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ABSTRACT 

Supergene enrichment in the Morenci porphyry copper deposit was formed as a 

result of the coupled processes of erosion and chemical weathering that accompanied five 

stages of landscape evolution in the Cenozoic Era. During Stage 1 (64 to S3 Ma), low-

grade primary chalcopyrite and pyrite mineralization was deposited as a result of Laramide 

magmatic and hydrothermal processes at about SS Ma. During Stage 2 (S3 to 30 Ma), 

initial unroofing and erosion removed approximately 1.8 Ion of rocks overlying the deposit 

and shed detritus to the north in the Eocene and to the south in the early Oligocene. 

During Stage 3 (30 to 18 Ma), the deposit was preserved under 640 to 9S0 meters of 

volcanic rocks as a result of mid-Tertiary extension and volcanism. During Stage 4 (18 to 

2 Ma), most of the supergene copper enrichment at Morenci appears to have been formed 

as a result of Basin and Range deformation between ~13 and ~4 Ma. Sixteen new 

''"Ar/^^Ar ages from alunite, jarosite, and potassium-bearing manganese oxides in the 

district recorded three cycles of enrichment and leaching that peaked at about 7.3 Ma. 

Microbiological and geological studies revealed that acidophilic iron oxidizing bacteria and 

dissimilatory sulfate reducing bacteria contributed to leaching and enrichment of copper in 

the supergene environment, at least since the late Miocene. During Stage 5 (2 Ma to 

present), destruction of the current enriched blanket accompanied base-level drop and 

stream incision as a result of progressive drainage integration in southern Arizona in the 

late Pliocene and Pleistocene. 
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INTRODUCTION 

The Morenci district in southeastern Arizona (Figure 1) contains one of the largest 

supergene porphyry copper deposits in the world and is an excellent site to study 

supergene processes. Although the district was structurally disturbed and dissected 

because of mid-Tertiary extension and Basin and Range deformation, the Morenci 

porphyry copper deposit appears to be relatively intact. During the last two decades, over 

300,000 meters (about 1 million feet) of exploration and development drilling in over 

2,000 new drill holes have been completed along with geologic mapping, metallurgical 

testing and other related studies to support exploration and operations. We now 

recognize that the deposit contains a laterally continuous enrichment profile that is over 

600 m (almost 2,000 ft) thick and covers over 19 km^ (7.5 mi^) that encompasses the 

Morenci, Metcalf, Northwest Extension, Southside, Coronado, Western Copper, Garfield, 

Shannon, American Mountain, Fairbanks, and adjacent areas (Figure 1). Mining and 

exploration during the last 60 years have resulted in a wide variety of exposures in outcrop 

and drill core. These range from un-mined leached capping at the surface to deep 

exposures of the base of the supergene blanket and underlying hypogene zone across a 

composite vertical profile of over 1,650 m (5,400 fl). This situation provides an 

exceptional opportunity to study an unparalleled view of a world class orebody. 

Morenci is truly a worid class copper deposit (Figure 2). In sheer size, only La 

Escondida exceeds the Morenci supergene deposit. Reported past production and 

published reserves for Morenci total more than 6.7 Btons, at an average grade of 0.42% 
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Cu, that contain approximately 28 Mtons of copper (Table I). Almost ail of this copper is 

from supergene enrichment of hypogene copper mineralization. Underground mining of 

high-grade copper oxide deposits began in 1872, followed by open-pit mining, 

conventional milling, and froth flotation recovery fi-om the rich sulfide mineralization in 

the original Clay deposit in 1937 (Moolick and Durek, 1966). By 1987, Phelps Dodge 

Mining Company had initiated dump leaching and Solvent Extraction / Electrowinning 

(SX/EW) operations to recover copper from existing low-grade ores and stockpiles as 

well as from oxide mineralization in the district. In 1999, Phelps Dodge produced over 

450,000 metric tons of copper from supergene sulfide and oxide ores that were mined in 

the Metcalf, Northwest Extension, Southside, and Coronado areas (Figure 1). 

The economics of leaching and SX/EW operations have lowered the cutoff grade 

for some materials down to 0.10% Cu or only 1,000 PPM, which resulted in significant 

expansions to the limits and continuity of mineralization since 1993. Understanding the 

distribution and character of supergene mineralization is therefore very important fi'om an 

economic perspective. This district-wide geologic perspective has provided new insights 

into the scale, timing, and processes that defme the supergene environment at Morenci, 

and is the focus of this study. 

Study Site 

Location and Physiography 

The Morenci district is located in the Transition Zone physiographic province of 

Arizona on the southern flank of the White Mountains and at the northern end of the 
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Duncan basin (Figure 3). The topography of the area is very rugged and contains 

mountainous areas with steep cliffs and deeply incised canyons in the adjacent valleys. 

Elevations average about 1,700 meters (5,S7S ft) above sea level and range ftom a high of 

about 2,100 (6,890 ft) meters in the north to a low of about 1,035 meters (3,395 ft) in the 

south. The district is located in the Gila River drainage basin and is partially surrounded 

by three perennial streams; the Gila River, Eagle Creek, and the San Francisco River 

(Figure 3). Prior to mining. Chase Creek and its tributaries formed a southerly-flowing 

intermittent stream drainage system that occupied an axial position through the center of 

the district. As a result, there are strong topographic and hydrologic gradients that have 

affected the supergene environment and processes at Morenci. 

Hydrogeology 

The hydrogeologic system in the Morenci sub-basin is characterized almost entirely 

by fracture flow in consolidated bedrock (Dames and Moore, 1995). Groundwater 

originates as infiltration from rainfall and snowmelt in the higher elevations of the basin, 

and flows toward the lower elevations where it appears as springs and provides underflow 

to perennial streams. Groundwater elevations tend to follow topography and are highest 

in the northern part of the district and lowest near the perennial streams on the eastern, 

southern, and western boundaries of the district (Figure 4). Groundwater has a near-

neutral pH and is dominated by calcium and sulfate, with lower concentrations of 

sodium/potassium, chloride, magnesium, and carbonate/bicarbonate (Dames and Moore, 

1995). Groundwater depths range fi-om about 80 m (260 ft) to over 260 m (850 ft) below 
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the pre-mine topography (Dames and Moore, 1995). As a result, there are significant 

thicknesses of unsaturated rock above the vadose zone, and the modem water table cuts 

across a variety of mineralogical and hydrochemical environments in the supergene zone. 

Climate and Weather 

The climate of the Morenci district is semi-arid and typical of the Mexican 

Highland portion of the Basin and Range where a wide range of conditions exist that are 

directly linked to variations in altitude and geomorphology. Average daily minimum and 

maximum temperatures for the region are -5° to IS^C in January and 17° to SS'C in July 

(Remick, 1989). Annual precipitation at Morenci has averaged 33 cm (13 in) over the last 

43 years (Phelps Dodge, 1996a) while the lake evaporation rate in the Duncan valley is 

about 15 to 17 cm (5.9 to 6.7 in) per year (Anderson, et. al., 1992). Most of the 

precipitation occurs in two periods, in July, August, and September during the annual 

monsoon season, and in December through February from winter storms (Figure 5). It is 

likely there have been strong, local, seasonal, warm to cold and wet to dry cycles which 

have affected the supergene environment at Morenci as well as regional/global climate 

changes during the Cenozoic era. 

Previous Work 

Morenci District 

A number of people have studied the geology of the Morenci district over the last 

125 years. Raymond (1874) was the first to mention the mining potential, and Wendt 
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(1887) was the first to describe the geology of the district. Waldemar Lindgren (1905a) 

published the first comprehensive descriptions of the district in U.S.G.S. Professional 

Paper No. 43 and the Cliflon Folio (190Sb). Tolman (1909), Reber (1916), Butler and 

Wilson (1938), and Schwartz (1947) added their observations and interpretations to the 

record over the next several decades. Moolick and Durek (1966) published an update on 

Morenci in the Geologv of the Porphvrv Copper Deposits. A few years later, Langton 

(1973) added his interpretation of the geologic evolution of the district and Bennett 

(1975) studied the geology and origin of the breccias in the district. The modem era of 

geologic investigation began in the I980's with the work of Menzer (1980), Pawlowski 

(1980a, b), Preece(198I, 1984, 1986, 1989), and Preece and Menzer (1982, 1992). This 

work continued in the 1990's by many of their talented co-workers (Griffin, Ring, and 

Lowery, 1993; North and Preece, 1993; Preece, Stegen, and Weiskopf, 1993; Walker and 

Pawlowski, 1993; Walker, 1995; Calkins, 1997; ChefFet al., 1997; Parker and Calkins, 

1997; Pawlowski et al., 1997; Wright, 1997; Holick, 1998; Young-Mitchell et al., 1998, 

1999). Unfortunately, most of this work resulted in internal Phelps Dodge company 

reports or unpublished extended abstracts from field trips, short courses, and conferences. 

Thus the published record of the geology of the Morenci deposit has been relatively 

fi'agmented and incomplete over the last 25 years. Professional Paper No. 43 remains the 

landmark geologic publication on the geology of the district even today. 
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Supergene Enrichment 

Various people have studied the geology of supergene copper deposits since S .F. 

Emmons (1900) and W.H. Emmons (1913, 1917) wrote their extensive descriptions of 

enriched ores in many of the mining districts of the United States. Lindgren (190Sa) was 

the first to provide a detailed description of supergene copper deposits when he studied 

the Morenci district. The interpretation of leached outcrops in southwestern North 

America has been well studied by several geologists including Locke (1926), Weiss 

(1965), Blanchard (1968), Loghry (1972) and J. A. Anderson (1982). Oxidation and 

enrichment processes have been studied and described by many geologists over the past 

100 years. Kemp (1905), Sullivan (1905), Stokes (1906), Garrels (1954), Charles 

Anderson (1955), Garrels and Thompson (1960), Sato (1960a,b, 1992), Sato and Mooney 

(1960), Durek (1964), and Bladh (1982) have done the most notable work to this time. 

Posnjak and Merwin (1922), and Tunell and Posnjak (1931) reported basic iron-sulflir-

water chemistry. 

Over the last 15 years, studies of supergene copper enrichment have expanded to 

include modem geochemical methods and computer modeling approaches in combination 

with classic field and laboratory observations. Sikka et al. (1991) conducted detailed 

studies of supergene enrichment and oxidation at Malanjkhand, India and reported detailed 

observations and possible reactions for a large variety of secondary copper minerals. 

Brimhall et al. (1985) were the first to use mass balance calculations from drill hole 

profiles and groundwater solute transport models to predict copper fluxes and to 

reconstruct paleosurficial topography. Several other studies followed that included mass 
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balance considerations, K-Ar geochronology of alunites, paleotopographic reconstruction, 

and climatic factors (Alpers and Brimhali, 1988, 1989; Sillitoe and McKee, 1996). During 

this time. Ague and Brimhali (1989), Lichtner and Biino (1992), and Lichtner (1994) used 

numerical simulation and advective solute transport methodology to model supergene 

enrichment characteristics and calculated mineral profiles. Vasconcelos et al. (I994a,b) 

further developed the application of ^Ar/^^Ar geochronology to dating alunites, jarosites 

and potassium-bearing manganese oxide minerals in weathering profiles in the western 

United States, West Africa, and South America. Cook (1994) used K-Ar geochronology 

of alunite and illite in IS porphyry copper deposits in southwestern North America and 

developed a geologic history of supergene enrichment for the region. Most recently. Mote 

and Brimhali (1997, 1998a,b) and Mote et al. (1999a,b) have combined mass balance 

calculations with ^Ar/^^Ar geochronology of transported alunites and manganese oxide 

minerals to examine copper fluxes in exotic ores at El Salvador, Chile. 

Classic Concepts of Supergene Enrichment 

The papers by Titley and Marozas (1995) and J.A. Anderson (1982) provide an 

excellent summary of the processes and products of supergene enrichment that serves as a 

template for examining enrichment profiles (Figure 6, Table 2). Enrichment in porphyry 

copper deposits starts when typically low-grade (0.05% to 0.35% Cu) primary pyrite and 

chalcopyrite mineralization is exposed to oxygenated groundwaters. This process 

typically requires pyrite-to-chalcopyrite contents >4; 1 (Titley and Marozas, 1995). In this 

case, oxidation of pyrite in the vadose zone and capillary fringe above the water table 
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forms sulfuric acid and ferric sulfate that react completely with chalcopyrite to form 

soluble cupric sulfate and ferrous sulfate. This process leaves behind a "leached capping" 

that is typically devoid of copper and contains a mixture of the iron oxide and sulfate 

minerals hematite, goethite, and jarosite which comprise the classic limonite assemblage 

(Blanchard, 1968; J. A. Anderson, 1982). Where this process is incomplete, a zone of 

"partial leaching" is left behind beneath the leached capping. The copper in solution 

migrates downward to a redox (reduction/oxidation) boundary at or below the water table 

where it reacts with the reduced sulfur in chalcopyrite and pyrite and forms secondary 

copper sulfides in an "enriched blanket". Downward zoning of secondary copper sulfides 

reflects changing Eh-pH conditions and solution chemistry that yields a suite of secondary 

copper minerals with variable copper to sulfur ratios. This mineral suite can include; 

chalcocite (CuzooS - cc), djurleite (Cui ^S - dj), digenite (Cui.soS - dg), anilite (Cui.tsS -

an), geerite (Cui.eoS - ge), spionkopite (CuugS - sp), yarrowite (Cui.nS - ya), covellite 

(Cui.ooS -cv), idaite (Cu3FeS4 -id), and bomite (CuSFeS4 -bn) as a series of replacements 

of each other and of chalcopyrite and pyrite (Sikka et al., 1991). Secondary copper 

minerals follow the Schurmann Series (Lindgren, 1933) and preferentially replace 

sphalerite before chalcopyrite, and chalcopyrite before pyrite. Replacement textures range 

from complete volume-for-volume replacement to thin coatings on grain boundaries. 

Early cycle leaching and enrichment processes typically result in an enrichment of copper 

grade by a factor of at least 2x. For example, complete replacement of chalcopyrite by 

chalcocite (CuFeS2 CU2S) yields an enrichment factor of 2.3. 
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This process is cyclical and reflects episodic vertical changes in the position of the 

redox boundary as a result of tectonic, physiographic, and climatic changes (Figure 6). 

Subsequent cycles of erosion and weathering continue to dissolve copper minerals above 

the water table and both enrich and thicken the successive blankets with time (Brimhall et 

al., 1985). Where there is sufficient pyrite remaining (3:1 pyxc), dissolution of chalcocite 

in a former enriched blanket leaves behind a mixture of typically transported hematite and 

goethite (Table 2) (Titley and Marozas, 1995). Where the pyrite content is lower (1:2 

pyicc), dissolution of chalcocite yields classic and distinctive hematite boxworks (Titley 

and Marozas, 1995; J. A. Anderson, 1982). Where there is insufficient pyrite to oxidize 

and mobilize copper from either secondary or primary minerals or in the presence of acid-

consuming wall rocks such as limestones, skams, or feldspar and biotite-bearing intrusive 

rocks, the minerals are oxidized in-situ with only minor transportation of copper. This 

results in a complex assemblage of copper oxide minerals including chalcanthite, 

brochantite, tenorite, cuprite, native copper, malachite, azurite, chrysocolla and a number 

of other secondary oxide minerals depending on Eh, pH, Pco2, P02, [804^"] and a variety of 

other environmental and geochemical conditions. Late cycle leaching and enrichment 

processes typically result in an enrichment of copper grade by factors over 5x by 

replacement of both chalcopyrite and pyrite. 

Alteration of K-AI silicate minerals in the host rocks typically accompanies 

supergene enrichment (Table 2). The reactions during supergene enrichment are the same 

as typical acid weathering (Titley and Marozas, 1995). This involves the conversion of 

feldspar to muscovite or muscovite to kaolinite. White supergene kaolinite is ubiquitous 
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in the supergene profiles in felsic porphyry copper systems with abundant hypogene quartz 

and sericite alteration. In extreme acid systems, this process can liberate alumina to form 

"alum" (Titley and Marozas, 1995). Acids formed by the dissolution of pyrite also react 

with K-Al silicate host rocks to produce alunite and jarosite (Table 2) under high acid and 

sulfate conditions (Bladh, 1982). Both alunite and jarosite are conspicuous products of 

the oxidation and leaching cycles in some of the supergene porphyry copper deposits of 

southwestern North America and the Southern Cordillera in Chile and Peru. Jarosite is a 

product of the immediate reaction of sulfates with K-bearing silicates, and alunite is mostly 

a product found beneath weathered, former enriched sulfide blankets (Titley and Marozas, 

1995). From textural and petrographic evidence at La Escondida, Chile, Alpers and 

Brimhall (1988) concluded that supergene alunite formed beneath the water table in the 

relatively reducing zone. They further concluded that later descent of the oxidation fi'ont 

exposed the supergene alunite and in some areas, there was sufficient ferric iron in 

solution to replace the alunite with jarosite. Because both alunite and jarosite contain 

potassium, they are amenable to radiometric age dating using K-Ar or ^Ar/^'Ar methods. 

They also contain four stable isotope sites, and complete analyses ofSD, S'^Oscm, S'^Ooh, 

and 5^''S can provide useful information about their environment of formation (Rye, et al., 

1989, 1992, 1997, and 1998). 

Previous Notions of Supergene Enrichment at Morenci 

Supergene ores are of fundamental importance to the Morenci district and these 

have been studied since Lindgren (1905a) provided the first detailed descriptions. Since 
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thea, a number of geologists have added to the understanding of supergene enrichment at 

Morenci including Moolick and Durek (1966), Langton (1973), North and Preece (1993), 

Cook (1994), Walker (1995), Enders et al., (1998a,b), Titley and Enders (1997, 1999), 

and Melchiorre and Enders (in prep). The studies contain some conflicting conclusions 

and show a progressive change in our understanding of the geology of the Morenci district 

and surrounding region. 

Waldemar Lindgren's (1905a) observations and interpretations from his work in 

Morenci formed part of the foundation of economic geology for nearly half a century 

thereafter. At the time, Lindgren considered the Morenci district to be a large group of 

separate deposits intimately associated with the porphyry intrusions. Lindgren divided the 

supergene profile into three zones; the "surface zone" or leached capping, the "chalcocite 

zone" or enriched blanket, and the "pyrite zone" or lower blanket/hypogene zone, in terms 

we use today. Lindgren concluded that most of the "great" north to northwest-striking 

faults and the bulk of the supergene enrichment at Morenci were formed prior to mid-

Tertiary volcanism. He recognized that the deposits must have formed during a time when 

the water table was much higher than the modem one and thus concluded that the 

enriched deposits must have subsequently been stranded above the water table when the 

Morenci structural block was uplifted during "Gila Conglomerate time". Although he did 

not emphasize a second period of enrichment, he did acknowledge that the deposits were 

subsequently re-exposed during late-Tertiary time to further oxidation and erosion. 

Lindgren further described the fault offsets and subsequent near-surface degradation of the 

enriched blanket and leached capping across the Copper Mountain fault as evidence of 
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mid-Tertiary enrichment. He concluded that the Chase Creek drainage was formed before 

the "Gila Conglomerate" and used that as evidence for a "great age, slow oxidation, and 

gradual erosion" of the Morenci deposits. Lindgren was the first to recognize that the 

surface zone was formed from oxidation of the chalcocite zone instead of directly from the 

pyrite zone, thus establishing the notion of multiple cycles or stages of enrichment at 

Morenci. 

Moolick and Durek (1966) provided an update on the geology of the Morenci 

district focused on the Morenci and Metcalf areas. They also concluded that enrichment 

formed during the mid-Tertiary, prior to late Tertiary volcanism and northwest faulting. 

This was a significant departure from Lindgren's interpretation of the timing of faulting. 

Moolick and Durek mentioned a contact between oxidized ore and basalt, and proposed 

that mid-Tertiary volcanic rocks had covered the deposit. They concluded that 

subsequent weathering and canyon cutting were responsible for modifications to the 

supergene deposits after the volcanic cover had been removed. They also recognized that 

"recent erosion had cut drastically into the blanket". 

Langton (1973) was the first to take a district-wide approach to the study of 

supergene enrichment at Morenci. He proposed a fairly explicit explanation for the 

evolution of the supergene zone, although he provided little supporting evidence. Langton 

also concluded that the bulk of enrichment was formed prior to mid-Tertiary volcanic 

cover, but in two stages. This was consistent with the prevailing concepts of supergene 

enrichment in the Southwest at the time (Livingston et al., 1968). The first stage was a 

Late-Eocene period of erosion and leaching that formed a uniform bowl-shaped blanket 
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with an associated argillic alteration zone located in the central portion of the district. 

This was followed by a prolonged period of general uplift in the Oligocene that further 

oxidized and enriched the deposit and formed the leached capping prior to mid-Tertiaiy 

volcanism. He proposed that over 300 m (1,000 ft) of volcanic rocks covered the deposit 

and that this was associated with a swelling water table and lateral migration that resulted 

in "an even distribution of chalcocite over a 1,000-ft thickness during volcanism". 

Langton attributed subsequent major uplift to Basin and Range deformation that caused 

major faulting and a rapid water table drop, formed an axial north to northwest-striking 

graben in the center of the district, and stranded the mature enrichment blanket. He 

suggested this led to the destruction of part of the blanket and produced immature, late 

Miocene to early Pliocene covellite and chalcocite enrichment of chalcopyrite. He ftirther 

proposed that Basin and Range deformation stranded the Metcalf blanket 365 m (1,200 ft) 

above the Morenci blanket, and that the lower half of the Morenci blanket was ftirther 

enriched during this time. Langton described the step faulting and tilted position of the 

enrichment blankets and the lateral enrichment of the Cambrian Coronado Quartzite. He 

also agreed with Moolick and Durek, that over 300 m (1,000 ft) of Pliocene to Recent 

uplift and deposition of the "Gila Conglomerate" resulted in ftirther lowering the water 

table, partial destruction of chalcocite by oxidation and erosion, and rapid down-cutting 

that exposed hypogene sulfides in Metcalf 

North and Preece (1993) had the benefit of broader exposures of the deposit, 

additional drilling and mapping information in the district, and modem geochronology. 

They were the first to use mass balance calculations at Morenci to determine how much of 



34 

the deposit they could account for, and proposed that a larger volume of low-grade source 

rock was required than was preserved in the district. They proposed two generations of 

enrichment. The first generation was pre-volcanic and began around 56 Ma when the 

deposit was first exposed to oxygenated groundwaters and lasted until the onset of mid-

Tertiary volcanism at about 32 Ma. They proposed that a widespread, ISO-m (SOO ft) 

thick, first generation enriched blanket was formed during this time with an average grade 

between 0.3% and 0.6% Cu. Their second generation of enrichment occurred after the 

mid-Tertiary volcanic cover was eroded causing significant lateral transport of copper and 

in-silu oxidation of low-pyrite portions of the blanket such as at Northwest Extension. 

They reported radiometric K-Ar age dates on two samples of alunite from Metcalf and 

Northwest Extension and concluded that the most significant enrichment occurred 

between 30 and 10 Ma. They also reported that enrichment was younger (7.2 Ma) at 

Northwest Extension than at Metcalf (9.9 Ma), and that some oxidation at Northwest 

Extension was even younger than the last movement along the Las Terrazas fault. Their 

emphasis on the importance of the post-volcanic enrichment period was a significant 

departure from the conclusions of the earlier studies. 

Cook (1994) used K-Ar geochronology to study the geologic history of supergene 

enrichment in the porphyry deposits of southwestern North America and used Morenci for 

one of the study areas. He worked predominantly in the Shannon Mountain area in 

between Metcalf and Garfield. There he concluded that the supergene profile was zoned 

with respect to pre-mine topography and that the profile had been uplifted above the 

modem water table, conclusions that were consistent with Lindgren's. Cook emphasized 
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the relative rates of erosion versus enrichment and recognized multiple stages of 

enrichment at Morenci. Based on supergene profiles and post-enrichment movement 

along the Copper Mountain fault, he concluded that there was "profound lateral 

migration" of copper solutions in the Morenci portion of the district, similar to what he 

had observed at Tyrone, New Mexico. Most importantly. Cook noted that the evidence 

for pre-Miocene enrichment at Morenci was largely circumstantial and concluded that 

there was "no evidence of pre-volcanic enrichment" at Morenci. He further concluded 

that the evidence for two stages of enrichment was compelling. Based on the K-Ar age 

dates mentioned above, he concluded that enrichment at Morenci lasted longer and was 

therefore more mature than at Metcalf Cook's assertion that supergene enrichment at 

Morenci was a post-volcanic phenomena, was a significant departure from the conclusions 

of earlier work. 

Walker (1995) studied the structural evolution of Morenci district and provided an 

interpretation of the district in terms of the regional tectonic framework. Her conclusions 

about the supergene history at Morenci are essentially the same as North and Preece 

(1993). However, she provided some additional evidence for post-Laramide erosion of 

the Morenci uplift and north to northeast drainage and deposition of mineralized porphyry 

clasts in the Eocene Baca basin to the north. Walker also proposed that the mid-Tertiary 

structural evolution of the Clifton-Morenci area was related to the detachment faulting 

associated with the Pinaleno metamorphic core complex 25 km (IS mi) south of the 

district. 
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Recent work on the supergene environment at Morenci has shed new light on the 

scale, timing, and processes of oxidation and enrichment. Enders et al. (1998b) developed 

a district-scale model of the supergene profile at Morenci and further developed the mass 

balance requirements based on pre-mine mineral profiles. Enders et al (1998a) conducted 

microbiological and geological studies of the Metcalf area. They were the first to report 

the actual occurrence of viable acidophilic iron oxidizing bacteria obtained from 

weathering outcrops of the Morenci porphyry copper deposit and propose a biochenucal 

link with the classical geochemical aspects of supergene enrichment processes. Titley and 

Enders (1999) studied mineral profiles in the axial Chase Creek graben at Morenci. Based 

on that study, they proposed that some thick, stacked, enrichment profiles may be formed 

from the bottom-up, instead of the conventional top-down process, as a result of gradual 

rise of base level in down-dropped blocks during uplift and extension. Based on field 

relationships and on the stable isotope geochemistry of malachite and azurite from 

Melchiorre (1998) and Melchiorre et al. (1999), Melchiorre and Enders (in prep) are 

proposing environmental conditions associated with oxidation and formation of the 

Northwest Extension copper-oxide deposit at Morenci. The results of some of these 

recent studies of the supergene environment at Morenci are included in more detail in this 

dissertation. 

General Approach 

This study was part of a larger collaborative effort between the Geology 

Department at Phelps Dodge Morenci, Inc., Department of Geosciences at The University 
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of Arizona, Arizona Geological Survey, Department of Biological Sciences at Northern 

Arizona University, and several other cooperating groups and individuals. The author has 

worked continuously in the Morenci district since 1993, but the most intense phase of 

research was conducted from October 1997 through November 1999. The general 

approach was to examine the distribution, character and evolution of supergene 

mineralization in the district at different scales and from a variety of scientific perspectives. 

The results of these studies are reported in the five principle chapters of this dissertation. 

The first chapter is focussed on the regional scale. This work was conducted in 

collaboration with C. A. Ferguson of the Arizona Geological Survey and involved new 

geologic mapping and compilation of pre-existing mapping at 1 ;24,000 scale, and 

•'"Ar/^'Ar geochronology of the volcanic rocks in the Cliflon-Morenci area. This work 

resulted in a stratigraphic framework for the mid-Tertiary to Quaternary volcanic and 

sedimentary rocks in the Cliflon-Morenci area, and a history of the erosion and unroofing 

of the Morenci block associated with the evolution of the Duncan basin and Transition 

Zone. The mapping is included as three plates in this dissertation. Plate 1 is the updated 

geologic map of the Cliflon-Morenci area which covers the Coronado Mountain, Mitchell 

Peak, Copperplate Gulch, and Clifton 7-1/2' quadrangles centered on the Morenci district 

that was produced for the digital information series in GIS format through the Arizona 

Geological Survey (Ferguson and Enders, 2000; Ferguson et a!., 2000). Plates 2 and 3 

show the accompanying cross sections. Detailed units descriptions are included in 

Appendix A. 
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The second chapter contains a description of the geology of the Morenci porphyry 

copper deposit. It includes a review of existing published and unpublished data on the 

deposit for background on the basic geologic setting and controls of the mineralization. 

This section is primarily focussed on the hypogene mineralization and alteration that form 

the bulk mineralogy of the deposit that was subsequently eroded and chemically weathered 

in the supergene environment. 

The third chapter is focussed on the supergene mineralization in the district. It 

includes descriptions of the supergene zone from the district-scale down to local profiles 

that display characteristic features of specific deposits. This work is supported by detailed 

mineralogical profiles fi-om selected core holes on three cross sections and polished 

section study of selected samples. Based on these profiles and a district-wide drill hole 

database, a simple mathematical model based on mass-balance criteria was created to de-

enrich the deposit to look at district-scale enrichment characteristics, eroded thicknesses, 

and ultimately a pre-enrichment topographic surface. 

The fourth chapter is focussed on supergene processes and the role of 

microorganisms in leaching and enrichment. This work was conducted in collaboration 

with G. Southam of the Department of Biological Sciences at Northern Arizona 

University. It involved biological and geological studies of an actively weathering 

enrichment profile in the Metcalf pit. We sampled natural materials for acidophilic iron-

oxidizing bacteria and sulfate-reducing bacteria from the outcrop, grew them in the lab, 

and estimated their abundance. Then we used TEM and EDS to image the bacteria and 

look at the associated authigenic minerals. This work was supplemented by 
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hydrochemical, geochemical and mineralogical data from the sample sites. Based on this 

work, we propose a link between the geochemical and biochemical processes of leaching 

and enrichment in the supergene environment, and suggest conditions in which one or the 

other dominates. 

The fifth chapter provides geochronological evidence of the age of supergene 

mineralization. The work involved ^Ar/^^Ar age dating and geochemical analyses of a 

suite of alunite, jarosite, and cryptomelane samples from selected profiles in the deposit. 

The samples were dated at the New Mexico Geochronological Research Laboratory 

(NMGRL), in Socorro. The NMGRL reports for the work on the supergene samples and 

the volcanic rocks are included in Appendix B. 

Finally, a synthesis is presented at the end of the dissertation that integrates the 

results of these studies into a proposed evolution of supergene enrichment in the Morenci 

district. The conclusions are brief and include suggested topics for future work. 
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FIGURE 1. Location map showing the Clifton-Morenci area in a regional context. The 
inset map shows the location of the principal subdivisions of the Morenci district in 
outline. 
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FIGURE 2. Grade and tonnage distribution for 206 porphyry copper deposits. The plot 
highlights Morenci in comparison to other notable deposits. The plot shows total 
contained tons of copper from supergene and hypo gene zones, if both are present. For 
example, Morenci has only past production and ore reserves for supergene ores. 
Diagonal lines are isopleths of contained copper. Morenci data is from Table 1. Data for 
the other deposits is from Long (1995), Williams and Forrester (1995)-AZ Geol. Soc. 
Digest v. 20, and from Titley (1993)- Geol. Assoc. of Canada Special Paper 40. 
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Table 1. Past production and ore reserves in the Morenci district, (from Enders et at., 1908b). 

Category Or« Tons Grade Copper 
(billions) (%Cu) (Mtons) 

Past Production'̂ * 2.8 0.49 13.7 

1997 Ore Reserves''' 1.6 0.36 5.8 

1997 Resources'" 2.3 0.37 8.5 

Total 6.7 0.42 28.0 

Notes: (1) underground production 1872-1932 was 36 IMtons of ore at 2.60% Cu (Long 1005). 
open pit production 1939-1991 was 868 Mtons of ore at 0.85% Cu (Long, 1995). 
open pit production 1986-1996 includes data from Phelps Dodge (1997). 

(2) includes Morenci, Metcalf, Northwest Extension, and Southside using 
data from Phelps Dodge (1997). 

(3) includes Western Copper, Coronado, Garfield, and American Mountain using 
data from Phelps Dodge (1997). 
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FIGURE 3. Landsat TM image showing the physiography of the Clifton-Morenci area. 
This image was acquired on 7 /12/86 and displays bands 7-4-1 as red-green-blue colors. 
The scene is approximately 30 km east-west by 40 km north-south. The disturbed areas 
of the Morenci pit, stockpiles, and tailings areas are shown in blue. The district is located 
on the southern flank of the White Mountains and at the northern end of the Duncan 
Basin. The Gila River crosses the scene at the bottom. Eagle Creek is to the west and the 
San Francisco River is to the east of the Morenci block. The axial Chase Creek drainage 
bisects the district and discharges into the San Francisco at Clifton. 
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FIGURE 4. Morenci district groundwater elevations. The closed depression in the lower 
middle of the diagram is the Morenci pit. Well control and pit limits outline are shown 
for reference. 
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FIGURE 5. Morenci daily precipitation record from October 1, 1997 through August 31, 
1999. Black lines with dates mark the four sampling events for microorganisms during 
this period. 



TABLE 2. Some possible geochemical reactions in the supergene environment. 
Modifed from (1) Titley and Marazas (1995) and (2) Sikka et al. (1991 ). 

The Sulfide Enrichment Process 11
> 

Oxidation of Chalcopyrite 
12CuFeS2 + 5102 = 12CuS04 + 4Fe2(S04h + 2Fe203 

Oxidation of Pyrite and Solution of Chalcopyrite 
8FeS2 +2802 + 8H20 = 8FeS04 + 8H2S04 
8FeS04 + 4H2S04 + 202 = 4Fe2(S04h +4H20 

2CuFeS2 + 4Fe2(S04h = 2CuS04 + 1 OFeS04 + 4S 

Precipitation of Chalcocite on Pyrite 
SFeS2 + 14Cuso. + 12H20 = 7Cu2S + 5FeS04 + 12H2S04 

Silicate Mineral Weathering Reactions 11> 

Orthoclase to Muscovite 
3KAISi30 8 + 2H+ = KAl3Si30 10(0Hh + 21<' + 6Si02 

Celadonite to Muscovite 
3KAIM9Si4010(0Hh + 8H+ = KAl3Si301o(OHh + 2Mg2• + 21<' + Si02 + 6H20 

Muscovite to Kaolinite 
2KAl3Si3(0Hh + 2H+ + 3H20 = 3Al2Si20s(OH)4 + 21< 

Limonite Forming Reactions in the Zone of Oxidation and Leaching 11> 

Formation of Hematite 
Fe2(S04h + 3H20 = 3H2S04 + Fe203 

Formation of Goethite (approximately) 
Fe2(SO•h + 6H20 = 3H2S04 + 2Fe(0Hh 

Formation of Jarosite and Kaolinite in the Zone of Leaching 
2KAl3Si301o(OHh + 6FeS04 + 12H20 +3/202 = 2KFe3(S04)(0H)6 + Al2Si20 5(0H) +H2S04 

Sulfidation of Feldspar to Produce Alunite and Jarosite 
4FeS04 + 3KAISi30 8 + 4H20 +4H+ + 0 2 = KAl3(S04h(OH)6 + KFe3(S04h(OH)6 + 9Si02 + I< +Fe3• 

Copper Oxide Forming Reactions in the Zone of Oxidation and Leaching 12> 

Formation of Brochantite 
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4CuS04 + 6H20 = Cu4S04(0H)6 + 3H2S04 
2Cu2S + 100 + 4H20 = Cu4S04(0H)6 + H2S04 
4Cu0 + H2S04 + 2H20 = Cu4S04(0H)6 

(from aqueous copper sulfate or chalcanthite) 

(from chalcocite) 

(from tenorite) 

Formation of Malachite 
2CuS04 + H+ + HCOi + 2H20 = Cui{OHhC03 + 2H2S04 
2Cu0 + H+ + HC03" = Cui{OHhC03 

Formation of Azurite 
3Cu2(0HhC03 + H+ + Hco3· = 2Cu3(0Hh(C03h + 2H20 

Formation of Chrysocolla 

(from aqueous copper sulfate) 

(from tenorite) 

(from malachite) 

CuS04 + 3H20 + Si02caq) = CuSi03.2H20 + H2S04 (from aqueous copper sulfate and silica) 
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FIGURE 6. Generalized supergene enrichment profile. Panels A through Dare modified 
from Titley and Marozas (1995). Panel A shows the characteristic features of hypo gene 
mineralization that form the bulk geochemistry of the deposit prior to enrichment. Panel 
B shows the result of first-cycle enrichment that leaves a relatively thin leached capping 
beneath partially leached hypogene mineralization and an overlying leached capping. 
Panel C shows the result of second-cycle processes as a result of base level drop that 
leaves a hematitic leached capping behind at the site of the former first-cycle blanket and 
a thicker and higher grade enriched blanket at depth below. The thicker partially leached 
zone is caused by partial oxidation of residual hypo gene mineralization or subsequent 
destruction of the upper portion of the enriched blanket below and can contain zones with 
copper oxides or copper sulfides in places. Panel D shows the typical alteration pattern 
formed when supergene argillic alteration overprints the quartz-sericite-pyrite hypogene 
alteration. The enriched blanket contains downward sulfide zoning that consists of 
chalcocite + djurleite >> covellite or chalcopyrite in the upper enrichment zone, covellite 
+/- chalcocite +/- chalcopyrite in the middle of the blanket, and chalcopyrite > chalcocite 
or covellite in the nascent zone at the bottom of the blanket. 
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REGIONAL GEOLOGY OF THE CLIFTON-MORENCI AREA - IMPLICATIONS 
FOR LANDSCAPE EVOLUTION AND SUPERGENE ENRICHMENT 

IN THE MORENCI MINING DISTRICT 

Introduction 

Work over the past several decades has indicated that mid to late-Tertiary erosion, 

tectonism, and associated volcanism and sedimentation played a profound role in the 

formation and preservation of supergene enrichment at Morenci and many other porphyry 

copper deposits in the region. However, geologists working outside the immediate mine 

area have given surprisingly little attention to the Tertiary stratigraphy and structure of the 

Clifton-Morenci area for nearly 100 years. Recent mapping has established a stratigraphic 

framework of the mid-Tertiary volcanic rocks in the Clifton-Morenci area and revealed the 

history of uplift and erosion of the Morenci block ft'om the sedimentary record of the 

northern Duncan basin. This provides critical constraints on the evolution of supergene 

enrichment in the Morenci district. In addition, the mapping has provided important links 

to elements of the Tertiary and Quaternary evolution of the landscape of the Transition 

Zone in this region of Arizona. 

Pre-existing Geologic Mapping 

There are numerous published maps at various scales in the surrounding areas of 

southeastern Arizona and southwestern New Mexico (Figure 7). At the smallest scale, 

maps by Reynolds (1988), Wilson and Moore (1958), and Drewes et al. (1985) cover too 

large of an area and are of limited value. The most helpful are the 1 ;48,000 and 1:24,000 
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scale maps of the adjoining areas. Three publications in particular are Ratte and Brooks' 

(1995) map of the Big Lue Quadrangle to the east, Richter et al.'s (1983) map of the 

Guthrie Quadrangle to the southwest, and Cunningham's (1981) map of the San Francisco 

River canyon immediately to the east of the district. Other published regional-scale maps 

in the area include Hedlund (1993), Morrison (1965), Ratte (1982), Ratte and Brooks 

(1995), Ratte and Hedlund (1981), Richter and Lawrence (1981), and Wahl (1980). 

Unpublished regional-scale maps include Lepley (1993), Phelps Dodge (1993), and West 

(1993, 1996). In addition to that of Preece (1984), there are numerous other maps of 

smaller portions of the immediate mine area such as Pawlowski et al. (1997), and of a few 

adjacent areas including Dames and Moore (1997) and More (1995) that are available in 

the Phelps Dodge Morenci, Inc. files. Schroeder (1996) and Melchiorre (1994) also 

contributed maps of the Enebro Mountain area north of the district to the Arizona 

Geological Survey. Four students from Cambridge University completed 1:10,000 scale 

geologic maps along Highway 191 just north of the Morenci district as part of their 

sununer field course work, and these illustrate local detail (Chillingworth, 1999; James, 

1999; Lock 1999; Warren, 1999). 

Numerous geologists have studied the Cenozoic stratigraphy, tectonics, and 

depositional setting of southeastern Arizona and southwestern New Mexico; these studies 

provide a setting for the Cliflon-Morenci area. In Arizona, Scarborough (1989) discussed 

Cenozoic erosion and sedimentation, Spencer and Reynolds (1989) developed the mid-

Tertiary tectonic setting, and Menges and McFadden (1981) and Menges and Pearthree 

(1989) described the impact of late Cenozoic tectonism on the regional landscape 
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evolution. Mcintosh et al. (1992) provided a time-stratigraphic framework for the 

Eocene-Datil volcanic field in New Mexico, Gather et al. (1994) developed the Tertiary 

stratigraphy and nomenclature for the region, and Marvin et al. (1987) listed 212 isotopic 

ages of post-Paleocene igneous rocks within and adjacent to the Cliflon T x 2° 

quadrangle. More recently. Smith and Mack (1999) reported on the depositional 

environment of the Cenozoic Gila Conglomerate approximately 50-km (30 mi) to the 

south near Duncan, Arizona and Virden, New Mexico. The Tertiary volcanic stratigraphy 

of regions east of the Cliflon-Morenci area was investigated in some detail (Ratte and 

Brooks, 1995; Ratte and Hediund, 1981; Ratte, 1982; Hediund, 1993; Morrison, 1965; 

Wahl, 1980). However, little is known about how these strata correlate with rocks to the 

west of the Cliflon-Morenci area. 

Landscape Evolution and Supergene Enrichment 

The link between tectonic history, landscape evolution and supergene enrichment 

of porphyry copper deposits is well documented at Morenci and many other districts. 

Lindgren (1905a) believed that the Morenci deposit was enriched during "Gila 

Conglomerate time". Later, Moolick and Durek (1966), Langton (1973), North and 

Preece (1993), Cook (1994), and Walker (1995) concluded that leaching and enrichment 

at Morenci occurred during at least two periods. These processes began as soon as the 

mineralization was exposed to oxygenated groundwater and ended with the onset of mid-

Tertiary volcanic cover, and resumed again when mid-late Tertiary extension re-exposed 

the deposit. 
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Similar histories of cyclical enrichment have been documented in other porphyry 

copper districts in southwestern North America. This includes the early work at San 

Manuel, Arizona (Schwartz, 19S3), Ajo (Gilluly, 1946), Bisbee, Arizona (Bryant and 

Metz, 1966), and Tyrone, New Mexico (Paige, 1922), as well as at Butte, Montana and 

Bingham Canyon, Utah (Atwood, 1916). Later, Livingston et al. (1968) used K-Ar 

geochronology to document the emplacement, enrichment, and preservation of 16 

porphyry copper deposits in Arizona. They concluded that; 

"The Laramide porphyry copper deposits appear to have been developed during a 
period of volcano-plutonic activity followed by a period of extensive erosion and 
supergene enrichment during which some or all of the contemporaneous volcanic 
rocks were eroded away. These deposits were then preserved from complete 
erosion by burial beneath widespread sedimentary and/or volcanic rocks of mid-
Tertiary age. As the modem (post-Miocene) stream regime cut into the 
tectonically deformed pre-mid-Tertiary erosion surface, these deposits were again 
exposed and eroded and made accessible for exploitation." 

Lowell (1974) further proposed that the level of erosion and timing of differential 

structural uplift or drainage base level controlled the evolution of supergene enrichment. 

Cook (1994) used K-Ar geochronology to date alunite, jarosite, and illite samples from 1S 

porphyry copper deposits in the region and further linked three stages of weathering to the 

tectonic evolution of the region. Moreover, Cook (1994) linked the K-Ar dates to the 

Cenozoic cycles of erosion and sedimentation of Scarborough (1989). 

Similar studies of supergene copper enrichment have been conducted in the 

southern Cordillera porphyry copper province of Chile and Peru. Detailed investigations 

by Clark et al. (1967), Mortimer (1973), and Mortimer et al. (1977) of Tertiary deposits in 

northern Chile revealed that supergene enrichment was empirically related to the intervals 
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between sedimentation during the development of regionally extensive erosional 

landforms. Mortimer (1973) related the absence of supergene enrichment beneath 

volcanic cover, and the presence of enrichment in areas that had been subsequently 

dissected to cycles of volcanism, erosion, and sedimentation in the Cenozoic Era. Alpers 

and Brimhall (1988) and Sillitoe and McKee (1996) related ages and cycles of supergene 

enrichment at La Escondida and several other Chilean deposits to the Cenozoic evolution 

of tectonics, paleotopography, erosion rates, and climatic desiccation based on K-Ar 

dating of supergene alunite. Clark et al. (1990) used regional geologic-geomorphologic 

reconstruction techniques to relate the physiographic development of the pre-Cordillera of 

southern Peru to the evolution of supergene enrichment of Laramide copper deposits at 

Cuajone, Quellaveco, and Toquepala. 

Methods 

This study was a collaborative effort between Phelps Dodge Morenci, Inc., the 

Arizona Geological Survey, and the Department of Geosciences at the University of 

Arizona. The work was conducted in conjunction with other geological studies of the 

supergene environment at Morenci, and primarily involved geologic mapping and related 

studies of portions of four 7.S' quadrangles (Plate 1) over a five-month period fi'om 

August-December 1998. The purpose of the mapping was to establish a stratigraphic 

framework of the mid-Tertiary volcanic rocks of the surrounding mountains and the 

sedimentary rocks of the adjacent basins. This required re-mapping, field checking, and 

synthesis of existing mapping in the district (Lindgren, 1905b; Preece, 1984; Cunningham, 
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1981) and in adjacent areas (Richter et al., 1983; Ratte and Brooks, 199S) into a new 

geologic map. Mapping was done at a reconnaissance-scale and at a hand-specimen and 

outcrop level, without the benefit of detailed petrographic or geochemical studies. Some 

supplemental petrographic and geochemical studies were completed on a few of the 

Precambrian and Laramide-age intrusive rocks to augment existing databases (Lee, 1994; 

Walker, I99S) and aid in interpretation. Mapping was done on both orthophoto and 

topographic base maps that were linked to the local Morenci Mine and state UTM grids. 

Processed images were prepared by merging the color orthophoto image with various 

combinations of Landsat TM bands to produce images that highlighted bedrock lithology 

and structure (Bands 7,4,1), and alteration based on supervised classification from Bands 

1,3,5 and 7 (Marlow, 1999). This work was supplemented with 15 new """Ar/^'Ar ages of 

selected volcanic rocks in the area, dated at the New Mexico Geochronological Research 

Laboratory in Socorro (Peters, 1999a,b; Peters and Mcintosh, 1999) (Appendix B). 

Although no detailed measured sections were created at this level of study, selected drill 

holes were used to assist in stratigraphic reconstruction, cross section preparation, and 

isopach/structure contouring (Dames and Moore, 1997). Estimates of ciast abundance in 

the sedimentary rocks were used to record the relative proportion of the various rocks that 

were being shed into the adjacent basins. In addition, gravity and aeromagnetic data were 

used to interpret the overall structure and depth to bedrock of the Duncan basin (Enders, 

1996; West, 1996). The results of this work are reported in this section. Previously 

available radiometric age dates for some of the Laramide intrusive rocks in the Morenci 
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district are included in Table 3. ^Ar/^'Ar age dates for some of the mid-Tertiary volcanic 

rocks in the Clifton-Morenci area from this study and are included in Table 4. 

Regional Setting 

The Transition Zone is a broad physiographic province in between the relatively 

structurally intact Colorado Plateau and the highly extended terrain of the southern Basin 

and Range province (Figure 1). The Transition Zone is a region of rugged, relatively high-

elevation terrain (1,500 to 2000 m, 4,900 to 6,500 ft) above a thinned crust (from 40 to 

22 km, 24 to 36 mi), but without significant expression of extension at the surface 

(Leighty, 1997). Its northern boundary in Arizona is along the Mogollon Rim, a 

physiographic break defined by the southward termination of north-dipping Permian strata 

(Pierce et al., 1979). Its southern boundary in Arizona is structurally but less 

spectacularly defined. This boundary is located in those areas where low-angle normal 

faulting associated with mid-Tertiary extension dislocates the terrain into a series of 

isolated basins and ranges separated from the relatively-intact terrain of the Transition 

Zone (Spencer and Reynolds, 1989). Walker (1995) postulated that structural 

deformation and low-angle detachment faulting of the mid-Tertiary metamorphic core 

complex in the Pinaleno - Santa Teresa Mountains 25 km (15 mi) southwest of Morenci 

was linked to the northwest-striking faults and gentle southwest dips of Paleozoic and 

Cretaceous strata in the region. The eastern margin of the Transition Zone is covered by 

volcanic rocks of the Mogollon-Datil volcanic field and marks the western extent of Rio 

Grande-related rifling (Walker, 1995). This structural zone (Figure 8) is a 40 to 50 km 
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(24 to 30 mi) wide, complex system of040° to 030° striking grabens of the Morenci-

Reserve fault zone (Ratte, 1989). Walker (1995) related the northeast-striking faults in 

the Clifton-Morenci area to mid-Tertiary extension along this southeastern margin of the 

Colorado Plateau and Transition Zone. 

The Morenci structural block and the Duncan basin in the Cliflon-Morenci area are 

located at the intersection of all of these regionally important geologic features. The 

Morenci structural block appears as a roughly triangular window of Precambrian to early 

Tertiary rocks that is bounded by two major normal faults. The northwest-striking Eagle 

Creek fault on the west represents the western margin of a tilt block associated with the 

Pinaleno-Santa Teresa detachment and metamorphic core complex (Walker, I99S). The 

northeast-striking San Francisco fault on the east represents the western margin of a half-

graben in the Morenci-Reserve fault zone (Walker, 199S). These faults juxtapose older 

rocks of the Morenci block with Miocene to Recent sedimentary and volcaniclastic rocks 

of the basin fill sequences in the Eagle Creek and San Francisco arms of the northern 

Duncan basin (Figure 8). At the southern edge of the Morenci block, the Eagle Creek 

fault appears to continue southeastward from the intersection of the San Francisco fault, 

perhaps as the buried Ward Canyon fault, while the San Francisco fault appears to die out 

to the southwest. The Clifton-Morenci area is also situated at the intersection of the 

Oligocene-age Mogollon-Datil volcam'c field to the east and the Miocene-age Peloncillo 

volcanic field to the south. The Morenci district is surrounded by rhyolite, andesite and 

basalt from these fields to the north in the Malpais-Enebro Mountain area, to the west in 
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the Black Hills and Turtle Mountain area of the northern Peloncillo Mountains, and to the 

east and southeast in the Big Lue and Summit Mountains. 

Morenci Block 

The Morenci block contains Precambrian igneous rocks. Paleozoic and Mesozoic 

sedimentary rocks, and a suite of Laramide-age intrusive rocks (Plate I). These rocks 

have been further dissected and dislocated by a network of east-west-, northwest-, 

northeast-, and north-south-striking faults. These rocks are the hosts for mineralization 

and hydrothermal alteration associated with the Morenci porphyry copper deposit 

(Lindgren, 1905a; Moolick and Durek, 1966; Langton, 1973; Preece and Menzer, 1992). 

Strati praphv: Lindgren (190Sa,b) described the stratigraphy of the district in detail 

and established the local nomenclature currently used (Figure 9). The Precambrian 

basement in the area consists dominantly of granodiorite and granite possibly related to the 

widespread suite of Middle Proterozoic granites found throughout the southwest. 

Because these rocks have not been dated in the Clifton-Morenci area, however, it is 

possible that some or all of these rocks are Early Proterozoic in age. The Proterozoic 

plutonic rocks intrude a succession of quartz-sericite schist and meta-quartzite in the Pinal 

Point area about 13 km (8 mi) to the north of the mine area. Approximately 325 to 420 m 

(100 to 128 fl) of Paleozoic marine and marginal marine sedimentary rocks overlie the 

basement. These units include the Cambrian Coronado Quartzite, Ordovician Longfellow 

Formation, Devonian Morenci Formation, and Mississippian Modoc Formation. North of 

the Garfield fault in the northern portions of the map area, the Modoc Formation is 
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incorporated into the thicker Mississippian to Pennsylvanian Tule Springs Formation. 

Over 779 m (2,555 ft) of sandstone and shale of the Cretaceous Pinkard Formation 

disconformably overiie the Paleozoic section south of the Quartzite fault in the southern 

portion of the block. In places, mudstone of the basal Pinkard Formation partially fills 

karst features developed in the underlying limestone of the Modoc Formation. A series of 

Laramide-age porphyries intruded Precambrian through Cretaceous rocks in the Paleocene 

to early Eocene epochs (Table 3). Laramide intrusive activity may have been associated 

with a coeval overlying andesitic stratovolcano (North and Preece, 1993; Preece, Stegen 

and Weiskopf, 1993), but no physical evidence of those rocks has yet been discovered. 

Over 640 m (2,100 ft) of Miocene basaltic lava overlain by rhyolite tuff and lava flows 

unconformably overiie older rocks in the northern portion of the block in the Enebro 

Mountain and Malpais Mountain areas. Ferguson and Enders (2000) and Ferguson et al. 

(2000) provide detailed descriptions of the rocks of the Morenci block (Appendix A). 

Structure: The Morenci block has been broken into several structural domains as 

shown in Figure 10 and in Plate 1. Four domains have been created by three important 

normal faults. The down-to-the-south Quartzite and Coronado faults offset Paleozoic 

rocks against Proterozoic granite in the southern and central portions of the district. The 

down-to-the-north Garfield fault places mid-Tertiary volcanic rocks and upper Paleozoic 

rocks against Proterozoic granite and lower Paleozoic rocks in the northern portions of 

the district. The Morenci block is further dislocated by a series of east-west-striking, 

northwest-striking, northeast-striking faults, and north-south striking normal faults many 

of which were Laramide-age structures that were re-activated during mid-Tertiary, and 
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Basin and Range deformation (Walker, I99S). These include the southwest-dipping 

Kingbolt and east-dipping Chase Creek faults in the Chase Creek drainage, the northeast-

dipping Copper Mountain and west-dipping War Eagle faults to the west and east, 

respectively. This system of faults has created an axial graben in the center of the Morenci 

district that is adjacent to the Pinal-Eagle Creek horst on the west and the San Francisco-

Malpais horst on the east. 

Mineralization: The Morenci district hosts a porphyry copper deposit that was 

formed by magmatic-hydrothermal processes about 55 million years ago (Table 3) (Griffin, 

Ring and Lowery, 1993; McCandless and Ruiz, 1993). Widespread hypogene 

mineralization as pyrite+chalcopyrite +/- sphalerite was deposited in a stockwork of veins 

and fractures in Proterozoic granite. Paleozoic sedimentary rocks, and Laramide-age felsic 

intrusive rocks over a 20-km^ (7.7 mi^) area. The resulting stockwork of veins and 

veinlets has a fracture density ranging from about 0.10 to 1.0 per cm (length/area). 

Hypogene mineralization was accompanied by pervasive quartz-sericite-pyrite alteration 

that resulted in a deposit with average contents of 3 wt.% pyrite and 0.16% copper as 

chalcopyrite. Supergene enrichment at Morenci was formed by the coupled processes of 

erosion and chemical weathering during at least two periods of enrichment. These 

processes began about 55 Ma and ended with the onset of mid-Tertiary volcanic cover 

(approximately 30 Ma), and resumed again after 16 Ma when mid-late Tertiary extension 

re-exposed the deposit (Moolick and Durek, 1966; Langton, 1973; North and Preece, 

1993; Cook, 1994; Walker, 1995; this study). A detailed description of the Morenci 

porphyry copper deposit is included in the following chapter. 
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Duncan Basin 

The Duncan basin borders the Morenci block to the southwest, south, and 

southeast (Figure 8). The sedimentary rocks of the Duncan basin record the Cenozoic 

history of uplift and erosion of the Morenci and adjacent blocks. The basin strikes north-

northwest and is about 60 km (37 mi) long, and the valley ranges from 8 km (4.9 mi) to 

over 14 km (8.5 mi) wide covering a 700-km^ (270 mi^) area (Figure 11). It is bordered 

on the northeast by the Big Lue Mountains, on the east by the Summit (Steeple Rock) 

Mountains, on the south by Lordsburg Mesa, and on the west and northwest by the 

Peloncillo Mountains and Black Hills. The Gila River enters the basin from the southeast 

and drains the valley to the northwest. The Duncan basin terminates to the northwest 

about one mile upstream from the confluence of the Gila and San Francisco Rivers where 

the volcanic rocks of the Peloncillo Mountains are continuously exposed across the valley. 

The Eagle Creek sub-basin is a graben that extends for over 16 km (9.8 mi) to the 

northwest of the confluence and separates the Morenci block from the Turtle Mountains 

of the northern Peloncillo range on the west. The San Francisco sub-basin is a half-graben 

that extends for over 20 km (12 mi) northeast of Clifton and separates the Morenci block 

from the Big Lue range on the east. The Duncan basin north of York, Arizona, the Eagle 

Creek and San Francisco sub-basins, and Bonita Creek and the Gila Box have been deeply 

incised by their current drainages (Figure 3). They contain inner gorges that range from 

200 m (650 ft) in depth in the upper reaches of the canyons to over 315 meters (1,030 ft) 

in the lower stretches (Plates 1, 2, and 3). 
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Mid-Tertiary sedimentary and volcanic rocks surround the Morenci block and fill 

the adjacent Duncan basin. The volcanic rocks range in age from late Oligocene to early-

Miocene (~34 to 18.2 Ma) and in composition from basalt to rhyolite. The sedimentary 

rocks include mid-Miocene to Recent conglomerate, sandstone, and siltstone of the Gila 

Group (or Gila Assemblage of Scarborough, 1989) and the overlying upper basin fill. 

Stratigraphic columns for the Eagle Creek, San Francisco River, and Coronado Trail 

sections are shown in Figures 12, 13, and 14. Detailed unit descriptions are included in 

Appendix A fi-om Ferguson and Enders (2000). 

Mid-Tertiarv volcanic rocks: Mid-Tertiary volcanic activity in the Clifton-Morenci 

area spanned a 16 million-year period that began in the early-Oligocene with eruption of 

the Clifton Tuff at -34 Ma and ended in the early-Miocene with eruption of a bi-modal 

sequence of tuffs and basalts. The lower conglomerate is correlative to the Whitetail 

Assemblage of Scarborough (1989) and represents the last significant period of erosion 

and sedimentation prior to the main pulse of volcanism. Beginning at about 30 Ma, 

volcanic rocks began to cover the Clifton-Morenci area. Evidence for this includes an 

andesite dike at Metcalf dated at 30 Ma (Cook, 1994) and an andesite flow at Coronado 

(this study), as well as the voluminous andesitic lavas in the adjacent blocks (Table 4). 

Andesitic volcanism occurred from 30 Ma to about 23 Ma with peaks around 24-2S Ma 

and 27-28 Ma. Rhyolitic volcanism periodically erupted during this time and included the 

Davis Canyon TufF (29 Ma), Bloodgood Canyon Tuff (28 Ma), and a succession of 

younger tuffs from 24.S Ma to 18.2 Ma (Table 4). Volcaniclastic and tuff layers (Tbs and 

Tvs) represent short erosional and sedimentation breaks during basaltic andesite volcanism 
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during this time. Basin subsidence began during the waning stages of volcanism. Rhyolite 

lava and tuff, and basalt are interbedded with sedimentary rocks of the Gila Group, as well 

as with basaltic conglomerate (Tcb) and conglomerate of Bonita Creek (Tbck). Prior to 

erosion, the mid-Tertiary volcanic rocks in the Clifton-Morenci area ranged from about 

640 m thick in the northern areas to over 950 m thick in the southern areas of the Morenci 

block (this study). 

Mid-Tertiarv to Recent sedimentary rocks: The Gila Group is a complex 

succession of Pleistocene, Pliocene, and Miocene-aged variably indurated, post-volcanic 

conglomerate, sandstone and siltstone that are derived from the adjacent bedrock blocks 

and fill closed basins within the present physiographic boundaries. In the Morenci area, 

this group consists of several informal subdivisions defined largely on clast content, and to 

a lesser extent, on lithification and bedding. The nomenclature follows Richter et al. 

(1983) from the Guthrie and Safford Quadrangles to the south and southwest. The basal, 

mid-Miocene to Pliocene conglomerate of Midnight Canyon (Tgmc) contains only basalt, 

andesite and rhyolite clasts, and outcrops extensively in the Eagle Creek and San 

Francisco River areas. The Pliocene unit of Buzzard Roost Canyon (Tgbr) conformably 

overiies Tgmc. This unit contains progressively greater amounts (~S% to 30%) of 

Precambrian, Paleozoic, and Laramide-age clasts and locally up to 5% of mineralized 

clasts towards the top of the section. The Pliocene to Pleistocene unit of Smugglers 

Canyon (QTgs) consists of unlithified to semi-lithified interbedded lenses of silt, sand, 

gravel and boulders that were derived from the iimnediately adjacent bedrock. In places, 

younger alluvial deposits (QTao, Qa) occur along ridge crests and in the adjacent canyons. 
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The sedimentary section is approximately 625 m (2,000 ft) thick adjacent to the Eagle 

Creek and San Francisco faults, and over 1-km (3,000 ft) thick in the adjacent Duncan 

basin. Erosion and base level drop during the Pleistocene accompanied 200 m (6S0 ft) to 

over 300 m (980 ft) of down cutting of the Gila River and formed the incised canyons of 

the surrounding terrain. Detailed stratigraphic thicknesses from outcrop and the Morenci 

drill hole database are included in Appendix C fi'om Ferguson et al. (2000). Relative clast 

abundance of the sedimentary units is further discussed in a following section. 

Volcanic Geochronology 

Fifteen new ^"Ar/^'Ar ages have been determined for selected volcanic rocks in the 

Clifton-Morenci and adjoining areas as part of this study. The samples represent a 

reconnaissance of the volcanic stratigraphy in the Morenci area along with a limited suite 

of samples from adjoining areas, mostly for calibration between the various laboratories 

and techniques, e.g. (Marvin et al., 1987; Mcintosh et al., 1992; Ratte and Brooks, 1995; 

Richter et al., 1983). The work was done to help correlate strata in the Clifton-Morenci 

area with rocks to the east and west. The samples were dated at the New Mexico 

Geochronological Research Laboratory (NMGRL) in Socorro (Peters, 1999a, b; Peters 

and Mcintosh, 1999). The NMGRL reports are included in Appendix B, and their 

methods and results are summarized below. Sample locations are shown on Plate 1, and 

the results are included in Table 4 and in the Unit Descriptions in Appendix A. 
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Materials and Methods 

Basalts: Eight samples of andesite and basalt were selected for whole rock 

^Ar/^^Ar dating. The samples were selected from a larger set of 20 samples (Table S) that 

were evaluated for their suitability for dating by microprobe analysis at the New Mexico 

Bureau of Mines and Mineral Resources (Dunbar, pers. commun.). The evaluation was 

based on; I) the presence of potassic feldspar suitable for Ar analysis as a groundmass 

phase or as rims on plagioclase, 2) the presence of glassy groundmass that may contain 

excess Ar, and 3) the presence of secondary alteration phases that may adversely affect the 

Ar analysis. The analyses were performed using a Cameca SX-IOO electron microprobe 

with 3 wavelength-dispersive spectrometers. An accelerating voltage of IS kV and a 20 

nA beam current were used (Dunbar, pers. commun.). Based on the microprobe analyses, 

three samples were judged very good, ten were judged good, four were judged moderate, 

and 3 were judged poor prospects for dating (Table 5). Groundmass concentrates from 

eight of the samples were subsequently analyzed by the furnace incremental heating 

method. Abbreviated methods for the sample preparation and analysis from Peters and 

Mcintosh (1999) are included in Appendix B. 

Rhvolites: Nineteen samples of rhyolite lava and tuff were submitted for sanidine 

laser-fusion, single crystal ^Ar/^^Ar dating. Dateable sanidine was found in only seven of 

these samples either from groundmass or pumice. Abbreviated methods for the dateable 

samples fi'om Peters (1999a,b) are included in Appendix B. 
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Results 

Basalts: NMGRL's preferred ages of these samples are shown in Table 4 and 

illustrated on the probability distribution diagram in Figure 15, from Peters (1999a) in 

Appendix B. Four of the analyzed samples (F8-266, F8-27S, F8-276, F8-286) yielded 

fairly well behaved age spectra and the plateau ages were recommended as the preferred 

age. Although sample #F8-273 yielded a well-behaved age spectra, isochron analysis 

revealed a '"'Ar/^^Arj above the atmospheric ratio and the isochron age was recommended 

at the preferred age. Samples F8-269, F8-30I, and F8-316 yielded disturbed age spectra 

indicative of ^^Ar recoil during irradiation and the integrated ages were recommended at 

the preferred ages. 

Rhvolites: The NMGRL results for the sanidine samples are listed in Table 4 and 

displayed separately on a suite of probability distribution diagrams shown in Peters 

(1999b) in Appendix B. The ages for all of the samples are summarized on the probability 

distribution diagram in Figure 16. The weighted mean age of all the crystals in all samples 

except F8-288 was reported as the preferred age of eruption. The preferred age for the 

eruption of F8-288 was given as the pumice sanidine rather than the matrix sanidine 

because the pumice sanidine had a smaller error. 

Interpretation 

The '**'Ar/^W results from the IS samples (Table 4) in this study complement the 

25 published K-Ar dates (Table 6) from other volcanic rocks in the Cliflon-Morenci 

region. Overall, the dates span a 16 million-year period of volcanism in the Clifton-
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Morenct area. This period began in the early-Oligocene with eruption of the Clifton Tuff 

(Tc) at -34 Ma and ended in the early-Miocene with eruption of a bi-modal sequence of 

rhyolite (Te) and basaltic andesite (Tb) that are interlayered with conglomerates of the 

lower Gila Group (Tbck, Tgmc). 

Based on the mapping and geochronology completed in this study, nine sequences 

of Oligocene through Miocene volcanic and sedimentary rocks have been recognized in 

the Morenci area. The sequences are defmed mostly on the basis of age, and as such, 

dramatic changes in thickness and composition across the map area are possible. These 

sequences are summarized in Table 7, and shown on a schematic stratigraphic column and 

in two schematic cross sections in Figures 17 and 18, respectively. Sample locations are 

shown on Plate 1, and the sequences are described in detail below. 

Sequence 1 (34 to 28 Ma) Older andesitic lava flows: The 34 Ma Clifton Tuff and 

the 28 Ma Bloodgood Canyon Tuff define the lower and upper boundaries of this 

sequence. Both of these regional ash-flow tuff sheets were derived fi'om silicic cauldron 

complexes in the Mogollon-Datil volcanic field of southwestern New Mexico. The 

western pinch-out of these units is just to the west of the San Francisco River. The 

principal volcanic unit emplaced during this time period is a thick sequence (up to 200 m, 

6S0 ft) of basaltic andesite lava. This lava sequence is at the base of a very thick (up to 1 

km, 3,280 ft thick) pile of similar mafic lavas that are present throughout the area. The 

Bloodgood Canyon Tuff defines the top of this sequence and has a limited aerial extent, 

and the area directly north and east of Clifton is the only location where lavas of this age 

are definitely known. Other units that can be assigned to this sequence include a thin 



66 

conglomerate unit and a crystal-poor, welded ash-flow tuff that is present only in the 

extreme northeastern part of the map area. This crystal-poor tuff is tentatively correlated 

with the 29 Ma Davis Canyon Tuff (Ratte and Brooks, 1995). This tuff is preserved in the 

footwall of San Francisco fauh north of Sardine Creek where it is separated fl-om the 

underlying Cliflon Tuff by a non-volcaniclastic conglomerate. This suggests that the onset 

of andesitic lava volcanism of Sequence I did not commence until after about 30 Ma. 

This is supported by the oldest dates for basaltic lava in the Morenci area of 30.0 Ma for a 

dike at Metcalf (Cook, 1994) and 28.52 Ma for lava from TV Hiil, an isolated cinder cone 

that overlies Paleozoic rocks in the Coronado area of the Morenci mine. 

Sequence 2 (28 to 22.5 Ma^ Younger andesitic lava flows: This sequence 

represents the main pulse of basaltic volcanism in the Clifton-Morenci area. It produced a 

pile of mafic lava up to I km (3,280 ft) thick that blanketed the entire area. The thinnest 

accumulation of lava was probably directly above the mineralized zone of the Morenci 

district. Lavas from this sequence have been dated as old as 27.73 Ma, and as young as 

22.33 Ma. In the Clifton-Morenci area. Sequence 2 consists of monotonous, 

amalgamated lava flows of basaltic andesite to andesite composition. To the east, west 

and south of the Clifton-Morenci area interbedded felsic lavas and tuffs are present that 

partition the mafic lavas of Sequence 2 into different map units. To the east, Ratte and 

Brooks (1995) divided a sequence correlative to Sequence 2 into three units; the 27-28 

Ma volcanic sequence in the Big Lue Mountains (including map units Ta, Tacc, Tac, and 

TbI), the 24-26 Ma Bearwallow Mountain andesite (including map units Tba, Tbap, Tbam, 

Tbas, Tbac, Tbav, Tbab, and Tabi), and a 17-20 Ma Miocene basalt unit (including map 
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units Tb, Tbs, and Tbcc). Along the eastern edge of the study area. Sequence 2 includes 

at least one proniinent flow break defined by interbedded volcaniclastic rocks, but it is not 

certain how these breaks correlate with the division(s) mapped by Ratte and Brooks 

(199S) to the east. It is also not clear how well the age assignments of Ratte and Brooks' 

(1995) can be applied to the sequence just to the east of San Francisco River. For 

example, Ratte and Brooks' (1995) 17-20 Ma Miocene basalt unit can be traced into this 

study area without obvious disruption by faults or changes in stratigraphy down to the 

upper San Francisco River where it is intruded by a 22.25 Ma rhyolite lava dome. The 

contact between the two older mafic units, described by Ratte and Brooks (1995), was 

also traced into the eastern part of the map area just north of Limestone Gulch. This 

contact is correlated with a prominent flow break in Ash Spring Canyon that overlaps a 

major east-side-down fault. Lavas from above and below this contact were dated for this 

study and gave essentially the same age; 27.62 and 27.73 Ma respectively. 

To the south of the map area in the northern Peloncillo Mountains, Richter et al. 

(1983) subdivide mafic lavas correlative to Sequence 2 into two main sequences of 

younger and older andesite flows, all assigned to the andesite of Guthrie Peak-Turtle 

Mountain. The younger sequence is referred to as upper andesite flows (including map 

units Tau, Tad, Tac, and Tpaf) throughout their map area, but the older sequence is 

divided into two units. In the northwest, the older andesite is referred to as the andesite of 

Gila River (Ta), and to the south it is referred to as lower andesite flows (Tal). In both 

areas, thin pyroclastic flows (map units Ttg and Tab) mark the contact between the older 

andesite and the upper andesite. To the south, Richter et al. (1983) show a thick 



68 

succession of felsic lavas that is interpreted to be interbedded between the upper and 

lower andesites, but on the map there are no exposures of upper andesite that clearly 

overlap the felsic lavas. Instead, the upper andesite is shown overlapping the felsic lavas 

along a steeply north-facing buttress unconformity just to the north of US Highway 191 at 

the crest of the range (see their cross-section A-A'). Field examination subsequently 

indicated that the contact is a buttress unconformity rather than a fault, and the felsic lavas 

are younger than Richter et al.'s (1983) upper andesite (Tau) unit. This interpretation is 

supported by geochronology data that indicates the 22.41 Ma felsic lavas are younger than 

the youngest andesites of the Tau unit, dated in this study at 24.74 Ma. Richter et al. 

(1983) published two dates from their upper andesite unit; 23.7 Ma from a flow at the top 

of the sequence along lower Gila River, and 19.4 Ma for a lava near the top of the 

sequence along the southern margin of the outcrop area. The 19.4 Ma date is probably 

too young because it comes from a flow that directly overlies a sanidine-bearing, pumice-

rich nonwelded tuff that dated 22.25 Ma in this study. Richter et al. (1983) also published 

three dates from their lower andesite sequence; 22.6, 22.2, and 21.8 Ma. These dates are 

also puzzling, because these lavas clearly underlie andesitic lavas dated at 24.7 Ma in this 

study, and Richter et al. (1983) dated at 23.7 Ma. The lower andesites also clearly 

underlie sanidine-bearing rhyolitic lavas that have been dated at 23.1 (Richter et al., 1983) 

and at 22.4 Ma in this study. Richter et al's (1983) ages of their lower andesites may have 

been reset or reflect the age of younger, altered potassium-bearing phases in the samples. 

To the west of the Clifton-Morenci area. Sequence 2 is also correlated with the 

andesite of Guthrie Peak-Turtle Mountain (Houser et al., 198S). This succession includes 
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Upper and lower andesite lava units (Tau and Tal map units respectively) which occur 

above and below a felsic lava succession in the Gila Mountains directly northeast of 

Safford (Houser et al ., I98S). The interbedded felsic volcanic rocks of the Gila Mountains 

range in age from 26.5 to 24.S Ma (Houser et al., I98S) and can be traced eastward onto 

the western slopes of Turtle Mountain, just to the northwest of the Gila Box. The 

younger andesitic rocks also include map units Taut, Taup, and Tad. Nonwelded tuff, 

dated at 24.S Ma from the top of Sequence 2 in lower Eagle Creek near the Gila Box, and 

a layer of undated nonwelded tuff mapped as Ttg by Richter et al. (1983) in the Gila Box, 

are interpreted to be the eastern-most preserved pyroclastic units of the Gila Mountains 

silicic volcanic center. 

Sequence 3 (26.5 to 24.5 Ma't Gila Mountains silicic volcanic center: Sequence 3 

is enclosed within Sequence 2. Its eruptive products are recognized only in the extreme 

western part of the Cliflon-Morenci area. Sequence 3 consists of a suite of felsic lavas 

and associated nonwelded tuff with vents in the southeastern Gila Mountains. Houser et 

al. (198S) dated these lavas between 26. S and 24. S Ma. The felsic volcanic rocks occur 

between the upper and lower divisions of the andesite of Guthrie Peak-Turtle Mountain 

(Houser et al., 1985). The felsic lavas are divided into a number of map units: Trp, Tr, 

Tbdp, Tbhd, Tbdb, Tbud, Tbuf, Tbif, Tbp, Tbld, Tba, Tbp, Tbrd, Tbbc, Tbcd, and Tbci 

(Houser et al. I98S). Richter et al. (1983) also mapped the eastern edge of this lava field 

northwest of the Gila Box as Tdf In the Gila Box area, a thin nonwelded tuff (Ttg) is 

present in-between the upper andesite flows (Tau) and andesite of Gila River (Ta) of 

Richter et al. (1983). This Ttg unit and another unmapped nonwelded tufThigher in the 
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section near the mouth of Eagle Creek are interpreted to be the easterly pyroclastic fnnge 

of the sih'cic volcanic center in the Gila Mountains. The upper, unmapped nonwelded tuff 

was dated at 24.5 Ma (this report), but the lower one (the Ttg unit of Richter et al., 1983) 

has not been dated. 

Sequence 4 (23 to 21 Ma) Enebro Mountain Formation: In the Clifton-Morenci 

area, the Enebro Mountain Formation (proposed in this report) is represented by an east-

west-striking swarm of rhyolite lava domes that extends from Enebro Mountain east 

across the Chesser Gulch area to the San Francisco River. Schroeder (1996) dated a lava 

flow at Enebro Mountain at 21.7 Ma, and one of the lava domes along San Francisco 

River was dated at 22.25 Ma as part of this study. Marvin et al. (1987) reported dates of 

20.6 and 20.9 Ma and Ratte and Brooks (1995) reported dates of 21.3 and 21.8 Ma from 

the um't. The Enebro Mountain lava field also produced voluminous nonwelded tuffs that 

blanketed much of the Clifton-Morenci area. Throughout the area, these tuffs mark the 

contact between the extensive andesitic lava flows of Sequence 2 and the onset of 

Sequence 5, the volcaniclastic sedimentary rocks of the conglomerate of Bonita Creek. 

The Enebro Mountain Formation of the Clifton-Morenci area is correlated with an 

extensive field of felsic lavas in the northern Peloncillo Mountains (Richter et al, 1983) 

including map units Tabr, Tab, Tar, Tapd, Tapi, Tap, Tard, Tda, Ttrb, and Ttrd. Richter 

et al. (1983) reported dates for two lavas from this succession in the northern Peloncillo 

Mountains at 23.1 and 21.2 Ma. The oldest of these lavas (unit Tabr) was re-sampled in 

this study and gave an age of 22.4 Ma. 
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Sequence 5 (21 to 18 Ma) Conglomerate of Bonita Creek: This sequence is 

characterized by volcaniclastic conglomerate with clasts of dominantly basaltic lava, and 

less abundant rhyolitic pumice and nonwelded tuff The sequence also includes rare 

nonwelded tuff layers in the lower Gila Box area, one of which has been dated at 19.1 Ma 

(map unit Ttt) by Richter et al. (1983) along lower Gila River. Note that there are other 

tuffs interbedded with the upper andesites (Tau) farther south that were also mapped as 

Ttt by Richter et al. (1983), but these are significantly older, correlating with the Enebro 

Mountain Formation. In this study, the top of the conglomerate of Bonita Creek in the 

Gila Box area is defined as the top of a prominent nonwelded tuff dated at 18.2 Ma along 

lower Eagle Creek, but this is the only place where a dated volcanic unit is present along 

the contact. The top of the unit is probably time-transgressive. At the southern edge of 

the Guthrie quadrangle, for example, the top of the conglomerate of Bonita Creek is 

marked by a thin basalt flow that is correlated with a thick sequence of flows farther south 

that have been dated at 16.6 and 16.2 Ma (Richter et al., 1981). To the north and east of 

lower Eagle Creek, tuffs are not present within the upper part of this unit, and its upper 

contact is defined by the initial appearance of rhyolitic clasts in the conglomerate. 

Sequence S also includes thin basaltic andesite lava that overlies the 22.25 Ma Ttt unit of 

Richter et al. (1983) in the Guthrie Peak area. 

Sequence 6 (19 to 17 Ma) Younger rhvolites of the northern Peloncillo Mountains: 

A series of rhyolite lava domes are present in the northern Peloncillo Mountains, but they 

are not separated fi'om the older rhyolitic lavas by any significant thickness of sedimentary 

rock. Richter et al. (1983) dated one lava dome at 17.3 Ma, and a distal tuff interbedded 
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with the unit of Bonita Creek (map unit Ttt) along lower Gila River at 19.1 Ma. Sanidine 

phenocrysts from one of these lava domes were dated for this study and gave a 17.9 Ma 

age. Map units of Richter et al. (1983) that correlate with this sequence are Ttd, Ttv, Ttb, 

Trp, Trb, and Trd. 

Sequence 7 (18 to 12? Ma) Conglomerate of Midnight Canvon: A succession of 

heterolithic conglomerates that contain sub-equal amounts of basalt and rhyolite lava and 

tuff clasts occur in the San Francisco, Eagle Creek, and Duncan basin areas around the 

Clifton-Morenci area, and in Pigeon Creek to the north of the map area. Rocks of this 

sequence, also mapped as unit Tgmc, occur southwest of the map area in the Bonita Creek 

area (Richter et al., 1983), and on the west side of the Turtle Mountains in the northeast 

comer of the Saiford quadrangle (Houser et al, 1985). This unit was mapped as rhyolite 

by Lindgren (190Sa,b), as rhyolite conglomerate by Heindl (1960), and as QTg by Richter 

and Lawrence (1981). The basal contact is marked by thin tuff lenses (Ttt) dated at 18.2 

Ma in this study in the southwestern portion of the map area where present, or by 

indistinct gradation into the basaltic conglomerate and andesite of the conglomerate of 

Bonita Creek (Tbck) below. The upper contact is conformable with the overlying unit of 

Buzzard Roost Canyon (Tgbr). Richter et al. (1983) assign a Miocene age for the 

Conglomerate of Bonita Creek in Sequence S and indicate that the Conglomerate of 

Midnight Canyon in the overlying Sequence 7 is late Miocene to Pliocene in age. Using 

the rhyolite tuff (Ttt) of Sequence 6 as a marker, deposition of Sequence 7 rocks began 

around 18 Ma and extended to an unknown time in the mid-Miocene (-12 Ma?), rather 

than to the Pliocene. ^Ar/^^Ar age dates (this study) fi'om alunite in the Morenci deposit 
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of 13.4 and 11.0 Ma suggest that the volcanic rocks and some of the underlying 

Cretaceous, Paleozoic, and Proterozoic rocks had been stripped from the top of portions 

of the Morenci block by the end of the mid-Miocene. This detritus was deposited in the 

unit of Buzzard Roost Canyon of Sequence 8, described below. 

Sequence 8 (12? to 5? Ma) Unit of Buzzard Roost Canvon: A succession of 

heterolithic conglomerates that contain clasts of basalt, rhyolite lava and tuff, Laramide-

age porphyry. Paleozoic sedimentary rocks, and Proterozoic granite occur in the San 

Francisco, Eagle Creek, and Duncan basin areas around the Clifton-Morenci area. The 

units of Sequence 8 are correlated with the Tgre and Tgor units of Richter et al. (1983) 

and Houser et al. (198S) in the Guthrie and Safford quadrangles to the south and 

southeast of the study area. This unit was mapped as Quaternary gravels by Lindgren 

(190Sa,b), as Qgcc and Qgsf by Pawlowski (1980), and included with unit QTg of Richter 

and Lawrence (1981). The Tgbr unit has a gradational lower contact that is marked by 

the first appearance of Paleozoic limestone or quartzite and typically 1-5% red granite 

clasts, and the abundance of non-volcanic clasts increases upwards to 15-30% at the top 

of the unit. In places the unit contains rare clasts of skam and oxidized copper-sulfldes in 

veined and altered porphyry and Proterozoic granite. Richter et al. (1983) and Houser et 

al. (1985) assign a Pliocene age to this sequence. However, the alunite age dates from this 

study, described above, suggest that rocks of Sequence 8 were probably deposited 

beginning at the end of the mid-Miocene (~12 Ma) and continuing into the early Pliocene. 

Sequence 9 (5? to 2 Ma) Unit of Smuftplers Canvon: A succession of heterolithic 

conglomerates that contain clasts of local provenance occur as an apron around the 
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Morenci block and as upper basin fill in the Duncan basin. They also occur in the Guthrie 

quadrangle (Richter, et al., 1983) along the northwest side of Guthrie Peak in the Duncan 

basin. This unit was included with the Quaternary gravels of Lindgren (190Sa,b), as Qgsb 

by Pawlowski (1980), and with unit QTg of Richter and Lawrence (1981). The 

conglomerates of Sequence 9 contain highly variable amounts of locally derived red 

Proterozoic granite, volcanic rocks, Laramide porphyritic plutonic rocks, and Paleozoic 

sedimentary rocks. Clasts are weakly to strongly imbricated in places and may be rounded 

to sub-angular in shape, depending on proximity to source area. The unit contains <1 to 

15% black polished hematite and magnetite clasts, and copper-oxide mineralized, veined, 

altered and leached clasts of skam, porphyry, quartzite, and granite. This detritus 

continued to be eroded from the adjacent Morenci deposit, as were the rocks of unit Tgbr 

in Sequence 8. The formation of significant copper enrichment was completed by about 7 

Ma and thick leached capping was exposed around S Ma, based on ^Ar/^^Ar age dates 

from alum'te and jarosite in the Morenci deposit from this study. Base level drop and 

incision of the Gila River and its tributaries began cutting rocks of Sequence 9 in the early 

Pleistocene. 

Stratigraphy and Structure of the Duncan Basin 

The evolution of the Duncan basin is inextricably linked to evolution of the 

surrounding landscapes and ultimately to the evolution of supergene enrichment in the 

Morenci porphyry copper deposit. The history of erosion and unroofing of the adjacent 

bedrock blocks is recorded in the sediments and by the structure of the basin. Bedrock 
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and surficial geology is shown on Plate 1 along with selected cross sections on Plates 2 

and 3. Drill hole data used for stratigraphic control are included in Appendix C. 

Stratigraphy 

The stratigraphy of the Duncan basin generally conforms to the five categories of 

Anderson and his co-workers (1992, 1995) for the southeast basins (Figure 19). The 

stratigraphy of the Clifton-Morenci area below follows this convention. 

Bedrock of the mountains: The Peloncillo, Big Lue, Summit, and Steeple Rock 

Mountains that surround the basin are composed chiefly of mid-Tertiary volcanic rocks. 

They range in age from about 34 Ma to around 18 Ma (Drewes et al., 1985; Morrison, 

1965; Ratte and Brooks, 1995; Richter et al., 1983; Richter and Lawrence, 1981; Wahl, 

1980) and include units of Sequences 1, 2, 3,4, and 6. Limited exposures of Proterozoic 

granite. Paleozoic and Mesozoic sedimentary rocks, and Laramide-age felsic intrusive 

rocks occur north of the basin in the Morenci block of the Clifton-Morenci area as 

described in the Geologic Setting section above. The volcanic rocks described in the Unit 

Description and Volcanic Geochronology sections above surround the basin, are chiefly 

andesite to basaltic-andesite in composition, and comprise 80-90% of the volcanic 

sequences (Witcher, 1981). The remaining 10-20% of the rocks are rhyolitic to dacitic 

flows, tuffs, and breccias. Subordinate amounts of volcaniclastic rocks are interbedded 

with the volcanic sequences. The volcanic sequence is almost 4 km thick on the east 

(Wahl, 1980) and over I km (3,280 ft) thick on the west (Richter and Lawrence, 1981; 
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Richter et al., 1983), and represent overlapping assemblages from the Mogollon-Datil and 

Peloncillo volcanic fields in the Clifton-Morenci area. 

Pre-Basin and Range sediments: Pre-Basin and Range sediments of probable lower 

Miocene age (Drewes et al., 1985) are poorly exposed along the margins of the basin. 

They crop out in the upper Apache and Bitter Creek areas along the northwest range-front 

of the Summit and Steeple Rock Mountains (Figure 11), near Ash Peak and Black 

Mountain in the Peloncillo Range, and along a segment of the Gila River, Eagle Creek, 

and the San Francisco River near their confluence at the western edge of the basin 

(Drewes et al., 1985). These rocks include the volcanic conglomerate and "tilted 

tuffaceous beds" of Heindl (1962) and the Miocene conglomerate of Bonita Creek of 

Richter et al. (1983) of Sequence 5. 

Lower basin fill: Weakly to strongly consolidated gravel, sand, silt, and clay of 

Miocene to Pliocene age compose the lower basin fill in the Duncan valley. Lower basin 

fill is in fault contact with Precambrian, Paleozoic, and Mesozoic rocks at the northern 

margin of the Duncan basin in the lower San Francisco and Eagle Creek areas. Elsewhere, 

the lower basin fill is generally in depositional contact with the pre-Basin and Range 

sedimentary and volcanic rocks. The sediments of the lower basin fill are characteristic of 

the adjoining bedrock sources (Heindl, 1962) and are predominantly conglomerate with 

lesser amounts of sandstone and mudstone near the range-fronts. The conglomerate fades 

occur dominantly in the Eagle Creek and San Francisco sub-basins and in a one to three 

km wide zone along the northeast margin of the basin (Halpenney, et al, 1946; Morrison, 

1965). Along the Peloncillo Mountains the conglomerate zone is narrow, and the coarse 
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conglomerate lenses of the rocks typical of the Peloncillo Mountains inter-finger with 

small-pebble conglomerate, sandstone, and mudstone derived from rocks similar in 

composition to those of the Big Lue Mountains (Heindl, 1962). Towards the center of the 

basin the lower basin fill grades into finer grained beds that further grade into lacustrine 

and playa deposits in the vicinity of Duncan. The thickness of the lower basin fill ranges 

up to 62S m (>2,000 fl) thick in the Cliflon-Morenci area (this study) to almost 2 km 

(>6,000 ft) thick in the center of the basin (West, 1996). The lower basin fill is generally 

flat-lying with dips between 1-2° towards the axis of the basin and average dips of 9° to 

11° in the San Francisco River and Eagle Creek sub-basins. The lower basin fill is 

correlative to the alluvial sedimentary beds of the "Gila Conglomerate" described by 

Gilbert (1875), Lindgren (1905a,b), Heindl (1958, 1962), and the "Gila Group" described 

by Crews (1994) and Richter et al. (1983). Lower basin fill includes the conglomerate of 

Midnight Canyon (Tgmc) of Sequence 7, the unit of Buzzard Roost Canyon (Tgbr) of 

sequence 8, and the unit of Smuggler Canyon (QTgs) of Sequence 9. 

Upper basin fill: The upper basin fill is pooriy represented in the Duncan basin. 

TufTaceous sediments probably deposited in a lacustrine environment rest disconformably 

upon coarse-grained red beds near the center of the basin, in the vicinity of Duncan 

(Harbour, 1966). These deposits are likely of early Pleistocene age and may represent 

what exists of the upper basin fill in the Duncan valley. The thick deposits of upper basin 

fill in the SaSbrd basin probably represent erosion in the Duncan basin (Harbour, 1966). 

The upper basin fill consists dominantly of poorly consolidated orange silt and contains 

interbeds of diatomaceous material and marly horizons in places (Heindl, 1962). Halite 
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and gypsum occur widely throughout the lacustrine facies of the upper basin fill 

(Halpenny, et al, 1946). The thickness of tuffaceous sediments of the upper basin fill is 

not well known, but may be on the order of 100 m (330 ft), based on descriptions of 

"clay" from drillers' logs (Feth, 1952). The Older Alluvial Deposits (QTao) in the 

surrounding Eagle Creek and San Francisco sub-basins may represent the remnants of 

upper basin fill the Cliflon-Morenci area. 

Stream alluvium: A series of seven graded Pleistocene and younger surfaces that 

slope toward the interior of the valley have cut into the upper and lower basin fill 

(Morrison, 196S). Distinct scarps usually border the floodplains of the present streams 

and rise IS m (SO ft) to 30 m (100 fl) to one or more of the higher erosional surfaces that 

form the inner valley. These are fairly wide in to the south in the Duncan and Virden 

areas, but give way to spectacular inner gorges in the lower reaches of the Gila River, 

Eagle Creek, and the San Francisco River canyons. Stream alluvium (Qa, Qao) consisting 

of unconsolidated gravel, sand, and silt of channel, point bar and floodplain deposits fills 

the inner valleys to depths ranging from I to SO m (3 to 164 ft). 

Clast counts and provenance: The unroofing history of the adjacent bedrock is 

recorded in the clasts of the sediments in the basin fill. Relative clast count data collected 

during this mapping project are summarized in Table 8 and illustrated in a suite of ternary 

diagrams in Figure 20. 

The lower conglomerate (Tel) is the oldest mid-Tertiary sedimentary rock in the 

Clifton-Morenci area. Precambrian and Paleozoic clasts dominate and compose about 

70% of the clasts. The remaining clasts are composed of 20% porphyritic intrusive rocks 
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and only 10% or less of volcanic lithologies including Clifton Tuff Although there are 

some andesite clasts in the lower conglomerate, it is uncertain whether or not these are 

Paleocene-Cretaceous or mid-Tertiary in age (Wahl, 1980). The shale clasts probably 

represent both the Devonian Morenci shale and the younger Cretaceous Pinkard 

Formation. No mineralized or hydrothermally altered intrusive rocks were found in the 

lower conglomerate. 

In general, clast compositions are dominated by volcanic lithologies in the late-

Oligocene, Miocene and Pliocene units (Tbs, Tvs, Tbck, Tgmc, and Tgbr) and reflect the 

relative proportions of andesitic and rhyolitic rocks of their provenance areas. Andesite 

and basalt represent over 70-vol.% of the clasts. These rocks undoubtedly have a 

provenance in the surrounding basaltic andesites (Tb) in the Big Lue and Black 

Hills/Turtle Mountain areas of the northern Peloncillo range, but no attempt was 

undertaken to look at this in more detail. Rhyolite clasts peak in the conglomerate of 

Midnight Canyon (Tgmc) at 46% and indicate a provenance of Enebro Mountain 

Formation and similar age rocks in the Peloncillo and Big Lue Mountains during that 

period of time. Rhyolite clast abundance steadily drops to less than 10% by the 

Pleistocene (QTgs = 13%, QTao = 3%). 

The contact between Midnight Canyon (Tgmc) and Buzzard Roost (Tgbr) is 

marked by the first appearance of Paleozoic limestone or quartzite and typically 1 to S% 

red granite which grade upwards to 15-30% of the total volume of clasts. Diorite 

porphyry (Tpd) and monzonite porphyry (Tpm) compose about 23% of the total clasts in 

the Buzzard Roost. In places a few clasts to as much as S% of the total clasts are 
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mineralized and altered. Some clasts contain malachite and chrysocolla. Others are skam-

altered and contain epidote replacing the original limestone. Some of the monzonite 

porphyry and Proterozic granite clasts contain quartz-sericite alteration and stockwork 

veining. This clearly points to a Morenci block provenance for some of sediments that 

comprise the unit of Buzzard Roost Canyon. 

Clast compositions in the unit of Smuggler Canyon (QTgs) and younger units 

reflect a very local provenance. In general, Precambrian and Paleozoic rocks increase in 

abundance at the expense of the intrusive porphyries. However, diorite porphyry 

comprises 100% of unit QTgd in the Southwest Stockpile area at the southern end of the 

Morenci block adjacent to the diorite porphyry stock. In the upper San Francisco River 

canyon, typically unaltered and unmineralized, red Proterozoic granite composes 100% of 

unit QTgg and forms the large alluvial fans along the hanging wall side of the San 

Francisco fault. In places the younger sediments contain variable amounts up to 15-20% 

of black polished hematite and magnetite clasts, and copper-oxide mineralized, veined, 

altered and leached clasts of skam, porphyry, quartzite, and granite. 

Structure 

The structure of the Duncan basin is complex but generally conforms to 

Anderson's (1992) description of the southeastern Arizona basins as illustrated on the 

cross section in Figure 19. The Duncan basin is distinctly bounded on the west by a set of 

040° striking, step-like normal faults (Figures 8 and 11). These basin-bounding structures 

dip steeply towards the basin at 15° to 85° and are exposed continuously for about 24 km 
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along the northeastern margin of the basin. The Ward Canyon fault southeast of Clifton 

bounds the northeastern margin of the basin for about 8 km (S mi). These structures link 

up with the Eagle Creek fault system to the northwest and are cut by the northeast-striking 

faults of the San Francisco system to the northeast. From Guthrie to Duncan the Gila 

River hugs the western margin of the basin along the Peloncillo range-front. South of 

Apache Creek, the basin-forming structures are either poorly exposed or buried by basin 

fill, and their presence has been inferred from gravity and aeromagnetic data (Drewes et 

al., 1985; West, 1996) as shown in Figure 21. 

Geophysical evidence: The Duncan basin is filled with low-density, generally non

magnetic sediments that provide a strong contrast to the high-density, magnetic mid-

Tertiary volcanic rocks. This contrast provides insight into the internal structure of the 

basin. The simple Bouguer gravity anomalies show lateral density changes between basin 

fill and the mid-Tertiary volcanic rocks as short wavelength anomalies (Figure 21a). 

Aeromagnetic data over the Duncan basin show changes in the depth to the top of the 

volcanic rocks as short wavelength anomalies near the surface and by longer wavelength 

anomalies over successively down-faulted blocks (Figure 21b). Shadow maps of the 

aeromagnetic data are similar to horizontal directional derivative maps of the 

aeromagnetic data (West, 1996) and clearly show the location of the basin (Figure 21c). 

West's (1996) structural interpretation of the gravity and aeromagnetic data for the 

Duncan basin resulted in a significantly different interpretation of the thickness of basin fill 

than the previously published estimates of300 m (Halpenny, et al., 1946; Heindl, 1962; 

Remick, 1989) and 900 m (2,950 ft) (Feth, 1952), as discussed below. 
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Geophysical and drill hole data show the basin to be separated into segments with 

very different depths. West's interpretation of the gravity data (Figure 2 Id) indicates that 

basin depth decreases from 1,800 m (>6,000 ft) at its northwest end near Cliflon to 760 m 

(2,500 ft) near Duncan. This is corroborated by drill holes in the Tailings Dam area south 

of the Morenci block. In this area, an isopach map of basin fill thickness (Figure 22) 

shows steep gradients to the northeast along the hanging wall of the Ward Canyon fault. 

No evidence exists for a fault of the magnitude of the Ward Canyon fault in the Morenci 

block. The Ward Canyon fault is buried by the upper sediments of the unit of Buzzard 

Roost Canyon and is presumed to continue on a more westerly strike south of the Morenci 

block. The map also reveals that the basin margin has steep gradients adjacent to the San 

Francisco fault that continue west towards the Eagle Creek fault. Basin depths exceed 

900 m. beneath the Tailings Dam area. In the vicinity of Franklin, Arizona, an inferred, 

north-south-striking, normal fault coupled with northeast and northwest-striking segments 

are coincident with a change in the alignment of the Gla River and increase the basin 

depth to 1,800 m (>6,000 ft). Further to the south, another normal fault, striking east-

northeast, causes the basin depth to decrease to 600 m (2,000 ft). Magnetic lineaments 

suggest that several step faults and cross faults also occur in addition to the major normal 

faults (West, 1996). 

Eagle Creek sub-basin: The major structural features of the Eagle Creek area are 

northwest-striking normal faults that define a relatively shallow graben. The Eagle Creek 

fault dips 65° to the southwest and strikes approximately 305°. It bounds the graben on 

the east side fi'om the intersection with the Coronado fault to the northwest, a distance of 
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9 km (5.5 mi) to the southeast, before being lost under the Southwest stockpiles and 

sediments of unit Qtgd. Further to the north, the Eagle Creek fault changes strike to 330° 

and exits the map area. A series of sub-parallel, anastomosing northwest-striking normal 

faults define the western half of the graben. A master fault separates a thick succession of 

andesite flows (Tb) fi'om conglomerates of Bonita Creek (Tbck) and Midnight Canyon 

(Tgmc) (Figure 22, Plate 1). These structures extend to the southeast and pass through 

the confluence of the Gila and San Francisco Rivers and define the northwest margin of 

the Duncan basin. Many of the faults are not traceable into the conglomerates and 

sandstones of units Tgbr. This relationship provides a relative indication of the timing of 

the structural development of the Eagle Creek sub-basin. Dip directions of the basin fill 

define a broad south-plunging syncline along the upper reaches of the Eagle Creek valley 

adjacent to the Morenci block that may have been formed as drag folding on the Eagle 

Creek fault or as a result of growth faults during sedimentation. The Eagle Creek fault 

appears to cut all units older than QTgd but is overlapped in places by sediments of QTgd. 

Drill holes (Appendix C) in the hanging wall indicate at least 1,160 m (3,800 fl) of vertical 

separation along the Eagle Creek fault (Phelps Dodge, 1969; Walker, 1995) as shown in 

cross section A-A' (Figure 23) and on Plate 2. Stratigraphic thickness from drill holes 

(Figure 22) and outcrops (Appendix C) show maximum thicknesses of the basin fill 

between 500 m (1,640 fl) and 600 m (1,970 ft). 

San Francisco sub-basin: The major structural features of the upper San Francisco 

River area are the northeast-striking normal faults that define the western margin of a 

westward-dipping half-graben. The San Francisco fault has an average strike of030-040° 
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and an average dip of 70° to the southeast. It extends for over 21 km (12.8 mi) from the 

south, where it is covered by mine tailings, to where it exits the map area and continues on 

to the northeast. The fault is defined by a master fault and at least three subsidiary faults 

at the range front that offset basin fill and older units in the hanging wall against 

Proterozoic granite and granodiorite of the Malpais-San Francisco horst. Just northwest 

of Cliflon, drill hole data (Figure 24, and cross-section D'-D", Plate 2) show that the San 

Francisco fault must have a steep (greater than 75°) easterly dip. However, at several 

localities along the surface trace of the fault farther north, major strands of the fault are 

exposed that have moderate (less than 60°) easterly dips. Relationships preserved where 

the San Francisco fault crosses Sardine Creek in the northeast part of the map suggest that 

a younger, steeply dipping strand cuts an older, moderately east-dipping strand. This 

relationship is depicted somewhat hypothetically on all of the east-west structural cross-

sections on Plate 2. The San Francisco fault appears to cut all of the older northwest-

striking faults. Dip directions of the basin fill and older volcanic rocks define a series of 

broad, northwest-striking synclines in the upper reaches of the valley. These may have 

been formed as drag folding along the San Francisco fault, or as a result of some right-

lateral movement along the fault as postulated by Walker (1995); however, no strike-slip 

indicators are evident along the exposed fault surfaces. Drill holes (Appendix C) in the 

hanging wall indicate at least 915 m (3,000 ft) of dip-slip separation along the San 

Francisco fault (Phelps Dodge, 1982; Walker, 1995) as shown in cross section B-B"' 

(Figure 24). Stratigraphic thickness from drill holes (Figure 22) and outcrops (Appendix 
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C) show maximum thicknesses of the basin fill between SOOm (160 fl) and 625 m (2,050 

ft). 

A prolonged history of normal faulting is evident east of San Francisco fault north 

and east of Clifton. Directly east of Clifton, Cunningham (1981) shows numerous east-

side-down normal faults cutting Paleozoic units that apparently do not cut the overlying 

basal Tertiary succession of Clifton TufT and basaltic andesite lava. To the north of 

Clifton, there is evidence of faulting during the Oligocene in at least two areas. Near its 

southern termination in lower Limestone Gulch, a splay of the major northeast-striking 

fault in Limestone Gulch offsets 34 Ma Clifton TufT, but is apparently overlapped by the 

29 Ma Bloodgood Canyon Tuff Farther northeast, the main strand of this fault zone cuts 

the lower part of the basaltic andesite map unit (Tb), but is clearly buried by the upper part 

of the same sequence. Both parts of the basaltic andesite sequence have been dated at 

approximately 27 Ma. Fault intersections are complex near the mouth of Limestone 

Gulch, but it appears that the basal sedimentary rocks of the Gila Group overlap a main, 

southeast-side-down strand of the fault system in Limestone Gulch just to the west of San 

Francisco River. 

Related faults of the Morenci block: The Morenci block includes a number of 

major, mostly east-side-down and south-side-down normal faults that mimic the 

orientations and kinematics of the major faults that bound the block to the southwest and 

southeast (Plates 1,2, and 3). Detailed studies of some of the fault zones indicate a 

prolonged Tertiary history of motion (Walker, 1995). The faults are well exposed around 

the periphery of the main mineralized district, and stratigraphic offsets are well 
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documented in the Phanerozoic supracrustal sequence that occurs in the area. However, 

these faults either lose displacement or are lost in the intrusive complex in the center of the 

district. The Quartzite, Coronado, and Producer faults are major south- or southeast-side-

down structures that die out or transfer displacement towards the center of the district. A 

more detailed map of the faults in the central portion of the Morenci district is shown in 

Figure 10. 

The major, east-side-down Chase Creek fault in the north-central part of the 

district mimics the San Francisco fault in orientation and displacement. Maximum 

stratigraphic offset across Chase Creek fault is about 310 m (1,017 ft) (Walker, 1995). 

The Chase Creek fault strikes due north, makes a dogleg jog to the north-northeast where 

it leaves Chase Creek, and splays into a southwest-side-down fault that dies out to the 

northwest near the head of Chase Creek (Plate I). The main strand continues north-

northeast to a major northeasterly dogleg turn at Pigeon Creek just to the north of the 

study area. This is at the same latitude as a similar northeast turn in the San Francisco 

fault. The Chase Creek fault cuts units as young as the Gila Group where it leaves the 

study area to the north. At its southern end, it appears to have acted as a transfer zone for 

displacement along the south-side-down, Coronado, Producer, and Quartzite faults 

(Figure 10). The southern end of the Chase Creek fault is poorly understood, but it may 

die out within the intrusive complex in the central part of the district or transfer 

displacement to the east-side-down Las Terrazas, Apache, or Copper Mountain faults 

(Figure 10). 
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The Garfield fault is the northernmost east-west striking fault in the Morenci 

block, and the only major north-side-down fault in the district. Its greatest displacement is 

in the inunediate hanging wall of the Chase Creek fault. The Garfield fault dies out to the 

east near Copper King Mountain, but continues west of the Chase Creek fault into a 

poorly understood termination in the upper Eagle Creek drainage basin (Plate I). 

Although it is clear that the Garfield fault does not offset the Chase Creek fault, the exact 

location of the eastern end of Garfield fault in the footwall of the Chase Creek fault is not 

known, because the footwall is composed of homogeneous Proterozoic granite. The 

Garfield fault is shown on Plate I offset slightly in an apparent dextral sense, a pattern 

which is consistent with purely dip-slip, east-side-down offset across the Chase Creek 

fault. Although strike-slip indicators have been documented along some of the faults in 

the Morenci block (Walker, 1995, Parker, pers. commun.), there is little evidence of major 

strike-slip offsets along any of the faults, and the apparent strike-slip offsets can be 

accounted for by normal dip-slip motions. 

Dip data: Measured dip angles for the strata in the Cliflon-Morenci record the 

structural evolution of the area (Table 9). In general, the Paleozoic sedimentary and mid-

Tertiary volcanic rocks tilt gently westward between 5° and 40° and average about 20° in 

several tilt blocks. The sedimentary rocks of the basin fill displays fanning dip sequences 

that progressively flatten from an average of about 21° in the early-Miocene Enebro 

Mountain Formation (Te) and conglomerate of Bonita Creek (Tbck) to essentially flat-

lying in the Pleistocene and younger sediments. Overall, the change in dip angles from 

about 21° to 11° marks the unconformity and break between early-Miocene volcanism and 
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the basin sedimentation; however, the units appear to be locally conformable. Dips 

gradually flatten through Miocene and Pliocene time to an average of only 4° in the unit of 

Smuggler Canyon (QTgs). In general, dips are steeper in the Eagle Creek area and 

become shallower south towards the center of the Duncan basin. 

Discussion 

Mid- to late-Tertiary erosion, tectonism, and associated volcanism and 

sedimentation played a profound role in the formation and preservation of supergene 

enrichment in the Morenci porphyry copper deposit. The evolution of the Cenozoic 

landscape and associated supergene enrichment in the Morenci district can be divided into 

five stages; 1) formation of the porphyry copper deposit at about 55 Ma, 2) initial 

unroofing and mechanical weathering during the flrst erosional period between -53 and 

-29 Ma, 3) subsequent preservation under volcanic cover between -29 and 18 Ma, 4) re-

exposure and chemical weathering during the second erosional period between -13 and -4 

Ma, and 5) further base-level drop and stream incision during the third erosional period. 

Most of the supergene enrichment at Morenci appears to have been formed in the fourth 

stage during episodic uplift and basin subsidence as a result of Basin and Range 

deformation between -13 and -4 Ma. The results of this study are illustrated on the time-

space diagram in Figure 25, and the stages are described below. 
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Stage 1 - Initial Depth of Burial (64 to S3 Ma) 

Estimates of depths of hydrothermal processes, under hydrostatic conditions, from 

fluid inclusion studies (Preece, 1986; Holick, 1998) indicate that a minimum thickness of 

1.7-1.9 km (5,600-6,200 ft) of cover must have buried the deposit during its hydrothermal 

evolution. The total thickness for the Paleozoic section is 324 m (1,063 ft) and the 

minimum thickness for the Mesozoic Pinkard Formation and Ft. Crittenden-equivalent 

section is 238 to 430 m (780 to 1,410 ft). This accounts for only 562 to 754 m (1,843 to 

2,473 ft) of cover. However, there is evidence from nearby areas that indicates that a 

greater thickness of Cretaceous rocks could have been present in the Clifton-Morenci area 

prior to Laramide intrusive activity. Approximately 53 km (32 mi) to the southeast near 

Virden, New Mexico, Kottlowski (1963) reported a thickness of244 m (800 ft) for the 

Colorado Formation that is correlative with the Pinkard Formation. In addition, he 

described 1,220 m (4,000 ft) of Cretaceous sedimentary and volcanic rocks of the Virden 

Formation that unconformably overlie the Colorado Formation in that area. He further 

showed that the Upper Cretaceous rocks of Arizona and New Mexico have been removed 

by erosion along a margin trending roughly east-west and passing 22 km (13.4 mi) north 

of Morenci. If the full section of Cretaceous rocks from Virden were present prior to 

erosion at Morenci, then the total Paleozoic and Mesozoic cover would have been 1,782 

to 1,974 m (5,845 to 6,475 ft). The pre-mineral volcanic sequence in the Safford area is 

about 823 m (2,700 ft) thick near the Lonestar and Dos Pobres deposits (Robinson and 

Cook, 1966) and ranges up to 1,700 m (5,576 ft) in the Safford quadrangle (Houser et al., 

1985). If a similar section of Cretaceous volcanic rocks were present above the Morenci 
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intrusive center, then the total Paleozoic and Mesozoic cover could have been from 2,262 

to 2,454 m thick (7,419 to 8,050 ft). Preece, Stegen, and Weiskopf (1993) concluded that 

a coeval andesitic volcanic pile must have attended Laramide intrusive activity to account 

for their estimates of depths of burial. How much of this cover was mineralized remains 

open to conjecture. 

Stage 2 - First Erosional Period (53 to 30 Ma) 

The Morenci block and copper deposit were exposed and subject to erosion from 

their formation between -57 to -53 Ma and the onset of mid-Tertiary volcanism between 

-34 to -30 Ma. With the exception of the lower conglomerate, recent mapping during 

this study failed to find any evidence for Eocene or Oligocene sedimentary rocks fi'om the 

first mid-Tertiary erosional period in the Clifton-Morenci area. Presumably, the Laramide 

volcanic rocks and portions of the underlying formations that were eroded from the 

deposit, were transported and deposited to the north in the Eocene Baca basin of west-

central New Mexico and east-central Arizona (Walker, 1995). During this period, the 

Morenci uplift was part of the broader Mogollon Highlands that shed detritus including 

abundant volcanic clasts to the northeast (Gather and Johnson, 1984; Pierce et al., 1979). 

Dissection of this terrain began in early-Oligocene time when new drainages were 

created south of the Mogollon Rim in response to uplift that brought the Colorado Plateau 

edge fi'om sea level to its present elevation (Scarborough, 1989). This was accompanied 

by widespread extensional deformation and initiation of arc magmatism (Dickinson, 1989). 

In the Clifton-Morenci area, the Clifton Tuff (-34 Ma) of Sequence 1 is the oldest known 
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mid-Tertiary volcanic rock. The Clifton Tuff was deposited on the western edge of the 

Mogollon-Datil volcanic field during the first pulse of ignimbrite volcanism (Mcintosh et 

al., 1992). This unit is exposed in Clifton and other locations in the upper San Francisco 

River valley, and it has been encountered in drill holes in the hanging wall of the San 

Francisco fault (Figure 24) adjacent to the Morenci block, but not further to the west. 

Presumably, Clifton Tuff was deposited on partially eroded Paleozoic rocks in portions of 

the southeastern side of the Morenci block, and arrested supergene processes in those 

areas. 

The lower conglomerate (Tel) of Sequence 1 represents the last significant period 

of erosion and sedimentation prior to the main pulse of late-Oligocene and early-Miocene 

volcanism. These rocks are correlative with the Whitetail Assemblage of Scarborough 

(19S9). Clast compositions indicate that the Morenci block was shedding detritus on to 

the surface of the Clifton Tuff in adjacent local basins. The detritus included some of the 

Clifton TufT as well as the sedimentary and plutonic rocks of the adjacent bedrock blocks. 

Although erosion had exposed the Laramide-age porphyries, there is no evidence 

to substantiate whether or not these rocks contained any hydrothermal alteration or 

hypogene copper mineralization. The basaltic andesite (28.82 Ma) at "Tv Hill", south of 

the Coronado fault on the western edge of the deposit, intrudes and rests unconformably 

on skam altered rocks of the Ordovician Longfellow Formation and Cambrian Coronado 

Quartzite at an elevation of 1,850 m (6,070 ft). Some of the copper deposit thus had an 

opportunity to be leached and enriched by this point in time. However, there is no hard 

evidence of a pre-Miocene enrichment period in the deposit (Cook, 1994), and there are 
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no copper-bearing or hydrothermally altered clasts in the lower conglomerate. Assuniing 

an initial thickness of 1.8 km (S,900 ft) above the pre-volcanic erosional surface and a 24 

million-year period (~S3 to -29 Ma), the erosion rate during this period averaged 0.08 

mm/yr. (0.0031 ft/yr.). 

Stage 3 - Mid-Tertiary Volcanic Cover (30 to 18 Ma) 

The Clifton-Morenci area was covered by a succession of volcanic rocks of 

Sequences 2 through 6 beginning at about 29 to 30 Ma or even as late as 27 to 28 Ma. 

Evidence for this includes the andesite dike at Metcalf dated at 30 Ma (Cook, 1994) and 

from the andesite at "Tv Hill" at Coronado dated at 28.52 Ma (this study), as well as the 

voluminous andesitic lavas in the adjacent blocks. The western pinch-out of the 

Bloodgood Canyon TufT (28 Ma) appears to be along the eastern side of the Morenci 

block suggesting that this area was still a highland up until ~28 Ma. Andesitic volcanism 

occurred dominantly from 30 Ma to about 23 Ma with peaks around 24-25 Ma and 27-28 

Ma. Rhyolitic volcanism periodically punctuated this regime with eruption of the Clifton 

TufF(~34 Ma), Davis Canyon TufF(-29 Ma), Bloodgood Canyon TufF(~28 Ma), and a 

succession of younger tufts from 24.S Ma to 18.2 Ma. Volcanic assemblage sediments of 

Scarborough (1989) include thin volcaniclastic and tuff* layers of unit Tbs which represent 

short erosional and depositional breaks during this time. Mid-Tertiary volcanic cover over 

the Clifton-Morenci area ranged from about 640 m (2,100 ft) in the northern areas to over 

950 m (3,120 ft) in the southern areas of the Morenci block. This volcanic cover 
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preserved the Morenci porphyry copper deposit from further erosion until the early 

Miocene and protected the deposit from continuing supergene processes. 

Stage 4 - Second Erosional Period (18 to 2 Ma) 

Basin subsidence began in the Clifton-Morenci area during the waning stage of 

volcanism sometime between -24 and -22 Ma and marks the initiation of erosion of the 

surrounding bedrock blocks. Basin subsidence appears to have started slightly earlier in 

the east. In the San Francisco River area, tuffs associated with the Enebro Mountain 

Formation (22.25 to 20.6 Ma) of Sequence 4 are interlayered with basaltic conglomerate 

(Tcb) and with the conglomerate of Midnight Canyon (Tgmc) of Sequence 7. In the 

Eagle Creek area, tuff beds (Ttt) ranging in age from 19.1 and 18.2 Ma of Sequence 6 at 

the top of the conglomerate of Bonita Creek mark the base of the conglomerate of 

Midnight Canyon (Tgmc). Further to the east in the Big Lue quadrangle, basalt flows 

ranging in age from 19.1 to 17.7 Ma. are also interlayered with sedimentary rocks of the 

Gila Group (Ratte and Brooks, 1995). The relative timing of Mid-Tertiary extension is 

also reflected in the thickness of volcanic rocks encountered at depth in drill holes in the 

hanging walls of the basin-bounding faults. In the hanging wall of the Eagle Creek fault, 

600 m of basaltic andesite (Tb) flows are sandwiched between lower basin fill and Pinkard 

Formation (Figure 23). This indicates approximately 350 m (1,150 ft) of overiying 

volcanic rocks had been eroded prior to faulting. In the hanging wall of the San Francisco 

fault, 325 m (1,066 ft) of basaltic andesite and Clifton Tu£f are sandwiched between lower 

basin fill and Modoc Formation. Midnight Canyon conglomerates contain only volcanic 
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clasts. This unit is very widespread and occurs extensively to the southwest in the Safford 

basin (Kruger et al., I99S), and to the north of the Morenci block in the Pigeon Creek and 

HL Canyon areas. Sedimentary rocks of Midnight Canyon represent fluvial conglomerates 

of proximal alluvial fans adjacent to the bedrock blocks (Kruger et al., 199S). 

Erosion of the bedrock blocks and episodic basin subsidence continued through 

Miocene and Pliocene time. Major faulting associated with Basin and Range deformation 

began in the region between 13 and 10 Ma and probably continued up to about 6 Ma 

(Menges and Pearthree, 1989). At this point, the modem regional drainage patterns were 

established (Scarborough, 1989). The second erosional period appears to have been the 

most significant period for supergene enrichment at Morenci, based on '*°Ar/^'Ar age dates 

from alunite dated between 13.4 and 4.3 Ma (this study) and the sedimentary record in the 

rocks of the Duncan basin. During this period, the remaining volcanic rocks were eroded 

from the Morenci district and the mineralization was exposed to supergene processes. 

Sedimentary rocks of the unit of Buzzard Roost Canyon (Tgbr) of Sequence 8 appear to 

be conformable with the underlying Midnight Canyon conglomerates and contain 

dominantly volcanic clasts at the base. Higher in the section the sedimentary rocks 

progressively record the unroofing of the Morenci block. At the top, the unit of Buzzard 

Roost Canyon contains 1 S-30% non-volcanic clasts and up to S% altered and mineralized 

clasts in some locations. The unit is restricted to the Duncan basin. The less indurated, 

finer grained character and greater degree of sorting and bedding in the Buzzard Roost 

sediments indicate fluvial conditions with longer periods of sustained flow. Assuming an 

initial thickness of950 meters (3,120 ft) of cover over the Morenci district and an 8 
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million-year period (~ 18 to ~ 10 Ma), the erosion rate during this period averaged 0.12 

mm/yr. (0.0047 ft/yr.), or about 1-1/2 times the rate during the first erosional period. 

Stage 5 - Third Erosional Period (2 Ma to present) 

Renewed erosion and base level drop accompanied down cutting of the Gila River 

during Pleistocene time. This was a result of progressive drainage integration in southern 

Arizona that began during Pliocene and Pleistocene time as a result of migrating drainage 

divides, diversion by stream piracy, and basin in-filling overtopping divides (Menges and 

Pearthree, 1989). Drainage in the Duncan basin was captured and integrated with the 

SafTord basin during the early or middle Pleistocene (Harbour, 1966). Progressively 

greater amounts of mineralized and altered rocks including leached capping fi'om the 

Morenci deposit occur in the overlying sediments of the unit of Smuggler Canyon (QTgs) 

of Sequence 9 and Older Alluvium (QTao). These units occur predominantly to the south 

and east of the Morenci block and record the most recent erosion from adjacent rocks. 

Sediments of the unit of Smuggler Canyon contain interbedded silt, sand, and 

conglomerate lenses that indicate fluvial conditions in a lower energy environment and 

lower stream gradients associated with nearly full conditions in the Duncan basin. Based 

on the distribution and sedimentary facies in this unit, it is likely that integration was the 

result of basin filling and overtopping. The Gila River, Bonita Creek, Eagle Creek, and 

the San Francisco River deeply incised their drainages during this time. The inner gorge 

of these canyons ranges fi'om 200 m (650 fl) to over 315 m (1,030 ft) deep which is 

consistent with the extent of drainage dissection elsewhere in the region. The Chase 
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Creek drainage was probably integrated into the San Francisco River at this time. 

Assuming down cutting began around 1 Ma, the erosion rate during this period averaged 

0.2S mm/yr. (0.010 ft/yr.) or about double the rate during the second erosional period. 

This sudden drop in base level stranded much of the enriched blanket at Morenci 

above the water table. This resulted in erosion of leached capping above the blanket in 

topographically low areas at Morenci, for example, and partial leaching of secondary 

sulfides along structures and at the top of the enriched blanket at Metcalf, for example. 

This process continues today. Leaching and exotic copper deposits as copper-manganese-

iron-oxide-cemented gravel and bedrock are evident in the Chase Creek, Gold Gulch, 

Rocky Gulch, and Rockhouse Canyon drainages. 
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97 



TABLE 3. Radiometric ages for Laramide intrusive rocks of the Morenci district. Tat>le also includes two previously published dates for 
supergene alunite from the district 

DMcriptkMi (sample numbar) AIM 
(Ma.) 

Mineral Method UTMN UTME Quad Reference 

DIorite Porphyry (L-847) 63.0+/-1.9 homt)lende K-Ar 3657700 649030 Copperplate Gulch MdTowell (1971) 
64.7 •»/• 2.0 hornblende K-Ar McDowell (1971) 

Dadte Porphyry (DW-17,268') 58.7+/-1.5 fektepar K-Ar 3667700 652980 Mitchell Peak Geochron Labs (5/19/99) 

Monzonite Porphyry (L-976) 58.5 •/-1.7 biotite K-Ar 3661930 651140 Copperplate Gulch McDowrell (1971) 
81.7 •»/• 2.8 feklspar K-Ar na na Clifton AMAX unpubi. data (1976) 

OMar Granita Porphyry 57.8 •»/-2.2 biotite K-Ar 3365535 651575 Copperplate Gulch Bennett (1975) 

Molybdanita(94MOR)̂  54.9+/-0.91 molybdenite Re-Os 3665125 653900 Clifton McCandless et al. (1993,1999 )̂ 

Bracda (type unknown) 53.9-»/• 2.0 sericite K-Ar na na Clifton AMAX unpubi. data (1976) 

Candalaria Braccia S2M *1-2.0 seridte K-Ar 3365385 651600 Copperplate Gulch Bennett (1975) 

AndaaNaOika (92-23) 30.0 •/-0.7 biotite K-Ar 3664200 654760 Clifton Cook(1994) 

Aluntia (92-21) 9M*I-0M alunite K-Ar 3664050 654680 Clifton Cook(1994) 

Alunlta (92-05) 7.19 W-OJ? alunite K-Ar 3664105 651175 Copperplate Gulcti Cook(1994) 

Note: 1) The published age of 55.8 *!-1.0 Ma was revised using a correcte lamtxJa = 1.666E-11 per Tom McCandless (pers. commun.). 



TABLE 4. Radiometric ages (this study) for mid-Tertiary rocks near Ciifton-Morenci. Numbers in bold are preferred ages 
from Peters (1999a,b) and Peters and Mcintosh (1999). See Ferguson and Enders (in prep) and Plate 1 for locations and 
descriptions. See Appendix B for details of the ̂ Ar/̂ Ar geochronology. 

Sample Plateau error jlsochron error Intercept error Integrated error UTMN UTME Quad 

F8-266 
F8-269 
F8-273 
F8-275 
F8-276 
F8-286 
F8-301 
F8-316 

basalt and ande: 
22.33 0.14 

26.91 0.16 
27.62 0.2 
27.73 0.17 
24.74 0.24 
26.99 0.18 

(ite dates 
22.35 0.21 
28.27 0.2 
26.81 0.1 
28.11 0.56 
27.91 0.32 
24.96 0.41 
27.64 0.39 
28.99 0.23 

298.9 8.7 
270.3 4.2 
305.5 2.8 

289 12 
291 12 

292.3 7.2 
273 15 

22.61 0.44 
26.68 0.7 
27.3 1.4 

27.74 0.56 
27.77 0.52 
24.78 0.38 
27.2 1.4 

28.52 0.24 

3671380 650935 
3674340 654240 
3673885 655885 
3663485 662610 
3663735 663610 
3641625 654650 
3650435 649085 
3663965 650145 

Coronado 
Mitchell Peak 
Mitchell Peak 
Clifton 
Rattlesnake Spring 
Guthrie 
Gila Box 
Copperplate Gulch 

F8-288 
F8-29S 
F8-299 
F8-302 
F8-277 
F8-282 
F8-289 

sanidine single < 
22.25 0.06 
22.41 0.06 
18.2 0.05 

24.52 0.06 
27.94 0.09 
22.25 0.36 
17.89 0.61 

rystal dates fronr rhyolites 
3638775 651125 
3627655 660860 
3652540 649610 
3650525 649235 
3664345 664510 
3664890 660425 
3635100 648130 

Gila Box 
Ash Peak 
Copperplate Gulch 
Gila Box 
Rattlesnake Spring 
Clifton 
Tdlgate Tank 
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FIGURE 8. Simplified structural setting of the Clifton-Morenci area. Showing the 
northeast-striking faults that are part of the Morenci-Reserve fault zone, northwest
trending basins of the southern basin and Range province, and the southeastern edge of 
the Colorado Plateau. Yell ow shading indicates late-Cenozoic basins including the 
Duncan basin southeast of Morenci. Adapted from Figure 13 of Walker (1995). Grey 
shading indicates the Morenci bedrock block with the geology shown in the inset map. 
Adapted from the state map compilation (Arizona Geological Survey, in progress) using 
mapping from Plate 1. 
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Age Thickness Unit Regional 
Correlation 

6 (Feet) 

K Tpd Dakota Sandstone Cl) 0 
Cretaceous 0- 50 m diorite porphyry Q)·-

~2 66m Kp Pinkard Formation Mancos Shale 

Mississi ian 1000 66m Mm Modoc Formation 
0 Devonian 80m Om Morenci Formation ·o 
N 
0 
Q) 

Ordovician 120m 01 Longfellow Formation "ffi 0 
a.. 0) 

Cambrian 76m Cc Coronado Quartzite 
:§E 
<(LL 

0 

C ro ·c 
.0 
E 
ro 
0 
~ XYg, granite, 
a.. XYgd, granodiorite, 

XYf, ferrodiorite, 
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FIGURE 9. Stratigraphic column for the pre-Laramide rocks of the Morenci block. The 
middle right column shows the local formation names following Lindgren (1905) with 
regional correlations on the right. The section is intruded by Laramide-age porphyries 
and is overlain by mid-Tertiary volcanic rocks. 
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FIGURE 10. Major structures of the Morenci district showing the principal faults and the 
axial Chase Creek graben. The maps also shows drill holes that were examined for 
evidence of multiple, stacked supergene mineral profiles. The cross section lines are 
shown for Figures 30, 31, 32, 41, 42, and 43. The pit outline is shown for reference. 
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A e Thickness A e Date Unit Oescri tion 
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FIGURE 12. Composite stratigraphic column for the Eagle Creek section. The column 
shows the principal formations and units on the western side of the Clifton-Morenci area 
with age dates. 
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FIGURE 13. Composite stratigraphic column for the San Francisco River section. The 
column shows the principal formations and units on the western side of the Clifton
Morenci area with age dates. 
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FIGURE 14. Composite stratigraphic column for the Coronado Trail section. The 
column shows the principal formations and units on the western side of the Clifton
Morenci area with age dates. 
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TABLE 5. Suitability of Morenci basalt samples for ̂ Ar/̂ Ar dating. 
Samples in bold were dated for this study. Prospects for dating detemiined by 
microprobe study (Dunbar, pers. commun.). See text for description. 

Sample # Quadrangle Prospect 
F8-257 Copperplate Gulch Poor 650260 3664090 
F8-261 Mitchell Peak Poor 651870 3669375 
F8-266 Coronado Mountain Good 650935 3671380 
F8-269 Mitchell Peak Good 654240 3674340 
F8-271 Mitchell Peak Good 654815 3674830 
F8-272 Mitchell Peak Good 655125 3674725 
F8-273 Mitchell Peak Very Good 655885 3673885 
F8-275 Clifton Very Good 662610 3663485 
F8-276 Rattlesnake Spring Good 663610 3663735 
F8-278 Rattlesnake Spring Poor 664505 3664465 
F8-280 Rattlesnake Spring Very Good to Moderate 663405 3665465 
F8-285 Mitchell Peak Very Good to Moderate 660795 3667470 
F8-286 Guthrie Very Good 654650 3641625 
F8-287 Gila Box Moderate 651670 3639005 
F8^01 Gila Box Good 649085 3650435 
F8-310 Mitchell Peak Moderate 658190 3678450 
F8-314 Pipestem Mountain Good 656700 3682400 
F8-315 Pipestem Mountain Moderate to Poor 656550 3682185 
F8-316 Copperplate Gulch Good 650145 3663965 
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FIGURE 15. Age distribution ofbasalts/andesites from the Clifton-Morenci area (this 
study). Adapted from Figure 6 of Peters (1999a). 
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FIGURE 16. Age distribution of sanidines in rhyolites from the Clifton-Morenci area 
(this study). Adapted from Figure 9 of Peters (1999b). 



TABLE 6. Ages of mid-Tertiary volcanic rocks in the Clifton-Morenci region. Entries are 
listed in increasing age. Formation or unit numbers are from the associated reference. 
Sample numbers are sequence numbers from Marvin et al., (1987). 

Sample No. Age (Ma.) Error(+/-) Method Mineral Fm. Reference 

F8-289 17.89 0.61 •0Ar/3eAr sanidine Trp this study, from Gila Box quadrangle 

1 (198) 17.7 0.6 K-Ar whole rock Tb Ratte and Brooks (1995) 

4 (36) 17.7 0.6 K-Ar glass Tr Ratte and Brooks (1995) 

F8-299 18.2 0.05 "oArt3eAr sanidine Ttt this study 
5 (35) 18.3 0.7 K-Ar glass Tr Ratte and Brooks (1995) 

2 (38) 19.0 1.2 K-Ar whole rock Tb Ratte and Brooks (1995) 

6 (37) 19.0 0.7 K-Ar whole rock Tr Ratte and Brooks (1995) 

A 19.1 0.4 K-Ar sanidine Ttt Richter, Houser, and Damon (1983) 

3 (39) 19.1 1.1 K-Ar whole rock Tb Ratte and Brooks (1995) 

C 19.4 0.4 K-Ar whole rock Tau Richter, Houser, and Damon (1983) 

203b 20.6 0.7 K-Ar whole rock Tei Marvin et al.(1987) 
203a 20.9 0.8 K-Ar whole rock Tei Marvin et al.(1987) 
7 (195) 21.3 1.8 K-Ar plagioclase Tr Ratte and Brooks (1995) 

unknown 21.7 ? 40Ar/39Ar sanidine Tei Schroeder (1996) 
8 (33) 21.8 1.4 K-Ar hornblende Tr Ratte and Brooks (1995) 

F8-288 22.25 0.06 40Art39Ar sanidine Ttt this study 

FS-282 22.25 0.36 40Art39Ar sanidine Tei this study 

FS-266 22.33 0.14 40Ar/39Ar ground mass Tb this study 

F8-295 22.41 0.06 40Ar/39Ar sanidine Tabr this study, same as site •1• below 

I 23.1 0.5 K-Ar biotite, sanidine Tabr Richter, Houser, and Damon (1983) 
D 23.7 0.5 K-Ar whole rock Tau Richter, Houser, and Damon (1983) 

13 (196) 24.2 0.9 K-Ar whole rock Tba Ratte and Brooks (1995) 
9 (43) 24.5 0.8 K-Ar plagioclase Tba Ratte and Brooks (1995) 

F8-302 24.52 0.06 •oArpeAr sanidine Ttt this study 

F8-286 24.74 0.24 40Art39Ar groundmass Tb this study 
10 (31) 25.0 0.9 K-Ar plagioclase Tba Ratte and Brooks (1995) 
11 (32) 26.2 1.0 K-Ar plagioclase Tba Ratte and Brooks (1995) 

FS-269 26.68 0.7 "oArt3eAr groundmass Tb this study 

F8-273 26.81 0.1 40Ar/39Ar ground mass Tb this study 

F8-301 27.2 1.4 40Ar/39Ar ground mass Tb this study 
22 (199) 27.5 1.0 K-Ar whole rock Tau Ratte and Brooks (1995) 

F8-275 27.62 0.2 "
0
Art3

9
Ar ground mass Tb this study 

F8-276 27.73 0.17 •oArt3eAr ground mass Tb this study 
23 (17) 27.9 1.0 K-Ar whole rock Tau Ratte and Brooks (1995) 

F8-2n 27.94 0.09 40Art39Ar sanidine Tbck this study 

F8-316 28.52 0.24 40Ar/39Ar whole rock Tbl this study 

unknown 29.01 0.11 40Ar/39Ar whole rock Tdc McIntosh et al. (1992) 
92-23 30.0 0.7 K-Ar whole rock Ta Cook (1994) 
67 33.1 2.8 fission-track zircon Tc Wahl (1980) 
66 33.7 1 K-Ar biotite Tc Marvin et al.(1987) 

109 



no 

TABLE 7. Summary of mid-Tertiary sequences in the Clifton-Morenci region. 
See text Figures 17 and 18, and see text for detailed description. 

# Sequence Age (Ma) Composition 

9 Unit of Smuggler Canyon 5?-2 heterolithic conglomerate containing clasts 
of locally derived rocks including 
copper-bearing and polished hematite clasts 

8 Unit of Buzzard Roost Canyon 12?- 5? heterolithic conglomerate containing basalt, 
rhyolite, porphyry, Paleozoic, and Proterozoic 
clasts 

7 Conglomerate of Midnight Canyon 18-12? heterolithic conglomerate containing subequal 
amounts of basalt and rhyolite clasts 

6 Younger rhyolites of the northern Peloncillo Mountains 19-17 rhyolite lavas and nonwelded tuff 
interbedded with Sequence 5 

5 Conglomerate of Bonita Creek 21 -18 basalt clast conglomerate, 
interbedded with volcanics of Sequence 2 

4 Enebro Mountain Rhyolite 23-21 felsic lava and nonwelded tuff 
overlying Sequence 2 

3 Gila Mountains silicic volcanic center 26.5-24.5 felsic lava and nonwelded tuff 
within Sequence 2 

2 Younger andesitic lava flows 28-22.25 mafic lava with interbedded felsic tuff and lava 
and lava younger than Bloodgood Canyon Tuff 

1 Older andesitic lava flows 34-28 mafic lava older than Bloodgood Canyon Tuff 
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Seguence 

5.0-1 .0 Ma Unit of Smuggler Canyon 
12.0-5.0 Unit of Buzzard Roost Canyon 
18.0-12.0 Conglomerate of Midnight Canyon 
19.0-17.0 Younger rhyolites of the northern 

Peloncillo Mountains 
21.0-18.0 Conglomerate of Bonita Creek 
22.0-21.0 Enebro Mountain rhyolite 
26.5-24.5 Gila Mountains silicic volcanic center 
28.0-22 .5 Younger andesitic lava flows 
34.0-28.0 Older basaltic lava flows 

Lithology 

Basaltic lava 
Conglomeratic, fluvial sediments 
Felsic lava 
Ash flow tuff 

18.2 
Tbc Bloodgood Canyon Tuff 
Tdc Davis Canyon Tuff 

o Age date 
(Ma) 

Tc Clifton Tuff 
TKv Laramide Volcanic Rocks 
Ks Upper Cretaceous Sedimentary Rocks 
P Undifferentiated Paleozoic & Proterozoic Rocks 

FIGURE 17. Schematic stratigraphic column for the Clifton-Morenci region. ...... 
...... 
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Eagle Creek 
Fault 

~ 
p 

E 

5000' 

,__----------------------------------------------------------------------------------------------------------0 

s 

Peloncillo Mts. 

17.89 22.25 

Gila Box 

24.74 

N 

Sardine Creek 

~~ -~~; =~ p ~~ il . --5000· 
0 

L.i1bQIQgy_ S~yeo~ 

/ Fault E3 Basaltic lava CJ 9 5.0-1.0 Ma Unit of Smuggler Canyon 
28.52 0 Age date (Ma) t:] Conglomeratic, fluvial sediments CJ 8 12.0-5.0 Unit of Buzzard Roost Canyon 

~ Felsic lava Cl 7 18.0-12.0 Conglomerate of Midnight Canyon 

[Al Ash flow tuff • 6 19.0-17.0 Younger rhyotttes of the northern 
Peloncillo Mountains 

0 5000' 

Tbc Bloodgood Canyon Tuff CJ 5 21.0-18.0 Conglomerate of Bonita Creek 
Tdc Davis Canyon Tuff csa 4 22.0-21.0 Enebro Mountain rhyolite 
Tc Clifton Tuff IZl 3 26.5-24.5 Gila Mountains silicic volcanic center 

TKv Laramide Volcanic Rocks E3 2 28.0-22.5 Younger andesitic lava flows 

Ks Upper Cretaceous Sedimentary Rocks 
m 1 34.0-28.0 Older basaltic lava flows 

p Undifferentiated Paleozoic & Proterozoic Rocks 

FIGURE 18. Schematic stratigraphic cross sections for the Clifton-Morenci region. ..... 
N 



113 

A) Vertical scale greatly exaggerated 

Explanation 

D Stream alluvium 
D Upper basin fill (confining unit) 
D Lower basin fill (fine grained) 

Lower basin fill (coarse grained) 
EJ Pre-Basin & Range sediments 

Looking North 

Bedrock . 
/ Fault ~---..:.5 ..... to~1-=6.m..:..:.:.,,;, e=-s _________ ..__ __ ,.... 

8) DESCRIPTION OF PRINCIPAL HYDROGEOLOGIC UNITS 

Unit Lithology 

Stream sediments Unconsolidated alluvial deposits along major 
streams and washes; boulders and gravel to 
lacustrine clay; typically well sorted sandy gravel 

Upper basin fill 

Lower basin fill 

Bedrock of the 
mountains 

Unconsolidated to moderately consolidated 
alluvial deposits. Grades from coarse- to 
fine-grained toward basin centers; includes 
basin center silts and clays, also lake 
and basalt flows in a few basins 
Weakly to highly consolidated gravel, sand, silt, 
and clay with interbedded to massive evaporites 
and volcanic rocks in some areas 
Weakly to highly consolidated fanglomerate and 
alluvial deposits found on the perimeter of most 
basins. In some places grades into the fine-grained 
facies near major basin faults ; underlies the fine
grained facies in extensive areas of many basins 
Basin-center fine-grained facies, weakly to 
moderately consolidated silt and clay, generally 
55 to 80% fine sediments, few evaporites 
Basin-center fine-grained facies, moderately 
consolidated silt and clay, greater than 80% 
Fine-grained sediments, gypsiferous in many 
Places, with interbedded or massive 
eva orites and volcanics in a few basins 

o era e y o 19 y conso I a e ang omera e 
and alluvial deposits and interbedded volcanics 
that are structurally disturbed . Range in 
composition from silt, clay, Hmestone to gravel and 
conglomerates, includes some interbedded volcanics 

Igneous, metamorphic and sedimentary 
rocks 

Range in 
Thickness 
(in feet) 
0 - <300 

(0- <91 m) 

<100-1000 
{<30- 305 m) 

0-1000 
(0-305 m) 

1000-5000 
(305-1524 m) 

<1000 
(<305 m) 

< 
(<305-4572 m) 

Range in 
hydro logic 
properties 
Only locally 
saturated 
Hydraulic 
conductivity 
30-1000 ft/day 
Specific yield 
15-25 ercent 
Hydraulic 
conductivity 
1-100 ft/day 
Specific yield 
3-25 percent 
Hydraulic 
conductivity 
1-50 ft/day 
Storage coefficient 
10-1 to 10-5 

y rau 1c 
Conductivity 
1-13 ft/day 

FIGURE 19. Generalized cross section (A) and descriptions (B) of the principal 
hydrogeologic units of the southeast basins of Arizona and New Mexico. Modified from 
Figures 7 and 21 of Anderson et al. ( 1992) 



TABLE 8. Clast distribution by vol.% for basin fill units of the Clifton-Morenci area. Formation and unit names are 
abbreviated consistent with the unit descriptions. P = Precambrian (Pc)+ Paleozoic (Pz), I= Laramide-age porphyritc 
intrusive rocks (Tp), V = basalt and andesite (bas)+ rhyolite (rhy), Cuss= copper sulfide minerals like chalcopyrite, chalcocite 
and covellite, CuOx = copper oxide minerals like chrysocolla, malachite, and tenorite, and FeOx = hematite, goethite, or jarosite. 

Formation Estimated n p I V %Vas %Vas 
Age1 

(77 total) Pc+Pz Tp bas+rhy bas rhy 
Qao Holocene to Pleistocene 1 100 0 0 

Qtao Pleistocene to Pliocene(?) 5 32 7 61 97 3 

QT gs Pleistocene(?) to Pliocene 14 53 17 30 87 13 

Tgbr Pliocene 19 12 23 64 72 28 

Tgmc Pliocene to Miocene 22 0 0 100 54 46 

Tbck Miocene (-18<Tbck<24.5 Ma) 13 0 0 100 92 8 

Tbam Late-Oligocene 1 0 0 100 100 0 

Tel Oligocene (28<Tcl<34 Ma} 2 70 20 10 73 27 

notes: (1) based on correlation with Richter, Houser and Damon (1983) 

(2) mineralization and alteration comments from various field stations in addition to this database 
np = not present 

(3) FeOx as polished rounded to subrounded hematite and magnetite pebbles and cobbles 

(4) CuOx, skam as epidote repl. limestone, and q-s veined Tpm and Pcgr clasts are locally present towards top of unit 

Mineralizationz 

cuss cuox FeOx" Skarn Veining 
np locally locally locally locally 

np variable 2 to 20% variable variable 

np trto 5% trto 15% trto5% tr to 5% 

np Oto tr" np Oto5%4 Oto 5%4 

np np np np np 

np np np np np 

np np np np np 

np np np np np 

""""' 
""""' ~ 
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QTao · · a) QTgs , b) 
p + I 

Tgbr 
p + t · 

c) 

Tbck e) Tel f) 
p + I 

FIGURE 20. Clast compositions of the mid-Tertiary conglomerates of the Duncan Basin. 
a) older alluvium, b) unit of Smuggler Canyon, c) unit of Buzzard Roost Canyon, d) 
conglomerate of Midnight Canyon, e) conglomerate of Bonita Creek, f) lower 
conglomerate. P+ I = Precambrian through Laramide plutonic and sedimentary rocks, 
Vr = rhyolite volcanic rocks, and Vb= basalt and andesite volcanic rocks. 
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FIGURE 21. Geophysical interpretation in the Duncan basin and adjacent areas showing 
structure and depth to bedrock. Adapted from West (1996) using data from Phelps 
Dodge Exploration Inc. and NGDC. Note Clifton-Morenci area is located in the 
northwest comer of the maps. 

A) Simple Bouger gravity anomaly map. Color scheme is based on equal area 
representation. 

B) Aeromagnetic anomaly map. Analytic signal amplitude anomalies are shown using a 
scheme that emphasizes high amplitudes, or near-surface features 

C) Shadow map of the aeromagnetic data. Shaded intensities are based on a 'sun angle' 
inclination of 30°. 

D) Interpretation of gravity and aeromagnetic data. Heavy solid lines represent normal 
faults interpreted from Phelps Dodge data with an adequate number of gravity stations. 
Open double lines represent normal faults interpreted from NGDG gravity data. Thin 
solid lines represent aeromagnetic lineaments that correlate with outcrops of mid-Tertiary 
andesite in the southern third, with structure in the middle third, and faulted volcanic 
rocks under cover in the northern third of the map area. Dotted line represents normal 
fault based on the edge of shallow magnetic sources in mafic volcanic rocks, where no 
gravity data is available. 
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FIGURE 21. Geophysical interpretation in the Duncan basin and adjacent areas. 
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FIGURE 22. Isopach map of basin fill thickness in the northern Duncan basin adjacent to 
the Morenci block showing location of cross section A-A' (Figure 23) and B-B'" (Figure 
24). Based on drill hole data in Appendix C. Note contours are in feet (divide by 3.28 to 
convert to meters). 
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FIGURE 23. Cross section A-A' looking N30° W across Eagle Creek sub-basin. Drill 
hole SW-1 in the hanging wall of the Eagle Creek fault provides control at depth on the 
position of the Cretaceous Pinkard Formation. The cross section line is shown on Figure 
22 for reference. 
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8 8' 8" B',, 

6000' 
"Rockhouse Mesa" 

Explanation 
Scale in feet 

C] QTao D Tgmc Tbl Tmp 0 2000 3000 4000 

D QTgs Tbck Tel - Tpd Pz /. Fault 
D Tgbr Tb ~ Tc D Kp Pc I Drillhole 

FIGURE 24. Cross section B-B''' looking NE across the San Francisco River sub-basin. 
Note bends in section at B' and B' '. Drill holes WCE-2, CC-4 7, -46, and -45 in the 
footwall of the San Francisco fault provide control. Cross section line is shown on 
Figure 22 for reference. 
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TABLE 9. Measured dip angles of bedrock formations and tMUin fill units from selected 
locations in the Clifton-Morenci area. Fomiation and unit names are abbreviated 
consistent with the unit descriptions, except Pzu = undivided Paleozoic rocks. Area 
descriptions: the Gila River area is south of the lower San Francisco River, The Tailings 
Dam WellfieM area is south of the Morenci btocl( and north of the San Francisco River. 
Chase Creek and the upper San Francisco River areas are north of Clifton, the lower 
San Frandsco River area is below Clifton, and the Eagle Creek area is all of the valley. 

Araa itacUdc Qiao QTga Tgbr Tgmc Tbe Tat Pni 

ditahyw •vtri9« S 
mMmum 1 
maxknum 8 

TaiHnosDMnWMFMd avaraga 2 
minimum 0 
maximum 3 

QTga From AH Atms avaraga 4 
minimum 0 
maximum 9 

Chasa Cnak - Upper SFR avaraga 10 
minimum 4 
maximum 18 

Loww San Franciaeo RIvar avaraga 7 
minimum 0 
maximum 16 

EagiaCraah avaraga 12 
minimum 4 
maximum 20 

TgbrFrom/UIArMa avaraga 9 
minimum 0 
maximum 20 

Uppar and Lowar SFR avaraga 10 
minimum 3 
maximum 19 

EaglaCraak avaraga 12 
minimum 4 
maximum 33 

Tgmc From AH Anaa avaraga 11 
minimum 3 
maximum 33 

Eagia Craak • AH Tbck avaraga 21 
minimum 4 
maximtim 42 

Uppar and Lmvar SFR • AH Tat avaraga 21 
minimum S 
maximum 41 

Uppar and Lowiw SFR • AH Piu avaraga 20 
minimum 8 
maximum 30 
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FIGURE 25. Time-Space diagram for the Morenci district. The left side of the diagram 
illustrates the Stage 1 pre-Laramide cover and subsequent Laramide-age porphyry 
intrusions and development of hypogene mineralization and alteration. The center part of 
the diagram illustrates the Stage 2 - first erosional period and Stage 3 - volcanism. The 
right side of the diagram illustrates the Stage 4 - second erosional period, basin 
sedimentation, and formation of supergene mineralization. The far right side of the 
diagram illustrates partial leaching of the enriched blanket as a result of Gila River down 
cutting and base level drop of the Stage 5 - third erosional period. Elevations above 
modem mean sea level are shown relative to the -6,000 ft elevation at the top of pre-
mining leached capping. An example, simple one-dimensional mass balance calculation 
is illustrated in the lower right-hand comer. 
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GEOLOGY, HYDROTHERMAL ALTERATION. AND MINERALIZATION 
OF THE MORENCI PORPHYRY COPPER DEPOSIT 

Introduction 

This chapter provides an update of the geology of the Morenci porphyry copper 

deposit with a focus on the formation of hypogene alteration and mineralization based on 

studies conducted over the last 25 years. The last widely published descriptions of the 

Morenci district are from Moolick and Durek (1966) and Langton (1973) when the 

district was focussed only on the Morenci and Metcalf areas. To avoid repetition, this 

chapter begins with a description of the host rocks and structure of the Morenci porphyry 

copper deposit, followed by a description of the hydrothermal alteration and 

mineralization. The site conditions, previous work, and regional geology are presented in 

the previous chapters and not repeated here. Additional information about the distribution 

and characteristics of the hypogene zone, however, is included with appropriate sections 

of the next chapter, as a basis for an outcome of studies of the supergene zone. 

The geology of the Morenci district is shown in a series of maps and cross 

sections. Figure 26 is a simplified geologic map of the district showing the Laramide 

intrusive complex and principal host rocks, and Figure 27 is a map showing the 

accompanying hydrothermal alteration. A suite of maps at a larger scale shows the 

geologic setting in the center of the district and are referenced throughout the rest of this 

dissertation. Figure 28 is a map of the host rocks in the pit area. Figure 10 shows the 

principal structures and Figure 29 shows the hydrothermal alteration of the same area. 

Figures 30, 31, and 32 are a set of cross-sections through the district that show the 
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geology and mineralization for the principal mineralized areas. The cross sections have 

been vertically exaggerated by a factor of 2.5 to 1 to emphasize the enrichment profiles. 

Figure 30 is a north-looking cross section along 12,000N through the American Mountain, 

Morenci, and Western Copper areas on the southern side of district. Figure 31 is a north-

looking cross section along 16,000N through the Coronado, Northwest Extension, and 

Metcalf areas in the center of the district. Figure 32 is a west-looking cross section along 

10,000W from Garfield through Shannon, Metcalf, Western Copper, and Morenci on the 

eastern side of the district. 

Host Rocks 

The host rocks for mineralization in the Morenci district are briefly described 

below (Figures 26 and 27). For detailed descriptions of the Precambrian, Paleozoic, and 

Mesozoic rocks, see Lindgren (I90Sa,b), which remains the best reference for these units. 

For detailed descriptions of the Laramide intrusive rocks see Bennett (1975), Menzer 

(1980), Preece and Menzer (1992), GriflRn, Ring and Lowery (1993), Walker (1995), 

Phelps Dodge (1996b), and Wright (1997). Detailed descriptions including the mid-

Tertiary through Quaternary volcanic and sedimentary rocks are also included in Ferguson 

and Enders (2000), and in Appendix A. 

Pre-Laramide Host Rocks 

Precambrian, Paleozoic, and Mesozoic plutonic and sedimentary rocks compose 

the country rock into which the Laramide porphyries were intruded. These rocks are 
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shown in the stratigraphic column in Figure 9, and are briefly described in the section on 

the stratigraphy of the Morenci block in the previous chapter. 

Laramide Intrusive Complex 

A suite of calc-alkaline hypabyssal rocks intruded the Morenci block during the 

Laramide orogeny (Figure 26). The stocks, laccoliths, and associated dikes and breccias 

range from Paleocene to early Eocene in age (64.7 to S2.8 Ma) and in composition from 

diabase to diorite, monzonite and granite (Moolick and Durek, 1966; Preece and Menzer, 

1992; Griffin, Ring and Lowery, 1993, Walker, 1995). The central intrusive complex is 

over 13 km (8 mi) long and 4 km (2.S mi) wide and consists of a roughly north-south 

alignment of elongate stocks and associated northeast-striking dike swarms. Hornblende-

bearing diorite porphyry is the oldest Laramide intrusive rock in the district (-64 Ma); 

except for minor skam and homfels alteration of the adjacent sedimentary rocks, it is 

largely unaltered and unmineralized. The monzonite porphyry, older granite porphyry, 

and younger granite porphyry intrusive complexes are the principal intrusive host rocks for 

porphyry copper mineralization along with small bodies of Laramide-age diabase that 

locally host copper mineralization. 

The altered and mineralized porphyries are tonalite, granodiorite, and quartz 

monzonite in composition, although normative compositions range from granodiorite 

through quartz monzonite (Preece and Menzer, 1992). lUGS rock classifications (lUGS 

sub-commission, 1973) used in this dissertation are based on normative and modal 

interpretations reported in Preece and Menzer (1992), Griffin, Ring and Lowery (1993), 
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and Walker (1995), but without supporting data. Plagioclase typically occurs in the 

groundmass and as phenocrysts of oligoclase to andesine, but orthoclase is generally 

restricted to the groundmass. Traditionally, these host rocks have been mapped on the 

basis of the abundance and size of quartz phenocrysts. This ranges from rare quartz 

phenocrysts in monzonite porphyry and to 3-10% in the older and younger granite 

porphyries. Extensive mineralization, and hydrothermal and supergene alteration, most 

commonly as abundant quartz-sericite-pyrite stockwork veining and pervasive alteration, 

obscure the original texture and chemistry of these rocks. 

Several breccia bodies are part of the intrusive system in the district. The breccias 

are variably altered and mineralized and were developed during two periods of brecciation 

(Bennett, 197S). These include the Morenci and Candelaria breccias that cut the older 

granite porphyry complex, and the Metcalf and King breccias that appear to be related to 

the younger granite intrusive complex. 

Laramide intrusive activity may have been associated with a coeval, overlying 

andesitic stratovolcano (North and Preece, 1993; Preece, Stegen and Weiskopf, 1993). 

However, no physical evidence of such volcam'c rocks has yet been discovered. 

Structure 

Several deformational periods controlled the intrusions, mineralization, and 

structures in the complex terrain of the Morenci district. Overall, the district displays a 

series of east-west-striking, northwest-striking, northeast-striking, and north-south 

striking normal faults some of which were Laramide-age or older structures that were re
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activated during nud-Tertiary, and Basin and Range deformation (Walker, 1995). 

Although many of these faults are not easily traceable through the intrusive complex, they 

have dislocated the district into several discrete domains. 

Laramide-age Structures 

Regional tectonism during the Laramide orogeny exerted a strong control on the 

distribution of the intrusions, faults and veins in the Morenci district. Structural 

orientations of individual vein sets and dikes record a systematic change in the stress fields 

during the Laramide orogeny (Preece, Stegen and Weiskopf, 1993). The radial orientation 

of dikes, and the sills and laccoliths in the diorite porphyry and the variable orientation of 

the eariy stockwork veinlets suggest that a local stress field dominated the Morenci area 

early in the Laramide orogeny. The orientation of the monzonite porphyry dikes range 

from 050° to 070°, and are conformable with the most common regional Laramide 

orientation in the porphyry copper deposits of the southwestern U.S. (Heidrick and Titley, 

1982). The orientation of the older granite porphyry dikes, late-stage fissure veins, and 

many of the Laramide-age normal faults in the district range from 020° to 040° and record 

a shift in the northwest to north-northwest extension direction late in the Laramide 

orogeny. Quartz-sericite-pyrite+/-chalcopyrite stockwork mineralization exhibits uniform 

northeast to east-northeast strike orientations (Preece, 1986). 
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Mid-Tertiary, and Basin and Range Structures 

A series of northwest-striking normal faults cut the Laramide-age structures in the 

district as a result of mid-Tertiary extension and regional tectonism from the late 

Oligocene through the late Miocene (Walker, 199S). The Eagle Creek fault bounds the 

Morenci district along the southwestern margin and oflfsets Paleozoic through Cretaceous 

sedimentary rocks and Laramide-age intrusive rocks against over 1,160 m (3,800 ft) of 

basin fill and mid-Tertiary volcanic rocks (Figure 23). The Apache, Copper Mountain, 

Kingbolt, and North faults in the mine area are parallel to the Eagle Creek fault and record 

structural dislocations between 60 and 240 meters (200 and 790 ft) (Figures 30 and 31). 

Drill hole evidence shows that monzonite porphyry intruded the Kingbolt fault during 

Laramide-time as well as movement during the mid-Tertiary. The Copper Mountain fault 

offsets the supergene enrichment blanket in the Morenci area (Lindgren, 190Sa), and the 

timing of enrichment (see Geochronology chapter) indicates that at least some of the 

northwest-striking faults were reactivated or continued to be active during subsequent 

Basin and Range normal faulting. 

A series of northeast-striking and north-south-striking normal faults cut the older 

structures in the district as a result of re-activation of older faults and continued 

deformation during mid-Tertiary extension and Basin and Range tectonism. The San 

Francisco fault bounds the Morenci district along the southeastern margin and offsets 

Paleozoic through Cretaceous sedimentary rocks and Laramide-age intrusive rocks against 

over 915 m (3,000 ft) of basin fill and mid-Tertiary volcanic rocks (Figure 24). The Las 
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Terrazas, Chase Creek, El Paso, West, War Eagle, and related faults record concurrent 

normal faulting in the mine area (Figure 10). 

Post-Laramide, normal faulting in the Morenci district ultimately resulted in the 

axial Chase Creek graben (Figure 10). The principal fault systems include: 1) the 

northeast-dipping Copper Mountain and southwest-dipping Kingbolt faults in the Morenci 

area, 2) the east-dipping Las Terrazas and west-dipping War Eagle faults in the Metcalf 

and Northwest Extension areas, and 3) the east-dipping Chase Creek and west-dipping El 

Paso and North faults in the Garfield and Shannon areas. This system of faults created the 

axial graben in the center of the Morenci district that hosts the thick, high-grade supergene 

enrichment blanket (see following chapter). 

Hydrothermal Alteration and Mineralization 

Because of the intense textural destruction that accompanied pervasive 

hydrothermal phyllic and supergene argillic alteration, the study of hydrothermal alteration 

has been difficult. This has required detailed and time-consuming examination of 

outcrops, core, and thin and polished sections from samples collected during routine 

mapping and core logging. Langton, Bennett and Schem (Phelps Dodge, 1978) produced 

a generalized alteration map for the district based on drill holes and mapping (Figure 27). 

Preece (1986) and Preece, Stegen and Weiskopf (1993) described the hydrothermal 

alteration and mineralization at Morenci in terms of cross-cutting vein assemblages. This 

work was based on field and laboratory studies including reconnaissance fluid inclusion 

measurements, and established the current basis for classifying alteration and hypogene 
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mineralization. Calkins (1997) used petrographic study. X-ray diffi-action. X-ray 

florescence, and stable isotopes of oxygen and hydrogen to characterize hypogene and 

supergene phyllosilicate minerals. Most recently, Holick (1998) completed a fluid 

inclusion study of samples from across the district along with gas chromatography and 

bulk leachate analyses to determine hydrothermal fluid geochemistry. The distributions of 

hypogene copper and molybdenum mineralization are shown in Figures 33 and 34, 

respectively, based on the Morenci drill hole database discussed in the following chapter. 

For earlier, detailed descriptions see Lindgren (190Sa), Reber (1916), and Moolick and 

Durek (1966). Fluid inclusion data and vein characteristics are summarized in Table 10. 

Characteristic alteration styles are briefly noted with the unit descriptions above. 

The descriptions below follow the classification scheme of Preece (1986) and have 

been summarized fi'om Preece, Stegen and Weiskopf (1993) along with supplemental data 

from the other studies mentioned above. This work showed that temporal variations of 

intrusion-hosted vein assemblages are essentially identical district-wide, and a systematic 

progression of fluid characteristics occurred through time. From oldest to youngest, this 

paragenetic sequence consists of 1) eariy veins of biotite+ magnetite, quartz+ feldspar, and 

quartz+ molybdenite, 2) main-stage veins of quartz+ sericite+ pyrite +/- chalcopyrite, and 

3) late fissure veins of relatively high-grade Cu-Zn-Au-Ag mineralization with manganese, 

quartz and pyrite. The alteration zones as shown on Figure 27 are defined by a 

combination of selective vein and pervasive alteration. Where selective vein alteration 

predominates, the zone is defined by the presence of the most abundant vein type. Where 



132 

alteration affects large masses of rock, the zone is defined by the mineralogy of the 

pervasive alteration. 

Early Veins 

Character: The earliest veins, defined here as the potassic association, are generally 

composed of quartz +/- orthoclase +/- chalcopyrite, but also include biotite + magnetite 

veins that occur in a broad aureole around the district. In the more mafic Precambrian and 

Laramide intrusive host rocks, biotite + magnetite veins precede the quartz +/- orthoclase 

veins; however, in the Morenci and Garfield areas, massive biotite veins have been 

observed to cut early quartz +/- orthoclase veins (Parker, pers. commun.). Where present, 

early quartz + molybdenite veins cut the potassic veins. Sphene, rutile and apatite are 

common accessory minerals. Carbonates are present in some of the quartz + orthoclase 

veins from deep drill holes. The early veins typically exhibit variable vein orientations 

compared to later-stage veins (Preece, 1986). 

Distribution: The early veins are generally restricted to the Monzonite and Older 

Granite Porphyries (Figures 28 and 33). However, magnetite +/- biotite veins occur at 

depth and in outlying areas up to 2 km fi'om the center of the district. Quartz + orthoclase 

(K|) veins and K-feldspar flooding of the groundmass occur at depth in drill holes in the 

Garfield, Coronado, and Western Copper areas. Because of intense supergene alteration, 

quartz-orthoclase veins are typically recognized deep in the system and are only rarely 

found in the upper levels of the deposit where they have been overprinted by supergene 

alteration. Quartz + molybdenite veins appear to have been deposited in both monzonite 
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porphyry and older granite porphyry principally along the margins of the older granite 

porphyry intrusive complex (Figures 28 and 34). Average molybdenum grades are low 

(0.010% Mo) with the highest grades in the Western Copper, Northwest Extension, 

Coronado, and Metcalf areas. McCandless and Ruiz (1993) reported a Re-Os date on a 

sample of molybdenite from Metcalf of 54.9 +/- 0.9 Ma (revised. Table 3). 

Fluid inclusion data: Fluid inclusion studies show that the paragenetically early 

quartz + orthoclase veins are the highest temperature assemblage veins measured in the 

district (Preece, 1986). Early quartz + orthoclase veins contain halite-bearing fluid 

inclusions that homogenized by vapor disappearance at 2S0-310°C and contained salinities 

of 30-35 wt.% NaCI equiv. Later quartz + orthoclase veins contained halite-bearing 

inclusions that homogenized at 320-360''C and contained salinities of 39-43 wt.% NaCI 

equiv. Co-existing liquid- and vapor-rich, two-phase inclusions indicate low-salinity fluids 

that boiled at 375° and at 400-450"'C at pressures of 210 and 260-360 bars, respectively 

(Preece, Stegen and Weiskopf, 1993). 

Fluid inclusion studies (Preece, 1986) show that the eariy quartz + molybdenite 

veins contain inclusions that are similar to those observed in the late quartz + orthoclase 

veins. The quartz + molybdenite veins contain predominantly low-salinity (2-10 wt.% 

NaCI equiv.), liquid-rich inclusions that homogenized at 310-400°C, and one high salinity 

(41 wt.% NaCI equiv.) inclusion that homogenized by halite dissolution at 340''C. 
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Main-Stage Veins 

Character: The main stage of mineralization consists of multiple generations of 

cross cutting quartz + sericite +/- pyrite +/- chalcopyrite veins and veinlets that form a 

stockwork with fracture densities ranging from 0.1 to over 1.0/cm. This assemblage also 

includes barren quartz veins which cut and are cut by quartz + sericite + pyrite veins. In 

some areas, minor later quartz + molybdenum veins appear to be contemporaneous with 

the main stage assemblage (Preece, 1981). Veins are generally less than S mm thick, and 

consist predominantly of pyrite and subordinate quartz. Vein controlled halos, typically S 

to 20 mm wide, are composed of felted mats of quartz + sericite + pyrite that obliterate 

primary textures. Pyrite + chalcopyrite-bearing micro-fractures without silicate alteration 

halos commonly occur and cut the larger sericite-bearing veins. Chalcopyrite +/- minor 

inclusions of pyrrhotite +/- sphalerite occur as blebs in pyrite and as discrete grains in 

veins and haloes. Lindgren (190Sa) and Moolick and Durek (1966) reported that zinc, as 

sphalerite or zinc blende, occurs in concentrations in the protore only slightly less than 

copper. Preece (1981) reported that magnetite appears to replace chalcopyrite in some 

veins, and Parker (pers. commun.) observed magnetite replacing steel-glance chalcocite in 

other veins in the deeper high-grade hypogene zone below the Morenci pit. Interestingly, 

North (pers. commun.) observed massive magnetite veins with sericite selvages at 

Coronado. 

Distribution: Quartz + sericite + pyrite +/- chalcopyrite veins are associated with 

intense quartz-sericite-pyrite alteration of the wall rocks and more uniform northeast- to 

east-northeast-striking orientations. In some areas of the district, this is the only vein 
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assemblage present. Quartz-sericite in the veins can be distinguished from the wall rock 

particularly in older granite porphyry where they occur as grey selvages along the veins in 

an otherwise whitish rock. In monzonite porphyry, however, the quartz-sericite veins are 

more difficult to distinguish from the pervasively quartz-sericite altered groundmass. 

Figure 27 shows three styles of quartz-sericite-pyrite alteration, the boundaries of which 

are usually gradational. Intense QSP3 alteration typically accompanies the quartz 

monzonite porphyry stocks and completely obliterates the original texture of the rock in 

places. Moderate QSPa alteration typically occurs in and adjacent to the older granite 

porphyry as a stockwork of veins with I to 2-cm (0.4 to 0.8 in) wide grey sericite selvages 

and partially altered feldspar phenocrysts and groundmass in the intervening wall rock. 

Weak QSPi alteration occurs in areas of the district where the vein density is typically less 

than 0.2/cm such as in the younger granite porphyry complex and outlying Proterozoic 

granite country rock. In these areas, quartz-sericite-pyrite alteration ranges widely in 

character as a function of fracture density and usually follows structures and porphyry 

dikes. Weak QSP| alteration is typically selective and restricted to veins with the 

intervening country rocks typically weakly altered to fresh-appearing. 

Quartz + sericite + pyrite +/- chalcopyrite veins occur in spatially distinct domains. 

The pyrite-rich assemblage typically occurs higher in the system and peripheral to the 

center of the district, and the chalcopyrite-rich assemblage typically occurs deeper in the 

system and focussed on the central intrusive complex (Figures 28 and 29). The average 

total sulfide content in hypogene mineralization is slightly over 3 wt.% and ranges from 

<0.03 to over 20 wt.% pyrite + chalcopyrite. The highest sulfide contents (>4 wt.% py + 
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cpy) occur along the southeast side of the deposit. Chalcopyrite averages 0.S6 wt.% and 

ranges from 0.025 to over 2.9 wt.% and correlates directly with the distribution of 

hypogene copper grade in Figure 33. Pyrite averages 2.S wt. % and ranges from 0.012 to 

over 18 wt.%. Although the average copper grade in the hypogene zone is 0.16% Cu, 

there are some parts of the deposit with average grades of 0.43% Cu as chalcopyrite. 

Except for those high-grade hypogene zones, much of the deposit classified as hypogene 

in character exhibits a weak supergene overprint; thus, the actual primary copper grade in 

the deposit was probably lower than 0.16% Cu (see following chapter). 

Chalcopyrite-rich quartz + sericite veins occur in continuous higher-grade zones 

(>0.30% Cu) around the district. The volumetrically largest of these occurs along the 

southeastern contact of the monzonite porphyry stock in between the hanging wall of the 

Kingbolt fault and footwall of the Quartzite fault (Figures 28 and 33). These veins are 

typically S to 10 mm thick and contain quartz +/- chalcopyrite +/-magnetite and cross cut 

earlier potassic and molybdenite veins. Typically, the pyrite-to-chalcopyrite ratio is <1. 

Fluid inclusion data: Fluid inclusion studies (Preece, 1986) show that quartz + 

sericite + pynte veins contain two-phase inclusions that homogenize at slightly lower 

temperatures (290-360°C) and with higher salim'ties (5-IS wt.% NaCl equiv.) than 

inclusions in the quartz + molybdenite veins. A single pair of liquid-rich and vapor-rich 

inclusions provided limited evidence of boiling. These inclusions homogenized at 3S4°C 

and indicated a pressure of 160 bars. Preece, Stegen and Weiskopf (1993) reported 

similar temperatures (330-370^, Th) and salinities (5-8 wt.% NaCl equiv.) for primary 

inclusions in the quartz + sericite + chalcopyrite veins. They also noted that a few 
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inclusions contained chalcopyrite and syivite daughter minerals, which they interpreted to 

be possibly formed from distinctly different fluids. 

Late Fissure Veins 

Character: Large, continuous quartz + sulfide fissure-veins represent the latest 

hydrothermal event in the district. Vein widths are 10 cm (4 in) to over I m (3 ft). 

Individual veins strike on the order of hundreds of meters and exhibit district-wide 

northeast strike directions. Preece, Stegen and Weiskopf (1993) reported that 

geochemical analyses and polished section microscopy indicate that these veins contain 

relatively high-grade Cu-Zn-Au-Ag mineralization in a matrix of ubiquitous quartz and 

pyrite. In addition, late fluorite veins that contain euhedral chalcopyrite crystals cut late 

quartz and barren pyrite veins at Garfield (Parker, pers. commun.). The ages of the late 

Assure veins have not been determined, and they could represent either a late Laramide 

event, or a mid-Tertiary overprint. 

Distribution: Late fissure-veins are distributed throughout the Morenci district. 

Manganese-silver veins are common in the Paleozoic limestones up to 10 km (6 mi) away 

from the center of the district, and form much of the mineralization in the Copperplate 

Gulch area (Plate 1). Gold occurs in the Garfield fault, and is generally richer in the less 

altered margins of the deposit and in the peripheral veins to the northeast and southwest of 

the district (Lindgren, 190Sa; Moolick and Durek, 1966). 

Fluid inclusion data: Preece (1986) reported the results of a study that traversed 

across a 3-m wide quartz + calcite vein in silicified Ordovician Longfellow limestone. The 
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vein is located about 2 km south of the Morenci pit and contains local silver with minor 

gold mineralization associated with variable amounts of manganese oxides and Cu-Zn-Pb 

sulfides. Fluid inclusion and petrographic studies indicated that, with time, the fluids 

responsible for quartz deposition cooled from 330°C to 2S0°C and became more dilute 

from 6 to 3 wt.% NaCI equiv. He further noted that the earliest inclusions (330°C, 6 

wt.%) in the quartz + Ag + Mn vein overlapped the temperature and salinity of the fluid 

inclusions in the stockwork quartz + sericite + pyrite +/- chalcopyrite veins. Preece 

(1986) documented boiling at 300-310°C and at 260-280°C that corresponded to 

pressures of 100 and 40 bars, respectively. These pressures lead to the interpretation that 

they may have been emplaced at shallower levels below the surface and beg the question 

of whether the late fissure veins are indeed mid-Tertiary instead of Laramide in age. 

Skams 

Character: Calc-silicate alteration and associated Cu-Zn sulfide +/- magnetite 

mineralization occur in skam zones in Paleozoic limestones and shales around the district 

(Figure 27). This style of sulfide mineralization is predominantly vein-controlled and 

occurs adjacent to the monzonite and older granite porphyry stocks and dikes with only 

minor local massive replacement bodies. Although volumetrically small, the Paleozoic 

section hosts some of the higher-grade mineralization and much of the oxide 

mineralization in the district. Early underground production targeted the high-grade 

supergene mineralization in these zones. 
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Calc-silicate alteration and mineralization occurred in two principal stages 

(Bennett, 1974; Preece, Stegen and Weiskopf, 1993) that correspond with the alteration 

and mineralization in the adjacent intrusive rocks. The early anhydrous stage is marked by 

trace amounts of sulfides and magnetite with diopside in the shales and with andradite 

garnet in the limestones. The later hydrous stage formed veinlet-controiled and massive 

assemblages of actinolite, tremolite, chlorite, epidote, and calcite from the early-stage 

anhydrous minerals. Pyrite, chalcopyrite and magnetite, and accessory sphalerite and 

bomite occur in veinlets generally associated with the hydrous assemblage. Magnetite 

forms locally extensive, large replacement bodies in limestone in contact with dikes. 

Skam alteration affects each unit differently depending on host-rock lithology, and these 

characteristics are briefly noted in the unit descriptions in the Stratigraphy section above. 

Distribution: Sedimentary rock-hosted mineralization occurs in all of the Paleozoic 

formations. Although locally the Coronado Quartzite contained some of the highest 

grades in the district, the total copper and oxide copper contents generally diminish with 

depth in the Paleozoic section. The bulk of the mineralization in the Paleozoic rocks 

occurs in the Southside and Shannon areas of the district, and in smaller zones in the 

Garfield area (Figure 29, see also Lindgren, I90Sa). 

Peripheral Zone 

Alteration and mineralization in the periphery of the Morenci district has not been 

well characterized, even today. The generalized alteration map shown in Figure 27 is 

based on drill holes and mapping from Langton, Bennett and Schem (Phelps Dodge, 
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1978) and displays a bias towards the classic Lowell and Gilbert model (Lowell and 

Guilbert, 1970) that was in vogue at the time. Recent mapping in the district, however, 

has not substantiated the model. Although chlorite + epidote alteration occur in some 

areas of the district, the map portrays a "propylitic" halo that is not present in such a 

widespread area. 

Hydrothermal alteration occurs in some peripheral areas of the district. Chlorite + 

epidote alteration of rock-forming minerals occurs in the southwest quadrant of the 

district where it occurs in diorite and monzonite porphyry dikes and as homfels alteration 

in Pinkard Formation. In other areas of the district adjacent to the main mineralized area, 

particularly in the northwest quadrant, shreddy, secondary biotite that is partly altered to 

chlorite is present in Proterozoic granite. The periphery of the district also contains 

structurally controlled quartz-sericite-pyrite alteration, as described above, and local zones 

with magnetite +/- biotite veins. Towards the edges of the district on both the Eagle 

Creek and San Francisco sides, specular hematite +/- quartz, and earthy hematite + 

goethite, presumably after sulfides, occur as O.S to 1 mm wide veins with fracture densities 

from O.OS to 0.1/cm. In some locations, I mm wide goethite + earthy hematite veins 

contain biotite selvages up to 5 cm wide. Small monzonite porphyry intrusions and dikes 

throughout the district contain variable amounts of quartz + sericite +/- pyrite. 
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FIGURE 26. Distribution of Laramide-age rocks of the Morenci intrusive complex. The 
map shows the principal structures in the district and the surrounding pre-Laramide and 
post-Laramide rocks for context. Taken from Plate 1 (Ferguson and Enders, in press), 
see Figure 27 for accompanying hydrothermal alteration patterns for the same map area. 
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FIGURE 27. Hydrothermal alteration in the Morenci District. Modified from Phelps 
Dodge (1978) as mapped by Langton, Bennett, and Schern. Outline ofTpgy is the same 
as in Figure 29 (shown in box). 



FIGURE 28. Host rocks of the Morenci deposit. Xg = Precambrian granite, PMu = 
Paleozoic and Mesozoic rocks-undivided, Tpm = Monzonite Porphyry, Tpgo = Older 
Granite Porphyry, Tpgy = Younger Granite Porphyry, Tbx = Candelaria Breccia, Tv = 
mid-Tertiary volcanic rocks-undivided. 
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FIGURE 29. Hydrothermal alteration of the Morenci deposit. See Figure 27 for district 
view. 
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FIGURE 30. Cross Section 12,000 N. Looking north at the American Mountain, 
Morenci, and Western Copper areas. Note non-definitive drilling data for the eastern 
portion of Western Copper. Both panels are illustrated with a 2.5 tol vertical to 
horizontal exaggeration, pre-mine topography, water table as of April 1995, drill holes 
for control, and major faults for reference. Panel A shows the Monzonite Porphyry stock 
and associated dikes of the Morenci intrusive complex intruding Precambrian granite. 
The section also shows the central Chase Creek graben formed by the Copper Mountain, 
Niagara, Kingbolt and related faults. Panel B shows the supergene profile by mineralized 
zone above hypogene protore at depth with pit limits for reference. Note the thick 
enriched blanket below very thin leached capping in the Chase Creek graben, the 
structural control on the base of the blanket, and the incision of Chase Creek almost down 
to hypogene protore in between Morenci and Western Copper. 
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FIGURE 30. Cross Section 12,000 N. Looking north at the American Mountain, 
Morenci, and Western Copper areas. A) Geology. B) Mineralization. See facing page 
for description. 
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FIGURE 31. Cross Section 16,000 N. Looking north at the Coronado, Northwest 
Extension, and Metcalf areas. Both panels are illustrated with a 2.5 tol vertical to 
horizontal exaggeration, pre-mine topography, water table as of April 1995, drill holes 
for control, and major faults for reference. Panel A shows the Older Granite and 
Younger Granite Porphyry phases of the Morenci intrusive complex intruding 
Precambrian granite in the center of the district. Panel B shows the supergene profile by 
mineralized zone above hypogene protore at depth with pit limits for reference. Note the 
deep leaching at Metcalf and the strong, structurally controlled partially leached zone in 
the hanging wall of the Las Terrazas and other faults. Even without vertical 
exaggeration, the enriched blanket dips inward towards the Chase Creek drainage. 
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FIGURE 31. Cross Section 16,000 N. Looking north at the Coronado, Northwest 
Extension, and Metcalf areas. A) Geology. B) Mineralization. See facing page for 
description. 
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FIGURE 32. Cross Section 10,000 W. Looking west at the Morenci, Western Copper, 
Metcalf, Shannon, and Garfield areas. Both panels are illustrated with a 2.5 tol vertical 
to horizontal exaggeration, pre-mine topography, water table as of April 1995, drill holes 
for control, and major faults for reference. Panel A shows the Morenci intrusive complex 
of stocks and dikes intruding Precambrian granite across the district and the Paleozoic 
rocks in the Southside, Shannon and Garfield areas. The sedimentary section has been 
faulted against Precambrian granite down to the north across the Garfield fault and down 
to the south across the Quartzite fault. Panel B shows the supergene profile by 
mineralized zone above hypogene protore at depth with pit limits for reference. Note the 
gentle southerly dip of the supergene profile that is coincident with the Chase Creek 
gradient and the general conformance of the enriched blanket to pre-mine topography. 
The Kingbolt and Quartzite bound the thick enriched blanket faults at the southem end of 
the Chase Creek graben. Elsewhere, partial leaching and weak enrichment is evident in 
the Western Copper and Garfield areas and in the Younger Granite Porphyry along the 
western margin of Metcalf Relatively high-grade supergene mineralization occurs in the 
Shannon area but doesn't persist to significant depths below the limestones and quartzite. 
None-the-less, relatively thick, but weak enrichment in the lower blanket and some 
leaching below the Paleozoic rocks attest to vertical movement of fluids through the 
weakly reactive skams above and to lateral flow along the ground water gradient. 
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FIGURE 32. Cross Section 10,000 W. Looking west at the Morenci, Western Copper, 
Metcalf, Shannon, and Garfield areas. A) Geology. B) Mineralization. See facing page 
for description. 
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FIGURE 33. Distribution ofhypogene copper mineralization in wt.% Cu as chalcopyrite. 
Contour interval is 0.10% Cu. Drill holes show data point distribution. Refer to text in 
the supergene chapter for the explanation. 
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FIGURE 34. Distribution of molybdenum showing contours of% Mo. Black dots 
represent drill holes used in the analysis. a) Leached Capping, B) Partially Leached, 
C) Enriched Blanket, D) Hypogene. Pit outline is the same as in previous figures. See 
text in supergene chapter for explanation. 
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TABLE 10. Characteristics of the hydrothermal vein sets in the Morenci District. Early suite 
is quartz * orthoclase dominant, late suite is quartz serfcite pyrite */- chalcopyrite 
dominant. Data are summarized from Preece, Stegen and Weislcopf (1993). 

Charactsristics Early Veins Late veins 

Fracture Density <0.10/cm 0.2to> 1.0/cm 

Orientation variable unifonn 

Wall Rock Alteration minor major 

Pressure 210-360 bars 160 bars 

Temperature 360-450''C 290-360°C 

Fluid Salinity (NaCI equiv.) 30-43 st.%, 2-10 wt.% 5-15 wt.% 

Metal Phases oxides sulfides 
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DISTRIBUTION AND CHARACTER OF SUPERGENE ENRICHMENT 
IN THE MORENCI PORPHYRY COPPER DEPOSIT 

Introduction 

The Morenci district covers over 90 km^ (35 mi^) and contains a mineralized area 

that occupies at least 19 km^ (7.5 mi^) (Figure 33). Over the years, the tug of war 

between exploration and mining operations has necessitated a focus on individual 

mineralized areas of the district, a function of economics rather than geology. This has 

ultimately resulted in a large database of drill holes and mapping that can now be used to 

evaluate the distribution and character of mineralization at a district scale. Although the 

focus of this study is on supergene mineralization, additional information about the 

hypogene zone was discovered during this study and is included in appropriate sections of 

this chapter as it relates to the supergene system. 

This study was a collaborative effort between the Geology Department at Phelps 

Dodge Morenci, Inc. and the Department of Geosciences at the University of Arizona. 

The work primarily involved the construction of a representative, district-wide geologic 

database from drill holes and surface mapping at scales from 1 ;6,000 to 1 ;2,400. This 

research database was used to map and evaluate selected geologic characteristics of the 

Morenci deposit at a district scale. These studies provided constraints for a simple, first-

order, three-dimensional mathematical model based on mass balance principles to de-

enrich the deposit and look at district-scale enrichment characteristics, eroded thicknesses, 

and pre-enrichment paleo-topography. In addition, the interpretations of supergene 

mineral profiles were based on two cross sections and one long section across the district. 
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evaluations of the Morenci, Metcalf, and Northwest Extension areas, detailed 

mineralogical profiles from selected core holes, and polished thin section and electron 

microprobe study of selected samples. Table 11 contains a list of the common supergene 

minerals at Morenci and their chemical formulas for reference. 

Database Evaluation and Mapping 

Method of Study 

The Morenci drill hole database is a rich source of geologic information that was 

used to evaluate the distribution and character of a variety of geologic parameters 

throughout the district. This work was conducted in three phases. The first phase was an 

orientation study of the Garfield area, where mapping is of good quality (Pawlowski et al., 

1997), and the drill holes are recent, well distributed and well logged. Trial plots of 

copper grade, zone thickness, and copper grade x thickness were developed. Based on 

those results, the study was expanded to include the entire district for the second phase of 

work. The original results for the entire district showed that a few areas required 

supplemental information, which was included in the third phase of work. 

The basic approach was to build a subset of the Morenci drill hole database that 

represented the district. The data were composited into four mineralogical zones. 

Selected geologic parameters were then modeled for each zone and plotted for subsequent 

evaluation. These parameters were then used to develop a simple, first-order 

mathematical de-enrichment model of the district based on mass balance principles. The 
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procedures, results, and geologic interpretations are described in more detail in the 

following sections. 

Database 

Drill hole selection: At the time of this study, the Morenci database consisted of 

47,927 samples from 3,079 core, reverse circulation, and chum holes that were drilled 

between 191S and mid-1998 (Figure 35). Drill hole spacing is highly variable and ranges 

fl-om 30 m (100 ft) or less to over 500 m (1,600 ft) in places. Because many different 

drilling programs were conducted over the last 85 years in an active mine setting, many 

drill holes penetrated only a small portion of the deposit. To create a useful database for a 

district-scale evaluation and subsequent mass balance calculations, the Morenci staff were 

asked to choose representative drill holes from their project areas that met specific criteria. 

The holes were no closer together than about 122 m (400 ft), and they must have been 

collared at or above the pre-mine topographic surface (e.g. in stockpiles), penetrated the 

entire supergene zone, and bottomed in hypogene mineralization at total depth. 

For the research data set, 759 holes or about 25% of the drill hole database were 

selected to represent the deposit on a district scale (Figure 35). A total of 722 holes were 

chosen during the first phase of work. Of these, 19 holes were "spliced" together fi'om 

two or more drill holes at the same location, but penetrating different elevations to 

generate a complete profile. Another 37 drill holes were added to the database for the 

third phase of work to fill in the Coronado, Western Copper, and Shannon areas. 
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Data distribution: In some areas, the resulting drill hole distribution is still not very 

uniform (Figure 35). In particular, the northwestern quadrant of the district centered on 

the Candelaria breccia and younger granite porphyry complex is sparsely drilled due to 

stockpile cover. In addition, the important central portion of the Morenci pit in the 

Copper Mountain area has many holes, but almost all are short, or do not penetrate 

enough of the deposit to be useful. The outline of the mine plan basically conforms to the 

outer limits of the drill hole pattern, and indicates that the deposit is open-ended in several 

directions and is not entirely represented in the database. The overall distribution, 

nonetheless, provides a fairiy good three-dimensional representation of the well-

mineralized portion of the Morenci district. 

Quality and data type: The quality of the geologic logs is highly variable. Because 

of the selection criteria, many of the holes are from the more recent drilling programs that 

started in the mid-1980's, were drilled deeper, and have well documented geologic logs. 

In general, all of the geologic logs record some type of data on lithology, alteration, and 

mineralogy. Some of this information has been historically captured in the database and 

includes: % Cu (total), %XCu (acid-soluble copper, leach extraction), %MLT (1-hour, 

ambient temperature, ferric-soluble copper, leach extraction), % Mo, oz/t Au, oz/t Ag, 

%Fe, %S, rock-type codes, sulfide mineral codes, oxide mineral codes, covellite codes, 

zone codes (structural or lithological domain), and population codes. The Morenci 

database design has been modified numerous times, and a large number of older holes 

have been re-logged as part of various projects over the last 10 years. Unfortunately, 
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alteration was not included until very recently and was not available except on the written 

logs. 

Population Codes and Mineral Zones 

As part of routine geology operations, the Morenci staff has devised population 

codes to identify broad zones that have undergone similar physicochemical leaching and 

enrichment processes (Parker, 1998). These codes are useful in defining large-scale 

features associated with the supergene and hypogene zone across the Morenci district, and 

are based in part on economic as well as geologic criteria. Detailed mineral profiles 

generated from hand specimen observations combined with analytical data are required, 

however, to evaluate the local geologic environment. The Morenci population codes 

represent copper and iron-bearing mineral assemblages and textures common to a 

particular geologic environment. Summary statistics of the associated mineralized zones 

are shown in Table 12 and a typical profile is shown in Figure 6. The descriptions of these 

populations below are based on Phelps Dodge (1998) and were carried over to the 

research database. 

Population 1 - leached capping: This population represents leached capping 

typically at the top of the supergene profile and structurally controlled zones of leaching 

that penetrate the enriched blanket below. Rocks in this zone show physical evidence of 

leaching of the original sulfide minerals. This evidence includes the presence of hematite, 

goethite, or jarosite as products fi'om the dissolution of vein or disseminated pyrite, 

chalcocite, and chalcopyrite. This can include classic boxwork or transported iron oxide 
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textures (Blanchard, 1968). Copper may occur as neotocite, tenorite, cuprite, or native 

copper; however, copper content is generally less than 0.10% Cu and shows little 

continuity across the zone. The boundary with the enriched blanket is generally very 

sharp, typically less than 10 m (30 ft). Across the district, the leached capping averages 

82 m (269 ft) thick and 0.07% Cu. 

Population 2- partially leached: This population represents in-silu oxidation or 

partial leaching of sulfide minerals in an earlier-cycle enrichment blanket. Rocks in this 

zone may contain brochantite, malachite, azurite, chrysocolla, tenorite, and copper wad in 

totally oxidized areas. Oxide mineralization typically exhibits good continuity and average 

copper grades are locally as high as in the enriched blanket. Rocks of population 2 may 

also include pyrite, chalcocite, and chalcopyrite without copper oxides typical of the 

enriched blanket. The bulk continuity and grade of copper mineralization where sulfides 

remain, however, have been diminished due to leaching along fractures and at the top of 

the enriched blanket. The ferric soluble copper (%MLT) values average 56%, but are 

highly variable and depend on the relative proportions of the different copper minerals 

present at any particular location. Across the district, the zone of partial leaching averages 

99 m (325 ft) thick and 0.28% Cu. 

Population 3 - enriched blanket: This population represents the composite 

supergene enriched blanket. Rocks in the enriched blanket contain significant amounts of 

supergene chalcocite, djurleite, digenite, and covellite along with variable amounts of relict 

pyrite and chalcopyrite. Continuity of mineralization is generally excellent, and the 

average copper content is typically two to five times the local hypogene grade below. 
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derived dominantly from the supergene sulfides. Transported iron oxides may be present 

along fractures, but the oxide copper content of this zone is typically less than S wt.% of 

the total copper content. A composite profile results fi'om downward zoning in the 

enriched blanket typically fi'om a chalcocite » covellite + chalcopyrite assemblage at the 

top of the blanket to a chalcopyrite + covellite > chalcocite assemblage at the base. 

Because each copper sulfide mineral has a different solubility, the ferric soluble copper 

(%MLT) values are therefore highly variable and depend on the relative proportions of the 

different sulfide minerals present at any particular location. These values average 35% 

and can range from highs S1% of the total copper content in chalcocite-dominant 

assemblages, to as low as 10% in chalcopyrite-dominant assemblages. Values greater than 

SS% may occur in small partially leached areas as in Population 2. Across the district, the 

enriched blanket averages 130 m (427 ft) thick and 0.47% Cu. 

Population 4 - hvpogene: Although this population represents the primary, low-

grade protore mineralization, supergene effects may still be present in some areas. Rocks 

in the hypogene zone typically contain un-enriched pyrite and chalcopyrite with minor 

amounts of bomite, and variable amounts of magnetite. Trace amounts of chalcocite and 

covellite may be found in the zone to considerable depths, but their contribution to the 

total copper content is generally low. Ferric soluble copper contents average only 21% of 

the total copper content and oxide copper contents are typically not detectable (<0.01% 

Cu). Across the district, the low-grade hypogene mineralization has an unknown depth 

and averages 0.16% Cu. 
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Population 5 - high-grade hvpogene: This population represents about 10% of the 

total known hypogene mineralization and is associated with coherent volumes of rock with 

copper contents typically >0.30% Cu, predominantly as chalcopyrite, and with bomite in 

the Garfield and Morenci areas. The bulk of this material occurs at depth in the Morenci 

pit area in between the Kingbolt and Quartzite faults and averages 0.43% Cu. Supergene 

processes have typically not affected these zones, and this is reflected in the low average 

ferric soluble content of only 9%. Typically population 4 and S are grouped together and 

their combined copper content averages 0.19% Cu. 

Estimation of Sulfide Mineral Abundance and Ratios 

Because of contrasting logging practices over the last 85 years, this has made it 

difficult to correlate estimates of mineral abundance from geologist to geologist, program 

to program, area to area, and hole to hole. Analytical data for copper, iron, and sulfur 

however, are reliable and available from many of the drill holes. This permits estimation 

of pyrite, chalcopyrite, and chalcocite contents and ratios from the analytical data, given 

certain simplifying assumptions. 

Methods: Pyrite contents can be estimated fi'om analytical data, if the weight % 

copper and sulfur contents are known. The underlying assumptions in the hypogene zone 

include; 1) all of the non-oxide copper is tied up in chalcopyrite, 2) the other copper 

sulfide minerals are insignificant, 3) any remaining sulfur not attributed to chalcopyrite is 

tied up in pyrite, and 4) there is excess iron to satisfy all other mineral phases. The basic 

mass balance statement is that the excess sulfur content available for pyrite equals the total 



sulfur content of the sample less the sulfur content in chalcopyrite. 

this relationship, solving for wt.% pyrite; 
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Equation (1) shows 

(1) wt% py = [%Siotai - ((TCu - XCu) / Frac Cucpy) * Frac Scpy] / Frac Spy, where 

TCu = wt. % total copper from analysis 

XCu = wt.% oxide copper from analysis 

Frac Cucpy = fraction of copper in chalcopyrite = 0.346 

Frac Scpy = fraction of sulfiir in chalcopyrite = 0.349 

Frac Spy = fraction of sulfur in pyrite = 0.535 

By the same reasoning, pyrite contents can be estimated for the enriched blanket if 

parallel assumptions are made; The underlying assumptions in the supergene blanket 

include; 1) all of the non-oxide copper is tied up in chalcocite and the other copper sulfide 

minerals are insignificant, 2) any remaining sulfur not attributed to chalcocite is tied up in 

pyrite, and 3) there is excess iron to satisfy all other mineral phases. The basic mass 

balance statement is that the excess sulfur content available for pyrite equals the total 

sulfur content of the sample less the sulfur content in chalcocite. Equation (2) shows this 

relationship, solving for wt.% pyrite; 

(2) wt% py = [%Stotai - ((TCu - XCu) / Frac Cucc) * Frac Sec] / Frac Spy, where 

Frac Cucc = fraction of copper in chalcocite = 0.799 

Frac Sec = fraction of sulfur in chalcocite == 0.201 
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The chalcopyrite content in the hypogene zone can be estimated directly from 

analytical data using the wt. % copper content. The only requirement is to assume that 

chalcopyrite is the only copper-bearing mineral phase. Equation (3) shows the relationship 

in that case. Given the wt. % pyrite and chalcopyrite contents, the py/cpy ratio can then 

be easily calculated. 

(3) wt% cpy = (TCu - XCu) / Frac Cucpy). 

Similarly, the chalcocite content in the enriched blanket can be estimated directly 

from analytical data using a parallel assumption. In this case, we have to make the rather 

dubious assumption that all of the copper is tied up in chalcocite, and that the other sulfide 

nunerals like covellite and chalcopynte are insignificant in abundance. Equation (4) shows 

the relationship in that case. Given the wt. % pyrite and chalcocite contents, the py/cc 

ratio can then be easily calculated. 

(4) wt% cc = (TCu - XCu) / Frac Cucc). 

Enrichment factors relate the copper content in the enriched blanket to the 

underlying hypogene mineralization and reflect the net amount of upgrading resulting from 

supergene enrichment processes. These are reported as ratios and simply calculated by 

dividing the copper grade in the enriched blanket by the local hypogene grade below as 
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shown in equation (5). An enrichment factor >1 indicates that copper has been added to 

the enriched zone by replacement of chalcopyrite and pyrite with chalcocite or other 

secondary sulfide minerals. An enrichment factor of 1 indicates that the grade of the 

blanket is the same as the underlying primary hypogene mineralization. In this case, 

supergene processes resulted in a change in mineralogy, but without an increase in copper 

content. An enrichment factor <1 indicates that copper has been locally removed from the 

enriched zone by subsequent leaching. 

(5) EF = TCupop3/TCupop4.5 where: 

EF = enrichment factor 

TCupop3 = average copper grade in the enriched blanket 

TCupop4.3 = average copper grade in the hypogene zone 

Error Analysis: The assumption that chalcocite is the only copper-bearing mineral 

in enriched blanket is the most tenuous assumption of the group. By definition, the 

hypogene zone contains only pyrite and chalcopyrite, with very minor bomite; however, 

the ferric soluble values indicate that minor amounts of chalcocite and covellite are 

present. In this zone, the most significant assumption is the distribution of iron among the 

minerals. For the purposes of this simple exercise, iron content was not used as a further 

constraint. We do know that chalcocite is not the only copper-bearing mineral, however, 

in the enriched blanket. In reality, the excess sulfur content available for pyrite is equal to 

the total sulfur content less the sulfur content in chalcocite, covellite, and chalcopyrite. 
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The error in estimating pyrite content associated with the assumption that all of the copper 

is chalcocite is small if the sulfur to total copper ratio is high (Griffin, 1997). The error 

increases with decreasing sulfur content and increasing covellite or chalcopyrite content 

(Figure 36). Given relative proportions of chalcocite, covellite, and chalcopyrite from 

logging, the estimates can be significantly improved, but these data are not uniformly 

available across the district. As a result, interpretation of chalcocite abundance and pyrite 

to chalcocite ratios needs to be done with appropriate caution. 

De-enrichment and Reconstruction 

The 7S9-hole district database was used to develop a simple, first-order 

mathematical de-enrichment model of the district based on mass balance principles. The 

de-enrichment model was based on one-dimensional mass balance calculations for each 

drill hole in the district database. These data were then modeled in two dimensions as 

described in the section below, thus providing a three-dimensional representation of the 

eroded thicknesses and pre-enrichment paleotopography across the district. 

Assumptions: Several important assumptions were made to simplify the 

calculations. The first assumption is that there is only downward, vertical transport of 

copper. This is an over simplification in a district like Morenci where lateral migration has 

been well documented. Nevertheless, it is a reasonable first-order approximation with 

which to start and is required to keep the problem tractable. The second assumption is 

that the average copper grade in the hypogene zone at depth is representative of the 

hypogene mineralization in the entire overlying supergene zone and that no significant 
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vertical zoning was present. The third assumption is that copper is conserved (i.e. 

chemical weathering is 100% efficient and outpaces erosion so that all of the copper is 

leached from the overlying rocks, before it was eroded from the deposit). This 

assumption seems reasonable given the lack of significant exotic deposits around the 

district. The fourth assumption is that density is constant (i.e. bulk density differences due 

to supergene silicate alteration, porosity changes, and sulfide mineral content are 

insignificant at the first order). 

De-enrichment: The mass balance statement is based on conservation of copper. 

That is, copper added to the enriched blanket at depth must equal the amount efficiently 

leached from the rocks that have been eroded away and from the remaining leached 

capping and partially leached zones below. Equation (6) gives the relationship solving for 

the thickness of the eroded column. 

(6) Z*Gh = L*(G,-Gh) + P*(Gp-Gh) + B*(Gb-Gh) where: 

Z = the thickness of the eroded column 

L = the thickness of the remaining leached capping 

P = the thickness of the partially leached zone 

B = the thickness of the enriched blanket 

Gh = the average copper grade in the hypogene zone at depth 

Gi = the average copper grade in the leached capping 

Gp = the average copper grade in the partially leached zone 

Gb = the average copper grade of the enriched blanket 
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Paleotopographic reconstruction: A reconstruction of the pre-enrichment 

paleotopography was generated from the calculated eroded thicknesses. This simply 

involved adding the calculated eroded thickness to the drill hole collar elevation corrected 

for any topographic irregularities such as stockpiles above or excavations below the pre-

mine topographic surface. These data points were then contoured using the method 

described below. The resulting representation of the pre-enrichment surface, however, is 

only valid for those areas within the influence of the drill holes. Presumably, erosion of 

the surrounding terrain proceeded at a similar rate, but this was not accounted for at the 

edges of the contours (see results discussed below). 

Modeling 

A number of characteristic geologic features of the Morenci district were modeled 

and mapped from the database. First the database was subdivided into four principal 

populations to represent the leached capping, partially leached (enriched blanket), enriched 

blanket, and hypogene zones. Because these represent stacked profiles with different 

reference elevations, they provide a pseudo-three-dimensional representation of the 

Morenci deposit. Variable-length composites that honored population code were 

generated for %TCu, zone thickness, and grade-times-thickness for each of the three, 

supergene populations. Composite lengths for population 4 and S samples are highly 

variable and range fi"om 15 to 60 m (50 to 200 ft) to over 300 m (1,000 ft) in places. 
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Composite values for each population were also generated for rock-type, % Mo, wt.% py, 

wt.% cpy, wt.% cc, py/cpy, py/cc, enrichment factor, eroded thickness, and pre-

enrichment surface elevation. Midpoints for the composites of each population were 

forced to a single plane and then loaded into the MEDSYSTEM* program for 

manipulation. Classical statistics and probability plots were then produced to select 

meaningful contour values for data display. MEDSYSTEM* is a software package widely 

used by geologists, engineers, and technicians for geologic modeling, mine planning, and 

mine operating design that contains classical statistics and geostatistical programs. 

For each chosen parameter, a two-dimensional model was created using a 30-m by 

30-m (100-ft by 100-ft) cell size. The composites were then used to interpolate values for 

all cells using the inverse distance method to the third power, and a search strategy of 

300-m by 300-m (1,000-ft by 1,000-ft) with a minimum of two and maximum of 15 

composites. Rock density differences were ignored because specific gravity and bulk 

density measurements at Morenci yield a relatively narrow range of values around 2.52 

gm/cm^ for all rock-types except for insignificant volumes of diabase and skams. The 30-

m (100-ft) cell size was chosen to equal one third to one fourth of the drill hole spacing. 

Search distances were chosen consistent with variography results for copper grade from 

the Metcalf and Coronado geologic block models (Cheff et al., 1997; Young-Mitchell et 

al., 1998). Inverse distance to the third power was chosen because it yielded the best-fit 

match from point validation study. 
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The cells were computer-contoured and the contours were checked against the 

composite locations and values. Contour smoothing was not used, but the contours were 

later checked and smoothed by hand for selected maps. This resulted in removing some 

small, isolated contours and edge effects due to drill hole spacing limitations. At the 

district scale the contours were not constrained by structural or rock-type domain 

boundaries, although this would probably provide more appropriate local contours at a 

larger scale. 

Results 

Maps: The results of this work yielded 1 ;6,000 scale working maps showing the 

distribution of various geologic features of the deposit at a district scale. The original 

working maps are located in the Phelps Dodge Morenci, Inc. Geology Department. 

Selected maps are included in this report. The distributions of hypogene copper and 

molybdenum mineralization are shown in Figures 33 and 34. Mineral ratios for py/cpy and 

py/cc are shown in Figures 37. Grade x thickness maps for each population are shown in 

Figure 38. Enrichment factors, eroded thickness and pre-enrichment paleotopography are 

shown along with pre-mine topography and surface drainage in Figure 39. Please note 

that all of these maps were plotted in English units to be consistent with Morenci 

convention, which departs from the metric convention used in other figures and elsewhere 

in this paper. 

Statistics: Classical statistics from the 3,079-hole Morenci database were also 

generated for selected parameters for each population. Table 13a shows the distribution 
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of total copper, oxide copper, ferric soluble copper, molybdenum, gold, and silver for each 

rock-type for all populations at no copper cutoff grade. Table 13b shows the same 

parameters at a 0.10% Cu cutoff grade to filter out the influence of barren holes outside of 

the main mineralized area and low-grade leached capping. This only results in a 2S% 

reduction in the number of samples, including the leached capping, and under-scores the 

conclusion from the distribution of drill holes in Figure 35 that the deposit is still open-

ended. Table 14 shows the same parameters and weighted averages at no cutoff grade for 

each mineral population. 

Summary statistics for the modeled parameters from the 7S9-hole research 

database were also compiled. Table IS shows the overall results for hypogene 

mineralization and Table 16 shows the results for the supergene zones. Detailed 

descriptions and interpretations are discussed below for the hypogene zone and in the 

following section for the supergene zones. 

Distribution o f  Hypogene Mineralization 

Taken in context with the character of hydrothermal alteration and mineralization 

described in the previous chapter, it is possible to examine how the nature of hypogene 

mineralization affects the supergene systematics in the district. The discussion of the 

distribution of hypogene mineralization and hydrothermal alteration that follows is based 

on the results obtained above. 
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Host Rocks 

The statistics and spatial distribution of mineralization provide important insights 

about the Morenci district. Interestingly, Laramide porphyries host only 51% of the 

mineralization >0.10% Cu in the district (Table 13b). Most of the remaining 

mineralization >0.10% Cu occurs in the Proterozoic granite and granodiorite (37%) of the 

basement complex. Only 4% of the mineralization occurs in the Paleozoic sedimentary 

rocks. No significant mineralization occurs in the Pinkard Formation, and only minor 

amounts of Laramide diorite porphyry are mineralized on the southwest quadrant of the 

district. 

Average copper content in the host rocks is fairly uniform (0.39% Cu) but shows 

significant variations by rock-type. Monzonite porphyry is the oldest mineralized intrusion 

and has the highest average copper content (0.48% Cu) of all the intrusive rocks. Copper 

contents diminish with decreasing age of intrusion from older gram'te porphyry (0.39% 

Cu) to younger granite and rhyolite porphyry (0.29 %Cu). This trend is also reflected in 

the distribution of hypogene mineralization in the intrusive rocks (Table 14) from 

monzonite porphyry (0.19% Cu) to older gram'te porphyry (0.14% Cu) and younger 

granite porphyry (0.12% Cu). Interestingly, the younger granite porphyry and older 

granite porphyry 2 have similarly low primary copper contents. Overall, Proterozoic 

granite is one of the poorly mineralized host rocks (0.33 % Cu) although it has average 

hypogene copper contents (0. IS% Cu). Proterozoic granodiorite is less abundant but a 

better host rock for both hypogene (0.26 % Cu) and supergene (0.65% Cu) 

mineralization. 
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Hypogene mineralization at a concentration of <0.05% Cu is not constrained by 

the drilling (Figure 33). Higher-grade zones (>0.15% Cu) within the district appear to be 

aligned along a 030° and 040° trends, which is consistent with Laranude structural fabrics 

in the district. These higher-grade zones are coincident with the southeastern and 

northeastern margins of the Morenci intrusive complex and straddle the contact between 

the intrusive rocks and the Precambrian country rocks. The highest grade hypogene zones 

(>0.2S% Cu) and the bulk of the population 5 composites occur in a 2,300-m long by 

300-m wide zone on the southeast side of the monzonite porphyry stock along the contact 

with the Paleozoic section and underlying Proterozoic granite and granodiorite complex. 

Interestingly, over 65% of this mineralization occurs in the Proterozoic wall rocks, with 

the remainder evenly split between the monzonite porphyry and diabase, and the adjacent 

Longfellow Formation and Coronado Quartzite (compare Figure 33 with Figure 28). 

Although volumetrically small, the Paleozoic section hosts some of the higher-

grade chalcocite mineralization and much of the oxide mineralization in the district. This 

may be due, in part, to the reactivity of the carbonate rocks and the fracturing in the 

underlying quartzite. Total copper and oxide copper contents diminish with depth in the 

Paleozoic section from the Modoc limestones (0.69% TCu, 0.39% XCu), to the Morenci 

shales (0.60% TCu, 0.25% XCu), the Longfellow limestones (0.45% TCu, 0.17% XCu), 

and the Coronado quartzites (0.42% TCu, 0.05% XCu). The bulk of the mineralization in 

the Paleozoic rocks occurs in the calc-silicate skam altered rocks of the Southside and 

Shannon areas of the district, and in smaller zones in the Garfield area (Figure 11a, see 

also Lindgren, 1905a). 



The remaining rock-types represent a small proportion of the deposit. Overall, 

breccias of all types account for less than 4% of the total deposit (Table 13b). As a group, 

breccias contain slightly higher than average copper contents (0.43% Cu). By far, fault 

breccias are the most common and highest grade of this group. Major veins, although 

volumetrically insignificant in proportion to stockwork and disseminated mineralization, 

contain some of the higher average copper grades (1.18% Cu). These veins, however, 

represented a significant proportion of the early production from the Morenci district 

(Lindgren, 1905a; Moolick and Durek, 1966), but are under-represented in the database 

because they had mostly been mined out prior to the drilling. 

Hydrothermal Alteration 

Hypogene copper grade is generally coincident with the margins of the potassic 

alteration (Kj) zone and overprinting strong (QSP3) quartz-sericite-pyrite alteration and 

stockwork (compare Figure 29 and 33). Lower-grade mineralization (<0.0S% Cu) in the 

central portion of the district is coincident with the younger granite porphyry complex 

where fracture densities are significantly less (<0.12/cm) than in other parts of the district. 

Higher-grade zones in the younger granite porphyry are typically associated with small 

breccia bodies. As noted above, the high-grade hypogene mineralization is coincident 

with the southeast margin of the strongly altered monzonite porphyry stock and the 

adjacent skams developed in the Paleozoic rocks. 
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Pyrite-to-Chalcopyrite Ratios 

Overall, pyrite-to-chalcopyrite ratios are indicative of the bulk primary metal 

zoning in the hypogene zone at Morenci, but not the character or individual vein types. 

The average total sulfide content in hypogene mineralization is slightly over 3 wt.% (Table 

15), and the highest sulfide contents (>4 wt.% py+cpy) occur along the southeast side of 

the deposit. Chalcopyrite averages 0.S6 wt.% and ranges fi'om 0.02S to over 2.9 wt.%, 

and correlates directly with the distribution of hypogene copper grade in Figure 33. Pyrite 

averages 2.5 wt. % and ranges from 0.012 to over 18 wt.%. In general, the highest pyrite 

contents occur in a "halo" around the higher-grade chalcopyrite zones at the margins of 

the deposit where copper as chalcopyrite drops off to <0.05% Cu in weak, structurally 

controlled quartz-sericite-pyrite zones. The pyrite-to-chalcopyrite ratio, therefore, follows 

a similar pattern (Figure 37a). 

Although data are sparse for the Western Copper, Morenci pit, and northwestern 

areas of the district, several relationships are nonetheless apparent. Overall, pyrite-to-

chalcopyrite ratios average 5.6 to 1, and range from 0.05 to over 38. Zones with ratios >8 

to 1 occur along the northeastern side of the Garfield and Metcalf areas, southeastern side 

of the Morenci and Southside areas, and the southwestern side of the Southside, American 

Mountain, and Coronado areas of the district. This pattern occurs in areas with 2 to 4 wt. 

% py and very low copper grades. The > 4 to 1 contours enclose parts of Garfield, the 

western edge of Coronado, much of Northwest Extension, most of Metcalf, and all of the 

Morenci, Southside, and American Mountain areas, and may represent a pyritic "shell" 

around the deposit. Zones with ratios <2 to I occur in the central parts of the district 
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especially in the Garfield, Coronado, Northwest Extension, inner Metcalf, and Western 

Copper areas typically associated with the central intrusive complex and attendant potassic 

alteration (Figures 28, 29, and 37a). Pyrite-to-chalcopyrite ratios exert a strong control 

on supergene enrichment (Titley and Marozas, 1995). This is very apparent at Morenci as 

described in the supergene section in a subsequent section. 

Molybdenum 

The numbers of samples with associated molybdenum analyses are much smaller 

than for copper, but still provide important information. Only 69% of the samples >0.10% 

Cu have associated molybdenum assays. Average molybdenum assays (Table 13 b) are 

low (0.010% Mo) and generally reflect the same trends noted for copper relative to rock-

type. The distribution of molybdenum in each mineralized zone is shown in Figure 34. In 

general, molybdenum appears to have been deposited principally along the margins of the 

older granite porphyry intrusive complex, and has the highest grades in the Western 

Copper, Northwest Extension, Coronado, Garfield, and Metcalf areas. 

Molybdenum mobility in the supergene environment does not appear to be 

extreme; therefore its distribution can be used to look at hypogene zoning in the overlying 

supergene environment. Although there is evidence that molybdenum enrichment may 

occur in some districts, this would require a more alkaline environment in the zone of 

oxidation, low total sulfide contents (1-2 vol.%), and py/cpy ratios around I (Dunn, 

1982). At Morenci, this environment appears to be limited spatially. In fact, the 

distribution of molybdenum is spatially coincident in the enriched blanket, partially leached 
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zone, and leached capping at Morenci (Figure 34), given data distribution limitations. 

Molybdenum content is slightly higher in the enriched blanket (0.010% Mo) than in the 

other mineralized zones; but overall, molybdenum grades reflect hypogene values. Preece 

(1981) noted similar overall molybdenum grades and a relatively sharp local increase at the 

base of the enriched blanket or roughly the 1,280-m elevation in the Morenci pit. 

Molybdenum in the partially leached zone and leached capping is under-

represented in the database, but where present, shows a similar distribution pattern to the 

enriched blanket and underlying hypogene zone. Data for molybdenum are sparse in the 

partially leached and leached capping due, in part, to sampling protocols that excluded 

samples from these lower copper grade zones for analysis. Except in the Metcalf and 

Western Copper areas, molybdenite in the partially leached and leached capping zones has 

not been mapped or identified in the drill logs. Molybdenite may be oxidized in the 

weathering process at alkaline pHs and it may concentrate as unrecognized or unrecorded 

ferrimolybdite (Titley and Enders, 1997). Preece (1981) also reported the iron-

molybdenum mineral akaganeite at Morenci. Akaganeite (0-goethite + Mo) has been 

identified in the Questa porphyry molybdenum deposit in New Mexico (Carpenter, 1968). 

Experimental work indicates that molybdenite is insoluble at pHs less than 6, which 

indicates that leaching and enrichment is likely very limited in the typical supergene 

environment (Carpenter, 1968; Titley, 1963). It is possible that molybdenum occurs as 

akaganeite and ferrimolybdite and has been overlooked because of the abundance of 

jarosite, goethite, and hematite in the leached zones at Morenci. It is also possible that 

molybdenum in the partially leached zone and leached capping has been depleted, and that 
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the overall molybdenum content in these zones is not fairly represented in the database. 

Thus, there are limitations on interpreting the significance of molybdenum zoning; but in 

general, the hypogene patterns appear to be reflected in the overlying supergene zones. 

Gold and Silver 

The numbers of samples with associated gold and silver analyses are much smaller 

than for copper or molybdenum and represent only 38% of the database of samples 

>0.10% Cu. The Morenci deposit is a gold-poor porphyry system and overall contains 

less than 0.001 oz/ton Au (0.03 PPM) (the Morenci detection limit). Gold occurs in the 

Garfield fault, and is generally richer in the less altered margins of the deposit and in the 

peripheral veins to the northeast and southwest of the district (Lindgren, 190Sa; Moolick 

and Durek, 1966). The Morenci deposit, however, is relatively silver-rich, and contains an 

average of O.OS oz/ton (1.7 PPM) Ag with a silver to gold ratio of ~60 to I in this small 

data set. In general, silver appears to be associated with gold, however, silver also occurs 

as late stage silver-manganese oxide 6ssure veins throughout the district (Preece, Stegen 

and Weiskopf, 1993). The 6ssure veins predominantly occur in Paleozoic sedimentary 

rocks, and can be found over 10 km (6 mi) from the center of the district. Moolick and 

Durek (1966) reported that gold and silver were enriched up to two or three times in the 

upper part of the enriched blanket or near the base of the oxidized zone, however, this 

does not appear in the database statistics (Table 14). Unfortunately, there were not 

enough data points to make meaningful contour maps for gold and silver or establish any 

recognizable pattern. 
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Distribution of Supergene Mineralization 

The distribution of supergene mineralization varies as a function of the regional 

and local geologic conditions. These conditions include protore and host rock 

composition, tectonic and geomorphologic history, climate and weather, faults and 

fracturing in the vadose zone, position and migration of the water table, and chemical and 

mechanical erosion rates. Thus, a combination of factors competes to create, destroy or 

preserve supergene mineralization. Variations in the distribution and character of 

supergene mineralization are shown in the geologic maps and cross-sections referenced 

above and discussed below. 

Pyrite-to-Chalcocite ratios 

Pyrite-to-chalcocite ratios in the enriched blanket are related to both hypogene and 

supergene processes. The average total sulfide content in the enriched blanket is between 

3.S to 4 wt.% (Table 16) or slightly higher than in the underlying hypogene zone. 

Chalcocite averages 0.6S wt.% and ranges fi'om 0.09 to over 3.S wt.%. The highest 

chalcocite contents occur in Metcalf and Morenci and correlates with the highest-grade 

portions of the enriched blanket. Pyrite averages 3.1 wt.% and ranges from 0.02 to over 

17 wt.%. Overall, the highest pyrite contents correspond with the higher-grade chalcocite 

zones in the Metcalf and Morenci areas. In general, there is an excellent spatial 

correlation between py/cpy ratio in the hypogene zone (Figure 37a) and the py/cc ratio in 



180 

the overlying enriched blanket (Figure 37b), and probably reflects primary pyrite zoning in 

the district. 

Although data are somewhat sparse for the central portions of the Western Copper 

and Morenci pit areas, and for the northwestern area of the district, several relationships 

are apparent. Overall, pyrite-to-chalcocite ratios average 6.S to 1, and range from 0.2 to 

over 34. Zones with ratios >8 to 1 occur in parts of the district with high py/cpy ratios in 

the hypogene zone and represent areas where there was very little copper relative to pyrite 

initially. The <4 to 1 py/cc isopleths occur in the central portion of the district and are 

coincident with areas of low py/cpy ratios in the underlying hypogene zone (Figure 37). 

Overall, there are strong northwest-trending and northeast-trending alignments of low 

py/cc contours that are coincident with the structural fabric in the district (Figures 10 and 

37). 

Grade x Thickness 

Grade x thickness maps for each supergene population provide the most insight 

about the distribution of mineralization across the district (Figure 38). The map shows 

isopleths of copper grade multiplied by the thickness of the drill hole interval in each zone. 

Equation (6) shows that the grade x thickness product is actually a proxy for the mass of 

copper represented by a particular drill hole interval. Integration of the area between 

isopleths would yield an estimate of the total contained copper content. 
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(6) Cu-tons = [(Lcoiiip)*(wt.% Cucomp)] * [(fraccu)/IOO%] * [(Area-L^)*(tonSrock)/L^] 

where; 

Lcomp = total length of the composite in the population from a drill hole 

wt.% Cucomp = average copper content for the composite 

fracci/100% = conversion of wt. % to fraction of copper 

Area-L^ = area of influence for a particular composite 

tonSrock/L^ = tonnage factor from bulk density and specific gravity measurements. 

The composite supergene profile covers over 19 km^ (7.5 mi^) and averages 

almost 239 m (783 ft) thick across a range from 10 m (30 fl) to over 600 m (1,970 ft). On 

average, each successively deeper zone is thicker than the zone above. For the purposes 

of this analysis, the base of the supergene zone is defined as the contact between the 

enriched blanket (population 3) and the underiying hypogene zone (population 4), 

although weak supergene effects are still evident below this contact. Minimum and 

maximum thicknesses for each zone are very similar, which is a reflection of significant 

local differences in the enrichment profiles. Overall, the composite profile has an average 

grade of 0.32% Cu and contains an average of 77 m-% (251 ft.-%) of copper. The 90 m-

% (300 ft.-%) contours for the composite supergene profile (Figure 38d) outline 

significant copper resources in the Morenci, Western Copper, Metcalf, Northwest 

Extension, Coronado, and Garfield areas. With the exception of Coronado, the bulk of 

the supergene mineralization occurs in the central graben (Figure 10). The best supergene 

mineralization at Coronado occurs in a smaller graben in between the Coronado and 
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Keystone faults, and along the contact with the older granite porphyry stock (North and 

Stegen, 1993, Young-Mitchell et al., 1999). Differences in the character of mineralization 

and the enrichment profile in each area are a function of the local geologic conditions. 

Leached capping: The distribution of copper in the leached capping is shown in 

Figure 38a. Because this zone is significantly depleted in copper, the grade x thickness 

contours reflect thickness differences more than grade variations across the district. 

Values average only 6 m-% (19 and range from <1 to 50 m-% (163 (Table 

16). Significant thicknesses of leached capping occur predominately in a roughly east-

west-trending oblate zone in the Northwest Extension and Metcalf areas in the central 

portion of the district where it can be up to 463 m (1,520 ft) thick (Figure 31). Relatively 

thick leached capping also occurs on the eastern side of Chase Creek in the Garfield area. 

Significant thicknesses of leached capping were absent above the enriched blanket in the 

Morenci pit, and are absent in the exterior portions of the Coronado, Garfield, Metcalf, 

and Western Copper areas (Figure 38). Leached capping occurs in all rock types, 

alteration zones, and with variable pre-cursor sulfide contents, but in highly variable 

thicknesses. Presumably, the distribution of leached capping reflects the extent of 

weathering and erosion across the district. Erosion has outpaced leaching in the 

peripheral areas where near-surface sulfide mineralization occurs beneath the ridge crests 

and in some of the surrounding drainages that have incised through the profile (Figure 

39d). The remaining thick leached capping may be related to preservation beneath 

topographic highs in the center of the district as well as to geologically younger deep 

leaching along structures such as the War Eagle fault in the Metcalf area (Figure 31). 
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Partially leached: The distribution of copper in the partially leached zone is 

somewhat coincident with the leached capping as shown in Figure 38b. The partially 

leached zone contains pre-existing enriched zones that have been oxidized in-situ or 

partially leached and retain a significant, but partially depleted copper content. This is 

reflected in the grade x thickness contours which tightly outline the oxide copper bodies in 

the Northwest Extension and Garfield areas, and broadly define the partially leached 

sulfide zones at Metcalf. These zones are also well displayed in cross section in Figures 

31 and 32. Values still only average 25 m-% (82 ft.-%) but range fi-om <1 to almost 180 

m-% (600 (Table 16). These areas closely correspond to areas in the underlying 

enriched blanket with py/cc ratios <4 to I (Figure 37b). In these areas, it is likely that 

there was not enough pyrite left in the pre-existing enriched zone to oxidize and 

completely leach the remaining chalcocite. 

Enriched blanket: The distribution of copper in the enriched blanket is widespread 

across the district as shown in Figure 38c. In this zone, the grade x thickness product is a 

function of significant variations in both copper grade and zone thickness. Values are 

significantly greater than in the overlying zones and average 65 m-% (212 with an 

extreme range from 1 to over 397 m-% (2 to over 1,300 ft.-%) (Table 12). The 76 m-% 

(250 ft.-%) contour outlines the original Clay orebody of Moolick and Durek (1966) in 

the Morenci area, and the higher-grade and thick enriched zones in the Metcalf, Western 

Copper, and Coronado areas. The bulk of the copper in the enriched blanket (Figure 38c) 

is coincident with those areas having the highest-grade hypogene mineralization at depth 

(Figures 33), the highest total sulfide content, and py/cpy ratios between 2 and 8 to 1 
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(Figure 37b). These areas are further coincident with the monzonite porphyry (Figure 28) 

and its attendant pervasive quartz-sericite-pyrite (QSP3) alteration (Figure 29). The bulk 

of the enriched blanket at Western Copper has a covellite-chaicopyrite nuneral 

assemblage, however, and is associated with a zone of low pyrite content and low py/cpy 

ratios in an area of overlapping quartz-sericite-pyrite (QSP2) and potassic (K2) alteration. 

Throughout the rest of the district, the enriched blanket averages between 15 and 76 m-% 

(SO and 250 ft.-%) beneath variable thicknesses of leached capping. 

Pre-mine topography: In general, the supergene profile closely follows pre-nune 

topography. Figures 30, 31, and 32 provide a cross sectional view of the variations in 

thickness of the enriched blanket and overiying leached zones and their relationship to pre-

mine topography. In places. Chase Creek and several of its tributaries have deeply incised 

the enriched blanket. This is apparent in the King and Placer drainages in between 

Garfield and Metcalf, in the Santa Rosa Canyon drainage north or Coronado, and in the 

lower Chase Creek area between Morenci and Western Copper (Figures 38 and 39d). The 

enriched blanket thins to less than IS m (SO ft) beneath the higher ridges that form the 

drainage divide between the Morenci hydrologic sump (Dames and Moore, I99S) and the 

Eagle Creek and San Francisco River drainages (Figures 38 and 4). This is the same 

general area where the hypogene copper grade diminishes to 0.05% Cu, py/cpy ratios 

increase to >8 to I, and the drill hole pattern ends. 

Water table: Figures 30, 31, and 32 show the location of the water table relative to 

the enriched blanket across the district. Mining has locally affected the water table 

elevation, particularly in the Morenci and Metcalf pits. Elsewhere in the district where 
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mining has not progressed very deeply, the water table should be fairly close to its location 

during Holocene to Recent time. In many areas of the deposit, the enriched blanket is 

elevated up to 2S0 m (820 ft) above the water table, an observation that Lindgren (190Sa) 

made prior to open pit mining. 

Enrichment Factors 

Enrichment factors provide an indication of the relative upgrading in copper 

content and are shown in a map of lateral gains and losses in the supergene profile. 

(Figure 39a). Overall, the average enrichment factor is 2.9 and fairly uniformly distributed 

across the district. With few exceptions the >1 contour encompasses the entire enriched 

blanket. Although enrichment factors are relatively uniform, they locally range from 0.3 to 

35 (Table 16). The highest values occur in Paleozoic sedimentary rocks in the Garfield, 

Shannon, and Southside areas, and in the thickest and highest grade portions of the 

Morenci, Metcalf, and Coronado enriched zones. Relatively high values (>S) also occur in 

the central younger granite porphyry intrusive complex and in Proterozoic granite in 

peripheral areas of the district associated with low hypogene grades at depth. The >3 

contour occurs almost exclusively within the central graben (Figure 39a and 10), but is not 

always associated with richer parts of the enriched blanket. Areas with enrichment factors 

<1 occur in along the margins of the district and are surrounded by volumes with only 

slightly better enrichment. 

This overall pattern suggests that copper may have been transported fi'om the 

topographically higher and peripheral areas of the deposit and deposited in the enriched 
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blanket in the central graben because of district flow in this structural setting (Figure 4). 

This area is coincident with the higher-grade hypogene mineralization and most intense 

hydrothermal alteration (QSP3). In this setting, laterally migrating solutions would have 

added copper to an already well-mineralized structural domain. 

Calculated Eroded Thicknesses 

The calculated values for eroded thickness have been contoured and displayed as 

an isopach map in Figure 39b. Because the calculations were done for vertical colunms 

and then displayed as point values, neither lateral copper fluxes nor slope diffusion 

components were integrated into the equation. Therefore, the results are probably more 

meaningful as area-integrated average eroded thicknesses than as local point values. 

Overall, eroded thickness is relatively uniform across the district and averages only 0.3 km 

with local variations that range fi-om -0.3 km (-975 fl) to almost 2.8 km (9,078 ft) (Table 

16). Clustered data points >0.3-km (>l,000-ft) thick in parts of the Morenci, Metcalf, 

Northwest Extension, and Garfield areas are spatially associated with the older granite 

porphyry intrusive complex. The large cluster of thicker points in the Morenci pit area is 

coincident with the monzonite porphyry and the thick, high-grade enrichment blanket in 

the original Clay deposit. Overall, the thicker areas are generally confined to the central 

graben. 

These patterns lead to the conclusion that the generally thin to negative eroded 

thicknesses to the west of the Morenci and Northwest Extension areas indicate areas with 

relatively depleted copper contents and may be the source regions for copper in the Chase 
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Creek graben. This is consistent with Cook's (1994) conclusion that there was "profound 

lateral migration" of copper at Morenci. 

Pre-enrichment Paleotopography 

A contour map of the theoretical pre-enrichment paleotopographic surface is 

shown in Figure 39c. In general, the reconstructed paleotopography has a mean elevation 

of about 1,882 m (6,173 ft) and ranges from 1,241 to 4,350 m (4,070 to 14,269 ft) above 

modem mean sea level (Table 16). This is not that much higher than the pre-mine average 

topographic surface elevation of about 1,700 m (S,S80 ft). Although locally there are 

numerous unnatural spikes in the topography from the point data, as described in the 

section above, the smoothed overall topography appears reasonable (Figure 39c). 

Clusters of data points with elevations higher than about 2,100 m (7,000 ft) occur within 

the Chase Creek graben. These areas are also coincident with the thicker and higher-

grade portions of the enriched blankets at Morenci and Metcalf and with the oxide copper 

body at Northwest Extension. These same areas are coincident with the monzonite and 

older granite porphyry intrusive complexes in the center of the district. 

In general, the paleotopographic lows are coincident with the modem, pre-mine 

drainage patterns (Figure 39d). This would not be unexpected because the reconstructed 

paleotopographic surface was derived from the pre-mine topography and the calculated 

eroded thicknesses. The interesting aspect of this pattern, however, is that the modem, 

pre-mine drainage patterns show a relatively close correlation with the paleotopographic 

surface. Drainages in Garfield Gulch, King and Placer Canyons, Coronado and Santa 
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Rosa Gulches, and all along lower Chase Creek conform to the paleotopography. Only in 

a few areas at Metcalf and Morenci are there modem drainages that cross 

paleotopographic highs. 

These relationships lead to the conclusion that supergene enrichment at Morenci is 

a geologically young feature and is related to the processes of chemical weathering and 

erosion that created the modem physiography of the district. This conclusion is further 

supported by the morphology of the supergene zone and the generally close relationship of 

the enriched blanket to pre-mine topography. 

Character of Supergene Mineralization 

The character of supergene mineralization varies systematically across the district 

as a function of local geologic conditions. A generalized enrichment profile for the 

Morenci district is shown in Figure 40. Although this general profile occurs throughout 

the district, the character of mineralization and the relative thickness of the zones vary 

significantly fi'om place to place. These variations are shown in the three principal cross 

sections through the district (Figures 30, 31, and 32) as well as in cross sections for the 

Metcalf (Figure 41), Northwest Extension (Figure 42), and Morenci (Figure 43) pit areas. 

The suite of mineralization cross sections on 6I0-m (2,000-fl) centers were developed 

fi'om the research database in combination with detailed mineralogical profiles for selected 

core holes along the line of the three principal sections. Two examples of mineralogical 

profiles in core hole #1126 from Northwest Extension, and #I 193 from Morenci are 

shown in Figures 44 and 45, respectively. An interpretation of the multiple, stacked 



189 

supergene zones in a portion of the Chase Creek graben is shown in Figure 46. Copies of 

all the sections are available in the Phelps Dodge Morenci, Inc. Geology office. 

In addition to the descriptions on the geologic logs for these core holes, character 

samples were selected for X-ray diffi-action analysis, reflected light study of polished 

sections, and electron microprobe study. Photomicrographs of representative 

mineralization from the polished section suite are shown in Figures 47 and 48. 

Descriptions of the polished sections from Castro-Reino (pers. commun.) are included in 

Appendix D. Supplementary detailed thin section descriptions are available in Calkins 

(1997). Table 11 contains a list of the common supergene minerals at Morenci and their 

chemical formulas. 

The characteristics of supergene mineralization are described below in the context 

of the areas in which they are best displayed. Although each mineralized area contains 

unique features, they generally represent variations of the styles described below. Detailed 

study of each of these areas was out of the scope of this study. The Morenci staff remains 

the experts on these areas. 

Leached Capping 

Metcalf example: Leached capping occurs in variable thicknesses across the 

district, but is probably best displayed in the Metcalf area (Figures 38a and 41). In 

general, mineralization in Metcalf occurs almost entirely within the monzonite and the 

older and younger granite porphyry intrusive complex (Figure 28). In this area, the War 

Eagle fault exerts a strong control on the supergene profile, both offsetting enrichment and 
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controlling deep leaching and enrichment in the hanging wall of the fault zone (Figure 41). 

Pervasive QSP3 and moderate QSP2 hypogene (Calkins, 1997) quartz-sericite-pyrite 

alteration overwhelm the original texture of the monzonite and older granite porphyry host 

rocks. The rocks have been intensely fractured and veined, with fracture densities ranging 

from about 0.2S to over 0.40/cm in places. 

Metcalf contains a classic, but tilted, enrichment profile (Figure 41) that consists of 

a 200-m thick zone of leached capping (0.06% Cu) that overlies a 180-m (S90-fl) thick 

enriched blanket (0.42% Cu). In the southern part of the Metcalf pit, leached capping is 

over 450 m (1,475 ft) thick. Copper grades in the leached capping display a gradual 

increase with depth from 0.02 to about 0.11% Cu. The leached capping has an abrupt 

contact with the composite enriched blanket below. In places, however, the upper 90 

meters (295 ft) of the enriched blanket has been partially leached. Partial leaching is also 

well displayed as relatively narrow, oxidized fractures that penetrate approximately 180 to 

270 meters (590 to 885 ft) into the enriched blanket exposed on the east*side of the 

Metcalf Pit wall. 

Mineralization: Leached capping consists of a stockwork of quartz + hematite +/-

goethite +/- jarosite veins and veinlets left behind as a result of neariy complete leaching of 

the precursor pyrite and chalcocite mineralization. In places, hematite boxworks are 

common and appear as 0.1 to 1 mm features that form a sponge-like or honeycomb 

surface on open fractures. These boxworks are soft and leave a maroon-red streak 

characteristic of hematite that has replaced chalcocite (Blanchard, 1968). These boxworks 

have been interpreted to represent the destruction of a pre-existing chalcocite enriched 
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blanket at Metcalf during Miocene to Pliocene time (Titley and Marozas, 199S; Titley and 

Enders, 1998; Moolick and Durek, 1966; Langton, 1973; North and Preece, 1993; Cook, 

1994; Enders et al., 1998b). In other areas, a mixture of brown, powdery goethite + 

hematite +/-jarosite are common, and are often associated with silica boxworks after 

pyrite. Oxidized quartz + pyrite +/. sericite veins contain a fine mixture of O.S to 2 mm 

thick, yellow powdery jarosite and silica in a quartz boxwork. Elsewhere, variable 

mixtures of transported hematite +/- goethite +/-jarosite occur as paint or thin coatings on 

fracture surfaces. 

Copper in the leached capping occurs as remnant sulfide, oxide, carbonate or 

sulfate minerals. Where leached capping grades into zones of partial leaching, the rocks 

may contain pervasive oxidation along veins with hematite in the sericite selvages that are 

in sharp contact with un-oxidized pyrite and chalcocite in the interior of the rock. In other 

areas, copper occurs in small amounts as neotocite, tenorite, cuprite, native copper, 

malachite, brochantite, or chrysocolla (Table 11). Copper oxides may also be tied up as 

micron-size particles of copper carbonate and silicate minerals inter-grown with iron 

hydroxides, mineraloids, and gangue in the leached capping. The possibility of copper 

occurring in lattice substitution within the hydrous or non-hydrous iron oxides as well as 

in the complex cupiferous Fe-Mn-(Ca-Si)-bearing oxides/hydroxides cannot be ruled out, 

as some of the ill-defined Cu-Mn-phases or nuneraloids are known to contain this type of 

copper occurrence in northern Chilean oxide copper deposits and SW Arizona (Baum., 

pers. commun.). 



192 

Alteration: Leached capping retains the strong supergene argillic alteration 

commonly found with the underlying enriched blanket, described below. Kaolinite 

commonly occurs along fractures and veins in the leached capping as a result of intense 

local acid attack of the wall rock from dissolution of pyrite. Iron oxides also occur 

pervasively throughout the groundmass of the rocks imparting a reddish color to the 

kaolinite and staining all of the rocks in this zone. The dominant clays are smectites. 

Alunite veins are common in the district, and some show evidence of multiple 

generations of alunite deposition. Alunite +/-jarosite +/- kaolinite occurs in 0.1 to I-cm 

wide veins and as fracture filling in the leached capping. Individual veins typically cross 

cut the quartz-sericite +/- sulfide or iron oxide stockwork and have very sharp contacts 

with weakly to strongly sericitized wall rock. Alunite also commonly fills pre-existing 

quartz + sericite + hematite veins and contains "clasts" of remnant wall rock and oxidized 

sulfides. In some samples, alunite appears to have filled open-spaces after hematite 

cemented the fractured wall rock. Alunite is microcrystalline and typically white to yellow 

and pistachio green in color. It generally occurs intermixed with silica and kaolinite in 

variable amounts and with small amounts of sericite from the wall rock, although very 

pure alunite veins occur in places. In some places, alunite appears to be admixed with 

small amounts of jarosite. Veins of jarosite and jarosite+alunite occur in some of the 

higher elevations in the Metcalf pit. Selected samples of alunite are described in more 

detail in Appendix E and in the Geochronology chapter below. 
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Partially Leached 

As defined in the population descriptions in the Database Evaluation and Modeling 

section, partial leaching represents in-situ oxidation (without significant transportation) or 

partial leaching of sulfide minerals of the present, or an earlier-cycle, enrichment blanket. 

Partial leaching of sulfide minerals is a manifestation of the same weathering processes 

that formed the leached capping and is described in the section above. In-situ oxidation at 

Morenci is described below. 

Northwest Extension example: In-situ oxidation of pre-existing supergene sulfides 

occurs in the Metcalf and Garfield areas (Figures 32 and 38b), but is probably best 

displayed at Northwest Extension (Figure 42). In general, mineralization at Northwest 

Extension occurs in Proterozoic granite and in the older and younger granite porphyry 

intrusive complex (Figure 42). Moderate QSP2 and weak QSPi hypogene (Calkins, 1997) 

quartz-sericite-pyrite alteration affects the older granite porphyry and the younger granite 

porphyry and Proterozoic granite, respectively. Primary hypogene and secondary 

supergene mineralization occur as a stockwork of veins and veinlets with a fracture 

density ranging from about 0.10 to 1.0 per cm and averaging 0.13 per cm (Preece, 1989). 

The dominant structural feature of Northwest Extension is the northerly striking, 60-80° 

easterly dipping, IS- to 30-m (SO- to 100-ft) wide Las Terrazas fault zone and its 

associated splays and subsidiary structures, most notably the north-northwest-striking 

Drumlin splay in the northern footwall. 

The Northwest Extension deposit contains a 2S0-m (820-ft) thick body of enriched 

(0.43% Cu) copper oxide mineralization bounded by low-grade (0.0S% Cu) leached 
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capping above and below. The copper oxide nriineralization and leached capping overlie a 

relatively thin 15- to 45-m (50- to 150-ft) thick, high-grade (0.64% Cu) sulfide, un-

oxidized enriched blanket (Figure 42). The copper oxide mineralization is generally 

constrained to the hanging wall of the Las Terrazas and Drumlin faults on the west and is 

bounded by the younger granite porphyry stock on the east. Copper oxide mineralization 

in the partially leached zone, and the underlying sulfide blanket are contiguous with the 

Morenci deposit to the south but gradually diminish in grade towards the north. For a 

more detailed description of the Northwest Extension deposit see Preece (1989), and 

Melchiorre and Enders (in prep). 

Mineralization: Copper oxide mineralization is zoned with depth at Northwest 

Extension as represented in the profile from drill hole #1126 (Figure 44). In general, 

copper oxide minerals at Northwest Extension consists of various amounts of; 

chrysocolla, brochantite, and malachite, plus the black copper oxide minerals tenorite, 

neotocite, and various other copper-bearing manganese oxides (Table 11). These occur 

along with copper-bearing clays (kaolinite) and the limonite suite of iron oxide minerals 

hematite, goethite, and jarosite. Hematite +/- goethite and jarosite persist to depths of 

over 340 m below the surface. Minor amounts of cuprite and rare native copper occur in 

localized zones in the leached capping or at the top of the sulfide zone. Azurite appears to 

be restricted to local accumulations in the Las Terrazas fault. Brochantite + black copper-

manganese oxides appear to dominate below the zone of malachite+^/-azurite 

mineralization. 



195 

A strong zone of manganese-oxide mineralization occurs at the base of the oxide 

zone in the Las Terrazas fault. X-ray difR'action analyses (Vieira, pers. commun.) of this 

mineralization revealed that it contains a mixture of cryptomelane, hollandite, 

hausmannite, and todoroldte in addition to a zinc-manganese-oxide mineral (Zn2Mn30g) 

(Table 11). These minerals occur with variable amounts of quartz and sericite. 

Cryptomelane and hollandite contain potassium and are dateable using the ^Ar/^^Ar 

method (Vasconcelos et al., 1994b). These samples are described in more detail in 

Appendix E and in the Geochronology chapter below. 

One sample of banded oxide mineralization was collected fi'om the Azurite pit, in 

the Southside area of Morenci, for detailed study at New Mexico Tech in Socorro. 

Because the blue-green mineraloids were amorphous, electron microprobe analysis was 

required. Chavez (pers. commun.) reported results from one patch of mineralization; 

"Microprobe data suggest that the blue-green minerals are "chrysocolla" but have 
variable copper contents ranging from about the high 20's to low 40's in wt-% Cu. 
Manganese is scant, as is iron; some samples may have O.X wt-% of these 
components, although I suspect that at least some Fe-oxides may be contaminating 
the Fe values. Silica, as Si02, contents are variable also, but average about 25-45 
wt-%. Interestingly, because of the water contents of these blue-green minerals, 
the samples decrepitate substantially during probe beam heating, but analyses with 
wide (20-40 micron) beams mimic those of narrow (10 micron) beam analysis. 
Cloudy-white "chrysocolla" is impoverished in copper and probably shows silica 
enhancement via mass loss; blue chrysocolla has the greatest copper contents, and 
green chrysocolla has traces Fe and/or Mn, in general." 

Mineral bands in the oxide zone are interpreted to represent cyclical deposition of oxide 

minerals as a result of transportation and deposition of minerals, and reduced carbon from 

bacterial blooms during flushing events associated with storms, seasons, or climate 



196 

changes coupled with tectonic events (Melchiorre and Enders, in prep.). Deposition as a 

particular mineral is a function of the local geochemical environment as well as solution 

chemistry at a particular time. 

A variety of other copper oxide minerals have been identified in the district 

(Lindgren, I90Sa; Moolick and Durek, 1966). Most notably, this includes dioptase at 

Northwest Extension and libethenite at Coronado and Northwest Extension, and olivenite 

and conicalcite at Garfield and in the outlying prospects around the district. Rare 

metatorbemite has also been reported at Coronado (North, pers. commun.). Lindgren 

(I90Sa) reported spangolite and gerhardtite at Metcalf A detailed mineratogical study of 

the district would likely reveal a variety of other, less rare minerals. 

Alteration: Supergene argillic alteration in the partially leached zone retains the 

characteristics of both the leached capping and enriched zone described in the section 

above and below. Kaolinite +/- alunite +/- quartz locally occurs as veins and fracture 

filling in the partially leached zone and contains traces of remnant partially oxidized pyrite, 

chalcocite, and chalcopyrite. 

Enriched Blanket 

A supergene sulfide enrichment blanket occurs in some form virtually everywhere 

in the Morenci district (Figure 38c). In detail, the enrichment blanket is a composite of 

zones of distinctive secondary copper minerals with gradational boundaries that overlap in 

space and time in response to the structural evolution and changing chemical environment 

of the district. Following the nomenclature of Lichtner and Biino (1992), the enriched 
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blanket can be subdivided into three zones; 1) the enrichment zone at the top of the 

blanket, 2) the middle blanket in which chemical reactions conserve copper in the solid 

phase and no further enrichment occurs, and 3) the nascent blanket that continuously 

forms at the interface with the hypogene protore at depth under dynamic chemical and 

hydrological conditions (Figure 40). This is a generalized vertical sequence, and not every 

zone is present or well developed throughout the enriched blanket. 

In the Morenci district, a single-stage profile typically contains a chalcocite + 

djurleite » covellite or chalcopyrite assemblage in the enrichment zone, a covellite +/-

chalcocite and chalcopyrite assemblage in the middle blanket, and a chalcopyrite » 

chalcocite or covellite assemblage in the nascent blanket such as at Metcalf (Figure 41). 

Covellite appears to be ubiquitous throughout the enriched blanket, but higher-grade 

covellite typically occurs in distinct zones or layers in the enriched blanket that range fi'om 

a few meters to over 100 m (300 fl) in thickness. Covellite occurs widely, but not 

uniformly at the top of the enriched blanket in the Morenci and Metcalf areas (Moolick 

and Durek, 1966, Preece, 1981). The contact with leached capping above the enrichment 

zone is generally very sharp. Lindgren (I90Sa, p. 203-204) also noted that the contact 

with the "pyritic zone" (middle blanket) below was also sharp and marked by grade 

changes over 3 to 6 m (10 to 20-fl) from >2 to S% to lower grades below in the Joy, 

Montezuma, and Reyerson mines. In many places in the Morenci district, the nascent 

zone at the bottom of the enrichment blanket grades imperceptibly into protore below 

over hundreds of meters (Figures 43 and 44). In these zones, analytical techniques such as 
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the ferric-soluble copper method (MLT) are required to determine the contribution of 

copper from chalcocite to the total copper content in the zone 

In general, the Morenci district contains single-stage profiles along the western and 

eastern margins of the deposit and in several other structural domains. In the central 

Chase Creek graben, however, the supergene zone contains evidence of multiple-stage 

enrichment profiles. Evaluation of 44 core holes along and in between the three principal 

cross sections showed that 20 of these holes contained some evidence of multiple-stage 

enrichment (Figure 10). 

Morenci example: Nowhere in the district is the enrichment blanket as well 

developed as in the historic Morenci pit area (Figures 42c and 47). Mining in this area 

was completed in early 1996 and most of the pit has now been back-filled with leach 

stockpiles. Most of the information about this area is from historical accounts or 

preserved in core. Much of the deposit was pooriy drilled in the early open-pit days and 

the drill hole record for the central part of this area is incomplete (Figure 35). Fortunately, 

several deep drill holes were completed and well studied that provide a good record of the 

mineralogical profile. 

Mineralization in the Morenci pit area occurs in the monzonite and quartz 

monzonite porphyry stock and in Proterozoic granite and granodiorite, and the overlying 

Paleozoic section where these rocks have been intruded by a monzonite porphyry and 

older granite porphyry dike swarm (Figures 28 and 30). Laramide>age diabase intrudes 

parts of the Quartzite fault and also contains mineralization (Plate I). Intense (QSP3) and 

moderate (QSP2) hypogene quartz-sericite-pyrite alteration (Catkins, 1997) overprints 
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earlier potassic and quartz-magnetite alteration (Wright, 1997). Primary hypogene and 

secondary supergene mineralization occur in a well-developed stockwork of veins and 

veinlets with an average fracture density of 0.9/cm and a range from 0.2 to 2/cm (Preece, 

1981). The thickest and highest-grade supergene mineralization is roughly coincident with 

higher-grade hypogene mineralization (Figures 33 and 38c) and occurs in the Chase Creek 

graben between the southwesterly dipping Kingbolt fault and the northeasterly dipping 

Copper Mountain fault. The Quartzite fault typically bounds this mineralization to the 

south (Figures 10 and 38c). The Niagara fault offsets the enriched blanket in the Chase 

Creek graben, and strikes southeasterly through the middle of the Morenci pit and splays 

into numerous branches as the fault approaches the Quartzite fault (Wright, 1997). 

The Clay deposit in the Morenci pit area contains a 360-m thick high-grade 

enriched blanket (0.90% Cu) beneath a relatively thin 10- to 95-m (30- to 3 lO-ft) thick 

average grade (0.09% Cu) leached capping (Figure 45). At higher elevations, particularly 

west of the Apache fault but also in some of the upper portions of the main zone, the 

enriched blanket has been partially leached. The Copper Mountain fault bounds the 

thickest portion of the enriched blanket on the west and offsets the base of the blanket by 

about 85 m (280 ft). The fault contains zones of brecciated porphyry and sedimentary 

rocks, and includes fragments of chalcocite that indicate the enriched blanket had at least 

partially formed prior to this period of movement (Lindgren, 1905; Walker, 1995). The 

Kingbolt fault bounds the eastern side of the blanket and juxtaposes enrichment against 

low-grade, pyrite-chalcopyrite hypogene mineralization of the Western Copper deposit in 

the footwall. The fault contains chalcocite veins that occur as stringers in the fault that 
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wrap around clasts and fill void spaces in the matrix, which are further brecciated in places 

attesting to multiple episodes of movement on this fault (North and Stegen, 1993). 

Mineralization: Supergene copper sulfide mineralization in the Morenci pit occurs 

in as many as three distinct, stacked profiles (Figure 46). This results in fairly complicated 

overlapping mineral assemblages in the enrichment profiles. Evidence for this occurs in 

drill holes MO-1, MO-2, #1-991, #985, and #1193. This zoning is well represented in the 

profile from drill hole # 1193 (Figure 45). This profile displays a complete sequence from 

the enrichment zone between 0 and 127 m (415 ft), to the middle blanket between 127 and 

about 175 m (415 and 575 ft), and the nascent blanket between 175 and 300 m (575 and 

985 ft) in depth. A second, lower enrichment zone occurs from 300 m (985 ft) to the 

bottom of the hole at 456 m (1,495 ft). 

The enrichment zone contains 0.1 wt.% to over 2 wt.% chalcocite as 

replacements, or fi'acture fillings and coatings, and rims of pyrite and chalcopyrite. The 

drill hole log for hole #1193 noted digenite in this upper portion of this zone, but reflected 

light study of a polished section fi-om 23 m (75 ft) revealed the mineral to be locally inter-

grown covellite. The lower portion of the enrichment zone contains chalcocite with trace 

amounts of covellite in places. A sample from 50 m (164 ft) contained four mineral 

domains that showed classic replacement textures (Figure 47a). In this zone, enrichment 

is neariy complete with conversion of chalcopyrite to medium dark grey chalcocite, and 

partial conversion of pyrite to medium dark grey chalcocite along fractures and grain 

boundaries. Deeper in the enrichment zone, replacement is less complete. A sample fi'om 

72 m (235 ft) shows a wide variety of chalcocite replacement textures (Figure 47b). Fine-
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bladed covellite and later bluish grey chalcocite subsequently replaced early, coarse-bladed 

covellite that penetrated crystallographic planes in chalcopyrite. A sample from 78.S m 

(2S7.S ft) (Figure 47c) contained, medium to dark grey chalcocite replacing fine-grained, 

extremely comminuted pyrite, and comminuted chalcocite and covellite in local fracture 

zones. Chalcocite replacement appears more intense and complete in the more heavily 

fi'actured areas. Supergene sulfide comminution is also evident in a sample from 79 m 

(259 ft) where medium dark grey and dark bluish grey phases of chalcocite replace 

chalcopyrite and bomite. This fragmental, cataclastic texture is also evident in a sample 

from 80 m (262 ft) that exhibits local fi'acturing and chalcocite cementing pyrite. 

The middle blanket contains a mixture of O.OS to 1.4 wt.% chalcopyrite, with 0.1 

to 0.4 wt.% covellite and trace amounts of chalcocite replacing chalcopyrite and pyrite. 

Covellite occurs as blades penetrating chalcopyrite cleavage planes, which have been 

replaced by medium grey whitish chalcocite, like that shown in Figure 47b. 

Chalcopyrite + covellite mineralization in the middle blanket grades imperceptibly 

into the low-grade chalcopyrite-dominant assemblage in the nascent blanket below. In this 

zone, chalcopyrite contents range from only 0.01 to 0.4 wt.% with a trace to 0.2 wt.% 

covellite, and rare chalcocite. The lower, weakly enriched zone in drill hole #1193 

contains elevated copper contents and a mixture of chalcocite, chalcopyrite, bomite, idaite 

and magnetite. A sample from 172 m (S6S ft) (Figure 47d) shows chalcopyrite replaced 

by bomite + idaite, subsequently replaced by medium grey whitish chalcocite. Although 

chalcocite only averages O.OS wt.% across this zone, it accounts for 35% of the total 

copper content in the lower enriched zone. 



202 

XRD and microprobe studies on "chalcocites" from the Morenci district reveal that 

copper to sulfur ratios vary from 2.0 to 1.6 (Mazdab, pers. commun.). Black "sooty" 

chalcocite (CU2S) occurs throughout the district and is typical of many other enriched 

porphyry copper deposits. "Steel glance" chalcocite is a common copper mineral in 

porphyry copper deposits (Roseboom, 1962), and occurs near the upper portions of the 

enrichment zone throughout the Morenci district and yields typical djurleite (Cui.9isS) 

XRD patterns. Djurleite at Morenci typically occurs in massive veins up to 1 cm wide and 

as smaller masses almost completely replacing pre-existing pyrite. Digenite (Cui.gS) has 

been reported from the Morenci district (Preece and Menzer, 1992), but polished section 

studies indicate that this may be widely mistaken at Morenci for covellite. Digenite is 

actually a member of the Cu-Fe-S family and can contain small amounts (~1%) of iron 

(Craig, 1974; Morimoto and Koto, 1970). At temperatures <70°C digenite is metastable 

and decomposes to mixtures of anilite (Cui.7sS) and djurleite (Morimoto and Koto, 1970; 

Morimoto and Gyobu, 1971). Both anilite and mixtures of anilite and djurieite have been 

identified in Morenci samples using microprobe analysis and reflected light microscopy. 

One sample of geerite (CU1.59S) from Metcalf was identified using microprobe analysis. 

Geerite is one of the intermediate secondary sulfides in the chalcocite-covellite 

replacement series (Sikka et al., 1991). Electron microprobe studies of samples of 

djurleite, anilite and geerite firom the Morenci district indicate they contain an average of 

314-PPM silver (Mazdab, pers. commun.). 

Alteration: Supergene argillic alteration in the Morenci district occurs in veins and 

as pervasive, white to beige and yellow clays that alter feldspars and remnant biotite in the 
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host rocks. Using petrographic, XRD, and stable isotope studies. Calkins (1997) 

identified the supergene phyllosilicate as kaolinite that ranges from selective replacement 

of plagioclase phenocrysts, to pervasive replacement of all groundmass and feldspar 

phenocrysts. In some areas, argillic alteration is so intense that sericite in feldspars and in 

the groundmass has been converted to kaolinite (Calkins, 1997). In other zones, weaker 

argillic alteration appears as kaolinite replacing sericite in plagioclase, and sericite 

replacing biotite phenocrysts (Calkins, 1997). In general, the degree of supergene argillic 

alteration is inversely proportional to the intensity of hypogene quartz<sericite-pyrite 

alteration. Nonetheless, supergene argillic alteration of felsic igneous rocks corresponds 

with pyrite abundance, and the monzonite porphyry appears to be the most intensely 

supergene argillized rock in the district, followed by the older granite porphyries, with 

weaker development in the Proterozoic granite. This may be due, in part, to the absence 

of primary fi-amework quartz that can armor feldspars in other igneous rocks. Supergene 

argillic alteration is typically best developed in the upper few hundred meters of the 

deposit where it destroys the original rock texture in places. The intensity gradually 

decreases towards the bottom of the enriched blanket, but kaolinite +/- quartz veins persist 

even into the hypogene zone at depth. The iron-montmorillonite mineral nontronite 

occurs at the bottom of the oxide zone (Moolick and Durek, 1966; Calkins 1997). 

Supergene argillic alteration also occurs on fractures inter-grown with supergene 

sulfides in pre-existing hypogene veins and in veins that cross cut all of the older 

stockwork mineralization throughout the district. Supergene-stage veins are a family of 

kaolinite +/- quartz +/- alunite +/- sericite veins that contain variable amounts of illite and 
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jarosite that occur in the leached capping and persist to great depths in the enriched 

blanket and hypogene zone below. The supergene veins typically range from about O.S to 

1 mm wide, and commonly occur as hairline fractures to veins up to 1.5 cm. They have 

very sharp contacts with the wall rock and contain remnant chalcocite, covellite, and 

pyrite that have been oxidized to hematite and jarosite in the leached capping. Veins with 

supergene minerals can be mono-mineralogical and contain only kaolinite, alunite, illite, or 

quartz. More commonly, these veins contain a finely inter-grown mixture of quartz + 

kaolinite or quartz + alunite than makes hand specimen mineralogy extremely difficult. 

XRD analysis is typically required to distinguish mineralogy as discussed in more detail in 

the Geochronology chapter, below. Kaolinite + quartz veins are far more common 

throughout the district than alunite veins and persist to greater depths in the enrichment 

profile. Many of the "alunite" veins, reported in drill hole logs, are actually kaolinite + 

quartz veins upon closer inspection. Stable isotope studies (Calkins, 1997) indicate that 

the kaolinite veins are of supergene origin. 

Sericite, montmorillonite, and kaolinite all occur in core from hole #1193. White 

chalky supergene clays consisting of a mixture of kaolinite and montmorillonite occur as 

pervasive replacement of the rock throughout the upper enrichment zone to a depth of 

126 m. From 126 to 250 m (415 to 820 fl) clays are generally weakly developed or absent 

and correspond to the upper two thirds of the nascent blanket. From 250 m (820 ft) in 

depth to the bottom of hole yellow clays predominate. In this zone, the yellow clay 

replaces feldspars, particularly plagioclase and occurs on fractures throughout the zone. 

XRO study (Calkins, 1997) shows that some of this yellow clay is montmorillonite, as well 
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as mixtures of kaolinite and illite (Titley, pers. commun). XRD analysis of a scraping of 

yellow clay from 374 m (1,227 ft) yielded a pattern consistent with the mineral diadochite 

[Fe2(P04)(S04)(0H).5H2O] (Titley, pers. commun ). Moolick and Durek (1966) reported 

a chemical analysis of'/4(Fe, Mg, Ca)0.Al203.5SiC)2 nH20 for a "yellowish-brown 

montmorillonite (that) occurs below the chalcocite zone... and permeates most of the 

altered rock and that fills fractures for several hundred feet into the protore". 

Paragenesis 

Although mineralization at Morenci is highly variable and contains multiple 

supergene mineral assemblages that overprint hypogene patterns, a general paragenetic 

sequence is evident as shov^a1 in Figure 49. This is based on reflected light microscopic 

studies of 24 polished thin sections (Castro-Reino, pers. commun.) fi-om the supergene 

blanket at Morenci (drill hole #1193), Western Copper (drill holes #WC-50 and 60), and 

Garfield (drill hole #2135). In addition, observations from Northwest Extension (drill hole 

#1126, Figure 44) and other drill holes, along with hand sample examination provide 

further information about mineral paragenesis. Detailed polished section descriptions are 

included in Appendix D. 

Primary Copper Mineralization 

The general paragenetic order in the hypogene zone described below, although not 

strictly tied to hypogene vein assemblages, is nevertheless fairiy straightforward. Early 

high-temperature intermediate solid solution (ISS - cp+po) mineralization is inferred to 
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have occurred based on pyrrhotite lamellae in some chalcopyrite grains (Figure 48a). This 

was followed by initial chalcopyrite +/- pyrrhotite +/-bomite, and magnetite 

mineralization. The next period includes molybdenite and additional chalcopyrite +/-

pyrrhotite +/- bomite mineralization. Chalcopyrite with exsolved sphalerite blebs is next 

followed by a late stage of chalcopyrite mineralization. Pyrite contains inclusions of 

chalcopyrite and occurs relatively late in the hypogene paragenesis. The last stage 

typically displays pyrite replacing and rimming earlier chalcopyrite, bomite and 

molybdenite. 

Exceptions to this general sequence are not difficult to find. In Morenci, for 

example, chalcocite veins occur as massive, steely replacements of hypogene precursor 

sulfides and are, in turn, replaced by magnetite up to 300 m (1,000 it) below the bottom of 

the blanket (Parker, pers. commun.). These and other conflicting relationships indicate 

additional work needs to be done on hypogene mineral paragenesis. 

Secondary Copper Sulfide Mineralization 

The paragenetic order in the enrichment phase of supergene mineralization is 

complicated by progressive mineralogical changes in space and time. At Morenci, there 

were multiple cycles of leaching and enrichment. In addition, the duration of enrichment 

and the geochemical gradients controlled the style and extent of replacement. 

Nonetheless, a general paragenetic order is evident, if not completely represented 

everywhere at Morenci, as shown in Figure 49. Chalcopyrite appears to have been 

replaced before pyrite in all of the samples, but was not completely replaced in many of 
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the grains (Figure 48b). Initial enrichment produced bomite +/- idaite as replacement of 

chalcopyrite in some samples. In other places, covellite is preserved as the initial phase as 

coarse and fine blades that penetrate the {011} cleavage planes in chalcopyrite (Figure 

48c). With continuing enrichment, chalcopyrite, bomite and covellite are successively 

replaced by medium grey whitish chalcocite, medium bluish grey chalcocite, darker grey 

chalcocite, and finally by medium dark grey chalcocite (Figure 48d) as seen with reflected 

light in polished sections (Castro-Reino, pers. commun.). This general sequence is 

interrupted by renewed covellite enrichment after the development of the medium grey 

whitish chalcocite and after the development of the dark grey chalcocite, concurrently with 

the development of the late medium dark grey chalcocite. Marcasite appears to have 

replaced pyrrhotite during the development of the medium bluish grey chalcocite stage. 

Pyrite is replaced last in the sequence and is associated only with the medium dark grey 

chalcocite. XRD and microprobe analysis of similar samples indicate that medium dark 

grey chalcocite is classic chalcocite (CuzooS), and that darker grey chalcocite is probably 

djurleite (Cui.9«S), bluish grey chalcocite is probably anilite (Cui.7sS), and the medium grey 

whitish chalcocite is probably an intermediate phase such as digenite (Cui.goS). This 

interpretation will require additional microprobe studies to confirm the mineralogy of the 

chalcocite phases. With that in mind, the overall supergene paragenetic sequence in the 

enrichment cycle would then be; cp, (bn) bn/id or cov dg an dj cc, and py 

cc. 

The general paragenetic sequence in the leaching phase of supergene enrichment is 

relatively straightforward. In strongly leached samples hematite and goethite replace 
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chalcocite and magnetite. In some weakly leached samples, covellite and dark blue 

chalcocite (?) replace earlier medium dark grey chalcocite following the reverse sequence 

of enrichment. No other intermediate chalcocite phases were observed in this sample set 

at Morenci; however, the presence of other phases such as those reported at Malanjkhand, 

India (Sikka et al., 1991) should be expected in the partially leached zone and at the top of 

the enrichment blanket. The non-uniform but widespread occurrence of covellite at the 

top of the enrichment zone in the Morenci and Metcalf areas may be a reflection of the 

reverse sequence under continued oxidizing conditions. 

Secondary Copper Oxide Mineralization 

Copper oxide mineralization is highly variable and often contains multiple bands or 

layers of various copper oxide minerals. In addition, the great variety of local 

environments, and consequently local variations in chemistry, make it difficult to 

determine paragenetic relationships. With this in mind, however, the general paragenetic 

order appears to be chalcanthite brochantite tenorite ̂  malachite azurite 

chrysocolla copper-bearing clays. In some samples, azurite cross cuts malachite, which 

is then cross cut by chrysocolla that contains clasts of azurite (Melchiorre, pers. 

commun.). Moolick and Durek (1966) reported the frequent occurrence of chrysocolla as 

psuedomorphs after malachite and azurite. This general paragenetic sequence is not 

always in order. In places, malachite forms spectacular psuedomorphs after O.S to 1-cm 

sized azurite crystals, and in a few strongly oxidized zones, cuprite and native copper 

directly replace chalcocite. 
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Discussion 

Interpretation of Morenci Leached Capping 

The presence of iron-oxide mineralization and depleted copper contents of leached 

zones are the reninants of supergene processes that began in the Miocene and still 

continue today. Boxworks of hematite after chalcocite, and quartz after pyrite are 

common in leached capping at Metcalf and elsewhere in the district. The hematite 

boxworks have been interpreted to represent the destruction of a pre-existing enriched 

blanket at Metcalf during Miocene to Pliocene time (Titley and Marozas, 1995; Titley and 

Enders, 1998; Moolick and Durek, 1966; Langton, 1973; North and Preece, 1993; Cook, 

1994; Enders et al., 1998b). The partial leaching of the upper levels of the enriched 

blanket and in the relatively narrow, oxidized fractures that penetrate the enriched blanket 

is consistent with a drop in base level, as a result of down cutting of the Gila River during 

Pleistocene time (this study). Recent mining has exposed all of these zones and caused the 

water table to further drop in the Metcalf area because of pumping from sumps in the pit. 

Seeps and springs along faults and fractures above the current water table are 

accompanied by strong oxidation of chalcocite and pyrite in the enriched blanket. 

Oxidation has formed jarosite+Z-goethite after pyrite, chalcanthite after chalcocite, and left 

goethite and hematite behind in the leached fractures and iron-hydroxides plus copper 

sulfates on the adjacent pit floor and walls. Microbiological and geological studies of the 

S200 Bench at Metcalf have shown that acidophilic iron oxidizing bacteria play an 

important role in the leaching environment (see next chapter and Enders et al., 1998a). 
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The active leaching visible today in the Metcalf area may have been the same process that 

produced the leached capping across the district since the mid-Miocene. 

Lateral Transportation 

Evidence for lateral transportation of copper in the Morenci district comes from 

several observations. This evidence includes the distribution of the relative degree of 

enrichment (enrichment factor) and calculated eroded thicknesses across the district as 

discussed in previous sections. In addition, the Chase Creek graben contains most of the 

supergene mineralization in the district, and appears to have acted as a trap for supergene 

solutions as discussed in the following section. Field observations provide additional 

evidence, particulariy at Northwest Extension. 

The Las Terrazas fault was an important ore control at Northwest Extension, 

particularly during supergene mineralization, where it appears to have been the site of 

deposition of laterally transported copper. The fault contains angular to subrounded 

fragments of older granite porphyry and Proterozoic granite in a matrix-supported breccia, 

and gouge. In the oxide zone, the matrix is locally composed of malachite, azurite, and 

chrysocolla with fine, sharp-edged azurite crystals lining vugs within the gouge zone that 

indicate deposition after movement along the fault (North and Preece, 1993). 

Psuedomorphs of malachite after azurite are common. In the sulfide zone, the fault 

breccia contains fragments that contain chalcocite and covellite replacing chalcopyrite and 

pyrite. In cross section (Figure 42), the fault appears to localize oxide copper 

mineralization in the hanging wall, but it does not appear to significantly offset the 
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enriched blanket. The blanket, however, contains widely different pyrite to chalcocite 

ratios across the Las Terrazas and Drumlin faults with values ranging from 6 to 10 in the 

footwall to I S to 4 in the hanging wall (Figure 37). This offers a plausible explanation for 

the dominance of copper oxide mineralization resulting from in-situ oxidation of a former 

pyrite-poor enriched blanket in the hanging wall of the fault and thorough leaching of a 

pyrite-rich blanket in the footwall. In addition, the fault appears to control the location of 

high-grade copper oxide and supergene sulfide mineralization relative to the surrounding 

hanging wall and footwall blocks without any significant effect on hypogene copper 

grades. This is indicative of favorable conditions for lateral transportation and deposition 

of copper in the fault during supergene mineralization. 

Structural Control and the Role of Grabens at Morenci 

Structures play a key role in determining the configuration of the enrichment 

profiles at several scales. The original stockwork fracture density is a control at a small 

scale, but it affects huge volumes of rock. At a larger scale, faults displace mineralization 

in response to episodic tectonism and channel flow. In the Morenci district, a system of 

faults created the Chase Creek graben, a large-scale feature that controls the distribution 

of supergene mineralization throughout the district (Figure 10). Multiple, stacked 

enriched blankets occur in parts of the Chase Creek graben in the Morenci, Western 

Copper, Northwest Extension, Metcalf, and Garfield areas. 

All of these features played a prominent role in the formation of the thick, high-

grade enrichment blanket in the Morenci pit area. To begin with, this area of the district 
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contained some of the most extensive and highest grade hypogene mineralization with a 

high total sulfide content and pyrite-to-chalcopyrite ratios averaging >4. This 

mineralization occurred in a stockwork with a fracture density that averaged 0.9/cm or a 

parallel fracture spacing of 1.1 cm. In addition, the Morenci pit area contains the Apache, 

Copper Mountain, Niagara, Kingbolt and Quartzite fault zones that were responsible for 

ground preparation prior to enrichment, offsetting early cycle enrichment, and focusing 

fluid flow through subsequent leaching and enrichment cycles. At a microscopic scale, the 

cataclastic textures in samples from the enriched zone in drill hole #1193 (Figure 47c) are 

evidence that enrichment and tectonism were concurrent. The result is a very complex 

pattern of overprinting supergene zones. 

Mineral profiles in the Chase Creek graben in the Morenci pit area exhibit multiple 

stacked enrichment profiles. This is displayed in a simple example in drill hole #1193 

(Figures 45 and 46b). In this profile chalcocite in the enriched zone overiies a well-

developed covellite + chalcopyrite zone in the middle and nascent blanket that overlies 

low-grade hypogene, and a second, lower, pooriy developed nascent enriched zone 

containing chalcocite and chalcopyrite. More data are available on cross section 12,000N 

that shows very complex enriched profiles (Figure 46). In this area of the Chase Creek 

graben, the profiles show two or three stacked enrichment sequences. On either side of 

the graben, the profiles display simple enriched sequences from leached capping into 

enrichment down into hypogene at depth. Drill hole MO-2, in the center of the graben, 

shows three sequences, each with partially developed or incomplete intermediate zones 

that persist to a depth of 530 m (1,740 fl). The uppermost part of the sequence has been 
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partly destroyed by leaching (LC, PL, PLEZ3) to a depth of 180 m (590 ft) below the pre-

mine surface. This sequence overprints the well-developed enriched blanket (EZ3) that 

forms the bulk of the deposit at Morenci. In places the enriched blanket contains well-

developed middle and nascent zones that persist to a depth of300 m (1,000 ft). The 

intermediate blanket (EZj) below contains a sequence in hole # MO-2 that includes an 

enriched zone, nascent blanket and hypogene zone that extends to 460 m (1,510 ft) in 

depth. The deepest blanket (NBi) is poorly developed and contains chalcocite that 

replaces chalcopyrite and pyrite but without appreciable increases in total copper content. 

This deeper zone also occurs in drill hole MO-1 in the footwall of the Niagara fault. 

The repeated, stacked enrichment profiles in the Chase Creek graben at Morenci 

were created by a complex sequence of erosion, chemical weathering, and structural 

deformation. The classic top-down model is that supergene enrichment is the result of 

progressive downward movement of the water table with time (Figure 6), and that 

repeated cycles are a result of structural offset after formation. In this model, differential 

uplift or base level drop continually exposes sulfides to the oxidizing environment where 

they are leached, and copper sulfates are transported to the water table where they replace 

and enrich chalcopyrite and pyrite. This process progresses through multiple cycles with 

each cycle further enriching and thickening the blanket. Alternatively, this same profile 

could be produced from the bottom-up as shown in Figure 50. In this model, initial 

enrichment produced a similar profile but where sulfides are only partially leached to form 

a first-cycle enriched blanket (Figure 50, panel A). This is followed by extension and 

graben formation with a sudden drop in base level (panel B). Base level recovery over 
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time established a higher water table where a younger, second-cycle enriched blanket was 

formed by thorough leaching of the overlying sulfide-bearing partially leached zone (panel 

C). Continued graben deepening associated with crystal extension and the formation of 

the Duncan basin caused further base level drop. This exposed the second-cycle blanket 

to oxidation leaving hematite boxworks after chalcocite and a thicker and higher-grade 

third-cycle enriched blanket below (panel D). The final result was a composite enriched 

blanket with multiple, stacked enrichment zones with widely variable sulfide mineralogies. 

The pronounced lateral enrichment at Morenci just added even more copper to be 

efficiently trapped in the graben. 

Mass Balance Implications 

The isopach map of calculated eroded thicknesses (Figure 39b) indicates that 

approximately 6.5 km  ̂(I .S mî ) of rock must have been efficiently leached and eroded to 

account for all of the contained copper in the district. Assuming an average bulk density 

of 2.52 g/cm ,̂ this represents about 16 billion tons of rock. If the average grade were 

0.16% Cu, this further represents about 26 million tons of copper or roughly 93% of the 

reported past production and known resources in the district (Table 1). The remaining 7% 

of the copper is from the remaining leached capping and partially leached zones, and in the 

original hypogene content of the profile, or was lost from the system. 

The average calculated eroded thickness of 0.3 km (956 ft) is a minimum value 

because it is based on the assumption that 100% of the copper was leached out of the rock 

prior to erosion. This is probably an optimistic assumption. The average grade of copper 
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in the remaining leached capping (Table 16) averages 0.08% Cu and ranges from 0.01% to 

0.60% Cu (for small "perched" mineralized zones); however, the probability distribution 

shows that 70% of the composite values are <0.08% Cu. Drill hole data on cross sections 

throughout the deposit show that, in general, copper grade in the leached capping 

gradually increases with depth and that the zone contains discontinuous lenses and pods of 

higher grade sulfide and oxide mineralization. Additionally, the average grade of the 

hypogene mineralization may be slightly overstated, based on the presence of supergene 

effects in Population 4 samples. In this case, the amount of eroded and leached material 

required would have been greater than initially calculated. Conversely, this could have 

been offset by higher grades in the overlying Paleozoic sedimentary rocks, which would 

require less eroded thicknesses. Calculated eroded thickness is a linear function of 

hypogene copper grade (Equation 6), and it is a simple exercise to estimate the order of 

magnitude of changes with different assumptions. For example, assuming a 50% leaching 

efficiency before erosion or average leached capping grade of 0.08% Cu, the calculated 

eroded thickness would still only be 0.6 km (1,900 fl) and the eroded volume would be 

approximately 13 km  ̂(3 mî ). 

Estimates of depths of burial (see Initial Depth of Burial section) indicate that a 

minimum thickness of 1.7-1.9 km (S,S80-6,230-ft) of rocks must have covered the deposit 

during its formation. This leaves at least 1.1 to 1.6 km (3,600 to 5,250 ft) of potentially 

mineralized rock unaccounted for in the geologic record. From regional stratigraphic 

evidence, it is permissible that the total Paleozoic and Mesozoic cover at the time of 

mineralization could have been from 1.8 (5,900 ft) to over 2.4 km (7,900 ft). Although it 
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was permissible for enrichment to have occurred prior to Oligocene volcanic activity, 

there is no evidence preserved in the rocks to substantiate this interpretation. This 

conclusion begs the question of what happened to Morenci during the 25 million years 

between the time the deposit was formed and when late Oligocene volcanic rocks began to 

cover it? It is possible that some of the copper in the deposit was derived from pre-

volcanic, Oligocene supergene enrichment, but that all of the evidence for those cycles has 

been removed from the geologic record in the deposit. On the other hand, it is entirely 

possible that copper was chemically and mechanically weathered from the deposit prior to 

mid-Tertiary volcanism. In that case, the question is whether the geologic processes of 

concentration or dispersion dominated during the Oligocene? The presence of a north to 

north-east directed drainage system during the Eocene to early Oligocene and Laramide-

age volcanic rocks in the rim gravels to the north in the Eocene Baca basin may indicate 

that the forces of dispersion were dominant. 

These questions have a profound significance for exploration in the district. The 

lower conglomerate is the only pre-volcanic, Oligocene or Eocene sedimentary unit in the 

district; and unfortunately, where these rocks outcrop; they do not contain any evidence of 

mineralization or alteration. The answers probably lie deeply buried beneath volcanic 

cover to the north or below thick alluvial fill in the adjacent valleys, waiting to be 

discovered. 
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TABLE 11. Some minerals of the supergene assemblage in the Morenci district. 

Mineral Name Abbreviation Chemical Formula 
Akaganeite J3-FeO(OH) + Mo 

Alunite aln KAl3(S04h(OH)s 

Anilite an Cu1.15S 

Azurite az 2CuC03 . Cu(OHh 

Bornite bn Cu5FeS4 

Brochantite bro CuS04 . 3Cu(OHh 

Cerussite PbC03 

Chalcanthite CuS04 . 5H20 

Chalcocite cc Cu2S 

Chalcopyrite cpy CuFeS2 
Chrysocholla chrys CuSi03 • 2H20 

Conicalcite CaCu(As04)(0H) 
Covellite CV CuS 
Coronadite PbMn80 16 . xH20 

Cryptomelane KMn80 16 . xH20 

Cup rite Cu20 

Digenite dg Cu1.80S 

Dioptase H2CuSi04 
Djurleite dj Cu1.96S 
Gee rite ge CU1.50S 

Gerhardtite Cu(N03h . 3Cu(0Hh 

Goethite goe Fe20 3 • H20 

Gypsum CaS04 . 2H20 

Hausmannite MnO . Mn20a 

Hematite hem Fe20 3 
Hollandite (Ba, K)Mn80 16 . xH20 

ldaite id Cu3FeS4 

Jarosite jar KFe3(S04h(OH)s 

Kaolinite kaol Al2Si205( OH)4 

Libethenite Cui{P04)(0H) 

Malachite mal CuC03 • Cu(OHh 

Metatorbernite Cu(U02h(P04h . 8H20 

Native conner cu Cu0 

Nontronite (Al,Fe)iSi40 10(0Hh . xH20 

Olivenite Cu2(As04)(0H) 

Pyrite PY FeS2 

Quartz qtz Si02 
Sericite ser KAl3Si3010(0Hh 

Smithsonite ZnC03 
Spangolite CusAICIS010 . 9H20 T 

Spionkopite Cu1.a9S 
Tenorite ten CuO 
Todorokite (Mn,Ba,Ca,Mg)Mn30 7 . H20 (?) 

Turquoise CuAl6(P04MOH)8 • 4H20 

Yarrowite ya CU1.13S 

Zinc-manganese mineral Zn2Mn30a 
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FIGURE 35. Morenci district drill hole location map showing the location of the 759 
drill holes used in this study out of a total of 3,079 holes. 
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TABLE 12. Summary statistics of the supergene zones in the Morenci district 
Average copper grade is reported at a 0.00% Cu cutoff. See Figure 42 for spatial distribution. 

Supergen* Database Average Average Average 
Zone Population Thickness Grade Grade x Thickness 

Code (feet) (meters) (% Cu) (fl-%) (m-%) 

Leached Capping 1 269 82 0.08 19 6 

Partially Leached 2 325 99 0.26 82 25 

Enriched Blanket 3 427 130 0.45 212 65 

Total Supergene 1.2.3 783 239 0.32 251 77 
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FIGURE 36. Error estimate of the calculated pyrite estimates and showing selected ratios 
of S to Tcu. From Griffin (1997). 
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FIGURE 37. Contoured wt% pyrite to wt% chalcopyrite and wt% pyrite to wt% 
chalcocite ratios. Using a geometric (2, 4, 8, 16) contour interval for simplification. See 
text for detailed description. 
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FIGURE 38. Distribution of supergene mineralization in the Morenci district. All panels 

show contours of thickness x copper grade as ft-% (divide by 3.28 to convert to m-%), 

and the ultimate planned pit limits, cross section locations for Figures 30,31 and 32, and 

Morenci mine grid for reference. Panel A shows the distribution of leached capping in 

the center of the district. Panel B shows the distribution of the partially leached zones in 

the center of the district and at Garfield to the north. Panel C shows the distribution of 

the enriched blanket that occurs almost everywhere in the district, but is particularly well 

developed in the Morenci and Metcalf areas. Panel D shows the cumulative distribution 

of all supergene zones and the general coincidence of the ultimate planned pit limits. For 

example, the 450 ft-% contour in panel C represents an enriched blanket with a thickness 

of approximately 1000 ft (300 m) at an average grade of 0.45% Cu. See text for detailed 

explanation. 



FIGURE 38. Distribution of supergene mineralization in the Morenci District. See 
opposing page for explanation. 
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FIGURE 39. Reconstruction of the Morenci porphyry copper deposit prior to 

enrichment. A) Enrichment factor. B) Calculated eroded thicicness. C) Calculated pre-

eroded paleo-topographic surface. D) Pre-mining topography and drainage patterns. See 

text for explanation. 
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FIGURE 39. Reconstruction of the Morenci deposit prior to enrichment. See opposing 
page for explanation. 
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TABLE 13a. Morenci District Database Queries: all populations, cutoff=0.0%TCu. TCu = total copper, 
XCu = acid soluble, oxide copper, ML T = ferric soluble sulfide copper. Note that the number of 
composites with XCu, ML T, Mo, Au and Ag grades is less than for TCu. See text for explanation. 

Rock Type or Formation #ofTCu % of data %TCu %XCu %MLT %Mo oz/ton Au oz/ton Ag 
Composites w/TCu Average Average Average Average average average 

Precambrian granite and aplite 17278 36.1 0.26 0.03 36 0.010 0.0006 0.044 
Monzonite porphyry 8942 18.7 0.40 0.04 29 0.011 0.0008 0.050 
Older granite porphyry (1) 8250 17.2 0.33 0.08 41 0.010 0.0006 0.053 
Older granite porphyry (2) 5431 11.3 0.27 0.06 47 0.010 0.0005 0.048 
Cambrian Coronado Quartzite 1111 2.3 0.26 0.03 43 0.003 0.0009 0.052 
Fault gouge/breccia 1047 2.2 0.35 0.07 41 0.012 0.0008 0.047 
Ordovician Longfellow Formation 863 1.8 0.37 0.16 42 0.002 0.0016 0.061 
Dump or fill 829 1.7 0.17 0.09 57 0.007 0.0007 0.045 
Diabase 798 1.7 0.35 0.06 27 0.007 0.0006 0.043 
Precambrian granodiorite 711 1.5 0.36 0.04 22 0.006 0.0018 0.046 
Quartz monzonite porphyry 672 1.4 0.25 0.03 31 0.011 0.0007 0.052 
Younger granite porphyry 592 1.2 0.20 0.03 45 0.003 0.0011 0.048 
Devonian Morenci Formation 309 0.6 0.40 0.21 55 0.002 0.0016 0.055 
C-type breccia 235 0.5 0.24 0.08 37 0.009 0.0013 0.046 
M-type breccia 230 0.5 0.28 0.02 40 0.005 0.0009 0.052 
Younger rhyolite porphyry 152 0.3 0.24 0.02 47 0.004 0.0009 0.057 
8-type breccia (fragmental porphyry) 128 0.3 0.22 0.04 35 0.008 0.0008 0.100 
K-type breccia 114 0.2 0.51 0.03 15 0.006 0.0002 0.050 
Mississippian Modoc Formation 72 0.2 0.53 0.37 62 0.001 0.0033 0.050 
Precambrian magnetite diorite 67 0.1 0.25 0.06 30 0.005 0.0034 0.058 
Vein 34 0.1 1.01 0.19 43 0.018 0.0012 0.084 
Stopa fill 26 0.1 1.15 0.60 59 0.004 0.0025 0.050 
Andesite 15 0.0 0.21 0.09 49 0.005 0.0003 0.026 
Diorite porphyry 14 0.0 0.26 0.02 44 0.012 0.0010 0.050 
Cretaceous Pinkard Formation 4 0.0 0.24 0.18 0 0.002 0.0000 0.000 
Dacite porphyry 3 0.0 0.11 0.06 51 0.002 0.0000 0.000 
wt. average rock types 47927 100 0.31 0.05 37 0.010 0.0007 0.048 

TABLE 13b. Morenci District Database Queries:-AII Populations, cutoff=0.1 % TCu. See explanation above. 

Rock Type or Formation # of TCu % of data %TCu %XCu %MLT %Mo oz/ton Au oz/ton Ag 
Composites w/TCu Average Average Average Average average average 

Precambrian granite and aplite 12775 35.4 0.33 0.04 32 0.011 0.0007 0.043 
Monzonite porphyry 7365 20.4 0.48 0.04 25 0.011 0.0009 0.049 
Older granite porphyry (1) 6506 18.0 0.40 0.10 39 0.010 0.0006 0.053 
Older granite porphyry (2) 3754 10.4 0.37 0.07 47 0.011 0.0005 0.048 
Fault gouge/breccia 765 2.1 0.46 0.09 39 0.013 0.0009 0.047 
Diabase 697 1.9 0.39 0.06 26 0.007 0.0006 0.044 
Ordovician Longfellow Formation 689 1.9 0.45 0.17 39 0.003 0.0017 0.063 
Precambrian granodiorite 679 1.9 0.37 0.04 21 0.006 0.0019 0.046 
Cambrian Coronado Quartzite 643 1.8 0.42 0.05 44 0.004 0.0012 0.061 
Quartz monzonite porphyry 468 1.3 0.33 0.03 29 0.012 0.0007 0.054 
Dump or fill 400 1.1 0.30 0.15 62 0.008 0.0009 0.045 
Younger granite porphyry 387 1.1 0.28 0.04 46 0.004 0.0012 0.048 
Devonian Morenci Formation 195 0.5 0.60 0.25 55 0.002 0.0020 0.059 
M-type breccia 185 0.5 0.33 0.02 38 0.005 0.0009 0.053 
C-type breccia 143 0.4 0.37 0.12 33 0.011 0.0024 0.040 
Younger rhyolite porphyry 102 0.3 0.34 0.02 37 0.004 0.0010 0.049 
K-type breccia 100 0.3 0.58 0.03 15 0.006 0.0003 0.050 
8-type breccia (fragmental porphyry) 87 0.2 0.29 0.06 33 0.008 0.0011 0.126 
Precambrian magnetite diorite 63 0.2 0.26 0.06 31 0.005 0.0036 0.058 
Mississippian Modoc Formation 54 0.1 0.69 0.39 66 0.002 0.0039 0.050 
Vein 29 0.1 1.18 0.22 42 0.018 0.0014 0.091 
Stopa fill 25 0.1 1.19 0.60 59 0.004 0.0025 0.050 
Diorite porphyry 10 0.0 0.35 0.02 40 0.013 0.0010 0.050 
Andesite 6 0.0 0.46 0.17 44 0.005 0.0005 0.040 
Cretaceous Pinkard Formation 1 0.0 0.75 0.18 0 0.003 0.0000 0.000 
Dacite oorohvrv 1 0.0 0.17 0.16 88 0.002 0.0000 0.000 
wt. averagerocktvoes 36129 100 0.39 0.06 34 0.010 0.0008 0.048 



TABLE 14. Morenci District Database Queries:-by populations, cutoff=0.0%TCu. 
See Table 12a for explanation. 

Rock Type or Formation #ofTCu % of data %TCu %XCu %MLT %Mo oz/ton Au 
Composites w/TCu Average Average Averaae Average average 

Leached Capping - Population 1 
Precambrian granite and aplite 2375 36 0.06 0.02 55 0.007 0.0011 
Older granite porphyry (1) 1341 20 0.07 0.02 55 0.010 0.0006 
Older granite porphyry (2) 1179 18 0.08 0.02 54 0.009 0.0003 
Monzonite porphyry 966 15 0.07 0.02 48 0.009 0.0006 
Cambrian Coronado Quartzite 214 3 0.05 0.02 44 0.003 0.0007 
Fault gouge/breccia 189 3 0.07 0.03 52 0.008 0.0007 
Quartz monzonite porphyry 126 2 0.07 0.02 44 0.012 0.0005 
Younger granite porphyry 98 1 0.08 0.03 56 0.003 0.0008 
Ordovician Longfellow Formation 63 1 0.09 0.04 48 0.002 0.0022 
Devonian Morenci Formation 39 1 0.07 0.03 67 0.002 0.0013 
Diabase 33 0 0.17 0.07 39 0.004 0.0004 
Precambrian aranodiorite 4 0 0.07 0.01 32 0.001 0.0000 
wt average Pop 1 6627 100 0.07 0.02 53 0.008 0.0008 

Partially Leached - Population 2 
Precambrian granite and aplite 2841 33 0.23 0.08 57 0.008 0.0004 
Older granite porphyry (1) 2480 28 0.31 0.20 55 0.008 0.0007 
Older granite porphyry (2) 1643 19 0.30 0.12 63 0.010 0.0006 
Monzonite porphyry 807 9 0.24 0.08 51 0.010 0.0006 
Ordovician Longfellow Formation 190 2 0.56 0.29 48 0.004 0.0005 
Fault gouge/breccia 179 2 0.38 0.22 61 0.009 0.0008 
Younger granite porphyry 156 2 0.21 0.05 52 0.004 0.0014 
Quartz monzonite porphyry 129 1 0.22 0.07 49 0.011 0.0010 
Diabase 115 1 0.40 0.15 42 0.007 0.0014 
Cambrian Coronado Quartzite 98 1 0.19 0.10 51 0.006 0.0010 
Devonian Morenci Formation 67 1 0.57 0.23 47 0.005 0.0032 
Precambrian aranodiorite 29 0 0.27 0.18 69 0.009 0.0029 
wt average Pop 2 8734 100 0.28 0.13 56 0.008 0.0006 

Enriched Blanket - Population 3 
Precambrian granite and aplite 5211 36 0.40 0.02 33 0.010 0.0006 
Monzonite porphyry 3011 21 0.56 0.03 31 0.010 0.0007 
Older granite porphyry (1) 2726 19 0.52 0.04 37 0.010 0.0007 
Older granite porphyry (2) 1638 11 0.44 0.03 41 0.012 0.0006 
Cambrian Coronado Quartzite 322 2 0.50 0.03 33 0.004 0.0011 
Fault gouge/breccia 291 2 0.60 0.04 37 0.013 0.0006 
Diabase 270 2 0.41 0.05 28 0.006 0.0005 
Quartz monzonite porphyry 229 2 0.44 0.02 33 0.012 0.0006 
Precambrian granodiorite 186 1 0.65 0.04 30 0.005 0.0038 
Younger granite porphyry 183 1 0.32 0.03 39 0.004 0.0011 
Ordovician Longfellow Formation 153 1 0.60 0.16 28 0.003 0.0045 
Devonian Morenci Formation 82 1 0.76 0.30 66 0.002 0.0019 
wt. average Pop 3 14302 100 0.47 0.03 35 0.010 0.0007 

Hypogene - Population 4 
Precambrian granite and aplite 3578 39 0.15 0.01 21 0.008 0.0007 
Monzonite porphyry 1937 21 0.19 0.01 16 0.011 0.0012 
Older granite porphyry (1) 1061 12 0.16 0.01 20 0.010 0.0005 
Older granite porphyry (2) 772 8 0.12 0.01 26 0.009 0.0004 
Precambrian granadiorite 438 5 0.26 0.02 14 0.006 0.0013 
Cambrian Coronado Quartzite 282 3 0.11 0.02 37 0.003 0.0011 
Ordovician Longfellow Formation 271 3 0.19 0.04 42 0.002 0.0016 
Diabase 230 3 0.21 0.02 19 0.005 0.0005 
Quartz monzonite porphyry 187 2 0.15 0.01 17 0.009 0.0007 
Fault gouge/breccia 166 2 0.15 0.01 22 0.011 0.0012 
Younger granite porphyry 97 1 0.12 0.01 31 0.002 0.0008 
Devonian Morenci Formation 65 1 0.11 0.06 52 0.001 0.0011 
wt. average Pop 4 9084 100 0.16 0.01 21 0.008 0.0008 

High-Grade Hypogene - Population 5 
Precambrian granite and aplite 675 72 0.42 0.01 8 0.026 0.0017 
Monzonite porphyry 154 16 0.44 0.01 7 0.023 0.0003 
Fault gouge/breccia 36 4 0.42 0.01 6 0.027 0.0035 
Diabase 28 3 0.64 0.06 8 0.018 0.0005 
Ordovician Longfellow Formation 21 2 0.69 0.03 9 0.008 0.0000 
Older granite porphyry (1) 11 1 0.40 0.03 9 0.015 0.0008 
Older granite porphyry (2) 7 1 0.30 0.02 9 0.019 0.0002 
Precambrian granodiorite 2 0 0.34 0.00 6 0.026 0.0000 
Cambrian Coronado Quartzite 1 0 0.27 0.02 0 0.000 0.0000 
Devonian Morenci Formation 0 0 
Younger granite porphyry 0 0 
Quartz monzonite oorohvrv 0 0 
wt. average Pop 5 935 100 0.43 0.01 8 0.024 0.0014 
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oz/ton Ag 
averaae 

0.045 
0.052 
0.045 
0.052 
0.049 
0.049 
0.050 
0.051 
0.058 
0.050 
0.046 
0.050 
0.048 

0.037 
0.057 
0.049 
0.056 
0.046 
0.041 
0.047 
0.054 
0.048 
0.084 
0.050 
0.058 
0.048 

0.043 
0.048 
0.054 
0.049 
0.035 
0.048 
0.041 
0.050 
0.056 
0.047 
0.123 
0.063 
0.048 

0.043 
0.051 
0.047 
0.049 
0.045 
0.052 
0.052 
0.037 
0.055 
0.048 
0.046 
0.050 
0.046 

0.049 
0.048 
0.047 
0.050 
0.000 
0.027 
0.050 
0.050 
0.000 

0.047 
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TABLE 15. Summary characteristics of hypogene mineralization (populations 4 and 5). 

Category Number of 
composites 

Minimum Maximum Mean 

Pyrit* Content 
Weight % 
Volume % 

326 0.01 
0.01 

18.5 
9.5 

2.5 
1.3 

Chalcopyrite Content 
Weight % 
Volume % 
Calculated %Cu as cpy 

328 0.03 
0.02 
0.01 

2.9 
1.8 
1.0 

0.6 
0.3 
0.2 

Pyrita / Chalcopyrita Ratio 325 0.05 38.9 5.9 

Copper Grade %Cu 671 0.01 6.66 0.18 

Molybdenum Grade % Mo 420 0.001 0.060 0.008 

TABLE 16. Summary characteristics of supergene mineralization (population 3 only). 

Category Number of 
composites 

Minimum Maximum Mean 

Pyrite Content 
Weight % 
Volume % 

528 0.0 
0.0 

17.6 
9.0 

3.1 
1.6 

CfMlcocite Content 
Weight % 
Volume % 
Calculated %Cu as cc 

529 0.09 
0.04 
0.07 

3.5 
1.6 
2.8 

0.7 
0.3 
0.5 

Pyrite / Chalcocite Ratio 527 0.2 34.3 6.5 

Copper Grade %Cu 662 0.06 1.78 0.44 

Molybdenum Grade % Mo 547 0.001 0.057 0.008 

Calculated Values 
enrichment factor 
eroded thickness ft (m) 
pre-enrichment surface ft (m) 

697 
722 
722 

0.3 
-975 (-297) 

4.070 (1.241) 

35.1 
9,078 (2,768) 

14.269 (4.350) 

2.9 
956 (291) 

6,173 (1.882) 
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FIGURE 40. Generalized Morenci enrichment profile. Panels A through Dare modified 
from Titley and Marozas (1995). Panel A shows the characteristic features ofhypogene 
mineralization that form the bulk geochemistry of the deposit prior to enrichment. Panel 
B shows the result of first-cycle enrichment that leaves a relatively thin leached capping 
beneath partially leached hypogene mineralization and an overlying leached capping. 
Panel C shows the result of second-cycle processes as a result of base level drop that 
leaves a hematitic leached capping behind at the site of the former first-cycle blanket and 
a thicker and higher grade enriched blanket at depth below. The thicker partially leached 
zone is caused by partial oxidation of residual hypo gene mineralization or subsequent 
destruction of the upper portion of the enriched blanket below and can contain zones with 
copper oxides or copper sulfides in places. Typical thickness x %Cu for each zone are 
shown in units of ft-% on the left side of the panel. Panel D shows the typical alteration 
pattern formed when supergene argillic alteration overprints the quartz-sericite-pyrite 
hypogene alteration. Panel Eis adapted from Lichtner and Biino (1992) and shows the 
downward supergene sulfide zoning in the leached enriched blanket. The enrichment 
zone contains chalcocite + djurleite > > covellite or chalcopyrite, the middle blanket 
contains covellite +/- chalcocite +/- chalcopyrite, and the nascent blanket contains 
chalcopyrite > chalcocite or covellite. This is a generalized vertical sequence, and not 
every zone is present or as well developed throughout the enriched blanket. Multiple 
cycles and structural displacement, particularly in the axial Chase Creek graben add 
significant complications to this generalized sequence. 
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FIGURE 41. Cross section 15,600 N looking north across the Metcalf area. Showing the 
supergene mineral profile, current pit limit as of August 1998, the water table as of April 
1995, and sample locations along the 5200 bench. In this area of the Morenci district the 
enriched blanket is tilted steeply to the west towards the Chase Creek drainage as a result 
of deep leaching and enrichment combined with offset along the War Eagle fault. Partial 
leaching has affected the upper 90 meters of the enriched blanket and has penetrated the 
blanket along steeply dipping fault zones in the upper elevations. Near the pre-mine 
surface, small zones of residual copper oxide mineralization remain in an otherwise 
hematitic leached capping. At depth, supergene sulfide minerals show pronounced 
downward zoning as described in Figure 40. See line of section location on Figure 51. 
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FIGURE 42. Cross Section 16,200 N looking north across Northwest Extension. Cross 

Section 16,200 N looking north across Northwest Extension. Panel A shows the geology, 

pre-mine topography, drill hole control and mining progress as of January 1999 

(modified from Preece, 1989). The Younger Granite Porphyry (Tpgy) stock intrudes the 

Older Granite Porphyry (Tpgo) along the east side of the pit. Panel B shows the 

distribution of copper as contours of oxide copper grade in %XCu and supergene zones 

relative to the Las Terrazas fault. Oxide mineralization is generally constrained to the 

hanging wall of the Las Terrazas and Drumlin (not shown) faults on the west and 

bounded by the laccolithic-shaped Younger Granite Porphyry (Tpgy) stock on the east. 

The limit of leaching extends into the top of the supergene blanket and separates the 

copper oxide mineralization from the enrichment beneath. The >0.01 % XCu contour 

effectively delimits the top of hypogene mineralization as shown in the top panel. 
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FIGURE 43. Cross Section 10,800 N looking north across the Morenci pit area. Both 

panels are illustrated with a 2.5 to 1 vertical exaggeration. Panel A shows the distribution 

of mineralization, pre-mine topography, pit limits as of March 199S, and the major 

structures that define the southern portion of the Chase Creek Graben. See Figure 10 for 

reference. The higher elevation portions of the enriched blanket have been partially 

leached west of the Apache fault. The Copper Mountain and related faults offset the 

enriched blanket, which thickens and becomes higher grade in the graben. Panel B is a 

close-up view of drill hole #1193 showing the distribution of covellite and chalcocite in 

the central portion of the graben simplified from the detailed distribution shown in Panel 

A). See the text for explanation. 
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FIGURE 47. Photomicrographs of polished thin sections from core hole # 1193. 

Descriptions are from Castro-Reino (pers. commun.). 

A) Sample #1-10 at 164 ft (50 m) in depth. The medium dark grey chalcocite (mdgcc = 

chalcocite Cu  ̂ooS)) displays classic supergene enrichment textures and replaces pyrite 

(py) along grain boundaries and fills cracks in pyrite and gangue material. 20X, plane 

polarized light. 

B) Sample # 1-15 at 235 ft (72 m) in depth. Chalcopyrite (cpy) is replaced by coarse 

bladed covellite (cscv) departing from fractures in the original chalcopyrite grain and 

following crystallographically defined orientations. Locally bluish grey chalcocite (bgcc 

= anilite Cui 7sS) replaces covellite, appearing as irregular and sinuous veinlets within the 

coarse bladed covellite that seem to follow cleavage planes but also boundaries between 

different blade aggregates. Finer, bladed covellite (fincv) is evident along cracks in the 

chalcopyrite grains and along the margins of the chalcopyrite grains. The coarse bladed 

covellite is replaced by bluish grey chalcocite, in the center of the image. 50X, plane 

polarized light. 

C) Sample #1-22 at 257.5 ft (78.5 m) in depth. Strongly brecciated pyrite within a 

quartz-pyrite vein, cemented by medium dark grey (mdgcc = chalcocite Cui ooS) and/or 

bluish grey chalcocite (bgcc = anilite Cui 75S). In this image, all of the white areas are 

pyrite grains. Notice the varying degree of comminution of the pyrite in the sample and 

the sometimes, spotty distribution of the chalcocite within particular areas of comminuted 

pyrite. This sample suggests that supergene copper mineralization closely followed 

tectonism. 20X, plane polarized light. 

D) Sample #1-28 at 565 ft (172 m) in depth. Fractured, massive chalcopyrite with initial 

replacement of chalcopyrite by bomite (bn) ± idaite (id), overprinted and replaced by 

medium grey whitish chalcocite (mgwcc = digenite Cui soS). Towards the lower left 

hand comer of the image, darker grey chalcocite (dgcc = djurleite Cul.96S) appears to 

replace the medium grey whitish chalcocite. 50X, plane polarized light. 
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FIGURE 47. Photomicrographs of polished thin sections from core hole #1193. See 
opposing page for description. 
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FIGURE 48. Photomicrographs of polished thin sections showing paragenetic 

relationships. 

A) Sample #1-17 at 235 ft (72 m) in depth from drill hole 1193. Inclusion of chalcopyrite 

(cpy) in pyrite (py), exhibiting exsolution of fine pyrrhotite (po) blades in a crack. The 

pyrrhotite can be recognized by its pinkish/brownish tint despite the image being slightly 

out of focus. 50X, plane polarized light. 

B) Sample #2-16 at 343 ft (105 m) in depth from drill hole 2135. Replacement of 

chalcopyrite by bluish grey chalcocite (bgcc = anilite Cui 75S), which is in turn being 

replaced by darker grey chalcocite (dgcc = djurleite Cul.968) or limonite (lim). Locally 

some bomite (bn) appears to have been preserved within the darker grey 

chalcocite/limonite. 20X, plane polarized light. 

C) Sample # 1 -32 at 565 ft (172 m) in depth from drill hole 1193. Detail of the 

progressive replacement of chalcopyrite by bomite (bn) ± idaite (id), of bomite ± idaite 

by bluish grey chalcocite (bgcc = anilite Cui 75S), and of bluish grey chalcocite, bomite ± 

idaite, and chalcopyrite by medium grey whitish chalcocite (mgwcc = digenite Cui goS). 

The replacement of chalcopyrite by bomite ± idaite appears to have taken place along 

grain margins, while the replacement of bomite ± idaite by bluish grey chalcocite takes 

place along cleavage planes. The late replacement of the earlier phases by medium grey 

whitish chalcocite along fractures in the case of chalcopyrite and bomite ± idaite, and 

along cleavage planes in the case of the bomite ± idaite, and bluish grey chalcocite is also 

evident. A small area of darker grey chalcocite (dgcc = djurleite Cul .96S) occurs in the 

lower left hand comer of the image. lOOX, plane polarized light with moderate to strong 

contrast. 

D) Sample #2-24 at 344 ft (105 m) in depth from drill hole 2135 (vein area). Sequence of 

replacements beginning with the replacement of chalcopyrite by bomite, followed by the 

replacement on the margins of bomite and/or chalcopyrite by possibly medium grey 

whitish chalcocite (mgwcc = digenite Cul.805), and bluish grey chalcocite (bgcc = 

anilite Cul.75S) in the interior. The overgrowth or replacement of the medium grey 

whitish chalcocite by medium dark grey chalcocite or limonite on the margins appears to 

be followed by the formation of specular hematite (spec) in the gangue. The 

heterogeneous nature of the bluish grey chalcocite replacement of bomite suggests that it 

was formed from an earlier phase. The breakdown of the earlier, homogeneous 

chalcocite into an heterogeneous mixture of bluish grey and medium grey whitish 

chalcocite could be contemporaneous to or just prior to its replacement by darker grey 
chalcocite. Finally the darker grey mineral at the margin of the larger chalcopyrite grain 

and the grain in the center of the image shows, even in plane polarized light, indications 

of inner reflections, making it limonite rather than chalcocite. 50X, plane polarized light 

(slightly out of focus). 
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FIGURE 48. Photomicrographs of polished thin sections showing paragenetic 
relationships. See opposing page for description. 
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FIGURE 49. Generalized paragenetic diagram for the Morenci porphyry copper deposit. 
Adapted from Castro-Reino (pers. commun.), Appendix D. The hypogene sequence is 
based on relationships between minerals that were observed in the samples studied for 
supergene paragenesis, and is not specifically related to particular vein associations. 
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FIGURE 50. Inverted Morenci enrichment profile from Titley and Enders (1999). Panel 
A shows an incomplete first cycle enrichment profile that leaves partially leached 
hypogene mineralization above an immature enriched zone that still contains chalcopyrite 
and grades into the middle and nascent blankets at depth. Panel B follows initial 
extension and graben development where the base level initially drops and subsequently 
recovers to some level above the first cycle enrichment blanket. Panel C shows the 
second cycle enrichment blanket formed below the recovered water table that leaves a 
thicker overlying leached capping. Continued base level drop as shown in Panel D 
results in dissolution of the former enrichment blanket leaving a hematitic leached 
capping and a thicker, higher.grade enrichment blanket with its own middle and nascent 
zones that overlie the deeper, older first cycle profile. 
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THE ROLE OF MICROORGANISMS IN THE SUPERGENE ENVIRONMENT 

OF THE MORENCI PORPHYRY COPPER DEPOSIT 

Introduction 

The supergene environment occurs near the surface of the earth - that special place 

where the atmosphere, hydrosphere, and biosphere interact with the earth's crust. As a 

result, it is reasonable to assume that each of these fundamental environmental spheres will 

exert some control over the processes that operate in this unique region of the planet. For 

the most part, traditional genetic models of supergene enrichment have followed an 

inorganic geochemical approach to ore forming processes. Work over the last several 

decades, however, has shown that iron-oxidizing bacteria play a fundamental role in the 

formation of acid mine drainage and that sulfate-reducing bacteria (SRB) can be 

effectively used to clean up some of those same sites. In addition, the widespread 

application of solvent extraction and electrowinning (SX/EW) technology to leaching low-

grade copper deposits has heightened our understanding of the role that bacteria play in 

this process. Because these bacteria are naturally occurring microorganisms, the question 

is; what role have they played in the formation of supergene copper deposits? 

The Metcalf deposit is an ideal location to study supergene processes. As 

described in the previous chapter, the 5200 Bench traverses a classic, but tilted, 

enrichment profile consisting of a 200-m (6S0-ft) thick zone of leached capping that 

overlies a partially leached, 180-m (S90-ft) thick enriched blanket. Actively weathering 

zones along this bench provide a natural laboratory to study supergene processes. In 



245 

addition, exposures of "paleo-leaching and enrichment zones" are also available for study 

in core and in the pit. 

This chapter has been taken from Enders et al., (in prep). Descriptions of the 

study site, geologic setting, and previous work at Morenci are included elsewhere in this 

dissertation, and are not repeated here. This chapter provides information about the 

geochemical and biochemical processes of leaching and enrichment in the supergene 

environment, and compliments the work described in the preceding chapters, with minor 

repetition. 

Previous Work 

Ehrlich (1998) provided a good summary of the role that microorganisms play in 

geologic processes. Rudolfs (1922) was the first to describe the oxidation of pyrite by 

"sulfur-oxidizing" organisms. Subsequently, Colmer and Hinkle (1947), Colmer et al. 

(1950), Bryner and Anderson (1957), and Nielsen and Beck (1972) described the role of 

iron-oxidizing bacteria in the formation of acid mine drainage from coal and metal mines 

and in leaching chalcocite and molybdenum ores. With the overall heightened 

environmental awareness that began in the 1970's and the EPA's concern with abandoned 

mine lands in particular, a fairly large volume of knowledge has accumulated regarding the 

environmental geochemistry of sulfide mine-wastes (Jambor and Blowes, 1994). In 

addition, the traditional boundaries between biology and geology have been blurred 

resulting in a comprehensive treatment of geomicrobiology by various workers notably 

Banfield and Nealson (1997). In particular, Nordstrom and Southam (1997) provided an 
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excellent review of the role of bacteria in sulfide mineral oxidation. Concurrent work in 

mine tailings environments and on remediation projects have provided new insights into 

the role of sulfate-reducing bacteria in biomineralization, metal and sulfur biocycling, and 

related biogeochemical phenomena (Dvorak et al., 1992; Hammack et al., 1994; Fortin et 

al., 1995, 1996, Fortin and Beveridge, 1997). 

A wealth of information about the geochemistry and biochemistry of leaching is 

now available as results of work in the mining and hydrometallurgical fields since the 

1960's. Murr (1980) provided an excellent review of the theory and practice of copper 

sulfide dump and iri'Situ leaching. Work since then has provided additional insight into 

the chemistry, biology, kinetics, hydrodynamics, and mechanics of leaching which offer an 

alternative and complementary perspective from which to re-evaluate some of the classical 

notions of supergene processes. The literature covering those topics is too voluminous to 

recite in the context of this paper. Recent work from this body of literature (Sand et. al., 

1995; Schippers et. al., 1996; Gehrke et. al., 1998; and Schippers and Sand, 1999), 

however, provides a more detailed understanding of the sulfur chemistry and bacterial 

leaching mechanisms that operate in the leaching environment, and provides an analogue 

for comparison to the natural environment. 

Geologists have speculated for years about the role of bacteria in ore-forming 

processes. In fact, Lovering (1959) was the first to mention the "tremendous" magnitude 

of the chemical effect that soil biota could cause in general. Titley (1975) was the first to 

postulate a link between microorganisms and the rapid rates of copper leaching in some of 

the porphyry copper districts in the southwestern Pacific region, an area of high 
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precipitation and erosion rates. Alpers and Brimhall (1989) proposed bacterially mediated 

sulfate reduction as a mechanism to explain a thin zone of massive chalcocite at the top of 

the enrichment blanket at La Escondida, Chile. Lichtner and Biino (1992, p.4012) 

questioned the potential role of SRB in direct precipitation of pyrite, bomite, and 

chalcocite in enrichment blankets. More recently, Sillitoe, Folk and Saric (1996) proposed 

bacteria as mediators of copper sulfide enrichment based on a scanning electron 

microscope study of chalcocites from copper deposits in northern Chile. Enders et al. 

(1998a) were the first to report the actual occurrence of viable acidophilic iron oxidizing 

bacteria obtained fi'om weathering outcrops of the Morenci porphyry copper deposit and 

propose a biochemical link with the classical geochemical aspects of supergene enrichment 

processes. The results of that original work and subsequent studies at Morenci are 

reported in this paper. 

General Approach 

This study was a collaborative effort between Phelps Dodge Morenci, Inc., the 

Department of Biosciences at Northern Arizona University, and the Department of 

Geosciences at The University of Arizona. The work was conducted in conjunction with 

other geological studies of the supergene environment at Morenci and involved four 

sampling events in two phases of work over a two-year period from November 1997 

through November 1999. The first phase involved three sampling events: 1) to initially 

determine general background levels of Thiobacillus ferrooxidans in Morenci materials, 2) 

to further establish the existence of T. ferrooxidans within the deposit across a supergene 
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profile exposed on the Metcalf 5200 Bench, and 3) to confirm seasonal effects by re

sampling established sites. The second phase focussed on two objectives. The first 

objective was a small reconnaissance sampling of targeted environments for SRB that was 

conducted concurrently during the third field trip, and the second objective was a broader 

follow-up based on the reconnaissance results. The fourth sampling event was designed to 

re-sample existing T. ferrooxidans sites for SRB and expand the study to additional sites 

as mining progressed. In addition, geologic mapping, geochemical sampling, alunite-

jarosite ̂ Ar/̂ ^Ar geochronology, and sulfur isotopic studies were conducted along with 

thin section and polished section study to establish the geologic setting and mineralogical 

characteristics of the supergene environment and to provide context within which to 

interpret the results. 

Geology of the Metcalf Study Site 

Mining in the Metcalf area has exposed a classic, but tilted, enrichment profile 

(Figure 41) that is well displayed on the S200 Bench along the south side of the Metcalf 

Pit, where many of the sample sites are located (Figure S1). Supergene mineralization and 

argillic alteration are superimposed on strongly fractured and quartz-sericite-pyrite altered 

Laramide-age monzonite porphyry and older granite porphyry, and Proterozoic granite 

(Figure 28). The War Eagle fault zone has both offset the enriched blanket and enhanced 

permeability along the zone resulting in a sharp transition from strong leached capping in 

the hanging wall to enriched sulfides in the footwall. The leached cap (sites J, H, and C) 

contains pervasive oxidation and a stockwork of quartz-hematite +/ -goethite +/-jarosite 
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veins and veinlets left behind as a result of nearly complete leaching of the precursor pyrite 

and chalcocite mineralization. The enriched blanket (sites D, END, M, CNR, A, and B) 

contains disseminated pyrite and chalcocite mineralization in the matrix of the rock and a 

stockwork of 0.1 to 10 mm wide veins and veinlets of chalcocite, djurelite, and covellite 

that both coat and totally replace pyrite and chalcopyrite. In addition, very thin 

molybdenite veinlets crosscut the earlier quartz-sericite-pyrite-chalcocite veins. Late-

stage, coarse-grained quartz-pyrite veins are also common throughout this part of the 

deposit. 

The presence of iron-oxide mineralization and depleted copper contents of leached 

zones are the remnants of supergene processes that resumed in the Miocene and still 

continue today. Boxworks (Blanchard, 1968) of hematite after chalcocite, and quartz 

after pyrite are common throughout the leached capping along the 5200 Bench. The 

hematite boxworks have been interpreted to represent the destruction of a pre-existing 

enriched blanket at Metcalf during Miocene to Pliocene time (Titley and Marozas, 199S; 

Titley and Enders, 1997; Moolick and Durek, 1966; Langton, 1973; North and Preece, 

1993; Cook, 1994; Enders et al., 1998b). Partial leaching (site CD) in the upper 90 

meters of the enriched blanket has resulted in a rock mass that contains a mixture of 

hematite, goethite, and jarosite that partially to completely replace chalcocite and pyrite in 

places. Partial leaching is well displayed as relatively narrow, oxidized fractures (site G) 

that penetrate approximately 180 to 270 meters (590 to 885 ft) into the enriched blanket 

exposed on the east-side of the Metcalf Pit wall. This style of leaching is consistent with a 

drop in base level, as a result of down cutting of the Gila River during Pleistocene time. 
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Recent mining has exposed all of these zones and caused the water table to further drop in 

the Metcalf Pit area in response. Seeps and springs along faults and fractures above the 

current water table are accompanied by strong oxidation of chalcocite and pyrite in the 

enriched blanket. Oxidation (sites A and B) has formed jarosite +/- goethite after pyrite, 

chalcanthite after chalcocite, and left goethite and hematite behind in the leached fractures 

and iron-hydroxides plus copper sulfates on the adjacent pit floor and walls. 

Methods and Materials 

Sampling 

A wide variety of materials were initially sampled to characterize background 

bacterial populations in the natural and mining environment before focusing in on key 

exposures in the mine. Sample sites are shown on Figures 41 and S1 and listed in Table 

17 relative to their position in the mineralized zone. Background characterization samples 

were taken on November 21, 1997 during the fall dry season. Background waters were 

sampled from the Morenci municipal water supply at the Geology Department drinking 

fountain and from injection water for core hole #2539. A total of 48 monitor wells were 

sampled for T. ferrooxidans from a network across the district. Samples were taken of 

both barren and pregnant leach solutions fi-om the Central SX/EW facility. In addition, 

scrapings of core from drill hole #2539 and two outcrops (A, B) along the Metcalf 5200 

bench were collected. Subsequently, seven additional sites were established along the 

Metcalf 5200 Bench (C, CD, D, END, CNR, G, and H) on February 20, 1998 during the 

winter wet-season. The third sampling event occurred on July 8, 1998 in the dry summer 
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season prior to the monsoons. All sites were re-sampled again. Two more sites were 

established on the Metcalf S200 Bench (J, M), and four additional sites were sampled in 

the Metcalf Pit (MET-5000, MET-4900), Northwest Extension Pit (NWX), and the 

bottom of the Morenci Pit (KB). In addition, six samples of tailings and pond water were 

collected in the West Tailings Dam area. Three reconnaissance samples were collected 

from the Morenci and Northwest Extension pits for SRB enumeration. The last sampling 

was conducted almost one year later, on August 9, 1999 in the middle of the monsoon 

season. Five new sites were established at new springs and seeps in Metcalf (47S0-CNR, 

4750-N, 4700-66,4900-34B) and Northwest Extension (4200-A) to further expand the 

coverage. Those sites plus five wet sites on the Metcalf S200 Bench were sampled for 

SRB. At each site, a corresponding sample of the wall rock was collected for 

geochemistry and petrographic study, and five spring/seep samples were collected from 

the wettest sites. Water samples were collected in clean, dry 1000-ml polypropylene 

bottles and placed on ice for shipment to the lab. Sediment, rock scrapings, and water 

samples for bacterial enumerations were collected in sterile SO-ml tissue culture tubes. 

Samples to enumerate sulfate reducing bacteria were processed on-site due to the oxygen 

stress associated with sampling while the thiobacilli samples were processed at Northern 

Arizona University. 

Geochemistry and Acid/Base Accounting 

A total of 14 samples from the Metcalf 5200 Bench and Pit were submitted to 

SVL Analytical Inc. in Kellogg, Idaho for geochemical analysis. The samples were 
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analyzed for total sulfur and soluble sulfur forms, and the acid generating and acid 

neutralization potentials of the samples were calculated. SVL used standard accepted 

industry and EPA analytical procedures as summarized in Jennings and Dollhopf (199S). 

In addition, splits of those 14 samples plus four more additional samples from the last 

sampling event were submitted to the Phelps Dodge Analytical Services laboratory in 

Morenci. The samples were analyzed for total copper, acid-soluble copper, molybdenum, 

ferric-soluble copper, iron, and total sulfur using standard analytical methods. 

Site Hydrochemistry 

The five samples of seep and spring waters were shipped to McKenzie 

Laboratories or Bolin Laboratory in Phoenix, Arizona for analysis. The samples were 

filtered and analyzed for pH, total dissolved solids (TDS), major cations and anions, 

nitrogen and nitrate-nitrite, phosphorous, sulfate, and alkalinity. In addition, the samples 

were analyzed for a Morenci-standard suite of dissolved metals (Sb, As, Be, Cd, Cr, Pb, 

Se, Al, Ba, Ca, Cu, Fe, Mg, Mn, Ni, K, Na, Zn, Hg, Ag, Tl). The samples were treated as 

if they were environmental monitoring samples with the appropriate sampling protocols 

and EPA test methods. Field pH and Eh were not measured during any of the four 

sampling events. 

Enumeration of T. ferrooxidam and Sulfate Reducing Bacteria (SRB) 

The enumeration of T. ferrooxidam and SRB were performed on liquid and 'solid' 

samples collected from acidic seeps flowing within the Morenci deposit. Laboratory pH 
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measurements were made directly on liquid samples. Solid sample pHs were measured 

after adding equal parts distilled water and sample material, vortexing for 1 minute, and 

allowing them to stand for 1 minute. T. ferrooxidans were enumerated by using the Most 

Probable Number (MPN) technique (Cochran, 1950) in a growth medium which consisted 

of9K buffer, pH 2.3 (Silverman and Lundgren, 1959) containing 33.3 g/1 FeS04•7H20. 

Dissimilatory sulfate reducing bacteria were serially diluted in anaerobic saline 

(described below) and enumerated using the MPN method and the following chemically 

defined liquid culture medium (g/L): Bacto® Tryptone (10), MgS04•7H20 (2), 

FeS04•7H20 (0.5), Na2S03 (0.5) and 60% sodium lactate (5.3 ml/1). The final solution 

was adjusted to pH 7.5 with 2N NaOH and filter sterilized. A reducing agent supplement 

(RAS, ascorbic acid [7. 5 g/1] and thioglycollic acid [7. 5 g/1], adjusted to pH 7. 5 with 2N 

NaOH) was added to the medium at 10% (vol./vol.) . Anaerobic saline (8-ml saline plus 1 

ml RAS) was used for the serial dilutions. 

The T. ferrooxidans and SRB cultures were grown at 25°C for 6 and 3 weeks, 

respectively to ensure that the end-point of growth had been reached. 

Light Microscopy, Transmission Electron Microscopy, and Scanning Electron 

Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

Mineralogical polished thin sections were prepared using conventionally prepared 

mounts (Spectrum Petrographics Inc, Winston, OR) and examined by using reflected light 

(Ortholux petrographic microscope) and transmitted light microscopy (Nikon Labophot 



254 

photomicroscope). Wet mounts of SRB cultures were prepared by placing a 20 ̂ 1 aliquot 

of culture onto a glass slide and placing a cover slip over the drop to spread the sample. 

Samples for TEM were fixed with 1% (vol./vol.) glutaraldehyde, washed once 

using dH20, embedded in 2% low-melt agarose, dehydrated using a 100% acetone 

dehydration series and embedded in Epon 812 resin (Graham and Beveridge, 1990). 

Ultra-thin sections (70 nm) were cut using a Reichert-Jung* Ultracut E ultramicrotome, 

placed on Formvar-carbon coated 200-mesh copper grids and viewed unstained in a 

JEOL*-1200EX TEM. 

Samples for SEM-EDS were applied directly to an aluminum SEM stub and 

allowed to dry under vacuum in the SEM chamber. EDS was performed using a Quantum 

Kevex'* - 3300 light element detector attached to a LEO''-435VP SEM and quantified 

using a Kevex**" software program to determine the relative proportions of Fe and S. 

Sulfur Isotope Studies 

Sulfur isotopes can be used to discern geochemical and biochemical characteristics 

of minerals. In particular, sulfur isotopes can be used to distinguish hypogene alunites 

from supergene alunites along with radiometric age dates, and field and petrographic 

relationships (Field, 1966; Field and Gustafson, 1976, Ohmoto and Rye, 1979). This 

approach has been successfully applied in a number of districts in conjunction with 

geochronology (Alpers and Brimhall, 1988; Cook, 1994; Sillitoe and McKee, 1996). 

Previous work described above indicates that sulfate in hypogene alunite tends to be 
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fractionated with respect to hypogene sulfides resulting in values of+8 per mil or 

higher. In addition, supergene sulfates, including alunite and jarosite inherit sulfur from 

hypogene sulfides without significant isotopic fractionation, and retain their values 

inherited from the sulfides ranging between -3 and +1 per mil in most porphyry systems 

(Ohmoto and Rye, 1979). Alternatively, bacterial sulfide-oxidation and sulfate-reduction 

at temperatures <S0° C can result in significant sulfur isotope fractionation with values 

ranging from -2.5 to -46.0 per mil (Ohmoto and Rye, 1979; Hoefs, 1987; Brock et al, 

1994; Ehrlich, 1998). Because of these characteristics, sulfur isotopes are useful for 

discriminating between geochemical and biogenic effects. 

As an additional check on the field and petrographic work, the alunite and jarosite 

samples from the geochronology suite were submitted to three laboratories for sulfur 

isotopic analysis in three phases of work (Appendix B). The first phase was an orientation 

study of four jarosite and two alunite samples that were submitted to R.E. Rye for analysis 

at the U.S. Geological Survey Stable Isotope Laboratory in Denver. The second phase 

included the remaining alunites and jarosites, and samples of pyrite, chalcocite, and 

covellite fi-om co-existing sulfides that were intermixed in four of the alunites. The second 

suite was sent to C.J. Eastoe for standard SO2 sulfur isotope analysis in the Stable Isotope 

Laboratory in the Department of Geosciences at the University of Arizona following the 

methods of Robinson and Kusakabe (1975) and Coleman and Moore (1978). Sample 

#245 fi'om the second suite yielded an anomalously low result at -20.5 per mil and was re

run to confirm the value (re-run -15.8 per mil). At this point, the potential to distinguish 

potentially biogenic sulfur isotopic signatures in supergene sulfides appeared worth 
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pursuing. The published values for supergene sulfides available for comparison 

included only four samples (Field and Gustafson, 1976; Cook, 1994). Therefore, a third 

phase of work was initiated to determine the sulfur isotopic character of 13 more samples 

from representative supergene profiles at Morenci and 19 samples firom porphyiy copper 

deposits around the world. Clean, mono-mineralogical samples were submitted to C.J. 

Eastoe for analysis. The remaining samples contained fine mixtures of coatings and 

replacements of pyrite and chalcopyrite by secondary sulfides not very amenable to 

standard SO2 sulfur isotopic analysis. These samples were submitted to F. Mazdab and 

prepared for microprobe analysis at the University of Arizona and for ion microprobe 

analysis using secondary ion mass spectrometry (SIMS) at Arizona State University in 

Tempe. 

Alunite-Jarosite """Ar/̂ 'Ar Geochronology 

Alunite [KAl3(S04)2(0H)6] and jarosite [KFe3(S04)2(0H)6] contain potassium and 

are therefore amenable to dating using K-Ar and ''̂ Ar/̂ ^Ar methods. As part of a related 

study of supergene enrichment (this study), a suite of 19 samples of alunite and 4 samples 

of jarosite were collected from representative supergene profiles in the Morenci district. 

Mineral separates were handpicked from the vein material and submitted to the 

Department ofGeosciences X-ray DifR'action Laboratory to confirm the mineralogy. 

Clean samples were chosen for ̂ Ar/̂ 'Ar dating at the New Mexico Geochronological 

Research Laboratory (NMGRL) at the New Mexico Bureau of Mines and Mineral 

Resources in Socorro (Peters, 1999c). 
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Results 

Orientation Studies 

The results from the im'tial orientation study established background characteristics 

and bacterial populations for a variety of materials. Samples of the incoming Morenci 

water supply, drilling water and a scraping of core from below the water table showed 

near-neutral pH" and no viable T. ferrooxidans (Table 18). Overall, pHs were also near 

neutral and no viable T. ferrooxidans were detected in the up-gradient groundwater 

monitor wells around the district (Table 18). In some of the down-gradient water wells in 

the Chase Creek stockpile and Tailings Dam areas, however, viable T. ferrooxidans 

populations were present in low concentrations ranging from 10° to lO' per ml in waters 

with neutral pH. As expected, bacterial populations in process solutions and solids were 

several orders of magnitude greater than background levels and ranged between 10  ̂to 

over 10  ̂per ml in materials with pHs between 1.4 and 2.8 (Table 19). 

Seeps, springs and rocks from five of the most accessible sites in three of the mine 

areas were also sampled during the initial orientation survey. Background bacterial 

populations at these sites ranged up to 10  ̂per ml and were associated with acidic 

conditions that ranged from pHs of 2.1 to S.4 (Table 20). The only sample without 

detectable T. ferrooxidcms was from a puddle of rainwater in the Northwest Extension pit. 

In addition, one sample of grey mud from a seep at the bottom of the Morenci pit 

contained detectable SRB. Rock scrapings from Site B on the Metcalf S200 bench 

contained 8.2 x 10  ̂viable T. ferrooxidans per ml with a sample pH of 2.8, which was 
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comparable to the values in the tailings samples (Table 19). The seeps, springs and rocks 

that were sampled in the Metcalf area occur along fractures in the vadose zone, just above 

the water table, in an actively weathering sulfide bearing enriched zone. The results of the 

orientation survey showed that T. ferrooxidans occurred widely throughout the district, 

SRB were present in at least one location, and that the Metcalf area would be a good 

location for follow-up studies. 

Populations of T. ferrooxidans and SRB at Metcalf 

T. ferrooxidans and SRB enumeration results are presented in Table 21 and 

sununarized in Figures 52, S3, and 54. These results are briefly described below. 

T. ferrooxidans populations: Populations of viable T. ferrooxidans ranged from 

less than detection (0.18 MPN/ml) up to 3.50 x lO' MPN/ml during the two-year study. 

Table 21 shows the results from the four sampling events for all study sites. Figure 52 

shows the average populations found at each site along the Metcalf 5200 bench over the 

study period. Although the data are not shown to scale across the figure, the sample sites 

are in the same order as they appear on the cross section in Figure 41. There were no 

detectable T. ferrooxidans at any of the sites in leached capping (sites H, C) or in the 

partially leached zone at the top of the enriched blanket (site CD). Populations increased 

almost six orders of magnitude in the enriched blanket (sites D, END, M, A, B) and were 

still present in the partially leached fi'acture zone at site G. Interestingly, no viable T. 

ferrooxidans were recovered from site CNR during the two sampling events. Rocks at 
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this site contained pyrite in the groundmass, but none in veins or on open fracture 

surfaces. 

Seasonal effects: Sample pH and T. ferrooxidans populations showed significant 

seasonality effects. Sampling events for this study coincided with one wet season (20 Feb 

98), two dry seasons (21 Nov 97, 08 Jul 98) and one abnormally wet summer monsoon 

season (09 Aug 99) as shown in Figure S. The seasonal variations of sample pH and T. 

ferrooxidans populations at each site along the Metcalf S200 bench are plotted on Figures 

S3 and 54, respectively. All of the sample pHs were near neutral to acidic, but the dry 

season pHs were significantly lower than during the wet season at each site. In addition, 

the seasonal variation is significantly more pronounced in the enriched blanket (sites END, 

M, CNR, A, B, G) than in the leached capping and upper partially leached zone (sites H, 

C, CD), which indicates both a dilution as well as a biogenic effect. A similar pattern 

occurs in the T ferrooxidans populations, where the bacteria thrive during wet periods, 

but the populations drop off several orders of magnitude during the dry seasons, 

presumably due to low water activity. 

SRB populations: Populations of viable SRB averaged almost SOO MPN/ml at 11 

of the 12 sites sampled during the fourth event and only one site (END) did not contain 

detectable populations (Table 21). SRB populations on the order of 10  ̂MPN/ml were 

found co-existing with T. ferrooxidans populations on the order of 10  ̂to 10  ̂MPN/ml for 

those sites with both data sets (Figure S2). Interestingly, the site with the highest number 

off. ferrooxidans (4900-34B) also had the highest SRB population. 
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Site Conditions and Geochemistry 

Site conditions, sample geochemistry, and sample character are summarized in 

Tables 22 through 25. The results are briefly described below. 

Seeps and springs: The geochemistry of the five seeps and springs in the mine area 

associated with the sample sites is typical of acid mine drainage (Table 22). Average pH 

values were acidic and ranged from 2.6 to 4.6. These waters were significantly different 

than the typical groundwater in monitoring wells around the district. These seeps and 

springs contain copper-sulfate waters (copper = 248 mg/l, sulfate = 2108 mg/l), have no 

detectable alkalinity, contain elevated metal contents, and are all associated with 

significant populations of T. ferrooxidam (Tables 21 and 22). The seep at Site B along 

the Metcalf 5200 bench had the highest copper content (960 mg/I), the highest sulfate 

content (4,300 mg/l), and consistently high bacterial populations. Overall, copper 

concentrations were higher than iron, but locally the metal ratios were highly variable. 

Sample Geochemistry: Laboratory tests on sulfur speciation and acid-base 

accounting showed that the wall rocks in the deposit have high acid generating potential 

and no acid neutralization potential as shown in Table 23. Exclusive of samples in the 

leached capping, sulfide sulfur contents comprised an average of 65% of the total sulfur 

content in the rocks and ranged from about 0.1% to over 8% SuUide dominantly in pyrite 

and chalcocite (Table 24). Copper contents of the samples varied widely from <0.01% Cu 

in the leached capping to over 10% Cu in veins, and averaged about 0.52% Cu overall in 

the enriched blanket (Table 25). With the exception of site CNR, all samples in the 

enriched blanket contained pyrite and chalcocite in veins and along fracture surfaces. All 
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of the sample sites contained wall rocks composed of strongly altered older granite 

porphyry, Proterozoic granite or monzonite porphyry. These rocks contained pervasive 

quartz-sericite replacement of the original feldspars ranging from S to 40% of the matrix 

of the rock and 100% of the vein and fracture selvages (Table 24), and therefore, had no 

buffering capacity for acidic solutions. 

Light Microscopy, Transmission Electron Microscopy, and Scanning Electron 

Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

TEM observations of unstained ultra-thin sections and transmitted light 

microscopy of culture mounts revealed the presence of abundant viable bacteria in samples 

from the actively weathering sites in the Morenci district. Figure SS shows a 

photomicrograph of a culture of T. ferrooxidcms from site B. In this sample the bacteria 

are considered to be 'healthy', because they are non-mineralized, and are typical of 

acidophilic iron oxidizing bacteria in other acid mine drainage systems. SEM-EDS 

analysis of the dark fibrous minerals in the TEM image (Figure SS) indicated these 

minerals were jarosite (KFe3(S04)2(OH)6). 

Transmitted and reflected light microscopy of sample #24S from the Metcalf pit 

revealed the possible presence of mineralized fossil SRB (Figure S6). Sample #24S was 

collected from a muck pile in the partially leached zone on the Metcalf4800 bench 

approximately 9S meters (310 ft) below the pre-mine topographic surface and 3S meters 

(1 IS ft) above the enriched blanket. The sample contains a 1-cm wide alunite vein in 

strong quartz-sericite-pyrite altered Older granite porphyry. At a hand-scale, the rock 
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contains small 0.1 mm blebs of chalcocite replacements of pyrite and a grey 'dusting" of 

fine chalcocite in a lacy fnnge along quartz/alunite grain boundaries and around O.S- to 1-

cm fragments of broken and re-healed alunite. At progressively higher magnifications in 

reflected light, the texture appears to be a fine mesh of dendritic aggregates of granules 

that are very uniform in size (Figure 56). In a transmitted light photomicrograph, the dark 

grains are 1-2 ^m rod-shaped minerals that appear to be bacteria-sized and occur in 

clusters of cells (presumably microcolonies) (Figure 57a). These mineral morphologies 

are comparable to the bacteria-mineral assemblages that are produced by SRB grown in 

vitro. Transmitted light microscopy of cultured SRB from Morenci (Figure 57b) reveals 

1-2 ̂ m curved (vibriod)-shaped Desulfovihrio ssp. and larger, 2-4 |im rod-shaped 

Desulfotomaculum ssp. Microprobe analysis of sample #245 revealed that the coarser 

grained copper sulfide particles have a composition of Cui.stS. Because there is no known 

copper sulfide mineral with this composition, it is possible that the mineral may be a 

mixture of two or more copper sulfides such as digenite and djurleite. 

Sulfur Isotope Studies 

Sulflir isotope studies revealed that the chalcocite in sample #245 has an 

anomalously light 5^^S (-22.4 per mil) signature relative to other supergene and hypogene 

sulfides (Figure 58). For example, sulfur isotopic analyses of the 12 available samples of 

supergene chalcocite, djurleite, and covellite, and the co-existing pyrite in some samples, 

from the Morenci, Chino and Tyrone porphyry copper deposits in southeastern Arizona 
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and southwestern New Mexico average -1.7 +/-I .0 per mil 5^*S (Tables 26 and 27). 

Overall, these values are slightly lighter than the corresponding jarosites (-0.2 per mil) and 

alunites (+1.1 per mil) from the same samples as shown in Figure 58 (see following 

chapter). Sample #245, however, contained anomalously light values at -20.5 and -

15.8 per mil, that are almost one order of magnitude lower than the other sulfides, which 

are consistent with biogenic sulfur fractionation. 

Alunite-Jarosite '"'Ar/''Ar Geochronology 

XRD and microprobe studies of sample #245 indicated that the sample contained 

too much kaolinite contamination to be a good candidate for '*°Ar/̂ 'Ar dating. Results 

fi-om four nearby alunite samples yielded a range of ages fi'om 7.0 to 11.0 Ma (see 

following chapter). Therefore, the fossil SRB encapsulated in the alunite from sample 

#245 are late Miocene in age and were formed during the most important period of 

supergene enrichment in the Morenci district (see following chapter). 

Discussion 

Microbiological and geological examination of the Metcalf area reveals that 

acidophilic iron-oxidizing and sulfate-reducing bacteria (SRB) have contributed to 

leaching and enrichment of copper in the supergene environment in the Morenci district. 

Here we propose a link between the geochemical and biochemical processes of leaching 

and enrichment in the supergene environment and suggest conditions in which one or the 

other dominates. We then take a look at the associated carbon budget and its implications 
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for bacterial sulfate reduction in the enriched blanket and for the formation of copper 

carbonate minerals in the partially leached zone. 

Leaching 

Chemical weathering of porphyry copper deposits begins when typically low-grade 

(0.05% to 0.35% Cu) primary pyrite and chalcopyrite mineralization are exposed to 

oxygenated groundwaters. To be efficient, this process typically requires pyrite-to-

chalcopyrite contents >3:1 and total sulfide contents >4 wt.% (Titley and Marozas, 1995), 

and rocks low in feldspar and carbonate. In this case, oxidation of pyrite in the vadose 

zone and capillary fKnge above the water table forms sulfuric acid and ferric sulfate that 

react with chalcopyrite to form soluble cupric sulfate and ferrous sulfate. The Eh and pH 

conditions under which this occurs are shown in Figure 59. This process leaves behind a 

"leached capping" that is typically devoid of copper and contains a mixture of the iron 

oxide minerals hematite, goethite, and jarosite which comprise the classic limonite 

assemblage (Blanchard, 1968; J. A. Anderson, 1982). Where this process is incomplete, a 

zone of "partial leaching" is left behind beneath the leached capping. This process is 

cyclical and reflects episodic downward changes in the position of the redox boundary as a 

result of tectonic, physiographic, and climatic changes (Figure 6). Subsequent cycles of 

erosion and weathering continue to dissolve copper minerals above the water table and 

both enrich and thicken the blanket with time (Brimhall et al., 1985). Where there is 

sufficient pyrite remaining, dissolution of pyrite and chalcocite in a former enriched 

blanket leaves behind a mixture of transported hematite and goethite, or a classic and 
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distinctive hematite boxwork (Titley and Marozas, 199S; J.A. Anderson, 1982). Although 

these processes are manifestations of inorganic geochemical reactions, acidophilic iron 

oxidizing bacteria play a significant role in catalyzing these reactions as discussed below. 

Geochemical processes: Early cycle enrichment involves the oxidation and 

dissolution of pyrite and chalcopyrite. Transportation of copper in this environment is 

only possible under conditions of sustained low pH caused by the oxidation of excess 

pyrite. Stokes (1906) and Blanchard (1968) provided typical reactions in this environment 

that are shown in reactions (1) through (4) below. 

(1) Atmospheric oxidation of chalcopyrite 

12CuFeS2 + 5102 -> l2CuS04 + 4Fe2(S04)3 + 2 FejOj 

(2) Oxidation and dissolution of pyrite 

8FeS2 + 2802 + 8H2O 8FeS04 + 8H2SO4 

(3) Oxidation of ferrous sulfate to ferric sulfate 

8FeS04 + 4H2SO4+2O2 4Fe2(S04)3 + 4H2O 

(4) Dissolution of chalcopyrite 

2CuFeS2 + 4Fe2(S04)3 2CuS04+10FeS04 + 4S'' 

The ultimate result of reactions (2), (3) and (4) is the formation of 1 mol of chalcocite 

(CU2S) in the enrichment zone at depth (Titley and Marozas, 199S) as discussed in the 

Enrichment section below. Ferric sulfate leaching of chalcopyrite at temperatures <200''C 

directly or by bacterially catalyzed reactions, however, is slow and incomplete because of 
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its tendency for surface passivation (Hackl et al., 199S). Thus first cycle leaching and 

enrichment is relatively inefficient if erosion rates exceed chemical weathering rates. 

Subsequent cycles of leaching and enrichment are much faster and involve the 

oxidation and dissolution of chalcocite and any remaining pyrite and chalcopyrite. Seep 

and spring water analyses in the Morenci district indicate there is abundant sulfate, copper, 

iron, and H+ in solution in the actively weathering zones (Table 22), and dissolution of 

chalcocite can occur by several mechanisms depending on environmental conditions. At 

acid pH, ferric iron is the most important oxidant for pyrite. At neutral or alkaline pH, 

however, oxygen is the important oxidant because of the low solubility of ferric iron above 

pH 3.5 (Sand et al., 1995). Ferric dissolution of chalcocite is a two-step electrochemical 

process where the first copper dissolution (rxn. 5) is very fast, but the second (rxn. 6) is 

very slow (Sullivan, 1930, 1931). 

(5) CU2S + Fe2(S04)3 CUSO4 + CuS + 2FeS04 

(6) CuS + Fe2(S04)3 CuS04 + 2FeS04 

Alternatively, chalcocite and covellite dissolution can occur through acid attack under 

oxidizing conditions as shown in equations (7) and (8). The absence of covellite in the 

actively weathering benches at Metcalf indicate that chalcocite dissolution in this 

environment may proceed directly to copper sulfate by equation (7) or by acid dissolution 

(rxn. 8) of intermediate covellite phases formed in equation (5). 



(7) 

(8) 

CuaS + H2SO4 + 5/2O2 -> 2CUSO4 + H2O 

CuS + H2SO4 + I/2O2 -> CUSO4 + H2O + S° 
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The abundance of hypogene sericite and supergene argillic alteration takes most of the 

buffering capacity out of the rock as shown in the acid-base accounting tests (Table 23). 

This would drive reactions (7) and (8) to completion if there were enough acid available 

from dissolution of excess pyrite. 

Biochemical processes: Acidophilic iron oxidizing bacteria significantly enhance 

metal sulfide dissolution by catalyzing leaching reactions like those described above. The 

most important of these bacteria are Thiobacillus ferrooxidans and Leptospirillium 

ferrooxidans, with additional help from Thiobacillus thiooxidans (Colmer et al, 1950; 

Sand et al., 1995). The growth medium used for enumerating acidophilic iron oxidizing 

bacteria in this study resulted in the growth of T. ferrooxidans, which are by far the most 

significant bacteria in process solutions in the Morenci district (Uhrie, pers. commun). 

The bacteria studied at Metcalf were both abundant and healthy. For comparison, in 

metal-stressed environments downstream from acid mine drainage systems the bacteria are 

typically dead and mineralized (Southam et al., 1994). In these systems, the bacteria are 

associated with authigenic iron hydroxide precipitates (data not shown). 

Biological oxidation requires an acidic pH (Colmer et al, 1950; Hallmann et al., 

1993), the presence of oxygen and carbon dioxide, and humidity (Hallmann et al., 1993). 

Although one of the optimal conditions for growth of Thiobacillus spp. is pH <3 (Traflford 

et al., 1973; Amaro et al., 1991), colonization of sulfide minerals and resulting 
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chemolithotrophy is possible under 'neutral' pH conditions. This presumably occurs 

through the development of an acidic interface between the bacteria and the mineral 

surfaces (Southam et al., 1994). Cells grown on ore are difficult to dissociate from the 

ore particles (Gormley and Duncan, 1974; Suzuki et al., 1990; Southam and Beveridge, 

1992) demonstrating that a tight "bonding" occurs between Thiobacillus spp. and the 

mineral surfaces. Strong adherence of T. ferrooxidam to minerals via iron precipitates 

(Southam and Beveridge, 1992, 1993) may have an important ecological role in reducing 

the diffusion of metabolic products (e.g., Fe^"  ̂and sulfuric acid) away from the cell-

mineral interface. This would help maintain an acidic microenvironment at the mineral 

surface, and provide a potential source of soluble ferrous iron through repeated chemical 

oxidation of the sulfide thereby promoting the growth of T. ferrooxidam (Singer and 

Stumm, 1970; Wiersma and Rimstidt, 1984). Viable thiobacilli were present throughout 

the actively weathering fractures at Metcalf in populations exceeding lOVg material at pHs 

up to 7.2 (Table 21). 

T. ferrooxidam catalyze leaching reactions by oxidizing pyrite and converting 

ferrous ion to ferric ion. This is an indirect leaching mechanism and occurs when the 

bacteria attach and grow on the surface of a sulfide mineral as shown in Figure 60 (Sand 

et al, 1995). In detail, ferric ion in the form of a hexahydrate ion is the first agent to attack 

pyrite, and the first resulting sulfur component is thiosulfate (Sand et al., 199S). In 

general, however, this process can be described by the following reactions (modified from 

Singer and Stumm 1970): 
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(9) FeS2 + 7/202 + H20 -7 Fe2+ + 2SO/- + 2Ir 

(10) 2Fe2+ + 1/202 + 2H+ thiobacilli-7 2Fe3+ + H20 

(11) 14Fe3+ + FeS2 + 8H20 -7 15Fe2+ + 2SO/- + 16Ir 

Reaction (9) is the same as reaction (2) above and is the initial inorganic weathering 

reaction when pyrite is exposed to oxygenated waters. T. ferrooxidans in the weathering 

environment then rapidly oxidize Fe2+ to Fe3+ (rxn. 1 0) which is available to oxidize 

additional pyrite (rxn. 11 ). This regenerates additional Fe2+ for thiobacilli and establishes a 

propagation cycle between the iron oxidizing bacteria, dissolution of sulfide minerals, and 

the formation of metal-rich sulfuric acid leachates (Fortin et al., 1995). Not only is the 

Fe3+ available to leach pyrite, it is also available to leach chalcopyrite, chalcocite, and 

covellite as in reactions (4), (5) and (6). Furthermore, the excess H2S04 in reaction (11) 

can react with chalcocite and covellite as in reactions (7) and (8) or with the wall rock in 

silicate alteration reactions. 

Chemical attack of the sericite-bearing wall rocks during these processes results in 

the formation of jarosite, alunite and kaolinite in the actively weathering zone as shown in 

reactions (12), (13) and (14). 

(12) Formation of jarosite and kaolinite 

2KAhShOw(OH)2 + 6FeS04 + 12H20 + 3/202 -7 

-7 2KFe3(S04)2(0H)6 + AhSis(OH)4 + H2S04 
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(13) Formation of alunite 

2KAl3Si30io(OH)2 + 2H2SO4 +2H2O + 3O2 

2KAl3(S04)2(OH)6 + 6Si02 

(14) Formation of kaolinite 

2KAl3Si30,o(OH)2 + 2ir+3H2O  ̂3Al2Si205(0H)4 + 2K  ̂

The kaolinite tends to retain moisture, which promotes bacterial growth. Thus the moist 

mixture of chalcanthite, jarosite, ferrihydrite and kaolinite that occurs along the actively 

weathering fractures in the Metcalf 5200 bench can be thought of as a biochemical wedge 

of leaching. Once the sulfides have been oxidized, all of the copper and some of the 

kaolinite appear to be flushed from the fractures that leaves a quartz + goethite +/-

hematite secondary mineral complex. 

Enrichment 

The available information indicates that inorganic geochemical processes dominate 

supergene enrichment. In certain environments, however, it appears that low-temperature 

biogenic sulfate reduction can directly precipitate secondary copper sulfides. These two 

processes are described and related below. 

Geochemical processes: Classic inorganic geochemistry of enrichment is the 

process whereby copper is transported as an acid sulfate solution downward to the redox 

boundary at or below the water table where it reacts with the reduced sulfur in 

chalcopyrite and pyrite and forms secondary copper sulfides in an "enriched blanket". The 
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resulting phase relationships are shown on the Eh - pH diagram for the copper species in 

Figure S9b. These relationships indicate that enrichment can occur through an increase in 

pH or a decrease in Eh over a wide range of acidic pHs so long as the Eh is less than 0.4 

to 0.0 mV. Downward zoning of secondary copper sulfides reflects changing redox 

conditions and solution chemistry which yields a suite of secondary copper minerals with 

variable copper to sulfur ratios ranging from chalcocite (Cu^ooS), djurileite (Cui.oeS), and 

digenite (Cui.soS), anilite (CUI.TSS), to covellite (Cui.ooS). Secondary sulfide minerals 

follow the Schurmann's Series (Lindgren, 1933; Schurmann, 1888) where copper 

preferentially replaces sphalerite before chalcopyrite, and chalcopyrite before pyrite. 

Replacement textures range from complete replacement to thin coatings on grain 

boundaries. 

Enrichment appears to be a two-step process, where base metal cation exchange 

converts the sulfides to covellite. Then, in the presence of excess copper sulfate and 

continuing reducing conditions, covellite is reduced to form one of the chalcocite fanuly of 

secondary copper sulfides. Replacement of pyrite is actually an acid generating process, 

and neutralization reactions such as argillic alteration of silicates actually promotes further 

enrichment. These reactions are shown in equations (IS), (16), (17) and (18) (after 

Blanchard, 1968) below; 

(1S) Replacement of sphalerite 

ZnS + CUSO4 = CuS + ZnS04 
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(16) Replacement of chalcopyrite 

CuFeS2 + CUSO4 = 2CuS + FeS04 

(17) Replacement of pyrite 

4FeS2 + 7CuS04 +4H2O = 7CuS + 4FeS04 + 4H2SO4, and 

5FeS2+ I4CUSO4+I2H2O = 7Cu2S+5FeS04+ I2H2SO4 

(18) Reduction of covellite to chalcocite 

CuS + CUSO4 + H2O = CU2S +H2SO4 + V2O2 

Biochemical processes: The presence of micro-fossilized (mineralized) SRB in 

sample #24S with an isotopically light biogenic value, and large populations of viable 

SRB in the actively weathering environment at Morenci demand a somewhat different 

explanation. It is proposed here that in certain supergene environments, SRB can directly 

precipitate secondary copper sulfide minerals through sulfate reduction. Although this 

mechanism has been speculated to occur in some supergene environments (Alpers and 

Brimhall, 1989; Lichtner and Biino, 1992), the discovery at Morenci is the first physical 

evidence of direct sulfate reduction in a porphyry copper deposit. This mechanism is not 

unusual in similar environments. For example, low-temperature (~2S°C) biogenic sulfate 

reduction and the formation of diagenetic copper-bearing Fe sulfides has been reported in 

tailings at Kidd Creek (Fortin and Beveridge, 1997). On another front, a CuS-S° 

concentrate with 33% Cu has been produced in bench-scale experiments from metal mine 

drainage at the abandoned Rio Tinto copper mine in Nevada using a low-temperature SRB 

sludge blanket bioreactor (Hammack et al., 1994). 
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Iron sulfide is the most common metal sulfide precipitate attributed to biogenic 

activity (Bubela and McDonald, 1969; Trudinger, et al., I98S); and by analogy, it is a 

process similar to biogenically precipitated copper sulfides. A core prerequisite of 

biogenically formed sulfide is the presence of organic carbon and sulfate. The basic 

biochemical and geochemical reactions mediated by dissimilatory sulfate-reducing bacteria 

(SRB) (Tuttle et al., 1969) are shown in equations (19) and (20) below; 

(19) 2CH2O + S04^"  ̂H2S + 2HCO3' 

(20) + H2S -• MS(„ + 2Fr 

(where represents a divalent metal ion such as Fe^  ̂or Cu^"  ̂

In the Morenci supergene system, the source of organic carbon is presumably fi'om the 

fixation of CO2 within the overlying weathering profile by thiobacilli (Fortin et al., 1995, 

Fortin and Beveridge, 1997). During the wet season the thiobacilli flourish, in part due 

the meteoric input of dissolved oxygen, fixing carbon into the supergene system. During 

the dry season, thiobacilli, which do not possess a resting stage, die releasing organic 

carbon. Subsequent wet seasons wash this organic carbon down into more favorable 

redox conditions for bacterial sulfate reduction and promote the beginning of another 

cycle of carbon fixation (see Leaching section above). The presence of SRB in such a low 

pH environment has been described in acidic mine tailings systems (Fortin et al., 199S) so 

it is not surprising to find SRB activity associated with a supergene system. 
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The unusual aspect of the SRB mineralization observed at Morenci is the precipitation of 

covellite or chalcocite as opposed to pyrite. The reason that bacterial pyrite formation did 

not occur is the same as that ascribed to sulfide replacement. According to the 

Schurmann's Series, copper has a lower solubility and will precipitate first if both FeS04 

and CuS04 are present. Once biogenically precipitated covellite is formed, it can be 

reduced to one of the chalcocite family of copper sulfides during diagenesis, according to 

reaction (18) above. 

At Morenci, the redox boundary can be spread over lO's of meters allowing for a 

high probability of low redox microenvironments to support SRB activity. In this case, we 

would expect to see biogenic copper sulfides at the top of the enrichment profiles as in 

sample #245 at Morenci or in the massive chalcocite at the top of La Escondida (Alpers 

and Brimhall, 1989). Admittedly the database is small, and biogenic chalcocite appears in 

only one of the seven samples with sulfur isotopic data available to-date. Evidence from 

replacement textures fi'om most everywhere else at Morenci, however, indicates that the 

texture in sample #245 is very unusual, and it would appear that geochemical non-biogenic 

processes account for most of the observed supergene enrichment. It is also possible that 

unless the mineralized bactena are encapsulated in alunite or silica, the copper sulfides 

may re-crystallize and lose their bacterial integrity. In that case, the only trace would be 

the biogenic isotopic signature of the secondary copper sulfides formed by bacterially 

mediated sulfate reduction. 
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Estimation of the Carbon Budget in the Supergene Environment 

Order of magnitude estimates of the carbon budget indicate that there is ample 

organic carbon available to support supergene processes. The estimates can be made 

using the mass of Escherichia coli (3x10*  ̂g dry weight, Neidhardt et al., 1990) as a 

proxy for Thiobacillus spp., which is similar in size (Kelly and Harrison, 1984). The most 

active seep along the Metcalf S200 bench (site B) has on the order of 10  ̂cells/g (Table 

21). This would yield about 3x10"  ̂g of organic carbon (CH2O, 40-wt.% C) per gram of 

material or 1.2x10'̂  g of organic carbon per gram of fracture material. Typical fracture 

densities in the highly mineralized areas are about 0.4/cm (length/area) which is a fi'acture 

spacing of 2.S cm. At this average spacing, a 100-m x 100-m x 100-m block of this 

material would contain about 3.8 vol.% fractures if the average fracture width is 0.1 cm 

[(0. lcm/2.6cm)* 100] for a total volume of 3.8x10' cm  ̂of fractures. At an average bulk 

density of 2.S g/cm ,̂ the 100-m x 100-m x 100-m block would contain 1.1x10'' tons of 

organic carbon. This renewable inventory would be periodically flushed from the system 

and transported to the water table at depth where it would be available for SRB growth. 

Melchiorre and Enders (in prep) are suggesting that oxidized carbon from residual, 

dead T. ferrooxidans contribute to the light carbon isotopic signature of azurite in the 

oxide zone at Northwest Extension. If this same 100-m x 100-m x lOO-m block had an 

average grade of 0.25% Cu as azurite, the block would contain 6.25x10  ̂tons of copper or 

11.3x10  ̂tons of azurite (55.3 wt.% Cu). Azurite contains 7.0 wt.% carbon, so the 

example block would contain about 7.9x10  ̂tons of carbon. The instantaneous organic 

carbon inventory calculated above would account for 0.014% of this total. Given the 
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estimated 10,000- to 100,000- year time spans for leaching (Ague and Brimhall, 1989; 

Lichtner and Biino, 1992), it is not unreasonable for subsurface bacterial carbon to 

comprise a significant proportion of the carbonate in azurite. 

Conclusions 

The results of this geological and microbiological study in the Morenci district 

strongly indicate that microorganisms play a fundamental role in the formation of 

supergene enrichment. It is clear that acidophilic iron oxidizing bacteria like T. 

ferrooxiJans catalyze a number of geochemical reactions in the weathering environment 

that leach copper out of the oxidized zone above the water table. Although the 

predominance of evidence indicates that the enrichment process proceeds via geochemical 

reactions, in some environments dissimilatory sulfate reducing bacteria (SRB) appear to 

contribute to enrichment by directly precipitating chalcocite fi'om solution through 

bacterial sulfate reduction. Evidence for these processes can be observed today in actively 

weathering environments and in the geologic record in the leached capping, partially 

leached zones, and enriched blanket at Metcalf K-Ar dating of alunite in the supergene 

profile at Morenci indicates that fossil SRB were active during the Miocene. 

Supergene ore forming processes are thus the result of both biochemical and 

geochemical reactions. These reactions are linked through a series of cycles involving 

water, oxygen, carbon dioxide, iron, sulilir, and copper near the surface of the earth where 

the atmosphere, hydrosphere, and biosphere interact with the earth's crust (Figure 61). 

Supergene processes begin in the vadose zone above the water table when T. ferrooxidans 
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in the soil and rock near the earth's surface interact with the nuneralized interface of an 

eroding copper deposit. Chemical weathering below the water table is limited by oxygen 

content, and the oxidation of pyrite and chalcopyrite in this environment is geologically 

slow. Above the water table, however, there is abundant oxygen, carbon dioxide, and 

moisture which is an optimum environment for bacterial leaching of sulfides. Oxidation of 

pyrite or chalcopyrite yields ferrous ion that then is oxidized to ferric ion by T. 

ferrooxidans, beginning a propagation cycle that promotes mineral dissolution. Formation 

of the first enrichment blanket is relatively inefficient because of the slow kinetics of 

chalcopyrite dissolution possibly due to surface passivation phenomena. The formation 

and preservation of this early cycle profile will, therefore, be dependent on the relative 

rates of chemical weathering and erosion. However, once chalcopyrite has been converted 

to chalcocite, subsequent leaching and enrichment cycles are more efficient. Seasonal and 

climatic cycles promote the growth of bacteria during wet periods. During dry periods, 

the evaporative concentration of the biogenic sulfuric acid and ferric sulfate promotes 

mineral dissolution and the formation of soluble salts such as chalcanthite. These salts, 

then, constitute the mobile fraction of minerals that are ready to be leached and 

transported during the next hydrologic pulse. Reduced carbon from dead T. ferrooxidans 

is flushed along with the other soluble minerals down to the water table where SRB 

populations thrive in anaerobic conditions (microenvironments) at pHs >S.S. In that 

environment, SRB may contribute to enrichment by reducing sulfate to sulfide (H2S) 

preferentially precipitating copper as covellite instead of iron as a mono-sulfide prior to 

diagenesis to chalcocite. 
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Supergene processes end or slow down predominantly as a result of hydrologic, 

climatic, and tectonic effects. Although supergene processes would terminate if the 

source were depleted in pyrite or copper minerals and equilibrium chemical conditions 

were reached; these static conditions are unlikely to persist for very long in geologic time. 

Under certain geologic and climatic conditions, tectonic and climatic forces can work 

separately or in conjunction to impose drying conditions on the supergene profile or by 

shifting the location of the redox boundary. For example, sulfide zones can be stranded 

above the water table as in many areas of the Morenci district, or left to desiccate in dry 

climatic conditions such as in northern Chile since the mid-Miocene. In these 

environments T. ferrooxidans will die and geochemical reactions will proceed slowly in 

the absence of significant moisture. Alternatively, dynamic tectonic environments coupled 

with cyclical climatic conditions would promote deep leaching and the formation of thick 

supergene blankets such as Morenci. 

The end result of these processes was that copper was efficiently leached and 

mobilized in the vadose zone. Soluble copper was then available to enrich chalcopyrite 

and pyrite to form secondary copper sulfides below the water table, thus converting a sub-

economic copper occurrence into world class ore body over the last 10 million years. At 

Morenci, these naturally occurring bacteria are used to help leach the copper out of the 

ore in hydrometallurgical operations, making it one of the most productive copper mines 

in the world. 
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FIGURE 51. Plan map of the Metcalf 5200 bench. Showing the topography, geology and 
sample locations along the southern pit wall. Pit topography is shown as of August 1998. 
Monzonite Porphyry is shown in orange, Older Granite Porphyry is shown in red, 
Precambrian granite is shown in brown, and faults and fractures are shown in blue. 
Sample locations for this study are shown in green at the toe of the bench. Bench faces 
are shaded in dark grey and pit floors are shaded in light grey. The reference line for 
cross section 15,600 N (Figure 41) is located just south of the pit wall. 



280 

TABLE 17. Morenci geomicrobiology sample locations and relationships to mineral zones. 
Note sample locations are in the Morenci mine coordinate system. See Figures 41 and 51 
for locations of samplesalong the Metcalf 5200 bench. 

Sampte Location Easting Norttiing Eiovadon Sempt* Blanket Hypogene 
No. ffBrt) (fMt) Oeplh Eiovalion Eiavalion 
5200 Bench 

TF-J Met 5200 -7,290 15,740 5,200 •230 4,600 3,500 
TF-H Met 5200 -6,810 15,660 5,200 •90 4,400 3,600 
TF-C (C) Met 5200 •6,135 15,670 5,200 -400 5,125 4,170 
TF-CD Met 5200 •5,935 15,655 5,200 -400 5,400 4,360 
TF-0 Met 5200 •5,815 15,650 5,200 -440 5,470 4,640 
TF-END Met 5200 •5,785 15,650 5,200 •455 5,480 4,690 
TF-M (J.P) Met 5200 •5,465 15,645 5,200 -555 5,580 4,960 
TF-CNR Met 5200 •5,330 15,640 5,200 •610 5,670 5,020 
TF^A Met 5200 •5,270 15,745 5,200 •650 5,780 5,040 
TF  ̂ Met 5200 •5,060 16,135 5,200 -760 5,870 5,050 
TF-G Met 5200 -5,180 16,595 5,200 •800 5,570 4,820 

5000 saep Met 5000 -5,320 16,060 5,000 -840 5,450 4,900 
4900 spring Met 4900 •6,780 18,440 4,900 -700 5,420 4,550 
KB-1 watar Mor3600 -9,800 12,200 3,605 -995 4,500 3,880 
KB-2 bm mud Mor 3600 -9,800 12,200 3,605 -995 4,500 3,880 
KB-3 gry mud Mor 3600 -9,800 12,200 3,605 -995 4,500 3,880 
KB-4 suKMtt Mor 3600 -9,800 12,200 3,605 -995 4,500 3,880 
NWX puddle Nw)(4350 -14,070 14,480 4,350 -680 4,650 4,200 
47S0-CNR Met 4750 -5,850 16,480 4,750 -930 5,150 4,650 
4750-N Met 4750 -5,830 16,750 4,750 -1,130 5,030 4,560 
470046 Met 4700 •6,660 18,540 4,700 -975 5,250 4,600 
4900-34B Met 4900 -6,200 19,100 4,900 -750 5,545 4,835 
NWX4200-A NWX4200 -14,050 15,000 4,200 -870 4,900 4,260 
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TABLE 18. Background bacterial populations and characteristics for natural waters. 
(Morenci district) 

Sample Material PH Viable Viable 
Site Type or Tierrooxldans SRB 

Location (MPN/ml) (MPN/ml) 
Water Supply water 7.68 O.OE+OO na 
Drill Hole #2539 water 7.51 0.0E-K)0 na 

core scraping 7.75 O.OE+00 na 
Ground waters up-gradient 7.06 <0.18 na 

Chase Creek 6.96 2.6E-I-00 na 
Tailings Dam 7.34 1.0E+01 na 

TABLE 19. Bacterial populations and characteristics for process solutions and solids. 
(Morenci district) 

Sample Material pH Viable Viable 
Site Type or T.ferrooxidans SRB 

Location (MPN/ml) (MPN/ml) 
Leach Solutions pregnant  ̂ 1.77 1.1E+03 na 

barren  ̂ 1.42 1.3E-K}2 na 
Tailings Dam dry sand 2.69 2.3E-^02 na 

moist fines 2.63 1.3E-»-03 na 
pond water 2.47 1.7E+06 na 
pond sediment 2.82 5.4E-K)6 na 

TABLE 20. Bacterial populations and characteristics for seeps, springs, and rocks. 
(Morenci district) 

Sample Material pH Viable Viable 
Site' Type or T.ferrooxidans SRB 

Location (MPN/ml) (MPN/ml) 
NWX 4350 Puddle standing water 5.44 na <0.16 
MOR KB-1 spring water 3.12 4.9E+02 na 

KB-2 brown mud 2.52 4.9E-K)5 na 
KB-3 grey mud 4.45 na >0.13 
KB-4 sddiment 1.88 na <0.18 

MET 5200 Site A rock scraping 2.10 2.2E-K)0 na 
SiteB rock scraping 2.79 8.2E-K)3 na 

MET 4900 Sprina PeOx precipitat 2.78 7.0E+04 na 
4.33 1.t^+05 na 

Notes: 1) Pregnant = copper-rich solutions. Barren » depleted solutions. 
2) MET = Metcalf pit. MOR = Morenci pit. NWX s Northwest Extension pit. 



TABLE 21. T. ferrooxidans and SRB sample pH and enumeration results. 
SAMPLE 1st SAMPLING EVENT 2nd SAMPLING EVENT 3rd SAMPLING EVENT 

# TYPE samp1e Viable Sample Viable Sample Viable Viable 
pH T ferrooxidans pH T ferrooxidans pH T ferrooxidans SRB 

MPN/ml MPN/ml MPN/ml MPN/ml 
21Nov97 21Nov97 20Feb98 20Feb98 08Jul98 08Jul98 08Jul98 

5200 Bench 
TF-J solid 
TF-H solid 5.46 <1 4.51 <0.18 
TF-C(C') solid 7.29 <1 3.89 <0.18 
TF-C' soHd 
TF-CD solid 6.06 <1 4.99 <0.18 
TF-D solid 5.82 <1 5.59 2.30E+OO 
TF-END solid 6.38 1.30E+05 4.28 2.30E+02 
TF-M (J,P) soHd 2.09 2.30E+02 
TF-CNR solid 6.96 <1 2.37 <0.18 
TF-A solid 2.10 2.20E+OO 7.32 2.80E+05 3.88 2.30E+02 
TF-B jarosite solid 2.79 8.18E+03 7.21 9.50E+06 3.32 5.40E+06 
TF-B seep water 
TF-G solid 6.60 9.20E+02 2.59 <0.1 8 

5000 seep water 4.33 1.70E+05 
4900 spring water 2.78 7.00E+04 
KB-1 water water 3.12 4.90E+02 
KB-2bmmud solid 2.52 4.90E+o5 
KB-3 r:,ymud solid 4.45 >.13 
KB-4 sulfide solid 1.88 <.18 
NWXDUdde water 5.44 <.18 
4750-CNR seep water 
4750-CNR clay solid 
4750-N solid 
4700-66 solid 
4900-346 seep water 
4900-346 clay solid 
NWX4200-A solid 

4th SAMPLING EVENT 
Sample Viable Viable 

pH T ferrooxidans SRB 
MPN/ml MPN/ml 

09Aug99 09Aug99 09Aug99 

4.35 <0.018 
2.56 3.50E+02 

2.55 5.40E+02 
4.73 3.20E+02 
2.40 3.50E+07 2.80E+02 

2.39 3.30E+06 2.90E+01 
2.62 2.00E+02 
2.80 1.40E+07 2.20E+02 
2.75 7.00E+05 4.90E+02 
2.43 2.40E+07 2.60E+03 
2.50 1.80E+02 
4.26 1.10E+06 2.60E+02 

AVERAGE ALL EVENTS 
Sample Viable Viable 

pH T ferrooxidans SRB 
MPN/ml MPN/ml 

4.99 <1 
5.59 <1 

5.53 <1 
5.71 1.40E+OO 
5.00 6.51E+04 <0.018 
2.33 2.30E+02 3.50E+02 
4.67 <1 
3.96 9.34E+04 5.40E+02 
4.51 4.97E+06 3.20E+02 
2.40 3.50E+07 2.80E+02 
4.60 4.60E+02 
4.33 1.70E+05 
2.78 7.00E+04 
3.12 4.90E+02 
2.52 4.90E+05 
4.45 >.13 
1.88 <.18 
5.44 <.18 
2.39 3.30E+06 2.90E+01 
2.62 2.00E+02 
2.80 1.40E+07 2.20E+02 
2.75 7.00E+05 4.90E+02 
2.43 2.40E+07 2.60E+03 
2.50 1.80E+02 
4.26 1.10E+06 2.60E+02 

N 
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FIGURE 52. Viable T. ferrooxidans and SRB populations along the Metcalf 5200 bench. 
Sample sites are not shown to scale, but they are in the correct relative sequence across 
the bench as shown in Figures 41 and 51. The stubby bars below the reference line 
indicate less than detection limit for those sites. See text for further explanation. 
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Seasonal Variability of Sample Site pH 
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FIGURE 53. Seasonal variability of sample pH along the Metcalf 5200 bench. Sample 
sites are the same as in Figure 52 and the cross section in Figure 41. 
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Seasonal Variability of T. ferrooxidans 
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FIGURE 54. Seasonal variability of T. ferrooxidans along the Metcalf 5200 bench. 
Sample sites are the same as in Figure 52 and the cross section in Figure 41 . The stubby 
bars below the reference line indicate less than detection limit for those sites during the 
respective sampling event. Site B* value is for seep water instead of solids for the 
August 9, 1999 sampling event. See text for further explanation. 
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TABLE 22. Geochemistry of seep and spring waters in the Morenci district. 

Analyte units Sample No. Sample No. Sample No. Sample No. Sample No. Average 

TF-B 4900 Spring NWE-SRB KB-1 4700-66 All Sites 

Specific Conductance um hos/cm 4200 3100 1600 1400 6000 3260 

pH s.u. 2.6 3.2 4.1 4.6 2.8 3.5 

Total Dissolved Solids mg/L 6300 4000 1100 1300 3520 3244 

Chloride mg/L <25 <50 11 <5 <50 <50 

Fluoride mg/L <0.1 1.1 4.2 1.9 9.6 3.4 

Nitrogen, Ammonia {as N) mg/L 1.1 5.8 29 0.11 9.0 

Nitrate-Nitrite {as N) mg/L <2.5 <5 67 <.5 18 

Phosphorous mg/L 0.17 <.050 <.050 <.050 0.06 

Sulfate mg/L 4300 2700 550 840 2150 2108 

Alkalinity, Bicarbonate {as CaC03) mg/L <20 <20 <20 <20 <2 <20 

Alkalinity, Carbonate (as CaC03) mg/L <20 <20 <20 <20 <0.5 <20 

Alkalinity, Hydroxide (as CaC03) mg/L <20 <20 <20 <20 <0.5 <20 

Alkalinity, Total (as CaC03) mg/L <20 <20 <20 <20 <2 <20 

Metals 
Antimony mg/L 0.0096 0.018 <.0050 0.007 0.006 0.007 

Arsenic mg/L 0.011 0.0098 <.0050 <.005 <0.005 0.006 

Beryllium mg/L 0.013 0.026 0.018 0.012 0.054 0.025 

Cadmium mg/L 0.028 2.6 0.12 <.00050 0.49 0.6 

Chromium mg/L 0.023 <.0050 <.0050 <.0050 <0.050 <0.023 

Lead mg/L <.0050 0.011 0.17 <.00050 0.011 0.04 

Selenium mg/L <.0050 <.0050 <.0050 <.00050 <0.005 <0.005 

Aluminum mg/L 370 140 7.8 0.48 74.9 119 

Barium mg/L 0.04 <.01 0.02 0.02 <0.10 0.03 

Calcium mg/L 21 150 55 150 270 129 

Copper mg/L 960 87 100 0.46 92.62 248 

Iron mg/L 260 420 15 66 91.44 170 

Magnesium mg/L 11 55 23 40 69 40 

Manganese mg/L 0.35 45 10 9.1 43.4 22 

Nickel mg/L 0.18 0.15 0.06 <.05 0.21 0.13 

Potassium mg/L 10 20 66 21 21 28 

Sodium mg/L 30 39 41 70 33 43 

Zinc mg/L 4.7 62 18 0.8 159 49 

Mercury mg/L <.0002 <.0002 <.0002 <.0002 0.0038 <0.0038 

Silver mg/L <.0050 <.0050 <.0050 <.0005 <0.40 <0.40 

Thallium mg/L <.0020 0.0059 0.0037 <.0020 <0.001 0.002 



TABLE 23a. Acid4>ase accounlino data for selected Morenci samples, (raw data) 

SAMPLE# TOTAL HCI SOLUBLE NON-EXTRACT. SULFIDE ACID GENER. ACID NEUT. AClb-̂ E A\jlkf<Gt RESULTS 
SULFUR SULFUR SULFUR SULFUR POTENTIAL POTENTIAL ACCOUNT SAMPLE Viabte 

% % % % TONS CaC03/ TONS CaC03/ T0NSCaC03/ PH T. fumoxldans 
1000 TONS 1000 TONS 1000 TONS MPNAnI 

5200 Bench 
TF-J 0.24 0.22 0.02 <0.01 <0.3 1.07 1.07 
TF-H 0.06 0.04 0.02 000 <0.3 <0.5 0.00 4.99 <1 
TF-CiC") 11.70 1.40 0.67 9.63 301.00 2.01 -299.00 5.59 <1 
TF-C' 0.03 0.01 <01 <.01 0.23 <.5 0.00 
TF-CD 0.18 0.01 0.01 0.17 5.31 <0.5 -5.31 5.53 <1 
TF-D 9.66 0.S9 0.76 8.31 260.00 2.76 -257.00 5.71 1.40E400 
TF-END 1.82 1.41 0.01 0.40 1250 <0.5 -1250 5.33 6.51E-KM 
TF-M(J,P) 0.24 0.10 0.02 0.12 3.75 <0.5 -3.75 2.09 2.30E402 
TF-CNR 0.95 0.01 0.01 0.94 29.40 <0.5 •29.40 4.67 <1 
TF-A Z34 0.27 0.48 1.59 49.70 <0.5 -49.70 4.43 9.34E-»04 
TF-Bjanwite 0.94 0.46 0.03 0.45 14.1 <0.5 -14.1 4.44 4.97E406 
TF-G 0.15 0.12 0.03 0.00 <0.3 <0.5 0.00 4.60 4.60E-K)2 

5000 seep 0.89 0.38 0.05 0.46 14.40 <0.5 -14.40 4.33 1.70E+05 
4900aDring 1.43 0.19 0.08 1.16 36.30 <0.5 •36.30 2.78 7.00E4<M 

TABLE 23b. Add-base accounting data for selected Morenci samples, (relative data) 

SAMPLE# TOTAL HCI SOLUBLE NON-EXTRACT. SULFIDE ACID GENER. ACID NEUT. ACID-BASE AVERAGE RESULTS 
SULFUR SULFUR SULFUR SULFUR POTENTIAL POTENTIAL ACCOUNT SAMPLE Viabla 
% of Total % of Total % of Total %arTalal T0NSCaC03f T0NSCaC03/ T0NSCaC03/ pH T. hnooiddm* 

1000 TONS 1000 TONS 1000 TONS MPNAnI 
5200 Bmd) 

TF-J 100 92 8 0 <0.3 1.07 1.07 
TF-H 100 67 33 0 <0.3 <0.5 0.00 4.99 <1 
TF-C 100 12 6 82 301.00 201 -299.00 5.59 <1 
TF-C' 100 34 33 33 <0.3 <0.5 0.00 
TF-CD 100 3 3 94 5.31 <0.5 -5.31 5.53 <1 
TF-D 100 6 8 86 260.00 2.76 -257.00 5.71 1.40E400 
TF-END 100 77 1 22 1250 <0.5 -1250 5.33 6.S1E404 
TF-M(J.P) 100 42 8 50 3.75 <0.5 -3.75 2.09 230E«02 
TF-CNR 100 1 1 99 29.40 <0.5 -29.40 4.67 <1 
TF-A 100 12 21 68 49.70 <0.5 •49.70 4.43 9.34E-KM 
TF-B 100 49 3 48 14.10 <0.5 -14.10 4.44 4.97E«06 
TF-G 100 80 20 0 <0.3 <0.5 0.00 4.60 4.60E«a2 

5000 Map 100 43 6 52 14.40 <0.5 -14.40 4.33 1.70E406 
4900 wring 100 13 6 81 36.30 <0.5 •36.30 2.78 7.00E404 



TABLE 24. Sample character of the adjacent wall rocks at the sample sites. See Table 11 for mineral abbreviations. 

Sample# Mineral Surface Fresh Rock Alteration Sulfides Sulfates Oxides Comments 
Zone Color Color Type Type 

5200 Bench 
TF-J 1 wht w/ yel frx wht Tpm str. qtz-ser <0.05% cc abcl. jar on frx hem on frx 
TF-H 1 orange or/red-gry/wht Tpgo2 qtz-ser none none 20% hem/goe 

TF-C 1 med. gry w/brn spots med. gry Tpgo2 str. qtz-ser 15-30% cc/py, py:cc 3:2 jar/goe on frx w/chalc none 

TF-C' 1 It gry w/yel-brn frx med-dk gry Tpgo2 str. qtz-ser <0.1 % py diss, 0.5mm vns none minorgoe 

TF-CD 2 gry/wht, yel stain gry/wht, yel stain Tpgo2 mod. qtz-ser 2% cc repl py in vns none none 

TF-0 3 gry/grn-gry gry/grn-gry/wht Tpgo2 str. qtz-ser 10% cc, 7% py, .5% cpy chalcanthite none 

TF-END 3 It gry It gry Tpgo2 str. qtz-ser 4-5% tot, py:cc 1:1 goe/jar on surface none 

TF-M 3 med. gry w jar stain It gry Tpgo2 wk-mod qtz-ser 2% tot, py:cv+dg 2:1 tr. jar stain on surface none 

TF-CNR 3 yellow/wht yellow/wht Tpgo2 mod. Qtz-ser 1-2% PY jar on frx w/ minor chalc none 

TF-A 3 yellow med-gry Tpgo2 str. qtz-ser 3-5% tot, py:cc 1 :1 jar vnlts/surface none 
TF-B 3 yellow pink/gry Xg silicified, minor ser 2% tot, py:cpy 3:1 jar/chalc on frx goe on frx 
TF-G 2 red-brn-yel wht-red/gry Xg qtz-ser <0.5% PY jar on frx >10% hem 

SOOOseep 3 It gry wt jar/kaol stain med-dk gry Tpgo2 str. qtz-ser 5% tot, py:cc+dg 8:1 minor jar on surface none 
4900 spring 3 v. ltgry It gry Tpm str. arg after qtz-ser 1-2% PY, rare cc none none 
KB-4 sulfide 4 yel-gry yel-gry Xg qtz-ser 5-10%py, 1-2% cc jarosite none grain mount 
4750-CNR 3 lt-dk gry lt-dk gry Tpgo1 str. qtz-ser 3-4% PY, <0.1% cc minor nontoronite on frx none 
4750-N 3 .. .. .. .. .. .. 
4700-66 3 med gry med gry vein str qtz+ser 8-10% py, py:cc 10-4:1 none none 
4900-348 2 med gry- brn It-med gry Tpm strqtz-ser 3-4% PY, <0.1 % cc goe/jar on surface none 
NWX4200-A 2 tan-It arv vel/tan-med arv Tpgo (?) strqtz+ser 2-3% PY, PV:CC 2:1frx jar stain cc-->Cu0

, hem 

TABLE 25. Analytical data for selected wall rock samples. From the Morenci Analytical Services Laboratory, Morenci, Arizona. 

Sample# Mineral Block Wall Rock Wall Rock Wall Rock Wall Rock Wall Rock Wall Rock Wall Rock 
Aone %C11toto1 %C11toto1 Acid-soluble Cu Acid-soluble Cu Ferric-soluble Cu Ferric-soluble Cu %Mo %F9toto1 

(TCu) (TCu) (XCu) (XCu) (MLT) (MLT) 
% Fraction X 100 % Fraction X 100 

TF-J 1 ? 0.01 0.01 100 0.01 100 2.7 
TF-H 1 0.06 0.01 0.01 100 0.01 100 
TF-C 1 0.04 10.92 1.98 18 4.34 40 
TF-C' 1 0.04 0.03 0.01 33 0.02 67 1.6 
TF-CD 2 0.16 0.09 0.03 33 0.05 56 
TF-D 3 0.40 10.59 1.50 14 4.07 38 
TF-END 3 0.40 0.46 0.07 15 0.24 52 
TF-M 3 ? 0.10 0.04 40 0.05 50 0.7 
TF-CNR 3 0.18 0.32 0.20 63 0.22 69 
TF-A 3 0.32 3.08 0.28 9 1.20 39 
TF-B 3 0.45 0.34 0.01 3 0.01 3 
TF-G 2 0.08 0.05 0.04 80 0.04 80 
5000 seep 3 ? 0.19 0.02 11 0.05 26 1.2 
4900spring 3 ? 0.57 0.07 12 0.17 30 2.0 
K8-4sulfide 4 na na na na na na na 
4750-CNR 3 0.25 0.02 8 0.05 20 0.018 2.7 
4750-N 3 na na na na na na na 
4700-66 3 0.36 0.01 3 0.01 3 0.031 0.9 
4900-348 2 0.21 0.03 14 0.13 62 0.023 1.2 
NWX4200-A 2 0.36 0.02 6 0.03 8 0.017 2.7 

Wall Rock 

%Sioto1 

0.26 

0.27 

0.26 

0.92 
1.37 

na 
2.56 

na 
0.70 
0.68 
2.01 

N 
00 
00 
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FIGURE 55. A representative unstained, ultra-thin section TEM micrograph of a sample 
of mineralized biofilm from the seep at sample site A. While the thiobacilli are in an 
intensively mineralizing environment, they are not coated with iron hydroxides. These 
un-mineralized bacteria are presumably alive (supported by the viable bacterial counts; 
see Figure 52) and contribute to the development of the weathering profile via the 
continual regeneration of ferric iron catalyst. Bar equals 0.5 gm. 

FIGURE 56. Reflected light photomicrograph of sample #245. Showing possible 
chalcocite-mineralized, micro-fossil SRB that are encapsulated in alunite. The wall rock 
is older granite porphryry. Note the fragmental character of the alunite. 

FIGURE 57. Transmitted light photomicrographs of the polished thin-section from 
Figure 56 (a), and of an SRB culture from the supergene environment at Morenci (b). 
Figure 57b is a close-up of the micro-fossilized SRB. The extremely fine-grained mineral 
aggregates in (a) are bacteria-sized and are structurally similar to the metal sulfides 
precipitated by SRB isolates cultured from the weathering environment at Morenci (b). 
These mineral aggregates presumably reflect the fossilized remnants of SRB 
microcolonies that grew in sample #245. Bar equals 10 iim. 



Figure 56 

Figure 57b 

L__J 
10µm 

' 

FIGURES 55, 56, 57a and 57b. Photomicrographs. See facing page for description. 
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FIGURE 5 8. Histogram of sulfur isotopes from selected porphyry copper deposits. 
Sulfide data are shown in Table 27 of this study. Sulfate samples are all from Morenci 
and from this study and Cook (1994). The mean values are + 1.1 per mil for alunites, --0.2 
per mil for jarosites, and - 1. 7 per mil for all sulfides. By comparison, the average o34S 
value of sample #245 is - 18.2 per mil as shown at the far left of the distribution. 



TABLE 26. Sulfide sample character and sulfur isotope values for Morenci samples. Sample locations are in local mine coordinates. 
Parentheses indicate low confidence in exact sample location, dash indicates no data. Mineral zone = population code (see text). 
See Table 11 for mineral abbreviations. 

Sample Location Easting Northing Elevation Depth Blanket Hypogene Sample Mineral Rock Mlneral Color XRD 534S 
No. lfeet) lfeet) (feet) (feet) Elevation Elevation Type Zone Type 

PDMC 3413 Morenci (MOP) -13,000 11 ,000 3,950 -1 ,375 4,900 3,950 Dlicrop 3 XYg chalcocite -1 .9 
pyrite -1.2 

MOR 9-4 Morenci rt-JC) -07,600 13,375 5,175 -180 5,180 3,400 Olicrop 3(2) PC gr covelte -0.9 
pyrite -2.0 

245 Morenci (MET) -09,700 18,285 4,800 -310 4,700 4,250 muck 2 Tpgo2 cc+py -20.5 
repeat cc+py -15.8 

245s cc black -30.8 
248 (a) Morenci (MET) -04,695 16,658 5,697 -495 6,000 5,620 muck 3 XYg pyrite -0.4 
269 Morenci (MET) -08,412 18,512 4,850 -615 4,775 3,840 muck 3 Tpgo1 pyrite -0.4 
269s py+cc +/- aln black 
280 (b)s Morenci (COR) -19,600 20,160 6,125 0 6,020 5,400 muck 2 XYg aln+py+cc black 
294s Morenci (MET) -6,100 15,665 5,200 -400 5,200 4,600 muck 2 XYg cc black -2.5 

PY -2.1 
295s Morenci (MET) -6,050 15,665 5,200 -400 5,200 4,600 muck 3 Tpgo1 cc+py black 
MOR-3 Morenci (MET) -6,500 18,950 5,150 -550 5,600 4,900 muck 3 XYg cc+hm+py black pyrite 
MOR-4a Morenci (MET) -6,550 19,050 5,150 -550 5,600 4,900 muck 3 XYg cc/py black pyrite 
MOR-9 Morenci rt-JC) -7,565 13,325 5,150 -205 5,180 3,400 Olicrop 3(2) XYg CV blue covelllte -2.7 
MOR-10 Morenci (NWX) -14,400 13,200 4,550 -300 4,350 4,050 muck 2 XYg cc/py+t-cpy black pyrite 
MOR-11 Morenci (NWX) (-13,400) (16,800) (4000?) (-1000?) (4300) (3800) muck 3 Tbx, vein cc steel djurtelte -2.1 
MOR-12 Morenci (MET?) ? ? ? ? muck 3 XYg cv+cc/py blue-ppl-black covellte 
MOR-13 Morenci (MET) -5,805 15,650 5,200 -425 5,470 4,825 muck 3 Tpgo cc steel djur1elte -3.1 
MOR-14 Morenci INWX) ? ? ? ? muck 2 vein CV blue-black covelllte -0.5 

TABLE 27. Sulfide sample character and sulfur isotope values from other deposits. See Table 11 for mineral abbreviations. 

Sample Location Easting Northing Elevation SUrface Blanket Hypogene Sample SUpergene Rock Mlneral Color XRD 534S 
No. (feet) (feet) (feet) Depth Elevation Elevation Type Zone Type 

A23-18 Ajo rock1 rhyolite cc+cup+mal steely 

BB97-4 Bisbee rock2 older porph cc+py black 

BB41c-2 Bisbee rock1 limestone? cc+bn+cpy? steely 

BU-2 Blite rock1 vein cc steel djurlelte 1.6 

C-68-1 Cananea rock1 breccia cc+cv/cpy black-blue 

CH-1 Chino 2,050 -6,630 6,280 -220 6,290 5,150 rock3 qtz-diorite sil PY -4.1 
black 4.7 

CH-2 Chino -2,050 -2150 5,600 -805 6,400 5,050 rock3 porphyry cc steel djurlelte? -1 .6 

CHU-86-1 Ctuquicamata rock1 vein cc-cv-py black 

DP-36 Dos Pobres 21 ,145 13,661 4,040 -685 core4 andesite cc/py sooty black 

DX-1 Oexlng rock1 schist? cc/py black 

LE-86-3 Escondda rock1 porphyry? cc+cv? Jrri+cpy black 

LS-96-42 Lonestar core4 3 andesite cc/py dk grey 

ME-16 ~or rock1 Escabrosa cc? steel temantlte -3.7 

MP-2 Mineral Park rock1 bi-qtzmonz cc/py black 

S-19 Dos Pobres 19,923 14,583 4,053 -1 ,632 core4 314 andesite (cc,bn?)+cpy ppl grey 

SB Silverbel rock1 porphyry? cc(dg?)/py black . 
SJP-14 San Juan 27,621 102,011 4,170 -378 core4 3 granodiorite cc/py dk steel grey 

TY-1 Tyrone rom site U-25" 6,050 roclr monz. porph. cc steel djurlelte -3.3 

TY-2 Tvrone ctil hole U-24" 5,950 core5 monz. oomh. cclrN black 

Notes: 1) sample selected from the University of Arizona, Department of Geosciences colection in Rm. 101 , Gould-Simpson Bldg. by M.S. Enders, 8199 
2) sample colected by E.G. Wright, ~s Dodge Bisbee, 8199 
3) sample colected by R.M . North, Chino Mines Company, 8199 
4) sample colected by C.S. Eady, Phelps Dodge Safford, 8199 
5) sample colected by W.W. Seibert, Phelps Dodge Tyrone, 8/99 

Reference 

Cook(1994) 
Cook(1994) 
Rye (pers. Commun.) 
Rye (pers. commun.) 
Eastoe (pers. commun.) 
Eastoe (pers. commul.) 
Mazdab (pers. commun) 
Eastoe (pers. commun.) 
Eastoe (pers. commun.) 
Mazdab (pers. commun) 
Mazdab (pers. commun) 
Mazdab (pers. commun) 
Mazdab (pers. commun) 
Mazdab (pers. commun) 
Mazdab (pers. commun) 
Mazdab (pers. commun) 
Eastoe (pers. comu,.) 
Mazdab (pers. commun) 
Eastoe (pers. comu,.) 
Mazdab (pers. commun) 
Eastoe (pers. comu,.) 
Eastoe (pers. comu,.) 

Comments 

Mazdab (pers. commun) 

Mazdab (pers. commun) 

Mazdab (pers. commun) 

Eastoe (pers. COl'IU'I.) 
Mazdab (pers. commun) 

Mazdab (pers. commun) 
Mazdab (pers. commun) 

Eastoe (pers. COl'IU'I.) 
Mazdab (pers. commun) 

Mazdab (pers. commun) 

Mazdab (pers. commun) 

Mazdab (pers. commun) 

Mazdab (pers. commun) 

Eastoe (pers. COl'IU'I.) 
Mazdab (pers. commun) 

Mazdab (pers. commun) 

Mazdab (pers. commun) 

Mazdab (pers. commun) 

Eastoe (pers. COl'IU'I.) 
Mazdab ,,_.,_ commun) 

N 
\C 
N 
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FIGURE 59a. Stability relations among some iron compounds in water at 25''C and 1 
atmosphere total pressure. Modified from Lopez and Titley (1995). The figure shows 
the leaching environment at relatively high Eh and low pH in the northwest quadrant of 
the diagram where T. ferrooxidans catalyze dissolution reactions by converting ferrous 
ion into ferric ion. 

FIGURE 59b. Stability relations among some copper compounds in water at 25°C and 1 
atmosphere total pressure. Modified from B.B. Hunshaw in Schmitt (1963). The figure 
shows the leaching environment at relatively high Eh and low pH in the northwest 
quadrant of the diagram where ferric dissolution of chalcocite and covellite results in 
soluble copper sulfate. Subsequent enrichment of pyrite and chalcopyrite below the 
water table would occur in the southwest quadrant of the diagram. 
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FIGURE 60. A model for the indirect-leaching attack mechanism. As catalyzed by a 
metal-sul fide-attached cell of Thiobacillus ferrooxidans. Panel A is modiHed fi'om Sand 
et al. (1995) and shows an exaggerated exopolymer layer of the outer membrane of the 
cell. The attack occurs in this outer layer between the cell and the metal sulfide grain and 
is mediated by ferric iron hexahydrate (Fe(H20)6^^ and thiosulfate as an intermediate 
sulfur compound. Panel B is modified from Nordstrom and Southam (1997) and shows 
the bioenergetics of iron oxidation and the typical reactions that occur inside the cell. 
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FIGURE 60. A model for the indirect-leaching attack mechanism. See facing page for 
description. 
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FIGURE 61 . Biochemical and geochemical cycles in the supergene environment. 
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""Ar/^Ar GEOCHRONOLOGY OF SUPERGENE MINERALIZATION 
IN THE MORENCI PORPHYRY COPPER DEPOSIT 

Introduction 

A total of 26 samples were collected from representative profiles across the district 

to document the range of ages of supergene processes captured in the geologic record in 

the Morenci district. Previously published K-Ar dates on alunite from the district of 9.9 

and 7.8 Ma (Cook, 1994) indicate that supergene mineralization formed during the mid- to 

late Miocene. Geologic evidence, however, indicates that it was permissible for 

enrichment to have formed in the Oligocene prior to mid-Tertiary volcanism, and for 

leaching and oxidation to have continued into the Pliocene and Pleistocene. The samples 

were collected from the top of the supergene profile in leached capping at Coronado, 

Metcalf, American Mountain, and Western Copper, at the base of the oxide zone at 

Northwest Extension, and through the enriched blanket and into the top of the hypogene 

zone at Metcalf and Western Copper. One sample of exotic malachite was also collected 

from the Clifton TufT above the old Train Station in Clifton. The sample locations are 

shown on Figure 62 and detailed sample descriptions are included in Appendix E. 

Selected samples from the suite were dated using """Ar/^'Ar and '*C methods. A 

total of 16 new ^Ar/^^Ar ages have been determined for a suite of samples of alunite, 

jarosite, illite, and cryptomelane. In addition, a '''C date from a sample of malachite from 

the Clifton Tuff was obtained. The analytical methods and results are summarized below 

and shown in Tables 28 through 32, and in Figures 63 through 68. 
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Materials and Methods 

The work was conducted at a variety of cooperating laboratories. Mineral 

separates were handpicked from the vein material and submitted to the Department of 

Geosciences X-ray Diffraction Laboratory at the University of Arizona to confirm the 

mineralogy. Selected manganese oxides and alunite samples were subsequently sent to the 

CVRD Laboratory in Belo Horizonte, Brazil for more detailed XRD analyses (Vieira, 

pers. commun). Splits of the samples were sent to outside laboratories for sulfur isotope 

determination, and for major oxide and trace element geochemistry as discussed below. 

The alunite and jarosite samples were also studied using reflected and transmitted light 

microscopy at the University of Arizona. A suite of 24 samples of alunite, jarosite, and 

illite were selected for dating at the New Mexico Geochronological Research Laboratory 

(NMGRL) in Socorro (Peters, 1999c). Subsequently, two cryptomelane samples were 

selected for dating at the Berkeley Geochronology Center (BGC) in California 

(Vasconcelos, pers. commun.), and a malachite sample was selected for dating at the 

Stable Isotope Laboratory in the Department of Geosciences at the University of Arizona 

(Dettman, in prep.). The NMGRL (Peters, 1999c) and BGC (Vasconcelos, pers. 

commun.) reports are included in Appendix B. 

Alunite, Jarosite, and Illite Samples 

A total of 19 samples of alunite, 4 samples of jarosite, and one illite were 

ultimately selected for """Ar/^'Ar dating (Figure 62, Table 28). These samples were further 

examined at the New Mexico Bureau of Mines microprobe lab to determine their 
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prospects for dating, because small amounts of sericite and kaolinite and variable amounts 

of quartz contaminate some the samples. The amount of quartz has no effect on the date; 

however, sericite is a potassium-bearing hypogene mineral and can yield anomalously old 

apparent ages. In addition, small amounts of contaminant clay can also greatly elevate the 

apparent age of alunite samples (Polyak et al., 1998). A total of 14 of these samples 

contained dateable alunite and 4 contained dateable jarosite. The alunites were analyzed 

by the incremental heating method using a double-vacuum resistance furnace or a C02 

laser (Peters, 1999c). Contaminants in four of the samples (#229, #245, #246, and #281) 

were significant enough to cause problems cleaning the gas and they were not analyzed 

(Peters, 1999c). One sample (#279a) contained a mixture of alunite and jarosite and was 

not selected for further study (see Geochemistry section below). Abbreviated methods for 

the samples from Peters (1999c) are included in Appendix B. Standard analytical 

procedures are described in Heizler et al. (1999). 

Mn-oxide Samples 

Two suites of manganese oxide samples were studied. The initial suite was 

collected from near-surface exposures in the Southside, American Mountain (Gold Gulch), 

and Northwest Extension areas. XRD analyses, however, found only non K-bearing 

manganese oxide minerals consisting of todorokite, birnessite, and pyrolusite (Table 11) 

(Vasconcelos, pers. commun.). Three samples of manganese-oxide mineralization were 

subsequently collected from the base of the oxide zone in the Las Terrazas fault at 

Northwest Extension (Figure 62, Table 28). X-ray diffraction analyses (Vieira, pers. 
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commun.) of this mineralization revealed that it contains a highly variable mixture of 

cryptomelane, hollandite, hausmannite, and todorokite (Table 11) in addition to a zinc-

manganese-oxide mineral (Zn2Mn30g). Subsequent crushing and hand picking yielded a 

number of clean grains of cryptomelane - hollandite from two of the samples for dating. 

The samples were sent to the University of Queensland, Australia for irradiation and were 

analyzed using the ^Ar/^^Ar method at the BGC. Standard analytical procedures are 

described in Vasconcelos et al. (1994b). 

Malachite Samples 

Exotic malachite mineralization fills fractures and voids in the Clifton Tuff and 

Basaltic Andesite down gradient from the Morenci district in the lower Chase Creek area 

and in the surrounding hills near Clifton. The mineral was identified in the field based on 

its effervescence in dilute hydrochloric acid. Traditional interpretations of this 

mineralization have concluded that copper oxides were deposited as a result of local 

smelter operations in Clifton (Pawlowski, pers. commun.); and indeed, green (non-

carbonate, conicalcite?) copper mineralization occurs on bricks and blocks in the old 

historic concentrator foundation in downtown Clifton. Because copper oxide 

mineralization in the Clifton area occurs in veins and as fracture filling in basaltic andesite 

and Clifton Tuff, much of this mineralization may be exotic rather than anthropogenic. 

To evaluate this, samples of these materials were submitted to the Stable Isotope 

Laboratory in the Department of Geosciences at the University of Arizona for carbon and 

oxygen stable isotope analysis. Samples of the malachite were removed from the matrix 
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rock using a O.S mm diameter drill bit, dissolved in dehydrated phosphoric acid, and the 

evolved COj was cryogenically separated from water and other gases (Dettman, pers. 

commun.). Stable isotope ratios (S"C and 5'*0) were measured on a Finnigan MAT 

stable isotope, gas source mass spectrometer. The data were normalized to VPDB using 

the NBS-19 calcite standard, and the precision was reported to be better than 0.1 per mil 

for both 5'^C and 5**0 (Dettman, pers. commun.). The measurement was made using 

C02 gas from the sample at the University of Arizona Accelerator Mass Spectrometry 

facility (AMS). Details of the operation of the U of A facility and mathematics of the 

calculations are given in Jull et al. (1986), Linick et al. (1986), and Donahue et al. (1990). 

Sulfur Isotope Studies 

Sulfur isotopes can be used as a method to distinguish hypogene alunites from 

supergene alunites (Field, 1966; Field and Gustafson, 1976, Ohmoto and Rye, 1979). 

Their work indicated that sulfate in hypogene alunite tends to be fi'actionated with respect 

to hypogene sulfide resulting in 5^^S values greater than +8 per mil. In addition, 

supergene sulfates, including alunite and jarosite inherit sulfur from hypogene sulfides 

without significant isotopic fi'actionation, and retain 5^^S values between -3 and +1 per 

mil in most porphyry systems. Therefore as an additional check on the field and 

petrographic work, the alunite and jarosite samples fi-om the geochronology suite were 

submitted to outside laboratories for sulfur isotopic analysis in two phases of work. The 

first phase was an orientation study of four jarosite and two alunite samples that were 
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submitted to R.E. Rye for analysis at the U.S. Geological Survey Stable Isotope 

Laboratory in Denver. The second phase included the remaining alunites and jarosites, 

and samples of pyrite, chalcocite, and covellite fi-om co-existing sulfides that were 

intermixed in four of the alunites. The second suite was sent to C.J. Eastoe for standard 

SO2 sulfur isotope analysis in the Stable Isotope Laboratory in the Department of 

Geosciences at the University of Arizona following the methods of Robinson and 

Kusakabe (1975) and Coleman and Moore (1978). Copies of these reports are included in 

Appendix B. 

Major and Trace Element Geochemistry 

All 24 samples of alunite, jarosite, and illite were submitted to Activation 

Laboratories Ltd. (ACTLABS) in Ontario, Canada for geochemical analyses. The samples 

were handpicked grains from splits of the same samples that were submitted to the 

NMGRL for dating. Major element concentrations were measured using fusion ICP 

methods (ACTLAB code 4LITH0RES-MAJ ELEM FUS ICP). Concentrations of a suite 

of 43 trace elements were measured using fusion ICP-MS methods (ACTLAB code 

4LITH0RES-TRACE ELEM FUS ICP/MS). The analyses were done using "Research 

Grade" protocol and the results were reported to their lowest detection limit. 
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Geochemistry Results 

Sulfur Isotope Studies 

The sulfur isotope results are consistent with a supergene origin for the alunite and 

jarosite at Morenci. With one exception, the 5^^S results for alunite, jarosite and their co

existing sulfides ranged from -2.0 to +2.0 per mil with a mean of+0.6 per mil (Table 29). 

Overall, alunites in the Morenci district averaged +1.S per mil and were slightly enriched 

in ^*S relative to jarosites (-0.2 per mil) and their co-existing sulfides (-1.3 per mil) as 

shown on the histogram in Figure 63. For comparison. Cook (1994) reported slightly 

more enriched values (3.S and S.8 per mil) from Metcalf and Morenci, respectively. The 

one exception was sample #245, which had anomalously light 5^^S values of-30.8 from 

chalcocite (Mazdab, pers. commun), and -20.S and -15.8 per mil from samples of 

chalcocite coating pyrite (Eastoe, pers. commun.). Transmitted and reflected light 

microscopy of this sample revealed the presence of mineralized microfossil sulfate-

reducing bacteria, and the isotopically light signature in sample #245 has been interpreted 

to be a result of biogenic fi'actionation (this study). 

Alunite and Jarosite Geochemistry 

Major and trace element geochemical data for the samples are shown in several 

tables and figures. Major oxide element geochemical results are included in Table 30. 

The calculated modal mineralogy of the samples was estimated fi^om the major oxide 

geochemical data as shown in Table 31 and used to separate the samples into principal 

types as shown on Figure 64. Selected trace element data are shown in Table 32 
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according to principal type. The average trace element contents of the principal sample 

types are displayed on the log concentration plot in Figure 6Sa. The average rare earth 

elemental (REE) compositions of the sample types are plotted relative to upper continental 

crust abundance from Taylor and McLennan (198S) in Figure 65b. 

Interpretation 

The geochemical data support the distinction of three principal types of alunite and 

jarosite based on field relationships, XRD patterns, and reflected and transmitted light 

microscopy as shown in Figure 64 and summarized in Table 33. The three types include; 

Type I white alunite. Type II green alunite, and Type III brown to yellow jarosite, and 

show a progressive change in geochemistry with increasing degree of leaching. Although 

the general locations where these types of alunite and jarosite occur are noted below, they 

do not appear to be unique to a particular supergene zone. 

Type I samples are typically white to cream or tan colored and found in the 

enriched blanket or in remnant sulfide volumes in partially leached zones typically 

associated with pyrite +/• chalcopyrite, chalcocite, and covellite. White alunites are most 

commonly associated with single generation alunite, although two generations were found 

in a few samples. Calculated modal mineralogy (Table 31) indicates that Type I samples 

are almost pure alunite with less than 2% as jarosite and highly variable amounts of quartz 

and kaolinite. Type I samples exhibit a distinctive trace element geochemical signature 

(Table 32) with low average copper and molybdenum contents (138 PPM Cu, 21 PPM 

Mo) and elevated average zinc and lead contents (189 PPM Zn, 678 PPM Pb). Type I 
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samples also contain elevated levels of barium (1,417 PPM), strontium (1,305 PPM) and 

cerium (375 PPM). Copper and zinc are known to substitute for or Fe^"^, and lead, 

barium, strontium and cerium are all known to substitute for in alunite and jarosite 

(Scott, 1987; Alpersetal., 1989). 

Type II samples are typically yellow to pistachio green or olive green and found in 

the leached zones usually associated with hematite. Green alunites occur as one or two 

generations, typically filling open spaces in leached veins and fractures. Calculated modal 

mineralogy (Table 31) indicates that Type II samples are mixtures or substitutions of 

about 95% alunite and 5% jarosite with much lower amounts of quartz and kaolinite 

compared to Type I samples. Type II samples also exhibit a distinctive trace element 

geochemical signature (Table 32) with high average copper and molybdenum contents 

(2,572 PPM Cu, 373 PPM Mo), only traces of zinc (35 PPM), and no lead (<5 PPM). 

Type II samples also contain elevated levels of barium (2,709 PPM), but much lower 

average levels of strontium (194 PPM) and cerium (31 PPM). 

Type III samples are typically yellow to brown and found in the leached zones 

always associated with hematite, and with pyrite in places. Jarosite (hardness 2-1/2 to 3-

1/2) is softer than alunite (hardness 3-1/2 to 4) and rarely survived sample preparation for 

thin and polished sections; therefore, data on multiple generations are available for only 

one sample (#279b) which exhibited two generations. Calculated modal mineralogy 

(Table 31) indicates that Type III samples are typically pure jarosite with highly variable 

amounts of quartz and kaolinite. One sample (#279a) was clearly a vein that contained 

alunite and two generations of jarosite, and was not selected for age dating. Type QI 
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samples exhibit an intermediate trace element geochemical signature compared to Type I 

and n samples (Table 32) with high average copper and molybdenum contents (1,236 

PPM Cu, 193 PPM Mo), slightly elevated levels of zinc (35 PPM), and high levels of lead 

(1,458 PPM). Type m samples contained slightly lower levels of barium (905 PPM) and 

strontium (139 PPM), intermediate levels of cerium (86 PPM) relative to the other sample 

types. 

Trace element patterns for the three types of samples display a progressive change 

in geochemistry with increasing degree of leaching (Figure 65, Table 33). Type I samples 

typically contain grains of pyrite +/- chalcocite, quartz, and wall rock, relatively low levels 

of copper and molybdenum, and high levels of zinc and lead. These samples are 

interpreted to have formed during or after the enrichment zone within which they occur. 

At this point in space and time, supergene solutions would have been depleted in copper, 

contain little molybdenum due to its low solubility, and relatively high levels of zinc and 

lead because of their higher solubility. Type 11 samples, on the other hand, typically fill 

quartz-hematite veins, exhibit multiple generations of alunite, and contain grains of 

hematite in the alunite. These samples contain relatively high amounts of copper and 

molybdenum and are depleted in lead and zinc. These samples are interpreted to have 

formed during or after the leaching event that affected the supergene zone in which they 

occur. At this point in space and time, supergene solutions would have been enriched in 

copper and molybdenum, but contained little zinc and lead, having already been depleted 

from the zone. In addition, kaolinite formation may have been limited by buffering of the 

wall rocks of the veins and fractures by reaction with earlier solutions, thus accounting for 
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the low relative kaolinite contents of Type n samples. Type III samples contain more 

variable levels of trace elements and are interpreted to have formed contemporaneous with 

or later than the leached zone within which they occur. Their trace element geochemistry 

is probably indicative of the remaining leachable mineralization in the local environment. 

The REE plot (La through Lu) in Figure 6Sb contains hypogene illite for comparison. 

This diagram indicates a progressive depletion of the heavy rare earth elements with 

increasing degree of leaching and further supports the notion that Type I alunite is formed 

in a different geochemical environment than Type II alunite and Type III jarosite. 

Based on the evidence discussed above, it is postulated that alunite and jarosite 

record different events, but all occur at a late stage in a particular supergene cycle (Table 

33). Type I alunite appears to indicate the end of the formation of the enriched blanket 

within which it occurs. If leaching of overlying material is required before an underlying 

enriched blanket can be formed; then. Type II alunite appears to indicate the end of the 

formation of leached capping and the beginning of the formation of a later-cycle enriched 

blanket. Finally, Type m jarosite appears to indicate later destruction of remnant sulfides 

in the zone of leaching and oxidation under conditions with greater Fe^VAl^"^. 

Carbon and Oxygen Isotopes 

The sample of exotic malachite from the Clifton Tuff yielded a d 13C result of-

1.17 per mil (relative to PDB) and a 5**0 result of +25.6 per mil (relative to SMOW) 

(Dettman, pers. commun.). These results are consistent with data for naturally occurring 

malachite at Northwest Extension (Melchiorre et al., 1999; Melchiorre, 1998). 
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Gcochronology Results 

The results from this study support the assumptions and hypotheses developed in 

the preceding chapters about the timing of supergene enrichment in the Morenci district. 

None of the aiunite samples yielded ages that date the Laramide hydrothermal event. With 

one exception (illite), all of the samples that were dated are considered to be of supergene 

origin. 

Aiunite, Jarosite, and Illite Samples 

*°Ar/^'Ar ages for sulfates from the Morenci district ranged from 13.4 to 0.9 Ma 

with a mean and mode of 7.4 Ma. The NMGRL preferred ages for the aiunite, jarosite 

and illite samples and their type are listed in Table 28 and shown on the histogram in 

Figure 66. Weighted mean ages were calculated for 12 of the samples with at least S0% 

of the ^'Ar released and acceptable MS WD values (Peters, 1999c). Seven other samples 

yielded age spectra that climbed monotonically with increased heating; however, Peters 

(1999c) calculated weighted mean ages for the three samples with the least disturbed 

spectra. Two aiunite samples yielded very low-resolution age spectra with over 99% of 

the ^^Ar released in one step. The illite sample also yielded a disturbed age spectrum; 

however, Peters (1999c) calculated a total gas age for this sample. The detailed results 

are included in Appendix B. 
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Mn-oxide Samples 

The preferred *°Ar/^'Ar age for a sample of cryptomelane - hollandite from the 

Northwest Extension area is 7.59 +/- 0.12 Ma (Vasconcelos, pers. commun.). This also 

compares well with the other ages of supergene mineralization reported in Table 28 and 

shown in Figure 66. Full results are included in Appendix B. 

Malachite Sample 

The AMS lab reported that there was about 2% modem carbon (0.0172 +/- 0.0011 

fraction) in the malachite sample (analysis number AA 36449) and a age before the 

present of 32,640 +/- 500 years (Dettman, pers. commun.). Unfortunately, the sample of 

drilled powder was exposed to atmospheric contamination for a week or two before it was 

reacted. According to W. Beck at the AMS lab, contamination due to interaction of finely 

ground powder with atmospheric CO2 is possible; therefore, this age must be considered 

to be a minimum age for the sample. Nonetheless, this result confirms that the exotic 

malachite in the Clifton Tuff and basaltic andesite in the Clifton area is not anthropogenic. 

The results are included in Appendix B. 

Interpretation 

The ^Ar/^^Ar results from this study support the conclusion from the sulfur 

isotope analyses that the Morenci sulfate samples are of supergene origin. The results are 

consistent with two previously reported K-Ar ages from alunite of Cook (1994) that fall 

within the range of values from the new work (Table 28, Figure 66). In general, the 
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results follow a consistent pattern according to structural domain across the district as 

illustrated in Figures 67 and 68 and discussed in the subsequent section. The ^Ar/^^Ar 

results fall into four categories; samples with flat age spectra, samples with climbing age 

spectra, samples that degassed in one step, and one sample with suspect ^'Ar recoil 

effects. 

Nine of the samples displayed flat age spectra (#105, #242a, #248A, #250, #267, 

#268, #269, #278c, and #280b) indicative of simple argon systematics and their 

interpretation is straightforward (Peters, 1999c). With the exception of sample #250 and 

#267, thin section examinations, XRD analyses, and microprobe studies indicated that only 

one phase of alunite or jarosite was present. Although sample #250, a Type II alunite, 

contained two phases, the older phase was sparsely distributed in the vein and did not 

appear to be selected in the mineral separate. The age of this sample was 4.32 +/-0.04 Ma 

and is the youngest of the alunites tested at Morenci and is significantly younger than the 

7.19 +/- 0.27 Ma K-Ar age of Cook (1994) from the same location. A plausible 

interpretation is that Cook's sample represents the older generation of alunite in this area. 

The jarosite in sample #267 contained ~5% of a K-rich, clay-size contaminant (probably 

illite). Peters (1999c) reported that the last -10% of the age spectrum showed a rise in 

apparent age and a drop in the K/Ca ratio and radiogenic yield. She also raised the 

possibility that the alunite and illite are not thermally distinct which would also affect the 

earlier part of the age spectrum as well. In this case, the weighted mean age of 8.34 +/-

0.22 Ma would be a maximum age for the formation of alunite in this sample (Peters, 

1999c). For comparison, the cryptomelane - hollandite in sample #288 yielded an age of 
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7.S9 +/- 0.12 Ma. Both of these samples are from the base of the oxide zone at 

Northwest Extension and are only about 168 m (SSO ft) apart, however sample #288 is IS 

m deeper and in the Las Terrazas fault zone while sample #267 is in the younger granite 

porphyry (Figure 68). 

Seven of the samples displayed climbing age spectra (#9-3, #9-4, #238, #243, 

#247, #279b, and #282) and their interpretation is less straightforward (Peters, 1999c). In 

addition to quartz, microprobe studies and XRD analyses indicated that K-feldspar was 

present in samples #9-3 and #9-4 and a trace of kaolinite was present in sample #282. In 

addition, thin section examination indicated that multiple generations of alunite and 

jarosite were present in samples #9-3, #243, #279b, and #282 (Table 28). These 

observations are consistent with reports of climbing age spectra attributed to hypogene 

mineral contamination or multiple generations of sulfates in Vasconcelos (1999). Peters 

(1999c) reported maximum apparent ages for samples #9-3, #9-4, and #279b but no ages 

for the other samples with climbing age spectra. Samples #9-3 and #9-4 are from the 

same outcrop located about 137 m (450 fl) above, but in the same supergene profile, as 

samples #242a and #239 at Western Copper (Figure 67). All of these samples have ages 

that agree within error limits. Although two phases of jarosite are present in sample 

#279b, the youngest phase was sparsely distributed and did not appear in the mineral 

separate (Appendix E). The location and large error associated with this sample (0.87 +/-

1.3 Ma) allows its age to correspond with the age of the jarosite in sample #268 (Figure 

67). 
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Two samples degassed in one step (#239 and #244) and the confidence in these 

ages is not high (Peters, 1999c). Thin section examinations and microprobe analyses 

indicated that two phases of alunite are present in sample #239 and possibly in #244. 

Peters (1999c) concluded that the apparent ages for these samples is probably an 

intermediate age between the two generations. The bulk of the material in sample #239 

appears to be the younger, second-generation alunite (Appendix E). As discussed above, 

the age for sample #239 is consistent within error limits of nearby samples at Western 

Copper (Figure 67). Sample #244 is located in the center of the tilted enriched blanket in 

the footwall of the War Eagle fault and appears to be mostly composed of one phase of 

alunite (Appendix E). Its location in the supergene profile at Metcalf and similar age (7.01 

+/- 0.16 Ma) is consistent with other high-quality samples in the district (Figures 67 and 

68). 

The disturbed age spectrum fi-om sample #249c appears to have been affected by 

^'At recoil and possibly complicated with excess Ar (Peters, 1999c). The sample is 

composed of fine-grained illite and would be subject to potential recoil affects, thus the 

integrated age of 61.0 +/-1.6 Ma has a low confidence (Peters, 1999c). Despite these 

qualifications, the results clearly indicate that the illite in sample #249c is of hypogene 

origin and is consistent with similar ages for the Laramide-age porphyries in the district. 
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TABLE 8. Clast distribution by vol.% for basin fill units of the Clifton-Morenci area. Formation and unit names are 
abbreviated consistent with the unit descriptions. P = Precambrian (Pc)+ Paleozoic (Pz), I= Laramide-age porphyritc 
intrusive rocks (Tp), V = basalt and andesite (bas)+ rhyolite (rhy), Cuss= copper sulfide minerals like chalcopyrite, chalcocite 
and covellite, CuOx = copper oxide minerals like chrysocolla, malachite, and tenorite, and FeOx = hematite, goethite, or jarosite. 

Formation Estimated n p I V %Vas %Vas 
Age1 

(77 total) Pc+Pz Tp bas+rhy bas rhy 
Qao Holocene to Pleistocene 1 100 0 0 

Qtao Pleistocene to Pliocene(?) 5 32 7 61 97 3 

QT gs Pleistocene(?) to Pliocene 14 53 17 30 87 13 

Tgbr Pliocene 19 12 23 64 72 28 

Tgmc Pliocene to Miocene 22 0 0 100 54 46 

Tbck Miocene (-18<Tbck<24.5 Ma) 13 0 0 100 92 8 

Tbam Late-Oligocene 1 0 0 100 100 0 

Tel Oligocene (28<Tcl<34 Ma} 2 70 20 10 73 27 

notes: (1) based on correlation with Richter, Houser and Damon (1983) 

(2) mineralization and alteration comments from various field stations in addition to this database 
np = not present 

(3) FeOx as polished rounded to subrounded hematite and magnetite pebbles and cobbles 

(4) CuOx, skam as epidote repl. limestone, and q-s veined Tpm and Pcgr clasts are locally present towards top of unit 

Mineralizationz 

cuss cuox FeOx" Skarn Veining 
np locally locally locally locally 

np variable 2 to 20% variable variable 

np trto 5% trto 15% trto5% tr to 5% 

np Oto tr" np Oto5%4 Oto 5%4 

np np np np np 

np np np np np 

np np np np np 

np np np np np 

""""' 
""""' ~ 
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TABLE 29. Morend supergene dating samples - sulfur isotope values. 

Sample Sulfur Isotope Value (S'*S) Reference 
No. Alunite Jaroslte Pyrite Chalcocite Coveliite 
UAKA92-0 3.5 (a) 
PDMC 3413 5.8 -1.2 -1.9 (a) 
MOR9-3 1.1 (b) 
MOR9-4 0.6 -2.0 -0.9 (b) 
MET105 -1.3 (b) 
MET106 -1.3 (b) 
MET 5200 -0.7 (b) 
METB 2.0 (b) 
238 1.4 (c) 
239 1.8 (c) 
243 1.6 (c) 
244 1.8 (c) 
245(1) 0.4 -15.8 -20.5, -30.8 (c).(d) 
246 1.2 (c) 
247 -0.2 (c) 
248a 1.6 -0.4 (c) 
250 2.0 (c) 
267 0.8 (c) 
268 -0.5 (c) 
269 0.1 (c) 
278c 1.4 (c) 
279a 1.2 (c) 
279b -0.1 (c) 
280a 1.2 (c) 
281 1.0 (c) 
282 1.8 (c) 
294 -2.1 -2.5 (d) 

mean | 1.5 

C
M

 O
 • 

Notes; (1) Anomalously low values for chalcodte and pyrite exduded from mean. 

References: (a) Cook (1994) 
(b) Rye (pers. commun.) 
(c) Eastoe (pers. commun) 
(d) Mazdab (pers. commun.) 
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Supergene Dating Samples - Sulfur Isotopes 
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FIGURE 63. Sulfur isotope results for supergene dating samples of the Morenci district. 
Sulfides include chalcocite, covellite, and pyrite. Data is from Table 29. 



TABLE 30. Morenci supergene dating samples - major oxide geochemistry. 

Sample Description Major Oxide Geochemical Data 
Si02'̂ >AI203 ' Fe203 MnO MgO CaO Na20 "'K20 Ti02 P205 LOI TOTAL 

% % % % % % % % % % % % 
#9-3 green alunite 3.45 30.27 5.12 -0.01 -0.01 0.03 0.16 10.48 0.010 0.16 *• 49.71 
«9-4 white alunite 0.76 36.18 0.29 -0.01 -0.01 0.02 0.56 10.24 -0.005 0.15 42.89 91.09 
#105 earthy yellow jarosite 6.20 2.66 41.95 -0.01 0.04 -0.01 0.03 8.85 0.015 0.49 35.15 95.37 
«229 white alunite 63.10 14.27 0.77 -0.01 0.04 0.12 0.06 3.41 0.020 0.55 18.12 100.45 
«238 pistachio alunite 1.10 33.30 2.96 0.01 -0.01 -0.01 0.05 11.31 -0.005 -0.01 ** 48.74 
#239 white alunite 2.17 33.48 2.13 -0.01 0.05 0.19 0.12 9.28 0.022 2.58 ** 50.02 
i242A It yellow-green alunite 0.40 33.51 4.58 -0.01 -0.01 -0.01 0.06 10.90 -0.005 0.10 •* 49.56 
#243 white alunite 1.53 36.05 0.33 -0.01 -0.01 0.01 0.04 10.77 0.010 0.22 42.21 91.17 
#244 white alunite 0.82 35.07 0.32 -0.01 0.05 0.06 0.08 10.80 0.014 0.05 *• 47.28 
#245 white alunite 32.48 23.89 0.14 -0.01 -0.01 0.36 -0.01 6.71 0.010 1.35 32.98 97.93 
#246 gm-bm to white alunite 0.46 34.90 2.69 0.11 -0.01 -0.01 0.51 10.19 -0.005 0.10 43.47 92.45 
#247 pistachio alunite 2.26 34.58 1.05 0.06 -0.01 0.02 0.14 10.35 -0.005 0.11 ** 48.58 
#248A white-tan alunite 1.16 36.91 0.20 -0.01 -0.01 -0.01 -0.01 11.22 -0.005 -0.01 42.09 91.59 
#249C yell-white illite 58.23 26.29 2.10 -0.01 0.94 0.02 0.21 8.37 0.240 0.07 ** 96.48 
#250 pistachio alunite 5.01 32.84 2.39 -0.01 0.03 -0.01 0.03 10.70 0.010 0.04 41.45 92.50 
#267 tHown xtalline jarosite 57.56 4.45 19.37 -0.01 0.05 0.07 0.03 3.53 0.025 0.34 14.95 100.37 
#268 dk bm xtalline jarosite 1.46 0.46 46.02 -0.01 -0.01 -0.01 -0.01 8.68 0.040 0.06 *• 56.70 
#269 cream alunite 2.38 32.54 3.65 -0.01 0.03 0.03 0.51 10.28 0.022 0.07 ** 49.51 
#278C cream alunite 2.63 36.09 0.31 -0.01 -0.01 -0.01 0.03 11.14 -0.005 -0.01 41.56 91.74 
#279A pistachio-yellow alunite 9.06 17.82 18.10 -0.01 -0.01 -0.01 0.08 8.51 0.010 0.64 40.50 94.72 
#279B brownish yellow jarosite 1.57 0.50 49.00 -0.01 -0.01 -0.01 0.17 8.18 0.045 0.02 33.81 93.25 
#280B cream alunite 5.33 34.98 0.73 -0.01 0.02 -0.01 0.38 10.30 0.010 0.12 41.53 93.40 
#281 white alunite 14.85 29.50 0.29 -0.01 0.07 0.02 0.98 6.88 0.003 0.18 ** 52.75 
#282 white alunite 31.55 22.94 0.48 -0.01 0.13 0.29 0.07 6.47 0.082 0.95 ** 62.96 

Notes; "Insufficient sample for LOI determination 
taken from Scott (1987) and Alpers et al. (1989) 

1) and possibly may substitute for Ap"*^ and in atunite and jarosite if charged balanced. 

2) Ca^'*'. Pb^'*', Ba^'*^, Sr^'*'. and Ce^'^^may substitute for in alunite and jarosite if charged balanced. 

3) Na'*', HaO"'^, NH4"*', and Ag"*^ may substitute for K* in alunite and jarosite. 

4) P04^, As04^, and Sb04^ may substitute for S04^' in alunite and jarosite if charge balanced. 
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TABLE 31. Morenci supergene dating samples - calculated modal mineralogy. From whole rock 
geochemistry, (see Figure 69 and text for explanation, and Table 30 for raw data) 

TYPE I: white, cream, tan alunites 
Sample Description Calculated Modal Mineraloay (%) 

alunite Jarosite quartz kaoiinite hem/goe total 

#9-4 white alunite 95.59 0.50 0.00 3.91 0.00 100.00 
#229 white alunite 31.71 1.48 58.72 8.09 0.00 100.00 
#239 white alunite 87.51 4.17 0.00 8.31 0.00 100.00 
#243 white alunite 96.50 0.56 0.00 2.94 0.00 100.00 
#244 white alunite 98.33 0.63 0.57 0.46 0.00 100.00 
#245 white alunite 65.04 0.25 29.85 486 0.00 100.00 
«248A white-tan alunite 97.78 0.31 0.28 1.62 0.00 99.99 
111269 cream alunite 89.52 6.67 0.69 3.12 0.00 100.00 
«278C cream alunite 96.54 0.54 2.29 0.63 0.00 100.00 
#280B cream alunite 91.27 1.27 2.82 4.64 0.00 100.00 
#281 avg white alunite 76.96 0.69 5.99 16.37 0.00 100.00 
#282 white alunite 65.20 0.97 28.86 4.98 0.00 100.00 
average 82.66 1.50 10.84 4.99 0.00 100.00 
al/far rati 55 

TYPE II: yellow, brown, pistachio green alunites 
Sample Description Calculated Modal Mineralogy (%) 

alunite jarosite quartz kaoiinite hem/goe total 

#9-3 green alunite 87.22 9.33 3.45 0.00 0.00 100.00 
#238 pistachio alunite 93.78 5.12 1.10 0.00 0.00 100.00 
«242A It yellow-green alunite 90.27 8.18 0.00 1.55 0.00 100.00 
#246 gm-bm to white alunite 90.98 5.01 0.00 4.02 0.00 100.01 
#247 pistachio alunite 94.14 1.90 0.26 3.69 0.00 99.99 
#250 pistachio alunite 90.81 4.18 5.01 0.00 0.00 100.00 
average 91.20 5.62 1.64 1.54 0.00 100.00 
alilar rati 16 

TYPE III: jarosites 
Sample Description Calculated Modal Mineralogy {%) 

alunite Jarosite quartz kaoiinite hem/goe total 

#105 earthy yellow jarosite 6.50 86.64 5.42 1.43 0.00 99.99 
#267 brown xtalline jarosite 0.00 36.10 49.71 9.24 4.94 99.99 
#268 dk bm xtalline jarosite 0.00 95.15 0.90 0.95 3.00 100.00 
#279A pistachio-yellow alunite 51.79 37.32 6.90 4.00 0.00 100.01 
#279B brownish yellow jarosite 0.00 85.19 0.84 0.96 13.00 99.99 
average 11.66 68.08 12.75 3.32 4.19 100.00 
aUlar rati 0.17 
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FIGURE 64. Ternary plot of modal mineralogy of the supergene dating samples. See 
Table 31 for the results and Table 30 for the raw data. See text for explanation. 



TABLE 32. Morenci supergene dating samples - selected trace element geochemistry. 
(less than detection results are reported at 1 /2 the detection limit) 

Type I: white, cream, tan alunites 
Sample Description Trace Element Geochemical Data 

cut1) Mo 111 Zn 111 Pb (Z) Baiz, Sr 121 ce 121 Ag 131 As 141 

ppm ppm ppm ppm ppm ppm ppm ppm ppm 
#9-4 white alunite 82 9 35 3 49 83 31 1 3 
#229 white alunite 101 20 34 42 762 2449 335 1 3 
#239 white alunite 379 63 34 3 6695 8001 3070 1 6 
#243 white alunite 5 8 136 3 452 161 86 1 3 
#244 white alunite 119 29 227 3 771 110 33 1 3 
#245 white alunite 297 39 603 23 2937 998 252 1 3 
#248A white-tan alunite 29 5 165 9 1976 88 5 1 3 
#269 cream alunite 134 7 107 25 737 37 9 1 3 
#278C cream alunite 55 1 131 39 1386 97 23 1 3 
#2808 cream alunite 149 44 442 26 330 1333 136 4 8 
#281 white alunite 214 26 206 7510 92 1590 72 4 8 
#282 white alunite 86 5 145 457 818 715 452 2 3 
average 138 21 189 678 1417 1305 375 1 4 

Type II: yellow, brown, pistachio green alunites 
Sample Description Trace Element Geochemical Data 

cu<1> Mo 111 zn 111 Pb 121 Ba 121 Sr 121 Ce(2) Ag (3l As <4> 

ppm ppm ppm ppm ppm ppm ppm ppm ppm 
#9-3 green alunite 3180 530 31 -5 52 73 52 4 3 
#238 pistachio alunite 2020 169 41 -5 1153 94 10 1 4 
#242A It yellow-green alunite 81 1190 32 -5 172 46 20 1 3 
#246 grn-brn to white alunite 1110 53 37 -5 451 325 40 1 3 
#247 pistachio alunite 6190 293 52 -5 11254 312 35 1 17 
#250 pistachio alunite 2850 5 15 -5 3174 313 30 1 3 
average 2572 373 35 -5 2709 194 31 1 5 

Type Ill: jarosites 
Sample Description Trace Element Geochemical Data 

cu 111 Mo 111 Zn 111 Pb 121 Ba 121 Sr 121 Ce 121 Ag Ill As 141 

ppm ppm ppm ppm ppm ppm ppm ppm ppm 
#105 earthy yellow jarosite 1570 250 15 3 2382 192 52 2 3 
#267 brown xtalline jarosite 853 656 321 14 252 224 35 1 3 
#268 dk brn xtalline jarosite 457 31 15 21 195 11 5 3 9 
#279A pistachio-yellow alunite 3020 17 58 7100 1466 258 334 2 15 
#2798 brownish yellow jarosite 279 8 15 152 230 12 8 4 8 
average 1236 193 85 1458 905 139 86 2 7 

Notes: taken from Scott (1987) and Alpers et al. (1989) 
1) Cu2 +, Zn2 +, and possibly Mo2 + may substitute for Al3 + and Fe3 + in alunite and jarosite if charged balanced. 
2) Ca2 +, Pb2 +, Ba2 +, Sr2 +, and Ce2 +may substitute for K+ in alunite and jarosite if charged balanced . 
3) Na +, H3 0 +, NH4 +, and Ag + may substitute for K + in al unite and jarosite. 

4) PO/-, Asa/-, and Sb04
3

- may substitute for so/- in alunite and jarosite if charge balanced. 
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FIGURE 65. Geochemistry of the Morenci district supergene dating samples. Panel A 
shows the trace element compositions. Panel B shows the rare earth element 
compositions relative to upper continental crust from Taylor and McLennan (1985). See 
text for discussion. 
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TABLE 33. Typical Morenci alunite and jarosite characteristics. 
LC = leached capping, EB = enriched blanket. 

Type Zone Gener-
atlons 

Contain-
•inants 

Inclusions Cu 
ppm 

Mo 
ppm 

Zn 
ppm 

Pb 
ppm 

Age 
Ma 

IM 
yellow 
jarosite 

LC multiple hematite 
quart! 

hem 1236 193 85 1456 8.3, 5.6 
1.7, 0.9 
(4.1) 

II 
green 
alunite 

LC multiple jarosite 
-«• quartz 

ain, hem 2572 373 35 -5 7.8, 7.5 
4.3 
(6.5) 

1 
white 
alunite 

EB single kaolinite 
quarte 

py. cc, wr 
cv.cpy 

138 21 189 678 13.4, 11.0 
9.3, 8.8 
7.8, 7.3 

7.0 
(9.2) 
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Distribution of Supergene Age Dates in the Morenci District 

1st Cycle 2nd Cycle 3rd Cycle 4th Cycle 
8 

7 
•Mn-oxides 
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FIGURE 66. Distribution of geochronology results for Morenci supergene samples. This 
figure shows the interpreted supergene cycles for reference. From Table 28, excluding 
samples# 247, 282, 238, and 243, see Table 28 for actual values and associated errors. 
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Sample Age (Ma) Mineralogy Type 
Number 

279b 0.87 +/• 1.3 Jarosite Ill 
268 1.69 +/- 0 .08 Jarosite Ill 
243 6.2 Alunite I 
269 11 .00 +/-0.24 Alunite I 
278c 9.29 +/- 0.06 Alunite I 
248a 8.82 +/-0.08 Alunite I 
105 5.64 +/- 0.12 Jarosite Ill 
244 7.01 +/•0.16 Alunite I 
92-21 9.88 +/- 0.26 Al unite ? 
9-3 7.78 +I- 0.32 Alunite II 
9-4 7.29 +/- 0.34 Alunite I 
242a 7.45 +/- 0.02 Alunite II 
239 7.78 +/- 0.28 Alunite I 
238 6.3 Alunite II 
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FIGURE 67. Schematic cross sections through Metcalf and Western Copper areas. 
Showing the projected location of supergene age dating samples. See Figure 62 for cross 
section locations and text for description. 
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SYNTHESIS, CONCLUSIONS, AND RECOMMENDATIONS 

Geologic studies of the Morenci district over the last 100 years record the 

evolution in our understanding of the extent and tiniing of processes in the supergene 

environment. Although all of the geologists who have studied the district recognized that 

enrichment occurred in multiple stages, they developed conflicting interpretations of the 

timing. In the early studies, Lindgren (1905a) and Mooiick and Durek (1966) concluded 

that enrichment occurred in multiple cycles, but that supergene enrichment formed prior to 

mid-Tertiary volcanic activity. Langton (1973) thought that, although the bulk of 

enrichment was pre-volcanic, there was some redistribution during volcanism and there 

was a later stage of minor Miocene and Pliocene enrichment. In a significant departure 

from the previous work. North and Preece (1993) also recognized two generations of 

enrichment, but emphasized the importance of the post-volcanic enrichment to the 

development of the thick and high-grade enrichment profiles in the district from 30 to 10 

Ma. Cook (1994) was the first to use K-Ar dating of alunite in the district and establish 

that enrichment occurred during the late Miocene. He further asserted that there was no 

evidence of pre-Miocene enrichment and that there had been profound lateral migration of 

supergene solutions in the district. The results of this study are consistent with Cook's 

conclusions and provide further clarification and insight into the distribution, character, 

timing, and processes of supergene mineralization in the Morenci district. 
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Morenci Enrichment Cycles 

The rocks in the Morenci district record a complex, episodic history of supergene 

enrichment that began over 13 million years ago and continues today. *''AT/^^Ar ages from 

alunite, jarosite, and potassium-bearing manganese oxides in the district record three 

cycles of enrichment and leaching, and a fourth cycle of leaching and destruction of the 

present enrichment blanket (Figure 66). These occurred in the mid-Miocene, late 

Miocene, early Pliocene, and Pleistocene epochs entirely during the second and third 

Cenozoic erosional periods in the Clifton-Morenci area. Although leaching and 

enrichment appear to have been episodic and related to disequalibrium caused by 

tectonism, these processes appear to have been neariy continuous from the mid-Miocene 

to the early Pliocene. 

The four supergene cycles are shown along with the five stages of landscape 

evolution in Figure 69. This is a summary diagram showing the geologic processes that 

drove the formation of the Morenci porphyry copper deposit fi'om the Laramide to the 

present. These processes include Laramide intrusion, hydrothermal alteration and 

mineralization, extension, volcanism, sedimentation, erosion, and chemical weathering. 

The four supergene cycles are described below. 

First Cycle (18 to 12 Ma) 

The first cycle of leaching and enrichment began in the mid-Miocene when the 

overlying volcanic rocks were eroded from the deposit. This cycle was coincident with 

the deposition of the conglomerate of Midnight Canyon during initial subsidence of the 
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Duncan basin between about 18 and 12 Ma. Sample #280b, from the top of Meade Peak 

at Coronado, records an alunite date of 13.39 +/. 0.08 Ma for the formation of the 

enriched blanket in this part of the district (Figure 68). Subsequent erosion of this first-

cycle enrichment profile contributed small volumes of mineralized clasts to the overlying 

fluviatile deposits of Buzzard Roost Canyon as the Duncan basin continued to subside. 

Second cycle (12 to 7 Ma) 

The second cycle of leaching and enrichment began in the late Miocene when 

Basin and Range tectonism further dissected the district and deepened the Duncan basin. 

This cycle appears to have been the longest in duration and the most widespread. Eleven 

alunite, one jarosite, and one manganese-oxide ages, from samples collected across the 

district (Figure 62), record a cycle that began about 11.0 Ma and continued through 7.0 

Ma, with a prominent maximum at 7.4 Ma (Figure 66). The older samples fi-om this cycle 

contain one generation of Type I alunite and represent simple enrichment histories. The 

preponderance of multiple generations of alunite in the younger samples and the mixture 

of both Type I and Type II alunites indicate a significant change in enrichment late in this 

cycle. It may well be more appropriate to include the older samples from the second cycle 

with the first cycle. Although there are no samples with ages between 11.0 and 13.4 Ma, 

it is possible that leaching and enrichment continued during this time. In fact, rocks of the 

fluviatile deposits of Buzzard Roost Canyon contain a relatively uninterrupted sequence 

and increasing volumes of mineralized clasts upward in the section. 
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The oldest dates for this cycle are from alunites at the top of the enrichment profile 

at Metcalf (Figure 67, Cross Section B-B'). A cluster of samples (#92-21, #278c, and 

#248a) in this area range in age firom 9.88 +/- 0.26 Ma (Cook, 1994) to 8.82 +/- 0.08 Ma 

and show a local decrease in age with depth. Sample #269 is composed of alunite from a 

remnant sulfide zone in leached capping in the hanging wall block of the War Eagle fault 

at Metcalf (Figure 67, Cross Section A-A'). This sample has an age of 11.0 +/-0.24 Ma 

and is the second oldest supergene date in the district. Presumably, this structural domain 

was significantly higher in elevation prior to late Miocene faulting. 

The bulk of the thick high-grade enrichment blanket and the Chase Creek Graben 

appears to have been developed by 7.0 Ma. Alunite with ages fi-om 7.78 Ma to 7.0 Ma 

were found in the Metcalf, Western Copper, Northwest Extension, and American 

Mountain areas (Figures 67 and 68). All of the dates from alunite in the Western Copper 

profile (Figure 67, Cross Section C-C) agree within error and average 7.6 Ma. A similar 

date of 7.01 +/- 0.16 Ma was recorded in alunite (#244) from the center of the enriched 

blanket in the footwall block of the War Eagle fault in Metcalf (Figure 67, Cross Section 

B-B'). Sample #244 is approximately 2S8 m below sample #248a (8.82 +/- 0.08 Ma) in 

the Metcalf profile and further supports the classical notion of decreasing age of 

enrichment with depth in this simple enrichment profile that is outside of the Chase Creek 

graben. 

Enrichment and in-situ oxidation in the Northwest Extension area also occurred 

during this cycle. Sample #92-05 records a K-Ar age from alunite of 7.19 +/-0.27 Ma 

(Cook, 1994). This sample occurs at the top of the enrichment profile at Hennesey Hill in 
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between Northwest Extension and Coronado (Figure 68, Cross Section D-D'). 

Presumably, this represents the age of the enriched blanket in this area that was formed by 

second-cycle leaching of a pre-existing, first-cycle blanket. The jarosite in sample #267 

and the cryptomelane-hollandite in sample #288 record the leaching and in-situ oxidation 

of this former blanket between 8.34 and 7.59 Ma, respectively. The first-cycle blanket at 

Northwest Extension may be correlative to the 13.39 Ma blanket at the top of Coronado. 

This enrichment profile was subsequently offset and preserved along the Las Terrazas fault 

in the late Miocene, after formation of the second cycle blanket. This appears to be similar 

to the structural development and preservation of 11.0 Ma enrichment in the hanging wall 

of the War Eagle fault on the eastern side of the Chase Creek graben, as discussed above. 

Third Cycle (6 to 4 Ma) 

The third cycle of leaching and enrichment began at the end of the Miocene and 

extended into the early Pliocene toward the waning stages of Basin and Range extension 

in the region. Sample #250, fi'om the top of Hennesey Hill between Northwest Extension 

and Coronado, records an alunite date of4.32 +/- 0.04 Ma for the formation of some 

enrichment in this part of the district (Figure 68). Enrichment in this cycle was formed 

from leaching of earlier-cycle enriched blankets leaving hematitic and jarositic leached 

caps above the enriched blanket. Sample #105, from the leached capping in the hanging 

wall of the War Eagle fault, records a jarosite date of 5.64 +/- 0.12 Ma for the formation 

of the leached capping in this part of the district. 
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During the second and third cycles, erosion of the supergene zone at Morenci 

continued shedding detritus into the adjacent Duncan basin. Structural deformation in the 

Duncan basin and adjacent bedrock blocks waned by the time the upper sediments of the 

Buzzard Roost Canyon were deposited. Rocks with copper oxide mineralization and 

leached capping from a variety of rocks, and hematitic gossan material from the skams in 

the district comprise up to 20% of the clasts in the overlying alluvium of Smuggler 

Canyon that were deposited as the Duncan basin slowly filled. 

Slickenlines record oblique strike-slip movement on several fault planes in the 

Morenci district. These are particularly evident in places along the Garfield and Chase 

Creek faults. Samples #281 and #282, from the leached capping at the top of American 

Mountain, contain deformed alunite with oblique slickenlines (Appendix E). Although 

sample #282 yielded a disturbed age spectra, an age of about 7 Ma is consistent with 

similar samples in the district (Table 28). It is permissible, then, that the third-cycle of 

leaching and enrichment may have been initiated by oblique-slip deformation associated 

with the late structural adjustments within the Transition Zone. This would be consistent 

with late Miocene clockwise rotation of the Colorado Plateau during this cycle (Chapin 

andCather, 1994). 

Fourth cycle (2 Ma to present) 

The fourth cycle of leaching began in the Pleistocene as a result of base-level drop 

caused by down cutting of the Gila River, and is continuing today. Samples #268 and 

#279b, fi'om the top of Metcalf, record jarosite dates of 1.69 +/- 0.08 and 0.87 +/-1.3 Ma, 
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respectively for the formation of partial leaching that has destroyed portions of the 

enriched blanket in this part of the district (Figure 68). Exotic copper mineralization in the 

Clifton Tuff and basaltic andesite in the Clifton area records a '̂ C date of32,640 +/- SOO 

BP, which is a minimum age for the sample. It is possible that exotic copper 

mineralization was deposited at least since then, and maybe earlier when Chase Creek and 

the San Francisco River began their incision into the Morenci district and adjacent basin 

fill. Leaching and oxidation of the present blanket is continuing today, and can be 

observed in action as the deposit is exposed during mining operations. 

Conclusions 

The inescapable conclusion from this study is that supergene enrichment in the 

Morenci district is geologically young and related to the structural evolution of the district 

from the mid-Miocene to the present. Mid- to late Tertiary erosion, tectonism, and 

associated volcanism and sedimentation played a profound role in the formation and 

preservation of the Morenci porphyry copper deposit. Although it was permissible for 

enrichment to have occurred prior to Oligocene volcanic activity, there is no evidence 

preserved in the rocks to substantiate this interpretation. Although there were at least four 

supergene cycles, most of the enrichment appears to have been formed during the late 

Miocene from about 11 to 7 Ma and coincides with Basin and Range extension in the 

region. 

Tectonics and structure at all scales are key first order controls of supergene 

processes. These controls range ft-om the original stockwork fracture density at a small 
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scale that affects huge volumes of rock, to faults at a larger scale that displace 

mineralization and control the relative position of the groundwater table in response to 

episodic tectonism. Field observations and mathematical modeling based on mass balance 

principles indicate that lateral migration and enrichment was an important process in the 

Morenci district. Calculated eroded thicknesses suggest that copper may have been 

transported fi'om the topographically higher and peripheral areas of the deposit and 

deposited in the enriched blanket in the central graben because of district groundwater 

flow in this structural setting. Stacked supergene profiles and the distribution of 

secondary mineralization indicate that the Chase Creek graben formed an efficient trap for 

laterally migrating solutions that added copper to an already well mineralized domain. In 

this structural environment, thick supergene sulfide blankets that reveal multiple cycles of 

zoned secondary copper minerals may have been formed from the bottom to the top; the 

opposite of conventional models. 

Supergene processes have affected almost all of the known Morenci deposit to 

varying degrees, and this effect extends to great depths (>500 m, >1,640 ft) below the 

surface. Supergene enrichment occurs in a continuous blanket of varying grade over a 19-

km^ (7.S mî ) area. These processes affected regions of the deposit differently depending 

on their ore and gangue mineralogy. Mineral zoning, then, controls the distribution and 

style of supergene mineralization throughout the district. For example. Northwest 

Extension, Metcalf Garfield, and Coronado occur in the north-central portion of the 

district where py/cc ratios are <2 and contain significant copper oxide zones. Thick high-

grade regions of the enriched blanket occur in the Metcalf, Western Copper, and Morenci 
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areas where the primary hypogene copper grade was highest, the quartz-sericite-pyrite 

alteration was strongest, and the py/cpy and py/cc ratios were the greatest (>4: i). 

Microbiological and geological studies in the Morenci district reveal that 

acidophilic iron oxidizing bacteria (Thiobacillusferrooxidans) and dissimilatory sulfate 

reducing bacteria (SRB) contribute to leaching and enrichment of copper in the supergene 

environment. Sampling of actively weathering zones in the pit showed populations of 

Thiobacillus ferrooxidans reaching populations >10^ MPN/ml and populations of viable 

SRB with over 10^ MPN/ml at some sites. Micro-fossilized SRB, similar in morphology to 

those grown in-vitro, were found encapsulated in alunite 95 meters (310 ft) below the pre-

mine surface and 35 meters (115ft) above the enriched blanket at Metcalf Oxidation of 

pyrite and chalcopyrite yield ferrous ion that is subsequently oxidized to ferric ion by T. 

ferrooxidans, beginning a propagation cycle that promotes mineral dissolution. During 

wet events soluble minerals and reduced carbon ftom dead T. ferrooxidans are flushed 

down to the water table where SRB populations thrive in anaerobic conditions at pHs 

>5.5. In that environment, SRB may contribute to enrichment by reducing sulfate to 

sulfide (H2S) preferentially precipitating copper as covellite prior to diagenesis to 

chalcocite. ^Ar/^^Ar dating of alunite at Metcalf indicate the micro-fossilized SRB are of 

late Miocene age and were formed during the second supergene cycle suggesting that 

these processes have been going on at least since then. 
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Recommendations 

Despite the work that has been completed in the Morenci district over the last 25 

years, significant questions still remain. Mines make great natural laboratories. In a 

district like Morenci, it seems like there is no end to research opportunities, some with 

direct applications to operations and exploration, others of more academic interest. Those 

that yield insights for both groups are particularly compelling. Key opportunities for 

future work are briefly outlined below. 

Additional study of the basic geology of the Morenci deposit is still needed. 

Questions about the timing and petrogenesis of the intrusive rocks and the attendant 

alteration and mineralization are still unresolved. Intrusive relationships in the pit and 

recent studies of the dacite porphyry and the Silver Creek area indicate that the intrusive 

history of the district may be more complicated than we thought. At a district scale, 

alteration zoning is still not well mapped. Mapping and core logging have identified a 

later potassic vein assemblage at Coronado and a quartz-molybdenum assemblage at 

Metcalf, Morenci, and Garfield that cross cut earlier quartz-sericite-pyrite veins. District-

scale mapping has shown that the early magnetite + biotite veins are very widespread, and 

in places chlorite replaces biotite. A detailed alteration study supported by a remote 

sensing technique such as hyperspectral imagery at a district scale would be useful and an 

excellent way to further study the distribution and character of alteration. Traditional 

igneous petrology and geochemistry linked with geochronological studies and detailed 

mapping of the intrusive rocks are cleariy needed. 
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There are plenty of opportunities to study the district in support of exploration 

efforts at Morenci or for other porphyry copper systems. Metal zoning and fracture 

densities patterns could be studied over the 90-lcm^ (33-mî ) district that would be helpful 

to establish gradients and characteristics of the Morenci system. Large areas of 

undisturbed leached capping are still intact at Garfield, Western Copper, and American 

Mountain. These areas offer excellent sites to study the geochemistry and surficial 

exploration signature of leached rocks. A limited geochemical data set from Coronado 

indicates that study of the geochemistry of supergene enrichment for elemental dispersion 

and concentration patterns would be helpful to both explorationists and environmental 

scientists. In particular, the presence of zinc in the enriched blanket at Morenci is not 

consistent with Schurmann series sulfide replacement theory and deserves a closer look. 

As the deposit is mined, there are excellent exposures to study and sample the mineralogy 

of the oxide and sulfide zones. In addition, there have been a number of geophysical 

surveys conducted over portions of the Morenci district in the last several decades. These 

surveys should be re-compiled and augmented with new surveys if appropriate. 

Finally, the recent work that has been conducted in the district provides additional 

opportunities for further research. Now that a stratigraphic fi'amework for the mid-

Tertiary and younger volcanic and sedimentary rocks has been established, more detailed 

petrological and geochronological studies are possible. Further study of the role of 

microorganisms in the supergene environment at Morenci may yield new insights into the 

processes that form leached capping and enriched blankets that are directly applicable to 

SX/EW leaching operations. In some ways, the current mining and processing operations 
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are making sedimentary copper deposits in the leach stockpiles, and then partially leaching 

them to recover some of the copper. As re-mining of the older stockpiles proceeds, there 

is an opportunity to study the sedimentology, hydrology, and geochemistry of leaching. 

Finally, alunite and jarosite contain four stable isotope sites, and complete analyses ofSD, 

5'*Oso4, 5'*Ooh, and can provide powerful information about their environment of 

formation and insights about the paleoclimate and landscape evolution during that time. 

Geologic research at Morenci over the last 25 years has built on the work of many 

other geologists since Waldemar Lindgren first studied the district almost 100 year ago. 

As we enter the 21" century, we are fortunate to have a sound geologic foundation on 

which to build. The potential of continued basic geologic observations from mapping, 

drilling and other studies, combined with the use of our extensive computer databases, 

GIS format maps, GPS applications, modem analytical techniques, and the keen minds of 

trained geologists is exciting. 
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APPENDIX A 

UNIT DESCRIPTIONS 

Arizona Geological Survey Digital Infonnation Series DI-19 

From Ferguson and Enders (2000) 



340 

Unit Descriptions 

The Clifton-Morenci map area includes four 7.S' USGS quadrangles; Coronado 

Mountain, Copperplate Gulch, Clifton, and Mitchell Peak. Descriptions of the 

Precambrian, Paleozoic, and Mesozoic rocks are primarily from Lindgren (190Sa,b). The 

early Tertiary (Laramide) intrusive rock units are also described in detail by Bennett 

(1975), Menzer (1980), Preece and Menzer (1992), Griffin, Ring and Lowery (1993), 

Walker (1995), Phelps Dodge (1996), and Wright (1997). Hydrothermal alteration of the 

rocks of the Morenci porphyry copper deposit is well described in Lindgren (1905), Reber 

(1916), Bennett (1974), Preece, Stegen and Weiskopf (1993), and Walker (1995). 

Descriptions of the Tertiary volcanic and sedimentary rocks are primarily derived from 

recent mapping by Ferguson and Enders (this report). Many of the unit names were 

derived from work in adjacent areas by Richter et al. (1983), Houser and others (1985), 

Ratte and Brooks (1995), and Schroder (1996). 

RECENT 
R Stockpiles, mill tailings, road embankments and other facilities (Recent): 
Extensive areas of the Morenci block and adjacent valley to the south are covered by mine 

tailings, stockpiles, ponds, and related facilities. Mining began in the district around 1882. 

The location of covered areas as of January 1999 are shown with the underiying bedrock 

geology where data was available from eariier maps. 

QUATERNARY 
Qt Talus (Quaternary) [0-5 meters]; Talus and landslide deposits consisting of 

blocky talus and colluvium on steep hillsides along portions of the east-side of the upper 

San Francisco River canyon. 

Qac Colluvium (Quaternary) [0-2 meters]; Chiefly talus and other slope debris mixed 

with alluvium fi om numerous small streams. The deposits are unconsolidated or caliche-

cemented and consist of poorly sorted and crudely bedded silt to angular boulders and 

occurs in the southwestern portion of the map area and adjacent Guthrie quadrangle 

(Richter, Houser and Damon, 1983). 

Qa Alluvium (Quaternary) [0-6 meters]: Unconsolidated alluvium in active channels 

of perennial streams and adjacent washes. The alluvium consists of moderately well-

sorted silt to boulder sized, rounded clasts in variously imbricated, lenticular beds. Clast 

composition is variable, depending on source and reworking. 

Qap Pediment alluvium (Quaternary) [0-6 meters]; Unconsolidated or caliche-

cemented alluvium on pediments and in smaller washes. The size, sorting and bedding are 
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similar to alluvium of unit Qal. Pediment alluvium occurs in the southern portion of the 

map area and in the adjacent Guthrie quadrangle (Richter, Houser and Damon, 1983). 

Qao Older alluvium (Quaternary) [0-6 meters]: Unconsolidated alluvium in lower 

terraces above and adjacent to present streams and washes. 

QUATERNARY AND TERTIARY 
QTao Older alluvial deposits (Pliocene? to Pleistocene) [0-10 meters]; This unit 

represents alluvium of ancestral Eagle Creek and the Gila and San Francisco Rivers 

(Richter et al., 1983). It consists of unconsolidated or caliche-cemented, variably 

imbricated, poorly sorted sand to boulder-size deposits on high terraces and interfluves 

above present channels. Clasts are rounded and consist of variable amounts of locally 

derived older conglomerate, basaltic andesite and rhyolite (59%), red Proterozic granite 

(30%), felsic porphyry (7%), as well as limestone, quartzite, and shale (4%). Some 

deposits contain up to 20% black polished hematite and magnetite clasts along with 

variable amounts of skam and hydrothermally altered and leached copper-oxide 

mineralized porphyritic and granitic clasts from the Morenci copper deposit. 

QUATERNARY AND TERTIARY GILA GROUP 
The Gila Group is a complex sequence of Pleistocene, Pliocene, and Miocene-aged 

variably indurated, post-volcanic conglomerate, sandstone and siltstone that fills closed 

basins within the present physiographic boundaries. The group consists of several 

informal subdivisions defined largely on clast content, and to a lesser extent, on 

lithification and sedimentology. The informal subdivisions follow Richter, Houser and 

Damon (1983) from the Guthrie and Safford Quadrangles to the south and southwest. 

QTgs Unit or Smuggler Canyon (Gila Group, Pliocene to Pleistocene?) [0-1 SO 

meters]; Unconsolidated to weakly indurated, locally caliche-cemented, interbedded 

lenses of moderately well-sorted and cross-stratified sandstone, and conglomerate or 

siltstone and bouldery gravel. Clast proportions are highly variable and consist of locally 

derived red Proterozoic granite (4S%), volcanic rocks (30%), Laramide porphyritic 

plutonic rocks (17%), and Paleozoic sedimentary rocks (7%). Clasts are weakly to 

strongly imbricated in places and may be rounded to sub-angular in shape, depending on 

proximity to source area. The unit contains <I to 15% black polished hematite and 

magnetite clasts, and copper-oxide mineralized, veined, altered and leached clasts of skam, 

porphyry, quartzite, and granite. The unit forms the rounded slopes with a typically 

indistinct lower contact with the underiying cliff-forming unit of Buzzard Roost Canyon or 

conglomerate of Midnight Canyon. A thick lens of silt and clay occur in the town of 

Morenci at the site of the "clay borrow pit". 



342 

QTgg Unit or Smuggler Canyon, granite-clast facies (Gila Group, Pliocene to 
Pleistocene?) [O-IOO meters]: A unit mapped along the west-side of the upper San 

Francisco River canyon where it is composed of >95% angular to sub-rounded red 

Proterozoic granite clasts. 

QTgd Unit of Smuggler Canyon, diorite-clast facies (Gila Group, Pliocene to 
Pleistocene?) [0-100 meters]; A unit mapped along the southwestern margin of the 

Morenci block where it is composed of >85% angular to sub-angular Laramide-age buff-

colored diorite porphyry clasts of unit Tpd. 

Tgbr Unit of Buzzard Roost Canyon (Gila Group, Pliocene) [0 - >800 meters]; 

Tan, strongly indurated, medium- to thick-bedded conglomerate interbedded with siltstone 

and sandstone. The beds commonly display large-scale planar crossbedding. Clasts are 

typically non-imbricated, rounded to sub-rounded, and consist dominantly of volcanic 

rocks (64%); predominantly andesite but also rhyolite. Clast composition is highly 

variable and consists of lesser amounts of Laramide-age porphyritic plutonic rocks (23%), 

red Proterozoic granite (7%), and Paleozoic sedimentary rocks (5%). The matrix is 

largely altered to zeolite minerals, but calcite cement is common in places. The unit has a 

gradational lower contact that is marked by the first appearance of Paleozoic limestone or 

quartzite and typically 1-5% red granite clasts. The abundance of non-volcanic clasts 

increases upwards to 15-30% at the top of the unit. In places the unit contains rare clasts 

of skam and oxidized copper-sulfides in veined and altered porphyry and Proterozoic 

granite. Conglomerates of this unit form nearly vertical cliffs 80 to 100 meters high along 

the lower San Francisco and Gila River canyons south and southwest of Clifton. The unit 

grades from poorly sorted boulder conglomerate proximal to the Eagle Creek and San 

Francisco faults and in the corresponding canyons, to more distal facies of alternating 1-

meter thick beds of moderately well sorted pebbly conglomerate and silty sandstone to the 

south and southeast in the Duncan basin. Although the unit is widespread throughout the 

region, it appears to be restricted to the current physiographic boundaries of the valleys. 

Tgbrcc Unit of Buzzard Roost Canyon, Chase Creek facies (Gila Group, Pliocene) [0 
- 1 1 0  m e t e r s ] ;  R e d d i s h - t a n  c o n g l o m e r a t e  c o n t a i n i n g  m o r e  a b u n d a n t  P a l e o z o i c  

sedimentary and Proterozoic granite clasts than sub-unit Tgbr,f 

Tgbr,r Unit of Buzzard Roost Canyon, San Francisco facies (Gila Group, Pliocene) 
[0 - 250 meters]; Light greyish-tan conglomerate, containing abundant volcanic clasts in 

the Chase Creek area. 

Tgmc Conglomerate of Midnight Canyon (Gila Group, Miocene and Pliocene) [0-
360 meters]; Light tan, massive, strongly indurated, fluviatile, volcaniclastic, medium- to 

thick-bedded conglomerate containing clasts predominantly of basaltic andesite with sub-

equal but highly variable amounts of rhyolite lava and tuff The unit consists mostly of 
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matrix-supported conglomerate with angular to subrounded clasts ranging in size from 

coarse sand to boulders in a matrix of zeolite-cemented silt and sand. This unit was 

mapped as rhyolite by Lindgren (190Sa,b), as rhyolite conglomerate by Heindl (I960), and 

as QTg by Richter and Lawrence (1981). The lower two-thirds forms prominent, nearly 

vertical cliffs and hoodoos from 30 to 100 meters high along Eagle Creek and the San 

Francisco River and tributary canyons. The upper third is finer grained, better sorted, less 

indurated and grades upward into the overlying unit of Buzzard Roost Canyon (Tgbr). 

The basal contact is marked by thin tuff lenses (Ttt) in the southwestern portion of the 

map area where present, or by indistinct gradation into the basaltic conglomerate and 

andesite of the conglomerate of Bonita Creek (Tbck) below. Tgmc is the most 

widespread conglomerate in the region and crops out extensively in the Eagle Creek and 

San Francisco River sub-basins as well as north of the map area in the Pigeon Creek area 

and to the southwest in the Safford basin (Kruger et al., 1995). 

TERTIARY UNITS OLDER THAN THE GILA GROUP 
Tcb Basaltic conglomerate (Miocene) [0-30 meters]; Medium- to thick-bedded 

sandy conglomerate, and conglomerate containing rounded clasts of basaltic andesite. 

Occurs only in the upper San Francisco River Canyon directly below nonwelded tuff of the 

Enebro Mountain Formation. Its genetic relationship to the conglomerate of Bonita Creek 

or Gila Group is unknown. 

Tbck Conglomerate of Bonita Creek (Miocene) [O-I SO meters]; Tan to brown, 

massive, strongly indurated, volcaniclastic conglomerate locally interbedded with non-

welded tuffs of unit Ttt and basaltic andesite flows of unit Tb. The unit consists of matrix-

supported to clast-supported conglomerate with angular to sub-rounded clasts ranging in 

size from coarse sand to boulders of andesite and basaltic andesite in a matrix of zeolite-

cemented silt and sand. Rare clasts of rhyolite are present in the upper part of the unit. 

Some clasts exhibit weathering rinds and the rock typically breaks across clasts. Bedding 

is crude to poor with local large-scale crossbeds. This unit was mapped as basaltic 

conglomerate by Heindl (1960) and included as part of unit QTg by Richter and Lawrence 

(1981). Richter, Houser and Damon (1983) provided a typical stratigraphic section of this 

unit in the Bonita Creek area that differs in detail from that observed in the Eagle Creek 

area. The unit forms cliffs as much as 100 meters high and box canyons in lower Eagle 

Creek, and in the Gila Box and Bonita Creek areas farther to the southwest. 

Ttt Rhyolite pyroclastic flows and ash-fall deposits (Miocene, 19.1 Ma, Richter, 
Houser and Damon, 1983; 18.2 + 0.05 Ma, this report) [0 - 30 meters]: White to very 

light grey, moderately indurated, non-welded, thin- to medium-bedded pumice-rich ash-

flow tuffs and pumice, crystal and lithic-rich ash-fall tuffs within the lower Gila Group of 

lower Eagle Creek. These tuffs contain variable amounts of 1 to 2 mm quartz, sanidine 

and rare biotite phenocrysts, and O.S to 1-cm lithic fragments of basaltic andesite. The 
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unit also occurs in the Turtle Mountain, Guthrie Peak, and Bonita Creek areas to the west 

and southwest of the map area (Richter et al., 1983). 

Te Enebro Mountain Formation (Miocene, 20.6 and 20.9 Ma, Marvin et al., 
1987; 21.3 and 21.8 Ma, Ratte and Brooks, 1995; 21.7 Ma, Schroeder, 1996; 22.25 + 
0.36 Ma, this report) [0-340 meters]; Crystal-poor, high-silica rhyolite lava interbedded 

with nonwelded tuff and locally intruded by hypabyssal rhyolite. The formation has been 

divided into three sub units based on how the rhyolite was emplaced; lava (Ter), 

hypabyssal (Tei), and tuff (Tet). The lava unit (Ter) includes all varieties of flow type, 

fi'om vitric or devitrified flow-banded to vitric or devitrified autobreccia, and clast-

supported block and ash-flow deposits. Hypabyssal bodies (Tei) occur as dikes, plugs and 

sills. Nonwelded, bedded or massive ash-flow tuff (Tet), ash-fall tuff and surge deposits 

are interbedded and intruded by the other units. Lavas and hypabyssal rocks occur in 

three main areas; Enebro Mountain, Chesser Gulch, and as isolated eruptive centers east 

of the San Francisco River. Tuffs are present over a wider area and are interlayered with 

basal conglomerates of the Gila Group in the northern part of the map area. To the south, 

bedded, non-welded tuffs present in the Gila Group are significantly younger (~I8 Ma) 

and are assigned to a different unit probably derived from silicic centers in the northern 

Peloncillo Mountains (Richter, Houser and Damon, 1983, Houser, Richter and 

Shafiqullah, (1985). 

Tet Enebro Mountain Formation, nonwelded tuff (Miocene) [0-200 meters]; 

Thin- to Thick-bedded nonwelded, crystal-poor, rhyolite ash-flow tuff, ash-fall tuff and 

surge deposits associated with lavas of the same formation. The tuffs are interbedded with 

the lavas and are also found beyond the limits of the lava flows. 

Ter Enebro Mountain Formation, lava (Miocene) [0-300 meters]; This unit 

includes all varieties of lava, fi'om vitric or devitrified flow-banded to vitric or devitrified 

autobreccia. The unit may also locally include some clast-supported block and ash-flow 

deposits. 

Tei Enebro Mountain Formation, intrusive (Miocene); Dikes and plugs associated 

with lava flows of the same formation. 

Tb Basaltic andesite undivided (Oligocene - Miocene, 22.3 + 0.14,24.7 + 0.24, 
26.8 + 0.7, 27.6 + 0.2,27.2 + 1.4,27.7 + 0.17, and 28.5 + 0.24 Ma, this report) [100-

1,200 meters]; A complex sequence of mafic lavas characterized by abundant plagioclase 

phenocrysts and variable amounts of pyroxene, ± hornblende and biotite. Olivine 

phenocrysts are notably absent from most of these rocks. The lavas display typical flow 

textures and variations in flow morphology in massive to brecciated flows that in general 

range from 1 to 30 meters in thickness. I^nor interbedded felsic pyroclastic rocks and 

volcaniclastic rocks are present and help divide the unit into local subdivisions. However, 
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the lack of lateral continuity of any of these rocks interbedded makes it difficult to 

correlate subdivisions of the mafic lavas across the study area. The oldest lava flows, 

mapped separately as unit TbI, occur between the Cliflon and Bloodgood Canyon tuffs 

and are therefore at least 29 Ma. The main thickness of lava in the northern part of the 

study area is approximately 27-26 Ma. Mafic lava as young as 22.3 Ma occurs at the top 

of the section in the Enebro Mountain area. There is no indication of any mafic lava 

younger than the rhyolite lava and tuff of the approximately 21-22 Ma Enebro Mountain 

Formation in the Morenci area. 

Tbs Mafic volcaniclastic and pyroclastic rocks (late Oligocene) [0-20 meters]; 

Dark-colored, mafic clast-rich, medium- to thick-bedded sandstone, conglomerate and 

minor interbedded scoria and nonwelded mafic tuff The unit occurs within the basaltic 

andesite (Tb) unit north and northeast of Cliflon. 

Tbb Basaltic andesite scoria and lava breccia (late Oligocene) [0-40 meters]; An 

isolated occurrence of bedded and massive scoria and agglutinate in the lower Eagle Creek 

area. The presence of these rocks suggests that a vent was in this area. 

Tbi Hypabyssal bodies of basaltic andesite (late Oligocene); Hypabyssal varieties 

of the basaltic andesite unit (Tb). 

Tbc Bloodgood Canyon TufT (late Oligocene, 28.1 Ma, Mcintosh et al, 1992; 27.94 
+ 0.09 Ma, this report) [0-40 meters]; Light grey to white, crystal-rich, high-silica 

rhyolite densely to moderately welded ash-flow tuff containing large (3-5 mm) embayed 

quartz phenocrysts, and plagioclase, sanidine, and biotite phenocrysts. Its western pinch-

out is preserved in the cliffs above Cliflon and near the head of Placer Gulch. 

TbI Lower basaltic andesite (late Oligocene, between ~34 Ma and 28 Ma) [0-1 SO 

meters]; A sequence of basaltic andesite lava flows that occur between the Clifton and 

Bloodgood Canyon tuffs. This unit is recognized in the Limestone Gulch area northeast 

of Clifton, and is tentatively correlated with an isolated outcrop of andesite south of 

Coronado Mountain based on an approximately 29 Ma date (this report) and an andesite 

dike in the Metcalf pit (30.0 Ma, Cook, 1994). The lower basaltic andesite is also 

tentatively correlated with the Andesite of Gila River of Richter, Houser and Damon 

(1983) in lower Eagle Creek southeast of the map area. 

Tdc Crystal-poor ash-flow tufl* (late Oligocene, 29.0 Ma by correlation with Davis 
Canyon Tuff) [0-30 meters]; Light grey, densely welded pumice-poor, rhyolite ash-flow 

tuff that contains 1-5% blocky plagioclase and quartz phenocrysts and sparse lithic 

fragments. The unit crops out in only one area in the footwall of the San Francisco fault 

north of Sardine Creek. Although similar in appearance to the Davis Canyon Tuff of 

Ratte and Brooks (1995) in the Big Lue Mountains just to the east, the lack of sanidine 

phenocrysts in this tuff suggests that may be a different unit. The crystal-poor ash-flow 
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tufT overlies the Clifton Tuff but it has no known relationship preserved with the other 

volcanic rocks. Until additional information is available, however, this unit is tentatively 

correlated with the 29.0 Ma Davis Canyon Tuff of Mcintosh and others (1992). 

Tel Lower conglomerate (late Oligocene) [0-lS meters]; Medium- to rarely thick-

bedded orange to reddish sandstone, pebbly sandstone, and conglomerate present locally 

in between the Clifton TufT and overlying andesite of unit Ta. In places the unit contains 

large-scale cross-beds. The unit is moderately well-sorted and well-indurated with flat, 

platy angular to sub-angular clasts predominating. The clasts are mostly composed of 

Paleozoic and Proterozoic lithologies (60%), limestone, quartzite, and shale; and non-

mineralized intrusive porphyry (30%). In some lenses, volcanic clasts comprise a few 

percent to 10% of the clasts and consist of andesite, and tuff apparently derived from the 

underlying Clifton Tuff. The lower conglomerate crops out in the hill northwest of the 

confluence of Chase Creek and the San Francisco River in Clifton. It also crops out in the 

footwall of the San Francisco fault near Sardine Creek in the extreme northeastern comer 

of the map area. 

Tc Clifton TufT (Oligocene, 33.7 Ma, Marvin et al, 1987; 33.1 Ma, Wahl, 1980; 
~34 Ma, Mcintosh et al., 1992) [0-110 meters]; Crystal-rich, rhyolite to rhyodacite ash-

flow tuff containing abundant phenocrysts of plagioclase and biotite. The tuff is typically 

tight pink and crumbly weathering despite its densely welded character, as evidenced by 

abundant, light-colored, strongly compacted pumice fi-agments. The crumbly weathering 

maybe a result of intense vapor-phase crystallization of the matrix. The Clifton Tuff unit 

is probably correlative with the Cooney Tuff in New Mexico (Mcintosh et al, 1992). 

Typically, it unconformably overlies Paleozoic or older rocks. The Clifton TufT is very 

well exposed in the cliffs behind the Old Jail House in Clifton. 

PALEOCENE AND EOCENE INTRUSIVE ROCKS 
Tertiary intrusive rocks are common throughout the Morenci block and portions of the 

bedrock on the eastern side of the San Francisco sub-basin. The intrusive suite ranges 

ft'om Paleocene to early Eocene in age (64.7 to 52.8 Ma) and from diorite to monzonite to 

granite porphyry in composition and texture (Moolick and Durek, 1966; Preece and 

Menzer, 1992). Throughout this section, lUGS rock classifications (lUGS sub-

commission, 1973) are based on normative and modal interpretations reported in Preece 

and Menzer (1992), Griffin, Ring and Lowery (1993), and Walker (1995), but without 

supporting data. In the mine area, monzonite porphyry (Tpm) and older granite porphyry 

(Tpgo) are the principal intrusive host rocks for porphyry copper mineralization. These 

rocks also crop out extensively to the north of the Morenci district in the Silver Creek area 

as well as along the margins of the San Francisco River and Eagle Creek sub-basins where 

there are largely fresh and unmineralized. Pending further petrographic, geochemical, and 

geochronological data, the Silver Creek granodiorite of More (1995), the dacite porphyry 

in the Garfield area, and the intrusive rocks in the San Francisco River and Eagle Creek 
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areas have been mapped as undivided Laramide-age porphyry (Tp). Recent dating of a 

sample of dacite porphyry yielded a K-Ar age on orthoclase of 58.7 +/- 1.5 Ma (this 

study). Within error limits, this date corresponds to an unpublished K-Ar age on feldspar 

of 61.7 +/- 2.8 Ma from AMAX and indicates that one or more Laramide-age intrusions 

were probably emplaced in between units Tpd and Tpm. The range in ages and associated 

errors suggests that additional work needs to be done to better define the petrogenesis of 

these rocks. 

Tbx Intrusive breccia, undivided (Eocene, 52.8 Ma sericite date on Candelaria 
Breccia, Bennett, 1975); This unit includes several breccia bodies the district. The 

Morenci Breccia is located in the Morenci pit and is an oblate lenticular mass 

approximately 76-m wide, 488-m long and 23-62-m thick. The Candelaria Breccia cuts 

the older granite porphyry complex along its northern margin and is about SSO by 82S-m 

in dimension and funnel-shaped in form. Fragments of XYg, Xp, and quartz-poor Tpgo, 

in a matrix of quartz-sericite and specular hematite characterize the Candelaria breccia. 

The Metcalf breccia and King breccia appear to have formed contemporaneously with the 

younger granite porphyry (Tpgy). The Metcalf breccia forms a rind along the eastern 

margins of the laccolith and the King breccia forms a nearly cylindrical pipe located 

between the older and younger granite porphyry bodies along the southeastern edge of the 

Tpgy complex. These bodies are characterized by fragments of Tpgo with subordinate 

amounts of Tpgy, XYg, Tpm, and quartz in a matrix similar to younger granite porphyry 

that displays flow-banding around the fragments (Griffin, Ring and Lowery, 1993). 

Tp Porphyry, undivided (Eocene); Undifferentiated porphyry units which include 

units (not shown on this map) informally referred to as the Silver Creek granodiorite 

(More, 1995), and the dacite porphyry in the northeast, and un-named bodies in the San 

Francisco River and Eagle Creek areas. 

Tpgy Younger granite porphyry (Eocene); Greenish-grey to light grey intrusive 

porphyry. It contains 5-8 vol.% large (5-10 mm) bipyramidal quartz phenocrysts and 

subordinate orthoclase, euhedral plagioclase (An 25-30), and biotite altered to chlorite in a 

fine-grained matrix of strongly sericitized and argillized quartz, orthoclase and albite. In 

places a younger rhyolite porphyry (Tpry) phase has been mapped, but not shown on this 

map, that consists of neariy equigranular, angular and fi'agmental phenocrysts of quartz 

and plagioclase in a very fine-grained matrix of quartz, plagioclase and sericite. Modal 

composition of altered Tpgy is granodiorite. The complex occurs as a 1400-m diameter 

laccolithic-shaped plug, associated with several small breccia bodies, near the center of the 

older granite porphyry stock complex in the center of the mining district. Younger granite 

porphyry characteristically lacks through-going veins and stockwork mineralization and 

alteration is pooriy developed, although the rock is pervasively sericitized and argillized. 

Tpgo Older granite porphyry undivided (Eocene, 57.6 Ma, Bennett, 1975); Grey to 

tan where fresh, light grey to white where altered, intrusive porphyry with 3-10 vol.% 



348 

quartz phenocrysts and crowded rectangular plagioclase and less abundant orthoclase 

phenocrysts. Two phases of granite porphyry are recognized in the Morenci mine area, 

but not shown on this map. Older granite porphyry 1 (Tpgoi) is characterized by 3-7 

vol.% small (<4 mm) subhedral quartz phenocrysts and crowded rectangular feldspar 

phenocrysts (<4 to 6 mm) commonly andesine in composition. Older granite porphyry 2 

(Tpgoa) is characterized by S-10 vol.% bipyramidal quartz phenocrysts up to 1-cm in 

diameter with matrix-supported feldspar phenocrysts. The aphanitic groundmass consists 

of albitic plagioclase, quartz, and orthoclase. The normative composition of altered rock 

is alkali granite, but the modal composition is granodiorite to quartz monzonite. Contacts 

between the two phases are both transitional and intrusive. The intrusive complex consists 

of several plugs and stocks including the two porphyry phases and three breccia bodies of 

unit Tbx, along with related dike swarms in the central portion of the Morenci district. 

Older granite porphyry displays well-developed quartz-sericite stockwork veining and 

pervasive quartz-sericite-pyrite alteration and supergene characteristics similar to those 

described for monzonite porphyry (Tpm). Rare Tpgo dikes occur in outlying portions of 

the map area along both sides of the San Francisco River canyon where they are generally 

fresher and unmineralized. 

Td Diabase (Eocene); Dark grey to black where weakly altered, mottled green to 

reddish-brown where strongly altered sub-ophitic diabase. The term "diabase" has been 

used for all older mafic rocks in the district and may include mafic dikes that are not true 

diabase. Compositions are highly variable but typically consist of plagioclase, augite, 

labradorite, and hornblende with up to S% quartz. These rocks have been strongly altered 

to epidote, chlorite, carbonate, sericite, with minor apatite, and up to 10% magnetite. The 

texture is highly variable and ranges from finely ophitic to coarsely granular. The rock 

may contain abundant magnetite +/- hematite and pyrite outside of the mineralized area, 

and is locally mineralized with pyrite, chalcopyrite +/- chalcocite inside of the Morenci 

deposit. In addition, it locally contains garnet-magnetite skam alteration in the Metcalf 

area. Diabase occurs chiefly along major east-west-striking faults in the central portions 

of the Morenci block that intrudes monzonite porphyry (Tpm). Diabase is locally crosscut 

by younger porphyries, and occurs as sills in Proterozoic granite (XYg) and Coronado 

Quartzite (Cc) in the northern portion of the district. This rock has not been dated; and in 

the absence of cross-cutting field relationships, it cannot be easily distinguished from 

diabase that occurs as sills and dikes in the Apache Group elsewhere in Arizona except on 

the basis of textural variations (Force, pers. commun.). 

Tpmq Quartz monzonite porphyry (Eocene); A variation ofthe monzonite porphyry 

in the Morenci pit that contains a few percent quartz phenocrysts (Wright, 1997). 

Tpm Monzonite porphyry (Eocene, 56.5 Ma, McDowell, 1971); Grey to greenish-

grey or brownish-grey where fresh, light grey to white where altered porphyry. Its texture 

is characterized by crowded phenocrysts of feldspar and subordinate and variable amounts 

of biotite and rare quartz in a microcyrstalline groundmass of feldspar and quartz. 
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Feldspar phenocrysts consist of un-zoned andesine to oligoclase, but orthoclase tends to 

be restricted to the groundmass. Biotite appears to have been abundant (up to 10 voi.%) 

but is rarely preserved. Normative calculations of weakly altered porphyry indicate 

compositions ranging from granodiorite through quartz monzonite, and modal analysis 

indicates compositions ranging from tonalite to granodiorite. The unit occurs throughout 

the map area but is best recognized as the elongate stock and dike-swarm complex that 

intrudes unit Tdp and older rocks in the Morenci mine area. In the mine area abundant 

quartz-sericite stockwork veining and pervasive quartz-sericite-pyrite alteration obscure 

the original texture and chemistry of the rock. Secondary chalcocite mineralization with 

supergene clay alteration is abundant in the sulfide zone that underlies an oxidized and 

leached zone containing limonite +/- copper-oxide mineralization in the mine area. 

Tpd Diorite porphyry (Paleocene, 63.0, 64.7 Ma, McDowell, 1971); Light grey to 

greenish-grey mottled hornblende diorite containing large phenocrysts of hornblende and 

plagioclase with subordinate quartz and biotite in a microcrystalline groundmass that now 

consists of chlorite, epidote, montmorillonite and plagioclase. Ocillatory-zoned 

plagioclase phenocrysts range from An 52 - An 58 in the cores to An 57 - An 34 in the 

rims. Modal and normative compositions are diorite. This intrusion is unmineralized and 

weak propylitic alteration is expressed as epidote and chlorite after hornblende and biotite 

and the groundmass minerals. The diorite porphyry occurs in the southwestern portion of 

the Morenci district where it intrudes the Pinkard Formation (Kp) and forms a thick sheet 

or laccolith with associated radiating dikes. 

MESOZOIC 
Kp Pinkard Formation (Late-Cretaceous) [0-430 meters]; Originally defined by 

Lindgren (I905a,b). This unit consists of a succession of banded, green, yellowish-brown, 

and black thin-bedded and laminated shale. The shale is interbedded with light grey thin-

to medium- bedded quartzose sandstones in the upper portion of the unit. The unit 

unconformably overiies the Modoc Formation (Mm) and fills karst features in some 

outcrops. The best exposures are in Silver Basin areas surrounding the hills of diorite 

porphyry (Tpd) in the southwestern part of the map area. The Pinkard Formation is 

regionally correlative with Upper Cretaceous rocks of southern New Mexico in general, 

but more precise correlations will require biostratigraphic information. In places, diorite 

porphyry sills of unit Tpd up to 56 meters thick intrude Pinkard Formation. In the 

Morenci mine area, the unit locally contains epidote homfels alteration. The unit is not 

known to exist north of the Quartzite-Producer fault zone in the southern portion of the 

Morenci district. It is not known if this is due to non-deposition or eariy Tertiary erosion. 

Drill hole intercepts in holes SW-1 and SW-9 in the hanging wall of the Eagle Creek fault 

indicated the thickness of the Pinkard to be greater than 238 m and potentially up to 430 

m thick. In this area, the Cretaceous strata included alternating sandstone, shale, and coal 

seams, and have been correlated to the Ft. Crittenden Formation of Campanian age from 

the Santa Rita Mountains (Phelps Dodge, 1969). 
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PALEOZOIC 
Pu Paleozoic, undivided (Cambrian-Pennsylvanian) [7S-37S meters]; This unit is 

shown only on some cross-sections combining all units of the Paleozoic. 

MPt Tule Springs Formation (Mississippian-Pennsyivanian) [0-1 SO meters]: 

Originally defined by Lindgren (190Sb). Medium- to thick-bedded bluish-grey 

amalgamated limestone recognized only in the northern third of the map area, north of the 

Garfield fault. The lower 60 meters is equivalent to the Modoc Formation (Mm) and the 

upper 90 meters is considered Pennsylvanian in age. Apparently, the Mississippian-

Pennsyivanian boundary as defined by the skeletal faunas is not distinct enough to be used 

as a rock-stratigraphic unit boundary. 

Mm Modoc Formation (Mississippian) [50-100 meters]: Originally defined as 

Modoc limestone by Lindgren (190Sa,b) and renamed Modoc Formation because it 

contains subordinate beds of dolostone and calcareous quartzite. It is a massive 

amalgamate of blue-grey medium- to thick-bedded fossiliferous limestone with 1 to 3-

meter thick beds of crinoidal and coraliferous limestone. The Modoc Formation is 

regionally correlative with the Escabrosa Formation. In the Morenci mine area, limestone 

of the unit is altered to andradite gamet +/- epidote along contacts with monzonite 

porphyry dikes of unit Tpm and displays sharp contacts with marble outward fi'om the 

deposit (Bennett, 1974). 

Dm Morenci Formation (Devonian) [20-91 meters]; Originally defmed by Lindgren 

(l90Sa,b). The formation consists of shale and limestone. The upper 30 meters consists 

of light grey to reddish brown shale that conformably and gradationally overlie 20 to 25 

meters of 6ne-grained medium- to thin-bedded argillaceous limestone. The Morenci 

Formation is typically a slope-former. The unit is correlative with the Martin formation to 

the west in Arizona and the Percha shale to the east in New Mexico. In the Morenci mine 

area, argillaceous limestone in the lower part of the formation is altered to epidote and the 

shale is altered to homfels (Bennett, 1974). 

OI Longfellow Formation (Ordovician) [50-160 meters]; Originally defined by 

Lindgren (1905a,b). Light tan to brownish grey medium- to thin-bedded limestone, cherty 

limestone and dolomite. The upper 45 meters typically forms a bluff of massive and 

amalgamated limestone and the lower 75 meters contains shaly intervals and forms slopes 

leading to unit Cc below. Limestone in the lower part typically contains up to 10% quartz 

granules. The upper member is regionally correlative with the El Paso Limestone of 

southeastern Arizona and Second Value Dolomite while the lower member is correlative 

with the Copper Queen Member of the Abrigo Formation in the Bisbee area. In the 

Morenci mine area, the unit contains mineralized veins, pervasive diopside-tremolite 

alteration, and local chlorite-epidote-gamet alteration (Bennett, 1974). 
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Cc Coronado Quartzite (Cambrian) [0-120 meters]; Originally defined by Lindgren 

(1905a,b). Medium- to thick-bedded brown, pink and maroon quartzite, feldspathic 

quartzite, and minor arkose. The upper portion of the unit typically forms precipitous 

bluffs. The lower portion typically consists of quartz pebble to cobble conglomerate that 

is up to IS meters thick. The unit is regionally correlative to the lower two-thirds of the 

Abrigo Formation and the Bolsa Quartzite to the west near Bisbee. In the Morenci nune 

area, the unit contains stockwork mineralization, and quartz-sericite-pyrite alteration of 

the more arkosic varieties (Bennett, 1974). 

EARLY OR MIDDLE PROTEROZOIC 
XYg Granite (Early or Middle Proterozoic); Coarse-grained, equigranular granite, 

typically yellowish-red to deep brownish-red in unaltered areas, and light tan to light grey 

where altered to a quartz-sericite-pyrite assemblage. This granite contains orthoclase, 

albite, quartz, minor biotite and rare hornblende with magnetite and zircon accessory 

minerals. Grain size ranges up to 5 mm in diameter and the feldspars show a perthitic to 

micro-perthitic texture. This unit locally includes dikes and irregular masses of fine

grained red aplite, and porphyritic granite. Although this unit clearly intrudes Pinal Schist, 

its age relationship to the granodiorite and ferrodiorite is uncertain. The granite is the 

principal Proterozoic basement rock throughout the southern part of the district. It occurs 

as two large domes and smaller masses throughout the district; Coronado Mountain on the 

west in the Pinal-Eagle Creek horst and Copper King ridge on the east in the Malpais-San 

Francisco horst of the Morenci block. The granite is prominently jointed and sheeted in a 

northeast to north direction. The joints stand almost vertically and separate the rock into 

thick ribs, benches, and angular outcrops. Granite forms the country rock into which the 

Laramide intrusions and related alteration and mineralization were emplaced and contains 

similar alteration and mineralization to units Tpm and Tpgo. 

XYgd Granodiorite (Early or Middle Proterozoic); Medium- to coarse-grained 

hypidiomorphic granular granodiorite with hornblende and biotite plus minor apatite and a 

trace of zircon. The granodiorite is exposed chiefly in the American Mountain area and 

along the footwall of San Francisco fault directly northeast of Morenci. In the Morenci 

Pit, the rock is altered and mineralized with feldspars variably altered to mixtures of 

sericite and minor carbonates, magnetite altered to leucoxene and hornblende altered to 

epidote, carbonate, and secondary biotite. The age relationship between the granodiorite 

(XYgd) and the granite (XYg) is not clear. Moolick and Durek (1966) interpreted the 

granodiorite as younger, but Preece (1984) considered it to be older. 

XYd Ferrodiorite (Early or Middle Proterozoic); Brown to dark grey, medium-

grained equigranular quartz diorite or quartz monzodiorite containing clinopyroxene and 

hornblende (Force, 1998). Orthoclase rims plagioclase and hornblende replaces 

clinopyroxene in some samples. The ferrodiorite is so named because of the dark, high 

iron (11.3% Fe203) content of the rock. Although most outcrop relationships are 
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ambiguous, exposures of this unit crop out on the eastern side of the San Francisco River 

canyon north of Clifton where they appear to have been intruded by granite of unit XYg. 

The ferrodiorite may be related to a hornblende-pyroxene diorite found in drill holes below 

the Morenci pit (Lee, 1994) where it is composed of oligoclase altered to sericite, 

magnetite, hornblende altered to actinolite and carbonates, pyroxene altered to tremolite 

and carbonates, primary and secondary biotite, and apatite. These rocks may be part of 

the granodiorite complex in unit XYgd. 

EARLY PROTEROZOIC 
Xp Pinal Schist (Eariy Proterozoic); A wide variety of pelitic to arenaceous 

metamorphic rocks consisting of sequences of medium- to thick-bedded cross-stratified 

and ripple-laminated quartzite interbedded with psammitic to pelitic varicolored quartz 

sericite schist. The quartzite sequences comprise less than 30% of the unit. Less than 5% 

of the unit consists of dark green amphibolite lenses. The unit is invaded by multiple 

generations of milky quartz veins, both pre- and post-kinematic with respect to the 

dominant schistosity. The unit is tightly to isoclinally folded with consistent south-vergent 

folds defmed by quartzite sequences in the upper Chase Creek area. Pinal Schist is not 

known to occur south of the Garfield fault in the Morenci mine area. 
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APPENDIX B 

ISOTOPE REPORTS 

New Mexico Geochronology Research Laboratory Reports 

Peters (1999a) p. 354 

Peters (1999b) p. 369 

Peters (1999c) p. 378 

Peters and Mcintosh (1999) p. 403 

Heizler et al. (1998) p. 419 

Berkeley Geochronology Center Report 

Vasconcelos (pers. commun.) p. 427 

University of Arizona Stable Isotope Laboratory 

Dettman (pers. commun.) p. 437 

Secondary Ion Mass Spectrometry, Sulfur Isotope Data 

Mazdab (pers. Commun.) p. 438 

Laboratory of Isotope Geochemistry, University of Arizona 

Eastoe (pers. commun.) p. 451 

U.S. Geological Survey, Stable Isotope Laboratory 

Rye (pers. commun.) p. 453 
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Introduction 

Nine lava and cuff samples were submined by Charles Ferguson as part of the 

Morenci dating project. Datable sanidine was found in only four of these samples: F8-288, 

F8-295, F8-299, and F8-302. During separation, it was noted that sanidine was found in 

sample F8-288 both in pumice chunks and in the surrounding ash; sanidine separates of 

both were analyzed. Basalt sample F8-316, which was submitted after the rest of the 

Morenci basalts, is also included in this report 

^"Ar/^'Ar Analytical Methods and Results 

The separated sanidine was analyzed by the laser total fusion method. The 

groundmass concentrate from F8-316 was analyzed by the furnace incremental heating age 

spectrum method. Abbreviated analytical methods for the dated samples are given in Table 

1, and details of the overall operation of the New Mexico Geochronology Research 

Laboratory are provided in the Appendix. The argon isotopic results are listed in Tables 2 

and 3. 

The sanidine data are displayed on probability distribution diagrams (Deino and 

Potts, 1992) in Figures I and 2. All four sanidine samples yield simple gaussian 

distributions and all but F8-299 have acceptable MSWD values (Mahon, 1996). The error 

on the weighted mean age of F8-299 has been adjusted to account for the high MSWD. 

The weighted mean ages of all four samples are shown on a probability distribution 

diagram (Figure 3). 

The groundmass concentrate from sample F8-316 yields a disturbed age 

spectrum (Figure 4a). There is a consistent drop in apparent age from the low temperature 

to the high temperature heating steps. The K/Ca ratios are variable but do not correspond 

to the drop in apparent age. The integrated age of this sample is 28.52±0.24 Ma. A 

weighted mean of steps A-F yields an apparent age of 29.00±0.17 Ma. Isochron analysis 

of this sample for heating steps A-F yields an isochron age of 28.99±0.23 Ma (Figure 4b). 

The ""Ar/^Ar, value of 298.0±4.2 is within error of the atmospheric intercept of 295.5. 

The MSWD values for both of these ages is twice the acceptable value and to account for 

this, the errors have been increased. 
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Discussion 

The interpretation of the data from the four sanidine samples is very straightforward. The 

preferred age of eruption is the weighted mean of all crystals analyzed from each sample: 

F8-288. 22.25±0.06 Ma; F8-295. 22.41±0.06 Ma; F8-299, 18.20±0.05 Ma, and F8-302. 

24.52±0.06 Ma. The preferred age for the eruption of F8-288 is the weighted mean of the 

pumice sanidine rather than the weighted mean of the matrix sanidine. This age was 

chosen as it had an acceptable MSWD and smaller error than the matrix sanidine which had 

an MSWD above the acceptable level. This difference is largely due to the smaller grain 

size and consequently small argon signals of the matix sanidine compared to the pumice 

sanidine. The weighted mean ages of all four samples are shown on a probability 

distribution diagram ( Figure 4). 

The drop in apparent age at the high temperature heating steps of F8-316 

groundmass concentrate is suggestive of "Ar recoil from high-K phases into low-K 

phases during iradiation (McDougall and Harrison, 1988). These recoil effects are 

illustrated in Figure S. Recoil of '̂Ar into high-temperature degassing phases will results 

in high-temperaaire steps that are younger than the early low-temperature steps. In cases 

where recoil is suspected, the integrated age is the best estimate for the age of the samples. 

This age, 28.52±0.24 Ma, is what we assign as the preferred age of eruption for sample 

F8-316. We do caution that our confidence in this age is not as high as for those samples 

that do not exhibit this effect. The apparent age of this sample is shown plotted with the 

previously dated Morenci basalt samples on a probabicy distribution diagram (Figure 6). 



357 

References Cited 

Deino, A., and Potts, R., 1990. Single-Crystal *Ar/"Ar dating of the Olorgesailie 

Formation. Southern Kenya Rift, J. Geophys. Res., 95, 8453-8470. 

Deino, A., and Potts, R., 1992. Age-probability spectra from examination of single-

crystal *Ar/"Ar dating results; Examples from Olorgesailie, Southern Kenya Elift, 

Quat. International, 13/14,47-53. 

Mahon, K.I., 1996. The New "York" regression; Application of an improved statistical 

method to geochemistry, International Geology Review, 38,293-303. 

McDougall, I and Harrison, T.M., 1988. Geochronology and thermochronology by the 

^Ar/"Ar Method, Oxford Monographs of Geology and Geophysics No. 9,212 p. 

Samson, S.D., and, Alexander, E.C., Jr., 1987. Calibration of the interlaboratory 

^Ar/"Ar dating standard, Mmhb-1, Chem. Geol., 66, 27-34. 

Steiger, R.H., and JSger, E., 1977. Subcommission on geochronology: 

Convention on the use of decay constants in geo- and cosmochronology. Earth and Planet 

Sci. Lett., 36, 359-362. 

Taylor, J.R., 1982. An Introduction to Error Analysis: The Study of Uncertainties 

in Physical Measurements,. Univ. Sci. Books, Mill Valley, Calif,, 270 p. 

York. D., 1969. Least squares fitting of a straight line with correlated errors. Earth and 

Planet. Sci. Lett., 5, 320-324. 



F8-288 Sinsic Crystal Sanidinc 

la. 

 ̂ ' PumlciSanldtn* 

• Malilx Sanidine 

PuqdctSaaMla* 
Weighted Mean A|e a ̂ 2Ss0.06 Ma 

1 f\\ MatrtzSaaidln* 
/ / Age a 22.34s0.0t Ma 

/7 V , 
21.0 21.5 22.0 22.5 

Age (Ma) 
23.0 23J 

F8-29S Single Crystal Sanidine 

24.0 

lb. 

• I • I • I I I I I I I 

Wei|hled Mean Age m 22.4ls0.06 Ma 

Age (Ma) 
21.0 21.5 22.0 23.0 23J 24.0 

Figure 1. Age probability distribution diagrams of samples F8-288 (la) and 
F8-295 (lb). 



359 

F3-299 Single Crystal Sanidine 
0.30 

0.J0 9 
<o 

0.10 a 100: 

0 
1 ec 

too 

Wei|hicd Mean Age • I12Qt0.0S Ma 

2 

19.0 17.0 18.0 20.0 

F8-302 Single Ciysial Sanidine 

t.oo 

0.80 

0.60 

100 

Weighted .Mean Age • 24.32d}.06 Ma 

26.0 14.0 243 

Age (Ma) 

Figure 2. Probability distribution diagrams of samples F8-299 (2a) and 
F8-302(2b). 



Summary of Morenci Project Sandine 

-F8-299 

18.2 

•-F8-295 
-F8-288 

22.25 

22.4 

•F8-302 

24.52 

Figure 3. Age distribution of Morenci project sanidine. 

2 ^ 
C/) 

0 

Age (Ma) 

0\ o 



F8<316 Whole Rock Afe Spcctnim 

loo 

2 
& 
< 

32 

30 

2S 

26 

29.00±0.I7 

P=P= 
bVjo too 
no 

ns 
973 a 

I07S 

Inie(raicd Age m 28.32 ± 0.24 

10 20 30 40 50 M 

CuiDuluive %39Ar Released 

H 
lUO 

' I ' 
80 

I 
l<30 

90 100 

F8-316 Whole Rock bochron 
0.0035 3b. 

0.0030 Slept A>F 
Isoclvon Age » 28.99«0.23 Ma 
MSWDB5.41 
••®Aj/3®Ar,« 298.0*4.2 

0.0025 

0.0020 

0.0015 

0.0010 

0.0005 

0.0000 
0.03S 0.040 0.04S 0.015 0.020 0.025 0.030 0.005 0.010 0.000 

WAi/^OAT 

Figure 4. Age spectrum (3a) and isochroa (3b) for whole rock sample F8-316. 



362 

Net ®®Arj< loss 

O 

< a> 
en 

< 
o 
T 

eruption age 

Net gain 

recoil distribution into 
low-K, low-T degassing 
phase such as chlorite 

Net loss 

eniptlon age 

Net gain 

1^! 

S^Ar recoil distribution into 
low-K, high-T degassing 
phase such as pyroxene 

Degassing temperature 

Figure 5. Cartoon showing potential effects of "Ar recoil on an otherwise flat age 
spectrum. 



Suiiiiiiary »f Morenci Basalts 

FI3I6 
:j»-F«276 

L.W-273 
l-ll-26y 

26.82 

27.71 

22.33 
26.98 

24.75 28.51 

Age (Ma) 

Figure 6. Age disiribulion of Morenci basalts. 



Table 1. Analytical methods. 

Sample preparation and lrndlatlon: 
Groundmass concentrate wu treated with dilute HCI. washed and hand-picked. Sanidine wu concentntcd by dissolving glass and matrix from the crushed roclt in I .S% HF 
and separated using standard heavy liquid, Franz Magnetic and hand-picking techniques. 

Glass and plagioclase were loaded into a machined Al disc and i1T1dia1cd for 7 hours in D-3 position, Nuclear Science Center, College Station, TX. 
Neutron flux monitor Fish Canyon Turr sanidine (FC· 1 ). Assigned age• 27.&4 Ma (Ocino and Pons, 1990) 

relative to Mmhb-1 at .S20.4 Ma (Samson and Alexander, 1987). 

JnstrumenlJitlon: 

Mus Analyzer Products 21.S-.SO mass spectrometer on line with automated all-metal extraction system. 
Groundmass sample step-heated in Mo double-vacuum resistance furnace. Heating duration 8 minutes. 
Reactive gases removed by reaction with 3 SAES GP-.SO getters. 2 operated at -4.S0°C and 

I at 20°C. Gas also exposed to a W filiment operated at -2000°C. 
Sinile sanidine crystals were fused by• 10 watt Synrad C01 lascr. 
Reactive gases removed during a I minute reaction with 2 SAES GP-.SO ge11en, l operated 11 -4.S0°C and 

I II 20°c. Gas also exposed to aw filament operated 11-2000°c and a cold finger operated at -140°C. 

Analytl(91 paramcten: 
Electron multiplier sensitivity avera,tcd Ix 10' .. molcslpA for the furnace and .S x IO"molcs /pA for the laser. 
Total system blank and baclt,tround for the furnace avcra,tcd 462, 9 . .S, 0.7, 1.4, 0.6 x 10'11 moles and 390, 8.9, 0.7, 2.2. 1.4 x 10.18 moles for the laser 

at muses 40, 39. 38, 37. and 36, respectively for temperatures <1300°C. 
J.facton determined to a precision of :t: 0.1 % by CO, laser-fusion of 4 sintlc crystals from each of 6 radial positions around the irndiation tray. 
Correction factors for interfcrini nuclear reactions were determined usint K-1tlu1 and CaF, and arc as follows : 

(•Arl"Ar),,. 0.00020±0.0003; c•Arl''Ar)c. • 0.0002fu<>.00002; and ("Ail''Ar)c. • 0.00070±0.0000.S. 

A1tt cakulatlons: 
Total ,tas a,tes and errors calculated by wei,thtin,t individual steps by the fraction of "AI released. 
Plateau definition: 3 or more analytically indistinituishablc contiituous steps comprisin,t at least .SO% o( the 10111 "Ar (Ficek er al., I 977). 
Preferred age calculared for indicated steps when the sample does not meet plateau criteria. 
Plateau or preferred ages calcularcd by weighting each step by the inverse of the variance. 
Plateau and preferred age errors calculated using the method of (Taylor. 1982). 
MSWD values arc calculated for n-1 degrees of freedom for plateau and preferred ages. 
lsochron 1111cs. •Ar/ .. Ar, and MSWD values calculated from re11rcssion results obt~ncd by the methods of York (1969). 
Decay constants and isotopic abundances after Steiger and Jager ( 1977). 
All final crrol'l reported 11 ~2a, unless otherwise noted. 

w 
0\ .... 
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Tjeie 2. Isoiopie laser data. 

0 "Art" At "Ar/»Ar "Ar/»Ar "Ar« K/Ca %*°Ar* 
*9* sis 

(K 10 *) (X 10 " mol) (Ma) (Ma) 

F»-2aS malrli, ^ 08:103, alngla eryital aan, Ja0.00074319l, 0s1.00361, NM>103. UM>S0117 
11 16.69 0.022S 0.3636 1.90 22.7 99.4 22.10 0.08 
12 16.80 0 0286 0.7106 1.60 17.8 98.8 22.11 0.07 
08 16.74 0.0263 0.0561 S.18 19.4 99.9 22.29 0.06 
13 16.80 0.0124 0.2080 3.29 41.2 99.6 22.31 0.05 
04 16.81 0.0303 0.2307 3.30 16.8 99.6 22.32 0.06 
14 16.76 0.0363 0.0471 1.97 14.1 99.9 22.32 0.07 
IS 16.92 0.0388 0.5669 1.16 13.2 99.0 22.33 0.11 
OS 16.7S 0.0236 •0.0571 1.99 21.6 100.1 22.35 0.07 
01 16.95 0.0402 0.5026 1.77 12.7 99.1 22.40 0.08 
02 16.81 0.0236 •0.0304 3.83 21.6 100.1 22.42 0.05 
07 16.92 0.0336 0.2529 4.08 15.2 99.6 22.45 0.05 
06 16.78 0.0160 -0.2697 1.87 31.8 100.5 22.47 0.09 
09 17.02 0.0621 0.4954 1.41 8.2 99.2 22.49 0.11 
10 14.18 0.0408 -13.1439 0.013 12.5 127.4 24.07 4.04 
03 1190.2 6.326 2678.2 0.001 0.081 33.5 471 2072 
waighlad mean MSWO » 2.66** n«l4 19.2 *8.6 22.34 0.08* 

F8-288 pumiea. Ca:103, aingia eryatal aan, J30.0Q074166S, D>1.aa361. NM-103. Labl>S0119 
OS 16.89 0.0231 0.7176 0.7S8 22.1 98.8 22.16 0.13 
01 16.80 0.0242 0.3922 8.47 21.1 99.3 22.18 0.05 
11 17 00 0 0357 1.067 6.25 14,3 98.2 22.19 0.05 
02 16.81 0.0328 0.4091 6.S8 15.5 99.3 22.19 0.05 
14 16.92 0.0174 0.7804 3.66 29.3 98.6 22.19 0.06 
06 16.99 0.0293 1.030 7.18 17.4 98.2 22.20 0.05 
10 17.12 0.0249 1.376 7.27 20.S 97.6 22.22 0.05 
13 16.80 0.0336 0.2811 4.16 15.2 99.5 22.24 0.06 
09 16.93 0.0339 0.6777 4 75 15.1 98.8 22.25 0.06 
04 17.15 0 0220 1.412 7.60 23.1 97.6 22.26 0.06 
12 16.94 0 0312 0.6S63 4.44 16.3 98.9 22.27 0.05 
08 16.97 0 0238 0.666S 6.02 21.4 98.8 22.31 0.05 
IS 17.17 0 0282 1 234 6.57 18.1 97.9 22.36 0.05 
03 17 2S 0 0182 1.458 7.70 28.0 97.5 22.36 0.05 
07 17.06 0 0319 0.6091 0.533 16.0 99.0 22.45 0.18 
Duaighlad mean MSWD « 1.46 n«15 19.6 t4.7 22.25 0.06* 

F8-29S, C7;103, Singta eryslal aan, J>0.000742321, 0>1.00361, . NM-103, Lab*«501ia 
03 17.63 0.0110 3.12S 12.5 46.6 94.8 22.24 0.06 
12 17.08 0.0109 0.9965 7.22 46.9 98.3 22.34 O.OS 
09 17.7S 0.0104 3.214 8.75 48.9 94.7 22.36 0.06 
OS 17.71 0 0132 3.041 8.59 38.6 94.9 22.38 O.OS 
06 18.05 0.0130 4.154 7.32 39.4 93.2 22.38 0.05 
13 17.30 0.0110 1.600 8.91 46.4 97.3 22.39 0.05 
10 17.74 0 0111 3.057 8.85 45.9 94.9 22.41 0.05 
IS 17.04 0 0110 0.6710 6.32 46.5 98.8 22.42 0.05 
08 17.02 0.0107 0.5934 8.29 47,6 99.0 22.42 0.05 
1 1 17.48 0.0106 2.110 10.1 48.0 96.4 22.43 0.05 
02 19.40 0.0112 8.615 11.6 4S.S 86.9 22.43 0.07 
01 17.69 0.0105 2.72i 11.1 48.6 95.5 22.47 O.OS 
14 17.94 0.0118 3.538 S I S  43.1 94.2 22.49 0.07 
04 16.98 0.0113 0.2086 8.51 45.2 99.6 22.51 0.05 
waighlad mean MSWO a 1.40 n>14 45.5 *3.1 22.41 0.06' 

F8-299. C9:103, aingia eryatal aan, J>0.00074126, 0a1.00361, NM-103, Laba>S0120 
04 13.93 0.0118 1.221 4.23 43.3 97.4 18.06 0.05 
01 13.66 0.0085 0.2922 2.65 59.8 99.4 18.06 0.05 
OS 13.64 0.0095 0.0605 4.29 53.5 99.9 18.12 0.05 
06 13.71 0.0077 0.1706 4.00 66.4 99.6 18.17 0.04 
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Taoi* 2. isoieeic lasar data. 

o *'Ar/"Ar "Ar/"Ar »Ar/"Ar "Ar, K/Ca %*"Ar* Age sla 

(X 10') (X 10 '* mot) (Ma) (Ma) 

03 13.74 0.0099 0.2592 2.68 51.3 99.4 18.19 0.05 
10 13.71 0.0077 0.0778 3.21 66.2 99.8 18.21 0.05 
14 14.13 0.0106 1.468 3.85 48.3 96.9 18.22 0.05 
15 13.74 0.0091 0.1299 3.52 55.8 99.7 18.23 0.05 
11 13.77 0.0117 0.2098 4.00 43.7 99.6 18.24 0.04 
12 13.68 0.0104 •0.1139 2.04 48.9 I00.2 18.25 0.06 
09 13.95 0.0126 0.7164 4.02 40.4 98.5 18.28 0.05 
13 15.29 0.0130 5.111 1.61 39.1 90.1 18.33 0.09 
07 13.73 0.0062 -0.2028 1.31 82.0 100.4 18.34 0.08 
08 14.15 0.0127 1.230 3.83 40.2 97.4 18.35 0.05 
02 le.Bt 0.0502 1.292 t.40 10.2 97.$ 21.»5 0.U 
uMigmad maan MSWO • 2.90" nmXA 52.8 *I2J 18.20 0.05* 

FM02. 8
 

8
 

aingto eryaial tan, JaO.000744192. o>i.ao3ei, , NH-103, LaMsSOlia 
07 18.81 0.0180 1.791 8.11 28.4 97.2 24.38 0.06 
14 19.59 0.0195 4.265 8.51 28.1 93.6 24.45 0.07 
09 18.86 0.0195 1.723 7.44 26.1 97.3 24.47 0.08 
OS 18.39 0.0187 0.1396 7.07 27.2 99.8 24.47 0.06 
11 18 67 0.0172 1.042 9.09 29.6 98.4 24.49 0.05 
ts 18.39 0.019S 0.0489 8.58 26.1 99.9 24.50 0.06 
10 20.53 0 0241 7.273 9.84 21.2 89.5 24.51 0.07 
03 18.69 0.0189 0.9970 9.15 27.0 98.4 24.53 0.08 
01 18.49 0.0192 0.2954 8.30 26.6 99.5 24.54 0.05 
13 18.90 0.0191 1.651 10.4 26.7 97.4 24.SS 0.10 
04 18.49 0.0174 0.2501 7.39 29.3 99.6 24.55 0.07 
08 18.48 0.0195 0.2181 8.18 26.1 99.7 24.56 0.05 
12 18.79 0.0178 1.193 9.00 28.6 98.1 24.59 0.05 
02 18.88 0.0199 1.465 9.14 25.7 97.7 24.60 0.06 
06 19.17 0.0198 2.410 7.87 25.8 96.3 24.62 0.08 
weighted maan MSWO » 1.04 nBiS 26.7 *2.0 24.52 0.06* 

Notat; 
OS number of analyses used for weighted mean calculation 
isotopic ratios corrected lor Blank, radioactive decay, and masa discnminatlon, not corrected lor interfemng reactions, 
individual analyses snow analytical error only; weigtned mean aga error indudaa error in J and irradlaiion parametars. 
Analyses in italics are excluded from mean aga calculations. 
(CO > molar ratio calculated from reactor produced "Ar. ami "Arc, 
' 2a arror 

*• MSWD outside ot 95% conlldeno interval 
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TaDla 3. Furnace isotopic data. 

O Temp "Ar/"Ar "Ar/"Ar "Ar/"Ar "Ar, K/Ca *»Ar* »Ar Age slo 

CO (K 10') 1 10"'* moO (%) (*) (Mat (Ma) 

FS-31S, F3:103, 14.93 mg i irr. J-0.000740741, 0m1.00361. NM-103. Lab«>S0141-01 
A 625 205.2 1.151 621.1 0.640 0.44 10.6 1.5 28.95 1.96 
B 700 33.78 1.067 40.33 1.12 0.48 65.0 4.0 29.13 0.30 
C 750 26.85 0.9723 15.47 1.49 0.52 83.1 7.4 29.39 0.18 
0 800 24.17 1.065 7.721 3.49 0.48 90.9 15.3 29.16 0.10 
E 875 22.70 1.134 2.970 6.45 0.45 96.5 29.9 29.08 0.07 
F 975 21.99 0.8121 1.284 9.30 0.63 98.6 51.0 28.76 0.07 
a 1075 21.85 0.5937 1.908 8.06 0.86 97.6 69.3 28.30 0.07 
H 1250 22.49 0.9071 4.941 12.4 0.56 93.6 97.3 27.97 0.07 
1 1650 26.97 10.62 28.24 1.18 0.048 74.5 100.0 26.91 0.25 
teui gas at e nm9 44.1 0.59 28.52 0.12 
plateau MSWO> 3.78" nm6 steps A-F 22.5 0.53 51.0 29.00 0.17' 

Notes: 
isotopic ratios correctad for blank, radioactiva dacay, and mass dlscrtminatlon, not corractad for iniarfantng reactions. 
individuaJ analyses show analytical error only; plateau and total gas age errors include error in J and irradiation parameters. 
Analyses m italics are excluded from final age calculations. 
na number of heating steps 
K/Ca X molar ratio calculated from reactor produced 39ArK and 37AtCa. 
* 2o error 

•• MSWO outside ot 95% eonlldence interval 
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FS-2SB basa ol basaWc andasHa. Btack Hint S0119 san lasar lolal fusion IS 19.6 8.6 22.25 0.08 
Fa-295 oMeil itiyodidta lav*. PaloncMo Mlt 50118 ian latai lolal fusion M 45 5 3.1 22.41 0.08 
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Fa-302 lull al lop ol baiainc andafM. EagIa Craak 50116 san lasar lolal fusion 15 26.7 26.7 24.52 0.08 
Fa-aiB Mofafid basaN 50141' 

S 
1
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Introduction 

Ten lava and tuff samples were subnutted by Charles Ferguson for age analysis as 

part of the Morenci dating project. Datable sanidine was found in only three of tliese 

samples: F8-277. F8-282. and F8-289. ' 

^*'Ar/^'Ar Analytical Methods and Results 

The separated sanidine was analyzed by the laser total fusion method. Abbreviated 

analytical methods for the dated samples are given in Table I, and details of the overall 

operation of the New Mexico Geochronology Research Laboratory are provided in the 

Appendix. The argon isotopic results are listed in Table 2. 

The sanidine data are displayed on probability distribution diagrams (Deino and 

Potts, 1992) in Figures (1-3). Sanidine from samples F8-282 and F8-289 yield simple 

gaussian distributions. Weighted mean ages calculated from eleven sanidine crystals of F8-

282 ( 22.26±0.38 Ma) and fourteen analyzed sanidine crystals of F8-289 (17.89±0.61 Ma) 

have acceptable MSWD values (cf. Mahon, 1996). The weighted mean age calculated from 

the eleven sanidine crystals of F8-277 (27.94+0.09 Ma) yielded a MSWD value above the 

acceptable value and, therefore, the error has been adjusted. 

Discussion 

The interpretation of the data from the three sanidine samples is very 

straightforward. The preferred age of eruption is the weighted mean of all sanidine crystals 

analyzed from each sample; F8-277,27.94±0.09 Ma; F8-282,22.25±0.39 Ma; F8-289, 

17.89±0.6l Ma. The larger errors (2-3%) for samples F8-282 and F8-289 versus 0.3% 

for F8-277 are due to the smaller crystal size and therefore smaller signal sizes of these 

samples. 

These three samples, along with previously determined saindine ages for samples 

from the Morenci project, are plotted in Figure 4. The age compilation reveals a minimum 

of 4 eruptive intervals between -18 to 28 Ma. 
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Table I. Analytical methods. 

Sample preparallon and Irradiation: 
Mineral phases concentrated by dissolving glass and maniii from the crushed rock in I S% HF. K-feldspar separated with 
standaid heavy liquid. Franz Magnetic and hand-picking techniques. 
K-feldspars were loaded inio a machined Al disc and icradiaied for 7 hours in D-3 position. Nuclear Science Center. College Station, TX. 
Neutron flux monitor Fish Canyon Tuff sanidine (FC-I). Assigned age = 27.84 Ma (Demo and Potts. 1990) 
relative lo Mmhb-1 al S20.4 Ma (Samson and Alexander, 1987). 

Instnimcntallon: 
Mass Analyzer Products 2IS-30 mass specuometer on line with automated all-metal extraction system. 
Single crystals were fused by a 10 watt Synrad CO, laser. 
Reactive gases removed dwing a 2 minute reaction with 2 SAES GP-SO getters. I operated ai -4S0*C and 

I at 20*C. Gas also exposed to a W filament operated at -2000*C and a cold Hnger operated at - I40*C. 

Analytical paramelen: 
Electron multiplier sensitivity averaged SxlO" moles/pA. 
Total system blank and background averaged 333.10.0,0.9.1.8.1.7 x 10 " moles 
J-factors deiermined to a precision of ± 0.1% by CO, laser-fusion of 4 single crystals from each of 4 radial positions around the irradiation uay. 
Correction factors for interfering nuclear reactions were determined using K-glass and CaF, and are as follows: 

(«ArrAr).»0.00020i!0.0003: ("ATrAr)c = 0.0002B±O.OOOOII; and ("ArrAT)e. = 0.00089i0.00003. 

Age calculations: 
Weighted mean age calculated by weighting each age analysis by the inverse of the variance. 
Weighted mean eiror calculated osing the method of (Taylor. 1982). 
MSWD values calculated for n-l degrees of freedom. 
If ihe MSWD is outside the 95% confidence window (cf. Mahon. 1996: Table I), the error is multiplied by the square root of ihe MSWD. 

Decay constants and isotopic abundances following Steiger and Jilger (1977). 
All final eirog reported at ±2q. unless otherwise noted. 



Table 2. Isolopic argon data. 

0 "Ar/"Ar "Ar/"Ar "Ar/^'Ar "Ar, K/Ca N^Ar* Age *1o 

(* 10') (* 10'" moO (Ma) (Ma) 

F9-277. C14;10S, singia crystal sat«ldin«. Js0.Q00777173. Osl.OOS31, NM-10S, Lab* •S03S7 
06 21.94 0.0459 6.975 2.56 11.1 90.6 27.68 0.10 
08 20.43 0.0400 1.640 3.63 12.8 97.6 27.76 0.07 
01 20.54 0.0349 1.864 2.47 14.6 97.3 27.81 0.10 
11 21.72 0.0311 5.749 5.16 16.4 92.2 27.86 0.07 
03 20.71 0.0319 2.316 3.28 16.0 96.7 27.86 0.09 
05 20.50 0.0296 1.293 2.35 17.2 98.1 27.99 0.08 
02 21.74 0.0329 5.488 3.96 15.5 92.6 27.99 0.08 
09 21.33 0.0384 4.101 1.94 13.3 94.3 28.00 0.11 
07 21.24 0.0329 3.764 5.44 15.5 94.8 28.01 0.06 
10 22.02 0.0386 6.061 2.49 13.2 91.9 28.15 0.12 
04 20.99 0.0312 2.468 3.99 16.3 96.5 28.19 0.08 
weighted mean MSWD « 3.41" n»l 1 14.7 *1.9 27.94 0.09-

FB-2e2, C15:10S, aingt* crystal sanidina, Ja0.(»0777134, Dsl.OOSSI, NM-10S, Lab*3S02S8 
05 15.91 0.0108 2.050 0.387 47.2 96.2 21.33 0.68 
01 16.06 0.0083 1.476 0.665 61.5 97.3 21.77 0.43 
02 15.88 0.0000 0.6537 0.363 - 98.8 21.85 0.75 
09 16.01 0.0128 0.6043 0.478 39.8 98.9 22.07 0.56 
14 16.24 0.0144 1.289 0.719 35.5 97.7 22.11 0.38 
03 16.17 0.0152 0.9787 0.509 33.5 98.2 22.12 0.53 
04 16.21 0.0073 0.2771 0.858 70.1 99.5 22.47 0.31 
11 16.21 0.0175 0.19S3 0.167 29.1 99.7 22.51 1.61 
10 16.20 0.0095 •0.0474 0.304 53.6 100.1 22.59 0.88 
13 16.38 0.0090 0.4914 0.975 56.9 99.1 22.61 0.29 
12 16.47 0.0089 •1.4593 0.202 57.1 102.6 23.55 1.33 
weighted mean MSWD « 0.69 n»11 48.4 si 2.9 22.26 0.38" 

F8-289, D3:10S, singia crystal sanidina, JsO.00077926. Ds1.00S31, NIM005, Lab*=S0262 
12 12.89 0.0810 4.654 0.124 6.3 89.4 16.13 2.68 
13 13.27 0.0713 4.098 0.196 7.2 90.9 16.88 1.79 
09 13.38 0.0533 3.779 0.180 9.6 91.7 17.17 1.60 
11 13.16 0.0386 2.978 0.179 13.2 93 3 17.19 1.74 
U 12.86 0.0000 1.444 0.355 • 96.7 17.39 1.05 
03 13.18 0.0421 2.400 0.167 12.1 94.6 17.46 1.69 
04 13.31 0.1613 2.667 0.100 3.2 94.2 17.54 2.70 
06 13.12 0.0665 1.821 0.280 7.7 95.9 17.62 0.97 
10 13.04 0.0189 1.277 0.431 27.1 97.1 17.72 0.70 
07 13.11 0.0368 1.163 0.370 13.9 97.4 17.86 0.75 
05 13.34 0.0307 1.630 0.575 16.6 96.4 17.99 0.47 
03 13.30 0.0659 0.3853 0.287 7.7 99.2 18.46 0.94 
01 14.35 0.3201 1.624 0.069 1.6 96.3 19.43 3.03 
02 13.25 0.0266 -2.8459 0.218 19.2 106.4 19.70 1.24 
weighted mean MSWD - 0.34 n>14 11.2 *6.7 17.89 0.61* 

Notas: 

ns number of analyses used for weighted mean calculation 
Isotopic ratios eorractad for blank, radioactiva daeay. and mass discrimination, not corrtctsd for intarfam'ng rsactions. 
Individual anaiysas sMw analytical arror only; weigtiisd maan aga arror includas arror in J and irradiation paraxnatars. 
Analyses in italics ara axdudad from mean aga calculatldns. 
K/Ca M molar ratio calculated from reactor produced "ATk and "Aro-
* 2a error 

" MSWD outsida ot 95% conBdanca interval 
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Introduction 

Twenty-four mineral separates of alunite, jarosite and illite from the Morenci Mine 

in Arizona were submitted for Ar/Ar dating by Steve Enders. These samples were also 

submitted to the Bureau of Mines microprobe lab for characterization and the results are 

included with this report. 

^"Ar/^'Ar Analytical Methods and Results 

All samples were analyzed by the incremental heating age spectrum method with the 

furnace and/or the CO^ laser. Initially, the resistance furnace was used to analyze the 

sulfates in this project. This method was chosen because gas cleanup, separation of the 

reactive gases released during heating from the noble gases, is difficult for sulfate analysis 

and is generally accomplished more efficiently with the furnace. These samples proved 

very difficult to cleanup and the reactive gases were deurimental to both the mass 

spectrometer and the quality of the analysis. The decision was made to try analyzing them 

with a defocused, flat power profile, 6 mm square COj beam. The main advantage to 

using the laser rather than the furnace is that the NMGRL laser extraction line contains a 

cold finger (-I40°C). It was hoped the cold finger would trap water evolved from the 

sulfates and prevent it from reaching the mass spectrometer. This was quite effective in 

cleaning the gas, however, it was noticed that at laser powers above -10 watts the gas was 

not cleaning up. Therefore, the laser power was kept below this level. Abbreviated 

analytical methods for the dated samples are given in Table 1, and details of the overall 

operation of the New Mexico Geochronology Research Laboratory are provided in the 

Appendix. The argon isotopic results are listed in Tables 2 and 3 and summarized in Table 

4. 

Sample purity determined the order of analysis, with pure samples being the first 

analyzed. It was felt that these would be the easiest to analyze and have the highest 

probability of yielding good results. However, despite apparently pure mineral separates, 

many yielded disturbed age spectra. Four of the last samples to be analyzed were known to 

contain kaolinite or gypsum (229,245,246, and 281). When we were unable to clean the 

gas from the first of these (sample 229), the analysis was aborted and the rest were not 

analyzed. 
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Sample 279a, which is a mix of alunite and jarosite was also not analyzed. It was 

thought that because of the similarity of alunite and jarosite degasing temperatures and the 

probable difference in age, there was very little chance this sample would yield an 

unambiguous age spectrum (Rye and Alpers, 1997). 

Many of these sulfates contained very little calcium. As a result, the amount of "Ar 

(the isotope from which Ca content is calculated) present in some of the heating steps is 

below our detection level. For these steps there is no K/Ca ratio plotted with the age 

spectrum figure and no value listed in the data table. 

The alunite and jarosite yield three types of age spectra. Nine (lOS, 242a, 248a, 

250, 267, 268, 269, 278c and 280b) yielded well-behaved spectra (Figures 1-9). 

Weighted mean ages calculated for these samples from at least 50% of the "Ar released 

have acceptable MSWD values (cf. Mahon, 1996; Tables 2 and 4). Seven others (9-3,9-

4,238, 243, 247,279b and 282) yield age spectra that climb monotonically (Figures 10-

16). Weighted mean ages were calculated for three of the least disturbed of these age 

spectra. The weighted mean ages contain over 50% of the "Ar released and have 

acceptable MSWD values (Tables 3 and 4). The remaining two alunites, 239 and 244, 

yield very low resolution age spectra with over 99% of the ''Ar released comprising one 

step (Figures 17 and 18). The apparent age of this heating step for each of these samples is 

listed in Table 4. 

In addition to the sulfates, one illite (249c) was analysed, and yielded a disturbed 

age spectrum (Figure 19). The early heating-steps of this age spectrum yield ages older 

than 100 Ma followed by a consistent decrease in age to ~53 Ma (Table 3). A weighted 

mean age is not assigned to this sample, but the total gas age of 61.0±1.6 Ma is listed in 

Table 4. 

Discussion 

Samples 243 and 269 were analyzed with both the furnace and the laser (Figures 7 

and 14). The results compare favorably. A weighted mean age is not assigned to sample 

243 for either the laser or furnace analysis, but those assigned to 269 agree within error 

(10.69±0.12 Ma; laser and 11.00±0.24 Ma; furnace). The laser analysis total gas ages are 

younger than those for the furnace (6.23±0.08 Ma vs. 7.98±0.22 Ma; 243 and 

10.69±0.12 vs. 11.76±0.70; 269); this was not unexpected as the samples were not as 

completely degased with the laser as with the fiimace. As mentioned above, at laser 

powers above -10 watts the gas would not cleanup in what was thought to be a reasonable 
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time. The laser analyses did not, therefore, tap into the much older ages observed in the 

last 10-15% of the fiunace analyses. While the total gas ages for laser and furnace analyses 

(from this project) may not be directly comparable, the weighted mean ages calculated from 

the flat portions of the age spectra should be. 

Provided the flat age spectra indicate simple argon systematics, the interpretation of 

the well-behaved samples is straightforward. For all of these samples, except 267, the 

microprobe analysis, x-ray analysis, and thin section examination suggest one generation 

of supergene alunite or jarosite. The calculated weighted mean ages (Table 4) are assigned 

as the age of formation. Sample 267 jarosite has -S% of a K-rich, clay size, contaminant 

(probably illite). The affect of this appears to be minor with only the last ~ 10% of the age 

spectrum showing a rise in apparent age and a drop in K/Ca and radiogenic yield. The 

possibility does exist that the alunite and illite are not thermally distinct and the illite is 

affecting the earlier part of the age spectrum as well. If this is Che case, the weighted mean 

age of 8.34±0.22 Ma is a maximum age for the formation of the alunite. 

The interpretaiion of the samples with climbing age spectra (9-3,9-4,238,243, 

247,279b, and 282) is less straightforward. Climbing age spectra have been attributed to 

hypogene mineral contamination or multiple generations of sulfates (Vasconcelos, 1999). 

In these situations, it is still theoretically possible to obtain information about the age of the 

supergene phase. The accuracy of this age is dependant upon the amount of contamination 

and the temperatures at which the different phases degas: only if they are thermally distinct 

is it possible to obtain a supergene age. If the phases present in a sample degas at the same 

temperatures, a flat age spectra could result and would yield an intermediate age. The only 

contaminant, besides quartz, observed in either the microprobe analysis or the x-ray 

analysis is K-feldspar in 9-3 and 9-4 and a trace of kaolinite in sample 282. In thin section 

examination, multiple generations of alunite and jarosite were recognized in samples 9-3, 

243,279b, and 282. Although not apparent with the probe or thin section examination, the 

age spectra from samples 238 and 247 suggest heterogeneity as well. Apparent ages have 

been assigned to samples 9-3,9-4, and 279b, but because we can not be sure that the 

heating steps chosen to calculate the weighted mean ages are totally unaffected by 

contaminmants, these ages must be viewed as maximum ages for the formation of these 

samples (Table 4). 

Although an age is listed in Table 4 for the samples that degased in one step, our 

confidence in these ages is not high. Two phases of alunite are seen in both the thin section 

and microprobe analysis of 239 and two phases were possibly in 244. It is very likely that 

if the resolution of these age spectra were better, these two samples would yield climbing 
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age spectra. The apparent age given for these samples is probably an age intermediate 

between the ages of the two generations and we can not assess its accuracy. 

The assigned apparent ages for all the analyzed sulfate minerals are plotted on 

Figure 20. The ages range from 0.87±0.12 to 13.39±0.08 Ma, with a cluster at 8 Ma. 

In multi-phase or fine grained samples, such as illite 249c, recoil (redistribution or 

loss) of "Ar produced at the reactor can be a problem. In multi-phase samples, "Ar tends 

to be displaced from high-K to low-K phases while in fine-grained samples "Ar can be lost 

completely (Lo and Onstott, 1989). Loss of ^'Ar would have the affect of increasing the 

apparent age of the sample, whereas redistribution of "Ar would result in portions of the 

age spectrum being anomalously old and other portions being anomalously young (Figure 

21). The disnirbed age spectrum from sample 249c appears to have been affected by 

recoil, possibly complicated with excess Ar (a ^'Ar/'^Ar greater than the atmospheric ratio 

of 295.5). In samples where recoil is suspected, the best estimate of the age is the 

integrated age. This is the age given for sample 249c on Table 4, but we caution that our 

confidence in this date is low. 
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Samnit 

Nanit 

Mineral Preferred MSWD Comintnts Analvtif TVD» Samnit 

Nanit Ate 

2.0. error 

9-3 2 phase alunile. 

K-reldspar contaminants 

7.78±0.32 3.5 Maximum age. disturbed spectrum Laser step-heat 

9-4 1 phase alunite. 

K-feldspar contaminants 

7,2920.34 2.3 Maximum age, disturbed spectrum Laser step-heat 

tos 1 phase jarosite S.64sO.I2 2.4 Well-behaved age spectrum L^r step-heat 

23g I phase alunile — — Disturbed age spectrum Furnace step-heat 

239 2 intergrown phases of 

alunite 

7.78s0.28 
— 

One step age spectrum, poor 

quality 

Furnace step-heat 

24:a 1 phase alunite 7.45-0.02 0.57 Well-behaved age spectrum Laser step-heat 

243 possibly 2 phases aluniie — ~ 
Disturbed age spectrum Furnace step-heat 

244 possibly 2 phases alunite 7.01=0.16 
— 

One step age spectrum, poor 

quality 

Furnace step-heat 

247 alunite 
— — Disturbed age spectrum Furnace step-heat 

24ga I phase alunite 8.82s0.08 4.4 Fairly well-behaved spectrum Liset step-heai 

249c illite 
— — Disturbed age spectrum Furnace step-heat 

2S0 2 phase alunite 4.32:0.04 0.05 Well-behaved age spectrum Laser step-heat 

267 jarosite. K-rich. clay sue 

contaminant 

8.34:0.22 1.7 Well-behaved age spectrum Laser step-heat 

268 1 phase jarosite 1.69:0.08 0.33 Well-behaved age spectrum Laser step-heat 

269 I phase alunile 11.00*0.24 6.6*« Fairly well-behaved age spectrum Furnace step-heat 

278c I phase alunite 9.29:0.06 2.1 Well-behaved age spectrum Laser siep-heai 

279b 2 phase jaroiiie 0.87:0.12 1.3 Disturbed age spectrum Laser siep-heai 

280b I phase alunile 13.39:0.08 0.'j9 Well-behaved age spectrum Laser step-heat 

282 up to 3 phases alunite 
— — Disturbed age spectrum t^ser step-heat 

Table 4. Sununary cable of Morenci data. ** MSWD outside of 95% confidence interval. 
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Figure 10. Age spectrum of 9-3 alunite furnace analysis. 
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Figure 15. Age spectrum of 279b jarosite laser analysis. 
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Figure 17. Age spectrum of 239 alunite furnace analysis. 
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Table I. Analytical methods. 

Sample preparation and Irradiation: 
Mineral phases conceniraied by diisolving glass and matrix from the crushed rock in IS% HF. K-feldspar separated with 
standaid heavy liquid. Franz Magnetic and hand-picking techniques. 
K-feldspan were loaded into a machined Al disc and iiradiaied for 7 hours in D-3 posiiion. Nuclear Science Center. College Station, TX. 
Neutron flux monitor Fish Canyon Tuff sanidine (FC-I). Assigned age = 27.84 Ma (Deino and Potts, 1990) 
relative to Mmhb-I at 320.4 Ma (Samson and Alexander. 1987). 

Inslrumcnlatlon: 
Mass Analyzer Products 2IS-S0 mass spectrometer on line with automated all-metal extraction system. 
Single crystals were fused by a 10 watt Synrad CO, laser. 
Reactive gases removed during a 2 minute reaction with 2 SAES GP-SO getters. I operated at -4S0*C and 

I at 20*C. Gas also exposed to a W filament operated at -2000*C and a cold finger operated at • I40*C. 

Analytical parameters; 
Electron multiplier sensitivity averaged Sx 10 " moles/pA. 
Total system blank and background averaged 333.10.0.0.9.1.8.1.7 x 10 " moles 
J-factors determined to a precision of 10.1% by CO, laser-fusion of 4 single crystals from each of 4 radial positions around the iiradiation tray. 
Collection factors for interfering nuclear reactions were determined using K-glass and CaF, and are as follows: 

TArrAr). = 0.00020±0.0003: (•'ArrAr)cs0.00028±O.OOOOII: and ("ArrAr)c = 0.00089±0.00003. 

Age calculations: 
Weighted mean age calculated by weighting each age analysis by the inverse of the variance. 
Weighted mean error calculated using the method of (Taylor. 1982). 
MSWD values calculated for n-l degrees of freedom. 
If tlie MSWD is outside the 93% conndence window (cf. Mahon. 1996: Table I). the error is multiplied by the square root of the MSWD. 

Decay constants and isotopic abundaiKes following Stcigcr and Jager (1977). 
All final errors reponed at t2a, unless otherwise noted. 



TaMt 2. A/gor noiotc data lor lairplaa iwaiad widi COS laiar. 

O Powtr ••Ar/»Ar "Af/^*Af **Af/«Ar "Af, K/Co ••Af ••Ar Ago «lo 

(waitt) (« 10») (X to'* mol) ( % )  ( % )  fM«) (Ma) 

105. 4.4iin9 jirotitt. 0.0032999. NU-104. LaM«S0198-01 
4 f 53 06 0.0000 17TS 40.4 1.1 0.9 3.5 2.5 
8 J 5 197 o.oooo 14 63 281.1 . 16.4 7.0 5.07 0.23 
C 5 2 929 0.0000 6.918 614.0 29.4 20.2 5.12 0.10 
0 7 2.39« oooot 4.871 1057.2 7341 39 0 43.1 5.55 0.07 
E a 2147 0.0003 3.992 1190.5 1525 44.0 68.9 5.61 0.05 
P 10 2.068 0.0009 3.858 1438.7 595.4 46.7 100.0 5 74 0.06 
total 9«a aga na6 4621.9 5.S2 0.20* 
piataau MSWO> 2.4 itapa 0*F 3686.4 79.8 5.64 0.12* 

2428. S.tOmg 1 aiunlto. J«0.0093S28. NM-104. Laba«S0178-02 
A t 33.43 0,0000 113.7 6.12 •O.S 0.1 .1.2 4.1 
B 3 2.572 0.0031 4.745 149.3 187.0 44.9 2.2 6.93 0.21 
C 5 1.352 0.0010 0.4020 820.9 517.2 89.9 14.1 7.31 0.03 
0 7 1.317 0.0001 0.2092 1682.9 8981 93.6 38.4 7.44 0.02 
E 9 1.308 0.0002 0.1750 2040.2 2105 94.3 67.8 7.44 0.02 
f 11 1.327 0.0007 0.2311 2232.4 783.8 93.2 100.0 7.46 0.02 
total gaa ago na6 6930.9 7.41 0.06' 
piataau MSW0*0.S7 n«3 Sttoa 0*F 5955.6 85 9 7 45 0.02-

243, l.9Sm9 atunitf. J*O.Q033102. NM-104. UabtaSOl i9«02 
A 1 35 04 O.OIOS 115.0 18.8 48.8 2.9 0.4 6.16 2.03 
a 3 3 611 0 0037 9 193 160.4 138.2 24.1 35 5.20 0 21 
c s I 379 0.0011 1.321 670 0 480.7 70.1 16.7 5.76 0.05 
0 7 t 284 0.0009 0.7650 1149.0 600.1 80.6 39 3 6.17 0.03 
E 8 1 262 0.0006 0.6094 1476.5 827.6 83.9 66.3 6.31 0.03 
F 10 1.267 0.0008 0.5277 1615.3 613.7 85.9 100.0 6.49 0.02 
total 9aa aga na€ 5090.0 638.1 8.23 0.08-

24ta. 3.$imfl 1 atunlta. Jb0.0033H1. NM-t04. t^bt»90178>02 
A t 84.74 0,0047 277.2 6.S1 109.4 2.8 0.2 13.43 ff.54 
a 3 2 653 0.0000 5.761 95.6 39.5 2.9 6.91 0 25 
C 5 t 614 0.0005 0.7737 415.2 1004.2 84.4 14.5 6.34 0.05 
0 7 t.S60 0 0007 0.3494 836.7 705.2 91.9 37.8 8 78 0.03 
S 8 1.547 0.0006 0.2622 985.6 801 7 93.5 65.4 6 85 0.03 
f  r o  1 579 0.0007 0.3264 1240.4 728.1 92.5 1000 8 93 0.02 
total 9at a9« na6 3580.1 8 76 0.10' 
piataau MSWO* 4.4 na2 SttPS O'E 1822.3 50.9 8.82 0.08' 

250. 4.S2mg alunitt. J>0.0033594. NM-104, Laba •50180-02 
A f 218.5 0.0000 752.3 rj.o 't.a 0.4 •24 f 1 
8 3 37 86 00007 126.7 86.3 707.3 0.5 3.1 1 2 1.5 
C 5 3.0S2 0.0000 a.49s 316,1 15816 17.0 13.1 3 15 0.16 
0 7 1.258 0.0000 1,7«9 692.0 58.8 34.9 4.31 0.04 
E 8 1.018 0.0003 0.9493 830.6 1744 70.2 61.1 4.33 0.03 
F 10 0.8988 0.0004 0.5425 1235.8 1153 79.6 100.0 4.32 0.02 
total gaa ago na8 3173.9 4.0O 0.26* 
piataau MSWO • 0 05 na3 stapa 0*F 2758.4 86.9 4.32 0.04* 

2C7. 2.72mg larotlto. J«0.003307t. NM-t04. Labt«S0199-02 
A 1 80.17 0.0000 268.3 87.6 1.1 2.2 5.3 4.1 
a 3 S.830 0.0009 14 93 925.4 574.2 24.0 25.0 8.32 0.20 
c s 3.494 0.0013 7.025 1598.2 378.0 39.9 64.3 8.31 0.10 
0 6 2.547 0.0032 3.842 1115.6 160.S S4.S 91.8 8.27 0.10 
E 7 3.791 0 0084 7688 207.8 60.8 39.5 96.9 8.91 0.24 
P $ 5J 98 0.0261 11.90 83.6 19.$ 32.0 98.9 9.69 0.54 
a 9 6.958 0.0363 15.99 43.1 14.1 31.8 100.0 13.2 1.1 
total gaa ago n«7 4059.6 334.5 8.35 0.48' 
piatoou MSWO> 1.7 naS ttapt A-E 3932.7 345.0 96.9 8.34 0.22* 

2ft. S>24m9 jaroalta, J«0.0033078. NM>104. LabfBS0198-0t 
A t 226.5 0.0317 769.7 20.2 16.1 '0.4 0.4 '6 11 
B 3 S.129 0.0006 t6.52 287.5 859.2 4.4 5.5 1.33 0.24 
G 5 3.877 0.0001 12.44 587.1 7078 4.8 15.9 1.07 0.18 
0 7 2.462 0.0000 7.326 1019.0 . 11.1 34.0 1.63 0.09 
E 8 1.754 0.0000 4.907 1452.4 . 16.1 59.6 1.66 0.08 
F to 1.571 9.0001 4.2SS 2259.2 7308 18.3 100.0 1.72 0.06 
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Ttti* 2. A/gon Koiopic diu lOf unvM KMMd <Mh C02 laur. 

O Pow«r '•Ar/'Vf "Ar/»Ar "All-At "Af, K/Ca -Af -Ar Aga •la 

(wins) (. lO-') (i 10*'* moO t%) t%) fMal ;Ma) 

total 9M ago ns6 5625.4 1.58 0 24' 
piataau MSWD -0.33 fta3 slaps D-F 4730.6 84.1 1.69 0 08' 

399. 3.81m9 alunita. J«O.0033192, NII-104. Lab«>50t920-02 
A 1 40.00 0.0181 132.0 14.8 31.7 2.4 0.2 5.7 4. J 
a 3 2.822 0.0008 3.042 54t.O 877.0 84.9 8.8 10.15 0.08 
C 5 1.930 0.0000 0.5048 1318.8 . 91.1 29.0 10.50 0.05 
0 7 1.860 0.0000 0.1767 2319.1 . 96.0 64.9 10.66 0.04 
E 9 1.979 0.0000 0.S210 2267.2 91.1 100.0 10.76 0.06 
loiai gaa agt n*5 045S.7 56.8 10.61 0.12* 
piataau MSWO-2.1 n.2 sisps 0<E 4586.3 71.0 10.69 0.12' 

279e. S.llmg aiunita. J«0.0033i2a. NII-104. UM«M190^2 
4 r 182 8 0.01S7 830.8 11.3 32.5 •2.0 0.1 '21.92 10.80 
a 3 9.583 o.ooto 28.39 284.0 498.8 12.2 3.4 8.98 0.38 
C 5 2.818 0.0008 4.505 $70.3 790.8 51.9 14.0 8.72 0.07 
0 7 2.071 0.0003 t.671 1S16.Y 1542 75.1 32.5 9.27 0.04 
E a 1.872 0.0004 1.012 1796.3 1137 82.8 54.5 9.24 0 03 
P 10 1.804 0.0004 0.7366 1752.6 1413 86 7 75.9 9 32 0 02 
G 10 1.801 0 0005 0.7375 1976.0 1053 86.7 100.0 9.30 0 92 
total 9aa aga n.7 8188.5 1192 9.11 C . 1 2 *  

piataau MSWO «2.1 n«4 staps 0*0 7043.0 1269 86.0 9.29 0 06* 

279b. 4.o«mg iareaita. J>0.0033037. NM-104. Lab«>S0197-01 
A 1 124 8 0.0000 424.5 59.4 • •0.7 f.3 •5.02 4.24 
a 3 3.514 0.0011 rr.ff4 579.0 484.2 1.4 13.4 0.30 0.15 
c s 1.365 0.0006 4.077 1262.3 897.1 10 1 40.0 0.82 0.05 
0 7 0.8767 0.0007 2.384 1988.6 717.6 17.1 81.9 0.89 0 03 
e 9 2.049 0.03/t 4.905 594./ 13,7 28.3 94.4 3.48 0.41 
p to 2.711 0.0299 7.818 284,0 17.0 18.2 too.o 2.82 0.30 
total gaa aga n«6 4748.0 608.4 1.15 0 34-
piataau MSWO >1.3 nB2 ttaps C*0 3250.9 787.3 68.5 0.87 0 06* 

210b. 3.30mg alunita. J >0.0032972. NM>104. I.aba«s0193*0i 
A 1 rj4.^ 0 0000 449.5 18.3 1.0 O.J 7.8 12 4 

a 3 8 319 0 0000 14.19 582.8 20027 33.3 9.5 12.47 0 23 
c s 2 Si2 0 0003 0.7749 2137.3 1957.5 90.0 43.3 13.40 0 OS 
0 6 2.379 0.0000 0.3434 2607.9 94 8 84 5 13.37 0 04 
E 7 3.212 0.0013 3.089 985.3 406.8 70.9 99.8 13.49 0 to 
P 8 58.83 0.1027 173.0 8.24 5.0 13.1 99.9 45. f 98 
a 9 80.72 0.4197 232.9 8.95 U2 14.7 (00.0 69 15 
total gaa aga n*7 6326.7 2619.4 13.40 0 26* 
piataau MSWO • 0.69 na3 stapaC'E 5710.5 859.2 90.3 13.39 0.08' 

292. 2.79ing alunita. JaO.0032939. I> IM-104. Ub«*S019S-01 
A 1 73.61 0.1990 252.3 29.9 2.6 .1.0 0.9 •4.52 3.47 
B 3 9.652 0.0753 28.44 221.2 6.6 12.8 7.9 7.30 0.32 
C S 1.766 0.0396 1.998 610.8 12.6 65.5 33.6 6.87 0.05 
D 7 1.494 0.0326 0.8979 657.1 15.7 80.9 W.f 7.17 0 04 
E 9 2.611 0.0341 4.566 535.5 14.9 47.8 77.7 7.37 0 09 
F 9 1.577 0.0293 0.8151 705.9 17.4 83.S 100.0 7.80 0.04 
toul gaa aga 1  n«6 3160.4 14.5 7.17 0 20* 

Nolo; 
lidoeie ratioa conocMd lor Blank. raMaOM* dacav, and man ditcnminalion. nal corrteiad lor inarlwnnq laacUens. 
Individual analym Mww malylieal arror only; plaiaau and total gu aga anon Mduda atior in J and ifradialion patamlars. 
Analyiaa in nallca art auludad ironi llnal aga calculationi. 
n> numbar o< naaing iiaes 
K/Ca • molar ratio calculaiad from raaaor groducad 39AiK and 37ArCa. 
* 2o arror 
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Tabi* 3. Aigon notopie data lor samiiiat naaiad wiOi raaiiiafKa himaca. 

O Timp ••Ar/»Ar "Af/»Ar "Af/**Af "Af. )VCa •'Af »Af Aga «1o 

CO (* 10') (1 Iff" fflOl) (%1 (M (Ma) (Ma) 

(•3, 7.2S mg alunlta. Ja0.00328M, NM>t04, LabtiSOl 87-01 
A 500 ) 168.8 0.0214 3718.7 8.14 23.8 5.8 0.2 388 384 
0 S75 1058.1 0.0188 3357 8 7.30 30.3 8.2 0.4 355 24 1 
E 750 45.47 0.0019 138.4 175.4 271.8 11.3 5.1 30.3 4.2 
F 775 2.541 0.0017 3.882 1084.8 303.2 54.0 34.8 8.14 0.21 
a 800 1.543 0.0012 0.7421 18tl.1 415.2 84.3 83.9 7.73 0.08 
M BIS 1.777 0.0018 0.8414 382 0 327 8 88.1 94.3 9.29 0.19 
1 B50 2.799 0.0023 2.764 171.4 219.8 70.0 98.9 11.83 0.41 
J 875 18.49 0.0332 22.98 17.2 )5.4 83.2 99.4 68.2 4.6 
K 950 49.72 0.0441 118.9 tt.O (i.e 30.5 99.7 88.0 12.3 
L 1200 43.87 0.0872 88.25 10.8 7.8 41.8 100.0 105.0 11.4 
total gaa aga nalO 3878.9 3S1.4 tO.9 3.0-
plataau MSW0>3.S n'2 staptF-0 3878.9 373.2 too.o 7.78 0.32* 

9-4, 9M aif 1 alunlta. JaO.0032931, NH-104, Lab««50194-01 
A 550 111.1 0.0119 380.6 22.1 43.8 4.0 0.4 28 4 7.8 
8 800 249.4 0.0843 728.8 2.28 7.9 13.9 0.5 194.8 78.8 
0 700 149.8 0.0000 501.9 24.3 1.0 0.9 8.8 17 5 
E 750 18.18 0.0002 55.73 198.2 3192.5 9.3 4.7 10.0 1.5 
P 775 1.848 0 0007 2 033 1117.9 728.3 68.3 26.2 7 26 0 28 
G BOO 1.712 0 0013 1 584 2479 5 398.9 71.7 73 9 7 28 0.10 
M 925 1 654 0.0020 0.3807 445 0 255.1 91.8 82.4 9.00 0.38 
1 B50 1.5SI7 0.0011 0 3408 878.8 461.6 92.3 99.3 8.74 0.27 
J 875 15.80 0 0561 10.05 10.7 9 1 81.1 99.5 74 5 8 0 
K 350 120 1 0.0334 339.1 12.5 15.3 16.5 99.7 114. 1 27.6 
U 1200 82.27 0.0491 133.6 14.2 10.4 36.6 100.0 130.4 9.4 
total gaa aga nsl 1 5203.8 589.7 8.67 0.94-
plataau { MSWO >2.3 n«5 »tpsB-G 5203.8 840.1 too.o 7.29 0.34-

231, 12.Slmg alunlta, J«0.0033130, NM-104, Labt>S0182-01 
H 875 37.00 0.0018 123 9 6.47 289.7 1.0 0.1 2 2 5.0 
1 700 14.73 0.0040 49.40 20.1 126.0 0.7 0 3 0.6 1.8 
J 750 3.085 0 0002 7 992 804.1 2047.5 22.2 5 6 4 06 0 17 
K 775 1 818 0 0001 2.518 1448.3 6683.6 52.6 18.5 5.07 0 06 
L 800 1.438 0.0003 1 829 393.7 1881.1 85.0 22.0 5.57 0 08 
M 850 1 284 0 0001 0.4711 8892.1 5409.0 87 2 99.2 8 58 0.05 
N 900 17 48 0.0049 50 77 81.4 105.1 14.0 99.9 14.6 1.3 
0 1100 52.75 0.1889 140.3 13.0 3.0 21.4 100.0 66.2 8 6 
total gaa aga n«8 11281.1 5208.8 6.33 0.16* 

238, 8.80 mg alunlta, J-0.0033374, NM'104, Ub«>SOI81-04 
A SSO 83.75 0.0148 198.8 25.3 35.0 8.8 0.5 33.8 8.3 
B 800 121.5 0.0825 352.4 5.88 8.2 t4.3 0.8 101.4 30.8 
C 850 108.3 0.0471 247.4 2.07 10.8 32.4 0.7 200.0 62.2 
0 700 4.834 0.0085 It 22 4925.8 78.7 28.0 100.0 7.78 0.14 
total gaa aga n«4 4958.8 78.4 8.05 0.22* 

243, 8.07mg alunlta, J>0.0033084, NM-t04, Lab*sS0188-02 
A 800 59.23 0.0008 188.0 8.10 833.5 7.2 0.1 25.2 10 5 
B 700 93.49 0.0022 305.8 55.0 228.4 3.4 0.7 18.7 5.7 
C 750 2.793 0.0008 5.764 493.8 817.2 38.2 6.5 8.35 0.14 
0 775 1.288 0.0008 0.8938 2558.3 879.5 82.0 38.6 8.18 0.03 
E 800 1.253 0.0007 0.3842 4287.1 884.5 89.1 86.9 6.85 0.04 
F 825 1.452 0.0009 0.4485 880.8 572.0 89.4 97.0 7.73 0.05 
O 850 7.982 0.0000 2.814 11.5 . 89.3 97.2 42.0 2.2 
H 875 8 259 0.0024 3.595 41.1 2t4.8 86.9 97.6 42.30 0.70 
1 950 12.25 0.0013 11.75 82.3 396.8 71,5 98.8 51.48 0.70 
J tlOO (0.09 0.0t99 4.623 75.8 25.7 85 7 99.5 50.88 0.54 
K It 50 13.82 0.0858 15.13 42.7 5.9 87.1 too.o 53.7 1.0 
total gaa aga nsl 1 8518.5 649.5 7.98 0.22* 

244, lO.S3mg alunlta, J>0.0033171, NM>t04, Lab««S0183>01 
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TIM 3. Argon iMMpie data lot UMPTM haiM iMi rmiiMie* kimtea. 

O Tcflip ••Ar/'*Af "Att"Ar '•*r/»Ar "Af, K/Ca '•Af -At Ago • la 

(•CI ti to ') (1 IO'" molj (*) ( % )  (Ma) (Ma> 

B 700 513.1 0.0145 1720.5 19.3 35.3 0.9 0.2 27 60 
C 750 36.9> 0.1482 53.31 1.35 3.4 57 4 0.2 123 24 
0 77$ 2.122 0.0006 3.134 8331.1 907 9 5S.3 99.5 7.01 o.oa 
f S2$ 1 t.lS 0.0649 3 665 10.4 7.9 90.1 99.7 59.2 3.7 
G 8S0 <2.40 0.1074 136.4 12.9 4.7 3S.4 99.8 1ZS 11 
1 9S0 55.10 o.ttsa 119.1 3.67 4.4 36.9 99.9 119 27 
K 1200 22.79 0.1289 38.76 11.1 4,0 52.3 100.0 89.9 4.S 
taitl pa at« na7 8389.8 9Qt.7 7.21 0.4«* 

2*7, 10.N n •fl alunIM , Ja0.00329t7 . Nll>104. LaMa9<t8»«1 

A SOO agg.t 0.0039 1645.3 3.83 132.2 2.4 0.1 69.2 189.0 
E 7S0 s.tss O.OOtS 18.28 213.2 342. t 21.0 3.6 8.52 0.4« 
F 77S i.asa o.oots t.702 1339.7 337.3 71.4 26.2 7.786 0.064 
G SOO 1.848 0.0018 0.5909 3808.0 327.1 86.0 90.2 8.596 0.049 
H I2S t.7S7 0.0022 0.7851 583.5 234.2 85.8 99.7 9.09 0.21 
1 ISO 43.93 0.1039 67.74 4.41 4.9 54.4 99.7 136.8 23.4 
J t7S 45.7S 0 1174 82.53 4.02 4.3 59.6 99.0 159.4 27.1 

K 9S0 230.0 0.11 to 807.6 4.36 4.6 21.9 99.9 277.1 134.2 
L 1200 123.8 0.1182 291.0 7.19 4.3 28.7 100.0 199.7 38.9 
total gaa tg« n>9 5947.9 319.9 8.90 0.82* 

2«e, 4.71 mg illita. J>0.0033747, NM-104, t.tba>5017T-01 

A SOO 1302.9 0.6063 4421.1 3.70 0.84 •0.3 0.1 •21 177 

a sso 1407.2 0 8243 4569.6 19.0 0.62 4.0 0.8 317 72 
0 S2S 351.4 0.2697 1092.5 14.3 1.8 8.1 0.9 186 19 

E SSO 33.46 0.0130 88.15 58.6 39.2 41.5 2.4 82.7 1.3 
F 87S 14.08 0.0191 7.085 45.0 26.8 85.0 3.8 71.40 0.81 

a 700 12.24 0.0330 2.272 82.2 IS.S 94.4 5.2 88.98 0.54 

H 725 11.73 0.0259 1.834 91.0 19.7 95.7 7.5 67.11 0.32 
1 750 11.60 0 0347 0.S237 83.7 14.7 97.7 9.1 67.71 0.48 

J aoo 11 01 0.0060 0.4110 494.S 84.5 98.7 21 8 64.99 0.23 

K 1000 3 340 0.0050 0.3978 2041.8 103 99.5 74,0 58.63 0.16 

L 1200 9 238 0.0074 0.1997 971.4 69.2 99.1 98 9 54.91 0.32 
M 1300 9.911 0.2386 3 249 46.2 2.1 90.3 100 0 53.68 0.54 

total gat tgt nal2 3911.0 83.4 61.0 1.6* 

2M. 7.S mg tlunita. J>0.0a33010, NM-104. Ltft«>S0l92-01 

A SOO sra.i 0 02a3 II7S.2 2.80 la.o 3.a 0.1 127.0 253.0 
0 tTS 41.at 0.0000 124.3 II.O . 11.a 0.4 29.2 5.0 
E 750 3.099 0.0003 3.S83 770.S ISS7.2 64.3 17.0 11.83 0.43 

F 775 2.026 0.0007 0.5872 1718.6 688.0 90.3 S3.8 10.87 0.06 

0 100 2.014 0.0003 0.3788 1923.7 1687.2 93.4 95.1 11.16 0.07 
H $2S tats 0.0003 1.300 122. t 1729.9 as. a 97.7 14.39 0.37 
1 tso 4.721 0.0036 3.77/ 77 3 141.7 7S.9 99.4 21.22 0.83 
J 175 3t.SS o.oan S2.05 a.oa a. 4 49. a 99.6 105.3 14.9 
K 9S0 39.2S 0.0472 14 33 a. 43 to.a 35.0 99.a a2.3 11.1 
L 1200 43.12 0.0612 92 57 11.4 a.3 35. S 100.0 91.3 7.8 
total gat tgt nalO 4659.1 1252.1 11.76 0.70-
platttu MSWO 6.6 na3 t:i«< E-O 44tt.1 1266.9 94.7 11.00 0.24-

NOIM: 
iMioeie niioi earrwitd lor Mnk. radioacin* SKty. ind mtsi diiobninaMn. net eorrtcitd lor Mtrfarring rtaction*. 

individual analyii* mow analytical arrer amy; Mtuu and »ial gaa aga anoct mcM* atnr in J ind inadiaMn paraRMtan. 

Anaiyias m italics art tududtd iram final aft calculaiiont. 

na numear si naatin^ tttp* 

KfCa < melar raue eaiculaiad Irom raactor siaducid 3tAiK and 37A(Ca. 

' 2a tnar 

** MSWO outtidt ol 9S% eenlidanct mitrvd 
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Introduction 

Seven basalt samples related to the Morenct project were dated for Charles Ferguson. All 

seven samples were examined by microprobe and their prospects for dating were judged to be 

good to very good. 

''*'Ar/"Ar Analytical Methods and Results 

The groundmass concentrates were analyzed by the fiimace incremental heating age 

spectrum method. Abbreviated analytical methods for the samples are given in Table 1, and details 

of the overall operation of the New Mexico Geochronology Research Laboratory are provided in 

the Appendix. The argon isotopic results are listed in Table 2. 

Five of the analyzed Morenci basalt samples yielded relatively flat, well-behaved age 

spectra (Figures Ia-7a). The calculated plateau ages are listed in Table 3. Two plateau ages (F8-

273 and F8-275) have MSWD values within the 95% confidence level. The MSWD values for the 

plateau ages of samples F8-266, F8-276 and F8-286, are slightly outside the 93% confidence 

level, so the uncertainties on these ages have been adjusted accordingly. All of these samples were 

also evaluated with inverse isochron analysis (Figures lb-7b) and a summary of this data is given 

in Table 3. Four have •^Ar/•^AJ, intercept values that are within error of the atmospheric value of 

295.5. FS-273, has an '"Ar/'*.Aj, intercept value that is significantly greater the atmospheric value. 

The groundmass concentrate from F8-269 (Figure 2a) yielded a disturbed age spectrum. A 

plateau age was not calculated for this sample. The early low-temperature heating-steps rise to 

older apparent ages, and in general higher K/Ca and radiogenic yields than the high-temperanire 

heating-steps. Isochron analysis (Figure 2b) reveals an unrealistic '*'Ar/^Ar, intercept of 

270.3±4.2, although the MSWD value is very low (0'.86). 

Although not as dramatic, groundmass concentrate from F8-301 (Figure 7a) yielded an age 

spectrum similar to the age spectrum from F8-269. After an early low-temperature increase in 

apparent ages there is a steady decline in the apparent ages. The decline is so gradual that a plateau 

age (26.99±0.18 Ma) calculated across steps G-I has an acceptable MSWD value (Mahon, 1996). 

The results are also similar for the isochron analysis, with an '®Ar/"Arj intercept for F8-301 of 

273±15. 

The preferred ages of all samples are displayed on a probability distribution diagram in 

Figure 8. 



405 

Sample 

Damn 

Plateau 

Age 

MSWD Isochron MSWD •Ar^Ar, 

Intercept 

IntcBcaud 

AXU 

F8-266 22.33s0.14 4.46* 22.35±0.21 6.6* 298.9±8.7 22.61*0.44 

F8-269 - - 28.27-0.20 0.86 270.3*4.2 26.68*0.70 

F8-273 26.9ls0.l6 3.03 2S.S1±0.10 1.73 305.5S2.8 27.3*1.4 

F3-275 27.62x0.20 2.03 28.llsO.56 16.3* 289±12 27.74*0.56 

F3-276 27.73s0.17 4.19* 27.9l20.32 lO.O' 29l£l2 27.77*0.52 

F3-2a6 24.74±0.24 3.84» 24.96±0.41 6.53» 292.34:7.2 24.78*0.38 

F8-301 26.99s0.18 1.74 27.64*0.39 11.83* 273±15 27.2*1.4 

Table 3. Summary of plateau and isochron ages and errors. Preferred ages are in bold text. 
•MSWD's outside of 95% confidence level 

Discussion 

Four of the analyzed basalts (F8-266, F8-275, F8-276, F8-286), yielded fairly well-

behaved age spectra. For these samples the plateau ages listed in Tables 2 and 3 are the preferred 

eruption ages. The isochron analysis of these samples indicated an atmospheric trapped 

component and the plateau ages have acceptable MSWD values or at least lower MSWD values 

than those of the isochron ages. 

.AJthough the groundmass concentrate from F8-273 also yields a well-behaved age 

spectrum, the preferred age for the eruption of F8-273 is the isochron age of 26.81±0.10 Ma. 

Isochron analysis reveals a ̂ 'Ar/^Ar, of 305.5 (above the atmospheric ratio of 295.5) and an 

acceptable value (Mahon, 1996). This age was, therefore, chosen as being more accurate 

than the plateau age. 

Sample F8-269 and to a lesser extent sample F8-301 yielded disturbed age spectra. In 

multi-phase samples such as groundmass concentrates, ^Ar can be displaced during irradiation 

from high-K phases into lower-K phases, although minor "Ar may also be recoiled entirely out of 

the sample (Lo and Onstott, 1996, McDougall and Harrison, 1988). These recoil effects are 

illustrated in Figure 8. Recoil of "Ar into high-temperanire degassing phases, such as pyroxene( 

which would also have a low K/Ca), will result in high-temperanire steps that are younger than 

early low-temperatue steps. This is a possible explaination for the disturbed nature of F8-269 and 

F8-301. In cases where recoil is suspected, the integrated age is the best estimate for the age of the 

samples. The integrated ages of F8-269 (26.68±0.70 Ma) and F8-301 (27.2±1.4 Ma) are, 

therefore, assigned as the preferred ages of these samples. We do caution that our confidence in 

these dates are not high as our confidence in the ages of the other samples. 
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Table 1. Sample preparation, analytlcal methods and age calculation methods. 

Sample preparation and Irradiation: 
Groundmass concentrates were treated wi1h dilute HCI. washed and h:rnd-picked. 

Groundmass concentrates were loaded into il machined Al disc :ind irradiated for 7 or 3 hours in D-J position. Nucle;ir Science Center, College Station. TX. 
Neulron nu,: monitor Fish Canyon Tuff sanidine (FC-1 ). Assigned :ige = 27.84 M:i (Deino and Potts. 1990) 
rela1ivc lo Mmhb-1 al 520.4 Ma (Samson and Ale,:ander. 1987). 

lmtrumentatlon: 
Mass Analyzer Products 215-50 mass spectromeler on line with automated all-metal e,:traction sym~m. 
Samples step-heated in Mo double-vacuum resistance f umace. He:iting duration 7 minutes. 
Reactive gases removed by reilction with 3 SAES GP-50 getters, 2 opcr:ited at -450°C and 

I at 20°C. Gas also exposed to a W filiment operated at -2000°C. 

Analytical parameters: 
Electron multiplier sensitivity averaged Ix J0·11 moles/pA. 
Total system blank and background for the furnace averaged 902. 4.3 . 0.6, 2.0, 3.2 x JO II moles 

al masses 40, 39, 38, 37, and 36. rcspeclively for 1emperatures <1300°C. 
J-factors determined to a precision of :t 0.1 % by CO, laser-fusion of 4 single crystals from each of 6 radial posi1ions around the irradiation tray . 
Correclion factors for interfering nuclear re:iclions were de1ermined usinJt K-Jtlass and CaF1 and are :is follows: 

c•Ar/"Ar),. = 0.00020±0.0003; ("Ar/"Ar)c. = 0.00026:t0.00002; and ("Ar/"Ar),. = 0.00070±0.00005. 

A~e cakulallon.~: 
Tola! g:is ages and errors calculated by weighting individual steps by the fraclion of" Ar released. 
Plateau definition: 3 or more analytically indistinguishable contiguous seeps comprising al lc:isl 50% of the 101al "Ar (Fleck el al., 1977). 
Preferred age c:ilcul:ited for indicated steps when the sample docs nol meel plateau criteria. 
Plate:iu or preferred ages c:ilculaled by weighting each step by the inverse of the variance. 
Plateau and preferred :ige errors calculated using the method of (Taylor, 1982). 
MSWD values are calculated for n- l degrees of freedom for plateau and preferred ages . 
lsochron aJteS, .. Arf,.Ar. and MSWD values calculated from rejlression results ob1ained by the methods of York ( 1969). 
Decay constants and isotopic abundances afler Steiger and J!iger ( 1977). 
All fin;il errors reported al ±20, unless otherwise noted. 

~ -0\ 
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Table 2. Analytical results of resistance-furnace step-heating analyses. 

10 Temp '
0 Arl"Ar "Ari" Ar ,.Arl"Ar •Arc K/Ca CIIK 

.. ,..,. "Ar Age t1CJ 

('Cl (x 10·•1 (x ,er•• moll (x 10·•1 (%) (%) (Mal (Ma) 

FB-266, H1:98, 27.92mg wr, Ja0.000769481, Oat.00361, NM-98, Ubla9769•01 
A 625 1335.5 I. 157 4453.2 0.939 0.44 3.4 1.5 1.0 27.1 14. 7 
8 700 51 . 74 1.071 119.0 2.36 0.48 0.68 32.2 3.4 22.99 0.39 
0 800 24. 95 0.8784 26.64 4.57 0.58 0.30 68. 7 8. I 23.66 0. 15 
£ 875 20. 76 0 . 7780 14.87 11.2 0. 66 0.21 79 . 1 19.5 22. 68 0.09 
F 975 18.28 0 .6896 7 . 161 21 .7 0.74 0. 18 88 .7 41 .6 22 .39 0.06 
G 1075 17.30 0.4370 3 .891 15.9 1.2 0.22 93 .9 57.8 22 .41 0 .08 
H 1250 18.31 0 .5650 7.693 21 .5 0 .90 0 .21 87.8 79 .7 22 .20 0.08 

1650 22. 89 3 .915 22. 49 20.0 0.13 0.36 72.3 100.0 22.89 0.09 
total gH 1ge na9 98.1 0.69 22 .61 0.44° 
plateau MSWO • 4.46" n•3 steps F·H 59.0 0.91 60.2 22.33 0.14° 

FS-269, H2:91, 17.51 mg wr, J•O.OOOn1407, 0•1.00361, NM-91, Ubh9n0-01 
A 625 963.2 0 . 7873 3205.5 0.586 0.65 5.' 1.7 1.0 22.2 14.6 
8 700 146.2 0.6544 438.4 o. 150 0.78 0.29 11.4 1.3 23.2 3.7 
C 750 75.35 0 .6268 191 .2 o. 147 0.81 -0. 192 25. 1 1.5 26. I 2.2 
0 800 49.69 0 . 7159 108.0 2.26 0.71 ·0.607 35.9 5. 4 24.67 0.40 
£ 875 30.84 0.7795 38.52 5.70 0.65 0. 15 63.3 15. I 26. 98 0. 15 
F 975 26.86 0 .6685 23. 57 10.7 0. 76 0. 17 74 .3 33.4 27.56 0. ,, 
G 1075 25.17 0.5076 17. 74 II.I 1.0 0. 18 79.3 52.4 27.59 0. 10 
H 1250 35 .94 0 .8568 57.78 18.8 0.60 0.32 52.7 84 .5 26 . 17 0.18 

1650 67.78 4.341 168 .4 9 .06 0 . 12 0 .20 27 .9 100.0 26.24 0.41 
total gas 1ge na9 58 .6 0 .64 26.68 0 .10· 

F8-273, H6:98, 25.93 mg wr, J .. Q.000769924, o .. t.00361, NM-98, Labt:.9n4-0t 
A 625 6572.7 0.9185 22070.3 0.228 0.56 33.6 0.8 0.3 70 199 
8 700 620.3 1.066 2044 .7 0.377 0.48 1.8 2 .6 0 . 7 22.3 10. 1 
C 750 226.9 I . 184 691 .3 0.393 0.43 2 .2 10.0 1.2 31 .3 3.5 
D 800 74 .87 1. 415 179.8 4.40 0.36 0.82 29.2 6.4 30. 11 0.57 
£ 875 40.44 I . 167 69. 10 7.03 0.44 0. 10 49.7 14.7 27. 74 0.23 
F 975 28 .02 0 .9716 28. 45 13.0 0 .53 0.29 70.3 30. 1 27 . 16 0.12 
G 1075 21 .25 0 .6351 5 .832 18.1 0.80 0.26 92 . 1 49 .2 27.00 0.07 
H 1250 20.42 0 .4323 3 .432 23.5 1.2 0 .26 95 .2 77.1 26.81 0 .06 

1650 21 .54 2 . 767 7 .816 19.3 0 . 18 0 .34 90.3 100.0 26.85 0.07 
tot1l gas age ""9 84 .3 0 .67 27 .3 1.4" 
plateau MSWO "3.03 n=4 steps F-1 71.9 0 .71 85 .3 26.91 0.16' 

FS-275, KS:98, 27.39 mg wr, J:0.000764924, 0:1.00361, NM-98, Labh979S-01 
A 625 2850. 6 0.3525 9509. I 0 .307 1.4 21 .7 1.4 0.2 55 63 
8 700 165.7 0.3371 519.8 0 .501 1.5 2.1 7.3 0.6 16.7 2.6 
C 750 59. 79 0.2682 142.0 0 .273 1.9 · 1.077 29.9 0.8 24 .5 1.5 
D 800 42.07 0 .2507 74. 47 8.29 2.0 0 .39 47.7 6.7 27.51 0.23 
£ 875 27. 18 0 .2342 21. 43 19. 1 2 .2 0.17 76.8 20.4 28.57 0.09 
F 975 24 .93 0 .2156 15.80 36 .9 2 .4 0 .067 81.3 46 .8 27.77 0.09 
G 1075 26.89 0 .2191 23.21 33 .4 2.3 0 . 19 74 .6 70 .7 27. 46 0 . 10 
H 1250 32 .56 0.3548 42 .22 24 .1 1.4 0 .24 61 .8 87 .9 27 .55 0. 15 
I 1650 52 .41 1.208 109.6 16.9 0 .42 0.44 38 .4 100.0 27 .56 0.29 
total gH 1ge na9 139.7 1.9 27.74 o .56" 
plateau MSW0•2.03 na4 steps F-1 t 11 .2 1.9 79 .6 27.62 0 .20· 

FS-278, CS:98, 25.86mg wr, Ja0.00078785, 0•1.00361, NM-98, Ubtz9734-01 
A 625 3292.5 0.8970 11057.9 0.196 0.57 -4 .392 0.8 0.2 35 96 
8 700 139.3 1.004 421 .4 0.447 0.51 ·2. 618 10.7 0.6 21 .0 2.1 
C 750 48.38 0.9612 91 .98 0.220 0.53 • 1.007 44.0 0.7 30.0 1.5 
D 800 38.67 0.8817 64 .80 4.27 0.58 0. 73 50 .7 4.4 27.65 0.25 
£ 875 23. 65 0 .7379 12.28 11 .5 0.69 0 .30 84 .9 14.3 28.34 0.09 
F 975 20 .94 0 .55 16 4. 158 23 .8 0.92 0 . 16 94 .3 34 .7 27 .87 0.08 
G 1075 21.10 0 .3807 4.783 31 .7 1.3 0.096 93 .4 61 .9 27 .82 0.07 
H 1250 22.57 0 .3980 10.47 22 .3 1.3 0 . 13 86 .4 81.1 27 .52 0 .08 

1650 27.03 1.374 25 .64 22.1 0.37 0.46 72 .4 100.0 27 .62 0 . 11 
total ges age ns9 1 16.6 0.96 27 .77 0 .52' 
plateau MSWD • 4. 19' """ steps F-1 100.0 1.01 85 .7 27 .73 0 . 17' 



Table 2. Analytical results ol ruistanc•lumace step-healir!Q analy11s. 

10 Temp ••Ar/ .. Ar ,,Art ,•Ar ,.Ar/ .. Ar •Arc K/Ca CI/K ••Ar• 

['Cl (x 1~ l (x ,er•• moll (111~1 ~! 

Fl-2H, Cl:91, 32.32 mg -. Ja0.000717513, Oa1.003'1, NM-91, Latlh973S-01 
A 625 777. 4 0 .96 13 2532.11 0.237 0.53 7.0 3. 7 

a 700 142. 9 0.9300 445.2 0.500 0.55 ·1 .095 1.9 

C 150 93. 67 0 .8686 243. 7 0.130 0.59 0. 16 16.9 

0 800 56.32 0.7944 131 .3 7.01 0.64 0.35 31 .2 

I: 875 25.54 0.8571 26.20 13.3 0.60 0.35 69.9 
F 975 24 .23 0 .6733 22.38 30.1 0 .76 0. 19 72 .9 
G 1075 2,.1, 0 .3500 24.77 32.9 1.5 0. 13 70.5 
H 1250 31 .38 0 .3537 47.81 ,1.1 1.4 0.15 55 .2 
I 1650 4S.08 1.799 92.87 23.1 0.28 0.29 39.S 
total gas age n-9 149.0 1.0 
plateau MSWO • 3.a.• n-4 steps F·l 127.2 1. 1 

Fl-301, C2:H, 31.11mg wr, J•0.00071719, 0•1.00311, Nl&-H, Lab .. 9731-01 
A 525 20175 0.3414 17031 0.042 1.5 · 12. 111 1.11 
8 700 107.6 0.9461 325.3 0 .707 0.54 1.2 10.7 
C 750 36.35 0.8359 70. '12 0.915 0.61 0.42 42.5 
0 1100 26.50 0.697$ 25.21 1.40 0. 73 o. 19 72. 1 
I: 875 22. 67 0.8422 10.31 11.7 0.61 0.27 86.9 
F 975 2 1.08 0.8232 5.849 31 .9 0 .62 O. ,3 92. 7 
G 1075 21 .a1 o., 159 9.994 34 .0 1.2 0.22 98 .1 
H 1250 23. 15 0 .4195 13.91 35 .2 1.2 0 .28 92 .5 

1650 26 .93 3.023 27.SS 18.9 0. 17 0.46 70 .5 
total gu age na:; ,,a.a 0 .86 
plateau MSWO • t.74 n•J sleps G·I 86 .2 1.01 

Notes: 
Isotopic raiios correctac2 lor blank, radioactive c2ecay. 111d mass aiscriminalion. not corrected for interferring reactions. 
Individual ar,atysu snow analytical error only: plateau and total gas age errors include error in J and irradiation parameters. 
Analyses in italics are excluded from linal age calculations. 
na numoer of neatino staos 
K/Ca '" molar ra uo calculated rrom reactor producea J9Arl( and 37AtCa. 
• 2a arro, 

•• ''45 'NO outside ol '35~. conlidence ,n1arval 

418 

..,.r 
A9e ate 

~l [Ma! [Mal 

0.2 41 16 
0.5 16. 1 2. 1 
1.0 22.4 1.2 
5.7 24.80 0.31 
14.6 25.21 0.12 
34.9 24 .94 0. 10 
56 .9 24.63 0.09 
84 .5 24.'7 0. 14 
100.0 25. 18 0.27 

2,.11 0 .38' 
as., 24.74 0 .24 ' 

0.0 451 2171 
0.5 16.3 1.5 
I.I 21.84 0.47 
6.9 26.96 0. 12 
19.11 27. 79 0.01 
41 .3 21. 40 0.07 
64 .5 27. 10 0.09 
98 .5 28.95 0.08 
100.0 26.84 0.1 2 

27.22 1. ,· 
58.7 26 .99 O. ta• 
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^'Ar/"Ar and K-Ar dating 

Often, large bulk samples (either minerals or whole rocks) are required for K-Ar dating 

and even small amounts of xenocrystic, authigenic, or other non-ideal behavior can lead to 

inaccuracy. The K-Ar technique is susceptible to sample inhomogeneity as separate aliquots are 

required for the potassium and argon determinations. The need to determine absolute quantities 

(i.e. moles of '^Ar* and '^) limits the precision of the K-Ar method to approximately 1% and 

also, the technique provides limited potential to evaluate underlying assumptions. In the *Ar/"Ar 

variant of the K-Ar technique, a sample is irradiated with fast neutrons thereby converting "K to 

^*Ar through a (n,p) reaction. Following irradiation, the sample is either fused or incrementally 

heated and the gas analyzed in the same manner as in the conventional K-Ar procedure, with one 

exception, no argon spike need be added. 

Some of the advantages of the *Ar/^'Ar method over the conventional K-Ar technique are: 

1. A single analysis is conducted on one aliquot of sample thereby reducing the sample size 
and eliminating sample inhomogeneity. 

2. Analytical error incurred in determining absolute abundances is reduced by measuring 
only isotopic ratios. This also eliminates the need to know the exact weight of the sample. 

3. The addition of an argon spike is not necessary. 
4. The sample does not need to be completely fused, but rather can be incrementally heated. 

The '"'Ar/"Ar ratio (age) can be measured for each fraction of argon released and this 
allows for the generation of an age spectrum. 

The age of a sample as determined with the'^Ar/^Ar method requires comparison of the 

measured ^Ai/"At ratio with that of a standard of known age. Also, several isotopes of other 

elements (Ca, K, CI, Ar) produce argon during the irradiation procedure and must be corrected 

for. Far more in-depth details of the determination of an apparent age via the '*Ar/"Ar method 

are given in Dalrymple et al. (1981) and McDougall and Harrison (1988). 
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Analytical techniques 

Sample Preparation and irradiation details 

Mineral separates are obtained in various fashions depending upon the mineral of 

interest, rock type and grain size. In almost all cases the sample is crushed in a jaw crusher and 

ground in a disc grinder and then sized. The size fraction used generally corresponds to the 

largest size possible which will permit obtaining a pure mineral separate. Following sizing, the 

sample is washed and dried. For plutonic and metamorphic rocks and lavas, crystals are 

separated using standard heavy liquid, Franz magnetic and hand-picking techniques. For 

volcanic sanidine and plagioclase, the sized sample is reacted with 15% HF acid to remove glass 

and/or matrix and then thoroughly washed prior to heavy liquid and magnetic separation. For 

groundmass concentrates, rock fragments are selected which do not contain any visible 

phenocrysts. 

The NMGRL uses either the Ford reactor at the University of Michigan or the Nuclear 

Science Center reactor at Texas A&M University. At the Ford reactor, the L67 position is used 

(unless otherwise noted) and the D-3 position is always used at the Texas A&M reactor. All of 

the Michigan irradiations are carried out underwater without any shielding for thermal neutrons, 

whereas the Texas irradiations are in a dry location which is shielded with B and Cd. Depending 

upon the reactor used, the mineral separates are loaded into either holes drilled into A1 discs or 

into 6 mm I.D. quartz tubes. Various A1 discs are used. For Michigan, either six hole or twelve 

hole, I cm diameter discs are used and all holes are of equal size. Samples are placed in the 0, 

120 and 240° locations and standards in the 60,180 and 300° locations for the six hole disc. For 

the twelve hole disc, samples are located at 30,60,120, 150, 210,240, 300, and 330° and 

standards at 0, 90, 180 and 270 degrees. If samples are loaded into the quartz tubes, they are 

wrapped in Cu foil with standards interleaved at -0.5 cm intervals. For Texas, 2.4 cm diameter 

discs contain either sixteen or six sample holes with smaller holes used to hold the standards. For 

the six hole disc, sample locations are 30,90,150,210,270 and 330° and standards are at 0,60, 

120, ISO, 240 and 300°. Samples are located at 18, 36,54.72, 108, 126, 144,162, 198, 216, 234, 

252,288, 306, 324, 342 degrees and standards at 0,90,180 and 270 degrees in the sixteen hole 

disc. Following sample loading into the discs, the discs are stacked, screwed together and sealed 
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in vacuo in either quartz (Michigan) or Pyrex (Texas) tubes. 

Extraction Line and Mass Spectrometer details 

The NMGRL argon extraction line has both a double vacuum Mo resistance furnace and 

a CO; laser to heat samples. The Mo furnace crucible is heated with a W heating element and the 

temperature is monitored with a W-Re thermocouple placed in a hole drilled into the bottom of 

the crucible. A one inch long Mo liner is placed in the bottom of the crucible to collect the 

melted samples. The furnace temperature is calibrated by either/or melting Cu foil or with an 

additional thermocouple inserted in the top of the furnace down to the liner. The COj laser is a 

Synrad lOW laser equipped with a He-Ne pointing laser. The laser chamber is constructed from a 

3 3/8" stainless steel conflat and the window material is ZnS. The extraction line is a two stage 

design. The first stage is equipped with a SAES GP-SO getter, whereas the second stage houses 

two SAES GP-50 getters and a tungsten filament. The first stage getter is operated at 450''C as is 

one of the second stage getters. The other second stage getter is operated at room temperature 

and the mngsten Hlament is operated at -2(X)0''C. Gases evolved from samples heated in the 

furnace are reacted with the first stage getter during heating. Following heating, the gas is 

expanded into the second stage for two minutes and then isolated from the first stage. During 

second stage cleaning, the first stage and furnace are pumped out. After gettering in the second 

stage, the gas is expanded into the mass spectrometer. Gases evolved from samples heated in the 

laser are expanded through a cold finger operated at -140''C and directly into the second stage. 

Following cleanup, the gas in the second stage and laser chamber is expanded into the mass 

spectrometer for analysis. 

The NMGRL employs a MAP-215-30 mass spectrometer which is operated in static 

mode. The mass spectrometer is operated with a resolution ranging between 4S0 to 600 at mass 

40 and isotopes are detected on a Johnston electron multiplier operated at -2.1 kV with an 

overall gain of about 10,000 over the Faraday collector. Final isotopic intensities are determined 

by linear regression to time zero of the peak height versus time following gas introduction for 

each mass. Each mass intensity is corrected for mass spectrometer baseline and background and 

the extraction system blank. 

Blanks for the furnace are generally determined at the beginning of a run while the 

furnace is cold and then between heating steps while the furnace is cooling. Typically, a blank is 
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run every three to six heating steps. Periodic furnace hot blank analysis reveals that the cold 

blank is equivalent to the hot blank for temperatures less than about ISOO'C. Laser system 

blanks are generally determined between every four analyses. Mass discrimination is measured 

using atmospheric argon which has been dried using a Ti-sublimation pump. Typically, 10 to IS 

replicate air analyses are measured to determine a mean mass discrimination value. Air pipette 

analyses are generally conducted 2-3 times per month, but more often when samples sensitive to 

the mass discrimination value are analyzed. Correction factors for interfering nuclear reactions 

on K and Ca are determined using K-glass and CaFj, respectively. Typically, 3-5 individual 

pieces of the salt or glass are fused with the CO] laser and the correction factors are calculated 

from the weighted mean of the individual determinations. 

Data acquisition, presentation and age calculation 

Samples are either step-heated or fused in a single increment (total fusion). Bulk samples 

are often step-heated and the data are generally displayed on an age spectrum or isochron 

diagram. Single crystals are often analyzed by the total fusion method and the results are 

typically displayed on probability distribution diagrams or isochron diagrams. 

The Age Spectrum Diagram 

Age spectra plot apparent age of each incrementally heated gas fraction versus the 

cumulative % ^*ArK released, with steps increasing in temperature from left to right. Each 

apparent age is calculated assuming that the trapped argon (argon not produced by in situ decay 

of *K) has the modem day atmospheric *Ar/"Ar value of 295.5. Additional parameters for 

each heating step are often plotted versus the cumulative %^'Aric released. These auxiliary 

parameters can aid age spectra interpretation and may include radiogenic yield (percent of "^Ar 

which is not atmospheric), K/Ca (determined from measured Ca-derived "Ar and K-derived 

"Ar) and/or K/Cl (determined from measured Cl-derived "Ar and K-derived "Ar). Incremental 

heating analysis is often effective at revealing complex argon systematics related to excess 

argon, alteration, contamination, "Ar recoil, argon loss, etc. Often low-temperature heating 

steps have low radiogenic yields and apparent ages with relatively high errors due mainly to 
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loosely held, non-radiogenic argon residing on grain surfaces or along grain boundaries. An 

entirely or partially flat spectrum, in which apparent ages are the same within analytical error, 

may indicate that the sample is homogeneous with respect to K and Ar and has had a simple 

thermal and geological history. A drawback to the age spectrum technique is encountered when 

hydrous minerals such as micas and amphiboles are analyzed. These minerals are not stable in 

the ultra-high vacuum extraction system and thus step-heating can homogenize important details 

of the true ^Ar distribution. In other words, a flat age spectrum may result even if a hydrous 

sample has a complex argon distribution. 

The Isochron Diagram 

Argon data can be plotted on isotope correlation diagrams to help assess the isotopic 

composition of Ar trapped at the time of argon closure, thereby testing Che assumption that 

crapped argon isotopes have the composition of modem atmosphere which is implicit in age 

spectra. To construct an "inverse isochron" the *Ar/"Ar ratio is plotted versus the "Ar/^Ar ratio. 

A best fit line can be calculated for the data array which yields the value for the trapped argon 

(Y-a.xis intercept) and che ^Ar'/^Ar^ value (age) from the X-axis intercept. Isochron analysis is 

most useful for step-heaced or tocal fusion data which have a significanc spread in radiogenic 

yield. For young or low K samples, the calculated apparent age can be very sensitive to the 

composition of the crapped argon and therefore isochron analysis should be preformed routinely 

on these samples (cf. Heizlerand Harrison. 198S). For very old (>Mesozoic) samples or 

relatively old sanidines (>mid-Cenozoic) the data are often highly radiogenic and cluster near the 

X-axis thereby making isochron analysis of little value. 
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The Probability Distribution Diagram 

The probability distribution diagram, which is sometimes referred to as an ideogram, is a 

plot of apparent age versus the summation of the normal distribution of each individual analysis 

(Deino and Potts, 1992). This diagram is most effective at displaying single crystal laser fiision 

data to assess the distribution of the population. The K/Ca, radiogenic yield, and the moles of 

^*Ar for each analysis are also often displayed for each sample as this allows for visual ease in 

identifying apparent age correlations between, for instance, plagioclase contamination, signal 

size and/or radiogenic concentrations. The error (la) for each age analysis is generally shown by 

the horizontal lines in the moles of section. Solid symbols represent the analyses used for 

the weighted mean age calculation and the generation of the solid line on the ideogram, whereas 

open symbols represent data omitted from the age calculation. If shown, a dashed line represents 

the probability distribution of all of the displayed data. The diagram is most effective for 

displaying the form of the age distribution (i.e. gaussian, skewed, etc.) and for identifying 

xenocrystic or other grains which fall outside of the main population. 

Error Calculations 

For step-heated samples, a plateau for the age spectrum is defmed by the steps indicated. 

The plateau age is calculated by weighting each step on the plateau by the inverse of the variance 

and the error is calculated by either the method of Samson and Alexander (1987) or Taylor 

(1982). A mean sum weighted deviates (MSWD) value is determined by dividing the Chi-

squared value by n-1 degrees of freedom for the plateau ages. If the MSWD value is outside the 

95% confidence window (cf. Mahon, 1996; Table 1), the plateau or preferred age error is 

multiplied by the square root of the MSWD. 

For single crystal fusion data, a weighted mean is calculated using the inverse of the 

variance to weight each age determination (Taylor, 1982). Errors are calculated as described for 

the plateau ages above. 

Isochron ages, '"Ar/'^Afi values and MSWD values are calculated from the regression 

results obtained by the York (1969) method. 
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From: Paulo Vasconcelos [paulo@bgc.org] 
Sent: Friday, October 08, 1999 10:07 AM 
To: Enders, Steve 
Subject: RE: Received Morenci cryptomelane samples 

Steve, 

I crushed the samples last night and picked 13 grains from 288c and 8 grains from 288a. I 
will F edex them to Australia today and the irradiation will leave from Australia next week. 
I will also send some of the left over grains in the next available BGC irradiation. 
Paulo 

-----Original Message-----

l!)Fr9.m;!]l]l]lfli.:9J.9.)!iV\i~~99~~J9i)i::fSMTFHpiyJ.6@bgfab.tgj/j)j)j]j)ji!] 'l])'j]j]j]j]j])\:::::'"::::-::::::>:::::::::::>:>:::r:::::::::::::::::::::.,.:::::::: 
Sent: Thursday, October 07, 1999 2:38 PM 
To: Enders, Steve 
Subject: Received Morenci cryptomelane samples 
Steve, 
I received the samples and examined them. The sizes are suitable. 288a 
and 288c are very good. 288b might yield some clean grains, but the 
possibility of contamination is higher. I will prepare a and c if you are 
happy with that decision. 
Paulo 

Paulo, 
I will send you an overnight package tomorrow, so you should have 
the samples on Thursday. The package will contain three samples ( #288a, 
#288b, and #288c) taken within 50 meters of each other in the same zone. 
I did preliminary XRD work on them~ and although the peaks were not very 
well defined, I tentatively identified crypt.omelane and hollandite. I 
sent them to Beatriz Vieira at CVRD 's lab in Belo Horizonte, Brazil for 
confinnation. I've copied her comments and given you descriptions below: 

"Comments: In this group, the #288b sample showed the best pattern in 
graphic. There are 3 small peaks that fit very well in the pattern of a 
Zinc Manganese Oxide - Zn2Mn308. I'm not sure if it's possible in the 
paragenesis, but the peaks were not explained by any one mineral. The 
#288a sample presented the worst and most complex pattern, probably due 
poorly crystalline minerals as you said. The same peaks of the "possible 
Zinc Manganese Oxide" appear in this sample. Because the other 
constituents have low cryst.allinity, the results suggest more quantities 
of this mineral. It 's important. to consider that the Majiorite peaks -
(NA,K)Mn8016.xH20 are very coincident. with the Cryptomelane and I can ' t 
affirm that this phase is absent in these samples." 

#288a Dark brown, 3-dimensional, spray of dendrites 0.5 mm in diameter 
with metallic streak~ Cryptomelane I Hollandite (63%)~ Zinc Manganese 
Oxide (30%)~ Quartz (6%), Muscovite (trace) 

mailto:paulo@bgc.otg


#288b Dark brown, sponge-like texture; Quartz (57%); Cryptomelane (18%); 
Microcline (13%); Zinc Manganese Oxide (11%), Muscovite (trace); and 
probably trace of Hollandite and Hausmannite (Mn304 ). 

#288c Dark brown, massive, 0.2 to 2 mm banded crustifonn; Cryptomelane 
(70-80%), Hollandite (20-30%), Todorokite (trace), Muscovite (trace). 

I would think sample #288c is the best candidate, but I will send all 
three for you to examine and choose. You should have enough sample 
material; if not, please let me know, as I will have to make new separates 
and overnight them to you. Please let me know what you think, after you 
had a chance to look them over. 

Cheers, 
Steve 
-----Original Message-----
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]Sfgm{\J:gi}µJg))Y.iiEP:Pi!J.Pi)l§MIDBiiiYl{g@fi~Jg,{gJ/j{J(.,.,.,.,.,.,.,.,.,.,.,.,::::::::::::::::::,.J:{::::::\t:::::;;;;,.JJ\].,.:'.}'.i/::/!} 
Sent: Tuesday, October 05, 1999 12:03 PM 
To: Enders, Steve 
Subject: RE: Morenci cryptomelane dating 
Steve, 
Please send the samples to: 
Paulo Vasconcelos 
Berkeley Geochronology Center 
2455 Ridge Road 
Berkeley, CA 94709 
I am holding the UQ irradiation to include your samples in it. I will also 
try to put the grains in the first available irradiation at the BGC. 
Regards, 
Paulo 

Hi Paulo, 
Thanks for the reply! I did think you had fallen off the planet, 
but it is good to know you were just hiding down under it, so to speak! 
Yes, I would like to give tl1is approach a try. Please send me tl1e 
best mailing address and I can get you a sample via overnight express yet 
this week. 
I've finished my work on tl1e mid-Tertiary to Recent volcanic and 
sedimentary stratigraphy of tl1e Clifton-Morenci area. Based on this work, 
I've concluded tl1at the copper oxide zone at Northwest Extension was 
probably fonned in tl1e Pleistocene, perhaps since -1 Ma as a result of 300 
meters of down-cutting by tl1e Gila River. A good date on my sample of 
cryptomelane/hollandite would help substantiate or refute this 
hypotl1esis! 
Thanks for your help with tl1e earlier samples. I look forward to 
working with you on tllis one. 

Cheers, 
Steve 

-----Original Message-----
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Sent: Tuesday, October 05, 1999 9:37 AM 
To: SEnders@phelpsdodge.com 
Subject: Re: Morenci cryptomelane dating 
Steve, 
I sent you the message below, but you may not have received it. 
Regards, 
Paulo 

Steve, 
Strange way of getting in touch again. I am sorry for "having falling off 
the edge of the planet", but that is life in Australia. Despite loosing 
touch, I did have the opportunity to run x-ray diffraction analyses on 
Mn-oxide separates from the samples you sent me. I only identified 
todorokite, birnessite, and pyrolusite. None of the separates analyzed 
contained hollandite. 
I am glad to hear that you have been able to identify and separate 
cryptomelane in your samples. Paul Renne told me that he would not have 
the time to nm your samples but that I couJd use the equipment at the BGC 
to analyze them. However, after talking to Tim Becker, the lab manager, it 
does not look like they will be sending a suitable irradiation in the near 
future. I have a 7-hour irradiation going out next week from Australia and 
I could easily fit your samples in that irradiation. To make sure that you 
get your results before December, what I would do is separate the grains 
here at the BGC, send half of the grain separates to be included in the 
irradiation being sent from Australia, and keep the other half here. If 
the Berkeley guys send a suitable irradiation before the end of the year, I 
will irradiate the other grains. This way we will be sure that your 
samples will be nm, either here or in Australia. 
If you are interested, send me tl1e cryptomelane sample as soon as possible. 
The cost for running the samples here vary from U$600 - U$ l 000 per sample, 
depending on the number of steps to be analyzed. In Brisbane, the costs 
are A$ l 500 (- U$ 970) per sample, and two to three grains will be analyzed 
for the sample, depending on the reproducibility of the results. 
Let me know if you want to proceed with the analysis. 
Regards, 
Paulo 

X-Server-Uuid: 78d2a9c3-ffJ b-1 J d2-bd3 b-000083 24696a 
)t_Jtgm._::_'.:_;_::_::::::.::_t~_:e.::_::_:h.::_::_ij_J~.::.rs_::.::_:::'.l.::.::_$_::.::_te_:·_::_::_::_y_'.:_::.~.::_::_r_i:.::_::_~_::'_::_sen:a~t.:s~:.BH~_::::mst1_'°aa_:a~'.Ji&ro>.::_::_::.::.::.::.::_:1_::_::_::_:1_-:._._._._ ~ - ::::::::::::::::::::::::::::'.:::::::::·:::::::::::::::::::::::::::: 

To: <prenne@bgc.org> 
cc: <jruiz@geo.arizona.edu>, <stitley@geo.arizona.edu> 
Subject: Morenci cryptomelane dating 
Date: Fri, 24 Sep 1999 09:10:47 -0700 
MIME-Version: 1.0 
X-WSS-ID: 1BF57DA740738-0l-Ol 

Dr. Renne, 

Joaquin Ruiz suggested I contact you about obtaining a 40Ar/39Ar 
date on a sample of crytpomelane from the supergene profile at the 
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Morenci 
copper deposit in southeastern Arizona. I have completed detailed XRD 
study of the sample and confirmed its mineralogy. Although the sample is 
veiy heterogeneous, it contains up to 70% ciyptomelane, and variable 
amounts of hollandite, todorokite, and a zinc-manganese-oxide along with 
some quartz and trace amounts of sericite. 

1 am in the final phases of work on my dissertation research into 
the evolution of supergene enrichment at Morenci. A date on cryptomelane 
from the supergene profile would be an excellent compliment to the 
alunite 
and jarosite dates for the deposit. I would like to wrap things up by 
the 
end of the year. Would you be interested in analyzing the sample, could 
you provide me a relatively quick turn-around, and what would it cost? 

Thank you for your consideration of my request. Please advise at 
your earliest convenience. 

Cheers, 
Steve 
»»> 
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4QAiy38ArStep>Hoating Spectra for Runs 11248-01 and 11248-02 
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4QAf/39Ar Slap-Healing Spectium for Run 11248-01 
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Berkeley Geochronology Center - Data Table for Morenci Cryptomelane Samples 12/16/99 

Run ID* 1 Sample 40*/39 %Rwl Ag* ± Irrad. J Laser 
Powar 

Mat anal *°Ar Molea ^Ar Molaa "Ar Molaa Molaa ~Ar Molaa 

J == 0.00071 i97 ± 0 .0000011 >22 

11248-01A 288c 1.97 0.9 2.70 3.94 243TB 0.00076 0.08 Mn-oxide 9.a2E-14 4.57E-16 6.77E-17 2.02E-19 3.39E-16 
11248-01B 288c 2.27 3.4 3.11 0.81 243TB 0.00076 0.31 Mn-oxida 8.71 E-14 1.33E-15 7.06E-17 1.89E-18 2.93E-16 
11248-01C 288c 4.04 19.4 5.53 0.23 243TB 0.00076 0.51 Mn-oxide 8.90E-14 4.29E-15 9.86E-17 6.58E-18 2.50E-16 
11248-01D 288c 4.73 22.1 6.47 0.29 243TB 0.00076 0.71 Mn-oxide 3.22E-14 1.51 E-15 3.42E-17 1.53E-18 8.73E-17 
11248-01E 288c 5.33 22.1 7.29 0.25 243TB 0.00076 1.10 Mn-oxide 7.33E-14 3.07E-15 7.44E-17 4.47E-18 1.99E-16 
11248-01F 288c 5.54 25.0 7.58 0.23 243TB 0.00076 1.30 Mn-oxide 6.61 E-14 3.00E-15 6.84E-17 4.12E-18 1.73E-16 
11248-01G 288c 5.81 37.4 7.95 0.19 243TB 0.00076 1.49 Mn-oxide 3.54E-14 2.29E-15 4.22E-17 2.85E-18 7.70E-17 
11248-01H 288c 5.81 56.2 7.9B 0.34 243TB 0.00076 1.92 Mn-oxide 6.27E-15 6.10E-16 8.67E-18 1.32E-18 9.55E-18 
11248-011 288c 5.29 42.1 7.23 0.48 243TB 0.00076 2.39 Mn-oxide 4.63E-15 3.71 E-16 6.22E-18 -4.79E-19 9.32E-18 
11248-01J 288c 3.58 15.9 4.90 1.23 243TB 0.00076 3.53 Mn-oxide 3.04E-15 1.36E-16 2.93E-18 6.73E-19 8.90E-18 
11248-01K 288c -0.85 -3.7 -1.16 3.97 243TB 0.00076 4.99 Mn-oxide 8.41 E-16 3.65E-17 2.53E-19 -7.69E-19 3.03E-18 

11248-02A 288c 0.08 0.0 0.08 2.66 243TB 0.00076 0.24 Mn-oxide 8.77E-14 5.18E-16 6.37E-17 8.08E-19 3.05E-16 
11248-02B 288c 1.94 4.4 2.66 0.73 243TB 0.00076 0.39 Mn-oxide 2.96E-14 6.72E-16 2.66E-17 3.15E-19 9.86E-17 
11248-02C 288c 3.89 18.9 5.05 0.23 243TB 0.00076 0.59 Mn-oxide 5.95E-14 3.06E-15 6.98E-17 3.53E-18 1.68E-16 
11248-02D 288c 5.37 30.5 7.34 0.16 243TB 0.00076 0.79 Mn-oxide 9.34E-14 5.34E-15 1.09E-16 8.66E-18 2.26E-16 
11248-02E 288c S.84 52.5 7.98 0.15 243TB 0.00076 0.98 Mn-oxide 1.68E-14 1.52E-15 2.43E-17 1.17E-18 2.78E-17 
11248-02F 288c 8.52 79.3 8.91 0.21 243TB 0.00076 1.18 Mn-oxide 6.10E-15 7.48E-16 1.08E-17 1.75E-18 4.40E-18 
11248-02G 288c 4.88 36.3 6.68 1.38 243TB 0.00076 1.53 Mn-oxide 1.47E-15 1.10E-16 2.24E-18 -5.03E-19 3.27E-18 
11248-02H 288c 6.73 35.5 9.20 1.77 243TB 0.00076 2.00 Mn-oxide 1.62E-15 8.61E-17 2.30E-18 3.79E-19 3.64E-18 
11248-021 288c 5.94 35.5 8.12 2.64 243TB 0.00076 2.39 Mn-oxide 8.62E-16 5.18E-17 1.34E-18 -1.21 E-19 1.93E-18 
11248-02J 288c 13.73 83.8 18.73 4.68 243TB 0.00076 2.98 Mn-oxide 4.09E-16 2.51 E-17 8.44E-19 5.60E-19 2.30E-19 
11248-02K 288c 4.70 29.2 6.43 7.37 243TB 0.00076 3.81 Mn-oxide 2.58E-16 1.61 E-17 7.48E-19 3.70E-19 6.37E-19 

11248-02L 288c 13.40 96.0 18.27 4.97 243TB 0.00076 4.99 Mn-oxide 3.14E-16 2.26E-17 8.09E-19 -3.92E-20 4.39E-20 
11248-02M 288c 11.13 96.9 15.19 14.30 243TB 0.00076 6.20 Mn-oxide 8.62E-17 7.56E-18 3.76E-19 3.01 E-19 9.41 E-21 

UJ 
a\ 



From: 
Sent: 
To: 
Subject: 

Hi Steve, 

David L. Dettman [dettman@geo.Arizona.EDU] 
Wednesday, March 22, 2000 10:15 AM 
Enders, Steve 
14C data 
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Well, we got the number. I am really sorry it took so long. The AMS lab has its problems 
sometimes. I hope this is still useful. The date is very old, although not infinite. This may 
be due to atmospheric contamination of the finely drilled powder as it sat around for a 
week or two before I reacted it. Some people have shown a small, but relatively rapid 
interaction with atmospheric CO2 in finely ground carbonate. 

analysis number my sample # fraction modem carbon l 4C age BP 

AA 36449 CT-01 0.0172 +- 0.0011 32,640 +- 500 

I hope this helps things. Please let me know if you have questions. 
David 

At 03:01 PM 11/11/99 +0000, you wrote: 
Dave, 

This sounds like a great approach! I appreciate your help with 
this and happy to cover your time. The 2-month timeframe is OK with 
me. I'm planning to defend in Febmary and can include any appropriate 
new data up to then. Please keep me posted on how this work progresses. 

Thanks, 
Steve 

-----Original Message-----
From: David L. Dettman fSMTP:dettman@geo.Arizona.EDU} 
Sent: Wednesday, November 10, 1999 4:43 PM 
To: Enders, Steve 
Subject: RE: correction 

Hi Steve, I can get tl1e sample togetl1er and submit it. The usual 
non-NSF price for a 14C date is $500 (NSF funding cuts it in halt). I 
would propose this: I will get tl1e sample nm through my lab account and 
bill you tl1e usual non-NSF price. The difference between my discount and 
the usual price will cover my time on tl1e carbonate sa111ples and on the l 4C 
prep and submission. How does tl1at sound? 

The accelerator lab usually takes 2 months to mn a submitted sample 
and it will take me a week or so to free up some time to do tl1e sample. 
So the number won't be ready right away. 
David 

mailto:dettman@geo.Arizona.EbU
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::wrgm;::1:::::1:::::Er~nK::::ts.Nirre:::s.:aan:kv@a:a1tt>.ta:com1:ne.H::::::::: .. ::::::::::::::::::: ::::::'::::': ........ :::-.. .. ::::':::::::::::::::;:::::: .,.,.:::::::::: ........ ·:· 
Sent: Wednesday, March 29, 2000 12:43 AM 
To: Enders, Steve 
Subject: Sorry for being so late! 

Steve, 

Let me apologize! I was just leafing through the GeoDaze abstract volume, 
and when I saw your abstract, I realized I forgot to send you my report and 
latest SIMS results on your samples. I've actually had this done for some 
three weeks, didn't send it along immediately, and then I totally spaced 
it. From your abstract, it looks like you may have already received the 
data from Mark, but I'm sending along everything just in case. Again, I am 
very sorry for my negligence .. . hopefully this comes in time for any 
additional GeoDaze slides you might be preparing and other 
dissertation-related needs. 

Frank 

By the way, I tried to save these for Windows based systems; however, if 
you have any difficulty opening these, let me know and I'll re-send them as 
.pdffiles << File: STEVE I.xis >> << File: report.doc>> 
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Steve, 

Here's an updated copy of the STEVE.XLS worksheet with the new secondary 

ion mass spectrometry (SIMS) sulfur isotope data. I also wanted to elaborate on the 

analytical and data reduction procedures, summarize the results, make recommendations, 

and mention a few caveats to interpreting these data. Though we've informally gone over 

many of these mineral normalization and trace element results, I wanted to put the key 

features down on paper so you'd have all of this information as hard copy. 

Also, you did request a brief summary of the SIMS techniques, and that coupled 

with the microprobe operating conditions may find their way into reports you write or the 

appendices of your dissertation. I haven't gone into any significant detail about how the 

electron microprobe works beyond the specific operating conditions and very brief 

sununaries of the applicability and limitations of energy and wavelength dispersive 

spectrometry; however, I can forward something more substantial if you'd like. Of 

course, if you require any clarification or need any additional information, feel free to call 

me at home (520.623.2290) or e-mail me at spanky@dakotacom.net. 

Sample preparation; 

Eleven grains of Cu-S minerals ± associated pyrite were mounted in epoxy, 

polished and carbon-coated for electron microprobe (EPMA) and SIMS analyses. 

EPMA: 

Analysis strategy: 

A successful microprobe strategy defines one or more specific 

compositional questions to address, and then follows a three-point approach to 

answer them. The three key tools available in microprobe analysis to evaluate 

these compositional relationships are back-scattered electron imaging (BSE), 

qualitative energy dispersive spectroscopy (EDS), and quantitative wavelength 

dispersive spectroscopy (WDS). Nominally, none of these techniques are an end 

to themselves, but used together each provides an increasing level of detail. For 

reference, these techniques are briefly outlined below. 

BSE imaging: BSE imaging qualitatively maps contrasts in a sample's 

average atomic number. BSE complements optical microscopy by differentiating 

between phases in a sample (pyrite from arsenopyrite; calcite from dolomite; the 

various silicates, etc.), even down to the micron-scale level (1-2 ^m size Au or 

PbS inclusions can be easily observed in most sulfides, though positive ID 

sometimes requires slightly larger grains). Compositional zoning in some minerals 

can also be observed even when it is invisible under optical microscopy. 

mailto:spanky@dakotacom.net
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EDS analysis; Once the sample mineralogy is differentiated by BSE 

imaging, EDS analysis quickly provides semi-quantitative compositional data on 

observed minerals. Though sometimes useful as an identifying tool (particularly 

for either very small grains or unusual minerals), the real value of EDS analysis is 

in establishing the presence of minor elements in preparation for WDS analysis. 

WDS analysis; WDS analysis is the workhorse of microprobe analysts and provides 

quantitative data on mineral chemistries. Elements in concentrations below about 

0.1 wt. % (1000 ppm) are considered trace elements and are generally not sought 

unless specifically requested, subject to the analytical constraints outlined below. 

Analytical limitations; 

Under routine operating conditions, detection limits down to about 500 ppm can 

be easily obtained for most elements. Under somewhat more vigorous conditions (longer 

counting times and higher beam currents) detection limits can be further reduced to 100-

200 ppm. Still lower detection limits are possible under more extreme operating 

conditions, but this can be very time consuming and is hard on the instrument. Except in 

unusual circumstances, we do not typically operate under such conditions. Of course, 

detection limits vary for individual elements and are also functions of the analyzing crystal 

and the sample bulk chemistry. In particular, interferences between some elements can 

severely limit the quality of certain analyses. The classic example is the detection of "solid 

solution" gold in pyrite and other iron minerals. While the microprobe can easily detect 

and identify discrete Au grains down to less than 10 ^m in size, inclusion-free iron 

minerals can not be readily analyzed for "solid solution" gold. Other such interferences 

exist, particularly with sulfides. Some can be worked around; others are more problematic. 

Another limitation with many of these particular samples is the thin nature of the 

Cu-S coatings. In several cases, presumed Cu-S analyses probably included underlying 

pyrite. Where suspected, Fe and S amounts equivalent to pyrite were removed firom the 

normalized copper sulfide formulas to yield "iron-free" copper sulfides. For some 

samples, this calculation brought the normalized copper sulfide formula closer to an 

accepted species, though in other examples the results were ambiguous. Complicating this 

effect is the fact that there are seven copper sulfides within the compositional range Cu2-

xS (0<x<0.6), some of which may contain Fe (e.g. digenite may contain 1 wt% Fe, 

perhaps as an essential component). 

Operating conditions: 

Standard microprobe operating conditions were used. The accelerating voltage 

used is IS kV. The following table lists the elements sought. 
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element line standard crystal used backgrounds 
As La arsenopyrite TAP +525 -525 
S Ka pyrite PET +700 -500 

Fe Ka troilite LIF +500 -500 
Cu Ka Cu LIF +500 -500 
Pt Ma Pt TAP +600 -500 
Se LB Se TAP +6500 -1000 
Pd La PdAu alloy PET +800 -710 
Sb La Sb PET +700 -500 
Co La Co LIF +500 -400 
Ni Ka Ni LIF +500 -400 
Ag La Ag PET +600 -500 

These calibrations have been organized into two slightly different analytical 

programs concentrating on pyrite (PGEpyl) and the copper sulfides (PGEcul). 

Calibration standards, counting times, background location and related set-up features 

were selected to optimize detection of each element within reasonable detection limits and 

time constraints; a detailed description of these parameters is available if desired. The 

following tables give the counting times for each element for both programs. The pyrite 

program has been my standard analytical program for Fe-sulfides, whereas the Cu-S 

program was developed specifically for this project. 

TAP PET LIF 
current 
40 nA As 50s s 10s Fe 10s 
40 nA Cu 10s 
300 nA Pt 180s Pd 180s Co 120s 
300 nA Se 20s Sb 20s Ni 120s 

TAP PET 1 LIF 
current 
40 nA As 50s S 10s Fe 10s 
40 nA Cu 10s 
300 nA Pt 180s Ag 180s Co 120s 
300 nA Se 20s Sb 20s NI 120s 
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Interpreting composition tables; 

All values are given in weight percent (wt. %). Good analytical totals nominally 

range from 99 - 101 wt. %. In otherwise careful analyses, low totals are usually the result 

of irregular surface quality or grains that are too small. High total can be enigmatic. 

Due to the use of troilite as an Fe standard, pyrite and arsenopyrite analyses tend 

to report Fe high by about 3% (perhaps due to bonding differences between the minerals). 

Pyrrhotite, chalcopyrite, bomite, and many other sulfides do not seem to be affected by 

this. Fe contents from the pyrite analyses in this report have been accordingly reduced, 

also improving stoichiometries. 

Detection limits for Co and Ni are approximately 100 ppm; those for As and Se are 

about 250 ppm and SOO ppm, respectively; Sb is >iOOO ppm; Pt, Pd, and Ag detection 

limits are about 50-60 ppm. Detection limits actually vary for each element in each 

mineral. These detection limits correspond to a confidence level of between 80 and 99%. 

Thus, even values somewhat larger than the detection limits should be viewed with a mild 

degree of uncertainty, particularly in the absence of supporting analyses. 

Weight percent data in the composition table are followed by mineral 

normalizations help to assess the quality of the analyses (good analyses should charge 

balance and site balance within small tolerances) and are useful for comparing 

compositions and naming end-member minerals. Normalizations differ from mineral to 

mineral, and there are usually multiple methods available for any given mineral. The 

following normalization schemes were used in this study (elements referred to below are in 

molar quantities); 

mineral normalization scheme 
pyrite 

chalcocite, digenite, djurleite and 
related phases 

Z (S + As + Se + Sb) = 2 

Z (S + As + Se + Sb) = 1 
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Summary of results; 

Sample mineralogy; 

sample observed mineralogy 
245s At least two Cu-S minerals averaging Cui srS (digenite 

chalcocite/djurleite)?; pyrite, quartz, sericite 
269s No obvious Cu-S minerals; alunite, quartz, pyrite, very sparse ZnS 
280bs Minor Cu-S, but too small to analyze; K-feldspar, quartz, Ti02. 

sparse zircon, very sparse pyrite 
294s At least two finely-intergrown Cu-S minerals averaging Cui.ttS 

(digenite + anilite?); pyrite 
BU-2 Cu1.97S (djurleite); sparse Fe-Ox 
CH-1 At least two Cu-S minerals averaging from Cui aoS (covellite? 

digenite/djurleite/chaicocite)? to CU1.82S (digenite); possible anilite 
present; some pyrite 

MOR-3 CU1.93S (djurleite?); pyrite 
MOR-10 Cu-S mineral averaging Cui ssS (low total; probable mixture); pyrite 

TY-1 CU1.97S (djurleite); moderately abundant quartz 

TY-2 At least two Cu-S minerals averaging Cu1.85S (digenite 
chalcocite/djurleite)?; pyrite 

Trace silver; 

Silver occurs in several of the copper sulfide samples in concentrations up to 880 

ppm. The one definitive chalcocite sample showed no detectable Ag, whereas the three 

probable djurleite samples all showed substantial Ag (150-880 ppm), suggesting silver 

prefers the metal-deficient structure. The one probable digenite is only slightly Ag-

enriched (60 ppm). Unfortunately, many of the samples are likely admixtures of copper 

sulfides, and the location of the measured Ag is ambiguous. Further work on pure phases 

may ultimately demonstrate a mineral preference for minor silver and other trace elements. 
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SIMS 

Technique backgrcund; 

Unlike the electron microprobe which relies on X-rays generated from the sample 

to characterize the elements present, SIMS is based on mass spectrometry and yields 

isotopic data as well as chemical information. In the basic SIMS technique, a primary 

beam of high-energy positive or negative ions is directed at a sample. Positive primary 

beams of Cs + or K + ions are used to analyze elements that can be readily forced to form 

negative ions (such as S and the noble metals) whereas negative primary beams of O -or 

02 - are used for elements that readily form positive ions. Interaction of the primary beam 

with the sample surface ionizes atoms, which sputter off from the sample. These ionized 

atoms are accelerated away from the sample as a secondary beam into the mass 

spectrometer by voltages applied to the sample and along the beam path. The secondary 

ion beam is steered by magnetic fields so that only the isotopes of interest enter the 

detector. In practice, isolating the isotope of interest is complicated by potential 

interferences of not only same-mass isotopes of other elements, but also of polyatomic 

species with similar mass/charge ratios. These interferences can be minimized by 

operating under high mass resolution conditions (taking advantage of the mass defects 

often present between nominally identical isotopes) or by filtering out those species with 

energies below a specified energy threshold (particulariy effective at screening out 

diatomic and triatomic species). 

Analytical limitations; 

As with the EPMA analyses, the thin nature of many of the copper sulfide coatings 

made SIMS analyses difficult. The problem was further compounded by the large 

diameter of the SIMS craters relative to the analyzed spots in EPMA (up to 60 mm verses 

1-2 mm), and the difficulties of finding suitable areas to analyze due to the poor resolution 

of the optical microscope accompanying the SIMS. Hence, only masses of copper sulfide 

with a sizeable areal extent could be analyzed, and unfortunately these same regions were 

those most likely to be too thin in the third dimension. It is also important to note that 

both the sulfur isotope and trace Au and Pt results are only reliably applicable to the pyrite 

analyses. We currently do not have copper sulfide standards for sulfur isotopes or for 

trace elements; thus the results presented here for the copper sulfides are based on pyrite 

calibrations. SIMS analyses are oflen notoriously sensitive to matrix effects, and we do 

not know the magnitude or direction of potential corrections. Therefore, these data for 

the copper sulfides should be considered semi-quantitative at best. For future work, and 

particularly for sulfur isotope measurements, we recommend that one of the more 

mineralogically homogeneous samples (such as BU-2) be analyzed by independent means 

and then used as a copper sulfide sulfiir isotope standard. 
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Operating conditions; 

Both S isotope and trace Au and Pt analyses require a positive primary ion beam. 

Traditionally this has been done with a Cs + primary beam, but in the analysis of 197 Au -

in sulfides, an abundantly produced 133 Cs 32 S2 - triatonuc ion is a serious interference. 

Even with energy filtering, the interference is still severe enough to limit Au detection 

limits to about SOO ppb. However, we've switched to a K + primary beam for these 

analyses, and have lowered the detection limit of Au down to S-10 ppb. Pt detection 

limits are somewhat greater, at about 30 ppb. 

The K + primary beam is generated from a potassium-bearing ceramic which holds 

the cesium source. K is ionized by high current applied to the source, and accelerated 

towards the sample by a 10 kV potential. Primary beam currents are close to l.S nA for S 

isotope analyses, and from S-8 nA for trace element analyses. Sputtered Au and Pt ions 

are accelerated across a 4500 V potential (S across a 4200 V potential). For the trace 

element analyses, a SO V offset energy filter minimizes interferences from low energy 

molecular ions. Primary beam diameter (and hence crater dimensions) are on the order of 

20-60 mm. 

For the trace element analyses, 75 As, 195 Pt, and 197 Au were counted for 10, 

300, and 300 seconds respectively, and 54 Fe was counted for 10 seconds both at the 

beginning and end of each analysis cycle. Raw counts of As, Pt, and Au were normalized 

to average 54 Fe counts and compared to calibrated Au and Pt ion-implanted pyrite 

standards to calculate weight percents. 

For S isotope analyses, 32 S and 34 S were counted for 5 and 20 seconds, 

respectively, and each pair was counted for 49 cycles. The isotope ratio was compared to 

an independently analyzed pyrite standard. 

Summary of results: 

Trace gold and platinum; 

Only results for pyrite analyses are presented here. With the possible exception of 

sample 245s, all of the measured Au and Pt contents are at or slightly above the technique 

detection limits, and are comparable to the average Au and Pt contents from pyrites across 

a wide variety of ore deposit types. At best, Au values are twice the detection limit for 

Au. Platinum and gold concentrations in sample 245s appear notably elevated, however 

the very small sample size makes the results suspect. Because the trace element contents 

are normalized to 54 Fe, beam overlap onto an iron-free phase such as quartz would yield 

anomalously high precious metal contents. To be certain, a larger clean pyrite separate 

could be analyzed. 



446 

Sulfur isotopes; 

Sulfur isotope measurements for a selection of pyrite-copper sulfide pairs are presented. 

Where possible, adjacent points in the two phases were analyzed. Pyrites from both 294s 

and CH-1 are very slightly light and not atypical for magmatic sulfides. Copper sulfides in 

294s are slightly lighter than associated pyrite, while those in CH-1 are somewhat heavier. 

These results suggest that fi-actionation effects between the two sulfides may not be large, 

or that the matrix effect differences may also not be too great. In any case, however, 

errors associated with the sulfur isotope measurements of the copper sulfides are at least 

2-3 times larger than that of pyrite under these operating conditions. The very negative 

8^*S (-30.8 %o±5.7%o Is) of the Cu-S phase in sample 24Ss suggests its S was derived 

from biogenic activity. Whether the Cu-S itself is the product of biogenic activity, or only 

the precursor pyrite, is not known. 



SIMS Hmple +/- mineral deposit type ppbw Au 

crater locatiion (K+baam) 
or description 

CH-2 tiny pyrite pyrite Cu porphyry 51 

245s tiny pyrite pyrite Cu porphyry 197 

MOR-3 pyrite pyr ite Cu porphyry 20 

MOR-10 pyr ite near Cu-S pyrite Cu porphyry 20 

294s pyrite pyrite Cu porphyry 19 

CH -1 pyrite pyrite Cu porphyry 24 

TY-2 tiny pyrite pyrite Cu porphyry 27 

269s pyrite pyrite Cu porphyry 20 

245s Cu-S + quartz7 Cu-S 

294s pyrite pyrite 

294s Cu-S Cu-S (digenite7) 

CH-1 PY pyr ite 

CH-1 Cu-S Cu-S 
CH-1 Cu-S adjacent spot Cu-S 

ppbw Pt 345/325 std. err. s.e.% 
(K+baam) 

46 

200 
40 
38 
34 
39 
36 
40 

0 .041233 0.000235 5.70 
0.042523 0 .000028 0.65 
0.042507 0 .000042 0.98 
0.042433 0 .000035 0.83 
0.042737 0.000090 2.10 
0 .042924 0.000046 1.07 

pred. 

err% 

5.01 
0.58 
0 .70 
0 .63 
0.69 
0 .69 

d34S (%ol 

-30.8 
-2.1 
-2.5 
-4 .1 
2.6 
6.8 

based on py calibration 

based on py calibration 

based on py calibration, beam unstable 
based on py calibration 

~ 
~ 
....J 



r•w weiaht percent 
oemple minerel A• s Fe Cu Pt 

Steve CH-1 adjacent pyrite pyrite 0 53.958 48.557 0 0 
Steve CH-1 adjacent pyrite pyrite 0.012 53.696 48 .123 0 .013 0 
Steve MOR-10 neighboring pyrite pyrite 0 .015 54.359 48.735 0 .039 0 
Steve TY -2 center of only PY pyrite 0 .024 52 .986 47 .486 0 .057 0 
Steve 269• PY near path , cu -• grain pyrite 0 .023 53.739 48.404 0 .062 0 
Steve 2941 nearby pyrite pyrite 0 .01 53.931 48.43 0 .072 0 
Steve TY -2 center of only PY pyrite 0 53.984 48.009 0 .118 0 
Steve MOR-3 PY adjacent to Cu-S, S. end pyrite 0.01 53.491 47 .768 0 .16 0 
Steve 280bs one tiny py, too small for SIMS pyrite 0 53.474 47 .91 0 .174 0 
Steve 2451 single pyrite pyrite 0 53.501 48 .171 0 .175 0 
Steve 2691 Cu-S grain in path near exit sphalerite 0.002 30.856 1.853 0 .256 0 
Steve CH-2 sparse py in Cu-S pyrite 0 .001 53.806 48.03 0 .637 0 
Stove BU-2 single Fe-OX inclusion Fo-OX 0 0 .119 59 .811 0 .8B5 0 
Steve MOR-10 largest Cu-S mass Cu2-xS + pyrite 0 22.753 3 .189 71 .602 0 
Steve CH-1 Cu-S intergrowth , N. end, lower z covelite7 + Cu2 -xS 0 28.15 0 .09 72 .184 0 .005 
Steve 294• largest Cu-S mas• off main grain digenite 7 + anilite 7 + pyrite 0 .013 22.983 0 .654 77 .924 0.001 
Steve 245s largest mass in large grain digenite7 + Cu2-xS 0 21.053 0 .022 77 .976 0 .018 
Steve CH· 1 Cu ,S intergrowth , N. end , higher z anilito7 0 .009 22 .522 0 .012 77 .994 0 
Steve CH· l maBS of Cu ·S in S . end of grain digenite7 0 .001 22 .214 0 .166 79.32 0 .003 
Steve MOR,3 Cu ,S band between py djurleite 1 + pyrite 0 21.866 1.231 79 .332 0 
Stove 294s largest ma99 of Cu ·S digenite7 + Cu2·xS 0 21 .58 0 .543 79 .807 0 
Stove TY -2 large Cu·S mass above PY digenito7 + Cu2 -xS 0.018 21 .772 0 .035 79 .845 0,015 
Steve BU·2 nea<by Cu-S djurleite7 0 20.775 0 .005 81 .155 0 
Steve TY-1 Cu·S djurleite7 0 .008 20.819 0 81 .313 0 
Stove CH-2 nearby Cu -S chalcocite 0 .02 20.536 0 .023 81 .956 0 

Fe• Ag Co Se Sb 

47 .10029 0.001 0 .143 0 
46.67931 0 .099 0 
47 .27295 0 0 .016 
46.06142 0 .003 0 .041 0.03 
46.95188 0 0 

46.9771 0 0 .008 
46.56873 0 .039 0 .013 
46.33496 0 0 

46.4727 0 0 
46.72587 0 0 .004 

0 .001 0 0 
46.5891 0.035 0 .007 

58.01667 0 0 .063 
0 .075 0 .001 0.017 
0 .007 0 .001 0 .004 
0 .006 0 0 
0 .053 0 .004 0 
0 .005 0 0 
0.006 0 .001 0 
0 .015 0 0 
0 .008 0 .003 0 
0 .015 0 0 
0 .088 0 .001 0 
0 .042 0 0 

0 0 0 

Ni Pd 

0 0 .014 
0 0 .013 
0 0 .005 
0 0 .407 
0 0 .011 
0 0 .008 
0 0.263 
0 0 .008 
0 0 .002 
0 0 .01 
0 0 .011 
0 0.01 
0 0 .006 
0 0 .003 

0 .005 0 .003 
0 .008 0.001 
0 .003 0 .003 
0 .009 0 .003 

0 0 .002 
0 .004 0 

0 0 .001 
0 0 
0 0 
0 0 
0 0 

0.001 
0 .003 

0 .001 
0 .004 
0 .004 
0 .006 
0 .006 

0 

0 .003 
0 .004 

TOTAL 

101 .22 
100.51 
101 .71 
99 .91 

100.79 
101 .01 
100.99 
100 .01 
100.13 
100.42 
32.98 

101 .09 
59 .09 
97.94 

100.45 
101 .59 
99 .13 

100.55 
101.71 
102.45 
101 .94 
101 .70 
102.02 
102.18 
102.54 

+'
+'-
00 



rew moles 

sample As s Fe Cu Pt Ag 

Steve CH- 1 adjacent pyrite 0 1 .682507 0 .869418 0 0 9 .27E-06 
Steve CH-1 adjacent pyrite 0 .00016 1.674337 0 .861647 0 .000205 0 0 .835798 
Steve MOR-10 neighboring pyrite 0 .0002 1.695011 0 .872605 0 .000614 0 0 .846427 
Steve TY-2 center of only PY 0 .00032 1 .652198 0.850242 0.000897 0 2.78E-05 
Steve 269s py near path, cu-s grain 0.000307 1.675678 0.866679 0.000976 0 0.840678 
Steve 294s nearby pyrite 0 .000133 1.681665 0 .867144 0.001133 0 0.84113 
Steve TY-2 center of only PY 0 1.683318 0 .859606 0 .001857 0 0 .833818 
Steve MOA-3 py adjacent to Cu-S, S. end 0 .000133 1 .667945 0 .855291 0 .002518 0 0 .829632 
Steve 280bs one tiny py, too small for SIMS 0 1 .667415 0.857833 0 .002738 0 0 .832098 
Steve 245s single pyrite 0 1 .668257 0 .862507 0 .002754 0 0.836632 
Steve 269s Cu-S grain in path near exit 2 .67E-05 0 .962145 0 .033178 0 .004028 0 9.27E-06 
Steve CH-2 sparse py in Cu-S 1 .33E-05 1 .677767 0.859982 0.010024 0 0 .834183 
Steve BU-2 single Fe-OX inclusion 0 0 .003711 1 .070922 0 .013926 0 1 .038794 
Steve MOA-10 largest Cu-S mass 0 0 .709479 0 .057099 1. 126703 0 0.000695 
Steve CH-1 Cu-S intergrowth, N. end, lower z 0 0 .877767 0 .001611 1. 135862 2 .56E-05 6 .49E-05 
Steve 294s largest Cu-S mass off main grain 0.000174 0.716651 0.01171 1.226184 5 .13E-06 5 .56E-05 
Steve 245s largest mass in large grain 0 0.65647 0 .000394 1.227002 9 .23E-05 0 .000491 
Steve CH-1 Cu-S intergrowth, N. end , higher z 0 .00012 0 .702276 0 .000215 1.227286 0 4 .64E-05 
Steve CH-1 mass of Cu-S in S. end of grain 1.33E-05 0 .692672 0 .002972 1.248151 1.54E-05 5 .56E-05 
Steve MOA-3 Cu-S band between PY 0 0 .681821 0 .022041 1 .24834 0 0 .000139 
Steve 294s largest mass of Cu-S 0 0 .672903 0 .009722 1.255814 0 7.42E-05 
Steve TY-2 large Cu-S mass above PY 0.00024 0 .67889 0 .000627 1.256412 7 .69E-05 0.000139 
Steve BU-2 nearby Cu-S 0 0. 647802 8 .95E-05 1 .277026 0 0 .000816 
Steve TY-1 Cu-S 0 .000107 0 .649174 0 1 .279512 0 0 .000389 
Steve CH-2 nearby Cu-S 0 .000267 0 .640349 0 .000412 1 .28963 0 0 

Co Se Sb Ni 

0 .002427 0 0 0 .000239 
0 .00168 0 0 0 .000222 

0 0 .000203 0 8 .52E-05 
0 .000696 0 .00038 0 0 .006935 

0 0 0 0 .000187 
0 0.000101 0 0.000136 

0 .000662 0 .000165 0 0 .004481 
0 0 0 0 .000136 
0 0 0 3 .41E-05 
0 5 .07E-05 0 0 .00017 
0 0 0 0 .000187 

0 .000594 8.87E-05 0 0.00017 
0 0 .000798 0 0.000102 

1.7E-05 0 .000215 0 5 .11E-05 
1.7E-05 5 .07E-05 4 .11E-05 5 .11E-05 

0 0 6.57E-05 1.7E-05 
6 .79E-05 0 2.46E-05 5.11E-05 

0 0 7.39E-05 5 .11E-05 
1.7E-05 0 0 3.41E-05 

0 0 3.29E-05 0 
5 .09E-05 0 0 1.7E-05 

0 0 0 0 
1.7E-05 0 0 0 

0 0 0 0 
0 0 0 0 

Pd S=2Fe reduced 
s 

9.4E-06 
2 .82E-05 

9.4E-06 
3.76E-05 
3.76E-05 
5.64E-05 
5.64E-05 

0 

2.82E-05 
3.76E-05 

0 .003223 0 .8745 
0 .02342 0 .6932 

0 .000788 0 .6557 
0 .00043 0 .7018 

0.005944 0 .6867 
0 .044082 0 .6377 
0 .019445 0 .6535 
0 .001253 0 .6776 
0 .000179 0.6476 

0 0 .6492 
0 .000824 0.6395 

?anions= 1 

1 .682507 
1 .674498 
1.695414 
1.652899 
1.675985 

1.6819 
1.683482 
1.668079 
1.667415 
1 .668308 
0 .962172 
1.677869 
0 .004509 
0 .709695 
0 .877859 

0 .71689 
0 .656495 

0 .70247 
0 .692686 
0.681854 
0 .672903 

0 .67913 
0 .647802 

0.64928 
0 .640616 

N.F. 

0.594351 
1. 194388 
1.179653 
0 .604998 
1. 193328 
1.189131 
1.188014 
1. 198984 
1.199461 

1.19882 
1 .039315 
1.191988 

443.606 
1 .409057 
1.139135 
1.394914 
1.523241 
1.423548 
1 .443656 

1.46659 
1.486098 
1 .472472 
1.543682 
1.540166 
1 .560997 

+>+>
\0 



normalized moles 

sample As s Fe Cu Pt 

Steve CH-1 adjacent pyrite 0 .00 1.00 0.52 0 .00 0.00 

Steve CH-1 adjacent pyrite 0.00 2 .00 1.00 0.00 0.00 

Steve MOR-10 neighboring pyrite 0.00 2.00 1.00 0.00 0 .00 

Steve TY-2 center of only py 0.00 1.00 0.51 0.00 0.00 
Steve 269s py near path, cu-s grain 0 .00 2.00 1.00 0.00 0.00 

Steve 294s nearby pyrite 0 .00 2.00 1.00 0 .00 0.00 

Steve TY-2 center of only PY 0 .00 2.00 0.99 0.00 0.00 
Steve MOR-3 py adjacent to Cu-S, S. end 0.00 2 .00 0.99 0.00 0.00 

Steve 280bs one tiny py, too small for SIMS 0.00 2.00 1.00 0 .00 0.00 

Steve 245s single pyrite 0 .00 2 .00 1.00 0.00 0.00 

Steve 269s Cu-S grain in path near exit 0 .00 1.00 0.03 0.00 0.00 

Steve CH-2 sparse py in Cu-S 0 .00 2 .00 0.99 0 .01 0.00 

Steve BU-2 single Fe-OX inclusion 0 .00 1 .65 460 .82 6.18 0 .00 

Steve MOR-10 largest Cu-S mass 0.00 1.00 0 .08 1.59 0.00 
Steve CH-1 Cu-S intergrowth, N. end, lower z 0.00 1.00 0.00 1.29 0.00 
Steve 294s largest Cu-S mass off main grain 0.00 1.00 0.02 1.71 0.00 

Steve 245s largest mass in large grain 0 .00 1.00 0 .00 1.87 0 .00 

Steve CH-1 Cu-S intergrowth, N. end, higher z 0.00 1.00 0 .00 1.75 0.00 
Steve CH- 1 mass of Cu-Sin S. end of grain 0.00 1.00 0.00 1.80 0.00 

Steve MOR-3 Cu-S band between PY 0.00 1 .00 0 .03 1 .83 0 .00 
Steve 294s largest mass of Cu-S 0.00 1.00 0.01 1 .87 0.00 

Steve TY-2 large Cu-S mass above PY 0.00 1.00 0.00 1.85 0 .00 

Steve BU-2 nearby Cu-S 0 .00 1.00 0 .00 1.97 0.00 

Steve TY-1 Cu-S 0 .00 1.00 0 .00 1.97 0.00 
Steve CH-2 nearby Cu-S 0 .00 1.00 0 .00 2.01 0 .00 

Ag Co Se Sb 

0.00 0.00 0.00 0.00 
0 .00 0 .00 0.00 
0 .00 0.00 0.00 

0.00 0 .00 0 .00 0.00 

0 .00 0.00 0 .00 

0.00 0 .00 0.00 

0.00 0.00 0 .00 
0.00 0 .00 0 .00 

0.00 0.00 0 .00 

0.00 0 .00 0.00 
0.00 0.00 0.00 0 .00 

0.00 0.00 0 .00 
0.00 0.35 0.00 

0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 

0.00 0 .00 0 .00 0.00 
0.00 0 .00 0.00 0.00 
0 .00 0.00 0 .00 0 .00 
0.00 0.00 0.00 0 .00 

0 .00 0 .00 0.00 0.00 
0 .00 0.00 0.00 0.00 
0 .00 0.00 0 .00 0 .00 
0.00 0 .00 0.00 0.00 

0.00 0.00 0 .00 0.00 
0.00 0.00 0.00 0.00 

Ni Pd Cu w / PY 
removed 

0 .00 

0.00 0.00 

0 .00 0.00 

0.00 
0.00 0.00 

0 .00 0 .00 
0.01 0 .00 
0.00 0 .00 
0.00 0.00 
0.00 0.00 
0 .00 
0.00 0 .00 
0.05 0.02 

0.00 1.59 

0.00 1 .30 
0 .00 1.77 
0.00 1.87 
0.00 1.75 

0.00 1.82 
0 .00 1.96 

0.00 1.92 
0 .00 1.85 

0 .00 1.97 

0.00 1 .97 
0.00 2 .02 

Ag (ppm) 

10 

30 

10 

750 
70 
60 

530 
50 
60 

150 
80 

150 
880 
420 

0 

+>
VI 
0 
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Tuaon. Anxaiu IS72I 
FutMClblMtr: 

April :i. 1999 

Mr. Steve Enders 
Dept. of Ceosciences 
University of Arizona 

REPORT OF ANALYSIS 

19 mineral samples for t^S 
Lab. No. Sample d^S.^ 

iwUMvusnvor 

ARIZONA. OapuniMM of Cmkhkm 
TUCSON A.I20HA 

S-3373 9-4 cv -0 9 
S-3371 9-4 p>- -2.0 
S-3330 238 (alunite) 1 4 
S-3352 243 (alunite) I 6 
S-3340 24S (alunitei 0.4 

S-3372. 3376 245 (cc) -;0.5. -15 8* 
S-3337 264 (alunite) 1.2 
S-3366 247 (alunite) -0 2 
S-3348 248a (alunite) 1.6 
S-3370 248 py -0.4 

S-3326 250 (alunitei 2 0 
S-3349 267 (jarosite) 0 8 
5-3341 268 (jarosiie) -0 5 
S-3328 269 (alunite) 0 1 
S-3369 269 py -0 4 

S-3331 278c (alunite) !4 
S-3347 279a (alunite jarosit:) 1.2 
S-3358 279b (jarosite) -0.1 
S-3342 280b (alunite) 1.2 

280 cc too small to run 

* This may be a mixnire of two sulfide phases (cc and py?) of ver> different {"S. I tried hand-
picking the sample for dark material. Is it possible that there is some sedimentary pyrite in the 
sample.' 

Analytical precision: slightis worse than our normal 0.13% (lai I estimate 0.1%c. 

V-'.'.c 
C.JrEastoe 
Stair Scientist 
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ThcUMvcBffvor 

ARIZONA. 
nJOONMBONA to(»OM«|.:« 

September 16. 1999 

Mr. Steve Enden 
Dept. of Geosciences 
University of Arizona 

REPORT OF ANALYSES 

12 mineral samples for S^S 

Lab. No. Sample S^S.%e 

S369S MOR 9 covellite •2.7 
S3693 MOR 11 djurleite -2.1 
S3692 MOR 13 djurleite -3.1 
S3694 MOR 14 covellite •0.5 
S3698 BU-2 steel-glance chalcocite + 1.6 
S?69y M[:-16 steel-glance chalcocite -t-cp. bn' -3.7 
S3697 CH-2 steel-glance chalcocite with minor py -1.6 
S3696 TY-1 steel-glance chalcocite -3.3 
S3702 239 alunite 1.3 
S3701 244 alunite 1.8 
S3703 281 alunite 1.0 
<;>704 282 alunite 1.8 

Analytical precision: still slightly worse than our normal 0.13%e (lo). I estimate 0.2Xi. 

C.J.Eastce 
Staff Scientist 
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l:ini.lirl;:::111iv1l:::::11:t1::1::1:::1:l:l:J:J1J::::tl:l:l!l:l:J::::1::1:::::1:1::::tl!l!ltlt:1:1:1r::::::;:?:::::/,.,.::ii:?''' .·.,.;.,., ... ::;:;:: ·_·_·_ ,,,,,,,,,,,,,,,,:::::::r/t?tI:IJII::i:::J:1 
From: Bob Rye [rrye@helios.cr.usgs.gov] 
Sent: Monday, November 09, 1998 3:22 AM 
To: Enders, Steve 
Subject: Re: Morenci Samples 

Steve, 

We have just finished the sulfur isotope analyses on the Morenci samples. MET 5200 was 
ran twice to check for precision of the technique. The results are as follows: 

MET 105 JARO -1.3 S02074 
MET 106 JARO -1.3 S02074 
MET 5200 JARO -0.7 S02074 
MET 5200 JARO DUP -0.7 S02074 
METBj JARO 2.0 S02076 * not pure, 1 Ox amnt needed 

MOR 9-3 AL 1.1 S02074 
MOR9-4 AL 0.6 S02074 

I hope to finish the other isotope measurements in the next two weeks. Do you have any 
Ar/ Ar dates on these samples? For sure, there doesn't seem to be a difference in 
composition between 106 and 105. Send me your comments on the data. 

Bob 

Robert O. Rye 
US Geological Survey 
Box 25046, MS 963 
Denver, CO 80225 
Phone 303-236-7907 
Fax 303-236-4930 

mailto:rrye@helios.cr.usgs.gov
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:[§ni11:,lf ::§Jt:Vl::[i[:]:[]]i::[i:]]i:]:[][:[:[]ijl]l:l]l:l:l:C:'.:'.::::::::t:/::/'.:?::{:)?:}:Y:JI\::::xi:\:}::ii<:;:}}:\;:;:; :-:-::::::::,.:.;:;:J\t??:?'.?<?}:]]]:[:}:}:]:;}? 
From: Enders, Steve [/o=PhelpsD/ou=Morenci/cn=Recipients/cn=SEnders] 
To: 'rrye@helios.cr.usgs.gov' 
Subject: Morenci samples 

Bob, 

Alas, I have some samples ready for shipment to you. I will send them out first 
class on Monday. Please let me know when you receive them and if they're adequate for 
your use. I've done a little sample prep, enough to get some relatively pure samples into 
small vials. I have sent six samples, two al unites and four jarosites. Three of them should 
contain in excess of 100 mg and the other two have all that I could scrape. Here is a brief 
description: 

MOR# 9-3 Green alunite from hematitic leached capping at Western Copper. The 
alunite fills fractures between and forms veins in what appears to be a 
breccia-like texture in Precambrian granite. There are fragments and grains 
of granite in the alunite as well as relatively pure material ranging from 1 
mm to as much as 5 mm in thickness. There are no sulfides in this rock and 
all of the Fe appears to be contained in hematite. This sample yielded a 
clean, classic alunite X-ray pattern and we could not detect any jarosite, at 
least to the limit of detection of the technique. 

MOR# 9-4 White alunite from the supergene blanket at Western Copper. The alunite 
fills fractures and forms veins in quartz-sericite-pyrite altered Precambrian 
granite with a weak supergene clay overprint. This alunite is relatively 
pure and forms veins from 1 mm to as much as 15 mm in thickness with 
rare inclusions of quartz-kaolinite or quartz-kspar This rock contains 
pyrite that has been partly replaced by covellite and lesser amounts of 
chalcocite. This sample also yielded a clean, classic alunite X-ray pattern 
and was a big surprise to us. Material similar in appearance from 
elsewhere has proven to be a finely divided mixture of silica and kaolinite. 

MET 105 Earthy yellow jarosite from the partially leached zone at Metcalf The 
jarosite occurs on late-stage coarse-grained quartz-pyrite veins in quartz
sericite altered Laramide-aged Older Granite Porphyry with a moderate 
supergene clay overprint. This jarosite appears to contain inclusions of 
quartz or matrix. The jarosite appears to be a product of the leaching of 
pyrite and fills vugs or boxworks in a silica matrix. This sample was 
scraped from a zone that had as much as 2 or 3 mm of jarosite on the silica. 
I did not X-ray this sample and have only based my identification on hand
specimen examination. 
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MET 106 Crystalline yellow jarosite from the same outcrop as MET I OS. This 

sample is all that I could scrape ofTa thin film of O.S mm euhedral 

pyritohedron-like crystals that had a brown, goethitic coating on the 

weathered surface. This sample was taken firom another fracture, perhaps 

formerly a finer grained pyrite vein without quartz that was parallel to a 

coarse-grained quartz-jarosite vein similar in character to MET I OS. I 

didn't X-ray this sample and have only based my identification on hand-

specimen examination. 

METBj Earthy brown jarosite from the leached capping at Metcalf This sample is 

from a beautiful jarosite boxwork on a fracture in Older Granite Porphyry 

with a strong supergene clay overprint on earlier quartz-sericite-pyrite 

alteration. The brown color indicates to me that this sample may have 

partially reverted to goethite since it was formed. It does yield a nice 

yellow streak when powdered. I haven't X-rayed this sample either. 

MET S200 Crystalline yellow jarosite from somewhere on the S200 Bench at Metcalf 

that has now been mined out. This is the best sample of crystalline jarosite 

I have found to date; unfortunately when I collected it a couple of years 

ago, I didn't record its location, and there is not much of it. The host rock 

is strongly altered aplitic Precambrian granite with a supergene clay 

overprint in leached capping. Most of the Fe in the matrix of the rock has 

gone to hematite, but jarosite occurred on many fractures in this area of the 

deposit. The jarosite occurs in O.S mm euhedral grains that I was unable to 

identify even with a binocular microscope. Maybe a better mineralogist 

could figure it out. I did not X-ray this sample either. 

So, this is my initial orientation sample suite. The two alunite samples (MOR # 9-

3 and 9-4) were taken from different locations in the same outcrop from which I also have 

a sample of covellite and pyrite that we are dating using the Re/Os method. Three of the 

jarosite samples (MET I OS, 106, and Bj)) come from outcrops in a nearby leached 

capping zone at Metcalf that can be correlated in space with Western Copper. Samples 

MET I OS and 106 represent a pair from the same location that you may be able to use to 

determine if there are any isotopic differences based on crystallinity effects. 1 included the 

other crystalline jarosite sample for comparison. I am going to try to get Ar/Ar dates on 

samples MOR #9-3 and 9-4 and on MET 105. 

Please let me know if you have any questions, or need any additional information 

as the project progresses. 

Thanks, 

Steve 
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APPENDIX C 

STRATIGRAPHIC THICKNESS DRILL HOLE DATA 

Interpreted Stratigraphic Thicknesses, Clifton-Morenci Area 
From the Phelps Dodge Morenci, Inc. drill hole database 

(also included in Ferguson et al., 2000) 
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Moranci Mapping Project - Interpreted Section Thicknesses (feet) 
Using Dames & Moore report, plus WCE and SW ex|ri. Reports 

noM Qa Qiao QTgs Tgbr., Tgbr„ Tgbr Tgmc Tbck Total 

SW-S2 110 110 
SW-M 955 955 >245 >1200 
SW-M 80 978 978 694 1752 
SYl-n 80 1080 1080 565 1725 
SW-100 80 1090 1090 665 183S 
SW.44 800 800 >225 >1025 

SW-SS 1100 1100 >365 >1465 
SW-8S 20 790 790 >590 >1400 
SW-78 20 810 810 >670 >1500 
SW-7* 910 910 >590 >1500 
SW-M 1640 1640 >355 >1996 
SW-2A 970 970 >230 >1200 

SW-7S 300 620 620 >580 >1500 
sw-n 300 870 870 >190 >1360 
SW-M 300 705 705 >195 >1200 
SW-4SA 150 1640 1640 1180 2973 
LSB-« >1225 >1225 >1225 

SW-74 >1225 >1225 >1225 
SW-49 150 50 >2666 >2716 >2866 
SW-72 ISO 50 >1000 >1050 >1200 

SW>101 250 810 >440 >1500 >1500 
SW-76 250 >955 >1205 >1205 
SW-M 200 910 166 1276 1276 
SW-M 200 1140 65 1405 1405 
CC-40B 720 720 720 
SW-M ISO 1180 1180 1330 
SW-73 100 1000 246 1246 1346 

SW-103 175 975 90 106S 1240 
cc-u 790 790 790 
CC-61 >765 >765 >765 
CC-62 315 315 315 
CCOO 50 >715 >715 >765 
CC-37 >900 >900 >900 
CC-2S >700 >700 >700 
CC-46 100 >970 >970 >1070 
CC-46 100 >1020 >1020 >1120 

WCE-3 1460 80 1S40 1540 
WCE-1 805 520 1325 1325 
WCE-2 300 1332 1332 1632 
CC-47 300 >820 >820 >1120 
CC-M 255 255 

914 872 1076 489 1282 

NotM: (1) NoTgmcfflappMlinlmMrSanFrandscoRhMrArMandChaMCrMkarMs, 
so assuiM lenMT unN is Tgbr,! 

(2) No Tgbr.mippad In Tailings 0am WaMMd and Eagia Cratk araas. 
w aswfflt ImMf vs uppar units in OanMS & Moor* rapoft is Tgmc 

C3) AvaiagasincludaininiinumasilmatasinallhclaswWodala 
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Morenci Mapping Project - Stratigraphic Thicknesses 

Formation Reference Outcron Drill Hole Stratinr-hic Column 

min max avg best est. min max avg best est. EC SFR CT 

feet feet feet feet feet feet feet feet feet feet feet 

meters meters meters meters meters meters meters meters meters meters meters 

Qa a, b 0 20 10 20 20 20 20 

0 6 3 6 6 6 6 

Qtao a, b 0 80 40 40 80 80 

0 25 12 12 25 25 

QT gs a , b 0 500 330 330 330 330 

0 150 100 100 100 100 

Tgbr a, d 200 900 468 650 315 2115(4) >1076 >1075(3) 1000 1000 

60 275 143 200 96 828 328 325 300 300 

Tgbr« a, d 
315(1) 1450(>) 914 1000(3) 

Tgbr., a, d 65 >2666(4) >872 1000(5) 

Tgmc a, d 100(6) 700 488 500 190C7) 1180 >489 776 650 650 650 

30 213 149 150 58 360 149 237 200 200 200 

Tbck a, b 250 500 384 384 380 

75 150 120(B) 120 120 

Ttt a, b, C, d 0 130 65 25 0 100PO) 50 100 30 

0 40C9l 20 8 0 30 15 30 10 

Te a, e, I 0 340C13l 29 55 55 340 

Ter a, e, I na 1110 na na 1110 

Tei a, e na na na na 
Tet a, e 0 185 95 185 185 

Tb 1000 3300 2130 2000 8611111 -2000(1>) 1430 1000 2400 2525 1000 

a, b, c, f 300(14) 1000C1 5l 650 615(16) 263 610 436 300 730 770 300 

(Tbau) a, b, f 0 4001") 200 200 610 650 

(Tvs) a 0 10 5 10 10 

(Tbam) a 0 10 5 10 10 

(Tbal) a 0 100 100 100 100 

(Tbap) C 0 120(1B) 60 120 120 

Ttg a, b, C 0 80 25 25 25 

0 24 8 8 8 

Tbl a, b, C, 120(191 754 437 640121) 640 

37 2301201 133 195 195 

Tbc a, g 0 130 65 65 65 

0 40 20 20 20 

Tele a, g 0 100 100 

0 30 30 

Tel a 0 50 25 50 50 

0 15 8 15 15 

Tc a 0 130 65 130 9]C2'l 171 (23) 130C14l 130 130 

0 40 20 40 30 52 40 40 40 

Tdp a, i 0 100 50 100 0 185c25> 93 100 100 100 

0 30 15 30 0 56 28 30 30 30 

Kpl2"l a, h, i, j 175('7) >500(77) 338 500 305C>B) >779(29) 505(30) 605 605 305 

53 152 103 152 93 238 185 185 185 93 

CtP'l j na >500(31) 500 500 500 

na >150 150 150 150 

Mm i, k 162 182 172 172 0 190(37) 80 190 182 182 

49 55 52 52 0 58 29 58 55 55 

Om i, k 75(33) 175 125 175 220 300137) 260 260 260 260 260 

23 53 38 53 67 91 79 79 79 79 79 

ot i, k 208 400 380 380 na 380(37) na 380 380 380 380 

63 122 116 116 na 116 na 116 116 116 116 

Cc i, k 0 243 120 243 na na na na 243 243 243 

0 74 37 74 74 74 74 

Pc undivided unk unk unk unk 

Total 7325 6605 4163 
2233 2014 1269 
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Morenci Mapping Project • Stratigraphic Thicknesses 

RtfmncM: (a) Thlsatudy 
(b) Richtw^atal.. 1983 
(c) RicMerand Lawrenca, 1981 
(d) Damas and Moora, 1999 
(a) Cunningham, 1981 
(0 WaM, 1980 
(g) Ratta and Broota, 1995 
(h) PhalpaDodga, 1969 
(i) Undgren, 1905a 
(0 UndgrenI, 1905b 
(k) Preece and Menzer, 1982 
(1) Schroder, 1996 

Nolas: (1) CC-52 is in the bottom of Chase Creek 
(2) WCE-3 is in the hanging wall of the SF fault 
(3) using only fully penetrating drill holes 
(4) minimum depth In SW-69, center of Morenci sub-basin? 
(5) using only drill holes in the WTD and SW dump area 
(6) Tgmc pinches out in center of San Francisco River Canyon 
(7) SW-77 ended shaikwv in Tgmc 
(8) 120 m is the max. estimate fram reference (a) 
(9) maximum aggregate thiclawss of three tuff horizons in the Gila Box of reference (c) 
(10) measured drill hole intercept on sectk>ns from SW-40B, -^SA, -89, and -97 from reference (d) 
(11) San Francisco River average drill hole intercept in WCE-1,2, and 3 
(12) Eagle Creek; estimate of drill hole Intercept in SW-1 assuming 1770-fl thickness for Qa through Tbc 
(13) maximum measured cross sectk>n thicknessin reference (1) 
(14) minimum thickness reported in references (c, f) 
(15) maximum reported thickness in referefKe (f), 730 m aggregate thickness reported in reference (b) 
(16) measured map thickness of Tau from references (b, c) in Guthrie and Turtle Mountain areas 
(17) maximum thicknesa reported in reference (f) for Bearwalkxiv Andesite 
(18) maximum reported rapped In reference (c) 
(19) measured map thickness at fault contact in Eagle Creek canyon 
(20) maximum thickness reported in reference (c) 
(21) measured map thickness from extreme southwestern comer of map area 
(22) true thickneaa of drill hole intercept In WCE-3 23-degree dip 
(23) true thickness of drill hole intercept in WCE-1 using 23 degree dip 
(24) average true thickness in driU holes WCE-1,2, and 3 
(25) measured drill hole Intercept in SW-9 
(26) includes possible Fort Crittenden rocks as described in reference (h) 
(27) from refererwes (1, j) 
(28) measured drill hole intercept in WCE-3 
(29) drill hole intercept In SW-1 including unspecified "relatively thick dkvite porphyry sir. 

hole ended in 1^ with expected addittonal depth to Paleozoic rocks of 818 more feet. 
total thickness couM be 818'»779-185>1412 ft 

(30) average intercepts from SW-1 less 185 ft estimated thickness for Tdp sill, and SW-9 
(31) includes Mm in hnver section, outcrops in northern portkm of map area as reported in reference (j) 
(32) measured thkdaiesses in WCE-2 and WCE-3 
(33) minimum thickness reported In reference (i) north of Coronado Mountain 
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APPENDIX D 

REFLECTED LIGHT MICROSCOPY REPORT 

Reflected Light Petrographic Works Report 
Castro-Reino (pers. commun.) 
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Reflected Light Sergio F. Castro-Reino 

4040 E. Low«U Road. apt. «32 

Tucson, Arizona 85712 

Petrographic works 

April 29,2000 

Mr. Steve Enders 
6544 N. Calle Sin Nombre 
Tucson AZ 85718 

Dear Steve; 

As we talked earlier in the day, I submit to you an invoice for the reflected light nucroscopic work 
performed in the last months on a set of samples from die supergene blanket of Morenci you asked me to 
analyze late last year. This invoice is for the analysis of twenty-five polished sections, including the 
petrographic description and analysis of the samples, the associated photographic work and the production 
of a final report. A CD-Rom is being generated with the following information; 
• scans of a set of billets associated with tlie work, 
• scans of the billets on which the work was performed, 
• scans of the slides photographed on tlie samples, 
• an electronic copy of the photographic log of the slides, 
• an electronic copy of observations on an extra sample, and 
• an electronic copy of the final report. 
Al the latest on Sunday, February 20, this CD-Rom will be deposited at your University of Arizona 
mailbox in the Gould-Simpson Building. Today an e-mail will be sent out containing this invoice, the final 
report, preliminary observations on sample IHX-9, the photographic logs and the spreadsheet used to 
analyze the paragenesis of the samples. 
The break-up of the costs in examining these 23 samples is the following; 
1. Reflect^ light microscopic work; 25 samples (S30.00 / section) amounts to a total of $750.00 
2. Paragenetic analysis and report generation; 40 hours ($ 10.00 / hoiu*) amounts to a total of $400.00 
This amounts to a total of $1150.00. 
I have greatly enjoyed working with you and with your samples. I have learned a lot and I hope the 
information generated is useful to you and to Phelps Dodge, Morenci. Thank you very much for your 
support and your patience. 

Yours sincerely, 

Sergio F. Castro-Reino 
Oiplom Mineralogist 
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Reflected light investigation or selected samples from the 
supergene environment of Morenci 

Objectives of the work 

The objective of the present investigation has been manifold; first to recognize to the 
extent possible the mineralogy of the hypogene ore predating the enrichment process; 
second to try to detail by optical means the characteristics of the different mineral phases 
generated during the enrichment and formation of the various blankets present in the 
mine. Derived from the recognition of the phases present and their intergrowths an 
attempt has been made at recognizing the possible paragenetic sequence of their 
formation. 
Rather than illustrating an overall representative suite of samples from the enrichment 
blanket, this study intends to highlight the differences between areas of the deposit with 
the aim of offering contrasting aspects of the mineralogy, paragenesis and possible 
underlying processes of enrichment. To this effect samples that represented particularly 
interesting sections within four drillholes located in the central graben of the district were 
chosen for reflected light microscopy. This was performed on a Leitz Ortholux 
microscope at the US Geological Survey's Southwest Field Office. 

Methodology 

Reflected light petrography, like standard transmitted light petrography, is a relatively 
fast and inexpensive analytical method to assess composition and interrelationships 
between opaque minerals. Ultimately, exact identity and composition of mineral phases 
can be achieved by chemical or spectroscopical analytical techniques rather than simple 
optical means. However evaluation of grain size and intergrowth types results in valuable 
chemical information, that can help elucidate conditions, reaction paths and processes of 
mineralization. Keeping these strengths and shortcomings of the method in mind, this 
work seeks to extract and place in proper context mineralogical and textural information. 
An attempt has been made to discern a sequence of deposition of the different ore 
minerals both hypogene and supergene from the interpretation of textures observed. In 
addition to the standard paragenetic table which reflects the relative timing in the 
appearance of ore minerals an attempt has been made at recording and analyzing the 
intergrowths between different minerals with the aim at better understanding the 
processes involved in the development but also destruction of supergene mineralization. 
The detailed paragenetic analysis by assemblage takes into account the fi'equency of an 
intergrowth across the different samples, considering different domains within one 
sample as different samples. It can therefore be regarded as a semiquantitative assessment 
of the mineralogy in the samples. This was performed with the aid of a spreadsheet (MS 
ExceO using abbreviations and a consistent hand notation for different processes 
observed under the microscope that allow the automatic evaluation with text functions. 
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A total of eight hypogene stages, fifteen supergene and three late oxidation stages, 
designated with the corresponding letters H, S or O in front of the specific stage, have 
been considered necessary to describe the ore intergrowths observed in the samples. 

Rationale 

Hypogene environment 

The hypogene environment in the present work is defined by the virtual absence of any of 
the different phases of the chalcocite family recognized in the reflected light petrographic 
work on the ore samples. 
It is characterized quantitatively by the presence of significant pyrite and chalcopyrite 
with secondary bomite, molybdenite, and trace amounts of pyrrhotite, sphalerite and 
magnetite. Qualitatively the hypogene is characterized by the presence of exsolution 
textures developing in sulfides of the Cu-Fe-S system, preserved as inclusions, which 
indicate temperatures well above 100°C to I60°C, generally adscribed to the supergene 
environment (as defined by the maximum stability temperatures of the supergene 
minerals yarrowite and spionkopite -Goble, 1981- also known as blaubleibend or blue-
remaining covellites-Frenzel, 1959, 1961; Moh, 1971, Barton, 1973). These exsolutions 
indicate formation of these phases from a solid solution mineral phase at higher 
temperatures termed I.S.S. (intermediate solid solution) (Cabri, 1973; Barton, 1973). 
The transition to the supergene environment has been set around the onset of covellite 
formation and the appearance of intergrowths of bomite and idaite. 

Supergene environment 

In the present work it is defmed by the appearance of significant copper sulfides, 
including the generally loosely termed chalcocite family, forming for the most part out of 
the replacement of earlier copper-iron sulfides, mostly chalcopyrite and bomite, but to a 
limited extent also pyrite. The transition from the hypogene to the supergene environment 
is characterized by the appearance of covellite, as well as intergrowths of bomite and 
idaite, in both eases replacing mainly chalcopyrite.. While these replacement textures 
have been described by Ramdohr and by many other authors as replacement or alteration 
of bomite and is generally considered by all sources to define the initial stages of 
enrichment in the supergene environment. In accordance with these observations the 
appearance of this intergrowth is used as a marker to indicate the transition to the 
supergene environment. In the case of covellite, this pressumption is not strictly correct 
since covellite is widely known in epithermal and in the late hydrothermal stages of 
porphyry copper mineralization. In the context of this investigation however, since there 
is no ^own mineralization of these two types described to my knowledge for Morenci, it 
is reasonable to consider its first appearance as indicative of the onset of enrichment 
processes related to supergene mineralization. 
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Observations 

Hvpopene environment 

In the hypogene environment rutile and sphene appear roughly associated with the 
alteration of mafic minerals in the intrusive, most likely biotite according to the observed 
intergrowths. Magnetite is loosely connected with this intergrowthi It appears to be 
disseminated or form at the expense of mafic minerals. It could be also related to an early 
hypogene mineralization event. In both cases the textures are characteristic: poikilitic or 
granular intergrowths of rutile and minor sphene or magnetite forming aggregates that 
roughly pseudomorph the original biotite crystals on the one hand, massive aggregates of 
granular magnetite that occur in what appears to be a vein, on the other. The first type is 
considered to be very early in the hypogene, as it is observed disseminated through the 
host rock, and assigned to stage HI, the later is assigned to hypogene stage H3. 
Intergrowths of chalcopyrite + pyrrhotite, pyrrhotite exsolutions in chalcopyrite, as well 
as chalcopyrite + bomite, bomite + chalcopyrite and chalcopyrite exsolutions in bomite 
have been recognized in the examined samples in the early to intermediate stages H3-HS 
of the hypogene. One instance of what appears to be an exsolution texture of bomite + 
(chalcopyrite + high digenite) occurring on stage H4 is also considered to be an 
exsolution rather than a replacement. These intergrowths almost invariably appear as 
preserved inclusions in pyrite and are distinguished from grains as well as homogeneous 
chalcopyrite and bomite aggregates, which occur mostly as disseminations or veins. For 
chalcopyrite two depositional events appear to be present in the hypogene environment, 
on H3-HS and on H7. The first one coincides with the exsolution of several sulfide 
phases from an assumed high temperature phase known as I.S.S. (intermediate solid 
solution) and is separated by an event of chalcopyrite replacement by bomite fi'om the 
second event. As with chalcopyrite, there appears to be two events of deposition of 
bomite; on H3-HS culminating on H6, and on H8-S2. The frequency of deposition 
decreases progressively for chalcopyrite but appears to increase for bomite, what can be 
seen as enrichment under hypogene conditions indicating a continuum from hypogene 
mineralization to supergene enrichment. 
Molybdenite is also present in appreciable quantitities in the early to intermediate stages 
of the hypogene, H3 and specially H4. It appears to form at the same time as the early 
chalcopyrite and bomite intergrowths, however it seems not related to these. 
Locally also pyrrhotite is presumed from textural examination of pyrite surfaces for relict 
planar cleavage planes to have been present as a free phase in the hypogene, between the 
appearance of exsolutions containing it on stage H4 and its replacement on stage H8. 
Pyrite appears late in the hypogene portion of the paragenesis replacing in stage H8 all 
previously mentioned phases and intergrowths, but mainly chalcopyrite followed by 
bomite and by pyrrhotite. It also appears encasing molybdenite and replacing a dark blue 
chalcocite, a mineral phase encountered rarely, both associated with the hypogene and 
with the supergene environment. 
Dark blue chalcocite appears in the hypogene as inclusion in pyrite, associated with 
bomite. It appears to form an exsolution texture with it, however the small size of these 
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inclusions leaves room for interpretation as replacement as well. This also precludes 
proper identification, therefore the more or less descriptive name of dark blue chalcocite 
is used. 
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Mineral abbreviations: rot: rotile; Iii: sphene {tilanite); mt: magnetite; /SS: intermediate solid solution; mo: molybdenite; po: pyrrhotite; sl: sphalerite; 
cp:chalcopyrite; bn: bomite; id: idaite; py: pyrite; cov: cove/lite; dig: digenite; an/: anilite; db cc: "dark blue chalcocite "; cc: chalcocite; dju: djurleite; 
me: marcasite; gre: greigite; zwp: "zwischenprodukJ "; hem: hematite; goe: goethite; Jim: /imonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; O encasing; II exsolution. 

Supergene environment 

Chalcopyrite 
At the onset of supergene conditions, stage SI , chalcopyrite is deposited as well . It 
appears to roughly coexist with replacement textures of chalcopyrite by bornite and 
chalcopyrite by covellite, however the latter replacement appears to be the most common 
one. The enrichment indicated by these is not uniquely a supergene process but can be 
seen as part of a continuum in the conditions of mineral formation going from the 
hypogene to the supergene. 
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In the supergene environment chalcopyrite is no longer deposited, instead replacement 
textures become indicators of evolving conditions within the blanket. In the early 
supergene, S2 and S3 , the replacement of chalcopyrite by low digenite becomes the most 
significant process, preceded by the replacements of chalcopyrite by bornite, 
bornite/idaite and idaite. The latter replacements dissappear afterward and the 
replacement by low digenite becomes anecdotical (S7). While not conclusive, this 
suggests that the presence of low digenite is directly tied to the replacement of 
chalcopyrite by bornite and/or idaite. In the intermediate stages of blanket development, 
S6 and S7, chalcopyrite is replaced mainly by anilite, in some cases accompanied by 
chalcocite and djurleite, (the latter continues in S8). Chalcopyrite replacement by 
covellite however is present later in the supergene stage (S5 and S8). In the early and 
intermediate stages of the development of the blanket, replacement of chalcopyrite by 
covellite appears to trail the main replacement textures of chalcopyrite by low digenite 
and by anilite. Finally in the later stages chalcopyrite is replaced mainly by chalcocite 
(SIO). 
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cp: chalcopyrite; bn: bomite; id: idaite; py: pyrite; cov: cove/lite; dig: digenite; an/: anilite; db cc: "dark blue chalcocite "; cc: chalcocite; qju: qjurleite; 
me: marcasite; gre: greigite; zwp: "zwischenprodukt "; hem: hematite; goe: goethile; lim: /imonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; O encasing; # exsolution. 

Bornite and idaite 
Both minerals can separately replace chalcopyrite, however they often replace it together 
following roughly crystallographic directions to form lamellar textures or replacing in 
relatively broad patches the host chalcopyrite. Idaite is identified as having slightly 
higher reflectance and a more orange hue of brown than bornite, which tends to have a 
brownish to purplish color. The earlier forms thin selvages or contacts to the host 
chalcopyrite, while the latter forms the main body of replacement lamellae as well as the 
more broad areas. 
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It is worth remarking that replacements of bornite and/or idaite by coveilite are, in 
contrast to the replacement of chalcopyrite by coveilite, rare (SS), what might indicate the 
existence of specific paths of alteration. The reverse replacement, present in stage S2, is 
also rare, indicating in both cases bornite and, to a lesser degree idaite, to be relatively 
stable under supergene conditions. This seems to be generally true throughout the 
supergene with anecdotical presence of replacements of bornite and of idaite by anilite ± 
hematite in the intermediate stages of the supergene (S7), of bornite by djurleite (S8) and 
bornite and bomite/idaite by chalcocite in the later stages (SIO). Only the replacements of 
bornite and bomite/idaite by low digenite on the supergene stage S3 appear to be 
somewhat more significant. 
Hematite appears as part of an assemblage that specifically involves the replacement of 
bornite and idaite but not chalcopyrite. This seems to point out to a specific path of 
alteration in the development of supergene mineralization. 
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Mineral abbreviations: rut: rutile; tit: sphene {titanite); mt: magnetite; /SS: intermediate solid solution; mo: molybdenite; po: pyrrhotite; sl: sphalerite; 
cp: chalcopyrite; bn: bornite; id: idaite; py: pyrite; cov: cove/lite; dig: digenite; an/: anilite; db cc: "dark blue chalcocite "; cc: chalcocile; qju: qjurleite; 
me: marcasite; gre: greigite; zwp: "zwische,yJrodukt "; hem: hematite; goe: goethite; Jim: limonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; O encasing; # exsolution. 

As previously mentioned, covellite appears and is used together with the appearance of 
bornite and idaite intergrowths to define the transition to the supergene stage. Its first 
major expression is related to the replacement of chalcopyrite and of pyrite on stage SI 
and to a lesser degree on stages S5 and S8 (chalcopyrite only). It has been observed as 
relatively coarse bladed aggregates intergrown as well as replacing chalcopyrite, and as 
finer bladed aggregates on the rims of the chalcopyrite-coarse covellite replacements. 
Covellite is replaced by the following supergene minerals: bornite/idaite on stage S2, low 
digenite on stage S7, anilite with or without djurleite on S6 and S7, djurleite on S9 and 
SI O and chalcocite on S 10. On the other hand covellite replaces bornite and/or idaite in 
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supergene stage S5. It also participates as accompanying phase in a number of 
replacements and some decay or transformation textures involving chalcocite minerals 
such as the replacement of low digenite by anilite ± covellite on stage S7, the 
replacement of anilite by covellite as well as decay or transformation of anilite to an 
heterogeneous mixture of anilite ± covellite, and replacement of anilite by djurleite + 
covellite (in varying proportions) on stage S8. Overall covellite seems to form as the 
result of supergene enrichment, but also as the result of leaching of previously formed 
supergene minerals. The possible presence of discrete periods of enrichment is suggested 
by the distribution of replacements of covellite at stages S2, S6-S7 and S9-S 10. In one 
case it could be coupled with a discrete period of leaching, in which covellite replaces or 
forms part of replacing textures at stages S5 and S8. 
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Mineral abbreviations: rut: rutile; tit: sphene (lilanile); mt: magnetite; ISS: intermediate solid solution; mo: molybdenite; po: p)'Thotite; sl: sphalerite; 
cp: chalcopyrite; bn: bomite; id: idaite; py: pyrite; cov: cove/lite; dig: digenite; an/: anilite; db cc: "dark blue chalcocite"; cc: chalcocite; dju: qjurleite; 
me: marcasite; gre: greigite; zwp: "zwischenprodukt "; hem: hematite; goe: goethite; lim: limonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; O encasing; # exsolution. 
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Low digenite 
During this investigation described as grayish white chalcocite, this mineral occurs 
mainly in the early supergene stages. It forms primarily from the replacement of 
chalcopyrite (stage S3 and to a lesser extent S7) as well as a free phase filling cracks both 
in earlier sulfides and the silicate gangue (stage S4). Subordinately it forms firom the 
replacement of bomite and bomite/idaite intergrowths (stage S3) and covellite (stage S7). 
The later instances of replacement of chalcopyrite and covellite by low digenite again 
indicate the presence of discrete episodes of enrichment. An observation that is further 
strengthened by the pattern of replacements that affect low digenite. Low digenite is 
replaced later in the intermediate supergene stages, if only to a limited extent, first by 
pyrite and by covellite on stage SS and later by anilite. Low digenite transforms or is 
replaced by an heterogeneous aggregate of anilite ± low digenite on stage S6, it is 
followed on stage S7 by the replacement by anilite without other associated minerals but 
mainly with associated covellite and also with some associated djurleite, hematite and 
goethite. Late replacement of low digenite by chalcocite takes place on stage SIO. 
Overall low digenite appears to be a supergene mineral with a well defined interval 
within the sequence of deposition. It constitutes the main phase in the early stages but 
afterward becomes unstable, being replaced by other supergene phases. 
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Inferred transition to oxidation 
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Mineral abbreviations: rot: rotile; tit: sphene (titanite); mt: magnetite; /SS: intermediate solid solution; mo: molybdenite; po: pyrrhotite; sl: sphalerite; 
cp: chalcopyrite; bn: bomite; id: idaite; py: pyrite; cov: cove/lite; dig: digenite; an/: anilite; db cc: "dark blue chalcocite"; cc: chalcocite; 4Ju: djurleite; 
me: marcasite; gre: greigite; zwp: "zwischenprodukt"; hem: hematite; goe: goethite; lim: limonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; 0 encasing; # exsolution. 

Anilite 
During this work described as bluish gray chalcocite, it is together with low digenite one 
of the most common copper sulfides observed in the supergene paragenesis in Morenci. 
Anilite is present in a relatively broad array of textures. It appears replacing mainly low 
digenite on stage S7, but also chalcopyrite and covellite on stages S6 and S7 and bornite 
or idaite on stage S7. In some cases, the resulting replacements are characteristic of the 
phase being replaced. This is the case with bornite and idaite on stage S7, where anilite 
replaces it alone or with associated hematite but not in association with other copper 
sulfides. Also low digenite appears to be replaced mainly by anilite alone or by anilite ± 
covellite in that same stage, with only minor instances observed of other copper sulfides 
or iron oxides involved ( djurleite, hematite and goethite ). It is narrowly preceded by the 
decay or transformation of low digenite to an heterogeneous aggregate of anilite with 
some low digenite. Later in the paragenesis anilite locally appears to replace chalcocite 
(S 11 ). Where replacements or decay/transformation textures of anilite have been 
observed, covellite is present: anilite replacement by covellite and decay or 
transformation of anilite to an heterogeneous aggregate of anilite with some covellite, 
both on stage S8. Anilite occurs mainly in the intermediate stages of the supergene, 
where it appears to define a narrow interval that can be interpreted as a distinctive 
episode or enrichment. Its replacement by later phases appears to be coupled with the 
appearance of covellite, possibly indicating leaching at the local scale. 
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cp: chalcopyrite; bn: bomite; id: idaite; py: pyrite; cov: cove/lite; dig: digenite; an/: anilite; db cc: "dark blue chalcocite"; cc: chalcocite; dju: djurleite; 
me: marcasite; gre: greigite; zwp: "zwischenprodukt "; hem: hematite; goe: goethite; /im: limonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; O encasing; # exsolution. 

Djurleite 
Described during this investigation as darker gray chalcocite, djurleite appears closely 
related to the previously described anilite and to covellite. It appears to form mainly by 
replacing alone or together, in variable amounts, with covellite anilite at supergene stage 
S8 and in one case on stage S 11 . It is also observed replacing chalcopyrite and bornite on 
S8. In the first case, a specific assemblage of djurleite and covellite in varying amounts 
forms at the rims of larger anilite aggregates. In the other cases djurleite is observed 
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replacing chalcopyrite, bornite or covellite without accompanying phases. Replacement 
of covellite by djurleite is observed on stages S9 and S 10. The distribution of djurleite 
with respect to the other copper sulfides present shows the following pattern: 
I.with respect to anilite, djurleite seems to closely follow its formation (anilite appears 

mainly on supergene stage S7 with djurleite appearing on S8); 
2.with respect to chalcocite, to be described in the next paragraph, it appears to losely 

accompany formation of this phase ( chalcocite appears on stage S 10 with only minor 
instances of it on S 11 and S 15 while djurleite appears on stages S9-S 11 ), replacing 
covellite but also pyrite and anilite. 

Its overall distribution indicates close ties to a narrowly defined supergene episode 
characterized by the presence of anilite in the middle of the supergene sequence, but 
participating of what appears to be a later supergene episode. 
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me: marcasile; gre: greigite; zwp: "zwischenprodukt "; hem: hematite; goe: goethile; lim: limonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; O encasing; # exsolution. 
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Chalcocite 
This phase, described during this study as medium dark gray chalcocite, appears to form 
primarily replacing pyrite, with minor contributions from chalcopyrite, covellite and local 
replacement ofbornite, bornite/idaite, low digenite and anilite. Locally chalcocite is 
accompanied by djurleite, however it can also replace this phase. It is present as a free 
phase as well, accompanied by unidentified clays, on stage S 11, but the paucitiy of this 
occurrence seems to indicate exhaustion of copper in the supergene environment. This is 
supported by one rare, very late instance of chalcocite replacement of porous pyrite on 
stage S 15 at the transition to the oxidation environment. 
The majority of these replacements take place at supergene stage SI O and this 
distribution in the paragenesis appears to define a late episode of enrichment. 
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id<cc 

cov< cc 0 lf\ 0 

lowdig< cc 
-.~ ......... • 

low dig~ cc± dju 0 

anl< cc 0 Rit 0 

dju< cc 0 :';{::::::::: 0 

py~cc 

py~ cc± dju 

py< cc± clays 0 } ft 0 

cc± clays 

Mineral abbreviations: rot: rotile; tit: sphene (titanite); mt: magnetite; /SS: intermediate solid solution; mo: molybdenite; po: pyrhotite; sl: sphalerite; 
cp: chalcopyrite; bn: bornite; id: idaite; py: pyrite; cov: cove/lite; dig: digenite; an/: anilite; db cc: "dark blue chalcocite"; cc: chalcocite; dju: djurleite; 

me: marcasite; gre: greigite; zwp: "zwischenprodukt "; hem: hematite; goe: goethite; lim: limonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; 0 encasing; # exsolution. 

Marcasite, porous pyrite and other intergrowths resulting from the decomposition of 
pyrrhotite 

As commented earlier in the paragraph about hypogene mineralization, pyrrhotite is 
observed as exsolutions in chalcopyrite inclusions. There is however textural indication 
of its presence as a free phase: 
I .contrast of relatively defect-poor pyrite exhibiting a homogeneous polished surfaces to 

relatively defect-rich pyrite exhibiting a pitted, inhomogeneous surface, which appears 
to constitute discrete domains within larger pyrite grains or grain aggregates, and 

2.local observation of trends of subparallel or roughly parallel cracks interpreted as relict 
planar cleavage planes of pyrrhotite. 

Replacement of pyrrhotite by pyrite appears not to be uncommon but its possible extent 
remains conjectural owing to the difficulty of assessing these relict textures on a broad 
scale in an ore that is largely disseminated. The marcasite-pyrite intergrowth appears 
embedded in chalcopyrite as a lamelar intergrowth of marcasite blades departing from 
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what appears to be a relict cleavage plane, with pyrite rimming these as granular 
aggregates or forming granular aggregates distal to the marcasite. The pyrite-magnetite 
intergrowth has the form of a reticule with cube-shaped pyrite cores and interstitial 
magnetite. These intergrowths are known to be the result of the decomposition of 
pyrrhotite, generally at low temperatures, and appear to be characteristic and perhaps also 
indicative of the conditions under which they occur (Ramdohr, 1982; Murowchick, 
1992). The appearance of domains in pyrite with fine granular texture; the observation of 
a fine grained porous aggregate of pyrite showing relict planar features, that can be 
recognized as relict cleavage planes; and the identification of a phase with structure 
similar to that of pyrrhotite; all indicate the former presence of pyrrhotite preserved all 
the way to the assumed boundary between the supergene and the oxidation environment. 
The phase with a structure similar to that of pyrrhotite is assumed to be greigite or a 
losely defined iron sulfide phase termed by Ramdohr zwischenprodukt (intermediate 
product). It has a significantly higher reflectivity than pyrrhotite, close to that of pyrite 
and not unlike that of marcasite, and is characterized by its creamy yellow color in plane 
polars and anisotropy colors ranging from a yellowish bronze color to a dark gray. 

hypogenepo 

cp+po 

po replaced 

po< py 

poD me 

po<mc 

poDpy±rrt 

me< porous py 

poD grcigitcor 
"zwischcr-.,roookt" 

anisotropic py 

Paragenetk time D 

H H2 H3 H4 H5 H6 H7 

Inferred transition to supergene Inferred transition to oxidoJion 

S4 S5 S6 S7 S8 S9 SIO Sll S12 S13 S14 Sl5 01 0 

0 0 0 0 0 0 0 0 0 0 kill 0 
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::t/ 0 

;~\;;;;;o 
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Mineral abbreviations: rut: rulile; tit: sphene (titanite); ml: magnetite; ISS: intermediate solid solution; mo: molybdenite; po: pyrrhotite; sf: sphalerite; 
cp: chalcopyrite; bn: bomile; id: idaite; py: pyrite; cov: cove/lite; dig: digenite; an/: anilite; db cc: "dark blue chalcocite"; cc: chalcocite; 4iu: 4iurleite; 
me: marcasite; gre: greigite; zwp: "zwischenprodukt "; hem: hematite; goe: goethite; lim: limonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; 0 encasing; # exsolution. 
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Pyrite 
Pyrite is one of the most common phases within the examined samples from Morenci. In 
the supergene environment it appears being replaced as well as replacing a variety of 
mineral phases. 
At the onset of the supergene it appears being replaced by covellite on supergene stages 
SI and SS, by anilite on stage S7 and by djurleite on stages S8-S9. Apparently connected 
with the replacement by anilite is some minor replacement of pyrite by hematite, 
similarly to the replacement of bomite by anilite ± hematite. The most important 
replacement however is that of pyrite by chalcocite on stage SIO with some minor 
associated replacement by dark blue chacocite on Sll .  
In the supergene pyrite replaces mainly chalcopyrite on stages S2, SS, S7 and SI2. It also 
replaces to a lesser extent low digenite on stage SS and covell i te on stages S7 and SI2.  
Finally pyrite is involved in a number of decomposition textures of pyrrhotite on stages 
SI3-S14, already6 described in the previous section on marcasite. 
Overall the mode of formation of pyrite seems to change from the late hypogene, through 
the early stages of the supergene to the late supergene environment. While in the early 
supergene pyrite replaces previously formed phases, both iron-bearing and more or less 
iron-free, its presence as a replacing phase appears to diminish, becoming increasingly a 
phase replaced by other supergene minerals. Only locally pyrite forms in the late 
supergene and its formation might depend on local reactions, including possibly 
biologically mediated reactions. In the latest supergene pyrite is present again as part of 
the decomposition textures of pyrrhotite, also the result of local reactions. 



PY 

py replacing 

pyreplaced 

moQpy 

mo<py 

po<py 

cp< py 

bn<py 

bn/id<py 

id<py 

cov< py 

lowdig( py 

IWll< py 

<I, cc< py 

py< COY 

py< low dig 

py< dju 

py< cc 

py< cc± dju 

py<. cc± clays 

py< db cc 

poD py± mt 

me< porous PY 

ausotropic PY 

bacterial py 

any py, hem 

py<hem 

bacterial py, hem 

IWIY py<goe 

Paragenetk ttme D !njetTed transition to supergene 

'':if: <·> o 

':'(i/ :.;.; 0 

ff JJ}ff :;:;: 0 

477 

Inferred transition lo oxidation 

.. 
0 J(:::"f}} 0 

-:•:•:•:-:-·=·=· ·· ·· 
·,i ···Mm~o 

FM/ 0 

)}{ 0 
....... 

Mineral abbreviations: rut: rutile; Iii: sphene {titanile); mt: magnetite; /SS: intermediate solid solution; mo: molybdenite; po: pyrrhotite; sl: sphalerite; 
cp: chalcopyrite; bn: bomite; id: idaite; py: pyrite; cov: cove/lite; dig: digenile; an/: anilite; db cc: "dark blue chalcocile "; cc: chalcocile; dju: qjurleite; 
me: marcasile; gre: greigite; zwp: "zwischenprodukt "; hem: hematite; goe: goethile; /im: limonite; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; O encasing; # e.xsolution. 



478 

Hematite and other oxides 

In the supergene environment rutile with intergrown hematite could form as the result of 
alteration of mafic minerals in the intrusive, similar to the hypogene environment. This 
texture, occurring on oxidation stage 01 , can be interpreted also as formation of hematite 
from magnetite within an originally hypogene rutile + magnetite intergrowth. Destruction 
ofbiotite can happen both in the hypogene and in the supergene environment, hence the 
position of this textur is inconclusive. Observation of rutile formation in the late stages of 
the supergene (S 11) can be viewed as supporting the latter assertion. 
The appearance of magnetite in the late supergene stage S 13 is linked, as previously 
discussed, to preserved pyrrhotite inclusions. The intergrowth of magnetite and pyrite is 
known as one of several decomposition textures involving pyrrhotite, which were 
described in the previous section on marcasite. 
Hematite on the other hand seems to be a specifically supergene mineral, perhaps with 
the exception of martite development on massive granular magnetite. It is observed both 
as a free occurring phase and as part of some enrichment intergrowths: bornite and idaite 
replacement by anilite ± hematite, on stage S7. Specular hematite is also observed in the 
supergene environment. Its paragenetic position is unclear but seems to be late in the 
paragenesis and is assigned to late oxidation stage 02. 
Finally the presence of goethite and limonite is very minor but appears to span, in the 
case of goethite, the supergene and late oxidation stages in the paragenesis, appearing on 
supergene stages S 1, S7and the late oxidation stage 03 . This could be again an indication 
of the existence of more than one event of enrichment within the supergene stage at 
Morenci. 
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Mineral abbreviations: rol: rolile; Iii: sphene (titanite); mt: magnetite; /SS: intermediate solid solution; mo: molybdenite; po: pyrholile; sl: sphalerile; 
cp: chalcopyrite; bn: bomite; id: idaite; py: pyrite; cov: cove/lite; dig: digenile; an/: anilile; db cc: "dark blue chalcocite "; cc: chalcocile; dju: djurleile; 
me: marcasite; gre: greigite; zwp: "zwischenprodukt"; hem: hematite; goe: goethite; lim: limonile; clay: unidentified clays; 
Textural abbreviations: < replacement; D decay or replacement; O encasing; # exsolution. 
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Conclusions 

In the hypogene environment enrichment can be observed in the intermediate and late 
stages. It might be the result of discrete hydrothermal pulses or the result of refining as 
copper in solution in the hydrothermal environment is less stable than iron and would 
tend to be precipitated in the presence of sulfide phases. Generally though a decrease in 
the presence of copper sulfides with time can be recognized through the hypogene, 
culminating in the widespread deposition of pyrite in the final stage. 
The supergene replacements define in contrast to the hypogene a trend to increasing 
Cu;Fe ratios of the mineral phases being deposited, resulting fi'om replacement and 
surface reactions as well as crystallographically controlled reactions, exchange and/or 
leaching reactions between existing copper-iron, copper and iron sulfides and copper-
bearing acid solutions. This is exemplified by the minerals and textures involved in the 
transition from the hypogene to the supergene. The significant enrichment indicated by 
the replacement of chalcopyrite by bomite and chalcopyrite by covellite at the onset of 
the supergene, while not being a uniquely a supergene process, indicate together with an 
im portant decrease in the frequency of pyrite replacements, conditions under which 
leaching and refining take place. Hypogene covellite replacement by supergene minerals 
bomite/idaite on stage S2 dirther supports this observation. 
The classic supergene enrichment sequence from chalcopyrite to idaite, bomite, to 
covellite with the formation of chalcocite sensu lato can be recognized by what appears 
to be the convergence of enrichment processes toward low digenite, with chalcopyrite 
being the most significant phase replaced, bomite and bomite/idaite being only minor, 
complementary replacements, between the supergene stages SI through S3. Formation of 
low digenite however appears to occur directly from chalcopyrite or from chalcopyrite 
through the replacement of this phase by bomite and/or idaite. Covellite replacement of 
bomite/idaite is anecdotal while direct replacement of chalcopyrite by covellite is 
significant. Furthermore replacement of covellite by low digenite is again very minor 
indicating that this general sequence might be in fact the subsumation of different 
reactions, illustrating the existence of specific alteration paths. 
The presence of specific stages in which low digenite, anilite and chalcocite occur appear 
to indicate the presence of discrete periods of enrichment in the supergene. Low digenite 
forms primarily fi'om the replacement of chalcopyrite on stage S3 and to a lesser extent 
S7, as well as a fi'ee phase filling cracks both in earlier sulfides and the silicate gangue on 
stage S4. Anilite appears replacing mainly low digenite on stage S7, but also chalcopyrite 
and covellite on stages S6 and S7 and bomite or idaite on stage S7. Replacements 
involving chalcocite take place aminly at supergene stage S10. Covellite replacement by 
low digenite on stage S7, anilite with or without djurieite on S6 and S7, djurleite on S9 
and S10 and chalcocite on SIC further supports discrete episodes of enrichment within 
the supergene environment. 
On the other hand replacement of bomite and/or idaite by covellite (rare but present in 
supergene stage SS) and its participation as accompanying phase in a number of 
replacements and some decay or transformation textures involving chalcocite on stages 
S7 and S8, indicate also leaching fi-om previously formed enriched ore minerals. 
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Replacing of pyrite by chalcocite seems to reflect the overall depletion of the blanket of 
teachable copper and copper-iron sulfides and the relative stability of the supergene 
copper sulfide assemblages already formed. 
One very late instance of chalcocite replacement of porous pyrite on stage SIS still 
proves the presence of copper in minor amounts all the way to the assumed transition to 
oxidizing conditions. This replacement results from the relative unstable and hence 
reactive nature of porous pyrite formed from the transformation or replacement of 
marcasite. The presence or texturally inferred presence of marcasite points to moderate to 
strongly acidic conditions not unlike those generally postulated for the formation of 
supergene ores, but deposition of chalcocite as previously noted is rare. Therefore the 
overall distribution of these phases and intergrowths following the formation of the 
majority of the supergene copper sulfides indicates a generalized depletion of copper 
toward the end of the supergene mineralization process. 

Overall three events of enrichment can be recognized in the ore samples of Morenci, one 
spanning the early supergene between stages SI and S3, followed by a significant event 
of leaching on S5, a middle supergene enrichment event of 86 to S8 and a late supergene 
enrichment event on SIO to SI 1. Leaching occurs locally following closely these later 
events but is not nearly as significant as the eariy leaching event on supergene stage 85. 
Finally a more or less sterile acid event occurs latest in the supergene betweent stages 
813 to SIS, although locally some copper might still form. At the assumed onset of 
oxidation all deposition of supergene copper mineralization ceases. 

The observations made on oxides within the set of samples from Morenci can be 
subdivided into two categories; hypogene minerals assumed to predate or be broadly 
contemporaneous with this style of mineralization, and supergene minerals formed as part 
of the process of enrichment or parallel to this type of mineralization. 
In the hypogene environment rutile, sphene and magnetite appear roughly associated with 
the alteration of mafic minerals in the intrusive (most likely biotite according to the 
observed intergrowths) or with an early hypogene mineralization event, specifically 
magnetite. In both cases the textures are characteristic: poikilitic or granular intergrowths 
of rutile and minor sphene forming aggregates that roughly pseudomorph the original 
biotite crystals on the one hand, massive aggregates of granular magnetite that occur in 
what appears to be a vein, on the other. The first type is considered to be very early in the 
hypogene, as i t  is  observed disseminated through the host  rock, and assigned to stage HI,  
the later is assigned to hypogene stage H3 and can be seen as early potassic alteration, 
with which magnetite is commonly associated. Destruction of biotite can happen however 
both in the hypogene and in the supergene environment. This is supported by observation 
of rutile formation in the late stages of the supergene (S11) and in the following oxidation 
stages (01). These are considered simply the result of acid fluids accessing previously 
encapsulated minerals. This is also true for the appearance of magnetite in the late 
supergene, only in this case the encapsulated phase being exposed is pyrrhotite preserved 
in pyrite. The intergrowth of magnetite and pyrite in the form of a reticule with pyrite 



cores and interstitial magnetite is known as one of several decomposition textures 
involving pyrrhotite which were described briefly in the previous paragraph. 
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Hematite on the other hand seems to be a specifically supergene mineral, perhaps with 
the exception of martite development on massive granular magnetite. It is observed both 
as a free occurring phase and as part of some enrichment intergrowths: bornite and idaite 
replacement by anilite ± hematite. Specular hematite is also observed in the supergene 
environment. Its paragenetic position is unclear but seems to be late in the paragenesis. 
Finally the presence of goethite and limonite is anecdotical but appears to span, in the 
case of goethite, the supergene and late oxidation stages in the paragenesis. This could be 
again an indication of the existence of more than one event of enrichment within the 
supergene stage at Morenci. 
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Abbreviations:rot: rotile; tit: sphene (titanite}; mt: magnetite; ISS: intermediate solid solution; mo: molybdenite; po: pyrrhotite; sl: sphalerite; cp: cha/copyrite; 
bn: bomite; id: idaite; py: pyrite; cov: cove/lite; dig: digenite; an/: anilite; db cc: "dark blue chalcocite"; cc: cha/cocite; dju: djurleite; me: marcasite; 
gre: greigite; zwp: "zwischenprodukt "; hem: hematite; goe: goethite; lim: limonite; clay: unidentified clays. 
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APPENDIX E 

SUPERGENE DATING SAMPLE DATA AND DESCRIPTIONS 

Supergene Dating Sample Data Table 
(this study) 

Supergene Dating Sample Descriptions 
(this study) 



MorancI Suptratm Datina Sampits - Dataliast updattd 

Sampit Location Easting Norttiina Eltvatlon Surfact Blanktt Hypoatnt 
Na (fc«t) (fttt) Oapth Eltvatlon Eltvatlon 

UAKA 92-05 NWX ? ? 5550 •20 5100 4300 

UAKA 92-21 MET ? ? ? ? 
UAKA 92-23 MET ? ? ? ? 
PDMC 3413 MOP -13,000 11,000 3950 •1375 4900 3950 

MOR9-3 WC -07.600 13,375 5175 •180 5180 3400 

MOR9-4 WC -07.600 13,375 5175 •180 5180 3400 

MET 105 MET -07,200 15,700 5200 -180 4475 3710 

MET 106 MET •07,200 15,700 5200 -180 4475 3710 

MET5200 MET n/a n/a 5200 ? ? ? 
METB MET n/a n/a 5200 ? ? ? 

2295 COR -17.382 20,184 0 -1469 . . 
25S7 COR -17,985 21,967 0 -63 - -

229 WC -05,830 12,250 5388 -10 5100 4150 

23« WC -06,777 13,837 0 0 5500 4000 

239 WC -06,777 13,837 0 0 5500 4000 

240 WC •06,809 13,141 0 0 - -

241a WC -07,083 13,577 0 0 - -

242a WC -07,837 13,645 0 0 4630 3200 

243 MET -06,300 19,700 4950 -840 5580 5080 

244 MET -05,650 16,700 4850 -1110 5095 4630 

245 MET -09,700 18,285 4800 -310 4700 4250 

246 MET •09,760 18,220 4800 -310 4700 4250 

247 MET •09,830 18165 4800 -310 4700 4250 

248(a) MET •04,695 16,658 5697 -495 6000 5620 

249(a) COR -19,040 18,890 5475 0 5370 5100 

249 (b) N N N N 0 5370 5100 

249 (c) H N N M 0 5370 5100 

250 NWX' -16,484 17,793 5550 20 5100 4300 

267 NWX •13,008 16,515 4300 -680 4250 3650 

268 MET •05,800 20000 5300 -625 5850 5550 

269 MET -08,412 18,512 4850 -615 4775 3840 

277 WC -05,350 14,720 5925 -5 . 
278 (b) METstd -04,230 16,020 6000 -150 6060 5560 

278 (c) METstd -04,230 16,020 6000 -150 6060 5560 

279 (a) METking -05,300 20,850 6000 -80 6000 5750 

279 (b) METking -05.300 20,850 6000 -80 6000 5750 

279 (c) METking -05.260 20,760 6000 -80 6000 5750 

280(a) COR •19.600 20,160 6125 0 6020 5400 

280 (b) 6020 5400 

281 AMT -16,300 12,670 5500 0 5220 4910 

282 AMT -17,000 12,650 5900 -5 5900 5200 

288 NWX •13,560 16,400 4250 -1,420 3970 3720 



Moranei Suptrgan* Dating Samplas • Databasa 

Sampla Sample DrIUHola Collar Plungt Sampla Suptrgwit Rock 
No. Typa Numtiar Eltvation (horlzrtf) Depth (ft) ZOM Typa 
UAKA 92-05 outcrop - - - -

UAKA 92-21 outcrop - - - -

UAKA 92-23 outcrop - - - - Ta 
PDMC 3413 outcrop 3 Xgap 

MOR9-3 outcrop 1(2) 
iMOR9-4 outcrop • • " 3(2) xg 

MET IDS muck Tpgo 
MET 106 muck - - - - Tpgo 

METS200 muck . • - - Xgap 
METB muck - - - - Tpgo 

229S core 2295 5925 -90 1469.0 3 Xg 

2U7 core 2587 5294 -90 63.3 2 Xg 
229 outcrop - - - - 2 Xg 

23« core 2562 5673 -55 1336.5 2 Xg 
239 core 2562 5673 -55 1175.0 3 Xg 
240 core 2570 5119 -55 245.5 3 Xg 
241a core WC-53 5569 -90 942.5 4/5(3) Xg 
242a core WC-68 5081 -90 354.0 3(2) Xg 
243 muck - • • - 3 Xg 
244 muck - - - - 3 Xg 
245 muck - - • • 2 Tpgo2 

245 muck 2 Tpgo2 

247 muck . - - - 1 Tpgo2 

248(a) muck - - - - 3 Xgap 

240(a) outcrop . . - - 1 Xg 
249(b) •» « H m N • » 

249(e) N H m n n • 

250 outcrop - - - - 2 Tpgol 

207 outcrop - - - - 2 Tpgy 

200 outcrop - - - - ? Xgap 

209 muck bh2492 " • • 3 Tpgol 

277 outcrop 1(2) Xg 
270 (b) outcrop - - 1(2) Xg 
270(e) muck - - 1 Xg 

279 (a) muck - - 1 Xg 
279(b) muck - 1 Xg 
279(e) muck - - 1 Xg 
200(a) muck - - 2 Xg 
200 (b) 
201 outcrop - - - 1 Tpgol 

202 outcrop - - - 1 Tpm 
200 muck - - - 1 Tpfl02 
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Morancl Supargmw Dating Samplas • Databasa 

Sampla MInaral Color Separation XRO Thin Geodiem 
No. Section 
UAKA 92-05 alunite 
UAKA 92-21 alunita 
UAKA 92-23 
PDMC 3413 alunito whito s yes - -

chalcocto s 
pyrite s 

MOR9-3 alunita yelkw s yes yes yes 
MOR9-4 alunito white s yes yes yes 

covailito s -

pyrite -

MET 105 jarosito yalkiw s - ? yes 
MET 106 jarosito yalkiw s - ? -

MET 5200 jarosito yellow 8 - ? -

METB jarosito  ̂ yalk)w S - ? -

2295 insuf. sampla . 
2507 quartz>illito pp^grey 8 yes - -

229 alunito>quartz white 8 yes yes yes 
23« alunito pistechk) green 8 yes yes yes 
239 alunito buff yes yes -

240 kaolinito white 8 yes - -

241a kaolinito white 8 yes - -

242a alunito yelk3wish-tt green yes yes yes 
243 alunito white 8 yes yes yes 
244 alunito white 8 yes yes -

245 alunito>quartz white 8 yes yes yes 
cc+py 
cc+py 

246 alunito greenish-brown 8 yes yes yes 
247 alunito pistachio green yes - yes 
248(a) alunito white-ten yes yes yes 

pyrito 8 - -

249(a) insuf. Sample white-ten 8 - - -

249(b) quartz+jarosito yellowish- green yes - -

249(c) illito>quariz white 8 yes yes -

250 alunito pistechk) green 8 yes yes yes 
267 jarosito>quartz brown yes yes yes 
266 jarosito dk brown 8 yes yes yes 
269 alunito^uartz It yeltow - cream 8 yes yes • 

pyrito 8 - - -

m kaolinito white 8 yes - -

276 (b) insuf. Sampla chyrs - green 8 yes - -

276 (c) alunito white 8 yes yes yes 
279(a) alunito*jar»qtz pistechto green 8 yes yes yes 
279(b) jarosito bm-yelk)w 8 yet yes yes 
279(c) kaolinito white 8 yes - -

260(a) alunito-t'kaol'fqtz white 8 yes - -

260(b) akjnito înor qtz cream yes yes yes 
261 alunito w/ tr kaol-Kitz white 8 yes yes -

262 alunite^quartz white 8 yes yes -

266 cryptom^no black 8 }res no no 



Moratci Supargaiw Dating Samplas • Database 

Sampla 
No. 

5"S Aga 
Ma. 

Matliod Comments 

UAKAM-OS 
UAKA 92-21 
UAKA 92-23 
PDMC3413 

+3.5 

+5.8 
-1.9 
•1.2 

7.19+/-0.27 
9.88+/-0.26 
30.0+/. 0.7 

K/Ar 
K/Ar 
K/Ar 

Cook (1994) 
Cook (1994) 
Cook (1994) 
Cook (1994) 
Cook (1994) 
Cook (1994) 

MOR9-3 
MOR9-4 

+1.1 
+0.6 
-0.9 

7.78+/. 0.32 
7.29+/. 0.34 

«'Ar/"Ar 

'"Ar/̂ 'Ar 
Rye (1998), Peters (1999) 
Rye (1998), Peters (1999) 

MET 105 
MET100 
MET 5200 
METB 

•2.0 
•1.3 
-1.3 
-0.7 
+2.0 

5.64+/. 0.12 «'Ar/»Ar Rye (1998), Peters (1999) 
Rye (1998) 
Rye (1998) 
Rye (1998) 

2295 
25S7 
229 
23S 
239 
240 
241a 
242a 
243 
244 
245 

246 
247 
246(a) 

249(a) 
249(b) 
249(c) 
250 
267 
266 
269 

277 
276(b) 
276(c) 
279(a) 
279 (b) 
279(c) 
260(a) 
260 (b) 
261 
262 
266 

14 
1.8 

1.6 
1.8 
04 

-20.5 
-15.6 
1.2 
•0.2 
1.6 
•04 

2.0 
0.6 
•0.5 
0.1 

•04 

14 
1.2 
•0.1 

1.2 
n/s 
1.0 
1.8 

na 
6.31 

7.78+/-0.02 

745+/-0.02 
6.2(7) 

7.01 
na 

na 
7to9 
8.76 

61 
4.33+/-0.44 

8.27+/-0.22 

I.69+/-0.06 
10.71 +/-0.12 
II.0+/-0.24 

9.29+/. 0.06 
na 

0.87+/-0.12 

13.37+/. 0.06 
na 
7 

7.59+/. 0.12 

«Ar/»Ar 

""Ar/̂ Ar 

«Ar/»®Ar 

«Ar/»Ar 

«Ar/®Ar 

/̂Vr/̂ Ar 
«Ar/̂ Ar 

«Ar/"Ar 

^Ar/̂ Ar 
«Ar/"Ar 

^Ar/̂ Ar 

^Ar/̂ Ar 
•Ar/̂ Ar 

«Ar/«Ar 

*®/\r/'®Ar 

'̂Ar/̂ Ar 

«Ar/»Ar 
^Ar/̂ Ar 

Peters (1999) 
Eastoe (1999a), Peters (1999) 
Eastoe (19995), Peters (1999) 

Peters (1999) 
Eastoe (1999a), Peters (1999) 
Eastoe (1999b), Peters (1999) 
Eastoe (1999a), Peters (1999) 
Eastoe (1999a) 

(1999a) 
Eastoe (19998), Peters (1999) 

Eastoe (1999a) 
Eastoe (1999a), Peters (1999) 
Eastoe (1999a) 

Peters (1999) 

Peters (1999) 
Eastoe (1999a), Peters (1999) 

Eastoe (1999a), Peters (1999) 

Eastoe (1999a), Peters (1999) 

Eastoe (1999a), Peters (1999) 
Eastoe (1999a) 

Eastoe (1999a), Peters (1999) 
Eastoe (1999a), Peters (1999) 

Eastoe (1999a), Peters (1999) 

Eastoe (1999a) 

Eastoe (1999a), Peters (1999) 
Eastoe (1999b), Peters (1999) 
Eastoe (199gb), Peters (1999) 
VasconcefcM (pen. commun.) 
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Supergene Dating Sample Descriptions 

Sample # 9-3 
1 to >3 mm wide pistachio green alunite vein filling fractured Xg in leached 

capping in the Haul Road Cut at Western Copper. Two stages of alunite are present. 
Stage 1 is a white alunite, far less abundant than Stage 2, and fills micro-breccias of 
granite in veinlets and micro-fractures. In some areas this appears to be gradational 
between white and pistachio green in color. In other places, the green alunite clearly 
crosscuts and/or fills white alunite-lined selvages. White alunite contains finely divided 
hematite blotches, and small fragments of oxidized wall rock in places. Stage 2 is a 
pistachio-green alunite and represents the bulk of the material. It also contains small 
fi'agments of wall rock and hematite blotches. The color is variable fi-om creamy white (as 
noted in Stage 1) to light green and dark olive. Stage 2 alunite is very fine 
microcrystalline in texture and pervades most of the remaining fractures. The wall rock 
contains strong red hematitic staining and sericitized feldspars. 

Sample #9-4 
1 to 2 cm wide vein of white alunite filling fi'actures in a partially leached in the 

enriched zone in Xg at Western Copper approximately 2 to 3 meters below sample #9-3. 
The sample contains small chalcopyrite grains partially replaced by covellite, isolated 
grains of chalcocite, and 5-6% subhedral non-replaced pyrite in veinlets sub-parallel to the 
alunite vein. The alunite is extremely fine grained microcrystalline in texture even at lOOX 
and it is very uniform mixture of alunite and 10-15% quartz grains. The sample contains 
micro-veinlets of alunite + quartz that are slightly coarser than the larger mass and show 
good uniform extinction patterns that are parallel to the wall of one vein. 

Sample #MET-105 
Earthy, yellow powdery jarosite + quartz with minor goethite and hematite that 

coats and fills a late-stage very coarse-grained quartz-pyrite vein in Tpgoz in leached 
capping along the 5200 Bench at Metcalf The jarosite appears to be a remnant of the 
oxidation of pyrite, which is no longer present in the vein. The remaining quartz grains 
and boxwork are very coarse and typically 1 to 5 mm across. The jarosite was too soft to 
prepare a thin or polished section. 

Sample #229 
1mm to 1cm wide vein of cream to white colored alunite and maroon colored 

hematite that fill a fracture in a quartz vein with angular clasts of quartz of similar 
dimensions. The alunite and quartz vein occurs in a N42W, 74NW fault zone in leached 
capping along the ridge top of Western Copper at an elevation of approximately 5,375 fl. 
The leached capping contains silica and hematite boxworks after pyrite and chalcocite. 
The alunite contains rip-up clasts of quartz from the fracture surfaces. There is a very 
minor amount of sericite intermixed with the quartz in clasts of wall rock. The alunite 
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appears to have filled open space left after the quartz-breccia was cemented with hematite. 
There are no remnant sulfides in the rock. 

Sample if 238 
1 to 2 mm-wide vein of very pure pistachio green alunite, without any quartz or 

wall rock clasts, filling a hematite-quartz vein in quartz-sericite altered Xg. The sample is 
from a leached interval from 1,336 to 1,337 fl in depth in core hole #2562 at Western 
Copper. The zone contains fractured and silicified Xg breccia with hematite-cemented 
clasts and boxworks after chalcocite. The alunite appears to have filled in a dog-tooth-
quartz vein selvage on a hematite vein. There are no sulfides left in the rock. 

Sample U239 
1 to 2 mm wide vein of pistachio-green alunite filling a quartz-hematite vein. The 

sample is fi'om a strongly leached interval in Xg with fi'om 1,175.5 to 1,176 ft in core hole 
#2562 at Western Copper. There are two generations of alunite. The first generation 
consists of small, slightly darker fragments imbedded in a hematite veinlet along the 
margin of the vein and as clasts in the second-generation alunite. The second generation 
of alunite comprises the bulk of the alunite and surrounds or contains stringers of quartz 
and clasts of earlier alunite. The vein contains a 1-cm wide oxidized hematitic selvage in 
quartz-flooded Xg with very minor sericite. The remainder of the sample is white to grey 
in color and contains very sparsely disseminated 0.1mm grains of pyrite +/- diginite (?). 

Sample U242a 
1 to 2 mm-wide vein of pistachio-green alunite that fills a nearly vertical, hematite-

lined quartz vein or fracture in quartz-sericite-pyrite altered Xg. The sample is fi'om a 
zone of partial leaching at a depth of 354 feet in core hole WC-68 at Western Copper. 
The alunite is very pure and microcrystalline, but contains rare clasts of hematite or clasts 
of hematite with alunite. The wall rock contains <1% disseminated pyrite grains <0.1 mm 
in size and less abundant finer-grained chalcocite grains. 

Sample #243 
I to 2 mm-wide white porcelanous vein of alunite filling fi-actures in quartz-

sericite-pyrite altered Xg. The sample is from an enriched sulfide zone in the Metcalf 
4950 bench. The vein cross cuts all quartz-sericite-pyrite veins present in the sample. The 
alunite is slightly birefiingent, and displays a very faint patchwork or hatched texture in 
crossed polars. A weak narrow banding appears to be localized along one edge of the 
vein. There are no iron oxides in the rock, and no sulfides or wall rock clasts in the 
alunite. The wall rock contains very weakly disseminated pyrite grains and <0.1 mm wide 
pyrite + chalcopyrite veinlets (8; I py:cpy) with very a slight dusting of chalcocite on pyrite 
in the widest portion of the veinlet. 
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Sample #244 
1 mm-wide white porcelanous of alunite veinlet along one margin of a 1.5 cm-

wide, complex quartz + pyrite + kaolinite + alunite vein in strongly altered quartz-sericite-
pyrite altered Xg. The sample is from an enriched zone in the Metcalf4850 bench. The 
alunite displays a very faint patchwork or hatched texture in crossed polars and slight 
banding as wisps near the contact with the larger vein. The larger, complex vein contains 
1 to 2 nun long elongate pyrite grains and interspersed alunite wisps in the kaolinite and a 
1-cm wide grey quartz-sericite selvage. The sample contains 4-5% pyrite and 0.5% 
chalcopyrite with a sparse dusting of chalcocite on pyrite disseminated in the wall rock. 

Sample #245 
l-cm-wide quartz + alunite + chalcocite vein in quartz-sericite-pyrite altered 

Tpgoj. The sample is from a residual pod of sulfides in leached capping adjacent to the 
Metcalf breccia (Tbx) and Tpgy in the Metcalf4800 bench near sample #246 and #247. 
The alunite is white, porcelanous, and relatively hard (5). Chalcocite grains and a dark-
grey to black dusting of sulfides occur as a lace around 0.5 to I-cm fragments of alunite 
and quartz. At higher magnifications, (lOOX) the texture appears to be a mesh of "oolitic" 
globules of alunite in a non-birefringent, translucent brown groundmass. The globules 
also occur as "spider web-tike" networks around larger fragments of alunite. The wall 
rock is strongly altered and contains very sparsely disseminated pyrite and veinlets of 
chalcocite replacing pyrite. 

Sample #246 
1 to 2 mm-wide irregular masses of pistachio-green alunite that fill fi'actures and 

open spaces in a hematite +/• quartz vein that is up to 2-cm wide and cross cuts a strong 
quartz-sericite-pyrite stockwork (0.25/cm density) in strongly altered Tpg02. The sample 
is from leached capping along the contact with the Metcalf breccia and Tpgy in the 
Metcalf4800 bench near sample #245 and #247. The alunite is pure, microcrystalline and 
transparent in thin section but medium olive-grey in color under crossed polars. Some 
hematite and quartz fragments occur in the alunite imparting a reddish tint to the alunite. 
The wall rock is strongly quartz-sericite altered without any remaining sulfide minerals. 

Sample #247 
Thin, 0.5 to 1 mm-wide apple-green colored hard porcelanous alunite that fills 

fractures and forms veinlets that cross cut strongly altered Tpg02. The sample is fi'om a 
vein in leached capping in the Metcalf4800 bench near sample # 246 and #245. The wall 
rock contains strong pervasive argillic alteration and hematite. Because the sample was so 
soft, no thin section could be made. 
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Sample #248a 
1.2S-cm-wide white to light yellow colored moderately hard (4) alunite that fills 

and crosscuts a "dog-tooth" quartz +pyrite vein in strongly altered Xg. The sample is 
from a network of similar veins that cross cut earlier quartz—pyrite veins in an enriched 
pod in partially teached zone near the final limits of the Metcalf 5700 bench. The alunite is 
clear in thin section and medium-greenish grey and weakly birefiingent under crossed 
polars. Although the alunite is microcrystalline, it is slightly coarser than most of the other 
samples. The alunite contains clasts of'dogtooth" quartz crystals apparently ripped from 
the wall of the vein, as well as clasts of pyrite. The wall rock is strongly altered to quartz-
sericite-pyrite with minor chalcocite and covellite coating and replacing disseminated 
pyrite. This sample initially appeared to be of possible hypogene origin. 

Sample U249c 
Thin, 0.5 to I mm-wide white, porcelanous illite that fills veinlets in altered Xg. 

The sample is from an outcrop of leached capping with abundant hematite +/- goethite +/-
alunite (?) veins along the north side of the canyon wall in between the Coronado and 
Keystone vein at about 5,475 ft in elevation at Coronado. The illite is pure and 
birefnngent. The sample contains fi-actures with hematite filling and surrounding isolated 
grains of pyrite in places. About 60% of the wail rock contains sericite in feldspar sites, 
and the quartz crystals have a slight reddish tint as a result of finely disseminated hematite. 
There are no remnant sulfides present in the sample. 

Sample ff250 
1.5 cm-wide, pale apple green alunite + quartz vein that cross cuts a stockwork of 

quartz-sericite-pyrite veins in TpgO|. The sample is from a remnant sulfide zone in the 
upper partially leached portion of the enriched blanket in the road cut at Hennessey Hill at 
Northwest Extension. This is an actively weathering zone and chalcanthite coats some 
outcrop surfaces. The alunite is extremely fine-grained microcrystalline but contains 4-5% 
small 1 to 2 mm quartz grains, rare sericite-altered clasts of wall rock and pyrite grains. 
There are two generations of alunite. The first generation occurs as sparse 0.5 to 1 mm-
wide darker green clasts in a matrix of younger alunite. The vein contains a 1 to 2 mm-
wide texturally destructive sericite selvage along both sides of the alunite vein. There is 
no evidence to distinguish whether or not the selvage could be a result of wall rock 
alteration is related to the alunite vein or a remnant of a pre-existing hypogene sericite 
vein. The wall rock is strongly sericitized and contains 2-3% disseminated pyrite, 
although the crowded feldspar phenocryst texture is still evident at a hand lens scale. This 
sample is from the same outcrop as #92-05 from Cook (1994). 

Sample #267 
1 to 2 mm-wide brownish yellow jarosite vein filling a hematite + goethite filled 

quartz vein in strongly altered Tgpy. The sample is from a zone of leached capping in 
partially leached sulfides along the brecciated margin of the Younger Granite Porphyry 
stock on the 4300 bench at Northwest Extension. The jarosite did not survive sample 
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preparation and was not evident in the thin section. The wall rock is strongly sericitized, 
although feldspar phenocrysts and remnant hornblende laths are still evident. The rock 
contains -1% finely disseminated pyrite and -0.5% finely disseminated chalcocite. The 
outcrop is fractured and contains black Mn-Oxides and jarosite associated with hematite in 
the leached zones. 

Sample U268 
Thin, brownish yellow jarosite vein filling quartz-sericite-pyrite altered aplite (Xg). 

The sample is fi'om leached capping at the final limits of the 5300 bench in the Standard 
Ridge area of Metcalf The jarosite is soft and didn't survive sample preparation and was 
not evident in the thin section. The wall rock contains 35-40% interlocking quartz crystals 
within a groundmass of very fine-grained sericite that replaces the feldspars. Rare biotite 
grains are still present in places. The sample contains 3-4% disseminated pyrite and very 
rare chalcocite and covellite. 

Sample U269 
0.5 to 3 mm-wide tan to green alunite filling a wedge-shaped fracture that cuts a 

quartz vein stockwork in fractured and brecciated TpgO|. The sample is fi'om a sulfide 
zone with abundant alunite + pyrite veins on the 4850 bench in the Standard Ridge area of 
the Metcalf pit. The alunite is pure and very fine-grained microcrystalline in texture. The 
wall rock is weakly to moderately altered with sericite in feldspar sites and abundant 
quartz (up to 60% of the sample in places). The sample contains highly variable amounts 
of pyrite ranging from 0-10% of the wall rock often associated with dark-grey quartz. 
Chalcocite is not evident, but rare covellite grains are present. 

Sample U278c 
1 to 3 mm-wide white to cream colored alunite vein that coats a pyrite vein in 

strongly altered Xg. The sample is from a remnant sulfide zone in a partially leached 
portion of the upper enriched blanket along the 6000 bench at the top of Standard Ridge 
at Metcalf The alunite is transparent in thin section but kacki green to grey under crossed 
polars and very fme-grained microcrystalline in texture. Only one generation of alunite 
appears to be present and no banding is evident. The alunite contains rare clast of quartz 
and pyrite. The wall rock is weakly to moderately altered with sericite replacing feldspar. 
The sample contains un-oxidized pyrite with rare chalcocite coatings and rare, isolated 
covellite. 

Sample U279a 
1 to 3 mm wide yellow to greenish yellow vein of jarosite + alunite that coat a 

fi'acture in altered Xg. The sample is from an actively leaching zone one bench below the 
King Mountain water tanks on the 6000 bench at Metcalf near sample #279b. The sample 
contains two generations of jarosite. The first generation is a dark mustard yellow and 
appears to have been cross cut by a second generation of alunite + jarosite in thin wisps 
that appear to be interleaved with the first generation jarosite. Rare quartz grains and 
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clasts of granite are entrained in the jarosite/alunite. The wall rock is weakly altered with 
sericite developed along the margins of the feldspar crystals and increasing in intensity to a 
dusting towards the vein selvages. Red hematite staining pervades the selvages at the 
margins of the veins. The wall rock contains 1-2% disseminated pyrite in the more 
strongly altered areas. 

Sample #279b 
~1 cm-wide brown to yellow jarosite + hematite vein cutting altered Xg. The 

sample is strongly leached and from an actively leaching zone one bench below the King 
Mountain water tanks on the 6000 bench at Metcalf near sample #279a. Two generations 
of jarosite are evident in the sample. The first generation is the bulk of the material and is 
yellow and moderately birefHngent under crossed polars. The second generation is more 
coarsely microcrystalline and fills interstices and fractures in the first generation jarosite. 
No alunite is evident in the sample. Jarosite with finely disseminated points of hematite 
fills the vein and was deposited on a O.S to I mm-wide wall of deep reddish-brown 
hematite. Hematite also fills veinlets sub-parallel to the jarosite vein. The wall rock is 
moderately altered with sericite replacing feldspars and disseminated hematite spots, 
presumably replacing precursor sulfides. No remnant sulfides are present in the sample. 

Sample î 280b 
0.2 to I mm-wide cream-colored hard (4-S) porcelanous alunite with concoidal 

fracture filling a vein in quartz-sericite-pyrite altered Xg. The sample is fi'om the top of 
the partially leached, enriched blanket at 6,125 fl on the top of Meade Peak at Coronado. 
This is the highest elevation sample in the collection and presumably the oldest. The 
alunite is kacki-colored under crossed polars and is very fine-grained microcrystalline with 
1-5% inclusions of pyrite that are coated with chalcocite and are partly corroded with thin 
reaction rims of jarosite (?) or hematite. Pyrite also occurs in the wall rock along the very 
sharp contact with the vein. The wall rock is moderately sericitized with disseminated 
pyrite and chalcocite and rare grains of covellite. Both the pyrite and chalcocite and pyrite 
appear to be partially leached. 

Sample #28J 
2 to 3 cm-wide white to pink colored alunite filling and coating fractures and as 

breccia matrix in altered TpgO|. The sample is from a N32E, 57SE fault that is sub-
parallel to the Producer fault in the leached capping along Highway 191 at American 
Mountain a few hundred feet below sample #282. The alunite is older than the last 
movement on the fault and contains slickenlines with an 80NE rake in the fault plane. 
Two generations of alunite are evident in the sample. The first generation is white, 
shreddy (similar to sample #243) alunite with abundant blebs and 0.5 to I mm wide 
veinlets of hematite along the outer margin of the sample. The edges of this generation of 
alunite are cream colored and the interior is chalky white and may include some kaolinite. 
The second generation of alunite is pink and very fine-grained microcrystalline, pure 
alunite with abundant disseminated grains or spots of hematite that impart a pink color to 
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the alunite. The hematite spots occur along "cleavage" planes or micro-fractures in the 
hematite and also appear to be "bleeding" along fi'acture planes across both generations of 
alunite. No wall rock or remnant sulfides are present in the sample. 

Sample #282 
2 to 3 cm-wide white to light yellow alunite filling fractures in quartz-sericite 

altered Tpm. The sample is from a N23E, 80Se fault zone in a strong fracture stockwork 
zone developed in surficial leached capping on the upper flanks of American Mountain a 
few hundred feet above sample #281. The alunite is older than the last movement on the 
fault and contains slickenlines with a rake of 48NE in the plane of the fault. At least two 
generations of alunite appear to be in the sample. The first generation occurs as small 
clasts or islands of alunite mixed with kaolinite that are imbedded in a later generation of 
alunite that occurs in discrete veins with sharp contacts with I to 2 mm-wide, hematite 
veins or alunitized wall rock. This later alunite cross cuts alunite that floods the 
groundmass of the rock up to 0.6 cm from the alunite vein and contains disseminated 
hematite and hematite boxworks (?) in places. Some regions of the sample contain 
remnant quartz-sericite alteration of the original porphyry. No remnant sulfides are 
present in the sample. 
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