CONTRIBUTIONS TO THE GOLD METALLOGENY
OF NORTHERN NEVADA—PREFACE

By R.M. Tosdal

INTRODUCTORY COMMENTS the twenty-two chapters that compose this volume. These
chapters are organized along four themes: (1) crustal
The northern Great Basin, specifically northern Nevadastructure; (2) Carlin-type deposits; (3) pluton-related Au-
is one of the Earth’s premier Au producing regions. HereAg deposits near Battle Mountain; and (4) hot-spring Au-
gold (Au) and silver (Ag) are produced from a range ofAg deposits. The chapters represent contributions from
deposit types, with production being dominated byscientists of the U.S. Geological Survey, University of
sedimentary-rock-hosted deposits, particularly those that lidevada at Reno, University of Nevada at Las Vegas, Nevada
along the Carlin trend (fig. 1) (Christensen, 1993, 1996)Bureau of Mines and Geology, University of Arizona, West
This small area is North America’s most prolific gold mining Chester University, San Jose State University, Barrick
district. Across the state of Nevada, gold production duringpoldstrike Mines Inc., Uranerz U.S.A. Inc., and Sierra
1998 will account for approximately 64 percent of U.S andExploration Inc.
9 percent of the world total. Clearly the impact of these
deposits on nearby local economies and on our national

balance of payments will be profound well into the next CRUSTAL STRUCTURE
century.
Knowledge of the major Au-Ag deposit types as well  Linear arrays of Au-Ag deposits in northern Nevada,

as crustal structure is critical to understanding the goléhe Carlin trend and the Battle Mountain-Eureka mineral
metallogeny of northern Nevada. This information is a basiselt (fig. 1), are thought to reflect a fundamental deep crustal
for mineral exploration, for land-use planning decisions, angtructural control on ore deposition (Shawe, 1991), although
for environmental questions. Of principal importance inother tectonic models have been proposed (Madrid and
this region are the giant, sedimentary-rock-hosted or CarlirRoberts, 1991). Understanding the control these inferred
type deposits, which are some of the largest deposits in tiieustal-scale faults exerted on ore formation is not
world. Despite their economic importance, their genesis istraightforward. There is neither structural evidence linking
not fully understood, even though aspects of them have beere formation to the inferred north-northwest trending deep
investigated for over 35 years. For example, there still is nerustal faults, nor is there surface outcrops of such faults
agreement as to the source of gold, the age of gol@hristensen, 1995), nor is there widespread evidence
deposition, the source of heat driving hydrothermakuggesting their geometry or crustal persistence. Grauch
convection systems, and the geologic reasons for lineand others (1995) have observed a major northwest-trending
arrays of deposits (Christensen, 1993, 1996; Arehart, 1996jravity gradient that is coincident with the Battle Mountain-
In contrast to the uncertain origin of the Carlin-type deposit&ureka mineral trend and partially coincident with the
other sedimentary-rock hosted deposits in northern Nevadaorthern Nevada rift. Combining this gravity gradient with
known as the distal-disseminated Ag-Au type (Theodoregther geophysical evidence, Grauch and others (this volume)
1998), are genetically related to shallow plutonic complexedemonstrate a discontinuity in geophysical properties
(Theodore, 1998, this volume). These sedimentary-roclkcoincident with the Battle Mountain-Eureka mineral belt.
hosted deposits bear many similarities to a typical Carlinthey interpret the discontinuity to reflect a crustal-scale
type deposit, an observation that has lead to models linkirfault. Rodriguez (1997, this volume) extended the
them to the plutonic environment (Sillitoe and Bonhammagnetotelluric profile of Grauch and others (this volume)
1990). Hot-spring Au-Ag systems associated with Tertianacross northern Nevada crossing the Carlin trend where a
volcanic rocks represent a third type of precious metalimilar discontinuity in crustal resistivity is evident. This
deposit in northern Nevada. These deposits, althoughplies that the Carlin trend also lies along a major crustal
generally smaller than the sedimentary-rock-hosted golfhult system.
deposits, are important gold resources. Whereas the geophysical data are interpreted to indicate
Aspects important to the varied geologic environmentshat the Battle Mountain-Eureka mineral belt and the Carlin
of these different gold deposits in northern Nevada (fig. Lxrend are indeed associated with faults, or fault zones,
which are the focus of ongoing research, are addressedgenetrating deep in the crust, these data provide little
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Figure 1. Shaded digital topographic map of northern Nevada showing location of geophysical and isotopic studies described
herein, selected geographic locations and mines, Battle Mountain-Eureka mineral belt, Carlin trend and the southeastern extensi
to Alligator Ridge (dash-dot line), and the northern Nevada Rift. ARBM, Alligator Ridge-Bald Mountain; G, Getchell Mine;
JC, Jerritt Canyon Mining District; M, Midas; RM, Ruby Mountains, SR, Shoshone Range; TM, Tuscarora Mountains; and W,
Winnemucca.

Area of study by Grauch and others (this volume) included within large box outlined by white dashed lines. Magnetotelluric
traverse of Rodriguez (this volume) is shown in solid white line. Area of Pb and Sr isotopic mapping described by Wooden and
others (this volume) extends beyond the area of the map. Grauch (this volume) summarized these contributions across a traverse
broadly parallel to the magnetotelluric profile of Rodriguez (this volume). Area of regional geochemical and geophysical
analysis by Kotlyar and others (this volume) is outlined in the box (solid white line). Stable isotopic study by Hofsge and R
(this volume) covers the central part of the map. Site specific studie$, @&menstrong and others (this volumé);Theodore

and others (this volume)3, Peters (this volume}, Moore and Murchey (this volumej; Nutt and Good (this volumeg,

Berger and others (this volum&);Fleck and others (this volum@);Folger and others (this volum®);Woitsekhowskaya and

Peters (this volume)t0, Tosdal and others (this volumé)t, McCarthy and McGuirel2, Battle Mountain Mining District
summarized by Theodore (this volumg3, Kotlyar and Theodore (this volumédy, John and Wallace (this volume), atte

Henry and others (this volume).

evidence as to their origin. To address this question, Woodesstablished during rifting along the western (present
and others (this volume), using Pb and Sr isotopic maps @bordinates) margin of North America in the late Proterozoic
Mesozoic and Tertiary igneous rocks, recognize regionand early Paleozoic. The Carlin trend lies along the Pb
differences in the composition of the lower and middle crustisotopic boundary which separates relatively intact and largely
Combining the Pb and Sr isotopic maps with stratigraphicinmodified Archean and Proterozoic crust to the east from
facies variations (Elison and others, 1990), they propose thansitional continental crust to the west. This places most
isotopic provinces, and the boundaries between them, welarge gold deposits in the Great Basin over transitional
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continental crust and west of relatively intact and unmodifiedCarlin-type deposit is localized (Longo and WilliamJeal
crust in northeastern Nevada, an observation also made bynd Jackson, 1997), is one of these late Paleozoic contractile
Cunningham (1988) using other data. structures (Theodore and others, this volume).

Integrating the geophysical constraints with the Peters (this volume) describes a north-northeast trending
radiogenic isotopic data permit Grauch (this volume) tdineament, the Crescent Valley-Independence lineament,
present a schematic cross section across northern Nevaddich extends from the Independence Mountains on the
Deeply penetrating fault zones are interpreted to coincide withortheast to near Cortez, Nevada, on the southwest (fig. 1).
the Battle Mountain-Eureka and Carlin trends. These fault$his lineament is formed by the alignment of modern
separate broad west to east changes in crustal compositigriyysiographic and geologic features. The central part of the
and mark fundamental changes from oceanic crust to thinngtirescent Valley-Independence lineament is marked by
transitional continental crust to relatively intact andtectonized rocks characterized by melange fabrics. Peters
unmodified continental crust. (this volume) argues that the lineament is a long-lived

structural feature that has been reactivated multiple times
since formation in the Paleozoic. Itis also suggested to have

CARLIN-TYPE GOLD DEPOSITS focused hydrothermal fluid flow leading to the formation of
Carlin-type deposits.

Sedimentary-rock-hosted or Carlin-type deposits  To the west near the Battle Mountains-Eureka mineral
represent the major gold deposit-type in northern Nevadelt, Moore and Murchey (this volume) outline the Paleozoic
The largest concentration of these deposits lies in the Carlstratigraphic, biostratigraphic, and structural framework of
trend (fig. 1), a 60-km-long array of deposits and prospects part of the Shoshone Range (fig. 1). Here, eugeoclinal
which has produced approximately 21 million ounces of goldocks of the Roberts Mountain allochthon are unconformably
since 1965 (Christensen, 1996). The many studies of thesgerlain by the upper Paleozoic Antler overlap sequence,
deposits have recognized the importance of reactiveonsisting of a shoaling upward sequence of clastic rocks
calcareous sedimentary rocks to their formation (summarizeand minor limestone. These rocks regionally are structurally
by Christensen, 1993, 1995, 1996; and Arehart, 1996). Auried beneath deep-water upper Paleozoic rocks of the
facies analysis of Silurian and Devonian rocks, the principaGolconda allochthon in the late Paleozoic (Stewart, 1980).
host rocks in the northern Carlin trend (fig. 1), by ArmstrongHowever in the northern Shoshone Range, new fossil data
and others (this volume) suggest that essential attributesiggest that the transition from the overlap sequence to the
derived from their depositional environments contributeddeeper water sedimentary rocks is not obviously a major
significantly to subsequent gold deposition. They point outhrust fault, as would be expected based upon regional
that the vast bulk of Carlin-type deposits are hosted in theelations. Evidently, there are structural complexities of
Roberts Mountains and Popovich Formations because thesegional importance that need to be resolved.
rocks had porosity at the time of gold deposition due to early In the Alligator Ridge-Bald Mountain area at the
diagenetic crystallization of dolomite in a lime mud. southeastern terminus of the Carlin trend (fig. 1), Nutt and
Abundant intercrystalline sulfur-rich carbon also contributedood (this volume) document Eocene transpressive
to their being favorable host rocks. deformation. Hydrothermal circulation and silicification of

Structure, particularly an allochthonous thrust sheet o§imilar style to Carlin-type deposits accompanied
deep-water eugeoclinal rocks emplaced over reactivdeformation. Strike-slip faulting, block rotation, and folding
calcareous rocks along the Devonian and early Mississippian this area record Eocene sinistral slip across a deeper fault
Roberts Mountains thrust system, is another important aspeict the subsurface. This fault reactivates an old crustal
of Carlin-type deposits (Roberts, 1966; Christensen, 199%oundary (see Wooden and others, this volume) and separates
1996). Younger contractile late Paleozoic and MesozoiEocene and subsequently Oligocene and Miocene
deformations further complicate the structural architectureleformation into discrete domains of differential extensional
of the deposits (Ketner, 1977, 1998), but their impact on thstrain and kinematics (Gans and Miller, 1983). How far along
structural fabric of the Carlin trend is not widely appreciatedstrike to the northwest into the northern Carlin trend Eocene
Theodore and others (this volume), building upon geologitranspressional strain extends is an important unresolved
mapping at the northern end of the Carlin trend, (fig. 1) outlinguestion, although Eocene folding and normal faulting is
the regional importance of southward shortening in the Latknown in this area (Henry and Boden, 1997; Henry and
Paleozoic Humboldt orogeny. Deformation at this time wasthers, this volume; Ketner and Alpha, 1988). As flow of
marked by west-northwest to northwest trending folds, thrusauriferous hydrothermal fluids in the northern Carlin trend
faults, and moderate-dipping reverse faults. These faults cutas controlled by the fault architecture (Teal and Jackson,
at high angles across the northerly striking Devonian and early997), and in view of the opinion Carlin-type deposits are of
Mississippian Roberts Mountains thrust system. The RaiEocene age (Henry and Boden, 1997; lichik and Barton, 1997;
fault in the northern Pifion Range, along which the Rairbut see Arehart, 1996, for a dissenting opinion), understanding
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regional Eocene strain patterns will constrain genetic modelalcareous rocks that host <40.8-Ma Carlin-type deposits in
of Carlin-type deposits, as well as provide exploratiorthe Jerritt Canyon Mining District (fig. 1). In all size fractions
criteria. of illite, including the smallest (<0.1-micron) which is
Large-scale crustal extension in the Oligocene andominated by neoformed hydrothermal illite, f#ar/3%Ar
Miocene formed metamorphic core complexes in the Rubgges are too old. This age discrepancy is due to the influence
and Snake Mountains (fig. 1) (Gans and Miller, 1983;0f older detrital or diagenetic illite.
MacCready and others, 1997). Implicit in these models is The evolution of ore fluids and mechanism of ore
the possibility that the mid-crustal plutonic-metamorphicdeposition are critical to formation of ore deposits.
environment now outcropping in the Ruby Mountains coréNoitsekhowskaya and Peters (this volume) modeled fluid
complex to the east of the Carlin trend may be the deep crustlolution during formation of the giant Betze deposit in the
roots to the upper crustal Carlin-type deposits. Analysis afiorthern Carlin trend (fig. 1). They conclude that the natural
the varied ore deposits formed at different crustal levelsvolution of a CQ, H2S, and NaCl bearing fluid as it moves
within the Ruby Mountains by Berger and Oscarson (thisrom below the site of ore deposition through reactive
volume) indicates that this was not the case. In fact thealcareous sedimentary rocks at the site of ore deposition
deposits represent a zoned magmatic-hydrothermal systezan explain the distribution of alteration mineral phases in
peripheral to plutons. The deposits are also generalithe deposit. Gold precipitation in association with arsenic
impoverished in gold. in pyrite resulted from sulfidation of reactive iron in host
Unconformably overlying gold deposits in the Carlinrocks. Sulfidation resulted in higher hydrogen and lower
trend is the middle Miocene Carlin Formation. Pre¢¥e/  aqueous sulfur activity and destabilization of arsenic- and
39Ar laser-fusion ages of alkali-feldspar-bearing air-fall tuff gold-bearing aqueous complexes.
interbedded in the middle of the Carlin Formation at the  Establishing the source, or sources, of gold in Carlin-
northern end of the Carlin trend (fig. 1) demonstratetype deposits is also critical to genetic models for their
emplacement of the tuff occurred over a short period of timérmation (Christensen, 1993). Tosdal and others (this
between 14.4 and 15.1 Ma (Fleck and others, this volumeyolume) address this question using Pb isotopic compositions
Evidently, deposition took place after local silicic volcanic of sulfide minerals in three Carlin-type deposits (fig. 1) along
centers, such as those in the Midas and Ivanhoe Miningith Pb isotopic data for miogeoclinal and eugeoclinal
Districts, were active (Wallace and John, this volume). Theedimentary rocks and for Mesozoic and Eocene igneous
mid-Miocene age and major-element chemistry of glassocks (Wooden and others, this volume). They demonstrate
shards composing the tuffs suggest their derivation not frortihat mixing of two distinct Pb isotopic sources occurred
local sources but from distal silicic volcanic centersduring ore formation, a conclusion consistent with much
associated with the Yellowstone hotspot or with the northergeochemical information (summarized by Arehart, 1996).
Nevada rift. On a regional scale, Kotlyar and others (this volume)
Stable isotopic compositions of minerals and fluidmodeled NURE geochemical surveys, gravity surveys, and
inclusions indicate that the hydrothermal fluids which formednagnetic surveys (fig. 1). They demonstrate that regional-
most Carlin-type gold deposits were variably exchangedcale distribution patterns of stream-sediment arsenic
meteoric water, except along the Getchell Trend (fig. 1) wheranomalies in northeast Nevada bear striking similarities to
ore fluids contained an additional component of magmatisome important mineralized trends. The arsenic anomalies
or metamorphic fluids (Hofstra and others, this volume). Thalso correspond to some isostatic residual gravity anomalies
unusually lowdDH»0 values of these fluids also suggestsand their gradients, which result from density distributions
ore deposition during a cool climate, which characterizedh the pre-Cenozoic rocks of the middle and upper crust.
the mid-Tertiary (42 to 30 Ma), and not during a warmThis coincidence of geochemical and geophysical data
climate, which typified the Late Jurassic and Cretaceous. suggests that arsenic, as well as precious metals, may have
Several of the problems which have inhibitedbeen derived from the middle and upper crust, and then
development of a genetic model for Carlin-type deposits areoncentrated along linear structural zones during regional
the uncertainties regarding the age, or ages, of mineralizatioffiid flow.
the fluid evolution, and the source of gold (Christensen, Lastly, McCarthy and McGuire (this volume) conducted
1993). Much of the debate regarding the age, or ages, sbil-gas surveys measuring inorganic and organic gases along
Carlin-type deposits stems from the interpretation of K-Amwidely spaced traverses that crossed the Carlin trend. Gas
and40Ar/39Ar ages of illite (Arehart, 1996; Hofstra, 1995; anomalies were found 7-11 km west and east of the center
lichik, 1995). lllite in the deposits is of detrital, diagenetic,of the Carlin trend where the gold deposits are localized.
and hydrothermal origin (Folger and others, this volume)The flanking gas anomalies extend northwest of the last
Folger and others (this volume) address the ambiguity of Kknown gold deposit along the Carlin trend. If the gas
Ar and40Ar/39Ar ages of illite by comparingfAr/39Ar ages  anomalies are in some way a reflection of the Carlin trend,
for different grain sizes recovered from unaltered and alterethen the northwestward extension of flanking gas anomalies
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suggests some exploration potential for this region. large quantity of igneous rocks were erupted or emplaced in
different volcanic-plutonic environments over less than 1 m.y.
In the Tuscarora Mining District, low-sulfidation hot-spring

PLUTON-RELATED GOLD DEPOSITS IN deposits formed during the waning stages of volcanism. Here,

two spatially related but separate hydrothermal systems, one
THE BATTLE MOUNTAIN AREA Au-rich and the other Ag-rich, were partially superposed.
The superposition of hydrothermal systems of differing metal
The Battle Mountain Mining District, near the northwest associations suggests that complex fluid circulation systems
terminus of the Battle Mountain-Eureka mineral belt in northvere established during the waning stages of volcanism.
central Nevada, contains a copious and varied metal
endowment. Included in the mining district are four Tertiary
porphyry Cu-Au and three Cretaceous stockwork Mo systems REFERENCES CITED
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