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High-grade epithermal gold deposits in the Northern Great Basin have long been associated with regional
Miocene basaltic to rhyolitic volcanism. Previous models for the low-sulfidation epithermal gold ores in this
region have generally portrayed the bimodal magmas as a source of heat to drive large-scale convection of
meteoritic water that leached gold from crustal sources and deposited it in hydrothermal vein systems, or
required that the gold evolve from fractionated silicic magmas. New data of the present study indicate a more
direct genetic link to the plume-related basaltic magmas of the region.
Laser 40Ar/39Ar incremental heating plateau ages for single crystals of adularia from several of these low-
sulfidation epithermal gold deposits range from 16.6 Ma to 15.5 Ma. Adularia from the Jumbo deposit yields
three concordant plateau ages with a combined statistical result of 16.54±0.04 Ma (95% confidence level,
MSWD=0.23). Plateau ages for adularia from other deposits in the region, and from gold-bearing veins in the
OwyheeMountains of southwestern Idaho, yield similar ages up to ~16.5 Ma, however some veins are as young
as ca. 15.5 Ma and the grain-to-grain ages for a given sample can vary by up to ca. 0.5 Ma. Observed variations
in age among the adularia crystals of a given rock sample indicate varying amounts of extraneous argon, and
also loss of radiogenic 40Ar, among the population of grains for a particular sample. The single-crystal results
are interpreted to indicate a 16.5–15.5Ma interval for formation of gold-bearing adularia veins in the region.
The initiation and duration of this gold-forming event appears contemporaneous (within uncertainties) with
the basaltic volcanism at the Steens Mountain section and an ensuing one-million-year episode of basaltic
volcanism from multiple centers in the region ( Brueseke et al., 2007).
Trace amounts of lead are alloyed with gold in the deposits studied. The isotopic compositions of this lead are
not compatible with regional crustal units that host the gold ores, or the silicic igneous lithologies of the region,
but have the same lead isotopic composition as basalts of the earliest Yellowstone plume (represented by the
earliest lavas of the Columbia River basalt province, the Steens basalts, and Stonyford Volcanic Complex;
Hanan et al., 2008).We propose that the gold studied and its traces of alloyed leadwere derived together from
the mantle, released from basaltic magma chambers of the province, and carried by low-density fluids into
shallow geothermal systems during the earliest stages of Yellowstone hotspot magmatism.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Layered mafic intrusions and large igneous provinces (LIPs) have
well known associations with noble and base metal deposits, as in the
Skaergaard-type intrusions and the Bushveld complex, and the
extensive native copper ores formed in basalts of the Midcontinent
Rift Systemof theUpper Peninsula ofMichigan. Althoughgold deposits
have not commonly been associated with LIPs, there is compelling
evidence to indicate that gold is present in mantle plumes and can be
transported to the crust within basaltic plume magmas. Native gold
has been found in geologically young alkalic basaltic glass associated
, by the authors above, that was
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with early flows of Kilauea, Hawaii (Sisson, 2003), providing
unambiguous evidence for gold transport related to mantle plume
magmatism. Native gold has also been reported as inclusions in olivine
phenocrysts from picritic basalts of the Late Permian Emeishan LIP
(Zhang et al., 2006). In a broader context for gold sourced in mantle-
derived magmas, Kirk et al. (2003) present rhenium and osmium
isotopic data to show that placer gold in the Witwatersrand basin
(constituting about half of the known gold ores) appears to have a
source in mantle lithologies or komatiites with an age of about 3.0 Ga,
and to be associated with formation of the Kraaipan and Murchison
greenstone belts. Thus, in widely differing stages of geologic time,
there is evidence that gold can be derived from mantle magmatism,
although the conditions and frequency of forming economic gold
deposits from mantle sources is unclear.

Epithermal gold deposits of the Northern Great Basin (NGB) are
spatially associated with the southeastern Oregon Plateau that was the
agmatism and gold metallogeny, J. Volcanol. Geotherm. Res. (2009),
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locus for mid-Miocene initiation of Yellowstone hotspot magmatism as
expressed by the Columbia River basalts (Fig. 1). Previous geochronologic
studies have shown that the epithermal Au deposits of the region are also
broadly mid-Miocene. The general coincidence in time and place of early
Yellowstone magmatism and the high-grade ‘bonanza’ ores, among the
richest gold deposits ever discovered, has prompted speculations and
models linking these phenomena (e.g., Saunders et al., 1996; John, 2001).
The basaltic magmatism has generally been considered to represent a
source of heat to drive hydrothermal systems in the upper crust. The
purpose of the present investigation is to refine estimates for the age of
low-sulfidation epithermal ‘bonanza’ ores of this region to a level
commensurate with recent high-precision age determinations for the
CRB lavas (e.g., Brueseke et al., 2007), and interpret them in light of new
lead isotopic data recently published by Kamenov et al. (2007). The latter
indicates a mantle origin for the gold and a direct association with the
early Yellowstone plume. We summarize this synthesis of 40Ar/39Ar age
and lead isotopic data with a new geodynamic model (from Saunders
et al., 2008) for the bonanza ores of the region.

2. Previous work

Individual studies of the bonanza ore deposits of northwestern
Nevada date back to the 1800's. Lindgren (1900) studied ores in the
DeLamar-Silver City district of Idaho followed by detailed studies of Piper
and Laney (1926) and Halsor et al. (1988). Lindgren (1898) also recog-
nized the importance of hydrothermal potassium feldspar (first North
Fig. 1. Locations of epithermal gold deposits (bulleted circles) of the Northern Great Basin of
mid-Miocene flood basalts (the lightly shaded region, after Hart and Carlson, 1985; Camp
adapted from Pierce and Morgan, 1992, and Brueseke et al., 2007). Note that the southern
originate from Yellowstone hotspot migration are outlined by dashed lines: M − McDerm
Picabo volcanic field; H - Heise volcanic field; YP - Yellowstone Plateau volcanic field. Ages
intended to be inclusive) are based on compilations of Pierce and Morgan (1992), Morgan an
for the McDermitt caldera from Henry et al. (2006). Long dashed lines represent major flood
(HPLT) is also shown, with approximate isochrons shown as short-dashed lines with ages in
Northern Nevada Rift; CRB, Columbia River basalt; WEM, War Eagle Mountain (part of the O
The inset indicates the map area for the Slumbering Hills in Fig. 3.
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American documentation of adularia) to the epithermal ore-forming
processes atDeLamar, andLindgren(1915) furtherdescribed theNational
Deposit inHumboldtCounty,Nevada. StudiesbyVikre (1985, 1987, 2007)
in the National district (and the Buckskin National deposit) were some of
the first of Northern Great Basin epithermal ores to incorporate modern
concepts about epithermal/geothermal systems. The discovery of the
Sleeper deposit in the mid-1980's sparked new exploration interest for
epithermal ores in the NGB (Saunders, 1990; Conrad et al., 1993;
Saunders, 1994; Saunders and Schoenly, 1995; Nash et al., 1995). Recent
studies of other epithermal precious metal deposits in the region,
including Hog Ranch (Bussey, 1996), Midas (Leavitt et al., 2004), Mule
Canyon (John et al., 2003), Ivanhoe (Wallace, 2003), and Seven Troughs
(Hudson et al., 2006), and an overview of regional deposits by John
(2001) provide a substantial body of data on NGB epithermal deposit
geology, mineralogy, geochemistry, and geochronology. Unger (2008)
completed a combined geochemical and 40Ar/39Ar geochronologic
investigation of epithermal ores in the Northern Great Basin and Silver
City district of Idaho, andhiswork formsmuch of the basis for the present
study.

2.1. Low-sulfidation epithermal precious metal systems

Many regional studies, as cited above, have established a number of
general characteristics of low-sulfidation epithermal precious metal
deposits in the NGB, including their relationship to extensional
tectonismandbimodal volcanism. Epithermal systems format shallow
Nevada and the Silver City district of Idaho in the context of the approximate extent of
and Ross, 2004) and select geologic features of the northwestern United States (map
extent of the mid-Miocene basalts is speculative. Silicic volcanic centers proposed to

itt caldera; OH − Owhyee-Humbolt volcanic field; TF − Twin Falls volcanic field; P −
for the silicic volcanic centers (generally rounded to the nearest million years and are
d McIntosh (2005), and Brueseke et al. (2007), with the addition of the ca. 16.5 Ma age
basalt dike swarms and eruptive loci. The westward-younging High Plains Lava Trend
Ma (from Jordan et al., 2004). Other abbreviations: OIG, Oregon−Idaho graben; NNR,

wyhee mountains); OWP, Owyhee Plateau; SH, Slumbering Hills; SM, Steens Mountain.

agmatism and gold metallogeny, J. Volcanol. Geotherm. Res. (2009),
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depths (<2 km) and low temperatures (<300 °C) and are classified as
high-sulfidation, intermediate-sulfidation, and low-sulfidation based
on ore mineralogy, alteration, and gangue mineral assemblages
(Hedenquist and Lowenstern, 1994; John, 2001; Simmons et al.,
2005). Low-sulfidation hydrothermal systems are generally associated
with bimodal (basalt–rhyolite) or intermediate composition volca-
nism in a wide range of extensional tectonic settings (e.g., Sillitoe and
Hedenquist, 2003). The ore-forming fluids in low-sulfidation hydro-
thermal systems have a low-salinity, have near-neutral pH, and are
sulfide-dominated reducing (Hedenquist and Lowenstern, 1994).
Low-sulfidation deposits most often form distal from the magmatic
heat source (Sillitoe, 1989). These deposits are shallowly emplaced
and easily eroded, thus fewdeposits older than Tertiary age are known.

The ore textures for low-sulfidation epithermal precious metal
deposits have been well documented by a number of deposit-specific
and overview studies as noted in the previous studies cited above.
Colloform banded-veins, attributed to multiple pulses of mineralizing
fluids, have been reported at many well known deposits. Alternating
layers of quartz, chalcedony, adularia, calcite, clay, electrum, Ag-
selenides, Ag-sulfides, Ag-sulfosalts, and/or base metal sulfides are
typical. Adularia encrustations on open fractures are a common
texture at the Jumbo, New Alma, Sandman and Ten Mile deposits in
this study, and similar textures have been reported at Martha Hill,
New Zealand (Simmons et al., 2005). Electrum dendrite textures are
common, as is the deposition of Au and Ag minerals in ‘sluice box
textures’ on the leeward side of quartz grains, indicating that Au and
Ag were transported as colloids and deposited rapidly from
supersaturated fluids (Saunders 1994; Saunders et al., 1996).
Naumanite (Ag2Se), when present in these ores, also occurs with
colloidal textures. Bladed calcite and its pseudomorphic replacement
by quartz are also common, and are considered indicators of boiling in
epithermal systems (Simmons and Christensen, 1994).

2.2. Precious metal source

The ultimate source of the precious metals in low-sulfidation
epithermal systems is an issue that has been debated for over one
hundred years. The two most common theories propose that metals
either are leached from country rocks or derived from magmas. A
previous study by John (2001), of mid-Miocene low-sulfidation
epithermal deposits in the Northern Great Basin, determined these
deposits are related to a mantle-derived anhydrous bimodal volcanic
assemblage of mid-Miocene age. However, John (2001) indicates that
the precise role that magmas had in the formation of these deposits
“remains ambiguous” (p. 1846). A sedimentary origin for metals was
inferred in some relatively recent deposit models (e.g. Nash et al.,
1995; John et al., 2003).

It has also been suggested that basaltic rather than rhyolitic
magmas may be responsible for Au-bearing fluids and there is some
geochemical and isotopic data to support this theory (Noble et al.,
1988; Connors et al., 1993; Kamenov et al., 2007). Native gold has been
reported in very young basanite glass deposited on the submarine
flank of Kilauea, Hawaii (Sisson, 2003). Native gold has also been
discovered as an inclusion phase in olivine from picritic basalts of the
Late Permian to Triassic Emeishan large igneous province of
southwestern China (Zhang et al., 2006), which is associated with
Late Permian rifting of the south China platform and considered
broadly contemporaneous with the Siberian traps (Lo et al., 2002).
These studies provide unambiguous evidence that gold can be
transported to the crust from the mantle in mafic magmas derived
from deep mantle hotspot plumes and erupted in rift-related flows of
large igneous provinces.

The Hedenquist and Lowenstern (1994) model links epithermal
precious metal deposits in subduction-related magmatic arcs to
hydrous porphyry systems, and indicates magmatic fluids are
important contributors to epithermal hydrothermal systems in such
Please cite this article as: Hames, W., et al., Early Yellowstone hotspot m
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settings. Later work has shown that magmatic fluids can transport Au
from the porphyry environment into shallower epithermal systems
(Heinrich et al., 2004; Heinrich, 2005). Deep hydrothermal waters at
an actively-forming low-sulfidation Au deposit at Luise volcano at
Lihir Island, Papua New Guinea contain extremely high levels of
dissolved Au as bisulfide complexes (Simmons and Brown, 2006),
which suggests that epithermal Au deposits could form in time spans
of tens of thousands of years, or less (Heinrich, 2006).

2.3. Regional geology

The complex geologic history of the Northern Great Basin has
resulted in numerous mineralizing events and deposit types. During
the Nevadan, Elko, Sevier, and Laramide orogenies (Mesozoic to early
Cenozoic), east-dipping subduction beneath western North America
resulted in accretion of island arc terranes to thewest in California and
Cordillera-wide contraction from west to east, as well as widespread
calc-alkaline magmatism throughout the Northern Great Basin (John,
2001). A transition to extension occurred in the late Eocene, possibly
due to the removal of the subducted Farallon plate from the North
American lithosphere (Cline et al., 2005). Concurrent initiation of
high-K calc-alkaline magmatism and formation of most Carlin-type
Au deposits occurred between 42 and 36 Ma (Cline et al,. 2005).
Although strong temporal and spatial relationships exist, the role of
magmatism in the formation of Carlin-type deposits is still debated
(see discussion in Muntean et al., 2001). Beginning about 17 Ma,
extension became more widespread and along with coincident
bimodal volcanism created the Basin and Range physiography of the
region today (John, 2001).

The earliest stages of bimodal volcanism, including that associated
with the northern Nevada rift (NNR), have been attributed to back-arc
extension and/or the impingement of the Yellowstone hotspot with
the upper crust (e.g., Brueseke et al., 2007). Early workers noted the
association of basalt dike swarms with a single prominent magnetic
anomaly, which represents the NNR (Zoback and Thompson, 1978;
Zoback et al., 1994). Further work by Ponce and Glen (2002) identified
three additional linear aeromagnetic highs, which they interpret to be
subparallel rifts related to the NNR. All of these rifts are spatially
associated with mid-Miocene bimodal volcanic centers. A strong
spatial link between the rifts and mid-Miocene epithermal Au–Ag
deposits exists (Ponce andGlen, 2002) and rift-related igneous activity
is reported to have occurred predominately between 16.5 and 15 Ma
(John et al., 2000). It has also been suggested that the development of
the NNR and a number of other large-scale fractures in northern
Nevada are related to the Yellowstone hotspot (Zoback and Thompson
1978; Zoback et al., 1994; Pierce et al., 2002; Glen and Ponce, 2002).
Recent detailed studies of the Santa Rosa–Calico Range, the host of the
National district, suggest that volcanism (at least in that study area)
involves numerous intermediate compositions and is not strictly
bimodal as previously thought (Brueseke and Hart, 2004). Basaltic
volcanism in the Santa Rosa–Calico Range as well as eruption of the
Steens Mountain basalt occurred from 16.73±0.04 to 14.3±0.38 Ma
and from16.58±0.18 to 15.51±0.28 Ma respectively (Brueseke et al.,
2007). These ages are some of the earliest for mid-Miocene bimodal
volcanism in the Great Basin and may reflect the initiation of the
Yellowstone hotspot in the region.

2.4. Geochronology of low-sulfidation epithermal deposits

Amid-Miocene (17–13 Ma) time frame for bimodal volcanism and
low-sulfidation epithermal Au–Ag deposits has been established by a
number of studies using K/Ar and Ar/Ar methods in the Northern
Great Basin to date various gangue minerals in ore veins and
associated volcanic lithologies (see summaries in Conrad et al.,
1993; John, 2001; Kamenov et al., 2007). However, the bulk-sample
(K/Ar and 40Ar/39Ar) techniques used in the previous studies yielded
agmatism and gold metallogeny, J. Volcanol. Geotherm. Res. (2009),
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relatively broad age constraints, hampered to a degree by difficulties
in resolving the potential effects of extraneous argon or partial argon
loss. The present study utilizes single-crystal analytical methods to
better resolve the distribution of ages recorded by adularia within
single samples.
2.5. The Yellowstone plume as a gold source: lead isotopic evidence

Lead is a common ore metal and can be alloyed with gold and
silver. Thus, lead isotopes can provide information for the source of
precious metal ores (Pettke and Frei, 1996; Kamenov et al., 2007). At
first consideration, all lithologies in the region must be considered as
potential sources for the precious metals in Northern Nevada,
including local metasedimentary rocks, rhyolites, mafic lavas, and
the lithospheric mantle. Miocene to recent volcanic activity in the
region extends from the Oregon Plateau, through the Snake River
Plain, to the Yellowstone Plateau (Fig. 1) and is represented by the
Columbia River Basalt group, and bimodal volcanic deposits of the
Snake River Plain and Yellowstone Plateau (for example, Pierce and
Morgan, 1992; Camp, 1995; Pierce et al., 2002; Shervais and Hanan,
2008; Pierce and Morgan, 2009—this issue).

A number of studies have proposed that the onset of volcanic activity
at ca. 16 Ma is related to the initial interactions of amantleplumewith the
overriding lithosphere (e.g., Pierce andMorgan, 1992; Geist and Richards
1993; Hanan et al., 2008). TheMiocene to recent basaltic lavas, including
the basalts of the CRB have Pb isotopic signatures that are variable but
generally consistent with a mantle plume origin, while data for Snake
River Plain and Yellowstone volcanic centers indicate a mainly subcon-
tinental lithosphere origin of the magmas (Hanan et al., 2008). Hanan et
al. (2008) showed that ancient subcontinental lithosphere superimposes
its isotopic signature on basaltic melts of the Snake River Plain and
Yellowstone volcanic centers. As partial melts derived from the local
Proterozoic to Archaean subcontinental mantle lithosphere are strongly
enriched in Pb (compared to typical mantle plume melts) they would
Fig. 2. Isotopic ratios of lead alloyed with epithermal gold from deposits in Northern
Nevada (from Kammenov et al., 2007) compared with the lead isotopic compositions of
time- and distance-transgressive basalts formed from the migrating Yellowstone
hotspot, with a reference 2.8 Ga isochron representing the lead isotopic signature of the
underlying regional lithosphere (the figure and lead isotopic data for basalts and
lithosphere are simplified from data presented by Wooden and Mueller, 1988, and
Hannan et al., 2008). Partial melts derived from plume-source mantle will shift toward
an Archean signature (as along vectors) with small degrees of lithospheric contamina-
tion (e.g., simulated shifts to 99% and 95% plumemagma shown, corresponding to 1% to
5% assimilation of lithospheric partial melts). The isotopic composition of lead alloyed
with epithermal gold is most similar to that inferred for the plume magmas. Distinct
fields of lead isotopic composition for basalts with varying degrees of lithospheric
contamination are indicated for the Yellowstone plateau, the eastern Snake River Plain
(Idaho National Laboratory, INL), and the Bruneau, Jarbidge and Glenns Ferry area
eruptive centers (BJG).

Please cite this article as: Hames, W., et al., Early Yellowstone hotspot m
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dominate the isotopic signature of the plume lavas if present (see Hanan
et al. 2008; Fig. 2). Basaltic lavas from Yellowstone, the eastern Snake
River Plain (Idaho National Laboratory), the Bruneau-Jarbidge eruptive
center, and theGlenns Ferry area have Pb isotopic signatures that indicate
lithospheric contamination and are distinct from the Yellowstone plume
(Hanan et al., 2008). The original plume Pb isotopic signature (Fig. 2) is
preserved in the earliest volcanism represented by the CRB, Steens
basalts, and Stonyford Volcanic Complex (Hanan et al. 2008).

Kamenov et al. (2007) reported that the isotopic composition of
traces of lead alloyed with native gold and electrum from several ores
and deposits near the earliest eruptive centers of the Yellowstone
plume are very similar to the isotopic composition inferred for the
plume (Fig. 2). Some of the local mafic lavas sampled in the region of
northwestern Nevada in our recent work (Kamenov et al., 2007) also
yield lead isotopic compositions similar to those obtained for the gold
and as defined for the earliest Yellowstone plume (e.g., Hanan et al.,
2008; Fig. 2). The isotopic composition of lead alloyed in naumanite is
similar to that of electrum, indicating that some metalloids (specif-
ically selenium) are derived from the same source as the lead alloyed
with gold (Kamenov et al., 2007). The lead isotopes in gold are distinct
from lead in the regional metasedimentary rocks and rhyolites (which
tend to be very radiogenic; see Kamenov et al., 2007), and also distinct
from the progressively younger and more easterly basalts of the
Yellowstone Plume (that record increasing degrees of contamination
with lithospheric partial melts; Hanan et al., 2008). Even minor
incorporation of lead from the local subcontinental lithospheric
mantle would predictably have a strong effect on the Pb isotopic
compositions of the lead alloyed with gold (Fig. 2). Thus, the regional
lithosphere (including rhyolites, metamorphic rocks, lithospheric
mantle and tholeiitic basalts of the Snake River Plain) cannot be
implicated as providing source(s) of the lead found alloyed with
epithermal gold. The similarity of the isotopic composition for lead
alloyed with gold in epithermal deposits of northern Nevada to that
inferred for the plume is interpreted to indicate that the early
Yellowstonemantle plumewas themost likely source for the precious
metals in the deposits. Hofstra and Creaser (2009) tested this
hypothesis, and they found that ratios of Re–Os isotopes in gold
from the Sleeper deposit (see location in Fig. 3A relative to samples of
this study) are similar to Re–Os isotopes of the earliest Columbia River
basalts and thus to the inferred plume. The collective isotopic dataset
is, therefore, compatible with a genetic origin for the epithermal gold
in the deep mantle.

An alternative hypothesis can be offered, for the purpose of
discussion, to allow that the primitive lead and Re–Os isotopes are
indeed from a mantle plume source, but requiring that the gold is
from a crustal source andwas alloyedwith the lead and other isotopes
during vein formation. However, as Hannan et al. postulated for the
basalts of the Snake River Plain, we infer that addition of any small
amount of lithospheric lead would be expected to significantly shift
the compositions we observe in the gold away from the plume
signature. Thus, we reject this hypothesis because it would require the
addition of gold from a crustal source that was completely devoid of
any trace of lead.

3. Single-crystal laser 40Ar/39Ar geochronology

All 40Ar/39Ar dating of the present study was performed in the
Auburn Noble Isotope Mass Analysis Laboratory (ANIMAL). Adularia
(KAlSi3O8) was chosen as the mineral to be dated based on the fact
that it is rich in K, and a common gangue mineral that is often
intimately associated with the Au/Ag minerals. Piper and Laney
(1926) described the association of adularia with ores in the vicinity
of Silver City, Idaho as follows: “Valencianite [adularia] is abundant in
apparently all the veins on Florida Mountain, regardless of the type of
rock in which they occur. Beautiful examples were found in the veins
in basalt. It occurs as well developed crystals, occasionally nearly an
agmatism and gold metallogeny, J. Volcanol. Geotherm. Res. (2009),
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Fig. 3. A) A map of Slumbering Hills area gold deposits (modified from Wendt, 2003; see Fig. 1 for the inset map location of the Slumbering Hills). B) Topographic map of sample
locations for OF-1 and WEMS3-1 taken from historic workings onWar Eagle Mountain (see Fig. 1 for the regional location of War Eagle Mountain). Contour lines are labeled in feet.
Field coordinates for samples of this study are provided in the Appendix (Created in Google Earth).
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inch in diameter, as a coating on walls and on fragments of various
kinds in the brecciated veins, and often contains inclusions of
chalcopyrite, naumanite, argentite, and other ore minerals or is
coated by them.” Adularia with intergrown Au/Ag minerals was
obtained from four sites in and around the Slumbering Hills, NV
(Jumbo, New Alma, Sandman, and Ten Mile) as well as two sites on
War Eagle Mountain, ID (Fig. 3). Field relationships observed in the
present study between adularia and basalt in the Oro Fino vein of the
Silver City district are presented in Fig. 4, and representative samples
of adularia analyzed in this study are shown in Fig. 5.

Each sample was crushed and sieved to a 14–20 mesh size fraction
forhandpicking. Individual crystals or cleavage fragmentswere selected
to be generally free fromvisible inclusions of other phases. Crystalswith
visible alteration (e.g., cloudy, turbid crystals in contrast to those that
were clear) were avoided in sample selection to the maximum extent
Fig. 4. A) A sketch of a portion of theOro Fino vein in cross section orientedperpendicular to str
zoningwithin the vein that includes quartz (q), adularia (a), basalt (b), and a central zone domin
the size of adularia crystals in the sketch is exaggerated and not to scale. B) Photograph of a slab
represented by the box inA.Note that the left side of the slab contains a thin portion of granite, fo
(near the vein center).
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possible, and, when present, visible alteration effects are discussedwith
results for each sample. All samples were washed in dilute HF prior to
analysis to remove any oxide or fine silicate (typically clay) coatings.
Neutron irradiation for the production of 39Ar followed standard
procedures as described by Dalrymple et al. (1981), using the central
core facility of the McMaster Nuclear Reactor in Hamilton, Ontario.
Crystals were placed in aluminum disks with the monitor FC-2
(age=28.02 Ma, Renne et al., 1998) along with reagent grade K2SO4

and CaF2 as flux monitors. Following irradiation, 40Ar/39Ar dating in
ANIMAL was based on laser incremental heating of single adularia
grains. For each sample, five single crystals were incrementally heated
separately with an incremental heating schedule of 10–20 steps. Data
reduction and assessment of statistical ageswere accomplished through
use of a customMicrosoft Excel application and Isoplot (Ludwig, 2003).
Results were evaluated through use of standard isochron and age
ike (vein attitude indicated)with the relative relationships of the Silver City granite (g) and
ated by hydrothermal quartz (q). The vein is ~1 mwidewhere sampled (as indicated) but
cut from a piece of the vein (dime for scale) in the orientation and location schematically
llowedby a zoneof quartz and adularia, then coarse subhedral adularia, followedbybasalt

agmatism and gold metallogeny, J. Volcanol. Geotherm. Res. (2009),
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Fig. 5. A) Photomicrograph of coarse adularia from the Jumbo mine (cross polarized illumination). B) Single crystals of adularia from the Jumbo mine, selected for 40Ar/39Ar analysis
by crushing and hand picking. Inclusions in these crystals contain visible gold. Crystals tend to break along grain boundaries and cleavage planes, and were examined in plane and
cross-polarized illumination to select grains for analysis dominated by single crystals.
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spectrum approaches for calculating single crystal ages. Generally, the
analyseswere highly radiogenic,with little correlated 36Ar, and thus the
age spectra are preferred and presented in this study. Plateau were
defined such that: the plateau increments constituted greater than 60%
of the total 39ArK released in three or more contiguous heating steps,
there is no resolvable slope among steps of the plateau, there are no
outliers at the beginning or the end of the plateau, and the probability of
fit for the steps is greater than 5%. All ages discussed in the text and
presented in figures are at the 95% confidence level (although incre-
mental heating steps are graphed with 1σ errors). Full data tables
and other notes regarding laboratory procedures are available in the
Appendix.

3.1. Results from the slumbering hills deposits

3.1.1. Jumbo
The Jumbo deposit sits in the northern Slumbering Hills near the

Sleepermine and a deposit referred to asNewAlma (Fig. 3A). A study by
Conrad et al. (1993), using K/Ar methods, determined that adularia in
veins from Jumbo had an age of 17.3 Ma. However, the bulk-sample
total-fusion techniques used in that studywere not capable of resolving
extraneous, non-atmospheric (‘excess’) argon, which could produce an
older age. Our new laser 40Ar/39Ar data for this sample were first
summarized inKamenov et al. (2007). In thepresent study,five adularia
crystals were analyzed and three of these yield plateau ages (Fig. 6A).
Plateau ages for these three crystals overlap within uncertainties and
yield a combined age of 16.54±0.04 Ma (at the 95% confidence level,
MSWD=0.23). We interpret this age to represent the crystallization of
adularia in the Jumbo vein as sampled. The other two crystals have
variable amounts of extraneous argon, as evidenced by initial release of
relatively large amounts of 40Ar, and a resolvable increase in age among
successive heating increments (Fig. 6A, and data of the Appendix). We
infer that these results reflect thepresence of extraneous 40Ar trapped in
surface defects or in fluid inclusions, and that such extraneous argon is
heterogeneously distributed among crystals of the sample.

3.1.2. New Alma
The New Alma deposit occurs south of the Jumbo mine workings in

the Slumbering Hills. All crystals were from one sample of a very thin
(<3 cm thick) vein, and had a light coating of Fe- and Mn-oxides
Fig. 6. 40Ar/39Ar laser incremental heating release spectra for single crystals of adularia, with
sample. All crystals were of the 14–20 mesh size (1.2–0.75 mm). Increments defining platea
as discussed in the text. Data are plotted with 1σ errors and plateau ages are presented and d
Appendix. A) Incremental heating data for crystals from the Jumbo deposit; B) data from t
Deposit; E) data from War Eagle Mountain, and the Oro Fino vein; F) and data from War E
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developed during hydrothermal alteration or weathering. (These
weathering products are volumetrically insignificant and very typical of
minerals in the deposits studied, andwere removed by washing in dilute
HF acid prior to analysis.) Four of the five adularia crystals analyzed
produced plateau ages that range from 16.07±0.04 to 15.86±0.08 Ma
(Fig. 6B). The one crystal that did not produce a plateau age still yields
individual heating increment ages that are consistent with the other
samples. The variation in plateau ages among the crystals analyzed is
greater than expected to arise solely from analytical precision.

The vein sampled at NewAlma is typical of all our samples from the
Slumbering Hills, in that it is thin (less than a few centimeterswide), it
does not showfield or petrographic evidence for repeated opening and
vein filling, or dissolution and re-precipitation, and its host lithologies
were likely at a temperature below a few hundred degrees centigrade
at the time of vein intrusion. Therefore, it is unlikely that a significant
amount of time (such as 90–330 thousand years, considering the
precision of measurement for these co-irradiated crystals) elapsed
between the deposition of different crystals within the vein. We
suggest that a degree of post-crystallization loss for radiogenic 40Ar,
likely during late-stage circulation of hydrothermal fluids or surficial
weathering, results in the spread of ages determined for New Alma,
and that the maximum plateau age result of 16.07±0.04 Ma should
be viewed as a minimum estimate for adularia crystallization in the
deposit.

3.1.3. Sandman
The Sandman deposit is in the southern pediment of the Slumbering

Hills. The area has been the subject of a number of exploration projects
and is currently being explored for epithermal precious metal
mineralization. Some of the coarsest visible gold (up to 2 mm) observed
in this study is present in adularia encrustations on fracture surfaces in
silicified tuffaceous host rock.

Five crystals from sample HCN-1 were analyzed by incremental
heating andproduced plateau ages (Fig. 6C)with a range of 16.19±0.09
to 15.99±0.09 Ma. The weighted average age of the three oldest
crystals is 16.17±0.04 Ma(MSWD=0.19), andwe suggest that this age
should be considered as a minimum estimate of adularia crystallization
in the deposit. (At the 95% confidence level, there is an ~82% chance that
the variance of the three plateau ages is consistent with a normal
distribution of errors in precision.) Adularia crystals from the Sandman
five crystals analyzed per sample, along with a probability plot for plateau ages of the
u are shaded, and defined with standard criteria provided in Isoplot (Ludwig, 2003) and
iscussed in the text at the 95% confidence level. Full analytical data are presented in the
he New Alma deposit; C) data from the Sandman deposit; D) data from the Ten Mile
agle Mountain, for a vein in an unnamed adit referred to as ‘Site 3’.

agmatism and gold metallogeny, J. Volcanol. Geotherm. Res. (2009),
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deposit typically have a thin coatingofwhite clay,whichalsomay reflect
post-crystallization circulation of hydrothermal fluids. As was the case
with the New Alma adularia, we interpret the two significantly younger
ages from the Sandman adularia to reflect alteration that resulted in the
loss of accumulated radiogenic 40Ar.
3.1.4. Ten Mile
The TenMile deposit is southeast of the Slumbering Hills and just to

the north of Winnemucca, NV (Fig. 3A). The vein samples collected at
the TenMile deposit are highly oxidizedmaterial with obvious coatings
of Fe- andMn-oxides. Plateau ages for five crystals (Fig. 6D) range from
16.50±0.06 to 16.40±0.08 Ma. The weighted average for all five
crystals is 16.46±0.05 Ma (MSWD=2.3, with a 6% probability of fit), a
result statistically identical to that obtained for the Jumbomine, that we
interpret to reflect the minimum age for vein formation in the TenMile
deposit.
Fig. 7. Summary probability plot of all plateau ages for adularia determined in the
present study (solid curve), and of ages determined for basalts of the southwestern
Oregon plateau (dashed curve) including basalt flows in the Steens Mountain section
(represented by the peak age of ca. 16.57 Ma as reported by Brueseke et al. (2007)).
3.1.5. War Eagle Mountain
War Eagle Mountain is in the Silver City district of southwestern

Idaho. The area has been the site of precious metal mining for well
over a hundred years, and scores of historic workings cover War Eagle
Mountain (e.g., Fig. 3B). Previous work by Halsor et al. (1988), using
K–Ar methods, determined that adularia from veins on War Eagle
Mountain ranges in age from ~16.6 to 15.2 Ma. Samples for the
present study were collected from a vein outcrop directly beneath the
Oro Fino adit (WEM: Oro Fino), and another unnamed adit located
~0.5 km southwest (sample WEMS-3).

All of the samples were very fresh, and all ten of the crystals
analyzed from these two samples yielded plateau ages. The sample
from the Oro Fino vein yielded plateau ages ranging from 16.32±0.06
to 16.08±0.08 Ma (Fig. 6E). The weighted average of the oldest three
plateau ages is 16.28±0.08 Ma (MSWD=3.0, with a 5% probability of
fit).We infer that the oldest ages for this sample are representative of a
minimum age of vein formation, and that the slightly younger ages
reflect argon loss from less retentive or altered crystals. Plateau ages
from the unnamed adit (WEMS-3, Fig. 6F) are considerably younger
than any other samples analyzed, and range from 15.77±0.10 to
15.55±0.07 Ma. The scatter of these age results is greater than
expected analytically, indicating some degree of effects from extrane-
ous argon or loss of radiogenic argon. Although the incremental
heating analysis that yielded the oldest result (15.77 Ma) revealed
extraneous, non-atmospheric argon in the initial and final heating
steps (constituting about 5% of the total 39Ar released), such ‘excess’
argon is not evident in the other sample results. The probability
distributions for ages determined for the Oro Fino sample and the
sample from the unnamed adit (Figs. 6D and E) are distinct, a result
that could indicate that thereweremultiple episodes of (gold-bearing)
veins that formed within a relatively small region, or that the adularia
from some samples (as WEMS-3) is susceptible to greater amounts of
post-crystallization loss of radiogenic argon.

Ages determined in thepresent studyare summarized in Fig. 7, along
with recent age determinations for CRB lavas in the Steens Mountain
section and from volcanic centers in the region (Brueseke et al., 2007).
All of the plateau ages for adularia of the present study were used to
construct the probability plot of the epithermal veins, with the result
that the initial peak of their formation is at ~16.5 Ma, with continuing
formation indicated until ca. 15.5 Ma. Most of these deposits formed in
the approximate interval of 16.5–16.0 Ma (only the sample WEMS-3
yielded ages consistently younger than 16.0 Ma). The age range
indicated by the probability distribution of the CRB lavas is very similar
(Fig. 7). Thus, available geochronologic data are consistent with the
same regional relationships of intensity of activity and timing for the
formation of the bonanza-type Au deposits and the multiple eruptive
events for the earliest basalts of the Yellowstone plume.
Please cite this article as: Hames, W., et al., Early Yellowstone hotspot m
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4. Amodel for thegenesis ofNorthernGreatBasinepithermaldeposits

Saunders et al. (1996) proposed a genetic link between the
Yellowstone hotspot and the middle Miocene epithermal deposits of
the NGB. John (2001) classified these ores as “extension-related”
epithermal ores in the NGB to distinguish them from a separate class he
termed “subduction-related” ores of western Nevada. However, John
(2001) proposed the deposits were related to the middle Miocene
bimodal volcanism and through-going structures such as the NNR.
Although recognizing their relationship to bimodal volcanics in space and
time, John (2001) proposed that therewas no apparent direct connection
to themagmas. Themodel proposedby John (2001) and Johnet al. (2003)
for thegenesis of thesedepositswas similar to thatproposedbyNashet al.
(1995). In that model, magma chambers principally served as a heat
source to drive geothermal systems that leach metals, sulfur, and major
elements from thewall rocks. The Pb isotopic data of the present study do
not support the concept that gold or silver of the ores investigated were
leached from the surrounding country rocks. A new genetic model for
evolutionof the ores (Saunders et al., 2008; Fig. 8) is basedon: 1) present-
day geology at Yellowstone National Park area; 2) Pb-isotope data of the
present study; 3) our geologic observations about host rock controls on
styles ofmineralization for the group ofmiddleMiocene epithermal ores;
and 4) new and previous geochronology of ores and host rocks. This
model (Fig. 8) depicts magma chambers of basalt overlain by rhyolite
which fed the bimodal volcanismassociatedwith the initial emergence of
the YHS at about 16.5 Ma. We further propose that heat from these
magmas (perhaps predominantly the rhyoliticmagmas as at Yellowstone
today) caused the formation of shallow geothermal systems that vented
to the surface as hot springs and geysers. Acid volatiles provided by the
magmas caused leaching ofmajor elements (silica, Al, K, Na, Ca, etc.) from
country rock to form hydrothermal veins and hotspring deposits at the
surface. Locally, these barren geothermal systems evolved into precious
metal ore depositing systems when low-density fluids were episodically
released from the basaltic magma chambers into the shallow geothermal
system. Recent research has shown that significant quantities of gold and
sulfur can be transported in these low-density (e.g., “vapors”) fluids
(Heinrich, 2005;Williams-Jones and Heinrich, 2005) that apparently can
be absorbed by the shallow geothermal systems. We propose that this
process was important in NGB epithermal ore formation, and that it
essentially locks in the mafic magmatic Pb-isotope signature of the
precious metal minerals in the epithermal ores (e.g., Kamenov et al.,
2007). We interpret the multicyclic banding of electrum and silica (as in
the bonanza ores of the Sleeper mine) to record the episodic release of
agmatism and gold metallogeny, J. Volcanol. Geotherm. Res. (2009),
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Fig. 8. Model for the genesis of the Northern Great Basin epithermal gold deposits
(adapted from Saunders et al., 2008; deep crustal structure is based on the schematic
cross section of the Yellowstone Caldera described by Lowenstern and Hurwitz (2008)).
The model depicts a cross section for half of a caldera system, and indicates the host
lithologies for various mines and deposits of the region. The topography and vertical
scale of shallow geologic features (<5 km depth) in this schematic drawing are greatly
exaggerated to show the context for various deposits discussed in the text.
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gold to the shallowgeothermal system.Becauseourmodel invokes adeep
magmatic source of precious metals, the shallow country rocks are
irrelevant to themetal budget, yet their composition does affect the styles
of mineralization, vein and alteration mineralogy (Fig. 8). Finally, if the
ores of the Silver City district in Idaho (Fig. 1) are consideredwith those in
northwestern Nevada, their proposed association with the NNR (e.g.,
John, 2001) appears less strong. Thus, the structural control of the NNR
mightbea secondorder featureuseful in localizingor exposing someores,
but thefirst order control on their origin is interpreted to correspondwith
the footprint of the underlying Yellowstone hotspot.

5. Conclusions

A number of lines of evidence suggest that mid-Miocene low-
sulfidation epithermal precious metal mineralization in the Northern
Great Basin is related to the initial development of the Yellowstone
hotspot. The similarities in mineralogy and geochemistry among the
Northern Great Basin deposits examined in this study indicate a
common source of themajormetal andmetalloid ore components. The
earliest volcanism associated with the CRB lavas of the Yellowstone
hotspot occurs in the southwestern Oregon Plateau, that began at
16.59±0.10 Ma to 16.55±0.1 Ma and continued until ca. 15.5 Ma
(Brueseke et al., 2007). The new 40Ar/39Ar age for the Jumbo deposit of
16.54±0.04 Ma, and similar results for the Ten Mile deposit, indicate
that the main and waning stages of epithermal gold mineralization in
the region began during or shortly after the first CRB volcanism related
to the Yellowstone hotspot. 40Ar/39Ar ages of other samples in this
study are interpreted to indicate that gold mineralization continued
over a spanof time comparable to thewaningof CRBmagmatism in the
region.

The single-crystal 40Ar/39Ar dating strategy of this study shows that
effects of extraneous 40Ar, or 40Ar loss, are heterogeneously distributed
Please cite this article as: Hames, W., et al., Early Yellowstone hotspot m
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among the adularia crystals in these samples. Earlier published results
for 40Ar/39Ar incremental heating of ‘bulk samples’ (i.e. comprising
several to tens of crystals)may lead to an average age for a population of
crystals that is biased by heterogeneous effects of extraneous argon or
loss of radiogenic argon. Thus, we infer that a single-crystal approach as
utilized in this study is advantageous for determining the 40Ar/39Ar age
of coarse adularia.

The isotopic compositions of minute traces of lead alloyed with
gold from the bonanza deposits in this region are generally
incompatible with other crustal sources, but are very comparable to
the mid-Miocene plume-related magmas of the Yellowstone hotspot
province. We conclude that the gold of the epithermal ores of the
Northern Great Basin originated in the mantle and was transported
with plume magmas in the early Yellowstone hotspot.
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