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PREFACE

The U.S. Geological Survey Conterminous United States Mineral Assessment Pro-
gram (CUSMAP) was initiated in 1977 to provide up-to-date assessments of the mineral
potential of the Nation's public lands in the conterminous United States. A major objective
of CUSMAP is the development and application of new concepts for the identification of
mineral resource potential in heretofore untested but possibly mineralized areas. CUSMAP
is providing new information on present and potential mineral supplies and is producing
important data to guide national mineral policy, land-use planning by Federal, State, and
local governments, and mineral exploration by the private sector.

This CUSMAP project was a cooperative venture with the Idaho Geological Survey
and the Departments of Geology at Idaho State University and the University of Idaho.
Project personnel interacted closely with concurrent research investigations in the area sup-
ported by National Science Foundation Grant RUIEAR 86-18629 and an Idaho State
Board of Education Economic Incentive Grant to Idaho State University. Project partici-
pants came from several branches of the U.S. Geological Survey, Idaho Geological Survey,
Idaho State University, University of Idaho, Boise State University, Bureau of Land Man-
agement, U.S. Forest Service, U.S. Bureau of Mines, Rice University, and Western Wash-
ington University.

Wayne Hall and Thor Kiilsgaard proposed the Hailey 1°x2° quadrangle as a CUS-
MAP project and as the founding fathers were sources of guidance and inspiration for all
who served on the project. Wayne spent many years prior to this CUSMAP project devel-
oping an understanding of the black shale terrane and associated mineral deposits (Hall,
1985). His work laid the foundation for studies in the black shale terrane, and his concepts
on the genesis of the mineral deposits provided the guidance for many of the studies
reported in volume 1 of this bulletin. Thor has actively studied the mineral deposits of cen-
tral Idaho for many years starting during a period when many of the mines were still oper-
ational (Anderson and others, 1950). His first-hand knowledge and understanding of the
important ore deposits in the region proved invaluable to the success of this project. In
recent years, Thor has been recognized as an expert on the Trans-Challis fault system and
on precious-metal deposits hosted by rocks of the Idaho batholith (Kiilsgaard and others,
1986). His work has provided new insight into this important class of mineral deposits and
provided the foundation for many of the studies that will be reported in volume 2 of this
bulletin.

Those who served include:

Ron Worl Earl Bennett Thor Kiilsgaard
Paul Link Reed Lewis Brian Mahoney
Sandy Soulliere Betty Skipp Kate Johnson
Wayne Hall Gary Winkler Falma Moye

Bill Hackett Cole Smith Anna Wilson
Jim Erdman Dean Kleinkopf Keegan Schmidt
Rick Sanford Nancy Milton Scott Southworth
Larry Snee Brad Burton Larry Snider
Barbara Eiswerth Dave Stewart Shelly Whitman

Larry Dee Joe Wooden Tony Gibbons
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Dan Bruner Ed Ratchford Craig Wavra
Ryan McDermott J.P. O'Brien John Montgomery
Micheline Doyle Norio Honjo Bill Leeman
Chris Clark Jeff Jones Bruce Doe
Mark Stowman Betty Bailey Bob Criss
Flint Hall Ann McCafferty Spencer Wood
Bob Darling John Blakley Helen Whitney
Marty Power Brenan Jordan Victoria Mitchell
Walt Baweic Dick Hardyman Kevin Kunkel
John Finnegsmeir Will Park Darlene Batatian
Audrey Huerta

And companions:
Blue Minos Nooky
Earl’s Yorkies Joe Gretchen
Annie Brittany Mollie
Zonker Minnie Moore Mutts  Basho Kitty

Investigations of the Hailey CUSMAP project expanded on previous mineral resource
assessments of nearby areas in Idaho and Montana. Studies in the Hailey CUSMAP project
began in 1986 and fieldwork was completed in 1989. Preliminary results were presented in
May 1988 during oral and poster sessions at the 41st Annual Meeting of the Rocky Moun-
tain Section, Geological Society of America, Sun Valley, Idaho (Link and Hackett, 1988),
and on December 7, 1989, at the Northwest Mining Association 95th Annual Convention
and Trade Show in Spokane, Washington (Winkler and others, 1989). A preliminary geo-
logic map of the Hailey quadrangle was jointly prepared and released by the U.S. Geolog-
ical Survey and the Idaho Geological Survey (Worl and others, 1991), and an aeromagnetic
anomaly map of the Hailey quadrangle and the western part of the Idaho Falls quadrangle
was released by the U.S. Geological Survey (McCafferty and Abrams, 1991).
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GEOLOGY AND MINERAL RESOURCES OF THE HAILEY AND IDAHO FALLS QUADRANGLES
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GEOLOGY AND MINERAL DEPOSITS—AN OVERVIEW A9

mineral deposit types are presented in the format of the min-
eral deposit models defined by Cox and Singer (1986), and
the applicable mineral deposit model of Cox and Singer is
indicated (referred to as USGS model analog). Examples of
deposits listed in the Hailey descriptive models are from
central Idaho; those examples within the Hailey quadrangle
and the western part of the Idaho Falls quadrangles are
referred to the relevant mineralized area. Table 2 lists all
mineral deposit types thought to be present in the study area.
Detailed descriptive models follow for deposit types for
which adequate information is available.

TUNGSTEN STOCKWORKS AND VEINS

Approximate Synonym
Quartz-wolframite veins

USGS Model Analog
Tungsten veins (15a) (Cox and Singer, 1986, p. 64)

Summary Description

Fissure-filled quartz veins, commonly in a stockwork
pattern, are along major fractures or in and just above felsic
porphyritic intrusions.

Commodities
Major —Tungsten
Byproducts.—Antimony, gold, silver, and molybdenum

Geologic Environment

Rock types—Deposits are in altered granitic plutons and
calcareous and quartzitic sedimentary and metasedimentary
rocks.

Depositional environment.—Tungsten was apparently
deposited within or just above small epizonal granitic plu-
tons that formed during the late stages of both the Cretaceous
and Tertiary episodes of plutonism.

Tectonic setting.—Deposition was as fissure fillings in
regional fracture systems.

Associated deposit types.—Related deposits include molyb-
denum stockworks and tungsten skarns. Cretaceous tungsten
stockworks and veins may be part of a family of vein depos-
its that includes Cretaceous polymetallic veins and polyme-
tallic quartz veins and lodes.

Deposits

Description—Quartz veins and stockworks contain local
concentrations of wolframite or scheelite. The economically
important deposits are above molybdenum stockwork depos-
its.

Mineralogy.—Ore minerals include wolframite (ferberite
and huebnerite) and some scheelite, molybdenite, stibnite,
gold, and silver. The bulk of the vein material is quartz; vari-
able amounts of fluorite, arsenopyrite, calcite, rhodochrosite,

Table 2. Mineral deposit types thought to be present in the
Hailey 1°x2° quadrangle and the western part of the Idaho Falls
1°x2° quadrangle, south-central Idaho.

[Deposit types enclosed in parentheses are those for which not enough is
known to develop descriptive models]

Age of
mineralization

Quaternary

Mineral deposit type

(Gold placers)
(Radioactive black-sand placers)
(Hot springs deposits)

(Tungsten skarn)

Tungsten stockworks and veins

(Stockwork deposits containing molybdenum,
tungsten, tin, or beryllium)

Copper skam

Polymetallic replacements

(Gold-bearing skarn)

Molybdenum stockworks

Epithermal precious-metal veins

Polymetallic veins

(Carbonate-hosted, jasperoid-associated, precious-
metal deposits)

(Antimony veins)

Polymetallic veins

Tertiary

Cretaceous (Tungsten skarn)

Tungsten stockworks and veins
Molybdenum stockworks
Polymetallic replacements
Polymetallic veins

Polymetallic quartz veins and lodes
Paleozoic (Sedimentary stratabound lead-zinc deposits)
(Stratabound barite)

sericite, feldspar, pyrite, sphalerite, chalcopyrite, tetrahe-
drite, galena, and cinnabar are also present. Manganese
oxide minerals are ubiquitous.

Texture/structure.—Deposits are in veins and veinlets of fis-
sure-filling massive quartz and as lenses and pods of sulfide
minerals.

Alteration.—Silicification, as shown by cavities lined with
chalcedonic quartz and drusy quartz, is common near the
deposits; argillic and sericitic alteration of feldspar is com-
mon in igneous host rocks.

Ore controls.—Deposits are in swarms of quartz veins in
fracture zones close to granite pluton contacts; important
deposits may be at intersections of major structures.

Age range—Both Cretaceous and Eocene deposits are
known.

Orebodies.—Individual orebodies are irregular in shape but
tend to be elongate along fracture systems or form envelopes
parallel with plutonic contacts. Orebodies range in size from
Iess than 2 ft in width and 100 ft in length to as much as 35
ft in width and 1,700 ft in length. Grades average 0.5-5 per-
cent WO3, 0.05-6.0 percent antimony, 0.01-0.10 ounces of
gold per ton, and 0.01-1.75 ounces of silver per ton.
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Geochemical Signature

A stream-sediment sample collected below the Ima mine
(Worl and others, 1989) contained anomalous concentra-
tions of copper, lead, antimony, and tungsten. A geochemi-
cal signature commonly associated with tungsten veins is W,
Mo, Sn, Bi, As, Cu, Pb, Be, and F.

Geophysical Signature

The deposits themselves have no geophysical expression,
but the major fracture zones and related intrusions corre-
spond to anomalies in regional magnetic and gravity data.

Examples

Most deposits in the Corral Creek mineralized area (fig. 1)
Big and Little Falls prospects (Summit mineralized area,
fig. 1)

Blizzard Mountain prospect (Lava Creek mineralized area,
fig. 1)

Ima mine (Mitchell and others, 1981)

Tungsten Jim (Mitchell and others, 1986)

Comment
These deposits probably could be separated into Cretaceous
and Tertiary types.

References
Callaghan and Lemon (1941)
Cook (1956)

TERTIARY MOLYBDENUM STOCKWORKS

Approximate Synonym
Calc-alkaline stockwork

USGS Model Analog
None

Summary Description
Vein stockworks and disseminations of molybdenite are in
or near hypabyssal rocks of Eocene age.

Commodities
Major.—Molybdenum
Byproducts.—Copper and tungsten
Trace.—Antimony

Geologic Environment

Rock types.—Host rocks include Paleozoic sedimentary
rocks of the black shale terrane, granodiorite of the Idaho
batholith, and Eocene hypabyssal intrusive rocks.
Depositional environment.—Deposits are within and above
late phases of multiple-phase intrusions.

Tectonic setting.—Deposits are localized along deep-seated
fracture systems, including the Trans-Challis fault system.

Associated deposit types.—Related deposits include fluor-
spar deposits and tungsten veins and skarns.

Deposits

Description—Two general deposit types are recognized:
deposits within and next to rhyolite dikes in shear zones and
deposits within small epizonal plutons. Stockworks of
molybdenite-bearing quartz veinlets and disseminations of
molybdenite are characteristic of both types. Most of the
molybdenite is in intrusive rock, although some extends
along fractures into country rock.

Mineralogy.—Ore minerals include molybdenite and chal-
copyrite and locally scheelite and stibnite. Gangue is quartz
and pyrite and locally pyrrhotite and arsenopyrite.
Texture/structure.—Deposits consist of flakes and rosettes
of molybdenite in veins and veinlets of quartz and as dissem-
inations in altered rock.

Alteration.—Intense alteration consisting of a siliceous core
surrounded by envelopes of argillized, sericitized, and chlo-
ritized rocks is common. Pyrite zone may overprint other
alteration types.

Ore controls.—Deposits are associated with rhyolite dikes
within major fractures of the Trans-Challis fault system or
with later phases of multiple-phase plutons.

Age range.—Deposits are Eocene or younger.
Orebodies.—The orebodies range from small isolated pods
of low-grade ore within intrusive bodies to orebodies con-
taining 0.1 percent MoS; and as much as 1 billion tons of ore.
Orebodies associated with rhyolite dikes are elongate in the
direction of the host shear zones and dikes.
Weathering.—Oxidized pyrite gives outcrops a reddish-
brown color.

Geochemical Signature

Stream sediments and soils contain anomalous amounts of
molybdenum and copper, and some stream sediments also
contain anomalous amounts of silver.

Geophysical Signature

The deposits themselves may be detectable using electrical
methods, and buried intrusions are detectable using aero-
magnetic data.

Examples

Rhyolite- and shear-zone-hosted deposits

Cumo prospect (Mitchell and others, 1986)

Little Falls prospect (Mitchell and others, 1986)

Red Mountain (Mitchell and others, 1986)

Pluton-hosted deposits

Walton-White Mountain prospect (Summit mineralized
area, fig. 1)

Ima mine (Mitchell and others, 1981)

References
Rostad (1967)
Tucheck and Ridenour (1981)
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TERTIARY POLYMETALLIC VEINS

Approximate Synonyms
Lead-silver-zinc-antimony-tin veins, base-metal veins

USGS Model Analog
None

Summary Description
Base- and precious-metal veins are hosted by several ter-
ranes in the vicinity of Eocene plutonic or volcanic rocks.

Commodities

Major.—Silver, lead, and zinc

Byproduct.—Gold

Trace.—Antimony, copper, tin, tungsten, and bismuth

Geologic Environment

Rock types.—Deposits are in many types of host rock includ-
ing sheared Cretaceous intrusive rocks; quartzite, argillite,
and carbonate beds of the black shale terrane; argillite and
carbonate beds of the flysch terrane; and carbonate beds of
the carbonate terrane.

Depositional environment.—Deposits formed in fracture
systems that also localized Eocene intrusions.

Tectonic setting.—Many deposits are in or near major shear
zones in Cretaceous intrusive rocks or regional faults in the
Paleozoic sedimentary rock terranes.

Associated deposit types.—Related deposits include Tertiary
polymetallic replacement deposits and epithermal precious-
metal veins.

Deposits

Description.—Deposits in base- and precious-metal veins
are characterized by open-space filling textures, cryptocrys-
talline quartz, trace to significant amounts of gold, silver,
lead, and zinc, and trace amounts of antimony, copper, tung-
sten, bismuth, and tin.

Mineralogy.—Ore minerals include galena, sphalerite, and
silver-bearing tetrahedrite in a gangue of quartz, siderite,
calcite, pyrite, arsenopyrite, pyrrhotite, and cryptocrystal-
line quartz. Locally the ore contains minor amounts of
bornite, bournonite, chalcopyrite, enargite, silver telluride
(hessite?), cassiterite, zincian stannite, and silver sulfanti-
monide minerals.

Texture/structure.—Deposits are characterized by sheared
and broken zones in which quartz bodies are broken and
pulled apart. Fault gouge and highly sheared rock are com-
mon.

Alteration.—Carbonate country rocks are metamorphosed to
hornfels and skarn, and most host rocks show some degree
of silicification.

Ore controls.—Fissures and shear zones provided perme-
ability for mineralizing solutions driven by Eocene volcanic
and plutonic activity.

Age range.—Most deposits are Tertiary or have a Tertiary
overprint.

Orebodies.—Deposits generally are small lenses, pods, or
irregular bodies along tabular linear veins. Size of individual
orebodies ranges from a few feet in length and depth to as
much as 200 ft in length, 300 ft in depth, and 7 ft in width.
Grades range from trace to 6 ounces of silver per ton, 2 to 8
percent lead, 2 to 5 percent zinc, and trace to 1 ounce of gold
per ton. Known deposits of this type in shear zones in Creta-
ceous intrusive rocks are small but may represent higher
grade zones in a large area of low-grade mineralized rock.
Weathering.—Zones that contain pyrite or pyrrhotite form
conspicuous gossans, but zones that contain only silver, lead,
and zinc minerals have inconspicuous outcrop. Secondary
lead, zinc, and antimony minerals are common in the weath-
ered zones.

Geochemical Signature

Rocks and stream sediments in the vicinity of deposits in the
black shale belt are anomalous in Sn, As, Sb, Cd, Zn, Pb, Au,
and Ag; the best geochemical indicators are probably Zn, Pb,
Sb, As, Ag, and Cu.

Geophysical Signature

The deposits themselves have no direct geophysical expres-
sion, but some intrusions and major structures can be recog-
nized by prominent anomalies and steep gradient zones in
the magnetic and gravity data.

Examples

Most deposits in the Galena, Boulder Basin, Lake Creek, and
Lead Belt mineralized areas and some deposits in the Mar-
shall Peak, Mackay, Copper Basin, Lava Creek, and Mul-
doon mineralized areas (fig. 1)

References

Anderson (1929, 1947a)
Anderson and Wagner (1946a)
Federspiel and others (1987)
Tucheck and Ridenour (1981)

EPITHERMAL PRECIOUS-METAL VEINS

Approximate Synonym
Epithermal gold (quartz-adularia)

USGS Model Analog
Comstock epithermal veins (25¢) (Cox and Singer, 1986,
p. 150)

Summary Description

Epithermal gold and silver quartz veins are within or close to
Eocene volcanic or hypabyssal rocks, commonly within
major deep-seated regional fracture systems.
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Commodities

Major.—Gold and silver
Byproducts.—Lead, zinc, and copper
Trace.—Antimony and bismuth

Geologic Environment

Rock types.—Host rocks include units of the Idaho batholith
and siliceous Eocene extrusive and intrusive rocks.
Depositional  environment.—Hydrothermal systems are
associated with Eocene calc-alkaline peraluminous volcan-
ism and associated intrusive activity.

Tectonic setting.—Major deposits are aligned along exten-
sional regional fracture systems, including the Trans-Challis
fault system.

Associated deposit types.—Related deposits include fluor-
spar veins, Tertiary antimony veins, and Tertiary polymetal-
lic veins and replacements.

Deposits

Description.—Deposits are in banded and crustified veins
and stockworks of veinlets that formed mainly by open-
space filling in altered and silicified rocks.
Mineralogy.—Ore minerals include auriferous pyrite, native
gold, native silver, electrum, tetrahedrite, pyrargyrite, prous-
tite, argentite, stephanite, galena, chalcopyrite, enargite,
sphalerite, and aikinite and other bismuth sulfide minerals.
Gangue includes quartz (cryptocrystalline to coarsely crys-
talline), pyrite, calcite, adularia, siderite, barite, pyrrhotite,
and arsenopyrite.

Texture/structure.—Veins are characterized by open-space-
filling textures in fissures and breccias; sheared rock and
fault gouge are common in and along ore shoots. Ore min-
erals are in clusters, thin layers, lenses, and disseminations.
Alteration.—Sericitized and silicified zones are closer to the
veins, and wide propylitized zones are farther away.

Ore controls.—Most of the deposits are along high-angle
fractures in the vicinity of hypabyssal dikes, stocks, and
plugs.

Age range.—Deposits are Eocene or younger.
Orebodies.—Deposits are generally small lenticular pods as
much as 100 ft in strike length, 100 ft in dip length, and 3 ft
or more in thickness. Ore values are very irregular even
within a single orebody and range from trace to 23 ounces of
gold per ton and trace to 2,500 ounces of silver per ton.
Weathering.—Weathering includes bleached country rock
and iron-stained outcrops.

Geochemical Signature

Bismuth is associated with gold in the Quartzburg, Idaho
City, Lava Creek and Champagne Creek mineralized areas
(fig. 1); heavy-mineral concentrates in some areas contain
anomalous amounts of Au, Ag, Sn, Ba, Bi, Cu, Mo, and Pb.

Geophysical Signature
The deposits themselves have no geophysical expression,
but the ore-controlling faults might be detected by detailed

magnetic surveys and intensely altered zones might be
detected by resistivity surveys. Regional magnetic data show
the northeast-trending structures of the Trans-Challis fault
system. Some mines are at intersections of strong east-west
and northeast linear magnetic trends.

Examples

Gold Hill mine (Quartzburg mineralized area, fig. 1)
Volcanic rock-hosted deposits in the Muldoon, Lava Creek,
and Champagne Creek mineralized areas (fig. 1)

Reference
Anderson (1929, 19474, b)

TERTIARY POLYMETALLIC
REPLACEMENTS

Approximate Synonyms
Distal skarn, irregular replacements of base- and precious-
metals

USGS Model Analog
Zinc-lead skarns (18¢) (Cox and Singer, 1986, p. 90)

Summary Description
Carbonate strata are partly to completely replaced by silicate
and sulfide minerals.

Commodities
Major.—Silver, lead, and zinc
Byproducts.—Copper, gold, and antimony

Geologic Environment

Rock types.—Host rocks are calcareous or dolomitic units in
flysch and carbonate terranes.

Depositional environment.—Deposits formed by replace-
ment of carbonate-bearing units by solutions following high-
angle and bedding-parallel fracture systems in the vicinity of
hypabyssal intrusive bodies.

Tectonic setting.—Deposits are generally near high-angle
faults that host hypabyssal bodies.

Associated deposit types.—Related deposits include Tertiary
polymetallic veins and epithermal precious-metal veins.

Deposits

Description—Deposits are tabular to elongate lenses or
ovoid, pipelike, stratabound bodies of silicate and sulfide
minerals.

Mineralogy.—Sulfide minerals include galena, sphalerite,
pyrite, chalcopyrite, arsenopyrite, marcasite, and complex
antimonide minerals. Oxidized zones contain cerussite,
anglesite, scorodite, malachite, and iron oxide minerals.
Gangue minerals include calcite, quartz, sericitized feldspar,
fluorite, and several calc-silicate minerals.
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Texture/structure.—Deposits are generally coarse grained
mosaics of silicate, sulfide, and carbonate minerals.
Alteration.—Alteration effects are not extensive in carbonate
rocks; they consist of some minor bleaching and silicifica-
tion. Extensive silicification and sericitic alteration are
present in siliceous igneous rocks.

Ore controls.—Deposits formed along permeable zones
within receptive host rock close to hypabyssal intrusive
bodies.

Age range.—Known deposits are probably Eocene.
Orebodies.—Numerous sulfide seams and stringers are in
bodies that are as much as 1,000 ft long, 120 ft wide, and 20
ft thick. Grades range from 6 to 12 ounces of silver per ton,
5 to 10 percent lead, 3 to 7 percent zinc, 0.1 to 1.0 percent
copper, and trace to 0.3 ounces of gold per ton. Some pockets
of high-grade ore were mined from the oxidized zone.
Weathering.—Secondary lead and zinc minerals are com-
mon in the weathered zone.

Geochemical Signature

Stream-sediment samples contain anomalous amounts of
Ag, As, Ba, Cu, Pb, Sb, and Zn. Most barren rock samples
from the same stratigraphic unit that hosts the orebodies
contain anomalous amounts of barium, and many contain
anomalous amounts of boron and zinc (Winkler and others,
this volume).

Geophysical Signature
No geophysical signatures are known, but local detailed
electrical surveys might detect individual orebodies.

Examples
Eagle Bird mine area (Muldoon mineralized area, fig. 1)
Phi Kappa mine (Summit mineralized area, fig. 1)

References
Anderson and Wagner (1946a)
Tucheck and Ridenour (1981)

COPPER SKARN

Approximate Synonyms
Base-metal skarn, polymetallic skarn

USGS Model Analog
Copper skarn (18b) (Cox and Singer, 1986, p. 86)

Summary Description
Chalcopyrite-rich lenses, pods, and disseminations of sulfide
minerals are in calc-silicate contact metasomatic rocks.

Commodities

Major.—Copper, lead, zinc, and silver
Byproducts.—Gold, molybdenum, and iron
Trace—Tungsten and fluorine

Geologic Environment

Rock types.—Host rocks are skarn composed of Ca-Fe-Mg-
Mn-silicate minerals within carbonate-bearing sedimentary
rocks at the contact with Tertiary granite and leucogranite
porphyry.

Depositional environment.—Deposits are in thermal and
chemical aureoles of Tertiary plutons intruding carbonate-
bearing rocks.

Tectonic setting.—Plutons are most commonly along north-
east- or northwest-trending regional structures. Deposits are
in faulted margins of plutons.

Associated deposit types.—Outer zones of these skarns con-
tain polymetallic veins and local iron skarns.

Deposits

Description.—Skarn deposits contain significant copper
minerals. The orebodies are pipelike, chimney-, or pod-
shaped and are along the contacts of intrusive rock and skarn,
along the contacts of skarn and carbonate-bearing sedimen-
tary rock, and along joints, breccias, faults, and bedding
planes within skarn. Peripheral to and, in some cases, over-
lapping the skarn deposits are replacement veins containing
silver, lead, and zinc minerals. The two deposit types are
genetically related.

Mineralogy.—Historic ore production was mainly from
oxidized ore containing chrysocolla, malachite, azurite, and
tenorite in a gangue of calc-silicate minerals and iron
hydroxide. Primary ore contains chalcopyrite, local concen-
trations of molybdenite, sphalerite, and bornite, and rare
fluorite and scheelite associated with pyrite, pyrrhotite, cal-
cite, quartz, magnetite, and specularite in a matrix of calc-
silicate minerals.

Texture/structure.—The ore-bearing skarn is coarse to very
coarse grained and, in general, coarser grained than sur-
rounding barren skarn. Copper sulfide minerals are massive
to disseminated; the other sulfide minerals are disseminated
and interstitial to the calc-silicate minerals.
Alteration.—Skarn formation.

Ore controls.—Deposits are related to receptive carbonate-
bearing beds, Eocene felsic plutons, and permeable areas
within the metasomatic zone.

Age range.—All known occurrences are associated with
Eocene plutonic rocks.

Orebodies.—Individual orebodies are 15-200 ft long, 5-55
ft wide, and as much as 600 ft deep. Grades range from 2 to
6 percent copper in oxidized ore and are 2.5 percent or less
copper in sulfide ore.

Weathering.—Exposures have been described as calc-sili-
cate rock carrying disseminations and spongelike aggre-
gates of metallic minerals. Secondary copper and iron
minerals are common.

Geochemical Signature

Stream-sediment samples in the vicinity of the Empire
mine contain anomalous amounts of copper (Worl and
others, 1989).
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Geophysical Signature

Magnetic anomalies may indicate buried intrusive bodies in
Paleozoic carbonate rocks. Local detailed electrical surveys
might detect individual orebodies.

Examples
Most deposits in the Mackay and Copper Basin mineralized
areas (fig. 1)

Reference
Umpleby (1917)

CRETACEOUS MOLYBDENUM
STOCKWORKS

Approximate Synonym
Calc-alkaline stockwork

USGS Model Analog
Porphyry molybdenum, low-fluorine (21b) (Cox and Singer,
1986, p. 120)

Summary Description
Vein stockworks and disseminations of molybdenite are in
or near plutonic rocks of Cretaceous age.

Commodities
Major.—Molybdenum
Byproducts.—Silver and tungsten

Geologic Environment

Rock types.—The deposits are within or associated with
compositionally zoned stocks of Cretaceous biotite grano-
diorite and porphyritic biotite granite.

Depositional environment.—The intrusions are outliers of
the Idaho batholith and are within a late Mesozoic-Tertiary
magmatic arc in the western North American Cordillera that
hosts many economically significant molybdenum stock-
work deposits associated with fluorine-deficient, I-type,
compositionally zoned granitoid plutons that are probably
subduction related.

Tectonic setting.—Known deposits are on the eastern edge of
the Idaho batholith.

Associated deposit types.—Related deposits include tung-
sten veins and stockworks and tungsten skarn.

Deposits

Description.—Deposits are stockworks of veins and veinlets
of quartz, biotite, potassium feldspar, and white mica in
which sulfide minerals other than molybdenite are rare.
Mineralogy.—Ore minerals include molybdenite and locally
scheelite, chalcopyrite, galena, and silver minerals. Gangue
includes biotite, potassium feldspar, and white mica.
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Texture/structure.—Molybdenite is present as rosettes,
flakes, fracture fillings, intercalations with secondary micas,
and selvages.

Alteration.—Central potassic zone grades outward through
phyllic, argillic, and probably propylitic zones.

Ore controls.—Deposits are in quartz stockworks in and
above compositionally zoned plutons.

Age range.—Cretaceous.

Orebodies.—Mineralized areas range in size from a few feet
in diameter to bodies as much as 11,100 ft in length, 3,000 ft
in width, and more than 2,200 ft in thickness.
Weathering.—Yellow ferrimolybdite, after molybdenite, is
present locally.

Geochemical Signature

Stream-sediment and heavy-mineral-fraction samples in the
vicinity of the Thompson Creek mine contain anomalous
amounts of tungsten, molybdenum, bismuth, and copper;
stream sediments also contain anomalous amounts silver,
and the heavy-mineral fraction contains anomalous amounts
of lead, antimony, boron, and thorium (Worl and others,
1989). A reconnaissance biogeochemical survey in 1979
included wood samples from two Douglas fir trees from the
window overlying the orebody at Thompson Creek. These
samples yielded silver concentrations of 300 and 500 ppm,
as compared to a norm of about 20 ppm. Anomalous molyb-
denum concentrations were also measured (J. Erdman, U.S.
Geological Survey, unpublished data, 1992).

Geophysical Signature
Known deposits are on the flanks of positive magnetic
anomalies that probably indicate buried granitic plutons.

Examples

Thompson Creek mine (Mitchell and others, 1986)

Cabin Creek deposit (Mitchell and others, 1986)
Virginia-Beth deposit (Mitchell and others, 1986)

Little Boulder Creek (mainly a skarn deposit) (Mitchell and
others, 1986)

References
Cavanaugh (1979)
Hall and others (1984)

POLYMETALLIC QUARTZ VEINS
AND LODES

Approximate Synonym
Mixed base- and precious-metal veins

USGS Model Analog

Mixed base- and precious-metal veins (James D. Bliss, U.S.
Geological Survey, Tucson, Arizona, written commun.,
1991)
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Summary Description
Quartz veins and lodes locally enriched in precious- or base-
metals are within or close to the Idaho batholith.

Commodities

Major—Gold and silver; locally antimony, copper, lead or
zinc

Byproducts.—Gold and silver where other metals dominant
Trace.—Molybdenum and tungsten

Geologic Environment

Rock types.—Host rocks include all lithologic phases of the
Idaho batholith and siliceous and calcareous sedimentary
and metamorphic rocks near the batholith.

Depositional environment.—Mineralization occurred during
and directly following formation of the Idaho batholith and
prior to Eocene volcanism.

Tectonic setting.—Deposits are in fractures that formed dur-
ing cooling of the Idaho batholith; regionally, this was a
period of change from a dominantly compressive to a domi-
nantly tensional structural environment.

Associated deposit types.—These veins and lodes represent
the quartz-gold-rich end member of a family of vein deposits
that were emplaced during and directly following batholith
formation. The other end member of this family is represented
by the polymetallic veins that are present in the black shale
terrane next to the batholith. Cretaceous tungsten stockworks
and veins may also be part of this family of vein deposits and
closely related to the polymetallic quartz veins and lodes.

Deposits

Description.—The deposits are multistage quartz veins and
lodes within shear zones and fault fissures. They are spatially
and genetically related to the Idaho batholith and are in rocks
of the batholith and in nearby siliceous and calcareous rocks.
Several varieties of deposits are recognized; they reflect in
part gradations between the two end members and in part
mineral or metal zoning within the polymetallic quartz veins
and lodes. Subtypes include base-metal veins, gold veins,
antimony veins, and silver veins.

Base-metal veins are characterized by multistage quartz
and siderite or calcite gangue and locally abundant galena,
tetrahedrite, and sphalerite. The carbonate minerals com-
monly are present as fracture fillings in brecciated quartz and
the sulfide minerals as replacements of carbonate minerals.
Production from these veins was mainly for silver, lead, and
zinc. Examples are in the Croesus mine (Croesus stock min-
eralized area, fig. 1).

Gold veins are characterized by several stages of quartz
including early massive columnar and late vuggy cockscomb
varieties and generally minor amounts of pyrite, chalcopy-
rite, pyrrhotite, and (or) arsenopyrite. Sericite is present in
most veins and vein selvages. Production from these veins
was mainly for gold and locally for copper. Examples
include deposits in the Hailey gold belt, Rocky Bar, and
Atlanta mineralized areas (fig. 1).

Antimony veins are characterized by vuggy cockscomb
quartz and locally abundant stibnite; other sulfide minerals
may be present. Production from these veins was mainly for
antimony, but some veins may have significant precious-
metal content as well. Examples include deposits in the
Swanholm mineralized area (fig. 1).

Silver veins are characterized by vuggy banded
cockscomb quartz, ruby silver minerals, and an absence of
arsenopyrite, pyrrhotite, or sphalerite; stibnite may be
present. Production from these veins was mainly for silver.
The silver veins may grade into gold veins at depth. Exam-
ples include deposits in the Vienna mineralized area (fig. 1).
Mineralogy.—Quartz is dominant in all deposits. Other non-
sulfide gangue minerals include siderite, calcite, and sparse
barite, sericite, albite, adularia(?), epidote, magnetite, and
fluorite. Sulfide gangue minerals are mostly insignificant
and include pyrite, arsenopyrite, and pyrrhotite. Ore miner-
als are chalcopyrite, galena, sphalerite, tetrahedrite, pyrargy-
rite, stibnite, huebnerite, and scheelite. Silver is mostly
associated with galena, tetrahedrite, or pyrargyrite, and gold
is associated with chalcopyrite or pyrite.
Texture/structure.—The deposits include massive single
veins of quartz in fissures and zones of many veins, veinlets,
breccia fillings, and disseminations of quartz in large areas
of broken, sheared, and crushed country rock. Both syn- and
post-mineral deformation is evident in most deposits. Much
of the quartz is barren or metal-deficient massive and colum-
nar varieties. Generally, metal-enriched veins and lodes have
a late quartz stage with drusy, cockscomb, coliform, and
vuggy textures. Sulfide minerals are present as bands, pods,
and disseminations within the quartz.
Alteration.—Alteration is mostly confined to the zone of
broken, sheared, and crushed country rock. Argillic and
sericitic alteration is pervasive through the sheared zones,
and pyritic alteration and silicification are present next to the
veins and lodes.

Ore controls.—The deposits are in shear zones and fracture
systems, and groups of deposits commonly have similar ori-
entations, but there is no apparent regional control to their
location. Deposits in parts of the batholith are genetically
related to the muscovite-biotite granite phase. Deposits
formed at or near the edges or tops of batholith phases.

Age range—Deposits range from Late Cretaceous to Pale-
ocene in age.

Orebodies.—Individual veins and lodes are from tens of feet
to several miles in length, a few feet to a few tens of feet in
width, and hundreds to thousands of feet in depth. Individual
orebodies are lenticular pipelike ore shoots within the veins
or lodes and are characterized by consistency through large
vertical extents. Some of the larger orebodies have strike
lengths of as much as 300 ft, dip lengths of more than 700 ft,
and thicknesses of a few inches to 8 ft. Grades vary consid-
erably; recorded averages range from trace to 1 ounce of
gold per ton, trace to 15 ounces of silver per ton, 0.01 to 4.5
percent copper, 2 to 8 percent lead, and 4 to 9 percent zinc.
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Weathering.—Abundant quartz chips and placer gold con-
centrations are in soils and stream sediments; local minor
lenses of gossan, manganese-oxide stain, and malachite or
azurite stain are present.

Geochemical Signature

Anomalous amounts of arsenic, gold, silver, and antimony
and locally tungsten, lead, copper, and zinc are in stream-
sediment and heavy-mineral-fraction samples.

Geophysical Signature
High-angle shear zones and fractures, where mineralized, can
be mapped using detailed magnetic and electrical surveys.

Examples

Many deposits hosted by rocks of the Idaho batholith includ-
ing, in the Hailey quadrangle, most deposits from the
Atlanta, Rocky Bar, Black Warrior, Swanholm, Volcano,
Vienna, Hailey gold belt, and Croesus stock mineralized
areas (fig. 1)

References

Allen (1952)

Anderson (1939, 1943)
Anderson and others (1950)
Anderson and Wagner (1946b)
Kiilsgaard and others (1970)
Popoff (1953)

Ross (1927)

CRETACEOUS POLYMETALLIC VEINS

Approximate Synonyms
Wood River lead-silver veins, lead-silver-zinc-antimony
veins

USGS Model Analog
Polymetallic veins (22c) (Cox and Singer, 1986, p. 125)

Summary Description
Deposits are rich siderite-silver-lead veins in the Idaho black
shale belt.

Commodities

Major.—Silver
Byproducts.—Lead, zinc, and gold
Trace.—Antimony and copper

Geologic Environment

Rock types.—Carbonaceous micritic limestone and black
argillite are the most common hosts, but deposits are also
present in siltite, siltstone, shale, quartzite, and sandy lime-
stone.

Depositional environment.—Deposition was along major
fracture systems in the black shale terrane within the thermal
aureoles of Cretaceous granodioritic to granitic intrusions.
Tectonic setting.—Many deposits are in or near major
regional low-angle faults.

Associated deposit type.—These veins represent the siderite-
silver-lead-rich end member of a family of vein deposits
emplaced during and directly following batholith formation.
The other end member of this family is represented by poly-
metallic quartz veins and lodes hosted by rocks of the Creta-
ceous infrusive terrane.

Deposits

Description.—Deposits comprise multistage veins charac-
terized by siderite and quartz gangue. Deposits formed along
fracture systems in black shale terrane through a combina-
tion of open-space filling and replacement of carbonate beds.
Veins have simple mineralogy and contain few trace metals;
they are mainly in argillaceous rocks of the black shale ter-
rane, grade into polymetallic replacement deposits, and are
within the metamorphic and metasomatic influence of the
Cretaceous intrusive rocks.

Mineralogy.—Ore minerals are argentiferous galena,
sphalerite, and silver-bearing tetrahedrite in a gangue of sid-
erite, calcite, and quartz. Variable amounts of pyrite, arse-
nopyrite, and chalcopyrite are present in the ore.
Texture/structure—Coarse-grained sulfide minerals are
present as bands, pods, and disseminations within siderite
and crushed country rock.

Alteration.—The country rocks are metamorphosed and
metasomatized to hornfels and skarn. Alteration, mainly for-
mation of sericite, extends only a few inches from individual
fractures and is not a conspicuous feature.

Ore controls.—Fissures and shear zones close to Cretaceous
igneous rock intruding black shale terrane provided perme-
ability for metal-bearing solutions.

Age range.—Most deposits are probably Cretaceous and
Paleocene, although some may have an Eocene overprint.
Orebodies.—Small lenses, pods, or tabular veins and large
irregular bodies. Size ranges from a few tons to 200,000 tons
for a single orebody. Average grades range from 5 to 45
ounces of silver per ton, 5 to 20 percent lead, and 5 to 13 per-
cent zinc; trace amounts of gold are present. The very rich
ores resulted from secondary enrichment.
Weathering.—Zones that contain pyrite or pyrrhotite form
conspicuous gossans, but zones that contain only silver, lead,
and zinc minerals have inconspicuous outcrop. Secondary
lead, zinc, and antimony minerals are common in the weath-
ered zones. Reported gold production was from gossans
derived from pyrite-rich veins.

Geochemical Signature
Best geochemical indicators are probably Zn, Pb, Sb, As,
Ag, Cu, and organic carbon.
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Geophysical Signature

The deposits themselves have no direct geophysical expres-
sion, but some intrusions and major structures exhibit prom-
inent anomalies and steep gradient zones in the magnetic and
gravity data.

Examples

Livingston mine (Mitchell and others, 1986)

Hoodoo mine (Mitchell and others, 1986)

Triumph mine (Triumph mineralized area, fig. 1)

Minnie Moore mine (Minnie Moore mineralized area, fig. 1)
Most deposits in the Bullion mineralized area (fig. 1)

References

Anderson and others (1950)
Umpleby and others (1930)
Van Noy and others (1986)

CRETACEOUS POLYMETALLIC
REPLACEMENTS

Approximate Synonym
Irregular replacements of base- and precious-metals

USGS Model Analog
Polymetallic replacement deposits (19a) (Cox and Singer,
1986, p. 99)

Summary Description

Deposits formed by selective replacement by silicate and
sulfide minerals of carbonate strata in Paleozoic black shale
terrane.

Commodities
Major.—Silver, lead, and zinc
Byproducts.—Copper and gold

Geologic Environment

Rock types.—Host rocks are generally sandy or silty calcar-
eous or dolomitic rock interbedded with black carbonaceous
argillite of the black shale terrane.

Depositional environment.—Solutions emanating from Cre-
taceous intrusive rocks and moving along fracture systems
replaced receptive host rocks.

Tectonic setting.—Most of the richer deposits are at the inter-
sections of the host rocks and steep faults. Regional fold
structures and low-angle faults may have helped localize ore.
Associated deposit type.—Cretaceous polymetallic veins
commonly are in the same location, but they are thought to
be slightly younger.

Deposits
Description.—Deposits of tabular to irregular-shaped bodies
are in part stratabound but locally crosscut strata. In some

areas the deposits may represent local reconcentration of
metals.

Mineralogy.—Ore minerals include galena, sphalerite, tetra-
hedrite, and chalcopyrite; gangue includes siderite, quartz,
pyrite, and arsenopyrite. Deposits are characterized by the
presence of siderite gangue and jamesonite.
Texture/structure.—Deposits are generally coarse grained;
ore minerals are present as pods, veinlets, irregular masses,
and disseminations.

Alteration.—Dolomitization(?), silicification, and sericitiza-
tion occurred around some of the deposits.

Ore controls.—Mineralization was controlled by location of
major fracture systems cutting receptive carbonate rocks
within the influence of Cretaceous igneous intrusions.

Age range.—Deposits are mostly Cretaceous in age; they
may be Paleocene in part.

Orebodies.—Orebodies are generally irregular, discontinu-
ous, elongate lenses or ovoid pipelike bodies that follow bed-
ding in the host rock. Orebodies range from a few tons to
more than 200,000 tons. Grades range from a few percent
lead and zinc and less than an ounce of silver per ton to
30-40 percent lead and 40-60 ounces of silver per ton. Some
of the richer orebodies mined in the past were in the second-
ary enrichment zone.

Weathering.—Secondary lead and zinc minerals are com-
mon in the weathered zone.

Geochemical Signature

Stream-sediment samples from the vicinity of the Clayton
Silver mine (Mitchell and others, 1986) contain anomalous
amounts of B, Ag, Cu, Zn, Pb, and As, and heavy-mineral
concentrates contain anomalous amounts of B, Ag, Cu, Zn,
Pb, Ba, Mo, Cd, Sn, and W (Worl and others, 1989).

Geophysical Signature
No geophysical signature is known, but local detailed elec-
trical surveys might detect individual orebodies.

Examples

Some deposits in the Minnie Moore, Triumph, Bullion,
Rooks Creek stock, and Deer Creek stock mineralized areas
(fig. 1)

Clayton Silver mine (Mitchell and others, 1986)

References

Anderson and others (1950)
Hall and others (1978)
Ross (1937)

METALLOGENIC EVENTS

Mineralizing events recognized in the rocks of the
Hailey quadrangle and the western part of the Idaho Falls
quadrangle include (1) sedimentation in marine basins that
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were oxygen depleted during much of Paleozoic time, (2)
igneous and hydrothermal activity related to formation of the
Cretaceous Idaho batholith, (3) igneous and hydrothermal
activity during formation of Eocene granitic intrusions and
the Eocene Challis volcanic field, (4) hydrothermal activity
related to Miocene and younger volcanic activity, and (5)
Pleistocene to Holocene weathering and erosion. These
events are listed in table 3 and described below.

PALEOZOIC EVENTS

The earliest recorded event was stratabound concentra-
tion of metals in black shales during most of the Paleozoic,
especially during the Middle Devonian. Metals concentrated
include Ag, Ba, Cu, Mo, Va, Pb, Zn, and Ni. The metals
entered the basin as emanations directly onto the sea floor

and in detritus derived from weathering of pre-existing
deposits in the sediment source area (Sanford and Wooden,
this volume). Metal concentrations took the form of lenses,
stringers, and disseminations of sulfide minerals and proba-
bly metal-bearing nonsulfide minerals. The metal-enriched
rocks are mainly black carbonaceous argillite, siltite, shale,
and micritic limestone, which are shown as argillaceous
rocks within the black shale terrane on plate |. Known syn-
genetic metal deposits include stratabound zinc deposits at
the Hoodoo and Livingston mines in the Boulder Creek dis-
trict just north of the Hailey quadrangle (Hall, 1985) and
some of the stratabound zinc-lead orebodies in the Trinmph
mineralized area (Turner and Otto, this volume) (fig. 1).
Numerous other deposits in the black shale terrane are
thought to be stratabound in part. In addition to the stra-
tabound deposits that are known to be present or may be
present, the carbonaceous rocks (black shale) constitute an
enormous possible low-grade resource of metals.

Table 3. Metallogenic events in the Hailey 1°x2° quadrangle and the western part of the Idaho Falls 1°x2° quadrangle, south-central

Idaho.

Age

Metallogenic event(s)

Pleistocene and Holocene

Miocene to present
containing uranium.

Mechanical concentration of gold and heavy minerals into placer deposits.

Hydrothermal cells associated with volcanism developed hot springs deposits containing gold and locally

Mineralization associated with Eocene extensional and igneous activity included:

Veins and veinlets along major deep-seated, high-angle fault systems containing Au, Ag, Bi, Sb, Pb, Zn,

Disseminations and stockworks containing molybdenum and tungsten within and above granitic and

Replacement deposits including skarns and distal skarns containing Pb, Zn, Ag, W, and Au in the vicinity

Greisens and pegmatitic pods containing molybdenum, tungsten, beryllium, or tin in and just above the tops

Remobilization of pre-existing ores, mainly affecting vein and massive deposits of lead, silver, and zinc and

Mineralization during transition from dominantly compressional to dominantly extensional tectonism

developed a family of deposits characterized by several generations of quartz and containing some combination
of Au, Ag, Sb, As, Pb, Cu, W, and Zn. Deposits formed in Paleozoic black shale terrane were enriched in
silver, lead, and zinc and those formed in Cretaceous intrusive rocks and siliceous metamorphic rocks were

Intrusion of leucogranitic phase of Idaho batholith developed disseminations and stockworks containing

molybdenum, tungsten, and antimony(?) within and surrounding the plutonic bodies.

50-40 Ma

Cu, fluorspar, and Ba;

rhyolitic intrusions;

of granitic-rhyolitic intrusions;

of pink granite intrusions; and

massive quartz veins containing gold and silver.
78-57 Ma

enriched in gold and locally silver, antimony, or tungsten.

74(?) Ma
90-80 Ma

Intrusion of Idaho batholith border phases formed lead-, zinc-, and silver-enriched massive replacement bodies

in carbonate country rocks; metals were derived, in part, from older deposits and enrichments.

Late Pennsylvanian and Permian

Metalliferous sedimentation concentrated barium, lead, silver, and zinc in carbonaceous sediments; metals were

derived, in part, from detrital material from older deposits.

Early Mississippian

Middle and Late Devonian

Metalliferous sedimentation concentrated barium, lead, silver, and zinc in turbidite beds.

Significant concentration of silver, lead, and zinc in stratiform lenses and disseminations of sulfide minerals

interbedded with calcareous mudrock, chert, and limestone; the source of metals was metalliferous solutions

discharging on the sea floor.

Ordovician and Devonian
carbonaceous sediments.

Metalliferous sedimentation concentrated Pb, Ag, Zn, V, Mo, Ba, Cu, Ni, and possibly other metals in
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CRETACEOUS EVENTS

Emplacement of the Idaho batholith during Cretaceous
and Paleocene time resulted in many of the important min-
eral deposits in the area. Three physical types of deposits
formed during this event: replacement deposits, stockworks
of veinlets, and large veins and lodes. Polymetallic replace-
ment deposits, most notable in the Minnie Moore and Carri-
etown mineralized areas (fig. 1). have been mined for their
silver, lead, and zinc content. These are stratabound to irreg-
ular-shaped, massive deposits of galena and sphalerite that
formed by replacement of carbonate-bearing members of the
black shale sequence near its contacts with intrusive rocks of
the Idaho batholith and satellite bodies.

Stockwork deposits formed during this event concen-
trated molybdenum, tungsten, and some copper. Known
deposits of this type in the region include Thompson
Creek, a producing world-class molybdenum deposit north
of the study area in the Challis quadrangle, and the Little
Boulder Creek molybdenum prospect, just north of the
Hailey quadrangle.

A variety of vein deposits formed during the late stages
of batholith formation (about 78-57 Ma; L.W. Snee, U.S.
Geological Survey, 1992, unpublished data), during a period
of transition from dominantly compressional to dominantly
extensional tectonism. Two general types are recognized:
polymetallic veins and polymetallic quartz veins and lodes.
Cretaceous polymetallic veins, characterized by quartz-sid-
erite gangue, are mainly within the black shale terrane and
have produced silver, lead, and zinc. Notable examples are
in the Minnie Moore, Triumph, and Bullion mineralized
areas (fig. 1). Polymetallic quartz veins and lodes are char-
acterized by several generations of quartz and limited sulfide
minerals. They are mainly within rocks of the Idaho batholith
or in siliceous and calcareous sedimentary rocks within or
close to the batholith and have produced principally gold and
silver. Most deposits in the Atlanta, Rocky Bar, and Hailey
gold belt mineralized areas (fig. 1) are of this type.

EOCENE EVENTS

Tertiary igneous and hydrothermal activity and atten-
dant metallization started about 50 Ma during regional
extension characterized by deep-seated high-angle fractures
and rift structures. Metals introduced during this event
include Au, Ag, Mo, W. Be, Sn, Sb, Bi. F, Pb, Cu, and Zn.
Solutions transporting these metals also may have mobilized
and reconcentrated metals from earlier deposits. Tertiary
metal concentrations are of three general types: replacement
of sedimentary carbonate rocks, stockworks of veins and
veinlets, and vein systems.

Tertiary replacement deposits, including skarn, concen-
trated copper, lead, zinc, silver, and gold, formed in carbon-
ate-bearing sedimentary rocks around Tertiary intrusive

bodies. Replacement deposits in the Mackay mineralized
area (fig. 1) are typical copper skarns mined mainly for cop-
per. Replacement deposits in the Summit and Muldoon min-
eralized areas (fig. 1), hosted by the Drummond Mine
Limestone Member of the Copper Basin Formation (pl. 1),
have produced some lead and silver and may be distal zinc-
lead skarns.

Stockwork deposits of Eocene age concentrated molyb-
denum and tungsten within or close to plutonic bodies.
Examples are in the Summit mineralized area (fig. 1). Eocene
granite batholiths in this area are enriched in beryllium,
molybdenum, tungsten, and tin; it is possible that greisens
formed during some of the later crystallization stages (Smith,
this volume).

Hydrothermal activity, starting about 50 Ma and con-
tinuing intermittently to the present, produced a variety of
vein deposits. Polymetallic veins that have produced some
silver, lead, and zinc formed in open fractures and breccia
zones in the vicinity of Tertiary plutons in all terranes.
Examples in the Mackay mineralized area (fig. 1) are in car-
bonate terrane; those in the Lead Belt, Lava Creek, and Mul-
doon mineralized areas (fig. 1) are in flysch terrane; and
those in the Summit mineralized area (fig. 1) are in black
shale terrane.

Epithermal precious-metal veins, some of which have
been major gold producers, formed from hydrothermal cells
in areas of volcanism. Most of these deposits are hosted by,
or are closely associated with, Eocene volcanic and hypabys-
sal rocks. Examples are in the Quartzburg, Lava Creek, and
Burma Road mineralized areas (fig. 1).

MIOCENE AND YOUNGER EVENTS

A few gold- and uranium-bearing deposits that are
related to hot-springs systems formed during Miocene to
Holocene time. Examples are in the Magic and Elk Creek
mineralized areas (fig. 1). Hydrothermal solutions coursing
along major high-angle fracture systems formed large bodies
of jasperoid in Paleozoic carbonate, flysch, and black shale
terranes and in altered rock in Tertiary volcanic terranes.
Some of these solutions may have been metal bearing, in
which case large low-grade sediment- and volcanic-hosted
epithermal precious-metal deposits may have formed (Soul-
liere and others, this volume).

PLEISTOCENE TO HOLOCENE EVENTS

During Pleistocene and Holocene time, radioactive
black-sand and gold placers formed. Minerals concentrated
in the late-stage crystallization products of the Cretaceous
Idaho batholith and Eocene granitic plutons were the sources
for the minerals in the radioactive black-sand placer depos-
its. Lode deposits were sources for the placer gold.
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Structural Framework of Mineral Deposits Hosted by
Paleozoic Rocks in the Northeastern Part of the
Hailey 1°x2° Quadrangle, South-Central Idaho

By David W. Rodgers,! Paul Karl Link,! and Audrey D. Huerta!

ABSTRACT

The style, geometry, and timing of structures in the
northeastern part of the Hailey 1°x2° quadrangle, south-cen-
tral Idaho, has had a strong influence on mineralization of
Paleozoic rocks. Polyphase deformation has produced a
myriad of faults and folds and resulted in significant shorten-
ing, extension, and differential uplift. Devonian rift-related
faults may have influenced syngenetic silver-lead-zinc min-
eralization in the Milligen Formation. The Late Devonian
and Early Mississippian Antler orogeny was characterized
by folding and thrusting of lower Paleozoic siliceous deep-
water strata over coeval carbonate platform rocks. Crustal
warping probably related to the Middle Pennsylvanian
Ancestral Rockies orogeny is manifested by uplift of the
Copper Basin highland relative to the subsiding Wood River
Basin to the west.

During the Late Jurassic to Cretaceous Sevier orogeny,
folds and thrusts formed and the Atlanta lobe of the Idaho
batholith was emplaced. Open, upright, north-trending folds
are present in the Smoky Mountains, whereas tight, over-
turned, northwest-trending folds are present to the east in the
Pioneer and Boulder Mountains. Map-scale folds accommo-
dated at least 25 percent shortening, whereas pressure solu-
tion, small-scale folding, and shearing resulted in additional
unmeasured shortening. Of the many thrust faults previously
identified, only the Pioneer thrust fault and possibly the Trail
Creek fault are interpreted as major; these have inferred top-
to-the-east-northeast slip of several tens of kilometers. Silver-
lead-zinc veins in the Triumph mine formed in minor thrust
faults above inferred Late Cretaceous intrusive bodies. Vein
deposits of the Minnie Moore area are hosted by northwest-
striking, steeply dipping shear zones that formed shortly after
intrusion of plutons about 90 Ma. In the Carrietown mineral-
ized area, smaller shear-zone-hosted silver-lead-zinc veins
formed about 80 Ma adjacent to the Idaho batholith.

Department of Geology, Idaho State University. Pocatello, Idaho
83209.

During the Late Cretaceous to Eocene, the southeastern
Idaho batholith and adjacent country rock were exhumed
8-12 km, after which occurred an extended period of early
Eocene(?) to middle Oligocene deformation. In the early
stages of this tectonism top-to-the-northwest slip occurred
along low-angle faults including the Lake Creek and Trail
Creek faults in the Pioneer and Boulder Mountains. The
Lake Creek fault slipped about 18 km in a dextral-normal
sense; most slip occurred before 51-48 Ma. Shear zones
along the Lake Creek fault contain silver-lead veins, and in
the Triumph and Minnie Moore mineralized areas low-angle
faults offset Cretaceous veins. During and after eruption of
the main body of the Challis Volcanic Group (48-47 Ma),
northeast-striking high-angle faults and dikes formed; north-
west-southeast extension of perhaps 6-25 percent probably
was accommodated by faulting. Some fault zones near vol-
canic vents show silicification and alteration. In the middle
Eocene and middle Oligocene, the Pioneer Mountains meta-
morphic core complex was uplifted. Uplift was probably
associated with 17-23 km of top-to-the-northwest slip along
the Wildhorse detachment fault.

Neogene basin and range faulting produced northwest-
striking northeast-tilted fault blocks. The amount of south-
west-northeast extension is probably about 10-15 percent.
Existing mineral deposits were offset, but no new deposits
formed near the surface.

INTRODUCTION

The location of mineral deposits hosted by Paleozoic
rocks in south-central Idaho is influenced by structures that
formed during several orogenic events. Ore deposits are con-
centrated in joints, shear zones, fault zones, and the cores of
folds and are offset by high- and low-angle faults that have
meters to tens of kilometers of slip. The area is part of the
“central Idaho black-shale mineral belt,” as defined by Hall
(1985) to include carbonaceous mudrock of various ages
along the southeastern edge of the Idaho batholith.

B1
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We focus herein on the structural framework of miner-
alized Paleozoic strata in the northeastern part of the Hailey
1°x2° quadrangle in south-central Idaho. The framework of
mineralization and the mineralized areas are described by
Worl and Johnson (this volume). Details of Paleozoic
stratigraphy are described by Link and others (this volume),
and more detailed discussions of mineral genesis and remo-
bilization are presented by Burton and Link (this volume),
Darling and others (this volume), Mahoney (this volume),
Turner and Otto (this volume), Winkler and others (this vol-
ume), Link and Worl (in press), Mahoney and Horn (in
press), and Park (in press).

The study area is bisected by the northwest-trending
Wood River valley, along which are the towns of Ketchum,
Hailey, and Bellevue. To the west of the Wood River valley
are the Smoky Mountains, to the north are the Boulder
Mountains, and to the northeast are the Pioneer Mountains.
The headwaters of the Salmon River are in the northern
Smoky Mountains, the headwaters of the East Fork Salmon
River are in the northern Boulder Mountains, and the Big
Lost River flows through the eastern Pioneer Mountains and
Boulder Mountains. Major mineralized areas include the Tri-
umph area in the western Pioneer Mountains near Hailey and
Ketchum, the Minnie Moore area west of Bellevue, the Bul-
lion area west of Hailey, and the Carrietown area in the
southern Smoky Mountains. The location of individual 7.5-
minute quadrangles in the study area is shown in figure 1.

The distribution of rocks in the study area is complex,
but a general northwest-trending outcrop pattern is shown
by most major rock units (plate 1). From southwest to
northeast, the major rock units are the Cretaceous Idaho
batholith, the upper Paleozoic Sun Valley Group (Dollar-
hide, Grand Prize, and Wood River Formations), lower
Paleozoic strata (Milligen Formation and unnamed Ordovi-
cian, Silurian, and Devonian strata), and the Mississippian
Copper Basin Formation. Overlying all these units is the
Eocene Challis Volcanic Group. Proterozoic to Paleozoic
metasedimentary rocks and Eocene plutons crop out in the
Pioneer Mountains metamorphic core complex in the cen-
tral Pioneer Mountains. Structurally, Paleozoic strata
throughout the area are involved in map-scale folds that
have north- to northwest-trending hinges. Four types of
map-scale faults are present: (1) thrust faults such as the
north-northwest-striking Pioneer thrust fault in the eastern
Boulder Mountains and northern and eastern Pioneer
Mountains; (2) dextral-normal faults including the north-
west-striking Lake Creek and Trail Creek faults in the
western Boulder and Pioneer Mountains and the arched
Wildhorse detachment fault of the Pioneer Mountains core
complex; (3) northeast-striking normal faults exposed
throughout the map area, most notably the White Mountain
fault within the south-central Pioneer Mountains; and (4)
north-northwest striking normal faults exposed throughout
the area.
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Figure 1. Index map showing location of 7.5-minute quadran-
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gles for the northeastern part of the Hailey 1°x2° quadrangle,
south-central Idaho.

Paleozoic strata of south-central Idaho record a pro-
tracted orogenic history that has been unraveled in large part
by previous workers (Lindgren, 1900; Umpleby and others,
1930; Anderson and others, 1950; Nilsen, 1977; Hall, Rye,
and Doe, 1978; Skipp and others, 1979; Dover, 1981, 1983;
Hall, 1985; Link and others, 1988). We briefly review this
history before describing the structural evolution of the area
in more detail.

Subsidence during the latest Proterozoic of Early Prot-
erozoic crystalline rocks and overlying Middle Proterozoic
strata (exposed in the core of the Pioneer Mountains) pro-
duced a west-facing passive continental margin that per-
sisted until the end of the Silurian. Isolated exposures of
lower Paleozoic shelf strata of this passive margin crop out
east of the Cretaceous Pioneer thrust fault, and coeval deep-
water (siliceous) strata are exposed west of the Pioneer thrust
fault from Trail Creek north to the North Fork of the Big Lost
River. A pulse of Devonian rifting, subsidence, and strati-
form syngenetic silver-lead-zinc mineralization is recorded
within the Milligen Formation, which is extensively exposed
east of the Wood River valley near Hailey and Ketchum and
in the Boulder Mountains. The Lower Mississippian part of
the Copper Basin Formation accumulated during and after
the Late Devonian—Early Mississippian Antler orogeny in a
foreland basin-flysch trough to the east of a thrusted Antler
highland, and the upper part of the formation is interpreted to
be a marginal-marine facies that represents filling of the
foreland basin. Pennsylvanian and Permian crustal warping,
possibly associated with formation of the Ancestral Rockies,
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is reflected by relative uplift of the area now east of the Pio-
neer thrust fault to form the Copper Basin highland and rel-
ative subsidence of the area now west of the Pioneer thrust
fault to form the epicratonic Wood River Basin in which the
Sun Valley Group was deposited.

During the Late Jurassic to Cretaceous Sevier orogeny,
Paleozoic and older strata were metamorphosed, folded,
thrust eastward, and intruded by granitoid rocks of the
Atlanta lobe of the Idaho batholith. North- to northwest-
trending, east-vergent folds accommodated most of the
shortening. A smaller, but unresolved amount of shortening
was accommodated along thrust faults, primarily the Pioneer
thrust. Late Cretaceous granitoid rocks are exposed in the
Smoky Mountains and include the Atlanta lobe and three sat-
ellite plutons (Rooks Creek, Deer Creek, and Croesus
stocks) near Hailey and Bellevue. The historically produc-
tive Minnie Moore and Triumph mines near Hailey contain
shear-zone-hosted silver-lead-zinc veins that formed during
late stages of Cretaceous intrusive activity.

Significant exhumation of the Atlanta lobe and adjacent
Paleozoic strata occurred during the Late Cretaceous and
early Tertiary. By the middle Eocene, rocks formerly at 8-12
km depth were at the surface.

Paleozoic rocks were extensively deformed in early
Eocene(?) to middle Oligocene time, before, during, and
after eruption of the middle Eocene Challis Volcanic Group.
Slippage occurred on several low-angle faults including the
Lake Creek and Trail Creek faults. Northeast-striking high-
angle normal faults and dikes throughout the area are struc-
turally parallel with the Trans-Challis fault system. The Pio-
neer Mountains metamorphic core complex formed during
this time and was episodically uplifted along the Wildhorse
detachment fault. Remobilization and introduction of metals
accompanied these deformational events.

Neogene development of the Basin and Range province
is manifested by differential uplift and northeast tilting along
north- to northwest-striking normal faults. The study area is
characterized by rugged topography that formed as a result
of erosion by Quaternary glaciers and streams and has a
present-day maximum elevation greater than 3,500 m.
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PALEOZOIC SYNGENETIC
STRATIFORM MINERALIZATION
AND THE ANTLER OROGENY

Fine-grained carbonaceous Devonian strata including
the Milligen Formation and correlative units (parts of the
Salmon River assemblage and unnamed Silurian and Devo-
nian units) were deposited over much of the eastern part of
the Hailey 1°x2° quadrangle and the eastern part of the Chal-
lis 1°x2° quadrangle to the north. Turner and Otto (this vol-
ume) and Link and others (this volume) describe the
stratigraphy of these Devonian rocks. At the Triumph mine
east of Ketchum (and at the Livingston and HooDoo mines
in the Challis quadrangle), these strata contain stratiform sil-
ver-lead-zinc mineral deposits that have demonstrable syn-
genetic texture (Hall, 1985). By comparison with other large
Devonian mineral deposits in Canada, these deposits are
thought to have formed in a transtensional or extensional
strain regime (Turner and Otto, this volume). In the Milligen
Formation, the stratiform ore deposits may have been con-
centrated in small fault-bounded deep-water basins that were
subject to exhalation of hydrothermal fluids enriched in met-
als (Hall, 1985; Turner and Otto, 1988, this volume). Turner
and Otto (1988, this volume) identified possible tuffs and
mafic sills in the Milligen Formation in the Triumph miner-
alized area; however, the absence of faults and Devonian
radiometric ages has so far prevented a direct tie between
these metal concentrations and sedimentary exhalative pro-
cesses. These stratiform deposits are broadly constrained as
Middle Devonian (Eifelian) in age (Link and others, this vol-
ume). Devonian ore deposits may be a significant source of
metals that were remobilized during Cretaceous and Eocene
magmatic activity and are now in Paleozoic rocks of various
ages in the black shale mineral belt (Hall, Rye, and Doe,
1978; Hall, 1985, 1987; Sanford and Wooden, this volume).

Based on recognition of soft-sediment folds of
inferred tectonic origin in the Milligen Formation (Turner
and Otto, 1988, this volume), Milligen deposition may have
been concurrent with, or closely followed by, early com-
pressional phases of the Late Devonian to Early Mississip-
pian Antler orogeny. The transition from basin formation
and associated rifting to compressional deformation and,
indeed, the details of Antler deformation in south-central
Idaho are not well understood.

The later phases of the Antler orogeny produced axial
planar cleavage and tight to isoclinal folds in the Milligen
Formation in the Triumph area and in the Boulder Moun-
tains (Davis, 1984; Turner and Otto, 1988, this volume),
complex folds in the Milligen Formation in the Lake Creek
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area (Burton and Link, this volume), and regional tilting of
the Milligen Formation below a Middle Pennsylvanian
unconformity in the northern Boulder Mountains (Batatian,
1991; Burton and Link, this volume). These structures are
attributed to the Antler orogeny because they have only
been found in pre-Mississippian rocks and were over-
printed by northeast-vergent folds during the Mesozoic
Sevier orogeny. Although some outcrop belts of Milligen
Formation west of the Trail Creek fault show clear polyde-
formational structures, only one fabric can be demonstrated
in other areas. Polydeformational fabrics have not been
identified east of the Trail Creek fault in the Lower Ordovi-
cian to Middle Silurian Phi Kappa Formation, Middle Sil-
urian  Trail Creek Formation, Devonian Milligen
Formation, and unnamed Silurian and Devonian units. Our
observation is that an Antler fabric is present in many, but
not all, outcrops of Devonian and older strata west of the
Trail Creek fault but is not present east of the fault. The
presence of an Antler fabric in central Idaho has been long
debated (Dover, 1980), and the nature of such a fabric
requires further study.

Based on the presence of a Mississippian-age flysch
trough (Copper Basin Formation) containing clasts derived
from the Milligen Formation, Skipp and Hall (1975) and
Nilsen (1977) suggested that the Milligen Formation was
thrust eastward to form a highland during the Late Devonian
to Early Mississippian Antler orogeny. The thrust fault that
accommodated this shortening cannot, however, be conclu-
sively located in south-central Idaho (Dover, 1980). If it is
present in the Hailey 1°x2° quadrangle. it may be concealed
beneath the outcrop belt of upper Paleozoic Wood River For-
mation in the Boulder Mountains (Roberts and Thomasson,
1964), or it may have been reactivated to become the Creta-
ceous Pioneer thrust fault (Wust, 1986) or the early
Eocene(?) Trail Creek fault. The Pioneer thrust fault is an
unlikely candidate because it contains Mississippian flysch
in its hanging wall (Link and others, this volume). We
observe that the Trail Creek fault forms the eastern boundary
of a demonstrable Antler fabric in the Milligen Formation
and that the fault zone shows several stages of deformation,
especially in its footwall where the Milligen Formation is
tightly folded and northwest of Trail Creek where the fault
zone is a mylonitic zone tens of meters wide (Dover, 1983).
Similar stratigraphic members of the Milligen Formation are
present in the footwall and hanging wall of the Trail Creek
fault (Bruner, 1991; Link and others, this volume), and thus
any Antler-age slip along the Trail Creek fault would be less
than the distance over which facies changes occurred in the
original Milligen basin.

Latest Devonian to Early Mississippian uplift of the
Antler highland in Nevada and Idaho produced a source for
clastics that formed a wedge of chert-rich flysch and molasse
which becomes finer grained and more carbonate-rich

eastward (Poole and Sandberg, 1991). Within central Idaho
these strata comprise the eastward-fining Mississippian Cop-
per Basin Formation, which was deposited in the foreland
basin east of the Antler highland. With the exception of a few
isolated exposures in the hanging wall of the Pioneer thrust
fault (Link and others, this volume), the Copper Basin For-
mation now crops out east of the Pioneer thrust fault (Nilsen,
1977, Skipp and others, 1979; Skipp and Hall, 1980; Dover,
1983; Link and others, this volume). Black and gray chert
and cleaved argillite clasts in the Copper Basin Formation
that were derived from the Devonian Milligen Formation
suggest that the Milligen was deformed prior to Early
Mississippian time and was part of the western Antler high-
land (Davis, 1984).

PENNSYLVANIAN-PERMIAN WOOD
RIVER BASIN

Middle Pennsylvanian to Early Permian subsidence of
the Wood River Basin produced a depositional site for
thick sequences (more than 3,000 m) of fine-grained mixed
carbonate-siliciclastic strata of the Sun Valley Group
(Mahoney and others, 1991). The Sun Valley Group con-
tains the Wood River, Grand Prize, and Dollarhide Forma-
tions, each of which on plate 1 is divided into lower and
upper units.

The Sun Valley Group contains two upward-fining
stratigraphic cycles interpreted to represent two periods of
tectonic subsidence (Mahoney and others, 1991). Subsid-
ence during the lower cycle (Desmoinesian to Missourian,
Middle to Late Pennsylvanian) provided accommodation
space for the Hailey Member and correlative strata that
make up the basal part of the Sun Valley Group. These
units were deposited in a southwest-flowing braid-delta
system and adjacent deep-water slope. The braid delta
drained the Copper Basin highland (now the eastern Pio-
neer Mountains) where the Copper Basin Formation
cropped out (Winsor, 1981). The Copper Basin highland
may have been uplifted along an east-dipping reverse
fault, as suggested by Mahoney and others (1991), but the
location of this fault has not been identified. Uplift of the
Copper Basin highland and coeval subsidence of the
Wood River Basin to the southwest was probably related
to the Ancestral Rockies orogeny (Skipp and Hall, 1980;
Kluth, 1986; Mahoney and others, 1991; Link and others,
this volume).

During the second cycle of subsidence (Virgilian to
Wolfcampian, Late Pennsylvanian to Early Permian), the
Copper Basin highland ceased to be a significant source of
sediment. Fine-grained carbonate detritus derived from the
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Snaky Canyon Formation (now exposed 100 km to the east)
may have washed over the site of the former highland on its
way to the Wood River Basin. This second phase of subsid-
ence may be related to crustal loading by thrust plates to the
west (Geslin, 1993) or, possibly, to accretion of terranes
along the western margin of the continent. Such loading may
have produced the Dry Mountain orogenic phase in east-cen-
tral Nevada (Trexler and others, 1991) that was synchronous
with the Virgilian-Wolfcampian time of most rapid subsid-
ence in the Wood River Basin (Mahoney and others, 1991).

MESOZOIC SHORTENING

Shortening of sedimentary rocks during the Late Juras-
sic to Cretaceous Sevier orogeny was accommodated by
folding and to a lesser extent by thrusting and cleavage
development. North-trending folds are upright to east-over-
turned, and slip along thrusts was generally top-to-the-east.
Shortening of rocks now exposed in the core of the Pioneer
Mountains metamorphic core complex is manifested by duc-
tile shear zones and folds of all scales. The geology of the
core of the Pioneer Mountains has been described by Dover
(1981, 1983), O’Neill and Pavlis (1988), and Silverberg
(1988, 1990a, b).

STRUCTURAL STYLE AND GEOMETRY

The presence of far-traveled Mesozoic thrust plates in
the study area has long been the accepted tectonic model
(Umpleby and others, 1930; Hal, Rye, and Doe, 1978; Hall,
1985; Link and others, 1988). Numerous faults have been
previously identified as thrusts based on the criteria of brittle
shear zones, gentle fault dips, and stratigraphic juxtaposi-
tion. Slip along the thrust faults was inferred to be perpendic-
ular to fold hinges, generally top-to-the-east-northeast.
Recent mapping (Mahoney and others, 1991; Worl and oth-
ers, 1991; Mahoney, 1992; Mahoney and Link, 1992; Stew-
art and others, 1992) and reconstruction of sedimentary
facies of the Sun Valley Group (Mahoney and others, 1991;
Link and others, this volume) indicate, however, that many
of these faults are not thrust faults but instead are (1) shear
zones with little slip, (2) gently dipping faults characterized
by normal and strike-slip displacement to the northwest, or
(3) facies transitions between formations of the Sun Valley
Group. With our improved understanding of the regional
geology, we now consider a fault a thrust only if it places
older rocks on top of younger rocks and (or) preserves evi-
dence of west-southwest—east-northeast slip. All thrust faults
shown on plate 1 show one or both of these criteria. Follow-
ing Silverberg (1990b), we have modified Dover’s (1981,
1983) mapping of the lower plate of the Pioneer Mountains
core complex to show only older-over-younger thrust faults.

The paucity of thrust faults shown on plate 1 represents a sig-
nificant reinterpretation of the structural geology.

The Pioneer thrust fault places the Ordovician and Sil-
urian Phi Kappa and Silurian Trail Creek Formations or the
Devonian Milligen Formation and correlative strata over the
Mississippian Copper Basin Formation (Skipp and Hall,
1975; Skipp and Hait, 1977; Dover, 1981, 1983; Link and
others, 1988). The fault strikes north, dips west, and is some-
what discontinuously exposed in the northeastern part of the
map area (plate 1). Along most of its exposed trace, the thrust
fault shows a hanging wall that is flat through the Phi Kappa
Formation; a buried footwall-flat most likely is present in the
same unit. Several faults immediately west of the trace of the
Pioneer thrust fault repeat lower Paleozoic strata and are
interpreted to be imbricate splays that merge into the Pioneer
thrust fault at depth (Dover, 1981, 1983). This imbricate sys-
tem of thrusts was shown by Dover as placing both older-on-
younger and younger-on-older strata, but based on the struc-
tural style to the west (see Wood River thrust discussion
below) we interpret younger-on-older juxtapositions near the
Pioneer thrust as locally sheared depositional contacts and
show a simpler imbricate system in cross section C-C’ (plate
1). The direction of slip along the Pioneer thrust fault is
assumed to be east-northeast, perpendicular to numerous
fold hinges in its hanging wall and footwall.

The Glide Mountain thrust of Dover (1981, 1983)
places coarse-grained siliciclastic facies of the Copper Basin
Formation (unit Mcu, plate 1) over approximately coeval,
finer grained, more carbonate rich facies of the Copper Basin
Formation (unit Mecl, plate 1). Dover showed the Glide
Mountain thrust fault as a continuous structure to the north,
east, and south of the Pioneer Mountains core complex, but
the fault as mapped is unusual because it cuts both up- and
down-section in all directions and eliminates and repeats
section and because the fault surface displays irregular
changes in orientation. To explain these features, Dover
invoked map-scale folding before and after thrusting. An
alternative interpretation prepared by Wilson (1992, 1994)
and Wilson and Rodgers (1993), based on new mapping, is
that the mapped Glide Mountain thrust of Dover is not a
regionally extensive fault. It is, instead, a depositional con-
tact in Muldoon Canyon (just east of the map area) and Phi
Kappa Creek, a thrust fault having about 200 m of east-
northeast slip along the East Fork of the Big Lost River, and
a gently northwest-dipping normal fault having about 800 m
of top-to-the-northwest slip in Big Fall Creek. In Big Fall
Creek the Glide Mountain fault decapitates the 48-Ma Sum-
mit Creek stock, indicating a 48-Ma or younger age of move-
ment. Plate 1 shows the Glide Mountain fault as mapped and
interpreted by Wilson (1994).

The Wood River thrust fault of Hall, Rye, and Doe
(1978) and Dover (1983) was placed by them at the contact
between the Devonian Milligen Formation and overlying
Pennsylvanian and Permian strata of the Wood River
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Formation, about 5—15 km west of the Pioneer thrust fault,
but we do not show it on plate 1. Reinvestigation of the
contact (Skipp and others, 1986; Link and others, 1988;
Burton and others, 1989; Mahoney and others, 1991; Worl
and others, 1991; Burton and Link, this volume) suggests
instead that at least three geologic relations are present
across it (see cross sections, plate 1): (1) an undisturbed
unconformity with the Milligen Formation depositionally
overlain by the Hailey Member or the Eagle Creek Mem-
ber; (2) an unconformity across which the Hailey Member
has been sheared, boudinaged, and locally eliminated, with
east-northeast-trending striations and mineralized quartz
veins locally preserved along the shear zones; and (3) a
dextral-normal fault characterized by stratigraphic elimina-
tion, typically with Eagle Creek and Wilson Creek Mem-
bers of the Wood River Formation placed over Milligen
Formation (Trail Creek and Lake Creek faults, cross sec-
tions C—-C’, D-D', plate 1). Thus, only where the Wood
River-Milligen contact is sheared to the east-northeast
could it be a thrust fault (having a hanging wall-flat over
footwall-flat geometry), but even this type of contact could
be the result of flexural slip during folding. We do not
recognize the Wood River thrust fault.

The Trail Creek fault (plate 1) is present from the
North Fork of the Big Lost River southeastward to the Pio-
neer Mountains core complex. In the eastern Boulder
Mountains, the fault places little-deformed Wilson Creek
Member of the Wood River Formation on complexly
folded Devonian and older strata. Dover (1983) mapped
this younger-on-older fault relation as part of the “Wood
River thrust system.” At least two interpretations are possi-
ble for this fault. First, it may be a thrust fault of Sevier age
that was reactivated as an Eocene dextral-normal fault
(whose structural style is described later). This possibility
is suggested by the intensity of folding in the footwall
(interpreted to reflect unusually high strain near the thrust
fault), as well as by the present relation of younger rocks on
older. Alternatively, it may be only an Eocene dextral-nor-
mal fault, and the intense folding of footwall rocks may be
unrelated to slip along the fault. Detailed study of the fault
is needed to clarify its kinematic history.

Several thrust faults having older-on-younger strati-
graphic relations are present west of the Pioneer thrust fault
in its hanging wall, but they have relatively short fault traces
and minor amounts of slip. The Deer Creek and Murdock
Creek thrust faults are in the cores of map-scale folds; if this
structural style is typical, then unrecognized blind thrust
faults may be associated with other east-vergent folds. Iden-
tified minor thrust faults include:

1. The Deer Creek thrust fault west of Hailey, which
places the lower member of the Dollarhide Formation on the
Eagle Creek Member of the Wood River Formation (Skipp
and others, 1994).

2. The Boulder Peak thrust fault in the southern Boul-
der Mountains, which places the Milligen Formation over
the Eagle Creek Member of the Wood River Formation
(Ratchford, 1989).

3. The Washington Basin thrust fault, near the north-
western corner of the map area (plate 1), which places the
Eagle Creek Member of the Wood River Formation over
member 2 of the Grand Prize Formation (Mahoney, this
volume).

4. The Murdock Creek thrust fault, exposed in the
southern Boulder Mountains between the East Fork of the
North Fork of the Wood River and Eagle Creek, which places
the Milligen Formation above the Eagle Creek Member of
the Wood River Formation, and passes southeastward into
the core of a northeast-overturned anticline (Batatian, 1991).

5. Four thrust faults that repeat sections of the Milli-
gen Formation in the Triumph area (Turner and Otto, this
volume).

Shortening during the Sevier orogeny was accommo-
dated by northwest- to north-northeast-trending map-scale
folding. Folds are open to tight; anticlines are tighter and
more angular than synclines, and fold wavelengths are com-
monly several kilometers. Folds are generally symmetric and
upright west of the Wood River valley but asymmetric and
east-vergent east of the Wood River valley (cross sections
C-C', D-D’, plate 1). Mesoscopic folds are uncommon in the
coarser grained Grand Prize and Wood River Formations,
more common in the fine-grained Dollarhide and Milligen
Formations, and quite common in lower Paleozoic strata
near the Pioneer thrust fault. These differences suggest that
folding was facilitated by high strain, deep burial depths, and
large variations in lithology and hence rheology.

Map- and outcrop-scale fold hinges trend north-north-
east to northwest and plunge gently to subhorizontally north
or south (plate 1, fig. 2). Three general variations in fold ori-
entation were recognized within the Pennsylvanian and Per-
mian Sun Valley Group. First, within the Carrietown
mineralized area (Dollarhide Mountain quadrangle, fig. 2)
isoclinal folds and cleavage are present in the lower member
of the Dollarhide Formation adjacent to the southeastern
edge of the Idaho batholith (Whitman, 1990, this volume).
The folds are tight to isoclinal, and their hinges plunge mod-
erately to the east-northeast, orthogonal to the regional trend
of fold hinges. A first cleavage is sparsely preserved,
whereas a second cleavage is well preserved and axial planar
to numerous mesoscopic folds. The anomalous trend of fold
hinges is interpreted to be the result of high shear strain, in
which fold hinges having an initial northwest trend were pas-
sively rotated to an east-northeast trend, parallel with the
overall shear strain direction (Whitman, 1990, this volume).
Formation of the isoclinal folds only adjacent to the batholith
suggests that the high strain resulted from lower rock
strength during contact metamorphism.

A second variation in fold-hinge trend is a counterclock-
wise rotation from west to east, from S. 4° E. in the Boyle
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others, this volume) include Triumph, Minnie Moore, Bul-
lion, Bellevue, Hailey gold belt, Bunker Hill, Deer Creek
stock, Rooks Creek stock, Croesus stock, Carrietown,
Vienna, and Washington Basin.

Host structures for the Cretaceous vein deposits
include:

1. Thrust faults and sheared areas along the uncon-
formity between the Milligen Formation and the Hailey
Member of the Wood River Formation. In the Triumph
area, much of the lead-silver-zinc ore was produced from
shear-zone-hosted veins along thrust faults. The mineral-
ized Fissure fault at the Triumph mine and the ore zone at
the North Star mine are interpreted to be the same structure
offset by a normal fault (Turner and Otto, this volume). In
the Triumph mineralized area the mineralized thrusts are
intruded by granitic (quartz porphyry) and andesitic dikes
(Kiilsgaard, in Anderson and others, 1950) that are dis-
placed by low-angle normal faults, including the Triumph
Shaft flat fault (Turner and Otto, this volume). The sheared
unconformity between the Milligen and Wood River For-
mations hosts quartz veins that contain small lead-zinc
deposits in the Wood River and Lake Creek mineralized
areas (Burton and Link, this volume).

2. Northwest-striking high-angle normal faults.
These control locations of veins in the Minnie Moore and
Bullion mineralized areas, west of Bellevue and Hailey
(Link and Worl, in press). These faults. though generally
parallel with earlier fold axes, cut the Croesus and Deer
Creek stocks (intruded about 90 Ma) and may represent a
period of extension during initial uplift of the stocks. The
shear-zone-hosted veins are interpreted as Cretaceous in
age because they contain mesothermal mineral assemblages
and fluid inclusions and because there are no Eocene intru-
sive rocks exposed nearby.

3. High-angle faults and minor fractures parallel with
Mesozoic fold hinges. These are especially important in the
Rooks Creek stock mineralized area (Park, 1990, in press)
and the Washington Basin area (Mahoney, this volume). In
the Rooks Creek mineralized area, the mineralized veins
strike northeast and contain sericite dated by “0Ar/%Ar at
about 91 Ma (Park, in press).

Mineralization of the Carrietown, Vienna, and Marshall
Peak mineralized areas is associated with intrusion of the
main-phase batholith about 80 Ma (Darling and others, this
volume; Mahoney and Horn, in press). The Marshall Peak
and Vienna areas are not shown on plate 1 but are directly
west and north of Galena Summit, in the northwestern part
of the map area. The host structures are northwest- and
northeast-striking shear zones that developed after intrusion
of the batholith in the Vienna area but may have been inher-
ited from the pre-intrusion compressional structures in the
Carrietown area.

CRETACEQOUS TO EOCENE
EXHUMATION

Exhumation of the Atlanta lobe and adjacent country
rock occurred during Late Cretaceous to Eocene time, dur-
ing and (or) after folding, thrusting, and batholith emplace-
ment. Evidence for exhumation includes isotopic and
geochronologic data from the batholith (Jordan, 1994) and
the unconformable contact of the Challis volcanic group on
batholith rocks. Distinct lateral and vertical trends have been
observed in both the alteration and the apparent K-Ar ages
of biotite from Cretaceous plutons in the southern Atlanta
lobe, mostly just west of the study area (Criss and others,
1982). These trends were attributed to postemplacement
exhumation and reheating of the batholith, including exhu-
mation during the Late Cretaceous to early Paleogene at a
rate of about 120 m/m.y., arching during the middle Eocene
(and perhaps earlier) about a north-trending axis in the east-
central part of the batholith, and reheating during the middle
Eocene, with the intensity of reheating increasing toward the
east-central part of the core, with depth, and near individual
Eocene plutons. Second, in the Smoky Mountains the Idaho
batholith was emplaced at a depth of 8-12 km (Whitman,
1990), but basal lavas of the Eocene Challis Volcanic Group
unconformably overlie the batholith and its country rock.
Thus a cumulative uplift of 8—12 km occurred between 84
Ma, the minimum age of metamorphism and mineralization
(Darling, 1987; Whitman, 1990, this volume), and 51 Ma,
the approximate age of initial eruption of Challis volcanic
rocks (Moye and others, in press).

Exhumation is indirectly indicated by Upper Creta-
ceous to Eocene sedimentary deposits. In the Boulder and
Pioneer Mountains, the conglomerate of Smiley Creek
(Paull, 1974) is sparsely preserved beneath the basal Challis
lavas (on plate 1 the Smiley Creek is included with the
Challis Volcanic Group). The conglomerate is an alluvial fan
deposit containing clasts of subjacent Paleozoic formations
that suggests well-developed topographic relief within the
area. Paull (1974) and Dover (1981, 1983) suggested that the
conglomerate could be as old as Cretaceous or as young as
Eocene. Burton and Blakley (1988) documented a
conformable transition from conglomerate to tuffaceous
sandstone and lahar deposits of the Eocene Challis Volcanic
Group that suggests deposition occurred just prior to Eocene
volcanism, about 51 Ma. The lack of a sedimentologic tie
between the Idaho batholith and the conglomerate of Smiley
Creek makes it unclear, however, if this deposit reflects
uplift of the batholith. In Oregon and California, Eocene
arkosic sandstone is interpreted to reflect exhumation of the
Idaho batholith. The Idaho batholith and Eocene Tyee
Formation of western Oregon show similar Nd-Sm, Rb-Sr,
K-Ar, 180-160, and D/H isotopic values (Heller and others,
1985), evidence that the batholith was the major source of
sediment for the Tyee Formation (although the isotopic
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variation of the batholith is not sufficient to uniquely identify
which lobe provided sediment). Similarly, the Upper Creta-
ceous to lower middle Eocene Montgomery Creek Forma-
tion of northern California contains detrital muscovite that
has Cretaceous to Eocene 40Ar/3%Ar ages unlike those from
nearby crystalline rocks but similar to those in the Idaho
batholith (Renne and others, 1990).

Based on the relatively long duration and slow, steady
rate of Late Cretaceous to Paleogene exhumation, Criss and
others (1982) proposed that exhumation was related to
regional isostatic uplift. Late Cretaceous to Paleogene
drainage patterns and pollen indicate that mountains once
capped the Idaho batholith (Axelrod, 1968; Heller and oth-
ers, 1985; Renne and others, 1990), mountains that proba-
bly formed in response to crustal heating and thickening.
Erosion of the mountains and consequent isostatic uplift
would have caused exhumation of the deep-seated batholith
(England and Molnar, 1990; Jordan, 1994). In contrast,
Eocene exhumation may reflect more localized isostatic
uplift that was a response to more localized Challis magma-
tism and extension (Criss and others, 1982).

EARLY EOCENE(?) TO OLIGOCENE
DEFORMATION

Most faults in the study area are normal and strike-slip
faults that accommodated northwest-southeast slip during
the Paleogene. Major fault sets and associated structures
include low-angle faults, high-angle normal faults, dikes,
and the Pioneer Mountains metamorphic core complex.
Recent studies by Kim (1986), Wust (1986), O’Neill and
Pavlis (1988), Silverberg (1988, 1990a, b), Huerta (1992),
and Wilson (1994) significantly improve our kinematic
understanding of these structures and reveal that tectonic
activity occurred episodically for more than 15 m.y., before,
during, and after eruption of the middle Eocene Challis Vol-
canic Group. In the following section we discuss low-angle
faults first because available age constraints indicate that
movement on most low-angle faults occurred prior to forma-
tion of the other structures.

EARLY EOCENE(?) DEXTRAL-NORMAL
FAULTING

Several northwest-striking, gently southwest dipping
faults that accommodated dextral-normal slip formed at
some time after Cretaceous folding and prior to or during the
carly stages of Eocene Challis volcanism. We infer that most
slip occurred in the early Eocene, but more data are needed
to document the precise age(s) of faulting.

STYLE AND GEOMETRY OF FAULTS

Several low-angle faults are exposed in the Boulder,
Pioneer, and Smoky Mountains (Kim, 1986; Burton, 1988;
Batatian, 1991; Worl and others, 1991; Burton and Link, this
volume). The faults generally strike northwest and dip
4°-45° SW. A concentration of fault striations that trend and
plunge gently west-northwest to northwest indicate predom-
inantly strike slip displacement, and along at least one fault,
the Lake Creek fault, the sense of slip is dextral (Huerta,
1992). The faults have strike lengths of from 1 to more than
40 km and are typically characterized by stratigraphic elim-
ination. The faults are expressed as sharp contacts or brecci-
ated zones several centimeters to meters thick, and in some
places, notably at the head of Lake Creek and Trail Creek in
the Boulder Mountains, the fault zones are filled with -2 m
of quartz veins.

Two major low-angle, top-to-the-northwest faults, the
Trail Creek and Lake Creek faults, in the northern Boulder
Mountains (plate 1) (Batatian, 1991; Burton and Link, this
volume) were previously mapped as Mesozoic thrust faults
by Umpleby and others (1930) and Dover (1981, 1983) but
have been reinterpreted by us as dextral-normal faults
because they cut across folds, generally eliminate strati-
graphic section, and locally have northwest-trending stria-
tions. The trace of the better studied Lake Creek fault
extends for more than 40 km from the central Boulder Moun-
tains to the western Pioneer Mountains (plate 1). The fault
strikes N. 45°-52° W. and dips 20°-30° SW. (Huerta, 1992).
In most places the fault places younger rocks on older rocks,
but in a few places the reverse is true because the rocks were
folded prior to faulting.

Numerous other low-angle faults having northwest slip
have been identified within the study area. Kim (1986) mea-
sured northwest-trending striations on the Pioneer thrust
fault system, the Glide Mountain thrust of Dover (1983), and
several unnamed low-angle faults north and west of the core.
The Glide Mountain fault north of Summit Creek clearly dis-
plays a top-to-the-northwest fabric (Wilson, 1992, 1994).
Turner and Otto (this volume) mapped four subhorizontal
faults having northwest striations that cut Challis volcanic
rocks in the Triumph mineralized area just west of the
exposed core complex. In the central and southern Smoky
Mountains low-angle normal faults have been mapped in
several places, including in the Mahoney Butte quadrangle
(Skipp and others, 1994), in Colorado Gulch southwest of
Hailey (Link and others, 1988; Link and Worl, in press), and
in the central Smoky Mountains near Baker Peak (Stewart,
1987; Stewart and others, 1992). The low-angle Rockwell
fault displaces the Minnie vein in the Minnie Moore mine
(Anderson and others, 1950; Link and Worl, this volume),
and a low-angle fault places Wood River Formation above
Dollarhide Formation in the Bullion mineralized area (Skipp
and others, 1994; Link and Worl, in press).
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In order to determine if the gentle dips of low-angle
faults are due to superimposed tilting, the attitudes of other
structures and contacts were compared to their expected ini-
tial attitudes. Middle Eocene volcaniclastic rocks are vari-
ably tilted as much as 20°, more consistently northeast than
other directions (Worl and others, 1991), and the regional
outcrop patterns of subplanar volcanic and hypabyssal con-
tacts (for example, Mahoney, 1987) suggest that 10°-15° of
tilting to the northeast has occurred, probably in association
with basin and range faulting. North-northwest-trending
Cretaceous fold hinges consistently plunge less than 16° (fig.
2), except near the Idaho batholith and just south of the Pio-
neer Mountains core complex, and northeast-striking middle
Eocene dikes throughout the region and rare northwest-strik-
ing dikes are subvertical. These attitudes are typical of those
for untilted hinges and dikes. Finally, the deformational style
along major low-angle faults does not vary along strike. For
instance, along its 40-km length (subparallel with its slip
direction) the Lake Creek fault shows no evidence of ductile
shear, though ductile fabrics would be expected if the fault
had been tilted southeast by more than about 15°. Taken
together, the data suggest that low-angle faults have been
tilted less than 15°, making them originally low-angle faults.

AMOUNT OF OFFSET

The offset on most low-angle faults has not been
determined. One exception is the Lake Creek fault, the off-
set of which was determined by restoring piercing points
defined by the intersection of a map-scale synclinal trough
and the fault surface (Huerta, 1992). Devonian and Penn-
sylvanian-Permian strata within both the hanging wall and
footwall of the fault are folded into northwest-trending,
map-scale, overturned synclines (plate 1). The synclines
extend along the entire length of the fault, but the fault cuts
obliquely across them. Two piercing points are located
where the planar contact of the Wilson Creek and Eagle
Creek Members of the Wood River Formation is folded
into a linear trough and intersects the Lake Creek fault sur-
face (fig. 3). The vector between these piercing points
trends N. 50° W, plunges 2° NW., and is 18 km long. This
slip vector is corroborated by the unique geometries of the
synclines. To the northwest both synclines are overturned,
whereas to the southeast both synclines are upright, and
restoration of 15 km slip juxtaposes overturned parts and
upright parts of the folds (fig. 3). The calculated slip vector
indicates that displacement along the Lake Creek fault
involved significant dextral slip and minor normal slip.

Turner and Otto (this volume) estimate a minimum of
several hundred meters of northwest-directed slip along low-
angle faults near the Triumph mine southeast of Ketchum.

TIMING OF FAULTING

The age of dextral-normal faulting is bracketed by
crosscutting relations with the Challis Volcanic Group.
Regionally, intermediate volcanism occurred from 51 to 48
Ma and silicic volcanism occurred from 48 to 44 Ma (Moye
and others, in press; L.W. Snee, U.S. Geological Survey,
unpublished data, 1992).

1. The low-angle normal fault near Big Fall Creek
previously identified as the Glide Mountain thrust fault by
Dover (1981, 1983) was thought by Dover to be pinned by
the Summit Creek stock. New mapping by Wilson (1994)
indicates that the fault decapitates the stock, which was
emplaced 48.5+2.0 Ma (K-Ar, homblende) (Zartman,
unpublished data in Silverberg, 1990b). Porphyroblasts in
the contact aureole of the stock are sheared in the normal
fault zone, further evidence that some slip occurred after
stock emplacement (Wilson, 1992).

2. Near their northern terminations the Lake Creek
and Trail Creek faults encounter a dacite-rhyolite hypabys-
sal center that was uplifted 450 m along a steeply south
dipping normal fault (plate 1, cross section A-A”) (Batatian,
1991). The hypabyssal center extends across the low-angle
faults, indicating that emplacement the center broadly post-
dates slip along the faults. Within the center all rhyolite
dikes pin the faults, whereas many dacite dikes are offset a
few to at least several tens of meters (Batatian, 1991; oral
commun., 1992). Dacite was dated at 50.2+1.8 Ma using
the K-Ar technique (Fisher and others, 1983), and horn-
blende from a rhyolite porphyry 2 km north of the center
was dated at 47.2 Ma using the K-Ar technique (Dover,
1981). This, and the fact that the Lake Creek fault to the
south is overlain by undated Eocene volcanic breccia, is
interpreted to indicate that most slip along the Lake Creek
and Trail Creek faults occurred prior to Challis volcanism
but that minor slip was coeval with early Challis volcanism.

3. Near Baker Peak a low-angle fault is intruded by
dacite porphyry dikes 48 m.y. old (K-Ar age, whole rock)
(Stewart and others, 1992, in press).

4. Low-angle normal faults cut dacite lava in the Tri-
umph area southeast of Ketchum (Turner and Otto, this vol-
ume) and at several other locations, and they cut dacite and
rhyolite volcanic rocks in the Easley Hot Springs quadrangle
(Ratchford, 1989).

In summary, it is likely that the majority of movement
on the Lake Creek and Trail Creek faults was prior to inter-
mediate volcanism (51-48 Ma), that movement on other
faults was at some time prior to silicic volcanism (48-44
Ma), and that movement on a few faults was after silicic vol-
canism. We theorize that the pre-Challis dextral-normal
faults formed just prior to Challis magmatism, not well
before it, because in the Challis 1°x2° quadrangle northwest-
striking dextral strike-slip faults are associated with a north-
west alignment of early Challis volcanic vents (Mclntyre and
others, 1982).
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MIDDLE EOCENE TO OLIGOCENE
EXTENSION

Widespread middle Eocene to middle Oligocene exten-
sion is manifested by high-angle faults, ductile shear zones,
boudinage, and dike swarms. Extension was coeval with and
postdated the main phase of eruption of the Challis Volcanic
Group and resulted in uplift of the Pioneer Mountains meta-
morphic core complex.

STRUCTURAL STYLE AND GEOMETRY

Dike swarms associated with Challis volcanism have
been mapped in several places, notably in the northern Boul-
der Mountains (Tschanz and others, 1986; Batatian, 1991;
Schmidt, 1994; Moye and others, in press) and in the Smoky
Mountains west of the area of plate 1 (Worl and others, 1991;
Stewart and others, in press). Individual dikes are present
throughout the study area but are too small to show on plate
1. Dike swarms are more common to the west and east of the
study area, where substantial exposures of plutonic and vol-
canic rocks are present. All dike swarms and most individual
dikes strike northeast and dip almost vertically.

Normal faults that strike northeast, dip moderately to
steeply southeast or northwest, and extend for several hun-
dreds to several thousands of meters are present throughout
the study area (plate 1). Stratigraphic juxtapositions indicate
dip-slip displacements of a few hundred to rarely a few thou-
sand meters. Most of these faults are unnamed, but one, the
White Mountains fault, forms the southeast boundary of the
Pioneer Mountain core complex (Dover, 1981, 1983) (plate
1, cross section A-A”). Because the high-angle fault set is dis-
tributed throughout the study area and is parallel with the
Trans-Challis fault system in central Idaho (Bennett, 1986),
it is inferred to be part of that system.

Figure 3 (facing page). Map view showing structure contours
and slip vector of the Lake Creek fault. Contour interval 300 ft (91
m); contours are dashed where extrapolated. Slip vector of N. 50°
W., plunge 2°, and 18 km long is based on displacement of pierc-
ing points where trough of a Mesozoic syncline pierces the fault
surface. Solid circles indicate well-constrained locations; x's indi-
cate poorly constrained locations. Bar and ball on fault line indi-
cates minor normal fault. Cross sections show geometry of Lake
Creek fault and of contact between the Wilson Creek Member of
the Wood River Formation (Pwu) and the Eagle Creek and Hailey
Members of the Wood River Formation (PPwl) (not shown in
map view) in the hanging wall (A-A’, B-B’) and the footwall
(AA-AA’, BB-BB'’) of the fault. Stacking of cross sections shows
the inferred fold geometry after restoration of 18 km of slip along
fault. Modified from Huerta (1992).

PIONEER MOUNTAINS METAMORPHIC
CORE COMPLEX

The Pioneer Mountains metamorphic core complex
includes a core of Early Proterozoic gneiss separated by the
Hyndman ductile shear zone from Middle Proterozoic and
lower Paleozoic metasedimentary rocks and intruded by
Cretaceous(?) and Tertiary plutons. The core is separated by
the Wildhorse detachment fault from overlying, internally
faulted Paleozoic and Eocene rocks (plate 1). Dover (1981,
1983) mapped the core and surrounding cover rocks, and Sil-
verberg (1988, 1990a, b) studied the metamorphic, struc-
tural, and geochronologic history of the core. Wust (1986)
studied the Wildhorse detachment fault, and O’Neill and
Pavlis (1988) studied the detachment kinematics in some
detail. Kim (1986), Burton (1988), Burton and others (1989),
Huerta (1992), Wilson (1994), and Burton and Link (this
volume) described the geometry and kinematics of faults in
the upper plate. We refer the reader to these studies for
detailed discussions of the core and here only briefly review
the structural geology of the detachment and upper plate.

The Wildhorse detachment fault (plate 1) is a brittle
fault zone several meters thick that flanks the core on three
sides (Dover, 1981, 1983; Wust, 1986). The fault surface is
not planar but takes the shape of a map-scale kink fold that
plunges northwest. The kink axis is along the northwest cor-
ner of the core and plunges about 25° NW., whereas the sides
of the fault dip 45°-70° to the northeast and southwest, away
from the core (Wust, 1986). In all places, the detachment
fault shows west-northwest- to northwest-trending striations
(Wust, 1986), making it a dextral-normal or sinistral-normal
fault, except along the kink axis where it is a dip-slip normal
fault. The fault overlies and (or) cuts across a 5—100-m-thick
ductile shear zone, characterized by mylonitic gneiss, mar-
ble, and quartzite, that has kinematic indicators also indicat-
ing top-to-the-northwest shear strain (Wust, 1986; O’Neill
and Pavlis, 1988; Silverberg, 1990b). *0Ar/3°Ar analysis of
minerals in the shear zone indicates that the zone cooled rap-
idly during the early Oligocene (36-33 Ma); Silverberg
(19904, b) interpreted the cooling to reflect tectonic unroof-
ing due to slip along the shear zone.

The upper plate of the Pioneer Mountains core complex
extends in all directions away from the core and has no def-
inite outer boundary. The upper plate contains two main sets
of Eocene(?) to Oligocene faults having northwest-southeast
slip. Previously described low-angle faults (Trail Creek, and
Lake Creek faults) accommodated top-to-the-northwest slip
after Cretaceous folding and before the main phase of Chal-
lis volcanic activity. The previously described northeast-
striking high-angle normal fault set was active during and
(or) after the middle Eocene. The role of these faults in core
complex formation and uplift is not clear. The Pioneer and
Trail Creek faults are cut by the Wildhorse detachment fault
(Dover, 1981, 1983) (plate 1), whereas the crosscutting rela-
tion between the detachment fault and the Lake Creek fault
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is not known. High-angle normal faults may be temporally
related to core complex development, but the small offset
accommodated by them contrasts with upper plate fault pat-
terns typical of core complexes. Upper plate rocks in the
study area are not significantly tilted by faulting, in contrast
to many other core complexes where upper plate strata are
strongly tilted by domino-style faulting. At this point in our
studies we have not documented significant upper plate
extension that is temporally related to uplift of the core com-
plex.

AMOUNT OF EXTENSION

Slip along the Wildhorse detachment fault was esti-
mated by Wust (1986) as at least 17 km based on two lines
of evidence: first, upper plate rocks in the Boulder Moun-
tains northwest of the core originated southeast of the core,
and second, the Summit Creek stock north of the core might
be the beheaded equivalent of an Eocene pluton in the east-
ern half of the core. There is no stratigraphic evidence, how-
ever, that strata northwest and southeast of the core were
originally contiguous, and a gravity study of the Summit
Creek stock was unable to resolve whether the stock is
rooted (Wust, 1986). Silverberg (1990a, b) presented evi-
dence that the core rose as much as 8.4 km during the middle
Eocene and proposed 23 km of horizontal displacement
along the Wildhorse detachment fault, if it accommodated
the 8.4 km of uplift and dipped 20° NW.

Slip along most high-angle faults has not been mea-
sured, but the steep dips and relatively small displacements
of the faults suggest that the faults individually accommo-
dated small amounts of extension as compared to that along
more gently dipping faults. However, because of the large
number of high-angle faults, the total northwest-southeast
extension accomplished along them may be significant. As
an estimate of the approximate cumulative extension, each
fault is assumed to dip 70° and show dip-slip displacement
of 100 m. If the faults are spaced at a 250-m interval across
a fault zone 100 km wide (measured northwest-southeast),
the total northwest-southeast extension is about 14 km.,
Slightly modifying these assumptions (dips of 60°-80°, slips
of 50-200 m, fault spacing of 200-400 m) yields estimates
of extension ranging from 5 to 20 km, a cumulative exten-
sion of from 6 to 25 percent across the fault zone.

TIMING OF MAGMATISM AND EXTENSION

The ages of most structures are incompletely known at
this time, but age constraints indicated by crosscutting tex-
tures and radiometric dating include the following:

1. Northeast-trending Challis dikes are dated, or
served as feeders to volcanic flows that are dated, between

51-48 Ma for intermediate compositions and 48-44 Ma for
silicic compositions (Moye and others, in press).

2. High-angle normal faults associated with the Trans-
Challis system cut most dikes and rocks of the Challis Vol-
canic Group and cut low-angle faults having dextral-normal
or indeterminate slip directions (Kim, 1986). The high-angle
White Mountains fault cuts the Wildhorse detachment fault.

3. Silverberg (1988, 1990a, b) used 4CAr/3Ar geo-
chronology on the lower plate of the Pioneer Mountains
metamorphic core complex to document two phases of rapid
cooling, at 48-45 Ma and at 36-33 Ma. The first phase was
associated with 8.4 km of uplift, but the fault(s) that accom-
modated uplift is not known. The second phase reflects 4 km
of uplift along the Wildhorse detachment fault.

According to these data, northwest-southeast exten-
sion occurred in the middle Eocene and the middle Oli-
gocene. In the middle Eocene, dikes formed and one or
more low-angle faults (the Wildhorse detachment?) must
have slipped to produce 8 km of lower plate uplift. The Pio-
neer Mountains core complex was uplifted in two stages;
the Wildhorse detachment fault was active during at least
the second stage. The age(s) of high-angle faulting is not
certain: the structurally parallel Trans-Challis fault zone
formed in the middle Eocene (Bennett, 1986), but at least
one high-angle fault in the study area cuts the middle Oli-
gocene Wildhorse detachment fault.

EARLY EOCENE(?)-OLIGOCENE
MINERALIZATION

Mineralized areas affected by hydrothermal cells gen-
erated during Challis magmatism and associated faulting
include much of the Galena, Boulder Basin, Lake Creek,
Smoky Mountains, Summit, and East Fork Salmon River
areas. Regionally in south-central Idaho, Eocene gold-bear-
ing epithermal ore deposits are associated with silicifica-
tion along Trans-Challis fault zones formed during
northwest-directed crustal extension. Generally the depos-
its are associated with extensive argillic and sericitic alter-
ation of wallrock.

Most Eocene mineral deposits in Paleozoic rocks of the
northeastern Hailey 1°x2° quadrangle are in the Boulder and
Smoky Mountains. The deposits are associated with
hypabyssal intrusive rocks, especially granite and rhyolite,
that make up the final Eocene intrusive phase, dated about
48-44 Ma (L.W. Snee, U.S. Geological Survey, unpublished
data, 1992; Stewart and others, in press).

Deposits in the Summit mineralized area of the northern
Pioneer Mountains are associated with Eocene granodiorite
of the Summit Creek stock and include skarns and veins in
the Phi Kappa mine, molybdenum stockwork deposits in the
Summit Creek stock in Fall Creek, and epithermal veins in
unnamed Silurian and Devonian units in the East Fork of
Trail Creek and Bear Canyon (Bruner, 1991).
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The Lake Creek mineralized area in the Boulder Moun-
tains (Burton and Link. this volume) contains silver-lead-
zinc veins at the Homestake and Long Grade prospects.
These veins are in northwest-striking normal faults inter-
preted to be splays of the underlying Lake Creek dextral-nor-
mal fault. Intrusive rocks in the area include Eocene dacite
porphyry dikes; larger stocks may be present at depth.

A variety of mineral deposits in the Boulder Basin,
Galena, and Smoky Mountains areas are associated with
Eocene silicic intrusive complexes. Deposits contain poly-
metallic veins and replacements in calcareous wallrock of
the Milligen Formation and Sun Valley Group (Ratchford,
in press).

The main period of mineralization in the Triumph min-
eralized area was interpreted by Kiilsgaard (in Anderson and
others, 1950) to have occurred in the early Tertiary. The min-
eralization was interpreted to have been postbatholith and
prevolcanic and associated with postbatholith andesite dikes.
In contrast, Umpleby and others (1930), Hall, Rye, and Doe
(1978), and Turner and Otto (this volume) interpreted the
main period of mineralization to have been associated with
Cretaceous intrusive activity and Eocene intrusive rocks in
the Triumph mineralized area to postdate mineralization.

NEOGENE BASIN AND RANGE
EXTENSION

Neogene tectonic activity in the Wood River area is
manifested by the development of northwest-striking basin
and range normal faults. No near-surface remobilization of
metals can be attributed to these faults, although they influ-
ence the locations of active hot springs and possible metal
remobilization and deposition at depth. The young faults also
cut mineral deposits, locally terminating minable ore shoots.

STRUCTURAL STYLE AND GEOMETRY

In the Smoky and Boulder Mountains, Neogene basin
and range faults have broken the crust into gently northeast
tilted blocks (plate I, cross section B~B’) (Mahoney, 1987;
Stewart and others, in press). The faults have north to north-
west strikes, steep to moderate dips, and relatively long con-
tinuous map traces and cut across almost all other faults,
folds, and pre-Quaternary rocks. Major faults include the
Sun Valley fault zone, which strikes north along the east side
of the Wood River valley (plate I, cross sections B—B’, C-C,
D-D’) and cuts Quaternary sediments near Sun Valley (Hall,
Batchelder, and Tschanz, 1978), the Boulder front fault,
which strikes northwest along the front of the Boulder
Mountains (Tschanz and others, 1986; Mahoney and Link,
1992), and the Big Smoky fault, which strikes north through
much of the Smoky Mountains along Big Smoky Creek

(plate 1, cross section B~B’) (Mahoney, 1992; Stewart and
others, 1992). Offset along these faults was accompanied by
10°-15° of tilting to the northeast, as shown by regional out-
crop patterns of subplanar volcanic and hypabyssal contacts
(for example, Mahoney, 1987) and a few measurements of
the attitudes of Challis Group volcaniclastic rocks.

Field observation (Umpleby and others, 1930) and anal-
ysis of aerial photographs and satellite imagery (Southworth,
1988) demonstrate two prominent sets of lineaments, trend-
ing northeast and north-northwest, that control topography
and cut rocks of all ages in the study area. One prominent
northeast lineament is aligned with the East Fork of the
Wood River. Turner and Otto (this volume) describe north-
ecast-striking, steeply dipping faults, having tens of meters of
apparent right-lateral displacement, that may be related to
the formation of northeast-trending lineaments. Although
the northeast-striking faults and lineaments are oriented per-
pendicular to basin and range faults, crosscutting relations
suggest at least some postdate basin and range faults (Turner
and Otto, this volume).

AMOUNT AND TIMING OF EXTENSION

The amount of northeast-southwest extension accom-
modated by basin and range faults is about 10 percent, if
basin and range faults in cross section B-B’ or C-C’ (plate 1)
are restored. Other unmapped faults having lesser offsets are
present, making this estimate a minimum, but the true
amount of extension probably is not substantially larger.

Little is known about the age of basin and range exten-
sion in the study area. The age of initial basin and range
extension is not known because the oldest sediments in the
Wood River valley are concealed beneath younger basin fill.
Some recent slip is indicated by a fault scarp in Quaternary
sediments near Sun Valley (Hall, Batchelder, and Tschanz,
1978). In southern Idaho. basin and range faulting probably
began in the early Miocene and continued sporadically to the
present (Allmendinger, 1982; Rodgers and others, 1990),
and a similar age span is likely for the northeastern part of
the Hailey quadrangle.
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Stratigraphic Setting of Sediment-Hosted Mineral Deposits
in the Eastern Part of the Hailey 1°x2° Quadrangle and
Part of the Southern Part of the Challis 1°x2° Quadrangle,
South-Central Idaho

By Paul Karl Link,1 J. Brian Mahoney,2 Daniel J. Bruner,3 L. Darlene Batatian,3
Eric Wilson,> and Felicie J.C. Williams*

ABSTRACT

The central Idaho black-shale mineral belt includes
most of the outcrop area of Paleozoic strata in the eastern part
of the Hailey 1°x2° quadrangle and part of the southern part
of the Challis 1°x2° quadrangle. Syngenetic deposits of sil-
ver, lead, and zinc are present in the Devonian Milligen For-
mation, unnamed Silurian and Devonian strata, and the
Devonian part of the Salmon River assemblage. Remobiliza-
tion of these metals during Cretaceous and Eocene deforma-
tion and magmatism produced a variety of epigenetic mineral
deposits including shear-zone-hosted veins, replacement
deposits, and skarns. The most important time of mineraliza-
tion probably was the Late Cretaceous (about 90-80 Ma),
when folding and thrust faulting within the Sevier orogenic
belt temporally and spatially overlapped intrusion of the
Atlanta lobe of the Idaho batholith and satellite plutons to the
east. Structures that host silver-lead-zinc veins include
sheared unconformities, northwest- and northeast-striking
Cretaceous high-angle faults, northwest-striking low-angle
oblique-slip Paleogene faults, and northeast-striking high-
angle normal Eocene faults associated with the Trans-Challis
fault system. Replacement deposits are present in calcareous
rocks that are adjacent to mineralized structures and along
silicification fronts produced during fluid migration. Skarn
deposits are hosted by calcareous rocks adjacent to plutons.

'U.S. Geological Survey and Department of Geology, Idaho State
University, Pocatello, [daho 83209.

2U.S. Geological Survey and University of British Columbia, Van-
couver, British Columbia V6T 17Z4.

*Department of Geology, Idaho State University, Pocatello, Idaho
83209.

*Westmont Mining Inc., N. 10220 Nevada Street, Suite 140, Spokane,
Washington 99218.

Mapping of informal members within the Devonian
Milligen Formation (lower argillite, quartzite of Cait,
argillite of Triumph, limestone of Lucky Coin, and
sandstone of Independence) suggests that the formation is
present in the Minnie Moore, Bellevue, Triumph, Lake
Creek stock, and Summit mineralized areas where the Mil-
ligen Formation is interpreted to pass by facies change into
unnamed Silurian and Devonian strata. Because the same
stratigraphic units are present from west to east within the
Mesozoic Pioneer thrust plate, it is doubtful that the plate
contains an older (Antler) thrust fault having significant
(tens of kilometers) displacement.

The Mississippian Copper Basin Formation contains
west-derived siliciclastic turbidite and east-derived calci-
clastic turbidite strata. The formation is present east of the
Pioneer thrust fault and also in apparent stratigraphic conti-
nuity with rocks of the Pioneer thrust plate. Calciclastic silty
turbidites of the medial Drummond Mine Limestone Mem-
ber are host to skarn and vein deposits in the Phi Kappa mine
area south of Summit Creek.

The Pennsylvanian and Permian Sun Valley Group
(Wood River, Dollarhide, and Grand Prize Formations)
includes strata previously thought to be present in different
thrust plates. The contacts between these formations are
generally facies changes rather than structural contacts. The
basal Hailey Member of the Wood River Formation hosts
vein deposits along its sheared unconformity with the
underlying Devonian Milligen Formation. This relationship
was previously mapped as the “Wood River thrust.” The
medial Eagle Creek and the upper Wilson Creek Members
of the Wood River Formation host vein, replacement, and
skarn deposits adjacent to the Rooks Creek stock and in
several areas east of the Wood River valley. Carbonaceous
micritic siltstone of the lower and upper members of the
Dollarhide Formation contains shear-zone-hosted veins in
the Minnie Moore, Bullion, Deer Creek stock, Bunker Hill,
and Smoky Mountains mineralized areas. In the Deer Creek
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stock area, the lower member of the Dollarhide Formation
contains a laminated barite deposit. In the Carrietown area,
adjacent to the Atlanta lobe of the Idaho batholith, mineral-
ized veins are near the contact between foliated banded
quartzite and carbonaceous marble within the lower
member of the Dollarhide Formation. The four members of
the Grand Prize Formation are host to skarn, replacement,
and vein deposits in the Washington Basin, Smiley Creek,
and Galena mineralized areas in the White Cloud Peaks,
Smoky Mountains, and northern Boulder Mountains.

INTRODUCTION

This report provides a synthesis of the stratigraphic
setting of sediment-hosted mineral deposits in the eastern
half of the Hailey 1°x2° quadrangle and part of the south-
ern part of the Challis 1°x2° quadrangle (fig. 1, plate 1) and
a summary of the present understanding of the Paleozoic
stratigraphy of the area. The sediment-hosted mineral
deposits are in the “central Idaho black-shale mineral belt”
of Hall (1985) and have produced primarily silver, lead,
and zinc and small amounts of gold. The deposits are
included within mineralized areas defined by Worl and
Johnson (this volume) (fig. 1).

Research summarized in this report has resolved some
long-standing problems of stratigraphy but only scratched
the surface of others. In particular, we understand the Penn-
sylvanian and Permian part of the stratigraphic section far
better than we understand the lower Paleozoic units, espe-
cially the Silurian, Devonian, and Mississippian units. We
therefore present this summary as a progress report.

Acknowledgments—Work on the Paleozoic rocks of
south-central Idaho was supported by the Hailey project of
the U.S. Geological Survey Conterminous United States
Mineral Assessment Program (CUSMAP), Idaho State
Board of Education Grant 89-56 to P.K. Link, and the Idaho
Initiative project of the Idaho Geological Survey. This
manuscript benefitted from review by S.J. Soulliere, Betty
Skipp, David Seeland, and B.R. Burton.

PREVIOUS WORK

The mineral deposits of the Wood River area were first
documented by Lindgren (1900) and have been more
recently described by W.E. Hall and colleagues of the U.S.
Geological Survey (Hall and Czamanske, 1972; Hall and
others, 1978; Hall, 1985; Howe and Hall, 1985; Hall, 1987a,
b; Hall and Hobbs, 1987). Hall concluded that many of the
deposits were formed by hydrothermal circulation systems
developed during both Cretaceous and Tertiary magmatism.
These hydrothermal systems were thought to have derived
metals from a country rock source (the lower Paleozoic
black shales of the Milligen Formation and Salmon River
assemblage). In the Wood River area, ore mineral deposition
was thought to be localized near intrusive bodies and below
regional thrust faults that acted as a permeability barrier to

mineralizing solutions. Hall (1985) also suggested that the
Paleozoic black shales hosted syngenetic stratabound
mineral deposits, particularly in the Paleozoic Salmon River
assemblage at the Hoodoo mine (plate 1), the Devonian Mil-
ligen Formation in the Triumph mineralized area, and the
Middle Pennsylvanian to Lower Permian Dollarhide Forma-
tion at the Deer Creek barite deposit, 12 km west of Hailey.

Recent work has modified some facets of these models.
Syngenetic stratabound mineral deposits are believed to be
present mainly in lower Paleozoic, primarily Devonian,
strata but not in upper Paleozoic rocks. Lead isotope data
suggest that the source of the metals in polymetallic vein
deposits is remobilized Devonian syngenetic sulfide deposits
and Precambrian continental crust (Sanford and Wooden,
this volume). The concept of ore concentration below
regional thrust faults is rejected. Many contacts previously
mapped as thrust faults are now mapped as stratigraphic con-
tacts, sheared unconformities, or low-angle oblique-slip
faults (Skipp and others, 1986; Burton and others, 1989;
Mahoney and others, 1991; Burton and Link, this volume;
Rodgers and others, this volume).

This report is a synthesis of the stratigraphic setting of
mineral deposits in the eastern part of the Hailey 1°x2° quad-
rangle. For studies of individual mines and mineral districts
that include maps, the reader is referred to Lindgren (1900),
Umpleby (1915), Umpleby and others (1930), Anderson and
others (1950), Tuchek and Ridenour (1981), and Van Noy
and others (1986) and to reports in this volume and the sec-
ond volume of this bulletin (in press).

STRATIGRAPHY

This report contains a summary of Paleozoic stratigra-
phy of the eastern part of the Hailey and part of the southern
part of the Challis 1°x2° quadrangles and emphasizes new
developments. We discuss only the Paleozoic rocks structur-
ally above the Wildhorse detachment fault, which forms the
upper boundary of metamorphic and intrusive rocks of the
Pioneer Mountains core complex (fig. 1). Proterozoic and
Paleozoic metasedimentary strata of the core are discussed
by Dover (1969, 1981, 1983). Our work is grounded in, but
differs in detail from, the reports of Hall and others (1974),
Skipp and Hall (1975, 1980), Sandberg and others (1975),
Skipp, Sando, and Hall, (1979), Dover (1981, 1983), Hall
(1985), Hall and Hobbs (1987), Mahoney and Sengebush
(1988), and Link and others (1988).

Allochthonous Ordovician through Lower Permian
strata in the eastern part of the Hailey 1°x2° quadrangle are
generally of three lithologic types: dark-colored carbon-
aceous argillite, light-colored calcareous sandstone, silt-
stone, and limestone, and pebble and cobble conglomerate.
Because the rocks are mostly unfossiliferous and lithologi-
cally similar, formations of different ages have been difficult
to differentiate with confidence. Age assignments have been,
and remain, contentious.
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are also present in lead-zinc sulfide minerals in the lower
argillite member of the unnamed Silurian and Devonian
rocks in the Miller Canyon area, as described later (Bruner,
1991). In addition, epigenetic polymetallic veins are present
in the Milligen Formation and correlative units and in
younger formations that are in stratigraphic or structural con-
tact with lower Paleozoic strata.

Mineral exploration activity has been sporadic, and
continues, in the Slate Creek, Washington Basin, and North
Fork of the Big Lost River drainages (fig. 1). Unnamed Sil-
urian and Devonian strata in the Summit mineralized area
near Miller Canyon (fig. 1) host sulfide-mineralized rocks.
Structurally complex areas near Miller Canyon have been
explored since the mid-1980’s for syngenetic stratabound
silver-lead-zinc mineral deposits. Bruner (1991) docu-
mented textures in polished sections and in hand samples
indicative of both syngenetic sedimentary exhalative and
epigenetic sulfide mineralization. These textures are
described in the section on mineral deposit models.

MISSISSIPPIAN COPPER
BASIN FORMATION

The Lower and Upper Mississippian Copper Basin For-
mation crops out extensively in the northeastern part of the
Hailey 1°x2° quadrangle, in the headwaters of the East and
North Forks of the Big Lost River (fig. 1). The Copper Basin
Formation was named by Ross (1962) for a thick sequence
of coarse-grained siliciclastic strata in the Pioneer Moun-
tains. Paull and others (1972) raised the formation to group
rank and defined six formations within the Copper Basin
Group. Paull and Gruber (1977) revised the definition of the
Copper Basin Group. Nilsen (1977) and most subsequent
workers (Skipp, Sando, and Hall, 1979; Dover, 1981, 1983)
recognized stratigraphic and structural complications within
these Mississippian strata, including structural repetition by
the Glide Mountain thrust fault, and retained the name Cop-
per Basin Formation after Ross (1962) (fig. 2). Wilson
(1994) questioned the premise that the Copper Basin Forma-
tion occupies two thrust sheets and reaffirmed that, in the
type area, the stratigraphy is essentially as described by Paull
and others (1972) and Paull and Gruber (1977). Wilson and
othes (1994) reviewed the stratigraphy and facies relations of
the Copper Basin Formation.

The Copper Basin Formation contains graded beds of
cobble and pebble conglomerate, as well as sand- and silt-
size siliciclastic turbidite and argillite. Clasts in conglomer-
ate include dark-colored chert and argillite similar to rocks of
the Devonian Milligen Formation, as well as a large propor-
tion of light-colored quartzite clasts of uncertain provenance.

The lower part of the Copper Basin Formation is of
Early Mississippian age (Kinderhookian and Osagean) and
is at least 3,000 m thick. As mapped by Nilsen (1977) and
Dover (1981, 1983), these Lower Mississippian strata are
exposed in two thrust sheets separated by the Glide Moun-
tain thrust fault. Detailed examination of the Glide Mountain

thrust fault by Wilson (1994; Wilson and others, 1994) sug-
gests that the mapped structure is variously a stratigraphic
contact (locally sheared), a normal fault, and thrust fault. For
further discussion see Rodgers and others (this volume).

According to Wilson (1994), in the Hailey 1°x2° quad-
rangle the exposed Copper Basin Formation is solely of
Early Mississippian age. Because the formation is internally
sheared and locally tightly folded, thickness estimates are
structural. The basal contact drapes older rocks in the Wild-
horse inlier. As divided on plate 1, the formation consists of
a lower interval (unit Mcl) that contains a basal of dark-gray
argillite, siltite, and granule conglomerate turbidite (the Lit-
tle Copper Member, from 0 to more than 660 m thick) over-
lain by a discontinuous, but generally eastward thickening
wedge of fine-grained mixed carbonate-siliciclastic turbidite
(Drummond Mine Limestone Member, 0-910 m thick). An
upper unit (unit Mcu) of pebble and cobble conglomerate,
sandstone, and argillite (more than 1,150 m thick) is mapped
on plate 1. This upper unit includes the Scorpion Mountain
Formation of Paull and Gruber (1977), the lower part of the
Muldoon Canyon Formation of Paull and Gruber (1977), and
the beds mapped as Green Lake Limestone Member of Cop-
per Basin Formation north of Dry Canyon along the East
Fork of the Big Lost River by Dover (1981).

The upper part of the Copper Basin Formation (Upper
Mississippian, Meramecian and Chesterian) is not exposed
in the map area of plate I. In figure 2 it is shown as the upper
Copper Basin Formation and includes at least 580 m of shal-
low-water sandstone and mudstone exposed in the western
part of the Idaho Falls 1°x2° quadrangle (Skipp, Sando, and
Hall, 1979; Skipp, 1989) and including the Iron Bog Creek
Formation of Paull and Gruber (1977) (fig. 2).

The siliciclastic parts of the Copper Basin Formation
contain rare marine fossils. The primary age control on the
Copper Basin Formation is from the intervals of limestone
turbidite (the Drummond Mine Limestone Member and the
lenticular Green Lake Limestone Member), which have
yielded several identical assemblages of upper Kinder-
hookian conodonts (Sandberg, 1975; Skipp, Sando, and
Hall, 1979; Dover, 1981; Wilson, 1993). Deep-water ichno-
fossils in these mixed carbonate-siliciclastic turbidites
include Taenidium, Phycosiphon, Phyllodocites, Cos-
morhaphe, and Chondrites.

The upper part of the Copper Basin Formation along
Iron Bog Creek in the Idaho Falls 1°x2° quadrangle, 17 km
east of the east edge of the Hailey quadrangle, is dated as
Chesterian in age by several macrofossil collections (Skipp,
Sando, and Hall, 1979; Skipp, 1989).

The Copper Basin Formation is thought to represent
Lower Mississippian flysch and overlying Upper Mississip-
pian molasse that filled a foreland basin east of an emergent
highland of the Antler orogenic belt (Poole, 1974; Nilsen,
1977; Poole and Sandberg, 1977, 1991). Paleogeographic
reconstructions (Poole and Sandberg, 1991) show that the
Copper Basin Formation mainly represents deposits of a
westward-derived, siliciclastic Scorpion Mountain—Brockie
Lake submarine fan system, although recent work (Wilson
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and others, 1994) suggests that a fault-bounded southern
source area provided the bulk of the coarse detritus to unit
Mcu. During a relative sea-level highstand in late Kinder-
hookian time the eastward-derived calciclastic Drummond
Mine fan or ramp system prograded westward into the
basin. The Upper Mississippian part of the formation is
interpreted to be a marginal-marine facies that represents
filling of the Antler foreland basin (Nilsen, 1977; Skipp,
Sando, and Hall, 1979).

The majority of the Copper Basin Formation is exposed
east of the Pioneer thrust fault, though there are small out-
crops west of the Pioneer thrust fault (Rodgers and others,
this volume). The Pioneer thrust fault places Lower Ordovi-
cian to Middle Silurian Phi Kappa and Middle Silurian Trail
Creek Formations and an unnamed Silurian and Devonian
argillite unit over the upper part of the lower Copper Basin
Formation. The Pioneer thrust fault is the westernmost major
Mesozoic thrust fault in south-central Idaho (Dover, 1981,
1983; Rodgers and others, this volume) (fig. 1).

West of the Pioneer thrust fault (from the East Fork of
Trail Creek north across the North Fork of the Big Lost
River) are several outcrops of undated conglomeratic rocks
mapped as Copper Basin Formation (Dover, 1983). A poorly
exposed contact west of the East Fork of Trail Creek sepa-
rates undated argillite and quartzite mapped as undifferenti-
ated Silurian and Devonian argillite (unit Dsa of Dover,
1983) from overlying undated argillite, siltstone, fine-
grained lithic wacke, quartzite, and channel-fill conglomer-
ate mapped as Copper Basin Formation (plate 1). Although
Dover (1983) mapped this contact as a thrust fault, the con-
tact probably is gradational because bedding attitudes are
consistent across it and stratigraphic tops are consistently to
the west (Huerta and others, 1991). This relation implies that
in Early Mississippian Osagean (?) time the western part of
the Copper Basin flysch trough may have onlapped Devo-
nian argillaceous rocks in stratigraphic continuity with Mil-
ligen Formation strata thought to have composed the Antler
highland. The relation is consistent with the identification of
terrigenous and shallow-water facies in western outcrops of
the Copper Basin Formation (Dover, 1981). Below this con-
tact, approximately 300 m to the east, is the Lower Ordovi-
cian Basin Gulch Quartzite Member, the basal unit of the Phi
Kappa Formation. This relation indicates that several hun-
dred meters of Devonian and (or) Silurian strata has been
faulted out, but the stratigraphic location of this fault is
unclear. More detailed geologic mapping and biostrati-
graphic study is needed to adequately document this relation.

East of the Pioneer thrust fault, in the Dry Canyon and
Wildhorse inliers of the northeastern part of the Hailey 1°x2°
quadrangle, lower Paleozoic shelf carbonate rocks are
exposed beneath the Copper Basin Formation. The contacts
were interpreted to be thrust faults by Dover (1981, 1983),
low-angle normal faults by Kim (1986), and locally sheared
angular unconformities by Wilson (1994). To the southeast,
in the Idaho Falls 1°x2° quadrangle, the Middle Devonian
Carey Dolomite unconformably underlies the Copper Basin
Formation near Garfield Canyon (Kunkel, 1989) and the
Upper Devonian Picabo Formation unconformably underlies

the Copper Basin Formation near Fish Creek Reservoir (Link
and others, 1988). Farther to the east, in the White Knob
Mountains, the Copper Basin Formation of the Copper Basin
plate is thrust over finer grained coeval strata (Lower Missis-
sippian McGowan Creek Formation) of the Grouse thrust
plate (Link and others, 1988; Skipp and others, 1990) (fig. 2).

In at least two locations, strata of the Copper Basin For-
mation have been transported along Eocene low-angle nor-
mal faults. In the headwaters of Summit Creek, a block of
Copper Basin Formation conglomerate lies in low-angle nor-
mal fault contact above Wood River Formation and
unnamed Devonian strata (Huerta and others, 1991). This
contact was shown as a thrust fault by Dover (1983). Tec-
tonic slices of Mississippian-age siltstone are also present
between the Middle Pennsylvanian and Lower Permian
Wood River Formation and the Devonian Milligen Forma-
tion in the Rock Roll Canyon quadrangle (C.M. Tschanz,
U.S. Geological Survey, unpublished data, 1987).

MINERAL DEPOSITS IN THE
COPPER BASIN FORMATION

Lead-silver skarn, replacement, and vein deposits are
present in laminated calc-turbidites of the Drummond Mine
Limestone Member in the Summit mineralized area (fig. 1)
in the Phi Kappa mine (Winkler and others, this volume) and
at several locations in the Idaho Falls 1°x2° quadrangle to
the east. Characteristics of these deposits are summarized in
the section on mineral deposit models.

PENNSYLVANIAN AND PERMIAN
SUN VALLEY GROUP

Hall (1985) recognized three lithologically similar
upper Paleozoic formations in south-central Idaho: the
Wood River, Dollarhide, and Grand Prize Formations. Each
of these consists of generally fine grained, locally carbon-
aceous, mixed carbonate-siliciclastic strata. Link and others
(1988) proposed that these strata were deposited in the epi-
cratonic Wood River Basin during Pennsylvanian and Per-
mian time. Mahoney and others (1991) formally defined the
Sun Valley Group to include these formations and, using
new paleontological collections, established that all three
formations are of Middle Pennsylvanian to Early Permian
age (figs. 6, 7).

Hall (1985) proposed that the formations now included
in the Sun Valley Group belonged to distinct thrust com-
plexes or tectonic stacks and that their mutual boundaries
were everywhere thrust faults of significant lateral displace-
ment. Recent geologic mapping and measurement of strati-
graphic sections (Mahoney and others, 1991; O’Brien, 1991;
Worl and others, 1991) demonstrate that boundaries between
formations of the Sun Valley Group in most places represent
facies changes rather than structural contacts (fig. 8). Faulted
contacts are also present (plate I). The three formations of the
Sun Valley Group are mappable lateral variations of origi-
nally continuous strata deposited in the Wood River Basin.
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Figure 6. Generalized stratigraphic columns of the Sun Valley Group, south-central Idaho. Numbers next to Wood River Formation
column indicate informal units of Hall and others (1974). Modified from Mahoney and others (1991, fig. 3).
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Figure 7 (facing page). Correlation chart for Middle Pennsylva-
nian to Lower Permian rocks of the Sun Valley Group, south-central
Idaho. Modified from Mahoney and others (1991, fig. 2). Bars with
numbers indicate ranges of previously published and new biostrati-
graphic collections. Ranges for fusulinids are based on Loeblich and
Tappan (1988). Circled numbers indicate stratigraphic position of
the collection. Identified taxa and name of biostratigrapher are as
follows. Grand Prize Formation: 1, Conodont elements of Adeto-
gnathus sp., elements of Hindeodus cf. H. Ninutus (Ellison), ele-
ments of Idiognathosus sp., (late Morrowan to Wolfcampian),
Member 2? or 3?, Peach Creek, identified by A.G. Harris (Hall,
1985, p. 125); 2, Conodont Neogondelella idahoensis (middle and
late Leonardian), member 3 or 4, Pole Creek, identified by B.R.
Wardlaw (Hall, 1985, p. 125). Wood River Formation: 3, Wedekin-
dellina (late Atokan(?) to Desmoinesian), Hailey Member lime-
stone, north of Seamans Creek in principal reference section,
(Bostwick, 1955) and Pseudozaphrentoides (Middle Pennsylvanian
brachiopod), Eagle Creek Member (unit 3), Wilson Creek section
(Thomasson, 1959); 4, Beedeina and numerous brachiopods (Des-
moinesian), Hailey Member limestone, north of Seamans Creek in
principal reference section (Bostwick, 1955; Hall and others, 1974,
p- 91); 5, Beedeina (Desmoinesian), Eagle Creek Member (unit 3),
north of Seamans Creek in principal reference section (Hall and oth-
ers (1974, p. 91); 6, Triticites, Pseudofusulinella sp. and Triticites
sp. aff cullomensis Dunbar and Condra (Virgilian), Eagle Creek
Member (unit 4), Seamans Creek in principal reference section
(Hall and others, 1974, p. 92); 7, Triticites sp. (Missourian to Wolf-
campian), Eagle Creek Member (unit 5), north of Seamans Creek in
principal reference section (Hall and others, 1974, p. 93.); 8, Schu-
bertella and Staffella, unit 6 north of Seamans Creek in principal
reference section (Hall and others, 1974, p. 94), as well as Triticites
cullomensis (Wolfcampian), Eagle Creek Member, mid-upper unit
6, Wilson Creek Ridge type section (Burton, 1988), identified by
C.A. Ross (1988); 9, Pseudofusulinella (Desmoinesian to Wolf-
campian), Eagle Creek Member, limestone at top of unit 6, Wilson
Creek Ridge type section (Burton, 1988), identified by C.A. Ross
(1988); 10, Triticites confertus, T. pinguis, T. meeki, T. cellamag-
nus, Pseudofusulinella utahensis, P. grandensis, P. elkoensis,
(Wolfcampian), Wilson Creek Member, lower unit 7, Basin Gulch
type section (Burton, 1988), identified by C.A. Ross (1988); 11,
Pseudofusulina grandensis, P. elkoensis, P. wellsensis, Schwageri-
na, Paraschwagerina (Wolfcampian), Wilson Creek Member, up-
per unit 7 or 8, Basin Gulch type section (Burton, 1988), identified
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by C.A. Ross (1988): this collection is thought to be from the same
upper limestone bed tentatively assigned to Leonardian and Guad-
alupian(?) by Hall and others (1978, p. 581); 12, Bioclastic lime-
stone east of summit of Kent Peak (Batatian, 1991). The unit
yielded conodont collection Neogondolella sp. (not N. idahoensis),
Drepanodus-like sp., and Sweetognathus sp. indicating a Late
Pennsylvanian to Early Permian age (D. Van Hofwegan, C. Spin-
soa, written commun., 1991) and macrofossils including Chaetetes
sp. indicating a Desmoinesian (Middle Pennsylvanian) age (D.E.
Fortsch, oral commun., 1991). Elevation 10,800 ft, ridge northeast
of the summit of Kent Peak, Ryan Peak quadrangle, lat 45°53'35”
N., long 114°23'32” W. Dollarhide Formation (14 through 18 are
reported in Mahoney and others (1991) and O’Brien (1991): 13,
Conodonts Idiognathodus delicatus (Gunnell) and Neognathodus
dilatus (Stauffer and Plummer), Desmoinesian (Middle Pennsylva-
nian), lower member Dollarhide Formation, NW4SW sec. 25, T.
3 N., R. 17 E., Mahoney Butte 7.5-minute quadrangle. Blaine
County, Idaho, lat 43°33.75' N., long 114°24.00' W., collected by
Betty Skipp, identified by R.G. Stamm and B.R. Wardlaw (written
commun., 1990, in Skipp and others, in press). USGS collection
number 31400-PC; 14, Fusulinids, possibly Triticites (Missourian
to Wolfcampian), lower member?, Sky Ranch flat, west of Belle-
vue, collected by P.K. Link, identified by R.C. Douglass (written
commun., 1988); 15, Fusulinids Schwagerina sp. (Wolfcampian to
mid-Leonardian), lower member, Sky Ranch flat, west of Bellevue,
two collections, by P.K. Link and R.S. Lewis, identified by C.A.
Ross (written commun., 1988) and D.A. Myers (written commun.,
1989); 16, Fusulinids, possibly Pseudofusulina (Wolfcampian to
Leonardian), lower member, Wolf Tone Creek, R.C. Douglass
(written commun., 1978, in Hall, 1985, p. 124); 17, Fusulinids sug-
gestive of Schwagerina (Virgilian and Wolfcampian), elevation
8,640 ft on ridge at northern headwaters of Deer Creek, SEY sec.
29, T. 3 N., R. 16 E., Buttercup Mountain 7.5-minute quadrangle,
collected by J.P. O’Brien, identified by D.A. Myers (written com-
mun., 1989); 18, Fusulinid Bartramella sp. Eelevation 8,640 ft on
ridge at northern headwaters of Deer Creek, SE% sec. 29, T. 3 N.,
R. 16 E., Buttercup Mountain 7.5-minute quadrangle, collected by
R.S. Lewis, identified by D.A. Myers (written commun., 1989). Be-
cause this locality yielded both Bartramella and Schwagerina (col-
lection 15 above), the collection may be B. heglarensis, which is
associated with Schwagerina sublettensis (Wolfcampian) in the
Sublett Range of southern Idaho (Thompson and others, 1958).
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Table 2. Descriptions of type sections for three members of the Wood River Formation, south-central Idaho—Continued.

[Modified from Mahoney and others (1991, table 2)]

TYPE SECTION OF THE WILSON CREEK MEMBER OF THE WOOD RIVER FORMATION
Measured southwest to northeast across ridge northeast of the head of Lake Creek; from 9,200 ft elevation across 10,200-foot ridge
crest to 9,200-foot knob on ridge southwest of 9,677 ft, north of Basin Gulch; starts in NW¥4 sec. 3, T. 5 N., R. 18 E. and continues into
NEY sec. 34, T. 6 N, R. 18 E., Rock Roll Canyon quadrangle (Burton, 1988) (section W3, fig. 2).

Thickness
(meters)
Top of measured section: hinge of tight syncline
Unit 7 of Hall and others (1974)
Fine sandy micrite, medium-brown, weathering dark-brown, thin-bedded, partly silicified and dolomitic;
arranged in fining-upward cyclic packets 8—17 m thick of massive siliceous micrite in lower 2-3 m, overlain
by thin-bedded dolomicrite containing trough cross and convolute laminae, overlain by intensely
bioturbated carbOnaceous SIItY MICHLE. ......ccccirerurriieieiiiiiiciriie et se s eseert oo rs et srtes st sa e as et re s 175
Sandy and coarse silty micrite, thin-bedded, siliceous, trough cross- and convolute-laminated; mottled gray
0range t0 BIOWN BIACK; NEORETEILES. ..............coeiiiiieiiiieii ettt bbbt bbbt eas 180
Allochemic sandy micrite, medium- to dark-gray; bioclasts include crinoid columnals, scaphopods?,
cephalopods, bryozoa, fUSULINIAS. ........c.cciiieiie ettt et s 30
Micritic mudshale, very dark brown, silty, bioturbated; Neonereites, Phycosiphon, Paleophycus?........................ 20
Fine micritic sandstone (quartzarenite), medium-gray, weathering brown, calcareous, thick-bedded to massive .... 20
Interbedded coarse silty micrite and fine micritic sandstone, medium-gray to brown, silty micrite parts
DIOLUIDALEA .....cvvenieeceietriitie ettt ab e s re st s e et s s s s e s s e e b s beseb e s R s ot s e bbb b eara b et ek s ebe st e b s et ens 67
Micritic mudshale, very dark brown, silty, bioturbated; Neonereites, Phycosiphon, Paleophycus?.................c...... 8
Silty micrite and very fine sandy micrite, medium-gray, weathering light-gray to yellow-brown; arranged in
thinning- and fining-upward sequences (15-25 m thick) containing complete turbidites at the base passing
upward to partial (base-cutout) T, and T, turbidites and to thin, very dark brown, intensely silicified
T ef turbidites at the top; basal sequences are intensely bioturbated...........cccoeivvireeiriirienniinii 252
Silty micrite and micritic sandstone, medium-gray to light-brown; medium beds contain T, silt turbidite
sequences; Neonereites, Scalarituba, Phycosiphon, Zoophycos, Planolites...............ccccovvvvviiniiinininininnnens 35
Fine sandy micrite, medium-gray, weathering medium-brown, thin- to medium-bedded, brown micritic
MUASEONE PAMTIIES ... vtveriteetreeniie et ete st eeests bt teeetetest et aaaetasese b eseaareese shesenesbebeabebsbeatee st eae e b e bbb s s sesae b st et orerssnssess 8
Fine micritic sandstone, medium-gray, thin-bedded, micritic mudstone partings, load casts, Scalarituba............... 5
Conformable contact, top of Eagle Creek Member (micritic sandstone, unit 6 of Hall and others, 1974)
Total thickness Wilson CIeek MEMIDET ..........cvcveiirmiiieieecireniiiiierinsissssseetetarasseeesesenseessesesasstassesssssomensisssssinssssssesens 800+

fold hinges. Silver-lead-zinc vein deposits are present locally
along this sheared unconformity (Burton and Link, this vol-
ume). The upper contact of the Hailey Member is placed at
the first appearance of the distinctive light-purple silty
micrite of the Eagle Creek Member (table 2, fig. 6). The age
of the Hailey Member is Desmoinesian, based on the bios-
tratigraphy of coral, fusulinid, and phylloid green algae
occurrences (Bostwick, 1955; Hall and others, 1974) (fig. 9).

The Eagle Creek Member of the Wood River Formation
(upper Desmoinesian to Wolfcampian) is 880-1,300 m thick
and consists of 260 m of light-purple silty micritic limestone
overlain by 620-1,140 m of light-brown micritic sandstone,
light-gray sandy micritic limestone, and subordinate quartz-
arenite (fig. 6). The Eagle Creek Member forms the bulk of
the outcrop area of the Wood River Formation both east and
west of the Wood River. It is best exposed on the high ridges
of the Boulder Mountains (fig. 9).

About 250 m of anomalous carbonate-rich facies
assigned to the Eagle Creek Member by Batatian (1991)
crops out just east of the summit of Kent Peak. The rock is

coarse-grained carbonaceous bioclastic limestone and
resembles bioclastic beds in the Wilson Creek Member
(David Seeland, U.S. Geological Survey, written commun.,
1992). The unit yielded conodonts (collection 12, fig. 7) that
indicate a Late Pennsylvanian to Early Permian age and
macrofossils, including Chaetetes sp., that indicate a (Middle
Pennsylvanian) Desmoinesian age (D.E. Fortsch, Idaho State
University, oral commun., 1991). If the Desmoinesian age is
correct, the beds may be the carbonaceous equivalent of
limestone in the upper part of the Hailey Member. The facies
resembles bioclastic parts of the Bloom Member of the
Snaky Canyon Formation (Chesterian to Missourian)
exposed 55 km to the east across several thrust faults in the
Lost River Range (Skipp, Kuntz, and Morgan, 1979) (fig. 7).

The Wilson Creek Member (Wolfcampian to Leonard-
ian) consists of more than 800 m of dark-gray carbonaceous
siltstone and sandstone, thin-bedded light-brown graded
silty micritic limestone, light-brown silty micritic lime-
stone, light- to dark-gray sandy micritic limestone, and sub-
ordinate light-brown medium-bedded micritic sandstone
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Table 3. Measured stratigraphic reference sections of the Pennsylvanian and Permian Sun Valley Group, south-central Idaho.
[Diagrammatic stratigraphic columns for these sections are shown in Mahoney and others (1991, figs. 4-6). Locations of sections listed below are
shown in fig. 2)]

Wood River Formation
Section W1 Murdock Creek (unconformable base of Hailey Member to hinge of syncline in upper part of Wilson Creek
Member, described by Burton, 1988). Measured in northeast-dipping beds on the ridge between Murdock Creek
and the East Fork of the North Fork of the Wood River, Amber Lakes 7.5-minute quadrangle, starting just
southwest of peak 8,635 and proceeding northeastward along long ridge line to peak 9,783. NE% sec. 27,
through sec. 23, to SW¥% sec. 13, T. 6 N. R. 17 E,, Blaine County, Idaho. Base of section lat 43°40'23" N, long
114°24'22" W,

Section W2 Lake Creek section (unconformable base of Hailey Member to hinge of fold in lower part of Wilson Creek
Member, described by Burton, 1988). Measured southwest to northeast along ridge between Lake and Eagle
Creeks in northeast-dipping beds, Rock Roll Canyon 7.5-minute quadrangle; from 9,040 to 9,000 ft elevation,
across peak 9,675; NWY sec. 8 to NE% sec. 5, T. 5 N., R. 18 E., Blaine County, Idaho. Base of section lat
43°46'56" N., long 114°20'34" W,

Section W3 Basin Gulch section; includes type section of Wilson Creek Member (unconformable base of Hailey Member to
hinge of syncline in upper part of Wilson Creek Member, described by Burton, 1988). Measured southwest to
northeast along ridge northeast of the head of Lake Creek in northeast-dipping beds, Rock Roll Canyon 7.5-
minute quadrangle; measured from 7,960 ft elevation to peak 9,677, across 10,200 ft ridge crest; SW¥% sec. 3, T.
6 N.,R. 18 E. and NEY sec. 34, T. 6 N., R. 18 E., Blaine County and Custer Counties, Idaho. Base of section
lat 43°47'58" N., long 114°18'45" W.

Section W4 Wilson Creek Ridge; includes type section of Eagle Creek Member (unconformable base of Hailey Member to
hinge of syncline in upper part of Eagle Creek Member, described by Burton, 1988). Measured from southwest
to northeast on the ridge between Wilson Creek and Trail Creek in northeast-dipping beds, Phi Kappa Mountain
and Rock Roll Canyon 7.5-minute quadrangles. Hailey Member measured about 500 m east of the base of the
ridge on the west bank of Wilson Creek, NW4 sec. 13, T. 5 N., R. 19 E. Eagle Creek and Wilson Creek
Members measured along the ridge from 6,600 ft elevation to swale at 9,000 ft elevation in NE% sec. 14 and
SWi sec. 12, T. 5 N, R. 18 E. Blaine County, Idaho. Base of section lat 43°46'13" N., long 114°16'18" W.

Section W5 Bellevue (principal reference section of the Wood River Formation and type section of Hailey Member),
unconformable base of Hailey Member to topographic surface in upper part of Wilson Creek Member, described
by Hall and others (1974). Composite section; units 1-6 (Hailey and Eagle Creek Members) measured
southwest to northeast along ridge north of Seamans Creek, Seamans Creek 7.5-minute quadrangle, from 6,390
ft elevation to top of ridge; base of section lat 43°29'30" N., long 114°14'00" W.; unit 7 (Wilson Creek Member)
measured on Quigley Creek in sec. 21, T. 3 N,, R. 19 E,, starting 2,300 ft north of the southwest corner of
section 21 and measured toward the east up the ridge from 6,640 to 7,300 ft elevation, base of section lat
43°34'30" N, long 114°12'30" W. Blaine County, Idaho.

Grand Prize Formation

Section G1 Hoodoo Mine section (lower part of member 2 to lower part of member 3). Measured on east flank of peak
10,050, west of Hoodoo Lake in west-dipping beds; section measured from 8,820 to 10,050 ft, Robinson Bar
7.5-minute quadrangle, Custer County, Idaho. Base of section lat 44°10'35" N, long 114°38'15" W.

Section G2 Fourth of July Creek section (composite reference section, unconformable base of member 1 to topographic
surface in upper part of member 4; also shown in Mahoney and Sengebush, 1988). Composite section. Interval
from O to S00 m measured in east-dipping beds, Strawberry Basin, north of Blackman Peak, from 9,800 to
10,111 ft elevation, Washington Peak 7.5-minute quadrangle; base of section lat 44°04'28"N, long 114°39'32"
W. Interval from 550 to 2,500 m measured from west to east in steeply west dipping overturned beds on ridge
north of Fourth of July Creek, from 7,800 to 9,200 ft elevation, Obsidian and Washington Peak 7.5-minute
quadrangles, Custer County, Idaho. Base of section lat 44°03'18"N, long 114°43'48" W.

Section G3 Washington Basin section (sheared base of member 1 to topographic surface in lower part of member 3).
Measured from east to west in steeply west dipping beds on east flank of peak 10,519, section starts at 10,200 ft
and goes along sawtooth ridge to top of peak 10,519, Washington Peak quadrangle, Custer County, Idaho. Base
of section lat 44°15'00", long 114°39'38".
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Table 3. Measured stratigraphic reference sections of the Pennsylvanian and Permian Sun Valley Group, south-central Idaho—

Continued.

Grand Prize Formation—Continued

Section G4

Section G5

Section G5b

Section G6

Champion Lakes section (lower part of member 2 to topographic surface in upper part of member 4). Measured
on ridge south of Champion Lakes Basin, measured from east to west in steeply west dipping beds; section starts
at 9,920 ft, southeast of peak 10,167, and continues along ridge to west side of Champion Lakes Basin, to north
of peak 10,081, Horton Peak and Washington Peak 7.5-minute quadrangles, Custer County, Idaho. Base of
section lat 43°58'53"N, long 114°40'00" W.

Contains two sections (G5a and G5b of Mahoney and others, 1991) repeated across normal fault and containing
parts of members 3 and 4. Comprises the type section of Grand Prize Formation of Hall (1985). Measured in
northwest-dipping beds on north side of Pole Creek, near its confluence with Grand Prize Gulch, on south flank
of peak 10,166, from 7,970 to 9,560 ft elevation, Horton Peak 7.5-minute quadrangle, Custer County, Idaho.
Base of section lat 43°56'27" N., long 114°41'00" W,

Pole Creek section 2, separated from Pole Creek section 1 by low-angle fault. Type section of Hall (1985)
crosses this fault, Section continues from 9,560 to 10,166 ft elevation above section G5a, Horton Peak 7.5-
minute quadrangle, Custer County, Idaho. Base of section lat 43°56'28" N., long 114°41'00" W.

Salmon River Headwaters section (partial sections of members 2 and 3, described in Mahoney, 1987).
Measured on west side of Salmon River, on east flank of peak 9,423 in northwest-dipping beds, from 7,800 to
9,423 ft elevation, Frenchman Creek 7.5-minute quadrangle, Camas County, Idaho. Base of section lat
43°48'45" N, long 114°46'33" W.

Dollarhide Formation

Section D1

Section D2

Section D3

Willow Creek section (principal reference section, intrusive contact at exposed base of lower member to
topographic surface in upper part of upper member) described by Geslin (1986) and O'Brien (1991). Measured
from southwest to northeast in northeast-dipping beds along ridge due west of Cup knob (benchmark 9,147);
lower part measured from 7,245 ft (contact with Idaho batholith) to fault at knob 7,856, S¥2 sec. 36, T. 3 N,, R.
15 E.; base of section lat 43°32'49" N., long 114°37'00" W. Upper part of section measured 0.6 mi to the north
of peak 7,856, from elevation 7,000 ft in creek bottom to knob 7,852, NEV sec. 36 to SE% sec. 25, T.3 N., R.
15 E. (O'Brien, 1991), Buttercup Mountain 7.5-minute quadrangle, Camas County, Idaho. Base of section lat
43°33'35" N., long 114°37'25" W. Lower section may be continued above knob 7,856 into the middle and upper
members up to knob "Cup" 9,147, although it is structurally thickened.

Dry Gulch-Bear Gulch section (intrusive contact in upper part of lower member to axis of syncline in upper
member, described by O'Brien, 1991). Composite section. Lower 400 m measured on north slope of Dry Gulch,
in northeast-dipping beds from contact with Cretaceous stock at 7,000-8,380 ft elevation; NEY sec. 3, NW
sec. 4, T.2N,, R. 16 E. and SW4 sec. 35, T. 3 N,, R. 16 E., Buttercup Mountain 7.5-minute quadrangle, Blaine
County, Idaho. Base of section lat 43°32'25" N., long 114°31'35" W. Upper 900 m measured in west-dipping
beds in the central headwaters of Bear Gulch, on the east side of knob "Cup” (9,147) from 7,400 ft elevation to
core of syncline at 8,900 ft, NY22 sec. 32, T. 3N., R. 16 E. Base of section lat 43°34'38" N, long 114°32'50" W.

Wolf Tone Creek section (covered interval in lower part of lower member to poorly exposed interval near top of
middle member, described by Wavra and others, 1986). Measured along northwest side of Wolf Tone Creek in
southwest-dipping beds. Section starts at stream fork at 6,058 ft and proceeds upstream to 6,280 ft, opposite
prominent stream entering Wolf Tone Creek from the south; SW% sec. 8, SE% sec. 7, and NE% sec. 18, T. 2N,
R. 17 E., Mahoney Butte 7.5-minute quadrangle, Blaine County, Idaho. Base of section lat 43°31'25" N., long
114°27'33" W.
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(fig. 6). The member forms slopes and is sparsely exposed
east of Bellevue and Hailey, although it is well exposed in
alpine ridges of the Boulder Mountains northeast of
Ketchum (figs. 1, 9, plate 1). The fine-grained, thin-bedded
silty micritic limestone of the Wilson Creek Member
weathers to a characteristic reddish-brown regolith. The
upper part of the member is dolomitic in part and contains
diagenetic chert. The Wilson Creek Member contains a
diverse assemblage of bathyal trace fossils that has been
interpreted to reflect oxygenation levels controlled by tur-
bidite depositional facies (Burton and Link, 1991). The
upper contact of the Wilson Creek Member is eroded below
an unconformity with the Eocene Challis Volcanic Group
or the present-day topographic surface (fig. 8).

MINERAL DEPOSITS IN THE WOOD RIVER FORMATION

A variety of mineral deposit types are present in the
Wood River Formation. The Hailey Member hosts zinc-
bearing veins in the Lake Creek mineralized area (Burton
and Link, this volume) (fig. 1). Brittle sandstone of the
Eagle Creek Member hosts vein deposits in the Boulder
Basin (Ratchford, 1989), Galena, and Lake Creek areas
(fig. 1). Limestone of the Eagle Creek Member hosts
replacement deposits in the Wood River area (fig. 1). Car-
bonaceous siltstone of the Wilson Creek Member hosts
shear-zone vein deposits in the Lake Creek area (Burton
and Link, this volume) (fig. 1).

DOLLARHIDE FORMATION

The Dollarhide Formation comprises the southern and
southwestern exposures of the Sun Valley Group. Com-
plexly folded Dollarhide Formation is intruded by the Idaho
batholith and associated stocks in the Smoky Mountains,
west of the Wood River (Whitman, 1990, this volume; Dar-
ling and others, this volume) (fig. 1, plate 1). The formation
was named by Hall (1985) for a sequence of dark-colored
(“sooty”) carbonaceous limestone, siltite, fine-grained
quartzite, and granule conglomerate exposed on Dollarhide
Summit, west of Ketchum (plate 1), but a type section was
not designated. Mahoney and others (1991) and O’Brien
(1991), following Wavra (1985), Geslin (1986), and Wavra
and others (1986), recognized three informal members and
designated the principal reference section for the Dollar-
hide Formation to be east of Willow Creek (section D1,
plate 1). Other reference sections for the Dollarhide Forma-
tion are south of Wolf Tone Creek (lower and middle mem-
bers, section D3, plate 1) and at the head of Deer Creek
north of Buttercup Mountain {middle and upper members,
section D2, plate 1).

Skipp and Hall (1980), Geslin (1986), Darling (1988),
and Link and others (1988) described the metasedimentary

“Carrietown sequence” as being in thrust contact below the
lower member of the Dollarhide Formation in the Smoky
Mountains near the edge of the Idaho batholith (fig. 1, plate
1). Whitman (1990, this volume) recognized that this con-
tact is not structural but is a lithologic change accentuated
by metamorphism. These metasedimentary rocks are now
interpreted as foliated parts of the lower member of the
Dollarhide Formation, marginal to the Idaho batholith
(Whitman, 1990, this volume; Mahoney and others, 1991;
Darling and others, this volume). The name “Carrietown
sequence” is abandoned.

The lower member of the Dollarhide Formation (Des-
moinesian to lower Wolfcampian) is at least 800 m thick and
consists of rhythmically interbedded dark-gray carbon-
aceous silty micritic limestone and very fine grained light-
gray to light-brown micritic sandstone and subordinate
medium- to thick-bedded light-brown micritic sandstone and
light- to dark-gray lenticular conglomerate containing
mainly intrabasinal clasts of siltstone and bioclastic lime-
stone. Extrabasinal clasts (vitreous quartzite and fine-
grained sandstone) are rare. The lower member of the Dol-
larhide Formation includes at the base a minimum of 175 m
of quartzite, phyllite, and calc-silicate hornfels formerly
assigned to the “Carrietown sequence.” The lower member
is exposed in the southern Smoky Mountains, where it forms
dark-colored slopes punctuated by thin ridges of resistant
micritic sandstone. The base of the lower member either is a
fault or is masked by the Idaho batholith, and the upper con-
tact is placed above a mappable dark-gray carbonaceous
limestone and below thick light-brown micritic sandstone of
the middle member (O’Brien, 1991) (fig. 6).

The middle member of the Dollarhide Formation
(lower Wolfcampian) consists of about 300 m of fine-
grained light-brown micritic sandstone and light-gray sandy
micritic limestone and subordinate dark-gray to black car-
bonaceous siltstone and lenticular conglomerate (fig. 6). The
middle member forms prominent light-colored cliffs
throughout the central and southern Smoky Mountains.
North of Deer Creek (plate 1) it is interpreted to grade into
thick sandstone beds of the Eagle Creek Member of the
Wood River Formation.

The upper member of the Dollarhide Formation (Wolf-
campian and Leonardian) is approximately 900 m thick and
is composed of thin-bedded to laminated dark-gray carbon-
aceous siltstone and light-gray silty micritic limestone and
minor light-brown micritic sandstone and conglomerate (fig.
6). The upper member gradationally overlies the middle
member, and the upper boundary is not recognized due to
erosion. The upper member weathers to a dark-gray regolith,
is poorly exposed, and forms slopes throughout the Smoky
Mountains, which, as a result, contain large areas of sparsely
vegetated “black-shale” regolith (Wavra and Hall, 1989)
(fig. 1, plate 1).
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MINERAL DEPOSITS IN THE DOLLARHIDE FORMATION

The lower member of the Dollarhide Formation hosts
vein and replacement mineral deposits in the Bullion, Carri-
etown, and Deer Creek stock mineralized areas (fig. 1) and a
laminated barite deposit in the northern part of the Bullion
area. Sheared vein and replacement mineral deposits are
present in the upper member of the Dollarhide Formation in
the Bunker Hill and Carrietown mineralized areas (fig. 1).
The middle member of the Dollarhide Formation, dominated
by sandstone or quartzite, does not host mineral deposits.

Wavra and Hall (1989) designated most dark-colored
outcrops of Paleozoic rocks in the southern Smoky Moun-
tains as upper member, Dollarhide Formation (including
rocks we map as Milligen Formation in the Minnie Moore
mine area) and presented a model whereby the upper mem-
ber is host to syngenetic mineral deposits including the Deer
Creek barite deposit (plate 1). Recent work based on mea-
sured sections of the Dollarhide Formation and recognition
of distinctive members of the Milligen Formation at the Min-
nie Moore mine (O’Brien, 1991; Worl and others, 1991;
O’Brien and others, 1993; Skipp and others, 1994; Link and
Worl, in press) suggests that restriction of mineral deposits
to the upper member of the Dollarhide Formation is incor-
rect. Mineral deposits in the southern Smoky Mountains are
hosted by the Milligen Formation, as well as by the lower
and upper members of the Dollarhide Formation.

GRAND PRIZE FORMATION

The Grand Prize Formation comprises the northern
exposures of the Sun Valley Group and is exposed primarily
north of Pole Creek in the White Cloud Peaks area (fig. 1,
plate 1). The formation was named by Hall (1985) for a
1,450-meter-thick sequence of light-brown fine-grained
quartzite, brown limy siltstone, banded light- and dark-gray
siltite, and dark-gray to black carbonaceous silty limestone
exposed north of Grand Prize Guich, a tributary to Pole
Creek (section G5, plate 1). Rocks of the Grand Prize Forma-
tion had previously been included in the Pole Creek
sequence (Skipp and Hall, 1980; Fisher and others, 1983;
Sengebush, 1984) or the Wood River Formation (Tschanz
and others, 1986). Mahoney and Sengebush (1988)
expanded and revised Hall’s definition of the Grand Prize
Formation, subdivided the formation into four informal
members, and designated a composite reference section for
the formation north of Fourth of July Creek (section G2, fig.
6, plate 1). Mahoney and others (1991) slightly modified
member boundaries within the Grand Prize Formation and
described additional reference sections (plate 1) for the for-
mation near the Hoodoo mine (section G1), west of Wash-
ington Basin (section G3), above Champion Lakes north of
Pole Creek (section G4), and at the headwaters of the Salmon
River (section G6).

Member 1 (Desmoinesian) of the Grand Prize Forma-
tion is 0—400 m thick and consists of 0-350 m of light-brown
to light-gray polymict conglomerate and sandstone overlain
by 30-50 m of medium-gray bioclastic limestone (fig. 6).
Member 1 is resistant and forms conspicuous cliffs and
ledges. The lower contact of member 1 is an erosional
unconformity with the underlying Paleozoic Salmon River
assemblage. This contact was strongly sheared during Meso-
zoic compression, and the original stratigraphic thickness of
the basal conglomerate is generally not preserved.

Member 2 (Desmoinesian to Wolfcampian) of the
Grand Prize Formation consists of 500-1,100 m of thick-
bedded to massive light-brown micritic sandstone and subor-
dinate light-gray sandy micritic limestone and gray carbon-
aceous siltstone. Member 2 gradationally overlies member 1;
the contact is placed above the bioclastic limestone of mem-
ber 1. Member 2 forms discontinuous cliffs and ledges in the
northern Smoky Mountains and in the White Cloud Peaks.
Member 3 (Wolfcampian to Leonardian) of the Grand Prize
Formation consists of 650-1,700 m of fine-grained sand-
stone and siltstone arranged in rhythmically interbedded
couplets 30 cm-3 m thick. The distinctive banded appear-
ance of the member is produced by these couplets of light-
gray fine-grained micritic sandstone gradationally overlain
by dark-gray carbonaceous siltstone. Interbedded with the
couplets is thick-bedded light-brown micritic sandstone and
light-gray sandy micritic limestone (fig. 6). Member 3 gra-
dationally overlies member 2. Member 3 has an irregular
weathering pattern; the sandier intervals are exposed in bold
relief against the more easily weathered finer grained inter-
vals. The member forms distinctly banded light-gray cliffs
throughout the White Cloud Peaks area.

Member 4 (Wolfcampian to Leonardian) of the Grand
Prize Formation consists of more than 450 m of thin- to
medium-bedded carbonaceous siltstone, sandy to silty
micrite, and minor micritic sandstone (fig. 6). Carbonaceous
siltstone of member 4 gradationally overlies banded sand-
stone and siltstone of member 3. Member 4 weathers to a
dark-gray regolith and forms slopes in the southern part of
the White Cloud Peaks area.

MINERAL DEPOSITS IN THE
GRAND PRIZE FORMATION

Members 1, 2, and 3 of the Grand Prize Formation host
polymetallic vein deposits in Washington Basin (fig. 1).
Member 3 hosts a tungsten skarn deposit in the Smiley Creek
drainage of the Smoky Mountains mineralized area (fig. 1).
Micritic sandstone and sandy micrite of members 2 and 3
host replacement deposits in the Pole Creek and Washington
Basin areas (fig. 1). Limestones of member 4 also have
potential for replacement deposits in the Galena area.
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RELATIONS BETWEEN FORMATIONS
OF THE SUN VALLEY GROUP

Our work suggests that the formations of the Sun Val-
ley Group in most places grade laterally and vertically into
each other by facies change (fig. 8, plate 1) rather than occu-
pying thrust-fault bounded allochthons. We recognize that,
in places, contacts shown as facies changes on figure 2 may
appear on the ground to arbitrarily punctuate gradual transi-
tions in color, grain size, or type of cement. Specific relation-
ships between formations are outlined following (after
Mahoney and others, 1991).

The Dollarhide Formation-Wood River Formation con-
tact may be observed at five locations:

1. In the Picabo Hills, dark-gray limestone and silt-
stone of the upper part of the lower member of the Dollar-
hide Formation grade eastward over a distance of about 2
km into light-gray silty limestone of the Eagle Creek Mem-
ber of the Wood River Formation, across a set of south-
west-vergent folds.

2. Along Deer Creek west of Hailey (Skipp and oth-
ers, 1994), dark siltstone and limestone of the lower member
of the Dollarhide Formation are thrust over light-brown
sandstone and limestone of the Eagle Creek Member along
the Deer Creek thrust fault.

3. On Kelly Mountain, at the head of Wolf Tone
Creek, a section of silicified quartzarenite and light-gray
silty limestone of the Eagle Creek Member of the Wood
River Formation, several hundreds of meters thick, lies
above dark- and light-gray siltstone and sandstone of the
middle and lower members of the Dollarhide Formation on
a low-angle normal fault.

4. North of Deer Creek, the middle member of the
Dollarhide Formation is mapped south of the Challis Volca-
nic Group near Mahoney Butte, but the Eagle Creek Member
of the Wood River Formation is mapped in probably contin-
uous strata to the north. In this area, the middle member of
the Dollarhide Formation is a tongue of partially silicified
micritic sandstone, petrographically identical to micritic
sandstone of the Eagle Creek Member (fig. 8).

5. North of Baker Creek, light-brown calcareous
sandstone of the Eagle Creek Member overlies dark-gray
siltstone and limestone of the lower member of the Dollar-
hide Formation along a low-angle normal fault (Stewart,
1987, Stewart and others, 1992).

The Wood River Formation grades northward into the
Grand Prize Formation. This contact may be observed in
two places and is shown as a line of facies change on plate 1.

1. North of Pole Creek, massive micritic sandstone of
the Eagle Creck Member intertongues with thick-bedded
micritic sandstone assigned to member 2 of the Grand Prize
Formation. This relation was previously shown as a thrust
fault by Hall (1985).

2. In Galena Gulch, medium-bedded micritic sand-
stone, thin-bedded sandy micritic limestone, and silty

micritic limestone of the Wilson Creek Member of the Wood
River Formation are gradationally overlain by black carbon-
aceous siltstone and sandy to silty micrite assigned to mem-
ber 4 of the Grand Prize Formation (fig. 8).

The contact between the upper member of the Dollar-
hide Formation and member 4 of the Grand Prize Formation
is obscured by an Eocene dacite porphyry intrusive body
west of the headwaters of the Salmon River (Mahoney,
1992) (plate 1). The upper member of the Dollarhide Forma-
tion and member 4 of the Grand Prize Formation are litho-
logically identical carbonaceous siltstone and are interpreted
as lateral equivalents (fig. 8).

MINERAL DEPOSIT MODELS
APPLICABLE TO PALEOZOIC ROCKS
OF THE EASTERN PART OF THE
HAILEY 1°x2° QUADRANGLE

GEOLOGIC COMPLEXITY

The deformational and magmatic history of the eastern
part of the Hailey 1°x2° quadrangle is complex (Rodgers and
others, this volume). Mineral deposits hosted by Paleozoic
strata are of three distinct ages: (1) Devonian syngenetic
stratabound deposits, (2) Cretaceous polymetallic veins and
skarns associated with intrusion of the Idaho batholith, and
(3) Tertiary polymetallic veins and skarn deposits associated
with the Challis magmatic episode.

Probable syngenetic metal deposits are in the Devonian
Milligen Formation, the Salmon River assemblage, and
unnamed Silurian and Devonian strata east of the Boulder
Mountains (Hall, 1985, 1987b; Turner and Otto, 1988, this
volume; Bruner, 1991; Sanford and Wooden, this volume).
These deposits may have formed by hydrothermal circula-
tion systems and normal faults that developed during early
phases of the Devonian and Mississippian Antler orogeny
(Turner and Otto, this volume).

Magmatically driven hydrothermal systems were active
in Late Cretaceous and Eocene time. These hydrothermal
systems caused epigenetic recrystallization and remobiliza-
tion of metals first concentrated in Devonian time. They also
tapped new sources of metals in Precambrian granitic base-
ment (Sanford and Wooden, this volume). Several genera-
tions of Mesozoic and Tertiary faults cut Paleozoic strata,
and ore deposits in almost all districts are cut by postminer-
alization faults.

MINERAL DEPOSIT MODELS

Several of the mineral deposit models compiled in
Cox and Singer (1986) and modified by Worl and Johnson
(this volume) are applicable to the central Idaho black-shale



STRATIGRAPHIC SETTING OF SEDIMENT-HOSTED MINERAL DEPOSITS Cc27

mineral belt. The following discussion, although neither a
rigorous coverage of the models nor a mine-by-mine
review of each mineral district, is meant to summarize
present understanding. Complete descriptions of mines and
production are contained in Lindgren (1900), Umpleby
(1915), Umpleby and others (1930), Anderson and others
(1950), Tuchek and Ridenour (1981), Van Noy and others
(1986), Mclntyre (1985), and Fisher and Johnson (1987).

SKARN DEPOSITS

Skarns have not been major ore producers in the Wood
River area, but gold, lead-zinc, and tungsten skarn deposits
are present in several places where Paleozoic limestone is
intruded by Tertiary or Cretaceous stocks.

At the June Day mine, in Parker Gulch of the Triumph
mineralized area (fig. 1), southeast of Ketchum, a gold-bear-
ing skarn is developed in the limestone member of Lucky
Coin in the Milligen Formation. The silicified limestone
“tactite” contains diopside, garnet, wollastonite, scapolite,
clinozoisite, zoisite, and vesuvianite and hosts disseminated
gold (Anderson and others, 1950). The intrusive rock is an
Eocene dacite porphyry stock.

The Phi Kappa mine of the Summit mineralized area
(fig. 1) contains zinc-silver skarn deposits in the Drummond
Mine Limestone Member of the Copper Basin Formation
(Winkler and others, this volume). Skarn minerals include
diopside and grossularite. Sulfide minerals, present in tactite
zones, include, in order of decreasing abundance, galena,
sphalerite, pyrite, and chalcopyrite (Tuchek and Ridenour,
1981). These skarns are associated with granodiorite of the
Eocene Summit Creek stock, which crops out to the west
across Phi Kappa Creek.

Tungsten skarn deposits hosted by members 2 and 3 of
the Grand Prize Formation are in the Ura group prospects on
Smiley Creek (Mahoney and Horn, in press) (fig. 1). Tactite
is composed of red garnet, epidote, wollastonite, quartz, and
fine-grained scheelite (Van Noy and others, 1986).

Gold-bearing skarns may be present, associated with
gold-bearing veins and gossan, in the Black Rock claims of
the Washington Basin area (Van Noy and others, 1986) (fig.
1). Granodiorite, of probable Cretaceous age, intrudes lime-
stone, micritic sandstone, and sandy micrite of Grand Prize
Formation members 1, 2, and 3 near these claims (Mahoney,
this volume).

Skarns are present west of Hailey and Bellevue in the
Bunker Hill, Deer Creek stock, and Rooks Creek stock
mineralized areas (fig. 1). Silver-lead-zinc deposits in these
areas formed during intrusion of Late Cretaceous (about 90
Ma) potassium-rich plutons (Rooks Creek stock, Deer
Creek stock, Croesus stock (fig. 1, plate 1) (Link and Worl,
in press; Park, in press). These plutons were emplaced east
of, and earlier than, the main Atlanta lobe of the Idaho
batholith to the west (Lewis, 1989). Tactite in contact

metamorphic deposits in the Wood River and Dollarhide
Formations contains argentiferous galena in a gangue of
grossularite and epidote (Lindgren, 1900; Umpleby and
others, 1930; Anderson and others, 1950). Skarns in the
Rooks Creek stock area contain disseminated gold and
sphalerite in a gangue of garnet and pyroxene (Anderson
and others, 1950; Park, in press).

POLYMETALLIC REPLACEMENT DEPOSITS

Calcareous strata in several formations are hosts for
replacement deposits. The limestone member of Lucky Coin
(Milligen Formation) hosts polymetallic replacement ore in
the Triumph and Minnie Moore mineralized areas (fig. 1)
(Turner and Otto, this volume; Link and Worl, in press).
These lode deposits contain sphalerite, galena, tetrahedrite,
and chalcopyrite. They are localized in calcareous beds suit-
able for replacement and proximal to a fault that acted as a
pathway for mineralizing fluids (Kiilsgaard, 1950).

The Dollarhide Formation hosts replacement deposits
in several areas west of the Wood River. In the Carrietown
mineralized area (fig. 1), the host rock is limestone of the
lower member of the Dollarhide Formation (Darling and oth-
ers, this volume). In the Bunker Hill mineralized area (fig. 1)
the host is limestone of the upper member of the Dollarhide
Formation. Ore minerals in these areas, both in replacement
and vein deposits, are galena, sphalerite, tetrahedrite, pyrite,
arsenopyrite, pyrrhotite, and chalcopyrite.

In the Boulder Basin mineralized area on the west side
of the Boulder Mountains (fig. 1), the replaced host is calcar-
eous sandstone or quartzite of the Eagle Creek Member of
the Wood River Formation. Intrusion of Eocene dikes prob-
ably generated ore-bearing circulation systems that depos-
ited pyrite, galena, tetrahedrite, chalcopyrite, and sphalerite
(Van Noy and others, 1986; Ratchford, 1989, in press).

In the northern part of the Galena mineralized area,
along Pole Creek (fig. 1), calcareous sandstone of member 3
of the Grand Prize Formation is replaced. Gossan provides
an exploration guide. Ore minerals include sphalerite,
galena, and chalcopyrite (Van Noy and others, 1986).
Micritic sandstone and sandy micrite of members 2 and 3 of
the Grand Prize Formation host replacement deposits con-
taining detrital quartz grains within a fine-grained to apha-
nitic galena matrix in the Washington Basin area (Mahoney,
this volume) (fig. 1).

Replacement deposits may be present in any calcareous
stratum. Thus, such deposits potentially could be present in
the limestone member of Lucky Coin of the Milligen Forma-
tion, the lower member of the Dollarhide Formation, Grand
Prize Formation members | to 4, the Hailey, Eagle Creek
and Wilson Creek Members of the Wood River Formation,
and the Drummond Mine Limestone Member of the Copper
Basin Formation.
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POLYMETALLIC VEINS

Polymetallic vein mineral deposits in the eastern part of
the Hailey quadrangle are commonly associated with, and
locally difficult to distinguish from, polymetallic replace-
ment deposits. Vein deposits have been the largest producers
and are present throughout the black-shale mineral belt.
Generally, veins hosted by carbonaceous siltstone and argil-
lite (“black shale”) have siderite gangue, whereas veins in
sandstone and quartzite host rock have quartz gangue. Gen-
erally, wallrock is not much altered, although some bleach-
ing occurred with formation of sericite and addition of
carbonate and pyrite.

CRETACEOUS VEIN DEPOSITS

In general, shear-zone-hosted veins of the Ketchum-
Hailey-Bellevue area follow fault systems or shear zones of
Cretaceous age and are associated with Cretaceous plutonic
activity. The polymetallic veins west of the Wood River
were formed by hydrothermal systems driven by heat from
the Late Cretaceous plutons that are border phases of the
Idaho batholith (Lewis, 1989). These hydrothermal systems
derived metals from remobilization of Devonian stratabound
syngenetic mineral deposits and from underlying Precam-
brian crust (Sanford and Wooden, this volume).

In the East Fork Wood River, Bellevue, Minnie Moore,
and Triumph mineralized areas (fig. 1), silver-lead-zinc vein
deposits of probable Cretaceous age are present in black
argillite of the argillite member of Triumph and limestone
member of Lucky Coin of the Devonian Milligen Formation
(Turner and Otto, 1988, this volume). In the Minnie Moore
mineralized area, including the Minnie Moore and Silver
Star Queens mines, shear-zone-hosted veins contain galena,
pyrite, sphalerite, chalcopyrite, and arsenopyrite in a gangue
of siderite, quartz, calcite, and crushed country rock (Ander-
son and others, 1950). These veins occupy northwest-strik-
ing reverse faults or shear zones that apparently formed
shortly after intrusion of the adjacent Croesus quartz diorite
stock about 90 Ma (Link and Worl, in press).

In the Bullion mineralized area (fig. 1), including the
Mayflower and Red Elephant mines, northwest-striking Late
Cretaceous veins are hosted by the lower member of the Dol-
larhide Formation (Link and Worl, in press). The most com-
mon ore minerals, in order of increasing abundance, are
galena, sphalerite, and tetrahedrite. The most common
gangue minerals are siderite, calcite, and quartz. Siderite
gangue is associated with ore deposition (Fryklund, 1950).

Many of the areas listed above as containing replace-
ment deposits also contain vein deposits. In general, ore min-
erals in veins are argentiferous galena, more or less abundant
sphalerite and tetrahedrite, and subordinate and variable
amounts of pyrite, arsenopyrite, and chalcopyrite (Umpleby
and others, 1930; Anderson and others, 1950). The gangue

consists of altered and crushed country rock, siderite, calcite,
and quartz.

Veins are hosted by both the upper and lower members
of the Dollarhide Formation in the Carrietown mineralized
area and by the upper member of the Dollarhide Formation
in the Bunker Hill mineralized area (fig. 1.

In Washington Basin (fig. 1), polymetallic veins of
probable Cretaceous age are present in northeast-trending
shear zones or fractures localized along the axial plane of an
east-vergent anticline (Mahoney, this volume).

EOCENE VEIN DEPOSITS

North and east of Ketchum, vein deposits of the Smoky
Mountains, Galena, Lake Creek, and Summit mineralized
areas (fig. 1) probably formed during Eocene plutonism. In
the Galena district, mineralized silver-lead-zinc veins follow
Tertiary shear zones that strike northeast and dip northwest.
In the Lake Creek area, veins are within northwest-striking
normal faults in the upper plate of a Paleogene detachment
fault (Burton and Link, this volume). In both cases associ-
ated igneous rocks are dacite and rhyolite porphyry of
Eocene age.

The ore-bearing vein and associated replacement
deposits of the Livingston mine on Big Boulder Creek in the
Challis 1°x2° quadrangle (plate 1) contain metals likely
remobilized from syngenetic stratabound minerals first
deposited in the Salmon River assemblage during Devonian
time (Hall, 1985). Eocene rhyolite porphyry dikes are asso-
ciated with the veins. Ore minerals are jamesonite, galena,
sphalerite, and tetrahedrite (Van Noy and others, 1986). The
gangue is quartz that is locally iron stained.

SYNGENETIC STRATABOUND
SILVER-LEAD-ZINC DEPOSITS

An ultimate syngenetic origin for many of the ore met-
als in the Wood River valley is suggested by location of
mines in and near probable source rock of the Devonian
Milligen Formation and correlative units, as well as by ore
textures and isotopic data (Hall and others, 1972; Hall,
1985; Howe and Hall, 1985). Sanford and Wooden (this
volume) use lead-isotope data to suggest that the lead in
mineral deposits of the Hailey 1°x2° quadrangle was sup-
plied both from syngenetic stratabound deposits within the
Milligen Formation and Salmon River assemblage and
from Precambrian crust, but not from detrital lead in Paleo-
zoic black shale.

DEVONIAN MILLIGEN FORMATION

Turner and Otto (this volume) describe mineral depos-
its from the Milligen Formation in the Triumph mineralized
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area (fig. 1), which is the best-documented example of syn-
genetic stratabound mineralization in the black-shale min-
eral belt. The Triumph stratiform sulfide bodies are within or
at the top of the limestone member of Lucky Coin and are
associated with limestone turbidite and diamictite. Hall
(1985, p. 130) described the stratabound syngenetic ore from
the Triumph mine as “fine-grained, thinly-bedded, dark-
gray, carbonaceous, micritic, silty limestone containing
minute grains of sphalerite, galena, arsenopyrite, and pyrite
disseminated along the bedding.” The complex intrusive and
deformational history of the region has produced a variety of
epigenetic mineral deposits by remobilization of these stra-
tabound Devonian sulfide deposits.

SALMON RIVER ASSEMBLAGE

Carbonaceous units of the Salmon River assemblage
contain as much as 10,000 ppm V. At the Hoodoo mine on
Slate Creek stratabound syngenetic deposits of zinc and bar-
ite are present in these rocks (Hall, 1985; Van Noy and oth-
ers, 1986). The extensive workings follow a mineralized
zone along the contact between Salmon River assemblage
and member 1 of the Grand Prize Formation (designated as
Hailey Conglomerate Member of the Wood River Formation
by Van Noy and others, 1986, p. 262). Sphalerite and minor
galena form concordant massive lenses from 0.3 to 12 m in
thickness. Disseminations and veinlets in brecciated argil-
lite, limestone, and quartzite are cemented by quartz and cal-
cite. Smithsonite is the most abundant secondary mineral.
Hall (1987b) speculated that during the time of sedimenta-
tion the belt of Salmon River assemblage now exposed along
Slate Creek was downdropped and zinc-rich hydrothermal
brines were concentrated there. Sphalerite and some galena
and pyrite were deposited from these brines.

At several locations, original stratabound syngenetic
sulfide deposits within the Salmon River assemblage are
thought to have been recrystallized and remobilized by Cre-
taceous granodiorite plutons (Hall and Hobbs, 1987). Ore at
the Livingston mine contains highly deformed black sili-
ceous argillite containing bedded sphalerite, pyrite, and
minor galena and jamesonite (Hall, 1985). These minerals
are interpreted, based on light-stable-isotope characteristics,
to have been syngenetic sulfides deposited with the black
argillite (Howe and Hall, 1985). The rock was subsequently
shattered and minerals remobilized during emplacement of
Eocene rhyolite porphyry dikes. The minerals now occupy
small veinlets and matrix between argillite fragments.

ORE TEXTURES IN SILURIAN AND
DEVONIAN STRATA, MILLER CANYON AREA

Syngenetic textures suggesting sedimentary exhalative
(SEDEX) mineralization are present in diamictite within
the lower argillite unit (unit DSal-2 of figs. 3, 4), the

unnamed Silurian and Devonian rocks in the Miller Canyon
area (Bruner, 1991).

Two types of pyrite were identified in polished sec-
tions: (1) dark, brassy, spongy looking pyrite having collo-
form, orbicular, and framboidal textures and (2) bright,
subhedral to euhedral pyrite. The first type of pyrite is
thought to be syngenetic because it is present (1) as concen-
trations in the matrix of breccias and (2) within broken argil-
lite clasts. Its dark, spongy character is attributed to poor
crystal development due to rapid growth in open spaces.
Such textures are produced by syngenetic precipitates on the
ocean floor or in epigenetic veinlets. The presence of these
textures in sulfide-bearing argillite clasts in diamictite is
strong indication of their syngenetic origin.

The second type of pyrite is thought to be epigenetic
because it is present (1) as overgrowths on colloform and
framboidal pyrite, (2) in massive occurrences lacking open-
space filling textures, and (3) within calcite and quartz vein-
lets that crosscut all other fabrics in polished section.

Sphalerite, the second most abundant sulfide mineral,
forms (1) colloform bands within colloform pyrite and
galena and (2) reddish-brown blebs as much as 1.5 cm
across within calcite veinlets. Micron-size chalcopyrite
blebs are common within the sphalerite and are probably
hydrothermal in origin, perhaps remobilized from synge-
netic mineral deposits.

Galena, the third most abundant sulfide mineral, forms
(1) colloform bands with spongy pyrite and (or) sphalerite in
orbicular masses in sedimentary breccia clasts, (2) concor-
dant and discordant veinlets, and (3) isolated anhedral blebs.
Large blebs and veinlets of galena have curved cleavage
planes that provide evidence of deformation. Deformed
galena may have a magmatically driven hydrothermal origin,
likely remobilized from syngenetic mineralization.

Pyrrhotite, the fourth most abundant sulfide mineral,
forms (1) microscopic veinlets with quartz and (2) small
blebs within quartz veinlets. Veinlets containing pyrrhotite
crosscut all other sulfide mineral occurrences, indicating that
it has a probable magmatically driven hydrothermal origin.

POSSIBLE SYNGENETIC MINERAL DEPOSITS
IN THE DOLLARHIDE FORMATION

Hall (1985) and Wavra and Hall (1989) suggested that
the presence of laminated barite in the northern part of the
Bullion mineralized area (north of Deer Creek) indicates that
syngenetic shale-hosted precious-metal deposits are present
in the upper member of the Dollarhide Formation. Geologic
mapping (Skipp and others, 1994) suggests that the Deer
Creek barite deposit contains a lensoidal body of syngenetic
or remobilized-syngenetic barite hosted by the lower mem-
ber of the Dollarhide Formation. Sulfate analysis of the bar-
ite (Howe and Hali. 1985) yields a value close to Permian
and Pennsylvanian seawater sulfate.
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EXPLORATION PROSPECTS

The complex tectonic, magmatic, and hydrothermal
systems operative since Paleozoic time in the eastern part of
the Hailey 1°x2° quadrangle make exploration for Devonian
syngenetic ore deposits difficult but afford the possibility
that large mineral deposits remain to be discovered. Some
recent models for exploration in the Milligen Formation, the
Salmon River assemblage, and correlative unnamed Silurian
and Devonian argillite invoke the presence of synsedimen-
tary Devonian fault-bounded “third-order” basins, which
during Devonian time were subject to restricted circulation
of oceanic water and coeval hydrothermal activity (Turner
and Otto, 1988, this volume; Bruner, 1991). Detailed strati-
graphic analyses, including biostratigraphic studies, are
needed to document Devonian basin evolution.
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Mineral Deposits of the Muldoon—Star Hope Area,
Southern Pioneer Mountains, South-Central Idaho

By Gary R. Winkler,! Kevin W. Kunkel,2 Richard F. Sanford,! Ronald G. Worl,3
and Falma J. Moye*

ABSTRACT

Devonian and Mississippian carbonate and clastic rocks
of the Milligen(?) Formation, Carey Dolostone, and Copper
Basin Formation in the southern Pioneer Mountains host
many vein, replacement, and distal skarn deposits of silver-
lead-zinc (+copper). In several places, the silver-base metal
deposits are associated with stratabound veins and replace-
ments of barite. Base- and precious-metal veins also are
present locally in Eocene stocks that intrude the Paleozoic
sequence and in rocks of the comagmatic Challis Volcanic
Group that overlie the Paleozoic sequence.

The deposits are included in the Little Wood River
and Copper Basin mining districts, which were formed in
the early 1880’s when the first significant discoveries and
initial production occurred. The richest metal deposits were
mined principally in the 1880’s and 1890’s and again in the
1940’s and 1950’s. The richest barite bodies were mined
only in the 1950’s and 1960’s. No mining has taken place
in either district for the past 25 years; however, substantial
resources have been identified or inferred, and exploration
has been renewed in the middle 1970’s, the early 1980’s,
and the late 1980’s.

The locations of the silver-base metal deposits are gov-
erned by the presence of carbonaceous pelitic source rocks,
chemically reactive calcareous trap rocks, concordant and
discordant structures that provided channelways for solu-
tions, and intrusive rocks that provided heat and fluids for
metasomatism. Argillaceous rocks of the Little Copper
Member of the Copper Basin Formation, which are signifi-
cantly enriched in barium and slightly enriched in several
metals, host numerous small and discontinuous veins that

1U.S. Geological Survey, Denver Federal Center, Denver, Colorado
80225.

2Department of Geology, Idaho State University, Pocatello, Idaho
83209.

3U.S. Geological Survey, W. 904 Riverside Avenue, Spokane, Wash-
ington 99201.

“Box 1145, Challis, Idaho 83226.

show spotty values for silver, lead, zinc, copper, and gold.
The best examples are in the vicinity of the Mutual mine;
however, such veins seldom were mined. The largest and
richest metal deposits are polymetallic replacements or
skarns in impure calcareous rocks of the Drummond Mine
Limestone Member of the Copper Basin Formation, which
overlies the Little Copper Member. The deposits are at sev-
eral stratigraphic horizons and generally are within 1-3 km
of quartz monzonite stocks or swarms of dikes. The best
example is the Eagle Bird mine, where high-grade material
remains underground in tabular lenses extending 100 m or
more along bedding. In addition to the silver, lead, zinc, cop-
per, and gold, some replacements and skarns also contain
significant antimony or tin, but none is known to have been
produced. Where polymetallic replacements are cut at high
angles by faults or fractures, they generally have associated
veins. Veins at the Solid Muldoon and Star Hope properties
were unusually rich in silver and thus were mined during the
early years in the districts.

Significant resources of base- and precious-metals and
barite remain in the Muldoon-Star Hope area. Although
most individual occurrences are likely to be small, they may
be of high grade and closely spaced. Thus, the metal values
of a group of occurrences might constitute collectively a
minable resource in the future. Furthermore, lower grade
resources, particularly of barite, but also of metals, may be
relatively widespread in the Copper Basin Formation. Favor-
able areas for additional exploration include several (or all)
of the following features: (1) calcareous, or mixed calcare-
ous and siliceous host rocks; (2) Eocene leucocratic intrusive
rocks; (3) carbonaceous pelitic rocks having elevated metal
values; (4) ground structurally prepared by steep faults, par-
ticularly where associated with bedding-plane flexures or
faults; (5) widespread geochemical anomalies of precious-
and base-metals and associated elements; and, if available,
(6) elevated electrical conductivity measurements, which
might indicate the presence of metal-bearing sulfide miner-
als at shallow depth.
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INTRODUCTION

In the Muldoon Creek, Garfield Canyon, and Star Hope
Creek areas of Blaine and Custer Counties in south-central
Idaho (fig. 1), Devonian and Mississippian carbonate and
clastic rocks of the Milligen(?) Formation, Carey Dolostone,
and Copper Basin Formation host numerous polymetallic
deposits containing silver, lead, zinc, copper, and gold.
Base- and precious-metal veins also are present in porphy-
ritic quartz monzonite stocks that intrude Paleozoic sedi-
mentary rocks in Muldoon Creek and Garfield Canyon and
in rocks of the Eocene Challis Volcanic Group that overlie
the Paleozoic sedimentary rocks at the confluence of Copper
Creek and Blackspar Canyon. The deposits are present on
both flanks of the southeastern Pioneer Mountains, which
divide tributaries of the Little Wood River from those of the
East Fork of the Big Lost River in Copper Basin. The pre-
cious- and base-metals are in vein, replacement, skarn, and
stratabound deposits that in several places are associated
with stratabound veins and replacements of barite.

HISTORICAL PERSPECTIVE
PAST PRODUCTION

Although prospecting apparently began in the area in
the 1860’s, the first significant deposits were located in
1881, with the discoveries of silver-base metal deposits at
the Muldoon (or Solid Muldoon) and Star Hope claims (fig.
2) on opposite sides of the drainage divide (Umpleby,
1917). Within a few seasons, numerous additional discov-
eries were made nearby in both drainages. The claims were
included in the separate Little Wood River and Copper
Basin mining districts, inasmuch as normal access to them
was by seasonal roads from Bellevue (or Carey) and
Mackay, respectively. Most production in the districts was
in the 1880’s and again in the 1940’s and 1950’s, although
U.S. Bureau of Mines records indicate some production in
every decade from the 1900’s through the 1960°s (Tuchek
and Ridenour, 1981). No mining has taken place in either
district for the past 25 years.

LITTLE WOOD RIVER DISTRICT

Most deposits in the district are in a northwest-trending
belt about 2 km wide that extends from near the mouth of
Muldoon Creek to a short distance north of Little Copper
Creek (fig. 2). Clusters of silver-base metal deposits are
along upper Muldoon Creek, in Garfield Canyon, in Deep,
Boundary, and Mutual Guiches, in the Little Copper Creek
drainages, and in Argosy Creek. Base- and precious-metal
veins in rocks of the Challis Volcanic Group along Copper
Creek and Blackspar Canyon are west of this belt.

The Solid Muldoon claims were located in 1881 and
patented in 1886. A concentrating mill and two 40-ton

smelters were erected near the claims in late 1881 and early
1882 (E.H. Finch, in Umpleby, 1917). About $200,000 in
silver-lead ore was produced from the claims between 1881
and 1884 (Wells, 1983). Additional ore-grade material was
stockpiled intermittently until 1908, when completion of a
new 100-ton mill allowed minor additional production from
1908 to 1911. By late 1911, Muldoon’s mining machinery
was consigned to another mill near Ketchum (Wells, 1983);
however, U.S. Bureau of Mines records show minor addi-
tional production until 1948, which probably was chiefly
from reprocessed tailings (Tuchek and Ridenour, 1981).

The Idaho Muldoon property on the east side of Mul-
doon Creek was located in 1908 and was rehabilitated in the
1940’s (Anderson and Wagner, 1946). No production
records exist, although small shipments of lead-silver ore
were sent to mills in Utah for testing. High-grade material
remains in underground workings and in surface cuts that
extend more than 100 ft south from the main portal (Ander-
son and Wagner, 1946).

The Eagle Bird claim in Garfield Canyon was located in
1883 and patented in 1889. Numerous nearby claims were
located (and some were patented) during the same decade.
From 1929 to 1965, the Eagle Bird and nearby claims pro-
duced lead, zinc, silver, copper, and gold worth approxi-
mately $130,000 (Tuchek and Ridenour, 1981); value of
earlier production, if any, is unknown. High-grade material
remains in underground workings, and known shoots have
not been explored extensively downdip. There are no records
of production of base- or precious-metals from the numerous
claims between the Solid Muldoon and Eagle Bird mines in
Deep, Boundary, and Mutual Gulches. Minor production is
likely inasmuch as several dumps are quite extensive, and
material apparently has been removed from stopes under-
ground (Tuchek and Ridenour, 1981).

Little published information exists on the Black Spar
properties, at the confluence of Blackspar Canyon with Cop-
per Creek. The deposit was discovered in 1887, and more
than 300 tons of ore had been mined through 1888 (Wells,
1983). No records of subsequent production exist; however,
the survey for patent of 19 claims in 1923 indicates that there
are more than 4,500 ft of underground workings, including
two shafts, but apparently no stopes (J.J. Jones, U.S. Forest
Service, written commun., 1988). There are no records of
post-1900 production, although at least one of the tunnels
was rehabilitated in the 1960’s.

During a renewed pulse of exploration in the Mul-
doon-Star Hope area in the late 1950’s. and 1960’s, barite
deposits in Deep Gulch were discovered, and a large ship-
ment was made to the Atomic Energy Commission’s
research facilities near Arco for use as shielding material in
nuclear reactors (Tuchek and Ridenour, 1981). Nearby
base-metal-bearing veins were explored at the same time.
Although the Deep Gulch barite claims were being
developed actively in the mid-1970’s and additional barite
deposits between Muldoon and Argosy Creeks were
explored during this time, no production has occurred since
the 1970’s.
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orientation as those that host mineral deposits. North- to
northwest-trending dikes are roughly parallel in strike with
enclosing strata but generally dip more steeply. East-north-
east-trending dikes generally are almost vertical. Umpleby
(1917) doubted whether the dikes alone could have sup-
plied enough heat and introduced enough material to pro-
duce the orebodies and metasomatism of the host rocks;
however, the dikes and the exposed stocks may have ema-
nated from the same large magma chamber at depth that
would have imposed a regional hydrothermal system
throughout the Muldoon-Star Hope area.

Steep faults cut the Paleozoic sequences in many
places; locally, they cut rocks of the Challis Volcanic
Group. The steep faults tend to have three orientations,
about N. 20° W_, N. 50° E., or N. 80° E., which also are the
dominant trends of Eocene dikes. The east-northeast-trend-
ing faults and dikes are roughly parallel with the Trans-
Challis fault system and likely formed during Eocene
regional extension and magmatism. North-northwest-trend-
ing faults generally have been attributed to Neogene Basin
and Range extension, but their approximate parallelism with
trends of some Eocene dikes may indicate an earlier ances-
try as a conjugate set to faults that trend about N. 50° E.

HOST ROCKS

In the Muldoon—Star Hope area, a few silver-base metal
deposits are in the Devonian Milligen(?) Formation and
Carey Dolostone and in the Eocene Challis Volcanic Group,
but most deposits having significant resources are hosted by
the Mississippian Copper Basin Formation. In the lower
reaches of Little Copper Creek, Deadman Creek, and
Garfield Canyon, weakly mineralized pyrite-arsenopyrite-
chalcopyrite-bearing quartz veins are in argillaceous rocks
of the Milligen(?) Formation near porphyritic rhyolite dikes.
Near the bottom of Garfield Canyon just east of the Copper
Creek fault, silicified limy dolomite of the Carey Dolostone
hosts tabular quartz veins and replacements containing
galena, pyrite, chalcopyrite, and sphalerite. The sulfide min-
erals are most abundant at intersections of bedding-parallel
and steep north-northwest-trending faults. The latter are sub-
parallel with the Copper Creek fault. The steep faults are
marked by mineralized gouge zones as much as 0.5 m wide.

Numerous silver-base metal deposits are present in the
Copper Basin Formation (fig. 3), particularly within the
marine basinal assemblages, which are designated the Little
Copper and Drummond Mine Limestone Members. The
members consist chiefly of argillaceous and micritic turbid-
ites, respectively. The Little Copper Member is dominantly
a thin- to medium-bedded, blocky weathering, dark-gray
argillite and contains some interbeds of medium-gray sand-
stone and granule conglomerate (Paull and Gruber, 1977).
It is 1,100 m or more thick. Analyses of samples from a
regional geochemical survey of the Pioneer Mountains

indicate that all argillaceous rocks in the Little Copper
Member are significantly enriched in barium, many are
enriched in boron, and many are slightly enriched in cobalt
and manganese (Simons, 1981). Analyses of additional
samples from the Muldoon-Star Hope area (table 2) indi-
cate that, in many places, the Little Copper Member also is
slightly enriched in zinc. The ubiquity and abundance of
barium in the Little Copper imply syngenetic deposition of
barite; however, primary detrital or chemical-precipitation
textures of barite have not been recognized in the field or in
thin sections. Stratabound barite is present as coarsely crys-
talline, light-colored, bedding-parallel and discordant
stringers and lenses at several zones in the Little Copper
Member, as well as in the overlying Drummond Mine
Limestone Member (fig. 3). In the Hailey and Ketchum
areas to the west, data for lead and sulfur isotopes from
deposits in argillaceous rocks of the Devonian Milligen
Formation have been interpreted as indicating derivation of
metals from enclosing host rocks (Hall and others, 1978).
By analogy, the inference has been made that the Little
Copper Member may have provided a source for metals in
mineral deposits higher in the stratigraphic sequence; how-
ever, lead-isotope ratios of galena samples from the Macki-
naw, Muldoon Barium, and Star Hope mines hosted in the
Copper Basin Formation apparently indicate that the pri-
mary source of lead is extraformational (Sanford, Wooden,
and others, 1989; Sanford and Wooden, this volume). The
actual source is speculative at present. Most of the lead is
nonradiogenic and may have been derived from a depleted
source in the lower crust or upper mantle or from igneous
rocks, such as Eocene intrusive rocks, that were derived
from them. The lead-isotope ratios for samples from the
Muldoon-Star Hope area exhibit characteristics similar to
those of samples from the Alta and Lava Creek mining dis-
tricts 35 km to the northwest and 30 km to the southeast,
respectively. The alignment of the three areas coincides
with magnetic and gravity anomalies (Kleinkopf and oth-
ers, 1989) that extend northwestward from the Great Rift
shear zone in the Snake River Plain. This coincidence sug-
gests that intrusive rocks along structures subparallel with,
but older than, Neogene basin and range faults may have
been sources for the lead.

Impure calcareous rocks in the Drummond Mine
Limestone Member host the highest grade silver-base metal
deposits in the Copper Basin Formation. In the
Muldoon-Star Hope area, the Drummond Mine Member is
approximately 800 m thick. The lower third of the member
consists of medium-to thick-bedded impure micritic lime-
stone and a few thin beds of argillite, chert, and granule
conglomerate. The upper two-thirds consists of thin- to
medium-bedded micritic limestone and interbedded argil-
lite, calcareous siltstone, and fine-grained calcareous sand-
stone (Paull and others, 1972). The proportion of limestone
in the unit decreases southward, and thick beds of medium-
to coarse-grained sandstone and finer grained clastic rocks
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Table 1. Major-element-oxide and minor-element composition, lithology, and approximate location of igneous rock samples from the
Muldoon-Star Hope area, southern Pioneer Mountains, Idaho.

[Analyses by U.S. Geological Survey, Lakewood, Colo. Major element oxides (weight percent, volatile free) by X-ray spectroscopy; analysts, J.E.
Taggart, A.J. Bartel, and D.F. Siems. Fe,0O3* is total iron as Fe,05; LOI (in weight percent) is loss on ignition, 900°C. Minor elements (parts per
million) by optical spectroscopy; analyst, D.L. Fey. < indicates element was detected, but amount is less than lower limit of detection. Elements
analyzed for but below limit of detection (given in parentheses, in parts per million) in all samples: Ag (2), Au (8), Bi (10), Cd (2), Ho (4), Mo (2), Sn
(10), Ta (40), U (100)]

Sample no. Wk3A Wk4A WK7A Wk7B Wk14A Wk18F Wk18G
Major-element oxides
Si0, 63.9 78.8 61.6 63.2 62.8 64.1 532
AlyO4 159 12.9 14.7 15.0 15.0 15.8 12.1
Fe,05* 5.90 0.51 6.34 6.01 6.05 5.92 9.30
MgO 3.22 0.27 4.58 3.39 3.43 242 9.96
CaO 3.07 1.82 4.44 3.46 4.85 3.33 9.85
Na,O 3.43 0.17 3.10 3.17 3.78 3.54 1.77
K,0 3.51 5.38 4.11 4.75 3.05 3.90 2.66
TiO, 0.76 0.10 0.75 0.69 0.67 0.72 0.72
P,05 0.30 <0.05 0.34 0.33 0.28 0.24 0.27
MnO 0.07 0.02 0.09 0.09 0.09 0.08 0.15
Volatiles
LOI 4.14 3.59 2.14 2.20 3.84 2.75 4.47
Minor elements

As <10 <10 <10 <10 <10 <10 <10
Ba 3,700 1,260 639 1,880 2,330 1,590 1,960
Be 2 6 2 3 2 2 2
Ce 142 43 97 102 92 95 41
Co 25 3 27 22 23 18 51
Cr 81 2 205 110 139 36 527
Cu 14 3 40 38 25 18 90
Eu 2 <2 <2 <2 <2 <2 <2
Ga 21 18 19 20 20 21 17
La 87 23 59 61 56 58 26
Li 16 32 18 19 22 22 53
Nb 18 22 22 21 13 21 <4
Nd 59 16 42 43 41 40 25
Ni 36 6 85 36 42 15 155
Pb 24 37 16 22 20 19 14
Sc 11 <2 14 13 12 11 34
Sr 641 55 604 635 662 681 331
Th 13 34 19 21 19 23 4
\Y% 97 5 116 108 98 102 179
Y 15 22 21 21 20 22 15
Yb 2 3 2 2 2 2 2
Zn 691 20 72 70 72 66 56
Wk3A Plagioclase feldspar-hornblende porphyritic dacite dike, ridge above Mutual mine.
Wk4A Coarse-grained quartz-potassium feldspar porphyritic rhyolite dike, ridge south of Garfield Canyon.
WK7A Equigranular hornblende-biotite granodiorite, ridge between Garfield and Muldoon Canyons.
Wk7B Plagioclase feldspar-biotite dacite porphyry pluton, ridge between Garfield and Muldoon Canyons.
Wk14A Plagioclase feldspar-biotite-hornblende porphyritic dacite dike, Muldoon Ridge.
Wk18F Hornblende-biotite-plagioclase feldspar porphyritic dacite dike, near Muldoon Creek barite prospect.

Wk18G Holocrystalline mafic dike (cuts 18F), near Muldoon Creek barite prospect.
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Table 1. Major-element-oxide and minor-element composition, lithology, and approximate location of igneous rock samples from the

Muldoon-Star Hope area, southern Pioneer Mountains, Idaho—Continued.

[Analyses by U.S. Geological Survey, Lakewood, Colo. Major element oxides (weight percent, volatile free) by X-ray spectroscopy; analysts, J.E.
Taggart, A.J. Bartel, and D.F. Siems. Fe,0,* is total iron as Fe,03; LOI (in weight percent) is loss on ignition, 900°C. Minor elements (parts per
million) by optical spectroscopy; analyst, D.L. Fey. < indicates element was detected, but amount is less than lower limit of detection. Elements
analyzed for but below limit of detection (given in parentheses, in parts per million) in all samples: Ag (2), Au (8), Bi (10), Cd (2), Ho (4), Mo (2), Sn

(10), Ta (40), U (100)]

Sample no.Wk27A Wk33C Wk40A Wk40C Wk44A Wk47C Wk48C Wk49B
Major-element oxides
SiO, 77.4 40.0 58.3 66.3 75.0 77.4 64.4 62.4
Al,O4 12.7 104 12.6 15.0 14.1 12.8 15.0 15.7
Fe,05* 0.98 10.7 8.23 4.61 1.93 0.89 3.72 6.21
MgO 0.12 13.1 6.06 2.21 0.54 <0.10 4.20 3.34
CaO 0.33 15.0 7.02 3.23 0.20 0.22 5.00 4.30
Na, 3.22 1.13 2.34 3.73 295 3.40 3.41 3.72
K, 5.13 4.67 4.05 4.08 491 5.12 3.57 2.93
TiO, 0.03 2.56 0.89 0.57 0.25 0.03 0.53 0.94
P,05 <0.05 2.32 0.40 0.57 0.08 <0.05 0.19 0.36
MnO <0.02 0.17 0.10 0.08 <0.02 0.02 0.04 0.07
Volatiles
LOI 0.99 9.83 4.72 0.54 1.66 0.60 0.66 2.25
Minor elements

As <10 <10 <10 <10 <10 <10 10 <10
Ba 138 3,890 1,140 1,330 1,660 252 2,560 1,430
Be 2 2 3 3 3 2 2 2
Ce 25 337 81 107 60 35 81 105
Co <1 55 32 14 5 <1 16 22
Cr 8 460 374 65 8 4 235 122
Cu 2 85 70 32 7 4 18 6
Eu <2 6 2 <2 <2 <2 <2 2
Ga 16 17 18 20 20 15 20 21
La 12 187 46 67 37 19 51 64
Li 24 27 55 25 13 11 14 72
Nb 22 120 7 15 12 16 14 10
Nd 12 152 44 42 23 17 34 44
Ni <2 242 63 25 8 <2 66 44
Pb 22 10 21 31 25 22 24 8
Sc <2 26 22 9 2 <2 12 11
Sr 50 2,660 597 514 122 49 781 667
Th 21 14 11 30 25 21 11 10
v <2 209 160 79 14 <2 83 104
Y 19 22 24 20 11 16 14 15
Yb 2 2 3 2 1 2 2 2
Zn 23 75 82 81 207 10 63 66
WK27A Quartz porphyritic rhyolite dike, ridge above Rippeto claim.
Wk33C Biotite-bearing lamprophyric dike, ridge north of Eagle Bird mine.
Wk40A Fine-grained, holocrystalline intermediate dike, upper Muldoon Creek.
Wk40C Coarse-grained, equigranular, fresh quartz monzonite (Muldoon stock), upper Muldoon Creek.
Wk44A Weakly porphyritic rhyolite dike with biotite-bearing groundmass, ridge north of Little Copper Creek.
Wk47C Quartz porphyritic rhyolite dike, Bent Pine Tree claim (Star Hope Creek).
Wk48C Plagioclase feldspar porphyritic dacite dike, head of Star Hope Creek.
Wk49B Plagioclase feldspar, coarsely porphyritic dacite dike (cuts porphyritic rhyolite dikes of sample 47C), north of

Drummond mine.
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are present in the middle part of the Drummond Mine
Member (Dover, 1981). Geochemical analyses of unminer-
alized samples (table 2) indicate that, in many places, the
member is significantly enriched in barium and zinc, partic-
ularly in its lower and upper parts. Analyses of mineralized
samples (K.W. Kunkel, Idaho State University, written
commun., 1990) (table 3) indicate that, in general, gold and
silver and their companion elements bismuth, antimony,
and selenium are more abundant near the base of the Drum-
mond Mine Limestone Member. Silver-base metal deposits
in the unit are, however, stratabound at several horizons
(fig. 3). Although micritic limestone beds are favored hosts,
no particular micrite horizon is especially favorable. In
detail, deposits are localized or enriched where bedding-
plane and crosscutting steep faults intersect, and deposits
may extend along faults of either orientation. Many depos-
its contain coarse-grained sulfide and calc-silicate minerals
in contact with virtually unrecrystallized strata, characteris-
tic of zinc-lead skarns that are distant from known or sus-
pected intrusions (Einaudi and others, 1981).

The Lower Mississippian Drummond Mine Limestone
Member of the Copper Basin Formation is overlain grada-
tionally by an upper clastic unit more than 1,400 m thick
consisting of gritty sandstone, granule conglomerate, and
argillite (fig. 3). According to Nilsen (1977), the upper clas-
tic unit includes the Scorpion Mountain Formation and the
lower part of the Muldoon Canyon Formation of Paull and
others (1972). In the vicinity of the Star Hope mine, the basal
part of this unit, which hosts the deposits, consists of carbon-
aceous argillite and quartzite and thin calcareous interbeds.
The strata are strongly folded, brecciated, and silicified and
are intruded by swarms of aplite and quartz porphyry dikes
that trend northeast.

At the Black Spar properties, brecciated and sheared
light-gray andesite flows of the Challis Volcanic Group host
weakly mineralized silver-base metal veins. Because the
underground workings have been mostly inaccessible for
decades, it was not possible during this study to reexamine
the character of the host rocks at the main mineralized zones.

HOST STRUCTURES

Mineral deposits in the Muldoon-Star Hope area are
localized by superimposed structures of Cretaceous and Ter-
tiary age. The older structures include asymmetric folds and
thrust faults that presumably formed during episodes of east-
directed compression of the Cretaceous Sevier orogeny
(Dover, 1981). Strata in the hanging wall of the Pioneer fault
(the Milligen(?) Formation) and the underlying Copper
Basin plate form a broad anticline trends north-northwest.
Regionally, broad and gentle folds are typical of the Copper
Basin thrust plate. Widespread small-scale flexures that have
the same vergence and bedding-parallel faults, which are
themselves folded, are probably also Cretaceous in age. The
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Figure 3. Schematic stratigraphy of the Copper Basin Formation
in the Muldoon-Star Hope area, south-central Idaho. Asterisk (*)
indicates approximate stratigraphic level of named mine or pros-
pect; xBa indicates approximate level of barite mine or prospect.
Locations of mines and prospects are shown in figure 2.

overlying Glide Mountain plate of the Copper Basin Forma-
tion is characterized by pervasive folding on small and inter-
mediate scales (Dover, 1981). These folds also generally
trend north-northwest, are asymmetrical or overturned to the
east, and are probably related to the thrusting. In many places
the base of the Glide Mountain plate is a broad zone of
intense shearing, tight folding, and silicification, and it
locally contains slices and rolled blocks of structurally
underlying rocks. At the Blue Sky prospect southwest of
Muldoon Canyon (fig. 2), the Glide Mountain fault zone
incorporates strongly deformed blocks of Drummond Mine
Limestone Member. Fractured fold hinges, bedding-parallel
faults, and thrust zones of Cretaceous age provided extensive
“prepared ground” for subsequent mineral deposition.

Younger, steep faults cut the folded and thrusted Pale-
ozoic sequences in many places; locally, they also displace
rocks of the Challis Volcanic Group. Most are of small to
intermediate oblique-slip displacement. The steep faults
tend to follow one of three orientations, about N. 20° W.,
N. 50° E., or N. 80° E., which also are the dominant trends
of Eocene dikes that cut the Paleozoic rocks. The faults and
dikes likely formed during Eocene regional extension and
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magmatism. North-northwest-trending faults such as the
Copper Creek fault generally have been attributed to Neo-
gene Basin and Range extension, but their approximate par-
allelism with trends of some Eocene dikes may indicate an
earlier ancestry. In addition, the trace of the Copper Creek
fault is cut at almost right angles by dikes of probable
Eocene age (Nelson and Ross, 1969). Anderson and Wag-
ner (1946) first noted that many silver-base metal deposits
in the Little Wood River district are near intersections of
steep faults and bedding-plane reverse faults; recent work
in Garfield Canyon (Kunkel, 1989) indicates that highest
grade replacement ore at the Eagle Bird mine and nearby
deposits (fig. 2) is invariably at intersections of bedding-
plane and east-northeast-trending steep faults. Lower grade
deposits may extend considerable distances along steep
fault surfaces away from the richer, but discontinuous
replacement deposits.

MINERAL DEPOSITS
DEPOSIT TYPES

Mineral deposits in the Muldoon-Star Hope area are
diverse but can be characterized generally as (1) polymetal-
lic replacements or distal skarns (chiefly in carbonate
rocks). (2) base- and precious-metal veins and replacements
(which can be further subdivided, based on whether the
host rock lithology is volcanic, intrusive, or calcareous,
arenaceous, or pelitic sedimentary), and (3) bedded replace-
ments and veins of barite. All gradations between these ide-
alized types are present locally. For example, the largest
replacement bodies are along structural or lithologic path-
ways tens to hundreds of meters from intrusive rocks, but
in their calc-silicate mineralogy and coarse-grained texture
many of the replacement bodies are similar to distal skarns.
In addition, in many places where polymetallic replace-
ments have been sheared, base- and precious-metal veins
extend into the crosscutting shears.

POLYMETALLIC REPLACEMENT DEPOSITS
OR DISTAL SKARNS

Description.-——The largest and highest grade deposits in
the Muldoon-Star Hope area are polymetallic replacements
or skamns. These deposits form tabular elongate lenses or
ovoid, pipelike bodies that follow bedding-parallel faults in
host rocks. Hosts generally are chemically reactive calcare-
ous rocks, although the largest orebodies at the Solid Mul-
doon mine replaced sandstone in the footwall and
porphyritic rhyolite in the hanging wall. In detail, the depos-
its are very irregular and discontinuous. At the Eagle Bird
mine, replacement by sulfide minerals apparently is more
complete where dips of controlling beds and structures are
flexed and thus less steep (Anderson and Wagner, 1946). At

other deposits, bedding-parallel replacement deposits dip as
steeply as 70°. The primary ore is present as massive or par-
tial replacement of country rock, closely spaced veinlets,
breccia fillings, or disseminations of sulfide minerals; all pri-
mary ore has been oxidized. The deposits have produced (in
order of value) silver, lead, zinc, copper, and gold. As much
as 4 percent Sb is present in some ore, but no production of
antimony has been recorded.

Type example—Eagle Bird mine, Little Wood River
district

Other examples.—Little Wood River district: Drum-
mond mine, Gray Eagle prospect, Hecla-Carrier, Idaho Mul-
doon mine, and Solid Muldoon (in part). Copper Basin
district: Blue Sky prospect and Mackinaw Group

Mineralogy and texture.—Sulfide minerals include
galena, sphalerite, pyrite, chalcopyrite, arsenopyrite, marca-
site, and complex antimonides. Pyrrhotite may be present in
a few deposits. Preliminary electron microprobe data indi-
cate that silver apparently resides principally in galena,
although minor tetrahedrite and other discrete silver-bearing
minerals may be present locally. Oxidized minerals include
cerussite, anglesite, scorodite, malachite, and iron oxides.
Gangue minerals include calcite, quartz, diopside, grossular-
ite, epidote, idocrase, augite, sericitized feldspar, and fluo-
rite. In many of the deposits, the sulfide, silicate, and
carbonate minerals form very coarse grained euhedral or
subhedral mosaics in favorable calcareous beds, whereas
adjacent, more argillaceous beds are only slightly silicified
and virtually unrecrystallized. In other deposits, the texture
is granular, few ore minerals are euhedral, and the wallrocks
are bleached and sericitized. Such is the case at the Solid
Muldoon, where porphyritic rhyolite wallrocks are silicified
and sericitized. In deposits near the margin of the Garfield
stock, early formed sulfide minerals such as galena are thor-
oughly brecciated, whereas later sulfide phases are not.

Characteristics.—Only very limited modern analytical
information is available for mineral deposits of the Mul-
doon-Star Hope area. In general, pyrite and arsenopyrite are
paragenetically older and are followed, in sequence, by
sphalerite, galena, and chalcopyrite. Preliminary isotopic
analyses of galena from replacement and vein deposits indi-
cate a nonsedimentary source for the lead (Sanford, Wooden,
and others, 1989; Sanford and Wooden, this volume). As dis-
cussed previously in the section on host rocks, the most
likely source of lead is the Eocene plutonic rocks that were
intruded into the sedimentary rocks. At most replacement
deposits, alteration is not extensive in calcareous host rocks,
although the rocks may be bleached and silicified. Where
host rocks include siliceous igneous rocks, such as at the
Solid Muldoon and Star Hope mines, quartz and sericite
alteration is widespread. Although no geothermometric or
geochronologic measurements have been made on minerals
from the replacement deposits, the relative age of mineral-
ization can be constrained by observations at two deposits.
At the Blue Sky prospect, blocks of Lower Mississippian
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Table 3. Minor-element composition of mineralized samples from selected mines and prospects in the Muldoon-Star Hope area,
southern Pioneer Mountains, Idaho.

[All samples are composite surface samples from "best" material exposed in workings or on dumps. In parts per million unless otherwise indicated.
Analyses by U.S. Geological Survey, Lakewood, Colo. (P) indicates element by partial inductively coupled plasma-atomic emission spectrometry;
all other elements except Au by optical spectroscopy (analysts: D.L. Fey, J. M. Motooka, and P.H. Briggs); Au by flame atomic absorption (analysts:
B. Roushey, R.M. O'Leary, and R'H. Hill). N indicates analysis wasperformed, but element wasnot detected (lower limit of detection in
parentheses). < indicates element was detected, but amount is less than lower limit of detection. Elements analyzed for but below limit of detection
(given in parentheses, in parts per million) in all samples: Eu (4), Ho (8), Sn (20), Ta (80), U (200), Yb (2)]

Sample no. Wkl1 Wk20 Wk21A Wk22A Wk34B Wk40B Wk40C
Mn 125 78 176 28 14 2,000 582
Ag 62 291 <4 759 61 329 816
As 25,000 12,100 230 35,600 340,000 1,000 300
Ba 18 471 56 924 27 277 787
Be <2 <2 <2 <2 <2 <2 <2
Bi <20 30 <20 150 <20 20 20
Cd 85 9 <4 4 16 381 926
Ce <8 <8 <8 22 <8 17 23
Co 48 9 <2 25 <2 13 17
Cr 18 27 19 56 9 61 50
Cu 994 2,290 19 2,170 638 354 798
Ga <8 <8 <8 <8 <8 <8 9
La <4 <4 <4 14 <4 12 13
Li 5 <4 7 6 14 4
Mo <4 5 <4 47 <4 <4 <4
Nb <8 <8 <8 <8 <8 <8 9
Nd <8 <8 <8 11 <8 12 12
Ni 12 4 4 49 6 13 18
Pb 20,000 83,500 360 135,000 5,950 92,400 137,000
Sc <4 <4 <4 <4 <4 4 <4
Sn <20 <20 <20 40 20 <20 <20
Sr 10 23 20 59 4 225 131
v 49 55 42 82 18 74 82
Y <4 <4 <4 <4 <4 9 11
Zn 10,800 988 42 1,010 771 55,800 125,000
Ag (P) N(1.5) 200 29 540 N(1.5) 240 540
As (P) >24,000 68 190 30,000 >24,000 290 N(6.6)
Bi (P) N(20) N(6.6) N(0.60) 81 N(20) N(6.6) N(6.6)
Cd (P) 56 6.4 0.24 1.2 N(1.0) 370 926
Cu (P) 300 1,800 19 1,600 N(1.0) 230 200
Mo (P) N(3.0) N(0.99) 1.0 52 N(3.0) N(0.99) N(0.99)
Pb (P) 30,000 13,000 820 18,000 8,600 14,000 18,000
Sb (P) N(20) 160 3.6 320 290 160 410
Zn (P) 9700 N(0.33) 34 790 530 1700 70
Au 0.40 0.50 N(0.05) 0.10 0.15 <0.05 0.05
Pt <10 <2 1.7 <5 <50 <5 <5
Pd <20 7.0 <0.8 16 <80 <8 <8
Rh <10 3.0 <0.5 5.0 10.0 <5 <5
Ru <10 <6 <2 <20 170 <20 <3
Ir <10 <2 <0.5 10 <50 <5 <5
Wk11A Idaho Muldoon mine, open cut that extends south from adits. Coarse-grained galena- and arsenopyrite-bearing skarn that has thick
scorodite coatings; host rock is calcareous turbidite.
Wk20 Lucky Boy mine, west side of Argosy Creek: vuggy, sulfide-bearing quartz-carbonate veins; host rock is fractured calcareous and
arenaceous turbidite cut by pyritized rhyolite porphyry dikes.
Wk21A Surface pits, east side of Argosy Creek, opposite Lucky Boy mine. Weakly iron stained quartz veins in calcareous sandstone that
contains widely disseminated galena.
Wk22A Boundary Gulch, highest adit.Granular and vuggy iron- and copper-stained quartz gangue containing abudant galena and arsenopyrite;
host rocks are highly cleaved carbonaceous argillite and calcareous siltstone cut by dacite dikes.
Wk34B Eagle Bird mine. Coarse-grained to granular, vuggy to massive, sulfide-rich material including galena and arsenopyrite, heavily coated
with scorodite; host rock is calcareous turbidite containing patchy silicification.
Wk40B Grey Eagle claims, upper workings. Multiple horizons of coarse-grained to granular galena- and sphalerite-rich skarn; host rock is thin-
bedded, locally silicified calcareous turbidite that is cut by porphyritic rhyolite dikes.
Wk40C Grey Eagle claims, lower adit. Coarse-grained, massive galena- and sphalerite-rich material; host rock is calcareous turbidite intruded by

microdiorite dike.
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Table 3. Minor-element composition of mineralized samples from selected mines and prospects in the Muldoon-Star Hope area,
southern Pioneer Mountains, Idaho—Continued.

Sample no. Wk45A Wk47A Wk50A Wk53A RWg8-49 RWg8-53 RW88-59

Mn 169 21,100 6,270 249 170 170 200

Ag <4 71 <4 9 <4 170 <4

As 110 20 70 30 60 2300 100

Ba 1,010 222 571 520 2,000 400 2,100

Be <2 12 <2 <2 <2 <2 <2

Cd <4 162 <4 <4 <4 12 <4

Ce 33 16 20 <8 21 21 26

Co 19 11 10 26 8 2 9

Cr 76 30 65 22 120 70 78

Cu 100 35 1,180 1,570 41 460 35

Ga 9 37 23 <8 <8 12 12

La 29 14 18 6 15 13 17

Li 17 45 6 9 14 15 12

Mo <4 <4 5 <4 53 33 <4

Nb 8 <8 <8 <8 <8 <8 <8

Nd 26 12 12 <8 15 13 17

Ni 78 22 17 42 130 12 34

Pb 230 17,000 64 1,860 100 32,000 110

Sc 7 <4 7 <4 7 5 8

Sn <20 300 250 <20 <20 70 <20

Sr 95 127 243 63 71 41 140

Th <8 <8 <8 <8 <8 9 8

v 166 65 117 83 580 140 200

Y 18 10 16 <4 13 <4 14

Zn 140 20,100 238 156 550 1,000 130

Ag (P) 0.87 45 1.5 33

As (P) 93 380 54 1,000

Bi (P) IN(0.60) 120 1.1 N(20)

Cd (P) 1.0 150 0.95 N(1.0)

Cu (P) 83 N(1.0) 980 1,200

Mo (P) 2.1 9.1 0.31 39

Pb (P) 400 25,000 110 2,900

Sb (P) 1.6 N(20) 1.2 N(20)

Zn (P) 140 17,000 160 43

Au N(0.05) N(0.05) N(0.05) N(0.05) N(0.05) 0.15 N(0.05)

Pt <2 <1 0.8 <5

Pd <3 <2 1.7 <8

Rh <2 <1 <0.5 <5

Ru <6 <3 <2 <20

Wk45A Main (north) adit, Candy Cane claim group. Weakly iron stained dense argillite , no visible sulfide minerals; adit follows microdiorite
dike that cuts contact between argillite and overlying calcareous strata of Green Lake Limestone Member of Copper Basin Formation.

Wk4TA Adit at end of jeep road on east side of Star Hope Creek, opposite Bent Pine Tree claim. "Sooty" granular galena- and sphalerite-bearing
material; adit follows contact between porphyritic rhyodacite dike and dark, silicified calcareous turbidite; disseminated chalcopyrite and
weak copper staining at contact.

Wk50A Blue Sky prospect. Coarse-grained, sulfide-bearing calc-silicate skarn showing conspicuous copper staining; host rock is strongly folded
and partly silicified tectonic lenses of calcareous turbidite cut by porphyritic rhyolite dikes.

Wk53A High (south) adit, Candy Cane claim group. Granular pyrite, chalcopyrite, arsenopyrite, and galena in quartz gangue; ore minerals are
present as small lenses and fracture coatings along steep shears in silicified lithic sandstone immediately above contact with
carbonaceous siltite and argillite.

RW88-49 Solid Muldoon mine. Chip sample from second dump from bottom, which is composed mainly of dark carbonaceous argillite and very
minor amounts of vein quartz and sulfide minerals.

RW88-53 Solid Muldoon mine. Chip sample from uppermost large dump, which is light colored and composed of silicified and bleached rock and
abundant vein quartz. Altered rock contains disseminated pyrite, and vein quartz contains minor amounts of galena.

RW88-58 Mutual mine. Composite chip sample from lower large dump, which contains a mixture of carbonaceous argillite and altered felsic dike

rocks.
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Drummond Mine Limestone Member as large as 50 m have
been incorporated in the Sevier-age Glide Mountain thrust
zone. The blocks are strongly deformed but have been partly
silicified and partly replaced by coarse-grained mosaics of
sulfide and silicate minerals, indicating that mineralization
postdates Cretaceous emplacement of the thrust. At the Solid
Muldoon mine, leucocratic dike rocks are strongly altered
and weakly mineralized, whereas intermediate dike rocks are
virtually unaltered. Although neither set of dikes has been
dated isotopically, each is almost certainly Eocene, roughly
the same age as the Muldoon stock (47 Ma, K-Ar on biotite;
R.E. Zartman, in Dover, 1981). Hence, the orebodies likely
are also of Eocene age.

Orebodies—The sulfide replacement bodies generally
are short, small, and irregular and form thin tabular seams
and stringers of ore-grade material. Typical dimensions are
on the order of 10-20 cm thick and a few meters long, but
several bodies might be located in close proximity either ver-
tically or laterally where structural and lithologic conditions
are favorable. The main orebody at the Eagle Bird mine,
which has not been explored completely, is exceptionally
large. It consists of several bands and stringers that are, in
aggregate, more than 3 m thick, and it extends more than 30
m downdip (Anderson and Wagner, 1946). The outcrop-
ping orebody at the Solid Muldoon mine is reported to have
been 3.5-6 m thick (E.H. Finch, in Umpleby, 1917). Tt was
developed through seven levels totaling more than 610 m of
drifts and 275 m of crosscuts that have been inaccessible
since early this century (Tuchek and Ridenour, 1981). One
stope on the No. 4 level was more than 3 m wide, 15 m long,
and 60 m high (Anderson and Wagner, 1946), a shape that
may indicate that mineralization was controlled by a steep
fault. The orebody (or a series of overlapping bodies) may
have extended through the entire vertical distance of work-
ings, 300 m; however, the tenor decreased in lower levels.
The Idaho Muldoon mine has two separate replacement
deposits, one 0.3-1 m thick and at least 30 m long (Anderson
and Wagner, 1946), and a second averaging 0.3 m thick and
about 46 m long (Tuchek and Ridenour, 1981). The total ton-
nage of individual replacement bodies is not large; each of
the two orebodies on the Idaho Muldoon property totals
approximately 1,000 tons. The Eagle Bird mine deposit is
estimated to contain about 33,000 tons (4,436 tons produced
to date and 28,500 tons in inferred reserves; Tuchek and
Ridenour, 1981), exceptionally large by district standards
but small by world standards (Mosier and others, 1986).

The proportion of contained metals varies widely from
deposit to deposit. Typical grades are 612 ounces of silver
per ton, 5-10 percent Pb, 3—7 percent Zn, 0.1-1 percent Cu,
and a trace to 0.3 ounces of gold per ton. Several orebodies
contain as much as 5 percent As, and the Eagle Bird mine
contains as much as 4 percent Sb. Production grades from the
Eagle Bird mine were 8.8 ounces of silver per ton, 0.2 per-
cent Cu, 7.6 percent Pb, 3.5 percent Zn, and 0.005 ounces of
gold per ton (Tuchek and Ridenour, 1981). Production of ore

containing more than 40 ounces of silver per ton and 40 per-
cent Pb from the Solid Muldoon and Mutual mines, and more
than 28 percent Cu from the Drummond mine, was excep-
tional and could not be matched today without hand sorting.

Geochemical signature—The Muldoon-Star Hope
area is within the boundary of a geochemical survey con-
ducted for the Boulder-Pioneer Wilderness Study Area (fig.
1) (Simons, 1981). Many samples of sediments from streams
draining the area contained anomalous amounts of Ag, As,
Ba, Cu, Pb, Sb, and Zn. Most unmineralized rock samples
contained anomalous amounts of barium, many contained
anomalous amounts of boron and zinc, and a few contained
anomalous amounts of gold, cobalt, copper, and manganese.
Each of these elements may be present in a geochemical sig-
nature that commonly is associated with polymetallic
replacements or skarns.

Chemical analyses of selected sulfide-bearing samples
collected during this study from deposits in the Mul-
doon-Star Hope area (particularly those that are hosted in
the Drummond Mine Limestone Member) indicate the fol-
lowing range in metal enrichments: almost all samples con-
tain anomalous amounts of lead (360-137,000 ppm) and
zinc (238-125.000 ppm). The majority of samples contain
silver (61-816 ppm), copper (354-2,290 ppm), arsenic
(300-250,000 ppm), and detectable gold (trace-0.50 ppm).
Several samples are enriched in antimony (160-410 ppm)
and tin (20-300 ppm); these samples are from deposits that
are hosted by, or adjacent to, argillaceous rocks. Barium
(727-1,010 ppm) and manganese (2,000-21,100 ppm) each
are slightly enriched in three separate samples, and cad-
mium is enriched in three samples from deposits that are
cut by dikes. Bismuth (150-170 ppm) is enriched in two
samples, only one of which contains detectable gold.
Molybdenum is enriched (47 ppm) in a selected sample
from the highest dump in Boundary Gulch; this sample has
the broadest spectrum of elevated metal values in the ana-
lyzed suite and consists of sulfide minerals in argillaceous
rock. Two samples from the upper and lower adits of the
Star Hope mine also are enriched in molybdenum (100 and
20 ppm, respectively; Bullock and others, 1990) and were
collected from veins cutting arenite.

The chemistry of three composite dump samples
reflects the main component of dump material in each of the
sampled dumps. Two samples, RGW88-49 and RGW88-58
(table 3), from dumps containing mostly argillite, have metal
contents similar to those of unmineralized samples except
for higher Zn and slightly higher As, Li, Mo, Ni, Pb, and V.
A composite sample from an upper dump at the Solid Mul-
doon mine that consisted mainly of mineralized and altered
rock was significantly enriched in Ag, As, Cd, Cu, Mo, Pb,
Th, and Zn and slightly depleted in Ba and Y, as compared
to unmineralized samples.

Geophysical signature—No specific geophysical sig-
natures of polymetallic replacement deposits are known from
the Muldoon-Star Hope area, but it is probable that local
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detailed electrical surveys would detect individual orebodies,
which are known to contain conductive sulfide minerals.
Genesis and ore controls.—The locations of polymetal-
lic replacement deposits and skarns are governed by chemi-
cally reactive host rocks (principally the Drummond Mine
Limestone Member) that are cut by concordant and
discordant faults and fractures. The intersections of bedding-
parallel northwest-trending faults and steep northeast-trend-
ing faults and fractures created open spaces that became sites
of later mineral deposition. It is possible that carbonaceous
pelitic rocks stratigraphically beneath mineralized horizons
provided a source for some of the metals, although available
information is equivocal. Stocks and dikes, which are
exposed near the deposits, probably provided heat and fluids
for metasomatism, although specific isotopic information
that would fingerprint their influence is lacking. Locally, sil-
ification and sericitization of intrusive and host rocks indi-
cates hydrothermal activity. In addition, many of the
polymetallic replacements are coarse-grained mosaics of
sulfide, silicate, and carbonate minerals, a characteristic fea-
ture of distal skarns. This skarnlike texture and mineralogy
is one line of evidence that plutons may be present at shallow
depth beneath the workings of most polymetallic deposits.
Exploration guides—Numerous polymetallic deposits
are known in the Drummond Mine Limestone Member, par-
ticularly in its southern outcrops in the Muldoon—-Star Hope
district and in its northern outcrops in the Alta district
approximately 30 km to the northwest. Because fault inter-
sections principally localized these deposits, most orebodies
are likely to be small, although they may be of high grade.
Lower grade polymetallic veins and replacement deposits
may extend along high-angle faults away from higher grade
deposits for considerable distances, but the likelihood for
large-tonnage deposits is low. In specific places where cal-
careous strata are particularly susceptible to replacement,
high-grade orebodies may extend as tabular lenses for 100 m
or more along bedding. At the Phi Kappa mine in the Alta
district, the main replacement orebody in the Drummond
Mine Limestone Member extends almost continuously for
more than 1,200 m along strike and is believed to extend at
least 300 m downdip (Tuchek and Ridenour, 1981). A con-
cealed orebody of these dimensions in the Muldoon-Star
Hope area should be detectable at considerable depth by
careful surface electrical surveys. Smaller bodies will be dif-
ficult to detect. The proximity of the Phi Kappa mine to the
Summit Creek quartz monzonite stock suggests an important
magmatic influence on deposit formation. Similarly, the
proximity of the Eagle Bird and Solid Muldoon mines to the
Garfield and Muldoon stocks is regarded as more than fortu-
itous, as are the locations of the Star Hope, Mackinaw, and
Drummond mines near concentrations of dikes. Thus, addi-
tional exploration in the central area of Drummond Mine
Limestone Member outcrops between the Star Hope and Phi
Kappa mines may not be fruitful, even in areas of northeast-
trending high-angle faults, inasmuch as there are no known

dike swarms or extensive areas of silicification or bleaching
that might indicate leucocratic plutons at shallow depths.

POLYMETALLIC VEINS IN
SEDIMENTARY ROCKS

Description.—Polymetallic veins are present in dark,
argillaceous rocks of the Milligen(?) Formation and the Lit-
tle Copper Member of the Copper Basin Formation, in cal-
careous rocks of the Carey Dolostone and the Drummond
Mine Limestone and Green Lake Limestone Members of
the Copper Basin Formation, and in arenaceous rocks of the
upper clastic units of the Copper Basin Formation (fig. 2).
The deposits include small discontinuous lenses, stringers,
and pods along steep east-northeast- and north-northwest-
trending faults, fractures, and brecciated zones. In places,
the veins follow narrow contact metamorphic aureoles
close to felsic intrusive bodies. Weathering of the veins
forms conspicuous gossans in many places. Where host
rocks are calcareous, the veins generally are associated
with polymetallic replacements and in places extend along
high-angle faults and fractures that cut bedding-parallel
replacements. This type of vein is a hybrid and generally
incorporates less gangue and therefore is chemically more
enriched than veins in noncalcareous rocks. Where host
rocks are noncalcareous, the veins generally are quartz rich
but also may contain calc-silicate minerals or barite. High
metal values in veins of this type are generally very spotty.
The silver-rich veins at the Star Hope mine were a notable
exception. Polymetallic veins have produced (in order of
value) silver, lead, zinc, copper, and gold.

Type example.—Polymetallic veins in carbonate rocks:
Rippeto claim, Little Wood River district

Other examples.—Little Wood River district: Ameri-
can mine prospect, Garfield group, Lucky Boy (east), Silver
Eagle, Silver Mint, and Smuggler

Type example.—Polymetallic veins in sandstone: Star
Hope, Copper Basin district

Other examples.—Little Wood River district: Cham-
pion prospect, Logan tunnel, Lucky Boy (west), and Solid
Muldoon (part?). Copper Basin district: Candy Cane (south)

Type example.—Polymetallic veins in argillite: Mutual
mine, Little Wood River district

Other examples—Little Wood River district: Copper
Bell group, Frisco Gulch prospects, and Scorpion Antimony

Mineralogy and texture—Sulfide minerals include
galena, chalcopyrite, sphalerite, pyrite, and arsenopyrite. Sil-
ver values are higher in ore that is rich in galena, although
discrete silver minerals including tetrahedrite were identified
at the Solid Muldoon and Star Hope mines. Oxidized miner-
als include anglesite, cerussite, malachite, smithsonite, and
iron oxides. Quartz is the predominant gangue mineral in
most veins, but clay minerals, calcite, and calc-silicate min-
erals are present in a few veins.
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Characteristics.—No modern laboratory data are avail-
able for polymetallic veins of the Muldoon-Star Hope area.
The veins share many characteristics with the polymetallic
replacements or skarns, however, and probably are coeval
and cogenetic.

Orebodies—Most veins are thin and discontinuous.
Typical thicknesses are 0.3—1.0 m, although thinner veins are
not uncommon. A mineralized vein 3 m thick in Mutual
Gulch (Tuchek and Ridenour, 1981) is exceptionally thick.
Typical lengths of veins are 10-30 m; however, the main vein
at the Rippeto claim can be followed for 150 m, the main zone
at the Silver Eagle claim for 120 m, and a mineralized shear
at the Champion property for 140 m (Tuchek and Ridenour,
1981). The inferred tonnages of individual vein deposits are
small. Resources on the Rippeto claim, which are exception-
ally large for the Muldoon—Star Hope area, were inferred by
Tuchek and Ridenour (1981) to be approximately 35,000
tons grading 4.4 ounces of silver per ton, 4.91 percent Pb, 0.9
percent Zn, and a trace of gold. Resources on the Silver Eagle
claim are inferred to be 15,000 tons grading 3.3 ounces of sil-
ver per ton, 2.83 percent Pb, 2.53 percent Zn, and traces of
gold. Other known polymetallic veins have comparable
grades but significantly less tonnage; however, the aggregate
tonnage in the Scorpion group of claims on the south side of
Garfield Canyon (about 15,000 tons) and in the host of claims
in Mutual Gulch (about 18,000 tons) each may constitute a
minable resource collectively.

Geochemical and geophysical signatures.—In the sur-
rounding region, a geochemical signature commonly associ-
ated with polymetallic veins, regardless of host rock, is Zn,
Cu, Pb, As, Au, Ag, Mn, Ba, Sb, and Bi (Worl and others,
1989). Many rock and stream-sediment samples from the
Muldoon—Star Hope area contain anomalous amounts of one
or more of these elements (Simons, 1981). The vein deposits
have no direct geophysical expression in the regional mag-
netic and gravity data available for the Muldoon—Star Hope
area. Major steep faults and shallow stocks that may influ-
ence localization of some veins are delineated, however, by
prominent anomalies and steep gradient zones.

Genesis and ore controls.—East-northeast- and north-
northwest-trending steep faults apparently exert the stron-
gest control on the locations of polymetallic veins by provid-
ing permeable zones through reactive rocks. Fault offsets of
4 m or less were sufficient to create channelways (Kunkel,
1989). At the Star Hope property, some shallowly dipping
veins may follow fractures parallel with the Glide Mountain
thrust fault. Silicification and sericitization generally are
more intense within the fault zones but in a few places extend
laterally a few meters into susceptible country rocks. The
most laterally continuous veins in the Muldoon-Star Hope
area, those at the Rippeto, Silver Eagle, Champion, and Star
Hope properties, are near contacts with quartz monzonite
stocks or leucocratic dike swarms believed to emanate from
subjacent plutons. The igneous rocks probably provided heat
and fluids for metasomatism, although their role has not been
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substantiated by isotopic or fluid-inclusion analyses. A sub-
tle zoning of sulfide minerals, present in both replacement
and vein deposits, probably indicates a hydrothermal influ-
ence on ore deposition. Arsenopyrite, pyrite, pyrrhotite, and
chalcopyrite are more abundant closer to the Garfield and
Muldoon stocks and to the inferred buried stock beneath the
Star Hope mine, whereas those sulfide minerals that form at
cooler temperatures (galena and sphalerite) are more abun-
dant farther from the igneous rocks.

Exploration guides.—In the Muldoon—Star Hope area,
the coincidence of the triad (1) calcareous, or mixed calcar-
eous and siliceous sedimentary host rocks, (2) east-north-
east- or north-northwest-trending steep faults, and (3)
Tertiary leucocratic igneous rocks indicates prospective
ground. Fault control is fundamental for the vein deposits.
The veins typically are small and may show only inconspic-
uous gossans. They are unlikely to have pronounced geo-
physical expression, although very detailed electrical
surveys might detect sulfide-bearing veins hosted in steep
fault zones.

POLYMETALLIC VEINS IN
IGNEOUS ROCKS

Description—Polymetallic veins are present near the
margin of the Muldoon stock at the Contact prospect along
the west side of upper Muldoon Creek and also may be
present along the west margin of the Garfield stock in
Garfield Canyon. Precious- and base-metal veins also are
present in rocks of the Challis Volcanic Group at the Black
Spar mine west of Copper Creek (fig. 2). Almost no informa-
tion has been published on these occurrences. At the Contact
prospect, a vein occupies a shear zone at the contact of the
quartz monzonite stock and interbedded calcareous and
argillaceous rocks of the Drummond Mine Limestone Mem-
ber, and sulfide minerals also are in irregular pods along
joints in the stock. At the Black Spar mine near the conflu-
ence of Blackspar Canyon and Copper Creek, extensive
workings explore shear zones in rocks of the Challis Volca-
nic Group. To the west in the Little Wood River area (San-
ford, 1988; Sanford, Whitney, and others, 1989), to the south
in the Lake Hills (Moye and others, 1988), and to the east in
the Grouse quadrangle (Skipp, 1989), andesite, dacite, and
rhyodacite tlows, breccias, and tuffs constitute the southern
field of the Challis Volcanic Group. In the Copper Creek
area, rocks of the Challis Volcanic Group consist almost
entirely of thick interlayered andesitic tuff-breccias and
flows that form the basal Challis unit. About 1.6 km west of
the Black Spar mine, these andesitic rocks are overlain by
dacitic flows and minor welded ash-flow tuff. The basal
andesitic rocks are cut by leucocratic dikes of two orienta-
tions: one set trends roughly north-south, and the second
trends roughly east-west. The Black Spar underground
workings, which are inaccessible, apparently follow
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silicified shear zones parallel with these trends. West of the
Muldoon townsite in the southwestern part of the area, a con-
spicuous swarm of north-trending sanidine-bearing rhyolite
dikes cuts the andesitic rocks (fig. 2); no workings are known
to be associated with these dikes.

Mineralogy and texture.—In veins hosted by intrusive
rocks, pyrite is the predominant sulfide mineral, but galena,
sphalerite, and chalcopyrite also are present. Gossans are
weakly developed, and sparse malachite is present. In vol-
canic-hosted veins, pyrite, galena, sphalerite, and chalcopy-
rite are present, together with quartz and siderite gangue.
Bleaching, silicification, and pyritization extend 2-3 m
from veins, and textures in volcanic host rocks are com-
pletely obliterated.

Characteristics—Neither laboratory nor analytical
information is available for either type of vein occurrence.
At the Contact prospect, the age of mineralization must be
Eocene or younger inasmuch as mineralized rock occupies
joints within the Muldoon stock, which has been dated at 47
Ma. Although mineralized veins at the Black Spar property
are in rocks of the Challis Volcanic Group, they trend north-
northwest and east-northeast, similar to faults, dikes, and
veins in the underlying Devonian and Mississippian sedi-
mentary rocks. Furthermore, leucocratic dike rocks are
slightly to strongly altered, whereas intermediate dike rocks
are virtually unaltered. Hence, the age of mineralization is
about the same as the age of the dikes, probably Eocene. This
age is consistent with ages inferred for volcanic-hosted
deposits elsewhere in the Challis volcanic field. According
to Moye and others (1989), the deposits are related spatially
and temporally to waning stages of volcanism at local cen-
ters late in the Eocene.

Orebodies.—At the Contact prospect, the pyritized
shear zone is 0.6-1.5 m thick and extends along strike at least
46 m (Tuchek and Ridenour, 1981). Pyrite pods along joints
in the Muldoon stock are not extensive but are as thick as 0.9
m. The extent of veins at the Black Spar property is
unknown, but the veins are likely to be very irregular and
thin, occupying fissures and brecciated zones within the
complexly fractured volcanic rocks.

Geochemical and geophysical signatures.—The Con-
tact and Black Spar properties are at the edges of the
regional geochemical and aeromagnetic surveys of the
Boulder-Pioneer Wilderness Study Area (Mabey, 1981;
Simons, 1981) and were not sampled adequately; however,
the geochemical sampling included one rock sample near
each property and one stream-sediment sample, which was
collected near the mouth of Blackspar Canyon. Only lead
and uranium showed slightly elevated values near the Con-
tact prospect, and only chromium was slightly enriched in
the stream-sediment sample from Blackspar Canyon. Addi-
tional rock samples collected in 1987 near the Black Spar
property show slightly elevated values of barium, chro-
mium, and manganese but only background values of other
elements commonly associated with polymetallic veins

(Bullock and others, 1990). A geochemical signature of
polymetallic veins normally includes several of the ele-
ments Zn, Cu, Pb, As, Au, Ag, Mn, Ba, Sb, and Bi.

Regional magnetic values in the Blackspar Canyon area
show a smooth eastward increase toward a positive anomaly
in the Garfield Canyon area that is inferred to indicate the
subsurface connection and extent of the Garfield and Mul-
doon stocks. The concealed part of the pluton apparently
does not extend westward beneath Blackspar Canyon. A
similar, smaller positive aeromagnetic anomaly, west of the
former townsite of Muldoon, approximately 6 km south of
Blackspar Canyon, also is inferred to indicate a concealed
stock (Mabey, 1981) but does not appear to extend north-
ward as far as Blackspar Canyon.

Genesis and ore controls.—Polymetallic veins in igne-
ous rocks almost certainly formed during accumulation of
the southern Challis volcanic field, probably during late rhy-
olitic activity. The genesis of the veins apparently is analo-
gous to that of veins in adjacent Paleozoic sedimentary
rocks, and structural controls—particularly intersections of
east-northeast- and north-northwest-trending faults and frac-
tures—provided pathways for metal-bearing fluids. The
extent of hydrothermal alteration in the Blackspar Canyon
area is unknown. It is possible that shallow intermediate to
siliceous intrusions are present in rocks of the Challis Volca-
nic Group of the Blackspar Canyon area, as they are in the
Lava Creek district 30 km to the east-southeast. In the latter
area, polymetallic vein deposits in rocks of the Challis Vol-
canic Group are hosted both by the intrusive rocks and the
volcanic country rocks and have elevated gold and silver val-
ues (Moye and others, 1989). The deposits in the Lava Creek
district formed during epithermal brecciation and silicifica-
tion and have been exposed by younger high-angle faulting.

Exploration guides.—Inasmuch as formation of poly-
metallic veins accompanied polymetallic replacement in
chemically receptive rocks, the search for undiscovered
veins in igneous rocks can best follow some of the same
guidelines. Most orebodies in igneous rocks are likely to be
at or near intersections of steep east-northeast- and north-
northwest-trending faults. The relative favorability of the
two trends is unknown. If detailed mapping of the Challis
Volcanic Group shows shallow, complex intrusive centers,
exploration should be expanded to include intrusion margins
as well as throughgoing steep faults. The coincidence of
magnetic anomalies, leucocratic dikes, and propylitic or
argillic alteration suggestive of hydrothermal circulation is
highly favorable.

STRATABOUND REPLACEMENT DEPOSITS
AND VEINS OF BARITE

Description.—Stratabound barite is present as
coarsely crystalline, light-colored, bedding-parallel lenses
and stringers in both the Little Copper and Drummond
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Mine Limestone Members of the Copper Basin Formation.
In many places, veins of barite cut across bedding to con-
nect separate bedding-parallel lenses. Barite is present in
several stratigraphic zones in a sequence approximately
1,000 m thick (fig. 3). Argillaceous rocks in the upper 200
m of the Little Copper Member host thin lenses and string-
ers of barite at many places between Garfield Canyon and
Deep Gulch. In the vicinity of the Muldoon Barium Com-
pany Deep Gulch mine, several thick replacement deposits
of barite are present in thin-bedded calcareous rocks at the
contact of the Little Copper and Drummond Mine Lime-
stone Members and in the lower 100 m of the Drummond
Mine Limestone Member to the east. Silver-base metal
veins are present in the same stratigraphic sequence as the
barite replacement deposits but have not been observed in
contact with them. Along Muldoon Ridge and to the east of
the Eagle Bird mine, thin bedding-parallel stringers and
lenses of barite are present in several stratigraphic horizons
in thin-bedded calcareous rocks of the Drummond Mine
Limestone Member. East of Muldoon Creek, thin and thick
barite replacement deposits are within mixed calcareous
and noncalcareous rocks in the uppermost 100 m of the
Drummond Mine Limestone Member. These deposits are at
approximately the same stratigraphic level as polymetallic
replacement deposits at the Idaho Muldoon mine and crop
out within 0.8 km, but no contact relations have been
observed. Thin stringers and lenses of barite are in thin-
bedded calcareous and noncalcareous rocks at the Lucky
Boy (east) prospects on the east side of Argosy Creek at
approximately the same stratigraphic level. Most barite out-
crops are weakly iron or copper stained, and analyses show
the presence of a few percent zinc, lead, or copper, and
traces of silver.

Tvpe example—Deep Gulch mine, Little Wood River
district

Other examples.—Little Wood River district: Lucky
Boy group (east) and Muldoon Creek prospects

Mineralogy, texture, and characteristics.—Most
replacement deposits and veins contain almost pure barite
and only minor carbonate or clastic impurities; however, the
deposits develop weak gossans that contain traces of sulfide
minerals including pyrite, galena, sphalerite, chalcopyrite,
and arsenopyrite. Oxidized minerals include limonite and
malachite. The barite is coarse grained, milky white, and
almost pure. Although beds adjacent to massive or weakly
laminated barite are not obviously recrystallized, chemical
analyses of them include significant barium. Measurements
of stable isotopes that might pinpoint crystallization condi-
tions of barite are not available.

Orebodies—Barite replacement deposits and veins
are irregular. They form tabular seams and stringers that
generally are parallel with bedding in enclosing calcareous
or argillaceous host rocks but may abruptly cut across bed-
ding or terminate. The barite bodies are from a few centi-
meters to 4.3 m in thickness, but most are less than 1 m

thick. Intervals in which closely spaced thin barite bodies
are present may be as thick as 50 m. One replacement at the
Deep Gulch mine may be 1.6 km long (Tuchek and Ride-
nour, 1981). The barite bodies generally are very pure,
from 65 to 95 percent BaSOy, but most assays are greater
than 90 percent (Tuchek and Ridenour, 1981). No estimates
have been published of the total resources of barite on the
Deep Gulch claims, but hundreds of thousands of tons of
ore are present, and significant resources also are present in
the claims east of Muldoon Creek.

Geochemical signature.—The geochemical survey of
the Boulder-Pioneer Wilderness Study Area (Simons, 1981)
included the Deep Gulch, Muldoon Creek, and Argosy
Creek areas in which barite replacements and veins crop out.
Samples of sediments from streams draining these areas con-
tained anomalous amounts of barium, as well as silver, lead,
and zinc, elements that are associated with polymetallic
replacement deposits and veins. Unmineralized rock sam-
ples also contained anomalous amounts of barium, and a few
contained anomalous amounts of arsenic, beryllium, and
manganese. More extensive sampling of unmineralized
rocks from throughout the Little Copper and Drummond
Mine Limestone Members indicates anomalous values of
barium at all stratigraphic levels and locally anomalous val-
ues of arsenic and zinc. These latter analyses indicate that the
average background level of barium for the Little Copper
Member is 2,750 ppm and for the Drummond Mine Lime-
stone Member 1,460 ppm (table 2).

Genesis and ore controls—The origin of the stra-
tabound barite deposits is uncertain. Although the texture of
the deposits and their local discordances with bedding indi-
cate replacement of country rock sometime after lithifica-
tion, it is possible that the deposits formed by
recrystallization of original syngenetic barite and local
remobilization into fractures. The intrinsic richness in bar-
ium of the Little Copper and the Drummond Mine Lime-
stone Members of the Copper Basin Formation implies a
formational control on barite distribution.

A recent review of stratiform barite in Paleozoic rocks
of the Western United States (Poole, 1988) demonstrates that
bedding-parallel barite deposits are common in rocks of
Cambrian through Pennsylvanian age in the Antler orogenic
belt in central Nevada. Barite deposits in Mississippian rocks
are among the most easterly barite occurrences in Nevada, a
tectonic setting similar to the Idaho occurrences. For the
Nevada occurrences, barite deposition is thought to have
occurred from the discharge of barium-bearing hydrothermal
solutions at the seafloor in marine-basinal or continental-rise
settings (Poole, 1988). The barite-rich chemical sediments
were subsequently resedimented by turbidity currents. By
analogy, deposits in the Muldoon—Star Hope area also may
have formed syngenetically; however, their white, coarse
crystallinity indicates that they were remobilized during
postdepositional deformation and heating, probably during
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the same Cretaceous and Tertiary events that affected the
nearby silver-base metal deposits.

Exploration guides—Although barite replacement
deposits and veins are present in a stratigraphic interval of
approximately 1,000 m, the thickest and most continuous
known bodies are confined to the uppermost Little Copper
and lowermost Drummond Mine Limestone Member in the
vicinity of Deep Gulch and to the uppermost Drummond
Mine Limestone Member between Muldoon and Argosy
Creeks. No stratigraphically confined debris flows, slump
features, or hydrothermal haloes that might indicate syndepo-
sitional fault systems or the location of exhalative vents have
been recognized in either area; however, available informa-
tion is only reconnaissance in scale. The recognition of such
features would be a powerful aid in exploring for stratabound
polymetallic deposits as well as barite deposits.

SUMMARY

Numerous mines in the Muldoon—Star Hope area of the
southern Pioneer Mountains of south-central Idaho produced
silver, lead, copper. zinc, gold, and barium from replacement
and vein deposits in Mississippian and Devonian carbonate
and clastic rocks; minor production also may have come
from vein deposits in igneous rocks that intrude the sedimen-
tary host rocks. The richest metal deposits were mined prin-
cipally in the 1880’s and 1890’s and again in the 1940’s and
1950’s. The richest barite bodies were mined only in the
1950’s. and 1960’s. Some orebodies were not mined com-
pletely, and some known deposits were not explored thor-
oughly during the episodic activity.

Most mineral deposits are in micritic and argillaceous
turbidites of the Mississippian Copper Basin Formation,
which are designated the Drummond Mine Limestone and
Little Copper Members, respectively. The dark, carbon-
aceous pelites of the lower member, the Little Copper, are
significantly enriched in barium and boron and slightly
enriched in cobalt. chromium, manganese, lead, and zinc.
These argillaceous rocks contain bedding-parallel stringers
and lenses of barite at several stratigraphic horizons and may
have served as sources for some metals in mineral deposits
in the overlying impure calcareous rocks of the Drummond
Mine Limestone Member. The Drummond Mine Limestone
Member hosts numerous high-grade sulfide replacement
bodies at several stratigraphic levels. These bodies generally
are lenticular and of small tonnage; however, they are
enriched where bedding-plane and crosscutting faults inter-
sect. This apparent stratigraphic control may indicate some
syngenetic metal deposition—an implication that lower
grade resources may be relatively widespread in the Copper
Basin Formation.

Quartz monzonite stocks and related dike swarms of
Eocene age intrude the Copper Basin Formation in many
places. Mineral deposits are numerous around the

peripheries of several stocks: a crude zoning of sulfide min-
erals and metal values in these deposits indicates that the
intrusions probably provided heat and fluids for metasoma-
tism in bordering rocks. Where chemically reactive calcare-
ous rocks are intruded, the presence of skarn deposits, as
well as replacements, merits evaluation.

Significant resources of base- and precious-metals may
remain in the Muldoon—Star Hope area. Although most indi-
vidual occurrences are likely to be small, they may be of high
grade and closely spaced. Favorable areas for additional
exploration are indicated by the association of some or all of
the following features: (1) calcareous or mixed calcareous
and siliceous sedimentary host rocks; (2) Tertiary leuco-
cratic igneous rocks; (3) carbonaceous pelitic source rocks
having elevated metal values; (4) ground structurally pre-
pared by steep east-northeast- or north-northwest-trending
faults, particularly where associated with bedding-plane
flexures or faults; and (5) widespread geochemical anoma-
lies of precious- and base-metals and associated elements.
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Structural and Stratigraphic Setting of the
Triumph Stratiform Zinc-Lead-Silver Deposit,
Devonian Milligen Formation, Central Idaho

By Robert J.W. Turner! and Bruce R. Otto?

ABSTRACT

The Triumph mine in central Idaho was an important
producer of lead, zinc, silver, and gold from 1927 to 1957.
The bulk of base-metal production was from stratiform sed-
iment-hosted zinc-lead sulfide bodies interbedded with car-
bonaceous argillite, limestone, chert, and diamictite of the
Devonian Milligen Formation. Near the Triumph deposit,
the Milligen Formation is divided into three informal units:
lower argillite (black argillite, sandstone, chert), Triumph
argillite (black argillite), and Independence sandstone (sand-
stone and limestone turbidite). Two intertonguing facies are
in the transitional contact between the lower argillite and
Triumph argillite units; these are the Lucky Coin limestone
facies (limestone turbidite, black argillite, diamictite) and
the Cait quartzite facies (quartzite turbidite, black argillite).

The Triumph stratiform sulfide bodies are within or at
the top of the Lucky Coin limestone unit; structural compli-
cation makes their exact stratigraphic position unclear. Near
the stratigraphic level of the stratiform sulfide bodies are
limestone turbidite, black argillite, diamictite, thin tuff beds,
and mafic sills. Diamictite is present as discontinuous lenses
that are thickest near the stratiform sulfide body. The poorly
sorted nature and similar composition of clasts to underlying
Milligen strata suggest local resedimentation of Milligen
strata. A contact metamorphic aureole extending northward
from the Triumph mine area reflects a buried intrusion. Thin-
bedded calcareous units are altered to a quartz, tremolite, cli-
nopyroxene, feldspar, and chloritoid assemblage, whereas
mudrock units are variably hornfelsed to a quartz and biotite
assemblage. Calc-silicate and hornfels alteration postdates
cleavage-forming deformation and obscures sedimentary
textures and cleavage.

1Geological Survey of Canada, 100 W. Pender Street, Vancouver, Brit-
ish Columbia V6B 1R8.
2333 Provident Drive, Boise, Idaho 83706.

In the Triumph mine area, Milligen strata generally
strike N. 55°-65° W. and dip 30° SW. Milligen strata are
deformed into tight to isoclinal folds associated with a vari-
ably developed early cleavage (D1). Locally, the early cleav-
age is folded by east-vergent folds (D2). Southwest-dipping
thrust faults repeat Milligen strata; some of these thrust
faults host sheared lead-zinc-silver veins and are intruded by
granitic and andesitic dikes. The Triumph stratiform orebody
is immediately above the Fissure thrust fault in the over-
turned limb of an east-vergent anticline (D1). Low-angle
normal faults (D3) displace Milligen strata and thrust faults
to the southwest and juxtapose Milligen rocks against struc-
turally higher Pennsylvanian-Permian Wood River Forma-
tion and Eocene Challis Volcanic Group. Northeast-trending
high-angle faults offset strata as young as the Challis Volca-
nic Group. D1 deformation may correlate with either the
Early Mississippian Antler orogeny or the Sevier orogeny of
Late Jurassic to Cretaceous age, D2 deformation with the
Sevier orogeny, and D3 deformation with Eocene extension.

The Triumph stratiform sulfide body is composed of
two types of ore known locally as complex ore and siliceous
ore. Complex ore is laminated or banded fine-grained pyrite,
sphalerite, and galena interbedded with carbonaceous pyritic
chert, shale, and siltstone. Siliceous ore is mostly medium
grained siderite, sphalerite, and galena interbedded with
argillite or carbonate rocks. Along the Fissure thrust zone
underlying the stratiform sulfide body, ore known as fissure
ore 1s present as lenses and pods of sheared siderite-quartz-
sphalerite-galena within gouge and crushed rock.

Milligen strata record an anoxic depositional basin
dominated by hemipelagic and pelagic sedimentation (lower
argillite, Triumph argillite) punctuated by two periods of tur-
bidite influx: a Middle to Late Devonian event composed of
a carbonate channel complex (Lucky Coin limestone) to the
west of a quartz-sand channel system (Cait quartzite), and a
more widespread Late Devonian event of mixed siliciclastic
and carbonate detritus (Independence sandstone). The

El
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Triumph stratiform sulfide body was deposited within the
Lucky Coin carbonate fan and is associated with diamictite
derived from the submarine scarp of an inferred syndeposi-
tional fault. This fault is invoked as the conduit for metallif-
erous fluids that exhaled on the seafloor to form the Triumph
stratiform sulfide body.

INTRODUCTION

The Triumph zinc-lead-silver deposit, the major pro-
ducer in the Warm Springs mining district of central Idaho,
has long been recognized as mineralogically and texturally
distinct from silver-lead vein deposits in the district
(Umpleby and others, 1930, C.W. Merriam and C.N. Bozian,
written commun., 1942; Anderson and others, 1950). Bed-
ded ores of the Triumph deposit were interpreted by these
authors as replacements of limestone beds adjacent to miner-
alizing fissures. More recently, the deposit has been reinter-
preted as a syngenetic or syndiagenetic deposit coeval with
deposition of host Devonian black shale and limestone
(Smith, 1977; Hall, 1985). Herein, we describe the structure
and stratigraphy of the Devonian Milligen Formation that
hosts the Triumph deposit. Our studies are based on explora-
tion field studies from 1983 to 1987 investigating Milligen
strata east of Ketchum for Westley Mines Ltd., Mintek
Resources Ltd., and Noranda Exploration Inc. (Otto, 1984;
Turner and Michelson, 1984; Turner, 1985; Turner and oth-
ers, 1986). Much of this work was in the Triumph mine area.

The Triumph deposit is in south-central Idaho, approx-
imately 6 mi north of Hailey and 3 mi southeast of
Ketchum on the north side of the East Fork of the Wood
River (fig. 1). Our studies of the Triumph deposit included
the area within the drainages of Triumph, North Star and
Courier Gulches, and Independence Canyon, and we refer
to this area as the Triumph mine area (fig. 2). Access to the
area is by paved all-weather road up the East Fork valley
and then by gravel road to the North Star mine in North
Star Gulch and to the old Triumph and Independence mines
via Triumph Gulch. There is also access to the Indepen-
dence mine area by gravel road up Independence Canyon
from the Elkhorn resort area. Elevations within the mine
area vary from 6,000 ft along the East Fork valley to ridges
more than 8,000 ft high on the north side of the area. The
steep valley sides are mostly sage and grass covered; small
groves of aspen are in some valley bottoms.

The surface outcrop of the Triumph orebody in North
Star Gulch was discovered in 1881. Mining in the area began
at the Independence mine in 1885. The Triumph mine pro-
duced from 1927 until 1957. Between 1936 and 1945 the Tri-
umph mine produced about 100,000 tons per year and was
the second largest silver producer in Idaho. Production
records are incomplete, but from 1936 to 1948 the mine pro-
duced 1.06 million tons, and between 1941 and 1948 produc-
tion averaged 6.57 percent zinc, 4.02 percent lead, 7.8

ounces of silver per ton, and 0.071 ounces of gold per ton
(C.W. Merriam and C.N. Bozian, written commun., 1942).

Early access to the Triumph deposit was through the
North Star mine at the head of North Star Gulch and a 700-
foot-deep shaft of the “Old Triumph mine” in eastern part
of upper Triumph Gulch (fig. 3). The mine was worked to
the 900-foot level (level elevations are the distance below
the collar of the shaft). Ore was taken by aerial tram to the
Gimlet railway siding in the Wood River valley, 5 mi to the
west. In 1943, a 6,500-foot-long haulage tunnel (Plummer
tunnel) was completed connecting the 700-foot level of the
mine with the North Star mill in the East Fork valley near
the village of Triumph (fig. 3). The Plummer tunnel also
provided access to the lower part of the Independence
mine. By the 1950’s, the high-grade bedded ores were
exhausted, and work concentrated on developing reserves
within the Fissure shear zone in the lower levels of the
northwestern part of the mine.

The possibility of large additional base-metal reserves
at the Triumph mine followed the recognition by Clyde
Smith that the Triumph deposit was a member of the strati-
form sediment-hosted lead-zinc class of ore deposits. Subse-
quent surface drill programs were conducted by Bear Creek
Mining Company in 1978-79, Venture West Minerals in
1981, and Getty Resources in 1984.

Acknowledgments.—We would like to thank Victor
Jones of Westley Mines and Rupert House of the Triumph
Mining Company for permission to publish this study of the
Triumph mine area. This work was conducted under the
direction of Dr. Clyde Smith of Westley Mines Ltd., who
first recognized the syngenetic nature of the Triumph deposit
and who developed a three-dimensional model of the Tri-
umph orebody from mine data. We thank Clyde for his
insight and continued encouragement. We were ably assisted
in the field by Carl Michelson, Dave Smith, Mary Fitch, Ken
Loos, Pat Okita, and Greg Kuzma. James W. Whipple, Don
Murphy, Charlie Jefferson, and Clyde Smith provided valu-
able critiques of the paper that considerably improved its
content and style. This paper is GSC Contribution 49790.

GEOLOGIC SETTING

REGIONAL SETTING OF THE MILLIGEN
FORMATION, CENTRAL IDAHO

Black argillite and interbedded limestone, sandstone,
and chert of the Lower to Upper Devonian Milligen Forma-
tion is exposed east of the Wood River valley and U.S. High-
way 75 in a belt 35 mi long and as wide as 6 mi (fig. 1). The
exposures lie between Cretaceous intrusive rocks of the
Idaho batholith to the west and high-grade metamorphic and
intrusive rocks of the Eocene Pioneer Mountains core com-
plex to the east. Milligen strata are in thrust contact with the
Lower and Upper Mississippian Copper Basin Formation to
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rocks on the Triumph Shaft and Porphyry Peak faults. Slick-
enside striae in adjacent parallel subsidiary faults indicate
movement to the northwest (fig. 8D).

These low-angle faults are not mineralized, and they
offset lead-zinc-silver-gold-bearing thrust faults. Low-angle
faults both offset and are offset by northeast-trending high-
angle normal faults of small displacement.

TRIUMPH SHAFT FAULT

The Trivmph Shaft fault, the structurally lowest major
low-angle fault recognized in the Triumph area (fig. 4B), is
partially exposed in the upper parts of North Star, Triumph
and Independence drainages (fig. 3). The Triumph Shaft
fault dips shallowly to the west at 5°~15° and appears to flat-
ten to the east (fig. 4B). The Triumph Shaft fault zone is
poorly exposed, but subsidiary low-angle faults below the
Triumph Shaft fault are well exposed in cliffs immediately
northwest of the Triumph Shaft. Slickenside striae on these
and other fauits of the Triumph Shaft fault zone indicate a
primary top-to-the-northwest sense of displacement and a
secondary west-southwest trend of movement. The Indepen-
dence thrust fault is offset more than 1,200 ft to the west by
the Triumph Shaft fault; total offset could be considerably
more than this westerly component of displacement (fig. 3).
An updip portion of the Fissure fault and Triumph stratiform
body is above the Triumph Shaft fault west of the saddle
between Triumph and Independence drainages (figs. 3, 4B).

We correlate the Triumph shaft fault with a regionally
extensive flat fault that can be traced to the northeast for 4 mi
along the divide between Parker and Milligan Gulches (fig.
2). This structure may be equivalent to structures exposed on
similar northeast-trending ridges between Milligan Guich
and Hyndman Creek and between Hyndman Creek and East
Fork of Wood River (fig. 2). If this correlation is correct, the
areal extent of this structure exceeds 3040 miZ.

PORPHYRY PEAK~-WOOD RIVER FAULTS

The Porphyry Peak fault, about 300 ft above and sub-
parallel with the Triumph shaft fault, subcrops on the ridge-
line between the Independence, Triumph, and Courier
drainages (figs. 3, 4A). The Porphyry Peak fault displaces
strata of the Fissure and Independence blocks and the Inde-
pendence fault 2,000-2,500 ft to the west. Given evidence
for northwesterly displacement on other low-angle faults, we
suspect a northwestly displacement on the Porphyry Peak
fault; however, total displacement in a northwesterly direc-
tion is difficult to estimate because this direction is subparal-
lel with the trend of Milligen strata and thrust faults.

The low-angle Wood River fault underlies a klippe of
Wood River Formation on the peak south of the Triumph
mine shaft (“Old Triumph mine” in fig. 3). South of Triumph

mine shaft this fault zone dips about 40° to the southwest,
contains northwest-trending slickensides, and truncates the
Fissure thrust fault. The Wood River fault has structural
position similar to that of the Porphyry Peak fault. North of
Independence Canyon near the Baitimore mine, Milligen
Formation is in thrust contact with underlying Wood River
Formation and both are truncated by the Wood River fault
(M.E. Ratchford, University of Idaho, oral commun., 1989).
Here the Wood River fault is a silicified and brecciated fault
zone that has east-trending slickenside striae.

The Porphyry Peak and Wood River faults were origi-
nally considered different faults because of the differing rock
types in the upper plate (Milligen Formation versus Wood
River Formation); however, the occurrence of structurally
juxtaposed Milligen and Wood River strata above the Wood
River fault north of Independence Canyon suggests that what
we refer to as the Wood River fault is the same structure as
the Porphyry Peak fault.

CHALLIS FAULT

Rocks of the Challis Volcanic Group of Eocene age are
juxtaposed against underlying Milligen and Wood River
strata on the west side of the Triumph mine area along the
shallowly west dipping Challis fault (fig. 2). The Chailis
fault exposed in surface trenches in the upper part of Tri-
umph Gulch is a broad zone of altered and brecciated volca-
nic rock above well-foliated Milligen argillite; overlying
Challis volcanic rocks dip steeply into the fault zone. In a
drill hole several hundred feet north of the trench, the Challis
fault is a 3-foot-thick gouge zone that contains mixed Challis
and Milligen fragments and is underlain by 30 ft of brecci-
ated Milligen strata. Challis volcanic rocks are also faulted
against Milligen strata in the lowest levels in the northwest-
ern part of the Triumph mine (R. House, Hailey, Idaho, oral
commun., 1985). This interpretation that the Milligen-Chal-
lis contact is a fault differs from that of Kiilsgaard (in Ander-
son, 1950), who interpreted the rubbly and weathered nature
of the contact in the Lucky Coin adit and Triumph mine as
an unconformity.

Small low-angle faults having west-trending slicken-
side striae were noted in several places within rocks of the
Challis Volcanic Group.

STEEPLY DIPPING
OBLIQUE-SLIP FAULTS

A widespread set of steeply dipping (60°-90°), north-
east-trending (N. 55°-80° E.), small-displacement faults that
offset low-angle normal faults may be the youngest struc-
tures in the Triumph mine area. Slickenside striae on nine
such faults trend N. 40°-90° E. and plunge shallowly north-
east. Offset of marker beds on some of these faults suggests
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right-lateral oblique-slip displacement. In the Triumph mine,
northeast-striking, steeply west dipping faults offset the ore-
body and the Fissure fault (C.W. Merriam and C.N. Bozian,
written commun., 1942) with apparent down-to-the-north or
right-lateral displacement. The largest such fault has an
apparent normal offset of 200 ft and separates the Triumph
orebody into the structurally higher North Star orebody to the
southeast and the structurally lower Old Triumph orebody to
the northwest. These faults parallel the lower drainage of the
East Fork valley. Batchelder and Hall (1978) interpreted
right-lateral offset on a fault under the lower East Fork valley
based on apparent right-lateral offset of northwest-trending
normal faults of the Wood River graben system.

TRIUMPH OREBODY
HISTORY OF MINE DEVELOPMENT

The Triumph orebody includes a southwest-dipping
stratiform sulfide body locally referred to as bedded “com-
plex” and “siliceous” ores, as well as underlying faulted
vein-mineralized rock or “fissure ore” within the southwest-
dipping Fissure fault zone. Early production was mostly
from the high-grade “complex ores” of the stratiform sulfide
body. With the exhaustion of those high-grade ores, produc-
tion included lower grade “siliceous ores” and the wide-
spread but discontinuous “fissure ores.”

Production at the Triumph mine spanned thirty years
from 1927 to 1957. Initial development of the Triumph ore-
body was from adits at the head of North Star Gulch (North
Star mine) and in the eastern part of upper Triumph Gulch
(Old Triumph mine). During the early years, production
came from a 700-foot-deep shaft at the Old Triumph mine.
Later, an interior shaft extended development to the 850-foot
level (level elevations are the depth below the surface shaft
collar). Ore was taken by aerial tram to the Gimlet railway
siding, 5 mi to the west. In 1943 a 6,500-foot-long haulage
tunnel (Plummer tunnel) was completed and connected the
700-foot level of the mine with the North Star mill in the East
Fork valley near the village of Triumph (fig. 3). A total of 10
mi of tunnels, excluding stopes, was developed. By the
1950’s, the high-grade bedded ore was exhausted and work
concentrated on developing “fissure ore” reserves in the
deeper northwestern part of the mine.

STRUCTURE AND STRATIGRAPHY OF
STRATIFORM OREBODY

The bulk of the production from the Triumph mine
came from a stratiform deposit containing bedded pyrite-
sphalerite-galena-ferroan carbonate-quartz ore. C.W. Mer-
riam and C.N. Bozian (written commun., 1942) inferred this
bedded ore to be the result of sulfide replacement of thin

limy partings interbedded with argillite beds. The stratiform
sulfide body is more than 4,000 ft long along its northwest
strike and is within an overturned sequence of interbedded
limestone, carbonaceous argillite, and diamictite immedi-
ately above the Fissure fault. Strata younger than the bedded
ores have been offset by the Fissure fault, and, because only
thin, faulted slivers of argillite and limestone remain, the
stratigraphic position of the Triumph deposit is somewhat
ambiguous. It may lie within the Lucky Coin limestone, or,
more probably, it is near the contact of the Lucky Coin lime-
stone and overlying Triumph argillite.

Workers in the Triumph mine described two types of
bedded ore: high-grade massive pyrite-sphalerite-galena
“complex ores” and lower grade ferroan carbonate-quartz-
sphalerite-galena “siliceous ores” (C.W. Merriam and C.N.
Bozian, written commun., 1942). The term complex ore,
used to describe massive banded fine-grained pyrite,
sphalerite, and galena, reflected the metallurgical problems
associated with these zinc-rich ores. A typical assay of com-
plex ore was 6—13 percent zinc, 3-6 percent lead, 67 ounces
of silver per ton, and 0.01-0.02 ounces of gold per ton. C.W.
Merriam and C.N. Bozian (written commun., 1942)
described complex ore as commonly bedded or laminated,
dense, fine-grained pyrite and lesser amounts of sphalerite
and galena. Sulfide bands are interbedded with carbon-
aceous, pyritic chert and siltstone. Contacts between sulfide
beds and interbeds are sharp to gradational. Major produc-
tion from the Triumph mine was from complex ore. Kiils-
gaard (in Anderson and others, 1950) described an ore shoot
of complex ore in the Triumph mine that was 700 ft long, 170
ft wide, and 6-50 ft thick.

Siliceous ore was described by C.W. Merriam and C.N.
Bozian (written commun., 1942) as bedded siderite, galena,
sphalerite, and quartz in argillite or limestone. Relative to
complex ores from the Triumph mine, siliceous ore was
commonly marginal in grade and had comparable zinc
grades but below average gold, silver, and lead values. C.W.
Merriam and C.N. Bozian (written commun., 1942) reported
that the average grade of 30,000 tons of siliceous ore pro-
duced from the Triumph mine in 1942 was 6.4 percent zinc,
3.4 percent lead, 4.1 ounces of silver per ton, and 0.01
ounces of gold per ton.

FISSURE ORE

The fissure ore along the Fissure fault extended from
the surface to the deepest workings below the 850-foot level
in the Triumph mine and was much more extensive than the
stratiform sulfide ore. Fissure ore is present as lenses and
pods of sulfide-carbonate-quartz as much as 30 ft thick
within gouge and crushed rock of the Fissure fault zone.
Average metal grade of the fissure ore was elevated in gold
relative to complex and siliceous ores; 46,500 tons of Tri-
umph fissure ore averaged 3.3 percent zinc, 3.3 percent lead,
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6.7 ounces of silver per ton, and 0.13 ounces of gold per ton,
whereas 20,000 tons of fissure ore from the North Star mine
averaged 9.3 percent zinc, 5.8 percent lead, 9.2 ounces of sil-
ver per ton, and 0.18 ounces of gold per ton (C.W. Merriam
and C.N. Bozian, written commun., 1942).

C.W. Merriam and C.N. Bozian (written commun.,
1942) reported that fissure ore contains galena, sphalerite,
arsenopyrite, tetrahedrite, boulangerite, and pyrrhotite in a
gangue of siderite, ankerite, and quartz. Locally coarse
grained galena and other sulfide minerals are commonly
massive and granular due to shearing. The fissure ore is sim-
ilar to tetrahedrite-galena-siderite veins elsewhere in the
Wood River area but has a higher arsenopyrite to tetrahedrite
ratio (Hall, Rye, and Doe, 1978).

DEVONIAN SETTING OF
STRATIFORM SULFIDE ORES

DEPOSITIONAL SETTING OF REGIONAL
MILLIGEN STRATA

The internal stratigraphy of the Milligen Formation in
the central part of the Milligen belt reflects deposition in an
anoxic basinal environment of Devonian age dominated by
hemipelagic and pelagic sedimentation (lower argillite and
Triumph argillite units) and punctuated by periods of turbid-
ite influx. A Middle to Late Devonian turbidite event coinci-
dent with local syndepositional faulting and stratiform
sulfide formation at the Triumph deposit was composed of
two separate distributary systems: a carbonate depocenter to
the west (Lucky Coin limestone facies) that interfingers with
a quartz-sand depocenter to the east (Cait quartzite facies). A
younger and more widespread Late Devonian turbidite sys-
tem deposited mixed siliciclastic and carbonate detritus
across the Milligen basin (Independence sandstone unit).

Beds of the Lucky Coin limestone are interpreted to
have been deposited by turbidity flows in an anoxic basin at
a depth below wave base on the basis of graded nature of
beds, lack of sediment reworking or bioturbation, and asso-
ciation with carbonaceous, siliceous mudrock. Thick mas-
sive micrite beds were deposited as lime-mud debris flows
within a channelized deposystem; evidence for this is based
on the presence of coarse mudclasts probably derived from
incised channel walls and on a high sedimentation rate as
indicated by the amalgamated character of beds. The anom-
alous thickness and predominance of thick-bedded micritic
limestone suggest that the exposures in Independence Can-
yon were deposited near the center of this channelized sys-
tem. Rhythmically interbedded limestone and argillite
sequences likely represent turbidite fan or apron deposits
lateral to, or distal to, the channel system. Thin-bedded

amalgamated calcareous turbidite could reflect more active
sedimentation in channel levee or interchannel areas.

The lack of significant coarse bioclastic material and
paleocurrent indicators limits what can be deduced about the
source area of the Lucky Coin limestone. The minor bioclas-
tic component suggests that the source area was, at least in
part, shallow water. A coeval Devonian carbonate platform,
presently exposed several tens of miles to the east of the Tri-
umph area in the Lost River and Lemhi Ranges, was a likely
source area.

Diamictite is interpreted as resedimented Milligen
derived from a nearby source. The close spatial association
of diamictite with the Triumph stratiform sulfide body sug-
gests association with a synsedimentary fault. Though not
recognized, this fault is likely within the immediate area of
the deposit because the diamictite does not extend far
beyond the extent of the deposit. Similar relations have been
recognized at other Devonian stratiform zinc-lead deposits
in the Cordillera (Winn and Bailes, 1987; Turner, 1990).

The Cait quartzite reflects a sudden influx of a small
volume of well-sorted quartz sand into the Milligen basin.
Although the dispersal system was channelized, thin depos-
its of quartzite blanketed much of the Milligen basin. Sands
deposited in the vicinity of the East Fork Wood River were
transported in a channelized system subparallel with the axis
of the present drainage. A likely source of these sands was
Ordovician or Proterozoic shelf sandstone presently exposed
in the Pioneer, Lost River, and Lemhi Ranges to the east.

The Independence sandstone represents progradation of
a major turbidite fan complex into the Milligen basin, likely
from the east. The upward-thickening sequence of upward-
thinning cycles of sandstone beds in the lower part of the
Independence sandstone suggests prograding channelized
deposition of an inner fan environment. The finer grained
nature of the Independence sandstone elsewhere in the Mil-
ligen Formation suggests deposition dominated by channel-
lateral, middle fan, or outer fan environments.

Conglomerate lenses in the lowermost part of the
Independence sandstone noted near the Cait property in the
eastern part of the East Fork valley are well-sorted, clast-
supported chert-pebble conglomerate. The well-sorted,
clast-supported nature implies significant transport by trac-
tion or turbidity flow mechanism, perhaps from a subaerial
source. The source for chert may have been the lower argil-
lite or older Ordovician to Devonian chert presently
exposed northeast of the Milligen belt (fig. 1). The chert
conglomerate suggests uplift of an intrabasinal source.
Because the conglomerate was deposited only slightly after
the diamictite and stratiform sulfides, uplift was probably
related to intrabasinal faulting within the Milligen basin.
The coincidence of chert conglomerate deposition and the
onset of siliciclastic turbidite deposition may suggest asso-
ciation with a common tectonic event.
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EXHALATIVE ORIGIN AND
DEPOSITIONAL SETTING OF
STRATIFORM SULFIDE BODY

Stratiform ore was inferred by early workers to be the
result of the replacement of limestone beds adjacent to a
mineralizing fissure, probably during Mesozoic time (C.W.
Merriam and C.N. Bozian, written commun., 1942). We
agree, however, with the interpretation of Smith (1977) and
Hall (1985) that the stratiform sulfide ore is of syngenetic
origin and formed during the Middle to Late Devonian. The
finely bedded and laminated nature of the complex ore is
suggestive of a sedimentary origin. The association of diam-
ictite with stratiform ore can be explained as detritus derived
from the scarp of a syndepositional fault that was also the
structural conduit for metalliferous fluids discharging on the
seafloor (Winn and Bailes, 1987; Turner, 1990). White and
buff chert beds at the ore horizon can be traced for more than
3 mi along strike ahd are interpreted as an exhalative silica
facies distal to the sulfide depocenter. Such an exhalative
origin for the Triumph sulfide body places it within the fam-
ily of Devonian to Mississippian shale-hosted exhalative
zinc-lead deposits widespread in British Columbia, Yukon,
and Alaska (Turner, 1988). These deposits share a similar
mineral assemblage (chert, pyrite, sphalerite, and galena
with or without barite and ferroan carbonate), mineral facies
(massive or banded ferroan carbonate, laminated chert-
pyrite-sphalerite-galena-barite), and host lithology (carbon-
aceous mudrock, chert, turbidite).

The Triumph stratiform sulfide body is interbedded
with carbonaceous mudrock, chert, and limestone that lack
evidence for bioturbation or wave reworking. Thin tuff beds
and mafic sills interbedded with Lucky Coin limestone strata
near the Triumph deposit suggest that sulfide deposition
coincided with minor volcanism and local emplacement of
sills. Basin sedimentation during sulfide formation was dom-
inated by hemipelagic and pelagic sediments interrupted by
an influx of carbonate, mixed carbonate-siliciclastic, and
quartzose sediments. Coincidence of the location of the sul-
fide body and a thick channel complex of limestone turbidite
suggests that the sulfide body formed within a carbonate tur-
bidite inner fan setting.

Diamictite deposits are at and near the stratigraphic
level of the sulfide body; they are thickest near the sulfide
body and thin to the north and south of the deposit. The
similar composition of diamictite clasts and underlying
strata and the poorly sorted character of the diamictite sug-
gest local derivation.

EAST FORK GRABEN AND ASSOCIATED
STRATIFORM ZINC-LEAD
SULFIDE DEPOSITS

The trend formed by stratiform base-metal deposits at
the Triumph mine, Cait prospect, and Mascot mine is almost

east-west (fig. 1). All of these deposits are associated with
diamictite or conglomerate units interpreted as locally
derived detritus from eroded Milligen strata. Stratiform sul-
fide deposits at both the Triumph mine and Cait prospect are
within interfingering Lucky Coin limestone and Cait quartz-
ite near the contact with the overlying Triumph argillite. The
stratigraphic level of the Mascot zinc-lead mineralized rock
is unclear due to structural complication but may be within
the Cait quartzite as well. We interpret these three stratiform
deposits to have formed adjacent to an east-trending Devo-
nian fault or fault system. The presence of the west-trending
channel system of Cait quartzite just to the south of this pro-
posed Devonian structure suggests structural control of the
Cait distributary system. We refer to this structurally con-
trolled Devonian depocenter along the present drainage of
the East Fork Wood River as the “East Fork graben.”
Whether there is a structural margin on the south side of this
East Fork graben is unclear because Milligen strata younger
than the stratiform sulfide horizons (Independence sand-
stone) cover much of this area.

PALEOTECTONIC SETTING OF
THE MILLIGEN FORMATION

Strata of the Milligen Formation are part of a north-
trending belt of Paleozoic fine-grained clastic rocks and
chert in central Idaho that is referred to as the Central Idaho
shale belt (Hall, 1985). Near Ketchum, such strata include
black shale, chert, and siltstone of Ordovician to Devonian
age (fig. 1). Together with the Milligen Formation, these
Paleozoic shale-rich strata have been interpreted as an outer
continental margin sequence (Sandberg and others, 1975).
These strata correlate with similar shale- and chert-dominant
strata along the western Cordillera of North America from
Yukon to Nevada (Turner and others, 1989). Based on dis-
tinctive internal stratigraphy, Turner and others suggested a
common tectonic, eustatic, and depositional history from
Cambrian to Late Devonian time for these outer continental
margin sequences.

The Triumph deposit is part of a family of Middle
Devonian to Mississippian stratiform sediment-hosted zinc-
lead and stratiform barite deposits that are present in outer
continental margin strata from Alaska to Sonora, Mexico.
This family of syngenetic deposits is everywhere inter-
preted as related to local block faulting (MacIntyre, 1983;
Abbott and others, 1986; Winn and Bailes, 1987; Abbott
and Turner, 1990) that likely reflects an extensional,
transextensional, or transcurrent regime along the entire
western margin of western North America during Middle
Devonian to Mississippian time (Eisbacher, 1983; Turner,
1988; Turner and others, 1989).
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DEFORMATION AND
METAMORPHISM OF THE
TRIUMPH OREBODY

Three major deformational events are recorded in the
Milligen strata (Turner and Otto, 1988). D1 structures include
tight folds and axial-planar cleavage that may be correlated
with the Antler orogeny based on soft-sediment-style of some
F1 folds and the absence of similar structures in younger
Pennsylvanian and Permian strata. D1 structures may also be
of Mesozoic age. Map-scale north-trending, east-vergent
folds (fig. 2) and variably developed axial-planar cleavage
deform DI structures and are inferred to be Mesozoic in age
based on similarities to structures in younger Pennsylvanian
and Permian strata. Northwest-trending, southwest-dipping
thrust faults are likely associated with D2 folds of Mesozoic
age. D3 low-angle west-dipping extensional faults having
displacements to the northwest and high-angle normal faults
offset strata as young as Eocene and are interpreted to be
related to Eocene extension and formation of the nearby Pio-
neer Mountains core complex.

EARLY MISSISSIPPIAN ANTLER
OROGENY (D1)

Strata of the Milligen Formation and black shale, chert,
and siltstone of Ordovician to Devonian age of the Roberts
Mountains allochthon have been interpreted as continental-
rise deposits thrust eastward onto the continental margin of
North America during the Mississippian Antler orogeny
(Roberts and Thomasson, 1964; Poole and Sandberg, 1977,
Dover, 1980). Strata of the Roberts Mountains allochthon
structurally overlie westerly derived flysch deposits of the
Mississippian Copper Basin Formation and are interpreted
as synorogenic sediments (Nilsen, 1977).

The strongest evidence for such a history is in the strati-
graphic record of the Copper Basin Formation. Defining the
structural fabric associated with this orogenic event has been
more problematic. At issue is the age of deformational fab-
rics within the Milligen Formation. An Antler age for cleav-
age in the Milligen Formation was inferred by Sandberg and
others (1975) and Skipp and Hall (1975); however, Dover
(1980) pointed out that, because these studies lacked detailed
fabric analysis or rigorous comparison of fabrics between the
Milligen and younger post-Antler stratigraphic units, a
Mesozoic age could not be ruled out. Davis (1984) docu-
mented cleaved chert and argillite clasts within the Missis-
sippian Copper Basin Formation in the Pioneer Mountains
(Davis, 1984), clasts presumably derived from the deformed
Antler highlands to the west (Nilsen, 1977). Turner and Otto
(1988) described Milligen strata at the Cait property in
which early D1 penetrative cleavage axial to isoclinal folds

is refolded by upright folds that have weak axial cleavage.
Based on the ductile style of these early folds, Turner and
Otto inferred that this deformation took place prior to sedi-
ment lithification and suggested that the folds are of Antler
age. It is uncertain whether the early foliation and folding in
the Triumph mine area are related to the Antler deformation
or instead are an intense development of D2 strain.

MESOZOIC FOLDING AND
THRUSTING (D2)

East-vergent map-scale folds, locally developed cleav-
age, and a stack of older-over-younger thrust sheets in the
Pioneer Mountains and areas to the east have been attributed
to the Late Jurassic and Cretaceous Sevier orogeny (Skipp
and Hall, 1975; Skipp and Hait, 1977; Dover, 1980). The
westernmost such thrust, the Pioneer thrust fault, places Mil-
ligen Formation, as well as lower Paleozoic shale- and chert-
rich strata, over Mississippian Copper Basin Formation
(Skipp and Hall, 1975; Skipp and Hait, 1977; Dover, 1981).
Link and Mahoney (1989) noted the lack of major thrust
faults and the predominance of east-vergent folds west of the
Pioneer Mountains core complex.

We correlate the northwest-trending belt of thrust faults
in the area of the Triumph mine with this Mesozoic deforma-
tion. East of this thrust belt, compressive deformation is
expressed as map-scale east-vergent folds that suggest
greater amounts of shortening in rocks on the west side of the
Milligen belt. D1 folds and cleavage in the Triumph area
may be related to an early phase of Mesozoic deformation.

SILVER-LEAD-ZINC VEIN
MINERALIZATION AND
CONTACT METAMORPHISM

Hall, Rye, and Doe (1978) interpreted silver-lead-zinc
vein mineralization in the Wood River area to have been
related to intrusion of the Cretaceous Idaho batholith. The
small-displacement D2 thrusts in the Triumph area probably
were permeable and possibly active structures during
younger Cretaceous plutonism and the site of sulfide deposi-
tion (fissure ore) within a large-scale hydrothermal system
(Hall, Rye, and Doe, 1978). Contact metamorphism in the
Triumph area may have been coincident with this plutonism
and mineralization. Reactivation of the mineralized faults
during the Tertiary sheared and dismembered veins.

Contact metamorphism in the Triumph area has been
interpreted to be related to a buried intrusion below the Tri-
umph mine (Batchelder and Hall, 1978). Granite dikes
associated with hornfelsed rock below the Triumph mine
are more similar in composition to the Tertiary granitic
suite of the Pioneer Mountains than to quartz diorite and
granodiorite intrusive rocks of Cretaceous age. For this rea-
son, and because silver-lead-zinc vein mineralization is
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related to Cretaceous plutonism, granite dike formation and
contact metamorphism postdate fissure mineralization at
the Triumph deposit.

TERTIARY EXTENSIONAL FAULTING (D3)

Paleogene crustal extension has affected much of east-
central Idaho. In the Pioneer Mountains just east of the Tri-
umph area, metasedimentary rocks and Cretaceous and
Eocene intrusive rocks are separated by the Eocene Wild-
horse detachment fault from an upper plate of Paleozoic and
Tertiary sedimentary and volcanic rocks (Wust, 1986;
O’Neill and Pavlis, 1988). Displacement on the Wildhorse
detachment fault is estimated to be at least 10.5 mi in a top-
to-the-northwest direction (Wust, 1986). Widespread
younger-over-older low-angle faults in the upper plate of the
Wildhorse detachment throughout the Wood River area were
originally interpreted as thrust faults (Hall, Batchelder, and
Tschanz, 1978; Dover, 1981) but have been reinterpreted as
low-angle normal faults (Link and others, 1988; Turner and
Otto, 1988). Northeast-trending high-angle faults that are
widespread throughout the Wood River area are parallel with
the Trans-Challis fault system northwest of the Wood River
area and may also have accommodated northwest-southeast
extension (Link and others, 1988). Southwest-northeast
Neogene extension resulted in the northwest-trending basin
and range faults and the present topography.

In the Triumph area, Paleogene extension resulted in
movement to the northwest along a series of shallowly dip-
ping normal faults. These faults dismembered the Mesozoic
thrust belt and displaced the updip part of the Triumph strat-
iform sulfide body. Reactivation and normal or oblique-slip
movement on the Mesozoic thrust faults resulted in deforma-
tion and dismemberment of sulfide-carbonate-quartz veins
and granite and andesite dikes within the fault zones.
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discontinuous fractures. These silver-lead-zinc-rich pods
formed along the angular unconformity between the Hailey
Member of the Wood River Formation and the underlying
Milligen Formation. The unconformity has accommodated
interstratal slip in the upper limb of a concentric, northeast-
verging, overturned F2 fold. A shear zone produced by this
interstratal slip hosts the mineral-rich pods.

Structures that host deposits of the Lake Creek and
Price groups are F2 folds, and thus mineralization occurred
cither during Late Cretaceous plutonism or during Eocene
magmatism (coincident with mineralization in the Home-
stake, Long Grade, and High Grade prospects). The small
size and podlike nature of the F2-hosted mineral deposits
limit their value for future mineral development.

EXPLORATION MODEL

Source of metals.—A source of metals is available from
metamorphosed pelitic rocks of the Devonian Milligen
Formation.

Remobilization.—Mesozoic plutonism and associated
hydrothermal activity may have remobilized and concen-
trated some metals in Mesozoic compressional structures.

Structural conduits.—Paleogene detachment faults in
the upper plate of the Pioneer Mountains core complex and
associated shear zones served as sites of formation of vein
and replacement ore.

Remobilization and concentration.—The presence of
Eocene hypabyssal intrusive rocks suggests that remobiliza-
tion and concentration of metals by hydrothermal convection
cells occurred during Eocene magmatism. Deposition of ore
minerals during the Cretaceous is rejected because there are
no Cretaceous intrusive rocks within several tens of kilome-
ters of the Lake Creek mineralized area and because the
extensional host structures are demonstrably of Eocene age.

Host rock—Calcareous fine-grained sedimentary rocks
of the Wood River Formation are available as hosts for
mineralization.

The Homestake and Long Grade mineral deposits pre-
viously were thought to be associated with D2 Mesozoic
compressional structures; however, the recognition of Paleo-
gene extensional tectonism (D3) (Link and others, 1988:
Burton and others, 1989) in the eastern Boulder Mountains
suggests that a new structural model should be used for
silver-lead-zinc exploration in the region.

The Lake Creck deposits are similar in tectonic setting
to silver-lead-zinc deposits in the southern Trigo Mountains
of Yuma County, Arizona (Garner and others, 1982) and to
gold deposits at the Picacho mine, Imperial County,
California (Liebler, 1988). In these areas, mineralized rock
is in the hanging wall of extensional faults, just as it is in
the Boulder Mountains of Idaho. An areally extensive net-
work of vertically stacked extensional faults is around the
south, west, and northwest sides of the Pioneer Mountains
core complex, an area that makes up most of the Boulder
and Pioneer Mountains.
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Geologic Setting of Mineral Deposits in the
Washington Basin Area, Custer County,
South-Central Idaho

By J. Brian Mahoney!

ABSTRACT

In the Washington Basin area of south-central Idaho,
mineral deposits of lead, silver, and zinc are contained
within folded and faulted Paleozoic strata that have been
intruded by Cretaceous and Eocene stocks and dikes.
Micritic sandstone, siltstone, sandy micrite, and polymict
conglomerate of the Middle Pennsylvanian to Lower Per-
mian Sun Valley Group unconformably overlie black argil-
lite of the Paleozoic Salmon River assemblage. These strata
are contained in a northeast-trending, south-plunging, east-
vergent anticline that is the dominant structure in the area.
Deformation associated with Mesozoic folding led to the
development of fractures parallel with the direction of the
fold hinge and the interstratal slip that created intense
shearing along the unconformable contact. The anticline
was intruded by Cretaceous granodiorite and biotite quartz
diorite in its hinge region, and Eocene dacite porphyry
dikes are localized in one area near the Cretaceous grano-
diorite-Paleozoic contact. Paleozoic strata near the intrusive
rocks are metamorphosed to hornblende hornfels facies and
commonly bleached white. Northeast-trending high-angle
faults offset folded Paleozoic rocks and Eocene andesitic to
dactitic flow rocks of the Challis Volcanic Group in the
southeastern part of the area.

Mineral deposit types in the Washington Basin area
include polymetallic veins, shear-zone-hosted polymetallic
veins, and replacement deposits. Sulfide ores contain pyr-
rhotite, sphalerite, chalcopyrite, pyrite, and galena and minor
amounts of jamesonite, arsenopyrite, and telluride minerals.
These deposits reflect at least two distinct phases of mineral-
ization. Polymetallic vein deposits near the Cretaceous gra-
nodiorite-Paleozoic contact and in fold-hinge parallel
fractures are interpreted to be the result of late-stage hydro-
thermal fluid circulation associated with intrusion of Creta-
ceous granodiorite. Massive replacement deposits near Red
Hill formed when Cretaceous(?) biotite quartz diorite

'U.S. Geological Survey and University of British Columbia, Vancou-
ver, British Columbia V6T 2B4.

intruded the Cretaceous granodiorite and Middle Pennsylva-
nian to Lower Permian Grand Prize Formation. Polymetallic
vein deposits in high- and low-angle shear zones on Bible
Back Mountain are of uncertain affinity but may be associ-
ated with Late Cretaceous mineralization. Lead-isotope sig-
natures and the spatial association of the Paleozoic Salmon
River assemblage and mineral deposits suggest that the
Salmon River assemblage may be the source of metals in the
mineral deposits of the Washington Basin area.

INTRODUCTION

Washington Basin is at the southern end of the White
Cloud Peaks in the southeastern corner of Custer County,
Idaho. The basin is a spectacular glacial cirque that has a
southeasterly aspect, and it is drained by Washington
Creek, a tributary to Germania Creek (fig. 1). The terrain is
rugged; elevations range from 3,187 m (10,519 ft) on
Washington Peak to 2,545 m (8,400 ft) at the east end of
the cirque. In this report, the term “Washington Basin area”
refers to both Washington Basin itself and to Germania
Basin, directly to the south (fig. 2). The area is bounded on
the north by the headwaters of Fourth of July Creek, on the
west by Champion Lakes Basin, on the east by Washington
Lake Creek, and on the south by Germania Creek. The area
is reached by following the Pole Creek road 22 km (13.2
mi) from State Highway 75, then continuing 3.5 km (2.1
mi) along a rough jeep trail into the basin itself. The Wash-
ington Basin area is within the Sawtooth National Recre-
ation Area and is withdrawn from new mineral entries;
current exploration is limited to existing claims. The White
Cloud Peaks adjacent to Washington Basin are currently
under review for inclusion in the proposed White
Cloud-Boulder Wilderness Area.

The Washington Basin area is on the boundary between
the Hailey and Challis 1°x2° quadrangles. The geology of
Washington Basin was briefly described in conjunction with
regional geologic studies of the White Cloud Peaks by Ross
(1963), Fisher and others (1983), Sengebush (1984), Hall
(1985), Tschanz and others (1986), and Hall and Hobbs

Gl



G2 GEOLOGY AND MINERAL RESOURCES OF THE HAILEY AND IDAHO FALLS QUADRANGLES

(1987). The most recent geologic maps of the area include
those by Fisher and others (1983), and Worl and others
(1991). I previously (1989) described the structure and
stratigraphy of the area, and this report is a modification and
expansion of those ideas.

Mineral deposits of the Washington Basin area were
described in detail by Van Noy and others (1986) of the U.S.
Bureau of Mines, who included the Washington Basin area
in the Germania Creek mining district. Teepen (1985)
described the content and genesis of sulfide mineral veins in
a part of the area. I incorporated the mineral deposit evalua-
tions of Van Noy and others (1986) into a description of min-
eral deposit types of the area (Mahoney, 1989).

Acknowledgments—I thank Paul K. Link and David
W. Rodgers of Idaho State University for their assistance in
the field and for numerous thought-provoking discussions
about the geology of the region. Jeff Jones of the Sawtooth
National Recreation Area was a valuable source of informa-
tion about the mining history and geology of the area. This
manuscript benefited from reviews by Reed S. Lewis, Paul
K. Link, and Ronald G. Worl.

HISTORICAL PERSPECTIVE

The Washington Basin area has been the site of inter-
mittent exploration and mining activity since the late 1800’s.
The first mining claims were located in 1879, and the major-
ity of mining activity was in the 1890’s and early 1900’s.
Other periods of notable activity were the mid-1930’s and
the early 1970’s. More than 329 mining claims have been
located in the area, of which 10 are patented lode claims
(Van Noy and others, 1986). Exploration in the area has been
sporadic since the main period of activity in the early 1900’s.

Although records of production are limited, the major
producing mines in the area were apparently on the north-
western flank of Bible Back Mountain (the Idahoan and
Old Bible Back mines) and at the southwestern end of
Washington Basin (Black Rock mine). Quantitative esti-
mates of ore removed are nonexistent, but monetary values
(1915 prices) exceed $250,000 from Bible Back Mountain
and $125,000 from the Black Rock mine (Umpleby, 1915).
The production in the Washington Basin area has been pri-
marily in lead-silver ores, although some gold values have
been reported (Van Noy and others, 1986). Small amounts
of copper and zinc may have also been produced. Other
reported commodities include Cu, Zn, Sb, W, Bi, Te, and
Se (Van Noy and others, 1986). The area has been the sub-
ject of recent gold exploration activity.

GEOLOGIC SETTING

The geology of the Washington Basin area consists of
complexly folded and faulted Paleozoic strata that have been
intruded by at least two different types of igneous stocks and
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Figure 1. Map showing location of the Washington Basin area,
Custer County, Idaho. Location of map area of figure 2 is also shown.

dikes. The mineral deposits in the area display a strong
structural control, and at least two separate mineralization
events are believed to have occurred. Recent mapping
(Mahoney, 1989, this report, unpublished data) has resulted
in significant revision of previously postulated stratigraphic
and structural models.

STRATIGRAPHY

Washington Basin is underlain by three Paleozoic sedi-
mentary units: the Paleozoic Salmon River assemblage and
the Middle Pennsylvanian to Lower Permian Wood River
and Grand Prize Formations of the Sun Valley Group
(Mahoney and others, 1991) (fig. 2). Mineral deposits are
hosted by each of these units in the Washington Basin area,
but the most important host is the Grand Prize Formation,
which underlies most of the basin.

Pennsylvanian and Permian sedimentary rocks in the
area previously were assigned to variety of stratigraphic
units including the rocks at Pole Creek (Fisher and others,

Figure 2 (facing page). Map showing geology of the Washing-
ton Basin area, Custer County, Idaho. Location of map area is
shown in figure 1. Lines of section of figure 3 are also shown. Base
from U.S. Geological Survey 7.5-minute topographic series maps,
Washington Peak (1964) and Horton Peak (1970).
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of several of the Cretaceous stocks near the hinge region of
the anticline suggests that stock emplacement may have been
structurally controlled (figs. 2, 3).

A fine-grained, holocrystalline, biotite-rich quartz dior-
ite dike intrudes the porphyritic granodiorite and the Grand
Prize Formation on Red Hill (figs. 2, 3). The dike is [0-15m
(33-49 ft) wide on Red Hill and splits into three separate
dikes on the north side of Red Hill. Fine-grained biotite
makes up more than 50 percent of the unit. The dike is prob-
ably Cretaceous in age and is believed to be a late-stage
intrusive feature associated with the porphyritic granodior-
ite; however, the biotite quartz diorite dike crosscuts the por-
phyritic granodiorite and may therefore be as young as
Eocene in age. Chloritic alteration of biotite precludes a
more accurate age determination. Quartzite of the Grand
Prize Formation hosts replacement mineralization adjacent
to the diorite dike. Similar dikes are adjacent to massive sul-
fide replacement deposits in quartzite of the Grand Prize
Formation at the Pole prospect approximately 8 km (4.8 mi)
to the southeast along Pole Creek.

Eocene dacite porphyry dikes intrude both the Grand
Prize Formation and the Cretaceous granodiorite in the head
of Germania Basin. Emplacement of the dikes was primarily
along the contact between the granodiorite and the Paleozoic
rocks. A mafic dike of uncertain age cuts the quartzite on the
west end of Bible Back Mountain and is spatially related to
mineralized rocks; similar lamprophyric dikes elsewhere in
the White Clouds are interpreted as Cretaceous in age (R.G.
Worl, oral commun., 1989).

MINERAL DEPOSITS

In the Washington Basin area, mineral deposits are
hosted by members 2, 3, and 4 of the Grand Prize Formation,
by the Eagle Creek Member of the Wood River Formation,
and by the Cretaceous porphyritic granodiorite. Mineraliza-
tion was primarily structurally controlled, as suggested by
mineralized north-trending shear zones on Bible Back
Mountain and by northeast-trending (fold-hinge parallel)
mineralized veins in Washington Basin (fig. 5). Alteration
of host rocks is pervasive and includes oxidation in both the
igneous and sedimentary hosts and sericitic alteration in the
igneous host. Alteration products include limonite, hematite,
goethite, and sericite (Van Noy and others, 1986).

Teepen (1985) described the mineral deposits and
paragenetic sequence of the Empire and Black Rock claims
in Washington Basin (fig. 4). Van Noy and others (1986)
provided a complete description of mines and prospects in
the Washington Basin area. Information from these reports is
included in the following descriptions.

Three types of mineral deposits are present in the
Washington Basin area: (1) polymetallic veins and replace-
ment deposits associated with the Cretaceous porphyritic
granodiorite, (2) shear-zone-hosted polymetallic veins in
sedimentary rocks, and (3) massive replacement deposits in
quartzitic rocks.

POLYMETALLIC VEINS

Two types of polymetallic veins are present in Wash-
ington Basin: (1) northeast-trending veins localized along
fold hinge-parallel fractures and (2) veins along the contact
between the Cretaceous porphyritic granodiorite and calc-
silicate rocks of the intruded Grand Prize Formation.

The most prominent mineralized structure in the Wash-
ington Basin area is a system of northeast-trending quartz-
pyrrhotite-pyrite veins on the floor of Washington Basin.
These veins are contained in shear zones and fracture sys-
tems that are subparallel with the fold axial plane of the
asymmetric anticline that dominates the structure of the area,
and they are probably the result of tensional stresses in the
axis of the fold (figs. 2, 5). The vein system includes the Last
Resort, Empire, Reconstruction, and Yacomella veins and is
easily recognized by heavily oxidized sulfide minerals at the
surface (fig. 5). The veins consist primarily of quartz and
pyrrhotite and lesser amounts of pyrite, chalcopyrite,
sphalerite, and galena. Small amounts of scheelite, telluride
minerals, and jamesonite have also been reported (Van Noy
and others, 1986). Samples assayed from the Empire vein, in
the center of Washington Basin, average less than 0.01
ounces of gold per ton, 0.59 ounces of silver per ton, 0.28
percent Pb, 0.40 percent As, and less than 0.01 percent WO3
(Van Noy and others, 1986). Minor amounts of gold have
documented from all the veins (Van Noy and others, 1986),
and disseminated gold has been reported from wallrock near
the vein systems (J. Jones, oral commun., 1988).

Teepen (1985) conducted petrographic, geochemical,
and geothermometry studies on sulfide minerals from the
vein systems in the Empire and Black Rock claims and doc-
umented a paragenetic sequence of sulfide mineralization of
pyrrhotite>pyrite>sphalerite>chalcopyrite.  Teepen  dis-
agreed with the analytical results of Van Noy and others
(1986) and was unable to detect bismuth-, lead-, arsenic-, or
gold-bearing minerals in petrographic, X-ray, or geochemi-
cal studies of the Empire and Black Rock claims (fig. 4).
This discrepancy is problematic, but the higher sampling
density and broader sampling techniques of Van Noy and
others (1986) lend credence to their observations.

The Grand Prize Formation and the porphyritic grano-
diorite are hydrothermally altered and mineralized with
finely disseminated suifide minerals along the vein system in
Washington Basin, suggesting post-intrusion mineralization
that is probably the result of late-stage circulation of metal-
bearing fluids associated with Cretaceous plutonic activity.

The second type of polymetallic veins in the Washing-
ton Basin area is along the contact between the Cretaceous
porphyritic granodiorite and calc-silicate rocks of the
intruded Grand Prize Formation. Intrusion of the granodior-
ite resulted in contact metamorphism of members 1, 2, and
3 of the Grand Prize Formation and mineralization of both
the Paleozoic sedimentary rocks and the granodiorite itself.
Examples of this type of veins are in the Black Rock mine
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in the southwestern part of Washington Basin and in pros-
pects of the Germania group and Arctic group in the head
of Germania Basin.

At the Black Rock mine, mineral deposits consist of a
northwest-striking, southwest-dipping quartz-pyrite zone
(Washington vein) that cuts both granodiorite and the Grand
Prize Formation (Van Noy and others, 1986). The mineral-
ized zone is subparallel with the intrusive contact. Sulfide
minerals are contained in pods as much as 0.3 m (0.98 ft) in
diameter and 0.6 m (2.0 ft) in length in the granodiorite and
in tactite zones in the Paleozoic sedimentary rocks (Van Noy
and others, 1986). In the granodiorite, the wallrock is seri-
citized and disseminated pyrite is common; Paleozoic rocks
are contact metamorphosed to calc-silicate hornfels. The
entire contact zone is heavily iron stained. Sulfide minerals
include pyrrhotite, arsenopyrite, pyrite, and minor sphalerite.
Assays of the vein material averaged 0.005 ounces of gold
per ton, 1.3 ounces of silver per ton, 1.27 percent Pb, and
0.32 percent Sb (Van Noy and others, 1986).

In Germania Basin, prospects of the Germania group
and Arctic group contain mineralized veins that closely par-
allel the contact between the porphyritic granodiorite and
members 2 and 3 of the Grand Prize Formation. The vein
material is predominantly quartz and leached pyrite and is
vuggy and iron stained. Reported sulfide minerals include
pyrite, galena, sphalerite, pyrrhotite, and arsenopyrite (Van
Noy and others, 1986). Assay values from the vein quartz
contain an average of 0.06 ounces of gold per ton, 8.2 ounces
of silver per ton, and 6.14 percent Pb (Van Noy and others,
1986). Numerous Eocene dacite porphyry dikes cut the min-
eralized area; these dikes are iron stained, and the possibility
of associated Eocene mineralization cannot be discounted.

SHEAR-ZONE-HOSTED
POLYMETALLIC VEINS

Two types of shear-zone-hosted polymetallic veins are
in the Washington Basin area: (1) a thick mineralized breccia
zone associated with the low-angle structure on Bible Back
Mountain and (2) north-trending veins on Bible Back Moun-
tain containing finely disseminated, oxidized sulfide miner-
als (Van Noy and others, 1986). In addition, Van Noy and
others (1986) reported polymetallic veins contained in minor
shear zones associated with northeast-trending brittle struc-
tures throughout the area.

The most important shear-zone-hosted polymetallic
veins in the Washington Basin area are within the low-angle
structure exposed on the north face of Bible Back Mountain.
The fault zone is extensively mineralized and has been
responsible for much of the production from the Washington
Basin area (Umpleby, 1915; Van Noy and others, 1986). The
brecciated fault zone is 1-1.5 m (3.3-4.9 ft) thick, strikes to
the northeast, and dips about 18° to the southeast (Van Noy
and others, 1986). The fault zone is highly oxidized, and iron
staining is common; visible sulfides are rare. Van Noy and

others (1986) reported small, irregular replacement-type ore
shoots within the fault zone that consist of small amounts of
pyrite, galena, and jamesonite in a quartz and calcite gangue.
Samples from the mineralized zone collected by the U.S.
Bureau of Mines (Van Noy and others, 1986) averaged 0.06
ounces of gold per ton, 12.6 ounces of silver per ton, 4.27
percent Pb, 1.02 percent Zn, 0.58 percent Cu, and 0.45 per-
cent Sb. The U.S. Bureau of Mines estimated that approxi-
mately 8,600 tons of paramarginal resources are present
within the old workings on Bible Back Mountain and that an
additional 30,000 tons of paramarginal resources may be
present in unexplored parts of the fault zone.

The second type of polymetallic vein system consists of
north-trending shear zones that cut the brecciated Eagle
Creek Member of the Wood River Formation on Bible Back
Mountain. The Eagle Creek Member on Bible Back Moun-
tain is pervasively sheared and brecciated and comprises the
upper plate of the low-angle structure previously discussed.
The shear zones are almost vertical and are generally 0.5-1.5
m (1.6-4.9 ft) wide. Visible sulfide minerals are rarely
observed, but the entire mountain is pervasively iron stained
(limonite), and oxidized gouge is common in the shear
zones. Both quartz and calcite stringers are present. Shear
zone samples analyzed by Van Noy and others (1986) aver-
aged 0.08 ounces of gold per ton, 13.7 ounces of silver per
ton, 21.0 percent Pb, 0.4 percent Sb, and minor amounts of
copper and zinc.

MASSIVE REPLACEMENT DEPOSITS

A small replacement-type deposit is exposed in a bull-
dozer cut on the north side of Red Hill (fig. 1). The deposit
consists of almost complete replacement of massive quartz-
ite, probably member 2 of the Grand Prize Formation, by
massive sulfides. The ore zone is highly oxidized and iron
stained, and the deposit has a distinct sulfurous odor to it.
Within the ore zone, massive sulfide material, including
galena and sphalerite, has completely replaced the calcare-
ous cement between the fine to medium sand-sized quartz
grains comprising the quartzite. Mineralized veins are
absent, although small stringers of quartz are associated with
the deposit. The replacement deposit apparently grades into
unaltered sedimentary rock, although exposure in the area is
poor. The bulldozer cut is exploratory, and no evidence of
production exists. The replacement deposit is at the north
end of a biotite quartz diorite dike associated with the main
biotite quartz diorite on Red Hill and is probably genetically
related to that intrusion.

GENESIS AND ORE CONTROLS

The most prominent mineral deposits in the Washing-
ton Basin area are in veins that occupy fractures along the
axial trace of the asymmetric anticline. The anticline formed
as a result of northwest- to southeast-directed compressive
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stress related to the Cretaceous Sevier orogenic event; north-
east-trending fractures formed parallel with the fold hinge.
The anticline apparently controlled emplacement of the Cre-
taceous porphyritic granodiorite, and hydrothermal systems
driven by this intrusion remobilized metals from the Paleo-
zoic sedimentary rocks and deposited them within northeast-
trending fractures. The intrusive event also resulted in poly-
metallic vein mineralization in the calcareous Paleozoic
country rock. The most probable source of the metals is the
Paleozoic Salmon River assemblage, which forms the core
of the anticline and is spatially associated with each of the
mineralized areas. Lead-isotope studies also suggest that the
Salmon River assemblage was a probable source of metals
(Sanford and Wooden, this volume).

Mineral deposits in the Washington Basin area formed
during at least two separate mineralization events. The ear-
lier event produced polymetallic vein deposits believed to
have formed from late-stage hydrothermal fluid circulation
associated with the intrusion of Cretaceous granodiorite.
These polymetallic veins were emplaced in fold-hinge-par-
allel fractures or along the contact between the Grand Prize
Formation and the Cretaceous granodiorite. A later mineral-
ization event formed replacement deposits within quartzite
of the Grand Prize Formation. This event is associated with
intrusion of the biotite quartz diorite dike into Cretaceous
granodiorite and the Grand Prize Formation on Red Hill
Crosscutting relations clearly show that the biotite quartz
diorite dike is younger than the granodiorite, but the timing
of the mineralization events is less clear. It is possible that
intrusion of the biotite quartz diorite dike and both replace-
ment and polymetallic vein mineralization are genetically
related and therefore coeval; however, the presence of poly-
metallic veins along the granodiorite-Grand Prize Formation
contact and pervasive alteration of both granodiorite and
Grand Prize Formation throughout the area suggest that the
polymetallic vein mineralization was associated with intru-
sion of the granodiorite. In addition, the lack of polymetallic
veins associated with the biotite quartz diorite and the
absence of biotite quartz diorite and replacement deposits
elsewhere in the area also suggest that the replacement
mineralization and dike intrusion postdate an earlier polyme-
tallic vein mineralization event.

The timing of emplacement of the polymetallic shear-
zone-hosted veins on Bible Back Mountain is problematic.
As stated previously, replacement mineralization on Red
Hill is believed to postdate polymetallic vein mineralization
associated with the Cretaceous intrusive activity. The tempo-
ral relationship between the shear-zone-hosted polymetallic
veins on Bible Back Mountain and the other mineral deposit
types is difficult to determine. The shear-zone-hosted veins
may represent a higher structural level of mineralization
associated with Cretaceous intrusive activity, or they may be
the result of a younger event associated with younger
(Eocene?) high- and low-angle fault displacement. More
detailed structural analysis of Bible Back Mountain and dat-
ing of alteration minerals are needed to resolve the timing of
mineralization in that area.

MINERAL POTENTIAL

The Washington Basin area has potential for minable
lead-silver ores in and adjacent to the well-documented
northeast-trending mineralized rocks and moderate potential
for gold skarn deposits. The U.S. Bureau of Mines (Van Noy
and others, 1986) reported that between 25,000 and 100,000
tons of submarginal ore-grade material (1974 prices) may be
present in the Washington Basin area and that there is poten-
tial for the discovery of minable ore shoots in the area.

Future exploration activities should concentrate on
exploiting the prominent northeast-trending vein system in
Washington Basin. The localization of veins along fold-
hinge fractures suggests that veins continue at deeper levels
beneath Germania Basin to the south. Additional polyme-
tallic vein deposits may be present along the contact
between porphyritic granodiorite and Paleozoic sedimen-
tary rocks, particularly in Germania Basin. The deposits on
Bible Back Mountain are probably of too low grade to war-
rant further exploration.
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Mineral Deposits at Leadbelt,
Lava Creek Mining District,

- South-Central Idaho

By Sandra J. Soulliere,! Anna B. Wilson,! and Betty Skipp!

ABSTRACT

The Leadbelt mines of the Lava Creek mining district
of south-central Idaho produced lead, silver, and zinc from
polymetallic vein deposits in Mississippian terrigenous and
carbonate rocks. Ore is present as discontinuous lenses and
isolated clots within veins cutting carbonate rocks. Veins of
this type have little or no surface expression in the area but
are known to be associated with north-northwest-trending
faults or with fractures related to folding.

INTRODUCTION

The Leadbelt mines of the Lava Creek mining district
are about 12 mi west of Arco and 3 mi south of Grouse in
Butte County, Idaho (fig. 1). The mines are on the southeast-
ern flank of the Pioneer Mountains, south of Antelope Creek
and near the heads of Leadbelt and Dry Fork Creeks (fig. 2).
In this area, Mississippian terrigenous rocks of the
McGowan Creek Formation and carbonate rocks of the Mid-
dle Canyon and Scott Peak Formations host polymetallic
vein deposits containing lead, silver, and zinc.

The Leadbelt deposits and study area are within the
Challis National Forest or on adjacent land administered by
the Bureau of Land Management; the area is adjacent to pri-
vately owned land on its eastern, western, and southern
sides. Access is by unimproved roads along Leadbelt Creek,
south of the road along Antelope Creek. A four-wheel-drive
road from the Leadbelt mine provides access to Cave Rock
(fig. 2). Permission to use private roads on the eastern and
southern boundaries of the study area was denied.

Topography of the area is characterized by broad
ridges and steep valleys, and elevations range from 6,800 to
9,178 ft. Tributaries of Dry Fork and Leadbelt Creeks drain
the area.

1U.S. Geological Survey, Denver Federal Center, Denver, Colorado
80225.

Descriptions of the early mine workings and production
estimates are given in Umpleby (1917) and Anderson
(1929). Worl and others (1989) assessed the potential for
undiscovered mineral resources of the Challis National For-
est including the Leadbelt Creek area. Skipp and Hait
(1977), Skipp and Hall (1980), and Link and others (1988)
described the structure and stratigraphy of south-central
Idaho. Recent geologic mapping of the Mackay 4 SE and
Blizzard Mountain North 7.5-minute quadrangles by Skipp
and others (1990) and Skipp and Bollman (1992), respec-
tively, includes the Leadbelt area and was used to prepare
figure 3 of this report.

EXPLORATION PERSPECTIVE

Although prospecting began in the area in 1890, sig-
nificant lead and silver deposits at Leadbelt were not mined
until 1905. Only two deposits, the Leadbelt and Butte-
Antelope, were extensively developed (Anderson, 1929).
From 1905 to 1913, several shipments of lead-silver ore,
having an estimated total value of $100,000 (1917 dollars),
were hauled from the mines (Umpleby, 1917). Anderson
(1929) reported that the Leadbelt mine produced 1,050 tons
of ore in 1913. Production values for the deposits from
1913 to 1941 are given in table 1 (R.G. Worl, written com-
mun., 1991).

The portal of the Leadbelt mine is at the head of Lead-
belt Creek at an elevation of about 7,200 ft (fig. 2). The stope
is reportedly less than 40 ft along the north-trending strike of
the vein, which apparently pinched with depth (Anderson,
1929). Principal production from the mine was in 1913 when
21 cars of 50 tons each were shipped; ore averaged 16 per-
cent lead and 16 ounces of silver per ton (Umpleby, 1917).
The Leadbelt mine is currently overgrown, although several
open shafts were located, and no ore was found on the dump.

The portal of the Butte-Antelope mine is also at the
head of Leadbelt Creek, about 0.5 mi southwest of the
Leadbelt mine, at an elevation of about 7,250 ft (fig. 2).
The old workings consist of open cuts, short tunnels and
drifts scattered along the hillside. In 1928, a tunnel was cut

H1
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Figure 1. Map showing location of the Leadbelt area, Lava Creek
mining district, south-central Idaho.

through the old workings and extended about 300 ft
through black carbonaceous shale. Anderson (1929)
reported assay values of 31 ounces of silver per ton from
selected samples of galena at the mine. A visit to the site in
1987 found the original Butte-Antelope mine workings vir-
tually obliterated by recent excavations. All that remains is
a steep cutbank with no sign of dumps or workings.

A number of old prospects and adits are also scattered
along the hillside at the head of Dry Fork Creek; no produc-
tion values are known for these.

At the time of this study in 1987-88, there was active
exploration at an adit between the Leadbelt and Butte-Ante-
lope mines. Rehabilitation of the adit and a nearby shaft
indicated that a small-scale mining venture was operating
in the area.

A mining operation with heap leach pads was underway
in 1988 on privately owned land about 2 mi southwest of the
Leadbelt mines. This mine is in argillite of the Copper Basin
Formation, on the Copper Basin thrust plate (fig. 3), and was
not studied by the authors. No other information was avail-
able for this site, and permission for access was denied.

Table 1. Production data for deposits in the Leadbelt area, Lava
Creek mining district, south-central Idaho.

[Data collected by R.G. Worl (U.S. Geological Survey) from U.S.
Bureau of Mines files, Spokane Field Office. Crude ore is in dry tons;
Au and Ag in ounces (troy); Cu and Pb in pounds. Zero (0) indicates no
production; leaders (--) indicate no recorded production]

Year Ore Au Ag Cu Pb
Antelope Creek district
1935 456 14.00 373 1 68
1939 401 -- 201 198 -
1940 814 - 475 339 -
Total 1,671 14.00 1,049 538 68
Unnamed mine, Antelope Creek
1924 16 - 205 - 774
Mine total 16 -- 205 -- 774
Butte (Antelope Creek) mine
1935 40 1.00 519 24 1,763
Mine total 40 1.00 519 24 1,763
Leadbelt mine
1913 34 - 514 - 8,409
1914 353 6.00 5,619 136 123,810
1915 205 4.00 1,902 -- 43,615
1916 83 2.00 1,162 - 23,522
1917 557 22.00 4,788 736 130,074
1918 416 6.00 5,369 2,030 111,038
1919 276 3.00 3,742 995 93,619
1921 0 0 0 0 0
1922 39 1.00 1,242 65 23,767
1923 0 0 0 0 0
1924 24 - 348 - 6,935
1925-28 0 0 0 0 0
1929 57 3.00 511 - 12,031
1941 13 - 121 34 2,217
Mine total 2,057 47.00 25,318 3,996 579,037
District total 3,784 62.00 27,091 4,558 581,642
Short tons 2.3 290.8
GEOLOGIC SETTING

Geologic units exposed in the Leadbelt area are mainly
Mississippian sedimentary rocks unconformably overlain to
the northwest by flows of the Eocene Challis Volcanic
Group (fig. 3). Several north-northwest- and east-trending
faults and folds transect the area.

In south-central Idaho, several major thrust plates sepa-
rate distinct stratigraphic rock sequences (Skipp and Hait,
1977; Skipp, 1987; Link and others, 1988). Paleozoic sedi-
mentary rocks in the Leadbelt area are part of two such thrust
plates, the Copper Basin plate to the west of the Copper
Basin thrust fault and the Grouse plate to the east (fig. 3).
Both plates were probably emplaced during east-west-
directed compression in mid-Cretaceous time (Skipp, 1987).
Most of the Paleozoic rocks in the Leadbelt area are on the
Grouse thrust plate. The Copper Basin thrust fault, exposed
along the western edge of the Leadbelt area (fig. 3), forms
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Table 3. Results of geochemical analyses of rock samples from the Leadbelt area, Lava Creek mining district, south-central Idaho.

[Ca, Fe, Mg, Na, P, and Ti in percent; all other elements in parts per million. Lower limit of detection is shown in parentheses above element symbol. L
indicates less than lower limit of detection; N indicates not detected; B indicates that the sample was not analyzed for this element. Sample LB6 was
analyzed by Geochemical Services, Inc.; detection limits are given in table 2]

(0.05) (0.05) (0.02) 0.2) (0.002) (0.5) (200) (10) 10) (20) (¢)) 10)
Ca Fe Mg Na Ti Ag As Au B Ba Be Bi
87M-120 10 2 0.7 0.5 0.03 1.5 1500 N L 200 N N
87M-122 L 1.5 0.5 N 0.2 0.7 N N 70 2000 L N
87M-123 N 0.5 0.3 N 0.15 1 N N 30 700 N N
LB6 B B B B B 1.95 332 0.005 B B B <2.35
20 (10 10y ) ) (10) 50 10) ) (20 ) 10)
Cd Co Cr Cu Ga Ge La Mn Mo Nb Ni Pb
87M-120 N N N 10 15 L N 300 N N 5 150
87M-122 N N N 70 30 5 N N N N 10 N
87M-123 N N N 20 10 5 N 15 N L 5 20
LB6 15.5 B B 35.0 <4.71 B B B 33.1 B B <2.35
(100) (5) [$10)) (100) (100) (10) (20) 10) (200) 10
Sb Sc Sn Sr Th \'% w Y Zn Zr Ti Se
87M-120 N N N 200 N 20 N N 200 10 B B
87M-122 N L N N N 200 N N N 50 B B
87M-123 N N N N N 150 N N N 70 B B
LB6 31.8 B B B B B B B 334 B 7.00 974

Canyon Formation, had the highest concentrations of As
(123 ppm), Cu (32.1 ppm), Mo (28.7 ppm), Zn (494 ppm),
and Se (5.98 ppm). Sample LB1 was collected downstream
from the intersection of east-trending and northeast-trend-
ing faults in Middle Canyon Formation and has the highest
Hg (1.73 ppm) and Pb (46.7 ppm) concentrations. The
highest concentrations of Sb (18.80 ppm) and Cd (2.5 ppm)
are from sample LB5, which was collected downstream
from the intersection of east- and north-trending faults in
Middle Canyon Formation. No significant concentrations
of silver were detected in the panned-concentrate samples.
The highest concentration of Ag (0.286 ppm) was from
sample LB19, collected downstream from a mineralized
prospect pit. Table 5 presents a summary of analytical
results for panned-concentrate samples.

Correlation analysis of the panned-concentrate data
shows Mo-As-Zn-Cu and Sb-Cd associations (correlation
coefficient >0.90), a Cu-As-Mo-Zn-Sb-Cd-Ga association
(correlation coefficient >0.85), and a Cu-As-Mo-Zn-Sb-
Cd-Ga-Pb-Hg association (correlation coefficient >0.75)
(table 6).

No geophysical signatures specific to polymetallic
replacement vein deposits have been identified in the Lead-
belt area. Regional aeromagnetic surveys of the Hailey and
Idaho Falls 1°x2° quadrangles provide criteria for mapping
buried intrusive complexes, delineating major fault and
shear zones, and identifying areas that might be hydrother-
mally altered or mineralized (Kleinkopf and others, 1988a,
b). A belt of high-intensity magnetic gradients, known as the
Great Rift shear zone, trends northwest from about the

Craters of the Moon National Monument to Sun Valley
(Kleinkopf and others, 1989). The Leadbelt area is in the
center of this shear zone, and a magnetic high or positive
anomaly is northeast of the mines (Worl and others, 1989).
This magnetic high may indicate a buried intrusive body at
depth that could represent a thermal source for a regional
hydrothermal system. In addition, parallel magnetic contours
east of the magnetic high indicate a north-northwest-trend-
ing fault and fold zone through the Leadbelt area.

In simplistic terms, ore deposition was from hydro-
thermal fluids probably associated with Eocene igneous
intrusive activity. Three possible sources for the fluid are
(1) hydrothermal water from magma at depth, (2) convect-
ing meteoric water, or (3) connate water from the Paleozoic
rocks. Fractures and faults formed by extensional tec-
tonism provided conduits for mineralizing solutions. Cal-
cite, silica, magnesium carbonate minerals, and lead-, zinc-,
and silver-bearing sulfide minerals were deposited as veins
in carbonate rocks.

The influence of local intrusive activity on the forma-
tion of the base-metal deposits is uncertain. Intrusive activity
at depth may have been the source of a regional hydrother-
mal system that either supplied the metals or acted as a heat
source for transport of metals from sedimentary rocks. Lead-
isotope data from vein deposits near Leadbelt (Sanford and
others, 1989; Sanford and Wooden, this volume) suggest that
either the Tertiary intrusive bodies or Precambrian basement
rocks may be the source of the lead; however, until addi-
tional analyses are performed, the source of the metals at
Leadbelt is uncertain.
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Table 4. Results of geochemical analysis of panned-concentrate samples from the Leadbelt area, Lava Creek mining district, south-
central Idaho.
[Samples were also analyzed for T1, Bi, Pd, and Te, but all values were below the limits of detection. All values are in parts per million; L indicates a
value less than the detection limit shown]

Sample

number Ag As Au Cu Hg Mo Pb Sb Zn Cd Ga Se
LBI 0.109 71.9 0.001 30.6 1.73 13.8 46.7 9.66 436 1.89 4.25 1.34
LB2 0.049 26.1 0.0005L 122 0.488 4.64 155 3.70 176 0.780 291 0.967L
LB3 0.074 21.6 0.0007L 9.49 0210 2.77 11.8 4.80 144 0.706 0.832 1.36L
LB4 0.160 30.2 0.001 19.2 0.095L 4.89 14.0 4.71 207 0.493 1.62 2.59
LBS 0.098 98.6 0.001 28.9 0.426 12.2 29.6 18.8 447 2.50 431 5.40
LB8 0.047 35.0 0.002 24.6 0.319 4.64 16.8 4.46 239 1.03 277 2.60
LB9 0.064 46.0 0.0007L 184 0.138 8.22 25.4 6.64 236 1.37 3.96 1.98
LBI10 0.107 66.3 0.0005L  28.5 0314 13.5 203 7.86 343 1.48 4.14 2.05
LBI11 0.084 74.0 0.0006L  22.7 0.430 8.55 225 8.68 273 1.31 2.78 1.41
LB12 0.140 86.0 0.0007L  28.1 0.230 13.4 25.6 10.6 395 1.62 2.98 5.58
LB13 0084 1230 0.0007L  32.1 0.322 28.7 29.4 12.1 494 1.76 4.36 598
LB14 0.071 44.7 0.0005L  20.0 0.325 7.31 19.1 5.48 237 1.07 2.17 2.28
LB15 0.113 53.9 0.0004L  25.8 0.859 7.03 21.6 6.35 304 0.928 2.00 2.45
LBI16 0.126 102.0 0.001 308 0.537 21.0 32.7 11.2 470 2.01 424 2.60
LB17 0.087 47.6 0.001 19.4 0.549 12.1 24.0 6.56 286 1.24 2.99 2.68
LB18 0.146 342 0.0006L 223 0.119 6.17 163 7.06 259 0.722 1.81 434
LB19 0.286 16.1 0.001 154 0.097L 1.66 10.5 2.37 125 0.379 1.18 2.06

Table 5. Summary of analytical results of panned-concentrate samples from the Leadbelt area, Lava Creek
mining district, south-central Idaho

[In parts per million. Samples were analyzed for T1, Bi, Pd, and Te, but all values were below the limits of detection]

Minimum Maximum Mean Deviation Number of samples
value detected value detected of values of values having detectable values
Ag 0.047 0.29 0.11 0.056 17
As 16.1 123.0 57.48 31.14 17
Au <0.0004 0.002 0.0008 0.0004 10
Cu 9.49 32.10 22.85 6.7 17
Hg <0.095 1.73 0.423 0.39 15
Mo 1.66 28.70 10.03 6.89 17
Pb 10.50 46.70 22.46 8.93 17
Sb 2.37 18.80 7.666 3.989 17
Zn 125.0 494.0 298.9 115.76 17
Cd 0.379 2.50 1.252 0.577 17
Ga 0.832 4.360 2.900 1.168 17
Se <0.967 5.980 2.805 1.557 15
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Table 6. Correlation coefficients for each pair of selected elements for panned-concentrate samples from the Leadbelt area, Lava Creek

mining district, south-central Idaho

[Data analyzed by using USGS STATPAC statistical computer package (Van Trump and Miesch, 1976) to determine element associations. These
elements were selected because they were detected in more than 50 percent of the samples. Results of geochemical analysis and summary of results are

given in tables 4 and 5]

Ag 1.00

As -0.17 1.00

Au 0.03 0.03 1.00

Cu -0.02 0.85 0.25 1.00

Hg -0.18 0.26 0.04 0.40 1.00

Mo -0.16 091 0.03 0.77 0.24 1.00

Pb -0.21 0.72 0.06 0.73 0.75 0.68 1.00

Sb -0.14 0.87 0.05 0.73 0.22 0.68 0.67 1.00

Zn -0.14 0.95 0.10 0.92 0.43 0.89 0.83 0.86 1.00

Cd -0.30 0.88 0.05 0.76 0.39 0.74 0.83 0.92 0.89 1.00

Ga -0.36 0.78 0.07 0.72 0.38 0.77 0.79 0.71 0.81 0.87 1.00

Se 0.1 0.60 0.13 055 -0.26 0.54 0.19 0.66 0.58 0.44 0.28 1.00
Ag As Au Cu Hg Mo Pb Sb Zn Cd Ga Se

SUMMARY 1988b, The application of regional geophysical data in min-

Silver, lead, and zinc production in the Lava Creek min-
ing district of south-central Idaho was from small isolated
clots and discontinuous lenses in veins cutting carbonate
rocks. Veins of this type have little or no surface expression
in the area but are known to be associated with north-north-
west-trending faults or with fractures related to folding.
Exploration for hidden orebodies should therefore concen-
trate on the structural fabric of the area and favorable host
rocks. Further detailed geochemical and geophysical surveys
would also be useful in locating hidden orebodies. Detailed
electrical surveys would facilitate detection of individual
orebodies containing conductive sulfide minerals. Isotope
data for ore in the Leadbelt area would help determine the
source of the metals in these deposits.
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Mineral Deposits of the Mackay and
Copper Basin Mineralized Areas,
White Knob Mountains, South-Central Idaho

By Anna B. Wilson,! Sandra J. Soulliere,! and Betty Skipp!

ABSTRACT

Between 1879 and 1982 about 1 million tons of ore
were produced from skarn deposits and associated replace-
ment veins near Mackay and Copper Basin, Idaho. The
deposits contain copper, lead, zinc, silver, and gold and
formed during contact metamorphism and metasomatism of
the Mississippian White Knob Limestone by intrusion of
the Eocene Mackay stock and related rocks. Field observa-
tions and statistical analysis of geochemical data indicate
that the deposits are typical of zoned copper skarns.
Copper-gold-silver is the geochemical signature of the
inner zone, grading outward to gold-silver, and then to
lead-zinc-silver in the outer zone. Deposits of the inner
zone typically are in metamorphosed and metasomatized
limestone along the contacts of the Mackay Granite and
leucogranite porphyry phases of the Mackay stock, and
copper is the chief product. In the outer zone, the limestone
is generally unaltered, contact metamorphism is limited,
and lead, zinc, and silver are the commodities mined.

In 1988 the area was explored for sediment-hosted, jas-
peroid-associated, precious-metal deposits and for hot-
springs-type, volcanic-hosted, disseminated gold deposits.

INTRODUCTION

Polymetallic skarn deposits are prevalent in the Mackay
and Copper Basin mineralized areas, southwest of the town
of Mackay, Idaho (fig. 1). These copper, lead, zinc, silver,
and gold deposits of probable Paleogene age were formed by
replacement of carbonate-bearing rocks during contact meta-
morphism and metasomatism. The Upper Mississippian
White Knob Limestone adjacent to the Eocene Mackay stock
(fig. 2) is the host rock. Total production for the Mackay and
Copper Basin mineralized areas is estimated to have been
about 1 million tons of ore (table 1). Potential for as yet

1UAS. Geological Survey, Denver Federal Center, Denver, Colorado
80225.

undiscovered, sediment-hosted, jasperoid-associated, pre-
cious-metal deposits near the Mackay stock is high.

The area described herein extends from the town of
Mackay to Copper Basin (fig. 1) in a wedge-shaped north-
east-trending block, approximately 13 mi long by 2% mi
wide at the northeast end and 8 mi wide at the southwest end
(fig. 2). It contains the highest peaks in the central White
Knob Mountains including Shelly (11,278 ft), Redbird
(11,273 ft), Cabin (11,244 ft), and Lime (11,179 ft) Moun-
tains, White Knob (10,529 ft), and Mackay Peak (10,273 ft).
The lowest elevations in the area are 6,000 ft near Mackay
and 7,700 ft near Copper Basin. Both the Alder Creek mining
district and the eastern part of the Copper Basin mining dis-
trict are in the study area (fig. 1).

The study area is within or immediately adjacent to the
Challis National Forest. Access to the Alder Creek mining
district is by graded roads from Mackay via Rio Grande Can-
yon and Alder Creek and by various four-wheel-drive roads
near the mines. Access to the Copper Basin area is by graded
Forest Service roads from Antelope Pass, Trail Creek Road,
or Burma Road. Other than old four-wheel-drive roads to the
Copper Basin mine, no roads access the western part of the
study area east of the mine.

PREVIOUS WORK

Nelson and Ross (1968, 1969a) prepared geologic
maps of the Mackay and Copper Basin mineralized areas at
1:24,000 and 1:125,000 scales. Skipp and Hait (1977),
Skipp and Harding (1985), and Wilson and Skipp (1994)
updated and reinterpreted the geology as previously pre-
sented but at a much smaller scale. Unpublished detailed
maps of several mines by other authors included in the
Anaconda Geological Documents Collection (International
Archive of Economic Geology, American Heritage Center,
University of Wyoming, Laramie) were useful.

Kemp and Gunther (1907) and Umpleby (1917) pub-
lished the first comprehensive studies of the ore deposits in
the Mackay region. Other studies include those of Ross
(1930), Nelson and Ross (1968, 1969a, b), and Leland

I
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Table 1. Production data for mines in the Mackay and Copper Basin mineralized areas, White Knob Mountains, Idaho.
[Compiled from Ross (1930), Farwell and Full (1944), Leland (1957), and Nelson and Ross (1968). Asterisk (*) indicates summary of data
collected by R.G. Worl and T.H. Kiilsgaard (U.S. Geological Survey) from U.S. Bureau of Mines files, Spokane Field Office. Values for the
Champion mine were computed from assay data and tonnage reported by Leland (1957). Crude ore is in dry tons; Au and Ag in ounces (troy);
Cu, Pb, and Zn in pounds. Leaders (--) indicate no value on record. Total for Alder Creek mining district does not include the Copper Basin
mine]

Year Ore Au Ag Cu Pb Zn
Copper Basin mine

*1912 60 0.60 163 13,654 - --
*1915-19 5,685 88.96 16,064 682,406 2,662 -
*1953 429 13.00 1,758 27,344 - --
Total 6,174 102.56 17,985 723,404 2,662 -

Blue Bird mine
*1924-28 571 8.89 5,472 574 135,038 3,111
*1935-39 365 7.55 4,525 920 143,931 -
Total 936 16.44 9,997 664 278,969 3,111

Champion mine
*1908 26 - 126 -- 2,812 -
1938 18 0.23 152 234 4,608 504
1943 339 3.39 993 2,373 86,106 20,340
1944 200 2.00 532 1,400 42,000 13,200
1947 65 0.81 954 1,105 13,650 6,890
1948 161 1.21 576 386 42,504 10,304
1949 106 1.59 212 1,102 18,656 4,452
1950 - - - - - -
1951 481 4.81 1,443 3,175 126,984 28,860
1952 107 0.93 251 835 22,042 6,206
1953 - - - - - --
1954 617 5.55 1,462 8,761 159,186 34,552
1955 459 2.30 1,193 1,102 115,668 24,786
Total 2,579 22.82 7,668 20,473 634,216 150,094

Horseshoe mine
1916 196 0.88 1,468 3,093 55,587 -
1917 1,462 6.99 17,293 2,997 678,074 -
1918 1,087 8.64 11,440 1,522 446,628 -
1919 1,128 4.76 12,011 2,333 361,937 --
1920 2,319 5.96 21,165 2,021 386,352 -
1921 116 2.25 1,811 376 55,902 -
1922 651 7.61 9,297 902 246,659 -
1923 660 6.98 5,014 1,603 169,872 -
1924 79 433 1,012 287 36,538 -
1925 75 1.50 1,776 348 59,310 -
1926 865 11.72 10,236 3,198 332,597 18,942
1927 182 1.52 2,275 495 58,256 18,163
1928 49 0.43 123 1,159 791 2,366
*1936-51 1,691 20.32 21,366 6,211 837,355 79,822
*1954 31 - 233 100 11,200 -
*1970-71 3,271 36.00 13,210 12,100 280,700 330,420

Total 13,862 119.89 129,726 38,745 4,017,758 449,713
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Table 1. Production data for mines in the Mackay and Copper Basin mineralized areas, White Knob Mountains, I[daho—
Continued.

[Compiled from Ross (1930), Farwell and Full (1944), Leland (1957), and Nelson and Ross (1968). Asterisk (*) indicates summary of data
collected by R.G. Worl and T.H. Kiilsgaard (U.S. Geological Survey) from U.S. Bureau of Mines files, Spokane Field Office. Values for the
Champion mine were computed from assay data and tonnage reported by Leland (1957). Crude ore is in dry tons; Au and Ag in ounces (troy);
Cu, Pb, and Zn in pounds. Leaders (--) indicate no value on record. Total for Alder Creek mining district does not include the Copper Basin
mine]

Year Ore Au Ag Cu Pb Zn
Empire mine
1902 1,721 14.00 607 14,966 -~ -
1903 15,681 241.00 12,658 441,286 - -
1904 67,850 85.00 3,500 2,700,000 - -
1905 13,000 385.00 22,065 684,134 - -
1906 40,838 1,842.00 71,854 2,807,926 - -
1907 37,141 1,823.00 70,222 2,895,881 - -
1908 382 16.00 673 38,698 - -
1909 1,436 28.00 2,236 90,347 -~ --
1910 7,206 265.00 28,754 919,492 - -
1911 11,057 663.00 40,900 1,415,314 - -
1912 26,227 1,766.00 69,942 2,854,281 - -
1913 35,950 1,892.00 106,463 3,962,125 - -
1914 17,801 971.00 59,243 2,106,441 - -
1915 54,295 3,155.00 125,134 4,702,119 -- -
1916 69,907 2,875.00 123,453 5,006,291 - -
1917 66,808 2,530.00 74,645 4,208,401 - -
1918 53,211 2,476.00 56,014 3,404,161 - -
1919 12,904 673.00 31,833 1,300,518 - -
1920 15,755 1,369.00 29,888 1,480,678 - -
1921 9,992 1,236.00 23,354 1,088,148 -- -
1922 16,717 2,019.00 33,988 1,843,200 - -
1923 15,791 1,458.00 25,908 1,449,838 - -
1924 11,775 1,245.00 18,808 1,137,771 - -
1925 24,753 2,096.00 35,439 2,352,306 -~ -
1926 3,635 234.00 6,453 239,785 - -
1927 13,627 761.00 9,734 684,154 - -
1928 11,532 495.00 9,776 514,697 - -
1929 66,573 2,282.00 60,883 2,824,032 1,000 -
1930 26,214 755.00 22,925 1,121,586 -~ -
1935 190 10.00 1,510 26,518 - --
1936 173 9.00 639 18,897 - -
1937 22 1.00 306 3,876 -~ -
1939 996 207.00 2,465 175,940 -~ --
1940 4,484 526.00 11,300 632,217 - -
1941 3,169 381.00 7,013 380,469 -~ -
1942 1,274 141.00 1,874 104,000 - -
*1943-49 15,404 1,009.00 16,223 822,272 - -
*1954-65 85,486 2,549.00 62,431 4,245,260 4,200 41,247
*1970-71 26,443 563.00 9,579 710,800 - -
*1974-75 11,651 113.00 1,615 51,271 18,642 870,768
*1982 446 - 901 -- 29,537 -
Total 899,517 41,159.00 1,293,208 61,460,098 53,379 912,015
Alder Creek district
Total 916,894 41,318.15 1,440,825 61,519,978 4,984,322 1,514,933

Short tons 30,760 2,492 757
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(1957) on the Alder Creek district and that of Farwell and
Full (1944) on the Empire mine. Except for Ross (1930),
detailed information on the Copper Basin mine is proprietary
and is not available for public use. A study of the mineral
resource potential and general geology of the Challis
National Forest (Worl and others, 1989) and recent studies
on jasperoid deposits (Soulliere and others, 1988; Wilson
and others, 1988) provide a summary of current (as of 1988)
activity and geologic interpretations. A mining history of the
area (Wells, 1983) makes for enjoyable reading.

In 1990 geologists from Idaho State University were
conducting detailed mapping and studies of the ore deposits
in the volcanic rocks of the Challis Volcanic Group in the
Mackay and Copper Basin mineralized areas.

HISTORICAL PERSPECTIVE

MACKAY MINERALIZED AREA

Prospectors first discovered copper in Alder Creek in
1879, but it was not until the 1884 discovery of ore at what
is now known as the Empire mine that the Alder Creek min-
ing district was established. Mining camps were settled at
Houston and Cliff City (fig. 1) in 1884 (Wells, 1983, p. 124),
and a small copper smelter constructed at Cliff City operated
intermittently for several years with varying success
(Umpleby, 1917, p. 93).

A railroad was built from Blackfoot to service the
Empire mine in 1901, and the new mining center at its termi-
nus, Mackay, lured settlers from the mining camps. A
smelter built at Mackay operated from 1902 to 1907 but was
not successful. After 1907 ore was shipped to Bingham,
Utah (T.H. Kiilsgaard, written commun., January 1991) or
Salt Lake (Umpleby, 1917, p. 93) for smelting.

Early mining operations at the Empire mine had prob-
lems (Umpleby, 1917, p. 13-14, 93; Wells, 1983, p. 125),
but Umpleby (1917, p. 14, 93) noted that conditions at the
mine improved when, in 1907, the property was acquired
by the Empire Copper Company, and a leasing system was
established that allowed individual miners to be paid for the
ore they produced. About this time, improvements were
made to the Empire mine, including replacement of the 12-
mile-long “expensive electric railway with a Shay steam
locomotive” (Wells, 1983, p. 125) that was 7% mi long
(Umpleby, 1917, p. 100). The steam locomotive was
replaced in 1918 by an overhead tram (Wells, 1983, p.
126), whose towers were still visible in Rio Grande Canyon
(fig. 1) in 1990. In 1924, a flotation mill was constructed to
handle the ore from the Empire mine (Farwell and Full,
1944, p. 4; Wells, 1983, p. 126). Mining operations contin-
ued more or less steadily until 1930 and resumed on a
smaller scale in the mid-1930’s after one of the largest ore-
bodies in the mine was discovered (T.H. Kiilsgaard, written
commun., January 1991).

The entire 1,100-foot level of the Empire mine was
driven in the 1960’s, and ore was mined from it (T.H. Kiils-
gaard, written commun., 1991). A large reworked open-pit
mine on the southern edge of the Empire mine property is
evidence of a mining revival in the early 1970’s. All that
remains of the operation are skeletons of heavy machinery,
deteriorating platforms, and empty tanks indicative of a heap
leach operation. Records for this operation could not be
located. Production records (table 1) indicate production
from the Empire mine as recently as 1982.

COPPER BASIN MINERALIZED AREA

In 1888, copper ore containing lesser amounts of lead
and silver was discovered in Copper Basin. Until a smelter
was completed at the mine site in 1901, the ore was hauled
to Ketchum for shipment (Wells, 1983, p. 124). The Copper
Basin smelter was not a success; it proved cheaper to haul the
ore to the railroad at Mackay (Umpleby, 1917, p. 103) for
shipment. Mining at the Copper Basin mine has been inter-
mittent since its discovery, and only some of its ore is
accounted for in official records (table 1).

DEVELOPMENT

MACKAY MINERALIZED AREA

None of the underground workings at any of the mines
was examined by the authors of this paper. Previous reports
on the Empire mine (Farwell and Full, 1944; Nelson and
Ross, 1968) indicate that there were more than 60,000 ft of
underground workings driven on grade and numerous stopes
in an area that extends two-thirds of a mile and is as wide as
400 ft. The lowest level of the mine is the Cossack Tunnel
(the 1,600-foot level) at 7,010 ft elevation from which no ore
has been mined. The lowest level that produced ore was the
1,100-foot level (about 7,500 ft elevation). The highest level
is at about 8,500 ft, and the main workings are at about 7,700
ft elevation. Surface mining extends as high as 8,880 ft.

Workings at the Horseshoe mine on six levels cov-
ered a vertical distance of 350 ft (Nelson and Ross, 1968).
Both the major developments and the ore zones trend
about N. 30° W. (Ross, 1930). The Champion mine was
developed on four levels and had almost 2,100 ft of work-
ings. Most of the ore was mined from the No. 2 level, and
the lower levels were never productive (T.H. Kiilsgaard,
written commun., April 23, 1952, U.S. Geological Survey
(USGS) files, Spokane Field Office).

COPPER BASIN MINERALIZED AREA

The mine at Copper Basin was considerably smaller
than the Empire mine. As of 1917, it had five adits, a 265-
foot-long shaft, and more than 3,000 ft of workings
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(Umpleby, 1917). A map from 1968 (USGS files, Spokane
Field Office) shows a glory hole and more than 1,600 ft of
workings in only four adits.

PRODUCTION
MACKAY MINERALIZED AREA

Detailed production records for the mines in the Alder
Creek mining district are summarized in table 1. Some of the
early figures can be verified in Ross (1930, p. 8, 9), Farwell
and Full (1944, p. 5, 6), Leland (1957, p. 17-19), and Nelson
and Ross (1968, p. A28-A30). Additional data are summa-
rized from files at the U.S. Bureau of Mines Western Field
Office, Spokane. The district produced at least 916,000 tons
of crude ore that yielded more than 41,159 ounces of gold,
1.44 million ounces of silver, 30,760 tons of copper, 2,490
tons of lead, and 750 tons of zinc.

Oxidized copper ore in skarn was produced from the
Empire mine, the main producer in the Alder Creek mining
district. From 1902 through 1982, the Empire mine produced
at least 30,730 tons of copper, 41,159 ounces of gold, and
1,293,208 ounces of silver from 899,517 tons of crude ore
(table 1). Most of the oxidized copper ore averaged 4-5 per-
cent Cu, whereas the sulfide ore contained half that amount
of copper (Ross, 1930, p. 15).

Oxidized lead-zinc bearing veins containing lesser
amounts of copper, silver, and gold have also been exploited
from deposits near the Empire mine, notably the Blue Bird,
Champion, Horseshoe, and White Knob mines (fig. 1).

From 1916 through 1971, the Horseshoe mine produced
almost 14,000 tons of ore (table 1). From this, almost 120
ounces of gold, 130,000 ounces of silver, 19 tons of copper,
2,000 tons of lead, and 225 tons of zinc were recovered (table
1). Approximately 4,500 tons of ore is reported to have come
from the Champion mine prior to 1960 (Nelson and Ross,
1968, p. A28), although Leland (1957) reports only 2,579
tons (table 1) and records from the U.S. Bureau of Mines
show only 2,000 tons. The 936 tons of ore produced from the
Blue Bird mine yielded 139 tons of lead (table 1). The only
production figure found for the White Knob mine is 2,100
tons of 17-percent zinc ore in 1941-42 (Farwell and Full,
1944, p. 6). T.H. Kiilsgaard (written commun., January
1991) recalled that the White Knob was producing
smithsonite zinc ore in 1946. No production records for the
other mines are available.

COPPER BASIN MINERALIZED AREA

Estimates for the value of ore produced at Copper Basin
vary widely and cover different time periods. Umpleby
(1917, p. 103) estimated $40,000 by 1914, whereas Ross
(1930, p. 10) estimated $230,000 by the late 1920’s. Other

estimates of production are proprietary but are within this
range (USGS files, Spokane Field Office). Only scanty pro-
duction data are preserved in U.S. Bureau of Mines files:
almost 6,200 tons of ore yielded 102 ounces of gold, 18,000
ounces of silver, 360 tons of copper, and 1.3 tons of zinc
from 1912 to 1919 and in 1953 (table 1).

EXPLORATION ACTIVITY

Exploration interest in 1989-90 focused on jasperoid-
associated, low-grade, large-tonnage, precious-metal depos-
its and gold skarns in the sedimentary terrane of the region.
Claims were staked on and surrounding silicified outcrops,
and assessment work was kept current on many old claims.
Numerous small jasperoid outcrops were staked between
Mackay and the Empire mine. Newly located claims were
staked in the Copper Basin mine area. Representatives from
large and small mining companies were active in the area,
but no extensive rehabilitation of the old workings was
undertaken nor were any of the jasperoid deposits devel-
oped.

Concurrently, there was exploration for hot-springs-
type, volcanic-hosted, disseminated gold deposits in the vol-
canic rocks adjacent to the area. New prospects and explora-
tion targets were identified, but none was developed. Interest
was focused on newly mapped intersections of northeast-
and northwest-trending structures (L.G. Snider, Idaho State
University, oral commun., May 1990). Volcanic-hosted ore
deposits are discussed by Moye and others (in press).

GEOLOGIC SETTING

The Mackay and Copper Basin mineralized areas are
east of the Idaho batholith and north of the Snake River
Plain. They are in the Cordilleran thrust belt, at the edge of
the Basin and Range structural province. Thrust plates com-
posed predominantly of Paleozoic quartzite, carbonate, and
shale were emplaced from west to east during Mesozoic
time. The thrust plates are offset by northeast-striking nor-
mal faults of probable Eocene age, which in turn truncate
less well developed, northwest-striking Eocene faults
(Southworth, 1988). The northeast-striking faults are trun-
cated by younger, northwest-striking basin and range faults
(Skipp and Harding, 1985).

A pair of the northeast-striking Eocene faults forms the
margins of the White Knob horst, which includes the
Mackay and Copper Basin mineralized areas (Skipp and
Harding, 1985). Exposed on the horst are Mississippian sed-
imentary rocks, a middle Eocene pluton (the Mackay stock),
and, locally, volcanic rocks. Adjacent to the horst, volcanic
rocks predominate (fig. 2).
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DESCRIPTION OF ROCK UNITS

Rocks exposed in the Mackay and Copper Basin miner-
alized areas are primarily carbonate rocks and minor clastic
units, granitic intrusive rocks, and skarn. In addition, jasper-
oid is present locally. For more complete descriptions refer
to the cited publications and references contained therein.

McGOWAN CREEK FORMATION

The Lower Mississippian McGowan Creek Formation
(mapped as the Copper Basin Formation of Nelson and
Ross (1968, 1969a) in this area) is the oldest rock unit
exposed on the White Knob horst (fig. 3). It is an argillite
sequence more than 4,000 ft thick composed of distal thin-
bedded turbidite and interlayered mudstone, siltstone, and
limestone deposited as flysch in a foreland basin (Nilsen,
1977, Skipp and others, 1979).

WHITE KNOB LIMESTONE

The Upper Mississippian White Knob Limestone con-
formably overlies the McGowan Creek Formation (fig. 3). It
consists of more than 5,500 ft of folded and faulted, variably
fossiliferous, blue-gray to black, chiefly thick bedded,
locally dolomitic limestone that contains abundant nodules
and lenses of chert in some beds. The upper 3,000 ft contains
conglomerate, sandstone, and mudstone interbeds. The for-
mation was deposited in a gradually shoaling marine envi-
ronment ranging from deep slope at the base (exposed
immediately west of Mackay) to shallow turbulent shelf
margin in the upper part (exposed at the Copper Basin mine)
(Skipp and others, 1979; Neely and Isaacson, 1982). The
White Knob Limestone, locally altered to marble and (or)
skarn (described following), is the primary host rock for ore.
The quartzite and quartzite conglomerate described near the
Copper Basin mine, and mineralized locally, are probably in
the upper part of the formation. The formation has not been
mapped in sufficient detail to determine which layers are
likely to host ore.

MACKAY STOCK

The Eocene Mackay stock intrudes the Mississippian
formations (fig. 2). It includes the Mackay Granite, quartz
monzonite, leucogranite porphyry, and dikes of quartz
latite, rhyolite, and porphyritic thyolite (Nelson and Ross,
1968). None of the intrusive phases is mineralized. The
descriptions that follow are based on the work of Nelson
and Ross (1968) and supplemented with our reconnais-
sance-scale observations. Nelson and Ross (1968) reported
that all of the intrusive rocks, and possibly some of the
extrusive rocks, were derived from a single parent magma.
Detailed studies of the intrusive rocks and their genetic
relationships are described by Doyle (1989).

The Mackay Granite (fig. 3), technically a granite por-
phyry, is the most prominent of the intrusive phases and is
exposed in an area of more than 11% mi2. Although most
outcrops are weathered to a rusty pink, fresh surfaces and
fine-grained chill margins are greenish gray. Phenocrysts of
pinkish, subhedral to euhedral orthoclase as long as 1 cm and
medium-gray, rounded quartz (as long as 0.5 cm) make up
25-35 percent and 5-15 percent of the granite, respectively.
The groundmass is composed of quartz, orthoclase, and pla-
gioclase and lesser biotite, hornblende, chlorite, magnetite,
apatite, zircon, and rutile (Nelson and Ross, 1968). Recent
argon data bracket the age of the granite between 49 and 47
Ma (L.W. Snee, oral commun., May 1990).

Quartz monzonite as described by Nelson and Ross
(1968) is exposed in three places at the northern end of the
stock (fig. 3) and is reported in several places in the under-
ground workings. The quartz monzonite is light to medium
gray and is generally darker and finer grained than the
Mackay Granite. Phenocrysts of oligoclase as long as 0.15
cm make up almost 25 percent of the rock. Locally, tiny,
rounded phenocrysts of quartz are present. The ground-
mass consists of fine- to medium-grained orthoclase,
quartz, oligoclase, diopside, hornblende, and biotite. Apa-
tite, sphene, magnetite, and chlorite are common (Nelson
and Ross, 1968).

Leucogranite porphyry (equivalent to quartz porphyry
of Kemp and Gunther, 1908) crops out at the northeastern
end of the main intrusive complex (fig. 3). Euhedral to sub-
hedral phenocrysts of orthoclase as long as 2 cm, oligoclase
as long as 0.4 cm, and rounded and embayed quartz as long
as 0.8 cm are conspicuous. The very pale gray groundmass
is composed of very fine grained quartz and feldspar (pri-
marily orthoclase). Diopside, calcite, and sphene are acces-
sory minerals. Based on crosscutting relations, the
porphyry is assumed to be younger than the Mackay Gran-
ite (Nelson and Ross, 1968).

Quartz latite dikes (mapped as unit Tmr, fig. 3) are
light to dark greenish gray. In hand sample, the quartz latite
contains small phenocrysts of altered oligoclase, patches of
chlorite (with calcite, magnetite, limonite, and quartz), and,
locally, pyroxene, amphibole, or biotite. Quartz grains are
not visible. The groundmass is orthoclase, oligoclase, and
quartz (Nelson and Ross, 1968).

Abundant rhyolite dikes trend northeast across the
length of the stock and extend into the sedimentary country
rocks (fig. 3). Approximately 25 percent of the dike rock is
composed of euhedral to subhedral phenocrysts as long as
0.5 cm of clear and smoky quartz, oligoclase, and orthoclase.
The groundmass is very fine grained and yellowish to green-
ish, light to medium gray. The rhyolite may be contempora-
neous with the leucogranite porphyry because these units
tend to grade into each other at the northeastern end of the
stock (Nelson and Ross, 1968). Preliminary age data indicate
that the rhyolite dikes are approximately 4847 Ma (L.W.
Snee, oral commun., May 1990).
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Porphyritic thyolite dikes contain conspicuous euhedral
phenocrysts (1 cm) of white oligoclase and fewer pheno-
crysts (1.5-2.5 cm) of orthoclase, rounded and embayed
quartz (1 cm), and minor secondary chlorite after biotite, epi-
dote, and calcite (Nelson and Ross, 1968). These dikes have
also been described as porphyritic granodiorite and trachyte
porphyry (Farwell and Full, 1944). Commonly, the margins
of the porphyritic rhyolite dikes are bordered by dark fine-
grained dikes whose composition and relationship were not
studied. Some porphyritic rhyolite dikes were emplaced after
mineralization (Farwell and Full, 1944, p. 14).

Dikes of several other compositions such as granite,
aplite, and andesite porphyry mentioned in the literature and
on unpublished maps are not shown in figure 3.

CHALLIS VOLCANIC GROUP

Rocks of the Challis Volcanic Group are not widely
exposed on the White Knob horst. Most exposures (figs. 2,
3) on the horst are thin remnants of flows, indurated and
welded tuff, and wff breccia (Nelson and Ross, 1968). Rhy-
olite, quartz latite, porphyritic obsidian, andesite, and dacite
are distinctive shades of reddish and purplish brown, green-
ish gray to gray, and light tan. The volcanic rocks were
extruded 51-44 Ma (Moye and others, 1988).

Geologic mapping by Nelson and Ross (1968, 1969a)
does not differentiate volcanic rock types. Detailed mapping
of volcanic rocks on either side of the White Knob horst was
in progress by geologists, primarily from Idaho State Uni-
versity, in 1990. The new mapping (Moye and others, in
press) correlates volcanic units across the horst, locates erup-
tive centers, and identifies many more structures, especially
northwest-striking fault zones, than were previously known.

MARBLE

At the margins of the intrusive rocks, the White Knob
Limestone is metamorphosed locally to a very pure, white,
coarsely crystalline marble bordered by a zone of tremolite
adjacent to unbleached limestone. The marble is finer
grained closer to the unmetamorphosed limestone. The lime-
stone probably was metamorphosed to marble in Eocene
time during intrusion of the plutonic rocks.

SKARN

Skarn, considered Eocene in age, developed locally
along the margins of the Mackay stock (fig. 3) where the
stock is in contact with the White Knob Limestone or car-
bonate-bearing beds of the McGowan Creek Formation.
The skarn may be tens of feet thick adjacent to the leuco-
granite porphyry, especially where engulfed or partly

surrounded by the leucogranite porphyry. Early reports
noted that the skarn is in the intrusive rocks (Umpleby,
1917), but later studies (Nelson and Ross, 1968) and our
observations show that these skarns are totally altered
xenoliths, septa, and roof pendants of limestone within the
intrusive rock. Endoskarn is scarce.

As much as 75 percent of the skarn consists of andradite
and grossularite garnet; diopside, hedenbergite, magnetite,
hematite, actinolite, tremolite, scapolite, wollastonite, epi-
dote, vesuvianite, fluorite, calcite, chlorite, gypsum, and
quartz are also present. Locally the skarn is almost entirely
composed of magnetite and hematite. The texture of the
skarn is crystalline and granular, but in places relict bedding
is preserved. Exposures of skarn are sporadic at the surface;
without access to underground exposures we could not deter-
mine if zoning is present within the skarn bodies.

JASPEROID

Jasperoid crops out along the southern fault boundary
of the horst block and also locally is present as scattered
lenses throughout the White Knob Limestone peripheral to
skarn (fig. 3). The jasperoid is commonly gray to brown,
very fine grained, brecciated, and ferruginous. Hematite and
limonite stain exterior weathered surfaces. The degree of
silicification varies from patchy and diffuse to massive and
dense. Textures commonly indicate more than one episode
of brecciation and silicification. Veins of quartz and calcite
are common, and barite, fluorite, jarosite, and stibiconite are
less prevalent. Petrographic studies show no grains of iden-
tifiable minerals nor any fluid inclusions large enough for
analysis. Detailed descriptions and geochemistry of jasper-
oid samples from the Mackay area are given in Wilson and
others (1988) and Soulliere and others (1988).

STRUCTURE

In south-central Idaho, several Cretaceous thrust plates
separate distinct stratigraphic rock sequences (Skipp and
Hait, 1977; Skipp, 1987; Link and others, 1988). The
Mackay and Copper Basin mineralized areas are on the
White Knob thrust plate. The Copper Basin thrust fault,
exposed on the hillside immediately below, and southwest
of, the Copper Basin mine, forms the western margin of the
thrust plate (fig. 2). The eastern margin of the White Knob
thrust plate, the Lost River thrust fault, is not exposed in the
study area but is postulated to be buried under alluvium in
the Lost River Valley east of Mackay (Skipp and Harding,
1985). Thrust faults are probably Cretaceous in age and have
been used to explain abrupt facies changes in Mississippian
rocks (Skipp and Hait, 1977; Skipp and Harding, 1985).

Paleozoic rock units in the area are folded as a result of
the Cretaceous thrusting. Locally the folding varies, but in
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EXPLANATION
Q Quaternary deposits, undifferentiated
i Jasperoid
s Skarn
Tv Challis Volcanic Group (Eocene)

Td Dikes, undifferentiated (Eocene)

TI Leucogranite porphyry (Eocene)

Tm Mackay Granite (Eocene)

Tmr Zone of rhyolite dikes in the Mackay Granite (Eocene)

Tq Quartz monzonite (Eocene)

Mw White Knob Limestone (Mississippian)

Mmg McGowan Creek Formation (Mississippian)

Mcu Copper Basin Formation (Mississippian)

Contact

Fault—Dashed where inferred; dotted where concealed; queried
where unknown

—A A . Thrust fault—Dotted where concealed; sawteeth on upper plate

”ly Small dikes and intrusive bodies

R Min

general the anticlines and synclines trend north-northwest.
The limbs have moderate to steep dips to the northeast and
southwest. Locally, due to intense folding, the strikes and
dips vary (Nelson and Ross, 1969a).

Within the White Knob thrust plate is the northeast-
trending White Knob horst, which is composed of Mississip-
pian sedimentary rocks cored by exposed middle Eocene
plutonic rocks (Skipp and Hait, 1977; Skipp and Harding,
1985). The horst is bounded on the southeast by a high-angle
fault that cuts rocks of the Eocene Challis Volcanic Group
and on the northwest by a fault that has been mapped as bur-
ied by the same volcanic rocks (Nelson and Ross, 1968) (fig.
2). The latter fault may dip to the northwest at about 40°
(L.G. Snider, Idaho State University, oral commun., May
1990). Uplift of the horst has been considered to be coinci-
dent with emplacement of the intrusion (Nelson and Ross,
1968; Skipp and Harding, 1985); however, recent studies of
the volcanic rocks show that uplift may postdate intrusion
(L.G. Snider, oral commun., May 1990).

Regional aeromagnetic data (Worl and others, 1989)
indicate that the main body of the Mackay stock continues
southwest of the exposed outcrop. The stock is elongate and
dips under the Copper Basin mine area to the southwest.

Prevalent northeast-striking Eocene structures, includ-
ing the horst, faults, intrusions, and dike swarms, reflect the
influence of regional northwest-southeast extension. The
same trend is noted in the Trans-Challis fault system to the
northwest and in the Hailey gold belt to the west (Kiilsgaard
and others, 1986; Worl and Johnson, this volume).

Numerous northwest-striking faults of probable
Eocene age are present in rocks of the Challis Volcanic
Group on either side of the White Knob horst. Geologists
from Idaho State University have identified a major fault
zone in the Challis Volcanic Group that appears to cross the
horst at the northeastern end of the main pluton (L.G.
Snider, oral commun., May 1990). The quartz monzonite
and leucogranite porphyry, as well as most of the major ore
deposits near Mackay, are confined to this zone. After dis-
cussions with L.G. Snider, we agree that these intrusions
followed a well-defined fault zone and that the ore may be
preferentially located at the intersections of northeast- and
northwest-trending structures.

MINERAL DEPOSITS

COPPER SKARN DEPOSITS

Known mineral deposits in the Mackay and Copper
Basin mineralized areas can be classified as copper skarn
deposits. The Empire mine is typical of the inner zone of
copper skarns, and the Blue Bird, Champion, Horseshoe, and
White Knob mines represent the outer zone. There is, of
course, some overlap between zones and their boundaries are
gradational, but for the purpose of this paper the zones are
discussed separately. The Copper Basin mine displays char-
acteristics of both the inner and outer zones.

INNER ZONE

Description—The most prominent and prolific ore
producers in the Mackay and Copper Basin mineralized
areas are copper skarn deposits. The deposits are along the
contacts of the Mackay Granite and leucogranite porphyry
with the surrounding White Knob Limestone. The skarn, a
product of metamorphism and metasomatism, is the ore
host. It is developed primarily in limestone (exoskarn)
blocks that are included in the intrusive rocks and along
parts of the leucogranite porphyry-limestone contact. The
ore is massive to disseminated within the skarn. Locally,
abundant iron minerals are suggestive of iron skarn, but
iron minerals also are found in copper skarns (Einaudi and
Burt, 1982). Copper, lead, zinc, silver, gold, and minor
tungsten have also been produced. Gold-bearing skarns
were the exploration targets in 1990.

Type example.—Empire mine, Alder Creek district

Other example.—Copper Basin mine, Copper Basin
district

Orebodies.—Deposits are present where reactive car-
bonate strata were replaced by calcium-iron-magnesium-
manganese silicate minerals and ore minerals within, or close
to, the Mackay Granite and the leucogranite porphyry. Con-
tacts between the intrusive and carbonate rocks, local bedding
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planes, faults, joints, and breccia zones control location of the
orebodies. Most orebodies are pipelike, chimney or pod
shaped, irregular, and small. Orebodies are at the contact
between skarn and limestone, entirely within the skarn, and
at the contact of skarn with intrusive rocks (Nelson and Ross,
1968, p. A25). Several orebodies are cut, and possibly were
displaced, by rhyolite porphyry dikes that were emplaced
after mineralization (Farwell and Full, 1944, p. 14).

Most of the deposits are confined to a northwest-trend-
ing, narrow, arcuate band, approximately 4 mi long, at the
northeast end of the Mackay stock (fig. 2), and the largest
skarn deposits are adjacent to the leucogranite porphyry.
Concentrated near the middle of this zone are orebodies of
the Empire mine. Individual orebodies are commonly
15-200 ft long by 5-55 ft wide, and the largest extend verti-
cally for about 600 ft.

Texture—In the skarn, ore minerals are interstitial to
gangue. Copper ore minerals may be massive to dissemi-
nated, but other ore minerals are disseminated in widely
varying concentrations throughout the skarn. Magnetite and
hematite ore minerals are commonly, but not exclusively,
massive. Farwell and Full (1944, p. 11) described the oxi-
dized ore as calc-silicate minerals “carrying disseminations
and spongelike aggregates of metallic minerals.”

Calc-silicate skarn rocks range from fine to very coarse
grained and granular. The ore-bearing skarn is coarser
grained and contains more calcite than barren skarn. Pure
white marble beds have a sugary texture. Blue-gray lime-
stone is moderately crystalline and, locally, is interlayered
with bands of the white marble.

Mineralogy.—At the Empire mine, the principal ore
minerals are chrysocolla (copper silicate), malachite, and
azurite (copper carbonates), tenorite (copper oxide), and
sparse copper sulfate minerals. Locally, the deposits are
almost entirely composed of magnetite and hematite, and
siderite is abundant peripheral to these zones (such as at the
Grand Prize mine, fig. 2). Sulfide minerals are rare, although
chalcopyrite, pyrite, pyrrhotite, molybdenite, sphalerite, and,
infrequently, bornite are present with associated calcite,
quartz, magnetite, fluorite, scheelite, and specularite.

Similarly, most ore at Copper Basin is oxidized except
where it is in black shaly limestone. Oxidized copper miner-
als are malachite, azurite, chrysocolla, cuprite, and tenorite.
Magnetite and siderite are abundant. Sulfide minerals are
rare, although bornite, chalcopyrite, chalcocite, and pyrite
have been found, especially in the shaly layers.

Much of the material on the mine dumps consists of
iron hydroxide in siliceous material with secondary hema-
tite, magnetite, quartz, garnet, and diopside and stains of
copper oxides. Well-developed extensively oxidized gossan
is present in brecciated quartzite (probably part of the White
Knob Limestone) at the Copper Basin mine.

Geochemical signature.—The geochemical signature
commonly associated with copper skarns is copper-gold-sil-
ver in the proximal (inner) zone grading outward to gold-sil-
ver to lead-zinc-silver in the distal (outer) zone. Some copper

skarns are anomalous in copper, arsenic, antimony, and bis-
muth (Cox and Theodore, 1986, p. 86). For comparison,
lead-zinc skarn deposits are anomalous in Zn, Pb, Mn, Cu,
Co, Au, Ag, As, W, Sn, F, and Be (Cox, 1986a, p. 90), and
iron skarns tend to be anomalous in Fe, Cu, Co, Au, and Sn
(Cox, 1986b, p. 94).

Thirty-four rock and two stream-sediment samples
from the Mackay and Copper Basin mineralized areas were
semiquantitatively analyzed for 35 elements by a direct-
current arc emission spectrographic method (Bullock and
others, 1990). Table 2 gives the lower limit of detection,
minimum and maximum values, mean, standard deviation,
and number of unqualified values for each element for the
34 rock samples. Of the 35 elements analyzed, Ca, Fe, Mg,
Ti, Ag, Ba, Cr, Cu, Ga, Mn, Ni, Pb, V, Zn, and Zr were
detected in at least half the samples. P, Au, Ge, Nb, Sc, and
Th had insufficient detectable values to compute mean and
standard deviation. The complete data set is given in Bul-
lock and others (1990).

Statistical analysis of the geochemical data shows cor-
relations of arsenic-cobalt-bismuth, silver-lead-zinc, and
beryllium-tungsten. The first two associations are typical of
copper skarns, but alone they are not conclusive evidence
that the system near Mackay is exclusively a copper skarn.
The same elements, beryllium, and tungsten, are present, for
instance, in lead-zinc skarns. The same associations resulted
when the data were reevaluated excluding the samples spe-
cifically collected from the copper skarn at the Empire mine.
The data set was too small to make statistically valid corre-
lations between specific rock types, ores, and alteration.

Geophysical signature.—Aeromagnetic data outline
the Mackay stock and suggest that the stock is more exten-
sive to the west in the subsurface than in surface exposure
(Worl and others, 1989). The Mackay Granite probably
underlies the Copper Basin mine area. No geophysical signa-
tures specific to skarn are indicated in the Mackay and Cop-
per Basin mineralized areas. Detailed electrical and
magnetic surveys might reveal additional smaller sulfide-
bearing orebodies, depending on the mineralogy and compo-
sition of the host rock.

Genesis and ore controls.—Mineralized rock is at the
intersection of the northeast-trending intrusive rocks and the
White Knob Limestone. Ore is in a narrow, north-trending
arcuate zone in contact with metamorphosed limestone or in
xenoliths or roof pendants in granitic rock and related por-
phyry close to the limestone. This zone is the only one in the
horst that has prominent northwest-trending structures.

Ore stopes are along crosscuts that are radial to the
northeast-trending haulageways (Nelson and Ross, 1968, p.
A24). The crosscuts follow zones of shearing in both the
igneous rock and altered limestone (Ross, 1930, p. 15; Nel-
son and Ross, 1968, p. A24). The shear zones are ore guides.
Irregular porphyry dikes that cut both granite and limestone
are approximately parallel with these shear zones. Ore is also
present along bedding in the limestone.
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Table 2. Summary of geochemical data for 34 rock samples from the Mackay and Copper Basin mineralized areas, White Knob

Mountains, Idaho.

[Complete data set is given in Bullock and others (1990). Ca, Fe, Mg, Na, P, and Ti in percent; all other values in parts per million. Limit is the
detection or determination limit. Mean and standard deviation were computed using the lower detection limit for all N and L values and the
maximum value for all G values. Mean and standard deviation were not computed for P, Au, Ge, Nb, Sc, and Th; these elements either had no
unqualified values or the highest value was the same as the lower detection limit. Valid indicates number of samples without qualified values
(N, L, or G): N indicates not detected; L indicates detected but below limit of determination; G indicates greater than the uppermost detection

limit]

Minimum Maximum Standard
Element Limit value detected value detected Mean Deviation Valid
Ca 0.05 N 20 473 5.83 33
Fe 0.05 L 20 7.16 7.15 33
Mg 0.02 0.02 5 1.03 1.20 34
Na 0.2 N 3 0.685 0.866 10
P 0.2 N L - -- 0
Ti 0.002 N 3 0.067 0.082 33
Ag 0.5 N 200 40.6 59.5 19
As 200 N 10,000G 629 1,732 6
Au 10 N L - -~ 0
B 10 N 100 12.8 154 7
Ba 20 N 5,000 592 1,111 26
Be 1 N 7 1.40 1.09 12
Bi 10 N 200 27.7 43.4 9
Cd 20 N 500 39.7 8.45 4
Co 10 N 700 41.6 120 11
Cr 10 N 100 23.2 24.0 17
Cu 5 L 20,000G 284 5,209 30
Ga 5 N 50 19.1 134 26
Ge 10 N N -- - 0
La 50 N 150 54.1 17.6 5
Mn 10 L 5,000G 1,297 1,820 32
Mo 5 N 300 224 52.8 15
Nb 20 N 20 -- - 1
Ni 5 N 100 16.9 19.5 26
Pb 10 N 20,000G 497 8,053 28
Sb 100 N 200 103 17.2 1
Sc 5 N 5 - - 3
Sn 10 N 500 452 92.5 12
Sr 100 N 500 140 87.7 11
Th 100 N N - -- 0
\" 10 N 100 28.2 25.1 27
W 20 N 1,000 60.6 169 10
Y 10 N 20 10.4 1.89 4
Zn 200 N 10,000G 2,844 3,804 18
Zr 10 N 150 33.1 37.0 19

The Mackay stock and its related intrusions probably
provided the heat and fluids that caused metasomatism and
the formation of skarn. Presence of jasperoid and alteration
of the intrusive and carbonate rocks are indications of hydro-
thermal activity.

Deposits at the Empire mine are representative of the
skarn-forming process. The White Knob Limestone, with
its calcic and dolomitic variations, was invaded by the
intrusive rocks of the Eocene Mackay stock. Contact meta-
morphism caused the marbleization of the limestone beds,
and minor skarn may have developed as hornfels in the

more clastic layers. Metasomatism and continued skarn for-
mation took place only where porosity and permeability
permitted fluids to enter; thus, the ore-forming solutions
penetrated the skarn rocks chiefly along preexisting frac-
tures (Ross, 1930, p. 16; Worl and others, 1989, p. 60).
These fractures probably formed coincident with the
leucogranite porphyry, as did most of the larger skarn bod-
ies. It should be emphasized that the ore formed by replace-
ment, not by filling of open cavities.

Exploration guides.—Additional, undiscovered copper
skarn deposits are likely to be found near the Empire and
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Copper Basin mines. Elsewhere near the margins of the
Mackay stock, potential for additional discoveries of skarn
with economic value is moderate.

The orebodies are scattered along the intrusive rock-
limestone contact in skarn, and exploration should obviously
concentrate on this zone; however, fully engulfed blocks of
skarn in the intrusive bodies and contacts not exposed at the
surface or in underground workings also are potential sites
for ore. In addition, further research should focus on locating
the intersections of major northeast- and northwest-trending
structures. It is likely that the entire Empire mine area may
be at such an intersection.

Geochemical studies on the composition of the border
phases of the intrusive rock bodies could help delineate loca-
tions where thicker skarn bodies might be present because
most of the larger deposits are related to intrusions of leucog-
ranite porphyry. Detailed studies of the spatial relationships
of oxide and sulfide ores could be used to restrict the areas of
search to those having the greatest potential. Most of the
Empire ore was relatively shallow and, therefore, oxidized.
Perhaps this zone is underlain by sulfide-bearing ore.
Finally, there is not a clear understanding of the composi-
tional variation in the White Knob Limestone, especially the
calcite-dolomite distribution. Such an understanding might
lead to delineation of calcium-rich areas more susceptible to
sulfide deposition and magnesium-rich areas containing
iron-oxide-rich skarn.

Future studies should include detailed geochemical
sampling and analysis for gold and silver, both of which
commonly are present in anomalous quantities in the inner
and outer zones of typical copper skarns (Cox and Theodore,
1986, p. 86). Areas of the skarn that are enriched in precious
metals could possibly be exploited in the future.

OUTER ZONE

Description.—Ore deposits of lead, zinc, and silver and
accompanying copper and gold, such as at the Blue Bird,
Champion, Horseshoe and White Knob mines, are in veins in
the Paleozoic sedimentary rocks. Because a close spatial and
genetic relationship exists between these deposits and the
skarn deposits of the inner zone, discussed previously, the
geologic characteristics are similar.

Host rock is the White Knob Limestone and interca-
lated quartzite and, locally, adjacent intrusive rocks, particu-
larly dikes. Unlike the inner zone, the limestone is generally
unaltered, and contact metamorphism is limited to a narrow
zone of marble and some calc-silicate minerals such as wol-
lastonite, scapolite, diopside, grossularite, and tremolite
(Nelson and Ross, 1968, p. A20). Veins tend to parallel high-
angle, northeast-striking faults and northwest-trending shear
zones. Ore may be concentrated at the intersections of these
northeast- and northwest-trending structures.

Lead, zinc, and silver are the main commodities mined
from small deposits of the outer zone near the Mackay stock.
These deposits are privately owned, and very little detailed
information regarding them is published. Although these
deposits contributed to the economic development of the
region, they were insignificant from a commercial stand-
point. Most of the ore in the Mackay area came from copper
deposits in the inner zone.

Examples—Blue Bird, Champion, Horseshoe, and
White Knob mines in the Alder Creek district; Copper Basin
mine in Copper Basin district (fig. 1)

Orebodies.—Deposits of lead, zinc, and silver are
mainly replacements along fractures and bedding planes in
the White Knob Limestone. Most are intimately associated
with, and overlap, the inner zone skarn deposits that are so
prominent in the region.

Individual orebodies are generally tabular and vary
greatly in size. Exact dimensions are unknown, but these are
considered to be small mines. The orebodies were probably
several hundreds of feet by several tens of feet and not more
than 30 ft thick.

At the Copper Basin mine, the principal orebodies were
near aplite and porphyry dikes in the “limonite zone” of the
quartzite conglomerate (H.H. Doelling and K.C. Thompson,
written commun., 1960, USGS files, Spokane Field Office),
in northeast- and northwest-trending fissures, and in crushed
ground at the intersections of these fissures (E.R. Zalinsky,
written commun., 1917, USGS files, Spokane Field Office).
Replacement ore, generally striking N. 20° E. and dipping
gently to the southeast, was also bedded in the limestone and
quartzite units in the upper part of the White Knob Lime-
stone. These replacement bodies were 6 in.—6 ft thick in the
quartzite (Ross, 1930, p. 16), 6-20 ft thick in limestone
(Anonymous, (probably C.P. Heiner) written commun. to
OME Field Officer, April 18, 1969, USGS files, Spokane
Field Office), and as much as 30 ft thick in shale (E.R. Zalin-
sky, written commun., 1917, p. 7, USGS files, Spokane
Field Office).

Also at the Copper Basin mine, dikes of granite, ande-
site porphyry, and aplite are mineralized locally (Ross, 1930,
p. 16). This local mineralized rock is always associated with
introduced vein quartz or silicification (E.A. Baxter, written
commun., November 1966, p. 4, USGS files, Spokane Field
Office). A mineralized breccia zone containing remnants of
leached chrysocolla in vuggy limonite was reported at depth
(Anonymous (probably C.P. Heiner), April 18, 1969, USGS
files, Spokane Field Office).

The ore zones and main workings at the Horseshoe
mine trend N. 30° W. in marbleized limestone (Ross, 1930,
p. 16; Nelson and Ross, 1968, p. A27). At least several of the
ore zones in the Horseshoe are along limestone—intrusive
rock contacts (G.M. Fowler, written commun., 1926; F.W.
Anderson, written commun., 1941; both from the Anaconda
Geological Documents Collection).
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Most ore at the Champion mine is in brecciated and
sheared limestone, and the ore shoots are generally parallel
to each other. The main orebody strikes north and dips
60°-70° W_; itis 1,400 ft long and 15-30 ft wide and extends
250 ft downdip (T.H. Kiilsgaard, written commun., April 23,
1952, p. 3, USGS files, Spokane Field Office).

Ore shoots at the Blue Bird mine are small pipes that dip
steeply to the northeast. Their locations probably are con-
trolled by north-striking fissures (D.C. Gilbert, written com-
mun., 1935, Anaconda Geological Documents Collection).

Mineralogy and texture.—The deposits in the outer
zone were mined primarily for lead and silver; trace to
byproduct amounts of zinc, copper, and gold contributed to
their economic value.

The ore minerals are primarily cerussite, argentiferous
galena, pyrite, chalcopyrite, and sphalerite. Lesser quantities
of cerargyrite, smithsonite, and oxide minerals of zinc, man-
ganese, and iron are common and are present as dissemina-
tions, clots, and lenses. Gangue is not abundant and is mostly
quartz and lesser calcite, except at the Grand Prize mine
where siderite dominates the dumps.

Cerussite is the primary ore mined at the Champion,
Horseshoe, and White Knob mines and probably at the
Blue Bird as well (Ross, 1930, p. 15; Farwell and Full,
1944, p. 12; T.H. Kiilsgaard written commun., April 23,
1952, p. 4, USGS files, Spokane Field Office). At the
Champion mine it is present with complex secondary lead,
silver, and zinc minerals, remnant fragments of galena
(T.H. Kiilsgaard, written commun., April 1952, USGS
files, Spokane Field Office), and rare chalcopyrite (Farwell
and Full, 1944, p. 12). At the Horseshoe mine the ore,
which is principally cerussite, also contains gold, silver,
and copper. There are also coexisting bodies of sulfides,
including pyrite, iron-rich sphalerite (marmatite), galena,
chalcopyrite, (Ross, 1930, p. 15), and pyrrhotite (Farwell
and Full, 1944, p. 12). At the Blue Bird mine the oxidized
lead ore had high iron content (D.C. Gilbert, written com-
mun., 1935, Anaconda Geological Documents Collection).

Ore in veins at the Grand Prize mine is argentiferous
galena in siderite. Coarse-grained siderite is abundant on the
surface at the mine site. Umpleby (1917, p. 101) described
the ore as “sand carbonate in limonite gangue,” probably
referring to cerussite as sand carbonate, a popular miner's
term (T.H. Kiilsgaard, written commun., January 1991).

Geochemical signature—The geochemistry of the
outer zone is discussed in the section on the inner zone. The
Copper Basin, Blue Bird, Champion, Horseshoe, and White
Knob deposits are classified as the outer zone of the copper
skarn, even though most contain little copper, based on the
element associations arsenic-cobalt-bismuth and silver-lead-
zinc. Previous summaries of local ore deposits (Worl and
Johnson, 1989; Worl and others, 1989) did not include
detailed geochemistry, statistical analysis of the data, or a
broader, more regional perspective and therefore classified
these mines as polymetallic replacement veins. Such deposits

would be expected to have anomalous concentrations of Cu,
Pb, Ag,Zn, Mn, Au, As, Sb, Bi, and Ba (Morris, 1986, p. 99).
In rocks of the outer zone most of these elements are present
but not necessarily in anomalous quantities.

Geophysical signature.—Detailed electrical survey
methods may detect sulfide-bearing veins that are typical of
outer zone skarn deposits, but no such data are available for
this area.

Genesis and ore controls.—Hydrothermal systems
active during the late stages of intrusion and dike emplace-
ment probably formed the deposits in this area. These
replacement deposits in the outer zone tend to follow the
northeast- and northwest-trending dike swarms or are at their
intersections peripheral to main skarn bodies.

At the Copper Basin mine, ore deposits in the outer
skarn zone have a wide variety of controls. The principal
orebodies are near dikes, in crushed ground at the intersec-
tion of almost vertical northeast- and northwest-trending
fissures (E.R. Zalinsky, written commun., August 1917,
USGS files, Spokane Field Office; H.H. Doelling and K.C.
Thompson, written commun., September 1960, USGS
files, Spokane Field Office). Replacement ore is also bed-
ded in the sedimentary units, generally striking N. 20° E.
and dipping gently to the southeast (Anonymous (probably
C.P. Heiner), written commun., April 1969, USGS files,
Spokane Field Office).

Exploration guides.—Much of the lead and zinc pro-
duction in the Alder Creek district was from relatively small
replacement veins in limestone. Hidden orebodies of this
type are difficult to detect; however, deposits similar to those
at the Empire and Copper Basin mines may exist in the
Mackay and Copper Basin mineralized areas. Exploration
efforts should concentrate on the northwest-trending shear
zones that cross the horst block, particularly at intersections
with northeast-trending faults. Jasperoid may be an indicator
of these deposits; it is present near most of the known mines
in this region.
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ABSTRACT

Jasperoid bodies in the northwestern part of the Idaho
Falls 1°x2° quadrangle in south-central Idaho have geologic
and geochemical characteristics similar to those associated
with known sedimentary-rock-hosted, disseminated pre-
cious-metal deposits elsewhere in the western United States.
The jasperoid bodies are mainly replacements of limestone,
commonly along high-angle fault systems, and many out-
crops show evidence of more than one period of brecciation
and silicification. Geochemical analyses of 117 jasperoid
samples show that the suite of elements Ag, Au, As, Hg, Sb,
and Tl is consistently present, commonly in anomalous
amounts. The results of the study were used to assess the
potential for undiscovered precious-metal deposits associ-
ated with jasperoid in this region.

INTRODUCTION

Recent exploration interest in precious-metal deposits
associated with jasperoid prompted a reconnaissance study
of jasperoid bodies in the northwestern part of the Idaho
Falls 1°x2° quadrangle in south-central Idaho. This study
was undertaken in order to assess the potential for the occur-
rence of this type of deposit within the quadrangle (Worl and
Johnson, 1989). The study area is near the town of Mackay,
west of U.S. Highway 93 and north of the Pioneer Mountains
(fig. 1). Jasperoid, as used in this paper, refers to “an epige-
netic siliceous replacement of a previously lithified host
rock” (Lovering, 1972).

Jasperoid bodies in this area have geologic and
geochemical characteristics similar to jasperoid associated
with known sedimentary-rock-hosted, disseminated pre-
cious-metal deposits elsewhere in the Western United States
(Wilson and others, 1988a). No gold deposits of this type
have been discovered as yet near Mackay; however, claims

'U.S. Geological Survey, Denver Federal Center, Denver, Colorado
80225.

have been staked around most of the jasperoid outcrops.
Recent exploration activity has consisted mainly of detailed
mapping, geochemical sampling, and some local drilling
near jasperoid bodies.

Jasperoid bodies were located using recent geologic
mapping by Skipp (1988, 1989), Skipp and others (1990),
Skipp and Bollman (1992), earlier mapping by Nelson and
Ross (19692, b), and data supplied by Keith Rhea of Ampro
Resources, Missoula, Montana. One hundred and seventeen
jasperoid samples were collected for geochemical and petro-
graphic analyses. The results are briefly summarized here;
details are given in Soulliere and others (1988), Wilson and
others (1988a, b), and Soulliere (1992).

GEOLOGIC SETTING

In the northwestern part of the Idaho Falls 1°x2° quad-
rangle, Paleozoic sedimentary rocks were intruded by Ter-
tiary granitic stocks and hypabyssal bodies and covered by
rocks of the Eocene Challis Volcanic Group (fig. 2). North-
east- and northwest-striking high-angle faults cut all rock
types in the area. Extensive areas of jasperoid are along
these faults.

Paleozoic sedimentary rocks that crop out in the area
are Early Mississippian to Early Permian in age and consist
of, in approximate ascending order, the Copper Basin and
McGowan Creek Formations, White Knob Limestone, and
Middle Canyon, Scott Peak, South Creek, Surrett Canyon,
Bluebird Mountain, and Snaky Canyon Formations (fig. 2).

JASPEROID

Jasperoid bodies in the region are principally in Paleo-
zoic limestone near high-angle faults or volcanic rocks; a few
are in sandstone, mudstone, or conglomerate, or in volcanic
rocks of the Challis Volcanic Group. Jasperoid outcrops
range from massive, gray-pink, dense cryptocrystalline

J1
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Figure 1. Map showing location of the study area in the north-
western part of the Idaho Falls 1°x2° quadrangle, Idaho. Dashed
lines outline mining districts: 1, Alder Creek; 2, Copper Basin; 3,
Lava Creek.

quartz bodies in which original host-rock textures are pre-
served to very brecciated, quartz-healed, gossan-stained sil-
iceous bodies showing no sign of relict lithology (Wilson and
others, 1988a). Some variations in grain size and texture are
evident in thin section. Microtextures range from character-
istic jigsaw-puzzle patterns (Lovering, 1972) that have
sutured grain boundaries to granular textures. Petrographic
analyses reveal a complex history of replacement followed
by multiple periods of brecciation and cementation, oxida-
tion, and weathering. Quartz and calcite veins are common,
and veinlets of barite, fluorite, stibiconite, and jarosite are
present locally.

One hundred and seventeen rock-chip samples were
collected from jasperoid outcrops and analyzed by atomic
absorption and inductively coupled plasma emission spec-
trographic methods. Ag, As, Au, Cu, Hg, Mo, Pb, Sb, and
Zn were detected in more than 85 percent of the samples
and Tl in almost half of the samples. A summary of the
data set is shown in table 1. The highest gold value in this
reconnaissance sampling was 0.16 ppm, from an outcrop
sample near Bartlett Point (fig. 1) (Soulliere and others,
1988). The highest gold values reported from recent drill-
ing in the Bartlett Point area are 0.4 ppm and 0.23 ppm in
adjacent 5-foot intervals in pervasively silicified limestone
and 0.3 ppm in partially silicified limestone (Keith Rhea,
written commun., 1990).

Several theories have been put forth regarding the ori-
gin of the jasperoid bodies in the region. Nelson and Ross
(1968) suggested that some jasperoid formed from fluids
migrating downward from the Challis Volcanic Group into
underlying limestone. Skipp suggested that some of the jas-
peroid may have been formed by meteoric water in karst
zones, as well as in fault zones (Wilson and others, 1988a).
Recent geochemical and petrographic studies by us indicate
that the formation of some of the jasperoid is consistent
with deposition from hydrothermal fluids (Wilson and
others, 1988a).

Geochemical analyses of jasperoid show that the suite
of elements Ag, Au, As, Hg, Sb, and Tl is consistently
present, commonly in anomalous amounts (Soulliere and
others, 1988; Wilson and others, 1988a). These elements are
present in hot-springs-type mineral deposits (Berger and Sil-
berman, 1985), geothermal systems (Silberman and Berger,
1985), and sedimentary-rock-hosted disseminated precious-
metal deposits (Bagby and Berger, 1985). The presence of
these elements in jasperoid samples from the Mackay area
suggests that some, if not most, jasperoid formed by the
replacement of sedimentary rocks with silica and associated
elements that were carried in hydrothermal solutions
(Wilson and others, 1988a).

Moye and others (1989) identified hot-springs deposits
in volcanic rocks near Bartlett Point and Lehman Butte and
at the Champagne Creek mine near Timbered Dome (fig. 1).
Jasperoid bodies in sedimentary rocks at these locations may
be related to these hot-springs systems. Fluids rising along
structurally controlled breccia zones formed siliceous sinter
in the volcanic rocks (Moye and others, 1989) and replaced
sedimentary rocks with jasperoid at the surface. If the jasper-
oid was deposited in a shallow hot-springs environment, it is
likely that fluid movement within the system was episodic.

Figure 2 (facing page). Map showing geology of the study area
in the northwestern part of the Idaho Falls 1°X2° quadrangle,
1daho. Madified from Wilson and others (1988a) and Wilson and
Skipp (1994).
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A heap-leach operation has been set up (as of 1989)
about 5 mi southwest of the Champagne Creek mine along
Dry Fork Creek. Jasperoid may be present at the site but
could not be verified because permission to examine the
property was denied.
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Table 1. Sample information for the study.

[Sample localities are shown in figure 1]

Locality  Latitude Longitude Topographic quadrangle Lithology Formation Stratigraphic

no. (north) (west) (scale 1:24,000) sampled sampled assignment
G88-1  44°23'51" 116°35'33" Hog Creek Butte, 1986 Sandstone Payette Formation Fitzgerald (1982)
G88-2  43°55'49" 116°26'35" Northeast Emmett, 1985  Sandstone Payette Formation Fitzgerald (1982)
G88-3  43°52'46" 115°23'00"  Bear River, 1972 Sandstone Payette Formation Kiilsgaard!
G884  43°54'42" 115°24'41"  Bear River, 1972 Gravelly sand Stream sediment —_
G88-5  43°58'22" 115°3336"  Big Owl Creek, 1972 Gravelly sand Stream sediment —
G886  43°49'05" 115°48'32"  Idaho City, 1976 Sandstone Payette Formation Lindgren (1898)
G88-7  44°09'04" 115°57'52"  Pyle Creek, 1988 Sandstone Payette Formation Fisher and others (1983)
G88-8  44°11'39" 115°56'20"  Pyle Creek, 1988 Coal, sandstone  Payette Formation Fisher and others (1983)
G889  44°13'02" 115°55'50"  Pyle Creek, 1988 Sandstone Payette Formation Fisher and others (1983)
G88-10 44°16'03" 115°52'44"  Sixmile Point, 1988 Gravelly sand Stream sediment —

1U.S. Geological Survey, oral commun., March 2, 1988.

coal are also present; these are characteristic of the Payette
Formation but not of younger sedimentary sequences, and
thus the coaly layers constitute a lithologic marker for the
Payette. Moreover, because such layers commonly contain
well-preserved plant fossils, they help to date the Payette
Formation, as well as the time-equivalent Columbia River
Basalt Group (Knowlton, 1898; Lindgren, 1898; Smiley and
others, 1975).

Despite their lithologic similarities, the Payette Forma-
tion and the Idaho Group probably represent different envi-
ronments of deposition. According to Kirkham (1931), the
Payette was deposited in a series of separate north-trending
intramontane basins prior to development of the east-trend-
ing Snake River downwarp, whereas the Idaho Group repre-
sents deposition in one or more large lakes that formed in the
downwarp concurrently with its development. Malde and
Powers (1962), Kimmel (1982), and Swirydczuk and others
(1982) related the stratigraphy of the Idaho Group to stages
in the development of the Snake River downwarp.

Prior to and contemporaneous with downwarping of the
Snake River Plain, high-angle fauiting along north-south and
northwest lines occurred in the tectonically positive area to
the north (Malde and Powers, 1962). The faults, which have
displacements of as much as several thousand feet, mostly
determine the present outcrop pattern of the Tertiary rocks.
Sizable outliers of Payette Formation in generally granitic
terranes at Crouch and Idaho City (fig. 1) are preserved on
blocks dropped down along late Cenozoic faults (Jones,
1917, Fisher and others, 1983).

Late Cenozoic faulting is commonly associated with
hot-springs activity but not with hydrothermal mineraliza-
tion, and the Payette Formation and Idaho Group are, with
only a few local exceptions, unmineralized. Mercury depos-
its on an economic scale are present in the Payette Formation
east of Weiser (fig. 1). Ross (1956) reported that between
1939 and 1942 deposits in this area produced almost 4,000
flasks of quicksilver from almost 53,000 tons of ore. About
10 mi north of Weiser, the Monroe Creek (Weiser) gold dis-
trict consists of subeconomic occurrences of gold and

mercury in and adjacent to small mafic bodies intrusive into
Tertiary sedimentary rock (Varley and others, 1919; Ross,
1956). Available geologic mapping (Fitzgerald, 1982), sug-
gests that rocks of both the Payette Formation and Idaho
Group are mineralized.

Other commodities in the Tertiary sedimentary rocks of
southwestern Idaho include diatomite deposits in both the
Payette Formation and the Idaho Group (Powers, 1947).

PETROLOGY OF THE
PAYETTE FORMATION

PETROGRAPHY

Estimated abundances of mineral species in bulk
(unpanned) material for 10 disaggregated Payette rock sam-
ples and 1 stream-sediment sample are given in table 2. The
grain-size fraction 35-170 mesh (0.5-0.088 mm), represent-
ing medium to very fine sand, of these samples was studied
in a medium of refractive index n=1.5402, which facilitates
recognition of alkali feldspar grains. Prior to study, succes-
sive heavy-liquid separations were made in bromoform (spe-
cific gravity about 2.85) and methylene iodide (specific
gravity about 3.32), and strongly magnetic grains were
removed using a hand magnet. The resulting nonmagnetic
grain-density fractions—Iess than 2.85, between 2.85 and
3.32, and greater than 3.32—were examined separately.
Mineral species abundances in each density fraction (table 2)
were assigned according to the following scale.

Numerical Semiquantitative Approximate
designation characterization grain percent
1 Rare <l
2 Not common 2-5
3 Common 5-19
4 Abundant 2049
5 Dominant >50
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Figure 2. Generalized stratigraphy on the south and west sides of the Idaho batholith, Idaho. Subdivision of Idaho Group is from Malde

and Powers (1962) and Malde and others (1963).

In the light-mineral fraction, the most striking feature is
the great abundance of feldspar, particularly plagioclase, in
the sandstone and sand samples (table 2). A petrographic
study of the Payette Formation in the Weiser area (Nakai,
1979) indicates only a small proportion of feldspar in the
sandstone. In material examined for the present study, most
of the plagioclase is probably in the calcic oligoclase range.
Alkali feldspar has large 2V and is mostly without grid twin-
ning. Both plagioclase and alkali feldspar show much seric-
itic alteration in most samples.

In the moderately heavy mineral fraction, biotite is
generally the most abundant mineral, then muscovite (table
2). Hornblende, of the common green variety, is negligible
in most samples, but it is abundant or even dominant in
some samples.

In the heaviest mineral fraction, opaque grains are very
abundant, and gamet and epidote—a grain category here
including some zoisite and clinozoisite—are abundant
among the translucent, nonaggregate grains (table 2).

Aside from the great abundance of feldspar noted
above, sand from the Payette Formation is characterized by
angular to subangular grain shapes and, on average, a large
proportion of heavy-mineral grains, about 0.6 weight percent
of total rock. Recognizable volcanic constituents included
only a few grains of probable augite and one grain of basaltic
hornblende, a remarkably small amount considering the
close association in space and time between the Payette For-
mation and the Columbia River Basalt Group. Basalt flows
form part of the areal stratal succession at localities G88-1,
G88-2, and G88-6 (fig. 1).

CHEMISTRY

Chemical analysis was carried out on all 10 samples—8
sandstone and 2 coal—from the Payette Formation and on 3
samples of modern stream-sediment alluvium from the area
in which the Payette is present. Panning, followed by heavy-
liquid and magnetic separation, was used on a portion of the
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Table 3. Results of instrumental neutron activation analysis of
coal from the Payette Formation, Hailey 1°x2° quadrangle, and
vicinity, Idaho.

[Analyst: J.S. Mee. In parts per million unless otherwise indicated.
Error limits (in percent) are one standard deviation based on counting
statistics alone. Sample information is given in table 1]

Laboratory number D-323476 D-323477
Field number G88-8-1 G88-8-2

Na (percent) 0.488+3 0.140+3
K (percent) 1.07+48 0.189+14
Fe (percent) 1.34+43 0.736+3
Sc 9.07+2 7.3243
Cr 22.146 5.6+15
Co 13.343 14.843
Ni <40 <40
Zn 58+23 57+6
As 4.148 3.44+8
Se <2 <2
Br 3.1+12 4.2+8
Rb <140 <80
Sr 370+11 390+13
Sb 2.14+5 1.65+5
Cs 3.63+4 0.62+11
Ba <500 700+18
La 39.4+3 18.1+4
Ce 53.743 28.8+6
Nd <60 <50
Sm 49443 2.7043
Eu 1.22+4 0.68+5
Tb 0.620+45 0.387+6
Yb 2.96+5 1.98+6
Lu 0.37+36 0.33+27
Hf 4.65+4 2.78+4
Ta 2.5445 0.54+7
w <1 <2
Au <0.019 <0.012
Th 13.6+3 43644
8] 6.9+9 7.149

sandstone and alluvium samples to provide nonmagnetic
heavy-mineral concentrates for analysis. (These panned con-
centrates were not duplicates of any of the grain-density
fractions of unpanned material prepared for petrographic
study.) All of the concentrates were analyzed for 37 elements
by direct current-arc emission spectrography (Myers and
others, 1961; Grimes and Marranzino, 1968). Four bulk
sandstone and alluvium samples whose concentrates had
high values for gold were analyzed for 10 elements by induc-
tively coupled plasma-atomic emission spectrometry
(ICP-AES) following acid digestion and solvent extraction
(Motooka, 1988). All of the concentrates, as well as the four
bulk samples selected for ICP-AES analysis, were also ana-
lyzed for gold by flameless atomic absorption spectropho-
tometry (Meier, 1980). The two coals were analyzed for 30
elements by instrumental neutron activation analysis
(INAA) (Baedecker and McKown, 1987).

The chemical data are presented in tables 3, 4, and 5. In
the discussion that follows, the significance of the analytical
values for the bulk sandstone and alluvium samples and the
coal samples is evaluated mainly by comparing these values
with published values for average abundances of the
elements (Mason, 1958; Hawkes and Webb, 1962; Levinson,
1974). The significance of the data for the concentrates can
be similarly evaluated if one considers that concentrations for
some elements may be enhanced by as much as three orders
of magnitude relative to bulk sample data.

If viewed as the product of a granitic source area, the
Payette Formation has few apparent chemical peculiarities.
The two samples of Payette coal (table 3) are substantially
enriched in arsenic and antimony with respect to crustal
abundances, though not with respect to average shale, and
are moderately enriched in uranium with respect to both
standards. As a class, the sandstone samples from the Payette
(tables 4, 5) are not enriched in any of the chalcophile ele-
ments. An exception is arsenic in samples G88-2-1 and
G88-6-1 (table 5), which is at levels moderately above
crustal abundance. With reference to the crustal standard, the
Payette sandstones as a group are enriched to some degree in
manganese, barium, and niobium, in the rare earth elements
lanthanum and scandium, and, most significantly, in gold.

PLACER GOLD

The analyses obtained for the present study indicate that
there is gold in the Payette Formation but do not indicate
how much. Unusually large amounts of gold in the panned
concentrates of three of the eight samples of Payette sand-
stone were indicated by flameless atomic absorption analysis
(table 4, second column of gold values); however, bulk
material from the same samples (table 5) showed no gold,
either by flameless atomic absorption analysis or by solvent
extraction ICP-AES. Taken together, the high gold values
for concentrates and the low gold values for bulk material
suggest that gold is present in rare particles separated by
large volumes of barren material. Because this kind of distri-
bution produces mostly nonrepresentative individual sam-
ples (Clifton and others, 1969), gold values obtained for the
present study do not give a good idea of the overall gold con-
tent of even the Payette sandstone beds that were sampled.

The exact form in which gold is present in the Payette
sandstones is not known. It probably is fairly coarse, as sug-
gested by its ability to impart high gold values to the partic-
ular samples or sample splits in which it is present. It must
also be dense because it can be concentrated by panning. No
free gold was identified in any of the samples at any stage of
processing. Lack of chemical or other evidence for hydro-
thermal mineralization in the sampled parts of the Payette
implies that the gold values represent placer deposition.
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Table 4. Results of semiquantitative emission spectrographic analysis of heavy-mineral concentrates of sandstones of the Payette
Formation and of modern stream sediments, Hailey 1°x2° quadrangle and vicinity, Idaho.

[Sample location information in table 1. In parts per million unless otherwise indicated. Six-step semiquantitative spectrographic analysis by D.E.
Detra and M. Malcolm. Results are reported to the nearest number in the series 1, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, and so on, which represent approximate
midpoints of grouped data on a geometric scale. N indicates not detected at limit of detection or at value shown; < indicates detected but below limit of
determination or below value shown. Second value reported for gold is by flameless atomic absorption; analysts, R.M. O'Leary and P. Roushey.
Asterisk (*) is before field number of stream-sediment sample]

Lab no. Field no. Ca(%) Fe(%) Mg (%) Na(%) P(%) Ti(%) Ag As Au Au
D-323478 G88-1-1 7 1 0.2 <0.5 2 >2 N1 N500 N20 351
D-323479 G88-2-1 10 1 <0.05 <0.5 3 >2 20 N500 300 135
D-323480 G88-3-1 1.5 5 0.2 0.5 2 >2 N1 N500 N20 N1.66
D-323481 G88-3-2 5 5 0.3 0.5 3 >2 N1 N500 N20 N1.176
D-323484 G88-6-1 0.2 2 0.2 <0.5 1.5 >2 N1 N500 N20 264
D-323485 G88-7-1 20 0.5 0.07 <0.5 10 >2 N1 N500 N20 NO0.005
D-323486 G88-8-3 1.5 2 0.15 <0.5 7 >2 N1 N500 N20 NO.161
D-323487 G88-9-1 0.5 5 0.15 0.5 1.5 >2 N1 N500 N20 NO0.869
D-323482 *G88-4-1 20 1.5 0.3 0.5 7 >2 N1 N500 N20 NO0.104
D-323483 *G88-5-1 20 0.7 0.3 <0.5 10 >2 N1 N500 N20 72.6
D-323488 *G88-10-1 15 2 0.5 0.5 10 2 70 N500 1,000 0.869

Lab no. Field no. B Ba Be Bi Cd Co Cr Cu Ga Ge
D-323478 G88-1-1 30 300 N2 N20 N50 N20 150 <10 20 N20
D-323479 G88-2-1 N20 200 N2 N20 N50 N20 150 <10 <10 N20
D-323480 G88-3-1 <20 500 3 N20 N50 N20 100 <10 30 N20
D-323481 G88-3-2 <20 500 5 N20 N50 N20 70 10 30 N20
D-323484 G88-6-1 N20 1,000 N2 N20 N50 N20 1,500 <10 <10 N20
D-323485 G88-7-1 N20 70 N2 N20 N50 N20 30 <10 N10 N20
D-323486 G88-8-3 N20 1,500 3 N20 N50 N20 <20 <10 10 N20
D-323487 G88-9-1 N20 >10,000 3 N20 N50 N20 <20 70 15 N20
D-323482 *G88-4-1 N20 300 2 N20 N50 N20 100 100 10 N20
D-323483 *G88-5-1 N20 150 3 N20 N50 N20 200 <10 <10 N20
D-323488 *G88-10-1 N20 300 N2 N20 N50 N20 70 <10 20 N20

Lab no. Field no. La Mn Mo Nb Ni Pb Sb Sc Sn Sr
D-323478 G88-1-1 1,500 1,000 <10 100 N10 <20 N200 70 100 200
D-323479 G88-2-1 1,500 2,000 20 500 <10 20 N200 70 100 200
D-323480 G88-3-1 >2,000 7,000 N10 1,500 <10 150 N200 © 200 1,000 700
D-323481 G88-3-2 >2,000 7,000 <10 1,500 <10 100 N200 200 70 1,000
D-323484 G88-6-1 >2,000 5,000 N10 200 10 30 N200 150 30 N200
D-323485 G88-7-1 500 1,000 <10 200 <10 N20 N200 20 100 200
D-323486 G88-8-3 >2,000 5,000 N10 300 N10 100 N200 150 20 200
D-323487 G88-9-1 >2,000 5,000 15 500 N10 100 N200 150 1,500 300
D-323482 *G88—4-1 2,000 2,000 <10 700 <10 15,000 1,000 100 700 500
D-323483 *G88-5-1 1,500 1,500 N10 500 <10 1,000 N200 70 70 300
D-323488 *G88-10-1 >2,000 7,000 N10 300 <10 100 N200 200 N20 300

Lab no. Field no. Th \" w Y Zn Zr Pd Pt
D-323478 G88-1-1 200 500 N50 500 N500 >2,000 N5 N20
D-323479 G88-2-1 200 700 N50 700 N500 >2,000 N5 N20
D-~323480 G88-3-1 3,000 300 N50 1,500 N500 >2,000 N5 N20
D-323481 G88-3-2 3,000 300 N50 1,500 N500 >2,000 N5 N20
D-323484 G88-6-1 3,000 150 N50 1,000 N500 >2,000 N5 N20
D-323485 G88-7-1 N200 300 N50 500 N500 >2,000 N5 N20
D-323486 G88-8-3 700 150 N50 700 N500 >2,000 NS N20
D-323487 G88-9-1 1,000 150 N50 700 N500 >2,000 N5 N20
D-323482 *G88—4-1 700 150 200 1,000 N500 >2,000 N5 N20
D-323483 *G88-5-1 500 150 100 700 N500 >2,000 NS N20

D-323488 *G88-10~1 >5,000 70 N50 3,000 N500  >2,000 N5 N20
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Table 5. Results of inductively coupled plasma-atomic emission spectrographic (ICP-AES) analysis of sandstones of the Payette

Formation and modern stream sediments, Hailey 1°x2° quadrangle, and vicinity, Idaho.

[Sample location information in table 2. In parts per million. Samples analyzed by inductively coupled plasma-atomic emission spectrography using
diisobutyl ketone extraction by P.H. Briggs and J.M. Motooka. N indicates not detected at limit of detection or at value shown. Second value shown
for gold is by flameless atomic absorption (analysts, R.M. O'Leary and P. Roushey). Asterisk (*) is before field number of stream-sediment sample]

Lab no. Field no. Ag As Au Au Bi Cd Cu Mo Pb Sb Zn
D-341248 G88-1-1 0.075 NO0.60 NO.15 NO0.002 NO.60 0.030 45 N0.090 5.0 N0O.60 22
D-341249 G88-2-1 0045 93 NO.15 N0.002 NO0.60 NO0.030 1.0 0.28 24 NO.60 7.7
D-341250 G88-6-1 0.057 10 NO.15 N0.002 NO.60 NO0.030 4.0 1.7 6.7 N0O.60 13
D-341251 *G88-10-1 NO0.045 NO0.60 NO.15 N0.002 N0.60 N0.030 051 N0.09 14 N0.60 11

POTENTIAL FOR GOLD RESOURCES
OF THE PAYETTE FORMATION
AND IDAHO GROUP

The chemical data resulting from reconnaissance sam-
pling of the Payette Formation indicate the possibility of a
gold rs ource in the Payette. The three sandstone samples
that have high gold values in the concentrates are from
widely separated locations (fig. 1, localities G88-1, G88-2,
and G88-6). In addition, the samples are from widely sepa-
rated levels above granitic or other pre-Payette, pre-Colum-
bia River basement terranes. Inferred vertical distance to
basement is on the order of 3,500 and 1,500 ft, respectively,
for samples G88—1~1 and G88-2-1, on the basis of data in
Fitzgerald (1982), and on the order of 600 ft for sample
G88-6-1, on the basis of data in Jones (1917).

In the analytical data for the Payette Formation, high
gold values have a high incidence. This is true if incidence is
taken at the level of three occurrences of high values out of
eight concentrates, on the basis of atomic absorption analy-
sis, or even at the level of one such occurrence out of eight
samples, on the basis of spectrographic analysis.

A comparison with the Payette data is furnished by the
incidence of detectable gold in the semiquantitative spec-
trographic analyses of a select group of 74 concentrates of
modern stream-sediment samples. The sediment samples
were collected from that part of the drainage basin of the
South Fork of the Payette River within the Trans-Challis
mineralized area of Kiilsgaard and others (1989) (fig. 1).
Of these alluvium samples, taken from streams draining
terrain marked by many mines and prospects for gold, lead,
and silver, only one contained detectable gold (McDanal
and others, 1984).

The analyses of the alluvial concentrate samples cited
above and the analyses of the Payette concentrate samples
collected for this study are directly comparable in most
respects. The two groups of samples were analyzed in the
same laboratory and received exactly the same laboratory
processing; however, field panning was by different

operators, and the Payette samples were panned to a vol-
ume of perhaps a fifth of what is usual. Thus, a possible
concentration of gold in samples of the Payette Formation
relative to the alluvial samples must be taken into account.
The relative enhancement of gold values in the Payette
would probably be somewhat more than fivefold. Even so,
these values seem very significant, and the incidence of
high gold values in sandstone of the Payette Formation
compares more than favorably with the incidence of high
gold values in alluvium selected to be gold rich.

Overall, the results of chemical analysis of the Payette
Formation are distinctly positive for gold. Unusually high
gold values are indicated to be present in the Payette.
Moreover, they apparently are widely distributed and of
Common occurrence.

SUGGESTIONS FOR
FURTHER STUDY

The possibility of significant placer gold in the Payette
was considered by Lindgren (1898, p. 668—669). Although
Lindgren felt that there might be placer gold in the very basal
part of the Payette Formation at some locations, his evalua-
tion was essentially negative. His evaluation reflects a want
of essential information, the presence of gold in nonbasal
parts of the Payette, as shown by the present study. His eval-
uation also reflects the presence of competing resources. The
gold lode mines and Quaternary placers of southwest-central
Idaho were readily amenable to the exploration and extrac-
tion technology of Lindgren’s day and were then still rich. In
the very different economic and technical context of today,
re-examination of the placer gold potential of the Payette
may be in order. Sedimentary rocks of the Idaho Group are
similar in lithology and apparent provenance to those of the
Payette Formation and should be included in any program of
further sampling for placer gold in the Tertiary sedimentary
rocks of the Hailey 1°x2° quadrangle and vicinity.
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Interpretation of the Regional Geochemistry of the
Hailey 1°x2° Quadrangle, South-Central Idaho

By Cole L. Smith!

ABSTRACT

Results of 1,914 analyses of sediment samples were
used to interpret the regional geochemistry of the Hailey
1°x2° quadrangle, south-central Idaho. Many of the samples,
1,240, were originally collected for the National Uranium
Resource Evaluation (NURE) program. The low sampling
density in this geochemical study makes it difficult to recog-
nize individual mineral deposits. Only large geochemical
features can be reliably distinguished by their characteristic
suites of elements in this survey. The geochemistry was
interpreted by using suites of elements rather than individual
elements. The suites were chosen because they characterize
either rocks associated with some types of mineral deposits
or primary alteration halos associated with some types of
mineral deposits.

Two geochemical suites, Li+Be and Li+Be+Nb+Th+Y,
are associated with evolved rocks. The geochemical suite
Li+Be+Nb+Th+Y is associated with outcrops of Eocene
granite and with outcrops of some Miocene to Pliocene rhy-
olites. The element suite Li+Be tends to be associated with
pegmatites and veins that formed near the margins of the
Eocene granite.

Four element suites, Sb+As+Au, Ag+Pb, Zn+Cu, and
Bi+Mo, are used to recognize primary geochemical halos
formed by mineralizing events. The element suite Bi+Mo is
commonly associated with plutonic margins, and the ele-
ment suite Sb+As+Au is commonly distal from plutonic
margins. The element suites Zn+Cu and Ag+Pb are com-
monly between the other two element suites. Zoning patterns
effectively outline most known mineral deposits and pros-
pects in the Hailey 1°x2° quadrangle. Some of the element
suites are anomalous at sites not associated with significant
known mining activity. If supported by geologic informa-
tion, this geochemical information can be useful for both
exploration and resource assessment.

lus. Geological Survey, W. 904 Riverside Avenue, Spokane, Wash-
ington 99201.

INTRODUCTION

This report is a description and interpretation of the
regional geochemistry of the Hailey 1°x2° quadrangle,
south-central Idaho (fig. 1). The Hailey quadrangle, which
covers an area of about 6,800 mi2, was sampled at a density
of about one sample per 4.2 miZ. Work was performed as part
of the U.S. Geological Survey Conterminous United States
Mineral Assessment Program (CUSMAP) study of the
Hailey quadrangle, which was started in the fall of 1986;
fieldwork was completed in the summer of 1989.

Previously published reports (table 1) that incorporate
geochemistry discuss only small parts of the Hailey quadran-
gle. The only geochemical data set that covers the entire
Hailey quadrangle with widely spaced sample sites is from
the National Uranium Resource Evaluation (NURE) pro-
gram. In order to limit the expense of sample collection, the
U.S. Geological Survey (USGS) reanalyzed NURE samples
collected by Savannah River Laboratories and analyzed by
Oak Ridge Gaseous Diffusion Plant (ORDGP). Samples
were collected for this study to fill gaps in NURE coverage.
Personnel from the USGS, mostly volunteers, collected sam-
ples during the summer of 1987. Three areas of special inter-
est were more densely sampled by the USGS in the summers
of 1988 and 1989.

A major goal of this study was to provide an interpreta-
tion of how mineralized areas in the Hailey quadrangle fit
into a regional geochemical framework. Another goal was to
use multielement analytical methods to provide geochemical
information about a wide range of mineral deposit types and
their associated alteration halos. The emphasis of the study
was on those mineral deposit types whose occurrence is
plausible within the Hailey quadrangle (Worl and Johnson,
this volume). Many deposit types described in Cox and
Singer (1986) cannot be distinguished by their chemical
characteristics alone. Nash (1988, p. 6), after studying the
chemical analyses of more than 2,000 mineralized rock sam-
ples from the Tonopah 1°x2° quadrangle in Nevada, stated
“that there are no simple chemical distinctions between the
many ore types because element concentrations usually have
overlapping ranges.” Geological characteristics must be

L1
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Figure 1. Index map showing location of the Hailey 1°x2° quad-

rangle, south-central Idaho.

considered to separate one deposit type from another; how-
ever, for many common metalliferous deposits, the vertical
zoning sequence of primary geochemical halos is somewhat
independent of geologic environment (Ovchinnikov and
Grigoryan, 1971).
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METHODS OF STUDY
SAMPLING AND CHEMICAL ANALYSIS

Samples of soil and samples of stream sediment from
the channels of dry streams were collected during the NURE
program; details of sampling procedures are given in Fergu-
son and others (1977). In 1987, the USGS collected and ana-
lyzed 337 samples of stream sediment from channels of both
dry and flowing streams; details of sampling procedures are
given in Malcolm and Smith (1992). In order to integrate
NURE geochemical data with that of the USGS and to save
sample collecting costs, the USGS reanalyzed 1,240 samples
that Savannah River Laboratories had collected for the
NURE program. Analytical methods for both groups of sam-
ples are summarized in table 2. Limits of determination for
the methods of analysis are given in table 3. Analytical
results for both the samples collected and analyzed by the
USGS (337 samples) and the samples reanalyzed by the
USGS (1,240 samples) were used to interpret the regional
geochemistry of the Hailey quadrangle.

Because of the cost and time required to analyze 1,577
samples, only a limited number of analytical techniques
could be used. Multielement analytical techniques were
chosen because they determine the concentrations of a wide
range of elements that are characteristic of many types of
mineral deposits. An alternative to using multielement tech-
niques would have been to select a few single-element ana-
lytical methods that have limits of detection at or near
crustal abundance for the analyzed element; however, this
would not have provided information about many types of
deposits that are likely to be present in the Hailey quadran-
gle. Even using multielement analytical procedures, the
geochemical sampling and analysis program was not
designed to evaluate the Hailey quadrangle for the occur-
rence of industrial minerals.

In the summers of 1988 and 1989, USGS volunteers
collected 106 samples in three areas of special interest. Both
stream-sediment samples and their heavy-mineral fractions
were analyzed. Sediment samples collected from the special
study areas were analyzed by the USGS methods previously
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Table 1. Previous geochemical studies in the Hailey 1°x2° quadrangle, south-central Idaho.

Size Number of
Study name (mi%) Sample type samples Reference
Boulder-Pioneer Wilderness 450 Stream sediment 1,151 Simons (1981)
Soil 161
Rock 783
White Cloud-Boulder Wilderness 78.6 Stream sediment 101 Fisher and May (1983).
Heavy-mineral concentrate 73
Rock 172
Eastern part of the Sawtooth Natjonal 820 Stream sediment 2,875 Tschanz and Kiilsgaard (1986).
Recreation Area Heavy-mineral concentrate 255
Rock 1,506
Sawtooth Primitive Area 314 Stream sediment 820 Kiilsgaard and others (1970).
Soil 15
Heavy-mineral concentrate 78
Rock 359
Ten Mile Roadless Area 134 Stream sediment 313 Kiilsgaard (1982).
Rock 271
King Hill Creek Wilderness 432 Stream sediment 43 Toth and others (1987).
Heavy-mineral concentrate 28
Rock 70
National Uranium Resource Evaluation 6,937 Stream sediment 610 Grimes (1982a).
(NURE) of the Hailey quadrangle Soil 638
Table 2. NURE and USGS sampling programs in the Hailey 1°x2° quadrangle, south-central Idaho.
NURE USGS
Sample media Sediments from dry stream beds Soils Sediments from the beds of
flowing streams
Number of samples 608 638 337
Method of analysis Plasma source emission spectrometry,  Plasma source emissjon spectrometry, Plasma source emission spectrom-
neutron activation (Grimes, 1982b) neutron activation (Grimes, 1982b)  etry (Crock and others, 1983)
Plasma source emission spectrometry ~ Plasma source emission spectrometry
after partial extraction (Motooka, 1988) after partial extraction (Motooka, 1988)
Results reported Grimes (1982a) Grimes (1982a)
Malcolm and Smith (1992) Malcolm and Smith (1992) Malcolm and Smith (1992)

described. The nonmagnetic heavy-mineral fractions of the
stream-sediment samples were analyzed for 36 elements by
a semiquantitative emission spectrographic method. Results
of the analyses and a description of the analytical method is
given in Malcolm and Smith (1992).

DATA PROCESSING

A microcomputer and a combination of commercial
computer programs and computer programs written by
employees of the USGS were used to aid interpretation of the

data generated by the Hailey CUSMAP project. Much of the
data manipulation was done using commercial spreadsheet
programs. The commercial computer programs SYSTAT
and SYGRAPH (by SYSTAT Inc.) were used for statistical
and some graphical applications. Illustrations were origi-
nally produced using a combination of USGS programs
(GSPOST and GSMAP) and a commercial program
(MASS11DRAW, by Microsystems Engineering Corp.).
The regional geochemistry of the Hailey quadrangle
was interpreted using groups of elements (geochemical
suites) that were chosen to reflect the vertical zonation
(Tauson and others, 1971) of primary geochemical halos.
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Table 3. Limits of detection for USGS and NURE methods of analysis
[In parts per million unless otherwise indicated. ICP indicates inductively coupled plasma; partial indicates partial
extraction. Leaders (--) indicates element not analyzed for. Crustal abundances from Rose and others (1979, p. 30)]

NURE USGS USGS ICP Neutron Crustal
Element ICP ICP partial activation abundance
Ag 2 2 : 0.05 -- 0.05
Al (percent) 0.05 0.05 - - 8.1
As - 10 1.0 - 2
Au - 8 0.3 -- 0.003
B 10 - . -- 8
Ba 2 1 -- - 580
Be 1 1 -- -- 2
Bi -- 10 1.0 - 0.1
Ca (percent) 0.05 0.05 .- - 33
Cd - 2 0.075 -- 0.1
Ce 10 4 -- -- 81
Co 4 1 -- - . 25
Cr 1 1 - -- 100
Cu 1 0.1 -- 50
Eu - 2 - -- 1.1
Fe (percent) 0.05 0.05 - - 4.65
Ga - 4 .- -- 26
Hf 15 - - -- 3
Ho - 4 -- - 0.78
K (percent) 0.05 0.05 - - 2.5
La 2 2 -- - 25
Li 1 2 -- -- 30
Mg (percent) 0.05 0.005 -- -- 1.7
Mn 4 4 -- - 1,000
Mo 4 2 0.25 -- 1.5
Na (percent) 0.05 0.005 - - 2.5
Nb 4 4 - -- 20
Nd -- 4 -- -- 16
Ni 2 2 -- - 75
P (percent) 0.0005 0.005 -- - 0.09
Pb 10 4 1.5 - 10
Sb -- -- 1.5 -- 0.1
Sc 1 2 -- -- 13
Sn - 10 - - 2
Sr 1 2 -- - 300
Ta - 40 -- -- 2
Th 2 4 -- - 10
Ti (percent) 0.001 0.005 -- -- 0.44
U - 100 - 0.02 2.5
v 2 2 -- -- 150
Y 1 2 -- - 20
Yb - 1 -- -- 2.2
Zn 2 2 0.1 -- 80

Zr 2 - -- -- 150
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Table 4. Rank sum example.
[Concentrations are in parts per million]
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Concentration Rank Rank Sum Anom old
Sample site Ag Pb Ag Pb Ag+Pb Ordered sample sites Percentile
AAQ1 430 21 20 1.5 215 AA04 39 95
AA02 0.51 37 10 9.5 19.5 AA18 37 90
AA03 091 42 16 12 28 AA17 35 85
AA04 1.20 75 19 20 39 AA06 31 80
AA05 0.72 45 13 14 27 AAl6 30 75
AAQ6 0.81 57 14 17 31 AA03 28 70
AAQ7 0.09 32 2 6.5 85 AAll 28 65
AAO08 0.31 44 6 13 19 AAO05 27 60
AA09 0.42 34 8 8 16 AAO01 21.5 55
AA10 0.53 37 11 9.5 20.5 AA10 20.5 50
AA1l 0.67 48 12 16 28 AA13 20 45
AAl12 0.22 28 4 4 8 AA02 19.5 40
AA13 0.49 41 9 11 20 AAO08 19 35
AAl4 0.08 29 1 5 6 AA09 16 30
AA1S 0.32 32 7 6.5 13.5 AA1S 135 25
AA16 0.85 46 15 15 30 AA07 8.5 20
AA17 0.92 59 17 18 35 AAI12 8 15
AA1S8 1.07 63 18 19 37 AA20 8 10
AA19 0.17 21 3 1.5 4.5 AAl4 6 5
AA20 0.23 27 5 3 8 AA19 4.5 0

A nonparametric statistical method (Goldfarb and others,
1983) that combines information about chemical compo-
nents having widely different concentration ranges was
chosen to manipulate the geochemical data. This method
was used to assign scores to each sample site for each of
the groups of elements that were used to characterize pri-
mary geochemical halos. An unpublished computer pro-
gram called “RANKS” was used to organize, in
descending order, the concentrations of chemical compo-
nents in the geochemical database and to replace concen-
tration with rank. For equal concentrations the ranks were
averaged, and concentrations below the limit of determina-
tion were assigned a rank of 0.

Table 4 gives an example of how geochemical suites
were used to define anomaly thresholds for this study. In this
example, the geochemical suite (Ag+Pb) is discussed. Data
are shown for 20 samples sites. Silver concentrations range
from 0.08 to 43 ppm and lead concentrations from 21 to 75
ppm. Anomaly thresholds were chosen at the 95th and 90th
percentile. If a sample-site score is at the 95th percentile, it
means that 95 percent of all sample-site scores are below that
score and 5 percent of all sample-site scores are above that
score. For 20 samples, only one sample site is anomalous at
the 95th percentile, site AAO4, with a rank sum of 39.
Another sample site is anomalous at the 90th percentile, site
AAL18, with a rank sum of 37. Because a suite of elements,
rather than a single element, is used to define anomaly

thresholds, a sample site having a highly anomalous concen-
tration of a single element of the suite might not have an
anomalous rank sum value. For example, sample site AAO1
has a very anomalous silver concentration of 43 ppm; all
other silver concentrations are less than or equal to 1.2 ppm.
Sample site AAOI is anomalous, however, only at the 55th
percentile. By using suites of elements rather than single ele-
ments to interpret the regional geochemistry of the Hailey
quadrangle, spurious analytical results involving single ele-
ments tend to be filtered out.

Concentrations of silver, copper, lead, molybdenum,
and zinc were determined using more than one analytical
method. Because of its lower limits of detection (table 3), the
analytical results of the USGS partial-extraction ICP method
(Motooka, 1988) were used to rank Ag, As, Au, Bi, Cu, Pb,
Mo, Sb, and Zn.

Parts of the geochemical data set were affected by the
following factors: (1) concentrations of some elements
were determined by more than one method of analysis; (2)
unmineralized samples of some rock types, such as black
shale, have high background concentrations of some ele-
ments relative to other unmineralized rocks; and (3) three
different sample media were collected and used to interpret
the Hailey geochemistry. Not all elements and element
suites were affected to the same degree by these factors.
Where necessary, the Hailey geochemical data set was
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Figure 2. Box plots of sample-site scores within area of Paleozoic rock outcrops (PALEQO) and outside of area of Paleozoic
outcrops (NO PALEO), Hailey 1°x2° quadrangle, south-central Idaho. See text for discussion.

separated into subsets, and sample-site scores were calcu-
lated separately for each subset.

Concentrations of the elements beryllium, lithium,
niobium, thorium, and yttrium were determined by differ-
ent analytical methods at the USGS and ORDGP laborato-
ries. For geochemical suites containing these elements,
sample-site scores for samples analyzed by the USGS labo-
ratory were calculated separately from those for samples
analyzed by ORDGP.

Samples of black shale of Paleozoic age in the Hailey
quadrangle have high background concentrations (Simons,
1981) of elements that are used in some of the geochemical
suites. The southern and western extent of the Paleozoic
rocks, including black shale, is known; however, the distri-
bution of black shale within the area of Paleozoic rocks is not
as well known. Because of this, subsets of the Hailey
geochemical data were formed of sample sites associated

with Paleozoic rocks and sample sites not associated with
Paleozoic rocks. For geochemical suites containing Ag, As,
Au, Bi, Cu, Mo, Pb, Sb, or Zn, sample-site scores of samples
collected from the area where sample sites might be associ-
ated with Paleozoic black shale were calculated separately
from sample-site scores of samples collected elsewhere.

Box plots graphically summarize data distribution
(Chambers and others, 1983). The box plots in figure 2
show that median sample-site scores within the area where
sample sites might be associated with Paleozoic black shale
are higher than median sample-site scores outside this area.
For several reasons not all sample sites within this area are
associated with high background values: (1) rocks other
than those of Paleozoic age crop out within the area of
Paleozoic rock outcrop; (2) not all Paleozoic rocks are
metal-rich black shale; and (3) no detailed studies have
been made of metal distribution in all black-shale units, and
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Figure 3. Box plots of sample-site scores of different sample media, Hailey 1°x2° quadrangle, south-central Idaho.
USGS-SS indicates samples from beds of flowing streams; NURE-SS indicates samples from dry stream beds; NURE-SO

indicates soil samples.

it is not certain that all Paleozoic black shale units in the
Hailey quadrangle are metal rich.

Despite being analyzed by the same method, different
sample media can produce significantly different ranges of
sample-site scores. The Hailey geochemical data show, how-
ever, that different sample media have a significant overlap
in the ranges of sample-site scores for the same geochemical
suites (fig. 3). Because of this overlap, it was decided not to
form sample-media subsets.

GEOLOGIC SETTING

Rocks in the Hailey quadrangle are Precambrian to
Holocene in age. Thrust-faulted Paleozoic sedimentary and
metasedimentary rocks crop out in the northeastern part of

the quadrangle. These rocks are flanked by granitic rocks of
the Idaho batholith on the west and locally overlain by
volcanic rocks of the Challis Volcanic Group. The southern
part of the Hailey quadrangle is covered by volcanic rocks of
the Snake River Plain.

The oldest rocks in the Hailey quadrangle are in the
northeastern part of the quadrangle. Precambrian granitic
gneiss forms a part of the northwest-trending core of the Pio-
neer Mountains. Paleozoic sedimentary and metasedimen-
tary rocks also are present in this part of the quadrangle and
are commonly cut by major thrust faults. The Phi Kappa For-
mation is mainly black, locally silicified argillite and shale of
Early Ordovician to Middle Silurian age, and the Trail Creek
Formation is siliceous metasiltstone and very fine grained
quartzite of Middle Silurian age (Dover and others, 1980).
The Devonian Milligen Formation contains carbonaceous
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argillite, quartzite, and limestone. The Mississippian Copper
Basin Formation contains limestone, sandstone, argillite,
siltstone, and conglomerate. The Middle Pennsylvanian to
Early Permian Wood River Formation is dominantly calcar-
eous sandstone and calcarenite that contain layers of con-
glomerate, quartzite, limestone, and argillite.

Rocks of the Atlanta lobe of the Idaho batholith of
Cretaceous age crop out in much of the northwestern and
central parts of the Hailey quadrangle. The Idaho batholith
is composed of plutonic rocks that range in composition
from tonalite to granite; granodiorite is dominant. Parts of
the batholith were intruded by Eocene plutons that range in
composition from diorite to evolved granite. The granite
has geochemical affinities with evolved (A-type) granite
(Lewis and Kiilsgaard, 1991). Evolved granite is enriched
in incompatible elements and depleted in compatible ele-
ments. Some of the Paleozoic sedimentary rocks in the
northeastern part of the quadrangle also were intruded by
Eocene quartz monzonite stocks that postdate metamor-
phism and regional thrust faulting. Eocene volcanic rocks
of the Challis volcanic field are mainly andesitic in compo-
sition and are coeval with quartz monzonite stocks in the
northeastern part of the quadrangle.

The northern edge of the Snake River Plain extends
across the southern part of the Hailey quadrangle. Rocks of
the Snake River Plain include the Idavada Volcanics of
Miocene age and fluvial and lacustrine sediments and inter-
bedded basalt flows that were deposited in the subsiding
basin. The silicic Idavada Volcanics lie unconformably on
granite and compose much of the Mount Bennett Hills. They
were extruded during the formation of the Snake River Plain.
The youngest rhyolite domes of the Magic Mountain erup-
tive center are of Pliocene age. Fluvial and lacustrine sedi-
ments and interbedded basalt were deposited on the Snake
River Plain from Miocene to Pleistocene time and include
the Banbury Basalt, the Glenns Ferry Formation, and the
Bruneau Formation.

Just north of the northern edge of the Snake River Plain,
in the south-central part of the Hailey quadrangle, is the
Camas prairie, a downwarped block filled with Eocene and
younger volcanic rocks and sediments.

Mineral deposits in the Hailey quadrangle include
tungsten stockworks, Tertiary molybdenum stockworks,
Tertiary polymetallic veins, epithermal precious-metal
veins, Tertiary polymetallic replacements, copper skarns,
Cretaceous molybdenum stockworks, polymetallic quartz
veins and lodes, Cretaceous polymetallic veins, and Creta-
ceous polymetallic replacements (Johnson and Worl, 1989,
in press; Worl and Johnson, 1989, this volume). Gold and
radioactive black-sand placers, hot-springs deposits, anti-
mony veins, gold-bearing skarns, sedimentary stratabound
lead-zinc deposits, and stratabound barite are also present.

GEOCHEMISTRY

INTRODUCTION

One objective of this study was to develop methods
with which to present regional geochemical data in a way
that aids resource assessment. The low sampling density of
many regional surveys hinders reliable detection of individ-
ual mineral deposit targets; however, two types of large
geochemical features believed to be present in the Hailey
quadrangle are appropriate targets for more detailed studies:
(1) the zoned primary geochemical halos described by
Ovchinnikov and Grigoryan (1971) and (2) evolved rocks,
both Eocene granite and Miocene to Pliocene rhyolite.

Mineralizing events that form many types of sulfide-
bearing mineral deposits also form zoned primary
geochemical halos (Ovchinnikov and Grigoryan, 1971).
These primary geochemical halos can affect areas large
enough to be detected using the low-sampling density used
in regional surveys. Tauson and others (1971) summarized
the vertical zoning sequence of primary geochemical halos
as follows, from top to bottom: Hg, Sb, As, Ba, Ag, Pb,
Zn, Cu, Bi, W, Mo, Sn, Co, Ni, and Be. Tschanz and Kiils-
gaard (1986) indicated that geochemical halos could have
been used in their interpretation of the geochemistry of
Sawtooth National Recreation Area. Primary halos sug-
gested by the regional geochemical data are discussed in
following sections of this report.

Lewis and Kiilsgaard (1991) described Eocene granite
in south-central Idaho as having some geochemical charac-
teristics of A-type (evolved) granitoids, and Bennett’s
(1980) description of the characteristics of the Eocene gran-
ite in the Idaho batholith matches some of the characteristics
of evolved granite. Based on this and on geochemical evi-
dence from this study, Eocene granite in the Hailey quadran-
gle is considered evolved granite. Relative to other types of
granite and rhyolite, evolved rocks tend to be enriched in
incompatible elements and depleted in compatible elements.
Evolved rocks, both granite and rhyolite, are characterized
by high concentrations of elements such as Be, Cs, F, K, Li,
Nb, Rb, Sn, Th, U, and Y and low concentrations of elements
such as Ba, Ca, Mg, and Sr. Evolved granite commonly com-
prises epizonal multiphase plutons that crop out over broad
areas. Because of these characteristics, evolved rocks are
good targets in regional geochemical surveys. This was dem-
onstrated by Howarth and others (1981), who used NURE
geochemical data to identify uranium-rich (evolved) granite
in Colorado. Outside of Idaho, evolved rocks are associated
with mineralized areas that are important sources of ele-
ments such as beryllium, lithium, uranium, and tin; however,
in the Hailey quadrangle, evolved rocks have produced only
minor amounts of beryl.

Regional geochemical studies can suggest areas where
some types of mineral deposits might be present; however,
with any geochemical survey a possibility of error exists in
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Lead-Isotope Characteristics of Ore Systems
in Central Idaho

By Bruce R. Doe! and Richard F. Sanford?

ABSTRACT

More than 60 new lead-isotope analyses on ore miner-
als, igneous rocks, and shale were used to test the use of lead
isotopes in mineral prospect evaluation of Cretaceous and
Tertiary magmatothermal deposits of central Idaho in the
Challis and Hailey 1°x2° quadrangles. The lead-isotope pat-
tern is complex but separable into two groups: group A has
many values of 296Pb/204Pb of 18.0 or less but with a contin-
uum of values that exceed 21, whereas group B always has
values of 206Pb/2%4Pb of 18.5 or more and most values are
between 19 and 20. Although samples of groups A and B
have similar values of 206Pb/204Pb, values of 208Pb/204Pb are
always greater for group A than for group B. Data for group
A are similar to those for Early Proterozoic crystalline-rock
terranes of the Rocky Mountains, whereas data for group B
are similar to those for deposits in the Phanerozoic sedimen-
tary rock terrane of the Great Basin. Large fluorine-poor
molybdenum-porphyry deposits generally have lower values
of 206pb/204pPb (most notably Thompson Creek), although
values are in both isotopic groups (for example, group A,
Thompson Creek; group B, White Cloud). The Clayton Sil-
ver mine—the largest silver deposit in Idaho outside the
Coeur d’Alene district—is in group A but has a value of
206p,/204Ph between 18 and 19. Tin granites can also be in
either group A or B and cannot be distinguished from molyb-
denum deposits by lead isotopes.

The area of interest is mostly within the central Idaho
gravity low, which may represent extensions of the Idaho
batholith in the subsurface. Although some exposures of
Early to Middle Proterozoic sedimentary rocks equivalent to
the Belt Supergroup are present around the margins of the
area of interest, Precambrian crystalline rocks are present
only in the eastern part of the Challis quadrangle. Two major
areas containing group A lead isotopes in the Chailis quad-
rangle are in areas of Bouguer gravity highs within the
regional low and possibly indicate the presence of structural

1U.S. Geological Survey, National Center, Reston, Virginia 22092.
2U.S. Geological Survey, Federal Center, Denver, Colorado 80225.

highs in the crystalline Precambrian basement. Thus, the
group A lead isotopes may reflect a buried terrane of geo-
graphically restricted surface exposure. Two major areas in
the Challis quadrangle containing group B lead isotopes
have magnetic anomalies but not Bouguer gravity anoma-
lies. Both of these areas are within a Basin and Range terrane
south of the Trans-Challis fault system that trends south-
west-northeast across the Challis 1°x2° quadrangle. Lead
isotopes do not reflect a Rocky Mountain style of Protero-
zoic metamorphosed crystalline rocks at depth. Precambrian
basement, if present, is deeper than the horizon at which iso-
topic signatures were acquired by magmas and ore fluids.

Central Idaho differs from the normal situation in which
84S is ~528348<+3 in the best magmatothermal deposits
because 8348 tends to be high in the best deposits (for exam-
ple, Thompson Creek >+8). Consideration thus should be
given to prospects having nonradiogenic lead isotopes and
heavy sulfur isotopes. Further confirmation of this unusual
hypothesis is needed.

Both lead-isotope signatures and sulfur-isotope data of
igneous rocks and ores are representative of crustal rocks
and do not indicate mantle influences. Molybdenum and tin
also are enriched in the crust. The granites therefore are most
likely crustal melts or, if mantle melts, were extensively
modified by reactions within the crust. Eocene tin granite has
the same lead-isotope signature as Cretaceous and Eocene
molybdenum granites, whether the lead-isotope signature is
in group A or B. This similarity is surprising because molyb-
denum granites are classified as I-type (igneous rock parent)
and tin granites as S-type (sedimentary rock parent). The
Eocene tin granites could have formed, however, by remelt-
ing sulfide-mineralized Cretaceous granite or by extensively
reacting tin granite melts with mineralized Cretaceous gran-
ite. The lead-isotope signatures would then be inherited from
the Cretaceous granite; the inherited sulfur would keep the
tin granite melts reduced, and the observed stannite mineral-
ization would result rather than cassiterite mineralization. If
the reduced tin granite magmas were produced from reac-
tions with carbon-rich material, the material must have had a
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Figure 1. Map showing sample localities, Challis 1°x2° quadrangle, Idaho. Names are included for selected localities including all gran-

ite and rhyolite and all mineral deposits having 296Pb/204Pb of less than

18.0. The dashed line separates lead-isotope compositions of group

A and group B. Symbols: open circle, ore having 206Pb/204Pb greater than 19.1; open square, ore having 206Pb/204Pb 18.1-19.1; solid
square, ore having 206Pb/204Ph Jess than 18.0; solid circle, granite- or rhyolite-type (Sn, tin; Mo, molybdenum; BPM, base- and precious-

metals); X, shale.

low lead content, such as petroleum, natural gas, or perhaps
coal. Eocene molybdenum granite and rhyolite then could
have evolved without extensive reaction with mineralized
Cretaceous intrusive rocks.

INTRODUCTION

New lead-isotope analyses for 38 samples of ore min-
erals, 9 whole-rock and potassium feldspar samples from
molybdenum porphyry units, 7 whole-rock samples of tin
granite, and 2 samples of shale from the Challis and Hailey
1°x2° quadrangles, together with 12 previously published
analyses (Hall and others, 1978; Davis, 1978), were used to
test the use of lead isotopes in mineral prospect evaluation
of Cretaceous and Tertiary magmatothermal deposits (figs.
1, 2). The northwestern part of the Challis quadrangle and

the southwestern part of the Hailey quadrangle were not
sampled. This study documents the conclusions of Doe and
Delevaux (1985) that the lead-isotope ratios form two
groups: group A, similar to lead-isotope ratios in the Rocky
Mountain provinces, and group B, similar to those in the
Basin and Range provinces. These data, data by Small
(1968), and 59 additional analyses were used to further sub-
divide the major isotopic groupings into six subgroups by
Sanford and others (1989) and Sanford and Wooden (this
volume). The geology of the Challis quadrangle is
described by Fisher and others (1983), Mclntyre (1985),
and Fisher and Johnson (1987b) and the geology of the
Hailey quadrangle by Worl and others (1991).
Molybdenum granite and tin granite are thought to form
by quite different processes; notably, tin granite differenti-
ates under more highly reduced conditions than molybdenum
granite (Ishihara, 1977). The molybdenum porphyry granite
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Figure 2. Map showing sample localities, Hailey 1°x2° quadrangle, Idaho. Names are included for selected localities including all granite
and rhyolite and all mineral deposits having 206Pb/2%Pb of less than 18.0. The dashed line separates lead-isotope compositions of group A
and group B. Symbols: open circle, ore having 206Pb/2%4Pb greater than 19.1; open square, ore having 296Pb/204Pb 18.1-19.1; solid square,
ore having 206Pb/2%Pb less than 18.0; solid circle, granite- or rhyolite-type (Sn, tin; BPM, base- and precious-metals).

of central Idaho is included in a belt of subduction-related, I-
type, molybdenum-enriched plutons that extends from east-
central California to Northwest Territories (Westra and
Keith, 1981; Hall and others, 1984). Molybdenum porphyry
granite of central Idaho is low in fluorine (model 21b, The-
odore, 1986), generally 0.0X percent, is believed to be free
of tin minerals (Westra and Keith, 1981), and differs from
molybdenum porphyry granite of the more famous Climax-
type fluorine-rich ores (as much as 2-3 percent F) in Colo-
rado and northern New Mexico (model 16, Ludington, 1986),
which can contain tin minerals (Westra and Keith, 1981).
Lead-isotope compositions of Climax-type molybdenum
porphyry granite are given by Stein (1985); Church and oth-
ers (1986) give lead-isotope data for a low-fluorine porphyry
granite in Washington. Tin has almost no production in the
United States, and, because tin-mineralized rocks (tin as stan-
nite) and bodies of S-type granite, tin granite, are known in
central Idaho, tin was selected as a second commodity for

emphasis. Because the main tin mineralization is stannite in
polymetallic veins in black shale, no mineral deposit model
completely fits the Idaho setting; however, the mineralization
was said to be of the Bolivian type by Hall (1985), and per-
haps the porphyry tin (model 20a, Reed, 1986) and tin-poly-
metallic veins (model 20b, Togashi, 1986) models may be of
interest. A variety of samples from silver-producing mines
were also analyzed including a sample from the Clayton Sil-
ver mine, the largest producer of silver in Idaho outside the
Coeur d’Alene district.

The goals of the study are to (1) determine the use of
lead isotopes in central Idaho for mineral prospect evaluation
using the methods outlined by Doe and Stacey (1974) and
Doe (1979); (2) ascertain if coupling of sulfur isotopes and
lead isotopes might refine this evaluation, as was done by
Doe and others (1986) for west-central Montana; (3) exam-
ine if there is any information in the lead isotopes to show
why molybdenum and tin are so common in central Idaho
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(for example, different or unique source rocks); and (4)
refine the plumbotectonic classification of Zartman (1974)
for central Idaho. Gravity (Bankey and Kleinkopf, 1988) and
magnetic (Mabey and Webring, 1985; Webring and Mabey,
1987) geophysical data are utilized to strengthen the inter-
pretations based on isotopic data.

Acknowledgments.—Most of the lead-isotope analyses
of ore minerals were made under the supervision of M.H.
Delevaux by Stephen Kish (now at Florida State University),
Ake Johansson (now at Geologiska Institutionen, Stock-
holm, Sweden), Anne LeHuray (now at Lamont-Doherty
Geological Observatory), and Holly Stein (now at the U.S.
Geological Survey). Discussions with D. Mabey, M.
Webring, and W. Hanna of the U.S. Geological Survey on
geophysical measurements and their possible meaning were
very helpful. Samples were provided by and we benefitted
greatly from discussion with our colleagues, the late Wayne
Hall, Frederick S. Fisher, Charles M. Tschanz, Thor Kiils-
gaard, and S. Warren Hobbs. This paper was originally to be
written by Wayne Hall, but he died before he was able to do
so; we here recognize his enormous contributions to the
study of Idaho geology.

THE THEORY

The theory of lead isotopes has been discussed by a
number of authors. In order that this report may be self con-
tained, we excerpt the following from a readily accessible
source (Doe and Stacey, 1974, p. 758-759).

The variations in lead isotopic composition are the result of radioactive
decay of 238U and 235U to the radiogenic isotopes 2°6Pb and 207Pb (urano-
genic leads) respectively and 232Th to the radiogenic isotope 298Pb (thoro-
genic lead). The fourth stable lead isotope, 204Pb, has no long-lived
radioactive parent. The physicochemical effects that are so all important on
the stable light isotopes are very minor in the case of heavy elements such
as lead; variations of 233U/235U in nature are only 0.07 percent (an empiri-
cal justification for this statement is given in Doe [and others, 1966]). The
generalized relationships of primordial and radioactivity produced (i.e.,
radiogenic) stable lead isotopes are shown in [fig. 3 of this report]. Because
it is reasonable to believe that the earth began with some primeval lead
(primordial lead) just as it began with some silver and other elements, the
primeval lead isotope values are adopted from the least radiogenic leads
ever found, i.e., the values in the troilite phase of meteorites * * * [fig. 3 of
this report] shows that the abundance of 206Pb has about doubled since the
earth formed, 297Pb has increased by about one-half, and 298Pb by about
one-third. Unlike U-Th-Pb dating where the emphasis is placed on the lead
produced by radioactive decay of uranium and thorium present in a phase,
in common lead studies emphasis is placed on interpreting the significance
of the initial lead isotopic composition of a phase, i.e., the lead that cannot
be accounted for by the in situ decay of uranium and thorium in the phase
being analyzed.

The most popular way of representing lead isotopic compositions is
through ratios of a radiogenic isotope to the nonradiogenic isotope whose
abundance does not change with time—206Pb/204pPb, 207pb/204Ph, and
208ph/204Pb—because such representation are subject to the simplest math-
ematical interpretation. A present-day lead isotope ratio evolves from an
initial lead isotope ratio plus radiogenic additions by radioactive decay
involving the product of a time term with the ratio of the radioactive parent
isotope to the nonradiogenic isotope of the daughter element (238U/204Pb,

235U/204Pp, and 208Pb/204Pb which are always normalized to the present
day to cancel variable effects of radioactive decay) * * * Although the lead
isotope ratios are not subject to physicochemical fractionation, the ratios of
the parent radioactive isotope to the nonradiogenic isotope of the daughter
element are. Changes in these ratios eventually result in differences in lead
isotope ratios. For example, the present-day value of 206Pb/204Pb in a Pre-
cambrian mineral such as zircon or monazite will be very large (perhaps
several thousand) because 238U/204Pb is very large (perhaps tens of thou-
sands). In contrast, the present-day values of 206Pb/204Pb in a Precambrian
mineral such as galena or feldspar will be relatively small (perhaps less
than 20) because 238U/2%4Pb is near zero. Variations in the values of parent/
daughter for rocks are more subtle—for example, a subalkaline basalt may
have a value of 238U/204Pb of about 6, whereas a silicic volcanic might be
more like 20—but usable variations in lead isotope ratios still result. Cus-
tomarily lead isotopes have evolved through a sequence of stages which
will be discussed below. A number of ores and igneous rocks have leads
that evolved under conditions that closely approach single-stage condi-
tions, that is, where the only changes in the value of the parent/daughter
ratio are due to the radioactive decay of the parent. These are the model
leads and the model lead ages approach the time of formation of the deposit
or igneous rocks. Many ores and igneous rocks have leads that clearly did
not form under such simple conditions and are anomalous. A number of
these anomalous leads approximate two-stage conditions, that is, the values
of the parent/daughter ratio were altered sometime after the earth was
formed, usually to a variety of values, so that the present-day lead isotope
ratio evolved under two stages of parent/daughter values. Leads that under-
went two-stage evolution are called anomalous because model-lead “for-
mation” ages calculated from them have a demonstrated tendency to be
grossly incorrect. Secondary Pb-Pb isochron ages may often be calculated,
making use of the near-constant value of 238U/235U, for either the forma-
tion-age or the age of the source material from which the lead was derived
(source-ages), if one of the ages can be independently determined. Because
the earth has had a complex history, often three-stage systems must be
involved in the evolution of lead in many ores and igneous rocks. Three-
stages systems are difficult to interpret, but several special cases that have
some characteristics of two-stage systems [can be solved].

238 235 232 EXPLANATION

Amount remaining

Amount decayed

Initial amount

i Q i Amount formed
204 206 207 208
Pb
Figure 3. Isotopic relationships between uranium, thorium, and

lead in the Earth's crust. Modified from Cannon and others (1961,
fig. 1). Reproduced with permission, as modified, from Economic
Geology Publishing Company.
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Table 1. Maximum **Pb/**Pb for Mesozoic and Cenozoic magmatothermal ore deposits in various dollar-value production groups.

[Dollar amounts not adjusted for inflation. Modified from Doe (1979)}

Maximum observed
Production (dollars) 208pp/2*pp Largest districts or deposits in production group
2$1,500,000,000 18.0 Butte, Montana; Bingham, Utah; Climax and Urad-Henderson, Colorado; Globe-

Miami, Arizona; Santa Rita-Hanover and Tyrone, New Mexico.

$150,000,000-$1,500,000,000 19.1

Tintic and Park City, Utah; pene- and post-caldera ores, San Juan Mountains and

Leadville-Gilman, Colorado; Bisbee, Arizona.

$15,000,000~-$150,000,000 22 Selected deposits include Wood River, Idaho; Ophir and Milford, Utah; Alma and
Central City-Silver Plume, Colorado.
$1,500,000-$15,000,000 20 Selected deposits include Star and Big Cotton Wood, Utah; Hilltop, Colorado.
<$1,500,000 25 Santaquin (Mt. Nebo), Utah; Yarmony and precaldera ores (Embargo district), San
Juan Mountains, Colorado.
THE MODEL which the prospect belongs. This judgment is also not always

The model is well illustrated in table 1, modified from

Doe (1979). In the 15 years since the table was first pub-
lished, there has been little change in dividing isotopic com-
positions between the economic groupings. Some supergiant
deposits have been found that have associated galenas with
values of 206Pb/204Pb of 18 or more, and a bounding value of
18.1 might work a little better than the value of 18.0 given in
table 1; however, some grayness in the dividing isotope-ratio
values is to be expected. Doe (1979, p. 229) pointed out that,
although all medium-sized to supergiant magmatothermal
deposits known at the time had values of 206Pb/204Pb of 19.1
or less and ratios similar to plutonic leads, not all prospects
having the appropriate lead-isotope ratios may be expected
to be of medium to supergiant in size.
Of course, the lead isotope data are only pointing to trends of economic
potential, and many valueless prospects are to be expected with 206Pb/204Pb
values less than 19.1. Conversely, not all districts currently inactive have
been mined out, and much more may remain to be found. A case in point is
the Leadville/Gilman grouping which, according to Ogden Tweto (oral
commun., 1977) might move into the supergiant category and be a lead-
zinc skarn-type deposit to rival porphyry coppers, if the excessively thick
cover did not hamper prospecting.

This cautionary note should not be ignored, and the
study of the Hailey and Challis quadrangles forms an inter-
esting test of the statement.

We still know of no operating Cretaceous or Tertiary
magmatothermal deposit that has a value of 206Pb/204pb of
20 or more. The observation that the more radiogenic the
lead isotopes, the less likely one is to find an economic ore
deposit is probably a reliable indicator. If exceptions are
found, they are likely to involve the precious metals—gold,
silver, and platinum—that respond to monetary factors as
well as to utilitarian values. Lateral-secretion deposits can
have more radiogenic values, such as those in southeast Mis-
souri with values of 206Pb/204Pb of 20.0-22.5, and a judg-
ment must be made as to just what class of ore deposit to

easy. Other kinds of ore deposits may also be involved in a
regional study, such as bedded ores in black shale of
essentially syngenetic origin. These usually have model lead
ages in approximate agreement with the sedimentary or
submarine volcanic host rocks by both the 206Pb/204Ph and
208 pp/204 Pb  models of Stacey and Kramers (1975). In
the Cretaceous-Tertiary magmatogenic ore deposits, 205Pb/
204pp provides little information of value in plumbic
prospecting but commonly helps to distinguish the
Cretaceous-Tertiary deposits because agreement between
the 206Pb/204Pb age and the 208Pb/204Pb age is poor.

SULFUR ISOTOPES

Doe and others (1986) presented a first attempt to com-
bine sulfur isotopes and lead isotopes to refine the plumbic
prospecting evaluation, and Rye and others (1980) used sul-
fur isotopes to classify ore deposit types. We expand on both
studies herein.

Unlike lead-isotope ratios, which are controlled by
radioactive decay and mixing, sulfur-isotopic variations are
a consequence of physico-chemical effects and, perhaps,
mixing. Data are usually expressed relative to a standard,

S = |:(34S/3zs)sample~

(345/ 328).: tandard

with the values reported in per mil. Although sulfur-isotope
ratios are difficult to utilize by themselves in mineral-pros-
pect evaluation, especially on single samples, they help us
refine the lead-isotope results.

Figure 4 shows values of 84S for a variety of hydro-
thermal ore deposits. Magmatothermal deposits such as por-
phyry copper deposits generally have values of 84S for
pyrite of between -3 and +1 (Ohmoto and Rye, 1979).
Because we are analyzing galena, and because sulfur

1j| x1,000
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Figure 4. Sulfur-isotope data for some magmatothermal ore de-
posits. Solid line or area indicates suifide mineral; open line or
area indicates sulfate mineral; dashed line indicates late-stage
mineral. A, Porphyry copper deposits. Modified from Ohmoto and
Rye (1979, fig. 10.12). Reproduced with permission from John
Wiley and Sons. B, Various hydrothermal deposits. Modified
from Rye and Ohmoto (1974, fig. 1). Reproduced with permis-
sion, as modified, from Economic Geology Publishing Company.

isotopes in galena are usually somewhat isotopically lighter
than sulfur isotopes in pyrite, we use a range for igneous
rocks of -5 to +3. There are a few exceptions; values for
Galore Creek are around —10 and values for scattered sam-
ples from some other deposits are close to —10 (Craigmont
and Tintic). No subaerial magmatothermal deposits are
known to have values of 33*S greater than +6 (the extreme
value for the Henderson molybdenum porphyry of Colorado;
Stein, 1985). Normally, however, heavy sulfur-isotope val-
ues are indicative of an interaction with evaporites, as for

Mississippi Valley deposits (such as Pine Point), and some
light sulfur-isotopic values are in ores associated with
organic material (such as Mogul) or where sulfur in the ore
fluids is mainly in the form of sulfates (anhydrite, barite,
alunite, and so on). Echo Bay is an unusual Precambrian ura-
nium-nickel-silver-copper deposit.

Although we emphasize subaerial magmatothermal
deposits in this study, a number of other kinds of ore deposits
must be taken into account. Sulfur-isotope values for subma-
rine volcanogenic massive-sulfide deposits (such as kuroko-
type deposits) can range widely, and the sulfur isotopes can
be heavy as a result of the role of seawater in the ore fluid.
As seen in figure 4, however, the more values of 83*S for
galena are lighter than -5, the less likely that one is dealing
with a major magmatothermal ore deposit. In fact, few major
ore deposits of any origin contain such light sulfur isotopes,
although some notable exceptions are known among shale-
hosted ores, such as the Kupferschiefer in Germany and
Udokan in the Soviet Union. The same predictive statement
could be said for values greater than +3 for magmatothermal
ores; however, a number of important ore deposits of other
origins—especially of lateral-secretion (Mississippi Valley)
and sedimentary exhalative (SEDEX) origin—exist and
must be considered in the present study.

By combining lead and sulfur isotopes, the plumbic-
prospecting evaluation can be refined (table 2). In many
cases, whether one is looking at a magmatothermal deposit
can be determined just from looking at the lead and sulfur
isotopes; however, incorporation of as much other geologic
information as possible improves the isotopic assessment.
For example, volcanogenic and shale-hosted deposits
should be of an age similar to the host rocks, lateral-secre-
tion deposits normally form at temperatures lower than eco-
nomic magmatothermal deposits, a crosscutting ore is not
stratiform, and so forth.

GEOLOGY

The stratigraphy, structure, and geologic history of the
study area have been extensively described as a result of the
Conterminous United States Mineral Assessment Program
(CUSMAP) of the U.S. Geological Survey and associated
research groups (Mclntyre, 1985; Fisher and Johnson,
1987a; Link and Hackett, 1988; Winkler and others, 1989;
this volume). We briefly review the geology of the parts of
the Challis and Hailey quadrangles that were sampled for
lead isotopes.

Although Middle Proterozoic metasedimentary rocks
of the Belt Supergroup are widely exposed north of the study
area, the only Precambrian rocks exposed in the study area
are in the structural core of the Pioneer Mountains (Dover,
1981). Highly deformed Middle Proterozoic or older gneiss
is overlain by less deformed, medium- to high-grade,
younger Proterozoic to Ordovician metasedimentary rocks
(Dover, 1981). Preexisting and (or) underlying Archean
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Table 2. Hypothesis for lead and sulfur isotopes in mineral prospect evaluation.
[Modified from Doe and others (1986). For examples of magmatothermal ore deposits, see table 1}

Ore type and largest deposits 206pp20pp s
Lateral secretion: southeast Missouri, Tri-State, east and central Tennesee'” >19.1 20
Magmatothermal, Very Small...........ccc.oovireiennininenareniiesceneeeseseeessressersssessens 219.1 -3to+3
Magmatothermal, very small, OXidiZEd .......c.ocecvieiniiiiiiirrecercee e e ene 219.1 <3
Lateral secretion: Pine POINE ........ccoicceviioeiiieiinciiiecreeens e saenssis st ceeesessssesseressesnesaesaseessansanes >18.1-<19.1 20
Magmatothermal, LATZE ..........vveivriirieeeeiee et sbtsse et see e srsses e set e esss s s st sssesemaes >18.1<19.1 -3 to+3
Submarine-volcanogenic or shale hosted: Bathhurst, Canada; Rammelsberg,

West Germany (PAIEOZOIC)Y? ..ot eseea et se et e e meseresems st sesses st nssase s rasneasenae >18.1-<19.1 20
Shale hosted: Kupferschiefer, West Germany (Pal€0zoicC) .........ocoueevereiecrivinerieoeresesmseeeeseenees >18.1-<19.1 <5
Magmatothermal, medium, oxidized: Pasto Bueno, Peru.........ccevvevneiinienieniennenesencecrnenessenennns >18.1-<19.1 <3
Magmatothermal, supergiant, rejuvenated cratons (Cretac<30us-Ter’[iary)3 .................................... <18.1 -3t0+3
Submarine-volcanogenic or shale hosted: Mt. Isa, Australia (ProteroZoiC)......cc.ovevereeecrerrecranenss <18.1 >0
Submarine-volcanogenic: Kidd Creek, Canada (Archean).........coooveveveeereeveveeriviseeeessseesesercssnnes <18.1 ~0

ILateral-secretion deposits usually plot on or below the evolution curve of Stacey and Kramers (1975) for 28pb/MPb versus 2%°Pb/2Pb.

2Unusual samples from Mississippi Valley deposits have §*S <+3. The most notable exception is the Tri-State district where 8*S is 0 to ~10.

3Magmatothermal ores usually plot above the curve of Stacey and Kramers (1975) for 2®pb/?PbPb versus 2°Pb/**Pb in rejuvenated cratons;
however, Creede, Colorado, does not. Submarine volcanogenic ores usually plot on or below the 2®Pb/?*Pb versus 2°°Pb/**Pb curve, but the Kuroko
ores of Japan plot above it. Some molybdenum porphyry deposits in the Challis 1°x2° quadrangie have values of 8*S >+3 (Howe and Hall, 1985; this
paper). Because these deposits may be of supergiant size (such as Thompson Creek), an additional refinement would be to survey the sulfur isotopes in

aregion to establish the possibility of an anomalous character.

crust to the south is indicated by xenoliths in lavas of the
Snake River Plain that suggest Archean crust was present
prior to major thermal events dated at about 3.4-3.1 Ga and
2.8 Ga (Leeman and others, 1985).

Paleozoic sedimentary rocks underlie much of the study
area and are host to numerous ore deposits, many of which
are represented in this study. These rocks span all time peri-
ods from Cambrian to Permian. A continental shelf environ-
ment during the Paleozoic in the eastern part of the study area
is characterized by predominantly shallow water carbonate
rocks, whereas continental slope and basin environments in
the western part are characterized by fine-grained, commonly
carbonaceous, argillaceous rocks of the “black shale belt”
(Skipp and Hall, 1975; Skipp and Sandberg, 1975; Poole and
others, 1977; Skipp and Hait, 1977; Hall and others, 1978;
Hobbs, 1987; McFaddan and others, 1988).

Rocks representing the carbonate shelf include the Cam-
brian or Ordovician Bayhorse Dolomite, Ordovician Ella
Dolomite, Ordovician Saturday Mountain Formation, Devo-
nian Jefferson Formation, and undifferentiated Proterozoic
and Paleozoic limestone in roof pendants of the Idaho
batholith. Ore in these carbonate rocks typically formed by
replacement, although vein- and breccia-filling are locally
important (Hobbs, 1987; Hobbs and others, 1987). The Bay-
horse Dolomite hosts ore deposits of lead, zine, silver, and
fluorite at the Pacific mine and lead, silver, and zinc at the
Riverview mine (Davis, 1978; Hobbs, 1987). The Ella Dolo-
mite hosts lead, silver, and zinc deposits of the Clayton Silver
mine (Hobbs, 1987). The Saturday Mountain Formation
hosts vein and replacement deposits of lead, copper, and zinc
in the Dryden mine (Mitchell and others, 1986; Hobbs, 1987).

The Jefferson Formation hosts deposits of lead, silver, zinc,
and gold at the Hilltop mine (Mitchell and others, 1981). A
total of $24.6 million (values uncorrected for inflation) of ore
has been produced from carbonate-hosted deposits in the
Challis quadrangle. Mineralization probably took place in the
Late Cretaceous (Hobbs and others, 1987).

The black shale belt of the slope-basin environment
includes the Ordovician Ramshom Slate, Devonian Milligen
Formation, Paleozoic Salmon River assemblage, Mississip-
pian Copper Basin Formation, and Pennsylvanian and Per-
mian Wood River and Dollarhide Formations (Paull and
others, 1972; Hall and others, 1974; Sandberg and others,
1975; Hall, 1985; Wavra and others, 1986; Hall and Hobbs,
1987; Turner and Otto, 1988). Black-shale-hosted deposits
are predominantly in veins that yielded mainly lead, silver,
zinc, antimony, and tin (Hall, 1987a). The veins are typically
beneath major thrust faults or near regional unconformities
and are typically associated with Late Cretaceous or Eocene
intrusive rocks (Hall, 1987a). Some of these deposits (Liv-
ingston, Hoodoo, and Triumph mines) have textures sug-
gesting at least partial syngenetic deposition of ore and
sediments. Deposits of interest for their tin concentrations
include the sulfide-bearing quartz and siliceous vein deposits
of the Timberline and Patti Flynn mines, among others, in
the Fourth of July, Galena, and Boulder Basin mineralized
areas (Tschanz and others, 1986; Tschanz and Kiilsgaard,
1986; Hall, 1987a).

Late Cretaceous and Tertiary igneous rocks of the Idaho
batholith and Challis Volcanic Group underlie the largest
part of the study area (MclIntyre and others, 1982; Bennett
and Knowles, 1985; Ekren, 1985; Kiilsgaard and Lewis,
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1985; Fisher and Johnson, 1987a; Johnson and others, 1988;
Moye and others, 1988). Igneous rocks include Cretaceous
intrusive rocks, Tertiary intrusive rocks, and Tertiary extru-
sive rocks (Challis Volcanic Group). Biotite granodiorite is
the most widespread of the Cretaceous intrusive rocks; horn-
blende-biotite  granodiorite, porphyritic  granodiorite,
tonalite, quartz diorite, muscovite-biotite granite, and leuco-
cratic granite are also present (Johnson and others, 1988;
Lewis, 1989). The granodiorite and granite further belong to
distinct potassic and sodic suites (Lewis, 1989). Tertiary
intrusive rocks are compositionally bimodal, including both
granite and quartz monzodiorite (Johnson and others, 1988).
Tertiary extrusive rocks of the Challis Volcanic Group
include basaltic, intermediate, and rhyolitic types (McIntyre
and others, 1982). Numerous dikes and hypabyssal rocks
were feeders for the extrusive rocks, and these are composi-
tionally and textually transitional between intrusive and
extrusive varieties. Virtually all of the Tertiary rocks were
emplaced during the Eocene between 51 and 40 Ma.

Cretaceous and Tertiary igneous rocks are associated
with characteristic types of ore deposits (Hardyman, 1985;
Hardyman and Fisher, 1985; Kiilsgaard and Bennett, 1985,
1987a, b; McIntyre and Johnson, 1985; Kiilsgaard and Hin-
gley, 1989; Lewis, 1989; Moye and others, 1989). Stock-
work molybdenum deposits and mixed precious- and base-
metal veins are thought to be genetically related to Creta-
ceous intrusions. Stockwork molybdenum deposits of prob-
able Cretaceous age include the Little Boulder Creek deposit
(White Cloud) (>100 million tons averaging 0.15 percent
MoS; and 0.02 percent WO3) and the productive silver-bear-
ing Thompson Creek open-pit mine (200 million tons aver-
aging 0.18 percent MoS,) (Hall, 1987b). Mineralized rock at
the Thompson Creek mine is in the stock but near the contact
with the Salmon River assemblage; mineralized rock at the
White Cloud deposit is in the Wood River Formation, but the
ore grade is greatest near the stock. The molybdenum-bear-
ing copper-silver veins of the Lost Packer mine and the zinc-
lead-silver veins of the Deadwood, Greyhound, K.G.,
Seafoam, Mountain King, Sunrise, and Comeback mines
also are thought to be related to Cretaceous intrusions (Kiils-
gaard and Bennett, 1987¢).

Deposits of probable Tertiary age include vein stock-
work and disseminated molybdenum deposits, precious-
metal veins, and high-level precious-metal veins (Fisher and
others, 1987; Johnson and Fisher, 1987; Kiilsgaard and Ben-
nett, 1987b, d). Significant Tertiary molybdenum mineral-
ization is in the CUMO (1,000 million tons at an estimated
0.1 percent MoS;) and Little Falls (a multimillion ton
deposit at 0.05 percent MoS;) deposits and other smaller
deposits such as that at Red Mountain (Kiilsgaard and Ben-
nett, 1987d). Molybdenum typically is in subparallel quartz
veins that are in or near intensely altered host rocks that are
cut by Eocene rhyolite dikes. Precious-metal veins include
the Comeback, Singheiser, and Parker mines (Fisher and
others, 1987a). Gold and silver are the main commodities,

but copper, lead, and zinc are present in variable amounts.
The veins are epithermal and are in altered host rocks typi-
cally cut by Eocene rhyolite dikes. Rhyolite-hosted precious-
metal deposits include the Sunbeam, Parker Mountain, and
Singheiser mines (Johnson and Fisher, 1987). Ore is present
as irregular stockwork quartz veins and disseminations in
hydrothermally altered host rocks, typically rhyolite.

The three types of Tertiary deposits discussed here may
be genetically related. At many locations elsewhere, stock-
work molybdenum deposits pass upward and outward into
precious-metal vein deposits, which in turn grade into stock-
work and disseminated precious-metal deposits. In the study
area, all three deposit types are associated with hydrother-
mally altered hypabyssal rhyolitic rocks and are concen-
trated along the Trans-Challis fault system. Precious-metal
veins and high-level precious-metal deposits in the study
area are commonly enriched in molybdenum. Thus, for this
study, samples from these molybdenum-enriched deposits
and their associated intrusive rocks are classified with
molybdenum systems.

Although minable tin deposits are absent, much Ter-
tiary granite in the study area has geochemical characteris-
tics of tin-bearing granite elsewhere. Most Tertiary intrusive
rocks in the area are evolved or anorogenic (A-type), high-
potassium, slightly peraluminous, probably alkali-calcic to
calc-alkaline granite (Bennett and Knowles, 1985). They
typically have high tin, tungsten, uranium, thorium, molyb-
denum, niobium, zirconium, certain rare earth elements, lith-
ium, beryllium, and fluorine contents and low strontium and
barium contents (Bennett and Knowles, 1985; Cole Smith,
written commun., 1990). Thus, their major- and trace-ele-
ment abundances are similar to those of tin granites world-
wide (for example, Tischendorf, 1977).

ANALYTICAL TECHNIQUES

Lead separated from whole-rock samples and from
mineral samples was analyzed by the surface-emission (sil-
ica gel) ionization technique of solid-source mass spec-
trometry. The mass-analysis methods for all samples and
lead-separation techniques used for silicate minerals are
those of Doe and Delevaux (1980). For lead-rich samples
such as galena, jamesonite, and boulangerite, an HCI disso-
lution was substituted for the HF-HCl; decomposition step
on silicate samples, followed by anodic electrodeposition.
The rest of the procedures were the same except if great
bismuth or thallium signals were observed. Although iso-
topes of these elements do not directly interfere with lead
isotopes, they are at adjacent masses and add to uncertain-
ties in the background. These samples were reprocessed on
chloride-anion resin columns eluted with water to separate
the bismuth and thallium from lead.
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Lead, uranium, and thorium concentrations were deter-
mined by stable-isotope dilution as described in Doe and
Delevaux (1980).

Sulfur-isotope compositions were determined by the
U.S. Geological Survey laboratories in Menlo Park, Calif,,
or by Geochron Laboratories Division of Kruger Enterprises,
Inc. Analyses from Geochron Laboratories have a standard
error of the mean of 0.3 per mil for $3#S. Although this lab-
oratory uses Trenton City troilite as a reference sample on
which they reported values of 0.18 and 0.20 per mil, their
data are systematically 0.4 per mil greater than those
obtained on a common sample that was analyzed several
times in both Geochron Laboratories and the U.S. Geologi-
cal Survey laboratories in Denver. In order to facilitate direct
comparison of data from Geochron Laboratories with that
from the U.S. Geological Survey, 0.4 per mil arbitrarily has
been subtracted from analyses done by Geochron Labora-
tory. The difference, however, is not considered to be signif-
icant compared to the isotopic differences between samples.

DATA
LEAD ISOTOPES

The lead-isotope data (tables 3-5) form a complex pat-
tern (figs. 5, 6) that is easily separable into two groups on a
plot of 208pb/204ph versus 206Pb/204Pb (Doe and Delevaux,
1985). The two groups were originally defined on the basis
of ore leads. Group A forms a diffuse cluster having rela-
tively high 298Pb/204Pb for its 206Pb/204Pb, whereas group
B forms a fairly tight cluster having relatively low 208Pb/
204pp for its 206Pb/204Pb. Igneous rocks of group A lie
close to group A ore leads, and igneous rocks of group B
lie close to group B ore leads. Ore samples of group A lie
on or above the regression line for igneous rocks of group
A in figure 6. Many samples in group A have values of
206pp,/204ph of 18.0 or less, but some values are as high as
21.0 or more. In contrast, all samples of group B have val-
ues of 206Ph204pp of 18.5 or more, and most values are
between 19.0 and 20.0. Where 206Pb/204Pb values overlap,
group A shows a trend of 208Pb/204Pb values greater than
group B. The isotopic distinction is so clear that there is
confusion in classification of only one ore mineral in a
group of more than 50 ore minerals and (or) igneous rocks.
Groups A and B can be further subdivided (Sanford and
others, 1989; and Sanford and Wooden, this volume), but
these subdivisions are not discussed here.

Data for group A are similar to those from the Rocky
Mountains or from area I in the classification of Zartman
(1974) (see fig. 7), although there is some tendency for
208ph/204Ph values in central Idaho to be greater for given
values of 206Pb/204Pb. For example, the average values of
the two samples from the Thompson Creek mine in central
Idaho for 206Pb/204pb, 207Pb/204Pb, and 208Pb/204Ph are

17.597, 15.588, 40.945, respectively, whereas the Climax-
type (fluorine-rich) molybdenum deposit having the highest
values of 208Pb/204Pb in the Front Range of the Rocky
Mountains of Colorado is the Henderson mine (342 million
metric tons, averaging 0.297 percent Mo; David Singer,
oral commun., July 11, 1991), which has ratios of 17.696,
15.508, and 39.375, respectively (Stein, 1985). The Hen-
derson mine also has the highest 84S, as much as +6
(Stein, 1985), for a molybdenum porphyry, aside from that
for Thompson Creek. For two samples from the low-fluo-
rine Cannivan Gulch molybdenum porphyry deposit of
Montana (203 million metric tons of 0.096 percent Mo;
David Singer, oral commun., July 11, 1991), the lead-
isotope ratios are 17.602, 15.552, and 38.378, respectively
(Doe and others, 1986). The similarity of 206Pb/2%Pb and
207pp/204pb for all three deposits is remarkable, close to
analytical uncertainties.

In contrast, group B values in central Idaho are similar
to those in the Great Basin or area II in Zartman’s classifica-
tion (see fig. 7). For example, a feldspar and a galena from
the White Cloud molybdenum porphyry system have aver-
age values of 19.304, 15.705, and 39.310 for 206pb/204pb,
207pb/204Pb, and 208Pb/204Pb, respectively, whereas these
ratios for the low-fluorine Mt. Tolman molybdenum por-
phyry deposit (1,180 million metric tons of 0.055 percent
Mo; Donald Singer, oral commun., July 11, 1991) in the
Zartman area II of Washington are 19.377, 15.672, and
39.191 (Church and others, 1986). Again, the differences in
isotope ratios between these two deposits are close to analyt-
ical uncertainties.

Large deposits of molybdenum porphyry generally
have lower values of 206Pb/204Pb but are in either isotopic
grouping (for example, group A, Thompson Creek; group B,
White Cloud and CUMO). The data for the largest and most
productive deposit in group A (Thompson Creek) follow the
apparent rule observed by Doe (1979) of 206Pb/204Pb values
of 18 or less for supergiant and many giant magmatothermal
ore deposits of area I of Zartman.

Previously (Doe, 1979), consideration was given only
to deposits in area Ib of Zartman (oldest rocks are Protero-
zoic basement to the south) with the exception of Butte in
area Ia of Zartman (oldest rocks are Archean in the north).
Data for Thompson Creek add additional evidence that the
same lead-isotope rule of 206Ph/204Pb less than 18 for super-
giant deposits can be applied to area Ia as well as to area Ib.
The lead in potassium feldspar from the stock at Thompson
Creek is highly radiogenic (296Pb/204Pb >20), however, and,
because the data were the last obtained, we were unable to
determine whether this radiogenic nature is a primary feature
of the stock or is the result of additions of radiogenic lead to
the feldspar subsequent to crystallization of the stock.

Mineral-deposit evaluation through use of lead isotopes
has not yet been assessed for the Great Basin area or area II
of Zartman. Galenas from both the White Cloud and CUMO
molybdenum porphyry bodies are toward the less radiogenic



GEOLOGY AND MINERAL RESOURCES OF THE HAILEY AND IDAHO FALLS QUADRANGLES

M10

uonBULIO

9SSTYIT  Eypivy  IASD) ssioykeqg  uS ‘q$ ‘uZ ‘3y ‘qd LICTN pusoyindyg  Junojy AepInjes UeIIAOPI) upAlg  NOQ9L+STHMS
uoneurIog
9SSZTYIL  Ervivy  ISDD ssroyfeq  ug ‘q§ ‘uZ ‘8v ‘qd LIETN [ewioyndyg  junoy AepImes UBIIAOPI) UpAIQ  ND®YLYSTHMS  V
uonjeurIo]
8SOPYIT  €19€€y  sewed uMojeLIIE) LISTN Teunayidyg opIyIefjo( uerueAjAsuuag spryrefioq NOWETIOL V
S[ejax
STYESIT 0T8T vy  asowyg axiq  -snowaxd pue -aseq DA Teunayidg PIOYIEq OYEp] SNOSJEBIAL) poompea( NDO0SSYY 4
009y SIT  00SO+y  ssiog S[iIAIeaUOL] oW Afydrog  reweyidg yIroyieq oyep] Arenia], OWND NDEI-¥8S  V
auojspues
Ay ‘uoneuLIO JOATY POOM
STOEVIl v 6bey  Pum[g  uiseqiopinog Teunsoyidy UR[ULIOJ-UBTUBA[ASUUS] juI0g UMoI) NOWS 16L 4
{(¢)uoneursog £¥eRID
TSLIPIT  T0Lvep eureig  Sundg umem reuneyydy UaBIN UeruoAd eI~ aYeTIsa1) NDWL6SL 4
TEBPSIT  $T00Fy  ssiog ssed SaUILID sfejow snoralq A Teunayidy Y[oyIEq OYEp] SNOVEIAL) Jorqawo) NO 014 4
Quojspues
AuIij ‘UoTJBULIO JOARY POOM UIA
TI9EHIT  SSISEy  oumlg eusED LT reunrayydg UB[ULISd-UeTURATASUUS] MAN {UOTIBUIQUIOD NO WS9SL6L €
juouraoedar
PYZPIT 8y 9L by  3ISDD ss10yheg uz ‘8v ‘ad -UrA reunayydyg auIojo(] e[IH UeRIA0PI) 1oATIS UOILELD NO I-HM08 V
juswaoefdar
YrPCPIT 8P 9T by JasnD asioyheg uz 8y ‘ad -UBA Teursoyidy ayuIo[o(] ejd UeIdIA0pI0 IoAtS uoiker) ND S9-8LHMS V
uoneuLIO
SpIYTeI[O( SY3 JO JaqUIAU
IwIv bl 809cEy  sewre) umojaLIe) ST rewrroyndy 1oddn uermirag 1omor] preuoo sLre) NOWSOL V
}991) SAWLID
8ISPSIT  9S10¥y  osiog §Seq SOUILID reurroydy YI[OYIEq OYEp] SNO3DEIDI)) —Yo[nn uosire) NOZIId 4
ureuno {UONRULIO JOATY POOM
SSOEPIT  8S6EEY  oumld sjkog reunroyidyg UeTULID]-UBTUBA[ASUUD] dwnp/ino Jezopyng NOWerL 9
{peoy g unisyong
EPEEPIT  SO6LHY  IOISHD as1oyAeg o Afydiog  peunroyndg YIOYIeq OTEp] SNOIEIOL) —3}ear) uosdwoy ND S68-9LS ¥V
{Srerew peoy NUQ unsdnyg
EYEEPIL  SO6Lpp  JAISND asioykeq snoraxd ‘qd UIA reunreyidyg IOYIEq OYEP] SHO0EIAI) —3}ea1) uosdwroyy, NO junisyong v
sajdures 310
opmisuo]  spmne] Auno) 10msIq SaIpOWWIo)) odfy nsodag £y ad£) yoo1 350y pue a3y UONeI0[ IO JUIEN Jsquinu dnoin
EIN N | g[dureg

[359M SPUO9s pure ‘sajnuI ‘s3a18ap ur 3pIISUO] ‘YHOU SPUOIIS PUR ‘SIINUILI ‘s39139p

ur 9pmne] "YO0I A[ouM ‘YA ‘910 YO ‘Tedspra} wingssejod I ‘oruosswel ‘yr ‘oiureq ‘v ‘aueduernoq ‘g ‘eusped ‘NO :odA) opdures seyesrpur sequinu ofdures Suimofroy uoneuSisap 1N9[-0M ]

‘oyepj ‘sajSueipenb ,zx, A3]ieH pue SH[eYD ‘UoneuLioful JdWeS °€ IqRY,



Ml1

LEAD-ISOTOPE CHARACTERISTICS OF ORE SYSTEMS

SYI0STI

(48524141

[41833414!

YL OTPII

0T 0T ST

vZev vil

$TEPIL

STREPIIL

8061 €Ll

8061 €11

8T LOSTI

YT 0e P11

LTTY VIl

Levevil

€1 6EPIT

ve8EPII

LT 9t v¥

91 80 ¥¥

91 80 ¥¥

SLLTEY

[£ 22244

ccseey

1101 v¥

1101 ¥p

6v 8T vv

6V 8T vv

10sevv

2 0s ev

0T oy ey

8§ 6T £V

1€ 00 ¥¥

TE 65 £P

980D

1500

950D

surerg

Kol A

seure)

1800

1180

Tqurog

Ty

980D

aurerg

aurerg

surerg

13500

1980

urelUnOy
dsoyg

13ppnog

19pynOg

ITTH TeIoury
poompesq
-ureoyess
uMOJoLIE)
L NS Coe]
Iepnog
SN Eohel
Iopnog

(sexal)
arowyn

(sexal)
azowo

ureoyeas

urseq 19p[nog

BUUSIA

1I'H [ersutiN

uiseq
uo)Suryse p

uiseg
BIURWLISD

ug ‘q$ 8V ‘qd ‘uz

u§ ‘qs 3V ‘qd ‘uz

us ‘q§ ‘uz ‘3y ‘qd

us§ ‘qs ‘uZ ‘8v ‘qd

s[ejour
-snoraxd pue -oseq

ejeur-snoroard
pue -oseq

uA-peg

ureA-pedq

utA-pag

uA-pag

HEYN

JUIBA

Teuuayndy

PazIfIqouia;
onouaSukg

pazijiqowax
onouafufg

reuoyidy

Teuoyidy

reursayydg

onouafuig

reunzoyyido
-onouafuig

reuoydyg

Teunoyyidyg

[ewsoyidyg

Tewroyydy

Teuuoyidy

reuoydy

Teuusyidy

Teuuoydy

yijoyeq
OYep] Ul QUOISAWT] IT0ZO[eJ

ELGREL I |
ShoadeRUOQIRD ‘0fe[quUIasse

JOATY UOUIeS S10Z03[ed

anpisre
SnoeoBUOQIERD ‘afejquiasse
JOATY uOWIeS 910Z0a[ed

UOTBULIO]
SPIYTR[O(] UPTURAJASUUS]

yITjoyeq Oyep] SnosoeieID

UONRULIO]
3pIYrRIjoQ URIUBAJASUUS]

yidre ‘oSejquiasse
JOATY uouwIfes 910Zosed

Quo)sau]
pue QyISTe ‘efejquiosse
IOATY uouI[es J10z0d[ed

UONBULIO,]
UOSIOJJa[ UBTUOAS(]

UOUBULIO
UOSI2JJof UBTUOAS(]

I[OYIeq OYBP] SNOALIDID)

auolspues
AW ‘UOTIBULIO JOATY POOM
URIULIO -URTURAASUUSJ

Ejoyeq Oyepy Areniof,

UOIJBULIO]

SPIYIR[IO( Y3 JO JqUISW
Jaddn weruirad om0

S
shoaoeuOqIRD ‘ofe[quUIasse
JOATY UOUI[ES ST0Z0d[ed

Quojspues
Ay ‘UOTIBULIO] JOATY POO
URTULIDJ-URTURAJASUUS]

ury] ureUNON

uo0IsSurAr]

uo)SSuIAT

wap Apaqry

oA

JOAJTS UIOH

00POOH

00pOOY

doiy

doyrig

punoykaIn

MO[D) usp[on

peclig)
Koyowsg 3ig ‘AVD

eyoIng

andwg

wnpradurgy

NO $$1-4d

VI-NO 1-108

NO T-108

NOOLIV

NO IST-¥

NO WIS L

vd el-da

ND 91-§

(ND T-908

(ND 1908

NO I-IWHO

NO W08S.L6L

NO T€ I9L

NO d€1-0LHM

40 99¢-d

ND WZE 19



GEOLOGY AND MINERAL RESOURCES OF THE HAILEY AND IDAHO FALLS QUADRANGLES

Mi12

SOSTPIL  OSLIvy  IaISH) asioyded  us§ ‘qs ‘uZ ‘8v ‘qq uRp  reaueyidg SO B{d URIOIAOPIQ Aoy oy  NO6LOTIHMS iV
aJuojog
TC8IPIT  9SITHy  Iasn) asioyheq uz 3v ‘ad juswraoerdoy Teunoydy asjoyfeq UBIIAOPIO & MITATOATY IND ¥V
Qjruojocy
WL yIl  9SiTvy  IasND astoyfeq uz 3y ‘ad weweoeiday reuneyidy asIoyAeg URIIAOPIQ MITATIATY NOLaI V
ajuojoqg
CTBIPIT  9SITHy  JASMD asioykeq uz 3V ‘ad Juomeoe[day reunoidyg asioykeq UBIGIAOPIQ MITATOATY INDSY S8  V
oo
ES6I VI 0SOTHP  I9ISnD asioykeq Teunroydg asioyAeg UBIOIAOPIQ wadsolq axeusoey NOD L9-TSHMS 4
QJLIOPIS “@)upayenal
riITvil  9evTvy  1S0) asioyfeq ‘andnd ‘eusfen URA reussoyidyg QB[S Woyswrey UerdrA0pIQ woysurey NOWETI6L V
onpqiSre ‘o8ejquuosse
YOOr ¥IT  ZT¥Ovy  39SmD  Anf Jo yunog UFOA UL, Teuneyndg IoATy uourfeg 510zosred Al med VI-OdN9LSL 4
Qoo
EC6LPIT  TvPTHy  JASDD asloyfeqg A48V ‘vz ‘qq Jususeoerday Teunoyidyg asIoyAeq URIIAOPIQ ¢ dyroed IND V
anuojoq 210 urewx
EC6IPIT  Iv¥Tvy  IASR) astoykeq 48y ‘Uz ‘qq tuewsoejdoy reunoyidg ssjoydeq uediropiQ  ‘doy ‘urejunoy ofIoeg NO I91-4-€La V
aImmojocy urews
EC6LPIT  TH¥Tvy  3SRD asioyfeq A48V ‘vz ‘aq Juowaoeydey rewsoyidy asIoyAeg UBIOIAOPIQ ‘UreIUnOIN SYIoB g NOGaI V
oo duwnp
€COIPIT Iy v b ESe) astoykeq A8y ‘uz ‘ad Juswaoe[dey Tewroyydyg asIoyAeg UBIIAOPIO ‘Urejuno dyyoeq NO8IOM V
oo Q10 UTeNI 9A0QE
EC6LVIT  IvvTvy  Jasu)p as1otkeg 48V vz ‘ad ewsoejday Teunsoyidg as10yAeg URISIAOPIQ ‘urejunogy sytoeq NO¥CI-6CLAA V
uojoq
€T 61 11 Iy v vv RS asjoykeq d 8V ‘uz ‘ad Juswaoeidey Tewsoyidyg asioyAeq UeISIAOPIQ UTBJUNOIA SR ND dS-6d-VLAA V
aywofoq
ECO6IPIT  Iv¥Tyy  IASND asioyheg d 8V ‘uZ ‘qd tuswade[doy Teunopidy asioykeq URISIAODIQ Urejuno dyyred NO gS-6d-vLAA V
Quojoq
ECO6LVIT  IP¥vTHy  JWSDD asioyAeq reauopidyg as10yAeg URIIAOPIQ Urejunojy dyioed (INDESOA V
reanropido (¢)uoneurrog
P9I ¥IT  106E€r  Surd ITTH Tedouty ulea-peg  -(onoULBuAS UBSI[IA UeTuoAa( Te)S qUoN NO dT-viHM 4
BUUSIA rerowr-snoraxd proyeq
P 10ST1L 8I9EHy  JAIsn) —ump dooyg pue -oseg rewaidy  oyepy ur Suojsowy] 510203[ed Sury] ureyunopy NDITSH VvV
v»:::cwvl.mo_a_Eam 10
opmI3uoy  opmme| Auno) 1Wsiq SNIPOWWIOD) 2dA yisoda(g a3e 2d£) yo01 150y pue 93y UuoneIO0] JO SWR N Jaquinu dnoin
QATIB[OY ardureg

“penunuo)—oyep] ‘safSuerpenb ,7x,1 Lo[ry pue sijey)) ‘uoneunioyul s[dwes ‘¢ djqeL,



M13

LEAD-ISOTOPE CHARACTERISTICS OF ORE SYSTEMS

o4y ‘dnorn

LTETYIT  I€ISYy  WMwo]  o3ueyjeaesn  s[elow snopaxd ‘O Afydiog  (OW)-8y-uy SWEIJOA sIj[eyD Arenioy, Tostoy3urg UM SOE-WO vV
oAy ‘dnoiny
TWISYIT  OZ¥evy  Iasn) Jjio4 sayuex  [eeu snorvaxd ‘O Aifydiog  (O)-Sv-ny SWED[OA SHeYD ATenI9], QWO UIRIUNOIN Py WM ZI'HY
urejuno oAy ‘dnoin
SSTEVIT  OESEVY WMo Inreq  spesowr snoraid oy Aifydiog  (oW)-8vy-ny SISO A SITEY)) Areniof, UTeUNOJ Ioxred AMIEWD ¥V
anoAyx ‘dnoin
6V IF VI QLSTHY  IISD) 10 eaxue X oW Aifydiog  (OW)-3vy-ny SED[OA SIffey) Arensof, yoopharn I M -harp v
uz
8TITYIT €ELTEy  durelg TITH [eIouTiy -q4-3v-ny ayueIg snosoeian) KoDoN B0 LilAZNN:
s[erour-snorerd
SSTSHIL  SSSEpy  IasnD) yoo1D uoo] pue -oseq ‘O Arfydiog  (oN)-uz-n) ayueid snoaoelel) 1998 d 150 M IdT Y
anjoAyz ‘dnoin
TIOVSIT Y0¥y  oswog Joo1D reog oW Arfydiog oW STUEI[OA SI[TeYD ArenisL SIreq ST AIMT-41 4
s[elowr
SSYESIT  SI8T¥y  esowg orxq  -snopaid pue -aseq LIETN 8y-q4-uz {ILoyIEq OYEP] SN0AILII) poompea eyl d
SEOEPIT  STOSYy Wwe]  o3uey [eaelD Syuess ury, (ug) Quesd Arenioy, yoarD sewre) AM OE6YE v
8I6ISI1 €06S€y  asiog snuuquren anuels urg, (us) anuesd Areniay, 001D 10ATIS 319 AM IZH8YN 4
6Z1TSIT  SS00vy  Iasn) {310 158q oyuels ury, (us) ued Arensay, YUON ‘I0ATy Jeag UM IS H 4
ANNOAYJ pue NUBIL
opmIsuoT  SpmpEe| AJuno) PomsIg SONIPOWIWO)) adA) sodaq UONRIDOSSY odK1 3001 350y pue 93y UONEBIO[ JO JWeN nRquau anoln
ordureg
auo)spues
Jop[nog Jomo] AuI] ‘UOTIBULIO, JOATY POOA
ovZEYIL  OPTOPY  IIsn) Joqiseqg  u§ ‘Uz 3V ‘qd ‘O uea-A1kydioq reutoyndy UBTUIIa-UeTURA[ASUUS] 1Seg-pnoLD) ANYM NOVZIEM 4
0E0S¥IT €18V €y  ourlg BUUSIA reursayidg (I[OYyIeq OYEp] SN0 100J49 4 NOWZOEL V
o[eys
SNO2oBUOGIED ‘aFe[quiasse
ITOEYIT 9281y Isn) esoyieg Teunsoidyg JoATYy UOWES J10203Med xady wimg, NOHMS €
auisre
sNoadBUOqIE) ‘ofejquiosse
TI6EYIT  vZe0ovy  Isn)  Ampyoyumod  us ‘qs ‘uz ‘8v ‘qd ULoA UL, reuoyidg JoATy uowI[es 910203[ed surraquILy, VINZLSL 4
[esew-snoroaxd
8P ESYIT  II¥EVPY IS 104 3ojuURX pue -aseq reunopidyg {IoYIeq OYEp] SNODEIA) esuung NO IS V
9T LL¥IT 8SLTEy  oumg [ITH [eoury [eutoyidy  uoneulo] USSIA UeuoAIq u2any) IeIS JOAYIS NOOT-OLHM 4
€180SIT  LIZEVY  IasnD weoyeas TeuLtoyydy yIjoyeq Oyep] SN03dEI) [1od 10ATIS NOSSI-d ¥V
0080SIT  0£OEvy  IaIsnD wreoyeas Teanoyrdg (IOYIE] OYEP] SNOSILIID  ISOA “OE'] Wreoyeas NO#STd ¥V



Mi14

Table 3. Sample information, Challis and Hailey 1°x2° quadrangles, Idaho—Continued.

Sample

Longitude

Latitude

County

Deposit type Commodities District

Granite and rhyolite

Association
(Sn)

Age and host rock type

Name or location

number

Group

GEOLOGY AND MINERAL RESOURCES OF THE HAILEY AND IDAHO FALLS QUADRANGLES

115 06 08
114 44 00

4443 52

Custer

Seafoam.

Sn

Mo

Tin granite

Tertiary granite

Stanley Lake Creek

A KR804T WR

A SB215120 WR

4426 12

Custer

Yankee Fork

Porphyry

Au-Ag-(Mo)

Tertiary Challis Volcanic

Group, rhyolite

Sunbeam

1152411

4359 14
4418 30
4403 00

Boise

Big Creek
Stanley?

Tin granite

Wolf Mountain Tertiary granite (Sn)

KR529T WR
A KRB803T WR

B

11517 50
114 35 30

Boise

Tin granite

(Sn)

Tertiary granite

Warm Springs Creek

Custer

East Fork

Mo

Mo Porphyry

Cretaceous granite porphyry

White Cloud-West

W188 KF

B

441900 1143215

Custer

Bayhorse

Mo

Porphyry

Thompson Creek Cretaceous granite Mo

A W320KF

Sedimentary rocks

Ag-Pb-Zn

114 24 50

4340 14

Blaine

Warm Springs

“Sawmill Gulch” Devonian Milligen

B WH2112WR

Formation, argillite

1143227

441513

Custer

Bayhorse

Porphyry? Mo?

Ag-Pb-Zn

Paleozoic Salmon River
assemblage, argillite

Holman Creek-West

T-270 WR

B

435647 1141420

Custer

Alto

U

Mississippian Copper Basin

Formation, argillite

Urexco

B T-602 WR

end of the assemblage and are similar in lead-isotopic com-
position to the potassium feldspar from the White Cloud
stock. The observation of Stacey and others (1968), Doe and
Stacey (1974), and Doe (1979) that the largest magmatother-
mal deposits are most similar to igneous rocks in lead-isoto-
pic composition may also apply to the Great Basin
environment.

Ores from the largest Cretaceous and Tertiary magma-
tothermal gold and silver deposits in the Rocky Mountain
region have values of 206pp/204ph of 19.1 or less (Doe,
1979). The largest production for these kinds of deposits is
from the Sunnyside gold mine (206Pb/204pb 18.2 -18.6) and
the Creede silver mine (20Pb/204Pb 18.8-19.1) of the San
Juan Mountains of Colorado (Doe and others, 1979) and
the Clayton Silver mine of central Idaho (206Pb/204Pb
18.9-19.0) (table 4). There is some indication (Doe, 1979),
however, that these deposits have more radiogenic values
of 206pb/204Pp than ores from the largest Cretaceous and
Tertiary magmatothermal base-metal deposits, such as
Butte, Montana, Bingham Canyon, Utah, and Climax, Col-
orado, which have values of 206Pb/204Pb of less than 18.1
(table 2). Although at one time the Sunnyside mine was the
second largest gold producer in the United States (after the
Precambrian deposit of the Homestake mine, South
Dakota) and the Clayton Silver mine was the largest silver
producer in Idaho (after the Precambrian deposit of the
Coeur d’Alene mine), the dollar production of both the
Sunnyside mine and the Clayton Silver mine is modest in
comparison to the largest base-metal mines and gold or sil-
ver mines. Although the new data from the Clayton Silver
mine validates the previous suggestion that Cretaceous and
Tertiary magmatothermal gold and silver deposits tend to
have more radiogenic values of 206Pb/204Pb than the largest
Cretaceous and Tertiary magmatothermal base-metal
deposits, data from gold and silver deposits of equivalent
production to the largest base-metal deposits are not avail-
able for comparison. Therefore, the suggestion remains
tentative that, among Cretaceous and Tertiary magmato-
thermal deposits in the Rocky Mountain area, gold and sil-
ver deposits will have somewhat more radiogenic values of
206pp/204Ph than the largest base-metal deposits.

Tin is currently classified as a strategic mineral but has
little production in the United States. Finding a good tin
deposit is complicated by the requirement that the tin be in
the form of cassiterite because of smelting considerations.
Although some cassiterite has been found in the study area,
stannite is more abundant (Hall, 1985, 1987a). The best
occurrence of tin is at the Timberline prospect, but stannite
also is present at the Patti Flynn prospect and elsewhere.
Both Timberline (2%Pb/204Pb of 20.10) and Patti Flynn
(206pb/204Pb of 19.33), which are vein deposits in black
shale, are in group B. The Rob Roy mine has the greatest
value of 206Pb/204Pb but is of uncertain isotopic classifica-
tion. In contrast, samples of tin granite (all but one having
values of 206Pb/204Pb less than 19.0) are in either isotopic
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group and are isotopically indistinguishable from molybde-
num porphyry. No granite has the lead-isotope composition
of the lead in the tin veins. The lead in the tin veins most
likely was derived from a Precambrian source at depth and a
lower Paleozoic source in the upper crust (Sanford and
Wooden, this volume). Thus, the relationship between tin
granite and tin-bearing veins is not simple.

SULFUR ISOTOPES

No economic subaerial magmatothermal deposit previ-
ously was known that has 84S values greater than +6 per mil
(the extreme value for the Henderson molybdenum porphyry
of Colorado; Stein, 1985). The “normal” igneous range is -5
to +3 per mil, as discussed above. Central Idaho, however, is
an astounding exception to this previous observation (table
4) (see also Howe and Hall, 1985). Of 25 samples from dif-
ferent mines, 17 have 3°#S greater than +3 per mil. Indeed,
the very biggest mineral deposits of Thompson Creek and
White Cloud have exceptionally heavy sulfur isotopes (+8
per mil or more and +4 per mil or more, respectively). Some
deposits have galenas of the appropriate 8>4S values for the
igneous range, but they are not among the best producers.
Among prospects having values of 206Pb/204Pb of 18.0 or
less, only Webfoot (83*S of +3.6) is near the normal igneous
range for sulfur isotopes. For 206Pb/204Pb values between
18.0 and 19.1, galenas from the Carrie Leonard mine, GAF
prospect, Horn Silver mine, and perhaps the Dryden and
Comeback mines are in or near the igneous range for 834S.
Among radiogenic group B deposits, only the mine at Crest
Lake-Travel Creek is in the normal igneous range for 334S.

Unlike all other areas for which data are available, the
sulfur isotope rule in the Challis and Hailey quadrangles
may be that the biggest deposits contain heavy sulfur iso-
topes. If this is true, then the areas near the prospect at
Seafoam Lake (296Pb/204Pb=17.75, §°4S=+7.0) and near
the Ramshorn mine (29°Pbl204Pb=17.75, &348=+10.3)
would have exceptional potential.

DISCUSSION
NATURE OF BASEMENT SOURCE LEAD

Deposits of group A such as the Ramshorn mine have
lead-isotope signatures representative of metamorphosed
Proterozoic crystalline rocks from the Rocky Mountains.
Such an isotopic signature is derived either directly from
Precambrian crystalline rocks at depth or indirectly from
Mesozoic or Cenozoic igneous intrusions that derived their
lead from such a source. Deposits of group A are associated
with structural highs in Precambrian basement or with Cre-
taceous intrusive complexes. The two main examples are the
Bayhorse anticline and the Casto structure. The Ramshorn,

M15

Pacific, Riverview, Rattlesnake Creek, Rob Roy, Clayton
Silver, Dryden, Thompson Creek, and Twin Apex mines are
associated with the Bayhorse anticline. The Seafoam Lake,
KG, Silver Bell, Mountain King, Sunrise, Deadwood, Sun-
beam, Parker Mountain, Greyhound, Lost Packer, and Sing-
heiser mines are associated with the Casto structure.

The Ramshorn mine is in the Bayhorse anticline and is
within 1 km of the exposed Cretaceous granodiorite and
quartz monzonite of Juliette Creek (Hobbs and others, 1975;
McIntyre and others, 1976; Hobbs, 1985) to the south.
Although the exposures are less than 2.5 km? in areal extent,
they are within the Bayhorse gravity high and adjacent to a
magnetic anomaly that has closure at 2,000 gammas (rela-
tive). Closure at 1,800 gammas (relative) is shaped rather
like an Idaho potato (fig. 8), about 16 km long and 7.25 km
wide. Webring and Mabey (1987, p. 78) (also see Mabey and
Webring, 1985) said of this feature:

The gravity high may reflect a topographic high on the Precambrian crys-
talline basement or an underlying intrusive basement *** The rocks in the
Bayhorse anticline may be an autochthon or an allochthon overlying a
basement high. The other possibility, that a large intrusive complex may
underlie the Bayhorse high, is suggested by the extensive magnetic high
apparently at least in part produced by the 98 m.y. Juliette stock. McIntyre
and others (1976) consider this stock to be a satellite of the Idaho batholith,
but the large mass of rock underlying the Bayhorse high is both more dense
and more strongly magnetized than the main mass of the Idaho batholith.
The gabbro dikes and sills [that occur in the Bayhorse high] suggest that a
mafic intrusive may underlie the area.

The intrusion may be a thin, batholith-sized body, and
the Ramshorn mine may be within 1.5 km of the cupola. A
number of other deposits may overlie deeper parts of the
igneous mass or be adjacent to it. These include deposits of
the Pacific and Riverview mines to the east, Rattlesnake
Creek mine in the center, and Rob Roy, Clayton Silver, and
Dryden mines to the southwest.

The Bayhorse gravity anomaly has a lobe that extends
considerably to the west of the Bayhorse magnetic anomaly
and includes the area of the Thompson Creek molybdenum
porphyry and Twin Apex mine. The area of the gravity
anomaly, which possibly represents elevated basement, is
one of the areas containing nonradiogenic group A lead and
heavy sulfur isotopes. Although some deposits in this area
are in group A, the rest have values of 206Pb/204Pb greater
than 18.0. Deposits in group A include the Dryden mine,
Clayton Silver mine, Rattlesnake River prospect, and Pacific
Mountain mine. Potassium feldspar from the Thompson
Creek stock is also in this radiogenic assemblage. Some
deposits, however, are in group B, including the Riverview
and Twin Apex mines. The Rob Roy mine may be a mixture
of group A and group B leads.

The Casto structure, as used here, includes the Casto
pluton and associated gravity and magnetic highs. In the area
of the Casto structure, all deposits except the Deadwood mine
arein group A (Seafoam Lake prospect, K.G. prospect, Silver
Bell prospect, Mountain King mine, Sunrise prospect). Also
in group A are, from southwest to northeast, the Eocene tin
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Table 4. Lead and sulfur isotopic compositions, Challis and Hailey 1°x2° quadrangles, Idaho.
[Sample information is given in table 3. Two-letter designation following sample number indicates sample type: GN, galena; BO, boulangerite; BA,

barite; JA, jamesonite; KF, potassium feldspar; OR, ore; WR, whole rock. Analysts: 1, M.H. Delevaux; 2, A. Johansson; 3, S.A. Kish; 4, AP.

LeHuray; 5, H.J. Stein; 6, K.E. Davis; 7, Geochron Laboratory; 8, S.S. Howe]

Sample no. Mine or location 26pp204ph  207pp/2Mpb  28ph/"MPb  Analyst 8*s Analyst
Ore samples
Buck? GN Thompson Creek-Buckskin Drill Road 17.577 15.583 40.875 3 8.7 8
S$76-895 GN Thompson Creek-Buckskin Drill Road?  17.617 15.594 41.014 3 8.7 8
T 49M GN Bulldozer cut 19.692 15.808 39.383 3 5.0 7
F112GN Carlson Gulch 19.144 15.672 39.087 2 7.1,7.1 7
T 68M GN Carrie Leonard 18.094 15.591 39.975 3 -0.1 7
SWH 78-65 GN Clayton Silver 18.965 15.718 39.948 2 - -
80WH-1 GN Clayton Silver 18.944 15.709 39.990 4 - -
79T565M GN Combination?-new 19.735 15.800 39.367 3 7.6,7.9 7
F107 GN Comeback 19.097 15.678 39.083 2 0.8,0.8 7,8
T597M GN Crest Lake? 19.952 15.797 39.619 3 0.8 7
79T 5M GN Crown Point 19.624 15.800 39.274 2 4.5 7
584-13 GN CUMO 19.039 15.656 38.965 5 - -
KR880 GN Deadwood 19.341 15.754 39.527 1 ~ -
76T 23M GN Dollarhide 18.081 15.572 39.918 2 -0.4
SWH154-76a GN Dryden 18.586 15.706 40.608 2 4.6 7
SWH154-76b GN Dryden 18.584 15.690 40.549 2 5.4
76T 32M GN Emperium 19.785 15.788 39.311 2 - -
R-366 OR Empire 19.831 15.673 39.111 3 - -
WH70-13B GN Eureka 20.220 15.910 40.904 | 6.3 7
76T 31 GN GAF, Big Smokey Creek 18.311 15.622 39.883 2 0.2 7
79T580M GN Golden Glow 19.767 15.844 39.677 3 6.8 7
GHM-1 GN Greyhound 18.110 15.646 40.565 5 - -
80R-1 GN? Hilltop 18.376 15.573 38.955 1 - -
80R-1 GN? Hilltop 18.407 15.606 39.039 4 - -
S-16 GN Hoodoo 19.502 15.859 39.177 3 - -
R-13 BA Hoodoo 19.810 15.795 39.192 3 - -
T 81M GN Horn Silver 18.441 15.652 39.735 2 1.2 7
R-151 GN K.G. 17.990 15.578 39.286 1 - -
Al176 GN Liberty 20.013 15917 40.619 1 2.2
80T-2 GN Livingston 19.779 15.786 39.499 2 11.1 8
80T-1GN, JA Livingston 20.030 15.833 39.673 3 - -
R-154 GN Mountain King 17.943 15.606 40.299 1 - -
K52-1 GN Mountain King 17.810 15.593 40.290 5 - -
WH74-2B GN North Star 19.688 15.906 39.438 1 7.2
D6S3 GN? Pacific 21.452 15.840 41.145 1 10.1 8
KD74-P9-5B GN Pacific Mountain 21.355 15.777 40.897 6 - -
KD74-P9-5B GN Pacific Mountain 21.375 15.807 41.004 6 - -
KD72-9-124 GN Pacific Mountain above 21.323 15.765 40.796 6 - -
KD68 GN Pacific Mountain, dump 21.332 15771 40.948 6 - -
KD69 GN Pacific Mountain, main 21.431 15.767 40.899 6 - -
KD73-4-161 GN Pacific Mountain, top 21.347 15.801 40.966 6 - -
T576M BO, A Patti Flynn 19.333 15.809 39.026 3 - -
79T 23M GN Ramshorn 17.776 15.578 39.861 3 10.1,10.1 7,8
SWH 52-67 GN Rattlesnake Peak 20.479 15.784 40.874 2 4.2 7
1885 Ag GN? Riverview 21.073 15.804 40.808 1 - -
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[Sample information is given in table 3. Two-letter designation following sample number indicates sample type: GN, galena; BO, boulangerite; BA,

barite; JA, jamesonite; KF, potassium feldspar; OR, ore; WR, whole rock. Analysts: 1, M.H. Delevaux; 2, A. Johansson; 3, S.A. Kish; 4, A.P.

LeHuray; 5, H.J. Stein; 6, K.E. Davis; 7, Geochron Laboratory; 8, S.S. Howe)

Sample no. Mine or location W6pp204py  207pp/2%pp  2Bph/24ph  Analyst s Analyst
Ore samples—Continued

KD-7 GN Riverview 19.704 15.806 39.281 6 - -
SWH120-79 GN Rob Roy 20474 15.870 40.143 2 6.6 8
F154 GN Seafoam Lake, West 17.747 15.604 39.765 2 7.0 7
R-155 GN Silver Bell 17.596 15.574 39.785 1 - -
WH70-16 Silver Star Queen 20.421 15.962 41.301 1 10.7

SR-1 GN Sunrise 17473 15.562 40.348 5 - -
T572M JA Timberline 20.099 15.772 39.460 3 - -
SWH GN Twin Apex 19.357 15.753 39.341 2 - -
T302M GN Webfoot 17.785 15.587 39.895 3 4.2 7
W312A GN ‘White Cloud, East 19.404 15.732 39.358 1 4.0

Granite and rhyolite
KR 56T WR Bear River, North 18.842 15.637 39.094 1 - -
KR842T WR Big Silver Creek 18.826 15.632 39.108 1 - -
KR493C WR Camas Creek 18.762 15.645 39.755 1 - -
KR743 WR Deadwood 19.488 15.716 39.320 1 - -
LF-1 WR Little Falls 19.149 15.653 39.186 1 - -
LP-1 WR Lost Packer 19.768 15.742 40.078 1 - -
A230 KF McCoy (Croesus stock) 19.572 15.762 39.309 1 - -
Grey—1 WR Mt. Greylock 17.536 15.525 39.272 1 - -
GM-31 WR Parker Mountain 17.869 15.526 39.634 1 - -
RH-122 WR Red Mountain Dome 17.493 15.522 39.459 1 - -
GM-365 WR Singheiser 18.885 15.645 39.818 1 - -
KR804T WR Stanley Lake Creek 17.551 15.549 39.330 1 - -
SB215120 WR Sunbeam 17.803 15.529 39.497 1 - -
KR529T WR Wolf Mountain 18.637 15.612 39.055 1 - -
KR803T WR Warm Springs Creek 17.580 15.552 39.219 1 - -
‘W188 KF White Cloud, West 19.204 15.694 39.262 1 - -
W320 KF Thompson Creek 20.508 15.811 40.329 1 - -
Sedimentary rocks

WH2112 WR “Sawmill Gulch” 19.308 15.673 39.526 1 - -
T-270 WR Holman Creek, West 24.073 15.954 39.145 1 - -
T-602 WR Urexco 29.384 16.238 38.881 1 - -

granites of Stanley Lake Creek and Warm Springs Creek, the
molybdenum prospects in rhyolitic intrusive rocks of volcanic
assemblages of Red Mountain dome, Mt. Greylock barren
dome, and Sunbeam mine, and the Eocene rhyolite of the
Parker Mountain mine. Samples in group A that have values
of 206pb/204Pb of 18.0 or more are galena from the Greyhound
mine, igneous rocks from the granite of the Lost Packer mine,
which have a base-metal ore association, tin granite of Camas
Creek in the Casto pluton geophysical anomaly of both mag-
netic and gravity highs, and Singheiser mine molyrhyolite
(table 3), to the east of which Precambrian rock crops out. The
Casto structure contains major geologic and structural com-
plexities that defy simple synthesis, although the western part
of the area is one generally of positive residual gravity anom-
aly (Mabey and Webring, 1985) that may reflect Precambrian

crystalline rocks at some depth. D.R. Mabey (written com-
mun., February 1980) said about the northeastern part of this
region, “A large area of relative high magnetic intensity and
high Bouguer gravity values lies between the Thunder Moun-
tain Caldera and the Twin Peaks area. The gravity high may
reflect a general high in the Precambrian basement. The mag-
netic anomalies appear to reflect a combination of basement,
intrusive, and volcanic rocks.”

Alternatively, Webring and Mabey (1987) interpreted
the Casto structure as being underlain by units of the Casto
pluton that are more dense than the Idaho batholith because
Precambrian rocks are not known at the surface. In this case,
the higher density indicates a more mafic composition. Thus,
as with the Bayhorse geophysical anomaly, the Casto
anomaly is permissive of some combination of more mafic
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Figure 5. 297Pb/2%4Pb versus 206Pb/204Pb for ore minerals and igneous rocks of the Challis and Hailey 1°x2° quadrangles, Idaho.
Symbol sizes are approximately two standard deviations. Solid and dashed sloping lines are regressions as labeled.

intrusive rocks and a general high in the Precambrian crys-
talline basement. Areas of gravity lows can be attributed to
near-surface, less dense volcanic rocks (for example, the
Twin Peaks caldera) or granitic intrusive rocks (for example,
the Soldier Lakes magnetic high) that can make positive
gravity anomalies at depth.

Thus, the two areas of samples of group A, the Bay-
horse anticline and Casto structures, include major geophys-
ically defined areas of positive gravity anomalies that
possibly indicate structural highs in the crystalline Precam-
brian basement. Almost no samples of group B are in the
area of the Casto structure.

Although the igneous-rock and ore samples have, in
general, similar values of 206Pb/204Pb, the ore samples gen-
erally have values of 208Pb/204Pb greater than the igneous
rocks (except for the K.G. deposit). Corrections to 206Pb/
204pb and 208pb/204Pb in the igneous rocks for in situ decay
of uranium and thorium since the igneous rocks formed
90-45 Ma, though small, will only increase the differences
in 208pb/204Pb between ore and igneous rock. Thus, deriva-
tion of some ore lead from outside the stocks is likely. The
geographic distribution of ore and igneous rocks sampled is
similar; however, the sampling scheme did not involve pos-
sibly related igneous rock—ore pairs in group A (except

perhaps for Thompson Creek, the pair that has a major dif-
ference in isotopic composition). It may be, therefore, that
stocks exist that have values of 208Pb/204Pb greater for a
given value of 296Pb/204Pb than we found during this study.
Perhaps more likely is the existence at depth of high-rank
metamorphic Precambrian basement. High values of Th/U
are common in granulite facies metamorphic rocks (Doe and
Zartman, 1979).

The two major areas studied for which samples are
exclusively in group B are along the southern boundary of
the Challis 1°x2° quadrangle and are associated with mag-
netic anomalies without gravity anomalies (D.R. Mabey,
written commun., February 1980; also see Mabey and
Webring, 1987). The White Cloud Peaks-Little Boulder
Creek area includes the White Cloud Peaks magnetic high
(granite) and Little Boulder Creek magnetic low (volcanic
rocks), the White Cloud stockwork molybdenum prospect,
the Patti Flynn and Timberline prospects, the Empire vein,
and the Livingston and Hoodoo mines and adjacent magnetic
anomalies to the north. The Grimes area includes the mag-
netic anomaly of Grimes, the area of the CUMO and Come-
back deposits, Carlson Gulch adit, and the prospect of the
Little Falls intrusion. The magnetic anomaly may represent
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a large diorite stock underlying the area, with some surface
exposure. The Deadwood ore-igneous rock pair is the most
northerly location of group B. Because it is associated with
gravity and magnetic anomalies and a large Eocene diorite
stock, it may be related to the Grimes deposits, which are
associated with a magnetic anomaly and an Eocene dike
swarm. The intrusion of Bear River on the southern bound-
ary of the Challis quadrangle is also on a slight magnetic
anomaly within the Sawtooth magnetic anomaly without a
gravity anomaly and includes the tin granites of Wolf Moun-
tain and Big Silver Creek just south of the boundary with the
Hailey 1°x2° quadrangle.

The lack of gravity anomalies associated with these
group B deposits suggests that Precambrian crystalline base-
ment, if present at all, is deeper than in group A areas such
that the isotopic signatures of the group B magmas were
imprinted on both igneous rocks and veins above any Pre-
cambrian basement.

Although we do not have equivalent geophysical infor-

mation for the Hailey quadrangle, one might speculate that
the isotopic signatures from the area including the Webfoot

mine to the Carrie Leonard mine are from Precambrian crys-
talline basement at unknown depth. Deposits to the east of
these deposits again have group B isotopic signatures of
Basin and Range rocks. Precambrian crystalline basement, if
present at all, must be deeper than the horizon where the iso-
topic signatures were acquired.

The two areas of group B deposits and rocks along the
boundary between the Challis and Hailey 1°x2° quadrangles
suggest that a strip of Great Basin (group B) lead in igneous
rocks and ores is present along the length of the boundary.
More data are needed to fill in the gaps.

CONSIDERATION OF OTHER
LEAD SOURCES

No rock has been analyzed from the study area that has
208pp/204ph values as high as those for the ore minerals of
group A. Mineral deposits in the black shale belt of central
Idaho are discussed at length by Sanford and others (1989)
and Sanford and Wooden (this volume), who conclude that
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Table 5. U, Th, and Pb concentrations and calculated initial lead ratios for igneous and sedimentary rocks, Challis and Hailey 1°x2°

quadrangles, Idaho.
[Sample information is given in table 3. U, Th, Pb concentrations are in parts per million]

Group Name U Th Pb Age (Ma) 206pp20pp  07pp/2pp  208pp,24py
GRANITE AND RHYOLITE
Molybdenum stockwork
A Sunbeam 6.63 24.2 8.55 90 17.11 15.50 38.66
A Red Mountain dome 4.45 242 10.7 90 17.12 15.50 38.79
A Mt Greylock 5.46 27.9 31.5 90 17.38 15.52 39.01
A Parker Mountain 4.23 24.4 13.0 90 17.58 15.51 39.08
A Singheiser 3.14 16.3 9.06 90 18.57 15.63 39.28
B Little Falls 5.12 16.3 8.14 90 18.58 15.63 38.59
B White Cloud-West! - - - 90 19.20 15.69 39.26
B  Lost Packer 1.27 3.11 4.61 90 19.51 15.73 39.87
A Thompson Creek' — — - 90 20.51 15.81 40.33
Base- and precious-metal veins
B Deadwood’ - - - 90 19.49 15.72 39.32
B McCoy! - — — 90 19.57 15.76 39.31
Tin granite
A Stanley Lake Creek 2.28 249 18.0 90 17.44 15.54 38.93
A Warm Springs Creck 243 17.3 16.7 90 17.45 15.55 38.92
B  Wolf Mountain 2.32 14.4 29.4 90 18.57 15.61 38.91
B  Big Silver Creek 3.83 14.7 18.4 90 18.64 15.62 38.87
A Camas Creck 1.60 12.1 13.6 90 18.65 15.64 39.49
B Bear River, North 3.44 12.7 20.3 90 18.69 15.63 38.91
SEDIMENTARY ROCKS

“Sawmill Gulch” 1.05 4.41 412 90 19.06 15.66 39.20

Holman Creek-West 91.10 10.90 42.10 500 11.98 15.26 38.68

Urexco 13.80 2.99 15.00 500 23.98 15.92 28.50

1Potassium feldspar.

few, if any, of the vein leads in either group A or B were
derived solely from the shale in the section. One might ask
whether mineralized samples in either group A or B might
contain significant components (for example, lead in detri-
tus) of either Paleozoic sedimentary rocks or rocks of the
Belt Supergroup. Three samples of Paleozoic shale or argil-
lite from central Idaho that were analyzed in this study
(tables 2, 4) are plotted in figure 9, along with four samples
of limestone from the Dillon, Montana, 1°x2° quadrangle
(Doe and others, 1986) and one sample of limestone from
north-central Nevada (Rye and others, 1974). Although the
samples of Paleozoic limestone are not from central Idaho,
little difference in isotopic ratios is seen between them and
the local shaly rocks. We have no reason to suspect that the
lead-isotope data are not reasonably representative of a very
large area. The significant point is that, although the overall
trend in 208Pb/204Pb versus 296Pb/204Pb for the Paleozoic
sedimentary rocks is much flatter than that for ore minerals,
one sample of shale and two of limestone have lead-isotopic
compositions similar to ore lead of group B. Thus a compo-
nent of Jead from sediments in the group B assemblage can-
not be ruled out.

Rocks of the Belt Supergroup are exposed in the
extreme northern part of the Challis 1°x2° quadrangle. Data
for ore minerals of group B are shown in figure 10 together
with data for ore minerals from Cretaceous and Tertiary
veins in the Wallace 1°x2° quadrangle to the north in the
Belt Supergroup. Although there is some overlap in the
lead-isotopic compositions for the two groups of ore miner-
als, samples from the Belt Supergroup have a tendency to
be less radiogenic than samples from the Challis and Hailey
quadrangles. Any rocks of the Belt Supergroup underlying
the Paleozoic section seem to be excluded as possible
source rocks.

MODEL FOR LEAD DERIVATION

In the Challis and Hailey 1°x2° quadrangles, there are
two large areas of group A lead-isotope assemblages—one
in the central and northern parts of the Challis quadrangle
and one in the central part of the Hailey quadrangle. These
areas are separated by a strip of group B lead-isotope assem-
blages along the length of the boundary between the two
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of rejuvenated cratons: Ia (+) includes Archean basement rocks and
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cludes only Proterozoic basement rocks. Area II (open boxes) is the
Basin and Range miogeosynclinal area mostly in Nevada. Area III
(solid circles) is the eugeosynclinal continental margin mostly in
California, Oregon, and Washington.

quadrangles that perhaps widens to the east. Because the
geophysical anomalies tend to have north-south trends, our
sampling leaves the possibility of patches of group A and
group B leads.

Group A lead is deduced to come from areas where
magmas and ore fluids were generated in or interacted with
Precambrian crystalline rocks metamorphosed to high rank
during the Precambrian. Because exposures of Precambrian
crystalline rocks are sparse on the surface and restricted to
the far eastern parts of the Challis and Hailey quadrangles,
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the source of these igneous rocks and ore minerals must be
deeper than rocks now observed on the surface. These crys-
talline source rocks must have high and variable values of
Th/U as reflected by high values of 208Pb/204Pb relative to
the values of 296Pb/204Pb in our samples. Because some of
the ore minerals have values of 208Pb/204Pb greater than any
of the igneous rocks, we conclude that the lead of these ore
minerals represents a larger component of partially extracted
lead from phases having very high values of Th/U (such as
monazite) in the Precambrian crystalline basement, whereas
lead of the igneous rocks probably more closely represents
whole-rock extraction. That is, lead of the mineral deposits
may have components derived either from Cretaceous or
Tertiary igneous rocks and from partially extracted lead from
Precambrian crystalline wallrocks. The possibility remains
that appropriate igneous rocks were not sampled.

There is little distinction between lead-isotope ratios
of igneous rocks of group B and mineral deposits of group
B, although many ore minerals of group B have values of
207pb/204pb greater than any of the igneous rocks. Some
Paleozoic sedimentary rocks at the surface have lead-iso-
tope ratios similar to those for ore and igneous rock sam-
ples of group B. Thus, igneous rocks and ores of group B
may be derived, at least in part, from sources such as now
at the surface. Mineral deposits of group B may be adjacent
to igneous rocks of group A, but no mineral deposits of
group A are known to be adjacent to igneous rocks of
group B, except for the Wood River district (for example,
Minnie Moore). These relationships lead us to propose a
conceptual model whereby (1) the deep crust is composed
of Precambrian crystalline rocks, at least in part, (2) units
of the Great Basin are present in patches, particularly along
the boundary between the Hailey and Challis quadrangles,
to establish the observed lead-isotope signatures in some
igneous rocks and ores, either through their generation or
through interactions during transport or emplacement, and
(3) lead isotopes are mainly derived from beneath the
exposed section through interactions of magmas and atten-
dant ore fluids with country rocks.

COMPARISON WITH MAJOR
TIN-PRODUCING AREAS

In addition to tin granite in the Hailey and Challis 1°x2°
quadrangles, ore deposits in the black shale belt commonly
contain stannite and may contain minor cassiterite (Hall,
1985, 1987a). Samples of mineralized rock in the black shale
belt can contain more than 1 percent tin3 (in the Boulder
Basin at lat 43°50" N, long 114°31” W.) (Hall, 1987a) in a

3Earlier analyses by quantitative X-ray fluorescence in Tschanz and
others (1974) and Tschanz and Kiilsgaard (1986) gave much higher values
for tin, as much as 6 percent. These high values may be due to loss of sulfur
and other volatiles in the fusion step used to form a bead for X-ray fluores-
cence.
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Figure 8. Map showing lead-isotope data and simplified Bouguer gravity anomalies, Challis 1°x2° quadrangle, Idaho. Contour interval
10 gammas; H, gravity high; L, gravity low. Heavy solid lines delineate aeromagnetic high at 1,800 gammas (relative) closure in the Bay-
horse anticline area and magnetic low west of the Trans-Challis fault complex. Dashed line separates group A and group B isotopic areas.
Straight heavy dashed lines trending northeast-southwest indicate margins of Trans-Challis fault complex. Symbols: open circle, ore hav-
ing 206Pb/204Pb greater than 19.1; open square, ore having 206Pb/2%4Pb 18.1-19.1; solid square, ore having 206Pb/204Pb less than 18.0;
solid circle, granite- or rhyolite-type. Geophysical data from D.R. Mabey (written commun., February 1980).

mineralogical and chemical assemblage similar to Bolivian
tin deposits (Hall, 1985; Tschanz and Kiilsgaard, 1986).
Although they are half a world apart, the two major tin min-
ing areas of the world, Malaysia and Bolivia, both have
unusual but similar lead-isotope ratios for ore deposits, typi-
cal of upper crust (Doe, 1992). Though the sample size is
small, the values of 208Pb/204Pb and, especially, 207Pb/204Pb
are unusually great for galenas in both tin-producing areas.
Lead-isotopic compositions for galena and tin granite
from the Challis and Hailey quadrangles are shown in figure
11, along with data from the tin provinces of Malaysia (Doe,
1992) and Bolivia (Tilton and others, 1981). A few galenas
of group A from the Challis and Hailey quadrangles have val-
ues of 207Pb/204Pb that are similarly as high as those from the
tin provinces, but their 208Pb/204Pb values are even higher.
Galenas of group B from the Grimes Pass district (and

Gilmore district) compare more favorably with data from the
tin-producing areas, and an especially good fit is for tin gran-
ite along the boundary between the Challis and Hailey quad-
rangles. Perhaps surprisingly, data from the best stannite-
bearing areas of the Challis (Timberline and Patti Flynn pros-
pects) and the Hailey (Golden Glow and Crown point depos-
its in Boulder Basin and Combination deposit in Galena
Basin) quadrangles show values of 206Pb/204Pb higher than
the tin producers; however, all the tin-bearing deposits have
high values of 297Pb/2%4Pb and 208Pb/204Pb, typical of the
upper crust. Although not too much weight should be placed
on this “fingerprinting” involving such widely spaced local-
ities, further interest in the Challis and Hailey 1°x2° quad-
rangles for tin resources is warranted, especially in those
areas of the Boulder Basin that are also silver rich such that
tin might be produced as a byproduct (Hall, 1987a).
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Figure 9. 208Pb/2%4Pb versus 206Pb/294Pb for ore minerals and sedimentary rocks (ore minerals and shaly rocks are from central Idaho,
limestone is from Montana). Solid line is regression for group A igneous rocks (fig. 6).

ORIGIN OF GRANITE

There were three significant surprises in this study. The
first is the discovery of two lead-isotope terranes: one terrane
similar to Proterozoic and Precambrian crystalline-rock ter-
ranes of the Rocky Mountains, in which rock units have non-
radiogenic uranogenic leads that have high values of 232Th/
2381, and the other terrane similar to the Basin and Range, in
which normal to moderately radiogenic lead is present. The
second surprise is that stockwork molybdenum porphyry and
tin granite are present in both terranes. The third surprise is
that the stockwork molybdenum and tin granite within each
isotopic terrane have similar lead-isotopic compositions
(table S).

All of the lead-isotope data in central Idaho have crustal
signatures, and there is no evidence of an oceanic mantle
component. In fact, the values of 207Pb/204Pb tend to be high
for their values of 206Pb/204Pb, a characteristic of the upper
crust (Doe and Zartman, 1979). Norman and Leeman (1989)
presented lead-isotope data for four samples of Idaho
batholith (Cretaceous) and five samples of Challis Volcanic
Group (Eocene) from central and southwestern Idaho, as
well as data for younger igneous rocks. They also presented
data on strontium and neodymium isotopes and a number of
trace elements. Although they do not use the group A and B
classification of Doe and Delevaux (1985) or the areas of
Zartman (1974), their lead-isotope data for the Cretaceous

Idaho batholith fit in group B and their data for the Eocene
Challis Volcanic Group fit in group A. Utilizing trace ele-
ment and other isotopic data, they interpreted the group B
leads as being mixtures of subduction-related magmas
(asthenospheric mantle, oceanic lithosphere, and continental
lithospheric mantle), as represented by basalts of the Cas-
cade Range (included in area III of Zartman) and Precam-
brian continental crust. They interpreted group A leads as
coming from continental lithospheric sources (subcontinen-
tal lithospheric mantle, unradiogenic lower crust, and more
radiogenic upper crust) but said there is a strong case for
intracrustal melting.

Norman and Leeman (1989) related the isotopic differ-
ences between leads of group A and group B to the change
in tectonic environments, probably from compression during
the Cretaceous to strike-slip movement during the Eocene.
We find, however, that leads of group A and group B are
present in either the Cretaceous or Tertiary igneous rocks,
and, thus, the isotopic groupings probably are not time
related. We are in substantial agreement with Norman and
Leeman as to the sources of group A leads, but their interpre-
tation of the sources of group B leads is an alternative inter-
pretation to ours and that of Church and others (1986) for the
Mt. Tolman molybdenum porphyry in eastern Washington;
that is, derivation from a Basin and Range geologic section
or area I1 of Zartman. Unfortunately, neodymium and stron-
tium isotope data are not available for our samples in order
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Figure 10. 298Pb/204Pb versus 296Pb/204Pb for ore minerals of the Challis and Hailey 1°x2° quadrangles, Idaho, and Mesozoic
and Cenozoic ore minerals of the Belt Supergroup in Idaho and Montana. Data for Belt Supergroup from Zartman and Stacey
(1971), Marvin and others (1983), and Marvin and Zartman (1984).

that we might further evaluate these possibilities. The impor-
tant point, however, is that consideration of expanded
geochemical data indicates derivation of the igneous rocks
from two quite different source environments. Both molyb-
denum porphyry and tin granite formed, however, in both
source environments.

Although the molybdenum porphyries of central Idaho
are classed as low-fluorine porphyries, samples from the
Thompson Creek mine, a group A isotopic deposit, have
nonradiogenic values of 296Pb/204Pb and high values of
208pp/204ph (table 4), as do samples from the Henderson

Climax-type of molybdenum porphyry in the Colorado Front
Range (Stein, 1985); such values indicate derivation from
high-rank metamorphic rocks (Doe and Zartman, 1979). The
sulfur-isotope data are also characteristic of crustal sources,
particularly sedimentary sources (Howe and Hall, 1985).
Although their 83S values are not as heavy as those for the
stockwork molybdenum deposit of Thompson Creek in
Idaho, molybdenum porphyries of the Climax type in the
Rocky Mountain provinces tend to have high values of 348
relative to the mantle. Stein (1985) gave values of 84S for
molybdenum porphyries at Henderson and Mount Emmons,
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Figure 11.  208pb/204pb versus 206Pb/204Pb for ore minerals of the Challis and Hailey 1°x2° quadrangles, Idaho, and ore minerals from the
largest tin-producing countries, Malaysia and Bolivia (Tilton and others, 1981; Doe, 1992).

Colorado, of about +4 to +6 and at Climax, Colorado, of
about +2 to +4, whereas 84S values at Questa, New Mexico,
are close to mantle values of zero.

The mantle is generally highly depleted in molybdenum
and moderately depleted in tin, as compared to the bulk crust
(primitive mantle is depleted in molybdenum by more than a
factor of 10 and in tin by a factor of 2; Lehman, 1990), and
is a poor source for these metals. In fact, Lehman (1990)
concluded that the Eastern tin belt of Malaysia is less tin rich
than the Main tin belt because the magmas of the Eastern belt
may have included a mantle component, as deduced from
strontium and neodymium isotope data. Molybdenum and
tin are enriched in the upper crust as compared to primitive
mantle (molybdenum by more than a factor of 20 and tin by

a factor of 5), whereas copper is present in about equal
amounts (Lehman, 1990). It therefore is likely that the
molybdenum and tin granites of Idaho were derived from
within the crust or at least from differentiating mantle mag-
mas that reacted extensively with intruded crust.

Tin granite is expected to have a lead-isotope signa-
ture different from that of stockwork molybdenum granite
because tin enrichment by differentiation requires that the
magma be highly reduced, whereas molybdenum-enriched
magma is more oxidizing (Ishihara and others, 1979; Can-
dela and Holland, 1986; Lehman, 1990). This reduced
nature is commonly presumed to arise through reaction of
magma with carbon-rich rocks such as pelitic schist or
black shale; however, sulfur-rich sources also may reduce a
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magma (Lehman, 1990). Reduction by sulfur generally has
less appeal than reduction by carbon because the tin min-
eral of interest is the tin oxide cassiterite. If tin granite mag-
mas have interacted more with carbonaceous sediments
than have molybdenum granite, a difference in lead-isotope
signatures might be expected because shaly rocks have lead
contents similar to those of the granites analyzed, and old
shale generally has more radiogenic lead by Eocene time
(fig. 9) than does the granite, especially more than the gran-
ite of group A. But such an isotopic difference between
molybdenum and tin granites is not the case.

A model is needed whereby the molybdenum and tin
granite magmas are derived from the same sources and fol-
low the same reaction paths with wallrocks of normal lead
contents (which would give similar lead-isotope signatures)
but follow different differentiation trends. In one possible
model, tin granite magmas reacted with lead-poor, carbon-
rich material such as petroleum, natural gas, or perhaps coal,
whereas molybdenum granite magmas did not. Because the
major stockwork molybdenum-bearing granites in the study
area are about 45 m.y. older than the tin granites, the carbon-
rich material could have been absent during the Cretaceous
but present during the Eocene as a result of thrusting and
fluid migration. Eocene molybdenum-enriched magmas
then would not have intersected the carbonaceous lead-poor
material. In a second, and perhaps more likely, model, tin
granite magmas reacted with older sulfide-mineralized Cre-
taceous igneous rocks and mineralized country rocks. Some
radiogenic lead would have formed in the Cretaceous
igneous rocks between the time of their origin about 90 Ma
and the time of formation of the tin granite about 45 Ma.
Because Cretaceous granites were not isotopically uniform
when they formed, the radiogenic lead evolution may be lost
in the noise of the isotopic signatures. Also, we have cor-
rected all whole-rock samples back to a common time of 90
Ma (table 5) to remove any isotopic effects associated with
the age difference.

In the second model, the tin granite magmas were
reduced by sulfur associated with the Cretaceous intrusive
rocks. That the predominant tin mineral is stannite, a cop-
per-iron-tin sulfide, rather than cassiterite, a tin oxide, sup-
ports this hypothesis. The Cretaceous intrusive rocks may
also be a source of tin, even though the low-fluorine molyb-
denum granites do not contain tin minerals, because the tin
may be in minerals such as sphene, magnetite, ilmenite, epi-
dote, and hornblende. Eocene molybdenum granites and
rhyolites then would have evolved without extensive reac-
tions with Cretaceous mineralized intrusive rocks.
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Sources of Lead in Ore Deposits of Central Idaho

By Richard F. Sanford! and Joseph L. Wooden?

ABSTRACT

Ore and rock samples in central Idaho are divided into
six types on the basis of distinctive lead-isotope signatures.
Lead previously identified as group A lead is subdivided
into the Carrietown-, Minnie Moore-, Pacific-, and Lava
Creek-types, which are characterized by discrete ranges in
uranogenic (2%Pb/294Pb and 207Pb/204Pb) and thorogenic
(208pPb/204Pb) lead ratios. Carrietown-type lead, which is
low in uranogenic lead and high in thorogenic lead, is prob-
ably derived from Precambrian upper crustal rocks beneath
the Cretaceous Idaho batholith. Minnie Moore- and
Pacific-type leads, which are high in both uranogenic and
thorogenic lead, have no obvious source, but recycled Pre-
cambrian upper crustal rocks are likely candidates. Lava
Creek-type lead, which is low in both uranogenic and
thorogenic lead, is probably derived from Precambrian
upper crustal rocks having lower 298Pb/204Pb than rocks
beneath the Idaho batholith.

Lead previously identified as group B lead is subdi-
vided into the Triumph- and black shale-types, both of which
are high in uranogenic lead and low in thorogenic lead. Tri-
umph-type lead has higher 207Pb/204Pb than black shale-type
lead. Black shale-type lead probably was derived from recy-
cled Proterozoic upper crustal rocks eroded from the craton
to the east and northeast, whereas Triumph-type lead proba-
bly was derived from recycled Archean and Proterozoic
rocks in the middle or lower crust. The variety of lead-iso-
tope types that originated in Precambrian basement suggests
that the Precambrian basement is quite heterogeneous.

The six types of lead suggest three crustal zones: a
western crustal zone characterized by Carrietown-type lead
(low uranogenic lead ratios and high thorogenic lead ratio);
a central zone having four lead-isotope types, Minnie
Moore, Pacific, black shale and Triumph, all of which are
high in 207Pb/204Pb; and an eastern zone characterized by
Lava Creek-type lead, which is low in both uranogenic and

lys. Geological Survey, Denver Federal Center, Denver, Colorado
80225.
2(.S. Geological Survey, 345 Middlefield Road, Menlo Park, Califor-
nia 94025.

thorogenic lead. These crustal zones correspond closely to
five of eight geologic terranes previously recognized in the
central Idaho area. The broad western crustal zone corre-
sponds to the Cretaceous intrusive rock terrane and small
parts of the black shale terrane; the narrow arcuate central
zone corresponds to almost all of the black shale terrane;
and the broad eastern zone corresponds to the flysch, shelf
carbonate, and Precambrian terranes.

Ore deposit types typically have characteristic lead-
isotope signatures. Carrietown-type lead is in veins hosted
by the Idaho batholith and adjacent, locally metamorphosed
sedimentary rocks. The association of intrusive rocks,
metamorphic rocks, and veins suggests a common and con-
temporaneous plumbing system that extends down to the
Precambrian basement. The Cretaceous intrusions proba-
bly provided the heat for hydrothermal circulation, but the
metals apparently came from the underlying basement, not
from the intrusions.

Triumph-type lead is typical of the lead in syngenetic,
massive sulfide, “black smoker” deposits that formed in a
syndepositional rift basin. This lead probably came from a
Precambrian source at depth and was transported upward by
hydrothermal fluids and deposited at submarine vents. Dur-
ing transport, this lead may have mixed with a component of
lead from argillite, but argillite could not have been the sole
source of lead in these deposits. Triumph-type lead in epige-
netic veins represents either the contemporaneous feeder
system for the syngenetic deposits or syngenetic sulfides
from which lead was later remobilized. Most likely, veins in
Devonian argillite having Triumph-type lead were part of the
feeder system for contemporaneous syngenetic deposits,
whereas those in Pennsylvanian-Permian argillite consist of
remobilized Devonian syngenetic sulfides.

Black shale-type lead is typical of argillite as well as
Cretaceous intrusive rocks. Very few vein deposits have a
black shale-type lead signature similar to that of the host
argillite. Therefore, these ore deposits probably did not form
by lateral secretion. Most argillite-hosted veins probably
derived their lead ultimately from Precambrian basement,
either directly or by remobilization of syngenetic lead, but
not from the detrital component of the argillite.

N1
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Epigenetic sulfides in central Idaho thus have lead-iso-
tope types that differ with crustal zone. Epigenetic sulfides
in the western crustal zone have mostly Carrietown-type lead,
those in the central crustal zone have Minnie Moore-, Pacific-
, black shale-, and Triumph-type lead, and those in the eastern
crustal zone have mainly Lava Creek-type lead. Lava Creek-
type lead probably is unique to, and characteristic of, Eocene
veins. Syngenetic sulfides are present only in the black shale
terrane and have only Triumph-type lead.

INTRODUCTION

The black shale terrane of central Idaho (figs. 1, 2) has
been a significant area of silver-lead-zinc production since
the late 1800’s and is the subject of several modern ore-
deposit studies (Hall and others, 1978; Hall, 1985). Lead iso-
topes in galena from the Minnie Moore mine in the Big
Wood River valley, central Idaho, were noted as unusually
radiogenic for deposits of this size in the Western United
States (Doe, 1978), and metals for the Minnie Moore mine
were thought to be derived from the enclosing host rocks by
lateral secretion (Hall and others, 1978). Regression of
207pp/204ph-206ph/204Ph data yields isochron ages of 2,500
and 1,600-1,400 Ma for the primary source material (Small,
1968; Doe and Delevaux, 1985). Sulfur isotope data suggest
that sulfur was derived from crustal sources such as synge-
netic sulfide minerals in sedimentary rocks (Howe and Hall,
1985). Hydrogen- and oxygen-isotope studies suggest that
the hydrothermal fluid that transported the metals was mete-
oric water driven by heat from igneous intrusions (Criss and
others, 1984, 1985; Howe and Hall, 1985). Although these
studies suggest some of the mineralizing processes involved,
they fail to account for the complexity of different ore
deposit types and ages that have been identified by recent
mineral deposit studies. For example, a classification of
deposit types in the Challis quadrangle includes 23 types of
known hydrothermal deposits (Fisher and Johnson, 1987).
Further, dating of hydrothermal minerals shows at least five
periods of mineralization in Late Cretaceous to Eocene time
alone (Snee and Kunk, 1989). This complexity requires that
present and future studies focus in detail on the major types
of deposits and geologic settings.

The goal of the present study is to extend earlier isoto-
pic studies to include much of central Idaho and to investi-
gate in more detail the sources of lead as a function of
mineral deposit type, host-rock lithology, and geologic ter-
rane. We present new analyses for 59 samples of vein
material, much of which contains galena, and metalliferous
argillitic whole rock and discuss the implications of these
data in combination with previously reported results of Doe

and Delevaux (1985), Small (1968), Davis (1978), Hall and
others (1978), Sanford and others (1989), and Doe and San-
ford (this volume). These data show that lead-isotope
groups A and B of Doe and Delevaux (1985) and Doe and
Sanford (this volume) can be divided into six subgroups
that are related to distinct source-rock terranes and ore-
deposit types. (Group B has no relation to the B type of
early workers (Holmes, 1946; Houtermans, 1946; Russell
and Farquhar, 1960)). Further, the lateral-secretion model
for shale-hosted ore deposits (Hall and others, 1978) is
revised in light of the new data.

The geology and ore deposits of the study area are
described elsewhere in this volume, but a brief review is
given here. The study area is underlain by eight discrete geo-
logic terranes (fig. 1), all of which, except the Miocene vol-
canic rock terrane, contain significant mineral deposits
(Fisher and Johnson, 1987; Worl and Johnson, 1989, this
volume). The Paleozoic and Mesozoic terranes generally
have parallel northwest trends. Precambrian and Paleozoic
shelf carbonate terranes are dominant in the northeast. The
next terrane to the southwest is the Mississippian flysch ter-
rane representing foreland-basin deposits. The next terrane
to the southwest, the Paleozoic black shale terrane, repre-
sents deeper water basinal deposits. The western third of the
study area is underlain by the Cretaceous intrusive rock ter-
rane of the Idaho batholith. Tertiary igneous rock terranes
are distributed throughout the area. The Eocene extrusive
rock terrane forms an irregular north-trending belt in the cen-
ter of the area, and most, but not all, of the Eocene intrusive
rock terrane is west of this belt. The Miocene volcanic rock
terrane is restricted to the southwestern part of the study area.

The ore deposit types studied here are mainly epige-
netic polymetallic veins in various rock types, replacement
polymetallic sulfide deposits in carbonate rocks, and synge-
netic massive sulfide deposits in black shale and argillite.
As we will show, the relationships between ore deposit
types and lead isotopes are complex but systematic. Ini-
tially, field criteria were used to group samples, but the
lead-isotope results indicated further refinements in classi-
fication. For example, vein sulfides originally were distin-
guished from bedded, possibly syngenetic, sulfides based
on macroscopic textural features. Later, we found that the
vein sulfides required further subdivision based on system-
atic isotopic variations according to geographic area and
geologic terrane. Similarly, we found that bedded sulfides
include both epigenetic and syngenetic material. Our final
classification of six lead-isotope types reflects both field
criteria and isotopic characteristics.

Table 1 provides a summary of the results and a guide
through the subsequent presentation of data, particularly the
relationships among lead-isotope types, lithostratigraphic
units, and geologic terranes. Divisions based on lead-isotope
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Figure 1. Map showing geologic terranes in the area of the Hailey and Challis 1°x2° quadrangles and the western parts of the Dubois and
Idaho Falls 1°x2° quadrangles, central Idaho. Heavy solid and dashed lines delineate western, central, and eastern crustal zones. Modified
from Rember and Bennett (1979); Worl and Johnson (1989); A.B. Wilson (unpublished compilation, 1991).
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Figure 2. Map showing locations cited in text, central Idaho. Mining districts are shown by dotted lines; names are in capital letters. Se-

lected mines (solid squares) are shown.

ratios are shown across the top, and divisions based on geol-
ogy are shown down the left side. Group A and B leads are
divided into six types. Group A lead is divided into Carri-
etown-, Minnie Moore-, Pacific-, and Lava Creek-types, and
Group B lead is divided into black shale- and Triumph-types.
Except for the black shale type, the names correspond to
important mines or districts that exhibit the particular type of
lead in sulfides. The black shale type is named for the argil-
litic rocks, which generally exhibit a characteristic lead-iso-
tope signature.

Table 1 shows the isotopic characteristics of rocks
(whole rock and potassium feldspar), epigenetic vein and

bedded sulfides, and possibly syngenetic sulfides. Sulfides
are listed according to the enclosing host rock. Almost all
rocks (Paleozoic argillite and Cretaceous intrusive rocks)
have black shale-type lead, except for Eocene rocks, which
exhibit a range of lead-isotope types. Epigenetic sulfides
have lead-isotope types that differ with crustal zone. Epige-
netic sulfides in the western crustal zone have mostly Carri-
etown-type lead, those in the central crustal zone have
Minnie Moore-, Pacific-, black shale-, and Triumph-types of
lead, and those in the eastern crustal zone have mainly Lava
Creek-type lead. Syngenetic sulfides are present only in the
black shale terrane and have only Triumph-type lead.
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Table 1. Summary of relationships among lead-isotope types, crustal zones, geologic terranes, and lithostratigraphic units in central

Idaho.

[Abbreviations: R, r, whole rock and potassium feldspar; E, e, epigenetic vein and bedded sulfide; S, syngenetic sulfide. Capital letter indicates that

interpretation is based on a larger number of samples]

Lead-isotope type

Group A
Carrie-  Minnie
town Moore

Group B Group A
Black Lava

Triumph  shale Creek

Pacific

Western crustal zone

Eocene volcanic rock terrane: Eocene volcanic rock, central Idaho batholith R r

Eocene intrusive rock terrane
Eocene granite, central Idaho batholith
Eocene granite, southeast Idaho batholith
Cretaceous intrusive rock terrane
Cretaceous intrusive rocks, central Idaho batholith
Cretaceous intrusive rocks, Vienna district, Idaho batholith
Cretaceous intrusive rocks, southeast Idaho batholith
Cretaceous intrusive rocks, south-central Idaho batholith
Paleozoic carbonate roof pendants in Idaho batholith
Black shale terrane
Pennsylvanian-Permian argillite, Dollarhide Formation,
Carrietown-Westlake area
Ordovician carbonate rocks, Ella Dolostone group

R,e R
r

mmmmm
-
@

jesBies]
=~

Central crustal zone

Black shale terrane
Pennsylvanian-Permian argillite, Dollarhide Formation,
Croy Creek area
Pennsylvanian-Permian argillite, Grand Prize Formation
Pennsylvanian-Permian argillite, Wood River Formation

Devonian argillite, part of Paleozoic Salmon River assemblage
Devonian argillite, Milligen Formation, (except Triumph block)

Devonian argillite, Milligen Formation, Triumph block

Cambrian Ordovician carbonate rocks and phyllite, Bayhorse

Dolostone group

b o

wun
n;gsno

Eastern crustal zone

Eocene extrusive rock terrane: Eocene volcanic rock, Lava Creek district

Flysch terrane: Mississippian argillite, Copper Basin Formation

Shelf carbonate terrane: Devonian carbonate rocks, Jefferson Dolostone

Precambrian terrane: Middle Proterozoic Swauger Formation

..‘
mmmm

The five pre-Tertiary terranes closely correspond to
the lead-isotope types identified here (table 1, fig. 1). The
broad western crustal zone consists of the Cretaceous
intrusive rock terrane and a small part of the black shale
terrane. The narrow central crustal zone corresponds to
almost all of the black shale terrane. The broad eastern
crustal zone corresponds to the flysch, shelf carbonate, and
Precambrian terranes. The three Tertiary rock terranes are
either unmineralized or exhibit several lead-isotope types
in sulfides. Isotopically, the Tertiary terranes are in crustal
zones, and apparently the major control on lead-isotope
types was the preexisting, pre-Tertiary crust beneath the
Tertiary volcanic cover.

Acknowledgments.—We thank Reed Lewis, Paul Link,
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son for collecting some of the samples analyzed in this study.
Constructive comments by Brian Mahoney, Betty Skipp,
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ing figure 1. Larry Dee, U.S. Bureau of Land Management,
provided much assistance in the field. Stan Church, Anna
Wilson, and Paul Link gave particularly thoughtful reviews
of the manuscript.

METHODS

Sample material includes galena from epigenetic
crosscutting and bedding-conformable veins, one sample
each of siderite vein and copper sulfide vein without visi-
ble galena, and several whole-rock samples of pyrite-rich
argillite. Sulfide samples were prepared by handpicking a
few milligrams of sulfide material and dissolving it in 1-2
mL of concentrated HNOj3. After 12 hours, this solution
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was diluted to about 15 mL total volume with distilled
water and heated at 50°-80°C for another 12 hours.
Approximately 10 pL of this final solution was loaded
directly on a bed of silica gel-H3POy that had been partly
dried on a single rhenium filament. Whole-rock shale sam-
ples were treated with concentrated HNO; to dissolve sul-
fides and then given a normal HF dissolution treatment for
the silicate residue. The total sample was centrifuged to
remove graphite, and then lead was separated by anion
exchange using HBr as the medium. Loading of all the
samples for mass spectrometry followed the silica gel-
H3PO4 procedure described above. All samples were ana-
lyzed for lead-isotope composition by simultaneous collec-
tion of all four isotopes (204Pb, 206Pb, 207Pp, and 208Pb) on
multicollector Finnigan-MAT mass spectrometers. Isoto-
pic ratios were corrected for thermal fractionation by 0.11
percent per mass unit based on average values of numerous
analyses of the standards, NBS-981 and -982, determined
at the same operating conditions as samples. Precision at
the 95 percent confidence level is approximately 0.04 per-
cent per mass unit difference (that is, 0.08 percent for
206pp/204pb, 0.12 percent for 207Pb/204Pb, and 0.16 percent
for 208Pb/204pPp), and the correlation of errors is about
0.97. Regressions were performed according to the method
of York (1969) using the program ISOPLOT (Ludwig,
1990). Our new data, as well as previously published data,
corrected for different standards where necessary, are listed
in table 2.

Results are presented by age of lithostratigraphic unit
starting with the Precambrian (table 2, figs. 3-8). Veins are
discussed according to the host rock in which they are
found. The clustering of lead-isotope ratios into recurring
characteristic types will become apparent during this analy-
sis. The data presentation concludes with a summary of the
six lead-isotope types. In the discussion, the lead-isotope
types are related to geologic terranes, the three crustal
zones are identified, and the lead-isotope types are related
to ore deposit types.

The variation in 208Pb/204Pb is moderately indepen-
dent of 206Pb/204Pb in sulfide and whole-rock samples and
has been successfully used to discriminate between source
terranes (see, for example, Zartman, 1974). The 207Pb/
204ph ratio better correlates with 206Pb/204Pb than with
208pp/204pb, but it can also be used to discriminate between
source terranes. Because the 208Pb/204Pb-206ph/204ph dia-
grams provide more resolution in discriminating between
lead-isotope type than the 207pb/204Pb-206Pb/204ph dia-
grams, the data are first presented on a series of 208Pb/
204pp-206pb/204ph diagrams (figs. 3-8). Further subdivi-
sion of types is accomplished using 207Pb/204pb-206pp/
204 diagrams (figs. 9, 10). (The terms “low,” “high,”
“intermediate,” and other similar terms for isotopic ratios in
this paper are used to describe relative values within the
range of ratios observed in this data set.)
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A Middle Proterozoic Swauger Formation quartzite
host rock, sulfide sample

B Paleozoic carbonate roof pendants in Idaho
batholith, sulfide samples

C Cambrian or Ordovician carbonate host rock,
Bayhorse Dolostone group, sulfide samples

b Ordovician carbonate and phyllite host rock, Ella
Dolostone group, sulfide samples

E Devonian carbonate host rock, Jefferson

Dolostone, sulfide samples

Figure 3. Lead-isotope ratios for samples of galena in veins host-
ed by Precambrian and lower Paleozoic quartzite and carbonate
rocks, central Idaho. Average shale growth curve of Godwin and
Sinclair (1982) is also shown.

208pp/204p}-206ph/204ph RESULTS

PRECAMBRIAN AND LOWER PALEOZOIC
QUARTZITE AND CARBONATE ROCKS

Lead-isotope ratios for galena in an epithermal vein in
Precambrian quartzite and in several replacement deposits in
lower Paleozoic carbonate rocks show three main clusters that
belong to Lava Creek-, Carrietown-, and Pacific-types (fig. 3).

Lead-isotope ratios for galena in a vein in the Middle
Proterozoic Swauger Formation (A) and in replacement
deposits in the Upper Devonian Jefferson Dolostone (E)
form a cluster that has 206Pb/2%4Pb=17.9-18.4 and 208Pb/
204pp=38.7-39.1. This cluster partly defines the Lava Creek
type (fig. 3). It has 206Pb/2%4Pb ratios similar to Carrietown-
type lead but lower 208Pb/204Pb ratios.

Replacement and vein galena in Paleozoic carbonate
roof pendants in the Idaho batholith (B) and in the Ella dolo-
stone group (D), which we define to include the Ordovician
Ramshormn slate, Middle Ordovician Ella Dolostone, and
Middle Ordovician to Lower Silurian Saturday Mountain
Formation, forms a cluster of low 296Pb/204Pb and high
208pp/204ph  ratios, 206Pb/204Pb=17.8-19.0 and 208Pb/
204Pb=39.9-40.6, and belongs to the Carrietown type.

Galena from replacement deposits in the Upper Cam-
brian or Ordovician Bayhorse Dolostone (C)—that is, from
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F Devonian argillite host rock, Milligen Formation,
Minnie Moore mine group, sulfide samples

@ Devonian argillite host rock, Milligen Formation,
Triumph block, epigenetic sulfide samples

o Devonian argillite host rock, Milligen Formation,
Triumph block, syngenetic sulfide samples

s Devonian argillite, Milligen Formation, Triumph
block, whole-rock samples

H Devonian argillite host rock, Milligen Formation,
epigenetic sulfide samples

< Devonian argillite host rock, Milligen Formation,
syngenetic sulfide samples

+ Devonian argillite, Milligen Formation, whole-rock
samples

Figured4. Lead-isotope ratios for samples of whole rock and gale-
na from Devonian Milligen Formation argillite, central Idaho. Av-
erage shale growth curve of Godwin and Sinclair (1982) is also
shown. Arrow indicates possible initial ratios for argillite host rocks
assuming average shale concentrations of uranium and thorium.

the Pacific and Riverview mining areas (Davis, 1978)—has
radiogenic lead, 206Pb/204Pb=20.5-21.5 and 208Pb/
204pb=40.8-41.1, that we designate Pacific type (fig. 3).
Together with a sample from the Wilbert mine, these sam-
ples are from what we call the Bayhorse dolostone group.

DEVONIAN ARGILLITIC ROCKS

Samples of Devonian argillite are from the Milligen
Formation (fig. 4) and from the Devonian part of the Paleo-
zoic Salmon River assemblage (Link and others, this vol-
ume) (fig. 5). The argillite of the Milligen in the Triumph
block is plotted separately, as discussed following. Samples
from the Milligen Formation include (1) sulfides from epige-
netic veins in the Silver Star Queen mine (Minnie Moore
group of mines) (F), Triumph block (G), and other localities
in the black shale terrane (H); (2) galena from conformable,
possibly syngenetic sulfides of the Triumph (open squares)
and Snoose mines (open diamonds); and (3) pyrite-rich argil-
lite whole-rock samples from the Triumph block (filled

416 T T T T — —T T

412 L q

208 o 204,
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o
—

EXPLANATION

I Devonian argillite host rock, part of Salmon River
assemblage, epigenetic sulfide samples

o Devonian argillite host rock, part of Salmon River
assemblage, syngenetic sulfide samples

J Mississippian argillite host rock, Alto-Muldoon-
Lava Creek area, crosscutting vein sulfide
samples

o Mississippian argillite host rock, Phi Kappa mine,
bedded sulfide sample

Figure 5. Lead-isotope ratios for samples of vein and syngenetic
galena from argillite from the Devonian part of the Paleozoic Salm-
on River assemblage and from the Mississippian Copper Basin For-
mation, central Idaho. Average shale growth curve of Godwin and
Sinclair (1982) is also shown.

square) and other parts of the black shale terrane (filled dia-
monds) (fig. 4). Samples from the Devonian part of the
Salmon River assemblage include galena from epigenetic
veins (I) and from conformable, possibly syngenetic sulfide
ore (open squares) (fig. 5). Some of the ore (the “complex
ores”) from the Triumph mine is probably syngenetic (Thor
Kiilsgaard, oral commun., 1988; Turner and Otto, this vol-
ume). Similar deposits, namely the Livingston, Hoodoo, and
Snoose deposits, may also contain syngenetic sulfides, but
the evidence is less definitive (Hall, 1985; Link and others,
this volume). For the purposes of this paper, these four
deposits are referred to as syngenetic. A previously reported
analysis of whole-rock argillite from the Devonian part of
the Salmon River assemblage (Holman Creek sample
T-270) is anomalously radiogenic due to uranium enrich-
ment and plots off the diagram (fig. 5) to the right.

Lead isotopes in sulfides and in whole rocks from Mil-
ligen and Salmon River argillites form two discrete clusters
belonging to group A (Minnie Moore type) and group B
(Triumph- and black shale-types) (figs. 4, 5). Minnie
Moore-type lead includes the cluster having 206Pb/
204pp=20.2-20.6 and 28Pb/20*Pb=40.8-414, and Tri-
umph- and black shale-type leads include the cluster having
206pp/204pp=19.2-20.2 and 298Pb/204Pb=39.2-40.0. Lead
isotopes for epithermal vein galena (F, fig. 4) in the Minnie
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SOURCES OF LEAD IN ORE DEPOSITS OF CENTRAL IDAHO N13

Moore group of mines (mainly the Silver Star Queen mine)
and for an epithermal vein galena (G, fig. 4) from the Old
Triumph mine (sample number 575) plot in a cluster, which
we designate Minnie Moore type, that has high 208Pb/204pb
and 206pb/204pp (fig. 4). The other cluster, group B lead,
comprises whole rocks, possibly syngenetic sulfides, and
other epithermal veins (figs. 4, 5). Group B lead consists of
two types, Triumph (open squares, figs. 4, 5) and black
shale (solid squares and diamonds, fig. 4), based on differ-
ent 207Pb/2%Pp ratios. Triumph-type lead characterizes the
ore in the possibly syngenetic massive sulfide deposits at
Triumph, Hoodoo, and Livingston. Lead in the Snoose
deposit is Triumph type but is very close to the dividing
line between the types.

Uranium and thorium in the whole-rock samples has
contributed to the radiogenic lead (206Pb, 207pp, and 208pb)
since the original sediments were deposited. In order to
minimize these contributions, samples that were metal rich
and contained visible pyrite, sphalerite, or other sulfides
were selected for analysis. Thus the initial lead concentra-
tion should be high relative to uranium and thorium con-
centrations, and the contribution from radiogenic lead
produced since sediment deposition should be relatively
small. The fact that the lead-isotope ratios for whole-rock
argillite (filled squares and diamonds, fig. 4) cluster in a
tight group is evidence that this assumption is correct. If
the initial lead had been low compared to uranium, the
present-day lead-isotope ratios probably would plot as an
extended linear array rather than a tight cluster. If there
had been significant production of radiogenic lead, the ini-
tial 206Pb/204Pb and 298Pb/204Pb values would have been
lower than the present-day values and might plot in the
field shown by the arrow and dotted outline in figure 4,
assuming lead and thorium concentrations for average shale
in the Canadian Cordillera (Godwin and Sinclair, 1982).
The adjustment of lead-isotope ratios shows that, if signifi-
cant radiogenic lead has been produced, then the initial
whole-rock lead would have been distinctly less radiogenic
than lead in galena from veins and syngenetic deposits.

MISSISSIPPIAN ROCKS

Samples from Mississippian rocks include sulfides
from veins in the Copper Basin and McGowan Creek For-
mations (J) and galena from conformable-bedded replace-
ment sulfide ore of the Phi Kappa mine in the Copper
Basin Formation (open circle) (fig. 5). One previously
reported analysis of whole-rock argillite from the Copper
Basin Formation (Urexco sample T-602) is anomalously
radiogenic due to uranium enrichment and plots off the
diagram (fig. 5) to the right.

The vein and bedded-replacement sulfides hosted by
the Copper Basin Formation form a distinct group, the Lava
Creek type, that has 206Pb/204Pb=18.2-19.4 and 208pPb/
204ph=38.7-39.6 and overlaps only slightly with the group B
sulfide samples from the Milligen Formation and Salmon
River assemblage.
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K Pennsylvanian-Permian argillite host rock, Wood
River Formation, sulfide samples

L Pennsylvanian-Permian argillite host rock,
Dollarhide Formation, Carrietown-Westlake area,
sulfide samples

» Pennsylvanian-Permian argillite, Dollarhide
Formation, Carrietown-Westlake area, whole-
rock samples

M Pennsylvanian-Permian argillite host rock,
Dollarhide Formation, Croy Creek area,
crosscutting vein sulfide samples

© Pennsylvanian-Permian argillite host rock,
Dollarhide Formation, Croy Creek area, bedded
sulfide sample

Dollarhide
whole-rock

¢ Pennsylvanian-Permian argillite,
Formation, Croy Creek area,
samples

N Pennsylvanian-Permian argillite host rock, Grand
Prize Formation, sulfide sample

Figure 6. Lead-isotope ratios for samples of vein and conformable
epigenetic galena and whole rock from Pennsylvanian and Permian
argillite, central Idaho. Average shale growth curve of Godwin and
Sinclair (1982) is also shown. Arrow indicates correction for radio-
genic lead.

PENNSYLVANIAN AND PERMIAN ROCKS

Samples from Pennsylvanian and Permian rocks
include sulfides from epigenetic veins in the Wood River
(K), Dollarhide (L, M), and Grand Prize Formations (N)
(Sun Valley Group of Mahoney and others, 1991); galena
from bedding-conformable concentrations in the Dollarhide
Formation (open circle); and pyrite-rich argillite from the
Dollarhide Formation (solid diamonds and squares, fig. 6).

Lead-isotope ratios define three types of samples, Car-
riectown and Minnie Moore (group A) and black shale
(group B). Carrietown-type material, which has 200Pb/
204pb=18.0-19.2 and 298Pb/204Pb=39.5-40.0, includes
some of the vein and bedding-conformable galena hosted
by the Dollarhide Formation. Samples in this group are
from the Buttercup mine, the Westlake North mine, and all
the sampled deposits in the Carrietown mining district. The

GEOLOGY AND MINERAL RESOURCES OF THE HAILEY AND IDAHO FALLS QUADRANGLES

rest of the vein and bedding-conformable sulfides hosted by
the Dollarhide Formation form the radiogenic Minnie
Moore type, having 206Pb/204Pb=19.9-20.4 and 208pb/
204pp=40.5-41.1. This type includes samples from the
Eureka, Liberty, Jay Gould, and Idahoan mines, for exam-
ple, all in the Croy Creek area. The isotope ratios in the
Croy Creek area are slightly but significantly different from
those of the Minnie Moore mine group, indicating a differ-
ent source, but are probably similar enough to justify
grouping them into a single type. Group B, which has
206pp/204ph=19.2-20.4  and  298Pb/204Pb=39.0-40.0,
includes four samples of whole rock from the Dollarhide
Formation, one vein galena from the Grand Prize Forma-
tion, and all of the vein galena samples from the Wood
River Formation. Within group B, the whole-rock samples
define the black shale type. The Wood River vein galenas
have slightly higher 208Pb/204Pb ratios on the average than
the other samples in this group. Initial lead-isotope ratios
were calculated assuming average shale concentrations of
uranium and thorium, as described above for Devonian
rocks. The displacement of the isotope ratios to lower val-
ues indicates that, if the assumption is valid, initial whole-
rock lead was distinctly different from the vein and synge-
netic lead hosted by those rocks.

The isotopic ratios of the bedding-conformable concen-
tration of galena in the Dollarhide Formation (bedded sul-
fide, open circle, fig. 6; sample 8H79E, table 2) show that
isotopic characteristics can be used to discriminate between
syngenetic and epigenetic sulfides. This sample has textural
features suggestive of syngenetic material; however, isotopi-
cally it clearly resembles epithermal vein sulfides also
hosted by the Dollarhide and is distinct from both the host
argillite and all known syngenetic sulfides in the area.

The samples from the Triumph block were plotted sep-
arately from others of the Milligen Formation (fig. 4) in
order to investigate whether the argillite of the Triumph
block correlates with the Middle Pennsylvanian to Lower
Permian Dollarhide Formation (Wavra, 1988; Wavra and
Hall, 1989) or with the Milligen Formation (Mahoney and
others, this volume; Turner and Otto, this volume). Lead-
isotope ratios for whole-rock samples cannot resolve this
stratigraphic correlation problem; however, lead-isotope
ratios from ore deposits support the assignment of the argil-
lite of the Triumph block to the Milligen Formation. Ore
deposits in the Triumph block have a lead-isotope signature
(Triumph type) almost identical to that of deposits hosted by
the Milligen Formation and by the Devonian part of the
Salmon River assemblage elsewhere in the black shale ter-
rane. In contrast, the lead-isotope signature of Dollarhide-
hosted veins (Carrietown- and Minnie Moore-types) is dis-
tinctly different from the lead-isotope signature of deposits
in the Triumph block. This evidence supports the correlation
of the Triumph argillite with the Milligen Formation.



SOURCES OF LEAD IN ORE DEPOSITS OF CENTRAL IDAHO

a2 - Carrietown type T
" R / Ore, central batholith ]
408 | R/~ ore south-cenual batholitn
~d s Ore, Vienna district
£ s O sostess i
b- PR ,
o~ P - //
g " i / 1
g / ]
7/
p
39'6 , / 4
.
on,” "~ Whole-rock and potassium |
39.2 feldspar samples 4
4
38.8 1
| Emor eliipse |
364 , . . .
17 20 21 22
206 py 204pp
EXPLANATION

O Cretaceous intrusive host rock, south-central
Idaho batholith, sulfide samples

P Cretaceous intrusive host rock, Vienna district,
east-central Idaho batholith, sulfide samples

Q Cretaceous intrusive host rock, southeast Idaho
batholith, sulfide samples

® Cretaceous intrusive rock, southeast Idaho
batholith, potassium feldspar sample

R Cretaceous intrusive host rock, central Idaho
batholith, sulfide samples

+ Cretaceous intrusive rock, central Idaho batholith,
whole-rock and potassium feldspar samples

Figure 7. Lead-isotope ratios for samples of vein galena, whole
rock, and potassium feldspar from Cretaceous intrusive rocks, cen-
tra] Idaho. Average shale growth curve of Godwin and Sinclair
(1982) is also shown.

CRETACEOUS INTRUSIVE ROCKS

Lead isotopes from four epigenetic vein galena samples
(0, P, Q, and R), three feldspar samples (filled diamonds),
and one whole-rock sample (filled square) from Cretaceous
intrusive rocks include a wide range of 206Pb/204Pb and
208pp/204py ratios (fig. 7). All of the vein galena has 206Pb/
204pp less than 19.7. The vein material from the Challis
quadrangle (central Idaho batholith, R) has a wider isotopic
range than that from the Hailey quadrangle (southern Idaho
batholith, O, P, and Q). Vein material from the Hailey quad-
rangle can be divided into three moderately overlapping
groups corresponding to geographic areas within the Idaho
batholith. One group (O), having 206Pb/294Pb=17.0-18.0,
includes three samples from the south-central part of the
Idaho batholith, encompassing the Featherville, Pine, and
Volcano mining districts. A second group (P), having 206Pb/
204pp=17.8-18.4, comprises all the samples in the east-cen-
tral part of the Idaho batholith from the Vienna district. A
third group (Q), having 206Pb/204pb=18.0-19.2, comprises
veins in the southeast part of the Idaho batholith, composed
of the Big Smoky, Camas, Mineral Hill, Skeleton Creek, and
Soldier mining districts.

N15

41.6 T L T T T T T

412 -

Ore in Eocene granite
Carrietown type

208 by, 204py,

396
L Eocene whole-rock samples

EXPLANATION

s Focene Challis Volcanic Group host rock, Lava
Creek district, sulfide samples

T Eocene granite host rock, southeast Idaho
batholith, sulfide sample

¢+ Eocene Challis Volcanic Group, central Idaho
batholith, whole-rock samples

v Eocene granite host rock, central Idaho batholith,
sulfide samples

» Eocene granite, central Idaho batholith, whole-
rock samples

Figure 8. Lead-isotope ratios for samples of vein galena and
whole rock from Eocene intrusive and volcanic rocks, central Ida-
ho. Average shale growth curve of Godwin and Sinclair (1982) is
also shown.

Lead from a whole-rock sample and four potassium
feldspar samples from intrusive rocks of the Cretaceous
Idaho batholith is group B, according to our definition.
These samples have the same lead-isotope composition as
the samples of Devonian and Pennsylvanian-Permian argil-
lite. Lead-isotope ratios of Cretaceous whole-rock and
potassium feldspar samples are clearly distinct from those of
veins hosted by Cretaceous intrusive rocks. On the basis of
our sampling of Cretaceous rocks, it appears that Cretaceous
intrusive rocks were not the source for the lead in the Creta-
ceous-hosted veins.

EOCENE INTRUSIVE AND
EXTRUSIVE ROCKS

Samples from Eocene rocks and Eocene-hosted veins
include whole rocks from Eocene volcanic and intrusive
rocks in the Challis quadrangle and vein galena hosted by
intrusive and extrusive rocks from various parts of the study
area (fig. 8). Vein galena (S) in the Lava Creek mining dis-
trict in the Idaho Falls quadrangle is hosted by the Challis
Volcanic Group and defines the Lava Creek type, 205Pb/
204pp=17.3-19.2 and 203Pb/204Pb=38.5-39.6. These veins
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Table 3. Summary of lead-isotope types of sampled rocks and ore deposits in central Idaho.

GROUP A LEAD ISOTOPES

Carrietown type

Whole-rock samples
Some Eocene granite whole-rock samples, central Idaho batholith.
Most Eocene volcanic whole-rock samples, central Idaho batholith.

Sulfide samples
All replacement deposits in Paleozoic carbonate roof pendants in Idaho batholith.
Most replacement deposits in Ordovician carbonate and phyllite host rock, Ella Dolostone group.
All veins in Pennsylvanian-Permian Dollarhide Formation argillite host rock, Carrietown-Westlake area.
Most veins in Cretaceous intrusive host rock, central Idaho batholith.
All veins in Cretaceous intrusive host rock, Vienna district, Idaho batholith.
Most veins in Cretaceous intrusive host rock, southeast Idaho batholith.
All veins in Cretaceous intrusive host rock, south-central Idaho batholith.
Vein in Eocene granite host rock, southeast Idaho batholith.
Vein in Eocene granite host rock, central Idaho batholith.

Lava Creek type

Whole-rock and potassium feldspar samples
Potassium feldspar in Cretaceous intrusive rocks, central Idaho batholith.
Some Eocene granite whole-rock samples, central Idaho batholith.

Sulfide samples
Vein in Middle Proterozoic Swauger Formation host rock.
All replacement deposits in Devonian carbonate host rock, Jefferson Dolostone group.
All veins in Mississippian argillite host rock, Alto-Muldoon-Lava Creek area.
Bedded replacement deposit in Mississippian argillite host rock, Phi Kappa mine.
Some veins in Cretaceous intrusive host rock, central Idaho batholith.
All veins in Eocene Challis Volcanic Group host rock, Lava Creek district.
Vein in Eocene granite host rock, central Idaho batholith.

Minnie Moore type

Sulfide samples
All veins in Devonian Milligen Formation argillite host rock, Minnie Moore mine group.
All veins in Pennsylvanian-Permian Dollarhide Formation argillite host rock, Croy Creek area.
Bedded sulfide in Pennsylvanian-Permian Dollarhide Formation argillite host rock, Croy Creek area.

Pacific type

Whole-rock sample
Cretaceous intrusive whole-rock sample, central Idaho batholith.

Sulfide sample

Most replacement deposits in Ordovician carbonate host rock, Bayhorse Dolostone.

have a similar range in 200Pb/204Pb as veins from the Idaho
batholith (Carrietown type); however, the 208Pb/204Pb ratios
of the Lava Creek type are generally lower for a given 296Pb/
204pp, Vein galena (T and V) hosted by Eocene granite
defines a cluster, having 206ph/204ph=17.5-18.3 and 208Pby/
204pph=39.9-41.0, that we include in the Carrietown type.
Lead in Eocene whole-rock samples forms a broad but well-
defined group, having 206Pb/204Pb=]17.5-20.5 and 208pb/
204pp=39.1-40.1, that overlaps many of the types defined
above, specifically, Carrietown-, Lava Creek-, Pacific-, and
black shale-types.

SUMMARY

The characteristic 208Pb/204Pb and 206Pb/204Pb ratios
for sulfide minerals and whole rocks reveal distinct lead
isotope signatures or types (see summary, table 3). The first

four types are in group A and the fifth is in group B. (1)
Carrietown type, which is low in uranogenic lead and high
in thorogenic lead, is defined by isotopic ratios in replace-
ment deposits in carbonate roof pendants in the Idaho
batholith, replacement deposits in the Middle Ordovician
Ella Dolostone (fig. 3), veins hosted by the Middle
Pennsylvanian to Lower Permian Dollarhide Formation in
the Carrietown and Westlake mining areas (fig. 6), veins in
the Cretaceous Idaho batholith of the Hailey quadrangle
(fig. 7), and veins hosted by Eocene granite in the Challis
quadrangle (fig. 8). (2) Pacific type, which is high in both
uranogenic and thorogenic lead, is defined by isotopic
ratios in replacement galena in the Upper Cambrian or
Lower Ordovician Bayhorse Dolostone (fig. 3). (3) Minnie
Moore type, which is high in both uranogenic and thoro-
genic lead, is defined by isotopic ratios in veins in the Min-
nie Moore group of mines in the Devonian Milligen
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Table 3. Summary of lead-isotope types of sampled rocks and ore deposits in central Idaho—Continued.

GROUP B LEAD ISOTOPES

Triumph type

Syngenetic sulfide samples

All syngenetic sulfides Devonian Milligen Formation argillite host rock including Triumph block.
All syngenetic sulfides in Devonian part of Paleozoic Salmon River assemblage argillite host rock.

Epigenetic sulfide samples

Most epigenetic veins in Devonian argillite host rock, Triumph biock.

Some veins in rest of Devonian argillite host rock.

Some veins in Devonian part of Paleozoic Salmon River assemblage argillite host rock.
Most veins in Pennsylvanian-Permian Wood River Formation argillite host rock.
Vein in Pennsylvanian-Permian Grand Prize Formation argillite host rock.

Black shale type

Whole-rock and potassium feldspar samples

Devonian Milligen Formation argillite whole-rock sample, Triumph block.

All other Devonian argillite whole-rock samples.

Mississippian Copper Basin Formation argillite whole-rock sample.

Devonian part of Paleozoic Salmon River assemblage argillite whole-rock sample.

Both Pennsylvanian-Permian Dollarhide Formation argillite whole-rock samples, Carrietown-Westlake area.
All Pennsylvanian-Permian Dollarhide Formation argillite whole-rock samples, Croy Creek area.

Some potassium feldspar in Cretaceous intrusive rocks, central Idaho batholith.

One potassium feldspar in Cretaceous intrusive rock, southeast Idaho batholith.

Sulfide samples

Some veins in Devonian part of Paleozoic Salmon River assemblage argillite host rock.
Some veins in Pennsylvanian-Permian Wood River Formation argillite host rock.

Formation (fig. 4), one sample from the Old Triumph mine
in the Triumph block (fig. 4), and veins in the Middle
Pennsylvanian to Lower Permian Dollarhide Formation
excluding the Carrietown district (fig. 6). (4) Lava Creek
type, which is low in both uranogenic and thorogenic lead,
is defined by isotopic ratios in a vein in Precambrian
quartzite (fig. 3), replacement deposits in the Upper Devo-
nian Jefferson Dolostone (fig. 3), veins and replacements in
Mississippian argillite of the Copper Basin Formation (fig.
5), and Eocene Challis Volcanic Group volcanic-hosted
veins in the Idaho Falls quadrangle (fig. 8). (5) Group B
(consisting of black shale- and Triumph-types, which are
not distinguishable using 298Pb/294Pb and 206Pb/204Pb),
which is high in uranogenic lead and low in thorogenic
lead, is defined by isotopic ratios in all the whole-rock
argillite (figs. 4, 6), all syngenetic deposits (figs. 4, 5), most
veins in the Devonian Milligen Formation including argil-
lite of the Triumph block (fig. 4), some veins in the Devo-
nian part of the Salmon River assemblage (fig. 5), and most
veins in the Middle Pennsylvanian and Lower Permian
Wood River and Grand Prize Formations (fig. 6).

The Carrietown-, Minnie Moore-, and Pacific-types
together correspond to group A of Doe (Doe and Delevaux,
1985; Doe and Sanford, this volume) and to area Ia of Zart-
man (Zartman, 1974). The Triumph- and black shale-types
correspond to group B of Doe and to area II of Zartman. The
Lava Creek type, which has affinities to both groups A and
B, is here included in group A because it is more similar to

area Ia of Zartman than to area I, as discussed below. Thus,
some of the samples classified as group B in Doe and San-
ford (this volume) are here classified as group A.

207Ph/204Ph-206Ph/2%4Ph RESULTS

The 207Pb/204Pb data are presented separately for
groups A and B (figs. 9, 10). Carrietown-, Lava Creek-, and
Minnie Moore-types display a fairly linear trend that yields
a calculated model age of 2,400£100 Ma using the model 2
least-squares regression of York (1969). Eocene igneous
whole rocks of group A also exhibit a linear trend yielding a
calculated model age of 1,450+300 Ma. These model ages
agree well with previously calculated model ages (Small,
1968; Doe and Delevaux, 1985) and probably indicate times
of major orogenic reworking of crustal source rocks. Pacific-
type lead does not show a trend by itself but is consistent
with a model age of ~1,450 Ma for the source rock.

207pp/204Pb data for group B samples suggest two
slightly overlapping groups (fig. 10). Triumph-type lead in
syngenetic galena from the Triumph, Hoodoo, and Living-
ston mines in general has higher 207Pb/2%4Pb than black
shale-type lead from whole rocks of the Milligen and Dollar-
hide Formations. Triumph-type lead is defined by isotopic
ratios of syngenetic sulfides in Devonian argillic host rock
(figs. 4, 5, 10). Black shale-type lead is defined by isotopic
ratios of Devonian, Pennsylvanian, and Permian argillite
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Figure 9. Lead-isotope ratios for samples in group A, central Ida-
ho. Symbol A includes Milligen Formation (including Triumph
block argillite), Ramshorn slate, Saturday Mountain Formation, Jef-
ferson Dolostone, and Paleozoic carbonate roof pendants within the
Idaho batholith. Average shale growth curve of Godwin and Sinclair
(1982) is also shown. Model age is calculated from vein lead sam-
ples excluding those from Bayhorse and Ella carbonate rocks.

whole rocks (figs. 4, 6, 10) and Cretaceous igneous whole
rocks and potassium feldspar (figs. 7, 10). Even if age cor-
rections assuming decay of uranium and thorium are applied,
the Triumph- and black shale-types are distinct. Least-
squares regression of 207Pb/204pb-206pb/204ph data for argil-
lite whole-rock samples yields a model age of 2,300+600
Ma. Although the error is large, the model age agrees with
that from group A lead (Carrietown-, Lava Creek-, and Min-
nie Moore-types) (fig. 9), which suggests a similar age for
the source rock. Galena samples from sediment-hosted
veins have 297Pb/2%4Pb values that span the range of Tri-
umph and black shale lead-isotope ratios, but most correlate
isotopically with the Triumph-type syngenetic galena rather
than with the black shale-type whole-rock argillite. The dis-
tinction between Triumph- and black shale-type lead is not
apparent on the 208Pb/204Pb-206pb/204Pb diagram, unless the
whole-rock lead is corrected for radiogenic growth since
sediment deposition. Our classification scheme for central
Idaho lead isotopes is summarized in figure 11.

For classifying lead-isotope ratios from other sources,
straight lines are shown that closely correspond to
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Figure 10. Lead-isotope ratios for group B, central Idaho.
Dashed curve shows isotopic ratios of black shale type assum-
ing decay since the Devonian using data for average shale from
Godwin and Sinclair (1982). Model age is calculated from
whole-rock argillite samples only. Arrow indicates correction
for radiogenic lead.

boundaries between the defined types (heavy lines in fig.
11). Only relatively few samples having lead isotope ratios
in the areas of overlap might be misclassified using these
fields. Equations for the field boundaries are as follows.
Boundary between Carrietown-Minnie Moore and
Lava Creek-Triumph-black shale types:
208pp/204Ph=0.516x206Pb/204Pb+29.778
Boundary between Carrietown- and Minnie Moore-
types:
206pp/204Pb=19.6
Boundary between Lava Creek and Triumph-black
shale types:
206pp/204pp=19.27
Boundary between Triumph- and black shale-types and
between Minnie Moore- and Pacific-types:
207pb/204Pb=0.149x295Pb/204Pb+12.855

DISCUSSION

The isotopic evidence reveals three major crustal
zones (table 1, also compare figs. 12 and 1): a broad west-
ern zone that corresponds to the Cretaceous intrusive rock
terrane and small parts of the black shale terrane and is
characterized isotopically by low 206Pb/204Pb and high
208pp/204ph (Carrietown type); a narrow arcuate central
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zone corresponding to black shale terrane and characterized
by high 206Pb/204Ph (Minnie Moore-, Pacific-, Triumph-,
and black shale-types); and a broad eastern zone that corre-
sponds to flysch, shelf carbonate and Precambrian terranes
and is characterized by low 296Pb/204Pb and low 203Pb/
204pb (Lava Creek type).

We determined the sources of lead in the ore deposits
for each crustal zone and terrane by a process of elimination.
If the isotopic ratios of lead in a potential source rock do not
match those of the veins, then that source rock is eliminated
as a possibility. Other factors, such as the relative ages of
rocks and veins, can further eliminate source-rock candi-
dates; for example, the source rock had to exist at the time
the veins formed. The effect of radiogenic lead-isotope pro-
duction in the source rock with time is considered when test-
ing for any match. Summaries of the sulfide and rock
samples in each lead-isotope type are given by crustal zone
and terrane in table 1 and by isotope type in table 3.

WESTERN CRUSTAL ZONE—
CARRIETOWN TYPE

Most veins in the western crustal zone (Cretaceous
intrusive rock terrane) probably derived their lead (Carri-
etown type) from a Precambrian source beneath the exposed
Idaho batholith. The three samples from widely separated
Cretaceous intrusions have black shale-type lead (fig. 7).
Unless further sampling of Cretaceous rocks discloses a
larger range of isotopic ratios—specifically, lower 206Pb/
204pp and higher 297Pb/204Pp and 208Pb/294Pb—the Creta-
ceous igneous rocks cannot be the source for the lead in Cre-
taceous-hosted veins. Similarly, the vein lead could not have
come from Paleozoic argillite. The limited areal distribution
of argillite probably also rules argillite out as a direct source
of lead in the Idaho batholith-hosted veins. The only known
rocks having the appropriate isotopic ratios are some of the
Eocene intrusive and volcanic rocks (figs. 8, 11); however,
most of the veins are Cretaceous in age (Snee and Kunk,
1989; Darling and others, this volume; Link and others, this
volume; Whitman, this volume; Park, in press), which makes
an Eocene source rock impossible. Further, Eocene rocks are
mostly too low in 208Pb/204Pb to account for the entire range
in Cretaceous-hosted veins. This virtually eliminates every
conceivable source except the unexposed Precambrian base-
ment.

The high 297Pb/2%4Pb of Carrictown-type lead (fig. 9)
suggests that the Precambrian source for the intrusive-rock-
hosted veins contained a significant component of Archean
as well as Proterozoic material. The absence of this Archean
signature in Eocene intrusive rocks suggests that the veins
and the intrusive rocks had different sources.

Carrietown-type lead in sedimentary rocks of the Mid-
dle Pennsylvanian to Lower Permian Dollarhide in the Car-
rietown and Westlake areas, in Paleozoic carbonate roof
pendants within the Idaho batholith, and in Eocene granite
host rock (table 3) strongly suggests that veins and
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replacements in these sedimentary and intrusive rocks had
the same type of source as veins in the Cretaceous intrusive
rocks themselves. The proximity of all of these rocks to the
Cretaceous intrusive rock terrane is consistent with a com-
mon “plumbing system” in the batholith and adjacent sedi-
mentary rocks. This interpretation is consistent with the
conclusions of other workers that Cretaceous intrusive
activity, adjacent metamorphism of the Dollarhide Forma-
tion, and vein mineralization are all closely associated
(Darling and others, this volume; Whitman, this volume;
Park, in press). Although the Cretaceous intrusions proba-
bly provided the heat for hydrothermal circulation, the met-
als apparently came from the underlying basement and not
from the intrusions themselves. For the Eocene intrusion-
hosted veins, the plumbing system would have had to
develop later in the Eocene rocks but nevertheless appears
to have tapped a similar source, one that may also have
been enriched in Archean material. What is certain is that
the vein lead in these sedimentary and igneous rocks did
not come from the host rocks themselves.

Significantly, Dollarhide-hosted, bedding-conformable
galena having Carrietown-type lead must also have had a
source external to the host rock. Thus, the conformable sul-
fide in the Dollarhide Formation is simply vein filling that
happened to be deposited parallel with bedding, and textural
evidence is not a completely reliable guide to syngenetic
material.

The recognition of Lava Creek-type lead suggests the
reclassification of some samples that were classified as
group B in earlier studies (Sanford and others, 1989; Doe and
Sanford, this volume). The most important change is that the
samples of galena and whole rock from the area northeast of
Idaho City (left side of fig. 12 near lat 44°) are group A rather
than group B. The occurrence of group B lead in the midst of
the Idaho batholith had been puzzling; however, classifying
this lead as group A is now consistent with the interpretation
that Lava Creek-type lead is a low-208Pb/204Pb variety of
group A lead that has a Precambrian source and is associated
with Tertiary intrusive rocks (see discussion of eastern
crustal zone below).

CENTRAL CRUSTAL ZONE—
TRIUMPH- AND BLACK SHALE-TYPES

The narrow, arcuate black shale terrane contains four of
the six lead-isotope types, all of which have relatively high
206pp/204pb, The most widespread types in this terrane are
Triumph- and black shale-types, which together define
group B lead. The association of group B lead and argillitic
sedimentary rocks is striking (table 1 and compare figs. 1 and
12) and would appear to support the lateral-secretion theory
whereby lead is leached from the black shale and then depos-
ited nearby as ore (Hall and others, 1978). However, the
difference in 297Pb/204Pb between Triumph- and black
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shale-types indicates that the ore was not derived exclusively
from the sedimentary rocks but that some or all of it was
derived from a different source, probably the underlying Pre-
cambrian basement.

Black shale-type lead probably represents the average
isotopic composition of upper crustal rocks east and north-
east of the black shale terrane. This type of lead character-
izes all of the argillite of Devonian and Pennsylvanian-
Permian age in the black shale terrane. Sedimentologic and
paleogeographic studies suggest that this detrital material
was eroded from highlands to the east and northeast
(Mahoney and others, this volume; Turner and Otto, this vol-
ume). The low 207Pb/204Pb values indicate that the eroded
crust consisted of Proterozoic rocks having no detectable
component of Archean material.

Triumph-type lead in the syngenetic deposits probably
consists mostly or entirely of hydrothermally derived lead
having an Archean component. A second component of sed-
iment-derived black shale-type lead is possible but not
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required by the data. The Triumph-type lead in these depos-
its has significantly higher 207Pb/2%4Pb than the black shale-
type lead in the argillite host rock (fig. 10). Although some
of the lead in the syngenetic deposits having Triumph-type
lead may have come from the enclosing sediments, there is
clearly a high 207Pb/2Pb component that suggests a contri-
bution of Archean material in the source. On the basis of
similarity with the Triumph deposit (Turner and Otto, this
volume), these possibly syngenetic deposits probably
formed from “black smokers” in a submarine rift basin. Our
data are consistent with such a model. The ore-forming
hydrothermal fluid appears to have tapped a deep source of
continental crustal lead having an Archean component
while, contemporaneously, lead contained in detrital mate-
rial was being eroded from a Proterozoic craton having no
recognizable Archean component. The Triumph-type lead-
isotope ratios thus clearly indicate a component of hydro-
thermally derived lead from depth. An additional compo-
nent from the black shale is consistent with the data but not
required. A modern example of such a mixing process has
been documented for active mid-ocean ridge hydrothermal
vents (LeHuray and others, 1988).

Epigenetic veins hosted by the Devonian Milligen and
Salmon River argillite were probably either part of the same
hydrothermal system that produced the syngenetic Triumph-
type deposits, and thus obtained their lead directly from the
same underlying basement, or they formed later by remobi-
lization of syngenetic sulfides from a Triumph-like source.
As with the syngenetic deposits, the epigenetic veins could
not have obtained their lead exclusively from the detrital
argillite host rock. Comparison of all central Idaho veins
having group B lead with syngenetic deposits and whole-
rock argillite shows that lead in almost all these veins isoto-
pically resembles lead in syngenetic deposits and does not
match lead in argillitic whole rocks (fig. 10), despite the
close spatial association of veins and argillite.

If epigenetic veins in Devonian argillite constituted the
feeder system for Triumph-like syngenetic deposits, this
would explain the similar isotopic signatures. Examples of
such epigenetic feeder veins and contemporaneous synge-
netic exhalative deposits are in Alaska, Australia, Canada,
and Ireland (Church and others, 1987). The contemporane-
ous formation of both bedded and crosscutting ore helps
explain the commonly contradictory textural evidence that
has prevented geologists from concluding definitively
whether the deposits are syngenetic or epigenetic.

On the other hand, the presence of Tertiary-mineralized
rock in the study area (Burton and Link, this volume) sug-
gests that some or all veins in the Devonian argillite postdate
the syngenetic deposits and that vein sulfide deposits repre-
sent remobilized syngenetic sulfides.

Vein deposits in the Wood River Formation probably
reflect a remobilized Triumph-like sulfide component.
Because they are in Pennsylvanian-Permian host rocks,
which are not host to any syngenetic massive sulfide
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Figure 12. Map showing distribution of lead-isotope types for galena and other sulfide minerals, central Idaho.

deposits, they probably were not part of a feeder system for
syngenetic deposits. As above, the Triumph-type lead in
these veins indicates that the source was not exclusively
argillite such as the Milligen Formation or Salmon River
assemblage. Because of the isotopic similarity to lead in

syngenetic deposits such as the Triumph, the source for vein
lead in the Wood River Formation may have been Triumph-
like deposits, isotopically similar disseminated syngenetic
sulfides within the argillite, or an isotopically similar source
at depth. Although more work is needed, the most likely
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interpretation at present is that veins in Devonian argillite
that have Triumph-type lead were part of the feeder system
for contemporaneous syngenetic deposits, whereas those in
Pennsylvanian-Permian argillite consist of remobilized
Devonian syngenetic sulfides. Because of the independent
evidence for remobilization of older sulfides (Burton and
Link, this volume), this is the most likely explanation.

The following model is consistent with the data and is
preferred to the lateral-secretion model. Lead in the synge-
netic sulfides came from Precambrian rocks at depth, was
transported upward by hydrothermal fluids, and was depos-
ited at submarine vents. During transport, this lead may
have mixed with a second component of lead from detrital
material in the host argillite, but this mixing is not required.
Some argillite-hosted vein deposits probably formed con-
temporaneously with syngenetic exhalative deposits,
whereas others probably formed by later remobilization of
this syngenetic lead. Crosscutting veins in Devonian argil-
lite were probably contemporaneous with syngenetic
deposits, whereas those in Pennsylvanian-Permian argillite
probably formed by remobilization.

Lead-isotope data can help resolve stratigraphic corre-
lation problems. All whole-rock argillite samples in this
study have black shale-type lead (except for two anoma-
lously radiogenic uranium enriched samples). We therefore
cannot use the lead isotopes in whole rocks to resolve strati-
graphic problems. Lead-isotope signatures of ore deposits
can help, however, in correlating vnits and, in the present
case, confirm the assignment of the Triumph argillite to the
Milligen Formation.

The anomalously radiogenic samples suggest a Per-
mian-Triassic age for uranium enrichment. A least-squares
regression line for 207Pb/204Pb-206Pb/204ph data from
whole-rock argillite is defined by a cluster of values having
intermediate lead-isotope ratios and by the two most radio-
genic samples (Urexco and Holman Creek), which plot off
the diagrams to the right (table 2). Based on the model 2
regression of York (1969), uranium enrichment in argillite
probably occurred about 250-210 Ma; that is, Permian to
Triassic. This age is only an estimate and should be used
with caution. Permian and Triassic ages for uranium enrich-
ment correspond to uranium enrichment events in the Colo-
rado Plateau (Granger and Finch, 1988).

CENTRAL CRUSTAL ZONE—
MINNIE MOORE- AND PACIFIC-TYPES

Clusters of deposits having Minnie Moore-type lead and
Pacific-type lead are at the south and north ends of the black
shale terrane, respectively. The isotopic characteristics of
these lead types rule out as possible sources all rocks ana-
lyzed so far within the study area because none are suffi-
ciently radiogenic. The problem of source for this highly
radiogenic vein lead has been discussed previously (for
example, Doe and others, 1979).
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The most likely source of the radiogenic lead is recy-
cled upper crustal Precambrian material having an Archean
component that had high initial 238U/204Pb (u) and Th/U.
Archean model ages in the range 2,700-2,300 Ma suggest
that this time was a period of widespread crustal disturbance
that created variations in p. Zartman (1992) argued that vari-
ation in p in Archean source rocks has produced some high
values of 207Pb/204Pb, By extension, an Archean crustal
component having even higher values of , as well as higher
initial Th/U, would explain the radiogenic Minnie Moore-
and Pacific- types of lead. Recycling in Proterozoic time
would further accentuate these variations. Later selective
leaching of the radiogenic lead component might also have
contributed to the radiogenic lead in the Pacific- and Minnie
Moore-types. Further, the Pacific-type lead discussed here
has some affinities with lead in some of the classic Missis-
sippi Valley-type deposits, which these deposits resemble.
An explanation for the source of lead in Mississippi Valley-
type deposits might help explain the source of the central
Idaho carbonate-hosted lead.

EASTERN CRUSTAL ZONE—
LAVA CREEK TYPE

The eastern crustal zone is dominated by Lava Creek-
type lead in veins and replacements in flysch, shelf-carbon-
ate, and Precambrian terranes. The most likely source for
Lava Creek-type lead is Precambrian basement. The lead in
Paleozoic argillite and Cretaceous intrusive rocks is too
radiogenic for these rocks to be sources. Some Eocene
whole rocks have lead-isotope ratios similar to those in the
veins, and Eocene rocks could have been the source. Close
spatial proximity of ore deposits and known Eocene intru-
sive rocks supports this supposition. Precambrian basement
is the probable source for most of the lead in the western and
central crustal zones, as discussed above, and therefore it
could also be a source in the eastern crustal zone. Compared
to the other crustal zones, the eastern crustal zone has the
thinnest sedimentary cover over the basement, which makes
a Precambrian source more likely.

Lava Creek-type lead seems to characterize Eocene-age
veins.  All of the veins in the eastern crustal zone are
Eocene, as are many veins in the Trans-Challis fault zone
northeast of Idaho City (Ronald G. Worl, oral commun.,
1992). All of these veins yield Lava Creek-type lead. Thus,
the Lava Creek-type lead appears to be unique to and char-
acteristic of Eocene veins.

The fact that Carrietown- and Lava Creek-types com-
pletely overlap when plotted on a 207Pb/204pb-206pb/204ph
diagram (fig. 9) indicates that there is no detectable differ-
ence in the age of the underlying crust in the western and
eastern parts of central Idaho. Both sets of data are consis-
tent with ~2,400-Ma crust that has a similar history; how-
ever, the consistently higher proportion of thorogenic lead in
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the Carrietown type suggests a major, long-lasting, compo-
sitional difference in the crust between these two zones.

In summary, lead isotopes reveal whether the galena in
central ldaho ore deposits is syngenetic or epigenetic and
indicate the type of source rock, whether Paleozoic argilla-
ceous sedimentary rocks, remobilized syngenetic sulfides,
Cretaceous-Eocene intrusive rocks, or a fourth, as yet uni-
dentified, upper crustal rock type. The variety of lead-iso-
tope types that originated in Precambrian basement suggests
that the Precambrian basement is quite heterogeneous.
Incorporation of data from other isotopes such as sulfur
should help to identify better the source rocks.
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Table 1. Recorded production from the Carrietown, northern Willow Creek, and eastern Little Smoky Creek

mining districts, Idaho.

[Compiled from Ross (1930), Federspiel and others (1992), and unpublished files of the U.S. Bureau of Mines, Spokane,
Washington. Ounces are troy ounces; NR indicates no record. Commodity prices used in calculations (Mineral Commodity
Summaries, U.S. Bureau of Mines, 1990): gold, $385 per ounce; silver, $5.55 per ounce; copper, $1.32 per pound; lead, $0.40

per pound; zinc, $0.83 per pound]

Gold (ounces)  Silver (ounces) Copper (ounces) Lead (pounds) Zinc (pounds)
Carrietown mining district
Carrie Leonard 23 869,000 645 989,000 171,000
Margaret NR NR NR NR NR
Dollarhide 0.28 3,420 0 18,928 0
Isabella 104 19,000 600 61,500 31,000
Last Chance NR NR NR NR NR
Jane Lee NR NR NR NR NR
Silver Star 118.92 42,511 600 287,850 12,587
Silver Crown 0.62 767.3 0 8,430 0
Horn Silver 21.92 7,187 984 11,601 5,721
Fletcher NR NR NR NR NR
King of the West 95.02 108,263 1,897 364,048 99,637
Stormy Galore 16.87 55,450 234 51,995 3,277
Tyrannis 1.96 32,486.1 0 472,456 6,191
Alma NR NR NR NR NR
Eastern Little Sinoky Creek mining district
Red Star NR NR NR NR NR
Taft 0 20 0 341 0
Hidden Treasure 1.2 30 7 1,038 0
Smoky Bullion 8.15 828 148 22,238 0
Main Moly NR NR NR NR NR
Pine Creek NR NR NR NR NR
Northern Willow Creek mining district

Buttercup 14.11 57,731.1 500 1,000,674 73,613
Unnamed mine NR NR NR NR NR
Total production 312.45 1,196,694 5,615 2,289,425 329,413
Dollar value $120,293 $6,641,652 $7.412 $915,770 $273,413
Total dollar value all commodities $7.,958,540

PETROGENESIS OF LITHOLOGIC CONTROLS
SILVER-LEAD-ZINC ORES

In recent years, much attention has been focused on
stratiform, syngenetic ore deposits in Paleozoic rocks of the
black shale belt of Idaho. Ore deposits of inferred synge-
netic origin have been described in the Triumph mine (Tri-
umph-Parker mineral belt, 40 km to the east) and in the
Hoodoo and Livingston mines (Slate Creek district, 70 km
to the north) (Hall, 1985; Turner and Otto, this volume). In
the Carrietown mineralized area, however, the orebodies
are interpreted to have an epigenetic origin. This interpreta-
tion is supported by the strong structural control of the
deposits and the ubiquitous open-space-filling textures
(crustiform and comb-structured quartz and siderite). Minor
stratiform pyrrhotite and chalcopyrite in banded quartzite
(unit 2) of the lower member of the Dollarhide Formation is
the only syngenetic sulfide mineralization inferred.

The abundance of silver-lead-zinc sulfide minerals in
veins is strongly controlled by lithology because the most
productive veins are hosted by Paleozoic metasedimentary
rocks rather than Cretaceous intrusive rocks. This lithologic
control is best illustrated by quartz veins that can be traced
from granodiorite into banded quartzite, where, after they
enter the quartzite, the abundance of vein sulfide minerals
increases (for example, Silver Crown and Last Chance
mines). It is inferred that rocks of the Dollarhide Formation,
which contain syngenetic pyrrhotite and carbonaceous mate-
rial, provided a reducing environment for the deposition of
metal-sulfide minerals, an environment not normally
expected in the more oxidized (magnetite-bearing) Creta-
ceous intrusive rocks.

Gangue mineralogy is also strongly controlled by
host-rock lithology. Deposits hosted by quartzite in the
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Gehlen (1983), Ross (1930).

Quartz, siderite

Galena, sphalerite, pyrite, chalcopyrite,

pyrrhotite

Dollarhide Formation (foliated, banded  Not available

quartzite+phyllite)

Hidden Treasure

17.

Gehlen (1983).

Quartz, siderite

Pyrite, galena, sphalerite, chalcopyrite,

molybdenite

Dollarhide Formation (foliated, banded Not available

quartzite+phyllite)

Smoky Bullion

18.

prospect
Main Moly prospect

Gehlen (1983).

Quartz, muscovite

Molybdenite, galena, pyrite, calcite,

chlorite

N.5°E, 90°

Cretaceous leucocratic granite

Link (unpub. data).

Quartz, siderite

Pyrite, sphalerite, galena

Dollarhide Formation (foliated, banded  Not available

quartzite+phyllite)

20. Pine Creek
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Link (unpub. data).

Quartz, calcite

Pyrite, sphalerite, galena

Not available

Upper member, Dollarhide Formation

Unnamed mine

21.

Quartz, calcite, siderite ~ Geslin (1986), Ross (1930).

Pyrite, sphalerite, galena, tetrahedrite

Dollarhide Formation (foliated, banded  Not available

quartzitexphyllite)

Buttercup

22,

Dollarhide Formation have a quartz-siderite gangue,
whereas those hosted by carbonaceous marble have a
quartz-calcite assemblage. The factor controlling gangue
mineralogy is interpreted to be the Fe2*/Ca®* ratio of ore-
forming fluids in equilibrium with their host rock. This
control is explained by the reaction

+

2
FeCO3(S> +Ca (ag

2+
7 CaCOy +Fe™(, (D)

where high Fe?*/Ca2* favors formation of siderite and low
Fe2*/Ca2* favors formation of calcite. Because siderite is the
principal carbonate phase in ores hosted by banded quartzite,
ore-forming fluids had relatively high Fe2*/Ca®* ratios,
whereas fluids precipitating calcite-rich veins in the carbon-
aceous marbles had relatively low Fe?+/Ca2* ratios. Ferrous-
iron-bearing phases (pyrite, sphalerite) are common in veins
from both types of host rocks; however, calcium-bearing
phases are absent in veins hosted by banded quartzite. There-
fore, the Fe2* content of ore-forming fluids could have
remained constant while the Ca2* content varied as fluids
interacted with host rocks containing different amounts of
calcium (high Ca?* marble versus low Ca2+ quartzite).

STRUCTURAL CONTROLS

The average northeast trend of the veins (fig. 8) suggests
that the veins formed in regional northeast-striking shear
zones in central Idaho. The age of these structures has been
a matter of debate. Although many Eocene shear zones
related to the Trans-Challis fault system strike northeast
(Bennett, 1986; Kiilsgaard and others, 1986), northeast-strik-
ing Cretaceous shear zones have been documented region-
ally. Lund and others (1986, p. 995) indicated that northeast-
striking fractures in the Buffalo Hump district, 50 km east of
Riggins, Idaho, host Cretaceous lode deposits in the Idaho
batholith and were formed during a regional extension event
about 71 Ma. Gammons and others (1985) documented sim-
ilar Cretaceous structures in the Big Creek district, 80 km
southeast of Riggins, Idaho. In both the Big Creek and Buf-
falo Hump districts, as in the Carrietown area, mineral depos-
its are concentrated in roof pendants in the batholith.

A regional network of Cretaceous northeast-striking
faults and shear zones are in the Smoky Mountains (Park,
in press), some of which are manifest in bedding-paraliel
faults in the Dollarhide Formation. At least some silver-
lead-zinc deposits in the Carrietown area (for example, Sil-
ver Star and Fletcher mines) are interpreted to have formed
in bedding-parallel faults because the veins are parallel
with the bedding of their host rocks. In the Last Chance
mine (fig. 3), the orebody formed where the fault plane was
locally flattened from an otherwise uniform steep dip. The
Carrie Leonard orebody (fig. 3) formed at the intersection
of two northeast-striking faults.



P14 GEOLOGY AND MINERAL RESOURCES OF THE HAILEY AND IDAHO FALLS QUADRANGLES

In previous work, Darling (1987, 1988) suggested that
the abundance of mineral deposits along the contact between
banded quartzite and carbonaceous marble was caused by
ore fluids migrating along the thrust fault that separated the
two units. Although the concept of a regional thrust fault has
been disproven, differences in rheological behavior between
quartzite and marble during Mesozoic folding may have
caused development of open fissures for the movement of
ore fluids, as suggested by Whitman (1990, this volume).

THERMAL CONDITIONS OF
MINERALIZATION

SULFUR-ISOTOPE GEOTHERMOMETRY

Howe and Hall (1985), in an isotopic study of the black-
shale belt, performed nine sulfur-isotope analyses in the Car-
rietown area, four of which were used to calculate tempera-
tures of ore formation by sulfur-isotope fractionation
methods (Ohmoto and Rye, 1979). The analyses yielded
temperatures of 269+45°C on a sphalerite-galena pair from
the Carrie Leonard mine and 375+45°C on a pyrite-galena
pair from an unnamed dump (Howe and Hall, 1985, p. 192).
In polished section, both sulfide pairs commonly exhibit
mutual grain boundaries, suggesting that isotopic equilib-
rium was obtained and that the calculated temperatures are
reliable; however, because galena is paragenetically later
than pyrite and sphalerite (fig. 9), the temperatures may only
reflect isotopic equilibrium during deposition of galena.

CUBANITE EXSOLUTION GEOTHERMOMETRY

A minimum temperature of ore formation of
250°C-300°C is indicated by cubanite exsolution lamellae in
chalcopyrite (Ramdohr, 1980, p. 639). Cubanite exsolution
lamellae are almost ubiquitous in chalcopyrite from mines
near Carrietown, but, because they can only be observed
under the microscope, their presence was not established in
chalcopyrite from mines along Little Smoky Creek and from
the Buttercup mine.

ARSENOPYRITE GEOTHERMOMETRY

Clark (1960) showed that the equilibrium assemblage
of pyrite and arsenopyrite melts to form pyrrhotite and lig-
uid from 491°C+]12°C (at 1 bar) to as much as 528°C+10°C
(at 2,070 bars). Thus, the pyrite-arsenopyrite intergrowths
at many of the mines establish a thermal maximum at
491°C-528°C (if P1< 2,070 bars). Furthermore, two arse-
nopyrite separates from the Alma and Tyrannis Mines were
X-rayed to determine their atomic percent arsenic content
by measurement of the d-spacing of the (131) plane. The
samples were prepared and analyzed according to methods

outlined in Kretschmer and Scott (1976). Arsenopyrite
from the Alma and Tyrannis mines contain 31.55+0.45 and
32.68+0.45 mole percent arsenic, amounts yielding temper-
atures of ore formation of 394°C+25°C, and 465°Cx30°C,
respectively. The temperatures were estimated by the inter-
section of the pyrite-pyrrhotite univariant and the atomic
percent arsenic isopleths in figure 7 of Kretschmer and
Scott (1976). Both ore samples from the Alma and Tyran-
nis mines contained the necessary S, buffering assemblage
of pyrite-pyrrhotite required for use of the arsenopyrite
geothermometer (Kretschmer and Scott, 1976).

A summary of all available thermal information from
the Carrietown mineralized area is listed in table 3. Thermal
constraints imposed by fixed-point geothermometers agree
well with temperatures calculated from sulfur isotopes and
arsenopyrite and are consistent with a mesothermal to hypo-
thermal (250°C—450°C) environment. Thermal data col-
lected from ore deposits in the Carrietown mineralized area
are generally consistent with those for similar deposits in the
Wood River district, 30 km to the east (Hall and Czamanske,
1972; Hall and others, 1978).

OXYGEN AND SULFUR FUGACITIES
OF ORE FLUIDS

Estimation of O, and S; fugacity in ore-forming fluids
of the Carrietown area is illustrated in figure 10. Stability
fields for pyrite, pyrrhotite, magnetite, and hematite were
calculated at 350°C (average ore-forming temperature) by
use of thermodynamic data of Robie and others (1978) and
methods outlined in Garrels and Christ (1965) and Nord-
strom and Munoz (1985). Because ores hosted by banded
quartzite commonly contain pyrite and pyrrhotite, ore-form-
ing fluids have sulfur fugacities in the 10~11-10-2 bar range
at 350°C, whereas ore hosted by carbonaceous marble
(pyrite, without pyrrhotite) has higher sulfur fugacities
(about 1079-10~* bars). The lack of iron oxide minerals
(magnetite, hematite) in samples from any mine in the area
indicates low oxygen fugacities (about 10737 bars), reflective
of strongly reducing conditions.

SOURCE OF SULFUR AND LEAD

In their isotopic study of the black shale belt, Howe and
Hall (1985) performed nine sulfur-isotope analyses from
four mines in the Carrietown district. The mines and sulfides
analyzed from them include (1) the Carrie Leonard mine,
galena and sphalerite; (2) the Horn Silver mine, galena and
pyrite; (3) the Upper prospect, galena, molybdenite and
sphalerite; and (4) an unnamed dump, galena and pyrite. As
previously discussed, analyses from the Carrie Leonard mine
and the unnamed dump were used to calculate sulfur-isotope
fractionation temperatures. The location of the unnamed
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constituent of the original bulk composition of these rocks.
Geochemical data (O’Brien, 1991) indicate equal amounts of
Fe,03 and MgO for rocks of the lower part of the Dollarhide
Formation collected in the Willow Creek area. Any available
magnesium was probably consumed by the formation of
tremolite and diopside, with no excess left to form other
magnesium-bearing minerals. Staurolite in the study area is
most likely close to the iron-end member, and the staurolite-
in curve is therefore fixed as shown in figure 2.

The wollastonite reaction curves are from Winkler
(1979, p. 130). The wollastonite-in curves are sensitive to
fluid composition as shown in figure 2.

The tremolite-in, diopside-in, and forsterite-in curves
are from Turner (1980, p. 167-68). These curves assume
Pco, between 0.4 and 1.0. If Pco, values are less than 0.25,
the tremolite-in, diopside-in, and forsterite-in curves shift to
slightly lower temperatures. The exact amount of the shift is
unknown but is less than 200°C (Turner, 1980). Metamor-
phic conditions in the study area probably are constrained by
the kyanite-andalusite reaction curve and the andalusite-sil-
limanite reaction curve as suggested by the absence of kyan-
ite and the apparent equilibrium of sillimanite and
andalusite. The tremolite-in, diopside-in, and forsterite-in
curves cannot have shifted left of the kyanite-out/andalusite-
in reaction line or else kyanite would be the stable alumino-
silicate. The absence of kyanite restricts the metamorphic
conditions to the right of the kyanite-out/andalusite-in reac-
tion curve. Any leftward shift of the tremolite-in, diopside-
in, and forsterite-in curves therefore can not exceed approx-
imately 25°C, a value that does not significantly alter the
pressure-temperature values reported here. The tremolite-in,
diopside-in, and forsterite-in curves are indicated in figure 2.

Rocks in the study area commonly exhibit the assem-
blage diopside, tremolite, and either andalusite or silliman-
ite. A sampling traverse along the ridge near the Buttercup
mine yielded an M; andalusite-bearing rock approxi-
mately 210 m from the intrusive contact and a M, silli-
manite-bearing rock a few meters farther from the
batholith. Therefore it is thought that metamorphic condi-
tions lie very near the andalusite-out/sillimanite-in univari-
ant equilibrium curve. The absence of kyanite indicates
that the staurolite-in, tremolite-in, and diopside-in curves
all are to the right of the kyanite-andalusite reaction curve.
Therefore, pressure-temperature conditions are controlled
by the kyanite-andalusite and the sillimanite-andalusite
univariant reaction curves.

Rocks in this area also contain tremolite, diopside, and
staurolite. The tremolite-in curve intersects the andalusite-
out/sillimanite-in curve at 3.25 kb and 525°C. The staurolite-
in curve also intersects the tremolite-in curve at approxi-
mately 3.25 kb and 525°C. If the tremolite-in curve shifts left
(if Pcp,<0.25), then the upper pressure value would be
approximately 3.5 kb. Any greater increase in pressure would
be too far from the sillimanite-in/andalusite-out curve and
andalusite would not be observed in the rocks. At 3.5 kb, the
temperature must remain above 525°C or chlorite+kyanite

would be the stable assemblage rather than staurolite. There-
fore, 525°C is the minimum temperature of M, metamor-
phism. The maximum temperature at which staurolite can
exist near the andalusite-sillimanite equilibrium is approxi-
mately 600°C. At 600°C, staurolite-andalusite-sillimanite
can only coexist in a narrow pressure range near 2.5 kb.

The assemblages diopside-tremolite-andalusite/silli-
manite-staurolite define the pressure and temperature of M,
metamorphism to be approximately 2.5-3.5 kb and
525°C-600°C. Metamorphic conditions were similar
throughout the study area as shown by table 1.

These temperatures and pressures correspond to condi-
tions of medium-high grade dynamothermal metamorphism,
and, if fluid pressure is equal to total pressure, then they indi-
cate a depth of metamorphism and therefore a depth of
emplacement of 8.5-12.5 km for the Idaho batholith in the
southern Smoky Mountains.

Composition of the fluid phase with respect to CO; dur-
ing M, metamorphism can be determined by examining the
stability of wollastonite with respect to diopside and to the
conspicuous lack of forsterite. The assemblage tremolite,
diopside, sillimanite, and wollastonite without forsterite has
been observed in the Willow Creek, West Fork of Willow
Creek, and Tyrannis Creek areas. As the pressure-tempera-
ture diagram (fig. 2) indicates, wollastonite is quite sensitive
to fluid composition and the temperature at which it forms is
lowered considerably with a lowering of Pgg, If
0.25<P(,<0.40, then forsterite is the stable phase at the
expense of tremolite at 2.5-3.5 kb and 525°C-600°C. For-
sterite was not observed in any of the rocks in the study area.
Therefore, in order for the observed assemblage diopside-
tremolite-wollastonite-sillimanite to have formed, Pco,
must have been less than 0.25. If the lower metamorphic
pressure limit is 2.5 kb, as indicated by the coexistence of
staurolite-andalusitexsillimanite, and cordierite is absent,
then wollastonite is stable at Pcp,<0.18 (fig. 2). The wollas-
tonite-in curve at Pc,=0.18 also corresponds to a tempera-
ture maximum of 600°C.

During metamorphism of marble, the CO, component
of the fluid phase usually is from 0.4 to 1.0 Pcq, (Turner,
1980), and the unusually low CO; content of the fluid
phase of the Dollarhide marbles may be related to dilution
by high amounts of water coming from the cooling wet gra-
nodiorite or to removal of CO; from the system by an uni-
dentified process or processes.

Table 1. Temperature and pressure of M, metamorphism in the
Dollarhide Formation, south—central Idaho.
[Data from Whitman, 1990]

Temperature (°C) Pressure (kilobars)

Buttercup mine 525-600 2.5-35
Willow Creek 545-630 2.25-4.5
West Fork of Willow Creek 500-600 2.5-35
Tyrannis Creek 500-600 25-35
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DESCRIPTION OF METAMORPHIC
FEATURES

Numerous metamorphic features have been observed
in rocks in the study area including two sets of porphyro-
blasts, two foliations, mineral, boudin, and intersection lin-
eations, hornfelsic micaceous spots, and pseudomorphs
(fig. 3). The types of features and their crosscutting rela-
tionships define the chronology of two metamorphic and
deformational episodes.

The lower part of the Dollarhide Formation contains
two sets of crosscutting porphyroblasts, two sets of crosscut-
ting foliations, hornfelsic micaceous spots, and pseudomor-
phs. The nature of these features and their relationships to
each other indicate that two prograde metamorphic events
have occurred (M and M) and that M| was followed by a
period of retrograde thermal alteration (R). Each prograde
event was accompanied by strain that formed a foliation
within the rocks (S; and S;). Only one event (Mj) was
accompanied by folding. Field relationships and a whole-
rock K-Ar age of 83.9+3.4 Ma constrain both events to the
Late Cretaceous.

Large, well-preserved porphyroblasts of tremolite,
diopside, sillimanite, andalusite, staurolite, wollastonite,
biotite, muscovite, potassium feldspar, plagioclase, and
epidote are present throughout the lower part of the Dollar-
hide Formation in the study area. The original bulk compo-
sition of the protolith controls the metamorphic
assemblages: in pelitic beds andalusite or sillimanite
formed, in calcareous beds tremolite, diopside, and wollas-
tonite formed, and in quartz-rich beds biotite and recrystal-
lized quartz formed (fig. 3).

The porphyroblasts vary in size from about 0.25 to 1-3
mm and are the same size in any one thin section, except for
some samples that have two distinctly different sizes of por-
phyroblasts. Porphyroblasts are typically euhedral to subhe-
dral and are surrounded by quartz-biotite or quartz-calcite
matrices. Sillimanite, tremolite, plagioclase, and biotite were
observed in mutual grain-boundary contact, as were diop-
side, tremolite, and epidote. Wollastonite and scapolite were
identified in rocks of the West Fork of Willow Creek and
Tyrannis Creek areas. Idocrase was identified in samples
from the Tyrannis Creek area near the Stormy Galore mine.

Rocks in the study area exhibit three foliations. Pri-
mary bedding (Sp) is defined by compositional and grain-
size variations. A poorly developed foliation (S1) is
defined by the parallel alignment of fine-grained biotite and
muscovite in the pelitic rocks of units 1 and 2. A well-
developed penetrative foliation (S;) is defined by the paral-
lel alignment of coarse-grained biotite and muscovite in the
pelitic rocks and by the parallel alignment of calcite and
quartz in the calcareous rocks. The S; foliation crosscuts
the finer grained S; foliation in rocks from the Buttercup
mine area. The S; foliation is present throughout the lower
part of the Dollarhide Formation in the study area, although

Protolith My Rq M,
Quartz-biotite-muscovite-
Pelite Porphyroblasts Pseudomorphs potassium feldspar-
Micaceous spots Retrograded andalusite-sillimanite-calcite-
S1 porphyroblasts | diopside-tremolite-staurolite

S2. LaxoLox2: Lm: Lo
Calcite-quartz-tremolite-
diopside-wollastonite-

Limestone Porphyroblasts Pseudomorphs eV
Micaceous spots Retrograded scap{ollte-ndocr:ase-
1 porphyrablasts plagioclase-epidote

52, Laxo.Lbox2: Lmv Lp

Figure 3. Mineral assemblages and structural elements formed in
protoliths of pelite and limestone of the study area during first pro-
grade metamorphism (M), first retrograde metamorphism (R;), and
second prograde metamorphism (Mjy). Abbreviations: S, first foli-
ation; S,, second foliation; Lgys, intersection lineation of S, and
bedding measured on bedding surface; L;,q, intersection lineation
of bedding and S, measured on the S, surface; Ly,, mineral linea-
tion; Ly, boudin lineation defined by aggregates of mineral grains.

it is not clearly visible in the calcareous rocks in outcrop.
Two mineral lineations were observed in some rocks. Both
L and L, are defined by elongated biotite grains in the pel-
itic rocks and by elongated calcite and quartz grains in the
calcareous rocks. The lineations are contained within their
respective foliations, Sy and S5.

Most rocks in the study area exhibit a spotted or horn-
felsic texture in hand sample and in thin section. In hand
sample, the spots are white to pink, millimeter- to centime-
ter-scale pods or bands and are present in phyllitic quartzite
and black marble and argillite. Microscopic examination
reveals that the spots have an ellipsoidal shape and vary in
size from about 0.45 mm by 0.2 mm to 0.75 mm by 0.4 mm.
The spots are composed of muscovite, biotite, chlorite, and
minor quartz. Although the micas are fine grained in some
hornfelsic spots, most have a coarser texture than the sur-
rounding matrix. Most of the hornfelsic spots are oriented
with their long axis parallel with the strong biotite foliation
(Sy) of the rock; however, some spots have their long axis
oblique to the foliation by as much as 20°. In the Buttercup
mine area, approximately 200-565 m from the intrusive con-
tact, hornfelsic spots contain a finer grained biotite foliation
(S1) that is subparallel with the coarser grained matrix folia-
tion. Most of the spots in this rock are overprinted by micas
of the matrix foliation (S5).

Throughout the study area rocks of the lower part of the
Dollarhide Formation contain pseudomorphs. Tetrahedral
pseudomorphs are larger than the ellipsoidal hornfelsic spots
and average approximately 1.0 mm long on a side. They are
composed of fine-grained polycrystalline quartz and minor
potassium feldspar and micas. Because their size and shape
is identical to andalusite porphyroblasts observed elsewhere
in rocks in the study area, they are interpreted as pseudomor-
phs after andalusite. Other pseudomorphs in the study area
resemble staurolite porphyroblasts and are interpreted to be
pseudomorphs after staurolite.
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A chronology of the timing of metamorphism and
deformation can be determined by examining the nature of,
and relationships between, the various petrographic ele-
ments observed in the rocks.

Two sets of porphyroblasts were identified in samples
from the Tyrannis Creek, Willow Creek, and Buttercup mine
areas. The two sets of diopside, tremolite, and andalusite
porphyroblasts have two distinctly different sizes and two
different degrees of alteration. A sample from the Tyrannis
Creek domain near the Stormy Galore mine (fig. 1) exhibits
very large (3.2 mm by 1.4 mm), highly retrograded diopside
porphyroblasts overgrown by smaller (1.6 mm by 0.52 mm),
much fresher diopside porphyroblasts. Numerous samples
from the Buttercup mine and Willow Creek areas contain
two sets of diopside and andalusite porphyroblasts; one set is
thermally altered and shows signs of retrogression, the other
set is unaltered and fresh looking. This suggests that two
metamorphic events (M} and M») of similar temperature and
pressure have affected these rocks. The events were sepa-
rated by a period of retrograde metamorphism (R;) that
caused the alteration of the first set of porphyroblasts. The
presence of psendomorphs of quartz after andalusite and
staurolite in samples containing fresh andalusite, tremolite,
and diopside porphyroblasts also indicates two metamorphic
events: andalusite and staurolite growth during M; and sub-
sequent replacement of the andalusite and staurolite porphy-
roblasts with quartz and growth of more andalusite and other
minerals during Mj.

Two foliations (S; and S,) were observed in the rocks.
The S; foliation is finer grained and oriented at an angle of
approximately 20° to the second foliation (S,). This relation-
ship suggests that two deformational events have occurred
and that the orientation of the rocks with respect to the prin-
cipal strain axes accompanying the second event was slightly
different from that during the first event.

The ages of the foliation can be tied to the ages of meta-
morphism through observations of the relationship between
the foliations, the M; and M, porphyroblasts, the M,
pseudomorphs, and the M and M, hornfelsic mica spots. In
most rocks in the study area, the strong S, foliation wraps
around porphyroblasts, and no porphyroblasts were
observed cutting this foliation. This relationship indicates
that the porphyroblasts grew before or during deformation
and foliation development. Clearly, if deformation did not
precede contact metamorphism, evidence of porphyroblasts
overgrowing and crosscutting the foliation would be
observed. Two generations of hornfelsic spots were
observed: fine-grained biotite-muscovite spots and coarse-
grained spots. In samples from the Buttercup mine area,
fine-grained spots are aligned with their long axes 20° to the
well-developed S; foliation. The S foliation cuts some of
the fine-grained spots.

A sample of micaceous calc-silicate from the head of
Cabin Guich (fig. 1) was dated using the whole-rock K-Ar
method. An age of 83.9+3.4 Ma was obtained (R.L.

Armstrong, written commun., 1990). Based on the metamor-
phic textures and compositions described above, this age is
interpreted as the minimum age of Mj metamorphism.
Therefore, the foliation observed in rocks of the lower part
of the Dollarhide Formation on the margin of the Idaho
batholith is no older than Late Cretaceous. This Late Creta-
ceous age is substantiated by other field evidence for Late
Cretaceous metamorphism in the study area and by Late Cre-
taceous ages for satellite plutons east of the main batholith
(L.W. Snee, U.S. Geological Survey, unpublished data,
1992; Park, in press).

STRUCTURAL GEOLOGY OF THE
DOLLARHIDE FORMATION
ADJACENT TO THE IDAHO

BATHOLITH

Rocks along the eastern edge of the Idaho batholith in
the Smoky Mountains have undergone intense deformation
as evidenced by plentiful map- and microscopic-scale geo-
logic structures including northeast- and northwest-striking
faults, S; and S, foliations, open to isoclinal folds, and
intersection, mineral, and boudin lineations (Laxg, Ly, and
Ly, respectively).

Regionally extensive northeast- and northwest-striking
faults (Bennett, 1986; Kiilsgaard and others, 1986) having
no more than several kilometers of offset are present in the
study area (Darling, 1987; Worl and others, 1991; Darling
and others, this volume; Lewis, in press) (fig. 1). Many out-
crop-scale faults having less than 10 m displacement were
observed in the field but were not mapped.

The regionally extensive metamorphic foliation (Sp)
cuts an older, poorly developed foliation (S;). The S, folia-
tion is present in all members of the Dollarhide Formation in
the Buttercup Mountain quadrangle and has not been subse-
quently folded, except at one location on the ridge immedi-
ately west of the Buttercup mine ridge where the foliation
has been folded with a small, late-stage leucocratic dike; Sy
is axial planar to the folds.

Folds are present throughout the study area and range
in wavelength from several kilometers, such as those in the
Tyrannis Creek area, to microscopic, such as in samples
collected from the West Fork of Willow Creek. The folds
are gently to moderately plunging and moderately inclined
to recumbent, and they exhibit open to isoclinal apical
angles and rounded to kinked hinges. They are present in
phyllitic quartzite as well as siliceons and calcareous mar-
ble. All fold hinges trend east-northeast (fig. 4). Differ-
ences in fold morphology are likely due to rheologic
differences between rock types and to differences in dis-
tance from the batholith margin rather than being indica-
tions of two folding events. Apparent parallel laminations
in hand samples of marble are actually highly attenuated
limbs of recumbent isoclinal folds.
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Mineral lineations, intersection lineations, and boudins
are also present in the study area. Mineral lineations (Lp,)
are defined by 2-3 millimeter-long black euhedral mica
pseudomorphs after amphibole in phyllitic quartzite. Inter-
section lineations (Laxq, Loxz) were formed by the intersec-
tion of S, cleavage and bedding (Sp), measured on the S,
and Sg surfaces, respectively. Boudins of quartz or feldspar
crystals are present but are not as widespread as the other
structural features.

Lower hemisphere equal-area projections of structural
data from the vicinity of Buttercup mine (fig. 44), West Fork
of Willow Creek (fig. 4B) and Blackhorse Canyon (fig. 4C)
were constructed. Composite data from the Blackhorse Can-
yon, West Fork of Willow Creek, Willow Creek, and Butter-
cup mine areas are shown in figure 4D.

The clustering of poles to bedding (Sp) in the southwest
quadrant indicates a regional northeast dip of bedding.
Although numerous folds are present throughout the area,
the poles to bedding do not define a great-circle distribution
because of sampling bias; extreme attenuation of most folds
in the study area precluded measurement of bedding in the
axial regions of folds.

Poles to Sy also cluster in the southwest quadrant
around an average S, orientation of N. 20° W., 40° E. In
most places Sg and S; are almost parallel. Fold hinges, as
well as intersection, boudin, and mineral lineations, have
wide scatter but in general cluster in the northeast quadrant
around an average orientation of 45°, N. 70° E., for the fold
axes. The lineations also cluster in the northeast quadrant.
The 45°, N. 70° E., orientation was derived from the best-fit
great-circle distribution of poles to Sy and S, obtained from
data in the vicinity of Blackhorse Canyon. If folding is cylin-
drical, or almost so, the fold axis lies 90° from the great cir-
cle containing the poles to S,. The 45°, N. 70° E., orientation
of the fold axis lies 90° from the best-fit great circle contain-
ing the poles to S; (figs. 4B, 4C). This derived value (45°, N.
70° E.) corresponds well with actual field measurements of
fold hinges (figs. 4B-D) throughout the study area.

All folds in the study area trend east-northeast and
plunge moderately away from the batholith. Mapping east
of the batholith indicates that regionally folds trend south-
southeast and plunge gently (Rodgers and others, this vol-
ume). It is herein proposed that anomalous orientations of
the fold hinges in this area are due to high shear strain. In
areas of high shear stain, the X- and Z- axes of finite strain
rotate about the Y axis of finite strain. The XY-plane is paral-
lel with the axial plane of the folds, and it rotates from a
normal orientation (45°) with respect to the shear zone
boundary (batholith margin) in low shear strain environ-
ments to a parallel position with respect to the shear zone
boundary in areas of high shear strain (figs. 5A-D). Features
such as fold hinges and mineral and boudin lineations gen-
erally form parallel with the direction of the intermediate

strain axis (¥). In areas of high shear strain, where the mag-
nitude of X is much greater than that of Y, these features can
be passively rotated to a position that is parallel with the
original direction of least extension (Z). This process, origi-
nally explained by Hansen (1971), could account for the
anomalous orientation of fold axes and mineral lineations in
the study area. To confirm this hypothesis, more fold orien-
tation data are needed from the area between the Buttercup
Mountain and Griffin Butte quadrangles, where the transi-
tion from south-southeast-trending folds to east-northeast-
trending folds should be present.

In the northwestern part of the study area, not all map-
scale folds (fig. 1) trend east-northeast; this variation in trend
may represent broad warping of the foliation. Folding of a
late-stage leuncocratic dike may also indicate continued
deformation after peak metamorphism. Evidence of a second
major folding event was not observed in thin section or in the
structural analysis. More structural data are needed in order
to define the extent and character of structures in this part of
the study area.

TIMING OF METAMORPHISM
AND DEFORMATION

Petrographic and field evidence suggest that two epi-
sodes of metamorphism and deformation occurred during
Late Cretaceous time in the study area. The early S foliation
is poorly developed and not generally visible in outcrop. M
features such as porphyroblasts, hornfelsic texture, and
psendomorphs have been preserved. These features are
crosscut by a stronger penetrative foliation (S,) that wraps
around M, porphyroblasts. Evidence of postdeformational
porphyroblast growth was not observed in any sample.
Deformation must have occurred simultaneously with Mj
metamorphism. The minimum age of My metamorphism has
been dated by whole-rock K-Ar to be 83.9+3.4 Ma (R.L.
Armstrong, written commun., 1990), the time at which the
temperature cooled from the peak metamorphic temperature
of 525°C—600°C to the blocking temperature of the analyzed
micas at approximately 300°C. The age of peak metamor-
phism is unknown.

Figure 3 summarizes the structural and metamorphic
elements produced during each phase of metamorphism
and deformation. Field observations, thin sections, and
structural analysis (fig. 4) show that fold hinges lie within
the plane of the S, foliation such that the S, foliation is
axial planar to the folds. Because of the axial planar nature
of the S, foliation, folding was synchronous with develop-
ment of S, foliation. Because the S, foliation formed dur-
ing M, metamorphism, which was coeval with
emplacement of the batholith, folds in the study area are
Late Cretaceous in age. There is no evidence of an earlier
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orientation; mineral lineations and fold axes become parallel. X is
direction of most extension; Z is direction of least extension; Y is di-
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axis; AP is axial plane; S, is foliation formed during M,. Modified
from Whitman (1990, fig. 21). 4, Possible configuration after M;
and early in M. B, Possible configuration during intermediate stag-
es of M. C, Possible configuration during late stages of M»; the
present configuration at distances greater than 2 km from the
batholith. D, Present configuration near the batholith.

(pre-Cretaceous) deformational event. On the ridge imme-
diately west of the Buttercup mine ridge, a small leuco-
cratic dike has been folded with the S, foliation into a small
S-fold. The dike is certainly related to late-stage differenti-
ation of the Idaho batholith, and therefore folding occurred
on a local scale after peak metamorphism.

The S, foliation formed simultaneously with M| meta-
morphism. The S; foliation is poorly developed, and struc-
tural data were not collected for the My event. Pressure and
temperature of metamorphism were such that diopside and
andalusite porphyroblasts, as well as hornfelsic texture,
developed in the rocks. Although the S; foliation and M;
petrographic features are preserved, there is no evidence of
folding related to the M event. The M; event probably rep-
resents the initial stages of batholith emplacement, whereas
the M, event represents peak metamorphism and high strain
in the margin area.

REGIONAL IMPLICATIONS

MESOZOIC DEFORMATION

The presence of an Antler-age fabric in phyllitic quartz-
ite near Carrietown (fig. 1) was snggested by Geslin (1986)
and Darling (1987); however, the present structural and pet-
rographic study reveals no evidence for deformation of the
Dollarhide Formation prior to intrusion of the Idaho
batholith in the Late Cretaceous. Rotation of fold hinges in
regions of high shear strain near the batholith throughout the
study area could account for the parallelism between fold
axes and mineral and boudin lineations. High shear strain
and rotation also account for the disparity between fold-
hinge orientations in the Dollarhide Mountain and Buttercup
Mountain quadrangles and fold-hinge orientations in sur-
rounding areas. A single generation of folds is documented
in the study area. The coeval nature of foliation and fold
development with M, porphyroblast development prior to
the minimum age of metamorphism at 83.9+3.4 Ma indicates
that large- and small-scale folds within the study are not
much older than Late Cretaceous.

RELATION TO MINERALIZATION

Metasomatic mineral assemblages (idocrase-scapolite-
calcite) were observed in the western part of the study area
in the vicinity of Tyrannis Creek and the West Fork of Wil-
low Creek (fig. 3). Tungsten minerals are present in phyllite
in the West Fork of Willow Creek. Idocrase and scapolite are
absent from calcareous rocks in the eastern part of the study
area. This pattern may indicate that skarn processes were
better developed in the western part of the study area.

Cretaceous mineralization in the study area and in
nearby areas is well documented (Darling, 1987; Darling and
others, this volume; Park, in press). Silver-lead-zinc mineral
deposits in the study area are in northeast-trending shear
zones along the lithologic change from quartzite and phyllite
to carbonaceous marble and granodiorite and country rocks
(Darling and others, this volume). The contact between phyl-
lite of unit 2 and marble of unit 3 previously had been
thought to be the thrust fault contact between the Carrietown
sequence and the Dollarhide Formation, but the mineral
deposits are not localized along one throughgoing structure.
Almost half of the mines in the study area are from more than
100 m below to several hundreds of meters above this con-
tact (Darling, 1987; Darling and others, this volume). Rather
than being structurally controlled by a thrust fault, the min-
eralized shear zones most likely formed during Cretaceous
compressional deformation as a result of differential stresses
along the lithologic and rheologic contact between compe-
tent quartzite and less competent marble.
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SUMMARY

Rocks of the Pennsylvanian to Permian Dollarhide For-
mation of south-central Idaho underwent moderate- to high-
grade dynamothermal metamorphism during the Late Creta-
ceous, reaching temperatures of 525°C-600°C and pressures
of 2.5-3.5 kb. Metamorphic fluids were dominated by H,O
(Pco:<0.18) despite the calcareous rock types involved.
Depth of emplacement of the southeastern edge of the
Atlanta lobe of the 1daho batholith is estimated at 8.5-12.5
km. Although two pulses of heat and strain were documented
in the study area, only one generation of folds was observed.
Foliation axial planar to the folds indicates that folding was
contemporaneous with development of foliation. Fold
hinges and mineral, boudin, and intersection lineations are
anomalously oriented 45°, N, 70° E., in the study area in con-
trast to south-southeast-trending folds in areas further from
the batholith. It is herein proposed that high shear strain on
the margin of the batholith rotated fold hinges and mineral,
boudin, and intersection lineations into their present anoma-
lous orientations. Silver-lead-zinc mineralized rock is con-
centrated in Cretaceous-age northeast-trending shear zones
and is related to Cretaceous intrusive activity. Cretaceous
mineralization, deformation, and metamorphism were
broadly contemporaneous in this area. My metamorphism
has been dated by the K-Ar method at 83.9+3.4 Ma, which
represents the minimum age of metamorphism. A pre-Creta-
ceous deformational event is not documented along the east-
ern edge of the Idaho batholith.
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PHYSICAL PROPERTIES OF
THE ROCKS

Only qualitative generalizations are made herein about
values of density and magnetic susceptibility because of the
wide variety of rock types in the study area and the variable
lithology within rock unit. Estimates judged to be approxi-
mately representative of the major lithologic units were made
from a consensus of three sources: (I) laboratory and field
measurements, (2) values obtained by Mabey and Webring
(1985) from their studies of the adjacent Challis quadrangle,
and (3) values obtained by Criss and Champion (1984), who
made analyses of more than 600 samples of granitic rocks
from the southern part of the Idaho batholith to study effects
of hydrothermal alteration on.magnetic properties. Creta-
ceous granodiorite and two-mica granite that make up the
main part of the Idaho batholith have an average density of
less than 2.6 g/cm?3, and diorite intrusive rocks have an aver-
age density of about 2.7 g/cm?. Densities of Cenozoic sedi-
mentary and Tertiary volcanic rocks are less than 2.5 g/cm3;
however, the volcanic rocks show large variations in density
and magnetization. Tertiary granite has an average density
of about 2.56 g/cm3, less than that of Cretaceous granite.
Paleozoic sedimentary rocks comprising the allochtons in the
eastern part of the study area have an average density of about
2.6 g/lcm?. The low density of granitic rocks of the Creta-
ceous Idaho batholith and Tertiary batholiths and stocks is
possibly related to extensive hydrothermal alteration. Criss
and Champion (1984) concluded that pervasive hydrother-
mal alteration may cause minor lowering of density, on the
order of 0.02-0.04 g/cm3, of most rock types.

Granitic rocks of the Tertiary batholiths and stocks are
considerably more magnetic than granitic rocks of the Cre-
taceous Idaho batholith. In general, granitic rocks of the
Idaho batholith, excluding the border facies, are granodior-
ite and two-mica granite that are weakly magnetic and
exhibit few positive anomalies. Exceptions are dioritic
intrusive rocks, which give positive magnetic anomalies
similiar to expressions of the Tertiary intrusive rocks. Ter-
tiary volcanic rocks, in particular extrusive rocks of the
Snake River Plain, are moderately to strongly magnetic.
The extrusive volcanic rocks commonly exhibit remanent
magnetization greater than induced magnetization, by sev-
eral orders of magnitude. Criss and Champion (1984) found
that induced magnetization is predominant in Cretaceous
and Tertiary intrusive rocks and concluded that effects of
remanent magnetization are unimportant to the interpreta-
tion of magnetic maps of these intrusive rock terranes. The
Paleozoic allochthons composed of Devonian to Permian
sedimentary rocks are nonmagnetic, except for areas of
local alteration or areas of magnetite enrichment around
Tertiary intrusions; such differences could be important to
the small-scale prospector who might wish to conduct
detailed ground magnetometer traverses.

CRUSTAL PROVINCES

Three crustal provinces were distinguished in the
study area on the basis of contrasting aeromagnetic and
gravity signatures (pls. 1A, B). These crustal provinces can
be used to provide a framework for the application of geo-
physical interpretations to mineral resource evaluation. (1)
The northwest province, composed of Cretaceous granitic
terranes of the Idaho batholith, is weakly magnetic and has
slowly varying, highly negative Bouguer anomaly values.
(2) The northeast province in the area of the Pioneer and
White Knob Mountains comprises assorted terranes of
thrust and block-faulted Paleozoic sedimentary rocks, Pre-
cambrian metamorphic rocks of the Pioneer Mountains
core complex, Tertiary granitic intrusive rocks, and Eocene
and Miocene volcanic rocks that exhibit a variety of weak
to strong magnetic anomalies and give an overall negative
mass effect on the gravity field similar to that of the Idaho
batholith (Bankey and Kleinkopf, 1988). (3) The Snake
River Plain province of predominantly Cenozoic basalt
exhibits complex patterns of high-frequency positive and
negative magnetic anomalies that reflect high magnetic sus-
ceptibilities and reversed magnetizations.

Most of the granitic rocks of the Cretaceous Idaho
batholith (northwest province) are biotite granodiorite and
two-mica granite (Kiilsgaard and Lewis, 1985; Lewis and
Kiilsgaard, 1991). The batholithic terrane exhibits excep-
tional uniformly low magnetization and low density, except
for a few diorite intrusive bodies and minor border facies of
tonalite, which are more strongly magnetized and denser
than the main mass of the batholith. The highest magnetic
values in the study area, except for volcanic rocks of the
Snake River Plain province, correlate spatially with Tertiary
epizonal plutons such as granitic intrusive rocks of the Saw-
tooth batholith north of Atlanta, the stock at Steel Mountain
just north of Rocky Bar, and the Sheep Creek batholith about
24 km west of Rocky Bar. The magnetic anomaly data indi-
cate that each of these granitic masses is a composite intru-
sive complex of variable composition or state of alteration
and is more extensive in the subsurface than in outcrop.

The series of prominent gradients on the Bouguer grav-
ity anomaly map (pl. 1B) that decrease from the Snake River
Plain province to the negative values in the north-central part
of the study area are part of a regional negative mass anom-
aly in central Idaho, 50-80 mGals in amplitude, resulting
from a thickened crust beneath the Idaho batholith. This
large negative anomaly shows a strong inverse correlation
with regional topography. Bonini (1963) calculated the isos-
tatic anomalies to be near zero; thus the region is in approx-
imate isostatic equilibrium (Jachens and others, 1985;
Mabey and Webring, 1985). Superimposed on the regional
negative gravity anomaly are local positive and negative
anomalies, in the form of nosings or closures in the contours,
that result from mass anomalies in the upper crust. The neg-
ative anomalies may be associated with low-density granite
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stocks or with accumulations of low-density alluvial mate-
rial in intermontane basins and valleys such as Sawtooth val-
ley and southeast and northwest of Mackay (Wilson and
others, 1990).

In order to remove the broad negative anomaly of
50-80 mGal that dominates the Bouguer gravity anomaly
map (pl. 1B), a residual map (pl. 1C) was prepared. The
residual map also enhances local gravity anomalies assumed
to be associated with shallow sources of interest. To prepare
the residual map the Bouguer gravity anomaly data was
transformed to the frequency domain, then the data were fil-
tered (Hildenbrand, 1983) to remove long-wavelength
anomalies greater than 50 km, in particular, the regional neg-
ative anomaly. The resulting residual map is composed
mainly of short-wavelength anomalies; this procedure
assumes that the cut-off wavelength of the filter and the max-
imum depth of source are related (Hildenbrand and others,
1982). On the basis of empirical relationships (Hildenbrand,
1983), the resulting residual gravity anomalies consisting of
wavelengths of 50 km and less likely are related to sources
above depths of 4-8 km.

The southern part of the Idaho batholith comprises a
series of rhombic blocks that are bounded by a combination
of northeast-oriented faults, parallel with the Trans-Challis
fault system, related to Eocene extension and northwest-
oriented faults related to Miocene basin and range exten-
sion (Bennett and Lewis, 1989). Segments of these faults
can be inferred in the geophysical data. In particular, belts
of steep magnetic gradient correlate with faults or postu-
lated shear zones.

The northeast-trending belt of high magnetic gradient
near Atlanta (pl. 14) is interpreted to reflect a buried shear
zone (Kleinkopf, 1993). The proposed shear zone, here
called the Atlanta shear zone, may be related to the north-
east-trending Trans-Challis fault system. Intrusive rocks of
the Sawtooth, Steel Mountain, and Sheep Creek batholiths
are along the northwest side of this belt. The Bouguer gravity
anomaly data along the belt show some corroborative evi-
dence for the interpretation of a buried shear zone. To
illustate this, the trace of the Atlanta shear zone, as inter-
preted from the magnetic anomaly data, was plotted on the
gravity anomaly maps (pls. 1B, C). The dominantly north-
westerly grain of the gravity anomaly data is interrupted
intermittently along the trace of the proposed shear zone by
northeasterly contour deflections and alignments of low-
amplitude negative and positive residual gravity anomalies,
expressed in the form of subtle nosings in the contours.
Regional basin and range faults, such as the Deer Park and
Montezuma faults, and correlative magnetic and gravity
trends show subtle changes of strike from south-southeast
north of the proposed shear zone to southeast south of the
shear zone (pl. 1).

Across the southern boundary of the Idaho batholith,
irregular changes in the magnetic and gravity anomaly pat-
terns reflect the complex lithology of the transition zone
between the TIdaho batholith and young basalts of the Snake

River Plain (pls. 1A, B). Some of these signatures reflect
blocks of granitic rocks of the Idaho batholith intermixed
with rocks of the volcanic terrane along the edge of the
Snake River Plain province. Residual anomalies in the form
of nosings of the contours may be the expression of irregular
edges of Tertiary intrusive rocks along the transition zone.
The magnetic anomaly map shows that the rather elongate
low-amplitude anomalies of the batholith change laterally to
smaller, high-amplitude, somewhat equidimensional anoma-
lies characteristic of younger basalts of the Snake River
Plain province.

The Bouguer gravity anomaly data in the Camas Prairie
area show an east-trending gravity trough (pls. 1B, C) of
5-10 mGal amplitude near the southern boundary of the
Idaho batholith. On the basis of gravity modeling, Cluer and
others (1988) interpreted Camas Prairie as an intermontane
basin containing some 2.5-3 km of alluvium and basalt and
bounded by high-angle normal faults. They described the
basin as “structurally within the transition zone between the
late Cretaceous-early Tertiary granitic batholith and the
Miocene-Recent Snake River Plain volcanogenic province.”
The magnetic anomaly data exhibit negative anomalies
along a corresponding east-west axis at Camas Prairie (pl.
1A). The Bouguer gravity anomaly contours trend east, then
curve north along outcrops of Eocene extrusive rocks and
Paleozoic sedimentary rocks at the edge of the Snake River
Plain (fig. 2. pl. 1B). Several distinctive negative gravity
anomalies are present along the plain, especially near Craters
of the Moon National Monument and the town of Arco. To
the west of Camas Prairie, east trends in the gravity and mag-
netic anomaly data changing to northwest trends are punctu-
ated by positive and negative anomalies that reflect mixing
of lithologies of the Idaho batholith (northwest province) and
the Snake River Plain province.

The eastern boundary of the Idaho batholith, which is
generally considered to be near the eastern limit of outcrops
of Cretaceous granitic rocks (fig. 2), is indistinct in the geo-
physical data. The Idaho batholith may extend in the subsur-
face of the northeast province to the east, possibly as far as
Mackay, beneath allochthons of Paleozoic black shale and
clastic rocks and younger Eocene volcanic cover. Just to the
north, in the Challis quadrangle, in the same structural set-
ting, Mabey (1982b) concluded that allochthonous Paleozoic
sedimentary rocks (Hall, 1985) may be underlain by a mag-
netized basement.

A possible structural boundary, herein called the Great
Rift shear zone, is suggested by the geophysical data. In the
southeastern part of the study area, in the Snake River Plain
province, a northwest-trending zone, named the Great Rift by
Stearns (1928), is described by Kuntz and others (1983) as
consisting of a volcanic rift, volcanic vents, and fissures. On
the basis of alignments of gravity and magnetic anomalies (pl.
1), we interpret the Great Rift shear zone as a deep-seated
shear zone that projects northwest past the Pioneer Mountains
core complex as far as the north-central part of the study area
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where it is terminated by northeast trends of the proposed
Atlanta shear zone, believed to be part of the Trans-Challis
fault system. Bennett (1984) noted that the intersection of the
Trans-Challis fault system and basin and range structures
marks the change from northwest extension during the
Eocene (?) to northeast extension during the Oligocene (?).

MINERAL RESOURCES

The aeromagnetic anomaly data provide definitive
information for identifying and mapping plutons and miner-
alized fault zones, whereas the gravity anomaly data provide
general constraints on mapping lithology of granitic units,
commonly within batholithic complexes, and information
for detecting and projecting major structural features in the
subsurface. The aeromagnetic and gravity anomaly data are
complementary because the two types of data are measures
of different physical properties of the rocks. For example,
low-density, high-magnetic-susceptibility felsic granitic
intrusive rocks of Tertiary age can be distinguished from
higher density, low-magnetic-susceptibility granodioritic
intrusive rocks of the Cretaceous Idaho batholith.

The distribution of control for the aeromagnetic and
gravity data is also different due to different systems of mea-
surements. The magnetic control consists of almost continu-
ous data collected along flightlines that are usually regularly
spaced for a given survey at an interval of 1 mi (1.6 km) or
more for regional studies, such as this study (pl. 14). Sam-
pling rates are typically several milliseconds, which translate
into recording measurement of magnetic field intensity
every few hundred feet. The gravity data, on the other hand,
consist of isolated and unevenly distributed data points col-
lected on the ground. The observation points, or stations,
normally are spaced from 1 to 3 mi (1.6-4.8 km) or more
apart, depending on the accessibility of the terrain, field time
available, and the method of transport. In detailed studies
that might be considered in the future for the study area,
closely spaced data could be collected to map segments of
faults or granitic intrusive rocks that have been intensely
hydrothermally altered or shattered to the extent that con-
trasts in magnetic susceptibility and density are perceptibly
decreased relative to adjacent unaltered or undisturbed rock.

In order to study spatial relationships between geophys-
ical anomalies and the location of precious-metal and poly-
metallic deposits, a generalized summary plot (Worl and
Johnson, 1989) was prepared that combines distribution of
precious-metal and polymetallic vein, stockwork, and skarn
deposits for the study area (fig. 3). The deposit types shown
correspond to mineral deposit models, or modifications of
models, described in Cox and Singer (1986).

In general, the distribution of these particular deposit
types correlates with known geologic features or those pos-
tulated from the geophysical data. Northeast of Atlanta,
gold deposits are clustered along the belt of high magnetic
gradient (fig. 3, pl. 14), which is extensive to the northeast

and to the southwest and has been interpreted as a major
northeast-trending shear zone (Atlanta shear zone) in the
Idaho batholith that is probably related to the Trans-Challis
fault system. If the trend is part of the Trans-Challis fault
system, it may have been the focus of extensive epithermal
gold mineralization characteristic of the Trans-Challis fault
system (Bennett, [984; Kiilsgaard and Bennett, 1985).

In view of the association of mineral deposits with vol-
canic centers and graben structure observed in the neighbor-
ing Challis quadrangle (Fisher, 1985; Hardyman, 1985;
Mclntyre and Johnson, 1985), four volcanic features defined
from geologic mapping in the study area are shown on the
magnetic and gravity anomaly maps (pl. 1). These are the cal-
dron west of Ketchum (Hall and MclIntyre, 1986), the Magic
Reservoir eruptive center east of Fairfield (Leeman, 1982;
Bonnichsen and others, 1989), the Lehman Basin caldron
complex west of Mackay (Moye and others, 1989), and the
Alder Creek eruptive center south of Mackay (Moye and oth-
ers, 1989). Just west of Ketchum, Hall and McIntyre (1986)
described an area of downdropped rocks bounded by arcuate
faults on three sides as a volcanic caldron. Propyllitic alter-
ation and extensive pyritization are present. High-frequency
magnetic anomalies on the east, west, and north sides of the
area are suggestive of possible ring structure around the vol-
canic feature (labeled “caldron” on pl. 14). The Lucky Boy
and the Ontario mines are within the caldera and reportedly
produced silver, lead, zinc, and copper (Hustedde and others,
1981; Park, 1989). Southeast of Fairfield, a postulated volca-
nic eruptive and subsidence center at Magic Reservoir (Lee-
man, 1982; Bonnichsen and others, 1989) exhibits a complex
magnetic pattern consisting of a deep low surrounded on
three sides by high-frequency positive anomalies (pl. 14).
Gold production reportedly has exceeded more than 100,000
ounces (2,830 kg) in the neighboring Camas mining district
(Hustedde and others, 1981; Bennett and Lewis, 1989),
although no direct relationship between the mineral deposits
and the Magic Reservoir eruptive center is'inferred.

In the Mackay area, the Lehman basin caldron complex
and the Alder creek eruptive center (pl. 1) were mapped and
interpeted during the geologic studies (Moye and others,
1989). These were sites of eruptions of intermediate lavas
and ash-flow tuffs and intrusions of silicic plutonic rocks. In
the Lehman basin and the Alder Creek mining district, base-
and precious-metals were deposited in porphyry systems and
veins controlled by north- to northwest-trending structures
(Strowd and others, 1981; Moye and others, 1989; Snider and
Moye, 1989; Worl and Johnson, 1989). The magnetic anom-
aly data exhibit mainly negative values associated with the
volcanic centers (pl. 1), but the 3-mi (4.8 km) spacing of the
flightlines in this area provides data of insufficient detail to
define boundaries of the centers. The reconnaissance-scale
gravity control in this area is not sufficient to define the vol-
canic features; however, the anomaly data show north- to
northwest- and northeast-trends (pls. 1B, C) that are consis-
tent with regional structural trends (Southworth, 1988;
Soulliere and others, 1989).
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Figure 3. Map showing distribution of precious-metal and polymetallic deposits (shaded areas) in the Hailey 1°x2° quadrangle and the
western part of the Idaho Falls 1°x2° quadrangle, south-central Idaho. Deposits include complex precious-metal veins, shear-zone-hosted
precious-metal veins, shear-zone-hosted polymetallic veins, stockwork deposits containing significant gold, massive gold veins, and mas-

sive silver veins. Modified from Worl and Johnson (1989); deposit

Three volcanic or subsidence features that have not
been mapped geologically are suggested by the aeromag-
netic anomaly data. One feature is along the postulated Great
Rift shear zone just southeast of the Pioneer Mountains core
complex, where complicated magnetic anomaly patterns and
variable gravity anomaly trends suggest the possibility of a
volcanic-intrusive center (pl. ). The Lake Creek stock is in
the eastern part of the feature. The pattern of high-frequency
positive and negative anomalies arranged in an annular pat-
tern around the edges of the feature gives a sense of possible
ring structure. Base- and precious-metal deposits (fig. 3) that
are part of the Little Wood River and Copper Basin mining
districts are in the central part of the proposed center (Strowd
and others, 1981; Worl and Johnson, 1989).

Two other possible volcanic features (pl. 1A) are along
the proposed Atlanta shear zone northeast of Atlanta. These
are local areas of complex negative magnetic anomaly pat-
terns that may indicate local fracturing in the granitic rocks
and possible volcanic subsidence (pl. 14). Other anomalies
are in areas that are mineralized, such as the Yuba district
near Atlanta (fig. 3), which has produced more than
100,000 ounces (2,830 kg) of gold (Bennett and Lewis,
1985). Additional areas of possible undiscovered mineral

types following Cox and Singer (1986).

resources may extend southwest of Atlanta along the pro-
posed Atlanta shear zone. The Red Warrior mining district,
another district in Idaho that exceeded 100,000 ounces
(2,830 kg) of gold production, is along this proposed shear
zone southwest of Atlanta.

An arbitrarily defined belt, referred to as the Hailey min-
eral belt, is shown on plate 1. The belt contains variably min-
eralized rock including precious- and base-metal deposits
(fig. 3). It extends northeasterly in a discontinuous fashion for
almost 160 km from near Mountain Home, across the south-
eastern part of the Idaho batholith, past the White Knob and
Pioneer Mountains, to as far northeast as Mackay (Johnson
and Worl, 1989). Some of the northeast-trending geophysical
features within the belt suggest geologic structure approxi-
mately parallel with the Trans-Challis fault system.

CONCLUSIONS

Magnetic and gravity anomaly data for the Hailey
1°x2° quadrangle and the western part of the Idaho Falls
1°x2° quadrangle suggest a number of areas that may be
favorable for followup studies to identify new occurrences of
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mineral resources. Detailed studies and collection of addi-
tional control can be prioritized on the basis of favorable
geological and geochemical areas. The following areas for
possible undiscovered mineral resources are suggested from
interpretation of the aeromagnetic and gravity anomaly data.

1. Areas interpreted to be underlain by igneous intru-
sive rocks along the postulated Atlanta and Great Rift shear
zones.

2. Areas of interpreted crossfaulting along the Atlanta
and Great Rift shear zones including intersections of basin
and range faults such as the Montezuma and Deer Park faults.

3. Belts of steep magnetic gradient that may indicate
covered border zones and subcrop contacts around Tertiary
intrusions such as the Sawtooth, Steele Mountain, Sheep
Creek, and Soldier Mountains igneous complexes.

4. Areas of magnetic and gravity anomalies whose
sources may be buried intrusions in regions of geochemical
anomalies. For example, Smith (1989) reperted, from analy-
sis of the nonmagnetic fraction of heavy-mineral concen-
trates, the possibility of tin granite in the Sheep Creek area of
the Twin Springs pluton. The variable magnetic patterns
suggest that there probably were multiple intrusions in the
Twin Springs area.

5. Southern border zones of the Idaho batholith where
magnetic patterns suggest the presence of shallow Tertiary
intrusive rocks that may be masked by young basalt of the
Snake River Plain.

6. Areas of black shale and calcareous clastic rock
terrane marked by positive magnetic anomalies suggestive
of granitic intrusive rocks in sedimentary rocks, for example
in the Pioneer and White Knob Mountains.

7. Aeromagnetic and gravity signatures that may indi-
cate the presence of mineralized structure or hydrothermal
alteration in areas of the mapped and postulated volcanic
features discussed in preceding sections (pl. 1). The mag-
netic and gravity anomaly control are sufficient, in most
cases, to corroborate the presence but not the details of the
volcanic features, particularly in areas of 3-mile-spaced
flightlines (pl. 14). The data indicate, however, that detailed
surveys should provide additional subsurface information
for a better understanding of the geology and alteration pat-
terns of these volcanic features.
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