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GEOCHEMISTRY OF THE PORPHWYCOPPER ENVIRONMENT, BATTLE MOUNTAIN MINING DISTRICT, 
NEVADA 

GEOLOGYOFTHEBUCIDNGHAMSTOC~ORKMOLYBDENUM 

DEPOSIT AND SURROUNDING AREA, lANDER COUNTY, NEVADA 

BY TED G. THEODORE, DAVID W. BLAKE, 1 THoMAS A. LoucKS,2 AND CRAIG A. JoHNSON3 

ABSTRACT 

The Buckingham stockwork molybdenum deposit in north
central Nevada, about 10 km southwest of the town of Battle 
Mountain, contains one of the largest identified resources of mo
lybdenum in the United States. The Buckingham deposit is a 
calc-alkaline, stockwork molybdenum system located on the east 
flank of the Battle Mountain Mining District. The deposit is es
timated to contain more than 1,000 million t of mineralized rock 
averaging approximately 0.10 weight percent molybdenum (as 
MoS2 ) and containing small amounts of silver, tungsten, copper, 
and gold. Molybdenum mineralization is related to emplacement 
of a Late Cretaceous composite porphyry system that intruded 
and widely metamorphosed the surrounding Paleozoic rocks to 
hornfels in the upper plate of the Roberts Mountains thrust. 
The age of emplacement of the Buckingham system is based on 
evaluation of 10 K-Ar and 1 incremental-heating 40Arf39Ar age 
determinations. The ages range from 88.0±2.0 to 61.3±1.5 Ma; 
four of these ages, including the major argon-release steps of 
the incremental-heating experiment, cluster around 86 Ma. This 
age is considered to represent the initial time of cooling of the 
porphyry system. The seven major intrusive phases that were 
identified in the Buckingham system were intruded sequentially 
from south to north in a narrow space; the present configura
tion of the intrusive center is an east-west alignment of two 
stocks, each a composite of several porphyries, and several out
lying intrusive masses. All seven phases appear to have carried 
molybdenum. The two earliest intrusions, now forming border 
phases, and the latest, an outlying intrusion, were dike-forming 
pulses related to relatively weak molybdenum mineralization. 
The main Buckingham molybdenum deposit formed in associa
tion with five igneous phases located in the two stocks. All five 
phases developed umbrella-shaped shells of molybdenite miner
alization that drape over the stocks and locally overlap to pro
duce grades of approximately 0.10 to 0.20 weight percent MoS2• 

Silver, tungsten, and copper mineralization accompanied molyb
denum in each succeeding magmatic/hydrothermal pulse. Ap
proximately half of the Buckingham deposit is hosted by 
metamorphosed and intensely veined rocks belonging to the 
Upper Cambrian Harmony Formation. Gold skarn mineraliza
tion at the Surprise Mine and silver-gold mineralization associ-

1Battle Mountain Gold Co., Battle Mountain, NV 89820. 
2Climax Molybdenum Co., Golden, CO 80401; current affiliation: 

Royal Gold, Inc., Denver, CO 80202 
3Yale University, New Haven, CT 06520; current affiliation: American 

Museum of Natural History, New York, NY 10024. 

Manuscript approved for publication, September 8, 1989. 

ated with silica-pyrite alteration at the Empire Mine and at the 
Northern Lights Mine apparently are associated genetically 
with the Buckingham system. 

Deformation of the Buckingham system during the Tertiary 
includes significant, brittle-type tectonics that is manifested pri
marily along three major, low-angle faults. Such Tertiary exten
sional tectonism apparently progressed mostly from east to west 
somewhat irregularly during Oligocene and possibly even Mio
cene time. Imbricate, down-to-the-east, listric normal faulting 
along the Second and Buckingham faults probably merge to
gether with the Long Canyon fault into a single master, flat
lying dislocation somewhere to the east of the easternmost parts 
of the Buckingham system. In addition, major reverse disloca
tions in this area in the hanging wall of the Long Canyon fault 
probably reflect development of antithetic reverse faults in the 
toe region of a rigid-body glide block in compensation possibly 
for a buttressing by a decrease in the dip of the master disloca
tion surface. 

Garnet skarns in the northern part of the Buckingham area 
formed locally in limey beds of the Harmony Formation intruded 
by late Eocene or early Oligocene porphyritic leucogranite, at the 
Surprise Mine and along a contact between the Harmony Forma
tion and Middle Pennsylvanian Battle Formation cut by Late 
Cretaceous monzogranite porphyry related to the Buckingham 
system, and in the Battle Formation and the Pennsylvanian and 
Permian Antler Peak Limestone intruded by Oligocene granodio
rite porphyry. The dominant prograde mineral assemblage in all 
skarns is andradite garnet (Ad

40
-Ad

99
), which replaces diopsidic 

pyroxene (Di
40

-Di
90

) and K-feldspar. Late-stage, metasomatic and 
retrograde skarn assemblages are best formed along favorable 
structural channels, faults, or contacts, regardless of protolith. 
These assemblages include epidote, actinolite, chlorite, and 
smectite; wollastonite is absent. Despite wide-ranging differ
ences in protolith and the ages of associated granitoids, calc
silicate compositions overlap, fall within previously established 
compositional fields for calc-silicates associated with copper and 
iron mineralization in calcic skarns, and overlap compositions of 
silicates in skarns associated with gold, copper, and silver min
eralization elsewhere in the district. Gold skarn at the Labrador 
Mine apparently is associated with late Eocene or early Oligo
cene porphyritic leucogranite. 

Hydrothermal fluids in the Buckingham system show com
plex histories that largely indicate their immediate chemical and 
physical parameters as the environment, possibly less than 2.5-
km depth, reacted to successive influxes of fluids mostly from 
newly injected magma into loci of earlier emplaced igneous 
phases. In distal parts of the system, where some andradite
diopside skarn formed in carbonate beds of the Harmony Forma
tion, associated fluids were moderately saline CaCl2 brines 
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apparently circulating at relatively low temperatures of about 
300 °C, and presumably at extremely low mole fractions of C02 • 

However, in proximal parts of the system, where most of the 
quartz stockworks and molybdenite were deposited, fluids were 
relatively low density, boiling, low- to moderate-salinity NaCl 
brines that included highly variable amounts of CQ2• These 
early-stage fluids in the system probably established an ascend
ing "plume" of fluid considerably less saline than fluids associ
ated with most porphyry copper sytems in the Southwestern 
United States and with Climax-type systems. The magmas at 
Buckingham did not evolve large volumes of very dense, NaCl
rich fluids. High in the system, very sparse halite-bearing fluid 
inclusions probably formed largely through condensation from an 
earlier, higher temperature and moderately saline fluid. In the 
West block, the high-temperature and high-saline halite-bearing 
fluid inclusions, showing salinities as much as 65 weight percent 
NaCl equivalent and homogenization temperatures as high as 
500 °C, probably indicate ponded magmatic fluids from a deep 
source. Overall distribution of veins associated with such fluids 
appears to be quite restricted. Although a fluid-immiscibility 
model is probably applicable to some porphyry molybdenum sys
tems where the exposed parts of the systems are well above a 
buried concentration of molybdenum, the geometry of the molyb
denite-enriched shells and their proximity to the igneous source 
at Buckingham seem to argue against the prevalence of such a 
model here. These shells are tightly constrained to the flanks 
and apical parts of the two mineralized stocks, and the shells 
seem to show a genetic relation to a quartz-K-feldspar porphyry 
phase in the core of the stocks. Furthermore, an approximately 
1-km-long, composite vertical section through the Buckingham 
system is available for study in the three tectonically offset 
blocks and nowhere is there a widespread presence of hypersa
line fluids. Therefore, most of the moderately saline H20-NaCl
C02 mineralizing fluids associated with this deposit is related to 
quartz-K-feldspar porphyry and slightly deeper equivalent igne
ous phases. 

The principal source of the supergene copper mineralization 
in the Copper Basin Mine, in the eastern part of the area, ap
parently is hypogene sulfides in skarn and calc-silicate hornfels 
in the Upper Cambrian Harmony Formation and possibly some 
from the Middle Pennsylvanian Battle Formation that overlay 
the area at one time. These originally calcareous beds were min
eralized and altered by Late Cretaceous monzogranite porphyry 
associated with the Buckingham system that produced locally 
massive and widespread disseminated pyrite, pyrrhotite, and 
chalcopyrite in the copper-enriched outer halo of the system. 
Mineralization in the Copper Basin Mine occupies the east
dipping limb of a major anticline through the district and, upon 
oxidation of hypogene sulfides there, the supergene copper
bearing solutions migrated downward along bedding planes and 
structures from mostly skarn and calc-silicate hornfels above. 
The high-grade zones of copper mineralization, both hypogene 
and supergene, are proximal to monzogranite porphyry. During 
the interval of time between the emplacement of the Late Creta
ceous intrusions associated with the Buckingham system and 
subsequent deposition of the Oligocene Caetano Tuff, which 
crops out just east of the area studied, the area underwent a 
first-cycle oxidation and enrichment to form an intensive low
grade chalcocite zone. Renewed oxidation and erosion occurred 
after the Oligocene Caetano Tuff was removed, exposing thereby 
the first cycle of supergene copper deposition. The second cycle 
of enrichment and oxidation, which continued to the present, re
moved additional oxide capping and enriched the first-cycle su-

pergene copper zone at depth to yield the ore bodies in the Cop
per Basin Mine. 

INTRODUCTION 

Historically, the Battle Mountain Mining District, 
located west-southwest of the town of Battle Moun
tain in north-central Nevada, has been one of the 
largest producers of copper in the State of Nevada 
(fig. 1). However, recent discoveries have changed 
dramatically the economic outlook of the district to 
one of a center of gold and molybdenum endowment. 
Most of the copper in the district came from two cen
ters of widespread metallization: Copper Canyon, in 
the southern part of the district, and Copper Basin, 
in the northeastern part (fig. 2). Copper showings in 
the Copper Canyon area were discovered before 1866 
(Roberts and Arnold, 1965), however, large-scale 
mining did not begin in the district until 1967 (Say
ers and others, 1968) when Duval Corp. established 
milling and leaching operations after about 17 mil
lion tons of milling ore were blocked out at Copper 
Canyon and Copper Basin. About this time, the 
stockwork porphyry molybdenite character of the ex
tremely large Buckingham system, just west of Cop
per Basin, was recognized by Congdon and Carey 
geologists (see subsection below entitled "Economic 
Geology''), and joint-venture drilling of this deposit, 
primarily by the Rocky Mountain Energy Co. and 
the Climax Molybdenum Co., continued from about 
1967 to 1982. 

Concurrent with these exploration activities at 
the Buckingham system, milling of copper-gold
silver ores, mostly from two major replacement ore 
bodies at Copper Canyon (Theodore and Blake, 
1975, 1978), continued to 1977, when minable 
copper-gold-silver ores at the East and West ore 
bodies were exhausted. Until 1974, combined mill
ing and leaching operations of Duval Corp. from its 
two properties at Copper Canyon and Copper Basin 
yielded 102,083 tons of copper metal (Theodore and 
Blake, 1978). As such, copper-mining operations 
during 1967 to 1975 in the Battle Mountain Min
ing District ranked third in the State behind op
erations at Yerington and Ely; both operations 
were suspended in 1987. However, leaching opera
tions in the Battle Mountain Mining District, cen
tered mostly in the Copper Basin area, produced 
the largest amount of copper in the State of N e
vada in 1981 (Lockard and Schilling, 1983). The 
mining operation at Copper Canyon shifted to the 
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FIGURE 1.-Index map of north-central Nevada, showing location of Buckingham deposit and outlines and names of quadrangles 
mentioned in text. 
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FIGURE 2.-Generalized geology of Antler Peak quadrangle (Battle Mountain Mining District), Nevada, showing location .of 
Buckingham deposit. Geology modified from Roberts (1964, pl. 1). See figure 1 for location. 
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processing of gold-silver ores in January 1979, ini
tially in large part from highly sulfidized replace
ment ore bodies at the Tomboy-Minnie Mine (Blake 
and Kretschmer, 1983; Blake and others, 1984; 
Theodore and others, 1986). This production of 
gold-silver dore commenced from a plant facility 
modified to include cyanide leach and carbon-in
pulp adsorption sections. The ore bodies, which are 
peripheral to central copper-gold-silver East and 
West ore bodies, are present in a gold-silver zone 
first outlined by Roberts and Arnold (1965). During 
1980 and 1981, production of gold from ore bodies 
in the Copper Canyon area contributed signifi
cantly toward making Nevada the leading gold
producing State (Lockard and Schilling, 1983). 
Gold-silver production in 1980-84 from the Copper 
Canyon area included the following (prospectus is
sued by Battle Mountain Gold Co., July 12, 1985): 

w ---
--

EXPlANATION 

Alluvium (Quaternary) 

Basalt (fertiary)-Age is 3 Ma (this report) 

Caetano Tuff (Oligocene)-Age is 34 Ma (McKee and Silberman, 
1970) 

Welded tuff and pyroclastic rocks (Oligocene) 

Granodiorite porphyry, monzogranite, tonalite, and rhyolite 
(Oligocene or Eocene)-Age dates range from 35 to 41 Ma 
(Theodore and others, 1973; this report) 

Monzogranite (Tertiary?) 

Monzogranite and monzogranite porphyry (Late Cretaceous)-Age 
is 86-88 Ma (Theodore and others, 1973; this report) 

Antler Sequence (Permian and Pennsylvanian)-Consists of Middle 
Pennsylvanian Battle Formation, Upper Pennsylvanian and Lower 
Permian Antler Peak Limestone, and Upper Permian Edna 
Mountain Formation 

GOLCONDA THRUST PlATE 

Havallah sequence of Silberling and Roberts (1962) and Roberts 
and Thomasson (1964) (Permian, Pennsylvanian, and 
Mississippian) 

ROBERTS MOUNTAINS THRUST PlATE 

Valmy Formation (Middle and Early Ordovician) 

Scott Canyon Formation (Devonian)-ln thrust fault contact with 
overlying Valmy Formation; base not exposed here 

DEWITT THRUST PlATE 

D Harmony Formation (Late Cambrian) 

---Contact 

___ High-angle fault-Dashed where approximately located; dotted 
where concealed or inferred 

4 Thrust fault-Dashed where approximately located; dotted where 
concealed or inferred. Sawteeth on upper plate 

FIGURE 2.-Continued 

1980 1981 1982 1983 1984 
(Tons and ounces expressed in thousands) 

Ore milled (tons) .................. 1,068 1,234 1,400 1,291 1,231 
Stripping ratio ...................... 3.95:1 6.31:1 9.32:1 12.06:1 17.26:1 
Mill feed (troy oz Au/ton) .... .073 .064 .059 .072 .071 
Recovery factor, Au (pet) ..... 87 85 85 87 85 
Au recovered (troy oz) .......... 69 66 71 80 73 
Ag recovered (troy oz) .......... 21 39 92 307 357 

In addition, through December 1984, recovery of 
precipitates of copper from leach dumps at both Cop
per Canyon and Copper Basin continued at a rate of 
approximately 2.4 million lb Cu/yr (see subsection 
below entitled "Supergene Copper Deposits at Cop
per Basin"). 

In 1981, Duval Corp. announced discovery of yet 
another large gold-silver ore body, the Fortitude, 
just north of the West ore body in the Copper Can
yon area. The Tomboy-Minnie deposits were mined 
out during late 1982, and precious-metal mining 
operations shifted to the area immediately sur
rounding the Independence Mine, termed the 
"Northeast Extension," just north of the East ore 
body, while stripping of waste rock at the Fortitude 
proceeded. Full-scale production of the Fortitude, 
initially estimated to amount to about 150,000 troy 
oz Au/yr, was to be reached in 1985. The 16-
million-ton ore body was announced originally to 
contain 2.4 million troy oz Au and 9.2 million troy 
oz Ag (Anonymous, 1981). On January 1, 1985 esti
mates of ore reserves at the Fortitude and the 
Northeast Extension were revised to 1,874,000 troy 
oz Au in place and 9,954,000 troy oz Ag in place 
(prospectus issued by Battle Mountain Gold Co., 
July 12, 1985). The Fortitude deposit actually con
sists of two nearby ore bodies: The Upper Fortitude 
and the Lower Fortitude (Wotruba and others, 
1986; Myers and Meinert, 1988). The better ores 
are in the Lower Fortitude which included, before 
startup, 5.1 million t of minable ore at a grade of 
0.305 troy oz Au/t, and 0.81 troy oz Ag/t (R.G. 
Benson and S.D. Johnson, written commun., 1988). 
On January 1, 1985 the board of directors of the 
Pennzoil Co., parent of Duval Corp., announced the 
formation of a wholly owned subsidiary, the Battle 
Mountain Gold Co., subsequent to an earlier an
nouncement that all of Duval's metal-mining op
erations were up for sale (Epler, 1985). In 1986, 
the Battle Mountain Gold Co. confirmed the gold 
potential of rocks in the general area of the Sur
prise Mine north of Copper Basin (Argall, 1986; 
Schmidt and others, 1988). Estimated reserves 
there include approximately 160,000 troy oz Au in 
1. 75 million tons of ore (Anonymous, 1986) and 
production is expected during the first quarter of 
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1988 (Anonymous, 1987 a). Production in 1985 from 
the Fortitude Mine amounted to 220,000 troy oz 
Au and 64 7,000 troy oz Ag (Argall, 1986), and in 
1986, 259,000 troy oz Au and 964,000 troy oz Ag 
(Anonymous, 1987b). 

The Battle Mountain Mining District contains 
many other thoroughly evaluated prospects and 
some viable, still untested targets for base and (or) 
precious metals. Among the prospects are a stock
work porphyry molybdenum system that crops out 
near the southwest corner of the district, wide
spread quartz stockworks that crop out across 
about 1.5 km2 in the core of a Cretaceous granodio
rite at Trenton Canyon, and extremely well devel
oped Tertiary quartz stockworks that crop out in 
an area more than 3 km2 in the general area of 
Elder Creek. At Elder Creek, the geology suggests 
a weakly developed porphyry copper system (fig. 3). 
In addition, Horizon Gold Shares Inc. of Evergreen, 
Colo., began, in late 1985, preparing a site on the 
west flank of the range for the leaching of gold at 
the Buffalo Valley Gold Mine (see Roberts and 
Arnold, 1965). By 1988 the mine was reported to 
be producing about 9,200 troy oz Au/yr (Horizon 
Gold Shares Inc., 1988, annual report). Although 
the bulk of the gold in this deposit is present along 
steeply dipping fractures parallel to two narrow 
dikes, some of the highest concentrations of gold 
are present along narrow zones of highly sulfidized 
skarn that are oxidized to nontronite-bearing as
semblages in the ore body. Finally another small 
gold skarn body, the Labrador, is present near one 
end of a 1.5-km-long skarn zone in the northeast
ern part of the Buckingham area (pl. 1; Battle 
Mountain Gold Co., 1987, annual report to stock
holders, February 5, 1988; Schmidt and others, 
1988). 

The varied metal endowment of the Battle 
Mountain Mining District is a result of the location 
of the district in a shallow-seated geologic en
vironment at the intersection of regional-scale 
metallotects of several ages, and the presence 
within the district of many metal-bearing plutons 
of highly diverse ages. In addition, several ex
tremely important metallized trends within the 
district seem to characterize the known major ore 
bodies and their genetically related granitic 
rocks (Blake and others, 1979). The regional-scale 
metallotects include (1) a Late Cretaceous magmat
ic arc resulting from trench-related magmatism in 
a continental margin mobile belt (for example, 
Westra and Keith, 1981), (2) a highly metallized 
trend, the northwest-trending Eureka mineral belt 
of Shawe and Stewart (1976), previously termed 

the "Eureka-Battle Mountain mineral belt" by Rob
erts (1966), and (3) a north-south metallized trend, 
herein termed the "Rabbit Creek-Marigold mineral 
belt," that intersects the mining district in its 
northwestern part. Interpretation of regional 
gravity data in Nevada from which effects of 
shallow-seated responses have been removed by 
computer-aided, geologic-based algorithms suggests 
a major pre-Cenozoic crustal boundary correlates 
spatially with the Eureka-Battle Mountain mineral 
belt (Jachens and others, 1989). As pointed out by 
Barton and others (1988), Mesozoic copper mineral
ization shows a strong function with emplacement 
level in the Western United States, and it is 
viewed by them as having formed at depths less 
than 4 km in the general area of the Battle Moun
tain Mining District. The depth of emplacement of 
Cretaceous plutons in the Round Mountain and 
Manhattan Mining Districts, Nev., about 200 km 
south of the Battle Mountain Mining District, is in
ferred to be about 1.5 to 3.0 km (Shawe and others, 
1986). In addition, Blake and others (1979) have 
outlined various northwesterly and northeasterly 
trends of fractures and mineralized intrusions 
within the district. The intradistrict metallotects at 
Battle Mountain inclqde the caprock effect of im
pervious chert and argillite of the Mississippian, 
Pennsylvanian, and Permian Havallah sequence 
(Roberts and Thomasson, 1964; Stewart and oth
ers, 1986), which tectonically overlies favorable re
placement horizons in the Middle Pennsylvanian to 
Upper Permian Antler sequence (Roberts and 
Arnold, 1965; Nash and Theodore, 1971; Theodore 
and Blake, 1975, 1978). The latter metallotect was 
genetically important in localizing ores in the Cop
per Canyon area, wherein a small, late Eocene to 
early Oligocene stock lies astride the major tecton
ic blocks in the district. These concentrations of de
posits along northwesterly trending zones may 
have been localized along the shattered hingelines 
of broad anticlines formed during the Mesozoic 
(R.J. Madrid, oral commun., 1984). 

This report is the latest in a series of relatively 
recent cooperative studies between the U.S. Geologi
cal Survey and private industry concerning the 
Battle Mountain Mining District. Theodore and 
others (1973) reported on the chemistry of many 
plutons in the district and the potassium-argon ages 
of their minerals. The section in the present report 
by E.H. McKee adds significantly to the data base of 
radiometrically dated samples from the district by 
describing the geochronologic implications of 14 
new potassium-argon ages of minerals and of one 
whole-rock age, and a six-step incremental heating 



117" 15' 
40° 45' 

GEOLOGY OF THE BUCKINGHAM STOCKWORK MOLYBDENUM DEPOSIT AND SURROUNDING AREA 

EXPlANATION 

Quaternary gravel and alluvium 

Tertiary and Cretaceous intrusive 
rocks 

Tertiary and Lower Paleozoic 
sedimentary and volcanic rocks 

··············· 

e Major Mo deposit 

e MinorMo 

0 Major Cu-Au-Ag deposit 

0 Minor Cu-Au-Ag 

D Major Au-Ag deposit 

0 Minor Au-Ag 

X Pb-Zn-Ag deposit 

A Sb 

\ 

'··. 

Inferred trends of 
mineralized intrusions 
and fractures-Dotted 
where concealed; 
queried where 
uncertain 

40°30'~--------------------------------------------~~~--------------------------------------~ 

FIGURE 3.-Generalized geology of Antler Peak quadrangle, Lander County, Nevada, showing major deposits and prospects and 
inferred metal-concentrating trends in Battle Mountain Mining District. Geology modified from Roberts (1964, pl. 1). 

D7 



D8 GEOCHEMISTRY OF THE PORPHYRY COPPER ENVIRONMENT, BATTLE MOUNTAIN MINING DISTRICT, NEVADA 

40Arf39Ar of primary biotite from granitic rocks in the 
immediate area of the Buckingham deposit. In addi
tion, the section by T .A. Loucks and C .A. Johnson 
includes one other potassium-argon age deter
mination and one fission-track age determination. 
Theodore and Blake (1975, 1978) described the 
middle Tertiary copper-gold-silver East and West ore 
bodies at Copper Canyon. Several other reports 
(Nash and Theodore, 1971; Theodore and Nash, 
1973; Batchelder and others, 1976; Batchelder, 1973, 
1977) discussed the composition of fluids genetically 
associated with the deposits at Copper Canyon, and 
zonation of the fluids. Metal zonation of the deposits 
is described by Blake and others (1978), Blake and 
Kretschmer (1983), Blake and others (1984), and 
Theodore and others (1986), and a preliminary de
scription of the Buckingham system is included in 
Blake and others (1979) and in Theodore (1982b). 
Mineral chemistry and fluid-inclusion relations of 
some of the barren Tertiary skarns in the northern 
part of the Buckingham area are characterized in de
tail by Theodore and Hammarstrom (1991). Roberts 
(1964) and Roberts and Arnold (1965) previously had 
described the geology of the district, regional setting 
of the district with respect to major allochthonous 
and autochthonous sequences of rock, and many of 
the ore deposits scattered throughout the district, in
cluding an extensive accumulation of geologic data 
from accessible underground workings. In this re
port, we provide an overview of middle Tertiary 
extensional tectonics superposed on the Late Creta
ceous Buckingham system; a broad geochronologic 
sequence of magmatism across the area based on 
potassium-argon and 40Arf39Ar studies; geologic de
tails of the protracted series of magmatic pulses and 
their related ore shells in the system; relation of the 
copper ores at the Copper Basin deposit to the main 
mass of the molybdenum ores in the Buckingham 
system; comprehensive fluid-inclusion studies of sev
eral major deposit types in the area; mineral chemis
try of Late Cretaceous and Tertiary skarn and 
finally, results of rock geochemistry from several 
sample traverses through the area. 
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STRUCTURAL AND 
STRATIGRAPillC FEATURES OF 

THE MINING DISTRICT 

The locations of many ore deposits in north
central Nevada are structurally controlled as are 
some of the major deposits in the Battle Mountain 
Mining District. This relation is exceptionally well 
documented by pronounced concentrations of metal
producing districts along the N. 45° W.-trending Eu
reka mineral belt (Roberts, 1966), the concentration 
of gold deposits along the Carlin trend (Roberts, 
1966; Bagby and Berger, 1985; Bloomstein, 1986; 
Evans and Peterson, 1986), and by occurrence of the 
Getchell, Pinson, and Preble gold deposits, possibly 
together with the tungsten-bearing Golconda hot 
springs area, all along a north-northeast-striking 
fault system on the east flank of the Osgood Moun
tains. Another structural control exerted on the dis
tribution of many ore deposits in north-central 
Nevada is the thrust zone of regionally extensive tec
tonic plates. The Roberts Mountains thrust, which 
crops out mainly east of Battle Mountain, has the 
Carlin, Bullion Monarch, Blue Star, and several 
other disseminated, sediment-hosted gold deposits 
near its trace (fig. 4). 

The Battle Mountain Mining District also is situ
ated within widespread gold, lead-zinc, mercury, sil
ver, and tungsten metal provinces as outlined by 
Noble (1970) and near the eastern fringes of a broad 
mercury belt (Joralemon, 1951). Within the Battle 
Mountain Mining District, the location of major 
copper-gold-silver and gold-silver deposits seems to 
have been controlled in large part by the presence of 
sedimentary rocks favorable for the development of 
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replacement deposits below the Golconda thrust, and 
the caprock effect of impermeable rocks in the upper 
plate of the Golconda thrust (Nash and Theodore, 
1971; Theodore and Blake, 1975). 

Much of north-central Nevada is covered by sili
ceous and volcanic rocks in the upper plate of the 
Roberts Mountains thrust. At the latitude of the 
Battle Mountain Mining District, the width of al
lochthonous rocks from the apparent leading edge 
of the thrust on the east to the westernmost known 
window in the East Range (D.H. Whitebread, oral 
commun., 1983) is approximately 150 km. The 
thrust carried oceanic volcanic rocks, chert, shale, 
and quartzite of early and middle Paleozoic age 
eastward over lower plate, continental shelf car
bonate rocks of an equivalent age mostly during 
Mississippian thrusting in the Antler orogeny 
(Roberts and others, 1958; Roberts, 1966; Speed 
and Sleep, 1982). There is geologic evidence that 
some deformation within the Roberts Mountains 
allochthon may have occurred during Late Devoni
an time (Murphy and others, 1984). The Antler 
orogeny seems to have been the first major tecton
ism to affect sedimentary patterns in the Cordille
ran miogeocline after rifting during the Proterozoic 
of the continental crystalline crust (Stewart, 1980). 
However, some rocks in the Cordilleran miogeo
cline also may have been affected by, and others 
owe their origins to, an early Paleozoic orogeny 
as proposed by Willden (1979). Many authors 
(Speed and Sleep, 1982; Nilsen and Stewart, 1980; 
Silberling, 1986) have pointed out that the alloch
thons of the Roberts Mountains thrust compose a 
number of internally deformed tectonic packets of 
rock which were emplaced owing to collision of 
east-facing island arcs with North America. As 
such, the allochthons represent forearc subduction
accretion wedges according to this model. A 
continental-scale extensional event along the Cor
dilleran margin during a 14-m.y. time interval in 
the Late Devonian may have immediately preceded 
displacements along the Roberts Mountains thrust 
(Turner, 1985). Although Ketner and Smith (1982) 
have questioned the middle Paleozoic timing of the 
Roberts Mountains thrust, Johnson (1983) pre
sented a succinct summary of geologic relations 
supporting such a middle Paleozoic age. Further
more, recent large-scale geologic mapping by R.J. 
Madrid (unpub. data, 1986) of the U.S. Geological 
Survey confirmed that the Dewitt thrust (Roberts, 
1964), where it crops out several kilometers west of 
the Buckingham deposit, is a low-angle fault that 
juxtaposed tectonically rocks of the Upper Cambri
an Harmony Formation and the Ordovician Valmy 

Formation. Each of these formations shows a dif
ferent attitude in its cleavage and the low-angle 
Dewitt fault is projected as having been overlapped 
unconformably by undeformed rocks of the Penn
sylvanian and Permian Antler sequence. Thus, a 
pre-Pennsylvanian age of thrusting is indicated. 
The designation by Roberts (1964) of the Dewitt 
thrust as a major splay belonging to the Roberts 
Mountains allochthon apparently is correct. 

The present complex array of crustal and supra
crustal rocks in north-central Nevada is a culmina
tion of geologic events protracted over an extremely 
long timespan. Before the Antler orogeny, distribu
tion of siliceous, transitional, and carbonate assem
blage rocks in the Cordilleran belt was arrayed in a 
somewhat uniform fashion with siliceous rocks on 
the west and carbonate slope rocks on the east 
(Stewart and Poole, 1974). Speed and Sleep (1982) 
maintained that a large accretionary prism was un
derthrust by the continental slope and outer shelf of 
the North American plate; the accretionary prism 
then became the Roberts Mountains allochthon. Al
ternately, Whiteford and others (1983) concluded 
from geologic relations in uppermost Devonian to 
Lower Permian rocks exposed in the Independence 
Mountains and elsewhere in northern Nevada, that 
emplacement of the Roberts Mountains thrust re
sulted from thrusting in a backarc basin offshore of 
western North America. 

The composition of crust that underlay this part 
of Nevada has been inferred from isotopic study of 
plutons that have been emplaced into the sedimen
tary accretionary rocks. Recent 87Sr/86Sr isotopic 
studies of granitic plutons by Kistler (1983) indi
cate that the crust underlying the area depicted in 
figure 4 is characterized by initial isotopic signa
tures that range from 0. 704 to 0. 706. These values 
are intermediate between the value of less than 
0. 704 generally assigned to oceanic crust and the 
value of more than 0. 706 assigned to sialic crust. 
However, Farmer and DePaolo (1983) placed the 
0. 706 line in approximately the same position as 
located originally by Kistler and Peterman (1973). 
In addition, Farmer and DePaolo (1983) suggested 
from their neodymium and strontium isotopic data 
that the line marking those plutons showing initial 
87Sr/86Sr ratios greater than 0. 708 best indicates 
the western edge of continental crystalline crust. 
They then placed the 0. 708 contour about 200 km 
east of the 0.706 contour, or approximately 75 km 
east of the Buckingham area (see Farmer and 
DePaolo, 1984). Furthermore, Farmer and DePaolo 
(1983, 1984) reported a systematic variation in the 
initial neodymium isotopic compositions of granite 
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in the western Great Basin that they interpreted 
to reflect derivation of granite, including that in 
the Battle Mountain Mining District, primarily 
from crustal components. These results appear to 
be independent of the age of the granite that was 
emplaced long after major displacements along the 
Roberts Mountains allochthon had ceased. 

The Roberts Mountains thrust does not crop out 
in the Battle Mountain Mining District (Roberts, 
1964). Deep drill holes in the Roberts Mountains 
plate indicate that this thrust probably under
lies the district at depths greater than 1,300 m 
(Theodore and Roberts, 1971). To the east of the 
mining district, about 150 km, Coats and Riva 
(1983) have shown that the eastward deflection of 
lower Paleozoic oceanic terrane in the upper plate 
of the Roberts Mountains thrust from a generally 
northward trend in northern Elko County results 
from southward and eastward thrusting during the 
late Paleozoic, early Mesozoic, and post-Early Ju
rassic, although Thorman and Ketner (1979) ar
gued that strike-slip displacements account for the 
present distribution of the rocks. 

The region subsequently has been overridden by 
several structurally higher Paleozoic and Mesozoic 
thrusts. One of these thrusts, the post-late Early 
Permian to Early Triassic Golconda thrust, crops 
out prominently in the Battle Mountain Mining 
District (fig. 2). As noted by Speed (1977), the 
Golconda thrust marks a late Paleozoic (Pennsyl
vanian and Permian) boundary that juxtaposes 
rocks of two different terranes: an ocean basin ter
rane on the west and a continental borderland ter
rane on the east. Andesitic and rhyolitic flows and 
breccias of the McConnell Canyon area near 
Yerington, Nev., form part of the volcanic arc ter
rane of Speed (1977); they are intruded by quartz 
porphyry and metadiorite, dated at 232 and 233 
Ma, respectively, that are possibly cogenetic with 
arc accumulation (Dilles and Wright, 1988). This 
arc-type magmatism apparently postdates the So
noma orogeny and the Golconda thrust (Dilles and 
Wright, 1988). Furthermore, the district appar
ently is entirely within a 350- by 150-km enclave 
of sparse Mesozoic deformation in central Nevada 
(Speed and Sleep, 1982, fig. 1), just east of the 
Luning-Fencemaker fold and thrust belt of Oldow 
(1983), wherein there has been regional-scale 
shortening in a northwest-southeast direction dur
ing the Middle Jurassic to Late Cretaceous. Never
theless, we will document evidence for substantial 
extensional tectonism in this part of the mining 
district that began sometime during the Late Cre
taceous, and recent studies suggest a broad, open 

style of folding also may have affected the region 
during the early Mesozoic (Russell, 1984; R.J. 
Madrid, oral commun., 1983). However, the exten
sional tectonics that began apparently sometime 
during the Late Cretaceous in the Battle Mountain 
Mining District occurred at a much higher level in 
the crust than Late Cretaceous metamorphism and 
synchronous deformation in some parts of the east
central Basin and Range province (Miller and oth
ers, 1986). 

Three major thrust plates of regional signifi
cance crop out in the Battle Mountain Mining Dis
trict (fig. 2): the Golconda plate, the Roberts 
Mountains plate, and the Dewitt plate. The Rob
erts Mountains plate and the Dewitt plate are be
low an equally important autochthonous block 
(Roberts, 1964). The lowest plate exposed (the Rob
erts Mountains plate) is made up of chert, shale, 
argillite, and greenstone of the Devonian Scott 
Canyon Formation; it also includes quartzite and 
chert of the Ordovician Valmy Formation (fig. 2). 
Both formations, the Scott Canyon and the Valmy, 
make up the upper plate of the Roberts Mountains 
thrust (the Roberts Mountains plate). These two 
formations are in fault contact at Galena Canyon 
along steeply dipping normal faults and along a 
shallow-dipping thrust fault (fig. 2). The Scott Can
yon and Valmy were both, in turn, overthrust by 
sandstone and feldspathic sandstone of the Upper 
Cambrian Harmony Formation along the Dewitt 
thrust (fig. 2), which is a late middle or early late 
Paleozoic thrust that is about the same age as the 
Roberts Mountains thrust of the Antler orogeny 
(Roberts, 1964). The Harmony Formation, which 
makes up the middle (the Dewitt plate) of the 
three thrust plates, crops out widely in the Buck
ingham area (pl. 1). These two plates are overlain 
unconformably by the Antler sequence. 

The upper Paleozoic Antler sequence makes up an 
autochthonous structural block that rests along a 
major unconformity on the Harmony Formation and 
the Valmy Formation in the district (fig. 2). The 
rocks of the Antler sequence belong to the overlap 
assemblage of post-Antler orogenic time (Roberts, 
1964). Three formations compose the Antler se
quence in the district: (1) the Middle Pennsylvanian 
Battle Formation, (2) the Upper Pennsylvanian and 
Lower Permian Antler Peak Limestone, and (3) the 
Upper Permian Edna Mountain Formation. How
ever, Erickson and Marsh (1974) cautioned that the 
term "sequence" no longer be applied to this package 
of rocks because at Edna Mountain, about 35 km 
northwest of the Battle Mountain Mining District, 
they found that the basal formations of the sequence 
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are folded, then capped unconformably by the upper
most formation in the sequence. The Battle Forma
tion and the Antler Peak Limestone crop out in the 
Buckingham area north of the open pit at Copper 
Basin (pl. 1). 

The uppermost of the three thrust plates, the 
Golconda plate, in the district is made up of chert 
and argillite belonging to the Pennsylvanian, and 
Permian Pumpernickel Formation and sandstone, 
shale, quartzite, limestone, and chert belonging to 
the Middle Pennsylvanian and Lower Permian 
Havallah Formation as mapped by Roberts (1964). 
The Havallah Formation crops out west of Willow 
Creek (fig. 2). This plate is in fault contact with the 
Antler sequence on the Golconda thrust and along 
steeply dipping Tertiary normal faults. Stewart and 
others (1977) and Stewart and others (1986) ques
tioned the validity of regional correlations involving 
the Pumpernickel and Havallah Formations because 
of lateral changes in lithology and tectonic imbrica
tion of units within the formations. Recent studies of 
the Pumpernickel and Havallah Formations in the 
Battle Mountain Mining District show that the 
Golconda allochthon here consists of four to six tec
tonically interleaved, major rock sequences that may 
be grouped (Miller and others, 1982; Brueckner and 
Snyder, 1985; Stewart and others, 1986) upward 
from the sole of the Golconda thrust in age as (1) 
late Early to early Late Permian; (2) Pennsylvanian 
and Early Permian; (3) Mississippian; and (4) undat
ed rocks of the Trenton Canyon Member of the 
Havallah Formation (Roberts, 1964). Subsequent 
studies by Brueckner and Snyder (1985) have di
vided the Golconda allochthon in the Battle Moun
tain Mining District into six lithotectonic packets. 
Their recognition of altered and mineralized basalts 
containing ridge-type hydrothermal systems suggests 
that ocean-basin spreading centers must have been 
active at some sites of deposition of the rocks of the 
Golconda allochthon during much of late Paleozoic 
time. Thus, the age of major eastward displacement 
along the Golconda thrust must postdate the age of 
the youngest deformed rocks (early Late Permian) 
known in the upper plate of the thrust. However, the 
age of major movement{s) along the Golconda thrust 
is still equivocal: if the thrust occurred as part of the 
Sonoma orogeny, then it must be of pre-late Early 
Triassic age; if undeformed rocks of the Koipato and 
Star Peak Groups that rest unconformably on de
formed rocks of the allochthon were transported 
"piggyback" (Stewart and others, 1986) then it must 
be of Jurassic or Cretaceous age (Ketner, 1984). 

These four tectonic blocks, made up of lower to 
upper Paleozoic rocks, have been intruded by at 

least 50 mappable gabbro to felsic granite stocks 
and dikes (Roberts, 1964). Most sections of this re
port use the plutonic-rock-classification scheme of 
Streckeisen (1973), unless otherwise noted. Some 
of these stocks may cover more than 2.5 km2 in the 
district. The largest body crops out at Trenton 
Canyon, in the west-central part of the district, 
about 10 km we·st of Buckingham. Although the in
trusive rocks vary widely in composition, most 
were emplaced originally as granodiorite and 
monzogranite (Theodore and others, 1973). Some 
granodiorite has been altered by postmagmatic 
hydrothermal fluids to potassic, phyllic, and (or) 
intermediate argillic assemblages. 

Plutonism in this part of Nevada occurred during 
four periods of time from the Jurassic to the middle 
Tertiary (McKee and Silberman, 1970; Silberman 
and McKee, 1971). The plutonic body at Trenton 
Canyon is Late Cretaceous (87 Ma) in age, whereas 
all other plutonic rocks dated by Theodore and oth
ers (1973) are late Eocene or early Oligocene (41-37 
Ma). Recalculation of the Late Cretaceous age using 
currently accepted K-Ar constants yields an age of 
89 Ma. K-Ar and 40Arf39Ar studies of various alter
ation and intrusive phases of the Buckingham 
system yield Late Cretaceous to early Tertiary ages 
in the range 88-61 Ma (pl. 1). Seven of the radio
metrically dated Tertiary igneous bodies in the area 
are late Eocene or early Oligocene (35-39 Ma) (pl. 1; 
see subsection below entitled "Potassium-Argon and 
40Arf39Ar Geochronology of Selected Plutons in the 
Buckingham Area"). The middle Tertiary plutons at 
Battle Mountain are part of a regional alignment of 
middle Tertiary plutons that extends from Eureka 
to Battle Mountain (Silberman and McKee, 1971). 
Some plutonism of Cretaceous age has been docu
mented from other significant metal deposits else
where along this alignment. Silberman and McKee 
(1971) dated biotite from a granitic rock at depth 
below the Gold Acres sediment-hosted gold deposit 
at 98.8±2.0 Ma, and sericite at 92.8±1.0 Ma using 
the K-Ar method. Sericite from a quartz porphyry 
cropping out within the alteration zone associated 
with the Gold Acres deposit was dated by them at 
94.3±1.9 Ma (see Wrucke and Armbrustmacher, 
1975). Recent studies by Rytuba (1985), however, 
have determined that gold mineralization at Gold 
Acres and the nearby Horse Canyon and Cortez de
posits is most likely related to rhyolite porphyry 
dikes comagmatic with the approximately 34-Ma 
Oligocene Caetano Tuff. In addition, hydrothermal 
sericite associated with an altered monzogranite 
porphyry near the north end of the Fish Creek 
Mountains, about 35 km southwest of the town of 
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Battle Mountain (fig. 1), has an age of 89.5±2.7 Ma 
(Miller and Silberman, 1977). 

Two suites of volcanic rocks crop out in the 
Battle Mountain Mining District: (1) calc-alkaline 
rhyolite welded tuffs occur as erosional outflow
facies remnants of the previously much more 
extensive Oligocene Caetano Tuff (Gilluly and 
Masursky, 1965; Stewart and McKee, 1977), whose 
age is 34 Ma (McKee and Silberman, 1970), and (2) 
much younger Tertiary or Quaternary basalt (fig. 
2). A sample of basalt from the southern part of 
the district, near Copper Canyon, has an age of 3.2 
Ma using the K-Ar method (see subsection below 
entitled "Potassium-Argon and 40Arf39Ar Geochro
nology of Selected Plutons in the Buckingham 
Area"). The most conspicuous exposures of Tertiary 
or Quaternary basalt are near the south edge of 
the mining district. 

GEOLOGY OF 
THE BUCKINGHAM AREA 

The Buckingham area includes parts of the alloch
thonous Roberts Mountains and Dewitt tectonic 
blocks and the autochthonous Antler sequence (pl. 
1); about 70 percent of this 24-km2 area contains ex
posures of rocks belonging to the Upper Cambrian 
Harmony Formation in the upper plate of the Dewitt 
thrust. Many Late Cretaceous, late Eocene or early 
Oligocene, and Oligocene granitic stocks and dikes 
crop out throughout the area. Some of the largest 
granitic bodies exposed measure about 1.2 km in 
their largest dimension at the surface. Although ex
posures throughout much of the area are poor, pri
marily because of the slope-forming character of the 
Harmony Formation, our large-scale geologic map
ping, nonetheless, has revealed structural configura
tions that must represent superposition of several 
major tectonic events. These tectonic events include 
(1) thrusting during the Mississippian associated 
with the emplacement of the Roberts Mountains al
lochthon, (2) possibly some shortening associated 
with early Mesozoic thrusting of the Golconda plate 
(the upper plate of which does not crop out in the 
area), (3) arching of Paleozoic country rock probably 
before Late Cretaceous magmatism, and ( 4) exten
sional phenomena that probably began temporally 
very close to the waning stages of the Buckingham 
molybdenum system but that culminated probably 
during the Miocene. In addition, there is some evi
dence for local reactivation of some Mississippian 
thrusts during the Miocene. 

CAMBRIAN SYSTEM 

THE HARMONY FORMATION 

The Harmony Formation as described by Roberts 
(1964) is allochthonous in the Battle Mountain 
Mining District. The Harmony Formation is consid
ered middle and late Late Cambrian in age on the 
basis of contained trilobites found in the Hot 
Springs Range, 5 to 10 km west-northwest of the 
Osgood Mountains (Roberts and others, 1958), and 
it has a possible conformable relation with the un
derlying Paradise Valley Chert that has yielded 
early Late Cambrian fossils from limestone layers 
(Rowell and others, 1979). A reexamination of the 
Harmony-Paradise Valley Chert contact by T.G. 
Theodore and R.J. Madrid in 1982 indicates that it 
may be a fault, and so the fossils in the Paradise 
Valley Chert may not be used to constrain the age 
of the Harmony Formation. Willden (1979) doubted 
the middle and late Late Cambrian age of the 
Harmony Formation because he felt that it lies 
unconformably above the Devonian Scott Canyon 
Formation, as did McCollom and others (1987). 
McCollom and others (1987), on the basis of very 
little evidence, suggested also that the Harmony 
Formation may be equivalent to the Silurian Elder 
Formation. As mapped by Willden, (1979, fig. 5), 
the contact between the Harmony and Scott Can
yon Formations is marked by a narrow transition 
zone which in places includes some mafic volcanic 
rocks that contain lenses of limestone, chert, and 
feldspathic sandstone. However, reexamination of 
these relations by the senior author revealed that 
the actual contact between the two formations is 
everywhere obscured by colluvium, and, further
more, the narrow transition zone between the two 
formations may, in fact, be a debris flow of mixed 
lithologies in the Scott Canyon Formation (Madrid, 
1987). The rocks are not at all well exposed in this 
general area. Nonetheless, the highly discordant 
bedding attitudes in the formations recorded by 
Willden (1979) may just as well be interpreted as 
indicating tectonic juxtaposition during thrusting 
as originally postulated by Roberts (1964). To date 
(1989), however, only trace fossils have been iden
tified definitely from the Harmony Formation in 
the Battle Mountain Mining District (Suczek, 1977, 
p. 37). These fossils occur on bedding planes of 
sandstone and are considered to be feeding tracks 
of Zoophycos and Asterosoma. Nonetheless, the dis
tinctive lithologies of the Harmony Formation in 
the Battle Mountain Mining District are the same 
as those that crop out in the Osgood Mountains 
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quadrangle (fig. 1), wherein trilobite fauna were 
collected from exposures in the Hot Springs Range 
(Hotz and Willden, 1964). Furthermore, the region
ally distinctive lithology of the Harmony Formation 
was recognized in clasts hosted by the Upper Devo
nian Slaven Chert in the Shoshone Range, 20 km 
southeast of the Buckingham area (Madrid, 1987). 
This relation indicates that the Harmony Forma
tion must be older than Upper Devonian in age. 

Throughout the Antler Peak quadrangle, the 
Harmony Formation consists of interbedded quartz 
arenite, subarkose, arkose, granule and pebbly 
quartz arenite, shale, and limestone (Roberts, 
1964, p. A23). Most of the formation probably is 
subarkose, although silt and shale commonly crop 
out widely in some parts of the Buckingham area. 
The thickness cannot be measured directly, be
cause the rocks are for the most part 'poorly ex
posed, weathering to smooth, gently rounded slopes 
that typically have a few outcrops (frontispiece). 
Furthermore, as shown by the geology of the 
Buckingham area (pl. 1), the overall structure of 
the Harmony Formation is extremely complex; ex
posed marker horizons within the formation are 
difficult to trace let alone trace for any significant 
distance . Roberts (1964, p. A23) estimated the 
formation's total thickness in the Antler Peak 
quadrangle to be about 900 m, or approximately 
near the middle of the estimate by Stewart and 
Suczek (1977) for regional variation in thickness 
(600 to 1,300 m). The provenance of sandstone 
belonging to the Harmony Formation has been 
classified as belonging to a suite transitional be
tween interior craton and uplifted basement suites 
(Dickinson and Suczek, 1979). Rowell and others 
(1979) further suggested derivation of the Har
mony Formation as proximal turbidites in the 
middle part of a submarine fan derived from Prot
erozoic granitic rocks to the northeast in the cen
tral Idaho, Salmon River arch (see Armstrong, 
1975). On the one hand, the overall compositional 
and textural immaturity of sand, grit, and con
glomerate in the Harmony Formation suggested to 
Palmer (1971) that the Harmony Formation was 
derived from the northeast; on the other hand, this 
same compositional and textural immaturity sug
gested to Ketner (1977) that these enigmatic rocks 
were derived locally. Erickson and Marsh (1974), 
who also believed that the rocks were derived lo
cally, thought that they came from an emergent 
highland somewhere between the Sonoma Range to 
the west and the Battle Mountain Mining District. 
The uplift of this highland may be also indicated 
by the presence of west-verging folds in the Cam-

brian Preble Formation and Cambrian(?) Osgood 
Mountain Quartzite according to their regional re
constructions. However, in the Hot Springs Range, 
the Harmony Formation is itself deformed in 
places into tightly appressed west-verging folds 
(Hotz and Willden, 1964). The clastic sedimentary 
rocks of the Harmony Formation are interpreted by 
Willden (1979) as having been derived from a part 
of the emergent continental crust in present-day 
northwestern Nevada. As envisioned by Willden 
(1979), such crust became emergent as a result of 
early Paleozoic disruption of the Cordilleran belt. 

Although the Harmony Formation crops out 
widely in the Buckingham area, only small parts of 
it near the northwest and southwest corners of the 
map area are unaffected visibly by widespread 
recrystallization and alteration associated with the 
Late Cretaceous Buckingham stockwork system, 
and numerous late Eocene or early Oligocene and 
Oligocene plutons (pl. 1). Where essentially unal
tered, the Harmony Formation consists for the 
most part of olive-green to brown graded sandstone 
(fig. 5A) belonging to several different clans (see 
below) including quartz arenite, arkose, subarkose, 
and litharenite according to the classification 
scheme of McBride (1963). Minor amounts of shale, 
calcareous shale, and pebbly quartz arenite also 
are present in the Harmony Formation. Skarn that 
is widespread in the Harmony Formation north of 
the Copper Basin Mine will be discussed below in 
sections describing their genetically associated plu
tons. Along ridges in the large area of unaltered 

FIGURE 5.-Characteristics of sandstone beds of the Upper Cam
brian Harmony Formation in Battle Mountain Mining District. 
A, Well-developed graded bedding. 
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Harmony Formation in the northwestern part of 
the Buckingham area, the formation is fairly well 
exposed and consists of drab-olive-brown shale that 
is variably interbedded with olive-brown arkose 
and subarkose. Bedding in sandstone fractions av
erages probably about 0.3 m in thickness, although 
parting between beds ranges from 1 em to about 1 
m. No secondary cleavage was noted in any rocks, 
including shale that, locally across some 20-m
thick sequences of rock, makes up about 50 percent 
of the section. Elsewhere, in this general area, 
shale makes up only about 10 percent of exposed 
sequences. Beds that grade sharply are common in 
the sandstones; they range from coarse-grained 
sandstone in the basal 0.2-m sequences to siltstone 
near tops of 0.3-m-thick cycles. Some coarse sand-

FIGURE 5.-Continued. B, Reversely graded bed capping scoured 
channel of coarse sand deposited across underlying crossbeds 
(arrow). 

stone deposits scoured channels across underlying 
crossbeds (fig. 5B); the entire sequence in such ex
posures is then capped by reversely graded sand
stones. In fact, reversely graded beds locally are 
more common in some sequences of the Harmony 
Formation than normally graded ones, especially in 
the northwestern part of the Buckingham area. 
Several pods of limestone in the Harmony Forma
tion crop out as mappable bodies that extend 150 
to 300 m along the outcrop; these pods are present 
due south of the Little Giant Mine, at the south 
edge of the map area and south-southwest of the 
Empire Mine (pl. 1). 

Two major transitions in overall lithology of the 
Harmony Formation apparently occur across the 
map area. From south to north, across approxi
mately the western one-half of the area, there is a 
gradual increase in grain size of the sandstones. 
On Long Ridge, due west of the workings at the 
Copper Queen Mine, this south-to-north coarsening 
is indicated in part by outcrops of several 2- to 3-
m-thick beds of conspicuous pebbly quartzite that 
provide excellent, local marker horizons (pl. 1). The 
second apparent lithologic transition across the 
map area involves an increased abundance of shale 
and calcareous shale in the area north of the Cop
per Basin Mine. This relation may merely indicate 
a greater abundance of shale than sandstone in the 
upper part of the Harmony Formation that crops 
out mainly in this area. 

Near the northeast corner of the map area, 
northwest of the Bailey Day Mine, relatively thin 
sequences of gray to light-gray, laminated silty 
shale and calcareous shale (possibly several tens of 
meters thick) contain apparent soft-sediment defor
mational structures. Bedding is convoluted in 
shale, and solution seams are confined locally to 
restricted, centimeter-wide zones between well
sorted, greenish-gray calcarenite. Some discoid 
pods of subarkose, about 5 em thick in the 
shales, show a concentration of secondary miner
als, mainly K-feldspar, in the matrix of the sub
Oarkose; these secondary minerals suggest a 
channeling of epigenetic fluids therein. In addition, 
lenticular microstreaks of dark carbonaceous mate
rial are common throughout much of the shale in 
the Harmony Formation in this general area. Fur
thermore, sandstones of the Harmony Formation 
here typically show well-developed crossbeds, all 
indicating tops to the east. Many fine sandstones 
of the Harmony Formation interbedded with these 
shales near the north edge of the area show rela
tively high modal percentages of framework feld
spar; some are estimated to be about 50 volume 
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percent feldspar. In addition, textural relations in 
some samples suggest that large grains of frame
work feldspar are most likely microcline, whereas 
plagioclase makes up most of fine-grained frame
work minerals. 

Selected samples of sandstone from the Har
mony Formation were examined petrographically 
to determine the modes of their detrital framework 
grains (see Dickinson, 1970; Dickinson and Suczek, 
1979, for the methods used). Our studies provide a 
supplement to more wide-ranging investigations of 

Quartz 

• 

Suczek (1977) involving petrotectonic evolution of 
sandstones of the Harmony Formation. In all, 
modes of 15 samples were determined (fig. 6). 
Sandstones of the Harmony Formation are textur
ally immature, or in places submature according to 
the classification of Folk (1974); clay matrix, now 
metamorphosed and (or) altered generally to micas, 
makes up typically more than 5 volume percent of 
the sandstones. Rounding is generally size specific, 
wherein large grains are commonly subrounded to 
rounded (using the scale of Powers, 1953) and 
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FIGURE 6.-Ternary diagram showing modes of detrital framework grains from the Upper Cambrian Harmony Formation. 
Classified according to McBride (1963). 
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small grains in the size range 0.02-0.1 mm are an
gular. Rounding generally is concentrated in large 
detrital grains in sedimentary environments, and 
as such rounding in samples examined from the 
Harmony Formation suggests a period of reason
ably prolonged abrasion before deposition of the 
sand grains. Although some samples show no obvi
ous relation between mineralogy and rounding, 
thereby suggesting a common source for framework 
minerals, other samples contain a preponderance of 
rounded quartz grains and subangular to angular 
feldspar grains. Small subangular to angular feld
spar grains are concentrated among relatively 
large, monocrystalline grains of quartz. 

Sandstones of the Harmony Formation are well 
compacted and exhibit sutured and concavo-convex 
grain boundaries. Quartz grains in some samples 
show only local deformation lamellae radiating 
from adjoining framework grain contacts, whereas 
small domains in other samples include abundant 
deformation lamellae. Detrital micas are commonly 
bent, crimped, or broken where they contact frame
work grains. Furthermore, porosity of the Harmony 
Formation has been reduced to less than 1 percent 
by compaction, diagenetic clay growth, and cemen
tation, and in the widespread areas affected by em
placement of the Cretaceous and Tertiary plutons, 
secondary recrystallization and mineralization. In 
these areas, detrital grains of biotite and white 
mica in the Harmony Formation merge into sec
ondary micas as they are affected progressively by 
increasing degrees of contact metamorphism and 
metasomatism. 

Monocrystalline quartz is the dominant frame
work mineral in all but one of the 15 samples stud
ied modally (fig. 6). Feldspars are the second most 
abundant of the framework minerals, and they oc
cupy about 40 percent of the framework sites. Two 
mature samples contain no detrital feldspar. The 
modal variability in sandstones counted from the 
Harmony Formation during this study (fig. 6) 
spans about the same range found previously 
by Suczek (1977, fig. 15). Lithic fragments are 
subordinant to detrital quartz and feldspars, and 
lithic fragments make up less than 5 volume per
cent in 14 of the 15 samples studied (fig. 6). Lithic 
fragments include chert, carbonate, recrystallized 
siltite, and volcanic fragments (typically altered 
heavily to various phyllosilicate-dominan.t assem
blages). Heavy minerals observed optically include 
sphene, zircon, epidote, clinozoisite, garnet, apa
tite, and tourmaline, and they are compatible with 
derivation of most sandstones of the Harmony For
mation from a plutonic source. In addition, some 

samples show textural relations in detrital micas 
suggesting derivation from at least two different 
plutonic source regions. In these samples, detrital 
grains of white mica show strongly rounded termi
nations, whereas detrital grains of biotite typically 
show ragged terminations, although grains of bio
tite are themselves bent and altered variably to 
chlorite. These relations suggest some white mica 
grains may have traveled to their deposition sites 
at Battle Mountain from a source more distant 
than the detrital grains of biotite. 

The abundance of microcline, which composes at 
least half of the K-feldspar detrital component in 
many rocks studied modally, and the varied suite 
of heavy minerals suggests that the dominant 
source of the Harmony Formation was plutonic, as 
postulated by Suczek (1977) and Rowell and others 
(1979). A subordinate to important sedimentary 
source terrane is further indicated by the presence 
of chert and somewhat-common argillaceous lithic 
fragments and clastic carbonate grains, the latter 
suggesting carbonate detritus shed from a shelf 
setting. Nonetheless, the variability of all these 
lithic types and divergent feldspar (plagioclase-K
feldspar) ratios indicate that the source terrain(s) 
may have changed or evolved during the course of 
deposition of the Harmony Formation. Petrofacies 
intervals, or petrologically distinct rock units, have 
been worked out for the Great Valley sequence of 
California (Dickinson and Rich, 1972), and these 
studies provide great insight into evolution of the 
adjacent Sierran arc terrain. In a complex struc
tural setting such as the Battle Mountain Mining 
District, however, petrofacies intervals, once estab
lished, might clarify local geologic structure where 
gross lithofacies are insignificant. Difficulties in es
tablishing such petrofacies intervals within the 
Harmony Formation, however, are the paucity of 
good outcrops and the absence of structurally in
tact thick sequences of sandstones of the Harmony 
Formation. 

Two relatively large masses of limestone were 
mapped in the Harmony Formation; one crops out 
near the southwest corner of the map area, and the 
other south of the Empire Mine (pl. 1). Petro
graphic study of rocks from the first locality re
veals that the rocks there are variably altered. 
Some of the least altered rocks studied show that 
they are, in fact, an aggregate of fine- to medium
grained sand grains, measuring about 0.5 to 0.04 
mm in diameter, set in a matrix of fine-grained mi
crite. Silicate sand grains, which make up about 40 
volume percent of these rocks, include dominant 
monocrystalline quartz, together with much lesser 
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abundances of microcline, perthite, plagioclase, bio
tite, and white mica; some detrital opaque miner
als are present also. The bulk of these rocks, 
approximately 60 volume percent, is dark, cloudy
appearing micrite matrix, consisting of densely 
packed, coarse-silt-size grains of calcite about 0.04 
mm and less. Sparse radial sparry growth occurs 
in micrite matrix at some silicate grain boundaries. 
Locally, the rocks also include ovoid intraclasts 
that measure as much as 10 mm wide. In addition, 
some very thin, arcuate blades of hematite outline 
some semicircular, 0.1-mm-wide domains of micrite 
similar in size and appearance to micrite in the ad
joining matrix. Some of the hematite-encrusted do
mains are collapsed and crushed inward; they 
probably were crushed during compaction. Else
where in this limestone body, samples show wide
spread incipient recrystallization of micrite matrix 
to pseudospar, accompanied by sparse calcite veins 
and pyrite. The implication of these hybrid rocks is 
that silicate material, identical in overall composi
tion to widespread sands throughout the rest of the 
Harmony Formation, and carbonate material must 
have mixed elsewhere and subsequently been 
transported together. Mixing may have occurred 
during the transport of the silicate fraction in a 
turbidity current through a shelf environment, or 
conceivably even in an intratidal zone as suggested 
by the apparently detrital hematite crusts. 

The dark- to buff-gray carbonate rocks in the Har
mony Formation mapped near the Empire Mine are 
present almost entirely in one north-south-trending 
elongate body, broken medially by a fault also strik
ing north (pl. 1). The carbonate rocks, which range 
from massive to thin bedded, are even laminated in 
places. Frosted granules of quartz sand are conspicu
ous on some weathered surfaces. The rocks are also 
locally crossbedded, and bedding surfaces mostly 
show a wavy, broadly open type of crenulation. How
ever, locally some approximately 6-m-thick sequences 
of carbonate rocks show steeply plunging and tightly 
appressed outcrop-scale folds whose limbs also dip 
steeply. Petrographic study of some samples from this 
carbonate body reveals that original micrite matrix is 
recrystallized to sparry calcite, including trace 
amounts of colorless amphibole, probably tremolite. 
Silicate sand grains, mostly monocrystalline quartz, 
are corroded by sparry matrix. Other samples are 
finely laminated, gray pseudospar containing approxi
mately 0.5 to 1.0 volume percent pyrite and sparse 
silt-size fragments of monocrystalline quartz. The 
pseudospar is interbedded with buff to tan microspar 
that in places includes abundant angular to sub-

rounded, silt-size fragments of monocrystalline 
quartz, feldspar, biotite, white mica, and tourmaline 
(trace). Elsewhere in the carbonate body, carbona
ceous microspar is further recrystallized to flamelike 
zones of pseudospar. Detrital grains of white mica 
and biotite, mostly altered to chlorite and recrystal
lized to very fine grains of white mica, are present 
commonly in microspar, where as neocrystallized 
clinochlore and tremolite are rare. Some outcrops 
have relatively abundant concentrations of randomly 
oriented veins of sparry calcite. 

The Harmony Formation in at least two locali
ties in the Buckingham area has some sequences of 
igneous rocks that are interpreted to be flows 
intercalated with more common metasandstone and 
metasiltite. One of these localities is a sequence of 
rocks penetrated at depth by a drill hole collared 
approximately 300 m southwest of Buckingham 
Camp. This drillsite is outside the surface projec
tion of ore in the molybdenum system (see subsec
tion below entitled "Economic Geology"). The other 
locality shows an approximately 1-m-thick se
quence of greenstone that crops out about 300 m 
north of the main drainage of Long Canyon just 
outside the west edge of the map area of plate 1. 
At the latter locality, greenstone of the Harmony 
Formation apparently shows a conformable, healed 
contact with slightly bleached, olive-gray subarkose 
that is medium grained (fig. 7). Furthermore, near 
the contact, some thin centimeter-thick beds of 
arkose are enveloped completely by greenstone. 
Under the microscope, a typical sample from green
stone shows a massive holocrystalline fabric con
sisting of a felted to pilotaxitic aggregate of 
microlites of plagioclase (approx An

40
), probably av

eraging about 0.04 mm in length. Interspaces 
among microlites of plagioclase are filled by 
slightly pleochroic (pale brown, optic Z-axis), cryp
tocrystalline aggregates of biotite (partially altered 
to chlorite, both verified by X-ray diffraction) and 
very minute granules of magnetite partially altered 
to hematite. Biotite in places is present as a reac
tion rim around some included euhedral crystals of 
quartz. Furthermore, somewhat coarser laths of 
biotite, about 0.03 to 0.04 mm in length, are ex
tremely rare in the rocks. Primary, unaltered com
position of the greenstone probably approached 
that of an andesite-a judgment based largely on 
the anorthite content (An

40
) of microlites. In addi

tion to secondary crystallization of extremely fine 
grained biotite, possibly replacing in part diage
netic phyllosilicates, the greenstone also includes 
late-stage, relatively dense concentrations of anas-
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tcimosing veinlets of sparry calcite. Some of these 
veinlets are offset along stylolitic junctions. 

Mafic volcanic rocks have only rarely been re
ported in the literature as constituting part of the 
Harmony Formation. Willden (1979) noted that 
mafic volcanic rocks, apparently submarine flows, 
are present in at least two localities in the Hot 
Springs Range. Furthermore, he surmised that 
these two localities of mafic volcanic rocks may, in 

FIGURE 7.-Contact between greenstone and subarkose of the 
Upper Cambrian Harmony Formation. A, Conformable, healed 
contact between rare greenstone (£hg) and medium-grained, 
olive-gray subarkose (£hs) of the Harmony Formation. B, 
Closeup of figure 7 A. Locality is 300 m north of main drainage 
through Long Canyon, just west of area in plate 1. 

fact, be high in the section of the Harmony Forma
tion because geographically they are rather far 
from exposures of the base of the formation. 

Chemical analyses of six sandstones of the Har
mony Formation (analyses 1-6, table 1) include 
samples that show both sparse and abundant evi
dence of recrystallization. Because rocks of the 
Harmony Formation can vary greatly in their pre
metamorphic mineralogy, the discussion to follow 
will not address any chemical changes that may or 
may not have attended metamorphism of these 
rocks. Nonetheless, chemical analyses of this lim
ited number of samples from sandstones of the 
Harmony Formation document wide-ranging varia
tions in major-oxide chemistry. Most of these varia
tions probably are attributable directly to the 
irregular distribution of relatively Al20 3 rich phyl
losilicate minerals in the matrix. However, one 
sample (analysis 3, table 1) also contains abundant 
calcite in its matrix, resulting in a data plot show
ing a strong deflection in total iron and Al20 3 con
tents from the apparent overall trend for these 
rocks from the Harmony Formation (fig. 8). The 
Alp

3 
contents of these rocks, in addition, indicate 

their highly variable content of framework feld
spar. However, from this plot of total alkalis 
(Na20+~0) versus Si0

2 
contents and a comparison 

of chemical analyses with modal mineralogy, it ap
pears likely that rocks analyzed from the Galena 
area have a slightly higher modal feldspar content 
at their respective Si02 contents than for the es
tablished trend (fig. 8). Compared with chemical 
analyses of sandstones elsewhere, most of 
these major-element analyses of sedimentary and 
metasedimentary rocks (table 1) fall within 
the overall range of analyses of the arkoses of 
Pettijohn (1949, p . 56). Although slight differences 
in minor-element chemistry of these six analyzed 
sandstones indicate generally accepted abundances 
of elements in sandstones (see Parker, 1967), a 
striking difference appears in the reported barium 
contents. The barium content of these six analyzed 
samples ranges from 280 to 3,000 ppm, whereas 
sandstones are reported in the compilation by 
Parker to contain 10 to 90 ppm Ba. 

Table 1 also includes a single chemical analysis 
(7) of a greenstone-a highly altered flow that is 
interbedded with the sandstones of the Harmony 
Formation. This particular outcrop is situated west 
of the map area (see above). The Si0

2 
content of 

analyzed greenstone (50.6 weight percent) sug
gests, on the one hand, that the rock may have 
been a basalt before alteration; on the other hand, 
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TABLE 1.-Analytical data on the Upper Cambrian Harmony Formation of the Buckingham Camp
Copper Basin area, Lander County, Nevada 

[Chemical analyses in weight percent by X-ray spectroscopy supplemented by classical methods; analysts, A.J. Bartel, K. Stewart, J. 
Taggart, R. Moore, P. Aruscavage, and D. Kay. Optical-spectroscopic analyses in parts per million by inductively coupled plasma 
methods of Scott and Kokot (1975) and F.E. Lichte (unpub. data, 1983); analyst, M. Malcolm. Looked for, but not found, at parts
per-million detection levels in parentheses: As (10), Bi (10), Cd (2), Eu (2), Ho (4), Mo (2), Sn (20), Ta (40), U (100). F determined 
by specific-ion-electrode methods, Au determined by atomic-absorption methods, and W determined calorimetrically; analysts, R. 

Moore, P. Aruscavage, and D. Kay. - ,not detected] 

Analysis 2 3 4 5 6 7 

Field No. 78C25 78C27 78C29 78C60 78C61 78C81 83TT71 

Chemical analyses (weight percent) 
SiO 88.3 83.6 74.0 57.8 66.6 72.9 50 . 6 
Al 263 5.84 6.96 5 . 48 19.6 16 . 5 11.3 13 . 8 
Fe 2o3 1.2 2.55 • 76 2.33 2.13 2.12 7. 
FeO .12 .8 . 56 s.s 3.2 4.2 4.6 
MgO . 45 .92 .51 3.03 2.17 2.18 3.58 

CaO .19 .16 8.26 .29 .27 • 31 4.99 

Nat 1.01 1.03 .53 .95 .78 2.05 3.88 
Kz 1.17 1.25 1.93 5.83 4.27 1.61 .6 
H o+ . 9 1.7 .88 2.8 2.7 2.4 1.3 
H2o- .25 . 3 .29 . 24 .41 .33 3.3 2 

TiOz . 4 .38 .47 1.03 .79 .54 2.27 
Pzos .08 .09 <.OS .11 .07 .09 .43 
MnO < .02 < .02 < . 02 .08 .07 . 06 .14 
C02 .01 .02 6.3 .02 .01 .02 3.1 
F .02 .03 .03 .OS .OS .03 .07 

Subtotal 99 . 94 99.79 100.00 99 . 66 100.02 100 . 14 99.66 
' Less O=F .01 .01 .01 .02 .02 .01 .03 

Total 99.93 99.78 99.99 99.64 100 . 00 100.13 99.63 

Optical spectroscopic analyses (parts per million) 
Ag 2.0 
Ba 430.0 280.0 340.0 1000. 710.0 3000 . 0 470.0 
Be 2. 2. 1. 
Ce 30. 47. 49. 110. 92. 68. 48. 
Co 4. s. 6. 17 . 6. 4. 39. 

Cr 28. 29. so . 150. 110. 65. 28. 
Cu 7. 18. 8. 11. 19. 15 . 22. 
Ca 6. 9. 9. 28. 22. 15. 21. 
La 18. 24. 26. 53. 51. 36. 23. 
Li 12. 24. 16. 57. 31. 40. 82. 

Nb 5. 17. 14. 8. 
Nd 21. 26. 27. 53. 44. 35. 32. 
Ni 9. 18. 11. 39. 11. 29 . 17. 
Pb 7 . 7. 
Sc 4. 4. 2. 19. 14. 8. 26 . 

Sr 24 . 27 . 210. 62. 61. 53. 360. 
Th 7. 8. 7 . 19. 20. 17. 4 . 
v 28. 32. 21. 110. 79. 57. 260 . 
y 10. 10. 11. 18. 18. 9. 26. 
Yb 1. 1. 2 . 2. 3. 

Zn 14. 52. 17. 60. 42. 74. 120. 

Chemical analyses (parts per million) 
Au < .075 <.075 < .075 < .075 <.075 <.075 <.OS 
w 4. 4. 

1. Quartzarenite, framework supported; sparse secondary biotite i n matrix . 
2. Subarkose, framework supported; sparse secondary biotite in matrix. 
3. Calcareous subarkose; framework supported; relatively abundant calcite in matrix. 
4. Interlayered hornfelsic subarkose and shale; matrix supported; abundant secondary biotite in 
matrix. 
s. Hornfelsic subarkose; matrix supported; abundant secondary white mica and biotite in matrix. 

Hornfelsic subarkose; framework supported; abundant secondary biotite in matrix. 6. 
7. Greenstone, highly altered; possibly an andesite in its unaltered state. 
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its microlites are much more sodic (An
40

) than 
those found typically in many basalts, a relation 
that suggests the greenstone may, in fact, have 
been closer to an andesite when originally laid 
down on the ocean floor. CaO and Na

2
0 contents in 

the analyzed sample are 4.99 and 3.88 weight per
cent, respectively. Furthermore, overall chemical 
composition of this particular sample is remark
ably similar to the analyses of several other lower 
Paleozoic lavas listed by Roberts (1964, table 5). 
Greenstone analyzed from the Harmony Formation 
(analysis 7, table 1) contains 2.27 weight percent 
Ti02 • Such a high Ti0

2 
content relative to many 

other rocks in the Buckingham area provides us 
with some insight into the understanding of some 
highly metamorphosed rocks found at depth near 
the West stock. These rocks near the West stock 
also show high abundances of Ti02 and cobalt (T.A. 
Loucks and C.A. Johnson, oral commun., 1983). 
Thus, the rocks there probably include a signifi-

cant proportion of volcanic flows interlayered with 
the sedimentary components of the Harmony 
Formation. 

ORDOVICIAN AND (OR) 
DEVONIAN SYSTEMS 

DIABASE 

The most widespread exposures of presumably Or
dovician and (or) Devonian age, drab-greenish-gray 
diabase in the Harmony Formation crop . out in the 
west-central part of the map area (pl. 1). The age of 
the diabase cannot be established precisely. Roberts 
(1964) concluded that most of the diabase must be 
pre-Middle Pennsylvanian in age, that is, pre-Battle 
Formation (the basal formation in the overlap as
semblage), because some diabase locally has been 
deformed into relatively tight folds along with 
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FIGURE 8.-Variation diagram comparing chemically analyzed 
sedimentary rocks and contact-metamorphosed sedimentary 
rocks of the Upper Cambrian Harmony Formation from 
Buckingham Camp-Copper Basin area with chemically ana
lyzed sedimentary rocks of the Harmony Formation from 

Galena area in southern part of Battle Mountain Mining Dis
trict. Analysis numbers (in parentheses) refer to table 1. Dots, 
Buckingham Camp-Copper Basin area, this report (see table 1 
for analytical data); squares, Galena area (from Theodore and 
Blake, 1975, table 9, Nos. 11, 14). 
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enclosing subarkose and shaly arkose of the Har
mony Formation, probably sometime during the 
middle Paleozoic Antler orogeny. The Battle Forma
tion in the district is not deformed into outcrop-scale 
folds (Evans and Theodore, 1978). However, as will 
be discussed below, there is strong evidence that the 
Harmony Formation in the Buckingham area has 
been deformed, faulted, and folded into broad open 
folds, during the Mesozoic. Mafic igneous rocks make 
up significant parts of the Ordovician Valmy Forma
tion, including some pillow lava and basaltic breccia 
(Roberts, 1964). The Devonian Slaven Chert (Gilluly 
and Gates, 1965); and the Devonian Scott Canyon 
Formation (Roberts, 1964; Theodore and Roberts, 
1971), also include a significant proportion of mafic 
igneous rock. Thus, the relatively large masses of 
diabase in the Harmony Formation near Buck
ingham Camp may be Ordovician and (or) Devonian 
in age. Regardless, these large masses of dia
base near Buckingham Camp are older than the 
Buckingham molybdenum system because they are. 
cut by quartz stockworks and millimeter-size pyrite 
veinlets related to this system. Molybdenite "paint" 
is present on fractures and joints that cut diabase in 
the Buckingham Camp area. As mapped, the largest 
body of diabase here measures about 200 m in its 
longest dimension at the surface. Roberts (1964), 
however, traced some diabase-rich zones for several 
kilometers elsewhere in the Harmony Formation. 
Generally, the diabase is very poorly exposed and its 
contacts obscured; it weathers to gently rounded 
slopes marked by small angular fragments. Else
where in the area, thin (2-3 m wide) sills of diabase 
show no apparent effects of contact metamorphism 
in the immediately adjacent sandstones of the Har
mony Formation. In some of these sills, plagioclase 
phenocrysts are replaced by carbonate-bearing as
semblages that weather out and thereby give a pit
ted appearance to the rocks. Textures in the diabase 
vary from subophitic to ophitic. 

In all, 18 thin sections of diabase were studied petro
graphically. On the one hand, diabase, cropping out 
just inside the outer limit of secondary alteration ef
fects visible in outcrop, shows a subophitic texture 
wherein all primary mafic minerals are replaced by a 
dense mat of a chlorite-dominant assemblage. Tabu
lar, 0.3- to 0.4-mm-long crystals of calcic plagioclase 
(An60) are altered to a carbonate-chlorite±clay(s) as
semblage. Indeed, some relict secondary biotite is it
self in various degrees of replacement by chlorite. On 
the other hand, diabase near the core of the most 
intensely metamorphosed rocks near Buckingham 
Camp shows a well-developed metamorphic fabric 

. dominated by secondary actinolite, and including lesser 

amounts of secondary biotite, pyrite, chalcopyrite 
(trace), apatite (trace), quartz (sparse), sphene, and 
relict, apparently stable plagioclase. The plagioclase 
is minimally clouded. An approximately 60-m-thick, 
fine-grained diabase sill also is present at a depth of 
about 600 m below ground surface in the general area 
of the East stock. This particular sill apparently shows 
an asymmetrically distributed metamorphic halo in 
adjoining metasedimentary rocks. Above the sill, an 
approximately 140-m-wide actinolite-bearing zone in 
mostly metamorphosed subarkose of the Har
mony Formation is succeeded downward by an 
actinolite+diopside zone at least 65 m wide immedi
ately adjacent to the sill. However, careful petrographic 
examination of 12 thin sections of samples across the 
zones suggests that most of the bulk of the actinolite, 
and possibly some of the diopside, is related not to the 
emplacement of the diabase, perhaps sometime dur
ing the Ordovician and (or) Devonian, but rather to 
the Late Cretaceous molybdenum system. Although 
tightly intergrown actinolite and biotite make up most 
of these rocks metamorphosed to hornfels, widespread 
potassic alteration is indicated by veins composed of 
K-feldspar-actinolite-bioti te-quartz±s phene±pyri te 
±chalcopyrite±molybdenite±late-stage chlorite and car
bonate assemblages. In places some veins show felted 
aggregates of actinolite in their selvages that unques
tionably cut secondary biotite-dominant hornfels. 

Samples of metamorphosed and subsequently 
metasomatized diabase show high abundances of co
balt, chromium, and titanium (table 1), relative to 
similarly altered arkose and subarkose of the Har
mony Formation. Some chromium from the diabase 
probably has been remobilized· from diabase during 
the emplacement of the Late Cretaceous molybdenum 
system and fixed as the chromium-mica fuchsite that 
is present rarely near the uppermost parts of the 
actinolite-bearing rocks. At its base, the diabase sill 
apparently is faulted against a sequence of steeply 
dipping, thinly bedded metasiltite that could belong 
either to the Harmony or the Scott Canyon Forma
tion. The metasiltite shows no actinolite- or diopside
bearing assemblages; it does, however, include 
relatively significant concentrations of secondary K
feldspar along permeable laminae and in veins. 

DEVONIAN SYSTEM 

SCOTT CANYON FORMATION 

Rocks belonging to the Scott Canyon Formation 
are assigned to the Devonian on the basis of the 
fossil identifications of Jones and others (1978) 
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from a locality near the townsite of Galena in the 
southern part of the mining district. Fossils col
lected from limestone blocks presumably enclosed 
within chert and argillite and originally identified 
in the study by Roberts ( 1964) suggest that the 
Scott Canyon Formation was Early and Middle 
Cambrian in age. However, radiolarians of Devoni
an age have since been found in chert collected 
from the Scott Canyon Formation (Jones and oth
ers, 1978; see below). Thus, the archaeocyathid
bearing limestone collected from the Scott Canyon 
Formation may indicate slump deposits into a De
vonian basin from Upper Proterozoic and Lower 
Cambrian siltstone, carbonate rocks, and quartzite 
to the south of the district (see Stewart and 
Suczek, 1977). Although radiolarians of probable 
Devonian age have now ( 1987) been obtained from 
at least two localities in chert of the Scott Canyon 
Formation south of the Buckingham area, repeated 
attempts by many workers to find additional radio
larians suitable for definitive age designation have 
failed. This failure indicates largely the highly 
recrystallized nature of almost all sequences of 
rocks within the formation. In addition, attempts 
to find conodonts suitable for dating in limestone 
of the Scott Canyon Formation have not been suc
cessful. The radiolarians mentioned above come 
from a suite of approximately eight composite chip 
samples collected from two localities, one in Galena 
Canyon and one in Cottonwood Canyon. All sam
ples collected were found to contain very poorly 
preserved radiolarians because of the relatively in
tense recrystallization the rocks have undergone. 
One of the sa!llples, SC-16 (USGS MR 2709) from 
the SEC sec. 14, T. 31 N., R. 43 E., contains a few 
Spumellariina with bladed primary spines, accord
ing to Benita L. Murchey of the U.S. Geological 
Survey (written commun., 1981). Murchey de
scribed the age of this particular sample as follows: 
"On the basis of very little evidence, SC-16 
is probably no older than Late Devonian." The 
Spumellariina belong to the polyphyletic lineage of 
spheroidal radiolarians that have complex spines 
(see Jones and Murchey, 1986). However, addi
tional faunal assemblages of Ordovician age have 
recently been discovered by McCollom and others 
(1987) in chert that previously had been mapped 
by Roberts (1964) and Theodore and Roberts (1971) 
as belonging to the Scott Canyon Formation. These 
faunal assemblages comprise identifiable conodonts 
obtained from chert (M.B. McCollom, oral com
mun., 1987). Therefore, until field relations of the 
Ordovician- and Devonian-bearing sequences are 
fully resolved by large-scale mapping and addi-

tional sampling for fossils near Galena Canyon, 
two alternative hypotheses are tenable. First, the 
Scott Canyon Formation as orginally mapped by 
Roberts (1964) may include some tectonically im
bricated sequences of the Valmy Formation. Sec
ond, the Ordovician fauna may, in fact, be hosted 
by rocks of Devonian age, as originally proposed by 
Jones and others (1978), but the Ordovician fauna 
may be in olistoliths thereby adding confidence to 
the Cambrian age for the rocks of the Harmony 
Formation that overlie tectonically the Scott Can
yon Formation. As pointed out by Madrid (1987), 
archaeocyathid-bearing limestone clasts in the 
Scott Canyon Formation are present in volcano
genic debris flows. 

The Scott Canyon Formation in the district con
sists predominantly of chert with interbedded carbo
naceous shale partings, carbonaceous shale and 
argillite, and locally abundant greenstone (altered 
andesite and (or) basalt). In addition, relatively thin 
beds of quartzite and small, possibly exotic, blocks of 
limestone (including the archeocyathid-bearing lime
stone described above) crop out locally in many areas 
of the formation. Several pods of dark-gray lime
stone, laced with anastomosing veins of creamy
white calcite, crop out within individual map units of 
the Scott Canyon Formation in an imbricate fault 
block near the south edge of the map area (pl. 1). 
These pods are present at an elevation of 6250 ft. 
Relations with surrounding chert are equivocal be
cause actual contacts of the pods of limestone are not 
exposed. 

The thickness of the formation cannot be meas
ured adequately because of a combination of: (1) 
incomplete sections of rocks, (2) postdiagenetic trans
position of bedding, (3) many local repetitions of sec
tion by tight folds, and ( 4) the absence of suitable 
marker beds. These rocks. were extremely disrupted 
during the Mississippian emplacement of the Rob
erts Mountains allochthon (Evans and Theodore, 
1978); chert phacoids, from tens of meters to several 
millimeters wide, are commonly surrounded by ap
parently more ductile shaly rocks of the same forma
tion. Roberts (1964, p. A14) suggested that the total 
thickness of the Scott Canyon Formation may be 
more than 1,500 m. A deep drill hole that was start
ed in rocks of the Scott Canyon Formation at Iron 
Canyon about 6.5 km south of the Buckingham area 
bottomed in rock lithologically similar to the Scott 
Canyon Formation at a depth of about 1,300 m 
(Theodore and Roberts, 1971). 

The Scott Canyon Formation as mapped crops out 
only in a small part of the Buckingham area south
east of the Little Giant Mine near the south edge of 
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the map area and just northwest of the Little Giant 
Mine (pl. 1). Exposures generally are quite poor near 
the south edge of the area. Initially the assignment 
of very poorly exposed sequences of brown-black to 
black recrystallized chert or shale with contorted 
bedding, and including minor, well-sorted gray 
quartzite, was problematical. Recrystallized chert 
and (or) shale typically contains 2 to 3 volume per
cent monoclinic pyrrhotite near the underground 
Buckingham Mine. However, relatively abundant 
chips of bleached and clay-altered greenstone with 
subophitic texture that mantle slopes in this general 
area are assigned to the Scott Canyon Formation. 
Greenstone consisting of altered andesite and (or) 
basalt crops out prominently throughout much of the 
Scott Canyon Formation (Roberts, 1964). This rela
tion is especially true in the Iron Canyon area, 
where probably as much as 40 volume percent of the 
exposed Scott Canyon Formation is greenstone 
(Theodore and Roberts, 1971). In the Buckingham 
area, the Scott Canyon Formation presumably is 
everywhere in fault contact with the Harmony For
mation; the base of the Scott Canyon Formation is 
not exposed. 

As mapped (pl. 1), the Scott Canyon Formation 
consists of three intergradational units: mostly 
greenstone, mostly chert and argillite, and an undi
vided unit consisting of greenstone, chert, argillite, 
limestone, and shale. All these rocks are confined 
largely to a north-northeast-trending area that 
measures approximately 1,200 by 400 m and is 
bounded for the most part by steeply east-dipping, 
Tertiary normal faults. These normal faults probably 
have relatively minor displacements that in places 
followed the trace(s) of the Mississippian Dewitt 
thrust that tectonically juxtaposed the Scott Canyon 
and Harmony Formations. The Dewitt thrust, dip
ping 15°-40° W., is mapped on the west side of an 
approximately 250-m-long tectonic sliver of the Scott 
Canyon Formation that crops out partly in a minor 
canyon approximately 300 m southeast of the main 
workings of the underground Buckingham Mine. 
There is excellent evidence for tectonic brecciation 
and slickenside development in the rocks of the Scott 
Canyon Formation along the trace of the Dewitt 
thrust. Several prospect pits that expose yellow- to 
ocher-brown fault breccia along a Tertiary normal 
fault, east side down, are present along the east 
margin of the north-south-trending sliver. 

This sliver of dark-gray to black chert of the Scott 
Canyon Formation is characterized by abundant 
quartz veins that apparently predate the juxtaposi
tion of chert with the Harmony Formation during 
thrusting in the Mississippian and by other mega-

scopic structural features that developed probably 
during thrusting. Milky-white quartz veins, ranging 
from several millimeters to about 15 em wide, are 
present throughout the body of chert. Overall abun
dance of veins increases to the south. Generally, 
these veins are lensoid and distributed quite irregu
larly; they locally flood into and fade out through a 
surrounding matrix of recrystallized chert. However, 
the rocks of the Harmony Formation immediately 
adjacent to the Scott Canyon Formation are not si
licified. Some of the milky-white quartz veins in the 
sliver of the Scott Canyon Formation are polished 
tectonically and slickensided, thereby establishing 
the age of veins as predating at least the last pen
etrative deformation(s) to have affected the rocks. 
Brecciation along the Dewitt thrust obliterated most 
bedding in the chert such that only polished and 
striated fractures and joints remain. Such slicken
sides in places grade into a highly crenulated and 
ribboned surface. Measurement of the attitude of 
these axial features shows very strong, double-point 
maxima whose overall center of gravity plunges 
shallowly, about 25°-30°, to about N. 60° W. (fig. 9). 
Such attitudes probably are consistent with the local 
trend of final displacement as rocks of the Harmony 
Formation were thrust over those of the Scott Can-

N 

FIGURE 9.-0rientation of 44 slickenside measurements in chert 
of the Devonian Scott Canyon Formation near Dewitt thrust 
about 300 m southeast of Buckingham Mine. Lower
hemisphere, equal-area projection. Contours: 2, 6, and 10 per
cent per !-percent area. 
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yon Formation. Evans and Theodore (1978) found 
that megascopic fold axes in this general area of the 
Scott Canyon Formation plunge about 15°, N. 15°-
200 E., approximately at right angles to the trend of 
the slickensides. Careful examination of the atti
tudes of slickensides revealed that they seem to have 
a more or less uniform orientation within a given 
polished surface. However, the next adjacent pol
ished surface may contain slickensides whose trend 
diverges as much as 30°-40° from the underlying pol
ished surface. These relations suggest the rocks have 
yielded by brittle failure in a very complex manner 
during strains imposed by the overriding of the Har
mony Formation. 

Highly recrystallized, well-bedded chert crops out 
in a rectangular small area, measuring at most 300 
m at the surface, northwest of the Little Giant Mine; 
this mass of chert has been assigned tentatively to 
the Scott Canyon Formation (pl. 1). The recrystal
lized chert weathers to smooth slopes, and as 
mapped, it is apparently in tectonic contact with the 
surrounding Harmony Formation along a splay of 
the middle Paleozoic Dewitt thrust (fig. lOA) and 
also along three probable Tertiary normal faults that 
are steeply dipping. These normal faults have down
faulted the Harmony Formation relative to the chert. 
In addition, the chert here is intruded by a Tertiary 
rhyolite (unit Tr, pl. 1). Contacts of the chert with 
the surrounding Harmony Formation are obscured 
by colluvium derived mostly from the slope-forming 
rocks of the Harmony Formation. 

Recrystallized chert near the Little Giant Mine 
is very distinctive compared with surrounding 
meta-arkose and metasubarkose of the Harmony 
Formation. Thin sequences of recrystallized chert 
are only locally well exposed within the outcrop 
area of this map unit. On fresh surfaces, the chert 
is milky white, but it weathers from creamy white 
to buff ocher brown. Where exposed, the chert is 
well bedded, showing somewhat-wavy undulations 
of its bedding planes that are about 2 to 5 em 
thick. Some beds have a pronounced pinch and 
swell along strike (fig. lOB), others are highly con
torted (fig. lOC). Nonetheless, bedding in the unit 
generally dips shallowly, about 20° W., although 
some beds dip as much as 65°. When viewed at 
high magnifications under the microscope, recrys
tallization in chert ranges from moderate to in
tense. The moderately recrystallized chert shows 
complexly sutured quartz-quartz grain boundaries; 
individual crystals average about 0.04 mm wide, 
and very small domains of even finer grained crys
tals of relict sedimentary quartz are not uncom
mon. In these rocks, partings along bedding planes 

FIGURE 10.- Structural relations of chert of the Devonian Scott 
Canyon Formation (Dsc) at selected outcrops. A, Bedding in 
recrystallized chert dips conformably to west with Dewitt 
thrust surface. View to south along part of Dewitt thrust 
plane at base of Upper Cambrian Harmony Formation (£h). 
B, Pinching and swelling of individual chert beds along 
strike. C, Macroscopic, south-verging fold in thinly bedded 
sequence of chert. View N. 80° W. 
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are marked by abundant concentrations of white 
mica in zones about 1 to 2 mm wide. Intensely 
recrystallized chert includes abundant domains 

A 0 1.0 MILLIMETER 

0 0.8 MILLIMETER 

FIGURE H.-Photomicrographs of altered andesite from the De
vonian Scott Canyon Formation. Plane-polarized light. A, 
Fragments of clinopyroxene andesite set in intersertal ground
mass including calcite, albitized andesine, serpentine, chlo
rite, minor clay(s), white mica, and sphene. Sample 78C42. B, 
Highly disrupted flow fabric of intensely carbonate-altered 
greenstone. Sample 78C44. 

wherein individual crystals of quartz average about 
0.1 mm in size, and quartz-quartz boundaries are 
mostly planar and typified by an abundance of 
120° dihedral angles. 

Four additional thin-sectioned samples from the 
Scott Canyon Formation were examined petro
graphically. One of the thin sections includes clino
pyroxene andesite clasts. The clasts are smooth, 
rounded and 1.5-cm-wide and are set in a highly 
altered aphanitic matrix (fig. 11A). Microlites of 
plagioclase within the clasts are altered to albite; 
they probably crystallized initially as andesine; 
this conclusion is based on the calcic contents of 
large, relict plagioclase. An analysis of basaltic 
lava from the Scott Canyon Formation collected 
from the east front of the range, near the south 
end of the mining district, showed 4.5 weight per
cent Nap (Roberts, 1964). This value is high with 
respect to the 2.37 weight present Na

2
0 in average 

tholeiite of LeMaitre (1976), and the 2.70 weight 
percent Na20 in average olivine basalt of the 
circum-Pacific (Poldervaart, 1955). Roberts (1964) 
suggested that the apparent increase in the abun
dance of Nap in greenstone of the Scott Canyon 
Formation may have resulted from interaction with 
seawater as volcanic rocks were extruded in a sub
marine environment. Isolated, tabular laths of 
clinopyroxene , as much as 2.0 mm long, are 
sprinkled throughout the matrix enclosing the 
clasts in the clinopyroxene-andesite flow; the clino
pyroxene is strongly altered to serpentine and chlo
rite, and then microveined by calcite. In addition, 
sparse occurrences of extremely fine grained chlo
rite outline the former presence of hornblende. The 
matrix includes abundant chlorite, microlites of al
bite, carbonate, and very minor white mica associ
ated spatially with some of the carbonate. Some 
samples of greenstone show intensely disrupted 
fabrics, and include fragments of andesite that 
show, in places, a well-developed subophitic tex
ture (fig. 11B). Secondary biotite in trace amounts 
has recrystallized in the matrix of some of the 
greenstone as much as 150 m or more beyond the 
approximate outer limit of epigenetic alteration 
visible in outcrop (pl. 1). Some greenstone includes 
excellently developed subophitic texture wherein 
laths of plagioclase, averaging about 0.5 mm in 
length, are complexly interbedded and set in a 
chlorite-tremolite-bearing matrix. Chert from 
the Scott Canyon Formation shows carbonaceous 
streaks and recrystallized, silt-size fragments of 
microcrystalline quartz aligned parallel to the bed
ding surfaces. The detrital, microcrystalline quartz 
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fragments measure about 0.05 mm wide. Detrital 
flakes of mica show well-worn crystal ends. Poorly 
preserved radiolarian tests in the chert are recrys
tallized into complexly sutured, very fine grained 
crystals of quartz. 

Veins are common in many of the chert sequences 
of the Scott Canyon Formation. The wispy, discon
tinuous veins of quartz common throughout much of 
the Scott Canyon Formation show no alteration 
halos in thin section, although they include trace 
amounts of white mica and some iron oxide, possibly 
replacing pyrite. 

PENNSYLVANIAN SYSTEM 

BATTLE FORMATION 

The Middle Pennsylvanian Battle Formation is 
the basal formation of the autochthonous Antler se
quence in the Battle Mountain Mining District, and 
its unconformable relation with the underlying 
Harmony Formation and Valmy Formation has 
widespread regional implications (Roberts and oth
ers, 1958; Roberts, 1964; Speed, 1977). Indeed, the 
prominent exposures of the Battle Formation in the 
district attracted the attention of early regional 
surveyors (see Hague and Emmons, 1877; Lawson, 
1913). Coarse conglomerate of the Battle Formation 
was shed from highlands formed during the Antler 
orogeny (fig. 12) into the Continental Borderland 
terrane of Speed (1977). According to Speed, north 
of lat 39°30' N., the Continental Borderland ter
rane also included the Pennsylvanian Wildcat Peak 
Formation (Kay and Crawford, 1964; McKee, 1976) 
and autochthonous, Permian neritic facies of the 
Diablo Formation (Ferguson and others, 1953). In 
the Edna Mountain area, northwest of the Battle 
Mountain Mining District, the Continental Border
land terrane consists of, in ascending order, the 
Battle Formation, the Middle and Upper Pennsyl
vanian Highway Limestone, the Upper Pennsylva
nian and Lower Permian Antler Peak Limestone, 
and the Permian Edna Mountain Formation 
(Erickson and Marsh, 1974). Recently, Saller (1980) 
recognized in the Battle Formation a transgressive 
sequence of depositional facies ranging from proxi
mal alluvial fans at the base, through distal fan 
sandstone and conglomerate intercalated with 
sandy dolomite of supratidal origins. In addition, 
he concluded from paleocurrent directions that 
rocks of the Battle Formation may have been de
posited in a basin of internal drainage. 

Roberts (1964) described three informally named 
members in the Battle Formation, but he was not 
able to show them individually on the geologic map 
of the quadrangle because of scale limitations. 
However, the three members are mapped sepa
rately in a large-scale geologic map of the Copper 
Canyon area, at the south end of the mining dis
trict (Theodore and Blake, 1975). Where unmeta
morphosed, the three members as mapped there 
include a lower member composed of reddish
brown, calcareous conglomerate whose framework 
clasts include chert, quartzite, sandstone, lime
stone, and volcanic fragments; a variously colored 
middle member composed of calcareous shale; and 
an upper member composed of drab quartzite and 
chert-pebble conglomerate. Iron oxide-rich red beds 
of the lower member crop out conspicuously in se
quences of the Battle Formation sparsely altered 
near the north edge of the Copper Canyon area 
(Theodore and Blake, 1975). 

Roberts (1964, p. A29) measured an aggregate 
thickness of 222 m for the entire formation near Ant
ler Peak, approximately 8 km southwest of the 
Buckingham area. From poorly exposed composite 
sections in the Copper Canyon area, Theodore and 
Blake (1975) estimated an aggregate thickness of ap
proximately 175 m for the formation. Indeed, Rob
erts (1964) suggested that the locus of the deepest 
part of the basin for the Battle Formation probably 
is situated somewhere near the north edge of the 
Copper Canyon area, perhaps close to the townsite of 
Galena. 

In the Buckingham area, the Battle Formation 
crops out as small erosional remnants primarily 
in a north-south-trending, narrow belt near the 
east edge (pl. 1). This distribution of the Battle For
mation results probably from a combination of dis
placements along faults and also from probable 
regional-scale folding in the Mesozoic along a north
northwest-trending hingeline through the district 
(see fig. 2). The Battle Formation and stratigraphi
cally higher rocks of the Antler Peak Limestone and 
the Edna Mountain Formation dip gently to the west 
in the general area of Antler Peak, whereas the 
Battle Formation consistently dips east in the 
Buckingham area. Rocks of the Battle Formation in 
the Buckingham area are characterized by dips rang
ing from 25° to 35° near its south terminus, whereas 
rocks near its north limit commonly are typified by 
dips ranging from 55° to 60°. In contrast to the bright 
brick-red hues of the Battle Formation where it is 
unmetamorphosed near Copper Canyon, the Battle 
Formation at Buckingham crops out entirely within 
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FIGURE 12.-Distribution of late Paleozoic terranes in western 
Great Basin of Nevada. Pattern, areas inferred to include 
arc-type volcanic rocks; dotted line, axis of maximum thick
ness of Mississippian rocks along depositional trough of con-

tinental shelf. Coarse conglomerate of the Battle Formation 
formed during Antler orogeny in highlands was shed into Con
tinental Borderland terrane. Modified from Speed (1977). Saw
teeth on upper plate of Golconda thrust. 
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superposed alteration zones associated with wide- A 
spread Late Cretaceous and middle Tertiary mag
matic pulses predominant in this part of the district. 
As such, the rocks of the Battle Formation here are 
recrystallized and partially silicified to various 
shades of light gray. Outcrops of the Battle Forma
tion are highly resistant to weathering, and for the 
most part, wherever present, the Battle Formation 
is well exposed (fig. 13A). Nonetheless, nowhere in 
the Buckingham area is the unconformity with the 
underlying Harmony Formation displayed as spec
tacularly as in the Copper Canyon area, noted by 
Roberts (1964) and located on plate 1 of Theodore 
and Blake (1975). Rounded to angular, framework
supported clasts of mostly quartzite and chert are 
common throughout the lower member in the 
Buckingham area (figs. 13B, 13C). 

Two of the members of the Battle Formation 
(lower and middle members), as defined originally 
by Roberts (1964), apparently crop out in the area 
(pl. 1). Where the bulk of the sequence of the lower 
and middle members is exposed just north of the 
former location of workings at the Copper King 
Mine, the Battle Formation measures approximate
ly 350 m in stratigraphic thickness, considerably 
thicker than that at the type section at Antler 
Peak measured by Roberts (1964). However, con
tacts are poorly exposed to the north of the Copper 
King Mine and the top of the middle member there 
is nowhere exposed; the uppermost sequences of 
the middle member have been cut out by a north
northeast-striking fault, filled now partly by Oligo
cene granodiorite porphyry (pl. 1). 

Variably metamorphosed and altered conglomer
ate belonging to the lower member is the more 
widely exposed of the two; it crops out almost con
tinuously along the entire north-south belt of the 
Battle Formation. Near the base of the lower mem
ber, drab, light-gray, well-indurated, well-bedded 
conglomerate has angular to subrounded, 1.5-
to 3.0-cm-wide clasts set in a medium-grained, 
granulose matrix. Clasts are relatively well sorted 
and have the following lithologies: light- and dark
gray chert, red jasper, light-gray to creamy-white 
quartzite, and sparse brown shale. The clasts are 
dimensionally oriented with their long axes paral
lel to, and partly defining, bedding. Near the north 
end of this belt, the lower member of the Battle 
Formation as mapped consists of, high in its strati
graphic section, thinly bedded calcareous quartzar
enite whose partings between beds ranges from 1 
to 15 em. Here, quartzarenite, calcareous quartzar
enite, and sparse calcareous shale weather gray to 
white, and include some drab, gray-green, highly 
disrupted interbeds of shale containing locally 2- to 

FIGURE 13.-Characteristics of outcrops of Middle Pennsylvanian 
Battle Formation at Buckingham. A, Typical craggy exposures 
of the flat-lying Battle Formation capping a ridge northeast of 
Empire Mine near east edge of map area. B, Closeup of round
ed to subrounded fragments in lower member of the Battle 
Formation cropping out north of workings at Copper King 
Mine. C, Lower member of the Battle Formation, showing 
framework-supported angular fragments of chert set in hema
titic matrix. Same locality as in figure 13B. 
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5-cm-wide, ovoid fragments of medium-grained, 
gray quartz arenite. The thickest sequence of the 
basal member in the Buckingham area probably is 
present in a very poorly exposed, approximately 
700-m-long body mapped near the southeast corner 
of the area (pl. 1). For the most part, the basal con
tact of the lower member of the Battle Formation 
is the unconformity with the underlying Harmony 
Formation. However, in places the lower contact is 
a normal fault along which the Battle Formation 
has dropped down relative to the adjoining Har
mony Formation. Just north of workings at the 
Copper King Mine, however, the lower member of 
the Battle Formation, as well as part of the middle 
member, has been repeated along a high-angle re
verse fault, the Elvira fault, near the Surprise 
Mine (fig. 14). Separations along this structure de
termined by drilling are approximately 300 m 
(Kirk Schmidt, oral commun., 1985). The upper 
contact of the lower member of the Battle Forma
tion is a fault for approximately half the strike 
length of the member exposed north of the Copper 
Basin Mine (pl. 1). Along this tectonic contact, the 
middle member of the Battle Formation has been 
cut out because the Antler Peak Limestone appar
ently has moved downward relative to the lower 
member of the Battle Formation. 

FIGURE 14.-Rocks belonging to lower and part of middle mem
bers of the Middle Pennsylvanian Battle Formation (IPb) tec
tonically juxtaposed against the Upper Pennsylvanian and 
Lower Permian Antler Peak Limestone (PIPap) by reverse 
displacement(s) along Elvira fault . Fault dotted where con
cealed; queried where extent uncertain; bar and ball on down
dropped side. View southeast, near Surprise Mine. 

The middle member of the Battle Formation 
crops out only in a small area, approximately 300 
m north of the Copper King Mine, near the east 
edge of the area (pl. 1). It is conformable with the 
lower member, but the entire section of the middle 
member is exposed nowhere in the Buckingham 
area. The strike of bedding in the middle member 
diverges on average by approximately 25° from 
that in the Antler Peak Limestone: about N. 35° 
E., compared with about N. 10° E. in the Antler 
Peak Limestone. Lithologically, the middle mem
ber of the Battle Formation includes well-exposed 
and well-bedded sequences of light-buff-gray, cal
careous silty shale, whose parting along bedding 
surfaces averages about 5 to 8 em. Grayish-green 
shaly partings are quite siliceous compared with 
intercalated calcareous silt and shale. Some shaly 
interbeds contain abundant granules of quartz. 
Furthermore, some isolated angular fragments of 
buff limestone, about 2 em in their long dimen
sion, are present within some shale. Parting along 
beds is quite pronounced in the uppermost sequen
ces of the middle member such that individual 
beds may be traced for as much as 30 m along 
strike. Bedding surfaces within the middle mem
ber are somewhat undulating and contorted in 
places. Where locally recrystallized, such as near 
the north edge of the workings at the Copper 
Basin Mine, the middle member shows a well
developed granoblastic fabric that has various 
hues of green on fresh surfaces and greenish 
brown on weathered surfaces . Some samples 
within about 15 m of granodiorite porphyry show 
replacement of their sedimentary carbonate rocks 
by a dense mat of fine-grained diopside. Generally, 
the diopside mat is constrained tightly to outer 
margins of garnet-pyroxene skarn that occurs im
mediately adjacent to granodiorite porphyry. Fur
thermore, these metasomatic calc-silicates are 
mantled by a zone in the carbonate rocks, possibly 
as wide as 30 m, wherein abundant, coarsely crys
talline calcite is present in veins. 

Up to this date (1989), most of the metal produc
tion from the district, including copper-gold-silver 
and gold-silver ores in the Copper Canyon area has 
been from favorable replacement zones within the 
Battle Formation (Theodore and others, 1986). Out
crops of the lower member of the Battle Formation, 
because of their highly siliceous nature in this part 
of the Buckingham area, apparently are not so 
heavily mineralized as those parts of the lower mem
ber cropping out in equivalent alteration zones in 
the Copper Canyon area. Locally, however, some 
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parts of the Battle Formation contain significant 
concentrations of gold near the Surprise Mine (Rob
erts and Arnold, 1965; Anonymous, 1986). In addi
tion, parts of the lower member of the Battle 
Formation, now removed by erosion, may also have 
been very heavily mineralized and metasomatized in 
areas more proximal to the locus of primary mineral
ization associated with the Copper Basin ore bodies 
(Tippett, 1967). In fact the relation of extensive 
garnet-pyroxene skarn in the Harmony Formation 
that is bounded by the basal contact of the Battle 
Formation (pl. 1) suggests local ponding of fluids by 
an impervious part of the lower member of the 
Battle Formation here, north of the Copper Basin 
Mine. Thus, permeability of the lower member of the 
Battle Formation apparently must have been highly 
variable throughout the mining district because at 
Copper Canyon some of the best ore formed in rocks 
of the Battle Formation (Theodore and Blake, 1975, 
1978). 

Petrographic examination of several samples of 
the lower member of the Battle Formation selected 
near its northernmost exposures, southeast of the 
Bailey Day Mine, shows abundant recrystallization 
in the matrix of the conglomerate. The coarse-sandy 
matrix, here averaging about 0.6 mm in grain size, 
has monocrystalline quartz as its dominant frame
work grain. These coarse sands are mostly frame
work supported, although close to some of the 
mapped bodies of Oligocene hornblende porphyry, 
the quartz sand matrix of the conglomerate is itself 
matrix supported apparently by secondary K
feldspar. Generally, porosity is quite low. Monocrys
talline grains of quartz show subrounded to rounded 
nucleii outlined by extremely small two-phase 
(liquid+vapor) fluid inclusions and mantled by quartz 
overgrowths containing abundant silicate inclusions 
and relatively sparse concentrations of somewhat 
larger two-phase fluid inclusions. The sandy matrix 
also includes lithic fragments of chert (some 
microveined heavily by quartz and K-feldspar ), jas
per, arkose, felsic K-feldspar-rich volcanic(?) rocks, 
metasiltite, altered mafic volcanic rocks, and lime
stone. 

Chemical analyses of six representative samples 
of the Battle Formation, collected near the north 
edge of the map area (pl. 1), provide additional 
documentation of the districtwide variability in li
thology of this important host for ore (table 2). As 
described above, the lower member of the Battle 
Formation in the Buckingham area is highly sili
ceous. This characteristic of the rocks here is high
lighted in an oxide-variation plot that compares 

two representative samples (analyses 1, 2, table 2) 
of pebbly sandstone from the lower member with 
unmineralized calcareous conglomerate of the 
lower member that crops out near Galena (fig. 15). 
As such, both samples analyzed from the Buck
ingham area have a low abundance of calcite (0.21 
and 0.11 weight percent C02), whereas representa
tive samples from the lower member of the Battle 
Formation near Galena have C02 contents of at 
least 2 weight percent (fig. 15). Although these 
analyzed samples from the Buckingham area are 
unmineralized and contain some calcite-rich sand
stone clasts, they nonetheless show secondary K
feldspar and biotite locally in their matrix. Thus, 
some additional calcite in the matrix may have 
been replaced during crystallization of these sec
ondary minerals. Analyses of four representative 
samples of the middle member (analyses 3-6, table 
2), which are metamorphosed to grades as high as 
pyroxene hornfels showing a diopside-tremolite-

·epidote-K-feldspar assemblage, suggest that some 
of these rocks may have been metasomatized. Com
parison of the analysis of unaltered, magnesian 
calcite- or dolomite-rich silty shale (analysis 3) 
with analyses of nearby metamorphosed rocks of 
the middle member (analyses 3-6) suggests that 
some CaO and C02 were removed, and ~0 and 
Al

2
0

3 
(as K-feldspar) were added during metamor

phism of these rocks (fig. 16). These analytical 
data (table 2) suggest that significant amounts of 
MgO were neither added to nor depleted from 
these rocks during their metamorphism. 

The middle member of the Battle Formation is 
commonly recrystallized with the development of 
felted mats of tremolite with or without diopside. 
Apparently, this widespread recrystallization is re
lated to development of nearby skarn-some of 
which seems to have formed in conjunction with 
the emplacement of the Late Cretaceous molybde
num system, whereas the bulk of the skarn ex
posed in the area probably is related to late Eocene 
or early Oligocene porphyritic leucogranite, Oligo
cene granodiorite porphyry, and other minor intru
sive rocks. Nonetheless, it is also possible that 
recrystallization of the middle member here may 
be related to the emplacement of one of the non
skarn-forming intrusions, late Eocene or early 
Oligocene rhyolite. This intrusive rock also crops 
out in the general area where the middle member 
of the Battle Formation is exposed (pl. 1). How
ever, additive metasomatism of secondary K
feldspar is an effect associated very strongly with 
the porphyritic leucogranite (see below). 
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TABLE 2.-Analytical data on the Middle Pennsylvanian Battle Formation of the Bucking
ham Camp-Copper Basin area, Lander County, Nevada 

[Chemical analyses in weight percent by X-ray spectroscopy supplemented by classic methods; analysts, A.J. Bartel, K. 
Stewart, J. Taggart, R. Moore, P. Aruscavage, and D. Kay. Optical-spectroscopic analyses in parts per million by 
inductively coupled plasma methods of Scott and Kokot (1975) and F.E. Lichte (unpub. data, 1983); analyst, M. 
Malcolm. Looked for, but not found, at parts-per-million detection levels in parentheses: Ag (2), Bi (10), Cd (2), Eu 
(2), Ho <4), Mo (2), Nb (4), Sn (20), Ta (40), U (100). F determined by specific-ion-electrode methods, Au determined 
by atomic-absorption methods, and W determined colorimetrically; analysts, R. Moore, P. Aruscavage, and D. Kay. 
-, not detected) 

Analysis 
Field No. 

Si02 
Al 203 
Fe 2o3 
FeO 
MgO 

CaO 
Na 2o 
K20 
H20+ 
H

2
o-

Ti02 
Pz05 
MnO 
C02 
F 

Subtotal 
Less 0 = F 

Total 

As 
Ba 
Be 
Ce 
Co 

Cr 
Cu 
Ga 
La 
Li 

Nd 
Ni 
Pb 
Sc 
Sr 

Th 
v 
y 

Yb 
Zn 

Au 
w 

1 
78C144 

90.6 
3.49 

.54 

.32 

.78 

.48 
<.15 
2.39 

.19 

.59 

.19 

.13 
<.02 

.21 

.03 
99.94 

.01 
99.93 

2 3 4 
78C143a 83TT67 83TT68 

Chemical analyses (weight percent) 
91.3 49.4 52.1 
2.22 .88 6.83 
1.67 1.63 .44 

.16 1.5 3.1 

.58 

.67 
<.15 
1. 37 

.4 
• 5 

.12 

.13 
<.02 

.11 

.04 
99.27 

.02 
99.25 

11.7 

22.6 
.18 
.07 

1.8 
1.3 

.37 

.6 

.18 
8.4 

.1 
100.71 

.04 
100.67 

13.8 

13.4 
.28 

3.49 
.39 

1.6 

.36 

.22 

.09 
3.9 

.28 
100.28 

.12 
100.16 

5 
83TT69 

47.4 
8.44 

.53 
3. 

12.5 

15.9 
. 49 

1.83 
.62 

2.4 

.4 

.25 

.07 
6.1 

.24 
100.17 

.1 
100.07 

Optical spectroscopic analyses (parts per million) 
20.0 50.0 60.0 

890. 420. 34. 

36. 
5. 

38. 
14. 

4. 
20. 
18. 

23. 
21. 
19. 
2. 

llO. 

82. 
5. 

25. 

9. 
8. 

27. 
11. 

5. 
17. 

6. 
36. 
20. 

59. 

70. 
4. 

19. 

2. 
13. 
12. 

160. 
120. 

4. 
9. 

36. 

12. 
42. 
30. 
8. 

79. 

110. 
8. 

81. 

20.0 
1100. 

1. 
6. 

11. 

94. 
3. 
9. 
3. 

41. 

9. 
63. 
12. 
8. 

150. 

150. 
13. 
1. 

91. 

30.0 
450. 

1. 
4. 
8. 

130. 
4. 

12. 
2. 

49. 

7. 
52. 
8. 
9. 

150. 

190. 
15. 
1. 

60. 

Chemical analyses (parts per million) 
<.05 
4. 

<.05 <.05 <.05 <.05 
5. 

6 
83TT70 

52.7 
10.2 

.46 
2.6 
9.09 

15.9 
.47 

4.18 
1. 
1.1 

.56 

.29 

.1 
1.2 

.09 
99.94 

.04 
99:9 

30.0 
1300. 

2. 
28. 
11. 

140. 
12. 
16. 
14. 
42. 

21. 
77. 

7. 
12. 

260. 

5. 
300. 

19. 
2. 

54. 

<.05 
4. 

1. Pebbly sandstone from the largely conglomeratic lower member; matrix supported; 
includes locally abundant secondary potassium feldspar in matrix. 
2. Pebbly sandstone from the largely conglomeratic lower member; framework supported; 
includes some secondary potassium feldspar and biotite in matrix. 
3. Calcareous silty shale; middle member; essentially unaltered. 
4. Calcareous shaly hornfels, middle member; abundant modal tremolite, some potassium 
feldspar. 
5. Calcareous shaly hornfels, middle member; sparse to moderate concentrations of 
tremolite, secondary quartz, and potassium feldspar. 
6. Calcareous shaly hornfels; middle member; moderate concentrations of diopside, 
tremolite, epidote, and potassium feldspar. 
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PENNSYLVANIAN AND PERMIAN 
SYSTEMS 

ANTLER PEAK UMESTONE 

The Antler Peak Limestone is the middle forma
tion of the overlap assemblage in the mining district, 
and it is Late Pennsylvanian and Early Permian in 
age (Roberts, 1964, p. A34). The type locality of the 
Antler Peak Limestone is at Antler Peak, west
southwest of the Buckingham area, where the forma
tion is about 191 m thick. 

In the Buckingham area (pl. 1), the Antler Peak 
Limestone consists of a relatively thick sequence of 
two major facies: a carbonate-dominant facies 
made up mostly of dark-gray micrite, and a silica
dominant facies made up of buff-gray, well-bedded, 
carbonate-rich siltite. The Antler Peak Limestone 
crops out only in three regions in the Buckingham 
area. The largest mass underlies a region of about 
1,500 by 300 m near the northeast corner of the 
area studied; two much smaller bodies of this unit 
crop out within narrow, lensoid fault slivers east of 
the Copper Basin Mine. Just beyond the northeast 
corner of the area mapped (pl 1.), the formation is 
overlain unconformably by the Oligocene Caetano 
Tuff (Gilluly and Masursky, 1965), which crops out 
prominently at Elephant Head (see fig. 2). The 

Antler Peak Limestone in this general area of the 
mining district is equivalent stratigraphically to 
upper beds of the formation that crop out at Antler 
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FIGURE 16.- Variation diagram comparing chemically analyzed 
samples (dots, analyses 3-6, table 2) of essentially unaltered 
silty shale and shaly hornfels of middle member of the 
Middle Pennsylvanian Battle Formation from Buckingham 
area with chemically analyzed samples of middle member 
from Galena area (southern part of mining district). Squares, 
from Roberts (1964, table 3); triangles, from Theodore and 
Blake (1975, table 9). 
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FIGURE 15.- Variation diagram comparing chemically ana
lyzed samples (dots, analyses 1, 2, table 2) of pebbly sand
stone from largely conglomeratic lower member of the 
Battle Formation with chemically analyzed samples of cal-

careous conglomerate of lower member collected from Galena 
area (southern part of mining district). Squares, from Rob
erts ( 1964, table 3); triangles , from Theodore and Blake 
(1975, table 9). 
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Peak (Roberts, 1964, p. A35). The lower beds of the 
Antler Peak Limestone apparently are missing in 
the Buckingham area. However, the overall strati
graphic thickness here is much greater than that 
measured at Antler Peak. H.G. Ferguson measured 
a section of about 600 m for the Antler Peak Lime
stone in the Buckingham-Elephant Head area. 
Some sequences of rocks of the Antler Peak Lime
stone, however, may have been repeated by faults 
(G.M. Jones, written commun., 1988; Kirk Schmidt, 
oral commun., 1985). In the Buckingham area (pl. 
1), the base of the Antler Peak Limestone nowhere 
is exposed because it has been cut out tectonically 
together with some and (or) locally all of the strati
graphically underlying middle member of the 
Battle Formation. The top of the Antler Peak 
Limestone is not exposed in this area as well. 

Petrographic examination of selected samples 
from the Antler Peak Limestone reveals that it con
sists of a wide variety of carbonate-bearing rocks. 
These include dark-gray, packed biomicrite, micrite, 
calclithite, intramicrite, and carbonate-rich sandy 
silt. A sample of packed biomicrite examined from an 
outcrop close to the east edge of the map area con
tains bryozoans, crinoids, brachiopod spines mostly 
from productids, fragments of brachiopods, and 
calcisphere algae (fig. 17A; A.K. Armstrong, written 
commun., 1983). The cores of many of the crinoids 
are filled with chert. In this general area, much of 
the Antler Peak Limestone is not stressed, nor does 
it show textural evidence of a thermal history. The 
lime-mud matrix shows no neocrystallization. How
ever, some of the carbonate-rich sandy silts from 
other outcrops of the Antler Peak Limestone show 
abundant concentrations of neocrystallized, inter
nally zoned rhombs of dolomite (fig. 17B). Many of 
the internal zones of these dolomite rhombs are out
lined partly to completely by increased concentra
tions of iron oxide(s). Micrite probably is the most 
common lithology in the Antler Peak Limestone 
here, and some micrites show approximately 0.5-mm
thick zones of pseudospar with irregularly defined 
boundaries cutting their otherwise-detrital fabric. 
Saller (1980, 1982) has suggested that shallow ma
rine carbonate rocks of the Antler Peak Limestone 
accumulated in part in open-marine waters and rep
resent shoal, lagoonal, tidal-flat, tidal-channel, and 
tidal-delta environments. 

Chemical analyses of four unmineralized sam
ples (table 3) from the Antler Peak Limestone con
sist of two representative samples from each of the 
two major facies recognized within the formation: 
the dark-gray, carbonate-dominant facies (analyses 
1, 2), and the buff to orange, silica-dominant facies 

(analyses 3, 4). The two analyzed samples of mic
rite, specifically a sparry micrite and a packed bio
micrite, show a sparse amount of silica: 4.8 and 
11.0 weight percent Si0

2
, respectively. The in

creased Si0
2 

content in the analyzed sample of 

A 0 0.6 MILLIMETER 

B 0 0.4 MILLIMETER 

FIGURE 17.-Photomicrographs of rocks from the Upper Pennsyl
vanian and Lower Permian Antler Peak Limestone. A, Packed 
biomicrite. Sample 78C142, collected 50 m south-southwest of 
UTM coordinates N. 2,141,000, E. 401,000. B, Carbonate~rich 
sandy silt containing neocrystallized dolomite (D) and detrital 
quartz (Q). Sample 78Cl45. 
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TABLE 3.-Analytical data on the Upper Pennsylvanian and 
Lower Permian Antler Peak Limestone of the Buckingham 
Camp-Copper Basin area, Lander County, Nevada 

[Chemical analyses in weight percent by X-ray spectroscopy supplemented by clas
sical methods; analysts, A.J. Bartel, K. Stewart, J. Taggart, R. Moore, 
P. Aruscavage, and D. Kay. Optical-spectroscopic analyses in parts per million 
by inductively coupled plasma methods of Scott and Kokot (1975) and F.E. 
Lichte (unpub. data, 1983); analyst, M. Malcolm. Looked for, but not found, at 
parts-per-million detection levels in parentheses: Ag (2), As (10), Be (1), Bi (10), 
Cd (2), Eu (2), Ho (4), Mo (2), Nb {4), Sn (20), Ta (40), Th (4), U (100). F deter-
mined by specific-ion-electrode methods, Au determined by atomic-absorption 
methods, and W determined colorimetrically; analysts, R. Moore, P. Aruscavage, 
and D. Kay.-, not detected] 

Anal~sis 1 2 3 4 
Field No. 78Cl41 78C142 78C145 79C147 

Chemical anal~ses (wei~ht Eercent) 

SiO 4.8 11.0 55.4 67.9 
Al 263 < .1 .23 .8 4.58 
Fet3 .04 < .04 .59 .53 
Fe .12 .08 .4 .44 
MgO .77 .96 8.2 3.35 

CaO 53.3 49.3 14.5 9.19 
Na 2o < .15 < .15 < .15 .3 
K20 .11 .1 .27 1.98 
H20+ .19 .35 .4 .36 
H

2
o- .2 .18 .22 .43 

Tio2 < .02 < .02 .08 .4 
P2o5 < .05 .06 .07 .27 
MnO < .02 < .02 .02 < .02 
C02 40.7 37.6 18.6 10. 
F .02 .02 .02 .07 

Subtotal 100.25 99.88 99.57 99.80 
Less 0 = F .01 .01 .01 .03 

Total 1'00:24 99.87 99.56 99.77 

OEtical SEectroscoEic analyses (Earts Eer million) 

Ba 100.0 490.0 84.0 440.0 
Ce 7. 32. 
Co 2. 3. 4. 4. 
Cr 15. 49. 51. 150. 
Cu 4. 4. 6. 10. 

Ga 6. 
La 3. 7. 9. 21. 
Li 4. 6. 14. 16. 
Nd 8. 13. 7. 26. 
Ni 3. 12. 24. 

Pb 4. 11. 
Sc 4. 
Sr 600. 520. 59. 85. 
v 10. 8. 11. 40. 
y 3. 8. 7. 15. 

Yb 2. 
Zn 15. 12. 3S. 13. 

Chemical analyses (Earts Eer million) 

Au < .OS < .OS < .OS < .05 
w <3. <3. <3. <3. 

1. Dark-gray, sparry micrite. 
2. Dark-gray, packed biomicrite; cores of crinoids filled 
with chert (see text) . 
3. Pale-orange to buff, chert- and sparse chalcedony-cemented 
silty micrite; includes relatively abundant authigenic 
dolomite. 
4. Buff, calcareous siltstone. Includes authigenic dolomite, 
and detrital phyllosilicates and potassium feldspar. 

packed biomicrite indicates chert filling cores of 
crinoids. The MgO content of the micrites, from ei
ther magnesian calcite or authigenic dolomite, is 
less than 1 weight percent. Such an MgO content 
is much lower than that apparently common in the 
silica-dominant facies of this formation. The two 
analyzed samples of silica-dominant rock include 
8.2 and 3.35 weight percent MgO-mostly as authi
genic dolomite. The abundance of silica in this type 
of rock is highly variable, owing to wide-ranging 
ratios of silt-size detrital grains of quartz+chert ce
ment to micrite. The ~0 and Al

2
0

3 
contents in the 

chemical analysis of calcareous siltstone (analysis 
4) indicate the relative abundance of detrital 
phyllosilicate(s) and detrital K-feldspar. 

QUATERNARY SYSTEM 

SURFICIAL DEPOSITS 

Older alluvium, landslide, slopewash, talus, fan
glomerate, and younger alluvium make up the sur
ficial Quaternary deposits in the Buckingham area 
(pl. 1). The older alluvium in Vail Canyon, east
southeast of the workings at the Copper Queen 
Mine, is reported to have yielded about 1,104 
ounces of gold from placers worked during 1915-42 
(Roberts and Arnold, 1965, p. B88). Most of this 
gold was derived probably from a bedrock source 
centered on a Tertiary quartz stockwork system 
partly at the divide between the upper reaches 
of Vail Canyon on the south, known locally as 
Poorman's Gulch, and Paiute Gulch on the north. 
In late 1983, two small-scale dry-washing opera
tions were exploiting gravels from older alluvium 
in Paiute Gulch, and concurrently a much larger 
test was being conducted on gravels of younger al
luvium just to the north of the map area on Paiute 
Gulch. Evaluation of the gravels continued sporadi
cally through 1985. 

INTRUSIVE ROCKS 

INTRODUCTION 

Felsic intrusive rocks of varying sizes and much 
less abundant diabase crop out throughout the 
Buckingham area (pl. 1). They are emplaced mostly 
into the Upper Cambrian Harmony Formation; sev
eral bodies of felsic intrusive rock, small in plan, also 
intrude the Middle Pennsylvanian Battle Formation 
and the Upper Pennsylvanian and Lower Permian 
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Antler Peak Limestone. The diabase may be Ordovi
cian and (or) Devonian in age (see above) or possibly 
Tertiary in age. The felsic intrusive rocks in the 
Buckingham area make up one of the four major loci 
of intrusive activity in the mining district (Roberts, 
1964). The other three are centered at Copper Can
yon, at Trenton Canyon (where the largest intrusive 
body in the district crops out), and in the Elder 
Creek area, which is about 8 km north-northwest of 
the Buckingham area (see fig. 2). The felsic intrusive 
rocks in the Buckingham area range in age from 
Late Cretaceous to middle Tertiary, and they include 
several varieties of both probable Late Cretaceous 
monzogranite and latest Eocene or earliest Oligocene 
monzogranite, late Eocene or early Oligocene rhyo
lite and porphyritic leucogranite (including a porphy
ritic monzogranite phase and a porphyritic tonalite 
phase), and early Oligocene granodiorite porphyry. 
In the sections to follow, we will show that Late Cre
taceous monzogranites are associated genetically 
with significant molybdenum mineralization and 
minor gold skarn mineralization, whereas some late 
Eocene or early Oligocene monzogranite appears to 
be associated with gold mineralization, late Eocene 
or early Oligocene rhyolite mostly with silver miner
alization, and Oligocene granodiorite porphyry with 
very minor gold mineralization and some minor lead
zinc mineralization. Previous studies of intrusive 
activity in the mining district using the potassium
argon method established the emplacement age of 
the granodiorite of Trenton Canyon as Late Creta
ceous, about 87.0 Ma (Theodore and others, 1973). 
This study also showed that after the emplacement 
of the granodiorite of Trenton Canyon there was a 
gap in the intrusive activity in the district of about 
46 m.y. Six samples from the Copper Canyon area, 
including two samples of metallized rock from the 
Battle Formation in the East ore body, yielded ages 
that range from 38.5 to 37.2 Ma (Theodore and oth
ers, 1973). 

POTASSIUM-ARGON AND 40Arj39Ar 
GEOCHRONOLOGY OF SELECTED PLUTONS 

IN THE BUCKINGHAM AREA 

Bv EDWIN H. McKEE 

The locations of dated intrusive rocks from the 
Buckingham area are shown in figure 18. A total of 
11 age determinations were made on different parts 
of the Buckingham stockwork molybdenum system. 
These include eight muscovite, one biotite, one 
biotite-chlorite mix (approx 50/50), and one whole
rock aplite. Seven ages were determined on intrusive 

rocks that are satellitic to the system or intrude it. 
These were on four hornblende and three biotite 
separates. The ages and analytical data are listed in 
tables 4 and 5. 

The age determinations were done in the laborato
ries of the U.S. Geological Survey, Menlo Park, 
Calif., using standard sample preparation and ana
lytical procedures (Dalrymple and Lanphere, 1969). 
Bulk rock samples were prepared for mineral sepa
ration by crushing and sieving to retain the 1- to 0.1-
mm-size fraction. Mineral phases were separated 
using magnetic and heavy liquid procedures. Purity 
of the separate was 99 percent or better, except for 
one biotite sample (sample Buck-1, table 4) that con
tained about 50 percent chlorite as an alteration 
mineral intergrown with biotite. Whole-rock samples 
were prepared by crushing and sieving from 1- to 
0.1-mm size, and treating for 30 minutes in 14 mol 
percent HN0

3 
and for 1 minute in 5 mol percent HF 

solutions. Samples dated by the K-Ar technique were 
analyzed for potassium by a lithium metaborate-flux 
fusion-flame-photometry technique (lngamells, 1970), 
the argon was analyzed by standard isotope-dilution 
procedures, using a 60°-sector, 15.20-cm-radius, 
Neir-type mass spectrometer, operated in the static 
mode for mass analyses. One sample of biotite was 
dated by the 40Arf39Ar technique using selected data 
from a six-step incremental-heating experiment 
(table 5). Analyses for this sample were done by si
multaneous measurements of argon isotope ratios in 
a five-collector mass spectrometer (Stacey and oth
ers, 1981). 

Analytical precision of the reported ages is about 
3 percent or less and is based on statistical analysis 
of a large number of replicate potassium analyses 
and duplicate argon analyses run during the course 
of earlier studies. The constants used for abundance 
and radioactive decay of 4°K are those recommended 
by the International Union of Geological Sciences' 
Subcommission on Geochronology (Steiger and Jager, 
1977). 

CRETACEOUS MONZOGRANITES OF 
THE BUCKINGHAM AREA 

The age of the monzogranite porphyry of Buck
ingham is based on evaluation of 10 K-Ar and 1 
incremental-heating 40Arf39Ar age determination 
(tables 4, 5). The ages range from 88.0±2.0 to 
61.3±1.5 Ma. Four of the ages, including the major 
argon-release steps of the incremental heating ex
periment, cluster around 86 Ma. The younger seven 
age determinations are fairly evenly spaced in the 
time interval from about 77 to 61 Ma (77.4, 75.7, 
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where location uncertain 
Boundary of Copper Basin open-pit mine 
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3 Sample site for age determination-See table 3 for 
• more detailed information 

Sample No. Age (Ma) 

From Buckingham deposit 

1 
2 
3 
4 
5 
6 
7 
8 
9 

61.3±1.5 
68.6±1.7 
65.1±1.6/85.7+0.4 
88.0±2.0/86.1 +2.0 
85.5±1.9 
77.4±1.6 
61.7±1.5 
75.7±1.6 
70.3±1.7 

From Tertiary intrusive rocks 

10 
11 
12 
13 
14 
15 
16 

39.9±1.1 
39.3±1.0 
37.7±1.4 
39.1±1.0 
37.3±1.1 
38.8±1.1 
35.4±1.1 

FIGURE lB.-Localities of samples collected for age determinations from Buckingham stockwork molybdenum system and nearby 
Tertiary intrusive rocks. Geology modified from plate 1. 
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TABLE 4.-K-Ar analytical data on the Buckingham stockwork molybdenum system and nearby Tertiary intrusive rocks 

Loc. no. Field No. 
(See fig. 18) 

1 
2 
3 
3 
4 
4 
5 
6 
7 
8 
9 

10 

11 
12 

13 
14 
15 

16 

17 

79C74 
79C75 
Buck-1 
Buck-2 
79C79 
79C79A 
82TT80 
82TT84 
82TT81 
82TT83 
79C90 

78C22 

78C89 
78Cl21 

78Cl 
78Cl8 
B-27;192 

79Cl43 

Basalt at 
bend of road 

Unit Name 

Monzogranite porphyry 
----do.--------------
----do.--------------
----do.--------------
Megacryst porphyry 
----do.--------------
----do.--------------
----do.--------------
----do.--------------
----do.--------------
Aplite 

Biotite-hornblende 
monzogranite 

----do.--------------
Porphyritic leuco-

tonalite 

[-,not determined] 

Mineral dated K20 
percent 

Buckingham stockwork molybdenum 

Muscovite 9.97 
Muscovite 9.81 
Biotite and chlorite 3.99 
Biotite 29.00 
Muscovite 10.14 
----do.------------- 9.08 
----do.------------- 10.26 
----do.------------- 10.75 
----do.------------- 9.89 
----do.------------- 10.42 
Whole rock 10.22 

Intrusive rocks near Bluff 

Hornblende 0.752 

Biotite 8.84 
Hc;>rnblende 0.782 

40Ar rad 
mole/g 

system 

8.9516xlo-10 

9.8809xlo-10 

2.930xlo-10 

1.3l;;xlo-9 

1.1535xlo-9 

1.2934xlo-9 

1.2237xlo-9 

8.9396x10-10 

1.159lxl0-9 

7.0255xlo-10 

4. 5748xlo-11 

3.2949xlo-10 

3. 6086xlo-11 

Intrusive rocks near Little Giant Mine 

Rhyolite Biotite 
----do.-------------- ----do.-------------
Porphyritic biotite ----do.------------

monzogranite 

9.19 
5.48 
8.13 

2.7467xlo-10 

1.4070xlo-10 

4.5944xlo-10 

Intrusive rocks near Surprise Mine 

Granodiorite porphyry Hornblende 0.967 5.2954xlo-11 

40Ar rad 

percent 

87.4 
82.2 
81.2 

93.8 
85.2 
97.3 
97.8 
91.5 
88.2 
91.6 

38.1 

81.4 
21.7 

78.5 
39.6 
37.4 

36.5 

Basalt near Copper Canyon, southern part of Battle Mountain Mining District 

Basslt Whole rock 1.02 4.8434xlo-12 10.9 

1 Incremental heating 40Ar!39Ar age of biotite, see table 5 and figure 19. 

Apparent age 
(Ma) 

61.3±1.5 
68.6±1. 7 

365.1±1.6 
85.7±0.4 
88.0±2.0 
86.1±2.0 
85.5±1.9 
77 .4±1.6 
61. 7±1.5 
75. 7±1.6 
70.3±1. 7 

39 .0±1.1 

39. 3±1.0 
37. 7±1.4 

39 .1±1.0 
37. 3±1.1 
38.8±1.1 

35.4±1.1 

3.3±0.17 

2 K20 calculated from the J value, which is a function of age of monitor and integrated fast neutron flux of irradiated sample. 

3 Age from two greatest release steps (also the highest K domains) from incremental heating series (fig. 19). 

70.3, 68.6, 65.1, 61.7, and 61.3 Ma). The older ages, 
those about 86 Ma, are considered to represent the 
initial time of cooling of the porphyry system; the 
younger ages are judged to be the result of later 
heating and partial resetting of the K-Ar system. 

Two periods of plutonism have been recognized 
in the Battle Mountain area (Theodore and others, 
1973). The older is represented by the granodiorite 
of Trenton Canyon and is dated at 89 Ma. The 
younger includes six intrusive bodies ranging from 
41.1 to 37.3 Main age (Theodore and others, 1973). 
The 89-Ma Trenton Canyon pluton is about 9.5 km 
west of the Buckingham system, and the younger 
intrusive rocks are scattered throughout the 

region; some are as close as about 1.5 km from the 
Buckingham area. In light of the periods of pluto
nism recognized in the region, the 86-Ma cluster of 
K-Ar ages from the Buckingham porphyry seems a 
likely age of emplacement and cooling for 
this body. The monzogranite porphyry of the 
Buckingham system and the granodiorite of Tren
ton Canyon are similar plutons ofthe same age (86 
and 87 Ma, respectively). The anomalous and vari
able younger ages from the Buckingham system 
are difficult to interpret but clearly represent mini
mal values from a disturbed radioactive system. 
The six-step incremental-heating 40Arf39Ar experi
ment bears these conclusions out. The cumulative 
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TABLE 5.-Analytical data for six-step 40Ar / 39Ar incremental-heating experiment on biotite from the monzogranitic body of 
Buckingham Camp 

[Decay constants used: A.,=0.58lxl0-10 yr-1; A.P=4.96xl0-10 yr-1; 40KIK .. ,.
1
=1.167xlO-< g/g] 

40Ar*% 36 Area% 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 

12.13 0.013 51.4 0.08 0.152 

75.61 0.019 16.23 9.16 0.013 

92.04 0.040 13.13 5.17 0.004 

89.51 0.104 11.99 0.016 4.237 

96.42 0.303 12.11 0.016 0.002 

52.49 0.076 22.58 0.101 0.036 

39Ar-release diagram (fig. 19) shows a pattern that 
is similar to patterns from rocks with known dis
turbed histories (Lanphere and Dalrymple, 1971). 
In particular, the fourth step, or the 915 oc release 
temperature, produced a calculated age of 75.9±0.6 
Ma, which is about 10 percent younger than the 
other major argon-release steps. In evaluating the 

1- 120 
z 
w en 
w 
a: 
a.. 
w 
a: 
0 100 u.. 
w 
(]) 

en 
a: 
<( 
w 
>-
z 80 
0 
:::::i 
_J 

~ 

~ 

ui 
(!) 60 
<( 

1-
z 
w 
a: 
<( 
a.. 
a.. 
<( 40 

I I I 

""-

""-

I-

I-

I 
I- r 

""- 750° 
------------. 

I- ..... 

I-

I-

""-

I-

I-

I-

I-

I-

""-- 5251° 
I I 

I T I 

85.7± 0.4 Ma 

840° 
-

I I I I I I 

39Ar J Temperature K Apparent 
oc (percent of total) age (Ma) 

0.0040045 525 2.0 44.5±2.8 

---do---- 750 12.3 86.6±0.7 

---do---- 840 39.5 85.3±0.5 

---do---- 915 10.5 75.9±0.6 

---do---- 1015 35.0 82.5±0.5 

---do---- Fusion 0.7 83.7±7.1 

I 

I 

age from the 39Ar-release diagram, only the two 
main release steps, 750 and 840 °C, which pro
duced more than 50 percent of the total argon, 
were used. The 915 and 1,015 oc steps were ex
cluded because they showed the effects of reheat
ing. The age calculated using the two main release 
steps is 85. 7±0.4 Ma (fig. 19; table 5), in close 
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FIGURE 19.-40Arf39Ar age spectra for a biotite separate (sample 
Buck-2) from monzogranite porphyry of Buckingham stockwork 
molybdenum system. Horizontal lines, six heating steps and their 
temperature (in degrees Celsius); dashed horizontal lines indi-

cate width of !-standard-deviation confidence band. Release pattern 
is similar to patterns produced from minerals with disturbed ther
mal histories. Most likely age, calculated using two largest 39 Ar
release steps (750 and 840 °C), is 85.7±0.4 Ma. 
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agreement with the three oldest ages determined 
by conventional K-Ar techniques. Thus, the Late 
Cretaceous age established herein for the Buck
ingham system coincides closely with ages obtained 
from the Thompson Creek, Idaho, stockwork mo
lybdenum system, 86.6±3.1 Ma (biotite K-Ar age), 
87.35±0.43 Ma, and 87.58±31 Ma (sericite, 40Arf39Ar 
age), and the stock associated with the White 
Cloud, Idaho, molybdenum system, 83.2±2.8 and 
84. 7±1.9 Ma (biotite, K-Ar ages) (Lewis and others, 
1987). 

TERTIARY GRANITIC AND RHYOLITIC INTRUSIVE ROCKS 

Small monzogranite, granodiorite porphyry, and 
rhyolite stocks and dikes near Buckingham yield 
K-Ar ages on biotite and hornblende from 39.3±1.0 to 
35.4±1.1 Ma (table 4). Most (six) of these bodies are 
satellitic to the main monzogranite porphyry of 
Buckingham and their ages are about 38 Ma. A sys
tem of granodiorite porphyry dikes that cut the 
Buckingham porphyry is slightly younger; it is dated 
at about 35 Ma. The approximately 38-Ma age, 
which is latest Eocene or earliest Oligocene, is iden
tical to that of the younger phase of plutonism recog
nized elsewhere in the Battle Mountain area by 
Theodore and others (1973). They dated six intrusive 
bodies, one about 1.5 km from Buckingham, that 
ranged in age from 41.1 to 37.3 Ma. Hydrothermal 
alteration and mineralization at Copper Canyon and 
probably at many other places in the Battle Moun
tain Mining District was determined to be related to 
the late phases of this pervasive period of igneous 
activity (Theodore and others, 1973). The effects of 
this late Eocene and early Oligocene intrusive event 
are seen on the Cretaceous Buckingham system as 
well. At a few places a distinctive granodiorite por
phyry cuts the Buckingham system (fig. 18); horn
blende from this granodiorite yields an age of 
35.4±1.1 Ma. Secondary chlorite, which is pervasive 
throughout the Buckingham pluton, yields K-Ar ages 
that are significantly younger (10-15 percent) than 
the 86-Ma age considered to be the age of initial 
cooling of the pluton. The argon-release pattern of 
the incren1ental-heating 40Arf39Ar experiment also in
dicates a complex thermal history of the biotite. The 
secondary thermal event was not great enough to 
completely reset the K-Ar clock, but it is clearly seen 
in the downstep plateau pattern of argon release (fig. 
19). Heat and hydrothermal activity generated by 
the late Eocene and early Oligocene igneous event 
shows varying amounts of intensity at different 
places in the Buckingham system. Almost all sam-

pies from the western part of the monzogranite body 
yield ages that are reset some amount. None of 
them, however, are completely reset to the approxi
mately 38-Ma age of the younger plutons. 

lATE CRETACEOUS 

The Late Cretaceous monzogranites crop out 
mainly in three areas: (1) the West stock near 
Buckingham Camp, (2) the East stock near the 
intersection of Licking Creek and Long Canyon, 
and (3) east of Long Canyon as an east-west
trending complex of dikes and plugs that lie 
astride Vail Ridge. These dikes and plugs swell 
into somewhat larger masses of intrusive rock in 
the area now (1989) disturbed highly by mining op
erations associated with the copper ore bodies in 
the Copper Basin Mine. Distribution of these rocks 
at the surface before the startup of large-scale min
ing operations in 1966-67 may be inferred from the 
geologic map of Tippett (1967). Late Cretaceous 
monzogranites in the area are associated geneti
cally with the Buckingham molybdenum system, 
and in this part of the report they are termed the 
"monzogranitic rocks of Buckingham Camp." These 
rocks intrude the Upper Cambrian Harmony For
mation and are themselves intruded extensively by 
early Oligocene granodiorite porphyry. As pointed 
out by E.H. McKee in the immediately preceding 
section, a likely explanation for the wide-ranging 
and at times geologically conflicting ages (88-
61 Ma) determined using potassium-argon and 
40Arf39Ar methods most probably includes a combi
nation of (1) resetting by the extensive late Eocene 
or early Oligocene and early Oligocene intrusive 
rocks also common in the area; and (2) the highly 
complex and composite nature of emplacement in 
the Late Cretaceous (see subsection below entitled 
"Economic Geology"). As mapped (pl. 1), the monzo
granitic rocks of Buckingham Camp make up four 
units: monzogranite porphyry (unit Km) that in
cludes conspicuous phenocrysts of quartz and, 
locally, very sparse phenocrysts of K-feldspar; 
megacryst monzogranite porphyry (unit Kmp) that 
includes highly conspicuous, large K-feldspar 
phenocrysts together with some facies typified by a 
phenocrystic fabric including "crowded" plagioclase 
phenocrysts; a mostly aplitic phase (unit Kga); and 
a late-stage breccia-pipe phase (unit Kgbx). Com
prehensive description and temporal resolution of 
the complex sequential emplacement of many addi
tional intrusive phases recognized in the system 
are included by Loucks and Johnson below. Much 



GEOLOGY OF THE BUCKINGHAM STOCKWORK MOLYBDENUM DEPOSIT AND SURROUNDING AREA D41 

of the monzogranites weather to smooth rounded 
slopes that, from a distance, might suggest a scar
city of outcrops (fig. 20A). However, these rocks lo-

B 0 5 CENTIMETERS 

FIGURE 20.-Geologic relations of Late Cretaceous monzogranites 
of Buckingham Camp. A, View westward from ridgeline of Vail 
Ridge along main trend of outcrops of monzogranites, showing 
generally smooth, rounded slopes underlain by these rocks. 
Note roads for scale. B, Sawed surfaces of monzogranite, show
ing typical hypidiomorphic-granular fabric common to these 

cally are quite well exposed, and near the eastern 
distal parts of the system, they include phases that 
show typically a hypidiomorphic-granular fabric 
(fig. 20B) that at the surface mostly includes vari
ously developed apparent phyllic- and (or) argillic
alteration assemblages common to most porphyry 
systems. Petrographic study, however, has shown 
that potassic alteration is widespread in Late Cre
taceous monzogranite, as are intermediate argillic 
assemblages (plagioclase destructive, K-feldspar 
stable; see below). The dark fragments (fig. 20B) 
are xenoliths of biotite hornfels that belong to the 
Harmony Formation; figured relation of these frag
ments to monzogranite porphyry illustrates the 
widespread stoping common in this system. Sparse 

rocks. C, Relations at contact between highly veined monzogran
ite and black biotite hornfels of the Upper Cambrian Harmony 
Formation near Buckingham Camp. D, Typical density of 
quartz-pyrite stockworks near top of exposed Late Cretaceous 
system at Copper Basin. Note increased concentrations of iron 
oxide(s) replacing pyrite (compare figs . 20C and 20D). 
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occurrences of potassic alteration recognizable 
megascopically are preserved near the contacts of 
the monzogranite in the western part of the sys
tem. However, the most diagnostic characteristic of 
early igneous phases of the Late Cretaceous 
monzogranite in outcrop is the fact that they are 
veined intensely by widespread quartz-rich stock
works, a distinctive feature of fluorine-deficient 
(Theodore, 1982a; Theodore and Menzie, 1984) or 
quartz monzonite (White and others, 1981) molyb
denum stockwork systems such as Buckingham, in 
contrast to most porphyry copper systems (fig. 
20C). Such stockworks become progressively en
riched outward in pyrite, particularly in the upper
most tectonic blocks of the system (compare figs. 
20C, 20D), but also laterally. Late Cretaceous 
monzogranite does not have any known cogenetic 
volcanic rocks in the surrounding region suggesting 
thereby that exposed levels of the Late Cretaceous. 
monzogranite may be relatively deep. 

The Late Cretaceous monzogranites are altered 
hydrothermally, and they are present near the cen
ter of a broad zone of rocks affected by contact meta
morphism and hydrothermal alteration. Contact 
metamorphism in the Harmony Formation is repre
sented principally in conversion of various types of 
sandstone and shale to biotite hornfels. The outer 
limit of secondary biotite visible in outcrop near the 
south edge of the map area trends approximately 
east-west, approximately parallel to alignment of 
Late Cretaceous monzogranite (pl. 1). Somewhat in
terior to the outer limit of secondary biotite, rocks 
are bleached variably and show a widespread distri
bution of iron oxides that replace pyrite. The pyrite 
halo here locally follows approximately the outer 
limit of secondary biotite, and in places the pyrite 
halo extends about 2 km into the Harmony Forma
tion from Late Cretaceous monzogranite. In all, 
metamorphosed and (or) altered rocks underlie about 
90 percent of the Buckingham area, and they are 
part of a zone of altered rock that extends a mini
mum of about 2.5 km farther to the west beyond the 
Buckingham area (Roberts and Arnold, 1965, pl. 3; 
Krohn and others, 1978). This westward extension of 
alteration results mostly from the emplacement dur
ing the late Eocene and early Oligocene of a weakly 
mineralized monzogranite into the Harmony Forma
tion at Long Peak (Theodore and others, 1973). 
Alteration associated with Late Cretaceous monzo
granite also includes some relatively large bodies of 
skarn that crop out mostly in the Copper Basin Mine 
in the rocks of the Harmony Formation. One body of 
skarn crops out in discontinuous exposures as much 
as 0. 7 km north of the mine (pl. 1). 

One of the most important alteration boundaries 
shown on plate 1 is the outer limit of generally in
tensely developed quartz stockworks associated at 
the surface with Late Cretaceous monzogranite. This 
zone of intensely developed quartz stockworks is 
present about 1.5 km inside the outer limit of the 
pyrite halo along the south flank of the system, and 
about 1.1 km within the pyrite halo along the north
west flank on Long Ridge in the hanging wall of the 
Buckingham and Second faults. Furthermore, the 
mapped outer limit of the quartz stockworks, even 
though it is a diffuse gradational boundary across 
several tens of meters, apparently shows significant 
separations along some major postmineral and 
synmineral faults that cut the Buckingham system, 
including the Buckingham, Second, Long Canyon, 
and Contention faults. In addition, the zone of 
quartz stockworks, as mapped, represents quite well 
the projection to the surface of molybdenum-enriched 
rocks at depth (see subsection below entitled "Eco
nomic Geology"). 

MONZOGRANITE PORPHYRY 

Late Cretaceous monzogranite porphyry is an 
undivided map unit that makes up most of the ex
posed parts of the West stock and the East stock 
(pl. 1). At the West stock, exposed monzogranite 
porphyry has been correlated by Loucks and John
son (see subsection below entitled "Economic Geolo
gy") with their large K-feldspar porphyry unit. 
Monzogranite porphyry also crops out east of Long 
Canyon, where it is present as several approxi
mately east-west-trending dikes and a smaller 
number of equant bodies on Vail Ridge. Monzo
granite porphyry intrudes the Upper Cambrian 
Harmony Formation, and is itself apparently in
truded by subsequent phases of the entire granitic 
complex of Buckingham Camp including megacryst 
monzogranite porphyry, aplite, and breccia. Fur
thermore, monzogranite porphyry is intruded by 
Oligocene granodiorite porphyry. As described 
above in the section by E.H. McKee, secondary 
white micas collected from two sample sites in 
monzogranite porphyry yielded ages of 61.3 and 
68.6 Ma using the K-Ar method. These sample 
sites are located in the West and East stocks, re
spectively. Primary biotite from the West stock 
yielded an age of 65.1 Ma. All these ages probably 
indicate resetting by the late Eocene or early 
Oligocene and Oligocene dikes and plutons that are 
widespread in the Buckingham area. The calcu
lated age using the two main 39Ar-release steps 
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during a heating experiment on primary biotite is 
85. 7±0.4 Ma (fig. 19). Most likely the monzogranite 
porphyry was emplaced initially about 90 Ma; that 
age is based on the K-Ar ages of 88-86 Ma deter
mined on the megacryst monzogranite porphyry 
phase of the Buckingham system. 

Fabric of monzogranite porphyry in its outcrops 
represents a combination of protracted igneous 
processes superposed by multistage, subsolidus al
teration phenomena, the type(s) and intensity of 
which result from, in part, the erosional levels cur
rently exposed in the three major tectonic blocks of 
the molybdenum system. In the West stock, locally 
bold outcrops of yellow-ocher-brown to creamy
white,. hydrothermally altered monzogranite por
phyry show widely ranging proportions of quartz 
phenocrysts set in a fine-grained, hydrothermally 
altered groundmass that itself is very quartz rich. 
The quartz phenocrysts range from well-developed, 
square-sectioned bipyramids to rounded and sub
rounded outlines, in places making up as much as 
20 to 25 volume percent of the monzogranite por
phyry. Quartz phenocrysts probably average about 
1 em wide throughout much of the exposed parts of 
the West stock. In places, some facies include 1- to 
1.5-cm-wide, pink K-feldspar phenocrysts, which 
seem overall to be subordinant to the amount of 
plagioclase. In outcrop, plagioclase phenocrysts are 
somewhat drab creamy white where altered mostly 
to clay(s), and the plagioclase phenocrysts have a 
lustrous, very pale greenish gray color where al
tered to white mica. Generally, the medium
grained plagioclase phenocrysts lack clear crystal 
outlines; instead, they tend to merge into the en
closing groundmass. Stubby, 1.0- to 1.5-mm-long, 
tabular books of biotite are dispersed irregularly in 
the monzogranite porphyry, and they are altered 
intensely to varying proportions of white mica and 
chlorite. In fact, many exposures of monzogranite 
porphyry show relatively minor amounts of mafic 
minerals. The groundmass includes some iron 
oxide(s) that replace small, 0.25- to 0.5-mm-wide 
cubes of pyrite that were disseminated throughout. 
However, the predominant hydrous silicate in the 
groundmass is white mica, most probably sericite. 
Very locally, this fine-grained white mica is in
tergrown with extremely small blades of bluish
gray molybdenite, some of which also have halos of 
yellowish ferrimolybdite. In general, intense vein
ing by quartz characterizes most exposures of the 
West stock (fig. 20C). In places, the veins coalesce 
to dense mats that make up about 40 to 50 volume 
percent of rocks across meter-size areas. Quartz is 
the dominant mineral in the veins, and quartz-

white mica-pyrite the dominant assemblage visible 
in hand samples of the veins; some late-stage veins 
in the West stock show increased abundances of 
pyrite, now replaced by iron oxides, particularly 
along the medial parts of the veins. 

Monzogranite porphyry in the East stock mega
scopically resembles that of the West stock; 
however, there are some differences. Overall abun
dance of quartz phenocrysts throughout that part 
of this unit that crops out in the East stock ap
pears to be less than that in the West stock. 
Quartz phenocrysts in the East stock probably 
make up about 2 to 5 volume percent of the monzo
granite porphyry. In addition, in the East stock, 
extremely fine grained molybdenite, as dissemi
nated grains in matrix of the monzogranite porphy
ry, appears to be more common at the surface than 
in the West stock. Cursory examination of hand 
samples from the East stock would suggest 
that phyllic alteration-that is, plagioclase- and K
feldspar-destructive replacement by a predomi
nantly white mica bearing assemblage-is common 
throughout much of the East stock. However, ex
tensive petrographic studies of surface samples and 
drill core suggest that the predominant, early-stage 
alteration assemblage associated with most of the 
quartz veining is potassic (see Creasey, 1966). In 
addition, these rocks also show a pervasive alter
ation of phenocrystic plagioclase to clay(s) and 
other minerals that suggests an intermediate argil
lic type of alteration such as that associated with 
main-stage veining at Butte, Mont. (see Meyer and 
Hemley, 1967), and elsewhere. This pervasive al
teration of plagioclase in the East stock occurred 
largely without any visible alteration, even at ex
tremely high magnifications, of K-feldspar both in 
groundmass and in phenocrysts. Plagioclase is ar
gillized in the lowermost parts of the monzogranite 
porphyry penetrated by drilling into the East 
stock, and thus well below the zone of surface
related oxidation. K-feldspar-destructive alteration 
to white mica, which is actually quite spotty in this 
body of rock, is related principally to some wispy, 
white mica-rich· veins that are typically quartz 
poor, and, in places, molybdenite rich. Nonetheless, 
locally, some of the- easternmost monzogranite por
phyry exposed at the East stock shows intense ar
gillic alteration (pl. 1). In addition, some exposures 
of the monzogranite porphyry in the East stock on 
both the north and south sides of Licking Creek 
show a chlorite-dominant propylitic alteration. 
Such propylitic-alteration assemblages may be 
much younger than epigenetic, Late Cretaceous 
stages of the Buckingham molybdenite system 
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because propylitic alteration apparently is associ
ated genetically with nearby wide dikes of Oligo
cene granodiorite porphyry. 

Exposures of monzogranite porphyry on Vail 
Ridge are confined to relatively narrow dikes and 
small, equant masses that in places have sharply 
defined planar contacts with the adjoining hornfels 
facies rocks of the Harmony Formation. Some 
dikes, however, have incorporated abundant frag
ments of this hornfels along their contacts. Many 
of these exposures show yellowish-tinged iron ox
ides on their weathered surfaces suggestive of 
ferrimolybdite. Quartz phenocrysts, some smoky in 
color, are typically 0.5 to 1.0 em wide; they range 
in abundance from about 5 to 10 volume percent of 
the monzogranite porphyry and in shape from 
round to square. Monzogranite porphyry is here 
somewhat more argillically altered than either of 
the two previously described, much more widely ex
posed bodies of this unit at the West and East 
stocks. Locally near the mapped east ends of some 
of the major dikes of monzogranite porphyry, the 
alteration assemblages are predominantly phyllic 
and include relatively abundant molybdenite dis
seminated in groundmass. Plagioclase phenocrysts 
are altered heavily to milky-white clays(s); 1.0- to 
2.0-mm-wide former books of primary biotite now 
show complete replacement by iron oxide-stained 
white mica and (or) chlorite. In addition, the rocks 
are veined densely by quartz, and, in many expo
sures, the strike of the veins parallels closely the 
approximately east-westward trend of the dikes. 
The most strongly developed vein sets strike from 
about east-west to N. 60° W. Generally, the overall 
density of veins in rocks of the Harmony Forma
tion at distances greater than about 1 m from the 
monzogranite porphyry is much less than both that 
at distances less· than 1 m and within monzo
granite porphyry dikes. Molybdenite is dispersed 
irregularly throughout the groundmass of the 
monzogranite porphyry, and in some samples, very 
fine grained molybdenite appears to be best con
centrated in small domains where white mica com
pletely replaces prtmary biotite and any other 
mafic minerals. Some samples show relatively 
abundant, fine-grained molybdenite concentrated 
in granulose-textured groundmass, and clusters of 
molybdenite seem to be preferentially concentrated 
along the edges of quartz phenocrysts where mo
lybdenite blades radiate out into the surrounding 
groundmass. Although most of the molybdenite in 
the monzogranite porphyry on Vail Ridge appears 
to be in groundmass, some veins also include mo
lybdenite, as well as chrysocolla that probably has 

replaced chalcopyrite. There is a progressive de
crease in overall abundance of quartz stockwork 
veins near the east end of many east-west-trending 
dikes of monzogranite porphyry in the area of Vail 
Ridge. Some joint surfaces in monzogranite porphy
ry also show stains of secondary copper minerals. 
These occurrences of secondary copper minerals in
dicate either the increased abundance of primary 
copper, as chalcopyrite, in the hypogene stages of 
the monzogranite porphyry on Vail Ridge as op
posed to that in the West or East stocks. Or, they 
may simply result from supergene migration of 
copper from the nearby ore bodies in the Copper 
Basin Mine during any of the Oligocene and 
younger erosion cycles that affected the area. 

In all, approximately 100 thin sections of monzo
granite porphyry from the West and East stocks 
were examined petrographically. Although many 
samples were collected from outcrop, a significant 
number were obtained from drill core into the East 
stock near the junction of Long Canyon and Lick
ing Creek. These petrographic studies confirm the 
wide distribution and, in places, pervasiveness of 
multiple late-stage, hydrolytic-alteration events 
(see Beane, 1982) that accompanied the emplace
ment of the Buckingham system. The predominant 
types of hydrothermal alteration in monzogranite 
porphyry are potassic, phyllic, and intermediate ar
gillic, according to the classification schemes of 
Meyer and Remley (1967) and Rose and Burt 
(1979); superposition of alteration types is common 
throughout the system (see subsection below en
titled "Economic Geology"). At the surface of the 
West stock, quartz phenocrysts that range from 
ovoid to angular, square-outlined bipyramids, all 
typically about 2 to 10 mm wide, are relatively 
abundant in monzogranite porphyry; they are set 
in a fine-grained groundmass consisting of K
feldspar, quartz, and minor amounts of white mica 
that replace plagioclase completely. Rounding of 
the quartz phenocrysts may indicate resorption of 
silica during episodic decreases in the prevailing 
pressure at the site of emplacement (Burnham, 
1967; Whitney, 1975). Groundmass in the monzo
granite porphyry probably averages about 0.1 to 
0.2 mm in grain size, and its dominant mineral is 
K-feldspar, which makes up probably about two
thirds of the groundmass. The predominant texture 
in the groundmass is not xenomorphic granular or 
a "droplike" intergrowth of K-feldspar and mostly 
quartz, but rather a texture resulting from 
straight, planar crystal boundaries between these 
two minerals with an abundance of 120° dihedral 
angles throughout the groundmass. These relations 



GEOLOGY OF THE BUCKINGHAM STOCKWORK MOLYBDENUM DEPOSIT AND SURROUNDING AREA D45 

suggest continued subsolidus recrystallization of 
groundmass after initial quenching from a magma. 
A characteristic feature in the groundmass is the 
minimally clouded, yet otherwise relatively unal
tered, state of the K-feldspar there, compared with 
the almost total replacement of plagioclase by 
dense mats of intergrown white mica and (or) 
clay(s). Complete alteration of plagioclase to white 
mica and clay(s) accompanied by only a minimal 
dusting of K-feldspar by phyllosilicates suggests 
that a late-stage, intermediate argillic (see Meyer 
and Remley, 1967; Rose and Burt, 1979) type of 
alteration has affected the monzogranite porphyry 
even in its lowermost levels in the system pen
etrated by drilling into the West stock. In contrast, 
sericitization of both K-feldspar and plagioclase is 
characteristic of the phyllic zone in porphyry sys
tems (Lowell and Guilbert, 1970; Rose and Burt, 
1979). In the West stock, primary, 1- to 2-mm-long 
books of biotite are also commonly replaced by 
white mica, vermiculite, and traces of chlorite and 
accessory blebs of rutile. 

Common occurrence of low-sulfide quartz
K-feldspar veins and quartz-only veins, both of 
which show either a well-developed introduction of 
K-feldspar or a stable recrystallization of K
feldspar as selvages in the adjoining groundmass, 
all suggest that widespread potassic alteration af
fected the monzogranite porphyry in the West 
stock. The potassic alteration, accompanied by an 
intense flooding by silica in veins, must have oc
curred during the stock's early subsolidus stage(s) 
before superposition of the intermediate argillic as
semblages. Petrographic examination of a limited 
number of samples from depths as great as 600 m 
in the West stock suggest the widespread nature of 
the early potassic event(s) that affected the monzo
granite porphyry. The potassic alteration is pre
served best at depth in the West stock (see 
subsection below entitled "Economic Geology" for 
an estimate of the distribution of well-developed 
potassic alteration at depth in the West stock). 
There in the West stock, clots of secondary biotite 
(very pale red brown, optic Z-axis) are intergrown 
with • pyrite and some apatite and sphene in 
groundmass of the monzogranite porphyry, and 
these clots are associated spatially with parage
netically late, minor calcite and, in places, epidote. 
In addition, there are some quartz-K-feldspar
molybdenite-rutile-bearing veins wherein early
stage molybdenite is intergrown with K-feldspar, 
and late-stage molybdenite occurs along narrow, 
minute, wavy trains of recrystallized and deformed 
veins of quartz. Although much K-feldspar both in 

groundmass and in phenocrysts in the monzogran
ite porphyry at depth in the West stock appears to 
be more intensely clouded than that at the surface, 
all K-feldspar is still remarkably fresh compared 
with plagioclase crystals, which are altered com
pletely to a mat of white mica and clay(s). 

Supplemental data concerning the petrography 
and chemistry of monzogranite porphyry and its 
associated alteration and mineralization are in
cluded below in the subsection entitled "Additional 
Petrographic and Chemical Studies near the East 
Stock." 

MEGACRYST MONZOGRANITE PORPHYRY 

Late Cretaceous megacryst monzogranite porphy
ry crops out predominantly in the East stock of the 
Buckingham system, east of the Buckingham and 
Second faults, and also in that part of the system on 
Vail Ridge, east of the Long Canyon fault (unit Kmp, 
pl. 1). This unit is the same as the large K-feldspar 
porphyry unit that Loucks and Johnson described on 
plate 2 in the subsection below entitled "Economic 
Geology." Megacryst monzogranite porphyry intrudes 
the Upper Cambrian Harmony Formation but can 
only be shown questionably to intrude the monzo
granite porphyry phase of the Buckingham system, 
owing to poorly exposed contacts between the two 
rock types and nondiagnostic relations at contacts 
penetrated by drilling to date (1989). Nonetheless, 
the inference will be made below that most available 
geologic evidence suggests that the megacryst 
monzogranite porphyry is younger than the monzo
granite porphyry. Relations in outcrop indicate that 
the megacryst monzogranite porphyry definitely has 
been intruded by the Oligocene granodiorite porphy
ry about 300 m north of the junction between Lick
ing Creek and Long Canyon (pl. 1). As described by 
McKee above, six samples of secondary white mica 
obtained from five sites (fig. 18) in megacryst monzo
granite porphyry yielded ages of 88.0, 86.1, 85.5, 
77.4, 61.7, and 75.7 Ma. The four oldest ages are 
from localities of megacryst monzogranite porphyry 
east of Long Canyon. 

The most extensive exposures of the megacryst 
monzogranite porphyry are in the area of the East 
stock, where a cluster of variable-size bodies of 
megacryst monzogranite porphyry suggest a locus 
of emplacement slightly to the north-northwest of 
the main ·mass of monzogranite porphyry nearby in 
the East stock (pl. 1). In this area, the largest 
mass of megacryst monzogranite porphyry is an 
elongate, dikelike body that lies completely astride 
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Long Ridge from Licking Creek on the south to 
Long Canyon on the north; this body has a maxi
mum exposure length of about 500 m in a north
easterly direction. In outcrop, the distinguishing 
features of this highly altered unit are (1 ) the 
large, pink or white, euhedral K-feldspar pheno
crysts distributed somewhat erratically through a 
groundmass that ranges from medium-grained, hy
pidiomorphic granular to microaplitic; (2) the 
marked decrease in the overall abundance of 
quartz veins compared with monzogranite porphy
ry; and (3) the apparent increased abundances of 
white mica and iron oxide(s) compared with that in 
monzogranite porphyry. Although some exposures 
of megacryst monzogranite porphyry show an in
tense development of quartz stockworks, such 
stockwork veining by quartz in megacryst monzo
granite porphyry is typically quite restricted 
areally. More commonly, exposures of megacryst 
monzogranite porphyry show deeply weathered out, 
crosscutting sets of pyrite veins (altered to iron 
oxide) along throughgoing fractures (fig. 21A), 
whereas bleached rocks of the Harmony Formation 
immediately adjacent to megacryst monzogranite 
porphyry are very intensely veined by quartz and 
are highly fractured (fig. 21B). K-feldspar pheno
crysts in megacryst monzogranite porphyry typi
cally range in size from 0.5 to 2.0 em. Euhedral, 
square-outlined bipyramids of quartz also are con
_spicuous throughout this body of megacryst monzo
granite porphyry; they range in size from 0.5 to 1.0 
em. Microphenocrysts of plagioclase, generally 
about 2 to 10 mm in their largest dimension, 
are altered completely to intergrown mats of 
clay(s)+white mica. The overall abundance of al
tered plagioclase microphenocrysts varies widely in 
the megacryst monzogranite porphyry across ex
tremely short distances. The fabric at one end of a 
hand sample of megacryst monzogranite porphyry 
may be microaplitic matrix supported and include 
about 10 to 15 volume percent altered plagioclase, 
whereas the other end may be altered plagioclase 
supported and include about 40 to 50 volume per
cent altered plagioclase. Such a "crowded plagio
clase" fabric is quite common in some bodies of 
megacryst monzogranite porphyry, especially the 
one that straddles the contact showing the mapped 
outer limit of intensely developed quartz stock
works, near the northernmost extent of the East 
stock, and also in many of the very small dikes of 
megacryst monzogranite porphyry that crop out on 
Vail Ridge (pl. 1). Microphenocrysts of biotite in 
megacryst monzogranite porphyry that crops out in 
the East stock area are altered completely to white 

mica. In addition, several shallow prospect pits 
near the middle of megacryst monzogranite por
phyry have followed occurrences of secondary cop
per, mostly chrysocolla and (or) malachite along 
fractures together with copper-manganese(?) oxides 
on weathered surfaces, in some of the small areas 
within the megacryst monzogranite porphyry that 
show well-developed quartz stockworks. However, 
there are also some visible occurrences of molybde
nite associated with megacryst monzogranite por
phyry just north of the projection to the surface of 
the major mineralized zones of the Buckingham 
system. This molybdenite is in a small body of 
megacryst monzogranite porphyry that crops out 

FIGURE 21.-Veining associated with megacryst porphyry phase 
of Buckingham stockwork molybdenum system. A, Exposure of 
megacryst monzogranite porphyry near Vail Ridge, showing 
deeply weathered, crosscutting sets of pyrite veins along 
throughgoing fractures . Pyrite is altered to iron oxide(s). B, 
Bleached rocks of the Upper Cambrian Harmony Formation 
immediately adjacent to megacryst monzogranite porphyry. 
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along a northeast-striking fault that dips 25°-40° 
NW., approximately 300 m southwest of the work
ings at the Dipper Mine (pl. 1). Some megacryst 
monzogranite porphyry along this structure also 
shows well-developed quartz-K-feldspar crenulate 
structures or unidirectional solidification textures 
(see Shannon and others, 1982). 

Megacryst monzogranite porphyry, in addition, is 
present quite conspicuously on Vail Ridge, either as 
narrow, short dikes or as small, nearly equant bod
ies, the largest of which crops out low on the west 
flank of Vail Ridge and measures about 150 m in 
longest dimension at the surface (pl. 1). On Vail 
Ridge, the intrusive center of these dikes and small 
bodies of megacryst monzogranite porphyry is in
ferred to lie north of the intrusive center of monzo
granite porphyry. Such a difference in the spatial 
distribution between intrusive centers of megacryst 
monzogranite porphyry and monzogranite porphyry 
on Vail Ridge is the same as that noted in the gen
eral area of the East stock. Furthermore, one of the 
east-west-trending dikes of megacryst monzogranite 
porphyry crosscuts the trace of the Contention fault 
without any apparent offset of megacryst monzo
granite porphyry by the fault. This is an extremely 
important geologic relation in that it fixes major 
movement(s) along the Contention fault as pre
megacryst monzogranite porphyry; white mica from 
this particular body of rock yielded a K-Ar age of 
85.5 Ma (see subsection above entitled "Potassium
Argon and 40Arf39Ar Geochronology of Selected Plu
tons in the Buckingham Area"). Furthermore, this 
dike that crosscuts the Contention fault does not 
show throughgoing, widespread shattering and re
lated effects of an intensely concentrated, brittle
style deformation, as is present along the trace of 
the Contention fault. Nonetheless, the megacryst 
monzogranite porphyry dike is fractured along some 
widely spaced joints, some of which show local devel
opment of slickensides along their surfaces that indi
cate at least some, probably minor post-megacryst 
monzogranite porphyry deformation. In addition, to 
the east just off the northwest-trending road that 
crosse·s the megacryst monzogranite porphyry dike, 
some poorly exposed, fault-gouged, and intensely 
clay altered megacryst monzogranite porphyry also 
suggests local, renewed movement(s) along a splay of 
the Contention fault that may have become active 
again after emplacement of the megacryst monzo
granite porphyry dike. An overall comparison of den
sities of quartz veins in this megacryst monzogranite 
porphyry dike with densities of quartz veins in ad
joining rocks of the Harmony Formation indicates 
that the dike unquestionably was intruded after 

most of the veining had ceased. On Vail Ridge, some 
east-west-trending dikes of megacryst monzogranite 
porphyry show K-feldspar megacrysts arranged in 
clusters of about four or five phenocrysts per 10- by 
10-cm area. In addition, most of the plagioclase 
microphenocrysts are altered intensely to clay(s), 
whereas K-feldspar megacrysts and groundmass 
crystals are relatively fresh; some of the plagioclase 
microphenocrysts are packed closely into a plagio
clase microphenocryst-supported fabric. However, 
phyllic alteration of groundmass and feldspar pheno
crysts is the predominant type of alteration of the 
largest body of megacryst monzogranite porphyry on 
Vail Ridge (pl. 1). Although a gradational boundary 
between phyllic-altered and argillically altered 
megacryst monzogranite porphyry has been mapped 
provisionally for an approximately 400-m-long strike 
length along the west flank of Vail Ridge (pl. 1), im
plications of such an alteration boundary are diffi
cult to interpret, owing to widespread, obviously 
supergene clay alteration of nearby Oligocene grano
diorite porphyry. Molybdenite was noted in perhaps 
as many as 12 exposures of megacryst monzogranite 
porphyry on Vail Ridge; almost all these occurrences 
of molybdenite are within the mapped outer limits of 
intense development of quartz stockworks. Further
more, most of these sparse to moderate concentra
tions of molybdenite are disseminated finely in 
matrix of megacryst monzogranite porphyry that 
also appears to show increased overall abundances of 
very finely dispersed white mica. Occurrences of sec
ondary copper minerals, some associated spatially 
with paragenetically early-stage molybdenite, are 
fairly common in and near the megacryst monzo
granite porphyry on Vail Ridge. Many of these occur
rences have been explored by shallow prospect pits, 
as well as a few open cuts that measure about 30 to 
40 m long. Although most of the secondary copper 
here is chrysocolla, some throughgoing, 0.5-mm
thick, planar seams of poor-quality turquoise occur 
in megacryst monzogranite porphyry. 

Additional details concerning petrography and 
chemistry of megacryst monzogranite porphyry are 
included below in the subsection entitled "Additional 
Petrographic and Chemical Studies near the East 
Stock." 

APUTE 

Outcrops of Late Cretaceous aplite (unit Kga, pl. 
1) make up only a very small percentage of the ig
neous phases associated genetically with the 
Buckingham molybdenum system. Aplite was 
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mapped at three localities in the general area of 
the East stock and some is present in the West 
stock (see subsection below entitled "Economic Ge
ology"). At one of these localities in the general 
area of the East stock, approximately 300 m south 
of the Dipper Mine on the south side of the main 
drainage through Long Canyon, aplite as mapped 
apparently crosscuts a contact between megacryst 
monzogranite porphyry and the Harmony Forma
tion. Although such an age relation (aplite younger 
than megacryst monzogranite porphyry) may, in 
fact, be true, actual contacts at this locality are ob
scured by colluvium. An age determination on a 
whole-rock sample of aplite from a depth of about 
170 m below the surface in the East stock yielded 
an age of 70.3 Ma using the K-Ar method (fig. 18). 
The best exposures of aplite probably are those 
that are present approximately 300 m south
southwest of the main workings of the Copper 
Queen Mine and north of the main drainage 
through Long Canyon. At this locality, knobby ex
posures of leucocratic, seriate-textured aplite are 
stained pale pinkish gray and dark red brown on 
weathered surfaces and joints. Fresh surfaces are 
grayish white. Many planar fractures through ap
lite are filled by iron oxide(s) that most likely re
place pyrite. However, aplite is not veined by 
quartz stockworks of the molybdenum system. The 
major characteristics of the unit are the granulose 
aspect of its groundmass, and the matrix-supported 
groundmass. The groundmass is typically milky 
white, medium grained, and K-feldspar rich; it gen
erally makes up more than 50 volume percent of 
the overall rock. The relative amount of ground
mass, however, varies highly throughout the 
exposed aplite. In places, aplite contains approxi
mately 2 to 3 volume percent microphenocrysts of 
quartz that are either euhedral, square-sectioned 
bipyramids, or have highly resorbed round out
lines; these quartz microphenocrysts are 3 to 5 mm 
wide. Much larger K-feldspar phenocrysts (as much 
as about 1 em in longest dimension) are scattered 
rarely through aplite as are variable-size rock frag
ments of differing lithologies. Such fragments in
clude microclasts of quartzite, sericitically altered 
angular microclasts of an unknown protolith that 
are metasomatically replaced marginally by K
feldspar, and fragments of vein quartz. This latter 
relation places the relative time of emplacement of 
aplite into the molybdenum system after most of 
the mineralized quartz veins. The presence of xeno
lithic fragments in the aplite suggests that the 
aplite genetically is related possibly to the develop
ment of widespread breccia found in the system at 

depth (see subsection below entitled "Economic Ge
ology"). Under the microscope, the groundmass of 
aplite is seen to include locally more than 50 vol
ume percent clouded K-feldspar, about 0.2 mm in 
average grain size, and subordinate amounts of 
quartz, sericitically altered plagioclase, white mica, 
carbonate, and pyrite-listed in order of decreasing 
abundance. However, grain size of the groundmass 
itself is somewhat variable, and, in fact, tends to 
show a microseriate fabric. Some samples exam
ined petrographically show complete overgrowths 
of white mica-altered plagioclase by K-feldspar. 

BRECCIA PIPE 

A very small (approx 20 m wide) circular area in 
the East stock is made up of a probable breccia 
pipe (unit Kgbx, pl. 1) related to the last stages of 
the Buckingham molybdenum system. The pipe 
partly contains variable-size fragments of differing 
lithologies from the sedimentary country rock of 
the Buckingham system; fragments range fro:Ql 10 
to 15 em in width (fig. 22A). Most fragments are 
intensely argillized shaly hornfels derived from the 
Harmony Formation; some partially rounded frag
ments of vein quartz also occur in the breccia pipe. 
One subrounded dark-gray-black cherty argillite is 
a sample from the Devonian Scott Canyon Forma
tion (fig. 22B); this essentially unaltered fragment 
of cherty argillite is set in a matrix of intensely 
argillized material. Development of the breccia 
pipe must be largely postmineral relative to m<?lyb
denum mineralization. However, some of the frag
ments in the breccia pipe include coatings by 
secondary copper minerals, chrysocolla and (or) 
malachite, on their weathered surfaces. A pebble 
dike that is exposed in the entrance to the Conten
tion pit at the Copper Basin Mine cuts some of the 
heavily veined, Late Cretaceous monzogranite por
phyry there (fig. 22C). This pebble dike includes 
some well-rounded, dark-gray pebbles and cobbles 
of chert, most likely derived also from the Scott 
Canyon Formation at depth. The development of 
this pebble dike probably is related temporally to 
the breccia pipe in the East stock. 

LATE EOCENE OR EARLY OLIGOCENE 

Following a significant gap in time after em
placement of the Buckingham molybdenum system 
during the Late Cretaceous, magmatic activity in 
the Buckingham areas was renewed in the late Eo-
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FIGURE 22.-Breccia pipe and pebble dike associated with Late 
Cretaceous Buckingham stockwork molybdenum system . A, 
Fragments of intensely argillized, mostly shaly hornfels from 
the Upper Cambrian Harmony Formation. B, Closeup of sub
rounded, dark-gray-black cherty argillite (at head of arrow) 
from the Devonian Scott Canyon Formation. C, Pebble dike ex
posed on bench face at entrance into main open pit at Copper 
Basin Mine. Pebble dike cuts heavily veined, Late Cretaceous 
monzogranite and includes some well-rounded cobbles and peb
bles of chert derived from the Scott Canyon Formation. 

cene or early Oligocene. During a relatively short, 
2-m.y. timespan from approximately 39 to 37 Ma, 
numerous plutons and dikes, mostly granitic in 
composition and of highly variable sizes, intruded 
rocks of the Buckingham area (see subsection 
above entitled "Potassium-Argon and 40Ar/39Ar Geo
chronology of Selected Plutons in the Buckingham 
Area"). The largest bodies of late Eocene or early 
Oligocene granitic rocks are centered just north of 
the workings at the Copper Queen Mine (pl. 1). An
other locus of the late Eocene or early Oligocene 
plutonic magmatism is in the general area of the 
Little Giant Mine, near the southwest corner of the 
map area. Across the entire area, these late Eocene 
or early Oligocene plutons and dikes inclu de 
biotite-hornblende monzogranite of Bluff area, 
breccia pipe of Bluff area, porphyritic leucogranite, 
rhyolite, altered granodiorite, and possibly very 
minor diabase. 

BIOTITE-HORNBLENDE MONZOGRANITE OF 
BLUFF AREA 

A distinctive biotite-hornblende monzogranit e 
that is late Eocene or early Oligocene in age crops 
out prominently as a cluster of bodies near a 
craggy ridge named "Bluff' (fig. 23A) in the north
central part of the Buckingham area, north of the 
workings at the Copper Queen Mine (unit Tmb, pl. 
1). The largest body of the biotite-hornblende 
monzogranite in this cluster consists of a nearly 
circular mass that measures about 800 m in diam
eter. Several other much smaller equant and 
dikelike bodies of the biotite-hornblende monzo
granite are satellitic to the largest body of this 
map unit. However, some small outcrops of the 
biotite-hornblende monzogranite must indica te 
much more extensive masses of intrusive rock at 
depth because of relatively widespread contact
metamorphic aureoles that surround them. In 
places, rocks of the Harmony Formation are con
verted to an intensely recrystallized, dense, black 
biotite hornfels for distances of as much as 50 to 
60 m from contacts with the biotite-hornblende 
monzogranite. The biotite-hornblende monzogran
ite intrudes rocks of the Upper Cambrian Harmony 
Formation and is itself intruded by the late Eocene 
or early Oligocene porphyritic leucogranite and by 
the Oligocene granodiorite pol'phyry. Age determi
nations using the K-Ar method on two mineral 
separates of primary biotite from the large body 
and from an isolated, small outcrop just to the 
north of the large body (fig. 18) yielded ages of 39.0 
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and 39.3 Ma, respectively. In addition, the biotite
hornblende monzogranite is associated genetically 
with a breccia pipe that is about 300 m wide (pl. 
1). Abundant veins of quartz underlie about 50 per
cent of the area of outcrop of the biotite-hornblende 
monzogranite and some adjoining rocks of the Har
mony Formation. These late Eocene or early Oligo
cene quartz veins locally form well-developed 
stockworks (fig. 23B), and in places they cut ma
trix and fragments of the breccia pipe . Further
more, the breccia pipe also includes quartz-veined 
fragments of the biotite-hornblende monzogranite 
that must predate development of the breccia pipe. 

FIGURE 23.-Geologic relations in general area of topographic 
survey point informally named "Bluff." A, Promontory at Bluff 
consisting of intensely quartz veined, late Eocene or early 
Oligocene biotite-hornblende monzogranite. View northeast
ward. Note roads for scale. B, Closeup of biotite-hornblende 
monzogranite of Bluff area cut by veins including mostly 
quartz. Note coin at lower part of photograph. C, Angular frag-

Most likely, the entire magmatic-hydrothermal sys
tem associated with the biotite-hornblende monzo
granite of Bluff area is the lode source of the 
placer gold mined in the now-abandoned (1989) 
workings of the Vail Placers along Vail Canyon 
and Poorman's Gulch (Roberts and Arnold, 1965). 
This system also must have yielded the placer gold 
evaluated during 1983-85 near the north edge of 
the map area in Paiute Gulch. 

The outcrops of the late Eocene or early Oligo
cene biotite-hornblende monzogranite of Bluff area 
are quite distinctive from the Late Cretaceous 
igneous rocks associated with the Buckingham 

ments of biotite hornfels (bh), altered to K-feldspar along mar
gins, of the Upper Cambrian Harmony Formation and clay
altered , medium-grained granite (ag) set in a matrix (M) 
including amphibole (mostly blue green, optic Z-axis) , K
feldspar, and generally trace amounts of quartz and sphene. D , 
Closeup of breccia pipe of Bluff area, showing at least two gen
erations of quartz veins: pre- and post-breccia-pipe development. 
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molybdenum system in that these Tertiary granit
ic rocks generally are deeply weathered, owing 
largely to their relatively high modal contents of 
primary hornblende and biotite. The color index of 
these rocks typically is about 20 to 25, and where 
abundant, primary biotite phenocrysts commonly 
show stacking ratios (c to a or b) of 1 or greater. 
Although hornblende (blue green, optic Z-axis) is 
commonly the most abundant mafic mineral in 
these rocks, one of the satellitic dikes includes di
opsidic augite as phenocrysts modally somewhat 
more abundant than hornblende. Textures in the 
biotite-hornblende monzogranite range from hy
pidiomorphic granular to porphyritic. Phenocrysts 
are plagioclase (An25-An40, showing both normal 
and oscillatory zoning), quartz (monocrystalline to 
partially recrystallized, polycrystalline aggregates), 
hornblende, and biotite. The microaplitic ground
mass is most commonly in the size range 0.05-0.1 
mm and ranges modally from about equal amounts 
of quartz and K-feldspar to K-feldspar/quartz ra
tios of about 2 to 1. Accessory minerals include 
sphene, apatite, zircon, and traces of allanite. 

The fabric of quartz veins associated with the 
biotite-hornblende monzogranite of Bluff area is 
also quite distinctive from that of veins associated 
with the Late Cretaceous Buckingham molybde
num system. Many quartz veins in the Bluff area 
are commonly highly planar and continuous for 
distances in the range 0.5-1.5 m. Quartz veins in 
many outcrops also appear to have been emplaced 
in sets along closely spaced, parallel fractures or 
joints. Mapping of the attitudes of the most con
spicuous set of quartz veins near the promontory 
at Bluff suggests that many of them are arrayed 
radially about a locus approximately 200 m due 
west of Bluff, and thus near the southeast end of 
the zone of well-developed quartz veins (pl. 1). In 
addition, many individual quartz veins in the bio
tite-hornblende monzogranite of Bluff area are 
banded, a texture that is not in quartz veins of the 
Buckingham system. This quartz-quartz banding 
that parallels walls of the veins indicates cessation 
of crystallization and opening of veins followed by 
an apparently immediate resumption of crystalliza
tion. Actual interfaces between bands are marked 
by an increased abundance of extremely small solid 
inclusions of pyrite and also by fluid inclusions, 
many of which host opaque, trapped minerals. In 
addition, the fluid-inclusion population indicates 
that highly saline, boiling fluids were associated 
with emplacement of the veins (see section below 
entitled "Fluid-Inclusion Studies"). It is extremely 
difficult to find well-exposed, unquestionable rela-

tions among the different types of veins that are 
present in the zone. However, from the relations 
that have been recorded, the following generaliza
tion may be made. Early-stage, approximately 1-
cm-wide veins with relatively high pyrite-to-quartz 
ratios were followed by apparently sulfide-free 
quartz veins, typically 4 to 5 em wide. The rocks 
were then shattered, and sheeted composite veins 
were emplaced across both of the two earlier stages 
of veining. Finally, the rocks in places were broken 
again, and late-stage pyrite was emplaced along 
narrow fractures and hairline microveins that 
opened. Fluids associated with each of the quartz
bearing stages were highly saline and boiling. 

The biotite-hornblende monzogranite shows 
extremely varied alteration assemblages. Some 
quartz veins show well-developed, enhancement 
selvages of secondary K-feldspar in groundmass 
and in various phenocrysts where they adjoin 
veins. K-feldspar-actinolite hairline microveins also 
cut many phenocrysts, and groundmass includes 
apparently compatible K-feldspar and actinolite. 
Although primary plagioclase phenocrysts are rela
tively fresh over all the biotite-hornblende monzo
granite of Bluff area, in places plagioclase is 
clouded highly by clay and (or) white mica miner
als. This is especially true where the biotite
hornblende monzogranite is cut by dense swarms 
of vein quartz. However, this clay alteration is pla
gioclase destructive only and not K-feldspar de
structive, suggesting an intermediate, argillic-type 
classification. Mineral assemblages also suggest 
that nonuniformly distributed and variably 
developed propylitic alteration is present in the 
biotite-hornblende monzogranite of Bluff area. 
Phenocrysts of hornblende are altered in part to 
chlorite, sphene, and actinolite. Some phenocrysts 
of biotite are replaced along their margins by an 
assemblage of actinolite, albite, and sphene. 

Chemical analyses of two very minimally altered, 
representative samples of the porphyritic phase of 
the biotite-hornblende monzogranite of Bluff area 
suggest that this rock type is intermediate in overall 
composition between the "average" adamellite and 
"average" granodiorite of LeMaitre (1976) (table 6). 
In a plot of ~O/Na20 ratio versus Si02 content (fig. 
24), the two samples analyzed chemically also plot in 
the monzogranite compositional field of Mason 
(1978). Furthermore, the apparent "degree of alka
linity" of the entire suite of late Eocene or early 
Oligocene intrusive rocks from the Buckingham 
area, as indicated using the alkali-lime index of Pea
cock (1931), is calcic (fig. 25), and all the analyzed 
Tertiary intrusive rocks from the area, except the 
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TABLE 6.-Chemical analyses of two very minimally altered, rep
resentative samples of porphyritic phase of the biotite horn
blende monzogranite of Bluff area 

[Chemical analyses in weight percent by X-ray spectroscopy supplemented by classi
cal methods; analysts, A.J. Bartel, K. Stewart, J. Taggart, R. Moore, P. Aruscavage, 
and D. Kay. Optical-spectroscopic analyses in parts per million by inductively 
coupled plasma methods of Scott and Kokot (1975) and F.E. Lichte (unpub. data, 
1983); analyst, M. Malcolm. Cross, Iddings, Pirsson, and Washington (CIPW) 
norms in weight percent. Looked for, but not found, at parts-per-million detection 
levels in parentheses: Ag (2), As (10), Bi (10), Cd (2), Eu (2), Ho (4), Mo {2), Sn 
(20), Ta (40), U (100). F determined by specific-ion-electrode methods, Au deter
mined by atomic-absorption methods, and W determined colorimetrically; analysts, 
R. Moore, P. Aruscavage, and D. Kay. -, not detected; n.d., not determined] 

Anal sis 2 
Field No. 78C89 78C90 

Chemical analyses (weif:lht ~ercent) 

SiO 67.7 66.0 68.65 66.09 70.25 66.43 
Al 263 14.9 15.2 14.55 15.73 13.46 14.47 
Fe 2o 3 .81 .62 1.23 1.38 13.42 14.29 
FeO 2. 1.8 2. 7 2. 73 N.d. N.d. 
HgO 2.19 2.84 1.14 1. 74 1.46 2. 7 

CaO 3.96 5.38 2.68 3.83 2.32 2.52 

Nat 2.87 3.14 3.47 3. 75 2.02 2.52 
K2 3.51 3.12 4. 2. 73 4.88 4.22 
H20+ .68 .5 .59 .85 .45 .3 
H

2
o- .31 .35 .14 .19 .9 1.12 

Ti02 .33 .41 .54 .54 .36 .42 
P2o5 .12 .14 .19 .18 .15 .13 
HnO .02 .04 .08 .08 .02 .03 
Co2 .13 .03 .09 .08 .08 .12 
F .09 .09 N.d. N.d. N.d. N.d. 
s .21 <.01 N.d. N.d. .51 .81 

Subtotal 99.81 "9'9.66 100.05 """99.9 100.28 100.03 
Less O=F, S .13 .04 .21 .34 

Total 99.68 99.62 100.05 99.9 100.07 99.74 

O~tical s:eectrosco:eic analyses (~arts ~er million) 

Ba 990.0 990.0 N.d. N.d. N.d. N.d. 
Be 2. 2. N.d. N.d. N.d. N.d. 
Ce 31. 28. N.d. N.d. N.d. N.d. 
Co 11. 10. N.d. N.d. N.d. N.d. 
Cr 130. 160. N.d. N.d. N.d. N.d. 

.Cu 210. 67. N.d. N.d. N.d. N.d. 
Ga 19. 19. N.d. N.d. N.d. N.d. 
La 16. 12. N.d. N.d. N.d. N.d. 
Li 13. 7. N.d. N.d. N.d. N.d. 
Nb 7. N.d. N.d. N.d. N.d. 

Nd 16. 21. N.d. N.d. N.d. N.d. 
Ni 21. 30. N.d. N.d. N.d. N.d. 
Pb 15. 14. N.d. N.d. N.d. N.d. 
Sc 7. 9. N.d. N.d. N.d. N.d. 
Sr 530. 600. N.d. N.d. N.d. N.d. 

Th 4. N.d. N.d. N.d. N.d. 
v 56. 70. N.d. N.d. N.d. N.d. 
y 11. 12. N.d. N.d. N.d. N.d. 
Yb 1. 1. N.d. N.d. N.d. N.d. 
Zn 26. 32. N.d. N.d. N.d. N.d. 

Chemical anal~ses (~arts ~er mill ion) 

Au < 0.05 < 0.05 N.d. N.d. N.d. N.d. 
w < 3. < 3. N.d. N.d. N.d. N.d. 

C.I.P.W. norms (weif:lht ~ercent) 

q 25.99 21.39 25.06 22.4 N.d. N.d. 
c .3 .26 N.d. N.d. 
or 20.85 18.57 23.66 16.18 N.d. N.d. 
ab 24.41 26.75 29.39 31.8 N.d. N.d. 

17.5 18.29 11.49 17.37 N.d. N.d. 

• 02 2.88 N.d • N.d. 
en 5.48 7.12 2.84 4.35 N.d. N.d. 
fs 2.04 2.21 3.2 3.14 N.d. N.d. 
mt 1.18 .91 1. 79 2.01 N.d. N.d. 
il .63 • 78 1.03 1.03 N.d. N.d. 

ap • 29 .33 .45 .43 N.d • N.d. 
fr .16 .16 N.d . N.d. 
pr • 4 N.d. N.d. 

.3 .07 .21 .18 ~ ~ 
Total "9'9.25 99.46 99.42 99.15 
Salic 88.75 85. 89.9 88.01 
Femic 10.5 14.46 9.52 11.14 

Differentiation 71.25 66.71 78.ll 70.38 N.d. N.d. 
Index 

1 Total Fe as Fe 2o 3 

1. Minimally altered biotite hornblende monzogranite collected approximately 600 m 
north-northwest of survey marker "Bluff". 

2. Do. 
3. "Average" adamellite of LeMaitre (1976) . 
4. "Average" granodiorite of LeMaitre (1976) . 
5. Granodiorite of Copper Canyon (Roberts, 1964, table 6, analyis 1) . 
6. Granodiorite of Copper Canyon (Roberts, 1964, table 6, analyis 2). 

rhyolites, are metaluminous (fig. 26). However, the 
biotite-hornblende monzogranite of Bluff area is not 
so alumina undersaturated as the analyzed samples 
from the porphyritic tonalite phase of the porphyritic 
leucogranite unit to be described below. 

Various ternary plots of analytical data from the 
biotite-hornblende monzogranite of Bluff area re
veal both a marked discordance and a moderate 
conformation with many of the other intrusive 
rocks of similar age in the area. For example, data 
from the biotite-hornblende monzogranite of Bluff 
area plot closer to the F corner in AlkFM and ACF 
ternary diagrams than the nearby porphyritic 
leucogranite (figs. 27A, 27B). This relation largely 
indicates the somewhat MgO and FeO enriched 
composition of the biotite-hornblende monzogranite 
of Bluff area. However, in an AKF ternary diagram 
compositions of the two rock units show an appar
ent overlap (fig. 27C). 

Comparison of the chemistry of the biotite
hornblende monzogranite of Bluff area with the 
chemistry of other plutons related genetically to 
major gold-producing, magmato-hydrothermal sys
tems in the district are especially pertinent be
cause the biotite-hornblende monzogranite of Bluff 
area apparently is associated with the lode source 
of placer gold in the Vail and Paiute Gulch placers. 
Altered granodiorite of the Copper Canyon area 
(termed a "quartz monzonite" by Roberts (1964), 
using an alternative scheme for classification) is 
associated with economically significant ore bodies 
that currently (1989) are producing more than 
240,000 troy oz Au/yr from a mineralized system 
that contained at least 3.3 million troy oz Au 
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FIGURE 24.-Biotite-hornblende monzogranite of Bluff area (tri
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(Blake and others, 1984; Theodore and others, 
1986). Two chemical analyses of samples from al
tered granodiorite of Copper Canyon (analyses 5, 6, 
table 6), are overall quite similar to analyzed sam
ples of the biotite-hornblende monzogranite of Bluff 
area, however, there are some differences. The 
biotite-hornblende monzogranite of Bluff area ap
·parently shows an increased abundance of CaO 
and Na20 and a decreased abundance of ~0 rela-

• 
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•• . .. 

• • 
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tive to altered granodiorite of the Copper Canyon 
area. Both of these relations probably are a reflec
tion of widespread and intense potassic alteration 
that has affected the altered granodiorite of the 
Copper Canyon area (see Theodore and Blake,1975, 
1978). The ferric:ferrous ratio of biotite-hornblende 
monzogranite of Bluff area (0.34-0.41; table 6) is 
compatible with the relatively reduced values 
for this ratio (less than 0.85) in plutons in the 
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Golconda terrane of north-central Nevada (Keith 
and Swan, 1987). As many of these plutons in this 
part of Nevada are associated with gold mineral
ization, the regional nature of this correlation is 
intriguing. However, the ferric:ferrous ratios of the 
"average" granodiorite and the "average" ada
mellite of LeMaitre (1976) are 0.50 and 0.45, 
respectively. 

BRECCIA PIPE OF BLUFF AREA 

An irregular breccia pipe crops out in an ap
proximately 200- by 500-m section of the Bluff 
area. It is present mostly within biotite-hornblende 
monzogranite of Bluff area (unit Tbp, pl. 1). In ad
dition, a narrow dike of breccia that crops out 
about 0.7 km west of the main body of breccia pipe 
probably is related genetically to the same proc
esses associated with the genesis of the breccia 
pipe. As mapped, the breccia pipe is elongate in a 
N. 45° W. direction, and its longest dimension in 
plan seemingly parallels the long axis of the zone 
of intensely developed quartz stockworks that bor
ders, and locally impinges upon, the breccia pipe 
on the southwest. That this body of breccia must 
owe its genesis to development as a breccia pipe 
results from (1) the contrast of highly varied, 
mixed metasedimentary and igneous angular frag
ments within the unit to the largely homogeneous 
character of the surrounding biotite-hornblende 
monzogranite; (2) the fact that certain exotic rock 
fragments within the breccia must have had sig
nificant transport in a vertical direction before 
their inclusion in the exposed breccia; (3) the 
largely hydrothermal-metamorphic character of the 
matrix of the breccia; ( 4) the mapped geologic rela
tions of the unit with its enclosing rocks; and (5) 
the presence of veined and un veined biotite
hornblende monzogranite as fragments in breccia. 
Some outcrops of the breccia pipe, especially near 
the northwestern part of the unit, contain a matrix 
that is granitoid. However, this type of matrix is 
relatively sparse over all the unit. Outcrops of 
breccia pipe form fairly resistant, rugged expo
sures, particularly on the hillside west of the major 
drainage through the mapped breccia. Nonetheless, 
the breccia pipe also contains some extremely poor, 
slope-forming exposures where it is close to the 
trace of post-breccia-pipe, north-northeast-striking 
faults, and where it is weathered deeply, as along 
its easternmost exposures. In addition, the breccia 
pipe is marked further by a color anomaly result
ing largely from iron oxides that replace either 

fine-grained cubes of pyrite dispersed sporadically 
in the matrix or very local dense concentrations of 
fine-grained magnetite in the matrix. 

The distribution of breccia pipe with surround
ing rocks suggests a probable complex configura
tion for geometry of the unit at depth. As mapped, 
the eastern contact of the breccia pipe suggests a 
more or less flat-lying attitude, whereas the west 
contact dips more steeply east (pl. 1). These rela
tions, however, may be a consequence of a 12° to 
16° tilting of the entire Buckingham-Copper Basin 
area, eastern parts down, after emplacement of 
breccia pipe and after deposition of the outflow 
facies, the Oligocene Caetano Tuff, at Elephant 
Head (see subsection below entitled "Structural 
Geology"). 

Metasedimentary and sedimentary rocks from 
several formations are present together with vari
ous types of igneous rock as fragments in the brec
cia pipe. Breccia pipe commonly includes angular 
fragments of biotite hornfels of the Harmony For
mation that have been replaced partly along their 
margins by K-feldspar (fig. 23C). As also shown in 
this figure, fragments of granitic rocks are also 
fairly common in breccia pipe; some of these 
obviously were derived from biotite-hornblende 
monzogranite. In addition, angular to subrounded 
fragments of rhyolite porphyry, diabase, biotitic 
silty shale of the Harmony Formation, veined ar
kose and quartz arenite of the Harmony Forma
tion, broken plagioclase crystals, and chert either 
of the Scott Canyon or Valmy Formation are pres
ent in the breccia pipe. As such, the breccia pipe 
most closely corresponds to the zone III classifica
tion of breccia pipes, "angular to rounded breccia 
* * * exhibiting marked rotation and mixing of 
fragments," applied by Johnston and Lowell (1961) 
to the Copper Basin, Ariz., breccia pipes. Although 
fragments within the breccia pipe of Bluff area 
typically vary greatly in size, from individual 
blocks about 10 m wide to millimeter-size, slightly 
separated segments of vein quartz, many outcrops 
show a preponderance of fragments in the size 
range 10-15 em. The occurrence of chert belonging 
to either the Scott Canyon or Valmy Formation 
strongly suggests upward transport of these frag
ments from significant depths, because the Scott 
Canyon Formation or Valmy Formation must tec
tonically underlie the Harmony Formation in this 
general area (see pl. 1; Roberts, 1964). The Scott 
Canyon Formation is more likely than the Valmy 
Formation to be present at depth in this part of 
the district; this supposition is based on respective 
mapped overall distributions of the formations (fig. 
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2). However, the possibility still remains that chert 
fragments in breccia may have been derived from 
either (1) previously overlying, chert-bearing con
glomerate belonging to the Battle Formation that 
foundered into a collapsing column of sedimentary 
and igneous rocks that now make up breccia pipe, 
or (2) the entire map unit of breccia pipe simply 
represents some rocks of the Battle Formation that 
have been incorporated into biotite-hornblende 
monzogranite as a mega-xenolith. Neither of these 
alternative possibilities is viable. The angularity of 
the chert fragments in the breccia demonstrates 
that chert fragments could not have been derived 
individually from the Battle Formation which typi
cally contains well-rounded clasts (see Roberts, 
1964). Furthermore; the presence in the breccia 
pipe of veined and unveined fragments of late Eo
cene or early Oligocene biotite-hornblende monzo
granite of Bluff area also indicates that the breccia 
unit as a whole could not be a large xenolith of the 
Battle Formation. 

Development of breccia pipe overlaps temporally 
the widespread veining by quartz associated with 
the intrusive complex centered in the Bluff area. 
Many outcrops examined show generally at least two 
generations of vein quartz within the mapped outer 
limits of significant concentrations of quartz veins 
shown on the map (pl. 1). Some rocks of the breccia 
pipe include fragments showing termination of 
quartz veins at fragment-matrix interfaces, together 
with quartz veins that cut fragment-matrix inter
faces (fig. 23D). Most postbreccia veins are steeply 
dipping. However, quartz-filled veins in the Bluff 
area do not form sheeted zones that parallel the 
boundaries of the breccia pipe analogous to the tour
maline-filled sheeted zones reported by Sillitoe and 
Sawkins (1971) for many of the copper-bearing, tour
maline breccia pipes in Chile. The one mapped dike 
of breccia correlated with the breccia pipe of Bluff 
area has a radial orientation with respect to the 
main mass of breccia pipe. 

Generally unsorted and mixed lithologies of the 
fragments common megascopically in outcrops of 
the breccia pipe of Bluff area also persist down to 
thin-section scale (figs. 28A, 28B). However, the 
matrix in these rocks is completely recrystallized 
in contrast to unrecrystallized matrix consisting of 
highly comminuted grains or rock flour common in 
many breccia pipes elsewhere (see Bryner, 1961, 
1968; Bryant, 1968; Sharp, 1978; Atkinson and 
others, 1982; Simmons and Sawkins, 1983). In all, 
paragenetic relations among mineral assemblages 
were examined in 10 thin-sectioned samples of the 
breccia pipe of Bluff area: Although the matrix of 

the breccia pipe includes, in places, a magnetite
diopside-quartz-K-feldspar assemblage (fig. 28C), 
the most common hydrothermal assemblage in the 
matrix over all the breccia pipe is amphibole (rang
ing in composition from tremolite to actinolite), K
feldspar, sphene, quartz (generally in sparse to 
trace amounts), and with or without pyrite (fig. 
28B). The presence of sparse copper oxides in some 
outcrops of the breccia pipe suggests that chalcopy
rite is one of the early-stage hypogene minerals. 
All samples of the breccia pipe examined in detail 
under the microscope are dominated by homfelsic 
textures that indicate physical-chemical conditions 
comparable with thorough recrystallization in a 
potassic-alteration zone. Fragments consisting of 
actinolite- or tremolite-dominant, or diopside
domina:rit, assemblages have not been found in the 
main body of the breccia pipe. They have been 
found, however, in the narrow breccia dike, 0.7 km 
west of the main body. Here, ovoid gray-green clots 
of diopside are set in a dark-gray, in places wispy 
matrix that is very magnetite rich and includes 
apparently compatible actinolite, green spinel (her
cynite?), and low-birefringence phyllosilicate (kao
linite?). The diopside clots are mantled by narrow 
reaction rims of actinolite. 

The exposed parts of the breccia pipe of Bluff 
area appear to indicate a relatively deep erosional 
level. Depths of emplacement probably are approxi
mately compatible with qualitative and quantita
tive estimates for similarly altered breccia pipes 
elsewhere. In a schematic vertical column hypoth
esized for the copper-bearing tourmaline breccia 
pipes in Chile, Sillitoe and Sawkins (1971) show 
most heavily replaced parts to be near the base of 
the pipes they examined. Furthermore, Camus 
(1975) places widespread K-feldspar-stable alter
ation in the El Teniente, Chile, breccia pipe only in 
the deep parts of the system. Sharp (1978), in an 
elegant reconstruction of the Redwell Basin, Colo., 
molybdenum breccia pipe, infers the top of the po
tassium silicate zone there to have formed approxi
mately 1,000 m below the surface. In addition, the 
breccia pipe of Bluff area does not contain any evi
dence of near-surface phenomena that have been 
reported by Gilluly and Gates (1965) and Gates 
(1959) for breccia pipes they examined approxi
mately 25 km to the southeast in the Horse Can
yon area of the Shoshone Range. Breccia pipes in 
the Horse Canyon area include some pyroxene- and 
amphibole-bearing assemblages, but they also show 
inward collapse and slumping of walls of the pipes, 
together with late-stage comminution attended by 
running surface waters. 
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Geologic data from the breccia pipe and its im
mediately surrounding rocks do not provide com
pelling documentation for operation of a process of 
breccia development that favors strongly any one of 
many origins suggested previously (see Mitcham, 
197 4, for a review of different hypotheses proposed 
over a period of about 50 years for the origin of 
breccia pipes). Fault-related hypotheses, whether 
they be fault intersections (Kuhn, 1941) or local 
opening of fissure-related voids along normal faults 
(Mitcham, 1974), do not appear to offer viable al
ternatives in light of the absence of required struc
tures (see pl. 1). The fact that most of the rocks 
presently incorporated as fragments in the breccia 
pipe are largely unreactive silicate lithologies 
(chert, quartz arenite, biotite hornfels,.rhyolite por
phyry, and monzogranite) seems to indicate that 
early dissolution followed by collapse (Locke, 1926) 
may not have been important, although Sawkins 
(1969) suggested that crackling of fine-grained sili
ceous rocks could result from the introduction of 
sodium- and potassium-rich fluids. Simons (1964) 
proposed a similar mechanism, his "hypogene exfo
liation," wherein altered parts of fragments within 
breccia spall off to yield voids that were then filled 
by subsequently crystallized assemblages. Meinert 
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FIGURE 28.-Photomicrographs showing textural relations in late 
Eocene or early Oligocene breccia pipe of Bluff area. A, Fabric 
of sample of breccia pipe including abundant magnetite in ma
trix. Matrix also includes quartz, clinopyroxene, and actinolite. 
Sample 78C97. B, Matrix of breccia pipe including abundant 

(1982) also called upon chemical dissolution 
and precipitation to produce some of the breccia
tion in base-metal-zoned breccia pipes at Cananea, 
Mexico. However, some of the striking charact
eristics of many of the breccia pipes leading to 
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actinolite (A) and much lesser amounts of K-feldspar, quartz, 
and sphene (S). Sample 81 TT208. C, Assemblage of magnetite 
(M), diopside (D), quartz, and K-feldspar in matrix of selected 
samples from breccia pipe. Sample 78C97. 
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dissolution-type origins include an apparent ab
sence of significant movement between individual 
fragments, the uniformity of the lithology of the 
breccia fragments, and an "onionskin-like" peeling 
off of layers at margins of fragments without much 
dislocation between separated fragments. These 
criteria are not applicable to the breccia pipe of 
Bluff area. Furthermore, dissolution of rocks con
sisting almost entirely of quartz requires that 
magma associated with biotite-hornblende monzo
granite exsolve an aqueous phase that would yield 
alteration assemblages wherein quartz is not 
stable. A possible type of such quartz-free alter
ation is K- or N a-feldspar-rich episyenite (see 
Evoy, 1961; Moreau and Ranchin, 1973; Leroy, 
1978). Such an alteration type is not associated 
with the breccia pipe of Bluff area. Therefore, an
other hypothesis or combination of hypotheses that 
somehow involve magma of the biotite-hornblende 
monzogranite must be applicable here. 

An attractive genetic hypothesis for the origin of 
the breccia pipe of Bluff area may involve trapping of 
an aqueous phase in a large bubble beneath an im
pervious rind and hydraulic fracturing (see Norton 
and Cathles, 1973; Phillips, 1973), followed by con
tinued migration of fluids into a shattered zone of 
weakness. Presumably, the aqueous phase must 
have exsolved from a magma, a conclusion that is 
supported by the fact that fluids in the veins cage
netic with breccia pipe are high temperature, 
densely saline, mostly sodium chloride brines. 

In the Bluff area, biotite-hornblende monzogran
ite must have made up the rind or cap that 
trapped highly saline fluids exsolved from subse
quently crystallizing phase(s) of the intrusive body 
at depth. In support of such a hypothesis is the ob
servation by Johnston and Lowell (1961) that most 
of the more than 25 breccia pipes in the Copper 
Basin, Ariz., area crop out along contacts between 
two or more types of igneous rock. Trapping of this 
bubble must have been followed by (1) collapse of 
the bubble due to the large negative oP/oT ratios in 
the region where crystals, magma, and aqueous 
fluid are stable (Norton, 1982); and (2) rise of the 
collapsed, shattered rubble because its overall den
sity is less than that of the enclosing rocks. 
Johnston and Lowell (1961) also suggested aqueous 
fluids from crystallizing magma would tend to ac
cumulate in individual chambers before widespread 
inward collapse of rocks to form the pipe. Most 
likely the regional stress field in the Bluff area at 
the time the breccia pipe reached its currently ex
posed level was such that minimum compressive 
stress was oriented northeast-southwest; that is, at 

nearly right angles to the long axis, in plan, of the 
breccia pipe. However, the long axis in plan of the 
breccia pipe in the Copper Flat, N. Mex., porphyry 
copper system seems to have been parallel to the 
minimum compressive stress (Dunn, 1982). The 
proposed model for the origin of the breccia pipe of 
Bluff area as outlined above still has not accounted 
for the presence of fragments of chert. The bubble, 
as envisioned by Norton and Cathles (1973) and 
Norton (1982), must originally have been confined 
to the apex of a magma chamber, just below the 
outer impervious rind. Thus, the major rock type 
at depth in the general area below the original vol
ume of the bubble must have been intrusive rock. 
Certainly, it is conceivable that some well-placed 
xenolithic block of chert belonging to the Scott 
Canyon Formation may have been incorporated 
into the breccia pipe as shattering expanded the 
original volume of the aqueous fluid to include 
other nearby rocks. But occurrence of such a set of 
circumstances would be highly fortuitous. It seems 
more likely that entrainment of chert fragments 
occurred in response to continued migration of ad
ditional fluids from another crystalizing magma 
into the structurally prepared conduit of breccia 
pipe previously established by collapse. In contrast 
to the beliefs of Perry (1961) that all brecciation in 
such pipes indicates collapse, it appears unequivo
cal in the Bluff area that chert fragments must 
have been injected into their present position from 
well below the present exposures. These chert frag
ments would thus be termed "hydrothermal intru
sion breccias" in the terminology of Bryner (1968) 
because they would have been emplaced under the 
agency of hydrothermal fluids. In Chile, Sillitoe 
and Sawkins (1971) pointed out that upward
directed emplacement of rock fragments is more 
closely associated with porphyry copper type of 
mineralization than with the copper-bearing tour
maline breccia pipes there. 

Finally, the mineral potential of the breccia pipe 
of Bluff area needs to be considered. Quartz-K
feldspar assemblages in breccia pipes elsewhere are 
known to include anomalous concentrations of met
als. Quartz-K-feldspar assemblages characterize the 
Paleocene(?) intrusive breccias at Gold Bug Butte 
and in the Judith Peak-Red Mountain area, north
central Montana (Lindsey and Fisher, 1985). These 
particular breccia localities are enriched in Cu, Mo, 
Pb, Co, Cr, and Ni. However, the Mg2+/(2H+) ratio of 
the fluids associated with development of alteration 
assemblages in the Bluff area probably was signifi
cantly higher than that at Gold Bug Butte and in 
the Judith Peak-Red Mountain area, owing to the 
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widespread occurrence of tremolite-actinolite and 
diopside in the assemblages of the Bluff area. Some 
actinolite-bearing quartz veins of Cretaceous age in 
the southern Toquima Range, Nev., are associated 
tetahedrite-tennantite, cinnabar, and stibnite 
(Shawe, 1986). At the time field work was being 
conducted, a systematic geochemical study of ex
posed parts of the breccia pipe seemed beyond the 
intended major emphasis of this report. Nonethe
less, four samples from the zone of quartz stock
works that are adjacent to the breccia pipe were 
analyzed as part of a comparative study of the geo
chemistry of rocks close to the most intensely min
eralized parts of the Buck-ingham molybdenum 
system (see subsection below entitled "Lithogeo
chemistry of Surface Rocks"). These four samples 
show increased abundances of a few metals: one of 
the samples includes 380 ppm copper and 12 ppm 
molybdenum and another 140 ppm zinc. Tungsten 
contents range from 1.2 to 8.0 ppm in the samples, 
and gold contents are less than 0.1 ppm, the detec
tion limit for this particular group of samples. 
However, these metal contents may not be repre
sentative of the breccia pipe itself. Further geo
chemical studies of the breccia pipe seem warranted 
by the striking similarities of the alteration assem
blages in the matrix with the assemblages at the 
copper-bismuth-silver skarn-breccia ore body at the 
Victoria Mine, Elko County, Nev. (Atkinson and 
others, 1982). At the Victoria Mine, the ore body is 
largely in the diopside zone, situated within a brec
cia pipe near its contact with country rock. Thus, it 
is conceivable that the diopside zone, which prob
ably becomes the dominant silicate assemblage at 
depth in the breccia pipe of Bluff area, could contain 
similar concentrations of metals. Such a geochemi
cal sampling program should focus particularly on 
the magnetite-rich facies of the breccia pipe, which 
locally includes magnetite as the supporting miner
al to K-feldspar and quartz in the matrix. Similar 
textural relations are reported by Kerr and others 
(1950) for the breccia of Whim Hill, Santa Rita, N. 
Mex. Furthermore, the now-eroded parts of the 
breccia pipe may have contributed to the concentra
tions of placer gold in the area of Paiute Gulch, near 
the north edge of the study area and in the Vail 
placer (see pl. 1). 

PORPHYRITIC LEUCOGRANITE 

Porphyritic leucogranite crops out in variable
size masses of rock across a broad area in the 
northeast quadrant of the Buckingham area, 

mostly north-northwest of the Copper Basin Mine 
(unit Tpl, pl. 1). This porphyritic leucogranite (used 
in the broad sense) is somewhat unusual in that its 
dominant primary mafic minerals are clinopyrox
ene and hornblende, and not biotite and horn
blende as is most common in the plutons elsewhere 
in the mining district (Roberts, 1964; Theodore and 
others, 1973). Most of the mapped porphyritic 
leucogranite at the present erosional level occurs 
in one very large, composite body (pl. 1). This body 
of rock includes a porphyritic monzogranite and a 
porphyritic tonalite phase that are not mapped 
separately on plate 1 but describ~d below; the body 
measures approximately 500 by 1,200 m in plan 
and it is elongated in a N. 45° W. direction. Typi
cally, across the entire eastern parts of the large 
body of porphyritic leucogranite, exposures weather 
to smooth slopes marked by light-yellowish-white 
to locally grayish-white colors, owing to generally 
less than 15 color index for the unit (fig. 29A). On 
the other hand, somewhat coarser grained facies of 
porphyritic leucogranite weather to a characteristi
cally knobby landscape of blocky, prominent expo
sures, in places quite angular in outcrop because of 
the effects of well-developed, widely spaced joints. 
In addition, porphyritic leucogranite is present at 
the Labrador Mine, where a small body was out
lined at shallow depths below the surface (Schmidt 
and others, 1988). Porphyritic leucogranite in
trudes the Upper Cambrian Harmony Formation, 
and it also includes as xenoliths fragments of late 
Eocene or early Oligocene biotite-hornblende mon
zogranite of Bluff area. Porphyritic leucogranite, as 
mapped near the east end of the large body, dips 
northeast and apparently crosscuts a small tabular 
body of biotite-hornblende monzogranite of Bluff 
area, which also dips northeast. However, actual 
contacts between these two units are obscured by 
colluvium in this general area. Furthermore, near 
its northwest end, the large body of porphyritic 
leucogranite is intruded by Oligocene granodiorite 
porphyry (pl. 1). This granodiorite porphyry in
cludes fragments of the adjoining porphyritic leu
cogranite showing conclusively thereby that 
granodiorite porphyry is younger than porphyritic 
leucogranite. An age determination, shown above, 
using the K-Ar method on a mineral separate of 
primary hornblende obtained from the large body 
of porphyritic leucogranite near its southeast mar
gin yielded an age of 37.9 Ma (fig. 18). Roberts 
(1964) has described pyroxene-bearing granitic 
rocks from two other localities in the mining 
district. The southeastern parts of the Cretaceous 
granodiorite at Trenton Canyon contain an 
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FIGURE 29.-Late Eocene or early Oligocene porphyritic 
leucogranite. A, Large body of porphyritic leucogranite (pi) that 
crops out due east of survey marker Bluff. View toward ap
proximately N. 35° W. from topographic high east of southeast 
end of body. Bright-white to splotchy-white, smooth, weathered 
slopes are due to low color index of unit . Note road in lower 
part of view for scale. B, Closeup of porphyritic leucogranite 
cut by planar, throughgoing veins of quartz. C, Closeup of por
phyritic leucogranite, showing chilled margins against xeno
lithic fragments of silty biotite hornfels of the Upper Cambrian 
Harmony Formation. 

apparently diopside rich facies, and a small quartz 
diorite body just east of the Nevada Mine, in the 
northern part of the Copper Canyon area, also in
cludes some primary pyroxene. 

Porphyritic leucogranite, especially the porphy
ritic leucotonalite phase in the eastern parts of the 
large exposed body (fig. 30), apparently is associ
ated spatially and possibly genetically with skarn 
and with well-developed quartz stockworks that 
formed extensively in rocks of the Harmony Forma
tion north of the Copper Basin Mine (pl. 1). Descrip
tions of skarn are included in a separate subsection 
below. Igneous fabric of the large body of porphyrit
ic leucogranite is cut by abundant concentrations of 
well-developed quartz stockworks near its north
west end, where resistant quartz stockworks give 
rise to the topographically highest point of the unit 
(fig. 29A). In addition, the large body of porphyritic 
leucogranite is cut by mappable quartz stockworks 
near its easternmost exposures, but the areal extent 
of the well-developed quartz stockworks is here con
centrated mostly in the Harmony Formation. The 
Harmony Formation in this general area contains 
abundant quartz veins, which define an umbrella
shaped zone, in plan, that is draped around the 
southeast end of the large body of porphyritic 
leucogranite. In places, near the southernmost 
parts of the body, moderate to heavy concentrations 
of quartz veins also crop out widely enough to be 
mapped as relatively small, isolated areas within 
porphyritic leucogranite itself. Here, quartz veins 
contain minor amounts of pyrite especially along 
their medial parts, and the veins have thicknesses 
generally in the size range 0.5-1.0 em; many indi
vidual veins are traceable in outcrop for distances of 
about 1 to 2 m. The veins are sharp walled, show no 
selvages at all in outcrop, and are anastomosing; 
many pinch out in porphyritic leucogranite. How
ever, overall extent of minimal amounts of quartz 
veins in this general area of the large body of por
phyritic leucogranite is more areally extensive than 
shown on plate 1. In many places along the contact 
between porphyritic leucogranite and dense biotite 
hornfels of the Harmony Formation, a zone of 
sparsely developed quartz veins, not shown on the 
map, extends for about 25 to 30 em into porphyritic 
leucogranite. Some of these quartz veins locally in
clude approximately 1 volume percent iron oxide(s) 
replacing pyrite, and the veins cut a markedly 
sucrose-textured groundmass that is tinged green 
by finely dispersed epidote. A few quartz-K-feldspar 
veins that cut porphyritic leucogranite near the cen
ter of the umbrella-shaped area veined by quartz 
(pl. 1) also include very small, irregular crystals of 
garnet that replace, in part, earlier-crystallized pla
gioclase. Nonetheless, porphyritic leucogranite that 
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crops out northeast of the Bailey Day Mine is 
chilled against skarn. Therefore, skarn-forming flu
ids that apparently were associated with emplace
ment of porphyritic leucogranite circulated through 
these rocks both before and after porphyritic 

leucogranite was emplaced. At Copper Canyon, 
altered granodiorite apparently also reached associ
ated skarn in the West ore body after andradite
diopside-rich stages of the skarn had already 
crystallized (Theodore and Blake, 1978). 
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EXPlANATION 

Porphyritic leucogranite, undivided (early Oligocene or late 
Eocene)-Divided into: 

Monzogranite phase 

Tonalite phase 

Metasedimentary and intrusive rocks (fertiary and 
Cambrian)-Mostly hornfels of the Upper Cambrian 
Harmony Formation, including some skarn; some 
Tertiary felsic intrusive rocks. Also includes some 
unconsolidated Quaternary deposits 

• 
• 10.5 

• 15.0 

0 

Sample localities 
Clinopyroxene present-Where numbered, indicates modal 

percent; Tr, trace clinopyroxene 
Sample includes clinopyroxene overgrowths on hornblende

Number shows modal percent clinopyroxene 

Number shows modal percent hornblende-No clinopyroxene 
detected 

Sample contains less than 1 weight percent K20 

---Contact 
1 1 1 1 ? 1 1 1 1 Gradational contact-Queried where uncertain 
---Fault 

FIGURE 30.-Distribution of porphyritic monzogranite and porphyritic tonalite phases and of clinopyroxene contents in samples of 
thin-sectioned porphyritic leucogranite analyzed modally from Buckingham area. Geology modified from plate 1. 



D62 GEOCHEMISTRY OF THE PORPHYRY COPPER ENVIRONMENT, BATTLE MOUNTAIN MINING DISTRICT, NEVADA 

TABLE 7.-Modal data on late Eocene or early Oligocene porphyritic leucogranite of the Buckingham area 

[All values in volume percent. tr, trace;-, not detected; n.d., not determined] 

Field no. 80BK31 80BK30 78C119 79C99 80BK61 80BK28 80BK29 78Cl02 78C105 
Modal analyses (volume Eercent) 

Groundmass 39.1 32.9 39.0 43.8 55.8 43.0 39.9 36.5 36.3 
Phenocrysts: 

Quartz 8.9 12.3 11.2 11.5 6.5 9.9 9.6 10.6 18.2 
Plagioclase 33.6 32.2 32.7 28.7 26.1 24.3 30.9 37.9 30.9 

(Anorthite content) N.d. (An43) (An37) (An55> (An44) (An40) (An40) (An40) (An55> 
Potassium feldspar .2 .2 

Clinopyroxene 14.1 9.5 14.3 15.9 .2 3.9 14.5 
Amphibole .2 4.1 .7 10.4 4.5 15. 14.2 
Biotite 
Opaque mineral(s) .4 .2 .5 .2 
Sphene 1.5 1.1 .7 .9 .6 1. .6 

Apatite .1 .2 
Vein quartz .9 2.1 .9 12.8 2.6 
Secondary K-feldspar 1.5 5.5 
Points counted 646. 686. 551. 643. 785. 513. 563. 628. 642. 

78Cl06 78Cl18 78Cl20 78Cl21 79C881 79C94 79C91 80BK592 
Modal anal~ses (volume Eercent) 

Groundmass 39.9 41.7 38.9 48.5 41.9 42.2 45.9 55.1 42.4 
Phenocrysts: 

Quartz 11.1 9.2 .6 3.6 7.5 9.2 13.5 8.5 9.5 
Plagioclase 31.9 32.3 36.3 25.2 24.9 31.6 25.8 21.8 29.8 
(Anorthite content) (An45) (An47) (An 55> (An37) (An43) (An38) (An4o> (An45) (An44) 

Potassium feldspar Tr 

Clinopyroxene 11.9 13.8 10.5 13. 7.8 11.9 13.7 9.1 
Amphibole 2. 1. 5. .5 16.5 6.2 .6 4.8 
Biotite .2 Tr 
Opaque mineral(s) .6 .2 .2 .3 .2 .1 .2 
Sphene 1. 1. .9 1.7 2. .3 .8 

Apatite .1 Tr 
Vein quartz 1.5 1. 8.5 9. 6.9 .8 2.8 
Secondary K-feldspar .9 Tr 
Points counted 648. 600. 693. 610. 562. 647. 488. 713. N.d. 

1 Includes 0.2 volume percent secondary calcite. 
2 Includes 0.3 volume percent secondary calcite. 

PETROGRAPHY 

Porphyritic leucogranite of the Buckingham area 
appears in outcrop to be a rather homogeneous, 
grayish-white to light-gray, clinopyroxene- and (or) 
hornblende-bearing rock that contains minor modal 
variations in its overall phenocrystic composition. 
Although no contacts internal to the largest body 
of the map unit were found in the field, petro
graphic examination of approximately 25 thin sec
tions and modal analyses of 17 samples of the 
porphyritic leucogranite revealed a composite as
pect of the unit (fig. 30; table 7). A subtle, compos
ite feature of the porphyritic leucogranite is 
reflected by its areally distinct, wide-ranging ratios 
of apparently primary K-feldspar to primary plagi-

oclase, either oligoclase or albite, in its ground
mass. Both facies o( the porphyritic leucogranite, 
the porphyritic monzogranite and the porphyritic 
tonalite, show a quench-textured groundmass that 
is K-feldspar and plagioclase rich, respectively. On 
the one hand, K-feldspar phenocrysts, in fact, 
make up only 0.2 volume percent of 2 of 17 sam
ples of the porphyritic leucogranite analyzed mod
ally (table 7). On the other hand, assignment of all 
~0 to modal K-feldspar in representative samples 
of the chemically analyzed, K-feldspar-rich monzo
granite phase from the western parts of the large 
body suggests that such rocks would include about 
20 volume percent K-feldspar. Reproducible point 
counts could not be obtained internally from the 
fine-grained, 0.03- to 0.04-mm groundmass of these 
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A 0 4 MILLIMETERS 

B 0 4 MIUIMETERS 

FIGURE 31.-Photomicrographs showing textural relations in por
phyritic leucogranite of Buckingham area. A, Overall fabric of 
representative sample of leucotonalite phase including an 
albite-rich groundmass (G). P , plagioclase; Q, quartz; px, clino
pyroxene. Quartz-K-feldspar veinlet at head of arrow. Crossed 
nicols. Sample 80BK31 (analysis 1, tables 7, 8). B, Fabric of 
representative sample of porphyritic monzogranite phase in
cluding primary K-feldspar-rich groundmass (G). P, plagio
clase; Q, quartz; A, primary amphibole. Crossed nicols. Sample 

c 0 0.8 MILLIMETER 

D 0 0.6 MILLIMETER 

80BK61 (analysis 5, tables 7, 8). C, Hairline microveinlet of 
clinopyroxene at head of arrow cutting phenocrysts of clinopyrox
ene (px), plagioclase (P), and K-feldspar-rich groundmass (G) of 
sample of narrow dike of porphyritic leucogranite near southeast 
corner of its mapped extent (fig. 30). Plane-polarized light. Sam
ple 80BK59 (analysis 17, table 7). D, Microveinlet of clinopyrox
ene (px) cutting large, strained phenocryst of plagioclase (P), 
which is also cut by short, discontinuous microveinlets of garnet 
(ga). Sample 78C129. 
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rocks because of inadequate staining. Thus, modal 
data of table 7 are not shown on a ternary quartz
plagioclase-K-feldspar plot. 

In thin section, the porphyritic leucogranite 
shows a rather uniform porphyritic fabric in its 
porphyritic tonalite phase (the eastern part of the 
large body; fig. 31A), and in its porphyritic monzo
granite phase (fig. 31B). Typically in the eastern 
one-half of the large body of the map unit, euhe
dral laths of fresh, oscillatory-zoned plagioclase (as 
calcic as labradorite, An

55
, but more typically ande-

F 0 0.5 MILLIMETER 

FIGURE 31.- Continued. E , Phenocryst of hornblende (hb) re
placed along its margins by clinopyroxene (px), which also oc
curs as finely dispersed crystals in an oligoclase-dominant, 
microaplitic groundmass (G) that also contains quartz, apatite 
(A), and minor alkali feldspar. Plane-polarized light. Sample 
78C120. F, Relict phenocryst of probably biotite (B), showing 
almost complete replacement by clinopyroxene (px) and chlorite 
(chi), set in a microaplitic groundmass (G) of mostly oligoclase. 
Some hornblende (H) mantled by clinopyroxene is also in field 
of view. Plane-polarized light. Sample 78C120. 

sine, An45-An
55

) and square-sectioned bipyramids of 
phenocrystic quartz make up about 40 volume per
cent of the rocks and are set in a groundmass of 
mostly oligoclase or albite and quartz. The ground
mass may form anywhere from about 30 to 40 
volume percent of the rock as a whole (table 7). 
Clinopyroxene, most likely diopside rich, is the 
predominant mafic mineral in the porphyritic 
leucotonalite, where diopside is present in concen
trations of about 14 volume percent. Mineral
chemistry study of phenocrysts of clinopyroxene 
and clinopyroxene in the groundmass from a select
ed sample of the porphyritic leucotonalite indicates 
that clinopyroxene phenocrysts contain copious 
amounts of diopside (Wo511En48 .1Fs0 79 ; Theodore 
and Hammarstrom, 1991; see below). In contrast, 
clinopyroxene in the groundmass of the porphyritic 
leucotonalite is enriched in iron, sodium, and man
ganese and depleted in magnesium and calcium 
relative to the phenocrysts of clinopyroxene. Clino
pyroxene also is present in the porphyritic monzo
granite phase of the porphyritic leucogranite; it 
was found to make up about 16 volume percent of 
the rocks there. However, there is an especially 
wide-ranging variation in the ratio of augite to 
hornblende and (or) actinolite in the porphyritic 
monzogranite phase, wherein some rocks contain 
only hornblende and (or) secondary actinolite, also 
as much as about 16 volume percent (table 7), as 
the only mafic mineral. 

It is important to emphasize that coarsely crys
talline phenocrysts of diopside are distributed 
widely throughout the porphyritic leucogranite. 
The phenocrysts of diopside are either coherent 
and intact monocrystals, or they are skeletal 
with respect to either the plagioclase-rich or the 
K-feldspar-rich groundmass, showing blebby inter
growths with the minerals of the groundmass. In 
addition, the hypersolidus crystallization of diop
side in the porphyritic leucogranite of the Bucking
ham area is manifested by the presence of stoutly 
crystalline, euhedral inclusions of diopside in cores 
of some unaltered phenocrysts of plagioclase, 
and by occurrence of similar-shaped crystals of di
opside within bipyramidal phenocrysts of quartz. 
Phenocrystic cliopside must be one of the early
crystallized minerals from the magma of the por
phyritic leucogranite. Accessory sphene, apatite, 
and zircon, listed in order of overall decreasing 
abundances, also appear to be early-formed miner
als. The fact that crystals of clinopyroxene appar
ently are not concentrated near margins of the 
large body (fig. 30) suggests thereby that assimila
tion of calcium from country rock at the present 
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erosional level cannot have contributed signifi
cantly to the development of diopside in these 
rocks. Roberts (1964) concluded that a pyroxene
bearing facies of the granodiorite of Trenton Can
yon may have resulted from contamination of its 
magma by calcareous rocks in the adjoining Haval
lah sequence. Nor is the large composite body of 
porphyritic leucogranite zoned such that it shows 
margins more mafic than its core, owing to the 
presence of increased abundance of both diopside 
and hornblende. In fact, this body may be inter
preted as being reversely zoned. Furthermore, 
where granodioritic rocks elsewhere immediately 
adjacent to calcareous rocks have been examined 
carefully for the effects of assimilation of calcium 
(pyroxene replacing hornblende and (or) bio
tite near the margins), such phenomena have 
been documented to extend only on the order of 
centimeters (Taylor, 1976). The development of 
grossularite- and clinopyroxene-bearing endoskarn 
in porphyry adjacent to skarn associated with por
phyry copper systems also extends only on the 
order of centimeters, at most 1 m, into the porphy
ry (Einaudi, 1982b). Another aspect of the study by 
Taylor ( 1976), using analysis of variance statistical 
methods to evaluate large-scale variations within a 
granite pluton in Peru, revealed that the effects of 
contamination by wallrocks there was subordinate 
to that resulting from differentiation. 

The porphyritic leucogranite also contains clino
pyroxene that is present in two other textural 
modes. The first, less common variety, which is an 
alteration phenomenon, consists of occurrences of 
fine-grained crystals of clinopyroxene in mono
mineralic, hairlike microveinlets that cut the igne
ous fabric of the porphyritic leucogranite (figs. 31C, 
31D). Samples containing clinopyroxene of this 
type include either an albite-rich or a K-feldspar
rich groundmass. Such vein-type clinopyroxene is 
present in dikes that crop out near the southeast 
corner of the large body of leucogranite, well 
within the umbrella-shaped area, in plan, that is 
underlain by well-developed quartz stockworks. 
This vein-type clinopyroxene must have crystal
lized in a nearly magmatic, subsolidus alteration 
environment wherein plagioclase and K-feldspar 
were stable and the porphyritic leucogranite could 
sustain brittle fracture. The areal extent of such 
an alteration has not been documented, but tempo
rally it must closely correspond to development of 
extensive zones of garnet-clinopyroxene or skarn in 
ne~rby .rocks of the Harmony Formation (pl. 1). 
Some microveinlets of clinopyroxene are also re
lated to microveins of garnet, either as nearby, in 

thin section, monomineralic veins that cut pheno
crysts of plagioclase or as selvages along mostly 
quartz bearing veins (fig. 31D). On the one hand, 
these relations establish conclusively the genetic 
and temporal relation between most of the wide
spread skarn in the rocks of the Harmony Forma
tion here and the late Eocene or early Oligocene 
porphyritic tonalite phase of the porphyritic leu
cogranite. On the other hand, this rare fracture
controlled alteration by clinopyroxene and garnet 
might be termed "endoskarn" by others and thus 
reflect substantial local migration of elements (Ca, 
Mg, Fe, Al) across a magmatic-metasedimentary 
interface. We do not have the textural and chemi
cal data to substantiate such an interpretation. 
However, we prefer to restrict the term "endo
skarn" to igneous rock that has had significant pro
portions of magmatic hornblende and (or) biotite 
replaced largely by a dense mat of fine-grained 
crystals of clinopyroxene. The fracture-controlled 
clinopyroxene and garnet alteration of the porphy
ritic leucogranite might correspond closely to an 
apparently deep-seated, centrally located pyroxene 
alteration, somewhat similar to that described at 
the Koloula igneous complex, Guadalcanal (Chivas, 
1978), or to the pyroxene alteration associated with 
many nonporphyry related, copper skarns (Einaudi 
and others, 1981; Cox and Singer, 1986). Nonethe
less, as will be described below, endoskarn is pres
ent near the margins of some small masses of 
diabase that crop out southeast of the large body of 
porphyritic leucogranite. 

The final variety of clinopyroxene recognized in 
the porphyritic leucogranite involves several wide
spread occurrences wherein fine-grained crystals of 
clinopyroxene either partly replace phenocrysts of 
hornblende (blue green, optic Z-axis) or diopside 
along its margins, almost completely replace rare 
phenocrysts of biotite there, or occur as finely 
dispersed crystals in groundmass (figs. 31E, 31F). 
Mineral-chemistry study of these fine-grained crys
tals of clinopyroxene that are present as reaction 
rims on large phenocrysts of hornblende indicates 
that the clinopyroxene has a salite composition 
(typical composition, Wo50.5En38.8Fs10.8 ; Theodore 
and Hammarstrom, 1991; see below). A thorough 
search under the microscope of all thin-sectioned 
samples of the porphyritic leucogranite revealed 
that the described transition to clinopyroxene sta
bility from a primary hornblende and a primary 
biotite stability must have occurred probably very 
rapidly at the time "quenched" groundmass crystal
lized initially. Texturally, documentation of such a 
hydrous to anhydrous transition is preserved best 
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in the porphyritic tonalite phase of the large body 
of porphyritic leucogranite (fig. 30). Euhedral crys
tals of hornblende (deep blue green, optic Z-axis), 
as long as 0.15 mm, are trapped as inclusions 
within 0.2 mm of the edges of some unaltered laths 
of calcic andesine. However, the adjoining primary 
groundmass, which is in places very oligoclase rich, 
shows an apparently stable compatibility among 
the anhydrous minerals clinopyroxene, oligoclase, 
and quartz. Reaction rims of pyroxene around 
phenocrysts of 1lornblende in volcanic rocks else
where indicate the instability of the hornblende 
in either lower pressure or higher temperature 
environments(s) (Carmichael and others, 1974). 
The genetic implications of the crystallization of 
these late-stage, magmatic anhydrous assemblages 
relative to the generation of fluids associated with 
the development of garnet-pyroxene alteration in 
the country rock of the porphyritic leucogranite is 
discussed below. The textural relation wherein 
granules of clinopyroxene mantle much larger crys
tals of igneous amphibole in a granitoid also has 
been reported elsewhere in a geologic setting that 
includes development of extensive skarn. Lee 
(1951) described such relations in the Nickel Plate 
Mountain area of British Columbia that has 
some gold-skarn deposits (Orris and others, 1987; 
Theodore and others, 1991). Lee (1951) stated: 

* * * Reaction rims of fine granular augite on the hornblende 
show clearly that the amphibole had been dissolved and that cor
responding amounts of the pyroxene had been precipitated from 
the magma ... .It is noteworthy that magmatic transformation of 
amphibole to pyroxene usually gives fuzzy reaction rims of ran
domly oriented granules of augite, whereas transformation of au
gite to amphibole more often results in rims that are optically 
continuous with the pyroxene core * * *. 

In porphyritic leucogranite of the Buckingham 
area, some of the granules of clinopyroxene that 
mantle the hornblende crystals are optically con
tinuous with one another, but not optically con
tinuous with hornblende. Although Lee (1951) 
ascribed these relations to magmatic phenomena at 
Nickel Plate, their genesis in the Buckingham area 
seems to be related to late-stage magmatic proc
esses (see section below entitled "Mineral Chemis
try of Late Cretaceous and Tertiary Skarns") that 
occurred after crystallization of the porphyritic 
leucogranite to the point that it could sustain 
brittle fracture. This conclusion is based on the 
fact that some of these grains of clinopyroxene are 
confined to small microveinlets. Previously, Dol-

mage and Brown (1945) had ascribed the replace
ment of primary hornblende, primary augite, and 
primary plagioclase by colorless augite to second
ary, late-stage magmatic processes at Nickel Plate 
Mountain. Nonetheless, whatever their origin, 
whether owing to major changes in pressure or 
temperature, the hornblende-to-clinopyroxene tran
sition in the magmas of the porphyritic leuco
granite at Buckingham seems to correspond to 
circulation of fluids associated with skarn genesis 
in the adjoining rocks of the Harmony Formation. 

The porphyritic leucogranite also contains some 
secondary amphibole. Most of the secondary am
phibole is vein related and is present together with 
quartz, K-feldspar, and minor amounts of second
ary sphene. However, some phenocrysts of quartz 
are mantled by thin rims of amphibole. In addition, 
some samples of the porphyritic leucogranite 
contain small domains of their groundmass, 
generally K-feldspar rich, that include finely dis
persed needles of amphibole. The generally minor 
amounts of secondary K-feldspar, particularly in 
the porphyritic tonalite phase of the leucogranite, 
may be related to emplacement of the porphyritic 
monzogranite phase. 

Several healed contacts between porphyritic 
leucogranite and metamorphosed rocks of the Har
mony Formation were examined microscopically, as 
were a few rocks of the Harmony Formation in the 
immediate area of the porphyritic leucogranite. Al
though actual contacts in outcrop between the con
trasting lithologies of the porphyritic leucogranite 
and the Harmony Formation apparently are quite 
sharp (fig. 29C), microscopic examination of these 
contacts reveals that on a scale of several millime
ters or less the contacts are diffuse. The matrix of 
gritty subarkose of the Harmony Formation within 
a few millimeters of the contact is replaced by 
K-feldspar that now includes sporadic, newly 
crystallized prisms of clinopyroxene, some of which 
are localized within framework grains of monocrys
talline quartz (fig. 32A). The actual contact be
tween metasedimentary rocks and porphyritic 
leucogranite is marked by a highly irregularly 
bounded, anastomosing mat of very finely crystal
line clinopyroxene, together with some coarser 
crystals of plagioclase. Sparse garnet occurs in 
what appears to be an open-space-filling texture 
slightly "behind" the clinopyroxene-plagioclase 
front. Elsewhere along the contact between porphy
ritic leucogranite and pelitic, shaly parts of the 
Harmony Formation, the metasedimentary assem
blage is biotite-andalusite-quartz (fig. 32B). 
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FIGURE 32.-Photomicrographs showing textural relations at or 
near contact between late Eocene or early Oligocene porphyrit
ic leucogranite and the Upper Cambrian Harmony Formation. 
A, Matrix of subarkose of the Harmony flooded by K-feldspar 
(kD and, in turn, microveined by clinopyroxene (px). Plane
polarized light. Sample 80BK60. B, Microporphyroblasts of an
dalusite (A) set in a finely crystalline groundmass (G) of mostly 
biotite and quartz. Some quartz-K-feldspar biotite veins (V) 
also shown. Plane-polarized light. Sample 78C103. 

CHEMISTRY 

Chemically analyzed samples from porphyritic 
leucogranite include three samples from the por
phyritic tonalite phase (analyses 1-3, table 8), a 
sample showing a moderate degree of alteration 
by secondary K-feldspar (analysis 4), and three 
samples from the porphyritic monzogranite 
phase (analyses 5-7). As described above, modal 
K-feldspar is almost totally non-existent as a 
phenocryst in the porphyritic tonalite phase. 
Major-element analyses of samples from the por
phyritic tonalite phase are generally similar to 
that of the average tonalite of Nockolds (1954) but 
markedly different from that of the average tonal
ite of LeMaitre (1976)-both listed in table 8 for 
comparative purposes. The major differences in
clude: (1) higher Si0

2 
content in porphyritic tonal

ite-68.2 weight percent, compared with 66.15 and 
61.52 weight percent for the average tonalite of 
Nockolds (1954) and LeMaitre (1976), respectively; 
(2) lower FeO content-about 0.6 weight percent, 
compared with approximately 3.6 weight percent; 
(3) higher CaO content-about 7.5 weight percent, 
compared with about 5.0 weight percent; and (4) 
certainly much lower ~0 content in the porphyrit
ic tonalite phase-about 0.6 weight percent, com
pared with more than 1.4 weight percent. The 
higher Si02 contents of these samples may indicate 
the inadvertent incorporation of some vein quartz 
in the materials submitted for analysis. Certainly, 
modal analyses of thin sections show the wide
spread presence of vein quartz in rocks from this 
map unit. However, the range in Si02 content for 
the three samples of porphyritic tonalite phase is 
relatively restricted, from 68.0 to 68.4 weight per
cent (table 8), and thus free of the scatter in values 
that might be expected if secondarily introduced 
quartz were important. 

Additional insight into the apparent effects of 
subsolidus alteration of the porphyritic leuco
granite unit as a whole is evident in various rela
tions of its alkali contents determined for these 
analyzed samples. Total alkalis (~0+Na20) range 
from 4.01 to 4.46 weight percent for analyzed sam
ples representative of the porphyritic tonalite 
phase (table 8). The marked bimodality of the es
sentially two phases of the porphyritic leucogranite 
unit is emphasized in a plot of ~O!Nap ratio ver
sus Si02 content for the available data (fig. 24). 
Although data from samples of the porphyritic 
tonalite phase cluster somewhat tightly in 
the tonalite field of Mason (1978), the increased 



TABLE B.-Analytical data on late Eocene or early Oligocene porphyritic leucogranite of the Buckingham Camp-Copper Basin area, Lander County, Nevada 

[Chemical analyses in weight percent by X-ray spectroscopy supplemented by classical methods; analysts, A. Bartel, J.S. Wahlberg, J. Taggart, and J. Baker. Optical-spectroscopic analyses in parts per million by inductively 
coupled plasmas methods of Scott and Kokot (1975) and F.E. Lichte (unpub. data, 1983); analyst, P. Briggs. Cross, Iddings, Pirsson, and Washington (CIPW) norms in weight percent. Looked for, but not found , at parts
per-million detection levels in parentheses: Ag (2), As (10), Bi (10), Cd (2), Ge (10), Sn (4), Ta (40), Pr (10), Sm (10), Eu (2), Gd (10), Tb (20), Dy (4), Er (4). Au determined by atomic-absorption methods, and W 
determined colorimetrically; analysts, R. Moore and z. Hamlin. Nb and Rb determined by X-ray spectroscopy; analysts, R. Johnson, H.J. Rose, B. McCall, G. Sellers, and J. Lindsay. -, not detected; n .d., not 
determined) 

Analysis 
Field No. 

Si02 
Al 2o3 
Fe 2o3 
FeO 
HgO 

CaO 
Na 2o 
K20 
H o+ 
H

2o-
2 

Ti02 
P205 
HnO 
C02 
F 

S (total) 
Subtotal 

Less O=F, S 

As 
Ba 
Be 
Ce 
Co 

Cr 
Cu 
Ga 
La 
Li 

Hn 
Ho 
Nb 
Ni 
Pb 

Sc 
Sr 

1 
80BK31 

68.1 
15.4 

.05 

.58 
2.07 

7.57 
3.54 

.47 

.4 5 

.65 

.41 

.12 
< .02 

. 1 

.02 

<.01 
99.53 

.01 
99.52 

190.0 
2. 
8. 

52. 
52. 
19. 

7. 
11. 

140. 

7. 
10. 
12. 

8. 
590. 

2 
80BK30 

68.4 
15.1 

.17 

.6 
2.06 

7.23 
3.46 

.73 

.45 

.47 

.37 

.11 
< .02 

.16 

.02 

<.01 
99. 23 

.01 
99.22 

200.0 
2. 

14. 

71. 
62. 
19. 

7. 
7. 

160. 
20. 

6. 
6. 

13. 

9. 
570. 

3 
78Cll9 

68.0 
15.6 

.24 

.56 
1. 93 

7.64 
3.85 

.51 

.29 

.15 

.41 

.13 
<.02 

.05 

.02 

< .01 
99.38 

.01 
99.37 

4 5 6 7 
78C99 80BK61 80BK28 80BK29 

Chemical analyses (weight percent) 

69.0 
14.4 

.4 

.7 
1.9 

6.69 
3.42 
1.17 

.38 

.25 

.39 

.12 
< .02 

.04 

.02 

<.01 
98.88 

.01 
98.87 

67.0 
15.7 

.15 

.65 
2.04 

4.91 
3.49 
3. 77 

.38 

.16 

• 4 
.12 

< .02 
.64 
• 08 

< .01 
99.49 

.03 
99.46 

69.3 
14.1 

.21 

.97 
2.01 

4.87 
2.55 
3.56 

.36 

.32 

.37 

.11 
< .02 

.15 

.05 

<.01 
98.93 

.02 
98.91 

67.9 
15. 

.38 
1.06 
2.1 

4.41 
2.84 
3.54 

.4 

.41 

.37 

.12 
< .02 

.04 

.06 

< .01 
98.63 

.03 
98.6 

Optical spectroscopic analyses (parts per million) 

170.0 
2. 
8. 

47. 
37. 
19. 

6. 
5. 

160. 

7. 
5. 

13. 

9. 
590. 

20.0 
250. 

2. 
19. 

2. 

48. 
48. 
19. 

9. 
8. 

220. 

8. 
12. 
11. 

9. 
560. 

960.0 
2. 

15. 
2. 

70. 

20. 
9. 
7. 

190. 

8. 
15. 
19. 

10. 
530. 

890.0 
2. 

25. 
2. 

63. 
90. 
20. 
13. 
5. 

190. 
2. 
7. 

16. 
14. 

10. 
540. 

1000.0 
2. 

29. 
3. 

49. 
83. 
21. 
17. 

7. 

180. 

6. 
15. 
12. 

10. 
580. 

8 

68.2 
15.4 

.15 

.58 
2.02 

7.48 
3.62 

.57 

.4 

.42 

.4 

.12 
< .02 

.1 

.02 

< .01 
99.48 

.01 
99.47 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 

9 

68.3 
14.8 

.29 

.85 
2.01 

5.22 
3.08 
3.01 

.38 

.29 

.38 

.12 
< .02 

.22 

.05 

<.01 
99. 

.02 
98.98 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 

10 

66.15 
15.56 

1. 36 
3.42 
1.94 

4.65 
3.9 
1.42 

.69 
N.d. 

.62 

.21 

.08 
N.d • 
N.d. 

N.d. 
100. 

N.d. 
100. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d . 
N.d. 
N.d. 

N.d. 
N.d. 

11 

61.52 
16.48 

1.83 
3.82 
2.8 

5.42 
3.63 
2.07 
1.04 

.2 

. 73 

.25 

.08 

.14 
N.d • 

N.d. 
100.01 

N.d. 
100.01 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
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Th 7. 7. 8. 8. 7. 8. 8. N.d. N.d. 
v 51. 51. 57. 54. 54. 57. 55. N.d. N.d. 
y 13. 12. 12. 11. 13. 13. 13. N.d. N.d. 

Zn -- 15. 16. 17. 61. 12. 26. N.d. N.d. 
Nd 10. 11. 10. 14. 11 .• 15. 15. N.d. N.d. 
Yb 1. 1. 1. -- 1. 1. 1. N.d. N.d. 

Chemical analyses (parts per million) 

Au <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 N.d. N.d. 
Nb 11. 9. 8. 9. 10. 9. 8. N.d. N.d. 
Rb 20. 19. 18. 32. 89. 74. 80. N.d. N.d. 
w • 7 3.6 .74 3.3 5. 22. 6.1 N.d. N.d. 

C.I.P.W. norms (weight percent) 

Q 29.7 30.2 27.9 30.7 21.6 29.4 26.5 29.2 27.0 
c -- -- -- -- -- -- -- -- --
or 2.8 4.4 3. 7. 22.4 21.3 21.3 3.4 18. 
ab 30 •. 3 29.6 32.8 29.3 29.7 21.9 24.5 30.9 26.4 
an 25. 23.8 24. 20.8 16.1 16.9 18. 24.3 17.9 

wo 4.8 4.5 5.4 4.9 1.3 2.4 1.2 4.9 2.4 
en 5.2 5.2 4.8 4.8 5.1 5.1 5.3 5.1 5.1 
fs .4 .4 .15 .32 .41 1.01 1. .28 .7 
mt .1 .25 .35 .59 .22 .31 .56 .22 .43 
hm -- -- -- -- -- -- -- -- --

il .79 .71 .79 .75 .77 .71 • 72 • 77 .73 
ap .29 .26 .31 .29 .29 :26 .29 .29 .29 
fr .02 .02 .02 .02 .14 .08 .1 .02 .08 
cc .23 .37 .12 .09 1.5 .35 .09 .23 .51 

Total 99.63 99.71 99.64 99.56 99.53 99.52 99.56 99.61 99.54 
Sa lie 87.8 88. 87.7 87.8 89.8 89.3 90.3 87.8 89.3 
Fernie 11.83 11.71 11.84 11.76 9.73 10~22 9.26 11.81 10.24 

o.r.l 62.8 64.1 63.7 67. 73.7 72.6 72.3 63.5 71.4 

1 Differentiation index of Thornton and Tuttle (1960) defined as the sum of normative quartz + normative albite + 
normative orthoclase. 

1-4. Samples from porphyritic tonalite phase (see text). Same as model analyses 1-3, table 7. 
5-7. Samples from porphyritic monzogranite phase. Same as modal analyses 4-7, table 7. 

8. Average of analyses 1-3 of this table. 
9. Average of analyses 4-7 of this table. 

10. "Average" tonalite of Nockolds (1954). 
11. "Average" tonalite of LeMaitre (1976) . 

N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 

24.1 
--
8.3 

33. 
20.8 

.3 
4.9 
4.1 
2.1 
--

1.2 
.5 

--
--

~3 
86.2 
13.1 

65.4 

N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 

16.2 
--

12.3 
30.8 
22.6 

.75 
7. 
4.5 
2.7 
--

1.4 
.59 

--
.32 

99.16 
81.9 
17.26 

59.3 
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abundance of apparently primary modal K-feldspar 
in the porphyritic monzogranite phase results in 
data points that plot well into the monzogranite 
field. Furthermore, a plot of Na20+~0 and CaO 
contents versus Si02 content (fig. 25) does not 
show a decrease in CaO content concomitant with 
the increases in total alkali and total Si0

2 
contents 

for the samples analyzed. The broadly scattered 
data points in such a plot result from ~ combina
tion of hypersolidus and subsolidus processes. 

Chemical analyses of three samples of the por
phyritic tonalite phase reveal the strong alumina 
undersaturation in these rocks. A plot of Al

2
0

3
: 

(K20+Na
2
0+Ca0) ratio versus Si0

2 
content (fig. 26) 

shows that these samples are highly meta
luminous. Such alumina undersaturation indicates 
the significant concentrations of modal diopside 
and salite (probably approx 10-14 volume percent; 
table 7) and the relatively low hornblende content 
(as much as approx 4 volume percent) in the rocks. 
Chemical analyses of these clinopyroxenes indicate 
that diopside phenocrysts contain about 1.2 to 2.5 
weight percent Al20 3 

and that salite in the ground
mass contains about 0.6 to 2.6 weight percent 
Al20 3 (Theodore and Hammarstrom, 1991; see 
below). Many published analyses of clinopyroxenes 
show extremely low Al

2
0

3 
contents (Deer and oth

ers, 1978). Thus, the strongly metaluminous com
position of bulk analyses of the rocks probably 
indicates a relatively high calcium content from 
clinopyroxene that has not been compensated for 
by a corresponding increase in Al

2
0

3 
content. In

deed, the fact that these rocks also are strongly 
wollastonite normative (table 8) must result from 
the presence of abundant modal diopside and (or) 
salite in them. 

The very limited number of available analyses of 
the porphyritic tonalite phase precludes a proper 
documentation of major-element variation trends 
for the entire porphyritic leucogranite unit. The 
trend of major-element variations throughout the 
entire suite of Tertiary igneous rocks of the 
Buckingham area is discussed following descrip
tions of the units. Briefly, however, in the AlkFM 
and the ACF diagrams (figs. 27A, 27B), the ana
lyzed samples from the porphyritic tonalite phase 
and the porphyritic monzogranite phase define 
rather tight clusters wherein the samples of the 
porphyritic monzogranite phase plot slightly away 
from the porphyritic tonalite phase. In the AKF dia
gram (fig. 27C) the samples from the porphyritic 
tonalite phase again cluster together, but the plot
ted data points of porphyritic tonalite samples, as 
expected, define a trend away from the porphyritic 

tonalite toward the K corner of the diagram. Last, 
figure 27D shows normative proportions of Q, Or, 
and Ab in the analyzed samples from the entire por
phyritic leucogranite unit. All the samples contain 
more than 85 percent Ab+Or+An+Q. The samples 
from the porphyritic tonalite phase contain 62.8 to 
64.1 percent Ab+Or+Q, whereas the remaining four 
samples of porphyritic monzogranite show 67.0 to 
73.7 percent Ab+Or+Q. The An contents of the three 
samples of rock from the porphyritic tonalite phase, 
normalized to 100 percent Q+Or+Ab+An, range from 
27.0 to 28.4 percent. This normative An content is 
significantly lower than the typical modal An con
tent of plagioclase phenocrysts in the rocks, which 
is An35 to An45 (see above). However, the normative 
An content of the bulk rock indicates the increased 
abun.dance of albite and quartz in the groundmass 
of these rocks. The normative proportions of albite, 
orthoclase, and quartz in three samples from the 
porphyritic tonalite phase cluster in an area show
ing increased Si02 content and strongly decreased 
~0:(Si02+Na20) ratio relative to a trendline con
necting the ternary minima at P H20=Ptota1=0.5 kbar 
for An contents ranging from 3 to 7.5 weight per
cent (fig. 27D). The cluster is near the quartz-albite 
sideline of the ternary diagram. Samples of the por
phyritic monzogranite phase showing the most 
abundance of K-feldspar in their groundmass plot 
near the ternary minimum at an An content of 3 
weight percent, and they are shown only for com
parative purposes. In addition, the cluster of data 
points from the samples of the porphyritic tonalite 
phase is not coincident with the ternary minimum 
for PH 0 =Ptota1=500 kg/cm2 projected onto the anhy
drous base of the Ab-Or-Q-H2 0 tetrahedron deter
mined by Tuttle and Bowen (1958). These data thus 
indicate that the porphyritic tonalite phase of the 
entire porphyritic leucogranite unit is not a highly 
differentiated rock. Moreover, these chemical analy
ses of the porphyritic tonalite phase suggest a re
versal in the overall trend of differentiation here 
during the late Eocene or early Oligocene. Although 
the porphyritic leucogranite is younger than the 
biotite-hornblende monzogranite of Bluff area, the 
porphyritic leucogranite apparently is less differen
tiated than the biotite-hornblende monzogranite of 
the Bluff area. 

Variation in most minor-element contents be
tween the porphyritic tonalite phase and the por
phyritic monzogranite phase is not particularly 
striking for most metals (table 8). Nonetheless, 
there appear to be some consistent differences be
tween these two phases of the unit. Barium con
tent seems to increase from about 190 to 900 ppm, 
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cobalt content from below detection to 2 ppm, man
ganese content from 150 to approximately 190 
ppm, ruthenium content from about 20 to more 
than 80 ppm, and tungsten content from 0.7-3.6 
ppm in the porphyritic tonalite phase to 5-22 ppm 
for the porphyritic monzogranite phase. The distri
bution of minor metals in the general area of both 
of these phases of the porphyritic leucogranite unit 
is discussed at somewhat greater length below in 
the subsection below entitled "Lithogeochemistry of 
Surface Rocks." 

ASSOCIATED SKARN ALTERATION 

Skarn alteration is widespread in the northeast
ern part of the Buckingham area (pl. 1). As de
scribed above, much skarn apparently is associated 
with the emplacement of the late Eocene or early 
Oligocene porphyritic leucogranite. The term 
"skarn" is used here in the non-genetic sense pro
posed by Einaudi and others (1981) to describe the 
occurrence of largely garnet-pyroxene rich calc
silicate rock. The numerous bodies of skarn 
mapped in the Buckingham area are composed of 
andradite-grossular garnet and clinopyroxene in 
variable proportions. Contacts are somewhat dif
fuse near the margins of the bodies. However, the 
contact was placed where significant decreases in 
andradite content occur. Many of the skarns shown 
on plate 1 are surrounded by very widely diffuse 
zones of buff to gray-green, pyroxene-rich rocks. 
Most of the skarn formed in the Harmony Forma
tion seems to be related to the emplacement of the 
porphyritic leucogranite. A notable exception is the 
relatively large and continuous bodies of skarn 
that make up most of the skarns grouped under D 
(see section below entitled "Mineral Chemistry of 
Late Cretaceous and Tertiary Skarns"). Most of 
these skarn bodies seem to be related to emplace
ment of the Late Cretaceous Buckingham stock
work system as are the gold skarns at the Surprise 
Mine (Schmidt and others, 1988). However, gold 
skarn at the Overlook prospects and at the Labra
dor Mine seems to be associated with porphyritic 
leucogranite (Schmidt and others, 1988). A very 
small proportion of skarn replaced parts of the 
Battle Formation and the Antler Peak Limestone 
near the east edge of the map area and seems to be 
related to the emplacement of Tertiary granodiorite 
porphyry and possibly diabase. One of the most 
striking features of skarn hosted by the Harmony 
Formation is that some of it must have formed in 
rocks that were not carbonate rich before alter-

ation. Textural relations near margins of most of 
the bodies of skarn related to emplacement of por
phyritic leucogranite suggest a prograde, succes
sive encroachment of a pyroxene assemblage and 
then a garnet assemblage upon biotite hornfels. 
The relict fabric of biotite hornfels suggests that 
some of the biotite hornfels must have been quite 
shaly in its unaltered, premetamorphic state . 
Moreover, we cannot conclusively exclude the pos
sibility that these shales, which have since been 
converted to dense garnet-pyroxene rocks, did not 
contain some carbonate component(s) before their 
recrystallization. At the surface, much skarn ap
parently is confined largely to what were once 
shaly horizons within the Harmony Formation. The 
adjoining metasandstone sequences of the Har
mony Formation typically do not show development 
of skarn. In addition, as shown on plate 1, only a 
few skarn bodies border on igneous rock bodies; 
most of them are, in fact, removed by quite a dis
tance from any igneous rocks at the present ero
sional level. However, at a few localities where 
well-exposed skarn crops out adjacent to porphyrit
ic leucogranite, porphyritic leucogranite is chilled 
against skarn as we described above. The contact 
is a fault at some well-exposed localities (fig. 33). 
Skarns as mapped range in plan from highly ir
regular shapes to rather uniform bodies that are 
elongate parallel to the general strike of bedding. 
Some measure as much as 150 m across their ap
parent stratigraphic thickness, and some indi
vidual bodies are mappable for strike lengths of as 
much as 500 m. However, only a small part of the 
longest body of skarn could be shown on plate 1 

FIGURE 33. - Garnet skarn (S) faulted against porphyritic 
leucogranite (pl) near northeast corner of Buckingham area. 
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because it has been obscured by dumps near the 
northern parts of the area affected by the open-pit 
operations at the Copper Basin Mine. An approxi
mate strike length for this particular mass of 
skarn is 1.6 km (Blake and others, 1979). At one 
time, it could be traced more or less continuously 
along the contact between the Harmony and Battle 
Formations through the open pit at Copper Basin 
into Late Cretaceous monzogranite related to the 
Buckingham porphyry molybdenum system. In ad
dition, it will be shown below that base-metal zo
nation in this especially extensive body of skarn is 
related to Late Cretaceous monzogranite. As such, 
this particular body of skarn (most of skarn D; see 
section below entitled "Mineral Chemistry of Late 
Cretaceous and Tertiary Skarns") may be Late Cre
taceous in age, as opposed to the apparent late Eo
cene or early Oligocene age for many remaining 
bodies of skarn. The petrography and chemistry of 
the apparently Late Cretaceous skarn is reported 
separately below in conjunction with the detailed 
descriptions of alteration and mineralization asso
ciated with the Buckingham porphyry molybdenum 
system. 

On the basis of its overall fabric and mineralogic 
composition, skarn mapped in the Harmony For
mation is classed either as bedded (fig. 34A) or 
massive and calcic (see Einaudi and others 1981); 
both are extremely rich in garnet (pl. 1). Two other 
morphologic varieties of garnet skarn also are pres
ent in the area but are too small to show on the 
map: garnet skarn breccia and garnet skarn devel
oped along faults near the north edge of the map 
area. Some outcrops that show a delicate lamina
tion preserved through a prolonged succession of 
contact metamorphism and subsequent apparent 
metasomatism may be correlative with the sequen
ces of largely unmetamorphosed calcareous shale 
in the Harmony Formation that crop out near the 
north edge of the map area (fig. 34B). Unfortu
nately, the complete transition from bedded skarn 
into calcareous shale is not exposed for study. 
However, there are excellent exposures in many lo
calities that document a transition from 
noncalcareous biotite hornfels to massive garnet 
skarn. Such bodies of skarn are somewhat compa
rable to the skarn bodies hosted by andesite tuff at 
Ludwig, Nev. (Harris and Einaudi, 1982), or to 
some of the calcic iron skarn deposits (Einaudi and 
others, 1981); for example, the Dashkesan, 
U.S.S.R., magnetite-bearing calcic skarn (Sokolov 
and Grigor'ev, 1977). Initially, in biotite hornfels 
near the edges of these bodies of skarn in the Har
mony Formation, relict patches of irregular biotite 
hornfels are preserved as "islands" within an anas
tomosing network of diopside veins and quartz 

FIGURE 34.-Selected relations of skarn formed in the Upper 
Cambrian Harmony Formation. A, Well-bedded sequence of 
reddish-brown garnet skarn, striking approximately north and 
dipping 75° E. Outcrop is approximately 300 m north of work
ings at Copper Basin and about 6 m from outcrop of potassic
altered Tertiary diabase. Scale shown by hammer . B, 
Sequence of banded reddish-brown garnet skarn (G) and some 
bluish-gray pyroxene hornfels (ph), showing well-preserved 
lamination. Same locality as in figure 34A. C, Massive garnet 
skarn showing selvages of garnet (gs) along veins of quartz, 
some of which also include garnet along thin medial septa. Lo
cality is approximately 300 m south of southeast contact of 
large body of porphyritic leucogranite. 
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veins associated with coalescing selvages that in
clude a clinopyroxene-bearing assemblage also 
(figs. 35A, 35B). In outcrop, this transition from a 
hydrous to an anhydrous assemblage demonstrates 
a very pronounced leaching of iron to the point 
that the dark-brown to locally black biotite horn
fels becomes a pale-gray-green diopside skarn. The 

FIGURE 35.-Transitions of the Upper Cambrian Harmony For
mation in outcrop from biotite hornfels to garnet skarn. A, Ir
regular, dark-brown biotite hornfels (bD converted in part to 
pale-gray-green diopside skarn (di) associated with introduc
tion of quartz veins (Q). Locality near outer margin of recog
nizable diopside halo surrounding one of the larger bodies of 
garnet skarn, northeast of easternmost exposures of large 
body of porphyritic leucogranite. Note pocket knife in upper 

lateral extent of such changes visible in outcrop is 
quite variable. Adjacent to some of the larger bod
ies of garnet skarn shown on plate 1, biotite horn
fels of the Harmony Formation crops out in 
varying degrees of conversion to diopside skarn for 
distances of as much as 30 to 50 m. In other 
places, the transition to diopside skarn adjacent to 

right for scale. B, Same as in figure 35A. Note coin in lower 
right for scale. C, Front of reddish-brown garnet skarn (G), 
showing a knife-edge contact that is convex toward bluish-gray 
diopside skarn (di) which is being replaced. Locality approxi
mately 300 m south of easternmost exposures of large body of 
porphyritic leucogranite. D, Relief crystals of pyroxene (P) in 
garnet skarn (G) after conversion from pyroxene hornfels. Same 
locality as in figure 35C. Note coin in lower right for scale. 
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garnet skarn measures only a few centimeters. 
These diopside-bearing rocks are referred to as 
skarn rather than hornfels because some of them 
may owe their origin to largely metasomatic proc
esses. In many porphyry copper environments, the 
simple monomineralic or bimineralic composition of 
such rocks suggests a metasomatic origin (Einaudi, 
1982b). Nonetheless, here at Buckingham, develop
ment of these diopside-bearing assemblages does 
not indicate either a strictly metamorphic or meta
somatic phenomenon. However, crystallization of 
such paragenetically early, diopside-bearing assem
blages is but one part of a process that in its en
tirety is metasomatic. Outward growth of the 
garnet skarn upon the diopside skarn is evidenced 
by knife-edge surfaces of reddish-brown garnet 
skarn that are scalloped with a convex margin to
ward the surrounding pale-gray-green to bluish
gray diopside skarn (fig. 35C) and show numerous 
narrow veinlets of garnet spreading from the mas
sive garnet skarn and cutting the adjacent diopside 
skarn. The scalloped contact between garnet skarn 
and diopside skarn may be indicative of a local in
stability of fluid infiltration along the contact 
(Ortoleva and others, 1987); where permeability is 
higher, fluid flux is enhanced, and metasomatic re
actions accelerate relative to elsewhere along the 
front. Furthermore, the conversion to garnet skarn 
is not everywhere complete. Relict crystals of diop
side in places remain behind the garnet skarn
diopside skarn "front." In their interiors, many of 
the large bodies of massive skarn also show an in
tense network of crosscutting quartz veins. Some of 
these veins include selvages of garnet developed 
along a wallrock of mostly garnet; some also show 
conspicuous medial septa of garnet (fig. 34C). The 
overall paragenetic relations of the assemblages 
noted above indicate development of calcic garnet
pyroxene skarn in rock that apparently was quite 
devoid of any calcium carbonate. Significant 
amounts of calcium must have been added to the 
biotite hornfels during its conversion to garnet 
skarn. Elsewhere, Bookstrom (1977) showed that 
carbonate-free andesite porphyry at El Romeral 
Mine, Chile, received significant additions of cal
cium during its actinolization in a largely contact 
metasomatic environment. Furthermore, Seal and 
others (1987) documented a relative enrichment of 
calcium relative to ferrous iron, magnesium, and 
aluminum during calc-silicate alteration associated 
with tungsten-molybdenum mineralization at Lake 
George, southwestern New Brunswick, Canada. 
The subsolidus conversion of biotite hornfels 
to garnet skarn outlined above is documented fur-

ther by textural relations observed under the 
microscope. 

In all, approximately 70 rocks showing various de
grees of skarn development during the late Eocene 
or early Oligocene were studied petrographically. In 
the Harmony Formation, the most common prograde 
zonation is biotite to diopside to andradite-grossular 
skarn (see section below entitled "Mineral Chemistry 
of Late Cretaceous and Tertiary Skarns"). Such con
version of biotite hornfels to diopside skarn was ac
complished by chemical reactions dependent upon 
the permeability and chemistry of involved rocks. As 
we described above, most of these skarns may have 
developed in sequences of rocks that formerly were 
calcareous shale. In addition, some thin beds of sub
arkose in a sequence of silty shale, all contact 
metamophosed to biotite hornfels, subsequently 
acted as highly permeable channelways for fluids 
that deposited diopside among the relict grains of 
quartz in the subarkose (fig. 36A). Specifically, diop
side certainly replaces feldspar and probably re
places contact-metamorphic biotite in the matrix of 
the metamorphosed subarkose (fig. 36B). In addition, 
contact-metamorphic biotite is no longer stable for 
distances of about 1 to 2 em in the adjoining layers 
of metamorphosed silty shale, although deeper pen
etration of fluids than this was accomplished along 
some fractures. Elsewhere in diopside-zone rocks, 
permeability into metashale of the Harmony Forma
tion apparently was almost entirely fracture related 
(figs. 36C, 36D). Networks of narrow microveinlets of 
diopside-K-feldspar crosscut bleached metashale. The 
actual "front" between biotite stable and biotite un
stable, or bleached rock, typically is enhanced by the 
spotty concentration of mats of extremely fine 
grained diopside for distances of as much as 1 to 2 
mm on the bleached side of the "front." Other 
rocks show an intervening, 0.5- to 1.0-cm-wide, 
chalcedony-rich zone between diopside-rich rock and 
biotite hornfels (fig. 37A). The predominant meta
morphic mineral in each of five mineral zones re
cognized across such a skarn contact is garnet, 
clinopyroxene, K-feldspar, chalcedony, and biotite. 
Chalcedony formed at the expense of biotized silty 
shale. In addition, some of the clinopyroxene
K-feldspar-altered silty shale includes subrounded, 
detrital tourmaline that includes extremely minute, 
prismatic crystals of neocrystallized tourmaline 
growing on detrital tourmaline (fig. 37B). However, 
such a regular zonation of minerals is not present 
everywhere at the outer edge of the bodies of skarn. 
Crystallization of garnet in some localities appar
ently lacks a strongly developed surrounding shell of 
mostly diopside and K-feldspar; some garnet occurs 
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in contact either directly with detrital grains of 
quartz in some originally sandy facies of the Har
mony Formation (fig. 37C) or as a straightforward 
replacement of hornfels (fig. 37D). Both isotropic and 
anisotropic varieties of amber garnet (presumably of 
compositions intermediate between grossular and 
andradite) occur in these two settings, together -with 
somewhat paragenetically later hydrothermal biotite 
(greenish brown, optic Z-axis), K-feldspar, and iron 
sulfide. However, microscopic examination of the 
hornfels reveals that the introduction of garnet is 
largely at the expense of an extremely fine grained 
mat of previously crystallized diopside and quartz 

B 0 0.8 MILLIMETER 

FIGURE 36.-Photograph and photomicrographs showing conver
sion of subarkose and biotite hornfels of the Upper Cambrian 
Harmony Formation to diopside skarn. A, Diopside skarn (D) 
formed in thin bed of subarkose and mantled by chalcedonic 
quartz (Q) that replaced adjoining biotite hornfels (bh). Sam
ple 80BK80. B, Photomicrograph showing preferential crystal
lization of diopside (D) replacing feldspar-rich matrix in 
quartz-rich (Q) subarkose. kd, K-feldspar and diopside veinlet. 

(fig. 37D). Evaluation of phase equilibria for experi
mentally determined relevant reactions suggest that 
prograde, garnet- and diopside-dominant skarn 
growth may have occurred at oxygen fugacities 
greater than that of the upper stability of clinopyrox
ene with a composition of 20 to 40 mol percent hed
enbergite (see section below entitled "Mineral 
Chemistry of Late Cretaceous and Tertiary Skarns"). 

In addition to the skarn described above, there 
are a few other minor occurrences of fault
controlled garnet skarn and skarn breccia that are 
not mapped separately on plate 1 but that merit 
mention. Typically, fault-controlled bodies of skarn 

c 0 0.4 MILLIMETER 

D 0 0.8 MILLIMETER 

Same sample as in figure 36A. C, Photomicrograph of silty shale 
of the Harmony Formation metamorphosed to biotite hornfels 
(bh) and then subsequently converted to a mat mostly of ex
tremely fine grained clinopyroxene (cpx) and cut by veins of K
feldspar (kf), clinopyroxene, and sparse quartz (Q). Sample 
80BK42. D, Photomicrograph of narrow diopside-K-feldspar 
veinlets cutting bleached metashale of the Harmony Formation. 
Same sample as in figure 36C. 
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are 5 to 6. m wide and crop out near the north edge 
of the map area along generally north-striking 
faults. These skarns replace carbonate rocks in the 
Harmony Formation. Red-brown granulose garnet 
in hand sample, which probably averages about 0.5 
to 0.6 mm wide, shows under the microscope iso
tropic cores in many of its larger crystals that are 
mantled by anisotropic rims; diopside is very rare. 
The garnets are replaced sparsely by epidote and 
by open-space fillings of minor pyrite. However, 

A 0 4 MILLIMETERS 

B 0 0.1 MILLIMETER 

FIGURE 37.-Photomicrographs of skarn formed in the Upper 
Cambrian Harmony Formation in northeastern part of 
Buckingham area. A, Mineral zones adjacent to garnet skarn 
formed in biotite hornfels. Zone I: garnet (anisotropic and iso
tropic), clinopyroxene, biotite, quartz (trace), and K·feldspar; 
zone II: clinopyroxene, K-feldspar, very sparse garnet, and py
rite (trace); zone III: detrital quartz, neocrystallized 
K-feldspar, clinopyroxene (sparse), and opaque minerals; zone 
IV: mostly chalcedonic quartz but including silt-size detrital 
grains of quartz; zone V: silty shale metamorphosed to biotite 

rocks immediately adjacent to garnet skarn include 
some interesting relations wherein sedimentary 
carbonate minerals, replaced partly by dispersed 
needles of tremolite and some pyrite porphyro
blasts, progressively give way to chlorite; this chlo
rite is followed by a chlorite-epidote-pyrite zone; 
and then finally by a quartz-K-feldspar-epidote 
zone-all at the thin-section scale. However, in 
many places K-feldspar, most likely adularia, 
apparently replaces calcite directly (fig. 38A). Some 

c 0 0.2 MILLIMETER 

D 0 0.8 MILLIMETER 

hornfels. Sample 78C137. B, Detrital grain of tourmaline (T), 
showing extremely small, prismatic crystals of newly crystal
lized tourmaline (nt) along its margins within a corona of prob
able quartz (Q), all set in a K-feldspar (K)- and diopside 
(D)-altered silty shale. Sample 81TT122B. C, Vermiform en
croachment of garnet (G) along mineral boundaries between 
framework grains of quartz (Q) in a quartz arenite. Sample 
78C135. D, Garnet (G) replacing silty metashale previously 
recrystallized to a mostly diopside-quartz-hornfels (H) assem
blage. Sample 80BK90. 
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K-feldspar includes small granules of rutile. In ad
dition, the replacement process includes neocrystal
lization of clinopyroxene, which also seems to 
replace calcite, and the introduction of quartz and 

A 0 0.6 MILLIMETER 

B 0 8 MILLIMETERS 

FIGURE 38.-Photomicrographs of textural relations in fault
controlled garnet skarn and in skarn breccia. G, garnet; kf, 
K-feldspar; cpx, clinopyroxene, probably diopside. A, Upper 
Cambrian Harmony Formation, showing K-feldspar (shown in 
rhombic section) replacing carbonate (C) in rocks immediately 
adjacent to fault-controlled garnet skarn near north edge of 
map area. Q, quartz. Stained by sodium cobaltinitrate solu
tion. Plane-polarized light. Sample 80BK68. B, Skarn breccia 

chlorite. Finally, the last minor type of skarn oc
currence noted in the area is a 2-m-thick garnet
diopside skarn breccia (fig. 38B). This rock type 
was found near the contact of one of the mapped 
major masses of garnet skarn, about 300 m north
east of the east edge of the large body of porphyrit
ic leucogranite. The skarn breccia is supported by 
an isotropic garnet-diopside matrix whose average 
grain size is about 0.1 mm, and whose angular 
fragments are as much as about 5 to 7 em wide. 
The fragments include: (1) two types of hornfels, (2) 
apparently unreactive chert, (3) garnet-diopside 
skarn, and ( 4) garnet skarn. The two types of horn
fels are a diopside-K-feldspar-epidote-carbonate 
(trace) hornfels and an extremely fine grained 
metashale. Some angular fragments of garnet
pyroxene skarn are mantled by a thin, outwardly 
serrated rim of euhedrally terminated crystals of 
garnet suggesting an open-space crystallization 
(fig. 38C). Skarn breccia is also cut by garnet
diopside veins with or without K-feldspar, and nar
row, monomineralic veins of K-feldspar. Brecciation 
must have occurred after initial onset of conversion 
of the rocks of the Harmony Formation here to 

c 0 0.6 MILLIMETER 

formed in the Harmony Formation near contact of one of large 
masses of garnet skarn shown on plate 1. Matrix (M) includes 
garnet and diopside; fragments consist of garnet-diopside skarn 
(gd), hornfels (H), chert (ch), and garnet. Plane-polarized light. 
Sample 78C126. C, Closeup of figure 388, showing serrated, 
thin mantle of garnet around angular fragment of garnet
pyroxene-K-feldspar skarn (sk). Partially crossed nicols. 
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skarn and may indicate synmineral faulting at 
margins of an evolving skarn. 

ALTERED GRANODIORITE OF illLL 6010 AREA 

A small body of fine- to medium-grained, altered 
granodiorite (unit Tgh, pl. 1), herein termed the "al
tered granodiorite of Hill 6010 area," crops out 
astride the north edge of the map area, about 0.5 
km northwest of the largest mapped body of the 
biotite-hornblende monzogranite of Bluff area. The 
altered granodiorite of Hill 6010 area apparently 
is a sill-like mass that has been emplaced 
directly astride the N. 30° E.- to N. 40° E.-trending 
hingeline of a broad, open syncline formed in nearby 
rocks of the Harmony Formation. Geologic relations 
are not available to establish conclusively the age 
of the altered granodiorite of the Hill 6010 area 
with respect to other nearby Tertiary granitic rocks. 
However, actinolite-dominant secondary-alteration 
assemblages in the altered granodiorite of Hill 6010 
area and marked similarity of a porphyritic phase 
in the unit with the porphyritic monzogranite phase 
of the porphyritic leucogranite described above both 
suggest very strongly that the altered granodiorite 
of Hill 6010 area is correlative temporally with the 
late Eocene or early Oligocene biotite-hornblende 
monzogranite of Bluff area and porphyritic 
leucogranite. Furthermore, altered granodiorite of 
Hill 6010 area locally includes abundant fragments 
of pale-brown biotite hornfels derived from the 
adjoining Harmony Formation. Some of these frag
ments show well-developed concentrations of actino
lite along their margins. The overall abundance of 
such fragments and their distribution in altered 
granodiorite of Hill 6010 area suggests that this ex
posed igneous body must be relatively close to the 
original roof of its magma chamber. 

Altered granodiorite of Hill 6010 area includes 
two phases: a conspicuously jointed, hypidiomorphic
granular or seriate phase and a porphyritic phase. 
The hypidiomorphic-granular or seriate variety in
cludes primary biotite (red brown, optic Z-axis) and 
primary hornblende (blue green, optic Z-axis) in 
various stages of hydrothermal alteration to 
assemblage(s) of actinolite and sphene with or with
out sparse chlorite, sparse secondary quartz, traces 
of rutile, ilmenite, and local secondary K-feldspar. 
In addition, here and there in the rocks are some 
rare clots of fine-grained secondary biotite that are 
mantled by actinolite, a relation which suggests that 
at least some actinolite is paragenetically later than 
the secondary biotite. Nonetheless, the dominant 

secondary-alteration silicate is actinolite, and the 
alteration is feldspar stable. Primary plagioclase 
(andesine to labradorite) shows no visible effects 
of alteration under the microscope, even immed
iately adjacent to some very sparse veins of 
quartz+actinolite that cut the igneous fabric of the 
rocks. In addition, some outcrops of altered granodi
orite of Hill 6010 area show increased abundances 
of pyrite to be concentrated especially along frac
tures that parallel the trace of quartz-actinolite 
veins. The orientation of most veins, which are not 
that densely concentrated in the unit overall, seem
ingly is controlled by joints that show a northwest
erly strike. 

The porphyritic variety of the altered granodio
rite of Hill 6010 area is very similar to the por
phyritic monzogranite phase of the porphyritic 
leucogranite. K-feldspar and secondary actinolite 
are relatively abundant in microaplitic groundmass 
of the porphyritic variety of the altered granodio
rite of Hill 6010 area. The groundmass makes up 
approximately 30 to 35 volume percent of these 
rocks. Phenocrysts of bipyramidal quartz, biotite, 
and hornblende show varying degrees of subsolidus 
alteration. Most primary hornblende phenocrysts 
are replaced by felted aggregates of fine-grained 
actinolite, with or without sphene, secondary pla
gioclase, and secondary K-feldspar. The presence of 
primary crystals of biotite may be alluded to only 
by the characteristic crystal forms now shaped by 
mats of fine-grained actinolite. Some quartz pheno
crysts, which incidentally make up a much greater 
percentage of the porphyritic phase than the 
nonporphyritic phase of the altered granodiorite of 
Hill 6010 area, are embayed and microveined by K
feldspar. All of these secondary-alteration effects 
noted in the porphyritic phase of this map unit are 
feldspar stable. The labradorite phenocrysts are ex
ceptionally fresh, even adjacent to some actinolite 
and actinolite-quartz microveinlets that cut them. 

Rocks of the Harmony Formation in outcrop 
show visible contact effects up to about 20 to 30 m 
from the contact of the altered granodiorite of Hill 
6010 area. The rocks of the Harmony Formation 
are intensely fractured, and a contact zone, in
tensely converted to biotite-hornfels, also includes 
some areas that are bleached highly, possibly as a 
result of the introduction of pyrite, and some small 
areas that are veined. Selective microscopic exami
nation of representative samples of veined rocks 
from the Harmony Formation collected from the 
contact zone confirms that actinolite-dominant al
teration assemblages in the intrusive rocks extend 
into the country rock. 
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RHYOUTE 

Rhyolite crops out mainly in three general locali
ties in the Buckingham area: one is close to the 
Little Giant Mine, where the two most widely ex
posed masses of rhyolite crop out, and the other is 
south-southeast of the Bailey Day Mine, where 
several relatively small bodies of rhyolite were 
mapped (unit Tr, pl. 1). The rhyolite of plate 1 is 
equivalent to the rhyolite porphyry described in 
the section "Economic Geology" below and on plate 
2. In addition, a narrow, east-west-trending, highly 
altered dike near the south-central edge of the map 
area also has been assigned provisionally to this 
map unit. The two bodies of rhyolite near the 
Little Giant Mine each have maximum dimensions 
at the surface of about 300 m, and they intrude the 
Upper Cambrian Harmony Formation. South of the 
Bailey Day Mine, rhyolite intrudes the rocks of the 
Harmony Formation, the Middle Pennsylvanian 
Battle Formation, and the Upper Pennsylvanian 
and Lower Permian Antler Peak Limestone. Rhyo
lite is intruded by a narrow basalt dike, not shown 
on plate 1, emplaced along the Little Giant fault 
system. This basalt dike is well exposed in some 
workings at the Little Giant Mine . Age determina
tions on mineral separates of primary biotite from 
each of the two mapped bodies of rhyolite near the 
Little Giant Mine yield late Eocene to early Oligo
cene ages, ranging from 39.1 and 37.3 Ma, using 
the K-Ar method (fig. 18). The ages are thus ap
proximately the same as those obtained from the 
biotite-hornblende monzogranite of Bluff area and 
porphyritic leucogranite. Also, they are approxi
mately the same as those reported previously for 
age of emplacement of granodiorite at Copper Can
yon and its associated copper-gold-silver mineral
ization (Theodore and others, 1973). 

The two large bodies of rhyolite near the Little 
Giant Mine are generally well exposed (fig. 39A). 
Where it crops out best, rhyolite forms some bold, 
ridge-forming masses that are completely continu
ous for many tens of meters. In places near its con
tact with surrounding rocks of the Harmony 
Formation, rhyolite shows well-developed flow 
banding that dips steeply. This flow banding may 
be locally very contorted, and resulting outcrops in
tensely jointed. Rhyolite ranges from fine grained, 
very weakly porphyritic to medium grained, almost 
hypidiomorphic granular in some outcrops, strongly 
altered to white mica and clay near the trace of the 
Little Giant fault. As shown on plate 1, rhyolite is 
cut by the Little Giant fault. The presence of rhyo
lite on both sides of the main strands of the Little 

Giant fault suggests that the last offsets along the 
fault were minor. Movements along this fault zone, 
however, probably initiated as thrust displace
ments during the middle Paleozoic Antler orogeny 
and then culminated as renewed shortening in the 
Oligocene after emplacement of rhyolite. Most 
rhyolite is quite fresh in outcrop in spite of the ef
fects of secondary alteration associated with the 
structurally controlled, mostly silver mineralization 
along the Little Giant fault. Freshly broken surfac
es of rhyolite are steel gray in color, whereas its 
weathered surfaces are white to pinkish-white; 
typically these freshly broken surfaces include 
sparkling, black phenocrysts of biotite (fig. 39B). 
Distribution of biotite is uneven throughout the 
rhyolite. However, where increased concentrations 
of biotite are present, there generally also is an in
crease in grain size of biotite to crystals about 1 to 
2 mm wide. Moreover, bipyramidal phenocrysts of 
smoky quartz make up from 0 to 2-3 volume per
cent of these rocks; small phenocrysts of sanidine 
are especially common in the fine-grained facies of 
the rhyolite. Hornblende is present in concentra
tions as high as about 1 to 2 volume percent in a 
few outcrops near the core of the largest body of 
rhyolite. In addition, the narrow dike of rhyolite in 
the south-central part of the map area shows what 
appears to be molds of completely weathered-out 
hornblende, possibly as much as about 5 volume 
percent, set in an intensely clay-altered and silici
fied rock type. 

Rhyolite in the Buckingham area is associated 
with a wide variety of secondary alteration. Al
though the two large bodies of rhyolite near the 
Little Giant Mine are cut overall quite sparsely by 
veins of quartz containing minimal amounts of py
rite, the density of the veining and the overall 
concentration of sulfide(s) both along the veins 
themselves and disseminated in rhyolite increase 
significantly near the main strands of the Little Gi
ant fault. Bleaching in rhyolite is rather highly re
stricted to the immediate area of the trace of the 
fault. Furthermore, some outcrops of rhyolite along 
the trace of the Little Giant fault contain well
developed quartz stockworks. Other outcrops of 
rhyolite along the fault are altered highly to 
clay(s), especially where the rhyolite is broken in
tensely by tightly spaced, steeply dipping fractures 
and joints. Where the Little Giant fault cuts the 
Harmony Formation, near the rhyolite, bleaching of 
the rocks of the Harmony Formation is ·limited gen
erally to a distance of about 3 to 5 m away from 
the trace. However, near the uppermost elevation 
of the fault along the ridgeline showing elevation 
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marker 6, 7 44 ft (pl. 1), bleaching and iron oxide 
staining of the rocks of the Harmony Formation ex
tend outward for a distance of about 50 to 70 m 
from the trace of the fault. Also, alteration here is 
much more intense than that at lower elevations, 
and it is accompanied by widely spread occurrences 
of scorodite, a hydrated iron arsenate, that indi
cates the former presence of arsenopyrite. Some 
heavily pyritized, quartz-flooded fault breccias 
along the Little Giant fault show multiple genera
tions of quartz. Where two conspicuous splays of 
the Little Giant fault converge, these fault breccias 
are approximately 7 to 8 m thick. Some early gen
erations of vein quartz in fault breccia are as much 
as about 2 em wide, and they contain 1-mm-wide 

.1:> ·

FIGURE 39.-Field relations of late Eocene or early Oligocene 
rhyolite from Buckingham area. A, View south-southwestward 
from survey point "Long" across east end of Buckingham mo
lybdenum system in right foreground (bs), showing workings 
along Little Giant fault at left skyline and relatively bold out
crops of rhyolite (R). Smooth, rounded slopes are in the Upper 
Cambrian Harmony Formation (£h ). B, Freshly broken surface 

crystals of molybdenite, remobilized possibly from 
the Late Cretaceous molybdenum system. Late
stage, drusy quartz crystals line many of the vugs 
therein. However, when the two large bodies of 
rhyolite are considered in their entirety, they 
actually are cut quite sparsely by veins of sulfide
bearing quartz. This relation is especially true 
when one considers the intensity and wide-ranging 
nature of quartz veins associated with the Late 
Cretaceous Buckingham molybdenum system. How
ever, here and there through rhyolite, some out
crops are cut by abundant, closely spaced fractures 
(fig. 39C). Some of these fractures were filled al
most entirely by pyrite, now converted to ocher to 
buff iron oxide(s). 

In addition to rhyolite mapped on plate 1, there 
are a few other isolated outcrops of rhyolite that 
are not shown because of their extremely small 
size. Most of these small outcrops of rhyolite are 
present near the Little Giant Mine. Exposures of 
approximately 0.5-m-wide dikes of rhyolite along 
the road leading up to the topographically highest 
workings at the Little Giant Mine include very 
sparse veins of quartz. In addition, the immedi
ately adjacent rocks of the Harmony Formation 
are typically flooded by abundant, disseminated 
pyrite-now altered to iron oxide(s). 

Approximately 30 samples of rhyolite were stud
ied petrographically. Most samples were collected 
from rhyolite near the Little Giant Mine. A large 
proportion of rhyolite includes both granophyric 

of rhyolite , showing contrast between steel-gray, fresh surface 
(F) and white, weathered surface (W). Crystals of primary bio
tite are barely discernible on fresh surface. Same locality same 
as in figure 39A. C, Outcrop of rhyolite cut by abundant closely 
spaced, iron oxide-stained fractures. Note pocket knife in upper 
right for scale. 80BK2. 
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and micrographic intergrowths of alkali feldspar, 
mostly albite and quartz (fig. 40A). Phenocrysts, in 
order of decreasing abundance, in rhyolite include 
bipyramidal quartz, K-feldspar, plagioclase (mostly 
oligoclase, An15-An25), biotite (red brown, optic Z
axis), and very sparse hornblende. Primary acces
sory minerals noted under the microscope include 
sphene and very rare andalusite, the presence of 
the latter mineral suggesting alumina saturation 
during magmatic stages of the rhyolite (fig. 40B). 
Near the Little Giant fault, some samples of rhyo
lite show a phyllic- or feldspar-destructive alter
ation to white mica and some minor clay(s), 
whereas other samples show white-mica alteration 

A 0 0.8 MILLIMETER 

B 0 0.2 MILLIMETER 

FIGURE 40.-Photomicrographs of late Eocene or early Oligocene 
rhyolite from Buckingham area. Q, quartz. A, Corona of grano
phyre (G) surrounding a quartz phenocryst. Sample 78Cll. 
Crossed nicols. B, Primary accessory andalusite (A) in ground
mass of narrow rhyolite dike that crops out near Little Giant 

of plagioclase and mafic minerals together with an 
apparent continued stability of K-feldspar. 

Textural relations in some of the small bodies of 
rhyolite that crop out near the east edge of the 
map area, south-southeast of the Bailey Day Mine, 
suggest emplacement and hypersolidus crystalliza
tion of rhyolite occurred before cessation of circula
tion there of skarn-forming fluids. Such a relation 
is compatible with the assignment of the develop
ment of some of the skarn in this general area 
with the emplacement of Oligocene granodiorite 
porphyry. In places, the K-feldspar-rich matrix of 
the rhyolite has been replaced by a mat of fine
grained crystals of clinopyroxene (fig. 40C). This 
clinopyroxene is related to microfractures. Open 
cavities that remained within these felted aggre
gates of secondary clinopyroxene apparently were 
first lined by quartz and then followed by further 
crystallization of clinopyroxene and pyrite. Finally, 
the clinopyroxene was cut by microveinlets of very 
fine grained actinolite. 

Five samples of relatively unaltered rhyolite 
analyzed chemically from the large body that crops 
out near the Little Giant Mine reveal that these 
rocks are high-silica rhyolites that differ from the 
average rhyolite of LeMaitre (1976) (table 9). The 
Si0

2 
content of analyzed samples ranges from 76.0 

to 76.9 weight percent, with an arithmetic mean of 
76.6-quite a bit higher than LeMaitre's (1976) av
erage of 72.82 weight percent. In addition, the 
total Fe, MgO, CaO, and Na20 contents are all sig
nificantly lower than, and the ~0 content higher 

c 0 0.6 MILLIMETER 

Mine. Sample 78C5. Plane-polarized light. C, Crystals of fine
grained clinopyroxene (cpx) replacing K-feldspar-rich matrix (M) 
in rhyolite cropping out south-southeast of Bailey Day Mine. 
Sample 81TT217. Plane-polarized light. 
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TABLE 9.-Analytical data on late Eocene or early Oligocene rhyolite of the Buckingham Camp-Copper Basin area, Lander County, 
Nevada 

(Chemical analyses in weight percent by single-solution method of Shapiro (1975); analysts, D. Kobilis , A. Woodside, B. Scott, P. Hearn, and M. Pickering. Emission
spectrographic analyses in parts per million; analyst, J.L. Harris. Cross, Iddings, Pirsson, and Washington (CIPW) norms in weight percent. Relative standard deviation 
of any single reported concentration should be taken as plus 50 percent and minus 33 percent. Looked for, but not found, at parts-per-million detection levels in 
parentheses: As (100), Au (6.8), Bi (10), Cd (32), Dy (22), Er (4 .6), Eu (2.2), Gd (15), Ge (4.6), Hf (15), Ho (6.8), In (6.8), lr (15), Lu (15), Nd (32), Os (15), Pd (1), Pr (68), 
Pt (2.2), Re (10), Rh (2.2), Ru (2.2), Sb (68), Sm (10), Sn (4.6), Ta (320), Tb (32), Th (46), Tl (10), Tm (4.6), U (220), W (15). - ,not detected; N.d., not determined] 

.Analysis 
Field No. 

Si02 
Al 2o3 
Fe 2o

3 
FeO 
MgO 

Ti02 
Pzo5 
MnO 
C02 
F 

S (total) 
Cl 

Subtotal 
Less O=F,Cl,S 

Ag 
B 
Ba 
Be 
Ce 

Co 
Cr 
Cu 
Ga 
La 
Li 
Mo 
Nb 
Ni 
Pb 

Sc 
Sr 
v 
y 

Yb 

Zn 
Zr 

Total 

1 
80BK1 

76.5 
12.8 

.07 

.16 
< .01 

.63 
2.6 
4.92 

.73 

.56 

.08 

.03 

.02 

.04 

.01 

.07 
• 004 

99.22 
.04 

99.18 

2 3 4 5 
80BK2 80BK2a 80BK4 80BK4a 

Chemical analyses (weight percent) 

76.5 
12.7 

.12 

.24 

.2 

.89 
2.7 
4.96 

.37 

.25 

.09 

.02 

.04 

.04 

.02 

.01 

.0042 
99.14 

.01 

99.13 

76.9 
13.1 

.03 

.28 

.1 

.84 
2.7 
5.08 

.38 

.33 

.08 

.04 

.03 

.03 

.02 

.03 

.0055 
99.98 

.02 

99.96 

76 .o 
12.9 

.56 

.12 

.2 

.68 
2.7 
5.55 

.66 

.57 

.09 

.03 

.02 

.06 

.01 

< .01 
.0017 

100.16 

100.16 

76.9 
13.4 

.09 

.28 

.1 

.55 
2.3 
5.73 

.36 

.3 

.09 

.03 

.01 

. 03 
• 01 

.01 

.0012 
100.19 

.01 

100.18 

Emission spectrographic analyses (parts per million) 

0.27 
27. 

610. 
1.2 

8.7 
3.5 

41. 
14. 
29. 
60. 
1.3 
7.3 

12. 
44. 

1.7 
140. 

3.8 
5.8 
1.5 

19. 
27. 

0.16 
43. 

1100. 
1.2 

47. 

1.6 
6.1 

18. 
17. 
87. 

3.5 
32. 

1.5 
190. 

7.3 
9.7 
1.9 

22. 
16. 

35.0 
830. 

1.1 

1.8 
7. 

18. 
39. 

100. 

1.9 
29. 

190. 
6.5 

14. 
2.4 

20. 
39. 

0.16 

460. 

13. 
11. 
13. 
13. 
70. 

7.5 
2.9 

120. 

1.7 
120. 

9.3 
2.7 

.62 

10. 
26. 

0.1 

650. 
1.5 

60. 

1. 

14. 
31. 

8.7 
2.1 

18. 

1.8 
180. 
12. 
12. 
2.7 

95. 
39. 

6 

76.6 
13. 

.16 

.22 

.2 

. 72 
2.6 
5.2 

.5 

.4 

.09 

.03 

.02 

.04 

.01 

• 03 
.0033 

99.99 
.02 

99.97 

0.17 
35. 

730. 
1.3 
N.d. 

N.d. 
4.2 

16. 
15. 
26. 
79. 

N.d. 
7.8 
4.5 

49. 

1.7 
160. 

7.8 
8.8 
1.8 

33. 
29. 

7 

72.82 
13.27 
1.48 
1.11 

.39 

1.14 
3.55 
4.3 
1.1 

.31 

.28 

.07 

.06 

.08 
N.d • 

N.d . 
N.d . 

99.96 
N.d. 

99.96 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
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TABLE 9.-Analytical data on late Eocene or early Oligocene rhyolite of the Buckingham Camp-Copper Basin area, Lander County, 
Nevada-Continued 

Analysis 1 2 3 4 5 6 7 
Field No. 80BK1 80BK2 80BK2a 80BK4 80BK4a 

C.I.P.W. norms (weight percent) 

q 42.00 40.18 40.06 37.74 40.39 40.12 33.01 
c 2.27 1.48 1.86 1.93 2.59 1.97 1.06 
or 29.47 29.63 30.13 32.93 33.9 30.86 25.5 
ab 22.27 23.07 22.89 22.93 19.48 22.08 30.15 
an 2.66 3.94 3.61 2.76 2.27 3.08 4.71 

h1 .01 .01 .10 .01 
en .5 .25 .5 .25 .5 .98 
fs .25 .35 .29 .47 
mt .1 .18 .04 .19 .13 .41 2.15 
hm .43 .04 

il .15 .17 .15 .17 .17 .17 .53 
ap .07 .05 .10 .07 .07 .07 .17 
fr .02 .04 .03 .02 .02 .02 
pr .13 .02 .06 .02 .06 
cc .09 .09 .07 .14 .07 .09 .18 

Total 99.24 99.61 99.61 99.33 99.65 99.48 98.91 
Sa lie 98.67 98.30 98.55 9.7.81 98.63 98.11 94.43 
Fernie 0.57 1.31 1.06 1.52 1.02 1.37 4.48 

Diffentiation 
Index 93.74 92.88 93.08 93.6 93.77 93.06 88.66 

1. Porphyritic rhyolite; altered somewhat to intermediate argillic assemblage. 
2. Porphyritic rhyolite; very sparse alteration of feldspar to white mica. 
3. Do. 
4. Porphyritic rhyolite; micrographic. 
5. Do. 
6. Average of analyses Nos. 1-5, using only the fixed concentrations. 
7. "Average" rhyolite from LeMaitre (1976). 

than, their respective values in average rhyolite. 
However, total alkalis in analyzed samples of rhyo
lite from the Buckingham area are about the same 
as the average rhyolite. In addition, these samples 
of analyzed rhyolite are peraluminous (fig. 26) and 
corundum normative (table 9); both relations prob
ably reflect a relatively depleted CaO content in 
these rocks. The major-element chemical data for 
this small number of analyzed samples of rhyolite 
yield relatively tight clusters of data points near 
the Alk corner and A corner of the AlkFM and ACF 
ternary diagrams, respectively (figs. 27A, 27B), and 
near the midpoint of the AK sideline in the AKF 
diagram (fig. 27C). Normative proportions of Q, Or, 
and Ab in the analyzed samples of rhyolite cluster 
near the locus of ternary minimum temperatures 
that have been projected onto the anhydrous base 
of the Ab-Or-Q-H20 tetrahedron for P H20=Ptota1=500 

kg/cm2 (fig. 27D). This cluster of data points in 
such a ternary plot is close to the ternary mini
mum at 5 weight percent An for P H20=Ptota1=1 kbar. 
However, the rhyolite contains only about 2.3 to 
3.9 weight percent normative An (table 9). 

The minor-element contents of analyzed samples 
of rhyolite from the general area of the Little 
Giant Mine differ considerably from what typically 
are considered to be geochemical signatures favor
able for occurrence of Climax-type or granite mo
lybdenite stockwork systems. The average fluorine 
content in these rocks from the Little Giant area is 
100 ppm, as opposed to fluorine contents greater 
than 1,000 ppm in a favorable geochemical signa
ture for such systems (Ludington, 1981). The fol
lowing other minor elements also differ from 
concentrations considered to be favorable for 
Climax-type stockwork molybdenite systems: 
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Ba ............. . 
Sr .............. . 
Sn ............. . 
La ............. . 
Y ............... . 

Rhyolite, Little Giant 
area (ppm) 

730.0 
160. 
<4.6 
79. 
8.8 

Favorable for 
Climax-type molybdenite 

systems (ppm) 

:::;300.0 
::;50. 
>5. 

::;50. 
~50. 

Note, however, that four of the five samples ana
lyzed contain detectable silver, in the range 0.1-0.27 
ppm (table 9). These silver contents are about 10 
times greater than the generally accepted value for 
the abundance of silver in crustal igneous rocks, and 
about two to three times the silver abundance in un
divided crust (Jones, 1969). As such, the low-level 
anomaly of silver in these essentially unaltered sam
ples of rhyolite probably indicates genetic association 
here in the Buckingham area between rhyolite and 
silver mineralization, as exemplified by that ex
ploited previously at the Little Giant Mine. In addi
tion, silver ore from the Little Giant Mine is 
associated strongly with high concentrations of arse
nic, lead, zinc, and tin. Arsenic, as scorodite derived 
secondarily from primary arsenopyrite, is especially 
widespread in rocks surrounding the Little Giant 
Mine. However, the relatively high detection levels 
for arsenic in samples of rhyolite analyzed (table 8) 
precluded our determination of a local background 
for arsenic in these rocks. 

MISCELlANEOUS INTRUSIVE ROCKS 

Miscellaneous intrusive rocks of late Eocene or 
early Oligocene age in the Buckingham area in
clude (1) small outcrops of porphyritic rhyodacite 
in the northwestern part of the area (unit Trd, pl. 
1); (2) small, irregular masses and narrow dikes of 
diabase mostly in a north-south-trending cluster 
just to the north of the workings at the Copper 
Basin part of the area and west of the Surprise 
Mine (unit Tdb); and (3) variably altered, porphy
ritic biotite monzogranite that does not crop out in 
the area but is present locally at depth as indi
cated by a drill hole collared near the Little Giant 
Mine. Although bodies of porphyritic rhyodacite are 
altered intensely (they include phenocrysts of 
clouded oligoclase, heavily chloritized and carbon
ate-altered hornblende, and chloritized biotite), 
most of the nearby surrounding rocks of the Har
mony Formation are not affected visibly in outcrop 
to any significant degree by dispersed secondary 
alteration. In addition, the porphyritic rhyodacite 

shows, under the microscope, relatively abundant 
grains of secondary sphene and secondary apatite 
both concentrated at the sites of replaced primary 
hornblende. The small bodies of very fine grained 
diabase that cluster north of the Copper Basin 
open pit also show some effects of secondary alter
ation. These rocks typically include well-developed 
ophitic textures that are cut by microveins of 
garnet and show excellent fabrics suggestive of 
endoskarn. Thus, at least some of the diabase here, 
which apparently intrudes only the rocks of the 
Harmony Formation (Kirk Schmidt, oral commun., 
1985), had been emplaced before the circulation of 
skarn-forming fluids. Well-exposed contacts be
tween skarn and diabase north of the Copper 
Basin Mine show that skarn is brecciated and 
recrystallized immediately adjacent to diabase, 
whereas a short distance from the contact, skarn is 
very delicately laminated and apparently undis
turbed. Moreover, some diabase includes fragments 
of apparently early-crystallized diabase. In addi
tion, two small bodies of diabase crop out south of 
the Copper Basin Mine, near the southeast corner 
of the area (pl. 1). One of these diabases also 
shows a strongly developed calc-silicate type of 
subsolidus alteration of its primary igneous fabric. 
However, the predominant calc-silicate mineral 
here is actinolite. In as much as this alteration 
may be associated with the Late Cretaceous Buck
ingham molybdenum system, the possibility re
mains that some of the small masses of diabase 
assigned to the Tertiary south of the Copper Basin 
Mine may, in fact, be Ordovician and (or) Devonian 
in age. There are two other small outcrops of ap
parently Tertiary diabase mapped in the area. One 
outcrop, about 150 m west of the West stock of the 
Late Cretaceous Buckingham molybdenum system, 
is well within the outer limit of intensely devel
oped quartz stockworks related to the molybdenum 
system. This diabase, as well as the diabase that 
cuts the late Eocene or early Oligocene rhyolite, is 
postmineral relative to the molybdenum mineral
ization, which is post-Late Cretaceous. Because 
variably altered porphyritic biotite monzogranite 
was penetrated at depth in an area of potential 
precious-metal mineralization, this rock type was 
studied in somewhat greater detail than the. other 
miscellaneous intrusive rocks of the area. 

Variably altered, porphyritic biotite monzogran
ite is present generally at depths greater than 
about 60 m along a significant length of a deep 
drill hole into the hanging wall of the Little Giant 
fault (sample site 15, fig. 18). These medium
grained rocks probably are a less highly evolved 
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phase of the late Eocene or early Oligocene rhyolite 
(see subsection below entitled "Economic Geology"). 
An age determination on a mineral separate of 
mostly primary biotite from this unexposed body 
yielded an age of 38.8 Ma. This particular mineral 
separate was composited from five approximately 
15-cm-long intervals of drill core collected well 
below the oxide zone in this general area. Micro
scopic examination of five thin sections from the 
variably altered, porphyritic biotite monzogranite 
revealed that the rock has undergone widespread 
alteration to potassic-alteration assemblages, fol
lowed, in turn, by late-stage propylitic assembla
ges . Phenocrysts of primary biotite (red brown, 
optic Z-axis) are preserved generally, but some are 
altered to clusters of stubby fine-grained crystals of 
secondary biotite, in places obviously compatible 
with pyrite and some secondary sphene. Additional 
textural evidence in the rocks of a widespread po
tassic alteration is provided by quartz-K-feldspar
rutile veins that here and there cut quartz 
phenocrysts, and by quartz-K-feldspar-pyrite veins 
that cut oscillatory-zoned phenocrysts of oligoclase. 
In places, some of the latter veins contain some 
very late stage carbonate along thin medial parts. 
The apparently late stage propylitic-alteration 
event in the rocks is indicated by partial replace
ment of potassic-alteration assemblages by chlorite, 
carbonate, and actinolite in various proportions, in
cluding additional amounts of pyrite and secondary 
sphene. On the whole, final subsolidus alteration of 
rocks here has been a plagioclase-destructive type 
alteration wherein plagioclase has been altered 
heavily to white mica, with or without carbonate 
and pyrite-the latter mineral typically filling 
microcracks in many phenocrysts of plagioclase. 

One representative rock sample from this body 
of variably altered, biotite monzogranite has been 
analyzed chemically (table 10). This particular 
sample, from a depth of about 61 m below ground 
surface, was selected for chemical analysis primari
ly because it overall is the least altered of the sam
ples. However, the high ~O!Nap ratio (approx 
1.9) in the sample analyzed must indicate that 
late-stage, magmatic potassic alteration has af
fected the unit. Chemical data from the sample 
yield a plot in metaluminus field (fig. 26), and vari
ous ternary plots of the chemical data from this 
sample (fig. 27) exhibit a tendency to cluster more 
closely with similar data from the late Eocene or 
early Oligocene biotite-hornblende monzogranite of 
Bluff area and porphyritic leucotonalite than with 
data from the late Eocene or early Oligocene 
rhyolite. 

TABLE 10.-Analytical data on altered porphyritic biotite monzo· 
granite from a drill hole collared near Little Giant Mine 

[Chemical analyses in weight percent by X-ray spectroscopy supplemented by classi
cal methods ; analysts , A.J. Bartel, K. Stewart, J. Taggart , R. Moore , P. 
Aruscavage, and D. Kay. Optical-spectroscopic analyses in parts per million by 
inductively coupled plasma methods of Scott and Kokot (1975) and F .E. Lichte 
(unpub. data, 1983); analyst, M. Malcolm. Cross, Iddings, Pirsson, and Washing
ton (CIPW) norms in weight percent. Looked for, but not found, at parts-per
million detection levels in parentheses: Ag (2), As (10), Au (8 ), Bi (10), Cd (2), Eu 
(2), Ho (4), Mo (2), Nb (4), Sn (20), Ta (40), U (100). Au determined by at omic
absorption methods, F determined by specific-ion-electrode methods, and W deter
mined calorimetrically; analysts, R. Moore, P. Aruscavage, and D. Kay. -, not 
detected] 

Analysis 
Field No. 

Chemical analyses 
Si02 
A1 203 
Fe 2o3 
FeO 
MgO 

CaO 
Na 2o 
K20 
H20+ 
H2o-

Ti02 
Pzo5 
MnO 
C02 
F 

S(total) 
Subtotal 

Less O=F,S 
Total 

1 
B27-200 

(weight 
70.3 
13.6 

.83 
1.2 
1.04 

2.97 
2.6 
4.93 

.18 

.45 

.29 

.11 

.06 

.81 

.05 

.31 
99.73 

.15 
99.58 

percent) 

Optical spectroscopic analyses (parts per million) 

Ba 830.0 
Be 1. 
Ce 26. 
Co 5. 
Cr 17. 

Cu 25. 
Ga 16. 
La 13. 
Li 18. 
Nd 15. 

Ni 2. 
Pb 46. 
Sc 4. 
Sr 360. 
Th 6. 

v 40. 
y 11. 
Yb 1. 
Zn 38. 
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TABLE !D.-Analytical data on altered porphyritic biotite monzo
granite from a drill hole collared near Little Giant Mine
Continued 

Analysis 1 
Field No. B27-200 

Chemical analyses (parts per million) 

Au 
w 

Q 
c 
or 
ab 
an 

en 
fs 
mt 
hm 
i1 

ap 
fr 
pr 
cc 

< 0.05 
< 3. 

C.I.P.W. norms (weight percent) 

Total 
Sa lie 
Fernie 

31.04 
.84 

29.34 
22.16 
8.66 

2.61 
.52 

1.21 

.56 

.26 

.08 

.58 
1.86 

99.72 
92.04 

7.68 

Differentiation Index 82.54 

1. Variably potassic- and propylitic-altered 
porphyritic biotite monzogranite from depth of about 
61 m near Little Giant Mine (see text). 

EARLY OUGOCENE 

GRANODIORITE PORPHYRY 

Irregular masses and dikes of early Oligocene 
granodiorite porphyry crop out discontinuously along 
a broad, north-south-trending belt, approximately 
1.5 km wide, that extends from the south edge of the 
map area, through the vicinity of the East stock of 
the Buckingham stockwork molybdenite system, and 
finally to a cluster of bodies near the north-central 
edge of the map area (unit Tgp, pl. 1). Many out
crops of granodiorite porphyry form bold, resistant 
exposures (fig. 4lA) that disintegrate to a granular 
soil cover. The characteristic aphanitic matrix of 
these rocks is grayish green, except where the rocks 
are altered intensely to argillic assemblages, and the 
grayish-green color represents either the presence of 
widely scattered, primary hornblende or the occur
rence of secondary propylitic alteration. Large 
phenocrysts of pink to creamy-white K-feldspar are 

also common in these rocks (fig. 41B). Smoky-gray 
quartz bipyramids, slightly bluish gray in some of 
the most argillically altered outcrops, are ubiquitous 
in the unit, and they typically make up several vol
ume percent of it. In addition, granodiorite porphyry 
(termed "quartz latite porphyry" by Blake and oth
ers, 1979, and in the subsection below entitled "Eco
nomic Geology'') has been found extensively in many 
drill holes in the Buckingham stockwork system, in 
particular those drill holes collared near the East 
stock. As such, granodiorite porphyry in the 
Buckingham system makes up a swarm of west-dip
ping dikes. Granodiorite porphyry intrudes the rocks 
of the Upper Cambrian Harmony Formation, as well 
as all igneous rocks that belong to the Late Creta
ceous Buckingham stockwork system. Moreover, the 
extensive quartz stockworks of the Buckingham sys-

FIGURE 41.-Early Oligocene granodiorite porphyry from 
Buckingham area. A, Bold outcrop of granodiorite porphyry 
near southeast corner of area. Jeep on right side for scale. B, 
Large K-feldspar megacrysts in granodiorite porphyry. Such 
megacrysts are typically common in central parts of some 
wider bodies of granodiorite porphyry. Pocket knife in lower 
left corner for scale. 
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tern, together with some conspicuous low-angle 
faults there, also are cut by granodiorite porphyry. 
Field relations indicate further that the granodiorite 
porphyry is younger than many other Tertiary igne
ous rocks in the area: the granodiorite porphyry in
trudes the biotite-hornblende monzogranite of Bluff 
area, the breccia pipe of Bluff area, and the por
phyritic leucogranite unit. A mineral separate of 
primary hornblende from a sample of exception
ally fresh granodiorite porphyry collected north
northwest of the Surprise Mine (fig. 18) yielded an 
age of 35.4±1.1 Ma using the K-Ar method (see 
subsection above entitled "Potassium-Argon and 
40Arf39Ar Geochronology of Selected Plutons in the 
Buckingham Area"). 

PETROGRAPHY 

Granodiorite porphyry in the area shows both a 
wide variation in its primary mineralogy and a 
broad variability in the types and intensity of sec
ondary alteration. The variation in primary miner
alogy, which is not distinguished on the map, is 
indicated in the relative proportion of its mafic 
phenocrysts and in the relative proportion of K
feldspar to plagioclase in the groundmass . Some 
granodiorite porphyry has only hornblende as its 
mafic phenocryst, some only biotite, whereas the 
most common variety has both, with hornblende 
generally predominant. Most of the hornblende
bearing phases of the granodiorite porphyry show a 
strongly developed seriate texture wherein the size 
of phenocrystic hornblende extends down to that of 
the groundmass, typically 0.02 to 0.04 mm. The 
second major variation in primary mineralogy in
volves the composition of the matrix. Apparently, 
most granodiorite porphyry near the southern part 
of the area has a very plagioclase rich groundmass, 
whereas most granodiorite porphyry elsewhere has 
K-feldspar as the principal prealteration feldspar 
in the groundmass. The predominant types of sec
ondary alteration to affect granodiorite porphyry in 
the area are propylitic and argillic; skarn alter
ation is associated with granodiorite porphyry in 
some areas where the country rock has abundant 
carbonate stata. Most granodiorite porphyry at 
depth in the general area of the East stock of the 
Buckingham stockwork system shows moderate to 
intense development of propylitic-alteration assem
blages. These assemblages consist of chlorite, car
bonate minerals, and minor white mica, with or 
without rutile, sphene, epidote-group minerals, ac
tinolite, and iron sulfides-all as partial to com
plete replacements of primary hornblende and (or) 

biotite. Pyrrhotite is much more common than py
rite, and both are dispersed ubiquitously through 
granodiorite porphyry in variable proportions and 
at overall concentrations of as much as a few vol
ume percent. Pyrrhotite and pyrite apparently both 
are present in stable association with various site
specific propylitic assemblages. Some sparse con
centrations of sphalerite and galena also have been 
reported in some of the dikes and sills penetrated 
at depth near the East stock (Blake and others, 
1979). In addition, plagioclase phenocrysts in these 
rocks generally are converted partially to clay(s) 
and (or) white mica along their margins. Granodio
rite porphyry affected most intensely by argillic as
semblages is that in the general area of the Copper 
Queen Mine, some that crops out near Long Can
yon, and some that is near the easternmost parts 
of the area disturbed by mining operations at the 
Copper Basin Mine. Some exposures of argillically 
altered granodiorite porphyry are pitted to a 
frothy-appearing surface because of the weathering 
out of the clay-altered plagioclase. At the Copper 
Queen Mine, much of the granodiorite porphyry is 
present in a zone of rocks that were fractured 
highly during development of the Late Cretaceous 
Buckingham molybdenum system. This zone of 
highly fractured rocks is quite diffuse but seem
ingly follows, as a fringe, the outermost limit of 
intensely developed quartz stockworks in the mo
lybdenum system (pl. 1). In addition, the grano
diorite porphyry itself, in this general area, is 
shattered by post-granodiorite porphyry fractures 
and faults (fig. 42). In places here, granodiorite 
porphyry is cut by planar, largely iron oxide-filled 
seams and hairline fractures, and some sparse 
veins of quartz. The iron oxides replace pyrite and 
(or) pyrrhotite. However, throughout the granodio
rite porphyry, both at the surfase and at depth 
near the East stock, veins of quartz are very rare. 
Thus, the locally strong, argillic alteration of this 
unit must be partly a result of its emplacement 
into a zone of highly permeable, previously shat
tered rocks that already contained high concentra
tions of pyrite associated with the Buckingham 
molybdenum system. Further circulation of super
gene fluids, possibly in the Tertiary, was enhanced 
by fractures and faults that are post-granodiorite 
porphyry in age. 

CHEMISTRY 

Chemical data on six representative samples of 
granodiorite porphyry from the Buckingham area 
are from drill core obtained between 101 and 281 m 
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below ground surface near the East stock, and all 
the samples are altered propylitically (table 11). 
Some are altered intensely. C0

2 
contents range from 

about 1 to more than 3 weight percent, a result of 
secondary carbonate associated with propylitic as
semblages in the rocks. As such, normative calcula
tions from these analyses result in spurious values 
of normative corundum directly proportional to the 
amount of secondary carbonate (table 11). Thus, a 
rigorous comparison of the chemistry of the pre
sumed prealteration state of these rocks with other 
igneous rocks in the area would be troublesome and 
would be fraught with inherent ambiguities. None
theless, most of these analyses, including both major 
and minor elements, show a minimal scatter of their 

FIGURE 42.-Early Oligocene granodiorite porphyry (Tgp) and the 
Upper Cambrian Harmony Formation (£h) at Copper Queen 
Mine in Buckingham area. Faults dashed where approximate. 
A, View southwestward across open cut at Copper Queen 
Mine, showing intense bleaching of granodiorite porphyry re
sulting from argillic alteration. Field of view, 70 m. B, Closeup 
of minor normal fault exposed in open cut of mine. Fault has 

values suggesting thereby that the analyses are at 
least generally representative of these rocks. Be
cause of a close correspondence between the appar
ent age of emplacement of the granodiorite porphyry 
in the Buckingham area (35.4±1.1 Ma) and the re
gionally extensive Oligocene Caetano Tuff (approx 34 
Ma), some of which crops out prominently at El
ephant Head just 0.3 km to the east, a few general 
comparisons between the two units are in order. 
Furthermore, granodiorite porphyry near the east 
edge of the area (pl. 1) was emplaced to a level at 
most only 400 m below the projected erosional sur
face onto which the Caetano Tuff at Elephant Head 
was extruded. Large-scale geologic mapping at El
ephant Head indicates that altered granodiorite por
phyry apparently correlative with granodiorite 
porphyry in the Buckingham area, is unconformably 
overlain by unmineralized and unaltered Caetano 
Tuff (G.M. Jones, written commun., 1988). 

In comparison with analyses of outflow facies of 
the Caetano Tuff in the district (Roberts, 1964; 
Stewart and McKee, 1977), these analyses (table 11) 
of granodiorite porphyry from the East stock of the 
Buckingham system are much lower in Si0

2 
content 

(66.8 compared with 70.7 weight percent), lower in 
Na

2
0 content (2.6 compared with 3.2 weight per

cent), lower in ~0 content (3.7 compared with 4.5 
weight percent), higher in CaO content (3.8 com
pared with 2.0 weight percent), and higher in MgO 
content (2.0 compared with 0.5 weight percent). 
Thus, there apparently are significant differences in 

an approximately 3-m separation of upper contact of granodio
rite porphyry. Hammer in lower center for scale. C, View near 
south end of open cut, showing argillically altered granodiorite 
porphyry cut by planar, largely iron oxide-filled seams (S) and 
hairline fractures (at head of arrow) that include some sparse 
veins of quartz. Pocket knife on right for scale. 
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TABLE 11.-Analytical data on early Oligocene granodiorite por
phyry near the East stock of the Buckingham stockwork molyb
denum system 

[Chemical analyses in weight percent by single-solution method of Shapiro (1975); 
analysts, K. Coates and H. Smith. Emission-spectrographic analyses in parts per 
million by J.L. Harris. Cross, Iddings, Pirsson, and Washington (CIPW) norms in 
weight percent. Relative standard deviation of any single reported concentration 
should be taken as plus 50 percent and minus 33 percent. Looked for, but not 
found, at parts-per-million detection levels in parentheses: As (150), Au (10), Cd 
(32), Dy (22), Er {10), Gd (15), Ge (1.5), Hf (15), Ho (6.8), In (6.8), Ir (15), Lu (22), 
Nd (46), Os (22), Pd (1.5), Pr (68), Pt (6.8), Re (10), Rh (2.2), Ru (3.2), Sb (46), Sm 
(22), Ta (460), Tb (32), Th (4.6), W (10). Au, Hg, and Zn determined by atomic
absorption spectroscopy; analysts, J. Budinsky and R. Moore. F determined by 
specific-ion-electrode methods; analysts, J. Budinsky and R. Moore. Cl determined 
spectrophotometrically; analysts, J. Budinsky and R. Moore. Th and U determined 
by instrumental delayed-neutron counting, using methods of Millard and Keaten 
(1982); analysts, H.T. Millard, Jr., F.M. Luman, and B.A. Keaten. Nb and Rb de
termined by X-ray spectroscopy; analysts, R. Johnson, H.J. Rose, B. McCall, G. 
Sellers, and J. Lindsay. -, not detected. cc, calcite; chl, chlorite; pg, plagioclase; 
po, pyrrhotite; py, pyrite; rut, rutile; sph, sphene; wm, white mica. -, not 
detected] 

Analysis 

Field No. 1453-923 1463-898 1463-396 1475-330 1468-811 1468-595 

Chemical analyses (weight percent) 

67 .o 
14.2 

• 47 
1.9 
1.9 

3.1 
2.5 
4.2 
1.2 

.41 

Ti02 .29 
P2o5 .09 
MnO .06 
C02 2.1 
F .035 

Cl .025 
S (total) .36 

Subtotal 99.84 
S (sulfide) .31 

Less 0 = F, Cl, .18 
Total 99.66 

66.0 
13.6 

.81 
1.3 
2. 

4. 
1.5 
4.2 
1.8 

.44 

.25 

.08 

.07 
3.3 

.045 

.023 
• 44 

99.86 
.39 
.30 

99.56 

66.6 
14.9 

• 43 
2.1 
1.8 

3.2 
2.8 
3.3 
1.8 

.48 

.33 

.09 

.06 
2. 

.035 

.026 

.27 
100.22 

.22 

.14 
100.08 

67.9 
14.1 

• 43 
1.8 
2. 

2.8 
3.1 
3.5 
1.1 

.55 

. 27 

.08 

.08 
1.3 

.031 

. 026 

.01 
99.08 

.02 
99.06 

68.0 
14.3 

.88 
1.2 
1.7 

3.1 
2. 7 
3. 7 
1.6 

.44 

65.8 
14.8 
1.2 
1.9 
2.8 

4. 
2.8 
3.3 
1.2 

• 38 

• 24 .37 
.07 .09 
.07 .09 

2.1 .98 
.03 .035 

.017 .018 

.38 .42 
100.53 100.18 

• 33 . 34 
.18 .20 

100.35 99.98 

Emission spectrographic analyses (parts per million) 

Ag 
B 
Ba 
Be 
Bi 

Ce 
Co 
Cr 
Cu 
Ga 

La 
Li 
Mo 
Nb 
Ni 

Pb 
Sc 
Sn 
Sr 
v 

y 
Yb 
Zr 

0.24 
7.1 

1000. 
2.1 

46. 
5. 7 

98. 
33. 
21. 

21. 

2.4 
20. 

180. 
7.5 
2. 7 

680. 
so. 

11. 
1.9 

51. 

0.54 
21. 8.2 

790. 1400. 
2.2 2.8 

44. 
5.3 

83. 
31. 
21. 

21. 

25. 
4.4 

18. 

170. 
7.1 
3. 

430. 
49. 

11. 
2.1 

64. 

6.2 
93. 
2.5 

29. 

26. 

5.6 
18. 

54. 
12. 
3.2 

770. 
58. 

15. 
2. 

78. 

2.4 
7.8 

1400. 
3. 7 

15. 

8.2 
140. 

1.7 
29. 

34. 
89. 

5.1 
26. 

56. 
11. 
14. 

630. 
60. 

13. 
2.1 

76. 

26.0 
900. 

2.1 

54. 
5.3 

95. 
2. 7 

22. 

27. 

3.1 
5.1 

18. 

49. 
7.2 

510. 
47. 

ll. 
2.3 

39. 

1300.0 
1.9 

12. 
240. 

9. 7 
29. 

15. 
95. 

7.3 
39. 

62. 
10. 

4.5 
660. 

75. 

8.2 
1.9 

69. 

the major-element compositions of these two units. 
However, granodiorite porphyry is altered, whereas 
the Caetano Tuff is not. Although the Caetano Tuff 

TABLE 11.-Analytical data on early Oligocene granodiorite por
phyry near the East stock of the Buckingham stockwork molyb
denum system-Continued 

Analysis 

Field No. 1453-923 1463-898 1463-396 1475-330 1468-811 1468-595 

Chemical analyses (parts per million) 

<0.05 
.01 

9. 

<0.05 

9. 

<0.05 <0.05 

9. 

<0.05 <0.05 

9. 8. 

Au 
Hg 
Nb 
Rb 
Th 
u 
Zn 

148. 172. 133. 
6. 

129. 
8.05 
6.1 

47. 

141. 133. 
8.1 
5.06 

150. 

7. 72 
5.92 

160. 

7.02 
4.33 

60. 

C. I. P. W. norms (weight percent) 

Q 

or 
ab 

fs 
mt 
il 
ap 

32.4 
5.1 

25. 
21.1 
1.3 

4.8 
2. 

.69 
• 55 
.21 

fr .06 
hl .04 
pr .68 

4.8 
mg 
Total -gs.-73 
Salic 84.9 
Fernie 13.83 

Differentiation 
Index 78.5 

38.7 
6. 7 

25. 
12.6 

4.5 
.53 

1.2 
.48 
.19 

.08 

.04 

.83 
7. 

.55 
"98.'4 
83. 
15.3 

76.3 

33.0 
5.9 

19.6 
23.6 
2.5 

4.5 
2.5 

.63 

.63 

.21 

.06 

.04 

.51 
4.6 

98.28 
84.6 
13.68 

76.2 

30.7 
3.5 

21. 
26.4 
5.1 

5.1 
2. 7 

.63 

.52 

.19 

.OS 

.04 

.02 
3. 

98.95 
86.7 
12.25 

78.1 

8.43 
6.05 

51. 

34.8 
5.3 

21.8 
22.7 
1.5 

4.2 
. 43 

1.3 
.46 
.17 

.05 

.03 

.71 
4.8 

98.25 
86.1 
12.15 

79.3 

8. 73 
6.9 

58. 

26.8 
1.9 

19.5 
23.6 
12.9 

7. 
1.2 
1.7 

• 7 
.21 

.06 

.03 
• 79 

2.2 

98.59 
84.7 
13.89 

69.9 

1. Depth 281 m. Propylitically altered. Abundant potassium feldspar in 
groundmass; timely dispersed pyrrhotite and pyrite in the ratio 2:1 
(po:py) associated with chl, cc, and wm • 

2. Depth 274 m. Intense propylitic alteration. Pg replaced completely. 
Groundmass kfs apparently stable. Approximately 1 volume percent po in 
groundmass. 

3. Depth 121 m. Propylitic alteration. Primary mafics replaced 
completely by chl, sph, and epidote group mineral ( s) . 

4. Depth 101 m. Intense propylitic alteration. Mafics replaced 
completely by chl, sph, and epidote group mineral(s). 

s. Depth 247 m. Intense propylitic alteration. Mafics altere~ to chl,. 
cc, wm, ±rut, and pg, altered to clay(s), wm, and cc. Rat1o py:po 1s 
greater than 1; sulfides compatible apparently with secondary minerals • 

6. Depth 181 m. Variably intense propylitic alteration. Most pg grains 
clouded slightly; others replaced in part by cc. Primary biotite 
alteration along margins to chl. Po: py ratio is slightly greater than 

was termed a "quartz latite" in many early studies 
in the region, the Caetano Tuff is a low-silica or calc
alkaline rhyolite (Stewart and McKee, 1977; Rytuba, 
1985). 

Analyses of granodiorite porphyry emplaced in a 
predominantly carbonate rich country rock show 
some major-element and, possibly, some minor
element contents markedly different from those in 
granodiorite porphyry emplaced in a siliceous coun
try rock (compare tables 11, 12). Granodiorite por
phyry emplaced in the carbonate-rich middle 
member of the Battle Formation and the Antler 
Peak Limestone apparently is depleted in Si02, 

but it has an increased CaO content compared 
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TABLE 12.-Analytical data on early Oligocene granodiorite por
phyry emplaced in the middle member of the Middle Pennsyl
vanian Battle Formation and the Upper Pennsylvanian and 
Lower Permian Antler Peak Limestone 

[Chemical analyses in weight percent by single-solution method of Shapiro (1975); 
analysts, N. Elsheimer and T. Frost. Optical-spectroscopic analyses in parts per 
million; analyst, P.H. Briggs. Cross, Iddings, Pirsson, and Washington (CIPW) 
norms in weight percent. Looked for, but not found, at parts-per-million detection 
levels in parentheses: Au (8), Bi (10), Eu (2), Ho (4), Mo (2), Sn (20), Ta (40), U 
(100). Ag, Sb, As, and Tl determined by atomic-absorption spectroscopy; analysts, 
M. Doughten, K. Kennedy, and J.G. Crock. F determined by specific-ion-electrode 
methods; analysts, N. Elsheimer and T. Frost. Cl determined spectrophotometri
cally; analysts, N. Elsheimer and T. Frost. -, not detected] 

Analysis 1 2 
Field No. 85TT125 85TT126 

Chemical analyses (weight percent) 

Cl 
S(total) 

Subtotal 
S( sulfide) 
Less 0= F, Cl , S 

Total 

63.5 
15.4 
1.21 
1.47 
2.9 

5.31 
2.7 
4.1 

.9 

.64 

.52 

.18 

.08 

.59 

.06 

.015 
<.01 

98.58 

.03 
98.55 

64.0 
15.3 

.86 
1.6 
2.6 

5.11 
2.6 
4.27 

.99 

.68 

.47 

.16 

.06 

.59 

.06 

0.15 
<.01 

98.50 

.03 
98.47 

Optical spectroscopic analyses (parts per million) 

As 
Ba 
Be 
Cd 
Ce 

Co 
Cr 
Cu 
Ga 
La 

Li 
Nd 
Ni 
Pb 
Sc 

Sr 
Th 
v 
y 

Yb 

Zn 

10. 
1200. 

.2 
130. 

33. 

13. 
110. 

5. 
16. 
15. 

17. 
19. 
23. 
18. 
12. 

560. 
7. 

82. 
14. 
2. 

2900. 

10. 
1300. 

.2 
110. 

47. 

12. 
110. 

3. 
16. 
22. 

17. 
24. 
22. 
18. 
12. 

560. 
6. 

81. 
14. 

2. 

2200. 

TABLE 12.-Analytical data on early Oligocene granodiorite por
phyry emplaced in the middle member of the Middle Pennsyl
vanian Battle Formation and the Upper Pennsylvanian and 
Lower Permian Antler Peak Limestone-Continued 

Analysis 1 2 
Field No. 85TT125 85TT126 

Chemical analyses (parts per million) 

Ag 
As 
Sb 
Tl 

<3. 
18. 

4.4 
1.1 

<3. 
33. 
6.7 
1.1 

C.I.P.W. norms (weight percent) 

Q 19.2 20.1 
c 
or 24.5 25.6 
ab 23. 22.2 
an 18. 17.8 

wo 1.4 1.2 
en 7.3 6.6 
fs 1. 1.6 
mt 1.8 1.3 
i1 1. .9 

ap .43 .38 
fr .09 .1 
hl .03 .03 
cc 1.4 1.4 
Total 99.15 99.21 

Sa lie 84.7 85.7 
Fernie 14.45 13.51 

Differentiation 
67.9 Index 66.7 

1, 2. Fresh hornblende granoiorite porphyry showing 
only minor amounts of chlorite, calcite, and epidote. 
Collected about 250 m west-northwest of Surprise Mine. 

with granodiorite porphyry emplaced in arkose, 
feldspathic sandstone, and shale of the Harmony 
Formation. In addition, granodiorite porphyry em
placed in the Battle Formation and Antler Peak 
Limestone shows a high abundance of zinc. How
ever, indentification of the zinc-bearing phases in 
these rocks proved somewhat problematical. The 
two analyzed samples of granodiorite porphyry are 
reported to contain 2,900 and 2,200 ppm zinc; the 
total sulfur content of each rock is less than 100 
ppm (table 12). In an attempt to identify the zinc
bearing mineral, two polished thin sections of a 
split from the rocks analyzed were studied in re
flected light and with the scanning electron micro
probe (SEM). No sphalerite was found in the 
polished sections. A 4- to 5-J.Lm-wide bleb of chal
copyrite also showed no detectable zinc during 100 
second counts. However, some iron-bearing chro
mite grains, about 40 J..lm wide, which are included 
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within hornblende, showed traces of zinc. Nonethe
less , the overall chromium content of these two 
analyzed samples is 100 ppm (table 12). Therefore, 
traces of zinc in chromite cannot be the primary 
mode of occurrences to account for most of the zinc 
in granodiorite porphyry. In addition, the samples 
from which the polished sections were prepared 
were stained chemically to test for zinc. Again, no 
zinc was detected. Therefore, zinc (possibly as a 
secondary zinc oxide, carbonate, or silicate) must 
have been concentrated along a fracture included 
within the split of rock chemically analyzed. Dur
ing the SEM study, the following minerals also 
were identified: zircon, magnetite, pyrite, apatite, 
allanite, sphene, barite, and an unknown nickel 
oxide or possibly nickel silicate. The mode of occur
rence of the barite is as 4- to 5-jlm-wide grains in 
plagioclase. 

Some granodiorite porphyry in the Buckingham 
area appears to be associated with variable 
amounts of base- and precious-metal mineraliza
tion. As described above, galena- and sphalerite
bearing veins locally cut granodiorite porphyry 
that contains disseminated pyrrhotite and pyrite in 
the general area of the East stock. But more im
portantly, many dikes of granodiorite porphyry 
that cut the Late Cretaceous East stock and Upper 
Cambrian Harmony Formation show low-level, in
creased abundances of silver and traces of gold in 
the Harmony Formation generally as much as 10 
m from granodiorite porphyry. Assays of channel
sampled drill core show local background silver 
concentrations in propylitically altered granodiorite 
porphyry of about 0.3 ppm; background gold con
centrations in granodiorite porphyry have not been 
established adequately. The increased silver con
tents in rocks of the Harmony Formation near 
granodiorite porphyry are generally 4 to 20 times 
local background, and these increased silver con
tents seem to be most pronounced at the lower con
tact of granodiorite porphyry, suggesting thereby 
the possible ponding of fluids by granodiorite por
phyry after its emplacement in the Oligocene. Such · 
increased silver contents do not correlate positively 
with any corresponding increases in the contents of 
molybdenum and, at much lower levels, copper in 
the Late Cretaceous Buckingham system. However, 
the spa.tial relation of precious-metal mineraliza
tion to associated dikes is very similar to that rec
ognized recently at the Horse Canyon, Cortez, and 
Gold Acres sediment-hosted gold deposits, all ap
proximately 50 km southeast (Rytuba, 1985). As 
reported by Rytuba (1985 ; J.J. Rytuba, unpub. 
data, 1989), gold mineralization at these deposits 
apparently is related to calc-alkaline rhyolite por
phyry dikes that are comagmatic with the Caetano 
Tuff, on the basis of their similar Rb/Sr, Nb/Zr, 

and Ba/Sr ratios. Ba/Sr and Nb/Zr ratios in 
propylitically altered granodiorite porphyry at 
Buckingham (tables 11, 12) are compared with 
those in the Caetano Tuff and calc-alkaline rhyo
lite porphyry dikes at the Horse Canyon, Cortez, 
and Gold Acres gold deposits (fig. 43). The failure 
of Ba/Zr and Nb/Zr enrichment trends for the 
granodiorite porphyry at Buckingham to coincide 
with such trends established by Rytuba (1985; J.J. 
Rytuba, unpub. data, 1987) for the Caetano Tuff 
and its comagmatic, calc-alkaline rhyolite dikes 
and sills suggests that granodiorite porphyry at 
Buckingham, and probably throughout the Battle 
Mountain Mining District, is not comagmatic with 
the Caetano Tuff (see Hildreth, 1981). Nonethe
less, ferric to ferrous ratios of granodiorite porphy
ry from the Buckingham area (tables 11, 12) range 
from 0.20 to 0.82, with a mean of 0.50. These data 
are thus compatible with anomalously reduced val
ues in plutons (ferric:ferrous ratio<0.85) shown by 
Keith and Swan (1987) to be regionally coextensive 
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FIGURE 43.-Comparison of selected metal ratios in Oligocene 
granodiorite porphyry at Buckingham with ratios in Oligo
cene Caetano Tuff and Oligocene dikes and sills at sediment
hosted gold deposits. A, Ba!Sr ratios in granodiorite porphyry 
(dots , tables 11, 12) and in the intracaldera Oligocene 
Caetano Tuff or Oligocene calc-alkaline rhyolite dikes and 
sills at Cortez sediment-hosted gold deposit (squares); B , 
Nb/Zr ratios in Oligocene granodiorite porphyry (dots, table 
11) and in the Caetano Tuff and Oligocene calc-alkaline rhyo
lite dikes and sills at Cortez, Horse Canyon, and Gold Acres 
sediment-hosted gold deposits (squares) . Modified from 
Rytuba (1985; J.J. Rytuba, unpub. data, 1989). 
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in Nevada with the Golconda terrane of Silberling 
and others (1984) and with the distribution of 
sediment-hosted Au and Au-Ag skarn deposits. 
Keith and Swan attribute these values of 
ferric:ferrous ratio to minor assimilation of reduced 
crust into the parent magmas of the plutons. 

AS SOCIA TED SKARN 

Garnet skarn and several other contact
metasomatic assemblages formed in rocks of the 
Antler Peak Limestone and in the Battle Formation 
probably in association with the emplacement of a 
number of north-south-trending dikes of Oligocene 
granodiorite porphyry north of the Surprise Mine 
(pl. 1). Although the map pattern of skarn compared 
with granodiorite porphyry suggests a marked 
asymmetry to development of the skarn here, very 
narrow zones of skarn also are present along the 
eastern contacts of the granodiorite porphyry dikes. 
Indeed, exposures along roads cut in this area since 
the area was first mapped indicate prograde 
contact-metasomatic effects in the middle member 
of the Battle Formation and in the Antler Peak 
Limestone that must be related to emplacement of 
granodiorite porphyry. Coarsely crystalline calcite 
in veins is present as a relatively broad front be
tween essentially unaltered shaly carbonate rocks 
and the calc-silicate skarn that is restricted nar
rowly to general areas of granodiorite porphyry 
(figs. 44A, 44B). In contrast to tightly interlocking, 
fine-grained crystals of reddish-brown garnet devel
oped during replacement of metasilicate rocks of the 
Harmony Formation, garnet skarn in the Antler 
Peak Limestone shows abundant, amber to greenish 
garnets set in relict carbonate minerals (fig. 45A). 
Many individual garnet crystals contain complex 
growth zones of both anisotropic and isotropic gar
net, probably indicative of periodic fluctuations of 
fluid chemistry at the time of growth. However, the 
overall paragenetic sequence of mineral assembla
ges in carbonate-hosted garnet skarn seems to be 
the same as that in silicate-hosted ones described 
above. In skarn hosted by the Antler Peak Lime
stone, fine-grained, prismatic crystals of diopside 
are sprinkled throughout the carbonate rocks, and 
their growth there apparently preceded somewhat 
the porphyroblasts of garnet. K-feldspar also is rela
tively abundant locally and seems to be compatible 
with and temporally the same age as diopside. Diop
side remained stable during crystallization of gar
net. In some localities, especially near the outer 
mapped edges of the garnet skarn shown in the Ant-

ler Peak Limestone (pl. 1), amber garnets are set in 
a matrix of bluish-gray tremolite (fig. 45B). In thin 
section, this tremolite (grayish green, optic Z-axis) 
has crystallized during a retrograde event mostly at 
the expense of carbonate and diopside. Most diop
side crystals hosted previously by garnet have been 
replaced by tremolite. Also, some garnet has been 
corroded and embayed during this hydrosilicate 
stage (fig. 45C), which may be related to very late 
stages of early Oligocene granodiorite porphyry. 
The tremolite assemblage also includes some quartz 
and minor amounts of pyrite and (or) pyrrhotite. 
Some garnet skarn developed in the Battle Forma-

FIGURE 44.-Relations in general area of skarn associated with 
Oligocene granodiorite porphyry, north of Surprise Mine. A, 
Coarsely crystalline calcite (C) in veins that form a broad 
front between essentially unaltered shaly carbonate rocks (sc) 
of middle member of the Middle Pennsylvanian Battle Forma
tion and calc-silicate rocks of associated skarn. Pocket knife in 
lower center for scale. B, Contact between skarn (S) and 
Oligocene granodiorite porphyry (Tgp). Hammer in lower cen
ter for scale. 
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tion, just to the north of the area affected by the 
workings surrounding the Copper Basin Mine (pl. 
1), shows prograde garnet that partly replaces a cal
careous sandy facies of the formation and subse
quently is replaced, in part, by chlorite (fig. 45D). 

INTRUSION BRECCIA PIPE 

A small outcrop of extremely clay altered, white to 
iron oxide-stained intrusion breccia crops out on the 
east flank of Vail Ridge, about 0.6 km north of the 

A 0 1 MILLIMETER 

B 0 0.6 MILLIMETER 

FIGURE 45.-Photomicrographs showing textural relations in gar
net skarn formed in carbonate host. C, carbonate; G, garnet; Q, 
quartz; T, tremolite. A, Upper Pennsylvanian and Lower Per
mian Antler Peak Limestone, showing complexly zoned, isotro
pic and anisotropic garnet crystallized in a diopside-containing 
carbonate host. Crossed nicols. Sample 80BK96. B, Antler Peak 
Limestone, showing prograde amber garnet partially replaced 
by fine-grained, retrograde tremolite that has crystallized 

entry to Long Canyon (unit Tib, pl. 1). This outcrop 
includes fragments of the Harmony Formation, some 
with veins and others without, and fragments of 
granodiorite porphyry. The intrusion breccia, as 
mapped, is adjacent to a much larger body of grano
diorite porphyry, which also is very heavily altered 
to argillic assemblages, but which shows in many 
places a knife-edge contact with adjoining fractured 
and veined rocks of the Harmony Formation. The 
breccia is assumed to have originated as a breccia 
pipe, emplaced here approximately during the final 
stage(s) of intrusion of the granodiorite porphyry. 

c 0 0.4 MILLIMETER 

D 0 0.3 MILLIMETER 

largely at sites of relict sedimentary carbonate. Plane-polarized 
light. Sample 80BK97. C, Closeup of figure 45B, showing corro
sion of garnet during replacement of carbonate by tremolite. 
Plane-polarized light. D, Middle Pennsylvanian Battle Forma
tion, showing prograde garnet replacing a calcareous sandstone 
facies, in turn partially replaced by chlorite (chl) . Plane
polarized light. Sample 80BK103. 
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ALTERED HORNBLENDE PORPHYRY 

Propylitically altered hornblende porphyry dikes 
crop out in a few localities that are scattered widely 
across the Buckingham area (unit Thp, pl. 1). A few 
these narrow dikes are present west of the West 
stock, near the west edge of the area; a lone expo
sure of the dikes also crops out in the main drain
age through Long Canyon due north of the West 
stock; and some altered hornblende porphyry dikes, 
both mapped and unmapped, are present at the 
Gold Top and Bentley Mines, as well as at depth 
near the East stock. These dikes intrude rocks of 
the Harmony Formation and mineralized parts of 
the Late Cretaceous Buckingham stockwork molyb
denum system. Altered hornblende porphyry dikes 
are quite distinctive in that they apparently lack 
quartz phenocrysts and they include propylitically 
altered, tabular to acicular, hornblende phenocrysts 
and clouded plagioclase phenocrysts, all set in a 
gray to grayish-brown cryptocrystalline matrix that 
probably averages 0.1 mm in size. The matrix is 
largely sodic oligoclase or albite. Typically, altered 
phenocrysts of hornblende make up 25 to 30 volume 
percent of the dikes, whereas plagioclase pheno
crysts range in abundance from about 2 to 20 vol
ume percent. Microscopic examination of a few 
representive samples reveals that hornblende 
phenocrysts have been replaced by tightly in
tergrown mats of actinolite, chlorite, K-feldspar, 
carbonate, sphene, epidote-group mineral(s), and 
pyrrhotite with or without pyrite. Generally, pyr
rhotite is much more abundant than pyrite. Some 
samples also include pyrrhotite and pyrite as finely 
disseminated crystals in their groundmass. Chemi
cal analyses for precious metals are not available 
from these sulfide-bearing, propylitically altered 
dikes. Some narrow quartz veins that contained py
rite as the predominant sulfide in pockets at the 
Gold Top Mine yielded minor amounts of gold and 
silver, apparently in a 1:1 ratio (Roberts and 
Arnold, 1965). Thus, propylitically altered, horn
blende porphyry dikes that also crop out at the Gold 
Top Mine may be related to some of the precious
metal mineralization there. However, no quartz 
veins were found to cut the altered hornblende por
phyry dikes during this study. 

STRUCTURAL GEOLOGY 

ANTLER OROGENY DEFORMATION 

Structures in the Buckingham area that devel
oped during the thrusting phase of the Antler orog-

eny include major faults related to the Roberts 
Mountains allochthon and also some probably minor 
thrusts. Well-exposed slickensides that are present 
locally near the exposed soles of some of the Antler 
orogeny-related thrusts in the area were produced by 
thrusting during this orpgenic event. The major 
interformational thrust to crop out in the area is the 
Dewitt thrust, (Roberts, 1964). The Dewitt thrust 
bounds two major tectonic blocks in the upper plate 
of the Roberts Mountains thrust. The lower, Scott 
Canyon block is made up of the Devonian Scott Can
yon Formation and the Ordovician Valmy Formation; 
and the upper, Dewitt block is made up of the Upper 
Cambrian Harmony Formation. The Dewitt thrust is 
fairly well exposed at several localities in the 
Buckingham area, especially in the general area of 
the Buckingham Mine, near the southwestern corner 
of th~ area (pl. 1). In addition, the Little Giant fault, 
a northwest-striking structure near the west edge of 
the map area, originated probably as a thrust show
ing relatively minor overall displacement(s), in a re
gional context at least, during the thrusting phase of 
the Antler orogeny. As mapped, th.e Little Giant 
fault is inferred to include an uplifted part of the 
Scott Canyon Formation in its hanging wall. This 
small patch of rocks belonging to the Scott Canyon 
Formation crops out approximately 250 m topo
graphically higher in elevation than the rocks of the 
Scott Canyon Formation that crop out near the 
Buckingham Mine. Some additional very minor dis
placements along the Little Giant fault occurred 
after emplacement of late Eocene or early Oligocene 
rhyolite partly astride the trace of the Little Giant 
fault. 

As described above, rocks of the Scott Canyon For
mation show strongly developed slickensides on frac
tures and joints locally near some of the best 
exposures of the Dewitt thrust. The center of gravity 
of a stereographic projection of these slickensides 
plunges approximately 25°-30° and trends N. 60° W. 
(see fig. 9). As such, the trend of these slickensides is 
approximately at right angles to the trend of minor, 
outcrop-scale folds in the rocks of the Scott Canyon 
Formation measured by Evans and Theodore (1978, 
pl. 1, area 1) in Cottonwood Canyon, about 1.5 km 
southwest of the Buckingham Mine. These minor 
folds show that approximately north to slightly 
northeasterly trends of their fold axes most likely de
veloped during the Antler orogeny (Evans and 
Theodore, 1978; Raul Madrid, unpub. data, 1985). 
Thus, slickensides measured in the rocks of the Scott 
Canyon Formation in the- Buckingham area appar
ently record the trend of the final stages of the tec
tonic transport of these rocks as they were 
overridden by the Harmony Formation. 
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SONOMA OROGENY DEFORMATION 

Deformation of rocks during the Late Permian 
and Early Triassic Sonoma orogeny (Silberling and 
Roberts, 1962) culminat~d in the emplacement of the 
Golconda allochthon in the mining district (Roberts, 
1964) and probably included some crustal shortening 
in the Buckingham area as implied by the develop
ment of broad open folds that have affected rocks of 
the Dewitt and overlap assemblage blocks. The oce
anic sequence of rocks in the upper plate of the 
Golconda allochthon was deposited in a rifted ocean 
basin that developed during the late Paleozoic 
(Speed, 1977), and the emplacement of the alloch
thon marked the end of major marine depositional 
patterns that had been fairly continuous along the 
margin of the Cordillera (Dickinson, 1981). Timing of 
tectonic emplacement of the Golconda allochthon is 
still not fully resolved. It may be entirely an Early 
Triassic event (Silberling and others, 1984) or an 
event that spans latest Paleozoic and earliest Meso
zoic time (Brueckner and Snyder, 1985). However, 
emplacement may have occurred somewhat later in 
the Mesozoic (see above; Dickinson, 1979). In the 
southern Toiyabe Range, Nev., Mississippian, Penn
sylvanian, and Late Permian rocks in the Golconda 
allochthon were deformed at various times during 
their emplacement to the east onto the continental 
margin of western North America (Babaie, 1987). 

As shown by Roberts and Arnold (1965, pl. 2), the 
hingeline of a broad anticlinal arch through the 
Battle Mountain Mining District, termed the "Antler 
anticline" by them, shows a north-southward trend in 
the southern part of the district, but then swings gen
tly into a northwesterly trend that parallels the 
mapped trace of the Golconda thrust in the northern 
part of the district. The rocks of the Harmony Forma
tion in the northwestern part of the Buckingham area 
are deformed into a broad, open fold whose hingeline 
also trends northwesterly (fig. 18). Thus, the trace of 
this hingeline approximately parallels the trace of the 
Golconda fault as mapped to the southwest in the 
district, and thus, the emplacement of the Golconda 
allochthon and the development of the Antler anti
cline may have occurred penecontemporaneously. 
This deformation must have occurred sometime after 
deposition of the Upper Permian Edna Mountain For
mation, which is the youngest formation of the over
lap assemblage present in the southern part of the 
district (Roberts, 1964). 

The rocks of the Harmony Formation and the 
rocks of the overlap assemblage in the Buckingham 
area have been folded into a broad anticlinal arch. 
The overlap assemblage rocks of the Battle Forma
tion and the Antler Peak Limestone, along the east 

edge of the map (pl. 1), dip to the east and make up 
part of the east limb of the broad anticlinal arch. 
Near the unconformity between the rocks of the Har
mony and the Battle Formations, west of the Sur
prise Mine, attitudes of bedding in the Battle 
Formation show dips of approximately 50°-60° E. 
(pl. 1). The dips, however, are somewhat less in the 
Antler Peak Limestone near the east edge of the 
map area, about 25°-30°. Still farther east, in the 
area north and northeast of Elephant Head, atti
tudes of bedding in the Antler Peak Limestone are 
approximately 15°-25°, and the beds still dip east 
(Gail M. Jones, unpub. data, 1987). 

Restoration to horizontal of present-day bedding 
attitudes of the Caetano Tuff constrains develop
ment of the districtwide arch to sometime before 
deposition of the Caetano Tuff, or before Oligocene 
time. If the approximately 12°- 14° E . dip in the 
Caetano Tuff that unconformably overlies the Ant
ler Peak Limestone in the Elephant Head area 
were rotated to horizontal, then the sheet dips in 
the overlap assemblage here would assume sheet 
dips of about 45° at the unconformity, and about 
10° approximately 2 km east of the unconformity. 

· In other words, these rocks apparently must have 
made up an east-dipping limb of the districtwide 
arch before the emplacement of the outflow facies 
of the Caetano Tuff at Elephant Head. Nonethe
less, it is impossible from geologic relations in the 
district to establish conclusively the age of the on
set of the development of the arch more precisely 
than post-Late Permian, or the age of the Edna 
Mountain Formation. Indeed, the rocks of the Har
mony Formation also are folded into a broad, open, 
north-plunging anticline, whose hingeline trends 
north-south across almost the entire Buckingham 
area. This fold probably is younger than the 
northwest-trending syncline that parallels the 
trace of the Golconda thrust, because the anticline, 
as mapped (pl. 1; fig. 18), apparently cuts the 
hingeline of the northwest-trending syncline. 

lATE CRETACEOUS DEFORMATION 

Deformation during the Late Cretaceous in
cludes some relatively low angle normal faults 
whose displacement(s) probably were initiated by 
intruding magmas associated with the Late Creta
ceous Buck-ingham stockwork molybdenum system. 
An excellent example of one of these Late Creta
ceous structures is the Contention fault (pl. 1). The 
Contention fault crops out for a strike length of 
about 1.3 km, in a west-northwesterly direction, 
across Vail Ridge and through the open pit at the 
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Copper Basin Mine (fig. 46A). The Contention fault 
dips approximately 25° N. West of the open pit, the 
trace of the Contention fault coincides approxi
mately with the outer limit of intensely developed 
quartz stockworks associated with the Buckingham 
system. In addition, the overall strike of the fault 
here is just slightly more northerly than the gen
eral trend of Late Cretaceous dikes that crop out 
on Vail Ridge. The age of displacements along the 
Contention fault has been established by geologic 
relations within the fault zone itself, supplemented 
by K-Ar dating of a sample of megacryst monzo-

FIGURE 46.-Geologic relations associated with Late Cretaceous, 
low-angle Contention fault . A, View eastward across open pit 
at Copper Basin, showing trace of Contention fault along east 
wall of pit. Fault dotted where concealed. The Oligocene 
Caetano Tuff at Elephant Head is on skyline. Note haul road 
on left for scale. B, Closeup of quartz stockwork-veined cobbles 
(at heads of arrows) of the Upper Cambrian Harmony Forma
tion caught up along silicified fault breccia where Contention 
fault crosses top of Vail Ridge. 

granite porphyry (85.5 Ma; see subsection above 
entitled "Potassium-Argon and 40Arf39Ar Geochro
nology of Selected Plutons in the Buckingham 
Area") that cuts silicified fault breccia along the 
fault. The Contention fault, particularly along the 
top of Vail Ridge, but also elsewhere along its 
trace, includes quartz stockwork-veined cobbles of 
rocks of the Harmony Formation (fig. 46B). Most of 
such veins terminate at the cobble-silicified fault 
breccia interface. However, there are some quartz 
veins in the fault breccia of the Contention fault 
that also cut the tectonic fabric of the breccia. 
Thus, displacements along the Contention fault 
must have initiated after the onset of the develop
ment of the quartz stockworks of the Buckingham 
system, but also before such veining by quartz 
ceased. Moreover, the Contention fault apparently 
is cut by a dike of megacryst monzogranite porphy
ry dated as 85.5 Ma as described above (pl. 1). 
There seemingly have been no major displacements 
along the Contention fault since the megacryst 
monzogranite porphyry was emplaced. Nonethe
less, this dike of megacryst monzogranite porphyry 
includes some minor fractures that parallel the 
projected trace of the Contention fault. The frac
tures may have formed in response to local jostling 
along the Contention fault that resulted from any 
one of the subsequent Late Cretaceous or Tertiary 
tectonic events that affected the rocks in the 
Buckingham area. 

The Contention fault apparently is cut off on the 
east by a northeast-striking system of faults that 
make up the Elvira fault zone (pl. 1; fig. 18). Indi
vidual fault strands that make up the Elvira fault 
zone strike nearly N. 35° E., and they make up the 
westernmost part of a group of affiliated reverse 
faults-all showing the same overall strike and all 
having the same general separations-that is, west 
block down (Kirk Schmidt, oral commun., 1985). 
These reverse separations along the Elvira system of 
faults most likely are an antithetic accommodation 
to listric normal faulting that occurred along the 
Buckingham-Second fault systems probably during 
late Oligocene and (or) early Miocene time. 

Some faults generally in two other parts of the 
Buckingham area may be mostly Late Cretaceous 
in age also. Near the southeast corner of the map 
area, rocks of the Harmony Formation are cut by 
numerous northeast-striking normal faults, east 
block down. Some of these faults are mineralized 
by relatively wide, structurally controlled concen
trations of gold-bearing jasperoid at the Empire 
Mine and at the Northern Lights deposit (pl. 1). 
Both of these occurrences of gold-mineralized 
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jasperiod probably should be classed as distal
disseminated silver-gold deposits according to the 
classification scheme of Dennis P. Cox (written 
commun., 1989). In addition, northeast-striking 
faults crop out prominently in the general area of 
the Buckingham Mine (pl. 1). Most of these faults 
apparently are older than the Second fault, a major 
low-angle, listric normal detachment that cuts the 
Late Cretaceous Buckingham molybdenum system 
(see subsection below entitled "Economic Geology") 
and is itself cut by Oligocene granodiorite porphyry 
(pl. 1). Thus, many of these northeast-striking 
faults near the Buckingham Mine conceivably may 
be related to some of the extensional tectonism 
that affected the rocks in the area and that began 
here probably sometime during the Late Creta
ceous. However, extensional tectonism of a regional 
nature probably did not begin in this part of the 
Great Basin until about 18 Ma ago (McKee and 
Noble, 1986). Extension that predates the breakup 
of rock sequences in the Great Basin into the mor
phologic configuration of the present-day Basin and 
Range mountain ranges has been documented well 
in several other areas in Nevada. Onset of pre
Basin and Range extension at the Hall stockwork 
molybdenum system near Tonopah, Nev., ap
parently occurred about 18-17 Ma (Shaver and 
McWilliams, 1987). In a 120-km-wide area in east
central Nevada, profound extension, apparently 
more than 100 percent, began before 36 Ma and 
coincided there with emplacement of a suite of vol
canic rocks that range from relatively potassium 
rich andesite to high-silica rhyolite (Gans, 1981; 
Gans and Miller, 1983). 

Finally, in addition to these faults apparently as
sociated with the Buckingham system, deformation 
during the Late Cretaceous probably also may in
clude some folding. The hingeline of the major north
south-trending anticline in the area seemingly 
passes from the north through the general area of 
the East stock, and then south into the rocks of the 
Harmony Formation in the hanging wall of the Sec
ond fault (pl. 1). Emplacement of magma associated 
with the Buckingham system during the Late Creta
ceous thus may have contributed to an unknown, but 
overall probably minor, part of the arching of nearby 
bedding exposed in surrounding country rock. 

TERTIARY DEFORMATION 

Deformation during the Tertiary in the Buck
ingham area includes significant extensional, 
brittle-type tectonics that is manifested primar-

ily along three major low-angle faults. These 
northeast-dipping faults all strike northwest, and, 
from east to west across the area, are the Long 
Canyon, Second, and Buckingham faults (pl. 1). On 
the one hand, the Long Canyon fault is not well 
known to us at depth, because no deep drill holes 
have been collared in its hanging wall near Vail 
Ridge. However, at the surface, the Long Canyon 
fault shows right-lateral separations of both (1) the 
outer limit of intensely developed quartz stock
works associated with the Buckingham system, 
and (2) the East stock from the projected locus of 
Late Cretaceous monzogranite porphyry and mega
cryst monzogranite porphyry on Vail Ridge (pl. 1). 
On the other hand, geometries and displacements 
of the Second fault and the Buckingham fault are 
exceptionally well documented at depth in the 
Buckingham stockwork molybdenum system (see 
subsection below entitled "Economic Geology"). Ini
tial displacements along the Buckingham, Second, 
and Long Canyon faults may have started, how
ever, sometime during the Late Cretaceous, owing 
to the discrepancy in separations between mapped 
intrusive bodies and ore shells as noted by Loucks 
and Johnson (see subsection below entitled "Eco
nomic Geology"). As mapped in outcrop, however, 
the main strand of the Second fault, south of Lick
ing Creek, apparently is intruded by some Oligo
cene granodiorite porphyry (pl. 1). Yet at depth 
near the East stock, the Second fault cuts a large 
dike of granodiorite porphyry without any signifi
cant separation (see subsection below entitled "Eco
nomic Geology"). Thus, displacements along the 
Second fault apparently were somewhat protracted 
from older to probably just slightly younger than 
Oligocene granodiorite porphyry. However, dis
placements along the Buckingham fault seemingly 
are mostly post-granodiorite porphyry in age and 
make up some of the youngest detachment-type 
faulting in the area. Accordingly, Tertiary exten
sional tectonism in the Buckingham area appar
ently progressed from east to west somewhat 
irregularly during the Oligocene and possibly even 
during the Miocene. Imbricate, down-to-the-east, 
listric normal faulting along the Second and Buck
ingham faults probably merges together with the 
Long Canyon fault into a single master, flat-lying 
dislocation surface somewhere to the east of the 
East stock. This hypothesis is presented with the 
understanding that the geometry and structural 
evolution of these faults follow those of similar 
such faults documented elsewhere in the Basin and 
Range (see Crittenden and others, 1980; Gans and 
others, 1985). 
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One of the intriguing structural relations recorded 
by the map pattern of, and by the separations along 
faults in the area, is that of the apparent repetition 
of the rocks of the Battle Formation by reverse sepa
rations along the Elvira fault system (pl. 1; fig. 14). 
Such major separations along the Elvira fault sys
tem, in fact reaching separations as much as 300m 
(Kirk Schmidt, oral commun., 1985), may have oc
curred as an accommodation to gravity gliding and 
(or) gravitational collapse and spreading (see 
Ramberg, 1981) along the Long Canyon-Buckingham 
listric normal faults during late Oligocene and early 
Miocene time. However, the dip-slip component of 
displacement along the Elvira fault may be much 
less than 300 m because of the acuteness of the 
angle between the steeply dipping beds and the 
slightly more steeply dipping fault plane. As pointed 
out by Mandl and Crans (1981), rigid-body gravity
slide blocks have a tendency to develop antithetic re
verse faults in the toe region of glide blocks to 
compensate possibly for a buttressing there by a de
crease in slope angle. Such a regional decrease in 
the basal slope angle of the glide block would in ef
fect increase the potential for shortening, that is, re
verse faults, in the toe region of the glide block. 
Furthermore, Price (1977) pointed out that the likeli
hood of faults developing first in the toe region of a 
glide block is enhanced by the presence in the glide 
block of relatively few, thick, massive units, such as 
in the Buckingham area. 

Tertiary deformation in the Buckingham area 
thus both contrasts and compares favorably with 
the style of deformation in several other nearby ar
eas of major mineralization. First of all, low-angle 
faults are not part of the Tertiary tectonic history 
of the Copper Canyon area of the mining district 
(Roberts and Arnold, 1965; Theodore and Blake, 
1975, 1978). However, near the Hilltop Mining Dis
trict of the Shoshone Range, approximately 30 km 
southeast of the Buckingham area, recently com
pleted studies by Desrochers (1984; G.J. Desro
chers, unpub. data, 1985) apparently have 
documented dip-slip, normal displacements along 
low-angle faults. These displacements occurred 
along two parallel, north-striking faults that pre
sumably are younger than some nearby late Eo
cene or early Oligocene intrusive rocks. Gold 
mineralization is structurally controlled and re
lated possibly to the final stages of a weakly devel
oped porphyry copper-molybdenum system (G.J. 
Desrochers, unpub. data, 1985). Somewhat farther 
to the south in the Horse Canyon area of the Shos
hone Range, Madrid (1987) documented the occur
rence there of major dip-slip dislocation(s), down 

on the west, along a major north-striking fault 
zone. This fault zone is postmineral in age relative 
to molybdenum mineralization in the breccia pipe 
of Horse Canyon. 

BUCKINGHAM STOCKWORK 
MOLYBDENUM DEPOSIT 

CLASSIFICATION OF THE DEPOSIT 

The Buckingham system is the type example of 
a number of relatively recently reclassified molyb
denum deposits and molybdenum-enriched systems 
that are associated with Jurassic to Pliocene calc
alkaline magmatic arcs in the western North 
Arn.erica Cordillera (fig. 47). In addition, several 
significant molybdenum-enriched porphyry systems 
of Paleozoic age (Schmidt, 1978), and presumed 
Paleozoic age (Ayuso and Shank, 1983), crop out in 
eastern North America and bear many similarities 
to the ones in western North America. Such stock
work molybdenum systems generally have low fluo
rine contents relative to deposits of the better 
known Climax type (Theodore and Menzie, 1984). 
The fluorine-deficient porphyry molybdenum sys
tenls previously have been included in different 
ways in the several classifications of porphyry mo
lybdenum deposits that have been proposed in the 
past. Such systems have been referred to as zoned 
porphyry molybdenum deposits by Woodcock and 
Hollister (1978), as subduction-related deposits 
by Sillitoe ( 1980), as granodiorite-related by 
Mutschler and others (1981), as quartz monozonite
related by White and others (1981), and as porphy
ry molybdenum, low fluorine by Cox and Singer 
(1986). Guilbert and Park (1986) considered the 
low-fluorine stockwork molybdenite deposits as a 
subset of porphyry base-metal systems. The one 
striking characteristic of all these systems is their 
minor-element signature, especially compared with 
the better known stockwork molybdenum systems 
exemplified by the one at Climax, Colo. (see 
We~stra and Keith, 1981; White and others, 1981). 
Thompson (1982), in a further modification of the 
classification scheme for stockwork molybdenum 
deposits, suggested that alkali-calcic deposits 
and the alkali molybdenum stockwork deposits 
ofWestra and Keith (1981) be subdivided into a 
monzonite-syenite subtype and a leucogranite 
subtype. The Climax-type systems are character
ized by well-differentiated, high-silica rhyolitic 
magmas that are fluorine enriched (locally as much 
as 2-3 weight percent), niobium, rubidium, molyb-
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FIGURE 47.-Distribution of major stockwork molybdenum 
systems in Cordillera of western North America. See text 
for sources of geologic provinces. 

denum, tin, and tungsten and are nearly depleted 
in copper and strontium (Ludington, 1981). The 
Climax-type systems are present in rifted cratons, 
whereas the relatively low fluorine or quartz 
monzonite-type systems are related to continental 
margins. Fluorine-deficient porphyry molybdenum 
systems generally show an overall fluorine content 
of less than 0.1 weight percent, and many of these 
systems also include significant concentrations of 
copper and silver (Czehura, 1983); some include 
significant concentrations of tungsten and gold 
(Theodore, 1982a; Theodore and Menzie, 1984). At 
Buckingham, gold skarns at the Surprise Mine and 
at 1Jhe Carissa Mine probably are temporally and 
genetically related to the Buckingham stockwork 
molybdenum system (Schmidt and others, 1988). 
Westra and Keith (1981, fig. 9) showed a con
tinuity of hypogene copper and molybdenum grades 
between porphyry copper deposits and fluorine
deficient porphyry molybdenum deposits. However, 
both these deposit types, together with apparently 
fluorine-depleted porphyry tungsten deposits (Yan 
and others, 1980), and possibly even porphyry gold 
deposits, may be viewed as gradational end mem
bers of porphyry systems in general (fig. 48). As 
shown in figure 48, the anion content of fluids 

Porphyry tungsten 

Moderate 
cr and C02 

Fluorine
deficient 
porphyry 
molybdenum 

Climax-type 
porphyry molybdenum 

Porphyry copper 

FIGURE 48.-Schematic diagram showing inferred relations among 
porphyry copper deposits, fluorine-deficient porphyry molybde
num deposits, porphyry gold deposits, porphyry tungsten depos
its, and Climax-type porphyry molybdenum deposits and 
inferred relative proportions of fluorine, carbon dioxide, and 
chlorine in their genetically associated fluids. Modified from 
Theodore and Menzie (1984). Relations queried where uncertain. 
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associated with these end members apparently 
ranges from high chlorine and low carbon dioxide 
bearing (almost all porphyry copper systems and 
the Climax-type systems), through high fluorine 
bearing (Climax-type systems and, possibly, por
phyry gold systems), to moderate chlorine and 
carbon dioxide bearing in the fluorine-deficient 
stockwork molybdenum systems (Theodore and 
Menzie, 1984). The fluids associated with genesis 
of the Buckingham stockwork molybdenum system 
will be discussed at length below. In the Russian 
literature, the two types of stockwork molybdenum 
deposits commonly are referred to as the rare 
metal-tungsten-molybdenum type and the molybde
num type (lgnatovich, 1969), corresponding to the 
Climax type and the low-fluorine. type, respec
tively. In addition, Pokalov (1977) referred to the 
two major types of molybdenum stockwork deposits 
as the greisen type and the hydrothermal type. In 
his classification, the Climax type would corre
spond to the greisen type. 

Fluorine-deficient porphyry molybdenum systems, 
which are widespread throughout the geologic prov
inces of the Cordillera, are present in magmatic arcs 
that generally parallel the Mesozoic batholiths (fig. 
47). In Canada and southeastern Alaska, from west 
to east, they may be localized in (1) isolated, 
transform-fault-related(?) or possibly regional exten
sion-fault-related (Hudson and others, 1981) alkali 
granite masses (Quartz Hill) that were emplaced 
into the Mesozoic and Tertiary Coast plutonic
metamorphic complex of Brew and Ford (1984); (2) 
early Tertiary granitic stocks and plugs associated 
with this plutonic-metamorphic complex, but occur
ring mostly in the adjoining Mesozoic Intermontane 
Belt to the east; and (3) accretion-boundary-related 
Early Cretaceous intrusions (Endako, Boss Moun
tain) in the Intermontane Belt (Monger and others, 
1972; Monger and Berg, 1984), which hosts most of 
the economically significant deposits of British Co
lumbia. In the United States, rocks of the Idaho and 
Pioneer batholiths intrude the Omineca crystalline 
belt, and several molybdenum deposits in Idaho (at 
Cumo, Thompson Creek, White Cloud), as well as 
numerous prospects, are present near the eastern 
margins of these batholiths. In the Basin and Range 
province, several Late Cretaceous deposits in Nevada 
(Buckingham, Hall, Pine Nut) and many other pros
pects are related to small granitic bodies peripheral 
to the Sierra Nevada batholith. These prospects in
clude the Magruder Mountain (Sylvania), Nev., and 
Big Hunch, Calif., systems, both of which may have 
been emplaced sometime in the Jurassic and Creta
ceous, respectively. Well within the craton in Colora-

do, many other mineralized systems similar to the 
low-fluorine stockwork type indicate there the east
ernmost position of a subduction-related arc before 
major rifting of the craton (Bookstrom, 1981); the 
Tertiary quartz monzonite of the Montezuma Mining 
District, central Colorado, may be an example of one 
of these molybdenum-mineralized systems (Botinelly, 
1979). 

In the general region of the Buckingham molyb
denum system, significant molybdenum prospects 
include those at Gregg Canyon, Trenton Canyon, 
Buffalo Valley, Horse Canyon, French Boy Creek, 
and in the Railroad Mining District (fig. 49). In ad
dition, drill holes in the Gold Acres gold deposit 
have revealed the presence of molybenite-enriched 
skarn at depth (Wrucke, 197 4; Wrucke and Arm
brustmacher, 1975). All of these molybdenum sys
tems in the general region of the Buckingham 
system are in a broad region of the northern Great 
Basin wherein Mesozoic granitic bodies make up 
from 10 to 50 percent of the total number of ex
posed granitic bodies (Barton and others, 1988). 

Grade and tonnage distribution plots for 33 
fluorine-deficient and 9 Climax-type stockwork mo
lybdenum systems reveal some significant differ
ences between these two types of deposits (fig. 50). 
The curve in these plots is an inverse cumulative 
distribution fitted to data points that plot the pro
portion in the sample, and presumably thereby in 
the population, that exceed a given value. As such, 
the curve in these plots is a rescaled survival func
tion that is defined by Hastings and Peacock (1974) 
as the probability that a variable takes a value 
greater than X and is equal to 1-F(x), where F(x) is 
the distribution function. For example, from the 
available data used to generate figure 50, it might be 
inferred that 90 percent of all fluorine-deficient 
stockwork molybdenum systems will have tonnages 
greater than 19 million t and that 90 percent of the 
Climax-type systems will have tonnages greater than 
66 million t. However, data are available for only 
nine Climax-type systems (see Singer and others 
(1986) for a tabulation of the deposits used in the 
construction of these data points). The most pro
nounced difference between fluorine-deficient and 
Climax-type stockwork molybdenum deposits is their 
grades; median grade for the fluorine-deficient type 
is 0.084 weight percent Mo, and for the Climax-type 
0.19 weight percent Mo (fig. 50B). The median ton
nages for fluorine-deficient and Climax-type systems 
apparently are 93 million and 230 million t, respec
tively (fig. 50A). 

Furthermore, this plot of the proportion of depos
its versus tonnage for each of the two types of 
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deposits includes a convergence of the fitted inverse 
cumulative-distribution curves in the region of the 
figure wherein the proportion of deposits is less than 
0.1. In fact, the data point used for the tonnage of 
the Buckingham deposit, approximately 907 million 
t, plots close to the fitted inverse cumulative distri
bution curve for the Climax-type systems (fig. 50A). 
Viewed somewhat differently, from these data plots 
for the fluorine-deficient molybdenum stockwork sys
tem, it might be estimated that about 10 percent 
(0.1) of such undiscovered systems in the Cordillera 
of western North America would include tonnages 
greater than 630 million t. Last, tonnage and grade 
for the fluorine-deficient molybdenum stockwork de
posits are independent statistically (Theodore and 
Menzie, 1984). 

ECONOMIC GEOLOGY 

By THoMAS A. LoucKS and CRAIG A. joHNSON 

ABSTRACT 

The Buckingham deposit is a calc-alkaline, 
stockwork molybdenum system located on the east 
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FIGURE 49.-Schematic map showing distribution of principal 
areas of molybdenum and other types of mineralization in 
Winnemucca 1 o by 2° quadrangle and adjacent areas. BK, 
Buckingham; BM, Battle Mountain; BV, Buffalo Valley; CA, 
Carlin; CO, Cortez; FB, French Boy Creek; GA, Gold Acres; 

flank of the Battle Mountain Mining District in the 
Basin and Range province of north-central Nevada. 
The deposit is estimated to contain more than 
1,000 million tons of mineralized material averag
ing approximately 0.10 weight percent Mo (as 
MoS

2
) and containing small amounts of silver, 

tungsten, copper, and gold. 
Molybdenum mineralization is related to em

placement of a Late Cretaceous composite quartz 
monzonite porphyry system that intruded and 
widely metamorphosed the surrounding Paleo
zoic rocks to hornfels. Seven major phases of 
molybdenum-related magmatism have been identi
fied; the rocks were intruded sequentially from 
south to north. The present configuration of the in
trusive center is two distinct stocks, each a compos
ite of several porphyries, and several outlying 
intrusive masses. All seven phases appear to have 
carried molybdenum. The two earliest intrusions, 
now forming border phases, and the latest, an out
lying intrusion, were dike-forming pulses related to 
relatively weak molybdenum mineralization. The 
main Buckingham molybdenum deposit formed in 
association with five igneous phases located in the 
two stocks. All five phases developed shells of mo
lybdenite mineralization, and the shells locally 

116° 

EXPLANATION 

Major metal occurrences 
1 Copper-gold-silver± lead± zinc 
2 Gold-JTlercury-antimony ±lead± zinc 
3 Lead-zinc-silver± gold 
4 Tungsten± silver± manganese± gold 
5 Mercury± fluorite± barite ±antimony 
6 Molybdenum± silver± tungsten± 

copper ±gold 
7 Tin± fluorite 
8 Manganese 
9 Barite 
10 Iron 
11 Uranium 

GC, Gregg Canyon; GO, Golconda; HC, Horse Canyon; HI, 
Hilltop; IV, Ivanhoe; IZ, Izenhood; RM, Railroad Mining Dis
trict; TC, Trenton Canyon; TN, Tanabo. Major metal occurren
ces modified from Wong (1983); northern Nevada rift modified 
from Maybey (1966) and Maybey and others (1978). 



D102 GEOCHEMISTRY OF THE PORPHYRY COPPER ENVIRONMENT, BATI'LE MOUNTAIN MINING DISTRICT, NEVADA 

overlap to produce grades of about 0.10 to 0.20 
weight percent MoS

2
• We believe that silver, tung

sten, and copper mineralization accompanied 
molybdenum in each succeeding magmatic/hydro
thermal pulse. 
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FIGURE 50.-Comparative plots for fluorine-deficient (quartz 
monzonite)-type and Climax-type molybdenum stockwork sys
tems. Modified from Singer and others (1986) and Theodore and 
Menzie (1984). n, number of deposits. A, Proportion of deposits 
that exceed a given value for tonnage of mineralized rock. B, 
Proportion of deposits that exceed a given value for grade. 

Alteration can be categorized into four events, in 
order of sequence: (1) contact metamorphism of host 
sedimentary rocks during emplacement of the porphy
ries, (2) hydrothermal alteration associated with met
allization, (3) clay and sericite related to faulting, and 
( 4) supergene alteration. The metamorphic aureole is 
characterized by recrystallized rock fabrics and per
vasive development of biotite, tremolite-actinolite, epi
dote, and, locally, diopside. Hydrothermal alteration, 
which is vein and fracture controlled, is characterized 
by potassic, intermediate argillic, and propylitic as
semblages; retrograde propylitic assemblages are pres
ent as well. Potassic, intermediate argillic, and 
propylitic-alteration assemblages may be associated 
with several, if not each, of the individual porphyry 
units. Sericite, kaolinite, and montmorillonite were 
associated with postmineral faulting and more recent 
weathering. Within the limits of pyritization, super
gene. clay-sericite is widespread, and surface weather
ing has strongly oxidized and leached molybdenite 
along ridge crests. A series of middle Tertiary porphy
ry rocks ranging in composition from rhyolite to basalt 
were emplaced after molybdenum mineralization. In
termediate composition dikes of this suite are spa
tially and probably genetically related to high-grade, 
polymetallic base- and precious-metal vein systems 
that cut the molybdenum deposit. Whereas late-stage 
porphyries themselves are waste rock, the associated 
precious-metal veins will contribute to byproduct metal 
values. 

Major deformation of the Paleozoic rocks during 
the Mississippian Antler and Late Permian to Early 
Triassic Sonoma orogenies took place before intru
sion and mineralization. The porphyries of the sys
tem intruded a doubly plunging anticline that 
probably had formed before magmatic activity in the 
Late Cretaceous. Extensional faulting commenced 
before the end of Late Cretaceous molybdenum min
eralization and was accompanied by minor right
lateral strike-slip displacement. Movement along 
these structures dissected the molybdenum deposit 
into three major and numerous small parts, some of 
which have been deeply eroded. 

INTRODUCTION 

The Buckingham molybdenum deposit is in a 
stockwork-veined, calc-alkaline intrusive system and 
contains more than 1,000 million tons of mineralized 
material grading approximately 0.10 weight percent 
MoS

2
• Potential byproducts within the limits of the 

molybdenum deposit include silver, tungsten, copper, 
and, possibly, gold. Although strongly oxidized out-
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crops of the Buckingham deposit are exposed along 
ridge crests, most of the deposit is covered by exten
sive Quaternary slopewash. 

The potential for stockwork molybdenum mineral
ization at Buckingham was originally recognized in 
1962 by Congdon and Carey, a small Denver-based 
mining and exploration firm. Congdon and Carey's 
first drill hole was centered on the barren igneous 
core of the West stock, and subsequent drill holes 
encountered the outermost fringes of the upper 
hornfels-hosted West stock molybdenite shell. 

In 1967, Union Pacific Mining Corp. (sub
sequently named Rocky Mountain Energy Co.) 
optioned claims covering the center of the recog
nized molybdenum target and explored the east
ward extension of mineralization by diamond 
drilling. With each succeeding eastward stepout, 
Union .Pacific geologists found that mineralization 
was intersected at greater and greater depths in 
the footwall of a major, northeast-dipping structure 
that they termed the "Buckingham fault." The de
posit they delineated was deep and of insufficient 
grade to be economic. 

The Climax Molybdenum Co. signed a joint ven
ture agreement with Union Pacific in 1972 and, 
during the years 1973-80, Climax explored the 
property by implementing several drilling pro
grams designed to test many geologic concepts. The 
part of Union Pacific's deep mineralization offset 
by the Buckingham fault was of primary interest, 
and near-surface stockwork molybdenum mineral
ization in the East stock was tested as well. 
Subsequently, rhyolite porphyry plugs showing 
unidirectional solidification textures and quartz 
veining were identified southwest of Buckingham; 
these were tested for molybdenum before explora
tion of the East stock area was reemphasized in 
1978. 

Duval Corp. maintained a persistent explora
tion effort on its easternmost segment of the 
Buckingham deposit from 1975-82. Exploration 
drilling was concentrated on defining a shallow 
mineral reserve in what is now recognized as a 
part of the uppermost East stock molybdenite 
shell. 

As part of a prefeasibility study during the peri
od 1980-82, the Climax Molybdenum Co. launched 
an intensive geologic study of the Buckingham de
posit. Climax recognized that earlier exploration 
programs had tested various fault blocks of the 
same deposit and that potential existed for numer
ous porphyry phases with multiple associated min
eralizing episodes (a concept first proposed by 
Wallace and others, 1968). A geologic program was 

therefore implemented to remap the surface geolo
gy and to relog much of the drill core. During this 
course of the study, seven major phases of the in
trusive center were identified, and the sequence of 
intrusion and mineralization that caused the 
Buckingham molybdenum deposit was unraveled. 

The following part of this report presents a de
tailed description of the Buckingham molybdenum 
deposit and sets the stage for future exploration 
and research efforts. The end result of these 
geologic studies has been to outline a complex 
magmatic-hydrothermal history involving multiple 
intrusions of quartz monzonite porphyry with asso
ciated overlapping alteration zones and molybde
nite and byproduct-metal shells. 
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GENERAL GEOLOGY 

A brief overview of the geology will provide a 
framework for the detailed descriptions that follow. 
Host rocks to the Buckingham intrusive center and 
mineral deposit are sedimentary rocks of the 
Upper Cambrian Harmony Formation and the De
vonian Scott Canyon Formation (pl. 1). The intru
sive center itself is composed of rocks formed by at 
least seven major phases that collectively form two 
stocks, known as the East and West stocks, and 
other outlying intrusive masses (pl. 2). A sequence 
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of younger postmineral porphyries, mostly dikelike 
in character, cuts and dilutes molybdenum miner
alization. Although the late-stage porphyries repre
sent waste rock, vein mineralization associated 
with them may contribute heavily to byproduct 
precious metals. Postmineral displacement on the 
Buckingham and Second fault zones separated the 
deposit west of the Long Canyon fault into three 
tectonic segments known as the footwall, in
terfault, and hanging-wall blocks (pl. 2; fig. 51). 
Recent oxidation has affected the tenor of near
surface mineralization. 

PALEOZOIC ROCKS 

Detailed descriptions of the Paleozoic rocks in 
the Buckingham area are given in other parts of 
this report. Therefore, only brief descriptions of 
these rocks as they are present near the deposit 

. are given here. 
The Harmony Formation is the dominant sedi

mentary unit surrounding the deposit and contains 
much of the low-grade molybdenite mineralization. 
Beds generally dip outward from the intrusive 
rocks near the deposit; it is not known whether the 
intrusions domed the sedimentary rocks or whether 
they intruded the hingeline of a doubly plunging 
anticline. Correlation from drill hole to drill hole of 
a distinctive, fine-grained, white quartzite and sev
eral green hornfels (diopside-tremolite) units shows 
that sedimentary rocks dip shallowly to the west in 
the footwall of the Buckingham fault. Surface expo
sures generally indicate a northerly to northwest
erly dip on Long Ridge and an easterly dip in the 
area of Vail Peak. Drill core from the Buckingham 
system contains textures and structures that previ
ously have not been reported in rocks from the Har
mony Formation. Core from several drill holes 
indicates that, in the footwall of the Buckingham 
fault, bedding typically is very irregular and convo
luted. on a scale of centimeters. Occasionally, 
angular rip-up clasts were incorporated during 
deposition. These textures commonly are present in 
fine-grained, equigranular hornfels containing 
abundant tremolite (as much as 34 volume percent) 
or diopside (as much as 85 volume percent). Al
though rocks of this type also are present in the 
hanging-wall block, they are much less common. 
These rock textures and mineralogies are difficult 
to interpret because the rocks have been contact 
metamorphosed to assemblages of albite-epidote 
hornfels near the deposit. However, magnesium
rich mineralogies at depth may imply that lower 

parts of the Harmony Formation were derived from 
more mafic source rocks than those of the upper 
part of the Harmony Formation. Alternatively, the 
magnesium-rich facies may be relicts of calcareous 
and dolomitic units that reacted with hydrothermal 
fluids to form skarn. 

The Harmony Formation is cut by sills and dikes 
of diabase and may contain some interbedded ba
saltic flows. Medium-grained, dark-green diabase 
sills range in width from several centimeters to 
about 10 m and are generally in zones that are 
traceable for several kilometers on a regional scale. 
In the core of the Buckingham system, most dia
base is altered and mineralized and is truncated by 
the West stock (pl. 2), clearly demonstrating that 
emplacement of this diabase predated the stock 
and related metallization. Elsewhere in the Battle 
Mountain Mining District, some diabase is folded 
along with the Harmony Formation, establish
ing its age as pre-early Middle Pennsylvanian 
(Roberts, 1964). Diabase intercepts in drill holes in 
the western part of the system are nearly conform
able to conspicuous white quartzite beds, implying 
that diabase bodies at Buckingham are predomi
nantly sill-like in character or may even be rem
nant basaltic flows interbedded with sedimentary 
rocks. Diabasic texture is app.arent in moderate
ly altered samples. The felted, plagioclase-rich 
groundmass is weakly sericitized in these samples, 
but the plagioclase phenocrysts are completely re
placed by sericite. Other relict phenocrysts are 
present and may have been pyroxene. Where dia
base was strongly contact metamorphosed, iron
rich pargasite porphyroblasts are present in a 
fine-grained chlorite-epidote-sericite rock. Strongly 
altered samples can be difficult to identify and to 
trace in outcrop or drill core. 

Argillite, greenstone, and chert of the Scott Can
yon Formation, which are present in uplifted fault 
blocks around the southern and western margins of 
the Buckingham deposit, are not exposed at the 
surface in the immediate vicinity of the deposit. 
However, black chert and argillite fragments are 
incorporated in pebble dikes in the East stock and, 
rarely, in intrusion breccias. Thus, the Scott Can
yon Formation is inferred to be present at depth. 

The upper Paleozoic Antler sequence, which un
conformably overlies the Harmony Formation both 
east and wes~ of the deposit, is inferred to have 
overlain the Buckingham area at the time of intru
sion and mineralization. The Antler sequence has 
been eroded from the immediate vicinity of the 
Buckingham deposit (see subsection above entitled 
"Structural Geology"). 
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PREMINERAL AND SYNMINERAL INTRUSIONS 

The terms "premineral and synmineral intru
sions" refer to the earliest quartz monzonites that 
host, or that are inferred to have produced, most of 
the molybdenum mineralization in the Buckingham 
system. Slight but significant textural differences 
and limited data on the location of contact zones as 
defined by unidirectional solidification textures 
(Shannon and others, 1982) have been used to dis
tinguish these intrusive units. Much remains to be 
learned, however, about their geometries, timing, 
and relations to mineralizing events. As a result, 
the description of rock units and the intrusive his
tory that follows will probably prove to be oversim
plified after further, more detailed studies are 
conducted. However, this geologic model satisfacto
rily explains the present distribution of mineraliza
tion and has, in fact, been used successfully as 
a predictive tool in exploration drilling at the 
Buckingham deposit. 

Molybdenum mineralization in the Buckingham 
deposit was associated with intrusion of several 
texturally similar porphyry units in two stocks (pl. 
2; fig. 51). The general sequence of intrusion in the 
two stocks was similar, and rock textures charac
terizing correlative intrusive phases are essentially 
identical. Within the limits of present drilling, the 
stocks do not merge with depth. In fact, several of 
the intrusive units are pluglike in form with near
vertical walls, suggesting that, although the two 
stocks were undoubtedly derived essentially con
temporaneously from the same source magma, they 
are separate and distinct intrusive bodies at the 
present erosional level. Therefore, correlative rock 
units in the two stocks, although they may be tex
turally indistinguishable, are considered to have 
been separate intrusions that may or may not have 
been emplaced at precisely the same time. In the 
following lithologic descriptions, some intrusive 
units are described with their counterpart from the 
other stock because, in these cases, the correlative 
units are texturally, mineralogically, and chemi
cally indistinguishable. Correlative phases in the 
two stocks are distinguished below by reference to 
the stock in which the unit is present. 

In both the East and West stocks, the most volu
metrically significant premineral and synmineral 
igneous phases appear to have been intruded se
quentially from south to north as follows: quartz 
monzonite porphyry, K-feldspar-quartz monzonite 
porphyry, and two varieties of quartz-K-feldspar 
porphyry. Quartz monzonite porphyry and K
feldspar-quartz monzonite porphyry crop out in ap-

proximately equal-size areas at the East stock 
(units Kqm and Kkqmp, respectively, pl. 2), where
as fine-grained quartz-K-feldspar porphyry and 
quartz-K-feldspar porphyry are present only at 
depth in central parts of the East and West stocks 
(fig. 51). Fine-grained quartz-K-feldspar porphyry 
is present in the core of the most intensely miner
alized rock of the East stock, and quartz K-feldspar 
porphyry is present in the core of the most in
tensely mineralized rock of the West stock. Both 
stocks formed from the initial emplacement of 
quartz monzonite porphyry with associated low
grade (approx 0.03 weight percent MoS2) mineral
ization. Subsequently, K-feldspar-quartz monzonite 
porphyry and quartz-K-feldspar porphyry were 
emplaced in each stock and produced moderate 
grade mineralization (approx 0.075 weight percent 
MoS

2
) aBd higher grade mineralization (approx 0.1 

weight percent MoS2), respectively. Quartz-feldspar 
porphyry and fine-grained quartz-feldspar porphy
ry are volumetrically less significant and are some
what poorly defined by the present drill-hole 
spacing. 

The mode of emplacement for all major phases 
at Buckingham was consumptive, as indicated by 
enormous blocks, roof pendants and xenoliths of 
hornfels of the Harmony Formation in quartz mon
zonite porphyry and by xenoliths of both hornfels 
and older porphyries floating in a matrix of 
younger porphyry material. Minor intrusions were 
probably emplaced in a similar fashion, as in the 
case of fine-grained quartz-feldspar porphyry. 
Many of the intrusions appear to flare outward at 
their uppermost contacts (fine-grained quartz
feldspar porphyry, quartz-K-feldspar porphyry, and 
the subsequently emplaced large K-feldspar por
phyry). Schematic north-south cross sections de
picting the inferred evolution of the East stock are 
shown in figure 52. 

The major units, quartz monzonite porphyry, K
feldspar-quartz monzonite porphyry, quartz-K
feldspar porphyry and the minor unit fine-grained 
quartz-feldspar porphyry are all very similar min
eralogically. They have ratios of K-feldspar to pla
gioclase (in volume percent) ranging from 1.1:1 to 
1.5:1 (fig. 53), with plagioclase phenocrysts typi
cally showing normal zoning from about An45 cores 
to An

35 
rims. Plagioclase shows oscillatory zoning 

locally. On the basis of their ratios of K-feldspar to 
plagioclase, the rocks were classified in the field as 
quartz monzonite, consistent with the terminology 
traditionally used by English-speaking geologists 
(for example, Moorhouse, 1959; Bateman, 1961; 
Bateman and others, 1963; Hietanen, 1963; 
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O'Connor, 1965). In terms of Streckeisen's (1973) 
classification, the rocks are granite B or mon
zogranite. Although the latter rock names are 
probably most appropriate, the term "quartz mon
zonite" has been retained in two of the following 
rock descriptions to be consistent with existing 
published and unpublished reports. The descrip
tions and chemical analyses of typical unaltered or 
weakly altered samples of several of the units are 
listed in tables 13 and 14, respectively. 

QuARTZ MoNZONITE PoRPHYRY 

Megascopically, the quartz monzonite porphyry 
(unit Kqmp, pl. 2) is distinguished by its aplitic 
groundmass, small, distinct biotite phenocrysts, 
and, with rare exception, the absence of K-feldspar 
phenocrysts (fig. 54A). Quartz eyes, which are evi
dent in sawn or stained slabs, generally are not 
obvious in hand specimen. Quartz monzonite por
phyry is present in both the East and West stocks, 
and in both places it forms the southern margin. 
Quartz monzonite ·porphyry in the East stock oc
curs as a roof pendant on Long Ridge and in three 
dikelike masses that dip steeply north and strike 
N. 70°-85° W. across Vail Ridge immediately east 
of Long Canyon. That quartz monzonite porphyry 
was the earliest of the major mineralization
related intrusions in both stocks is suggested by 
four lines of evidence: (1) the unit is on the mar
gins of the stocks; (2) it does not cut other quartz 
monzonite-type rocks; (3) it has never been ob
served cutting quartz molybdenite veins in hornfels 
or in other porphyries; and ( 4) the quartz monzo
nite porphyry hosts the highest grade Mo8

2 
miner

alization found in the deposit. Quartz monzonite 
porphyry in the East stock was itself at least a 
weak mineralizer; dikes in the eastern area of the 
deposit extending beyond the limits of the ore zone 
consistently exhibit anomalous molybdenum con
centrations that extend outward a few meters into 
the Harmony Formation. 

K-FELDSPAR-QuARTZ MoNZONITE PoRPHYRY 

The K-feldspar-quartz monzonite porphyry (unit 
Kkqmp, pl. 2) is virtually identical to the quartz 
monzonite porphyry in texture and mineralogy but 
with the addition of K-feldspar phenocrysts (fig. 
54B); correlative units in the East and West stocks 
appear to differ slightly in overall abundance of K
feldspar phenocrysts. K-feldspar-quartz monzonite 

porphyry of the East stock averages 6 to 10 K
feldspar phenocrysts per meter of drill core; K
feldspar-quartz monzonite porphyry of the West 
stock averages about 30 K-feldspar phenocrysts per 
meter. Where strongly altered or strongly weath
ered, these units can be indistinguishable from the 
quartz-K-feldspar porphyry described below; thus, 
their distributions are not precisely known. K
feldspar-quartz monzonite porphyry forms much of 
the East stock where it crops out on the north and 
south flanks of Long Ridge. Deep drill-hole inter
cepts indicate that the apex of the intrusion prob
ably occurred midway between Long Ridge and 
Licking Creek before the emplacement of subse
quent intrusive phases. K-feldspar-quartz monzo
nite porphyry appears to form the western margin 
of the West stock and may be present locally in the 
subsurface just north and northeast of Buckingham 
Camp. Because exposures at the West stock cannot 
be identified reliably, they may be either K
feldspar-quartz monzonite porphyry or quartz-K
feldspar porphyry. 

K-feldspar-quartz monzonite porphyry probably 
postdates quartz monzonite porphyry because it 
makes up the central mass of the East stock near 
the surface. We infer that K-feldspar-quartz monzo
nite porphyry predates the main mineralizing phase 
in both stocks, quartz-K-feldspar porphyry, because 
it generally is strongly mineralized and occupies a 
peripheral position in the system. The emplacement 
of the younger phase destroyed the original geometry 
of K-feldspar-quartz monzonite porphyry in both 
stocks. 

QuARTz-K-FELDsPAR PoRPHYRY 

This unit is distinguished by the common occur
rence of K-feldspar phenocrysts and by generally 
larger and more rounded quartz phenocrysts than 
in previously described units (fig. 54C). Quartz-K
feldspar porphyry is inferred to have been the 
major source of molybdenite in the system and ap
parently is present only at depth. On the basis of 
the present distribution of drill holes, most of the 
high-grade Mo82 appears to be shells zoned sym
metrically around this intrusion. In addition, both 
quartz-K-feldspar porphyry bodies in both the East 
and West stocks have well-developed, high-silica 
and crenulate quartz band zones at their upper 
contacts suggesting that, by analogy with relations 
in the Climax and Henderson, Colo., molybdenum 
deposits, these units were associated with the 
greatest concentrations of hydrothermal fluids and 
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SOUTH NORTH 

EVENT 1 

SOUTH NORTH 

EVENT 2 

SOUTH NORTH 

EVENT3 

Consumptive placement of quartz monzonite 
porphyry: stoping and assimilation of wallrock of the 
Harmony Formation. 

Associated mineralization grades more than 0.03 
percent MoS.2 and may have formed a shell over and 
within intruston (outlying dikes contain 0.03 percent 
MoS2). 

Magmatism and mineralization moved northward with 
emplacement of K-feldspar quartz monzonite 
porphyry. Stoping of large blocks of quartz 
monzonite porphyry, Harmony Formation, and quartz 
monzonite porphyry intrusion breccia. Mineralization 
grades 0.075 percent MoS2• 

Superposition of MoS2 shells, the southern limb 
thickening as mineralization moves northward. 

Magmatism shifts northward again as fine-grained 
quartz-feldspar porphyry is emplaced at deeper 
levels. 

Good evidence of consumptive emplacement in drill 
hole B-21. 

Superposition of shells results in first strong 
development of MoS2 mineralization more than 0.1 
percent. 

EXPlANATION 

~ Aplite-intrusion breccia (Cretaceous) 

- Large K-feldspar porphyry (Cretaceous) 

m!lilililllllllllllllll Quartz-K-feldspar porphyry (Cretaceous) 

I::::::::I::::::::::::::I Fine-grained quartz-feldspar porphyry (Cretaceous) 

Ed K-feldspar quartz monzonite porphyry (Cretaceous) 

D Quartz monzonite porphyry (Cretaceous) 

D Harmony formation (Cambrian) 

Contact 

FIGURE 52.-Schematic north-south cross sections through East stock of Buckingham molybdenum system, showing inferred evolution 
breccia, roof pendants and partially assimilated xenoliths stoped 
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NORTH 

EVENT4 

NORTH 

EVENT 5 

NORTH 

EVENT6 

EVENT 7 

EVENTS 

Emplacement of quartz-K-feldspar porphyry and peak 
of hydrothermal activity. Crenulate quartz layers and 
high-silica zone well developed. 

Again, magmatic and hydrothermal activity shifted 
northward, with associated thickening of southern 
deposit limb. 

Peak of MoS2 mineralization more than 0.1 percent. 

Intrusion of big K-feldspar porphyry, accompanied by 
massive stoping and waning molybdenite 
mineralization. 

Associated molybdenite mineralization grades 0. 03 to 
0.05 percent MoS2 and probably forms a thin 
low-grade shell. 

Big K-feldspar porphyry contributes to more than 
0.05 percent MoS2 mineralization where molybdenite 
shells overlap. 

{ 

Intrusion of intermineral aplite-intrusion breccia (Kap) 
followed by weak quartz-molybdenite veining. Stoped 
blocks of higher grade material carry the breccia 
matrix at a grade of greater than 0.05 percent. 

{
Intrusion of post-molybdenum age, Tertiary quartz 
latite porphyry (not shown on figure). 

{ 

Major dislocation and dissection of East stock 
molybdenite system by Buckingham (not illustrated), 
Second, and Contention II faults. 

EXPlANATION-continued 

APPROXIMATE SCALE 

MoS2 concentration-Dotted where concealed 
High 
Moderate 
Low 

0.5 KILOMETER 

of magmatism, mineralization, and postmineral faults along section line 391,100 E. Except for earlier rocks stoped by aplite-intrusion 
during emplacement of Buckingham intrusions are omitted for simplicity. 
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were probably the major molybdenum carriers in 
the system. 

Quartz-K-feldspar porphyry makes up the core of 
the West stock. Its southern contact flares upward 
and outward (fig. 55), and it is characterized by 
high-silica alteration and crenulate quartz layers. 
The associated ore zone forms limbs that lay periph
eral to the intrusion, and the central part of the unit 
is barren. 

Quartz-K-feldspar porphyry of the East Stock is 
present beneath the crest of Long Ridge and 
mostly below an elevation of 5,000 ft. The unit also 
is present as xenoliths in an intrusion breccia of 
younger aplite, where it is characterized by high
silica alteration and crenulate quartz layers (fig. 
56). Thus, aplite probably truncated a southern 
contact zone of quartz-K-feldspar porphyry where 
quartz-K-feldspar porphyry had intruded and min
eralized K-feldspar-quartz monzonite porphyry and 
quartz monzonite porphyry in the East stock. The 
highest grade mineralization in the East stock lies 
just south of this aplite intrusion breccia in an ore 
shell that is inferred to have been deposited mostly 
by quartz-K-feldspar porphyry. Some mineraliza
tion may also be attributed to another igneous 
phase, the fine-grained quartz-feldspar porphyry, 
described below. In plan view, the width of the 
southern part of the East stock ore zone is nearly 

Alkali-feldspar 
granite 

Alkali feldspar 

Quartz 

Plagioclase 

FIGURE 53.-Quartz-alkali feldspar-plagioclase ternary plot, 
showing modal analyses of some Buckingham intrusive rocks. 
Samples unaltered or weakly altered. Compositional fields 
from Streckeisen and others (1973). Samples: 1, 2, from 
quartz monzonite porphyry; 3, 4, from large K-feldspar por
phyry; 5, aplite. 

comparable to that in the West stock, 430 m com
pared with 490 m, respectively. 

FINE-GRAINED QuARTZ-FELDsPAR PoRPHYRY 

This unit is distinguished by its bimodal ground
mass with a population of quartz grains slightly 
coarser than the groundmass (fig. 54D). Quartz, 
plagioclase, biotite, and rare K-feldspar compose 
the phenocryst assemblage. Fine-grained quartz
feldspar porphyry has been recognized only at 
depth in the East stock, where the rock is present 
in interfault and hanging-wall parts of the deposit. 
Because of its position relative to other intrusions 
and ore shells in the East stock, it is postulated 
that the rock postdates K-feldspar-quartz monzo
nite porphyry (see figs. 52, 56). Fine-grained 
quartz-feldspar porphyry was probably emplaced 
near-surface, and mineralization is greater than 
0.1 weight percent MoS2 ; fine-grained quartz
feldspar porphyry was mineralized itself by quartz
K-feldspar porphyry. 

QuARTz-FELDsPAR PoRPHYRIES 

Fine-grained porphyries with stretched quartz 
eyes and plagioclase phenocrysts (fig. 54D) have 
been identified at depth in both the East stock and 
the West stock; they do not crop out in the immedi
ate areas of the East and West stocks (pl. 2). 
Quartz-feldspar porphyry bears a strong textural 
resemblance to intermineral aplite, but the porphy
ry is characterized by a high density of quartz 
veining with accompanying molybdenite. Similar to 
aplite, stretched quartz "eyes" may actually 
be rounded vein fragments, and the rocks may 
be hybridized products of the aplite intrusion 
breccia. 

INTERMINERAL INTRUSIONS 

The intermineral intrusions include three rocks 
that clearly postdate rocks associated with most 
molybdenum deposition. Nevertheless, intermineral 
rocks are associated with low-grade MoS

2 
mineral

ization. In general, the rocks are weakly altered 
and clearly crosscut quartz-molybdenite veins in 
hornfels and earlier stage porphyries. Detailed de
scriptions of typical unaltered samples are pro
vided in table 13, and chemical analyses are listed 
in table 14. 



TABLE 13.-Descriptions of igneous-rock units in the Buckingham stockwork molybdenum system 

MAP-
UNIT Phenocr;y:sts Groundmass Accessories 0 
SYMBOL1 

Type Morphology Vol. Size Comments Mineralogy Texture Vol. Size Mineralogy Comments 
l:_:l:j 

% (mm) % (mm) 0 
t'"l 
0 

0.05-.5 Apatite ~ Kqmp2 qz Sub-euhedral 5-8 1.0-5 (.1-.3 ave) Sphene Intergrown with 
0 plag Euhedral 23-24 0.05-11 Seriate, normal qz Equigranular, 59-66 occasional pyrite-- l'%j 

zoning An44-An33 K-feld- allotriomorphic hydrothermal? t-3 
bio Euhedral 4-7 .3-3 spar Zircon ::z:: 

l:_:l:j 
hbd Euhedral tr-1 .5-2 Pale olive green 0;1 

replaced by bio, 0 
chlorite, pyrite Q 

es 
z 

.08-.5 Apatite 0 

qz Subhedral 5-10 1-6 qz Equigranular, (.1-.3 ave) Sphene Hydrothermal? ~ plag Euhedral 20-25 .5-3 Seriate, normal K-feld- allotriomorphic Zircon colorless 
Kkqmp2 zoning An46-An30 spar 00 

t-3 
K-feld- Euhedral tr-3 4-15 0 

spar Q 

bio Euhedral 3-5 .5-3 Epidote replaced ~ 
qz Subhedral 5-9 .5-7 qz Allotriomorphic, .04-.4 ~ 

Kfqfp2 plag Euhedral 20-25 .5-4 K-feld- equigranular 65-75 a:: 
0 bio Euhedral tr-3 .5-3 spar 

~ 
1:::1 

qz Subhedral 8-12 1-8 qz Equigranular, .08-.4 l:_:l:j 

Kqkp2 plag Euhedral 20-25 .5-3 Seriate, normal K-feld- allotriomorphic ~ zoning An50-An34 spar 
K-feld- Euhedral 1-10 4-25 1:::1 

spar l:_:l:j 

bio Euhedral 3-5 .3-3 "'t:: 
0 
00 -t-3 

qz Subhedral 6-8 .5-9 qz Equigranular, .05-.3 Apatite Probably 

~ Klkp2 plag Euhedral 26-28 .5-4 Normal zoning K-feld- allotriomorphic 50-55 (.1 ave) Sphene hydothermal 
K-feld- Euhedral 3-7 5.-30 An44-An34 spar 00 

spar Zircon Very small 

~ bio Euhedral 4-7 0.5-3 

Kap2 
qz Equigranular, .1-.4 Apatite ~ qz Anhedral 2-5 1-9 K-feld- allotriomorphic 90-98 -plag Subhedral tr-1 1-3 spar z 

0 bio Euhedral tr-1 1-3 

~ 
1 See plate 2 and figures 51-56. 

2 Kqmp, quartz monzonite porphyry; Kqkp, quartz-K-feldspar porphyry; Kkqmp, K-feldspar quartz monzonite porphyry; Klkp, large K-feldspar porphyry; 
Kfqfp, fine-grained quartz-feldspar porphyry; Kap, aplite. 

tj 
1-' 
1-' 
1-' 
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TABLE 14.-Analytical data on fresh or weakly altered samples of premineral, synmineral, and 
intermineral intrusions in the Buckingham stockwork molybdenum system 

[Chemical analyses and Cross, Iddings, Pirsson, and Washington (CIPW) norms in weight percent; analyst, Skyline Labs, Denver, 
Colo. n.d., not determined; -, not detected] 

Field No. 
Analysis 1 2 3 

B28-1620-30 l B27-171.5 B25-1630 
Chemical analyses (weight percent) 

MnO 
MgO 
CaO 
Na 2o 
K20 

Rb20 
(Rb ppm) 

P205 
H20+ 
H20-
co2 

F 
Cl 
s 
-O=F,Cl,S 

Total 

68.3 
.33 

14.7 
.92 

1.9 

.067 
1.3 
3.0 
3.0 
4.4 

. 037 
(170) 

.05 
1.6 

.1 

.8 

.062 
N.d. 
N.d. 

.026 

100.54 

69.4 
N.d. 

14.2 
2.2 
1.8 

N.d. 
1.1 
3.4 
2.0 
5.5 

.046 
(210) 

N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 

.33 

.082 

99.89 

67.2 
.38 

14.6 
1.1 

.95 

.038 

.86 
2.60 
1.6 
6.5 

N.d • 

.07 
N.d. 
N.d. 
1.2 

.065 
N.d. 
N.d. 

.027 

97.14 

C.I.P.W. norms (weight percent) 

q 
c 
or 
ab 
an 

di 
hd 
en 
fs 
mt 

i1 
hm 
ru 
ap 
cc 
fr 
pr 
H20 

(C02 ) 

Total 

27.05 
1.67 

26.11 
25.38 

9.04 

3.23 
2.3 
1.34 

.62 

.13 
1.82 

.12 

1.7 

100.51 

28.07 

32.62 
16.94 
13.46 

2.16 
.54 

1. 74 
.s 

3.2 

0.62 

99.85 

1Pulp from 1-m drill-core interval. 

1. Quartz monzonite porphyry. 
2. Do. 
3. Large K-feldspar porphyry. 
4. Aplite dike. 
5. Do. 

29.71 
3.31 

38.41 
13.53 

4.42 

2.14 
.26 

1.60 

.73 

.17 
2.73 

.12 

97.13 

4 
B29-505 

66.86 
.47 

12.68 
1.42 

.16 

.05 
1.80 
2.94 
2.94 
9.19 

N.d. 

.20 
1.05 

.10 
2.31 

.06 

N.d. 
.02 

100.33 

22.82 
.99 

54.33 
8.97 

4.49 

.44 
1.42 

.24 

.47 
4.66 

.09 

1.15 
(. 26) 

100.32 

5 
B29-619 

68.72 
.44 

12.84 
1.02 

.10 

.05 
1.50 
2.02 
2.02 

10.07 

N.d 

.19 

.55 

.11 
1.61 

.08 

N.d. 
.03 

100.23 

22.35 
.36 

59.51 
8.13 

3.73 

.32 
1.02 

.27 

.44 
3. 

.13 

.66 
(. 29) 

100.21 
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lARGE K-FELDSPAR PORPHYRY 

Large K-feldspar porphyry (unit Klkp, pl. 2) is 
distinguished from earlier igneous phases by abun
dant conspicuous, large K-feldspar phenocrysts, 
moderately large quartz phenocrysts, and a fine- to 
medium-grained groundmass (fig. 57A). Overall, al
though the rock bears strong textural similarities 
to earlier intrusions, it has a somewhat more 

A 0 2 CENTIMETERS 

B 0 2 CENTIMETERS 

FIGURE 54.-Typical specimens of premineral and synmineral 
Cretaceous intrusive rocks. Except for specimen in figure 54E, 
one half of each sawn specimen has been stained to enhance 
alkali and plagioclase feldspar. Rocks shown in figures 54C 
through 54E are present only at depth in Buckingham stock-

c 0 2 CENTIMETERS 

D 0 2 CENTIMETERS 

E 0 2 CENTIMETERS 

work molybdenum system. A, Quartz monzonite porphyry 
(Kqmp). B, K-feldspar-quartz monzonite porphyry (Kkqmp). C, 
Quartz-K-feldspar porphyry (fig. 51). D, Fine-grained quartz
feldspar porphyry (fig. 51). E, Quartz-feldspar porphyry (fig. 51). 
See plate 2 for unit symbols and names. 
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FIGURE 55.-Schematic north-south cross section through West stock of Buckingham molybdenum stockwork system, 
showing geologic relations among intrusive phases and crenulate quartz layers within stock and relations of 
stock to Buckingham and Second fault zones. 
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uniform appearance; modally and chemically, it is 
indistinguishable from premineral and synmineral 
intrusions (tables 13, 14). Large K-feldspar porphy
ry crops out on the north flank of Long Ridge near 
the East stock. As mapped, the unit includes large 
roof pendants and numerous xenoliths of hornfels; 
these suggest that the present exposures are very 
close to the original roof of the intrusion. For that 

SOUTH 

FEET 

6000 

5000 

4000 

3000 

reason, the flat western contact of the body is 
interpreted not to imply sill-like emplacement but 
rather to be a manifestation of the flat upper sur
face of a pluglike mass exposed by erosion (pl. 2). 
Limited drill intercepts suggest the presence of a 
significant volume of large K-feldspar porphyry 
midway between the Gold Top Mine and the 
Bentley Mine. We can only speculate how much 
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FIGURE 56.-Schematic north-south cross section through the East stock of Buckingham stockwork molybdenum system, 
showing geologic relations among magmatic phases, intrusion breccia, and postmineral faults along section line 391,100 E. 
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B 0 2 CENTIMETERS 

c 0 2 CENTIMETERS 

FIGURE 57.-Typical specimens of intermineral Cretaceous intru
sive rocks. A, Large K-feldspar porphyry (Kikp). B, Large K
feldspar porphyry cutting quartz veins in the Upper Cambrian 
Harmony Formation; C, Aplite (Kap). See plate 2 for unit sym
bols and names. 

large K-feldspar porphyry lies at depth; however, 
we infer from these intercepts that the intrusion is 
carrot shaped in section, expanding in width near 
the surface. This shape is consistent with the ge
ometry of some other intrusions (that is, quartz-K
feldspar porphyry and fine-grained quartz-feldspar 
porphyry; figs. 55 and 56, respectively). 

Molybdenite, which is present in large K-feldspar 
porphyry, is found in quartz molybdenite-pyrite 
veins. The fact that quartz veining and grades 
higher than 0.05 weight percent MoS2 can only lo
cally be attributed to large K-feldspar porphyry sug
gests that the hydrothermal system accompanying 
emplacement of this intrusive phase was weak and 
restricted. In general, the unit is waste rock and di
lutes northern, near-surface parts of the East stock 
ore zones. Dikes of large K-feldspar porphyry clearly 
truncate quartz-molybdenite veins in hornfels and 
earlier intrusions (fig. 57B). Emplacement of large 
K-feldspar porphyry appears to mark a transition in 
magmatic activity at Buckingham from large, 
well-mineralized quartz monzonite plugs to small 
intermineral dikes. 

l NTERMI NERAL DIKES 

Two varieties of intermineral dikes, aplite and 
intermineral porphyry, both of which are leuco
cratic, crop out in the general area of the East 
stock (unit Kap, pl. 2). Where aplite is mapped ap
proximately 300 m west of the Dipper shaft, the 
unit includes some intermineral porphyry dikes 
that are a medium-grained, leucocratic porphyry 
that may be a coarser grained equivalent of aplite. 
At this locality, intermineral porphyry dikes are 
cut by few quartz veins, and the intermineral por
phyry dikes strike parallel to aplite dikes in sur
face exposures of the East stock (pl. 2). Both aplite 
and intermineral porphyry are conspicuous, owing 
to their fine to medium grain size and weak to 
absent quartz veining in contrast to their more 
strongly quartz veined, porphyritic host rocks. 
Truncated veins are common in both drill core and 
outcrop. Aplite dikes strike northwesterly across 
the East stock and northerly across the West stock 
(pl. 2). The aplite is composed of rare quartz eyes 
and evenly disseminated patches of sericite (fig. 
57C) replacing biotite in a fine-grained, sucrosic 
quartz-feldspar groundmass (tables 13, 14). The 
actual contents of quartz and K-feldspar pheno
crysts are variable and misleading, for many of 
these crystals are brecciated fragments floating in 
an aplite matrix. Most, if not all, of the dissemi-
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TABLE 15.- Modal data on typical samples of postmineral rock units near the 
Buckingham stockwork molybdenum system 

[All values in volume percent. Data obtained by point·counting stained rock slabs. tr, trace;-, not detected] 

Anal sis 2 
Drill hole B-27 B-39 
Depth 506' 545.5' 

Quartz (pheno) 12.0 
K-spar (pheno) 11. 
Plagioclase 15. 1.0 
Biotite l. 
Hornblende 18. 
Pyrite l. 3. 
Groundmass 60. 79. 
Total 100. 101. 

Points counted 1024 1033 

l. Rhyolite porphyry. 
2. Hornblende porphyry. 
3. Biotite-feldspar porphyry. 
4. Granodiorite porphyry. 
5. Quartz latite porphyry. 
6. Do. 

nated molybdenite is derived from wallrock assimi
lation. Rare quartz-molybdenite veins, however, 
suggest that the rock is, indeed, intermineral. Ap
lite stoped and consumed relatively large volumes 
of hornfels and earlier, mineralized porphyries 
during emplacement. Although most intercepts of 
aplite are actually composed of intrusion breccia, 
locally the rock is free of xenoliths and homogene
ous. Although intermineral aplite and aplite intru
sion breccia affect the continuity of earlier formed 
ore shells, not all of this unit represents waste 
rock; significant amounts of the breccia carry ore
grade material because of molybdenite contained in 
xenoliths. 

POSTMINERAL INTRUSIONS 

A series of calc-alkaline intrusions were em
placed near the deposit during late Eocene or early 
Oligocene time. These rocks, which cut and dilute 
the Buckingham deposit, produced the base- and 
precious-metal vein systems that contribute by
product metal values to the Buckingham mineral 
inventory. Locally, the margins of these late Eo
cene or early Oligocene intrusions assimilated 
small amounts of wallrock and, as a result, contain 
anomalous molybdenum. The late intrusions gener
ally take the form of dikes dipping moderately 
west. Rhyolite porphyry, granodiorite porphyry, 
pebble dikes, and basalt, however, are exceptions. 
Rhyolite porphyry forms two pluglike masses; the 
latter three intrusion types form dikes of appar
ently different or unknown orientation. Field evi
dence suggests that rhyolite porphyry may be the 
oldest postmolybdenum unit; basalt appears to be 

4 5 6 
B-28 B-25 B-13 B-24 
1322' 454' 2301' 1418' 

1.0 4.0 10.0 9.0 
6. 

4. 6. 32. 32. 
tr 2. 6. 10. 

ll. 12. 
2. l. l. 

82. 77. 45. 49. 
100 . 101. 100 . 101. 

lOll 1012 1030 1015 

the youngest. Modes obtained by point counting 
stained slabs of typical postmineral rock samples 
are listed in table 15; chemical analyses and min
eral norms are listed in table 16. 

RHYoLITE PoRPHYRY 

Rhyolite porphyry forms two pluglike masses 
which are about 430 m southwest of the Buck
ingham deposit boundary (unit Trp, pl. 2). On the 
surface, the unit contains relatively small quartz, 
K-feldspar, and plagioclase phenocrysts in an apha
nitic quartz and K-feldspar groundmass. With 
depth, however, the rock becomes coarser grained, 
consisting of 10 to 14 volume percent quartz pheno
crysts (0.5-3 mm), 9 to 12 volume percent K
feldspar phenocrysts (1-5 mm), 13 to 15 volume 
percent plagioclase (0.5-2 mm), ang 1 to 2 volume 
percent biotite (0.5-1 mm) in an aphanitic ground
mass (fig. 58A). At a depth of about 360m, the rock 
might be more appropriately termed a "granite." 
Crenulate quartz layers appear at the margins of 
the intrusion against metasedimentary host rocks 
of the Harmony Formation. On the east edge of one 
plug, crenulate layers are cut by quartz veins that 
are probably related to the Little Giant vein sys
tem. Additional occurrences of quartz porphyries 
found in drill core from the Buckingham mo
lybdenum deposit resemble the post-molybdenum
mineralization rhyolite porphyry of the Little Giant 
Mine area. These quartz por-phyries typically con
tain feldspar phenocrysts, are volumetrically insig
nificant in the molybdenum system, and are always 
postmineral. 
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TABLE 16.-Analytical data on fresh or weakly altered samples of postmineral intrusive rocks of the Buckingham 
stockwork molybdenum system 

[Chemical analyses and Cross, Iddings, Pirsson, and Washington (CIPW) norms in weight percent. n.d., not determined; - , not detected] 

Analysis 1 
Drillhole B27-850-900 

MnO 
MgO 
CaO 
Na 2o 
K20 

Rb 20 
(Rb ppm) 

P20~ 
H20 
H

2
o-

co2 
F 
Cl 
s 
-O=F,Cl,S 

Totals 

q 
c 
or 
ab 
an 

di 
hd 
en 
fs 
mt 

i1 
hm 
tn 
ru 
ap 

cc 
fr 
pr 
H20 

(C02 ) 

Totals 

75.0 
.17 

12.4 
.49 
.63 

.007 

.43 

.21 
1.3 
6. 

N.d. 

. 02 
N.d. 
N.d. 
N.d. 

• 052 
N.d. 
N.d. 

.022 

96.73 

43.34 
3.55 

35.46 
11.01 

.58 

1.07 
.49 
.72 

.32 

.03 

.1 

96.67 

2 
B27-604 

75.7 
.14 

12.3 
.41 
.29 

• 008 
.66 
.26 
.28 

5.5 

N.d. 

. 02 
3.7 

.4 
N.d. 
N.d. 
N.d. 
N.d. 

99.67 

51.48 
5.41 

32.51 
2.36 
1.28 

1.65 

.53 

.27 

.05 

4.1 

99.64 

3 4 5 6 
B24-1419 Bl6-980 B39-543-547 Bently Adit 

Chemical analyses (weight percent) 

69.4 
N.d. 

14.2 
2.1 
1.8 

N.d. 
1.7 
2 . 9 
2.9 
4.1 

.042 
(190) 

N.d • 
N.d. 
N.d. 
N.d. 

.052 
N.d. 
0.6. 

.037 

99.22 

64.1 
.65 

15.9 
4.4 
N.d. 

N.d • 
2.8 
4.8 
2.9 
2.4 

N.d 

N.d • 
. 2 

1.8 
N.d. 
N.d • 
N.d. 
N.d. 

99.95 

63.3 
.67 

15.8 
3.8 

.86 

.084 
3.2 
5.3 
2.7 
3. 

.043 
(195) 

.16 
N.d • 
N.d. 
1.9 

.39 
N.d. 

.08 

.072 

101.21 

C.I.P.W. norms (weight percent) 

27.62 

24.33 
24.54 
13.58 

.28 

.07 
4.1 
1.38 
3.06 

.11 

.12 

99.19 

23.69 

14.2 
24.54 
23.26 

6.98 

4.41 
.39 
.49 

1.8 

99.76 

23.35 
3.32 

17.7 
22.87 
13.08 

7.97 
5.14 
1.25 

1.27 

.37 

4.32 
.05 
.14 

100.83 

52.7 
1.4 

14.5 
4.3 
4.3 

.65 
4. 
6. 
3. 
2. 

.015 
(70) 

.23 
5.5 
N.d. 
N.d. 

.1 
N.d. 
N.d. 

.042 

98.65 

9.79 

11.86 
25.38 
20.17 

4.7 
1.34 
7.78 
2.53 
6.23 

2.66 

.54 

.16 

5.5 

98.64 

1. Rhyolite porphyry. Composite of 15.24-m drill-core interval, 
2. Do. 
3. Quartz latite porphyry. 
4. Quartz-biotite-feldspar porphyry. 
5. Hornblende porphyry. 
6. Basalt. 
7. Do. 

7 
Little Giant 

53.1 
1.6 

17.8 
7.8 
1.1 

.2 
2.5 
5.9 
3.2 
2.4 

.033 
(150) 

.29 
5.1 
N.d. 
N.d. 

.09 

.01 
N.d. 

.04 

101.07 

9.87 
.05 

14.31 
27.06 
26.93 

6.22 

2.75 
7.79 

.15 

.67 

.13 

5.1 

101.03 
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A 0 2 CENTIMETERS 

B 0 2 CENTIMETERS 

c 0 2 CENTIMETERS 

FIGURE 58.-Typical specimens of postmineral Tertiary intrusive 
rocks. A, Rhyolite porphyry (Trp). Note variation in grain size. 
B, Hornblende porphyry (Thp). C, Biotite-feldspar porphyry 
(Tbfp). D, Quartz-biotite-feldspar porphyry (Tqbfp). E, Quartz 
latite porphyry (Tqlp), both stained (above) and unstained 

D 0 2 CENTIMETERS 

E 0 2 CENTIMETERS 

F 0 2 CENTIMETERS 

(below). F, Pebble dike (Tpb) containing rounded fragments of 
porphyry, hornfels of the Upper Cambrian Harmony Formation, 
and chert of the Devonian Scott Canyon Formation. See plate 2 
for unit symbols and names. 
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PORPHYRIES OF INTERMEDIATE COMPOSITION 

Porphyries of intermediate composition are 
dikelike in form and apparently make up a con
tinuum grading from older, more mafic rocks to 
younger, felsic varieties. Few crosscutting rela
tions have been observed, and the hypothesis that 
such a continuum exists is based on an assump
tion that all were derived from the same differen
tiating magma. Their similar attitudes imply 
emplacement under the same stress regime, fur
ther suggesting that they intruded over a relative
ly short timespan. Commonly, these late-stage 
porphyries contain weakly disseminated base
metal sulfides. Although these dikes clearly cut 
and dilute molybdenum and associated copper
tungsten-silver mineralization (except for assimi
lated material at dike margins), they do contain 
some silver and are cut by rare quartz veins. Fur
thermore, base- and precious-metal vein systems, 

· the sites of historical mining operations at 
Buckingham Camp, occupy major postmolybdenum 
age structures with attitudes similar to those of 
nearby late-stage dikes. The series of intermediate 
porphyries, and quartz latite porphyry in particu
lar, may have caused some of the late vein miner
alization superimposed upon the molybdenum 
system. The porphyries of intermediate composi
tion include hornblende porphyry, biotite-feldspar 
porphyry, quartz-biotite-feldspar porphyry, grano
diorite porphyry, and quartz latite porphyry. 

Dikes of hornblende porphyry (unit Thp, pl. 2), 
generally 1 to 3 m thick, crop out near the Bentley 
and Gold Top Mines and west of the West stock. 
This rock is fairly distinctive, consisting of about 
20 volume percent hornblende phenocrysts (1-6 
mm) and less than 1 volume percent plagioclase 
phenocrysts (1-3 mm) in a greenish-gray aphanitic 
groundmass (fig. 58B). Hornblende porphyry dikes 
can be correlated between drill holes and the sur
face in both areas. 

Biotite-feldspar porphyry (unit Tbfp, pl. 2) and 
quartz-biotite-feldspar porphyry (Tqbfp) were 
originally distinguished on the basis of surface 
outcrops. Biotite-feldspar porphyry and quartz
biotite-feldspar porphyry dikes and a composite 
dike with biotite-feldspar porphyry lying immedi
ately above quartz-biotite-feldspar porphyry crop 
out west of the West stock (pl. 2). Both units are 
distinguished from hornblende porphyry by the 
presence of quartz phenocrysts (figs. 58C, 58D). 
Both have a grayish-green to brown aphanitic 
groundmass. Small, texturally similar hornblende 
(9-12 volume percent, 1-5 mm)-plagioclase (4-6 

volume percent, 1-4 mm)-quartz (1-2 volume per
cent, 1-7 mm)-biotite (trace, 0.5-1 mm)-bearing 
dikes, which are fairly common at depth in the de
posit, may, in fact, be quartz-biotite-feldspar por
phyry. If so, then quartz-biotite-feldspar porphyry 
is the dominant variety of the two. 

Short intercepts of granodiorite porphyry are 
present in several drill holes. At present, because 
we are unable to reliably correlate these intercepts, 
we do not know the orientation of granodiorite por
phyry dikes and (or) sills. The unit is composed of 
3 to 5 percent quartz phenocrysts (2-13 mm), 5 to 
8 percent plagioclase phenocrysts (0.5-3 mm), 10 to 
12 percent hornblende ( 1-3 mm), and 1 to 2 
percent biotite (0.5-4 mm) in a black aphanitic 
groundmass. 

Quartz latite porphyry is by far the most volu
metrically significant dike rock that is post
molybdenum mineralization in age (unit Tqlp, pl. 
2) . Present in west-dipping swarms, individual 
dikes or sheets range from 1 to 100 m in thickness. 
Quartz latite porphyry dikes are present mainly in 
the East stock part of the deposit, where they sig
nificantly dilute molybdenum mineralization. In the 
West stock, the dikes are volumetrically much less 
important; several dikes appear beneath Buck
ingham Camp at depths greater than 650 m, and a 
single dike is present at relatively shallow depths. 
Quartz latite porphyry is composed of approximate
ly 31 to 33 volume percent plagioclase (1-12 mm), 8 
to 11 volume percent quartz (2-13 mm), 5 to 10 
volume percent biotite (0.5-3 mm), and generally 
large K-feldspar phenocrysts (from 1 em to several 
centimeters in diameter), set in an aphanitic gray
green groundmass (fig. 58E). Rock texture can be 
somewhat variable within a given dike. Quartz and 
plagioclase phenocrysts tend to decrease in size, and 
K-feldspar phenocrysts tend to decrease in abun
dance, toward the margins of dikes. Quartz latite 
porphyry dikes can be irregular in strike and dip; 
however, the dike swarm appears to strike about N. 
10° E. and dip 30°-50° W. Local changes in dip are 
fairly common, and some dikes branch into several 
smaller dikes near the surface. Quartz latite por
phyry in places appears to have intruded preexist
ing fault zones. Both upper and lower dike contacts 
commonly are faulted as well; the faulting suggests 
reactivation of the older structures. Quartz latite 
porphyry locally remobilized molybdenite during 
emplacement; in these zones, characteristically on 
the margins of dikes, molybdenite is present in in
cluded fragments . Rarely, molybdenite is found in 
thick quartz veins that commonly show open cavi
ties; this fact suggests that some molybdenum ac-
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companied quartz latite porphyry. Typically, how
ever, the unit is barren of molybdenum. Quartz 
latite porphyry is closely associated with lead-zinc
silver mineralization in the Little Giant and Gold 
Top Mines; dike margins and nearby host rocks are 
commonly anomalous in these elements; this fact 
suggests that there may be a genetic link between 
quartz latite porphyry and base- and precious-metal 
vein systems. 

PEBBLE DIKES 

Intrusive breccia dikes represent the youngest 
stage of igneous activity associated with late-stage 
intermediate porphyries. In surface exposures (unit 
Tpb, pl. 2), pebble dikes predominantly are present 
at the east end of Long Ridge and in the area im
mediate to the Copper Queen Mine. Little is known 
about overall distribution of pebble dikes, but the 
two longest outcrops near the East stock are spa
tially associated with the western exposed limit of 
large quartz latite porphyry dikes (Tqlp, pl. 2). At 
both places, pebble dikes dip more steeply than 
quartz latite porphyry. Crystallization of the por
phyry dikes may have caused volatile pressure to 
build. Subsequent fracturing of the wallrock and 
the explosive release of fluids may have caused the 
formation of the pebble dikes. Although pebble 
dikes commonly contain fragments of quartz latite 
porphyry, as well as mineralized and quartz-veined 
fragments of stock and hornfels, they also charac
teristically contain fragments of black chert that 
appear to be from the Scott Canyon Formation (fig. 
58F). Thus, the source of the pebble dikes and, pos
sibly, of the quartz latite porphyry probably under
lies the Dewitt thrust. 

BASALT 

Basalt dikes are present in and above the adit at 
the Bentley Mine and in the area of the Little 
Giant Mine (unit Tb, pl. 2). In addition, basalt ap
pears as float along a road about 250 m west of the 
Miss Nevada Mine. The unit, which is black and 
aphanitic, locally contains vesicles, some of which 
contain euhedral diopside. At the Bentley adit the 
basalt dike is pyritized. A chemical analysis of a 
sample collected from the Little Giant Mine is 
listed in table 16. Calculation of the mineral norms 
from these data indicates that the rock is a tholei
ite, according to the classification of Yoder and 
Tilley (1962). 

STRUCTURE 

Structural relations affecting the geometry of ore 
zones at Buckingham are dominated by (1) 
younger, N. 25° W.-striking, northeast-dipping, lis
tric fault systems, and (2) older, moderately west 
dipping vein-fault systems with a possible reverse 
movement. Structural features of lesser signifi
cance relative to the distribution of molybdenum 
include "shatter zones" of intense fracturing, nor
mal faults with minor displacement, and sedimen
tary bedding. 

The most significant structures at Bucking
ham are listric normal faults that strike north
northwesterly, dip easterly, and are characterized 
by significant gouge and breccia zones separated by 
more competent rock (fig. 59A). The two major 
structures of this type are the Buckingham and 
Second fault zones (pl. 2) that divide the intrusive 
center and mineral deposit into three major sectors 
to the west of Long Canyon (fig. 51). Another struc
ture of similar attitude is inferred to underlie Long 
Canyon; displacement on this fault zone has left 
the molybdenum deposit largely unaffected. A 
fourth structure called the Contention II fault may 
also belong to this generation of postmineral fault
ing; its projected trace intersects the crest of Long 
Ridge at shallow depth and may crop out on its 
south flank. The amount of rotation on listric 
faults is unknown at present. 

The Buckingham fault zone is 100 to 225 m 
thick and is estimated to have had 520 m of dip
slip movement and 175 m of right-lateral, strike
slip displacement. The dip-slip movement was 
estimated by measuring the fault displacement of a 
white quartzite marker horizon that was encoun
tered in drill holes (fig. 60). The strike-slip compo
nent was determined by restoration of ore zones in 
plan view. Displacements of this magnitude can be 
appreciated in the field by noting the present-day 
relation of the Klondyke vein to the Little Giant 
vein (fig. 59B); the Buckingham fault displaced the 
Klondyke vein from its downdip extension on the 
Little Giant vein. 

The Second fault is a separate structure in the 
hanging wall of the Buckingham fault zone, although 
brecciated zones related to the Buckingham and Sec
ond faults appear to merge in places. Offset on the 
Second fault is estimated at 295 m downdip and 110 
m along strike in a right-lateral sense. These esti
mates are based on combined restorations of ore 
zones and distinctive porphyry units. 

The Contention II fault underlies Long Ridge 
at shallow depth and apparently dips gently 
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northward; its attitude is similar to and, possibly, 
on strike with that of the Contention fault, which 
extends eastward from Vail Ridge into the Copper 
Basin open pit (pl. 2). Movement on the Contention 
II fault is postmineral; this inference explains 
near-surface drill-hole intercepts of large K
.feldspar porphyry and low-grade hornfels directly 
over ore (fig. 56). Movement is interpreted to have 
been easterly, although more data are needed to 
document fully the amount of displacement. If the 
structure does connect with the Contention fault 
mapped on Vail Ridge (pl. 1), the timing of initial 
movement of the Contention II fault may be nearly 
equivalent to the age of emplacement of large K
feldspar porphyry. This deduction is based on rela
tions in the area of the Copper Basin Mine (see 
subsection above entitled "Structural Geology"). 

FIGURE 59.-Some structural features at Buckingham. A, Signifi
cant gangue and breccia zone separated by competent rock that 
characterizes listric normal faults, most significant postmineral 
structures at Buckingham. Pocket compass for scale in lower 
center. B, Inferred displacement of Little Giant vein along 

Other relations also suggest that some movement 
on major postmineral structures commenced near 
the time of emplacement of large K-feldspar porphy
ry or at least before the intrusion of late-stage dikes 
during Oligocene time (approx 35 Ma; see above). In
ferred displacement of large K-feldspar porphyry by 
the Buckingham and Second fault zones is less than 
displacement of ore zones (fig. 61); similarly, the 
amount of displacement of late-stage dikes is less 
than the offset on ore zones (fig. 51). These discrep
ancies suggest that movement on the Buckingham 
and Second fault zones and, possibly, on the Conten
tion II fault occurred in several stages; earlier 
movements may have occurred after main-stage mo
lybdenite mineralization, and later displacements oc
curred after the emplacement of large K-feldspar 
porphyry and late-stage dikes. 

Buckingham fault. Faults dashed where approimately located; 
dotted where projected; arrows show relative direction of move
ment. Note car in right-central part of view for scale. C, Zones of 
"shattering" in West stock. 
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West-dipping echelon fault zones host vein min
eralization throughout the Buckingham area, and 
the fault zones are the sites of many of the old 
mine workings in the western, footwall part of the 

deposit. There, workings were developed on vein
fault systems at the Irish Rose, Little Giant, 
Midland-Hardy, Northland, Fairview, and Miss 
Nevada Mines; all these veins dip generally 
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westward. In the interfault and hanging-wall parts 
of the deposit, similar veins are found at the 
Bentley and Gold Top Mines and at the Clyde 2 
fault; all have a westerly dip, although there ap
pears to be a systematic change in dip direction 
from southwesterly at the Little Giant to north
westerly at the Bentley Mine (pl. 2). It has not 
been determined whether this progressive change 
in dip direction represents a fracture pattern con
centric to the West stock or whether the vein-fault 
systems were rotated by the younger listric faults. 

Movement on these west-dipping zones is poorly 
defined, although evidence for local reverse move
ment has been noted at three localities. One strand 
of the Little Giant fault zone cuts postmineral 
rhyolite porphyry; the resulting outcrop pattern 
suggests that the main plug of rhyolite may have 
been shifted slightly eastward over its root (pl. 2). 
A low-angle, west-dipping structure on Long Ridge 
appears to have displaced the East stock and adja
cent rocks eastward to overlie a late-stage dike, al
though some of this displacement could also have 
occurred along the Contention II fault . Finally, 
large K-feldspar porphyry dikes on the ridge east 
of Long Canyon appear to have been offset with re
verse movement on two structures. Repetition of 
rock types adjacent to some fault zones intersected 
in drill core also implies local reverse movement 
along structures. 

Several semicontinuous zones of "shattering" 
were mapped across the West stock on the west 
side of the Buckingham fault zone (pl. 2). These 
zones are characterized by subparallel planes of in
tense fracturing spaced at millimeter-scale inter
vals over zones several meters wide (fig. 59C); 
quartz veins are broken but not offset along these 
planes. One explanation is that the feature is ex
tensional, a physical response of the rock to pres
sure release after the hanging-wall block of the 
Buckingham fault was downdropped to the east 
(Stanley Miller and Daniel Stewart, oral com
muns., 1980). 

Normal faults with minor displacement are rec
ognized by offsets on late-stage dikes, changes in 
the intensity of quartz and pyrite veining, and by 
juxtaposition of different stratigraphic units (pl. 2). 
Although such structures are inferred to exist on 
the basis of unequivocal geologic evidence, and al
though the lithologic offsets commonly have a topo
graphic expression, extensive alluvial cover at 
Buckingham precludes a systematic study of these 
faults and the timing of movement along them. 

Attitudes on bedding in the Harmony Formation 
indicate either that the deposit was emplaced in a 
doubly plunging anticline or that host rocks to the 

system were domed during emplacement of the stock 
(pl. 2). Regional evidence apparently supports the 
former hypothesis, as the anticline extends north 
and south of the Buckingham area for several kilo
meters (Roberts, 1964; Theodore and Roberts, 1971). 

ALTERATION 

Alteration can be separated generally into four se
quential types. In order of occurrence, they are (1) 
contact metamorphism of host sedimentary rocks by 
emplacement of intrusions associated with the 
Buckingham system, (2) hypogene alteration associ
ated with metallization, (3) fault-related clay and 
sericite, and ( 4) supergene alteration. 

CONTACT METAMORPHISM 

Development of a metamorphic aureole, though 
not strictly a hydrothermal effect, was the initial 
mineralogic and textural response of the country 
rocks to emplacement of the intrusions. The outer
most extent of recrystallized sedimentary rocks 
surrounding the igneous center is presently ill de
fined because textures in surface rocks are gener
ally masked by strong weathering of biotite, 
muscovite, and matrix material and because drill
ing on the periphery of the aureole is sparse. There 
is a progressive inward change in sedimentary 
grain-boundary character. Approximately 520 m 
west of the West stock, recrystallization is weak. 
Somewhat rounded quartz grains with sharply de
fined edges and ragged biotite probably represent 
primary, detrital textures. The original poor sort
ing of the sedimentary rocks is apparent as large 
grains are cemented by a fine-grained, clastic
appearing matrix. Close to the intrusive center, 
however, the rocks are equigranular. Quartz and 
biotite show no evidence of physical weathering; 
rather, they form an interlocking mosaic suggestive 
of recrystallization. Sedimentary units that were 
slightly more magnesian than the typical Harmony 
Formation and possibly slightly calcareous show 
fine-grained, finely dispersed tremolite-actinolite, 
epidote, and locally diopside. That these are meta
morphic rather than hydrothermal effects is dem
onstrated by the fact that these textures and 
mineralogic assemblages are pervasively distrib
uted rather than fracture or vein controlled. 
Furthermore, the changes are isochemical or near
ly isochemical. By contrast, hydrothermal assem
blages overprint metamorphic assemblages, are 
clearly fracture controlled, and generally involve 
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significant addition or subtraction of components. 
Metamorphic grade can be difficult to determine in 
quartzofeldspathic sedimentary rocks. However, 
the presence of tremolite-actinolite and epidote in 
magnesium-bearing units suggests that metamor
phism reached albite-epidote hornfels facies. The 
occasional occurrence of diopside may indicate that 
hornblende-hornfels facies temperatures were 
reached locally. 

HYPOGENE ALTERATION 

Hydrothermal alteration, which accompanied mo
lybdenum mineralization, is characterized by cross
cutting generations of vein- and fracture-controlled 
silicic, potassic, propylitic, and intermediate argillic 
assemblages. Local pervasive alteration is probably 
a result of coalescing vein envelopes. Classical, 
porphyry-type alteration zoning is obscured both by 
multiple igneous and associated hydrothermal events 
and by variable response of different original sedi
mentary lithologies to hydrothermal fluids changing 
in chemistry with time. Alteration effects in igneous 
and sedimentary rocks are therefore described 
separately. 

In sedimentary rocks, vein and vein-envelope 
mineralogies are somewhat variable, and there 
is good evidence that they, like the contact
metamorphic mineralogies, are influenced by the 
original bulk chemistry of the rock. Although there 
are changes in alteration style and intensity with 
distance from intrusive rocks, discrete zones (that 
is, propylitic, intermediate argillic, potassic) are 
not apparent. Two assemblages termed "green and 
brown hornfels" dominate. 

Altered, metamorphic, tremolite-bearing "green" 
hornfels commonly shows hydrothermal tremolite
actinolite and epidote and trace amounts of apa
tite, fluorite, and sphene (D. Kamilli, unpub. data, 
1977); this assemblage is present in or is associ
ated with quartz veins. K-feldspar and biotite ap
pear in or as veins only close to igneous rocks; 
distinct brown biotite vein envelopes are common 
as much as a few hundred meters from the stock 
contact. Typically there is evidence of retrogression 
of hydrothermal minerals; chlorite-calcite assem
blages replace tremolite-actinolite-epidote assem
blages, and vein biotite commonly shows bleaching. 
Sulfides are generally abundant in these rocks; 
typically, 4 to 8 weight percent FeS

2 
equivalent is 

present as disseminated and less common vein pyr
rhotite. In addition, veins are generally sulfide rich 
and quartz poor. 

Altered, metamorphic biotite-bearing "brown" 
hornfels typically shows greenish-colored quartz
sericite envelopes on veins; envelopes locally coa
lesce adjacent to igneous rocks but are narrow at 
distance from the contact. Brown biotite halos are 
rarely present, and they may imply that a biotite
stable hydrothermal regime predated intermediate 
argillic and minor phyllic alteration. As in green 
hornfels, K-feldspar and biotite appear in veins 
proximal to the intrusive center, where pervasive 
K-feldspar flooding is also apparent (R.J. Kamilli, 
unpub. data, 1977). The iron sulfide is generally 
present as pyrite, in contents of 1 to 3 volume per
cent. Veins are generally quartz rich and sulfide 
poor. 

In addition to original bulk chemistry, grain size 
seems to have influenced the response of rocks to 
hydrothermal fluids. Both macroscopic and micro
scopic evidence indicates that coarse-grained units 
were more susceptible to alteration than fine-grained 
equivalents, probably because of enhanced perme
ability (R.J. Kamilli, unpub. data, 1977; T.A. Loucks, 
unpub. data, 1981). 

In premineral/synmineral granitic rocks, pot
assic and intermediate argillic hydrothermal
alteration assemblages are dominant. Petrographic 
studies of alteration assemblages in the West stock 
indicate several consistent patterns. A potassic 
zone is present at the core of the quartz monzonite 
porphyry border phase below about 4,900 ft eleva
tion (fig. 62). The potassic zone is characterized by 
K-feldspar flooding in the groundmass, secondary 
biotite, and, where alteration is most intense, K
feldspar replacing plagioclase phenocrysts. The pot
assic zone gives way laterally and upward to a 
zone of strong intermediate argillic alteration. Pla
gioclase is completely replaced by fine-grained 
white mica and clay(s) that give phenocrysts a 
green color in hand specimen. Both groundmass K
feldspar and phenocryst K-feldspar are relatively 
unaltered; they have only a light dusting of seri
cite. Quartz flooding is nowhere apparent in the 
rocks; silica has probably been removed and mobi
lized into quartz veins. Point counts of altered rock 
among quartz veins indicate that it is now quartz 
deficient relative to fresh quartz monzonite porphy
ry. Intermediate argillic alteration decreases in in
tensity outward and upward in the intrusion, 
where remnants of fresh plagioclase remain. 

The presence or absence of secondary biotite and 
retrograde epidote after plagioclase earmark zones of 
potassic, strong intermediate argillic, and weak inter
mediate argillic alteration fairly well. Secondary bio
tite is present in the potassic zone and locally where 
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large volumes of the Harmony Formation have been 
stoped and partially assimilated. Epidote replaces 
plagioclase in the potassic zone and in the peripheral 
weaker parts of the intermediate argillic zone. Be
tween these two zones, plagioclase is completely re
placed by white micas and clay(s), and retrograde 
epidote is conspicuously absent. 

High-silica alteration, in the form of coalescing 
silicified vein envelopes, is present locally and is 
best developed where associated with unidirec
tional solidification textures at the cupolas of vari
ous intrusive phases. Where most intense, quartz 
makes up more than 90 volume percent of the rock. 
Drill-hole density is insufficient to define the geom-
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FIGURE 62.-Distribution of alteration within West stock. Kqmp, 
Cretaceous quartz monzonite porphyry; Kq kp, Cretaceous 
quartz-K-feldspar porphyry; £h, Upper Cambrian Harmony 
Formation. Vertical lines are drill holes. 

etry or thickness of high-silica zones; however, 
intercepts available to 1987 suggest that a zone of 
+90 weight percent Si0

2 
may be 10 to 25 m thick 

in footwall parts of the deposit. Molybdenum min
eralization is generally weak in these areas. 

Limited petrographic data from other major 
phases in the Buckingham intrusive complex sug
gest that potassic- and intermediate argillic
alteration patterns repeat with each succeeding 
phase. In the West stock (fig. 62), alteration pat
terns related to quartz-K-feldspar porphyry are 
similar to those of quartz monzonite porphyry and 
are superimposed upon the border phase. Alter
ation in intermineral units is propylitic (chlorite
epidote-calcite) or, less commonly, intermediate 
argillic or weak potassic. Postmineral units are 
fresh or propylitically altered. 

Chemical analyses of altered intrusive rocks show 
that, in general, increasing alteration is accompanied 
by addition of Si0

2 
and ~0 and by depletion of 

Alp
3

, Fep
3

, MgO, CaO, and Na20 (table 17). 

FAULT-RElATED AND SuPERGENE ALTERATION 

Postmineral argillic alteration accompa
nied late-stage faulting and more recent 
weathering, respectively. Locally strong white mica
montmorillonite-kaolinite assemblages were devel
oped along structures. Near-surface overprinting of 
all rocks and alteration types by supergene clay
white mica is widespread within the limit of 
pyritization. The intensity and depth of supergene 
alteration are related to original pyrite content and 
topography, r~spectively. Oxidation penetrated 
more deeply along ridge crests, leading to thicker 
zones of supergene alteration; supergene effects per
meate more deeply in and adjacent to structures. 

MINERALIZATION 

Seven hypogene molybdenum mineralization 
events have been recognized at Buckingham, each 
related to a particular phase of the composite in
trusive center, whereas two subsequent base- and 
precious-metal mineralization episodes were associ
ated with the emplacement of younger dikes (table 
18). Three intrusive phases in the East stock and 
two in the West stock were responsible for five 
high-grade molybdenum ore shells that compose 
most of the Buckingham deposit (fig. 61). Overlap 
zones between these shells contain even higher mo
lybdenum grades. It is noteworthy that the earliest 
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TABLE 17.-Whole-rock chemical analyses comparing various alteration assemblages in quartz monzonite porphyry from the 
Buckingham stockwork molybdenum deposit 

LAll values in weight percent. - , not detected] 

Weak potassic Moderately Strong Strong potassic-
Fresh Weak sericitic potassic potassic Moderate late argillic 

B27-171. 5 B25-1630 B32-780-790 B6-2710-2720 B16-1900-1910 

Si02 68.3 69.4 68.4 77.7 78.1 
Ti02 .33 .55 .24 .27 
Al 2o3 14.7 14.2 12.5 8.3 8.5 
Fe 2o3 .92 2.2 .71 1.4 1.3 
FeO 1.9 1.8 1. 70 .67 .7 

MnO .067 .065 .031 .019 
MgO 1.3 1.1 1.6 .62 .18 
CaO 3. 3.4 2.2 1.4 .23 
SrO .043 .027 .021 
Na 2o 3. 2. 1.5 .48 .24 

K20 4.4 5.5 7. 6.3 6.5 
Rb 20 .037 .046 .034 .03 .029 
P2os .OS .17 .1 .12 
F .062 .066 .094 .052 .046 
C02 .8 . 7 1. <0.1 
-O=F .OS .06 .08 .04 .04 

Total 98.82 99.65 97.19 98.31 96.22 

and the latest pulses of molybdenum mineraliza
tion were low grade and were related to dike
forming phases of the intrusive center. The five 
main ore shells formed over discrete cupolas of 
that did not produce dikes or major apophyses. 

Accompanying molybdenum during mineralization 
were silver, copper, and tungsten; the metals are 
present in tetrahedrite, chalcopyrite, and scheelite. 
It is not yet known whether these metals were de
posited with each succeeding magmatic pulse, as was 
molybdenum, or whether silver, copper, and tung
sten were related to a different phase of the compos
ite intrusive center. Zoning patterns of silver, copper, 
and tungsten (figs. 63-65), however, support the 
former hypothesis. Chalcopyrite and scheelite are 
zoned peripherally with respect to high-grade molyb
denite mineralization, whereas tetrahedrite is lo
cated centrally. 

Quartz-pyrite-molybdenite veins at Buckingham 
may show preferred orientations. Data from oriented 
drill core in the West stock indicate that sets of 
open-space-filling veins tend to form cone sheets that 
move upward and outward from the stock (C.A. 
Johnson, unpub. data, 1982). Finer, relatively thin 
replacement veins may have a radial distribution. 

Orientations of both vein types become more random 
with distance from the stock. Surrounding the entire 
deposit is the classical pyrite halo. At Buckingham, 
primary sedimentary lithology controlled the hydro
thermal assemblages developed in hornfels. Thus, 
the iron sulfide halo consists of pyrite in brown bio
tite hornfels and of pyrrhotite in green magnesian 
hornfels. 

After the cessation of Buckingham molybdenum
silver-copper-tungsten mineralization and, probably, 
after an initial period of post-molybdenum-age fault
ing, some disseminated base-metal-silver mineraliza
tion occurred that was related to emplacement of the 
intermediate late-stage dikes. These late-stage dikes 
also probably are the source of the high-grade, poly
metallic base- and precious-metal vein systems that 
cut the deposit and that represent the last hypogene 
mineralizing event. Although some of the veins crop 
out beyond the molybdenum deposit limits (that is, 
at the Irish Rose, Little Giant and Bentley Mines), 
many are present within the deposit and locally en
hance the equivalent grade of the molybdenum 
resource. 

Local supergene copper and possibly minor su
pergene silver mineralization overprinted the hypo-
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TABLE lB .-Hypogene molybdenum mineralization episodes in the Buckingham area 

Stage Source Metals 
Supergene Cu, (Ag?) 

Hy o ene 

9) Late veins Quartz latite porphyry 
or pebble dikes(?) 

Pb, Zn, Ag, Cu, Au 

8) Weak base-metal
silver 

Intermediate composition 
late dikes 

Fe , Pb , Zn, Cu , Ag 

7) Weak molybdenum Large K-feldspar porphyry Mo, ( Au-Cu-W?) 

6) 

5) 

4) 

3) 

2) 

Main stage 
molybdenum 

West Stock 

Quartz-K-feldspar 
porphyry 

K-feldspar quartz 
monzonite porphyry 

East Stock 

Quartz K-feldspar 
porphyry 

Fine-grained quartz
feldspar porphyry 

K-feldspar quartz 
monzonite porphyry 

Mo-Ag-Cu-W 

1) Weak molybdenum Quartz monzonite porphyry Mo, (Ag?) 

gene sulfide system as a result of near-surface 
oxidation, leaching, and reprecipitation. Where 
molybdenum mineralization occurs close to the 
present-day erosional surface, molybdenum has 
been oxidized and leached; in the valleys, however, 
little oxidation has taken place, and molybdenum 
as sulfide may be present at depths as shallow as 3 
to 6 m. 

MoLYBDENUM 

As mentioned above, seven periods of molybde
num mineralization have been identified and are 
related genetically to individual phases of the com
posite intrusive center. The earliest molybdenum 
mineralization was low grade, widely dispersed, 
and related to quartz monzonite porphyry, which 
now forms border phases of the East and West 
stocks near the present southern boundary of the 
deposit (pl. 2). Whether or not quartz monzonite 
porphyry formed discrete shells of lower grade mo
lybdenite in the two stocks is unknown; however, 
dikes of quartz monzonite porphyry may contain 

anomalous MoS
2 

contents far beyond the limits of 
the known deposit. 

After emplacement of the quartz monzonite por
phyry, magmatism and attendant molybdenum 
mineralization shifted northward, where discrete 
high-grade shells were deposited over the tops of 
porphyries in two cupolas of the intrusive center. 
Restoration of offsets along the Buckingham and 
Second faults places the East stock at a higher el
evation than the West stock; we infer from these 
relations that the East stock predated the West 
stock. Presently it is unknown, however, whether 
all molybdenum mineralization in the West stock 
followed deposition of that in the East stock, 
or whether texturally similar phases of two cup
olas crystallized and deposited molybdenum 
concurrently. 

Magmatic evolution of the East stock is more 
complex than that of the West stock; as a result, 
associated molybdenum mineralization is more dif
ficult to unravel. The grade of molybdenum in ore 
shells of the East stock appears slightly lower than 
that to the west, but we do not know if this repre
sents original lower grade mineralizing events or a 
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FIGURE 63.-Schematic projection to surface of distribution of silver concentrations in footwall (FW) and hanging-wall (HW) ore zones, subsurface configuration of West 
stock, and inferred plugs of intermineral large K-feldspar porphyry. Silver zones determined by averaging silver assays of all rocks except postmineral dikes over length 
of each drill hole (not shown). Base from Aerial Mapping Co., Boise, Idaho, for Climax Molybdenum Co., 1973. Contour interval, 20 ft. 
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FIGURE 64.-Schematic .projection to surface of distribution of copper concentrations in footwall (FW) and hanging-wall (HW) ore zones and inferred plug of intermineral 
large K-feldspar porphyry. Copper zones determined by averaging copper assays of all rocks except postmineral dikes over length of each drill hole (not shown). Area 
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lack of the extensive ore-shell overlap observed in 
the West stock. The first discrete molybdenum ore 
shell directly attributable to the East stock was as
sociated with K-feldspar-quartz monzonite porphy
ry. Much of this shell has been removed by erosion 
or faulting, although remnants are found on the 
south flank of the stock (fig . 56). The second 
episode of molybdenum mineralization in the East 
stock was produced by fine-grained quartz-feldspar 
porphyry (fig. 56). Superposition of molybdenum 
mineralization from this shell upon that related to 
K-feldspar-quartz monzonite porphyry produced a 
significant overlap zone of high-grade material in 
the upper parts of the East stock. With emplace
ment of quartz-K-feldspar porphyry, magmatism 
and the third episode . of East stock molybdenum 
mineralization moved northward once more. As de
scribed in the subsection above entitled "Premin
eral and Synmineral Intrusions," the geometry of 
this phase of the East stock was partially obliter
ated by intermineral intrusion breccia (fig . 56); 
nevertheless, deep zones of high-grade molybdenite 
within the East stock are related to this phase. 
With each succeeding northward shift in igneous 
activity and associated molybdenum mineraliza
tion, the southern limb of the deposit thickened 
(fig. 52). As new ore shells developed, overlap 
zones sometimes occurred, but the southern limb 
grew ever wider. To the north, however, the depos
it geometry was different. The northward displace
ment of magmatism and consumptive mode of 
emplacement of each succeeding igneous phase 
meant that the northern limb was continually as
similated and regenerated. Thus , mineralization 
present on the north flank of the East stock, and 
probably on the north flank of the West stock as 
well, represents only the last stage of mineraliza
tion rather than the cumulative total of several 
mineralization events. 

In the West stock, two molybdenite shells are 
clearly evident (figs. 55, 60 ). As mentioned in 
the subsection above entitled "Premineral and 
Synmineral Intrusions," weathering, oxidation, and 
structural complications have made it difficult to 
decipher which K-feldspar-bearing quartz monzo
nite phase crops out (for example, fig. 54C). By 
analogy with grades and ore-zone thicknesses in 
the East stock, we feel that the weak upper shell of 
the West stock, largely now removed by erosion, is 
related to K-feldspar-quartz monzonite porphyry, 
whereas the deep, high-grade MoS2 shells with 
steep limbs were deposited by quartz-K-feldspar 
porphyry (fig. 60). The highest grade mineraliza
tion found to date at Buckingham represents the 

overlap zone of shells related to similarly textured 
quartz-K-feldspar porphyries of the East and West 
stocks . 

Mter the deposition of molybdenite in shells re
lated to premineral and synmineral East and West 
stock phases , the locus of mineralization again 
shifted northward. Large K-feldspar porphyry, the 
last of the major quartz monzonite phases, clearly 
truncates earlier molybdenum mineralization (figs. 
57, 61), but it caused only a weak molybdenum min
eralization event. Whether or not its associated mo
lybdenum mineralization forms a discrete shell is 
unknown. 

Mter the seven stages of molybdenum mineral
ization, the deposit west of the Long Canyon fault 
was segmented into three major parts by the 
Buckingham and Second faults . Plan views of foot
wall and hanging-wall MoS

2 
ore zones projected to 

the surface are shown in figure 61; interfault ore 
zones, still schematic and in need of better def
inition, are shown in the same figure. Minor 
remobilization of molybdenite during the emplace
ment of late-stage dikes does not affect the geom
etry of ore zones. 

PoTENTIAL BYPRODUCr S 

Silver at Buckingham is present in tetrahedrite, 
according to the laboratories of AMAX Extractive 
R&D, Golden, Colo. Because the tetrahedrite con
tains 3 to 30 weight percent Ag, the appropriate 
varietal name for the mineral is freibergite. Tetra
hedrite has been recognized megascopically in only 
a few, relatively wide veins and rare, disseminated 
grains. The low-grade tetrahedrite mineralization 
therefore is present predominantly on a micro
scopic scale. The distribution of silver in the foot
wall (fig. 63) indicates a strong correlation with the 
northwest-elongate West stock itself. Relatively 
high-grade zones of silver were probably produced 
by overlap zones related to different intrusive 
phases in a manner analogous to the overlapping 
shells of molybdenum mineralization. In addition, 
a few relatively high grade silver veins (for exam
ple, 2.6 troy oz Ag/ton) cut the footwall part of the 
deposit. The distribution of silver in the hanging 
wall (fig. 63) indicates a poor correlation between 
silver and quartz monzonite porphyry; the implica
tion is that most silver mineralization related to 
the East stock is associated with deep, more north
erly located porphyry units such as fine-grained 
quartz feldspar porphyry and quartz-K-feldspar 
porphyry. 
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Hypogene copper at Buckingham is present in 
chalcopyrite and tetrahedrite (freibergite). The oc
currence of tetrahedrite is described above; chalco
pyrite is present in quartz-molybdenite veins, in 
quartz veins that cut quartz-molybdenite veins, 
and rarely on fractures. Footwall and hanging-wall 
copper distributions are similar, the footwall being 
slightly higher grade, and both distributions prob
ably represent two populations. A subtle but 
important break in the cumulative frequency dis
tribution of copper assays at 0.04 weight percent 
Cu may relate to a spatial overlap of tetrahedrite 
and chalcopyrite zones (W. Cassun, unpub. data, 
1981). Not only does the outer boundary of the 
high-grade copper zone in the footwall block mimic 
that of the high-grade silver zone, but the pattern 
is also bilobate, suggesting two sources (fig. 64). 
Furthermore, the same bilobate pattern is barely 
perceptible in the plan view of silver distribution 
(compare figs . 63 and 64), and the zone of high
grade copper broadens to the southeast as the sil
ver grade increases. The overlap and partial 
symmetry of high copper and silver grades corre
lates with the distribution of tetrahedrite. How
ever, the fact that the distribution of copper in the 
footwall shows a low-grade core, unlike silver, is 
evidence of concentration of chalcopyrite predomi
nantly as a mineral in the halo of the Buckingham 
system. Most copper mineralization falls on the 
outer edge of the molybdenum deposit (see below). 
The peripheral occurrence of copper relative to 
molybdenum and silver is more apparent in the 
hanging-wall block of the deposit, where copper 
surrounds the center of molybdenum-related igne
ous rocks on the north flank of Long Ridge (fig. 
64). 

The relation of secondary copper mineralization 
at the Copper Queen Mine (pl. 2) to hypogene cop
per and molybdenum mineralization at Buck
ingham has long been pondered. As stated above, 
copper as chalcopyrite is concentrated in quartz 
veins and in quartz-molybdenite veins as an outer 
halo to molybdenum mineralization in both the 
East and West stocks; the mostly peripheral distri
bution of copper concentrations at both stocks 
shows an important genetic relation to igneous 
rocks. The question then becomes one of defining 
relations between the Buckingham molybdenum 
system and supergene copper concentrated at the 
Copper Queen Mine. The source of supergene cop
per in the area of the Copper Queen Mine may 
have been hypogene replacement mineralization in 
conglomerate of the Battle Formation that at one 
time overlay the area (a hypothesis originally pro-

posed by Tippett, 1967; D.W. Blake, oral commun., 
1980). At present, rocks of the Battle Formation 
are exposed in east-dipping beds in the Copper 
Basin Mine (pl. 1); projection of the formation to 
the west shows that it would have laid above the 
concentrations of supergene copper. Because the 
East stock was originally emplaced to a level 
higher than the West stock as we described above, 
the copper halo of the East stock could have miner
alized reactive, calcareous conglomerate at or near 
the base of the Battle Formation while the deeper 
West stock would have deposited copper only in the 
underlying Harmony Formation. Subsequently, but 
before deposition of the Caetano Tuff, the first 
cycle of oxidation and secondary enrichment would 
have taken place. As was the case at many porphy
ry copper deposits throughout the southwest (for 
ex.ample, Livingston and others, 1968), the earliest 
cycle of secondary enrichment would have preceded 
Basin and Range extension. Movements on the 
Buckingham and Second fault zones and possibly 
on the Contention II fault may have subsequently 
displaced the enriched copper sulfide ore to the 
northeast, where recent oxidation formed the cop
per oxide mineralization found today in the Copper 
Queen Mine. 

Tungsten, as scheelite, is present at Bucking
ham in pyrite veins and along fractures that cut 
molybdenum mineralization; some scheelite is also 
present in quartz veins. The zone of relatively high 
grade tungsten in the footwall part of the deposit 
falls primarily outside the molybdenum deposit but 
within the area of well-developed copper mineral
ization (fig. 65). The distribution of tungsten in the 
hanging wall (fig. 65) is poorly known, owing 
to nsufficient analytical data. High tungsten 
grades again fall within the peripheral, relatively 
high grade copper zone and appear as a halo to 
molybdenite. 

Q UARTZ AND PYRITE VEINING 

Because the combined effects of surface weather
ing and variations in primary lithology hindered 
mapping of alteration assemblages, the density of 
quartz and pyrite veining was used to outline the 
geometry of the Buckingham deposit in outcrop. A 
semiquantitative breakdown of mineralization style 
and intensity was established by classifying rocks 
as stockwork quartz veined (in sandstone), stock
work quartz veined (in siltstone), quartz-pyrite 
veined, or pyrite veined (without quartz). Repre
sentative exposures of this classification are shown 
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in figure 66. The effects of original lithology were 
not totally eliminated; for example, vein widths are 
generally narrower in siltstone than in sandstone 
(compare figs. 66A and 66B). However, veining pat
terns mapped overall are rock-type transgressive. 
The distribution of vein quartz and pyrite is shown 
in figure 67. 

Three patterns significant to the interpretation 
of the geology of the Buckingham system are evi
dent in figure 67. First, the system has two appar
ent cores characterized by zones of stockwork 
quartz veining. The western core is truncated at its 
east edge by the Buckingham fault and is con
strained tightly to exposed parts of the West stock. 
The larger eastern core of stockwork quartz vein
ing exhibits a bilobate pattern interpreted to indi
cate superposition of quartz veining from the 
western system upon that of the eastern system. 

D135 

FIGURE 66.-Representative exposures of variously classified types of veining in the Upper Cambrian Harmony Formation. A, Stock
works of quartz veins (in sandstone). B, Stockworks of quartz veins (in siltstone). C, Quartz and pyrite veining. D , Pyrite veins. 
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Second, numerous subtle shifts in quartz-vein 
distribution patterns across linear topographic fea
tures support the interpretation of these features 
as faults. Where lithologies on either side of the 
inferred structures are identical (for example, the 
Long Canyon fault), it is only the change in vein 
density that suggests an offset. Moreover, offsets of 
vein patterns are greater, in many cases, than off
sets on late-stage dikes. This evidence supports the 
interpretation that a period of faulting postdated 
molybdenum mineralization but preceded the em
placement of late-stage dikes. Subsequent structur
al adjustments followed and disrupted both the 
deposit and the late-stage dikes. Third, the distri-
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bution of quartz and pyrite veining is asymmetrical 
with respect to the presently defined deposit. The 
effects of topography, structure, and lithology not
withstanding, the pyrite halo extends over 1,000 m 
south of the southern ore zone boundary, whereas 
a much narrower pyrite halo is present on the 
north. One interpretation is that minor rotation on 
major N. 25° W.-striking structures has displaced 
the top of the system southward. An alternative 
interpretation may be that the broad vein pattern 
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117°3'45" 

· · . · Boundary of Buckingham stockwork · : . . · 
.· ·. ·molybdenum deposit (dashed where conjeciural) : ·. 

~~'"""'-'M"!"""""'""'""'""-"· .,._,....,. . . . . . . . . . 

. .... . · . . 

. .. : · . . .. . . : . · 
· . ·.·1 ... .. .. . 

1 KILOMETER 

EXPIANADON 

~ 
~\\\\\\1 

Stockwork 
quartz veining 

Quartz veining 

Quartz-pyrite veining 

Pyrite veining 

Fault 

F IGURE 67.-Schematic distribution of stockwork quartz veins, quartz veins, quartz-pyrite veins, and pyrite veins in and around 
Buckingham deposit. Alluvial cover queried where extent uncertain. 
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TABLE 19.-Ages and mineralization associated with several types of Tertiary intrusive rocks in the Buckingham area 

Late porphyry 
group 

Mafic (youngest) 

Rock type 

Basalt 

quartz-rich Pebble dikes 

Age 
(Ma) 

35.7 

Method 

w, K-Ar 

Associated 
mineralization 

Pyrite 

Quartz latite porphyry 33.0 z, f.t. 
(see text) 

Intermediate 
Granodiorite porphry 
Quartz-biotite-feldspar 

Synmineralization 
with weak chalco
pyrite, pyrite, 
pyrrhotite, galena, 
sphalerite, silver(?) 

porphyry 

mafic-rich 
Biotite-feldspar porphyry 
Hornblende porphyry 

Felsic (oldest) Rhyolite porphyry 

Explanation of age-date method terminology: K-Ar 
f.t. 

z 
w 

ated zones of quartz and pyrite veining were left 
intact and widened as new mineralization was 
added to the north. On the north flank of the in
trusive center, consumptive emplacement continu
ally removed or modified the existing ore shell as a 
new limb formed slightly farther north. The result
ing pyrite halo on the north flank of the deposit is 
correspondingly narrow compared with that to the 
south. 

UTE VEIN AND DISSEMINATED 

BASE-METAL-SILVER MINERALIZATION 

Low-grade, disseminated chalcopyrite, pyrrhotite, 
tetrahedrite, and pyrite have been observed in late
stage dikes of intermediate composition that trun
cate molybdenum mineralization. This low-grade 
mineralization event indicates a renewal of the in
troduction of sulfides significantly younger than mo
lybdenum mineralization, as well as providing 
evidence for continued silver deposition. Silver con
tents in the late-stage dikes are not appreciably dif
ferent from those in the molybdenum-mineralized 
rocks. 

The last period of hypogene mineralization 
formed relatively high grade, polymetallic base
and precious-metal veins that crosscut molybde
num mineralization. These veins were the first ore 
deposits to be mined in the Buckingham area (Rob
erts and Arnold, 1965). The mineralogy of the 
veins varies locally but includes galena, sphalerite, 

37.3 K-Ar (see 
section by 
McKee this 

val.) 

Potassium-argon 
Fission track 
Zircon 
Whole rock 

Crenulate quartz 
layers 

chalcopyrite, pyrrhotite, pyrite, arsenopyrite, tetra
hedrite, stibnite, gold, and minor bismuthinite and 
molybdenite. Veins fill large structures of several 
orientations, but predominantly those of moderate 
dip, dip west. Mineralization along the Little Giant 
vein cuts rhyolite porphyry, establishing a maxi
mum relative age for this last hypogene min
eralization event of about 39-37 Ma (table 19). 
Throughout the eastern part of the Battle Moun
tain Mining District, base- and precious-metal 
veins such as these are spatially associated with 
quartz latite porphyry. This relation supports the 
interpretation that the veins postdate the Bucking
ham molybdenum system by possibly as much as 
50 m.y. (see above). Another source for the vein 
mineralization may be the pebble dikes. Pebble 
dikes show a close spatial association with quartz 
latite porphyry at several localities and thus, it is 
inferred, with the polymetallic base- and precious
metal vein systems. Some pebble dikes are sulfide 
bearing, and they are also enriched in silver to as 
much as 7 ppm. 

Recent weathering has oxidized molybdenite 
where ore zones originally reached the surface, par
ticularly at ridge crests. The total molybdenum con
tent of the uppermost, oxidized parts of drill holes 
within the MoS

2 
deposit boundary is generally 50 

weight percent less than that of nearby, unoxidized 
drill-hole intervals. Thus, leaching of molybdenum 
took place during oxidation. In valleys, the water 
table is surprisingly shallow, and sulfide molybde
num is commonly present at depths of 3 to 6 m. 
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CONCLUSIONS 

The Buckingham stockwork molybdenum deposit 
was formed by mineralization related to at least 
seven distinct phases of a Late Cretaceous compos
ite quartz monzonite porphyry. Individual phases 
were emplaced sequentially from south to north, 
forming two cupolas, outlying dikes, and a weakly 
mineralized plug lying farther north. Restoration of 
the structurally dissected deposit indicates that the 
eastern cupola, or East stock, was emplaced first; 
its earliest phase, now the southern border phase, 
and dikelike apophyses caused the early, weak mo
lybdenum mineralization. Most of the molybdenite 
was deposited in three shells related to younger 
phases emplaced at depth. No major dikes appear 
to be related to the three main mineralizing 
porphyries. 

Molybdenite deposition near the West stock had a 
similar history. The southernmost, dike-forming bor
der phase was related to low-grade molybdenite min
eralization, whereas most molybdenite was deposited 
in shells over the cupolas of two younger porphyry 
phases. 

In both stocks, the locus of magmatic activity 
moved northward with time, and crystallization and 
mineralization occurred at progressively greater 
depths. Tremendous volumes of country rock and 
earlier porphyry phases were stoped. As overlap 
zones between molybdenite shells developed, the 
width of the southern ore-zone limbs increased. To 
the north, however, migration and consumptive 
mode of emplacment of succeeding intrusions caused 
the northern ore-zone limbs to be continually assimi
lated and regenerated. The northern part of the ore 
zones now represents only the last stage of mineral
ization rather than the cumulative total of several 
events. 

After the emplacement of the East and West 
· stocks and their corresponding molybdenite shells, a 
younger intrusive mass with associated dikes was 
emplaced north of and between the two stocks. 
Formed during the last of the major quartz monzo
nite phases, this plug and its apophyses clearly trun
cate earlier molybdenum mineralization but did 
develop a late-stage, weak molybdenite mineralizing 
event. 

The distribution of silver, copper, and tungsten 
concentrations suggests that tetrahedrite, chalcopy
rite, and scheelite accompanied molybdenite during 
metallization and that the individual byproducts 
may have been deposited in multiple shells in a 
manner analagous to that of the molybdenite shells. 
Chalcopyrite and scheelite are peripheral, as both 

are present in quartz and quartz-pyrite veins that 
crosscut quartz-molybdenite veins on the fringe of 
the Buckingham deposit. Tetrahedrite is present on 
the inner ore-zone boundary at the barren core of 
the deposit. 

Hydrothermal-alteration patterns indicate that 
each succeeding major phase of the intrusive center 
developed potassic, propylitic, and intermediate ar
gillic assemblages. This pattern of multiple, distinct 
hydrothermal-alteration events is compatible both 
with the separation of distinct molybdenite and by
product shells and with the development of high
silica zones associated with magmatic, unidirectional 
solidification textures found in the cupolas of at least 
three phases of the stock. 

Evidence supporting a protracted intrusive and 
mineralization history is provided by the consump
tive emplacement mode of successive phases of the 
Buckingham igneous center. Exemplified by rela
tions in the East stock, the enormous central roof 
pendant of quartz monzonite porphyry (pl. 2), itself 
containing blocks of Harmony Formation, had crys
tallized before the intrusion of K-feldspar-quartz 
monzonite porphyry. K-feldspar-quartz monzonite 
porphyry, in turn, had solidified before being in
truded by quartz-K-feldspar porphyry, a unit that 
was brecciated and partially consumed by the 
intermineral aplite dike series. The consistent vari
ations in igneous textures and grade thicknesses in 
ore zones testify to the complexity of magmatic and 
hydrothermal processes that took place during the 
formation of the Buckingham molybdenum deposit 
in Late Cretaceous time. 

The configuration of the molybdenum deposit 
has been affected by three postmineral events. In 
middle Tertiary time, a series of molybdenum
barren porphyry dikes intruded and diluted the de
posit. Subsequently, late Tertiary normal faulting 
dissected and displaced the deposit into three 
major and numerous smaller parts. More recently, 
erosion is believed to have removed significant 
parts of the upper levels of the deposit, and strong 
weathering has oxidized and leached the deposit 
along ridge crests. 

ADDmONAL PETROGRAPIDC AND CHEMICAL 
STUDIES NEAR THE EAST STOCK 

PETROGRAPHY 

Monzogranite porphyry in the East stock shows 
under the microscope a rather uniformly distrib
uted, porphyritic fabric wherein phenocrysts of 
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quartz, altered plagioclase, sparse K-feldspar, and 
variably altered primary biotite and rare horn
blende are set in a generally well ordered, mi
croaplitic groundmass of mostly K-feldspar and 
quartz (fig. 68A). It should be noted that the over
whelming bulk of the K-feldspar is in the matrix. 
Although some facies of the monzogranite porphyry 
include some crystals of K-feldspar, perhaps as 
much as four or five times the approximately 0.1-
mm-average grain size of the matrix, these large 
crystals of K-feldspar merge into surrounding 
groundmass by very complexly sutured boundaries; 
these relations suggest that they were recrystal
lized. Similar to the West stock described above, by 
far the predominant characteristic of monzogranite 
porphyry is intense development of quartz stock
works, including either secondary K-feldspar or 
showing K-feldspar-stable selvages that are associ
ated spatially with monzogranite porphyry. In ar
eas of somewhat less intense veining by quartz, the 
monzogranite porphyry shows a hypidiomorphic
granular texture within about 1 m of its contact 
with rocks of the Harmony Formation. Such con
tacts with adjoining hornfels of the Harmony For
mation generally are extremely sharp (fig. 68B), 
and in places the rocks of the Harmony Formation 
show a dense mat of small crystals of apatite that 
are as much as 1 to 2 mm away from the contact 
with the monzogranite porphyry (fig. 68C). This re
lation is especially evident where a shaly facies of 
the Harmony Formation is in contact with monzo
granite porphyry. Furthermore, this type of rock 
also shows a spotted texture resulting from enve
lopes of white mica that surround extremely small, 
ragged crystals of corundum (fig. 68D) that un
doubtedly are a part of the contact-metamorphic 
assemblage that predates the metasomatism asso
ciated with mineralization. Corundum does not ap
pear texturally to have replaced a previously 
crystallized andalusite as found by Gustafson and 
Hunt (1975) at the El Salvador, Chile, porphyry 
copper deposit. In addition, extremely close to some 
of the contacts with the Harmony Formation, 
monzogranite porphyry shows in places microlitic 
cavities lined by euhedrally terminated quartz, and 
filled by carbonate, pyrite, biotite (partially re
placed by chlorite), and sparse white mica. Also, in 
monzogranite porphyry, there are sporadic clots of 
fine-grained, shreddy biotite, pyrite, and carbonate 
in the K-feldspar and quartz groundmass. This bio
tite is apparently compatible with K-feldspar and 
carbonate. Thus, these relations attest to relatively 
high activities of carbon dioxide that at times must 
have prevailed while the Buckingham system 

evolved during some of its early paragenetic hydro
thermal stages. 

Probably, the matrix of the monzogranite porphy
ry overall consists of equal amounts of remarkably 
fresh K-feldspar and quartz. However, some facies of 
monzogranite porphyry show, across limited inter
cepts, almost a 10:1 ratio of K-feldspar to quartz in 
their matrix. 

Phenocrysts of biotite (red brown, optic Z-axis) 
are only locally well preserved. Typically, the bio
tite is present in stubby books that show approxi
mately equal dimensions both perpendicular to c 
and parallel to c in the size range 1-2 mm. Some 
are recrystallized marginally to somewhat paler 
secondary biotite, whereas others are recrystallized 
completely to shreddy aggregates of secondary bio
tite intergrown with carbonate that shows no alter
ation phenomena with the secondary biotite (fig. 
68E). However, primary, phenocrystic biotite in 
monzogranite porphyry typically has been replaced 
either completely or marginally by lamellar inter
growths of white mica and chlorite in variable pro
portions together with locally much less abundant 
carbonate. Accessory minerals common to many of 
these crystals of irregularly replaced primary bio
tite include ilmenite, sphene, pyrite, and rutile. 

Phenocrysts of normally zoned, tabular plagio
clase (most commonly about An

40
-An45 where unal

tered) generally are intensely altered in the East 
stock to a dense mat of clay(s) and much less 
abundant white mica (fig. 68F). Such plagioclase
destructive alteration, and apparent continued sta
bility of most of the K-feldspar during postmagmatic 
hydrothermal event(s), is quite common throughout 
monzogranite porphyry in the East stock. Some of 
these altered phenocrysts show overgrowths of K
feldspar as narrow rims that most likely predate 
development of clay(s) and that apparently re
mained relatively unaltered during subsequent hy
drolysis of plagioclase. Relict microveins of fresh 
K-feldspar are common in many of the mats of in
tergrown clay(s) and white mica. Study of these 
clay(s) by X-ray-diffraction techniques in a number 
of samples collected from a drill hole through a rela
tively long intercept of monzogranite porphyry in 
the East stock indicates that they include various 
proportions of montmorillonite, kaolinite, and white 
mica, apparently both 1- and 2-m polymorphs. 
There is no systematic increase in any one of the 
phyllosilicates either with increasing depth or to
ward the surface. For example, samples examined 
near the present-day erosional surface show large 
proportions of montmorillonite, whereas other sam
ples from deep within the East stock also show that 
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montmorillonite is the predominant phyllosilicate as 
the secondary-alteration product of primary plagio
clase. Kaolinite apparently does not increase in 

A 0 0.8 MILLIMETER 

B 0 0.8 MILLIMETER 

FJGURE 68.-Photomicrographs showing textural relations in 
East stock and immediately adjacent country rock. £h, Upper 
Cambrian Harmony Formation; kf, K-feldspar; mp, monzo
granite porphyry; Q, quartz; wm, white mica. A, Well-ordered, 
microaplitic groundmass of mostly quartz and K-feldspar in 
monzogranite porphyry. Primary biotite (B ) partially altered to 
white mica and plagioclase phenocryst (pg), also partially al
tered to white mica and clay(s). Sample stained by sodium 
cobalitinitrate solution. Plane-polarized light. Sample 1463-78. 
B, Knife-edge contact between monzogranite porphyry and 
hornfels of the Harmony Formation, microveined by K
feldspar. Plane-polarized light. Sample 1463-165. C, Dense 
mat of small crystals of apatite (at head of arrow) concen-

abundance toward the present-day erosional surface. 
In fact, some of the most intense replacement of pla
gioclase by kaolinite-bearing argillic assemblages is 

c 0 2 MILLIMETERS 

D 0 0.4 MILLIMETER 

trated in the Harmony Formation about 2 mm from contact with 
monzogranite porphyry. Plane-polarized light. Sample 1463-165. 
D, Small ragged crystals of corundum (C) in K-feldspar-rich bio
tite hornfels of the Harmony Formation close to some dikes of 
monzogranite porphyry. Halos of white mica completely envelop 
some corundum. Plane-polarized light. Sample 1463-998. E, Clot 
of intergrown secondary biotite (B), carbonate (cc), and pyrite 
(py) in matrix of monzogranite porphyry. Secondary biotite and 
carbonate are apparently compatible with K-feldspar in matrix. 
Plane-polarized light. Sample 1463-165. F, Phenocrysts of pla
gioclase (P) altered intensely to dense mat of white mica clay(s) 
and set in a matrix that includes apparently unaltered K
feldspar. Plane-polarized light. Sample 1463- 78. 
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present very deep in the East stock. The univariant 
equilibrium curve for the reaction 

kaolinite+ 2 quartz~ pyrophyllite + Hp, 

for P H20=Ptotal' seems to be largely independent of 
pressure from 0.5 to 7.0 kbars, at a temperature of 
approximately 300 oc (Helgeson and others, 1978). 
Thus, one of the alteration phenomena common to 
igneous rocks throughout the Buckingham system is 
argillization of plagioclase and continued stability of 

E 0 0.4 MILLIMETER 

F 0 1.0 MILLIMETER 

FIGURE 68.-Continued. E, Clot of intergrown secondary biotite 
(B), carbonate (cc), and pyrite (py) in matrix of monzogranite 
porphyry. Secondary biotite and carbonate are apparently com
patible with K-feldspar in matrix. Plane-polarized light. Sam
ple 1463-165. F, Phenocrysts of plagioclase (P ) altered 
intensely to dense mat of white · mica clay(s) and set in a ma
trix that includes apparently unaltered K-feldspar. Plane
polarized light. Sample 1463- 78. 

primary and secondary K-feldspar. More will be dis
cussed below concerning the hypogene compared 
with the supergene timing of this alteration, and the 
implications thereby for the cation ratios in fluids 
associated with alteration. However, it is critical to 
emphasize that argillization of plagioclase under 
conditions such that K-feldspar apparently remained 
stable is not confined to apical parts of the 
multicentered loci of intrusive activity in the 
Buckingham system. Such alteration is pervasive 
throughout intrusive-hosted parts of the system, al
though some crystals of plagioclase seemingly are 
not so thoroughly altered at dep.th. Nonetheless, 
even in the deepest parts of the system penetrated 
by drilling to depths of about 700 m into the West 
stock, there are widespread, coextensive plagioclase
destructive and K-feldspar-stable alteration rela
tions. Such relations are similar to those described 
by Shaver (1984a, b) at the .Hall, Nev., molybdenum 
stockwork system. At Hall, Shaver attributed such 
argillic alteration to an upwelling of late-stage hypo
gene fluids that were reacting with progressively, as 
the depth decreased, less abundant biotite, relict 
from a preceding conversion to white mica. These re
lations at Buckingham may indicate an initial, low
temperature (300 °C or below) decomposition of 
plagioclase to montmorillonite to kaolinite, as the pH 
of the fluids increased during the many hypogene 
stages of the Buckingham system (Fournier, 1967). 
Both of these reactions release silica, such that the 
activity of dissolved aqueous silica may have been 
greater than quartz saturation through either the 
sluggish onset of the crystallization of quartz or the 
development of silica gel. As calculated by Fournier, 
eventually kaolinite and K-feldspar may be in stable 
equilibrium in such an environment. However, the 
absence of a significant, widespread enrichment in 
the proportion of kaolinite in altered plagioclase near 
the surface suggests that supergene processes alone 
did not cause the development of these intermediate 
argillic assemblages. 

The intermediate argillic assemblages in the 
Buckingham deposit are similar also to those de
scribed at the Santa Rita, N. Mex., porphyry cop
per deposit. At the Santa Rita deposit, alteration of 
feldspars in the pluton is zoned outward from fresh 
feldspar, to montmorillonite and kaolinite replac
ing plagioclase (K-feldspar unaltered), to kaolinite 
replacing plagioclase (K-feldspar unaltered), and, 
finally, to quartz-white mica replacing both plagio
clase and K-feldspar (Nielsen, 1968). In two some
what earlier studies of this same deposit, Jones 
and others (1967) suggested that the hydrolitic 
breakdown of plagioclase to clay(s) released silica, 
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possibly fixed as vein quartz, and Rose and 
Baltosser (1966) noted the unusually large vertical 
extent of argillization of plagioclase there also. 
After these studies, Jacobs and Parry (1979) con
firmed that superposition of argillic alteration of 
plagioclase on paragenetically early potassic alter
ation (mainly secondary orthoclase and biotite), in 
turn, was followed by feldspar-destructive introduc
tion of white mica and pyrite. 

Potassic alteration, however, is the predominant 
type of alteration associated with the early, hypo
gene introduction of molybdenum into the system at 
Buckingham. In the East stock, most samples show 
mineral assemblages diagnostic of more than one 
type of alteration; they are generally potassic, fol
lowed by intermediate argillic in monzogranite por
phyry (fig. 69). Argillic alteration of metamorphosed 
and metasomatized rocks of the Harmony Formation 
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FIGURE 69.-Columnar section showing lithology, alteration 
assemblage(s) in thin sections, and molybdenum and copper 
contents from drill hole 1465 collared in East stock of 
Buckingham stockwork molybdenum system. Alteration 

0.1 0.001 0.01 0 .1 

types: lA, intermediate argillic; P, potassic; Phy, phyllic; Prp, 
propylitic. £h, Upper Cambrian Harmony Formation; Km, 
Late Cretaceous monzogranite porphyry; Tgp, Oligocene 
granodiorite porphyry. Dot, thin section; Tr, trace. 
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DEPTH, MAP ALTERATION MOLYBDENUM CONTENT, COPPER CONTENT, 
IN FEET UNIT TYPES IN PERCENT IN PERCENT 
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FIGURE 70.-Columnar section showing lithology, alteration assemblage(s) in thin sections, and molybde
num and copper from drill hole 1463 collared in East stock of Buckingham stockwork molybdenum 
system, including a significant proportion of Paleozoic country rock. Alteration types: lA, intermediate 
argillic; P, potassic; Phy, phyllic; Prp, propylitic; Arg, argillic; Act, actinolite, queried where uncertain; 
£h, Upper Cambrian Harmony Formation; db, Devonian and (or) Ordovician diabase; Di, diopside; 
Dsc, Devonian Scott Canyon Formation; Km, Late Cretaceous monzogranite porphyry; Tgp, Oligocene 
granodiorite porphyry. Dot, thin section; triangles, brecciated rock. 
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is quite minimal (fig. 70). Some of the K-feldspar
bearing veins that cut metasedimentary rocks of the 
Harmony Formation near a relatively thick intercept 
of diabase just above the Dewitt thrust show sel
vages of diopside. Such diopside is much coarser 
grained at the wall of the vein than elsewhere in 
these rocks; this coarseness suggests thereby a ge
netic association with K-feldspar-bearing veins. 
Actinolite-bearing veins, also containing K-feldspar, 
are paragenetically younger than the diopside-K
feldspar compatibility. 

CHEMISTRY 

MAJOR ELEMENTS 

Nine additional representative samples of altered 
monzogranite porphyry from the East stock (table 20), 
two samples of aplite from the East stock (table 21), 
and two samples of highly mineralized rock from the 
Upper Cambrian Harmony Formation very close to 
the East stock (table 22) were analyzed chemically to 
characterize further these magmatic rocks and their 
immediately adjacent country rock. Samples analyzed 
were selected specifically from drill core below the 
base of the oxide zone; they were chosen to exclude as 
much vein quartz as physically possible. Unfortunately, 
however, most igneous rocks associated genetically 
with the Late Cretaceous stockwork molybdenum sys
tem are altered hydrothermally-commonly by an 
early potassic event, followed closely by either an in
termediate argillic and (or) local-fracture-controlled 
phyllic stage and superposed propylitic assemblages. 
The latter assemblages probably are related to the 
emplacement into the molybdenum system of Oligo
cene granodiorite porphyry dikes. Therefore, because 
of the multiplicity of widespread hydrothermal events 
and the accompanying, largely incomplete chemical 
reactions here, chemical changes of various magmatic 
pulses as the Buckingham system evolved could not 
be documented well. Furthermore, only a few gener
alizations will be attempted. 

Chemical analysis of a sample of fresh monzo
granite porphyry provides a geochemical base to 
which all the other chemically analyzed samples of 
altered monzogranite porphyry will be compared. 
The normal variation in major-element composition 
of monzogranite porphyry before its hydrothermal al
teration could not be determined because of wide
spread alteration. 

Major-oxide composition of fresh monzogranite 
porphyry from the Buckingham system (table 14, 
analysis 1) apparently is remarkably similar to that 
of the average adamellite of LeMaitre (1976): 

Si02 
Kp Na20 CaO 

Buckingham ................. 68.3 4.4 3.0 3.0 
LeMaitre ....................... 68.65 4.0 3.47 2.68 
Nockolds ....................... 69.15 4.58 3.35 2.45 

Nockolds' (1954) average of 121 chemical analy
ses of quartz monzonite (his terminology) is also 
listed above for comparison. Although the 
K

2
0/Na

2
0 ratio for fresh monzogranite porphyry 

from Buckingham (1.47) is elevated somewhat rela
tive to most monzogranites and would plot in the 
syenogranite field using the classification of Mason 
(1978), the Na20 content of this sample nonethe
less is greater apparently than that of the other 
analyzed samples of altered monzogranite porphy
ry. Furthermore, the ~O/Na20 ratio in every sam
ple of altered monzogranite porphyry is greater 
than 1.4 7 (see tables 17 and 20). In these variably 
altered samples, ~O/Na20 ratios range from 1.58 
to more than 40. The extremely high ~ 0/N a 2 0 ra
tios are primarily the result of a depletion of Na20 
concomitant with alteration to clay(s) of the plagio
clase phenocrysts (table 20). However, potassic al
teration before intermediate argillic alteration of 
the rocks apparently resulted in an overall in
crease in potassium content during the early hypo
gene stage(s) of the Buckingham system. Such a 
geochemical trend is not readily apparent in a ter
nary AlkFM diagram (fig. 71A), whereas an ACF 
plot of the data (fig. 71B) suggests that aluminum 
may have remained relatively immobile during the 
hydrothermal alteration of many of the samples of 
monzogranite porphyry. A comparison of the 
~O/Al203 ratios in fresh monzogranite porphyry 
and altered monzogranite porphyry, however, re
veals that two of these samples of altered monzo
granite porphyry (analyses 5 and 7, table 20) have 
K

2
0/Al

2
0

3 
ratios less than that of the sample of 

fresh monzogranite porphyry. Both samples are 
from the same drill hole, approximately 4 m apart, 
and both samples show well-developed potassic
alteration assemblages (dominated by secondary K
feldspar as selvages along veins), with less 
pronounced retrograde intermediate argillic assem
blages. In addition, the samples show high 
Fe0/Fe

2
0

3 
ratios, together with a relatively low 

overall sulfide sulfur content, indicating that most 
iron is probably in the relatively unaltered primary 
biotite. Some of the other samples of altered 
monzogranite porphyry show more than a twofold 
increase in their ~O/Al203 ratios relative to the 
fresh sample (see tables 17, 20). These data thus 
suggest either a normal magmatic variation in the 
Al

2
0

3 
content of the rocks, or some mobility of alu

minum may have occurred during alteration (see 
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below). Nonetheless, the progressive enrichment of 
potassium during hypogene alteration of igneous 
rocks of the Buckingham system is readily appar
ent in an AKF plot of its data (fig. 71C), compared 
with a similar plot for the Tertiary igneous rocks 
in the area (see fig. 27C). In fact, the most potassi
um enriched Tertiary igneous rocks here show 
abundances of potassium nearly comparable with 
the least potassium enriched igneous rocks associ
ated with the Buckingham system. 

Mineralized rocks of the Harmony Formation in 
the general area of the East stock, represented by 
samples containing 530 and 220 ppm Mo (table 22), 
apparently also show comparable levels of potassium 
enrichment to that suggested above for igneous 
rocks of the Buckingham system. These chemically 
analyzed samples of the Harmony Formation gener-:
ally show twofold to threefold increases in their 
~O/Al203 ratios compared with the ratios in rela
tively unaltered and calcareous subarkose (see anal
yses 1-3, table 1). 

To evaluate further the possibility that major 
differences in the density of these rocks may be 
contributing to apparent cation increases or de
creases between fresh and altered monzogranite 
porphyry, similarities and differences between 
these two phases also were compared using Barth's 
(1948, 1962) cations. In his technique, Barth calcu
lated the number of cations for a standard cell of 
160 oxygens, thereby allowing comparison between 
chemical analyses on an equal-volume basis (see 
Creasey, 1984, for an indepth application of this 
technique through the use of small-number statis
tics). However, there is only one chemical analysis 
available for fresh monzogranite porphyry. The 
mean and standard deviation of Barth's cations 
were calculated for 11 samples of altered monzo
granite porphyry and Barth's cations for the fresh 
monzogranite porphyry (table 23). A test for the 
significance of the difference between values for 
each cation is hampered by the fact that the vari
ance for fresh monzogranite porphyry is unknown. 
Only potassium, sodium, and phosphorus cations 
in the altered monzogranite porphyry, however, 
show differences of their means more than one 
standard deviation from their respective values in 
the standard cell of fresh monzogranite porphyry. 
Thus, chemical analyses of these rocks substanti
ate quantitatively, through the apparent cationic 
increase in potassium and decrease in sodium, that 
such chemical changes are compatible with the 
petrographic observations. Much of the calcium re
leased during the early hypogene potassium sili
cate alteration may have been fixed in the rock as 
carbonate that was stable during some of the sub-

sequent intermediate argillic, phyllic, and propylit
ic stages. 

MINOR ELEMENTS 

Minor elements in analyzed intrusive rocks asso
ciated with the Buckingham system are listed in 
tables 17, 20, and 22. Evidently, the molybdenum 
and copper contents of these rocks are highly 
anomalous when compared with the molybdenum 
contents of low-calcium granite (1.3 ppm) and high
calcium granite (1.0 ppm), and with the copper 
contents of each of these two types of granite (10 
and 30 ppm, respectively) (Parker, 1967). However, 
many other minor-element contents in these igne
ous rocks also contrast significantly with the 
minor-element signatures associated with Climax
type stockwork molybdenum systems. As pointed 
out by Mutschler and others (1981), fluorine
deficient systems (termed "granodiorite systems" in 
their classification) include significantly higher 
abundances of copper, barium, and strontium, and 
lower abundances of fluorine, rubidium, and urani
um than the Climax-type systems. In addition, 
Ludington (1981) noted that niobium, tin, lantha
num, and yttrium all show characteristic concen
trations in the source granitic rocks thought to be 
favorable for occurrence of Climax-type systems 
(see Steigerwald and others, 1983, for the data 
bank on which these conclusions are based). A 
comparative plot of most of these minor elements 
considered to be diagnostic for discriminating the 
two types of molybdenum stockwork systems is 
shown in figure 72. Fluorine, rubidium, strontium, 
barium, tin, niobium, uranium, thorium, lantha
num, and yttrium contents in the Buckingham sys
tem apparently all differ to varying degrees from 
the respective contents ascribed to Climax-type 
systems. As shown in figure 72, the overall range 
of fluorine contents in altered monzogranite por
phyry from the Buckingham system is 400 to 1,200 
ppm; the mean fluorine content is about 700 ppm. 
Analysis of one sample of fresh monzogranite por
phyry shows a fluorine content of 600 ppm. Such 
fluorine contents, 600 and 700 ppm, are somewhat 
elevated with respect to the mean fluorine content 
of 410 ppm in granitic rocks of the northwestern 
Great Basin province of Christiansen and Lee 
( 1986), which includes the Battle Mountain Mining 
District. These authors ascribe the relatively de
pleted fluorine contents of the granitic rocks in this 
province to the absence of a comparatively fluorine 
enriched reservoir in the crust that underlies the 
province. Some of the relations observed for some 
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TABLE 20.-Analytical data on Late Cretaceous monzogranite porphyry at different depths in the East stock associated with the 
Buckingham stockwork molybdenum deposit 

[Chemical analyses in weight percent by single-solution method of Shapiro (1975); analysts, K. Coates and H. Smith. Emission-spectrographic analyses in parts per million; 
analyst, J.L. Harris. Cross, Iddings, Pirsson, and Washington (CIPW) norms in weight percent. Relative standard deviation of any single reported concentration should be 
taken as plus 50 percent and minus 33 percent. Looked for, but not found, at parts-per-million detection levels in parentheses: As (150), Au (10), Bi (15), Cd (32), Dy (22), 
Er (10), Gd (15), Ge (1.5), Hf (15), Ho (6.8), In (6.8), Ir (15), Li (68), Lu (22), Nd (46), Os (22), Pd (1.5), Pr (68), Pt (6.8), Re (10), Rh (2.2), Ru (3.2), Sb (46), Sm (22), Ta 
(460), Tb (32), Tn (4.6), W (10). Au, Hg, and Zn determined by atomic-absorption spectroscopy; analysts, J. Budinsky and R. Moore. F determined by specific-ion-electrode 
methods; analysts, J. Budinsky and R. Moore. Cl determined spectrophometrically; analysts, J. Budinsky and R. Moore. Th and U determined by intrumental delayed-
neutron counting, using the methods of Millard and Keaten (1982); analysts, H.T. Millard, Jr., F.M. Luman, and B.A. Keaten. Nb and Rb determined by X-ray spectrosco-
py; analysts, R. Johnson, H.J. Rose, B. McCall, G. Sellers, and J. Lindsay. lA, intermediate argillic; P, potassic; Phy, phyllic; Prp, propylitic. -,not detected] 

Lie kin Creek 
North South 

Analysis 1 2 3 4 5 6 7 8 9 
Field No. 1477-561 1453-428 1463-1134 1470-146 1470-226 1470-130 1470-238 1468-872 1468-645 

Chemical analyses (weight Eercent) 

Si02 61.6 69.4 68.3 64.4 67.8 66.7 66.5 72.3 71.2 
Al 2o3 14.6 13.6 13.1 16. 14.9 15. 15.6 12.1 12.1 
Fe2o3 2.4 .65 2.5 .72 .93 .64 . 7 .56 .82 
FeO 1.2 .64 .16 2.5 2.1 2.4 2.1 .96 .84 
MgO 1.6 1.3 1.1 2. 1.4 1.5 1.4 1. 1.1 

CaO 3.6 2.8 1.5 4.7. 3.6 3.7 3.6 2.2 2.2 
Na2o .77 1.5 .19 2.7 2.4 2.3 2.6 1. .29 
K20 6.8 7.2 7.7 4.8 3.8 5. 4.3 6.7 6.9 
H o+ 1.3 .66 .86 .83 1.1 .77 1.1 .87 1.1 

2 -H2o .19 .23 .24 .32 .31 .29 .35 .23 

Ti02 .53 .47 .5 .63 .51 .56 .52 .44 .42 
P205 .26 .16 .18 .24 .2 .21 .21 .15 .14 
MnO .OS .02 .09 .OS .02 .02 .01 .02 .02 
C02 2.4 .59 1. .08 .06 .07 .OS .08 1.1 
F .12 .085 .093 .093 .073 .063 .093 .04 .OS 

Cl .022 .025 .027 .041 .026 .03 .021 .018 .02 
s (total) 1.3 .33 2. .39 .34 .42 .37 .35 .39 

Subtotal 98.74 99.66 99.54 100.49 99.57 100.24 99.52 99.02 99.06 

s (sulfide) 1.2 .3 1.9 .34 .31 .37 .32 .27 .29 
Less O=F ,Cl,S .56 .17 .84 .2 .17 .19 .18 .14 .15 

Total 98.08 99.46 98.6 100.24 99.37 100.00 99.29 98.8 98.81 

Emission sEectrograEhic analyses (Earts Eer million) 

Ag 5.9 5.2 0.16 0.51 1.2 0.96 0.23 
B 17. 14. 5.1 6.5 6.8 6.7 8.8 39. 
Ba 2800. 1800.0 2400. 1700. 1400. 1600. 1300. 2300. 2200. 
Be 4.2 3.7 1.7 2.3 2.5 2.5 2.8 2.1 2. 
Ce 120. 96. 82. 130. 82. 82. 68. 

Co 5.9 4.1 9. 9.5 9.3 10. 9.4 4.4 4.8 
Cr 6.1 14. 11. 13. 8.3. 5.9 9.2 15. 13. 
Cu 480. 56. 230. 270. 240. 260. 370. 370. 86. 
Eu 2.2 2. 2.2 2. 
Ga 29. 22. 22. 33. 28. 29. 26. 24. 26. 

La 57. 47. 44. 47. 57. 29. 36. 42. 36. 
Mo 5.6 65. 350. 9.8 99. 34. 22. 520. 99. 
Nb 12. 7.2 4.4 7.8 10. 11. 9.3 9.7 8.5 
Ni 6.1 9.6 21. 11. 12. 7.5 7.6 10. 8.9 
Ph 24. 10. 35. 8.5 8.3 11. 9. 15. 12. 

Sc 11. 9.2 9. 12. 9.7 6.2 7. 6.7 5.6 
Sn 10. 3.5 12. 5.3 4.5 4.4 3.6 8.6 4.1 
Sr 620. 540. 290. 790. 730. 690. 640. 460. 480. 
Tl 4.3 
v 82. 85. 62. 69. 57. 74. 66. 68. 70. 

y 19. 17. 16. 15. 23. 11. 13. 14. 10. 
Yb 2.4 2.4 2.4 2.1 2.2 2. 1.8 2.2 2.5 
Zr 160. 100. 84. 91. 130. 130. 79. 75. 110. 
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TABLE 20.-Analytical data on Late Cretaceous monzogranite porphyry at different depths in the East stock associated with the 
Buckingham stockwork molybdenum deposit-Continued 

Lickin Creek 
North South 

Analysis 1 2 3 4 5 6 7 8 9 
Field No. 1477-561 1453-428 1463-1134 1470-146 1470-226 1470-130 1470-238 1468-872 1468-645 

Chemical analyses <earts eer million) 

Au <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
Hg .053 < .01 < .01 < .01 < .01 < .01 < .01 < .01 < .01 
Nb 17. 16. 19. 16. 19. 17. 16. 16. 13. 
Rb 312. 249. 332. 152. 127. 147. 152. 230. 267. 
Th 14.67 10.94 9.6 10.74 12.13 10.59 12.23 9.77 9.91 
u 5.92 3.86 3.84 4.08 3.94 3.8 3.89 5.27 4.15 
Zn 250. 30. 25. 39. 55. 39. 55. 340. 170. 

C.I.P.W. norms {wei~ht eercent) 

Q 28.7 27.4 36.4 18.0 29.8 24.2 25.3 35.9 40.7 
c 5.7 4.5 .92 • 75 3.1 
or 40.8 42.8 45.9 28.4 22.6 29.8 25.7 40.1 41.3 
ab 6.6 12.8 1.6 22.8 20.5 19.6 22.2 8.6 2.5 
an 1. 9.2 17.4 16.3 16. 16.3 8.9 3.1 

wo 1.6 .3 .29 
en 4. 3.3 2.7 5. 3.5 3.8 3.5 2.5 2.8 
fs 2.2 1.6 2.1 1.7 
mt 1. 1.4 .94 1. 63. .15 
hm 2.4 .65 2.5 .13 .73 

i1 .62 1.2 .98 1. .85 .81 
ru .54 .15 .5 
ap .63 .38 .43 .57 .48 .5 .5 .36 .34 
pr 2.1 .62 .42 .73 .64 .79 .7 .66 .74 
cc 5.5 1.4 2.3 .18 .14 .16 .12 .18 2.5 

mg .02 
Total 97.97 99.32 97.27 99.08 98.86 98.19 98.77 99.10 98.77 

Sa lie 82.8 92.2 88.4 86.6 90.12 89.6 90.25 93.5 90.7 
Fernie 15.17 7.12 8.87 12.48 8.74 8.59 8.52 5.6 8.07 

Differentiation 
Index 76.1 83. 83.9 69.2 72.9 73.6 73.2 84.6 84.5 

1. Drill hole no. 1477; Depth, 171.0 m; P, IA. 
2. Drill hole no. 1453; Depth, 130 .• 5 m; P, Prp, IA. 
3. Drill hole no. 1463; Depth, 345.6 m; P, Phy {trace) . 
4. Drill hole no. 1470; Depth, 44.5 m; P, Prp, IA (trace). 
5. Drill hole no. 1470; Depth, 68.9 m; P, Prp, IA. 
6. Drill hole no. 1470; Depth, 39.6 m; P, IA, Prp. 
7. Drill hole no. 1470; Depth, 72.5 m; P, Prp, IA (trace). 
8. Drill hole no. 1468; Depth, 265.8 m; P, IA. 
9. Drill hole no. 1468; Depth, 196.6 m; P, IA {trace). 

of the minor elements in the Buckingham system 
require additional comment. 

The range in the rubidium contents of igneous 
rocks ·of the Buckingham system shows both some 
similarities to and some differences from those 
typical of Climax-type systems. Unaltered monzo
granite porphyry and altered aplite at Buckingham 
apparently contain abundances of rubidium charac
teristic of the Climax-type systems (fig. 72). In ad
dition, the mean rubidium content in altered 

monzogranite porphyry (approx 210 ppm) is some
what less than the minimum rubidium content 
thought to be favorable for Climax-type deposits 
(250 ppm). The upper limit of rubidium content in 
these samples is more than 300 ppm. The high ru
bidium contents in these rocks are considered 
primarily to indicate the intense potassium meta
somatism that the rocks have undergone. The 
Rb/Sr ratio, however, is still significantly lower in 
these rocks than in Climax-type systems because of 
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TABLE 21.-Analytical data of Late Cretaceous aplite in the East 
stock of the Buckingham porphyry molybdenum system, Lander 
County, Nevada 

[Both aplites underwent sparse phyllic alteration associated with secondary carbon
ate. Chemical analyses in weight percent by X-ray spectroscopy supplemented by 
classical methods; analysts, S. Ramage and J. Riviello. Emission-spectroscopic 
analyses in parts per million; analyst, J. Kent. Cross, Iddings, Pirsson, and 
Washington (CIPW) norms in weight percent. Relative standard deviation of any 
single reported concentration should be taken as plus 50 percent and minus 33 
percent. Looked for, but not found, at parts-per-million detection levels in paren
theses: Ag (0.5), As (300), Au (14), Be (2), Bi (14), Cd (14), Co (2), Nb (20), Pb 
(14), Sb (40), W (20), Y (14), Ce (100), Ge (14), In (3), Re (14), Tl (6), Yb (2). Au, 
Hg, and Zn determined by atomic-absorption spectroscopy; analysts, W. D'Angelo, 
J. Kane, and R. Moore. W determined colorimetrically; analysts, W. D'Angelo, J. 
Kane, and R. Moore. F determined by specific-ion-electrode methods; analyst, J. 
Riviello. Cl determined spectrophotometrically; analyst, V. McDaniel. Th and U 
determined by instrumental delayed-neutron counting, using methods of Millard 
and Keaten (1982); analysts, B. Vaughn, M. Coughlin, S. Danahey, and J. Story. 
Nb and Rb determined by X-ray spectroscopy; analyst, Harry Rose. -, not 
detected] 

DeEth (m) 153.9 188.4 
Field no. 79C89 79C90 

Chemical analyses (wei8ht Eercent) 

Si02 66.86 68.72 
Al 2o3 12.68 12.84 
Fe2o3 1.42 1.02 
FeO .16 .1 
MgO 1.8 1.5 

CaO 2.94 2.02 
Na2o 1.06 .96 
K20 9.19 10.07 
H20+ 1.05 .55 
H2o- .1 .11 

Ti02 .47 .44 
PzOs .2 .19 
MnO .OS .OS 
C02 2.31 1.61 
F .07 .08 

Cl .004 .006 
Subtotal 100.36 100.26 

Less O=F .03 .03 
Total 100.33 100.23 

Emission sEectroscoEic analyses (Earts Eer million) 

B s.o 
.Ba 2000. 2000.0 
Cr 12. 8. 
Cu 33. 4. 
La 31. 40. 

Mo 18. 57. 
Ni 5. 6. 
Sc 6. 6. 
Sn 10. 
Sr 350. 300. 

v 65. 60. 
Zr 130. 100. 
Ga 13. 14. 

TABLE 21.-Analytical data of Late Cretaceous aplite in the East 
stock of the Buckingham porphyry molybdenum system, Lander 
County, Nevada-Continued 

DeEth (m) 153.9 188.4 
Field no. 79C89 79C90 

Chemical analyses (Earts Eer million) 

Au <0.05 <0.05 
Hg .27 .12 
Nb 19. 17. 
Rb 323. 351. 
Th 10.8 12. 

u 5.36 8.73 
w 19. 17. 
Zn 30. 20. 

C. I. P. W. norms (weight Eercent) 

Q 23.17 22.76 
c .99 .37 
or 54.16 59.41 
ab 8.92 8.07 
an 

hl .01 .01 
en 3.86 3.06 
hm 1.42 1.02 
il .44 .32 
ru .24 .27 

ap .47 .45 
fr .11 .13 
cc 4.63 2.99 
mg .52 .56 

Total 98.94 99.42 
Sa lie 87.24 90.61 
Fernie 11.7 8.81 

Differentiation 
Index 86.25 90.24 

the extremely low strontium contents in the latter, 
generally less than 50 ppm (Ludington, 1981). A 
plot of rubidium versus Si02 contents in igneous 
rocks of the Buckingham system would show them 
to fall in the "within plate" magma type of Pearce 
and Gale (1977). However, the applicability of such 
a plot as a discriminant for the tectonic settings of 
magmas is diminished for these samples because of 
the widespread secondary potassic alteration here. 

The extremely high barium contents in analyzed 
samples (approx. mean, 2,000 ppm for altered 
monzogranite porphyry and altered aplite; fig. 72) 
may be because the mining district is part of a 
high-barium province. Barium in analyzed samples 
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TABLE 22.-Analytical data on metamorphosed and hydrother
mally altered samples of the Upper Cambrian Harmony Forma
tion from the general area of the East stock in the Buckingham 
stockwork molybdenum deposit 

[Chemical analyses in weight percent by single-solution method of Shapiro (1975); 
analysts, K. Coates and H. Smith. Emission-spectrographic analyses in parts per 
million; analyst, J.L. Harris. Relative standard deviation of any single reported 
concentration should be taken as plus 50 percent and minus 33 percent. Looked 
for, but not found, at parts-per-million detection levels in parentheses: As (150), 
Au (10), Bi (15), Cd (32), Dy (22), Er (10), Gd (15), Ge (1.5), Hf (15), Ho (6.8l, In 
(6.8), Ir (15), Li (68), Lu (22), Nd (46), Os (22), Pd (1.5), Pr (68), Pt (6.8) Re (10), 
Rh (2.2), Ru (3.2), Sb (46), Sm (22), Ta (460), Tb (32), Th (4.6), W (10). Au, Hg, 
and Zn determined by atomic-absorption spectroscopy; analysts, J. Budinsky and 
R. Moore. F determined by specific-ion electrode methods; analysts, J. Budinsky 
and R. Moore. Cl determined spectrophotometrically; analysts, J. Budinsky and R. 
Moore. Th and U determined by instrumental delayed-neutron counting, using 
method of Millard and Keaten (1982); analysts, H.T. Millard, Jr., F.M. Luman, 
and B.A. Keaten. Nb and Rb determined by X-ray spectroscopy; analysts, R. John
son, H.J. Rose, B. McCall, G. Sellers, and J. Lindsay.-, not detected] 

Analysis 1 2 

Field No. 1464-185 1471-760 

Chemical analyses (weight percent) 

Si02 82.5 84.2 
A1 2o3 7.8 6.3 
Fe 2o3 .98 1.7 
FeO .44 .12 
MgO .91 .22 

CaO .13 .03 
Na 2o .3 .09 
K20 5.2 4.3 
HzO+ .48 .4 
H20- .26 .12 

Ti02 .36 .28 
Pzo5 .04 .03 
MnO 
C02 .01 .01 
F .092 .033 

Cl .02 .017 
S(total) .8 1.4 

Subtotal 100.32 99.25 
S(sulfide) .7 1.3 
Less O=F,Cl,S .34 .57 

Total 99.88 98.68 

of igneous rocks from the Buckingham system 
probably is present mostly in K-feldspar, both pri
mary and secondary, and in primary biotite. Devo
nian rocks in the region are one of the premier 
bedded-barite-producing metallotects in the world 
(Papke, 1984). Highly elevated local background 
levels for barium have been documented for the 
Devonian Scott Canyon Formation in the southern 
part of the mining district (Theodore and Roberts, 
1971) and for much of the Tertiary mineraliza
tion in the southern part of the mining district 
(Theodore and Blake, 1975, 1978). 

TABLE 22.-Analytical data on metamorphosed and hydrother
mally altered samples of the Upper Cambrian Harmony Forma
tion from the general area of the East stock in the Buckingham 
stockwork molybdenum deposit-Continued 

Analysis 1 2 

Field No. 1464-185 14 71-760 

Emission seectro~raehic analyses <earts per million) 

Ag 0.37 1.7 
B 7.4 18. 
Ba 930. 870. 
Be 1.4 
Ce 64. 

Co 4.2 4.8 
Cr 53. 29. 
Cu 88. 73. 
Ga 13. 18.4 
La 35. 21. 

Mn 160. 49. 
Mo 530. 220. 
Nb 2.8 
Ni 21. 17. 
Pb 8.1 7.2 

Sc 8.2 4.7 
Sn 5.1 2.8 
Sr 220. 75. 
v 57. 34. 
y 12. 9.6 

Yb 1.9 1.6 
Zr 74. 120. 

Chemical analyses (parts eer million) 

Au <0.05 <0.05 
Hg .016 
Nb 11. 12. 
Rb 187. 166. 
Th 10.63 7.77 

u 2.53 1.9 
Zn 85. 21. 

1. Potassic altered and veined subarkose; 
largely matrix supported; superposed weak 
phyllic alteration; and weak intermediate 
argillic alteration of framework feldspar. 

2. Potassic altered and veined subarkose 
or quartz arenite; matrix-supported; 
sparse phyllic alteration. 
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ASSOCIATED SKARN ALTERATION 

Some rocks of the Upper Cambrian Harmony 
Formation have been altered to calcic skarn appar
ently more or less penecontemporaneously with the 
emplacement of the Buckingham molybdenum sys
tem during the Late Cretaceous. Specifically, most 
of the garnet-pyroxene skarn exposed somewhat 
continuously for about 1.5 km from a point west
northwest of the Surprise Mine through the Con
tention pit of the Copper Basin Mine (pl. 1) 
appears to be related to the molybdenum system. 

•• 
•• . . ~. 
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K20 + Na20 MgO 

• 
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A 
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CaO 

A...__ _____________________________ ~F 

AI20s + Fe20s- MgO + FeO + MnO 
(Na20 +K20) B 

This particular body of skarn near its north end is 
bounded on the east by siliceous conglomerate of 
the Battle Formation; it is termed "skarn D" in the 
section below entitled "Mineral Chemistry of Late 
Cretaceous and Tertiary Skarns." In the Conten
tion pit, the skarn is cut unequivocally by Late 
Cretaceous monzogranite porphyry (see subsection 
below entitled "Supergene Copper Deposits at Cop
per Basin"). Thus, the prograde assemblages of 
skarn D cannot be associated with emplacement of 
nearby Tertiary igneous bodies, some of which also 
are associated with skarn as described above. At 
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AI20s + Fe20s- MgO + FeO + MnO 
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EXPLANATION 

• Altered monzogranite porphyry 
6 Fresh monzogranite porphyry 

• Altered megacryst porphyry 
o Altered aplite 

FIGURE 71.-Temary chemical diagrams of analyzed fresh monzogranite porphyry, altered monzogranite porphyry, altered mega
cryst porphyry, and altered aplite from Buckingham stockwork molybdenum system. A, AlkFM diagram. B, ACF diagram. C, 
AKF diagram. See tables 14, 17, 20, and 21 for analytical data. 
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TABLE 23.-Mean values and standard deviations for 
major-element cations in a standard cell of 160 
oxygens calculated for 11 samples of altered monzo
granite porphyry compared with fresh monzogranite 
porphyry from the Buckingham stockwork molybde
num system 

Analysis 1 2 

Si 67.87±5.44 64.48 
Al 14.73±3.27 16.36 
Fe3+ .7±.35 .65 
Fe2+ 1.2±.58 1.5 
Mg 1.72±.69 1.83 

Ca 2.81±1.26 3.03 
na 2.82±1. 71 5.49 
k 7 .18±1. 5 5.3 
p .14±.03 .04 
ti .33±.09 .23 

1. Altered monzogranite porphyry; from 
tables 17 and 20. 
2. Fresh monzogranite porphyry; from 

analysis 1, table 14. 

the Labrador Mine (pl. 1), Late Cretaceous skarn D 
has been intruded by late Eocene or Early Oligo
cene porphyritic leucogranite that contains pheno
crysts of abundant diopside and sparse hornblende 
(blue green, optic Z-axis). The introduction of gold 
at this deposit appears to be related to the porphy
ritic leucogranite (Schmidt and others, 1988). In 
the Copper Canyon area, copper-gold-silver-bearing 
skarn of the West ore body also is cut by the ge
netically associated altered granodiorite at the cur
rently exposed levels of the system there (Theodore 
and Blake, 1978). However, because of the follow
ing relations associated with the 1.5-km-long body 
of skarn D in the Copper Basin area, we conclude 
that most of its prograde paragenesis is probably 
related to magmatism during the Late Cretaceous 
associated with the Buckingham molybdenum sys
tem: (1) overall metal zoning in the skarn body (in
cluding an increase in copper and silver contents 
from north to south toward the monzogranite por
phyry), (2) a significant increase toward the south 
in the retrograde replacement of magnetite and an
hydrous calc-silicates by various sulfide-hydrous 
silicate assemblages, and (3) the mapped relation 
of the skarn to Late Cretaceous monzogranite 
porphyry. 

Several significant areal and paragenetic changes 
occur in the mineralogy and fabric of the skarn. Near 
its northern distal end, the skarn includes essen
tially a garnet prograde assemblage. Here, the skarn 
is generally massive, and it contains sparse locali
ties wherein a weakly developed layered fabric is 

suggestive of original bedding. For the most part, 
drab-pale-amber to slightly olive green, very early 
stage or first-generation garnet imparts a tightly 
packed, granulose texture to the rocks; garnet at 
this stage may be, on average, about 1 to 2 mm in 
grain size. This garnet is followed paragenetically 
by a well-developed, second-generation, red-brown 
(in hand sample) garnet that cuts the first-generation 
garnet along discontinuous, very poorly bounded 
veins. Individual crystals among these late-stage gar
net veins commonly measure as much as 1 em wide. 
Alteration selvages are lacking on the borders of the 
veins. Microscopic examination of vein-wallrock 
boundaries suggests that the second-generation gar
net veins apparently crystallized largely in an open
space environment temporally without probably 
much of an intervening time gap from the previ
ously crystallized garnet. First-generation garnet is 
largely anisotropic, although single and multiple iso
tropic growth zones characterize some crystals. These 
garnets are mostly andraditic in composition and 
range from Ad

72 
to Ad

74 
in overall composition (see 

section below entitled "Mineral Chemistry of Late 
Cretaceous and Tertiary Skarns"). As pointed out in 
the aforementioned section by Hammarstrom, sec
ond-generation garnets include a significant propor
tion as an isotropic, yellow-green (in thin section) 
core (Ad

99
) that is mantled by thin, anisotropic 

growth zones (Ad56-Ad
82

). In addition, the remaining 
open spaces in skarn are filled by K-feldspar and 
quartz during the final, anhydrous stages of the 
skarn. However, late-stage potassium metasomatism 
present in some rocks of skarn D may be a distal 
effect of the late Eocene or early Oligocene emplace
ment of porphyritic leucogranite at the Labrador 
Mine. As described above, some metasomatic facies 
associated with this intrusive event show signifi
cant introduction of K-feldspar. Such rocks also in
clude traces of definitely retrograde secondary biotite, 
altered partially to chlorite, and epidote. This 
unsulfidized garnet skarn shows extremely high 
Fe

2
0fFeO ratios (analysis 1, table 24) and other 

major-oxide ratios (Ca0/Al20 3, Fe20/Al20 3) that are 
controlled largely by the strong andraditic composi
tion of the garnets. Most of the fluorine in the rock 
(0.22 weight percent; analysis 1, table 24) probably 
is present in the small amounts of retrograde hy
drous silicates there. 

The localization of this extensive body of skarn 
in rocks of the Harmony Formation along the con
tact between the Harmony and Battle Formations 
emphasizes thereby the dual importance that per
meable channelways and chemically reactive hosts 
have in the development of such rocks. Although 
all the chemically reactive rocks at the strati
graphic position of the skarn have been altered 
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FIGURE 72.-Comparison of range in values and mean for fluo
rine, rubidium, strontium, barium, tin, niobium, uranium, 
thorium, lanthanum, and yttrium in various igneous phases 
of Buckingham stockwork molybdenum deposit. All values in 
parts per million. Data from tables 17, 20, and 21. Rock 
phases: 1, fresh quartz monzonite porphyry; 2, altered 
monzogranite porphyry; 3, altered aplite. Abundances in av-

erage granite and average granodiorite from Parker (1967). 
Values for Climax-type stockwork molybdenum systems (a,r
rows) in their source igneous rocks from Ludington (1981). 
Dot, mean value; bar, range of detected values, dashed where 
below detection level, queried where uncertain; heavy vertical 
dashed line, average granodiorite; light vertical dashed line, 
average granite. 
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TABLE 24.-Analytical data on garnet skarn formed in the Upper 
Cambrian Harmony Formation penecontemporaneously with 
Late Cretaceous molybdenum mineralization 

[Chemical analyses in weight percent by rapid rock methods of Shapiro (1975); ana
lysts, K. Coates and H. Smith. Emission-spectrographic analyses in parts per mil
lion; analyst, Leung Mei. F determined by specific-ion-electrode methods, Au and 
Hg determined by atomic-absorption spectroscopy, and Cl and W determined spec
trophotometrically; analyst, R. Moore. Relative standard deviation of any single 
reported concentration should be taken as plus 50 percent and minus 33 percent. 
Looked for, but not found: B, Bi, Cd, Dy, Er, Hf, Ho, In, lr, Li, Lu, Nd, Os, Pd, Pr, 
Pt, Re, Rh, Ru, Sb, Sm, Ta, Tb, Th, Tl, Tm, U, W. -, not detected; n.d., not 
determined] 

Ana1rsis 1 2 3 4 5 
Field No. 76CB2 76CB4 76CBS 76CB7 76CB9 76CB10 

Chemical analyses (weisht Eercent) 

Si02 38.0 40.9 36.7 38.8 37.4 31.7 
Al 2o 3 6.4 7.3 4.4 10.8 5.4 8.5 
Fe 2o 3 22.1 16.2 25. 12.8 22.8 13.5 
FeO .52 .72 .92 1.1 .8 16.2 
MgO .17 2. 7 .17 .66 .15 .78 

CaO 32.2 29. 32. 28.6 31. 21.5 

Nat .01 .01 .12 

K2 .06 .13 • 06 .56 .1 .3 
H o+ .25 .73 .46 • 54 .52 .99 
H

2
o- .1 1.1 .2 .27 .22 .59 2 

Ti02 .28 • 77 .93 .71 .14 .43 

P2os .06 .07 .15 .2 .07 .06 
MnO .2 .24 .13 • 16 .15 .38 
C02 .01 .01 .01 4.2 .08 .06 
F .22 .25 .23 .27 .27 .19 

Ignition loss, 
less co2 + Hro N.D. N.D. N.D. N.D. N.D. 4. 7 

Subtota 100.57 100.13 101.36 99.68 99.10 95:3 
Less O=F .09 .11 .1 .11 .11 .08 

Total 100.48 100.02 101.26 99.57 98.99 95.22 

Emission sEectrograEhic analyses (Earts Eer million) 

Ag 0.21 0.67 1.5 4.1 
As 210.0 210. 340. 
Ba 16. 23. 29. 32. 24. 5.8 
Be .81 .8 1.2 
Ce 84. 150. 

Co 9.1 16. 4.1 12. 36. 
Cr 24. 870. 130. 81. 17. 22. 
Cu 11. 330. 170. 14. 480. >3200. 
Eu 2. 2.7 2.3 5.5 
Ga 

Gd 15. 16. 22. 29. 29. 38. 
Ge 6.9 7. 
La 25. 16. 77. 43. 
Mo 15. 20. 9.2 13. 22. 
Nb 10. 19. 21. 17. 26. 

Ni 7. 61. 10. 15. 26. 31. 
Pb 15. 70. 35. 16. 23. 
Sc 6. 7 20. 11. 12. 4.9 9. 
Sn 14. 34. 28. 33. 77. 62. 
Sr 6.5 17. 8. 7 240. 11. 6.6 
v 44. 130. 58. 60. 33. 63. 

y 18. 32. 21. 18. 20. 22. 
Yb 3.9 4.3 4.3 2.6 4.2 3.5 
Zn 110. 210. 130. 81. 160. 120. 
Zr 160. 86. 280. 97. 38. 220. 

entirely to some variant of skarn, including either 
prograde and (or) retrograde facies, these rocks 
probably contained a significant component of car-
bonate before their alteration. However, the pres-
ence of some relict clots of detrital carbonate in the 
largely siliceous conglomerate of the Battle Forma-
tion that abuts the skarn suggests that penetra-
tion of skarn-forming fluids was not pervasive. The 

TABLE 24.-Analytical data on garnet skarn formed in the Upper 
Cambrian Harmony Formation penecontemporaneously with 
Late Cretaceous molybdenum mineralization-Continued 

Analrsis 1 2 3 4 5 6 
Field No. 76CB2 76CB4 76CB5 76CB7 76CB9 76CB10 

Chemical analyses (Earts Eer million) 

Cl 150.0 330.0 160.0 120.0 93.0 240.0 
Hg .24 .37 .4 .26 .17 .19 
Au < .OS < .OS < .05 < .05 < .05 < .05 
w 96. 12. 96. 18. 130. 83. 

Density {g/cm3) 

Bulk 3.56 3.22 3.57 3.42 3.53 3.61 
Powder 3.59 3.32 3.56 3.29 3.68 3.66 

1. Garnet-magnetite (trace} skarn; mostly amber, anisotropic 
garnets; sparse late, red-brown isotropic garnets. 
2. Garnet-pyroxene-magnetite skarn; partly replaced by irregularly 
shaped mats of very fine grained biotite. 
3. Garnet-pyroxene (trace}-magnetite skarn; mostly amber garnets 
showing isotropic cores and anisotropic rims. 
4. Garnet-magnetite skarn; open spaces filled by quartz, potassium 
feldspar, and actinolite; sparse epidote replacing garnet; carbonate 
relatively abundant . 
5. Garnet-pyroxene (trace}-magnetite (trace} skarn; mostly red-brown 
anisotropic garnets; actinolite after pyroxene; some secondary 
biotite and K-feldspar; trace late-stage carbonate. 
6. Garnet-magnetite-pyroxene (trace} skarn partly replaced by 
pyrite, chalcopyrite, secondary biotite and quartz; mostly drab
gray-green, anisotropic garnets . 

highly siliceous, impermeable rocks near the un
conformity between the Harmony and Battle For
mations may have confined fluid flow. 

Skarn that crops out at the Labrador Mine at an 
elevation of approximately 5,980 ft on the ridge 
northwest of the Surprise Mine, about 300m south 
from the north end of the 1.5-km-long body, contin
ues to show well-developed early-stage garnet 
( -diopside) assemblages. For the most part, skarn 
in this general area includes somewhat subdued, 
massive, drab-olive-green exposures consisting 
largely of amber to somewhat reddish-tinged gar
net, together with locally high abundances of diop
side-all tightly packed into a granulose fabric. 
Compared with skarn at the north end of the body, 
the skarn here includes a much higher mole per
centage of isotropic andradite (see section below 
entitled "Mineral Chemistry of Late Cretaceous 
and Tertiary Skarns"). However, the granulose ma
trix of these rocks, when observed at high magnifi
cations, actually includes abundant microveins of 
garnet that are mostly devoid of diopside. Alterna
tively, the matrix immediately adjacent to some 
veins of garnet includes about 10 to 15 volume per
cent diopside finely dispersed as extremely fine 
grained, tabular crystals. All of the above relations 
attest to a very complex paragenetic history, and, 
in turn, petrochemical evolution for these rocks 
that appears to be the result of multiple ages of 
skarn formation. The skarn did not evolve during 
its prograde stages simply as a result of a single 
passage of fluid that produced fluid-rock chemical 



D154 GEOCHEMISTRY OF THE PORPHYRY COPPER ENVIRONMENT, BATTLE MOUNTAIN MINING DISTRICT, NEVADA 

reactions primarily at a migrating front or inter
face between carbonate and calc-silicate rocks. 
Since the geology of plate 1 was mapped, many 
closely spaced drill holes and open cuts have re
vealed the presence of a small body of late Eocene 
or early Oligocene porphyritic leucogranite just 
below the surface at the site of the Labrador Mine 
(Schmidt and others, 1988). Many andradite veins 
that make up the fabric of skarns here are 
probably due to emplacement of porphyritic 
leucogranite (see above). In addition, sparse biotite, 
in part converted to chlorite, and trace amounts of 
secondary quartz and K-feldspar fill most of the 
remaining open space in these rocks. Representa
tive grab samples from this general area (analyses 
2-4, table 24) show somewhat increased overall 
abundances of FeO and MgO relative to the sam
ples analyzed from the north end of the skarn body 
(analysis 1); but they also show widely fluctuating 
Fe20/Fe0 ratios-probably indicative mostly of 
varying proportions of clinopyroxene in the sam
pies analyzed. The contents of copper, molybde
num, and tin also show increases here, whereas 
two of the three samples analyzed (analyses 2, 4) 
contain tungsten (scheelite?), 12 and 18 ppm, re
spectively, although the tungsten content here is 
apparently much lower than that detected in the 
remaining samples analyzed from elsewhere along 
the body. The bulk of the sulfide mineralization, 
mostly chalcopyrite, in this general area is con
fined tightly to the faults that cut skarn. The over
all amount of copper introduced into the rocks at 
the Labrador Mine in conjunction with emplace
ment of the late Eocene or early Oligocene porphy
ritic leucogranite is much less than the amount of 
copper associated with gold skarn mineralization 
at the Surprise Mine. Schmidt and others (1988) 
noted that copper mineralization and retrograde 
hematite-specularite are notably absent from the 
Labrador Mine, whereas minable ore at the Sur
prise Mine has an average grade of 0.85 weight 
percent Cu. However, some samples at the Labra
dor Mine show slightly increased abundances of 
iron sulfide (pyrite and (or) pyrrhotite), now some
what oxidized, as part of a late-stage, open
space-filling, quartz-K-feldspar-hydrous-silicate as
semblage; actinolite progressively replaces biotite 
as the dominant hydrous silicate in this assem
blage toward the south. Furthermore, garnet that 
lines the cavities hosting the late-stage, sulfide
hydrous silicate assemblage typically is not altered 
visibly under the microscope. In fact, many sam
ples of skarn remain quite porous because their 
cavities are not filled completely-a porosity that 

undoubtedly played a major role in the metalliza
tion of this skarn unit by the introduction of por
phyritic leucogranite at the Labrador Mine and by 
Late Cretaceous monzogranite porphyry farther to 
the south in the area of the Copper Basin Mine. 

Generally to the south of these occurrences at 
the Labrador Mine, skarn D becomes increasingly 
sulfidized as it approaches the Late Cretaceous 
monzogranite porphyry where monzogranite por
phyry crops out near the Contention pit in the 
Copper Basin Mine. Pyrite is present in several 
textural associations: either as the major phase of 
the open-space-filling assemblage, or as largely 
monomineralic veins that cut the granulose fabric 
of garnet-pyroxene (trace) skarn, or finally as very 
fine grained, dispersed crystals that selectively re
place garnet and (or) magnetite (see section below 
entitled "Mineral Chemistry of Late Cretaceous 
and Tertiary Skarns" for additional description of 
sulfide-silicate relations in skarn D). Chalcopyrite 
may be a significant phase in any of the above tex
tural associations. Comparison of a chemical analy
sis of a representative grab sample (analysis 6, 
table 24) from such highly sulfidized rocks with 
some of the essentially unsulfidized or very weakly 
sulfidized rocks of skarn farther to the north seems 
to reveal adequately the changes observed in the 
rocks. Furthermore, in the immediate area of 
skarn and monzogranite porphyry in the Conten
tion pit, quartz stockworks are constrained tightly 
to the contact, especially on the monzogranite por
phyry side of the contact. 

SUPERGENE COPPER DEPOSITS AT 
COPPER BASIN 

By DAVID w. BLAKE 

INTRODUCTION 

This section of the report presents a summary of 
the recent mining activity in the Copper Basin 
area. In the early 1960's, Duval Corp. conducted an 
intense exploration program that culminated in a 
discovery of sufficient copper reserves that would 
support a heap-leach operation. From 1965 to 
1981, 34 million tons of leach-grade copper ore 
were mined from four open pits; most of the pro
duction came from the Contention and Carissa 
open pits. Approximately three million tons of mill
able-grade copper ore was trucked to Duval's flota
tion recovery facilities at Copper Canyon located 
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approximately 16 km south of the Copper Basin 
deposits. 

All of the copper-bearing material mined at Cop
per Basin came from secondary copper deposits 
that had formed in fine-grained clastic rocks of the 
Harmony Formation. These sedimentary beds dip 
steeply to the east within an east limb of a major 
north-south-trending anticline through the district. 
Locally, the Harmony Formation has been intruded 
by Late Cretaceous and middle Tertiary igneous 
rocks that form dikes, sills, and irregular bodies. 
The postore, approximately 34-Ma Caetano Tuff 
aided in preserving most of the secondary copper 
mineralization. Secondary copper mineralization in 
Copper Basin is the result of a combination of re
ceptive host rocks and cycles of enrichment and 
oxidation, locally influenced by low- and high-angle 
structures. 

In this section, I discuss the geology and hypogene 
and secondary copper mineralization as it is related 
to the various sedimentary and igneous rocks ex
posed mostly in the Contention and Carissa deposits 
of the Copper Basin area. Information has been 
gathered from detailed geologic pit mapping and lim
ited petrographic studies. Some aspects of hydrother
mal and supergene alteration also are presented 
because of their impact on the mineralizing events 
that formed the primary and secondary metal occur
rences. 
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IDSTORY 

The earliest recorded copper production from 
Copper Basin was by the Glasgow and Western Ex
ploration Co., Ltd., in the late 1890's (Roberts and 
Arnold, 1965, p. B64). The following history of 
early mining activities in this part of the Battle· 
Mountain Mining District is taken largely from an 

unpublished report by Robert R. Raring in 1951 for 
the Copper Canyon Mining Co. First discoveries of 
copper at Copper Basin were probably made in the 
middle or late 1860's, because old newspapers dat
ing back to 1866 have been found in some of the 
workings. Such dates correspond to general pros
pecting in this region of Nevada, following the im
petus of the silver bonanza at the Comstock Lode, 
Nev., discovery in 1869. 

Early work was sporadic in the Copper Basin 
area; it was not until 1897, when the Glasgow 
Western Exploration Co., Ltd., undertook to con
solidate the ground, that exploration and develop
ment were formalized. At that time, Glasgow 
Western owned a small copper smelter at Gol
conda, Nev., and operated the Copper Canyon 
Mine, 19 km southwest of Battle Mountain, and 
the Adelaide Mine, 19 km south of Golconda, in ad
dition to Copper Basin. These three properties 
were used as sources of ore for the smelter at 
Golconda. 

Copper Canyon Co. records indicate that Glasgow 
Western first drilled eight surface chum-drill holes 
at Copper Basin with discouraging results. Then in 
1914, W.P. Hammond of California gold-dredging 
fame, drilled three additional holes also without no
table success. Frank Paul subsequently secured a 
lease and option on the property in 1916 and shipped 
5,000 tons of ore averaging 6.2 weight percent Cu 
realizing $95,000 as a net smelter return. He failed 
to exercise his option, however, and the Copper Basin 
Group was acquired by the Copper Canyon Mining 
Co. in August 1917. 

The Copper Canyon Mining Co. had meanwhile 
been operating the Copper Canyon Mine. In Novem
ber 1918, a fire destroyed the small powerplant at 
Copper Canyon, and rather than repair the damage, 
the management decided to suspend operations at 
Copper Canyon and concentrate all work at Copper 
Basin. A camp was built at Copper Basin, and 
a general exploration and development program 
undertaken. 

Activities initially focused exploration workings 
near productive areas, deepening old shafts or sink
ing new shafts from which lateral underground 
workings were driven to explore and develop the 
mineralized areas. This program led to the discovery 
of the Sweet Marie, Widow, Chase, Contention, and 
Happy Mines. Development ore was shipped either 
to the American Smelting and Refining Co. smelter 
at Garfield, Utah, or to the U.S. Smelting Co. at 
Kennett, Calif. Later, surface churn drills were 
brought in to supplement the underground work 
and, in time, all effort was concentrated on drilling 
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and underground work was suspended. Until Janu
ary 1, 1924, 5,079 m of underground work had been 
completed, and about 75 churn-drill holes had been 
put down for a total footage of 5,061 m. The average 
hole was thus about 70.4 m deep. 

The period from 1918 to 1924 was also marked 
by intensive geologic studies. J.C. Jones of the Uni
versity of Nevada had been retained as consulting 
geologist and, at different times, Augustus Locke, 
Guy Bjorge, Edson Bastin, Carl 0. Linberg, and 
Walter Harvey Weed supplemented the work by 
Jones. Metallurgic tests were conducted at labora
tories of the Nevada Consolidated Copper Co. at 
McGill, Nev., and by A. Schwarz, a consulting met
allurgist of Joplin, Mo. Schermuly-Polaritizator 
Corp. of New York City sent Felix Vogel to the 
Copper Basin area during the latter part of 1922, 
and he conducted geophysical surveys of the vari
ous mineralized workings. However, the results 
and interpretations of his surveys were the subject 
of heated debate. This could be expected in light of 
the experimental nature of the instrument used, 
but it is interesting that Copper Basin was the site 
of one of the earliest applications of geophysics to 
mineral deposits. Mr. Vogel did outline a pyritic 
deposit, herein named the Consolance, which had a 
distinct possibility as a source for sulfuric acid. By 
late 1922, copper was in abundant supply as a re
sult of the post-World War I economic recession. 
There was little incentive to continue development 
and to equip the workings at Copper Basin for fur
ther production, although planning in this direc
tion had been well advanced, even to the point 
where a millsite had been acquired and surveys 
completed for extending a railroad spur line from 
Battle Mountain to the mill. On May 1, 1924, the 
decision was made to suspend all operations and to 
put the property at Copper Basin on standby. For 
all effective purposes, the Copper Canyon Mining 
Co. went into a deep hibernation. 

Within a few years, however, the copper markets 
improved and leases were granted to different local 
miners. Steady shipments were soon being made 
from the Sweet Marie, Widow, Contention, and 
Chase Mines, and although tonnages were small, 
grades were high. Between 1927 and until 1936, 
there are records of 27,425 dry tons being shipped 
with an average grade of 11.4 weight percent Cu. 
All of this ore was shipped in a rather crude state 
either to the American Smelting and Refining Co. 
smelter at Garfield or, for a time, to the Mason 
Valley smelter near Yerington, Nev. 

These lessee operations were more or less con
tinuous until 1951. Activity varied with metal 

prices and marketing costs. During 1937, leasing 
flourished, and during World War II, relatively 
large shipments were made under the stimulus of 
the Premium Price Plan; however, copper produc
tion came to a virtual standstill in July 1947 when 
the Plan was terminated. 

In late 1935, two prospectors, Ernest Johnson 
and AI Dolezal, undertook work on a gold showing 
on the Carissa No. 1 Claim. Their efforts were 
fruitful, and within two years they shipped 7,000 
tons of gossan material that averaged 0.55 troy oz 
Au/ton, 2.4 troy oz Ag/ton, and 3 weight percent 
Cu. This discovery stimulated the search for gold 
with the result that moderate tonnages (5,000 
tons) were shipped from the Copper King. Through 
1946 there had been shipped slightly more than 
13,000 dry tons of gold-bearing ore, grade of which 
averaged 0.44 troy oz Au/ton, 2.65 troy oz Ag/ton, 
and 2.91 weight percent Cu. This was all gossan 
material; the greatest depth to which such miner
alization had been mined was 17 m below the 
surface. 

The International Smelting and Refining Co., an 
Anaconda subsidiary, secured a lease on all proper
ties of the Copper Canyon Mining Co., including 
Copper Basin, in the spring of 1941. Most efforts, 
however, were concentrated at Copper Canyon, 
where a modern plant was built, complete with a 
350-ton-per-day flotation mill, shops, arid support 
facilities. Copper Basin was remapped, and 26 sur
face diamond-drill holes were put down. These 
holes were planned either to supplement the old 
churn-drill holes or to explore certain gossan
enriched areas. The program was too ambitious for 
the footage allocated, but some moderate success 
was realized. The lease to the International Smelt
ing and Refining Co. terminated December 1, 1945, 
and all holdings reverted to the Copper Canyon 
Mining Co. as of that date. The large alluvial fan 
south and southeast of Copper Basin camp received 
some attention in the Summer of 1946 when the 
Natomas Co. drilled a string of test holes across it. 
The testing was preliminary and not conclusive 
other than to indicate that the gold content of the 
gravels was well below commercial values for the 
price of gold at that time. Indications were that, 
overall, it would average about 5 cents per cubic 
yard, based on $35 per troy ounce of gold; yardage 
is very great, probably about 100 million yd3• Cer
tain channels contain concentrations of placer gold 
far above this figure. American Smelting and Re
fining Co. purchased the Copper Basin and Copper 
Canyon properties in 1959 and conducted an explo
ration program at both mining properties. In 1962, 
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Duval Corp. acquired the properties from American 
Smelting and Refining Co. 

Duval Corp. continued with an intense geologic 
and drilling development program in the early 
1960's at both Copper Basin and Copper Canyon to 
determine the feasibility of mining the small 
copper-gold-silver and copper ore deposits. This ex
ploration resulted in the definition of leachable
and millable-grade copper reserves at Copper 
Basin. Millable and leach-grade copper ore eventu
ally was mined from four open pits, the Sweet 
Marie, Contention, Carissa, and Widow, which 
were the sites of former underground-mining op
erations (pl. 1; fig. 73). 

Mining of the Sweet Marie open-pit deposit began 
in 1965 and was completed during September 1966 
(Tippett, 1967). Mining of the Contention deposit for 

A 

B 

FIGURE 73.-Widow and Sweet Marie Mines. Photographs by F.C. 
Schrader, taken September 1930. A, Widow Mine (left) and 
Sweet Marie Mine at an elevation of 5,400 ft . View westward. 
B, Closeup of Sweet Marie Mine. View northeastward. 

mill-grade and leach-grade copper ores was begun in 
1967. The mill-grade copper ore was transported to 
the Copper Canyon mill for processing by flotation 
methods. In January 1975, mining of leach-grade 
copper ore was started in the Carissa open-pit depos
it, and the stripping of the Widow open-pit deposit 
began in March 1981. All copper mining was sus
pended in the Copper Basin area in June 1981. Re
covery of leach copper from the dumps was curtailed 
during December 1984. 

Several additional ore bodies subsequently were 
discovered north and east of the supergene copper 
deposits at Copper Basin. As noted by Schmidt and 
others (1988), Duval Corp. began exploring the 
Copper Basin area primarily for gold in 1981. How
ever, it was not until 1984 when the first signifi
cant discovery of gold was made at the Surprise 
Mine (pl. 1). Production from the Surprise Mine by 
the newly created Battle Mountain Gold Co. (see 
above) began in June 1987 at a rate of about 450 t 
per day. This ore was hauled to the mill at Copper 
Canyon and was processed with ore from the Forti
tude Mine. In the Copper Basin area, a total of five 
small gold and gold-copper ore bodies have been 
discovered to date (1989) with a minable aggregate 
tonnage of 3.6 million t containing 254,000 troy oz 
Au, 1.9 million troy oz Ag, and approximately 29 
million lb Cu (Schmidt and others, 1988). These 
ore bodies include the apparently Late Cretaceous 
gold-copper skarn at the Surprise Mine, the Late 
Cretaceous silica-pyrite, or distal-disseminated 
silver-gold (Dennis P. Cox, written commun., 1989), 
deposits at the Northern Lights and Empire Mines, 
and the apparently late Eocene or early Oligocene 
gold skarn at the Labrador Mine (pl. 1). Most gold 
ore at the Northern Lights and Empire Mines is 
hosted by structurally controlled jasperoid related 
to emplacement of the Buckingham stockwork mo
lybdenum system. 

PRODUCTION 

Past production from 1916 to 1953 for the entire 
Copper Basin area, including some mines just out
side the main Copper Basin copper deposits them
selves, includes 67,354 tons of ore containing 
8,914.81 troy oz Au, 66,758 troy oz Ag, and 
10,851,939 lb Cu (Roberts and Arnold, 1965, table 
7, p. B64). Because this report discusses the geolo
gy and mineralization in and adjacent to four 
former underground mines at which additional 
open-pit reserves were subsequently developed, 
their underground production and metal grades are 
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shown individually below from Roberts and Arnold 
(1965, p. B65, B67-B68): 

Ore Gold Silver Copper Value 
(tons) (oz/ton) (oz/ton) (wtpct) 

Sweet Marie Mine, 
1929 and prior 
years-1954 ........... 23,038.1 0.006 0.27 9.22 $468,193 

Carissa Mine 
1936--54 ................ 9,104.3 .499 2.15 2.96 194,059 

Contention Mine, 
1927-54 ................ 8,078.3 .011 .36 7.38 130,332 

Widow Mine, 
1927-45 ................ 2,741.8 .005 .23 8.48 43,411 

The initial reserves announced by Duval Corp. for 
the Copper Basin deposits were 22,657,000 tons of 
leach-grade material with an average grade of 0.41 
weight percent Cu, and the ore-grade reserves for 
milling operations were 3,066,000 tons with an aver
age grade of 1.75 weight percent Cu (Sayers and oth
ers, 1968). 

Duval's production for the period 1966-81 from 
the Copper Basin deposits is listed in table 25. It is 
significant to note that until 1981, the open-pit de
posits at Copper Basin yielded as much as 11 mil
lion tons of ore more than the announced initial 
reserves. However, the amount of copper metal 
mined is less than the initial amount anticipated 
because of lower grades. Nonetheless, the overall 
amount of copper in the deposits was more than 
that announced initially because several tens of 
millions tons leachable material still ( 1989) re
mains in place. The mill-grade copper ore was 
transported to the milling facilities at Copper Can
yon and the leach-grade material was placed on 
dumps in the Copper Basin area. Leach copper ini
tially was recovered by a precipitation cement 
plant located downdrainage from the producing 
dumps. In 1979, a solvent extraction plant was 
placed in operation to process the copper-bearing 
solutions from the leach dumps. This method of re
covery was installed to reduce costs and to increase 
production of copper from the dumps. Pre-Duval 
Corp. production records show the presence of re
coverable precious metals in the underground 
mines near Copper Basin. Precious metals from 
Copper Basin added to the byproducts recoverable 
in the flotation circuits at Copper Canyon during 
processing of the copper ores there. 

.GEOLOGY OF THE COPPER BASIN 
COPPER DEPOSITS 

The supergene copper deposits at Copper Basin 
have been described previously by Roberts and 

TABLE 25.-Statistics of copper production by Duval Corp. at 
Copper Basin for 1965-81 

[ -, none recorded] 

Millins oEerations Leachins oEerations 

Year Copper Copper Waste 
Ore content Ore content (tons) 

(tons) ( 2ercent) (tons) (Eercent) 
1965------ 499,075 
1966------ 2, 776,360 0.55 8. 235.534 
1967------ 201,313 1. 42 3,081,347 .25 3. 543.283 
1968------ 460.26 7 1.16 2,082,208 .30 2,118,918 
1969------ 373,105 1.13 2,114, 734 .26 3,422, 770 
1970------ 284.684 1.08 2,940,033 .31 2,115, 762 
1971------ 264.439 1.09 2. 312.904 .32 1,071, 508 
1972------ 204,417 1. 35 2,313,175 .28 228,939 
1973---- -- 183,513 1.12 1, 211,561 • 30 114.838 
1974------ 434.763 1.06 2. 310.294 .32 666.516 
197 5------ 254.265 .92 1,835,197 .30 1, 750,777 
1976------ 250.982 1.01 1, 450.684 .29 992.337 
1977------ 239,726 1.01 2,072,243 .27 659.548 
1978------ 25.259 1. 75 2,967,363 .31 437.711 
1979------ 278.787 • 45 1,170,892 
1980------ 2,148,690 .34 1,646,860 
1981------ 2,493,137 .39 806.546 

Totals---- 3,176,733 l.lT 34,388,717 0.33 29,481,814 

Arnold (1965), Sayers and others (1968), and Tippett 
(1967). Their studies were based on examination of 
the surface, underground, and drill-hole geology and 
mineralized rocks. These earlier geologic studies pro
vided the framework for the follow-through investi
gations of the open-pit deposits. 

Within the four open-pit mines that compose the 
Copper Basin deposit (pl. 1), copper mineralization is 
present in an interbedded sequence of quartzite, 
quartzitic sandstone, arkosic and feldspathic sand
stone, siltstone, shale, and various calcareous litholo
gies of the Harmony Formation. Clastic material 
decreases stratigraphically upward in the Harmony 
Formation as the formation is here exposed in the 
east-dipping limb of the districtwide Antler anticline. 
Commonly, individual mappable units in the Har
mony Formation also show gradation along strike 
from siliceous sandstone to a thin-bedded, calcareous, 
shaly sandstone. The calcareous beds also increase in 
abundance stratigraphically higher in the parts of the 
Harmony Formation east of the main deposits at Cop
per Basin. 

The beds of the Harmony Formation in and ad
jacent to the four open pits have been metamor
phosed mostly by Late Cretaceous plutonism and, 
much less so, by minor Paleozoic dikes and sills. 
Intense effects of this metamorphism are present 
in the southern part of the Contention pit adjacent 
to the east-west-trending monzogranite porphyry. 
On the one hand, recrystallization of micaceous 
sandstone, siltstone, and shale to biotite hornfels is 
the main textural change observed in hand sam
ples. On the other hand, calcareous beds, mostly 
shale and minor limestone(?), have been metamor-
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phosed and metasomatized to skarn and calc
silicate hornfels. Probably Paleozoic diabasic and 
gabbroic dikes and sills also intrude the clastic 
sedimentary rocks of the Harmony Formation in 
the Contention and Carissa pits. The various tex
tural stages of skarn in transition from a predomi
nantly sulfide mineralogy to an oxide mineralogy 
are shown below in the section entitled "Miner
al Chemistry of Late Cretaceous and Tertiary 
Skarns." However, any metamorphic effects possi
bly related to the generally narrow diabasic dikes 
and gabbroic dikes and sills were not recognized in 
the deposits, inasmuch as the metamorphic effects 
may have been destroyed by subsequent hypogene 
and supergene alteration and mineralization. 

Hydrothermal alteration and mineralization took 
place after the peak of the thermal metamorphic 
event during the Late Cretaceous. This hydrother
mal stage produced sulfide-bearing quartz veins and 
veinlets, sulfide-bearing fracture fillings and dis
seminations in the clastic beds, and replacement and 
dissemination of sulfides in skarn and calc-silicate 
hornfels. The overall distribution of hypogene sul
fides in the Copper Basin deposits is related spa
tially to the Late Cretaceous monzogranite porphyry. 
Total sulfide content decreases toward the north, 
away from monzogranite porphyry. Minor dikes of 
probably Paleozoic gabbro, correlative with either 
gabbro in the Ordovician Valmy Formation (Roberts, 
1964) or mafic volcaniclastic rock in the Devonian 
Scott Canyon Formation, cut beds of the Harmony 
Formation in these pits. The probably Paleozoic gab
bro dikes (not mapped separately in fig. 7 4) contain 
exceptionally coarse grained primary plagioclase and 
clinopyroxene that have been altered intensely by 
mineralization associated with the Late Cretaceous 
Buckingham system. In addition, distribution of 
hypogene sulfides is increasingly controlled by frac
tures toward the north. 

Alteration associated with hypogene mineraliza
tion is indicated predominantly by phyllic and ar
gillic assemblages in the clastic lithologies. In 
skarn and calc-silicate hornfels, epidote associated 
with varying quantities of tremolite and actinolite 
is present as replacements of prograde garnet and 
clinopyroxene and occupies fractures. Quartz veins 
and veinlets are present throughout the deposits. 
Locally, K-feldspar is present as a partial replace
ment of detrital feldspar grains, and clay minerals 
and white mica replace the matrix and some of the 
detrital feldspar grains. 

The distribution of copper-enriched rock is con
trolled primarily by structures. The economically 
most significant faults commonly have dips less 
than 50° in the Copper Basin deposits and are ex-

emplified by two low-angle faults that dip north in 
the Sweet Marie and Contention deposits. These 
faults controlled much of the eventual distribution 
of secondary copper mineralization there. Near the 
faults, highly dispersed, low-grade, secondary cop
per mineralization is present in fine- to medium
grained sandstone beds. Here the pyrite-bearing 
altered matrix and some of the iron-bearing de
trital minerals have been replaced by chalcocite. 
Such replacement of pyrite formed the chalcocite 
ore bodies mined in the Contention and Carissa de
posits. Most of the supergene copper apparently 
originated from the oxidation of primary chalcopy
rite that formerly was predominantly in skarn and 
calc-silicate hornfels of the Harmony Formation 
and possibly even some of the Battle Formation 
that has since been removed by erosion (Tippett, 
1967). Very minor chalcopyrite, mainly in quartz 
veins, is found in the clastic rock types. Oxide cop
per minerals are restricted to the leached capping 
and within and adjacent to the partially oxidized 
skarn and calc-silicate hornfels. The leached cap
ping that overlay the Copper Basin copper deposits 
closely corresponded to the copper-enriched blanket 
there. It is typical of the leached capping associ
ated with many of the Southwestern United States 
porphyry copper deposits described by Titley and 
Hicks (1966) and Titley (1982). 

GEOLOGY ON THE 5575-Ff BENCH 
OF THE CONTENTION DEPOSIT 

The 5575-ft bench was selected to illustrate 
many of the salient features of the geology in the 
Contention deposit (fig. 74) because this bench de
picts many of the geologic controls of mineraliza
tion, as well as rock types important in forming 
the primary and supergene copper deposits found 
in the Copper Basin Mine as a whole. The Har
mony Formation on this bench consists of mixed 
clastic and metasomatic sequences, including calc
silicate hornfels, skarn, and weakly metamor
phosed calcareous shale and siltstone with some 
local concentrations of skarn and calc-silicate horn
fels (fig. 74). These strata belong to the upper part 
of the Harmony Formation in the Copper Basin 
area. The clastic strata on the bench consist of an 
interbedded sequence of quartzitic, arkosic, and 
feldspathic sandstone (fig. 74). Generally, these 
sandstones contain thinly interbedded shale and 
siltstone that are locally intergradational with 
each other. Along the east part of the bench, a 
relatively thick sequence of interbedded garnet
pyroxene skarn and calc-silicate hornfels crops out. 
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FIGURE 74.-Geologic sketch map of the 5575-ft bench in Con
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and E.L. Kretschmer, 1967-75. 
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To the north, this sequence of calc-silicate 
rocks grades into weakly metamorphosed, thin- to 
medium-bedded calcareous shale and siltstone. 
This fine clastic sequence also contains some beds 
of brown to reddish-brown biotite hornfels and a 
few interbedded sandstone beds. In addition, an 
isolated garnet-pyroxene skarn bed is exposed 
along the west side of the 5575-ft bench. Here, the 
skarn is on the hanging wall of the Contention 
fault (fig. 7 4). Offset of the skarn by the Conten
tion fault could not be determined because of the 
absence of exposures beyond the limits of the open 
pit. Another sequence of garnet-pyroxene skarn 
and calc-silicates is exposed in the footwall of the 
Contention fault. Its projected continuation north
ward across the Contention fault shows a slight 
separation from the garnet-pyroxene skarn and 
calc-silicate hornfels that crop out along the east 
edge of the 5575-ft bench. This separation would be 
reduced if bedding in the garnet-pyroxene skarn 
and calc-silicate hornfels sequence in the hanging 
wall of the Contention fault were to bend westward 
and conform thereby to the attitudes of bedding 
measured in the nearby other rocks of the Har
mony Formation. 

Bedding on the 5575-ft bench generally strikes 
north-northeast and dips moderately east-southeast. 
Locally, some beds have been overturned. Within the 
central part of the Contention deposit and elsewhere, 
small folds with north-south-trending fold axes are 
present. 

Three conspicuous fault trends were found on the 
5575-ft bench (fig. 74). One fault set, high angle, 
strikes northwest and dips south. A second high
angle fault system strikes northeast to east and dips 
northwest. The main ore-controlling fault, the Con
tention, however, strikes nearly east-west and dips 
slightly less than 30° N. (fig. 74). Many minor faults, 
fractures, and quartz veins, not shown on the map of 
the 5575-ft bench, follow the attitudes of all these 
three structural patterns. Most of the faults are 
marked by clay gouge along their traces and contain 
pyrite and (or) secondary copper minerals. Some 
show fault breccias and contain similar sulfide 
minerals. 

Pebble dikes, as much as 1 m wide, crop out lo
cally within the Contention deposit and the other 
satellite deposits. Fragments, as much as 0.3 m long, 
are rounded and have undergone hypogene alter
ation and mineralization. Most of the fragments are 
rock types common throughout the rest of the Har
mony Formation and Late Cretaceous monzogranite 
porphyry; all fragments are set in a black flourlike 
matrix that contains finely disseminated pyrite. At 

the south downramp to the Contention pit, a high
angle pebble dike that cuts monzogranite porphyry 
contains rounded black shale fragments apparently 
derived from the Scott Canyon Formation, as well as 
other fragments derived from the Harmony Forma
tion, and some granitic rocks (see fig. 22C). 

Typically, the bleached grayish-white to white 
sandstone of the Harmony Formation within the 
Contention deposit is fine to medium grained with 
a few coarse-grained beds. Where supergene alter
ation is less intense, however, the sandstone re
tains its brownish-gray color, owing to the presence 
of metamorphic biotite that primarily replaces the 
detrital mica and clay mineral premetamorphic 
constituents. The arkosic and feldspathic sandstone 
facies contains feldspar, mainly microcline, and 
lesser quartz in various proportions. Locally these 
feldspar-bearing sandstones exhibit a pinkish-gray 
tint, owing to the presence of K-feldspar. Quartzit
ic sandstone is essentially free of feldspar and 
micaceous minerals. Where metamorphosed, the 
quartzitic sandstone is recrystallized into a very 
dense quartzite. The original micaceous material, 
including both biotite and muscovite, of the sand
stones shows the most conspicuous effects of 
recrystallization. 

Siltstone ranges in composition from calcareous 
to micaceous. Where metamorphosed, calcareous 
siltstone has been recrystallized to calc-silicate 
assemblage(s) and micaceous siltstone to a dense 
biotite hornfels. Beds essentially unaffected by su
pergene alteration retain their characteristic 
greenish-gray and reddish-brown colors. The other 
main constituent of siltstone is quartz; feldspar is 
quite sparse overall. Siltstone composes most of the 
fine-grained, thin to moderately bedded sequences 
exposed along the northern part of the 5575-ft 
bench (fig. 74). As a comparison, the northern 
parts of the Carissa pit locally show concentrations 
of calc-silicate minerals in what were previously 
calcareous siltstone. These rocks are poorly consoli
dated, owing to the removal of carbonate and sub
sequent development of clay minerals. Locally 
these beds also have been selectively replaced by 
silica and various sulfides. 

Shale exposed within the Contention deposit is 
typically bleached grayish white and generally exhib
its intense argillic alteration. Sericite is present in 
moderate amounts as a replacement of detrital micas 
and detrital clay minerals. Thermal metamorphism 
has converted these micaceous and calcareous shales 
to biotite and calc-silicate hornfels. Some thin shale 
beds also have undergone extensive replacement by 
silica. 
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Skarn and calc-silicate hornfels exposed in the 
Contention deposit, as well as the Sweet Marie and 
Carissa deposits, are present as interfingering len
ticular bodies for the most part. As mapped in 
figure 7 4, skarn and calc-silicate hornfels are dif
ferentiated on the basis of the percentage of gar
net. Skarn contains more than 50 volume percent 
garnet and the calc-silicate hornfels consists of pre
dominantly various calc-silicate minerals, mostly 
diopside, with less than 50 volume percent garnet. 
Variation in original mineral composition of sedi
mentary rocks of the Harmony Formation and 
some unresolved structural relations due to the ab
sence of exposure also influenced the final distribu
tion of metamorphic assemblages mapped on this 
bench. 

Skarn and calc-silicate hornfels are highly var
ied in the Contention deposit. Most skarn is 
dark green to dark blackish green and locally 
olive green and reddish brown in outcrop. It is 
apparently composed mainly of medium- to coarse
grained andradite and lesser amounts of grossular
ite. Intermixed with garnet are epidote, tremolite, 
actinolite, diopside, quartz, and sulfides. Calcite is 
only locally present. The sulfide content of skarn 
ranges from 5 to more than 50 volume percent. 
Petrographic examination of a few thin sections of 
skarn from the Contention deposit shows that the 
zoned garnets have been partially to almost com
pletely replaced by epidote. Associated with the 
epidote is quartz. Both epidote and quartz also oc
cupy some veinlets. The abundance of sulfides is 
related directly to the overall intensity of silicifica
tion that has been superposed on the skarn. Calc
silicate hornfels is olive green to black green and 
composed of quartz, diopside, tremolite, epidote, 
and actinolite containing varying amounts of gar
net, mainly grandite intermediate in composition 
between andradite and grossularite. Calc-silicate 
hornfels is finer grained than most skarn, except 
where tremolite and actinolite are dominant. In ad
dition, the sulfide content in calc-silicate hornfels 
is generally less than in skarn. 

The Harmony Formation in the Contention and 
Carissa pits has been intruded by probably Paleo
zoic diabase and gabbro dikes and sills, Late 
Cretaceous monzogranite porphyry, and middle 
Tertiary granodiorite porphyry. Most intrusive 
rocks that cut the Harmony Formation in the pits 
have been altered and mineralized, except some of 
the middle Tertiary granodiorite porphyry dikes. 
Quartz stockworks and argillic alteration are con
spicuous in the east-west-trending, Late Creta
ceous monzogranite porphyry exposed near the 

south edge of the Contention deposit. Many of the 
quartz veins and veinlets in the monzogranite por
phyry have white mica selvages here. White mica 
and clay minerals also have altered the primary 
minerals of the monzogranite porphyry. Pyroxenes 
and feldspars of the diabase and gabbro dikes and 
sills have been argillized, pyritized, and weakly 
propylitized. 

HYPOGENE MINERAUZATION 

Hypogene mineralization, which is present as 
fracture fillings, disseminations, and quartz veins, 
is confined mostly to clastic rocks of the Harmony 
Formation. The hypogene sulfides in the Copper 
Basin copper deposits are pyrite, pyrrhotite, 
chalcopyrite, galena, sphalerite, molybdenite, 
marcasite, and rare arsenopyrite. Especially high 
abundances of pyrite, chalcopyrite, galena, and 
sphalerite also are present along some of the major 
faults. Calc-silicate hornfels and skarn are domi
nated by sulfides showing replacement and dis
seminated modes of occurrence. Some selective 
beds that seem to show less well developed calc
silicate assemblages are associated primarily with 
pyrite. 

The lithology of the host rock seems to have 
some control on the type and abundance of hypo
gene assemblages developed in the rocks. Quartz
only veins and quartz veinlets with pyrite and 
minor chalcopyrite are common in sandstone and 
less so in siltstone. Some pyrite in these rocks also 
is found along fractures and along bedding planes, 
wherein veinlets of pyrite cut an earlier stage vein 
assemblage consisting of quartz+K-feldspar+ 
sulfide. Other veinlets consist of pyrite+quartz+ 
calcite with white mica selvages. The white mica 
has altered earlier stage metamorphic biotite. In 
some metamorphosed fine-grained clastic beds, 
there are veinlets of epidote+tremolite+sulfide. 
Total sulfide content in the clastic rocks averages 
about 2 volume percent. The greatest concentration 
of pyrite, however, is found in those more porous 
sandstone beds that also have been altered subse
quently by intense clay and white mica alteration. 
Sulfide content in these beds ranges from 5 to 10 
volume percent. 

Hypogene sulfide assemblages in the monzogran
ite porphyry could not be determined directly be
cause all the monzogranite porphyry available for 
study is from the oxide zone or the chalcocite
enrichment blanket and the attendant intense 
bleaching and oxidation therein. The types of limo-
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nite noted and the yellow ferrimolybdite indicate 
that the quartz veins and veinlets must have con
tained pyrite±chalcopyrite±molybdenite, similar to 
the veins that are associated with the core of the 
Buckingham molybdenum system to the west. In 
the near-surface, Late Cretaceous monzogranite 
porphyry at Copper Basin, the chalcopyrite: 
molybdenite ratio apparently is higher than that in 
the igneous rocks closely associated with the Buck
ingham deposit in the East and West stocks of the 
system. 

Skarn and calc-silicate hornfels contain the 
highest concentration of sulfides at Copper Basin. 
They also contain important quantities of chalcopy
rite, which upon oxidation, formed the supergene 
copper deposits. The dominant sulfide is pyrrhotite 
generally with slightly less abundant pyrite and 
much lesser quantities of sphalerite, galena, and 
chalcopyrite. Within skarn and calc-silicate horn
fels, the total sulfide content decreases toward the 
north, and pyrite gradually becomes the predomi
nant sulfide as replacements and disseminations in 
skarn and calc-silicate hornfels (see section below 
entitled "Mineral Chemistry of Late Cretaceous 
and Tertiary Skarns"). 

Galena and sphalerite are confined to skarn and 
a few faults and veins where they form small len
ticular replacement bodies. Intermixed with the ga
lena and sphalerite are pyrite, pyrrhotite, and 
chalcopyrite. On the 5575-ft bench, the termination 
of a major northwest-striking fault in calc-silicate 
hornfels near coordinate E. 397,750; N. 2,135,250, 
contained a small ore shoot of massive galena (fig. 
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FIGURE 75.-Schematic cross section of Copper Basin deposits 
showing copper mineralization zones. Sandstone, 
skarn, and calcareous shale and siltstone are subunits of 
the Upper Cambrian Harmony Formation. Limestone 

7 4). Selected samples of galena assayed 45 to 100 
troy oz Ag/ton and averaged 0.1 troy oz Au/ton. 
This fissure vein was localized where the fault 
intersected a calc-silicate bed. Along the trace of 
the fault to the northwest, where it intersected 
sandstone, galena was not found. 

By comparison, elsewhere in the other open-pit 
deposits at Copper Basin, a single skarn body in the 
Sweet Marie deposit contained as much as 80 vol
ume percent sulfides. This conspicuous sulfide occur
rence there included mainly pyrrhotite, pyrite, and 
moderate amounts of chalcopyrite. Marcasite, where 
found, is present as a secondary-alteration product of 
pyrrhotite. Veins of vuggy quartz in the skarn also 
contained pyrite and galena. In addition, calc-silicate 
hornfels throughout the Sweet Marie deposit 
contained disseminated sulfides, numerous pyrite 
veinlets, massive pyrite veins, and quartz+ 
chalcopyrite+pyrite veins containing minor molybde
nite that cut the early-stage disseminated mineral
ization. A few quartz+galena+molybdenite veins are 
also present in the skarn and calc-silicate hornfels. 

COPPER ORE BODIES 

The dominant mineral in the enrichment zone is 
chalcocite, which forms a blanket that averages ap
proximately 24 m in thickness (fig. 75). Thickness 
of the chalcocite-rich zone of mineralized rock 
increases where structures and favorable beds 
controlled and localized the migration of copper
bearing solutions in the supergene environment. In 

SOUTHEAST 

1 KILOMETER 

is Early Permian and Late Pennsylvanian Antler Peak Lime
stone. Geology modified from Sayers and others (1968). View 
northeastward. Approximate vertical exaggeration, x18. 
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many areas within the Contention deposit, the 
chalcocite-enrichment zone is more than 30 m 
thick. Near the base of the enrichment zone, both 
chalcocite and covellite are present. At the upper 
boundary, along oxidized structures, and in the 
oxide capping, oxidized copper minerals are more 
abundant. Within the chalcocite zone, massive 
vein-filling steely chalcocite is present as a replace
ment of pyrite- and chalcopyrite-bearing fissure 
veins. Sooty chalcocite is the prevalent variant 
where pyrite has been nearly or completely re
placed. This type of replacement apparently is 
more abundant in the upper and middle parts of 
the enriched zone. In the lower parts of the en
riched zone, pyrite is partially replaced and typi
cally shows a film of covellite along its margins. 
This suite of secondary copper minerals may have 
been deposited in association with some other sec
ondary copper minerals not recognized during the 
mapping of the pit but that are common in other 
secondary copper-enrichment zones elsewhere. 

The thickness of the chalcocite zone also varies 
depending on rock type, intensity of hydrothermal 
alteration, and structures present. These relations 
with the leached capping and hypogene mineraliza
tion in the Contention ore body show that the chal
cocite zone generally conforms to the present 
topography there, especially the upper interface of 
the chalcocite zone with the leached capping (fig. 
75). The nearly flat-lying Contention fault inter
sects the plane of the schematic cross section near 
the lower limit of the chalcocite blanket. Mining on 
the 5450-ft bench, approximately 38 m lower in el
evation than the level of figure 74, showed a T
shaped ore zone in plan that assayed more than 4 
weight percent Cu and that had formed at the 
intersection of the Contention fault and an under
lying receptive porous sandstone bed of the Har
mony Formation. Primary pyrite content in both 
the Contention fault and the sandstone was high, 
thereby confirming that the Contention fault is ei
ther a premineral or synmineral structure. 

Secondary copper mineralization in the Sweet 
Marie ore body was present to a depth of 91 m 
below the premining surface. Oxidized copper min
erals were localized at the intersection of some fa
vorable beds and the Sweet Marie fault, which 
strikes north-northeast and dips 25° W. (Sayers 
and others, 1968, p. 61-62). Here, the copper min
erals include chrysocolla, melaconite-tenorite, 
malachite, azurite, cuprite, and brochantite, and, 
at depth, residual chalcocite (Sayers and others, 
1968, p. 62). These oxidized copper minerals 
formed at the expense of an irregular chalcocite 

zone that developed at an earlier evolutionary 
stage of the system. 

The copper ore body in the Carissa pit contains 
a mixture of oxide copper minerals and chalcocite 
mineralization. Variations in rock types and in 
their porosity and permeability influenced the de
velopment of hypogene and supergene sulfides, as 
well as the oxidized copper minerals. Most of the 
chalcocite mineralization is erratic; it is confined 
commonly to beds of sandstone and siltstone that 
were partially altered by supergene solutions. 
Oxide copper minerals recognized in the Carissa 
ore body include azurite, malachite, tenorite(?), 
turquoise, and chrysocolla. The copper carbonates 
show an enhanced affinity for calcareous-bearing 
strata and interbedded skarn and calc-silicate 
hornfels. Here, the upper boundary of the chalco
cite-enrichment zone closely parallels the present 
surface. Much of the supergene copper mineraliza
tion is localized by numerous fractures and faults 
that show small displacements. Fracturing is more 
apparent in shaly beds and in siltstone. Bedding 
planes contain mixed supergene copper sulfide(s) 
and oxidized copper minerals along their surfaces. 
Thus, the distribution of supergene and oxidized 
copper minerals in the Carissa ore body is very 
similar to that of the Sweet Marie ore body. 

SUPERGENE ALTERATION 

Alteration of silicates associated with the super
gene copper deposits at Copper Basin consists 
mainly of the development of clay minerals 
and white mica. The separation of processes associ
ated with supergene and hypogene hydrothermal
alteration events is difficult to. determine, but in 
most cases, the widespread and pervasive nature of 
moderate to intense clay development is quite 
closely associated spatially with the secondary 
copper-enrichment zone. Overall intensity of clay 
development shows a twofold increase over hydro
thermal intermediate argillic alteration described 
above. Renewed supergene white-mica alteration is 
also noteworthy. In exposures dominated by pri
mary mineralization, the intensity of clay and 
white-mica development is greatly diminished. 
Most of the clay minerals appear to be kaolinite in 
shale, siltstone, and the monzogranite porphyry 
and lesser amounts of montmorillonite associated 
with diabase, calc-silicate hornfels, and skarn. 
Throughout the deposits, there are numerous 
faults and fractures that contain halloysite in their 
gouge and breccia. 
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LEACHED CAPPING 

Studies by Sayers and others (1968) and Tippett 
(1967) in the Copper Basin area provide descriptions 
of the leached capping that was present before min
ing operations began. Their studies show that the 
chalcocite enrichment developed in two cycles. The 
initial cycle was the oxidation of hypogene sulfide
bearing skarn and calc-silicate hornfels. The first 
cycle of oxidation and enrichment was interrupted by 
the approximately 34-Ma Caetano Tuff that at one 
time covered the Copper Basin copper deposits. The 
subsequent removal by erosion of the Caetano Tuff 
initiated the second cycle of oxidation and enrich
ment in the deposits. This second cycle locally has 
been reactivated by Basin and Range extension tec
tonics. Erosion and oxidation of the upper parts of 
the chalcocite zone has generally kept pace with 
post-Caetano tectonic adjustments. Along major 
drainages, the copper-enriched zone is being eroded 
at a faster rate, producing oxidized copper minerals. 

Limonite mineralogy and textural features of li
monite in leached cappings offer some clues as to 
the extent of the underlying hypogene and super
gene mineralization. Sayers and others (1968) sug
gested that favorable limonite was present over the 
deposits at Copper Basin, but that its mere pres
ence did not lend itself to identifying the extent of 
the enrichment zone and ore-grade copper on the 
basis of only a cursory examination. The leached 
capping over the Contention deposit, which was 
composed mainly of goethite and hematite, was ap
proximately 60 m thick (fig. 75). The typical cap
ping contains 15 volume percent hematite, 20 
volume percent jarosite, and 65 volume percent 
goethite. Other types of limonite recognized in the 
capping include pitch and transport limonite. The 
pitch limonite varies from red to black. A variation 
in the color of hematite limonite was recognized 
and was useful in discriminating between former 
pyrite and chalcocite+pyrite-bearing capping. The 
pyrite capping the deposit is brick red, whereas 
the chalcocite+pyrite limonite here is distinctly 
maroon. 

The hematite content in the capping decreases 
toward the chalcocite zone. As hematite decreases, 
jarosite increases slightly. Goethite content re
mains fairly constant throughout the leached 
capping but is higher in oxidized skarn and calc
silicate assemblages. Oxidation of pyrrhotite in 
skarn produces a distinct limonite that is goethitic 
but has a diagnostic deep-brownish-red color. 
Within the capping, boxworks of relief, fringing, 
and indigeneous limonite are present in the more 

receptive sandstones and quartz veins. Transport 
limonite, which is common along fractures and 
faults, commonly masks hematitic limonite in the 
adjacent wallrocks. 

Turquoise is common in the leached capping and 
near the upper boundary of the enriched zone (fig. 
76). Before the onset of large-scale mining at Cop
per Basin, approximately $1 million in rough tur
quoise was mined from the Blue Gem deposit, also 
known as the Pedro lode claim, which is situated 
near the south limit of the Contention pit (see pl. 
1; Morrissey, 1968, p. 13). The turquoise here com
monly is present with other oxidized copper miner
als, and where it is of good gem quality, it has a 
deep-blue color and excellent hardness. Available 
major- and minor-element chemical analyses of 
several samples of turquoise collected by R.J. Rob
erts from the Blue Gem deposit show some relation 
between chemical composition and color (table 26). 
Samples of turquoise that are a hue of green ap
parently contain more iron than those that are 
light blue to dark blue. In addition, the Alp3 con
tent of these samples seems to vary inversely with 
the total iron content, here reported as Fe20 3• This 
relation suggests that at least some of the reported 
iron content of these samples may be in the Fe3+ 
form and that this iron may, in fact, be substitut
ing for AP+ in the lattice of the turquoise (Zhang 
and others, 1984). However, the purity of these 
mineral separates is highly variable as indicated 
by the reported 1.0 to 8.6 weight percent Si0

2
• 

Ideally, turquoise should not contain any Si02 

(Dana and Ford, 1949). Furthermore, there are no 

FIGURE 76.-Pale-blue turquoise (T) from Copper Basin area cut
ting iron oxide-filled fractures that replace pyrite in sample of 
bleached arkosic sandstone of the Upper Cambrian Harmony 
Formation. 
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TABLE 26.-Analytical data on turquoise from the Blue Gem deposit of the 
Copper Basin Mine compared with analytical data on turquoise from 
other areas 

[Chemical analyses in weight percent by classical gravimetric methods; analyst, W.W. Brannock. 
Quantitative spectrographic analyses in parts per million; analyst, Marcelyn Cremer. - , not 
detected] 

Analysis 1 2 3 6 
Lab number 62M-15 62M-16 62M-17 62M-18 62-Ml9a 62M-14 

CuO-----
ZnO------

2As20r--
BaO------

6.2 
32.3 
2.8 

• 56 

.33 

.11 
17 . 9 

.85 
31. 

7.7 
.06 
. 24 

Total---- 100.0 

Chemical analyses 
6.3 8.6 

30.7 28.3 
4.8 6.8 

.32 
.88 1.9 

.32 

.11 
17.5 
1.5 

29.6 

7.6 
.05 
.34 

.28 

.08 
16.5 
2.2 

27.8 

7. 
.01 
• 3 

(weight percent) 
3.0 1.0 

31.3 35.5 
6.4 2.1 

.63 .28 

.22 

.11 
17.9 
1.2 

31.7 

7. 
.35 
.36 

.21 

.1 
18.3 

. 75 
33.4 

8.7 
.07 
.06 

100.5 

2.1 
32.4 
3.9 

.44 

.21 

.04 
18.1 

.46 
33.4 

7.4 
.76 
.36 
.12 

Quantitative spectrographic analysis (parts per million) 
Ti------
Ag-------

50.0 74.0 67.0 230.0 370.0 65.0 
<2. 24. 22. 18. 7. <2. 

As------
B-------
Ba-------

3000. 4000. 3000. 4000. 1000. 5000. 
40. 30. 20. 20. 20. <20. 

290. 46. 30. 88. 68. 1100. 

Be------- 10. 
Co------- < 4 . 
Cr------- 230. 
Ga------- <8. 
Li------- 300. 

Pb------- <20. 
Sc------- 160 . 
Sr------- 190. 
V-------- 20. 
W-- ------ 100. 

Zn------- <200. 

1 

9. 
<4. 

120. 
8. 

200. 

<20. 
64. 
32. 
10. 

<100. 

<200. 

8. 
<4. 

110. 
12. 

200. 

<20. 
64. 

360. 
10. 

<100. 

<200. 

2 
Total iron cal culated as Fe 2o3 • 
Quantitative spectrographic analyses. 

7. 
7. 

110. 
16. 

300. 

70. 
84. 

330. 
30. 

<100. 

2500. 

10. 
4. 

84 . 
13. 

<200. 

<20. 
80. 

210. 
30. 

100. 

<200. 

1. Blue turquoise, Blue Gem deposit, Copper Basin Mine. 
2. Light-green turquoise, Blue Gem deposit, Copper Basin Mine. 
3. Medium- green turquoise, Blue Gem deposit, Copper Basin Mine. 
4. Green turquoise, Blue Gem deposit, Copper Basin Mine. 
5. Dark- blue turquoise, Blue Gem deposit, Copper Basin Mine. 
6 . Light-blue turquoise, No.8 Mine, Eureka Co., Nev. 

<2. 
9. 

190. 
<8. 

200. 

<20. 
20. 

100. 
40 . 

<100. 

570. 

analyses for sulfur available for these analyzed 
samples to suggest thereby the amount of 
sulfide(s), if any, that may have been included in
advertently during the separation procedures. 
Nonetheless, these analyses of varicolored tur
quoise are compatible with the findings of Zhang 
and others (1984) who concluded 

turquoise from blue to yellow and the tint change from light to 
dark with increasing iron content. Relatively pure turquoise 
with low iron content shows a blue color. Naturally, the basic 
blue color of the relatively pure turquoise has been essentially 
determined by the octahedrally coordinated Cu2•* * *. 

SUMMARY 

* * * that the main reason for the color change of turquoise is 
the enhancement of the 0 2- Fe3• charge-transfer band when the 
iron content increases, which enables its low energy tail to shift 
further toward long wavelength and absorb the blue light par
tially or completely. This may account for the color change of 

The principal source of the supergene copper min
eralization apparently is hypogene sulfides in skarn 
and calc-silicate hornfels in the Harmony Formation 
and possibly some from the Battle Formation that 
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overlay the area at one time. These originally 
calcareous-bearing beds probably were mineralized 
and altered by Late Cretaceous monzogranite por
phyry that produced locally massive and widespread 
disseminated pyrite, pyrrhotite, and chalcopyrite in 
the copper-enriched outer halo of the Buckingham 
molybdenum system. Some hypogene copper may 
also have been introduced during the Tertiary em
placement of magmas associated with gold and cop
per skarn bodies in the mining district. 

Underlying the metamorphosed calcareous beds 
are shale, siltstone, and various types of sandstone 
that contain pyrite and minor chalcopyrite as dis
seminations, fracture fillings, and quartz veins. 
Mineralization in the Copper Basin Mine occupies 
the east-dipping limb of a major anticline and, 
upon oxidation of the hypogene sulfides there, the 
supergene copper-bearing solutions migrated down
ward along bedding planes and structures from 
mostly skarn and calc-silicate hornfels above. The 
high-grade zones of copper mineralization, both 
hypogene and supergene generally are proximal to 
monzogranite porphyry. During the interval of time 
between the emplacement of the Late Cretaceous 
intrusions associated with the Buckingham system, 
the late Eocene or early Oligocene porphyritic 
leucogranite and the early Oligocene granodiorite 
porphyry, and subsequent deposition of the Oligo
cene Caetano Tuff, the Copper Basin area under
went a first-cycle oxidation and enrichment to form 
an intensive low-grade chalcocite zone. Renewed 
oxidation and erosion occurred after the Caetano 
Tuff was removed, exposing thereby the first cycle 
of supergene copper deposition. The second cycle of 
enrichment and oxidation, which continues to the 
present, removed additional oxide capping and en
riched the first-cycle supergene copper zone at 
depth to yield the ore bodies in the Copper Basin 
Mine. 

liTHOGEOCHEMISTRY OF 
SURFACE ROCKS 

Comprehensive lithogeochemical studies that de
scribe areal and vertical distribution of minor met
als in fluorine-deficient, stockwork molybdenum 
deposits are generally not available. A notable ex
ception to this is the geochemical investigation by 
Shaver (1984b, 1986) at the Hall (Nevada Moly), 
Nev., molybdenum stockwork deposit. However, the 
Hall deposit probably should be considered a tran
sitional deposit (Theodore, 1982a) between strictly 
end-member fluorine-deficient types, such as the 

Buckingham system, and other quartz monzonite 
stockwork molybdenite systems relatively enriched 
in fluorine. In his study, Shaver (1986) showed 
that molybdenum anomalies at the Hall molybde
num deposit are encompassed for 30 to 60 m by a 
zone dominated by high fluorine, and the fluorine 
zone, in turn, is ringed by a lead-zinc-silver
manganese zone that is 40 to 80 m beyond the mo
lybdenum anomalies. In this part of the report, we 
attempt to provide some additional geochemical 
data from the Buckingham system by means of a 
selected bedrock sampling of the system partly 
along four traverse lines (A-A', B-B', C-C', D-D', 
fig. 77). In all, 102 samples were collected along 
these traverses. Spacing between sampling locali
ties is fairly widespread along the first three of the 
traverses. For example, traverse A-A' spans almost 
the entire Buckingham area in a north-south direc
tion, and 45 samples were taken. Along the last 
traverse (D-D'), however, 13 samples were col
lected along a 300-m traverse relatively close to 
the West stock. In addition, 26 other sites were 
sampled for comparative purposes along traverse 
E-E', just to the north of the Buckingham stock
work molybdenum system (fig. 77). This particular 
traverse has some veined rocks related to the late 
Eocene or early Oligocene biotite-hornblende 
monzogranite of Bluff area and to the porphyritic 
leucogranite there of approximately the same age. 

Chemical, spectrographic, and optical
spectroscopic analyses were made in the permanent 
laboratory facilities of the U.S. Geological Survey in 
Menlo Park, Calif., Denver, Colo., and Reston, Va. 
The types of analyses performed are not consistently 
uniform for the entire data set, primarily because of 
the protracted duration of the study and interven
ing shift in priorities of laboratory resources to other 
programs. Furthermore, the relatively high lower 
limits of determination for some elements (silver, 
arsenic, gold, niobium, lead, antimony, and tin, in 
particular) resulted in a large number of qualified 
analyses for these elements, and thereby precluded 
our making adequate judgements concerning much 
of their areal distributions and elemental associa
tions. The material analyzed consisted of approxi
mately 1-kg composite rock-chip samples that 
commonly were collected over an outcrop area of 
about 10m2 • Some of the samples include vein, gos
san, and mineralized fault-gouge material, particu
larly along traverse A-A' where it crosses 
mineralized structures at the Little Giant Mine. 
Commonly, at such sites, more than one sample was 
collected (fig. 77). The various analytical techniques 
used to determine the concentrations of the elements 
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TABLE 21.-Analytical data obtained along traverse A-A' (fig. 77) 

[Quantitative emission-spectrographic analyses in parts per million; analyst, R.E. Mays. Relative standard deviation of any single reported concentration should be 
taken as plus or minus 15 percent. Looked for, but not found, at parts-per-million detection levels in parentheses: Bi (14), Cd (14), Nb (20), Sb (40), Ce (50), Ge 
(14), In (3), Re (14), Tl (6). Au determined by fire assay followed by flameless atomic-absorption spectroscopy, W determined colorimetrically, Hg determined by 
cold-vapor atomic-absorption spectroscopy, and Zn determined by flame atomic-absorption spectroscopy; analysts, A. Neuville, A. Childress, J. Kane, and R. Moore. 
F determined by specific-ion-electrode methods; analysts, S. Neil. Th and U determined by instrumental delayed-neutron counting, using methods of Millard and 
Keaten (1982); analysts, H.T. Millard, Jr., B.A. Keaten, and F.M. Luman.-, not detected; n.d., not determined] 

Field No. 79C1 79C2 79C3 79C4 79CS 79C6 79C7 79C8 79C9 79Cl0 79C11 79C12 
Quantitative emission sEectroBraEhic analyses (Earts Eer million) 

Ag 
As 
B 36.0 26.0 38.0 42.0 54.0 
Ba 400. 260. 260. 320. 330. 
Be 

Co 5. 4. 4. 
Cr 20. 20. 13. 20. 180. 
Cu 20. 6. 7. 14. 4. 
Ga 9. 10. 8. 8 •. 7. 
La 

Mn 260. 210. 300. 150. 26. 
Mo 
Ni 18. 8. 6. 7. 
Pb 
Sb 

Sc 11. 10. 9. 10. 10. 
Sn 
Sr 18. 20. 26. 40. 24. 
Ti 3000. 3000. 2800. 3200. 3600. 
v 16. 22. 18. 16. 28. 

y 20. 24. 18. 20. 16. 
Yb 2. 2. 2. 2. 2. 
Zr 300. 500. 260. 260. 330. 

Chemical.analyses 

Au <0.05 <0.05 <0.05 <0.05 <0.05 
F 200. 200. 100. 200. 200. 
Hg .092 .033 .022 .02 .021 
Th 7.04 7.33 7.06 6.98 7.98 
u 2.05 2. 1.85 2.32 2.33 

w .9 .97 1. 1.3 .88 
Zn 48. 36. 22. 16. 8. 

are indicated on the tables of the geochemical data 
(see tables 27-31). A representative distribution of 
uranium and thorium in rocks at the surface of the 
Buckingham system was determined along two of 
the geochemical traverses, A-A' and B-B '. The co
efficient of variation of the uranium and thorium 
analyses reported for this system may be estimated 
by referring to tables 32 and 33. Table 33 includes 
two sets of six replicate delayed-neutron determina
tions of uranium and thorium for each of 17 samples 
whose complete analyses are presented elsewhere in 
this report (tables 11, 20, 22). The unqualified mini
mum and maximum values for each of 30 selected 
elements analyzed in tables 27 through 31, together 
with the number and type of qualified determina
tions for the 128 samples analyzed, are listed in 
table 34. 

1.0 

40.0 11.0 30.0 34.0 40. 38.0 
760. 220. 1100. 300. 700.0 800. 1300. 

s. 

4. 4. 4. 
24. 13. 64. 12. 16. 17. 80. 
10. 16. 320. 44. 40. 74. 84. 
10. 7. 17. 8. 8. 11. 20. 

30. 30. 

62. 96. 240. 32. 40. 80. 240. 

6. 4. 22. 8. 16. 

11. 10. 19. 8. 10. 10. 19. 

19. 16. 40. 20. 22. so. 96. 
3200. 1900. 4000. 1800. 2000. 2300. >4000. 

32. 17. 96. 20. 26. 32. 120. 

18. 34. 12. 14. 34. 
2. 1. s. 1. 2. 2. 6. 

240. 240. 560. 120. 240. 130. 260. 

(Earts Eer million) 

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
200. 100. 600. 300. 200. 200. 400. 

.028 .025 .023 .032 .024 .032 .034 
7.57 4.54 15.27 5.9 5.75 6.42 16.45 
2.07 1.65 4.99 1.52 1.85 1.8 4.99 

2.9 1.8 2.3 1.9 1.5 2.6 2.9 
16. 16. 36. 8. 10. 18. 49. 

VARIATION OF MINOR ELEMENTS IN AND 
AROUND THE BUCKINGHAM SYSTEM 

From our data, we infer that concentrations of 
many elements in rock show fairly specific rela
tions to the surface projection of the boundary of 
the Buckingham molybdenum deposit and to the 
outer limit of quartz stockworks at the surface. 
The surface projection of the deposit known as of 
1989, and the mapped outer limit of the quartz 
stockworks coincide closely for much of the deposit 
(fig. 77). This relation holds especially for the west
ern parts of the deposit. All samples that contain 
at least 50 ppm Mo are accentuated in figure 77; 
the highest molydenum contents in these analyzed 
samples is 780 ppm. Thus, from the distribution of 
samples containing 50 or more ppm molybdenum, 
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TABLE 27.-Analytical data obtained along traverse A-A' (fig. 77)-Continued 

Field No. 79C13 79C14 79C15 79C16 79C17 79C18 79C19 79C20 79C21 79C22 79C23 79C24 
Quantitative emission sEectro8raEhic analyses (Earts 2er million) 

Ag 190.0 1300.0 160.0 3.0 1.0 11.0 7.0 2.0 130. 
As >20000. >20000. >20000. >20000. 
B 28. 28. 20. 70. 60. 32. 110. 96. 
Ba 220. 480. 60. 1100. 600. 900. 2800. 960. 960.0 40. 760.0 840.0 
Be 5. 4. 4. 

Co 5. 12. 30. 12. 16. 
Cr 92. 46. 110. 80. 110. 60. 120. 120. 120. 32. 110. 100. 
Cu 96. 500. 350. 110. 60. 84. 74. 74. 84. 190. 58. 58. 
Ga 9. 13. 8. 26. 26. 17. 24. 28. 24. 14. 20. 20. 
La 54. 52. 44. 54. 30. 30. 30. 

Mn 64. 100. 60. 280. 170. 64. 110. 700. 800. 330. 800. 520. 
Mo 66. 13. 15. 22. 72. 15. 260. 130. 76. 260. 100. 700. 
Ni 12. 8. 5. 44. 64. 50. 58. 46. 
Pb 10000. 10000. 10000. 90. 60. 10000. 50. 
Sb 720. 2600. 780. 10000. so. 

Sc 9. 16. 10. 22. 24. 19. 22. 26. 22. 22. 19. 
Sn 160. 260. 120. 260. 
Sr 24. 22. 13. 50. 110. 28. 74. 300. 180. 160. 220. 
Ti 1600. 2300. 1200. 4000. 4000. 3400. >4000. >4000. >4000. 300. >4000. >4000. 
v 19. 34. 19. 120. 190. 96. 110. 52. 150. 120. 100. 

y 34. 46. 26. 22. 36. 32. 26. 22. 
Yb 1. 2. 2. 9. 8. 3. 4. 7. 9. 7. 4. 4. 
Zr 160. 180. 160. 240. 280. 200. 240. 160. 200. 180. 140. 

Chemical analyses (Earts Eer million) 

Au <0.05 12.0 6.3 <0.05 <0.05 
F 300. 300. 200. 500. 600. 
Hg 91. 1.1 .73 .45 .044 
Th 4.07 8.75 3.17 17.82 20.33 
u 1.52 12.82 1.13 4.91 5.06 

w 6.5 4.9 2.4 10. 9.3 
Zn 63. 190. 280. 27. 15. 

there appear to be three loci of widely extensive, 
high concentrations of molybdenum at the surface: 
at and near the West stock, at the East stock, and 
on Vail Ridge, where well-developed quartz stock
works crop out (fig. 77). High concentrations of mo
lybdenum in rocks provide the best geochemical 
signature of the widespread extent of the Buck
ingham molybdenum system. Geochemical back
ground for molybdenum apparently is less than 5 
ppm along geochemical profile A-A' in contact
metamorphosed and altered rocks of the Harmony 
Formation that are beyond the outer limit of 
quartz stockworks associated with the system (fig. 
78). The lower determination limit of molybdenum 
for the samples analyzed along this particular tra
verse is 5 ppm. Along traverse E-E' (fig. 77), how
ever, many of the samples have molybdenum 
contents in the range 2-8 ppm (see table 31). 

Several other elements show increased abun
dances along geochemical profile A-A' near the 
West stock and its surrounding halo of quartz 
stockworks. Fluorine shows an increase from about 
200-250 ppm to about 500-600 ppm (but with a 

<0.05 <0.05 <0.05 <0.05 2.5 <0.05 <0.05 
400. 600. 700. 500. 100. 600. 900. 

.024 .026 .025 .072 .15 .071 .032 
12.68 17.95 16.72 15.4 .29 13.37 13.05 
2.75 3.7 4.42 3.21 .09 2.59 3.57 

11. 15. 6.6 6. 23. 5.1 8.5 
13. 16. 350. 83. 5800. 300. 290. 

900-ppm maximum), largely within the area under
lain by quartz stockworks (fig. 78). The fluorine 
anomaly here coincides strongly with the elevated 
molybdenum content. However, these data suggest 
that local, increased concentrations of fluorine and 
molybdenum may extend farther to the south of 
the West stock than to the north. These fluorine
molybdenum relations seemingly differ somewhat 
from those found at the Hall (Nevada Moly), Nev., 
molybdenum deposit by Shaver (1984b, 1986). At 
Hall, fluorine contents apparently reach their 
maximum values just peripheral to areas showing 
the highest molybdenum contents. Tungsten con
tents at Buckingham increase near the West stock 
from a background of about 1 ppm to values that 
fluctuate widely between adjacent samples in the 
range 6-30 ppm in the area underlain by the 
quartz stockworks (fig. 78). Boron contents, on the 
one hand, south of the West stock, seem to in
crease gradually from 30 to about 100 ppm at the 
outer edge of the quartz stockworks (fig. 78). On 
the other hand, in the area immediately underlain 
by the Buckingham deposit, boron seems to be 
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TABLE 27.-Analytical data obtained along traverse A-A' (fig. 77)-Continued 

Field No. 79C25 79C26 79C27 79C28 79C29 79C30 79C31 79C32 79C33 79C34 79C35 79C36 79C37 
Quantitative emission SEectro~raEhic analyses (Earts Eer million) 

Ag 2.0 3.0 8.0 2.0 6.0 3.0 2.0 
As 2800. 
B 28. 20.0 30.0 40.0 
Ba 1800. 2000. 2000. 180. 260.0 260.0 220. 300. 400. 360. 360. 380. 230.0 
Be 

Co 4. 5. 9. 8. 6. 
Cr 4. 6. 3. 11. 22. 16. 9. 7. 18. 17. 34. 44. 46. 
Cu 16. so. 92. 42. 60. 10. 9. 10. 15. 18. 11. 10. 8. 
Ga 14. 14. 17. 8. 11. 8. 8. 8. 10. 8. 13. 15. 9. 
La 30. 44. 40. 30. 42. 

Mn 42. 60. 42. 32. 74. 30. 56. 32. 80. 320. 380. 440. 300. 
Mo 78. 78. 260. 
Ni s. 4. 6. 5. 9. 18. 24. 16. 
Pb 160. so. 120. 520. 
Sb 

Sc 9. 9. 9. 8. 10. 9. 8. 12. 12. 12. 15. 12. 
Sn 
Sr 140. 180. 220. 15. 34. 30. 8. 15. 26. 32. 40. 68. 48. 
Ti 1300. 1800. 1400. 1200. 1900. 1600 •. 900. 800. 1600. 1500. 2300. 2500. 2100. 
v 32. 42. 34. 24. 34. 18. 24. 24. 38. so. 38. 

y 14. 18. 16. 18. 16. 16. 20. 13. 
Yb 1. 3. 2. 2. 2. 2. 3. 2. 
Zr 76. 52. 52. 140. 440. 240. 100. 66. 230. 150. 130. 150. 130. 

Chemical analyses (Earts Eer million) 

Au <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
F N.d. 600. 400. 200. 300. 200. 
Hg .035 .037 .044 .045 .042 .048 
Th 8.24 11.24 9.55 10.71 22.2 15.98 
u 2.02 3.69 2.92 2.24 3.75 3.14 

w 9.2 8.4 30. 5.3 15. 4.1 
Zn 19. 59. 30. 33. 13. 19. 

depleted to contents of less than 10 ppm, the lower 
determination limit. Such a depletion also seems to 
extend as far as 250 m north of the north limit of 
the surface projection of the deposit along profile 
A-A'. Copper contents increase from a local back
ground of about 10 ppm to values generally in the 
range 50-190 ppm in the area of the quartz stock
works surrounding the West stock (fig. 78). The 
Cu/Mo ratio in these samples within the surface 
projection of the Buckingham deposit (profile A-A', 
fig. 77) is generally less than 1. However, as 
pointed out in the subsection above entitled "Eco
nomic Geology," hypogene copper typically is pres
ent as chalcopyrite-here mostly in a relatively 
narrow halo that surrounds the molybdenum
enriched, steeply plunging shells that make up 
much of the deposit (fig. 64). However, south of the 
West stock, in the general area of the Little Giant 
Mine, mineralized rocks along the Little Giant 
fault show high copper contents, possibly from 
tetrahedrite, in the range 350-500 ppm. In addi
tion, one other sample along profile A-A' south of 
the Little Giant Mine has a copper content of 320 

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
200. 100. 200. 300. 300. 400. 200. 

.052 .068 .046 .043 .041 .04 .044 
7.68 7.45 10.62 14.9 17.22 18.18 12.62 
1.53 1.5 2.54 3.32 3.13 3.83 2. 

4.1 4. 2.9 6.5 .93 1.5 .94 
17. 11. 87. 89. 140. 66. 31. 

ppm. This particular rock sample is a biotite horn
fels that contains some iron oxide(s) that replace 
sulfides; it probably also contains some chalcopy
rite. There is no apparent increase in the concen
tration of copper along the geochemical profile at 
the outer limit of the pyrite halo that surrounds 
the Buckingham system (fig. 78). Barium also 
seems to show an increased abundance in most of 
the rocks sampled within the surface projection of 
the deposit at the West stock (fig. 78). Background 
for barium in unmineralized rocks of the Harmony 
Formation outside the pyritic halo seems to be 
about 280 to 300 ppm (fig. 78). However, local 
background within the pyritic halo also seems to be 
at these same levels across a broad area to the 
north of the West stock. Locally high barium con
tents, to about 800 to 1,200 ppm, in unaltered 
rocks of the Harmony Formation near the north 
terminus of geochemical profile A-A' probably indi
cate the presence there of minor amounts of synge
netic barite associated with carbonate rocks. 

Several other elements apparently show no rela
tion along geochemical profile A-A' to underlying 
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TABLE 27.-Analytical data obtained along traverse A-A' (fig. 77)-Continued 

Field No. 79C38 79C39 79C40 79C41 79C42 79C43 79C44 79C45 
~antitative emission SEectro&raEhic analyses (Earts Eer million) 

Ag 
As 
B 20.0 50.0 46.0 64.0 68.0 58.0 
Ba 260. 1100.0 800.0 1160. 290. 440. 280. 350. 
Be 

Co 6. 6. 6. 6. 6. 4. 6. 
Cr 34. 30. 26. 5. 40. 40. 28. 35. 
Cu 7. 34. 11. 9. 13. 5. 12. 
Ga 9. 12. 12. 20. 10. 15. 10. 10. 
La 60. 72. 46. 51. 

Mn 440. 330. 360. 580. 360. 420. 580. 1400. 
Mo 
Ni 16. 13. 10. 12. 14. 4. 9. 
Pb 20. 33. 
Sb 

Sc 11. 12. 12. 9. 8. 9. 7. 14. 
Sn 
Sr 22. 130. 100. 550. 12. 160. 160. 410. 
Ti 1900. 2500. 1900. 4600. 4800. 5000. 2700. 4000. 
v 30. 34. 30. 38. 38. 43. 26. 37. 

y 12. 20. 14. 20. 20. 24. 19. 26. 
Yb 2. 3. 2. 2. 2. 2. 
Zr 130. 240. 140. 150. 200. 280. 170. 150. 

Chemical analrses (Earts Eer million) 

Au <0.05 <0.05 <0.05 
F 200. 300. 300. 
Hg .048 .049 .043 
Th 10.2 N.d. 12.1 
u 1.59 N.d. 2.54 

w .89 .84 .79 
Zn 73. 25. 28. 

metallization in the Buckingham deposit. These in
clude uranium and thorium (fig. 79). However, back
ground concentrations of uranium and thorium 
beyond the outer limit of the pyrite halo that sur
rounds the deposit seem to have a much lower vari
ance near the south terminus of the profile than 
elsewhere. Distribution of manganese along the pro
file (fig. 79) might be interpreted to represent local 
irregular increases from a nearby local background 
of about 150 ppm to values in the range 600-800 
ppm throughout the underlying Buckingham depos
it. However, some of these samples throughout 
the Buckingham deposit are from structures that 
include abundant sulfides related most likely to 
vein-type mineralization during the Tertiary. The 
widespread increase in manganese contents in the 
general area of the north end of geochemical profile 
A-A' indicates the presence there of manganiferous 
carbonates in some unaltered sands of the Harmony 
Formation. The increased zinc contents of a few 
samples within the quartz stockworks along geo
chemical profile A-A' (fig. 79) probably also indicate 
the superposition of metallized Tertiary structures 

<0.05 <0.05 <0.05 <0.05 <0.05 
400. 300. 200. 200. 500. 

.35 .13 .078 .085 .36 
11.6 16.4 16.6 12.4 7.33 

3.56 2.8 2.93 1.99 3.05 

1. 1. 2.1 1.9 2.3 
35. 48. 65. 32. 33. 

on the Late Cretaceous molybdenum system. Sam
ples collected from mineralized strands of the Little 
Giant fault where they cross the geochemical profile 
also show high zinc contents: 190 to 280 ppm, com
pared with an approximate local background of 15 to 
20 ppm in the surrounding rocks within the pyritic 
halo of the Buckingham system. 

Concentrations of tin detected or, more appropri
ately, not detected along geochemical profile A-A' 
also merit some discussion because tin is an impor
tant byproduct associated with some molybdenum 
deposits such as the Climax, Colo., system. Of the 
45 samples collected along profile A-A', tin was de
tected in only four of the samples. The lower limit 
of determination for tin by the method used on 
these samples is 4 ppm (table 27). Three of the 
four samples that contain detectable tin are miner
alized rocks from the Little Giant Mine area, a 
locus of Tertiary silver-base-metal mineralization 
(samples 13-15, table 27); the tin contents of these 
samples are 160, 260, and 120 ppm, respectively. 
The samples also contain more than 20,000 ppm As 
and more than 10,000 ppm Ph; much of the arsenic 



D172 GEOCHEMISTRY OF THE PORPHYRY COPPER ENVIRONMENT, BATTLE MOUNTAIN MINING DISTRICT, NEVADA 

TABLE 28.-Analytical data obtained along traverse B-B' (fig. 77) 

[Quantitative emission-spectrographic analyses by R.E. Mays. Relative standard deviation of any single reported concentration should be taken as plus or minus 15 percent. 
Looked for, but not found, at parts-per-million detection levels in parentheses: As (300), Be (2), Bi (14), Cd (14), Nb (20), Sb (40), Sn (4), Ce (50), Ge (14), In (3), Re (14), 
Tl (6). Au determined by fire assay followed by flameless atomic-absorption spectroscopy, Hg determined by cold-vapor atomic-absorption spectroscopy, Zn determined 
by flame atomic-absorption spectroscopy, and W determined colorimetrically; analysts, A. Neville, A. Childress, J. Kane, and R. Moore. F determined by specific-ion
electrode methods; analyst, S. Neil. Th and U determined by instrumental delayed-neutron counting, using the methods of Millard and Keaten (1982); analysts, H.T. 
Millard, Jr., B.A. Keaten, and F.M. Luman.-, not detected] 

Analysis 

Field No. 

Ag 
B 
Ba 
Co 
Cr 

Cu 
Ga 
La 
Mn 
Mo 

Ni 
Pb 
Sc 
Sr 
Ti 

v 
y 
Yb 
Zr 

Au 
F 
Hg 
Th 
u 

w 
Zn 

Analysis 

Field No. 

Ag 
B 
Ba 
Co 
Cr 

Cu 
Ga 
La 
Mn 
Mo 

Ni 
Pb 
Sc 
Sr 
Ti 

v 
y 

Yb 
Zr 

Au 
F 
Hg 
Th 
u 

w 
Zn 

79C46 

96.0 
630. 

5. 
17. 

60. 
9. 

30. 

4. 
100. 

1100. 

18. 

50. 

<0.05 
100. 

.13 
3.86 
1.1 

4.1 
23. 

15 

79C61 

3.0 
160. 

>2000. 

3. 

40. 
17. 

26. 
360. 

3. 
150. 

3400. 

34. 

58. 

<0.05 
900. 

.11 
9.06 
2.13 

13. 
12. 

79C47 

80.0 
>2000. 

3. 
24. 

100. 
12. 

30. 
10. 

6. 
130. 

2200. 

28. 

120. 

<0.05 
200. 

.098 
8.48 
1.98 

90. 
62. 

78C48 

52.0 
>2000. 

3. 
50. 

100. 
15. 
51. 

130. 
14. 

4. 

10. 
170. 

>5000. 

68. 
24. 
2. 

220. 

<0.05 
500. 

.072 
18.2 
3.96 

6. 
14. 

8 10 
79C49 79C50 79C51 79C52 79C53 79C55 79C54 

Quantitative emission spectrographic analyses (parts per million) 

58.0 
970. 

9. 
90. 

60. 
34. 
72. 

330. 
14. 

9. 

19. 
90. 

>5000. 

81. 
28. 
3. 

150. 

<0.05 
900. 

.089 
23. 

5.94 

8.3 
33. 

34.0 
1300. 

7. 
84. 

29. 
23. 

420. 

10. 
36. 
23. 

710. 
>5000. 

65. 
24. 

2. 
200. 

1300. 
8. 

64. 

50. 
26. 
38. 

330. 
160. 

7. 

18. 
170. 

>5000. 

57. 
20. 
3. 

94. 

2.0 
110. 
970. 

20. 

48. 
7. 

38. 
700. 

3. 
65. 

3000. 

24. 
14. 

150. 

52.0 
>2000. 

4. 

23. 
12. 

30. 
220. 

41. 
4. 

210. 
2200. 

23. 

32. 

72.0 
>2000. 

3. 

24. 
21. 

34. 
130. 

600. 
2. 

150. 
2800. 

32. 

52. 

Chemical analyses (parts per million) 

<0.05 
600. 

.1 
8.8 
2.85 

1.4 
81. 

<0.05 
700. 

.075 
20.4 

4.69 

5.9 
43. 

<0.05 
200. 

.098 
5.02 
2.46 

6.3 
15. 

<0.05 
300. 

.12 
9.85 
2.62 

5. 7 
12. 

<0.05 
500. 

.13 
11.8 

2.03 

5.9 
9.8 

62.0 
>2000. 

2. 

24. 
19. 

38. 
62. 

1000. 
3. 

150. 
2600. 

28. 

64. 

<0.05 
700. 

.13 
35.4 
3.28 

5.4 
7.4 

11 
79C65 

40.0 
900. 

5. 
47. 

76. 
18. 

240. 

13. 

7. 
120. 

>5000. 

46. 
18. 

2. 
110. 

<0.05 
600. 

.13 
20.6 

4.58 

6.2 
98. 

TABLE 28.-Analytical data obtained along traverse B-B' (fig. 77)-Continued 

16 

79C60 

170.0 
1940. 

2. 

54. 
13. 

120. 
11. 

9. 

3. 
300. 

2800. 

29. 

58. 

<0-05 
400-

.12 
13.9 
3.06 

14. 
110. 

17 

79C59 

46.0 
1210. 

38. 

66. 
10. 

90. 
80. 

12. 

3. 
150. 

3000. 

30. 

58. 

<0.05 
300. 

.072 
12-
3.21 

24. 
50 

18 19 20 21 22 23 24 

79C58 79C57 79C56 79C70 79C69 79C68 79C67 
Quantitative emission spectrographic analyses (parts per million) 

140.0 
1630. 

5. 

53. 
14. 

70. 
130. 

49. 
2. 

180. 
2600. 

28. 

46. 

<0.05 
800. 

.2 
9.29 
2.67 

12. 
17. 

110.0 
460. 

32. 

64. 
10. 

70. 
200. 

39. 

4. 
94. 

2800. 

37. 

52. 

40.0 
>2000. 

6. 

49. 
12. 

34. 
800. 

47. 
3. 

180. 
2600. 

33. 

24. 

34.0 
>2000. 

6. 

59. 
15. 
26. 
20. 
71. 

150. 
2200. 

30. 

76. 

2.0 
64. 

>2000. 

2. 

68. 
24. 
54. 
54. 

110. 

4. 
180. 

3. 
220. 

2600. 

48. 

130. 

3.0 
50. 

>2000. 

50. 
26. 
40. 
30. 
90. 

900. 
3. 

210. 
2200. 

40. 

160. 

Chemical analyses (parts per million) 

<0.05 
600. 

.21 
7.1 
1.96 

26. 
76. 

<0.05 
400. 

.13 
6.36 
1.69 

76. 
7.9 

<0.05 
400. 

.14 
8.8 
3.58 

88. 
32. 

0.06 
800. 

.25 
11.2 
2.92 

61. 
40. 

<0,05 
600. 

.23 
9.31 
2.98 

26. 
16. 

82.0 
>2000. 

4. 

59. 
20. 

740. 
100. 

4. 
39. 
3. 

190. 
2000. 

50. 
14. 

100. 

<0.05 
1000. 

.16 
10.1 
2.69 

110. 
91. 

25 
79C66 

80.0 
>2000. 

5. 

70. 
15. 

52. 
36. 

5. 

3. 
190. 

3000. 

57. 
14. 

54. 

<0.05 
800. 

.14 
11. 

3.24 

80. 
41. 

12 
79C64 

52.0 
630. 

4. 
40. 

62. 
14. 

180. 
8. 

13. 

5. 
130. 

4800. 

38. 
18. 

130. 

<0.05 
500. 

.15 
20. 
4.1 

13. 
30. 

26 
79C71 

40.0 
1000. 

6. 
32. 

170. 
15. 
34. 

160. 
20. 

60. 

5. 
160. 

3400. 

38. 
24. 

190. 

<0.05 
1000. 

.13 
18.4 
3.53 

30. 
380. 

13 
79C63 

58.0 
1300. 

40. 

47. 
13. 

62. 
23. 

6. 

5. 
160. 

>5000. 

29. 
28. 
2. 

140. 

<0.05 
400. 

.71 
19.6 

5.24 

7.8 
28. 

27 
79C72 

3.0 
52. 

1160. 

22. 

140. 
11. 
31. 
30. 
36. 

5. 

4. 
82. 

2600. 

30. 
16. 

160. 

<0.05 
900. 

.14 
11.4 
2.61 

110. 
35. 

14 
79C62 

90.0 
310. 

32. 

76. 
11. 

52. 
39. 

9. 

3. 
120. 

4000. 

34. 
26. 

180. 

<0.05 
500. 

.13 
19. 
3.37 

5.6 
41. 

28 
79C73 

100.0 
260. 

13. 

62. 
10. 
31. 
40. 
50. 

2. 
140. 

49. 
1800. 

23. 

200. 

<0.05 
500. 

.13 
10.2 

3.22 

17. 
54. 



TABLE 29.-Analytical data obtained along traverse C-C' (fig. 77) 

[Emission-spectrographic analyses in parts per million; analysts, J. Harris and B. Spillare. Relative standard deviation of any single reported concentration should be taken as plus 50 percent and minus 33 percent. Looked ~ for, but not found, at parts-per-million detection levels in parentheses: Cd (32), Dy (22), Er (10), Eu (2.2), Gd (15), Hf (15), Ho (6.8), lr (15), Li (68), Lu (15), Os (22), Pd (1), Pr (68), Pt (4.6), Re (10), Rh (2.2), Ru (2.2), 0 
Sm (10), Ta (460), Tb (32), Th (22), Tl (4.6), U (320). F determined by specific-ion-electrode methods, and W determined colorimetrically; analysts, D. Kobilis and J. Gillison. Au determined by fire assay supplemented tot 
by atomic-absorption spectroscopy, and As, Sb, and Hg determined by cold-vapor atomic-absorption spectroscopy; analysts, R. Moore and W. D'Angelo.-, not detected] 0 

~ 
Field No. 82TT41 82TT42 82TT43 82TT44 82TT45 82TT46 82TT47 82TT48 82TT49 82TT50 82TT51 82TT52 82TT53 82TT54 82TT55 82TT56 0 

'"%j 

Emission spectrographic analyses (parts per million) i 
Ag 14.0 6.4 2.3 0.6 -- _,.:, 3.9 0.88 0.16 8.1 6.0 0.5 0.39 2.1 1.1 0.22 IJj 

B .&.Uo -- 20. 18. -- 25. 160. 43. 9.3 17. 75. 47. 16. 34. 74. 11. c:: a 
Ba 250. 2500. 740. 370. 1200.0 600. 770. 760. 360. 650. 950. 1400. 970. 320. 390. 540. Q 
Be 1.3 -- 1.4 -- 2.4 1.3 3.1 -- -- 1.1 1.4 1.2 1.1 -- 1.8 1.3 z 
Bi 17. 47. 26. -- -- -- -- -- -- -- 82. -- -- -- -- --

~ Ce -- -- -- -- 100. -- -- 89. 55. -- -- 51. -- -- -- --
Co -- 1.2 -- -- 4.2 -- -- -- 1.7 1.7 -- -- 1.3 -- 3.7 5.8 00 
Cr 20. 61. 38. 20. 150. 48. 7.2 24. 45. 24. 2. 10. 42. 25. 42. 36. ~ Cu 75. 150. 32. 34. 32. 33. 100. 30. 51. 52. 32. 32. 71. 32. 400. 99. 
Ga 8.4 19. 7.8 5.5 34. 11. 21. 6.3 6.1 6.7 13. 16. 9.2 7.7 8.4 10. a 

~ 
Ge -- 2.4 -- -- -- 1.9 -- -- -- -- -- -- -- 1.7 -- -- 0 
Ir -- -- -- -- 8.4 -- -- -- -- -- -- -- -- -- -- -- ~ La 26. 11. 19. 25. 68. 26. 16. 36. 19. 24. 29. 30. 26. 25. 33. 37. a:: 
~In 27. 46. 35. 18. 150. 24. 37. 39. 39. 37. 40. 34. 61. 22. 30. 24. 0 
Mo 3. 11. 2.5 24. 48. 37. 28. 140. 45. 74. 75. 85. 120. 12. 12. --

~ 
Nb 7. 4.8 9.3 6.3 7.6 14. 15. 5.3 9. 6.5 4.6 9.3 9.5 9. 8.1 9.2 t;j 
Nd -- -- -- -- 36. -- -- -- -- -- -- -- -- -- -- 30. l:r:j 

Ni 2. 3.1 3.S 2.3 22. 5.1 3.3 3. 6.6 2.1 2.7 3.9 5. 3.3 11. 18. ~ Pb 37. 33. 20. 13. 22. 180. 12. -- 8.4 49. 160. 16. 14. 9.6 99. 9.6 
Sc 5.3 8.3 7. 4. 20 8.7 11. 4.6 7.4 4.8 4.9 6.2 9.3 5.3 8. 9. t;j 

l:r:j 

Sn 3.5 7. 9.2 3. 4.8 2. 8.3 3.1 2.6 4.5 3.4 2.6 2.8 2.3 4.9 4.1 '"C 
0 

Sr 41. 370. 150. 72. 420. 160. 29. 150. 150. 78. 160. 230. 220. 99. 100. 160. 00 
Ti 1500. 1900. 1900. 850. 3800. 2400. 2300. 1500. 1700. 1500. 1600. 2200. 2100. 1700. 2200. 2200. 

1-4 
1-3 

v 38. 59. 52. 35. 120. 64. 90. 40. 52. 45. 60. 75. 7S. 59. 68. 40. 

~ y 3.7 4.3 7.8 5.2 20. 10. 6.1 6.4 9.8 9.6 7.4 5.7 7. 13. 21. 12. 

Yb .47 .35 1.2 .74 2.8 1.2 1.1 .83 1.1 1.3 .84 .68 1.2 1.2 2. 1.7 
00 

Zn -- -- -- -- 43. -- -- -- -- -- -- -- -- -- -- -- ~ Zr 180. 76. 180. 170. 94. 130. 190. 180. 93. 120. 75. 92. 130. 150. 190. 220. 0 

Chemical analyses (parts per million) ~ 
1-4 

As 53.0 420.0 36.0 98.0 2.7 80.0 23.0 78.0 4.7 12.0 63.0 12.0 39.0 24.J 51.0 14.0 ~ 
Au .18 < .os < .OS < .05 < .OS < .OS < .os < .05 < .05 < .OS < .16 < .OS < .05 < .OS < .05 < .OS 

~ F 400. 1000. 1300. 600. 1400. 1000. 1200. 600. 1000. 700. 1100. 1000. 800. 1000. 1000. 600 • 
Hg .23 .05 .03 .02 .OS .03 1.1 .05 .02 .04 .09 .03 .02 .37 .03 • 02 > 
Sb 21. 2.6 1.2 41. 34. 12. 19. 12. 3.2 4.6 15. 14. 7.6 6. 6. 13. 
w 16. 21. 30. 10. 6.1 41. 26. 22. 11. 27. 34. 26. 15. 24. 53. 28. 

t::J 
1-"' 
-.J 
~ 
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TABLE 30.-Analytical data on biotite hornfels and altered biotite hornfels of the Upper Cambrian Harmony Formation near the West 
stock, and on one sample of monzogranite porphyry of the West stock obtained along traverse D-D' (fig. 77) 

[Emission-spectrographic analyses in parts per million; analysts, J. Harris and B. Spillare. Relative standard deviation of any single reported concentration should be taken as 
plus 50 percent and minus 33 percent. Looked for, but not found, at parts-per-million detection levels in parentheses: Bi (10), Cd (32), Dy (22), Er (10), Eu (2.2), Gd (15), 
Hf (15), Ho (6.8), In (6.8), lr (15), Li (68), Lu (15), Os (22), Pd (1), Pr (68), Pt (4.6), Re (10), Rh (2.2), Ru (2.2), Ta (460), Tb (32), Th (22), Tl (4.6), Tm (4.6), U (320). AB 
and Sb determined by flameless atomic-absorption spectroscopy, Au determined by fire assay followed by atomic-absorption spectroscopy, and Hg determined by cold
vapor instrumental atomic-absorption methods; analysts, R. Moore and W. D'Angelo. F determined by specific-ion·electrode methods, and W determined calorimetrically; 
analyst, J. Gillison.-, not detected] 

Analysis 

Field No. 

Ag 
B 
Ba 
Be 
Ce 

Co 
Cr 
Cu 
Ga 
Ge 

La 
Mn 
Mo 
Nb 
Nd 

Ni 
Pb 
Sc 
Sn 
Sr 

Ti 
v 
y 
Yb 
Zn 

Zr 

As 
Au 
F 
Hg 
Sb 
w 

1-12. 
13. 

1 

82TT25 

380.0 
3.2 

19. 
140. 

67. 
23. 

39. 
430. 
18. 
18. 

41. 
15. 
22. 

290. 

4100. 
110. 

22. 
2.8 

54. 

150. 

3.4 
< .OS 

1000. 
.04 
.7 

2. 

2 3 4 5 6 7 8 9 10 11 12 13 

82TT26 82TT27 82TT28 82TT29 82TT30 82TT31 82TT32 82TT33 82TT34 82TT35 82TT36 82TT37 

0.14 

430. 
1.4 

54. 

6.7 
61. 
30. 
13. 

33. 
360. 
18. 
8.9 

33. 

13. 
14. 
12. 

170. 

2300. 
64. 
12. 
1.6 

21. 

140. 

1.8 
< .05 

400. 
.02 

1.6 
l.S 

Emission spectrographic analyses (parts per million) 
Biotite hornfels 

0.35 
5.4 

160. 
1.2 

1.9 
lS. 
53. 
2.9 

24. 
110. 
130. 

7.9 

13. 
12. 

3.7 
2.9 

67. 

880. 
33. 
7.2 
0.87 

28. 

150. 

2.9 
< .OS 

300. 
.03 
.3 

2.2 

Well-developed quartz stockworks 

330.0 
1.6 

61. 

17. 
93. 
73. 
21. 

38. 
550. 
110. 
11. 

26. 
10. 
16. 

76. 

2700. 
75. 
16. 
1.7 

71. 

95. 

430.0 
1.3 

8.2 
47. 
52. 
12. 

33. 
320. 
88. 
6.3 

19. 
lS. 
12. 

180. 

2100. 
68. 
12. 
1.2 

29. 

110. 

0.17 

760. 
2.9 

81. 

9.8 
140. 

46. 
21. 

49. 
370. 
170. 
17. 

45. 
19. 
22. 
2.1 

330. 

3800. 
110. 
20. 

2.2 
52. 

160. 

0.11 

1400. 
. 3.1 

160. 

16. 
250. 

88. 
25. 

77. 
640. 

74. 
54. 
62. 

68. 
24. 
23. 

480. 

7700. 
120. 
29. 

2.6 
96. 

230. 

0.67 

310. 

1.1 
11. 

250. 
2.6 

17. 
79. 

180. 
5.4 

14. 

2.6 
3.1 

40. 

630. 
19. 
5.2 

.62 
73. 

170. 

Chemical analyses (parts per million) 

5.3 
< .05 

700. 
.04 
.7 

1.3 

12. 
< .OS 

700. 
.03 

1.2 
2.1 

3.4 
< .OS 

1000. 
.04 

< .3 
1.9 

2.9 
< .OS 

1400. 
.02 
.3 

8. 

60. 
< .OS 

200. 
.03 
.8 

3.7 

Intensely bleached rocks 

5.3 
150. 

6.6 
79. 

22. 
84. 
51. 

4.1 

7.7 

1.9 
2.2 

15. 

330. 
13. 
2.9 

.22 
53. 

96. 

16. 
< .OS 

300. 
.04 

3.1 
2.3 

1.5 
12. 

330. 
1.2 

20. 
33. 
3.2 

16. 
42. 

180. 
11. 

6.1 
11. 

4.1 

22. 

1200. 
39. 
7.9 

.83 
84. 

180. 

23. 
< .05 

400. 
.03 

2.7 
5.9 

6.9 
210. 

8.9 
26. 
1.9 
2.2 

13. 
29. 

770. 
7.5 

11. 
1.6 
5. 

11. 

1100. 
15. 
4.4 

.35 

190. 

11. 
< .05 

200. 
.04 
.5 

4.6 

350.0 

1.1 
16. 
50. 
3.1 

19. 
85. 
48. 
3.8 

18. 
10. 

3.9 
2.3 

90. 

950. 
29. 
8.1 

.71 
46. 

110. 

26. 
< .OS 

200. 
.03 

1.3 
2.4 

0.13 
64. 

1400. 
1.9 

1.5 
12. 
18. 

32. 
85. 
96. 
6.3 

2.S 
11. 

4. 
s. 

170. 

1100. 
44. 
5.2 

.49 
so. 

84. 

12. 
< .05 

900. 
.04 

6.6 
4.8 

Upper Cambrian Harmony Formation. 
Late Cretaceous monzogranite porphyry of West stock. 



TABLE 31.-Analytical data obtained along traverse E-E' (fig. 77) 

[Optical-spectroscopic analyses in parts per million by inductively coupled plasma methods of Scott and Kokot (1975) and F.E. Lichte (unpub. data, 1983); analyst, G. Riddle. Chemical analyses 

~ in parts per million by single-solution method of Shapiro (1975); analyst, F. Brown. Au determined by optical-spectroscopic methods, using HBr/Br2 extraction procedures rather than fire-
assay preconcentration; analyst, J. Crock.-, not detected] 0 

t'"' 
0 

Field No. 81TT176 81TT177 81TT178 81TT179 81TT180 81TT181 81TT182 81TT183 81TT184 81TT185 81TT186 81TT187 ~ Optical spectroscopic analyses (parts per million) 
0 
~ 

Ag -- -- -- -- -- -- -- -- -- -- -- -- t-3 
As -- -- -- -- -- -- -- -- 20.0 -- 10.0 -- :::r:: 
Ba 860.0 330.0 380.0 450.0 900.0 170.0 380.0 660.0 410.0 660.0 140. 1800.0 

tz:j 

t:C Be 2. -- 1. -- 2. 2. 1. -- -- -- -- 2. q 
Cd 2. -- -- -- 3. 2. -- -- -- -- -- 3. 0 

i:S 
Ce 130. 42. 65. 60. 96. 16. 8. 13. 6. 21. 8. 82. z 
Co 8. s. 10. 3. 8. 5. 3. 4. 4. 4. -- 11. 

~ Cr 78. 28. 46. 34. 62. 54. 45. 34. 23. 54. 16. 49. 
Cu 53. 82. so. 88. 140. 210. 99. 380. 120. 85. 28. 280. 
Ga 24. 8. 11. 11. 18. 11. 7. 9. 4. 8. s. 18. rn 

t-3 
0 

La 73. 24. 40. 31. 55. 12. 8. 9. 5. 12. 4. 48. 0 
Li 22. 15. 13. 16. 29. 8. 7. 8. 10. 8. 7. 22. ~ Mn 130. 45. 430. 110. 140. 170. 310. 160. 96. 120. 120. 210. 0 Mo -- 14. 2. 8. 8. 6. 3. 12. 2. -- 3. 12. 

~ Nb 10. -- 9. 8. 11. 9. 9. s. -- 5. -- 11. 
a:: 

Ni 23. 18. 24. 19. 31. 14. 7. 7. 4. 12. 7. 28. 0 
Pb -- -- 8. 8. 14. 11. 7. 6. -- 9. 22. 18. ~ Sc 18. 6. 12. 7. 16. 7. 6. 4. -- 6. 2. 13. t:1 Sn -- -- -- -- -- s. -- -- -- -- -- -- tz:j 
Sr 40. 95. 230. 200. 140. 400. 400. 240. 120. 270. 80. 280. 

~ Ta -- -- -- -- -- -- -- -- -- -- -- --
Th 21. 10. 8. 10. 11. -- -- -- -- -- -- 17. t:1 

tz:j 
v 76. 32. 47. 36. 68. 51. 48. 42. 31. 36. 32. 62. (3 y 15. s. 16. 11. 11. 10. 7. 6. 2. 7. 2. 14. rn 
Zn 22. 8. 25. 7. 23. 20. 15. 17. 9. 18. 140. 29. -t-3 

Pr 20. -- -- -- -- -- -- -- -- -- -- 10. ~ Nd 74. 22. 33. 30. 46. 9. -- 6. -- 10. -- 49. 
Sm 10. -- -- -- -- -- -- -- -- -- -- -- rn 
Gd 20. -- -- -- -- -- -- -- -- -- -- 10. ~ Dy s. -- -- -- -- -- -- -- -- -- -- s. 

0 

Yb 2. -- 2. -- -- 1. -- -- -- -- -- 1. ~ -Chemical analyses (parts per million) z 
0 

Au < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 $; 
Cl 320. 670. 480. 290. 220. 180. 150. 170. 72. 140. 130. 140. tz:j 

F 700. 300. 700. 500. 500. 300. 100. 200. 200. 300. 100. 600. > 
w 2.5 1.2 2.2 2.1 2.1 3.7 13. 8. 2.9 1.2 1.6 4.5 

t:l 
~ 
-l 
01 



tj 

""""' -:J 
~ 

TABLE 31.-Analytical data obtained along traverse E-E' (fig. 77)-Continued 
Q 
t;:l 
0 
C":l 

Field No. 81TT188 81TT189 81TT190 81TT191 81TT192 81TT193 -81TTI94 81TT195 81TT201 81TT200 81TT196 81TT197 B1TT198 B1TT199 ::I: 
t;:l 

Optical s~ectroscopic analyses (parts per million) a:: ...... 
UJ 

Ag -- -- -- 4.0 -- -- -- -- -- -- -- -- -- -- 1-3 
As 30.0 -- -- 410. -- -- -- -- -- -- -- -- -- -- ~ 
Ba 490. 810.0 360.0 370. 250.0 180.0 lBO.O 160.0 85.0 46.0 210.0 650.0 410.0 230.0 0 
Be -- -- -- -- 1. 1. 2. 1. -- -- -- -- -- -- ~ 
Cd -- -- -- 8. 2. 2. 3. 2. -- -- -- -- -- -- 1-3 

::I: 
t;:l 

Ce -- 65. 30. 13. 12. 12. B. 4. 41. 10. 7. 26. 43. 9. '"C 
Co 32. B. 3. -- 2. 1. -- 2. 4. 2. 2. 4. 1. -- 0 
Cr 15. 46. 17. 39. 48. so. 65. 48. 27. 9. 32. 36. 26. 12. ~ 
Cu 220. 150. lBO. 530. 62. 79. 190. 160. 35. 65. v.o. 85. 150. 27. 

~ Ga 4. 13. 5. 10. 10. 11. 10. 11. 11. 5. s. 10. 5. --
La 15. 36. 16. 8. 8. B. 6. 6. 16. 7. 7. 17. 28. s. C":l 
Li 9. 19. 9. 6. 7. 4. 5. B. 3. 3. 6. 6. 7. 4. 0 
Mn 69. 160. 4B. 48. 190. 140. 150. 200. 2000. !BOO. 300. 380. 220. 71. ~ 
Mo B. 9. 23. 42. 7. 8. 2. 2. -- -- -- -- -- 2. t;:l 

~ Nb -- 11. -- 7. 10. 7. 6. 4. 5. -- -- 4. 4. -- t;:l 

Ni 6. 24. 9. 2. B. B. 9. 9. 15. 14. 11. 10. 7. 3. ~ 
Pb 10. 21. -- 930. 10. -- -- -- 4. 10. 6. 9. 9. B. ~ 
Sc 3. 10. 3. 4. 5. 6. 7. 6. 4. -- 4. s. 3. -- 0 
Sn -- -- -- 9. -- -- -- -- 24. lB. -- -- -- -- ~ Sr B4. 130. 73. 100. 430. 470. 500. 370. 140. 13. 2]0. 270. 150. 71. t;:l 

Ta -- -- -- -- -- -- 190. -- -- -- -- -- -- -- ~~ 
Th 4. 14. 6. -- -- -- -- -- 11. -- -- -- -- -- tJ:I 
v 23. 53. 32. 43. 43. 40. 48. 53. 67. 25. 29. 36. 34. 17. ~ y 6. 11. 6. 2. B. B. 10. 8. 11. 3. s. 7. 4. 2. t-t 
Zn 15. 45. 9. 220. 14. 10. 12. 16. 32. 41. 21. 21. 22. 12. t;:l 

a:: 
Pr -- -- -- -- -- -- -- -- -- -- -- -- -- -- 0 
Nd 10. 35. 15. -- -- 7. 5. 6. 27. 6. -- 9. 14. --

~ Sm -- -- -- -- -- -- -- -- -- -- -- -- -- --
Gd -- -- -- -- -- -- -- -- -- -- -- -- -- --
Dy -- -- -- -- -- -- -- -- 7. 4. -- -- -- -- z 

a:: 
1. 

...... 
Yb -- -- -- -- -- -- -- -- -- -- -- -- -- z ...... 

Chemical analyses (parts per million) 
z 
Q 

t:l 
Au· < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 ...... 

UJ 
Cl 73. 210. 100. 73. 190. 150. 150. 270. 320. 380. 540. 400. 100. 73. ~ F 300. 500. 300. 400~ 200. 200. 200. 200. 100. 100. 100. 200. 300. 400. ...... 

C":l w 7.2 3.3 140. 1B. 6.9 24. 14. 6.B 9.9 7.8 2. 2. 140. 18. ~1-3 

~ g 
> 
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TABLE 32.-Supplementary analytical data for thorium and uranium obtained along traverse B-B' (fzg. 77; table 28) 

[Chemical analyses by delayed-neutron counting, using methods of Millard and Keaten (1982); analysts, H.T. Millard, Jr., B.A. Keaten, and F.M. Luman. Coefficient of 
variation is equal to one standard deviation, based on counting statistics, and expressed as a percentage of reported concentration) 

Analysis No. Weight Thorium Uranium 
Concentration Coefficient of Concentration Coefficient of Th/U (see table 28) (g) 

<EEm> variation (Eercent) <EEm> variation (Eercent) 

1 9.9062 4.12 13.0 
2 10.7161 8.15 8. 
3 10.4125 19.3 5. 
4 9.864 23.7 5. 
5 9.9023 8.87 9. 

6 10.0433 21.3 5. 
7 10.2189 5.23 14. 
8 10.368 9.59 8. 
9 9.0664 36.1 3. 
10 10.3113 11.5 6. 

11 10.9728 22.1 5. 
12 11.0089 22.6 5. 
13 10.2305 20.4 6. 
14 10.9912 18.9 5. 
15 10.235 9.12 9. 

16 10.4764 14.6 6. 
17 10.9697 12.3 7. 
18 9.6752 9.58 8. 
19 10.6358 8.1 8. 
20 10.4711 6.5 10. 

21 11.1386 9.84 10. 
22 10.0735 11.5 8. 
23 9.5967 9.89 10. 
24 10.7124 11.1 8. 
25 10.5599 12.7 7. 

26 11.5806 19.4 5. 
27 10.6595 11.5 8. 
28 10.9669 10.3 9. 

in the samples is in scorodite. Primary ores from 
the Little Giant Mine include pyrite, arsenopyrite, 
galena, sphalerite, and tetrahedrite (Roberts and 
Arnold, 1965). Some samples from the mine also 
include boulangerite and polybasite, secondary lead 
sulphosalts that replace some of the primary min
erals there. The specific mineral that gives rise to 
the tin anomaly at the Little Giant Mine is not 
known. Tin also is present in detectable concentra
tions in one other sample along geochemical profile 
A-A' (260 ppm; sample 22, table 27). This sample 
is well within the outer limit of the quartz stock
works, but the elemental associations within the 
sample (130 ppm Ag; more than 20,000 ppm As; 
more than 10,000 ppm Ph; more than 10,000 ppm 
Sb) all suggest that the mineralization is Tertiary 

1.08 4.0 3.81 
2.01 3. 4.06 
3.75 2. 5.14 
5.81 2. 4.08 
2.87 2. 3.09 

4.51 2. 4.72 
2.38 3. 2.2 
2.5 3. 3.85 
3.29 2. 10.98 
2.02 3. 5.68 

4.47 3. 4.94 
3.98 3. 5.68 
5.33 2. 3.82 
3.43 3. 5.49 
2.15 4. 4.24 

3.03 2. 4.82 
3.2 2. 3.84 
2.6 3. 3.68 
1.93 3. 4.2 
1.66 3. 3.92 

3.56 3. 2.76 
2.98 3. 3.87 
2.94 3. 3.36 
2.64 3. 4.19 
3.17 3. 4. 

3.51 3. 5.52 
2.62 3. 4.4 
3.21 3. 3.21 

in age and temporally related to the same event as 
that at the Little Giant Mine. 

Variations in molybdenum, fluorine, tungsten, 
boron, copper, zinc, barium, manganese, uranium, 
and thorium contents along geochemical profile B
B' (fig. 77) are shown in figure 80. The east part of 
this profile is largely through the East stock and 
provides, thereby, a geochemical section through a 
level of the Buckingham system that originally was 
at an elevation higher than that now exposed in 
the West stock. Restoration of offsets along the 
postmineral Buckingham and Second faults results 
in the currently exposed parts of the East stock at
taining an elevation higher than the West stock 
(see subsection above entitled "Economic Geology"). 
Combined dip-slip components of the offsets along 



TABLE 33.-Replicate analytical data for thorium and uranium in samples of mineralized rocks of the Upper Cambrian Harmony Formation and in samples of Late 
t;j 

""'"' Cretaceous granitic rocks and late Eocene or early Oligocene granodiorite porphyry analyzed in tables 11, 20, and 22 -.:J 
CXl 

[Chemical analyses by high-precision delayed-neutron counting, using methods of Millard and Keaten (1982); analyst, R.B. Vaughn. Coefficient of variation is equal to standard deviation, based on six individual 

~ determinations, and expressed as a percentage of reported mean concentration] 
0 
0 

Analysis Delayed neutron determinations of thorium Mean Coefficient of variation Rock-type ::t: 
No. Table (parts per million) ~ (Eercent) or unit tz:j 

~ 
~ 

00 

1 22 11.1 10.5 11.1 11.3 10.1 10.7 10.63 2.0 Harmony Formation t-:3 

2 22 6.4 9.4 7.96 8.6 7.22 7.06 7.77 6. Do. ~ 
1 20 13.1 14.3 12.8 15.5 15.4 16.9 14.67 5. Monzogranite porphyry 0 

"!!j 

2 20 11.6 11.9 8.76 10.3 11.4 11.7 10.94 5. Do. t-:3 
::t: 

3 20 9.38 9.44 9.04 8.55 10.4 10.8 9.6 4. Do. tz:j 

4 20 10.5 10.7 8.86 11. 12.2 11.2 10.74 5. Do. '"C 
0 

5 20 12.7 10.1 12.4 12.1 11.2 14.3 12.13 5. Do. ~ 
6 20 11.4 10.5 11. 10.8 9.12 10.7 10.59 3. Do. 

~ 7 20 13.9 11.9 11.4 11.5 11.3 13.4 12.23 4. Do. 
8 20 7.1 13.6 8.9 12.6 5.9 10.5 9.77 14. Do. 0 
9 20 8.3 9.9 10.6 13. 9.57 8.1 9.91 8. Do. 0 
1 11 8.5 10.1 5.9 9.1 8.7 6.3 8.1 9. Granodiorite porphyry ~ 2 11 6. 8.6 5.9 7.9 8.3 9.6 7.72 9. Do. ~ 

3 11 6.5 4.8 9.71 8.1 3.79 9.23 7.02 15. Do. tz:j 

4 11 10. 7.3 7.9 7.9 9.3 5.9 8.05 8. Do. ~ 
5 11 6.8 11.2 9.8 9.4 6.7 6.7 8.43 10. Do. ~ 

6 11 9.8 8. 9.6 9.2 7.9 7.9 8.73 5. Do. 0 

~ 
tz:j 

Analysis Delayed neutron determination of uranium Mean Coefficient of variation Rock-type ~~ 
No. Table (parts per million) ~ (percent) or unit § 
1 22 2.45 2.61 2.63 2.33 2.57 2.57 2.53 2.0 Harmony Formation t-'4 

tz:j 

2 22 2.06 2.01 1.97 1.67 1.83 1.87 1.9 3. Do. ~ 
1 20 5.76 6.01 6.13 5.96 6.05 5.61 5.92 1. Monzogranite porphyry 0 

2 20 3.9 3.89 3.76 3.84 3.88 3.89 3.86 1. Do. ~ 3 20 3.83 3.9 3.89 3.8 3.93 3.69 3.84 1. Do. 
4 20 4.08 4.03 4.32 4.03 3.96 4.07 4.08 1. Do. z 
5 20 3.63 4.17 3.96 3.89 4.25 3.75 3.94 3. Do. ~ 

~ 

6 20 3.67 3.84 3.76 3.86 3.88 3.82 3.8 1. Do. z 
~ 

7 20 3.77 3.94 4.06 3.89 4.06 3.65 3.89 2. Do. z 
0 

8 20 5.43 5.08 5.35 5.11 5.41 5.23 5.27 1. Do. t:j 

9 20 4.35 4.08 4.14 3.98 4.16 4.17 4.15 1. Do. 
~ 

00 

1 11 4.8 5.02 5.21 4.95 5.16 5.23 5.06 1. Granodiorite porphyry t-:3 
~ 
~ 

2 11 5.95 5.9 6.24 5.63 6.14 5.69 5.92 2. Do. 0 

3 11 4.41 4.38 4.16 4.18 4.6 4.28 4.33 2. Do. ~t-:3 

4 11 6.02 6.17 6.18 6.01 6.06 6.15 6.1 1. Do. ~ 
5 11 6.1 5.9 5.96 5.93 6.23 6.16 6.05 1. Do. g 
6 11 6.78 6.89 7.06 6.82 6.92 6.96 6.90 1. Do. > 
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TABLE 34.-Unqualified minimum and maximum values for each 
of 30 selected elements in samples analyzed in tables 27 
through 31, and the number and type of qualified determina
tions for rocks analyzed along traverses A-A', B-B', C-C', D
D', and E-E' (fig. 77) in the Buckingham area 

[-, not determined] 

Unqualified determinations Qualified determinations 
Minimum Maximum Not analyzed Less than Greater than 

Number (Parts per million) for determination limit 

Ag 45.0 O.ll 1300.0 'e3 .o 
B 75. 5.3 170. 26.0 127. 
Ba ll6. 40. 2800. 12.0 
Co 70. 1. 32. 'sa. 
Cr 127. 1.5 250. 1. 

Cu 127. 4. 530. 1. 

Ga 126. 1.9 34. '2. 
La 81. 4. 77. 47. 
Mn 128. 18. 200. 
Mo 87. 2. 800. '41. 

Ni 102. 2. 68. 26. 
Sb 32. • 3 2600 • 26. 169. 1. 
Sc 121. 1.6 26. 7. 
Sn 30. 2. 260. 1 98. 
Sr 126. 8. 710. '2. 

Ti 88. 300. 7700. 26. 1. 213. 

v 125. 13. 190. 3. 
y 102. 2. 46. 2 6. 
Yb 78. .22 9. 50. 
Zr 101. 24. 560. 26. 1. 

As 34. 1.8 2800. 1 90. 4. 
Au 6. • 06 12 • 1122. 
F 127. 100. 1400. 1. 
Hg 102. .02 1.1 26. 
Th 84. • 29 43 • 30. 14. 

u 71. .09 12.82 56. 1. 
w 128. • 79 140 • 
Zn 113. 7. 5800. 115. 
Pb 64. 4. 1000. 160. 4. 
Nb 48. 3.8 54. 'eo. 

1 Variable lower limits of determination. 
2 Variable upper limits of determination. 

these faults are approximately 800 m. However, 
geochemical profile B-B' also includes a part of the 
West stock. Therefore, comparison of the variations 
of plotted elements between the West stock and 
East stock parts of the profile might provide some 
hint of vertical changes in elemental concentra
tions throughout the Buckingham system. Appar
ent increased abundances of fluorine and tungsten 
in the East stock part of the profile may indicate 
the preferential concentration there of these ele
ments toward the uppermost parts of the system 
(fig. 80). Both tungsten and fluorine have been 
shown by Hildreth (1979) to be among the ele
ments compositionally zoned preferentially in the 
direction of the top of rhyolite magma belonging to 
the Pleistocene Bishop Tuff associated with the 
Long Valley caldera in east-central California. 
However, such conclusions concerning metal zona
tion at Buckingham must be considered cautiously 
because of the multiplicity of the magmatic pulses 
that accompanied the emplacement of the system. 
In addition, tungsten in the Buckingham system 

appears to be preferentially concentrated on the 
periphery of the highest molybdenum concentra
tions (see subsection above entitled "Economic Ge
ology")-a relation that seems to hold true along 
geochemical profile A-A' (fig. 78). Such concentra
tions of tungsten probably result from an overlap
ping of hydrothermal pulses that accompanied each 
succeeding magmatic phase of the system. An at
tempt will be made below to assess further by 
means of factor-analysis methods, some of the 
metal associations in the system. 

Variations in molybdenum, fluorine, tungsten, 
boron, copper, barium, manganese, tin, antimony, 
and arsenic contents along the geochemical profile 
of Vail Ridge (C-C', fig. 77) are shown in figure 81. 
As in the two preceding geochemical profiles dis
cussed above, molybdenum contents are elevated 
sharply in the rocks veined heavily by quartz. In 
addition, the Mo/Cu ratio is greater than 1. The 
local background for molybdenum in the altered 
rocks surrounding quartz stockworks here is prob
ably 2 to 12 ppm, whereas eight heavily veined 
rocks analyzed show molybdenum contents of 38 to 
140 ppm (fig. 81). Overall tungsten contents along 
geochemical profile C-C' are conspicuously el
evated with respect to the rest of the sampled 
parts of the Buckingham system (compare figs. 78, 
80, and 81). However, tungsten contents along pro
file C-C' show erratic fluctuations between sample 
localities, and the concentrations do not relate 
closely to rocks veined by quartz. Tungsten abun
dances on Vail Ridge also seem to show a fairly 
positive correlation with boron contents (fig. 81). 
None of the other plotted elements (copper, bari
um, manganese, tin, antimony, and arsenic; fig. 81) 
show a correspondence to the distribution of veined 
rocks in this part of the Buckingham system. Tin, 
antimony, and arsenic contents are shown primari
ly to provide estimates of these elements in ex
posed parts of presumably different levels of the 
system. In addition, the concentrations of these el
ements in the Buckingham molybdenum system 
contrast significantly with elemental signatures 
along the fault-controlled, Tertiary base- and 
precious-metal deposits in the area. Veined rocks 
on Vail Ridge contain tin in the range 2-8 ppm, 
antimony in the range 6-18 ppm, and arsenic in 
the range 4-80 ppm (fig. 81). 

Concentrations of tin and arsenic in veined rocks 
very close to the West stock (table 31) seem to 
show elemental abundances comparable to simi
larly veined rocks on Vail Ridge. Veined rocks ad
jacent to the West stock contain tin in the range 
<2-5 ppm and arsenic in the range 3.4-60 ppm. 
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FIGURE 77.-Sample-locality map of rocks analyzed in tables 27 through 31, showing traces of geochemical traverses A-A', B-B', C-C', 
D-D', and E-E'. Underlined sample numbers indicate molybdenum contents greater than 50 ppm. Hachured line approximately 
encompasses outer limit of intensely developed quartz stockworks. 
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FIGURE 78.-Abundances of molybdenum, fluorine, tungsten, boron, copper, and barium versus distance along traverse A-A'. See 
figure 77 for location of traverse. 
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Thus, there does not appear to be a widespread 
and progressive buildup in arsenic concentrations 
through successively shallower quartz-veined parts 
of the Buckingham system. However, arsenic is 
present in relatively high concentrations at the 
Empire Mine (T.G. Theodore and G.M. Jones, 
unpub. data, 1989), which is a silver-gold, silica
pyrite ore body associated with the Buckingham 
stockwork molybdenum system (Schmidt and oth
ers, 1988). At this deposit, arsenic was detected, at 
a 100-ppm lower detection level, in 10 of 22 sam
ples of jasperoid. The mean arsenic content in 
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those 10 samples is about 400 ppm; there is a 
range of 180 to 1,100 ppm in the values of detected 
arsenic. 

VARIATION OF MINOR ELEMENTS IN THE 
GENERAL AREA OF BLUFF 

Frequency distributions for 12 elements (molyb
denum, fluorine, tungsten, barium, copper, zinc, 
lead, niobium, manganese, vanadium, nickel, and 
lithium) along geochemical profile E-E' (fig. 77) 
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FIGURE 79.-Abundances of uranium, thorium, manganese, and zincversus distance along part of traverse A-A'. See figure 77 for 
location of traverse. 
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near Bluff are shown in figure 82. Some of these 
distributions and the remaining data along the 
profile (table 31) provide a local geochemical con
trast between altered rocks that surround the 
Buckingham system and intensely mineralized 
rocks related closely to the system itself. Although 
frequency distributions for many elements com
monly extend beyond their lower limits of deter
mination, median values from many of these 
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elemental distributions provide a significant con
trast with similar determinations on quartz-veined 
rocks that surround the Buckingham deposit. For 
example, molybdenum along geochemical profile E
E' shows a median value of about 2.5 ppm; fluorine 
about 200 ppm; tungsten about 2.5 ppm; and bari
um about 300 ppm-values all significantly less 
than in the quartz-veined rocks along geochemical 
profiles A-A', B-B', C-C', and D-D' (compare figs. 
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78-81; table 31). Copper content, however, shows a 
median value of about 110 ppm along profile E-E' 
(fig. 82)-a value that is apparently intermediate 
between the approximately 50-ppm concentrations 
in the quartz-veined rocks in the general area of 
the West stock (fig. 78), and the approximately 
200-ppm concentrations of copper in the quartz
veined rocks of the Vail Ridge part of the Buck
ingham system (fig. 81). Median values for zinc, 
lead, niobium, manganese, vanadium, nickel, and 
lithium contents are, respectively, about 15, 7.5, 5, 
150, 35, 7.5, and 7.5 ppm along geochemical profile 
E-E' (fig. 82). All these frequency distributions, 
with the possible exception of that for vanadium, 
show either strongly skewed or strongly censored 
distributions. 

Plots of fluorine versus molybdenum, barium, cop
per, and lithium contents in the rocks analyzed 
along geochemical profile E-E' show these data to be 
grouped by rock type into broad, only partly overlap
ping domains (figs. 83A-83D). The fluorine contents 
of Tertiary granitic rocks in this general area are 
generally less than those of nearby biotite hornfels of 
the Harmony Formation, in contrast to the fluorine 
contents in and adjacent to the Buckingham molyb
denum system, as described in the next subsection. 
However, along geochemical profile E-E', the fluo
rine content of the granitic rocks seems to show a 
very weak positive correlation with molybdenum 
content, whereas fluorine and molybdenum contents 
seem to vary inversely in rocks of the Harmony For
mation (fig. 83A). Two samples of garnet-pyroxene 
skarn related to Tertiary granitic rocks also were 
sampled along geochemical profile E-E'. These Terti
ary skarns show a fluorine content of 100 ppm-con
siderably below the range in fluorine content of 
1,900-2,700 ppm found in garnet skarn D appar
ently associated with the Buckingham stockwork 
molybdenum system (table 24; see section below en
titled "Mineral Chemistry of Late Cretaceous and 
Tertiary Skarns"). As such, these low flourine con
tents in the skarn along geochemical profile E-E' 
further provide a characteristic grouping of their 
data points into a domain distinct from that of other 
rock types in the plots of fluorine versus barium and 
lithium contents (figs. 83B, 83D). 

COMPARISON OF THE DISTRIBUTIONS OF 
FLUORINE, MOLYBDENUM, AND COPPER IN 
THE BLUFF AREA WITH THE BUCKINGHAM 

MOLYBDENUM SYSTEM 

Plots of fluorine versus molybdenum and copper 
contents by rock type in the Bluff area and in the 
West stock and Vail Ridge parts of the Buckingham 

molybdenum system further emphasize the minor el
ement contrast among these suites of rocks (figs. 
84A.-84D). Tertiary granitic rocks of the Bluff area 
show overall much lower fluorine and molybdenum 
contents than exposed granitic rocks of the 
Buckingham system (fig. 84A.). This plot also accen
tuates the contrast between the fluorine content of 
granitic rocks at a deep level of the system (West 
stock) compared with presumably shallower parts 
(Vail Ridge). Although no significant copper mineral
ization is known to be associated with Tertiary gra
nitic rocks in the Bluff area, the plot of fluorine 
versus copper contents (fig. 84B) for these rocks sug
gests that more copper may be associated with rocks 
of the Bluff area than with those of the Buckingham 
system. However, such a judgement would entail a 
misinterpretation of these data. It must be recalled 
from above that copper abundances in the Buck
ingham system are zoned to increased concentrations 
outward from the steeply plunging shells of molybde
nite mineralization that make up the deposit. Thus, 
the data points for the Buckingham system shown 
(fig. 84B) should not be used alone as a suggestion of 
its relative potential for copper. As we discussed 
above, evolution of the Buckingham system includes 
very significant copper mineralization in the areas of 
the Copper Basin Mine and the Copper Queen Mine. 

The plots of fluorine versus molybdenum and cop
per contents for rocks of the Harmony Formation in 
these three areas (Bluff, West stock, and Vail Ridge) 
show significantly greater scatter (figs. 84C, 84D) 
than similar plots for granitic rocks there. Further
more, these data from the Harmony Formation do 
not show a clustering of plotted values into approxi
mately three spatially separate domains, as do data 
from the granitic rocks. Nonetheless, the rocks of the 
Harmony Formation from geochemical profile C--C' 
include fluorine contents that cluster near the high 
end of the range 200-1,400 ppm. 

MULTIVARIATE STATISTICS 

Multivariate statistics were prepared initally on 
a data set consisting of 128 samples from the 
Buckingham area (tables 27-31) and 30 selected el
ements (silver, boron, barium, cobalt, chromium, 
copper, gallium, lanthanum, manganese, molybde
num, nickel, antimony, scandium, tin, strontium, 
titanium, vanadium, yttrium, ytterbium, zirco
nium, arsenic, gold, fluorine, mercury, thorium, 
uranium, tungsten, zinc, lead, and niobium) after 
first substituting all qualified determinations by 
usage of programs GXFI:XX and REPLACE (see 
Kork and Miesch, 1984; U.S. Geological Survey, 
1984). Strengths of association between variables 
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are usually determined by Pearson, or product
moment correlation, or Spearman or Kendall rank
correlation, and analysis of variance techniques. 
The product-moment technique requires bivariate 
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normal distributions between variables being com
pared (Dixon and Massey, 1951; Lovering and oth
ers, 1968), whereas the rank-correlation technique 
makes no assumption about sample distribution 
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FIGURE 82.-Frequency distributions of 12 elements in 26 rock samples from geochemical 
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(Siegel, 1956; Flanagan, 1957). Visual inspection of 
histograms prepared for elemental distributions of 
the data set from the Buckingham area indicates 
that most of the elements here do not approximate 
either a normal or a lognormal distribution. These 
characteristics of the data set would weaken the 
strength of association between elements deter
mined by a product-moment correlation analysis. 
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However, comparative tests on somewhat similarly 
distributed geochemical data (Theodore and Blake, 
1975) have shown that a product-moment correla
tion analysis may be useful in at least a qualita
tive manner as mathematical indices of association 
only within the data set (D.A. Singer, written com
mun., 1986). All coefficients of correlation abso
lutely greater than 0.44 indicate the strongest 
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traverse E-E' (fig. 77; table 31). ND, below limits of determination. Arrow indicates median. 
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positive and negative associations in a further
culled geochemical data set of 19 elements that 
includes a high percentage of unqualified determi
nations (table 35). The 11 remaining elements 
(silver, boron, cobalt, antimony, tin, ytterbium, ar
senic, gold, uranium, lead, and niobium) each have 
more than 50 qualified determinations (less than 
or greater than the limits of determination, or not 
analyzed for; see table 34). Nonetheless, in light of 
all of the aforementioned perplexities with the data 
set, some geologically reasonable associations can 
be made. 

Molybdenum is strongly correlated positive
ly (r;:::+0.44) only with fluorine, and negatively 
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(r~-0.44) with zircon (table 35). Fluorine, however, 
shows a strong positive correlation with barium, lan
thanum, molybdenum, vanadium, and thorium; va
nadium shows a strong positive association with 
chromium, lanthanum, scandium, strontium, titani
um, and yttrium. As we discussed above, the plots 
of the elemental concentrations along the geochemi
cal profiles seem also to show sympathetic positive 
variations among molybdenum, barium, and fluorine 
contents in the immediate area of the Buckingham 
deposit. 

Several other multivariate statistical approaches, 
R- and Q-mode types of factor analysis (see Davis, 
1973), were used in an attempt to detect additional, 
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FIGURE 83.-Fluorine versus molybdenum (A), barium (B), copper (C), and lithium (D) contents in 26 rocks analyzed along geo
chemical traverse E-E' (fig. 77). Numbers indicate more than one sample. Fields queried where extent uncertain. 
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geologically significant elemental associations that 
may not have been resolved by means of the correla
tion coefficients alone. Our preliminary tests involved 
the utilization of various standard options (U.S. Geo
logical Survey, 1984; see Miesch, 1976a, b, 1981) as
sociated with both R- and Q-mode factor analyses of 
the 30-element- by 128-sample data set. These data 
presumably include fairly reasonable substitutions of 
all qualified determinations as required in the statis
tical manipulation of data sets by the various factor
analysis programs (Davis, 1973; U.S. Geological 
Survey, 1984). Of the options attempted, a moder
ately complex Q-mode factor analysis using six fac
tors apparently provides here a very geologically 
reasonable discrimination of the variances among the 
geochemical data. Such a six-factor model accounts, 

1400 

GRANITIC ROCKS 
1200 • 

•• 
1000 • • 
800 • • • 

z 
Q 600 • _J 

~ 
~ 400 + • a: 
w 
a... 200 
(/) A I-
a: 

0 <( 
a... 0 100 200 300 400 

on average, for 69 percent of the variances of all 30 
elements. However, the proportions of the variances 
thus accounted for in the suitably transformed data 
set include low values of 8, 41, and 42 percent for 
niobium, zinc, and uranium, respectively. If we disre
gard these low values, then the average proportion of 
the variances accounted for by the six-factor model is 
73 percent. By comparison, a relatively simple three
factor model accounts for an average of 43 percent of 
the proportion of the variances, and a 10-factor model 
accounts for 80 percent. The Q-mode analysis reveals 
the following associations among the elements in the 
six-factor model, all considered by us to be moderate 
at best because the correlation between the highest 
varimax factor loadings and the elements (see Klovan, 
1968; Davis, 1973) is about 0.5: 
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TABLE 35.-Array of correlation coefficients for 128 rocks (tables 27-31) from the Buckingham area 

[Dots, correlation coefficients equal to or greater than +0.44; circles, correlation coefficients equal to or less than ·0.44; dashes, correlation coefficients between -0.44 and +0.44] 
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Factor 1: positive for Co, Cr, Mn, Mi, Sc, Y, and 
Yb; negative for W; 

Factor 2: positive for Ba, Mo, F, and W; negative 
for Mn, Ni, and Yb; 

Factor 3: positive forB and Sb; negative forTh; 
Factor 4: positive for Ag, Sb, Sn, As, Au, and Ph; 
Factor 5: negative for La and Ni; 
Factor 6: negative for B. 

Sc 

All the elements listed above show correlations 
with their respective factors higher than 0.5 (posi
tive) or lower than -0.5 (negative). As tabulated, the 
elements are listed in their order in the data set and 
their order in the listing does not imply a relative 
strength. If the correlations considered to be geologi
cally significant between the highest varimax factor 
loadings and the elements are increased to higher 
than 0.57 or lower than -0.57, then the Q-mode 
analysis reveals the following associations in the six 
factor model: 
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Factor 1: positive for Co, Sc, Y, and Yb; 
Factor 2: positive for Ba, Mo, and W; negative for 

Cr and Mn; 
Factor 3: positive for Sb; negative for Th; 
Factor 4: positive for Ag, Sn, As, Au, and Ph; 
Factor 5: none; 
Factor 6: negative for B. 

The resulting groupings of the elements in the six
factor model seem to reflect a dominance largely by 
three major geologic environments and by their asso
ciated geologic processes. These environments con
sist of first the unaltered rocks of the Harmony 
Formation and (or) the weakly sulfidized rocks of the 
Harmony Formation near the outer margins of the 
pyritic halo that surrounds the Buckingham system. 
Factors one and five seem to show a dominance by 
this environment. Somewhat more specifically, factor 
five also seems to include loadings that result from 
the effects of alteration of diabase. The second major 
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geologic environment consists of the effects of fairly 
intense alteration and mineralization associated 
with the Buckingham system (factors 2 and 6). Fac
tor 2 includes a moderate, positive loading for 
barium, molybdenum, fluorine, and tungsten, statis
tically confirming thereby associations of these ele
ments depicted graphically by the plots above 
showing their concentrations along the geochemical 
profiles across the Buckingham system. Factor 6, 
dominated by a strong negative loading for boron, re
sults primarily from the apparent strong depletion of 
boron in the immediate area of the West stock of the 
Buckingham system. Third, elements either intro
duced or depleted significantly during the Tertiary, 
mostly fracture controlled base- and precious-metal 
mineralization, exemplified by that at the Little 
Giant Mine, largely make up factors 3 and 4. Vari
ous plots of the Q-mode factor loadings for the 128 
samples analyzed depict graphically a selective 
grouping of the samples into several fairly discrete 
domains (fig. 85). From such plots, the superposition 
of the effects of progressively large loadings on factor 
2, or samples associated closely with molybdenum 
mineralization, onto the variances associated mostly 
with largely unmineralized or weakly sulfidized 
rocks of the Harmony Formation are readily appar
ent (fig. 85A). Furthermore, those few samples in the 
data set that show a dominance by the effects of Ter
tiary base- and precious-metal mineralization (factor 
4) plot significantly away from the loadings on the 
other samples (fig. 85B). 

MINERAL CHEMISTRY OF 
LATECRETACEOUSAND 

TERTIARY SKARNS 

BY jANE M. IIAMMARSTROM 

INTRODUCTION 

An electron microprobe was used to study the 
mineral chemistry of a number of mapped bodies of 
skarn in the northeastern part of the study area 
(stippled patterns, pl. 1). These skarns are exposed 
at the surface east of the main part of the Buck
ingham porphyry molybdenum stockwork system 
and extend northward from the center of Copper 
Basin copper mining activity in the Contention pit. 
Skarn formed in three metasedimentary rock units: 
the Upper Cambrian Harmony Formation, the 

Middle Pennsylvanian Battle Formation, and the 
Upper Pennsylvanian and Lower Permian Antler 
Peak Limestone. Previous discussions in this re
port describe the geology of these skarn bodies and 
show that some skarns may be related to Creta
ceous magmatism associated with the Buckingham 
system, whereas others are more closely linked 
with Tertiary intrusive events. Recent summary 
studies (for example, Einaudi and others, 1981; 
Meinert and others, 1981; Einaudi and Burt, 1982; 
Meinert, 1983; Kwak, 1986) show that calcic 
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FIGURE 85.-Loading on Q-mode factor most closely associated 
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tion (A) and Q-mode factor compared with factor (factor 4) most 
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age contribution of that factor in a particular sample; a value 
of +1.0 indicates 1 standard deviation above average (see text). 
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skarns evolve through multiple stages. In the early 
stages of calcic skarn evolution, a prograde anhy
drous mineral assemblage dominated by pyroxene 
and garnet forms as a result of contact metamor
phism and metasomatism. Sulfide deposition in 
calcic skarns accompanies hydrous alteration of 
earlier stage anhydrous garnet and pyroxene to 
form amphibole, epidote, and chlorite. Different 
classes of skarns, as defined by the principal eco
nomic metal exploited, represent differences in tec
tonic settings and types of associated magmatism. 
Garnet and pyroxene compositions provide a char
acteristic fingerprint of associated metallization 
and provide clues about the oxidation-sulfidation 
environment of skarn formation. The complex zon
ing patterns in skarns arise from the overprint of 
stages as the skarn front advances through space 
and time. Meinert (1983) emphasized the fact that 
aspects of local geologic environment such as 
depth, structure, and host-rock composition affect 
the extent of development of various stages in any 
given skarn. 

This chapter describes the mineral chemistry of 
the Copper Basin skarns. Mineral compositions are 
compared with published results for other skarns, 
and constraints on conditions of formation imposed 
by observed mineral assemblages are discussed. The 
observations and conclusions reached in this report 
are based almost entirely on surface samples repre
senting the oxide zone. Current (1989) active explo
ration and development may reveal additional 
sulfide zones and will undoubtedly reveal exposures 
critical to the understanding of the paragenesis of 
these skarns. 
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for use as a microprobe standard. Karen Gray, U.S. 
Geological Survey, assisted with sample preparation, 

mineral separations, and X-ray work. Phil Bethke 
and Mike Foose, U.S. Geological Survey, and Larry 
Meinert, Washington State University, offered advice 
on interpretation of microscopic textures. Barney 
Berger, U.S. Geological Survey, kindly arranged for 
analytical work on nontronite samples. Bruce Lipin, 
U.S. Geological Survey, offered advice on chromite. 

DESCRIPTION OF SAMPLES 

Individual mapped skarn bodies, or groups of 
closely spaced mapped skarn bodies are given let
ter designations, A through F, assigned from west 
to east; thus, their overall relation is proximal to 
distal relative to the main part of the Buckingham 
system (fig. 86). All samples represent surface 
samples typical of the skarn in the outcrop area. In 
addition to skarn, a few samples of hornfels, dia
base, and yellow-green clay layers associated with 
skarn were examined. The mineralogy of all sam
ples in the microprobe study is summarized in 
tables 36 and 37. 

Additional major- and trace-element data (see 
table 24) are given for samples from the Harmony 
Formation (skarn D), massive garnetite skarn 
formed in the middle member of the Battle Forma
tion (skarn E), and associated clays (table 38). 

Most of the samples included in this study repre
sent barren skarn. In the Copper Basin area, miner
alized skarn deposits are confined to the Harmony 
Formation in the eastern part of the district near the 
unconformity that separates the Harmony Formation 
from the lower member of the Battle Formation. 
Intersecting faults are an important control on local
ization of mineralized skarn deposits (fig. 86) which 
include the Battle Mountain Gold Co.'s Labrador 
gold skarn deposit, Surprise gold-copper skarn, and 
Carissa copper-gold skarn deposit (pl. 1). Roberts 
and Arnold (1965) described the geology of the 
Carissa underground mine and D.W. Blake described 
skarn mineralization in the Carissa and Contention 
open-pit mines in this report (see subsection above 
entitled "Supergene Copper Deposits at Copper 
Basin"). Schmidt and others (1988) described the 
geologic setting of the Surprise and Labrador skarn 
deposits at Copper Basin. Santa Fe Mining, Inc. ex
plored the gold potential for skarn in area B (fig. 86). 
No mineralization is known to be associated with the 
other two areas of skarn in the Harmony Formation 
(A and C), or with skarn formed in the Battle For
mation (E) or in the Antler Peak Limestone (F) at 
Copper Basin. The Battle Formation and Antler 
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Peak Limestone host copper and gold-bearing skarn 
deposits associated with a middle Tertiary granodio
rite pluton at the West ore body (Theodore and 
Blake, 1978) and Fortitude Mine (Wotruba and oth
ers, 1986) at Copper Canyon. 

SKARN IN THE HARMONY FORMATION 

The letters A, B, C, and D (fig. 86) refer to four 
areas of skarn within the Harmony Formation. 
Skarns A, B, and C appear to be spatially and ge
netically associated with Tertiary porphyritic 
leucogranite. Skarn D, which parallels the uncon
formity between the Harmony and Battle Forma
tions, is displaced by the Surprise fault and cut by 
a number of smaller faults (pl. 1). Blake and others 
(1979) showed that before open-pit mining, skarn D 
could be traced more or less continuously south
ward into Late Cretaceous porphyritic monzogran
ite (see subsection above entitled "Associated 
Skarn Alteration"). The change in mineralization 
from copper-gold at the Carissa deposit to gold at 
the Labrador deposit may represent a proximal to 
distal metal zoning relative to the Late Cretaceous 
system similar to the metal zoning described by 
Myers and Meinert (1988) for the proximal, copper
rich West ore body and distal, gold-rich Fortitude 
deposit associated with the middle Tertiary, al
tered granodiorite of Copper Canyon stock. How
ever, localization of mineralization along fault 
zones and the presence of porphyritic leucogranite 
of probable Tertiary age at the Labrador deposit 
(Schmidt and others, 1988) suggest that gold min
eralization there is a local Tertiary event, possibly 
overprinting the more extensive Late Cretaceous 
skarn. 

Samples of skarn A exhibit varying degrees of 
calc-silicate encroachment on hornfels to form bed
ded skarn (see fig. 35). Samples 84JH041 through 
84JH044 represent a traverse across strike from 
west to east in skarn A. These four samples show a 
transition from biotite hornfels cut by quartz and K
feldspar veins, through pyroxene-rich hornfels with 
successive replacement of pyroxene by poikilitic gar
net, to a rock consisting of alternating veins of red 
garnet and quartz. Small grains of opaque iron oxide 
minerals, chromite, pyrite, apatite, and sphene are 
noted. This particular skarn body represents the 
metamorphic and (or) initial metasomatic stages of 
skarn evolution; retrograde hydrous silicate assem
blages are not developed. 

Skarn B consists of a group of mostly fault seg
mented, massive skarn bodies and includes the 

Overlook property explored by Santa Fe Mining, 
Inc., and the Battle Mountain Gold Co. Rocks from 
skarn B are red or green spongy garnetites, con
taining pyroxene and coarse-grained epidote; the 
garnet is mostly colorless to pale yellow and aniso
tropic, but many crystals have distinct yellow, iso
tropic cores. Epidote fills interstices among garnet 
grains and selectively replaces zones within indi
vidual garnet crystals. Brown chlorite occurs 
within garnets and as 0.02-mm-wide bands sepa
rating individual garnet crystals. Two samples 
from skarn B are garnet free: sample 85JH097, 
from an earthy, pale-green epidosite layer that is 
separated from a chilled porphyritic leucotonalite 
dike by garnet-bearing sample 85JH096; and sam
ple 85JH102, a pyroxene-rich rock collected at a 
prospect pit in skarn formed along a fault marked 
by a conspicuous gouge zone. Pyrite replaces ro
settes of green chlorite in sample 85JH102. This 
pyrite has a distinctive colloform texture that sug
gests gellike growth at low temperatures. In the 
samples from skarn B, the retrograde stage of 
skarn formation, represented by the hydrous sili
cate assemblages, was not accompanied by ex
tensive sulfide mineralization. However, gold 
mineralization has been reported in skarn as
sociated with diabase in this general area (E.I. 
Bloomstein, Santa Fe Mining, Inc., oral commun., 
1987). 

Skarn C is a bedded skarn made up of finely 
laminated and veined, red and green calc-silicate 
rocks and hornfels cut by a diabase dike. In some 
thin sections, as many as nine or more discrete 
subparallel layers of varying texture and modal 
mineralogy are present within 2 em. Garnet forms 
patches or discontinuous veinlets with partly devel
oped euhedral rims; subhedral to anhedral pyrox
ene and epidote form clots with K-feldspar. Some 
garnets are colorless and anisotropic, whereas oth
ers are red and isotropic or have isotropic cores 
with zoned rims. Veinlets of K-feldspar or comb
textured quartz are common. Small grains of apa
tite, sphene, and zircon are present throughout 
these rocks, and coarse-grained scapolite is ob
served in one sample from the contact between a 
garnet-rich layer and a pyroxene-feldspar layer. 
Samples 85JH078 through 85JH086 represent 
skarn formed in hornfels. Samples 85JH087 and 
85JH088 represent endoskarn formed in the chilled 
margin of a 5-m-wide, dark-gray diabase dike that 
cuts across bedding in the laminated hornfels. The 
endoskarn samples are fine-grained, green rocks 
cut by calc-silicate veins. Igneous textures are pre
served in two coarser grained samples, 85JH089 
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FIGURE 86.-Geologic sketch map of northeastern part of Buckingham study area (modified from 
pl. 1), showing skarns (A-F) and sample locations for mineral chemistry studies. 
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and 85JH090, which are from the central parts of 
the dike. These rocks are essentially composed of 
pyroxene and plagioclase; they show effects of 
hydrothermal alteration but lack garnet veins. Pla
gioclase in endoskarn is more calcic than the pla
gioclase in bedded skarn from skarn C (table 39). 

Skarn D is an elongate, north-south-trending, 
massive skarn body along the unconformity between 
the Harmony and Battle Formations. Samples were 
collected from a traverse along the length of this 
skarn from north (sample 76CB2) to south (sample 
76CB11). Rocks from this skarn are mainly gar
netites, with little or no pyroxene. The garnet-rich 
nature of the skarn is demonstrated by the bulk
rock chemistry (table 24), which approaches the 
composition of a garnet. The degree of retrograde 
alteration of the anhydrous, prograde assemblage 
increases markedly from north to south, and the 
southernmost samples contain sulfide minerals, 
mostly pyrite, in veins and filling polygonal inter
stices between coalesced garnets. In some samples, 

EXPLANATION 

~ Younger alluvium (Quaternary) 

~ Granodiorite porphyry (Oligocene; Tgp) and diabase 
~ (Oligocene; Tdb) 

Porphyritic leucogranite (Oligocene or Eocene) 

Megacryst porphyry (Late Cretaceous) 

Antler Peak Limestone (Early Permian and Late 
Pennsylvanian) 

Battle Formation 

Middle member 

Lower member 

Harmony Formation 

Contact 

Faults-Dashed where approximately located 

Normal fault 

+ + Thrust fault-Sawteeth on upper plate 

A A Low-angle gravity glide fault-Sawteeth on upper 
plate 

76CB11. 
Sample locality 

1//)/J Skarn 

FIGURE 86.-Continued 

two generations of garnet can be seen in hand 
specimen. Fine-grained mats of early-stage, mostly 
anisotropic, millimeter-size garnet that is amber in 
hand specimen and colorless in thin section are cut 
by veins and pods of later stage, coarse-grained 
garnet that is dark reddish brown in hand speci
men. In thin section, this later stage garnet has 
distinct yellow, isotropic cores rimmed by alternat
ing growth bands (to 0.02 mm wide) of colorless, 
anisotropic garnet and yellow, isotropic garnet. 
Some of the early garnets are zoned in alternating 
bands similar to the rim areas of the coarser 
grained garnets and also exhibit sector twin
ning. Cores of early garnets tend to be poikilitic, 
whereas the late-stage garnets are free of inclu
sions. Smaller garnets form tightly packed mats; 
coarser grained garnets commonly protrude into 
open pore space or are separated from each other 
by quartz or calcite. Samples 76CB3, 76CB4, and 
85JH107 are mineralogically distinct and contain 
shaly layers, similar to those in the laminated calc
silicate rocks of skarn C. Garnets in these samples 
appear much "dirtier" than other garnets because 
of clay and brown chlorite within cores and be
tween grains. The opaque mineral in these samples 
is chromite; in one sample, chromite has reacted 
with garnet to produce a local zone of bright-green, 
chromium-rich garnet. Although the chromite 
grains are broken, they are surprisingly unaltered. 
Anomalously high levels of chromium, nickel, and 
vanadium detected in these samples (tables 24, 38) 
reflect the presence of chromite. These samples 
represent a lens or layer within the Harmony For
mation that was mineralogically distinct from sur
rounding sediments. Chromite is also observed in 
pyroxene-rich hornfels from skarn A. The chromite 
in the Harmony Formation may represent a de
trital mineral deposited in sediments via turbidity 
currents or alternatively, may be derived from 
intercalated mafic or ultramafic igneous rocks. An 
occurrence of greenstone in the Harmony Forma
tion west of the study area is described in the sub
section above entitled "Harmony Formation." To 
our knowledge, chromite has not previously been 
reported as a detrital mineral in the Harmony 
Formation. 

Schmidt and others (1988) described gold miner
alization along gossaniferous faults in garnet skarn 
at the Labrador deposit within skarn D (fig. 86). 
None of the samples from the northern segment of 
skarn D included in this study were collected from 
mineralized zones associated with the Labrador de
posit. However, neutron-activation analysis of a 
garnet separate (analysis 2, table 38) from massive 
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TABLE 36.-Mineralogy of skarn, hornfels, and associated diabase from the Upper Cambrian Harmony Formation 

[X, present; tr, present in trace amounts;?, questionably present;-, not found] 

Hornfels Skarn A Skarn B 

Field No. 84JH041 84JH042 84JH043 84JH044 85JH069 85JH070 85JH096 85JH097 85JH098 451-82 

Andradite 1 X X X X X X X 
Isotropic 72-98 84-98 86-93 65-97 99 99 
Anisotropic 22-63 31-59 30-69 

Diopside 2 66-79 67-88 39-51 Tr 43-63 45-75 54-76 Tr Tr 
Quartz X X X X X X X X X X 
Potassium feldspar X X X X X X X X ? ? 

Plagioclase X X X X X X 
Biotite X X ? ? ? 
Brown chlorite ? ? X X X X X X X X 

Chlorite ? X ? ? 

Epidote X X X X 
Amphibole ? ? 

Sphene ? ? ? ? X X ? ? ? ? 

·Apatite ? ? X X X ? ? X 
Carbonate X 
Limonite X ? X X X X X X X X 

Pyrite Tr Tr Tr Tr Tr Tr Tr Tr 
Pyrrhotite 
Chalcopyrite 
Other chromite 

TABLE 36.-Mineralogy of skarn, hornfels, and associated diabase from the Upper Cambrian Harmony Formation-Continued 

Skarn B 
Field No. OVL-3 451-332 85JH102 85JH078 

Andradite 1 X 28-63 45-99 
Isotropic 99 X X 
Anisotropic 28-63 X X 

Diopside2 51-67 67-89 67-75 54-78 
·Quartz ? X X X 
Potassium feldspar ? X X 
Plagioclase ? ? X 
Biotite 
Brown chlorite X X X X 
Chlorite ? X 
Epid<?te X X X X 
Amphibole ? X 
Sphene ? X ? 
Apatite ? ? X 
Carbonate X ? X ? 
Limonite X X X X 
Pyrite Tr X Tr 
Pyrrhotite 
Chalcopyrite 
Other zeolite zircon 

garnetite skarn along D near the Labrador deposit 
showed it to contain 118 ppb Au. 

Samples from the offset segment of skarn D 
south of the Surprise fault (fig. 86) are massive 
garnetites or garnet-rich quartzose rocks. The 

Skarn C Endoskarn Diabase 
85JH079 85JH080 85JH086 85JH087 85JH088 85JH089 

X X X X X 
73-99 99 51-97 67-97 83-97 
43-76 16-71 
39-58 49-69 54-72 67-78 59-88 79-88 

X X X X X 
X X X X X 
? X ? X X X 

X 
X X X X X X 

? 
X X X X X 

? ? ? X 
X ? ? X X X 
X ? X ? 
? X ? 
X X X X 

Tr Tr X X 

Tr 
zircon scapolite rutile 

shaly layers and chromite noted in samples from 
the northern segment are not present. Multiple 
garnet generations are present in most samples. 
For example, completely altered, euhedral garnet 
cores in sample 76CB8 are surrounded by clean, 
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TABLE 36.-Mineralogy of skarn, hornfels, and associated diabase from the Upper Cambrian Harmony Formation-Continued 

Diabase Skarn D (north of the Suq~rise fault) 

Field No. 85JH090 76CB2 76CB3 76CB4 76CB5 85JH113 85JH114 76CB6 85JH107 85JH112 

Andradite 1 X X X X 69-94 X 47-97 55-99 51-99 
Isotropic 88-99 93-98 99 86-96 X 92 X X X 
Anisotropic 57-82 17-67 20-72 75-90 X 50-82 X X X 

Diopside2 X Tr Tr X Tr Tr Tr Tr 99 Tr 
Quartz X X X X X X X X X 
Potassium feldspar X X X ? X ? X 
Plagioclase X 
Biotite 
Brown chlorite X X X X X X X X X X 
Chlorite X 
Epidote X X X X X 
Amphibole X X ? 
Sphene X 
Apatite ? X ? X ? ? ? X 
Carbonate ? X ? ? Tr 
Limonite Tr Tr X X X X X 
Pyrite X Tr X 
Pyrrhotite 
Chalcopyrite 
Other ilmenite chromite chromite chrysocolla chromite 

TABLE 36.-Mineralogy of skarn, hornfels, and associated diabase from the Upper Cambrian Harmony Formation-Continued 

Clay Diabase Skarn D 
Field No. 85JH115 85JH124 76CB7 85JH125 

Andradite 1 21-99 X 
Isotropic X 99 
Anisotropic X 36-63 

Diopside2 Tr 
Quartz X X X 
Potassium feldspar ? X X 
Plagioclase X 
Biotite 
Brown chlorite X X X 
Chlorite X 
Epidote X X 
Amphibole X X 
Sphene X 
Apatite ? X ? 
Carbonate ? X X 
Limonite Tr X X 
Pyrite X 
Pyrrhotite 
Chalcopyrite 
Other clay 

yellow andradite, which, in turn, is rimmed by col
orless, anisotropic grossular-andradite garnet. In 
sample 76CB9, all the garnet appears yellow in 
thin section (plane-polarized light) but is complexly 

Carissa Contention 
(south of the Surprise fault) Mine pit 

85JH126 85JH127 76CB8 76CB9 76CB10 76CB11 

X X X X X X 
99 X 95-99 99 92-98 

46-85 15-67 61-91 60-84 47-78 
Tr 21 80 Tr 

X X X X X X 
? X ? ? ? 
? X 

X X X X X X 
X X X 

X X X X X X 
X X X ? 

? ? ? ? ? ? 
X X X X ? 
X X X X 

Tr X X 
Tr X 

Tr X X 
anhydrite 

zoned and anisotropic. Green chlorite content in
creases from north to south along this segment of 
skarn D, and limonite pods as large as 2 mm wide 
are present in interstices between garnets. Coarse, 
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TABLE 36.-Mineralogy of skarn, hornfels, and associated diabase from the 
Upper Cambrian Harmony Formation-Continued 

Contention Eit Suq~rise Mine 

Field No. 85JH129 85JH130 85JH131 BMG2400A Ore 3 

Andradite1 X X X X 
Isotropic 33-70 X 95-98 
Anisotropic Tr 27-75 

Diopside2 X Tr X 
Quartz X X X X 
Potassium feldspar ? ? ? X 
Plagioclase ? 
Biotite ? 
Brown chlorite X X X X X 
Chlor.ite X X X ? X 
Epidote X X 
Amphibole X X 
Sphene 
Apatite ? ? X X 
Carbonate ? .? X 
Limonite X X 
Pyrite X X X X 
Pyrrhotite X X Tr Tr 
Chalcopyrite X X X X 
Other chrysocolla X 

1Compositions given a mole percent andradite. In some cases, 
fine-scale zoning obscures precise determination of 
isotropism for individual points (for example, sample 451-
332). 
2Compositions given as mole percent diopside. 
3Composite mineralogy for 15 samples of gold skarn ore from 
the 5670-ft and 5595-ft benches of Battle Mountain Gold 
Company's Surprise openpit mine. Other minerals present 
include electrum, hematite, magnetite, chrysocolla, zircon, 
and chalcedony. 

twinned calcite is present in some samples. Limo
nite represents the oxidation product of para
genetically earlier sulfides; rare blebs of pyrite or 
chalcopyrite are preserved within some of the 
limonite. 

Samples of mineralized skarn from the Harmony 
Formation include samples 76CB 10 from the 
Carissa deposit, and samples 76CB11 and 85JH129 
through 85JH131 from the Contention pit area. 
Various stages of oxidation of sulfides are pre
served in these samples (fig. 87). Veins and pods of 
fresh pyrite are the most abundant sulfide mineral, 
but chalcopyrite and pyrrhotite are also present. 
Some pyrite grains have mottled cores and cracks 
suggestive of a replacement texture. This mottling 
resembles the "bird's-eye" texture described by 
Ramdohr (1969) for the weathering of pyrrhotite to 
secondary pyrite and marcasite, although no mar
casite is observed. Theodore and Blake (1975) de
scribed similar textures in pyrrhotite in the east 

ore body of the Copper Canyon porphyry copper de
posit. Digenite rims on chalcopyrite are common. A 
pod of anhydrite crystals associated with limonite 
in one sample from the Carissa l,VIine area is the 
only example of preservation of sulfate derived 
from alteration of sulfide. 

Gold-copper skarn ore at the Surprise Mine is ex
tremely oxidized (fig. 88). In addition to drill-core 
sample 2400A described in table 36, 15 samples of 
low- and high-grade ore from the 5670- and 5595-ft 
benches of the Surprise open pit were examined. A 
sample of typical low-grade, garnet skarn ore (table 
38, analysis 1) was analyzed by a variety of tech
niques. These analyses show that the Surprise ore is 
enriched in potassium, magnesium, volatiles, and sil
ver relative to other garnet-rich samples of skarn 
from the Harmony Formation (tables 24, 38); neither 
gold contents (29 ppb) nor base-metal contents are 
particularly anomalous for this sample relative to 
values reported for barren skarn formed in the Har-
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TABLE 37.-Mineralogy of skarn from the Middle Pennsylvanian Battle Formation and the Upper Pennsylvanian 
and Lower Permian Antler Peak Limestone 

[X, present; tr, present in trace amounts;?, questionably present;-, not found] 

Skarn E Skarn F Clay 

Field No. 85JH140 85JH143 85JH145 85JH148 85JH149 85JH136 80BK96 80BK97 85JH142 

Andradite 1 X X X X X X X 52-99 
Isotropic 94 90-97 95-97 93-96 X 
Anisotropic 

Diopside2 
87-98 31-46 60-94 60-93 65-84 32-39 53-76 X 

X 12-58 
Quartz X X X 
Potassium feldspar 
Plagioclase 
Biotite 
Brown chlorite X X X 
Chlorite X 
Epidote 
Amphibole X X 
Sphene 
Apatite X X 
Carbonate X X X 
Limonite X X X 
Pyrite Tr Tr 
Pyrrhotite Tr 
Chalcopyrite Tr Tr 
Other fossils 

1 Compositions given as mole percent andradite. 
2 Compositions given as mole percent diopside. 

mony Formation or in the Battle Formation. Color
less, twinned, anisotropic grossular-an~radite gar
nets are ubiquitous at the Surprise deposit. These 
garnets are typically about 0.5 mm in diameter; 
large (2 mm wide) garnets with yellow andradite 
cores form pods within a matrix of smaller garnets 
in some samples. Various degrees of replacement of 
garnet are present ranging from green and brown 
chlorite in garnet cores to mixtures of chlorite, cal
cite, and quartz completely replacing garnet. Potassi
um feldspar veins are locally abundant. Sprays of 
hematite, hematite rims and lamellae in magnetite, 
and disseminated pyrite are present in some 
chlorite-rich samples. Clinopyroxene and amphibole 
are minor. High-grade ore near fault zones is vuggy, 
limonitic and veined by chrysocolla and chalcedony. 
Gold is present as electrum in anhedral grains as 
much as 100 J,Lm long in limonite and in chlorite. Li
monite encloses perfectly euhedral quartz crystals 
that commonly contain sulfide minerals and are al
most totally devoid of fluid inclusions. These sulfides 
range from less than 1 J..Lm to as much as about 10 
J..Lm in diameter; bismuth- and tellurium-bearing 
phases, as well as iron-bearing sphalerite, have been 
qualitatively identified by scanning electron micros
copy. However, pyrite and chalcopyrite are the most 

X 

X 
X 

X 

X 
Tr 

X 
Tr 
Tr 
Tr 

55-79 X 
X X X X X 

X X 

X X X X X 
X X 

X X 
X X X 

X 
X X 

Tr X X X X 
X X X 

X 

clay 

abundant sulfides in euhedral quartz; no electrum 
has been identified in quartz. 

SKARN IN THE BATTLE FORMATION 

Two outcrops of skarn in the Battle Formation 
were sampled at a contact with Tertiary granodio
rite porphyry. Skarn E is an outcrop at the south
west contact of the granodiorite porphyry. Samples 
85JH145 and 85JH143 are spongy and massive 
calcite-bearing garnetites from the intrusive con
tact. A layer of yellow-green, earthy clay (sample 
85JH142) and coarse-grained, massive calcite sepa
rate these samples from sample 85JH140, which is 
from a contact between garnet skarn and silicified 
fossiliferous limestone. Samples 85JH148 and 
85JH149 are from an outcrop along the same con
tact to the north on the east side of a fault that 
strikes north (fig. 86). Garnets in skarn E are 
mostly colorless and perfectly euhedral, individual 
grains in calcite. All garnets show growth zones; 
most are anisotropic, but a few cores are isotropic. 
Rosettes of green to brown chlorite fill interstices 
among garnet crystals and replace pyroxene inclu
sions in garnet. Some garnet cores are completely 
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TABLE 38.-Analytical data on skarn and garnet formed in the Upper Cambrian 
Harmony Formation, skarn formed in the middle member of the Middle Pennsyl
vanian Battle Formation, and associated clay layers at Copper Basin 

[Chemical analyses by X-ray-fluorescence spectroscopy; analysts, J. Taggart, A. Bartel, D. Siems, and E. 
Robb. FeO, Hp, and C0

2 
determined by titration methods of Baedaecker (1988), and Cl determined by 

specific-ion-electrode methods; analyst, E. Brandt. Hg determined by cold-vapor atomic-absorption spec
troscopy, Au determined by flame atomic-absorption spectroscopy, and Pt, Pd, and Rh determined by in
ductively coupled plasma (ICP) mass spectrometry; analysts, B. Libby, C. Gent, S. Wilson, R. Moore, R. 
O'Leary, and S. Wilson. Emission-spectroscopic method a: 44-element quantitative ICP direct-reader analy
sis; analysts, M. Malcolm, P.H. Briggs. Emission-spectroscopic method b: six-step d-e-arc semiquantitative 
analysis; analysts; B. Adrian, and 0. Ehrlich. Instrumental neutron-activation analyses by G. Wandless. 
-, not detected; n.d., not determined] 

Analysis 1 2 3 4 8 
Field No. 87JHOOS 8SJH112 85JH145 76CB3 76CB6 85JH142 85JH115 85JH115 

Ignition loss 

Au 
Hg 
Pd 
Pt 
Rh 
w 

Total 

Method 

Al 
Ca 
Fe 
K 
Mg 

Na 
p 
Ti 

Ag 
As 
Au 
B 
Ba 

Be 
Bi 
Cd 
Ce 
Co 

Cr 
Cu 
Eu 
Ga 
La 

Li 
Mn 
Mo 
Nb 
Nd 

35.2 
8.47 

112.2 
N.d. 
1.28 

26.3 
<0.15 
2.43 
N.d. 
N.d. 

. 31 
• 1 
• 26 

N.d. 

14.5 

101 

Chemical analyses (weight 
36.9 38.4 N.d. 
6.81 

122.0 
N.d. 

.25 

34.8 
<0.15 

.OS 
N.d. 
N.d. 

.27 

.15 

.24 
N.d. 
N.d. 

.15 

102 

3.18 
125.0 

0.64 
1.13 

29.2 
<0.15 
<0.02 

.99 
• 59 

.09 

.09 

.12 
1. 73 

<0.01 

3.18 

100 

N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d • 

N.d. 
N.d. 
N.d. 
N.d. 
0.02 

N.d. 

N.d. 

percent) 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
0.03 

N.d. 

N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 

N.d. 

Chemical analyses (parts per million 

<0.04 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

0.23 
.04 

<0.001 
<0.010 
<0.001 

270. 

0.05 
.03 
.001 

<0.010 
<0.001 
16. 

0.05 
<0.02 

.001 
<0.010 
<0.001 
78. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

Emission spectrographic analyses (weight percent) 
a a a a a b 

5.0 
18. 
8.3 
2.2 

.79 

.07 

.04 

.18 

4.0 
23. 
15. 
<0.05 

.09 

.009 

.07 

.20 

1.8 
20. 
18. 
<0.05 

.69 

.03 

.03 

.07 

4.2 
22. 
13. 

• 1 
.96 

.02 

.04 

.37 

3.2 
23. 
16. 

.11 

.32 

• 01 
• 09 
.39 

N.d. 
10. 

2. 
N.d. 
.s 

N.d • 
N.d • 

.1 

Emission spectrographic analyses (parts per million) 

6.0 <2.0 
so. 120. 
<8. <8. 

410. 22. 

<1. <1. 
<10. <10. 

<2. <2. 
10. 17. 

4. 3. 

35. 22. 
25. 27. 
<2. 3. 
23. 20. 
11. 6. 

40. <2. 
1900. 1900. 

8. <2. 
s. 6. 
7. 31. 

<2.0 <2.0 <2.0 
270. 30. 200. 

<8. <8. <8. 

29. 41. 30 

<1. <1. <1. 
10. <10. 10. 
3. 2. <2. 
7. <4. 16. 

12. 12. s. 

41. 2100. 97. 
51. 26. 39. 
2. <2. 2. 

19. 18. 16. 
3. <2. 3. 

11. 12. 9. 
1100. 1900. 1700. 

<2. <2. <2. 
<4. <4. 7. 
17. 4. 20. 

7.0 

10. 
500. 

so. 
N.d. 

70. 
20. 

N.d. 
N.d. 

N.d. 
1000. 

N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 

<0.01 

N.d. 

N.d. 

0.07 
.03 
.001 

<0.01 
<0.001 
s. 

a 

0.33 
.73 

8.2 
<0.05 

.89 

.02 

.01 

.08 

2.0 
<10. 

<8. 

160. 

<1. 
10. 
<2. 
<4. 

210. 

46. 
320. 

<2. 
<4. 
<2. 

7. 
660. 

<2. 
<4. 
<4. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d • 

N.d • 
N.d • 
N.d. 
N.d. 
N.d. 

N.d. 

N.d. 

N.d. 
N.d. 
N.d. 
N.d. 
N.d. 
N.d. 

b 

N.d. 
1. 

10. 
N.d • 
1. 

N.d. 
N.d. 

.1 

30.0 

10. 
200. 

N.d. 
s. 

so. 
200. 

N.d. 
N.d. 

N.d. 
100. 

N.d. 
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TABLE 38.-Analytical data on skarn and garnet formed in the Upper Cambrian Har
mony Formation, skarn formed in the middle member of the Middle Pennsylvanian 
Battle Formation, and associated clay layers at Copper Basin-Continued 

Analysis 2 3 4 5 8 
Field No. 87JH005 85JH112 85JH145 76CB3 76CB6 85JH142 85JH115 85JH115 

Emission sEectro~raEhic analyses (parts Eer million) 

Ni 15. <2. 5. 48. 6. 12. 15. 
Pb 5. 7. 7. 21. 16. 100. 20. 
Sc 5. 3. <2. 20. 5. 4. 7. 
Sn 30. 20. <10. <10. 10. <10. 
Sr 75. 6. 30. 18. 17. 200. 53. 100. 

Th <4. 7. <4. <4. <4. <4. 
v 92. 70. 24. 120. 64. 100. 71. 100. 
y 23. 27. 13. 26. 15. 20. 3. 
Yb 2. 3. 1. 3. 2. N.d. <1. N.d. 
Zn 26. 14. 49. 120. 18. 200. 550. 500. 
Zr 200. 50. 

Instrumental neutron activation analyses (weight Eercent) 

Na 0.074 0.007 N.d. N.d. N.d. N.d. N.d. N.d. 
K 2.23 <0.2 N.d. N.d. N.d. N.d. N.d. N.d. 
Ca 18.3 24.7 N.d. N.d. N.d. N.d. N.d. N.d. 
Fe 8.56 14.34 N.d. N.d. N.d. N.d. N.d. N.d. 

Instrumental neutron activation anallses (Earts Eer million) 

Sc 4.79 2.89 N.d. N.d. N.d. N.d. N.d. N.d. 
Cr 26.1 22.5 N.d. N.d. N.d. N.d. N.d. N.d. 
Co 3.01 0.49 N.d. N.d. N.d. N.d. N.d. N.d. 
Ni <19. <17. N.d. N.d. N.d. N.d. N.d. N.d. 
Zn 24.8 11.0 N.d. N.d. N.d. N.d. N.d. N.d. 

As 56.6 110. N.d. N.d. N.d. N.d. N.d. N.d. 
Rb 172 <10. N.d. N.d. N.d. N.d. N.d. N.d. 
Sr 100 <100. N.d. N.d. N.d. N.d. N.d. N.d. 
Zr 66. 2 <90. 2 N.d. N.d. N.d. N.d. N.d. N.d. 
Mo 11.5 1.61 N.d. N.d. N.d. N.d. N.d. N.d. 
Sb 3.98 1.12 N.d. N.d. N.d. N.d. N.d. N.d. 
Cs 6.10 0.56 N.d. N.d. N.d. N.d. N.d. N.d. 
Ba 403. <60. N.d. N.d. N.d. N.d. N.d. N.d. 
La 8.61 2.66 N.d. N.d. N.d. N.d. N.d. N.d. 
Ce 10.46 14.2 N.d. N.d. N.d. N.d. N.d. N.d. 

Nd 5.2 22.2 N.d. N.d. N.d. N.d. N.d. N.d. 
Sm 2.73 7.03 N.d. N.d. N.d. N.d. N.d. N.d. 
Eu 1.253 2.19 N.d. N.d. N.d. N.d. N.d. N.d. 
Tb .732 • 84 N.d • N.d. N.d. N.d. N.d. N.d. 
Yb 2.06 2.69 N.d. N.d. N.d. N.d. N.d. N.d. 

Lu .282 • 335 N.d • N.d. N.d. N.d. N.d. N.d. 
Hf 1.92 1.42 N.d. N.d. N.d. N.d. N.d. N.d. 
Ta • 629 .54 N.d • N.d. N.d. N.d. N.d. N.d. 
Th 1.46 3.19 N.d. N.d. N.d. N.d. N.d. N.d. 
u 1.65 3.13 N.d. N.d. N.d. N.d. N.d. N.d. 

"Instrumental neutron activation analyses (Earts Eer billion) 

Au 29. 118. N.d. N.d. N.d. N.d. N.d. N.d. 

1. Low-grade, garnet-rich skarn ore from the 5670' bench of the Surprise mine, 
Harmony Formation. 

2. Garnet separate from massive garnetit~, skarn D, Harmony Formation, near the 
Labrador gold skarn deposit. 

3. Unmineralized garnetite, skarn E, Battle Formation. 

4. Chromite-bearing shaley garnet skarn, skarn D, Harmony Formation. 

5. Garnet skarn, skarn D, Harmony Formation. 

6. Yellow-green clay layer interbedded with garnet skarn in Battle Formation; 
mixture of nontronite, calcite, and quartz. 

7. Yellow-green clay layer interbedded with garnet skarn, skarn D, Harmony 
Formation; mixture of nontronite and quartz. 

8. Do. 

Total iron reported as Fe 2o3 • 

2 Fission product interference exceeds 207. of the reported value. 

D201 
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TABLE 39.-Representative analyses of feldspar in hornfels and skarn from the Upper Cambrian Harmony Formation 

[KF, K-feldspar; PG, plagioclase. FeO(T), total iron reported as FeO. (n), average of n points] 

Skarn A Skarn B Skarn C Endoskarn Skarn D 
Sample No. 84JH043 84JH043 8SJH070 8SJH070 8SJH097 8SJH079 8SJH079 85JH087 76CB7a 76CB8 
Grain PG KF PG KF KF PG KF PG KF KF 

( 3) ( 5) (2) ( 3) 

Si02 61.1 67.5 57.6 63.7 64.6 54.7 64.4 50.2 64.9 65.0 
Al2of 25.5 18.4 24.8 16.8 18.1 26.5 18.3 31.0 19.3 18.7 
FeO( ) .12 .03 .35 .18 • 34 .23 .29 .11 .04 .17 
MgO .00 .00 .04 .01 .03 .06 .01 .00 .02 .01 
CaO 7.25 .10 8.03 .OS .17 9.89 .58 13.5 .11 .11 

7.39 1.03 6.92 1.18 .84 4.76 .99 3.39 1.06 .33 Na5o-
K2 .29 14.6 .31 16.4 15.5 1.84 14.8 .16 14.8 15.7 
Ti02 .00 .01 .02 .04 .00 .02 .00 .01 .00 .00 
MnO .00 .00 .04 .01 .02 .00 .00 .00 .01 .00 

Total 101.65 101.67 98.11 98.37 99.60 98.00 99.37 99.37 100.24 100.02 

Structural formula based on 8 oxygens 

Si 2.68 3.04 2.64 3.01 
Al 1.32 .• 98 1.34 .94 
Fe .00 .00 .02 .01 
Mg .00 .00 .00 .00 
Ca .34 .00 .39 .00 
Na .63 .09 .62 .11 
K .02 .84 .02 .99 

Total 4.~9 4.95 5.03 5.06 

Molecular 

Anorthite 34.6 0.5 38.4 0.2 
Albite 63.8 9.5 59.9 9.8 
Orthoclase 1.6 90. 1.8 ·89.9 

replaced by mixtures of chlorite and calcite. Major
and trace-element chemistry (tables 24, 38) show 
that although the massive garnetite skarn in the 
Battle Formation has a bulk composition similar to 
that of the skarns in the Harmony Formation 
(table 24), the skarn of the Battle Formation con
tains less aluminum and titanium. 

SKARN IN THE ANTLER PEAK UMESTONE 

Skarn F formed in the Antler Peak Limestone 
along the eastern margin of the Tertiary granodio
rite porphyry. Early-stage, colorless, anisotropic 
garnet is found in mats of amphibole, mixtures of 
green and brown chlorite, or coarse-grained calcite 
containing pale-green amphibole needles. Sample 
85JH136 represents incipient calc-silicate growth 

3.00 2.53 2.99 2.32 2.98 2.99 
.99 1.45 1.00 1.69 1.04 1.01 
.01 .01 .01 .oo .oo .01 
.00 .00 .00 .00 .00 .00 
.01 .49 .03 .67 .oo .01 
.08 .43 .09 .31 .10 .03 
.91 .11 .88 .01 .87 .93 

5.00 5.02 5.00 5.00 4.99 4 .. 98 

proportions 

0.8 47.8 2.9 68.1 0.6 0.6 
7.6 41.6 9. 31. 9.8 3.1 

91.6 10.6 88.1 .9 89.6 96.1 

in the silica-dominant, carbonate-rich siltite facies 
of the Antler Peak Limestone, whereas the other 
samples represent the main and late metasomatic 
stages of skarn growth formed in the more reactive 
micrite facies to the north. Abundance of coarse
grained, clean calcite crystals distinguishes skarns 
of the Battle Formation and Antler Peak Lime
stone from those in the Harmony Formation; ab
sence of pyroxene and abundance of amphibole 
distinguishes skarn in the Antler Peak Limestone 

· from skarn in the Battle Formation. 

ANALYTICAL TECHNIQUE 

The mineral chemistry of 50 polished thin sections 
was studied using an ARL-SEMQ electron micro-
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probe operated at 15 kV and a beam current of 0.10 
jl.A. Count time for each element was a minimum of 
20 s. Standards used for garnet, pyroxene, epidote, 
chlorite, and feldspar include the following natural 
and synthetic minerals: Si and Al, pyrope or labra
dorite; Fe, hedenbergite; Mg, pyrope or diopside; Ti, 
sphene; Mn, rhodonite; Na, fluor-richterite; K, ortho
clase; Ca, wollastonite, pyrope, or hedenbergite; S, 
anhydrite; Cr, chromite; F, fluor-phlogopite; and Cl, 
biotite or scapolite. Natural and synthetic apatites 
and rare-earth glasses were used as standards for 
apatite analyses. Natural hornblende, andradite, and 
several pyroxenes were analyzed as working stand-

A 0 0.5 MILLIMETER 

B 0 0.5 MILLIMETER 

FIGURE 87.-Photomicrographs showing alteration textures in sul
fide minerals in skarn D in the Upper Cambrian Harmony For
mation . Reflected light. A, Coexisting pyrrhotite (po), 
chalcopyrite (cp), and pyrite (py) interstitial to garnet (ga). 

ards to monitor accuracy. Metallic gold and silver 
were used as standards for electrum analyses. Detec
tion limits for the major silicate constituents are 
typically 0.10 oxide weight per cent or less under 
these operating conditions with backgrounds deter
mined by an automatic interpolation method 
(McGee, 1985) based on the average atomic number 
of the analyzed point. Data reduction was accom
plished automatically using the $ANBA computer 
program (McGee, 1983); this program uses a Bence 
and Albee (1968) correction scheme with alpha fac
tors tabulated by Albee and Ray (1970). To preserve 
compositional information recorded by the fine-scale 

c 0 0.5 MILLIMETER 

D 0 0.5 MILLIMETER 

Sample 76CB11. B, Mottled core in pyrite. Sample 85JH129. C, 
"Bird's-eye" texture in pyrite. Sample 76CB11. D, Limonite (lm) 
after sulfides. Sample 76CB9. 
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zoning typical of the skarn minerals, most analyses 
represent single points rather than averages. Aver
ages are presented for grains or samples indicated to 
be homogeneous by comparison of standard devia
t ions for averages of multiple points with expected 
standard deviations based on counting statistics 
alone. 

Typically, three to five grains of each major min
eral in a thin section were analyzed, with several 
points chosen to examine compositional variations 
across individual crystals or veins. For some sam-

A 0 100 MICRONS 
'-----' 

B 0 1 MILLIMETER 

FIGURE 88.-Photomicrographs showing varieties of gold-copper 
skarn ore at Surprise deposit. A, Backscatter scanning elec
t ron micrograph showing a cluster of complexly zoned garnets. 
Brighter areas indicate more iron-rich compositions. Note 
sharp boundary between andradite (ad ) core and more 
grossularitic rim (gr) on largest garnet. Alteration in core is 

ples, as many as 10 or 12 grains were analyzed per 
thin section to examine textural variants of a given 
mineral. Data are presented in tables grouped by 
mineral, and data for individual skarns are sum
marized in ternary plots. Assumptions are required 
for conversion of the microprobe analyses reported 
as oxide weight percentages, with total iron re
ported as FeO and no water analyses, to mineral 
formulas based on a fixed number of oxygens per 
formula unit. Data-reduction techniques for indi
vidual mineral groups are discussed below. 

D 0 20 MICRONS 
L_____j 

mostly chrysocolla (cs). Sample BMG2400A. B, Sector twinned, 
zoned garnet. Crossed nicols. Sample BMG2400A. C, Garnets 
completely replaced by chlorite (ch), calcite (cc), and quartz (Q). 

Note pyrite (py) in cores. Plane-polarized light. Sample KS513. 
D, Electrum (E ) in limoni te (lm ) in high-grade gold ore along 
Copper King shear zone. Reflected light. Sample 89JH009. 
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MINERAL CHEMISTRY 

GARNET 

Garnet is the major modal constituent of Copper 
Basin skarns. Many rocks are massive garnetites 
having bulk-rock compositions approaching a gar
net composition (tables 24, 38). Although optical 
properties vary considerably, almost all composi
tions can be described in terms of solid solution be
tween the ideal garnet end members andradite, 
CaaCFe3+)

2
Si

3
0 12 , and grossular, Ca

3
Al

2
Si

3
0

12 
(tables 

36, 37). Other garnet components (pyrope, spessar
tine, and almandine) account for less than 10 mol 
percent of the garnets (table 40). Hammarstrom 
(1987) tabulated all garnet analyses and gave ex
amples of formula calculations. Ferric iron contents 
are estimated by assuming garnet stoichiometry on 
the basis of an ideal formula unit having 8 cations 
and 12 oxygen anions. This assumption is not valid 
if a hydrogarnet component is present. If enough 
iron is available for partitioning between Fe3+ and 
Fe2+, then amounts of Fe

2
0

3 
and FeO are computed; 

otherwise, total iron is converted to Fe
2
0

3
; oxide 

sums are adjusted to represent calculated iron val
ues, generally bringing totals to between 98 and 
102 percent. Normalized cations are partitioned 
into sites according to the ideal garnet formula 
X3Y2

Z30 12 , where X=Ca, Mg, Mn, Na, Fe2+; Y=Al, 
Fe3+, Ti, Cr; and Z=Si, AI. Deviations from ideal 
stoichiometry in the resulting mineral formulas in
dicate analytical error, which is probably most se
vere for Si, as well as errors in ferric iron 
estimates and failure to include water or other ele
ments. Molecular percentages for end members are 
computed from normalized cations by Rickwood's 
(1968) method. 

All Copper Basin garnets are zoned, commonly 
over a range of 30 or more mol percent andradite 
within a single crystal. Although there is consider
able overlap among garnet compositions for differ
ent skarns (fig. 89), some trends in the data are 
apparent. 

Skarn A garnets are all andradite rich 
(Ad

65
-Ad

98
). Titanium content tends to increase with 

decreasing andradite content. Garnet in sample 
84JH044, which contains only traces of pyroxene, is 
slightly enriched in andradite and pyralspite relative 
to garnet in the pyroxene-bearing samples. In skarn 
A, garnet is found as veins or anhedral clots, rather 
than discrete euhedral crystals. Traverses across 
veins show that the central parts tend to be slightly 
enriched in andradite relative to vein walls against 

quartz- or pyroxene-rich layers, indicating that 
garnet-forming solutions became enriched in iron as 
growth proceeded from the vein walls inward. 

Skarn B garnets exhibit a much wider range in 
composition (Ad

22
-Ad

99
), color, and anisotropy than 

skarn A garnets; however, most are euhedral, col
orless, anisotropic, zoned crystals, with composi
tions in the range Ad

30 
-Ad

60
• Rims are iron rich 

relative to cores, except for a few crystals with dis
tinctly yellow, andraditic cores. Garnets from the 
westernmost samples included in skarn B lack yel
low cores. A gap of about 20 mol percent andradite 
separates compositions of homogeneous yellow 
cores from compositions of colorless rims. Ti con
tents, though variable, are highest for the most 
grossular rich compositions. 

Skarn C garnets range from Ad43 to Ad99 in 
composition and include colorless, red, and yellow 
varieties. One garnet grain in a fine-grained 
pyroxene-K-feldspar layer in sample 85JH080 has a 
distinct, grossular-rich composition. Fine-scale zon
ing obscures precise color and optical determinations 
in many grains. Microprobe traverses (fig. 90) across 
complexly zoned grains, perpendicular to growth 
planes, show early-stage, grossular-rich, colorless, 
anisotropic garnet surrounded by later stage zones of 
alternating grossular- and andradite-rich composi
tions. In skarn C, garnets form veins and pods, simi
lar in texture to garnets in skarn A, but having more 
grossular rich compositions. Endoskarn garnets form 
red, isotropic veins that are more iron rich than 
most of the garnet compositions in the laminated 
calc-silicate rocks. 

Early-stage garnets in skarn D have intermediate 
compositions and are typically zoned from grossular
rich cores to andradite-rich rims, for example, from 
Ad

70 
to Ad

92
• In contrast, the late garnets have con

spicuous yellow, isotropic andradite cores surrounded 
by oscillatory zones of more grossular rich composi
tions. Yellow isotropic cores in late-stage garnets 
(fig. 91) are homogeneous andradite; in oscillatorily 
zoned areas, compositions are constant for distances 
of several tens of micrometers and change abruptly 
by 15 to 20 mol percent andradite. Changes in the 
mole percentage of andradite are exactly offset by 
changes in grossular content. Field evidence sug
gests that most of skarn D is paragenetically related 
to Cretaceous intrusives that cut skarn in the Con
tention pit of the Copper Basin Mine. Data for se
lected samples of massive skarn from a north-south 
traverse along skarn D are plotted (fig. 92) to exam
ine garnet compositions as a function of distance 
from the intrusive. Garnet composition in sample 
85JH129, the skarn sample nearest to known 
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TABLE 40.-Representative analyses of garnet from Copper Basin skarns 

[c, core; r, rim; v, vein. AM, amphibole; CC, calcite; CR, chromite; EP, epidote; KF, K·feldspar; PX, pyroxene; PY, pyrite; Q, quartz. A, anisotropic; I, isotropic. FeO(T), total 
iron reported as FeO; Fe20 3 and FeO computed from ideal garnet formula (see text). n.d., not determined; -, not detected] 

Sample No. 84JH043 
Grain GA2-3 

vc 
Isotropy I 

Si02 
Al 0 
Fe5(f) 
MgO 
CaO 
Na2o 
Ti02 
MnO 
Cr2o3 

Total 

Total 

Si 
Al 

z 

Al 
Fe+3 

Ti 
Cr 

y 

Fe+2 

Mg 
Ca 
Mn 
Na 

X 

Andradite 
Uvarovite 
Pyrope 
Almandine 
Spessartine 
Grossular 
Schorlomite 

37.0 
3.5 

24.2 

33.2 
.01 
.82 
.35 

N.d. 

99.0· 

24.6 
2.01 

101. 

3.02 

3.02 

0.36 
1.51 
.os 

N.d. 

1.92 

0.14 

2.91 
.02 

76.5 
N.d. 

4.7 
.8 

16.3 
1.7 

Skarn A 
84JH043 85JH070 

GA2-2 GAl-3 
vr/PX vc 

I I 

8SJH070 
GAl-l 
vr/Q 

I 

85JH098 
GAl-l 

c 
A 

85JH098 
GAl-4 

r 
A 

Skarn B 
85JH098 85JH098 

GAS-1 GAS-2 
c r 
I A 

Microprobe analyses (weight percent) 

37.1 
4.38 

22.9 

33.2 

.57 

.52 
N.d. 

~ 

23.4 
1.85 

101. 

3.03 

0.46 
1.44 

.04 
N.d. 

0.13 

2.91 
.04 

73.1 
N.d. 

4.3 
1.2. 

20.2 
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35.5 
1.13 

28. 
.17 

32.8 
.02 
.03 
.32 
.02 

98.0 

31.1 

101. 

35.7 
2.65 

25.7 
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33. 
.01 
.07 
.29 

28.5 

101. 

37.6 
11.7 
13. 

.19 
34.6 

.02 
-.09 
.32 
.03 

97:4 

14.3 
.OS 

98.8 

37.3 
8.51 

17.4 
.19 

34.4 
.01 
.06 
.28 
• 01 

98.1 

19.3 

100. 

35.3 
.43 

28.3 
.2 

32.9 
.02 

.2 

31.4 

100. 

Structural formula (normalized to 8 cations) 

2.96 
.04 

3.00 

0.07 
1.95 

0.02 
2.93 

.02 

2.97 
.03 

3.00 

0.23 
1.78 

2.01 

0.02 
2.94 

.02 

3.01 

1.10 
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.01 

0.02 
2.97 

.02 

3.00 

0.81 
1.17 

0.02 
2.97 

.02 
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.03 

3.00 

0.01 
1.99 

2.00 

0.03 
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.01 

Molecular proportions of end-member garnet 
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.1 
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.3 
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.7 

.7 
8.4 

.1 

43.7 
• 1 
.8 
.1 
.7 

54.4 
.2 

59.1 

.8 

.6 
39.4 

.1 

99.3 

.2 

.s 

37.2 
12.6 
11.6 

.2 
34.9 

.01 

.59 

.37 

12.9 

2.96 
.04 

3.00 

1.15 
.78 
.04 

0.02 
2.99 

.03 

39.1 

.8 

.8 
58.1 
1.2 

451-332 
GAl-l 

c 
A 

37.5 
14.6 
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.46 
36. 

.01 
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N.d • 

100. 

10.8 

101. 

2.90 
.1 
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1.23 
.63 
.08 

N.d. 

1.94 

o.os 
2.99 

.02 
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1.8 

.6 
63.2 
2.7 
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•GAl-2 

r/EP 
A 

37.6 
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17.3 
.23 
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.28 

N.d. 

100. 

19.2 

102. 

2.96 
.04 

3.00 
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1.14 

.01 
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.02 

57.4 
N.d 

.9 

.6 
40.7 
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TABLE 40.-Representative analyses of garnet from Copper Basin skarns-Continued 

Skarn C Skarn D 
Sample No. 85JH078 85JH078 85JH087 85JH087 76CB2 76CB2 76CB2 76CB2 76CB3 76CB3 
Grain GA9-2 GA9-1 GA2-1 GA2-2 GA6-1 GA6-2 GA4-4 GA4-2 GA8-1 GA8-2 

c r c r c r c r CR 
Isotropy A A I I A A I A A A 

MicroErobe analyses (weisht Eercent) 

SiO 37.4 36.6 35.4 36.0 36.5 37.1 35.3 37.3 37.3 38.3 
Al20f 10.1 7.37 .18 5.99 8.4 7.72 .06 7.57 15.5 15.7 
FeO( ) 16.3 19.8 27.3 19.2 17. 19.5 29.2 20. 5.18 8.46 
MgO .02 .06 .13 .04 .09 .03 .25 .39 
CaO 34.7 34.2 33. 34.1 35.3 35.2 33.9 35.3 35.3 35.6 
Na2o .02 .02 .01 .02 .01 .01 .02 
Ti02 .2 .2 .03 1. 2.14 .02 .12 .21 .07 
MnO .32 .38 .14 .27 .27 .17 .19 .21 .23 .07 
Cr2o3 N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. 4.44 

Total 99.0 98.6 %.1 ~ 99.8 99:8 98.8 100. 98.5 98.6 

Fe 2o3 18.0 22.0 30.3 21.4 18.9 21.7 32.5 22.2 5.75 9.4 
FeO .08 

Total 101. 101. 99.2 98.8 102. 102. 102. 103. 99.0 99.5 

Structural formula (normalized to 8 cations) 

Si 2.97 2.96 3.01 2.98 2.90 2.96 2.93 2.95 2.93 2.98 
Al .03 .04 .02 .1 .04 .01 .05 ~07 .02 

z 3.00 3.00 3.01 3.00 3.00 3.00 2.94 3.00 3.00 3.00 

Al 0.92 .66 0.02 0.56 0.69 0.68 0.66 1.36 1.42 
Fe+3 1.08 1.34 1.94 1.33 1.13 1.30 2.03 1.32 .34 .55 
Ti .01 .01 .06 1.13 .01 .01 
Cr N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. .28 

y 2.01 2.01 1.96 1.95 1.95 1.98 2.03 1.99 1.99 1.97 

Fe+2 0.01 
Mg 0.01 0.02 0.01 0.03 0.05 
Ca 2.96 2.96 3.01 3.02 3.01 3.00 3.01 2.99 2.97 2.97 
Mn .02 .03 .01 .02 .02 .01 .01 .01 .02 
Na 

X 2.99 2.99 3.02 3.05 3.05 3.02 3.03 3.01 3.01 3.03 

Molecular EroEortions of end-member sarnets 

Andradite 54.2 67.3 99.0 68.0 56.4 65.9 96.6 67.0 17.3 27.7 
Uvarovite N.d. N.d. N.d. N.d. N.d. N.d. ·N.d. N.d. 14. 
Pyrope .1 .3 .5 .2 .4 .1 1. 1.5 
Almandine .2 
Spessartine .7 .9 .3 .6 .6 .4 .4 .5 .5 .2 
Grossular 44.6 31.3 .5 29. 38.2 33.5 2.6 32.2 66.7 70.5 
Schorlomite .2 .4 .1 2.1 4·.3 .2 .4 .1 
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TABLE 40.-Representative analyses of garnet from Copper Basin shams-Continued 

Contention Pit Skarn E 

Sample No. 76CB11 76CB11 85JH140 85JH140 85JH143 85JH143 85JH148 85JH148 85JH149 85JH149 
Grain GAl-l GAl-2 GA2-2 GA2-l GA2-l GA2-2 GA9-l GA9-2 GA3-l GA3-4 

/PY c c r/CC c r c r/AM c r 
Isotropy A A A A A A A I A A 

MicroErobe analyses (weight Eercent) 

Si02 36.0 36.0 35.0 35.0 37.2 37.2 36.8 35.5 36.6 36.2 
Al20f 7.17 4.41 2.16 14.6 10.9 6.66 .17 6.94 4.89 
FeO( ) 19.7 22.9 28.1 25.7 9.78 14.2 20.9 28.3 19.8 22.2 
MgO .22 .21 .os .01 .23 .09 .03 .04 .01 .01 
CaO 34.1 33.8 34. 34.9 37.2 36.6 35.5 34.4 36. 35.3 
Na2o .02 
Ti02 .36 .06 .88 .76 .03 .08 .06 
MnO .52 .3 .11 .09 .25 .15 .19 .11 .18 .09 
Cr2o3 • 01 .01 N.d • N.d. N.d. N.d: N.d. N.d. N.d. N.d. 

Total 98."1 9-1:7 97.3 97.8 100 99.9 100 98:5" 9"9:"7 98.8 

Fe2o3 21.9 25.5 31.2 28.5 10.9 15.8 23.2 31.4 22.0 24.6 
FeO 

Total 100. 100. 100. 101. 101. 102. 102. 102. 102. 101.24 

Structural formula (normalized to 8 cations) 

Si 2.93 2.96 2.95 2.91 2.87 2.92 2.95 2.96 2.93 2.96 
Al .07 .04 .09 .13 .08 .OS .02 .OS .04 

z 3.00 3.00 2.95 3.00 3.00 3.00 3.00 2.98 3.00 3.00 

Al 0.62 0.39 0.12 1.20 0.93 0.58 0.61 0.43 
Fe+3 1.34 1.58 1.98 1. 78 0.63 .93 1.4 1.97 1.33 1.51 
Ti .02 .OS .04 
Cr N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. 

y 1.98 1.97 1.98 1.90 1.88 1.91 1.98 1.97 1.94 1.94 

Fe+2 

Mg- 0.03 0.03 0.01 0.03 0.01 
Ca 2.98 2.98 3.06 3.10 3.08 3.07 3.05 3.08 3.11 3.09 
Mn .04 .02 .01 .01 .02 .01 .01 .01 .01 .01 
Na 

X 3.05 3.03 3.08 3.10 3.12 3.09 3.06 3.09 3.12 3.10 

Molecular EroEortions of end-member garnets 

Andradite 68.1 79.8 100.7 91.8 32.4 47.2 71.1 95.9 67.6 76.7 
Uvarovite N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. 
Pyrope .9 .9 .9 .4 .1 0.1 
Almandine 
Spessartine 1.2 .7 .2 .6 .3 .4 .3 .4 .2 
Grossular 29. 18·.5 7.9 64.4 50.6 28.2 3.7 31.8 22.9 
Schorlomite .7 .1 1.7 1.5 .1 .2 .1 
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TABLE 40.-Representative analyses of garnet from Copper Basin skarns-Continued 

Skarn F 
Sample No. 8SJH136 8SJH136 80BK96 80BK96 80BK96 80BK96 80BK97 80BK97 80BK97 80BK97 
Grain GAl-l GAl-2 GAl-l GAl-3 GA2-l GA2-2 GAl-l GAl-2 GA3-l GA3-2 

c r c r/CC c r/KF c r/AM c r/CC 
Isotropy A A A A A A A A A A 

MicroErobe analyses (wei8ht Eercent) 

Si02 38.1 37.4 36.2 37.0 37.2 37.1 37.4 36.8 3S.9 3S.O 
Al2o3 1S.6 13.7 4.96 8.S2 8.21 8.97 7.98 S.99 2.44 0.21 
FeO(T) 10.1 12. 22.1 18. 18.S 17.2 17.9 20.7 24.6 27.1 
MgO .02 .01 .03 .02 .03 .03 .07 .02 .13 .17 
CaO 32.8 33.1 33.8 3S. 34.8 34.9 34.9 34.3 33.8 33.4 
Na2o .01 .01 .01 
Ti02 .08 .07 .04 .01 .02 .32 .01 
MnO 3.81 3.08 .lS .14 .16 .17 .24 .13 .14 .22 
Cr 2o3 N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. 

Total 100. 99.4 97:3 98."7 99:0 98:4 98:4 98.0 97.0 9'6."1 

Fe2o3 
FeO 

11.2 13.4 24.S 20.0 20.6 19.1 19.9 23.0 27.4 30.2 

Total 102. 101. 99:7 101. 101. 100. 100. 100. 99.8 ""99:2 

Structural formula (normalized to 8 cations) 

Si 2.9S 2.9S 2.99 2.97 2.98 2.98 3.00 3.00 3.00 2.99 
Al .OS .OS .01 .03 .02 .02 .01 

z 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 

Al 1.37 1.22 0.47 0.77 0.76 0.83 0.76 O.S8 0.24 0.01 
Fe+3 .6S .79 l.S3 1.21 1.24 1.16 1.20 1.41 1. 72 1.94 
Ti .02 
Cr N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. 

y 2.03 2.01 2.00 1.98 2.00 1.98 1.98 1.99 1.9S 1.9S 

Fe+2 

Mg 0.01 0.02 0.02 
Ca 2.72 2.80 2.98 3.02 2.99 3.01 3.00 3.00 3.03 3.0S 
Mn .2S .21 .01 .01 .01 .01 .02 .01 .01 .02 
Na 

X 2.97 3.01 3.00 3.03 3.00 3.02 3.03 3.01 3.06 3.09 

Molecular proeortions of end-member 8arnets 

Andradite 33.2 40.3 76.4 61.0 62.S S8.2 61.0 71.0 87.7 97.3 
Uvarovite N.d. N.d N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. 
Pyrope .1 .1 .1 .1 .1 .3 .1 .6 .7 
Almandine 
Spessartine 8.S 7. .4 .3 .4 .4 .6 .3 .3 .3 
Grossular 8.1 S2.6 23.1 38.6 37. 41.2 37.S 28.6 11.4 1.7 
Schorlomite .2 .1 .1 .7 
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FIGURE 89.-Ternary plots showing Copper Basin garnet 
compositions in terms of molecular proportions of 
pyrope+almandine+spessartine (Py+Al+Sp), grossular (Gr), 
and andradite (Ad). A, skarn A in the Upper Cambrian Har
mony Formation; dots, pyroxene-bearing samples; squares, 
pyroxene-free sample 84JH044. B, dots, skarn Bin the Har
mony Formation. C, dots, skarn C in the Harmony Forma
tion; squares, Tertiary diabase endoskarn. D, dots, skarn D 

50 

• • 
50 

• ·• • 
• ~·· ... .. . ...... • • •• ...... , . 

Ad 

in the Harmony Formation along unconformable contact be
tween the Harmony and the Middle Pennsylvanian Battle For
mations, north of Surprise fault. E, dots, skarn D in the 
Harmony Formation south of Surprise fault. F, skarn E in 
middle member of the Battle Formation; dots, samples adja
cent to Tertiary porphyritic leucogranite; triangles, skarn in 
contact with fossiliferous silicified limestone in sample 
85JH140; squares, samples 85JH148 and 85JH149. 
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FIGURE 89.--Continued. G, skarn F in the Upper Pennsylvanian and Lower Permian Antler Peak Limestone; dots, samples 80BK96 
and 80BK97; squares, clastic carbonate sample 85JH136. H, Squares, mineralized skarn at Carissa deposit. I, triangles, min
eralized skarn samples 76CB11 and 85JH129 from Contention pit. J, dots, mineralized skarn at Surprise deposit. 
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exposures of Cretaceous monzogranite, ranges from 
Ad30 to Ad75 • Garnet in the two southernmost sam
ples of the traverse, 85JH129 and 76CB11, is color
less and anisotropic; both of these samples are 
mineralized. Samples at the Carissa deposit contain 
colorless to pink garnets, some of which have isotro
pic cores of nearly pure andradite. Although garnets 
in sample 76CB9 all have the yellow color typical of 
iron-rich compositions, isotropic areas are pure an
dradite, whereas anisotropic areas display oscillatory 
zoning in the range Ad

58 
to Ad

91
• Sulfide minerals 

are absent in sample 76CB9 and all samples farther 

A 

100 

1- 90 
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FIGURE 90.- Zoned garnet from finely laminated bedded skarn 
sample 85JH079 from skarn C in the Upper Cambrian Har
mony Formation. A , Photomicrograph showing trace of 200-).lm
long microprobe traverse garnet (ga) core to rim at quartz (Q). 
Crossed nicols. B, Variation in mole percentage of andradite as 
a function of distance across zoned garnet shown in figure 90A. 

north along skarn D. Samples from the northern seg
ment of skarn D, which contains shaly layers, locally 
contain some unusually grossular and uvarovite rich 
garnets (analyses 19, 20, table 40) resulting from re-
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F IGURE 91.- Microprobe traverses across zoned garnets from 
skarn D. A , Traverse perpendicular to growth-zone bound
aries from colorless anisotropic rim through yellow isotropic 
core to opposite rim across a second-generation, coarse
grained garnet from sample 76CB2. Sample subsequently 
used for fluid-inclusion studies, this report. B, Traverse from 
colorless rim through yellow-green, chromium-bearing zone to 
colorless core for anisotropic garnet. Sample 76CB4. C, Tra
verse from colorless anisotropic rim at calcite, across yellow 
isotropic middle zone of crystal. Sample 76CB8. Euhedral 
core of this garnet is completely altered to chlorite. 
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FIGURE 92.-Variation in garnet compositions in terms of mole 
percentage of andradite along a traverse for skarn D in the 
Upper Cambrian Harmony Formation. Data presented from 
north (sample 76CB2) to south (sample 85JH129); n, number 
of grains analyzed. See figure 86 for sample locations. 

action of chromite in the protolith with metasomatic 
fluids. Most skarn D garnets fall within the range 
Ad

50
-Ad

100
; some samples show a gap along the 

andradite-grossular join similar to that observed in 
skarn B garnets, whereas garnets in other samples 
span the entire range of compositions. 

Garnets in a mineralized sample from skarn in 
the Harmony Formation at the Surprise Mine have 
compositions in the range Ad27 to Ad75 for aniso
tropic, colorless garnets; all compositions of Ad95 or 
higher represent yellow, isotropic cores or zones, and 
manganese contents are low (less than 0.5 weight 
percent MnO). Narrow bands of brown chlorite sepa
rate altered cores from unaltered rims in some 
grains. The complex zoning patterns (fig. 88) suggest 
that some of the garnets from the Surprise Mine 
record at least three major events: (1) growth of 
homogeneous andradite cores, (2) alteration of cores, 
and (3) growth of rims under fluctuating conditions 
resulting in alternating zones of aluminum- and 
iron-rich garnet. 

Garnets in skarn E are mostly colorless, contain 
almost no pyralspite component, and span a range in 
composition from Ad

60 
to Ad

98 
comparable to that for 

garnets in Harmony skarns. Sample 85JH144 is a 
siltite in skarn E that contains anomalously alumi
num rich garnets (Ad

31
-Ad

46
) and hedenbergitic py

roxenes (table 37) growing in calcite-rich pockets and 
veins. The iron content of these grossular-rich gar
nets increases from core to rim, and calcite cores are 
present in many grains. In other samples that are 
all massive garnetites, isotropic zones are andradite 
rich (Ad

90
-Ad

98
) and commonly have a yellow tinge, 

but the reverse is not true-some andradite-rich 
compositions are anisotropic. Garnets in the north
ernmost samples (85JH148, 85JH149) are clean and 
are enclosed by fibrous actinolite, whereas garnets in 
samples farther south have calcite cores containing 
brown chlorite. Many garnets in skarn E have tex
tures that suggest growth in open spaces that are 
now filled by quartz and calcite. Zoning trends are 
highly variable. 

Garnets in siltite from skarn F are distinctly 
manganiferous (3 weight percent MnO) and grossu
lar rich relative to other garnet compositions. Gar
net compositions for samples from limestone, north 
of the siltite outcrop (fig. 86), overlap compositions 
for most garnets in the Battle and Harmony 
Formations . Sharp optical breaks in garnets 
formed in limestone, commonly marked by a zone 
of alteration, correspond to sharp breaks in compo
sition. In detail, zoning patterns are complex. Two 
garnets from sample 80BK97 illustrate typical 
patterns (fig. 93). Small, euhedral, sector-twinned 
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garnet is completely enclosed in calcite that is 
riddled with amphibole needles (figs. 93A, 93B). 
Andradite content decreases outward from the 
core, then increases sharply at the rim; Ti0

2 
con

tent is negligible across the entire crystal. Other 
garnet in the rock is zoned in a similar manner 
with respect to andradite content (figs. 93C, 93D), 
but as much as 1 weight percent Ti0

2 
is present in 

the outermost, least iron rich parts of the crystal 

A 0 100 MICRONS 

A A' 

40 80 120 160 
DISTANCE ACROSS GARNET, IN MICRONS 

B 

FIGURE 93.-Examples of garnets from skarn formed in the Upper 
Pennsylvanian and Lower Permian Antler Peak Limestone. 
Sample 80BK97, skarn F. A, Sector-twinned euhedral garnet 
(ga) in calcite (cc). Note amphibole (am) laths in calcite. 
Crossed nicols. B, Mole percentage of andradite along micro
probe traverse from rim A to rim A' across garnet shown in 
figure 93A. 

that is in contact with late-stage, void-filling cal
cite and quartz. 

Complex zoning, anisotropism, and multiple gen
erations of garnet are common features of skarns 
elsewhere, and all these features are strikingly evi
dent at Copper Basin. Vlasova and others (1985), 
who identified several different types of zoning as
sociated with calcic skarn garnets, found that the 
type of zoning most common in magnetite, copper, 

c 0 200 MICRONS 

/-----
/ ----0 _ _ _,/ ---

0 40 80 120 160 200 240 280 

DISTANCE ACROSS GARNET, IN MICRONS 

D 

FIGURE 93.- Continued. C, Cluster of zoned garnets (ga), showing 
chlorite (ch) alteration in cores and late-stage andradite (ad) 
overgrowths against coarse-grained twinned calcit e (cc) and 
quartz (Q) . Plane-polarized light. D, Mole percen~age of andra
dite and Ti0

2 
content along microprobe traverse from core B to 

rim B' at calcite across garnet shown in figure 93C. Abrupt 
changes in composition correspond to sharp optical boundaries 
along traverse. 
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and base-metal deposits involves core-to-rim in
creases (normal zoning) or decreases (inverse zon
ing) in ferric iron, whereas calcium and pyralspite 
components remain constant; the dominant substi
tution is the exchange of Fe3+ for Al. The normal 
zoning trend is typical of garnets from porphyry 
copper skarns (Einaudi, 1982b) and follows trends 
predicted by Johnson and Norton (1985) for compo
sitional variation with decreasing temperature dur
ing main-stage metasomatism, assuming constant 
pressure at oxidation states comparable to the range 
defined by pyrite-magnetite-pyrrhotite to pyrite
magnetite-hematite. For porphyry copper skarn at 
Cananea, Mexico, Meinert ( 1982) described main
stage green garnets that have dominantly normal 
zoning patterns and paragenetically later, dark
brown (yellow in thin section) isotropic andradite 
and complexly zoned, "two-banded birefringent" gar
net veins and segments. His banded garnets, which 
consisted of alternating zones of isotropic, pure an
dradite and zoned (Ad

30
-Ad

85
), birefringent garnet, 

spanned the compositional range of early-generation 
garnet; banded garnets tend to be free of alteration. 
Veinlets and late-stage overgrowths of pure andra
dite on earlier formed garnet, which are frequently 
described in the literature (Einaudi, 1982a), prob
ably formed at temperatures below about 300 °C, 
assuming pressures on the order of 500 bars (John
son and Norton, 1985). Zoning trends for Copper 
Basin garnets are examined in figure 94 by plotting 
the percentage of the total number of grains from 
each skarn that exhibit normal zoning (core-to-rim 
increase in andradite content). For example, 62 per
cent of 21 garnet cores and rims examined by micro
probe from skarn Bare zoned normally, whereas 48 
percent are zoned inversely. Both normal and in
verse core-to-rim zoning patterns are present in all 
the Copper Basin skarns. Although normal zoning 
predominates for skarn A garnet and inverse zoning 
predominates for garnet at the Carissa Mine, no 
clear-cut pattern distinguishes skarn by protolith, 
or by intensity of mineralization. Some variation in 
the zoning patterns will be a function of the particu
lar plane of the garnet crystal along which the pol
ished section was cut. However, much of the variation 
indicates presence of multiple generations of garnet 
that are present in almost all samples. Titanium 
content generally decreases from core to rim as an
dradite content increases in normally zoned garnets. 
For example, microprobe data for a typical zoned 
garnet from skarn B show that Ti0

2 
content de

creases from 2.08 weight percent at the core 
(Ad31.7Gr59.6Py0.9Sp0.8A12.6Uv0.2Sch4.3) to 0.01 weight per
cent at the rim (Ad45.1Gr53.1Py0.7Sp0.9Al0Sch0). 

A number of recent skarn studies have addressed 
the effects of protolith on garnet composition. In a 
study of calcic iron skarns formed in volcanic, intru
sive, and carbonate rocks in British Columbia, 
Meinert (1984) found such elements as titanium, alu
minum, and vanadium, that are generally regarded 
as relatively immobile in metasomatic processes, to 
be present in significant concentrations in early gar
net of skarn developed in igneous protolith. For five 
of the six deposits he studied, Meinert (1984) reported 
that garnet and pyroxene in skarn replacing a car
bonate protolith were enriched in iron relative to 
those in skarn replacing igneous rock. Moreover, gar
net in carbonate protolith was characterized by low 
to moderate titanium content (0-3 mol percent schor
lomite). At one deposit, however, he found grossular
and titanium-rich garnet in skarn in a carbonate 
protolith and suggested that these elements had been 
transported from nearby volcanic rocks because there 
was no evidence for a nearby source in the carbonate 
sequence. Beddoe-Stephens and others (1987) made 
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FIGURE 94.-Frequency of normal zoning in garnet for skarns at 
Copper Basin. Normal zoning is defined as a core-to-rim in
crease in ferric iron content. Number of core-rim pairs ana
lyzed for each skarn is given above each column. Shaded 
pattern, skarn hosted by Upper Cambrian Harmony Forma
tion; hachured pattern, skarn hosted by middle member of the 
Middle Pennsylvanian Battle Formation; stippled pattern, 
skarn hosted by Upper Pennsylvanian and Lower Permian 
Antler Peak Limestone. Skarns A-F shown on figure 86. 
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similar observations about garnet chemistry in their 
study of gold-mineralized skarns formed in limestone 
and in volcanic protoliths near Muara Sipongi in West 
Sumatra. They found that enhanced chromium, as 
well as titanium and vanadium, characterized 
grossular-rich garnet formed in skarn developed from 
a volcanic protolith. Garnets in skarn formed in lime
stone were inversely zoned, and Ti02 contents ranged 
from 0 to 1.5 weight percent. 

The data base for garnet in skarn at Copper 
Basin allows us to examine variations in garnet 
chemistry for barren and mineralized skarns 
formed within the Harmony Formation and to com
pare garnets in skarn formed in the Harmony 
protolith with garnets in skarns that developed in 
the middle member of the Battle Formation and in 
the Antler Peak Limestone. In a preliminary over
view of gold in skarn deposits, Meinert (1988) 
noted that host rocks for gold skarns are clastic or 
volcaniclastic, rather than pure carbonate sequen
ces. Most gold mineralization at Copper Basin 
seems to be localized in skarn formed in the Har
mony Formation. However, the Battle Formation 
and Antler Peak Limestone both host gold skarn 
deposits elsewhere in the Battle Mountain Mining 
District. Descriptions of the mineralogy and chemi
cal analyses for the protoliths of skarn in this 
report (see tables 1, 3) show that all three strati
graphic units are heterogeneous. In the area north 
of the Copper Basin Mine, shale and calcareous 
shale layers are common in the Harmony Forma
tion. Some mafic flows have elevated contents of 
Ti0

2 
(as much as 2.3 weight percent; table 1) and 

Cr20 3 and are intercalated with metasandstone 
and metasiltstone of the Harmony Formation. In 
the Copper Basin area, the middle member of the 
Battle Formation is a calcareous silty shale. Rob
erts (1964) reported a chemical analysis of a repre
sentative sample of calcareous shale containing 
.0.46 weight percent Ti02• The Antler Peak Lime
stone in the general area of Copper Basin includes 
a micrite facies that contains less than 0.1 weight 
percent Ti02, as well as a silica-rich carbonate sil
tite facies containing as much as 0.4 weight per
cent Ti02 (table 3). These differences in protolith 
composition are shown to some extent by garnet 
compositions of skarn (fig. 95). The decrease in 
Ti02 content from core to rim noted above in nor
mally zoned garnets in skarn in all three protoliths 
suggests that titania in the protolith is incorpo
rated into garnet during metamorphism and initial 
stages of metasomatism. In skarn A, garnet in· 
early-stage K-feldspar+diopside+garnet assem
blages is enriched in Ti02 relative to garnet in the 

late-stage garnet+quartz assemblage that replaces 
it. For the other skarn bodies formed in the Har
mony Formation, the Ti02 content of garnet ranges 
from 0 to 5 weight percent. Highly andraditic com
positions (greater than Ad95) are free of titanium. 
The most titaniferous and chromitiferous composi
tions present are in grossular-rich garnets in shaly 
skarn in the northern part of skarn D, where local 
pods of bright-green, uvarovite-rich garnet adjacent 
to chromite provide clear evidence of reaction be
tween chromite and metasomatic fluids. Garnet 
composition in sulfide-bearing skarn at the Carissa 
deposit ranges from Ad

60 
to Ad

85 
(less than 0.5 

weight percent Ti02); garnet from sulfide-bearing 
skarn in the Contention pit is more aluminous 
(Ad

30
-Ad

80
) and a few garnet cores contain as much 

as 2 weight percent Ti02• Despite the extensive 
retrograde alteration of calc-silicates and oxidation 
of sulfides at the Surprise Mine, early titaniferous, 
grossular-rich garnets are preserved. Garnet in 
skarn formed in Battle Formation and in Antler 
Peak Limestone is somewhat more andraditic and 
less titaniferous (less than 1 weight percent Ti0

2
) 

than garnet in most of the skarn formed in Har
mony Formation. Titanium appears to be some
what mobile in the metasomatic environment 
because some garnets incorporated titanium as 
they grew (for example, fig. 93D) and Ti02 contents 
as high as about 1 weight percent or so are com
mon regardless of protolith. Titanian andradites 
are not uncommon in alkaline igneous rocks (Deer 
and others, 1982), and so there is no crystal
chemical basis for the observed decreases in titani
um content with increasing andradite content. 

~ FIGURE 95.-Ti0
2 

versus andradite contents in garnets from 
skarns at Copper Basin. Samples shown in figures A-J, and 
symbols included therein, are same as in figure 89. A, skarn A 
in the Upper Cambrian Harmony Formation; dots, pyroxene
bearing samples; squares, pyroxene-free sample 84JH044. B, 
skarn B in the Harmony Formation. C, dots, skarn C in the 
Harmony Formation; squares, Tertiary diabase endoskarn. D, 
skarn D in the Harmony Formation along unconformable con
tact between the Harmony and the Middle :Pennsylvanian 
Battle Formations, north of Surprise fault. E, skarn D in the 
Harmony Formation south of Surprise fault. F, skarn E in 
middle member of the Battle Formation; dots, samples adja
cent to Tertiary porphyritic leucogranite; squares, samples 
85JH148 and 85JH149. G, skarn F in the Upper Pennsylva
nian and Lower Permian Antler Peak Limestone; dots, sam
ples 80BK96 and 80BK97; squares, clastic carbonate sample 
85JH136. H, mineralized skarn at Carissa deposit. I, mineral
ized skarn samples 76CB11 and 85JH129 from Contention pit. 
J, mineralized skarn at Surprise deposit. 
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Einaudi (1982b) used the term "skarnoid" for 
garnet-rich rocks formed in impure carbonate and 
shale beds where the distinction between metamor
phic and metasomatic processes is obscured. He 
showed that garnets in skarnoids that represent 
largely metamorphic or local metasomatic (reaction 
skarn) processes are grossular rich relative to the 
more andradite rich (Ad

80
-Ad

100
) garnets formed 

during metasomatism. Although skarn A has some 
of the characteristics of skarnoid, garnet composi
tions are iron rich, rather than the grossular-rich 
compositions described elsewhere (for example, for 
skarnoid in andesite tuff at Yerington, Nev.; Harris 
and Einaudi, 1982) or for skarnoid in argillaceous 
limestone at Cananea, Mexico (Meinert, 1982). 
Theodore and Hammarstrom (1991) documented 
trends of local iron depletion and enrichment in 
hornfels and skarn, respectively, at skarn A and 
suggested that iron was carried by high tempera
ture, highly saline fluids emanating from the 
nearby Tertiary porphyritic leucogranite stock. The 
more grossularitic and titaniferous compositions 
observed in cores of garnet in some of the other 
skarns may represent relict metamorphic and (or) 
early metasomatic compositions that retain a 
chemical signature from the protolith and that 
failed to equilibrate completely with subsequent 
fluids that eventually produced well-developed 
metasomatic zones and overgrowths of nearly pure 
andradite. Fine-scale oscillations between an
draditic and grossularitic compositions in garnet 
rims are typical of skarn garnets and represent 
fluctuating conditions (such as temperature 
changes, changes in fluid composition due to boil
ing or influx of newly arrived metasomatic or mete
oric fluids, and so on) during the prograde stages 
of skarn growth. 

The compositional boundary between isotropic 
and anisotropic garnet is not clear cut. In general, 
andradites (Ad

95
-Ad

100
) are isotropic, and composi

tions between Ad50 and Ad
90 

are anisotropic; few 
analyses fall in the compositional range Ad

85
-Ad

95
• 

Except for the red garnets in skarn A, most 
andradite-rich compositions represent yellow cores 
or zones surrounded by colorless anisotropic gar
net. Andradite in skarn A is distinct because it is 
uniformly red in hand specimen, is pink to red in 
thin section, and has higher pyralspite component 
than other garnets. 

Comparison of Copper Basin skarn garnets with 
compilations for garnets classified by dominant asso
ciated metal shows that the garnets fall entirely 
within the field for calcic skarns associated with cop
per deposits. Garnets in skarns related to porphyry 

copper deposits are commonly reddish brown closest 
to the intrusive and green farther out, and show an 
overall trend of increasing iron content over time. 
Tracking the evolution of Copper Basin skarns by 
mineralogic signatures is difficult because map pat
terns of surface rocks show that the distribution of 
skarns is not necessarily constrained by intrusive 
contacts and Tertiary faulting segments most skarn 
bodies. 

PYROXENE 

The skarn pyroxenes (tables 36, 37, 41) are es
sentially solid solutions between diopside and hed
enbergite; johannsenite components are low, but 
tend to increase slightly with increasing hedenberg
ite content. Although there is considerable scatter 
in the data (fig. 96), both manganese and sodium 
tend to increase with increasing iron content. Rep
resentative pyroxene analyses were recalculated 
using MINCLC (Freeborn and others, 1985), a 
FORTRAN program for recalculating mineral anal
yses. MINCLC computes formal pyroxene site occu
pancies and normative pyroxene components based 
on a scheme that assumes no vacancies and formu
lates 64 different pyroxene components by using the 
smallest amounts of a given element to fill sites in 
the order M2 sites, Ml sites, then tetrahedral sites. 
Such calculations show that: (1) silicon, aluminum, 
and sometimes a small amount of ferric iron (approx 
0.01 cations) fill the tetrahedral site; (2) calcium is 
the dominant cation in the eightfold coordinated M2 
site, with minor amounts of potassium, sodium, 
manganese, and ferrous iron; (3) magnesium, fer
rous iron, and titanium are the principal cations in 
the octahedral M1 site; (4) excess ions (commonly 
calcium) remaining after completely filling available 
sites are generally less than or equal to 0.02; (5) 
measured amounts of potassium and chromium can 
be accommodated in terms of ideal end-member 
components; and (6) sodium is assigned to minor 
amounts of an acmite or jadeite end-member com
ponent by the default normalization scheme. 
Robinson (1980) cautioned against the use of ideal 
end members to describe pyroxenes because the 
choice of end members and the sequence by which 
they are computed is arbitrary. End members (fig. 
97) are defined in terms of cation ratios, as follows: 
johannsenite (Jo)=Mn/(Mn+Mg+Fe2+), diopside 
(Di)=Mg/(Mn+Mg+Fe2+), and hedenbergite (Hd)= 
Fe2+/(Mn+ Mg+ Fe2+ ). 

Pyroxene in garnet-free hornfels from skarn A is 
magnesium rich and manganese poor relative to 
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TABLE 41.-Representative analyses of pyroxene from Copper Basin skarns 

[c, core; r, rim; /X, at contact with mineral X; [X], enclosed in mineral X. GA, garnet; KF, K-feldspar. (n), average of n analyses; n.d., not determined;-, not detected] 

Skarn A Skarn B 
Sample No. 84JH042 84JH042 84JH042 84JH043 85JH070b 8SJH070b OVL-3 451-332 451-332 85JH102 
Grain PXl-1 PXl-2 PXl-3 PX6 PX4-1 PX4-2 PX3 PXl-1 PXl-3 PXl 

c m r/KF (2) c r ( 3) c r ( 4) 

MicroErobe analyses (wei~ht percent) 

Si02 52.6 52.4 52.2 51.5 51.1 50.4 51.2 53.3 53.4 52.1 
A1 2o3 .71 .74 .84 .27 .16 .3 .57 .12 .15 .22 
FeO 11.3 10.4 7.44 18.2 13.3 16.4 13.9 7.71 5.84 9.9 
MgO 12.4 12.8 14. 6.77 9.88 7.91 9.65 13.4 14.4 12.2 
CaO 22.7 22.9 24.2 23.3 24.3 23.4 23.9 25.5 25.5 24.7 
Na2o .17 .23 .28 .15 .21 .15 .16 .04 .04 .12 
K20 .02 • 07 N.d. N.d • N.d. .02 
Ti02 .03 .03 .09 .02 .01 .02 .01 .02 
MnO .41 .37 .22 .51 .32 .81 .46 .43 .35 .39 

Total 100.34 99.87 99.34 100.72 99.28 99.39 99.86 100.50 99.68 99.67 

Cations (normalized to 4) 

Si 1.98 1.97 1.95 2.00 1.97 
Al .03 .03 .04 .01 .01 
Fe+3 .03 .04 .07 .07 
Fe+2 .33 .29 .16 .59 .36 
Mg .7 .71 .78 .39 .57 
Ti 
Mn .01 .01 .01 .02 .01 
Ca .91 .92 .97 .97 1.00 
Na .01 .02 .02 .01 .02 
K 

Molecular proportions of 

Jo 1.3 1.2 0.7 2.0 1.1 
Di 67.2 70.4 82. 39. 60.6 
Hd 31.5 28.4 17.3 59. 38.3 

pyroxene in garnetiferous samples from the same 
area. Minimum iron contents of pyroxene and gar
net tend to increase from the margins to the center 
of an outcrop of bedded skarn, as shown by mineral 
compositions for the west to east traverse from 
hornfels sample 84JH041 to garnet-quartz skarn 
84JH044 (cols. 1-4, table 36). Pyroxene enclosed in 
garnet is generally too small and anhedral for reso
lution of core-to-rim compositional differences; core 
and rim analyses on coarser grains (table 41) show 
zoning, though not nearly so dramatic as for gar
net. Compositional variations within single grains 
are typically less than 10 mol percent Di. Rims 
tend to be iron rich relative to cores, but there are 
numerous exceptions to this trend. Pyroxene com-

1.97 1.97 1.98 1.98 1.97 
.01 .03 .01 .01 .01 
.06 .OS .03 .03 .06 
.48 .39 .21 .15 .25 
.46 .55 .74 .80 .69 

.03 .01 .01 .01 .01 

.98 .98 1.01 1.02 1.00 

.01 .01 .01 
N.d. N.d. N.d. 

end-member pyroxene 

2.8 1.6 1.4 1.1 1.8 
47.7 57.5 77.1 83. 72.2 
49.5 40.9 21.5 15.8 26.5 

positions for skarn B overlap those for skarn A, ex
cept for the westernmost sample, 451-332, which 
contains distinctly more diopsidic pyroxene. Skarn 
C includes rocks that contain metasomatic, as well 
as relict igneous pyroxene. Pyroxene in the diabase 
is quadrilateral pyroxene, as indicated by lower 
calcium content. This igneous pyroxene is dis
tinctly enriched in aluminum and titanium relative 
to the metasomatic pyroxene that occurs bordering 
garnet-filled veinlets in diabase endoskarn. All the 
pyroxene in endoskarn sample 85JH088 appears to 
be metasomatic. Pyroxenes from veins in endo
skarn sample 85JH087 have compositions similar 
to pyroxenes with relict igneous textures. These 
latter pyroxenes, though more aluminous than the 
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TABLE 41.-Representative analyses of pyroxene from Copper Basin skarns-Continued 

Skarn C Skarn E Skarn F 

Sample No. 85JH078 85JH088 85JH088 85JH089 85JH089 85JH143 85JH143 85JH143 80BK96 80BK96 
Grain PXl PXl-1 PX1-2 PX2-1 PX2-2 PX1-1 PX1-2 PX2 PX3 PX4 

( 3) c riGA c r c r [GA] 

MicroErobe analyses (weisht Eercent) 

Si02 51.7 50.6 51.4 51.1 50.1 51.0 48.5 48.7 52.9 52.1 
Al203 .68 .39 .47 2.52 2.95 .18 .13 .09 .52 .23 
FeO 11.4 13.5 11.4 6.99 8.85 13.6 23.9 25.9 8.63 10.6 
MgO 11.1 9.65 11. 15.8 14.4 9.41 2.76 1.87 14. 11.3 
CaO 24.5 24. 24.2 21.5 20.8 25. 23.3 22.9 24. 24.5 
Na2o .12 .18 .17 .24 .33 .06 .13 .11 .07 .03 
K20 N.d. .03 .03 .07 .03 .01 
Ti02 .04 .74 .95 .01 
MnO .51 .28 .34 .14 .20 .78 .46 1.25 .35 .82 

Total 100.05 98.63 98.98 99.06' 98.65 100.03 99.18 100.63 100.50 99.59 

Cations (normalized to 4) 

Si 1.96 1.97 1.97 1.90 1.88 1.96 1.97 1.97 1.96 1.98 
Al .03 .02 .02 .11 .13 .01 .01 .02 .01 
Fe+3 .06 .07 .05 .08 .08 .08 .06 .07 .06 .03 
Fe+2 .31 .37 .31 .14 .2 .36 .76 .81 .21 .31 
Mg .63 .56 .63 .88 .81 .54 .17 .11 .77 .64 
Ti .02 .03 
Mn .02 .01 .01 .01 .03 .02 .04 .01 .03 
Ca 1. 1. .99 .86 .84 1.03 1.01 .99 .95 1. 
Na .01 .01 .01 .02 .02 .01 .01 .01 
K N.d. 

Molecular EroEortions of end-member Eyroxene 

Jo 1.7 1. 1.2 .4 .4 2.7 1.7 4.4 1. 3.1 
Di 66. 59.5 65.9 85.7 85.7 58.3 17.7 11.7 55.2 65.3 
Hd 32.3 39.6 32.9 13.9 19.9 

vein pyroxenes, do not have compositions that fall 
within the pyroxene quadrilateral. Pervasive alter
ation of the rocks and presence of clean, late-stage 
K-feldspar grains suggest that pyroxenes having 
relict igneous textures in endoskarn represent in
completely reequilibrated compositions, whereas 
pyroxenes in the vein-free core of the diabase dike 
have retained their magmatic signature. Pyroxene 
is scarce in the massive garnetites of skarn D, is 
always enclosed in another mineral, commonly gar
net, and has highly variable compositions. Traces 
of chromium are detected in pyroxenes in garnet 
rims from sample 76CB4; the high aluminum and 
titanium contents in these pyroxenes suggest that 
they may represent relict igneous compositions. Py
roxene in one sample from skarn formed in the 

39. 80.6 83.9 so. 31.6 

Battle Formation has the most iron rich composi
tions observed, whereas pyroxene composition in 
skarn formed in the Antler Peak Limestone is simi
lar to that of skarns of the Harmony Formation. 
Relict pyroxene in a clay layer in skarn from the 
Battle Formation is nearly pure diopside. 

EPIDOTE 

Epidote is common in most skarns in the Har
mony Formation but is rare in skarn A or in skarn 
developed in the Battle Formation and Antler Peak 
Limestone (table 42). Ferric iron is normally re
stricted to the. asymmetric octahedral M(3) site in 
the epidote-gro'up minerals, resulting in maximum 
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observed pistacite contents of 33 mol percent-that 
is, one Fe3+ ion substitutes for Al in the ideal for
mula Ca2Al

3
Si30 1/0H). All but two of the skarn 

epidote analyses have a mole percentage of pista
cite (Ps), defined as 100*[Fe3+/(Fe3++Al)], less than 
33. The two anomalous analyses, with Ps35 and Ps

34
, 

both represent epidote cores or zones in garnet, 
rather than discrete epidote crystals. Both analyses 
have nearly stoichiometric amounts of silicon and 
calcium, <2.00 Al cations, >1.00 Fe3+ cations, and 
reasonable oxide sums, suggesting that the compo
sitions are correct. Tulloch (1979) found epidote 
with anomalously high pistacite contents (Ps

36
-Ps

48
) 

associated with andradite-grossular garnet and 
other calcium-aluminum silicates as low-grade al
teration products of granitoid biotite, and Meinert 
(1984) reported exceptionally iron rich epidote com
positions (Ps50-Ps

60
) in veins in calcic iron skarns in 

British Columbia. Magnesium and titanium are 
present in minor concentrations and sodium is neg
ligible. Manganese contents are generally low (less 
than 0.10 weight percent MnO), but a few analyses 
show as much as 0.4 weight percent MnO. All 
epidotes are zoned, with rims always more alumi-
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FIGURE 96.-Total iron as FeO versus sodium oxide (A) and 
manganese oxide (B) contents in Copper Basin pyroxenes. 

nous than cores; this zoning is opposite to the nor
mal zoning trend observed for early-generation 
skarn garnets. Ranges of epidote composition over
lap among the different skarns, but epidote in 
skarn C tends to be more aluminous (fig. 98). 

Kitamura (1975) examined aluminum-iron parti
tioning in coexisting garnet-epidote pairs from 
copper skarns of the Chichibu Mine in Japan. 
He defined a partition coefficient based on the 

Mn 

50 

FIGURE 97.-Compositions of Copper Basin pyroxenes in terms of 
molecular proportions of Mn (johannsenite), Mg (diopside), and 
Fe2+ (hedenbergite). A, skarn A, Upper Cambrian Harmony 
Formation. B, skarn B, Harmony Formation. C, skarn C, Har
mony Formation; triangles, diabase endoskarn; dots, exoskarn. 
D, skarn E, sample 85JH143, Middle Pennsylvanian Battle 
Formation. E, skarn G, sample 80BK96 Upper Pennsylvanian 
and Lower Permian Antler Peak Limestone. 
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TABLE 42.-Representative analyses of epidote from Copper Basin skarns 

[c, core; r, rim; IX, at contact with mineral X; [X], enclosed in mineral X. GA, garnet; KF, K-feldspar; OP, opaque minerals. Total iron reported as Fe
2
0

3
; Ps, mole percentage of 

pistacite, defined as 100*(Fe3+/(Fe3++Al)). (n), average of n spot analyses; n.d., not determined; -, not detected] 

Skarn A Skarn B Skarn C Skarn D Skarn E 
Sample No. 85JH069 85JH097 85JH097 85JH097 85JH097 451-332 451-332 85JH078 85JH079 85JH079 76CB3 85JH142 
Grain EP1 EP3-l EP3-2 EPS-1 EPS-2 EPl EP3 EP1 EP2-2 EP2-1 EP1-1 EP1-2 

( 4) r/KF c c r ( 5) [GA] (2) lOP (2) c r/KF ( 3) 

MicroErobe analyses (weisht Eercent) 

Si02 38.2 37.7 36.9 37.7 37.1 
Al2o3 23.4 24.9 23.4 21.7 24.1 
Fe2o3 14.3 11. 12.8 14.3 11. 
MgO .14 .12 .12 .13 .14 
CaO 23.6 23.6 23.3 23.4 23.7 
Na0o .02 .01 .01 .01 
Kz N.d. .09 .01 • 01 
Ti02 .02 .06 .06 .06 .02 
MnO .01 .05 .1 .02 .11 

F N.d. .1 .1 
Cl N.d. .1 .02 .05 .03 

Total 1 99.69 97:6 96.7 97:3 ~ 

Cations based 

Si 2.99 2.99 2.97 3.03 2.99 

Al 2.17 2.33 2.23 2.06 2.3 
Fe+3 .84 .66 .78 .86 .66 
Mg .02 .01 .01 .02 .02 
Ti 
Mn .01 .01 

3.03 3.01 3.03 2.95 2.99 

Ca 1.98 2.01 2.02 2.02 2.04 
Na 
K N.d. . 01 

1.98 2.02 2.02 2.02 2.04 

Ps 28.0 22.0 25.9 29.5 22.5 

1 Totals adjusted for oxygen equivalent of F and Cl. 

aluminum-iron exchange reaction andradite+ 
clinozoisite=grossular+pistacite as K'=Al!Fe in 
garnet/(Al/Fe) in the epidote M(3) site. Kitamura 
found that garnet-epidote pairs formed at tem
peratures greater than 400 oc (in vesuvianite+ 
diopside+anorthite assemblages) had smaller K' 
values than pairs formed at lower temperatures (in 
chlorite+calcite+actinolite+magnetite assemblages). 
For coexisting minerals in several Japanese mines, 
he found that values for K' typically ranged from 
1. 7 to 10 and suggested that K' decreases with in
creasing temperature. K' values computed for 13 
mineral pairs from Copper Basin skarns, using 
only points analyzed at garnet-epidote contacts, 
range from 1 to 10 (fig. 99). Bird and Helgeson 

37.6 37.6 37.6 37.3 38.1 36.9 37.1 
22.6 20.9 22.7 23.6 26.5 23.4 20.9 
15.3 17.7 14.7 15. 8.7 13.3 18.1 

.18 .18 .14 .1 .17 
23.1 23.2 23.4 22.9 23.6 23.5 23.8 

.01 .01 .01 .01 
N.d • N.d. N.d. • 04 N.d • 

.04 .02 .06 .07 .09 .21 .01 

.13 .01 .06 .17 .04 .07 .02 

N.d. N.d. N.d. N.d. 
N.d. N.d. N.d. • 03 N.d • 

99.1 99.61 98.53 99.2 97.18 97.55 99.93 

on 12.5 ox~sens 

2.98 2.99 2.99 2.95 3.01 2.96 2.95 

2.11 1.96 2.13 2.2 2.46 2.21 1.96 
.91 1.06 .88 .89 .52 .80 1.08 
.02 .02 .02 .01 .02 

.01 .01 

3.06 3.04 3.01 3.12 3.00 3.05 3.04 

1.96 1.98 1.99 1.94 1.99 2.01 2.03 

N.d • N.d. N.d. N.d. 

1.96 1.98 1.99 1.94 1.99 2.01 2.03 

30.2 35.1 29.3 28.8 17.3 26.6 35.5 

(1980) considered the effects of substitutional 
order/disorder for epidote and confirmed the tem
perature dependence of the equilibrium constant 
for the exchange reaction by calculating theoretical 
compositions of coexisting epidote and garnet solid 
solutions from thermodynamic data. They also 
demonstrated that the equilibrium constant for the 
reaction is essentially independent of pressure and 
that compositions for natural pairs of coexisting 
garnets and epidotes from skarns, metamorphic 
rocks, and geothermal systems lie within the range 
of the calculated curves. Garnet-epidote pairs from 
skarns at Copper Basin (fig. 100) overlap the iron
rich end of the calculated curves. Mineral pairs 
from skarn B and D mostly lie within the field for 
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SKARN SAMPLE PISTACITE CONTENT, 
NO. IN MOLE PERCENT 

(fig. 86) 15 20 25 30 35 

G 85JH136 
I 

• 
I I 

76CB10 • • • 
85JH126 • 

D 85JH125 
76CB7 -· --· -. 
76CB4 . . . •• 
76CB3 • •• •• . . • 

85JH087 . 
85JH080 --c 85JH079 
85JH078 • 
451-332 
OVL-3 B 

85JH098 ---85JH097 .. ... . .. 
A 85JH069 -

FIGURE 98.-Range of epidote compositions for Copper Basin 
skarns in terms of mole percentage of pistacite. Each point 
represents a single analysis. 
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FIGURE 99.-Compositions of coexisting epidote-garnet pairs from 
skarns in the Upper Cambrian Harmony Formation at Copper 
Basin. Compositions are plotted in terms of a partition 
coefficient K', defined by Kitamura (1975) as (Al/Fe) in 
garnet/(Al!Fe) in the M(3) site of epidote, based on the Al-Fe 
exchange reaction andradite+clinozoisite=grossular+pistacite. 
Dashed fields outline Kitamura's fields for garnet-epidote pairs 
from several types of Japanese contact-metasomatic ore depos
its. Skarn B, samples 85JH098, OVL-3, and 451-332; Skarn 
D, samples 76CB3 and 76CB7; Carissa Mine area, sample 
76CB10. Multiple epidote-garnet pairs are plotted for some 
samples. 

epidote and garnet compositions reported by Kit
amura (1975) for Japanese skarn deposits. Multiple 
garnet-epidote pairs from the same sample tend to 
cluster; however, the assumption of even local 
equilibrium may be invalid for complex metaso
matic processes and, in many samples, textures in
dicate that epidote selectively replaces zones in 
garnet. Garnet in direct contact with epidote was 
not analyzed for skarn C samples. The range of 
garnet and epidote compositions observed for skarn 
C, however, partly overlaps the mineral pairs from 
skarn B and D and extends to more iron rich gar
net compositions. In addition, the data base is too 
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FIGURE 100.-Compositions of natural pairs of coexisting gar
nets and epidotes from skarns at Copper Basin versus mole 
fractions of andradite and pistacite in garnet and epidote, re
spectively. For skarn C, field encompasses all garnet and epi
dote compositions. Shaded area, field of coexisting natural 
garnet and epidote compositions reported by Kitamura (1975) 
for Japanese skarn deposits. Dashed curves, Bird and 
Helgeson's (1980, fig. 15) curves calculated from thermody
namic data for coexisting garnet and epidote for tempera
tures from 25 to 600 oc at 1 kbar. Skarn samples same as in 
figure 99. 
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TABLE 43.-Representative analyses of amphibole from Copper Basin skarns 

[IX, at contact with mineral X; [X], enclosed in mineral X. CHL, chlorite; CC, calcite; GA, garnet; PX, pyroxene; PY, pyrite. FeO(T), total iron reported as FeO; Fe20 3 and 
FeO computed from ideal amphibole formula (see text). (n), average of n analyses; n.d. not determined; -, not detected] 

Analysis 1 2 3 4 5 6 7 8 9 10 

Skarn D Skarn E Skarn F 
Sample No. 76CB7 76CB9 76CB9 76CB10 85JH140 85JH148 85JH148 85JH149 80BK97 80BK97 
Grain AMl-1 AMl AM2 AMl AMl AM2-2 AM3-3 AMl AMl AM3 

[GA] [GA] [PY] (2) [GA] /CHL,CC 

MicroErobe analyses (weisht Eercent) 

Si02 49.7 53.2 49.9 53.0 
Al2o3 4.11 1.9 3.31 .94 
FeO( T) 24.5 23.3 20.8 17.9 
MgO 7.38 8.89 10.5 13.5 
CaO 9.74 11.3 12.1 12.3 
Na2o .3 .3 .26 .OS 
K20 .33 .2 .26 .02 
Ti02 .02 .06 
MnO .26 .11 .18 .51 
Cr2o3 
Cl N.d. N.d. N.d. N.d. 
F N.d. N.d. N.d. N.d. 

Total1 96.34 99.26 97.31 98.22 

small to generalize on the utility of such diagrams 
for estimating temperatures for garnet-epidote 
equilibrium assemblages. The data are useful in 
showing that compositions of coexisting epidote
garnet pairs from Copper Basin skarns: (1) overlap 
the compositional ranges for many other skarn 
deposits; (2) overlap the entire temperature range 
25-600 oc for calculated curves for theoretical 
garnet-epidote equilibrium at 1 kbar; and (3) 
are apparently somewhat iron rich compared 
with epidote-garnet pairs from some other skarn 
deposits. 

AMPHIBOLE 

Amphiboles in Copper Basin skarns (table 43) 
are all calcic. The program of Rock and Leake 
(1984a, b) was used to estimate ferric iron on the 
basis of amphibole stoichiometric constraints, re
calculate the microprobe data on a 23-oxygen for
mula basis, and assign formal names recommended 
by· the International Mineralogical Association. Re
sults show that the names actinolite, ferroactino
lite, ferriactinolite, or actinolitic hornblende apply. 
Estimates of ferric iron content range from 10 to 
40 weight percent total Fe. Alkali contents are low 
(Na+K, approx 0.1 cation). Al

2
0

3 
content ranges 

50.0 51.9 53.9 49.9 51.7 53.0 
4.42 1.5 1.8 2.96 2.48 2.33 

15.3 21.2 13.9 18. 18.5 15.4 
13.4 11.1 15.3 12.1 11.9 14. 
12.7 10.5 12.3 11.1 12.1 12.6 

.38 .26 .21 .27 .3 .23 

.23 .14 .17 .18 .19 .14 

.04 .07 .OS .OS .08 .01 

.29 .32 .27 .23 .23 .21 
N.d. N.d. N.d. N.d. N.d. N.d. 

.02 .01 .01 .02 .02 .01 

.3 .1 .3 .4 .4 .2 

9"7:0 97:1" 98.1 95.0 97:8 98.1 

from 0.9 to 5.4 weight percent, and minor amounts 
of octahedral aluminum are present in most analy
ses. Minor amounts (approx 0.2 weight percent) of 
MnO are detected in all analyses; titanium and 
chlorine contents are negligible. Fluorine was de
tected in all analyses, ranging from 0.1 to 0.5 
weight percent. Amphiboles from skarn D tend to 
be more iron rich than amphiboles from other 
skarns (fig. 101). As a group, the Copper Basin am
phiboles overlap the iron-rich end of the rarige of 
amphibole compositions reported for porphyry
related skarns at Cananea (Mexico), Yerington, 
Ely, and Bingham and extend to more iron rich 
compositions. 

PHYLLOSIUCATE MINERAlS 

Biotite is present only in hornfels associated 
with bedded skarn (table 44). Biotite from two 
closely spaced samples has quite different composi
tions. In both samples, biotite is evenly distributed 
throughout the hornfels, which consists of biotite, 
plagioclase, K-feldspar, and pyroxene. Sample 
84JH041 contains red, anhedral biotite that is en
riched in iron, titanium, and manganese relative to 
the brown, phlogopitic biotite in sample 84JH042. 
Sample 84JH042 contains detrital chromite grains, 
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TABLE 43.-Representative analyses of amphibole from Copper Basin skarns-Continued 

Analysis 1 2 3 4 5 6 7 8 9 10 

Skarn D Skarn E Skarn F 
Sample No. 
Grain 

76CB7 
AMl-1 

76CB9 76CB9 76CB10 
AMl 

[PY] 

85JH140 85JH148 85JH148 
AM3-3 

85JH149 
AMl 
(2) 

80BK97 
AMl 

[GA] 

80BK97 
AM3 

/CHL,CC 
AMl AM2 AMl AM2-2 

[GA] [GA] 

Cations based on 23 oxygens 

T 

Alvi 
Fe3+ 
Fe2+ 
Mg 
Mn 
Ti 
Cr 

Ml-M3 

Ca 
Na 

M4 

Ca 
Na 
K 

A 

Cl 
F 

Mg/(Mg+Fe) 

7.49 
.51 

0.22 
.99 

2.1 
1.66 

.03 

1.57 
.09 

1.66 

0.06 

0.06 

N.d. 
N.d. 

0.44 

7.83 
.17 

0.16 
.31 

2.56 
1.95 

.01 

.01 

1. 78 
.09 

0.04 

N.d. 
N.d. 

0.43 

1. ferro-actinolitic hornblende 
2. ferro-actinolite 
3. actinolitic hornblende 
4. actinolite 
5. actinolitic hornblende 
6. ferrian actinolite 
7. actinolite 
8. actinolitic hornblende 
9. actinolite 

10. actinolite 

7.46 
.54 

0.04 
.49 

2.11 
2.34 

.02 

1.94 
.06 

2.00 

0.02 
.05 

0.07 

N.d. 
N.d. 

0.53 

7.69 
.16 

0.64 
1.54 
2.92 

.06 

1.90 
.01 

1.91 

N.d. 
N.d. 

0.66 

1 Total adjusted for oxygen equivalent of F and Cl. 

7.36 
.64 

8.00 

0.13 
.21 

1.68 
2.95 

.04 

N.D. 

5.00 

2.00 

0.11 
.04 

0.01 
.15 

0.64 

7.64 
.26 

7.90 

0.97 
1.64 
2.44 

.04 

.01 
N.d. 

5.10 

1.66 
.07 

1. 73 

0.03 

0.04 

0.60 

7.73 
.27 

0.03 
.22 

1.45 
3.26 

.03 

.01 
N.d. 

1.89 
.06 

0.03 

0.03 

0.15 

0.69 

7.48 
.52 

0.01 
.63 

1.63 
2.71 

.03 

.01 
N.d. 

5.01 

1. 79 
.08 

0.03 

0.03 

0.01 
.18 

0.63 

7.62 
.38 

0.05 
.18 

2.1 
2.63 

.03 

.01 
N.d. 

5.00 

1.92 
.08 

2.00 

0.01 
.04 

0.05 

0.01 
.16 

0.56 

7.68 
.32 

8.00 

0.08 
.12 

1. 74 
3.03 

.03 

N.d. 

1.95 
.05 

2.00 

0.02 
.03 

0.05 

0.11 

0.64 

2 Total iron redistributed between ferric and ferrous iron by normalization of tetrahedral and Ml-, M2-, M3-
site cations to 13 using a computer program by Rock and Leake (1984a, b) that partitions iron and assigns 
the IMA-recommended names listed at bottom of table. 

whereas none were observed in 84JH041. A 
chromite-bearing sample from massive garnetite in 
skarn D contains 2.7 weight percent MgO (analysis 
2, table 24), whereas the other samples from skarn 

D contain less than 0.8 weight percent MgO. The 
more magnesian biotite in sample 84JH042 may 
reflect a local difference in the bulk composition of 
the protolith, such as the presence of more magne-
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sian layers (possibly intercalated mafic rocks) in 
the Harmony Formation. Brown micaceous grains 
that resemble biotite but have nonstoichiometric 
compositions are common in many samples. Biotite 
has been reported in other skarns; for example, 
Newberry (1980) described biotite-magnetite veins 
cutting garnet skarn in the Pine Creek, Calif., 
district, but at Copper Basin all the biotite appears 
to belong to the metamorphic stage of skarn 
evolution. 

Green chlorite is most abundant in sulfide-bearing 
samples; brown chlorite or oxychlorite is ubiquitous. 
The limited data obtained for chlorite (table 44) 
shows that it is uniformly iron rich and that both 
brown and green chlorites overlap in composition 
and vary considerably in iron and magnesium con
tents. Copper Basin chlorites are similar to chlorites. 
reported from skarns associated with tungsten min
eralization at Pine Creek (Newberry, 1980) and are 
more iron rich than the range of compositions re
ported by Meinert (1980) for chlorites in copper 
skarns at Capote Basin (fig. 102). 

Brown chlorite ranges in color from reddish brown 
through pale brown to greenish brown, commonly 
within a single grain. Brown chlorite is present in 
several textures: replacing garnet cores; replacing 
pyroxene or amphibole inclusions in poikilitic gar
nets; rimming or partly replacing patches of intersti
tial limonite; and as narrow veinlets within and 
between garnet grains. Brown chlorites may be oxi
dized or may represent mixtures of green chlorite 
and oxychlorite, or may owe their color to finely dis
persed limonite. Brown chlorite probably differs from 
green chlorite in ferric iron content, but because of 
our inability to distinguish between ferric and fer
rous iron by microprobe, we report total iron as fer
rous iron. Dark-colored, nonmagnetic grains were 
handpicked from low specific gravity fractions (less 
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ATOMIC Fe/( Fe+Mg} IN AMPHIBOLE 

FIGURE 101.-Range of compositions for amphiboles from Cop
per Basin skarns in terms of Fe/(Fe+Mg) ratio and aluminum 
cations, based on a 23-oxygen formula unit. Dots, skarn B; 
circles, skarn D; X, skarn E; crosses, skarn F; triangles, 
skarn G; shaded box represents amphibole compositions from 
porphyry copper-related skarns at Cananea (Mexico), 
Yerington, Ely, and Bingham (Nevada), as outlined by 
Einaudi (1982b). 

than 3.3) of two samples from skarn in the Harmony 
Formation. Both samples (76CB9 and 85JH145) con
tain abundant brown chlorite. Resulting separates 
are not pure; they contain intimately associated li
monite. X-ray-diffraction patterns for both samples 
show the characteristic 14-A chlorite 001 peak. The 
separate from sample 76CB9 consists of chlorite, 
goethite, hematite, and traces of amphibole whereas 
the separate from sample 85JH145 consists mostly 
of chlorite and quartz. No mica peaks were observed. 
The relative X-ray-diffraction intensities of the 001 
(14 A) and 002 (7 A) basal spacings of chlorites are a 
function of composition: for the iron-rich chlorites, 
the intensity of the 002 peak is much stronger than 
that of the 001 peak (Brindley and Brown, 1980). 
Predicted compositions based on relative intensities 
of basal peaks for chlorites in these two samples 
agree with microprobe data. Brown chlorite analyzed 
in thin section for samples 76CB9 and 85JH145 had 
Fe/(Fe+Mg)=0.81 and 0.50, respectively. 

CLAY MINERAlS 

Yellow-green clay layers are present in massive 
garnetite skarns in the Harmony Formation and in 
the middle member of the Battle Formation. X-ray
diffraction patterns using randomly oriented slides 
show that clay samples contain 14-A peaks that ex
pand to 17 A upon glycolation; this is the character
istic behavior of a montmorillonite clay. The 060 
peak position, which distinguishes dioctahedral 
smectite (nontronite) from trioctahedral smectite 
(montmorillonite or ferrosaponite), is not diagnostic 
because several weak peaks are present in the range 
1.49-1.53 A. These clays are probably mixtures of 
nontronite and other smectite clays. Abundant 
quartz is present in the clay layer associated with 
skarn in the Harmony Formation, whereas quartz, 
calcite, epidote, and relict pyroxene are identified in 
clay from the middle member of the Battle Forma
tion. Microprobe data (table 45) obtained for clays in 
polished thin sections show that they are quite iron 
rich and extremely low in aluminum. Total iron is 
reported as FeO, but most or all of the iron probably 
is present in the ferric state. Mossbauer data for 
sample 85JH115 (Robert Johnson, U.S. Geological 
Survey, written commun., 1987) show a typical non
tronite pattern having nearly all the iron present in 
the ferric state. Montmorillonite clays commonly con
tain about 15 weight percent H

2
0 (Deer and others, 

1962b). High oxide sums for microprobe data may in
dicate volatilization of water from the electron beam 
and dehydration resulting from evacuation of the mi-
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TABLE 44.-Representative analyses of biotite and chlorite from Copper Basin skarns 

[Cations and Hp computed on the basis of 24 and 18 CO+OH+F+Cl) for biotite and chlorite, respectively. FeO(T), total iron reported as FeO. (n), average of n analyses; n.d., 
not determined; -, not detected] 

Analysis 1 2 3 4 5 6 7 8 9 10 

Biotite Chlorite 
Sample No. 84JH041 84JH042 8SJH097 76CB8 76CB11 76CB11 85JH086 KS513 85JH145 85JH148 

( 3) ( 5) (1) (6) (3) (2) ( 2) (2) (2) (1) 

MicroErobe analyses (wei~ht percent) 

Si02 32.8 38.6 28.1 24.6 25.5 25.1 28.3 25.1 29.1 32.7 
21.5 16.6 18.8 19.7 19.8 18. 18.8 19.5 17. 13.9 Al 20f 

FeO( ) 20.2 7.75 20.5 38. 28. 37.6 21.6 36.4 25.8 23.5 
MgO 8.14 21. 18.1 6.55 12.9 6.26 17.7 6. 14.4 13.2 
CaO .11 .3 .54 .13 .OS .06 .22 .36 .44 1.53 

NaaO .15 .14 .03 .OS .11 .03 .02 .02 .29 
K2 9.83 10.2 .12 .8 .01 .09 .13 .07 .15 .4 
Ti02 3.08 1.23 .02 .OS .07 .01 .02 .03 .03 .04 
MnO .23 .07 .57 .33 .96 .71 .56 .35 .26 .21 
F • 3 1.6 .1 N.d • N.d. .2 .2 .2 
Cl .19 • 06 • 01 N.d • N.d • .OS .01 .OS .04 
H2o 3.72 3.37 11.7 10.8 11.3 10.8 11.6 10.8 11.5 11.5 

Total1 99.93 99.67 98.52 100.29 98.59 98.74 99 .OS 98.71 98.71 97.36 

Cations 

Si 5.01 s.ss 2.91 2.73 
Al 3.87 2.82 2.29 2.58 
Fe 2.58 .93 1. 77 3.53 
Mg 1.85 4.5 2.79 1.08 
Ca .02 .06 .02 
Na .04 .04 .01 .01 
K 1.92 1.87 .02 .01 
Ti .35 .13 
Mn .03 .01 .OS .03 

Fe/(Fe+Mg) .58 .17 .39 .76 

1. Biotite in hornfels. 
2. Biotite in hornfels adjacent to skarn A. 
3. Green chlorite in calcite; skarn B. 
4. Green chlorite; skarn D. 
S-6. Green chlorite. 
7. Brown chlorite rimming limonite; skarn c. 
8. Green chlorite; Surprise Mine. 
9. Brown chlorite in garnet; skarn E. 
10. Brown chorite; skarn F. 

1 Total adjusted for oxygen equivalent of F and 

croprobe sample chamber to operating conditions. 
The fine-grained nature of the clay material 
precludes expansion of the microprobe beam to mini
mize water loss during analysis. A standard nontron
ite clay was analyzed along with the skarn samples 
(table 45) to test the effects of the vacuum and beam 

2.74 2.83 2.93 2.81 3.07 3.45 
2.52 2.4 2.29 2.57 2.12 1. 73 
2.52 3.55 1.87 3.4 2.28 2.08 
2.07 1.05 2.73 1. 2.27 2.08 

.01 .01 .02 .04 .OS .17 
.02 .01 .06 
.01 .02 .01 .02 .OS 

.01 

.09 .07 .OS .03 .02 .02 

.55 .77 .41 .77 .s .s 

Cl. 

impingement on resulting microprobe analyses. 
Shimizu and Iiyama (1982) reported microprobe data 
for nontronites formed by alteration of clinopyroxene 
in skarn near ore bodies for the zinc-lead skarn de
posits at the Nakatatsu Mine in Japan. Their data 
show high totals (90 weight percent), high iron, 
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calcium as the principal interlayer cation, and sig
nificant manganese contents. Data for several clay 
grains in sample 85JH115 are consistent, and this 
consistency suggests that the dominant clay material 
is a nontronite like mineral having calcium as the 
interlayer cation. Data for several grains in sample 
85JH142 are highly variable. This heterogeneity 
may indicate the presence of fine-grained mixtures of 
clay and quartz; one dark grain is an extremely het
erogeneous, manganese-rich phase. Nontronites from 
the Nakatatsu Mine replace iron-rich pyroxenes. 
Nontronites in the Copper Basin rocks replace an
dradite or epidote after andradite; relict pyroxenes in 
the clay layers are diopsidic. 

The extensive interaction between rock and late
stage metasomatic fluids needed to produce massive 
clay layers prompted us to investigate the chemical 
signature of the clays as possible sinks for elements 
associated with mineralization. Although the two 
clay samples we analyzed are not pure clays, no sul
fide minerals or sulfates were observed in thin sec
tion. The two clay samples (analyses 4--5, table 38) 
have different chemical signatures; however, both 
samples contain small amounts of silver, several 
hundred parts per million zinc, and no detectable 
molybdenum. 

APATITE 

Apatite is present as tiny, probably detrital grains 
in bedded skarns and as inclusions in garnet or in 
quartz in most of the massive skarns. Late-stage, 
coarse, euhedral apatite grains are extremely abun-

Magnesium 

Aluminum 

50~----------------~50 

............ 

' Capote ".. 
Basin '-

chlorites / ____ / 
••• 

• X 

50 

' 

I ron+ manganese 

FIGURE 102.-Ternary diagram showing Copper Basin chlorite 
compositions in terms of cations aluminum, magnesium, and 
iron+manganese. Dots, green chlorites; squares, brown chlo
rites. Also shown are fields for chlorite compositions in cop
per skarn at Capote Basin (Meinert, 1980) and chlorites in 
tungsten skarns at Pine Creek (x; Newberry, 1980). 

dant in sample 85JH112, a massive garnetite from 
skarn D. These late-stage apatites cut across K
feldspar veinlets and are also inclusions in patches 
of brown chlorite interstitial to massive garnet. All 
apatite (table 46) is fluorine rich and contains minor, 
but variable amounts of chlorine. C02 (carbon substi
tutes for phosphorus in carbonate-apatites) and 
water cannot be detected by microprobe analysis. 
However, formula proportions calculated on an ideal 
anionic basis (0+0H+F+Cl=26) suggest that these 
apatites are nearly fully fluorinated. Manganese con
tents are low, and chlorine content is low but vari
able. The paragenesis of most of the apatite is 
unclear-metamorphic, metasomatic, or relict igne
ous origins are all possible. The coarse-grained apa
tite in skarn D however, is clearly a late-stage 
metasomatic phase. Cerium, lanthanum, and stronti
um were sought in all the apatites. Strontium con
tents are generally low (less than 0.1 weight percent 
SrO). Apatite in skarn A contains 0.3 to 1.8 weight 
percent Ce

2
0

3
+La

2
0

3
, whereas concentrations for 

these elements in metasomatic apatites from skarn 
D are at or below detection limits. Harris and 
Einaudi (1982) observed apatite associated with late
stage magnetite in rocks from the Douglas Hill Mine 
at Yerington, and they attributed the apatite forma
tion to the phosphatization of andradite at tempera
tures below 200 °C, on the basis of homogenization 
temperatures of fluid inclusions within the apatites. 

SCAPOUTE 

Scapolite forms a complex silicate solid solution 
between the end-member compositions marialite, 
Na

4
Al3Si

9
0 24Cl, and meionite, Ca4Al6Si60 24C03• Al

though scapolite is not an uncommon skarn miner
al, it was observed in only one of the samples from 
Copper Basin, a finely laminated, red and green, 
garnet-rich calc-silicate rock from skarn C. Scapo
lite has not previously been reported from skarn in 
the Battle Mountain area. The scapolite is chlorine 
rich and marialitic. Mineral formulas (table 47) are 
calculated using the scheme adopted by Vanko and 
Bishop (1982). Silicon+aluminum are normalized 
to 12 based on the general scapolite formula 
W

4
Z120 24

·R. Calcium, sodium, and potassium are 
assigned to the W sites, aluminum and silica are 
allocated to Z, and enough carbonate is calculated 
to achieve charge balance, assuming R=Cl+ 
C0

3
+S0

4
=1.00. Calculated carbonate contents are 

low. The occurrence of chlorine-rich scapolite con
firms fluid-inclusion data indicating that skarn for-
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TABLE 45.-Analytical data for clays associated with skarns 
at Copper Basin 

[FeO(T), total iron reported as FeO for analyses 1 through 13. tr, trace; n.d., 

not determined; -, not detected] 

Analysis 

Skarn D Skarn E 
Sample No. 85JH115 85JH115 85JH115 85JH115 85JH115 85JH115 85JH142 85JH142 
Grain CLl-1 CLl-2 CL2-l CL2-2 CL3 CLS CLl CL2-l 

SiO 46.15 44.10 41.63 40.08 45.28 59.52 47.45 61.82 

Al2~3 1.18 1.47 1.23 1.55 1.59 1.48 • 42 .48 

~:b~f) N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. 
39.23 32.81 40.53 41.42 32.67 21.35 32.58 19.21 

MgO 1.86 1. 51 1.49 1.29 1.7 2.32 2. 79 1.97 
CaO 2.64 2.41 2.28 2.12 1.92 1.51 2. 37 1.69 
Na 2o .09 .02 .05 .03 .01 .02 .08 .06 
K20 .13 .08 .03 .OS .01 .07 .04 .07 
Ti02 .06 .03 .01 .01 .05 .04 .02 .01 
MnO .03 .03 .02 .01 .03 .03 
Cr 2o3 .02 .05 .06 .04 • 04 N.d. N.d • 
F N.d. N.d. N.d. N.d. N.d. N.d. .01 
Cl N.d. N.d. N.d. N.d. N.d. N.d. .05 .OS 
so3 N.d. N.d. N.d. N.d. N.d. N.d. .04 .03 

Tota12 91:36 82.48 87.34 86.62 83.29 86.32 85.88 85.4"2 

TABLE 45.-Analytical data for clays associated with skarns 
at Copper Basin-Continued 

10 11 12 13 API nontronite standard 

Skarn E 
Sample No. 85JH142 85JH142 85JH142 85JH142 85JH142 Chemistry Microprobe 
Grain CL2-2 CL3 CL4-1 CL4-2 CLS (5) 

Si02 50.68 52.44 54 0 78 50.74 45.91 Si02 39.92 48 0 46+1.1 
A1 2o 3 .53 .67 .58 • 47 .42 Al 2o3 5.37 6.097 .1 

~:b~f) N.d. N.d. N.d. N.d. N.d. Fe 2o 3 29.46 N.d.-
25.74 27.44 18.11 18.14 29.63 FeO .28 32.43+ .5 

MgO 1.88 3.62 1.07 1.82 2.23 MgO .03 .6 + .04 
CaO 2.15 2.19 1.59 1.93 2.21 CaO 2.46 2.3+ .08 
Na 2o .05 .03 .OS .09 .09 Na 2o Tr .o2+ .01 
KzO .03 .05 .04 .07 .OS K20 Tr .oii_ .02 
T102 .02 .01 .01 .02 .06 Ti02 . 08 N.d • 
MnO .03 .04 2. 74 6.26 .03 MnO N.d. .03.:<:. .03 
cr2o 3 N.d. N.d. N.d. N.d. N.d. Cr2o 3 N.d. N.d. 
F .05 .03 F N.d. N.d. 
C1 .03 .02 .03 .06 .07 C1 N.d. N.d. 
so3 .05 .05 . 1 ~03- N.d • N.d. 

14.38 N.d. 
Tota1 2 BT:19 86.56 79.05 79.60 80.83 H;o+ 7 0 N.d. 

Total 99.88 90.00 

1 API reference clay H33a, nontronite from Garfield, Washington. Chemistry reported by Kerr 
and others, 1950, p.SS. Microprobe analysis represents an average of 5 points taken from 
a polished mount of the standard clay rock. 

2 Total adjusted for oxygen equivalent of F and Cl. 

mation involved circulation of highly saline fluids 
in the Harmony Formation. 

OPAQUE MINERALS 

Opaque minerals in the Copper Basin skarns in
clude iron oxide minerals, hydrous iron oxide miner
als, chromite, and sulfides (pyrite, chalcopyrite, and 
pyrrhotite). Electrum is the gold-bearing mineral in 
mineralized skarn at the Surprise Mine. A distinc
tive feature of the Copper Basin skarns is the per
vasive replacement of sulfides by limonite. Limonite, 
a fine-grained to cryptocrystalline mixture of goe
thite, lepidocrocite, silica, other minerals, and ad-

sorbed water, appears as discrete black grains with 
red fringes in transmitted light and occupies polygo
nal interstices among garnet crystals in most of the 
Copper Basin skarns. Some limonite grains contain 
traces of pyrite or chalcopyrite, and rarely, hema
tite. Brown chlorite forms patches in limonite or par
tially rims it. Limonite is isotropic and has low 
reflectivity relative to sulfides or hematite. Most 
grains appear extremely heterogeneous in reflected 
light and exhibit textures that vary from mottled to 
colloform banded. Secondary electron images on li
monite from sample 76CB9 from skarn D show a 
mixture of less-than-0.05-J.Lm iron-silicon- and iron
silicon-copper-bearing phases. Quartz was not iden
tified as a discrete phase. No magnetite was 
observed in any polished sections. A few grains of 
magnetic material removed from sample 85JH145 
(skarn E) with a hand magnet produced an X-ray 
pattern showing a mixture of magnetite, hematite, 
quartz, and calcite. Nonmagnetic opaque grains 
handpicked from a heavy fraction of the same sam
ple proved to be a mixture of hematite, goethite, 
and lepidocrocite. X-ray-diffraction patterns for non
magnetic opaque fractions separated from skarn D 
(Harmony Formation) and skarn G (Antler Peak 
Limestone) gave patterns showing assemblages of 
chlorite+goethite+hematite+amphibole+quartz, and 
goethite+lepidocrocite+amphibole, respectively. Mi
croprobe analyses for limonite (table 48) show vari
able compositions, as expected for such mixtures. 
All limonite analyses have low sums, high iron con
tents, and silica contents of several tenths of a 
weight percent to several weight percent. These data 
are consistent with analyses reported by Deer and 
others (1962c), which show limonites having 74 to 
84 weight percent Fe

2
0

3
, 13 to 14 weight percent 

H
2
0, 3 to 5 weight percent Si02 , and variable 

amounts of other oxides. Limonite commonly forms 
as an oxidation product of pyrite or iron oxide min
erals. Inclusions of sulfides in limonite and qualita
tive identification of copper in some of the iron 
silicate phases present in limonite suggest that 
much of the limonite replaces preexisting sulfide 
minerals. However, some of the limonite may re
place magnetite or hematite that was deposited with 
garnet during the main stages of skarn growth. 
Magnetite and hematite are both observed in miner
alized skarn at the Surprise deposit. Magnetite is· 
commonly reported as a prograde stage mineral in 
calcic copper- and iron-bearing skarns. Samples 
from the southern extension of the skarn D traverse 
in the Contention pit contain sulfides (pyrite, pyr
rhotite, minor chalcopyrite) in veins and in the same 
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TABLE 46.-Representative analyses of apatite from Copper basin skarns 

[[X], enclosed in mineral X. CHL, chlorite; GA, garnet; Q, quartz. FeO(T), total iron reported as FeO. (n), average of n points; -, not detected] 

Skarn A Skarn B Skarn C Skarn D Skarn E 
Sample No. 85JH070 85JH070 85JH096 85JH096 85JH078 85JH107 85JH107 85JH112 85JH112 85JH149 
Texture [GA] [GA] [GA] [GA] [GA] [Q] [GA] [GA] [CHL] [GA] 

(3) (2) (2) (3) (3) 

Micro2robe analyses (weight Eercent) 

CaO 54.5 53.5 55.8 56.3 53.9 55.3 55.7 54.8 55.8 55.8 
Al 20f .09 .07 .OS .08 .29 .08 .09 .08 .OS .1 
FeO( ) .47 .46 .29 .24 .62 .28 .49 .14 .24 .82 
MgO .03 
MnO .03 .04 .07 .03 .08 .02 .05 .02 .05 
Na 2o .03 .02 .04 .03 .04 .03 .01 .02 .02 .11 
SrO .06 .06 .3 .02 .06 .06 .03 .01 .05 .08 
La2o3 .12 .62 .12 .08 .02 .08 .02 
Ce2o3 .21 .91 .29 .06 .15 .03 .06 .01 .02 
P205 41.2 40.8 41.8 41.4 41.4 40. 40.5 41.8 41.6 40.5 
Si02 .4 .88 .31 .23 1.66 .25 .21 .16 .16 .26 
Cl .3 .44 .11 .19 .·08 .29 .33 .47 .27 .09 
F 3.3 3. 3.8 3.4 3.1 3.12 3.04 3.12 3.66 3.79 

Total1 99.3 99.4 101. 100.56 100. 98:2 99.2 99.2 100. 100. 

Cations based on 26 oxygens 

Ca 9.92 9.78 9.97 10.15 9.68 10.24 10.21 9.95 10.03 10.16 
Al .02 .01 .01 .02 .06 .02 .02 .02 .01 .02 
Fe+2 .07 .07 .04 .03 .09 .04 .07 .02 .03 .12 
Mg .01 
Mn .01 .02 .01 .01 
Na .01 .01 .01 .01 .01 .01 .01 .01 .04 
Sr .01 .03 .01 .01 
La .01 .04 .01 .01 .01 
Ce .02 .06 .02 .01 

10.0 9.98 10:'1 10:"2 9.87 10.32 10.32 9.99 10.10 10.34 

p 5.93 5.90 5.90 5.89 5.88 5.86 5.87 5.99 5.92 5.82 
Si .07 .15 .OS .04 .28 .04 .04 .03 .03 .04 

6.00 6.05 5.95 5.93 6.16 5.90 5.91 6.02 5.95 5.86 

Cl 0.08 0.13 0.03 0.05 0.03 0.08 0.10 0.13 0.08 0.03 
F 1. 79 1.64 2. 1.81 1.64 1. 71 1.65 1.67 1.94 2.03 

1.87 1. 77 2.03 1.87 1.67 1. 79 1. 74 1.81 2.02 2.06 

%REE2 .26 1.02 .54 .06 .20 .09 .11 .02 .06 .09 

1 Total adjusted for oxygen equivalent of Cl and F. 

2 %REE = 100* ((Ce+La+Sr)/(Sum of Ca-site cations)). 
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TABLE 47.-Representative analyses of scapolite 
in sample 85JH080, skarn C, Upper Cam
brian Harmony Formation 

[FeO(T), total iron reported as FeO. Each analysis repre
sents an average of three points. C0

2 
content computed 

from theoretical amount of C0
3 

calculated by assuming 
ideal charge balance (48 oxygens) based on general scapo
lite formula W4Z120 24R, where W=Ca+Na+K, Z=Si+Al, and 
R=Cl+C03+804; Me=lOO*(Ca!(Ca+Na+Kll. -,not detected] 

Grain 
Microprobe 
Si02 
Al 2o3 
FeO(T) 
MgO 
CaO 
Na2o 
K20 
Ti02 
MnO 
F 
Cl 
so3 

Total 

F=O 
Cl=O 
co 2 

2 

New total 

SCI SC2 SC3 
analyses (weight percent) 

56.71 56.52 56.83 
22.82 23.22 22.96 

.07 .1 .09 

6.62 
9.66 
1.32 

.03 
3.09 

.21 

100.53 

.01 

.71 

.85 

7.26 
9.4 
1.08 

2.94 

100.52 

.68 
1.06 

100.23 

6.65 
9.7 
1.15 

.01 

.02 
3.12 

.07 

100.60 

.01 

.72 

.8 

Structural formula! 

Si 
Al 

Fe2+ 
Mg 
Ca 
Na 
K 
Ti 
Mn 

F 
Cl 
s 

i.Me 

8.14 
3.86 

12.00 

.01 

1.02 
2.69 

.24 

.01 

.75 

.02 

.79 

.17 

25.8 

8.08 
3.92 

.01 

1.11 
2.61 

.2 

.71 

.71 

.21 

28.4 

8.13 
3.87 

.01 

1.02 
2.69 

.21 

.01 

.76 

.01 

.77 

.16 

26.0 

1 Structural formula calculated by 
assuming Si+Al = 12. 

interstitial textures occupied by limonite in samples 
farther north (see fig. 87). The transition from sul
fide to limonite, which occurs between samples 
76CB10 and 76CB9, is accompanied by a change in 
garnet color and composition and may indicate dif
ferences between subsurface sulfide-zone skarn sam
pled in the pit and surface samples of oxide-zone 
skarn collected north of the pit along the same skarn 
body. The presence of detrital chromite in hornfels 
associated with skarn A and in garnetite from skarn 
D (table 48) implies that mafic or ultramafic igne
ous rocks contributed to the source material for the 
Harmony Formation. The aforementioned green
stone layers in the Harmony Formation are possible 
chromite sources, however, the greenstone analysis 
reported in table 1 is low in Cr

2
0

3 
content. Chro

mite grains are zoned and have been brecciated. 
Though partly reacted with the surrounding garnet, 
the chromite remains remarkably fresh, considering 
the exposure to metasomatic fluids. No pervasive 
oxidation to ferritchromite occurs, although narrow 
ferritchromite rims and lamellae are observed in 
most grains. Ferritchromite is a highly reflecting, 
magnesium- and aluminum-depleted alteration 
product of chromite commonly found rimming chro
mite grains in serpentinites. Ferritchromite is not 
formally recognized as a mineral, but it is the term 
used for chromite alteration with the aforemen
tioned physical and chemical properties (Lipin, 
1984). Though most commonly attributed to ser
pentinization processes, ferritchromite paragenesis 
has also been linked to magmatic alteration (Bliss 
and MacLean, 1975). Chromite compositions are un
usually aluminous, but they fall mostly within the 
field for metamorphic chromites outlined by other 
workers (fig. 103). The relatively coarse grain size 
(approx 0.5 mm diam) argues against a volcanic ori
gin as Evans and Wright (1972) found that chromite 
in lavas is typically very fine grained (less than 40 
J.!m). Zoning trends show iron enrichment from core 
to rim, consistent with typical zoning patterns for 
metamorphic chromites. Lower temperatures favor 
more iron rich chromite; chromite loses magnesium, 
chromium, and aluminum to silicates and gains iron 
as chromite compositions move toward magnetite. 
Garnets surrounding chromite (see table 40) are lo
cally enriched in aluminum, chromium, and magne
sium; in some places chromium enrichment is 
sufficient to impart a bright-green color to the 
garnet. 

Electrum grains in limonite in two samples from 
the Surprise deposit were analyzed by microprobe, 
including the grain shown in figure 88D. The compo
sitions observed, in terms of atomic percent, are 
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TABLE 48.-Representative analyses of opaque minerals in Copper Basin skarns 

[c, core; m, between core and rim; r, rim; /EP, in contact with epidote. FeO(T), total iron measured as FeO. Fe203(calc) and FeO(calc) determined 
assuming two cation sites for hematite or total iron as Fe203 for limonite. (n), average of n analyses; n.d, not determined; -, not detected] 

Limonite (LM) and hematite(HM) 

Skarn A Skarn B Skarn C Skarn D 
Sample No. 85JH069 85JH097 451-332 85JH079 76CB4 76CB6 76CB6 76CB7a 76CB9 85JH112 

Description LM LM LM LM LM HM LM LM LM LM 
colloform r/EP (4) 

Microerobe analyses (wei~ht percent) 

Si02 4.88 8.49 5.20 4.76 
Al2o3 .04 .17 
FeO(T) 73.9 70.1 76.5 74.2 
MgO .04 .28 .16 .48 
CaO .51 .49 .43 .83 
Na 2o • 04 .07 .04 
K20 N.d. .07 N.d. .05 
Ti02 .05 .01 .03 
MnO .04 .01 .01 2.6 
Cr2o3 N.d. .02 N.d. .03 

Total 79.46 79.57 82.52 82.98 

Fe2o3 calc. 82.1 77.9 85.0 82.5 
FeO calc. 

New total 87":'6 87.4 91:() 91:'3 

Other1 s 

Au51Ag49 and Au68Ag38 ; no other elements were 
detected. 

DISCUSSION 

All the Copper Basin skarns are calcic skarns; 
no magnesian skarn formed because significant do
lomite does not occur in the protolith. Garnet is 
the dominant prograde skarn mineral. Textures in 
many of the skarn samples indicate that garnet re
places earlier stage pyroxene-rich assemblages. Al
though the preservation of sedimentary textures 
(layering) and the occurrence of poikilitic garnets 
in some of the skarns support a metamorphic ori
gin, metasomatic fluids must have been associated 
with all the skarns to some extent to account for 
the pervasive veining and extreme iron enrichment 
relative to the bulk composition of the sedimentary 
protoliths. Mineral assemblages (iron-rich garnet, 
diopsidic pyroxene, epidote, actinolitic amphibole, 
hematite/magnetite) are similar to the assembla
ges associated with copper, gold, and silver miner
alization in the Copper Canyon area to the south. 
There base- and precious-metal deposits in the 

3.98 0.70 6.54 1.93 4.79 0.68 
.17 .32 .03 .28 2.69 

79.5 86.5 75.8 74.4 70.5 85.8 
.25 .04 .08 .51 
.68 .12 .39 .25 .16 .3 
.13 N.d • .03 .05 

N.d. N.d. N.d. .04 .02 .05 
.01 1.05 .01 .01 .01 1.22 
.06 .11 .02 .15 .02 .1 

N.d. .02 .01 .02 • 01 N.d • 

84.78 88.86 82.88 77.34 75.79 90.89 

88.4 94.6 84.3 82.6 78.3 95.3 
1.39 

93.7 98":'5 "91:4 85.5 83."6 100.41 

v Cu 

Antler Peak Limestone, as well as in calcareous 
siltstone and conglomerate of the Battle Formation 
and the Pumpernickel Formation, such as the For
titude and West ore-body deposits, are present in 
association with a 38.5-Ma altered granodiorite 
porphyry (Wotruba and others, 1986). Mineral com
positions of garnets and pyroxenes largely overlap 
among the three rock formations in which skarn 
formed in the Copper Basin area. Garnet and py
roxene compositions are similar to those described 
by N.G. Banks (in Theodore and Blake, 1978) for 
copper-gold-silver skarn at the West ore body in 
the Antler Peak Limestone at Copper Canyon. Gar
net in the West ore body is similar to that in the 
Copper Basin skarns in that the isotropic garnet is 
andradite and the anisotropic garnet is. more gros
sular rich. In the West ore body, isotropic garnets 
are present as cores and late-stage overgrowths, 
and diopside remains stable in sulfidized samples. 
One significant difference between the sulfidized 
garnetites of the West ore body and those from 
Copper Basin is that garnet in the few sulfidized 
samples from skarn D in the Contention pit is rela
tively grossular rich; most garnets are Ad33 to Ad84, 

and only two cores have compositions greater than 
Ad

90
• The absence of late-stage, andradite-rich com-
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TABLE 48.-Representative analyses of opaque minerals in Copper Basin skarns-Continued 

Chromite, skarn D 

Sample No. 76CB3 76CB3 76CB3 76CB3 76CB3 76CB3 76CB4 76CB4 76CB4 76CB4 
Grain CR1-1 CR1-2 CR1-3 CR2 CR3 CR4 CR1-1 CR1-2 CR1-3 CR1-4 

c m r c m r r 

Micro2robe analyses (weight 2ercent) 

Si02 0.04 0.09 0.04 0.03 0.05 0.06 0.04 0.05 0.02 0.02 
Al 203 24.7 24.38 24.5 23.61 24.1 23.37 24.86 24.41 21.6 20.65 
Ti02 1.19 1.21 1.11 1.17 1.06 .89 1.11 1.3 1.91 1.83 
Cr2o3 33.35 33.39 32.69 36.63 36.78 37.47 34.25 34.34 32.8 31.5 
MnO .51 .54 .78 .32 .54 .46 .23 .22 .44 .88 
MgO 7.65 6.53 4.22 9.3 7.96 7.89 9.33 9.39 7.39 3.8 
CaO .04 .08 .16 .OS .34 .12 .03 .02 .07 .51 
Na 2o .12 .17 .24 .08 .07 .12 .08 .09 .10 .22 
FeO(T) 31.64 32.88 34.59 28.19 28.37 29.89 29.75 30.39 35.35 37.6 

Total 99.24 99.27 98.33 99.38 99.27 100.27 99.68 100.21 99.68 97.01 

Fe2o3 calc. 8.33 7.99 7.17 7.02 5.60 6.92 8.36 8.88 10.65 10.67 
FeO calc. 24.14 25.68 28.13 21.87 23.33 23.66 22.22 22.39 25.76 29.52 

New total 100.07 100.06 99.04 100.08 99.84 100.96 100.51 101.09 100.74 99.60 

Cations (normalized to 3) 

Si 
Al 0.92 0.91 0.94 0.87 0.90 0.87 0.91 0.89 0.81 0.82 
Ti .03 .03 .03 .03 .02 .02 .03 .03 .OS .OS 
Cr .83 .84 .84 .91 .92 .93 .84 .84 .83 .84 
Mn .01 .01 .02 .01 .01 .01 .01 .01 .01 .02 
Mg .36 .31 .2 .43 .38 .37 .43 .43 .35 .19 
Ca .01 .02 
Na .01 .01 .02 .01 .01 .01 .01 
Fe3 .2 .19 .18 .16 .13 .16 .2 .21 .26 .27 
Fe2 .64 .68 .77 .57 .62 ,62 .58 .58 .69 .78 

Cr/( Cr+Al) 0.47 0.48 0.47 0.51 0.51 0.52 0.48 0.49 0.51 0.51 
Mg/(Mg+Fe 2+) .36 .31 .21 .43 .38 .37 .43 .43 .34 .2 

1 Peaks noted on qualitative spectra acquired with an energy dispersive spectrometer during 
quantitative analysis; s, sulfur; V, vanadium; 

positions in these samples may indicate limited 
sampling or, more likely, that these particular 
samples were closest to the assumed source of the 
skarn-forming fluids, the Late Cretaceous monzo
granite porphyry associated with the Buckingham 
system. Andradite-rich compositions characterize 
all samples from the more distal (northern) regions 
of skarn D. Trends of iron enrichment in skarn 
minerals outward from an intrusive source have 
been reported for other calcic skarns (Harris and 
Einaudi, 1982). The complex zoning and multiple 
garnet generations recognized in most of the 
skarns point to a complex, fluctuating fluid history. 
None of the skarns formed in the Harmony Forma
tion appear to be constrained to intrusive contacts. 
Skarns A, C, and D have the geometry of sub
parallel, north-south-trending veinlike beds in 

Cu, copper. 

hornfels that were selectively altered to skarn. The 
contact between the Harmony and Battle Forma
tions provided a favorable pathway for fluids allow
ing the extensive development of skarn D and 
skarn at the Surprise deposit. All three skarns rep
resent the prograde stages of metamorphism and 
(or) metasomatism: retrograde minerals are rare, 
bedding is preserved, and massive sulfides are 
lacking. Mineral compositions across skarn A show 
that silicates become more iron rich toward the 
center of the mapped skarn body. Massive skarn is 
observed where skarn is restricted to intrusive con
tacts, such as for skarn E and F, and where ex
tensive faulting is present, such as for skarn 
B. Although prograde skarn silicate minerals 
are abundant, hydrous silicate minerals such as 
epidote and amphibole, which indicate late-stage 
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metasomatism and retrograde alteration, are more 
common in massive skarn. Skarn D, which has as
pects of both bedded and massive skarn, is present 
along an unconformable contact and varies in ex
tent of retrograde skarn development along its 
length. Although some of the skarns appear to be 
genetically related to intrusive rocks of the 
Buckingham stockwork molybdenum system, the 
skarns are not molybdenum-bearing and do notre-
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FIGURE 103.-Range of chromite compositions (dots) from sam
ples 76CB3 and 76CB4, skarn D, in terms of cation ratios. 
Fields for metamorphic, stratiform, and alpine chromites and 
for chromites from serpentinites are based on data of Evans 
and Frost (1975) and Irvine (1967). 

semble molybdenum-bearing skarns in mineralogy, 
mineral chemistry, or associated igneous rocks 
(Einaudi and others, 1981). Although most of the 
samples described in this chapter represent barren 
skarn, significant concentrations of sulfides (more 
than 50 volume percent) are reported for skarn and 
for calc-silicate hornfels associated with hypogene 
copper mineralization (mostly chalcopyrite) in the 
Contention pit (see subsection above entitled "Su
pergene Copper Deposits at Copper Basin"). The 
mineralogy and mineral chemistry of the Copper 
Basin skarns resemble those of the skarns associ
ated with porphyry copper stocks at Copper Can
yon and elsewhere (fig. 104). Myers and Meinert 
(1988) showed that the West ore body and Forti
tude deposits are part of a large, zoned hy
drothermal system centered around the 38-Ma 
granodiorite stock of Copper Canyon. They demon
strated that mineral assemblages and mineral com
positions change continuously from the proximal, 
copper-rich garnet (Ad70-Ad100)-pyroxene (Hd20-
Hd45) skarn at the West ore body to the distal, 
gold-rich pyroxene (Hd20-Hd100)-garnet (Ad90-Ad100 
cores, Ad30-Ad60 rims) skarn at the Fortitude de
posit. Proximity of skarns A through F to the Sur
prise and Labrador gold deposits, reports of wire 
gold associated with skarn at the Overlook prop
erty (skarn B area), and nearby gold placers war
rant comparison of the silicate mineral chemistry 
of the Copper Basin skarns with the emerging 
characteristics of the gold skarn deposit type 
(Vakrushev, 1972; Meinert, 1988; Orris and others, 
1987; Theodore and others, 1991), many of which 
occur with, or have previously been classified as 
copper or iron skarns. Aspects of the mineralogy of 
the Copper Basin skarns fit the characteristic as
semblage of the copper class of calcic skarn de
posits as defined by Einaudi and Burt ( 1982): 
andradite (Ad60-Ad100), diopside (Hd5-Hd50), actino
lite, chlorite, montmorillonite clays, chalcopyrite, 
pyrite, hematite, and magnetite. However, the 

...... FIGURE 104.-Ternary plots showing range of garnet and py
roxene compositions in barren and mineralized skarn at Cop
per Basin (this study), in skarn at other deposits in 
north-central Nevada, and in other skarns grouped by associ
ated metal (from Meinert, 1983, figs. 2, 3). A, B, Garnets, in 
terms of molecular proportions of pyrope (Py )+almandine 
(Al)+spessartine (Sp), grossular (Gr), and andradite (Ad). C, D, 
Pyroxenes, in terms of molecular proportions of johannsenite 
(Jo), diopside (Di), and hedenbergite (Hd). Data for West ore 
body at Copper Canyon from N.G. Banks (in Theodore and 
Blake, 1978); data for Fortitude and McCoy deposits from un
published data of J.M. Hammarstrom. 
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paucity of pyroxene, presence of garnet composi
tions more grossular rich than Ad

60
, extensive oxi

dation of sulfides, abundance of epidote and brown 
chlorite, absence of wollastonite, and presence of 
pyrrhotite as the dominant sulfide in mineralized 
skarn (see subsection above entitled "Supergene 
Copper Deposits at Copper Basin") are distinctive 
features of the Copper Basin skarns. Meine.rt 
(1988) outlined fields for garnet and pyroxene com
positions from gold skarns that fall within the es
tablished fields for mineral compositions for copper 
skarns and noted that garnets and amphiboles as
sociated with gold skarns appear to be more alumi
nous and pyroxenes tend to be more hedenbergitic 
than those found in other types of skarns. He also 
pointed out that pyrrhotite and arsenopyrite are 
characteristic sulfides of gold skarns, although 
there are some notable exceptions, such as the 
McCoy, Nev., gold skarn deposit (see Theodore and 
others, 1991). Meinert's fields for silicate mineral 
chemistry, however, represent data for the 
Whitehorse Mining District, Yukon Territory, 
Canada, which does not reach the cutoff grade of 
1 g Au/t used by Theodore and others (1991) to de
fine gold skarn and byproduct gold skarn. No data 
base yet exists for gold skarn mineral chemistry 
comparable to the extensive data base that exists 
for other types of skarn, although several studies 
are currently underway. 

E~RONMENTOFSIDrnN 

DEVELOPMENT 

The superposition of retrograde assemblages 
on main-stage skarn-forming metasomatic assem
blages, which, in turn, replace early-stage, contact
metamorphic assemblages in skarn environments, 
makes it very difficult to identify equilibrated miner
al assemblages that can be used in conjunction with 
experimentally determined or calculated phase equi
libria to outline a particular skarn-forming environ
ment. Observed mineral assemblages and mineral 
compositions described in this chapter can be com
bined with other data (for example, fluid-inclusion 
data) to place some broad constraints on the inten
sive parameters during formation of Copper Basin 
skarns. Observed mineral assemblages are a func
tion of temperature, pressure, oxygen fugacity, sulfur 
fugacity, and fluid composition, as well as bulk com
position of the protolith. General similarities to 
skarns associated with porphyry copper environ
ments, association with porphyritic rocks, and 

geobarometric estimates from stratigraphic thick
nesses and fluid-inclusion studies (see subsection 
below entitled "Fluid-Inclusion Studies") suggest 
that the Copper Basin skarns formed under total 
pressures of no more than 200 to 1,000 bars. Perva
sive supergene alteration of most sulfides and iron 
oxide minerals that may have been deposited during 
late-stage metasomatism precludes precise definition 
of oxygen and sulfur fugacity regime. However, the 
following observations point to a relatively oxidizing 
environment of skarn formation near or above condi
tions defined by the magnetite-hematite buffer: ab
sence of graphite, the presence of hematite in some 
samples, apparent oxidation of earlier stage sulfide 
minerals to goethite and other hydrous iron oxide 
minerals, the iron content of epidote, the diopsidic 
composition of pyroxene, and the preponderance of 
garnet replacing pyroxene. Einaudi (1982b) showed 
that xco2 in skarn-forming environments is com
monly less than 0.1. Assumption of an H20-rich 
metasomatic fluid for some stages of Copper Basin 
skarn formation is supported by the absence of C02 
in fluid inclusions in second-generation andradites 
from skarn D (see subsection below entitled "Fluid
Inclusion Studies") and the absence of carbonate in 
skarn A. However, the presence of multiple genera
tions of garnet, the likelihood of multiple fluids per
meating these rocks over time, and the variable 
carbonate contents of the protolith sedimentary 
rocks suggest that fluid compositions may have fluc
tuated significantly. 

Meinert (1982) outlined fields for stable assem
blages of garnet+pyroxene+quartz, actinolite, and 
actinolite+quartz+calcite to depict the T-{

02 
envi

ronment of skarn formation at Cananea, Mexico, 
for the conditions p fluid=500 bars, xco2=0.1; figure 
105A is based on Meinert's plot. The diagram is 
constructed from reactions studied experimentally 
by a number of workers, and corrections were 
made for effects of compositional variation. As 
pointed out by Einaudi and others (1981), lowering 
xco2 from 0.1 to 0.01 at constant pressure lowers 
the thermal stability of many reactions by 
50-100 °C. For example, the minimum thermal 
stability of andradite, based on the reaction 
3Q+3CC+Y4Hm+Y2Mt+Ys02=Ad+3C02 studied by 
Taylor and Liou (1978) at 2,000 bars, occurs at 
640 oc for xco2=1.0 but drops to 550 oc for 
Xc02=0.22. However, at very low Xco values (less 
than 0.1), andradite is stable to much lower tem
peratures. Much of the late-stage, clean, yellow, 
isotropic andradite in the Copper Basin skarns 
may have formed under such conditions of low T 
and low Xc02. Taylor and Liou (1978) noted that 
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FIGURE 105.-Phase diagrams showing equilibria that can be 
used to approximate conditions of skarn formation. A, Tem
perature (T)-oxygen fugacity ([02) diagram showing estimated 
conditions of formation for skarn A, based on observed min
eral assemblages and fluid-inclusion studies, for assumed 
conditions of pressure and fluid composition. Garnet is 
stable within shaded field; pyroxene (Hd

2
0-Hd

4
0) coexists 

with garnet in dotted field. Oxygen buffers for hematite 
(Hm)-magnetite (Mt) and graphite (C)-carbon dioxide (C0

2
) 

are shown for reference, as well as wollastone (Wo)= 
quartz(Q)+calcite(Cc) reaction. Amphibole is stable over 
much of garnet+pyroxene region of diagram, as well as at 
lower temperatures as indicated on diagram. Estimates of 
region for skarn formation at Fortitude and West ore-body 
deposits are from Myers and Meinert (1988). Ad, andradite; 
An, anorthite B, Temperature (T)-Xc02 diagram showing sta
bility field for garnet solid solutions relative to assemblage 
quartz (Q)+calcite (Cc)+hematite (Hm)+magnetite (Mt) as a 
function of grossular (Gr) content. Modified from Lee and 
Atkinson (1985, fig. 7). Arrows indicate possible idealized 
trends for normal (N) and inverse (I) zoning in skarn gar
nets under assumed conditions of pressure and temperature 
of fluid composition. 

andradite will be replaced by epidote via retro
grade reactions involving H

2
0-rich fluids at higher 

temperatures than grossular-rich garnets will be 
replaced. Thus, andradite-rich bands in zoned gar
net may be selectively replaced as temperatures 
decline during retrograde skarn stages where H

2
0-

rich fluids are present; such textures are observed 
in many of the samples from skarn in the Harmony 
Formation and have been described elsewhere. In 
skarn formed in the Battle Formation and in the 
Antler Peak Limestone, epidote is observed only in 
clay and siltite samples and calcite is ubiquitous; 
for carbonate-rich protoliths, xco2 may have been 
higher in fluids associated with skarn formation 
than in those associated with skarn formed in the 
Harmony Formation. The reaction 9Hd+20

2
= 

3Ad+Mt+9Q represents the upper oxygen fugacity 
limit for pure hedenbergite at constant P and Xc

02
• 

Meinert (1982) showed that the effect of increasing 
the diopside component of the pyroxene involved in 
this reaction is to raise the {

02 
for the reaction at 

any given temperature. Pure ferrotremolite is only 
stable at very low oxygen fugacities (Ernst, 1966), 
but as in the case for hedenbergite, the incorpora
tion of magnesium raises the oxygen fugacity at 
which the amphibole is stable for any given tem
perature. Occurrence of pyroxene of compositions 
Hd20 to Hd40 undergoing replacement by andradite
rich garnet with no evidence for retrograde re
placement by amphibole suggests that oxygen 
fugacities for skarn A may have been at or above 
the Hd20 and Hd40 reactions shown in figure 105A. 
The absence of calcite in the skarns formed in the 
Harmony Formation and the abundance of epidote 
replacing iron-rich garnet suggest that Xc

02 
may 

have been significantly lower that the value of 0.1 
for which figure 105A was constructed in which 
case the minimum thermal stabilities for these re
actions would be lowered. Lack of pyroxene in most 
samples from skarns C and D suggests conditions 
above the hedenbergite breakdown reaction, but no 
values for T or {

02 
can be assigned. Skarn F, 

formed in the Antler Peak Limestone, shows good 
textural evidence (fig. 93C) for a stable assemblage 
involving calcite, quartz, and late-stage andradite. 
The presence of quartz and calcite instead of wol
lastonite suggests that 500 oc is an upper tem
perature limit for the late stages of skarn growth 
under the assumed pressure and fluid composition. 
No wollastonite was observed in any of the samples 
studied, and calcite and quartz commonly are pres
ent as inclusions in garnet cores; however, textural 
evidence for contiguous calcite and quartz is only 
demonstrated for skarn G. Theodore and Blake 
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(1978) noted the absence of wollastonite in skarn 
at Copper Canyon and suggested that once-stable 
wollastonite assemblages may have been consumed 
by subsequent reactions. Theodore and Ham
marstrom (1991) estimated that prograde skarn 
genesis in skarn A involved highly saline (as much 
as 70 weight percent NaCl equivalent) sodium-cal
cium-iron brines at temperatures of about 4 75 oc. 
Myers and Meinert (1988) estimated conditions of 
formation for skarn at Copper Canyon. They 
concluded that much of mineralization at the proxi
mal, garnet-rich West ore body formed at tempera
tures in the range 450-550 oc in association with 
relatively saline (more than 26 weight percent 
NaCl equivalent) fluids. For the Fortitude skarn, 
they estimated lower temperatures (300-450 °C) 
and salinities, and relatively low oxygen (log {

02
= 

-30) and sulfur (log {
82

=-10) fugacities. Hedenberg
ite is stable with massive pyrrhotite, which hosts 
the gold at the Fortitude deposit. Although the 
Surprise deposit has undergone extensive super
gene alteration and, probably, remobilization of 
gold, the occurrence of garnet-dominated assembla
ges including minor diopside with magnetite and 
hematite suggests that the environment of skarn 
formation at the Surprise deposit was probably 
more oxidizing than at the Fortitude deposit. How
ever, only the supergene-oxidized, upper parts of 
the Surprise deposit have been exposed to date 
(1989). 

The effects of fluctuating conditions of tempera
ture and fluid compositions on garnet equilibria were 
examined by Lee and Atkinson (1985). Figure 105B 
is modified from their study, which was based partly 
on work by Sweeney (1980). These studies show that 
zoning trends and sudden shifts between relatively 
andradite and grossular rich compositions can be ac
complished by increasing or decreasing Xco at con
stant temperature and pressure, as well as by 
raising or lowering temperature at constant Xc~ and 
pressure. Possible mechanisms for these changes, all 
or some of which could have prevailed at various sta
ges of skarn evolution at Copper Basin include (1) 
lowering xco2 by boiling, (2) a change in the pressure 
regime because of fracturing, (3) influx of high
temperature fluids, or ( 4) mixing of fluids with mete
oric water. The arrows in figure 105B indicate 
idealized paths that would result in normal (N) and 
inverse (I) zoning. 

The extent of development of different skarn 
stages varies over the study area. Prograde 
garnet+pyroxene assemblages are present in the 
westernmost skarns in the Harmony Formation. 
Late-stage metasomatic and retrograde assemblages 

characterized by replacement of garnet and pyroxene 
by hydrous phases are best developed in skarns in 
the Battle Formation, in the Antler Peak Limestone, 
and where the Harmony Formation is extensively 
fractured. Except for traces of pyrite and chalcopy
rite in limonite, sulfide-bearing assemblages are ob
served only in samples from the Contention pit and 
Surprise deposit. 

FLUID-INCLUSION STUDIES 

Fairly comprehensive standard heating and freez
ing studies of fluid inclusions (see Hollister and 
Crawford, 1981; Roedder, 1984) were performed on 
many samples from several different lithometallo
genic environments in the Buckingham area. Some 
of these studies built upon the preliminary fluid
inclusion investigations by Blake and others (1979) 
of 24 samples of molybdenum-mineralized rocks 
from the Harmony Formation and Late Cretaceous 
monzogranite from the Buckingham system. In this 
report, we have supplemented those earlier fluid
inclusion investigations by performing additional 
heating and freezing tests on 43 samples from the 
quartz stockwork part of the Buckingham system. A 
scanning electron microscope (SEM) was used exten
sively throughout the entire investigation to identify 
daughter minerals and trapped minerals in fluid in
clusions (see Roedder, 1984). In addition, the SEM 
was also used to identify the predominant cation 
species in the fluids of those two-phase fluid inclu
sions (liquid and vapor at room temperature) that do 
not contain daughter or trapped minerals. By means 
of the energy-dispersive X-ray elemental microana
lyzer of the SEM, we were able to identify desicca
tion products on walls of fluid inclusions after some 
samples were broken at room temperature, and after 
other samples had been frozen in liquid nitrogen, 
then broken while still frozen, and subsequently 
freeze-dried slowly. In addition, a cryogenic stage at
tached to the SEM was used to determine qualita
tively the cation make up of fluid-inclusion ice in 
a few selected fluid inclusions. Data describing 
the pressure-temperature-chemical environment of 
presumably some of the earliest fluid(s) associated 
with the Buckingham system that we will infer 
from fluid-inclusion relations in the Buckingham
associated andradite-pyroxene skarns is presented 
below. Finally, the implications of fluid-inclusion 
studies on the inferred genesis of some of the Terti
ary base and precious-metal mineralized and poten
tially mineralized systems (including the mostly 
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silver producing Little Giant Mine, the gold-bearing 
quartz stockworks at the head of Paiute Gulch and 
Poorman's Gulch, and skarn associated with porphy
ritic leucogranite) are also described. 

Fluid inclusions are classified for descriptive 
purposes according to a scheme modified somewhat 
from one devised by Nash and Theodore (1971) for 
the Tertiary copper-gold-silver deposits at Copper 
Canyon (fig. 106). Type I fluid inclusions generally 
show only two phases at room temperature, mostly 
liquid H20 and vapor. Some of these phases may 

Type I 

Liquid H20 
(±Liquid C0 2 at temperature <20 °C) h ±Nonmagnetic opaque mineral(s) 

(9/Mostly H20 vapor 
(U 
..c o Type II 
c: 
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Q) 
c: 
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(fJ 
:::::l 
0 
:::::l 
c: .E 
0 

Liquid H20 
(±Liquid C02 at temperature <20 °C) 

~ ±Nonmagnetic opaque mlnecallsl 

V Mostly H,O vapo' 

0 Type IV 
:?: 
"0 
ctl 
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cO 
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Mostly H20 vapor 

~Liquid H,O ~ NaCI 

Mostly vapor H20 NaCI KCI 

±Potassium feldspar or KCI Pyrite (and (or) arsenopyrite, 
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NaCI 

Liquid H20 ±CaCI
2 

FIGURE 106.-Sketches of four types of fluid inclusions found in 
Cretaceous and Tertiary deposits in Buckingham area. Modi
fied from Nash and Theodore (1971). 

include a very small, nonmagnetic opaque mineral. 
Type II fluid inclusions (fig. 106) are similar to 
type I fluid inclusions, except that the liquid-vapor 
proportion has switched: Generally more than 50 
volume percent of these fluid inclusions is vapor at 
room temperature. Again, they may also include a 
very small, nonmagnetic opaque mineral. Type III 
fluid inclusions (fig. 106) are composite, and they 
may contain approximately 10 to 20 volume per
cent vapor, and at least one nonopaque daughter 
mineral. Some of the type III fluid inclusions are 
crystal rich, inasmuch as they contain more than 
one nonopaque daughter mineral; other crystal-rich 
varieties of type III fluid inclusions contain small, 
equant to irregular, relatively large opaque miner
als. Type III fluid inclusions are relatively rare 
throughout the quartz stockwork part of the 
Buckingham molybdenum system. Type IV fluid in
clusions show at room temperature (21±2 °C) the 
presence of three phases, mostly liquid H

2
0, some 

liquid C0
2

, and C0
2 

vapor (fig. 106). Type IV fluid 
inclusions at room temperature contain highly 
variable proportions of C02 vapor, from about 5 to 
more than 50 volume percent. In addition, there 
are some extremely C02 rich fluid inclusions, con
taining as much as 100 weight percent C02 , con
centrated locally in some parts of the system. In 
addition, the percentage of type IV fluid inclusions 
relative to the entire fluid-inclusion population 
trapped in a sample is extremely irregular. Some 
samples of vein quartz examined from deep within 
the West stock of the Buckingham system show a 
fluid-inclusion population that seems to be made 
up entirely of type IV fluid inclusions. 

An attempt was made first to establish the rel
evant system of the aqueous brine trapped by all 
type I fluid inclusions investigated according to the 
procedures outlined in Roedder ( 1984) after first 
determining, if possible, paragenesis of the fluid in
clusions relative to their host mineral. Assignment 
to a chemical system was accomplished by observ
ing, whenever possible, the eutectic melting tem
perature of the frozen aqueous brine as it warmed 
slowly and then referring to phase data for perti
nent chloride-bearing aqueous solutions (Crawford, 
1981). Freezing temperatures of the liquid-and
vapor fluid inclusions (types I and II) were meas
ured using the depression-of-freezing-point method 
of Roedder ( 1962; see Bodnar and others, 1985a). 
Salinities of fluid inclusions whose eutectic tem
peratures could not be determined and of those 
with eutectic temperatures in the range -20 to -24 
oc (and thus close to the H20-N aCl eutectic of 
-20.8 °C) were calculated from the freezing point 
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depressions using the equations of Potter and oth
ers (1978), and are expressed as weight percent 
NaCl equivalent. Some of the liquid-and-vapor 
fluid inclusions are hosted by second-generation 
andradite of skarn D and have eutectic tempera
tures ranging from -38 to -49 oc; they probably 
contain abundant CaCl2 as a dissolved species. The 
salinities of such fluid inclusions were determined 
from the freezing point depressions using the data 
of Linke (1965). The methods of Collins (1979) and 
Bozzo and others (1975) were used to determine 
the salinities of those fluid inclusions, mostly type 
IV, found to form clathrates (C0

2
·5%H

2
0) during 

cooling tests. The salinities of fluid inclusions con
taining NaCl and (or) KCl daughter minerals (type 
Ill) were estimated by establishing the tempera
ture of solution of NaCl and (or) KCl and referring 
to the phase data of Linke (1965) and to the rel
evant part of the system NaCl-KCl-H

2
0 in Roedder 

(1984). 
Carbon dioxide is an important component of the 

fluids associated with the molybdenum-mineralized 
Buckingham system, probably amounting to some
where from 5 to 10 mol percent dissolved C0

2 
in the 

system west of the Long Canyon fault, and much 
more than these amounts locally in small domains of 
the uppermost quartz-stockwork-rich parts of the 
system that crop out east of the Long Canyon fault 
and in small domains of quartz veins studied deep 
within the West block. One important aspect of the 
classification scheme that we have adopted for the 
Buckingham study is the apparent continuum that 
exists among fluid-inclusion types I, II, and IV. Such 
a continuum indicates that the variable proportions 
of C02 in the fluid inclusions are due primarily to 
boiling of the fluids during the early stages of miner
alization and following effervescence. A critical as
pect of the overall classification scheme is the 
paragenesis of fluid inclusions relative to the enclos
ing host mineral: primary, pseudosecondary, or sec
ondary (Roedder, 1984). Nonetheless, we recognize 
the difficulties inherent in the accurate determina
tion of primary fluid inclusions in a dynamic envi
ronment such as an evolving porphyry system. Thus, 
type I fluid inclusions (fig. 106), mostly liquid 
H20+vapor at room temperature, may or may not 
contain C02; some of these type I fluid inclusions 
exsolve liquid C02 when cooled to temperatures less 
than room temperature. The presence of C0

2 
in 

these fluid inclusions was confirmed by crushing 
tests that showed the presence of a noncondensable 
gas at a vapor pressure higher than 1 bar, instanta
neous dissolution of such released gases in a solution 
of acidified BaCl2 (Roedder, 1984, p. 218-219), and 

the observed transition from solid to liquid at -56.6 
°C. Many of the type I fluid inclusions in vein quartz 
associated with the Buckingham system contain a 
mostly liquid H

2
0 phase and a vapor bubble at tem

peratures above 5-10 °C. However, at temperatures 
generally below these, liquid C02 condenses from the 
vapor and, in many fluid inclusions, forms an inter
face of various thicknesses between the vapor and 
the moderately saline liquid H

2
0 (0-13.0 weight per

cent NaCl equivalent). In addition, some two-phase 
fluid inclusions in the uppermost parts of the sys
tem, east of the Long Canyon fault, appear to be 
typical type I fluid inclusions when observed at room 
temperature. However, heating and cooling tests 
show them to consist almost entirely of C02 liquid 
and C02 vapor. The highly variable proportions of 
vapor, liquid C02, and mostly liquid H20 in type IV 
fluid inclusions throughout the system may indicate 
(1) local exsolution of C0

2 
from the fluid during min

eralization (especially in light of the experimental 
studies of Takenouchi and Kennedy (1965) that 
showed significant decreases in the solubility of C02 
in even moderately saline solutions); (2) nonuniform 
fixation of C0

2 
as carbonate in late-stage gangue 

minerals; or (3) boiling or effervescence. Freez
ing tests showed repeated development of solid 
C02·5%H20 (Roedder, 1963), mostly at the site of the 
former liquid C0

2 
in the fluid inclusions, and these 

tests yielded final melting points in the range -0.5 to 
+11.0 oc for the hydrates. Moreover, the unrecog
nized presence of C02 in some type I and type II 
fluid inclusions at Buckingham may contribute to re
ported determinations of salinity slightly higher 
than actual. Dissolved C02 in pure H20 can lower 
the temperature of final melting of ice in the system 
H

2
0-C0

2 
to as much as -1.48 oc (Bodnar and others, 

1985b). Such a depression-of-freezing-point value 
would correspond to a salinity determination appar
ently 2 weight percent N aCl equivalent higher than 
the real value. Salinities in types I and II fluid inclu
sions reported below are in the range 0-20 weight 
percent NaCl equivalent. 

BUCKINGHAM MOLYBDENUM SYSTEM 

SKARN 

Second-generation, red-brown andradite in an
dradite-clinopyroxene skarn D, apparently associ
ated temporally and genetically with the Late 
Cretaceous Buckingham system, commonly contains 
some spectacularly developed type I fluid inclusions 
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Tests using a crushing stage (see Roedder, 1984, 
p. 212-217) show no detectable C0

2 
as a non

condensable gas in the fluid inclusions hosted by the 
second-generation andradite in skarn D. This rela-

A 0 20 MICRONS 

B 0 6 MICRONS 

FIGURE 108.-Scanning electron micrographs of fluid-inclusion 
cavities and desiccation products from fluid-inclusion waters on 
artificially broken surfaces of andradite. Sample 76CB2A. Ad, 
andradite. A, Approximately 20-llm-long fluid-inclusion cavity 
that lies astride several growth zones in andradite. Analyzed 
desiccation products (calcium, chlorine, and traces of sodium) 
at heads of arrows (see spectrum, fig. 109A). B, Approximately 

tion is in striking contrast to the widespread distri
bution and relative abundance of C02 in selected 
samples of vein quartz in stockworks from the 
Buckingham system. Individual andradite crystals 
were handpicked, then crushed in immersion oil be
tween glass plates on the stage of a microscope. As 
pointed out by Roedder (1984, p. 213) and Bodnar 
and others (1985b), this is an extraordinarily sensi
tive method that can be used to detect minute 
amounts of noncondensable gases, such as C0

2
, in 

fluid inclusions. Painstaking crushing tests repeat
edly show instantaneous inward collapse of the im
mersion oil into fluid inclusions and microcracks 
that developed throughout the crystals of andradite 
as the pressure was applied slowly on the crushing 
stage. The microcracks fail to lead to the expansion 
of visible gas bubbles from the fluid inclusions into 
the surrounding immersion oil. Because the vapor 
pressure of C0

2 
at room temperature is almost al

ways higher than 1 bar (see Hollister, 1981; Bodnar 
and others, 1985b), the content of C0

2 
as a noncon

densable gas in these fluid inclusions in andradite 
must be extremely low if there is any such gas there 
at all. Nonetheless, some C0

2 
may be dissolved in 

c 0 16 MICRONS 

6-llm-long fluid-inclusion cavity in andradite. Desiccation prod
ucts (at head of arrow) show presence of calcium, chlorine, and 
sodium (trace); C, An approximately 10-llm-long fluid-inclusion 
cavity in andradite, showing blebby desiccation products that in
clude chlorine, calcium, sodium, and potassium on surface of an
dradite. Fluid-inclusion cavity also contains some calcite (cc). 
Spot analysis at head of arrow (see fig. 109). 
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that were trapped apparently before the cessation 
of andradite growth (fig. 107A). We can only infer 
that these second-generation andradite crystals are 
associated with the Buckingham system. Some iron 
metasomatism in the form of narrow veins of an
dradite is superposed onto Buckingham system
related skarn D at the Labrador Mine (pl. 1; fig. 
86), which is located south of the sample site of the 
andradite of figure 107 (loc. 76CB2, fig. 86). Gold 
mineralization at the Labrador Mine is most likely 
associated genetically with late Eocene or early 
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FIGURE 107.-Photomicrographs of primary and pseudosecondary 
type I fluid inclusions in andradite (Ad). Plane-polarized light. 
Samples collected from skarn D approximately 150 m south of 
north end (see fig. 86). A, Large crystal of andradite, showing 
a preferred concentration of fluid inclusions in its isotropic 
core (Ad.) and an anisotropic rim (Ad ) of andradite free of 
fluid inciusions. Sample 76CB2C. B, Primary and (or) pseudo
secondary fluid inclusions that follow traces of octahedral crys
tal growth surfaces (at head of arrow) in isotropic andradite. 

Oligocene porphyritic leucogranite (see above; 
Schmidt and others, 1988) that, to the northwest, 
has been demonstrably shown to be associated with 
fluids saturated highly by NaCl during andradite
forming stages (Theodore and Hammarstrom, 
1991). In marked contrast, fluids trapped in the 
second-generation andradite crystals might be asso
ciated with the generally moderately saline fluid 
environment of the Buckingham stockwork molyb
denum system (see below). The final homogeniza
tion temperatures and salinities of such fluid 
inclusions presumably provide significant insight as 
to the P-T-X conditions of some of the fluids associ
ated with these second-generation andradites in 
this part of the system. These type I fluid inclu
sions are concentrated especially in isotropic cores 
of andradite, and they are present in several para
genetic associations relative to the host andradite 
crystals: (1) extremely small (generally less than 1 
!liD) primary fluid inclusions that are restricted 
narrowly to crystal growth surfaces (fig. 107B); (2) 
relatively large, irregular, questionably primary but 
definitely pseudosecondary fluid inclusions whose 
largest dimension, typically about 100 !liD, either 
parallels an individual crystal growth surface or 
lies astride several crystal growth surfaces; or (3) 
variable-size, pseudosecondary type I fluid in
clusions that are arrayed along discontinuous, 
curviplanar surfaces that are confined mostly to the 
isotropic cores of the andradite but rarely also ex
tend partly through the enveloping rims of aniso
tropic andradite. The curviplanar surfaces follow 
traces of annealed microcracks that intersect the 
andradite's crystal-growth surfaces at variable 
angles. Generally, the exceptionally thin, lamellar 
growth zones in the rims merge into the somewhat 
wider growth zones of the core without an apparent 
lapse in crystallization of andradite. Or, the incom
plete anisotropic rim of one crystal may feather 
with flamelike intergrowths into the isotropic part 
of a somewhat later crystallized, adjoining crystal 
of andradite. Nonetheless, all of these relations 
attest to a repeated, microscopic opening and 
rehealing of skarn in a nonboiling environment 
while andradite of varying compositions (see sec
tion above entitled "Mineral Chemistry of Late Cre
taceous and Tertiary Skarns") continued to grow. 
Furthermore, it is impossible to correlate with any 
certainty whatsoever the fluid inclusions trapped 
along one crystal face with those trapped along or 
across nearby crystals of andradite; this relation is 
in marked contrast with fluid-inclusion correlations 
among samples at other skarns elsewhere (Kwak, 
1986). 
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the liquid phase of these type I fluid inclusions in 
abundances of about 2 or 3 mol percent (Ypma, 1963; 
Bodnar and others, 1985b). Extremely small crystals 
of carbonate are present rarely in a few of the fluid 
inclusions in the andradites (see below). 

Fluids containing appreciable amounts of CaCl
2 

apparently are the predominant type of fluid asso
ciated with the second-generation andradite in 
skarn D. Repeated determinations of the eutectic 
temperatures of such fluid-inclusion waters by 
means of the freezing stage showed that initial 
melting temperatures are in the range -49 to 
-38 oc and their mean is about -45 °C. By com
parison, the eutectic temperature reported by 
Crawford (1981) for dissolved CaCl

2 
in H

2
0 is -49.8 
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FIGURE 109.-Energy-dispersive X-ray spectra of minute minerals 
that formed as desiccation products from fluid-inclusion waters 
on artificially broken surfaces of andradite (see fig. 108). A, X
ray spectra of elements detected in spot analysis at head of 
arrow in figure 108A. B, X-ray spectra of elements detected in 
spot analysis at head of arrow in figure 108C. 

oc. In addition, minute crystals interpreted to be 
desiccation products from fluid-inclusion waters re
leased on to artificially broken surfaces of andra
dite consistantly yield high peaks for calcium and 
chlorine in their X-ray spectra when examined by 
an X-ray microanalyzer attached to the SEM (figs. 
108, 109). A few spectra obtained from some of 
these minute crystals (fig. 109B) also yield peaks of 
wide-ranging intensities for sodium and potassium. 
Thus, some of these fluid-inclusion waters probably 
contain minor amounts of dissolved sodium and po
tassium in addition to the major amount of calcium 
there. Furthermore, frozen fluid-inclusion waters 
examined using the methods of Metzger and others 
(1977) with the X-ray microanalyzer of the SEM in 
its cryogenic mode at temperatures of about -17 4 
oc yield significant concentrations of calcium, chlo
rine, iron, and silicon. Some of the calcium and all 
of the iron and silicon probably indicates excitation 
by the electron beam of a volume of sample that 
includes some andradite that makes up the sur
rounding substrate of the fluid-inclusion ice. Ex
amination of many frozen fluid-inclusion waters by 
the methods outlined above yield a much more 
widely prevalent presence of potassium in the ice 
than sodium. Therefore, the increase in eutectic 
temperatures from -49.8 °C to as high as - 38 oc 
probably indicates primarily the presence of potas
sium in these fluid-inclusion waters. The reported 
eutectic for the system KCl-H

2
0 is -10.6 oc 

(Crawford, 1981). "Before and after" electron micro
graphs of frozen fluid-inclusion waters and their 
resulting energy-dispersive X-ray spectra are 
shown in figure 110. Some of the calcium from 
probable retrograde fluids continuing to circulate 
in the general area of skarn D at locality 76CB2 
(fig. 86) is fixed now as carbonate trapped in 
highly irregular fluid inclusions (fig. 108C). 

Heating and freezing studies were performed 
first on four selected samples of andradite from lo
cality 76CB2-4, about 150 m from the north end of 
skarn D. All of these apparently pseudosecondary 
and possibly primary fluid inclusions in andradite 
homogenize to liquid by vapor disappearance some
where in the temperature range 150-383 °C. This 
relatively broad range in homogenization tempera
tures must indicate posttrapping necking of fluid 
inclusions, such that the liquid-vapor proportions 
in them were altered (Roedder, 1984). Nonetheless, 
the homogenization-temperature data are strongly 
unimodal; median and mode coincide at approxi
mately 275 °C (fig. 111). These homogenization 
temperatures would require a pressure correction 
of about +10 oc to give the actual trapping 
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A 0 4 MICRONS 

B 
0 2 MICRONS 

FIGURE HO.-Scanning electron micrographs of frozen fluid
inclusion waters in second-generation andradite (Ad) from 
skarn D, and energy-dispersive X-ray spectra. Examined at 
temperatures of about -172 to -174 oc using a cryogenic 
stage. Sample 76CB2A. A , Train of fluid-inclusion cavities 
containing various amounts of ice in andradite. Small fluid
inclusion cavity at head of arrow. B, Closeup of one fluid-
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inclusion cavity in figure HOA before ice at head of arrow was 
analyzed using electron beam; C, Same fluid inclusion as in fig
ure HOB after ice was analyzed. Area at head of arrow is a 
hole in fluid-inclusion ice. D , Energy-dispersive X-ray spectra 
resulting from spot analysis of ice at head of arrow in figure 
HOB . Gold in spectra is from coating medium. 
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temperature if the fluids were trapped at a pres
sure of about 200 bars (see below) and if the CaCl2 

· fluids behaved similarly to 15 weight percent N aCl 
brines. One of the four selected samples of andra
dite includes exceptionally well displayed pseudo
secondary fluid inclusions aligned in trains parallel 
to the growth lines of an andradite crystal (fig. 
112). Determination of homogenization tempera
tures and final melting temperatures of many fluid 
inclusions in a transect across this andradite crys
tal reveal no apparent relation of such data to crys
tal growth (fig. 113). However, other andradite 
crystals appear to show slight decreases in the 
final melting temperatures of their apparently pri-

35 

30 

(/) 
~ 
z 

25 w 
~ 
w 
a: 
:::) 
(/) 
<( 
w 20 
~ 

LL 
0 
a: 
w 
Ill 15 
~ 
:::) 

z 

10 

5 

Median 

200 250 300 350 

HOMOGENIZATION TEMPERATURE, 
IN DEGREES CELSIUS 

400 

FIGURE 111.-Filling temperatures in second-generation andra
dite in four hand samples of skarn D apparently related to 
Buckingham molybdenum system. Samples collected approxi
mately 150 m south of north end of skarn D. 

mary fluid inclusions toward the outer parts of the 
crystals and thus, over time, across some very nar
row intervals of andradite (fig. 114). 

In all, 89 salinities were determined for mostly 
pseudosecondary, but probably some primary, type I 
fluid inclusions hosted by second-generation andra
dite in skarn D at locality 76CB2-4 (fig. 115). As de
scribed above, waters in these fluid inclusions belong 
mostly in the system CaCl2-H20. Final melting tem
peratures of ice for these fluid inclusions are in the 
range -1.6 to -14.3 °C. Inasmuch as the freezing
point depression of water for NaCl and CaCl2 solu
tions is largely coincident from 0° to about -15 oc 
(Crawford, 1981), salinit-ies were determined in 
terms of weight percent CaCl2 equivalent by means 
of (1) the depression-of-freezing-point equation for 
NaCl solutions (Potter and others, 1978) or (2) a plot 
of depression-of-freezing-point data versus CaCl2 con
tent of Linke (1965). This procedure-that is, there
porting of salinities in terms of weight percent CaCl

2 

equivalent-differs from common practice in most 
fluid-inclusion investigations (Roedder, 1984). How
ever, in this case, referral to the system CaC1

2
-H

2
0 

is preferable because of our determination of the 
chemistry of the fluid-inclusion waters. The freezing 
tests yield salinities in the range 3.0-19.4 weight 
percent CaCl

2 
equivalent (fig. 115); the median for 

these data is in the class interval 13.0-13.9 weight 
percent, and this median coincides with the mode. 
As depicted on figure 115, the range in salinities de
termined for fluid inclusions in each of the four sam
ples of andradite studied from skarn D is much less 
than the overall range in salinities. Furthermore, 
the possibly primary fluid inclusions (sample 
76CB2a, fig. 115) have salinities that cluster close to 
the high end of the histogram: from 12.4 to 19.4 
weight percent CaCl2 equivalent. 

Figure 116 plots salinity versus homogenization 
temperature for 52 fluid inclusions associated with 
the second-generation andradite in skarn D. Most 
of these data points are from fluid inclusions 
judged to be pseudosecondary. Although a direct 
variation between salinity and homogenization 
temperature is common in many deposits (for ex
ample, Scher-kenbach and others, 1985), the plot of 
salinity versus homogenization temperature for 
fluid inclusions in andradite at Buckingham shows 
that the overwhelming bulk of these pseudosecond
ary fluid inclusions homogenize by vapor disap
pearance within a very narrow temperature 
interval, 260-290 °C. The clustering of four data 
points at filling temperatures below 200 oc may 
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suggest necking (fig. 116). However, from the fact 
that these four fluid inclusions have salinities less 
than the other fluid inclusions plotted, we infer 
that the four fluid inclusions may indeed indicate 
late-stage fluids trapped in the cores of some of the 
andradite crystals. Relatively low homogenization 
temperatures and low salinities in garnet skarn as
sociated with a porphyry environment have also 
been reported elsewhere. Abramson and others 
(1982) found that garnet skarn in the Central Min
ing District, N. Mex., hosts fluid inclusions that 
have an average homogenization temperature of 
about 280 to 310 oc and have salinities that range 
from 4.5 to 19.0 weight percent NaCl equivalent. 

Type I fluid inclusion 

~ 

To core of 
andradite 

crystal 

0 

They ascribed development of garnet skarn there 
to essentially nonmetasomatic contact metamor
phism. Furthermore, garnet has been observed to 
temperatures as low as 325 oc in active geother
mal systems (Henley and Ellis, 1983), although 
most garnets from six studied active geothermal 
systems are considered to have formed at tempera
tures generally above 300 oc (Bird and others, 
1984). Andradite apparently becomes stable in the 
Salton Sea, Calif., geothermal field in the highest 
temperature (360 °C) parts of the biotite zone; 
andradite is present in a biotite+quartz+epidote+ 
andradi te+al hi te+actinoli te+pyri te+s phene 
assemblage (McDowell and Elders, 1983). 

1--------t..--:. Crystal growth 
lines 

200 !J.m 

FIGURE 112.-Relations of fluid inclusions to growth bands in second-generation andradite from skarn D and locations of photo
micrographs shown in figure 113. Sample 76CB2b. 
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Attempts, by heating and freezing tests on late
stage hydrothermal quartz from skarn D, to follow 
paragenetically and areally the evolution of subse
quent fluids circulating in the environment of the 
skarn were unsuccessful because of the unavail
ability of optically suitable samples. This extremely 
sparse quartz is present as an open-space filling, 
together with K-feldspar and chalcopyrite and pyr
rhotite, in andradite-diopside skarn beginning 
about 1 km south of the north end of the skarn. 
Sulfides become more or less generally dispersed in 
skarn at this distance from monzogranite porphy
ry. A specific post-andradite assemblage here is 
quartz, secondary biotite and tremolite-actinolite 
(mostly replacing diopside), and much lesser 
amounts of chalcopyrite and pyrrhotite (see section 
above entitled "Mineral Chemistry of Late Creta
ceous and Tertiary Skarns"). Overall, the rocks at 
this distance from the monzogranite porphyry are 
weakly mineralized; copper content is about 500 
ppm (analysis 5, table 24). The hydrothermal 
quartz in this assemblage contains relatively abun
dant, secondary type I fluid inclusions that are 
present along annealed microcracks. The fluid in
clusions are typically in the range 5-20 J.lm, and at 
room temperature, they show vapor proportions of 
about 10 to 15 volume percent-generally about 
the same proportions as the fluid inclusions de
scribed above in andradite. Crushing tests indicate 
the presence of some minor amounts of carbon di
oxide in fluid inclusions from the skarn here. How
ever, we cannot assemble convincing proof that the 
carbon dioxide is restricted entirely to hydrother
mal quartz; some sparse amounts of carbon dioxide 
seem to be distributed nonuniformly in the fluid 
inclusions trapped in andradite. 

QUARTZ-MOLYBDENITE STOCKWORKS 

Heating and freezing tests were performed on 64 
samples of quartz-stockwork veins from the 
Buckingham molybdenum system; these include 17 
samples from surface exposures, and 44 samples of 
core obtained from various depths in 13 drill holes 
(fig. 117). Most of the samples of drill core were 
obtained from the East and the Vail Ridge tectonic 
blocks of the Buckingham system. In this part of 
the report, we have assembled our fluid-inclusion 
data from the Vail Ridge block, geologically the 
highest part of the system; then, the East block; 
and finally the West block, wherein the geologically 
lowest levels of the Buckingham system crop out. 

VAIL RIDGE BLOCK 

Our fluid-inclusion studies in the Vail Ridge 
part of the Buckingham system reveal that fluids 
of highly diverse chemistries and apparently wide
ranging temperatures circulated in the environ
ment of the quartz stockworks as the system 
evolved (table 49). The fluids identified to date 
from non-crystal-bearing fluid inclusions consist of 
type I fluid inclusions that contain mostly NaCl
Hp with or without minor KCl and mostly NaCl
C02-H20-CH4, and type IV fluid inclusions that are 
mostly C02-CHp) (see below). Most of the veins 
studied show K-feldspar-stable selvages, and many 
of the veins also contain some K-feldspar as an ap
parently stable phase among their composite vein 
assemblages that commonly include minor amounts 
of carbonate. By far the predominant fluid inclu
sion here is a type I, mostly liquid H20 and vapor 
at room temperature, that ranges broadly in salini
ty from 0.2 to 15.7 weight percent NaCl equivalent. 
Some samples show that most of these type I fluid 
inclusions are unequivocally cogenetic with type II 
fluid inclusions, and this indicates that boiling oc
curred sometime during the emplacement of the 
veins. For example, temperatures of total homog
enization for types I and II fluid inclusions deter
mined for a molybdenite-bearing quartz vein 
(sample 1469-425) collected from a drill hole about 
150 m beyond the north limit of the quartz stock
works in the Vail Ridge block show closely coinci
dent distributions for fluid inclusions that fill to 
liquid and those that simultaneously fill to vapor 
(fig. 118A). Fluid inclusions that fill to liquid and 
fluid inclusions that fill to vapor are present along 
the same annealed microfracture. The range in 
temperature of the overlap between fluid inclusions 
that fill to vapor (320-440 °C) is somewhat more 
restricted than that for those that fill to liquid 
(290-4 70 °C). Although boiling may have occurred 
at any temperature within the determined overlap, 
from the distribution plot (fig. 118A), we suggest 
that 380-400 oc is a reasonable estimate for the 
temperature at which most of the fluids associated 
with this vein boiled. The measured range in tem
peratures of homogenization may result in part 
from the heterogeneous trapping of variable mix
tures of two fluids rather than trapping of a homo
geneous single phase, together with repeated 
opening and closing of microcracks along which flu
ids circulated as the system evolved (see Roedder, 
1984). Indeed, as Sourirajan and Kennedy (1962) 
have shown, pressure release of a moderately 
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FIGURE 113.-Photomicrographs (A-C) of fluid inclusions in a selected crystal of second-generation andradite from skarn D, 
sample 76CB2b. See figure 112 for location. Homogenization temperatures and final melting temperatures of selected 
pseudosecondary fluid inclusions also shown. Tm, final melting temperature; Tf, filling temperature; det., determination. 
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Tm .. -a.7•c 
Excellent del. 
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~ Tf = 282.3 °C 
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~ 

D251 

• 

FIGURE 114.-Photomicrograph showing apparently primary fluid inclusions in second-generation andradite from skam D and homog
enization temperatures and melting temperatures of selected fluid inclusions. Sample 76CB2a. Tm, melting temperature; Tf, 
filling temperature; v, vapor; N.D., not determined. 
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saline fluid will result in the separation of two 
phases: a low-salinity vapor phase (exemplified by 
the type II fluid inclusions that fill to vapor) and a 
cogenetic higher salinity liquid phase (type I or III 
fluid inclusions). That some of the type II fluid in
clusions have somewhat higher salinities here than 
predicted by the experimental studies of Sourirajan 
and Kennedy (1962) probably indicates inhomoge
neous trapping in the type II fluid inclusions of 
small amounts of the liquid phase during the boil
ing event. Furthermore, the generally preferred 
concentration of the type II fluid inclusions near 
the high-temperature end of the homogenization 
plots (fig. 118A) also suggests that small amounts 
of liquid may have been trapped during their de
velopment (see Scherkenbach and others, 1985), al
though this would be compensated by problems 
arising from the accurate temperature determina
tion of final disappearance of liquid in such fluid 
inclusions when heated. In fact, the strong corre
spondence between the overall ranges in tempera
tures of total homogenization for types I and II 
fluid inclusions is somewhat surprising in light of 

FIGURE 115.-Salinities (in weight percent CaCl2 equivalent) of 
pseudosecondary, and some possibly primary, type I fluid in
clusions in second-generation andradite from skarn D. Dot, 
sample 76CB2; X, sample 76CB2b; circle, 76CB2a; square, 
76CB2c. 

the experimental results obtained by Bodnar and 
others (1985a). These workers have shown that 
under ideal experimental conditions, vapor-rich 
fluid inclusions consistently yield apparent homog
enization temperatures from 300 to 150 °C below 
known trapping temperatures, primarily because of 
difficulties in their resolving optically the tempera
ture at which the last remaining liquid finally dis
appears. The fluid inclusions in sample 1469-425 
are distributed more or less randomly, yet abun
dantly, throughout a mosaic-textured fabric of vein 
quartz, and they are moderately saline (5.6-12 
weight percent NaCl equivalent, type I) and pre
sumably highly dilute (type II), even though we do 
not have any salinity determinations from type II 
fluid inclusions in this particular sample. 

Three additional samples, collected at various 
depths from another locality (3, fig. 117; table 49) 
just within the outer limit of the quartz stockworks 
that surround the molybdenum system, also show 
modes for their total homogenization data similar 
to that of sample 1469-425 (fig. 118B). Two of 
these samples show K-feldspar selvages, whereas 
the third (sample 2050-443) shows a chlorite
carbonate selvage probably indicative of prograde 
propylitic alteration near the fringes of the system. 
In addition, most of the fluid inclusions contain 
highly variable amounts of C02, some of which 
become optically resolvable only at temperatures 
below 20 °C. Optical limitations prevented applica
tion of the techniques of Sasada and others (1986) 
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FIGURE 116.-Salinity (in weight percent CaCl2 equivalent) ver
sus homogenization temperature for 57 mostly pseudosecond
ary fluid inclusions in second-generation andradite from 
skarn D, apparently associated with Buckingham molybde
num system. 
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FIGURE 117.-Locality map showing sample sites of quartz veins from Buckingham system. Surface and core samples were studied by heating and freezing tests. Dots, 
surface samples; triangles, diamond-drill-core samples. Location numbers same as in tables 49 and 51. Solid lines, trace of major postmineral faults; dotted lines, trace 
of outer limit of quartz stockworks (from pl. 1). Topographic base from aerial mapping company for Duval Corporation, 1962. Contour interval 10 ft. · 
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TABLE 49.-Temperature and salinity data from fluid inclusions hosted by vein quartz in the Vail Ridge block of the Buckingham 
stockw,ork molybdenum system 

[tr, trace; -, not determined] 

Loc, no. 
(fig. 117) 

8 

8 

Sample no. 

1469-425 

1467-4 53 

2050-99 

2050-44 3 

2050-938 

1471-760 

1471-1120 

1472-604 

1472-801 

81TT104 

81 TT121 

81TT118 

81TT119 

81TT120 

81 TT116 

Rock 
type 1 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

Composite vein 
assemblage 2 

Q-Kf ( tr )-Mo ( tr) -Py( tr )--Cc 

Q-Py-Kf ( tr )-Chl ( tr) -Cc ( tr) 

Q-Mo(tr)-Cc(tr) 

Q-Py-Po-Bio-Wm-Cc-Chl 

Q-Mo(tr) 

Q-Mo-Wm-Kf ( tr) -Py( tr) 

Q-Kf-Ho-Py-Ep 

Q-Ho-Py( tr) 

Q-Ho-Py( tr) 

Q-Kf-Ho( tr) - Wm - Rut 

Q-Kf-Py( tr) 

Q-Kf-Fx(after Py)-Wm(tr) 

Q-Kf-Fx(after Py)-Wm(tr) 

Q-Wm(tr) 

Q-Kf ( tr) -Ho( tr) -Wm( tr) 

Selvage2 

Kf 

Kf 

Kf 

Prp 

Kf 

Kf 

Kf 

Kf 

Kf 

Kf 

Kf 

Kf 

Kf 

Kf 

Kf 

Assemblage( s) 
in rock 3 

P, Prp(tr) 

p 

P,Phy 

Prp 

P, Prp 

P,Phy 

P,Phy 

P, IA 

p 

P,IA 

P,IA 

P, IA 

P,IA 

P,IA 

P,IA 

Type of 
inclusion4 

II 

II 
IV 

I 
II 
I V 

II 

II 
IV 

I 
IV 

II 
III 
IV 

II 
III 
IV 

IV 

Homogeniza tion 
temp. range C°C) 

295-475(24) 5 

320-440(27) 

337-398(8) 

269-371 ( 4 7) 
250-365 ( 4) 
245-250 ( 2) 

241-398 ( 62) 
342-375 (4) 
347-361 (6) 

281-381 ( 22) 
299-303 ( 2) 

292-345 ( 8) 
335 ( 1) 

282- 335 ( 10) 

293-324 ( 24) 

250-342 ( 17) 

214-362 ( 15) 
285-358 ( 2) 
279-320 ( 4) 

229-324 (29) 
285- 316 ( 2) 

214-325 ( 43) 
360-364 ( 2) 
255-267 (2) 
267-370 ( 5) 

246-352 (37) 
350- 365 ( 3) 

256 (1) 

360 ( 1) 

219- 306 (26) 
309 ( 1) 

261-318 ( 22) 

Salinity 
Wt% NaCl Number 

equivalent measured 

5.6-12.0 

.2-7 .8 

.5 

3 .-15 .6 
0-19.8 
0-7.5 

5.-9 .4 

8.3-10.9 

9 .-15. 7 

.7-13.8 

4 .-8. 1 

5.-11.3 

5.-11.6 
0-2. 

.8-6 .2 

34.-40. 
1.-13. 

5 .6-10.3 

36. 
.8-

7.-14. 
• 5-4.5 

4.6-10.3 

8 

17 
4 

12 

8 

2 

2 

2 

11 

H, Upper Cambrian Harmony Formation; M, Late Cretaceous monzogranite porphyry, 

2 Q, quartz, Kf, potassium feldspar; Ho, molybdenite; Cc, carbonate; Py; pyrite, Chl, chlorite; 
Po, pyrrhotite; Bio, biotite i Wm, white mica; Ep, epidote; Rut, rutile; Fx, iron oxide( s) • 

P, potassic; Phy, phyllic; Prp, propylitic; IA, intermediate-argillic (see text). 

4 At 22±2 °C: I, low vapor volume+mostly liquid H20; II, high vapor volume+mostly liquid H20; III, halite bearing; IV, mostly co2 vapor+ 
liquid C02+mostly liquid H2o (see text). 

In parenthesis, number of determinations of total homogenization temperature of fluid inclusions. 

to estimate thereby the C02 content in those fluid 
inclusions that do not show visible C0

2 
at room 

temperature. Again, there is an almost full-range 
overlap between the fluid inclusions that homog
enize totally to vapor and those that homogenize 
totally to liquid during heating tests. Many vapor
rich fluid inclusions are extremely dilute (salinities 
of 0-0.5 weight percent NaCl equivalent are quite 
common), and many also include some liquid C0

2 

at room temperature. In addition, many of these 
fluid inclusions and the more common, liquid-rich 

type IV fluid inclusions show a shift of their C02 

solid-liquid-vapor phase transitions to tempera
tures slightly below -56.6 °C. Such phase transi
tions are commonly in the range -56.8 to -57.2 oc 
here, and indicate thereby that CH4 is probably 
present in the trapped fluids (Barruss, 1981), al
though some other volatile component, such as CO 
or N

2
, that has a triple point below that of C0

2 

may cause a similar shift. In addition, some of 
these very dilute fluid inclusions also show a corre
sponding increase of their final melting of clathrate 
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to temperatures of +10.1 to +10.2 °C; this seems to 
confirm the probable presence of CH

4
• Thus, the 

system of many individual fluid inclusions is ap
parently at least quaternary, Hp-NaCl-C0

2
-CH

4
, 

(f) 
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EXPLANATION A • Sample No. Homogenization 00 temperature o •o 
Liq.~id Vapor •••o• 

1469-425 0 • •o•o•o 0 
• o•o••o • Total measurements: 51 0 ••o••o 0 0 

00 ••oo••••o•o•• 0 

X B X 
EXPLANAnoN X 

X 
Sample No. Homogeniution X 

temperature X 
Liquid Vapor • 

2050-99 0 
X • X 

2050-443 X • X 
2060-938 l:J. .. X 

Total meaeurements: 146 X 
0 

l:J.O 
xo 
XO!:J. 
X O !:J. 
XO!:J. 
•o t:J. 

l:J. X O!:J. 
l:J. XXO!:J. 
l:J. xxox 

l:J.X xoox 
l:J.X xoo• 
XX xoox 
XX !:J.XOO X 

l:J. xxxxoox 
64 xxx •oo xt:J. 

X Xl:J.40XXXOOO!:J.X 
X X Xl:J.l:J.OXOOOOOXX 
xeo oxxoxoooeoxx 
••oxoxeoooooeox x X 

vv EXPLANATION V# 

** Sample No. Homogenization 
l:J.# temperature 

D.# Liqui d Vapor 
'f'</ l:J. # 
#'f'</l:J.# 81TT120 X 
#'f'fO# 81TT118 0 
###Ol:J.'f 81TT119 0 • ###Dl:J.# 

81TT118 l:J. v l:J.##Ol:J.# 
v l:J.##Ol:J.# 81TT121 # 

V# l:J.#l:J.Ol:J.# 81TT104 v .., 
V## Ol:J.#OOO#V Total measurements: 177 
VOO#Ol:J.OOOO!:J.# 
VXOOO!:J.ODOO!:J.# 
VXO OOOOOOO!:J.O 
# X OOOOO XOO!:J. OO 
OXOOOOOXOO!:J.OO 
oxxxoox x ooooo O'f c o xxxx ox x oxooo e <; 

v xxxxxoxxxxoox •• 
200 250 300 350 400 450 500 

HOMOGENIZATION TEMPERATURE, IN DEGREES CELSIUS 

FIGURE 118.-Variations in types I and II fluid-inclusion homog
enization temperatures with distance away from locus of mag
matism and quartz-stockwork development in Vail Ridge block. 
A, Veined sample of the Upper Cambrian Harmony Formation 
collected about 150 m beyond outer limit of quartz stockworks, 
showing well-developed potassic-alteration a ssemblage and 
minimal propylitic overprint Ooc. 1, fig. 117). B, Three veined 
monzogranite porphyry samples, collected about 50 m within 
mapped outer limit of quartz stockwork that show well
developed potassic-alteration assemblage and substantial ef
fects of intermediate argillic overprint (loc. 2, fig. 117). C, Six 
veined monzogranite porphyry samples collected near east-west 
core of system (locs. 6-9, fig. 117; see text). 

and it probably also includes minimal amounts of 
some additional components. For example, radio
genic argon, far in excess of that which could be 
supported by the ages of the rocks involved in the 
Buckingham system, has been measured by E.H. 
McKee and others of the U.S. Geological Survey 
(unpub. data, 1989; Turrin and others, 1989) to be 
present in fluid inclusions hosted by vein quartz in 
the Buckingham system. 

There is also some variation with depth in the 
total homogenization temperatures obtained at local
ity 3 (fig. 118B). The mode (370-379 °C) for the ho
mogenization data from the sample obtained at a 
depth of 385 m is slightly greater than that for a 
sample at a depth of 30 m (360-369 °C). However, 
the significance of such a relation, if any, is difficult 
to evaluate. Nonetheless, the important relation de
termined at this locality is that very hot, boiling, 
C02-bearing fluids circulated near the fringes of the 
quartz stockworks penecontemporaneous with the 
development of prograde potassic and (or) propylitic 
stages. For the most part, the fluids were moderately 
saline and probably contained minor amounts of 
CH

4
• 

The fluid-inclusion population hosted by quartz 
veins that cut monzogranite porphyry near the 
east-west axial core of the Buckingham system dif
fers in many aspects from that near the fringes of 
the system. First of all, the overwhelming bulk of 
the fluid inclusions, mostly type I, in the veined 
samples of monzogranite porphyry (locs. 6-9, fig. 
117; table 49) are secondary relative to vein 
quartz, and they are concentrated in dense swarms 
along annealed microcracks oriented at high angles 
to the walls of the veins (fig. 119). These fluid in
clusions must have been repeatedly trapped mostly 
during circulation of fluids associated with the 
widespread and locally intense, late-stage, interme
diate argillic overprint that has affected these 
rocks. Nonetheless, almost all these veins here still 
show relict potassic-alteration assemblages along 
their selvages that suggest initial emplacement of 
veins occurred during potassic stages of the sys
tem. Although the overwhelming bulk of the fluid 
inclusions in the veined monzogranite porphyry are 
the type I variety, these veins also seem to show a 
slightly increased abundance of halite-bearing, 
type III variety of fluid inclusion relative to veins 
studied at the fringes of the system in the Vail 
block. Furthermore, liquid-vapor homogenization 
tests of fluid inclusions from these quartz veins in 
the monzogranite porphyry yield a plot (fig. 118C) 
significantly different from that which derives from 
quartz veins minimally affected by postpotassic 
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alteration. This difference results in a 100 °C 
difference between medians for these two 
temperature-of-homogenization plots (380 oc for 
the potassic-alteration assemblage, compared with 
280 °C for veins showing intense development of 
the intermediate argillic overprint). Thus, the ap
parent preferred concentration of fluid inclusions 
that homogenize to vapor at the high-temperature 
end of the distribution plot for samples of veined 
monzogranite porphyry suggest that these high
temperature fluid inclusions may be largely relict 
from early potassic stages (compare figs. 118A and 

A 0 1 MILLIMETER 

B 0 0.3 MILLIMETER 

FIGURE 119.-Photomicrographs showing concentrations (A) and 
closeup (B) of secondary fluid inclusions in vein quartz (Q) 
from axial core of Buckingham system in Vail Ridge block. M, 
matrix of monzogranite porphyry. Sample 81TT120. 

118B with fig. 118C; see Bodnar and Beane, 1980). 
Elsewhere, Alderton and Rankin (1983) found at 
the St. Austell granite in southwest England a 
strong spatial association of kaolinized granite 
with abundant, dilute, low-temperature fluid inclu
sions that homogenize mostly at temperatures 
below 170 °C. 

Type III fluid inclusions are extremely rare 
throughout the Buckingham stockwork molybdenum 
system, as well as in many other similar molybde
num systems elsewhere (Theodore, 1982a; Hall and 
others, 1984; Theodore and Menzie, 1984). This rela
tion provides a significant contrast in the fluid
inclusion signature of most low-fluorine- or quartz 
monzonite-type stockwork molybdenum deposits and 
the porphyry copper deposits (Roedder, 1971; Nash, 
1976; Roedder, 1984). Nonetheless, type III fluid in
clusions seem to be somewhat more abundant in the 
axial core of the Vail Ridge tectonic block of the 
Buckingham system than in the East block to be de
scribed below. Some samples deep within the West 
block, however, contain the most abundant con
centrations of type III fluid inclusions in the 
Buckingham system. Determination of dissolution 
temperatures of NaCl daughter minerals in limited 
numbers of type III fluid inclusions from Vail Ridge 
suggests that some hypersaline fluids, probably con
taining more than 40 weight percent NaCl equiva
lent (table 49), also circulated in the stockwork 
environment here during its development. Some of 
these type III fluid inclusions are crystal rich and 
contain halite and sylvite, as well as some birefrin
gent crystals (most likely K-feldspar, carbonate, ru
tile, or iron chloride), with or without an opaque 
mineral (pyrite, chalcopyrite, magnetite, or, much 
less commonly, galena and sphalerite) (fig. 120). As 
pointed out by Bodnar and Beane (1980), such salini
ty estimates based on the dissolution temperature of 
NaCl actually yield minimum values because fluid
inclusion waters trapped must also contain other 
cations and anions, as discussed below. These rare 
type III fluid inclusions homogenize by vapor disap
pearance at relatively low temperatures (255-267 
°C), and, most importantly, they do not appear to be 
cogenetic with any extremely high temperature, type 
II fluid inclusions (fig. 121). A plot of liquid-vapor 
homogenization temperature versus salinity for 44 
fluid inclusions from the Vail block for which both 
are available shows a grouping of data into two do
mains (fig. 121). Fluid inclusions containing less 
than about 15 weight percent NaCl equivalent (types 
I, II, and IV) show filling temperatures from about 
260 to 385 °C. However, the limited number of data 
points available for the type III fluid inclusions show 



GEOLOGY OF THE BUCKINGHAM STOCKWORK MOLYBDENUM DEPOSIT AND SURROUNDING AREA D257 

that their liquid-vapor homogenization occurs near 
the low-temperature end of the range for types I, II, 
and IV. The genesis of such apparently low tempera
ture, hypersaline fluids, relatively high in the sys
tem, as condensation products during the "second 

A 0 15MICRONS 

B 0 20 MICRONS 

FIGURE 120.-Photomicrographs of fluid inclusions in quartz 
stockworks from Vail Ridge block of Buckingham system. Sam
ple 81 TT118 (loc. 8, fig. 117). Plane-polarized light. A, Type III 
fluid inclusion that contains halite (H), sylvite (S), an unknown 
birefringent crystal (ub), and an unknown opaque mineral (uo). 
B, Type IV fluid inclusion showing, at room temperature, a 
relatively large proportion of liquid carbon dioxide (Lco

2
) and 

minor amounts of mostly water (LH2o) and carbon dioxide vapor 
(Vco2 ) . 

boiling" (Burnham, 1979) of a moderately saline fluid 
will be discussed below. Extensive examination by 
SEM of artificially opened fluid-inclusion cavities re
sulted in the identification of many different miner
als as trapped crystals or daughter crystals; these 
include several varieties of carbonate (calcite and 
manganese-bearing ferroan calcite), halite, sylvite, 
pyrite, chalcopyrite, galena, sphalerite, K-feldspar, 
rutile, and manganiferous iron chloride (fig. 122). 
One aspect of this part of the study that needs fur
ther comment is the relatively common occurrence of 
chalcopyrite rather than molybdenite in these fluid 
inclusions studied by the X-ray microanalyzer. How
ever, when such occurrences are considered in light 
of the hypogene copper halo that surrounds the 
molybdenite-enriched parts of the Buckingham sys
tem, the relative abundance of chalcopyrite as 
trapped minerals and (or) daughter minerals in the 
samples is not surprising. The quartz stockworks ex
posed in the Vail Ridge part of the system now re
side near the upper part of the system that is copper 
enriched. In addition, some of the crystals of chalco
pyrite contain relatively minor concentrations of sil
ver as determined by qualitative analysis using the 
X-ray microanalyzer. The silver probably is present 
in the chalcopyrite either as a partial substitution 
for iron, or as a partial substitution for copper (Deer 
and others, 1962c). Scherkenbach and Sawkins 
(1982) and Scherkenbach and others (1985) also re
port widespread occurrences of chalcopyrite-bearing 
fluid inclusions in the Comobabi, northern Sonora, 
Mexico, molybdenum-mineralized breccia pipes. 
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FIGURE 121.-Salinity versus homogenization temperature for 
44 fluid inclusions in vein quartz associated with molybde
num mineralization in Vail Ridge part of Buckingham 
system. 
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Some samples of veined monzogranite porphyry, 
particularly at locality 8 (fig. 117), also show enig
matic clusters of extremely C02 rich fluid inclusions. 
Some evidence suggests they may be related to mis
cibility during the circulation of the early-stage flu
ids associated with potassic alteration. Individually, 
at room temperature these fluid inclusions compose 

A 0 4 MICRONS 

B 0 4 MICRONS 

FIGURE 122.- Scanning electron micrographs of artificially 
opened fluid-inclusion cavities in quartz veins from 
Buckingham stockwork system in Vail Ridge area. C, calcite; 
cp, chalcopyrite; H, halite; kf, K-feldspar; py, pyrite; Q, quartz; 
S, sylvite. A-F, Sample 81TT119. G, Sample 81TT118. H, 
Sample 120. 1-L, Sample 81 TT119; all at locality 8 (fig. 117). 
A, cc, manganiferous, iron-bearing calcite. D, fc, manganifer
ous iron chloride. F, cc, manganiferous, iron-bearing calcite; 

either two phases (liquid C0
2 

and mostly C0
2 

vapor) 
or three phases, mostly H20 and liquid C02 and 
mostly C0

2 
vapor (fig. 120B). Many of the latter type 

IV fluid inclusions show relative proportions of about 
70 to 95 volume percent mostly C02• All but one of 
66 measurements on the two-phase C02-rich fluid in
clusions show homogenization to liquid C02 at 

c 0 2 MICRONS 

D 0 2 MICRONS 

gn, galena; sid, siderite; sl, sphalerite. G, M, magnetite; minute 
crystals of sylvite on surface of quartz near opened fluid
inclusion cavity are probably residual products of desiccation of 
fluid-inclusion waters that spilled onto surface of quartz when 
fluid inclusion was broken open. I , fc, manganiferous iron chlo
ride; R, rutile. J, cpa, silver-bearing chalcopyrite showing some 
trace amounts of zinc (sphalerite?). K, M, magnetite; sl, sphaler
ite. L, wm, white mica. 
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E 0 2 MICRONS H 0 1 MICRON 

I 0 2 MICRONS 

F 0 4 MICRONS 

G 0 2 MICRONS 1 0 2 MICRONS 

FIGURE 122.-Continued. 
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temperatures less than the 31 °C critical point of 
C02 (fig. 123). The overall range is from 7.7 to 27.3 
°C, which would correspond to densities of about 
0.89 to 0.77 g/cm3, respectively, in the system C0

2 
(Angus and others, 1973, in Hollister, 1981). How
ever, the presence of CH

4 
in these fluid inclusions is 

suggested by a melting of solid C0
2 

at temperatures 
slightly but consistently below -56.6 °C: from -56.7 

K 0 2 MICRONS 

L 0 8 MICRONS 

F IGURE 122.-Continued. 

to -57.6 °C. Norman and Sawkins (1987) found that 
porphyry-type systems typically have C02 as the 
dominant gaseous species; the absence of organic 
compounds (CnHn) and nitrogen may indicate a pre
ponderance of magmatically derived fluids, as op
posed to fluids that interacted significantly with 
sedimentary rocks. Pasteris and others (1983) have 
found that CH4 partitions strongly into the vapor 
phase in two-phase fluid inclusions belonging to the 
system C02-CH4• A liquid-vapor tieline of 57 °C for 
the melting of C02 in the system C02-CH4 suggests 
that the C0

2
-rich fluid inclusions here may contain 

about 2 mol percent CH
4 

(Arai and others, 1971, in 
Barruss, 1981). Some three-phase type IV fluid in
clusions are interspersed closely with these two
phase, mostly liquid C02 fluid inclusions, and appear 
texturally to belong to the same paragenetic stage as 
the two-phase, mostly liquid-C02 fluid inclusions. 
Some of these type IV fluid inclusions homogenize 
totally to liquid at temperatures in the range 360-
370 oc, suggesting thereby that the two phase, 
mostly liquid-C0

2 
fluid inclusions may also indicate 

trapping during the early potassic stages rather than 
the subsequent intermediate argillic overprint. Fur
thermore, ~)13C values of C02 in fluid inclusions from 
a nearby vein (sample 81TT121) suggest mixed ori
gins, presumably magmatic and organic, for the C02• 

Four determinations of the 013C and 8180 values 
of C0

2 
in fluid inclusions of vein quartz from the 

Vail Ridge tectonic block of the molybdenum sys
tem are available (table 50). Two of the samples 
(2050-512, 2050-633) are from quartz veins hosted 
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I- 15 D z Sample No. Homogeniza tion w temperature + 
::::!; 
w L iqu id Vapor + 
a: X 
:::l 81TT118 X • Median l ~ (f) 
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w 81TT120 0 
::::!; 81TT119 + o x 
lL 81TT104 D XX 
0 D XX 
a: 5 D+ XX D 
w D+ XX DD CD 
::::!; 0 D xxxxx o 
:::l 0 + xxxxxxxx z 

0 + xxxxxxxx 
0 X X XX xxxxxxxx .: x 

5 10 15 20 25 30 

CARBON DIOXIDE HOMOGENIZAT ION TEMPERATURE, 
IN DEGREES CELSIUS 

FIGURE 123.-Distribution of C02 homogenization temperatures 
for 66 fluid inclusions in four samples from Vail Ridge block of 
Buckingham molybdenum system. 
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TABLE 50.-Isotopic composition of carbon dioxide in fluid inclu
sions hosted by vein quartz from the Buckingham system 

[S13C values in permil relative to Peedee belemnite (PDB); analyst, S.S. Howe. S180 
values in permil relative to standard mean ocean water (SMOW); analyst, L.D. 
White, in the laboratory of J.R. O'Neill, U.S. Geolo~cal Survey, Menlo Park, 
Calif.] 

Sample C02 13
CPDB 518

0sMOW No. (J.I.InOl) 

Vail Ridge tectonic block 
2050-512 10.0 -4.76 +17.1 

2050-633 6.0 -6.32 +24.09 

81TT121 7.0 -12.04 -.92 

79C77 8.0 -4.67 +21.78 

East stock tectonic block 

78C49 24.0 -5.69 +35.97 

78C162 4.0 -9.16 +12.25 

78C164 9.0 -5.08 +36.8 

80BK20 17.0 -11.03 -15.71 

West stock tectonic block 

78C169 12.0 -7.07 +26.78 

by altered rocks of the Harmony Formation near 
the outer fringe of the quartz stockworks that sur
round the system (loc. 3, fig. 117). The samples are 
dominated by potassic-alteration assemblages with 
a minimum of late-stage overprint. The remaining 
two samples analyzed from the Vail Ridge tectonic 
block are from vein quartz in monzogranite por
phyry near the projected core of the system (locs. 
7-8, fig. 117). They are dominated by mixed potas
sic and superposed intermediate argillic assembla
ges. The o13C values near -5 permil (table 50) are 
close to those that have been inferred by others 
elsewhere to indicate deep-seated or presumed· 
magmatic origins for the C0

2 
in the fluid inclu

sions hosted by quartz (Conway and Taylor, 1969; 
Deines, 1970; Faure, 1977; Geldron and Le Bel, 
1983; Hall and others, 1984; Bowman and others, 
1985). The isotopically lightest value (-12.04) in 
the Vail Ridge block (table 50) suggests that the 
C02 in the fluid inclusions there includes both 
presumably magmatic C02 and some C0

2 
from an 

organic crustal source-possibly nearby carbonate
rich rocks of the Antler Peak Limestone (pl. 1). In 
addition, from the fact that this quartz vein sample 

contains significant concentrations of secondary 
fluid inclusions related to the intermediate argillic 
overprint and two of the others do not, we conclude 
that the major incorporation of organic crustal C0

2 

may have occurred during the intermediate argillic 
event, and that the bulk of the organic crustal C0

2 

may reside in the secondary fluid inclusions. 

EAST BLOCK 

Study of fluid-inclusion relations in the East 
block, which is bounded by the Long Canyon and 
Second faults, by heating and freezing techniques 
reveals that the fluids associated with mineraliza
tion there were generally similar in overall chemis
try to those in the Vail Ridge block. Carbon dioxide 
also is common in fluid inclusions through much of 
this part of the system, and the fluids here for the 
most part are moderately saline (table 51). The 
highest salinity recorded for type I fluid inclusions 
is 21.5 weight percent NaCl equivalent, and the 
halite-bearing type III fluid inclusions are excep
tionally rare. In addition, all these fluids seemingly 
were trapped at pressures and temperatures ap
proximately similar to conditions apparently pre
vailing in the Vail Ridge part of the system (table 
51). In all, these studies in the East block were of 
35 samples: 7 from exposures at the surface and 28 
from sampling sites at various depths in core ob
tained from eight drill holes into the system. All 
but one of the samples is hydrothermal vein quartz 
associated with the molybdenum mineralization. 
TJ}e one exception (sample 1463-563, table 51) is 
phenocrystic. quartz in Oligocene granodiorite por
phyry that. cuts the molybdenum system. Further
more, ten of the studied samples are core samples 
obtained from depths between 43.6 and 503.5 min 
one deep hole put down into the system (loc. 18, 
table 51). 

There are, nonetheless, some very subtle apparent 
differences between the fluid-inclusion populations of 
the East and Vail Ridge blocks that are difficult to 
quantify. First of all, although many of the same 
trapped minerals and daughter minerals, together 
with similar desiccation products, have been found 
in samples from the East block (fig. 124), the overall 
abundance of type III fluid inclusions in the East 
block is much less than that in the Vail Ridge block. 
This conclusion is based on visual estimates of the 
relative abundance and proportion of the vario.us 
fluid-inclusion types. In addition, careful determina
tion of the C02 triple point in numerous liquid C02-

bearing fluid inclusions from the East block reveals 



TABLE 51.-Temperature and salinity data from fluid inclusions hosted by vein quartz in the East block of the Buckingham stockwork molybdenum t::l 
system ~ 

(j') 
~ 

Salinity 
Loc. No. Sample No. Rock Composite vein Assemblage(s) Type of Homogenization Weight % NaCl Number 0 
(fig. 117) type 1 assemblage2 Selvage2 in rock3 inclusion4 temp. range (°C) 5 equivalent measured 

t_:l:j 
0 
0 
::X:: 

10 78C162 M Q-Kf-Rut-Wm(tr) Kf P, Phy(?) I 266-331(41) 5 2.3-6.6 5 
t_:l:j 

a:: II 342-355(2) -- -- -IV 284-323(3) 0-8. 6 en 
t-3 

11 78C161 H Q-Kf Kf p I 265-359(10) 1. 6-13.1 7 ~ 
II 365 ( 1) .6 1 0 

l'%j 
IV 335-365(2) -- -- t-3 

::X:: 
12 78C160 H Q-Kf-Fx(after Py)-Wm(tr) Kf P, Phy(?) I 227-372( 17) 4.7-10.5 7 t_:l:j 

II 275-370(2) 5.5 1 t-el 
IV 371 ( 1) -- -- 0 

~ 

13 78C163 H Q-Kf-Ch1(tr)-Wm- Kf P, IA I -- 8.8-10.2 5 ~ Fx(after Py) 

14 78C165 M Q-Kf-Wm(tr) Kf P, IA I 272-358(30) 5.-12.7 10 0 
0 

15 78C164 M Q-Kf Kf P, IA I 258-359(35) 4.6-7.8 7 
t-el 

II 323 ( 1) -- -- t;g 
IV 338-360(3) 1.-5.5 7 ~ 

t_:l:j 

16 1453-259 M Q-Kf-Mo-Py Kf P, IA I 261-328( 37) 7.8-10.8 5 ~ 
II 332-335(2) -- -- ~ 

0 
16 1453-1057 M Q-Kf-Wm-Cc-Mo-Py Kf P, Phy I 293-363(23) -- -- ~ 
17 1466-170 H Q-Kf-Py Kf P, Phy I 210-362(23) 6.6-21.5 10 

t_:l:j 

z 
_t-3 

17 1466-530 M Q-Wm-Py-Mo-Cc(tr) Wm Phy I 259-321(19) .5-3.2 9 

~ 18 1463-143 M Q-Kf-Wm-Cc-Mo-Py Kf P, Phy I 269-370(45) 4.7-8.6 11 t-3 
II 335-365(10) -- -- t"" 

t_:l:j 

18 1463-307 H Q-Kf-Cc-Py-Rut(tr) Kf P, Prp I 304-346(10) -- -- a:: 
0 
c::: 

18 1463-491 M Q-Kf-Mo-Py Kf P, I 262-395(28) 0-10.8 19 

~ II 371-385(4) -- --
IV 351-365(5) 0-2.8 11 z 

18 1463-563 Gp Q(primary phenochrystic) -- Prp I 237-346(22) 3.8-10.7 5 a:: -z 
18 1463-1110 M Q-Mo-Kf Kf P, IA I 305-334(21) 4.8-13.8 12 -z 

IV 299-346(6) 0-8. 10 0 
t::; 

18 1463-1134 M Q-Mo-Py-Kf-Cc(tr)-Wm(tr) Kf P, IA I 301-364(25) 6.9-9.7 9 -en 
t-3 

18 1463-1139 H Q-Mo Kf p I 304-363(10) 5.-10. 6 ~ -II 340-372(2) -- -- 0 
_t-3 

18 1463-1466 H Q-Py-Cp-Po-Mo-Kf- Kf ,Act, P, Prp I 258-348(46) 5.1-10.1 12 z 
t_:l:j 

Chl-Cc Cc II 440 (1) -- --

~ IV 312-430(6) .5-9.5 10 

1463-1599 H Q-Po-Kf Kf,Act, p I 282-362(19) 7.8 1 > 18 
Cpx, Sph II 330 (1) 

IV 285-318(4) 7.-19. 10 



18 1463-1652 H 

19 81TT87 M 

20 1468-613 M 

20 1468-905 M 

20 1468-1298 M 

21 1470-238 M 

21 1470-970 M 

22 1465-208 M 

22 1465-1123 H 

23 1475-522 H 

23 1475-754 DB 

23 1475-1008 M 

23 1475-1044 H 

24 1464-145 M 

24 1464-185 H 

24 1464-1195 H 

Py-Po-Q-Kf-Act-Ep-Ap 
Cpx-Mo(tr)-Cp(tr) 

Q-Kf-Wm(tr)-Rut(tr)
Fx( after Py) 

Q-Kf(tr)-Wm(tr)-Py-Mo 

Q-Kf-Py-Cc(tr) 

Q-Kf(tr)-Py-Mo-Wm(tr) 

Q-Kf-Mo-Cc(tr)-Cp
fu 

Q-Kf-Mo-Po-Wm(tr) 
-Cc(tr) 

Q-Mo-Kf(tr)-Ap(tr) 

Q-Wm-Kf(tr)-Mo-Po 

Q-Kf-Py(tr)-Mo 

Q-Ch1-Mo-Kf-Py-Cp(tr) 

Q-Kf-Bi-Ap-Cc-Po 

Q-Py-Ho(tr)-Wm 

Q-Kf-Py-Wm(tr) 

Q-Kf-Ho-Py(tr)-Wm(tr) 

Q-Kf-Mo(tr)-Cc
Wm-Py(tr)-Ch1 

Act, Sph, 
Kf 

Kf 

Kf 

Kf 

Kf 

Kf 

Kf 

p 

P, IA 

P, IA 

P, IA 

P, IA 

p 

p 

P,Prp 

Kf P, Prp 

Kf P 

Act P(?) 

Bi P, Prp 

Chl, Wm P, Prp 

Kf P 

Kf, Rut P 

Kf P, Prp(?) 

I 

I 
II 

I 
II 

I 
II 

I 
II 

I 

I 

I 
II 

I 
II 

I 

I 

I 
II 

I 

I 

I 

I 

284-380(53) 

257-329(26) 
315-360(10) 

273-381(16) 
349-386(4) 

277-365( 20) 
366-376(2) 

227-353(20) 
395( 1) 

253-346(19) 

289-365(18) 

268-347(14) 
310-365(4) 

278-335( 21) 
330-335(3) 

272-321( 8) 

282-350(18) 

252-353(10) 
315-360( 3) 

275-309(17) 

267-322(26) 

251-310(26) 

268-339( 13) 

.8-8.3 

5.9-8.2 

8.8-11.3 

2.7-9.5 

6.7-11.8 

8.-9.4 

4.4-12. 

6.6-9.4 

8.1-12. 

9.6-13.1 

6.2-11.1 

5.7-6.5 

4.0-12.0 

. 7-10. 

5.8-9.2 

1 H, Upper Cambrian Harmony Formation; DB, Ordovician and (or) Devonian diabase; H, Late Cretaceous monzogranite porphyry; 
GP, Oligocene granodiorite porphyry. 

2 Qt quartz; Kf, potassium feldspar; Rut, rutile; Wm, white mica; Fx, iron oxide(s); Py, pyrite; Mo, molybdenite; 
Cc, carbonate; Cp, chalcopyrite; Po, pyrrhotite; Chl, chlorite; Act, actinolite; Ep, epidote; Ap, apatite; 
Cpx, clinopyroxene; Bi, biotite; Sph, sphene; tr, trace. 

3 P, potassic; Phy, phy11ic; Prp, propy1itic; IA, intermediate-argillic. 

41 

9 

9 

7 

11 

5 

7 

6 

4 

6 

3 

3 

13 

5 

4 At 22±2 °C: I, low vapor volume+mostly liquid H20; II, high vapor volume+mostly liquid H2o; IV, mostly co2 vapor+liquid C02+mostly 
H2o liquid (see text). 

5 In parentheses, number of determinations of total homogenization temperature of fluid inclusions. 
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that the C02 solid-liquid-vapor phase transition oc
curs at temperatures in the range -56.6 to -57.2 °C, 
somewhat similar to that found in samples from the 
Vail Ridge block. However, the overwhelming bulk of 

A 0 30 MICRONS 

B 0 1 MICRON 

FIGURE 124.-Scanning electron micrographs of fluid-inclusion 
cavities in vein quartz from East block of Buckingham molyb
denum system, broken artificially. Q, quartz. Sample 78C161. 
A, Relatively small-scale view of artificially broken surface of 
vein quartz, showing a generally "pock-marked" appearance, 
owing to large numbers of fluid-inclusion cavities in field of 

these fluid inclusions from the East block show the 
transition to occur in the range -56.6 to - 56.9 oc, 
from which we infer that the overall amounts of CH

4 

may have been depleted in the deep parts and rela
tively enriched in upper parts of the system as it 
evolved. 

Relations determined from fluid inclusions in 
three pyrrhotite-bearing quartz veins that contain 
a diopside- and (or) actinolite-bearing, potassic
alteration assemblage show that fluids of highly di-

c 0 2 MICRONS 

D 0 2 MICRONS 

view. B, Closeup of fluid-inclusion cavity, showing large num
bers of extremely minute halite crystals (at head of arrow) re
sulting from desiccation of fluid-inclusion waters along walls of 
fluid-inclusion cavity. C, Daughter crystal of halite (H) in an 
opened type-III fluid inclusion. D, Trapped crystal of K-feldspar 
(kf). 
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verse chemistries were trapped in the Harmony 
Formation near the contact of the East stock (sam
ples 1463-1466, 1463-1599, 1463-1652, table 51). 
These three samples are from the hanging wall of 
the Second fault, and they are from below the limit 
of the deposit as defined in the subsection above 
entitled "Economic Geology." In addition, the sam
ples are from the copper-enriched halo that sur
rounds the gently dipping, lobate, molybdenum
enriched shell associated with the East stock (fig. 
51). The copper-enriched halo here, about 150 m 
wide, generally includes more than 0.1 weight per
cent Cu (fig. 64). Two of the studied samples show 
minor amounts of molybdenite in their vein assem
blages (table 51). The two pyrrhoti-te-bearing 
quartz veins (samples 1463-1466, 1463-1599) close 
to the defined limits of the deposit along the drill 
hole show both elevated C0

2 
contents and, to a 

somewhat lesser degree, salinities of their fluid in
clusions relative to the sample most distal from the 
deposit studied along the drill hole (sample 1463-
1652, fig. 125). Most of the samples studied show 
salinities generally less than 10 weight percent 
NaCl equivalent. Eutectic temperatures in the 
range -21 to -24 oc suggest that Na+ is the domi
nant cation in these fluids. Some liquid-C02-

bearing fluid inclusions in sample 1463-1599 have 
salinities that are more than 18 weight percent 
NaCl equivalent. However, overall variability in 
salinities of the fluid-inclusion population through
out this part of the deposit obscures the hypothesis 
that less saline fluids may have circulated near the 
fringes of the deposit as it evolved. 

Distribution plots of homogenization temp
eratures of fluid inclusions in quartz from the 
pyrrhotite-bearing quartz veins provide a signifi
cant contrast with the plots of similar data from 
the deposit at higher elevations along the drill hole 
(fig. 126). Sample 1463-563, Oligocene granodiorite 
porphyry, is not considered in the discussion to fol
low because its emplacement postdates molybde
num mineralization. The three pyrrhotite-bearing 
vein samples show weakly bimodal distribution 
plots for their homogenization data that are 
nonnormal and skewed toward high values of ho
mogenization. On the one hand, modes for all three 
samples are very close to 300 oc (fig. 126). On the 
other hand, most samples studied from within the 
limits of the deposit show a nonnormal clustering 
of type I and type IV fluid-inclusion homogeniza
tion temperatures, including some that fill to liquid 
and others that fill to vapor, at approximately 350 
oc; several samples show distribution plots for 
their homogenization data skewed toward low val-

ues; and there is a marked absence of fluid
inclusion homogenizations at 300 °C. Thus, moder
ately saline fluids that boiled at temperatures of 
about 350 oc seem to be associated with the 
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FIGURE 125.-Distribution of fluid-inclusion salinities in vein 
quartz from 10 samples studied from various depths (in feet) 
in drill hole 1463 that was collared in East block of 
Buckingham molybdenum system. Bar, type IV; x, type I. 
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deposit in this tectonic block of the molybdenum 
system. In addition, two samples (1463-1466, 
1463-1599) studied from below the deposit, also 
contain some type-I and type-IV fluid inclusions 
that homogenize to vapor during heating tests in 
the range 315-440 °C, whereas most of the type I 
fluid inclusions homogenize to liquid close to 300 
°C. Some type IV fluid inclusions that homogenize 
to vapor at temperatures above 400 oc are also 
quite saline (approx 10 weight percent N aCl 
equivalent; table 51). Inasmuch as NaCl partitions 
very strongly to the liquid phase in a boiling envi
ronment (Roedder, 1984), these high-temperature 
fluid inclusions must indicate inhomogeneous trap
ping of two phases, and these phases also probably 
contributed to the abnormally high homogenization 
temperatures for the fluid inclusions (see Bodnar, 
1982). These data, when further combined with the 
observation that high-temperature fluid inclusions 
that fill to vapor obviously are paragenetically 
early (probably pseudosecondary), attest to the 
probable circulation at some time through these 
rocks of minimal amounts of some relatively high 
temperature, boiling fluids that were followed by 
somewhat lower temperature, nonboiling fluids. 
Miscibility of the C02-bearing fluids associated 
with sample 1463-1599 must have occurred during 
boiling because of the extremely wide range of 
phase proportions for type IV fluid inclusions at 
room temperature. Some type IV fluid inclusions in 
this sample include approximately 85 to 95 volume 
percent C02 and 5 to 15 volume percent mostly 
H 20. 

The lowermost sample (1463-1652) examined 
using the heating-freezing stage from the East stock, 
however, shows no evidence for the presence of C02 

in its fluid inclusions nor does it include any evi
dence for boiling, including both fluid-inclusion 
phase proportions and homogenization data (fig. 
125). Therefore, a diffuse interface between boiling 
fluids above and nonboiling below probably was pres
ent at times during the evolution of the system here 
near the east contact of the East stock. Location of 
the interface at this depth places it just above the 
Second fault (fig. 51). 

A plot of salinity versus homogenization tempera
ture for 120 fluid inclusions associated with molyb
denum mineralization in the East stock shows a 
relatively broad range (fig. 127). There is no readily 
apparent sympathetic variation in these data be
tween salinity and homogenization temperatures as 
has been reported by many others for non-porphyry
type ore deposits. Nonetheless, the overall variability 
in distribution of these data is similar to the 

moderate-salinity and low-density types of fluid in
clusions reported in some porphyry copper systems 
(see Ahmad and Rose, 1980; Reynolds and Beane, 
1985). However, such variability is also similar to 
fluid inclusions associated with unmineralized, late 
Eocene or early Oligocene porphyritic leucogranite 
and skarn (Theodore and Hammarstrom, 1991). The 
variability in the East stock presumably results from 
a wide range in the time of actual trapping of the 
individual fluid inclusions in a highly dynamic pres
sure and temperature environment wherein temper
ature and salinity fluctuated as the system evolved 
(see Roedder, 1984). 

WEST BLOCK 

Study of fluid-inclusion relations in quartz veins 
from the West block, geologically the deepest part of 
the system, revealed some striking contrasts with 
fluid-inclusion relations determined in vein quartz 
elsewhere in the system. Five samples from surface 
sites (locs. 26-30, table 52; fig. 117) and 12 samples 
obtained from drill core collected from three holes 
put down west of the Buckingham fault were studied 
using heating and freezing techniques (table 52). The 
K-feldspar-quartz monzonite border phase (see sub
section above entitled "Economic Geology'') of the un
divided monzogranite porphyry of the Buckingham 
system composes the host rock for the quartz veins 
in 15 of the 17 samples. Furthermore, 6 of the 13 
core samples studied are monzogranite porphyry 
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FIGURE 127.-Salinity versus homogenization temperature for 120 
fluid inclusions in vein quartz associated with molybdenum 
mineralization near East stock of Buckingham molybdenum 
system. 
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TABLE 52.-Temperature and salinity data from fluid inclusions hosted by vein quartz in the West block of the Buckingham stockwork 
molybdenum system 

Loc. No. Rock 

(fig. 117) Sample No. type 1 

25 78Cl69 M 

26 78Cl67 M 

27 78Cl66 M 

28 78C55 H 

29 78C35 H 

30 B40-1615 M 

30 B40-1821 M 

30 B40-1822 M 

30 B40-1823 M 

30 B40-1888 M 

30 B40-1913 M 

31 B6-1650 M 

31 B6-1990 M 

31 B6-2640 M 

32 Bl6-1705 M 

32 Bl6-194C M 

32 Bl6-1965 M 

Composition vein 

assemblage2 

Q-Kf-Wm(tr) 

Q-Kf-Wm(tr) 

Q-Kf-Wm(tr) 

Q-Kf-Bio 

Q-Kf-Bio-Rut 

Q-Kf-Mo-Py-Wm(tr) 

Q-Kf-Py(tr)-Wm(tr) 

Q-Py-Mo-Wm(tr)-Cc(tr) 

Q-Kf-Py-Mo(tr)-Wm(tr) 

Q-Kf-Mo-Wm(tr)-Py(tr) 

Q-Kf-Py-Mo(tr) 

Q-Wm-Py(tr)-Mo 

Q-Kf(tr)-Py(tr)-Mo(tr) 

Q-Kf-Py(tr)-Mo(tr) 

Q-Kf-Py(tr)-Mo(tr)
Cc(tr)-chl(tr) 
Q-Kf-Mo-Cc(tr) 

Q-Mo-Py-(tr)-Cc(tr) 

[··,not determined] 

Selvage2 

Kf 

Kf 

Kf 

Kf 

Bio, Kf 

Kf 

Kf 

Wm 

Kf 

Kf 

Kf 

Wm 

Kf 

Kf 

Kf 

Kf 

Kf 

Assemblage(s) 

in rock3 

P,IA 

P,IA, Phy(tr) 

P,IA 

p 

p 

P,IA 

P,IA 

Phy 

P,Phy 

P,Phy 

P,IA 

Phy 

P,IA 

P,Prp(?) 

P,Prp 

P,Prp(?) 

P,Prp 

1H, Upper Cambrian Harmony Formation; M, Late Cretaceous monzogranite porphyry. 

Type of 

inclusion4 

II 
IV 

I 
IV 

I 
II 

I 

I 
II 
III 
IV 

I 
IV 

I 
III 
IV 

I 
II 
III 
IV 

I 
IV 

IV 

IV 

IV 

I 
IV 

I 
IV 

I 
IV 

2Q, quartz; Kf, potassium feldspar; wm, white mica; Bio, biotite; Rut, rutile; Mo,molybdenite; 
Py, pyrite; Cc, carbonate; Chl, chlorite; tr, trace. 

3P, potassic; IA, intermediate argillic; Phy, phyllic; Prp, propylitic. 

4At 22°±2°C: I, low vapor volume+mostly liquid H20; II, high vapor volume+liquid H20; 
III, halite bearing; IV, mostly C02 vapor+liquid C02+mostly H20 liquid (see text). 

5In parentheses, number of determinaticns of total homogenization temperature of fluid inclusions. 

Homogenization Salinity 
temperature Weight % NaCl Number 

range (°C) 5 equivalent measured 

334-346(7) 7.0 
345-349(2) 
332-347(10) .1-6.1 10 

169-383(22) 5.-18.3 4 
380 .5-10. 5 

266-363 (15) 

188-394 ( 11) 
415-440(4) 

295-420(3) 

360-431(8) 
365-480(5) 

254-500(39) 
450(1) 

338-349(2) 
316-387(20) 

321(1) 
318-500(32) 

246-391( 20) 
440-445(4) 
185-325(9) 

450(2) 

263-291(4) 
360-392(8) 

335-395( 21) 

299-365(33) 

282-368(34) 

160-372(30) 
355 

325-364(30) 

201-212(2) 
348-374(11) 

174-221(6) 
342-372(25) 

1.-15.1 

11.9-16.5 

9.2 

29.-65. 
3.8-8.9 

3.5-7. 
0-7. 

6.4 
31. 

2.3-9. 

1.2-2.1 

29.-33. 
1. 8-2.5 

.7-14. 

.5-10. 

.1-8. 

.9-9.8 

.8-12.4 

1.9-11.7 

5.8 
4.7-8.1 

.3-10.8 

3 

8 

36 
4 

2 
20 

11 

13 

10 

16 

15 

14 

22 

1 
9 

5 

from depths between 492 and 583 m in one angle 
hole (B-40) collared in the Harmony Formation west 
of the West stock but bottomed in monzogranite por
phyry to the east. All six of these samples from drill 
hole B-40 are from K-feldspar-quartz monzonite that 
forms an outer marginal shell of rock to a subse
quently emplaced core of igneous rock termed a 

"quartz-K-feldspar porphyry," the main mineralizing 
phase of the Buckingham system (see subsection 
above entitled "Economic Geology"). In addition, 
three samples of the border phase were also exam
ined by heating and freezing methods from a narrow 
(approx. 79 m wide) interval of core from well within 
the deep potassic zone mapped in the West stock 
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(see fig. 52). However, all but two of the vein sam
ples studied show well-developed potassic-alteration 
assemblages in their selvages (table 52). Those two 
samples have phyllic assemblages along their mar
gins. In addition, most of the samples include super
posed alteration assemblages typical of more than 
one of the classic porphyry types of alteration: gener
ally potassic+intermediate-argillic, potassic+phyllic, 
or potassic+propylitic (table 52). As in the other 
blocks of the system, the mostly pseudosecondary 
and secondary fluid inclusions of the vein quartz 
show a highly diverse chemical composition and 
wide-ranging filling temperatures (table 52). Of 
these 17 veins, 11 include variable amounts of mo
lybdenite. A few of them show walls almost com
pletely lined by molybdenite tightly intergrown with 
quartz and K-feldspar, whereas many of the other 
veins show their molybdenite to be intergrown with 
a variety of minerals, including in places sparse 
amounts of very late stage carbonate and white 
mica. These relations suggest a protracted parage
netic history for molybdenite here. As indicated on 
table 52, some vein quartz hosts all types of fluid 
inclusions, whereas other veins elsewhere in the 
block, from an identical paragenetic setting and 
identical specific vein assemblage, seem to host only 
a single type of fluid inclusion. For example, sample 
B16-1705 apparently contains only type I fluid in
clusions, and thus shows a much lower overall abun
dance of carbon dioxide in its trapped fluids than 
samples B6-1650 or B6-1990, which apparently con
tain only type IV fluid inclusions. 

A composite plot of homogenization tempera
tures for all the 421 fluid inclusions (table 52) 
tested from the West block of the system shows a 
multimodal distribution approximately in the 
range 160-500 oc (fig. 128). The major mode is in 
the class interval 360-370 °C. The major mode and 
median thus correspond somewhat closely to simi
larly gathered data from some samples showing 
only potassic-alteration assemblages in the Vail 
block (fig. 118) and data from potassically altered 
samples from the East block (fig. 126). The distri
bution plot for homogenization temperatures of 
fluid inclusions in the quartz veins from the West 
stock shows the absence, however, of a well
developed mode centered at about 300 oc that is 
common to similar data plots for the East and Vail 
Ridge blocks. As described above, these homogeni
zation temperatures near 300 oc may indicate the 
circulation of fluids associated with intermediate 
argillic alteration in the East and Vail Ridge 
blocks of the Buckingham system. Many of the 
rocks in the West block studied by heating and 

freezing techniques also show superposition, at 
highly variable intensities, of phyllic, propylitic, 
and intermediate-argillic assemblages onto the ear
lier stage potassic-alteration assemblages that are 
widespread here in the core of the system. The 
slightly nonnormal, negative skewness at 320-340 
oc in the plot of homogenization temperatures (fig. 
128) may in part indicate fluids associated with 
post-potassic-alteration assemblages. Accordingly, 
the highest homogenization temperatures found in 
the Buckingham system are from vein samples 
from deep within the West stock. Specifically, high
salinity type III fluid inclusions that fill to liquid 
and moderate-salinity type IV fluid inclusions that 
fill to vapor, both at 500 °C, were determined. 
However, it is important to note that these two 500 
oc temperatures were not measured in the same 
sample (table 52). Nonetheless, the maximum 
temperature (500 °C) determined in this study 
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FIGURE 128.-Distribution of total homogenization temperatures 
in 421 fluid inclusions from 17 vein quartz samples from 
West block of Buckingham molybdenum system. 
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corresponds closely to the highest temperatures re
corded in many other porphyry molybdenum and 
porphyry copper systems (Roedder, 1984, table 15-
5). 

The fluid-inclusion population trapped in the 
veins of the West block seems to contain a much 
more widespread presence of moderately saline, as 
much as 14 weight percent NaCl equivalent, type 
IV fluid inclusions than the veins in either the 
East or Vail Ridge block. In fact, type IV fluid in
clusions may be the most common type of fluid in
clusion in the West block, although some veins 
show no type IV fluid inclusions as we described 
above (table 52). In addition, the type IV fluid in
clusions in West block may be further classified 
into two subtypes based on the amount of C0

2 
they 

contain. The most widespread variety of type IV 
fluid inclusion contains generally less than 50 vol
ume percent C02, and more than a corresponding 
amount of mostly H

2
0. Such fluid inclusions show 

homogenization of their C0
2 

to vapor at tempera
tures generally 2-3 oc less than the 31 oc critical 
point of C0

2
• Determination of the C0

2 
triple point 

in many liquid C0
2
-bearing fluid inclusions from 

the West block shows that the C0
2 

solid-liquid
vapor phase transition consequently is very tightly 
constrained to the range -56.6 to -56.7 °C, coincid
ing almost exactly with the -56.6 oc solid-liquid
vapor phase transition for pure C0

2
• Thus, the type 

IV fluid inclusions show a progressive east-to-west 
change across the Buckingham system (and thus 
with increasing depth into the system) in their C0

2 

solid-liquid-vapor phase transition: -56.8 to -57.2 
oc in the Vail block, -56.6 to -56.9 oc in the East 
block, and -56.6 to -56.7 oc in the West block. 
These relations probably indicate a progressive de
crease with depth in the CH

4 
content of the fluids 

trapped in the fluid inclusions. 
At elevated temperatures, this subtype of the 

type IV fluid inclusions shows total homogenization 
to either liquid or vapor in the range 280-500 oc 
(fig. 128). This variety of type IV fluid inclusions 
may be pseudosecondary or secondary. Many sam
ples from deep within the West stock and near its 
outer contact show relatively large type IV fluid in
clusions, generally in the 10 to 40 ~m range, that 
at room temperatures are C0

2 
vapor rich and con

tain only a thin meniscus of liquid C0
2

• These type 
IV fluid inclusions are concentrated along broad 
bands that follow annealed microcracks through 
adjoining quartz crystals in the veins. In some 
samples, the secondary, type IV fluid inclusions 
show total homogenization in the range 330-380 
°C. Furthermore, some paragenetically very late 

stage, possibly open-cavity-filling quartz also shows 
similar type IV relations, except that the type IV 
fluid inclusions seem to be pseudosecondary rela
tive to the very late stage quartz. All these ob
served relations and assembled dat~ attest to the 
circulation of high-temperature, low-density, C02-

bearing fluids near the margins of the West stock, 
presumably during the final stages of the Buck
ingham system. These paragenetic relations of 
fluid-inclusion populations suggest that at least lo
cally there may have been an increase in the C02 

content of the fluids as the system evolved. With 
the available data, it is difficult to determine how 
widespread such a phenomenon may have been in 
the system. Nonetheless, this relation has been ob
served apparently in some other stockwork molyb
denite deposits. Linnen and Williams-Jones (1984) 
found that type IV fluid inclusions at the Trout 
L·ake, British Columbia deposit commonly contain 
as much as 50 volume percent C0

2 
and these fluid 

inclusions are typically associated with late-stage 
molybdenite-bearing stockworks of quartz, musco
vite, calcite with or without K-feldspar. This 
assemblage was superposed on an earlier 
stage margari te-corund urn-bioti te-calci te-q uartz
oligoclase assemblage that showed fluid inclusions 
that contain 0.15 to 0.3 mol percent C0

2
• 

The second subtype of the liquid-C02-bearing fluid 
inclusions consists typically of 5- to 10-~m wide, 
ovoid fluid inclusions that contain generally more 
than 90 volume percent C0

2
, as estimated optically 

at a temperature of about 40 °C. A very few of these 
fluid inclusions contain approximately 75 volume 
percent C0

2
; the remaining component of these fluid 

inclusions is mostly H
2
0. Overall in the West block, 

such fluid inclusions that are highly C0
2 

enriched 
are quite rare. However, a few small domains 
wherein numerous such fluid inclusions are clus
tered are present in veined monzogranite porphyry 
near the bottom of diamond-drill hole B-6; that is, 
near the western contact of the West stock. A select
ed cluster of 17 such fluid inclusions in sample B6-
2640 shows a range of 29.0 to 30.8 oc for the C02 

liquid-vapor phase transition; all 17 homogenize to 
liquid C0

2
• The mean temperature for the C02 

liquid-vapor phase transition is 29.4 °C, and the 
mean temperature of the C02 solid-liquid-vapor 
triple point in ten of the fluid inclusions is -56.6 °C. 
For the C0

2 
phase in the fluid inclusions, a tempera

ture of 29.4 oc for the liquid-vapor phase transition 
corresponds to a density of about 0. 76 g/cm3 (Angus 
and others, 1973, in Hollister, 1981). Because of the 
limited amounts of H

2
0 in most of these fluid inclu

sions that are highly C0
2 

enriched, the temperature 
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of total homogenization is extremely difficult to re
solve. However, one of the fluid inclusions that con
tains approximately 75 volume percent C0

2
, as 

opposed to the approximately 90 volume percent C0
2 

for the rest, was determined to have a minimum 
355±5 oc temperature of total homogenization to 
vapor. This temperature suggests that the surround
ing fluid inclusions that are highly C0

2 
enriched 

may also have been trapped under similar thermal 
conditions. 

Determination of the o13C and 8180 values of C02 

in fluid inclusions of vein quartz from the West block 
is available for a single sample, -7.07 and +26.78 
permil, respectively (78C169, table 50). This particu
lar vein sample is from an outcrop near the center of 
the West stock, and the vein has a potassic
alteration assemblage in its selvage. Homogenization 
temperatures from all fluid-inclusion types measured 
(types I, II, and IV) are confined to a relatively nar
row range, 332-349 oc (table 52). The o13C value 
near -7 permil suggests that the C0

2 
in the fluid 

inclusions hosts a major component of presumably 
magmatic C0

2 
and a minor component of C0

2 
from 

an organic crustal source (see above). 
Only a very limited number of veins, some very 

molybdenite rich, contain abundant type III fluid 
inclusions in the West block (table 52). These veins 
were found deep within the West stock close to its 
contact with the metamorphosed rocks of the Har
mony Formation. Specifically, the type III-bearing 
veins are present in the border phase of monzo
granite porphyry whose phenocrystic quartz appar
ently does not host any type III fluid inclusions. 
Therefore, hypersaline fluids probably related to 
type III fluid inclusions must be associated with a 
pulse of magma much deeper in the system. Ini
tially, it was believed that there may be some posi
tive correlation between the presence of type III 
fluid inclusions in a particular vein and increased 
abundance of molybdenite because many of the 
type III-bearing quartz veins show well-developed 
concentrations of fine-grained molybdenite along 
their walls. However, careful thin-section examina
tion of large numbers of veins that show similar 
concentrations of molybdenite along their walls re
vealed no correspondence between abundance of 
molybdenite and fluid-inclusion signature in the 
veins. Many more veins that contain only type I or 
IV fluid inclusions show well-developed concentra
tions of molybdenite along their walls than ones 
that contain type III fluid inclusions. 

Type III fluid inclusions homogenize mostly by 
vapor disappearance at temperatures in the range 
254-500 oc (fig. 128; table 52). A few type III fluid 

inclusions homogenize by liquid disappearance 
near the high end of the range, about 450-480 °C. 
All of these investigated fluid inclusions show dis
solution of their NaCl and (or) KCl daughter min
erals at temperatures less than the temperature of 
total homogenization. Measured salinities of the 
type III fluid inclusions are 29 to 65 weight per
cent NaCl equivalent (table 52). However, these sa
linity determinations necessarily focused on those 
type III fluid inclusions in the system that show 
only NaCl and (or) KCl daughter minerals and are 
thus representative of rather simple chemical sys
tems (fig. 129). The relatively restricted extent of 
type III fluid inclusions in the Buckingham system 
is emphasized by the fact that 39 of 49 salinity de
terminations listed in table 52 are from one vein. 
Although the proportion of NaCl in some type III 
fluid inclusions (fig. 129D) suggests NaCl contents 
in the fluid-inclusion waters comparable with the 
highest measured N aCl contents determined from 
the dissolution temperature (65 weight percent 
NaCl equivalent; table 52), such high values of sa
linity are not representative of the overwhelming 
bulk of the studied type III fluid inclusions. A 
value somewhere in the range 30-35 weight per
cent NaCl equivalent is probably most representa
tive of type III fluid inclusions in the Buckingham 
system. Extensive study by SEM methods of artifi
cially opened, type III fluid inclusions succeeded in 
the identification of many other minerals as appar
ent daughter minerals or trapped minerals (fig. 
130). During these SEM studies, it was determined 
that a CaCl

2
-bearing mineral is present in many of 

the polyphase type III fluid inclusions from a few 
selected veins deep in the Buckingham system. 
Studies elsewhere have suggested that the CaCl

2
-

bearing phase identified by SEM methods in 
several deposits may be CaCl2·6H20. However, 
CaCl

2
·6H

2
0 has a melting point of 29 .92 oc 

(Roedder, 1984, p . 147-148; Vanko and others, 
1988), and the CaCl

2
-bearing phase in the Buck

ingham system persists to temperatures above 300 
°C. Although the actual CaCl

2
-bearing mineral has 

not been identified at Buckingham, the presence of 
CaCl

2 
in the fluids associated with these type III 

fluid-inclusion-bearing veins is important from the 
standpoint of compositional trends during the evo
lution of the system (Kwak and Tan, 1981; Kwak, 
1986). The textural mode of occurrence of the 
CaCl

2
-bearing phase in the fluid inclusions (fig. 

130) suggests strongly that this phase is not there 
as a result of desiccation or evaporation of type III 
fluid-inclusion waters at the time the fluid inclu
sions were opened artificially at room temperature. 
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Rather, the CaCl
2
-bearing phase appears to be an 

integral member of the daughter or trapped miner
al assemblages. Subsequent studies should attempt 
to quantify the amount of CaCl

2 
in these fluid in

clusions by means of the repeated heating and 
freezing procedures of Yanko and others (1988). 
Furthermore, the fact that many polyphase type III 
fluid inclusions show calcite ·among their included 
assemblages also attests to the widespread pres
ence of significant amounts of calcium in these 
fluid inclusions. Other minerals in the type III 
fluid inclusions, in addition to those shown on fig
ure 130, identified by SEM methods include iron 
(mallganese) carbonate (a variety of siderite?), 
quartz, barite, jarosite, sphene, and rutile. 

A 0 2 MICRONS 

B 0 2 MICRONS 

All the apparent daughter minerals in such com
plex, polyphase type III fluid inclusions do not dis
solve upon heating to temperatures as high as 500 
oc for extended periods of time. Roedder (1984) 
suggested that this dilemma might be due to 
posttrapping leakage of H2 from the fluid inclu
sions, which, in turn, changes the oxidation state 
to a more oxidizing environment within the fluid 
inclusions. Certainly, such leakage of H

2 
may ex

plain the exceptionally rare occurrence of sulfate
bearing minerals in a few fluid inclusions. 
However, sulfides seem to occur rather commonly 
in type III fluid inclusions. Energy-dispersive X-ray 
spectra of spot analyses of the pyrite or chalcopy
rite(?) in figure 130B and the chalcopyrite and ar-

c 0 2 MICRONS 

D 0 1 MICRON 

FIGURE 129.-Scanning electron micrographs (A- D) of artificially opened type III fluid inclusions from West block of Buckingham 
molybdenum system. H, halite; kf, K-feldspar; Q, quartz; S, sylvite. Sample B40-1615a. 
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senopyrite(?) in figure 130D are shown in figure 
131. The peaks for silica, calcium, and chlorine are 
from the quartz that hosts the fluid inclusion and 
from the CaCl2-bearing phase that also is present 
in the fluid-inclusion cavity. Roedder (1984) further 
suggested that dissolution of true daughter miner
als in such polyphase fluid inclusions may not 
occur because of the sluggish kinetics involved. 

Dissolution temperatures of both NaCl and KCl 
are available for six type III fluid inclusions contain-

A 0 2 MICRONS 

B 0 1 MICRON 

FIGURE 130.-Scanning electron micrographs of artificially 
opened type III fluid inclusions that are notably crystal rich or 
polyphase in West block of Buckingham molybdenum system. 
asp, arsenopyrite; C, CaCI2; cc, calcite; cp, chalcopyrite; F, iron 
chloride; fm, iron-manganese oxide; H, halite; kf, K-feldspar; 
py, pyrite; Q, quartz; S, sylvite. Mineral identification queried 
where uncertain. Sample B40-1615a. A, Halite, iron chloride, 

ing only these two phases as daughter minerals, and 
they provide thereby an estimate of the NaCl!KCl 
ratios for the fluids in these fluid inclusions from the 
phase diagram of the vapor-saturated system NaCl
KCl-Hp (fig. 132). However, the presence of at least 
some CaCl

2 
in the fluid inclusions is probable be

cause of the widespread occurrence of a CaCl2-

bearing mineral in many of the polyphase type III 
fluid inclusions from the same vein. Repeated at
tempts to verify such presence of CaCl2 in the six 

c 0 2 MICRONS 

D 0 1 MICRON 

and calcite daughter minerals in quartz. B, Halite, K-feldspar, 
CaCI2, and pyrite or chalcopyrite(?) daughter minerals and (or) 
trapped minerals in quartz. C, Sylvite, CaC12 , iron-manganese 
oxide, and calcite daughter minerals and (or) trapped minerals 
in quartz. D, Chalcopyrite and arsenopyrite(?), and CaC12 

daughter minerals and (or) trapped minerals. 
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fluid inclusions through a significant lowering of the 
eutectic (see Kwak and Tan, 1981) failed because of 
optical problems. The plot of the six fluid composi
tions inferred from the dissolution shows a tight clus
ter of five of the six data points (fig. 132). The cluster 
is centered at NaCl/KCl weight ratios of approxi
mately 1 and Hp contents of approximately 57 
weight percent. Combined NaCl and KCl salt con
tents are about 43 weight percent. These data points, 
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FIGURE 131.- Energy-dispersive X-ray spectra resulting from spot 
analysis of pyrite or chalcopyrite(?) in fluid inclusion shown in 
figure 130B (A) and of chalcopyrite and arsenopyrite(?) in fluid 
inclusion shown in figure 130D (B). Sample B40-1615a. 

when combined with the one remaining data point, 
seem to form a halite trend (see Cloke and Kesler, 
1979) of fluid compositions elongated toward a locus 
at 75 weight percent NaCl on the NaCl-KCl tieline. 
However, the overall significance of this trend is de
batable, especially when one considers the trend be
ing based on only six data points and the effect that 
the presence of CaC12 might have (see Kwak and 
Tan, 1981). The occurrence of CaC1

2 
as a major com

ponent dissolved in the fluid-inclusion waters of 
these type III fluid inclusions would have a tendency 
of shifting the plotted data points (fig. 132) much 
closer to the Hp apex of the Hp-NaCl-KCl ternary 
diagram. 

A plot of salinity versus homogenization tempera
ture for 165 fluid inclusions for which both are 
available from the West block emphasizes many of 
the fluid-inclusion characteristics common to most 
porphyry systems (fig. 133). These characteristics 
include high maximum temperatures, high salini
ties, and evidence of boiling (Roedder, 1984). As fur
ther pointed out by Roedder, porphyry systems 
show generally an extreme variability in parage
netic sequence, the proportion of vapor in the fluid 
inclusion, salinity, the presence or absence of 
daughter minerals, and the number, size, and type 
of daughter minerals and possibly trapped miner-

FIGURE 132.-Phase diagram for vapor-saturated system NaCl
KCl-H20, showing isotherms in degrees Celsius (from 
Roedder, 1984, fig. 8-25). Arrows point in direction of declin
ing temperature; phase boundary between NaCl and KCl 
dashed where approximately located. Dots, point of final dis
solution of NaCl in NaCl-KCl type III fluid inclusions. Sam
ple B40-1615a. 
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als. It is important to note that such fluid-inclusion 
relations do not form diagnostic parts only of eco
nomic porphyry molybdenum or porphyry copper 
systems. Extensive fluid-inclusion study of un
mineralized skarn genetically associated with the 
large body of porphyritic leucogranite north of the 
Buckingham stockwork molybdenum system re
vealed fluid-inclusion signature precisely analogous 
to that reported by Ahmad and Rose (1980) for por
phyry copper mineralization at Santa Rita, N. Mex. 
(Theodore and Hammarstrom, 1991). As we de
scribed above, the bodies of skarn near the large 
body of porphyritic leucogranite are unmineralized. 
Moreover, the only mineralization known to be as
sociated genetically with this igneous event is gold 
skarn at the Labrador Mine and at the Overlook 
group of prospects (pl. 1). Both of these occurrences 
of mineralized rock are some distance from the large 
body of porphyritic leucogranite. Although the locus 
of critical points in the NaCl-H

2
0 system and the 

boundary showing the position of N aCl saturation 
are shown on figure 133, it must be pointed out 
that these apply to the pure system NaCl-H

2
0. 

From our SEM studies aoove, some cations other 
than Na+ probably are present in each of the plot
ted fluid inclusions. Nonetheless, the most likely ex
planations for the scattering of the data points are 
that the fluid inclusions plotted are mostly second
ary relative to their vein-quartz host and that the 
small parts of each vein sampled were deposited in 
association with fluids showing an extremely wide 
range of temperature and salinity (Ahmad and 
Rose, 1980; Roedder, 1984). From the fact that all 
the type III fluid inclusions show melting of their 
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FIGURE 133.-Salinity versus liquid-vapor homogenization 
temperature for 165 fluid inclusions from West block of 
Buckingham molybdenum system. 

NaCl or KCl daughter minerals before homogeniza
tion by either vapor or liquid disappearance, we 
may reasonably infer that the fluids were not satu
rated with respect to N aCl or KCl at the time of 
trapping and significant corrections need not be 
made to the measured homogenization tempera
tures (see Roedder, 1984). Although the type III 
fluid inclusions are quite restricted in the Buck
ingham system, their minor presence in the West 
block nonetheless results in a rather tight cluster
ing of most of their salinities in the range 30-35 
weight percent NaCl equivalent (fig. 133). However, 
these data indicate salinity determinations only for 
chemically simple type III fluid inclusions that show 
only N aCl with or without KCl as daughter miner
als. The complex polyphase varieties of type III fluid 
inclusions may, in fact, have been saturated at the 
time of trapping with respect to one of their other 
chemical components. In the West block, salinity 
compared with the liquid-vapor homogenization 
temperature shows a grouping of data mostly into 
three loci. Two result from the types I, II, and IV 
fluid inclusions; they show an apparent bimodal 
clustering at approximately 2 to 3 weight percent 
N aCl equivalent and 340 oc and at approximately 
10 weight percent N aCl equivalent and 350 °C, and 
the other resulting from type III fluid inclusions 
and centered at approximately 33 weight percent 
NaCl equivalent and 300 °C. When compared with 
fluid-inclusion relations in one of the well-studied 
porphyry copper systems, Santa Rita, N. Mex., the 
type III fluid inclusions at Buckingham certainly do 
not show as wide-ranging a distribution, nor do they 
extend as broadly into the NaCl-saturation field (see 
Ahmad and Rose, 1980). These relations emphasize 
that the overall amount of sodium and chlorine in 
the fluids associated with the Buckingham system, 
and presumably many of the other low-fluorine 
types of stockwork molybdenum systems as well, is 
much less than that in the typical porphyry copper 
system of the Southwestern United States and that 
in the late Eocene or early Oligocene skarn-forming 
environment north of the Buckingham stockwork 
molybdenum system. 

A comparison of the domain of liquid-vapor ho
mogenization temperature related to salinity for 
types I, II, and IV fluid inclusions for the West block 
with domains of similar data from the Vail Ridge 
and East blocks and the Late Cretaceous skarn 
shows that liquid-vapor homogenization tempera
tures tend to be somewhat higher in the West block 
and data cluster into ovoid domains (fig. 134). Fur
thermore, there does not appear to be a marked dif
ference in the plot of homogenization temperature 
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versus salinity between the Vail Ridge and East 
blocks data. The domain for fluid-inclusion data from 
the presumably Late Cretaceous andradite skarn, 
however, shows that the fluids there near the fringe 
of the Buckingham system tend to be somewhat 
more saline and to have generally lower homogeniza
tion temperatures than those associated with vein 
quartz. As described above, the fluid-inclusion wa
ters in the andradite skarn are in the CaCl2-H20 sys
tem, whereas most of the fluid-inclusion waters in 
the quartz veins belong to the system NaCl-H20-
(C02) with or without other minor components. 
Moreover, the fluid-inclusion data in the skarn were 
obtained from second-generation andradite in veins 
that cut massive skarn; second-generation andradite 
can only be inferred to be related to the Late Creta
ceous Buckingham system. The relatively low tem
peratures in the environment of skarn near the 
fringes of the molybdenum system implied by these 
data, approximately 300 °C, agree with the mini
mum thermal stability of andradite at 500 bars de
termined experimentally by Taylor and Liou (1978) 
for the reaction 3quartz+3calcite+Fe0x=andradite+ 
3C02 (see fig. 104B). As discussed above in the sec
tion entitled "Mineral Chemistry of Late Cretaceous 
and Tertiary Skarns," this andradite could be stable 
under P-T-X conditions that included Xc

02 
values of 

approximately ~0.01. In addition, the outlined do
mains for fluid-inclusion types I, II, and IV (fig. 134) 
do not show elongations that extend toward the 
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FIGURE 134.-Summary plot of liquid-vapor homogenization tem
perature versus salinity, comparing domains of types I, II, Ill, 
and IV fluid inclusions from West block of Buckingham molyb
denum system with similar data from apparently Late Creta
ceous skarn (fig. 116), Vail Ridge block (fig. 121), and East 
block (fig. 127). A few very low temperature data points, pre
sumably very late, were excluded from domains. 

broad domain of the type-III fluid inclusions. There 
apparently is a "salinity gap" (see Roedder, 1984), 
but its significance is questionable, especially in 
light of the additional chemical components that 
must also be present in the fluid-inclusion waters 
(see below). Nonetheless, the generally cohesive na
ture of the plots for the types I, II, and IV fluid
inclusion data suggests that significant fluid 
immiscibility may not have occurred within the 
pressure-temperature-chemical environment(s) de
picted (see Charef and Ramboz, 1983). 

GEOBAROMETRY 

Highly variable pressures at the site(s) of molyb
denum mineralization below the paleosurface of the 
Buckingham system may be inferred from the 
geobarometric implications of the fluid-inclusion data 
gathered above. Unfortunately, this variability may 
indicate in part an absence of suitable, well
controlled pressure-volume-tern perature-chemical 
data for such chemically complex fluids (see Roedder 
and Bodnar, 1980; Roedder, 1984; Bodnar and oth
ers, 1985b) as those involved in the generation of the 
Buckingham system. Moreover, the unrecognized 
presence of even very small amounts of C02 in a 
fluid inclusion may cause a significant rise in its 
vapor pressure, and, concomitantly, an increase in 
the paleo4epth at which boiling or phase separation 
would commence (Bodnar and others, 1985b). None
theless, one sample in the Vail Ridge block (sample 
1469-425, fig. 118; table 49) shows excellent textural 
and homogenization evidence for boiling, in which 
cogenetic vapor or low-density fluid and liquid be
longing to the same chemical system as the vapor 
have been trapped simultaneously. This sample is a 
particularly good example of this phenomenon be
cause it apparently does not contain any C02, which 
could, during unmixing, effervesce preferably into 
low-density fluid and thereby yield a C02-rich, low
density fluid chemically different from C02-poor liq
uid (see Roedder, 1984). Salinity determinations on 
five type I fluid inclusions in sample 1469-425 range 
from 5.6 to 12.0 weight percent NaCl equivalent, and 
liquid-vapor homogenization temperatures range 
from 295 to 4 75 oc, with the major mode in the class 
interval 380-390 oc (fig. 118). In addition, there is 
almost a full-range overlap between those fluid in
clusions that fill to liquid and those low-density fluid 
inclu~ons that fill to vapor during heating tests. The 
spread in these temperature-of-homogenization data 
may result from the inhomogeneous trapping of 
small amounts of liquid in the low-density fluid in
clusions that fill to vapor, and vice versa. In addi-
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tion, many of the measured fluid inclusions may not 
be exactly coeval. Thus, the homogenization tem
peratures of types I and II fluid inclusions and the 
textural criteria cited above all attest to circulation 
of boiling, moderately saline fluids near the fringe of 
the Buckingham stockwork system during the 
system's potassic stages. The vapor pressure in these 
fluids must have been the same as the pressure in 
the environment of the vein at the time the fluid in
clusions were trapped, and the liquid-vapor homog
enization temperature is the true temperature at the 
time of trapping. The maximum pressure corre
sponding to the trapping of a 10 weight percent 
NaCl equivalent fluid that is boiling at 380-390 oc 
is about 200 bars (see Roedder, 1984, fig. 9-6). As 
will be pointed out shortly below, this pressure esti
mate is the lowest pressure estimate from among 
several available geobarometers examined. 

Pressure estimates significantly higher than 200 
bars would result from the C0

2
-H

2
0±NaCl±CH

4 

type IV fluid inclusions that are common locally in 
some quartz veins in the Vail Ridge and West 
blocks, if one were to apply some of the equations 
of state proposed for such a chemical system 
(Holloway, 1981; Bowers and Helgeson, 1983; 
Parry, 1986). Visual volumetric estimate of phase 
proportions, temperatures of clathrate melting, and 
C02 triple-point determinations suggest that, in at 
least several localities within the Buckingham sys
tem, some type IV fluid inclusions typically contain 
more than 90 volume percent C0

2
, no more than 2 

mol percent CH
4

, and an indeterminate, but prob
ably negligible, amount of NaCl (tables 49, 51-52). 
However, even as much as 10-20 mol percent CH

4 

would apparently cause a negligible change in bulk 
molar volumes at wide-ranging elevated tempera
tures and pressures because CH

4 
has a molar vol

ume nearly identical to that of C0
2 

(Jacobs and 
Kerrick, 1981). Therefore, the small amounts of 
CH4 inferred to be present in these fluid inclusions 
should have no effect on pressure estimates based 
on the pure system C0

2
-H

2
0 in light of the much 

larger sources of error inherent in the visual esti
mates of phase proportions. However, even these 
sources of error in the phase proportions may be 
circumvented by application of the iterative tech
nique of Parry (1986). Using a volume relation 
originally derived by Bodnar (1983), Parry (1986) 
showed how the volume proportion of C0

2 
in a 

given type IV fluid inclusion could be calculated 
from (1) the density of C02 (defined by the C0

2 
ho

mogenization temperature), (2) the density of the 
H 20-NaCl-C0

2 
liquid (defined by the clathrate 

melting temperature), and (3) repeated assumed 
estimates of volume proportions until a calculated 

bulk homogenization temperature corresponded 
to the actual bulk homogenization temperature 
measured on the heating-freezing stage. Neverthe
less, Parry's (1986) calculations are based on modi
fied Redlich-Kwong coefficients from Bowers and 
Helgeson (1983), who, in turn, had used the equa
tion of state of Holloway (1981). This equation of 
state does not reproduce accurately the available 
experimental data for water at high density 
(Brown and Lamb, 1986). Furthermore, Brown 
and Lamb ( 1986) prepared a series of pressure
temperature diagrams of bulk-fluid isochores, for 
differing densities of C0

2
, that apparently are ap

plicable to the clusters of extremely C02 rich fluid 
inclusions in the Vail Ridge and the West blocks. 

In the Vail Ridge block near the core of the 
Buckingham system, sample 81TT118 contains 
abundant, very C02 rich type IV fluid inclusions 
(fig. 123; table 49). Many of these fluid inclusions 
contain more than 90 volume percent C0

2 

as estimated at 40 °C. The major mode of the 
homogenization-to-liquid temperature for the C0

2 

in this sample is in the class interval 25-26 oc (fig. 
123), which corresponds to a C02 density of ap
proximately 0. 77 g/cm3 (Angus and others, 1973). 
Ap-plication of a 90-volume-percent-C02 bulk-fluid 
isochore for a C0

2 
density of 0.8 g/cm3 from Brown 

and Lamb (1986) to our data yields a pressure of 
1.5 to 1. 75 kbars at temperatures in the range 
300-350 oc. These pressures are almost 10 times 
higher than the 200-bar pressure estimated above 
from boiling, moderately saline fluids in the same 
tectonic block as sample 81TT118, but close to the 
outer fringe of the quartz stockworks. Such high 
pressures are reduced only marginally if we in
stead were to assume a 100-volume-percent-C0

2 

bulk-fluid isochore, as suggested by the phase pro
portions in some of the fluid inclusions in sample 
81TT118. For a C0

2 
density of 0.8 g/cm3

, the 100-
volume-percent-C02 bulk-fluid isochore has a 
pressure of 1.2 to 1.4 kbars at 300 to 350 oc, re
spectively. At a C0

2 
density of 0.7 g/cm3

, this iso
chore shows a trajectory through 1 kbar and 1.2 
kbars at 300 and 350 °C, respectively (P.E. Brown, 
written commun., 1986). 

Inasmuch as sample 81TT118 from the core of 
the system in the Vail Ridge block shows an abun
dance of secondary fluid inclusions (see above), 
some very C0

2 
rich fluid inclusions deep within 

the West block, which do not show such a low
temperature overprint (300 oc, fig. 118C), also 
were evaluated using the bulk-fluid isochores cal
culated by Brown and Lamb (1986). Sample B6-
2640 hosts abundant type IV fluid inclusions, most 
of which are estimated to contain 90 to 95 volume 
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percent C02• These fluid inclusions show a mean 
homogenization-to-liquid temperature of 29.4 oc for 
their C02, which corresponds to a C0

2 
density of 

about 0. 7 g/cm3 (Angus and others, 1973). At 350 
oc, the measured homogenization temperature de
termined above for some of the somewhat more 
H 20 enriched fluid inclusions coeval with those 
that contain 90 to 95 volume percent C0

2
, the 

bulk-fluid isochore for 90 volume percent C0
2 

is at 
1.2 kbars (P.E. Brown, written commun., 1986)-a 
pressure that is not much different from that found 
in the Vail Ridge block. Thus, there seems to be a 
pressure difference of about 1.1 to 1.2 kbars be
tween the well-documented boiling-curve determi
nation (200 bars) near the edge of the system and 
the pressure estimates near the core of the system 
based on bulk-fluid isochores for the system 
C02-H20. 

A 200-bar estimate for pressure near the outer 
edge of the uppermost exposed parts of the Buck
ingham system seems compatible with other pres
sure estimates for fluid-inclusion studies in the 
district (Nash and Theodore, 1971) and with geologic 
reconstruction of the placement of the Late Creta
ceous paleosurface above the system. If one were to 
assume that the bulk of the fluids associated with 
early-stage molybdenum mineralization could be 
represented by a hydrostatic column of boiling, 
10-weight-percent-NaCl-equivalent fluid, then 
the maximum depth below the Late Cretaceous 
paleosurface (actually the depth below the water 
table associated with this surface) would be about 
2.5 km (Haas, 1971, 1976). However, if one were to 
assume lithostatic conditions rather than hydrostaic 
conditions prevailed during mineralization, then the 
depth would reduce to about 0.6 km. In addition, the 
Buckingham system may have periodically self
sealed during its evolution as a result of the massive 
deposition of quartz such that pressure at any point 
in the system indicated in part some combination of 
both hydrostatic and lithostatic controls (Roedder 
and Bodnar, 1980). 

If the extremely high pressures suggested by the 
isochores of the C0

2
-rich type IV fluid inclusions are 

valid indicators of even a very local ambient pres
sure, then such pressures may have been generated 
by phenomena related to emplacement and subse
quent crystallization of the monzogranite porphyry 
magma. Knapp and Knight (1977) pointed out that 
at relatively low confining pressures, such as the 200 
bars suggested to be prevailing near the border of 
the quartz stockworks, the system H

2
0 has a value 

of approximately 5 for its pressure coefficient near 
the critical point. That is, a 1 oc rise in temperature 
results in a 5-bar increase in the pressure of any 

confined H
2
0. If we assume that the rocks in the 

general area of the top of the Buckingham system 
were at depths of about 2.5 km, then they may have 
been at a temperature as high as 50 °C, owing to the 
geothermal gradient alone. A thermal perturbation 
to 390-400 oc resulting from the emplacement of 
magma(s) in the Late Cretaceous could overpressur
ize isolated pockets of fluid to as much as 1.75 kbars. 
Furthermore, within the solid-liquid-vapor parts of 
the crystallizing magma associated with the monzo
granite porphyry, each 10 oc cooling interval results 
in a potential pressure increase of about 1 kbar 
(Knapp and Norton, 1981). Finally, Burnham (1979) 
calculated that the maximum internal overpressure 
that may be generated by a cooling column of 
magma theoretically could approach a value of infin
ity. However, such extremely high pressures could 
not be reached in the carapace above the magma col
umn because the rocks there will fracture because of 
their relatively low tensile strength (Burnham, 
1979). This state, in turn, enables outward dissipa
tion of heat through the convection of heated fluids 
in the opened channelways. Halite dissolution tem
peratures approximately 100 oc higher than the 
liquid-vapor homogenization temperatures suggested 
to Kamilli (1978) that ··pressures in the Henderson, 
Colo., stockwork molybdenite deposit reached values 
much higher than lithostatic load. Such pressures re
sulted primarily from fluids evolving from the as
sociated magma and, in turn, caused the dense 
concentration of fractures associated with the sys
tem. Naumov and others (1979) suggested that 
overpressures amounted to several hundred bars in 
the aqueous C0

2
-fluids associated with some well

studied molybdenum- and tungsten-bearing quartz 
veins. Thus, the extremely high pressures suggested 
by the C0

2
-rich fluid inclusions in the Buckingham 

system may be authentic, a relation that adds fur
ther credence to the cautionary notes by Roedder 
(1984, p. 27 4) concerning geobarometric implications 
of fluid inclusions: 

* * * one may find inclusion evidence of boiling at a given pres
sure, along with other inclusions, in the same deposit, indicating 
possibly higher pressures. In this situation, the low-pressure limit 
established by the boiling inclusions is most informative, because 
it places an upper (hydrostatic) depth limit on the crystal in a 
vein open to the surface * * * the higher pressures are not as 
meaningful because of [various] mechanisms for generating litho
static or greater pressures at shallow depths * * *. 

STABLE ISOTOPES 

A total of 12 samples of diamond-drill core from 
quartz stockworks of the Buckingham system were 
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analyzed by Blake and others (1979) for their <3180 
values of the water calculated to be in equilibrium 
with vein quartz and for their oD values of the water 
liberated from fluid inclusions within the vein 
quartz. In these calculations, the fractionation equa
tions of Bottinga and Javoy (1973) were used. These 
analyses were made to determine the origin of the 
water associated with the ore-forming fluids in the 
Buckingham system. In addition, since that report 
two other samples were analyzed in a similar man
ner for their oD values: samples 81 TT88 and 
78C169, from surface exposures of quartz stockworks 
in the East and West blocks of the system, respec
tively. Modified standard techniques were used to 
prepare samples and to liberate the fluid-inclusion 
water (for further details, see Roedder and others, 
1963; Rye and Haffty, 1969; Batchelder, 1977). Gen
erally 15 to 25 g of quartz was crushed in vacuo to 
liberate 2 to 5 mg of fluid-inclusion water necessary 
for isotopic analysis. All the isotopic data (both 
hydrogen and oxygen) were reported by Blake and 
others (1979) in permil deviation from the SMOW 
(standard mean ocean water) standard using stand
ard 0-notation, 

where 

() = ( Rsample J -1 X 1,000 
Rstandard 

The bromine pentafluoride technique (Clayton and 
Mayeda, 1963) was used to extract oxygen from the 
quartz for isotope analysis. The 0180 values of water 
in equilibrium with quartz were then calculated 
from the 0180 values of quartz, using fluid-inclusion
homogenization temperatures and the following cali
bration curve (Matsuhisa and others, 1979): 

where 

and 

and T is the absolute temperature. 

Homogenization temperatures of fluid inclusions 
were corrected for pressure by Blake and others 
(1979) from the curves of Potter (1977), assuming 
that fluids were nonboiling and at a pressure of 
300 bars. However, the much more indepth fluid-

inclusion study of this report has shown that the 
fluids were mostly boiling throughout the 
Buckingham system during its evolution. There
fore, homogenization temperatures determined 
using the heating stage need no further correction 
(see Roedder, 1984). Thus, values of quartz-water 
fractionation (~Q-H20) of Blake and others (1979) 
were recalculated using, instead, the maximum ho
mogenization temperature determined for fluid in
clusions hosted by respective samples of vein 
quartz. These maximum homogenization tempera
tures for the 12 samples are in the range 316-400 
oc; the mean is 359 °C, a value that compares 
quite favorably with temperatures thought to be 
prevailing in the system during its prograde potas
sic stages (see above). Resulting calculated 0180H

2
o 

values average 0.6 permil isotopically heavier than 
those reported by Blake and others (1979). How
ever, a plot of these data shows only a slight shift 
in the overall field for the calculated 0180H

2
o versus 

oD values of vein quartz in the Buckingham sys
tem (compare fig. 135 with Blake and others, 1979, 
fig. 5). 

The 12 fluid-inclusion waters in quartz in the 
Buckingham molybdenum system analyzed by 
Blake and others (1979) have oD values ranging 
from -118 to -77 permil (fig. 135). The two sam
ples analyzed subsequently, 81TT88 and 78C169, 
have oD values of -98 and -102 permil, respec
tively. <3180 values of water calculated to be in equi
librium with quartz range from +6.5 to +9.0 permil. 
Samples used for the isotope analyses are from 
quartz veins in either the Harmony Formation or 
monzogranite porphyry. Samples with the lowest 
oD values generally are from drill core rather close 
to post-Buckingham granodiorite porphyry dikes. 
Wall-rock hosting the veins does not appear to 
have affected values of either calculated 0180H

2
o or 

oD. The quartz veins containing fluid inclusions 
most deuterium enriched, however, are prese"nt in 
the Harmony Formation near monzogranite por
phyry dikes where no granodiorite porphyry is 
found close by. The <3180 data do not provide any 
clear-cut patterns, but samples containing higher 
modal concentrations of molybdenite have gener
ally depleted <3180 values. 

In figure 135, waters from the Buckingham sam
ples were plotted along with present-day meteoric 
water and the magmatic-water field of Taylor 
(197 4). Two samples plot within, and one very close 
to, the magmatic-water field. This is good evidence 
for the presence of magmatic water in the fluids. 
The waters that plot farthest from the magmatic
water field have depleted deuterium values, prob
ably resulting from a significant component of 
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meteoric water in the fluid-inclusion waters. 
Present-day meteoric water has 3D and <5180 values 
of -126 and -16.3 permil, respectively (Batchelder, 
1977). In late Eocene or early Oligocene time, dur
ing emplacement of granodiorite porphyry dikes 
into the Late Cretaceous Buckingham system, iso
topic values were probably slightly heavier (()D 
approx 10-15 permil heavier and <5180 approx 1-2 
permil heavier; Taylor, 1974; O'Neil and Sil
berman, 1974; Batchelder, 1977). In fact, the 
meteoric-water trendline shown in figure 135 prob
ably has not changed significantly during the past 
150 m.y. (Taylor, 1974). Nonetheless, the actual 
value for isotopic composition of Late Cretaceous 
meteoric water in the district is not known, al
though it might be inferred from the lightest 3D 
value ( -118 permil) determined in samples from 
the Buckingham system and graphic examination 
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of the magmatic-water field and meteoric-water 
trendline in the plot of 3D versus calculated <5180H

20 
values. The 180 in these samples most likely has 
reequilibrated with 180 in the country rock into 
which the Buckingham system was emplaced, caus
ing an oxygen shift from A to B (see fig. 135). 

The relative amounts of meteoric and magmatic 
water were estimated by comparing the relative dis
tances from A to F and from F to E, considering AE 
to correspond to the total fluid budget, with ACD 
being all possible values for mixed magmatic and 
meteoric water at Battle Mountain (Blake and oth
ers, 1979). The data may be interpreted to indicate 
that some fluid inclusions contain 100 percent mag
matic water (E) and other fluid inclusions 100 per
cent meteoric water (B). Alternatively, Taylor (1979) 
suggested, on the basis of the data of Batchelder 
(1977), that the magmatic-hydrothermal system as-
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FIGURE 135.-oD versus o180 values for water calculated to be 
in equilibrium with quartz (dots) (modified from Batchelder, 
1977). In addition, isotopic fields from Copper Canyon quartz 
and biotite (Batchelder, 1977) and magmatic-water field are 
plotted for comparison. Inset in lower right corner shows oD 
and o180 values possible for mixed meteoric and magmatic 
waters at Battle Mountain (ACD), approximate field of sam-

ples from Buckingham molydenum system containing mostly 
magmatic water (E), approximate location of specimens con
taining mostly meteoric water (B), and inferred isotopic com
position of water at point E that would result if water were 
not affected by exchange with isotopically heavier (8180) wall
rocks (F). 
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sociated with the copper and gold deposits at Copper 
Canyon may indicate that low-8D magmatic water 
was produced by interaction of magma at Copper 
Canyon with meteoric H20 before the emplacement 
of magma to its present levels in the crust. A similar 
hypothesis could be inferred from the plot of calcu
lated 8180H 0 versus 8D values for the Buckingham 
data. The <5opper Canyon and the Buckingham data 
tightly overlap one another in a relatively restricted 
domain (fig. 135). In fact, the calculated 8180H

20 
ver

sus 8D domains for both of these mineralized sys
tems show slightly depleted overall 8D values 
relative to similar plots for biotites from the porphy
ry copper systems at Bingham, Utah, Santa Rita, N. 
Mex., and Ely, Nev. (Taylor, 1979). The restriction of 
the domains for these data plots contrasts sharply 
with those found by Hall and others (1974) at the 
Climax, Colo., molybdenum system. At Climax, some 
sericites were shown by Hall and others ( 197 4) to 
have extremely low 8D values, some less than -160 
permil. In addition, preliminary isotopic studies at 
the Thompson Creek, Idaho, low-fluorine stockwork 
molybdenite deposit found a 8D value of -58 permil 
for white mica, and 8D values in the range -108 to 
-155 permil for fluid-inclusion waters in vein quartz 
there (Hall and others, 1984). 

Preliminary studies of the 834S values of molyb
denite in the Buckingham system yield a rather re
stricted range, +4.3 to +5.2 permil relative to 
Cafion Diablo troilite (T.G. Theodore, unpub. data, 
1989). These data, as well as the fact that the de
posit is genetically related to monzogranite porphy
ry, suggest a source for the sulfur that involved 
isotopic homogenization before its transport and 
deposition by the fluids associated with the system. 
However, compositions of orthomagmatic total sul
fur in igneous rocks are typically in the range 
-3 to +3 permil and close to meteoritic sulfide sul
fur, which has a value of about 0 permil (Field and 
Fifarek, 1985). If the magma of monzogranite por
phyry at Buckingham initially formed somewhere 
in the lower crust (see Farmer and DePaolo, 1984), 
then some crustal sulfur may have been incorpo
rated into the system at that time because of the 
slightly heavy 834S values found in the molybdenite 
here (see Ohmoto and Rye, 1979). Farmer and 
DePaolo (1984), on the basis of the Sr and Nd iso
topic composition of an analyzed sample of aplite 
from the system, suggested that intrusive rocks as
sociated with the Buckingham system formed by 
mixing between mantle-derived magma and deep
seated eugeoclinal sedimentary rocks. Hall and 
others ( 1984) also found that molybdenite in the 
Thompson Creek, Idaho, low-fluorine molybdenite 

deposit has 834S values heavier than Cafion Diablo 
troilite, +10.3 to +11.4 permil. The Climax, Hen
derson, and Mount Emmons-Redwell Climax-type 
stockwork molybdenite deposits in Colorado have 
834S values for their molybdenite between +2.5 and 
+5.3 permil (Stein and Hannah, 1985). In addition, 
these authors also noted that molybdenite from the 
Questa, N. Mex., stockwork molybdenite deposit 
has 834S values near +1.5 permil. As pointed out by 
Stein and Huebner (1984), the maximum possible 
34S-isotopic enrichment is +3.0 permil under equi
librium fractionation, oxidizing conditions, and a 
8348 value of 0 permil in the magma. Therefore, the 
somewhat heavy 834S values in part may indicate 
the effects of a high oxygen fugacity on the parti
tioning between MoS2 and aqueous fluid (see Can
dela, 1986). However, the entire enrichment in 834S 
to values as high as +5.2 in molybdenite from 
Buckingham apparently cannot all be the result of 
such an oxidizing effect if one assumes the above 
listed conditions were operative in the system as it 
evolved. 

DISCUSSION 

Hydrothermal fluids in the Buckingham system 
show complex histories that largely indicate their 
immediate chemical and physical environment as 
that environment, possibly less than 2.5 km depth, 
responded to successive influxes of fluids mostly 
from newly injected magma into loci of earlier 
emplaced igneous phases. In the distal parts of the 
system, where some of the andradite-diopside 
skarn presumably formed in carbonate beds of the 
Harmony Formation, the associated fluids were 
moderately saline CaCl

2 
brines apparently circulat

ing at relatively low temperatures of about 300 °C. 
Such temperatures, on the one hand, seem some
what low as discussed above. For example, Einaudi 
(1982b) showed that andradite is stable with pyrite 
or pyrrhotite only above about 400 oc at low to in
termediate sulfidation and oxidation states and at 
a C0

2 
mol fraction in the coexisting fluid of 0.1. On 

the other hand, at mol fractions of C02 much less 
than this value, that is under extremely H

2
0 rich 

conditions, the assemblage andradite-pyrite
hematite becomes stable at temperatures below 
300-350 oc (Einaudi, 1982b ), and Taylor and Liou 
(1978) have shown andradite to be stable to ap
proximately 300 oc at pressures of 500 bars and 
Xc

02 
of approximately ~0.01. The fluid inclusions 

examined by heating and freezing techniques in 
the second-generation, vein-type andradite at 
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skarn D show no evidence at all for the presence of 
C02 • However, in the proximal parts of the system, 
where most of the quartz stockworks and molybde
nite were deposited, the fluids were relatively low 
density, boiling, low- to moderate-salinity NaCl 
brines that included highly variable amounts of 
C02 • Thus, these early-stage fluids in the system 
seem to have established an ascending "plume" of 
fluid considerably less saline than fluids associated 
with most porphyry copper systems in the South
western United States (see Roedder, 1984; Nash, 
1976) and with Climax-type systems (Roedder, 
1971). The magmas at Buckingham did not evolve 
large volumes of very dense, NaCl-rich fluids. High 
in the system, as exemplified by samples in the 
Vail Ridge block, the very sparse type III fluid in
clusions there seem to have formed largely through 
condensation from an earlier, higher temperature 
and moderately saline fluid. In the West block, the 
high-temperature and high-saline type III fluid in
clusions, having salinities as much as 65 weight 
percent NaCl equivalent and homogenization tem
peratures as high as 500 oc, probably do indicate 
ponded magmatic fluids from a deep source. But, 
as we pointed out above, the overall distribution of 
veins associated with such fluids appears to be 
quite restricted. 

Many of these fluid relations at Buckingham are 
common to other molybdenum systems elsewhere, 
especially the low-fluorine or quartz monzonite 
type of stockwork molybdenum system. Early-stage 
veins at the Hall, Nev., porphyry molybdenum sys
tem show moderate salinities (9-19 weight percent 
NaCl equivalent) similar to those at Buckingham, 
but prevailing temperatures (470-595 °C) during 
this stage of the mineralization seem to have been 
somewhat higher than those ·at Buckingham 
(Shaver, 1984a). The Thompson Creek, Idaho, 
stockwork molybdenum deposit (Hall and others, 
1984), the Mink Lake, Ontario, stockwork molybde
num system (Burrows and Spooner, 1984), and the 
Boy Scout-Jones molybdenum prospect in North 
Carolina (Shrader and Feiss, 1980) are all marked 
by fluid inclusions barren of daughter minerals in 
the associated quartz veins. In addition, although 
the Quartz Hill, Alaska, stockwork molybdenum 
deposit has a fluid-inclusion signature devoid of 
type III fluid inclusions, it has an abundance of 
type IV fluid inclusions in molybdenite-quartz 
stockworks at the discovery outcrop (T.G. 
Theodore, unpub. data, 1989). The Endako, British 
Columbia, stockwork molybdenite deposit shows 
abundant concentrations of types I and II fluid in
clusions (Bloom, 1981), as does the Ambalavayal, 

India, molybdenite prospect (Santosh, 1984). In the 
Transbaikalia region, U.S.S.R., the Shakhtama 
molybdenum deposit is considered to be an essen
tially molybdenum-only end member of copper
molybdenum porphyry systems that formed from 
boiling, moderate-salinity fluids (Sotnikov and oth
ers, 1979). Finally, the Medet, Bulgaria, porphyry 
copper deposit, a low-grade (0.36 weight percent 
Cu, 0.008 weight percent Mo) porphyry copper de
posit of approximately 200 million tons (Sutulov, 
·1970, 1978), also has moderate salinities (4-12 
weight percent NaCl equivalent) and includes C0

2 

in its fluid inclusions (Strashimirov, 1981). The low 
grades of this deposit were attributed by him di
rectly to salinities lower than most other porphyry 
copper systems. In addition, the Hall, Nev., por
phyry molybdenum system also includes some C0

2
-

bearing fluid inclusions, but most of them are 
. secondary (Shaver, 1984a). Stockwork-related mo
lybdenum mineralization at the Silver Creek, Colo., 
deposit seems to be associated with boiling, moder
ately and highly saline fluids that contain some 
C0

2 
(Larson, 1987). The Boss Mountain, British 

Columbia, Canada, porphyry molybdenum system 
(MacDonald and Spooner, 1984), and the Thomp
son Creek, Idaho, porphyry molybdenum system 
(Hall and others, 1984) seem, however, to show 
overall concentrations of C0

2 
in their fluid inclu

sions comparable to those at Buckingham. Indeed, 
the relatively low homogenization temperatures, 
300-350 °C, at Boss Mountain, for fluid inclusions 
whose isotopic signatures are dominantly magmat
ic, were thought by MacDonald and Spooner (1984) 
to indicate cooling from solidus temperatures by ir
reversible adiabatic expansion of the fluid with an 
attendant significant drop in temperature. At the 
Central City, Colo., alkaline porphyry molybdenum 
system, Rice and others (1985) also attempted to 
resolve the presence of mostly moderately saline, 
C0

2
-bearing fluids and sparse amounts of hypersa

line fluids by evoking rapid decompression and adi
abatic cooling of an initially moderately saline, less 
than 20-weight-percent-N aCl-equivalent H20-C02 
fluid (see Bloom, 1981). From the data of Bowers 
and Helgeson (1983), such a fluid should unmix to 
a H

2
0-C0

2
-rich fluid and a NaCl-rich fluid when 

decompressed rapidly. Thus, Rice and others (1985) 
envisioned a model wherein the upper parts of the 
Central City system would have predominantly 
H

2
0-C0

2 
fluids and the deep parts of the system 

might contain hypersaline fluids and, possibly, 
have increased molybdenum contents. Although 
such a fluid-immiscibility model is probably appli
cable to the Central City porphyry molybdenum 
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system, where the exposed parts of the system are 
well above a buried inferred concentration of mo
lybdenum, the geometry of the molybdenite
enriched shells and their proximity to the igneous 
source at Buckingham seem to argue against the 
prevalence of such a model here. These shells are 
tightly constrained to the flanks and apical parts 
of the East and West stocks, and the shells seem to 
show a genetic relation to the quartz-K-feldspar 
porphyry phase in the core of the stocks (see sub
section above entitled "Economic Geology"). Fur
thermore, an approximately 1-km-long, composite 
vertical section through the Buckingham system is 
available for study in the three tectonically offset 
blocks, and nowhere do we find a really widespread 
occurrence of hypersaline fluids. 

Therefore, it seems more likely that most of the 
moderately saline H

2
0-NaCl-C0

2 
mineralizing flu

ids associated with this deposit is related to the 
quartz-K-feldspar porphyry and slightly deeper 
equivalent igneous phases. Recent studies at sev
eral other stockwork molybdenite systems also 
have shown that fractional crystallization may re
sult in a low-saline to moderately saline H

2
0-C0

2 

fluid (Hall and others, 1984; Burrows and Spooner, 
1985; John, 1986). 

In pressure-temperature space, the aqueous 
fluid(s) that became immiscible with H

2
0-saturated 

magma near its solidus must have followed a path
way at Buckingham along which temperatures were 
generally in excess of the muscovite+quartz break
down curve during the early stages of miner
alization, and pressures throughout the system 
maintained values in excess of the halite+ 
liquid+vapor curve (fig. 136). As such, the pathway 
that was followed, admittedly generalized because of 
the highly dynamic environment of the porphyry sys
tem together with periodic self-sealing in the system, 
may have coincided closely with the critical curve. 
Nonetheless, it must be kept in mind that the actual 
pressure-temperature coordinates for the granodio
rite solidus and the muscovite+quartz breakdown 
curve are for P H20=Ptotai' Because of the presence of 
CO2 in the system, these curves will shift to higher 
and lower temperatures, respectively. We suggest 
further that the magmatic fluids associated with the 
Buckingham system originated in a one-phase field 
near the solidus at some unknown value of P H

2
o less 

than P total for an H20 content higher than 1 weight 
percent and, probably, lower than 5 weight percent. 
These H20 contents are inferred from the "biotite 
out" curves that would pass through the maximum
biotite-stability points in equilibrium with synthetic
granodiorite melt determined by Naney (1983) at 2 

kbars. Although Naney (1983) did not determine the 
chemical composition of the biotite in his experimen
tal charges, the biotites may have been quite magne
sian because the univariant curve 

phlogopite + 3 quartz~ 
enstatite+ K-feldspar + H20 

of Helgeson and others (1978) projects through the 
maximum biotite stability point for 1 weight per
cent H

2
0. Again, we emphasize that the accurate 

position of the above reactions or stability fields 
must await the relevant experimental studies. 
Nonetheless, periodic decompression without sig
nificant conductive or convective heat exchange 
also could contribute to cooling of fluids from soli
dus temperatures to the 360-390 oc temperatures 
of homogenization (Barton and Toulmin, 1961). 
However, as C0

2 
increases in the system 

H
2
0-N aCl-C0

2
, boundaries between two phases 

and one phase show dramatic changes in pressure
temperature space (fig. 136), and the critical point 
also rises to higher temperature for a given NaCl 
content (Gehrig and others, 1979). In addition, the 
presence of iron in the fluids at Buckingham, docu
mented above by identification of numerous iron
bearing daughter or trapped minerals in fluid 
inclusions, may be relatively high (see Kwak and 
others, 1986). Kwak and others (1986) suggested 
that as much as 9 weight percent Fe may be solu
ble in fluids whose total anion content is about 20 
to 30 weight percent. The addition of such chemical 
components has an unknown effect on stability re
lations in pressure-temperature space. Such high 
iron contents were subsequently verified by the ex
perimental studies of Whitney and others (1985). 
These authors showed that in natural magmatic 
systems at 600 °C, the iron content of chloride flu
ids coexisting with biotite or magnetite is very 
high, 0.2 to 0.25 molal. 

The evolution of fluids associated with mineral
ization at Buckingham thus seems to show a his
tory similar to that of the Hall (Nevada Moly), 
Nev., system. The early fluids of both these sys
tems predominantly are moderately saline, and 
both systems seem to show some late-stage saline 
and hypersaline fluid inclusions. These latter fluid 
inclusions probably indicate late-stage condensa
tion. In addition, at Buckingham, some hypersaline 
prograde fluids circulated deep within the lower
most block only very locally. Shaver (1984c) previ
ously noted that such a trend in fluid chemistry for 
the low fluorine or quartz monzonite type of stock
work molybdenite deposit (early-stage moderate 
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salinities followed by hypersaline fluids) contrasts 
with the fluid pathways with time in the Climax
type of stockwork molybdenite deposit (early-stage 
hypersaline fluids followed by low- to moderate
salinity fluids; see Roedder (1971) and Kamilli 
(1978) also). Shaver (1984c) further ascribed these 
differences primarily to differences in emplacement 
depths: 0.6 to 2.2 km for the Climax-type deposits 
and 2.2 to 3.5 km for the low-fluorine or quartz 
monzonite-type deposits. However, some low
fluorine stockwork molybdenite systems have been 
emplaced at much greater depths (Chesley, 1986), 
and an extremely shallow seated, low-fluorine 
stockwork molybdenum system seems to be repre-
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sented by the Ledyanoe deposit in the Stanovoi 
region, U.S.S.R. This deposit is marked by sub
volcanic textures in extensively quartz-cerussite
altered hornblende-biotite diorite and granodiorite 
of Mesozoic age (Kastrykin, 1980). In addition, 
there is a strong molybdenum. anomaly at the sur
face that results from fine-grained molybdenite 
that is finely dispersed in quartz stockworks. Al
though emplacement depth undoubtedly may be a 
significant factor contributing toward the overall 
chemistry of the aqueous fluids evolved from a 
magma (Taylor, 1979), the experimental results of 
Kilinic and Burnham (1972) indicate that an H20-
saturated silicate melt containing 2. 7 weight per-
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FIGURE 136.-Pressure-temperature projection of granodiorite 
solidus (PH2o=Ptotal; modified from Burnham, 1979; Naney, 
1983); NaCl-H20 phase relations (modified from Bodnar 
and others, 1985); univariant equilibrium curves for 
muscovite+quartz and phlogopite and quartz (PH2o=Ptotal; 
modified from Helgeson and others, 1978), and temperatures 
of maximum biotite stability at 2 kbars in synthetic grano
diorite containing 1 and 5 weight percent H

2
0 (dot and 

square, respectively) (Naney, 1983). Phase boundary curve of 
H2-rich side of ternary system NaCl-H20-C02 also shown for a 
system containing 9.69 mol percent C0

2 
and 6 weight percent 

H 20 (modified from Gehrig and others, 1979). Numbered 
curves, critical curves at indicated weight percent NaCL Ens, 
enstatite; KF, K-feldspar; Msc, muscovite; Phl, phlogopite; Qtz, 
quartz. L, liquid; V, vapor; C, critical point of H

2
0. 
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cent H20 at 1 kbar in an open system will have in 
its coexisting aqueous phase a higher weight frac
tion of Cl- than a comparable melt at 500 bars
both for greater than about 0.8 mass fraction of 
melt. However, at mass fractions of melt less than 
about 0.8, or stated in another way, under condi
tions such that more than two-tenths of the melt 
has crystallized, the remaining H

2
0-saturated melt 

at 1 kbar will have a lower weight fraction Cl- in 
its coexisting aqueous phase than the melt at 500 
bars. Therefore, if the fluid-salinity contrast be
tween low-fluorine-type and Climax-type stockwork 
molybdenum deposits indicates primarily depth of 
emplacement, then most aqueous-fluid immiscibil
ity of an aqueous phase from the magmas of the 
low-fluorine systems must have occurred after 
more than approximately two-tenths of their mag
mas had already crystallized. Thus, the timing of 
when immiscibility takes place relative to the crys
tallization history of the magma, as well as the 
chemistry of the magma (Burnham and Ohmoto, 
1980), may be equally as important a constraint as 
the level of emplacement. In fact, the precise stage 
in the crystallization history of a magma when 
aqueous fluid becomes immiscible with silicate 
melt is very ambiguous (Roedder, 1984). Some very 
deep seated stockwork molybdenum systems, none
theless, show fluid-inclusion relations that seem to 
corroborate the above salinity-versus-depth rela
tions. For example, the Pear Lake, Mont., system 
contains mostly moderately saline fluids, 6 to 7 
weight percent NaCl equivalent, that were trapped 
apparently at pressures of about 2 kbars and tem
peratures of about 390-430 oc (Chesley, 1986). 

The generalizations above regarding salinities 
and inferred depth of molybdenum mineralization 
locally may be complicated by variable rates of di
lution by meteoric fluids along a column of ascend
ing magmatic fluids. Near-surface molybdenite 
mineralization in the presently active geothermal 
system at Valles caldera, N. Mex., is associated 
seemingly with very dilute fluids that probably 
were circulating at temperatures of about 200 oc; 
these fluids are interpreted as the surface expres
sion of a very deep Climax-type molybdenum sys
tem (Hulen and others, 1987). 

The widespread occurrence of low to moderate 
salinities in the low-fluorine or quartz monzonite 
type of molybdenum system seems to corroborate 
the low-salinity, magmatic aqueous-plume model of 
Henley and McNabb (1978). In fact, the moderate 
salinities associated with a large number of the 
low-fluorine stockwork molybdenum systems may 
in part indicate that most of the available sodium 

in such systems already was fixed in plagioclase 
before the exsolution of a relatively late stage 
aqueous fluid. 

Transport of molybdenum in silicate melts and 
in aqueous fluids has been addressed by wide rang
ing experimental and theoretical studies that re
sulted in part from renewed economic interests 
because of the surge in the price of molybdenum to 
unprecedented heights during 1979-80. Glemser 
and Wendlandt (1963) suggested that aqueous 
phase transport of molybdenum probably occurs as 
Mo

7
0

1
gCOH)

6
• Westra and Keith (1981) suggested 

that molybdenum was transported mainly as 
HMo04 in the low-fluorine or quartz monzonite 
type of molybdenum stockwork deposit on the basis 
of preceding solubility studies of Smith and others 
(1980). Smith and others (1980) used thermody
namic properties of oxidized aqueous species of .mo
lybdenum at 25 oc to calculate the solubility of 
molybdenite at high temperatures. They further 
showed that ore-forming fluids at 350 °C show mo
lybdenite solubilities of several thousand parts per 
million and that the solubility of molybdenite de
creases about 106 times for a temperature change 
from 350 to 300 °C. However, before these studies, 
Krauskopf (1967) calculated that molybdenum 
should have a relatively high vapor pressure at 827 
oc and a significantly lower vapor pressure at 627 
°C, from which he concluded that transport of mo
lybdenum at magmatic conditions should pose no 
problem. Therefore, cooling of fluids apparently 
provides a highly efficient mechanism to deposit 
molybdenite. Arnorsson and Ivarsson (1985) 
showed that boiling and isochemical conductive 
cooling both lead to saturation by molybdenite in 
the geothermal waters of Iceland. Isuk and Car
man (1981) suggested, furthermore, that molybde
num was carried in magma as silicate and (or) 
hydroxylated silicate complexes. Kudrin and others 
(1984) inferred that molybdenum was transported 
in solutions as hydroxoalkalichloride complexes of 
both hexavalent and tetravalent molybdenum. 
Kudrin (1989) apparently confirmed subsequently 
that the solubility of artificial crystals of Mo0

2 
in 

aqueous solutions of NaCl and KCl increases with 
an increase of salinity, pH, and oxygen fugacity; 
and seems to be controlled by KHMoO 4 and 
NaHMo0

4 
complexes. Tingle and Fenn (1984) 

speculated that silicate liquids provide the major 
mechanism of molybdenum transfer in the aqueous 
fluid, and they also reaffirmed the earlier conclu
sions of Westra and Keith (1981) that fluorine is 
not important for the transport and concentration 
of molybdenum. Candela and Holland (1984), who 
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did an elegant experimental study of the partition
ing of molybdenum and copper between silicate 
melts and aqueous fluids at 750 oc and 1.4 kbars, 
concluded that the simplest equation to explain the 
distribution of molybdenum between melt (m) and 
fluid (f) is 

They also concluded that molybdenum probably 
is more commonly present in the hexavalent than 
the tetravalent state in aqueous fluid and that in 
fluorine-free systems, the partition coefficient of 
molybdenum seems to be essentially independent 
of the chloride content of the aqueous fluid. Drabek 
(1982) pointed out that only rarely in nature are 
conditions likely to be found such that very low· 
sulfur and oxygen partial pressures would enhance 
tetravalent molybdenum to combine with iron in a 
spinel solid solution, Fe

3
0

4
-Fe

2
Mo0

4
• Tacker and 

Candela (1987) experimentally extended the stud
ies of Drabek (1982) and concluded that if, during 
the early crystallization stages of a magma before 
its exsolution of an aqueous phase, most molybde
num were fixed in ferromagnesian and (or) titani
um-bearing minerals, then the overall amount of· 
molybdenum available for development of a deposit 
would be reduced significantly. Nonetheless, there 
are some experimental studies that indicate that 
molybdenum complexing with chloride may become 
especially critical at high chloride concentrations. 
Ryabchikov and others (1981) conducted some 
element-distribution studies between melt and 
aqueous fluid wherein an initial solution contain
ing 0.5 mol/kg NaCl and 0.5 mol/kg KCl showed a 
twofold to threefold increase in the amount of mo
lybdenum partitioned into an aqueous fluid coexist
ing with granite melt at 750 oc compared with 
solutions that were devoid of chlorine. They also 
concluded that the typical granite magma contain
ing an "average" concentration of heavy metals and 
sulfur is very close to being saturated in mclybde
nite. Furthermore, Arnorsson and Ivarsson (1985) 
showed also that the molybdenum contents of some 
geothermal waters in Iceland tend to decrease con
comitantly with a decrease in the chloride contents 
of the waters there. However, at the Boss Moun
tain, British Columbia, stockwork molybdenite de
posit, MacDonald and Spooner (1982) found an 
apparent direct association between effervescence 
of C02 and the presence of molybdenite; they as
cribe this association to the destabilization of a mo-

lybdenum carbonate complex. At this deposit, mo
lybdenum grade declines rapidly below a certain 
depth that marks the interface where effervescence 
of C0

2 
from the ore-forming fluids first appears. At 

Mink Lake, northwest Ontario, Burrows and 
Spooner (1987) also described Precambrian, gold
and tungsten-enriched molybdenite mineralization 
that is associated with C02-bearing fluids. At 
Buckingham, however, the deepest samples exam
ined all show the presence of C0

2
-rich fluid inclu

sions that homogenize to vapor. If molybdenum 
were carried as a molybdenum carbonate complex 
in fluids here, then the interface above which the 
breakdown of the complexes occurs must be at a 
depth greater than our deepest sampling sites. 

Although each of the foregoing studies pertains 
to some aspect of the Buckingham stockwork sys
tem, the most critical factors in the genesis and 
evolution of this system apparently include an in
terrelation among the geologic environment, par
ticularly the depth of emplacement; the timing of 
the immiscibility of the aqueous fluid relative to 
the crystallization history of the magma(s); the 
chlorine content of the magma(s) and the associ
ated aqueous fluids; the presence of C0

2 
in the 

system; and a relatively high Mo/Cu ratio (see sub
section above entitled "Economic Geology"). As we 
described above, although most of the low-fluorine 
molydenum stockwork systems show wide-ranging 
emplacement depths, as a class of deposit, they 
seem to have been emplaced at depths somewhat 
greater than the Climax-type systems and possibly 
greater than many of the porphyry copper systems 
of the Southwestern United States. When we con
sider only the low-fluorine molybdenum stockwork 
systems in the Western United States, however, 
the Buckingham system with its probable emplace
ment depth of about 2.5 km (see above) is among 
the most near-surface known. Irrespective of the 
fact that magmas apparently contain Cl-IH20 over
all ratios fairly fixed somewhere between 1/35 
and 1/10 (Gill, 1981), the first aqueous phase to 
form from a melt crystallizing in an open system at 
0.5 kbar and containing 2. 7 weight percent H20 
will show a chloride content of about 32 times that 
of the melt (Kilinic and Burnham, 1972). As crys
tallization proceeds, these authors further demon
strated a gradual increase of Cl- in the aqueous 
phase until the fluid in equilibrium with the last 
remaining melt showed Cl- contents 50 times 
higher in the last melt. Thus, if the magmas at 
Buckingham had abnormally high chloride con
tents, the apparent efficiency of the fractionation of 
Cl- into the aqueous phase throughout the crystal-
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lization of the magmas would have yielded wide
spread hypersaline brines in the fluid inclusions of 
the quartz stockworks. From the fact that signifi
cant dilution of such aqueous fluids by meteoric 
fluids does not appear to be a viable alternative 
(see above), we conclude that the chlorine content 
of the magma may have been relatively low. The 
relatively low overall salinities of the aqueous flu
ids may have inhibited their metal-transport capa
bilities. Moreover, the presence of significant 
amounts of C02 in the Buckingham system effec
tively increased the depth below the paleosurface 
where boiling and (or) effervescence would be initi
ated. As a result, the volume of rock between the 
paleosurface and the boiling-nonboiling interface 
must increase, thereby also contributing to molyb
denum concentrations in this class of deposit much 
less than those in the Climax type. Drummond and 
Ohmoto (1985) noted that fluids with the highest 
initial C02 contents have a tendency to deposit 
minerals over the greatest vertical distance, aided 
in part by a corresponding increase in the pH of 
the fluids. Fluids with a comparatively high Mo/Cu 
ratio may have been produced in the Buckingham 
system by a combination of immiscibility of the flu
ids from the magma at a relatively deep level, pos
sibly late in the crystallization history of the 
magma, and relatively low overall initial chlorine 
contents (see Candela and Holland, 1986). Further
more, the experimental results of Remley and oth
ers ( 1986) indicated that some metals (iron, zinc, 
and lead) could be carried for relatively long dis
tances on a decreasing pressure gradient as long as 
the corresponding decreases in temperature did not 
significantly offset the pressure effect. Such a phe
nomenon may also apply to molybdenum in the 
Buckingham system. 

UTILE GIANT MINE 

Four samples of quartz-arsenopyrite veins asso
ciated with silver mineralization at the Little 
Giant Mine were studied for comparative purposes 
using the heating and freezing stage (table 53). 
These veins all cut late Eocene or early Oligocene 
rhyolite associated with mineralization. The overall 
fabric of individual veins is markedly different 
from the fabric of veins associated with the Buck
ingham molybdenum system. At the Little Giant 
Mine, many of the veins, generally 0.5 to 1.0 em 
wide, show notable concentrations of terminated 
quartz crystals that indicate crystallization in an 

open-space environment. In addition, there are ex
tremely wide ranging variations of fluid-inclusion 
concentrations along individual veins. Some adjoin
ing quartz crystals show swarms of secondary 1.0-
to 5.0-J..Lm fluid inclusions concentrated in very 
small domains, whereas most of the nearby quartz 
crystals are almost barren of fluid inclusions. 
Elsewhere, some probable pseudosecondary fluid 
inclusions may be present close to some of the ar
senopyrite crystals in vein quartz. The Little Giant 
Mine has types I, II, and IV fluid inclusions; all 
types are moderately saline (0.2-14.7 weight per
cent NaCl equivalent) and homogenize in the range 
162-382 oc (table 53). Type II fluid inclusions fill 
to vapor in the range 310-350 oc and coexist in 
one sample with type I fluid inclusions that fill to 
liquid in an almost identical temperature interval 
(305-345 °C). Therefore, the fluids associated with 
early-stage silver mineralization at the Little Giant 
Mine appear to have been boiling at times in the 
temperature interval 305-350 °C. In some of the 
samples examined, there appears to be a preferred 
concentration of C02-bearing, type IV fluid inclu
sions in quartz phenocrysts. The quartz-veins in 
these samples do not seem to show increased abun
dance of type IV fluid inclusions. These relations 
may indicate circulation of C02-bearing fluids in 
the mineralized parts of the Little Giant vein 
system before shattering by postrhyolite displace
ment(s) along the Little Giant fault and em
placement of fluids associated with most of the 
mineralization there. Thus, the fluids associated 
with silver mineralization appear not to be mark
edly different from most of those associated with 
the Buckingham molybdenum system with respect 
to homogenization temperature, salinity, presence 
of carbon dioxide, and occurrence of boiling. 

QUARTZ STOCKWORKS AT BLUFF 

Reconnaissance heating and freezing studies were 
made on four samples of vein quartz from the quartz 
stockworks at Bluff (pl. 1) primarily to quantify 
thereby the highly saline fluids associated with these 
rocks (table 53). As described above, the quartz 
stockworks at Bluff may have been the locus for the 
lode source(s) of placer gold in the Vail placer and in 
the placer of Paiute Gulch near the north boundary 
of the area. These four samples include local stock
work-veined fabrics in the biotite-hornblende monzo
granite of Bluff area that shows mostly argillic 
assemblages, the biotite-hornblende monzogranite of 
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TABLE 53.-Temperature and salinity data from fluid inclusions hosted by vein quartz in the Little Giant Mine and in the quartz 
stockworks centered at Bluff 

Sample No. Rock Composite vein 
type1 assemblage2 Selvage3 

Assemblage(s) Type of 
in rock3 inclusion4 

Homogenization 
temperature 
range (°C) 5 

Salinity 
Weight % NaCl Number 
equivalent measured 

Little Giant Mine 

83TT50 R Q-asp-Wm(tr) Arg I 162-324 (19) 

83TT46 R Q-asp IA, Phy I 177-324 (24) 0.2-1. 7 10 

83TT51 R Q-asp-Mo-Wm(tr) Arg I 305-345 (22) 4.9-6.6 
II 310-350 (15) 

83TT47 R Q-asp Arg I, IV 340-382 ( 31) 1.1 
IV .4-14.7 

Quartz stockworks at Bluff 

83TT54 M Q-chl(tr)-fx(after py?) Arg I 216-237 (9) 1. 7-21.9 18 
II 385-420 (3) 
III 185-500 (14) 35.-55. 8 

83TT52 H Q-Wm(tr)-py Phy(tr) Phy I 334-354 (9) 5.5-7.6 

83TT55 M Q-rut-Wm(tr)-bio(tr) P, Arg III 185-285 ( 9) 37.-60. 

83TT53 M Q-bio(tr)-fx(after py?) P, Arg III 181-472 (17) 46.-68. 14 

R, late Eocene or early Oligocene rhyolite; M, biotite hornblende monzogranite of Bluff area; H, Upper Cambrian Harmony Formation. 

2 Q, quartz; asp, arsenopyrite; Wm, white mica; Mo, molybdenite; chl, chlorite; fx, iron oxide; py, pyrite; rut, rutile; bio, biotite; 
tr, trace, 

3 Phy, phyllic; P, potassic; Arg, argillic; IA, intermediate argillic, 

4 At 22~2 °C: I, low vapor volume+mostly H20; II, high vapor volume+mostly liquid H20; III, halite bearing; IV, mostly C02 
vapor+liquid C02+mostly H2o liquid (see text). 

5 In parenthesis, number of determinations of total homogenization temperature of fluid inclusions. 

Bluff area that includes mixed potassic-argillic 
assemblages, and a quartz-veined sample of the Har
mony Formation that shows a phyllic assemblage. 
The veined sample of the Harmony Formation also 
shows a marked difference from the other samples in 
the fabric of its fluid inclusions. Vein quartz in this 
sample of the Harmony Formation (83TT52, table 
53) shows abundant secondary fluid inclusions en
trapped along swarms of annealed microcracks that 
parallel approximately the veins' walls and cut 
across quartz-quartz crystal boundaries. In contrast, 
the fluid inclusions in the remaining three samples 
are distributed quite randomly throughout indi
vidual quartz crystals of veins; there are no pre
ferred concentrations of fluid inclusions along 
annealed microcracks that cut across quartz-quartz 
crystal boundaries. Although only type I fluid inclu
sions were measured during the heating and freez
ing tests because of optical limitations, vein quartz 
from this sample of the Harmony Formation also in
cludes abundant type II fluid inclusions and sparse 
type IV fluid inclusions. Therefore, low-density, boil
ing fluids seem to have been associated with late-

stage phyllic assemblages in this general area. How
ever, extremely saline (as much as 68 weight percent 
N aCl equivalent) and high-temperature (as high as 
500 °C) boiling fluids appear to be associated geneti
cally with the emplacement of early-stage quartz 
stockworks in the general area of Bluff. These rela
tions attest to a fluid-inclusion signature characteris
tic of many porphyry copper systems elsewhere 
(Nash, 1976), but also quite similar to fluids associ
ated with unmineralized porphyritic leucogranite 
and skarn southeast of the quartz stockworks at 
Bluff (see subsection below entitled "Porphyritic 
Leucogranite and Associated Skarn"}. However, a 
porphyry copper system is not associated with these 
quartz stockworks. 

PORPHYRITIC LEUCOGRANITE AND 
ASSOCIATED SKARN 

Mter completion of the fluid-inclusion studies de
scribed above, a comprehensive investigation of 
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fluid-inclusion relations in late Eocene or early 
Oligocene porphyritic leucogranite and its associated 
skam A (see fig. 86) was undertaken by Theodore 
and Hammarstrom (1991). The rest of this section is 
a summary of the major conclusions of the fluid
inclusion parts of that study. Fluid-inclusion re
lations suggest that high-temperature, boiling 
sodium-calcium brines circulated in the environment 
of skam A as it evolved. A synoptic histogram plot of 
liquid-vapor homogenization temperature versus fre
quency for fluid inclusions of various types and para
genetic stages in quartz and andradite from skam A 
and phenocrystic quartz from porphyritic leucogran
ite shows a multimodal distribution. The mode is 
290-300 oc and is dominated by type III fluid inclu
sions that probably indicate condensation of relative
ly dense fluids during the later evolutionary stages 
of the skam. Though difficult to quantify, the pro
portion of the type II fluid inclusions in phenocrystic 
quartz in the porphyritic leucogranite seems to be 
much higher than in vein quartz associated geneti
cally with skam A. Type III halite-bearing fluid in
clusions show homogenization to liquid and show 
total overlap with filling temperatures determined 
for type II fluid inclusions, from 365 °C to higher 
than 600 °C. Boiling may have occurred anywhere in 
this range of temperatures. The median homogeniza
tion temperature for all type II fluid inclusions is 
about 450 oc; the median homogenization tempera
ture for type II fluid inclusions from skam A is 
about 475 °C. The latter temperature probably is a 
good estimate of temperatures prevailing in skam A 
during much of its prograde genesis. Although 
Roedder (1984) pointed out that the minimum tem
perature of homogenization for fluid inclusions that 
fill to vapor most likely approximates the pure end
member vapor in an unmixing fluid environment, 
one must also consider the protracted passage of 
fluid(s) past any point in such a system and the 
potential effects of necking on lowering the temp
erature of homogenization during such passage. 
Theodore and Hammarstrom (1991) used median 
temperatures because of necking and the possible 
offsetting effects of inhomogenous trapping of liquid 
and vapor. Five of the quartz veins they studied 
from skarn A show selvages of andradite. In addi
tion, limited heating tests on type I pseudosecondary 
fluid inclusions hosted by andradite in skarn A yield 
filling temperatures in the range 475-575 oc. 

The dynamic nature of the boiling or unmixing 
event that accompanied development of skarn A is 
reflected by the wide-ranging values of salinity de
termined for vapor-rich type II fluid inclusions . 
Depression-of-freezing-point tests indicate that sa-

linities of type II fluid inclusions are in the range 0-
26.1 weight percent NaCl equivalent, unusually 
broad for this type of fluid inclusion (Roedder, 1984). 
The chemically complex nature of many type II fluid 
inclusions is indicated further by their unsaturated 
state with respect to NaCl at room temperature and 
above, although a significant number of them show 
minimum salinities higher than 23.3 weight percent 
NaCl equivalent, the value at the NaCl-Hp eutectic 
(Roedder, 1984). Initial melting temperatures in the 
range -18 to -40 oc for ice in type II fluid inclusions 
further suggest that there may be significant concen
trations of calcium in these fluid inclusions. Thus, 
phase proportions in many type II inclusions at room 
temperature must result from the trapping of liquid 
and vapor in an unmixing or boiling environment. In 
addition, condensation of some highly saline fluid, 
type III fluid inclusions, may have occurred from 
the vapor-enriched fluid fraction in the boiling 
environment. 

Salinities measured for type III fluid inclusions in 
skam A and porphyritic leucogranite by Theodore 
and Hammarstrom (1991) are in the range 28.1-63.3 
weight percent NaCl equivalent; the median salinity 
for these type II fluid inclusions is about 43 weight 
percent NaCl equivalent. The maximum error in re
ported NaCl contents is no more than 2 weight per
cent NaCl equivalent (Chou, 1987), when the volume 
of vapor remaining at the temperature of homogeni
zation is not considered, as in the study by Theodore 
and Hammarstrom (1991). These salinities and wide
spread indication of dissolved CaCl2 are comparable 
with salinities and chemical signatures associated 
with skarn-forming fluids that elsewhere formed sig
nificant deposits of copper, gold, silver and tungsten 
(Kwak, 1986). However, the presence of significant 
amounts of CaCl

2 
in high-salinity fluid inclusions 

will have a tendency to reduce markedly the solubil
ity of N aCl in the brine and will indicate erroneously 
high NaCl and KCl contents if melting temperatures 
are referred to the system NaCl-KCl-H20 (Sterner 
and others, 1988). 

The absence of significant gold mineralization in 
skarn A at the present levels of exposure may re
flect a local structural setting and extent of skarn 
development different from that present in skarns 
mineralized farther to the east at the Labrador 
Mine and at the Surprise Mine (pl. 1). Certainly 
solubility of gold as a gold-chloride complex in the 
highly saline brines associated with development of 
skarn A is adequate for transport at the pressure 
and temp-erature that we infer prevailed during 
skarn development (Seward, 1984). A pH increase 
accompanied by a corresponding decrease in 
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chloride activity and (or) temperature would be 
effective in precipitating gold through destabiliza
tion of gold-chloride complexes, if the fluid were r e
duced by reaction with wallrock (Einaudi, 1982b; 
Henley, 1985). However, the Harmony Formation 
in the general area of skarns A, B, and C does not 
include significant concentrations of minerals that 
could act as reductants. Furthermore, the absence 
of any significant concentration of sulfides in skarn 
A suggests that activity of sulfur species in solu
tion during prograde genesis of the skarn was low. 
Elsewhere, some gold-bearing skarns apparently 
are associated with high-temperature · fluids and 
highly saline fluids (Cocker and Pride, 1986; 
Theodore and others, 1986). Bodnar (1986), how
ever, notes that gold deposition in a skarn environ
ment typically is associated with circulation of 
late-stage, low-salinity (less than 15 weight per
cent NaCl equivalent), moderate-temperature flu
ids (250-350 °C) of probable meteoric origin. At the 
Red Dome, Australia, gold skarn deposit, Ewers 
and Sun (1988) suggest that nonboiling, 260-400 
oc, 2 to 24 weight percent NaCl equivalent fluids 
were diluted over time to cause precipitation of 
gold. At the Fortitude gold skarn deposit, sulfide 
deposition with accompanying free gold formed at 
temperatures of 300-450 °C from relatively low sa
linity fluids (much less than 26 weight percent 
NaCl) (Myers and Meinert, 1988) . Myers and 
Meinert (1988) further suggested that bisulfide 
complexes were dominant in the distal Fortitude 
gold skarn, whereas chloride complexes may have 
been dominant in the proximal West ore body, a 
copper-gold-silver skarn. Nonetheless, all of the 
above discussion presupposes that gold was present 
in the environment of skarn A as it evolved. Trudu 
and Bloom (1988) pointed out that to generate an 
ore deposit, hypersaline fluids emanating from a 
magma must be relatively long lived and abundant 
and must contain gold. In the environment of 
skarn A, none of the three conditions may have 
been prevailing. 

PLACER NUGGET FROM 
PAIUTE GULCH 

Several gold nuggets were collected from placer 
operations during 1985 at Paiute Gulch near the 
north boundary of the area (pl. 1). The gold in one of 
these nuggets has been molded against abundant eu
hedral terminated quartz crystals (fig. 137A). Exami
nation of a doubly polished plate of this nugget 

reveals that fluid inclusions in the quartz are mostly 
type I , but sparse concentrations of type II are pres
ent also. The fluid inclusions are extremely small, 
generally in the range 1-10 J..lm. Although the optics 
made the sample extremely difficult to work with, 28 
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FIGURE 137.-Secondary-electron micrograph (A) and energy
dispersive X-ray spectra (B) of placer gold with attached 
vein quartz from Paiute Gulch placer. Au, gold; Q, quartz. 
Sample 87TT1a. 
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homogenization temperatures were obtained from 
type I fluid inclusions that were approximately 5 to 
10 J..Lm wide. The range of homogenization tempera
tures is 150-353 oc; the mean is about 265 °C. No 
type III fluid inclusions are present in the quartz, 
and the optics precluded determination of any ho
mogenization temperatures of the sparse numbers of 
type II fluid inclusions in the sample, and determi
nation of any salinities for the type I fluid inclusions. 
The absence of type III fluid inclusions in the vein 
quartz attached to the gold nugget seems to suggest 
that most of such gold in the placer may not have 
been associated genetically with some of the high
temperature and high-saline stages of vein emplace
ment in the lode source. Nonetheless, the presence of 
types I and II fluid inclusions together in the vein 
quartz suggests that the fluids genetically associated 
with the gold may have been boiling. The phyllic
altered, quartz-veined sample of the Harmony For
mation examined above from quartz stockworks of 
the Bluff area may be representative of an inplace 
lode vein of a paragenetic stage equivalent to vein 
quartz attached to the gold nugget. Qualitative anal
ysis of energy-dispersive X-ray spectra of the placer 
nugget suggests that there may be about 6 atomic
weight percent Ag in the gold (fig. 137B). 

Initial examination of other placer gold nuggets 
from Paiute Gulch by SEM revealed that gold is 
also intergrown with several bismuth-bearing min
erals including bismutite (Bi2(C03)02), tellurobis
muthite (Bi2Te3), and sillenite (y-Bi20 3) (Theodore 
and others, 1988). One of the nuggets shows a 
highly irregular, wormy intergrowth of gold with 
sillenite (fig. 138). 

Examination by X-ray powder-camera techniques 
of a part of the nugget (fig. 138), showing gold 
intergrown with a previously unknown bismuth
bearing mineral, established that the mineral 
intergrown with gold is sillenite (ideally, y-Bip3; 
Frondel, 1943; Strunz, 1957), an unusual poly
morph of the Bip3 family of minerals that is body
centered cubic (Theodo_!:e and others, 1988). The 
infrequency in natu;7~f this mineral, and, in fact, 
of all Bip3 polymorphs, is evidenced by their ab
sence from a t.featise on the geochemistry of bis
muth (se/e,/Angino and Long, 1979). However, 
sillenite in the nugget probably does not include 
sparse amounts of silicon and does not have a for
mula that approaches Bi12Si020 as reported by 
Fleischer and others (1984). No silicon was de
tected by X-ray microanalysis of polished surfaces 
of sillenite using the SEM, and electron microprobe 
examination shows the sillenite to be quite homo
geneous, free of silicon, calcium, and iron, and to 

contain less than 0.04 weight percent S (Theodore 
and others, 1988). The common variety of Bip3 (a.
Bi203) was considered to be a low-temperature 
form, which elsewhere is present locally in associa
tion with bismutite (ideally, Bi2(C03)02; Fronde!, 
1943). Some bismutite is, indeed, also present in 
the nugget from Paiute Gulch. The domain with 
low reflectivity near the left part of figure 138A 
probably has both of these bismuth-bearing miner
als. Bismutite, the darker phase of the two when 
examined by scanning secondary electrons, appears 
to be present in diffuse veins, and thereby it prob
ably postdates sillenite. Therefore, the overall fab
ric in the nugget seems to suggest myrmekitic or 
eutectoid exsolution of gold and bismuth from some 
unknown precursor mineral(s), and subsequent al
teration of the bismuth to sillenite, the latter 
mineral possibly forming in the supergene environ
ment. Elsewhere, the y-Bi20 3 polymorph, sillenite, 
has been found to be present near Durango, 
N . Mex. (Fronde!, 1943), and in the Monapo, 
Mozambique, granite pegmatite (Correia Neves and 
others, 1974). However, the specific geologic mode 
of the occurrence near Durango is not given. Fur
thermore, nor is the stability field of y-Bip3 known 
with confidence from the few experimental studies 
carried out on this mineral to date. Fusion for 5 
minutes and rapid cooling of Bip3 or heating of 
Bi20 3 at 700 oc in an evacuated tube results in 
neocrystallization of y-Bi20 3 , sillenite (Sillen, 
1938; Palache and others, 1958) . Subsequently, 
Aurivillius and Sillen (1945) inferred from density 
measurements and powder photographs that the 
unit cell of body-centered-cubic sillenite contains 
Bi260 39. Lastly, Surnina and Litvin (1970) synthe
sized prismatic, 1- to 2-mm-long crystals of Bip3 
at 450 oc and 400 to 2,000 bars in aqueous NaOH 
solutions wherein the ratio of Bi20 3 to metal oxide 
(aluminum, gallium, or indium) is greater than 2. 

Using an image-processing system, Theodore 
and others (1989) determined the areal percentages 
of the component minerals in the eutectoid-type 
intergrowth of sillenite and gold at Paiute Gulch. 
The overall range for the eight areas examined is 
34.5 to 46.3 areal percent Au. However, seven of 
the eight determinations fall in the narrow range 
42.0-46.3 areal percent Au, corresponding well to 
the gold content of maldonite, Au2Bi (65.7 weight 
percent Au). The Au-Bi system shows a peritectic 
at 373 oc, the upper stability limit for Au2Bi 
(Hansen, 1958). Thus, the nugget texture is un
likely to have developed from deposition above 373 
°C. This gold-sillenite intergrowth, of maldonite 
bulk composition, is considered to have resulted 
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from initial crystallization of maldonite at or below 
373 oc, perhaps even from a melt at temperatures 
between 373 and 341 °C. More probably, however, 
the maldonite crystallized within the lower part of 

A 0 400 MICRONS 

B 0 100 MICRONS 

FIGURE 138.-Scanning secondary-electron micrographs (A-C) of 
placer gold from Paiute Gulch intergrown with sillenite (S), 
Bip

3
, and probable bismutite, Bi2(C0

3
)0

2 
(Bi) (see text). Most 

gold (Au) shows no detectable silver in its energy-dispersive 
X-ray spectra. Field with a generally low reflectivity in figure 

this range of temperatures by deposition from 
hydrothermal fluids. Subsequently, the maldonite 
is presumed to have broken down to yield the eu
tectoid-type texture. Barton and Skinner (1979) 
note that maldonite becomes unstable with respect 
to gold and bismuth at a temperature of approxi
mately 113 °C. Ramdohr (1969) noted that he had 
never seen maldonite; he suspected that myr
mekitically intergrown gold and bismuth in an 
approximate 1:1 ratio represents decomposed 
maldonite. 

Another gold nugget consists of silver-bearing gold 
and an interbladed bismuth-telluride mineral (fig. 
139). The bismuth-telluride may be tellurobismuth
ite, ideally Bi

2
Te

3
• The association of gold with bis

muth in these placers suggests that some gold there 
may also be derived from skarn (Orris and others, 
1987). 

SUGGESTIONS FOR 
EXPLORATORY PROGRAMS 

The data gathered during our study of the 
Buckingham system, combined with other resource 
data, provide regional and local implications for ex-

c 0 40 MICRONS 

138A probably includes some bismutite, indicated by those dark 
domains with extremely low reflectivity that in places cut the 
sillenite. Some silver was detected in one fragment (Au-Ag, fig. 
138A, C) intergrown with sillenite. 
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ploratory programs for molybdenum. On the re
gional scale, the presence of an extremely large, 
Late Cretaceous stockwork molybdenum system at 
Buckingham, together with notable occurrences of 
molydenite in the Late Cretaceous granodiorite at 
Trenton Canyon in the western part of the district, 
suggests that all shallow-seated, Late Cretaceous 

A 0 400 MICRONS 

0 100 MICRONS 

FIGURE 139.-Scanning secondary-electron micrographs (A, B) of 
a placer gold nugget from Paiute Gulch that contains some 
interbladed bismuth-telluride, possibly tellurobismuthite. Au
Ag, silver-bearing gold; Bi-Te, tellurobismuthite(?). 

composite granitoids exhibiting base- and ferrous
metal geochemical anomalies, including widespread 
occurrences of polymetallic veins, should be consid
ered at least permissive for the presence of as
sociated molybdenum mineralization of the 
low-fluorine or quartz monzonite type. The Late 
Cretaceous granitoids in the Battle Mountain Min
ing District and variably mineralized other intru
sive rocks of approximately the same age at Gold 
Acres, at the north end of the Fish Creek Range, at 
Gregg Canyon, at the north end of Buffalo Moun
tain, and northeast of Gold Run Creek seem to de
fine a loosely constrained cluster of both stockwork 
molybdenum systems of the low-fluorine type and 
porphyry copper-molybdenum systems in this part 
of the Great Basin (see fig. 1). The potential pres
ence there of molybdenum or copper-molybdenum 
mineralization would be further enhanced by indi
cations in outcrop of widespread quartz stockworks 
together with widespread potassic-alteration as
semblages and (or) intermediate-argillic assembla
ges. Molybdenum-enriched ore shells may be 
draped umbrella shaped over genetically associated 
stocks and may not be exposed widely if the cur
rent erosional level is well below the paleosurface 
of the system. Furthermore, superposition of suc
cessively emplaced pulses of molybdenum, with 
associated tungsten and silver as potential byprod
ucts, may lead to relatively large tonnages of en
riched grades as exemplified by overlapping of 
mineralized shells belonging to the West and East 
stocks at Buckingham. Within the Buckingham 
system itself, the extent of molybdenum mineral
ization in the Vail Ridge block of the system, 
including that part immediately below the Conten
tion pit, has not been fully defined at depth. Low
angle tectonic disruption during the Tertiary of the 
east-west alignment of stocks that make up the 
Buckingham system resulted in successively shal
lower parts of the system to be exposed on the 
east. The uppermost parts are exposed in the Vail 
Ridge block; on the surface of this block are in
creased abundances of molybdenum in its quartz 
stockworks. On the basis of the geometries in the 
West and East blocks, however, the molybdenum
enriched shells in this block of the system could 
extend to considerable depths below the surface. In 
addition, precious-metal deposits zoned peripheral 
to the Buckingham system, particularly in the Vail 
Ridge block, should be considered carefully. Such 
potential increased abundances of precious metals 
could be structurally or lithologically controlled as 
exemplified by silica-pyrite associated gold miner
alization at the Star Pointer Mine at Ely, Nev. 
(Smith and others, 1987), and known at Buck-
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ingham at the Empire and Northern Lights Mines 
(Schmidt and others, 1988). 

Some relatively small tonnages of silver or gold
silver ore may be associated with Tertiary structures 
and intrusive rocks within the overall limits of the 
Buckingham system. The viability of such targets, 
however, is diminished by the general absence of 
rock types most favorable as hosts for replacement 
deposits. 

The potential for additional gold-skarn deposits, 
or gold-bearing skarn deposits, following the termi
nology of Orris and others (1987) and restricted by 
them to skarns containing more than 1 g Au/t, ap
pears to be confined to the northern part of the area. 
Oxidized gold-copper skarn as described above at the 
Surprise Mine, just to the north of the pits at Copper 
Basin (pl. 1), appears to be related to Late Creta
ceous magmatism associated with emplacement of 
the Buckingham molybdenum stockwork system 
(Schmidt and others, 1988). The oxidized ores at the 
Carissa Mine also may be considered as gold skarn. 
Thus, any porphyry-type systems recognized in the 
region, in fact, become systems that are at least po
tential hosts of gold skarn deposits. One of the sig
nificant results of our investigations is the genetic 
linkage between gold skarn, as described above, and 
Late Cretaceous stockwork molybdenum mineraliza
tion, although Late Cretaceous gold skarn is known 
elsewhere in Nevada (Dennis and others, 1989). All 
stockwork molybdenum systems known regionally 
should be considered carefully as possible hosts of 
gold skarn ore bodies. Gold in placers near these sys
tems may indicate that the systems carry gold. In 
addition, widespread occurrence of late Eocene or 
early Oligocene garnet-diopside skarn associated 
with porphyritic leucogranite (pl. 1), provides an
other geologic environment for occurrence of gold 
skarn at Buckingham. However, as described above, 
much of the garnet-diopside skarn that is present 
relatively close to the large body of porphyritic 
leucogranite is apparently unmineralized and not 
affected significantly by hydrosilicate-alteration as
semblages. Nonetheless, this igneous event has gen
erated economically viable, copper-poor gold skarn at 
the Labrador Mine (Schmidt and others, 1989) and 
somewhat smaller overall concentrations of gold in 
skarn at the Overlook group of prospects. Much of 
the gold at both of these occurrences apparently is 
structurally controlled (K.W. Schmidt, oral commun., 
1989). A broad, annulus-shaped area around the 
southeast end of the large body of porphyritic 
leucogranite may contain additional occurrences of 
genetically related gold skarn. Finally, minor gold is 
present in goethite-rich fault zones that cut skarn 

associated with Oligocene granodiorite porphyry 
north of the Surprise Mine. 
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