrigo. 

He concluded that the difference in lithologic permeability 

of the formations was probably too small to account for the 

favorability of certain intervals of these formations for 
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ore. However, stylolitic portions of the Upper Escabrosa 

were 200 times as permeable as non-stylolitic portions of 

this formation. The surfaces of discontinuity created by 

parting planes between the stylolites were responsible for 

this increase in permeability. Similar surfaces of dis

continuity in particular intervals of other Paleozoic 

strata contributed to their favorability for replacement 

by ore. 

Sandy beds and sandstones in the Abrigo containing 

intergranular surfaces of discontinuity were more permeable 

than other strata. Planes of discontinuity between fossils 

and the enclosing limestone in fossiliferous beds such as 

the Atrypa and coral zones in the Martin limestone 

afforded channels along which fluids could penetrate. Also, 

the initial action of the hydrothermal fluids recrystal-

lized accessible limestone and the resulting increase in 

grain size formed intergranular planes of greater contin

uity along which later fluids could move more readily. 

Argillic strata were permeable parallel to their planar 

structure. Replacement of the rock by sulfides was facil

itated by alteration of the argillic material to chlorite 

and sericite, resulting in an increase in grain size and 

consequently in permeability. 

However, replacement generally extends no more than 

one or two feet away from readily discernible bedding planes 
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or fractures. Within this distance replacement is even more 

restricted to one or two inches from a network of tiny 

fractures, some visible only under a microscope. Conse

quently the distance to which the ore fluids penetrated 

outward from the diagonal northeast-trending faults and 

the size of the ore bodies was primarily a function of the 

openness and abundance of bedding planes, the induced 

permeability through fracturing of the beds, and the pres

sure of these fluids rather than lithologic permeability. 

Hydraulic wedging or jacking by hydrothermal fluids may 

have enhanced already-fractured areas and in places created 

new fractured areas. 

Relationship of Ore Distribution 
to Structure and Igneous Intrusion 

The Sacramento intrusive complex consists of two 

porphyritic rock types which have been intensely shattered 

and are crosscut by intrusive breccia. All three rock types 

have been altered and partly replaced by sulfides. Although 

some alteration and pyritization may have been derived more 

or less in situ by hydrothermal fluids contained within 

these intrusives, copper mineralization was post-intrusive 

breccia. Hence ore deposition and in all likelihood most of 

the alteration and pyritization were derived from a source 

other than the rocks presently exposed. This source was 

probably the parent magma of the intrusive complex. Ore 
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bodies are distributed marginal to and outward from the in

trusive complex, which was probably connected to its parent 

magma, and hydrothermal fluids utilized the shattered in

trusive complex as an avenue of ascent. 

The Paleozoic strata, situated more or less normal 

to the vertical forces of deformation, were more intensely 

fractured than the underlying Pinal schist whose foliation 

is subparallel to these vertical forces. Moreover, the 

calcereous nature of the Paleozoic strata made them more 

reactive than the Pinal schist to the ore fluids. Thus 

from both a chemical and a physical standpoint the Paleo

zoic strata were more favorable for ore, and were closer 

to the source of the ore fluids in the syncline than on the 

upthrown side of the Dividend fault. The upthrown side of 

the fault was probably not as intensely fractured^® and 

mineralizing fluids ascending through the schist to the 

Paleozoic strata had fewer open spaces along which to 

travel. 

The Dividend fault, along which the intrusive com

plex ascended, formed a backstop for the shattered Copper 

Queen syncline, whose intensely broken condition permitted 

ready access by hydrothermal fluids. The shortest distance 

in the direction of decreasing temperature and pressure for 

10. The pre-Bisbee Group structure of this up-
thrown side is not known, but as stated before one would 
expect less intense fracturing on the upthrown side than 
in the synclinally infolded graben. 
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the hydrothermal fluids was up, and these fluids were thus 

channeled both upward along the intrusive complex and out

ward into the syncline (Figure 36). Ore was concentrated 

south of the Dividend fault in and on the margins of the 

intrusive complex, which were relatively more shattered than 

the rest of the Copper Queen syncline and closer to the 

source of the ore fluids. 

Trischka (1938, p. 38) and Bryant and Metz (1966, 

p. 200) have noted that ore bodies in the Paleozoic strata 

have tended to occur at progressively lower stratigraphic 

levels southward from the intrusive complex, and that in 

certain areas some formations have been more favorable for 

ore than others. These features may have had their origin 

in the spatial relationship of various portions of the 

Copper Queen syncline to the source of the ore-forming 

fluids. The distribution of ore bodies relative to the 

source of ore-forming fluids is limited by temperature and 

pressure to the distance that these fluids can travel before 

depositing their load. This limit will tend to inscribe a 

more or less spherical surface at a given distance from the 

source, other factors being equal. At progressively greater 

distances from the epicenter of this source ore bodies will 

be formed at topographically and stratigraphically lower 

levels in the earth's crust (Figure 36). Thus it is not 

difficult to see why with increasing distance from the 

i 
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Figure 36. Inferred envelopes of mineralization in Copper Queen syncline 

and theoretical distribution relative to an igneous stock. 
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Sacramento intrusive complex ore bodies tend to be more 

concentrated lower in the Paleozoic sequence. 

Limiting factors are depth below the earth's surface 

of the source and of the zone of mineralization, and the 

relative accessibility of different portions of the zone of 

mineralization via fractures and faults. At shallow depths 

close to the intrusive complex (Figure 36) the surfaces of 

equal intensity of mineralization will be closely spaced, 

but will spread out as the depth of the mineralized zone 

beneath the earth's surface increases. 

Individual blocks in the Copper Queen syncline have 

been downfaulted relative to others, bringing downfaulted 

formations closer to the source and into zones of greater 

intensity of mineralization than those in the uplifted 

blocks. Consequently formations favorable for ore in some 

areas may be unfavorable in other areas. Also, the char

acter and intensity of fracturing in the Copper Queen 

syncline changes rapidly over short distances laterally and 

vertically. If a formation in a given area is insufficiently 

fractured to receive ore deposits, then, even though the 

main feeder system crosses the area, ore deposition will be 

minimal for the formation in that area. 

11. The corollary of this reasoning is that the 
lower limit of ore deposition would also form a spherical 
surface so that near the epicenter ore deposition would 
begin at a higher level in the earth's crust than farther 
out. Butler (1933, pp. 234-238) has discussed the zoning 
of mineralization around an intrusive stock in detail. 
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Secondary Ore Bodies 

In many mining districts meteoric waters percolated 

more or less uniformly downward along a network of fractures 

to produce successive zones of leaching, oxidation and en

richment. At Bisbee, however, the distribution of oxide and 

sulfide throughout the Copper Queen syncline as well as in 

individual mineralized zones is completely haphazard in a 

vertical sense. Oxide ore has been mined as deep as the 

2433 level of the Junction mine, despite the presence of num

erous sulfide masses and. ore bodies at much higher levels. 

The downward movement of meteoric waters was re

stricted to specific avenues along bedding planes and 

fractures which were not all interconnected, resulting in 

selective and uneven attack of individual sulfide deposits. 

Meteoric waters traveling along inclined fractures and 

bedding planes attacked sulfide deposits not only or always 

from the top down, but from the sides and bottom as well. 

In places meteoric waters were forced upward along fractures 

into the sulfide by the hydrostatic head. Consequently it 

is common to find the conventional relationships reversed or 

mixed, with primary sulfide occurring at the top and oxide 

or supergene sulfide occurring at the bottom, all within a 

few feet of each other. 

Oxidation and leaching created open spaces above and 

adjacent to many oxide ore bodies, and in places this re

moval of mass caused overlying strata to slump in. This 
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slumping formed subsidence fracture zones which, when de

tected, are good guides to ore. Wisser (1927) has described 

oxidation subsidence in detail. 

Manganese oxides form an outer fringe around oxide 

ore bodies, and are followed by a progressive increase in 

iron oxides, fracturing, and open spaces. Limonitic silica 

breccia, a thick zone of siliceous gossan, or limonitic 

clay may occur adjacent to ore. The ore zone itself con

sists of variable mixtures of limonitic clay, gossan, silica 

in various forms and limestone, all partly to completely re

placed by bunches and disseminations of copper oxide 

minerals. Calcite is ubiquitous as veinlets and as crystal

line aggregates lining cavities. The clay and silica 

content of the ore is largely dependent on the proportions 

of alumina and silica present in the rock prior to oxida

tion. Siderite boxwerk, pseudo-siderite consisting of 

calcite in earthy limonite, and botryoidal limonite crusts 

are found beneath some ore bodies, in addition to other iron 

and manganese oxides. Kaolinite is the most abundant clay 

mineral and alunite, gibbsite and gypsum are locally common. 

Most of the iron oxides are limonite and hematite, although 

jarosite is present in places. Non-precious opal and chal

cedony have been noted but are not common. The processes of 

oxidation have been so diverse as to allow the formation of 

a large number of unusual minerals, not all of which have 

been listed in Table 2. Aurichalcite, bisbeeite, shattuckite, 
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and hydro-hetaerolite are among the better-known of these 

minerals. 

In many oxide deposits dirty-looking yellowish-to 

reddish-brown and purple clays contain disseminated native 

copper and other secondary copper minerals. Iron oxides 

were initially precipitated in the clay by meteoric waters, 

and subsequent copper-bearing solutions replaced the iron 

with copper, which became oxidized to varying degrees. 

Locally the replacement of iron by copper was complete, 

leaving disseminated crystals and dendritic to wirelike 

growths of native copper, or cuprite kernels surrounded by 

malachite, in barren-looking white kaolinite. 

Native copper is an abundant constituent of many 

oxide ores, frequently occurring in large masses several 

feet long which are difficult to blast or break up because 

of the ductile nature of the metal. Massive cuprite com

monly encloses smaller, irregular aggregates of native 

copper, and in turn is fringed by or enclosed within vari

able amounts of malachite. Chalcotrichite (the fibrous 

variety of cuprite) and azurite were locally abundant in 

some of the early-mined ore bodies, but have not been com

mon in the deeper, more recently mined oxide ores. 

Supergene chalcocite replaces massive and bedded 

pyrite bodies, but usually this replacement is only partial 

so that an irregular chalcocite shell is developed around 

the margins of the sulfide mass, with local penetration 
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along fractures. The chalcocite initially forms a coating 

around individual grains of pyrite and copper sulfides, with 

replacement working toward the core of the grain, and in 

many cases black chalcocite "ore" has, upon close examina

tion and assay, turned out to be massive pyrite with thin 

chalcocite coatings around individual grains. 

The calcareous nature of the enclosing rocks inhib

ited the removal of leached copper for any appreciable dis

tance as the carbonate rocks rapidly neutralized acid 

waters, and supergene or oxide copper was deposited more or 

less in situ. Although local enrichment in grade occurred 

through removal of much of the associated iron, the total 

copper content of an oxidized sulfide body or zone remained 

more or less the same as it was prior to oxidation. 

The greatest development of oxide ore bodies is in 

the Escabrosa limestone, with a lesser amount in the Martin 

limestone and the least development in the Abrigo limestone. 

This is partly due to the stratigraphic position of these 

formations relative to the surface. However, the horst and 

graben relationship in the Copper Queen syncline has resulted 

in older formations being closer to the surface than younger 

formations in places. Also, the depth of oxidation has 

varied locally according to access afforded by fractures, 

and the extent of oxidation in a given area has been partly 

governed by the carbonate content of the enclosing rock. 

Rocks of high carbonate content rapidly neutralized acid 
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solutions passing through theiti. The leached cations were 

fixed as carbonates and oxides rather than being transported 

by the solutions to a supergene environment of precipitation. 

Both the Martin and Abrigo formations have a lower 

carbonate and higher argillic content than the Escabrosa 

limestone. Thus, the proportion of oxide fixation has been 

greater in the Escabrosa limestone, and supergene chalco-

cite is more prevalent in the Martin and Abrigo limestones. 

Throughgoing, open fractures and shattered zones are read

ily developed in thick-bedded to massive, brittle strata 

characteristic of the Escabrosa and portions of the Martin 

limestone. Thin-bedded and argillic strata, abundant in the 

Abrigo, responded to deformation by intra-bed shattering and 

sulfide deposition was largely controlled by bedding. 

Meteoric waters were consequently diverted along bedding 

plane faults and discontinuous broken zones so that access 

to and penetration of the sulfides in the Abrigo was not as 

great as in the higher formations. 

In the western Cole area bedded and disseminated sul

fide deposits occur in the Abrigo formation in inter-bedded 

limestone and shale which have been altered to quartz and 

sericite. Primary bornite and chalcopyrite partly replaced 

pyrite, and all three sulfides were subsequently partly re

placed by sooty supergene chalcocite. Chalcocite (with 

subordinate remnant bornite and chalcopyrite) occurs either 

along the top, bottom, or both margins of the sulfide beds 
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(Figures 29, 37) and in places has replaced entire beds. 

The sericitized rock, containing bunches and disseminations 

of sulfides, flanks sulfide beds and is in turn flanked by 

kaolinized argillic strata interbedded with limestone. Kao-

linized and sericitized rocks interfinger more or less par

allel to the bedding through an interval across the beds of 

less than one foot to more than ten feet. Hematite and lim-

onite are abundant in the kaolinized zone, which has been 

completely oxidized, coloring the kaolinite brick red and 

coating fractures in the limestone. The sulfides in the 

sericitized rock have not been oxidized, and only local small 

seams of iron oxide are present on fractures in this rock. 

Bedded primary and supergene sulfides, sericitized rock, and 

kaolinized rock alternate in a series extending from the 700 

to the 110 0 level and the sequence of leaching, oxidation and 

enrichment was repeated for each zone of bedded sulfides. 

Evidently acid waters formed by solution of sulfides 

were neutralized by the limestone, with precipitation of 

iron oxides on fractures and through the kaolinite. Copper 

sulphate-bearing acid solutions were able to replace primary 

sulfides with chalcocite in the sericitized rock, which was 

not as reactive so that iron oxides were not deposited. 

The bonds holding potassium between the sheets of the mica 

structure are fairly strong, and penetration of leaching 

solutions between the sheets is relatively difficult. Be

cause of the difference in charge more potassium than 



135 

o 50  Feet  

* 

•  267  Crosscut  264  Crosscut  

Look  Nor th  

/^•^Limestone 

JSSGossan,  Gossany  l imestone  

Pyr i te  

J&TOre  

Fau l t  

Figure 37. Section along 267 crosscut, 900 level, showing ore 

on top and bottom of pyrite bed in Abrigo Limestone. 
Ore is chalcocite which has replaced pyrite, chalcopyrite, 
and bornite. 



136 

calcium is required to neutralize the same amount of acid. 

Also, the leaching of potassium from sericite does not pro

vide the oxygen for iron oxide or hydroxide as does the 

action of acid on limestone. 

The argillic portions of the Abrigo formation are 

more or less calcareous so that acid solutions passing 

through limy portions of the clay were neutralized with the 

precipitation of iron hydroxide. Also, the affinity of 

kaolinite for iron oxides may be due to unbalanced charges 

in the lattice, resulting in a sharing of hydroxyl ions be

tween kaolinite and iron, initially precipitated as a 

hydroxide, at the edges of the gibbsite layer. Subsequent 

oxidation would convert the iron to hematite and limonite, 

and the hydroxyl ions would be given up to the gibbsite 

layer. 

Iron oxides coating fractures in the limestone, and 

replacing limy portions of the clay, would inhibit reaction 

with these rocks by later acid solutions. The later acid 

solutions may have broken down part of the sericite by con

tinued attack, forming additional kaolinite, which is 

present in local minor amounts in the sericitized rock. 

Ferruginous silica, and siliceous iron oxide are 

common in oxidized deposits enclosed in carbonate rocks but 

rare in those enclosed in argillic rocks. The solubility 

of silica in acid meteoric waters is low, and acid waters 

arc not readily neutralized in the argillic rocks, which are 
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not as easily decomposed as limestone. The silica in the 

carbonate rocks is remnant after solution of enclosed sul

fide or impure limestone. However, reaction with limestone 

neutralized acid waters, increasing the solubility of sil

ica, which was taken briefly into solution and rapidly 

reprecipitated. The association of the iron with the sil

ica may be due to the extraction of hydroxyl ions by the 

iron as it precipitated, lowering the pH of the solutions 

and causing silica to precipitate. 

Characteristics of Ore Bodies According to Formation 

Table 3 summarizes the general features of ore bodies 

and related structure and alteration as they vary according 

to formation. Within a given formation these features will 

vary as the lithology varies from that typical for the form

ation. 

Ore deposition occurred through a broad stratigraphic 

range and was governed by accessibility of the feeder frac

tures and faults to broken zones favorable for replacement. 

The lithologic character of the limestone formations and 

individual stratigraphic intervals within these formations 

dictated the type and intensity of folding, fracturing, hy-

drothermal alteration, and the form of mineralization and 

ore deposits. Controlling factors were the relative abund

ance and thickness of argillic, limestone, and sandstone 

beds, whether or not bedding planes were distinct and well-

developed, degree of homogeneity (e.g., sand, fossil, or 



Table 3. Comparison of Salient Features of Lithology, Structure 
and Mineralization According to Formation 

Formation Escabrosa Martin Abrigo 

Lithologic 
Character 

Massive, pure lime- Medium-bedded to 
stone. Lower chert massive. Partly 
beds. dolomitic. Part 

sandy, argillic. 

Thin- to medium-
bedded. .Minor local 
dolomite. Sandy, ar
gillic, interbedded 
shale. 

Response to 
Deformation 

Minor Folds 

Bedding plane 
faults 

Fracturing 

Broad, poorly de- Moderately well- Abundant, particularly 
veloped. developed. from drag on faults. 

Rare; beds poorly Moderate abundance. Abundant. 
defined. 

Shattered to 
brecciated adjacent 
to and between 
faults. 

Shattered to 
brecciated adjacent 
to and between 
faults. 

Limestone beds 
crackled between 
warped shale beds for 
some distance away 
from faults. 

Form of Ore 
Bodies 

Vein along steep Shatter-breccia 
fractures. Shatter- zone replaced by 
breccia zones re
placed by massive 
sulfide. Sharp 
walls. 

massive sulfide. 
Some bedding con
trol. Moderately 
sharp walls, re
stricted dissem-
inated pyrite halo. 

Partly crosscutting, 
generally controlled 
by bedding. Assay 
wall, disseminated 
pyrite forms broad 
halo around ore. 



Table 3. Comparison of Salient Features of Lithology, Structure 
and Mineralization According to Formation (Continued) 

Formation Escabrosa Martin Abrigo 

Extent and Type 
of Alteration 

Restricted to 
immediate vicinity 
of ore. Limestone 
recrystallized.Sil
ica cap. Rare clay, 
sericite. 

May extend a short 
distance from ore. 
Limestone recrystal
lized. Silica cap. 
Moderate clay, seri
cite, local chlor
ite. 

Broad halo coexten
sive with dissemin
ated pyrite. 
Limestone recrystal
lized. 
silicified beds. 
Abundant clay, seri
cite, chlorite-epidote 
zones. 

Secondary Ore 
Bodies 

Some clay. Much 
siliceous 
limonite. Cavern
ous open spaces, 
collapse breccia. 
Abundant oxide 
minerals. 

Locally abundant 
clay, alternately 
with siliceous lim
onite. Some 
collapse breccia. 
Both oxides and 
supergene sulfides 
abundant. 

Clay abundant. 
Ravelly ground. 
Abundant limonite dis
seminated in rock and 
in clay. Supergene 
sulfides abundant, 
oxides sparse. 

w 
\D 
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conglomerate content), and the purity of the limestone. In-

homogeneous strata, by having surfaces of discontinuity 

between different minerals and mineral forms, are inherently 

more permeable to ore fluids and more easily replaced than 

homogeneous strata. Pure limestone, as in the Escabrosa, 

not only restricted the type of alteration but hampered re

placement since the ability of hydrothermal fluids to react 

and deposit ore was exhausted at a faster rate than in im

pure strata. 

Open, well-defined bedding planes and bedding plane 

faults not only gave access to the mineralizing fluids but 

were bounding planes to ore distribution. The form of the 

ore body was controlled by the shape of areas of shattered 

rock available for replacement. Shattering cut across the 

beds in thick-bedded to massive, brittle units with few 

and/or poorly-defined bedding planes. In medium- to thin-

bedded brittle units with good bedding planes but lacking 

interbedded argillic strata shattering was both intrabed 

and crosscutting. In units with interbedded argillic 

material nearly all of the shattering was confined to 

brittle beds sandwiched between the argillic material. 

Ore is associated with both recrystallized limestone 

and clay-mica-quartz alteration. The development of calc-

silicate alteration is local and not necessarily related 

directly to ore deposition, as will be subsequently dis

cussed. Although some beds in the Paleozoic formations are 
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are interir.adiate between the Escabrosa and Martin lime

stones, which are described below. 

Escabrosa Limestone 

The Escabrosa limestone is thick-bedded to massive 

with poorly-developed bedding planes, fossiliferous, and 

contains local nodular chert zones and chert lenses or 

beds. Folds are generally broad and open. Most faults are 

moderately to steeply inclined to the bedding, sharp and 

narrow, with a small number of associated tight fractures. 

Torsional stress in folds, between faults, and at fault and 

fracture intersections locally caused the formation of 

shattered to brecciated zones. Low-angle and bedding plane 

faults are of minor abundance. Some ore may be oriented 

parallel or subparallel to the bedding and low-angle or 

bedding plane faults adjacent to fault zones which cut 

thinner-bedded members and bedded chert sections of the 

formation. However, most ore bodies occur as discontinuous 

massive sulfide veins or as bulbous lenses replacing the 

limestone in broken zones. The ore bodies are generally 

elongated along the strike and dip of the fault or breccia 

zone and are proportionately narrow in width. 

The primary ore body in broken zones is character

istically massive pyrite which has been replaced by copper 

minerals peripherally and along fractures, with a core of 

barren to low-grade sulfide. Boundaries are sharp, with 
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dolomitic or dolomite, there appears to be no a priori re

lationship between dolomite and limestone beds regarding 

their favorability for ore, as ore occurs in both types. 

Some strata were dolomitized by hydrothermal fluids, and 

the resultant recrystallization made these strata more 

permeable, but dolomitization was not a prerequisite for 

ore deposition. 

Naco Formation 

Little ore has been found in the Naco formation, 

except near the Sacramento intrusive complex, and even there 

the amount of ore mined from this formation was considerably 

less than in the underlying Escabrosa and Martin formations. 

The reason for this may be that the Naco formation in the 

Copper Queen syncline was generally above the zone of ore 

deposition due partly to its proximity to the surface and, 

in the southern areas, to its greater distance from the 

source of ore-forming fluids, as discussed in the preceding 

section on the distribution of ere relative to igneous 

intrusion. 

Ore bodies in the Naco limestone were mined during 

the early years of the district, and detailed characteris

tics of the ore bodies are not available because of the 

present inaccessibility of workings connecting with miner

alized areas in this formation. However, the physical and 

chemical character of the Naco limestone and its ore bodies 
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limited disseminated sulfide and alteration of the enclosing 

limestone. A small amount of disseminated sulfide is pre

sent as fracture fillings and partial replacements, in 

granular aggregates, of limestone fragments in that portion 

of the enclosing shattered rock which has not been replaced 

by massive sulfide. Generally the limestone is recrystal-

lized up to a few feet away from ore, with only local 

sparse development of clay-mica alteration minerals. 

Quartz in irregular grains and aggregates of grains is 

disseminated through the sulfides, and a capping of silica 

breccia with disseminated sulfide may be present on the 

upper boundaries of the massive sulfide body. 

Ore was deposited throughout the Escabrosa limestone 

near the Sacramento intrusive complex. However, away from 

this intrusive center ore bodies preferentially, although 

not exclusively, occur in the lower third of the formation, 

which contains the lower chert beds. The chert beds, being 

hard and brittle, were readily fractured and acted as a re

inforcement to adjacent limestone beds so that fractures 

remained open rather than being subsequently closed or 

healed by later response to deformation. The lesser favor-

ability of the Upper Escabrosa for ore may be related 

partly to its higher position in the stratigraphic section 

and inherently greater distance from the source of the ore-

forming fluids. Also, faults in the massive sections of the 

formation overlying the chert beds tended to be tight and 
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narrow, and associated fractures were more readily healed by 

crystal slip, or flowage. The reactivity of the ore fluids 

may have been rapidly neutralized by the purity of the lime

stone, so that these fluids could not attack upper portions 

of the formation with the same vigor as in the lower 

Escabrosa. Because of these factors, steep, narrow sulfide 

veins were common in the Upper Escabrosa. Figures 34 and 

3 8 illustrate general features of massive sulfide and vein 

ore bodies in the Lower and Upper Escabrosa limestone. 

Figure 3 8 is more characteristic of ore bodies closer to the 

Sacramento intrusive complex, where dikes are more abundant 

and replacement of the Escabrosa by ore was more extensive. 

Solution by meteoric waters caused the formation of 

caves and weakened and widened fractures so that secondary 

ore bodies are associated with slump breccias and open 

space. Subordinate to minor clay is present in the oxide 

ore bodies and may in part have been washed in from argil-

lic sources in the Naco formation or from adjacent, elevated 

blocks of Abrigo or Martin limestone. Manganese oxides, 

limonite, and ferruginous silica are abundant and form 

porous intergrowths through which much of the ore is dis

tributed. The proportion of oxide to supergene minerals is 

high because of the neutralizing effect of the limestone on 

acid waters. Partially oxidized sulfide masses, of course, 

contain a variable amount of chalcocite marginal to the 

primary sulfide. 
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Figure 38. Vertical section and plans of general ore relation
ships in Escabrosa Limestone. 
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Martin Limestone 

Most of the Martin limestone is medium- to thick-

bedded, with some massive and thin-bedded sections. The 

Atrypa and coral zones are highly fossiliferous, with 

scattered subordinate fossil lenses and zones elsewhere in 

the formation, and chert is rare. The formation is less 

calcareous than the Escabrosa limestone, the principal 

impurities being clay, dolomite, iron and silica. There 

are more argillic beds and partings between beds than in 

the Escabrosa, but less than in the Abrigo formation. 

Folds are somewhat better developed than in the Escabrosa 

limestone and may locally be quite pronounced where they 

have been caused by drag on adjacent faults. The thinner-

bedded portions of the formation are more readily folded 

than the thick-bedded to massive sections which are in

clined to shatter. 

High-angle faults and fractures are prevalent, and 

low-angle to bedding plane faults are moderately abundant 

in thinner-bedded sections of the formation. The boundar

ies of ore bodies partly crosscut and partly parallel the 

dip of the enclosing strata depending on their thickness, 

the abundance of well-developed bedding planes, argillic 

partings and beds, and the presence or absence of low-angle 

and bedding plane faults. Some thinner-bedded sections of 

the formation contain disseminated and bedded pyrite, and 

ore, similar to the Abrigo. The ore bodies are, however, 
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generally associated with massive sulfide replacements of 

shattered to brecciated zones like those in the Escabrosa, 

except that control of the sulfide masses by bedding planes 

is greater. Veins are rare or absent, and the transverse 

axes of ore bodies in shattered to brecciated zones are more 

equal, with elongation parallel to the strike of these 

zones. The boundaries of sulfide mineralization and alter

ation are not as sharp and restricted as in the Escabrosa 

limestone, and in partly argillic strata clay-mica alter

ation with associated disseminated sulfide may extend more 

than ten feet away from ore. Disseminated quartz is common 

in the massive sulfide, which may also have a silica breccia 

capping. 

Solution caverns and slump breccias are not as 

common in secondary ore bodies in the Martin as they are in 

the Escabrosa. Clay minerals are more abundant, and ferru

ginous silica, manganese oxides, and limonite are ubiquitous. 

The proportion of oxide to supergene ore minerals is de

pendent on the degree of penetration by meteoric waters, 

proximity to the surface, and carbonate content of the rock, 

which varies markedly within the formation, and supergene 

ere is relatively more abundant than in the Escabrosa. 

Ore has been found throughout the Martin formation. 

However, the middle section containing the massive argillite 

has not. generally been favorable for ore outside of the 

margins of the Sacramento intrusive complex, where ore 
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deposition tended to be all-encompassing regardless of lith-

ologic character. The argillite lacks bedding planes, is 

not usually receptive to the formation of well-developed 

fracture zones and is dense, hence less permeable than the 

upper and lower limestone beds. Favored intervals for ore 

deposition have been the Atrypa and Coral zones in the upper 

part of the formation and the lower beds close to the Part

ing quartzite. The Atrypa and thick-bedded coral zones are 

dense, brittle, and readily shattered, partly due to the 

inhomogeneity caused by their fossil content. The fossil-

limestone contacts provided surfaces of discontinuity along 

which ore fluids could penetrate, aiding replacement by 

ore. Beds in the Lower Martin range from sandy limestone 

to dense, shaly limestone which shattered easily, and the 

permeability of the sandy beds aided ore deposition. 

Figure 23 shows a massive sulfide ore body in the 

Martin limestone, capped by silica breccia. Ore beneath 

the breccia consists partly of supergene chalcocite and 

partly of native copper and copper oxides. The cross-

section does not show primary chalcopyrite and bornite ore 

which occurs within and marginal to northern portions of the 

massive pyrite between the 1400 and 1650 levels. The sulfide 

body plunges northward to within a few feet of the 1650 

level, and ore replaces the keel of the massive pyrite on 

its northern end. Intrusive breccia occurs at various points 

within the upper partly oxidized portion of the sulfide mass 
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but how and if this breccia connects with the intrusive 

breccia on the 1550 level is not known. 

Figure 33 shows a massive sulfide body and asso

ciated ore which have replaced the sandy beds of the Lower 

Martin and Upper Abrigo, and the Parting quartzite. The 

sandy beds of both formations, particularly near the Parting 

quartzite, have been generally favorable for ore because of 

the readiness with which they shattered and their permeabil

ity. Much of the ore lay above the level near the upper 

contact of the sulfide mass, which is partly conformable to 

the bedding. In section, the sulfide-limestone contact is 

more irregular than shown in the plan view, and partly con

trolled by high-angle faults as well as bedding. 

Abrigo Formation 

The Abrigo formation generally consists of medium-

to thin-bedded, impure, sandy to argillic limestone with 

interbedded argillic strata and partings, together with 

well-developed bedding planes. Intraformational conglomer

ate, coquinoid limestone, and calcareous sandstone 

contribute to its inhomogeneity. The strata are easily 

folded and bedding plane faults in argillic beds and part

ings are abundant, as are medium- to high-angle crosscutting ' 

faults and fractures. Shattered, rather than brecciated, 

zones are common adjacent to crosscutting faults, as the Re

formative stress was taken up partly by bedding plane faults 

and warping of the argillic beds. 
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Intra-bed fracturing, bedding plane faults and rel

atively open bedding planes provided the necessary permeable 

zones and.connecting channels for ore-depositing fluids, 

which ascended along crosscutting fractures and faults. 

Mineralized areas, hundreds to thousands of feet 

long, consist of altered pyritized rock in which the lime

stones have been recrystallized and replaced by quartz to 

varying degrees and the argillic beds are altered to seri-

cite or chlorite. Quartz ranges from granular aggregates 

and veinlets in partly to completely silicified beds con

taining disseminated sulfide to disseminated grains in 

massive sulfide beds. Chlorite and sericite occur as dis

tinct zones within which one or the other of the two 

minerals is dominant. Quartz and sulfides are associated 

more or less equally with both types of alteration. 

Carbonate and sandstone beds are preferentially re

placed by pyrite, often completely, with subordinate pyrite 

as disseminations and veinlets in the argillic beds. The 

veinlets are in bedding planes and in fractures which are 

inclined or, frequently, normal to the bedding (Figure 39). 

Replacement in these pyritic areas ranges from minor dissem

inated pyrite in selected individual beds on the outer edges 

to complete replacement of series of beds in the central 

portions of the areas. In the latter case bedding is pre

served by thin seams of sericite and quartz, less than an 

inch thick, and by planes of parting. Beds of disseminated 
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sulfide commonly alternate unequally with massive sulfide 

beds. 

Ore occurs as disseminated copper sulfides associ

ated with and partly replacing disseminated pyrite (Figure 

35), and as partial to complete replacements (Figures 26, 

29) of sections of massive pyrite beds, which generally 

extend for some distance beyond the ore. In partial re

placement of the massive pyrite beds the ore may occur 

along the top, bottom, or irregularly distributed through 

the pyrite beds, depending upon the paths of access followed 

by the ore fluids. Part of the ore may consist of copper 

sulfide veinlets which have replaced pyrite in gash frac

tures cutting sericitized argillic beds and partings between 

the replaced limestone beds (Figure 39). 

Crosscutting fractures allowed portions of different 

beds to be replaced to a greater or lesser extent by ore so 

that although ore follows the bedding the form of the ore 

body is not completely conformable to the attitude of the 

bedding. The resulting ore body is in the shape of a lens 

or bulbous cigar (Figure 40), located adjacent to high-

angle crosscutting faults and bedding plane faults, which in 

places bound both the top and bottom of the ore beds 

(Figure 35). Steeply-dipping feeder fractures extend upward 

and downward from some ore bodies but do not always extend 

through the ore, which in the process of replacing the rock 

obliterated the throughgoing projection of these fractures. 
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Some ore bodies consist of a series of en echelon ore lenses 

(Figures 30, 31, 39), connected in part by steep cross-

cutting fractures at some distance from high-angle cross-

cutting faults, and it is evident that the ore fluids 

traveled partly along the bedding and partly along the 

crosscutting fractures, replacing the more broken and perme

able sections of the different beds. 

The upper and lower portions of the Abrigo have 

produced many ore bodies, but the middle wavy bedded sec

tions have not generally been favorable for ore. Bedding 

planes are usually tight and irregular in the wavy bedded 

sections, and the strata preferentially break into large 

blocks rather than along individual bedding planes. Argil-

lic material is not abundant as interbeds and consists 

largely of streaks and wavy bands so that bedding plane 

faults are relatively few in number. Faults and associated 

fractures are sharp and narrow, the fractures being rela

tively smooth and straight joints, and intrabed crackling is 

sparse or absent. In places the argillic material has been 

altered to chlorite and the adjacent limy bands partly con

verted to epidote and other calc-silicates. This calc-

silicate alteration has in effect welded the strata together 

and made them even more prone to blocky fracturing. Conse

quently the wavy bedded strata have been tight and unfavor

able for ore except where faulting has been severe enough 

to cause extensive shattering and brecciation. 
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The sandy beds and the Parting quartzite at the top 

of the Abrigo are more massive and brittle than the under

lying strata, with well-defined bedding planes, and 

shattered easily to form open broken zones which have been 

replaced by ore. The shape of the resulting massive sulfide 

ore body is thus partly crosscutting and partly conformable 

to the beds, as in the Martin limestone. In lower portions 

of the Abrigo where extensive faulting, fracturing and 

brecciation has taken place the ore bodies are also partly 

crosscutting. 

Much of the disseminated type of ore occurs in 

chlorite zones, and in places chalcopyrite is so fine

grained and minutely disseminated through the rock that the 

only sulfide readily visible is pyrite. An interesting form 

of ore in some of the chloritic zones consists of lenses a 

few inches long and an inch or two thick of chalcopyrite, 

bornite, and minor pyrite (Figure 41) which are partly inter

connected by crosscutting veins of the same minerals. 

This ore is discontinuous and disseminated along the bedding 

in otherwise solid chlorite, and has resulted from the re

placement of carbonate lenses by quartz and sulfides. Were 

it not for the limited extent of this ore as well as other 

sulfide zones and ore in the Abrigo, and its obvious associa

tion with faulting, some authorities upon seeing hand 

specimens of the ore would label it syngenetic or metamor

phosed (i.e. due to the chlorite) syngenetic ore. 
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Figures 16-18, 25, 27, 30T32, 35, 39, and 40 illus

trate several types of structural control of ore in the 

Abrigo formation which have been described in this and in 

preceding sections. 

Secondary ore bodies in the Abrigo formation are 

more likely to be supergene than oxide, as previously ex

plained, and generally follow the bedded form of the primary 

ore, with chalcocite replacing the top, bottom, or both 

margins of the sulfide bed (Figures 29, 37). 



MINERAL RELATIONSHIPS 

' Silica 

There are at least five different types of silica 

associated with the various stages of mineralization at 

Bisbee in addition to chert, and detrital and igneous 

quartz contained within the sedimentary and intrusive 

rocks. These types are: 1. detrital quartz which was re-

crystallized during calc-silicate alteration of the 

Paleozoic limestones; 2. recrystallized, remobilized and/or 

introduced quartz formed during hydrothermal alteration and 

pyritization of the Paleozoic strata; 3. silica breccia, 

formed during the period of mineralization as a front ahead 

of and above sulfide deposition which was taking place at 

lower levels in the mine; 4. secondary quartz associated 

with oxide ore bodies; and 5. the "Bisbee Queen" silica, 

which has been described by Trischka (1938, p. 35 and 1928, 

pp. 1045-1050). Quartz associated with mineralization, ex

cept for the Bisbee Queen silica, is usually clear or gray, 

and glassy-looking. 

The Bisbee Queen silica has a yellow to cream color 

and forms open boxwork structures with drusy surfaces. 

This silica occurs either on the contact between the Naco 

limestone and the Glance conglomerate replacing pre-

Cretaceous limestone detritus, or as veins in the Cretaceous 

158 
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strata. Bisbee Queen silica has also been found as veins 

extending downward into the Naco limestone but never for 

more than a distance of 100 feet. In places the Bisbee 

Queen silica contains minor gold values, and may contain 

sparse amounts of galena, sphalerite, and chalcopyrite. 

Deposition of the Bisbee Queen silica took place 

during the post-Bisbee Group period of mineralization. 

The apparent restriction of this silica to the uppermost 

Naco limestone and the Cretaceous strata may indicate the 

depositional limits for these later hydrothermal solutions. 

Deposition, as a function of pressure, occurred within 

certain limits between the source of the hydrothermal flu

ids and the surface of the earth, which was at a stratig-

raphically higher position than that existing at the time 

of pre-Bisbee Group mineralization of the Copper Queen syn-

cline. Consequently, the lower limit of deposition is 

stratigraphically higher for the post-Bisbee group mineral

ization. 

Silica breccia is an excellent guide to ore, as it 

is found within the immediate vicinity of ore bodies. Con

sequently, it was once believed that the Bisbee Queen silica 

deposits might have a similar relationship to ore deposits 

and considerable exploration was conducted below and adja

cent to exposures of this silica. However, no ore has been 

found and the only known mineralization associated with the 
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Bisbee Queen silica consists of the minor gold and base 

metal sulfide showings within the silica. 

Manganese 

Alabandite, MnS, is found in association with some 

sulfide deposits, particularly in the Campbell shaft area 

which is at an intermediate distance (within the area of 

mineralization) southeast of the Sacramento intrusive com

plex. More commonly, manganese occurs as primary rhodo-

chrosite, though some rhodonite has been found. Various 

forms of manganese oxide minerals of secondary origin are 

associated with oxidized copper deposits. The manganese 

minerals occur as an outer fringe of mineralization more or 

less peripheral to both primary and secondary iron and cop

per deposits. However, the zoning of manganese around ore 

is not consistent nor is it uniform in its distance from 

ore. Attempts to relate the position of primary manganese 

mineral zones to ore and to make use of these zones as an 

ore quide have not been successful. 

Iron Oxide-Iron Sulfide Relationships 

Massive hematite and magnetite, as described pre

viously, occur peripherally to some massive pyrite deposits. 

Pyrrhotite has been noted, but is not common. The propor

tion of magnetite to hematite is 1:3 or less in those 

deposits which have been observed. Specularite is the most 

abundant form of hematite, followed by variable proportions 
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of the red, earthy variety and martite. The thickness of 

the iron oxide zone is generally less than one-tenth of that 

of the massive pyrite core. The iron oxide zone occurs as 

a shell of variable thickness around some crosscutting 

massive pyrite deposits. In those deposits which conform 

more or less to the attitude of the enclosing strata, iron 

oxide zones may occur on the top and/or bottom margins of 

the sulfide mass. The zoning of iron oxide minerals and 

pyrite relative to one another is gradational. Proceed

ing from the outer margin of a deposit inward, the general 

sequence is red, earthy hematite-specularite-martite-

magnetite-pyrite. Within the iron oxide zones in any given 

portion which is characterized by the dominance of one or 

two minerals, subordinate to minor amounts of the other 

minerals cited above may occur. 

Pyrite, in disseminated grains and granular aggre

gates, occurs throughout most of the iron oxide zone, 

increasing from minor to major abundance as the massive 

pyrite core is approached. Pyrite is usually absent, how

ever, in the outermost few feet of the iron oxide zone. 

Subordinate chalcopyrite, with or without associated pyrite, 

also occurs disseminated through the iron oxide zone and is 

rare on the outermost margins of the zone. 

Viewed in polished section, disseminated grains and 

masses of pyrite in the massive iron oxide zone generally 

have subrounded, embayed, scalloped, or shredded forms. 
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Blades of specularite penetrate some pyrite grains, and 

other pyrite grains enclose bladed masses of specularite. 

A fev; pyrite grains distributed through massive aggregates 

of specularite and/or magnetite have imperfect crystal 

forms and are not embayed or corroded. Chalcopyrite occurs 

in the iron oxide zone as irregular masses and shredded 

veinlets which crosscut the iron oxides. Some chalcopyrite 

is peripheral to or encloses subrounded and corroded grains 

or crystals of pyrite, magnetite, and hematite, and in 

places veinlets of chalcopyrite project into grains or 

crystals of iron oxides. 

These textures indicate that while much of the py

rite is partly replaced by iron oxides, some of the iron 

oxides may have been replaced by pyrite. The irregular to 

shredded appearance of much of the chalcopyrite may be due 

to its pseudomorphic replacement of corroded pyrite grains, 

specularite blades, and irregular martite and magnetite 

grains. Also, chalcopyrite replaces fine-grained iron ox

ides interstitial to and ringing coarse-grained iron oxides. 

However, some chalcopyrite is in shredded island-and-sea 

remnants within iron oxide aggregates, and a few blades of 

specularite have been observed to project into chalcopyrite. 

The gross relationships indicate a late stage in

crease in the oxygen/sulfur ratio of the metal-depositing 

hydrothermal fluids, as Schwartz and Park (19 32, p. 46) con

cluded. However, the isolated imperfect crystals of pyrite 
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and transecting chalcopyrite veinlets are evidence that 

reaction did not proceed uniformly from high sulfur to high 

oxygen concentrations. Chalcopyrite replaced both pyrite 

snd iron oxides, but was in turn attacked when conditions 

at the site of deposition changed so that oxygen activity 

exceeded sulfur activity. 

Sulfide-oxide relationships are somewhat different 

in some of the chloritic zones (which are described in the 

chapter on alteration) of the Abrigo. Coarse-grained laths . 

and blebs of specularite, martite, and magnetite are sep

arated interstitially by finer grains of the same minerals. 

Pyrite replaces the interstitial material, and surrounds 

and penetrates the coarse-grained iron oxides. Pesudo-

morphs of pyrite after specularite laths, and fringes of 

uncorroded pyrite crystals surrounding martite and magnetite 

have been observed. Chalcopyrite occurs interstitial to, 

pseudomorphous after, and penetrating the coarser-grained 

iron oxides, and surrounding or encroaching upon rounded to 

corroded pyrite grains in an island-and-sea pattern. The 

sequence of deposition and replacement is iron oxide-pyrite-

chalcopyrite. Reverse relationships, indicative of fluctua

tion in the sulfur/oxygen ratio of the hydrothermal fluids, 

have not been observed. 

Pyrite: Copper Sulfide Relationships 

Pyrite is replaced by chalcopyrite, which is in turn 

replaced by bornite, and primary chalcocite replaces bornite, 
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in the common paragenetic sequence of increasing sulfur and 

copper, and decreasing iron, concentration. Pyrite grains 

are rounded to scalloped and are embayed, veined and sur

rounded by copper sulfide minerals. Pyrite forms island-

and-sea textures with chalcopyrite, bornite, and chalcocite. 

However, the margins of rounded pyrite grains are 

commonly partly rimmed by bornite in an island-and-sea 

texture of pyrite grains in chalcopyrite, which is partly 

replaced by bornite. Chalcocite rims around pyrite in 

island-and-sea textures of pyrite grains in bornite are 

also common. These relationships, although anomalous as 

compared to the general paragenetic sequence, may reflect 

migration of iron in an environment of increasing sulfur 

concentration, and the following equations will be con

sidered: 

5 CuFeS^ + S2 = Cu5FeS4 + ^ 'Fê 2 

4 Cu FeS + S = 10 Cu.S + 4 FeS„ 
5 4 2 2 2 

Iron must migrate over short distances to sites of pyrite 

grain nucleation in a mass of chalcopyrite which is con

verted to bornite. Where there are proximate, pre-existing 

grains of pyrite the iron can migrate to these grains and be 

incorporated within their structure without the necessity 

of nucleation and growth of new pyrite grains. 

Source of Pyrite 

Small amounts (less than five percent) of indigen

ous iron oxides and silicates occur in the Abrigo, Martin, 
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and Escabrosa limestones, for the most part in interbeds 

and seams of argillic material. These iron minerals were 

converted to or incorporated, for the most part, in calc-

silicate minerals and chlorite during the period of 

calc-silicate alteration as described in the succeeding 

chapter. Excess iron was recrystallized to magnetite and 

specularite. 

During the period of pyrite deposition available 

iron oxides in the Paleozoic formations were sulfidized to 

pyrite, generally in situ. Iron-bearing silicates were 

leached of iron which then formed disseminated pyrite in 

sericitized and silicified argillic material. Iron-bearing 

calc-silicates are only locally replaced by pyrite. 

Chlorite is locally bleached or converted to talc and/or 

serpentine in many pyritic chloritized zones. The released 

iron crystallized as magnetite and hematite, which are 

partly to completely replaced by pyrite and chalcopyrite. 

Disseminated pyrite replacing chlorite, however, is not 

common. 

Most of the pyrite which was deposited in the Paleo

zoic formations replaced beds and seams of carbonate rock 

and quartz. This pyrite is in addition to the pyrite formed 

by sulfidization of iron oxides and replacement of iron-

bearing silicates. Large areas in the Copper Queen syncline, 

hundreds to thousands of feet in diameter, contain 25 to 90 

percent pyrite. Evidence of leaching of iron from adjacent 
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strata is lacking, and the amount of indigenous iron is in

sufficient to account for the amount of pyrite deposited. 

Most of the pyrite deposition therefore resulted from the 

addition of both iron and sulfur from an exotic source. 



ROCK ALTERATION 

Emphasis in this paper has been placed on structure, 

and the picture presented here is the general relationship 

of rock alteration to ore rather than a detailed study of 

the various alteration products and their mutual relation

ships, which would be an extensive project in itself. 

Several types of alteration have affected the 

Paleozoic formations and are related in part to different 

stages of igneous intrusion and hydrothermal activity, and 

in part to the differences in lithology of the various sedi

mentary rocks. Table 4 lists some chemical analyses of 

samples from different portions of the Naco, Abrigo, 

Martin, and Escabrosa formations which were taken from 

Ransome (1904, p. 55) and Bonillas (1916, p. 294). 

Ransome's samples were selected from limestone beds, while 

those taken by Bonillas represent bulk samples of unaltered 

sections of the formations. Individual units of the Martin 

limestone may be considerably purer, as shown by Ransome's 

analysis and observations by the author, than are indicated 

by Bonillas's analyses, which are low in carbonate and high 

in silica content. The presence of sulphur in two of the 

analyses of the Abrigo and in those of the Martin limestone 

may result from pyrite which has been noted in otherwise un

altered portions of -these formations. The absence of 
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Table 4. Chemical Analyses of Paleozoic Formations 

Source of 
Formation Analysis Location 

Abrigo 

Martin 

SiO. 

Bonillas Shales 

72'-232' above base 

232'-521" " 

521'-700' 

" cherty limestone, 
1357 drift 

Ransome representative 
limestone 

" dolomitic Abrigo 
limestone 

Bonillas 

representative 
limestone 

Black Gap 

500 Uncle Sam 

265 drift, somewhat 
metamorphosed 

68.6 

30. 8 

35.3 

16.1 

49.4 

11.8 

12.53 

8.52 

10.3 

39.4 

46.0 

21.7 

15.5 

Al^p ̂ MgO CaO Fe S Mn 

9.1 4.6 9.8 5.1 

4.0 3.6 33.5 2.7 

3.0 2.3 31.5 2.8 

2.1 1.7 38.9 1.5 0.2 

4.5 2.4 17.8 2.2 0.6 

2.15 0.48 45.86 1.08 

1.04 17.41 27.28 1.26 

0.64 0.55 50.07 

2.0 14.2 28.5 1.2 0.2 

9.1 8.8 6.0 3.7 1.5 0.6 

10.8 4.4 10.5 3.2 0.4 0.4 

6.5 13.8 17.8 2.0 0.7 0.4 

3.5 22.9 10.7 1.8 1.3 0. 3  o> 
00 



Table 4. Chemical Analyses of Paleozoic Formations (Continued) 

Source of 
Formation Analysis Location 

Martin Bonillas 1300 Dallas 

1200 Dallas 

1000 Cole 

Si02 Al^O^ MgO CaO Fe Mn 

45.5 12.9 3.8 13.1 3.0 1.9 

35.5 5.0 5.4 26.7 2.1 0.8 

25.2 5.9 8.5 24.7 1.8 0.8 

Escabrosa Ransome representative 
limestone 0 . 0 6  0.12 0.13 55.80 

Naco 2.52 0.24 0.46 53.68 

Note on Ransome's analyses: Values for Al 0 include TiO and Po0,- if present; « J Z Z j 

values listed as Fe are for Fe203 + FeO in the Abrigo; in the Martin, Escabrosa and 

Naco analyses the values for Al2°3 also include Fe203 and FeO. 
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associated hydrothermal alteration suggests that this 

pyrite may be of diagenetic origin. '. t 

• The Sacramento intrusive complex is intensely 

altered to dickite, halloysite, alunite, diaspore, sericite, 

pyrophyllite, and quartz (Bryant, 1964, pp. 90-91). Al

though hydrothermal alteration of the intrusive complex is 

not a subject of primary interest in this paper, the pres

ence of pyrophyllite is of interest, as it denotes either 

low potassium in the porphyries or instability under the 

conditions of alteration in the intrusive complex. (Hemley 

and Jones, 1964). Bryant (1964, p. 91) concluded that seri

cite was of minor abundance and that the dominant mica 

mineral which formed in the intrusive complex was pyro

phyllite, by virtue of low initial potash content in the 

rock. 

However, pyrophyllite has not been identified in 

x-ray analyses of altered Paleozoic strata, in which seri

cite and chlorite are the most abundant mica minerals. 

The Abrigo formation contains a small amount of potassium 

in the form of potash feldspar and detrital mica and clay 

minerals, but this is not considered sufficient to account 

for the intense to complete sericitization of volumes of 

rock measuring hundreds of feet in diameter in many portions 

of the Copper Queen syncline. Additional potassium must 

therefore have been introduced by hydrothermal fluids. The 

potassium in these fluids may have been derived from the 
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parent magma, or through lcaching of potassium from the in

trusive complex, Pinal schist, or Paleozoic strata. If the 

environment of alteration was unstable for potash fixation 

in the intrusive complex as opposed to a low initial potash 

content of this complex, some potash may have been leached 

from potassium-bearing minerals in the intrusive complex and 

deposited as sericite in the adjacent Paleozoic sedimentary 

rocks. 

Calc-Silicate Alteration 

Chlorite occurs within and adjacent to zones of calc-

silicate minerals, suggesting that these minerals were formed 

during a common period of hydrothermal alteration. The terms 

calc-silicate and silication include chlorite, although it is 

not a calc-silicate mineral, in the following discussion ex

cept where the distinction of chlorite relative to the distri

bution and occurrence of calc-silicate minerals is pertinent. 

Around the southern margins of the Sacramento in

trusive complex the Palcozoic limestone formations (prin

cipally Naco limestone on the surface) were partly altered 

to epidote, chlorite, serpentine, garnet (grossularite), 

tremolite, diopside, idocrase and wollastonite, with 

variable amounts of quartz. Actinolite, edenite, scapolite, 

and zoisite have also been reported (Bonillas et al., 1916, 

pp. 313-320). Exposures of calc-silicate no longer exist 

due to mining and to cover by fill and dumps, but according 
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to Bonillas et al. (.1916, p. 321) the calc-silicate alteration 

did not affect all of the strata equally and was preferential

ly concentrated in impure limestones. The purer limestone 

beds such as those in the Escabrosa were marbleized, with 

local disseminated grains and veins of garnet and quartz, and 

sparse chlorite and serpentine on fractures. Ransome (1904, 

pp. 147-149), however, described areas of intense silication 

in what he believed to be Escabrosa limestone. Both pyrite 

and ore minerals were deposited in portions of the silicated 

zone near the intrusive complex and Ransome described ore 

bodies in silicated limestone at the C & A, Spray, Holbrook, 

and Copper Queen mines (now inaccessible), concluding that 

pyrite was deposited simultaneously with the calc-silicates. 

He also noted that in places calcite was replaced by quartz 

and pyrite, rather than by the calc-silicates. 

P.ansome (1904, pp. 149-150) described a series of 

alteration zones in the Paleozoic formations, the first ex

tending about 2 00 feet from the intrusive complex and con

sisting of a fine-grained aggregate of quartz, calcite, and 

disseminated pyrite. Outside of the quartz-pyrite zone was 

the zone of calc-silicates, with rare quartz, about 80 0 feet 

wide. The amount of silicated rock in the Paleozoic strata 

decreased farther outward within a short distance and disap

peared from surface exposures. However, isolated areas of 

calc-silicate alteration occur underground as far south as the 

Cole mine, in the Abrigo formation. 
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Bryant (19(54, pp. 50-52). concluded from a study of 

the pit area that the calc-silicate alteration originally 

extended to the margins of the intrusive complex. The 

quartz-sericite-pyrite alteration was a later hydrothermal 

phase which destroyed part of the calc-silicate alteration. 

Blanchard (1926) considered the contact metamorphic 

alteration halo to be 1000 to 1500 feet wide, with exten

sions along faults or shattered areas to a distance of 

3000 feet or more. The more distant alteration was con

trolled by porphyry dikes and extensions from the intrusive 

complex. Ke divided the halo into three zones, the first 

being the silicified area which ranged from 100 to 400 feet 

wide and contained variable amounts of sericite as well as 

quartz, calcite, and pyrite. Eeyond this was the chlorite 

zone, 400 to 1000 feet wide and containing quartz, sericite, 

epidote, and various other calc-silicates as well as 

chlorite. The chlorite zone graded into his third zone of a 

slightly altered limestone fringe containing scattered calc-

silicate minerals, and was bordered in turn by marbleized 

limestone and then unaltered limestone. 

The silicified zone was generally low in ore, while 

the chlorite zone was a consistent ore carrier. Ore bodies 

were not as continuous in the slightly altered limestone 

fringe as in the chlorite zone, but were richer in many in

stances. The inner border of the chlorite zone and the 

outer marbleized border, where intersected by sheeted zones, 
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were particularly favorable for ore. Blanchard did not con

sider that the various calc-silicate minerals had any sig

nificant relationship to ore, despite their widespread 

occurrence in his chlorite zone. 

The calc-silicate alteration zones in the Cole-

Dallas area extend outward from the Briggs feldspar quartz 

porphyry dike (Figure 42) for more than 1000 feet in some 

areas, and are more than 300 feet thick in places. These 

alteration zones are irregular, but follow the bedding in 

a rough way and are largely restricted to the lower and 

middle members of the Abrigo formation. Chlorite and epi-

dote are the principal alteration minerals and occur in 

association with tremolite and minor local grossularite and 

wollastonite. Epidote and -the other calc-silicate minerals 

preferentially replace impure limestone containing streaks 

of argillic material, while chlorite replaces argillic beds. 

Silication is rarely complete so that individual beds and 

portions of beds may remain unaltered or partly altered. 

The wavy-bedded portions of the Abrigo have been particularly 

susceptible to silication. The silicated areas are refer

red to as epidote zones, because of their abundant content 

of epidote. 

Pyrite, with local granular nests and streaks of 

galena and sphalerite, and in places chalcopyrite, occurs 

in the epidote zones. The sulfides are preferentially 

concentrated in chloritized beds and lenses within the 
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epidote zones as disseminated grains, masses, and as discon

tinuous bedding replacements. Bedded sulfide stringers in 

the epidote zones generally range from less than 0.1 inch to 

3 inches thick, and sulfides (dominantly pyrite) may con

stitute up to 5 percent of the rock, but rarely more than 

that. 

The argillic material in stratigraphic intervals of 

interbedded limestone and argillite which are situated ad

jacent to or flanking the epidote zones have been altered 

to chlorite, with silicification and pyritization of the 

enclosed limestone beds (Figure 43). Sulfide replacement 

in disseminated and bedded form is usually much greater in 

the chlorite zones than in the epidote zones, and individual 

beds or groups of carbonate beds may be completely replaced 

by sulfides. Galena and sphalerite are preferentially con

centrated in the epidote zones while chalcopyrite is domi

nant in chloritized rock. Ore is, with few exceptions, 

restricted to the chlorite zones which flank the epidote 

zones. 

Viewed microscopically and in hand specimen the rock 

in the epidote zone consists of alternating wavy streaks and 

bands of silty to argillic material and sandy limeston'e 

which are partly to completely altered to chlorite and epi

dote. The epidote bands consist of euhedral to subhedral, 

fine-grained epidote in a groundmass of calcite, with 
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scattered grains of anhedral quartz, and subordinate to minor 

chlorite. The calcite is fine-grained to coarsely crystal

line, with most of the coarser-grained material segregated 

in white bands flanked by epidotized rock and separating it 

from chlorite bands. Garnet is sparsely and locally' dis

tributed through the epidote bands both as anisotropic zoned 

crystals and as isotropic crystals and aggregates. Tremolite 

and sparse wollastonite also occur in the epidote bands. 

The epidote, quartz and garnet grains generally have 

dimensions of less than 0.1 millimeter to 1 millimeter. 

Calcite grains vary from less than 0.1 millimeter to 5 mil

limeters, and most of the pyrite and other sulfide grains 

range from 0.5 to 5 millimeters in diameter. Some pyrite 

is scattered through the epidote bands as subhedral to 

euhedral grains but most of the pyrite as well as the other 

sulfides are found as disseminated grains and veinlets in 

the argillic, chloritized bands. A few grains of sulfide 

occur in calcite, generally in proximity to or penetrating 

disseminated quartz grains. 

During silication, quartz was partly attacked and 

recrystallized. Individual quartz grains are generally sub-

rounded, aggregates are interpenetrating, and some grains 

of quartz in coarsely crystalline calcite are scalloped. 

Some of the dissolved silica may have been utilized in the 

formation of the calc-silicate minerals. The limestone was 

initially recrystallized, with solution and recrystallization 
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of the quartz, followed by the formation of epidote, other 

calc-silicate minerals, and chlorite. Garnet apparently 

formed later than the epidote as it intersects and inter

rupts the more or less linear orientation of some epidote ag

gregates which are aligned parallel to the lithologic banding. 

Pyrite penetrates some crystals and grains of epidote 

and garnet, and is nested in aggregates of these minerals in 

places, but is usually partly separated from them by calcite 

and quartz. Chlorite is locally bleached adjacent to aggre

gates of hematite and magnetite, which are in places pene

trated, corroded, and replaced by pyrite. The association 

of bleached chlorite with iron oxides suggests that the 

chlorite was leached of iron to form these oxides. Pyrite 

preferentially replaces quartz, calcite, and iron oxides in 

both epidotized and chloritized strata. Galena and sphal

erite preferentially replace pyrite, quartz, and calcite. 

The breakdown and replacement of calcium-iron silicates by 

pyrite is subordinate. The deposition of sulfides as 

indicated by the above relationships is later than silica-

tion of the Abrigo limestone. 

Silication of the beds welded them so that they 

behaved as massive, blocky units with relatively little 

capability for shattering or differential movement along 

bedding planes and intra-bed fracturing. Consequently these 

beds were relatively impermeable to later hydrothermal 

fluids which deposited sulfides and ore. Also, silication 
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reduced the carbonate content of the rock and made it less 

susceptible to reaction with the ore-depositing fluids. 

The carbonate rock in the chlorite zones was only locally 

and partly silicated and chlorite formed surfaces along 

which movement could readily take place. Recrystallization 

of the limestone, as well as the formation of chlorite from 

the argillic layers, resulted in an increase in grain size 

and actually increased both permeability and the ability of 

these strata to fold and fracture under the slightest stress 

at innumerable points. 

The Abrigo limestone has been partly silicated in 

the vicinity of igneous intrusives throughout Cochise County 

(Gilluly, 1956). This formation is preferentially silicated, 

and in many areas overlying carbonate formations may be only 

slightly silicated or recrystallized. This affinity for 

silication may reflect the varied mineral content of the 

Abrigo limestone, which could readily be converted to new 

minerals without the necessity of any substantial addition 

of elements by attacking hydrothermal fluids. Also, the 

Abrigo is the lowest calcareous formation in the strati-

graphic column and is thus most likely to receive the 

maximum effect of ascending hydrothermal fluids associated 

with igneous intrusion. Silication of the Abrigo occurred 

as a consequence of proximity to various igneous intru

sives rather than being directly related to the later 

sulfide deposition. 
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The spatial relationship of the epidote-chlorite 

alteration zones to the Briggs dike in the Cole-Dallas 

area as well as the distribution of similar alteration 

around the Sacramento intrusive complex indicate that the 

calc-silicate alteration in the Copper Queen syncline was 

derived from the porphyry intrusions. Relationships immed

iately adjacent to the intrusive complex have been obscured 

by later alteration, but no significant variation in miner

alogy or intensity of calc-silicate alteration has been 

observed adjacent to the Briggs dike as opposed to several 

hundred feet away from it. The act of intrusion of the 

dike in itself evidently did not develop the alteration 

as a sudden local sweating out of fluids or transfer of 

heat from the dike upon contact with the adjacent lime

stones. The problems of heat transfer and small size of 

the dike, rarely more than 50 to 60 feet wide, do not 

readily support local derivation of fluids and/or heat 

sufficient to affect the large areas which have been altered. 

The parent magma, upon intrusion and cooling, evolved 

hydrothermal fluids which traveled along the same frac

ture system utilized by the dike intrusion and penetrated 

favorably situated permeable zones created by both fractures 

and bedding planes. The rock in these permeable zones 

may have been altered to calc-silicates by an early stage 

of hydrothermal fluids which evolved from the parent magma. 

Silication of these zones made them relatively impermeable 
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to attack by subsequent sulfide-depositing hydrothermal 

fluids. The rough correspondence cf the alteration zones 

with the attitude of the beds indicates that bedding planes 

were major avenues for the altering solutions. 

The breakdown of quartz, and carbonate and clay 

minerals to form calc-silicate minerals involved major 

structural and chemical changes. However, the argillic 

strata contain variable amounts of iron oxides and chlorite 

admixed with other clay minerals; alteration of these strata 

to chlorite thus required relatively small changes in the 

distribution of cations and stacking of layer lattice 

structures. The energy requirements for chloritization were 

less than for the formation of calc-silicate minerals. 

Consequently, chloritized argillic beds in association with 

unsilicated. or slightly silicated limestone extend for some 

distance beyond the epidotized strata. The epidote zones 

represent the zones of highest intensity of calc-silicate 

alteration, where the altering fluids initially penetrated 

the surrounding strata from the feeder fractures. 

A detailed determination of metasomatism versus 

metamorphism of the silicated strata at Bisbee was not 

made. Ransorne's analyses (Table 4) were of "represent

ative limestones" which are therefore pre;sumed to have been 

unaltered. Bonillas stated that his analyses were from 

samples of unaltered strata, except as noted in Table 4. 

Some portions of the Martin formation contain more 
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dolomite than others, and the analysis of the "somewhat meta

morphosed" carbonate rock does not necessarily indicate the 

addition of magnesium by hydrothermal fluids. Both the Mar

tin and the Abrigo limestones contain sufficient aluminum, 

silica, iron, and magnesium for partial silication of these 

formations. Silication of the nearly pure Escabrosa lime

stone, as indicated by Ransome (1904, pp. 148-149), required 

the addition of silica and magnesium. Within the altered 

zones some transfer of components probably occurred, as for 

example dedolomitization of carbonate rock and capture of 

magnesium by calc-silicate minerals. The relative amount of 

components which were added from sources external to the 

Paleozoic strata in the zones of alteration is not known. 

However, the general paucity of calc-silicate minerals in 

the Escabrosa limestone and the relative ease with which the 

Abrigo and Martin limestones were silicated suggests that 

metamorphism and local metasomatism were significant factors 

governing the extent of silication. The addition of hydro-

thermal fluids consequent to silication probably aided re-

crystallization of the Escabrosa and other carbonate rocks. 

Talc-Serpentine Alteration 

Some portions of the Martin formation containing 

dolomite and argillic material are altered to talc, serpen

tine, and chlorite. Alumina, alkalis, and alkaline earths 

were leached, and silica was either redistributed or 
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leached. Clays in portions of the Kiddle and Lower Abrigo 

formation are similarly altered. Much of the chlorite, as 

previously described, is believed to have formed during the 

period of calc-silicate alteration. Some chlorite, however, 

probably formed during later hydrothermal alteration associ

ated with sulfide deposition. Local chlorite-talc-serpen-

tine alteration in the Martin limestone is associated with 

dolomite and ore in areas not adjacent to epidote zones. 

Detailed relationships of talc and serpentine to chlorite 

were not determined; however, one control may be sulfidation 

of iron to form pyrite and consequent breakdown of chlorite 

to talc and/or serpentine, as previously described. Chlorite 

and serpentine may both be converted to talc by the addition 

of carbon dioxide. Excess silica aids the formation of talc 

from chlorite, and talc may also be formed from siliceous 

dolomite (Deer, Howie and Zussman, 1964, pp. 127-129). 

Hydrothermal alteration of argillic material in unsilicated 

areas may have segregated iron initially as oxide, with 

contemporaneous formation of serpentine and/or talc, rather 

than chlorite. 

None of the argillic beds in the Abrigo and Martin 

are pure aluminous clays, and in areas which were argillized 

and sericitized magnesium and iron were leached, and potassium 

introduced or redistributed. Some of the released magnesium 

might have contributed to the formation of dolomite in other 

areas. 
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Que.rt.z-S e'ricite' Alteration 

The Paleozoic strata underwent recrystallization of 

the carbonate beds, conversion of the contained argillic 

material to sericite, and silicification over large areas 

which are not associated with calc-silicate alteration. 

The quartz-mica alteration is distributed along northeast-

trending fault zones in association with sulfide deposition 

and is more widespread than the calc-silicate alteration. 

The superposition of the quartz-pyrite-sericite alteration 

on the calc-silicate alteration on the margins of the 

Sacramento intrusive complex suggests a younger age for the 

quartz-mica alteration. Underground, the quartz-mica alter

ation infringes upon calc-silicate alteration. 

The abundance of aluminosilicate minerals originally 

present in the rock dictated the extent of quartz-mica 

alteration. This alteration is consequently virtually absent 

in the Escabrosa, variable in the Martin, and widespread in 

the Abrigo limestone, where it extends hundreds of feet away 

frcm ore, as does disseminated pyrite. The relative extent of 

alteration in the Martin and Abrigo limestone was also 

governed by the extent of fracturing, and spacing and 

abundance of bedding planes, which are more numerous in the 

Abrigo limestone than in the Martin. 

Generally the Abrigo limestones are low in magnesium 

content, although dolomite occurs locally particularly near 

the top of the formation. Carbonate rocks of the Martin are 
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partly dolomitic, and work by Wright (1964, Fig. 17) on a 

regional basis indicates limestone/total carbonate content 

of between 4 0 and 50 percent for the Martin limestone in the 

Bisbee area. Some of the limestones of these formations 

contain up to one or two percent of iron oxides scattered 

through the rock. Detrital quartz and occasional feldspar, 

both calcic (oligoclase) and potassic, are present in both 

limestone and argillic material. The argillic material of 

these formations is a mixture of clays including kaolinite, 

illite, and montmorillonite, with some chlorite, sericite, 

and up to five percent of iron oxides. Fine-grained limy 

material is dispersed through the argillic material as seams, 

lentils, and disseminated aggregates. 

In the early stages of alteration the argillic ma

terial is bleached, and iron is leached from the silicate 

minerals and redeposited as dispersed aggregates of oxide. 

Carbonate is recrystallized to coarser-grained aggregates. 

The clay and mica minerals are then converted to sericite. 

Originally fine-grained quartz present as scattered detrital 

grains is recrystallized to interlocking, coarser-grained 

aggregates. The stages of alteration are similar in the 

limestone beds, except that the proportions of carbonate and 

silicate minerals are initially reversed. 

Indigenous iron oxides are sulfidized to pyrite, and 

pyrite occurs as isolated grains, crystals or aggregates in 

both carbonate and argillic material. 
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In thin section pyrite is more often than not ad

jacent to, projecting into, or enclosed within grains and 

interlocking aggregates of quartz. Pyrite is generally 

subhedral to euhedral. However, in places irregular masses 

of pyrite with blocky projections extend into and are sepa

rated by individual grains of quartz in an alternating 

pattern indicating grain-by-grain replacement of quartz by 

pyrite. Discontinuous veinlets consisting of pyrite and 

quartz, which abuts and continues beyond the pyrite, occur 

along the foliation in argillic material. Other, similar 

pyrite veinlets terminate in calcite. Large pyrite grains 

in a groundmass of carbonate or sericite are in places rimmed 

by finer-grained sericite, calcite, or quartz grains, some of * 

the quartz grains having wavy extinction. Most of these • 

grains are rimmed by quartz on one or more sides and in 

some cases calcite or sericite abut the quartz and continue 

the rim around pyrite. Late calcite veinlets cut across 

some quartz rims and fill fractures in pyrite, which is also 

cut by late quartz veinlets. 

Eeyond the stage of sericitization and initial re-

crystalization of carbonate and quartz, alteration continues 

with a progressive increase in quartz and a decrease in 

carbonate content. The general sequence is that of sericite 

and carbonate being replaced by increasing amounts of quartz 

which are replaced by increasing amounts of pyrite, but the 

processes proceed at unequal rates. In places the beds may 
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be nearly completely silicified with a proportionately 

smell amount of pyrite and interstitial sericite. The 

carbonate beds are replaced by sulfides preferentially to 

the sericitized argillic interbeds. The displaced quartz, 

sericite and carbonate moved ahead as fronts, and deposition 

of pyrite per se was not contingent upon the intensity or 

completeness of silicification or other alteration of the 

rock at any one point. 

Eventually, pyritization succeeds silicification, 

creating massive pyrite beds with interstitial quartz and 

wisps, partings, and interbeds of sericite containing dis

seminated pyrite. The replaced carbonate beds are inter

connected by veinlets of pyrite which cut across the altered 

argillic beds. In some of the more heavily mineralized 

areas interbedded or interstitial fine-grained aggregates of 

quartz and sericite are converted to coarse-grained quartz 

and finally pyrite, so that all vestiges of bedding may be 

lost ar.d only massive pyrite remains. Most of the mineral

ized zones in the Abrigo grade from peripheral, sparsely dis

seminated pyrite in beds to a series of massive sulfide beds 

interbedded with quartz-sericite beds to massive pyrite 

zones in which replacement has been complete. 

The size of the pyrite grains varies generally with 

the grain size of the material being replaced, so that 

coarse-grained pyrite is associated with coarse-grained 

quartz, and vice-versa. Similarly, large aggregates of' 
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iron oxide were replaced by coarser-grained pyrite than that 

which replaced small aggregates. 

Part or all of the silica associated with the 

sulfide deposits in portions of the Martin limestone and in 

the Abrigo limestone may have been essentially in place, 

depending on the silica content of the rock being replaced 

by pyrite. Bedded chert tends to be preserved in sulfide 

deposits replacing the Escabrosa limestone so that introduc

tion of silica was required to form the silica breccia de

posits. The silica breccias occur in the higher, more 

calcareous formations which are relatively deficient in in

digenous silica. This silica may have been derived from 

replacement of siliceous strata in the Abrigo and portions 

of the Martin limestones by pyrite, and transported to higher 

permeable areas where it was depositee1, as silica breccia. 

Bedding planes, intrabed fractures and bedding plane faults 

provided much of the plumbing for hydrothermal fluids in the 

Abrigo formation and thinner-bedded sections of the Martin so 

that silicification ahead of pyrite deposition progressed to 

a great extend outward along the beds. However, the massive 

crosscutting sulfide deposits were formed in shattered to 

brecciated rock containing comparatively few bedding planes, 

and ascending quartz-bearing fluids were limited in their 

area of deposition to this broken rock. Quartz replaced the. 

limestone along fractures and intra-mineral movement opened 

new fractures which were again filled with quartz. This 



repeated fracturing and replacement not only preserved 

but augmented the original brecciation of the rock. 



GENERAL CONCEPTS OF ORE DEPOSITION 

One of the most remarkable features of the ore de

posits at Bisbee is that they occur throughout the Paleozoic 

stratigraphic section in diverse environments, their form 

and character being governed by the particular structure and 

lithology involved. Known and inferred stratigraphic cover, 

open folding, shattering and brecciation, and intrusive 

breccias all indicate that ore deposition took place at 

shallow depth within the earth's crust. Although the re

activity of carbonate rocks played a part in the formation 

of ore deposits at Bisbee, structurally induced permeability 

was more important. Ore has replaced sandstone and quartz-

ite beds in the Upper Abrigo, and it would not be surprising 

to find ore in the Bolsa quartzite where structural condi

tions have created a favorable environment. Primary ore may 

also be found in the Pinal schist below the Paleozoic strata 

in the Copper Queen syncline under the proper conditions. 

Small quartz-sulfide veins have been mined in the schist 

near the Juniper Flat granite northwest of the Copper Queen 

graben and portions of the schist exposed underground in the 

syncline contain disseminated pyrite. However, much of the 

schist may be outside of the envelope of ore deposition. 

Many factors control the solubility of components in 

solution, and the solubilities of rocks which are altered 
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and replaced by sulfide and gangue minerals. Among these 

factors are Eh and pl-l, mass action, concentration gradients, 

concentration of components, and temperature and pressure. 

(Barton, P. B., 1959, pp. 279-300). The mixing of "juven

ile" hydrothermal fluids with meteoric waters and consequent 

temperature changes resulting in supersaturation has been 

suggested as a trigger for replacement and ore deposition. 

However, in carbonate rocks the areas of groundwater accum

ulation are local and restricted to fractured areas and 

solution channels which are not necessarily the paths 

utilized by ascending hydrothermal fluids. Witness, for 

example, the random distribution of supergene and oxide 

mineralization in the Copper Queen syncline. 

The favorability of carbonate rocks for ore deposits 

has been ascribed to reaction with acid hydrothermal fluids 

which dissolved and replaced the rocks with sulfides. The 

acidity of hydrothermal solutions would be quickly neutral

ized upon first encounter with carbonate rocks; yet hydro-

thermal fluids have generally traveled some distance in 

these rocks before altering or depositing ore in them. Also, 

the feeder channels have not been enlarged to any noticeable 

degree as one would expect acid solutions to do. 

Control of Ore Deposition by Fracturing 

Ore and gangue minerals more or less fill, or replace 

the rock outward from the fault or fracture in vein deposits. 
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These minerals generally vary gradually in relative and over

all abundance away from ore so that one has visual evidence 

of the source and direction of travel of the depositing 

fluids. This variation invites acceptance of the concept 

of deposition consequent to gradual changes in temperature 

and pressure over a vertical range of depth beneath the 

earth's surface and/or through a range of mixing with 

meteoric waters. 

By contrast, limestone replacement deposits are more 

often than net associated with barren fractures or a few 

bedding planes and the limits of mineralization are abrupt. 

The enclosing rock may give little clue as to the reason for 

deposition in a given sequence of strata. A local increase 

in permeability, such as that caused by dolomitization, has 

been frequently advanced to account for the locus of ore 

deposition. Unquestionably, lithologic favorability through 

increased permeability or composition was instrumental in 

localization of many ore deposits. It is doubtful, however, 

whether replacement of carbonate rock by ore minerals gener

ally extends for more than a few inches away from fractures. 

The existence of a shale overlying limestone and 

acting as an impermeable barrier to hydrothermal fluids so 

that ore was deposited beneath the shale has been described 

as a controlling factor in some ore deposits, including 

Bisbee (beneath the Middle Martin argillic unit). Lead-

silver deposits at Cooks Peak, New Mexico, and mercury 
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deposits at Terlingua, Texas, both of which were examined 

in detail by the writer, also fall into this category. 

Bedding planes are surfaces of discontinuity which 

prevent the uniform transmission of stress through the rock, 

allowing differential stress to develop which is relieved 

by fracturing of individual beds. Also, the transmission 

of stress between limestone, massive or thin-bedded, and 

overlying argillic strata is non-uniform. The difference 

in response of the two rock types to stress will cause 

fracturing to be localized in the more brittle unit at and 

near its contact with the argillic unit. Fractures, albeit 

tight and narrow, commonly extend upward through argillic 

strata overlying more brittle units. 

Both the argillic strata and the underlying less-_ 

broken brittle units are less permeable than the shattered 

zones into which the ore fluids were diverted. Rather than 

argillic strata being an impermeable barrier to ascending 

ore fluids, the marked contrast in response to stress with 

consequent localized shattering of the more brittle rock 

beneath the argillic strata provided the locus of ore de-

pos ition. 

Slight warps in the bedding, and differential move

ment of relatively thinner-bedded strata between more 

massive units as well as differential stress caused by prox

imity to faults can form shattered or crackled areas of 

rock. Torsional stress between faults can create shattered 
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or crackled areas of rock which are at some distance from, 

and do not always extend to, the enclosing faults. Individ

ual beds, or groups of beds, do not all respond to stress in 

the same way or at the same location. Shattered zones may 

extend continuously through layered strata in vertical, 

horizontal or inclined directions. As previously noted 

some ore bodies at Bisbee are distributed en echelon, 

partly connected by crosscutting fractures and partly by 

bedding planes, which acted as channels for the ore-deposit-

ing fluids. The ability of hydrothermal fluids to travel 

along bedding planes, which are also fractures, for appre

ciable distances away from crosscutting feeder fractures or 

faults to sites of deposition has not always been recognized. 

A tiny, inconspicuous network of fractures extends 

outward a short distance from all of the limestone replace

ment deposits which the author has observed in various 

districts throughout the western United States and Mexico, 

whether in massive or thin-bedded strata. Fracture networks 

in limestone are generally inconspicuous and are more or 

less obliterated by ore deposition, as they constituted the 

locus of favorable rock which the ore replaced. In strongly 

deformed areas such as Bisbee the fracture networks, whether 

intra-bed or crosscutting, are more easily detected and re

lated to structure and ore than in less-deformed areas. 
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The trigger to ore deposition at Bisbee is related 

to the movement of hydrothermal fluids from confined feeder 

channels into broken zones having a relatively large volume. 

Extensive reaction with the wallrocks of these channels did 

not occur. For all practical purposes the components in 

the hydrothermal fluids were in equilibrium with each other 

and with the wallrock during their travel in the feeder 

channels. 

Hydrothermal fluids initially entering the broken 

zones underwent a sudden loss in pressure, with a lowering 

of temperature due in part to adiabatic expansion and in 

part to the cooling effects of the rock. However, this 

initial change in equilibrium due to loss of temperature and 

pressure may have been only temporary, if the broken zone 

was filled with fluid and the rock heated by the continued 

addition of hydrothermal fluids. Crosscutting fractures 

provided channels of egress for these fluids from the broken 

zones. 

A finite, although variable (depending upon density, 

velocity, and viscosity of the fluid) reduction in pressure 

may be caused by the passage of fluids from faults to broken 

zones having a larger volume through a reduction in fric

tion head. Whether or not a broken zone is completely 

filled with fluid, this reduction in pressure will be main

tained as long as there is continuous flow into and out of 

the broken zone. Such a reduction in pressure, even if 
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small, may have contributed to the displacement of equili

brium within the hydrothermal fluids, allowing reaction with, 

alteration, and replacement of the wallrock by sulfides. 

Hypothesis of Alteration and Ore Deposition 

Burnham (1967, pp. 34-76) and Krauskopf (1967, pp. 

427-508) summarized and discussed some implications of 

current knowledge concerning solid-liquid-vapor relation

ships associated with the intrusion, extrusion, and crystal

lization of magmas. Of particular interest to this dis

cussion are the data concerning the partitioning of as many 

as three fluid phases during crystallization of a magma, 

and the solubility of water in a magma under different con

ditions of temperature and pressure. 

The three fluid phases which may coexist during 

crystallization of a magma are: 1. silicate melt, 2. an 

aqueous liquid so enriched in components of low volatility 

that it remains below its critical point, and 3. an aqueous 

fluid or gas which is relatively enriched in volatile com

ponents. Data on volcanic emanations and other data pre

sented by Burnham and Krauskopf suggest that this third phase 

may consist largely of water and carbon dioxide, with minor 

quantities of sulfur gases and other volatile components. 

The number of fluid phases coexisting at any one 

time depend upon the temperature and pressure (both con

fining and internal) and the composition of the magma. A 

magma crystallizing slowly under high confining pressure and 
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containing an amount of water not in excess of its solubility 

in the melt may have only one fluid phase. Under conditions 

of more rapid crystallization at lower confining pressure an 

aqueous phase rich in volatiles may coexist with a silicate 

melt, also containing a certain amount of water and other 

volatile components. At even lower pressures three fluid 

phases as described above may coexist. 

The porphyry intrusions which formed the Sacramento 

intrusive complex and dikes within the Copper Queen syncline 

were emplaced, and crystallized, within a relatively short 

period of time, as their porphyritic textures attest. Move

ment along the Dividend fault and other faults within the 

syncline due to surges in the upward pressure of magma in the 

underlying batholith may have extended these faults so that 

they tapped the porphyry magma and guided its ascent; alterna

tively the equilibrium pressure of water and other volatiles 

associated with the magma may have increased sufficiently 

through crystallization of anhydrous minerals to exceed the 

confining, or lithostatic, pressure. Consequent fracturing 

and faulting as an extension of, or connecting with the pre

existing faults guided subsequent intrusion. The relatively 

rapid and local reduction in confining pressure may have 

allowed the separation of hydrothermal fluids in excess of 

those that could be contained in the magma at the lower 

pressure. These fluids, being less dense than the magma, may 

have ascended the fracture system in advance of the magma. 
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If the fracture system was sufficiently open the 

escape of hydrothermal fluids may have been quite rapid, 

even explosive. If the fractures were tight, however, 

the hydrothermal fluids may have preceded the magma as a 

wedge, widening pre-existing fractures and creating new 

ones. Whether at an explosive rate or a slower, wedging 

rate, the ascent of hydrothermal fluids in advance of the 

magma would create more open space and aid magmatic intru

sion. In the case of a sufficiently large pressure differ

ential and open fracture system, the hydrothermal fluids 

would entrain rock fragments and transport them into over

lying (or outlying) formations as intrusive breccia. The 

formation of intrusive breccias could have occurred at 

several stages of igneous intrusive activity if the neces

sary conditions of faulting, available hydrothermal fluids, 

and pressure differential were present. Known relation

ships indicate a post-feldspar quartz porphyry dike, pre-

ore age for the intrusive breccias. However, many of the 

breccias which have intruded formations in the Copper Queen 

syncline are not marginal to the porphyry dikes and some 

breccias may have formed at other times. 

Fluids responsible for the formation of intrusive 

breccia were probably enriched in volatiles. As they were 

in a gaseous state and of low density, most of their energy 

was mechanical and their ability to react was limited by 
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their low degree of ionization. These factors and the 

rapid intrusion of the breccias precluded intense alter

ation by the transporting fluids of the breccias, wall-

rock and rock into which these fluids subsequently escaped 

as gas. Consequently the breccias and enclosing strata 

are weakly altered except in association with sulfide de

posits, where subsequent hydrothermal fluids altered both 

breccia and enclosing rocks, and deposited sulfides. Much 

of the weak alteration may have occurred in the waning 

phases of intrusive breccia activity when the emplacing 

fluids condensed to liquid. 

Not all of the hydrothermal fluid would escape from 

the magma at once. Intrusion to levels of progressively 

lower confining pressure and temperature, and crystalliza

tion of less hydrous minerals could cause a certain amount 

of hydrothermal fluid to be in excess of equilibrium con

centration in the melt at any one time. This excess fluid 

would continue to evolve during and subsequent to intrusion 

of the magma. 

Early hydrothermal fluids from the magma were dis

sipated into adjacent fractured areas and along bedding 

planes (as in the Abrigo limestone, for example) at or near 

the level where intrusion ceased. These fluids were pro

bably responsible for the silication of the adjacent frac

tured areas. 
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The distribution of calc-silicates, while extending 

for some distance away from intrusive centers, particularly 

in the Abrigo limestone, is still localized in comparison 

to the widespread quartz-mica alteration produced by later 

hydrothermal fluids. As early fluids penetrated relatively 

cooler rock than the later hydrothermal fluids, their abili

ty to penetrate and react with the enclosing rocks may have 

been more rapidly reduced by loss of heat to these rocks. 

Also the later fluids had the benefit of an increased num

ber of avenues to travel due to renewed fracturing conse

quent to crystallization of the magma. 

Subsequent hydrothermal fluids which evolved from 

the magma as it crystallized were denser than the earlier 

fluids. This greater density of the later fluids enabled 

them to transport larger quantities of compounds of low 

volatility, and as crystallization abstracted rock-forming 

components from the melt the hydrothermal fluids were en

riched in iron, ore metals, and sulfur. The critical point 

of these fluids was higher, and they either escaped from 

the magma into the surrounding country rocks as liquid or 

rapidly condensed to liquid. 

As the concentration and activities of iron and 

sulfur built up indigenous iron oxides were sulfidized and 

pyrite replaced the country rock. Subsequent enrichment 

of copper in the hydrothermal fluids through crystallization 
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of earlier components resulted in replacement of pyrite and 

iron oxides by copper minerals. 

Titley (196 8 personal communication) proposed that 

the control of calc-silicate versus quartz-mica-clay alter

ation and corresponding oxide or sulfide deposition in 

carbonate rocks may be a function of sulfur activity. When 

sulfur activity is high sulfides are deposited with associ

ated clay-mica-quartz alteration; pre-existing calc-silicates 

may be replaced by sulfides. Conversely, low sulfur activity 

and high oxygen activity results in the formation of calc-

silicates and iron oxides. 

In accordance with Titley's hypothesis, layer lattice 

alteration of large volumes of rock was effected by the later 

fluids in which the activity of sulfur was high, and calc-

silicates were partly broken down and replaced by pyrite. 

The low activity of sulfur in the hydrothermal fluids during 

silication may have resulted from the complexing of sulfur 

in non-reactive compounds. 



SUMMARY AND CONCLUSIONS 

Mineralization and ore deposition in the Paleozoic 

limestones at Bisbee were controlled by transverse and dia

gonal faults of an anticlinal fracture pattern which was en

hanced and supplemented by subsequent synclinal warping in 

the Copper Queen graben. This graben is more or less paral

lel to and on the southwest flank of the Bisbee anticline, 

whose crestal trace is marked approximately by the longi

tudinal Dividend fault. The Dividend fault bounds the 

northeastern margin of the Copper Queen syncline, or graben, 

and was the locus of intrusion for the Juniper Plat granite 

and the Sacramento intrusive complex, which straddles the 

Dividend fault. 

Hydrothermal fluids utilized the intrusive complex as 

an avenue of ascent from the parent magma, altering and de

positing ore in the intrusive complex and Paleozoic sedi

mentary rocks. The lithologic character of the formations 

dictated the type and intensity of alteration and structural 

deformation. Ore deposition was controlled by and occurred 

in shattered zones. Hydrothermal fluids ascending confined 

channelways in feeder fractures remained essentially unre-

active until they entered the shattered zones. This change 

in physical conditions displaced equilibrium in the fluids, 
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triggering reactions which led, to replacement of the shattered 

rock by sulfides. 

Several types and ages of hydrothermal alteration 

and mineralization occurred in the Copper Queen syncline, 

and were in part separated by intramineral faulting which 

controlled local ore deposition. The relative activities 

of sulfur and oxygen at the time of alteration may have 

controlled the type of alteration effected by hydrothermal 

fluids. Early calc-silicate alteration may have resulted 

from the initial separation from the magma of an aqueous 

fluid low in sulfur activity. Later, denser, fluids with 

high sulfur activity silicified and sericitized large areas 

of rock and deposited sulfides. 

Dolomitization probably occurred, but consequent to 

sericitization, silicification and sulfide replacement, not 

as a specific pre-requisite of sulfide deposition. Sulfide 

deposition was controlled primarily by the existence of 

shattered zones. Recrystallization of carbonate rock aid

ed replacement by increasing the permeability of the rock 

along intergranular boundaries to hydrothermal fluids which 

penetrated short distances from fractures. 

Sulfide deposition was not restricted to any one 

type of hydrothermal alteration zone and occurred in sili-

cated, chloritized, and sericitized zones. More than 90 per

cent of sulfide deposition was controlled by the availability 



of quartz, carbonate rock, and iron oxides, which were 

replaced. Other silicates were only slightly replaced, 

principally by sulfidization of iron, except in the most 

intense areas of mineralization where all rock was re-
i 

placed by massive sulfides. 



SUGGESTIONS FOR FURTHER STUDY 

It would be interesting to see if stages of mineral

ization could be distinguished more precisely by radioactive 

age dating. Potassium-argon ages of sericite at Butte 

supported age relationships of the vein system which had 

been previously determined by geologic relationships. 

Sericite is not ubiquitous at Bisbee, but galena and uran-

inite occur in some mineralized areas. A combination of 

potassium-argon age determinations (some of which have al

ready been obtained by the Geology Department at Bisbee) 

and lead-uranium age determinations might provide some 

worthwhile information on episodes of mineralization at 

Bisbee. 

A detailed study of the inter-relationships of the 

various alteration minerals would be of interest, and might 

be combined to advantage with age determinations. 

Anyone who attempts these additional investigations 

should become thoroughly familiar with the geology of the 

district and detailed underground geology, preferably 

through work as a resident geologist. The complexities of 

the district are such that one not familiar with the geology 

through first-hand experience could easily arrive at erron

eous conclusions. 
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