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ABSTRACT 

The supergene enrichment present at most of the porphyry 

copper deposits in southwestern North America is the result of 

at least three stages of weathering. Field evidence and K-Ar 

dating of the minerals alunite, jarosite, and illite establish 

the relationship between these three stages of weathering and 

the tectonic evolution of the region. K-Ar dates on alunite 

from Sacaton, illite from Tyrone, and stratigraphic evidence 

from Safford, Santa Rita, Ray, Ajo, Morenci, and San Manuel 

prove the first cycle of weathering and supergene activity 

occurred during Eocene dissection of the Mogollon Highlands. 

This stage of supergene activity ended when most of the 

porphyry copper deposits in the region were buried by Middle 

Tertiary volcanic rocks. 

There have been two post-volcanic stages of supergene 

activity. K-Ar dating of alunite from Silver Bell, Tyrone, 

Santa Rita, and Red Mountain-Patagonia and illite from Pinto 

Valley provide evidence the first post-volcanic stage of 

supergene enrichment was initiated by Early Miocene block 

faulting associated with movement on regional low-angle normal 

faults. The first stage of post-volcanic supergene alteration 

and mineralization came to an end when primary sulfides, the 

limiting reagent in the supergene enrichment process, in the 

weathering portions of the porphyry deposits were exhausted by 

oxidation or when supergene deposits were submerged by rising 

groundwater within the closed drainage basins of the period. 
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K-Ar dating of alunite from Tyrone, Morenci, Ajo, San 

Xavier North and Silver Belli jarosite from San Xavier North 

and Ajoi and stratigraphic evidence from Cactus-Carlotta, Ray, 

Santa Cruz, and San Manuel provide evidence that the second 

post-volcanic stage of supergene mineralization in the region 

was initiated by the Late Miocene Basin and Range event. This 

third stage of supergene alteration and mineralization came to 

an end when establishment of semi-arid climatic conditions 

increased the rate of erosion and decreased the rate of 

chemical weathering in the region. Therefore, prior to large 

scale open pit mining, most of the supergene deposits in the 

region were, temporarily at least, inactive. 
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INTRODUCTION 

This study traces the post-Laramide geologic history of 

supergene enrichment in porphyry copper deposits from fourteen 

mining districts in Arizona and New Mexico using a combination 

of field evidence and K-Ar dating of the minerals alunite, 

jarosite, and illite. The locations of these fourteen 

districts and other major porphyry copper deposits are shown 

in Figure 1. Supergene mineralization in all these districts 

has evolved along wi th the landscape. Enrichment in the 

region is not the result of a single isolated epoch in the 

distant geologic past. 

product of several 

oxidation, and erosion. 

The deposits preserved today are the 

cycles of weathering, enrichment, 

Most of the deposits examined in this dissertation were 

weathered during Eocene time, buried by Oligocene volcanic 

rocks, exhumed from beneath volcanic cover and weathered again 

since the Paleocene Epoch. Many deposits have undergone two 

stages of supergene alteration and mineralization since being 

exhumed from beneath volcanic cover. The initiation of the 

first stage of post-volcanic supergene activity correlates 

closely with the mid-Tertiary crustal extension which 

culminated with the formation of the metamorphic core 

complexes (Spencer and Reynolds, 1989). The second cycle of 

post-volcanic supergene activity was initiated by the late 

Miocene block faulting, the Basin and Range distrubance. 

The cyclic nature of the enrichment process was 
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Figure 1: Map of Selected Porphyry Copper Deposits in 
Southwestern North America - The districts near the head 
waters of the Gila River are discussed in detail as are the 
other districts along the length of the Gila. Bisbee and the 
deposits in the Pima District are also discussed in 
considerable detail. Many of the deposits located near the 
end of the Santa Cruz River are mentioned in the text, but not 
all. The history of enrichment at Ray, Bagdad, and Mineral 
Park is not discussed, neither is the history of enrichment in 
any Mexican district. 
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recognized early in the geologic investigation of the porphyry 

copper deposits in the American southwest. An ideal 

cycle of enrichment proceeds from weathering of protore, 

dissolution of copper sulfides, transport of the dissolved 

copper, and finally precipitation of copper in a secondary 

enrichment zone. The secondary enrichment zone can be 

weathered in turn and provided the proper balance of geologic 

conditions is maintained send its copper into a deeper zone of 

(tertiary?) enrichment. F.L. Ransome (1919) wrote: 

"Although it is believed that the process of 
enrichment has potentially a cyclic character, it may 
well be doubted whether this character is often manifest 
in the simple definite order of changes just outlined 
[above]. There are many complicating factors, such as 
the rate of erosion, depth to underground water level, 
climate, topography, and country rock, that must be taken 
into account. For example, it is conceivable that 
erosion might be so slow, and the climate so arid, 'and 
drainage so feeble that copper in the exposed chalcocite 
zone would be carried down and redeposited by enrichment 
of the protore. Or, to put the matter somewhat 
differently, the appearance or absence of typical cyclic 
character might depend upon the relative speeds of 
denudation on the one hand and of chemical changes 
contributory to enrichment on the other. Again, climate, 
by determining the physical condition of the soil, the 
nature of vegetation, and the character of rainfall, 
might be the dominant factor in deciding whether loose 
particles of malachite and chrysocolla are to be 
dissolved and the copper carried down into the earth, or 
are to be swept like other detrital grains into the 
nearest stream." 

Clearly, the proper balance of erosion and chemical weathering 

has been maintained in southwestern North America throughout 

much of the Cenozoic Period. 

The post-Laramide history of erosion and sedimentation in 

Arizona and New Mexico was summarized by Scarborough (1989). 
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The post-Laramide rock record contains three series of 

subaerial and lacustrine sediments, and one series of 

pyroclastic, acid volcanic rocks. These series of rocks, 

termed assemblages by Scarborough (1989), are illustrated in 

Figure 2. The cycles of supergene enrichment recorded in the 

porphyry copper deposits correlate with the unconformities 

within the stratigraphic record assembled by Scarborough 

(1989) . 

The three sedimentary series and some intercalated 

sedimentary units in the volcanic series contain fossil 

evidence that paleoclimates in the Southwest, although highly 

variable, have been humid and sub-tropical for most of the 

Cenozoic Period (Nations and others, 1985). If we collate 

paleoclimatological evidence with the chronology' of 

enrichment, the conclusion that humid, sub-tropical 

conditions, not arid conditions, are favorable for enrichment 

is inescapable. 

This dissertation reports the field evidence for multiple 

cycles of supergene alteration and enrichment manifest in the 

porphyry copper deposits of the region. It also includes the 

corroborative evidence from K-Ar dating of supergene minerals 

from eleven porphyry copper districts for mUltiple post

Laramide cycles of weathering and enrichment. The purpose of 

the dissertation is to relate the history of enrichment in 

individual districts to the tectonic evolution of the region. 
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Figure 2: Cenozoic Sedimentary Assemblages in the Basin 
and Range Province - The four Cenozoic cycles of sedimentation 
and erosion are defined by the sedimentary assemblages 
illustrated in this figure. Cycles of weathering and 
enrichment have been identified which correlate closely with 
each of the time transgressive unconformities shown on the 
diagram. 
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PREVIOUS WORK 

Many aspects of the process of supergene enrichment have 

been studied in great detail. The fundamental geochemistry of 

the enrichment process was well do.cumented by early 1900's. 

Far example, Economic Geology, Volume 1 included contributions 

by J.F. Kemp (1905), IISecondary Enrichment in Ore-Deposits of 

Copper II , E. C. Sullivan (1905) liThe Chemistry of Ore-Depasition 

- Precipitation of Copper by Natural Silicates II, and H. N. 

Stokes (1906), IIExperiments on the solution, transportation, 

and deposition of copper , silver, and gold II. These pioneering 

studies are summarized in Emmons (1917) now classic work, liThe 

Enrichment af Ore Deposits ll
• 

Leached Outcrops 

Scientific investigation of leached outcrops in 

southwestern Narth America has been intensive (Locke, 1926; 

Weiss, 1965; Blanchard, 1968; Loghry 1972, and Anderson, 

1982). Leached capping interpretation is discussed briefly in 

order to establish some af the principles used to interpret 

field data cited in this study. The preponderance of evidence 

gathered to. date leads to the conclusion that hematite capping 

farms after the destruction of older chalcocite 

mineralization. Leached cappings dominated by goethite and 

jarosite form after the oxidation of chalcopyrite, pyrite, and 

barni te bearing rock. Exceptions to this simplified model are 

cammon, but examples are abundant. The many examples of false 
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cappings or mixed cappings known in the region will not be 

discussed. Rather, it is postulated that hematitic cappings 

such as at Santa Rita, Morenci, Silver Bell, Bisbee, Sacaton, 

Tyrone, and elsewhere derive from the oxidation of chalcocite 

enrichment blankets. Where there is a gap between the capping 

and the enrichment blanket, multiple cycles of enrichment are 

likely. Where leached capping grades into the enriched 

material, either a continuous lowering of the groundwater 

table or multiple episodes of enrichment are indicated. 

The Age of Enrichment 

There have been many studies of supergene enrichment in 

southwestern North America. Most of these investigations make 

some statement about the age of supergene mineralization. 

Lindgren (1905) believed the enrichment in the Morenci 

District occurred in what he termed "Gila Conglomerate time". 

More recent investigations of the Morenci District by Moolick 

and Durek (1966) and Langton (1973) concluded enrichment 

occurred either in Eocene or Miocene time or both. Morenci is 

not the only district where early workers surmised that 

enrichment was a very young phenomenon, but later workers 

assumed enrichment was much older. 

Livingston and others (1968) is the most widely cited 

work concerning the age of enrichment in the southwest. These 

investigators surmised most porphyry copper deposits with 

enrichment zones were eroded, leached, and enriched prior to 
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the deposition of mid-Tertiary volcanic rocks. Livingston and 

others (1968) state the enrichment zones in porphyry copper 

deposits are II in large part fossil in nature II • The data 

presented here support this statement, but document that the 

supergene deposits of the region are the product of multiple 

cycles of enrichment, several of which are much younger than 

suspected by Livingston and others (1968). 

Schwartz (1953) recognized three stages of enrichment at 

San Manuel, Arizona. He correlated these stages with the 

intervals between deposition of terrestrial sediments in the 

district. In this respect the findings of Schwartz (1953) 

have greatly influenced the conclusions of this study. 

Gilluly (1946), like Schwartz (1953), recognized the 

cyclic nature of supergene processes. He documented two 

stages of supergene mineralization at Ajo, Arizona. However, 

only the older, Eocene cycle of weathering resulted in 

enrichment. The younger episode of supergene mineralization 

at Ajo resulted in the in situ oxidation of a protore with a 

low pyrite: chalcopyrite+bornite ratio and no demonstrable 

enrichment. 

Paige (1922) recognized three stages of enrichment at 

Tyrone, New Mexico. His work has in great part provided the 

inspiration for this investigation. The first stage of 

enrichment at Tyrone began before the mid-Tertiary volcanic 

rocks were deposited and was halted by the deposition of those 

lavas. The second stage of enrichment lasted from the time 
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when mid-Tertiary volcanic rocks were removed by erosion until 

aggradation of the Mangas conglomerate over the deposits. The 

second period of enrichment apparently occurred while drainage 

in the region was into closed basins. Paige (1922, pg. 29) 

believed the second stage of enrichment was drowned by the 

rise of water levels in a closed drainage basin. The third 

stage of enrichment began when drainage in the Tyrone district 

was integrated into the Gila River drainage. The Mangas 

conglomerate was eroded from over most of the deposit, the 

hematitic capping formed, and bodies of exotic copper 

mineralization were deposited to the northeast of the main 

copper lodes during the third and final stage of enrichment. 

Enrichment and the Evolution of Landscapes 

The relationship between supergene mineralization and 

landscape evolution in northern Chile was the subj ect of 

investigations by Clark and others (1967) and Mortimer (1973, 

1977). These studies from northern Chile are discussed in 

some detail because they closely parallel the present inquiry. 

Three pediplain surfaces mantled by distinctive alluvial 

deposits are present in northern Chile (Clark and others, 

1967; Segerstrom, 

generally relate 

1963). Supergene enrichment was found to 

to the erosional intervals between the 

periods sedimentation. The main deposits of massive, steel 

glance, chalcocite in the region showed no relation to the 

present water table. Therefore, they must be the product of 
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some previous stage in the geomorphologic and climatic 

evolution of the region. There are however, lesser deposits 

of sooty chalcocite concentrated at the present water level. 

It was concluded that these sooty chalcocite deposits were the 

result of the most recent cycle of landscape formation (Clark 

and others, 1967). 

The oldest landscape in the modern topography of Chile is 

the Cumbre Surface (Mortimer, 1973). Radiometric dating of 

rhyolitic lavas, tuffs, and agglomerates which mantle this 

landscape demonstrates the Cumbre Surface existed in the early 

Eocene. Dissection of the Cumbre Surface by late Eocene 

erosion lead to the eventual development of straths and 

pediments, the landforms of a second phase, Paleogene 

pediplain (Mortimer, 1977). A third phase of landscape 

development in northern Chile began with the dissection of the 

second phase surface and ended with the pediplane covered by 

the Atacama Gravels. The third-phase surface has been named 

the Neogene pediplain by Mortimer (1977). These gravels are 

preserved as a high terrace above the rivers in the region and 

as a single surface throughout the southern Atacama desert. 

Much of the present topography in the southern Atacama desert 

developed during this period. 

Mortimer (1973) found that sulfide deposits beneath the 

volcanic capping of the cumbre Surface are not enriched. A 

few porphyry copper deposits in the South American Cordillera 

are Paleocene, but the majority are Oligocene or younger 
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(Titley and Beane, 1981). Thus, the Cumbre Surface formed 

before the intrusion of most porphyry systems in northern 

Chile. The first Cenozoic cycle of supergene enrichment 

occurred as the Cumbre Surface was dissected and the Paleogene 

pediplain formed. Subsequent erosion has removed leached 

cappings and exposed enriched ore along the high residuals of 

the Cumbre Surface. The second cycle of Cenozoic enrichment 

occurred during middle to late Miocene time. The enriched 

ores from this cycle of enrichment are found beneath the 

Atacama Gravels. Conditions in the region have been too arid 

to facilitate enrichment since late Miocene time (Alpers and 

Brimhall, 1989). Therefore, no enrichment has occurred during 

the most recent cycle of erosion and canyon cutting (Mortimer, 

1973) . 

An elegant study of the relation between physiographic 

conditions and supergene enrichment at Butte, Montana and 

Bingham Canyon, Utah was published by Atwood (l9l6). Four 

stages of Cenozoic erosion were noted in the Butte District. 

The first cycle was the erosion of the early Tertiary 

landscape. No evidence of enrichment remains from the first 

cycle. The first cycle produced the Eocene peneplain. 

Physiographic conditions were favorable for enrichment during 

the second and third cycles of erosion when the Eocene 

peneplain was dissected. Base levels must have dropped during 

this time, thus exposing sulfide mineralization which had been 

sheltered beneath a stable water table (Atwood, 19l6). 
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The second cycle of erosion at Butte included the 

incision of the bedrock in the intermontain troughs to their 

greatest depth. The third cycle of erosion occurred during an 

interval when drainages were closed in the region. Enrichment 

must have been well advanced by the close of the third cycle 

(Atwood, 1916). 

The physiographic history of the Bingham Canyon District 

indicated to Atwood (1916) that conditions were most favorable 

for enrichment near the close of the period when the summit 

topography, part of the Eocene pediplain, was incised. At 

this time there was renewal of mountain growth in the Oquirrh 

Range (or an abrupt lowering of the base level) and oxidation 

could have proceeded to greater depths. Secondary enrichment 

continued until perhaps Pleistocene time when vigorous 

mountain streams began dissection of the enriched ore body. 

Atwood (1916) found evidence both at Butte and Bingham 

Canyon that enrichment followed closely after the iniation of 

a cycle of landscape development. The combination of uplift, 

"mountain growth" and lowering of base levels produced 

physiographic conditions most favorable for enrichment. 

Although Atwood (1916) did not directly correlate enrichment 

in the two districts, it seems logical to surmise each 

underwent a cycle of supergene activity in Eocene time then a 

second cycle during the Late Miocene. 
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METHODS OF INVESTIGATION 

Field work at the Tyrone, Santa Rita, and Morenci 

deposits in the Central Mountains physiographic province and 

the Lakeshore and Santa Cruz deposits in the Basin and Range 

province, one or two day field trips and discussion with 

geologists familiar with the other deposits examined, 

literature review, and K-Ar geochronology have all been part 

of this investigation. Twenty-six new K-Ar dates from 

supergene minerals have been obtained from eleven porphyry 

copper deposits. 

Field Work 

Detailed mapping and core logging was conducted at 

several deposits. Portions of the 900 level, 500 level'and 

380 level of the Lakeshore mines were mapped at 1:240 (1 inch 

= 20 feet). In addition, approximately 30,000 feet of drill 

core were logged at the same scale. Approximately 7,000 feet 

of drill core were logged from the Santa Cruz deposit. The 

Sacaton and Silver Bell deposits were examined more than once, 

but no detailed mapping or core logging was done at these 

properties. The Bisbee district was examined on several 

occasions, but no detailed work was done either in the open 

pit or the hills to the north beneath which lies the Cochise 

deposit, a lateral extension of the chalcocite blanket mined 

in the Lavender open pit. 

Detailed geologic mapping at a scale of 1:2400 (1 inch = 
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200 feet) was carried out in the northern part of the Morenci 

district during the 1989 field season. Other parts of the 

Morenci district were examined during that period, but no 

detailed work was done in the main Morenci pit. The deposits 

of the Safford district were examined during several field 

trips and in core during the 1991 and 1992 field seasons. 

Most of the Tyrone open pit mine was mapped at a scale of 

1:1200 during the 1990 and 1991 field seasons. In addition 

approximately 8,000 feet of core were logged in detail and 

approximately 24,000 feet of core were examined. Selected 

exposures in the Chino open pit mine were mapped at 1:2400 

during the 1993 field season and approximately 20,000 feet of 

core were examined. 

Geochronology 

Three minerals, alunite, jarosite, and illite were used 

to directly date supergene events. Alunite dates are 

relatively common and well accepted as indicators of both 

hypogene and supergene events. The isotopic composition of 

sulfur from some of the alunites dated was determined as a 

check on the supergene origin of the mineral phases. Jarosite 

is dated less often. Alpers and Brimhall (1988) discredit the 

jarosite dates obtained from rocks at La Escondida. However, 

the jarosite dates in this study are included in the 

interpretations. 

events at Bisbee, 

Illite has been used to date 

Tyrone, and Pinto Valley. 

supergene 

Dating of 
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supergene events using illite has not previously been 

attempted. 

Stability Relations of Alunite and Jarosite 

Bladh (1982) numerically modelled the weathering of 

sulfide-bearing felsic igneous rocks and calculated that 

jarosite should precipitate before alunite under almost any 

circumstance in the supergene environment. Jarosi te 

precipitates while sulfides are dissolving and pH is low, but 

abruptly stops forming once all the sulfides are exhausted. 

Alunite precipitation starts only after all the sulfides have 

dissolved and pH begins to rise. Muscovite (a proxy for 

illite) precipitation begins somewhat after alunite (Bladh, 

1982). Alunite cuts jarosite in the samples dated during this 

study. The relative ages of jarosite and alunite from both 

Ajo and San Xavier North reflect this paragenesis. Based on 

consistent chemical and paragenetic relationships jarosite 

dates are included in these interpretations. 

Supergene Origin of Alunite and Jarosite 

The interpretation of alunite and jarosite dates depends 

on certain knowledge of the genesis of a given sample. While 

this can rarely be established unambiguously, an effort has 

been made to ascertain if the alunite and jarosite dated in 

this study are indeed supergene in origin. Hypogene alunite 

is very common in the mineral deposits of southwestern North 
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America, but field relations were often sufficient to 

establish the supergene origin of a given specimen. 

Field (1966) demonstrated that hypogene sulfates are 

enriched in S34 relative to associated sulfides, but supergene 

sulfates are isotopically nearly identical to the composition 

of their parent sulfides. Therefore, at localities where the 

genesis of a given sample was uncertain the sulfur isotopes of 

the samples were analyzed (Table 1). 

Supergene sulfates and hypogene sulfides from Ajo and 

Bisbee are isotopically identical. This confirms the 

supergene origin of the alunite and jarosite from these 

localities. Three of the alunites listed in Table 1; UAKA 92-

05 from Morenci (7.1 m.y.), UAKA 92-56 from Tyrone (16.2 

m.y.), and UAKA 93-11 from Santa Rita (34.3 m.y.) are enriched 

in S34 relative to their parent sulfides. This, however, is 

not evidence these are hypogene sulfates. 

Samples UAKA 92-05 from Morenci and UAKA 92-56 from 

Tyrone yielded late Miocene dates which can logically be 

interpreted as supergene. The reason for the heavy sulfur in 

these two supergene alunites is not entirely clear. The 

sulfur isotope composition of the entire system (at Tyrone and 

Morenci) may be much heavier than the range of hypogene 

sulfide compositions, listed in Table 1, due to large volumes 

of hypogene anhydrite. It may be that much sulfur from 

hypogene sulfates was incorporated by these alunites. The 

possibility that an unidentified mechanism caused the 
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fractionation of the sulfur isotopes is unlikely, but can not 

be eliminated with these data. 

Table 1: Selected Sulfur Isotopes 

Sample # D34 S per mil Mineral Locality 

S-2128 -1.1 Bornite Ajo, AZ 

S-2129 -1.2 Chalcopyrite Ajo, AZ 

X-10380 -1.3 Alunite Ajo, AZ 

X-10381 -1.5 Alunite Ajo, AZ 

S-2126 2.5 Pyrite Bisbee, AZ 

S-2127 2.2 Pyrite Bisbee, AZ 

UAKA 92-46 2.8 Alunite Bisbee, AZ 

-
UAKA 92-48 1.9 Jarosite Bisbee, AZ 

PDMC 3413 -1.2 Pyrite Morenci, AZ 

PDMC 3413 -1. 9 Chalcocite Morenci, AZ 

UAKA 92-05 3.5 Alunite Morenci, AZ 

PDMC 3413 5.8 Alunite Morenci, AZ 

Field (1966) -2.1 Pyrite Santa Rita, NM 

UAKA 93-11 1.7 Alunite Santa Rita, NM 

S-2132 -0.5 Sphalerite Tyrone, NM 

S-2133 -0.6 Chalcopyrite Tyrone, NM 

UAKA 92-56 0.5 Alunite Tyrone, NM 

Analys~s by C.J. Eastoe, Un~vers~ty of Ar~zona 
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Sample UAKA 93-11 from Santa Rita contains relatively 

heavy sulfur. The age of this alunite, 34.3 m.y., makes it 

likely it is the product of diagenesis (hot springs activity) 

of supergene chalcocite mineralization while the deposit was 

buried beneath several hundred feet of newly erupted 

pyroclastic material. Because alunite PDMC 3413 contains very 

heavy sulfur and may in fact be the product of burial 

diagenesis at elevated temperatures, like 93-11, it was not 

dated. 

K-Ar Dating of Submicron Illites 

Work on dating of submicron «0.1 micron) illite is 

limited. A literature search on the subject revealed that 

previously illite has been dated from sedimentary basins'and 

fault gouges. Most previous studies focus on diagenetic 

illite grown at temperatures higher than 70°C (Aronson and 

Lee, 1986; Elliott and Aronson, 1987; Glassman and others, 

1989) . 

The submicron size of the illite dated in diagenesis 

studies has lead some researchers to question the ability of 

the illite lattice to retain argon. The diffusion of argon 

from a solid is modelled by the Arrhenius Equation: 

where; D = 
Do = 
E = 
R = 
T = 

D = Do exp (-E/RT) , 

diffusion at temperature T, 
diffusion at infinite temperature, 
activation energy 
gas constant 
absolute temperature, (Dodson, 1973). 

(1 ) 
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Illite has an activation energy of 38.6 Kcal/mole. Thus, the 

potential loss of radiogenic argon from submicron illite 

heated to 125°C for 150 m.y. is about 5 percent (Glassman, 

1987) . This very low rate of argon diffusion makes it 

practical to successfully determine the time of diagenetic 

illite genesis. 

Yoder and Eugster (1955) determined the phase relations 

of natural and synthetic illites. They list the following 

characteristics for illite: 1) illites differ from muscovites 

in their dehydration characteristics, 2) illites contain more 

H20 and Si02 and less K20 than muscovites, 3) the interlayer 

cations of illites are not exchangeable, 4) there are both 

trioctahedral and dioctahedral types, and 5) the size of 

illite particles is naturally very small, less than 1 or 2 

microns. The structural formula of illite is; 

KO.66 (Mo.sA12.66) Si40 10 (OH) 2-H20 , 

note that M is a bivalent cation and there is an interlayer of 

water. 

Field evidence supports the theory that sericite or 

illite or both form as products of supergene alteration. 

However, no published dates of supergene sericite are in the 

literature. The existence of illite as a product of 

weathering has long been known (Grim, 1968, Srodon and Eberl, 

1984; and Altaner, 1986). Illite is present both as a 

neocrystallization product and a recrystallization of smectite 

in sediments and soils. 
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The crystallization of authigenic illite requires 

relatively high activities of silica and K in solution as well 

as a relatively low pH. Late drusy quartz is common in 

chalcocite ores, copper silicate ores, and leached capping. 

In many instances drusy quartz coats chrysocolla. Therefore, 

pore solutions in this environment must carry significant 

amounts of aqueous silica. K-feldspar is typically altered to 

clay in the weathered parts of the leached capping, thus a 

source of abundant K for the weathering solutions must exist. 

Geologic conditions necessary for the crystallization of 

supergene illite are present where large volumes of pyrite 

oxidize creating alkali-rich groundwater with very low pH. 

Illite and sericite both are thermodyrnanically stable at 

surface temperatures and pressures according to Krauskopf 

(1979). Muscovite (a proxy for illite in numerical models) is 

one of the end products of the weathering of sulfide-bearing 

felsic igneous rocks in the numerical modelling of Bladh 

(1982) and Kwong and others (1982). Kwong and others (1982) 

report poorly crystallized mixed layer illite-montmorillonite 

in the supergene assemblage at Afton, British Columbia. Afton 

is a porphyry which is relatively deficient in pyrite and has 

a relative abundance of mafic silicates (Kwong and others, 

1982) . 

Supergene sericite has been reported at San Xavier North 

(Koening, 1978) and Silver Bell (Graybeal, 1982) both of which 

contain more pyrite and less mafic silicates than Afton. 
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However, the evidence for these two occurrences of supergene 

sericite is weakened somewhat by the lack of supporting X-ray 

diffraction and isotopic data. 

K-Ar dates on coarse grained sericite, biotite, and 

submicron illite have been obtained at the Tyrone porphyry 

copper deposit. Submicron illite dates from enriched ore 

containing no iron oxides and abundant fresh pyrite are all 

concordant with other Laramide dates (DuHamel and others, 

1994). The submicron size of the illite has apparently not 

affected the date. Illites separated from samples which were 

highly oxidized and contained no fresh pyrite yield supergene 

dates (DuHamel and others, 1994). Conditions which favor the 

genesis of supergene illite arise only after primary sulfides 

have dissolved and pH begins to rise as predicted by Bladh 

(1982) . 

Having established the ability of submicron illite to 

retain argon after initial closure, the nature of illite and 

its relationship to muscovite, the stability of illite in the 

weathering environment, the concordance of dates from 

submicron illite and coarser sericite from the same geologic 

environment (Tyrone), and identified the character and degree 

of crystallization of each illite sample to be dated, a high 

degree of confidence can be placed in the validity of 

supergene submicron-illite dating as a means of documenting 

weathering and enrichment events. 



36 

Interpretation of Dates 

K-Ar dates for alunite and jarosite are interpreted 

slightly differently than for illite. Dates on these phases 

are interpreted according to the model paragenesis established 

by Bladh (1982) and Kwong and others (1982). Alunite and 

jarosite form during and after the weathering of sulfide

bearing felsic igneous rocks or arkosic sedimentary rocks. 

The weathered mineralization at most of the deposits dated in 

this study was pyrite and supergene chalcocite judging from 

the character of the leached capping from which the samples 

were collected and other field evidence. However, weathering 

protore mineralization produced some of the alunite or 

jarosite dated from Ajo, Silver Bell, Red Mountain-Patagonia, 

and San Xavier North based on evidence from the leached 

outcrops. 

The hematitic leached cappings at Ajo, San Xavier North, 

Silver Bell, Morenci, Bisbee, Tyrone, and Sacaton all contain 

alunite or jarosite. K-Ar dates of these minerals provide 

evidence of when the leached outcrops formed and consequently 

when a stage of enrichment must have occurred. Field evidence 

in each of these districts corroborates the K-Ar dating of 

capping formation. The timing of the initial stage of 

supergene enrichment in each of the districts listed above has 

been determined independently, either with field evidence or 

dates on supergene minerals produced during earlier stages of 

weathering or, in most cases, both. 
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Supergene illite dates are intrepreted as the result of 

the oxidation of primary, relatively pyrite-rich, 

mineralization. As was found in the dating of illite from 

Tyrone, neocrystallization of illite does not occur during any 

cycle of weathering as alunite or jarosite might (DuHamel and 

others, 1994). Rather, supergene illite forms as one of the 

last products in a cycle of weathering and enrichment that 

included the oxidation of abundant pyrite. 
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MODELS OF SUPERGENE ENRICHMENT 

The best known model of supergene enrichment is that of 

Anderson (1982). This model applies the principles of 

enrichment identified almost ninety years ago by Stokes 

(1907), then Emmons (1917), Posnjak and Merwin (1922), and 

Locke (1926). Figure 3, an illustration of this model is 

redrawn from Anderson (1982). 

The primary variables in the Anderson model are the ratio 

of pyrite to other sulfides and the total volume of sulfides 

in the protore. The model is then developed through three 

cycles of supergene activity. Erosion and structural 

disturbance are not addressed in the Anderson model. Thus, 

the three cycles can be considered stages in the progress of 

a continuous reaction or as three separate events. 

The principle the Anderson model illustrates is that the 

enrichment process is most efficient in systems with a 

relative abundance of pyrite and relatively unreactive host 

rocks. The four frames in the upper half of Figure 3 show the 

development of a chalcocite blanket with significant 

enrichment after a single cycle of oxidation and leaching, 

subsequent destruction of the first cycle enrichment blanket, 

formation of a hematitic capping where the first cycle blanket 

previously existed, and finally formation of a second 

enrichment horizon deeper in the system. The second cycle of 

oxidation and leaching is imagined as exhausting the supply of 

excess pyrite in the system therefore, the third cycle of 
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Figure 3: The Anderson Model of Multicycle Supergene 
Enrichment - This model illustrates the differences between 
the weathering and enrichment of a pyrite-rich porphyry copper 
deposit and a deposit relatively low in pyrite. The pyrite
rich deposit enriches effectively. The enrichment process 
creates leached outcrops, with little copper, capping the 
supergene mineralization. The deposit with sufficient pyrite 
does not enrich while oxidizing. The copper in the pyrite 
deficient system remains evenly distributed in the oxidized 
rocks. Primary copper sulfides, such as bornite and 
chalcopyrite, alter to supergene sulfides, sulfates, native 
metal, oxides, silicates, and carbonates, but there is no 
enrichment. 
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oxidation results in alteration of chalcocite to oxide copper. 

The lower four frames in Figure 3 follow the progress of 

weathering in a system which was unable to effect enrichment 

because it was deficient in pyrite. Therefore, the thickness 

of oxidized material increases over time, disregarding the 

possibility of erosion, but overall copper grade is not 

increased. 

The Anderson model is well supported by field 

observation. Morenci, Silver Bell, Miami, Tyrone, and many 

other examples of deposits with abundant excess pyrite are 

well documented. Lakeshore, Dos Pobres, and Lone Star are 

examples of deposits which contained little or no excess 

pyrite. Therefore, while they are oxidized, they are not well 

enriched. 

Erosion and structural disturbance are not addressed in 

the Anderson model. Figure 4 is a model of multicycle 

supergene enrichment, specific to the southwestern United 

States, which attempts to capture the effects of erosion and 

faulting on supergene alteration and mineralization. The 

model illustrated in Figure 4 begins with a typical porphyry 

copper deposit in southwestern North America (Titley, 1982). 

An egg-shaped volume of sulfide-bearing rock is present 

beneath an andesitic stratovolcanic complex such as might be 

found in the present Cascade Range of northwestern North 

America. This volcanic edifice rests on a basement of 

Proterozoic granite and pelitic schist and Paleozoic 
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Figure 4: An Idealized Model of Multicycle Weathering and 
Supergene Enrichment The primary sulfide deposit has a 
geologic setting like that imagined by Titley (1982b). An 
intial stage of weathering affects only the volcanic rocks 
above the primary deposit. The agents of weathering begin to 
react with sulfide-poor, relatively reactive propyllitically 
altered rocks to form small pods of supergene enrichment. 
Perhaps leached outcrops with goethite-rich limonite form at 
this time or perhaps primary copper minerals react to form 
copper oxides and native copper, but there is no enrichment. 
This very immature enrichment may then be buried by volcanic 
rocks, typical of southwestern North America, or may be 
exposed to continued weathering. As a deeper erosional level 
within the primary deposit is reached (the second stage or 
"second cycle") the agents of weathering begin to react with 
rocks containing relatively abundant pyrite and progressively 
more copper is concentrated in an enrichment blanket. As the 
reaction progresses, primary sulfides are completely replaced 
and enrichment reaches full maturity. Finally, if the mature 
enrichment is subjected to further weathering insufficient 
copper remains to effectively mobilize copper. Thus, the 
cycle of weathering and enrichment ends with intervals of 
oxidation where copper remains in place, but chalcocite reacts 
to form non-sulfide ("oxide copper") copper mineral 
assemblages, like chrysocolla and malachite. 
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sedimentary rocks. 

The first cycle of erosion denudes much of the andesitic 

superstructure, burying the upper parts of the system in 

subaerial sediments. The agents of weathering have begun to 

encounter sulfide-bearing rock, but at this level of exposure 

the wall rocks are capable of neutralizing most of the 

sulfuric acid created by dissolving pyrite. Mineralized 

exposures at the surface would probably exhibit propyllitic 

alteration (Titley, 1982b). However, a few zones of phyllic 

alteration might be developed in more densely fractured parts 

of the system. The end result of this first stage of 

weathering acting upon relatively reactive rocks with little 

excess pyrite is irregular immature enrichment. This is 

illustrated by the small dark patches below the topographic 

depression above the sulfide deposit. 

The topography above the weathering sulfide deposit bears 

a superficial resemblance to a caldera. Such depressions 

above weathered porphyry systems are common, but are not 

calderas. Such depressions form because sulfide-bearing rock 

is more susceptible to erosion, unless strongly silicified, 

than the sulfide-free wall rocks. 

The first cycle of weathering and enrichment ends when 

volcanic rocks bury the system. The subsequently eroded 

remnants of these volcanic rocks are shown at right in the 

third frame (lower left) of Figure 4. During the second 

cycle, the agents of weathering finally reach highly 
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fractured, relatively unreactive to acid leaching (because 

they were previously leached at high temperature), rock with 

abundant excess pyrite. The result is profound enrichment 

where primary sulfides are completely replaced, or nearly so, 

by chalcocite and other supergene sulfides. Grades are 

enriched in large volumes of rock at this stage. 

The second cycle of weathering and enrichment comes to an 

end after the Basin and Range structural disturbance. 

Deposits which are subsequently located in ranges and still 

contain excess pyrite continue to enrich, provided there is 

some combination of geologic events which preserve the 

mineralized horizons. Deposits without excess pyrite might 

have extensive amounts of second cycle supergene sulfides 

which then alter to oxide copper minerals during a third stage 

of weathering. 

Finally, supergene activity has come to an virtual stop 

in southwestern North America perhaps due to the onset of the 

present arid climate. By this time many deposits were buried 

beneath Late Miocene or Pliocene subaerial sediments. Other 

deposits were incised by erosion as the onset of monsoonal 

patterns of precipitation changed the rate at which canyons 

formed in the region. This brings the model to the Holocene. 

There is little supergene enrichment at present and many 

deposits are actively being eroded. Or would be, had not open 

pit mining changed the course of geologic history. 

An idealized paragenesis diagram to accompany this model 
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of mUlticycle weathering and enrichment is presented in Figure 

5. Time or reaction progress goes from left to right on the 

diagram. The sizes of the triangles or polygons in the 

illustration are crudely proportional to the amount of each 

mineral dissolved or precipitated. The dissolution of pyrite 

is fundamental to the progress of the first and second cycles 

of weathering and enrichment. The products of the first two 

cycles are nearly identical, but for the neocrystallization of 

illite visualized in the first (pyrite-dissolution dominant) 

cycle. The reactants in the second cycle include some, 

possibly all, of the chalcocite produced during the first 

cycle. 

Jarosite and alunite are products of the first two cycles 

of weathering. However, these minerals contain little sulfur 

by weight, and sulfur is not conserved in the system. Sulfur 

remains in sulfate minerals, much remains in supergene 

sulfides, but overall the amount of sulfur in the weathering 

deposit is decreasing with time (Cook, 1988). Finally, in the 

third cycle of weathering there is so little sulfur remaining 

that further enrichment is nearly impossible. Sulfur 

deficient supergene sulfides, such as chalcocite, react to 

form more oxidized copper species, such as malachite, 

chrysocolla, and tenorite. At the end of the third cycle, the 

system is nearly in equilibrium with the atmosphere and 

groundwater. Further weahtering is most apt to be mechanical, 

not chemical. 
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Figure 5: Idealized Paragenesis Diagram for a Multicycle Model 
of Supergene Enrichment - Three cycles of weathering are 
shown, which from left to right, model reaction progress in a 
typical porphyry copper undergoing supergene enrichment. The 
reaction takes place in three stages which are separated in 
time. Protore oxidizes and some enrichment occurrs in the 
first cycle. The first cycle supergene mineralization and 
more protore (a renewed supply) oxidizes in the second cycle 
which results in profound enrichment. The first and second 
cycles produce a gradual desulfidation of the rocks as sulfide 
minerals dissolve and sulfate is removed from the system. The 
third cycle of weathering results in in situ oxidation, but 
little if any enrichment. 
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REGIONAL STRATIGRAPHIC SETTING 

The stages of porphyry copper weathering and enrichment 

correlate with the regional stratigraphic and paleoclimatic 

history documented by Eberly and Stanley (1978), Nations and 

others (1985), and Scarborough (1989). Scarborough (1989) 

divided the history of Cenozoic erosion and sedimentation in 

Arizona into four Assemblages (Figure 2). The following 

discussion includes five time intervals; the four 

stratographic-tectonic assemblages of Scarborough (1989) and 

an earlier period from the end of the Laramide orogeny to the 

deposition of subaerial sediments of the Whitetail Assemblage. 

Paleocene to Early Eocene 

The Paleocene paleoclimate in the southwestern United 

States overall was humid and warm-temperate to subtropical. 

As the region was uplifted during the Laramide orogeny forests 

with flora similar to that found today in the southeastern 

Uni ted States and the upland areas of southern Mexico and 

Central America colonized the landscape (Nations and others, 

1985) . 

No Eocene age sediments are known in the porphyry copper 

province. Overall, the Eocene in the province was a time of 

erosion when sediment, at least from the north side of the 

Mogollon Highland divide was transported north to form the 

"Rim gravels II of the Colorado Plateau and Transition Zone 

(Peirce and others, 1979). Pollen records in Eocene sediments 
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(in Utah and Colorado) transported by streams northward out of 

Arizona contain pollen from plant taxa living today in both 

cool temperate uplands and subtropical lowlands (Nations and 

others, 1985). Presumably, the Eocene paleolandscape of 

Arizona must have contained cooler relatively well drained 

uplands surrounded by warm, moist, poorly drained, low lands. 

First stage enrichment at Morenci, Tyrone, Santa Rita, Lone 

Star, Dos Pobres, Ray, San Manuel, Lakeshore, Ajo, Sacaton, 

and Bagdad all correlate with the erosional unconformity 

between the Laramide and pre-Laramide basement and the 

Whitetail Assemblage. 

Late Eocene to Early Oligocene 

The oldest Cenozoic, unconformity-bound, strato-tectonic 

assemblage of rocks, in the region is the Whitetail Assemblage 

(Scarborough, 1989). These typically reddish-brown, rather 

well indurated units are generally alluvial fan deposits. 

Fetid limestone, mudstone, and calcareous shale were locally 

deposited in lakes within a mountainous terrain (Wilt and 

Scarborough, 1981) during Whitetail time. Whitetail 

Assemblage rocks are known in the Pima, Red Mountain 

(Harshaw), San Manuel, Ray, Miami-Globe, and Ajo districts. 

The pattern of well drained uplands and poorly drained 

lowlands established in the Paleocene persisted into the Late 

Eocene and Early Oligocene. The first stage, Eocene-Oligocene 

enrichment at Ajo and Lakeshore was relatively thin, by 
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regional standards, possibly the product of enrichment in a 

poorly drained lowland. Farther to the east and perhaps 

located in well drained uplands farther up in the Mogollon 

Highlands, the enrichment zones at Morenci, Tyrone, and Santa 

Ri ta were much thicker. Overall, the paleobiogeography during 

Whitetail time indicates climates became cooler and drier, but 

more variable than during the Eocene (Nations and others, 

1985) . 

Late Oligocene 

Mid-Tertiary Volcanic rocks overlie the Whitetail 

assemblage throughout much of the province. This contact is 

often an angular unconformity, generally disconformable, but 

in several districts Oligocene volcanic units are interbedded 

with Whitetail assemblage rocks (Gilluly, 1946). The erosion 

surface at the base of the Mid-Tertiary Volcanic Assemblage 

correlates with a dated stage of weathering and enrichment in 

the Red Mountain and Pinto Valley deposits. The Mid-Tertiary 

Volcanic Assemblage includes several sedimentary deposi ts, for 

example, the Nipper Formation in the Chiricahua Mountains and 

the Cloudburst Formation in the valley of the San Pedro river. 

These units were formed in a semi-arid climate (Scarborough, 

1989). However, the general paleoclimate of the Oligocene was 

cooler, drier, and more variable than in the Eocene (Nations 

and others, 1985). 
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Miocene - Pliocene 

The San Manuel Assemblage was deposited on a profound 

unconformity during the waning stages of the mid-Tertiary 

orogeny (Eberly and Stanley, 1978). These units are 

distinguished from the younger Gila Group by moderate 

deformation, common internal faulting, and isolation from the 

modern sedimentary basins by Basin and Range faulting. Tuffs 

and occasional extrusive flows are locally interbedded with 

San Manuel assemblage rocks indicating continued volcanic 

activity. There is only evidence for minor tilting of these 

strata before the beginning of regional block faulting in late 

Miocene time (Eberly and Stanley, 1978). Second stage 

enrichment at Morenci, Tyrone, and Santa Rita, in situ 

oxidation at Lakeshore and first stage enrichment at Twin 

Buttes and Silver Bell correlates with the erosional 

unconformity between the Mid-Tertiary Volcanic rocks and the 

San Manuel Assemblage. 

The regional block faulting of the Basin and Range event 

began 13 to 12 m.y. ago (Eberly and Stanley, 1978). The Gila 

Assemblage of Scarborough (1989) was deposited within the 

landscape created by this event. These basins were, for the 

most part, closed until widespread drainage integration about 

10 m.y. ago. Extensive evaporites were deposited prior to 

development of external drainage in the closed basins (Eberly 

and Stanley, 1978). 

Plant and animal fossils are relatively common in the 
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Miocene and Pliocene of the region (Nations and others, 1985). 

A wide variety of paleobiological communities are preserved 

indicative of various paleoclimates governed by 

paleotopography. 

Pleistocene - Recent 

Significant climatic change occurred during the 

Pleistocene (Nations and others, 1985). Associated with this 

change was the extinction of many Plio-Pleistocene vertebrates 

(Martin and Klein, 1984). Patterns of precipitation changed 

so that rainfall became more seasonal, monsoonal, and arroyo 

cutting began throughout much of the province and the adjacent 

Colorado Plateau. At this stage in the regions evolution 

erosion must have overtaken the kinetics of supergene 

enrichment. The copper in Pleistocene and younger sediments 

is predominantly detrital chrysocolla and tenorite (Huff, 

1970; Lovering and others 1950), evidence that the rate of 

erosion is greater than the rate of chemical weathering. 

Oxidation of sulfides continues in the present climate 

(Lovering 1949). In districts, like Morenci, where sulfides 

are exposed on the surface, erosion is very much faster than 

chemical weathering. On the other hand, chemical weathering 

continues, in deposits which are covered by alluvium. The 

unanswered question is if the rate of chemical weathering is 

the same, greater, or slower than at some time in the geologic 

past. 
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This latest stage in the evolution of supergene 

mineralization is the legacy of the present landscape. Most 

deposits have continued to oxidize, but the retreat of 

groundwater into the deep intermontaine basins has prevented 

large scale copper mobility. The rapid oxidation of pyrite in 

well drained deposits and the slow conversion of copper 

sulfides to sulfates, carbonates, silicates and oxides has 

continued until Plio-Pleistocene climate changes brought 

chemical weathering to a virtual standstill. 
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DEPOSIT DESCRIPTIONS 

The geology of each of the deposits dated and several 

deposits which have not been dated but which should be 

included in any effort to understand the regional history of 

weathering and enrichment are described in detail below. The 

Tyrone, Santa Rita, Morenci, Santa Cruz, and Lakeshore 

deposits are discussed at greater length than the others 

because these are the deposits at which the most detailed 

field work was done. The discussion of other deposits in the 

southwestern porphyry provence relies whenever possible on 

discussions with geologists who are personal familiar with 

their geology. All of the deposits discussed below were 

visited by the author however briefly. 

A geographic division has been made which facilitates 

discussion (Figure 1). Tyrone and Santa Rita, in the Central 

Mountains geomorphologic province, are located relatively 

close together near the headwaters of the Gila River near the 

eastern end of the porphyry province. Figure 6 illustrates 

the general Cenozoic stratigraphy in the area surrounding 

these two deposits. 

Morenci, Dos Pobres, and Lone Star are located to the 

west, down stream along the Gila River from Tyrone and Santa 

Ri ta. Figure 11 illustrates the general Cenozoic stratigraphy 

in the Morenci and Safford areas. Bisbee, located south and 

southwest of these three districts, in the Basin and Range 

Province is discussed next. 
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Ray, Inspiration (Cyprus Miami), Pinto Valley, and San 

Manuel are located in the central and north central parts of 

the porphyry province near the confluence of the Gila River 

and the San Pedro River. Figure 16 illustrates the Cenozoic 

stratigraphy in the Ray, Miami-Globe, and San Manuel areas. 

The Pima District is located well south up the Santa Cruz 

River from the Gila River (Figure 1). San Xavier North, 

Sierrita-Esperanza, Pima-Mission and Twin Buttes are included 

in the discussion of the Pima District. Red Mountain-

Patagonia is also included in this group. The Cenozoic 

stratigraphy of this area is shown in Figure 19. 

Silver Bell, Santa Cruz, Sacaton, Lakeshore, and Poston 

Butte, all in the Basin and Range Province, form the western 

flank of the porphyry province and follow in the discussion. 

This loose cluster of deposits is located in the general area 

surrounding the disappearance of the Santa Cruz River. Aj 0 is 

included in this last group. Figure 21 illustrates the 

Cenozoic stratigraphy in the western parts of the porphyry 

provence. 

Tyrone, New Mexico 

Tyrone was the most intensely studied deposit in this 

investigation. Supergene and hypogene dates from Tyrone are 

carefully constrained by detailed (1" =100') mapping of the 

entire ore deposit conducted by the author during the 1990 and 

1991 field seasons. In addition, thousands of feet of drill 
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Figure 6: Cenozoic Stratigraphy Near Silver City, New Mexico -
The Mangas Conglomerate at Tyrone and "Gila" Conglomerate at 
Santa Rita are offset by Basin and Range faulting and 
therefore are properly assigned to the San Manuel Assemblage 
of Scarborough (1984). Stages of enrichment at both deposits 
correlate with the unconformities at the base of the Oligocene 
volcanic rocks and the base of the conglomerates. Two stages 
of enrichment occurred at Santa Rita prior to deposition of 
Oligocene volcanic rocks. A third stage of enrichment at 
Tyrone correlates with erosion of the Mangas conglomerate from 
off of the ore bodies. 
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core were studied in detail. The geology and supergene 

chalcocite deposits at, Tyrone have recently been described by 

DuHamel and others (1994). The most detailed previously 

published descriptions of Tyrone are by Somers (1915), Paige 

(1922), and Kolessar (1982). 

The copper deposits are hosted by the slightly younger 

porphyritic phases of the 56.2 m.y. old Tyrone granodiorite 

stock and by Proterozoic granitic rocks. The host rocks at 

Tyrone are relatively non-reactive to supergene acid sulfate 

solutions. The porphyries and the granitoids are leucocratic, 

containing less than 10% mafic micas by volume. The Laramide 

rocks intrude early Cretaceous (?) andesitic rocks along the 

northeast margin of the deposit. However, the predominant 

wall rocks are Proterozoic granitoids. Outcrops of heavily 

iron-stained, leached capping covered most of the mineralized 

area (Locke, 1926; Blanchard, 1968), but the northeastern part 

of the deposit was buried by the Miocene Mangas conglomerate. 

Figure 7 is a south-southwest to north-northeast long-

itudinal section redrafted from an anonymous drawing, dated 

December 26, 1916, found in the vault at the Tyrone mine 

office. It clearly illustrates the tabular nature of the 

chalcocite deposits and the relative thickness of the blanket 

itself. What is probably the most concise description of the 

deposit was written by W.H. Emmons (1917): 

"Below the surface a zone of chalcocite having a maximum 
thickness of 200 to 300 feet is developed over most of 
the mineralized area. The rock in this zone carries 
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about 2 or 3 percent copper. In it chalcocite has 
replaced pyrite, chalcopyrite, and sphalerite." 

The ore deposits are located beneath jarosite-hematite 

leached capping. If the capping is traced northeast under the 

Mangas conglomerate, two horizons of chalcocite mineralization 

are resolved (Figure 8). The partially oxidized upper blanket 

consists of abundant sooty chalcocite, cuprite, native copper, 

and small amounts of steel glance chalcocite. The lower 

blanket is dominantly steel glance chalcocite and only locally 

contains sooty chalcocite. The gap between the two blankets 

is evidence each is the result of a temporally distinct stage 

of weathering and enrichment (Anderson, 1982). A third stage 

of supergene enrichment is recognized, in the form of 

chalcocite veins within faults which cut both blankets, .but 

this stage is not illustrated by Figure 8. 

The most abundant oxide copper minerals at Tyrone are 

chrysocolla, black copper silicates, and black copper oxides 

such as melaconite and copper-wad. These minerals are 

generally found mixed with limonites in areas where older 

stages of supergene mineralization have been reweathered. 

Oxide copper minerals are most abundant in the southwestern 

parts of the district. They generally increase in abundance 

away from the Mangas conglomerate. Malachite and chrysocolla 

are common, but much less abundant than cuprite beneath the 

conglomerate. 

The three stages of supergene enrichment recognized at 
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Figure 7: Longitudinal Section Through the Tyrone Chalcocite 
Deposit - This long section through the Tyrone ore bodies was 
redrawn from an original pencil sketch dated 1916. The 
outcrops of chalcocite mineralization near the Sampson shaft 
show how Holocene drainages incised the chalcocite deposits. 
This is evidence of how under the present, semi-arid, climate 
mechanical erosion outpaces chemical weathering. 
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Figure 8: East-West Cross Section Through the Tyrone 
Chalcocite Deposit (looking north)- Drilling through the 
Mangas Conglomerate north of the Tyrone open pit mine 
facilitated tracing the jarositic leached horizon northward 
where it was found to contain relatively abundant cuprite, 
native copper, and residual chalcocite. A second horizon of 
chalcocite mineralization was discovered beneath the partially 
destroyed upper horizon. The core from diamond drill hole U-
54 demonstrated that the upper horizon was truncated by the 
erosion surface at the base of the Mangas conglomerate. Note 
that faults which cut the chalcocite mineralization, but not 
the Mangas conglomerate, are interpreted as offsetting the 
upper and lower blankets. However, it is quite possible the 
lower horizon has a lense shape and is not truncated by the 
fault. 
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Tyrone have been documented with K-Ar dating (Table 2). Two 

submicron illites (UAKA 91-78 & UAKA 92-22) record a late 

Eocene stage of chalcocite enrichment. Two alunites from 

hematitic capping (UAKA 91-77 & UAKA 92-56) provide evidence 

of an Early Miocene stage of weathering and enrichment. 

Finally, a third alunite (UAKA 92-55) documents a Late Miocene 

stage of supergene mineralization. 

Table 2: K-Ar Dates From Tyrone 

Sample # Age (m. y.) %K Mineral 

UAKA 91-77 19.2 +/-0.4 3.933 alunite 

UAKA 91-78 45.9 +/-1.1 1.816 illite 

UAKA 92-22 39.5 +/-1.7 5.755 illite 

UAKA 92-55 8.46 +/-0.4 5.180 alunite 

UAKA 92-56 16.2 +/-0.4 7.548 alunite 

The oldest recognizable stage of weathering and enrichment 

occurred in Late Eocene time when the andesitic volcanic rocks 

above the protore eroded sufficiently to expose this 

mineralization to oxygenated groundwater. The partially 

oxidized upper chalcocite ~lanket preserved beneath the Mangas 

conglomerate is a remnant of Late Eocene enrichment. 

A series of Oligocene tuffs and volcanic flows, which is 

at least 1400 feet thick, is present in the Little Burro 

Mountains less than a mile northeast of the ore deposit 
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(Figure 6). Based on evidence from three measured 

stratigraphic sections in this series these units are 

correlated with the 36.9 (+/-1.5) m.y. old Sugarlump tuff and 

33.4 (+/-1.0) m.y. old Kneeling Nun quartz latite in the Santa 

Rita Range twenty miles east of Tyrone (Jones and others, 

1967) . These units probably covered the Tyrone ore body 

during much of Oligocene time. 

The second stage of supergene activity occurred after 

erosion of the Oligocene volcanic rocks, but prior to the 

deposition of the Mangas when early Miocene faulting tilted 

the Eocene chalcocite blanket and established new base levels 

for local groundwater. This stage of enrichment is documented 

by two alunite datesj 19.12 (+/-0.43) m.y. and 16.4 (+/-0.40) 

m.y. Therefore, at least 15 m.y. elapsed between the 

deposition of the Little Burro Volcanics and the completion of 

second stage of weathering and enrichment. 

This second cycle of supergene activity continued until 

the Mangas conglomerate had aggraded over the ore bodies. 

Most of the first stage chalcocite blanket was destroyed 

during the second stage, leaving a layer of hematite capping 

which now is truncated by the erosion surface at the base of 

the Mangas conglomerate. The Late Eocene and Early Miocene 

stages of enrichment both correlate with unconformities 

present in the Little Burro Mountains. 

The third and final stage of enrichment occurred during 

or after the deposition of the Mangas conglomerate. It 
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created bodies of exotic copper mineralization some of which 

are visible in the northeast wall of the open pit. The third 

stage also created veins of chalcocite, often several inches 

thick, in faults which offset the older leached capping and 

chalcocite blanket. This stage of weathering and enrichment 

must have slowed to a virtual halt with the onset of arid 

conditions in the region approximately four or five million 

years ago. Mechanical erosion is much more rapid than 

chemical weathering at present, and modern, pre-mine drainages 

have incised the chalcocite blanket, as can be seen in Figure 

7. Assuming an average rate of erosion of 0.2 feet per 1000 

years (Graybeal, 1982), the ore deposit at Tyrone would have 

lasted only another 3.5 m.y. before being eroded away in the 

present climate. 

Santa Rita, New Mexico 

After Tyrone, Chino is the most thoroughly examined 

deposit in this study, although only two alunite dates were 

made on materials from Chino. Sixteen months were spent at 

the mine during the 1993 and 1994 field seasons. The 

interpretations and conclusions in this section are the result 

of that field investigation. 

Three stages of supergene alteration and enrichment are 

recorded in the rocks at Santa Rita. Previously published 

descriptions of supergene enrichment at Santa Rita and in the 

Central Mining district (Lasky, 1936; Rose and Baltosser, 
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1966) note two stages of enrichment, one before and one after 

mid-Tertiary volcanism. The third stage of supergene 

mineralization and alteration occurred after Basin and Range 

(?) faulting. 

Recent drilling at the Chino mine has located chalcocite 

mineralization beneath Oligocene volcanic rocks (33.4 m.y. old 

Kneeling Nun quartz latite tuff) immediately to the southeast 

of the Santa Rita stock. This is direct evidence of Eocene 

enrichment. Prior to this finding, Rose and Baltosser (1966) 

noted extensive iron oxide cement in the base of the mid

Tertiary volcanics south of the Chino mine and regarded this 

as evidence of enrichment prior to Oligocene burial. Clasts 

of chalcocite were found in conglomerate at the base of the 

volcanic section and assuming it is not replacement of another 

sulfide in situ, this also is evidence of a pre-volcanic stage 

of supergene enrichment. Other authors have also concluded 

that enrichment occurred mostly before mid-Tertiary volcanism 

(Lasky, 1936; Hernon and Jones, 1968). 

Figure 9 is an east west cross section through the main 

chalcocite deposit at Santa Rita. The blanket is offset 

approximately 500 feet by the Martin Canyon Fault, which in 

turn offsets the base of mid-Tertiary volcanic rocks. The 

latest movement must have been less than 35 m.y. ago. It is 

logical to assume the fault is about 12 m.y. old, Basin and 

Range age. Alunite from hematitic capping in the hangingwall 

of the Martin Canyon Fault is 25.6 m.y. old. This date must 
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Figure 9: East-West Cross Section Through the Santa Rita 
Deposit This section illustrates how the chalcocite 
mineralization, shown with stippling, at the Santa Rita 
deposit is offset in two "stair steps" by post-volcanic 
faulting. Enrichment is best developed around the periphery 
of the Santa Rita stock. The interior of the stock is devoid 
of copper in many areas. 
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represent the destruction of chalcocite from the first stage 

of enrichment. The main chalcocite blanket is the product of 

an Early Miocene stage of enrichment. This stage of supergene 

activity correlates with the time transgressive unconformity 

at the base of the San Manuel assemblage (Scarborough, 1984). 

Figure 10 is a north-south section through the main 

chalcocite deposit at Chino. It shows how chalcocite 

mineralization is thinner and closer to the base of the 

Oligocene volcanic units towards the south and thicker, higher 

grade and deeper into the Laramide bedrock further from 

volcanic cover. These field relations are strong evidence 

that supergene activity since erosional removal of the 

Oligocene volcanic rocks has resulted in much more profound 

enrichment than had been accomplished by weathering during the 

Eocene and Early Oligocene. 

Rose and Baltosser (1966) concluded that post-volcanic 

faulting lead to renewed supergene activity. They recorded 

that the top of the enrichment zone was parallel to pre-mine 

topography on the east side of the deposit, but that the 

principal drainage in the mine area, Santa Rita creek, cut 

down into the enriched zone in the north and on the west side 

of the mine area. 

Well developed chalcocite enrichment, the result of first 

and second stage supergene activity is preserved under 

hematitic capping in the hanging wall of the Martin Canyon 

Fault. The supergene mineralization in the footwall of the 
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Figure 10: North-South Section Through the Santa Rita Deposit 
- The supergene mineralization in the southeast portions of 
the deposit is zoned with respect to outcrops of Oligocene 
rhyolite. The sequence developed as unroofing proceeded. The 
shale and diorite are both thoroughly altered to an assemblage 
of quartz, sericite, K-feldspar, and pyrite. Since the 
supergene mineralization is developed in relatively 
homogeneous host rocks the results of post-volcanic weathering 
can be isolated. Chrysocolla is predominant farthest north 
along the southeastern margin of the stock. Traversing south, 
there is a mixed zone, then chalcocite as volcanic cover is 
approached. This is the result of post-volcanic oxidation of 
mature enrichment. The leached capping is thicker to the 
west, in the down thrown blocks (see Figure 9), thus post
volcanic oxidation has not affected these ores. However, in 
the early days of the district, very high grade oxide copper 
ores were exploited along Santa Rita creek, where the drainage 
had incised the enriched horizon. 



T + 

+ 
+ to 

+ 

... T 

-
500 Fael 

ChrYlocolla 

... 

T + t-

+- + 

1-:-" I Ollgoaene Rhyolite 

1 i ++ I Santa Rita Stoak 

'.,/ \'1 Quartz Diorite 

h :.¥J Crataoaoua Shale 

~ Plliaoloia L1mutone 

+ 

... 

+ + 

+ 
1-

Figure 10 

" 

T 

T 

+ 

~ 

'" 

-..J 
W 



74 

fault outcrops in some drainages and at most is covered by 200 

feet of leached capping. Much of this mineralization is 

chrysocolla and malachite mixed with chalcocite. A few drill 

holes intercept chrysocolla and copper clay mineralization 

covered by jarositic capping and hosted by rocks which contain 

no evidence of hydrothermal mineralization or previous 

supergene mineralization of any kind. This material must be 

exotic mineralization introduced laterally into the barren 

rock. The exotic copper silicate mineralization and the 

oxidation of chalcocite mineralization to chrysocolla and 

malachite are the result of third stage, post-volcanic 

faulting, supergene activity at Santa Rita. 

There is abundant chalcopyrite mineralization in skarns 

all around the periphery of the Santa Rita stock. Skarn with 

fresh pyrite and chalcopyrite was within 100 feet of the 

surface in the northern part of the mine. However, there was 

no enrichment or evidence of oxidation within this deposit. 

In contrast, the skarns at Morenci, at Twin Buttes, and the 

replacement deposits at Bisbee were oxidized to great depths. 

Lasky (1936) in a study of the zinc-Iead-copper vein and 

replacement deposits in the Bayard area immediately southwest 

of the Santa Rita porphyry'copper deposit noted the outcrop of 

fresh sulfides in some drainages. However, elsewhere in the 

study area oxidation and supergene enrichment extended to 

depths of at least 500 feet The lack of oxidation of the 

skarns in the northwest part of the Santa Rita deposit is 
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probably due to the locally subdued topography and relatively 

shallow water table prior to mining. 

In summary, there are three stages of supergene 

mineralization and alteration recorded in the rocks at Santa 

Rita. The first stage was during the Eocene and accomplished 

some chalcocite enrichment. The evidence for this stage is 

chalcocite mineralization buried under volcanic units of 

Oligocene age, clasts of chalcocite in the basal conglomerates 

of the volcanic section, and iron oxide cemented conglomerates 

(ferricretes) at the base of the volcanic section. The second 

stage of enrichment was during the early Miocene. The 

evidence for this stage of supergene activity is the 

thickening of the chalcocite blanket away from the edge of 

volcanic cover and a K-Ar date of 25.4 m.y. on an alunite from 

hematitic capping in the hangingwall of the Martin Canyon 

Fault. The third stage of supergene mineralization and 

alteration is late Miocene or perhaps Pliocene in age. The 

evidence for this stage of weathering and enrichment is the 

offset of the first and second stage enrichment by the Martin 

Canyon Fault and the oxidation of second stage chalcocite to 

chrysocolla and malachite in the footwall of the Martin Canyon 

Fault. Finally, all three stages of supergene mineralization 

and alteration were completed before Quaternary time as 

indicated by the incision of the enrichment profiles by modern 

topography. Pyrite-bearing boulders were coated with 

chalcanthite in Santa Rita creek, but this is the only 
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evidence of Holocene supergene activity. 

Morenci, Arizona 

The Morenci chalcocite deposit is the biggest supergene 

enrichment blanket in the American southwest. The main 

blanket, also known as the Clay ore body was over 800 feet 

thick and averaged 0.9% Cu at a 0.4% Cu cutoff. The author 

spent three months in the district during 1989 mapping the 

Shannon Mountain copper deposits on the northern edge of the 

district. Analysis of geologic cross sections indicated the 

supergene alteration and mineralization facies at Shannon 

Mountain are zoned with respect to the pre-mine topography. 

The field evidence supported the conclusion that supergene 

mineralization and alteration at Shannon Mountain are the 

result of relatively recent geologic conditions. 

Lindgren (1905) reported the lower limit of chalcocite 

mineralization at Shannon Mountain was 250 to 300 feet below 

the present surface. This places the base of enrichment at 

least three hundred feet above the elevation of Chase Creek 

which is 1200 feet to the west. The oxidation of the Shannon 

Mountain copper deposits is clearly not related to the present 

water table and must have occurred at some time in the 

geologic past. A latest Miocene or Pliocene stage of 

supergene alteration and mineralization seems to be the best 

educated guess for the timing of the latest supergene activity 

at Shannon Mountain because supergene mineralogy is zoned 
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relative to the pre-mine topography and that topography must 

be related to the incision of Chase Creek (Lindgren, 1905). 

Three district wide mineral zones were recognized by 

Lindgren (1905) in the Morenci (south) and Metcalf (north) 

subdistricts; the surface zone, the chalcocite zone, and the 

pyritic zone. These same zones, using the terminology of the 

1990's are; the leached capping, strong enrichment, and 

moderate to weak enrichment zones. The pyritic zone 

ordinarily contained less than 1% Cu and was of little 

commercial interest in Lindgren's time. This zone did contain 

chalcocite and other supergene copper minerals. The pyritic 

zone began 200 to 600 feet below the surface. 

The chalcocite zone produced the richest ores in the 

district. It was 100 to 400 feet thick. The ores were most 

often formed by chalcocite replacement of pyrite. Minimum ore 

grades in 1905 were 2.0% Cu for material which had to be moved 

anyway, but might still be processed; 2.0 to 2.5% Cu for lean 

ore; and greater than 2.5% Cu for regular ore (Lindgren, 

1905) . 

Lindgren (1905) reports that in the Copper King and 

Jameson mines chalcocite ore began almost at the surface, but 

that hills of oxidized surface zone material rose to summits 

200 to 300 feet above the chalcocite all around these 

deposits. This is evidence that, like at Tyrone and Santa 

Rita, erosion had begun to outpace enrichment in the district. 

All of the mines in the chalcocite zone which were examined by 
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Figure 11: Cenozoic Stratigraphy of the Safford-Morenci Area, 
Eastern Arizona - This figure illustrates how the Clifton 
volcanics, which are nearly a thousand feet thick at Morenci, 
pinch out westward and are not present in the Safford District 
less than twenty miles away. Conversely, The Baboon volcanics 
have not been recognized in the Morenci District. The Gila 
Volcanics, which are well exposed in the Safford District have 
been traced to the north and east of the Morenci District, but 
are not found in the immediate vicinity of the open pit mines. 
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Lindgren (1905) were entirely dry. Therefore, Lindgren (1905) 

concluded the chalcocite deposits must have been the product 

of an ancient climate, perhaps Gila Conglomerate (Gila 

Assemblage) time (Figure 11). 

The surface zone as described by Lindgren (1905) 

contained both gossans and deposits of chrysocolla, azurite, 

brochantite, and malachite. Brochantite occurred as a 

replacement of chalcocite. Malachite often occurred as a 

replacement of brochantite (Lindgren, 1905). Therefore, the 

surface zone must have been mineralized with chalcocite as a 

result of a previous stage of supergene mineralization. This 

is evidence for multiple stages of supergene activity. 

Figure 12 is a simplified geologic map of the Morenci 

district showing the principal areas of open pit mining in 

1993. The largest open pit, Morenci proper, is in the south. 

Immediately to the north of the Morenci pit is the Northwest 

Extension. The Metcalf pit is in the northeast. 

The chalcocite ore in the Morenci pit is hosted primarily 

by monzonite porphyry, older granite porphyry, and Precambrian 

granite. The chalcocite blanket dips approximately 10° east 

toward Chase Creek (Langton, 1973). Protore at Morenci 

contained between 3 and 5% pyrite and 0.5 to 1% chalcopyrite. 

East of the Morenci pit, the Cliff-Kingbolt Fault zone 

strikes along the bottom of Chase Creek (Figure 13). This 

fault zone forms the eastern boundary of the Clay ore body. 

Movement on the Kingbolt Fault is mostly Laramide, but latest 
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Figure 12: Sketch Map of Geology, Morenci District - The Clay 
ore body, the main chalcocite blanket in the Morenci District, 
was located between the two normal faults, the Copper Mountain 
fault on the west and the Cliff fault on the east, which 
strike north-northwest through the District. This local 
graben is embedded in the regional horst formed by the two 
faults shown in the southwest and southeast corners of the 
map. The monzonite and granite porphyries shown on the map 
were the most productive centers of hydrothermal 
mineralization. Paleozoic sedimentary rocks are widely 
exposed on the surface to the south and west of the open pit 
mines. Proterozoic granodiorite forms the walls of the 
productive porphyries in the open pit mines and to the north 
and east. 
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Figure 13: Geologic Cross Section Through the Morenci Deposit 
(2X Vertical Exaggeration)- This section (modified from 
Langton, 1973) illustrates the discontinuous and immature 
nature of enrichment east of the Clay ore body. The position 
of the Clay ore body between the Copper Mountain (western) and 
Cliff (eastern) faults is clear. Alunite from the eastern 
side of the district has a K-Ar age of 9.8 million years while 
alunite from the northern edge of the Clay ore body is 7.1 
million years old. This is evidence that the process of 
enrichment lasted about 3 million years longer in the Clay ore 
body than elsewhere in the district. Thus, the Clay ore body 
is thicker, higher grade, and petrographically more mature 
than other supergene deposits in the district. 
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motion on the east dipping Cliff Fault is no older than 

Miocene. Striking north-northwest across the Morenci pit on 

a line slightly west of center is the Copper Mountain Fault. 

There are crushed chalcocite and chalcocite coated pyrite 

fragments in the fault zone. Therefore, there must be post

enrichment movement on this fault. 

East of the Copper Mountain Fault, leached capping is 

thin, but the enrichment blanket is thick. There is an 

average of 800 feet of enriched ore covered by 50 feet of 

leached capping. West of the Copper Mountain Fault there is 

an average 800 feet of capping over 50 feet of enrichment.This 

difference is evidence of stair-step enrichment with profound 

lateral migration of copper, like at Tyrone. It also is 

evidence for multiple stages of supergene enrichment because 

the oxidation of each block must have been sequential. 

In general, there is an abrupt transition from capping to 

sulfide enrichment throughout most of the Morenci pit. The 

chalcocite deposits contained little evidence of reoxidation. 

This is not the case immediately north of the Morenci pit in 

the area of the district known as the Northwest Extension. 

Northwest Extension mineralization is dominantly chrysocolla, 

azurite, and malachite over remnants of a low total sulfide 

chalcocite-bearing protolith. 

The Metcalf area is characterized by a great deal of 

overlap between leached and enriched material, less thorough 

leaching than Morenci, and many pockets of partially leached 
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primary sulfides. The area had lower grade protore than at 

Morenci, but contained about the same original pyrite content 

(3 to 5%). Host rocks typically contain more abundant biotite 

and therefore are more reactive to supergene solutions than 

those at Morenci. 

Covellite, indicative of immature enrichment (Emmons, 

1917), is far more abundant at Metcalf than at Morenci. 

Langton (1973) concluded the differences in the character and 

extent of supergene enrichment in the two parts of the 

district follow from the overlapping of two stages of 

enrichment at Morenci, but the separation of the two stages at 

Metcalf. The result was very mature enrichment at Morenci, 

but rather immature enrichment at Metcalf, albeit in a 

weathering profile thicker than at Morenci. 

Langton (1973) believed the Metcalf copper deposits were 

upthrown more than 1200 feet along the Cliff Fault during the 

Basin and Range event, stranding the Metcalf mineralization 

above the water table, effectively halting any further 

enrichment, but subjecting the deposit to further oxidation. 

The alunite dates from the district support the conclusion of 

Langton (1973) that enrichment at Metcalf ceased earlier than 

at Morenci and therefore is less well developed than Morenci, 

despite differences in the present structural interpretations. 

Moolick and Durek (1966) first suggested the possibility 

of pre-volcanic enrichment at Morenci. Langton (1973) 

describes two periods of enrichment at Morenci; first a pre-
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Miocene stage of enrichment, then a late Miocene-Pliocene 

stage of enrichment. Langton (1973) concluded enrichment was 

primarily accomplished prior to mid-Tertiary volcanism. 

However, Moolick and Durek (1966) while noting the two stage 

nature of supergene mineralization were uncertain as to the 

exact timing of enrichment. 

The evidence for pre-Miocene enrichment is largely 

circumstantial. The entire district is surrounded by 

Oligocene volcanic rocks dated by Damon and others (1967) as 

33 m.y. old which are presumed to have buried the district 

sometime in the past. Moolick and Durek (1966) report 

oxidized copper ore in contact with (presumably Oligocene) 

basalt flows, but do not report the age the basalt. 

Nevertheless, this is only field evidence of pre-volcanic 

enrichment. 

The evidence for two stages of supergene enrichment in 

the Morenci district is compelling. Hematitic capping 

containing small bodies of unoxidized chalcocite above the 

main chalcocite deposit is evidence of two stages of 

chalcocite mineralization. Chalcocite veinlets cutting a 30.0 

+/-0.7 m.y. old trachyte dike (UAKA 92-23) demonstrate some 

enrichment must be younger than Early Oligocene. There is no 

hard evidence of pre-volcanic enrichment. 

Two alunites from leached capping in both the Morenci and 

Metcalf parts of the district have been dated. Sample UAKA 

92-05 is from the Northwest Extension, west of Chase Creek. 
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It was hosted by the older granite porphyry. The sample is 

7.19 +/- 0.27 m.y. old. Sample UAKA 92-21 is from the Metcalf 

deposit, east of Chase Creek, and is 9.88 +/- 0.26 m.y. old. 

The duration of supergene activity is critical to the 

development of mature enrichment. The hematitic capping above 

the Morenci chalcocite blanket west of Chase Creek formed 7.1 

m.y. ago based on an alunite date. The leached capping above 

the patchy and immature supergene mineralization east of Chase 

Creek in the northern parts of the district formed 9.8 m.y. 

ago. Provided erosion exposed the two regions simultaneously, 

supergene activity at Morenci lasted 3 million years longer 

than at Metcalf. The sulfide mineralogy and host rocks of the 

two areas are different, but notwithstanding that fact, the 

best enrichment formed where supergene activity lasted 

longest. 

Safford District. Arizona 

The two best known porphyry copper deposits in the 

Safford District are Dos Pobres and Lone Star. Both deposits 

are oxidized, but overall there is little copper enrichment. 

The geology of the Dos Pobres deposit was described by Langton 

and Williams (1982). Robinson and Cook (1967) described the 

geology of Lone Star. Lone Star is still mostly buried by 

Eocene and Miocene volcanic rocks. There are several low 

hills composed of Eocene and Miocene volcanic rocks present at 

Dos Pobres. However, large parts of the deposit are now 
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exposed at the surface. 

The wall rocks at both Dos Pobres and Lone Star are 

andesitic volcanic units which have been both extensively 

biotitized and propyllitically altered. As such, they are 

moderately to strongly reactive and inhibit generation of 

excess acid and consequently inhibit copper mobility. 

Oxidation of primary copper sulfides is common in the 

district, but enrichment is poorly developed in small isolated 

lenses. 

The Dos Pobres and Lone Star deposits are very good 

examples of single cycle weathering and in situ oxidation. 

Figure 11 helps illustrate why only one cycle of weathering 

has affected much of the District. The Baboon volcanics were 

deposited over most of the District during middle Eocene time 

(Langton and Williams, 1982). Therefore, the Eocene erosional 

interlude was quite short-lived. How much of the Baboon 

volcanics is juvenile material and how much is reworked from 

Laramide andesitic units is unclear. What is clear is that 

the mid-Tertiary overburden in the District was thicker than, 

for example, at Ajo or Morenci. Early Eocene erosion allowed 

the agents of weathering only to reach the upper parts of the 

porphyry systems before the district was buried under the 

Baboon volcanics. There is no evidence that Early Miocene 

erosion unroofed the porphyry system. In fact, the district 

was buried even deeper by the Late Miocene Gila Volcanics 

(Langton and Williams, 1982). It is only since the Pliocene 



90 

that porphyry systems have been unroofed again. Thus, while 

many deposits in the region were undergoing second or even 

third cycles of weathering and enrichment the deposits in the 

Safford District were buried under the Baboon and Gila 

Volcanics. Thus, the porphyry copper deposits of the Safford 

District exhibit less enrichment than any other district in 

the Southwest. 

Bisbee. Arizona 

The late Jurassic Juniper Flat Granite and cogenetic 

Sacramento Stock intrusive complex in the Mule Mountains of 

southeastern Arizona are the progenitors of the copper 

deposits at Bisbee. The K-Ar and Rb-Sr ages of biotite from 

the Juniper Flat granite are 163 m.y. and 176 m.y. 

respectively (Creasey and Kistler, 1962). Most of the copper 

ore in the district was mined from replacement deposits in the 

Devonian Martin and Mississippian Escabrosa Formations. 

However, a mUlti-stage chalcocite blanket hosted by rocks of 

the Sacramento stock porphyry-breccia complex was mined in the 

Lavender-Sacramento pit. The general geology of the Warren 

(Bisbee) District has been described by Ransome (1904), 

Bonillas and others (1916), Bryant and Metz (1966), and Bryant 

(1968) . 

The depth of oxidation in the district is highly variable 

and showed no relation whatever, to the pre-mining permanent 

water table (Bonillas and others, 1916). Primary ores were 
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found well above the water table in the western end of the 

district. Gossans and oxidized ores were found several 

hundred feet below the water table in the eastern parts of the 

district. Further, primary ore outcropped at the west end of 

Sacramento Hill (Bonillas and others, 1916). Supergene 

mineralization and alteration at Bisbee, as in most other 

districts in the region, is not related to Holocene hydrology 

or topography. 

Two stages of supergene enrichment, at least, are 

recorded in the rocks of the Lavender Pit. The first stage 

must have occurred in late Jurassic or early Cretaceous 

Periods because clasts of gossan and chalcocite mineralization 

were found in the base of the early Cretaceous Glance 

Conglomerate. The second stage of supergene enrichment 

occurred during the Miocene when the thin hematitic leached 

capping formed on the hills north of the Dividend Fault. The 

supergene mineralization below this capping is continuous with 

the chalcocite blanket in the Lavender pit south of the fault. 

There is no offset of the enriched horizon across the fault. 

The Dividend Fault is the most prominent fault in the 

district. It has played a central role in history of copper 

mineralization in the dl.strict. The Dividend, and the 

Lavender Fault, an ancestral Dividend splay, guided the 

intrusion of the Sacramento Stock. 

Oxidation extended at least 1600 feet into the bedrock 

during the Late Jurassic or Early Cretaceous stage of 
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supergene activity (Emmons, 1917). The Dividend Fault dropped 

its southern side several thousand feet after the first stage 

of supergene enrichment, but before deposition of the 

Cretaceous Bisbee Group sediments. 

The famous turquoise of the Bisbee district came from the 

base of the Glance Conglomerate. Thus, either copper 

enrichment or diagenesis of older supergene mineralization 

must have occurred after deposition of the base of the Glance 

conglomerate. 

Three new K-Ar dates have been obtained from Bisbee. 

These dates are difficult to interpret because of the 

antiquity of Bisbee supergene mineralization compared to the 

rest of the southwestern porphyry province. All three dates 

Table 3: K-Ar Dates from Bisbee 

I Sample # I Age I Notes 

I 
Alunite 92-046 9.08 +/-0.22 m.y. 7.204 %-K 

Alunite 92-049a 107.6 +/-2.6 m.y. 7.019 %-K 

Illite 92-50 109.2 +/-4.4 m.y. 5.074 %-K 

are from samples collected on the north side of the Dividend 

Fault. Figure 14 is a cross section drawn through the main 

enrichment blanket drawn across the Dividend Fault. It 

illustrates how there is no offset of the blanket. Therefore, 

there must have been a stage of supergene activity after last 
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Figure 14: Geologic Cross Section Through the Bisbee Deposit -
Chalcocite mineralization north and south of the Dividend 
fault (at center) shows no offset along that structure. 
Alunite from the northern part of the blanket has a K-Ar age 
of 9 million years, evidence that the chalcocite blanket mined 
in the Lavender-Sacramento open pit reached its final form 
during the late Miocene, after the latest movement on the 
Dividend fault. 
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fault demonstrates enrichment must have occurred at 

approximately 9.08 m.y. ago. The K-Ar ages of illite 92-50 

and alunite 92-49 suggest such a supergene event occurred at 

approximately 107 to 109 m.y. ago. These dates are too young 

to be older than the base of the Glance Conglomerate. 

Presumably 108 m.y ago the sandstone and shale of the Morita 

Formation or the Morita Limestone were being deposited over 

the entire district. The conclusion that these dates reflect 

submarine diagenesis of the supergene mineralization at Bisbee 

during the latest Early Cretaceous seems inescapable. 

Figure 15 is a series of three diagrammatic cross 

sections illustrating the history of supergene enrichment at 

Bisbee. The deposits formed 163 m.y. ago and began oxidizing 

within 10 to 15 m. y. (Figure 15a). The first stage' of 

supergene activity occurred prior to the deposition of the 

Bisbee Group. Oxidation in the replacement deposits does not 

conform closely to the present topography, but it conforms 

closely to the pre-Cretaceous unconformity at the base of the 

Bisbee Group (Bonillas and others, 1916). Figure 15b 

illustrates the geology at the beginning of the Cretaceous 

Period. The district was submerged during most of the 

Cretaceous Period. The alunite and illite formed or was reset 

during this interval of submergence. Subsequent Tertiary 

erosion, and rejuvenation of the Dividend Fault caused a 

Miocene stage of chalcocite mineralization. These Miocene 

deposits were mined in the open pit (Figure 15c) . 
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Figure 15: Diagrammatic Cross Sections Illustrating the 
History of Supergene Enrichment at Bisbee, Arizona The 
hydrothermal mineral deposits at Bisbee formed during Jurassic 
time and finished cooling about 163 million years ago. The 
district was buried in latest Jurassic or earliest Cretaceous 
time by the Glance conglomerate. The base of this unit 
contains clasts of leached capping and chalcocite 
mineralization, evidence that at least one stage of supergene 
oxidation and enrichment had occurred during the Jurassic. 
Oxidation at this time probably reached at least 3000 feet 
into the bedrock. The products of Jurassic oxidation and 
enrichment are shown with a cross hatch pattern. Laramide 
uplift and subsequent erosion initiated renewed supergene 
activity which resulted in a Miocene stage of enrichment. 
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San Manuel, Arizona 

A single porphyry copper system has been split into two 

parts by movement on the San Manuel Fault in the San Manuel 

district. The two halves are known as the Kalamazoo, upper 

plate, and San Manuel, lower plate, deposits (Lowell, 1968). 

A thin chalcocite blanket is developed along the paleotop of 

the Kalamazoo deposit (Lowell, 1968). The San Manuel deposit, 

in contrast, contains a record of mUltiple stages of 

enrichment and oxidation which can be correlated with the 

Cenozoic stratigraphy of the district as defined by Heindl 

(1963) and Creasey (1967) and shown in Figure 16. 

The enriched and oxidized zones at San Manuel show no 

relation to the pre-mine topography or water table. The 

enriched and oxidized zones are faulted, tilted, then faulted 

again. Thus, the apparent depth of oxidation is 1400 feet at 

the west end of the deposit, but less than 10 feet at the east 

end. Enrichment is generally lacking. Supergene chalcocite 

is common, but generally has a range of grades similar to the 

underlying protore. There are exceptions to this in the east 

end of the deposit where enrichment has occurred in 

phyllically altered rocks., However, the enriched zone is less 

than 100 feet thick. Chrysocolla is the most abundant 

supergene copper mineral. It is generally an oxidation 

product of chalcocite (Schwartz, 1949). 

Schwartz (1949) determined the first stage of supergene 
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Figure 16: Cenozoic Stratigraphy of the Miami-Globe, Ray, and 
San Manuel Areas - The first stage of supergene mineralization 
at the San Manuel mine correlates with the erosional 
unconformity at the base of the Whitetail conglomerate. 
Subsequent stages of weathering and oxidation at San Manuel 
correlate either with the top of the Miocene tuff or the top 
of the Big Dome Formation. The first stage of enrichment at 
Ray also correlates with the base of the Whitetail 
conglomerate. Exotic copper mineralization at Ray is found in 
both the Whitetail conglomerate and the base of the Apache 
Leap tuff. Therefore, there must have been a late Miocene 
stage of supergene activity at Ray. 
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mineralization occurred prior to the deposition of the "Gila 

? conglomerate". The work of Heindl (1963) and Creasey (1967) 

demonstrate the oldest terrestrial sediments in the district 

properly belong to the Oligocene Cloudburst Formation. The 

Cloudburst Formation is approximately 2 9 m. y. old (Nations and 

others, 1985) and is assigned to the Volcanic Assemblage of 

Scarborough (1989). Therefore, the first stage of supergene 

mineralization, enrichment and replacement of protore sulfides 

by chalcocite, occurred during Eocene or earliest Oligocene 

time. 

Schwartz (1949) presents evidence of further rotation, 

tilting, of the San Manuel deposit after the first stage of 

supergene activity, but prior to widespread oxidation of 

chalcocite to chrysocolla. Figure 17 is a cross section 

redrawn from Schwartz (1949) illustrating how the secondary 

sulfide zone pinches out between the oxide and primary zones 

zone, presumably a result of rotation relative to the water 

table. The second stage of supergene mineralization, 

widespread oxidation of chalcocite to chrysocolla occurred 

during Miocene time and must correlate with either the erosion 

surface between the Volcanic Assemblage and the San Manuel 

Assemblage or that between the San Manuel Assemblage and the 

Gila Assemblage. 

Both oxide and supergene 

lacking in the Kalamazoo ore body. 

sulfide mineralization are 

Although a thin blanket of 

chalcocite, tilted nearly on end, is located to the east of 
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Figure 17: Cross Section Through the San Manuel Deposit 
(modified from Schwartz, 1949) - The well developed supergene 
mineral zones at San Manuel are truncated by the San Manuel 
fault. There is only poorly developed chalcocite 
mineralization at the southeast end of the Kalamazoo deposit. 
Most of the supergene alteration and mineralization at San 
Manuel must post-date separation from Kalamazoo. 
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the ore body (Lowell, 1968), but there is no evidence of 

subsequent oxidation. It is logical to surmise the Kalamazoo 

deposit must have been offset from the San Manuel deposit 

before the second stage of supergene mineralization at San 

Manuel. The sediments of the San Manuel Assemblage are offset 

by the San Manuel fault, therefore, correlation of the second 

stage of supergene mineralization at San Manuel with the 

erosion surface separating the San Manuel and Gila Assemblages 

best fits the established facts. 

Pinto Valley - Castle Dome, Arizona 

The Pinto Valley (Castle Dome) deposit is located in a 

horst bounded to the west by the Gold Gulch and West End 

Faults and to the east by the Jewell Hill Fault. The faults 

on the west side dip steeply west. The Jewell Hill Fault dips 

only 35 degrees to the east. The copper deposit is hosted 

primarily by Lost Gulch quartz monzonite, but the southeastern 

quarter of the mine is developed in approximately 60 m.y. old 

granodiorite and granodiorite porphyry. Mineralization and 

hydrothermal alteration at Pinto Valley is placed at 59 m.y. 

(G. Lenzi, Magma Copper Co., 1994, written communication). 

The uplift of the horst containing the ore body is 

believed to have kept pace with chemical weathering. The age 

of weathering is not well constrained by field evidence. 

However, there is evidence for at least two cycles of 

weathering and enrichment in the nearby Cactus-Carlota 
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deposit. The age of weathering at Pinto Valley is assumed to 

be post (20 m.y.) Apache Leap tuff. 

An illite from Pinto Valley (PV-1, UAKA 92-57) was dated 

at 26.4 +/ - 0.6 m. y. The sample contained 4.349% K. A 

submicron clay was also separated from a sample of 

granodiorite porphyry containing abundant secondary biotite. 

However, this specimen contained 2.287% K and was not dated. 

Interpretation of the 26.4 m.y. date is complicated by the 

pervasive argillic alteration present at Pinto Valley. This 

alteration is characterized by the recrystallization of 

plagiolcase to clays and sericite. The assemblage is 

ubiquitous at Pinto Valley and appears at depths greater than 

any possible weathering (Lenzi, 1994, written communication) . 

The sample of Lost Gulch quartz monzonite from which' the 

illite was collected exhibits this alteration. Thus, the 

sample may be a hybrid between a very young, Pliocene (?), 

weathering event and Laramide alteration. 

The Cactus-Carlota deposit is located just to the west of 

Pinto Valley. The host of this deposit is a landslide breccia 

of Pinal schist. Clasts within the breccia contain veinlets 

and disseminations of pyrite some of which has been partially 

replaced by chalcocite dreating the copper deposit. The 

breccia unit is itself faulted over a bedrock of intact Pinal 

schist. All of the copper in the deposit is believed to be 

exotic, transported in solution into the breccia. 

The Cactus-Carlota deposit is covered by the Apache Leap 
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tuff, but the age of the unit with respect to the Whitetail 

formation is not known. Some copper mineralization is present 

in the base of the Apache Leap tuff at Carlota. Evidence that 

some or all of the supergene mineralization is late Miocene or 

younger. 

The Pinto Valley deposit is the most likely source of 

copper for the Cactus-Carlota deposit. If the Cactus breccia 

is Eocene, equivalent to the Whitetail formation, then the age 

of some supergene mineralization may be 26.4 m.y. If the 

Cactus breccia is Miocene, then the 26.4 m.y. date is most 

likely a hybrid. 

San Xavier North, Pima District, Arizona 

The San Xavier North deposit is the northern most copper 

porphyry in the Pima mining district. The geology of the 

deposit is described by Koenig (1978) and King (1982). The 

deposit formed approximately 56 m.y. ago as quartz monzonite 

porphyry intruded folded siltstones and sandstone of the early 

Cretaceous age. The deposit has a fascinating structural 

setting in the upper plate of the San Xavier Fault. The San 

Xavier Fault is a nearly horizontal fault the upper plate of 

which has been displaced about 6 miles northward. Movement on 

this fault must have been initiated no more than 28 m.y. ago 

(Titley, 1982b). The supergene enrichment at San Xavier North 

is poorly developed by regional standards. The second stage 

enrichment blanket is barely 100 feet thick (Figure 18). 
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Figure 18: Geologic Cross Section Through the San Xavier North 
Deposit - Two horizons of supergene mineralization are present 
at San Xavier North. Both appear to be truncated by the 
normal fault shown on the east-center portion of the cross 
section. The upper, oxide copper, horizon is evidence there 
were two stages, at least, of supergene mineralization. The 
lower, second stage horizon, formed during the late Miocene 
and early Pliocene over a period of approximately 1.5 million 
years. 
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True, the ratio of pyrite to chalcopyrite is low, on average 

less than 1:1 in the ore zone. Furthermore, the pyrite shell 

is relatively thin and poorly developed. Still, overall the 

depth of weathering is only 200 feet. An estimated 200 feet 

of capping have been eroded from the deposit based on a two 

fold enrichment factor and protore grades in the capping 

similar to those in the underlying ore zone. 

There is evidence of two stages of supergene 

mineralization at San xavier North. An upper zone of oxide 

copper mineralization is present at the bedrock alluvial 

surface. The eastern half of this zone appears to have been 

eroded away (King, 1982). A zoned blanket of mixed oxide-

sulfide and sulfide mineralization is located below and to the 

east of the oxide zone (Figure 18). The lower zone is offset 

by a normal fault which has no obvious expression in the 

Table 4: K-Ar Dates from San Xavier North 

Sample # Age (m. y.) %K Mineral 

UAKA 92-64 4.54 +/- 0.14 5.915 alunite 

UAKA 92-65 6.97 +/- 0.37 5.611 jarosite 

subcrop. The top of the lower blanket may be truncated by an 

erosion surface at the base of Quaternary alluvium. 

The Helmet Fanglomerate, part of the Whitetail Assemblage 

(Figure 19), while not present in the pit at San Xavier North, 
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overlies the Cretaceous sediments less than a mile to the 

southeast (King, 1982). It is logical to assume an Eocene 

stage of enrichment occurred prior to deposition of the Helmet 

Fanglomerate, but this can not be confirmed with the present 

alunite dates. A gap exists between the two mineralized 

horizons, evidence of two cycles of enrichment (Anderson, 

1982) . Both mineralized horizons are oxidized. The upper 

blanket is completely oxidized while the lower one is only 

partially oxidized. The K-Ar dates listed in Table 4 are the 

ages of the final, in situ oxidation, stage of supergene 

mineralization and alteration at San Xavier North. They do 

not reveal the age of enrichment. The alunite cuts jarosite. 

This is reflected in the relative ages. These dates are 

evidence that pyrite was exhausted in the weathering zone 6.97 

m.y. ago, but that the cycle of oxidation was not 

complete until approximately 1.4 m.y. later when the alunite 

was deposited. 

Pima District, Arizona 

The Pima District includes the Sierrita, Esperanza, Twin 

Buttes, Mission, Pima, and San Xavier North mines as well as 

many small deposits of both copper and other base metals. As 

of 1994 the Sierrita and Esperanza mines are integrated into 

a single open pit as are the Mission and Pima mines. Twin 

Buttes and San Xavier North are the third and fourth open pit 

mines in the district. San Xavier North and Esperanza both 
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had relatively thin chalcocite blankets. Evidence of two 

stages of supergene mineralization was observed at both (King, 

1982; West and Aiken, 1982). Chalcopyrite was present "at 

grass roots" at Sierrita (S.R. Titley, personal communication, 

1994). Primary mineralization was within a few feet of the 

top of bedrock at Mission (Kinnison, 1966). 

The San Xavier North and Pima-Mission mines are in the 

upper plate of the San Xavier fault. The Twin Buttes mine is 

in the lower plate. The Sierrita-Esperanza mine is located 

west of the San Xavier Fault and was not affected by the near 

horizontal faulting. 

The depth of weathering at the Twin Buttes deposit, in 

the lower plate of the San Xavier Fault, is as great as 1500 

feet. Significant supergene oxide minerals are found 800 feet 

below the bedrock surface in the siltstones (the same host 

rocks as at San Xavier North) in the northeast parts of the 

deposit (Barter and Kelly, 1982). In contrast, at the Mission 

copper deposit, in the upper plate of the San Xavier Fault, 

"Hypogene sulfides are generally within 50 feet below the 

bedrock surface, and secondary enrichment by chalcocite is 

limited to a thin veneer." (Kinnison, 1966). 

The Late Oligocene Helmet Fanglomerate (Figure 21) is 

floored by the San Xavier Fault. After this unit was 

displaced northward, the Twin Buttes deposit was exposed 

relatively quickly to weathering. The Twin Buttes deposit may 

have weathered for as long as 20 million years. The Pima-
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Figure 19: Cenozoic Stratigraphy of the Pima Mining District -
The Oligocene Helmet Fanglomerate was tectonically stripped 
off of the top of the Twin Buttes deposit allowing the agents 
of weathering to be active in that deposit while other 
deposits in the district were still buried. The presence of 
chalcopyrite very near the surface at Sierrita and Pima is 
evidence these deposits have only recently been exposed under 
the present, semi-arid, climatic regime. Thus, mechanical 
erosion has outpaced chemical weathering at these deposits and 
there is no supergene mineralization. Supergene 
mineralization is present under shallow alluvial cover at San 
Xavier North and under deeper cover oxidation extends to 
considerable depth at Twin Buttes. This evidence makes it 
unlikely that a Late Miocene stage of supergene mineralization 
and alteration ever occurred at Sierrita or Pima. 
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Mission and San Xavier North deposits were still buried 

beneath as much as 3000 feet of fanglomerate and did not begin 

to weather until much later. The Sierrita-Esperanza deposit 

is west of the other three (San Xavier North, Twin Buttes, 

Pima-Mission) deposits and was not part of the San Xavier 

Fault tectonics. However, the Sierrita-Esperanza deposit was 

covered by the Tinaj a volcanics which are slightly younger 

than the Helmet Fanglomerate, 23.7 m.y. old (West and Aiken, 

1982) . 

Direct evidence of an Eocene cycle of weathering and 

enrichment in the Pima district is lacking. There must have 

been some erosion in the district between Laramide time and 

the deposition of Helmet Fanglomerate. If chalcocite blankets 

developed at Mission or Esperanza during the formation of'the 

erosion surface between the Laramide and pre-Laramide basement 

and the Helmet Fanglomerate they have probably been eroded 

away. Deep oxidation at Twin Buttes must be the result of a 

much longer interval of weathering than at Sierrita-Esperanza 

and Pima-Mission. This hiatus is the unconformity between the 

Tinaja Peak Formation, Helmet Fanglomerate, and Laramide 

basement and the Pliocene alluvium. A decrease in the depth 

of the Twin Buttes deposit and subsequent exposure to 

weathering solutions early in the Miocene, caused by movement 

on the San Xavier Fault is the probable cause of the 

differences in enrichment history observed in the Pima 

district. 
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Red Mountain, Harshaw District, Arizona 

Two alunite dates were obtained from the Red Mountain 

porphyry copper deposit. The dates are listed in Table 5. 

Alunite UAKA 92-45 was replacing a pumice fragment in trachyte 

lithic tuff on the west flank of the mountain at an elevation 

of 5850 feet. Alunite UAKA 92-51 was collected from fractures 

cutting oxidized pyrite veins on the east flank of the 

mountain at approximately the same elevation as 92-45. 

Table 5: K-Ar Dates From Red Mountain 

Sample # Age (m. y. ) %K Mineral 

UAKA 92-45 55.1 +/ -1. 4 5.224 alunite 

UAKA 92-51 25.3 +/-0.5 6.5 alunite 

The general geology of the Red Mountain porphyry deposit 

has been described by Corn (1975). The details of alteration 

in the upper level lithocap of the system may be found in 

Bodnar and Beane (1980). The Red Mountain porphyry deposit is 

located within a Laramide volcanic center. Intrusive breccia 

and irregular bodies of monzonite to quartz monzonite porphyry 

intrude a complex layered sequence of latitic, trachytic and 

andesitic volcanic rocks. The intrusive breccias and 

porphyries form the core of the hydrothermal system. 

Corn (1975) describes a partially leached and destroyed 

chalcocite blanket at an elevation of approximately 5000 feet. 
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The chalcocite blanket was located very high in the system 

relative to hypogene zoning. The probable source of the 

copper in the blanket was enargite-bearing veins which 

themselves were very high in the system. Alunite 29-45, 55.1 

m.y., dates the formation of this high level, hydrothermal, 

advanced argillic alteration. 

Alunite 92-51, 25.3 m.y., probably dates the partial 

destruction of the high level chalcocite blanket. Several 

stages of blanket formation are recorded at Red Mountain in 

the form of stranded hematitic blankets (S.R. Titley, personal 

communication). These perched hematite blankets are below the 

25.3 m. y. old partially leached outcrops and therefore must be 

younger. 

The work of Simons (1974) supports the conclusion that 

the Red Mountain porphyry copper deposit has been uplifted 

since enrichment, perhaps in two stages. The tuff units which 

form the top of Red Mountain are equivalent to the Paleocene 

Gringo Gulch volcanics. Three district-wide unconformities 

are present above the Gringo Gulch volcanics. The oldest 

post-Gringo Gulch unconformity must be Eocene in age. The 

Grosvenor Hills volcanics are deposited on this surface. 

Going up section, the next 'unconformity is presumably Miocene, 

but may have begun forming in late Oligocene time (Nations and 

others, 1985). The Nogales Formation is deposited on this 

surface. The youngest district wide unconformity is 

presumably Late Miocene. Older alluvium, including iron-oxide 
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cemented alluvium (ferricrete) is deposited on this surface 

(Simons, 1974). 

Alunite 92-51, 25.3 m.y., is evidence the leached 

outcrops on the top of Red Mountain formed during the 

erosional event which separates Grosvenor Hills time from 

Nogales formation time. However, a biotite rhyolite tuff is 

present southeast of Red Mountain that has been variously 

dated at between 23 and 27 m. y. (Simons, 1974). It is 

possible alunite 92-51 is the result of this thermal event, 

however that possibility is considered unlikely. More to the 

point, the tuff is a reminder that the later Tertiary volcanic 

and sedimentary units in the district were deposited within 

local basins in a landscape where the modern mountain ranges 

already were established. The ferricrete deposited on the 

Late Miocene erosion surface is evidence for a second major 

stage of supergene activity at Red Mountain. Or, these 

deposits may be some of the youngest evidence of a very long 

lived, 15 m.y?, supergene event. 

Silver Bell, Arizona 

The published descriptions of the geology of the Silver 

Bell district include Stewart (1912), Kerr (1951), Richard and 

Courtright (1966), Banks and Dockter (1976), and most recently 

Graybeal (1982). At least seven unpublished theses and 

dissertations treating various aspects of district geology 

have been written at the University of Arizona surely making 
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Silver Bell, pound for pound, the best studied porphyry copper 

deposit in the region. 

Quartz monzonite porphyry stocks intruding along the 

contact between slightly older alaskite (southwest) and dacite 

porphyry (northeast) form the heart of the system. The 

district contains both copper-bearing skarns and disseminated 

ores in the alaskite and porphyries. Oxidation in the skarns 

("contact ores") extended to an average depth of 250 feet. 

The oxidized skarns were enriched by leaching of sulfur and 

iron, not addition of copper by meteoric water. Cuprite, not 

malachite or azurite, was the principle ore mineral in the 

oxidized skarns (Stewart, 1912). However, Graybeal (1982) 

reports malachite was abundant in the oxidized skarns around 

the Imperial stock, north of the area described by Stewart 

(1912). 

pit mines, 

the north. 

mountains, 

fault to 

The Silver Bell mining district contains two open 

the Oxide Pit to the south and the EI Tiro Pit to 

The district is located in the Silver Bell 

a tilted block bounded by the post-mineral Atlas 

the west. The Atlas Fault brings the Gila 

Conglomerate into contact with mineralized rocks. 

The supergene enrichment of the Silver Bell district is 

described in detail by Graybeal (1982). Chalcocite enrichment 

in the alaskite and porphyries occurs due to pervasive 

replacement of chalcopyrite and partial replacement of pyrite. 

Copper grades in the enriched zone were relatively uniform and 

were not zoned relative to hypogene grades. Copper mineralogy 
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was strongly zoned relative to hypogene alteration. 

Chalcocite was relatively more abundant in phyllically altered 

rocks. Rocks which did not exhibit phyllic alteration 

contained chrysocolla, almost to the exclusion of chalcocite 

(Graybeal, 1982). 

Clasts of weakly pyritized porphyry with propylitic 

al teration have been found in 

conglomerate east of the Oxide pit. 

Oligocene, or older, 

It is likely the upper 

portions of the porphyry system was exposed to the atmosphere 

at this time. However, Graybeal (1982) concluded these clasts 

were not evidence of enrichment. Graybeal's (1982) 

hypothesis, based on field evidence, is that the chalcocite 

blankets in the Silver Bell district formed after the 

emplacement of a late Oligocene andesite dike. 

Three alunite dates have been obtained from the district, 

two from the Oxide Pit (10382 and 10383) and one from the area 

immediately north of the EI Tiro pit known as North Silver 

Bell (10607) (Table 6). The alunite from the North Silver 

Bell area is from the highest horizon of leached capping (S.R. 

Titley, personal communication, 1993) and therefore is from 

the oldest stage of supergene activity. Alunites 10382 and 

10607, 16.2 m.y. and 16:3 m.y., respectively support the 

hypothesis of Graybeal (1982) that enrichment is no older than 

Miocene. These two dates demonstrate the first recorded stage 

of supergene enrichment at Silver Bell occurred in the early 

Middle Miocene. This stage of enrichment therefore correlates 
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Table 6: K-Ar dates from the Silver Bell District 

Sample # Age (m.y.) %K Mineral 

X-10382 16.2 +/ -0.4 4.462 alunite 

X-10383 4.8 +/-0.2 8.522 alunite 

X-10607 16.3 +/-0.5 4.205 alunite 

with the unconformity at the top of Early Miocene volcanic 

rocks (Figure 2) . 

The top of the enrichment blanket at Silver Bell is 

conformable with the modern topography (Figure 22). Alunite 

10383, 4.8 m.y., is evidence that a second stage of enrichment 

occurred in early Pliocene time. Pliocene enrichment, is 

perhaps a response to the latest movement on the Atlas Fault 

which bounds the Silver Bell mountains to the west. Or, this 

date may reflect a change to more arid conditions in the 

region and commensurate end to supergene enrichment. 
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Figure 20: Cross Section Through the El Tiro Area, Silver Bell 
District (after Graybeal, 1982) - The chalcocite blanket at 
Silver Bell conforms closely to the present topography. This 
is evidence that enrichment is relatively recent in this 
district and has evolved along with the landscape. 
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Lakeshore, Arizonq 

The supergene mineralization at the Lakeshore porphyry 

copper deposit was described by Cook (1988). Two stages of 

supergene mineralization are recorded in the rocks at 

Lakeshore. The first of these was presumably during Eocene or 

Early Oligocene time. The first stage chalcocite blanket was 

subsequently cut by normal faulting. The exact age of this 

first episode of block faulting is difficult to establish. 

The paleotopographic expression of the first episode of 

post-enrichment normal faulting is a very steep paleoscarp 

which has retreated as much as 800 feet east from the trace of 

the structure at the base of the alluvial cover. The present 

position of the retreated scarp corresponds closely to.the 

updip extension of a pre-mineralization structure known as the 

Tactite fault (H. Huyck, 1982, personal communication). This 

complicates interpretation of the true origin of the 

paleoslope. It is certain however, that there is no 

expression of the first post-enrichment normal fault at the 

base of the alluvium. This structure could be as much as 17 

m.y. old and part of the mid-Tertiary orogeny. Alternatively, 

it could be as young as l3 m.y. and part of the Basin and 

Range structural epoch (Eberly and Stanley, 1978). 

The second stage of supergene mineralization commenced 

after post-enrichment faulting. There was local enrichment 

during the second stage of supergene activity, but at this 
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Figure 21: Cenozoic Stratigraphy of the Florence-Casa Grande
Ajo Area - The regional stratigraphic assemblages described by 
Scarborough (1984) are well represented in the Ajo area. The 
first stage of supergene mineralization at Ajo correlates with 
the erosion surface at the base of the Locomotive Fanglomerate 
and as such is Eocene or older. K-Ar dating of alunite and 
jarosite provides evidence that the second stage of supergene 
mineralization occurred during late Miocene and Pliocene time 
between 11 and 2.6 million years ago. 
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stage most of the eastern two thirds of the chalcocite blanket 

oxidized in place to an assemblage of brochantite, cuprite, 

tenorite and chrysocolla. The second stage of supergene 

mineralization probably correlates with the second stage at 

San Xavier North, Silver Bell, Poston Butte, and Ajo. Thus, 

it is believed to have occurred in the latest Miocene or 

earliest Pliocene, about 5 m.y. ago. It is, however, possible 

this stage of supergene activity is older. 

The age of the first stage of supergene mineralization at 

Lakeshore is more difficult to surmise. There are no 

Whitetail Assemblage sediments in the district with which to 

correlate erosional intervals. It is not possible to 

establish the age of movement on the post-enrichment fault 

given the present body of evidence. Therefore, there is no 

logical means of determining whether enrichment at Lakeshore 

correlates with Eocene enrichment at Ajo or first stage Middle 

Miocene enrichment at Silver Bell. 

A limited amount of post-oxidation chlorine metasomatism 

has occurred at Lakeshore. A composite vein of atacamite 

mineralization was mapped on the 900 level of the mine in the 

slusher access drift. This structure clearly cut the second 

stage mineral zones. The ·zone was up to twelve feet wide and 

split into a "Y" shape upwards. It was composed of swarms of 

atacamite veinlets in a gangue of kaolinite and quartz. This 

atacamite is believed to be an exhalation from the adjacent 

Santa Rosa basin. 
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Sacaton, Arizona 

The geology of the Sacaton deposit was described by 

Cummings (1982). A single alunite date was obtained from 

material collected from the small discovery outcrop 

immediately south of the open pit mine. This sample, x-

012345, is 41.0 +/ - 1.1 million years old. It therefore 

correlates with the Eocene erosion surface at the base of the 

Whitetail assemblage. 

The Sacaton deposit has been highly dissected by at least 

two episodes of faulting. Late Miocene, Basin and Range-aged 

faults juxtapose Laramide and older rocks with a weathering 

profile consisting of chalcocite, oxide copper minerals, and 

leached capping against Gila Assemblage sediments which 

contain no known copper mineralization. As such, there must 

have been enrichment and in situ oxidation, perhaps in one 

cycle, perhaps the result of two cycles of weathering before 

the Late Miocene. 

The Eocene age of alunite from the discovery outcrop 

demonstrates the timing of the first cycle of weathering and 

enrichment. There is circumstantial evidence of a second 

cycle of weathering, which presumably transpired during the 

early Miocene. In fact, Oummings (1982) concluded there were 

two distinct periods of weathering. The exact timing of the 

second cycle has not been established. 
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Poston Butte - Florence, Arizona 

The general geology of the Poston Butte porphyry deposit 

has been described by Nason and others (1982). The deposit is 

hosted by Laramide intrusive rocks and Precambrian granite and 

schist. Three stages of supergene mineralization are recorded 

beginning with uplift, erosion, and enrichment sometime 

between the Paleocene formation of the hydrothermal deposit 

and deposition of Whitetail (?) equivalent sediments 

presumably late Eocene or early Oligocene in age. The first 

stage enrichment profile and the older post-mineral sediments 

were then offset by normal faulting. 

A second stage of weathering resulted in erosion of the 

older post-mineral sediments, except in grabens, and some of 

the enriched ore from the first stage. The second stage of 

weathering carne to an end when the deposit was buried by 

sediments which are interbedded to the northwest with a 17.6 

m.y. old ash flow tuff, part of the San Manuel Assemblage. 

The third and final stage of weathering at Poston Butte 

probably began with Basin and Range faulting. A 5.86 +/- 0.14 

m.y. old basalt dike in the deposit is mineralized with 

chrysocolla. Therefore, he third stage of supergene 

mineralization at Poston Butte must have lasted until at least 

the earliest Pliocene. 
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Ajor Arizona 

Ajo is the farthest west of any deposit examined as part 

of this study. The general geology of the Ajo district has 

been described by Gilluly (1937 and 1946) and Dixon (1966). 

There are two principal suites of rocks at Ajo; the New 

Cornelia pluton, which includes the productive porphyry, and 

the pre-mineral Concentrator Volcanics. The structural 

geology of the Aj 0 District was recently reinterpreted by 

Hagstrum and others (1987). The porphyry copper deposit at 

Ajo has been tilted at least 60 0 and perhaps as much as 120 0 

since Laramide time (Hagstrum and others, 1987). 

Ajo was visited in March 1993. The hypogene zoning 

pattern of the system is conventional with a pyrite shell in 

the rhyolite along either flank of the diorite. An unusual 

pegmatitic core (Gilluly, 1946) , hosting high grade 

chalcopyrite and bornite mineralization, was present in the 

center of the ore body, but is now mined away. The ore grade 

(>0.6% Cu) material exposed in the pit in 1993 is granodiorite 

porphyry with 1 to 2% sulfide, K-feldspar veins, thin «lmm) 

chlorite (green biotite?) veinlets, and plagioclase altered to 

white mica. Chalcopyrite clearly increases from north to 

south towards the contact.of the intrusive rocks with the 

Locomotive conglomerate. 

The Ajo deposit has some of the clearest evidence of 

multiple stages of supergene enrichment in the region (Figure 

22). The Locomotive Fanglomerate forms the south end of the 



Figure 22: Geologic Cross Section Through the 
The first stage chalcocite mineralization at 
tilted steeply to the south. A second stage 
during late Miocene and Pliocene time caused 
alteration of primary sulfide minerals to 
malachite, and other oxide copper mineral. 

130 

Ajo Deposit -
Ajo has been 
of weathering 
the supergene 
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New Cornelia open pit mine. The Locomotive Fanglomerate and 

the intercalated 23.8 +/-0.8 m.y. Ajo volcanics are tilted 55° 

to 60 0 to the south. Dips shallow with younging age in the 

Ajo volcanics and Locomotive Fanglomerate therefore, rotation 

was coincident and continuous with deposition. 

The base of the Locomotive Fanglomerate is an erosion 

surface. A weathering profile is developed beneath this 

tilted surface which consists of three layers; hematitic 

capping, a thin layer of cuprite and native copper 

mineralization, and a chalcocite enrichment blanket. The 

plunging chalcocite blanket has been explored by drilling to 

depths of 2000 feet. It is unquestionably the product of 

supergene enrichment (Gilluly, 1937). Erosion must have over 

taken enrichment for some interval of time, probably short, 

because the paleosurface on which the Locomotive Fanglomerate 

was deposited locally cuts through the hematitic capping and 

cuprite-native copper zone into the chalcocite. 

Outcrops of the Ajo deposit were oxidized to a nearly 

level plain at elevation 1800 feet. This corresponded closely 

to the water table prior to open pit mining (Gilluly, 1937). 

The weathered outcrops contained abundant chrysocolla and 

malachite which changed abruptly into practically unweathered 

and unenriched primary ore below the water table. The 

chrysocolla and malachite ore was clearly the result of a post 

tilting stage of weathering and supergene mineralization. 

Also, because of the nearly exact correspondence of the base 
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of oxidation to the water table the second stage of supergene 

activity must be related to the present landscape. 

The rotation of the Ajo ore body must have occurred 15 

m. y. ago (Damon and others, 1984). The two K-Ar dates 

obtained from Ajo both post-date rotation (Table 7). The 

jarosite, X-I0381, records the oxidation of sulfides on the 

west side of the deposit during the second stage of 

weathering. The alunite records the exhaustion of sulfide in 

Table 7: K-Ar Dates from Ajo, Arizona 

Sample # Age (m.y.) %K Mineral 

X-I0381 11. 0 +/-0.4 6.115 jarosite 

X-I0380 2.6 +/-0.1 8.629 alunite 

the weathering zone and the end of the second, post-tilting, 

stage of supergene mineralization on the east side of the 

deposit. The two dates are evidence that the post-tilting 

stage of supergene mineralization lasted at least 7.4 m.y. 

Furthermore, the landscape at Ajo must be at least 11 m.y. 

old. 
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DISCUSSION 

Regional Cycles of Weathering and Enrichment 

The distribution of supergene K-Ar dates with respect to 

Cenozoic cycles of erosion and sedimentation as defined by the 

sedimentary assemblages of Scarborough (1989) are shown in 

Figure 23. The oldest cycle of weathering has been dated 

directly at Tyrone and Sacaton. These K-Ar dates are evidence 

that this stage of supergene mineralization occurred during 

the dissection of the Mogollon Highlands and formation of the 

Eocene erosion surface (Figure 24). Eocene, pre-volcanic, 

supergene mineralization and alteration is well documented by 

stratigraphic evidence (Livingston and others, 1968). This 

evidence most often is burial by Oligocene volcanic units, but 

in some districts (Ajo) Eocene or Oligocene subaerial 

sediments cover supergene mineralization. Eocene supergene 

activity definitely ended when the systems were buried by Mid

Tertiary volcanic rocks. However, it is possible that 

supergene activity had come to a virtual halt before 

deposition of younger rocks. If primary sulfides in the 

weathering zone were exhausted before burial. The unanswered 

question is i was there enough time for complete oxidation 

between the exposure of p,rotore to the agents of weathering 

and reburial? 

An Early Miocene cycle of weathering and enrichment has 

been directly dated at Pinto Valley, Silver Bell, Red 

Mountain-Patagonia, Tyrone, and Santa Rita (Figure 25). The 
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Figure 23: Distribution of K-Ar dates with Respect to the 
Cenozoic Sedimentary Assemblages of Scarborough (1984) - The 
K-Ar dates for supergene mineralization in southwestern North 
America plot close to the regional unconformities on the 
Scarborough (1984) diagram. The date from Sacaton is evidence 
that the Eocene erosion surface in central Arizona may be much 
older than the model would indicate. The dates from Pinto 
Valley, Red Mountain-Patagonia, and Santa Rita are all very 
close, but due to the time-transgressive nature of the erosion 
surfaces, Santa Rita is correlated with the base of the San 
Manuel Assemblage. The Basin and Range structural disturbance 
separates the San Manuel and Gila Assemblages in time. This 
event initiated cycles of supergene activity at many of the 
deposits in the provence including: Ajo, Silver Bell, San 
Xavier North, Bisbee, Morenci, and Tyrone. 
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Figure 24: Eocene K-Ar Dates and Deposits with Stratigraphic 
Evidence of Eocene Enrichment Supergene chalcocite 
mineralization at deposits through the porphyry provence is 
buried beneath Oligocene or older sedimentary and volcanic 
rocks. This provides evidence, independent of K-Ar dating, 
that the first cycles of supergene mineralization and 
alteration in the porphyry provence occurred prior to mid
Tertiary volcanism. 
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Figure 2S: Early Miocene K-Ar Dates - The first stage of 
supergene mineralization at the Silver Bell, Red Mountain
Patagonia, and Pinto Valley (?) began during Early Miocene 
time. Elsewhere in the region second cycles of supergene 
mineralization were going on at Tyrone and Santa Rita. 
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K-Ar dates from Pinto Valley and Red Mountain-Patagonia place 

the age of weathering close to the regional erosion surface at 

the top of the Whitetail assemblage. It is logical to 

conclude that this stage of supergene mineralization at Pinto 

Valley and Red Mountain is a consequence of changes in base 

levels due to normal faulting associated with Early Miocene 

crustal extension (Spencer and Reynolds, 1989). 

The 25.4 million year old alunite collected from leached 

capping at the Santa Rita deposit does not correlate with the 

same period of erosion as Pinto Valley and Red Mountain. The 

geologic evidence at Santa Rita proves the cycle of weathering 

dated by this alunite is related to post-volcanic weathering. 

Therefore, ~he Early Miocene alunite from Santa Rita 

correlates with the regional unconformity at the top of Mid

Tertiary Volcanics. 

Early Miocene alunite dates from Tyrone and Silver Bell 

also correlate with the regional unconformity at the top of 

Mid-Tertiary Volcanics and the base of the San Manuel 

Assemblage (Figure 23). As at Red Mountain and Pinto Valley, 

normal faulting associated with Middle Tertiary crustal 

extension (Spencer and Reynolds, 1989) is the most likely 

tectonic mechanism for adjusting base level and initiating 

cycles of weathering and supergene activity during the Early 

Miocene at Silver Bell, Santa Rita, and Tyrone. 

These data do not support the theory that faulting 

related to the Middle Tertiary crustal extension youngs 
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westward (Spencer and Reynolds, 1989). These data are 

consistent with the theory that there were two episodes of 

Middle Tertiary extension which were symmetrical about an axis 

approximated by the course of the San Pedro River. 

Finally, K-Ar dates from Tyrone, Morenci, Bisbee, San 

Xavier North, Silver Bell, and Ajo all fall within Gila 

Assemblage time. The locations supergene deposits with Late 

Miocene and Pliocene K-Ar dates are shown on Figures 26 and 

Figure 27 respectively. Pliocene weathering and enrichment is 

found exclusively in the southern and southwestern parts of 

the porphyry copper provence. Late Miocene activity is 

observed farther north and east at Morenci, Tyrone, Ray, and 

Pinto Valley. Supergene dates from the Late Miocene and 

Pliocene are plotted on separate figures, but probably. are 

part of one regional cycle of weathering and enrichment 

related to the Basin and Range structural disturbance. These 

data clearly support the theory that faults related the Basin 

and Range disturbance young westward. 
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Figure 26: Late Miocene K-Ar Dates and Deposits with 
Stratigraphic Evidence of Late Miocene Enrichment - The Basin 
and Range structural disturbance initiated cycles of supergene 
activity all across the porphyry provence. Supergene copper 
mineralization in Middle Miocene volcanic rocks at several 
deposits near the confluence of the San Pedro and Gila Rivers 
provides evidence of Late Miocene supergene mineralization 
which is independent of K-Ar dating. 
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Figure 27: Pliocene K-Ar Dates The youngest supergene 
mineralization dated is all from the southern and western 
portions of the porphyry copper provence. 
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The Duration of Enrichment Events 

As was noted by F.L. Ransome in 1919 there must be a 

balance between the rate of uplift, erosion and chemical 

weathering for supergene enrichment blankets to form. The 

optimum conditions for supergene enrichment are assumed to be 

when uplift provides a frequent renewal of source rocks and 

climate favors chemical weathering over erosion. 

Interpretation of the enrichment history of porphyry copper 

deposits in southwestern North America leads to the conclusion 

that even when ideal conditions for enrichment exist, such 

conditions do not last forever. The question thus arises, how 

long do individual enrichment events last. 

The duration of enrichment events has been variously 

estimated by several workers in the field. Graybeal (1982) 

assuming a balance between erosion and enrichment used erosion 

rate to calculate the duration of enrichment at Silver Bell, 

Arizona. Graybeal (1982) concluded that 2 million years were 

necessary to effect the enrichment found at Silver Bell. 

Titley (1978) used aqueous copper concentrations measured 

in the field to calculate the time required to accomplish the 

flux of copper observed· at the Plesyumi porphyry copper 

deposit on the island of New Britain in the southwest Pacific. 

The enriched horizon at Plesyumi is quite thin by the 

standards of this region. However, by extrapolation, the 

rate of copper accumulation measured by Titley (1978) is close 
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to that calculated by Greybeal (1982) based on rates of 

erosion. That is, a period of time on the order of a million 

years is necessary to produce the enrichment profiles typical 

in southwestern North America. 

Cunningham (1984) estimated the rate of chemical 

weathering, then geochemically modelled the formation of the 

enrichment zone at Butte, Montana using conventional water

rock interaction programs. An order of magnitude estimate of 

leaching time of 12,500 years was calculated for Butte. This 

leaching time was estimated using an infiltration rate which 

Cunningham (1984) believed to be greater than those found in 

semi-arid regions such as the southwest. Thus, the leaching 

times, and conversely enrichment cycles, would be 

significantly longer in semi-arid regions. 

Lovering (1948) believed that 40,000 years were necessary 

to oxidize all the pyrite in the weathering profile above the 

San Manuel deposit based on a study of the geothermal gradient 

prior to mining. This estimate assumes that air comes into 

direct contact with oxidizing sulfides. If oxygen dissolved 

in rain water were the only source of this reactant then 

complete oxidation of the same amount of pyrite would require 

1.6 m.y. 

Several K-Ar dates have been obtained from the same cycle 

or closely spaced cycles of enrichment. These data have been 

used to estimate the duration of an enrichment cycle. The 

best data are probably those for the Late Miocene cycle of 
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weathering and enrichment at Tyrone, the Miocene-Pliocene 

cycle of enrichment and in situ oxidation at San Xavier North 

and the Miocene-Pliocene cycle of in situ oxidation at Ajo. 

The problem with this data is that there is no guarantee 

that the dates listed in Table 8 are in fact the beginning and 

Table 8: Estimates Based on K-Ar Dating 

Deposit Duration Notes 

Tyrone 6.4 m.y. Eocene cycle 

Tyrone 3.0 m.y. Late Miocene cycle 

Bisbee 1.6 m.y. Cretaceous cycle 

Bisbee 5.6 m.y. Miocene-Pliocene 

San Xavier North 1.7 m.y. Miocene-Pliocene 

Ajo 8.4 m.y. Miocene-Pliocene 

end point ages for these cycles. These data do give an 

indication of the minimum period during which supergene 

process might be active. The K-Ar evidence provides a 

moderate level of confirmation that the calculations of . 
Graybeal (1982) and Titley (1978) are correct. 

Each of the sedimentary and volcanic assemblages 

illustrated in Figures 2 and 23 record approximately ten 

million years of geologic history. If we interpret the 

diagram literally. It is best to consider that while 
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sedimentation may be continuous in one place during a given 

epoch, erosion is active elsewhere when interpreting the 

Scarborough (1984) diagram. Major geologic events, such as 

Basin and Range faulting, Middle Tertiary low angle normal 

faulting, or Oligocene volcanism, which have changed the 

development of the landscape have occurred on average every 

ten million years. 

If the calculations of Lovering (1948) and Cunningham 

(1988) correctly model the behavior of natural systems then 

supergene activity lasts only a short time after the 

initiation of a cycle of erosion and terrestrial sedimentation 

when compared to the duration of an epoch of landscape 

development. If however, the calculations of Graybeal (1982) 

and Titley (1978) are a better model of the behavior of 

natural systems then supergene mineralization develops slowly, 

as part of the landscape. Implicit in this latter observation 

is the belief that landscapes change rapidly after tectonic 

perturbation, but then quickly reach a steady state where 

change is relatively slow. The K-Ar data present in Table 9 

support the hypothesis that supergene copper deposits develop 

slowly, at the same rate as the landscape which contains them. 

A Trans-Cordilleran Pattern? 

Perhaps, in the light of Plate Tectonics, it is not 

surprising that cycles of supergene enrichment from North and 

South America, correlate so well. The work of Mortimer (1973) 
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documenting Early Late Miocene cycles of enrichment in 

northern Chile is evidence of a correlation between cycles of 

weathering and enrichment in North and South America. Arid 

conditions were established in the porphyry provence of South 

America several million years before the North American 

southwest, hence the lack of Pliocene supergene activity in 

South America. The initiation of stages of supergene 

mineralization at approximately 25 then 20 million years ago 

could be only a coincidence. Or, it could be part of a 

pattern recorded in ore deposits throughout the American 

Cordillera. 

K-Ar dates from supergene alunites in Nevada have been 

reported by Arehart and others (1992). These data (Table 9) 

Table 9: Alunite Dates from Sediment Hosted Gold 
Deposits in Nevada 

Sample # Age (m. y.) Locality 

1. 8.6 +/-0.2 Post - brown alunite overgrowing 
jarosite 

2. 9.5 +/-0.2 Post - pink alunite from 
fractures in silicified rock 

3. 18.8 +/-0.2 Rain - monomineralic pod of 
alunite in limestone 

4 . 20.0 +/-0.2 Rain - alunite-kaolinite vein 

5. 25.9 +/-0.2 Gold Quarry - massive alunite 

6. 10.9 to 12.4 Alligator Ridge 
+/-0.5 ( Ilchik, 1990) 

7. 9.2 to 11. 6 Goldfield 
+/-1.3 (Ashley and Silberman, 1976) 
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fit the pattern established by dates from porphyry copper 

deposits hundreds of miles to the south. Clearly there is an 

Early Miocene stage of weathering and a Late Miocene stage of 

weathering in these rocks from Nevada. It is not a 

coincidence that weathering events recorded in the gold and 

silver deposits of northern Nevada, the porphyry copper 

deposits of southern Arizona and New Mexico, and northern 

Chile are similar in age. It is striking demonstration that 

the tectonic tempo of events since the Eocene Epoch has been 

the same throughout the American Cordillera, a testimony to 

the connection between sea-floor spreading along the East 

Pacific Rise and landscape development along the west coast of 

the Americas. 
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CONCLUSIONS 

That the first cycle of weathering and enrichment in most 

deposits of the American southwest transpired during Eocene 

time seems clear. However, at Silver Bell, in the Pima 

District, Red Mountain-Patagonia, and other deposits in the 

central part of the provence, with the important exception of 

Bisbee, the first cycle of enrichment probably was not 

initiated until Early Miocene time. 

The construction of the Mogollon Highlands by the 

Laramide orogeny ended about 40 or 45 million years ago, 

depending on where we look in the region and for the next ten 

million years erosion, in a warm sub-tropical climate, 

dissected the highlands. Porphyry copper deposits exposed in 

this Eocene landscape enriched as long as water tables 

continued to fall. The Eocene cycle carne to an end when the 

blanketing of the landscape by Mid-Tertiary volcanic tuffs and 

other effusive rocks insulated the porphyry copper deposits 

from the agents of weathering. 

Middle Tertiary normal faulting, presumably in the upper 

plates of detachment faults, initiated a second stage of 

supergene activity in the region before mid-Tertiary volcanism 

in some districts and after volcanism in other districts. The 

climate remained 

sufficient water 

relatively warm and moist. 

was readily available to 

Therefore, 

dissolve and 

transport copper. Within the Early Miocene landscape renewed 

erosion of the Laramide and pre-Laramide bedrock finally 
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allowed the agents of weathering to reach into the highly 

fractured and sulfide-rich hearts of many districts, for 

example Morenci, Santa Rita, Tyrone, Ray, Miami, and Santa 

Cruz to effect profound enrichment. 

As the Miocene Epoch elapsed the process of enrichment 

continued in districts where local grabens were embedded in 

regional horsts, for example Morenci, Tyrone, and Santa Rita. 

Elsewhere in situ oxidation and the erosion of deposits which 

were chemically inactive due to loss of sulfur began, as for 

example at Lakeshore or Poston Butte began. 

At Silver Bell, probably in the Pima District, and at Red 

Mountain-Patagonia the first cycle of supergene mineralization 

and enrichment began in the Early Miocene. By Late Miocene 

time a second cycle of enrichment was underway at Silver Bell 

the end of the first cycle and initiation of the second having 

been brought about by the Basin and Range event. 

Basin and Range extension initiated renewed cycles of 

weathering, oxidation, and enrichment in districts throughout 

the region. In many districts chemical activity was slow due 

to previous exhaustion of high pyrite protore. Thus, it seems 

likely that the chrysocolla-rich deposits so prevalent in the 

southwestern part of the province date from this time. 
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