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Petrology of Volcanic Rocks Associated with Silver-Gold
(Ag-Au) Epithermal Deposits in the Tonopah, Divide, and
Goldfield Mining Districts, Nevada

By Edward A. du Bray, David A. John, Joseph P. Colgan, Peter G. Vikre, Michael A. Cosca, and Leah E. Morgan

Abstract

Miocene calc-alkaline volcanic rocks, part of the southern
segment of the ancestral Cascades magmatic arc, are spatially,
temporally, and likely genetically associated with precious
metal epithermal deposits in the Tonopah, Divide, and
Goldfield Districts of west-central Nevada. In the Tonopah
mining district, volcanic rocks include the Mizpah Trachyte,
Fraction Tuff, and Oddie Rhyolite; in the Divide mining
district, they include the Heller Tuff, Brougher Rhyolite,
trachyandesite of Red Mountain, Divide Andesite, and
volcanics of Donovan Peak (which includes rhyolite, dacite,
and rhyodacite units); in the Goldfield mining district they
include the Milltown Andesite, an unnamed porphyritic
andesite, and latite. All these rocks are porphyritic and contain
phenocryst assemblages that include plagioclase, pyroxene,
hornblende, biotite, quartz, alkali feldspar, and olivine. These
mostly subalkaline, metaluminous, calc-alkalic, and magnesian
rocks range from basaltic trachyandesite to rhyolite and
contain 54 to 78 weight percent silicon dioxide.

In the Divide mining district, the Divide Andesite and
the volcanics of Donovan Peak are compositionally distinct
from volcanic rocks in the other two mining districts. These
rocks define a somewhat more restricted range of silicon
dioxide content; are more alkalic; have greater titanium
dioxide, sodium oxide, barium, hafnium, lanthanum, niobium,
tantalum, yttrium, ytterbium, and zirconium abundances; and
lower magnesium oxide, strontium, and vanadium abundances.
Elevated zirconium contents are particularly characteristic
of these rocks, which are also distinctly younger than most
of the rocks in the other two mining districts. The alkalic
character (principally higher sodium oxide abundances) and
elevated zirconium contents characteristic of the Divide
Andesite and the volcanics of Donovan Peak suggest that
distinctive sources and (or) processes contributed to the
petrogenesis of these rocks.

In the Tonopah, Divide, and Goldfield mining districts
the geochemistry of Oligocene and Miocene volcanic rocks
constrain the processes that contributed to the petrogenesis
of these rocks. Specifically, major oxide compositional
variation among these rocks is consistent with crystallization

and fractionation of the observed phenocryst minerals. In
addition, these rocks have negatively sloping rare-earth
element patterns consistent with partial melting in a
high-pressure, garnet stable regime. Elevated strontium
concentrations and small negative europium anomalies are
consistent with partial melting in a plagioclase-unstable
setting. However, larger negative europium anomalies among
the more silica-rich volcanic rocks indicates a progressively
greater role for plagioclase fractionation among these rocks.
The importance of hornblende in the petrogenesis of these
rocks is reflected in subtly U-shaped middle rare-earth
element pattern segments. Increasing lead/cerium and
decreasing phosphorus pentoxide/potassium oxide with
increasing silicon dioxide are characteristic of these volcanic
rocks. These characteristics and their distinctive pre-Cenozoic
xenolith content suggest a significant role for crustal
contamination in their petrogenesis. Diagnostic textural
features preserved by phenocrysts, especially plagioclase,
constitute additional evidence that open-system behavior,
including reservoir-scale mixing, recharge, and assimilation,
was critical to the petrogenesis of volcanic rocks in the
Tonopah, Divide, and Goldfield mining districts.

Introduction

The Tonopah, Divide, and Goldfield mining districts are
currently inactive mining areas in west-central Nevada centered
around the town of Tonopah, approximately 380 kilometers (km)
southeast of Reno along U.S. Highway 95.

The Tonopah, Divide, and Goldfield mining districts are
historic mining areas in west-central Nevada near the towns
of Tonopah and Goldfield, approximately 276 and 302 km,
respectively, southeast of Reno (fig. 1). Significant amounts
of silver (Ag) and gold (Au) were produced from epithermal
vein deposits in the Tonopah (Nolan, 1935; Bonham and
Garside, 1974; 1979; Ashley, 1990a), Divide (Bonham and
Garside, 1979; Erdman and Barabas, 1996), and Goldfield
(Ransome, 1909; Ashley, 1974; 1979; 1990b; Ashley and
Silberman, 1976) mining districts. These deposits are spatially,
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temporally, and likely genetically related to Miocene volcanic
rocks (approximately 22 to 16 Ma) that are manifestations

of magmatism associated with the southern segment of the
ancestral Cascades continental magmatic arc (du Bray and
others, 2014; John and others, 2015). Although the charac-
teristics of deposits in these mining districts are reasonably
well known, the geochemistry and petrographic features of
the associated igneous rocks have not been well character-
ized. Herein, we (1) synthesize and interpret available and
new geochemical, geochronological, and petrographic data
for unmineralized volcanic rocks in the Tonopah, Divide, and
Goldfield mining districts, (2) characterize compositional
similarities and differences among these rocks, and (3) use
compositional characteristics to interpret the tectonic and
petrologic processes responsible for genesis of these rocks.

Only unaltered samples of geologic units that have
potential genetic associations with mineralizing processes in
the three mining districts are included in this synthesis. Two
principal factors identify the igneous rocks most likely to
have contributed to mineralizing processes: (1) genetically
associated magma reservoirs must have been within 10 km
of the deposits of interest and (2) igneous rock ages must be
within several million years of deposit ages. In the Tonopah
mining district, these units include the Fraction Tuff, Mizpah
Trachyte (composed of trachyandesite, andesite, trachydacite,
and dacite), and Oddie Rhyolite. In the Divide mining district,
these include the Heller Tuff (of Bonham and Garside, 1979),
Brougher Rhyolite, trachyandesite of Red Mountain (composed
of basaltic trachyandesite and trachyandesite), Divide Andesite
(composed of trachydacite and rhyolite), and the volcanics of
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Donovan Peak (Bonham and Garside, 1979). The rhyodacite
subunit of the volcanics of Donovan Peak (as subdivided by
Bonham and Garside, 1979) is composed of trachydacite and
rhyolite, whereas the dacite subunit is composed of trachy-
andesite and trachydacite. In the Goldfield mining district,
rocks that have a potential genetic relation with mineralization
include the Milltown Andesite (composed of basaltic trachy-
andesite, trachyandesite, andesite, trachydacite, and dacite),
an unnamed porphyritic andesite (composed of trachyandesite,
andesite, and dacite), and latite. Other igneous rocks in the
three mining districts are probably either too old or young
and (or) their associated reservoirs so distal that they likely
did not contribute heat, fluids, or geochemical components
required for deposit formation.

Diverse types of volcanic centers are responsible for
eruption of volcanic rocks in these three mining districts;
characteristics of the associated erupted products are simi-
larly diverse (table 1). Widespread, intermediate composition
lava flows and their volcaniclastic equivalents were likely
erupted from lava dome complexes, whereas more evolved
lavas were emplaced as shallow intrusions, formed extrusive
lava domes, or accumulated as lava flows erupted from and
arrayed around central vents. Ignimbrite deposits included
in the Fraction and Heller Tuffs were erupted from relatively
poorly constrained caldera sources, one or more of which
may be partly coincident with the Tonopah and (or) Divide
mining districts.

Geochemical, petrographic, and geochronologic data for
volcanic rocks in the Tonopah, Divide, and Goldfield mining
districts were systematically compiled by du Bray and others
(2019b). Some of the data for volcanic rocks in the Tonopah
and Divide mining districts pertain to samples collected during
geologic mapping in these areas and analyzed by Bonham and
Garside (1979), whereas data pertinent to volcanic rocks in the
Goldfield mining district were, in part, derived from samples
collected and analyzed by Ashley (1974; 1979; 1990b). In
2013, new petrographic data were derived from systematic
re-examination of hundreds of thin sections originally prepared
as part of investigations carried out by Bonham and Garside
(1979) in the Tonopah and Divide mining districts and by
Ashley (1974; 1979; 1990b) in the Goldfield mining district.
Additional petrographic, geochemical, and geochronologic
data were obtained for samples collected by the authors
between 2012-2017, as part of the project titled “Magmatic-
tectonic history and component sources of major precious
metal deposits in the southern Walker Lane” funded by the
U.S. Geological Survey’s (USGS) Mineral Resources Program.
A small amount of additional geochemical data for samples
from each of the mining districts were compiled from other
sources. All of the data used to make the interpretations
described in this report are presented in du Bray and others
(2019a, b).

Geologic Setting of Ag-Au Deposits
in the Tonopah, Divide, and Goldfield
Mining Districts

Basement rocks in the Tonopah, Divide, and Goldfield
mining districts are dominated by lower Paleozoic siliciclastic
metasedimentary rocks of the “Nolan belt domain” (Crafford,
2007; 2008) that were deposited on lower Paleozoic to
Neoproterozoic siliciclastic rocks of the western North American
continental margin. Basement rocks are overlain by Miocene
and volumetrically minor Oligocene (approximately 25 to 16 Ma)
volcanic rocks that are manifestations of magmatism associated
with the southern segment of the ancestral Cascades arc
(du Bray and others, 2014). Metasedimentary basement rocks
10 km north of Tonopah, Nevada, were intruded by Triassic
granitic rocks (John and McKee, 1987). Similar basement rocks,
15 km south of the Tonopah mining district in the Klondyke
mining district, include a distinctive Cretaceous muscovite
granite (104.0+2.0 Ma, Bonham and Garside, 1979). Basement
rocks in the Goldfield mining district, exposed north and
northeast of the main mining district, and in deeper workings in
the mining district, are intruded by Jurassic quartz monzonite
(164.3£1.8 million years ago [Ma], uranium-lead (U-Pb) zircon
age via sensitive high-resolution ion microprobe (SHRIMP),
and 159.2+0.8 Ma, U-Pb zircon age via laser ablation mass
spectrometry; du Bray and others, 2019b).

Tonopah Mining District

The geologic setting of silver-gold quartz-adularia-
muscovite (sericite) veins in the Tonopah mining district is
complex and incompletely understood. Arc magmatism in
the Tonopah mining district was extinguished by northward
migration of the Mendocino triple junction and transition to a
transform plate margin in this region at about 12 Ma (Putirka
and others, 2012). Prior to this transition, arc magmatism was
volumetrically dominated by lava flows and lava dome com-
plexes of the Mizpah Trachyte and ash-flow tuff deposits of
the Fraction Tuff. These volcanic rocks contain 826 volume
percent phenocrysts (table 2), principally plagioclase, pyroxene,
and hornblende+biotite; quartz, alkali feldspar, or olivine are
present in some samples. New argon (“°Ar/*Ar) dates suggest
that the Mizpah Trachyte was erupted between about 21.4
and 20.9 Ma (du Bray and others, 2019b). Mineralized veins
are hosted primarily by poorly characterized silicic eruptive
rocks of the Tonopah Formation (Bonham and Garside, 1979)
and by intermediate-composition lava flows and breccias of
the Mizpah Trachyte near the south end of a presumed dome
complex (John and others, 2015).

As mapped by Bonham and Garside (1979) the Mizpah
Trachyte in the Tonopah mining district is overlain by multiple
cooling units of the rhyolitic Fraction Tuff. They subdivided
the Fraction Tuff into a lower unit, the Tonopah Summit
Member, and an upper unit, the King Tonopah Member
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Table 1. Characteristic features of eruptive centers and volcanic rock units associated with mineralization in the Tonopah, Divide, and
Goldfield mining districts, Nevada.

[m, meter; km, kilometer; km?, square kilometer; wt, weight; %, percent; >, greater than; ~, approximately; Ma, million years ago; SiO,, silicon dioxide; K,
potassium; Ar, argon]

Eruptive Volcanic . .. Average Si0, . . Age range
center/unit  landform Eruptive products  Composition content (wt. %) Area/dimensions (Ma)’

Tonopah mining district

Dominantly lava flows
but also minor debris- Trachyandesite,

Notable features

Somewhat compositionally diverse

16 km? exposed area; unit. Deposits form flow domes and

Mizpah Flow dome flow deposits, volca- trachydacite, 21.41 to ;
. . . . 62.7 ~11x8 km, elongated sequences of lava flows. Debris flow
Trachyte complexes niclastic sedimentary andesite, and 20.90 L . .
rocks, and scarce, dacite north-south deposits, }ncludlgg lahar deposits, are
shallow intrusions volumetrically minor.

The most widespread, voluminous
ash-flow tuff in the in the Tonopah
mining district. Tuff commonly con-

Approximately 50 km? ex- tains abundant andesitic flow rock,
Fracon Tuff R0 yivic rich ash-flow tuff  Rhyolite 749 posed in an essentially  20.19t0 ~ rhyolitic, and pre-Cenozoic lithic
sheet circular area north of 19.93 fragments, which inhibited welding.
route US 6 Source caldera may be near Tonopah
where a >1,100-m-thick section of
Fraction Tuff likely accumulated
within its source caldera.
2.0 km? exposed arca: Ste(eip side-d, elndogenf)uls ttodeAxogenous
X .. Plugsand Hypabyssal intrusions . numerous elliptical to 17.29 to omes; columnar jonted n some
Oddie Rhyolite domes and lava domes Rhyolite 769 irregular masses 0.25 16.60 places. Rarely fresh; altered by late

to 0.75 km in diameter

Divide mining district

stage magmatic and hydrothermal
fluids.

Heller Tuff Ignimbrite
sheet
Brougher Lava flows and
Rhyolite domes
.. Isolated/
Trachyandesite sota el in
of Red coalescing
Mountain stratovolca-
noes(?)
Divide Andesite Flow dome
complex
Rhyolite of Plugs, domes,
Donovan and dikes
Peak
Rhyodacite of Tt GHias,
Donovan and domes
Peak
Dacite of
Donovan Plugs
Peak

Lithic-rich ash-flow tuff

Flow domes, lava flows

Lava flows

Hypabyssal intrusion
and lava flows

Lava domes

Lava domes and flows

Hypabyssal intrusions

Trachydacite,
dacite, and
rhyolite

Rhyolite

Trachyandes-
ite, basaltic
trachyandesite,
andesite,
and basaltic
andesite

Rhyolite and
trachydacite

Rhyolite

Trachydacite,
rhyolite, and
minor trachy-
andesite

Trachydacite and
trachyandesite

69.8

Approximately 150 km?
exposed in an es-
sentially circular area
south of route US 6

35 km? exposed area; larg-
est dome cluster ~5 km
across

98 km? exposed area;
extensive outcrop
area on east flank of
central San Antonio
Mountains; smaller
centers south and west
of Tonopah

19 km? exposed area;
9%3 km ~east-west
elongate area

1.1 km? exposed area;
several small, 0.5 km-
diameter plugs

5.3 km? exposed area;
0.25-0.5 km diameter
domes confined to the
Divide mining district

1.6 km? exposed area;
two irregularly-shaped
masses in the Divide
mining district; larger
mass is 0.65%2 km

17.43 to
17.28

17.18 to
16.55

17.25 to
16.03

17.6 to
17.30

16.64 to
16.50

16.93 to
16.63

16.70 Ma

Moderate volume ash-flow tuff. Probably
erupted from a caldera centered just
north of Donovan Peak. Contains
conspicuous quartz and biotite
phenocrysts.

Forms topographically prominent
outcrops throughout the Tonopah and
Divide mining districts. Domes are
unaltered and postdate mineralization
in Tonopah mining district and most
mineralization in the Divide mining
district.

Large volume of lava flows likely the
products of multiple eruptive centers.
Contains distinctive, commonly
altered olivine phenocrysts.

Misclassified as andesite by Knopf
(1921). Most samples contain distinc-
tive hornblende phenocrysts but are
composed of low-silica rhyolite.
Probably a resurgent intrusion related
to Heller Tuff magmatism.

Volumetrically minor component of vol-
canics of Donovan Peak. Relatively
crystal-poor rhyolite.

Prominent, dark-weathering lava flows
capping peaks and ridges in the
Divide mining district.

Unit is the most crystal-rich component
of the volcanics of Donovan Peak
and contains relatively abundant
plagioclase phenocrysts.
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Table 1.
Goldfield mining districts, Nevada.—Continued

Characteristic features of eruptive centers and volcanic rock units associated with mineralization in the Tonopah, Divide, and

[m, meter; km, kilometer; km?, square kilometer; wt, weight; %, percent; >, greater than; ~, approximately; Ma, million years ago; SiO,, silicon dioxide; K,

potassium; Ar, argon]

Volcanic
landform

Eruptive

center/unit Eruptive products

Composition

Average Si0,
content (wt. %)

Age range

(Mal' Notable features

Area/dimensions

Goldfield mining district

Dominantly lava flows  Trachyandesite,

but also debris-flow trachydacite,
Milltown Stratovol- deposits, volcaniclas- andesite,
Andesite cano(?) tic sedimentary rocks, dacite, and
and scarce, shallow basaltic trachy-
intrusions andesite
Andesite, dacite,
. Lava flows, lava domes, .
Porphyritic Lava flows and . trachydacite,
. and carapace breccia
andesite domes . and trachyan-
deposits .
desite
. Lava flows and .
Latite avafiowsand . va flows Latite 61.1
domes
Rhyolite of
Pl 1 Lava fl fl
Wildhorse T ugsandlava  Lavaflowsandflow oo 76.7
. flows breccia deposits
Spring

Full extent not delineated;

discontinuously covers Possibly a geologically composite unit.

an area at least 10x14  22.27 to Characterized by very broad compo-
km throughout the 21.94 sitional range, including rocks with
entire Goldfield mining 54 to 69 wt percent silica.
district

Full extent not delineated; Contains less, but distinctly coarser
discontinuously cov- grained plagioclase, less clinopyrox-
ers an area at least 22361 ene, more hornblende, and occasional

36 to .

8x14 km and largely 218 quartz phenocrysts, which distinguish
coextensive with expo- ’ this unit from the Milltown Andesite.
sures of the Milltown Includes a distinct marginal breccia
Andesite facies.

Approximately 10 km?
exposed area in
an approximately
rectangular-shaped ~22.7
area several kilometers
north-northeast of
Goldfield

Full extent not delineated; . X . X
Pl eover Quartz-rjlch high silica rhyolite florms
an area at least 5¥5 km  21.48 to a serles of lava domf:s. Relatllon—
i (T e e i 7 20.18 ship to other Yolc:?n}c ros;ks A1n the
thic Goldfieldimining Goldﬁeld main mining district are not
district. established.

'K-Ar and “Ar/*Ar ages (du Bray and others, 2019b)

(itself composed of lower and upper cooling units). Our work
suggests that essentially all the Miocene ash-flow tuff in the
Tonopah mining district, where it is at least 1,000 meters (m)
thick (base not exposed), is a single unit of Fraction Tuff. It is
thickest and most widespread north of Tonopah, where it may
constitute the eruptive product associated with a caldera whose
northern margin is about 9 km north of Tonopah (John and
others, 2015). The average (given because ash-flow tuff eruption
is an essentially geologically instantaneous event, whereas the
eruption of lava flow complexes typically spans considerable
time intervals) of new “°Ar/*Ar dates of the Fraction Tuff
suggest that the ash flows were erupted 20.04 Ma (du Bray and
others, 2019b). Geochemical, petrographic, and geochronologic
characteristics of all ash-flow tuff exposed north of Tonopah
suggest that these rocks represent a single eruptive sequence,
referred to hereafter as the Fraction Tuff, and that the Tonopah
King and Tonopah Summit Members do not constitute distinct,
mappable units.

A diverse group of volcanic rocks overlie or intrude
the Fraction Tuff in the area around Tonopah. The Miocene
Siebert Formation of Bonham and Garside (1979) includes
thick, voluminous volcaniclastic deposits that contain abundant
blocks of Mizpah Trachyte and Fraction Tuff, and thinner,
less voluminous ash-fall deposits. We tentatively interpret the
Siebert Formation to have accumulated in the basin formed
during collapse of the caldera that erupted the Fraction Tuff
following eruption of the tuff. In the Tonopah mining district,

new “Ar/*Ar dates (du Bray and others, 2019b) indicate that
the Oddie Rhyolite (erupted between about 17.3 to 16.6 Ma),
Brougher Rhyolite (erupted between about 17.2 to 16.6 Ma),
trachyandesite of Red Mountain (erupted between about

17.3 to 16.0 Ma), and volcanics of Lime Mountain (erupted
between about 16.8 to 12.4 Ma) represent magmatism that

is at least 2 million years (m.y.) younger than that associated
with the Fraction Tuff and deposition of the Siebert Formation
and thus postdate mineralization in the main mining district,
and are consequently substantially younger than other volcanic
rocks in the Tonopah mining district.

Silver-gold deposits in the Tonopah mining district, from
which greater than (>)174 million ounces (Moz) silver and 1.86
Moz gold were produced (mostly from 1910 to 1930; Bonham
and Garside, 1979), consist of high- to low-angle quartz-sulfide-
adularia-muscovite veins that replaced breccia and gouge in fault
zones, and to a lesser extent, filled open-spaces. The principal
hydrothermal sulfide minerals include argentite, polybasite,
pearcite, sphalerite, galena, chalcopyrite, pyrite, electrum, and
pyrargyrite. In addition to adularia and muscovite, the veins contain
hydrothermal calcium-magnesium-manganese (Ca-Mg-Mn)
carbonate minerals and minor barite. New “°Ar/*’Ar dates for most
adularia from quartz-adularia-muscovite veins in altered Mizpah
Trachyte range from approximately (~) 20.5 to 19.9 Ma (du Bray
and others, 2019b). Dates of the veins suggest nearly simultane-
ous eruption of the Fraction Tuff, caldera formation(?), and vein
mineralization (John and others, 2015).
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Divide Mining District

The geologic setting of the Divide silver-gold mining
district, centered about 8§ km south of Tonopah, Nev., is similar
to the Tonopah mining district with Miocene volcanic rocks
overlying Paleozoic basement rocks and Fraction Tuff. Divide
mining district volcanic rocks contain 6-21 volume percent
phenocrysts (table 2), principally plagioclase, biotite, and
hornblende; quartz and alkali feldspar are present in samples
of the more silicic units, especially the Heller Tuff and the
Oddie and Brougher Rhyolites.

Except for the Heller Tuff, named for prominent exposures
at Heller Butte immediately south of Tonopah, most Miocene
tuff south of Tonopah (including the Divide mining district) was
assigned to the “Tonopah Summit member” of the Fraction Tuff by
Bonham and Garside (1979). The Heller Tuff, is megascopically
similar to the Fraction Tuff but is distinguished by generally
lower silica contents (averages, about 70 and 75 weight percent,
respectively) and distinctly greater total phenocryst contents
(24 versus 6 percent, respectively), especially quartz (4 percent
versus a trace amount, respectively ) and biotite (2 percent
versus a trace amount, respectively ) (du Bray and others, 2019b).
The average (given because ash-flow tuff eruption is an essentially
geologically instantaneous event) of new “°Ar/*Ar dates for
the Heller Tuff is 17.34 Ma, excluding one imprecise age
(du Bray and others, 2019b), which indicates that the Heller
Tuff is also about 3 m.y. younger than the Fraction Tuff.
Ash-flow tuff exposures south of Tonopah Summit, a low
pass about 4 km southeast of the town of Tonopah, correlated
by Bonham and Garside (1979) with the Tonopah Summit
Member of the Fraction Tuff, are distinctly different from the
Fraction Tuff but indistinguishable in age, petrography, and
geochemistry from those of the Heller Tuff. Therefore, we
have reassigned those exposures to the Heller Tuff. Exposures
of the Heller Tuff ash-flow tuff sheet are most widely distributed
and thickest south of Tonopah Summit, which suggests that
these deposits may have been erupted from an inferred caldera
whose southern margin is about 14 km south of Tonopah,
where Bonham and Garside (1979) described voluminous
megabreccia deposits and a possible caldera margin in the
Klondyke mining district.

The eastern part of the Divide mining district and the
large area farther east are dominated by additional Mio-
cene volcanic rocks, including the Divide Andesite (erupted
between about 17.6 to 17.4 Ma) and the compositionally
diverse volcanics of Donovan Peak (erupted between about
17.3 to 16.5 Ma). These rocks consist of lava flows, lava dome
complexes, and hypabyssal plugs. The Divide Andesite, as
well as significantly less voluminous rocks included in the
volcanics of Donovan Peak, may represent resurgent magma-
tism associated with the inferred southern caldera. Similarly,
the arcuate array of Brougher Rhyolite (erupted between about
17.2 to 16.6 Ma) flow domes east and south of Tonopah Sum-
mit may represent ring-fracture hosted, moat intrusions and
flows, associated with the inferred southern caldera.

Ages of air-fall tuffs of the Siebert Formation in the
Tonopah and Divide mining districts range broadly from about
17.5 to 15.5 Ma (Bonham and Garside, 1979; du Bray and
others, 2019b). Ages of the Divide Andesite, erupted between
17.6 to 17.3 Ma, the volcanics of Donovan Peak, erupted
between about 17.3 to 16.5 Ma, and the parts of the trachyandesite
of Red Mountain erupted between about 17.3 and 16.0 Ma
(du Bray and others, 2019b), are commensurate with the age
of epithermal precious metal deposits in the Divide mining
district. Trachyandesite of Mud Lake lava flows, erupted about
13.7 Ma (du Bray and others, 2019b) southeast of the Divide
mining district, are considerably younger than mineralization
in the Divide mining district.

Mineralized veins in the Divide mining district are in
Miocene volcanic rocks, principally the Oddie Rhyolite,
Heller Tuff, and Siebert Formation (Nolan, 1935; Bonham and
Garside, 1979). New adularia “*Ar/*’Ar dates of quartz-adularia
veins in the Divide mining district suggest mineralization
occurred between about 17.3 and 16.8 Ma (du Bray and others,
2019b). About 3 Moz of silver and 30,000 oz of gold were
produced; cerargyrite was the principal ore mineral, although
sphalerite, argentiferous galena, chalcopyrite, molybdenite,
electrum, acanthite, pyrargyrite, and possible tetrahedrite have
been identified in dump samples (Bonham and Garside, 1974;
Graney, 1987; Erdman and Barabas, 1996).

Goldfield Mining District

The Goldfield mining district is also dominated by
Miocene volcanic rocks, principally lava flows but also brec-
cias and lava domes. These rocks represent the approximate
southernmost extent of magmatism related to the ancestral
Cascades arc (du Bray and others, 2014), which ended with
northward migration of the Mendocino triple junction past the
Goldfield mining district at about 13 Ma (Putirka and oth-
ers, 2012). Volcanic rocks associated with mineralization in
the Goldfield mining district contain 17-33 volume percent
phenocrysts (table 2), principally plagioclase, pyroxene, horn-
blende, and biotite. These rocks are cut by a dense network of
west-northwest and north- to northeast-striking normal faults.
Ashley (1990a) reports that silicic ash-flow tuff and flows (the
Vindicator Rhyolite and the Morena and Sandstorm Rhyolites
of Ransome, 1909) are associated with eruptions from a 6-km-
diameter caldera delineated by a series of poorly defined,
presumed ring fractures. However, geophysical data suggest
that these fractures are related to pluton emplacement rather
than caldera collapse (Blakely and others, 2007).

Milltown Andesite lava flows are volumetrically domi-
nant in the Goldfield mining district and are host rocks for
deposits in the southern part of the main mining district near
Florence Hill. New “Ar/*’Ar ages for the Milltown Andesite
indicate eruption about 22.3 to 21.9 Ma (du Bray and oth-
ers, 2019b). Other important units in the Goldfield mining
district include a series of unnamed porphyritic andesite lava
flows (dacite of Ransome, 1909 and porphyritic rhyodacite



Table 2. Summary of petrographic characteristics for volcanic rock units associated with mineralization in the Tonopah, Divide, and Goldfield mining districts, Nevada. Mineral
abundances are averages of microscope-based estimates, relative to total rock, calculated from data presented by du Bray and others (2019b).

[Qtz, quartz; Alk-fspr, alkali feldspar; Plag, plagioclase; Hb, hornblende; Bi, biotite; Pyx, pyroxene; Ol, olivine; Opq, opaque iron-titanium (Fe-Ti) oxides; xtls, crystals. TR, trace. Capitalized entries in the
Cpx/Opx column define whether clinopyroxene or orthopyroxene form the dominant pyroxene phenocryst population. Accessory minerals: AP, apatite; T, titanite; ZR, zircon; AL, allanite; %, percent;

mm, millimeter; —, not detected]
. " . - . Accessory
Map unit Average abundances (%) Estimated average crystal size (mm) Size of largest crystal (mm) minerals
Alk- q Cpx/ Total Color Alk- . Alk- .
0tz o Plag Hb Bi Pyx Ox 0l Opq Tl e e 0tz ol Plag Hb Bi Pyx Ol Opq Otz o Plag Hb Bi Pyx Ol Opq

Tonopah mining district

Mizpah Trachyte — — 16 4 4 TR C — 2 26 10 — — 16 04 07 07 — 010 — — 47 15 19 20 — 040 AP, ZR
Fraction Tuff TR 2 4 TR TR — — — TR 6 TR 03 06 07 04 04 — — 007 08 15 19 05 07 — — 031 ZR,AL,TI
Oddie Rhyolite 6 3 1 I — — — TR 11 1 08 08 07 — 04 — — 00318 16 14 — 11 — — 0.17 AP, ZR

Divide mining district

Heller Tuff 4 5 12 TR 2 — — — 1 24 3 06 06 07 04 04 — — 011 16 16 16 07 1.0 — — 0.40ZR,AL, TI, AP
Brougher Rhyolite 5 4 7 TR 3 — — — 1 20 4 06 07 07 03 04 — — 007 14 16 17 06 09 — — 026TLAL, AP, ZR
Trachyandesite of ¢ p 3 C 2 2 15 7 — — 05 04 — 06 04 003 — — 12 14 — 14 12 017 —
Red Mountain

Divide Andesite =@~ — — 11 3 3 — — — 1 18 7 — — 11 06 06 — — 008 — — 29 16 14 — — 044 APZR
Rhyolite of _ TR 4 TR 1 TR C — 1 6 2 — 03 05 04 03 03 — 005 — 07 14 12 10 05 — 024 ZR AP
Donovan Peak

e el — 2 8 1 3 — — — 1 15 5 — 05 08 04 04 04 — 007 — 1.1 19 1.0 1.1 09 — 028 APZR
Donovan Peak

Dacite of — 12 7 TRTR C — 2 21 9 — — 11 05 07 03 — 005 — — 25 22 1.1 08 — 024 AP

Donovan Peak

Goldfield mining district

Milltown Andesitt — — 19 3 2 5 C — 3 32 13 — — 08 05 04 04 — 008 — — 22 16 09 13 — 037 AP
IRaifplig(i 2 — 20 3 5 1 C — 2 33 11 09 — 18 04 08 05 — 00526 — 44 13 23 31 — 031 AP,TI
andesite

Latite TR — 20 TR 5 — — — 2 27 7 10 — 11 10 05 — — 01315 — 28 16 12 — — 040 AP ZR
Rbyolite of Wild- 5y 5} 17 3 10 15 08 — 07 — — 01518 27 20 08 13 — — 050 TI

horse Spring

sjoLsiq buiuiy prayploy pue ‘apiniqg ‘yedouoj ayy ur spsodaq ny-6y jo buimag aibojoan
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of Ashley, 1974), latite (Ransome, 1909), and volumetrically
minor rhyolites including the Sandstorm and Morena Rhyolites of
Ransome (1909) and the rhyolite of Wildhorse Spring (Ashley,
1974) erupted onto an Oligocene erosion surface of Jurassic
quartz monzonite and Paleozoic siliciclastic rocks.

Porphyritic andesite, exposed east of the main mining
district and in mines in the main mining district, is a second
important deposit host and is thought to be temporally coincident
with deposit formation (Ransome, 1909). New “°Ar/*’Ar dates
for the porphyritic andesite indicate eruption between about
22.3 to 21.9 Ma (du Bray and others, 2019b). Latite ~22.7 Ma,
du Bray and others, 2019b), which partly covers Morena
Rhyolite and the erosion surface, is the third principal deposit
host rock, especially of Au-Ag deposits in the main mining
district immediately northeast of Goldfield (Ransome, 1909;
Searls, 1948). North and east of the main mining district, latite
consists of gray-purple weathering lava flows and lesser tuffs
in which the dull luster of feldspar and mafic phenocrysts
reflects partial alteration to very fine-grained clay-mica minerals,
quartz, and calcite. In the main mining district, latite has been
pervasively altered to quartz, alunite, pyrophyllite, kaolinite,
pyrite, illite, montmorillonite and other minerals, rendering
distinctions with similarly altered porphyritic andesite and
Milltown Andesite problematic. A new “Ar/*°Ar date of sanidine
indicates eruption of the Morena Rhyolite 25.17+0.03 Ma
(du Bray and others, 2019b). New “°Ar/**Ar dates of biotite
and sanidine in rhyolite of Wildhorse Spring indicate
eruption between about 21.5 Ma and 21.2 Ma, respectively,
(du Bray and others, 2019b). The rhyolite of Wildhorse Spring
is temporally but not spatially associated with mineralized
rocks in the Goldfield mining district. A new “°Ar/*Ar date
of sanidine indicates eruption of the Sandstorm Rhyolite
21.56+0.05 Ma (du Bray and others, 2019b). A series of
younger, middle Miocene mafic lava flows, including the
Mira Basalt, basalt of Blackcap Mountain, and Malpais
Basalt, overlie mineralized, early Miocene rocks in the
Goldfield mining district.

Miocene volcanic rocks in parts of the Goldfield mining
district are extensively faulted. Breccia fragments and gouge in
faults immediately north and northeast of the town of Goldfield
(main mining district) have been replaced and encrusted by
quartz, alunite, kaolinite and numerous gold-copper-silver-
antimony-arsenic-bismuth-tin-tellurium-selenium-sulfur
(Au-Cu-Ag-Sb-As-Bi-Sn-Te-Se-S) minerals. Miocene volcanic
rocks and pre-Tertiary rocks adjacent to mineralized faults have
been extensively altered to quartz, alunite, kaolinite, pyrite,
illite and other aluminosilicate and aluminosulfate minerals.
The mineralized faults are localized in the southwestern part
of a 40 square kilometer (km?) area of intensely altered rocks
(Ransome, 1909; Ashley and Albers, 1975; Ashley, 1990a;
Vikre and Henry, 2011). About 4.19 Moz of gold and 1.45 Moz
of silver were produced from main mining district fault zones
and adjacent wall rocks, mostly from 1903—-1940 (Albers and
Stewart, 1972). Most new “°Ar/*Ar dates of alunite in mineralized
fault zones, and in adjacent wall rocks, are between 21.75 and
19.2 Ma (du Bray and others, 2019b).

Analytical Methods

Standard petrographic microscope techniques were
employed to identify phenocryst minerals and estimate
their abundances in 456 samples of volcanic rocks from the
Tonopah, Divide, and Goldfield mining districts. Phenocryst
size and crystallinity, rock textures, groundmass characteristics,
accessory mineral assemblages, and qualitative relative
alteration intensity were also determined for each sample.

New whole-rock compositions for 190 samples analyzed
between 2012 and 2018 were carried out in analytical
laboratories under contract to the U.S. Geological Survey
(du Bray and others, 2019b). Pertinent analytical methods
are described by Taggart (2002). Major oxide abundances
(recalculated to 100 percent, volatile-free) were determined
by wavelength dispersive x-ray fluorescence spectrometry. A
55-element method that employs a combination of inductively
coupled plasma-atomic emission spectrometry and inductively
coupled plasma-mass spectrometry was used to determine
trace element abundances. Compositions for an additional
108 igneous rock samples in the Tonopah, Divide, and Goldfield
mining districts are presented by du Bray and others (2019b).
Only unaltered samples, unaffected by post-magmatic
hydrothermal alteration or weathering, were used in our
petrologic investigation of the Oligocene and Miocene volcanic
rocks in the Tonopah, Divide and Goldfield mining districts.
Du Bray and others (2019b) define the geochemical parameters
that were used to identify altered samples and remove them
from the interpreted data compilation. Volcanic rock compo-
sitions have been classified in accord with the International
Union of Geological Sciences (IUGS) nomenclature system
(Le Maitre, 2002).

Petrographic Characteristics

Essentially all volcanic rocks associated with mineralization
in the Tonopah, Divide, and Goldfield mining districts are
porphyritic. Petrographic characteristics of each volcanic rock unit
in these mining districts are relatively distinct. As summarized
(table 2), most phenocrysts are fine (<1 millimeter [mm]) to
medium grained (1-5 mm). Euhedral, albite-twinned plagioclase
laths are ubiquitous in these volcanic rocks. Almost all
plagioclase phenocrysts are oscillatory zoned and some,
especially in intermediate-composition lava flows, are variably
sieve textured. Plagioclase in intermediate composition lava
flows consists of multiple populations defined by combinations
of (1) grain size, (2) presence of distinctive reaction rims,
(3) zones that contain mineral and (or) glass inclusions,
and (4) resorption textures. Brown to green pleochroic
hornblende forms euhedral to subhedral acicular crystals;
in weathered or altered samples hornblende is completely
replaced by black amorphous material. Clinopyroxene forms
pale tan to pale green subhedral to euhedral phenocrysts in
intermediate composition lava flows. Biotite is subhedral, tan



to deep reddish-brown, and like hornblende, is completely
altered to amorphous material in many samples. Olivine,

in some samples of the trachyandesite of Red Mountain,
forms distinctive but variably altered subhedral phenocrysts.
Fine-grained opaque iron-titanium (Fe-Ti) oxide crystals are
ubiquitous in all these rocks.

Quartz and alkali feldspar occur only in the most felsic
rocks of the Tonopah, Divide, and Goldfield mining districts.
Quartz forms variably resorbed and embayed, rounded,
anhedral to subhedral phenocrysts and sanidine forms variably
and weakly perthitic Carlsbad-twinned, euhedral to subhedral
phenocrysts. The groundmass of these volcanic rocks contains
microphenocryst (typically 0.05 to 0.2 mm long) assemblages
dominated by plagioclase and Fe-Ti oxide minerals but also
includes variable combinations of quartz, alkali feldspar,
clinopyroxene, hornblende, and biotite. Metastable and variably
devitrified volcanic glass is also a major groundmass component.
The Fraction and Heller Tuffs also contain abundant,
locally derived lithic fragments and much less abundant but
distinctive, crustally derived xenoliths, especially fragments of
Mesozoic granitic and Paleozoic metasedimentary rocks.

Major Oxide Geochemistry

Compositions of volcanic rocks in the Tonopah, Divide,
and Goldfield mining districts vary essentially continuously
from about 54 to 78 weight percent silicon dioxide (SiOz),
although rocks with 66 to 71 weight percent SiO, are somewhat
under-represented (figs. 2-3). Samples from the Divide mining
district contain about 61 to 77 weight percent SiO,, those from
the Tonopah mining district contain about 60 to 78 weight percent
Si0,, and those of most samples from Goldfield mining district
are restricted to between about 54 and 69 weight percent SiO,.
The volcanic rocks in these mining districts are transitionally
alkaline; many of their compositions cluster between the line
that separates alkaline and subalkaline compositions on a
total alkali-silica diagram (fig. 2) and the alkaline-subalkaline
dividing line of Irvine and Baragar (1971). Intermediate
composition rocks, with <65 weight percent SiO,, have Na,O>K,O,
whereas the more felsic rocks have K,0>Na,O (fig. 3).

Relative to standard metrics (in cited sources), compositions
(table 3) of most volcanic rocks in the Tonopah, Divide,
and Goldfield mining districts are metaluminous to weakly
peraluminous (Shand, 1951), calc-alkalic to weakly alkali-calcic
(Frost and others, 2001); magnesian (calc-alkaline) to weakly
ferroan (tholeiitic) (Frost and others, 2001); and follow
a calc-alkaline (Irvine and Baragar, 1971) differentiation
trend. However, several aspects of the volcanics of Donovan
Peak, and perhaps the Divide Andesite in the Divide mining
district, are distinct relative to compositions of rocks in the
Tonopah and Goldfield mining districts. At any given silica
content, the Divide rocks are more alkalic, contain distinctly
greater abundances of TiO, and sodium oxide (Na,O), lower
magnesium oxide (MgO) abundances, and have higher ferrous
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oxide (FeO*, total iron expressed as ferrous oxide)/MgO than
the Tonopah and Goldfield rocks. Among volcanic rocks in
the Tonopah, Divide, and Goldfield mining districts,
concentrations of TiO,, aluminum oxide (Al,0,), FeO*, MgO,
calcium oxide (CaO), and phosphorous pentoxide (P,O,)
decrease relatively systematically with increasing SiO, (fig. 3).
Na,O abundances do not vary systematically with changing
silica content. Abundances of K,O increase broadly with
increasing SiO, content, forming an array coincident with
high-K compositions (Gill, 1981). The Heller Tuff contains
distinctly lower SiO, and characteristically elevated TiO,,

Al O,, FeO*, MgO, and CaO abundances relative to those of

273
the Fraction Tuff.

Trace Element Geochemistry

Volcanic rocks of the Tonopah, Divide, and Goldfield
mining districts have trace element abundances similar to
those of other convergent-margin, subduction-related igne-
ous rocks. In particular, these rocks are enriched in large-ion
lithophile elements (LILE) and depleted in high-field-strength
elements (HFSE) (du Bray and others, 2019b). Abundances of
niobium, lead, rubidium, tantalum, thorium, ( Nb, Pb, Rb, Ta,
Th) and U increase, whereas those of cobalt, copper, scandium,
strontium, vanadium, yttrium, ytterbium, and zinc (Co, Cu,

Sc, Sr, V,'Y, Yb, and Zn), and europium/europium* (Eu/Eu*)
and total rare-earth element (REE) content, decrease with
increasing silica content. Barium and zirconium (Ba and Zr)
abundances vary inconsistently in samples with 54 to about
69 weight percent SiO, and then decrease dramatically in more
silica-rich samples. Abundances of chromium hafnium, lantha-
num, molybdenum, and nickel (Cr, Hf, La, Mo, and Ni), and
lanthanum/lutetium (La/Lu), exhibit no systematic variation
with respect to increasing silica content.

Abundances of most trace elements in samples of vol-
canic rocks from the Tonopah and Goldfield mining districts
are essentially indistinguishable. However, at any given silica
content, abundances of Sr and V in samples of volcanics of
Donovan Peak and the Divide Andesite, in the Divide mining
district, are low, whereas abundances of Ba, Hf, La, Nb, Ta, Y,
YDb, Zr, and total REEs are high relative to those for Tonopah
and Goldfield mining district volcanic rocks. The Heller Tuff
contains abundances of Rb and Y that are low and abundances
of Ba, Hf, La, Zr, and total REEs that are high relative to those
for Tonopah and Goldfield mining district volcanic rocks.
Abundances of the metals, including Cu, Mo, Pb, and Zn, in
volcanic rocks of the Tonopah, Divide, and Goldfield mining
districts are similar to average abundances in basalt and granite
(Turekian and Wedepohl, 1961).

Most volcanic rocks in the Tonopah, Divide, and Goldfield
mining districts have Ba/Nb>15, similar to values for most
subduction-related igneous rocks (Gill, 1981). Similarly, large
Ba/Nb and Ba/Ta values reflect negative Nb-Ta anomalies, a
recognized characteristic of subduction-related magmatic arc
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Figure 2. Total alkali-silica variation diagram showing compositions of Miocene volcanic rocks associated with mineralization in the
Tonopabh, Divide, and Goldfield mining districts, Nevada. Field boundaries from Le Maitre (2002). Alkaline-subalkaline dividing line (red)
from Irvine and Baragar (1971). (Na,0, sodium oxide; K,0, potassium oxide; Si0,, silicon dioxide).
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Figure 3. Variation diagrams showing abundances of major oxides (weight percent) in Miocene volcanic rocks associated with mineralization in
the Tonopah, Divide, and Goldfield mining districts, Nevada. Field boundaries on potassium oxide (K,0) versus silicon dioxide (Si0,) diagram from
Le Maitre (2002); high K-shoshonitic dividing line from Ewart (1982). (Ti0,, titanium dioxide; Al,O,, aluminum oxide; Fe0*, total iron expressed as
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Table 3. Representative compositions of volcanic rock units associated with mineralization in the Tonopah, Divide, and Goldfield mining districts, Nevada
(du Bray and others, 2019b).

[Major oxides (recalculated to 100 percent, volatile free) are in weight percent; FeO* is total iron expressed as ferrous oxide, FeO. Total I, is prenormalization total; Trace elements are in parts per million;
LOI—loss on ignition.Unit names: Fraction, Fraction Tuff; Heller, Heller Tuff; Brougher, Brougher Rhyolite; Red Mtn; trachyandesite of Red Mountain; Mizpah, Mizpah Trachyte; Oddie, Oddie Rhyolite;
Divide, Divide Andesite; Rhd Don; volcanics of Donovan Peak-rhyodacite; Dac Don, volcanics of Donovan Peak-dacite; Rhy Don, volcanics of Donovan Peak-rhyolite; Prph and, porphyritic andesite; Mill-
town, Milltown Andesite; Wildhorse, rhyolite of Wildhorse Spring; Long, longitude; lat, latitude; —, no data; SiO,, silicon dioxide; TiO,, titanium dioxide; Al,O,, aluminum oxide; FeO*; total iron expressed

as ferrous oxide; MnO, manganese oxide; MgO, magnesium oxide; CaO, calcium oxide; Na,O, sodium oxide; K,O, potassium oxide; P,O,, phosphorus pentoxide; Ba, barium; Cs, cesium; Rb, rubidium; Sr,
strontium; Y, yttrium; Zr, zirconium; Hf, hafnium; Nb, niobium; Th, thorium; U, uranium; Ga, gallium; La, lanthanum; Ce, cerium; Pr, prascodymium; Nd, neodymium; Sm, samarium; Eu, europium; Gd, gado-
linium; Tb, terbium; Dy, dysprosium; Ho, holmium; Er, erbium; Tm, thulium; Yb, ytterbium; Lu, lutetium; Co, cobalt; Cr, chromium; Ni, nickel; Sc, scandium; V, vanadium; Cu, copper; Mo, molybdenum; Pb,
lead; Zn, zinc; Sn, tin; W, tungsten; Ta, tantalum]

Sample 203509 203474 203523 203490 203509 13-T-1 14-T-02 203478 203465 203471 00-T-2 00-T-6 203477 203469 203491 203527 203507 203517 203487 203484 203435 GF93-12 GF87-61A GF93-17C 203437 GF03-1

Unit  Fraction Fraction Fraction Heller Heller  Heller Brougher Brougher Red Mtn Red Mtn Mizpah Mizpah Mizpah Oddie Divide Divide RhdDon Rhd Don Dac Don RhyDon Prphand Prphand Milltown Milltown Milltown Wildhorse

Long 117.1726 117.2230 117.2443 117.2352 117.1726 117.2265 117.2540 117.2133 117.2523 117.2430 117.2213 117.2444 1172118 117.2234 117.2131 117.1400 117.2038 117.1989 117.1839 117.2037 117.2166 117.1448 117.2186 117.2111 1172319 117.1294

Lat 379715 381007 38.0993 37.9646 389715 38.0599 380533 38.0169 38.0474 38.1269 38.0649 38.1044 38.1038 38.0770 37.9729 37.9748 379812 38.0455 37.9840 37.9955 37.7273 37.7360 37.7301 37.7583 37.7487 37.7530
Sio, 74.80 74.07 7451 65.52 74.80 70.58 73.46 76.70 5439 56.32 66.60 63.86 6191 76.51 69.20 67.52 69.02 56.86 63.67 74.67 61.61 61.44 58.14 63.63 60.94 76.73
TiO, 0.26 0.24 0.23 0.51 0.26 0.34 0.19 0.11 1.54 132 0.58 0.69 0.85 0.11 0.34 0.42 045 1.51 0.83 0.18 0.74 0.66 0.88 0.62 0.74 0.19
AlLO, 14.30 14.05 13.73 17.70 14.30 15.69 13.93 12.82 17.04 16.92 16.03 16.38 16.70 13.25 15.99 16.65 15.45 17.11 17.01 13.73 16.53 15.94 17.61 16.96 17.13 12.50
FeO* 1.77 129 1.40 353 1.77 2.02 1.36 0.65 820 7.54 3.69 4.59 534 0.88 2.18 2.99 2.62 748 448 1.09 539 6.51 6.23 4.64 5.31 1.00
MnO 0.02 0.04 0.04 0.07 0.02 0.02 0.05 0.05 0.13 0.08 0.06 0.09 0.09 0.05 0.06 0.05 0.07 0.17 0.08 0.05 0.08 0.11 0.11 0.08 0.06 —
MgO 0.38 0.37 045 129 0.38 0.62 047 0.17 435 324 1.58 2.64 3.06 0.35 0.55 0.73 0.65 232 115 0.23 2.53 3.06 3.01 2.14 2.86 0.32
CaO 0.96 126 1.13 3.26 0.96 233 1.97 0.68 7.30 725 391 4.78 541 0.94 2.84 2.86 2.53 641 3.80 0.88 6.62 6.17 721 5.18 5.96 1.03
Na,O 238 3.76 3.59 4.15 238 4.05 3.68 3.30 3.68 3.65 3.58 3.76 4.18 2.53 422 4.19 4.46 397 4.99 334 3.16 3.30 373 4.07 3.57 2.54
K,0 5.00 4.84 4.86 3.76 5.00 423 4.82 5.50 2.60 2.90 3.71 2.92 2.13 534 447 4.39 4.60 327 3.63 5.81 299 2.52 2.72 2.34 3.16 5.68
PO, 0.13 0.07 0.06 0.21 0.13 0.12 0.06 0.02 0.77 0.79 0.25 0.27 0.33 0.03 0.14 0.19 0.13 0.90 0.36 0.02 0.33 0.29 0.35 0.34 0.27 0.01
Total I~ 99.94 99.24 99.72 99.17 98.92  100.07  100.26 99.54 10047 99.06 99.99 99.98 99.33  101.07 99.60 99.58 99.65 99.37 98.17 99.18 99.67  100.58 99.87  101.24 9933 100.59
LOI 275 1.62 215 2.18 275 1.67 1.01 4.30 1.58 3.09 — — 298 4.38 1.82 287 2.58 1.77 1.26 290 350 145 323 2.83 1.30
Ba 927 816 712 2470 927 2670 1280 177 1720 1820 1258 1236 1190 379 1980 2028 1847 1931 1670 1330 1100 1590 1200 1900 1160 713

Cs 311 4.6 54 3.1 311 1.8 58 50 03 43 1.86 2.83 9.8 53 37 2.7 2.1 0.9 1.1 3.6 1.4 22 0.9 55 1.3 —
Rb 177 160 156 85.1 177 105 191 236 34.6 68.7 87 102 206 187 132 125 138 74.8 984 211 79.0 92.3 63.5 433 80.9 165

Sr 266 226 192 850 266 737 332 652 1360 1050 667 804 890 150 594 613 406 1078 723 164 1010 1490 1120 1490 960 255

Y 102 13.3 12.1 11.6 10.2 10.8 11 74 17.0 272 16 15 159 93 14.4 152 22.0 29.7 259 14.4 16.4 16.9 15 14.5 15.1 13.0
Zr 139 147 125 328 139 242 154 72.5 244 461 182 150 188 97.8 233 294 348 498 319 170 156 168 144 196 144 —
Hf 5 5 4 7 5 6 4 3 6 10 5.19 4.24 5 4 7 8 9 12 8 5 5 5 4 5 4 —
Nb 20 18 18 13 20 15 17 23 17 30 13 11 13 22 18 18 23 32 20 20 8 11 82 1.1 7 14.7
Th 20.1 18.5 20.0 10.5 20.1 129 234 252 33 5.0 152 11.7 104 19.5 14.7 152 16.3 6.8 9.8 244 9.7 10.4 53 9.8 6.7 232
U 4.67 5.85 593 298 4.67 320 447 893 0.95 143 329 328 3.05 3.98 4.03 4.03 4.07 1.92 249 534 234 2.57 1.54 291 2.06 35
Ga 18 19 19 22 18 18 18 17 16 24 19 20 23 18 21 22 19 24 23 16 20 23 20.1 20 21 13.2
La 32.8 412 345 574 32.8 644 394 23.0 47.6 74.1 40.3 359 36.8 23.8 58.0 60.6 53.9 80.0 494 61.9 39.8 48.0 323 433 332 47.4
Ce 57.8 71.9 62.4 94.9 57.8 105 66.7 38.1 99.8 147 71.6 62.7 71.6 40.1 97.0 104 98.2 162 93.3 105 754 93.5 61.8 81.3 63.4 75.8
Pr 597 7.86 6.77 9.94 597 991 6.77 3.58 12.0 17.9 7.741 6.810 875 421 10.2 11.00 10.9 19.6 112 10.5 8.68 104 7.55 942 7.49 —
Nd 18.7 24.6 21.8 32.0 18.7 31.0 21.8 10.0 439 65.3 28.8 254 323 12.5 323 358 374 71.9 409 329 329 385 29.8 34.8 28.7 —

Sm 27 3.6 33 43 2.7 42 33 12 73 10.3 5.36 4.71 53 1.8 44 5.1 59 11.3 6.9 44 53 6.7 53 5.6 5.0

cl
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Table 3. Representative compositions of volcanic rock units associated with mineralization in the Tonopah, Divide, and Goldfield mining districts, Nevada
(du Bray and others, 2019b).—Continued

[Major oxides (recalculated to 100 percent, volatile free) are in weight percent; FeO* is total iron expressed as ferrous oxide, FeO. Total I, is prenormalization total; Trace elements are in parts per million;
LOI—loss on ignition.Unit names: Fraction, Fraction Tuff; Heller, Heller Tuff; Brougher, Brougher Rhyolite; Red Mtn; trachyandesite of Red Mountain; Mizpah, Mizpah Trachyte; Oddie, Oddie Rhyolite;
Divide, Divide Andesite; Rhd Don; volcanics of Donovan Peak-rhyodacite; Dac Don, volcanics of Donovan Peak-dacite; Rhy Don, volcanics of Donovan Peak-rhyolite; Prph and, porphyritic andesite; Mill-
town, Milltown Andesite; Wildhorse, rhyolite of Wildhorse Spring; Long, longitude; lat, latitude; —, no data; SiO,, silicon dioxide; TiO,, titanium dioxide; Al,O,, aluminum oxide; FeO*; total iron expressed

as ferrous oxide; MnO, manganese oxide; MgO, magnesium oxide; CaO, calcium oxide; Na,O, sodium oxide; K,O, potassium oxide; P,O;, phosphorus pentoxide; Ba, barium; Cs, cesium; Rb, rubidium; Sr,
strontium; Y, yttrium; Zr, zirconium; Hf, hafnium; Nb, niobium; Th, thorium; U, uranium; Ga, gallium; La, lanthanum; Ce, cerium; Pr, prascodymium; Nd, neodymium; Sm, samarium; Eu, europium; Gd, gado-
linium; Tb, terbium; Dy, dysprosium; Ho, holmium; Er, erbium; Tm, thulium; Yb, ytterbium; Lu, lutetium; Co, cobalt; Cr, chromium; Ni, nickel; Sc, scandium; V, vanadium; Cu, copper; Mo, molybdenum; Pb,
lead; Zn, zinc; Sn, tin; W, tungsten; Ta, tantalum]

Sample 203509 203474 203523 203490 203509 13-T-1 14-T-02 203478 203465 203471 00-T-2 00-T-6 203477 203469 203491 203527 203507 203517 203487 203484 203435 GF93-12 GF87-61A GF93-17C 203437 GF03-1

Unit  Fraction Fraction Fraction Heller Heller  Heller Brougher Brougher Red Mtn Red Mtn Mizpah Mizpah Mizpah Oddie Divide Divide RhdDon Rhd Don Dac Don RhyDon Prphand Prphand Milltown Milltown Milltown Wildhorse

Eu 0.59 0.71 0.63 1.20 0.59 1.14 0.57 0.18 1.86 241 121 1.20 1.29 033 1.01 129 1.37 2.74 1.78 0.66 1.20 1.58 1.29 1.29 1.10 =
Gd 1.84 2.62 231 3.01 1.84 278 231 0.96 5.64 7.76 3.98 3.60 4.12 1.39 3.19 3.58 4.67 837 5.67 327 430 4.70 39 4.01 3.92 —
Tb 028 037 034 039 0.28 0.34 0.34 0.12 0.68 1.00 0.557 0.497 0.55 024 043 0.46 0.69 1.08 0.80 0.46 0.54 0.57 0.53 0.5 0.45 =
Dy 1.69 230 2.01 223 1.69 1.94 1.82 0.90 3.65 5.09 3.10 2.73 3.08 1.23 246 2.65 4.15 593 4.59 2.60 3.01 3.28 2.85 2.69 2.66 —
Ho 0.30 045 038 0.40 0.30 0.38 0.34 0.18 0.67 0.94 0.602 0.529 0.54 030 047 0.50 0.75 1.06 0.88 0.52 0.54 0.63 0.58 0.53 0.51 =
Er 1.04 1.13 1.19 1.05 1.04 1.04 0.95 0.67 1.72 2.34 1.54 1.40 1.41 0.82 1.30 1.48 233 3.03 2.52 1.46 1.51 1.61 1.49 1.39 1.42 —
Tm 0.17 021 0.19 0.19 0.17 0.17 0.16 0.14 0.25 042 0.237 0.203 0.21 0.20 0.22 0.22 0.35 0.43 0.37 0.25 0.22 0.24 022 0.22 0.21 =
Yb 12 14 1.3 1.3 12 12 1.1 1.1 1.5 23 145 1.30 1.5 12 1.5 1.6 24 2.6 25 1.7 1.4 1.6 1.5 14 14 —
Lu 0.20 0.22 021 0.20 0.20 0.21 0.19 0.19 0.23 0.38 0.227 0.210 0.21 0.22 0.23 0.25 0.38 0.41 0.37 0.26 0.20 0.24 0.25 0.21 0.2 =
Co 1.8 3.7 22 6.4 1.8 39 1.5 0.6 15.9 19.8 — — 15.4 0.9 3.0 34 1.8 17.1 5.1 0.7 16.2 16.7 16.3 10.3 12.8 12
Cr = = = 10 = = = = 50 80 21 47 40 = = = = 10 = = 20 210 36 4 40 =
Ni 13 20 11 15 13 — 16 16 29 41 11 11 20 16 14 9 12 17 13 14 15 26 13.3 34 15 1.8
Sc = = = = = = = 14 11 10 10 9 = = = = 14 6 = 9 10 12.9 6.8 12 13
\% 23 25 21 56 23 35 15 — 145 130 87 97 110 — 27 32 16 141 45 5 116 124 148 83 139 12

Cu = = 6 8 = = = = 22 21 9 8 11 = = = = 18 = = 13 18 9.6 4.1 1 27
Mo 3 — 5 3 — 5 4 — — — — 2 2 — — 6 3 2 3 — 6 1.81 2.09 — 1.35
Pb 30 23 24 16 30 20 25 25 10 30 16 5 11 41 19 21 22 16 17 20 19 22 11.1 5 1 22.0
Zn 42 61 43 73 42 51 35 15 107 125 61 74 75 34 55 63 63 116 96 31 74 83 88 74 79 27

Sn 1 = = 1 1 2 1 = 5 = = = 4 = = 2 2 = = 1 3 14 1.7 1 1.0
w 3 2 2 1 3 1 1 3 — — — — 1 2 1 1 1 — — 1 23 1 0.5 0.7 — 12
Ta 1.5 12 14 0.7 15 0.9 1.2 1.5 0.7 12 1.01 0.871 0.8 1.5 1.1 12 15 1.5 1.1 1.5 — 0.6 — 0.7 — —
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rocks. Furthermore, almost all volcanic rocks from these
mining districts have relative abundances of Rb and Y+Nb
consistent with arc magma compositions (fig. 4).

Chondrite normalized REE patterns for volcanic rocks of the
Tonopah, Divide, and Goldfield mining districts are negatively
sloping and include variably developed negative Eu anomalies
(fig. 5). (La/Yb), values, and therefore chondrite normalized
pattern slopes, are not correlated with silica content; these values
span a limited range from about 15 to 25. Light REE (LREE) pat-
tern segments are distinctly more steeply sloped than heavy REE
(HREE) pattern segments (fig. 5). HREE pattern segments for
volcanic rocks in all three mining districts, especially those for the
felsic units, are distinctly U-shaped. Chondrite-normalized REE
patterns for intermediate composition rocks from the Tonopah,
Divide, and Goldfield mining districts are completely overlapping
and indistinguishable.

Volcanic Rocks Associated with Silver-Gold Epithermal Deposits in Nevada

Chondrite-normalized REE patterns for felsic rocks from
the Tonopah and Divide mining districts are also essentially
indistinguishable. Samples of the Oddie Rhyolite, and to a
lesser extent the Fraction Tuff, from the Tonopah mining district
have well-developed negative Eu anomalies (Eu/Eu* as small
as 0.31) and samples with the lowest Eu/Eu* values have the
highest silica contents. REE abundances for the felsic volcanic
rocks from the Divide mining district vary over a broad range.
As a group, REE patterns for the Divide Andesite and volcanics
of Donovan Peak define a relatively broad REE abundance
array. However, patterns, and therefore REE abundances, for
each of the four units define relatively limited and distinct
compositional ranges. Among volcanic rocks in the Divide
mining district, the Brougher Rhyolite and the rhyolite of Donovan
Peak have the largest negative Eu anomalies (Eu/Eu* values of
0.55 and 0.53, respectively). Diagnostically, most samples
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Figure 4. Trace-element, tectonic-setting-discrimination variation diagram showing the composition of volcanic rock units associated
with mineralization in the Tonopah, Divide, and Goldfield mining districts, Nevada. Tectonic setting-composition boundaries from Pearce

and others (1984). (Rb, rubidium; Y, yttrium; Nb, niobium).
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Figure 5. Chondrite normalized rare-earth element diagrams for volcanic rocks associated with mineralization in the Tonopah, Divide, and Goldfield
mining districts, Nevada. Chondrite abundances from Anders and Ebihara (1982). (SiOz, silicon dioxide; >, greater than; <, less than). The unlabeled
tick between Neodymium and Samarium corresponds to Promethium which does not occur in nature, and therefore this tick is never labelled.



16 Volcanic Rocks Associated with Silver-Gold Epithermal Deposits in Nevada

of the Heller Tuff have negative Eu anomalies that are much
smaller than those that are characteristic of the Fraction Tuff.
Limited REE data for volcanic rocks in the Goldfield mining dis-
trict yield relatively consistently negatively sloped patterns with
small negative Eu anomalies (Eu/Eu* ranges from 0.73 to 0.88).
Volcanic rocks in the Tonopah, Divide, and Goldfield
mining districts have primitive mantle-normalized patterns
that are also similar to rocks characteristic of other continental
margin, subduction-related magmatic arc complexes (fig. 6).
These patterns are gently negatively sloping and have well
developed negative Nb-Ta anomalies similar to those charac-
teristic of subduction-related arc magmas (Wood and oth-
ers, 1979; Gill, 1981; Pearce and others, 1984). Primitive
mantle-normalized patterns for these rocks also have distinctly
positive Pb and variably developed negative P and Ti anomalies.
Most of the volcanic rocks in the Tonopah, Divide, and Gold-
field mining districts have similar primitive mantle-normalized
trace element patterns. Only the rhyolitic rocks in each of these
three mining districts have somewhat distinctive patterns.
Larger negative Ba, P, and Ti anomalies and previously
described middle REE depletions are especially noteworthy
features of patterns for these rhyolitic rocks.

Petrogenesis of Volcanic Rocks in the
Tonopah, Divide, and Goldfield Mining
Districts

The subalkaline, metaluminous, and magnesian character
of intermediate composition volcanic rocks that dominate the
Tonopah, Divide, and Goldfield mining districts is consistent
with their genesis in a subduction related magmatic setting
within the southern segment of the ancestral Cascades arc.
Putirka and others (2012) suggest that the Mendocino triple
junction passed north of the Goldfield and Tonopah regions
about 13 and 12 Ma, respectively. Subsequently, subduction
of the Farallon Plate beneath North America in this region
ceased and additional subduction-related inputs to ongoing
magmatism ended.

Volcanologic processes that contributed to development of
volcanic centers in the Tonopah, Divide, and Goldfield mining
districts are constrained by their petrographic and geochemical
characteristics. Plagioclase in many of the constituent volcanic
rocks is oscillatory zoned, partly resorbed, sieve textured,
and includes variable, within-sample size populations; these
features suggest that evolution of the associated magma
reservoirs involved open-system behavior, especially periodic
recharge. Similarly, the geochemistry of these volcanic rocks,
especially those that are part of the stratovolcano repre-
sented by the Milltown Andesite, and the petrologically
diverse, dome-forming rocks included in the Mizpah
Trachyte, vary broadly, also indicative of recharge and
incomplete homogenization of reservoir contents.

Major oxide compositional variations among these rocks
are in accord with crystallization and fractionation of the
observed phenocryst assemblages. Consistent linear decreases,
especially of CaO, but also Al,O,, with increasing silica content
suggests that plagioclase crystallization and fractionation
contributed significantly to the compositional evolution
displayed by this suite of rocks. Importantly, Sr abundances
that decrease linearly from about 1,600 parts per million (ppm)
in rocks with about 54 weight percent SiO, to 150 ppm in rocks
with about 77 weight percent SiO, and Eu/Eu* that decreases
from about 0.85 to about 0.50 in these same rocks indicate
significant plagioclase fractionation from their parental magmas.
Decreasing TiO,, FeO*, and MgO abundances with increasing
silica content (fig. 4) are consistent with clinopyroxene, hornblende,
biotite, and lesser Fe-Ti oxide crystallization and fractionation.
Concomitant KO abundance increases with increasing SiO, content
signal its incompatibility and concentration in evolving, residual
magma. The importance of accessory minerals (especially apatite
and Fe-Ti oxides) in the petrogenesis of volcanic rocks in the
Tonopah, Divide, and Goldfield mining districts is demonstrated
by increasingly well-developed negative P and Ti anomalies
among rocks with higher silica contents (fig. 6). Relatively
elevated Na,O and TiO, abundances characteristic of the
volcanics of Donovan Peak and, to a lesser extent, the Divide
Andesite, in the Divide mining district, are off trend from
compositional arrays defined by Tonopah and Goldfield mining
district volcanic rocks. Together with the off trend MgO depletion
characteristic of the volcanics of Donovan Peak, these variations
suggest a compositionally distinct source for most magmas erupted
in the Divide mining district.

The preponderance of volcanic rocks in the Tonopah
and Goldfield mining districts have Zr abundances that vary
from about 140 to 190 ppm, a range commensurate with Zr
abundances buffered by zircon saturation in calc-alkaline
magmas, as per relations described by Watson (1979). Among
these rocks, those with >72 weight percent silica have markedly
lower Zr abundances, which probably represents accessory
zircon crystallization and fractionation from their parental
magmas. Importantly, at any given SiO, content, volcanic
rocks in the Divide mining district have significantly higher Zr
abundances (as much as 562 ppm) than Tonopah and Goldfield
volcanic rocks, which reflect increased Zr solubility in alkaline
silicate melts (Watson, 1979).

Like most other Miocene volcanic rocks associated with
the southern segment of the ancestral Cascades arc, Sr abun-
dances (1,100 and 750 ppm at 57 and 63 weight percent SiO,,
respectively) of volcanic rocks in the Tonopah, Divide, and
Goldfield mining districts are significantly elevated relative to
those characteristic of Andean arc andesites, which contain
600-900 ppm Sr (Hildreth and Moorbath, 1988). Partial melting
at the base of the crust-subcontinental mantle section, at
plagioclase-unstable pressures (Green, 1982) greater than about
20 kilobars (kb) (70 km depth) and relatively hydrous conditions
(Moore and Carmichael, 1998), yields high-Sr magmas.
Otherwise, conditions that favor plagioclase stability
promote preferential Sr retention in plagioclase, its principal
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mineralogic residence, and consequent Sr-poor magmas.
Accordingly, volcanic rocks from all three mining districts
probably reflect partial melting in a relatively hydrous,
high-pressure regime beneath a thick section composed of
continental crust and subcontinental mantle.

Volcanic rocks in the Tonopah, Divide, and Goldfield
mining districts have relative abundances of Rb and Y+Nb
consistent with their genesis in a volcanic arc setting (fig. 4).
Negative Nb-Ta anomalies (fig. 6) are similarly in accord with
genesis of the associated magmas in a subduction-related
magmatic arc setting. The amplitude of these anomalies appears
minimally correlated with host rock composition, which suggests
that these anomalies are not fractionation-related phenomenon.

The values of Ba/Nb further corroborate a volcanic arc
setting for genesis of volcanic rocks in the Tonopah, Divide,
and Goldfield mining districts. Gill (1981) suggests that most
magmatic arc rocks have Ba/Nb>15. Volcanic rocks in these
three mining districts with 54 to 68 weight percent SiO, have
Ba/Nb that range from 50—150 and cluster around 100.
Ba/Nb values for these rocks do not covary systematically
with respect to either host rock age or composition, although
values generally decrease among rocks with greater than
72 weight percent SiO,, probably because of feldspar and
biotite crystallization and fractionation.

REE abundance variations further constrain the petrogenesis
of volcanic rocks in the Tonopah, Divide and Goldfield mining
districts. Moderately steep, negatively sloped chondrite-normalized
REE patterns such as those characteristic of these volcanic
rocks (fig. 5) are similar to those of Andean magmatic arc
rocks and are likely additional manifestations of high-pressure
partial melting in a garnet-stable regime (Hildreth and
Moorbath, 1988), because garnet is a HREE reservoir. MREE
to HREE depletion, as defined by subtly U-shaped MREE to
HREE pattern segments, is characteristic of the volcanic rocks,
especially the more evolved rhyolitic rocks, in the Tonopah,
Divide, and Goldfield mining districts (fig. 5). Amphibole
fractionation has been inferred in the genesis of MREE
depletion and development of U-shaped REE patterns
because mineral/melt partition coefficients for amphibole
are greatest among the MREE, especially dysprosium (Dy)
(Davidson and others, 2007). Consequently, U-shaped MREE
to HREE pattern segments for volcanic rocks in the three min-
ing districts probably reflect varying degrees of amphibole
fractionation. Weak negative Eu anomaly development
characteristic of intermediate composition rocks reflects
relatively high pressure melting conditions in a relatively
hydrous regime (Moore and Carmichael, 1998) that favored
garnet rather than plagioclase (a principal Eu reservoir) stability.
Consequently, small negative Eu anomalies that typify the
intermediate composition rocks in the three mining districts
(fig. 5) are consistent with source-region plagioclase instability

and consequent Eu partitioning into partial melts rather than into
residuum. In contrast, significantly larger negative Eu anomalies
among the more evolved, mostly rhyolitic rocks in these three
mining districts suggests that plagioclase fractionation
contributed significantly to the compositional evolution of
these rocks.

Lead/cerium (Pb/Ce) increases from ~0.1 to ~0.4 with
increasing SiO, content among volcanic rocks of the Tonopah,
Divide, and Goldfield mining districts. Increasing Pb/Ce values
may result from (1) greater subducted slab contributions to
mantle-derived melts or (2) increased assimilation of Pb-rich
crustal rocks during reservoir melting, assimilation, and
homogenization processes. Similarly, elevated Ba/Nb may
reflect contributions of subducted slab components, by slab
dehydration, to mantle wedge-derived magmas (Hawkesworth
and others, 1995; Pearce and Peate, 1995; Cousens and others,
2008; Schmidt and others, 2008). Consequently, the observed
positive and negative correlations between Pb/Ce and Ba/Nb,
respectively, with SiO, content suggest that the most SiO,-rich
rocks in these areas represent magmas that assimilated
relatively greater amounts of crustal material, an inference
that could be evaluated using, presently scant, radiogenic
isotope data.

Farmer and others (2002), Cousens and others (2008),
and du Bray and others (2014) suggest that magmatism
represented by the southern segment of the ancestral Cascades
arc involved significant crustal contamination; an array of
geochemical parameters indicate that magmas represented by
Miocene volcanic rocks in the Tonopah, Divide, and Goldfield
mining districts were affected by similar, variable crustal
contamination. Progressively lower P,O /K O among
increasingly silicic compositions and higher values with
increasing MgO abundances are consistent with primary, mafic
magmas having assimilated crustal contaminants, because
crustal materials generally have P,O/K,O < 0.1 (Farmer and
others, 2002). P,O0./K,O decreases with increasing SiO, and
increases with higher MgO contents among rocks of the three
mining districts, which suggests that the associated magmas
evolved to intermediate or silicic compositions by variable
contamination of primary mafic partial melts by crustally
derived inputs. Decreasing CaO/Al O, and increasing
lanthanum/samarium (La/Sm) and Zr/Sm with increasing SiO,
are additional measures reflective of crustal contamination
(Cousens and others, 2008). Correspondingly, CaO/AlO,
decreases, and La/Sm and Zr/Sm increases with increasing
SiO, among rocks of the Tonopah, Divide, and Goldfield min-
ing districts further corroborate the role of progressive crustal
contamination in the petrogenesis of intermediate- to felsic-
composition rocks in these areas.
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Precious metal epithermal deposits in the Tonopah,
Divide, and Goldfield mining districts of west-central Nevada
are spatially, temporally, and likely genetically associated
with Miocene calc-alkaline volcanic rocks that are part of the
southern segment of the ancestral Cascades magmatic arc.
Geochemical characteristics of these volcanic rocks constrain
the tectonic setting in which they evolved and corroborate their
relations with ancestral Cascades arc magmatism. Specifically,
relative abundances of Rb, Y, and Nb in these rocks are
commensurate with compositions typical of arc magmas,
as are their elevated Ba/Nb and negative Nb-Ta anomalies.
Arc-related magmatism in each of these mining districts was
extinguished by northward passage of the Mendocino triple
junction between about 13 and 12 Ma.

Specific Miocene volcanic rock units are essentially
unique to each of the three mining districts. Although the
probable source of mineralizing fluids in the Tonopah mining
district is not well established, its mineral deposits are prin-
cipally hosted by the Mizpah Trachyte, which forms a small
field of coalesced lava domes, and the Fraction Tuff, likely
erupted from a caldera whose northern margin is about 9 km
north of Tonopah. Mineral deposits in the Divide mining district
are spatially and temporally associated with (1) the Heller Tuff,
likely erupted from a caldera whose southern margin is preserved
about 14 km south of Tonopah, and (2) the Divide Andesite and
volcanics of Donovan Peak, both likely manifestations of post
caldera resurgent magmatism. At Goldfield, mineral deposits
are principally associated with the Milltown Andesite, an
unnamed porphyritic andesite, and latite.

All these volcanic rocks have petrographic and geochemical
characteristics consistent with their genesis in a magmatic arc
setting. Almost all are porphyritic, containing 5 to 35 percent
phenocrysts, principally composed of plagioclase, pyroxene,
and hornblende+biotite; quartz, alkali feldspar, or olivine form
phenocrysts in some of these rocks. Geochemical compositions
of these rocks range essentially continuously from basaltic
trachyandesite and basaltic andesite to rhyolite, with SiO,
contents that range from 54 to 78 weight percent. Most have
compositions that are transitional from alkaline to subalkaline,
metaluminous, calc-alkalic to alkali-calcic, and magnesian
(calc-alkaline) to weakly ferroan (tholeiitic). Compositions of
the Divide Andesite and the volcanics of Donovan Peak in the
Divide mining district are somewhat distinct relative to volcanic
rocks in the Tonopah and Goldfield mining districts. Specifically,
they are more alkalic; have greater TiO,, Na,O, Ba, Hf, La,
Nb, Ta, Y, YD, and Zr abundances; and lower MgO, Sr, and
V abundances than their Tonopah and Goldfield mining district
analogs. None of the unaltered volcanic rocks in the Tonopah,
Divide, and Goldfield are particularly metal enriched.
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Significantly elevated Zr contents characteristic of volcanic
rocks from the Divide mining district, including the Heller Tuff,
are particularly noteworthy and indicate equilibration with
relatively alkaline magma. The Divide mining district rocks
have Na,O contents that are distinctly greater and K,O contents
at the high end of the range defined by rocks from the Tonopah
and Goldfield mining districts. These alkalinity characteristics
suggest that the petrogenetic evolution of the Miocene volcanic
rocks in the Divide mining district involved a source and (or)
processes dissimilar to those that controlled the magmatic
evolution of volcanic rocks in the other two mining districts.

Numerous geochemical characteristics similarly constrain
the petrogenetic processes that contributed to compositional
evolution among Miocene volcanic rocks in the Tonopah,
Divide, and Goldfield mining districts. For example, negatively
sloping, relatively HREE depleted REE patterns are consistent
with high-pressure, garnet stable, plagioclase unstable partial
melting. Elevated Sr concentrations and generally small
negative Eu anomalies characteristic of these volcanic rocks
are additional manifestations of partial melting in a plagioclase
unstable regime. Progressively larger negative Eu anomalies
among the more silica rich volcanic rocks in the three mining
districts reflect the increased importance of plagioclase
fractionation from magmas represented by those rocks. Subtly
U-shaped middle chondrite-normalized REE patterns reflect
the importance of amphibole crystallization and fractionation
from the associated magmas. Major oxide compositional variation
among these rocks is consistent with crystallization and
fractionation of the other observed phenocryst minerals, including
clinopyroxene, biotite, and Fe-Ti oxides. Well-developed
negative P and Ti anomalies on extended trace element diagrams
substantiate the importance of accessory minerals, especially
apatite and Fe-Ti oxides, to the compositional evolution of
magma reservoirs represented by volcanic rocks in the three
mining districts. Other geochemical parameters suggest that
magmas represented by volcanic rocks in these three mining
districts underwent variable amounts of crustal contamination
during ascent and storage in shallow crustal reservoirs.
Specifically, increasing Pb/Ce and decreasing P,05/K,O with
increasing SiO, abundances are well known manifestations of
crustal contamination. Diagnostic textural features preserved
by phenocrysts, especially plagioclase, constitute additional
evidence that open-system behavior, including reservoir-scale
mixing, recharge, and assimilation, were critical to the
petrogenesis of volcanic rocks in the Tonopah, Divide, and
Goldfield mining districts.
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