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Geochronology and Correlation of Tertiary Volcanic  
and Intrusive Rocks in Part of the Southern Toquima 
Range, Nye County, Nevada

By Daniel R. Shawe, Lawrence W. Snee, Frank M. Byers, Jr., and Edward A. du Bray

Extensive 40Ar/39Ar dating of about 60 samples that 
represent many of the Tertiary extrusive and intrusive rocks in 
the southern Toquima Range provides precise ages that refine 
the chronology of previously dated units. New geochronologic 
data indicate that the petrogenetically related Corcoran 
Canyon, Ryecroft Canyon, and Mount Jefferson calderas 
formed during a period of about 560,000 years.

Electron microprobe analyses of phenocrysts 
from 20 samples of six dated units underscore inferred 
petrogenetic relations among some of these units. In particular, 
compositions of augite, hornblende, and biotite in tuffs erupted 
from the Corcoran Canyon, Ryecroft Canyon, and Mount 
Jefferson calderas are similar, which suggests that magmas 
represented by these tuffs have similar petrogenetic histories. 
The unique occurrence of hypersthene in Isom-type tuff 
confirms its derivation from a source beyond the southern 
Toquima Range.

Introduction
Rocks in the southern Toquima Range in south-central 

Nevada define a major episode of Tertiary magmatism that 
culminated in late Oligocene time with formation of several 
calderas and associated major ash-flow tuff eruptions (fig. 1). 
Caldera formation was preceded by emplacement of a variety 
of intrusive rocks and involved additional intrusive and 
voluminous extrusive activity. Formation of volcanic eruptive 
and collapse megabreccias accompanied the evolution of some 
calderas. Penecontemporaneous volcanism elsewhere in the 
region also resulted in deposition of outflow facies ash-flow 
tuff units in the Toquima Range.

Our interest is focused on a block of six 1:24,000-scale 
quadrangles (fig. 1) mapped between 1967 and 1993, mostly 
by the senior author (see Shawe, 1995, 1998, 1999a, b, 2001, 
2003a; Shawe and Byers, 1999; Shawe, Hardyman, and 
Byers, 2000). A recompiled 1:48,000-scale geologic map of 
the six quadrangles provides a synoptic view of the Tertiary 
igneous rocks (Shawe, 2002) in this area. The purpose of the 
present report is to clarify chronology and correlations of the 
numerous volcanic and intrusive units exposed in the area and 
to interpret the petrogenesis of a few of the volcanic units.

Abstract
Extensive volcanic and intrusive igneous activity, 

partly localized along regional structural zones, characterized 
the southern Toquima Range, Nevada, in the late Eocene, 
Oligocene, and Miocene. The general chronology of igneous 
activity has been defined previously. This major episode of 
Tertiary magmatism began with emplacement of a variety of 
intrusive rocks, followed by formation of nine major calderas 
and associated with voluminous extrusive and additional 
intrusive activity. Emplacement of volcanic eruptive and 
collapse megabreccias accompanied formation of some 
calderas. Penecontemporaneous volcanism in central Nevada 
resulted in deposition of distally derived outflow facies ash-
flow tuff units that are interleaved in the Toquima Range with 
proximally derived ash-flow tuffs.

Eruption of the Northumberland Tuff in the north part of 
the southern Toquima Range and collapse of the Northumberland 
caldera occurred about 32.3 million years ago. The poorly 
defined Corcoran Canyon caldera farther to the southeast 
formed following eruption of the tuff of Corcoran Canyon about 
27.2 million years ago. The Big Ten Peak caldera in the south 
part of the southern Toquima Range Tertiary volcanic complex 
formed about 27 million years ago during eruption of the tuff of 
Big Ten Peak and associated air-fall tuffs. The inferred Ryecroft 
Canyon caldera formed in the south end of the Monitor Valley 
adjacent to the southern Toquima Range and just north of the Big 
Ten Peak caldera in response to eruption of the tuff of Ryecroft 
Canyon about 27 million years ago, and the Moores Creek 
caldera just south of the Northumberland caldera developed at 
about the same time. Eruption of the tuff of Mount Jefferson 
about 26.8 million years ago was accompanied by collapse of 
the Mount Jefferson caldera in the central part of the southern 
Toquima Range. An inferred caldera, mostly buried beneath 
alluvium of Big Smoky Valley southwest of the Mount Jefferson 
caldera, formed about 26.5 million years ago with eruption of 
the tuff of Round Mountain. The Manhattan caldera south of 
the Mount Jefferson caldera and northwest of the Big Ten Peak 
caldera formed in association with eruption of a series of tuffs, 
principally the Round Rock Formation, mostly ash-flow tuff, 
about 24.4 million years ago.
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Figure 1.  Southern Toquima Range, Nevada, showing calderas discussed in 
this report, area of plate 1, and locations of samples discussed in report that fall 
outside plate 1. Tan shading, calderas.
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Geologic mapping in the area by Shawe and associates 
produced a general framework for the Tertiary igneous 
activity of the southern Toquima Range. A generalized 
geologic map of this area (plate 1) portrays the distribution 
of the intrusive and volcanic units that are the subject of this 
study. Several earlier studies, including K-Ar age dating 
(Silberman and others, 1975) of many of the intrusive and 
volcanic units, resulted in a chronology of events that define 
basic volcanic stratigraphic relations and helped define 
several calderas. Petrographic studies (modal analyses) 
(Shawe, 1995; 1998; 1999a, b; Shawe and Byers, 1999; 
Shawe, Hardyman, and Byers, 2000) were also important 
in defining volcanic unit correlations. Microprobe analyses 
of volcanic rock phenocrysts, reported here, also facilitate 
stratigraphic correlations. Recent 40Ar/39Ar geochronology 
investigations presented here further refine stratigraphic 
relations and confirm correlation of several units, either with 
units elsewhere in the southern Toquima Range or with units 
derived from distant sources. Studies of the Tertiary igneous 
rocks in the area by others (as referenced in later sections) 
have provided critical additional information used to establish 
the Tertiary igneous history of the area.

Data presented in this report are used to refine earlier 
interpretations concerning the identity and ages of some units 
and to confirm the identity of some units derived from sources 
beyond the southern Toquima Range. All volcanic rock 
composition names are in accord with the International Union 
of Geological Sciences’ chemical classification nomenclature 
(Le Bas and others, 1986).

General Geology of the Southern 
Toquima Range

The oldest rocks exposed in the southern Toquima 
Range are of Paleozoic age, chiefly marine sedimentary rocks. 
Cambrian and Ordovician rocks deposited in the ocean west 
and outboard of the North American craton were thrust into 
the study area during several episodes of tectonism that began 
in the late Paleozoic and continued until the Late Cretaceous. 
During tectonism, individual thrust plates were strongly folded 
and internally deformed. In the Late Cretaceous, as thrust 
faulting waned, three granite plutons were emplaced into the 
Paleozoic rocks. Intrusion was accompanied by metamorphism 
of adjacent Paleozoic rocks; subsequently the plutons were 
domed by additional intrusive activity, metamorphosed, and 
mineralized locally.

Igneous activity during the Tertiary included formation 
of several calderas, eruption of large volumes of ash-flow tuff, 
and emplacement of associated intrusive bodies and volcanic 
megabreccia throughout large parts of the southern Toquima 
Range (fig. 1). Mineralizing episodes, some commercially 
important, are related to igneous events described elsewhere 

(Shawe, 1988, 2003b; Shawe, Marvin, and others, 1986; 
Shawe, Naeser, and others, 1987; and Shawe, Kucks, and 
Hildenbrand, 2004).

Several studies in parts of the southern Toquima 
Range beyond the area considered herein are pertinent to 
understanding the Tertiary igneous activity within our study 
area and are frequently referenced in the following text.

Summary of Tertiary Igneous Activity
Tertiary magmatism began about 36–35 million years 

ago (Ma) (Shawe, Marvin, and others, 1986) when a swarm 
of rhyolite dikes, a granodiorite stock (granodiorite of Dry 
Canyon; Shawe, 1995) and, a few kilometers east of Round 
Mountain, several andesite dikes were intruded into one 
of the Cretaceous granite plutons. About 33 Ma, a caldera 
(now mostly covered by alluvium in Big Smoky Valley just 
west of the Toquima Range) formed during ash-flow tuff 
eruption (Henry, 1997). About the same time, eruption of the 
Northumberland Tuff from a source about 25 kilometers (km) 
to the north formed the Northumberland caldera (McKee, 
1974). As summarized by Henry (1997), volcanic activity 
culminated in the southern Toquima Range between about 
27.2 and 24.4 Ma, with formation of successive calderas that 
erupted the tuff of Corcoran Canyon (Boden, 1986) from the 
poorly defined Corcoran Canyon caldera (Shawe, Hardyman, 
and Byers, 2000; Shawe, Kucks, and Hildenbrand, 2004), 
the tuff of Big Ten Peak (Keith, 1993) from the Big Ten Peak 
caldera southeast of our map area, the tuff of Ryecroft Canyon 
(Boden, 1986) from a proposed caldera mostly covered by 
alluvium in Monitor Valley (Shawe and Byers, 1999), the 
tuff of Moores Creek (McKee, 1974) from the Moores Creek 
caldera north of our map area, the tuff of Mount Jefferson 
(Boden, 1986) from the Mount Jefferson caldera, the tuff of 
Round Mountain (Boden, 1986; Shawe, 1995; Henry, 1997) 
from a caldera mostly covered by alluvium in Big Smoky 
Valley, and the Round Rock Formation (Shawe, 1999a) from 
the Manhattan caldera. Several intrusive bodies, commonly 
localized near or along caldera margins, were emplaced 
during the same period. The ash-flow tuffs erupted from 
these calderas are calc-alkalic trachydacites to rhyolites. 
Eruptive megabreccias, localized along structural margins, 
are a notable feature of several of the southern Toquima 
Range calderas (Shawe and Snyder, 1988). Several eruptive 
megabreccia deposits are associated with the Manhattan 
and Mount Jefferson calderas and are probably derived 
from other calderas in the area. Diagnostic characteristics 
of the megabreccia deposits include their occurrence as 
outflow facies deposits, large clasts of rock types not present 
at the surface, basal zones of welded ash (vitrophyre), 
and occasional clasts encased in volcanic glass, which are 
indicative of derivation from deeper, hotter levels within the 
source magma reservoir.
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Tertiary Intrusive and Volcanic Rocks: 
Synthesis of Previous Findings

Stratigraphic positions summarized in this section of 
previously described volcanic and intrusive rocks and those 
documented in the present study are shown in the correlation 
of map units on plate 1.

Rhyolite and Andesite Dikes and  
Granodiorite Stock East of Round Mountain

Radiometric dates of rhyolite dikes (Tr) from a swarm 
that intrudes Cretaceous granite and its wall rocks east 
of Round Mountain include a K-Ar date on sanidine of 
34.3±0.9 Ma (Marvin and others, 1973) and K-Ar dates on 
impure sanidine of 34.4±1.2, sanidine of 34.7±1.2 Ma, biotite 
of 36.0±1.2 Ma, and biotite of 35.1±1.2 Ma (Shawe, Marvin, 
and others, 1986). A fission-track date on zircon from a min-
eralized rhyolite dike is 36.3±1.7 Ma (Shawe, Marvin, and 
others, 1986).

•	 34.3±0.9 Ma (K-Ar on sanidine; Marvin and  
others, 1973) 

•	 34.4±1.2 Ma (K-Ar on impure sanidine; Shawe,  
Marvin, and others, 1986)

•	 34.7±1.2 Ma (K-Ar on sanidine; Shawe, Marvin,  
and others, 1986) 

•	 35.1±1.2 Ma (K-Ar on biotite; Shawe, Marvin,  
and others, 1986)

•	 36.0±1.2 Ma (K-Ar on biotite; Shawe, Marvin,  
and others, 1986)

•	 36.3±1.7 Ma (fission-track on zircon; Shawe,  
Marvin, and others, 1986)

The granodiorite stock of Dry Canyon (Tgd) (Shawe, 
1981, 1995) intruded the rhyolite dike swarm and granite east 
of Round Mountain. Two fission-track dates on zircon from 
the granodiorite are 36.1±1.6 Ma and 37.4±2.3 Ma. A fission-
track date on sphene from the same rock is 36.2±2.0 Ma 
(Shawe and others, 1986).

•	 36.1±1.6 Ma (fission-track on zircon; Shawe and 
others, 1986)

•	 36.2±2.0 Ma (fission-track on sphene; Shawe and 
others, 1986).

•	 37.4±2.3 Ma (fission-track on zircon; Shawe and 
others, 1986)

Andesite dikes (Ta) intrude the granodiorite stock 
and rhyolite dikes. A K-Ar date on biotite from a latite dike 
of the andesite set is 36.5±1.2 Ma (Shawe, Marvin, and 
others, 1986).

•	 36.5±1.2 Ma (K-Ar on biotite; Shawe, Marvin,  
and others, 1986)

None of the rhyolite, granodiorite, or andesite intrusions 
has been dated by the 40Ar/39Ar method. Given that sanidine 
usually provides more accurate K-Ar ages than biotite and 
that the method is more accurate than fission track ages, 
radiometric data suggest that the biotite K-Ar and the fission-
track ages presented in the previous discussion are slightly too 
old. However, because sanidine is known to not completely 
melt and release all of its contained 40Ar in conventional K-Ar 
dating, anomalously young ages may result.

Rocks of a Caldera Mostly Buried Beneath 
Alluvium of Big Smoky Valley

Henry (1997) described a 32.18 [32.37]±0.13 Ma 
(40Ar/39Ar on sanidine) tuff; the bracketed age is explained 
later in this paragraph. This tuff erupted from a caldera, which 
he named the Dry Canyon caldera (fig. 1) that is mostly buried 
beneath alluvium of Big Smoky Valley near Round Mountain. 
(See discussion in following paragraph.) All ages reported for 
samples from the Toquima Range by Henry (1997) assumed 
a standard age of 27.84 Ma for Fish Canyon Tuff sanidine. 
Consequently, these ages (and others cited herein that were 
also calculated assuming an age of 27.84 Ma for Fish Canyon 
Tuff sanidine) must be increased by 0.19 Ma to facilitate direct 
comparison with new data described herein. Ages recalculated 
in this fashion are enclosed in square brackets [ ] herein.

•	 32.18 [32.37]±0.13 Ma (40Ar/39Ar on sanidine;  
Henry, 1997)

Megabreccia of Jefferson Canyon (Unit Tjc)
A megabreccia unit exposed in Jefferson Canyon (Tjc) 

at the southwest margin of the Mount Jefferson caldera was 
inferred by Shawe and Snyder (1988) and Shawe (1995, 
1999b) to be a product of a 27-Ma caldera-forming eruption. 
However, the unit, designated as megabreccia of Dry Canyon 
by Boden (1986) and megabreccia of Jefferson Canyon 
by Shawe (1995), has a biotite K-Ar date of 32.3±0.7 Ma 
(Boden, 1986). Henry (1997) related the unit to ash-flow 
tuff erupted from a caldera (Dry Canyon caldera) buried 
beneath alluvium of Big Smoky Valley (see previous 
discussion). The tuff unit yielded a sanidine 40Ar/39Ar date of 
32.18 [32.37]±0.13 Ma (Henry, 1997) and a sanidine 40Ar/39Ar 
date of 32.56 [32.75]±0.07 Ma on vitrophyric material 
(DRS-92-1) from the megabreccia unit (Shawe, 1995). Shawe 
(1995, 1999b) suggested that contamination of the matrix of 
the megabreccia unit by assimilated granitic material may 
have compromised the determined ages of the unit, or that the 
dated material in the unit consists of 32-Ma clasts contained in 
a younger megabreccia matrix related to the Mount Jefferson 
caldera. Phenocryst composition data for sample DRS-91-92 
cited later in this report suggest that the megabreccia and the 
tuff of Mount Jefferson (Tmj) are unrelated, and the presence 
of a 32-Ma caldera buried beneath Big Smoky Valley alluvium 
seems plausible.
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•	 32.18 [32.37]±0.13 Ma (40Ar/39Ar on sanidine;  
Henry, 1997)

•	 32.3±0.7 Ma (K-Ar on biotite; Boden, 1986).

•	 32.56 [32.75]±0.07 Ma (40Ar/39Ar on vitrophyric  
sanidine; Shawe, 1999)

Northumberland Tuff and Volcanic Megabreccia 
of Northumberland Caldera

According to McKee (1974), collapse of the 
Northumberland caldera (fig. 1) and eruption of the compos-
ite ash-flow Northumberland Tuff occurred about 32.3±1 Ma 
(K-Ar on sanidine). The caldera is about 32 km in diameter, 
about half of which is buried beneath alluvium of Big Smoky 
Valley to the west. Prior to major caldera collapse, a rela-
tively thin ash-flow sheet was emplaced as far as about 25 km 
beyond the present caldera margin. Enormous “landslide” 
blocks and chaotic breccia of Paleozoic rocks are preserved 
along the northeast and south caldera margins. These materi-
als, locally enclosed in an ash matrix, may consist of caldera 
collapse deposits or represent eruptive megabreccia. The 
Northumberland Tuff consists of two or more ash-flow cooling 
units, interlayered in places with thin water-laid sediments. 
The tuff is a crystal-rich calc-alkalic rhyolite; quartz and 
sanidine are the principal phenocrysts; biotite and plagioclase 
phenocrysts are rare but ubiquitous (McKee, 1974).

•	 32.3±1 Ma (K-Ar on sanidine; McKee, 1974)

Ash-Flow Tuffs of Poorly Defined Corcoran 
Canyon Caldera (Unit Tcc)

Evidence cited by Shawe, Hardyman, and Byers (2000) 
and Shawe, Kucks, and Hildenbrand (2004) indicates the 
presence of a poorly defined Corcoran Canyon caldera (fig. 1) 
from which the trachydacite tuff of Corcoran Canyon (Tcc) 
(Boden, 1986) was erupted. Boden (1986, 1992) reported 
a sanidine K-Ar date of 27.7±0.7 Ma and McKee and John 
(1987) reported a biotite K-Ar date of 27.1±0.7 Ma, both 
for samples from the upper part of the unit. Sanidine from 
another sample (DRS-91-82) of this unit yielded a 40Ar/39Ar 
date of 27.36±0.06 Ma. Locally, slabs of a lower member 
overlie an upper member of the tuff of Corcoran Canyon 
(Tcc). Shawe, Hardyman, and Byers (2000) suggested that 
the juxtaposition resulted from collapse near the margin of 
the Mount Jefferson caldera. Alternatively, an earlier collapse 
may have occurred along an inferred margin of the Corcoran 
Canyon caldera.

•	 27.1±0.7 Ma (K-Ar on biotite; McKee and John, 1987)

•	 27.36±0.06 Ma (40Ar/39Ar on sanidine, this report)

•	 27.7±0.7 Ma (K-Ar on sanidine; Boden, 1986, 1992)

Layered Pumice Tuff, Ash-Flow Tuff, and 
Volcanic Megabreccia Related to Big Ten  
Peak Caldera

On the basis of an association between caldera rocks and 
dated rocks in the southeast corner of the map area (Shawe, 
Naeser, and others, 1987), Keith (1993) inferred a minimum 
age of about 27 Ma for formation of the Big Ten Peak caldera 
(fig. 1) southeast of our study area. Volcanic and intrusive 
units in that area (Shawe and Byers, 1999) include andesite 
plugs and flows (Tap); Shawe, Naeser, and others (1987) 
reported biotite K-Ar dates of 26.3±0.9 Ma to 26.8±1.0 Ma 
for unit Tap and a K-Ar date of 27.0±1.0 Ma for biotite in a 
white ash-fall tuff unit (Tat). A tuffaceous claystone-siltstone-
sandstone unit (Tcs) that underlies, and in part interfingers 
with, the white ash-fall tuff (Tat), a layered pumice tuff (Tpt), 
and a biotite-quartz latite ash-flow tuff (Tbql) that underlies 
the white ash-fall tuff unit, the claystone-siltstone-sandstone 
unit, and the layered pumice tuff, all appear to be continuous 
with the tuff of Big Ten Peak to the south (Keith, 1987). 
Volcanic megabreccia within and near the Big Ten caldera 
was interpreted by Keith (1993) to be of eruptive origin. 
A northwest-southeast-striking fault marks the southwest 
margin of the caldera, which locally also includes a zone 
of megabreccia.

•	 26.3±0.9 to 26.8±1.0 Ma (K-Ar on biotite; Shawe, 
Naeser, and others, 1987)

•	 27.0±1.0 Ma (K-Ar on biotite; Shawe, Naeser, and 
others, 1987)

Ash-Flow Tuff of Ryecroft Canyon (Unit Trc)  
and Related Rocks of an Inferred Caldera Mostly 
Buried Beneath Alluvium of Monitor Valley

Shawe and Byers (1999) proposed that the ash-flow 
tuff of Ryecroft Canyon (Trc) (Boden, 1986) was erupted 
from a caldera (fig. 1) mostly buried beneath alluvium 
in the south part of Monitor Valley. Thick sections of the 
Ryecroft Canyon, believed to be intracaldera fill, border the 
south part of Monitor Valley. Shawe and Byers (1999) and 
Shawe, Hardyman, and Byers (2000) described two types 
of rhyolite in the Ryecroft Canyon: typical (22–35 percent 
of phenocrysts are quartz), and quartz-rich (35–45 percent 
of phenocrysts are quartz). Shawe and Byers (1999) 
discerned no consistent spatial or stratigraphic distribution 
of the two rhyolite types. Boden (1986, 1992) reported a 
sanidine K-Ar date of 25.0±0.5 Ma for what he defined 
as the upper quartz-rich part of the tuff of Ryecroft Canyon, 
whereas we report 40Ar/39Ar dates of 27.05±0.06 Ma 
(DRS-91-31) and 26.82±0.04 Ma (DRS-85-224) on 
sanidine and a sanidine 40Ar/39Ar isochron date (DRS-85-225) 
of 27.13±0.03 Ma for samples from the (undivided) 
Ryecroft Canyon. (Sample locations are shown on pl. 1 
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unless otherwise noted.) Henry (1997) reported a sanidine 
40Ar/39Ar date of 27.08 [27.27]±0.09 Ma for the tuff of 
Ryecroft Canyon.

•	 25.0±0.5 Ma (K-Ar on sanidine; Boden, 1986, 1992)
•	 26.82±0.04 Ma (40Ar/39Ar on sanidine; this report)
•	 27.05±0.06 Ma (40Ar/39Ar on sanidine; this report)
•	 27.13±0.03 Ma (40Ar/39Ar on sanidine; this report)
•	 27.08 [27.27]±0.09 Ma (40Ar/39Ar on sanidine; 

Henry, 1997)
A cluster of undated rhyolite flow domes (Tfd) at the 

south end of Monitor Valley (Shawe and Byers, 1999) form 
an arc coincident with the inferred south margin of the caldera 
from which the tuff of Ryecroft Canyon seemingly was 
erupted. These domes may represent a late magmatic event 
associated with evolution of the inferred caldera.

The megabreccia of Meadow Canyon (Tmc) and the 
tuff of Antone Canyon (Tac) are related to the tuff of Ryecroft 
Canyon (Trc) inasmuch as they interfinger with, and are 
petrologically similar to, the tuff of Ryecroft Canyon. They 
were emplaced probably late during development of the 
caldera from which the Ryecroft Canyon was erupted (Shawe, 
1999b). The megabreccia of Hunts Canyon (Tmh) (Shawe 
and Byers, 1999), southwest of the inferred structural margin 
of the Ryecroft Canyon caldera, contains mostly clasts of the 
Ryecroft Canyon and likely represents outflow facies tuff 
erupted in the late stages of caldera development.

Volcanic Units between Big Ten Peak Caldera 
and Inferred Ryecroft Canyon Caldera

As suggested by their position between and marginal 
to both calderas, several volcanic units, including rhyolite 
flows and domes (Tfd) (see previous discussion), a rhyolitic 
lahar (Tlh) (flow breccia), a vitrophyric rhyolitic lava (Trv), 
megabreccia of Hunts Canyon (Tmh) (discussed previously), 
and a mesobreccia unit (Tms) (Shawe, 1998; Shawe and 
Byers, 1999), could be cogenetic. These units have not been 
radiometrically dated.

Moores Creek Caldera

A thick accumulation of apparently intracaldera high-
silica rhyolite ash-flow tuff (27.3±0.5 Ma on sanidine, 
27.0±0.8 Ma on biotite) is peripheral to the north margin of the 
Mount Jefferson caldera (Boden, 1986) and is locally adjacent 
to volcanic megabreccia. Boden (1986) reported a K-Ar date 
of 26.1±1.1 Ma for sanidine from a rhyolite plug that intruded 
the north margin of the Moores Creek caldera (fig. 1).

•	 26.1±1.1 Ma (K-Ar on sanidine; Boden, 1986)
•	 27.0±0.8 Ma (K-Ar on biotite; Boden, 1986)
•	 27.3±0.5 Ma (K-Ar on sanidine; Boden, 1986)

Tuff of Mount Jefferson and Eruptive and 
Intrusive Rocks of the Mount Jefferson  
Caldera (Unit Tmj)

The rocks of the Mount Jefferson caldera (fig. 1) were 
initially described in some detail by Boden (1986, 1992). He 
defined three members of the tuff of Mount Jefferson (Tmj), 
including a lower member (not within area of plate 1) that is 
exposed only north of the area of our mapped quadrangles, 
an upper member, and a capping member. He also designated 
an outflow member, the tuff of Round Mountain (Ttr), which 
is now thought to have been erupted from a caldera largely 
buried beneath alluvium of Big Smoky Valley (discussed in 
the next section). Boden (1986, 1992) reported sanidine K-Ar 
dates of 26.5±0.5 Ma and 25.9±0.5 Ma, and a biotite K-Ar 
date of 26.6±0.6 Ma for his upper member. He reported a 
sanidine K-Ar date of 25.8±0.5 Ma for his capping member. 
We describe Boden’s upper member as the principal member 
of this formation (because his lower member is absent in our 
map area) and Boden’s capping member (lowest unit thereof) 
as an upper member (Shawe, 1999b). Henry (1997) considered 
Boden’s (1986, 1992) lower member of the tuff of Mount 
Jefferson to be associated with the Moores Creek caldera 
(Boden, 1986).

•	 25.8±0.5 Ma (K-Ar on sanidine; Boden, 1986, 1992) 

•	 25.9±0.5 Ma (K-Ar on sanidine; Boden, 1986, 1992)

•	 26.5±0.5 Ma (K-Ar on sanidine; Boden, 1986, 1992)

•	 26.6±0.6 Ma (K-Ar on biotite; Boden, 1986, 1992).

The principal member of the tuff of Mount Jefferson 
(Tmj) (Shawe, 1999b) is the volumetrically dominant part 
of the formation exposed in the map area. As previously 
described (Shawe, 1995, 1998, 1999a, b; Shawe and Byers, 
1999; Shawe, Hardyman, and Byers, 2000), the unit consists 
chiefly of quartz latitic to rhyodacitic welded ash-flow tuff. 
The geochemistry of these rocks indicates that they are 
composed of rhyolite (SiO2 69.6–74.2 percent). Analyzed 
vitrophyric units are trachydacite to dacite to rhyolite-
dacite in composition (SiO2 67.1 percent, 68.2 percent, and 
69.3 percent). Modal analyses of these rocks have allowed 
their classification using the phenocryst index (PI; the sum 
of quartz and alkali feldspar contents divided by the sum of 
plagioclase and mafic minerals, including biotite, hornblende, 
pyroxene, and opaque minerals) of Shawe (1999b) and Shawe, 
Hardyman, and Byers (2000). Five categories based on modal 
PI data for rocks of the tuff of Mount Jefferson are as follows: 

1.	 Category 1	 PI=0.81–1.00

2.	 Category 2	 PI=0.61–0.80

3.	 Category 3	 PI=0.41–0.60

4.	 Category 4	 PI=0.21–0.40

5.	 Category 5	 PI=0.00–0.20



Tertiary Intrusive and Volcanic Rocks: Synthesis of Previous Findings    7

The composition of phenocryst assemblages ranges from more 
evolved (PI 1) to less evolved (PI 5), although the chemistry 
of these rocks is uniformly moderately evolved.

Boden (1986, 1992) considered the southeast part 
of what we have included in the Mount Jefferson caldera 
(and the associated principal member of the tuff of Mount 
Jefferson) to form a separate, younger eruptive center 
designated as the Trail Canyon caldera. He apparently defined 
the caldera on the basis of the determined age of the tuff of 
Trail Canyon, namely sanidine K-Ar dates of 23.9±0.5 Ma 
and 23.5±0.4 Ma (Boden’s lower member) and 23.5±0.4 Ma 
(Boden’s upper member). We believe Boden’s tuff of Trail 
Canyon to be equivalent to tuff of Mount Jefferson, on 
the basis of field mapping in the 1980s and petrographic 
studies by R.F. Hardyman, then of the U.S. Geological 
Survey (written commun., 1985). To test that hypothesis, 
we determined numerous radiometric ages.

•	 23.5±0.4 Ma (K-Ar on sanidine; lower member; 
Boden, 1986, 1992)

•	 23.5±0.4 Ma (K-Ar on sanidine; upper member; 
Boden, 1986, 1992)

•	 23.9±0.5 Ma (K-Ar on sanidine; Boden, 1986, 1992)
Samples collected west of the area of Boden’s Trail 

Canyon caldera (west of the Soldier Spring fault—that is, the 
area mapped as tuff of Mount Jefferson, fig. 1), yielded sanidine 
40Ar/39Ar dates of 26.78±0.05 Ma (sample DRS-85-10), 
26.78±0.06 Ma (DRS-85-78), and 26.86±0.04 Ma (DRS-85-48), 
and biotite 40Ar/39Ar dates of 26.79±0.04 Ma (sample 
DRS-85-10), 26.85±0.05 Ma (DRS-85-78), 26.89±0.05 Ma 
(DRS-85-48).

•	 26.78±0.05 Ma (40Ar/39Ar on sanidine; this report)

•	 26.78±0.06 Ma (40Ar/39Ar on sanidine; this report)

•	 26.86±0.04 Ma (40Ar/39Ar on sanidine; this report)

•	 26.79±0.04 Ma (40Ar/39Ar on biotite; this report)

•	 26.85±0.05 Ma (40Ar/39Ar on biotite; this report)

•	 26.89±0.05 Ma (40Ar/39Ar on (biotite; this report)

Samples collected within the area of Boden’s Trail 
Canyon caldera (east of the Soldier Spring fault) yielded 
sanidine 40Ar/39Ar dates of 27.07±0.05 Ma (sample 
DRS-91-98), 26.83±0.05 Ma (DRS-91-171), 27.00±0.06 Ma 
(RH-TP-571), 26.87±0.04 Ma (RH-TP-583), 26.85±0.04 Ma 
(RH-TP-590), 26.83±0.07 Ma (RH-TP-644), and 
26.91±0.07 Ma (RH-TP-646); biotite dates of 27.06±0.06 Ma 
(sample DRS-91-98), 27.10±0.04 Ma (DRS-91-171), 
27.02±0.07 Ma (RH-TP-571), 26.86±0.05 Ma (RH-TP-583), 
26.99±0.06 Ma (RH-TP-590), 27.08±0.04 Ma (RH-TP-644), 
and 26.93±0.07 Ma (RH-TP-646); and hornblende ages 
of 27.07±0.05 Ma (sample DRS-91-171), 26.69±0.04 Ma 
(RH-TP-583), and 26.78±0.14 Ma (RH-TP-644).

•	 26.83±0.05 Ma (40Ar/39Ar on sanidine; this report)
•	 26.83±0.07 Ma (40Ar/39Ar on sanidine; this report)
•	 26.85±0.04 Ma (40Ar/39Ar on sanidine; this report)
•	 26.87±0.04 Ma (40Ar/39Ar on sanidine; this report)
•	 26.91±0.07 Ma (40Ar/39Ar on sanidine; this report)
•	 27.00±0.06 Ma (40Ar/39Ar on sanidine; this report)
•	 27.07±0.05 Ma (40Ar/39Ar on sanidine; this report)

•	 26.86±0.05 Ma (40Ar/39Ar on biotite; this report)
•	 26.93±0.07 Ma (40Ar/39Ar on biotite; this report)
•	 26.99±0.06 Ma (40Ar/39Ar on biotite; this report)
•	 27.02±0.07 Ma (40Ar/39Ar on biotite; this report)
•	 27.06±0.06 Ma (40Ar/39Ar on biotite; this report)
•	 27.08±0.04 Ma (40Ar/39Ar on biotite; this report)
•	 27.10±0.04 Ma (40Ar/39Ar on biotite; this report)

•	 26.69±0.04 Ma (40Ar/39Ar on hornblende; this report)
•	 26.78±0.14 Ma (40Ar/39Ar on hornblende; this report)
•	 27.07±0.05 Ma (40Ar/39Ar on hornblende; this report)
The age of ash-flow tuffs in the two areas are statistically 

indistinguishable, which substantiates their correlation. 
Petrographic data (Shawe, 1999b; Shawe, Hardyman, and 
Byers, 2000) and phenocryst composition data reported in  
a later section of this report also support correlation of  
these tuffs.

Several intrusive bodies were emplaced along the 
structural margin of the Mount Jefferson caldera or in 
northwest-striking structural zones near the caldera during, 
or closely following, its collapse and fill by ash-flow tuff, 
volcanic-eruptive megabreccia, and possibly volcanic-collapse 
megabreccias. A rhyolite plug (Trp) intrudes the megabreccia 
of Meadow Canyon (Tmc) along the Meadow Canyon fault 
(fig. 1), a northwest-striking structure just south of the south 
structural margin of the caldera. The Meadow Canyon fault 
is southeast of, and is en echelon to, the northwest-striking 
Jefferson Canyon fault (fig. 1), which marks the southwest 
margin of the Mount Jefferson caldera. Reported ages for the 
plug include a sanidine K-Ar date of 26.4±0.3 Ma (Boden, 
1986, 1992), a biotite K-Ar date of 26.4±0.8 (McKee and John, 
1987) and a sanidine 40Ar/39Ar date of 26.96 [27.15]±0.06 
(Henry, 1997).

•	 26.4±0.3 Ma (K-Ar on sanidine; Boden, 1986, 1992)
•	 26.4±0.8 (K-Ar on biotite; McKee and John, 1987)
•	 26.96 [27.15]±0.06 (40Ar/39Ar on sanidine; Henry, 1997)
About 1 km southeast of this plug and also intruded 

along the Meadow Canyon fault, two small plugs intruded 
the megabreccia of Meadow Canyon. These plugs are 
surrounded by a zone of heterolithic breccia (Thb) interpreted 
to have resulted from forceful intrusion of the plugs into the 
megabreccia (Shawe, 1999b; Shawe, Hardyman, and Byers, 



8    Tertiary Volcanic and Intrusive Rocks in Part of the Southern Toquima Range, Nye County, Nevada

2000). Henry (1997) reported a sanidine 40Ar/39Ar date of 
27.14 [27.33]±0.06 Ma for one of these plugs. A plug (Tooth 
Rock) that intruded the tuff of Mount Jefferson in the east 
part of the Mount Jefferson caldera, about 1 km inside the 
caldera structural margin, was dated by Boden (1986, 1992) 
as 21.7±0.4 Ma on sanidine, by McKee and John (1987) as 
26.2±0.8 Ma by K-Ar on biotite, and by Henry (1997) as 
26.65 [26.84]±0.06 Ma by 40Ar/39Ar on biotite.

•	 26.2±0.8 Ma (K-Ar on biotite; McKee and John, 1987)
•	 26.65 [26.84]±0.06 Ma (40Ar/39Ar on biotite; 

Henry, 1997)
•	 21.7±0.4 Ma (K-Ar on sanidine; Boden, 1986, 1992)
•	 27.14 [27.33]±0.06 Ma (40Ar/39Ar on sanidine; 

Henry, 1997)
A small hydrothermally altered and slightly mineralized 

plug (Trp) that appears to intrude the tuff of Mount Jefferson 
(Tmj) (sample DRS-91-58A) but is surrounded by Quaternary 
alluvium (Qs) and Miocene(?) megabreccia (Tcm) (Shawe, 
Hardyman, and Byers, 2000), about 0.5 km inside the east 
structural margin of the Mount Jefferson caldera, was dated 
by 40Ar/39Ar on potassium feldspar as 26.73±0.05 Ma.

•	 (26.73±0.05 Ma; 40Ar/39Ar on potassium feldspar; 
Shawe, Hardyman, and Byers, 2000)

Several small plugs close to or along the structural 
margin of the Mount Jefferson caldera north of our study 
area were dated by Henry (1997) by 40Ar/39Ar on sanidine 
as 26.60 [26.79]±0.07 Ma, 26.54 [26.73]±0.08 Ma, 
26.60 [26.79]±0.08 Ma, 26.93 [27.12]±0.09 Ma, 26.93 
[27.12]±0.06 Ma, and 26.57 [26.76]±0.05 Ma.

•	 26.54 [26.73]±0.08 Ma (40Ar/39Ar on sanidine; 
Henry, 1997)

•	 26.57 [26.76]±0.05 Ma (40Ar/39Ar on sanidine; 
Henry, 1997)

•	 26.60 [26.79]±0.07 Ma (40Ar/39Ar on sanidine; 
Henry, 1997)

•	 26.60 [26.79]±0.08 Ma (40Ar/39Ar on sanidine; 
Henry, 1997)

•	 26.93 [27.12]±0.06 Ma (40Ar/39Ar on sanidine; 
Henry, 1997)

•	 26.93 [27.12]±0.09 Ma (40Ar/39Ar on sanidine; 
Henry, 1997)

Megabreccia of Jefferson Summit (Unit Tjs)

The megabreccia of Jefferson Summit (Tjs) (Shawe, 
1999b) consists mostly of granitic material that fills three 
inferred pipes and a dike (the inferred emplacement conduits) 
and an inferred outflow sheet (with tuff matrix locally near 
base) lying conformably on the ash-flow tuff of Mount 
Jefferson (Tmj). Abundant cobble-size clasts of granite 
in the uppermost tuff of Mount Jefferson indicate that the 

megabreccia likely is transitional from the underlying tuff. The 
locally altered megabreccia is younger than at least part of the 
26.8–26.7 Ma tuff of Mount Jefferson, and it probably is older 
than an alteration event that affected a nearby exposure of tuff 
of Mount Jefferson. Biotite from this tuff produced a K-Ar 
date of 25.7±0.6 Ma (Shawe, 1999b); the date of the altered 
exposure is thought to reflect the date of alteration.

•	 25.7±0.6 Ma (K-Ar on biotite; Shawe, 1999b)
40Ar/39Ar dates for samples of three clasts (DRS-85-122, 

DRS-85-128, DRS-85-176; appendix 1) from the megabreccia 
of Jefferson Summit dike (Tjs on map plate this report; unit 
Tjsi of Shawe (1999b)), provide information about some dike 
components. A date on a white-mica–mineralized clast of 
quartzite of Cambrian Gold Hill Formation (80.2±0.14 Ma; 
sample DRS-85-122) suggests that quartzite underlying or 
enclosed in the Round Mountain granite pluton was affected 
by postgranite emplacement metamorphism and mineralization 
(Shawe, 1995, 2003b) and became entrained in the Jefferson 
Summit megabreccia (Tjs) when the megabreccia was erupted. 
A clast of porphyritic granite (DRS-85-128) gave a date of 
approximately 80 Ma and a clast of andesite (DRS-85-176) 
gave a 40Ar/39Ar date of 33.35±0.06 Ma. The andesite clast 
indicates the presence of a blind intrusion at depth because the 
nearest surface exposure of andesite is at least 6 km distant. 

•	 80.2±0.14 Ma (40Ar/39Ar on white mica; Shawe (1999b)

•	 80 Ma (approximately); (40Ar/39Ar on porphyritic granite; 
Shawe (1999b)

•	 33.35±0.06 Ma (40Ar/39Ar on andesite; Shawe (1999b)

Tuff of Round Mountain (Unit Ttr)

Henry (1997) defined a caldera mostly covered by 
alluvium in Big Smoky Valley as the source of the tuff of 
Round Mountain (Ttr), and he dated intracaldera tuff of the 
caldera as 26.51 [26.70]±0.03 Ma (40Ar/39Ar on sanidine). 
Boden (1986, 1992) previously reported dates for the 
tuff of Round Mountain (described by him as the Round 
Mountain member of the tuff of Mount Jefferson, which 
he considered to be outflow facies tuff) as 26.5±0.4 Ma, 
26.8±0.8 Ma, 27.3±1.1 Ma, and 26.8±0.5 Ma (all K-Ar on 
sanidine), and 27.2±0.6 Ma, 25.5±0.6 Ma, and 24.4±0.6 Ma 
(all K-Ar on biotite). Shawe and others (1987) reported a 
sanidine K-Ar date of 27.0±1.0 Ma, a biotite K-Ar date of 
26.7±1.7 Ma, a zircon fission-track date of 26.0±2.6 Ma, and 
an apatite fission-track date of 28.4±7.8 Ma for the tuff of 
Round Mountain.

•	 24.4±0.6 Ma (K-Ar on biotite; Boden, 1986, 1992)

•	 25.5±0.6 Ma (K-Ar on biotite; Boden, 1986, 1992)

•	 26.7±1.7 Ma (K-Ar on biotite; Shawe and others, 1987)

•	 27.2±0.6 Ma (K-Ar on biotite; Boden, 1986, 1992)
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•	 26.5±0.4 Ma (K-Ar on sanidine; Boden, 1986, 1992)
•	 26.51 [26.70]±0.03 Ma (40Ar/39Ar on sanidine; 

Henry, 1997)
•	 26.8±0.5 Ma (40Ar/39Ar on sanidine; Boden, 1986, 1992)
•	 26.8±0.8 Ma (40Ar/39Ar on sanidine; Boden, 1986, 1992)
•	 27.0±1.0 Ma (K-Ar on sanidine; Shawe and 

others, 1987)
•	 27.3±1.1 Ma (40Ar/39Ar on sanidine; Boden, 1986, 1992)

•	 26.0±2.6 Ma (zircon fission-track; Shawe and 
others, 1987)

•	 28.4±7.8 Ma (apatite fission-track; Shawe and 
others, 1987)

Volcaniclastic Rocks of Little Table Mountain 
(Unit Tlt) and Megabreccia of Bull Frame 
Canyon (Unit Tbf)

The tuff of Mount Jefferson (Tmj) is overlain by a sequence 
of interlayered volcaniclastic rocks including tuffaceous clastic 
units, ash-flow tuff, and zeolitic tuff. Tuffaceous sandstone (Tlt) 
(sample DRS-92-16) near the base of the volcaniclastic rocks is 
26.65±0.07 Ma (40Ar/39Ar on sanidine). The volcaniclastic rocks 
are petrographically similar to, and therefore probably related 
to, the tuff of Mount Jefferson; they may represent products of 
Mount Jefferson caldera deposited during its waning stages.

•	 26.65±0.07 Ma (40Ar/39Ar on sanidine; this report)
The megabreccia of Bull Frame Canyon (Tbf) occupies 

a small area above volcaniclastic rocks of Little Table Mountain 
(Tlt). The megabreccia is lithologically similar to that of the 
tuff of Ryecroft Canyon (Trc) and is probably a local deposit 
of reworked megabreccia of Meadow Canyon (Tmc).

Isom-Type Ash-Flow Tuff (Unit Ti)
Locally, an ash-flow tuff unit (Ti) petrographically akin 

to the 27-Ma Isom Formation in eastern Nevada and western 
Utah (Best and others, 1989) apparently conformably overlies 
the volcaniclastic rocks of Little Table Mountain (Tlt). According 
to Best and others (1989), the Isom to the east is about 27 Ma; 
sanidine from a sample (RH-TP-616) of the tuff (Ti) collected 
in the northeast part of our study area gave a 40Ar/39Ar date of 
27.22±0.07 Ma. However, this date may not be accurate owing 
to excess 40Ar; the Isom-type unit clearly lies above the tuff of 
Mount Jefferson (Tmj) (27.07–26.69 Ma) and the overlying 
volcaniclastic rocks of Little Table Mountain (Tlt) (26.65 Ma).

•	 26.65 Ma (volcaniclastic rocks of Little Table 
Mountain; this report)

•	 27 Ma (Isom Formation ash-fall tuff; Best and  
others, 1989)

•	 27.07–26.69 Ma (tuff of Mount Jefferson; this report)
•	 27.22±0.07 Ma (40Ar/39Ar on sanidine; this report)

Shingle Pass Tuff (Unit Tsp)

The Shingle Pass Tuff (Tsp) in the southern Toquima 
Range consists of an upper and a lower member. The 
formation appears to be conformable upon Isom-type ash-
flow tuff (Ti) and conformable beneath unit D of the Bates 
Mountain Tuff (included in unit Ty, map plate this report). 
The upper member, however, is disconformable above the 
lower member. According to Best and others (1989) the 
upper member has a sanidine 40Ar/39Ar date of 26.00±0.03 
[26.19±0.03] Ma and the lower member has a sanidine 
40Ar/39Ar date of 26.68±0.03 [26.87±0.03] Ma. The apparent 
notable interval between the ages of the two units may indicate 
that the lower member was considerably eroded before 
deposition of the upper member (separated locally by unit D 
of the Bates Mountain Tuff), as is true in the north-central part 
of our study area (Shawe, 1999b).

•	 26.00±0.03 [26.19±0.03] Ma (40Ar/39Ar on sanidine, 
upper member; Best and others, 1989)

•	 26.68±0.03 [26.87±0.03] Ma (40Ar/39Ar on sanidine, 
lower member; Best and others, 1989)

Eruptive and Intrusive Rocks of the Manhattan 
Caldera and Associated Volcanic Units

Early studies that referred to Tertiary igneous rocks 
in the southern Toquima Range (Ferguson, 1921, 1924; 
Ferguson and Cathcart, 1954) attempted correlation of these 
rocks with units identified outside the area. Ferguson (1924) 
originally assigned some of the silicic ash-flow tuffs in the 
Manhattan mining district to the Esmeralda Formation, 
a late Miocene to late Pliocene unit of somewhat similar 
lithology in the Tonopah district, 70 km south of the town 
of Manhattan, Nev. Ferguson considered the silicic ash-
flow tuffs to be rhyolite lava flows, although he recognized 
breccias, tuffs, and sandstones within the volcanic section. 
However, radiometric age studies by Shawe and others 
(1986) showed that the rocks in the southern Toquima Range 
are of latest Oligocene age (25.0±0.8 Ma, K-Ar on biotite). 
(Epochs as related to dates rely upon U.S. Geological Survey 
Geologic Names Committee, 2010.) The Round Rock Member 
of Ferguson’s Esmeralda Formation was raised in rank to 
Round Rock Formation (Trr) and the name Esmeralda is 
not used in the southern Toquima Range (Shawe, 1987). 
Subsequently, Henry (1997) provided a 40Ar/39Ar date 
of 24.44 [24.63]±0.11 Ma on sanidine from an ash-flow 
tuff of the Round Rock Formation in the south part of the 
Manhattan caldera.

•	 24.44 [24.63]±0.11 Ma (40Ar/39Ar on sanidine;  
Henry, 1997)

•	 25.0±0.8 Ma (K-Ar on biotite; Shawe and others,  
1986)
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Ferguson (1924) recognized a breccia unit in his Round 
Rock Member, but he considered it to be a talus unit; he 
named it the Hedwig Breccia Member (name now abandoned) 
of the Esmeralda Formation. This unit was redefined as 
the megabreccia of Sloppy Gulch (Tsg), an eruptive ash-
flow megabreccia in the lower member of the Round Rock 
Formation (Trr) (Shawe, 1987; Shawe and Snyder, 1988).

Rhyolite blocks in a middle megabreccia unit of the 
Round Rock Formation (Shawe, 1987) were described 
by Ferguson (1924) as the Maris Rhyolite (name now 
abandoned). Ferguson and Cathcart (1954) subsequently 
correlated the Maris Rhyolite with the Oddie Rhyolite of 
the Tonopah area, also a Miocene formation. No radiometric 
age determinations have been made on rocks of the middle 
megabreccia unit of the Round Rock Formation. An inferred 
rhyolite-andesite volcanic neck was mapped within the 
Manhattan caldera near its southwest margin; the feature is 
interpreted as the source of the middle megabreccia member 
of the Round Rock Formation (Shawe, 1999a).

The Diamond King Member (Ferguson, 1924) of the 
Esmeralda Formation (Diamond King raised to formation 
rank by Shawe, 1987) overlies the Round Rock Formation 
(Trr) in the Manhattan caldera. The Diamond King Member 
was considered to be about 25 Ma (Shawe, 1999a) because 
Shawe, Marvin, and others (1986) reported biotite K-Ar 
dates of 24.6±0.8 Ma and 24.8±0.8 Ma for the tuff of The 
Bald Sister (Tbs), which overlies the Diamond King. In a 
more recent study (published earlier than the Shawe (1999a) 
report), the ash-flow tuff of the Diamond King Formation 
(Tdk) from the east part of the Manhattan caldera was dated 
by 40Ar/39Ar on sanidine as 24.34 [24.53]±0.07 Ma (Henry, 
1997). Shawe (1998) speculated, on the basis of similar age 
and petrography, that the Diamond King correlates with 
the tuff of Arc Dome exposed in the Toiyabe Range about 
35 km northeast of Manhattan (Brem and others, 1991; 
John, 1992), and was erupted from the Arc Dome caldera in 
the Toiyabe Range. Henry (1997), however, described the 
Diamond King as part of the tuffs that fill the Manhattan 
caldera, even though composition of the Diamond King is 
considerably different from the composition of the underlying 
Round Rock Formation within the caldera. Shawe and Byers 
(1999) described a crystal-rich tuff having a composition 
and age similar to those of the Diamond King; this tuff, 
which is exposed in the south part of the map area east of 
Ralston Valley and described as a crystal-rich, ash-flow tuff 
unit, Tos, also is likely equivalent to the Diamond King 
Formation (Tdk).

•	 24.34 [24.53]±0.07 Ma (40Ar/39Ar on sanidine; 
Henry, 1997)

•	 24.6±0.8 Ma (K-Ar on biotite; Shawe and others, 1986)
•	 24.8±0.8 Ma (K-Ar on biotite; Shawe and others, 1986)
Immediately overlying the Diamond King Formation is 

a sequence of tuffaceous lakebed sediments and minor fluvial 
sandstone and conglomerate layers composed mostly of 
volcanic clasts. Ferguson (1924) designated the unit as Bald 

Mountain Lake Beds Member of the Esmeralda Formation. 
Shawe (1987) revised the unit as the Bald Mountain 
Formation (Tbm). These materials probably were deposited 
in a shallow basin formed by minor collapse of the Manhattan 
caldera following the latest eruptions that produced the upper 
member of the Round Rock Formation and deposition of the 
Diamond King Formation.

An ash-flow tuff was designated as the quartz latite 
member of the Esmeralda Formation by Ferguson (1924), who 
considered these materials to be composed of lava flows; the 
tuff was deposited above the Bald Mountain Formation (Tbm). 
Radiometric age studies (K-Ar on biotite) provided dates of 
24.8±0.8 Ma and 24.6±0.8 Ma for the unit (Shawe and others, 
1986). Shawe (1987) tentatively correlated the unit with the 
tuff of Peavine Creek (Brem and Snyder, 1983) in the Toiyabe 
Range about 20 km west of Manhattan, Nev., on the basis of 
similar petrography and age. Subsequently, Shawe (1999a) 
renamed this tuff where it is exposed within the Manhattan 
caldera as the tuff of The Bald Sister (his unit Tbs).

•	 24.6±0.8 Ma (K-Ar on biotite; Shawe and others, 1986)

•	 24.8±0.8 Ma (K-Ar on biotite; Shawe and others, 1986)
Two principal intrusive units were emplaced within the 

Manhattan caldera. An andesite that Ferguson and Cathcart 
(1954) designated Gilbert Andesite was correlated with a unit 
of that name in the Gilbert mining district 65 km southwest 
of Manhattan and was assigned to the Pliocene. According to 
Silberman and McKee (1972), the Gilbert in its type area is 
Miocene (15.1±0.6 Ma, K-Ar on sanidine(?)). An uncertain 
K-Ar date on plagioclase from what was Ferguson’s (1924) 
Gilbert Andesite in the Manhattan caldera, now named Crone 
Gulch Andesite (Tca) by Shawe (1987), is 22.6±1.4 Ma 
(earliest Miocene, but the range of uncertainty straddles the 
Oligocene-Miocene boundary of 23.03 Ma; Shawe and others, 
1986). However, Shawe and Snyder (1988) inferred the unit to 
be latest Oligocene on the basis of geologic relations with dated 
units. A second intrusive unit was identified by Ferguson (1924) 
as dacite; Ferguson and Cathcart (1954) considered the unit to 
be an outlier of the Toiyabe Quartz Latite (name abandoned 
by John, 1992) exposed in the Toiyabe Range 30 km west 
of Manhattan. However, the Toiyabe in its type area consists 
mostly of ash-flow tuffs and cannot be correlated with the 
dacite intrusions in the Manhattan caldera. These rocks were 
designated dacite of Ferguson Hill (Tf) by Shawe (1987). Two 
radiometric age determinations have been made on a satellitic 
dike near the plugs of this unit; one K-Ar date on biotite is 
25.5±0.9 Ma and another on biotite is 23.5±0.8 Ma (Shawe 
and others, 1986).

•	 15.1±0.6 Ma (K-Ar on sanidine(?); Silberman and 
McKee, 1972)

•	 22.6±1.4 Ma (K-Ar on plagioclase; Ferguson, 1924)

•	 23.5±0.8 Ma (K-Ar on biotite; Shawe and others, 1986)

•	 25.5±0.9 Ma (K-Ar on biotite; Shawe and others, 1986)
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Several small rhyolite to rhyodacite plugs (Trd) were 
intruded into megabreccia along the east and northeast 
structural margins of the Manhattan caldera (Shawe, 1988). 
One of these plugs was dated (Shawe, 1988) as 24.8±0.9 
Ma (K-Ar on biotite). The Manhattan caldera also includes 
four associated eruptive megabreccia units (Shawe and 
Snyder, 1988).

•	 24.8±0.9 Ma (K-Ar on biotite; Shawe and Snyder, 1988)

Bates Mountain Tuff (Unit TbtD), Tuff of Clipper 
Gap (Unit Tcg), and Tuff of Pipe Organ Spring 
(unit Tpo)

Two ash-flow tuff units, unit D of the Bates Mountain 
Tuff (unit TbtD of Shawe and Byers, 1999, and tuff of 
Clipper Gap, unit Tcg of Shawe, 1999b), from different 
sources outside but near our mapped area, are similar to the 
tuff of Pipe Organ Spring (unit Tpo of Shawe, 1999b). Unit D 
(upper Oligocene–lower Miocene, on the basis of correlation 
with rocks in various localities outside our mapped area) 
consists mostly of crystal-poor rhyolitic ash-flow tuff and 
minor tuffaceous sediments, aggregating less than about 
60 meters (m) in thickness. The tuff of Clipper Gap and the 
Bates Mountain Tuff have limited distributions in the map area 
(they are included in younger ash-flow tuffs, unit Ty, pl. 1). 
The tuff of Pipe Organ Spring (late Oligocene–early Miocene), 
named for a locality in the northeast part of our study area 
(Shawe, 1999b; Shawe, Hardyman, and Byers, 2000), is a 
crystal-poor rhyolitic ash-flow tuff mostly less than about 
90 m thick. The tuff of Pipe Organ Spring consists locally 
of two members, an upper member (unit Tpu of Shawe, 
Hardyman, and Byers, 2000), and a lower member (unit Tpl 
of Shawe, 1999b), which appears to be equivalent, on the 
basis of petrographic similarity, to member 2 (unit Trt2) of 
Boden’s tuffs and sedimentary rocks of Road Canyon (Boden, 
1986, 1992), about 12 km north of our map area. The upper 
member of the tuff of Pipe Organ Spring (unit Tpu of 
Shawe, Hardyman, and Byers, 2000), is separated locally 
from the lower member (unit Tpl of Shawe, 1999b), by 
unit D of the Bates Mountain Tuff, mentioned earlier. A 
sanidine 40Ar/39Ar date (sample DRS-85-27) for the lower 
member is 25.49±0.05 Ma. Unit D of the Bates Mountain 
Tuff is similar to a unit in the lower member of Boden’s 
tuffs of Road Canyon, for which he determined a sanidine 
K-Ar date of 23.6±0.4 Ma (Boden, 1986, 1992). However, a 
sample (DRS-91-74) (fig. 1) collected from a tuff unit in the 
lower part of Boden’s Road Canyon section (Boden, 1986, 
1992), and underlying a tuff unit similar to unit D of the 
Bates Mountain Tuff, gave a sanidine age of 25.61±0.05 Ma. 
The tuff of Clipper Gap (late Oligocene), which is similar 
to an upper member of the tuffs of Road Canyon near our 
study area and dated by Boden (1992) as 22.1±0.3 Ma, is 
a crystal-poor rhyolitic ash-flow tuff, generally less than 
45 m thick.

•	 22.1±0.3 Ma (tuff of Clipper Gap; Boden, 1992)
•	 23.6±0.4 Ma (K-Ar on sanidine; Boden, 1986, 1992)
•	 25.49±0.05 Ma (40Ar/39Ar on sanidine; this report)
•	 25.61±0.05 Ma (40Ar/39Ar on sanidine; this report)

Vitrophyric Ash-Fall Tuff (Unit Tva)
A vitrophyric (glass-shard) ash-fall tuff (Tva) dated as 

12.6±2.6 Ma (fission-track on zircon, Shawe, Naeser, and 
others, 1987) forms a small outcrop at the northwest edge of 
Ralston Valley (unit Tva, rhyolite volcanic ash, of Shawe, 
1998). The vitrophyric tuff is from an unknown source 
(Shawe and others, 1987), possibly southeast of the southern 
Toquima Range.

•	 12.6±2.6 Ma (fission-track on zircon; Shawe, Naeser, 
and others, 1987)

40Ar/39Ar Geochronology  
of Volcanic Units

Sixty mineral separates extracted from 28 rock samples from 
the Toquima Range, Nevada, were dated by the 40Ar/39Ar age-
spectrum technique in the U.S. Geological Survey Denver Argon 
Laboratory. The new argon dates were determined by assuming a 
standard age of 28.03 Ma for Fish Canyon Tuff sanidine. Earlier 
reported ages for samples from the Toquima Range (Shawe, 
Hardyman, and Byers, 2000) analyzed in the Denver Argon 
Laboratory assumed a standard age of 27.84 Ma for Fish Canyon 
Tuff sanidine. Consequently, the earlier-determined ages must be 
increased by 0.19 Ma to facilitate direct comparison with new data 
described herein. Ages recalculated in this fashion are enclosed 
in square brackets [ ] herein. The dated samples are primarily of 
Tertiary age; two Cretaceous-age clasts recovered from Tertiary 
breccias also were dated. Geochronology results are summarized 
in table 1 and raw data are presented in appendix 1. Standard 
procedures, summarized in the footnote of appendix 1 and by Snee 
(2002), were used to determine ages of the analyzed samples. New 
40Ar/39Ar dates for numerous Toquima Range Tertiary volcanic 
rocks range from 33.35±0.06 Ma to 24.92±0.05 Ma.

A sample of the tuff of Clipper Gap (Ty) (RH-TP-659) 
yielded biotite, hornblende, and sanidine separates. The biotite 
age spectrum (fig. 2A) defines a plateau that includes more than 
72.9 percent of the released 39Ar, with an age of 24.88±0.05 Ma. 
The hornblende spectrum (fig. 2B) is slightly disturbed and 
saddle-shaped, and it indicates excess 40Ar; 42.2 percent of 
the released 39Ar indicates a date of 24.85±0.18 Ma. The 
sanidine spectrum (fig. 2C) indicates excess 40Ar, but more 
than 24.7 percent of the released 39Ar suggests a date of 
24.99±0.11 Ma. All of these apparent ages overlap within error, 
but because the biotite age spectrum is undisturbed, it provides 
our best estimate of the age of the tuff. 

•	 24.85±0.18 Ma (40Ar/39Ar on hornblende; this report)
•	 24.88±0.05 Ma (40Ar/39Ar on biotite; this report)
•	 24.99±0.11 Ma (40Ar/39Ar on sanidine; this report)
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Table 1.  Summary of 40Ar/39Ar dates for Toquima Range, Nevada, mineral separates.
[≈, nearly equal to; Can., Canyon; Ma, million years ago]

Sample Description Minerals Latitude Longitude Character of spectrum Date (Ma) and 1σ error
DRS-85-122 Quartzite (prospect)1 White mica 38°42′36″N 116o58′47″W Preferred 40Ar loss 80.2±0.14
DRS-85-128 Porphyry clast (in Tjsi)2 Actinolite 38°42′30″N 116o58′12″W No plateau 80s
DRS-85-176 Andesite clast (in Tjsi)3 Biotite 38°42′20″N 116o58′03″W Plateau 33.35±0.06
DRS-85-176 Andesite clast (in Tjsi)3 Plagioclase 38°42′20″N 116o58′03″W Preferred 40Ar loss 33.09±0.07
DRS-92-1 Tjc4 Biotite 38°43′24″N 117o01′10″W Plateau 32.74±0.05
DRS-92-1 Tjc4 Sanidine 38°43′24″N 117o01′10″W Preferred—Excess 40Ar 32.81±0.06
RH-TP-672 Tuff of Haystack Canyon Hornblende 38°42′35″N 116o41′30″W Plateau 29.70±0.12
RH-TP-672 Tuff of Haystack Canyon Sanidine 38°42′35″N 116o41′30″W Plateau 29.87±0.07
DRS-91-17 Clast in Tmb5 Biotite 38°30′33″N 116o51′25″W Plateau 27.51±0.05
DRS-91-17 Clast in Tmb5 Hornblende 38°30′33″N 116o51′25″W Preferred 40Ar loss 27.39±0.09
DRS-91-17 Clast in Tmb5 Sanidine 38°30′33″N 116o51′25″W Plateau 27.24±0.06
DRS-91-82 Tcc (Tccu)6 Biotite 38°41′11″N 116o49′41″W Plateau 27.35±0.05
DRS-91-82 Tcc (Tccu)6 Sanidine 38°41′11″N 116o49′41″W Plateau 27.36±0.06
DRS-91-92 Tmj breccia Biotite 38°41′20″N 116o50′49″W Plateau 27.32±0.04
DRS-91-31 Trc Biotite 38°30′51″N 116o51′10″W Disturbed Undetermined
DRS-91-31 Trc Hornblende 38°30′51″N 116o51′10″W Plateau 26.85±0.14
DRS-91-31 Trc Sanidine 38°30′51″N 116o51′10″W Plateau 27.01±0.04
DRS-85-224 Trc Biotite 38°38′39″N  116o58′07″W  Disturbed Undetermined
DRS-85-224 Trc Sanidine 38°38′39″N  116o58′07″W  Plateau 26.98±0.05
DRS-85-225 Trc Sanidine 38°36′27″N 116o50′26″W 40Ar loss or excess 40Ar ≈27.32±0.08
RH-TP-616 Ti Sanidine 38°42′27″N  116o48′55″W  Preferred—Excess 40Ar 27.22±0.07
DRS-91-98 Tmj (Tmjv)7 Biotite 38°41′49″N 116o50′59″W Plateau 27.06±0.06
DRS-91-98 Tmj (Tmjv)7 Sanidine 38°41′49″N 116o50′59″W Preferred 40Ar loss 27.07±0.05
DRS-91-171 Tmj Biotite 38°42′07″N 116o50′38″W Plateau 27.10±0.04
DRS-91-171 Tmj Hornblende 38°42′07″N 116o50′38″W Preferred 40Ar loss 27.07+0.05
DRS-91-171 Tmj Sanidine 38°42′07″N 116o50′38″W Plateau 26.83+0.05
RH-TP-571 Tmj Biotite 38o42′15″N 116o50′01″W Plateau 27.02+0.07
RH-TP-571 Tmj Sanidine 38o42′15″N 116o50′01″W Plateau 27.00+0.06
RH-TP-583 Tmj Biotite 38o42′36″N 116o50′06″W Plateau 26.86+0.05
RH-TP-583 Tmj Hornblende 38o42′36″N 116o50′06″W Plateau 26.69+0.04
RH-TP-583 Tmj Sanidine 38o42′36″N 116o50′06″W Plateau 26.87+0.04
RH-TP-590 Tmj Biotite 38o43′30″N 116o49′10″W Plateau 26.99+0.06
RH-TP-590 Tmj Sanidine 38o43′30″N 116o49′10″W Plateau 26.85+0.04
RH-TP-644 Tmj Biotite 38o44′54″N 116o51′23″W Plateau 27.08+0.04
RH-TP-644 Tmj Hornblende 38o44′54″N 116o51′23″W Plateau 26.78+0.14
RH-TP-644 Tmj Sanidine 38o44′54″N 116o51′23″W Preferred 40Ar loss 26.83+0.07
RH-TP-646 Tmj Biotite 38o45′27″N 116o50′10″W Plateau 26.93+0.07
RH-TP-646 Tmj Sanidine 38o45′27″N 116o50′10″W Plateau 26.91+0.07
DRS-85-48 Tmj Biotite 38o41′19″N 116o59′18″W Plateau 26.89+0.05
DRS-85-48 Tmj Sanidine 38o41′19″N 116o59′18″W Plateau 26.86+0.04
DRS-85-78 Tmj(Tmjv)7 Biotite 38o43′27″N 116o58′39″W Plateau 26.85+0.05
DRS-85-78 Tmj(Tmjv)7 Sanidine 38o43′27″N 116o58′39″W Plateau 26.78+0.06
DRS-85-10 Tmj Biotite 38o41′57″N 116o55′56″W Plateau 26.79+0.04
DRS-85-10 Tmj Sanidine 38o41′57″N 116o55′56″W Preferred 40Ar loss 26.78+0.05
DRS-91-58A Trp Orthoclase 38o41′52″N  116o50′02″W  Plateau 26.73+0.05
DRS-92-16 Tlt8 Biotite 38o42′29″N 116o50′48″W Disturbed Undetermined
DRS-92-16 Tlt8 Sanidine 38o42′29″N 116o50′48″W Preferred—Excess 40Ar 26.47+0.05
DRS-85-27 Ty (Tpl)9 Biotite 38o42′19″N 116o53′33″W Plateau 27.36+0.05
DRS-85-27 Ty (Tpl)9 Hornblende 38o42′19″N 116o53′33″W Plateau 25.33+0.10
DRS-85-27 Ty (Tpl)9 Sanidine 38o42′19″N 116o53′33″W Plateau 25.49+0.05
DRS-92-59 Ty (Tpl)9 Biotite 38o42′23″N 116o52′57″W Disturbed ≈26.35+0.06
DRS-92-59 Ty (Tpl)9 Hornblende 38o42′23″N 116o52′57″W Plateau 25.71+0.15
DRS-92-59 Ty (Tpl)9 Orthoclase 38o42′23″N 116o52′57″W Plateau 25.57+0.05
DRS-91-74 Ty (tuffs of Road Can.)10 Biotite 38o51′29″N 116o51′04″W Disturbed 26.13+0.08
DRS-91-74 Ty (tuffs of Road Can.)10 Sanidine 38o51′29″N 116o51′04″W Plateau 25.61+0.05
DRS-85-54 Ty(Tspl)11 Biotite 38o43′03″N 116o52′35″W Disturbed ≈26.00+0.05
DRS-85-54 Ty(Tspl)11 Sanidine 38o43′03″N 116o52′35″W Plateau 25.13+0.19
RH-TP-659 Ty(Tcg)12 Biotite 38o42′54″N 116o49′15″W Plateau 24.88+0.05
RH-TP-659 Ty(Tcg)12 Hornblende 38o42′54″N 116o49′15″W Preferred—Excess 40Ar 24.85+0.18
RH-TP-659 Ty(Tcg)12 Sanidine 38o42′54″N 116o49′15″W Preferred—Excess 40Ar 24.99+0.11

1Mineralized quartzite, Gold Hill Formation (Cgq, Shawe, 1999b), from prospect dump.
2Porphyritic granite clast in intrusive phase of megabreccia of Jefferson Summit (Tjsi, Shawe, 1999b).
3Andesite clast in intrusive phase of megabreccia of Jefferson Summit (Tjsi, Shawe, 1999b).
4Vitrophyric matrix(?) at base of megabreccia of Jefferson (Tjc, Shawe, 1995).
5Clast in monolithologic megabreccia (Tmb, Shawe and others, 2000).
6Tuff of Corcoran Canyon (Tcc), upper unit (Shawe and others, 2000).
7Tuff of Mount Jefferson, vitrophyre unit (Tmjv, Shawe, 1999b).
8Biotite-rich layer in fine-grained tuffaceous sandstone-siltstone in volcaniclastic rocks of Little Table Mountain (Tltl, Shawe, 1999b).
9Tuff of Pipe Organ Spring, lower (Tpl, Shawe, 1999b), in Ty.
10Grayish-buff layered tuff in lower part of tuffs of Road Canyon, just northeast of our map area (Boden, 1986).
11Shingle Pass Tuff, lower (Tspl, Shawe, 1999b), in Ty.
12Tuff of Clipper Gap (Tcg, Shawe and others, 2000), in Ty.
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Figure 2 (above and following pages).  40Ar/39Ar age spectra of minerals in volcanic rocks of the southern Toquima Range, Nye 
County, Nevada. Letters A through HHH correspond with the identifier in upper left of each view and link to discussion in text.
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Figure 2.  40Ar/39Ar age spectra of minerals in volcanic rocks of the southern Toquima Range, Nye County, Nevada. Letters A 
through HHH correspond with the identifier in upper left of each view and link to discussion in text.—Continued
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Figure 2.  40Ar/39Ar age spectra of minerals in volcanic rocks of the southern Toquima Range, Nye County, Nevada. Letters A 
through HHH correspond with the identifier in upper left of each view and link to discussion in text.—Continued
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16    Tertiary Volcanic and Intrusive Rocks in Part of the Southern Toquima Range, Nye County, Nevada

Figure 2.  40Ar/39Ar age spectra of minerals in volcanic rocks of the southern Toquima Range, Nye County, Nevada. Letters A 
through HHH correspond with the identifier in upper left of each view and link to discussion in text.—Continued
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Figure 2.  40Ar/39Ar age spectra of minerals in volcanic rocks of the southern Toquima Range, Nye County, Nevada. Letters A 
through HHH correspond with the identifier in upper left of each view and link to discussion in text.—Continued
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Figure 2.  40Ar/39Ar age spectra of minerals in volcanic rocks of the southern Toquima Range, Nye County, Nevada. Letters A 
through HHH correspond with the identifier in upper left of each view and link to discussion in text.—Continued
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Figure 2.  40Ar/39Ar age spectra of minerals in volcanic rocks of the southern Toquima Range, Nye County, Nevada. Letters A 
through HHH correspond with the identifier in upper left of each view and link to discussion in text.—Continued
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Figure 2.  40Ar/39Ar age spectra of minerals in volcanic rocks of the southern Toquima Range, Nye County, Nevada. Letters A 
through HHH correspond with the identifier in upper left of each view and link to discussion in text.—Continued

A sample from the lower part of the Shingle Pass Tuff 
(Tsp) (DRS-85-54) yielded biotite and sanidine separates. The 
biotite age spectrum (fig. 2D) is slightly disturbed and includes 
an excess 40Ar hump, likely the result of minor secondary 
chlorite. Analytical issues caused the sanidine to produce a 
low isotopic signal; however, the sample yielded a plateau 
(fig. 2E) that includes more than 70.7 percent of the released 
39Ar with a date of 25.13±0.19 Ma, which is our best estimate 
for the age of the unit.

•	 25.13±0.19 Ma (40Ar/39Ar on sanidine; this report)
A sample of the tuff of Road Canyon (DRS-91-74; 

fig. 1) collected in Road Canyon 12 km north of our map 
area yielded biotite and sanidine separates. The biotite argon 
spectrum (fig. 2F) is disturbed but the sanidine (fig. 2G) 
yielded a plateau age of 25.61±0.05 Ma, which is our best 
estimate for the age of the tuff.

•	 25.61±0.05 Ma (40Ar/39Ar on sanidine; this report)
Two samples of the tuff of Pipe Organ Spring (Ty) 

were analyzed. Sample DRS-92-59 yielded orthoclase, 
hornblende, and biotite separates. The biotite spectrum 
indicates excess 40Ar (fig. 2H); the hornblende (fig. 2I) and 
orthoclase (fig. 2J) spectra include plateaus of 25.71±0.15 Ma 
and 25.57±0.05 Ma, respectively. Sample DRS-85-27 biotite 
(fig. 2K), hornblende (fig. 2L) and sanidine (fig. 2M) plateau 
dates are 25.36±0.05, 25.33±0.10, and 25.49±0.05 Ma, 

respectively. The age spread among these analyses may reflect 
real age differences or routine analytical error. Our preference 
is to average these four dates to obtain an average arithmetic 
age of 25.53±0.16 Ma for the tuff of Pipe Organ Spring.

•	 25.33±0.10 (40Ar/39Ar on hornblende; this report)

•	 25.36±0.05 (40Ar/39Ar on biotite; this report)

•	 25.49±0.05 Ma (40Ar/39Ar on sanidine; this report)

•	 25.53±0.16 Ma (40Ar/39 average age; this report)

•	 25.57±0.05 Ma (40Ar/39Ar on orthoclase; this report)

•	 25.71±0.15 Ma (40Ar/39Ar on hornblende; this report)

Biotite (fig. 2N) and sanidine (fig. 2O) separates from 
sample DRS-92-16 of the Little Table Mountain unit (Tlt) 
yielded disturbed age spectra. The biotite date is unreliable. 
However, the sanidine spectrum, although it indicates minor 
excess 40Ar, defines an apparent age of 26.47±0.05 Ma in its 
low-age segment, which we consider to be the best estimate 
of the age of the unit.

•	 26.47±0.05 Ma (40Ar/39Ar on sanidine; this report)

An orthoclase separate from a rhyolite plug (Trp), sample 
DRS-91-58A, yielded an argon plateau date of 26.73±0.05 Ma 
(fig. 2P), our accepted date for alteration of the intrusion.

•	 26.73±0.05 Ma (40Ar/39Ar on orthoclase; this report)
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Twenty-one of the dated mineral separates (sanidine, 
biotite, and hornblende) from 10 Mount Jefferson samples range 
in age from 27.07 Ma to 26.69; an additional Mount Jefferson 
sample is a vitrophyre that produced sanidine and biotite 
separates with apparent ages in this same range (figs. 2Q–MM). 
Of the 23 samples, 18 yield plateau age spectra with a mean age 
of 26.90±0.10 (1σ) Ma. Of the 5 samples that did not produce 
plateaus, 4 are sanidine that indicate gradually increasing 
age with increasing release temperature, which is a common 
characteristic of sanidine age spectra; our preferred ages for 
these 4 samples are also coincident with the age range defined 
by the 18 samples included in the mean age. The fifth sample 
is hornblende, separated from vitrophyre, that produced an 40Ar 
loss spectrum that steps up in apparent age to 27.07 Ma, which 
is identical to the age of coexisting biotite from the vitrophyre. 
The average of all 21 apparent ages is 26.90±0.11 (1σ) Ma. 
The 0.38-m.y. range of ages among the 21 samples may 
represent analytical error or, alternatively, may reflect the true 
duration of eruptive activity responsible for the tuff of Mount 
Jefferson (Tmj).

•	 26.90±0.11 (1σ) Ma (mean age 40Ar/39Ar on tuff;  
this report)

•	 27.07 Ma (40Ar/39Ar on hornblende; this report)
Sanidine from sample RH-TP-616 collected from the 

Isom-type ash-flow tuff (Ti) defines a disturbed age spectrum 
that indicates excess 40Ar. The low-age part of the age-
spectrum saddle yields an apparent age of 27.22±0.07 (1σ) 
Ma (fig. 2NN). However, the presence of excess 40Ar 
suggests that the preferred age may be older than the actual 
eruption age.

•	 27.22±0.07 (1σ) Ma (40Ar/39Ar on tuff; this report)
Three samples of the tuff of Ryecroft Canyon (Trc) 

yielded sanidine (fig. 2OO) (DRS-85-225), biotite (fig. 2PP) 
and sanidine (fig. 2QQ) (DRS-85-224), and biotite (fig. 2RR), 
hornblende (fig. 2SS), and sanidine (fig. 2TT) (DRS-91-31) 
separates that were analyzed. Both biotite age spectra are 
strongly disturbed and produce indeterminate results. The 
sanidine age spectrum for sample DRS-85-225 is difficult to 
interpret because it reflects characteristics of either 40Ar loss or 

excess 40Ar. Sanidine from sample DRS-85-224, and sanidine 
and hornblende from sample DRS-91-31 produced plateau 
spectra with an average age of 26.95±0.08 (1σ) Ma.

•	 26.95±0.08 (1σ) Ma (average age, 40Ar/39Ar on tuff; 
this report)

Biotite in sample DRS-91-92 from a breccia clast 
contained in the tuff of Mount Jefferson (Tmj) yielded an 
argon spectrum (fig. 2UU) indicative of minor excess 40Ar but 
includes a plateau with an apparent age of 27.32±0.04 (1σ) Ma. 
We interpret this plateau to be the age of the clast and therefore 
a maximum age for the enclosing tuff. 

•	 27.32±0.04 (1σ) Ma (40Ar/39Ar on biotite; this report)
Sample DRS-91-82, tuff of Corcoran Canyon (Tcc), 

yielded biotite (fig. 2VV) and sanidine (fig. 2WW) separates that 
produced concordant apparent plateau ages of 27.35±0.05 (1σ) 

and 27.36±0.06 (1σ) Ma, respectively. The average of these 
dates is our preferred age for eruption of the Corcoran 
Canyon tuff.

•	 27.35±0.05 (1σ) Ma (40Ar/39Ar on biotite; this report)
•	 27.36±0.06 (1σ) Ma (40Ar/39Ar on sanidine; this report)
Biotite (fig. 2XX), hornblende (fig. 2YY), and sanidine 

(fig. 2ZZ) separates were recovered from and 40Ar/39Ar ages 
determined for a sample (DRS-91-17) of the monolithologic 
megabreccia (Tmb). The hornblende spectrum indicates 40Ar 
loss and defines a near plateau age of 27.39±0.09 (1σ) Ma 
(fig. 2YY). Biotite and sanidine separates yielded plateaus with 
apparent ages of 27.51±0.05 (1σ) and 27.24±0.06 (1σ) Ma, 
respectively. The biotite and sanidine dates are statistically 
distinct and the hornblende date is intermediate. The average 
of these three dates, 27.38±0.14 (1σ) Ma, probably represents 
the best estimate of the age of this unit. Alternatively, because 
the biotite and sanidine ages are statistically distinct their 
age discordance may indicate geologic processes rather than 
analytical error. Thus, the biotite apparent age may represent 
the best age of the monolithologic megabreccia (Tmb) because 
the amphibole and sanidine age spectra both indicate 40Ar loss.

•	 27.24±0.06 (1σ) Ma (40Ar/39Ar on sanidine; this report)
•	 27.38±0.14 (1σ) Ma (average age, 40Ar/39Ar on sanidine; 

this report)
•	 27.39±0.09 (1σ) Ma ( 40Ar/39Ar on hornblende; this report)
•	 27.51±0.05 (1σ) (40Ar/39Ar on biotite; this report) 
Sample RH-TP-672 (fig. 1) was collected in the 

nearby Monitor Range and represents the informally named 
tuff of Haystack Canyon (R.F. Hardyman, oral commun., 
2012). Hornblende (fig. 2AAA) and sanidine (fig. 2BBB) 
separates yielded concordant dates of 27.70±0.12 (1σ) and 
27.87±0.07 (1σ) Ma, respectively. The average apparent age 
of 27.79±0.10 (1σ) Ma is our estimate of the age of the tuff.

•	 27.79±0.10 (1σ) Ma (average age, 40Ar/39Ar on tuff; 
this report) 

•	 27.70±0.12 (1σ) (40Ar/39Ar on hornblende; this report)
•	 27.87±0.07 (1σ) Ma (40Ar/39Ar on sanidine; this report)
A sample of Jefferson Canyon megabreccia (Tjc) 

(DRS-92-1) yielded a biotite plateau age (fig. 2CCC) of 
32.74±0.05 (1σ) Ma and a sanidine preferred age (fig. 2DDD) 
of 32.81±0.06 (1σ) Ma. The sanidine age spectrum is disturbed 
and indicates either 40Ar loss or excess 40Ar. Therefore the 
biotite date is our best estimate for the age of this unit.

•	 32.74±0.05 (1σ) Ma (40Ar/39Ar on biotite; this report)
•	 32.81±0.06 (1σ) Ma (40Ar/39Ar on sanidine; this report)
Sample DRS-85-176 is from an andesite porphyry clast in 

the intrusive phase of megabreccia of Jefferson Summit (Tjs) 
from which biotite (fig. 2EEE) and plagioclase (fig. 2FFF) 
separates were obtained. The plagioclase age spectrum is 
disturbed, but the biotite produced an age spectrum with a 
plateau age of 33.35±0.06 (1σ) Ma, our accepted age.

•	 33.35±0.06 (1σ) Ma (40Ar/39Ar on biotite; this report)
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Sample DRS-85-128 represents clasts in the intrusive 
phase of the megabreccia of Jefferson Summit (Tjs). 
Actinolite from DRS-85-128 yielded a disturbed argon 
spectrum (fig.2GGG) with an apparent Late Cretaceous age. 
Argon derived from muscovite in DRS-85-122 produced 
an argon-loss spectrum (fig. 2HHH) with an interpreted age 
of 80.2±0.1 (1σ) Ma, which is a reasonable estimate for the 
cooling age of the muscovite.

•	 80.2±0.1 (1σ) Ma (40Ar/39Ar on muscovite; this report)

Phenocryst Compositions as 
Determined by Electron Microprobe
Analytical Methods, Mineral Structural  
Formula Calculations, and Samples Analyzed

Polished thin sections of selected samples were prepared 
to determine compositions of plagioclase, sanidine, biotite, 
hornblende, clinopyroxene, and orthopyroxene phenocrysts 
by electron microprobe analysis. Not all of these minerals 
were present or analyzed in each of the samples examined. 
Resulting microprobe analyses were used to calculate mineral 
structural formulas.

Phenocryst compositions were determined using a 
JEOL 8900® electron microprobe with 5 wavelength-
dispersive crystal spectrometers, 5–20 micrometer (μm) beam, 
15 kilovolt (kV) accelerating voltage, and 20 nanoampere 
(nA) beam current were used to make 20-second analyses on 
numerous grains of each mineral species. Analyzed spots were 
at grain cores and rims, and in some instances at intermediate 
spots to ensure that the full composition range of each mineral 
was recorded. In tables of analytical data (appendixes 2–8), 
“Probe sample no.” entries ending in “1” identify grain core 
analyses, whereas “2” indicates grain rim analyses, and “3” or 
“4” indicate analyses of intermediate parts of grains.

Microprobe determinations report total iron in biotite 
in the ferrous (Fe2+) state. Prior to structural formula 
calculation total iron was partitioned to Fe2+ and Fe3+ by 
assuming Fe2+/(Fe2++Fe3+) = 0.85 (Dodge and others, 1969); 
H2O abundances were determined by stoichiometry by 
assuming 24 anions (O, OH, F, Cl).

Microprobe determinations report total iron in amphibole 
in the ferrous (Fe2+) state. As part of structural formula 
calculations, total iron was partitioned to Fe2+ and Fe3+ by 
charge balancing; H2O abundances were determined by 
stoichiometry assuming 24 anions (O, OH, F, Cl). Amphibole 
names were assigned according to the classification of Leake 
and others (1997). Compositions of each of the minerals 
analyzed are presented in variation diagrams (figs. 3–27).

Several volcanic units were selected for phenocryst 
composition determinations in order to confirm the identity 
or correlation of their host units. Studied were Isom-type 
tuff (Ti) (3 samples), Bates Mountain Tuff (Ty) (3 samples), 
tuff of Mount Jefferson (Tmj) (8 samples, identified in the 
next section, including 5 from a unit identified as tuff of 

Trail Canyon by Boden (1986), which we believe is part of 
the tuff of Mount Jefferson), tuff of Ryecroft Canyon (Trc) 
(3 samples), tuff of Corcoran Canyon (Tcc) (2 samples), and 
megabreccia of Jefferson Canyon (1 sample). The megabreccia 
of Jefferson Canyon (Tjc) was described by Boden (1986) 
as the megabreccia of Dry Canyon and correlated by Henry 
(1997) with a 32.3 Ma caldera underlying Big Smoky Valley.

Results of Phenocryst Analyses

Phenocryst compositions are discussed in subsequent 
sections by individual volcanic unit: megabreccia of Jefferson 
Canyon (Tjc), tuff of Corcoran Canyon (Tcc), tuff of Ryecroft 
Canyon (Trc), tuff of Mount Jefferson (Tmj), Isom-type tuff 
(Ti), and Bates Mountain Tuff (Ti). Phenocryst composition 
variations may mimic the compositional variations of host 
magmas arrayed in vertically zoned reservoirs; during single 
eruptions magma may have been derived from multiple zones. 
In most cases, because of the relatively limited number of 
samples studied and the relative uncertainty of each sample’s 
stratigraphic position (general position estimated for tuff of 
Mount Jefferson samples), interpreting the nature and extent of 
magma evolution and eruptive histories are possible to a limited 
extent only. However, the data provide evidence that in some of 
the formations studied, conditions prevailing during phenocryst 
crystallization varied between eruptive episodes, attesting 
to likely derivation of magma from different levels in zoned 
reservoirs. Although geologic evidence implies more than one 
cooling unit (representing discrete eruptive episodes) in some 
formations, and there is petrographic evidence of compositional 
variation in magma during an episode, the data are generally 
insufficient to define the nature and extent of magma evolution 
during the petrogenesis of individual ash-flow tuffs. However, 
mineral composition data define magma composition 
characteristics pertinent to the histories of the different 
formations, and the data bear on proposed unit correlations. 
Locations of samples for which mineral compositions were 
determined are shown on plate 1 and figure 1.

Megabreccia of Jefferson Canyon (Unit Tjc)

We determined phenocryst compositions in only one 
sample (vitrophyre, DRS-92-1; figs. 3–6) of the megabreccia 
of Jefferson Canyon (Tjc). The vitrophyric sample was 
collected where the rock appears to be a basal chilled 
ash matrix of the megabreccia. Accordingly, the ages of 
its contained phenocrysts probably define the age of the 
vitrophyre and the associated megabreccia. Alternatively, the 
vitrophyre may constitute a large clast derived from an older 
unit, in which case phenocrysts would not be representative 
of the megabreccia. The compositions of biotite, amphibole, 
and pyroxene phenocrysts were determined by microprobe 
analysis and are compared here to those in the tuff of Mount 
Jefferson (Tmj), described in later paragraphs.

Biotite compositions shown in figure 3 are virtually 
identical to those of Mg-rich biotites in samples from the 
lower part of the tuff of Mount Jefferson (see later discussion 
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Figure 3.  Ternary diagram of Mg–Al3++Fe3++Ti–Fe2++Mn showing 
relative cation abundances in biotite of one sample, southern 
Toquima Range, Nye County, Nevada (Sample DRS-92-1; unit Tgs 
of Shawe, 1995)

Figure 4.  Ternary diagram of Ca–10Ti–2Mg/(Mg+Fe2+) showing 
relative cation abundances in hornblende of one sample, southern 
Toquima Range, Nye County, Nevada. (Sample DRS-92-1; unit Tgs 
of Shawe, 1995)
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of fig. 12) and are more Mg-rich than samples from the upper 
part of the tuff of Mount Jefferson (see later discussion of 
figs. 13, 14). The similarity of biotite compositions suggests 
that the megabreccia of Jefferson Canyon (Tjc) is akin to 
the lower part of the tuff of Mount Jefferson. The composition 
of one biotite in the vitrophyre of sample DRS-92-1 
(fig. 3), which plots off the general trend, may represent an 
inaccurate analysis.

Compositions of hornblende in sample DRS-92-1 
(fig. 4) lie along the less Ca-rich hornblende composition 
trend defined for tuff of Mount Jefferson (Tmj) samples (see 
later discussion of fig. 16), and appear to be most akin to the 
older (lower) part of the tuff of Mount Jefferson. Amphibole 
in the sample is composed of edenite and pargasite/
magnesiohastingsite (see later discussion of fig. 5).

Compositions of augite in the sample of the megabreccia 
of Jefferson Canyon (Tjc) (DRS-92-1, fig. 6) are virtually 
identical to those of clinopyroxene in tuff of Mount Jefferson 
samples (see subsequent discussion of fig. 19).

Compositional similarities among biotite, hornblende, 
and augite in the megabreccia of Jefferson Canyon (Tjc) and 
those in the tuff of Mount Jefferson (Tmj) suggest that the 
two units had a common magma source. If this correlation is 
correct, then the inference that the megabreccia is related to 
the Mount Jefferson caldera, as suggested earlier by Shawe 
(1995, 1999b) and by Shawe, Hardyman, and Byers (2000), 
is corroborated. The 32 Ma dates for the megabreccia of 
Jefferson Canyon obtained by Boden (1986, 1992), Henry 
(1997), and Shawe (1999b) may represent older material 

incorporated as clasts in the younger megabreccia. 40Ar/39Ar 
dating of the sample of vitrophyre (DRS-92-1) would clarify 
these relationships.

Tuff of Corcoran Canyon (Unit Tcc)

Compositions of biotite were determined for two samples 
of the tuff of Corcoran Canyon (unit Tcc). Sample DRS-91-59 
is from the lower member and sample DRS-91-89 is from the 
upper member. Biotite compositions form two well-defined 
clusters (fig. 7); biotite of DRS-91-89 is relatively enriched in 
Mg-Fe2++Mn, whereas biotite of DRS-91-59 is more enriched 
in Al3++Fe3++Ti. The upper member sample (DRS-91-89) seems 
to have crystallized from a more mafic magma than the sample 
from the lower member (DRS-91-59), which suggests that the 
earlier eruption may have come from the upper, more evolved 
part of a compositionally stratified magma reservoir, whereas 
the later eruption came from the lower, less evolved part.

Compositions of biotite phenocrysts in the tuff of 
Corcoran Canyon (Tcc) are similar to those in the tuffs 
of Mount Jefferson (Tmj), and of Ryecroft Canyon (Trc), 
although compositions of biotite phenocrysts in all three units 
suggest compositional variation within their source reservoirs. 
Inferred magma composition variation may indicate 
compositionally stratified magma reservoirs or periodic 
eruptions from differently evolved magmas, or both. Overall 
biotite compositional similarity among the three units suggests 
that they had similar petrogenetic histories.
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Figure 7.  Ternary diagram of Mg–Al3++Fe3++Ti–Fe2++Mn showing 
relative cation abundances in biotite of two samples, southern 
Toquima Range, Nye County, Nevada. (Samples DRS-91-89 and 
DRS-91-59; unit Tcc of Shawe, Hardyman, and Byers, 2000)
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Figure 6.  Ternary diagram showing proportions of wollastonite, 
enstatite, and ferrosilite in clinopyroxene of one sample, southern 
Toquima Range, Nye County, Nevada; EN, enstatite; FS, ferrosilite; 
WO, wollastonite. (Sample DRS-92-1; unit Tgc of Shawe, 1995)

Figure 5.  Diagram showing relative cation abundances of Si and Mg/(Mg+Fe2+) in hornblende of one 
sample, southern Toquima Range, Nye County, Nevada. (Sample DRS-92-1; unit Tgs of Shawe, 1995)
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Figure 8.  Ternary diagram of Mg–Al3++Fe3++Ti–Fe2++Mn showing 
relative cation abundances in biotite of three samples, southern 
Toquima Range, Nye County, Nevada. (Samples DRS-91-21, 
DRS-91-24, and DRS-91-19; unit Trc of Shawe, Hardyman, and 
Byers, 2000)
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Figure 9.  Ternary diagram of Ca–10Ti–2Mg/(Mg+Fe2+) showing 
relative cation abundances in hornblende of three samples, 
southern Toquima Range, Nye County, Nevada. (Samples 
DRS-91-21, DRS-91-24, and DRS-91-19; unit Trc of Shawe, 1999b)

No composition data were obtained for hornblende 
or pyroxene in the tuff of Corcoran Canyon (Tcc) because 
no unaltered phenocrysts could be identified. Similarly, no 
analyses of feldspar phenocrysts in samples DRS-91-59 and 
DRS-91-89 from the tuff of Corcoran Canyon were obtained.

Tuff of Ryecroft Canyon (Unit Trc)

We determined compositions of biotite and amphibole  
in samples DRS-91-19, DRS-91-21, and DRS-91-24 of  
the tuff of Ryecroft Canyon (Trc). Sample DRS-91-19 was 
collected near the base of exposed tuff of Ryecroft Canyon; 
samples DRS-91-21 and DRS-91-24 came from relatively 
higher stratigraphic positions, possibly less than about 90 m 
higher; disparate compaction foliation attitudes (suggestive  
of fault disruption) in the sampled area precluded more 
accurate assessment of relative stratigraphic position.

Compositions of biotite in samples DRS-91-21 and  
DRS-91-24 (fig. 8) form nearly coincident well-defined trends, 
whereas those in sample DRS-91-19 (fig. 8) cluster near the 
Fe2++Mn-rich (hence more silicic) end of the DRS-91-21  
and DRS-91-24 compositional arrays. Apparently, prior to 
eruption the source magma became compositionally stratified 
such that the initial eruption may have been from the upper 
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part of a zoned reservoir and later eruption may have come 
from lower in the reservoir. Compositions of biotite in  
samples from the tuff of Ryecroft Canyon are also nearly 
coincident with those of biotite in the tuff of Mount Jefferson 
(Tmj), which suggests their possible cogenesis. However, 
compositions of biotite in the tuff of Ryecroft Canyon are  
less Fe-Mn rich and more Mg rich, which suggests that 
magma represented by the slightly younger tuff of Mount 
Jefferson was less evolved than magma represented by the  
tuff of Ryecroft Canyon.

Compositions of amphiboles (fig. 9) in samples 
DRS-91-19, DRS-91-21, and DRS-91-24 of the tuff of 
Ryecroft Canyon (Trc) form a linear trend that extends from 
a separate cluster of DRS-91-19 analyses with relatively 
Ca- to Mg-Fe–rich compositions (mostly edenite) to a 
broad cluster of DRS-91-21 and DRS-91-24 compositions 
(mostly pargasite/magnesiohastingsite, fig. 10) that are 
relatively enriched in Ti. These compositional variations 
suggest that sample DRS-91-19, from near the base of the 
Ryecroft Canyon, crystallized from a less evolved magma 
than did samples DRS-91-21 and DRS-91-24 from several 
hundred meters higher in the formation. The variations 
suggest eruption of discrete magma batches, either from a 
zoned magma reservoir or from distinct reservoirs having 
different compositions
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Figure 11.  Ternary diagram showing molecular end-member 
proportions of albite, anorthite, and orthoclase feldspars in two 
samples, southern Toquima Range, Nye County, Nevada. (Samples 
DRS-91-21 and DRS-91-24; unit Trc of Shawe, 1999b; Ab, albite, 
An, anorthite; Or, orthoclase)

Figure 10.  Diagram showing relative cation abundances of Si and Mg/(Mg+Fe2+) in hornblende of 
three samples, southern Toquima Range, Nye County, Nevada. (Samples DRS-91-21, DRS-91-24, and 
DRS-91-19; unit Trc of Shawe, 1999b)

We determined compositions of feldspar phenocrysts in 
samples DRS-91-21 and DRS-91-24 of the tuff of Ryecroft 
Canyon Trc (fig. 11). Sanidine compositions are similar in the 
two samples and are slightly enriched in albite in sample  
DRS-91-24 relative to sample DRS-91-21. Plagioclase 
compositions in the two samples are similar, except that some 
plagioclase in sample DRS-91-21 is enriched in CaO. Also, 
compositions of plagioclase in the tuff of Mount Jefferson (Tmj) 
(see later discussion of fig. 20) and tuff of Ryecroft Canyon 
(fig. 11) are indistinguishable, and sanidine compositions are 
similar, which suggests similar petrogenetic histories for magma 
represented by the two tuffs.

Tuff of Mount Jefferson (Unit Tmj)

The tuff of Mount Jefferson (Tmj) provided the largest 
set of samples for which phenocryst compositions were 
determined, including samples from the unit we mapped as 
tuff of Mount Jefferson (3 samples analyzed) and the unit 
mapped by Boden (1986, 1992) as tuff of Trail Canyon 
(5 samples analyzed). Whole-rock chemistry and phenocryst 
index (PI) data for the tuff of Mount Jefferson (unit (Tmj) 
of Shawe, 1999b), do not vary systematically relative to 
stratigraphic position. Nonsystematic data of this sort are 
consistent with derivation of successive ash flow eruptions by 
nonsystematically tapping various levels within a vertically 
zoned magma reservoir, or by top-down eruption from a 
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Figure 12.  Ternary diagram of Mg–Al3++Fe3++Ti–Fe2++Mn showing 
relative cation abundances in biotite of three samples, southern 
Toquima Range, Nevada. (Samples DRS-85-204, DRS-85-203, and 
DRS-85-44; unit Tmi of Shawe, 1995)

Figure 13.  Ternary diagram of Mg–Al3++Fe3++Ti–Fe2++Mn  
showing relative cation abundances in biotite of three samples, 
southern Toquima Range, Nye County, Nevada. (Samples DRS-92-20, 
DRS-85-199, and DRS-85-197; unit Tmj of Shawe, 1995)

Figure 14.  Ternary diagram of Mg–Al3++Fe3++Ti–Fe2++Mn 
showing relative cation abundances in biotite of two samples, 
southern Toquima Range, Nye County, Nevada. (Samples DRS-91-
169 and DRS-91-168; unit Tmj of Shawe, 1995)
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nonsystematically zoned reservoir. The eight analyzed samples 
from the tuff of Mount Jefferson were collected from the upper 
700 m of the (intracaldera) principal member of the formation. 
Because this member is probably more than 2,000 m thick 
(Shawe, 1999b), these analyses depict only the latest intervals 
of its petrogenetic history.

Estimates of relative stratigraphic position suggest 
that samples (DRS-85-44, DRS-85-203, and DRS-85-204) 
collected on the west side of the Soldier Spring fault are 
likely from the middle part of the principal member. Samples 
(DRS-92-20, DRS-85-199, DRS-85-197, DRS-91-168, and 
DRS-91-169), collected on the east side of the Soldier Spring 
fault, are from the upper part of the principal member.

We determined the compositions of biotite in eight 
samples (fig. 12—DRS-85-44, DRS-85-203, DRS-85-204; 
fig. 13—DRS-92-20, DRS-85-199, DRS-85-197, and fig. 14—
DRS-91-168, DRS-91-169). Biotite in the two lowest samples 
(DRS-85-44 and DRS-85-203, fig. 12) has compositions 
that cluster in a small field with somewhat more Mg than 
Fe2++Mn. Biotite from the stratigraphically next higher sample 
(DRS-85-204, fig. 12) has similar compositions, except that 
one analysis indicates slightly less Mg than Fe2++Mn. Samples 
apparently stratigraphically higher (fig. 13—DRS-92-20, 
DRS-85-199, and DRS-85-197; and fig. 14—DRS-91-168, 
and DRS-91-169) have compositions that define two fields, 
one similar to those of the lower three samples, and a second 
that indicates compositions with slightly less Mg than 
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Fe2++Mn. The biotite data for all eight samples suggest that 
initial eruptions were derived from a layer relatively enriched 
in Mg- in a normally zoned two-layer reservoir and a higher, 
more evolved, layer relatively enriched in Fe; subsequent 
eruptions may represent a mixture of both layers.

Compositions of amphibole phenocrysts in seven 
samples of the principal member of the tuff of Mount Jefferson 
(Tmj) define two trends (fig. 15—DRS-85-44, DRS-85-203, 
DRS-85-204, DRS-92-20, DRS-85-199, DRS-85-197, and 
DRS-91-169). Two samples, DRS-85-199 and DRS-85-197 
(fig. 16) from near the top of the formation, characterize the two 
trends most distinctly. Compositions of amphibole phenocrysts 
in sample DRS-92-20 (figs. 16, 17) are coincident with only the 
more Ca-rich of the two trends. The two compositional groups 
most diagnostic of the tuff of Mount Jefferson (the majority 
of analyses, fig. 15) suggest that successive eruptions tapped 
both layers of a compositionally zoned, two-layer magma 
reservoir. Linear trends define subparallel arrays of amphibole 
composition—each trend is likely related to a particular layer 
in a two-layer magma reservoir—which suggest successive 
amphibole crystallization from either Ca- and Mg-rich magma, 
or crystallization from more fractionated, Ti-rich (more evolved) 
magma. Compositions of these amphiboles vary widely within 

Figure 15.  Ternary diagram of Ca–10Ti–2Mg/(Mg+Fe2+) showing 
relative cation abundances in hornblende of seven samples, 
southern Toquima Range, Nye County, Nevada. (Samples 
DRS-91-169, DRS-92-20, DRS-85-199, DRS-85-197, DRS-85-204, 
DRS-85-203, and DRS-85-44; unit Tmj of Shawe, 1995)

Figure 17.  Ternary diagram of Ca–10Ti–2Mg/(Mg+Fe2+) showing 
relative cation abundances in hornblende of one sample, 
southern Toquima Range, Nevada. (Sample DRS-92-20; unit Tmj 
of Shawe, 1995)

Figure 16.  Ternary diagram of Ca–10Ti–2Mg/(Mg+Fe2+) showing 
relative cation abundances in hornblende of three samples, 
southern Toquima Range, Nye County, Nevada. (Samples 
DRS-92-20, DRS-85-199, and DRS-85-197; unit Tmj of Shawe, 1995)
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the edenite and pargasite/magnesiohastingsite fields (fig. 18). 
The well-defined compositional trend of amphibole from sample 
DRS-92-20 (fig. 18) suggests progressive top-down eruption 
from a vertically zoned magma reservoir (more evolved 
compositions near its top and less evolved compositions at 
depth); the lack of amphibole compositional discontinuities 
suggests eruption from a single, continuously zoned reservoir. 
Compositions of amphibole in other samples appear to indicate 
mixing of lower and upper magma composition layers during 
eruption of the associated magmas.

Pyroxene compositions (fig. 19) in six analyzed samples 
of tuff of Mount Jefferson (Tmj) (DRS-85-44, DRS-85-203, 
DRS-92-20, DRS-85-199, DRS-85-197, and DRS-91-169) 
define a restricted composition range in the augite field. 
Inasmuch as compositions of biotite and amphibole suggest 
crystallization from a zoned magma reservoir, the single augite 
composition field suggests that augite likely crystallized early 
in only one (presumably the lower, less fractionated) zone of a 
two-layer magma reservoir.

We determined compositions of feldspar phenocrysts in 
two samples of the tuff of Mount Jefferson (Tmj) (fig. 20). 
One sample, DRS-85-44, was collected approximately 
700 m below the top of the tuff, whereas the other sample, 
DRS-91-168, was collected about 100 m below its top. 
Although the composition fields of feldspars from the two 
samples overlap, sanidine in sample DRS-91-168 is potassium 
rich relative to sanidine in sample DRS-85-44, and the 

Figure 18.  Diagram showing relative cation abundances of Si and Mg/(Mg+Fe2+) in hornblende of 
seven samples, southern Toquima Range, Nye County, Nevada. (Samples DRS-91-169, DRS-92-20,  
DRS-85-199, DRS-85-197, DRS-85-204, DRS-85-203, and DRS-85-44; unit Tmj of Shawe, 1995)
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plagioclase feldspar in sample DRS-91-168 is relatively 
enriched in albite, whereas sample DRS-85-44 plagioclase is 
relatively enriched in anorthite.

Isom-Type Ash-Flow Tuff (Unit Ti)

We determined compositions of phenocrysts in three 
samples of Isom-type tuffs (Ti); however, compositions of 
biotite were not determined in any of these samples. Analyses 
of amphiboles in samples DRS-84-34 and DRS-87-52 (fig. 21) 
indicate compositional trends strikingly similar to those of 
the tuff of Mount Jefferson (Tmj) (generally two subparallel 
trends, as in fig. 12). The two trends suggest derivation from 
a magma reservoir with two compositional layers. Like 
amphiboles in the tuff of Mount Jefferson, amphiboles in the 
Isom-type tuff cluster near the boundary of the edenite and the 
pargasite/magnesiohastingsite composition fields (fig. 22).

Samples DRS-87-52, DRS-87-59, and DRS-84-34 
all contain hypersthene but only DRS-84-34 also contains 
augite (fig. 23). Sample DRS-87-52 was collected from the 
upper part of the formation. The stratigraphic positions of 
sample DRS-87-59 and DRS-84-34, as deduced from sample 
locations on the geologic map, are from the upper and lower 
parts, respectively. Compositions of hypersthene in samples 
DRS-87-52 and DRS-87-59 (from the upper part of the 
formation) are similar, whereas hypersthene compositions in 
sample DRS-84-34 are more enriched in enstatite (more mafic) 
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Figure 20.  Ternary diagram showing molecular end-member 
proportions of albite, anorthite, and orthoclase feldspars in 
two samples, southern Toquima Range, Nye County, Nevada. 
(Samples DRS-91-168, and DRS-85-44; unit Tmj of Shawe, 1995; 
Ab, albite; An, anorthite; Or, orthoclase)

Figure 21.  Ternary diagram of Ca–10Ti–2Mg/(Mg+Fe2+) showing 
relative cation abundances in hornblende of two samples southern 
Toquima Range, Nye County, Nevada. (Samples DRS-87-52 and 
DRS-84-34; unit Ti of Shawe, 1999b)
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Figure 19.  Ternary diagram showing proportions of wollastonite, 
enstatite, and ferrosilite clinopyroxene in six samples, southern 
Toquima Range, Nye County, Nevada. (Samples DRS-91-169, 
DRS-85-199, DRS-85-197, DRS-92-20, DRS-85-203, and DRS-85-44;  
unit Tmj of Shawe, 1995; WO, wollastonite; EN, enstatite; FS, ferrosilite)
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than are the other two samples. The presence of abundant 
hypersthene in the Isom-type ash-flow tuff (Ti) and ferrosilite-
molecule-enriched augite preclude an affinity with the tuff of 
Mount Jefferson (Tmj).

Plagioclase feldspar in sample DRS-87-52 is relatively 
enriched in anorthite, whereas that in sample DRS-84-34 is 
enriched in albite (fig. 24), which suggests that the tuff was 
erupted top down from a normally zoned reservoir. Sanidine 
phenocrysts in Isom-type tuff samples have generally 
overlapping, indistinguishable compositions.

Most compositions of phenocrysts in Isom-type tuff 
samples are dissimilar to those in the volcanic rocks erupted 
from the southern Toquima Range, which confirms derivation 
of Isom-type ash-flow tuffs from outside the area.

Bates Mountain Tuff (Part of Unit Ty)

Three ash-flow tuff units grouped in the unit designated 
on plate 1 as unit Ty are the Bates Mountain Tuff, the tuff of 
Clipper Gap, and the tuff of Pipe Organ Spring, all younger 
than the Isom-type ash-flow tuff (see earlier section, Bates 
Mountain Tuff, Tuff of Clipper Gap, and Tuff of Pipe Organ 
Spring, that describes these units). We determined compositions 
of phenocrysts in three samples (DRS-91-3, DRS-91-6, and 
DRS-91-25) of the Bates Mountain Tuff, the oldest of these 
three tuffs. Relative stratigraphic positions of these samples are 
uncertain, so constraining the petrogenetic history of the Bates 
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Figure 22.  Diagram showing relative cation abundances of Si and Mg/(Mg+Fe2+) in hornblende of 
two samples, southern Toquima Range, Nye County, Nevada. (Samples DRS-87-52 and DRS-84-34; 
unit Ti of Shawe, 1999b)
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Figure 23.  Ternary diagram showing proportions of wollastonite, 
enstatite, and ferrosilite in pyroxenes in three samples, southern 
Toquima Range, Nye County, Nevada. (Samples DRS-87-52, 
DRS-84-34, and DRS-87-59, unit Ti of Shawe, 1999b; WO, 
wollastonite; EN, enstatite; FS, ferrosilite)

Figure 24.  Ternary diagram showing molecular end-member 
proportions of albite, anorthite, and orthoclase feldspars in two 
samples, southern Toquima Range, Nye County, Nevada. (Samples 
DRS-87-52 and DRS-87-34; unit Ti of Shawe,1999b; Ab, albite; 
An, anorthite; Or, orthoclase)
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Mountain Tuff is not possible. Establishing the petrogenesis 
of the Bates Mountain is further stymied because the map 
area includes at least three eruptive units of unknown relative 
stratigraphic position. Nevertheless, amphibole and feldspar 
composition variations indicate that their source magmas had 
distinct compositions. The composition of amphibole in sample 
DRS-91-3 (fig. 25) has slightly elevated abundances of Ca 
and values for 2Mg/(Mg+Fe2+) relative to Ti abundances as 
compared with amphibole from sample DRS-91-6 (fig. 25). 
Amphibole in sample DRS-91-3 is ferroedenite, whereas that 
in sample DRS-91-6 is pargasite/magnesiohastingsite (fig. 26). 
Plagioclase in sample DRS-91-3 contains approximately equal 
amounts of anorthite and albite components (fig. 27), whereas 
that in sample DRS-91-25 contains a distinctly greater albite 
component, which suggests a distinctly more evolved source 
magma. Likewise, sanidine in sample DRS-91-25 is distinctly 
enriched in the orthoclase component, also indicative of slightly 
more evolved source magma. Consequently, magma represented 
by sample DRS-91-3 was less evolved than that of either sample 
DRS-91-6 or sample DRS-91-25.

Petrogenesis of the Tuff of Mount 
Jefferson (Unit Tmj), and Its Possible 
Relation to Other Tuffs

A transitional zone a few hundred meters thick, near 
the top of the principal member of the tuff of Mount Jefferson 
(Tmj) and just below overlying volcaniclastic rocks of Little 
Table Mountain (Tlt), contains several features that help 
characterize the late evolution of the source magma reservoir. 
The zone is exposed on the southwest side of Corcoran Canyon 
about 2 km east of the summit of Little Table Mountain (Shawe, 
Hardyman, and Byers, 2000) (fig. 1). A dark-gray crystal-poor 
vitrophyre crops out between underlying crystal-poor welded 
ash-flow tuff and overlying crystal-rich welded ash-flow tuff; 
this tuff grades upward through interlayered tuff, tuff breccia, 
and sandstone-conglomerate into sandstone and siltstone at the 
base of volcaniclastic rocks of Little Table Mountain (Tlt). A 
40Ar/39Ar date on a sample of the dark-gray vitrophyric layer 
is 26.80±0.03 Ma (sample R9, Shawe, Hardyman, and Byers, 
2000; sample DRS-91-98, Tmj, this report), and a 40Ar/39Ar 
date on a sample of ash-flow tuff collected about 50 m higher 
in the section is 26.70±0.03 Ma (sample DRS-91-169, Tmj, 
pl. 1; also, sample R8, Shawe, Hardyman, and Byers, 2000; 
sample DRS-91-171, Tmj, this report). As indicated by Shawe, 
Hardyman, and Byers (2000), tuff immediately underlying 
the vitrophyre has a PI of 3, the vitrophyre a PI of 4, and 
immediately overlying tuff a PI of 1. Higher tuff layers have 
PIs of 3, 4, and 5, but the geologic context of these samples is 
such that stratigraphic positions are uncertain. The sample of 
the tuff underlying the vitrophyre (DRS-91-168), and a sample 
of the vitrophyre (DRS-91-169), collected about 15 m apart 
stratigraphically, have similar PIs (3 and 4, respectively) and 
have virtually indistinguishable biotite compositions (fig. 12), 

Figure 25.  Ternary diagram of Ca–10Ti–2Mg/(Mg+Fe2+) showing 
relative cation abundances in hornblende of two samples, southern 
Toquima Range, Nye County, Nevada. (Samples DRS-91-6 and 
DRS-91-3; unit Ty of Shawe, 1999b)
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but each sample includes two distinct biotite composition 
fields that vary slightly in relative MgO and Fe2++MnO ratios. 
Analyses of hornblende phenocrysts in sample DRS-91-169 
(fig. 13, no data for DRS-91-168) also define two distinct 
compositional fields characterized by significantly different 
MgO/Fe2++MnO ratios. Analyses of pyroxene phenocrysts 
in samples of the tuff of Mount Jefferson (Tmj) indicate its 
crystallization only in the lower, less evolved layer of a zoned 
magma reservoir (fig. 19).

•	 26.70±0.03 Ma (40Ar/39Ar on ash-flow tuff; this report)
•	 26.80±0.03 Ma (40Ar/39Ar on dark-gray vitrophyric 

layer; this report)
Boden (1989) used compositions of glass (fiamme) 

and biotite to suggest that the ash-flow tuff units erupted 
from his Toquima caldera complex reflect eruption from 
a compositionally zoned magma reservoir. Our results 
corroborate Boden’s (1989) conclusion. However, we conclude 
that the compositional similarity of phenocrysts in the tuff of 
Mount Jefferson and in Boden’s tuff of Trail Canyon (Boden, 
1986, 1992) indicates that the two are parts of a single ash-
flow tuff (tuff of Mount Jefferson (Tmj)), as is consistent with 
40Ar/39Ar age dates and petrographic data.

Compositions of biotite, hornblende, and clinopyroxene 
in a sample (DRS-92-1) of vitrophyre from the megabreccia 
of Jefferson Canyon (Tjc) are distinct relative to those from 
samples of the tuff of Mount Jefferson (see appendixes 3, 6, 
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Figure 26.  Diagram showing relative cation abundances of Si and Mg/(Mg + Fe2+) in hornblende 
of two samples, southern Toquima Range, Nye County, Nevada. (Samples DRS-91-6 and DRS-91-3; 
unit Ty of Shawe, 1999b)
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and 8 and figs. 3, 12–17, and 19). The distinction suggests 
that the megabreccia is not related to the volcanic rocks of 
the Mount Jefferson caldera, as Shawe (1995) previously 
suggested. Provided that the vitrophyre is not a clast in the 
megabreccia of Jefferson Canyon, the distinction makes more 
probable the conclusions of Boden (1986, 1992), Henry and 
others (1996), and Henry (1997) and, supported by age data, 
that the megabreccia is related to a caldera now largely buried 
beneath the alluvium of Big Smoky Valley. 

Interpretative Summary  
of Phenocryst Compositions

Compositions of biotite, amphibole, and augite in parts 
of both the tuffs of Corcoran Canyon and Ryecroft Canyon 
are remarkably similar to those in parts of the tuff of Mount 
Jefferson. In samples of these tuffs for which compositions of 
augite and feldspars were also determined, compositions of 
these phenocrysts are particularly similar as well. Phenocryst 
composition similarities among the tuffs of Corcoran Canyon, 
Ryecroft Canyon, and Mount Jefferson suggest a common 
origin and petrogenesis of the magmas that produced 
these welded ash-flow tuffs. The apparent age span of the 
petrogenetically related calderas that produced ash-flow 
tuffs extends from about 27.17 to 26.61 Ma. Consequently, 
development of this segment of the southern Toquima caldera 
complex transpired during about 560,000 years.

Figure 27.  Ternary diagram showing molecular end-member 
proportions of albite, anorthite, and orthoclase in feldspars in 
two samples, southern Toquima Range, Nye County, Nevada. 
(Samples DRS-91-25 and DRS-91-3; unit Ty of Shawe, 1999b; 
Ab, albite; An, anorthite; Or, orthoclase)
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Compositions of phenocrysts from the younger Isom-
type and Bates Mountain Tuff indicate that the petrogenesis 
of these units is unrelated to that of the tuffs that had sources 
within our map area; consequently they are derived from 
sources external to the Toquima Range.

The Southern Toquima Range Caldera 
Complex, a Summary

Nine calderas characterize the southern Toquima Range 
as a major center of volcanic activity during the late Eocene, 
Oligocene, and earliest Miocene (about 34–24 million years ago; 
see plate 1, list of map units). In succession (oldest to youngest) 
these are the inferred Dry Canyon, the Northumberland, the 
poorly defined Corcoran Canyon, the Big Ten Peak, the inferred 
Ryecroft Canyon, the Moores Creek, the Mount Jefferson, the 
Round Mountain (which is mostly covered by alluvium in the 
Big Smoky Valley), and the Manhattan calderas. The ash-flow 
tuffs erupted from these calderas are calc-alkalic trachydacites 
to rhyolites. Plugs and dikes are associated with all of the 
calderas, have compositions similar to those of the associated 
tuffs, and were emplaced along or near caldera margins. Eruptive 
megabreccias at or near caldera margins, or forming outflow or 
interlayered units, characterize several of the calderas. Collapse 
megabreccias are probable components of some of the calderas 
and may be associated with eruptive megabreccia deposits.

Regional northwest-southeast-striking faults likely 
controlled development of some of the calderas; the southwest 
structural margins of the Manhattan, Mount Jefferson, and Big 
Ten Peak calderas seem to have been particularly influenced by 
these faults.

Tertiary igneous activity prior to development of the 
southern Toquima Range caldera complex included late Eocene 
(about 36 million years ago) emplacement of a few plugs and 
many dikes composed of granodiorite and andesite to rhyolite. 
Volcanic rocks in the area derived from outside sources and 
having ages similar to those of the younger caldera rocks were 
emplaced during the Oligocene (about 26–25 million years ago).
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46    Tertiary Volcanic and Intrusive Rocks in Part of the Southern Toquima Range, Nye County, Nevada
A

pp
en

di
x 

1.
 

40
Ar

/39
Ar

 D
at

a 
fo

r M
in

er
al

 S
ep

ar
at

es
 fr

om
 T

er
tia

ry
 Ig

ne
ou

s 
Ro

ck
s,

 S
ou

th
er

n 
To

qu
im

a 
Ra

ng
e,

 N
ye

 C
ou

nt
y,

 N
ev

ad
a.

—
Co

nt
in

ue
d

TE
M

P 
ºC

40
Ar

T
40

Ar
±

40
Ar

R
40

Ar
K

40
Ar

I
39

Ar
K

39
Ar

±
38

Ar
Cl

37
Ar

Ca
36

Ar
T

36
Ar

±
36

Ar
I

F
K/

Ca
Ra

d 
yi

el
d

%
39

Ar
Ap

pa
re

nt
  

ag
e

Er
ro

r

Sa
m

pl
e:

 D
R

S-
85

-2
7/

45
/D

D
58

A
M

PH
IB

O
L

E
W

t.=
20

7.
7 

m
g

90
0

0.
32

44
9

0.
00

03
0.

06
19

4
0.

00
04

4
0.

32
40

5
0.

04
72

9
0.

00
00

5
0.

00
17

3
0.

01
42

9
0.

00
09

0.
00

00
1

0.
00

08
9

1.
31

1.
65

46
5

19
.1

1.
4

16
.3

±
0.

42
10

00
0.

71
24

7
0.

00
05

8
0.

07
13

1
0.

00
03

6
0.

71
21

1
0.

04
73

9
0.

00
00

2
0.

00
15

2
0.

02
09

0.
00

21
9

0.
00

00
1

0.
00

21
9

1.
5

1.
13

37
3

10
1.

1
22

.4
±

1.
25

11
00

0.
16

08
5

0.
00

01
2

0.
03

28
3

0.
00

01
8

0.
16

06
7

0.
01

97
4

0.
00

00
1

0.
00

09
9

0.
01

74
2

0.
00

04
4

0.
00

00
1

0.
00

04
4

1.
66

0.
56

65
9

20
.4

0.
6

20
.8

±
2.

64
12

00
0.

13
91

9
0.

00
00

5
0.

03
18

0.
00

01
7

0.
13

90
2

0.
01

76
6

0
0.

00
16

7
0.

03
29

4
0.

00
03

8
0.

00
00

1
0.

00
03

7
1.

8
0.

26
80

6
22

.8
0.

5
22

.6
±

3.
24

12
50

0.
23

63
3

0.
00

01
5

0.
08

23
9

0.
00

04
5

0.
23

58
8

0.
04

85
3

0.
00

00
5

0.
00

72
7

0.
17

02
8

0.
00

05
7

0.
00

00
1

0.
00

05
2

1.
7

0.
14

25
34

.9
1.

4
21

.5
±

1.
13

13
00

0.
53

39
4

0.
00

01
7

0.
29

38
1

0.
00

14
9

0.
53

24
5

0.
15

94
1

0.
00

00
6

0.
03

07
3

0.
80

41
1

0.
00

10
5

0.
00

00
1

0.
00

08
2

1.
84

0.
09

91
2

55
4.

6
23

.5
±

0.
18

13
25

0.
50

75
8

0.
00

02
7

0.
36

52
5

0.
00

17
8

0.
50

58
0.

19
05

2
0.

00
01

0.
03

97
3

1.
05

40
9

0.
00

07
8

0.
00

00
1

0.
00

04
8

1.
92

0.
09

03
7

72
5.

4
24

.6
±

0.
17

13
50

1.
12

11
4

0.
00

04
8

0.
94

60
5

0.
00

45
1

1.
11

66
3

0.
48

23
0.

00
02

1
0.

09
98

7
2.

75
03

1
0.

00
13

7
0.

00
00

2
0.

00
05

9
1.

96
0.

08
76

8
84

.4
13

.8
25

.2
±

0.
15

13
75

1.
53

62
1

0.
00

07
9

1.
39

31
3

0.
00

66
2

1.
52

95
9

0.
70

77
6

0.
00

03
6

0.
13

64
4

4.
05

04
6

0.
00

16
3

0.
00

00
1

0.
00

04
7

1.
97

0.
08

73
7

90
.7

20
.2

25
.3

±
0.

07
14

00
1.

46
71

0.
00

09
7

1.
33

99
9

0.
00

63
5

1.
46

07
5

0.
67

88
7

0.
00

03
6

0.
11

14
9

3.
86

09
1

0.
00

15
1

0.
00

00
1

0.
00

04
2

1.
97

0.
08

79
2

91
.2

19
.4

25
.3

±
0.

05
14

50
1.

20
60

1
0.

00
05

6
1.

06
73

5
0.

00
50

4
1.

20
09

7
0.

53
91

3
0.

00
02

3
0.

07
42

9
3.

06
63

2
0.

00
13

2
0.

00
00

1
0.

00
04

6
1.

98
0.

08
79

1
88

.5
15

.4
25

.4
±

0.
08

16
00

1.
31

42
4

0.
00

03
5

1.
14

81
7

0.
00

54
1.

30
88

4
0.

57
73

9
0.

00
02

5
0.

10
15

9
3.

51
12

7
0.

00
15

5
0.

00
00

2
0.

00
05

5
1.

99
0.

08
22

2
87

.4
16

.5
25

.5
±

0.
15

40
A

r/36
A

r m
ea

su
re

d 
at

m
os

ph
er

e:
 2

98
.9

J-
va

lu
e 

an
d 

its
 e

rr
or

: 0
.0

07
19

9±
0.

1%
Pl

at
ea

u 
da

te
: 2

5.
33

±0
.1

 M
a 

on
 st

ep
s:

 8
 to

 1
2 

co
nt

ai
ni

ng
 8

5.
1%

 39
A

r k
To

ta
l-g

as
 d

at
e:

 2
4.

96
±0

.1
8 

M
a

Sa
m

pl
e:

 D
R

S-
85

-2
7/

47
/D

D
58

SA
N

ID
IN

E
W

t.=
68

.5
 m

g
90

0
0.

88
87

4
0.

00
05

4
0.

47
45

5
0.

00
24

6
0.

88
62

8
0.

26
27

2
0.

00
01

3
0.

00
55

5
0.

01
65

9
0.

00
14

1
0.

00
00

2
0.

00
14

1.
81

7.
91

80
2

53
.4

2
22

.6
±

0.
27

10
00

2.
73

95
9

0.
00

19
6

2.
08

03
2

0.
00

97
5

2.
72

98
4

1.
04

25
4

0.
00

06
8

0.
02

75
4

0.
05

61
0.

00
22

4
0.

00
00

2
0.

00
22

2
2

9.
29

18
75

.8
8

25
.1

±
0.

06
11

00
2.

29
38

9
0.

00
11

5
2.

08
01

5
0.

00
96

8
2.

28
42

1
1.

03
51

5
0.

00
05

6
0.

01
23

1
0.

04
48

8
0.

00
07

1
0

0.
00

07
2.

01
11

.5
32

42
90

.7
8

25
.3

±
0.

04
12

00
2.

93
98

1
0.

00
17

8
2.

69
91

1
0.

01
24

9
2.

92
73

2
1.

33
55

7
0.

00
08

9
0.

00
15

3
0.

04
02

5
0.

00
07

9
0

0.
00

07
8

2.
02

16
.5

90
93

91
.8

10
.3

25
.5

±
0.

04
12

50
2.

84
23

3
0.

00
16

4
2.

64
38

6
0.

01
22

6
2.

83
00

7
1.

31
09

2
0.

00
07

2
0.

00
03

4
0.

03
39

5
0.

00
06

4
0.

00
00

1
0.

00
06

4
2.

02
19

.3
06

63
93

10
.1

25
.4

±
0.

04
13

00
3.

28
23

1
0.

00
15

9
3.

11
22

3
0.

01
43

8
3.

26
79

3
1.

53
83

1
0.

00
08

0.
00

03
1

0.
02

43
8

0.
00

05
4

0.
00

00
1

0.
00

05
3

2.
02

31
.5

48
61

94
.8

11
.8

25
.5

±
0.

04
13

50
3.

34
47

1
0.

00
16

8
3.

18
69

9
0.

01
47

5
3.

32
99

6
1.

55
71

8
0.

00
10

9
0.

00
03

1
0.

01
98

3
0.

00
04

9
0.

00
00

1
0.

00
04

9
2.

05
39

.2
63

24
95

.3
12

.1
25

.5
±

0.
04

14
00

3.
42

15
6

0.
00

13
2

3.
25

96
6

0.
01

50
5

3.
40

65
1

1.
60

93
4

0.
00

09
9

0.
00

02
2

0.
01

56
8

0.
00

05
1

0.
00

00
1

0.
00

05
2.

03
51

.3
18

24
95

.3
12

.4
25

.5
±

0.
04

14
50

3.
14

62
6

0.
00

17
8

2.
98

97
2

0.
01

38
1

3.
13

24
5

1.
47

66
2

0.
00

08
7

0.
00

01
6

0.
00

88
1

0.
00

04
9

0.
00

00
3

0.
00

04
9

2.
02

83
.8

03
63

95
11

.4
25

.5
±

0.
09

15
00

2.
84

58
5

0.
00

03
5

2.
67

62
3

0.
01

23
8

2.
83

34
7

1.
32

43
2

0.
00

08
9

0.
00

00
7

0.
01

21
9

0.
00

05
4

0
0.

00
05

4
2.

02
54

.3
19

93
94

.1
10

.2
25

.5
±

0.
04

15
50

1.
00

08
6

0.
00

04
3

0.
86

48
8

0.
00

39
8

0.
99

68
8

0.
42

57
0.

00
01

4
0.

00
00

3
0.

00
50

2
0.

00
04

5
0.

00
00

1
0.

00
04

5
2.

03
42

.4
00

4
86

.4
3.

3
25

.6
±

0.
13

16
00

0.
32

70
9

0.
00

03
8

0.
08

92
0.

00
05

6
0.

32
65

3
0.

05
99

2
0.

00
01

3
0.

00
00

8
0.

00
36

3
0.

00
08

1
0.

00
00

1
0.

00
08

1
1.

49
8.

25
34

4
26

.7
0.

5
18

.4
±

0.
64

40
A

r/36
A

r m
ea

su
re

d 
at

m
os

ph
er

e:
 2

98
.9

J-
va

lu
e 

an
d 

its
 e

rr
or

: 0
.0

07
04

8±
0.

1%
Pl

at
ea

u 
da

te
: 2

5.
49

±0
.0

5 
M

a 
on

 st
ep

s:
 4

 to
 1

1 
co

nt
ai

ni
ng

 8
1.

6%
 39

A
r k

To
ta

l-g
as

 d
at

e:
 2

5.
35

±0
.0

6 
M

a

Sa
m

pl
e:

 D
R

S-
85

-4
8/

49
/D

D
58

B
IO

T
IT

E
W

t.=
63

.9
 m

g
80

0
0.

13
91

7
0.

00
00

6
0.

00
42

4
0.

00
00

6
0.

13
91

1
0.

00
78

0.
00

00
4

0.
00

02
7

0.
00

23
5

0.
00

04
6

0
0.

00
04

6
0.

54
1.

65
95

7
3

0.
1

5.
1

±
1.

78
90

0
0.

65
70

3
0.

00
02

6
0.

18
67

0.
00

08
5

0.
65

61
8

0.
09

05
6

0
0.

00
12

2
0.

00
70

6
0.

00
16

0.
00

00
1

0.
00

16
2.

06
6.

41
36

28
.4

1
25

.1
±

0.
53

10
00

1.
14

07
6

0.
00

00
6

0.
44

78
7

0.
00

19
6

1.
13

88
0.

20
99

1
0.

00
01

4
0.

00
35

9
0.

01
35

7
0.

00
23

6
0.

00
00

1
0.

00
23

6
2.

13
7.

73
43

4
39

.3
2.

3
26

.1
±

0.
21

11
00

1.
40

63
4

0.
00

06
6

1.
15

85
1

0.
00

48
8

1.
40

14
6

0.
52

22
2

0.
00

02
4

0.
02

01
6

0.
01

88
4

0.
00

08
4

0.
00

00
1

0.
00

08
3

2.
22

13
.8

59
34

82
.4

5.
7

27
.5

±
0.

11
12

00
2.

03
14

4
0.

00
11

8
1.

83
93

1
0.

00
78

5
2.

02
35

9
0.

83
91

6
0.

00
05

1
0.

03
66

8
0.

01
39

5
0.

00
06

5
0.

00
00

1
0.

00
06

3
2.

19
30

.0
77

42
90

.5
9.

2
27

.2
±

0.
04

12
50

1.
64

37
3

0.
00

08
5

1.
50

56
2

0.
00

64
8

1.
63

72
5

0.
69

28
5

0.
00

03
4

0.
02

76
8

0.
00

62
3

0.
00

04
6

0.
00

00
1

0.
00

04
5

2.
17

55
.6

05
94

91
.6

7.
6

26
.9

±
0.

06
13

00
2.

79
31

3
0.

00
17

1
2.

57
73

1
0.

01
10

9
2.

78
20

4
1.

18
62

2
0.

00
07

5
0.

04
59

3
0.

01
22

8
0.

00
07

2
0.

00
00

1
0.

00
07

2.
17

48
.2

98
86

92
.3

12
.9

26
.9

±
0.

05
13

50
3.

10
65

0.
00

11
9

2.
82

12
9

0.
01

21
4

3.
09

43
6

1.
29

88
3

0.
00

08
1

0.
05

46
9

0.
01

05
1

0.
00

09
6

0
0.

00
09

3
2.

17
61

.7
90

2
90

.8
14

.2
26

.9
±

0.
04

14
00

4.
08

37
8

0.
00

20
1

3.
70

56
1

0.
01

59
7

4.
06

78
1

1.
70

77
0.

00
07

3
0.

06
97

1
0.

01
37

1
0.

00
12

7
0

0.
00

12
4

2.
17

62
.2

79
36

90
.7

18
.6

26
.9

±
0.

04
14

50
3.

30
88

6
0.

00
15

1
2.

97
26

7
0.

01
28

1
3.

29
60

5
1.

36
98

3
0.

00
04

1
0.

05
50

4
0.

02
09

2
0.

00
11

3
0.

00
00

1
0.

00
11

2.
17

32
.7

39
72

89
.8

15
26

.9
±

0.
04

15
50

3.
05

04
8

0.
00

17
4

2.
68

69
7

0.
01

16
3.

03
88

8
1.

24
04

2
0.

00
05

1
0.

04
71

6
0.

04
67

2
0.

00
12

3
0

0.
00

12
2.

17
13

.2
75

04
88

.1
13

.5
26

.8
±

0.
04

40
A

r/36
A

r m
ea

su
re

d 
at

m
os

ph
er

e:
 2

98
.9

J-
va

lu
e 

an
d 

its
 e

rr
or

: 0
.0

06
93

5±
0.

1%
Pl

at
ea

u 
da

te
: 2

6.
89

±0
.0

5 
M

a 
on

 st
ep

s:
 6

 to
 1

1 
co

nt
ai

ni
ng

 8
1.

8%
 39

A
r k

To
ta

l-g
as

 d
at

e:
 2

6.
89

±0
.0

6 
M

a



Appendix 1    47
A

pp
en

di
x 

1.
 

40
Ar

/39
Ar

 D
at

a 
fo

r M
in

er
al

 S
ep

ar
at

es
 fr

om
 T

er
tia

ry
 Ig

ne
ou

s 
Ro

ck
s,

 S
ou

th
er

n 
To

qu
im

a 
Ra

ng
e,

 N
ye

 C
ou

nt
y,

 N
ev

ad
a.

—
Co

nt
in

ue
d

TE
M

P 
ºC

40
Ar

T
40

Ar
±

40
Ar

R
40

Ar
K

40
Ar

I
39

Ar
K

39
Ar

±
38

Ar
Cl

37
Ar

Ca
36

Ar
T

36
Ar

±
36

Ar
I

F
K/

Ca
Ra

d 
yi

el
d

%
39

Ar
Ap

pa
re

nt
  

ag
e

Er
ro

r

Sa
m

pl
e:

 D
R

S-
85

-4
8/

48
/D

D
58

SA
N

ID
IN

E
W

t.=
58

.7
 m

g
90

0
0.

15
09

9
4.

00
E-

05
0.

03
08

0.
00

01
2

0.
15

08
7

0.
01

46
6

0.
00

00
3

0.
00

01
3

0.
00

18
9

0.
00

04
1

0.
00

00
1

0.
00

04
1

2.
1

3.
87

83
1

20
.4

0.
1

25
.4

±
1.

39
10

00
1.

09
67

4
0.

00
01

3
0.

66
29

2
0.

00
28

4
1.

09
39

0.
30

33
4

0.
00

01
3

0.
00

01
1

0.
00

90
7

0.
00

14
7

0.
00

00
2

0.
00

14
7

2.
19

16
.7

22
16

60
.4

2.
7

27
.2

±
0.

26
11

00
1.

30
35

6
0.

00
04

1.
22

52
1

0.
00

53
6

1.
29

82
0.

57
36

0.
00

02
3

0.
00

00
9

0.
00

71
7

0.
00

02
5

0.
00

00
1

0.
00

02
5

2.
14

40
94

5
26

.7
±

0.
07

12
00

2.
61

65
3

0.
00

13
3

2.
50

77
1

0.
01

09
9

2.
60

55
4

1.
17

57
3

0.
00

05
8

0.
00

01
8

0.
01

29
3

0.
00

03
4

0.
00

00
1

0.
00

03
3

2.
13

45
.4

65
2

95
.9

10
.3

26
.6

±
0.

05
12

50
3.

06
20

5
0.

00
22

8
2.

95
92

3
0.

01
29

2
3.

04
91

3
1.

38
18

1
0.

00
13

3
0.

00
01

6
0.

01
44

0.
00

03
1

0
0.

00
03

1
2.

14
47

.9
79

51
96

.7
12

.1
26

.8
±

0.
04

13
00

2.
50

19
3

0.
00

14
4

2.
43

37
8

0.
01

06
2.

49
13

3
1.

13
39

4
0.

00
06

0.
00

01
3

0.
10

14
6

0.
00

02
0.

00
00

1
0.

00
02

2.
15

5.
58

81
1

97
.3

10
26

.8
±

0.
04

13
50

3.
62

08
1

0.
00

16
9

3.
55

17
4

0.
01

54
3

3.
60

53
8

1.
64

99
7

0.
00

08
5

0.
00

01
9

0.
01

39
7

0.
00

01
9

0.
00

00
1

0.
00

01
8

2.
15

59
.0

54
04

98
.1

14
.5

26
.9

±
0.

04
14

00
2.

62
79

5
0.

00
13

3
2.

56
29

2
0.

01
11

7
2.

61
67

8
1.

94
19

0.
00

07
1

0.
00

01
4

0.
00

96
5

0.
00

01
9

0.
00

00
1

0.
00

01
8

1.
32

10
0.

61
65

8
97

.6
10

.5
26

.8
±

0.
04

14
50

3.
14

77
8

0.
00

12
7

3.
05

11
5

0.
01

32
7

3.
13

45
1

1.
41

89
0.

00
02

6
0.

00
01

8
0.

01
45

7
0.

00
02

9
0.

00
00

1
0.

00
02

8
2.

15
48

.6
92

52
97

12
.5

26
.9

±
0.

04
15

00
3.

28
44

8
0.

00
14

7
3.

16
62

3
0.

01
37

5
3.

27
07

3
1.

47
05

7
0.

00
08

3
0.

00
01

1
0.

01
42

4
0.

00
03

6
0

0.
00

03
6

2.
15

51
.6

35
18

96
.4

12
.9

26
.9

±
0.

04
16

00
2.

47
05

1
0.

00
13

2
2.

33
15

8
0.

01
00

9
2.

46
04

2
1.

07
96

1
0.

00
05

5
0.

00
00

8
0.

01
71

0.
00

04
4

0.
00

00
1

0.
00

04
4

2.
16

31
.5

67
54

94
.4

9.
5

27
±

0.
05

40
A

r/36
A

r m
ea

su
re

d 
at

m
os

ph
er

e:
 2

98
.9

J-
va

lu
e 

an
d 

its
 e

rr
or

: 0
.0

06
98

8±
0.

1%
Pl

at
ea

u 
da

te
: 2

6.
86

±0
.0

4 
M

a 
on

 st
ep

s:
 5

 to
 1

0 
co

nt
ai

ni
ng

 7
2.

4%
 39

A
r k

To
ta

l-g
as

 d
at

e:
 2

6.
83

±0
.0

5 
M

a

Sa
m

pl
e:

 D
R

S-
85

-5
4/

50
/D

D
58

B
IO

T
IT

E
W

t.=
60

.2
 m

g
80

0
0.

13
10

9
0.

00
01

7
0.

01
97

9
0.

00
01

2
0.

13
09

7
0.

01
32

2
0.

00
00

3
0.

00
04

1
0.

00
23

5
0.

00
03

8
0.

00
00

1
0.

00
03

8
1.

5
2.

81
27

7
15

.1
0.

1
19

.3
±

2.
34

90
0

6.
39

06
8

0.
00

45
5

1.
62

83
1

0.
01

18
9

6.
37

87
9

1.
27

19
4

0.
00

09
8

0.
03

79
1

0.
02

86
9

0.
01

61
0.

00
00

3
0.

01
60

6
1.

28
22

.1
66

96
25

.5
13

.4
16

.9
±

0.
06

10
00

4.
28

13
0.

00
16

4
1.

25
06

4
0.

00
66

7
4.

27
46

3
0.

71
37

7
0.

00
01

4
0.

02
33

4
0.

01
37

3
0.

01
02

5
0.

00
00

1
0.

01
02

3
1.

75
25

.9
93

08
29

.2
7.

5
23

.2
±

0.
04

10
50

2.
31

01
0.

00
13

5
0.

89
43

7
0.

00
43

7
2.

30
57

3
0.

46
73

9
0.

00
00

5
0.

01
62

7
0.

00
72

2
0.

00
47

8
0.

00
00

1
0.

00
47

8
1.

91
32

.3
67

73
38

.7
4.

9
25

.5
±

0.
04

11
00

1.
51

93
2

0.
00

00
9

0.
80

66
6

0.
00

38
9

1.
51

54
3

0.
41

62
7

0.
00

01
1

0.
01

51
4

0.
00

75
6

0.
00

24
3

0
0.

00
24

2
1.

94
27

.5
31

08
53

.1
4.

4
25

.9
±

0.
04

11
50

1.
23

10
8

0.
00

05
7

0.
85

37
7

0.
00

41
4

1.
22

69
4

0.
44

32
7

0.
00

01
4

0.
01

62
9

0.
00

71
3

0.
00

12
8

0.
00

00
1

0.
00

12
7

1.
93

31
.0

84
85

69
.4

4.
7

25
.9

±
0.

08
12

00
1.

75
50

8
0.

00
05

8
1.

23
01

6
0.

00
59

6
1.

74
91

2
0.

63
74

6
0.

00
02

0.
02

34
7

0.
00

95
4

0.
00

17
8

0
0.

00
17

7
1.

93
33

.4
09

85
70

.1
6.

7
25

.9
±

0.
04

12
50

2.
54

49
0.

00
10

4
1.

66
16

1
0.

00
79

6
2.

53
69

4
0.

85
17

8
0.

00
04

0.
03

15
5

0.
01

10
5

0.
00

3
0.

00
00

1
0.

00
29

9
1.

95
38

.5
42

08
65

.3
8.

9
26

.2
±

0.
07

13
00

4.
48

83
6

0.
00

24
8

2.
48

6
0.

01
19

4
4.

47
64

2
1.

27
65

7
0.

00
05

2
0.

04
63

9
0.

02
10

7
0.

00
68

1
0

0.
00

67
9

1.
95

30
.2

93
55

55
.4

13
.4

26
.1

±
0.

04
13

50
2.

68
77

8
0.

00
15

4
1.

65
84

1
0.

00
79

7
2.

67
98

1
0.

85
24

6
0.

00
04

8
0.

03
16

8
0.

01
88

0.
00

35
0.

00
00

1
0.

00
34

8
1.

95
22

.6
71

81
61

.7
8.

9
26

.1
±

0.
05

14
00

3.
60

64
4

0.
00

18
2.

95
65

6
0.

01
43

5
3.

59
20

9
1.

53
43

0.
00

08
1

0.
06

00
2

0.
06

55
8

0.
00

22
1

0
0.

00
21

7
1.

93
11

.6
97

93
82

16
.1

25
.9

±
0.

04
15

00
2.

24
70

1
0.

00
12

1
2.

01
08

9
0.

00
98

3
2.

23
71

8
1.

05
12

9
0.

00
05

5
0.

04
51

0.
12

35
4

0.
00

08
2

0.
00

00
1

0.
00

07
7

1.
91

4.
25

48
6

89
.5

11
25

.7
±

0.
04

40
A

r/36
A

r m
ea

su
re

d 
at

m
os

ph
er

e:
 2

98
.9

J-
va

lu
e 

an
d 

its
 e

rr
or

: 0
.0

07
53

1±
0.

1%
Pl

at
ea

u 
da

te
: 2

6.
00

±0
.0

5 
M

a 
on

 st
ep

s:
 5

 to
 1

1 
co

nt
ai

ni
ng

 6
3.

1%
 39

A
r k

To
ta

l-g
as

 d
at

e:
 2

4.
5±

0.
05

 M
a

Sa
m

pl
e:

 D
R

S-
85

-5
4/

51
/D

D
58

FE
L

D
SP

A
R

W
t.=

52
.7

 m
g

90
0

0.
20

06
5

0.
00

02
1

0.
01

60
3

0.
00

01
1

0.
20

05
4

0.
01

28
9

0.
00

00
2

0.
00

03
9

0.
00

12
4

0.
00

06
3

0.
00

00
1

0.
00

06
3

1.
24

5.
19

75
8

8
0.

9
15

.4
±

3.
51

10
00

0.
56

44
7

0.
00

00
1

0.
12

72
5

0.
00

07
3

0.
56

37
4

0.
07

75
9

0.
00

00
5

0.
00

03
6

0.
00

27
8

0.
00

14
9

0.
00

00
1

0.
00

14
9

1.
64

13
.9

55
04

22
.5

5.
3

21
.6

±
0.

67
11

00
0.

30
64

5
0.

00
01

8
0.

24
57

3
0.

00
12

5
0.

30
52

0.
13

33
5

0.
00

01
8

0.
00

00
8

0.
00

16
6

0.
00

02
0

0.
00

02
1.

84
40

.1
65

66
80

.1
9

24
.9

±
0.

06
12

00
0.

32
59

7
0.

00
07

4
0.

25
3

0.
00

12
9

0.
32

46
8

0.
13

77
6

0.
00

01
0.

00
00

6
0.

00
29

8
0.

00
02

5
0.

00
00

1
0.

00
02

4
1.

84
23

.1
14

09
77

.5
9.

3
24

.8
±

0.
12

13
00

0.
61

3
0.

00
03

6
0.

55
95

5
0.

00
28

1
0.

61
01

9
0.

30
03

8
0.

00
02

0.
00

00
3

0.
00

26
4

0.
00

01
7

0
0.

00
01

7
1.

86
56

.8
90

15
91

.3
20

.3
25

.2
±

0.
05

14
00

0.
61

07
5

0.
00

04
8

0.
56

02
1

0.
00

28
2

0.
60

79
3

0.
30

16
6

0.
00

03
0.

00
00

4
0.

00
12

7
0.

00
01

6
0.

00
00

1
0.

00
01

6
1.

86
11

8.
76

37
8

91
.7

20
.4

25
.2

±
0.

11
14

50
0.

47
83

4
0.

00
01

1
0.

44
37

5
0.

00
22

5
0.

47
60

9
0.

24
18

0.
00

00
3

0.
00

00
5

0.
00

21
9

0.
00

01
1

0.
00

00
1

0.
00

01
1

1.
84

55
.2

05
48

92
.8

16
.3

25
±

0.
26

15
00

0.
40

97
0.

00
02

2
0.

37
52

8
0.

00
18

9
0.

40
78

1
0.

20
22

2
0.

00
01

5
0

0.
00

25
5

0.
00

01
1

0.
00

00
2

0.
00

01
1

1.
86

39
.6

50
98

91
.6

13
.7

25
.1

±
0.

36
15

50
0.

15
07

7
0.

00
00

4
0.

12
99

9
0.

00
06

4
0.

15
01

3
0.

06
8

0.
00

00
5

0.
00

00
4

0.
00

11
0.

00
00

7
0

0.
00

00
7

1.
91

30
.9

09
09

86
.2

4.
6

25
.9

±
0.

24
16

00
0.

03
07

0.
00

00
1

-0
.0

00
63

0.
00

00
3

0.
03

06
7

0.
00

40
7

0.
00

00
2

0.
00

00
1

0.
00

00
2

0.
00

01
1

0.
00

00
1

0.
00

01
1

0.
15

10
1.

75
–2

.1
0.

3
–3

±
–5

.5
2

40
A

r/36
A

r m
ea

su
re

d 
at

m
os

ph
er

e:
 2

98
.9

J-
va

lu
e 

an
d 

its
 e

rr
or

: 0
.0

07
57

8±
0.

1%
Pl

at
ea

u 
da

te
: 2

5.
13

±0
.1

9 
M

a 
on

 st
ep

s:
 5

 to
 8

 c
on

ta
in

in
g 

70
.7

%
 39

A
r k

To
ta

l-g
as

 d
at

e:
 2

4.
78

±0
.1

1 
M

a



48    Tertiary Volcanic and Intrusive Rocks in Part of the Southern Toquima Range, Nye County, Nevada
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54    Tertiary Volcanic and Intrusive Rocks in Part of the Southern Toquima Range, Nye County, Nevada
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56    Tertiary Volcanic and Intrusive Rocks in Part of the Southern Toquima Range, Nye County, Nevada
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