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ABSTRACT 

The porphyry copper prospect at Red Mountain, Arizona, occurs 

in a volcanic lithocap that overlies a deep cupola. The mineralogical 

and physical characteristics of surface fractures provide a basis for 

interpreting the top of a porphyry copper system. A phyllic zone of 

quartz, sericite, and pyrite overlies a deep zone of potassic altera

tion and chalcopyrite. Overlying the phyllic zone is a leached 

capping in which enargite-pyrite veins are associated with advanced 

argillic alteration. The coexistence of quartz, pyrophyllite, and 

alunite as equilibrium phases in an advanced argillic assemblage indi

cates that temperatures within the lithocap exceeded 300°C. Fracture 

density increases with depth, but it does not vary directly with 

distance from the cupola. Steeply dipping, randomly oriented tension 

cracks served as flow channels for mineralizing fluids. Numerical 

simulation of the thermal history of shallow plutons indicates that 

fracture-controlled alteration in lithocaps probably forms within 

20,000 years after intrusion. 
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CHAPTER 1 

INTRODUCTION 

A porphyry copper deposit is only part of a much larger system 

that "effectively spans the boundary between the plutonic and volcanic 

environments" (Sillitoe, 1973, p. 813). These systems are centered on 

relatively small, fractured, porphyritic stocks that are emplaced at 

shallow crustal depths of 1 to 5 km (Titley and Beane, 1981), Intrusion 

of these stocks into permeable, water-bearing rocks results in extensive 

circulation of hydrothermal fluids that transport heat and mass away 

from the cooling plutons (Taylor, 1974; Norton and Knight, 1977). Frac

tures provide the principal channels for fluid flow; consequently frac

tures control the distribution of hydrothermal alteration and sulfide 

minerals (Norton, 1982a; Titley. 1982). The main features of this com

plex magmatic-hydrothermal system are schematically represented in 

Figure 1. 

The lithocap region directly overlies the pluton (Fig. 1). 

Dispersal of thermal energy upward from the cooling pluton is regarded 

as the primary cause of extensive fracturing, fluid circulation, and 

subsequent alteration of the lithocap (Norton, 1982b). Fractures in 

lithocaps provide a basis for interpreting hydrothermal alteration at 

the top of a porphyry copper system. 

Sillitoe (1973) has proposed that the top of a porphyry copper 

system consists of a comagmatic, calc-alkaline volcanic pile which is 

1 
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Figure 1. Schematic diagram of a magmatic-hydrothennal system. 

Arrows depict the potential for fluid flow around a 
cooling pluton. From Norton (1982b). 
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cut by apophyses and dikes that originate from a deep parent pluton. 

This model implies a common genesis of volcanic roof rock, pluton, and 

ore. There are insufficient radiometric age data, however, to verify 

this hypothesis (Titley, 1982). Therefore Figure 1 is intended to show 

the lithology of wall rock and roof rock observed in these systems 

without specifying a chronological relationship between volcanism and 

intrusion. 

Several lines of evidence support the hypothesis that Red 

Mountain, in Santa Cruz County, Arizona, represents the lithocap 

region of a mineralized magraatic-hydrothermal system. Red Mountain is 

an extensive Laramide volcanic pile that hosts hydrothermal alteration 

and porphyry copper mineralization over an area of 50 square km and 

over a vertical interval of 2 km. The shallow alteration assemblage 

of quartz, alunite, kaolinite, sericite, and pyrite reported at Red 

Mountain (Corn, 1975; Bodnar and Beane, 1980) is characteristic of 

hydrothermal alteration at the top of a porphyry copper system (Silli-

toe, 1973; Gustafson and Hunt, 1975). In fact, deep drilling by Kerr-

McGee Corporation has delineated a pronounced vertical zoning of 

silicates and sulfides centered on a chalcopyrite-pyrite shell that 

lies 1 to 2 km beneath the surface of Red Mountain (Quinlan, 1981). 

Associated with the porphyry copper mineralization are shallow, closely 

spaced dikes and a deep breccia pipe (Quinlan, 1981). These alteration 

and lithologic characteristics suggest the presence of a pluton be

neath Red Mountain. In addition, fluid inclusion studies indicate 

that fluid temperatures decreased with time from 450 to 200°C over a 
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vertical interval of 1500 m (Bodnar and Beane, 1980); this elevation 

of temperatures over an extended vertical interval requires an igneous 

heat source. Despite these indications, deep drilling to 2 km has 

failed to penetrate a parent stock. Nonetheless the working hypothesis 

for Red Mountain is that of a lithocap overlying a presumed deep 

piuton. 

Purpose of Study 

Titley (1982, p. 102) has observed that "little can be stated 

with certainty concerning the evolution of fractures in pre-ore rock 

above a piuton." Many fracture studies of porphyry copper plutons 

exist (Rehrig and Heidrick, 1972; Titley, 1978; Haynes and Titley, 

1980; Heidrick and Titley, 1982), but few data on lithocaps are avail

able because of the destruction of original cover rock by erosion. 

Therefore the purpose of this investigation is to map the mineralogy, 

abundance, and attitude of fractures across the surface of Red Mountain 

and relate these data to the evolution of the entire hydrothermal 

system. 

Method of Study 

This investigation focused on smooth-surfaced, continuous, 

planar fractures (J-j joints of Heidrick and Titley, 1982) that control 

the distribution of hydrothermal alteration at Red Mountain. In order 

to evaluate the characteristics of these fractures in outcrop, nearly 

300 circular areas of 0.25 square m were examined in detail. At each 

sample site, seven parameters were evaluated: (1) rock type. 
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(2) leached capping mineralogy, (3) mineralogy of fracture-controlled 

alteration, (4) fracture density, (5) attitude of fractures, (6) conti

nuity, width, and spacing of fractures, and (7) vein paragenesis. The 

field methods were adapted from the fracture study of Haynes and 

Titley (1980). 

In this study, fracture density was determined by dividing the 

cumulative length of all mineralized fractures by the total sample 

area, yielding dimensions in inverse cm. Because steeply dipping 

fractures are the dominant style, horizontal sample areas were used 

in order to limit bias. 

The fine grain size of alteration minerals along fractures made 

visual identification difficult, so x-ray diffraction became the prin

cipal means of mineral identification. Chip samples of vein and 

selvage minerals were collected at 90 sites across the lithocap. All 

samples were ground into a powder finer than 100 mesh, and then ana

lyzed on a Siemens 0500 Diffractometer. Samples were identified by 

comparison with the Hanawalt index (ASTM Powder Diffraction File 1967) 

and with diffraction patterns of mineral standards provided by the 

Mineral Museum of the University of Arizona. 

The supergene alteration of the volcanics was also examined. 

Qualitative determination of leached capping mineralogy was based on 

the relative proportions of jarosite, hematite, and goethite in the 

limonite assemblage. Some x-ray analysis of iron oxides in veins 

supplemented the field observations. Examination of thin sections of 

the various rock types, vein assemblages, and leached cappings 
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provided additional information on the mineralogy and texture of the 

altered volcanics. 

Several types of graphical projections are used in this report 

for the presentation and interpretation of fracture data. Activity-

activity diagrams show the equilibrium phase relationships among the 

minerals of an alteration assemblage and the coexisting aqueous fluid. 

These diagrams illustrate how mineral stabilities vary as a function 

of temperature, pressure, and fluid composition. Rose diagrams and 

lower hemisphere Schmidt equal-area nets describe the attitude of 

fractures with respect to vein assemblage, host rock, and fracture 

type. 

Previous Work 

The results of previous investigators provide a firm basis for 

this study. Corn (1975) and Quinlan (1981) have outlined the vertical 

and lateral zoning of silicate and sulfide mineralization at Red 

ttountain. Quinlan has described the characteristics of the deep sul

fide bodies. Bodnar and Beane (1980) have published information on 

the temperature and composition of the hydrothermal fluids from 

results of their fluid inclusion study at Red Mountain. Knight (1977) 

has analyzed the formation of lithocap alteration assemblages by com

puting the irreversible reactions between a volcanic host rock and an 

acidic, sulfate-rich hydrothermal fluid. Norton (1982a and 1982b) has 

delineated the themal history, mass flux, and fluid pathlines within 

lithocap regions overlying magma chambers. 
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Location of Field Area 

Red Mountain is located in the Harshaw mining district at the 

northern end of the Patagonia Mountains, about 80 km southeast of 

Tucson, Arizona {Fig. 2). Access from the town of Patagonia is along 

the Harshaw Creek road for 9 km, then west up the drill road to the 

summit of Red Mountain. 
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Figure 2. Location of Red Mountain. 



CHAPTER 2 

DISTRICT GEOLOGY 

Geologic Setting 

The geology of Red Mountain, the Harshaw mining district, and 

the Patagonia Mountains has been compiled through the work of Schrader 

(1915), Drewes {1971a. 1971b, 1972a, 1972b), Simons (1971, 1974), and 

Corn (1975). The major geologic elements of this region are shown in 

Figure 3. 

Sedimentary, volcanic, and intrusive rocks of Precambrian 

through Quaternary age are exposed in this area. The oldest rocks are 

Precambrian intrusive rocks that crop out on the east and west flanks 

of the Patagonia Mountains. Paleozoic limestones, dolomites, and 

quartzites of Middle Cambrian to Early Permian age unconformably over

lie the Precambrian rocks (Simons, 1974). An extensive Mesozoic 

volcanic succession nearly 3 km thick overlies the Paleozoic sedi

mentary rocks. The Mesozoic volcanic rocks occupy much of the eastern 

and southern parts of the Patagonia Mountains. These rocks include 

"rhyolitic to andesitic Triassic volcanics. Cretaceous volcaniclastics 

and fine-grained sedimentary rocks, and Cretaceous andesitic to 

rhyolitic volcanics" (Corn, 1975, p. 1439). Numerous Triassic, 

Jurassic, and Tertiary plutons intrude this volcanic succession. The 

youngest rocks of this region are Quaternary alluvial gravels exposed 

in the Sonoita and San Rafael Valleys. 

9 
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Red Mountain, a Late Cretaceous to Early Tertiary volcanic 

pile, occurs north of the main Patagonia range (Fig, 3). Red Mountain 

is composed of andesitic and silicic volcanics that are intruded by 

monzonite porphyry dikes and sills (Corn, 1975). The shallow intrusive 

activity at Red Mountain may be related to the nearby Patagonia pluton, 

which is a 58 to 63 m.y. granodiorite that intrudes all older rock 

units in the southern Patagonia Mountains. 

Three different fault trends dominate the structure of the 

Patagonia I-tountains (Fig. 3). The oldest faults are north- and east-

striking high-angle normal faults that separate the Mesozoic and 

Paleozoic rocks of the eastern Patagonia Mountains into several struc

tural blocks (Simons, 1971). Several thousand feet of displacement 

occurred along these faults throughout Mesozoic time (Simons, 1974). 

These faults terminate against, but do not offset, the northwest-

striking Harshaw Creek fault zone (Simons, 1974). Northwest striking 

fault zones are the major structural element of the Patagonia Mountains. 

Simons (1971) has reported stracigraphic separation of more than 3 km 

and apparent left-lateral slip of 6 to 8 km along the Harshaw Creek 

fault zone, which separates the Red Mountain lithocap from the main 

Patagonia range (Fig. 3). Similar displacement is reported a'l '^' 'j 

northwest-striking faults that flank both sides of the Patagonia 

pluton. These structures appear to have controlled the emplacement of 

Jurassic and Paleocene intrusions (Corn, 1975). The youngest regional 

faults are Basin-and-Range structures. The northeast-striking 
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Patagonia fault is a Late Tertiary normal fault that elevated Red 

Mountain and the Patagonia range relative to the Sonoita Valley (Corn, 

1975). 

Mineralization 

Schrader (1915), Keith (1975), Corn (1975), Quinlan (1981), 

and Koutz (1981) have described the mineral deposits of the region. 

Four important types of mineralization occur: (1) the deep porphyry 

copper prospect at Red Mountain, (2) the copper-rich Four Metals 

breccia pipe, (3) the copper-lead-zinc skarn of Duquesne-Washington 

Camp, and (4) the silver-lead-zinc lodes that occur at several mines 

along the Harshaw Creek fault zone, including the Flux, World's Fair, 

Trench Camp, Alta, and Hardshell mines (Fig. 3). 

The breccia pipe and skarn deposits are clearly associated with 

the Patagonia pluton. The origins of the lithocap copper prospect and 

the silver-lead-zinc lodes are not so clearly established. The 

porphyry mineralization has not been precisely dated, but it clearly 

is younger than the uppermost tuffaceous unit at Red Mountain that 

Drewes (1972a) correlates with the 60 million year old Gringo Gulch 

volcanics of Temporal Gulch (Fig. 3). The cupola beneath Red Mountain 

may interconnect with the copper-bearing Patagonia pluton that lies 

3 km to the south. 

The relationship between the deep porphyry copper prospect 

and the northwest belt of silver-lead-zinc deposits remains a per

plexing problem. Veins similar to those along the Harshaw Creek fault 
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zone occur in a northwest belt of mines within the exterior of the 

lithocap (Schrader, 1915) (see Fig. 3). According to Corn (1975), 

lead and zinc assay values increase away from the center of copper 

mineralization; Corn feels that the exterior veins are an "integral 

part of the alteration-mineralization system at Red Mountain" (p. 1446). 



CHAPTER 3 

GEOLOGY OF RED MOUNTAIN 

Geologic Relationships 

Corn (1975) and Quinlan (1981) have published detailed des

criptions of the geology of Red Mountain. Tha surface geology Is 

sketched out in Figure 4 and mapped in detail in Figure 6. Red 

Mountain is underlain by three layered vclcanic units. The lower 

unit, the felsite-latite (Kfl), is a complex assemblage of "volcanic 

breccias, silicified tuffs, and flows that are cut by latite dikes 

and sills" (Quinlan, 1981, p. 3). According to Quinlan, the felsite-

latite unit correlates with the Upper Cretaceous silicic volcanics 

(Kv and Kla units) mapped by Simons (1974). Overlying the felslte-

latite unit are 1000 m of andesitic flows, breccias, sills, and dikes. 

Quinlan has correlated this andesite unit (Ka) with 72 m.y. Meadow 

Valley trachyandesite mapped by Simons (1974). Overlying the andesite 

unit are the Red Mountain volcanics (TKr), which consist of 500 to 700 m 

of trachytic to latitic tuffs, flows, and breccias. According to 

Drewes (1972a), the Red Mountain volcanics are the altered equivalent 

of the 60 m.y. Gringo Gulch volcanics of Temporal Gulch (Fig. 3). 

Breccia and monzonite porphyry intrude the entire volcanic 

succession (Corn, 1975). The Intrusive breccias crop out along an 

arcuate zone just above the tuff-andesite contact, and also occur in 

14 
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Modified from Corn (1975). 
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deep drill holes within the core of Red fountain. The porphyry occurs 

as thin dikes at shallow depths and as a large, irregular sill at the 

base of the tuffs (Corn, 1975). Deep drilling has not intercepted the 

parent pluton; therefore the precise location of the intrusive center 

of this system is not known. An arcuate zone of intrusive breccias, 

dikes, and faults that encircles Red Mountain may represent the bound

ary of a collapsed caldera (Corn, 1975). The elevation of the base of 

the upper tuff unit beneath Red Mountain is substantially lower than 

outcrops of nearby trachyandesite, indicating that subsidence of 300 m 

or more may have occurred. 

Petrography of Rock Units 

The Red Mountain volcanics are fine-grained rocks whose primary 

mineralogy and texture have nearly been obliterated by strong hydro-

thermal alteration and subsequent weathering. Microcrystalline quartz, 

sericite, and kdolinite replace most of the original minerals, result

ing in white to gray, massive outcrops. Oxidation of disseminated 

pyrite produces limonitic assemblages which characteiistically strain 

these outcrops with hues of yellow, rust red, and burnt orange. 

Petrographic examination of rare relict textures indicates that these 

rocks are sparsely porphyritic trachyte lavas and tuffs in which 0,5 

to 3 mm K-feldspar laths and 0.1 to 1 wn clinopyroxene grains occur in 

a fine matrix of feldspar microlites and devitrified glass. Steep, 

blocky joints are abundant, while rare, low-angle fracture planes may 

represent primary flow layering. 
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The Gringo Gulch volcanics, thought to be the unaltered equiva

lent of the Red Mountain volcanics (Drewes, 1972a), are rhyolitic to 

dacitic tuffs in which the degree of welding varies widely. Petro-

graphic examination of one sample from the upper unit of the lower 

member (Tgli of Drewes, 1972a) reveals a poorly welded, medium-grained 

vitric tuff. Phenocrysts include argillized feldspars, angular quartz 

fragments with concave borders, and slightly flattened pumice frag

ments. The matrix contains fine fragments of quartz, feldspar, and 

devitrified glass. 

The typical andesite underlying the Red Mountain volcanics 

is a fine- to medium-grained, porphyritic lava with a pilotaxitic or 

hyalopilitic groundmass. Abundant phenocrysts include 1 to 5 mm 

lathlike plagioclase (Angg) and 0.2 to 1 mm prismatic augite. Some 

samples contain rounded fragments of volcanic glass with spherulitic 

texture. The matrix consists of plagioclase microlites, interstitial 

K-feldspar, and fine-grained hematite. Pervasive argillization of the 

andesite along the contact with the Red Mountain volcanics has pro

duced a zone of soft, white, altered rock. The andesite further from 

the contact is a greenish-gray rock with minor goethitic staining. 

Flow layering within the andesite is often well-developed; recuntent 

folding of this flow layering occurs along the creek walls that 

parallel the beginning of the drill road up to Red Mountain. 

The felsite-latite unit underlying the andesite crops out 

only along the southwestern border of the lithocap in Alum Gulch. 
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The uppermost rocks of this unit are "white to light gray vitric tuffs 

and subordinate lithic tuff" (Simons, 1971, p. E17). Hicrocrystalline 

quartz, sericite, and disseminated pyrite replace much of the origi

nal rock. 

The monzonite porphyry is a fine- to medium-grained, light-

colored rock showing the effects of pervasive alteration. A relict 

porphyritic texture remains, but the 1 to 3 mm feldspar phenocrysts 

have been completely altered to sericite. The matrix consists of 

anhedral quartz, shredded, intergranular sericite, and euhedral 

pyrite. Zircon also occurs as an accessory mineral. 

Sulfide Mineralization 

Quinlan (1981) has described the characteristics of porphyry 

copper mineralization et Red Mountain. Four distinct types of min

eralization occur; (1) a supergene chalcocite blanket concentrated 

at the 5000 ft elevation, (2) pyrite-enargite veins that occur 

directly beneath the chalcocite blanket, (3) a deep, irregular shell 

of chalcopyrite and pyrite that also directly underlies the enriched 

blanket, and (4) a breccia pipe, rich in copper, molybdenum, and 

silver, that is associated with the deep sulfide shell (Fig. 5). The 

chalcocite blanket and the pyrite-enargite veins are important 

elements of the upper levels of many porphyry copper systems (Gustafson 

and Hunt, 1975; Knight, 1977). 
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CHAPTER 4 

MINERALOGY OF FRACTURE-CONTROLLED ALTERATION 

Detailed mapping of fractures and x-ray diffraction analysis 

of vein mineralogy indicate that four distinct zones exist across the 

surface of Red Mountain (Fig. 6). These zones can be distinguished 

by their vein mineral assemblages, fracture density values, leached 

capping characteristics, and spatial relationships to the deep sul

fide deposits. The mineralogy of veins and leached cappings is listed 

in Table 1. 

Vein Mineral Assemblages 

Quartz, sericite, pyrite, alunite, and kaolinite form the 

alteration assemblage of zone 1. This zone occupies much of the 

western slopes of Red Mountain; zone 1 is centered on the monzonite 

porphyry intrusion but also fingers southeastward along Alum Gulch 

(Fig. 6). Zone 1 occupies the lower levels of the Red Mountain vol-

canics. Examination of thin sections from zone 1 reveals numerous 

cross-cutting veinlets, usually between 0.2 to 2 mm wide, consisting 

of granular quartz and subhedral to euhedral pyrite. Adjacent sel

vages consist of quartz and shredded to lathlike sericite. The grain 

size of veinlet quartz ranges from 0.1 to 0.3 irm, as does the size of 

sericite and pyrite grains. Quartz in selvages is much finer. The 

effect of overlapping vein selvages is pervasive alteration of the 
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Table 1 Vein minerals 

Mineral Chemical Formula Occurrence & Abundance 

zone 1 zone 2 zone 3 zone 4 

Shallow Hypogene 

Albite NaAlSigOg r 

A1unite KAl3(S04)2(0H)g c a a 

Bornite r 

Calcite CaC03 a 

Chalcopyri te CuFeSg r 

Chlorite (Mg,Fe)gAlSi30^Q(0H)Q c 

Enargite CUgAsS^ r r 

Epidote Ca2(Al,Fe)3Si 30-,2(OH) c 

Kaolin He Al2Si205(0H)^ c a 

Molybdenite M0S2 c 

Pyri te FeSg a c r r 

Pyrophyl1i te A12Si^0-jQ(0H)2 c 

Sericite KAl2{AlSi3)0^0(0H)2 a a c 

Quartz Si02 a a a r 

Leached Capping 

Goethite Fe203 • nH20 c c a 

Hemati te Fe,03 r a c 

Jarosite KFe3(S0^)2(0H)5 a c r 

Shallow Supergene 

Chalcocite CU2S c c 

Kaolinite Al2Si205(0H)4 a 

Sericite i<Al2(AlSi3)0^Q(0H)2 c c 

Gypsum CaSO^ • 2H2O a 

a abundant c common r rare 
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original minerals to quartz and sericite. The vein mineralogy of 

zone 1 correlates with the phyllic assemblage of Lowell and Guilbert 

(1970), but differs in that alunite occurs with quartz in many veinlets, 

particularly in the cliffs above the head of Aztec Gulch (Fig. 6). 

The principal sulfide of zone 1 is pyrite; according to Corn 

(1975), 10 to 20 weight % pyrite occurs in these outcrops. Additional 

sulfides are present, particularly in the roadcuts adjacent to the 

various drill pads above the head of Aztec Gulch (Fig. 6). Near drill 

holes 149 and 153, molybdenite occurs in veinlets with quartz and 

pyrite, and chalcocite coats many pyrite grains. The head of Aztec 

Gulch is clearly a region of extensive sulfide mineralization at the 

surface. 

Quartz, alunite, pyrophyllite, sericite, pyrite, and enargite 

form the alteration assemblage of zone 2. This zone occupies the 

center of the lithocap within the upper levels of the Red Mountain 

volcanics (Fig. 6). Observations of outcrop and thin section reveal 

the style of mineralization of zone 2. Narrow alunite-quartz stringers, 

usually 1 to 5 mm wide, cut wall rock that has been pervasively altered 

to quartz and sericite. X-ray diffraction analysis of these veinlets 

reveals that pyrophyllite occurs with quartz and alunite. The pyro

phyllite probably occurs as a vein selvage, but i t  can not be dis

tinguished optically from sericite. The textures of the abundant vein 

minerals are best seen in thin section. Alunite occurs as very fine 

aggregates of tabular or pseudorhombic crystals within a matrix of 
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anhedral quartz. The vein mineralogy of zone 2 correlates with the 

advanced argil lie assemblage of Meyer and Hemley (1967). 

The principal sulfide of zone 2 is pyrite, but much of it  is 

strongly oxidized at the surface. Enargite, a copper sulfosalt, 

occurs with pyrite in northwest- striking veins that cut the center 

of zone 2 (Fig. 6). The enargite-pyrite veins occur at a level that 

is above a prominent sphalerite zone but below the chalcocite blanket 

(Corn, 1975), namely at elevations between 4300 and 5000 ft above sea 

level (Fig. 5). 

An assemblage of quartz, alunite, kaolinite, sericite, and 

pyrite characterizes zone 3. This zone forms a large, concentric 

region that encloses zones 1 and 2 (Fig. 6). The style of minerali

zation in zone 3 is similar to zone 2, but three important differences 

exist: (1) kaolinite, not pyrophyllite, is the stable aluminosilicate; 

the assemblage of quartz-alunite-kaolinite occurs along fractures and 

also replaces substantial volumes of wall rock, (2) pyrite is much 

less abundant and more widely disseminated, (3) sericite is less 

abundant. The vein mineralogy of zone 3 also correlates with the 

advanced argillic assemblage of Meyer and Hemley (1967). 

The alteration assemblage of zone 4 consists of calcite, gypsum, 

quartz, albite, chlorite, epidote, and pyrite. Zone 4 occurs along 

the eastern and southern margins of the lithccap within the Cretaceous 

andesite (Ka) (Fig. 5). The complex mineralogy of zone 4 correlates 

with the propylitic assemblage of Rose (1970). Each mineral has its 
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own distinctive habit. Calcite occurs in cross-cutting veinlets and 

in vugs and cavities. Thin sections show that calcite also replaces 

plagioclase phenocrysts. Gypsum occasionally forms in veinlets, but 

more often it occurs in large mounds of strongly weathered andesite. 

AT bite and quartz occur only rarely in veins. Scattered seams of 

chlorite, epidote, and pyrite are reported (Corn, 1975). Thin sections 

reveal that these minerals coimionly rim phenocrysts of augite and 

hornblende. 

Temperature and Pressure Constraints 

The vein assemblage of quartz-pyrophyllite-alunite within 

zone 2 provides a constraint for estimating the temperatures that pre

vailed witnin the upper lithocap. The effects of temperature on the 

phase relationships among the minerals of this assemblage and an 

aqu'ious fluid rae^y be examined with the aid of activity - activity 

diagrams of the system K20-Na20-Al203-Si02-S0^-H20 (Figs. 7-9). At 

pressures corresponding to vapor-liquid equilibrium in the H2O system 

(Fig. 7), pyrophyllite coexists with quartz and alunite only when 

temperatures fall within the interval of 275 and 350°C. At pressures 

of 200 to 300 bars (Fig. 8), pyrophyllite coexists with quartz and 

alunite only when temperatures fall between 275 and 360°C. At pres

sures between 400 bars and Ikbar (Fig, 9), pyrophyllite coexists with 

this same asseinblage only between 300 and 375°C. So at any pressure 

between 1 bar and 1 kbar, the assemblage of quartz-pyrophyllite-alunite 

occurs only at temperatures above 275 and below 375°C. 
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Temperature constraints derived from the analysis of mineral 

stabilities corroborate data from fluid inclusion studies at Red 

Mountain. The temperature interval predicted by the equilibrium 

relationships among quartz, alunite, pyrophyllite, and an aqueous 

phase correlates quite well with the 250 to 375°C range in homogen-

ization temperatures for the "later, hypersaline fluid" reported by 

Bodnar and Beane (1980). 

The other vein assemblages provide only general constraints 

on temperature and pressure (Figs. 7-9). At any pressure between 

1 bar and 1 kbar, quartz, alunite, and kaolinite coexist at temp

eratures below 275°C. Quartz and muscovite coexist at all tempera

tures and pressures shown in these diagrams. 

Pressure constraints on the lithocap assenijlages are harder 

to establish. The assent)lage of quartz-alunite-pyrophyllite is 

stable over a wide range of pressures provided that the temperature 

is maintained between 275 and 375®C. Fortunately, the fluid inclusion 

study of Bodnar and Beane (1980) provides data on pressures associated 

with hydrothermal activity at Red Mountain. These workers have 

determined the existence of two generations of hydrothermal fluids: 

(1) an early fluid, with low to moderate salinity, that boiled at 

temperatures between 375 and 425°C, and (2) a later, cooler, hyper

saline fluid that did not boil. No unique pressure can be established 

for the non-boiling fluid. But Bodnar and Beane have calculated that 

hydrostatic pressures of 200 to 350 bars prevailed during deposition 

of the early veins. To account for the lower homogenization 
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temperatures of the hypersaline fluid, these workers have speculated 

that pressures during the two stages of vein filling were not 

drastically different. 

Variations in Lithocap Vein Assemblages 

Perturbations in temperature and pressure within hydrothermal 

systems cause variations in the activity of SiOg in the hydrothermal 

fluid that profoundly affect the predicted equilibrium assemblages 

(Norton, 1982b), Equilibrium phase relationships in the system 

K20-Na20-Al202-Si02-S0^-H20 have been mapped at 300 bars with emphasis 

on the activity of SiOg in the aqueous phase (Fig. 10). With increas

ing activity of aqueous SiOg, amorphous silica replaces quartz as the 

stable Si02 polymorph. Depending on the temperature and the activity 

of SiOg in the hydrothermal fluid, one of four stable assemblages can 

exist: (1) amorphous silica-pyrophyllite-alunite, (2) quartz-anda-

lusite-alunite, (3) quartz-pyrophyllite-alunite, and (4) quartz-

kaolinite-alunite. Amorphous silica coexists with pyrophyllite and 

alunite at all temperatures between 50 and 400°C, while quartz coexists 

with pyrophyllite and alunite only between 275 and SeO^C (Fig. 10). 

Assemblages (3) and (4) both occur at the surface of Red Mountain. No 

amorphous phases of silica were detected at Red Mountain. Apparently, 

the activity of Si02 in the hydrothermal fluid never exceeded that of 

quartz saturation. 
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Paraqenesis 

Field observations suggest that fractures formed at closely 

spaced intervals throughout the time of formation of each alteration 

asserrf)lage. Within each zone, fractures containing similar alteration 

minerals cut across one another. Furthermore, fracture sets with 

different orientations consistently cut across one another within 

the phyllic and advanced argil lie assemblages. Fractures striking 

NlE+20° consistently cut fractures striking N90E+20°. These two 

fracture sets occur throughout the lithocap. The youngest fracture 

sets strike N45E+10° and N30W+10°, but the age relationship between 

these two sets is ambiguous. These younger fracture sets are most 

abundant near the head of Aztec Gulch. These data suggest that frac

tures formed simultaneously throughout much of the lithocap. 

It is difficult to establish definite chronologic relations 

among the various vein assemblages because of the lack of clear cross-

cutting relationships. Many workers discuss the difficulty of estab

lishing an unequivocal age relationship between the phyllic and 

advanced argillic assemblages (Titley, 1982; Beane, 1982; Meyer and 

Hemley, 1967). Titley has speculated that "quartz-alunite-pyrophyllite 

veinlets may be synchronous with quartz-sericite-pyrite alteration of 

vein selvages" (p. 104), whereas Beane has suggested that hypogene 

acid- sulfate alteration "may be even later" than phyllic alteration 

(p. 121). 

Within zone 2 of the lithocap, quartz-alunite-pyrophyllite 

veinlets cut wall rock that has been pervasively altered to quartz 
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and sericite (Fig. 11). Two genetic models seem plausible: (1) the 

quartz-alunite-pyrophyllite veinlets represent a later episode of 

fracturing that is superimposed upon phyllic alteration, or (2) pre

cipitation of quartz-alunite-pyrophyllite in fractures occurs 

simultaneously with the destruction of the wall rock to quartz and 

sericite. 

Interpretations of similar vein relationships at Butte and 

El Salvador favor the first model. At Butte, an advanced argil lie 

assemblage of kaolinite-dickite-quartz-alunite occurs immediately 

adjacent to sulfide veins in pervasively sericitized rock. According 

to Meyer et al (1968), dickite and kaolinite have replaced sericite. 

These workers have reasoned that a solution circulating through the 

phyllic zone will acquire a sufficiently high hydrogen activity to 

"overrun the sericite-feldspar buffer;" consequently the solution will 

attack the sericite to produce the advanced argillie assemblage (Meyer 

et al, p. 1414). At El Salvador, "advanced argil lie assemblages appear 

to be superimposed upon sericite or sericite-andalusite assemblages 

rather than formed directly from fresh or K-silicate altered rock" 

(Gustafson and Hunt, 1975, p. 900). Andalusite and probably sericite 

are partially replaced by diaspore and pyrophyllite, and near surface 

pebble dikes with diaspore halos cut late sericitic "D" veins 

(Gustafson and Hunt, p. 901). 

Earlier work at Butte by Sales and Meyer (1950) supported the 

hypothesis that sericitization and argillization were contemporaneous 
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Alunite-Quartz 

Pyro phyll ite-Quartz 

Sericite-Quartz 

Figure 11. Cross-cutting vein relationships in zone 2 of lithocap. 
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processes. Burbank (1950) also felt that the "formation of sericite 

and of the hydrothermal clays" at Red Mountain, Colorado "was a 

concurrent or at least a greatly overlapping process" (p. 295). Later 

work by Knight (1977) provides a possible mechanism. 

Knight (1977) has demonstrated that when an acidic, sulfate-

rich solution is irreversibly reacted with K-feldspar, a zoning 

pattern is produced that is similar to that adjacent to and along 

alunite veins. For the Red Mountain system, the predicted isothermal 

zoning pattern adjacent to alunite veins (quartz is present in each 

case) is: alunite, alunite-pyrite, alunite - pyrophyllite-pyrite, 

alunite-pyrophyllite, pyrophyllite, muscovite, microcline, and even

tually, unaltered host rock (Fig. 12). 

This predicted zoning pattern closely resembles the actual 

vein relations shown in Figure 11, with the modification that pyrite 

has been strongly oxidized in these outcrops. Thus the deposition of 

alunite along fractures can coincide with the formation of quartz and 

sericite vein selvages. Overlapping selvages can create the impression 

that alunite veins cut quartz-sericite wall rock, while in fact all 

alteration forms simultaneously. 

A definite chronological relationship between the phyllic and 

advanced argillie assenijlages cannot be established at Red Mountain 

because of the lack of clear cross-cutting relationships. Knowledge 

of the thermal history of the lithocap, however, can place restrictions 
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on the absolute time of formation of these assemblages. This subject 

will be discussed in Chapter 7. 

Composition of the Hydrothermal Fluid 

The phyllic and advanced argil lie assemblages of the Red 

Mountain lithocap are the products of extensive hydrogen ion metasoma

tism of trachytic tuffs by circulating hydrothermal fluids. Further

more, the formation of alunite requires large amounts of sulfate ions 

2 + 2-
in the aqueous flu"d. The value of log A (H )-A(SO^ ) must fall 

between -12 and -14 for alunite to coexist with pyrophyllite, muscovite 

quartz, and an aqueous phase (Figs. 8-9). Reactions that produce 

alunite and pyrophyllite consume large amounts of sulfate and hydrogen 

ions; "formation of alunite requires that both ions be extremely 

2_ abundant (pH = 4, SO^ = 100 ppm) or that they be continually replen

ished as they are consumed" (Knight, 1977, p. 1327). 

Oxidation of HgS could account for large amounts of sulfate 

and hydrogen ions: 

2H2S + 4O2 = + HSO4 + SO^" 

The initial log aHgS must equal or exceed -2 in order to 

produce 10 weight % alunite from K-feldspar (Knight, 1977, p. 1328). 

Another constraint can be placed on the composition of the 

hydrothermal fluid. The fluid must be in equilibrium with quartz: 

Si02(quartz) = SiOgCaqueous) 

log K = log a5i02(aqueous) 
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Because the composition of quartz is assumed to be pure 

SiOg, the activity of quartz is unity. So at any pressure and temp

erature, the activity of SiOg in solution equals the equilibrium 

constant of the dissociation reaction. 

Fluids in active geothermal systems have a chemical signature 

similar to that suggested for the hydrothermal fluids that altered 

Red Mountain. Acidic, sulfate-rich fluids at Yellowstone Park are 

in equilibrium with kaoliriite, alunite, and silica minerals (Rayma-

hashay, 1968). Raymahashay's "typical acid springhas 20 ppm K, 

20 ppm Na, 30 ppm CI, 150-200 ppm S0^~, and pH = 3, while certain 

acid-sulfate-chloride springs have 14 ppm K, 158 ppm Na, 166 ppm CI, 

400 ppmSO^', and pH = 2.45" (p. 504). Raymahashay's values for 

hydrogen and sulfate ions agree with those of Knight (1977). 

The acid-sulfate-chloride fluid of Raymahashay (1958) might 

correlate with the "later, hypersaline fluid" of Bodnar and Beane 

(1980). If so, one might expect natroalunite (Na,K)Al2(S0^)2(0H)g 

to be stable at Red Mountain. According to Bodnar (1978), sodium-

rich alunite occurs at depths of 150 m. But the results of x-ray 

diffraction analysis of 40 surface samples of alunite range from 

70 to 100 atomic % potassium using the formula of Cunningham and 

Hall (1976). These data suggest that extensive leaching of sodium 

may have occurred in the advanced argil lie assemblage, as predicted 

by Meyer and Hemley (1967). 



CHAPTER 5 

PHYSICAL CHARACTERISTICS OF FRACTURES 

Physical characteristics that were mapped in outcrop include: 

(1) linear dimensions of fractures, (2) fracture density, (3) attitude 

of fractures, and (4) fracture pattern. These data provide a basis 

for evaluating hydrothermal activity at high levels within a porphyry 

copper system. 

Scale of Fractures 

The dimensions of fractures at Red Mountain vary according to 

the scale at which they are mapped. Fractures control the distribu

tion of alteration at all scales. On a regional scale, high-angle 

structures strike along northwest trends for several km. These 

structures, particularly the Harshaw Creek fault zone and the pyrite-

enargite veins, represent primary flow channels that control mineral

ization throughout the Harshaw mining district (Koutz, 1981; Norton, 

1982b). 

Fractures in outcrop at Red Mountain range from smooth, con

tinuous, planar, mineralized fractures to discontinuous, rarely 

mineralized fractures. Heidrick and Titley (1982) have classified 

the continuous mineralized fractures as J-] joints and the discon

tinuous fractures as joints. Mineralized fractures are the 
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basis of this investigation. J-j fractures at Red Mountain extend 

from 1 to 10 m. Most are between 0.1 and 1 cm wide, though some 

range up to 5 cm. These fractures are spaced 5 to 50 cm apart. 

The J"! fractures have been classified as tension fractures using 

the following criteria: (1) presence of hydrothermal minerals filling 

fractures, {2} presence of vein selvages and altered fracture walls, 

(3) absence of granulation or smearing of minerals, (4) absence of 

abj;u[)t changes in orientation of rock fabric at the walls of fractures, 

(5) absence of slickenslides, (6) minimal shear offset of veins (1 to 

5 cm). J-j fractures are secondary flow channels that control min

eralization and alteration throughout the lithocap. 

In thin sections, abundant microfractures occur as discontin

uous features that contain quartz and pyrite. These microfractures 

correspond to the joints of Heidrick and Titley (1982). The micro

fractures may contain the bulk of the "disseminated" mineralization 

reported by Corn (1975). 

The many scales of lithocap fractures reflect the variable 

nature of porosity in hydrothermal systems. The mesoscopic fractures 

represent flow porosity, while the microfractures represent diffusion 

porosity (Norton and Knapp, 1977}. Flow and diffusion porosity amount 

to only a small fraction of the total porosity, most of which is tied 

up in isolated pores (Norton and Knapp). 
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Fracture Density 

Fracture density values vary across the lithocap. The 

central and western areas of the lithocap present contrasting 

patterns (Fig. 13). A central region includes much of the volcanic 

pile. Within the central region, fracture density values increase 

with depth through the Red Mountain volcanics (TKr), but decrease 

laterally outward to the trachyandesite (Ka). The highest fracture 

density values (0.2 to 0.3 per cm) occur at the head of Aztec Gulch, 

The western region lies entirely within zone 1. The highest fracture 

densities of the entire lithocap (0.3 to 0.4 per cm) occur within an 

irregular monzonite porphyry intrusion that contains numerous, closely 

spaced dikes. Within the western region, fracture density values 

vary only with respect to lateral distance from the intrusive contact. 

Contouring the data reveals that fracture density values 

within the central lithocap vary according to the vertical and lateral 

distance from the region of high total sulfides at the head of Aztec 

Gulch (Fig. 13). Vertical position within the volcanic pile seems 

to be the strongest control. Thus zone 2, which overlooks the head 

of Aztec Gulch, nevertheless has low fracture densities of 0.05 to 

0.1 per cm because it  occupies the uppermost levels of the tuffs. 

Conversely, fracture density values up to 0.2 per cm occur in many 

of the drainages of zone 3 that extend radially away from Red Mountain. 

This 0.2 per cm fracture density contour passes through rock that is 

laterally distant from Aztec Gulch, but which occupies roughly the 
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same vertical position (elevation 5100 to 5300 ft). These data 

support the idea of Quinlan (1981), who has suggested that "alter

ation extended farther laterally in the tuff unit than in the 

underlying andesite" (p. 4), The lowest fracture density values 

(0.05 per cm) occur in the trachyandesite at the margin of the 

lithocap (zone 4). 

Attitude of Fractures 

The strike and dip of veins, unmineralized joints, and flow 

layering planes have been mapped across the lithocap (Fig. 14). Rose 

diagrams and lower hemisphere Schmidt equal-area nets that describe 

the attitude of fractures with respect to vein assemblage, rock type, 

and fracture type (Figs. 15-18) reveal three important character

istics. The first characteristic is that fractures in the lithocap 

are randomly oriented, even with respect to vein assemblage or rock 

type (Fig. 15). A lack of systematic fracture orientations was noted 

in the lithocap. This contrasts with the preferred orientations of 

fractures typically found in Laramide porphyry plutons. Heidrick 

and Titley (1982) have suggested that "areas of more abundant and 

less systematic fracturing are closely centered on altered and 

mineralized portions of porphyry systems" (p. 73), In the Red Mountain 

system, randomly oriented fractures and abundant sulfides characterize 

a lithocap region that presumably overlies a deep pluton. 

Another distinguishing feature is that the veins of the 

phyllic and advanced argillic assemblages dip at high angles (60°), 



A. Red Mountain Volcanics (TKr) 602 strikes 

B. Pnyllic Assemblage (Zonel) 238 strikes 

Figure 15. Strike rosettes for veins and unmineralized joints 
of the Red Mountain volcanics and the phyllic 
assen4)lage. The length of each ten degree strike 
bar is proportional to the percentage of total 
strike measurements. 
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while unmineralized joints of these assemblages show a much greater 

scatter of dip angles (Figs. 16-17). These data indicate that high-

angle fractures were the primary flow channels for mineralizing 

f 1 ui ds. 

A third observation is that closely spaced (1 to 2 cm), low-

angle fracture planes occur across the lithocap. These fractures 

strike north and east (Fig. 18). The low-angle fractures presumably 

reflect primary flow layering. Stockwork fractures in many cliffs 

of the lithocap are the result of the intersection of networks of flow 

layering planes with high-angle hydrothennal veins. 

Fracture Pattern 

Many studies document the systematic fracture patterns of 

Laramide porphyry plutons (Rehrin and Heidrick, 1972, 1976; Heidrick 

and Titley, 1982), but data on lithocaps are scarce. Two basic styles 

of fracture orientation occur in porphyry copper deposits of south

western U.S.: (1) a pattern of radial and concentric fractures 

centered on the intrusion; this pattern occurs particularly at the 

tops of plutons, and (2) a set of ENE+20° striking fractures that 

characterizes an area measuring several thousands of square kilometers 

(Heidrick and Titley, 1982). These fracture patterns can be super

imposed on each other within lithocap regions. 

The Safford district shares many similarities with Red 

Mountain; in both systems "copper mineralization occurs in pre-ore 

volcanic rocks, in association with dike and sill swarms, presumably 



22 strikes 

Figure 18. Attitude of flow layering planes of the Red Mountain 
volcanics. A. Strike rosette; B. Lower hemisphere 
Schmidt equal-area net. 
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above a parent plutcn" (Titley, 1982, p. 94). A pattern of radial 

and concentric fractures and a set of ENE+20° striking fractures are 

superimposed on the Lone Star pluton of the Safford district (Heidrick 

and Titley, 1982, p. 84). 

Red Mountain, however, does not share the systematic fracture 

pattern of Safford. Preferred fracture orientations were not detected 

at Red Mountain (Fig. 15). A random distribution of strikes can fall 

into a radial and concentric pattern if plotted with respect to an 

intrusive center (Thompson, 1981). But when the fracture orienta

tions of the phi'llic assemblage (zone 1) are plotted with respect to 

two hypothetical centers at drill hole 125 at the center of the 

monzonite porphyry intrusion and at drill hole A127 near the head of 

Aztec Gulch, the results are negative in both cases (Figs. 19-20). 

Several factors could account for the random orientation of 

fractures at Red Mountain. One factor is the inability to pinpoint 

the intrusive center of this system; deep drilling to 2 km has failed 

to penetrate the parent stock. Another factor to consider is that 

the distribution of principal stresses at the top of the pluton may 

differ from that in the overlying lithocap. The maximum principal 

stress, which is vertical at the top of the pluton, should flatten 

out towards the surface of the lithocap (Norton and Knapp, 1981). 

The chaotic pattern of fractures in the mineralized lithocap 

may represent the effects of positive feedback relationships between 

the processes that form fractures and the processes that seal them 
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(Norton, 1982b). For example, a fracture formed by thermal expansion 

of water in pores will allow more fluid to flow through the rock, thus 

increasing both the rate of convective heat transfer and the rate of 

chemical advection of components. These processes increase the 

chemical affinity of the local system, thereby triggering the pre

cipitation of minerals that seal the fracture. If the rate of frac

ture formation greatly exceeds the rate of fracture filling, however, 

a chaotic network of fractures may result.  



CHAPTER 6 

LEACHED CAPPING CHARACTERISTICS 

Anderson (1982) has outlined the theoretical and empirical 

bases for appraising leached capping. Cappings are classified by 

their limonite and copper mineralogy. Field estimates of the relative 

abundance of jarosite, hematite, and goethite in the limonite assemblage 

can be used to make "semiquantitative estimates of the approximate sul

fide mineralogy and the total sulfide content of the former sulfide 

zone" (Anderson, p. 290). Jarositic cappings form by the oxidation 

of sulfide zones that contain large volumes of pyrite but only minor 

amounts of chalcopyrite. Cappings consisting of pure jarosite imply 

that the volume of total sulfides exceeded 5%. Heme-titic cappings 

form by the oxidation of chalcocite enrichment blankets. The percent

age of hematite in limonite correlates with the percentage of chalco

cite in the former sulfide zone. Goethitic cappings form by the 

oxidation of zones that contain low total sulfide contents. 

A qualitative appraisal of the leached capping of the Red 

Mountain lithocap reveals a spatial association of different limonitic 

assemblages with the zones mapped on Figure 6. Pure jarosite coats 

the weathered outcrops of zone 1, but fresh surfaces contain 10 to 15 

weight % pyrite. Chalcocite coats many pyrite grains. Zone 1, 

especially near the head of Aztec Gulch, represents a deep, primary 
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sulfide zone now exposed at the surface of the lithocap. The 

thoroughly oxidized outcrops of zone 2 contain a complex assemblage 

of abundant hematite and goethite, with local pods of jarosite and 

fresh pyrite. The capping of zone 2 contains the highest percentage 

of hematite in limonite of the entire lithocap, implying that these 

outcrops once hosted high grade chalcocite ore. The hematitic 

capping replaces the chalcocite enrichment zone that once extended 

to the present surface but now is restricted to an elevation of 

approximately 5000 ft  (Fig. 5). Goethite dominates the capping of 

zone 3. The goethitic capping reflects a low total sulfide content 

consistent with the lateral position of zone 3 away from the region 

of abundant sulfide mineralization in Aztec Gulch. Zone 4, the 

propylitic assemblage at the margins of this system, contains minimal 

sulfides and lacks any leached capping. The zoning of leached capping 

reflects a lateral variation in total sulfide contents from high values 

at the head of Aztec Gulch to low values at the margins of the litho

cap. 



CHAPTER 7 

RELATIONSHIP OF FRACTURES TO THE HYDROTHERMAL SYSTEM 

The mineralogical and physical characteristics of fractures 

in outcrop are a consequence of the evolution of the overall hydro-

thermal system. The data obtained at the surface of the lithocap 

must be interpreted within the context of an entire porphyry copper 

system. 

Vertical Zoning of Silicates and Sulfides 

Quinlan (1981) has delineated the vertical zoning of altera

tion revealed by deep drilling at Red Mountain. The vein assemblages 

mapped at the surface have been integrated with the vertical zoning 

pattern (Figs. 21-22). Each surface zone represents a particular 

level with respect to the deep porphyry copper mineralization. The 

quartz-alunite-pyrophyllite-sericite assemblage of zone 2 occupies 

the uppermost level directly above the sulfide deposits. The quartz-

sericite-pyrite-alunite-kaolinite vein assemblage of zone 1 underlies 

zone 2 but extends much farther laterally across the lithocap. Below 

zone 1, a potassic assemblage of biotite-magnetite-pyrite occurs 

throughout the andesite (Ka). The chalcopyrite-pyrite mineralization 

occurs within a copper shell surrounding a potassic core assemblage 

of quartz-orthoclase-biotite-anhydrite; this potassic core occurs 
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1 to 2 km beneath the surface. Zones 3 and 4 are peripheral zones 

that occur at increasing lateral distances from the deep porphyry 

system. 

The distribution and mineralogy of sulfides also show a 

pattern of vertical zoning (Quinlan, 1981). The deep levels host 

low amounts of total sulfides, with chalcopyrite as the primary 

copper mineral. The shallow levels contain high total sulfide con

tents, consisting mainly of pyrite but with enargite as the primary 

copper mineral. The potassic core contains low total sulfides, 

ranging from 1 to 2 weight %. The copper shell contains intermediate 

sulfide contents of 4 to 6 weight % with a 1:1 ratio of chalcopyrite 

to pyrite. Zone 1 contains high total sulfide contents of 10 to 15 

weight mainly as pyrite. Zone 2 also hosted large amounts of 

pyrite, most of which is now thoroughly oxidized. 

Widely spaced pyrite-cnargite veins occur between elevations 

4300 and 5000 ft .  Corn (1975) has suggested that the enargite pro

vided a protore source of copper for the chalcocite enrichment 

blanket that is now concentrated at elevation 5000 ft .  Consequently, 

the enargite-pyrite veins are extrapolated upward into zone 2 

(Figs. 21-22). 

The vertical zoning of silicates and sulfides at Red Mountain 

matches the thermochemical model of Knight (1977). Knight has 

demonstrated that a hydrothermal fluid in equilibrium with a deep 

potassic assemblage of quartz, k-feldspar, biotite, pyrite, and 
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chalcopyrite at 300 to 400"C will be oxidized by groundwater as i t  

flows toward the surface. Oxidation produces high sulfate and acid 

concentrations, resulting in the formation of alunite, pyrophyllite, 

and enargite at shallow levels. Thus, the association of an advanced 

argillic assemblage with pyrite-enargite veins within zone 2 is a 

convincing indication of deep porphyry sulfide mineralization. 

The vertical zoning of hydrothermal alteration that occurs 

within high levels of porphyry copper systems resembles the pattern 

of alteration associated with acid hot springs and epithermal 

deposits in shallow volcanic environments (Meyer and Hemley, 1967). 

Burbank (1950) has described the vertical zoning of alteration 

associated with the epithermal "chimney deposits" of the Red Mountain 

district,  Silverton caldera, Colorado. Siliceous envelopes of fine

grained quartz cap these ore pipes. A solfataric assenijlage of 

quartz, alunite, dickite, and zunyite surrounds the siliceous 

envelopes. Underlying the solfataric ground is a pervasive zone of 

quartz and sericite. The vertical zoning corresponds with an upward 

decrease in the abundance of base metal cations, culminating in the 

removal of all constituents except silica at the highest levels. 

A similar trend occurs at the Red Mountain lithocap. Surface 

alunite from the advanced argillic assemblage contains 70 to 100 

atomic % potassium, while deep alunite from the phyllic zone con

tains substantial amounts of sodium substituting for potassium 

(Bodnar, 1978). This may indicate an upward decrease in the activity 

ratio of sodium to hydrogen in the hydrothermal fluid. The lithocap 
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lacks the amorphous silica cap found in the "chimney deposits." 

It  is possible that initially a silica cap did overlie the advanced 

argil l ie assemblage, only to be later eroded along vn'th substantial 

amounts of overturden. 

Thermal History of the Lithocap 

Thermal and geological data point to the existence of a pluton 

beneath the Red Mountain lithocap. The vein assemblage of quartz, 

alunite, and pyrophyllite in zone 2 indicates that temperatures with

in the fractured, upper lithocap equalled or exceeded 300°C. Fluid 

inclusion data indicate that fluid temperatures decreased with time 

"from early values in the range of 400 to 450°C down to approximately 

200 to 225''C during the later stages of vein filling over a vertical 

range of 1500 m" (Bodnar and Beane, 1980, p. 891). This elevation tf 

temperatures over an extended vertical interval requires an igneous 

heat source. The occurrence of several dikes and volcanic necks 

cutting the volcanic pile further suggests the presence of a pluton. 

Even more significant is the occurrence of a breccia pipe within the 

potassic zone of the deep porphyry sulfide system (Fig. 22). 

Commonly, breccia pipes are rooted in the cool, outer rind of magma 

chambers (Norton and Cathles, 1973). Thus the evidence points to 

a pluton buried beneath the central lithocap, underlying zone 2 and 

the easternmost part of zone 1. 

A numerical model of the cooling history of a pluton that 

intrudes to depths of 3 to 4 km (Fig. 23) reveals that a thermal 



59 

pulse migrates upward from the cupola through the lithocap (Norton, 

1982a). This transfer of heat results in extensive circulation of 

fluids in the host rock. Fluids flow inward toward the pluton and 

then upward through the lithocap (Fig. 24BDF). Temperatures 

increase from ambient to 300°C within the upper 2 km of the lithocap 

after 20,000 years (Fig. 24C). Temperatures in the upflow zone 

directly above the cupola increase only a few degrees per km; in 

this region, temperatures and pressures correspond to the extrema 

properties in the H2O system (Norton, 1982b). The characteristic 

profile of temperature vs depth (Fig. 24ACE) is a consequence of con-

vective fluid flow upward through lithocap rocks that have permeabil

ities greater than 10~^^cm^ (Norton, 1982b). 

The temporal variation of temperatures within lithocaps pro

vides a basis for estimating the depth and absolute time of formation 

of alteration assemblages. The numerical model predicts that the 

apex of the 300°C isotherm, corresponding to the vein assemblage of 

quartz-alunite-pyrophyllite in zone 2, reaches a maximum height of 

2 km above the top of the pluton by 20,000 years after intrusion 

(Fig. 24C). This prediction closely matches the vertical distance 

between the advanced argil l ie assemblage at the surface and the 

breccia pipe that presumably is rooted at the top of a pluton 

(Fig. 22). In the numerical model, more than 1 km of overburden 

must be removed to expose the 300°C isotherm to the surface (Fig. 24C). 
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This calculation agrees with estimates based on geologic observations 

(Corn, 1975) and on pressures derived from fluid inclusions (Bodnar 

and Beane, 1980). The formation of quartz-alunite-pyrophyllite is 

estimated to occur within the first 20,000 years after intrusion, 

because the 300°C isotherm falls steeply and enters the pluton by 

30,000 years (Fig. 24E), 

Formation of Fractures 

A likely mechanism for the formation of fractures in litho-

caps overlying magma chambers is the differential thermal expansion 

of pore fluids relative to the rock matrix (Knapp and Knight, 1977). 

Dispersal of thermal energy from the pluton into the lithocap results 

in the heating of host rock and i ts contained water. As temperatures 

rise to between 100 and 200°C, large increases in pore fluid pressure 

occur in isolated, water-rich pores. Because of the low tensile 

strength of rocks, fractures form when the pore fluid pressure 

exceeds the confining pressure on pore walls. 

The rate of heating of the host rock (dT/dt) controls the 

rate of change of pore fluid pressure: 

dP^ = (alpha/beta)^dT 

Alpha is the coefficient of isobaric expansion of water; beta 

is the coefficient of isothermal compression of water. The largest 

increases in dT/dt and alpha/beta within the lithocap of a numerical 

system occur during the interval of 10,000 to 20,000 years after 

intrusion {Fig. 25). Extensive fracturing caused by large increases 
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in pore fluid pressure probably occurred during this time (Norton, 

1982b). 

Paraqenesis of Vein Assemblages 

Although the chronological relationship between the advanced 

argillic and phyllic assemblages can .lOt be definitely resolved, 

restrictions on the absolute time of formation of these assemblages 

can be established. The vein assemblage of quartz-alunite-pyrophyllite, 

which coexists in equilibrium with an aqueous phase only between 275 

and 375°C, must form within the first 20,000 years after intrusion 

while the 300°C isotherm projects high into the lithocap (Fig. 24C). 

If differential thermal expansion of pore fluids is the fracture 

mechanism, then all fracture-controlled alteration overlying the 

cupola probably formed between 10,000 and 20,000 years after intrusion 

(Fig. 25). These data, together with the zoning patterns (Fig. 12) 

predicted by Knight (1977), provide support for the synchronous for

mation of the advanced argillic and phyllic assemblages. 

If Red Mountain follows the pattern of other porphyry copper 

systems in southwestern North America, then the deep potassic assem

blage represents the earliest episode of alteration. Fluids initially 

In equilibrium with the potassic assemblage are oxidized by ground

water as they flow upward; oxidation produces the large amounts of 

hydrogen and sulfate Ions required to form the phyllic and advanced 

argillic assemblages. Exterior propylitic alteration is a "cooling 
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and retrograde phenomenon that encroaches on the system" (Titley, 

1982, p. 110). 

Variations in Fracture Density 

Two regions of high fracture density occur within zone 1; 

(1) the central lithocap at the head of Aztec Gulch (0.2 per cm 

contour), and (2) the western drainages that expose the monzonite 

porphyry intrusion (0.3 per cm contour) (Fig. 13). The central 

region directly overlies the breccia pipe which is presumably rooted 

in the cupola of a dsep pluton; the western region contains the 

monzonite porphyry dike swarm which represents an apophysis project

ing upward from the deep pluton (Fig. 22). Both regions are assoc

iated with phyllic alteration and high total sulfide contents, yet 

fracture density values within the western region are much higher 

than those of the central region. These data may reflect the mode of 

fracture propagation. 

If differential thermal expansion of pore fluids is the frac

ture mechanism, then a front of fracturing should migrate along with 

the thermal pulse that moves upward from the cupola (Knapp and Knight, 

1977; Knapp and Norton, 1981). The data suggest that fracturing 

does not migrate as a well-defined front but as a wide zone in which 

the peak fracture density shifts with the peak heating rate of the 

host rock. At Red Mountain, the peak fracture density shifted asym

metrically towards the shallow dike swarm as the fracture front moved 

away from the cupola. 



Fracture density at Red Mountain generally increases with 

depth. But the abundance of fractures within the lithocap is not 

a simple function of distance from the cupola. The high fracture 

densities of zone 1 may reflect increases in rock porosity due to 

thermal effects that are confined to the fluid upflow zone above 

the top of a pluton (Moskowitz and Norton, 1977). 



CHAPTER 8 

SUMMARY AND CONCLUSIONS 

At Red Mountain, surface variations in vein mineralogy, 

fracture density, and leached capping reflect a spatial relationship 

with porphyry copper mineralization overlying a deeply buried cupola. 

Four distinct zones occur across the surface of Red Mountain (Fig. 6). 

The characteristics of these zones are summarized below. 

Zone 1 is a broad halo that surrounds the deep porphyry system. 

The assemblage of quartz-sericite-pyrite-alunite-kaolinite occurs along 

fractures and also replaces the wall rock. Jarosite coats outcrops 

with high pyrite contents of 10 to 15 weight %. Fracture density 

values range from 0.2 to 0.4 per cm. The abundant pyrite and the high 

fracture density values are characteristic of phyllic alteration 

(Titley, 1982). 

Zone 2 directly overlies the copper shell and the potassic 

core of the deep porphyry system; i t  comprises a strongly oxidized 

capping above zone 1. The vein assemblage of quartz-alunite-pyro-

phyllite-sericite indicates that temperatures exceeded 300°C at high 

levels within the central lithocap. Low fracture density values of 

0.05 to 0.1 per cm indicate a shallow level with respect to the cupola 

and the chalcopyrite shell Zcrio 2 contains pods of jarosite and 

fresh pyrite within a dominantly hematitic capping. The hematitic 
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capping reflects a high percentage of chalcocite in the former sulfide 

zone. Enriched chalcocite within zone 2 correlates with the occurrence 

of enargite-pyrite veins; enargite provides a protore source of copper 

for the formation of chalcocite. The association of fracture-controlled 

advanced argil l ie alteration with enargite-pyrite veins is diagnostic 

of underlying porphyry copper sulfide mineralization. 

Zone 3 occurs as a large, concentric region that surrounds 

zones 1 and 2. The vein assemblage of quartz-alunite-kaolinite-

sericite indicates that temperatures never exceeded 275°C. The 

goethitic capping reflects low total sulfide contents of 2 to 4 

weight %. Decreases in temperature and total sulfides reflect a 

greater lateral distance from the copper mineralization overlying 

the cupola. 

Zone 4 is confined to the andesite (Ka) at the margin of the 

lithocap. The vein assemblage of calcite-gypsum-quartz-albite-

epidote-chlorite reflects both the host rock mineralogy and the 

great lateral distance from the central lithocap, where hydrogen ion 

metasomatism prevails. The low fracture density values of less than 

0.05 per cm and the lack of any leached capping also reflect the 

peripheral position of zone 4. 

Field data suggest several episodes of fracture formation, 

but establishing definite chronologic relations among the various 

vein assetTi)lages is difficult because of the lack of clear cross-

cutting relationships. Within each zone, however, fracture sets 

with different orientations but similar mineralogies consistently 
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cut across one another. This indicates that fractures formed at 

closely spaced time intervals across the lithocap. 

The physical characteristics of fractures in outcrop are a 

consequence of the evolution of the entire hydrothermal system. 

Steeply dipping, randomly oriented tension cracks served as primary 

flow channels for mineralizing fluids that flowed upward from the 

cupola. The lack of preferred orientations may reflect the chaotic 

effects of positive feedback between the processes that form frac

tures and the processes that seal them. Fracture density increases 

with depth, but i t  does not vary directly with distance from the 

cupola. Peak fracture density shifted asymmetrically towards the 

shallow dike swarm as a thermally induced front of hydrofracturing 

moved away from the cupola. 

The mineralogy of veins filling the surface fractures also 

reflects the evolution of the overall hydrothermal system. Hydro-

thermal fluids that are initially in equilibrium with porphyry sulfide 

mineralization overlying the cupola flow upward into the lithocap; 

oxidation of these fluids by groundwater decreases the stability of 

all minerals with respect to the solutions, except quartz, alunite, 

and pyrophyllite (Knight, 1977). This advanced argillic assemblage 

forms prior to 30,000 years after intrusion while temperatures in the 

lithocap exceed 300°C. If differential thermal expansion of pore 

fluids is the fracture mechanism, then all fracture-controlled 

alteration overlying the cupola probably forms between 10,000 and 



20,000 years after intrusion {Norton, 1982b). The advanced argil! 

assemblage forms 2 km above the cupola of a magma body emplaced at 

depth of 4 km; substantial erosion is required to expose this 

assemblage to the surface. 
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