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

GEOLOGY OF THE BUCKINGHAM STOCKWORK MOLYBDENUM
DEPOSIT AND SURROUNDING AREA, LANDER COUNTY, NEVADA

By Tep G. THEODORE, DaviD W. BLAKE,' THOMAS A. Loucks,? AND CRAIG A. JOHNSON?

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
MoS,) 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 *Ar/®Ar 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 MoS,.
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-

!Battle 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,-Ad,), which replaces diopsidic
pyroxene (Di,-Di,) 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 CaCl, brines
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apparently circulating at relatively low temperatures of about
300 °C, and presumably at extremely low mole fractions of CO,.
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 CQ,. 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 H,0-NaCl-
CO, 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 cale-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 cale-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 Ne-
vada in 1981 (Lockard and Schilling, 1983). The
mining operation at Copper Canyon shifted to the
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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):

EXPLANATION
Alluvium (Quaternary)
Basalt (Tertiary)—Age is 3 Ma (this report)
Caetano Tuff (Oligocene)—Age is 34 Ma (McKee and Silberman,

1970)
Welded tuff and pyroclastic rocks (Oligocene)

= 0

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

7

Monzogranite (Tertiary?)

F
+

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

Z+

=

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)—In thrust fault contact with
overlying Valmy Formation; base not exposed here

DEWITT THRUST PLATE

I:l Harmony Formation (Late Cambrian)

Contact

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

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

Ficure 2.—Continued

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

Ore milled (tons) ......c..cco..... 1,068 1,234 1,400 1,291 1,231
Stripping ratio ........ccceceeeenn. 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 (pct) ..... 87 85 85 87 85
Au recovered (troy 0z)........... 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 1b 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
0oz 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, 1987a). Production in 1985 from
the Fortitude Mine amounted to 220,000 troy oz
Au and 647,000 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 km? 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 km? 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 include 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
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“Ar/¥Ar 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 “°Ar/°Ar 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
STRATIGRAPHIC 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
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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 #Sr/®*Sr 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/*%¢Sr 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
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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
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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 km? in the
district. The largest body crops out at Trenton
Canyon, in the west-central part of the district,
about 10 km west 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 “°Ar/*®Ar 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
40Ar/Ar 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 “°Ar/**Ar 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-km? 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.

D13
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-
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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 cm 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-

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

Quartzarenite

subarkose

50

9, /-4.08
(5]

Lithic
arkose

50

Feldspathic
litharenite

Feldspar 50

Lithics

Ficure 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-dominant 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
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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-
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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, whereas 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, ), 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,)) 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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tomosing 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

Ficure 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 7A. Locality is 300 m north of main drainage
through Long Canyon, just west of area in plate 1.
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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 ALO, 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 Al,O, con-
tents from the apparent overall trend for these
rocks from the Harmony Formation (fig. 8). The
Al O, contents of these rocks, in addition, indicate
their highly variable content of framework feld-
spar. However, from this plot of total alkalis
(Na,0+K,0) versus SiO, 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 SiO, 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 SiO, 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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TasLe 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 colorimetrically; analysts, R.
Moore, P. Aruscavage, and D. Kay. —, not detected]

Analysis 1 2 3 4 5 6 7
Field No. 78C25 78C27 78C29 78C60 78C61 78C81 83TT71
Chemical analyses (weight percent)
Si02 88.3 83.6 74.0 57.8 66.6 72.9 50.6
A1203 5.84 6.96 5.48 19.6 16.5 11.3 13.8
FeZO3 1.2 2.55 .76 2.33 2.13 2:12 Ts
FeO +12 .8 .56 5.5 3:2 4.2 4.6
MgO 45 +92 +51 3.03 2..17 2.18 3.58
Ca0 .19 .16 8.26 .29 .27 .31 4.99
Na,O 1.01 1.03 .53 <95 .78 2.05 3.88
K?_% 1.17 1.25 1.93 5.83 4,27 1.61 .6
H,0* .9 1.7 .88 2.8 2.7 2.4 1.3
HZO_ .25 +3 «29 .24 W41 .33 3.3
TiO2 .4 .38 47 1.03 .79 .54 2.27
P205 .08 .09 <.05 .11 .07 .09 w43
MnO <.02 <.02 <.02 .08 .07 .06 .14
COZ .01 .02 6.3 .02 .01 .02 3.1
F .02 .03 .03 <05 .05 .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. 50. 150. 110. 65. 28.
Cu P 18. 8. 11. 19, 15. 22.
Ga 6. 9. 9. 28. 22. 3¢ 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 — P - - 7. - -
Sc 4. 4, 2. 19. 14, 8. 26.
Sr 24, 274 210. 62. 61. 53. 360.
Th 7. 8. 7. 19. 20. 17. 4.
V' 28. 32. 2L 110. 19, 57. 260.
Y 10. 10. 11. 18. 18. 9. 26.
Yb - 1s i[5S 25 2. - 3
Zn 14, 52; 17 60. 42, 74. 120.
Chemical analyses (parts per million)
Au <.075 <075 <.075 <.075 <.075 <.075 <.05
W - - - 4. 4. - -
1. Quartzarenite, framework supported; sparse secondary biotite in 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.

5. Hornfelsic subarkose; matrix supported; abundant secondary white mica and biotite in matrix.
6. Hornfelsic subarkose; framework supported; abundant secondary biotite in matrix.

7. Greenstone, highly altered; possibly an andesite in its unaltered state.
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its microlites are much more sodic (An,) 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,O 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
TiO,. Such a high TiO, 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 TiO, and cobalt (T.A.
Loucks and C.A. Johnson, oral commun., 1983).
Thus, the rocks there probably include a signifi-
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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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Ficure 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
(An,) are altered to a carbonate-chloritetclay(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
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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-biotite-quartztsphenetpyrite
+chalcopyritetmolybdenitetlate-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 samples, 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-
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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-
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scopic structural features that developed probably
during thrusting. Milky-white quartz veins, ranging
from several millimeters to about 15 ¢cm 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-

Ficure 9.—Orientation 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 l-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°-
20° 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. 104) 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 cm
thick. Some beds have a pronounced pinch and
swell along strike (fig. 10B), others are highly con-
torted (fig. 10C). 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

Ficure 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

)
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1

Ficure 11.—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.
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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. 11A4). 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 Na,O (Roberts, 1964). This value is high with
respect to the 2.37 weight present Na,O in average
tholeiite of LeMaitre (1976), and the 2.70 weight
percent Na,O in average olivine basalt of the
circum-Pacific (Poldervaart, 1955). Roberts (1964)
suggested that the apparent increase in the abun-
dance of Na,O 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.

D27

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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Ficure 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-
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 cm. 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
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Ficure 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.

Ficure 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 (P[Pap) 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.
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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 cm. 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 ¢cm 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



GEOLOGY OF THE BUCKINGHAM STOCKWORK MOLYBDENUM DEPOSIT AND SURROUNDING AREA

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
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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 CO,), whereas representa-
tive samples from the lower member of the Battle
Formation near Galena have CO, 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 CO, were removed, and K,O and
AlLO, (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 1 2 3 4 5 6
Field No. 78Cl44 78Cl43a 83TT67 83TT68 83TT69 83TT70
Chemical analyses (weight percent)
Si0 90.6 91.3 49.4 52.1 47 .4 52.7
Al,04 3.49 2.22 .88 6.83 8.44 10.2
Fe,0,4 .54 1.67 1.63 44 .53 .46
Fe0 .32 .16 1.5 3.1 3. 2.6
MgO .78 .58 11.7 13.8 12.5 9.09
Ca0 .48 .67 22.6 13.4 15.9 15.9
Na,0 <.15 <.15 .18 .28 .49 W47
K,0 2.39 1.37 .07 3.49 1.83 4.18
H,0+ .19 N 1.8 .39 .62 1.
H,0” .59 .5 1.3 1.6 2.4 1.1
Ti0, .19 .12 .37 .36 W4 .56
P,0g .13 .13 .6 .22 .25 .29
MnO <.02 <.02 .18 .09 .07 .1
co, .21 .11 8.4 3.9 6.1 1.2
F .03 .04 .1 .28 .24 .09
Subtotal  99.94 99.27 100.71 100.28 100.17 99.94
Less 0 = F .01 .02 .04 .12 .1 .04
Total 99.93 99.25 100.67 100.16 100.07 99.9
Optical spectroscopic analyses (parts per million)
As 20.0 50.0 60.0 20.0 30.0 30.0
Ba 890. 420. 34. 1100. 450, 1300.
Be - - 2. 1. 1. 2.
Ce 36. 9. 13. 6. 4. 28.
Co 5. 8. 12. 11. 8. 11.
Cr 38. 27. 160. 94. 130. 140.
Cu 14. 11. 120. 3. 4. 12.
Ga 4. - 4. 9. 12. 16.
La 20. 5. 9. 3. 2. 14.
Li 18. 17. 36. 41. 49. 42
Nd 23. 6. 12. 9. 7. 21.
Ni 21. 36. 42. 63, 52. 77.
Pb 19. 20. 30. 12. 8. 7.
Sc 2. - 8. 8. 9. 12.
Sr 110. 59. 79. 150. 150. 260.
Th - - - - - 5.
v 82. 70. 110. 150. 190. 300.
Y 5. 4, 8. 13. 15. 19.
Yb - - - 1. 1. 2.
Zn 25. 19. 81. 91. 60. 54,
Chemical analyses (parts per million)
Au <.05 <.05 <.05 <.05 <.05 <.05
W 4. 5. - - - 4.

1. Pebbly sandstone from the largely conglomeratic lower member; matrix supported;
includes locally sbundant 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 LIMESTONE

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
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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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Ficure 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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Ficure 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
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(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 SiO,, respectively. The in-
creased SiO, content in the analyzed sample of
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Ficure 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 78C145.



GEOLOGY OF THE BUCKINGHAM STOCKWORK MOLYBDENUM DEPOSIT AND SURROUNDING AREA D35

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]

Analysis 1 2 3 4

Field No. 78C141 78Cl42 78C145 79C147
Chemical analyses (weight percent)

Sio 4.8 11.0 55.4 67.9
A12%3 < .1 .23 .8 4.58
Fe 0y .04 < .04 .59 .53
Fe% .12 .08 4 44
Mgo .77 .96 8.2 3.35
Ca0 53.3 49.3 14.5 9.19

Na,0 < .15 < .15 < .15 .3
KZ% .11 .1 .27 1.98
H,0+ .19 .35 <4 .36
H,0” .2 .18 .22 .43

T:i.o2 < .02 < .02 .08 4
PZOS < .05 .06 .07 .27
MnO < .02 < .02 .02 < .02

co, 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 100.24 99.87 99.56 99.77

Optical spectroscopic analyses (parts per 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. 35. 13.

Chemical analyses (parts per million)

Au < .05 < .05 < .05 < .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 K,O and AL,O, 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 “Ar/3Ar
GEOCHRONOLOGY OF SELECTED PLUTONS
IN THE BUCKINGHAM AREA

By Epwin 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
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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 HNO, 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 (Ingamells, 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 *°Ar/**Ar 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 “°K are those recommended
by the International Union of Geological Sciences’
Subcommission on Geochronology (Steiger and Jiger,
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 “°Ar/3*Ar 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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Qs Superficial deposits (Quaternary) ¢ more detailed information
Tgp Granodiorite porphyry (Tertiary)
Tmg  Monzogranite (Teriary) Sample No. Age (Ma)
Tpl Porphyritic leucogranite (Tertiary) From Buckingham deposit
Kmg  Monzogranite porphyry (Cretaceous)
Pzs Sedimentary rocks (Paleozoic) é gé%ﬂ?
Contact 3 65.111.6/85.7+0.4
Faults—Dashed where approximate; dotted where g gggﬁg/ 86.1+2.0
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7 61.7+1.5
May show dip & o5 tile
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=Y 4. Low-angle gravity glide—Sawteeth on upper plate . -
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—+4—  Anticline—May show direction of plunge 10 39.9+1.1
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—_——— Boundary of Buckingham quartz stockwork—Queried 13 39.1+1.0
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Ficure 18.—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
[—, not determined]
Loc. no. Field No. Unit Name Mineral dated K,0 40y, rad 40y, rad Apparent age
(See fig. 18) percent mole/g percent (Ma)
Buckingham stockwork molybdenum system
1 79C74 Monzogranite porphyry Muscovite 9.97 8.9516x10—ig 87.4 61.3£1.5
2 79C75 wm—=dO . e Muscovite 9.81 9.8809x107 82.2 68.6+1.7
3 Buck-1 SN — Biotite and chlorite _3.99 2.930x10710 81.2 65.1£1.6
3! Buck-2 S O — Biotite 29.00 = - 85.7:0.4
4 79C79 Megacryst porphyry Muscovite 10.14 1.3173x107 93.8 88.01+2.0
4 79C79A SRR, 7 — SR 1 — 9.08 1.1535x1077 85.2 86.1£2.0
5 82TT80 ———=d0 .~ ——=do,——————— 10.26 1.2934x107 97.3 85.5¢1.9
6 82TT84 PP, P —— SR, 7 — 10.75 1.2237x1077 97.8 77.4£1.6
7 82TT81 ————do,———— ——==do,————— 9.89 8.9396x10™ 91.5 61.7+1.5
8 82TT83 e Lo I ———=dO 10.42 1,1591x10™ 88.2 75.7£1.6
9 79C90 Aplite Whole rock 10.22 7.0255)(10-10 91.6 70.3x£1.7
Intrusive rocks near Bluff
10 78C22 Biotite-hornblende Hornblende 0.752  4.5748x1071! 38.1 39.0£1.1
monzogranite o
11 78C89 ————dOo == Biotite 8.84 3.2949x10_i1 8l.4 39.331.0
12 78C121 Porphyritic leuco~ Hornblende 0.782 3.6086x10™ 21.7 37.7£1.4
tonalite
Intrusive rocks near Little Giant Mine
13 78C1 Rhyolite Biotite 9.19 2.7467x10710 78.5 39.141.0
14 78C18 N, 1 meemd0 s e 5.48 1,4070x1077 39.6 37.3:1.1
15 B-27:;192 Porphyritic biotite JESESEEP, 7, P ———— 8.13 4.5944x10™ 37.4 38.8:1.1
monzogranite
Intrusive rocks near Surprise Mine
16 79C143 Granodiorite porphyry Hornblende 0.967 5.2954x10"11 36.5 35.421.1
Basalt near Copper Canyon, southern part of Battle Mountain Mining District
17 Basalt at Basalt Whole rock 1.02 4.8434x10"12 10.9 3.330.17

bend of road

1

Incremental heating 40pr/3%ar age of biotite, see table 5 and figure 19.

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 Ma in 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 “°Ar/*®*Ar experi-
ment bears these conclusions out. The cumulative
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TABLE 5.—Analytical data for six-step “Ar/%Ar incremental-heating experiment on biotite from the monzogranitic body of
Buckingham Camp

[Decay constants used: A,=0.581x107° yr%; A,=4.96x107° yr; “K/K_ =1.167x10 g/gl

“Oarsz 30pr,. 7 “Oar/3%r 3ar/3%r 36ar/3%: J Temperature 3%r Apparent
°¢c (percent of total) age (Ma)
12.13 0.013 51.4 0.08 0.152 0.0040045 525 2.0 44.542.8
75.61 0.019 16.23 9.16 0.013 - doee 750 12.3 86.6+0.7
92.04 0.040 13.13 5.17 0.004 ———do—mem 840 39.5 85.30.5
89.51 0.104 11.99 0.016 4.237 S 915 10.5 75.9£0.6
96.42 0.303 12.11 0.016 0.002 ———do——u 1015 35.0 82.5+0.5
52.49 0.076 22.58 0.101 0.036 S Fusion 0.7 83.717.1

¥Ar-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 °C 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

age from the °Ar-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 °C 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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Ficure 19.—*“Ar/°Ar 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 1-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 3°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, ‘“°Ar/*°Ar
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 incremental-heating “Ar/**Ar 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-
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ples 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
“Ar/*Ar 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
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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
I}

Ficure 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
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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).
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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 *Ar-release steps
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during a heating experiment on primary biotite is
85.71£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 cm 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-
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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 cm 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 primary 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
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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 Hemley (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
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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 Hemley, 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
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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 cm. 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
cm. 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
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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

Ficure 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 “°Ar/*°Ar 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
crosses 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 unquéstionably was intruded after
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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.”

APLITE

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 ¢cm 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
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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 frogqn 10
to 15 cm 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 molyb-
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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Ficure 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.
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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 “°Ar/*°Ar 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 include
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 monzogranite
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 indicate
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 porphyry. 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-
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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.



GEOLOGY OF THE BUCKINGHAM STOCKWORK MOLYBDENUM DEPOSIT AND SURROUNDING AREA

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 (An,—An,, 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-
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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 cm 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 K,0/Na,O ratio versus SiO, 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]

Analysis 1 2 3 4 5 6
Field No. 78C89 78C90
Chemical analyses (weight percent)
$i0. 67.7 66.0 68.65 66.09 70.25 66.43
A1233 14.9 15.2 14.55 15.73 %3.46 ih.b7
Fe203 .81 .62 1.23 1.38 3.42 4.29
FeO 2. 1.8 2.7 2.73 N.d. N.d.
Mg0 2.19 2.84 1.14 1.74 1.46 2.7
Ca0 3.96 5.38 2.68 3.83 2.32 2.52
Na,0 2.87 3.14 3.47 3.75 2.02 2.52
K23 3.51 3.12 4. 2.73 4.88 4.22
Hy0+ .68 .5 .59 .85 45 .3
HZO_ .31 .35 .14 .19 -9 1.12
TiOy .33 W41 .54 +54 .36 42
PZO5 .12 .14 .19 .18 .15 .13
MnO .02 .04 .08 .08 .02 .03
C02 .13 .03 .09 .08 .08 .12
F .09 .09 N.d. N.d N.d. N.4.
S .21 <.01 N.d. N.d. +51 .81
Subtotal 99.81 99.66 100.05 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

Optical spectroscopic analyses (parts per million)

Ba 990.0 990.0 N.d. N.d N.d N.d
Be 2. 2. N.d. N.¢ N.d N.d
Ce 31. 28. N.d. N.d N.d N.d
Co 11. 10. N.d. N.d N.4 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 -— 'S 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 analyses (parts per million)
Au < 0.05 < 0.05 N.d. N.d. N.d N.d.
W < 3. < 3. d. N.d. N.d N.d.
C.I.P.W. norms (weight percent)

q 25.99 21.39 25.06 22.4 N.d N.d
[+ - - .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
an 17.5 18.29 11.49 17.37 N.d N.d
wo .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
cc .3 .07 .21 .18 N.d. N.d

Total 99.25 99.46 99.42 99.15

Salic  88.75 85. 89.9 88.01

Femic 10.5 14.46 9.52 11.14
Differentiation ;) 35 66.71 78.11 70.38 N.d. N.d.

Index

1 Total Fe as Fe203

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

Do.

“"Average" adamellite of LeMaitre (1976).

"Average” granodiorite of LeMaitre (1976).

Granodiorite of Copper Canyon (Roberts, 1964, table 6, analyis 1).

Granodiorite of Copper Canyon (Roberts, 1964, table 6, analyis 2).

v wN
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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 AIkFM and ACF
ternary diagrams than the nearby porphyritic
leucogranite (figs. 274, 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 Awyr from a mineralized system
that contained at least 3.3 million troy oz Au

- T T T 7 T
5 l Syenite / Syenogranite
£ 15 | / ]
& I E
E | Mcnzonite / O Monzogranite
% 1.0+ / A —
2 _-———— —_—————— —
z | /
S o5 | / Granodiorite |
é\' al | Diorite /
Z [ L _.0_ _
C?\n Gabbro | / [ J Tonalite
X 0 1 | | / 1
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SILICA CONTENT, IN WEIGHT PERCENT

FicURE 24.—Biotite-hornblende monzogranite of Bluff area (tri-
angles) and porphyritic leucogranite, including porphyritic to-
nalite phase (dots) and porphyritic monzogranite phase
(circles), plotted on compositional field diagram modified from
Mason (1978). Data from tables 6 and 8.
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Ficure 25.—Total alkalis (K,0+Na,0) and CaO versus SiO,
contents in samples of Tertiary igneous rocks from
Buckingham area. Trends of sum (Na,0+K,0) and CaO
(solid lines) for this series of igneous rocks were approxi-
mated using all data points except those from leucotonalite

phase of porphyritic leucogranite (see text). Data from tables 6
and 8 through 10. Estimated SiO, content at point where
Na,0+K,O equals CaO is 64.5 weight percent (dashed line):
thus, the suite is calcic (after Peacock, 1931).
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Ficure 26.—Al,0,:(K,0+Na,0+CaO) ratio versus SiO, content for samples of Tertiary intrusive rocks in Buckingham area.
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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 Na,0 and a decreased abundance of K,O rela-

F
FeO + 2Fep03 + MnO

Alk
K20 +NayO MgO
- Nap0O+ K0

A
K

K20

¢ Rhyolite

A
AlOg5 + Fep03
-(Ca0O+ NazO+ K,0)

F
MgO + FeO
C +MnO

Ficure 27.—Ternary chemical and normative diagrams of Ter-
tiary igneous rocks from Buckingham area. A, AIkFM dia-
gram. B, ACF diagram. C, AKF diagram. D, Normative
proportions of albite, orthoclase, and quartz. Data from
tables 6 and 8 through 10. Triangles, ternary minimums

EXPLANATION

B Variably altered porphyritic
biotite monzogranite

® Porphyritic leucogranite

A Biotite—hornblende
monzogranite of Bluff area

v? Ternary minimum at 3
weight percent An
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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

CaO

F
MgO + FeO
+MnO

Al,O3 + FepO3
-(NapO +K0) B

Quartz

Albite Orthoclase

D

from James and Hamilton (1969) at designated anorthite
content (in weight percent) for P, =P, ;=1 kbar. Dashed
line, locus of ternary minimum temperatires projected onto
anhydrous base of Ab-Or-Q-H,0 tetrahedron for PH30=Pwm=

500 kg/cm? from Tuttle and Bowen (1958).
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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 unveined 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
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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 cm. 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. 284, 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
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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 hornfelsic
textures that indicate physical-chemical conditions
comparable with thorough recrystallization in a
potassic-alteration zone. Fragments consisting of
actinolite- or tremolite-dominant, or diopside-
dominant, 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,
1974, 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
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