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ABSTRACT 

Copperstone is a mid-Tertiary "detachment gold" deposit 

that is herein classified as a new subtype of volcanic-hosted 

epithermal precious-metal deposi t. The ores are hosted by 

upper plate Jurassic quartz latite porphyry rocks and Tertiary 

sedimentary breccias that are composed solely of Jurassic 

quartz latite porphyry fragments and debris. Mineralization is 

mainly restricted to the copperstone Listric Fault and to a 

lesser extent along NE- and NW- striking high-angle faults. 

Alteration associated with gold mineralization is mainly 

chloritization, silicification, and potassic alteration 

(adularia). Hypogene mineralization can be divided into 3 

paragenetic stages: early amethyst-quartz-chlorite

specularite-hematite-AuO; late fine-grained euhedral quartz

adularia-chrysocolla ±malachite ±magnetite ±chalcopyrite-pink 

fluorite-barite-ankerite-calcite-Auo; and barren quartz-pale 

green fluorite-barite-hematite. Gold occurs as free particles 

or as encapsulations in amethyst and late fine-grained quartz; 

this study reports the first results about the relation 

between quartz and gold with physical evidence shown in 

photos. Electron microprobe microscopy has revealed for the 

first time the composition of chlorites associated with the 

gold deposits in quartz-chlorite-specularite-Au veins as iron

rich chlorite with Fe:Mg ratios of 5:1, along with the 

presence of Cu incorporated in its structure. 
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Fluid inclusion studies of amethyst, late fine-grained 

quartz, and fluorite indicate that gold was deposited at an 

average temperature of 290°C from boiling fluids of apparent 

salinities ranging from 11.7 to 19.9 wt% NaCI equivalent, 

ending with 190°C and 25.5 wt% NaCI equivalent. Copperstone 

was created during a late stage of detachment faulting. 

Localization of gold deposition was controlled by boiling and 

this study reports the first detection of boiling in a 

detachment-related deposit. Deposition of gold was related to 

the circulation of brine fluids driven by hot mid-Tertiary 

granitic lower plate rocks that may have also contributed 

water and jor metals, causing ascending brines to move along 

the N- to NE- dipping Moon Mountain Detachment Fault at the 

Copper Peak area to the south. The fluids continued to ascend 

along the Copperstone Listric Fault and a series of high angle 

NE and NW faults that cross-cut the Copperstone Listric Fault. 

This structure acted as conduit that was kept open by ongoing 

faulting without deposition until the fluids reached the 

boiling stage, perhaps as a result of decompression. The 

boiling fluid mixed with another less saline fluid within the 

ore horizon, a mixing that led to the precipitation of gold 

mainly along the brecciated hangingwall and footwall of the 

Copperstone Listric Fault, as open space-fillings and 

replacement mineralization. These fluids ended as a cold, 

highly saline one. 
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Variations in 034S indicate that two different fluids were 

involved in the system, a deep-seated lighter hydrothermal 

fluid that mixed with a basin brine that was heavier. 0 180 

values from carbonates confirms the extent of isotopic 

exchange with an aqueous reservoir that indicates that 

oxidation accompanied gold deposi tion. The entire system 

provides an outstanding ground preparation for gold deposition 

that was created during the extensional tectonism. 
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CHAPTER 1 

1.1 INTRODUCTION 

Cordilleran metamorphic core complexes and their associated 

low-angle normal detachment faults are interpreted as products 

of large magnitude crustal extension. They are scattered in a 

sinuous string along the axis of the western North America 

Cordillera from southern Canada to northern Mexico (Coney, 

1980; G.A. Davis, 1989). These distinctive features have been 

recently recognized in parts of Greece, China, and New Guinea, 

which indicates that Cordilleran metamorphic core complexes 

are general products of extensional tectonism (Spencer and 

Reynolds, 1989). 

Large displacements on mid-Tertiary detachment faults 

(Fig.1) have resulted in isostatic uplift and denudation of 

hot, deeper mylonitic lower plate crystalline rocks that have 

been transported upward and outward beneath a brittlely 

distended upper plate that moved laterally (G.A.Davis, 1988). 

Upper plate rocks are generally cut by listric and planar 

normal faults that bound half-graben basins, and that merge 

tangentially downward with, or are cut by, the underlying 

detachment fault (Fig.1). Detachment faults are major features 

of many mountains and ranges in the Basin and Range Province. 

Probably nowhere in the United States Cordillera are 

detachment faults more widely ~n4more spectacularly developed 
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than in the region that borders the lower Colorado River in 

southernmost Nevada, southeastern California, and southwestern 

Arizona (G.A.Davis, 1988; Spencer and Reynolds, 1989). One of 

the conundrums of southwestern North America Economic Geology 

at the moment is that of the importance of the role played by 

detachment faults in mineralization models, especially with 

respect to gold. The Copperstone mine near Parker, the Newsboy 

near Wickenberg, the Picacho mine near Quartzsite, the Planet 

in the Buckskin Mountains, and several others are said to be 

detachment-fault related, and there are a dozen significant 

districts in southwestern Arizona, southern Nevada, 

southeastern California, and even into Mexico's Sonora and 

Baja California states that are being reassessed in the 

context of detachment systematics. Scores of exploration 

projects in the region involve the phenomenon. While 

explorationists are progressing, there is a continuing effort, 

largely through the Arizona Geological Survey and Dr. Jon 

Spencer's group, to unravel the structural-geochemical

geothermal aspects of detachment faulting and metamorphic core 

complexes in the larger picture. There have been some broad 

studies of the detachment environment through regional 

structural-tectonics and through general stable isotope 

analyses of related hydrous minerals and the extent of 

potassium metasomatism associated with them (Roddy et al., 

1988). But no one has actually taken the seemingly fundamental 
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tack of studying the fault environment itself. 

This study has focused detailed studies of al teration

mineralization that yield the first comprehensive data on 

lithologic-geologic-chemical variations at the Copperstone 

mine and has defined the timing, geochemistry, and occurrence 

of gold encapsulated in amethyst, quartz, and calcite there. 

Electron microprobe microscopy has revealed for the first time 

the composition of chlorites associated with gold deposits in 

quartz-chlorite-specularite veins as iron-rich chlorite with 

Fe:Mg ratios of 5:1, along with the presence of Cu 

incorporated in its structure. One objective of this study is 

to assess the fault planes as fluid conduits, recognizing that 

the passage of copious fluids of from one to four sources has 

been argued because of the obvious alteration effects. the 

Copperstone deposit was selected for study because it displays 

both "classic" specularite-chalcopyrite-chrysocolla "Swansea

type" mineralization and siliceous gold ores, both in a 

presumed detachment-related tectonic setting. The objectives 

of the study included description and geochemical

geochronologic analysis of the mineralization retinues. But 

whether those detachment fault fluids are tectonogenetic 

effects produced by the detachment processes themselves or 

represent opportunistic use of the induced permeability that 

the faults provide by fluids of epithermal or basin brine 

origin has not been assessed until now. This study has 
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revealed that the detachment fault acted as conduit that was 

kept open by ongoing faulting without deposition until the 

mineralizing brine fluids reached the boiling stage, perhaps 

as a result of decompression, and then mixed with other fluids 

that led to the deposition of gold. 

1.2 LOCATION AND ACCESS 

The Copperstone mine is located in La Paz County, Arizona, 

about 25.6 km north of Quartzsite (Fig.2). The mine is closed 

and has been inactive since November, 1992. There was good 

access by u.s. Highway 95 for 19.2 km N from Quartzsite, then 

NW on a graded road for 9.6 km to the mine. The deposit, owned 

by Cyprus Minerals Company, is located on 290 contiguous 

claims. To the southwest 2 • 2 km from the mine, the Moon 

Mountain Detachment Fault is exposed at the northeastern tip 

of the eastern Moon Mountains, is known to extend under the 

Coppers tone mine, and has been genetically linked to its ores. 

1.3 PREVIOUS WORK 

Early studies of the Buckskin and the Rawhide Mountains 

were done by Bancroft (1911), who recognized several types of 

mineralization, general mineral assemblages, and host rock 

lithologies in the central and western Buckskin Mountains. He 

commented on the intense structural deformation within the 

orebodies but did not recognize their tectonic setting. 
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Blanchard (1913) mapped what we now recognize as the general 

detachment fault as a depositional contact between Precambrian 

units and suggested that the deposition of cupriferous 

specularite was due to hot spring activity associated with 

Tertiary volcanism. Darton (1925) interpreted the detachment 

faul t surface in the westernmost Buckskin Mountains as an 

overturned depositional contact. Wilson and Moore (1959) and 

Wilson (1960) presented the first moderately accurate geologic 

maps of the Buckskin and Rawhide Mountains and interpreted the 

detachment fault as a thrust fault. Even though the low-angle 

faults in the Buckskin and Whipple Mountains were mapped by a 

number of geologists (Ransome, 1931; Wilson, 1960; and Terry, 

1972), the magnitude of the involvement of the Tertiary units 

was not recognized prior to work by Shackelford (1976) in the 

Rawhide Mountains. He firmly established the existence of the 

gently dipping Rawhide detachment fault as a normal fault of 

mid-Tertiary age. Petro fabric study of the mylonitic lower 

plate revealed that the sense of shear during mylonitization 

was the same as the sense of shear along detachments during 

fault movement (Davis et al., 1986; G.A.Davis and Lister, 

1988). Wernicke (1981, 1985) was the first to propose the now 

accepted model for mylonitization. Shackelford (1980) and G.A. 

Davis and others (1980, 1982) suggested an early Tertiary or 

Late cretaceous age for mylonitization in the area. In 

contrast, Rehrig and Reynolds (1980) proposed a mid-Tertiary 
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age of the mylonitic fabrics based on similarity of known or 

suspected mid-Tertiary age mylonitic fabrics in similar 

tectonic settings elsewhere in Arizona. Reynolds (1980), 

Wilkins and Heidrick (1982), and Beane and others (1982) 

first recognized that detachment-related mineral deposits 

represent a distinct, previously unrecognized deposit type. 

These deposits were further characterized by Spencer and Welty 

(1985) and Wilkins and others (1986). All of them interpreted 

detachment fault zones to be primary conduits for specialized 

ascending mineralizing fluids. 

1.4 STATEMENT OF THE PROBLEM 

Aspects of detachment faults extend as much as 100 kms 

laterally and up to 15 kms in depth, so they are indeed major 

structural and potential geohydrologic features. That they 

localize hematite-magnetite-gold mineralization and local and 

district scale alteration effects is well established, but 

their genetic association with major gold deposits is still 

controversial and details of mineralogical and chemical 

response have not been well known or understood. The discovery 

in 1980 of the Copperstone gold deposit north of Quartzsite in 

west central Arizona, which has been considered to be related 

to the Moon Mountain detachment fault, doubled the production 

in 1988 of gold in Arizona over earlier years (Spencer, et 

al., 1988) and has spurr~ mare 1n~ e~ploration interest 
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in the North Plomosa District. The Copperstone gold deposit 

lies in a geologic setting that is characteristic of large 

areas of west-central Arizona that have been affected by 

detachment faults (Fig.3, on which detachment faults are shown 

with barbs on their upper plates). For that reason, 

Copperstone was selected to represent a gold detachment

related deposit and to provide a more detailed 

characterization of an area not previously identified as a 

mineralized district (Spencer et al., 1988). Since the 

publication of Spencer and others (1988) on. Copperstone as a 

preliminary study, no one has derived or published new data 

toward classifying this deposit in the context of economic 

geology nor have detailed lithologic variations been developed 

to represent it on the Arizona geologic map. The mine 

discovery and these recent results have led to renewed 

interest in potential detachment-fault-related mineral 

deposits. One of the most characteristic expressions of the 

detachment environment is the widespread, almost ubiquitous 

occurrence of hydrothermal mineralization from metal-rich 

brines that may have been expelled from synorogenic basins 

during detachment faulting, (Spencer and Welty 1985, Roddy 

et.al 1988, Beane and others 1986, and Wilkins et al., 1986). 

This study revealed that the Copperstone Listric Fault that 

controlled gold mineralization at Copperstone is a continuous 

one from the Moon Mountain Detachment Fault to the 
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surface that served as fluid migration pathways during 

detachment faulting. the mechanism of ore deposition will be 

explained in detail in Chapter 9. 

1.5 METHODS AND APPROACHES 

The plan of study has been to sample mineralization and 

alteration intervals associated with detachment faults that 

are enriched in gold, especially as represented by the 

Copperstone mine deposit. solving the problem focused on: 

1. The alteration-mineralization paragenesis, to examine 

alteration mineralogically, petrographically, and 

geochemically, and to establish the nature of the role of the 

detachment surfaces and zones to gold transport and to gold 

mineralization. Samples for petrographic studies were 

collected to cover all lithologic variations and consequently 

their geochemical variations. Almost 150 samples were selected 

for standard and polished thin section preparation for 

examination of both translucent and opaque minerals. XRD 

techniques were carried out to quantify the alteration

mineralization, and were done on variations in alteration 

assemblages. Electron microprobe analysis was used to analyze 

chlorite overprinted on the mylonitized crystalline lower 

plate and chlori tization in the upper plates to evaluate 

differences in their chemical compositions and their relation 

to the fluid-type that caused their emplacement; 



29 

2. Sixty two whole rock major and trace element analyses to 

permit alteration evaluation and assessment of gains and 

losses during alteration, with isocon diagrams used 

unsuccessfully to identify and assess the extent of oxide and 

trace element mobility~ 

3. Fluid inclusions in about 25 doubly polished sections of 

amethyst, quartz, calcite, fluorite, and barite to examine 

fluid composition, geothermometry, trapping conditions, and 

depositional mechanisms related to the detachment fluid 

characteristics. Geochemical models, alteration studies, and 

fluid inclusion data permit construction of genetic models for 

these deposits; and 

4. Stable isotopes (C, 0, and S) to characterize the isotopic 

signature of the rocks and fluids in order to determine fluid 

sources and probable mechanisms of deposit formation. Four 

samples of barite were analyzed for sulfur isotopes that 

covered early, syn-, and late-stage related mineralization and 

eight samples were collected for carbon and oxygen isotopes 

using limestone ano hydrothermal carbonates. 
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The Buckskin and Moon Mountains are located within the 

Basin and Range Province of southwestern North America. Middle 

Tertiary tectonic activity in Arizona was dominated by 

widespread normal faulting and fault-block rotation that 

accommodated major NE-SW- to ENE-WSW- directed crustal 

extension (Spencer and Reynolds, 1989). Movement on low- to 

high-angle normal faults, and on many high-angle normal 

listric faults, is known or suspected to be truncated downward 

by, or to flatten downward and merge with, major sub

horizontal detachment faults. 

2.2 GEOLOGY OF THE MOON MOUNTAINS 

At the Copperstone mine, only upper plate rocks are 

exposed, and even moderately deep drill-hole data failed to 

confirm the presence of the subjacent(?) detachment fault. To 

the south, the exposed Moon Mountain Detachment Fault in the 

Copper Peak area is known to extend under the Coppers tone mine 

and is genetically linked to its ores. For this reason, to 

have a complete package representing the lower plate, the 

detachment surface, and the upper plate, the Moon Mountain 

detachment surface and its lower plate rocks were selected for 

study. ~revious work in the Moon Mountains area has largely 
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revolved around the mining resources and potential of the 

Colorado River region. The area was heavily prospected and 

locally mined in the late 1800' s and early 1900' s for base and 

precious metals, and from 1988 until November 1992 it has been 

the site of gold production from Cyprus Mineral's Copperstone 

mine, an open pit operation 2.2 km to the north of the Copper 

Peak area to the NE of the Moon Mountains. The general 

distribution of rock types in the Moon Mountains area is shown 

on the Arizona Geologic Map (Reynolds, 1988) with the 

identification of crystalline gneisses and metamorphosed 

Mesozoic rocks. Buising (1988) included outcrops of the upper 

Miocene to lower Pliocene Bouse Formation at Moon Mountain. 

Knapp (1989) presented the first detailed study of the geology 

and structures of the Moon Mountains, on which most of the 

following discussion is based. 

2.2.1 STRATIGRAPHY 

The Moon Mountains area is situated in the westernmost 

exposures of the regional Whipple-Buckskin-Rawhide detachment 

system of mid-Tertiary age (Fig.3), a system associated with 

profound crustal extension in the Colorado River extensional 

corridor (Howard and John, 1987) and centrally located within 

the Maria fold and thrust belt (Reynolds et al., 1986), which 

extends from southeastern California to the Harquahala 

Mountains of central Ari20n4 (Fig. 3). The Moon Mountain 
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Detachment Fault exposed in the Copper Peak area of the 

northeastern Moon Mountains carries sedimentary and volcanic 

rocks of Paleozoic, Mesozoic, and Tertiary age over a 

ductilely deformed footwall consisting primarily of granitic 

intrusive rocks (Fig.4). The top of the granitic lower plate 

rocks are marked by a brecciated granite (Fig.5). Copper Peak 

granite is exposed over an area of -2 Km2 surrounding and to 

the south of Copper Peak, in the northeastern part of the Moon 

Mountains. This unit is truncated by the Moon Mountain 

Detachment Fault along the northern margin of the Copper Peak 

granite. A weakly- to strongly- developed tectonic fabric is 

present over much of the exposed extent of the granite, and is 

characterized by flattened and stretched quartz grains and 

deformed potassium feldspar (Knapp, 1989). The age of the 

Copper Peak granite is inferred by Knapp to be younger than 

Jurassic, based on intrusive relations with the Jurassic 

quartz porphyry, and Tertiary, based on compositional and 

textural similarity to other biotite-bearing granites in the 

Moon Mountain area. A small stock of porphyritic biotite 

grani te intrudes the Copper Peak grani te, and is 

differentiated from the Copper Peak granite by higher biotite 

content and consequent dark color. This granite carries a 

locally developed foliation consisting of flattened quartz 

grains, but the rock is generally not foliated, and is 

interpreted by Knapp to be late- to post- tectonic with 
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Figure 4 • Tertiary granites in the footwall of the Moon 
Mountain detachment fault at the copper Peak area 
2.2 km from Copperstone. 

Figure 5 • Brecciated hematitic granite marking the top of 
the lower plate in the Hoon Mountains at the Copper 
Peak area 2.2 km from the coppers tone mine. 
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respect to the development of mylonites in the footwall of the 

Moon Mountain Detachment Fault. Early Miocene age (20.8 ± 3.2) 

is reported by U-Pb zircon from this biotite granite (Knapp, 

1989). These granites possess only one foliation, where they 

are deformed, and the fabric is characteristically the 

Tertiary mylonitic fabric. The third granitic rock, the 

hornblende biotite granite, appears to intrude the biotite 

granite, therefore Knapp inferred an age to be early to mid

Miocene. Hence, the biotite granite that intrudes the Copper 

Peak granite and is intruded by the hornblende biotite granite 

revealed an age of 20.8 ± 3.2, from U-Pb in zircon, so the 

Copper Peak granite is interpreted to be roughly coeval with 

biotite granite (Knapp, 1989). These rocks record a 

complicated history of deformation, metamorphism, and 

magmatism that characterizes much of the Moj ave-Sonoran Desert 

area of the southwestern Cordillera (Knapp, 1989). 

The Moon Mountains are made up of two elongate NE-SW and 

NW-SE ridges (Fig. 6). The Coppers tone gold depos it I ies in the 

hanging wall of the N- to NE-dipping Moon Mountain detachment 

fault that is exposed at the northern tip of the eastern Moon 

Mountains almost 2.2 kID from the Copperstone mine (Fig.6). The 

Moon Mountain detachment fault separates two geologically 

distinct regional areas: the Buckskin, Rawhide, and northern 

Plomosa to the NE that are well ~epresented, and the Dome 

Rock, southern Plomosa and most of the Moon Mountains to the 
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south that detachment fault are unexposed (Fig.3, Spencer et 

al., 1988). Evidence of copper-iron mineralization has been 

detected in the brecciated rocks as specularite and 

chrysocolla, as in many of the detachment fault deposits 

elsewhere in west-central Arizona. The hanging wall rocks are 

made up of metamorphosed Jurassic quartz latite porphyry (138 

to 205 m.y., Spencer et al., 1988) as fault bounded slivers. 

The quartz lati te porphyry is intruded by the Tertiary 

granitic lower plate rocks (Knapp, 1989). Limited outcrops of 

Jurassic quartz latite porphyry along the hanging wall of the 

Moon Mountain Detachment Fault were recorded by Knapp (1989). 

Knapp found the stratigraphic relations o! Jurassic quartz 

latite porphyry with the metasediments unclear, but he 

inferred that this uni t overlies the metasediments. The 

sedimentary rocks and sediments that form the Moon Mountains 

range in age from PreCambrian to Recent and are represented by 

carbonate, quartzite, conglomerate, sandstone, and 

unconsolidated gravel that occurs in the Copper Peak area as 

small outcrops in the hanging wall of the Moon Mountain 

detachment fault, where they are variably faulted, tilted, and 

brecciated (Knapp, 1989). Drill-hole #9, NW of the Copperstone 

mine (Fig.6) , shows a contact between the deeper metasediments 

and the metavolcanics above (Fig.7). Jurassic quartz latite 

porphyry is intruded by the Copper Peak Tertiary granite, 

which produced baked and altered zones near the contact. 
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as seen in diamond drill core. All units in the upper plate 
of the Moon Mountain Detachment Fault. 
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Miocene basalt (14-16 Ma) Knapp and Walker, 1989) occurs as 

flat-lying flows of dark brown- to black-·weathering mafic 

volcanic rocks associated with coarse-grained sandstones north 

of the Copper Peak area. This basalt is younger than basaltic 

rocks at copperstone ( Early Miocene, Shafiqullah, pers., 

comm. ) • 

2.2.2 STRUCTURE 

Detailed work on the Moon Mountains had been done by Knapp 

(1989), and the northern tip of the eastern Moon Mountains has 

been studied by Spencer and others, 1988. The Moon Mountains 

area has been affected by both Mesozoic thrust faulting and 

Tertiary detachment faulting. These deformational episodes 

have been identified regionally in surrounding ranges as the 

late Cretaceous Maria fold and thrust belt (Reynolds and 

others, 1986) superimposed by the mid-Tertiary Whipple

Buckskin-Rawhide-Bullard detachment terrain (G.A.Davis and 

others, 1980; Reynolds and Spencer, 1985; and many other 

workers). The maj or structures of the northeastern Moon 

Mountains consist of the Mesozoic Valenzuela thrust fault and 

the Moon Mountain detachment fault (Fig.6). Late Cretaceous 

thrusting in the Valenzuela area of the southern Moon 

Mountains resulted in the emplacement of an assemblage of 

megacrystic Jurassic quartz syenites and Pr~cambrian gneisses 

and schists over a deformed Paleozoic sedimentary sequence 
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(Knapp, 1989) that has been metamorphosed to lower amphibolite 

sedimentary facies. The Valenzuela thrust fault dips 

moderately to the SE, and movement on the thrust was multi

staged, with apparent evidence of S- and N- directed phases of 

movement (Knapp, 1989). The Moon Mountain Detachment Fault, 

exposed in the Copper Peak area of the northeastern Moon 

Mountains, carries sedimentary and volcanic rocks of 

Paleozoic(?), Mesozoic, and Tertiary ages above a ductilely 

deformed footwall consisting primarily of Mid-Tertiary Copper 

Peak granite (Knapp, 1989): the Moon Mountain Detachment Fault 

continues in the subsurface downdip to the northeastern side 

towards the Copperstone mine (Fig.8). Ductile fabrics exhibit 

a consistent top-to-the-northeast sense of shear (Knapp, 

1989). An early Miocene age is recorded by Knapp (1989) by U

Pb methods using zircon in biotite granite footwall rocks 

(20.8 ± 3.2), the age of the rock being the maximum age of 

development of ductile fabrics in the footw2.11 of the Moon 

Mountain detachment fault. That biotite granite is coeval with 

the Copper Peak granite footwall rocks of the Moon Mountains 

Detachment Fault at Copper Peak area (Knapp, 1989). These 

Tertiary ductile fabrics require that the rocks originated at 

depths and temperatures sufficient to produce well-developed 

mylonitic fabrics, and that the original brittely-deformed 

surface breakaway for the detachment system (Fig.1) is not 

preserved in this area (Spencer et al.,1988 and Knapp, 1989). 
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CHAPTER 3 

GEOLOGY OF THE COPPERS TONE MINE 

3.1 INTRODOCTION 

The Copperstone mine is located in La Paz County, Arizona, 

25.6 km N of Quartzsite and 2.2 km N of the Copper Peak area 

at the northeastern extremity of the Moon Mountains (Fig.6). 

Three small outcrops of brecciated Jurassic quartz latite 

porphyry with mineralized amethystine quartz were exposed at 

the deposit prior to pit developent. They were surrounded by 

alluvium, and contained traces of gold that led to the 

discovery of the Copperstone deposit (Spencer, et al., 1988 

and Gyger, P., pers., comm.). The mine surface area is a 

peneplained, dry, sandy terrain with several small knolls 

about 12 m high surrounded by prominent longitudinal sand 

dunes. A caliche-cemented rubble occurs broadly around the 

outcrops that also extends to the Moon Mountains detachment 

fault at Copper Peak. Unconsolidated sands and gravels occur 

in all directions away from the outcrop areas. The alluvium is 

Quaternary channel sediments displaying cut-and-fill channel 

structures where exposed in bulldozer cuts with vertical side 

walls up to 4 m deep as trenches maintained over several years 

of exposure in the pit (Kelsey, pers. comm.), (Fig.9). 

The extent of the deposit was unknown from outcrops, but 



Fiqure 9 • Part of the Copperstone mine represented 
mostly by Jurassic quartz latite 
porphyry, the reddish-brown unit (b) 
and alluvium on the top , the yellowish (a) 
unit. The pit here is about 150 meters deep. 
Looking N. 
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was defined by 73 diamond-drill-core holes of 60 to 260 meters 

depth, averaging 160 meters, and 359 rotary and reverse 

circulation drill-holes of 100 to 280 meters, averaging 190 

meters. The deposit was essentially a subsurface one and has 

been largely mined out, so selected drill cores have been used 

exclusively for three-dimensional description in this study. 

3.2 HISTORY 

No mining or exploration history for this area preceded the 

1960's. The continental Silver claim group was held by Charles 

Ellis of the Southwest Silver Company from 1968 to 1980, but 

the company let the claims lapse in 1980 for lack of 

assessment work after six rotary holes were drilled at widely 

scattered locations. The area was then restaked by local 

prospector Dan Patch of Quartzsite, Arizona. Cyprus-Amoco 

acquired the 64 copperstone claims from Patch in 1980 and 

initiated a drilling program shortly after land acquisition. 

The production of the Copperstone mine was 447,000 ounces of 

gold from 5,880,017 tons of ore grading 0.086 ounces Au per 

ton mined with 41,389,720 tons of waste in 5 years from 1988 

to 1992. In spite of the name neither copper nor silver was 

recovered. 

3.3 STRATIGRAPHY 

The Copperstone gold depoe it lies in the hanging wall of 
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the Moon Mountain detachment fault and flanks and includes a 

volume area of pervasive faulting. The footwall beneath the 

pit floor is mainly composed of Precambrian to Tertiary 

amphibolite metasediments, volcanics, and granitic intrusive 

rocks, with lesser amounts of sedimentary and volcanic 

supracrustal lithologies. A low-angle detachment fault marked 

by a brecciated granite along its plane (Fig.8) separates 

lower plate mid-Tertiary granitic rocks from upper plate rocks 

that consist from bottom to top of Triassic phyllites and 

metasediments, Jurassic quartz latite porphyry, and Miocene 

sediments and olivine basalt (Fig. 7). The bottom and the 

lowest unit exposed in the mine is the Triassic chlori te 

phyllite to calcareous chlorite phyllite that is only known on 

the NW side of the pit; its maximum thickness of 75-90 m is 

revealed in drill hole #9. Carbonate veins cross cut the 

phyllite and range from 1 rom to 6 rom in thickness, and sparse 

quartz veinlets have been identified from the drill-hole. 

Triassic metasedimentary rocks are 240 m.y. old metamorphosed 

sedimentary rocks (Spencer,et al., 1988) forming repeating 

layers of chlorite schist, quartzite, and marble, each up to 

33 m in thickness; they may possibly be equivalent to the 

Triassic Buckskin Formation identified by Reynolds et al., in 

the Buckskin and Rawhide Mountains. The chlorite schist shows 

micro fold "structure; in some parts it is bleached to a pinkish 

rock that is completely silicified and sericitized. This unit 
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and the phyllite are exposed only in drill holes located to 

the NW of the open pit. Jurassic quartz latite porphyry (138-

205 m.y.old, Spencer,et al., 1988) is the main host rock at 

Copperstone (Fig.9), along with sedimentary breccias formed 

totally from the Jurassic quartz latite porphyry. This 

Jurassic quartz latite porphyry is weakly metamorphosed to 

greenschist facies and exhibits foliation resulting from 

muscovite-sericite minerals. Local bleached zones along shear 

zones exposed in the open pit are enriched in sericite and 

silica. The Jurassic quartz latite porphyry is affected by an 

anticline along a north-south fold axis (Kelsey ,G., pers. 

COrnIn., 1990). The brecciated sediments formed the hanging wall 

of the Copperstone Listric Fault that extends 900 m NW-SE in 

strike length and dips 30° NE to about 300 m down dip; the 

breccias are generally about 15 m thick. Gold mineralization 

occurs mostly within this main mineralized breccia zone that 

averages 11 m thick. Gold grades ranged between 0.01 and 0.28 

ounces per ton, with an average of about 0.086 ounce per ton. 

Numerous NW-trending amethyst-quartz-speculari te veins exposed 

in the pit are not brecciated, and do cut the brecciated 

quartz latite; these amethyst veins contain encapsulated free 

gold. 

Miocene basalt at Copperstone varies in composition from 

amygdaloidal olivine basalt to andesitic basalt. At least part 

of the Copperstone area was cQverea QY a basalt flow; it was 
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cross-cut by amethyst-quartz-specularite veins to the 

southeast of the open pit, as revealed in the drill holes. 

This basalt is early Miocene in age (20-24 m.y., Shafiqullah, 

pers. corom.) and older than the Moon Mountain basalt (11.1 

±0.3 Ma, Shafiqullah, pers. comm.) in the Copper Peak area, 

and will be described in the detailed lithologic description 

in Chapter 4. Basalt is the third-ranked and minor host rock 

to the gold deposit at Copperstone. Overburden alluvium 

accounts for about 30% of the waste in the 90 m deep open pit. 

Subcrop ore zones and alluvium are cemented by caliche 

generally less than 1.5 m thick (Kelsey, 1990). 

3.4 STRUCTURE 

Copperstonemineralization is mainly concentrated along the 

low-angle Copperstone Listric Fault, striking about N30W to 

N60W and dipping 20· to 50· to the NE (Fig.10). It shows a 

strong shearing with schistosity textures and conjugate sets 

of planar and curved faults marked by a fault gouge of 5-11 cm 

width. Brecciation is observable in the open pit with 

replacement and disseminated specularite related to the 

Copperstone Listric Fault. steeply NE dipping, NW-striking 

fractures and narrow shear zones are exposed in the pit. These 

zones locally cut quartz-amethyst veins, and they are cut by 

them. A number of other structures also control 

mineralization. Ore in the southeastern portion of the pit 
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occurs both along the copperstone Listric Fault and along a 

low-angle structure located in the footwall of the Copperstone 

Listric Fault. Ore grades extend along the Copperstone Listric 

Fault to the northwest to the pit edge, and the mineralization 

also continues beyond the pit edge along the footwall 

structure. High-angle northwest-striking faults have been seen 

in the pit that are steeply dipping at 70·-80· to the NE 

(Fig.l0). Minor mineralization has been identified along these 

faults. All mineralization is cut off at the southeastern edge 

of the pit by a NE- striking fault that dips to the southeast. 
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CHAPTER 4 

PETROGRAPHIC STUDIES AT COPPERSTONE 

4.1 INTRODUCTION 

A mineralogical-petrological study of the main ore zone and 

related mineralized zones was designed to determine (a) 

mineral assemblages and compositions, (b) textural 

relationships, especially those that assist in determining 

temporal relationships of successive assemblages in the 

rocks, their overall genesis, and their manner of deposition, 

(c) spatial distribution of components in the deposits, and 

(d) the effects of metamorphism, alteration-mineralization, 

and deformation on the minerals and deposits. 

Split drill core samples were selected according to 

variations in lithology, alteration, or both. Four holes were 

selected from 73 diamond drill holes as representative of the 

gold mineralization and as covering all significant variations 

of mineralization in the pit and deposit area. About 150 

polished thin sections were prepared to encompass all 

lithologic variations and to study mineralization-alteration 

at the Copperstone mine in detail. The sections were examined 

by petrographic microscope to identify constituent minerals by 

optical properties. X-ray diffractometry was used to identify 

the alteration products and for detailed structural-chemical 

data on alteration phases. 
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Diamond drill cores were used exclusively in this study 

because of the lack of outcrops other than in the pit, which 

itself had removed most key exposures; the. cores provide 3-

dimensional samples in mined-out areas. Seven lithological 

units defined at Copperstone represent upper plate rocks 

consisting of Tertiary basalts, Tertiary sedimentary breccias, 

Jurassic quartz latite porphyry, and Triassic metasediments, 

all covered by Quaternary alluvial deposits. These units which 

are herein designated "Copperstone units (C.U.) 1 through 7", 

are: 

7. Tertiary basalt flows (C.U.7) 

6. Tertiary sedimentary breccias (C.U.6) 

5. Jurassic quartz latite porphyry flows (C.U.5) 

4. Triassic marble (C.U.4) 

3. Triassic quartzite (C.U.3) 

2. Triassic chlorite schist (C.U.2) 

1. Triassic chlorite phyllite (C.U.1) 

unit 1 is the lowest package exposed in the core. units 2 

through 4 represent Triassic (?) metasedimentary rocks that 

are interlayered in the deposit. C.U. 1 through 4 are 

considered to be correlative with the Triassic Buckskin 

Formation (Reynolds and Spencer, 1989), on the basis of their 

lithology and stratigraphic position. The grade of 

metamorphism is low to medium greenschist facies. Anomalous 

gold concentrations are hosted by tne Jurassic quartz latite 



52 

porphyry and Tertiary sedimentary breccia. Minor gold has been 

detected in Tertiary basalts, but vertually none occurs in the 

metasediments and the chlorite phyllites. 

4.2 Triassic Chlorite Phyllite (C.U.l) 

This unit is exposed only at the bottoms of drill holes on 

the northwest side of the pit underneath the Triassic chlorite 

schist, quartzite, and marble (C.U.2-4) (Fig.7). Its thickness 

from drill-hole data is 75 m-90 m., but its lower contacts are 

unknown. The phyllite is fine-grained quartz and chlorite with 

elongate oriented crystals or narrow aggregated lenses (Figs. 

11 & 12). A few of them are up to 3 mm, with wavy extinction. 

Feldspar also occurs as porphyroblasts, but mainly of 

plagioclase and less orthoclase, with variations in size from 

0.2 rom to 1.2 mm. One plagioclase crystal reaches 5.2 rom; it 

is subhedral, prismatic, and partially replaced by sericite, 

chlorite, and calcite. Chlorite is well developed in this rock 

as parallel flakes and sometimes as pods that segregated to 

green and white bands, the green ones made up of chlorite and 

the white ones of quartz and feldspar. Two types of chlorite 

occur in this unit, clinochlore and pennine. The 

characteristic textural features in this unit are the 

ellipsoidal or lensoid shape of quartz and feldspar in a fine

grained matrix that is brecciated and sheared to an augen 

texture. Pseudomorphs of hematite after pyrite are well 
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Figure 11 : Chlorite (green) and quartz (clear) as 
metacrysts in a fine grained matrix of chlorite 
and Guartz in chlorite phyllite, C.0.1. A late 
carbonate vein cuts the rock. Note the lensoid 
texture represented by the quartz grains. PL. 2Sx. 
drill hole # 9- 674. (200m.) 

Figure 12 : X-Feldspar (brownish) and quartz in a fine-grained 
matrix of chlorite and quartz in chlorite 
phyllite, C.0.1. PL. 2Sx. #9-636. (191m). 
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identified in this rock as desseminated fine cubic grains, 

ranging in size from 0.04 mm to 0.2 mm. Phyllite rock is 

replaced in part by carbonates. A free gold grain was found 

encapsulated in late-stage quartz grains in this unit but in 

negligible amount. This rock is correlated with the lower unit 

of the Triassic Buckskin Formation of the Rawhide-Buckskin 

Mountains (Reynolds and Spencer, 1989). 

4.3 METASEDIMENTS 

Triassic metasedimentary rocks are interlayered units of 

marble, quartzite, and chlorite schist that attained a maximum 

thickness reported from the drill holes of up to 33 m, mainly 

found outcropping northwest (DOH #9) of the open pit. 

Microfold- and fault structures with silicification, 

sericitization, and chloritization are common in this unit. 

4.3.1 Triassic Chlorite Schist (C.U.2) 

This rock is composed of chlorite as the principal 

micaceous mineral with quartz . Muscovite and biotite are also 

present up to a maximum of 2%. The rock is made up of 

segregated bands formed by chlorite, magnetite, and quartz 

(Fig.13). Chlorite is green, slightly pleochroic from 

yellowish green to green, as flakes, and with a greenish brown 

birefringence. The species clinochlore, a magnesium-rich 

chlorite, is identified by X-ray diffraction along with 



Figure 13 : Chlorite schist, C.U.2. This rock shows 
layers of chlorite-hematite (after pyrite) 
and coarse quartz and hematite (after pyrite). 
Note the well crystallized pyrite euhedral 
crystal forms. PL. 25x. #9-523. 157(m). 
greenish = chlorite, black = hematite after 
pyrite, and clear = quartz. 
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Figure 14 : crenulation schistosity produced by biotite
chlorite- and quartz rich bands and delineated 
by hematite veinlets in a biotite-chlorite schist 
of C.U.2. XN. 100x. i9-445. 134(m). 
brown = biotite, greenish = chlorite, and clear = 
quartz. 
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anomalous birefringence and positive sign of elongation. 

Quartz is anhedral, granular, ranges in size from 0.04 mm to 

0.2 rom, and has wavy extinction. Zircon and magnetite occur as 

accessory minerals. Zircon is characterized by its high 

relief, sub rounded form, and high birefringence: it ranges in 

size from O. 02 rom to 1.2 rom, and is altered along grain 

borders to hematite. Biotite is partially to completely 

altered to chlorite. Small-scale folding of the original 

schistosity in which the micaceous minerals were aligned has 

produced a crenulation cleavage (Fig.14) formed by chlorite

muscovite-biotite minerals. Carbonate-veinlets and quartz

specularite occur as replacement and open-space fillings, and 

earthy hematite has replaced specularite. This chlorite schist 

is correlated with the lower member chlorite schist of the 

Triassic Buckskin Formation in the Planet-Swansea area 

(Reynolds and Spencer, 1989). 

4.3.2 Triassic Quartzite (C.U.3) 

Quartzite is predominantly composed of quartz (Fig .15) , 

with minor minerals such as biotite and chlorite (Fig.16). 

Quartz grains range in size from 0.08 rom to 0.6 mm, are 

equigranular, granoblastic, and only slightly interlocking 

with equant grains. Some grains are coarser, anhedral, or as 

clusters that are scattered through a fine-grained matrix. 

Quartzose schists interbedded in C.U.2 have a distinct 



Figure 15 : Quartzite of 0.U.3. This rock is composed of 
equigranular, granoblastic quartz that shows 
a polygonal texture where three grains meet 
symmetrically at triple junctions. XN. 100x. 
#9-546. 164(m). 
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Figure 16 : Ohloritic Quartzite of 0.U.3. The rock is made up 
of quartz (clear) and minor chlorite (yellowish 
green). XN. 100x. #9-480. 144(m). 
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foliation and parallelism marked by thin parallel films of 

sericite, crystalline muscovite, biotite, or chlorite. 

Chlorite forms individual flakes, and also appears in platy, 

radial aggregates. Undulatory extinction that indicates 

cataclastic effects is also found. This rock is locally 

replaced by quartz-specularite mineralization.specularite is 

crystalline, with lath-like form, and ranges in size from 0.02 

mIn to 0.12 mIn. Reynolds and Spencer (1989) break out a 

Quartzite Member of the Buckskin Formation that appears to 

correlate well with C.U.3 at copperstone. 

4.3.3 Triassic Marble (C.U.4) 

The rock consists predominantly of calcite with minor 

amounts of siderite-ankerite (Fig. 7). Calcite ranges from 0.04 

to o. 4 mIn and is arranged in an equigranular granoblastic 

mosaic. Grains have irregular margins and tend to form 

interlocking to complexly sutured aggregates. Calcite shows 

twin lamellae and rhombohedral cleavage in thin sections. The 

grain size varies from very fine-grained to coarse-grained 

wi th anhedral to subhedral form and high birefringence. Quartz 

occurs in the matrix as very fine to fine grains and as quartz 

veinlets. Along the contact between quartz veinlets and 

calcite is recrystallized coarse-grained calcite. Quartz

specularite veins are also well represented in this rock as 

replacements; specularite is crystalline to lath-like, mostly 
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al tered to earthy hematite. Brecciated carbonate rocks display 

open-space fillings by quartz-specularite, along with hematite 

and limonite. Fluorite, barite, siderite, and calcite are 

late stage mineralization cavity fillings (Figs.17 & 18). One 

free gold grain was found to be associated with late-stage 

calcite mineralization. Marble is not separated out as a 

stratigraphic member of the Triassic Buckskin Formation by 

Reynolds and Spencer (1989), but C.U.4 is in proper 

stratigraphic position to be a facies of the Buckskin 

Quartzite Member equivalent. 

4.4 JURASSIC QUARTZ LATITE PORPHYRY (C.U.5) 

Quartz latite (C.U.5) occurs as a series of weakly 

metamorphosed flows that vary structurally from massive to 

laminated. This unit represents the main host rock to the gold 

of the Copperstone deposit especially where it is brecciated 

along fault planes and shear zones. Microscopically, the 

quartz latites are holocrystalline rocks with porphyritic or 

seriate textures. Quartz, K-feldspar, plagioclase, biotite, 

and magnetite are the phenocryst phases, commonly in 

glomeroporphyritic texture. Quartz varies in size from 1 mm to 

1 cm, is granular, and shows wavy extinction. Embayed quartz 

is also found, which indicates a magmatic origin. Very fine 

grained quartz, sericite, and hematite partly to completely 

replace the quartz. Orthoclase and microcline phenocrysts 



Figures 17 & 18 : XN and PL views respectively of 
brecciated marble of C.U.4, composed 
of very fine-grained calcite. Euhedral 
to subhedral fluorite and, barite along 
with ankerite occur as fracture fillings 
25x. #9-537.5. 161(m). 
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range in size from 0.5 mm to 8 mm. Carlsbad and cross-hatch 

twinning are well developed. Most are fresh; near faults they 

are slightly to completely altered, mainly replaced by 

sericite, less by chlorite and quartz. Plagioclase varies from 

albite to andesine, is prismatic, subhedral, 0.2 mm to 6.5 mm 

in size, and slightly to completely altered to sericite and 

quartz. Epidote , chlorite, and calcite also replace 

plagioclase. Polysynthetic twinning is well shown but some are 

severely deformed. Biotite and muscovite are less common. 

Biotite is subhedral, prismatic, and varies in size from 0.5 

rom to 1.5 mm with apatite and hematite as inclusions. Altered 

biotite is locally replaced by chlorite, sericite, quartz, and 

iron oxides. Muscovite occurs only after the recrystallization 

of sericite with a fibrous habit and moderate birefringence. 

Magnetite is found as euhedral to subhedral grains ranging 

from 0.1 to 0.4 rom in size and disseminated as very fine 

grains in the groundmass. Zircon and apatite are accessory 

minerals. Epidote alteration product, greenish to brownish in 

color, varies in size from very fine- to fine-grained and 

granular, but one crystal is subhedral, prismatic, and 3.3 mm 

across. Chlorite is defined by X-ray diffraction, anomalous 

birefringence and sign of elongation as the Mg-rich 

clinochlore species. It occurs as alteration products of 

plagioclase and biotite. Chlorite in hydrothermal vein 

fillings associa~ed with gola mineralization is different in 
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composition; electron microprobe analysis revealed that this 

chlorite is Fe-rich with an Fe:Mg ratio of 5:1. Barite and 

fluorite are also found as fillings in cavities. Plagioclase, 

altered to sericite, is also seen beside slightly altered to 

fresh K-feldspar. Rotational deformation of porphyroblasts is 

observed. The groundmass is mainly composed of sericite and 

very fine grained quartz, of average 0.01 mm, that is related 

in part to silicification. Schistosity is well established by 

sericite, chlorite, and less with muscovite and biotite where 

aligned with the lamellae. Quartz-amethyst veins cross cut the 

quartz lati te flows near the faults and contain free gold 

encapsulated in amethyst and visible gold in laminated quartz 

latite with traces of chrysocolla and malachite, to be 

described in detail in Chapter 5. The metavolcanics show some 

variation in composition according to the percentage of 

feldspar, which varies from quartz latite with K-feldspar as 

dominant feldspar to dacite with dominant plagioclase (Figs.19 

& 20). Jurassic quartz latite porphyry of C.U.5 may be 

correlated to the Jurassic Planet volcanics of the Rawhide

Buckskin Mountains by their lithologic similarities; and it 

also consistently occupies a stratigraphic position above the 

Triassic Buckskin Formation equivalent. Reynolds et al (1987) 

reported an age of 162-160 Ma by U-Pb analyses on zircon from 

the Planet Wash volcanics in the Planet and Mineral Hill area; 

Jqlp of C.U.5 at 138-205 Ma is bracketed by Spencer et al., 
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Figure 19 : Massive quartz latite porphyry of C.U.5, slightly 
metamorphosed, made up of K-feldspar with 
low birefringence, quartz, biot'ite, and 
highly altered plagioclase in a groundmass of 
very fine grained quartz and sericite. XN. 25x. 
#11-155. 46(m). 

Figure 20 : Quartz dacite of C.U.5. composed of plagioclase 
with its lamellar twinning, K-feldspar, quartz, 
and magnetite in a laminated groundmass of 
muscovite,sericite, and very fine grained quartz. 
XN. 25x. #11-170. 51(m). 
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1988. 

4.5 TERTIARY SEDIMENTARY BRECCIA (C.U.6) AND BASALT (C.O.7) 

Spencer et al. , (1988) indicate the presence of 

monolithologic sedimentary breccias derived.from the Jurassic 

quartz latite porphyry adjacent to Copper Peak: such breccias 

also occur at Copperstone. These terrigenous rocks were 

associated with subaerial basin deposition during the 

development of the regional detachment system of west-central 

Arizona and southeastern California. Tertiary age is inferred 

from lithology and clast composition and comparison with 

sediments of known Tertiary age (Spencer et al., 1988; Knapp, 

1989). The breccias are composed of angular to subangular 

rock fragments varying in size from millimeter up to cobble 

sizes, set in a normally subordinate matrix made up of smaller 

rock pieces, mineral fragments, and powder. (Fig.21). Strong 

hematitization that occurs as earthy hematite along fractures 

and as open-space fillings as well as hematite-carbonate 

mineralization is well displayed in C.U.6. Quartz-veins and 

quartz-specularite veins also cut and replace C.U.6, and the 

breccia represents one of the main host rocks to gold 

deposition at Copperstone as open space fillings along the 

hangingwall of Copperstone Listric Fault. 

Tertiary basalt (C.U.7, Fig.7) is dark reddish-brown to 

black in color. Its thickness reported from the drill holes is 

up to 150 m, and it is mainly restricted to the southeastern 



Figure 21 : Sedimentary breccias of c.u.6. composed of 
feldspars that have been replaced by fine
grained quartz; a primary crystal appears in 
the lower corner. Note the variable sizes and 
shapes from very fine- to coarse-grained and 
angular to subrounded shapes in a highly 
hematitic matrix. XN. 2Sx. #11-142. 43(m). 
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part of the mine (Fig .10), extending to the northeastern part 

of the Copper Peak area in the Moon Mountains (Fig.8). Knapp 

(1989) could not find a relationship between the basalt and 

the surrounding bedrock, but according to Cyprus' data from 

drilling, basalt is in contact with Jurassic quartz latite 

porphyry and its derived breccias (Fig. 7). The proposed age by 

Knapp for the basalt is late Oligocene to mid Miocene; 

according to Shafiqullah (pers.comm.) it is early Miocene. 

These lavas have a range in composition from 43.2 to 53.4% 

Si02 , and they consequently exhibit variable mineralogical 

characteristics although most specimens are texturally 

remarkably uniform. The highest percent of silica is in 

basalts with quartz cavity fillings. The rocks are hypo- to 

holocrystalline fine-grained rocks with intersertal or 

intergranular textures. The dominant phenocryst phases are 

plagioclase, olivine, clinopyroxene, hornblende (kaersutite 

?), and magnetite. Euhedral to subhedral zoned plagioclase 

laths form an interlocking framework packed with granular 

olivine, augite, and magnetite. The plagioclase phenocrysts 

range in size from 0.4 to 0.6 mm and show lamellar twinning. 

Augite commonly occurs as discrete subhedral short prisms or 

granules that range from 0.02 to 0.3 mm. with slight 

pleochroism from colorless to greenish. only one phenocryst of 

bronzite was found; it is rimmed by iron oxides. Some of the 

basalts in the mine carry sparsely distributed dark reddish 
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brown to brown euhedral to subhedral pseudomorphs of 

iddingsite and magnesite after olivine. They are interpreted 

as pseudomorphs after olivine that formed by surficial 

hydration and oxidation of the olivines, since fresh olivine 

has been identified in other samples. Olivine phenocrysts 

range in size from 0.2 to 4 mm; the average in the groundmass 

is 0.04 rom (Fig.22). Hornblende is recorded in basalt only at 

the mine in DDH #82 as euhedral to subhedral phenocrysts with 

moderate pleochroism that varies from yellowish to purple 

brown in color. It ranges in size from 0.4 mm to 2.2 rom, is 

fresh, and is recognized by its rhombic amphibole cross

section that shows simple twinning (Fig.23). At first glance 

it can be confused with titanaugite, but all of its properties 

are those of an amphibole. No reaction rim between olivine or 

pyroxene has been found. Euhedral to subhedral disseminated 

magnetite occurs as equant grains, ranging in size from 0.04 

to 0.2 mm, and one embayed magnetite phenocryst up to 2 rom in 

size shows sieve texture and displays an exsolution 

intergrowth with ilmenite. Cristobalite shows a radial 

arrangement (Fig.24) and occurs interstitially, where it 

apparently replaces the groundmass. Calcite and quartz are 

also well developed at both the mine and the Moon Mountains 

location in the form of amygdules (Fig.25). The basalts in the 

mine occur with varying degrees of oxidation and alteration 

which give a reddish color ~Q the rocks in hand specimen. 
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Figure 22 : Olivine basalt of C.U.7. Wedge-shaped to prismatic 
olivine phenocrysts are partially replaced 
by iddingsite and cal~ite in a cryptocrystalline 
groundmass. 
Very fine grained reddish brown olivine in the 
grou~dmass is completely altered to iddingsite. 
An augite phenocryst is in the lower left. 
XN.25x. #82-43. 70(m). 

Figure 23 : Olivine basalt of C.U.7. Hornblende phenocryst 
cross-sections show simple twinning. All 
the colorless patches are cristobalite in a 
groundmass of plagioclase, clinopyroxene, 
cristobalite, and interstitial glass. XN.25x. 
#82-43. 70(m). 
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Figure 24 : Olivine basalt of C.U.7. Cristobalite 
in a radial arrangement filling cavities in 
groundmass plaqioclage studded with granular 
reddish brown olivine completely altered to 
iddingsite. Note that later calcite and quartz 

corrode cristobalite. XN. 100x. #82-43. 70(m). 
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Figure 25 : Andesitic basalt of C.U.7. with amygdules filled 
with quartz and carbonate (brownish) in a 
hematite-augite-plagioclase groundmass. XN. 25x. 
outcrop sample from Copperstone pit, BE side. 
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In the least oxidized rocks, a slight red stain may be 

confined to grain boundaries of Ti-magnetites, but in 

extensively oxidized rocks the reddish pigment penetrates all 

grain boundaries and the olivines, clinopyroxenes, and 

magnetites exhibit thick rims to total replacement by dark

red-brown materials. Quartz-amethyst veins cross-cut this unit 

in the mine, as reported from a drill-hole at the SW; it shows 

comb-structures along the vein walls that grade to white 

quartz in the center of the vein. The amethyst is replaced in 

part by calcite-hematite mineralization. Basalt in the mine is 

severely altered. Few olivine crystals occur; they are altered 

to iddingsite. Calcite also occurs as cavity fillings, and 

basalt is locally gold-mineralized. 



CHAPTER 5 

MINERALIZATION AND ALTERATION 

5.1 INTRODUCTION 
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In examining any gold deposit, it is essential to evaluate 

exactly where the gold is located and exactly what its 

textural relations are. This aspect is particularly important 

when it comes to relating chemical, mineralogical, fluid 

inclusion, and light stable isotope data to the mineralizing 

process. Hydrothermal alteration is an important tool as a 

guide to ore and as an indicator of the character of solutions 

associated with ore deposition. Hydrothermal mineralization 

was studied in detail petrographically, geochemically, and 

with electron microprobe analysis of chlorite to define 

mineral assemblages and paragenetic sequences at Copperstone. 

5.2 WALL-ROCK ALTERATION 

The Copperstone mine is a low-grade gold deposit in which 

hydrothermal fluids have affected all of the rock units from 

the basal Triassic chlorite phyllite to the youngest Miocene 

basalt. This first detailed petrographic-geochemical study on 

detachment gold deposits has been done to delineate the 

mineral assemblages, the alteration products, and the 

paragenetic sequences, so we can know at what stage of 

mineralization-alteration the gold was introduced. New 

evidence has been photographed that shows gold in the early 
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stage amethyst-quartz-specularite mineralization continuing 

during late fine-grained quartz and earthy hematite 

mineralization with local and minor chalcopyrite, chrysocolla, 

and traces of malachite. Several periods of mineralization

alteration were found to have occurred at Copperstone which 

occur along the Copperstone Listric Fault and the NE-NW high 

angle faults including: potassic alteration (A), propylitic 

alteration (B), early amethyst-quartz-chlorite-specularite

hematite-fluorite-barite-calcite-gold (C); late fine-grained 

quartz-adularia-earthy hematite ± specularite ± magnetite

chrysocolla-malachite-gold (D); and barren quartz-pale green 

fluorite-barite-hematite (E). A generalized paragenetic 

sequence at Copperstone is shown in Figure 26. K-metasomatism 

described in the next section was pre-gold-mineralization that 

is shown by Tertiary basalts of C.U.7. and in the form of 

adularia that occurs in veinlets along the Coppers tone Listric 

Fault in the Jurassic quartz latite of c.u.s. aligned along 

the veinlet walls. Chloritization is divided into two modes, 

one associated with retrograde metamorphism represented by the 

lower plate granitic rocks, the Triassic Buckskin Formation 

from C.U.1 to C.U.4, and the Jurassic quartz latite porphyry 

of C.U.5 as replacement alteration. The second mode occurred 

as Fe-rich hydrothermal chlorites associated mainly along the 

Copperstone Listric Fault in c.u.s latite porphyry and C.U.6 

latite sedimentary breccias. silicification is introduced in 
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Figure 26 : The parage netic sequence at The Copperstone mine. 
A= Early K-metasomatism-hematite-calcite (Roddy, et al., 1988), 
B= Propylite, C= Specularite-hematite-Fe-chlorite-amethyst-quanz
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two stages, an early-stage made up of amethyst-quartz-Fe

chlorite, and a continuing one of late-stage quartz-adularia

cu oxides, both associated with gold along the Copperstone 

Listric Fault. Gold mineralization occurs almost exclusively 

in association with silicification and hydrothermal chloritic 

alteration envelopes. 

5.2.1 POTASSIC ALTERATION 

K-metasomatism of Tertiary volcanic and sedimentary upper 

plate rocks accompanied Tertiary crustal extension in many 

parts of the southwestern United states; locally it was 

accompanied by base- and precious-metal mineralization along 

detachment faults (Davis, et al., 1986). Only chloritization 

has been detected in lower-plate rocks along the Moon 

Mountains near Copper Peak, and from all other recorded 

detachment-related deposits. K-metasomatism is mainly 

represented at Copperstone at high stratigraphic levels by 

Tertiary basalt (C.U.7) as an early alteration-mineralization. 

One of the absolute ways to detect K-metasomatism is from the 

whole rock analysis (Ruiz,J., pers. comm., 1993). The KzO wt.% 

in Copperstone basalts ranges from 5.98 to 7.34%, indicating 

that basalts were at least locally highly K-metasomatized. No 

fresh sample has been found in drill holes to define how much 

K is added or subtracted, but it is obvious .that some basalts 

were highly K-metasomatized. Sericitization took place in 
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plagioclase and in the groundmass, and chlorite and hematite 

replaced biotite in Jurassic quartz latite porphyry (C.U.S) 

near the Copperstone Listric Fault. Hematite, martite, and 

minor magnetite are also found in c.u.s. (Figs.27 & 28). No 

gold mineralization was detected in assemblages of this stage 

of alteration. 

5.2.2 PROPYLITIC ALTERATION 

This alteration is strongly and well developed along the 

Moon Mountain Detachment Fault in the Copper Peak area, which 

represents the earliest stage of alteration-mineralization 

related to the lower plate with an assemblage of chlorite, 

epidote, and calcite in granitoid rocks. In the upper plate, 

the chlorite phyllite of C. U.1 is exclusively composed of 

chlorite as a result of retrograde metamorphism, quartz, 

hematite after pyrite, and hematite with minor limonite. This 

unit is cross-cut by later carbonate and quartz-carbonate 

veins. The carbonate in these veinlets varied in composition 

from sideritic to calcitic; it is commonly associated with 

hemati te and minor manganese oxides. Plagioclase found as 

phenocrysts in C.U.1 is partially replaced by calcite. 

Chlorite schist, quartzite, and marble of C.U.2 to C.U.4 are 

also affected by retrograde metamorphism that resulted in the 

formation of chlorite. Hematite after euhedral pyrite grains 

occurs in C.U.2 (Fig.29). Marble of C.U.4 is replaced with 
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Figure 27 : A magnetite crystal showing alteration to 
hematite along cleavage planes in quartz latite 
porphyry of C.U.5. Reflected light. 500x. 
#11-173. 52(m). 

Figure 28 : Magnetite in quartz latite porphyry of 
C.U.5, slightly to completely replaced by 
hematite (martite). Reflected light. 25x. 
#11-142. 43(m). 
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Figure 29 : Fine grained hematite after pyrite 
in chlorite schist of c.u.2. Note the 
euhedral to subhedral form of pyrite. 
Reflected liqht.2Sx. #9-523. 157(m). 
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chlori te and minor amounts of manganese oxides. Epidote, 

chlorite, and calcite after plagioclase are well developed 

especially in the dacitic composition rocks of C.U.5. 

(Fig.3D), along the Copperstone Listric Fault. 

5.2.3 EARLY STAGE AMETHYST-QUARTZ-CHLORITE-SPECULARITE

HEMATITE-Au D 

Specularite mineralization of assemblage B (Fig. 26) is well 

developed in the metasedimentary rocks of C.U.2-4, and it is 

also present to minor extent in the basal phyllites of C.U.1 

as veinlets and replacement mineralization along the 

Coppers tone Listric Fault. Earthy hematite is also introduced 

to the rock along fractures and as open-space fillings. 

Specularite is so well developed in the marble of C.U.4 that 

it is locally almost totally replaced volume by volume by 

specularite. Minor manganese oxides as pyrolusite can also be 

seen along with· hematite as replacement mineralization and in 

veinlets. In Jurassic quartz latite porphyry of C.U.5, 

specularite-hematite mineralization is introduced with 

amethyst-quartz-chlorite-specularite-hematiteasveinletsthat 

range in size from 1 rom to 4 cm across. These quartz veins are 

banded, with specularite showing well crystallized lath-like 

shapes (Fig. 31). Cockscomb texture is well represented by 

coarse quartz grains and by amethyst. Amethyst veins in the 

basalt show well developed open-space fillings along veinlet 



Figure 30 : Quartz dacite of C.U.5, with propylitic 
alteration as replacement of 
plagioclase by epidote, chlorite, 
and calcite. Note in the center of photo. 
XN. 25x. #11-224.8. 67(m). 

Figure 31 : crystalline specularite with bladed lath
like shape. Note the specularite 
enclosed in a quartz grain at the top 
of the photo. PL. 25x. #24-294.' 88(m). 
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walls followed by white comb quartz in the centerlines. 

Chloritic alteration, an important stage of alteration

mineralization associated with gold mineralization, occurs 

wi th fracture-controlled structure which mainly marked the 

laminated quartz-Iatite porphyry. Chlorite was also introduced 

with specularite, earthy hematite, and magnetite (Figs.32 & 

33) in C.U.5. Chlorite also occurs as vein fillings with 

earthy hematite (Fig. 34) that occupies the centerline of 

veins, in some cases also with quartz. Gold is introduced 

along the Coppers tone Listric Fault in this stage of quartz

chlorite-specularite-hematite. It is encapsulated in amethyst 

and white quartz deposited with chlorite-specularite-hematite 

vein material (Figs. 35 to 38). According to Drummond and 

Ohmoto (1985), the approximate percent of Copperstone Au 

introduced in this assemblage is about 50%; the mechanism of 

ore deposition will addressed in detail in Chapter 9. 

5.2.4 LATE-STAGE FINE-GRAINED QUARTZ-ADULARIA-HEMATITE 

±SPECULARITE ±MAGNETITE-CHRYSOCOLLA ±MALACHITE-PINK 

FLUORITE-BARITE-CALCITE-Au· 

A late-stage fine-grained quartz mineralization (assemblage 

D in Fig.26) occurs as replacements and open-space fillings 

that are well developed in Jurassic quartz latite porphyry of 

C.U.5 and in Tertiary sedimentary breccias of C.U.6 along the 

Copperstone Listric Fault. Silicification is manifest in the 



Figure 32 : Quartz latite porphyry of C.U.5 showing 
chlorite-specularite replacement of quartz 
(clear) and feldspar (speckelled). 
PL. 100x. #11-384.8. 115(m). 

Figure 33 : Quartz latite porphyry showing chlorite
specularite-magnetite replacement along 
fractures. PL. 100x. #11-425. 128(m). 
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Figure 34 : Open-space filling by earthy hematite 
in quartz latite porphyry of C.O.5 with 
chlorite in the center line. Free gold has 
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been detected in this sample in qtz-hm-chl-spec-Au 
association. XN. 100x. #11-225.5. 74(m). 

Figure 35 : Gold in early-stage quartz of C.U.5 
with earthy hematite in a qz-spec-hm-chl-vein. 
Note in the upper left the fine grained 
zircon. 200x. #11-240. 72(m). 
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Figure 36 : Gold introduced in a quartz-chlorite
specularite vein that cuts quartz . 
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latite porphyry of c.u.s. 200x. #11-240. 72(m). 
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Figures 37 & 38 : Gold grains enclosed in amethyst, in an 
amethyst-specularite vein emplaced in 
C.U.5. 200x. Fig.38 is an enlargement of the 
upper left corner of Fig. 37. SOOx. 
pit sample. 
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form of very fine-grained quartz that replaced the K-feldspar, 

quartz phenocrysts, and biotite (Figs.39 to 41), and totally 

replaced the Jurassic quartz latite rocks of C.U.5 along the 

Copperstone Listric Fault (Fig.42). Quartz grains show good 

crystallinity with euhedral faces (Fig.43); they are 

associated with earthy hematite. Late fine-grained euhedral 

quartz enclosing gold is represented by Figures 44 to 47. 

Hinor adularia and magnetite are seen in quartz-adularia veins 

in Jurassic quartz latite porphyry of C.U.5 (Figs. 48 & 49) 

that cross-cut the early amethyst-quartz-chlorite-specularite 

vein. Earthy-textured hematite occurs along the Copperstone 

Listric Fault as fracture fillings or along the metamorphic 

foliation of C.U.5 and associated with gold mineralization; it 

produces the overwhelming red color immediately obvious on 

viewing the pit (Fig.9). A well established early stage 

mineralization in marble of C.U.4 along the Copperstone 

Listric Fault is formed of pink fluorite, barite, ankerite, 

and calcite in descending order as revealed in thin section by 

cross-cutting relationships and fluid inclusion data (Chapter 

7). Gold is also found enclosed in this stage of calcite 

mineralization (Fig.50 & 51). Hematite-calcite and iron-rich 

chlorite as revealed from microprobe analysis were also 

associated as replacement and as vein mineralization in the 

Jurassic quartz latite porphyry of C.U.5 (Fig. 52) along the 

Copperstone Listric Fault. chrysocolla is well represented in 



Figures 39 & 40 : Quartz latite porphyry of C~U.S with 
phenocrysts made up of quartz (Fiq.39) 
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and microcline (Fiq.40) respectively that 
are cut and replaced by very fine qrained 
quartz veinlets. XN. 2SX. #11-24SoS. 74(m). 
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Figure 41 & 42 

100 

Quartz latite porphyry of C.U.5 showing 
a silicified biotite and groundmass replaced 
by very fine grained quartz in Figs. 
41 & 42 respectively. Note the relict 
of quartz latite porphyry groundmass 
of sericite and fine grained quartz. XN. 25x. 
#11-140. 42(m) & #11- 240.72(m). 
respectively. 
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Figure 43 Late-stage quartz representing open-space 
fillings in quartz latite porphyry 
of c.u.s. XN. 25x. #11-240. 72(m). 
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Figure 44 & 45 : Gold in late stage quartz assemblage D in 
C.U.6 embedded in hematitic groundmass. Note 
in Fig.45 crystalline faces on a quartz grain 
that encloses gold grains. PL. 500x. 
#24-274. 82(m), & #24-294. 88(m) 
respectively. 
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Figures 46 & 47 Gold encapsulated in late 
stage euhedral quartz of 0.0.6 
associated with earthy hematite, 
specularite and traces of malachite. 
Note specularite encapsulated in 
quartz in the far left of Fig.46. 
PL. 100x. and 200x. respectively. 
#24-294. 88(m). 
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Figures 48 & 49 : Quartz latite porphyry of C.U.5 cut by 
a quartz-adularia-magnetite vein. 
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XN. 25x. #11-140. 42(m), & #11-240.72(m) 
respectively. 
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Figure 50 & 51 A gold grain enclosed in calcite 
Note the corrosion of barite by calcite 
that indicates calcite after barite in the 
mineralization paragenetic sequence. Fig.50 
is the XN of the same photo. 200x. 
#9-537.5. 161(m). 
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Figure 52 Late-stage hematite-calcite-chlorite 
replacing quartz latite porphyry of c.u.s. 
Note the anomalous interference brownish 
color of chlorite. XN. 2Sx. #11-173. 52(m). 
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C.U.5 and C.U.6 rocks but with minor to traces of malachite. 

Few gold grains were seen in iron oxides under the microscope. 

5.2.5 BARREN QUARTZ-PALE GREEN FLUORITE-BARITE-EARTHY 

HEMATITE 

The last mineralization in the waning system (assemblage E 

in Fig.26) is barren quartz associated with earthy hematite in 

veins that cross-cut mineralized fine-grained euhedral quartz 

with gold and chrysocolla. Barite occurs as fracture or open

space fillings in C.U.5 and C.U.6 with earthy hematite 

(Fig. 53) along the Copperstone Listric Fault. Sometimes the 

rock is exclusively made up of earthy hematite, pale green 

fluorite, and barite. This stage of pale green fluorite-barite 

mineralization is considered to be another stage of 

mineralization from pink fluorite-barite revealed from fluid 

inclusion data (Chapter 7). 

5.3 GOLD MINERALIZATION 

The distribution of gold mineralization and its relation 

to other geological features was defined by a combination of 

petrographic observation and assays. Gold generally occurs as 

particles, about 80% of the gold having been found in small 

flakes ranging between 4 to 40 ~ and coarse gold ranging from 

50 to 150 ~, as revealed by microscopic examination 

accompanied with the results of gravity concentration from ore 



Fiqure 53 : crystalline late barite with earthy 
hematite as open-space filling in 
quartz latite porphyry. PL. 2Sx. 
This sample also contains free qold 
encapsulated in quartz. Note the 
late stage barite-earthy hematite 
after the quartz-vein on the bottom. 
#11-245.5. 74(m). 
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flotation done by the copperstone mine staff. Hence, detailed 

petrographic studies have been carried out on gold 

distribution in relatively well-mineralized wall rock samples 

from drill hole # 11. Gold typically occurs free, and is 

enclosed in the early- and late-stage quartz and to a lesser 

amount in calcite, forming simple rounded to ellipsoidal 

grains. The photos of Figures 35 to 38, and 44 to 47, clearly 

show that gold is encapsulated in amethyst, quartz, and 

calci te that represent the early- and late-stage of gold 

mineralization. Coarse visible gold occurs in Jurassic quartz 

latite porphyry that is cut by amethyst-quartz vein fringes 

and as flakes in fractures or on the wall rock associated with 

traces of chrysocolla, chalcopyrite, and traces of malachite. 

A large part of this coarse gold appears to be directly 

depositional in origin, because it occurs as discrete three 

dimensional grains and aggregates (Fig. 54) apparently co

genetic with amethyst-quartz-specularite veins. Specularite is 

also enclosed by quartz that enclosed gold, and gold is also 

found filling fractures (Figs.55 & 56). Lead and zinc 

mineralization at Copperstone and the Moon Mountains is not 

detected; Pb and Zn contents are found to be negligible in the 

chemical analyses (Appendix 1). Sulfide mineralization is not 

well established in this deposit. Chalcopyr~te is found to be 

in the C.U.5 as traces, only one crystal having been 

identified that was replaced by covellite along its borders (F'ig.57). 



Figure 54 Quartz latite porphyry of c.u.s with 
free gold as flakes associated with 
chrysocolla-malachite-specularite
earthy hematite mineralization. 
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Figures 55 & 56 : Gold in the copperstone Listric 
Fault in chloritized-hematitized 
quartz latite porphyry of C.U.5 
along fracture planes. 200x 
and 500x. 111-360. 108(m), 
& #24-274. 82(m). respectively. 
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Chrysocolla mineralization also occurred along the Moon 

Mountain Detachment Fault in the Copper Peak area. No 

submicron gold has been seen in thin sections along the Moon 

Mountain Detachment surface, but chemical analyses (Appendix 

1, #MM-M) , showed 0.10 ppm Au with enrichment in silver to 8.3 

ppm Ag. The purity of gold increases with the distance from 

the source, which suggests the increasing fineness resulted 

from the selective solution and separation of silver from 

gold. In the Coppers tone deposit, it is clear that silver 

depletion reflected in the geochemical data and the enrichment 

of gold (Appendix 1). Gold mineralization at Copperstone 

occurs mostly within the main mineralized zone in the Jurassic 

quartz latite porphyry of C.U.5 and the sedimentary breccias 

of C.U.6 along the Copperstone Listric Fault which extends 

over 900 m along NW-SE listric fault (Fig.10), dipping 30° NE. 

After taking into account the dip of the deposit, the ore 

occurs within a horizon measuring approximately 180 m in the 

vertical dimension (Gyger, P., pers.corom.). Copperstone gold 

deposits are associated closely with fracture-controlled 

chloritization and silicification that were overprinted by 

earthy hematite. Quartz-chlorite-specularite-hematite

chrysocolla and barite are good indicators and predictors of 

gold mineralization. Fluid parameters and ore-deposition will 

be addressed in chapter 9. 



Figure 57 Chalcopyrite altered alonq its borders 
to covellite, in highly silicified quartz 
latite porphyry of c.u.s. The qroundmass 
is mainly quartz. lOOx. #11-240. 72(m). 
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6.1 INTRODUCTION 

CHAPTER 6 

GEOCHEMISTRY 
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Whole rock geochemistry was used at Copperstone to evaluate 

chemical gains and losses during alteration-mineralization . 

. Immobile element discrimination diagrams were particularly 

useful in differentiating among and between protoliths that 

have undergone metamorphism, alteration-mineralization, or 

both. Trace element geochemistry has seen wider application 

than whole rock geochemistry in exploration in volcanic-hosted 

precious metal deposit (V-HPMD) studies, it having been used 

primarily to detect distribution and zoning of Au, Ag, Sb, Te, 

Se, Hg, Be, Ba, Mn, Rb, Sr, Cu, Pb, and Zn, along with the 

rare earth elements (REE) (Silberman and Berger, 1985). 

Sixty two samples from copperstone were crushed and milled 

to -200 mesh in an agate mill. Major elements, Ba, Nb, Sr, Y, 

and Zr (detection limit 10 ppm) were analyzed by X-ray 

fluorescence spectrometry. Other trace elements were analyzed 

by neutron activation and induction coupled plasma mass 

spectrometry by X-Ray Assay Laboratories, Don Mills, Ontario, 

Canada. Appendix 1 presents all results, with the detection 

limits and the method used for each element. Electron 

microprobe analyses were conducted by the author with the 

assistance of Tom Teska at the Lunar and Planetary Laboratory, 

University of Arizona. 
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6.2 WHOLE ROCK AND TRACE ELEMENT GEOCHEMISTRY 

The distribution of selected elements with depth in drill 

hole #11 that penetrated the ore zone in Jurassic quartz 

latite porphyry and sedimentary breccias is shown in Figures 

58 to 61. The drill-hole #11 was selected because it showed 

better relations among some elements in the ore zone than did 

the other drill-holes. The ore horizon falls between 92 to 

115m, and the chlorite zone alteration envelopes extended 

between 75 to 135m. Copper shows a good relation within the 

chlorite and gold zone. The ore zone shows depletion in Zr, 

As, and feebly in Y. Iron values are generally high, but do 

not have a relation with the ore horizon because 

hemati tization is pre-, syn- and post-gold mineralization 

(Fig. 26). Ba shows an enrichment in the Copperstone gold 

deposit up to 1.39% (13900ppm, Appendix 1, #11-294.5), 

although its does not show a relation to the ore zone. The 

distribution of Ag and Sb with depth is erratic, without any 

trend. within the gold horizon, the rocks are enriched in Si02 

up to 85 wt%; since silica has pervasively replaced the rocks, 

they are depleted in K, Na, Ti, P20S ' Rb, Zr, AI, Pb, As, Sc, 

V, Rb, Y, La, and Th; they are slightly enriched in Wand Cu. 

The use of pathfinder trace elements in this deposit was 

unproductive since it contains As, Sb, and Te below detection 

limits, unlike most pithermal deposits. 

The distribution of trace elements in epithermal gold 
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Figure 58, Au: Ag: Figure 59, cu: Fe: Figure 60 Ba: Y: and 
Figure 61 Sb: Zr vs. depth in a high grade diamond drill-hole 
#11 at Copperstone showing the variations of these elements 
wi th depth and especially their behavior in the ore-zone 
between 92-115 m. Note chlorite zone is between 75-135. 
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deposits is in fact related to some extent to the presence of 

sulfides in them. Copperstone1s trace element array could be 

explained by the fact that the deposit contains mainly the 

oxide association hematite, magnetite, and limonite. Low 

levels of sulfophile elements such as Pb, Zn, As, and Sb may 

be explained by the absence of sulfides. 

Extensive metamorphism, alteration, and deformation have 

obscured many protolith textures in a number of the lithologic 

units. K-metasomatism and alteration-mineralization have 

converted basaltic rocks at Copperstone into rocks with 5.98 

to 7.34 wt% KzO. Discrimination diagrams after winchester and 

Floyd (1977) were used to distinguish volcanic rock protoliths 

using the relative abundances of the relatively immobile 

elements Zr, Ti, Nb, and Y to recognize the original igneous 

rock type where metamorphism or alteration has obscured it. 

Tertiary basalt at Copperstone falls as expected in the 

alkaline basalt and andesitic basalt fields; Jurassic volcanic 

rocks are differentiated as trachyandesite and andesite, 

rhyodacite-dacite, and trachyte (Fig.62), so llquartz latite 

porphyry II is but a field term used by Cyprus, and others. 

An effort to verify K-metasomatism or other gains or losses 

during mineralization-alteration using the isocon diagram 

after Grant (1986) failed through lack of fresh rock reference 

materials from the drill-holes or the mine. From the 

Winchester and Floyd (1977) diagram, the chemistry of immobile 
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elements suggests that Jurassic volcanic rocks were 

anomalously potassic, in the range 2.5-4.5 wt.% Kz0. The same 

results have been reported by Kerrich, et ale (1989). Local 

hydrothermal alteration made up of adularia veinlets (Figs.48 

& 49) associated with gold mineralization increased K-content 

up to 6.9 wt.% K20 in Jurassic quartz latite porphyry (#11-

190, see Appendix 1) . Basalts are pervasively K-metasomatized; 

two samples were found with K20/Na20 ratios of 46 and 82 with 

5.98 and 7.34 wt.% K20 respectively (see Appendix 1, #CS-B and 

CS-B-am) . 

No K-metasomatism has been detected in either the lower 

plate rocks or along the detachment surface itself at Copper 

Peak in the Moon Mountains. In the Planet area, lower-plate 

granodiorite rocks are not K-metasomatized, but along the 

detachment surface and in the andesitic upper plate the rocks 

are affected by K-metasomatism. The same results, that the 

lower-plate rocks are not K-metasomatized, were reported by 

Kerrich et ale (1989) and Roddy et ale (1988) at Bullard and 

Buckskin Mountains. K-metasomatism was synchronous with 

detachment faulting and probably occurred in response to 

basins created by extension above the detachment fault (Chapin 

and Glazner, 1983; Chapin and Lindley, 1986; Brooks, 1986; 

Roddy et al., 1988). 

Rocks are enriched with Mg when chlorite is present, but 

the increase is only 2.5x because the chlorites are enriched 
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in Fe rather than Mg, as revealed by electron microprobe 

analysis (Appendix 1). The ratio of Fe/Mg in chlorite is 5:1. 

Also, enrichment in Ca content is only found in samples with 

carbonate mineralization. 

Rare earth element patterns for copperstone, and for 

samples from the Moon Mountains at Copper Peak,. are similar to 

other middle Tertiary volcanic deposits in western Arizona 

(Roddy et al., 1988; Kurt et al., 1993). The different rock 

types are slightly enriched in REE, especially the light REE 

(Figs.63 to 66). There is a consistent behavior of the REE's 

within the basalt units, metavolcanics, and metasediments. 

Probably REE's were immobile during the stages of alteration

mineralization, moved as group during these stages, or 

underwent a dilution effect to the same degree. The fluid 

parameters will be addressed later in Chapter 9. 
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Figure (63 to 65 ) Chondri te-normalized REE plots of the 
Coppers tone basalts, quartz-latite, quartzite, marble, schist 
and phyllite. 

Figure 66 Chondrite-normalized REE plots representing all the 
different units at copperstona showing a consistent behavior 
of their REE • 

• phyllite 
Y chlorite schist 
* quartzite 
o marble 
£...I quartz latite 
o basalt 
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7.1 INTRODUCTION 

CHAPTER 7 

FLUID INCLUSIONS 
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Detailed petrographic and mineragraphic studies helped to 

evaluate exactly where the gold is located and what its 

textural relations are at Copperstone; gold occurs as 

inclusions in amethyst, quartz, and calcite in stages C and D 

(Fig. 26). Every effort was made to select representative 

samples that contained suitable fluid inclusions in quartz 

that contained gold, so that as direct as possible a 

determination of temperature for gold mineralization could be 

obtained. 

Duncan (1990) and Beane and Wilkins et al., (1986), 

reported that no early paragenetic stages are consistently 

associated with gold or copper mineralization and that no 

transparent minerals were related paragenetically to gold. 

Fifteen samples selected from drill-hole #11 for this study 

and prepared as doubly polished thick sections (300-500 rom) 

were examined under the microscope for selection of fluid 

inclusions appropriate for microthermometric study. Only nine 

samples contained inclusions suitable for examination. This 

work was performed by the author in the fluid-inclusion 

laboratory of the University of Arizona, using a USGS designed 

gas-flow stage (Werre et al., 1979) manufactured by SGE, Inc. 
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of Tucson, Arizona. The stage was calibrated at the ice

melting and critical temperature of pure H20 (0.0° and 

374.1 ° C) with artificial fluid inclusions in quartz 

manufactured at Pennsylvania state University. The precision 

of the apparatus is considered to be ± O.l°C as stated in the 

SGE manual but an additional source of inaccuracy is a thermal 

gradient of up to O.l°C/rom from the tip of the thermocouple 

(Clarke, 1986). 

The temperature at which the fluid inclusion contents 

homogenized to one phase upon heating (homogenization 

temperature, Th the trapping temperature), and the ice-melting 

temperature upon warming after freezing (TID for identifying 

the salinity) were recorded. A total of 175 fluid inclusion 

measurements were obtained but only 15 of these yielded ice

melting temperature data from freezing runs. Types of fluid 

inclusions that were identified at the Copperstone deposit 

are: (a) two-phase gas-liquid inclusions, (b) vapor-rich 

inclusions, (c) liquid-rich inclusions and (d) three-phase 

gas-liquid-daughter crystal inclusions. 

7.2 Selection and Petrography of Fluid Inclusions 

The object of the study was to determine the temperature of 

gold formation and apparent salinity of the ore-forming 

fluids, so only primary and clearly pseudosecondary inclusions 

were chosen. Primary fluid inclusions representing the 
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different stages in the paragenetic f ... equence were obtained 

from amethyst (Figs.67 & 68), quartz, and fluorite. The 

limited optical capabilities of the system made it difficult 

to ascertain the eutectic first melting temperatures. Usable 

inclusions were found in polished sections from amethyst in 

basalt and quartz-Iatite; in white quartz-chlorite

specularite-gold veins in quartz-Iatite; and in fluorite and 

barite from brecciated marble and quartz latite. 'Unfortunately 

calcite found associated with fluorite and barite in 

brecciated marble that enclosed gold did not yield 

homogenization temperatures because of decrepitation. 

Solitary or isolated inclusio;'zs were considered primary and 

these inclusions were used for all the samples. Primary 

inclusions were observed in growth zones and without any 

apparent geometric relationship to secondary features, but 

clear distinction between secondary and primary origins could 

not always be made. Two-phase inclusions in amethyst and 

quartz were typically small; even amethyst from basalt is 

remarkably free of fluid inclusions so that only one zone was 

found to contain few and usable fluid inclusions. These fluid 

inclusions were small, ranging in size from less than 5 up to 

10 ~, with gas apparently gas occupying 10-20% of the cavity 

volume. Irregular-shaped inclusions were found ranging in size 

from 3 to 35 ~ especially in fluorite and barite from 

brecciated marble, with remarkable variations in vapor bubble 



Figures 67 & 68 : primary fluid inclusions concentrated 
along growth zones in amethyst. 
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( Amethyst in quartz latite tes-am. 200x. 
Note that fluid inclusion in Fiq.67 yields 
(Th) =320·0, and (Tm) = -16·0. 
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and positively identified secondary inclusions were not 

studied. 

Three types of fluid inclusions were detected together for 

the first time in detachment-related deposits namely (1) 

vapor- and (2) vapor-fluid rich fluid inclusions, with 

variable gas-to-liquid ratios implying vapor entrapment during 

crystal formation commonly cited as evidence for formation 

during boiling (Roedder, 1984), and (3) vapor and liquid 

inclusions with daughter crystals. Vapor- and liquid-rich 

inclusions were seen in quartz (Figs.69 & 70), fluorite, and 

barite (Figs.71 & 72), with gold as inclusions in calcite from 

the same brecciated marble sample. Also, daughter salts were 

found in fluorite as three-phase gas-liquid-daughter salt 

inclusions (Figs.73 & 74), ranging in size from 1 to 35~. The 

daughter salts arE? highly birefringent with rhombic shape 

(Fig.73) and could be barite, anhydrite, or a carbonate 

mineral. 

7.3 MICROTHERMOMETRY 

Homogenization temperatures (Th) can be obtained by heating 

fluid inclusions. Approaching homogenization was indicated by 

rapid shrinking of the vapor bubble, usually accompanied by 

rapid bubble motion. Then, heating was slowed to 2-3°C per 

minute until the vapor bubble disappeared. At this point, the 



Figure 69 & 70 : Euhedral quartz crystals showing 
liquid-rich (1) and vapor-rich (v) fluid 
inclusions implying boiling. 
Fig.70 is an enlargement of the 
quartz crystal in Fig.69. # 11-240. 
100x. and 200x. respectively. 
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Figures 71 & 72 : vapor-rich bubbles in fluorite (upper) 
and barite (bottom) with liquid-
rich fluid inclusions. Note the 
vapor-rich fluid inclusion in the 
uppermost left and the center in 
fluorite with a thin fluid rim. 
# 9-537.5. 500x. 
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Figures 73 & 74 : Vapor-liquid-daughter salts in 
fluorite. In Fig.73 three-phase 
fluid inclusion yields (Th) 250·C 
and -12·C (Tm). Note in Fig.74. 
the presence of more than one 
daughter salt. #9-537.5. 500x. 
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heat was turned off and the return of the vapor bubble 

observed. Homogenization was not considered complete if the 

bubble reappeared after cooling only a few degrees; the 

inclusion was heated to 1°C higher than the previous high 

temperature or it can be repeated until metastability 

prevented reappearance of the bubble. At this point, 

homogenization temperature was considered to have been 

achieved and this temperature was taken. Figure 75 presents 

all heating data at copperstone in the form of a histogram. 

The inclusions trapped from the boiling hydrothermal fluid, 

all filling temperatures are the true trapping temperatures 

were trapped on the boiling curve, so no pressure correction 

for temperature is necessary (Kamilli and Ohmoto, 1977). Ice

melting temperatures were determined to measure salinity; 

freezing the inclusion to approximately -65°C overcame 

problems of metastability in ice-formation, after which they 

were warmed slowly. When the ice started to melt, the rate of 

warming was slowed to approximately O.l"C per minute. It is 

very difficult to see the ice when the inclusion is very 

small, but watching the agitation of the vapor bubble by the 

ice crystal could be observed. The melting temperature was 

recorded as the ice-melting temperature (Tm). 

7.4 RESULTS 

Fluid-inclusion studies indicate that late-stage quartz of 
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assemblage D formed from boiling fluids having homogenization 

temperatures of 210-310°C, mostly between 260-270°C, and 290-

310°C; only two were between 230-240°C. Salinities are 16-18 

wt% NaCI. Inclusion data from amethyst show homogenization 

temperature ranges mostly between 200-210°C and 223-233°C. The 

highest recorded homogenization temperature from six primary 

inclusions in amethyst (Figs.67 & 68) range from 260-320°C, 

with salinities of 16-19.6 wt% NaCI. Inclusions from pink 

fluorite in marble indicate boiling and show homogenization 

temperatures of 230-290°C, with some COz indicated by the 

decrepitation of some fluid inclusions before homogenization 

was reached (Roedder, 1984). Daughter-crystal fluid inclusions 

are recorded at Copperstone; Figure 73 shows a daughter that 

did not dissolve upon heating to 385°C, although its 

homogenization tGmperature is 250°C with a -12.0°C melting 

temperature. 

The presence of an additional component other than NaCI in 

the fluid could be detected by recording the eutectic 

temperature, when ice starts to melt. One only fluid inclusion 

from amethyst (Fig.67), under the capability of the optic 

system, yielded an eutectic temperature of -41. 5°C, suggesting 

the existence of another component (CaClz) other than NaCI 

(Crawford, 1981). The same result was reported from the 

Northern Plomosa District (Duncan, 1990). 

Late pale green fluorite associated with earthy hematite 
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and barite from quartz latite porphyry recorded the lowest 

homogenization temperature range from 190-225°C. Only one 

fluid inclusion in pale green fluorite gave a melting 

temperature; it was -24.2°C, indicating 25.5 equivalent wt% 

NaCl. Two homogenization temperatures have been taken from 

barite that evidenced boiling, did not show.any necking down, 

and record 282°C and 295°C. No ice melting temperature (Tm) 

could be taken from bari te. A clear distinction between 

secondary and primary origins could not be made, and we can 

consider this fluid indetermined. using a histogram to 

represent data shows a distinction of primary from secondary 

(Fig. 75) • 

Studies of epithermal veins (Buchanan, 1979) and modern 

geothermal systems (Henley and Ellis, 1983) has shown that 

al though these systems may periodically depart from 

hydrostatic pressure owing to fracture sealing by deposited 

minerals, frequent seal destruction maintains the system near 

the boiling point. The upper-plate fluid system at Copperstone 

probably remained at near-hydrostatic pressure because normal 

faults provided open channelways to the surface (Reynolds and 

Lister, 1987). From these considerations it is assumed that 

the fluid inclusions at Copperstone formed very near the 

liquid-vapor boundary and, thus, that the homogenization 

temperatures need no correction for pressure. Boiling is an 

efficient mechanism for the removal of both CO2 and H2S from 
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the hydrothermal fluids owing to the strong partitioning of 

both species from the liquid into the vapor phase. Under ideal 

conditions of liquid-vapor separation the partitioning 

coefficients calculated by Drummond (1981) indicate that the 

concentration of dissolved CO2 would be reduced by 

approximately one order of magnitude and the concentration of 

the dissolved H2S would decline by approximately half an order 

of magnitude after boiling of less 3% of the fluid; the fluids 

would cool approximately 10°C (Keenan et "al., 1969). This 

degree of cooling is compatible with the temperature 

fluctuations noted in this fluid inclusion study. Briefly, 

boiling contributed to the loss of dissolved gases, thereby 

increasing salinity. 

Homogenization temperatures from primary fluid inclusions 

are considered to be their trapping temperatures, which are 

260-320°C for minerals that evidenced boiling, late fine

grained quartz and fluorite; amethyst shows high to moderate 

salinity fluids at 19.6-11. 7 wt% NaCl. This history may 

represent an evolution from a highly saline mineralizing fluid 

to a less saline or diluted fluid responsible for the 

mineralization of the gold deposit, with fluids that became 

cooler and more saline with time, as evidenced by the 

appearance of late pale green fluorite associated with earthy 

hematite in quartz latite (Th, 190-225°C, and Tm, -24.2°C), 

that could indicate a second stage of fluorite and barite 
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mineralization. 

The depth of mineralization can be calculated using data 

from Haas (1971). If the pressure that operated on the upper

plate rocks is related to hydrostatic fluid pressure then the 

temperature of a brine at a given depth can be close to the 

boiling temperature for the corresponding hydrostatic pressure 

(Haas, 1971). So from the homogenization temperature and its 

related salinity in a boiling system at Copperstone using Haas 

data, the depth of mineralization is 997 meters (P= 95 bars, 

and density= 0.91 g/cm3). 

Previous work on fluid inclusions (Allen, 1985; Wilkins et 

al., 1986, 1988; Bradley, 1982; Spencer et al., 1988; Roddyet 

al., 1988; Duncan, 1990) has characterized fluids associated 

with detachment fault-related mineralization. Most fluid 

inclusions from detachment-related deposits record one type of 

fluid, the gas-liquid type, that contains only two-phases, 

liquid and vapor Wilkins et ale (1986) reported some 

hydrocarbons, and Allen (1985) recorded co2-rich inclusions. 

No previous studies have detected evidence of boiling or the 

presence of daughter salts. The range of homogenization 

temperatures is 150-325°C, with salinities ranging from 12 to 

25 wt% NaCl. The highest homogenization temperature was 

recorded from quartz and the lowest from fluorite. 

Homogenization and melting temperatures found at Coppers tone 

place the deposit within the temperature range defined by 
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Wilkins et al. (1986) (Fig.76) for detachment related 

deposits. 

The fluid inclusion and mineralogical evidence strongly 

confirm that the Copperstone deposit can be classified as a 

detachment-related deposit. Relatively high temperatures (270-

330°C) from the Bullard detachment fault in the Harcuvar 

Mountains of west-central Arizona (Fig.3) are reported by 

Roddy et al. (1988) also with high salinities (17-6 wt% NaCl), 

with decrease in temperature away from the Bullard Detachment 

Fault. Duncan (1990) reported lower mineralization 

temperatures from the Northern Plomosa District between 150 

and 250°C with high salinity (17-26 wt% NaCl). Bradley (1987) 

recorded low homogenization temperatures of 130-190°C from the 

Silver District in southern La Paz County, Arizona, which is 

considered to be detachment related but situated higher in the 

upper plate and more remote from the detachment fault. Bradley 

(1987) and Duncan (1990) suggest according to the low 

homogenization temperatures that mineralization took place in 

a position high in the upper plate as much as 500 m above the 

detachment fault. 

From this observation, lower homogenization temperatures 

took place distal from the detachment fault (Bradley,1987 and 

Duncan, 1990) and higher temperatures took place along the 

detachment fault (Roddy, 1988). That suggests that Copperstone 

is somewhere near the detachment fault according to the high 
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temperatures recorded. Probably, the low-angle normal listric 

fault that controlled gold mineralization at Copperstone in 

the upper plate is continuous from the Moon Mountain 

Detachment Fault that outcrops at Copper Peak and which served 

as fluid migration pathways during detachment faulting 

(Fig. 8) . 
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Stable isotope analyses along with fluid ·inclusion studies 

have been critically important to the development of genetic 

models for ore deposits. The objective of this part of the 

present study is to characterize the C-O-S isotopic 

signatures of the rocks and fluids at Copperstone in order to 

determine constraints on the sources and compositions of ore

bearing fluids and the sources of the ore-forming components 

for further characterizing the role of detachment faults in 

gold mineralization. Unfortunately, it was beyond the funding 

and capabilities of this study to produce oxygen and hydrogen 

isotopic data from silicates. 

8.2 SULFATE 634S 

Insufficient sulfide phases were found in the highly 

oxidized Copperstone deposit to help to determine 345 from 

sulfide. Hydrothermal barite was selected to determine 345 from 

sulfate; it is mainly restricted to, and well represented in, 

the upper plate quartz latite rocks from Copperstone. 

Four samples were selected to cover variations of barite 

occurrence as veinlets and as cavity fillings in the borehole. 

Individual grains were separated by hand picking and from 

veinlets by using a small vibrator for extraction. The barites 
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were then prepared for analysis using the method of Coleman 

and Moore (1978). S02 was analyzed for 634S on a VG602C double 

collector mass spectrometer with a precision of ± 0.3 per mil. 

Four 6348 values from Copperstone are +7.6,' +8.0, +12.8, and 

+12.9 per mil (Table 1). No correlation could be made between 

the variation of 34S with depth or in the different modes of 

occurrence. The highest two 634S values represent samples from 

open space filling and a veinlet in quartz latite (+12.9 and 

+12.8 respectively). The lower 6348 values were from a veinlet 

and from a cavity filling in quartz latite (+8.0 and 7.6%1 

respectively). No sulfate mineralization was detected either 

along the detachment fault or in the lower plate in the Moon 

Mountains to give a complete picture about the role of the 

detachment in this mineralization. 

The Copperstone deposit is thought to be similar to the 

Northern Plomosa District in both mineralization and geologic 

setting (Spencer, et al., 1988, and Duncan, 1990). The 6348 of 

sulfate from barite of the Northern Plomosa District lower 

plate has been compiled and used with this study to give a 

close picture about the role of detachment faults with respect 

to gold mineralization. 

The 6348 values for the lower plate from the Northern 

Plomosa District are +6.4 and +7.2~ which are very close to 

the numbers from the upper plate at Copperstone (+7.6 and 8.0 
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TABLE (1) STABLE ISOTOPE DATA From Copperstone 

SAMPLE # ROCK TYPE 

Barite 

11-242 Up.plate ba.as 
filling cavity 
(metavol.) 

11-255.5 Up.plate ba.as 
filling cavity 
(metavol. ) 

11-272 up.plate ba. as 
veinlet (metavol.) 

11-281 up. plate ba. as 
veinlet (metavol.) 

9-528 

9-536 

9-563 

9-567 
+15.9~ 

Carbonate sediments 

grey LS./PZ? 
(metased. ) 

yell.beige LS./PZ? 
(metased. ) 

beige Ls./Pz? 
(metased. ) 
dirty beige Ls./Pz? 

(metased. ) 

Hydrothermal carbonates 

9-674 Ca-vein in Phyllite 
up.plate (metased.) 

9-267 Late stage brown Ca 
in Up.plate (metavol.) 

9-434.5 Ca-veinlet in Up.plate 
(metavol.) 

11-272 Ca-cavity in up. plate 
(metavol. 

+12.9~ 

+7.6~ 

+8.0%1 

+12.8~ 

+1.6~ +15.8~ 

+1.3~ +19.2~ 

-3.0~ +19.6~ 

-2.6~ 

-4.0~ +14.6~ 

-4.6~ +21.3~ 

+2.6~ +23.7~ 

+O.6~ +24.8~ 
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per mil). Duncan (1990) suggested that at least two sources of 

sulfate could be responsible for the variations in 6~S from 

+6.4 to +16.9~, one containing heavy sulfur and oxygen and 

another containing lighter sulfur and oxygen. This source 

difference could explain the lower values of 6~S from the 

lower plate along the detachment and other higher values from 

the upper plate, the two stages of barite mineralization 

having been established as stage C and stage D. One formed 

from heavy sulfur and the other from a light one, which is 

consistent with the fluid inclusion study' that the barite 

associated with pink fluorite and pale green fluorite recorded 

different Th and Tm different stages of mineralization 

(F ig . 26). It is interpreted that deep-sourced hydrothermal 

fluids containing sulfate approximating the lighter end-member 

ascended and mixed with the basin brines that contained 

heavier sulfate (Duncan, 1990). 

The source of sulfur in barite could be from the breakdown 

of pyrite and chalcopyrite that was reported from the Triassic 

phyllite unit at Copperstone, which is the lowest unit in the 

metasedimentary rocks that underlie the Jurassic quartz latite 

in the upper plate. The breakdown of pyrite. and chalcopyrite 

to hematite has been suggested as a source of reduced sulfur 

in a metamorphic fluid during greenschist metamorphism 

(Ohmoto, 1986). 

No successful application of sulfur isotope thermometry 
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could be made in the Copperstone deposit due to the 

unavailability of sulfate-sulfide pairs in equilibrium. In a 

hydrothermal system, the sulfate also could be derived by 

mixing of isotopically different sources as a result of 

water/rock reaction along the flow path from the detachment 

through the upper plate within the basin brine. Also the 

presence of hematite in K-feldspar alteration corroborates the 

hydrothermal Eh as being oxidizing (McNeil and Kerrich, 1986). 

The depletion of S34 from +12.9 to +7.6 could be related to 

progressive oxidation of the hydrothermal fluids (Cameron and 

Hattori, 1.985). 

In saline fluids, barite solubility decreases rapidly on 

cooling from 300° to 11.0°C (Holland and Malinin, 1979), which 

also is consistent with the result from fluid inclusions that 

homogenization temperatures from barite are 280°C and salinity 

is 14% NaCI. The large amount of barite deposited in quartz 

latite in the upper plate rocks at the Copperstone mine 

depends on the Ba2+/S0/- ratio in solution (Holland and 

Malinin, 1979), indicating that these fluids were enriched in 

Ba2+ and S042-. 

8 • 3 CARBONATE & 13C and & 180 

Eight samples of calcite from the metasedimentary rocks at 

Copperstone were analyzed for cS'13C and &180. Four samples were 

selected from limestones ~hat differed in color from grey (9-
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528), beige (9-563), dirty beige (9-567) and yellowish beige 

(9-536). Four hydrothermal carbonates analyzed include one 

sample (9-674) calcite vein in phyllite, one sample as a late

stage calcite vein (11-277) from quartz-Iatite and two samples 

representing brownish calcite as late-stage mineralization (9-

267 and 9-434.5) in metasedimentary rocks. 613C and 6180 

analyses of calcite were made under the direction of Dr. 

C.J.Eastoe at the Laboratory of Isotope Geochemistry of the 

University of Arizona. 

Carbonate samples were prepared for analyses using the 

method of McCrea (1950) and craig (1957). CO2 was analyzed for 

o13C and 6180 on a VG602C double collector mass spectrometer 

with precision of ±0.5 per mil for both 13C and 180. Results 

are reported relative to standard mean ocean water (SMOW) for 

0180 and to PDB for 613C. spectrometer calibration was made by 

a comparison of five laboratory standards (-8 to +17 per mil) 

and National Bureau of Standards 123 (17.2 per mil) at the 

University of Tasmania and the University of Arizona. The 

standards used at the University of Tasmania were compared 

against standards of the Bureau of Mineral Resources in 

Australia, The ontario Geologic Survey, and the Department of 

Scientific and Industrial Research of New Zealand. 

8.4 RESULTS 

The 013C values for carbonate sediments at Copperstone 
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range from -3.0 to +1. 6 and show a decrease in 613e with 

increasing depth (see Table 1) in drill-hole #9. In Table 1. 

an increase of S13e is observed for calcite formed in the late 

stages of mineralization (#9-434.5, S13e=+2.6). The range of 

S13e of calcite from hydrothermal carbonate is -4.6 to +2.6 per 

mil, which falls within the normal range of hydrothermal 

carbonate minerals (Ohmoto, 1986). 

According to Veiser and Hoefs (1976), the range of S13e of 

carbonate sediments of -3.0 to +1.6 per mil falls within the 

normal range of S13e for Triassic limestones which is 

consistent with their assignment to be Triassic Buckskin 

Formation. A decrease in S13e from carbonate sediments with 

depth could be related to diminishing equilibrium 

fractionation with increasing temperatures at depth and/or 

related to other processes such as boiling as was detected 

through fluid inclusions, and decarbonation and/or dissolution 

reactions in the limestone (Blattner, 1975; Williams and 

Elders, 1984). No trend for S13e in calcite from hydrothermal 

carbonate has shown any relation with depth. 

A diversity in the range of 13e with depth has been found 

at Copperstone as shown in Table 1. This diversity could 

probably be attributed to the extraction of 13C by dissolution 

reactions from the carbonate sediments at depth and/or related 

to the boiling processes (degassing). However, the fluids 

could have contained a compound of oxidized 13C-depleted 
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organic matter from the host rocks that provided isotopic 

equilibrium to produce the relatively light composition for 

the two carbonate sediments (9-528 and 9-536), and the two 

late stage calcites (9-434.5 and 11-272) (Radke et al., 1980). 

Another suggestion about the apparent slight enrichment in 13C 

at Copperstone is an admixture of marine carbon (limestone 

dissolution of the metasedimentary unit) transported by basin 

brine waters and penetrating overlying carbonate-bearing 

units. 

Hydrothermal carbonates have higher 6180 values than the 

sedimentary carbonates, which is higher than the normal modern 

meteoric water (+14.6 to +24.8 per mil). Mineral-water 

fractionation increases with decreasing temperature and that 

must also account for the 180 enrichments that accompanied 

mineralization-alteration during potassic alteration through 

the late stage hematitization and gold deposition. 
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Based in part on fluid inclusion results, Copperstone is 

classified as a detachment related deposit with remarkable 

chemical changes associated with boiling. Mechanisms that 

operate in boiling hot spring deposits, and lead to the 

deposition of gold in them, are well understood. As Seward 

(1984) has shown, the solubility of gold as chloride and bi

sulfide complexes in dilute boiling hydrothermal fluids 

decreases with changing oxidation state and pH, both 

influences that cause deposition of gold. This chapter will 

explain the mechanisms that operated at Copperstone to deposit 

gold, and the role of the detachment surface to gold 

deposition. It will then integrate data from the preceding 

chapters to define the genesis of Copperstone. 

9.2 MECHANISM OF ORE DEPOSITION 

Gold solubility in hydrothermal solutions is influenced at 

least by temperature, pressure, oxidation potential, and the 

activities of various ligands. If gold is present, a decrease 

in temperature induces precipitation of gold from both 

chloride and sulfide complexes in hydrothermal solutions 

(Seward, 1984). Fluid inclusion results show that cooling 

episodes occurred at Copperstone during ore deposition; 
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homogenization temperatures decreased in the ore horizon from 

320°C to 260·C and salinities decreased from 19.6 to 11.7 wt% 

NaCI equivalent. Boiling ended with a cooler, higher salinity 

fluid of 190°C and 25.5 wt% NaCI equivalent. Since gold was in 

fact precipitated, cooling can reasonably be called upon as 

one of the factors that caused gold to deposit. Loss of CO2 

during boiling at Copperstone must have caused an increase in 

pH of the hydrothermal fluid (Drummond and Ohmoto, 1985; 

Drummond, 1981; Barton et al., 1977). High pH advances 

precipitation from chloride complexes (Fig.77) , and from 

sulfide complexes if the pH were greater than 7.5 (Fig.78). 

Relatively high homogenization temperatures of 290 ±30·C 

and high salinities increase gold-chloride complex ion 

solubility (Cathles, 1986). Gold deposition is then favored by 

increasing pH, by cooling, or by the result of mixing a saline 

with a relatively dilute fluid, which would cause 

precipitation of gold from aqueous chloride complexes such as 

AUcrz (Fig.77). 

Mineralogical relationships at Coppers tone are consistent 

with deposition of gold from chloride complexes. In 

particular, no argillization is noted in the deposit that 

would indicate high It activities and thus low pH that would 

give rise to gold deposition from sulfide complexes (Fig.78). 

Further, the near absence of sulfides and the presence of 

highly saline fluids suggests ~he prevalence of chloride ions. 
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Figure 77. Solubility of gold complexes in equilibrium with 
pyrite+pyrrhotite (+magnetite at high pH). 
(Fig.4, in Seward, 1984). 

Figure 78. solubility of gold in sulfide solutions as a 
function of pH and temperature (Seward, 1973) 
at 300·C and as a function of pH. 



... 
B -4.00 
:::J 
c( 

-5·00 

'"""C ...... --225 

'< 200 
/.---?~;u..----175 

I Au2(HS)2~ " 
1 I , 

1 I , --r--", , 
_I 1 " ,_ 

Au( HShl I "HAu( HS)~ Au(HSh 

" - 6 ·00 1-_...1..
3 
--"'_L-",---!-~+--,--:!-----,_±----,---;!;--,--~--,--;,;~ 

pH 

167 



168 

Drummond and Ohmoto (1985) have modeled precipitation of 

precious and base metals during boiling. Their model shows 

that base and precious metals are precipitated from 

hydrothermal solutions above 300°C by the time more than 10 

wt% of the liquid is lost to steam. The mineral paragenesis 

produced by boiling begun in fluids undersaturated with metals 

before boiling will produce oxides first, then simple metal 

sulfide, and finally native metals (chlorides complexed). That 

explains why the Copperstone system has mainly the oxide 

assemblage hematite- specularite- chrysocolla- malachite and -

manganese oxides, with minor chalcopyrite. 

Chrysocolla as a primary hydrothermal mineral has been 

suggested for similar mineralization (Schuilling, 1978; Beane 

et al., 1986). At copperstone, chrysocolla occurs widely as a 

part of the vein-alteration assemblage, so a hypogene origin 

is indicated. Fe-rich chlorite occurs also as a co-genetic 

mineral introduced as part of the vein-alteration assemblage 

quartz-chlorite-specularite-Auo. Cu is incorporated in the 

ferruginous chlorite structure as revealed by electron 

microprobe analysis (Appendix 1), perhaps explaining why the 

system precipitated only traces of chalcopyrite. Presumably, 

whatever Cu concentration was present was extracted from 

oxidized solutions by the deposition of chrysocolla and 

chlorite, cause a decreasing in copper concentration which 

prevents chalcopyrite from depositing (Drummond and Ohmoto, 
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1985). Fe-chlorite deposi~ed from a boiling system was 

recognized at the Creede, Colorado, silver-base metal 

epithermal vein deposit (Barton et al., 1977), and in the 

Broadlands, New Zealand, geothermal field (Weissberg et al., 

1979). 

The primary gangue phases in hydrothermal deposits that are 

associated with boiling-derived ores are quartz, calcite, 

sulfates (barite), and sometimes fluorite (Drummond and 

Ohmoto, 1985). During the early and most active stage of ore 

deposition (- 300°C), only a fraction of the total silica in 

solution can be deposited, which is increased by decreasing 

temperature (Drummond and Ohmoto, 1985). That result is 

replicated at Copperstone with observation of early amethyst 

and quartz of stage C (Fig.26) followed by abundant late fine

grained quartz of stage D as vein and open-space fillings in 

C.U.5, C.U.6, and C.U.7, with 300°C homogenization 

temperatures decreasing to 210°C. The behavior of silica 

differs greatly from that of the ore minerals during boiling, 

so that the weight ratio of quartz to metals in the ore zone 

would increase with decreasing temperature from about 1 at 

350°C to 30 at 200°C (Drummond and Ohmoto, 1985). Boiling 

would therefore deposit about ten times more silica at late 

stages than it would at early stages. 

The solubility of fluorite depends on temperature, 

pressure, ionic strength of solution, pH, and the ratio of Ca-
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and Mg++ to that of the F" in solution (Holland and Malinin, 

1979). Fluorite solubility is enhanced by the addition of 

CaCI2 , indicating that the complex CaF+ is important in the 

transport of fluoride ions in calcium-rich hydrothermal 

solutions (Richardson and Holland, 1979b; Richardson and 

Malinin, 1975). In concentrated CaCl2 solutions, the 

solubility decreases above 150·C (Anikin and Shushkanov, 1963, 

and Richardson and Holland, 1979a), which is consistent with 

this study, CaCl2 having been detected in fluid inclusions in 

pink fluorite. The concentration of CaCl2 could also be 

manifested by boiling processes that led to fluorite 

deposition (boiling detected in pink fluorite associated with 

gold). Boiling also can affect the precipitation of calcite by 

expulsion of CO2 vapor during boiling. The vertical extent and 

thermal gradient of the deposit will dictate the amount of CO2 

exsolved during the ascending of the hydrothermal solution, 

because reduced pressure and lower temperature will favor CO2 

exsolution during upwelling (Drummond and Ohmoto, 1985) over 

depth ranges from several meters to one kilometer and 

temperature ranges of 150-350·C. The ore horizon at 

Copperstone has an average of 90 m vertical extent, falls 

witl1in the same temperature range (190-320·C), and formed 

under about a kilometer of hydrostatic pressure. 

The deposition of barite can also be explained in the 

context of boiling since the solubility of barite decreases 
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upon cooling of saline fluids between 300-110°C 

(Holland and Malinin, 1979). Two homogenization temperatures 

from barite are 280°C and 290°C, averaging 285°C. Cooling of 

boiling fluids can also cause barite to deposit, not 

necessarily limited to the early stages of boiling (Drummond 

and Ohmoto, 1985). This explanation is supported by fluid 

inclusion results in that pink fluorite with barite in marble 

showed boiling at high temperature and low salinity (230-290°C 

with 11.7 wt% NaCI) , and a late-stage pale green fluorite with 

barite was found indicating low temperature and high salinity 

(190-225°C with 25.5 wt% NaCI). 

9.3 SUMMARY 

The Moon Mountain Detachment Fault in the N- ·to NE-trending 

Moon Mountains constitutes the southwestern exposed limit of 

the Whipple-Buckskin-Rawhide detachment system at this 

latitude (Fig.3). This fault is reliably interpreted to 

underlie and be related to the Copperstone deposit. The 

Copperstone gold deposi t northeast of the Moon Mountains 

(Fig.G) occurs in an assemblage of units in the hanging wall 

of the Moon Mountains, which occurs as fault bound slivers 

including Buckskin Formation such as phyllite, quartzite, 

carbonate, and chlori te schist of inferred Triassic age ~ 

Jurassic quartz latite porphyry; and Tertiary sedimentary and 

basaltic rocks (Fiq.7). These rock units overlie the ductilely 
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deformed footwall of mid-Tertiary granitic rocks (Knapp, 

1989). The Moon Mountain Detachment Fault surface dips 

generally northeastward, with 2-3 m chloritized mylonitic 

gneiss as its sole, downdip in the subsurface under 

Copperstone (Fig.8) (Knapp, 1989). The Miocene age of movement 

of the Moon Mountain Detachment Fault is constrained by the 

presence of tilted Tertiary age sediments and mafic rocks 

which are tilted in the hanging wall (Davis, 1980; Knapp, 

1989). Volcanic rocks from tilt blocks nf western Arizona and 

southeastern California commonly yield Miocene ages. 

Tertiary extension did not take place along pre-existing 

Mesozoic thrust faults and the footwall originated at 

relatively deep crustal levels, implying that the actual 

surface break of the detachment was distant from, and is not 

preserved in, the Copperstone area (Knapp, 1989). Tertiary 

crustal extension in the southwestern United states was 

accompanied by K-metasomatism of Tertiary volcanic and 

sedimentary rocks and by base- and precious- metal 

mineralization along detachment faults (Roddy et al., 1988). 

During the evolution of the detachment fau1 t, ini tial 

stages of detachment faulting included metamorphic or igneous 

fluids at low water/rock ratios and at deep crustal levels 

that operated only on the lower plate rocks (Reynolds and 

Lister, 1987; Smith and Reynolds, 1985; Kerrich et al., 1984). 

In the upper plate rocks at the same time, K-metasomatism was 
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taking place through infiltration of brines in extensional 

basins. The fluids in the two plates are considered to have 

been derived from different sources and had different chemical 

compositions. Reddish upper plate rocks are due to 

hematitization and potassic alteration that is superimposed on 

greenish lower plate mylonitic and chloritic breccias that 

resulted from retrograde metamorphism. This superimposition 

does not, therefore, require that the fault effectively 

isolated oxidized and reducing fluids (Reynolds and Lister, 

1987). Most upper plate hematitic alteration and K

metasomatism occurred at shallow crustal levels because of 

alkaline basin brines (Chapin and Lindley, 1986; Roddy et al., 

1988), whereas brecciation and retrograde metamorphism of the 

lower plate began at depths near the brittle-ductile 

transition. 

Geochemical data (Appendix 1) indicates that the upper 

plate rocks at Copperstone have been affected by K

metasomatism. since they are found higher in the stratigraphic 

section, K-metasomatism affected the Tertiary basalt more than 

the Jurassic quartz latite and the Triassic metasediments. No 

K-metasomatism was detected along the Moon Mountain Detachment 

Fault surface at Copper Peak, nor does it occur along the 

fault plane at the Whipple, Buckskin, and Harquahala 

Mountains, and the Picacho and Northern Plomosa areas (Duncan, 

1990; Kerrich et al., 1989; Roddy et al., 1988). The 
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relationship between K-metasomatism and gold mineralization 

has been demonstrated here and elsewhere as one of 

superimposition of gold mineralization on pre K-metasomatized 

upper plate rocks (Roddy, et al., 1988), but K-metasomatism is 

not an essential precursor. 

According to the paragenetic sequences developed by this 

study at Copperstone (Fig.26), K-metasomatism of stage A is 

pre-mineralization-alteration (Roddy et al., (1988), followed 

by propylitization of stage B. Amethyst, Fe- chlorite, 

specularite, hematite, pink fluorite, barite, calcite, and 

gold were introduced for the first time at the next stage of 

mineralization (stage C), and gold was encapsulated in both 

amethyst and quartz (Figs. 35 to 38), mainly hosted by Jurassic 

quartz latite porphyry of C.U.5 and the sedImentary breccias 

of C. U .6. After this stage C there followed abundant late 

fine-grained euhedral quartz of stage D as open-space fillings 

in brecciated Jurassic quartz latite porphyry, associated with 

hematite, chrysocolla, traces of malachite and magnetite, 

adularia, and Mn oxides. Gold is also found encapsulated in 

this late fine-grained quartz (Figs.44 to 47). A minor amount 

of adularia and magnetite occurs in the late stage fine

grained quartz as quartz-adularia-magnetite-veins (Figs.48 & 

49). Physical evidence for real equilibrium among the 

different ore minerals is (Fig. 54) that free gold is in 

equilibium with specularite, hematite, chrysocolla, and 
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malachite. During the waning stages of this system, the barren 

quartz, earthy hematite, pale green fluorit, barite, and 

calcite of stage E were formed: this stage E is identified by 

its cross-cutting relationship with the late stage fine

grained quartz of stage D. 

Variations in 634S from +7.6 to +12.9 per mil (Table 1) 

indicate that two different fluids were involved in the 

Copperstone system and that a deep-seated "lighter" 

hydrothermal fluid mixed with a basin brine that co~tained 

"heavier" fluid. This interpretation is supported by fluid 

inclusion results that record two stages of barite 

mineralization. There is an early one from less saline fluids 

with 11.7 wt% NaCl and a late one from high salinity fluids 

with 25.5 wt% NaCI recorded by the pink and pale green 

fluorite, respectively, which are associated with the two 

stages of mineralization. 

6180 values from the hydrothermal carbonates (Table 1) span 

from +14.6 to +24.8 per mil, which confirms the extent of 

isotopic exchange with an aqueous reservoir that indicates 

oxidation accompanied gold mineralization. 

A model for detachment related mineralization suggested by 

several workers (Duncan, 1990; Roddy et al., 1988; Spencer and 

Welty, 1986, 1989; Beane et al., 1986; Wilkins and Heidrick, 

1982) is that geothermal gradients in the lower plate caused 
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it to be a source of heat and that tectonic deformation caused 

saline basin brines to ascend along regional low-angle 

detachment faults into permeable upper plate rocks. Spencer 

and Welty (1985) also suggested that deep brines ascended and 

mixed with cooler waters near the surface. According to this 

hypothesis, Duncan (1990) from his fluid inclusion results 

suggested the surface waters to have been cooler and more 

saline than the detachment-surface-controlled influxing 

brines. The moderate to high salinities at Copperstone 

indicate that basin brines were essential for causing 

hydrothermal alteration and mineralization associated with 

gold deposition. 

The source of heat to drive fluid convection into the upper 

plate at Copperstone cannot be ignored. Mid-Tertiary granitic 

rocks form the footwall of the Moon Mountain Detachment Fault 

in the Copper Peak area where they were emplaced into the 

upper plate Jurassic quartz latite porphyry (Fig.6). Similar 

Tertiary granitic rocks are depicted in the Buckskin Mountains 

(early Miocene to Oligocene 18-38 Ma, Tg) on the Arizona 

geologic map (Reynolds, 1988). Tertiary granites at the Copper 

Peak area are shown on the Arizona geologic map as early 

Tertiary to late Cretaceous granites TKg, (Reynolds, 1988), 

but this study and Knapp (1989) have shown them to be 

Oligocene, an age concurred in by Spencer (pers.comm., 1993). 

This synkinematic mid-Tertiary granite must have been a 
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major source of heat to drive fluid convection in the upper 

plate, whi.ch was intruded, mylonitized, and subsequently 

brecciated (Reynolds et al., 1986). Fluid inclusion evidence 

points to mixing of basin brines and deep seated fluids or 

meteoric fluids. Unfortunately, it was beyond the limits of 

this study to investigate hydrogen and oxygen isotopes from 

late quartz to identify the sources of late fluids and the 

degree of their mixing. Gold deposi tion could have been 

promoted by cooling, increasing pH in a cr solution, or 

mixing and dilution with other fluids. Solubility of gold as 

chloride complexes is enhanced by both higher temperature and 

higher salinity (Cathles, 1986). Hydrothermal mineralization 

took place during specific stages C and D (Fig.26) as 

evidenced by detailed petrographic, mineragraphic, and 

geochemical analysis, which indicate the occurrence of boiling 

during the development of this system. K-metasomatized basalt 

at copperstone is early Miocene in age (Shafiqullah, 

pers.comm.) and has minor gold mineralization, indicating that 

the age of mineralization at Copperstone was Miocene or 

younger. 

From mineralogical and geochemical 

model is proposed for Coppers tone 

evidence, a genetic 

that involves the 

circulation of basin brine fluids driven by an intrusive heat 

source associated with uplift of hot myloniric mid-Tertiary 

granitic lower plate rocks that themselves may have 
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contributed fluids and/or metals. This heat caused the 

ascending brines to move along the highly fractured rocks in 

the fault plane of the north- to northeast-dipping Moon 

Mountain Detachment Fault at Copper Peak (Fig.79) , and left 

the signature of these mineralizing fluids. The signature was 

hematite and chrysocolla mineralization along and in the low

angle breccia zone as well as traces of gold along the Moon 

Mountain Detachment at Copper Peak (detected at 0.1 ppm by 

geochemical analysis #MM-DF, Appendix 1). The fluids were 

diverted to ascend along the Copperstone Listric Fault and 

along a series of high angle NE and NW faults that cross cut 

the Copperstone Listric fault. Both vein fault sets contain 

gold-bearing vein material because they acted as the conduits 

for fluid-migration during the late stages of detachment 

faulting. This conduit was kept open during. stage A and B by 

ongoing faulting without ore deposition until the fluids 

reached the boiling sr.ate as a result of decompression 

(adiabatic cooling). They also mixed with another less saline 

fluid which led to the precipitation of gold along the 

brecciated Copperstone Listric Fault and related steep faults 

as open space fillings and replacement mineralization 

(Fig.10). The hypogene minerals associated with this (stages 

C-D) are hematite, specularite, minor magnetite, chrysocolla, 

malachite, minor manganese oxides, and native gold, along with 

gangue minerals amethyst, quartz, Fe-chlorite, minor adularia, 
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Figure 79 : Schematic cross-section of the principal direction of tnineralizing 
fluid flow during ore deposition. The arrows illu strate flow 
direction along the Moon Mountain Detachment surface, Copperstone 
Listric Fault, and high angle faults at the Copperstone gold deposit. 
Tcpg is Copper Peak granite; open is Jurassic quartz latite porphyry. 
Horizontal dimension is about 2.5 km; vertical dimension is about 
5(X) meters. 
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fluorite, barite, and calcite. As shown in Figure 54, 

hematite, chrysocolla, malachite, and native gold appear to be 

in equilibrium. Mineralization is structurally controlled and 

restricted to the copperstone Listric Fault with minor 

mineralization along the high-angle NE and mq faults, as with 

many other deposits in the west-central Arizona (Fig.80). 

Gold deposition occurred late in the development of detachment 

faulting which is evidenced by traces of gold with hematite 

and chrysocolla along the Moon Mountain Detachment Fault zone 

at Copper Peak. All these lines of evidence require 

classification of Coppers tone as a detachment-related deposit. 

A number of localities in Arizona and California where gold 

mineralization occurs related to detachment faults have been 

selected for comparison. They are the Planet District in the 

Buckskin Mountains (Beane and Wilkins, 1988), the Plomosa 

District (Duncan, 1990) at the north end of the Northern 

Plomosa Mountains, and the Picacho mine in southeastern 

California (Drobeck, et al., 1986). 

Gold deposition at the Planet District is associated with 

the oxide assemblage hematite and chrysocolla, along with 

bari te and calci te as gangue minerals. Mineralization is 

mainly controlled by listric and high angle faults. 

Homogenization temperatures recorded from early quartz are 

290°C and 245°C from quartz associated with chlorite and 

specularite with apparent salinities of 12 to 22 wt% 
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equivalent NaCl. No boiling has been detected in this deposit 

(Beane and wilkins, 1988). From the Northern Plomosa D~;,strict, 

gold occurs as native gold in association with hematite, 

specularite, chalcopyrite, chrysocolla, malachite, Mn oxides, 

amethyst, quartz, late euhedral fine-grained quartz, barite, 

fluorite, and calcite along the NW-striking normal faults in 

the upper plate of the Plomosa Detachment Fault. 

Homogenization temperatures range from 150 to 250°C, with 

apparent salinities 12 to 26 wt% equivalent NaCl (Duncan, 

1990). 

Resul ts from the Planet and Plomosa District are very 

similar to those of the Copperstone gold deposit. The 

Copperstone mine, The Plomosa District, and the Planet 

District represent similar environments of gold deposition 

associated with detachment faulting. 

Epithermal deposits are described by Lindgren (1928) as 

having formed at depths less than 1 kIn below the Earth I s 

surface and at temperatures less than 200°C.' This temperature 

has been revised upward by others to be within the range 150-

300°C (Nash, 1977; Dreier, 1976; Barton et al., 1977; Kamilli 

and Ohmoto, 1977; Albinson, 1978; Buchanan, 1979). 

From fluid inclusion results, the depth of mineralization 

at Copperstone was 1 Km, and the temperature of mineralization 

was 190-320°C, consistent with epithermal deposits. Salinity 

in this deposit is in ~he high range at 11.7 to 25.5 wt% NaCl 
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equivalent; maximum salinity in adularia-sericite type 

classified by Hayba et al., (1985) is up to 13 wt% NaCI. 

Sulfide mineralization is not as common in the Copperstone 

deposit as in epithermal deposits, so trace elements 

incorporated as impurities in sulfide crystal lattices were 

not developed in the copperstone deposit, which is mainly an 

oxide assemblage. Boiling as a mechanism did operate in the 

Copperstone gold deposit, as it did in ~~ny other epithermal 

deposits such as colqui (Kamilli and Ohmoto, 1977); Creede 

(Roedder, compiled in Hayba, 1983); and Tayoltita, San Dimas 

(Clarke, 1986). 

The essential differences between epithermal deposits and 

the Copperstone deposit are the relatively high salinity, the 

oxide assemblage, and the near absence of the characteristic 

toxic pathfinder suite elements As, Sb, Te, Se, Be, and Hg. 

The host rock, vein mineralogy, stockwork, temperatures, depth 

of formation, and ore-horizon are similar to those of other 

deposits in this class. A possible modern analog to 

Copperstone fluids is those of the Salton Sea Geothermal 

System, in which high salinity, high temperatures, and oxygen 

isotopes in silicates from the Bullard Detachment Fault are 

remarkably similar to those at Copperstone. The Copperstone 

deposit is similar to many active geothermal systems in terms 

of host lithology, temperature, and related alteration 

mineralogy (Berger and Eimon, 1983; Hayba et al., 1985). 
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From these lines of evidence, the Copperstone deposit is 

classified as a detachment-related deposit that is considered 

as new subtype of epithermal deposit. The'copperstone gold 

deposit was created due to the favorable rock chemistry and 

physical properties in the brecciated quartz latite porphyry 

of the metavolcanics of C. U .5 and sedimentary breccias of 

C.U.6, metal-enriched chloride-rich brine fluids, the proper 

structure to control the mineralization, low pressure at 

shallow depth, and declining T and P upward in the right 

environment of deposition that is manifested by boiling. All 

these factors provided outstanding ground preparation for gold 

deposition in this uncommon setting. 
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CHAPTER 10 

CONCLUSIONS 

las 

Copperstone is a mid-Tertiary "detachment gold" deposit 

that is herein classified as a new subtype of epithermal 

deposi t. Copperstone is similar to many active geothermal 

systems in terms of host lithology, temperature, and related 

siliceous alteration mineralogy, except in the hypogene oxide 

assemblages, the high salinity, and the lack of sulfides and 

the pathfinder toxic elements. The host rock is mainly 

Jurassic quartz lati te porphyry and Tertiary sedimentary 

breccias. Early stages of alteration were K-metasomatic and 

propylitic, and alteration that accompanied gold 

mineralization was mainly chloritization and silicification. 

Mineralization is structurally controlled and is restricted 

along the Copperstone Listric Fault with minor mineralization 

along high-angle NE and NW faults, as with many other deposits 

in west-central Arizona. The gold stage of mineralization was 

superimposed on previously K-metasomatized rocks. Hypogene 

mineralization can be divided into 3 paragenetic stages: early 

amethyst-quartz-Fe-rich-chlorite-specularite-hematite-AuGof 

stage C; late-stage fine-grained euhedral quartz-adularia

chrysocolla ±malachite ±magnetite ±chalcopyrite-pink fluorite

barite-ankerite-calcite-AuGof stage D; and barren quartz-pale 

green fluorite-barite-calcite-hematite of stage E. Gold occurs 

as free particles or is encapsulated in amethyst and late 
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fine-grained euhedral quartz. The time of mineralization is 

Miocene or younger and the depth of mineralization was 1 Km. 

Gold mineralization was related to boiling such that a hot 

spring system did operate at Copperstone. Copperstone is a 

hydrothermal system created during the last stages of 

detachment faulting, with mineralization controlled by 

boiling, and "second boiling" was the principal trigger of 

Copperstone gold deposition in an environment of falling 

temperatures and pressures on chloride-rich brine fluids. 

Variation in 034S indicates that two different fluids are 

involved in this system, and that a deeper, "lighter" 

hydrothermal fluid mixed with a "heavier" basin brine. 0180 

values from carbonates confirm the extent of isotopic exchange 

wi th an aqueous reservoir and indicates that 

accompanied gold deposition. 

oxidation 
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APPENDIX 1 GEOCHEMICAL ANALYSES 
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STANDARDLESS ANALYSIS 

Spectrum Name: /imix/spectra/sample.spt 

Elm 

SI 
NA 
MG 
AL 
K 
CA 
TI 
CR 
MN 
FE 
o 

Relative K 

0.1165 
0.0034 
0.0258 
0.0737 
0.0026 
0.0012 
0.0000 
0.0001 
0.0018 
0.2350 
0.0000 

wt % 

16.39 
0.87 
4.56 

11.23 
0.29 
0.13 
0.00 
0.01 
0.21 

26.56 
39.75 

TOTAL 100.00 

o COMPUTED BY STOICHIOMETRY 

STANDARDLESS ANALYSIS 

Spectrum Name: /imix/spectra/sample.spt 

ELEMENT RELATIVE K NT % OXIDE % 
SI 0.1165 16.39 35.06 
NA 0.0034 0.87 1.17 
MG 0.0258 4.56 7.57 
AL 0.0737 11.23 21.23 
K 0.0026 0.29 0.35 
CA 0.0012 0.13 0.18 
TI 0.0000 0.00 0.00 
CR 0.0001 0.01 0.01 
MN 0.0018 0.21 0.27 
FE 0.2350 26.56 34.17 
0 39.75 

TOTAL 100.00 100.00 

0 COMPUTED BY STOICHIOMETRY 
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