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Introduction
THE KEN SNYDER mine exploits the largest known Au-Ag ep-
ithermal deposit along the middle Miocene northern Nevada
rift. Located in the historic mining district of Midas, previ-
ously known as the Gold Circle district (LaPointe et al., 1991;
Fig. 1), the deposit consists of a complex of steeply dipping,
quartz-adularia-calcite-precious metal bonanza veins hosted
by volcanic rocks. The Ken Snyder deposit, known worldwide
as Midas, locally contains ore grades greater than 100 oz/t or
3,430 g/t of gold. Gold occurs as electrum and is intimately as-
sociated with selenide and sulfide minerals. Together, these
minerals form dark bands similar to the ginguro ore at
Hishikari (e.g., Izawa et al., 1990; Naito, 1993). Premining re-
serves at Midas were approximately 3 Moz of Au and 35 Moz
of Ag (0.25 oz/t or 8.5 g/t Au cutoff grade; R. Streiff, pers.
commun., 2003), with the bulk of the ore contained within
the Colorado Grande and Gold Crown veins. Exploration ef-
forts in the district are ongoing, and potential resources re-
main untested. 

Midas is a selenide-rich, low-sulfidation, epithermal sys-
tem, and it belongs to a suite of precious metal occurrences
that formed along the northern Nevada rift between 15.6 and
15.0 Ma (John, 2001; Fig. 1). These low-sulfidation systems
have been referred to as Au-rich end-member low-sulfidation
systems by Hedenquist et al. (2000) or type 2 epithermal sys-
tems by Albino and Margolis (1991), John et al. (1999), and
John (2001). They formed from fluids dominated by meteoric
water of near-neutral pH and have relatively high Au/Ag ra-
tios, low total base metal contents, high selenide mineral con-
tents, and predominantly reduced sulfur (John et al., 1999,
2003; John and Wallace, 2000; John, 2001). They are most
commonly associated with rhyolite flows and domes in exten-
sional rift environments (John, 2001), although along the
northern Nevada rift examples of both mafic- and felsic-
hosted systems exist (John, 2001). Similar temporal associa-
tions between low-sulfidation epithermal systems, magma-
tism, and faulting have been observed in rift-related,
continental extension, and/or backarc settings elsewhere in
the world (Sillitoe and Hedenquist, 2003).

Midas formed during a middle Miocene pulse of bimodal
basalt-rhyolite magmatism that was widespread throughout
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Abstract
The Midas deposit is the largest known high-grade Au-Ag vein deposit located along the northern Nevada
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from mafic-dominated bimodal volcanism and basin formation to felsic volcanism, folding, and faulting at about
15.6 Ma. From 15.6 to 15.2 Ma, sediments and tuffs were deposited on a relatively impermeable rhyolite flow.
During this period, faulting and tilting of the volcanic edifice created pathways for hydrothermal fluids that
flowed to the surface forming sinters and hydrothermal breccias. Approximately 200 kyr after the change in
volcano-tectonic regime, oblique-slip faulting took place along zones of preexisting weakness, creating dila-
tional zones and additional channelways for mineralizing fluids. At 15.4 Ma, high-grade veins formed in fault
zones throughout the region, depositing at least 4 million ounces (Moz) of gold and 40 Moz of silver. The tim-
ing of high-grade Au-Ag mineralization is identical to the age of rhyolite intrusions whose source magma cham-
ber likely provided the heat necessary to drive the hydrothermal system. The age of an unaltered tuff that un-
conformably overlies opalized sediments establishes that tilting of the units and the hydrothermal system had
ceased by 15.2 Ma. The temporal and spatial coincidence of rhyolite volcanism, faulting, and high-grade min-
eralization may reflect the importance of contributions from deeper fluid reservoirs containing magmatic com-
ponents or highly exchanged meteoric waters. 
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the northern Great Basin (Christiansen and Yeats, 1992; Fig.
1). The temporal and spatial association between epithermal
systems and volcanic activity led some workers to propose that
mafic volcanism was a source of gold and other components of
these epithermal systems, i.e., there was a magmatic contribu-
tion to the ore-forming systems from coeval mafic magmatism
(Noble et al., 1988; Connors et al., 1993; John, 2001; John et
al., 2003). Other workers noted the possibility of a genetic
connection between rhyolites and low-sulfidation Au-Ag min-
eralization (Bonham, 1988). However, although spatially and
temporally related, a direct genetic relationship between mag-
matism and most meteoric water-dominated low-sulfidation
systems along the rift, or elsewhere in the northern Great
Basin, has not been demonstrated (John, 2001).

Understanding the temporal relationship between low-sul-
fidation epithermal precious metal systems and their volcano-
tectonic settings continues to evolve. In the 1980s, a limited
number of geochronologic studies of low-sulfidation systems
resulted in a model that invoked a temporal gap of greater
than 1.0 m.y. between formation of volcanic host rocks and

mineralization; therefore, a genetic relationship was deemed
unlikely (e.g., Heald et al., 1987). However, in detail, studies
of some low-sulfidation systems did not support this. A geo-
logic and K-Ar geochronologic study of the National district
(Fig. 1), approximately 80 km northwest of Midas, located
within a middle Miocene bimodal volcanic assemblage along
the western margin of the northern Nevada rift, indicated
that formation of precious metal veins was coeval with erup-
tion of an altered, mineralized rhyolite (Vikre, 1985). Other,
more recent geochronologic studies of middle Miocene, low-
sulfidation systems that have employed more precise
40Ar/39Ar dating methods document shorter time gaps (≤500
kyr) between the formation of volcanic host rocks and miner-
alization, such as at Round Mountain in central Nevada
(Henry et al., 1997) and Sleeper in northwestern Nevada
(Conrad and McKee, 1996). Although the gap between the
age of volcanic host rocks and the age of ore appears to be
narrowing, coeval formation of host rocks and ore has not
been demonstrated, and links to magmatism are difficult to
prove.
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FIG. 1.  Location and general geology of the northern Nevada rift. a. Bimodal basalt-rhyolite assemblage (shaded) and axis
of northern Nevada rift. Modified from Christiansen and Yeats (1992), Ludington et al. (1996), and John (2001). b. Approx-
imate locations of volcanic-hosted, low-sulfidation epithermal precious metal occurrences associated with the northern
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Several K-Ar dates on surrounding volcanic rocks and min-
eralized veinlets within the Midas district and results of this
study have shown that the age of Midas is similar to that of
other epithermal occurrences along the rift (McKee et al.,
1976; Wallace et al., 1990; Wallace, 1993; Wallace and
McKee, 1994; Leavitt et al., 2000, 2003; Leavitt, 2001). Only
a few geochronologic studies of this group of deposits have
been carried out using 40Ar/39Ar methods (John et al., 2003;
Wallace, 2003), and prior to this study, no 40Ar/39Ar dates had
been determined for the high-grade veins, host rocks, or sur-
rounding volcanic rocks at Midas. Preliminary results, includ-
ing three new dates, were published in Leavitt et al. (2000).
In this paper, we describe the complete data set on volcanic
rocks and mineralization in the Midas area, including five ad-
ditional dates. As the largest known ore deposit along the
northern Nevada rift, Midas provides an excellent opportu-
nity to document the temporal relationships between mag-
matism, extension, and low-sulfidation epithermal mineral-
ization. Data from this study provide constraints on the
timing and duration of the Midas hydrothermal system and
regional volcano-tectonic events. 

Regional Geologic Setting and Ore Deposits
Midas is located near the eastern margin of the northern

Nevada rift. The northern Nevada rift is a geographic term
for a lineament that extends from east-central Nevada to
southern Oregon (Fig. 1a; Zoback and Thompson, 1978;
Zoback et al., 1994; John and Wallace, 2000). The northern
Nevada rift is defined by a positive aeromagnetic anomaly
that locally corresponds to an alignment of middle Miocene
eruptive centers including mafic dike swarms and intermedi-
ate to silicic intrusions and vents, fossil geothermal systems,
and grabens (John and Wallace, 2000; John et al., 2000). The
northern Nevada rift formed during Basin and Range exten-
sion (Zoback et al., 1994; John, 2001; Dickinson, 2002), and
its location may have been controlled in part by preexisting
zones of weakness (Theodore et al., 1998; John et al., 2000).
Similar subparallel aeromagnetic anomalies within the north-
ern Great Basin lie west of the northern Nevada rift (Blakley
and Jachens, 1991; Glen and Ponce, 2002; Ponce and Glen,
2002). These lineaments are most likely due to the episode of
extension that generated the northern Nevada rift; however, a
correlation between the western anomalies with middle
Miocene igneous rocks is unclear (Ponce and Glen, 2002). 

The formation of Midas and other low-sulfidation epither-
mal systems was coeval with bimodal, basalt-rhyolite activity
along the northern Nevada rift. Ages of volcanism along the
rift range from approximately 16.5 to 14.7 Ma (Zoback et al.,
1994; John and Wallace, 2000; John et al., 2000; Leavitt et al.,
2000, 2003; Leavitt, 2001; Wallace, 2003). Mafic volcanic
rocks are predominantly K-rich tholeitic basalts, basaltic an-
desites, and andesites. The abundance of felsic rocks in-
creases in the central and northern portions of the rift (Fig.
1b), as well as in the upper portion of the rift sequence. Fault-
ing accompanied, and locally postdated, magmatism and hy-
drothermal activity along the rift (Wallace, 1993; John et al.,
2000). Middle Miocene bimodal basalt-rhyolite igneous activ-
ity was coeval with deposition of a high K, calc-alkaline as-
semblage of igneous rocks of dominantly intermediate com-
positions during the waning stages of a continental arc to the

west (western andesite assemblage of John et al., 1999; John,
2001).

Intermediate-sulfidation (Hedenquist et al., 2000; Sillitoe
and Hedenquist, 2003) epithermal deposits (type 1 low-sulfi-
dation of Albino and Margolis, 1991; John et al., 1999; John,
2001) that formed in the western andesite assemblage have
been distinguished from low-sulfidation systems based on ore
mineralogy and volcano-tectonic setting (John et al., 1999;
John and Wallace, 2000; John, 2001). Compared to low-sulfi-
dation systems, the intermediate-sulfidation systems contain
more silver and total base metals and variable but low quan-
tities of selenide minerals; isotopic evidence indicates the
presence of magmatic fluids (e.g., Comstock Lode, Taylor,
1973; O’Neil and Silberman, 1974; Vikre, 1989; Simmons,
1995; John, 2001). 

District Geology
The Midas deposit is hosted by a deeply eroded section of

Miocene volcanic rocks along the eastern margin of the
northern Nevada rift (Fig. 1b). The volcanic rocks of the dis-
trict have been delineated and characterized by geologic
mapping of the Snowstorm Mountains (Wallace, 1993),
Midas district (Emmons, 1910; Rott, 1931; Blair, 1991), and
the Ken Snyder mine (Casteel et al., 1999; Goldstrand and
Schmidt, 2000), and petrographic work for this study. Drilling
in the Midas area has shown that Miocene tuffs, flows, and
volcaniclastic rocks extend to a depth of at least 1.5 km be-
neath the present surface. The depth to older Tertiary vol-
canic rocks as well as pre-Tertiary basement beneath Midas is
unknown. The closest surface exposures of older Tertiary and
Paleozoic rocks are approximately 10 km southeast of Midas.
The Miocene bimodal basalt-rhyolite sequence includes felsic
ash-flow and airfall tuffs, flows, plugs, tuffaceous lacustrine
deposits, and mafic dikes, sills, and flows (Fig. 2). A geologic
map and cross section of the Midas area compiled from
sources described above and recent mapping by Newmont
project geologists display the distribution of units (Figs. 3–4).
As presently known, ore is confined to steeply dipping,
banded quartz veins filling north-northwest–striking faults in
felsic units (e.g., Colorado Grande and Gold Crown; Fig. 3).
Unaltered rhyolite vitrophyre and ash-flow tuff overlie hy-
drothermally altered host rocks. 

Miocene stratigraphy

The lower tuff unit (Tlt) forms the base of the altered sec-
tion of Miocene ash-flow tuffs in the district (Goldstrand and
Schmidt, 2000; Fig. 2). This unit consists of ≥775 m of brown-
gray, crystal-lithic, weakly welded tuff. Sanidine and plagio-
clase are the dominant phenocrysts and form up to 10 vol per-
cent of the tuff. Sanidine crystals are altered and exhibit
mottled extinction typical of adularization (Henry et al.,
1997). Lithic fragments include small rounded clasts of an-
desite, pumice, and quartz-bearing and welded tuffs.

The June Belle formation (informal, Tjb) overlies the
lower tuff unit (Blair, 1991; Wallace, 1993; Goldstrand and
Schmidt, 2000) and comprises a rhyolite flow-dome-tuff
complex, 10 to 250 m thick. Flow foliation has gentle to ver-
tical dips; near the Elko Prince mine, approximately 2 km
north-northwest of the Ken Snyder mine (Fig. 3), vertical
flow foliations and breccias along contacts are interpreted to
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indicate the presence of a vent (Blair, 1991). Vitrophyric
rocks are common at the bottom and top of the unit, and eu-
taxitic textures are present locally. Sanidine and plagioclase
are the dominant phenocrysts and form up to 15 vol percent
of rock. Lithic fragments include rounded clasts of andesite,
basalt, and welded tuff. The mafic clasts reach 10 cm in size
near the base of the unit. Sparse glass shards and continuous,
locally vertical, banding suggest that this unit is composed pri-
marily of flows and domes or rheomorphic tuffs (Henry and
Wolff, 1992). Spherulitic devitrification is well-developed lo-
cally. As in the lower tuff unit, sanidine crystals are altered
and exhibit mottled extinction. 

The Elko Prince formation (informal, Tep) has both gra-
dational and sharp contacts with the underlying June Belle
formation. The Elko Prince formation is composed of a vari-
ety of ash-flow tuffs and volcaniclastic sedimentary rocks and
has been divided into three informal members (Goldstrand
and Schmidt, 2000; Fig. 2). The lower member (Tep 1) is up

to 155 m thick and consists of green-gray poorly welded
lithic-crystal ash-flow tuff that contains clasts of basalt,
welded tuff, banded rhyolite, and pumice. An intermediate
member (Tep 2), composed of gray carbonaceous lacustrine,
volcaniclastic sedimentary rocks, is laterally discontinuous
and up to 30 m thick. The presence of angular fragments and
crystals and the distribution of this member suggest that
these sediments are locally derived and accumulated in an
aerially restricted basin (Goldstrand and Schmidt, 2000).
The upper member (Tep 3) is composed of light-green lapilli
tuff that has undergone little to no welding. A fine-grained,
white, sanidine-rich air-fall tuff (Tepu) locally overlies Tep 3.
Tep 3 grades upward into sediments of the Esmeralda for-
mation (informal, Tes). 

The Esmeralda formation (Tes), 85 to 260 m thick, consists
of an alternating sequence of tuffaceous and carbonaceous la-
custrine sedimentary rocks, pebble conglomerates, and fine-
grained amygdaloidal tuffs that form five distinct informal
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locations and ages of geochronology samples shown.



members (Tes 1-5; Goldstrand and Schmidt, 2000; Fig. 2).
Detrital fragments include minor sanidine and plagioclase
that form ≤1 vol percent of the rock and clasts of Paleozoic
quartzites. The tuff units contain plagioclase phenocrysts, 5 to
15 vol percent of the rock, in a fine-grained matrix. Amyg-
dules contain chlorite, quartz, and calcite. Unlike the middle
sedimentary member of the Elko Prince formation, the
Esmeralda formation appears to be laterally continuous
throughout the Midas area. The abundance of Paleozoic cob-
bles increases northeastward from the mine area and suggests
a sediment source to the north-northeast where Paleozoic
rocks are exposed (Goldstrand and Schmidt, 2000). In addi-
tion, Wallace (1993) has described clast imbrication that indi-
cates a southwest transport direction.

Numerous mafic sills and dikes intrude, and flows are in-
terbedded within, the felsic volcanic and volcaniclastic sec-
tion described above. Basalt, basaltic andesite, diabase, and
gabbro are dark gray-green to black (Tbg; Goldstrand and
Schmidt, 2000). These rocks are mainly intrusive in the mine
area; basaltic flows crop out north, west, and east of the mine
(Wallace, 1993). Evidence for multiple episodes of mafic

volcanism at Midas includes peperites in the intermediate
member of the Elko Prince formation, dikes in overlying silt-
stones of the Esmeralda formation with sharp contacts indi-
cating intrusion into relatively dry sediments with no resul-
tant hydroclastites, and crosscutting intrusions and flows of
the mafic units (Tbg). Peperites grade laterally into a feature
described locally as a clastic dike. The dike is composed of
siltstone to gritstone that is commonly vertically bedded near
contacts with veins (Goldstrand and Schmidt, 2000). The dike
is subparallel to a north-south–striking fault that contains the
Colorado Grande vein. Emplacement of the clastic dike ap-
parently was controlled by this fault and may be related to an
episode of mafic magmatic activity coeval with deposition of
sediments of the intermediate member of the Elko Prince
formation. There are two distinct varieties of mafic volcanic
rocks (Tbg), one with ilmenite as the main oxide and one with
magnetite as the main oxide. Ilmenite-bearing mafic rocks
locally intrude the magnetite-bearing mafic rocks which are
more abundant at depth. Mafic flows or sills are also common
within, and at the top of, sedimentary rocks of the overlying
Esmeralda formation and represent a younger episode of
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mafic magmatic activity. Mafic dikes, sills, and flows are not
present in the overlying tuffs and sedimentary rocks. 

The red rhyolite (Trf) is composed of lava flows and ash-
flow tuffs (Wallace, 1993). In the Midas area, these flows are
red to grayish-white, banded, and sanidine bearing, and they
are in depositional contact with the Esmeralda formation and
basalts. A laterally widespread, east-dipping rhyolite flow caps
a north-trending ridge approximately 1 km northeast of the
mine and forms gently dipping slopes (Figs. 3–4). These rhy-
olites are weakly to strongly altered but are not known to host
significant mineralization. The massive rhyolite contains phe-
nocrysts of sanidine forming up to 5 vol percent of the rock
and a trace of plagioclase in a devitrified matrix with axiolitic
and spherulitic texture. North-northwest–striking, rhyolite
feeder dikes are exposed in the northwestern portion of the
Midas district (Wallace, 1993). 

A unit composed of siltstones, tuffs, and rhyolite dikes con-
formably overlies and intrudes the red rhyolite. This unit
(Tts) is exposed 2 km east of Midas and is up to 300 m thick
(Figs. 3–4). At the base of the unit, thinly laminated siltstones,
locally containing well-rounded clasts of Paleozoic quartzite,
grade upward into tuffaceous and pumice-bearing siltstones
and rhyolite tuffs. Rounded to angular clasts of chalcedony
and opal and tuff breccias are interbedded within the upper
portion of the sedimentary sequence. Several flow-banded,
spherulitic rhyolite dikes intrude the sediments and grade lat-
erally into hydrothermally altered breccias along their con-
tacts. At the Eastern Star mine, 5 km east of the Ken Snyder
mine (Fig. 3), banded gold-bearing quartz veins are hosted by

a hydrothermally altered vent breccia with a rhyolite matrix,
and a flow-banded spherulitic rhyolite dike crops out within
100 m of the mine workings. Approximately 5 km north-
northeast of the main veins at Midas, sinter deposits (Ts) and
hydrothermal vents are aligned along north-northwest–trend-
ing faults (unpub. mapping, P. Goldstrand, K. Schmidt, and S.
Garwin, 2002; Fig. 3). The vents are marked by circular de-
pressions, 10 to 30 m in diameter, ringed with brecciated opa-
line material. Adjacent to a series of these vents, laminated,
gently dipping sediments were opalized close to the paleosur-
face of the fossil hydrothermal system that was active during
formation of this unit. In the vicinity of the opalized rocks,
conglomerates grade southward into lacustrine sedimentary
rocks, indicating a south- to southeast-sloping paleotopogra-
phy at the time of deposition (S. Garwin, pers. commun.,
2002).

North and east of the Eastern Star mine, a sanidine- and
quartz-rich rhyolite porphyry (Trp) occupies a fault or intru-
sive contact with the unit Tts (Figs. 3–4). Approximately 1 km
north of Eastern Star, the porphyry is hydrothermally altered
and hosts fractures containing opaline silica and cinnabar
(Red Arrow claims; LaPointe et al., 1991). This porphyry is lo-
cally overlain by an ash-flow tuff described below. 

Five km northeast of the Midas deposit, preserved on the
flanks of a gentle fold, a relatively fresh, rhyolite ash-flow tuff
(Trdf) with a thin, basal vitrophyre unconformably overlies
opalized siltstones of Tts (Fig. 3). The tuff is part of a region-
ally recognized unit (rhyodacite of Fraser Creek; Wallace,
1993) that marks the end of significant hydrothermal activity
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and mineralization at Midas. This unit locally cuts down into
the underlying sedimentary sequence and lies directly on the
red rhyolite; in places, the basal vitrophyre is absent. Overall,
the unit thickens eastward (S. Garwin, pers. commun., 2002),
indicating that the red rhyolite and overlying sedimentary se-
quence formed a  topographic high to the west. 

Within 5 km west of the Midas deposit several rhyolite and
rhyodacitic ash-flow tuffs and associated flows were deposited
above the red rhyolite (not shown in Fig. 3; Wallace, 1993).
These units apparently did not extend eastward beneath the
tuff of Trdf, possibly due to the intervening topographic high
of red rhyolite in the vicinity of Midas (Wallace, 1993). Source
vents for these units may have contributed ash to tuffaceous
siltstones and tuffs (Tts) overlying the red rhyolite (Trf). The
Sawtooth dike, which is located approximately 15 km south-
west of Midas (Fig. 1b), was a feeder for some of these flows
and tuffs (units Trpoi and Trpo of Wallace, 1993). Based on
the stratigraphic position of the flows above the red rhyolite
(Trf), the rhyolite dike and associated flows are interpreted to
have been coeval with the rhyolite porphyry (Trp) east of
Eastern Star. These rhyolites are similar texturally and con-
tain abundant phenocrysts of sanidine and quartz. 

Structural geology

The gold-bearing quartz veins and their host rocks formed
during east-northeast– to west-southwest–oriented extension
(Zoback and Thompson, 1978) and associated normal and
oblique displacements along faults. The predominant fault
orientations in the Midas district are N to N 30° W, N 50° W
to N 60° W, and east to east-northeast (Blair, 1991; Wallace,
1993; Casteel et al., 1999; Goldstrand and Schmidt, 2000; Fig.
3). The Colorado Grande vein formed in a laterally and verti-
cally persistent, north-south– to N30°W-striking, steeply
northeast dipping normal fault. Subsidiary mineralized faults
within the hanging wall display some reverse movement (Fig.
4). The Gold Crown vein formed in a steeply northeast dip-
ping, N 50° to 60° W-striking fault that splays into the foot-
wall of the Colorado Grande fault (Fig. 4). Fault splays of
similar orientation in the hanging wall host additional veins
(Casteel et al., 1999; Goldstrand and Schmidt, 2000).

The Colorado Grande fault was a long-lived growth fault. It
controlled the distribution of lacustrine sediments of Tep 2
and intrusion of the clastic dike (Goldstrand and Schmidt,
2000). Offsets along the Colorado Grande fault indicate that
normal displacement continued after deposition of the upper
Esmeralda formation. Total normal displacement prior to
mineralization may have been as much as 335 m (Goldstrand
and Schmidt, 2000), with little normal movement after for-
mation of the veins. A component of strike-slip along this
fault resulted in the formation of a pull-apart basin (followed
by deposition of unit Tep 2; Goldstrand and Schmidt, 2000),
a reverse flower structure associated with the faults hosting
the bonanza vein system and dilational openings along the
main mineralized faults (D.A. Rhys, unpub. rept., 2002). 

East- to northeast-striking faults that developed prior to
and following mineralization are not known to host significant
ore (Goldstrand and Schmidt, 2000). In the Midas region, ad-
ditional postmineralization movement occurred along north-
trending faults that deformed postmineralization volcanic
rocks (e.g., unit Trdf; Wallace, 1993).

Host rocks of the veins dip gently away from a north-north-
west–trending axis parallel to, and approximately 300 m west
of, the Colorado Grande vein (Goldstrand and Schmidt, 2000;
Fig. 4). Postmineralization rhyolites appear to terminate at
the flanks of the shallow anticline (Wallace, 1993). Doming
preceded development of the Midas hydrothermal system
and may have been a product of emplacement of an intrusion
at depth and/or faulting.

Hydrothermal alteration and vein formation 

The alteration assemblages show a crude zonation centered
on the main veins. Weak propylitic alteration occurs at dis-
tances greater than 400 m from the veins. Minor veining and
partial replacement of phenocrysts and groundmass by chlo-
rite, calcite, minor smectite (predominantly montmoril-
lonite), and a trace of pyrite characterize this alteration. Re-
gional weak propylitic alteration preceded main-stage
alteration related to formation of the bonanza veins and near-
surface hot spring activity.

Propylitic alteration intensifies toward the veins with an in-
creased density of fracturing and veining and more complete
replacement of phenocrysts and groundmass and/or matrix.
Calcite, chlorite, pyrite, and smectite (montmorillonite and
nontronite) are abundant. Albitization of plagioclase and adu-
larization of sanidine are common. Moderate propylitic alter-
ation grades into intense propylitic alteration within 50 to 100
m of the main veins and at depth. In zones of intense propy-
litic alteration, epidote and prehnite are variably present and
are accompanied by increased abundances of calcite, pyrite,
quartz, and adularia. Intense propylitic alteration grades into
potassic alteration within 30 m of the main veins. In zones of
potassic alteration, nearly complete replacement of phe-
nocrysts and groundmass and/or matrix is accompanied by an
increased density of veining. Abundances of adularia, pyrite,
marcasite, smectite (montmorillonite and illite), quartz, chal-
copyrite, and sphalerite increase, and abundances of chlorite
decrease; chlorite is Fe rich. More intense potassic alteration
commonly occurs within 20 m of the veins. In this zone, orig-
inal textures are destroyed, and abundances of pyrite and/or
marcasite increase.  Illite ± sericite are slightly more abun-
dant but overall present in trace amounts. Adjacent to the
veins, wall rocks contain abundant silica and traces of selenide
minerals. These phases were deposited during the earliest
stages of the main ore-bearing veins.

Argillic alteration is most strongly developed in permeable
volcaniclastic rhyolites (Tep and Tes), along faults, and at
shallower levels of the deposit where it appears to overprint
propylitic and potassic alteration. Phenocrysts and matrix are
replaced by montmorillonite and minor kaolinite. Along the
main faults, late deposition of montmorillonite, pyrite, calcite,
and siderite in crosscutting veinlets followed formation of
bonanza veins, possibly during collapse of the hydrothermal
system.

The Colorado Grande and Gold Crown veins formed dur-
ing multiple episodes of deposition and brecciation (Gold-
strand and Schmidt, 2000; Leavitt, et al., 2000; D.A. Rhys,
unpub. rept., 2002). Early silica flooding and brecciation of
the wall rocks was followed by deposition of banded veins,
several centimeters to several meters wide, which comprise
high-grade ore. Dark bands variably enriched in electrum,
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naumannite, chalcopyrite, pyrite, sphalerite, and minor
galena, aguilarite, and marcasite alternate with quartz-, chal-
cedony-, adularia-, and calcite-rich bands. In any given vein,
dark bands range in number from several to 20 (D.A. Rhys,
unpub. rept., 2002). Bladed calcite, adularia and mosaic
quartz are more abundant in earlier bands; pyrite and crys-
talline quartz are more abundant in later bands. During and
following deposition of banded ore, several episodes of brec-
ciation disrupted veins and wall rocks. Calcite and silica were
deposited during and following these events. 

Multiple episodes of silicification and vein formation are
also evident at the Eastern Star mine. At Eastern Star, the
mineralization is hosted by an intrusive or hydrothermal vent
breccia that contains rounded fragments of Paleozoic cob-
bles, chalcedony, and angular volcanic rocks within a rhyolite
matrix (Bentz et al., 1983; LaPointe et al., 1991). This breccia
may have formed due to intrusion of rhyolite into a wet
stream channel containing cobbles of chalcedony from earlier
hydrothermal activity and Paleozoic cobbles from older (Tts)
conglomerates. This breccia was later silicified and cut by
steeply dipping, banded, quartz-adularia-calcite-selenide-
electrum veins up to 10 cm wide.

40Ar/39Ar Geochronology
Newly dated samples of volcanic rocks and mineralized

veins at Midas provide constraints on the age of the host rocks
and the age and duration of the mineralizing hydrothermal
system. All dates described here were obtained by 40Ar/39Ar
dating techniques. Although most rock samples were weakly
altered, the effects of hydrothermal alteration were eliminated
by handpicking and microscopic observation of mineral sepa-
rates. Detailed sample descriptions and sample preparation
and analytical techniques are described in Appendices 1 and 2.

Samples

Basalt and basaltic andesite (Tbg): Two samples of basalt
and basaltic andesite (Tbg) were dated. One sample of basalt,
MKK-PG-29, was collected 2 km northeast of the Ken Sny-
der mine (Fig. 3) where vesicular and glassy textures of some
of the basalts, as well as field relationships, suggest that mafic
lavas flowed onto a surface of Esmeralda formation sedi-
ments. A sample of basaltic andesite, MI-S-1, was collected
several kilometers north-northwest of the Midas deposit from
the same location as a sample dated previously using whole-
rock, K-Ar methods (Wallace, 1993; Table 1). The basaltic an-
desite is overlain by siltstones of the Esmeralda formation and
is either a flow or a sill. Separates of plagioclase phenocrysts
were dated by step heating. 

Upper Elko Prince formation (Tepu): Higher in the host
rock sequence, a sample of the uppermost portion of the Elko
Prince formation, MI-S-17, was obtained from an outcrop of
airfall tuff (Tepu), 0.75 km south of the mine (Fig. 3). In out-
crop Tepu overlies tuffs of the upper member of the Elko
Prince formation (Tep 3). A separate of sanidine phenocrysts
was dated by step heating.

Red rhyolite (Trf): A sample of the red rhyolite (Trf), MI-S-
61, was collected from a north-trending ridge, 3 km northeast
of the Ken Snyder mine (Fig. 3). At this location the rhyolite
appears to be a flow. A separate of sanidine phenocrysts was
dated by laser fusion.

Rhyolite tuff (Trdf): A sample of rhyolite tuff (Trdf), MI-S-
70, was collected from an outcrop approximately 5 km north-
east of the Ken Snyder mine (Fig. 3). At the base of the out-
crop, the tuff contains shards of unaltered obsidian, sanidine,
and sparse plagioclase. It grades upward into more crystal-
rich zones. A lithophysal, reddish oxidized zone occurs at the
top of the outcrop. Lithic fragments include rounded mafic
lapilli and buff-colored chalcedony. A separate of sanidine
phenocrysts from the crystal-rich portion of the tuff was dated
by laser fusion.

Colorado Grande vein: Two samples of the Colorado
Grande vein were collected to date high-grade Au-Ag miner-
alization at the Midas deposit. Samples were obtained from
the same underground location (spiral 4, 5,250-ft level, 462 ft
south), from outer and inner bands of the vein (MI-5-4 and
MI-5-3, respectively); the banded portion of the vein was ap-
proximately 20 cm wide at this location. The outer bands are
clearly older than the inner bands in outcrop, hand specimen,
and thin section. Separates of adularia from these bands were
dated by step heating.

Eastern Star vein: A sample of banded, gold-bearing quartz-
adularia-selenide vein (MI-S-7) was collected from the East-
ern Star mine (Fig. 3). The occurrence of adularia in this vein
is similar to that in the samples of the Colorado Grande vein.
A separate of adularia was dated by step heating.

Results

Most samples yielded ages with few artifacts of hydrother-
mal alteration, sample preparation, or other contaminants.
The new dates are summarized in Table 1 along with previ-
ously published geochronologic data from the Midas district
and vicinity. Data reduction, statistical analysis, and general
interpretation techniques are presented in Appendix 2. Ana-
lytical data are tabulated in Appendix 3. 

Basalt and basaltic andesite (Tbg): The plateaus for both
samples give ages that are generally consistent with regional
stratigraphic relationships. However, data from both samples
yielded slightly discordant ages that may indicate the pres-
ence of excess argon (Table 1, Fig. 5a-d). For data such as
these, the minimum ages defining the plateau are the best
choice for an apparent age, and if excess argon is present in
these steps, the age is a maximum. 

Isochron analysis of data for sample MI-S-1 indicates the
presence of a small amount of excess argon (40Ar/36Ar = 338 ±
22 compared to the atmospheric value of 295.5). This sample
also yielded a statistically valid isochron age of 8.2 ± 1.1 Ma
(MSWD = 2.2; Fig. 5b). However, low radiogenic yield, cor-
rections for Ca-derived isotopes, and large atmospheric argon
correction errors in the 40Ar/36Ar ratio can produce isochrons
with large errors. The resulting isochron age is inconsistent
with both the district and regional geology. Step heating pro-
duced a plateau age of 15.9 ± 0.3 Ma from steps 5 through 10
(comprising 52% of gas released; Fig. 5a). The latter date,
which represents a maximum age, has been assigned to this
sample.

The statistically valid isochron age for sample MKK-PG-29
is 13.22 ± 0.15 Ma with an MSWD of 1.6 for plateau steps 1
through 5 (Fig. 5c-d, Table 1). The initial 40Ar/36Ar ratio of
306.0 ± 2.0 suggests the presence of minor excess argon.
However, the geologic relationships are inconsistent with
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such a young age. Steps 3 to 6 of the age spectrum comprise
~57 percent of the total gas released and define a plateau
which yields a weighted mean age of 16.0 ± 0.2 Ma. The lat-
ter age is consistent with the geologic relationships and has
been assigned to this sample. The U-shaped age spectrum of
MKK-PG-29 can be explained by the presence of excess
argon throughout the sample (McDougall and Harrison,
1999). Because the high- and low-temperature steps have
lower radiogenic yields, their ages are strongly affected by any
excess argon.

Upper Elko Prince formation (Tepu): Step heating of sani-
dine from sample MI-S-17 yielded a total gas age of 15.91 ±
0.11 from 13 steps and a plateau age of 15.74 ± 0.11 from
steps 4 through 13 (Table 1, Fig. 6a). The first several steps
that contained abundant atmospheric argon may represent
the effects of weak clay alteration of the outer rims of some

sanidine crystals. An inverse isochron with all 13 steps yields
an age of 15.60 ± 0.09, an initial 40Ar/36Ar of 305.9, and an
MSWD of 0.97 (Fig. 6b); it demonstrates the large spread in
radiogenic yield and appears to provide a reliable age. The
isochron and plateau ages overlap within 1σ, and the isochron
age has been assigned to this sample.

Red rhyolite (Trf): Laser fusion analysis of 10 sanidine
grains from sample MI-S-61 yielded very homogeneous ages
ranging from 15.62 to 15.72 Ma, a mean age of 15.65 ± 0.05
Ma, and a weighted mean age of 15.65 ± 0.08 Ma (Table 1,
Fig. 6c). The highly radiogenic analyses cluster at one end of
an inverse isochron, leaving the nonradiogenic argon poorly
constrained (Fig. 6d). Nonetheless, the isochron yields an age
of 15.63 ± 0.12 Ma, an initial 40Ar/36Ar of 315 ± 25, and an
MSWD of 0.31. All 10 ages, which lie within ±2σ, are most
likely representative of unaltered juvenile sanidines and
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correspond to the age of eruption of the rhyolite flow or
highly homogeneous tuff. The weighted mean and isochron
ages are virtually identical within the limits of error, and the
isochron age has been assigned to this sample.

Rhyolite tuff (Trdf): Fusion analysis of 10 sanidine crystals
from sample MI-S-70 yielded a relatively heterogeneous pop-
ulation of apparent ages ranging from 15.00 to 16.40 Ma, with
a mean age of 15.48 ± 0.36 Ma, and a weighted mean age of
15.39 ± 0.08 (Table 1, Fig. 6e). An inverse isochron with all 10
crystals yields an age of 15.23 ± 0.10, an initial 40Ar/36Ar of
340.0 ± 6.0, and an MSWD of 1.8 (Fig. 6f). The likelihood of
excess argon and the presence of outliers in the population
could indicate that either xenocrysts are present and/or that
some of the sanidine crystals have been hydrothermally al-
tered. For this sample, the isochron is considered the most
reliable age.

Colorado Grande vein: Adularia separates from distinct
mineralized bands of the Colorado Grande vein produced
nearly ideal age spectra. The sample from an inner band, MI-
5-3, gave a nearly ideal flat age spectrum with a plateau age
of 15.38 ± 0.08 Ma from steps 2 through 8 (~75% of gas) and
a total gas age of 15.42 ± 0.08 Ma (Table 1, Fig. 7a). Steps 1
through 6 define an isochron age of 15.37 ± 0.09 Ma, with no
indication of excess argon and an acceptable MSWD of 1.8
(Fig. 7b). An isochron age, identical to the plateau age, has
been assigned to this sample.

The adularia sample from an outer band, MI-5-4, also
yielded a nearly ideal, flat age spectra with ~95 percent of the
gas yielding identical ages with a plateau age of 15.30 ± 0.08
Ma from steps 2 through 10; the total gas age is 15.35 ± 0.08
(Fig. 7c). An isochron defined by steps 1 through 10 pro-
duced an age of 15.30 ± 0.08, with no indication of excess
argon, and an MSWD of 1.3 (Fig. 7d).

Eastern Star vein: A sample of adularia from the banded
vein, MI-S-7, yielded a nearly flat age spectrum with steps 4
through 11, defining a plateau age of 15.39 ± 0.10 Ma, and a
total gas age from all steps of 15.33 ± 0.10 Ma (Table 1, Fig.
7e). Steps 1 through 8 define a statistically valid isochron age
of 15.40 ± 0.09 Ma, with no excess argon and an MSWD of
1.2 (Fig. 7f). No excess argon is indicated, and thus the
plateau and isochron ages are essentially identical. The
isochron age has been assigned to this sample.

Summary of Geochronology of Midas Area
Newly determined ages of host rocks and gold-bearing

quartz veins indicate that several units in the Midas area are
older than previously thought and that high-grade mineral-
ization was coeval with felsic volcanism. Results of geologic
mapping, new dates from this study, and several additional
isotopic dates for volcanic rocks and Au-Ag mineralization in
the region are summarized in Table 1 and Figure 8. The new
40Ar/39Ar dates for the Midas area correlate well with stratig-
raphy in the Midas district. 

The new 40Ar/39Ar ages of banded veins from throughout
the Midas area are essentially identical. Adularia from the
Colorado Grande vein, the Eastern Star mine, and Ivanhoe
(Fig. 1b) yielded dates ranging from 15.3 ± 0.1 to 15.4 ± 0.1
Ma (Table 1). The 15.38 ± 0.08 Ma age of banded selenide-
precious metal veins at Ivanhoe (Peppard, 2002), 20 km to
the southeast of Midas, is the same as that of the Colorado

Grande vein. The dates from the inner and outer bands of the
Colorado Grande vein are indistinguishable at 1σ, suggesting
that the vein formed over a relatively short period of time. 

Field relationships indicate that basalts and basaltic an-
desites (Tbg) at Midas were emplaced multiple times during
accumulation of the volcanic pile that hosted the hydrother-
mal system. The mafic volcanic rocks (Tbg) are similar in age
or younger than the Esmeralda formation (Tes) and older
than the red rhyolite (Trf). A maximum age of 15.9 ± 0.3 Ma
for basalt sample MI-S-1 is consistent with an age of 15.6 ±
0.1 Ma for the overlying red rhyolite. A previous whole-rock,
K-Ar analysis of a sample of this basalt from the same location
as sample MI-S-1 yielded an age of 14.7 ± 0.5 Ma (Table 1;
Wallace and McKee, 1994). This young age most likely re-
flects effects of minor alteration or glass in the groundmass
and related loss of argon. The new 40Ar/39Ar dates indicate
that mafic volcanism in the Midas district had waned prior to
mineralization and are consistent with ages of mafic rocks
elsewhere along the northern Nevada rift (e.g., ~16–15.8 Ma,
Mule Canyon sequence; John et al., 2003).

The date of the fine-grained white tuff (Tepu) provides an
upper limit of 15.6 Ma on the age of the Elko Prince forma-
tion (Tep). The Elko Prince formation was deposited at the
same time that lacustrine and alluvial sedimentation took
place 15 km to the southeast in the Ivanhoe area (Wallace,
2003). The aerially restricted distribution of the middle mem-
ber (Tep 2), as well as more abundant ash-flow and lapilli tuffs
at Midas compared to the Ivanhoe area, suggests localized
basin formation at Midas during this time and closer proxim-
ity to a source. 

The ages of the fine-grained white tuff (Tepu) and the red
rhyolite (Trf) constrain deposition of the Esmeralda volcani-
clastic sequence (Tes) to a period of less than 200 kyr (Table
1). The Esmeralda formation correlates with the middle
phase of middle Miocene lacustrine sedimentation in the
northern part of the Ivanhoe district (Wallace, 2003).

The date of 15.6 ± 0.1 Ma of the red rhyolite (Trf) confirms
that this unit was erupted prior to mineralization and agrees
with a new 40Ar/39Ar age of 15.4 Ma for the Sawtooth dike
(Table 1; Wallace, 2003); the red rhyolite (Trf) is stratigraph-
ically lower than rhyolite flows fed by the Sawtooth dike. The
new age of the Sawtooth dike revises an age of 14.3 ± 0.8 Ma
that was based on a K-Ar date of sanidine phenocrysts from
the dike (Wallace et al., 1990) and shows that this intrusion
and related flows, which extend to within 3 km west of Midas,
are the same age as mineralization at Midas (Table 1; Wallace,
2003).

The tuffs, tuffaceous siltstones, and hydrothermal breccias
of the unit Tts, lying between the red rhyolite (Trf) and unal-
tered tuffs (Trdf), accumulated between 15.6 ± 0.1 and 15.2
± 0.1 Ma (dates of Trf and Trdf, respectively) and represent
the youngest rocks affected by the hydrothermal system. Fol-
lowing deposition, these rocks and underlying units were
tilted, and normal faulting took place along the main ore-
bearing structures. Oblique-slip faulting and high-grade
mineralization then took place at 15.4 Ma. The Tts unit is cor-
relative with a middle sequence of sedimentary and volcani-
clastic rocks described in the Ivanhoe area that was deposited
between 15.6 and 15.2 Ma (Wallace, 2003). At this time,
the Midas and Ivanhoe areas experienced felsic volcanism,
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FIG. 7.  Age spectra and isochron plots for 40Ar/39Ar step heating of adularia separates from high-grade Au-Ag veins. a. and
b. Results of analyses of sample MI-5-3, an inner band of the Colorado Grande vein, Ken Snyder mine. c. and d. Results of
sample MI-5-4, an outer band from the same location. e. and f. Results of analysis of sample MI-S-7 from a banded precious
metal vein at the Eastern Star prospect. Analyses and plots were carried out as described in Figure 5. 



faulting, lacustrine sedimentation, hot spring activity, and Au-
Ag-Hg mineralization.

Deposition of an ash-flow tuff (Trdf), which followed tilting
and mineralization, is similar in age to rhyolite volcanism that
occurred in the Ivanhoe area between 15.4 and 15.2 Ma (Wal-
lace, 2003). At Midas, the lack of hydrothermal alteration in
this unit shows that hydrothermal activity had ceased by
about 15.2 Ma, similar to Ivanhoe (Wallace, 2003).

Duration of Hydrothermal System and Temporal 
Relationship between Volcanism and Mineralization

Although the absolute age of the onset of the Midas hy-
drothermal system is not known, the age of the red rhyolite
(Trf) establishes a possible maximum age of 15.6 ± 0.1 Ma
(sample MI-S-61; Table 1). The age of the capping, unaltered
tuff (Trdf) provides a minimum age of the hydrothermal sys-
tem of 15.2 ± 0.1 Ma (sample MI-S-70; Table 1). Thus, a ten-
tative maximum duration of the hydrothermal system is 600
kyr. The ages of high-grade veins from the Midas region range
from 15.4 ± 0.1 Ma (Eastern Star, sample MI-S-7; Colorado
Grande, sample MI-5-3; and Ivanhoe; Table 1) to 15.3 ± 0.1
Ma (Colorado Grande, sample MI-5-4; Table 1) and show
that banded, selenide-, Au-Ag–rich veins were deposited dur-
ing a short-lived regional event that probably lasted less than
300 kyr.

High-grade Au-Ag veins at the Ken Snyder mine are 100 to
400 kyr younger than the youngest dated host rocks (Trf; sam-
ples MI-5-3, MI-5-4, and MI-S-61; Table 1). The age of gold-
bearing quartz veins at the Eastern Star mine shows that as
little as 20 kyr may have elapsed between the eruption of host
rocks and deposition of precious metals (samples MI-S-7 and
MI-S-61; Table 1). High-grade mineralization at Midas was
roughly coeval with nearby rhyolite activity (15 km to the
Sawtooth dike and 20 km to the Craig rhyolite in the Ivanhoe

area; Wallace, 2003). The plutonic source of these rhyolites
may have been the heat source for the hydrothermal system
at Midas.

Comparison to Other Low-Sulfidation 
Hydrothermal Systems

At Midas, no more than 400 kyr elapsed between host-rock
volcanism and the onset of mineralization. At Round Moun-
tain hydrothermal activity and mineralization began within
500 kyr of ash-flow tuff eruption (Henry et al., 1997). At the
Sleeper deposit, high-grade Au-Ag, banded quartz-adularia
veins formed 100 to 300 kyr after eruption of the host rhyo-
lite porphyry (Conrad and McKee, 1996). And, at the Mule
Canyon deposit, hydrothermal alteration and Au-Ag deposi-
tion took place approximately 200 kyr after formation of the
mafic volcanic host rocks (John et al., 2003). 

Unaltered rhyolite tuffs and flows deposited shortly after
the cessation of hydrothermal activity provide limits on the
duration of low-sulfidation hydrothermal systems including
Round Mountain, Sleeper, Ivanhoe, and Midas. At Round
Mountain (Henry et al., 1997) and Midas, tuffs were de-
posited on or close to the paleosurface of the hydrothermal
system. Similarly, the Sleeper deposit formed shortly before
or during eruption of peralkaline tuffs of the McDermitt vol-
canic field, 20 to 50 km to the north, and may have been cov-
ered by tuffs during or following mineralization, although the
tuffs do not presently overlie mineralized rocks (Conrad and
McKee, 1996). At Ivanhoe, a rhyolite porphyry and flows
capped a silicified, Hg-bearing tuff (Wallace, 2003). 

These observations and new 40Ar/39Ar data in this study
show that these hydrothermal systems were active for <100 to
700 kyr. The Midas hydrothermal system may have been ac-
tive for up to 600 kyr and the main mineralizing event for up
to 300 kyr. The Round Mountain hydrothermal system was
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active for as little as 50 and no more than 500 kyr (Henry et
al., 1997). The Mule Canyon hydrothermal system was active
for up to 450 kyr (John et al., 2003). The Ivanhoe hydrother-
mal system was active for up to 350 kyr (Wallace, 2003). At
Sleeper the main stage of mineralization and formation of
banded Au-Ag veins took place over a period of up to 700 kyr
(Conrad and McKee, 1996).

Active geothermal systems in the Taupo Volcanic Zone in
New Zealand provide analogues of low-sulfidation epithermal
systems (Hedenquist and Lowenstern, 1994; Simmons, 1995;
Cooke and Simmons, 2000). Modeling of the Waiotapu sys-
tem in New Zealand indicates that approximately 1 to 6 Moz
of Au could be deposited in 10 kyr (Henley and Hedenquist,
1986). More recent measurements of deep fluid compositions
along the Taupo Volcanic Zone support this model (Simmons
and Brown, 2002). Current estimates of reserves and re-
sources combined with past production suggest that the
Midas-Ivanhoe region contained a minimum of approxi-
mately 4 Moz of Au and 40 Moz of Ag in high-grade quartz
veins and probably an equal amount in altered and mineral-
ized areas but outside the main vein zones. The high-grade
veins formed during a pulse of mineralization that spanned
up to 300 kyr. By analogy with New Zealand geothermal sys-
tems, the Midas hydrothermal system easily could have pro-
duced the estimated quantities of precious metals within this
amount of time.

Model of Magmatic and Hydrothermal 
Evolution of Midas Area

Characterization of the timing of hydrothermal mineraliza-
tion and volcano-tectonic events at Midas provides insights
into the nature of formation of world-class epithermal ore de-
posits. A series of schematic cross sections (Fig. 9) illustrate
the volcano-tectonic evolution of the Midas district. A thick
section of felsic tuff, flow-dome complexes, and volcaniclastic
and lacustrine sediments and mafic rocks accumulated in a
deep graben and was periodically faulted and intruded by
basalts and basaltic andesites (Fig. 9a-c). Following deposi-
tion of rhyolite flows, the volcanic rocks were gently folded,
intruded by rhyolites, and faulted (Fig. 9d). Subsequent de-
position of tuffaceous and opalized sediments and sinter de-
posits coincided with intrusion of rhyolite, development of
the hydrothermal system, and formation of gold-bearing
quartz veins along the main faults (Fig. 9d). After cessation of
hydrothermal activity, continued tilting, erosion, and deposi-
tion of a postmineral tuff took place (Fig. 9e). Geologic events
that led to development of high-grade veins in the Midas re-
gion include the following:

1. The Midas hydrothermal system developed after mafic
volcanism waned and during rift-related felsic-dominated vol-
canism. The revised geochronology of the Midas area shows
that several units of rhyolite previously thought to postdate
mineralization and represent a younger bimodal sequence in-
stead are coeval with mineralization (Fig. 9d). Overlying un-
altered tuff (Fig. 9e) is older than previously recognized and
only slightly younger than mineralization. A similar temporal
association between gold mineralization and rhyolite volcan-
ism has been observed in the Midas region at Ivanhoe (Wal-
lace, 2003). The documentation of a close temporal and
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spatial association of mineralization with felsic volcanism sug-
gests that felsic intrusions provided a heat source to drive
convection of hydrothermal fluids and possibly provided met-
als or other components. 

2. Gentle tilting and faulting during the felsic-dominated
volcanism provided plumbing for fluid flow. Gently dipping
flows of the relatively impermeable red rhyolite (Trf) near the
paleosurface probably formed a cap to the hydrothermal sys-
tem that was breached locally by normal faults. Normal faults
facilitated fluid upflow (Fig. 9d).

3. Shallow lakes were present in the vicinity of Midas spo-
radically during formation of the host rocks. During hy-
drothermal activity, water from the lakes probably recharged
the meteoric water-dominated system (cf. Wallace, 2003). As
hypothesized for other similar-aged epithermal precious
metal deposits in Nevada, a period of increased rainfall may
have enhanced the hydrothermal system (Berger and Henley,
1989; Wallace, 2003). 

4. The nearly synchronous deposition of high-grade sele-
nium- and Au-Ag–rich veins throughout the Midas area, in-
cluding the Midas veins, Eastern Star, and Ivanhoe, at 15.4
Ma suggests that the metals were derived from the same hy-
drothermal system and that common depositional mecha-
nisms operated. At Midas, the thickest portions of these high-
grade veins occur in dilational zones created by oblique-slip
motion along a north-northwest– to northwest-striking fault
system (Fig. 9d). Evidence of coeval faulting and high-grade
mineralization suggests that seismic events may have trig-
gered movement along preexisting zones of weakness along
the margins of the rift with release of fluids from deeper hy-
drothermal reservoirs. The presence of bladed calcite and
adularia in gold-bearing quartz veins are indicative of boiling,
possibly caused by the decreased pressure along faulted path-
ways (e.g., Sibson, 1987; Henley and Adams, 1992). 

Conclusions
The high-grade Au-Ag veins at Midas were deposited no

more than 400 kyr after eruption of the youngest volcanic
host rocks and are only slightly older than overlying fresh
tuffs. In the Midas region high-grade Au-Ag veins formed
within a period of 300 kyr, athough hydrothermal activity may
have lasted much longer. By analogy with active low-sulfida-
tion geothermal systems, the estimated precious metal con-
tent of veins easily could have been deposited within this time
frame. New dates of volcanic rocks show that sinters and opal-
ized sediments formed on the paleosurface of the Midas hy-
drothermal system and that Au-Ag mineralization was coeval
with felsic volcanism. 

High-grade Au-Ag veins were deposited after a change
from mafic-dominated bimodal volcanism and basin develop-
ment to felsic volcanism, faulting, and local uplift. The simi-
lar ages of in situ rhyolite and mineralization suggest that they
are genetically linked and that felsic volcanism and tectonic
events led to the formation of high-grade selenium- and Au-
Ag–rich bonanza veins in the Midas district. 
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MI-S-1 (Tbg): The basaltic andesite is medium to coarsely
crystalline with a bimodal size distribution of tabular plagio-
clase and an intersertal texture. Larger subhedral grains of
plagioclase (1.0–3.0 mm, 5 vol %) exhibit oscillatory and nor-
mal zoning with compositions ranging from labradorite to
oligoclase; some contain minor inclusions of pyroxene and
glass. Smaller laths of oligoclase (0.1–0.3 mm, 50–60 vol %)
are subophitically enclosed by pyroxene or occur within in-
terstitial, brown glass. Mafic minerals include rounded grains
of iddingsitized olivine (0.1–0.5 mm, 2–3 vol %) commonly
enclosed in pyroxene. Hypersthene is present in scattered
subhedral grains (0.5 mm, 2–3 vol %). Calcic clinopyroxene
(augite; 0.5–5 mm, 15–20 vol %) is subophitic about plagio-
clase and locally shows exsolution of orthopyroxene. The
groundmass (5–10 vol %) is composed of interstitial brown
glass with microlites of plagioclase and a trace of apatite.
Opaque minerals include elongate ilmenite (0.3–0.6 mm, 2–3
vol %) and traces of primary pyrrhotite and chalcopyrite.
Mafic minerals and the groundmass have been variably re-
placed by chlorite. Plagioclase contains a trace of clay (mont-
morillonite) and calcite along fractures. 

MKK-PG-29 (Tbg): This sample is a coarse-grained basalt
with laths of randomly oriented oligoclase (0.1–0.3 mm, 50–55
vol %) and clinopyroxene (augite; 0.3–0.5 mm, 15–20 vol %)
subophitic about plagioclase. A few larger grains of plagioclase
(0.5–2 mm, 2–3 vol %) exhibit oscillatory and normal zoning
from labradorite to oligoclase, some of these grains contain
spongy cores with abundant inclusions of glass and minor py-
roxene. Mafic minerals include augite (0.2–1.0 mm, 15–20 vol
%), hypersthene (0.5 mm, 1 vol %), and rounded olivine
(0.1–0.3 mm, 1–2 vol %). Opaques include subhedral, elon-
gate ilmenite (0.01–0.1 mm, 1–2 vol %), locally subophitic
about plagioclase, and a trace of pyrrhotite and chalcopyrite.
The intersertal texture contains interstitial brown glass. Chlo-
rite has variably replaced olivine, hypersthene, and glass. A
few fractures contain minor iron oxides and chlorite, and pla-
gioclase locally contains clay-coated fractures. 

MI-S-17 (Tepu): This sample is a crystal-rich, vitric rhyolite
tuff that contains subhedral sanidine (0.5–1 mm, 8–10 vol %),
subangular to subround plagioclase (0.2–0.3 and 1.0–2.0 mm,
3–5 vol %), and subround quartz (0.2–0.2 mm, 1–2 vol %) in
a devitrified, felsitic matrix. Lithic fragments include lapilli of
andesite or dacite (1–2 mm, 2–3 vol %) and pumice (1–2 mm,
2–3 vol %). The matrix is devitrified, and plagioclase and
pumice are partially replaced by kaolinite and smectite. A few
sanidines show weak mottling. The sample is cut by two vein-
lets containing inclusion-rich quartz (0.1–0.3 mm, ~1 vol %),
microcrystalline quartz, and zoned rhombs of adularia
(0.05–0.1 mm, <1 vol %). 

MI-S-61 (Trf): This sample is a flow-banded, porphyritic
rhyolite with euhedral to angular, fractured phenocrysts of
sanidine (0.5–3.0 mm, 3–4 vol %), rounded albite (1.0–3.0
mm, <1 vol %), and angular to subhedral quartz (0.5 mm, 1
vol %), opaques (0.1 mm, 1 vol %), and a trace of zircon in a
glassy matrix exhibiting spherulitic and axiolitic devitrifica-
tion. Goethite and hematite are present along fractures re-
placing plagioclase (mafic inclusions) and opaques.

MI-S-70 (Trdf): This sample is a weakly welded rhyodacitic
tuff with phenocrysts of anhedral, fractured sanidine (0.2–1.0
mm, 10–15 vol %), minor albite (0.5 mm, 1 vol %), rounded
pyroxene (0.25 mm, 1–2 vol %), zircon (0.05–0.1 mm, trace),
opaque minerals including hematite (0.05 mm, 1–2 vol %),
leucoxene (0.05–0.1 mm, 1 vol %), magnetite (0.05 mm,
trace), and light brown glass shards (0.05–0.5 mm, 30–40 vol
%). Lithic fragments include pumice fragments (0.5–1.0 mm,
1–2 vol %), clumps or glomerocrysts of rounded fragments of
chalcedony with euhedral zircons, pyroxenes altered to iron
oxides, and albite (0.5–1.0 mm, 2 vol %), and mafic lapilli (0.5
mm, 1 vol %). The glassy matrix is fresh.

MI-5-4 (Colorado Grande vein, outer bands, spiral 4, 5,250
level, 462-ft S): This sample is from the outer margin of a
crustiform portion of the Colorado Grande vein. Bands are
variably composed of bladed and patchy calcite, mosaic and
comb quartz, rhombohedral, bladed, and anhedral adularia
with minor interstitial fluorite (grains are 0.01–1.0 mm). Se-
lenides, electrum, and pyrite (0.01–0.2 mm) are typically as-
sociated with mosaic quartz and adularia. A late band is
brecciated with calcite filling the matrix around milled frag-
ments of quartz and adularia.

MI-5-3 (Colorado Grande vein, inner bands, spiral 4, 5,250
level, 462-ft S): This sample is from inner bands of a crusti-
form portion of the Colorado Grande vein. Bands are variably
composed of bladed and patchy calcite, mosaic and comb
quartz, rhombohedral, bladed and anhedral adularia with
minor interstitial fluorite (grains are 0.01–1.0 mm). Silver se-
lenides, electrum, and pyrite (0.01–0.2 mm) are most com-
monly associated with mosaic quartz and adularia. Minor re-
placement of bladed calcite by silica is evident in late bands.

MI-S-7 (Eastern Star vein): This sample is from a banded
vein at the Eastern Star prospect. Colloform bands range in
thickness from 0.1 to 1.0 mm in width and contain variable
amounts of quartz and adularia. Minor bladed calcite has
been replaced by quartz. Quartz displays a variety of textures
including jigsaw, flamboyant, moss, and comb textures and is
generally micro- to cryptocrystalline. Adularia is rhombic to
anhedral, with larger rhombs (to 0.05 mm) forming in vugs.
Silver selenides and electrum (0.01–0.01 mm) are commonly
associated with jigsaw quartz and adularia.

APPENDIX 1

Sample Descriptions
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Sample preparation and analytical procedures

Samples used for 40Ar/39Ar analysis were crushed and
sieved to between 100 and 700 µm and rinsed with dilute HCl
to remove calcite. Heavy liquid, magnetic separation, and
handpicking techniques were used to produce mineral sepa-
rates which were rinsed in dilute HF and cleaned in distilled
water and acetone. All mineral separate samples were >99
percent pure based on visual examination. 

40Ar/39Ar analyses were carried out by the Nevada Isotope
Geochronology Laboratory at the University of Nevada, Las
Vegas. Samples were packaged with fluence monitors (ANU
92-176, Fish Canyon Tuff sanidine) and synthetic K glass and
optical-grade CaF2 to monitor neutron-induced argon inter-
ferences from K and Ca. Samples were irradiated for 14 h in
the 1-MW TRIGA-type reactor at the Nuclear Science Cen-
ter at Texas A&M University. Measured (40Ar/39Ar )K values
were 1.38 (±0.30) × 10–2 . Calcium correction factors were
(37Ar/39Ar) Ca = 2.78 (±0.20) × 10–4 and (39Ar/37Ar) Ca = 6.82
(±0.11) × 10–4. To correct for variations in neutron flux, an
error in J of 0.5 percent was used in age calculations. Step
heating was carried out in a vacuum resistance furnace. Laser
fusion analyses of individual grains were carried out with a
CO2 laser. Argon analyses were performed on a MAP 215-50
mass spectrometer. 

Data reduction, statistical analysis, 
and general interpretation

Reduction of data and age calculations were carried out
with software written by Ludwig (1992). Ages for samples
were calculated using an assigned age of 27.9 Ma for the Fish
Canyon Tuff sanidine flux monitor (Steven et al., 1967;

Cebula et al., 1986). Calculated total gas (integrated) ages of
step-heated samples are based on weighting by the amount of
39Ar released from each step (Table 1). For step-heated sam-
ples, a plateau age is calculated from three or more contigu-
ous steps in which a significant percentage of the gas was re-
leased (≥50%), and the contiguous steps or ages overlap at the
2σ confidence level. Inverse isochron analysis of apparent age
spectra was used to test for the presence of excess argon using
methods described by Deino and Potts (1990) and Spell and
Harrison (1993), using the York (1969) routine. The mean
square of weighted deviates (MSWD) criteria of Wendt and
Carl (1991) were used to assess the reliability of isochrons. An
MSWD of less than 2.0 for 10 data points is considered ac-
ceptable. If excess argon is indicated, a plateau age is consid-
ered a maximum estimate of the age of the sample. 

For several sanidine-bearing rhyolites (MI-S-61 and MI-S-
70), laser fusion of 10 individual crystals from each sample
produced multiple ages. This method provides a means of
identifying mixed populations of juvenile, altered and/or
xenocrystic sanidines (Spell et al., 1996), a common charac-
teristic of tuffs. Following calculation of sample means and
population standard deviations, outliers (samples greater than
2σ from the mean) were removed. A weighted mean age was
determined for the revised data set for each sample using
methods described by Young (1962). The calculated age using
these criteria is considered to reflect the age of juvenile ma-
terial. Isochron ages were also calculated, using methodology
described for step-heated samples. In general, if data display
a sufficient spread in radiogenic yield, the resultant isochron
is usually reliable and gives the preferred age of the unit
(Spell et al., 1996).

APPENDIX 2

Sample Preparation, Analytical Procedures, and Data Reduction
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APPENDIX 3
Analytical Data

MKK-PG-29, plagioclase, 16.76 mg, J = 0.0009660 ± 0.5%
4 amu discrimination = 1.01545 ± 0.35%, 40/39K = 0.01207 ± 83.0%, 36/37Ca = 0.0002723 ± 4.28%, 39/37Ca = 0.0006968 ± 1.73%

Step T (°C) t (min) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* %39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma) 1s.d.

1 700 12 5.59 98.39 1.36 11.08 1757.69 8.30 16.47 33.18 13.182 22.83 0.98
2 800 12 0.85 109.74 0.31 11.39 344.65 34.20 16.93 36.01 9.890 17.15 0.23
3 900 12 0.50 142.90 0.27 13.63 255.11 54.00 20.26 39.22 9.466 16.42 0.21
4 1,000 12 0.42 127.89 0.22 11.86 213.19 56.20 17.63 40.35 9.299 16.13 0.19
5 1,080 12 0.23 76.87 0.13 7.53 125.93 65.60 11.19 38.20 9.277 16.10 0.19
6 1,150 12 0.22 51.98 0.10 5.12 100.52 75.30 7.61 37.97 9.131 15.84 0.16
7 1,225 12 0.25 20.69 0.09 3.21 99.95 53.40 4.77 24.00 10.190 17.67 0.25
8 1,300 12 0.25 14.02 0.07 1.59 87.25 36.90 2.36 32.92 11.252 19.50 0.36
9 1,400 12 0.29 19.78 0.09 1.86 98.34 39.50 2.76 39.80 9.226 16.01 0.88

Cumulative %39Ar rlsd = 100.00 Total gas age = 17.59 0.17
Plateau age = 16.08 0.18

(steps 3–6)

MI-S-1, plagioclase, 10.93 mg, J = 0.001448 ± 0.5%
4 amu discrimination = 1.01809 ± 0.17%, 40/39K = 0.0233 ± 117.44%, 36/37Ca = 0.0002871 ± 1.76%, 39/37Ca = 0.0006773 ± 0.29%

Step T (°C) t (min) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* %39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma) 1s.d.

1 600 12 0.95 11.75 0.19 0.78 307.74 11.40 1.72 51.47 45.391 114.84 3.97
2 700 12 0.14 51.81 0.06 3.26 58.53 48.90 7.21 54.35 7.960 20.67 0.53
3 800 12 0.42 126.93 0.18 7.38 158.90 35.5 16.33 58.85 7.451 19.36 0.46
4 900 12 0.40 185.57 0.21 10.29 166.73 46.9 22.79 61.70 7.410 19.25 0.52
5 975 12 0.15 120.77 0.11 6.58 65.99 74.8 14.57 62.81 6.053 15.74 0.17
6 1,050 12 0.09 50.11 0.05 2.86 37.31 75.2 6.33 59.93 6.295 16.37 0.30
7 1,125 12 0.10 43.73 0.05 2.41 37.28 61.3 5.33 62.15 6.040 15.71 0.67
8 1,200 12 0.15 138.16 0.11 7.03 68.66 78.8 15.55 67.41 6.261 16.28 0.46
9 1,275 12 0.12 37.69 0.05 2.04 40.80 42.9 4.51 63.31 5.769 15.01 0.72

10 1,400 12 0.18 43.71 0.06 2.56 63.71 42.6 5.66 58.44 6.640 17.26 0.80
Cumulative %39Ar rlsd = 100.00 Total gas age = 19.37 0.26

Plateau age = 15.91 0.26
(steps 5–10)

MI-S-17, sanidine, 9.98 mg, J = 0.001551 ± 0.5%
4 amu discrimination = 1.01917 ± 0.28%, 40/39K = 0.02282 ± 136.0%, 36/37Ca = 0.0002897 ± 4.07%, 39/37Ca = 0.0006991 ± 6.99%

Step T (°C) t (min) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* %39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma) 1s.d.

1 575 12 12.53 0.15 3.15 51.24 4065.26 10.70 1.40 0.02 8.467 23.54 0.65
2 630 12 3.93 0.12 1.83 81.02 1637.60 30.80 2.22 0.01 6.179 17.21 0.21
3 705 12 2.91 0.15 2.50 145.63 1680.94 50.40 3.99 0.01 5.766 16.06 0.15
4 780 12 1.95 0.12 3.12 213.38 1772.93 68.80 5.84 0.00 5.670 15.80 0.14
5 855 12 1.55 0.12 3.92 279.94 2026.70 78.40 7.66 0.00 5.643 15.72 0.13
6 930 12 1.24 0.13 4.09 298.69 2028.14 83.00 8.18 0.00 5.599 15.60 0.13
7 1,005 12 1.66 0.13 3.98 284.79 2080.87 77.50 7.80 0.00 5.626 15.67 0.13
8 1,080 12 1.41 0.13 3.59 256.09 1854.73 78.60 7.01 0.00 5.651 15.74 0.13
9 1,155 12 2.34 0.13 3.39 227.13 1962.65 66.00 6.22 0.00 5.662 15.78 0.14

10 1,235 12 3.27 0.16 3.80 241.37 2314.99 59.40 6.61 0.00 5.665 15.78 0.14
11 1,310 12 11.14 0.25 14.58 961.06 8662.84 62.60 26.31 0.00 5.655 15.75 0.14
12 1,365 12 5.29 0.13 8.66 594.55 4920.71 68.90 16.28 0.00 5.696 15.87 0.14
13 1,400 12 0.79 0.06 0.39 17.54 331.12 33.00 0.48 0.02 5.808 16.18 0.28

Cumulative %39Ar rlsd = 100.00 Total gas age = 15.91 0.11
Plateau age = 15.75 0.11

(steps 4–13)
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MI-S-7, adularia, 5.48 mg, J = 0.0009635 ± 0.5%
4 amu discrimination = 1.01545 ± 0.35%, 40/39K = 0.01207 ± 83.0%, 36/37Ca = 0.0002723 ± 4.28%, 39/37Ca = 0.0006968 ± 1.73%

Step T (°C) t (min) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* %39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma) 1s.d.

1 650 12 5.26 0.06 1.43 35.94 1828.54 16.50 3.46 0.01 8.343 14.44 0.32
2 725 12 1.41 0.06 0.91 49.03 832.01 51.80 4.72 0.00 8.610 14.90 0.13
3 800 12 0.93 0.06 1.17 78.13 954.63 73.10 7.52 0.00 8.781 15.20 0.12
4 880 12 0.62 0.07 1.52 107.43 1125.62 85.50 10.35 0.00 8.834 15.29 0.11
5 960 12 0.50 0.06 1.47 104.88 1072.06 88.00 10.10 0.00 8.852 15.32 0.11
6 1,015 12 0.50 0.07 1.11 78.24 835.71 84.70 7.53 0.00 8.849 15.32 0.11
7 1,070 12 0.57 0.07 1.01 70.27 789.65 80.00 6.77 0.00 8.876 15.36 0.11
8 1,150 12 0.97 0.08 1.43 95.77 1131.49 77.70 9.22 0.00 8.893 15.39 0.11
9 1,220 12 1.63 0.09 2.21 145.84 1777.77 74.60 14.04 0.00 8.921 15.44 0.12

10 1,270 12 1.69 0.08 2.31 152.25 1846.29 75.00 14.66 0.00 8.933 15.46 0.12
11 1,320 12 1.18 0.08 1.54 100.71 1246.98 74.90 9.70 0.00 9.010 15.59 0.12
12 1,360 12 0.45 0.07 0.30 17.74 292.61 67.70 1.71 0.01 9.072 15.70 0.15
13 1,400 12 0.34 0.09 0.09 2.19 115.20 21.40 0.21 0.15 5.860 10.16 0.75

Cumulative %39Ar rlsd = 100.00 Total gas age = 15.33 0.10
Plateau age = 15.39 0.10

(steps 4–11)

MI-5-3, adularia, 5.74 mg, J = 0.001211 ± 0.5%
4 amu discrimination = 1.01691 ± 0.25%, 40/39K = 1.0E-10 ± 0.00%, 36/37Ca = 0.0002844 ± 1.16%, 39/37Ca = 0.0006999 ± 2.90%

Step T (°C) t (min) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* %39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma) 1s.d.

1 600 12 2.62 0.43 0.76 20.31 886.80 15.10 1.15 0.08 6.244 13.59 0.27
2 700 12 1.12 1.39 1.12 71.63 826.06 64.60 4.06 0.07 7.038 15.31 0.11
3 800 12 0.54 0.51 2.46 179.40 1412.46 92.10 10.18 0.01 7.031 15.30 0.09
4 875 12 0.37 0.43 2.99 221.70 1660.13 96.50 12.58 0.01 7.040 15.32 0.09
5 965 12 0.42 0.36 4.02 303.26 2249.51 97.40 17.21 0.00 7.054 15.35 0.09
6 1,040 12 0.43 0.26 3.42 257.45 1937.25 96.70 14.61 0.00 7.075 15.39 0.09
7 1,090 12 0.39 0.15 2.25 165.12 1281.80 95.90 9.37 0.00 7.114 15.48 0.09
8 1,160 12 0.47 0.13 1.58 114.30 948.77 92.40 6.48 0.00 7.128 15.51 0.09
9 1,225 12 1.00 0.18 2.14 150.46 1372.29 83.10 8.54 0.00 7.217 15.70 0.10

10 1,290 12 2.13 0.14 2.87 190.78 1992.52 71.40 10.82 0.00 7.222 15.71 0.10
11 1,325 12 1.00 0.09 1.24 80.64 858.76 72.00 4.58 0.00 7.068 15.38 0.10
12 1,400 12 0.41 0.09 0.18 7.56 172.07 84.40 0.43 0.04 7.703 16.75 0.14

Cumulative %39Ar rlsd = 100.00 Total gas age = 15.42 0.09
Plateau age = 15.38 0.08

(steps 2–8)

MI-5-4, adularia, 5.99 mg, J = 0.001211 ± 0.5%
4 amu discrimination = 1.01691 ± 0.25%, 40/39K = 1.0E-10 ± 0.00%, 36/37Ca = 0.0002844 ± 1.16%, 39/37Ca = 0.0006999 ± 2.90%

Step T (°C) t (min) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* %39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma) 1s.d.

1 600 12 4.42 0.06 1.04 16.62 1409.64 9.30 0.94 0.01 7.634 16.60 0.49
2 700 12 1.31 0.07 0.81 43.27 682.66 47.60 2.45 0.01 7.004 15.24 0.12
3 800 12 0.81 0.08 1.55 106.64 983.19 80.20 6.05 0.00 7.059 15.36 0.10
4 880 12 0.41 0.08 2.06 151.80 1176.37 93.70 8.61 0.00 6.994 15.22 0.09
5 960 12 0.41 0.07 2.80 207.31 1569.53 96.40 11.76 0.00 7.041 15.32 0.09
6 1,015 12 0.40 0.07 2.32 174.06 1335.66 95.90 9.87 0.00 7.046 15.33 0.09
7 1,070 12 0.43 0.07 2.16 160.04 1245.17 94.80 9.08 0.00 7.040 15.32 0.09
8 1,150 12 0.62 0.08 2.42 175.21 1409.76 91.70 9.94 0.00 7.037 15.31 0.09
9 1,220 12 1.26 0.11 2.53 176.76 1602.50 80.60 10.02 0.00 7.017 15.27 0.10

10 1,280 12 3.37 0.10 4.40 288.15 3004.26 69.00 16.34 0.00 7.056 15.35 0.10
11 1,320 12 2.19 0.08 3.50 239.92 2329.39 76.20 13.60 0.00 7.101 15.45 0.10
12 1,400 12 0.52 0.07 0.39 23.75 318.89 90.30 1.35 0.01 7.321 15.92 0.11

Cumulative %39Ar rlsd = 100.00 Total gas age = 15.35 0.08
Plateau age = 15.30 0.08

(steps 2–10)
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MI-S-61, sanidine, J = 0.001449 ± 0.5%
4 amu discrimination = 1.01898 ± 0.23%, 40/39K = 0.0233 ± 117.44%, 36/37Ca = 0.0002871 ± 1.76%, 39/37Ca = 0.0006773 ± 0.29%

Crystal T (C) t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* Ca/K 40Ar*/39ArK Age (Ma) 1s.d.

1 1600 6 0.32 4.96 1.98 144.91 964.05 90.40 0.12 6.027 15.69 0.12
2 1600 6 0.21 4.28 1.54 116.53 759.58 92.30 0.13 6.027 15.69 0.12
3 1600 6 0.12 2.13 1.06 80.63 517.66 93.80 0.10 6.018 15.66 0.12
4 1600 6 0.11 2.46 0.94 71.12 453.46 93.80 0.12 5.981 15.57 0.12
5 1600 6 0.19 2.53 1.14 85.78 567.50 90.60 0.11 6.001 15.62 0.12
6 1600 6 0.12 3.59 1.19 88.91 567.76 94.20 0.14 6.026 15.68 0.12
7 1600 6 0.12 2.73 0.91 68.15 442.41 93.00 0.14 6.040 15.72 0.12
8 1600 6 0.08 2.08 0.66 50.05 322.10 93.40 0.15 6.004 15.63 0.12
9 1600 6 0.05 2.70 1.12 84.39 516.01 97.70 0.12 5.981 15.57 0.12

10 1600 6 0.08 2.20 0.89 67.41 428.66 94.80 0.12 6.031 15.70 0.12
Mean ± s.d. = 15.65 0.05

wtd mean = 15.65 0.08

MI-S-70, sanidine, J = 0.0015535 ± 0.5%
4 amu discrimination = 1.02136 ± 0.32%, 40/39K = 0.00 ± 0.0002%, 36/37Ca = 0.000282 ± 1.51%, 39/37Ca = 0.000677 ± 0.81%

Crystal T (C) t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* Ca/K 40Ar*/39ArK Age (Ma) 1s.d.

1 1600 6 0.12 3.62 0.97 71.91 418.66 92.30 0.17 5.375 15.00 0.16
2 1600 6 0.07 2.92 1.10 82.88 473.03 96.10 0.12 5.486 15.31 0.11
3 1600 6 0.08 1.93 0.58 42.69 261.47 91.50 0.15 5.586 15.59 0.12
4 1600 6 0.04 1.23 0.31 24.71 144.94 94.40 0.17 5.487 15.31 0.15
5 1600 6 0.31 4.92 1.28 91.76 599.74 85.90 0.18 5.628 15.71 0.11
6 1600 6 0.05 3.65 1.11 82.95 466.33 97.60 0.15 5.495 15.34 0.10
7 1600 6 0.03 1.44 0.35 26.90 154.06 98.00 0.18 5.575 15.56 0.17
8 1600 6 0.03 1.92 0.59 43.76 244.44 98.50 0.15 5.491 15.32 0.11
9 1600 6 0.07 3.75 0.93 70.86 403.34 96.20 0.18 5.478 15.29 0.11

10 1600 6 0.71 4.76 1.09 72.87 627.71 68.10 0.22 5.880 16.40 0.13
Mean ± s.d. = 15.48 0.36

wtd mean = 15.39 0.08

Notes: Isotope beams in mV (36Ar through 40Ar are measured intensities, corrected for decay in age calculations), rlsd = released, error in age includes
0.5% J error; all errors 1 σ
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