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ABSTRACT

applies to the region. Mineralization was emplaced from mid-Cretaceous to late Mio-
cene time. Mineralization related to the Miocene volcanism at Yucca Mountain proper 

mineralization, in contrast to well mineralized districts around Beatty to the SW.
Cretaceous magmatism and related mineralization in the NTS region includes: 

100 and 90 Ma. The main structures accompanying metaluminous magmatism were 

the Sevier orogeny in eastern Nevada and western Utah. 

directed mylonite fabrics in low-angle thrust faults related to peraluminous sills in 
northern Bare Mountain and south of Beatty, and possibly to the WNW-directed CP 
thrust east of Yucca Mountain.

mineralization of the terminal arc at 8 Ma. Increasing alkalinity with decreasing age 
-

MCA gold mineralization of the early Miocene arc includes mines on the east 

4800 feet at Yucca Mountain. Examples include Sterling and Mother Lode on the east 
side of Bare Mountain.

Most of the Miocene igneous rocks in and near the Nevada Test Site are associ-

volume of volcanic rocks at Yucca Mountain is MAC magma-metal series, commonly 
associated with lead-zinc-silver-tin mineralization throughout the world. MAC vol-
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canism and associated base-metal mineralization are related to the central part of 

-

mineralization at 12.9–11.2 Ma in the northern Bare Mountain area, Mary/Diamond 
Queen mine, Telluride mine, Southern Calico Hills, western Calico Hills, Claim Can-
yon mercury anomaly areas, Transvaal East district; and widespread pyritic mineral-

Mountain area. 
The last major Miocene mineralization in the Yucca Mountain area is associated 

-
grating magmatic arc. MQA gold districts include gold-only/adularia mineralization 

-
ery-Shoshone mine, Bonanza Mountain area, Original Bullfrog mine, Gold Bar mine, 

The latest metallic mineralization event was the basanitic, nepheline alkaline 

Mountain gold-telluride system. 
Calderas and associated mineralization were probably emplaced in a transpres-

sional regime that affected right slip on the Walker Zone to the north and on the 
Las Vegas Shear Zone–Stateline-Pahrump fault on the south. These two systems are 
connected by a north-south trending, dilational jog that includes most of the calde-
ras. This area also includes a N-S trending normal-fault swarm and the north-south 
trending, Kawich-Greenwater gravity low. Extension in the dilatant jog created most 
of the room into which calderas and associated hydrothermal activity were emplaced. 

gravitational ramp where local gravitational sliding occurred in the Bullfrog Hills tilt 
domain. Denudational sliding reused pre-existing, low-angle thrust faults that had 
accompanied Cretaceous magmatism.

anhydrous, iron-rich, non-metallic magmatism. After 4 Ma, magmatism at Crater 

has no epigenetic mineralization, and has strong iron enrichment in typically low-
volume felsic differentiates. Basaltic volcanism is associated with Basin and Range, 

-

The youngest, most widespread hydrothermal activity in the Yucca Mountain 
area may be associated with hydrothermal oil developed from ultra-deep sources as-
sociated with serpentinization in the lower crust. Railroad Valley is the closest system 
that may be an example of this process. Evidence for this hydrothermal activity in-
cludes: basaltic volcanism at Crater Flat; extensive dolomitization in the Paleozoic 

13C 

These features are consistent with a UDH, hydrothermal oil system that could under-
lie Crater Flat beneath a coinciding magnetic high and gravity low.

ization, and tectonics of a region is highly effective in assessing 
the types of ore deposits that may be expected in a region. Be-
cause these classes are genetically related to igneous geochem-
istry and tectonics, they are effective in predicting the types of 

INTRODUCTION

-
tectonic approach to the magmatism, geochronology, mineral-
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ore deposits that are likely to occur in a region. More detailed 
descriptions of the magma-metal series models as applied to the 
Great Basin have previously been published (Keith and others, 
1991; Keith and Swan, 1996) and as applied to the Laramide 
porphyry copper province in Arizona (Keith and Wilt, 1985, 
1986; Keith, 1986). A statistical evaluation of parts of the mag-
ma-metal series was presented by Wilt (1993, 1995). 

The Yucca Mountain (YM) and Nevada Test Site (NTS) 
areas have not been available for exploration for about 70 years, 
yet the areas have been intensively studied. Before the poten-
tial radioactive waste repository at Yucca Mountain could be 
licensed, legislation required that the area and surrounding re-
gion be examined for the potential for ore deposits. An evalua-
tion of these areas by the present authors (CRWMS, 1997) as-
signed magma-metal series model numbers to each mineralized 
system. The extensive geochemical analyses of mineralized 
areas conducted by the Nevada Bureau of Mines and Geology 
(Castor and others, 1999) were used in assigning the systems to 
a magma-metal series model. Although this discussion primar-
ily concerns YM and NTS, there is considerable commentary 
on magma-metal series in mineralized districts in the Beatty 
and Bare Mountain areas and parts of Nellis AFB Range and 
surrounding regions. 

MAGMA-METAL SERIES MODELS IN  
SOUTHWESTERN NEVADA

Hundreds of mines occur within 300 km of Yucca Moun-
tain. These mines, mining districts, and mineralized areas were 

and others, 1991; Keith and Swan, 1996; Wilt, 1993). Approxi-
mately 40 geologically distinct mineral systems are recognized 
within the Nevada Test Site and surrounding regions (Figure 1). 

class are economic or have the potential to be economic. The 
classes are only an indication of which metals are likely to be 
present.

Ages, alkalinity, and characteristic elements of the miner-
alized systems in the area are summarized in Table 1. Infor-
mation on each mineralized area was integrated into the stra-
totectonic framework provided by Sawyer and others (1994) 
and the petrochemical cycle concepts of Broxton and others 
(1986, 1989). A stratigraphic column of the major formations 
is presented in Figure 2.Very high-quality data from Castor and 
others (1999) record extremely low concentrations of metallic 
elements. The data set is dominated by low metal values that 
are not normally considered anomalous, although meaningful 
patterns exist within the low-concentration ranges. The follow-
ing interpretation of mineralization in and near the Nevada Test 

Metallic mineralization ages and districts in southwestern 
Nevada include: 

1. -

tion (Oak Spring district, Johnnie district, northern Calico 
Hills base metal veins, central Calico Hills brucite altera-
tion, Mine Mountain North, White Rock Springs district; 

2. Mid- to Late Cretaceous peraluminous gold and/or 
tungsten mineralization (Lee, Johnnie, Skidoo, Ballarat, 
and Briggs districts);

3. Possible Paleogene oil shales associated with deep-seat-
ed UDH serpentinite-sourced brines (Sheep Pass Forma-
tion, Elko formation, and rocks of Joshua Hollow(?);

4. 
mineralization
mine, Mother Lode mine, Joshua Hollow prospect]); 

5. -
tion (Wahmonie district); 

6. -
tion (Beatty Mountain anomalous sinter area, Thirsty Can-
yon—Sleeping Butte area, West Transvaal district); 

7. -
eralization (Northern Bare Mountain area, Mary/Diamond 
Queen mine, Telluride mine, Southern Calico Hills mer-
cury anomaly area, Western Calico Hills mercury anomaly 
area, Claim Canyon mercury anomaly area, Transvaal East 
(Buttonhook) district, Tram Ridge mining area [Thompson 
mine, Silica (Silicon) mine], Southwestern Mine Mountain, 
Northern Yucca Mountain area); 

8.  
(West Bare Mountain, Bullfrog district [Bullfrog mine, 
Montgomery-Shoshone mine, Bonanza Mountain area, 

-
neer mine/ North Bullfrog area], Clarkdale district, Tolicha 
district); 

9.  (Northern 
Bare Mountain area, [Daisy mine, Secret Pass deposit], Oa-
sis Mountain area, Central Clarkdale area), and

10. -
drothermal hydrocarbon (Crater Flat and other late Ter-
tiary carbonaceous shales throughout the region, Railroad 
Valley type, Grant Canyon, Bacon Flat, Pine Valley, Black-
burn, and Trap Spring).

CRETACEOUS MAGMATISM AND  
MINERALIZATION

The oldest recognized mineralization in the region sur-
rounding Yucca Mountain is related to the eastward-migrating, 
Cretaceous arc system, which was emplaced in southwestern 
Nevada from 102 to 72 Ma. The Cretaceous magmatism and 
mineralization (Table 2) can be subdivided into two distinctly 
different systems: metaluminous at 102–90 Ma, followed by 
peraluminous at 89–72 Ma. The metaluminous system can also 
be subdivided into two subsystems: the Climax stock, which is 
metaluminous alkali-calcic (MAC) at 102–99 Ma, followed by 
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Figure 1. Map of mining districts in and near the Nevada Test Site (yellow is MCA, orange is MAC, pink is MQA, blue is PC, grey outlines the larger area [super 
system], green is potential UDH areas).
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the Gold Meadows stock, which is metaluminous calc-alkalic 
(MCA) at 93–96 Ma. The peraluminous systems can also be 
subdivided into two systems: peraluminous calcic (PC) tung-
sten associated with pegmatite dikes Late Cretaceous age and 
peraluminous calc-alkalic (PCA) gold-quartz veins at 85–72 
Ma. 

Stocks

The Climax intrusive complex in the broader Oak Springs 
area (super system) and the Twin Ridge pluton south and east 
of the Climax mine near the Michigan Boy mine area described 
by Maldonado (1977, 1981) are MAC systems. Mineralization 
in these two systems consists of lead-zinc veins and associated 
tungsten deposits (MAC29B model). The Climax stock is dated 
by K-Ar biotite ages ranging from 91 to 101 Ma (Marvin and 
others, 1970; recalculated by Naeser and Maldonado, 1981) 

100 to 104 Ma (Naeser and Maldonado, 1981). The Climax 
stock cross cuts the upright to east-vergent, normally faulted 
folds and SSE-vergent fold thrusts (Houser and Poole, 1960). 
As the Belted Range thrust in the Belted Range projects directly 
toward the Climax stock, it is possible that the east- to SSE-
vergent deformation intruded by the Climax stock is related 
to the Belted Range fold-thrust complex. This deformation is 
probably related to an early episode of the Sevier orogenic belt.

The combined MAC mineralization, petrochemistry, and 
association with east-to southeast-directed fold thrusting con-
stitute a stratotectonic assemblage in the sense of Keith and 
Wilt (1986). This stratotectonic assemblage migrated eastward 
as part of the Sevier fold-thrust belt between 89–72 Ma (Arm-
strong, 1972). This stratotectonic pattern is earlier, but is similar 
to that documented by Keith and Wilt (1986) as the eastward-
migrating Tombstone assemblage, affecting southeast Arizona 
and southwest New Mexico between 80 and 56 Ma.

The Gold Meadows stock is a slightly younger, metalu-
minous calc-alkalic (MCA) system. The Gold Meadows stock 
crops out west of the White Rock Springs copper-silver min-
eral system and is likely to be a MCA14C(?) model. The stock 
yielded 96–93 Ma dates (Naeser and Maldonado, 1981) and is a 
biotite granodiorite containing magnetite. In other areas, MCA 
biotite granodiorites are commonly associated with commercial 
copper-molybdenum-silver porphyry systems.

The northern Calico Hills mineralized area is several miles 
south of the White Rock Springs district and is dominated by 
copper-silver hosted in Paleozoic rocks. The area is also asso-
ciated with anomalous arsenic, antimony, lead, mercury, and 
barium (as barite). This system is moderately anomalous in 
gold, zinc, and molybdenum (Castor and others, 1999; Quade 
and others, 1984; Simonds, 1989). No intrusive is exposed, but 
the copper-dominated, polymetallic aspect of the data is similar 
to some high-level, porphyry copper-polymetallic deposits of 
the MCA14L model. 

The Calico Hills brucite area has some characteristics that 
are common to the more economic brucite skarns at Gabbs, Ne-
vada. There, they are associated with strongly oxidized, biotite 

Table 2. PRE-TERTIARY MAGMA-METAL SERIES MODELS, TIMING, AND MAGMA TYPES IN THE BROADER NEVADA 
TEST SITE REGION.

Magma-Metal 
Class Age (Ma) Metals Character Examples

PC2 90–72 ? Au-qtz veins Cpy, gal, hem Trappmans district, Manhattan, Silver Peak district, Mineral 
Ridge (Mary mine), Chloride Cliff and Lee districts

PCA3A 98±27 W W skarn, greisens, and veins Tungsten Canyon, Fluorspar Canyon in southern Bare  
Mountain, Funeral Range

MCA16B? Brucite Mg(OH)2 Brucite skarn Calico Hills brucite
MCA14L? Cu-polymetallic-Ag Stage 4, porphyry Cu? Northern Calico Hills
MCA14C? Cu, Mo, Ag Porphyry Cu-Mo? Gold Meadows stock near White Rock Springs Cu-Ag mineral 

system
MAC29B 102–99 Ag, Pb, Zn, Cu, 

Mo, W
Pb-Ag polymetallic veins in faults 
in Paleozoic sedimentary rocks

Climax stock, Twin Ridge plutons, Oak Springs super-system

Table 1. GENERAL MAGMA-METAL SERIES MODELS, 
TIMING AND MAGMA TYPES IN AND NEAR THE NEVADA 
TEST SITE.

Magma-Metal 
Series Class Class Name

Age 
(Ma) Metals

PC Peraluminous Calcic 90–72? Au-qtz veins; tungsten
MCAo Metaluminous  

Calc-Alkalic, oxidized
96–93 Porphyry Cu-Mo

MCAr Metaluminous  
Calc-Alkalic, reduced

15–13 Au, As, Sb, Hg, Tl

MACo Metaluminous  
Alkali-Calcic oxidized

102–99 Ag, Pb, Zn

MACr Metaluminous  
Alkali-Calcic reduced

14–11 Ag, Sn, F, Bi, LREE

MQA Metaluminous Quartz 
Alkalic

10 Au, some Ag

MNA Metaluminous,  
Nepheline Alkalic

< 8. 7 Te, Au?
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granite plutons (MCA16B model). Both the northern Calico 
Hills and Calico Hills brucite occurrences are probably older 
than the alunitic, low level mercury mineralization hosted in 

of these Paleozoic-hosted, polymetallic-base-metal-brucite oc-
currences.

Peraluminous Magmatism and Features Associated with 
Flat Subduction

Peraluminous magmatism and related mineralization af-
fected the area in the Late Cretaceous, although precise ages 
and geochemistry are lacking. However, mineral assemblages, 
metal contents, locally associated intrusive phases, and mid- to 
late Cretaceous metamorphic cooling ages suggest these mod-
els. The peraluminous magmatism can be subdivided into two 
components. 

The older peraluminous event at Bare Mountain may be as-
sociated with tungsten mineralization in the Tungsten Canyon 
area of southern Bare Mountain (PCA3A model). In Tungsten 
Canyon, small pegmatitic intrusions (Monsen and others, 1990; 
Eng and others, 1996) may be associated with the tungsten min-
eralization. This system may correlate with better-constrained 
peraluminous granitoid intrusions in the Fluorspar Canyon area 
of northern Bare Mountain, where a muscovite granite yielded 
a U-Pb age of 98±27 Ma on zircon (Monsen and others, 1990, 
1992). The pegmatites cross cut or radiometrically postdate the 
metaluminous event. The error on the muscovite granite age in 
northern Bare Mountain is large enough that the peraluminous 
sill postdates the metaluminous Gold-Acre stock, dated at about 
93 Ma. The error bar allows the peraluminous magmatism at 
northern Bare Mountain to be as young as 71 Ma. 

This peraluminous intrusion in northern Bare Mountain 
appears to be post-kinematic with respect to mid- to Late Cre-
taceous, WNW-directed (based on fabric data presented in 
Hoisch and Simpson, 1993) thrust faults that affected Paleozoic 
rocks at Bare Mountain. This peraluminous intrusion shares 
similarities with other post-kinematic two-mica granites else-
where in the Great Basin (such as in the Snake Range). There, 
the granites are late kinematic and are locally associated with 
west-directed thrusting. Similar patterns occur in the Mojave-
Sonora region as the Wilderness assemblage (Keith and Wilt, 
1986) and in the Big Maria Mountains near Blythe in southeast-
ern California (Hoisch and Simpson, 1993).

The west-directed tectonic fabric on northern Bare Moun-
tain is kinematically consistent with thrust faults, such as the 
Panama thrust, that are correlated with the regional CP thrust 
system documented by Caskey and Schweickert (1992). This 
thrust system crosscuts earlier elements of the Sevier orogeny, 

-
tionships are consistent with the CP thrust being a late Laramide 

Hydration of the lower crust (Jones and others, 2015) pro-
duced regional uplift by underplating serpentinized peridotite 

(Keith and others, 2008; Keith and Swan, 2010) and by dewa-
tering oceanic asthenosphere. This regional uplift resulted in 
the Eocene erosion surface and uplift-cooling ages (typically 
Paleocene to Eocene) superimposed on older rocks. 

-
tain, Monsen and others (1992) report 51.6±1.3 Ma on musco-
vite from schist in the Wood Canyon Formation. They obtained 
similar ages on basement schist (Wood Canyon Formation) that 
ranged between 44.3 and 48.6 Ma on muscovite-biotite pairs 

apatite ages of 55.6±5.6 Ma on the Gold Meadows stock and 
78.6±6.7 Ma on the Climax stock (Naeser and Maldonado, 
1981). These ages are interpreted as the time when apatite 
cooled to below the annealing temperature of about 90°C.

Another suite of peraluminous magmatism may be associ-
ated with gold-quartz veins hosted in Late Proterozoic/Paleozo-
ic sedimentary rocks at Chloride Cliff, Lee, Echo Canyon-Lee’s 
Camp, and the Johnnie districts. These are provisionally con-
sidered to represent PC2 models, as direct evidence for igneous 
intrusions is lacking. Mineral assemblages consist of local chal-
copyrite, galena, and specularite associated with gold-quartz. 
This mineral assemblage is similar to those associated with PC2 
models in the Panamint Range to the west (such as Skidoo, Bal-
larat, Suitcase, and Briggs). Trappmans district, which is about 
50 miles north of Yucca Mountain, is more clearly associated 
with peraluminous granitic rocks. By analogy with the better-
dated Panamint occurrences (especially Ballarat and Skidoo 
that are associated with the Hall Canyon and Skidoo plutons, 
respectively), the Chloride Cliff and Lee districts could belong 
to a 85–72 Ma interval.

An apparent magma gap occurs between approximately 72 
Ma and 17 Ma in the region surrounding the Nevada Test Site. 
No igneous, metallogenic, or deformational events are recorded 
in the Yucca Mountain region until mid-Miocene time.

Flat Subduction

During the previous 15 years, Keith and associates have 
developed an ultra-deep hydrocarbon (UDH) or hydrothermal 
oil concept with case studies throughout the world. UDH pro-

subduction at the end of the Laramide. Underplating of serpen-
tinized peridotite and associated hydrothermal activity may 
have led to the formation of high-density chemical brines that 
ultimately erupted at the surface as chemical-mud volcanism. 

-
ure 3. The UDH process involves deep-sourced, hydrocarbon- 
and magnesium-rich brines that were formed by serpentiniza-

subsequently emplaced into lacustrine, exhalative, lake envi-
ronments during the Eocene (55–43 Ma), similar to the Green 
River Formation (Johnston and others, 2010).
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The UDH model is based on the concept that serpentiniza-
tion and hydrocarbon occurrence are related (Fruh-Green and 
others, 2004; Hazen and others, 2012). Recent analyses have 

-
rials, serpentine, talc, hydrothermal dolomite, Herkimer quartz, 

in addition to the conventional black shales and petroleum 
source rocks in supercrustal sedimentary basins. Hydrocar-
bons are commonly associated with hydrothermal Mississippi-
Valley-type deposits and with Carlin-type deposits. Herkimer 
quartz contains textures that show, within single quartz crystals, 
a complete sequence of oil generation from platy kerogen start-
er through globulated, volatilizing kerogen, to liquid oil. The 
hydrothermal setting for oil has been experimentally validated 
by Lewan (1997), who could only make oil in the presence of 

hydrothermal water interacting with kerogen-rich shales be-
tween 310° and 380°C. 

In the UDH model, massive magnesium- and kerogen-
charged brines are produced by serpentinization of peridotite 
and are transported into the upper crust as low-density, super-

-
ize, rapid reactions occur to hydrogenate kerogen and produce 
hydrothermal oil. The hydrogen is released from water when 
mineral reactions create oxygen-rich minerals, such as dolo-
mite, quartz, and clay. Oil is directly made in the reservoir envi-
ronment and is not transported to it from burial of kerogen-rich 
source rocks. 

The hydrothermal oil model explains two problems for the 
conventional model of oil formation: 1) where does the hydro-
gen come from that would hydrogenate the hydrogen-poor ker-
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ogen; and 2) where is the hydrocarbon trail from the presumed 
hydrocarbon source rock to the trap site. The source of hydro-
gen is solved by the hydrothermal process, in which abundant 
amounts of hydrogen are supplied by water breakdown to make 
coeval, oxygen-rich minerals. The second problem is solved by 
the hydrothermal plume, which leaves an alteration trail from 
the hydrothermal brine.

These brines do not stop after the hydrothermal oil is 
formed in the reservoir. They keep going to breach the crust/
atmosphere or hydrosphere interface. The brines erupt as ex-
tensive, chemical mud “volcanism”. Examples are the modern 
mud volcanos in the Caspian Sea region. The products of mud 
“volcanism” are deposited as carbonaceous black shale. Oil 
shales are present in the Elko Formation and the Sheep Canyon 
Formation to the north of the NTS (French, 1997). French cor-
related these formations with rocks of Joshua Hollow, (labeled 
Horse Spring Fm. in Figure 2) which were deposited between 
the Paleozoic section and the volcanics of the Southwest Ne-
vada Volcanic Field at Bare Mountain. 

Rocks equivalent to those of Joshua Hollow occur in the 
same general area as the west-vergent CP Thrust system (as 
shown in Caskey and Schweickert, 1992). There might be a ge-
netic association between the west-directed CP thrust system 
and the rocks of Joshua Hollow and their equivalents. The car-
bonaceous material in the rocks of Joshua Hollow yielded TOC 
values up to 1.59 wt% (French, 1997).

The oil shales of the Green River Formation may be a possi-

are associated with deep-seated, southwest-vergent, thrust up-
lifts, such as the Wind River Uplift in Wyoming and the Uintah 
Uplift in Utah. The Wind River thrust fault has been shown 
seismically to penetrate to the base of the crust, where it would 
have had access to the serpentosphere (layer of serpentinized 
peridotite). These deeply penetrating, southwest-vergent faults 
could have tapped into a UDH process. The high-density brines 
that were charged with kerogen and magnesium rose as a plume 
from deeper serpentinite diapirs to produce extensive chemical 
muds, including oil shales. These seeps were a source of food 
for numerous animals, much like the modern white smokers 
that are surrounded by tube worms. When the seep emitted ex-
cess methane or acids, it produced a ‘kill zone’ that left layers of 

TERTIARY MAGMATISM, TECTONISM, AND  
MINERALIZATION

Southern Great Basin Tectonism

At 43 Ma, change in the magmatic-tectonic framework in 
southwestern North America may have been triggered by the 
collision of India with southern Asia. This collision produced a 
dramatic slowing and change in direction of subducting plates 
beneath southwestern North America. The subducting slab be-
gan to gravitationally collapse and the direction of subduction 

shifted from E-W to NE. The steepening subducting slab in-
volved a rapid trenchward migration of the arc. In the Great Ba-
sin, a WNW-trending arc segment migrated to the SSW from Eo-
cene to about 7 Ma (Stewart and Carlson, 1976; Stewart, 1980). 

The MCA facies of the arc system and its associated cop-
per-gold mineralization were overprinted approximately 5 to 
10 million years later by the southward migrating, MAC units 
of the middle part of the arc system and its associated lead-
zinc-silver ± tin deposits. The MAC units comprise the main 
volume of volcanic rocks and represent the thermal axis of the 
magmatic arc. The passage of the arc thermal axis is a tectonic 
trigger for kinematic activity on earlier tectonic elements as the 
arc transgresses through an area. 

The stress-strain regime that accompanied the Miocene arc 
passage was regional NNE-SSW compression. This compres-

northwest-striking structural elements, such as the Walker Lane 
and Las Vegas shear zones, to produce recurring right-slip mo-
tion. The compression acted on pre-existing northeast-striking 
structural elements, such as the Spotted Range-Mine Mountain 
zone of Carr (1990) to produce left-slip motion. This com-
pression acted on NNE-striking faults with tension to produce 
dip-slip motion. This pattern of intra-arc transtension migrated 
southward with the arc and was most active in the area of the 
MAC arc thermal axis. 

Tectonic Framework of the Southwest Nevada Volcanic 
Field

A discussion of the Miocene tectonic framework for the 
Southwest Nevada Volcanic Field (Figure 4) is useful to under-
stand the emplacement of the volcanic rocks and mineraliza-
tion. The Paintbrush/Timber Mountain sequence was emplaced 
into regional, strike-slip tectonics. Within this framework, 
north-south to NNE-striking, tensional zones provided dilation-
al jogs between the strike-slip fault elements. A major NNE-
trending dilational jog is inferred to exist between the south-
southeastern end of the Walker Lane fault zone north of Pahute 
Mesa and the Pahrump-Stateline/Las Vegas Valley shear system 
to the southeast. In effect, the NNE-striking zone shown on Fig-
ure 4 serves as a strain transfer mechanism to accommodate 
differential stress between the Walker Lane zone on the north 
and the Las Vegas/Pahrump-Stateline fault system to the south. 

(as delineated by Carr, 1990) is one of the main elements of the 
tensional jog. 

The Kawich-Greenwater rift is a Miocene-age, arc-related, 
strike-slip, pull-apart basin that was pervasively intruded by 
a large trachybasalt magma body. In the surface geology, the 
Kawich-Greenwater gravity low is shown by a NNE-trending 
swarm of normal faults that are north and south of the Tim-
ber Mountain-Oasis Valley Caldera Complex (Carr, 1990). The 
fault swarm coincides with the NNE-trending axis of calderas 
and relates to the sources of the Paintbrush and Timber Moun-



Jan C. Rasmussen and Stanley B. Keith1140

Figure 4. Map of structural elements and volcanic centers in southwestern Nevada.

tain volcanics. The western margin of the rift is a composite 
of the Bare Mountain down-to-the-east fault and other normal 
faults that coincide with the western margin of the Silent Can-
yon caldera to the north. The eastern margin is a composite of 
faults underlying Forty Mile Wash, the Paintbrush fault, and 
down-to-the-west faults on the eastern margin of the Silent 
Canyon caldera. In between these boundary faults is an anas-
tomosing swarm of normal-slip, high-angle, NNE-striking nor-
mal faults. 

During a magmatic lull between the eruption of the Paint-
brush Group and the Timber Mountain Group, low-angle, 
normal, “detachment” faulting occurred in the Bullfrog Hills 
and northern Bare Mountain between 12.7 and 11.6 Ma (Saw-
yer and others, 1994). We interpret the “detachment” faulting 
as denudation faults that are a local, gravitationally induced, 
mega-landslide feature developed on previous thrust faults on 
a broad, westward inclined ramp (shown in Carr, 1990). This 

-
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enwater rift. The north-trending domal feature may have been 
formed as the underlying batholith rose into its culmination be-
neath Timber Mountain just prior to the eruptions of the Rainier 
Mesa and Timber Mountain Tuffs. In this view, the Bare Moun-
tain/Bullfrog denudation fault is not a manifestation of regional 
extension, but rather is a subordinate and local, distensional 
feature related to arc-related transtension. The passage of the 
central part of the arc (the thermal axis) through southwestern 
Nevada triggered this transtension between 14 and 11.4 Ma.

The transtensional, intra-arc tectonic framework for 
the Yucca Mountain region was an important control on the 

that coincides with the NNE-striking, high-angle fault swarms 
is a deep-seated feature. The fault swarms, thus, are deeply pen-

extensionally produced, denudation fault. Within the Nevada 
Test Site region, seismic data provide strong evidence that the 
high-angle faults penetrate at least to 7,000 feet (Brocher and 
others, 1996, 1998; Brocher and Hunter, 1996). These high-
angle faults appear to offset the Paleozoic-Cenozoic contact 
between about 3,000 and 7,000 feet. 

Within the fault swarm, there are alternating domains of 
low-density and high-density fracturing (Scott, 1990). The 

deep-seated plutonic sources of the Paintbrush and Timber 
Mountain volcanic rocks. 

MIOCENE MAGMATISM AND MINERALIZATION

Three-fourths of the mineral systems present in the region 
in and around the Nevada Test Site are related to the Miocene 
arc system (Table 3 and Figure 1). Mineralization records in-
creasingly alkaline magma-metal series models with decreas-
ing age, which is a result of steepening subducting slab during 
the Miocene. The principal magmatic features of the Miocene 
arc in the Nevada Test Site region are the large-volume ash 
sheets that were erupted from the Timber Mountain Caldera 
complex between 14 and 11.45 Ma (Sawyer and others, 1994). 
The Paintbrush/Timber Mountain sequence is MAC (Figure 
1), which throughout the world is associated with lead-zinc-
silver±tin mineralization (Keith and others, 1991; Wilt, 1993). 
Copper and gold have only been produced as a byproduct from 
these systems. 

The earliest Miocene mineralization in the region is proba-
bly associated with calc-alkalic facies of the magmatic arc. Pos-
sible calc-alkalic igneous rocks are represented by hornblende-
biotite diorite dikes on the east side of Bare Mountain, and by 
a 15 km long swarm of dikes mapped as quartz-latite porphyry 
dikes by Monsen and others (1990). In particular, the quartz-
latite porphyry dikes display a spatial association with gold de-
posits at the Mother Lode, Sterling, and Diamond Queen mines. 

This gold mineralization carries the mercury, antimony, arse-
nic, and thallium signature that is considered by many to be a 
trademark of the sediment-hosted Carlin-type model (MCA12 
model) or the closely related volcanic-hosted Round Moun-
tain type model (MCA9 model). Textures of arsenic-rich rims 
around pyrite grains shown with back-scattered SEM imagery 
at the Sterling mine (Castor and others, 1999) also support the 
MCA model. In addition to the MCA12 gold models exposed 
on the east side of Bare Mountain, borehole UE-25 p#1 at 
Yucca Mountain intercepted low-level gold mineralization with 
Carlin-type trace-element signatures in the Lone Mountain Do-
lomite below about 4800 feet (Castor and others, 1999).

Ages on the early MCA ENE-striking hornblende diorite 
dikes at Bare Mountain include 26±1.7 Ma on hornblende and 
16.6 Ma on biotite (Monsen and others, 1992). Altered possible 
equivalents of these dikes have yielded two K-Ar age dates of 
14.9±0.5 Ma and 13.8±0.2 Ma (Marvin and others, 1989; Noble 
and others, 1991; Monsen and others, 1992). These dikes locally 
host gold mineralization at the MCA12 Mother Lode mine. The 
Mother Lode mine is hosted in the Joshua Hollow sedimentary 
sequence, which occurs at the base of the mid-Tertiary section 
at Bare Mountain (Eng and others, 1996). No mineralization 
with the geochemical signature characteristic of the MCA12 
or MCA9 models (arsenic, antimony, mercury, thallium, gold 
metal signature) has been reported from volcanics younger than 
14 Ma throughout the Yucca Mountain region, despite intense 
sampling. We infer that the MCA12 Carlin-type deposits were 
formed in the Yucca Mountain region between about 17 and 14 
Ma. 

The interpretation for an early age for the Carlin-type min-
eralization differs from interpretations that it was emplaced 
around 12.9 Ma as proposed by Castor and others (1999) and 
Weiss and others (1995). Our interpretation is based on rela-
tions at the Diamond Queen mine, which contains two min-
eralization events: a breccia mineralization that overprints an 
earlier dike-related mineralization, as shown in the geochemi-
cal data of mineralized samples. At the Diamond Queen mine, 

porphyry. Data from those clasts (Castor and others, 1999) 
contain elevated gold and other element signatures typical of 

-
orine, or gallium, that are trademark signatures of the younger 
MAC mineralization models throughout the Nevada Test Site 
region. These data suggest that a pre-existing gold event associ-
ated with the quartz latite dikes was subsequently dismembered 
and mineralized by an overprinting event with a F-Li-Hg signa-
ture related to the regionally widespread MAC18D models that 
appear about 2 Ma later in this area. Mineralogically abundant 

known to occur in any other Carlin-type mineralization within 
the magma-metal series global data base. Thus, it is likely that 
the Sterling/Mary/Diamond Queen mine areas experienced two 
events closely spaced in time, but distinctly different in mag-
matic and metallogenic origin. 
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Table 3. TERTIARY MODELS, TIMING, AND MAGMA TYPES IN THE BROADER NEVADA TEST SITE REGION.

Magma-Metal 
Class Age (Ma) Metals

Magmatic Sequence: 
Cycle Examples

UDH? Post-5 Hydrothermal oil?  
and dolomite

Basin and Range  
basalts; no biotite;  

anhydrous

Thirsty Mesa, basalt of Amargosa Valley, basaltic andesite 
of Buckboard Mesa, Quaternary basalt of Crater Flat, 

basalt of Sleeping Butte, and Lathrop Wells volcanic center

MNA46 Younger 
than 8.7 Ma

Au-Te-Th-F-LREE; Mo-U Terminal arc magmatism: 
leucite basanite; quartz 

alkaline

Northern Bare Mountain (Daisy mine), Oasis Mountain 
area, central Clarkdale area; north of Rainbow Mountain, 

north of Montgomery Mountain; Life Preserver mine in 
Tolicha district

MQA35 10 Epithermal Au-Ag-Be-F; Au in 
quartz veins in NNW faults, 
electrum, adularia, sericite; 

low As, Sb, Hg, Tl

Rainbow Mountain 
sequence

Bullfrog district (Bullfrog, Montgomery-Shoshone, Original 

Mountain area, Clarkdale and Tolicha districts

MAC18B 11.4 Sn/ polymetallic; sparse  

As, Bi, Ga, Mo, Te, Tl

Fleur de Lis cycle in 
Paintbrush/ Timber 
Mountain sequence

Sleeping Butte;  Transvaal Hills,

MAC18D 11.45 Hg-Li-F; alunitic alteration Ammonia Tanks cycle 
in Paintbrush/ Timber 
Mountain sequence

Buttonhook Wash, Mine Mountain southwest, Calico Hills; 
Fatigue Wash area?; Solitario Canyon area; associated 

with magnetic highs

MAC18D 11.6 Moderately productive Au-Ag 
in Bullfrog Hills; Hg-Li-F; Ba, 

alunite, Th?

Rainier Mesa cycle 
in Paintbrush/ Timber 
Mountain sequence

Bullfrog Hills landslide mass; altered areas above, S, or E 
of magnetic high anomalies

MAC 12.8–12.7 No metals Tiva cycle in  
Paintbrush/Timber  

Mountain sequence

From Claim Canyon caldron

MAC18B 12.8 Hot spring Sn; distal zone Zn-
Tl-Bi-Pb-F-Ga-As-polymetallic

Topopah Spring cycle 
in Paintbrush/ Timber 
Mountain sequence

Quartz latite member of Topopah Spring Tuff is associated 
with fault-related, hot-spring vents (Abandoned Wash)

MAC17? 12.9–12.7 Elevated trace Ag, As, Au, Bi; 
moderately elevated Li, weakly 

elevated W, Zn, Sb, Pb, Hg, 
Se, Sn?

post-Wahmonie cycle 
in Paintbrush/ Timber 
Mountain sequence

Altered area in Wahmonie Formation; suggestive of epith-
ermal Ag veins; adularia dated at 12.6±0.4 and 12.9±0.4

MAC18B < 13.25 Zeolite-clay alteration; veins of 
specular hematite or MnOxide 

locally; pyrite, barite locally 
present

post-Prow Pass cycle 
in Paintbrush/ Timber 
Mountain sequence

Vein-type mineralization cutting units below the Calico Hills 
unit in boreholes in Yucca Mountain

MAC 13.25 — Bullfrog Tuff cycle in 
Paintbrush/ Timber 

Mountain cycle

MAC18B 14–13.25 Hot spring Sn mineralization: 
Weak As, Bi, Zn, W, Li, Pb, 

Sb, Tl, LREE

Tram cycle in  
Paintbrush/Timber  

Mountain sequence

Northern Yucca Mountain, Tram-Bullfrog contact

MAC18B? 14 Zeolite clay alteration, 
illite/smectite ± albite ± 

adularia ± chlorite ± sericite ± 
hematite±MnO

Lithic Ridge cycle in 
Paintbrush/ Timber 
Mountain sequence

Pyritic mineralization in the Tram Tuff

MAC 15.25–14.9
Tunnel Formation

MCA12 13.8–14.9 
dikes; 
17–14 

Au, As, Sb, Hg, Tl, Se, Te; 
sedimentary rock hosted Au

Early Miocene Eastern Bare Mountain, Sterling, Mother Lode, Diamond 
Queen mines, Joshua Hollow prospect; Yucca Mountain 
well UE-25 p#1 at 4858 ft. in Silurian Lone Mountain Fm.
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Arc

The central part or thermal axis of the magmatic arc ar-
rived in the Nevada Test Site area as extensive MAC volcanism 

Valley Tuff, the tuff of Yucca Flat, the Tub Spring Tuff, and 
the Tunnel Formation (Sawyer and others, 1994). These small-

Ma from uncertain sources. No mineralization is known to be 
associated with these units. 

Mineral systems in the Yucca Mountain and Nevada Test 
Site region can be correlated with cycles in the Paintbrush and 
Timber Mountain groups. The pertinent volcanic units include 
the following:

Lithic Ridge Tuff (14 Ma) [MAC18B];
Crater Flat Group, which includes the Tram Tuff (14–13.25 
Ma) [MAC18B], Bullfrog Tuff (13.25 Ma), and the Prow 
Pass Tuff; 
Post-Prow Pass interval (< 13.25 Ma) [MAC18B];
Wahmonie Formation (13 Ma); 
Post-Wahmonie interval (12.9–12.7 Ma) [MAC17];
Calico Hills Formation (12.9 Ma); 
Paintbrush Group, which includes the Topopah Spring cy-
cle (12.8 Ma) [MAC18B], Pah Canyon Tuff, Yucca Moun-
tain Tuff, and Tiva Canyon Tuff cycle (12.8–12.7 Ma);
Timber Mountain Group, which includes the Rainier Mesa 
Tuff (11.6 Ma) [MAC18D] and Ammonia Tanks Tuff 
(11.45 Ma) [MAC18D]; and
Fleur de Lis cycle (11.4 Ma).

Lithic Ridge Cycle (14 Ma), Pyrite in Clasts in Tram Tuff 
(MAC18B)

The Lithic Ridge Tuff may have erupted at 14 Ma from a 
small caldera source in the vicinity of Prospector Pass. Pyritic 
mineralization is contained in clasts in the Tram Tuff (Castor 
and others, 1999; Weiss and others, 1996, 1995) and may repre-
sent a now-dismembered mineralized system containing pyrite. 
Trace elements in the pyritic tuff are the same metal assem-
blage as the surface samples associated with tin mineralization 
at the top of the Topopah Springs Tuff. Pyritic clasts in the Tram 
Tuff may be from the same tin-related model (MAC18B) as the 
other mineral occurrences.

Tram Cycle (14–13.25 Ma), Hot Spring Sn Mineralization 
(MAC18B)

Castor and others (1999) sampled a paleo-hot spring or fu-
marolic horizon along the Tram Tuff-Bullfrog Tuff contact in 

as hydrothermal silica deposited by hot springs on a paleosur-
face at the top of the Tram Tuff. Samples collected from these 
ledges contain weakly elevated levels of arsenic, bismuth, zinc, 
tungsten, lithium, lead, antimony, and slightly elevated levels of 

thallium and light rare earth elements (Castor and others, 1999). 

Bullfrog Cycle (13.25 Ma)
Shortly after the close of the Tram cycle at about 13.5 Ma, 

a widespread, moderate-volume (650 km3

named the Bullfrog Tuff, was erupted from the vicinity of the 
Area 20 caldera (Sawyer and others, 1994). Following the 
eruption of the Bullfrog Tuff Member, the Prow Pass Tuff was 
erupted between 13.25 Ma and 13.0 Ma.

Post-Prow Pass (< 13.25 Ma), Vein Mineralization (MAC18B)
After eruption of the Prow Pass Tuff, a widespread miner-

alization event affected the Prow Pass Tuff and earlier units at 
Yucca Mountain. A vein-type mineralization cuts units below 
the Calico Hills unit within boreholes at Yucca Mountain. This 
mineralization contains zeolite-clay alteration of analcime, 

-
erals include illite/smectite, albite, adularia, chlorite, sericite, 
specular hematite, pyrite, and barite, with slightly elevated anti-
mony, arsenic and molybdenum, with some thallium, mercury, 
selenium, lead, and zinc (Castor and others, 1999).These char-
acteristics are similar to alteration and mineralization locally 
associated with anomalous tin occurrences in hot springs at the 
top of the Topopah Springs Tuff of the Paintbrush Group. The 
MAC18B mineralization may represent veins from the same 
hydrothermal plume as that vented in the hot springs. 

Post-Wahmonie 12.9–12.7 Ma, Epithermal Ag Mineralization 
(MAC17)

After eruption of the Prow Pass Tuff of the Crater Flat 
Group, andesitic volcanism erupted in the vicinity of the Wah-
monie Hills to produce lavas, tuffs, and breccias of the Wah-
monie Formation (Sawyer and others, 1994). The area was 
subsequently intruded by a series of porphyritic granodioritic 
intrusions (Castor and others, 1999). 

Alteration is dominated by adularia-sericite-silica. The sil-
ver content and adularia-sericite alteration are characteristic of 
the epithermal silver vein model (MAC17). The silver miner-
alization in the Wahmonie Hills has been directly dated, with 
adularia yielding two K-Ar dates of 12.6 Ma±0.4 and 12.9±0.4 
Ma (Jackson, 1988; Weiss and others, 1995).The Wahmonie 
system may be associated with magmatism that was much wet-
ter than the magmatism intruded within the Timber Mountain 
caldera complex emplaced along the Kawich-Greenwater axis. 

isotopic data reported in Farmer and others (1991). 

Topopah Spring cycle (12.8 Ma), Hot Spring Sn 
Mineralization (MAC18B)

After formation of the Wahmonie volcanic center, tuffs 
and lavas of Calico Hills were erupted around 12.9 Ma and the 
Topopah Spring Tuff was erupted at 12.8 Ma. The quartz latite 
member of the Topopah Spring Tuff is associated with a cluster 
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of fault-related, hot spring vents that are well developed within 
Yucca Mountain. This mineral system contained an ore-grade 

one mile south of borehole USW G-3 (Castor and others, 
1999). 

In the Topopah Spring Tuff, a northern distal zone is 
slightly enriched in Zn-Tl-Bi-Pb-F-Ga-As, whereas a southern 
proximal zone has elevated Sn and W. The hot spring tin min-
eralization has been called a fumarolic horizon at the top of 
the Topopah Spring Tuff. The Pah Canyon Tuff unconformably 
buried the fumarolic horizon (Barr and others, 1996) between 
12.8 Ma and 12.7 Ma, which are the dates on the underly-
ing Topopah Spring and the overlying Tiva Canyon units by 
40Ar/39Ar techniques (Sawyer and others, 1994). 

Physical features exposed in the Exploratory Studies Fa-
cility [ESF], a pilot adit for the Yucca Mountain proposed ra-
dioactive waste repository), suggest that this mineralization is 
related to hot springs rather than fumaroles. Recurrent faulting 
postdated the hot spring event and the overlying biotite-bearing 
bedded tuff. Barr and others (1996), Levy and others (1996), 
and Peterman and others (1996) observed structural disruption 
following the hydrothermal effects. The underlying magmatic 
sequence at Yucca Mountain is more hydrous than magmatic 
sequences associated with fumarolic activity. The Topopah 

-
trast to tuffs associated with fumarolic deposits, such as the 
Valley of Ten Thousand Smokes in Alaska (Papike and others, 
1991). Anomalous values of tin, tungsten, iron, and bismuth oc-
cur along the Busted Butte fault system south of the Dune Wash 
fault, which partly corresponds with a strong magnetic low. 

Tiva Cycle (12.8–12.7 Ma)
Volcanic activity shifted to the north and the Tiva Canyon 

Tuff was erupted from the Claim Canyon caldron at 12.8 Ma 

a previously zoned magma chamber (Lipman and others, 1966; 
Schuraytz and others, 1989; Flood and others, 1989), Broxton 
and others, 1989; Warren and others, 1989). Mineralization is 
not associated with the quartz latite member of the Tiva. The 

during the Paintbrush/Timber Mountain magmatic sequence 
(data in Warren and others, 1989). 

Rainier Mesa Cycle (11.6 Ma), Hg-F-Li Mineralization 
(MAC18D)

After a pause of 1.8 million years, the Rainier Mesa Tuff 
was erupted at about 11.6 Ma (Sawyer and others, 1994). Pre-
Rainier Mesa tectonism was associated with rise of silicic 
magma beneath the Timber Mountain portion of the Kawich-
Greenwater gravity low. This doming may have induced large-
scale landslides in the northern Bare Mountain and Bullfrog 
Hills. This gravitational sliding produced the distinctive tilt 
patterns that have been extensively reported as listric faulting. 
Magmatism of the Rainbow Mountain Group is associated with 

moderately productive gold-silver deposits emplaced into the 
landslide mass in the Bullfrog Hills.

At 11.6 Ma (Sawyer and others, 1994), large amounts of 
Rainier Mesa Tuff were erupted from the Oasis Valley caldera 
(Carr, 1990). The Rainier Mesa Tuff contains much more mag-
netite than underlying units (Broxton and others, 1989). The 
magnetic anomalies are associated with known faults or with 
caldera ring margins (Feighner and others, 1996) and correlate 
with alunitic alteration associated with the MAC18D mercury-

above, south and/or east of many magnetic highs. 
The higher abundance of biotite in the Rainier Mesa Tuff 

correlates with a higher frequency of mineralization. The 
MAC18D model is the most frequent mineral system present 
in the Yucca Mountain area. Of the 40 mineral systems in the 

model contains higher frequencies and higher average element 

related MAC18B model. Abundant alunite is present in the 
MAC18D model and is conspicuous by its absence in the tin-
related MAC18B model. Adularia and carbonate are less com-
mon in the MAC18D model. 

Ammonia Tanks Cycle (11.45 Ma), Hg-F-Li Mineralization 
(MAC18D)

The Ammonia Tanks Tuff was erupted from the Timber 
Mountain caldera as a rhyolite-quartz latite magma with MAC 

Mine Mountain southwest, and the Calico Hills systems) either 
yield reliable K-Ar alunite dates younger than the Ammonia 
Tanks dates and/or crosscut the Ammonia Tanks stratigraphic 
unit. The Ammonia Tanks-related mineralization contains alu-

Fleur de Lis Cycle (11.4 Ma), Sn/polymetallic Mineralization 
(MAC18B)

Volcanism waned after eruption of the Ammonia Tanks 
Tuff, although a series of basalts and basaltic andesites erupt-
ed at Dome Mountain. The sequence consists of a lower ba-
salt with K-Ar whole-rock dates ranging from 10.7 to 10.1 Ma 

-
licic magmas were evacuated from their batholith-scale magma 
chambers and/or the majority of the silicic component of the 
underlying batholith had largely crystallized (Broxton and oth-
ers, 1989). 

magmas, small amounts of rhyolite tuffs erupted at around11.4 
Ma (K-Ar dates in Sawyer and others, 1994) in the northwestern 
part of the Timber Mountain caldera complex near Fleur de Lis 
Ranch. Late stage rhyolitic tuffs were also erupted near Sleep-
ing Butte. In the Thirsty Canyon area, felsic volcanic rocks and 
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calcite in veinlets that cut highly fractured and sheared rhyolite 
lavas. These veins contain elevated concentrations of arsenic, 
bismuth, gallium, molybdenum, tellurium, and thallium (Cas-
tor and others, 1999), which are characteristic of the tin-related 
MAC18B model.

Two systems are present in the Transvaal Hills. The But-
tonhook Wash system consists of oxidized, acid-sulfate, alu-
nite-bearing rocks associated with the later part of the Ammo-
nia Tanks Tuff. About 1 km west of Buttonhook Wash, most 
of the historical workings are along steeply dipping, N to NE-
striking normal faults associated with areas of argillic and zeo-
litic alteration. At the principal shaft south of the Transvaal site, 
weakly elevated gold, bismuth, molybdenum ± thallium ± tin 
geochemistry has been reported in Tingley and others (1996, 
1998). Generally, only very weakly elevated concentrations 
of mercury have been obtained from the western part of the 
Transvaal district (Tingley and others, 1996, 1998). This low-
sulfur, adularia-clay alteration is characteristic of the MAC18B 
tin-related model. 

A major shift in the petrochemical structure of the arc 
sequence took place in the vicinity of the Nevada Test site at 
about 10.5 Ma. Quartz alkalic (MQA) magma-metal series 
rocks erupted west of Timber Mountain caldera from the Bull-
frog Hills to Stonewall Mountain. Within the Bullfrog Hills, 
basaltic lavas (basalt lava number 4 of Ransome, 1910; Eng and 

the Black Mountain caldera and lavas sourced in the Stonewall 
Mountain caldera (Figure 6). 

Post-10.5 Ma, Epithermal Au-Ag-Be-F Mineralization 
(MQA35)

Widespread mineralization in the Bullfrog Hills is tempo-
rally associated with the latitic and high-K, high-silica rhyo-
lite and hypabyssal intrusives within the Rainbow Mountain 
sequence. Adularia-sericite stable, gold-silver epithermal de-
posits are spatially associated with the MQA magmatic centers. 

and generally low to erratic arsenic, antimony, mercury and 
thallium values. Examples include the Clarkdale district, east-

Figure 5. K2O versus SiO2 variation diagram for Paintbrush/Timber Mountain 
magmatic sequence.

Figure 6. K2O versus SiO2 variation diagram for Rainbow Mountain sequence 
indicating Quartz Alkalic magma-metal series model.
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Figure 7. K2O versus SiO2 variation diagram of the leucite biotite basanite 
showing Metaluminous Nepheline Alkalic (MNA) magma-metal series.

Barrick-Bullfrog mine near Rhyolite, Montgomery-Shoshone 
mine, and Original Bullfrog mine. These deposits are assigned 
to the MQA35 model.

Many of these localities are well constrained by K-Ar dates 
of various types on adularia. In the Bullfrog Hills, the mineral 
systems become younger from the northeast to the southwest. 

from 11.3 to 10±0.3 Ma (Eng and others, 1996). To the south-
west, the Rhyolite district containing the Barrick-Bullfrog mine 
yielded K-Ar adularia ages ranging from 9.99 to 10.07 Ma. In 
the western Bullfrog Hills, K-Ar ages range from 8.7 to 9.2 Ma 
on adularia at the Original Bullfrog mine.

Ransome (1910) reported detailed descriptions and chemi-
cal analyses for a leucite basanite containing augite, olivine, 
leucite, magnetite, ilmenite, plagioclase, nepheline, biotite, 
apatite, and zircon. Chemical data for one sample of the leucite 

K2O-SiO2 variation diagram (Figure 7). 
The biotite content of the leucite basanite suggests that it is 

related to the arc magmatic event rather than the comparatively 
anhydrous magmatism that appeared in the Crater Flat region 

-
nesian minerals have been reported from the post 5-Ma basalts 
(Crowe and others, 1995; Heizler and others, 1999).

(where the sample for chemical analysis was collected), on the 

slope of the hill (elevation 3,580 feet) about 4,000 feet south 
of Beatty (Ransome, 1910). The nepheline alkaline (MNA) pe-

-
cient intrusions associated with gold deposits in other MNA46 
and MNA47 models. The presence of olivine-magnetite-ilmen-
ite indicates low oxidation and the occurrence of biotite indi-
cates hydrous crystallization conditions. 

Late Stage, Au-Te-Th-F-LREE Mineralization (MNA46)
Geochemical anomalies consist of molybdenum, cerium, 

lanthanum, barium, strontium, and uranium and slightly el-
evated tellurium, thallium, arsenic, tungsten, thorium, zinc, and 
mercury. These are characteristic of the gold-telluride systems 
of model MNA46. At the Life Preserver mine in the Tolicha 
district, highly anomalous thorium, light rare earth elements, 
strontium, and barium are intimately associated with the gold 
occurrence. In the Secret Pass/Daisy deposits, gold-copper met-

elements are highly anomalous in sample numbers YMR 0879 
and YMR 0850 (Castor and others, 1999). 

At the Oasis Mountain mine, Castor and others (1999) re-
ported that gold was being or has been produced from telluride 
ores. The Oasis Mountain Project (Spicer Claim) north of Beat-
ty, near Springdale, was producing telluride gold ore for over a 
year, and the district had been extensively explored for precious 
metals during 1981–1982 (Castor and others, 1999). Because of 
their highly economic pedigrees, gold occurrences that contain 
nepheline alkalic signatures are worth further investigation. 

Subduction-related magmatism ended in the Yucca Moun-
tain region around 6 Ma. The Spearhead member of the Thirsty 
Canyon Tuff erupted from the Black Mountain caldera as the 

PLIOCENE-QUATERNARY BASALTIC MAGMATISM

Basaltic volcanism after 5 Ma is associated with a north-
south zone called the Crater Flat volcanic zone (Crowe and 
others, 1995). Anhydrous, iron-rich, basaltic magmatism began 
about 4.88 Ma at several centers near Thirsty Mesa, where ba-
salt was deposited on Thirsty Canyon Tuff. At the south end of 
the zone, basaltic magmatism started at about 3.7 Ma as the ba-
salt of Amargosa Valley (Crowe and others, 1995). From north 
to south, Makani Cone, Red Cone and Black Cone (1.07–1.17 
Ma) and Little Cones (0.78–0.99 Ma) were erupted starting at 
1.17 Ma (Valentine and others, 2006). 
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Several types of basaltic volcanic rocks are present in 
Crater Flat (Vaniman and others, 1982; Bradshaw and Smith, 
1994). The oldest volcanic rocks of cycle 1, which initiated be-
tween 4.8 and 3.7 Ma, are mostly quartz normative basalts, with 
a minor hypersthene component and lower LREE and strontium 
compared to the younger basaltic volcanism. The next younger 
cycle of volcanic rocks (circa 1.1 Ma) in Crater Flat are hyper-
sthene normative and contain lesser amounts of Ce, La, Ba, and 
Sr compared to the younger volcanism (circa 0.85 Ma at Little 
Cones), which is nepheline normative. 

These three types of basalt come from three broad layers of 
the layered earth model (Figure 8). The quartz-normative mag-

matism represents basaltic partial melts extracted from an eclog-
itic upper asthenosphere, which is the source of MCA and MAC 

represent magmas extracted from the high-aluminum spinel lher-
zolite, which is the source of MQA magmas. The youngest MNA 
nepheline normative basalts represent magmas extracted from 
the chrome-rich spinel lherzolites in the lower asthenosphere. 
Regionally, alkalinity increases with decreasing age in any given 
volcanic center (Annis and Keith, 1986). Thus, in younger parts 
of the volcanic system, the cone of adiabatic decompression ex-
tends into deeper parts of the asthenosphere, where it taps in-

Figure 8. Magma-metal series petrotectonic model for a layered Earth.
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In southwestern Nevada, modern basaltic activity has fol-
lowed active Basin and Range faulting and has shifted to the 
west into Death Valley, Owens Valley, and Panamint Valley. 

Pine, California, in the Owens Valley, and the Ubehebe crater 
in northern Death Valley. 

TERTIARY-QUATERNARY UDH HYDROTHERMAL 

Hydrothermal activity shown by the presence of Late Ter-
tiary to Quaternary basalts and magnesium metasomatism allow 
the possibility that Ultra-Deep Hydrocarbon (UDH) processes 
could have been operating at Crater Flat. Coinciding magnetic 
highs and gravity lows, which occur in Crater Flat near Red 
Cone (O’Leary, 2007), are a common characteristic of UDH 
petroleum (Figure 9). 

Evidence supporting a possible UDH system at Crater Flat 
includes extensive dolomitization in Paleozoic rocks, the pres-
ence of radiogenic strontium, and widespread magnesian cal-
cite formed between 2 to 0 Ma (data from Wilson and others, 
2003). Neymark and others (2000, 2002) reported that luke-

net that dendritically forked upward; that is consistent with up-

calcite seeps at or near the ground surface and in shallow frac-
ture systems, such as illustrated by Menges and others (2000).

A possible serpentinite diapir and associated UDH system 
could have used normal faults on the east side of the Crater 
Flat graben, shown in O’Leary (2007), Stuckless and O’Leary 
(2007), and Valentine and others (2006). The main elements of 
the magnetic high are associated with north-south, tensional 
jogs on NNE-trending faults. The north-south jog on the Crater 
Flat fault could have been a route for rising magnesium-charged 
brines that were related to the possible serpentine diapirs.

Oil shales consistent with UDH activity occur in Area 8 in 
the NE portion of the Nevada Test Site (Figure 1), as reported 
in a petroleum source rock evaluation by Barker (1995). In 
Area 8, several carbonaceous shales contained total “organic” 
carbon (TOC) values between 6.14% and 26.43% hydrocar-
bon (kerogen reported as TOC) (Barker, 1995; French, 1997). 
These carbonaceous sediments could be interpreted as chemical 
“mud” produced during mud “volcanism” at the top of a possi-
ble mud volcano. This Area 8 system is probably separate from 
the Crater Flat UDH system to the southwest (Figure 1), and is 
approximately halfway between Crater Flat and the Railroad 
Valley UDH hydrothermal hydrocarbon system to the northeast 
described by Hulen and others (1994).

French (1997) suggested that the best site for possible 
hydrocarbon occurrences was at Crater Flat. This conclusion 
coincides with the site predicted by the UDH hydrothermal 
hydrocarbon model. French considered Railroad Valley to be 

an analog for Crater Flat. Railroad Valley exhibits evidence of 
hydrothermal oil occurrences, and is similar to those at Bacon 
Flat and Grant Canyon (Hulen and others, 1994). The lack of 
oil seeps in Crater Flat is not evidence for lack of an oil system, 
as oil seeps were not in evidence when Railroad Valley was 

system would be under Crater Flat, where it may be associated 
with reservoirs hosted in hydrothermal dolomite. 

QUATERNARY CALCRETE AND PEDOGENIC  
DEPOSITS

At Yucca Mountain, there is no evidence that Basin and 
Range faults have experienced movement for the last 10,000 
years (Taylor and Huckins, 1995). The youngest colluvial de-
posits have well-developed caliche soils developed above them 
and were deposited unconformably across the faults. Quater-
nary calcrete deposits demonstrate the lack of recent tectonism. 
Slope or bedded calcretes were formed by calcium carbonate 
leaching and redeposition in C-horizon caliche zones. The 
lower unit, which yielded dates of 488,000 to 270,000 years, is 
mineralized with silica and probable magnesium-enriched cal-
cite. These calcrete deposits are analogous to the opal and mag-
nesian calcite overgrown on older minerals in the Exploratory 
Studies Facility. These minerals yielded uranium-lead dates as 
young as 329,000 to 275,000 years (Wilson and others, 2003). 
The low temperature hydrothermal seep system appears to have 
gone extinct after about 200,000 years. As such, the seep sys-
tem on the Bow Ridge fault could be related to the distal edges 
of the possible UDH system beneath Crater Flat. Stability of 
faults and lack of volcanism and associated hydrothermal ac-
tivity during the Holocene were important regulatory consid-
erations in the integrity and quality assurance of the proposed 
Yucca Mountain repository, required to last several tens of mil-
lennia. 

SUMMARY AND CONCLUSIONS

Magma-metal series models were used to characterize min-
eralization at Yucca Mountain and nearby areas in southwestern 
Nevada. The assessment was updated with models related to the 
ultra-deep hydrocarbon (UDH) model, which suggests that oil 
can be formed hydrothermally via deep-sourced serpentiniza-
tion processes.

Cretaceous mineralization in the area began with MAC29B 
lead-zinc-silver deposits at 102–99 Ma and later MCA14 por-
phyry copper-molybdenum geochemistry at 93–96 Ma. These 
were followed by PC2 tungsten in pegmatite dikes of Late Cre-
taceous age and then by PCA3A gold-quartz veins at 85–72 Ma. 

Tertiary mineralization includes: MCA gold mineralization 
-

tion at 12.8–11.2 Ma; MQA gold mineralization at 10 Ma; and 
MNA gold-telluride mineralization at 8 Ma. The increasing al-
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-
ducting slab beneath the Yucca Mountain area between 15 and 
7 Ma.

Magmatism after 7 Ma in the region is not associated with 

metallic mineralization and occurs as anhydrous, basaltic volca-
nic cones in Crater Flat. Modern basaltic activity has followed 
active Basin and Range faulting and has shifted to the west into 
Death Valley, Owens Valley, and Panamint Valley.

and Swan, 2005). (See Figure 3 for an updated model that includes the serpentosphere and supercritical/subcritical boundary.)
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Hydrothermal activity after 7 Ma could be associated with 
a possible ultra-deep hydrocarbon (UDH) model. Evidence for 
a Pliocene-Quaternary hydrothermal event includes coincident 
gravity lows and magnetic highs in Crater Flat, widespread 
magnesian calcite and low-temperature hydrothermal activity, 
and comparisons with features at Railroad Valley.

Magmatism in the Southwest Nevada Volcanic Field prob-
ably did not access enough water during early fractionation 

of biotite and hornblende) is not associated with large, high-
grade metal systems throughout the world. Certain volcanic 
units are slightly more water-rich and more voluminous than 
others and are associated with tin mineralization and alteration 
events. None of the multiple hydrothermal metallic mineraliza-
tion events at Yucca Mountain itself are younger than approxi-
mately 11.4 Ma.

The potential for the existence, exploration, or discovery of 
economic metallic resources at the Yucca Mountain site is neg-
ligible for most commodities. Current markets and those in the 
foreseeable future are not likely to attract exploration compa-
nies to American tin occurrences. Potential for Carlin-type gold 
deposits may exist below approximately 5,000 feet in Paleo-
zoic sedimentary rocks. However, nearby regions contain much 
higher potential for discovery of this type of gold deposits in 
the foreseeable future. Low potential exists for the discovery of 
mercury deposits. Potential for other metallic commodities, such 
as silver, copper, molybdenum, lead, zinc, iron, tungsten, anti-
mony, and manganese, is negligible. There is , however, consid-
erable potential for discovery of additional gold mineralization 
around the Beatty, Bullfrog and Bare Mountain areas, southwest 
of Yucca Mountain. The Nellis AFB Range, Nevada Test Site, 
and Yucca Mountain site are presently restricted from mineral 
entry and this is not likely to change in the foreseeable future.
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