_

EVALUATION OF THE- GEOLOGIC
RELATIONS AND
SEISMOTECTONIC STABILITY
OF THE YUCCA MOUNTAIN AREA
NEVADA NUCLEAR' WASTE
SITE INVESTIGATION (NNWSI)

PROGRESS REPORT.
30 SEPTEMBER 1991

CENTER FOR NEOTECTONIC STUDIES
MACKAY SCHOOL OF MINES
UNIVERSITY OF NEVADA, RENO

~DR
WASTE

PDR

INDEX TO YUCCA MOUNTAIN PROGRESS REPORT
1 OCTOBER 1990 - 30 SEPTEMBER 1991
I.

General Task
Introduction and Summary of activities conducted during the
contract period.

II.

Task 1. Ouaternarv Tectonics
Summary of activities conducted during the contract period.
Results of research for the contract period.
Appendix A
Final report on Varnish Samples collected from the Monte
Cristo Area.
Appendix B
The maximum background earthquake for the Basin and
Range province, western North America.
Appendix C
Historical surface faulting in the Basin and Range
province, western North America: implications for fault
segmentation.
Appendix D
An explanation to accompany the geologic map of Crater
Flat, Nevada (First Draft).
Appendix E
Late Quaternary faulting at Crater Flat, Yucca Mountain,
.southern Nevada.

III.

Task 3. Mineral Deposits. Volcanic GeoloQy
Introduction and summary of activities conducted during the
contract period.
Appendix A
Magmatic and Hydrothermal Activity, Caldera Geology, and
Regional Extension in the Western Part of the Southwestern Nevada Volcanic Field.
Appendix B
Abstract. Geologic and tectonic setting and Miocene
volcanic stratigraphy of the Gold Mountain - Slate Ridge
area, Southwestern Nevada.
Appendix C
Abstract. Structural geology and Neogene extensional
tectonics of the Gold Mountain-Slate Ridge area,
southwestern Nevada.
Appendix D
Abstract. Multiple Episodes of Au-Ag mineralization in
the Bullfrog Hills, SW Nevada, and their relation to
coeval extension and volcanism.
Appendix E
Contrasting styles of epithermal precious-metal mineralization in the southwestern Nevada volcanic field.
1

Appendix F
Compositional controls on the gold contents of silicic
volcanic rocks: 15th International Geochemical
Exploration Symposium Program with Abstracts.
Appendix G
Ash-Flow Volcanism of Ammonia Tanks Age in the Oasis
Valley Area, SW Nevada: Bearing on the Evolution of the
Timber Mountain Calderas and the Timing of Formation of
the Timber Mountain II Resurgent Dome.
IV.

Task 4. Seismology
Summary of activities conducted during the contract period.
Appendix A
Real-Time Analogue and Digital Data Acquisition through
CUSP.

V.

VI.

Task 5. Tectonics. Neotectonics
Highlights of major research accomplishments and brief
summaries of research results.
Appendix A
Structure of the western Pahranagat Shear System.
Appendix B
Structural analysis of Bare Mountain, southern Nevada.
Appendix C
Mesozoic and Cenozoic structural geology of the CP
Hills, Nevada Test Site, Nye County, Nevada; and
regional implications.
Appendix D
Neotectonics of the southern Amargosa Desert, Nye
County, Nevada and Inyo County, California.
Appendix E
Quaternary tectonics and basin history of Pahrump and
Stewart Valley, Nevada and California.
Appendix F
Mesozoic deformation in the Nevada Test Site and
vicinity: A new perspective from the CP Hills, Nye
County, Nevada.
Appendix G
The origin of large local uplift in extensional
regions.
Task 8. Basinal Studies
Executive Summary of activities conducted during the
contract period.
Appendix A
The Mississippian Antler Foreland and Continental
Margin in southern Nevada: the Eleana Formation
Reinterpreted.
2

Appendix B
Mississippian Stratigraphy and Tectonics of EastCentral Nevada: Post-Antler Orogenesis.
Appendix C
Mississippian through Permian Orogenesis in eastern
Nevada: Post-Antler, Pre-Sonoma tectonics of the
western Cordillera.

3

YEARLY REPORT
YUCCA MOUNTAIN PROJECT
TASK 4
October 1, 1990 to Sept 30, 1991
James N. Brune
SUMMARY OF PROPOSED ACTIVITIES: We proposed to (1) Develop our data
logging and analysis equipment and techniques for analyzing seismic
data from the Southern Great Basin Seismic Network (SGBSN),
assuming eventual access to the data by satellite (2) Investigate
the SGBSN data for evidence of seismicity patterns, depth
distribution patterns, and correlations with geologic features (3)
Repair and maintain our three broad band downhole digital
seismograph stations at Nelson, Nevada, Troy Canyon, Nevada, and
Deep Springs, California (4) Install, operate, and log data from a
super sensitive microearthquake array at Yucca Mountain (5)
Continue to seek funding and plan for installation of an
underground laser strainmeter-tiltmeter facility at Yucca Mountain.
SUMMARY OF ACTIVITIES
(1) Continued activities to upgrade the CUSP data logging for
eventual use on Yucca Mountain data (see attached preprint).
(2) Shipped our Guralp seismometers back to the manufacturer for
This design error caused the
alteration of a design error.
instruments to go non-linear on high frequency local earthquakes.
(3) Continued to operate the 4-station microearthquake array at
Yucca Mountain. After discussions with USGS personnel we improved
our ability to distinguish local mine blasts form microearthquakes.
(4)

Continued analysis of the Szymansky report.

(5) Continued analysis of site effects at Mammoth Lakes and Anza,
California, for possible application of techniques to Yucca
Mountain area.
(6) Attended workshop on engineering lessons from the Mexico and
Chile earthquakes, San Diego.
Began work on
(7)
microearthquake data.

a

system

to

estimate

magnitudes

from

(8) Began analysis of a preprint by Gomberg on the strain pattern
in southern Nevada.
(9) Began investigation of attenuation of 20 hz energy in the
Basin and Range. Investigated techniques for measuring attenuation
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at Anza, California, for possible use at Yucca Mountain.
(10)
By invitation visited Baba Atomic Research Center, Bombay,
India, for conference and seminar on atomic waste disposal.
(11)
Visited Univ. of California, San Diego, to discuss use of
digital seismic arrays for seismic hazard and seismic source
mechanism studies.
Consulted with colleagues about future of
proposed strain meter installation at Yucca Mountain.
(12)
Studied techniques for determining source characteristics
from digitally recorded microearthquakes.
(13)
Improvised microearthquake recording system to record
microearthquakes from the Mammoth Lakes region for comparison with
Yucca Mountain microearthquake results.
(14)
Investigated techniques for extrapolating microearthquake
occurrence rates to estimate occurrence rates
for larger
earthquakes.
(15) Began comparison of microearthquakes recorded at the Mammoth
microearthquake stations with those recorded at Yucca Mountain.
(15)
Reviewed preprint by Gomberg on seismicity level at Yucca
Mountain.
(16)
Developed technique for
estimating magnitudes
for
microearthquakes recorded at Yucca Mountain.
Made preliminary
estimates of attenuation Q for 20 hz energy at Yucca Mountain.
(16)
Attended meetings of Seismological Society of America, San
Francisco. Presented paper on Yucca Mountain microearthquake study.
(16)
Drafted manuscript on microearthquakes at Yucca Mountain,
Nevada.
(17)
Received repaired Guralp instruments.
Installed repaired
instruments at Nelson, Nevada.
Repaired vandalized facility at
Nelson.
(18) Finalized curve for defining magnitudes of microearthquakes
at Yucca Mountain.
(19)
Completed testing on remaining Guralp instruments returned
from England. Found one horizontal for Troy Canyon defective.
(20) Compared magnitude between Northern Nevada Network and SGBSN.
Found unexplained bias of 1/2 magnitude unit (UNRSL > SGBSN).
(21)
Filtered selected Northern Nevada Network station to
duplicate Yucca Mtn. microearthquake response in order to revise
attenuation profile for Mammoth area to Yucca Mtn.
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Annual Progress Report-General Task
Prepared by C. H. Jones
1 October 1990 to 30 September 1991
Introduction
This report provides a summary of progress for the project "Evaluation of the Geologic
Relations and Seismotectonic Stability of the Yucca Mountain Area, Nevada Nuclear Waste
Site Investigation (NNWSI)." This progress report was preceded by the progress report
for the year from 1 October 1989 to 30 September 1990. Initially the report will cover
progress of the General Task, followed by sections describing progress of the other
ongoing Tasks which are listed below.
Task 1
Task 3
Task 4
Task 5
Task 8

-

Quaternary Tectonics
Mineral Deposits, Volcanic Geology
Seismology
Tectonics, Neotectonics
Basinal Studies

General Task
Staff
Steven G. Wesnousky, Project Director, Peizhen Zhang (until 1 Nov. 1990), Postdoctoral
Fellow, Craig H. Jones (since 1 January 1991), Postdoctoral Fellow, Ingrid Ramos,
Secretary.
Administrative Activities
The General task continued to coordinate and oversee activities of the research tasks.
Administrative activities are principally oversight of budgets and preparation of monthly
reports, and coordination and collation of research reports and reviews required by the
contract in a timely manner. Dr. Wesnousky has also represented NWPO at a number of
meetings with the NRC and other federal agencies during the last year.
Technical Activities
Research activities conducted by the general task have focused on the tectonics of the
Yucca Mountain region. Dr. Peizhen Zhang continued neotectonic studies of the Panamint
Valley. Research conducted by Dr. Jones has focussed more on the seismological and
tectonic framework of the entire lithosphere. Because Yucca Mountain lies near the
boundary between two very different extensional regimes, general tectonic study of both
regions will improve understanding of the Yucca Mountain site. In addition to the research
projects actually conducted over this period, preparations have been made for using
earthquakes in the NTS/Yucca Mountain area to construct three-dimensional velocity
structures; these structures will also improve the confidence in the location of earthquakes
in the area. Field investigations in the region suggest the possibility of conducting in the
next year neotectonic investigations along faults to the west of Yucca Mountain that will
improve understanding of the overall distribution of deformation in the Basin and Range.
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The first project represents the completion of a project initiated by Dr. Jones. In this
experiment, seismometers were deployed in the high Sierra Nevada of southern California
in 1988. Teleseisms and regional earthquake arrival times recorded by this network were
used to examine the crustal and upper mantle structure beneath the southern Sierra. The
results, presently in a manuscript in review, have proven quite controversial: While
extension in the upper crust has accomodated over 250 km of motion in the Basin and
Range, it appears from this work (when placed in context for the entire region) that the
downward continuation of that deformation actually lies under the Sierra Nevada to the
west. This deformation is inferred to have warmed and thinned the anti-buoyant mantle
lithosphere, thus causing the Sierra Nevada to rise. Such a model has important
implications in the Yucca Mountain area, because Death Valley's deformation lies only a
few miles to the southwest. Understanding the lithosphere-scale tectonics of the region
should improve the framework for systematically examining the Yucca Mountain site; this
work complements the earlier study of Dr. Zhang (see last year's report), who described,
without providing a tectonic explanation, the evolution of faulting in the Death Valley area
through time. A continuation of the seismological investigation into the Basin and Range
toward Yucca Mountain is planned.
The second project is something of an outgrowth of the first; Dr. Jones, because of the
above described work, was invited to participate in an international conference on the
tectonics of rifting held in early November, 1990. The authors of presentations were
invited to write papers for a proceedings volume; the four workers who represented the
Basin and Range (Wernicke, Farmer, Walker, and Jones) combined to write a single paper
that attempts to integrate geological, geochemical, and geophysical observation. Dr. Jones
has been responsible for the geophysical study and the overall compilation and preparation
of the manuscript. Although the paper contains considerable review, the geophysical
section explores the variaton in the style of deformation through the Basin and Range by
taking seismic velocity profiles of the crust that have been obtained in the past few years
and converting them into density structures. Armed with the density of the crust, one can
infer how much of the variation in elevation seen through the Basin and Range is due to
variations in density in the crust; what remains is probably due to variations in the mantle.
Results of this study that bear on Yucca Mountain directly are that to the north, extensional
deformation in the mantle probably lies under the central part of the Basin and Range, while
to the south, deformation in the upper mantle lies under the western flank of the Basin and
Range. This implies that a major lithospheric boundary lies near the Yucca Mountain area;
this boundary might be responsible for the diffuse band of seismicity that crosses the Basin
and Range at this latitude.
A third project is a continuation of work undertaken with Drs. Leslie Sonder
(Dartmouth College) and Steven Salyards (New Mexico State University), which in turn
was inspired by earlier work of Nelson and Jones (1987). Paleomagnetic samples have
been gathered in Miocene sediments near Lake Mead in order to understand the mechanics
that accompany the creation of "oroflexes," which are great bends in the earth's crust
adjacent to large strike-slip faults. These bends are best understood through paleomagnetic
work, which can constrain the exact amount of bending. Earlier work by Nelson and
Jones documented the presence of an oroflex in the Las Vegas Range northwest of Las
Vegas; that study lacked the spatial resolution to understand the machanical underpinnings
of the deformation and also could not constrain the age of deformation. The present study
should solve both problems, for the young sediments in the Lake Mead area are well
exposed and have not been as deformed as the sedimentary rocks in the Las Vegas Range.
Although the study is still proceeding, data to dat do clearly show that the oroflex does
extend to the southeast and formed within the past 15-20 m.y.. This same structure or one
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analagous to it might extend into Yucca Mountain, where similar paleomagnetic rotations
have been observed by USGS scientists over the past few years. Completion of this work
should provide insight into structures that might be present in Yucca Mountain itself,
including, possibly, the presence of large, subhorizontal decollements.
A fourth project initiated by Dr. Wesnousky and conducted with Dr. Jones investigates
the physical parameters that control the partitioning of slip between a vertical fault and an
adjacent dipping fault through the use of a simple model. The model was improved and
expanded for use on fault systems within continents from models originally developed to
understand analagous phenomena observed at plate boundaries. This model was initially
applied to the San Andreas fault and it indicates that the slip rate along the San Andreas
should vary as a function of the geometry of the adjacent dipping faults. It also provides
some insights into the variation of physical characteristics of the faults that control the
strength of the fault. A manuscript was prepared and submitted to Science. Within the
Basin and Range, several faults exhibit similar behavior. one large, vertical fault will tend
to be strike-slip, while an adjacent fault might have oblique-slip on its dipping surface.
Such fault systems include the Death Valley and Owens Valley fault systems. We are now
beginning to investigate the possible implications of these results with respect to the Yucca
Mountain sight are now being investigated.
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PROGRESS REPORT
Task 1 Quaternaxy Tectonics
1 October 1990 to 30 September 1991

John W. Bell
Principal Investigator
Alan R. Ramelli
Co-investigator
Craig M. dePolo
Co-Investigator

SUMMARY OF ACTIVTES CONDUCED DURING THE CONTRACT PERIOD

During the contract period, the following activities were conducted by Task 1:
LW. Bell made a presentation on Quaternary faulting at and near Yucca Mountain to the
National Academy of Sciences Panel on Coupled Processes, and a three-page paper titled
"Evidence for late Quaternary faulting in Crater Flat" was included in the DOE field trip
guidebook prepared for the Academy panel.
*

C.M. dePolo and J.W. Bell organized and led a two-day field trip to the 1932 Cedar
Mountain earthquake area for the Nuclear Waste Technical Review Board.
*

* J.W. Bell and A.R. Ramelli reviewed the DOE Study Plan 83.1.17.4.6 "Quaternary
Faulting Within the Site area" and submitted a 5 page report to the Nevada Nuclear Waste
Project Office.
* J.W. Bell and C.M. dePolo re-reviewed the NRC Staff Technical Position on
"Investigations to Identify Fault Displacement and Seismic Hazard at a Geologic Repository"
and submitted a two-page report to the Nuclear Waste Project Office.

* J.W. Bell attended a Geological Society of America Penrose Conference on surfacedating techniques at which Yucca Mountain data were presented.
I J.W. Bell presented the paper "Late Quaternary Surficial Geology in Crater Flat, Yucca
Mountain, Nevada" at the 1991 Geological Society of America Cordilleran Section meeting
in San Francisco.
* J.W. Bell presented the paper "Tephras and Late Holocene Alluvial-fan Deposition in

West-central Nevada: Is There a Connection?" at the Annual Meeting of the Geological
Society of America in San Diego.
$ The manuscript "Late Quaternary Geomorphology and Soils in Crater Flat, Next to Yucca
Mountain, Southern Nevada" was completed by F.F. Peterson, J.W. Bell, RI. Dorn, and
AR. Ramelli and submitted to Quaternwy Research (copy attached).

* AR. Ramelli and J.W. Bell contributed the surficial geology and Quaternary faults to the
Geologic Map of the Crater Flat 7½-minute quadrangle completed by J. Faulds and D.
Feuerbach (copy attached). The map will be published by the Nevada Bureau of Mines and
Geology.
C.M. dePolo completed the manuscript 'The Maximum Background Earthquake for the
Basin and Range Province, Western North America' and submitted it to Seismological
Society of America Bulletin (copy attached).
*
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* A.R. Ramelli and J.W. Bell completed the manuscript "Late Quaternary Faulting at
Crater Flat, Yucca Mountain, Southern Nevada" and submitted it to Geology (copy
attached).

* J.W. Bell completed compilation of the surficial geology of the Mina 7W-minute
quadrangle. The map will be co-authored with J. Oldow (Rice University) and published by
the Nevada Bureau of Mines and Geology.

J.W. Bell submitted and received results for four 14C samples from faulted deposits along
the 1932 Cedar Mountain fault.
'

J.W. Bell submitted 13 tephra samples from the 1932 Cedar Mountain earthquake region
to Andre Sarna-Wojcicki of the U.S. Geological Survey for chemical identification. A total
of 10 ' 4C samples was collected from the tephra sequence and submitted to Geochron
Laboratories for dating.
*

* A total of thirty-nine tephras has been collected for the Cedar Mountain study, of which

J.W. Bell has petrographically analyzed thirty-two of these to date.
* R.I. Dorn completed analyses and dating of rock varnish samples from the 1932 Cedar
Mountain area and submitted a final consultants report (copy attached).

Low-sun-angle aerial photography (1:12,000-scale) was flown of three areas containing
historical and Holocene surface faulting: the 1954 Fallon-Stillwater earthquake area; the
1934 Excelsior Mountain earthquake area; and the Benton Springs fault zone which lies
within the 1932 Cedar Mountain area
*
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RESULT'S OF RESEARCH FOR THE CONTRACr PERIOD

Areas of research for the contract period included the following:
A.R. Ramelli and J.W. Bell completed compilation of allostratigraphic relations for
Crater Flat.
* J.W. Bell continued allostratigraphic studies in the 1932 Cedar Mountain earthquake

area.
' C.M. dePolo continued detailed mapping of faulting associated with the 1932 Cedar
Mountain earthquake.

Crater Flat Allostratigraphy
A final synthesis of allostratigraphic relations in Crater Flat was completed with the results
contained within two manuscripts. Soils and geomorphic data are presented in a paper tided
"Late Quaternary Geomorphology and Soils in Crater Flat, Next to Yucca Mountain,
Southern Nevadae which is submitted to Quatemay Research.Large-scale mapping of these
relations is contained on the 1:24,000-scale 'Geologic Map of the Crater Flat 7½-minute
Quadrangle" produced jointly with the Center for Volcanic and Tectonic Studies at the
University of Nevada, Las Vegas.
As described in previous reports (e.g., Bell et al., 1990), six principal allostratigraphic units
are defined for Crater Flat, and these units can be used to constrain recency and recurrence
of Quaternary fault movement. Based on rock varnish cation-ratio and 14C AMS dating at
twenty-two sites, the six Crater Flat allostratigraphic units have the following approximate
ages:
Crater Flat < <6.6 ka Little Cones 6.6-11.1 ka
Late Black Cone 173-303 ka
Early Black Cone 130-190 ka
Yucca 360-370 ka
Solitario 450 to >740 ka
Although the accuracy and precision of rock varnish dating has recently been questioned by
several investigators (Bierman and Gillespie, 1991; Bierman et aL, 1991; Reneau and
Raymond, 1991), the Crater Flat rock varnish dates are regarded as being accurate age
approximations for several reasons. Bierman and Gillespie challenge the analytical
procedures used by Crocker Nuclear Laboratory at UC Davis which performed the cation
ratio analyses for Dorn. They contend that the UC Davis data are flawed based on the
1-3

laboratory's inability to differentiate barium from titanium. In a rebuttal, Cahill (in press)
demonstrates that Bierman and Gillespie have misinterpreted raw data values from his
laboratory and lack an acceptable protocol for conducting interlaboratory comparisons. In
addition, all Crater Flat data were cross-checked for this project by R.I. Dorn who
performed additional cation-ratio determinations using microprobe and ICP analyses which
are not sensitive to the barium problem.
Reneau and Raymond (1991) take issue with the entire concept of cation-ratio dating and
suggest that no systematic changes in cation ratios actually occur. They speculate that the
apparent trend in cation ratios with increasing is merely an artifact of analytical procedural
error. The procedure has been verified by numerous other researchers, however, (e.g.,
Loendorf, 1991), and the lack of correlation between varnish age and cation ratios may be
related to variations in cation-leaching sites on sample surfaces. Dorn and Krinsley (1991)
illustrate that only varnishes with continuous layering should be used for paleoenvironmental
study because other varnish textures may show either increases or decreases in cation ratios
depending on postdepositional modifications.
The cation-leaching curve previously constructed and the derived cation-ratio ages for Crater
Flat units (Fig. 1)are consistent with other independent stratigraphic data. Uranium-series
analyses of pedogenic carbonate from a Late Black Cone age soil exposed in U.S.
Geological Survey trench CF-3 (Ku, 1989; Luo and Ku, 1991) yielded uranium-thorium ages
consistent with a rock varnish age from the same location and with other 14C data from
Crater Flat. Figure 2 shows the relationship between uranium-series ages and the cationleaching curve. Twelve of the Crater Flat samples used to define this curve were dated by
14C AMS analysis. The presence of Bishop ash (-730 ka) in the Solitario unit (Marith
Reheis, 1991, written communication) is further verification of the rock varnish age
relations.
Cedar Mountain Allostratigraphv
Allostratigraphic studies in the 1932 Cedar Mountain region consisted of several separate
elements all of which were directed toward providing better stratigraphic and age control
relative to defining recurrent movement on the 1932 rupture zone.
Four samples of buried vesicular A (Av) horizon were collected from trench 3 (Fig. 3).
Although no megascopic organic material was visible in any of the samples, these buried
soils horizons contained enough minute organic material to be dated by accelerator mass
spectrometry. The dates are determined on bulk organic carbon content, and thus are mean
residence time (MRT) dates:
CM-3-1 12,840±110 yrs
Sample
CM-3-2 9,226 ± 93
CM-3-3 3,878 ± 99
CM-3-4 13,160±190
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Figure 1. Crater Flat cation-ratio leaching curve. Units: Qfcf Crater Flat; Qflc, Little Cones;
Qflb, Late Black Cone; LW, Lathrop Wells; BC, Black Cone; RC, Red Cone; LC, Little
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Samples CM-3-1,-2, and 4 were collected from the same stratigraphic horizon in trenches
3A and 3B. The horizon consists of a strongly vesicular Av that caps the lowermost ponded
silt horizon in both trenches. Sample CM-3-3 was collected from the uppermost "platy" silt
in trench 3A which lies immediately beneath the modem Av horizon. This horizon is a
buried soil formed on the uppermost ponded silt in the trench exposure.
The age date results indicate that the stack of ponded silts buttressed and faulted against
the 1932 fault trace are likely of latest Pleistocene to Holocene age. Although the MRT
dates may only be average estimates, they strongly suggest, when taken together with the
degree of soil development, that the stack is on the order of 10,000-20,000 years in age.
Samples CM-3-1, -2, and -4 are likely close to the true numerical age of the soil, and they
probably date the time of burial by the overlying silt unit fairly closely.
Tephrochronology

Petrographic analysis of the thirty-nine volcanic ashes collected in the Cedar Mountain area
indicates that the tephras of Holocene age may be differentiated on the basis of refractive
index (Table 1). In particular, the Turupah Flat ash is ubiquitous in the study area and
serves as a principal late Holocene stratigraphic datum. It is bracketed by 14C dates of
1455±140 and 1590±130 yrs obtained during this study, and it has a consistent refractive
index of about 1.494. The other tephras lie both stratigraphically above and below the
Turupah Flat ash, and they can similarly be tentatively identified on the basis of refractive
indices. The ashes have also been submitted to Andre Sarna-Wojcicki of the U.S. Geological
Survey for positive chemical identification, and the results of his microprobe analyses are
pending.
Table 1. Refractive indices of tephra samples from the Cedar Mountain region.
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Figure 3. Location of radiocarbon samples in Monte Cristo Valley trench 3.
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Rock Varnish Analyses
A total of fourteen rock varnish samples were collected and analyzed by Ronald L Dorn for
both ' 4C age and cation ratio. The final consultants report containing all analytical data is
attached to this report. Eight of the rock varnish samples were dated by AMS 14C and
provide approximate ages for the Qf2 and Qf3 allostratigraphic units. All rock varnish ages
are consistent with pre-mapped surficial relations as well as with the tephrochronology.
The most recent synthesis of allostratigraphic relations and rock varnish ages is shown on
Figure 4.
Mapping of 1932 Ruptures
Work by C.M. dePolo continued on transferring the 1932 Cedar Mountain earthquake
ruptures to 1:24,000-scale base maps. This will eventually allow better small scale maps
representing the surface ruptures to be made, with more accurate surface break locations,
lengths, orientations, and spacings between ruptures. These maps will become some of the
core data for our manuscript on the earthquake to be submitted to the Journal of
Geophysical Research. These maps will also be annotated in the future to make tectonic
strip maps documenting the surface breaks from the 1932 earthquake. These strip maps are
intended to be published through the NBMG.
Some field work was conducted on the 1932 surface breaks. In particular, ruptures in Gabbs
Valley, near "earthquake hill," and near the Paradise Peak Mine were inspected.
"Earthquake hill,' as it was referred to by Gianella and Callaghan (1934) is peculiar because
the surface break virtually surrounds a small hilL This hill is made up of tuffaceous
sediments, warped into a gentle syncline, plunging 5° to the northwest. After inspection of
aerial photographs and in the field, it seems that this rupture may be more due to shaking
and gravitational sliding of this block downslope, and not to tectonic faulting. This location
is an outlier of the mapped surface ruptures, so the width of tectonic faulting associated with
this event may be slightly less than previously measured.
A field visit was conducted with University of California, Berkeley paleontologist Dr.
Howard Schorn and California Academy of Sciences Entomologist Dr. Harvey Scudder to
better understand the faulted sediments in Stewart Valley. In the center of these sediments
in Stewart Valley there is an absence of mapped surface faulting from the 1932 Cedar
Mountain earthquake. The gap in surface faulting may be tectonic but it may also be the
result of sediments absorbing the rupture, or the rupture may have been subtle and was
never mapped.

Eugene Callaghan's notes for the 1932 Cedar Mountain earthquake were obtained from the
USGS, so all original notes from the 1932-1933 field work are now in hand. These will
greatly aid in understanding the information presented in Gianella and Callaghan (1934) as
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Figure 4. Generalized section illustrating Cedar Mountain stratigraphy and ages.

well as reveal some subtle observations that were not published.
Maps and reports from surrounding mines were gathered to give a better perspective on the
regional geologic framework of the 1932 earthquake area. These data reveal more clearly
the nature and history of local detachment surfaces and their present day positions and
orientations. Such information is vital in evaluating the potential contribution of
detachment surfaces to the distribution of surface faulting during the 1932 earthquake.
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The purpose of this investigation is to provide rock varnish dates on geomorphic
surfaces in die Monte Cristo Valley ea, in particolar surfaces associated with the Benton
Springs and Cedar Mountain faults.
The investigation has four phases. The first phase of the investigation was the
sampling of rock varnish with I.W. Bell in May of 1990. The second phase was the
preparation of samples for chemical analysis. The third phase was the chemical
measurement of samples. The fourth phase is the analysis of these data.
The samples were collected from fureen different sites:
I-JWB-1-CM-18
l-JWB-1-CM-22
l-JWB-l-CM-33
l-JWB-l-CM-34
1-JWB-1-CM-35
1-JWB-1-BS-9
l-JWB-l-BS-27
l-JWB-1-BS-28
I-JW B-1-BS-34
1-JWB- 1-BS-35
1-JWB-1-BS-37
l-JWB-l-BS-39
1-JWB- 1-BS-4 1
1-JWB-l-BS-42
Samples were collected for three types of rock varnish dating. (1) Rock varnish
cation ratios were measured on samples from all sites. C2) Accelerator radiocarbon dates
were submitted for analysis from 8 sites. (3)Uanium-series analyses will be conducted on
samples from sites l-JWB-I-BS-35 and 1-JWB-1-BS-41. The rock varnish has been
removed from the rock surface, but the uranium-series dating must wait for experiments to
be conducted oan proper sample extraction procedures. In addition, samples were collected
from l-JWB-1-CM-21 for experime dating by in sic carbon-14 measurements on soil
cobbles buried by ponded sediments. These samples have not been processed for in sku
carbon-14, but I hope to get colliboraive scientists workivg on this dating technique
interested in analyzing the sample.
Results are reported here for rock varnish cation-ratios and rock varnish
radiocarbon analyses.
METHODS
Rock varnish samples were collected in the field and assessed in the laboratory
according to citeria outlined elsewhere (Dan, 1989, table 2; Dam et aL, 1990; Krinsley et
al. ,1990).
Samples for cation-ratio dating were prepared according to the methods outlined in
Dorn (1989) and Dorn et al. (1990). However, a new cleaning technique was also
instituted for particularly 'diry' samples. Varnish scrapings were ground up into a fine
powder (less than 2 microns). su
nded
i deionized water, and let settle for a few
minutes. The rock contm s ttled out first, leaving the rock varnish behind. The
sample contamination assessment procedures in Dorm (1989) were used to assess
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contaminatioa after cleaning by this new technique. I estimte the greatest contamination to
be about 4% by volume and less than 2% by chemisay in BS 9 and BS 34 since the
underlying rocks that were sampled had minimal amounts of Ca, K, and Ti. The ocher
tion by volume and less than 2%
ta
sites are estimated to have less than 2%
contamination by chemisuy.

Samples for radiocarbon dating were prepared by the technique similar to Dorn et
al. (1989), but with a significant advance. When the varnish was scraped, organic mas
were removed from the varnish/rock ieface rather than bulk samples of the lowest layer
in the varnish.

These subvarnisb organic samples were identified as coming from the

varnish/rock interface by pieces of the underlying rock being attached to the organic mas.
These samples were then pretreated as in Dorn et al. (1989), with HF and HCa to remove
loose organics attached to clays and carbonates. The organics were analyzed by accelerator
mass spectrometry at the Isitute cf Nuclear Sciee in New Zealand (Lowe et al., 1988).
RESULTS
Table 1 presents a summary of cation ratio measurements from each of the sites.
Table 2 presents radiocarbon dates from 8 sites and their corresponding cation-ratios used
in the development of a cation-leaching curve. Table 3 presens raw cation ratio
measurements, reasons why certain analyses were reected, and caticn-ratio age-estimate
for sites not radiocarbon dated.

Table 1. Cation-ratio analyses fr= each site. Results are repcrted with a I sigma ertr.
The sites are ordered from oldest (top) to youngest bottom).

Site

(K+Ca)/Ti

l-JWB-l-BS-41
1-JWB-1-BS-35
1-JWB-1-BS-27
l-JWB-1-BS-28
1-JWB-1-CM-22
1-JWB-1-BS-37
1-JWB-1-BS-39
1-JWB-1-CM-18
1-JWB-1-CM-33
1-JWB-1-BS-42
1-JWB-1-CM-35
1-JWB-1-CM-34
1-JWB-1-BS-34
1-JWB-1-BS-9

Range 3.79 - 4.06, where 3.79 best reflects miimum age of site
4.40* 0.14
5.42 * 0.09
5.48 * 0.12
5.50 *
5.50 *
5.52 *
5.56 *

0.11

0.11
0.16
0.23
6.59 * 0.10
6.82 * 0.15

7.03 * 0.10
7.13 * 0.15
9.07 * 0.20

9.27 * 0.60

1.13

4
Table 2. Cation-ratio and radiocatbon data used in tde construction of a cation-leaching
curve for the Monte Cristo area
Site

Age

Cation RAVo

initial Ratio

100

10.65 * 0.53

JWB
JWB
JWB
JWB
JWB
JWB
JWB
JWBE

625 * 75
5900 * 90
8000* 100

9.07 * 0.20
7.03 * 0.10
6.82 * 0.15

NZA 1382
NZA 1380
NZA 1368

CM33

11,250 * 120

21.940 *
22,170 *
22,740 *
25,430 *

6.59 * 0.10
5.56 * 0.23
5.5 * 0.11
5.50 * 0.11

NZA 1381

CM18
BS37
CM22
BS27

___tc_____

BS34
CM35
BS42

360
370
360
480

5.42

*

0.09

Lab No. of
_Radiocarbon

NZA
NZA
NZA
NZA

Daue

1377
1360
1417
1379

Figure 1 presents my best estimate for the cation-leaching curve in the Monte Cristo
Valley. The cation-ratios and radiocarbon dates align up nicely for the last -1 ka.
However, the four radiocarbon dates and corresponding cation ratios in the 21-26 ka range
do rot align up with the other points. Te most reasonable perspective to take is that the
curve breaks a about 11 ka and leaching rates were more intense in the latest Pleistocene.
Fig-re 1. Cation-leaching curve for the Monte Cristo Valley and vicinity. The
least-squares regressions can be described by the following equations.
Equaion #1: CR = 14.67 -2.01 (Loglo Age); where age is 11 ka
Equation #2: CR - 20.89 - 3.56 (Loglo Age); where age is 2 11 ka
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Table 3. 01t16;4itiq dates and raw chemicl data.
SItes Using Enuatlon I1LCft- 1467 - 2.0 (LoulO Aqe); where mue Is i II ka
me
CRi Ave t I sigma
A,
Sample
0.04
598
9.595
336
& J.WB-I-QS9jprobe-a
2.13
361
9.25
498
1-JWB- I-859-probe-b
1.08
____
W0A
le8
I -JWB- 1-059-probe-c
0.00
8.902
743
1-JWB- 1-059-probe-d
0.00
8.756
8781
1-JWB- I -U9-probe-e
1.98
8.37
1L,36.
I -jWO- 1-09-probe-f
0.07
9.2
528
I -JWB- I-GS9-probe-9
0.68
8.757
878
1-JWB- I-BS9-probe-h
0.03
10.12
104_
I -JWB- I -O9-Probe- 1
0.01
8.714
921
I -JWB- I-839-probe- 1
0.16
8.789
845
I-JWD- I-BS?9-yrobe-k
0.08
8.762
872
jI -JBS 89-probe-j
0.04
10.07
194
1-JWB- I -O9-Mrbe-m
1.01
9.639
319
I-JWB-1-OS9-probe-n
0.55
10
211
I -Jwo- I-59-probe-o
5.533
l-JWD-l-CM34-ICP-a
5 056
I-JWB-l-CM-34-ICP-b
4 104
1-JWB- I-CM34-ICP-c
6,130
I -JWB- I-CM34-ICP-d
7.1,!10
Il-JWO- I-CM34-ICP-e
6.1..l92
I -JWB- I-CM34-ICP-f
5.0
I -jWO- 1-CII34-Icp-o
I-JWB-I-CM134-ICP-H-Ca-relect _____15.49
SItes Uslna EqtIon- '2:CR- 20.89- 3.56 (Lou 10A)
M
21.175
19.449

Sample I-JWB-1-BS39-ICP-a
l-.jWO- I-B539-ICP-b
I -JWO-I -0S39-ICP-c
I -JWO- I -U39-ICP-d
I -JWB-I1-0539-ICP-e
I -JWB- I-OS39-ICP-f
I-JWB-I-BS39-ICP-g-MCF reject
I-JWB-I-0539-ICP-h-Ti reject
SaMple
I -JWB-lI-US28-ICP-a
I -JWB- I -OS2-ICP-b_
1-JWB- 1-0528-ICP-c
I -JWB- I-0528-ICP-d
I -JWB- I -B28-ICP-e

2301

.231711
19,150
17,j.52

,

22.528
20 1063
1.711Z
2 I, 41
22.962

T~~~~h
7.23
7.41I
7.06
6.93
7.05
.09

5.719
953

____

_____

0.34
0.36
0.26
0.46
0.25
0.35
0.39
0.39

M~g
11rwn
nm
nm
nmn
nm
nm
nmn
nm
nm
nm
nmn
nm
nm
nm
nm

Al
22.77
19.73
205
23.05
19.76
iJ.1
27.91
16.10
21.22
20.19
22.00
19.00
23.41
20.04
19.11

1.56 18.35
1.215.76
1.04 12.04
0.98 6.85
2.17 9.48
1.70 12.44
1.82 11.89
2.36 9.22

P
Si
nm
35.02
39.59 -nm
38.801 n
36.781 hm
nm
40.31
30.94 nm
43.54 nm
nm
31.81
nm
36.33
39.17 nm
38.59 nm
nm
32.13
38.19 nm
nm
37.55
36.20 nm

Mn
TO
Ca
K
1.87 0.42 2.03
2.16
0.40 -2.20
2.14 -1.56
2.24 221.70 0.39 12.05
2.00 11.65 0.41 11.90
1.87
1.58 0.41
2.01
1.85
1..70 0.4
2.07
I.,77 0.45 2.01
2.37
1.45 0.37 2.23
1.79
2.28 1.97 0.2 2.53
1.65 0.42 2.00
2.01
1.80 0.38 2.051.54
1.97
1.60.42
2.02
1.74
1.71 0.27
1.01
1.50 0.36 3.04
1.97
1.90
1.62 0.35
1.88

Fe
7.18
11.82
9.0
9.75
14.14
9.7
1.22
2.15
13.42
11.83
11.86
8.11
7.82
4.15
6.88

Da
Zn
Cu
0.08 0.00 0.03
0.00 0.07 0.00
0.16 0.05 0.02
0.00 0.00 I0.03
0.00 0.00 0.00
0.08 0.00 0.00
0.00 0.00 0.04
0.15 0.09 0.00
0.00, 0.00 0.00
0.00I
0.00 I0.00
0.00 0.05 0.00
0.00 0.10 0.60
0.00
0.00.00
0.02 0.06 0.10
0.27 0.00 0.40

1.02
1.16
1.03
1.09
0.69
1.01
1.19
0.90

2.34
2.81
1.30
2.42
2.50
2.44
2.40
2.94

1.505
2.25 0.70
0.39
1.51
0.480 0.41
1.59 0.59
0.64 0.44
1.00 0.48
7.20.70

2.06
12.30
8.20
14.35
15.74
10.95
13.22
4.27

17.771 nmn
13.421 nm
7.37 1nm
nm
5.17
nm
14.42
10.60 nm
nm
17.10
12.78 nm

nm
nm
nm
nm
nm
nm
nm
nm

0.65
0.19
0.14
0.!!
0.12
0.09
0.11
0.13

P
SI
25.21 I1.32
28.86 0.82
20.30 1.24
.3155
25.02 1.42
.23
2
32.44 1.01
4.90 0.71

K
2.03
1.14
1.20
20
1.98

Ca
1.58
2.89
1.15
1.69
1.40
2.006

TI
0.66
0.72
0.44
0.70
0.60

Fe ICu
19.76 nm
10.30 nm
nm
8.07
nm
21.72
nm
5.18
n
6,1

Zn
nm
nm
nm
nm
nm
nm

0.97
0.99

0.72

0.75
1.75

Mn
12.50
11.28
9.66
14.11
5.05
5.12
13.04
5.79

14.13

nm
nim

nm
nim

Oa
0.14
0.67
0.11
0.15s
0.16
0,58
0.14
0.16

K
2.74
1.80
.25
0.99

Ca
1.02j
1.20
1.13
1.25
*25

TI
0.70
0.54
0.60
0.41

Mn.
9.8 1
5.01
6.34
2.56

Fe
6.2
5.47
7.61~
4.1

Cu
nm
nim
nm
nm

Zn
nm
nim
tm
im

Oa
0.00
0.15
0.13
01

1 nm

ntm

0_1

21.301
18.13
46.06
29.71
20.91
27.72
19.31
17.75

whej.lre aum Is iI I ka
Ave t I sligia
CR
20.651
5.47
2,53
5.60
_
5.34 ___
5.33 _____
5.63 ____
5 73 ______12_2
2.25 ____
1.48 ____

Al
MO
Hea
1.09 14.65
1.60
0.59 7.44 6.55
0.59 007 16.82
1.I595
0.46
22.94
0.56 _2.02
56
0.78 -1.7f 21.49
28.84
0.57 _1.20

Ave t I sloga
Crt
21J121
5.37
5.55
5.66 _____
___
5 45
5.34 _____

Ha
2.50
0.49
1.20
0.47
5.00

Mg.
0.9
0.
1.20
0.90
1.10

Al
219
21.84
18540
35.85
15.2

Si
30.13
23.49
39.25
17.06
12.10

P
1.8
0.92
0..Jfa

21.6

.62~

1.60

13.5580

10.36

I -JWB-

P-f
I-W83-I-BS28-ICP-g-Ca reject
13-052fl-I

9*

--

1-*t

-

20.063

5.49
1844

SI tes Too Old For Calib~rat ion

0.46
-0.3

1.54119.66141.261 0.62 I 1.95
169 15
2.64
1.491 50

Sample

Age (Eg. 1)

CR

A" (Eq, 2)

Ha

MgL

I -JWB- I-BS41 -ICP-a
1-JWB- I-flS41 -ICP-c
I -JWD-I -DS41 -ICP-d
1 JWB- 1-541 -CP-e
I -JWB- I-BS41 -ICP-f
1-JWB- 1-0541 -ICP-q
I -JWB- 1-B54I -ICP-h
l-JWB-I-B541-ICP-1

26.6
24,1
240.,295
226.6O
221 63
19.2
197.1 17
191,670

3.79
3.83
3806
39I1
3.93
4.03
4.03
4.06

62.720
j1,08
59,032
57.099
57.160
5380
5351
52.675-

0.20
0.41
0.22
0.29
0.44
0.47
0.33
0.46

1.30 17.0 431
1.46 15.39 244
2.07 31.3 96
1.9310.7 299
2.43 18.97 30.91
1.87 16.80 25.95
1.96122.43 18.16
1.05108.3713.5

AS
0.772
0.52
.714
0.86
1.03
0.88
.0

Sample
I -JWB- -0535-ICP-a
1-Jwo-I1-0S35-ICP-b

Me(Eq. 1)
!S8.720
150J13

C
4.22
4.23

AMe (Eq. 2)
47.364
47.265 --

Ha
0.34
0.36

MO
Al
SI
1.9
.31j 32.19
1.66 17.20 262

P
0.7
13

4.48
4.49

4009
39,835..

0.25
0.32

2.00j.Q
31.2 13203
2.18 .5 29.39

4.56

30. 184

125.877

1i18j11*
116.739
108f2 1 j
1-JWB-I1-OS35-I CP-f
I-JWB-I-BS35-ICP-q-TI reject_____
I-JWB- I-US35-ICP-d
I -JWB-1I-0535-ICP-e

Sites Used In Callbratlon,
Sample
I-JWB-1-0S542-ICP-a
l-JWB-I-0S42-ICP-b
1-JWB- I -S42-ICP-c
I-JWB-I-BS42-ICP-d
I -JWB- I -D42-ICP-e
1-JWB- I -S42-ICP-1
1-JWB- I -O42-ICP-9-Ca-relect

1.77 0.60
8.060.5

I 6.99 1 2.8Oil1nm Inm r10.13
2.0

14421 nm

nm

0.1

Zn

ea

______

Il-JWe- -0S35-ICP-c

I

C

(

(7

_

_

_

_

4.43

4156

0.97

0.39
10.53
-0.31

A..l

SI

1.37 10.03 31.5

..

±

K

Ca

JTL

Mn

Fe

Cu

1.54
1.45
2.23
1.55

1.16 0~.1
1.40 10.60
04
0.44
2.04 0.90
2.00 0.90
1.66 0.77
0.68 0.72
2.23 0.38.14

7.53
7.07
1.59
7.64
7.72
0.18
3.44

7.15
nm6.09
nM
0.09
nm
7.66
nm
0.20
-m
6.29
nm
9.29..
nm
9.21nm

nm
0.13
0.2
nmnm
0.14
nm
0.18
nm
0.13
0.1I5
nm
0.1
nm
nm 10.15

2.57

Ca
3.4
1,52

TI
1.10
0.67

109

Mn
6.85
7.60

Fe
10.77

1.

K
1.21
1.3 1

12.01 12.70

Zn
nm
nm

Be
0.13
0.15

0.0.§
0.5

1.44
1.14

1.02
3.73

0.5
1.08

2.24
6.63

10.08
nm
7.85 nm

nm
nm

0.18
0.71
0.50
0.13

19
120
1.30

2.2

Cu
nm.

n

nm

0.54..

0.46fr

5.84

5.0

n

nm

2.19 24.75 27.141 0.67

1.96

0.51

2.55

14.97

3.69

nm

nm

I
Al
12.12 18.51
10.003 19.40

K
2.50
1.77
2.77
3.62
1.60

Ca
1.69
1.08
0.98
2.37

TI
0.61
0.43
0.53
0.88
0.40
0.52
0.45

tiMn
Fe
Cu
15.02 16.081nm
11.34 1fl.24 ..
~nM..
7.97
8.25
nm
7.36 17.78 nm
nm
5.37 6.50
nm
6.39 7.68
nm
9.10 4.96

1..25 12.12 366115

11.54

0.13

_

______CR
______

__

_____6.63

7.07
6.81

_____0.45

0.23

____

6.81

_____18.62

__
Sample
_
I -JWB- I-0534-ICP-a
_____8.82
l-JWB- I -834-ICP-b
_____
l-JWB- I -S34-ICP-c
_____9.06
I-JWB- I -534-ICP-d
_____9.08
I-JWB- I -S34-ICP-e
_____9.19
I -JWB-lI-QS34-ICP-f
____
1-JWB- I-B534-ICP-a
_____
I-Jwe- I -B34-ICP-h
____
I-JWB-I-BS34-ICP-I1
_____10.95_____
I-JWB-I-BS34-ICP-1-Ca reject
l-JWB-I-BS34-ICP- k-Tl relect_____

a
0.561
0.1I9

_____0.38

_____6.72
____

Ave tI slUra
6.82
0.15

0.1I9
0.68

____

CR

Av tIslqa

9.07
0.20

8____
.73

8.99

____
____
____

"a

0.32
0.23
0.36
0.27
0.33

_____0.36

9.23
9.24
9.31
1.14

____
____
___

____

0.29
0.31
0.38
0.62
0.42

MOj

1.25
2.85
1.54
0.89
1.5 1
1.59
0.85
Mq_
2.5

25.02 318

15.73
7.93
17.09
5.89
A

14.07
2.29 7.75
2.40 12.45
2.07 15.23
2.00 22.20
1.40116.97
2.09 7.14
1.96 21.81
1.39 6.08
1.43 9.42
1.50 24.29

21.36
44.21
27.69
36.01

1.41
0.57
1.69
0.40
1.06
0.59
1.28

SI p
21.34 1.06
24.06 0.90
15.05 0.72
16.97
3.00
27.65. 0.92
18.08 0.94
15.14 0.91
8.65 0.93
20.42 0.94
24.65 1.87
30.O12 -0.67

1.60

1.083
1.94

2.00

6.39

K
3.57
3.91
6.64
2.89
1.82
2.75
1.50
3.30
2.97
1.94
1.F76

2.20
2.26
2.34
6.10
1.72
2.03
2.56
1.33
1.50
4.47
0.20

-a

TI
Mn
0.66 7.64
0.70 7.89
3.00 17.46
0.99 4.62
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(1) Perhaps the 50-150 ka ash was deposited in an older alluvial unit, and the
younger alluvial unit dated with varnish represents a relatively thin wedge of sediment If
so, this is significant. because it provides a rare opportunitysto obtain volume of
aggradational units in the latest-Pleistocene. Ifthis intpretation is followed, the depth of
the ash provides a maximum depth of accumulation for the unit dated by varnish.
(2) t is conceivable that all the varnishes from these sites erodedbyenhanced

acidity during the latest-Pleistocene. If the sites were occupied by Bristlecone and Limber
Pines, for example, the secretion of acids from the decay of the liter would tend to dissolve
the manganese and erode the varnish.
I do not prefer this hypothesis, because the varnish that was dated is nicely layered.
Even if such biogeochemical erosion was intense, I would expect to see remnants of
varnish preserved, but heavily pitted and eroded. I did observe pitted and eroded varnishes
from all sites, but there were avoided in the dating work. Another reason why I do not
favor this possibility is that I also get nicely layered varnishes from the older sites (BS3S,
BS41). This suggests it is possible to preserve layered varnishes throughout the
larePleistocene.
(3) Perhaps the 50- 150 k age of the ash needs to be reexamined.
prdwa of Cark-RadoAge EFimnte
Table 3 is broken down into four categories. The first category provides cationratio ages for BS9 and CM 34 that were not radiocarbon dated. The average and error for
the age estimates are based on chemical measurements by inductively coupled plasma (ICP)
and wavelength dispersive microprobe (probe) an varnishes an individual boulders. The
ages for BS9 and CM34 are based on equation #1, that defines the curve during the
Holocene.
The second category provides cation ratio ages for BS39 and BS28, based on
equation #2, that defines the curve for the latest Pleistocene. Even if an individual wanted
to argue that there was little justification for breaking the cation-leaching curve at about 11
ka. I would treat the cation-ratios as relative age information. I would point out that the
radiocarbon dates from -21 to -25 ka have a narrow range of cation ratios from 5.42 to
5.56. And the cation-ratios of BS28 (5.48*0. 12) and 8S39 (5.52*0. 16) rest in this range
and should be placed in this time range.
The third category provides cation ratios for Sites BS35 and BS41. These low
ratios are beyond the range of thevradiocarbon calibration. I hope that is useful
information. I have provided cation-ratio ages for the cation ratios from these sites, based
on equation l and equation 2. These 'ages'have no basis inreaity, since there is little
jusdfication for extending either of these curves. I just thought that you might be interested
in this data I hope that the sample processing methods for uranium-series dating of rock
varnish are developed in the near future, since I have akeady prepared the samples.
The fourt category of data in table 3 are the cation ratios used in the construction of
the cation-leaching curve.
SUMMARY
Cation-ratios from all sites collected in May of 1990 we reported. They provide a
relative sequence of ages at present Accelerator radiocarbon dates provide minimum ages
for eight sites. These radiocarbon dates are used to provide cation-age ages for sites not
radiocarbon dated, except for two sites beyond the range of radiocarbon dating.
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Introduction
The western United States is a region where many faults can easily be identified as
seismogenic sources, allowing a straightforward estimation of seismic hazard. Less apparent
is the significant hazard posed by background seismicity not directly linked to obvious
sources. The aspect of background seismicity considered here is the size of the largest
background earthquakes, sometimes called floating or random earthquakes. This study
compiles historical earthquakes from magnitude 6 to 7 in the Basin and Range province
to constrain the largest magnitude of the background activity.
The Basin and Range province of the western United States and northern Mexico
is an actively deforming Cenozoic extension province (fig. 1).

Spatial and temporal

variations in rates of activity and in the style of faulting have occurred within this province
throughout the Cenozoic. Contemporary rates of tectonic activity are higher in the northern
part of the province and along its eastern and western margins. Historical seismicity in the
province is concentrated in three major belts: 1) the western margin of the province, 2) the
Central Nevada - Eastern California seismic belt, within the western part of the province,
and 3) the Intermountain seismic belt, along the eastern margin of the province.
Twenty-two historical earthquakes from the Basin and Range province (fig. 1) were
considered in this study (Tables 1, 2, 3). Due to variation in reported magnitudes, three
types of magnitudes are used: surface-wave (M,), local (Ma), and moment (M.) magnitudes.
Over the magnitude range being considered, M 6 to 7, these different magnitude scales yield
similar values (Kanamori, 1983), and the values considered here are taken together in a
single data set. For some of the earlier events, magnitudes are reported without reference
to magnitude type; these are left undifferentiated (M) in Table 1. Although no systematic

2
study has been undertaken to evaluate errors and variablity in the magnitude values used
in this paper, they are estimated to be accurate within about 03 magnitude units.
Three main types of surface rupture are considered in this paper following Slemmons
and dePolo (1986): primary, secondary, and sympathetic surface rupture. Primary surface
rupture is fault displacement that is believed to be directly connected to subsurface
seismogenic displacement, whereas secondary surface rupture has a branching or secondary
relation to the main seismogenic fault. Primary surface rupture can be further subdivided
into "minor" and "significant;" these relate to very incompletely expressed and representative
of subsurface rupture, respectively. Sympathetic surface displacement is triggered slip along
a fault that is "isolated' from the main seismogenic fault.

Maximum Background Earthquake (MBE)
Floating and random earthquakes are terms used to describe scattered seismicity,
not usually attributed to a specific fault. Use of the term "floating earthquake" is somewhat
confusing, however, because it implies a lack of understanding of, or relationship to,
seismotectonics. Seismologist colleagues have mused that a floating earthquake must be
a bad location iteration with a negative depth or a sonic boom. The term %random
earthquake" suggests a statistical behavior that may not necessarily apply to these events,
especially during swarming or clustering activity. The term 'background seismicity' is also
commonly used, but it implies a broader range of earthquake sizes (especially lower
magnitudes) than considered here. The latter term is modified slightly to reflect the interest
in the largest events, and the term "maximum background earthquake" (MBE) is used to
describe these events (dePolo and others, 1990).
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A maximum background earthquake is the largest event that occurs without
significant primary surface rupture. This includes non-surface rupture events, as well as,
those associated with small secondary and sympathetic surface breaks. These events may
occur proximal to, or in areas that lack, late Quaternary faults. Because most of these
events are associated with no or minor surface breaks, and are poorly preserved in the
surficial geologic record, they can be difficult or impossible to characterize directly.

Background Earthquakes from the Basin and Range Province
An earthquake data set limited to the Basin and Range province was used for two
principal reasons. First, the Basin and Range province exhibits an extensional tectonic
style throughout its extent, although it has places, such as the west-central area, where
contemporary translation may dominate. Second, the choice of events from a crustal area
having relatively consistent seismic attenuation properties which can affect the consistency
of magnitudes (Bonilla and others, 1984; Everndon and others, 1981). Previous studies in
the eastern Basin and Range province have noted several earthquakes with magnitudes up
to 6 3/4 which apparently occurred on structures having no surface expression (Doser, 1985;
U. S. Bureau of Reclamation, 1986).
In this paper, two types of background earthquakes (M > 6) are compiled: those
lacking surface rupture (Table 1), and those having secondary or sympathetic surface rupture
with no or minor primary, tectonic surface rupture (Table 2).

Also compiled are

earthquakes with significant primary rupture that have magnitudes that are < 7 (Table 3).
Twenty three background events have occurred since 1920 that had magnitudes > 6. Five
additional earthquakes were immediate aftershocks of primary-surface-rupture earthquakes;
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four of these events were associated with the 1959 Hebgen Lake, Montana earthquake (M
6.5, 6, 6.5, 6) and one with the July 6 1954 Rainbow Mountain, Nevada earthquake (M 6).
These aftershocks are not considered further here. Earthquakes occurring prior to 1920 are
poorly documented and hence were not used, although many earthquakes of magnitude 6
or greater with no reported surface rupture occurred within the Basin and Range province.
Fourteen earthquakes (M > 6) lacking reported surface rupture have occurred in the
Basin and Range province since 1920. Most of these earthquakes are in the magnitude
range of 6 to 63. The largest event had a magnitude of M.* 6.6 (M 6 3/4), and is considered
a reliable event to include because it was well studied for evidence of surface deformation
and earthquake size (Pardee, 1926).
Eight earthquakes ranging in magnitude from 6 to 6.6 had secondary or minor
primary surface rupture. Surface breaks associated with these events were commonly
distributed and exaggerated in size. Only two events may have had some minor primary
surface rupture: The 1934 Hansel Valley and the Chalfant Valley earthquakes.
Displacements were on the order of 11 cm or less for the Chalfant Valley event; the Hansel
Valley earthquake had 50 cm of displacement, but most if not all of this was probably due
to liquefaction (McCalpin, 1989, pers. comm.). Most of the surface ruptures associated with
the events in Table 2 were so minor (mostly less than 5 cm) that they were quickly obscured
or eroded, and are not generally preserved in the geologic record.
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Theoretical Considerations
Another consideration in the assessment of the MBE is to check that the simple
physics of an earthquake that does not rupture the surface in the Basin and Range province
is consistent with the maximum magnitude estimated from historical earthquakes. This
argument is not definitive because there are several variables which cannot be rigorously
constrained, but the range of magnitude values for reasonable estimates of these variables
can be examined for a simple modeL A circular rupture that is tangent with the surface and
the base of the seismogenic zone is considered. Since most of the faults in the Basin and
Range province appear to have a dip somewhat shallower than vertical, a commonlyencountered, 600 dip is used. Perhaps the most uncertain parameter in this model is the
stress drop, however, a stress drop of at least 1 bar and as high as 100 bars seems to be a
reasonable range (Kanamori and Anderson, 1975; Hanks, 1977).

Using the relation

developed by Brune (1970, 1971) for circular ruptures,
M (16/7)(r 3)(sd)

seismic moments (M., dyne-cm) were estimated. In this relation r is radius (in centimeters)
and sd is average stress drop (in dyne/cm2 ). These moments were converted to moment
magnitudes for comparison to the historical earthquakes using Ranks and Kanamor's (1979)
relation:
= (2/3 log M) - 10.7.

Values from these relations are presented in Table 4 for several different values of stress
drop and two different estimates of seismogenic depth, 12 and 15 km. Magnitude values of
these hypothetical earthquake ruptures are equivalent or larger than the historical MBE for
average stress drops of 100 and 40 bas or higher for seismogenic depths of 12 and 15 km,

6
respectively. Since these are reasonable values for Basin and Range province earthquakes,
it is concluded that the historical MBE is consistent with this simple physical model of
earthquakes.

Discussion
The tabulation of historical earthquakes without surface rupture (Table 1) suggests
that the MBE for the Basin and Range province is at least magnitude 63 and may be as
high as magnitude 6.6. Only two events < magnitude 6.6 had significant primary surface
rupture: the 1950 Fort Sage earthquake (ML 5.6) and the July 1954 Rainbow Mountain
earthquake (M. 63). Contrasting this with the occurrence of 14 events without reported
surface rupture and eight events with only minor surface rupture, suggests that most
earthquakes of magnitude 6.6 and less in the Basin and Range province generally do not
rupture the surface. Although minor primary surface faulting has occurred in some events
(Table 2), it is unlikely to be preserved in the surficial geologic record.
Figure 2 is a histogram showing the number of non-surface rupture, secondary and
other breaks, and primary surface rupture events that have occurred since 1920 over the
magnitude range of 6 to 7. This figure shows the overlap between non-surface rupture and
primary surface rupture events (-M 63 - M 6.6).
Figure 3 shows this relationship with respect to maximum surface displacement.
This figure shows the non-surface rupture and other minor ruptures all c to 20 cm
displacement except for the 1934 Hansel Valley earthquake, which was probably enhanced
by liquefaction. Further these events show no real trend of size increase with magnitude.
In contrast, the primary surface rupture events do show a trend of increasing in maximum
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surface displacement with magnitude. It is thought that these primary displacements are
representative of the slip at depth, and are appropriate for developing regression equations
for estimating potential earthquake sizes. It is also interesting to note that the intersection
of this trend with the 0 displacement axis is around magnitude 6.5 to 6.6.
Even though different tectonic rates characterize the Basin and Range province,
tectonic rate is not considered to be a determining factor in identifying earthquakes lacking
surface rupture or in establishing the size of the MEE. Although the distribution of tectonic
rates in the Basin and Range province is not well known, based on tectonic geomorphology
and seismicity, areas with relatively higher strains exist (Eddington and others, 1987). Most
earthquakes in this study have occurred in areas with apparent high strain rates. Because
the timeframe of this study is so short, (70 years) it seems that this is only the effect of more
earthquakes occurring in higher strain-rate areas since more are likely to occur, or occur
more often. Significant earthquakes, such as the 1925 Clarkston, Montana (M. 6.6) and
1935 Helena, Montana (M 6 & 63) were in areas that appear geomorphically to have
relatively moderate strain rates. The MBE developed here is thought to be valid for the
entire Basin and Range seismotectonic province, but, the frequency of this event likely varies
with changes in regional strain rates.
The MBE can be considered the upper bound for background seismicity studies.
Such a magnitude distribution or single event are commonly used in probabilistic studies as
having a random occurrence over an area, using the number of historical background
earthquakes from the area over various magnitude ranges. A deterministic way to input the
MBE is to consider it occurring a set, or statistically determinined, distance away from the
site being analyzed. Because of the lake of precision involved in the magnitudes, it may be
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more desirable and/or convenient to use magnitude 6.5 as the MBE value.
The M3E can also be considered the lower-bound magnitude for various magnitudefault parameter regression equations developed or used in the Basin and Range province.
Such regressions are commonly used for scaling the size of potential earthquakes that can
occur along a fault.

Estimations below the M3BE magnitude are likely based on

incompletely expressed or secondary ruptures.

Conclusions
The term "maximum background earthquake' appears to be a descriptive and an
adequate term for refering to the largest background earthquake, or those without
significant primary surface rupture.
In the Basin and Range province, earthquakes in the magnitude range of 6 to 6.6
without significant surface rupture far outnumber the number of earthquakes below
magnitude 6.6 that have significant primary surface rupture. The maximum background
earthquake for the Basin and Range province is magnitude 6.6, based on the historical
earthquake record. This is consistent with a simple physics model of earthquake faulting
without surface rupture.
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Table 1

Earthquakes M > 6 in the Basin and Range province since 1920 without
surface rupture. Numbers in location column correspond with locations in
Figure L
Date

Iction

Sep. 29, 1921
Oct. 1, 1921
June 28, 1925
June 25, 1933
Oct. 19, 1935

Elsinore, UT
Elsinore, UT

I:1)
:1)
(2)

6 ML
6 M,
6.6 Mw

Wabuska, NV
Helena, MT

(3)

6 M

Oct. 31, 1935
Nov. 23, 1947
Dec. 29, 1948
May 23, 1959
June 23, 1959

Helena, MT
Virginia City, MT
Verdi, NV
Dixie Valley, NV

:4)
(5)
:6)
(7)
( :8)

6 M
63 M

Sep. 22, 1966
Mar. 27, 1975
June 30, 1975
Nov. 23, 1984

Clover Mm., NV (9)
Pocatello, ID
4:10)
Yellowstone, MT (11)
Round Valley, CA (12)

Table 2

Date;

Clarkston, MT

Schurz, NV

63 M

References
1
1
2
3
4

6 ML

63 M,63 M:

4
4
3
5
3

6.1 M

6

6.0 ML
6.1 ML
6.1 hi

1

7
8

Ear tiquakes M > 6 in the Basin and Range province since 1920 with
assc ciaed seco&y surface rptures, but no or onlymin primary nptre.
Nunmbers in locaion column correspnd to locations in Figure L
D
(cA

Locatio

(13)
(14)

13
50

(15)

(16)

5
20

Mammoth Lakes, CA (16)
Mammoth Lakes, CA (16)
Mammoth Lakes, CA (16)
Chalfant Valley, CA* (17)

20
20
20

Jan. 30, 1934
Mar. 14, 1934
Sept. 12, 1966
May 25, 1980

Exceelsior Mtn, NV
Hanisel Valley, UT*
Boc a Valley, CA
Maixmoth Lakes, CA

May 25, 1980
May 25, 1980
May 27, 1980
July 21, 1986
'=

Magnitude

possible minor primary surface rupture
/-34'
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Magnitude References
63 ML
6.6 Mg
6.0 ML
6.1ML

9
10
11

6.0 ML
6.1 ML

12
12

6 .2
6 .5

ML

ML

12

12
13

14
Table 3

Earthqankes M . 7 in the Basin and Range province since 1920 with
significant primary surface rupture. Numbers located in location
column correspond to locations in Figure L

Magnifude km-)

Date
Dec. 14, 1950
July 6, 1954
Aug. 24, 1954
Dec. 16, 1954

Fort Sage, CA (18)
Rainbow Mtn., NV (19)
Stillwater, NV (20)
Dixie Valley, NV (21)

Table 4 Theoretcal Moment Magnitudes for Earthquakes
lthat do not Rupture the Sufaice
Stress
Drop
(=8.7 kmn)
1
10
20
30
40
50
60
70
80
90
100

5.2
5.9

6.1
6.2
6.4
6.4
6.4
6.5
6.5
6.
6.6

5.4
6.1
63
6.6
6.6
6.6
6.7
6.7
6.7
6.8

M 5.6
M 6.3
M 7
M, 6.8+

60
30
76
270

References
14
15
16
17

15

References
1
2
3
4
5
6
7
8

Richins (1979)
Doser (1989a); Pardee (1926)
Slemmons and others (1965)
Doser and Smith (1989)
Gawthrop and Carr (1988)
Beck (1970);
Pitt and others (1979)
U.C. Berkeley Cat.

9
10
11
12
13

Caflaghan and Gianella (1935), Doser (1988), dePolo and others (1989)
Shenon (1936), Doser (1989b)
Kachadoorian and others (1967), Bolt and Miller (1975)
U.C Berkeley Cat, Clark and others (1982)
U.C Berkeley Cat, dePolo and Ramelli (1987), Lienkaemper and others (1987)

14 Gianella (1957), Bonilla and others (1984)
15 Tocher (1956), Bonilla and others (1984)
16 Tocher (1956), Bonilla and others (1984), Bell (1984)
17 Slemmons (1957), Bonlfla and others (1984)
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Figure 1

The Basin and Range province of western North America and the locations
of earthquakes considered in this study. The numbers correspond to those
listed in the location column of Tables 1, 2, and 3.

Figure 2

Histogram showing the number of non-surface rupture, secondary and other
minor surface breaks, and primary surface ruptures occurring over the
magnitude range 6 to 7.

Figure 3

Graph showing magnitude versus maximum surface displacement for nonsurface rupture, secondary and other minor surface breaks, and primary
surface displacements. Note the break in the maxi=mu displacement scale.
The additional data used for the larger primary surface rupture events is
compiled in dePolo and others (1991). Uncertainties in the magnitude
values are estimated to be on the order of a third of a magnitude unit.
Uncertainties in surface displacement measurements scale with displacement,
from a few to ten centimeters for the smaller displacements and up to
perhaps a half a meter or so for the larger displacements.

1-38

(

C

(

Number of Earthquaktes
o

f

CP~~~~~~~C
a%

a,

C .Q

'4
%a

~~~~~~~~~~~~~~~c

R.

*tI.-

a

a

wm*y~

LIpAitwf4N

-"W#`7

I

v Secondaiy or mmrorprnary sudce rpan
X Pdmay swlace rpm

X~~~~~
i

=

--

-

-

-

-

- - - - -

-

-

-

-

-

-

-

- -

- - -

-

-

-

- - - - - - - - - - -

-

-

- -

-

- -

-

- -

-

-

- - - - - - - - - - - -

-

-

- --

- -

-

-

- -

-

------------->

-

-

A
6.A,
0

1

2

5
C
Maxinum Surface Displacement (meters)
3

4

I-I/o

7

11

0
H
H

z
ri~

j)

)

)

Journa offSructurlGeology, Vol. 13, No. 2. pp. 123 to 136.1991
Printed in Great Bntain

0191-814191 503.00+0.00
Pergamon Prtcs Pic

Historical surface faulting in the Basin and Range province, western
North America: Implications for fault segmentation
CRAIG M. DEPOLO
Nevada Bureau of Mines and Geology, Mackay School of Mines, University of Nevada, Reno, NV 89557,
U.S.A.

DOUGLAS G. CLARK and D. BURTON SLEMMONS
Center for Neotectonic Studies, Mackay School of Mines, University of Nevada, Reno, NV 89557, U.S.A.

and

ALAN R.

RAMon

Nevada Bureau of Mines and Geology, Mackay School of Mines, University of Nevada, Reno, NV 89557,
U.S.A.
(Received 21 Decenber 1989; accepted in revised form 20 June 1990)

Abstrct-The distribution of surface ruptures caused by 11 historical earthquakes in the Basin and Range
province of western North America provides a basis for evaluating earthquake segmentation behavior of faults in
extensional tectonic settings. Two of the three moderate magnitude (5.5 < M < 7) events appear to be confined
to individual geometric or structural segments. The remaining nine events, eight of which had large magnitudes
(M 2 7), ruptured multiple geometric or structural segments. Several of these events had widely distributed
surface-rupture patterns, ruptured in complex manners, and extended beyond distinct fault-zone discontinuities.
Some of the surface ruptures associated with these events may have resulted from sympathetic or secondary
surface faulting. Approximately one-half of the surface rupture end points coincided with distinct fault-zone
discontinuities.
This study indicates that earthquake ruptures in extensional tectonic settings may not be confined to individual
geometric or structural segments. Some rupture-controlling discontinuities may be difficult to identify and
significant faulting may occur beyond postulated rupture end points. Rupture of multiple geometric or structural
segments should be considered in the evahlation of large earthquakes. Several lines of evidence, particularly
timing information, are needed to delineate potential earthquake segments in the Basin and Range province.

earthquake ruptures and to characterize the ruptures
with respect to fault segments. Surface ruptures with
INDivDUAL historical earthquakes rarely rupture entir e normal, normal-oblique and strike-slip senses of disfault zones (Albee & Smith 1966). Seismic hazard ana - placement are represented.
lyses, therefore, require an estimate of how much of ia
Three types of surface rupture are considered in this
given fault zone will rupture during future earthquake s paper: primary, secondary and sympathetic. Primary
to characterize earthquake sizes. Several technique:s surface rupture is fault displacement that is believed to
have been developed to estimate potential earthquake - be directly connected to subsurface seismogenic disrupture lengths, including half-length, fractional faul t placement, whereas secondary surface rupture has a
length and fault segmentation techniques (dePolo &E branching or secondary relation to the main seismogenic
Slemmons in press). Of these, the fault segmentationi fault. Sympathetic surface rupture istriggered slip along
technique is the most appealing, principally because it a fault that is 'isolated' from the main seismogenic fault.
incorporates more physical and paleoseismic infor
mation than other techniques. Fault segmentation
modeling involves the division of fault zones into dis ;FAULT SEGMENTATION
crete segments separated by rupture-controlling dis
Fault segmentation has been described at a wide range
continuities.
This paper summarizes 11 historical earthquakes fron i of scales and with varying criteria. This has led to
the Basin and Range extensional province (Fig. 1). different definitions of the term "segment", making it
These events exhibit a wide range of variability in thei:r important to understand a specific author's definition of
surface rupture patterns, from simple to very complex . the word and to clearly define the term when using it.
The goal of this study was to explore the features tha t This study examines historical "earthquake segments",
may have controlled or influenced the ends of thesee or those parts of a fault zone or fault zones that have
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Fig. 1. Location map of primary surface faulting earthquakes in the
Basin and Range province, western North America. 1. 1872 Owens
Valley; 2.1887 Sonora, Mexico; 3,1915 Pleasant Valley; 4,1932 Cedar
Mountain- 5, 1950 Fort Sage Mountain; 6, 1954 Rainbow Mountain; 7,
1954 Stillwater; 1, 1954 Fairview Peak. 9, 1954 Dixie Valley; 10, 1959
Hebgen Lake; 11, 1983 Borah Peak. Boundary of the Basin and Range
province modified from Stewart (1983).

ruptured during individual earthquakes. Large earthquake segments may comprise one or more fault segments as defined in other ways, such as by fault geometry
or fault structure (geometric and structural segments,
respectively).
Earthquake segmentation involves the identification
and characterization of discontinuities along fault zones
which may potentially act as barriers to earthquake
ruptures. Many compilations of the characteristics of
fault-zone discontinuities have been presented (e.g.
Schwartz & Coppersmith 1984, 1986, Slemmons &
dePolo 1986, Knuepfer et al. 1987, Barka & KadinskyCade 1988, Wheeler & Krystinik 1988, dePolo et al.
1989, Knuepfer 1989, Crone & Haller 1991). Indicators
of fault-zone discontinuities include: geometric, structural, behavioral, paleoseismic, geomorphic, geological, geophysical and rheological data (dePolo et al.
1989). Several lines of evidence are needed to identify a
potential earthquake discontinuity and to evaluate its
persistence through time. An important consideration
for earthquake discontinuities is scale; in general, only
the larger features (scales on the order of hundreds of
meters to kilometers) appear capable of arresting propagating earthquake ruptures (Sibson 1989, Crone &
HaIler 1991).
The most common fault-zone discontinuities can be
grouped into three major categories: geometric, structural and behavioral. These distinctions are used for
descriptive purposes; there are 'gray areas' between
categories and some discontinuities may fit into more

than one category. Geometric discontinuities include
changes in fault orientation (bends), step overs, and
separations or gaps in a fault zone (see Crone & Haller
1991). Wheeler (1987) pointed out that geometric discontinuities in plan view may not have a significant effect
on earthquake ruptures with a normal sense of displacement. An abrupt bend in plan view of a normal fault, for
example, can accommodate a vertical-slip vector, and
would not necessarily inhibit a propagating rupture.
Thus, the sense of displacement is an important factor to
consider in the evaluation of geometric data. Structural
discontinuities include fault branches, intersections with
other faults and folds, and terminations at cross structures. Since the ends of fault zones can be considered
structural discontinuities, distinct or individual faults
can be classified as structural segments. Behavioral
discontinuities include changes in slip rates, interseismic
intervals, senses of displacement or creeping vs locked
behavior.
Paleoseismic data can clarify the rupture histories of
earthquake segments and the long-term behavior of
discontinuities. In this paper, paleoseismicity refers
specifically to prehistoric earthquakes. Determining the
history and lateral extent of paleoearthquake segments
along a fault zone can provide direct temporal and
spatial evidence of previous segmented behavior. Unfortunately, paleoseismic data are limited for most of the
events presented in this paper.
BASIN AND RANGE PROVINCE
The Basin and Range province of the western United
States and northern Mexico is an actively deforming
Cenozoic extensional province (Fig. 1). Spatial and
temporal variations in the rates of activity and in the
style of faulting have occurred within this province
throughout the Cenozoic. Contemporary rates of tectonic activity are higher in the northern part of the province and along its eastern and western margins. Regions of active extension are marked by high heat flow,
thin crust, sparsely distributed bimodal volcanism and
earthquakes with focal depths generally limited to 1015 km or less. Geologic, geomorphic and geophysical
data indicate that extensional tectonism has resulted in
widespread domains of tilted fault blocks, horst and
graben development, and a heterogeneous upper crust,
both structurally and lithologically (Stewart 1980). Historical seismicity in the province is concentrated in three
major belts: (1) the western margin of the province, (2)
the central Nevada-eastem California seismic belt,
within the western part of the province; and (3) the
northern part of the Intermountain seismic belt, along
the eastern margin of the province.
HISTORICAL SURFACE-FAULTING EVENTS
Eleven earthquakes that have been associated with
primary tectonic surface rupture in the Basin and Range
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Fault segmentation in Basin and Range, U.S.A.
Table L. Historical primary, tectonic surface faulting events in the Basin and Range province. Number
corresponds to those in Fig. I. M - moment or intensity magnitude, undifferentiated. M. - moment
magnitude. M, a surface-wave magnitude, ML - local magnitude
No.
1
7

3
4
5
6
7
8
9
10
11

Date

Magnitude

26 March 1872
03 Mav 1887
03 October 1915
21 December 1932
14 December 1950
06 July 1954
24 August 1954
16 December 1954
16 December 1954
17 August 1959
29 October 1983

M - 7.7-8.0+
M., - 7.2-7.4
M1,- 7.6
51,- 7.2
ML - 5.6
1,- 6.3
51,- 7
M, - 7.2
M, - 6.8
51 - 7.5
1,- 7.3

province are reviewed in this paper (Table 1 and Fig. 1).
These events are not uniformly distributed throughout
the Basin and Range province, but occur in discrete
spatial and temporal groupings (Wallace 1987). Seven of
the 11 events occurred in the NNE-trending central
Nevada-eastern California seismic belt (Wallace
1984a); the 1959 Hebgen Lake and 1983 Borah Peak
earthquakes are located in the Intermountain seismic
belt.
Due to variations in the types of magnitude reported
for different events, different magnitude scales are used
here. These events, however, lie within a magnitude
range over which these different scales are reasonably
comparable (see Kanamori 1983). The following acronyms are used in this paper to distinguish the different
scales: (Mj)surface-wave magnitude, (ML) local magnitude, (M,) moment magnitude and (M) undifferentiated moment or intensity magnitudes.

Main style of
surface faulting

Earthquake or fault
Owens Valley. California
Sonora. Mexico
Pleasant Valley, Nevada
Cedar Mtn. Nevada
Fort Sage Mtn. California
Rainbow Mtn. Nevada
Stillwater. Nevada
Fairview Peak. Nevada
Dixie Valley, Nevada
Hebgen Lake. Montana
Borah Peak. Idaho

Strike-slip
Normal
Normal
Strike-slip
Normal
Normal
Normal
Normal-oblique
Normal
Normal
Normal
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1872 Owens Valley, California,earthquake
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The 26 March 1872 Owens Valley earthquake is the
7OWENS
largest historical event in the Basin and Range province,
in terms of estimated magnitude, maximum displaceI
ment and rupture length. It had an estimated magnitude
of M7.7-8+, and was felt strongly over an area of
324,000 kM2 (Oakeshott et al. 1972, Coffman & von
MROE
mim\
,;C
Hake 1973, Hanks & Kanamori 1979, Beanland & Clark
km
of
in press). The earthquake caused about 90-110
2. Surface ruptures from the 1872 Owens Valley earthquake
surface faulting along the Owens Valley fault zone Fig.
(from Beanland & Clark in press). BPS - Big Pine segment, IS - In(OVFZ) (Fig. 2). Surface displacements were domi- dependence segment, LPS - Lone Pine segment. Stars are Quaternnantly right-lateral strike-slip, with a single-trace maxi- ary volcanic centers. Bedrock from Matthews & Burnett (1965),
(1967). Streitz & Stinson (1974) and Dunne etal. (1978). Bold
mum lateral offset of 7 m, an average lateral offset of Strand
fines denote the surface ruptures. Medium weight lines denote other
6 m, a maximum vertical offset of 4.4 m and an average selected faults. Balls are shown on the downthrown side of faults with
vertical offset of 1 m (Beanland & Clark in press). A normal components. Thrust faults are shown with barbs. Patterned
are bedrock. White areas are alluviated valleys and basins. The
maximum surface displacement of 11 m (normal-right areas
large letters on figures are end points or discontinuities discussed in
oblique) is derived by adding displacement from two
text.
parallel fault traces in the Lone Pine area (Lubetkin &
Clark 1988, Beanland & Clark in press). The surface
rupture consisted of a relatively straight central section near extensional basins. The north end of the rupture
located in the middle of a large graben (Owens Valley) zone steps and distributes slip into the northern Owens
and more distributed, non-linear northern and southern Valley, creating small closed depressions (Fig. 2, point
A). The exact position of the southern end of the 1872
sections (Fig. 2).
The north and south ends of the 1872 rupture are at or surface rupture is less certain. The 1872 rupture clearly
-

i_>,,,,

--

I-4,3
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offsets shorelines at the northern edge of Owens Lake, 1887 Sonora, Mexico, earthquake
whereas near the southern edge, the amount of tectonic
displacement is less clear due to extensive liquefaction.
The 3 May 1887 Sonora earthquake, in the southern
The southern end of the 1872 rupture is probably termi- Basin and Range province, had an estimated magnitude
nated where the southern Owens Lake basin is bounded of MW7.2-7.4 and an estimated felt area of nearly
by NE-trending faults and the Coso Range (Fig. 2, point 2,000,000 km2 (Dubois & Smith 1980. Dubois & Sbar
1981, Herd & McMasters 1982). Dominantly normalD).
Beanland & Clark (in press) divide the OVFZ into slip surface faulting occurred along approximately
seven segments on the basis of fault continuity, strike 75 km of the Pitaycachi fault (Bull & Pearthree 1988),
and style. We apply a more generalized segmentation making this the longest normal-slip surface rupture in
criteria than Beanland & Clark, although we adopt some the worldwide historical record. Fault scarps produced
of their segment names. From south to north, the OVFZ during this event ranged in height from 0.5 to 4+ m (Bull
can be divided into at least three geometric segments & Pearthree 1988, Pearthree et al. 1990). Herd &
(Fig. 2): the Lone Pine segment, the Independence McMasters (1982) measured a maximum normal-slip
segment and the Big Pine segment. These segments are displacement of 5.1 mi.
defined primarily on the basis of geometric discontinuSurface faulting during the 1887 earthquake occurred
ties. The exact location of the southern end of the Lone along a mountain front-alluvium contact for much of the
Pine segment is uncertain, but it appears to terminate rupture length (Goodfellow 1888, Bull & Pearthree
near intersecting cross faults (Fig. 2, point D). Because 1988). The surface rupture can be divided into three
of the presence of young lacustrine sediments and lique- geometric segments (P. A. Pearthree personal comfaction features, the OVFZ is difficult to delineate along munication 1988). The southern segment is about 22 km
the southern 18 km of this segment. Based on a 1-km- long and had less than 1 m vertical displacement, signifiwide right step and a slightly more westerly strike of cantly less displacement than that to the north. It dies
lineaments and faults mapped by Carver (1969) in the out in bedrock at its southern end, and is separated from
dried Owens Lake bottom, the distinction of this the main rupture by a 2.5-km-wide right step (Fig. 3,
southern part as a fourth geometric segment may be points D and C). The central segment follows the mounwarranted. The Lone Pine segment is distinct from near tain front of the Sierra de San Luis for much of its overall
the northern part of Owens Lake northward for about length of 39 km and includes the largest surface displace32 km to a 1.5-km-wide right step (approximate cross- ments. Near its southern end, the central segment destrike distance) between the Lone Pine and Indepen- parts from a 600 bend in the range front, has a right step
dence segments (Fig. 2, point C). The Lone Pine seg- of about 0.5 km, and extends 10 km to the south across a
ment is as much as2.5 km wide, and has a greater surface large valley, where it dies out just south of a bedrock hill
trace complexity and a larger normal component than within the valley., The northern 14 km of the surface
the Independence segment. The Independence segment rupture splays from the range front, follows an
(35 km long) is a remarkably linear, narrow fault zone alluvium-pediment contact for several kilometers, and
(as much as 0.5 km wide), with small sag ponds and extends 5 km into the San Bernardino Valley (Bull &
other minor structural complexities, such as small steps Pearthree 1988). This northern part of the rupture is
in the fault trace. At the northern end of the Indepen- considered a third segment based on a bend of approxidence segment, the Poverty Hills form a prominent mately 30°, bifurcation into several parallel fault traces,
discontinuity in the OVFZ (Fig. 2, point B). The pres- and divergence from the range front (Fig. 3, point B).
ence of this discontinuity is interpreted based on several Surface ruptures and cumulative displacement are
factors: (1) change in fault geometry and distribution; essentially continuous through this discontinuity.
(2) intersections with other faults; (3) a postulated left
The Sonora earthquake was associated with a relastep in the fault zone (Martel 1984); (4) a bedrock high tively simple, narrow surface rupture, mainly along a
between the Owens Lake and Bishop basins and associ- range front. The surface rupture can be divided into
ated geophysical anomalies; and (5) Quaternary volca- three geometric segments. Bull & Pearthree (1988)
nism. The 1872 surface rupture was deflected across estimated that about 200,000 years had elapsed since the
Poverty Hills, but the discontinuity did not terminate the event prior to 1887, and that the prehistoric surface
rupture. The Big Pine segment extends for 23 km north- rupture appears to be similar in length and amount of
ward from the Poverty Hills. This segment trends displacement to the historical earthquake.
slightly more westerly than the rest of the OVFZ and
exhibits a complex pattern with several fault strands.
1915 PleasantValley, Nevada, earthquake
The 1872 event is interpreted to have ruptured at least
The 3 October 1915 Pleasant Valley earthquake had a
three geometric segments along the OVFZ. Differences
magnitude
of M,7.6 (Bonilla et al. 1984), and was felt
in surface complexity and in the amount of vertical slip
component between the Lone Pine and Independence from southern Washington to northern Mexico, and
segments further distinguishes these as behavioral seg- from western Colorado to the Pacific coast. Four major
ments. The OVFZ shows evidence of at least two prior fault scarps formed a right-stepping en echelon pattern
Holocene events which may have ruptured the same (Fig. 4) for a combined, end-to-end rupture length of
60 km (Wallace 1984b). From northeast to southwest,
segments as in 1872 (Beanland & Clark 1987).
I- IN
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Fig. 3. Surface niptures from the 1887 Sonora, Mexico, earthquake
(from Bull & Pearthree 1988). Bedrock from Direccion General de
Geografia del Temitorio Nacional (1981) and Sumner (1977). Annotation as Fig. 2.

the major 1915 earthquake scarps are: China Mountain (length (L) = 10 km; maximum displacement
(D.a.) = 1.5 m), Tobin (L = 8.5 km; D.. = 4.7 m),
Pearce (L = 30 km; Dm., = 5.8 m) and Sou Hills
(L = 10.5 km; D. = 2.7 m). The cross-strike distances between the en echelon steps range from 3.5 to
6 km. A fifth scarp near the crest of the Stillwater Range
(L = 1.5 km; Dm.x = 1.2? m) has been attributed to
gravitational spreading (Wallace 1984b), but its position
as a potential fifth right-step within a zone of faulting
with a similar spacing, orientation and west-side-down
character is consistent with a tectonic origin. If this scarp
is tectonic, the total rupture-zone length is 74 km, and
the southern step and gap in faulting is 10.4 km (Fig. 4,
point E).
The four principal surface ruptures from the 1915
earthquake occurred near the base of W-facing range
blocks and mainly followed pre-existing late Quaternary
fault scarps. Faulting was predominately dip-slip, with a
maximum vertical displacement of 5.8 in on the Pearce
scarp, and an overall average vertical displacement of
2 m (Wallace 1984b). Up to 2 m of right-lateral offset
occurred locally.
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Fig. 4. Surface ruptures from the 1915 Pleasant Valley earthquake
(from Wallace 1984b). CM - China Mountain segment, T - Tobin
segment. P - Pearce segment. SH - Sou Hills segment, S - Stillwater segment. Bedrock from Stewart &Carlson (1978) and Wallace
(1984a). Annotation as Fig. .

Surface rupture produced by the 1915 earthquake
occurred along four or five structural or geometric
segments, based on the continuity of horst blocks, the
pattern of late Quaternary fault scarps, and large steps in
the fault zone. The largest surface displacements were
along the Pearce and Tobin segments (Page 1934).
These two segments bound the west side of the Tobin
Range and are separated by a 3.5-km-wide right step
(Fig.-4, point C). This step distinguishes these as geometric segments. The China Mountain and Sou Hills
ruptures bound different range blocks (separate from
the Tobin Block), and are therefore considered structural segments.
The southern end of 1915 surface faulting (excluding
the 1.5-km-long failure at the crest of the Stillwater
Range) coincides with the Sou Hills transverse bedrock
zone (Fonseca 1988) (Fig. 4, point E). Fonseca (1988)
used geologic, geomorphic and paleoseismic data to
show that the Sou Hills have acted as a profound barrier
to propagating surface ruptures throughout the Quaternary. The southern end of surface faulting also coincides with aeromagnetic and gravity cross-structures,
and a pronounced change in the tilt directions of range
blocks north and south of the approximate latitude of
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the Sou Hills (Stewart 1980, Thenhaus & Barnhard
1989).
The northern part of the 1915 surface rupture crossed
the Tobin Range with a 6-km-wide step (cross-strike
distance) in surface faulting between the Tobin and
China Mountain scarps (Wallace 1984b) (Fig. 4, point
B). The north end of the Tobin scarp is aligned with
conspicuous late Quaternary fault scarps that continue
tens of kilometers to the northwest along the west flank
of the Tobin and Sonoma Ranges, which did not rupture
in 1915 (Wallace 1984b).
The 1915 earthquake segment consisted of four and
possibly five structural or geometric segments, which
form an en echelon pattern with surface offsets separated by right steps as large as 6km (cross-strike distances). Wallace (1989) suggested that the distributed
surface-faulting pattern may be the result of displacement along a fault at depth that trends oblique to the
surface faults, and only ruptured those portions of the
surface faults located above the source zone.
1932 Cedar Mountain, Nevada. earthquake
The 21 December 1932 Cedar Mountain earthquake
was a complex right-lateral strike-slip event that produced a widely distributed surface-rupture pattern (Gianessa & Callaghan 1934). This event had a magnitude of
MK7.2 and a felt area of 850,000 km 2 (Coffman & von
Hake 1973, Abe 1981). The epicenter of the 1932 earthquake was located in or near Gabbs Valley, near the
north end of the rupture zone (Gianella & Callaghan
1934) (Fig. 5). The zone of surface ruptures is approximately 60 km in length (end-to-end measurement), 614km wide, and generally trends southeast from the
epicentral area. Surface ruptures were not confined to a
mountain front or a single topographic feature, but
rather were distributed broadly across three valleys and
short parts of adjacent mountain fronts. Parts of several
faults were ruptured (Fig. 5), including the StewartMonte Cristo Valley fault zone (SMCFZ), and several
shorter, unnamed faults in the Stewart and Gabbs Valleys (Molinari 1984a,b, dePolo et al. 1987b). Modeling
of body waveforms from regional and teleseismic seismograms indicates that the main event consisted of two
subevents that are spatially related to the northern and
southern halves of the rupture zone (Doser 1988).
The northern termination of 1932 surface faulting is
indistinct and consisted of several widely-spaced, small
ruptures in Gabbs Valley that generally had displacements less than a few decimeters (Gianella & Callaghan
1934) (Fig. 5, point A). One of the northernmost ruptures occurred on the southern end of a fault that had
small displacements during the 1954 Fairview Peak
earthquake. The southern part of the 1932 rupture zone
had longer and more narrowly confined surface breaks
and larger displacements than the northern end, but also
involved several, distributed fault traces. The longest
and most continuous surface faulting occurred for about
17 km along the SMCFZ in northern Monte Cristo
Valley, with maximum lateral displacements of 1-2 m

Fig. 5. Surface ruptures from the 1932 Cedar Mountain earthquake
(from Gianella &Callaghan 1934. Molinari 1984a). Areas with vertical
patterns are Tertiary sediments. Bedrock and Tertiary sediments from
Stewart & Carlson (1978). Ruptures along the Stewart-Monte Cristo
fault zone trend NNW from point C. Annotation as Fig. 2.

and normal-slip displacements of as much as 0.5 m
(Molinari 1984a, dePolo et al. 1987a). The southern end
of surface faulting is in the vicinity of cross-faults and an
extensional basin (Fig. 5, point C).
The northern and southern areas of surface faulting
(Fig. 5, point B) are separated by a 9-km gap in coseismic faulting. Within this gap in surface faulting, many
folds are present in surficial and Miocene sedimentary
deposits, but not in older volcanic and basement rocks
(Mblinari 1984a). Molinari (1984a) suggests that shallow
detachment may be be responsible for these folds and
that such deformation may account for the lack of
discrete surface ruptures. Surface ruptures trend more
northeasterly north of this gap in surface faulting than to
the south.
The extent of surface rupture associated with the 1932
earthquake would have been difficult or impossible to
predict due to the widespread distribution of many small
surface ruptures. The distributed nature of surface faulting complicates application of fault segmentation
modeling. The Cedar Mountain earthquake can be
interpreted as being the result of multiple faults (structural segments) failing in sequence, potentially adding to
the complexity of surface faulting and the event's magnitude.
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Fig. 6. Surface ruptures from the 1950 Fort Sage Mountain earthquake (from Gianella 1957). Bedrock from Lydon at al. (1960),
Burnett &Jennings (1962) and Bonham (1969). Annotation as Fig. 2.

1950 Fort Sage Mountains, California, earthquake

The Fort Sage Mountains earthquake of 14 December
1950 had a magnitude of ML5. 6 and was felt over an area
of 52,000 km 2 (Coffman & von Hake 1973, Bonilla ct al.
1984). A 9.5-km-long scarp formed at the western base
of the Fort Sage Mountains along the Fort Sage Mountains fault (Gianella 1951, 1957). The rupture was composed of two distinct, continuous breaks, separated by a
320-m left-step (Fig. 6). Although the maximum discrete
offset at the surface was 20 cm, the surface displacement
may have been as much as 60 cm if folding of alluvium is
considered (Gianella 1957). The sense of displacement
at the surface was normal slip with no evidence of lateral
offset (Gianella 1957).
The Fort Sage Mountains, the Fort Sage Mountains
fault, and the 1950 surface ruptures are ostensibly terminated at their northern end by the Warm Springs fault
system (Fig. 6, point A), which bounds the northeastern
side of the Fort Sage Mountains (Lydon et al. 1960,
Bonham 1969, Grose 1984). The southern end of surface
faulting is 2 km short of a 38° bend in the fault (Fig. 6,
point B) and in the mountain front (broad salient).
Surface ruptures from the 1950 earthquake appear to be
confined to a single geometric segment.

Fig. 7. Surface ruptures from the 1954 Rainbow Mountain and Stillwater earthquake (from Tocher 1956. Bell 1984). Hachured lines
designate extent that ruptured during the 6 July and the 23 August
earthquakes. The extent of surface rupturing from each of these
earthquakes is shown in brackets. Bedrock from Morrison (1964) and
Page (1965). Annotation as Fig. 2.

The 6 July event produced 18 km of surface faulting
along a single structural segment (Fig. 7). Most of this
rupture (-10 km) lies at the base of Rainbow Mountain.
Extensive fractures and small E-facing scarps as much as
30 cm high formed along a NNV-trending zone along
the eastern base of Rainbow Mountain and into adjacent
Quaternary basins (Tocher 1956). Both ends of this
rupture are somewhat diffuse, with surface ruptures
distributing and dying out in young basin fill (Fig. 7,
points C and D).
The 24 August Stillwater earthquake reactivated and
increased the heights of fault scarps at the northern end
of the 6 July rupture (Fig. 7) and also ruptured 34 km
northward across the Stillwater Marsh to the Carson
1954 Rainbow Mountain and Stillwater, Nevada, earth- Sink (Tocher 1956, Bell 1984). The Stillwater earthquake produced scarps as much as 76cm high. The
quakes
location of the northern end of this rupture is somewhat
The Rainbow Mountain and Stillwater earthquakes of uncertain, but surface faulting appears to die out near
6 July and 24 August 1954 (M5 6.3 and 7, respectively) point A on Fig. 7. The southern end of surface faulting
(Bonilla et a!. 1984) were the first two of four closely died out within the surface rupture produced by the
spaced surface-rupturing earthquakes in west-central Rainbow Mountain earthquake. Coseismic displacement from both events apparently occurred along at
Nevada during a 6-month period.
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least three fault traces (Fig. 7, hachured symbol). The
August event is interpreted as consisting of two structural segments, based primarily on an intersecting relationship (Fig. 7, point B). A difference in strike of 40°
also exists between these two segments.
Neither the July nor August earthquakes produced
measureable lateral offsets at the surface (Tocher 1956).
Focal mechanisms, however, indicate significant strikeslip components. particularly for the July event (Doser
1986). Doser (1986) modeled the July earthquake as a
double event. The first subevent is believed to have
produced the bulk of the seismic moment release and
was dominated by strike-slip displacement, whereas the
second subevent was shallower and had a larger normalslip component. Doser suggested that the surface rupture may be more directly related to the second event,
partially explaining the lack of lateral offset at the
surface.
The July and August surface ruptures broke along
faults that had little or no tectonic surface deformation
since the deposition of -12,000 year Lake Lahonton
sediments (Bell 1981, Bell et al. 1984). Surface rupture
from the July event occurred along a single structural
segment, whereas surface rupture from the August
event occurred along two structural segments and overlapped for about 12 km with the July surface ruptures.
1954 FairviewPeak-Dixie Valley, Nevada, earthquakes
The Fairview Peak and Dixie Valley earthquakes of
16 December 1954 (MK7.2 and 6.8, respectively; Bonilla
et al. 1984, Doser 1986) produced a complex pattern of
surface ruptures in a 102 km by 32 km N-trending belt in
west-central Nevada (Fig. 1). The Fairview Peak earthquake produced a 67-km-long N-trending zone of
normal-right oblique-slip on three primary traces (Fig.
8): the Fairview Peak, Westgate and Gold King faults.
the focal-plane solution of Doser (1986) has a preferred
nodal plane that strikes N1 0°W, dips 60PNE, and has a
significant right-lateral component. The Dixie Valley
earthquake followed the Fairview Peak event by about
4j min and caused dominantly normal-slip surface rupture along the eastern flank of the Stillwater Range (Fig.
9).
The northern end of surface faulting attributed to the
Fairview Peak earthquake is near a small salient in
Louderback Mountain and where the Dixie Valley
widens considerably (Fig. 8, point D). The southern end
of surface faulting splits into multiple discontinuous
ruptures south of Bell Flat, and extends south of Mount
Anna.
Three structural segments are interpreted for the
Fairview Peak event based on surface rupture along
three different faults, the Fairview, Gold King and
Westgate faults. The Fairview segment ruptured
approximately 32 km along the eastern base of Slate
Mountain, Fairview Peak, and Chalk Mountain.
Normal-right oblique-slip dominated, with maximum
displacements of 3.7 m right-lateral, and 3.1 m normalslip (Slemmons 1957). The Fairview segment rupture

I
Fig. 8. Surface ruptures from the 1954 Fairview Peak and Dixie
Valley earthquakes (from Slemmons 1957, Bell 1984, P. Zhang,
personal communication 1990). GK - Gold King segment.
LM - Louderback Mountain, CAM - Clan Alpine Mountains,
WG - West Gate segment. CMN - Chalk Mountain, MA - Mount
Anna. Bedrock from Page (1965). Villden & Speed (1974) and
Stewart & Carlson (197S). Annotation as Fig. 2.

follows the Fairview Peak range front north to where it
branches into a series of NE-trending en echelon breaks,
then continues as a range-front fault along Chalk Mountain and across an alluviated gap south of Louderback
Mountain (Fig. 8, point E). Surface rupture continued
for a distance of -16 km to the north on the W-dipping
Gold King segment, partly along the western edge of
Louderback Mountain and partly in bedrock
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tural. Normal displacements of more than 2 m were
measured along the Dixie Valley rupture (Slemmons
1957). The southern end of surface faulting coincides
approximately with the southeastern end of the Stillwater Range, and had a complex, distributed rupture
pattern (Fig. 8, point C).
The Dixie Valley earthquake ruptured through a large
range-front re-entrant, called "the bend", and surface
faulting continued for about 12 km north of a -400
change in the strike of the range-front fault (Fig. 8, point
B). The portion of the fault north of the bend is considered a second geometric segment based on these
changes. Displacement along this segment was generally
about 0.5 m or less. The northern end of the surface
rupture (Fig. 8, point A) coincides with a 0.8 km right
step in the fault zone and a cross fault in the range (P.
Zhang personal communication 1989). This cross fault
may be part of a N-trending fault zone within the
Stillwater Range that intersects, and may disrupt, a NEtrending fault pattern to the southwest. A magnetic
Fig. 9. Surface ruptures from the 1959 Hebgen Lake earthquake
(surface ruptures and bedrock from U.S. Geological Survey 1964). anomaly associated with the Humboldt lopolith crosses
H - Hebgen segment. RC - Red Canyon segment. Red Canyon is the Dixie Valley fault in the general vicinity of the
the alluvial valley just north of point C. Annotation as Fig. 2.
northern end of the 1954 rupture. Speed (1976) estimated the thickness (depth) of the lopolith as just over
within the range. The Fairview and Gold King segments 1 km from the surface, using gravity and geologic data.
can be distinguished both structurally, because they Such a shallow feature in the crust probably would not
occurred on faults that bound opposite sides of moun- have affected the rupture at depth, but may have
tain blocks and have opposite dips, and behaviorally, influenced the near-surface rupture pattern.
The range front and late Quaternary fault scarps are
based on differences in the amount of lateral slip and
downthrown sides. Normal-slip displacements on the essentially continuous beyond the northern limit of the
Gold King segment of as much as 60 cm may have been Dixie Valley rupture. Bell & Katzer (1990) postulated
similar to surface displacement on this segment during that the northern part of the Dixie Valley earthquake
the 1903(?) Wonder earthquake (Slemmons eta!. 1959). rupture overlapped with the adjacent earthquake segThis is one of the few cases of recurrent historical surface ment to the north, possibly by as much as 25 km. This is
faulting in the United States. Recent field work indicates an important example of how significant overlap of
a significant component of right-lateral slip along a fault earthquake segments can occur, and can potentially be
trace that splays away from the Gold King segment, identified.
northwestward into Dixie Valley (P. Zhang, personal
In summary, surface faulting during the 1954 Fairview
communication 1990). The Westgate segment is a west- Peak-Dixie Valley earthquakes occurred mainly at or
side-down range-front fault that parallels and is 2-4 km near the alluvium-bedrock range-front boundary and
east of the Fairview and Gold King segments. Eighteen nearly always followed prehistoric fault scarps (Slemkilometers of surface rupture occurred along the West- monds 1957). At least three complex structural seggate segment, with maximum displacements of approxi- ments failed during the Fairview Peak earthquake: the
mately 1 m normal slip and 0.5 m right-lateral slip.
Fairview segment, the Gold King segment and the
Waveform inversion modeling by Doser (1986) indi- Westgdte segment. The Dixie Valley earthquake
cates that the Fairview Peak event was a double and appears to have ruptured two geometric segments along
possibly triple event. However, this can not be clearly the Dixie Valley fault zone.
related to the segmentation model presented here. It is
unclear how the seismic moment was distributed be- 1959 Hebgen Lake, Montana, earthquake
tween these segments and how much of this faulting was
secondary or sympathetic. For example, the Westgate
The 18 August 1959 Hebgen Lake earthquake
and Gold King segments may be secondary or sympath- (MK7.5) (Doser 1985) produced a complex, 28-km-long
etic ruptures in relation to the primary rupture of the (end-to-end distance, including secondary, antithetic
Fairview segment.
ruptures), surface-rupture pattern near the southern
The Dixie Valley earthquake ruptured a zone 43- end of the Madison Range in southwestern Montana.
47 km long on the west side of Dixie Valley. Rupture The event was felt over 870,000 km2 (Stover 1985) and
during this event probably did not cross a 10-km-wide produced dramatic fault scarps, landslides and largeleft-step across Dixie Valley to the Fairview Peak rup- scale basin subsidence. The main shock is the largest
ture, although the distinctions of surface faulting pro- earthquake recorded in the Intermountain seismic belt.
duced by the two closely spaced earthquakes is conjec- Seismologic data suggest that the event was composed
/(Y?
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of two principal subevents about 5 s apart on one or
more WNW-trending fault planes dipping 4560S, with
pure dip-slip motion (Doser 1985).
Pronounced normal-slip displacement occurred on
the Red Canyon and Hebgen faults (structural segments) (Fig. 9). with secondary and minor displacement
on several additional faults. The Red Canyon and Hebgen faults strike chiefly W to NW. discordant to the
NNW trend of the prominent Madison Range. The Red
Canyon fault ruptured for 23 km in a complex, curving
trace that closely paralleled Laramide-age (late Cretaceous to early Cenozoic) fold axes and thrust fault
surfaces (Witkind et al. 1962). The maximum vertical
displacement (Dmax = 4.6 m) occurred where bedding
and pre-existing fault planes were favorably oriented for
S- to SW-dipping normal slip (Myers & Hamilton 1964).
The 12-km-long Hebgen fault rupture (D,,, = 5.5 m)
similarly appears to have been controlled by Laramide
structures (Witkind et al. 1962). The end-to-end length

of the ruptures along the Hebgen and Red Canyon faults
is about 24 km.
Several faults antithetic to the Hebgen and Red
Canyon faults also ruptured during this event, forming a
large graben which was downdropped at the time of the
earthquake (Myers & Hamilton 1964). These breaks
were generally along small faults and monoclines, and
are secondary in origin. There was also a 2.4-km-long
sympathetic surface rupture along the west side of the
Madison Range (not shown in Fig. 9). These breaks
were about 11 km from the nearest primary surface
rupture (Hebgen fault) and had as much as 1 m of
vertical offset (Myers & Hamilton 1964).
At least two discrete structural segments failed during
the 1959 Hebgen Lake earthquake, the Red Canyon and
Hebgen faults. The Red Canyon rupture can be subdivided into two smaller geometric segments. At the
mount of Red Canyon, the Red Canyon rupture had a
pronounced change in scarp continuity, height and complexity. At this point (Fig. 9, point C), the rupture
splayed into numerous traces. made a bend of about 60°,
and occupied the same geomorphic position as the
Hebgen fault, potentially merging with the Hebgen fault
at depth. The southeastern end of the rupture is at a 550
bend in the fault zone within alluvium in Madison Valley
(Fig. 9, point D). The northwestern end of the Hebgen
fault rupture is at a cross fault (Fig. 9, point A). The Red
Canyon and Hebgen fault segments could have been
delineated on the basis of pre-existing fault scarps along
much of their lengths, depite their relatively subdued
geomorphic expression and the Red Canyon fault's
location within the range (Witkind et at. 1962. Hall &
Sablock 1985).

Fig. 10. Surface ruptures from the 1983 Borah Peak earthquake (from
Crone & Machette 1984, Susong et al. 1990). Bedrock from Bond
(1978) and Rember & Bennett (1979a. b). WS - Warm Springs
segment, TS - Thousand Springs segment. Annotation as Fig. 2.

western Canada (Stover 1985). It produced surface
faulting on two well-defined segments of the 140-kmlong Lost River fault and a branch fault (Scott et al.
1985). Doser & Smith's (1985) preferred fault-plane
solution of N480 W, 45W, with approximately 5:1 normal to left-lateral displacement. agrees closely with
measurements of surface slip. Rupture is believed to
have propagated unilaterally to the northwest from a
nucleation point 15-16 km deep near the southern end
of surface faulting (Doser & Smith 1985).
Surface rupture (Fig. 10) occurred on three main
traces: from south to north, a 21-km-long section of the
Lost River fault that constitutes the main rupture and
includes the maximum vertical displacement of 2.7m
and a maximum left-lateral offset of 0.7 m; a 14-km-long
WNW-trending branching rupture across a series of
bedrock hills (Willow Creek Hills) and out onto Ante1983 Borah Peak, Idaho. earthquake
lope Flat (D.,, = 1.6 m); and a 8-km-long northern
1Im) that also coincides with the Lost
The M57.3 Borah Peak earthquake of 28 October 1983 rupture (D..
River
fault
(Crone
& Machette 1984. Crone etal. 1987).
produced about 36 km of surface rupture at the western
The
Lost
River
fault
has been divided into six or seven
base of the Lost River Range in east-central Idaho
discrete
fault
segments
based on differing geomorphic
(Crone & Machette 1984). The event was felt over
expression,
structural
relief
and ages of most recent
670.000 kmz of the United States and a large part of
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surface faulting (Scott et al. 1985). The southern and
northern sections of the 1983 ruptures correspond to the
Thousand Springs segment and the central portion of the
Warm Spring segment of the Lost River fault. respectively. A gap in surface faulting at Willow Creek Hills
separates these two segments (Fig. 10. point B); these
two segments are considered geometric segments based
on this gap in surface faulting.
The southern end of the Thousand Springs segment is
marked by transverse faults in bedrock and an abrupt
change in the strike of the range-front forming a salient
(Fig. 10, point C). Susong et al. (1990) mapped NE- and
NW-trending sets of faults within the bedrock; some of
the NW-trending faults had minor surface displacement
in 1983 (Vincent & Bull 1989). Susong et al. (1990)
suggested that these networks of faults mark the nucleation point of the rupture and acted to arrest the spread of
the rupture to the south. The rupture appears to have
propagated northwestward from near this point some
20 km along the Lost River fault to a transverse bedrock
ridge (Willow Creek Hills) between Thousand Springs
and Warm Spring Valleys (Fig. 10, point B), where it
was partially deflected west-northwest (Crone et al.
1985). Faulting on the range front continued for about
8 km to the northwest on the Warm Spring segment,
after a gap of 4.8 km, and died out along the range-front
fault (Fig. 10, point A) (Crone & Machette 1984).
Surface cracks with little or no displacement are locally
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Table 2. Summary of segmentation of historical Basin and Range
province surface-faulting events. Number of fault segments
interpreted in this study and types of discontinuities represented are
listed. G - geometric discontinuity. S - structural discontinuity,
B - behavioral discontinuity
Date/Event
1872
1887
1915
1932
1950
1954
1954
1954
1954
1959
1983

Owens Vallev
Sonora
Pleasant Vallev
Cedar Mountain
FortSage
Rainbow Mountain
Stillwater
Fairview Peak
Dixie Vallev
Hebgen Lake
Borah Peak

Magnitude
7.7-8+
7.2-7.4
7.6
7.2
5.6
6.3
7
7.2
6.8
7.5
7.3

Fault
segments
3 G, B
2-3G
41- G. S
>3 0, S
1G
is
2S
3-4+ S. B
2G
2-3 G. S
2-3S

personal communication 1988). A single mid-Holocene
event may have ruptured both the Thousand Springs and
Warm Spring segments, but with larger displacements
along the Warm Spring segment than occurred in 1983.
Alternatively, a second earthquake may have occurred
along the Warm Spring segment relatively close in time
to the mid-Holocene event on the Thousand Springs
segment or following a prior "1983-type" event (D. P.
Schwartz personal communication 19$8).

present for another 5 km to the north (Crone etal. 1985).

DISCUSSION

If these cracks are included. the total length would
increase to >39 km.
Crone & Haller (1991) point out that although the
total length of surface faulting is 36 km, most of the
seismic moment release from the main shock was associated with rupture of the Thousands Springs segment,
and that surface rupture along the Warm Spring segment
is secondary or sympathetic in nature. The boundary
between these two segments is described as "leaky" by
Crone & Haller, essentially terminating the rupture, but
allowing minor displacement at depth and/or strong
ground motion to trigger slip on the Warm Spring
segment. Likewise, the branching rupture through Willow Creek Hills is thought to be secondary. Because of
the branching structural discontinuity, this is considered
a separate structural segment.
The style and amount of. displacement in 1983 was
similar to a mid-Holocene (Hanks & Schwartz 1987,
Cluer 1988) event documented on the Thousand Springs
segment (Hait & Scott 1978, Schwartz & Crone 1985).
Similarities between the two most recent events on this
segment support the earthquake segmentation and
characteristic earthquake model (Schwartz & Coppersmith 1984). The most recent paleoseismic event along
the Warm Spring segment occurred just prior to 5.56.2 ka (Schwartz & Crone 1988). about the same time as
the mid-Holocene event on the Thousand Springs segnment. However, surface displacements along the Warm
Spring segment from this paleoearthquake were at least
twice as much as those from the 1983 event, and surface
ruptures were much more extensive (D. P. Schwartz

The 11 historical events associated with surface faulting in the Basin and Range province exhibit a large
degree of variability in the amount and style of surface
rupture. Some surface ruptures are concentrated along
range fronts in relatively narrow zones (e.g. 1954 Dixie
Valley and 1983 Borah Peak earthquakes), whereas
other ruptures are complex and widely distributed (e.g.
1932 Cedar Mountain and 1954 Fairview Peak earthquakes). Moderate and strong earthquakes (magnitude
5-7) tended to cause simpler surface ruptures than the
larger events. The eight earthquakes with magnitude 27
ruptured multiple geometric or structural segments
(Table 2); these include the 1872 Owens Valley earthquake (three geometric segments) and the 1915 Pleasant
Valley earthquake (four or five structural or geometric
segments). Failure of these multiple segments may be
responsible for some of the multiple ruptures observed
by seismologists for large events in the Basin and Range
province (Doser & Smith 1989, Jackson & White 1989).
Many of the largest events (magnitude 27.2) involved
complex, widely distributed rupture patterns (e.g. 1915.
Pleasant Valley, 1932 Cedar Mountain and 1954 Fairview Peak earthquakes). These events ruptured
consecutive and parallel structural segments along range
fronts and across ranges and valleys and produced complicated patterns of surface faulting involving primary,
secondary and sympathetic displacements. Some possible underlying causes for the complex and widely distributed surface ruptures in the Basin and Range province include: (1) decoupling and detachment faulting in
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the mid to upper crust (Burchfiel 1965. Hardyman 1978,
1984, Wallace 1979, 1989. Molinari 1984a); (2) occurrence in heterogeneous. highly tectonized crust with
pre-existing structures and fabrics, and varying lithologies; (3) triggering of multiple ruptures either by exceedence of seismic failure thresholds of adjacent faults or
through sympathetic displacement; and (4) significant or
dominant strike-slip displacement components that cut
across pre-existing structural grains or splay upwards
(flower structures).
Additional detailed paleoseismic studies will be important for determining to what extent the complex
patterns of historical ruptures are the result of characteristic earthquakes that ruptured similar multiple geometric and structural segments during past events
(Schwartz & Coppersmith 1984, 1986. Schwartz 1988).
In cases where paleoearthquakes are clustered spatially
and temporally, it may be difficult to delineate individual earthquake segments from paleoseismic data
alone. For example, at some future time, using only
paleoseismic techniques, it would be difficult to distinguish between the 1954 Rainbow Mountain and Stillwater earthquakes, or to temporally differentiate the
historical ruptures in the Central Nevada seismic belt.
Approximately half of the 11 historical surface ruptures ended at discontinuities that could have been
identified as indicators of fault-zone discontinuities
based on such characteristics as cross faults, branch
faults, extensional basins, ends of mountain ranges,
transverse-bedrock ridges and salients. The other half
*wereeither widely distributed with indistinct end points,
or ended at locations at the surface that did not coincide
-.with clear indicators of fault zone discontinuities.
The structural and geometric segment lengths from
these earthquakes fall in three groupings: (1) 8.5-12 km;
(2) 17-23 km; and (3) 30-39 km. The middle grouping
clusters near a proposed general maximum segment
length of 20 km for normal faults (Jackson & White
1989). However, two of the segments considered here
from dominantly normal-slip displacement earthquakes
had significantly longer lengths: the 1887 Sonora earthquake (central segment-39+ km) and the 1915 Pleasant Valley earthquake (Pearce segment-30 km).
Recent studies of well-recorded historical events have
concluded that seismic moment release may be concentrated along portions of a fault or earthquake segment,
or dominated by an individual segment (e.g. 1983 Borah
Peak earthquake). Unfortunately, with the exception of
the 1983 Borah Peak earthquake, it is difficult to clearly
discern which segments may have dominated the moment release, although some speculations can be made
based on multiple-event interpretations from analysis of
seismgrams, variations in the amount of surface rupture, and fault geometry relative to the main rupture.
As is the case for most of the 11 events. the magnitude
of the 1983 Borah Peak earthquake (M5 7.3) was considerably larger than what would be estimated for individual segments of the Lost River fault zone (Freeman et
al. 1986). Rupture of the 2--km-long Thousand Springs
segment alone vields an estimated magnitude M,6.7-6.8

event, using magnitude vs fault-length relations from
Slemmons (1982) and Bonilla et al. (1984). A 36 km
rupture length yields an estimated magnitude of
M5 6.9-7.1. This underscores the importance of considering uncertainties in estimated magnitudes, as well
as potential multiple segment failures. Further, the use
of other fault parameters, such as maximum surface
displacement. for determining magnitude values can
help cross-check individual estimates of earthquake
size.

CONCLUSIONS
Surface ruptures from historical earthquakes in the
Basin and Range province have exhibited a wide variety
of faulting patterns, from simple to complex. Moderate
and strong earthquakes have tended to cause simpler
surface ruptures, whereas, surface ruptures from events
of magnitude 7 and greater have involved the failure of
multiple geometric or structural segments. Many of the
events larger than magnitude 7.2 had complex, widespread surface-rupture patterns.
Approximately half of the endpoints of historical
Basin and Range province surface ruptures coincided
with distinct fault-zone discontinuities. The other half
ended in either widely distributed breaks and/or did not
coincide with clear indicators of discontinuities. In several cases, historical surface faulting has ruptured
through or occurred on both sides of pronounced geometric and structural discontinuities. Thus, some earthquake discontinuities may be difficult to identify and
significant faulting may occur beyond postulated discontinuities. Several lines of evidence are required to
evaluate earthquake discontinuities, one of the most
important of which is timing information for past earthquakes.
These observations indicate that simple earthquake
segmentation models may be inadequate for evaluating
larger earthquakes in the Basin and Range province.
Seismic hazard assessments in the province should consider ruptures of multiple geometric or structural segments, and should rely on different types of data and
large uncertainties in earthquake segment lengths and
earthquake-size estimations. Further studies of historical earthquakes and fault zone behavior, and the development of new information, such as geophysical and
paleoseismic data, will increase our understanding of the
complexities of earthquake ruptures in extensional provinces. With additional data. behavioral models can be
developed for fault zones (e.g. Machette etal. 1989) and

a more accurate understanding and delineation of earthquake segments may be possible.
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MAP LEGEND
Quaternary Surficial Units

Qfcf Crater Flat unit Active and recently active washes, inset fans, and fan skirts; shallowly
incised (<2m) distributive drainage pattern; preserved to slightly subdued bar and swale
topography; unvarnished to slight rock varnish; may have proto-pavement. No significant
formation of genetic soil horizons; may have slight carbonate dustings or filaments on pebble
bottoms (Stage I). Late Holocene age; < <6.6 ka.
(fic little Cones unit Fan-skirt and low basin-floor remnants; fully-smoothed surfaces;
slightly varnished desert pavement. Clear pedogenic soil (torriorthents) consisting of 5 cm
thick Av, cambic (Bw), and Stage I-II Bk horizons. Late Pleistocene to early Holocene age;
rock varnish age of 6.6-11.1 ka.
Qfib Late Black Cone unit Fan-piedmont remnants; fully-smoothed surfaces; deeply
solution etched limestone and darkly varnished volcanic clasts in well-sorted and tightly
packed pavements. Soils are haplargids and locally haplic durargids with 20-30 cm thick Bt
and Stage Ix-m Bk horizons. Late Pleistocene age; rock varnish age of 173-303 ka.
Qfeb Early Black Cone unit Fan-piedmont remnants; fully smoothed surfaces; similar
surficial characteristics as late Black Cone. Soils are durargids with 30 cm thick Bt and
-1 m Stage m-Iv Bk horizons. Mid- to late Pleistocene age; rock varnish age of 130-190
ka.

Qfy Yucca unit Deeply dissected fan-piedmont remnants; darkly varnished, well-sorted and
tightly packed pavement. Soils are durargids with 40-60 cm thick Bt and > 1 m thick Stage
IV Bqkm horizons. Mid-Pleistocene age; rock varnish age of 360-370 ka.
Qs Solitario unit Fully-rounded ridge-line remnants (ballenas); irregularly shaped, wellsorted, tightly packed pavements with darkly varnished volcanic clasts and littered with chips
of duripan lamina- Original A and Bt horizons have been stripped; remnantal Bt and Stage
IV Bqkm horizons are present. Contains Bishop ash (-730 ka). Mid- Pleistocene age; rock
varnish age of 450 to >740 ka.
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MAP LEGEND
The map 'Geological Map of Crater Flat, Nevada! is included in the pocket of
this annual report.
Qal

Alluvium-poorly sorted gravel, sand, and silt.

Qc

Colluvium-unconsolidated angular blocks.

QTs

Late Miocene to Quaternary, flat-lying pebble to cobble
conglomerate, weakly indurated, primarily of fanglomerate
origin.

Geology of the Pliocene Volcanoes
Qab

Locally derived alluvium; Non-consolidated, poorly sorted angular
fragments ranging from gravel to boulders. Clasts consist of basalt with
subordinant pyroclastic material shed from the local basalt flows and scoria
mounds and cones.

Qts

Scoria colluvium; Non-consolidated fragments of pyroclastic material shed
from cinder cones and scoria mounds.

Qb

Undifferentiated Quaternary basalt flows and pyroclastic material.

Qs

Primaxy pyroclastic deposits; Poorly-to-moderately welded scoria, ash,
bombs, and agglutiated scoria deposited by Strombolian to Hawaiian type
eruptions. Deposits range from bedded to non-bedded and form the major
cinder cones. Scoria mounds at Black Cone and Red Cone are comprised
primarily of non-bedded poorly-to-moderately welded scoria and volcanic
bombs.

Qbn Northern basalt flows at Black Cone; Aa and block flows of alkali-basalt
that erupted from scoria mounds north of Black Cone. Basalt is porphyritic
with eubedral to subbedral phenocrysts of olivine in a matrix of plagioclase,
diopsidic augite and olivine.
Qbsm Scoria mound basalt flows; Aa and block flows of alkali-basalt that erupted
from scoria mounds south and southeast of Black Cone. The basalt is
porphyritic with euhedral to subhedral phenocrysts of olivine in a matrix of
plagioclase, diopsidic augite and olivine.
Qbl Lava lake on Black Cone; Alkali-basalt flows that probably erupted by lava
fountaining at the summit of Black Cone. Basalt locally grades into

agglutinate. Sparce inclusions of Timber Mountain tuff are present.
Qbsw Southwestern basalt flows; Aa and block flows of alkali-basalt southwest of
Black Cone. The basalt is porphyritic with euhedral to subhedral
phenocrysts of olivine in a matrix of plagioclase, diopsidic augite and
olivine.
Qb3

Basalt erupted from the base of Red Cone; Aa and block flows of alkalibasalt east and west of Red Cone. The basalt is porphyritic with euhedral
to subhedral phenocrysts of olivine in a matrix of plagioclase, diopsidic
augite and olivine.

Qb2

Basalt flows erupted from scoria mounds southeast of Red Cone. Aa and
block flows of alkali-basalt. Basalt is porphyritic with euhedral to subhedral
phenocrysts of olivine in a matrix of plagioclase, diopsidic augite and
olivine.

QbI

Basalt flows erupted from scoria mounds south and southwest of Red
Cone. Aa and block flows of alkali-basalt. Basalt is porphyritic with
euhedral to subhedral phenocrysts of olivine in a matrix of plagioclase,
diopsidic augite and olivine.

Pliocene Units
Tb

Pliocene alkali-basalt flows erupted from a north-south fissure in
southeastern Crater Flat. Olivine is the dominant phenocryst. Olivine,
plagioclase and clinopyroxene phenocrysts are set in a matrix of
plagioclase, olivine, and clinopyroxene. Glomeroporphyritic clots of olivine,
clinopyroxene, and plagioclase are common.

Tbs

Pliocene-aged pyroclastic deposits; Poorly-to-moderately welded scoria, ash,
bombs, and agglutiated scoria deposited by Strombolian to Hawaiian
eruptions.
Quaternery and Pliocene Alkali-basalt dikes; Dikes intrude scoria and
range in thickness from 0.5 to 3 m wide.

Tbc

Alkali basalt flows of Crater Flat; K/Ar ages cluster at
3.7 Ma.
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Miocene Volcanic Units
Tmr

Timber Mountain Tuff, Rainier Mesa Member
undifferentiated.

Tmrw

Timber Mountain Tuff, Rainier Mesa Member: light gray
welded ash-flow tuff containing 20-25% phenocrysts of
sanidine, quartz, lesser plagioclase and biotite, and
rare clinopyroxene.

Tmnrn

Timber Mountain Tufft Rainier Mesa Member. White to light
gray, thinly bedded to massive nonwelded tuff, air-fall,
and surge deposits. Thickness increases across some
faults. Contains 10% phenocrysts of sanidine, quartz,
lesser plagioclase and biotite, and accessory
clinopyroxene.

Tpc

Paintbrush Tuff, Tiva Canyon Member: light purplish-gray
to brown generally densely welded ash-flow tuff, with
thin (< 5 m) basal nonwelded unit. Contains 5 to 15%
phenocrysts of sanidine, lesser plagioclase and biotite,
and rare clinopyroxene and quartz. Abundance of
phenocrysts increases upward in section. Lenticular
fiamme common.

Tr

Rhyolite flows: light gray, coarse-grained, crystal-rich
rhyolite containing phenocrysts of plagioclase, quartz,
alkali feldspar, and biotite.

Tpy

Paintbrush Tuff, Yucca Mountain Member: light gray to
brownish-gray ash-flow tuff containing sparse (2%6)
phenocrysts of sanidine and plagioclase.

Tpt

Paintbrush Tuff, Topopah Spring Member: Light purplish
gray to light brownish-gray welded ash-flow tuff
containing 10% phenocrysts of sanidine, biotite, and
minor plagioclase.
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Tptn

Paintbrush Tuff, Topopah Spring Member: Pale orange to
light brown nonwelded basal part of Tpt. Contains sparse
phenocrysts of sanidine, plagioclase, and biotite.

Tcp

Crater Flat Tuff, Prow Pass Member: Light gray to
brownish-gray ash-flow tuff containing approximately 8%
phenocrysts of plagioclase, sanidine, quartz,
orthopyroxene, biotite, and magnetite.

Tcb

Crater Flat Tuff, Bullfrog Member. Light gray to light
brownish-gray, moderate to densely welded ash-flow tuff
containing phenocrysts of quartz, plagioclase, sanidine,
biotite, hornblende, and magnetite.
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Late Quaternary faulting at Crater Flat, Yucca Mountain, southern Nevada
Alan R Ramelli, John W. Bell, and Craig M. dePolo Nevada Bureau of Mines and
Geology and Center for Neotectonic Studies, University of Nevada, Reno, Nevada
89557
ABSTRACT
Yucca Mountain, the sole candidate site for a commercial high-level nuclear waste
repository, has a significant local seismic hazard. Recurrent Quaternary faulting has
occurred on several interconnected, north- to north-northeast-trending faults. Delineation
of these faults has been previously hampered by their subdued, subtle expression and small
scarp heights. The Quaternary fault data base is enhanced by large-scale, low-sun-angle
aerial photography which reveals: 1) the existence of additional active fault traces, 2)
extensions and connections of previously mapped traces, and 3) offsets of Quaternary
surfaces previously thought to be unfaulted. Several faults immediately adjacent to the
repository site in eastern Crater Flat displace late Quaternary piedmont surfaces.
Quaternary slip rates on these faults have been relatively low, but at least three of these
faults are believed to vertically offset Holocene or latest Pleistocene deposits by up to a few
tens of centimeters each. Similarities in ages and amounts of offset, and the high degree
of mapped fault interconnection, strongly suggest that the recent surface faulting has
occurred in a distributive manner during individual seismic events or sequences. Basaltic
ash occurs in vertical fractures along at least four faults, further supporting this
interpretation and suggesting that such events have occurred concurrently with local basaltic
eruptions. Seismic hazards from such events could be underestimated if independent fault
behavior were assumed.
INTRODUCHION
Yucca Mountain, located in southern Nevada (fig. 1), is currently the sole site under
consideration for permanent storage of the nation's commercial high-level nuclear waste.
One important factor bearing on the suitability of the site is the potential for disruption due
to tectonic activity. Numerous Quaternary faults are present at and around Yucca
Mountain, posing a significant local seismic hazard. Site suitability issues, including the
significance of local seismic events, are distinctly different for "preclosure" (the period over
which waste will be handled at the surface facilities and/or monitored for possible retrieval about 100 years) and "postclosure" (the 10,000-year period following closure of the
repository). Local seismic events may have a low probability of occurrence over the
preclosure period, but can be considered likely over the 10,000-year postclosure period.
Local seismic events at Yucca Mountain could affect stability of the site in a number
of ways, including the impact of surface rupturing and strong ground motion on surface
facilities, rupture of waste packages, and possible effects on geohydcologic conditions. The
presence of active faults at the site does not necessarily render the site unsuitable, but does
complicate predictions of future processes and of site stability. The uncertainties involved
in predicting both fault behavior and the potential impacts of local seismic events are likely
to be quite large.
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GEOLOGIC SETTING
Yucca Mountain is a block-faulted plateau underlain by a thick sequence of Miocene
ash-flow tuffs erupted from the nearby Timber Mountain - Oasis Valley caldera complex
(Byers et al., 1976; U.S. Geological Survey, 1984). A series of interconnected north- to
north-northeast-trending faults offset these tuffs with dominantly down-to-the-west throw,
and the fault-bounded blocks tilted to the east (Scott and Bonk, 1984). The tuffs are
displaced vertically by up to about 400 m, with much of this offset occurring prior to the
eruption of the Rainer Mesa member of the Timber Mountain tuff (Carr, 1984).
Paleomagnetic data suggest that the tuffs are rotated clockwise, with tilts and rotations
increasing to the south (Scott and Rosenbaum, 1986). The principal faults are subparallel,
with interstrike distances averaging about 2 km at the surface.
Yucca Mountain lies within the southwest part of the Basin and Range structural
province, a tectonically active region. Some of the highest tectonic rates in the Basin and
Range occur about 50 km west of Yucca Mountain, between Death Valley and the eastern
front of the Sierra Nevada in Owens Valley. Although considerably less active than the
Death Valley/Owens Valley region, numerous Quaternary faults are present at and around
Yucca Mountain (Swadley et al., 1984; U. S. Geological Survey, 1984).
Active tectonics at Yucca Mountain are largely extensional in style, but may be
affected by strike-slip deformation as well. This area lies within the Walker Lane belt, a
regional northwest-trending zone of strike-slip faulting that disrupts typical Basin and Range
style faulting (Stewart, 1988). Yucca Mountain is located within the Goldfield segment of
the Walker Lane belt (Stewart, 1988), which is characterized by lower rates of Quaternary
deformation than much of the Walker Lane belt. No major northwest-trending late
Quaternary faults have been recognized around Yucca Mountain, although a limited amount
of strike-slip faulting trends into southern Amargosa Valley from Pahrump Valley (Donovan,
1991), and the Paintbrush Canyon fault on the east side of Yucca Mountain merges with
northwest-trending faults of unknown activity at Timber Mountain to the north.
Much of the data on Quaternary faulting at Yucca Mountain have come from Crater
Flat (Hoover et al., 1981; Swadley et al., 1984; Whitney et aL, 1986; Reheis, 1986; Swadley
and Carr, 1987; Swadley and Parrish, 1988; Peterson, 1988; Ramelli et al., 1988; Ramelli et
aL, 1989; Shroba et al, 1990). Crater Flat is an asymmetric structural depression located
immediately west of the repository site (fig. 2). Relative to the eastern side of Yucca
Mountain, faulting in Crater Flat is more extensive, scarps are better preserved, and there
is a more complete Quaternary stratigraphic record.
In eastern Crater Flat, several fault scarps cross fan piedmont surfaces (Swadley et
al., 1984). Delineation of these scarps has been previously hampered by their subdued
morphology and small scarp heights. To facilitate Quaternary fault mapping, low-sun-angle
aerial photography (LSAP), taken under both morning and afternoon lighting conditions,
was flown over Yucca Mountain and surrounding areas. LSAP is commonly used in active
fault evaluation because oblique lighting greatly enhances incongruent topographic features,
such as fault scarps, through shadowing and highlighting. Scarps apparent on [SAP often
can not be recognized on standard aerial mapping photography or easily detected on the
ground. The LSAP of Crater Flat reveals the existence of unmapped fault scarps, extensions
and connections of mapped scarps, and small scarps on Quaternary surfaces previously
thought to be unfaulted.
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QUATERNARY STRATIGRAPrHIC RELATIONS

Six allostratigraphic units ranging in age from mid-Pleistocene to late Holocene are
differentiated in the Crater Flat area on the basis of distinctive soil-geomorphic relations
(Table 1 and Fig. 3; Peterson, 1988; Bell et al., 1991). These stratigraphic relations provide
control for bracketing recency of faulting. Geomorphic relations are dominated by a
sequence of fan piedmont remnants, fan skirts, inset fans, and ballenas originating from
several of the major drainages on the western flank of Yucca Mountain. Surficial
characteristics, such as microtopography, desert pavement, soil morphology, and rock varnish
development, progressively change with increasing age. The differentiation of stratigraphic
units allows us to approximately bracket recency of surface faulting events. Of the six
allostratigraphic units, the three youngest (late Black Cone, Little Cones, and Crater Flat
units) provide important maximum limits for timing of faulting during the latest Quaternary.
Rock-varnish and uranium-series ages verify and scale the mapped allostratigraphic
relations, and provide minimum limiting ages for the geomorphic surfaces. Twenty-four rock
varnish cation-leaching

and 14C AMS radiocarbon ages determined on the six

allostratigraphic units (Dorn, 1988; Bell et al., 1989) have allowed the construction of a
cation-leaching curve for Crater Flat (Dorn et al., 1988), which differs significantly from the
one developed by Harrington and Whitney (1987). Due to relatively large uncertainties
involved in cation-ratio dating, this study uses numerical age relations provided by the more
definitive '4C AMS data.
Eleven finite AMS radiocarbon ages were obtained on late Black Cone (Qfib) and
younger surfaces. Six ages ranging between 17.3-30.3 ka were obtained from separately
mapped QfIb surfaces. These ages are consistent with '30Th-234U ages of 17.1 and 38.7 ka
determined for pedogenic carbonate (Bk horizon) underlying the late Black Cone surface
at trench CF-3 (Ku, 1989; Luo and Ku, 1991) and with one of the uranium-trend ages (40
ka) from the late Black Cone deposit in the same trench (Swadley et aL, 1984). These data
indicate that the late Black Cone unit is of late Wisconsin age, approximately 20-30 ka.
little Cones surfaces have yielded four AMS radiocarbon rock varnish ages ranging
between 8.4-11.1 ka, which are consistent with the regional soil-geomorphic relations. The
surfaces are only slightly topographically muted, and they are inset slightly below those of
late Black Cone age. They contain Camborthid soils (cambic B and stage I carbonate
horizons) typical of Holocene-age aridisols (e.g., Gile et al, 1966; Machette, 1985).
A single 14C AMS date of 1.3 ka on incipient rock varnish of the Crater Flat surface
is consistent with the absence of genetic soil horizons in this unit and with its raw surficial
characteristics. The Crater Flat unit, however, probably contains several undifferentiated
subdivisions and is simply regarded here as mid- to late Holocene in age.
QUATERNARY FAULTING

Five principal, north-northeast-trending faults are present within a few kilometers of
the proposed repository site (Scott and Bonk, 1984), all of which offset Quaternary deposits.
The Solitario Canyon, Fatigue Wash, and Windy Wash faults in eastern Crater Flat are
located west of the site, whereas the PIaintbrush Canyon and Bow Ridge faults are located
to the east (fig. 2). A sixth fault, the Ghostdance fault, transects the repository site and may
have Quaternary movement. These principal faults are interspersed with numerous smaller,
subparallel or interconnecting faults, forming a complex, anastomosing fault pattern. The
distribution of fault scarps indicates that Quaternary surface faulting is also highly
interconnected, similar to the fault pattern described from bedrock offsets (Scott, 1986).
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The Solitario Canyon fault forms the western boundary of the subsurface repository
(fig. 2). A prominent compound Quaternary fault scarp 1-3 m high extends along this fault
for about 13 km. To the north, the Quaternary scarp dies out along the fault adjacent to
the repository site, whereas the southern end of the scarp is obliterated by late Holocene
alluviation.
A previously unrecognized scarp is present along the Fatigue Wash fault, located west
of the repository site (fig. 2). At its northern end, this scarp dies out at a bend in the
Fatigue Wash fault, where a zone of splay faults connect the Fatigue Wash and Windy Wash
faults. North of this bend, the Fatigue Wash fault has only minor vertical displacement and
no obvious recent displacement, whereas to the south it has a throw comparable to the
other principal faults of the area. Where it intersects a northeast-trending, secondary fault,
the Fatigue Wash scarp trends away from Jet Ridge and connects with a scarp along a fault
trace previously thought to connect with the Windy Wash fault (fault "M"of Swadley et al.,
1984).
The Windy Wash fault system, as originally mapped by Scott and Bonk (1984), has
been extended to include one of the principal fault traces south of the site area (Whitney
et al, 1986). Two exploratory trenches (CF/2 and CF/3) across this southern trace (fig. 4)
have yielded some of the most detailed information on the history of late Quaternary
faulting in the area (Whitney et al., 1986). In this paper, this fault trace is referred to as
the southern Windy Wash fault.
The southern Windy Wash fault and a previously unrecognized late Quaternary fault,
here called the "west lava fault,, offset a series of Pliocene basalts in southern Crater Flat,
providing one of the best sites to estimate fault offsets spanning the entire Quaternary
period. These Pliocene basalts (25-3.7 Ma) consist of deeply dissected cinder cones and
dikes aligned along a north-northwest-trending vent area and discontinuous flow outcrops
lying between the vent area and the southern Windy Wash fault about 3 km to the east (fig.
3). Vaniman and Crowe (1981) suggest that these flows are not continuous in the
subsurface and inferred that the eastern outcrops probably had separate sources, now buried
by alluvium. Alternatively, these flows may have been erupted from a single vent area and
have been subsequently isolated by faulting and alluvial activity. Surficial relations support
the latter alternative.
The west lava fault bounds the west side of the largest outcrop of Pliocene basalt.
This down-to-the-west fault is exposed in one location as the vertical contact between the
Pliocene basalt and cemented Quaternary colluvium. A subdued scarp (<1 m high),
apparent on the LSAP, is present on a late Black Cone surface north of the basalt outcrop.
The easternmost exposed Pliocene basalt is a linear outcrop stranded on the
upthrown side of the southern Windy Wash fault (fig. 3). This stranded outcrop is bounded
on the west by a scarp about 30 m high and sits about 40 meters higher than the main flows
to the west. This topographic separation likely represents a minimnum post-basalt
displacement for Pliocene-Recent vertical offset along the southern Windy Wash fault. The
basalts may be vertically offset by more than 40 m, if the flows are tilted eastward. Tilt of
the basalts has not been precisely determined, but it appears to be considerably less than
the tilt of Miocene tuffs exposed on the upthrown side of the southern Windy Wash fault.
As much as several tens of meters of post-3.7 Ma offset along the southern Windy
Wash and west lava faults indicates that there has been substantially more Quaternary
tectonic activity than originally interpreted from offsets of Miocene tuffs (Carr, 1984). In
some places, nearly all of the post- 12-13 Ma (Paintbrush Tuff) deformation appears to have
occurred prior to deposition of the Rainier Mesa member of the Timber Mountain tuff
(-10 m.y.) (Carr, 1984; Swadley et al., 1984). However, the displaced Pliocene basalts

indicate that greater post-Miocene displacements may have occurred along some faults. The
amount of post-tuff throw varies substantially along strike of all of the principal faults in the
area, ranging from 0 to >400 m. Spatial and temporal variations in fault displacement thus
appear to be substantial.
EVIDENCE OF HOLOCENE FAULTING IN CRATER FLAT
Holocene surface rupture is believed to have occurred on at least three faults in
Crater Flat. Two of these faults, the Solitario Canyon and "Black Cone" faults (fig. 2),
display sharp lineations crossing little Cones-age surfaces that are believed to be small
scarps. A third fault, the southern Windy Wash fault, offsets an eolian silt horizon of
probable Holocene age exposed in trenches CF/2 and CF/3. This eolian (cumulate Av) silt
has an estimated age of 3-6 ka, based on thermoluminescence dating, and is offset vertically
by about ten centimeters (Whitney et al., 1986).
Most of the lineations crossing little Cones surfaces along the Solitario Canyon and
Black Cone faults are evident only under certain LSAP conditions (Le, with either morning
or evening lighting, depending on the relative displacement), and are therefore considered
to be small, shadow-enhanced scarps only a few tens of cms high. These features suggest
that the most recent offsets along the Solitario Canyon and Black Cone faults are similar
in both amount and age to that along the southern Windy Wash fault. Field inspection
neither definitively confirms nor disproves a Holocene surface-rupture origin for these
features, but recent surface faulting appears to be their most plausible origin. This
uncertainty may be resolved in the future through exploratory trenching, however, small
offsets are often extremely difficult to distinguish in trench exposures (Bonilla and
Leinkaemper, 19??).
The young surface apparently offset by the Solitario Canyon fault is a small fan,
believed to be of Little Cones-age, located approximately midway along the length of the
late Quaternary trace of the Solitario Canyon fault. There is little question that this fan is
of Holocene or latest Pleistocene age; it was mapped as a young (Q1) deposit by Swadley
et al. (1984) and has surface morphology (e.g., bar and swale topography, weakly developed
pavement) and soil development (i.e., cambic B horizon and Stage I carbonate) indicating
youthfulness. A Holocene age for this fan surface is further indicated by accelerator mass
spectrometer (AMS) radiocarbon dating of rock varnish (8,425 + 70 yrs; Dorn, 1988).
Rock varnish radiocarbon age estimates are minimums, because they approximate the onset
of varnish development, but are believed to closely approximate the actual age of surface
stabilization.
Constraints on late Pleistocene offsets along the Solitario Canyon fault are provided
by scarps on late Black Cone and Solitario surfaces. At trench 8, located about 2 km north
of the young faulted fan, and in other locations between these two sites, late Black Cone
surfaces are displaced vertically by up to 1 m. Bedrock scarps about 3 m high along the
Solitario Canyon fault appear to represent post-Solitario surface displacement.
The Black Cone fault, located about 6 km west of the Solitario Canyon fault, is
characterized by a zone of north-northwest-trending scarps that are mostly down-to-theeast, with some being down-to-the-west. Like the Solitario Canyon fault, vertical
displacements along the Black Cone fault appear to be similar in both age and amount to
the recent offset on the southern Windy Wash fault. A late Pleistocene to early Holocene
age (little Cones) for the apparently faulted surface is likewise indicated by soil
development, rock varnish 14C dating (11,135 + 105 yrs), and regional mapping (Swadley
and Parrish, 1988; Bell et al., 1991).

The Black Cone fault is located on trend of a northwest-trending drainage extending
up the Bare Mountain piedmont that may be structurally controlled. Several vegetation
lineaments extend across a Yucca-age surface located between the Black Cone scarps and
the Bare Mountain piedmont, but there are no obvious fault scarps on this surface. This
may indicate that the recent activity of the Black Cone fault reactivated a small portion of
a more extensive northwest-trending structure.
EVIDENCE FOR DISTRIBUTIVE FAULTING
The distribution of Quaternary fault scarps in Crater Flat indicates that faulting is
highly interconnected, forming a complex, anastomosing pattern. Considering the close
interstrike spacing and interconnection of these faults in plan view, they are likely
interconnected at shallow crustal depths as well. Rather than a system of individual fault
segments, each with its own rupture behavior, these faults can probably be better
characterized as a system of faults responding synchronously to deformation within the midto lower crust.
Multiple lines of evidence suggest that recent surface faulting has involved concurrent
rupture of multiple faults, and that surface faulting may accompany local basaltic volcanism.
Evidence supporting this hypothesis include the high degree of fault interconnection,
similarities in scarp morphology, similarities in ages and amounts of recent offset along
multiple faults, and presence of basaltic ash within vertical fractures formed in fault-filling
carbonate exposed in trenches across four faults.
The presence of basaltic ash within fault zone fractures is one of the stronger lines
of evidence of concurrent rupture of multiple faults (Swadley et al., 1984; Fox and Carr,
1989; Shroba et al, 1990). It is unlikely that a thin blanket of ash would have remained on
the fan surface for an extended period of time (e.g., Shipley, 1983). It is a reasonable
inference that basaltic volcanism most likely occurred very close in time to the faulting and
is geologically synchronous. Chemical correlation of the four ashes is not definitive (John
Whitney, 1991, personal communication) and an alternative model would involve multiple
ash eruption and faulting episodes. Geochemical analyses and stratigraphic relations of the
basaltic ash suggest that it must have been derived from the Lathrop Wells Cone (Fox and
Carr, 1989), the youngest cinder cone in the area, and is therefore probably late Quaternary
in age.
DISCUSSION

Our study suggests that late Quaternary surface faulting at Yucca Mountain has
occurred in a distributive manner, with synchronous movement on several faults, and that
at least one such event may have occurred during the Holocene. The presence of active
faults around the site has long been recognized, but surface rupture is now recognized to
be more extensive and to have occurred more recently than was originally estimated. Other
faults surely remain unrecognized, whether they failed to reach the surface, have been
eroded, or are now buried by young alluvium.
Quaternary surface faulting at Yucca Mountain does not occur along a single
throughgoing fault zone and can more appropriately be characterized as a broad, highly
interconnected fault system. At a minimum, this fault system extends from Yucca Wash to
the southern end of Crater Flat, over an area about 30 km long by 15 km wide. Throughout
this area, faulting is densely spaced and highly interconnected.
With a high degree of fault interconnection, it is unlikely that the faults at Yucca
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Mountain rupture independently of one another, so they should not be treated as
independent structures for seismic hazard analyses. Seismic events causing rupture of
multiple faults are likely associated with greater energy release, and hence larger
magnitudes, than those rupturing individual fault traces. Through historical analogues (the
1932 Cedar Mountain earthquake, in particular), such complex events can conservatively
be expected to have large magnitudes (M > 7). Additionally, fault traces that are part of
such an interconnected system, but have not been recently activity, can be considered as
having a higher probability of rupture than would otherwise be estimated. Hazard estimates
directed toward independent fault behavior will likely underestimate the actual seismic
potential.
Evidence of possible Holocene faulting is currently limited to the three locations
discussed earlier, but offsets of similar age along other faults in the area are possible.
Shadowing of scarps on the LSAP reflects oversteepening from the most recent displacement
along these faults, while continuity of the oversteepening strongly suggests that this occurred
fairly recently, based on comparisons with the expressions of other active faults. Several
faults in Crater Flat display scarp oversteepening similar to that on the faults evidently
displacing Holocene deposits; it is likely that this reflects similar-aged offsets. This is
difficult to substantiate, because few faults cross Holocene-age surfaces and small offsets are
often difficult to recognize in coarse-grained, poorly stratified deposits. In one location, a
small inset surface crossing the Fatigue Wash fault is of probable Holocene age, based on
surface morphology, and appears to be offset and subsequently modified. Evidence of
Holocene or latest Pleistocene faulting along faults on the east side of Yucca Mountain has
not been found, but the presence of basaltic ash in a fracture along the Bow Ridge fault
suggests that recent activity has likewise involved this fault.
The faulted Pliocene basalts in southern Crater Flat provide the best known
constraints on the rate of deformation averaged over the Quaternary period. Topographic
separation of the stranded basalt outcrop and the main flows to the west suggest a
Quaternary vertical slip rate on the order of 0.01 mm/yr for the southern Windy Wash fault.
If the topographic separation of these basalts is due to the stranded basalts being erupted
from a separate, now buried vent area, a barrier that has been subsequently removed by
erosion is required, which appears unlikely.
The best preliminary estimates of long-term Quaternary slip rates for the principal
faults in Crater Flat are taken from the southern Windy Wash fault. Based on vertical
offsets of 40 cm in 270 ka deposits and 10 cm in 3-6 ka deposits at trenches CF-2 and CF3 (Whitney et aL, 1986), average vertical slip rates appear to be 0.001-0.03 mm/yr. Based
on estimates of vertical offset of the Pliocene basalts, ranging from 25-100 in, the long-term
slip rate along this fault appears to be 0.01-0.04 mm/yr, with a best estimate of about 0.02
mm/yr.
Not all of the Quaternary faults in the Yucca Mountain/Crater Flat area have been
recently active. Many of the northwest-trending traces connecting the principal faults do not
appear to have ruptured during the most recent events, whereas several of the northeasttrending connecting traces have. The rupture pattern during recent events has probably
resulted from reactivation of a preexisting fault system under a somewhat different stress
regime than existed when the system was formed. Stress rotations over the past 10 m.y. or
so have been proposed for this region (e.g., Ander, 1984) and may account for the observed
relations. In the case of the Pliocene basalts, Quaternary deformation may have involved
less tilting than the Miocene deformation that dominantly accounts for the present tuff
configuration. The tuffs are also warped along strike of the southern Windy Wash fault (NS), while the basalts are more uniformly uplifted. These differences in deformation may
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likewise result from fault reactivation under a different stress regime and/or differing
thermal properties of the crust than existed during the earlier deformation. Fault
reactivation coincident with the onset of basaltic volcanism at about 3 m y. was postulated
by Fox and Carr (1989).
Immediately around the repository site, late Quaternary faulting has occurred
predominantly along north- to north-northeast-trending, down-to-the-west faults, which is the
manner in which faulting at Yucca Mountain is normally described. To the south (in the
area just north of Lathrop Wells Cone), the pattern of faulting is similar, although the
principal faults trend more northeasterly. In between these areas, a broad northwesttrending zone extending from near the Stagecoach Road fault to northeast of Black Cone
has lower relief and contains several down-to-the-east fault traces (fig. 2). This zone is
diffuse and contains both down-to-the-east and down-to-the-west faults, but deformation is
markedly different than to the northeast and southwest. The observed deformation may
result from right-lateral translation across this zone, either in response to differentially
extending areas to the north and south or to strike-slip displacement along a buried
northwest-trending fault.
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Table 1: Quaternary stratigrapby, Crater Flat, Nevada
Unit

Distinguishing characteristics

Minimum age

Active/recently active washes, inset fans, and fan skirts;
shallowly incised (<2m), distributive drainage pattern;
preserved to slightly subdued bar and swale topography,
unvarnished to slightly varnished; may have proto-pavemnent.
No significant formation of genetic soil horizons; may have
slight carbonate dustings or filaments on pebble bottoms
(Stage 1).

< <6.6 ka; late
Holocene.

Fan-skirt and low basin-floor remnants; fully-smoothed
surfaces; slightly varnished pavement. Clear pedogenic soil
(torriorthents) consisting of 5 cm thick Av and Stage I Bk
horizon with relatively thick carbonate coatings.

6.6-11.1 ka; early
tomid-Holocene.

Qflb
Late Black Cone
surface

Fan-piedmont remnants; fully-smoothed surfaces; deeply
solution etched limestone and darkly varnished volcanic
clasts in well-sorted and tightly packed pavements. Soils are
calciorthids and locally haplic durargids.

173-303 ka; late
Pleistocene.

Qfeb
Early Black
Cone surface

Fan-piedmont remnants; fully smoothed surfaces; similar
surficial characteristics as late Black Cone. Soils are
durargids.

130190 ka; midPleistocene.

Qfy
Yucca surface

Deeply dissected fan-piedmont remnants; darkly varnished,
well-sorted and tightly packed pavement. Soils are durargids
with 40-60 cm thick Et and 30-60 cm thick Bqkm horizons.

360-370 ka-, midPleistocene.

Qfs
Solitario surface

Fully-rounded ridge-line remnants (ballenas); irregularly
shaped, well-sorted, tightly packed pavements with darkly
varnished volcanic clasts and littered with chips of duripan
lamins. Original A and Bt horizons have been stripped;
remnantal Bt and Bkqm horizons are present.

450 to >740 kaa;
mid-Pleistocene.

Qfcf
Crater
surface

Ofic
Little
surface

Flat

Cones
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FIGURE 1: Map showing the location of Yucca Mountain and
outlines of the Nevada Test Site and Nellis Air Force Range.
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FIGURE 2I Generalized map showing Quaternaxy faults and
Pliocene/Quaternarybasalts in the Yucca Mountain/Crater Flat
area, and the location of the proposed repository.
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FIGURE 3: Map showting surficial geologyc and late Quaternary fault scarps in east Crater
-Flat. Quaternary surfaces are commonly complex, uith gradational contacts; the surfaces as
shown are therefore delineated by dominant surface characteristics. See Table I for
characteristics of mapped Quaternary surfaces.
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FIGURE 4: Low-sun-angle photograph of the southern Windy
Wash fault at the site of Trenches CF-2 and CF-3.
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INTRODUCTION
This report summarizes the results of Task 3 work initially discussed in our monthly
reports for the period October 1, 1990 through September 30, 1991, and contained in our
various papers and abstracts, both published and currently in press or review (see appendices). Although requests for sampes of Yucca Mountain drill core were being considered
by DOE as early as December, 19 , we did not become aware of the potential availability
of specimens and neccessary request procedures until June of 1991. Consequently, investigations conducted by Task 3 between October, 1990 and September, 1991 have mainly been
continuations of studies begun prior to October, 1990. We have continued to focus mostly
on aspects of the caldera geology, volcanic stratigraphy, magmatic activity, and extensional
tectonics of the western and northwestern parts of the southwestern Nevada volcanic field
(SWNVF).
PROGRESS IN RADIOMETRIC DATING STUDIES
Prolongedyoungsilicic volcanism: the MountJackson domesfield
As discussed in our annual report for 1989-1990, radiometric age determinations that
we obtained last year on sanidine, biotite and homblende phenocrysts from Mount Jackson
lavas demonstrate a late Pliocene age for the Mount Jackson dome. This age is much
younger than the Miocene age inferred by previously workers (cf. Albers and Stewart, 1972)
and provides evidence for explosive silicic volcanism in southwestern Nevada well after the
late magmatic stage of the SWNVF (Noble et al., 1991a; Appendix A). At least 10 other individual and locally overlapping rhyolitic domes compose the Mount Jackson dome field
(Figure 1). Based on our reconnaissance field observations and thin section petrographic
work, lavas of the Mount Jackson domes are very similar in petrography, lithology and degree of erosion, suggesting that all of the domes of the field were em paced from a single
magmatic system, presumably over a relatively short period of time. To test this possibility
we prepared and submitted (in 1990) sanidine phenocryst concentrates separated from lavas
of 3 of these domes. Sample numbers and locations are shown in Figure 1. 40 ArP 9Ar age
determinations were carried out using multi-grain resistance furnace fusion methods (E. H.
McKee, D. C. Noble and S. I. Weiss, unpublished data, 1991). Sample numbers and age determinations, including the Mount Jackson ages discussed in our report of 1989 - 1990
(Weiss, Noble and Larson, 1990) are as follows:
DWIJ-1
DWLJ-2

2.9 ±0.16 Ma
3.7 ±0.2 Ma (biotite)

3SW-383b
3SW-385
3SW-397

2.8
5.8
6.8
4.4

:1.1 Ma (hornblende)
±0.18 Ma
e0.20'Ma

±0.13 Ma

These data indicate that some domes of the field are sigificantly older than Mount
Jackson, and imply a remarkably long-lived magmatic feeder system for the dome field. The
two oldest ages are from domes in the central and northern parts of the field, while the 4.4
Ma dome and the Mount Jackson dome (about 2.9 Ma) are located in the southern part of
the field. Based on the present radiometric age data, explosive silicic volcanism of the
Mount Jackson dome field appears to have migrated southward over nearly 4 Ma! A brief
manuscript for journal publication is presently being prepared to document and discuss
these observations.
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Ash-flow sheets of the Gold Mountain- Slate Ridge area
During the past year we have continued studies of the poorly known Cenozoic stratigraphy and structure of the Gold Mountain - Slate Ridge area (GMSR) begun in 1990. We
have obtained 2 additional conventional K-Ar age determinations on whole rock and hornblende concentrates from previously undated ash-flow sheets of the GMSR. Prelimina
stratigraphic and age relations of the GMSR have recently been presented by Noble et
(1991b; Appendix B) and are summarized in Table 1 (see below). These data, together with
structural relations recognized by Noble et al. (1990a) and Worthington et al. (1991;
Appendix C), provide evidence for a 10 Ma history of deformation and volcanism In the
northwestern part of the SWNVF that is, in part, either not recorded or not exposed in the
NTS-Yucca Mountain area.
Multiple episodesof hydrothermalactivity andmineralizationin the BullfrogHills
Considerable progress was made in efforts to understand the ages and stratigraphic
and structural settings of Au-Ag mineralization in the Bullfrog Hills. 40ArP39Ar age determinations were obtained from adularia separated from vein and recrystallized wallrock sampies from the Original Bullfrog mine, Bond Gold Bullfrog mine, Mayflower mine and the
Yellowjacket mine. These data, together with previous K-Ar adularia ages (Morton et al.,
1977; Jackson, 1988) and our observations of stratigraphic, textural and structural relations
of Au-Ag mineralization of the district are summarized and discussed in an abstract recently
presented to the 1991 national meeting of the Geological Society of America (Weiss et al.,
1991; Appendix D). Our most important observations and conclusions are as follows:
1) All of the currently known Au-Ag deposits in the Bullfrog Hills are of the low basemetal, adularia-sericite type of epithermal mineralization. All of the deposits were
structurally controlled by the resently low-angle Original Bullfrog - Fluorspar
Canyon detachment fau and/or associated moderate to steeply dipping upper
plate faults, some of which penetrate and offset the Original Bullfrog -Fluorspar
Canyon fault.
2) The 4 0 Ar/ 3 9 Ar age determinations obtained on adularia by Task 3 during the past
year corroborate and supplement previous K-Ar adularia ages from the Bullfrog
district given by Morton et al. (1977) and Jackson (1988). The radiometric ages of
adularia indicate that hydrothermal activity and Au-Ag mineralization in the
Bullfrog Hills took place during a period of about 2 - 2.5 Ma.
3) In the southern Bullfrog Hills Au-Ag mineralization took place at about 9.5 - 10 Ma
and persisted until about 9 Ma. Mineralization may have continued until about 8.5
Ma. Hydrothermal activity coincided closely with, and followed by as much as 1 1.5 Ma, the end of volcanism that produced the post-Ammonia Tanks tuffs and
lavas of the Bullfrog Hills.
4) Two periods of hydrothermal activity are evident in the northern Bullfrog Hills.
Au-Ag mineralization at the Mayflower mine is of effectively the same age as
mineralization at the Bond Gold Bullfrog mine (see above) in the southern Bullfrog
Hills. An earlier period of mineralization (ca. 11-11.3 Ma) is represented by the
Yellowjacket mine area where veins cutting units of the Crater Flat Tuff were deposited coeval with, or within a few tenths of a million years after, deposition of the
Timber Mountain Tuff.
5) Breccia textures in the veins indicate that mineralization in the southern Bullfrog
Hills was synchronous with displacements along the Original Bullfrog - Fluorspar
Canyon fault and steeper, upper plate faults.
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Textural and structural evidence for syn- and post-mineral faulting at the Bond
Gold Bullfrog mine indicates that upper plate faults were active at and after ca. 9.8
Ma.
7) Breccia textures and truncation of the vein at the Original Bullfrog mine show that
movement of the Original Bullfrog -Fluorspar Canyon fault took place at and continued after about 9 Ma, consistent with the post-9.8 Ma movement of upper plate
faults.
A recent summary of the style of mineralization, stratigraphic settings, ore and alteration mineralogy and geochemical characteristics of the Bullfrog district is given by Castor
and Weiss (in press; Appendix E).
6)

SUMMARY OF TIMING, STYLES AND STRATIGRAPHIC AND STRUCMURAL
SEITINGS OF HYDROTHERMAL MINERALIZATION IN THE SOUTHWESTERN
NEVADA VOLCANIC FIELD
Most of our accumulated knowledge of the hydrothermal activity and mineralization in
the Yucca Mountain area of the SWNVF is derived from field and laboratory observations
carried out by Task 3 during the past 4 years. We have been primarily concerned with understanding the timing, styles, stratigraphic and structural settings, and basic geochemical
nature of mineralization in the SWNVF. This work has led us to propose that hydrothermal
activity and mineralization were associated with the evolution of the SWNVF and directly
related to specific volcanic centers and periods of magmatic and volcanic activity (e.g.
Jackson et a., 1988; Noble et al., 1990b; 1991a). We have recognized major differences in
the types, styles and timing of precious metal mineralization within the southern part of the
SWNVF (e.g., Noble et al., 19r1a).
During the past year we have pooled our accumulated geologic knowledge and limited
geochemical data from mineralized areas of the SWNVF with complimentary geochemical
and ore and vein petrographic data obtained by S. B. Castor of the Nevada Bureau of Mines
and Geology under contracts from the Department of Energy and Science Applications
International (Castor et al., 1989; 1990). Our collaboration has resulted in the preparation
of a descriptive paper summarizing contrasts in the stratigraphic and structural settings,
styles and types of mineralization and associated wallrock alteration, and geochemical characteristics of areas of precious metals mineralization in the southern part of the SWNVF
(Castor and Weiss, in press). Preparation of this paper entitled Contrastingstyles of epithermalprecious-metalmineralizationm the southwestern Nevada volcanicfield involved a significant proportion of Weiss' time during the period of this report. A copy of the manuscript,
which has be en accepted for publication (pending minor revisions) in the journal Ore
Geology Reviews is included as Apppendix E.
NATURE AND DISTRIBUTION OF SUBSURFACE ALTERATION IN YUCCA
MOUNTAIN
A number of previous workers have implicitly and explicitly described mineralogic and
petrographic evidence for at least one episode of hydrothermal activity deep within Yucca
Mountain (e.g., Bish, 1987; Broxton et al., 1982; Caporuscio et al., 1982; Carr et al., 1986;
Maldonado and Koether, 1983; Warren et al., 1984) that is believed to have taken place at
about 10 - 11 Ma based on K-Ar age determinations on illite recovered from USW G-2
Wronson and Bish, 1987). As discussed in our report for 1989-1990 (Weiss, Noble and
Larson, 1990), our preliminary visual inspection of selected intervals of core convinced us
that there is unequivocal and abundant mineralogic and textural evidence (ie. replacements,
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veins, cavity infillings, authigenic pyrite, etc.) for the passage of hydrothermal fluids within
the tuffs and carbonate rocks beneath Yucca Mountain. Knowledge of the nature and distribution of this hydrothermal activity is critical to the assessment of possible undiscovered
mineral resources that could conceivably be present between existing deep drill holes or beneath shallow drill holes in Yucca Mountain.
During the past year we have undertaken two approaches to the problem of obtaining
additional knowledge of the subsurface alteration of Yucca Mountain. First, the subsurface
distribution of geologic features charateristic of hydrothermal alteration that we observed in
our visual inspection last year were plotted on a fence diagram showing the deeper drill
holes and stratigraphy in Yucca Mountain. Next, available USGS and Los Alamos National
Laboratory reports on the subsurface stratigraphy and petrography of Yucca Mountain
were systematically examined for descriptions and reports of mineralogic and petrographic
features indicative of hydrothermal alteration. Information on subsurface alteration
gleaned from the published drill hole reports was compfled with information from our visual
observations on the fence diagram and is shown in Figure 2. This graphical compilation
clearly shows that hydrothermal features, though generally not present above the top of the
Bullfrog Member of the Crater Flat Tuff, are not confined to one particular stratigraphic
horizon. Obvious silicification is mostly confined to the lavas underlying the Lithic Ridge
Tuff in drill hole USW G-2. However, a propylitic assemblage consisting of replacement of
plagioclase and mafic phenocrysts by calcite-illite/smectite ±albite + adularia ±chlorite
±sericite(?) is widespread and not uncommonly includes pyrite (Figure 2).
Pyrite in the tuffs is present as disseminated authigenic grains in the groundmass and
locally is more abundant in lithic fragments, where it is present in veinlets and as disseminated grains. These pyritic lithic fragments are particularly common in the Lithic Ridge
Tuff and in the lower, lithic-rich subunit of the Tram Member of the Crater Flat Tuff.
The pyrite in ash-flow tuff at Yucca Mountain may not be reasonably attributed to
biogenic sulfate reduction because of the extremely low or non-existent content of organic
matter within the tuffs. It is most simply explained by the introduction of reduced sulfur
species transported by hydrothermal fluids. The greater abundance of pyrite, including
veinlets, in lithic fragments of the Lithic Ridge Tuff and the lower part of the Tram Member
provides strong evidence for one or more periods of hydrothermal activity in the general
vent area of these ash-flow units prior to their eruption.
Pyrite of hydrothermal origin is also present in the pre-Cenozoic carbonate rocks penetrated by drill hole LTE25p-1 (Figure 2; Carr et al., 1986). Rotary cuttings from this drill
hole contain fragments of vem pyrite, which is not likely to be of diagenetic origin.
Fragments of drusy quartz and fluorite veins are associated with these pyritic intervals.
Fluorite and much less common barite are present as open-space intergrowths with
calcite that infill fractures and cavities in the deeper parts of Yucca Mountain. With the exception of the barite in USW G-2, these infillings coincide with propylitic alteration in the
tuffs and with zones of pyritic alteration. We interpret these relations to be consistent with a
hydrothermal origin for most of the fluorite and barite. The origin of the fluorite veins in
densel welded, devitrified tuff of the Topopah Spring Member in the upper part of drill
hole USW G-3 is not clear. Obvious epigenetic rock alteration does not accompany these
veins. Although such veins are rarely reported in descriptions of fresh ash-flow sheets, fluorite has been found in fumarolic mounds of vapor-phase origin in the ash-flow sheet of the
Valley of Ten Thousand Smokes (Papike et al., 1991). A vapor-phase origin for the highlevel fluorite in USW G-3, related to primary cooling of the Topopah Spring Member, is not
unreasonable in the absence of associated hydrothermal alteration. Further work is required to evaluate this possibility.
The apparent gaps in alteration of the Lithic Ridge Tuff and upper lavas in USW G-1,
the pre-LitMlc Ridge tuffs in USW G-3, and the lower part of the volcanic section in
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UE25p-1 may be real or may be due to a lack of adequate published descriptive information. During the next funding period we intend to examine additional core from these intervals to better constrain the vertical extent of hydrothermal alteration in USW G-1, USW
G-3 and UE25p-1. At present the data are insufficient to provide more than a minimal understanding of the mineralogical character and spatial distribution of subsurface alteration
in Yucca Mountain.
Our second approach to investigating the nature of hydrothermal activity in Yucca
Mountain has been directed toward obtaining samples of core from the drill holes for direct
petrographic and chemical analyses. Based on our reconnaissance inspection of core and
cuttings in 1990 and published reports, a Request for Sample Removal was prepared and
submitted to the Sample Overview Committee of the U.S. DOE. A total of 122 sample intervals of splits of core and cuttings were requested. These samples were specified to include intervals containing veins, cavity infillings and examples of altered rocks. During the
Process of physically identifying and marking the requested samples, some samples were
found to be unavailable, mainly due to the recent removal of certain entiresections of core by
J. Stuckless of the USGS. The USGS has nevertheless, at the insistence of J. Stuckless,
effectively limited our group to splits of vein and cavity influings, so as to preserve materials
for possible future studies by the USGS. A result is that some requested specimens of fluorite-bearing rocks are now very small and suitable only for potential fluid inclusion work.
A few intervals requested by Task 3 overlapped with intervals specified in a Sample
Removal Request of S. B. Castor that was under consideration by the Sample Overview
Committee concurrent with our request. Due to the small amounts of materials available
from these intervals, we have ageed to share 2 samples with Castor.
Our Sample Removal Request was approved by the Sample Overview Committee on
October 23, 1991. Of the initial 122 samples requested, we expect to receive 114 samples.
The DOE personnel of the Sample Management Facility and most of the members of the
Sample Overview Committee have cooperated fully and provided the necessary assistance
for the largely successful resolution of our Sample Removal Request. We intend to begin
petrographic and chemical studies of these samples late in 1991 or early in 1992.
PRIMARY LOW-LEVEL GOLD CONTENTS OF SILICIC VOLCANIC ROCKS:
APPLICATIONS TO STUDIES OF YUCCA MOUNTAIN
During this period we continued to support studies of the low-level primary gold contents of silicic volcanic rocks. These studies, carried out mainly by K. A. Connors, provide
baseline information for evaluating and interpreting chemical data from rocks of Yucca
Mountain. In addition, the results give significant insight into the behavior of gold in silicate
melts, and bear on the possible sources of gold in ore deposits found in volcanic terranes.
Connors presented the results of this work to the 15th International Symposium of the
Association of Exploration Geochemists (Connors et al., 1991a; Appendix F).
Gold contents of fresh, subalkaline rhyolitic volcanic rocks of the SWNVF are listed in
Table 2 (Connors et al., 1991a; Connors, in preparation). Almost all of these rocks contain
<0.1 ppb to 0.4 ppb gold (Figure 3a). If only the glassy rocks are considered, higher gold
contents are limited to the upper vitrophere of the Topopah Spring Member of the
Paintbrush Tuff (0.8ppb) and the vitrophere near the base of the Bullfrog Member of the
Crater Flat Tuff (O. ppb) (Table 2, Figure 3b). These higher gold contents are consistent
with the higher Fe/Ca ratios (more tholeiitic character) of these samples (Connors, 1991a).
The glassy rocks have suffered the least post-depositional chemical exhange with meteonc
fluids and most closely approximate magmatic gold contents at the time of solidification.
The devitrified rocks are from densely welded portions of the Tiva Canyon Member and
care was taken during preparation of these samples to avoid including material from litho3-6

physal cavities. They contain slightly higher amounts of gold than the glassy rocks (Figure
3c), reflecting the sum of all post-emplacement losses and additions of gold. These would
include possible changes associated with degassing during primary cooling (devitrification)
and possible gains or losses associated with epigenetic processes such as hydrothermal or
weathering reactions, including adsorption from and/or leaching by groundwater. Although
caliche is present in lithophysal cavities, obvious mineralogic or textural evidence for hy-

drothermal alteration of these rocks is absent, suggesting that the slight elevation of gold

contents is more likely related to chemical exhange associated with pnmary cooling and/or
weathering. Overall, these data provide a frame of reference for comparison of altered
rocks and fault materials from Yucca Mountain (see below).
TRACE-METAL CHEMISTRY OF FAULT ROCKS AND DENSE TUFF FROM THE
SURFACE OF YUCCA MOUNTAIN
We have continued efforts to characterize and evaluate the trace-metal chemical signature of surface exposures of fault rocks in Yucca Mountain. Our efforts can be divided
into two stages: 1) acquiring reliable low-level mercury (Hg) data to test the possibility that
dilute, distal fluids associated with deep hydrothermal activity may have ascended along
faults and fracture zones in Yucca Mountain, and 2) determining the trace-metal concentrations of rocks with elevated mercury contents. The volatile nature of mercury and its
common association with hydrothermal activity and mineralization makes mercury an important pathfinder element. Due to concerns about the volatility and possible migration of
mercury in and/or out of samples over periods of months to years, and problems of reproducibility in previous analyses (cf. Weiss, Noble and Larson, 1990), a new suite of large (2-10
kg) rock samples was collected from fault materials and fresh devitrified tuff. These sampies were selected for the purpose of comparing Hg contents of fresh, but weathered country rocks of densely welded, devitrified tuff to those of fault rocks that may have reacted with
or precipitated from aqueous solutions of possible distal hydrothermal origin. The locations
of these samples, along with certain samples analysed during 1989-1990, are shown in Figure
4.
Mercury results
Powders were prepared from the interior portions of samples soon after collection and
were immediately sealed in plastic vials to prevent potential loss or gain of mercury or other
volatile elements. Mercury concentrations were determined at the Nevada Bureau of Mines
Analytical Laboratory by replicate analyses using atomic absorption methods with an estimated detection limit of 10 ppb (M. Desilets, unpublished data, 1991). Results are listed in
Table 3. There is no consistent correlation between the atomic absorption data and Hg data
from splits of the same samples analysed by inductively coupled plasma-emission spectroscopic (ICP-ES) methods (Fable 4, see below). Based on our past experience (e.g, Weiss,
Noble and Larson, 1990), we believe that the atomic absorption analyses are more reliable
at low concentrations of Hg and give lower, and hence more conservative, Hg values.
Weathered (but otherwise fresh) devitrified, densely welded lithophysal rocks of the
Tiva Canyon Member contain <10 ppb to about 35.5 ppb mercury. There is considerably
more uncertainty in the higher mercury contents of 3SW-583 and 3SW-597 than in the other
fresh tuff samples (Table 3). This variation could perhaps best be explained by inhomogenous distribution of vapor-phase or hydrothermally added Hg. Consequently, we suspect
that values of <10 ppb to about 15 ppb probably more closely approximate the primary
mercury content of fresh, devitrified, rhyolitic ash-flow tuff. We would expect the initial Hg
contents of such rocks to be in this range, or lower, owing to the volatile nature of Hg and
the high temperatures of emplacement and devitrification.
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Rocks that have clearly been strongly altered by hydrothermal activity are present not
far north of Yucca Mountain in the lower part of Caim Canyon. Atomic absorption analyses show that a sample of silicified and partly adularized rock from Claim Canyon is strongly
enriched in Hg compared to fresh tuff Cable 3).
Fault breccia and gouge from faults exposed northwest of Busted Butte and at the
west side of Bow Ridge (Figure 4) do not contain elevated mercury contents relative to fresh
tuff (Table 3). Hg concentrations of rocks associated with splays of the Solitario Canyon
fault are slightly but significantly elevated compared to the fresh tuff samples that gave the
more precise results. The elevated Hg contents of samples 3SW-599A and 3SW-599B are
associated with elevated Bi, Au, Mo and Pb as well (see below).
Mercury concentrations of samples from the Bow Ridge fault at Trench 14 are variable, but in three samples Hg is very slightly elevated with repect to the more precise of the
fresh tuff values (Table 3). Three other samples may contain marginally elvated Hg concentrations as well. These results are consistent with and support the atomic absorption data
given in our report for 1989-1990 and, because of the relatively short time between collection, preparation and analysis, argue strongly against potential loss of Hg to explain the
much lower concentrations than were measured initially with IPC-ES methods (Weiss,
Noble and Larson, 1990). The fault rocks we have analysed locally contain only marginally
to slightly elevated Hg concentrations relative to fresh tuff; Hg enrichments are not comparable to that found in hydrothermally altered rock of Claim Canyon.
Gold and othertrace metals

Trace metal concentrations were obtained for the Trench 14 samples and other selected samples for comparison to fresh tuff samples (Table 4). Concentrations were measured using low detection limit ICP-ES methods. Gold (Au) values measured for fresh tuff
by ICP-ES methods were slightly lower than those of similar samples measured by INAA
methods (Table 4), suggesting that the ICP-ES measurements are not too high. The ICP-ES
measurements are therefore considered useful.
Except for slight enrichments of Au and arsenic (As) (see below), our new analyses
from Trench 14 do not corroborate the elevated metal concentrations measured in our initial sample set (Weiss, Noble and Larson, 1990) and discussed in our ACNW and NWIRB
presentations in 1989. Silver is depleted in fault rocks relative to fresh tuff. Molybdenum
(Mo), bismuth (Bi) and lead (Pb) are slightly elevated in iron-oxide reddened tuff from Solitario Canyon and northwest of Busted Butte. Our data from 3SW-599A in Solitario Canyon
are similar to analyses from the same outcrop reported by Castor et al. (1989); our atomic
absorption data shows that this enrichment includes Hg as well.
Relative to fresh devitrified tuff, Au and As are slightly to moderately enriched in
samples from Trench 14 and one sample from Solitario Canyon, and are more strongly enriched compared to samples from the west side of Boomerang Point. The data of Castor et
al. (1989) suggest a mean As content of about 1.6 ppm for fresh tuff at Yucca Mountain.
The higher Au and, locally, As concentrations of our samples appear to correspond to
caliche-bearing rocks. A similar correspondence is evident in the Au and As data of Castor
et al. (1989). On the basis of isotopic evidence, Stuckless et al. (1991) and Zartman and
Kwak (1991) have recently argued that caliche and carbonate-silica deposits at Trench 14
and Busted Butte are related to surficial processes and are genetically unrelated to present
ground waters in the subsurface. The possibility that the sligt elevations of Au and As concentrations are related to alkaline surficial waters, arid weathering and biogenic processes
can not be ruled out. However, these enrichments are difficult to attribute soley to such
surficial processes because molybdenum, another incompatible element that is highly soluble in alkaline oxygenated waters, is not similarly elevated. Surficial weathering and fluid
movement would need to transport Mo out of the currently exposed parts of the system.
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STRATIGRAPHY OF THE OASIS VALLEY- FLEUR De IS RANCH AREA:
CONSTRAINTS ON THE LOCATION AND NATURE OF THE WESTERN
MARGIN OF THE TIMBER MOUNTAIN I CALDERA
Mapping by Connors at the 1:24,000 scale in the Oasis Valley area, partly supported
by funds from Task 3, was completed during the period of this report. This work, along with
supporting thin section petrographic studies (Connors, in preparation), has resulted in a significantly improved understanding of the stratigraphic and structural relations of the western part of the Timber Mountan caldera complex. These relations are summarized by
Connors et al. (1991b) in an American Geophysical Union abstract entitled Ash-flow vol-

canism of Ammonia Tanks age in the Oasis Valley area, SW Nevada: Bearing on the evolution
of the 7mberMountain caderasand the timing offormadon of the limber Mountain II resurgentdome (Appendix G).
The Coffer #1 oil well, located in Oasis Valley to the southeast of Fleur de Lis Ranch,
was completed at a depth of 3880 feet early in 1991. The location and depth of this well
provide an opportunity to obtain exclusive subsurface data on the geometry and stratigraphy
of the western part of the Timber Mountain caldera complex. The official geologist's log of
the Coffer #1 (P. Hand, unpublished data 1991) reports the bottom of the well to be situated in Paintbrush Tuff. Preliminary examination by Connors of recovered drill cuttings,
however, indicates that quartz phenocrysts are abundant in the welded tuff at the bottom of
the drill hole, ruling out the possibility that the bottom consists of Paintbrush Tuff. Rather,
Connors' examination sugests that the well penetrates and terminates within a stratigraphic
succession consistent with the nearby, east-dipping units that compose the Tuffs of Fleur de
Ils Ranch (Connors et al., 1991b). Detailed petrographic work on chips recovered from this
well (from the Nevada Bureau of Mines and Geofogy cuttings collection) is presently being
carried out by R. Warren of Los Alamos National Laboratory and D. Sawyer of the USGS
in Denver, CO.
MIOCENE VOLCANIC STRATIGRAPHY AND STRUCTURAL GEOLOGY OF
THE GOLD MOUNTAIN - SLATE RIDGE AREA
Field mapping, petrogaphic and radiometric dating studies of the ash-flow sheets of
the Gold Mountain - Slate Ridge area (GMSR) were continued during the period of this report by J. E. Worthington and D. C. Noble. Angular unconformities, growth faults, wedges
of coarse conglomerates between ash-flow sheets, and rapid lateral variations in thicknesses
of units were documented by Worthington's mapping. These features demonstrate a history
of normal faulting and tilting spanning from at least the late Early Miocene to after about
7.6 Ma. This record of prolonged Miocene extensional deformation is incomplete or is obscured in other parts of the SWNVF by volcanic unrits of middle to late Miocene age. In the
GMSR area the Miocene volcanic and sedimentary section has not been observed to be
structurally detached from underlying pre-enozoic rocks as is the case in areas of major extension to the north (Mineral Ridge - Weepah Hills), east (Trappman Hills), south (Bullfrog
Hills) and southwest (Death Valley area).
The presently known ages and stratigraphic and structural relations of the Miocene
section in the GMSR area are summarized in Table 1 and are discussed in two abstracts
presented at the 1991 national meeting of the Geological Society of America (Noble et al.,
1991b, Appendix B; Worthington et al., 1991, Appendix C). A preliminary summary of
phenocryst assemblages of the pre-Timber Mountain ash-flow sheets is given in Table 5.
Worthington's masters thesis, containing a 1:24,000 scale geologic map and more detailed
description and discussion of the volcanic stratigraphy, petrography and Neogene deformation of the GMSR area, is currently in preparation.
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UPDATE ON MINING AND MINERAL EXPLORATION

A number of significant changes took place during the period of this report in the
mining and exploration industries in the Beatty area. The Mother Lode gold mine in northern Bare Mountain was closed after depletion of the upper, oxidized portion of the Au-Ag
resource. Considerable refractory ore-grade mineralization remains, but is subeconomic at
current gold prices. N. A. Deggerstrom, the operator, is currently pursuing permits to mine
nearbyt oxde ore in Joshua Hollow, and U. S. Precious Metals continues to evaluate this past
year's drilling results to the northeast of the Mother Lode mine. Further south in Bare
Mountain gold production continues at the Sterling mine, which is situated adjacent to
Crater Flat.
The name of the Bond Gold Bullfrog mine has been changed to the Lac Minerals
Bullfrog mine. Annual Au production is estimated to be >200,000 oz in 1991. Underground production has recently commenced from a decline exploiting higher-grade vein
mineralization extending north from the open pit. Underground production is expected to
reach 1000 tons per day at an average grade of 0.23 oz/t Au by the end of 1991. Lac
Minerals Ltd continued exploratory drilling in the Rhyolite area of the district.
Exploration for precious metals continued in the northern Bullfrog Hills. Sunshine
Mining continued exploratory drilling west of the Yellow Jacket mine area. Pathfinder
Resources has reportedly leased the fioneer mine area and is currently conducting surface
sampling and mapping in preparation for a drilling program planned for early 1992.
HG Mining Inc. of Beatty, NV. continues production of cut stone products from ashflow tuffs quarried in the Transvaal Hills and upper Oasis Valley area. Production is reportedly up 40% from 1990 levels (D. Spicer, personal comnmunication, 1991).
In Oasis Valley the Coffer #1 wildcat oil well was drilled to a depth of 3880 feet. This
well, situated within the western part of the Timber Mountain caldera complex, is important
as it demonstrates that in fact deep drilling takes place in locations where conventional
models predict little or no resource potential. A nearby deep test well is presently being
planned for sometime in 1992 (P. Hand, personal communication, 1991).
REVIEWS, PRESENTATIONS AND PUBLICATIONS

Reviews
Noble provided a technical review to the journal Science of a Turrin et al. manuscript
entitled 4WAr/ 39 Ar laser-fusion ages from the Lathrop Wels vokanic center: implicationsfor
volcanic hazards in the Yucca Mountain repositorysite, southwestern Nevada (Science, v. 253,
p. 654-657).
Publications
The following abstracts and articles resulting from Task 3 studies were produced
and(or) published during the period covered by this report, and are contained in the appendices as follows:
AppendirA:
Noble, D. C., Weiss, S. L, and McKee, E. H., 1991a, Caldera geology, magmatic and hydrothermal activity and regional extension in the western part of the southwestern
Nevada volcanic field: in Raines, G. L, Uisle,R. E., Shafer, R. W., and Wilkinson, W.
W., eds., Geology and ore deposits of the GreatBasin: Symposium Proceedings, Geol.
Soc. of Nevada, p. 913-934,1991.
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Appendix B:
Noble, D. C., Worthington, J. F., and McKee, E. H., 1991b, Geologic and tectonic setting
and Miocene volcanic stratigraphy of the Gold Mountain-Slate Ridge area, southwestern Nevada: GeoL Soc. Ameica Abstr. with Prog., v. 23, p. A247.
Appendix C:
Worthington, J. E., Noble, D. C., and Weiss, S. L, 1991, Structural geology and Neogene extensional tectonics of the Gold Mountain-Slate Ridge area, southwestern Nevada:
GeoL Soc. America Abstr. with Prog., v. 23, p. A247.
Appendix D:
Weiss, S. I., McKee, E. H., Noble, D. C., Connors, K. A., and Jackson, M. R., 1991, Multiple
episodes of Au-Ag mineralization in the Bullfrog Hills, SW Nevada, and their relation to coeval extension and volcanism: GeoL. Soc. Amedca Abstr. with Prog., v. 23, p.
A246.
Appendix E:
Castor, S. B., and Weiss, S. I., Contrasting styles of epithermal precious-metal mineralization
in the southwestern Nevada volcanic field: Ore Geology Reviews (inpress).
Appendix F:
Connors, KA., Noble, D.C., Weiss, S.I., and Bussey, S.D., 1991a, Compositional controls on
the gold contents of silicic volcanic rocks: 15th International Geochemical
Exploration Symposium, Abstracts with Program, p. 43, Association of Exploration
Geochemists, Reno, NV.
Appendix G:
Connors, K. A., McKee, E. H., Noble, D. C., and Weiss, S. I., 1991b, Ash-flow volcanism of
Ammonia Tanks age in the Oasis Valley area, SW Nevada: Bearing on the evolution
of the Timber Mountain calderas and the timing of formation of the Timber
Mountain II resurgent dome: EOS, 7Tans. Am. Geophys. Union., v.72, p.5 7 0 .
SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS
Radiometric dating studies show that explosive silicic volcanism of the Mount Jackson
dome field took place in southwestern Nevada over a remarkably long period of nearly 4 Ma
that continued into the late Pliocene. This work, along with the results of our work on the
Neogene volcanic-stratigraphic and structural evolution of the Gold Mountain area, continue to provide fundamental information on the volcanic and tectonic evolution of the
southwest Nevada volcanic field.
Current subsurface information confirms the widespread extent of hydrothermal alteration in Yucca Mountain and shows that alteration is not confined to any particular
stratigraphic unit. Also, the depth to alteration first decreases southward between USW G2 and UE25b-1H and then increases southward between UE25a-1 and USW G-3. The alteration is mainly propylitic in character but silicification is present locally. Further inspection of core and cuttings is planned for the coming year. Pending receipt of drill hole samples, direct petrographic and chemical analyses wil soon be possible as well. We must emphasize that a credible, realistic assessment of alteration and possible mineralization that
may, or ma not, lie between the existing holes will remain in the realm of wishful thinking
due to the the small number of deep driholes and the large distances between them.
The chemical data we have obtained during the past year from surface samples of fault
rocks and weathered are more conclusive than that of past reports. Strong ennchments of
Hg and/or other trace-metals that may be clearly associated with hydrothermal alteration
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were not found. However, we must emphasize that the analysis of altered rock of Claim
Canyon differs very little, except for Hg, fom analyses of fault rocks at Trench 14 and elsewhere in Yucca Mountain. In some fault materials Au and As show very slight, but probably
real enrichment relative to both glassy and devitrified fresh tuff. The elements Bi, Mo, and
Pb, ±Hg are found to be elevated in tuff from Solitario Canyon and northwest of Busted
Butte. The origin of these enrichments remains questionable; processes of surficial nature
alone do not provide adequate explanations.
Even though precious metals prices have been relatively weak during the past year,
strong exploration and mining efforts continued in the Beatty area of the SWNVF.
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Table 1. SUMMARY OF STRATIGRAPHIC, AGE AND STRUCTURAL RELATIONS OF
NEOGENE ROCKS OF THE GOLD MOUNTAIN - SLATE RIDGE AREA, SOUTHERN
ESMERALDA COUNTY, NEVADA
Spearhead Member of the Stonewall Flat Tuff (7.6 Ma)
Basalt of Hanging Mesa
angularunconformityand conglonerate/fanggomerate
Ammonia Tanks Member of the Timber Mountain Tufl (l11A Ma)
local angularunconfornity
Rainier Mesa Member of the Timber Mountain Tuff (11.6 Ma)
conglomeratelfanglomerate
Tuff of Sphinx Canyon (age denninationinprogs)
conglomerate/fanglomerate
Tuff of Tolicha Peak (13.9 ± 0.4 Ma)
local angularunconformity
Pumice and lithic-rich tuff
Tuff of Gold Coin Mine (age determinationin progress)
Taff of Oriental Wash (14.2 ± 0.4 )
congtomerate/fanglomerate
Taff of Mount Dunfee (16.7

±

0.4

)

Olivine basalt (age detminafion in progress)
Hornblende ± blotite andeslte lava
--

--.

(majorunconformity)

Sylvania Pluton (Middle Jurassic,Albers and Stewar4 1972)
Precambrian and Cambrian sedimentary and metamorphic rocks
*

**

t

Whole-rock K-Ar age determination on devitrified groundmass (E. H. McKee, D. C Noble and J. E.
Worthington, unpublished data, 1991).
K-Ar age determination on hornblende (B. H. McKee, D. C. Noble and J.E. Worthington, unpublished data,
1991).
K-Ar age determination on biotite (E H. McKee, D. C. Noble and J. E. Worthington, unpublished data, 1991).
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Table 2. GOLD CONTENTS OF SUBALKALINE RHYOLITIC ROCKS OF THE SOUTHWESTERN
NEVADA VOLCANIC FIELD
(vales given in partsper billion)
Sample #

Au

Sample type

Unit and location

3SW-171A
K-190
K-192
CP4-2OB
BB9-15
BB8-45
3SW-519G
3SW-519GU
3SW-521
3SW-433NA
3SW-435NA
3SW-437NA
3DCN8-82
3SW-523GL
3SW-525
SJW-81-ATV
3DN8-21
THR-1
THR-2
3DN9-24
~.-'3DN8-20
FCT-1
OBS-B
3SW-173TR

0.2
0.5
0.7
0.4

vitrophere
vitrophere
devitrified
vitrophere
vitrophere
vitrophere
vitrophere
vitrophere
devitrifled
devitrified
devitrified
devitrified
vitrophere
vitrophere
devitrified
vitrophere
vitrophere
vitrophere
vitrophere
vitrophere
vitrophere
vitrophere
obsidian
obsidian

Red Rock Valley Tuff; east side of Eleana Range
Bullfrog Member, Crater Flat Tuff; south end of Yucca Mountain
Bullfrog Member, Crater Flat Tuff; south end of Yucca Mountain
Topopah Spring Member, Paintbrush Tuff; Yucca Mountain
Topopah Spring Member, Paintbrush Tuff; Yucca Mountain
Topopah Spring Member, Paintbrush Tuff; Yucca Mountain
Tiva Canyon Member, Paintbrush Tuff; Yucca Mountain
Tiva Canyon Member, Paintbrush Tuff; Yucca Mountain
Tiva Canyon Member, Paintbrush Tuff; Yucca Mountain
Tiva Canyon Member, Paintbrush Tuff; Yucca Mountain (Exile Hill)
Tiva Canyon Member, Paintbrush Tuff; Yucca Mountain (Exile Hill)
Tiva Canyon Member, Paintbrush Tuff; Yucca Mountain (Exile Hill)
Rainier Mesa Member, Timber Mountain Tuff; SE of Sleeping Butte
Rainier Mesa Member, Timber Mountain Tuff; NW of Scotty's Junction
Rainier Mesa Member, Timber Mountain Tuff; NW of Scotty's Junction
Ammonia Tanks Member, Timber Mountain Tuff; NW of Scotty's Junction
Ammonia Tanks Member, Timber Mountain Tuff; SE of Sleeping Butte
post-Ammonia Tanks rhyolite lava #1, Bullfrog Hills
post-Ammonia Tanks rhyolite lava #2, Bullfrog Hills
post-Ammonia Tanks rhyolite lava #1, Bullfrog Hills
utracking station' rhyolite, northern Bullfrog Hills
post-Ammonia Tanks tuff; between Fluorspar Canyon and Beatty Wash
Rhyolite lavas of Obsidian Butte
Rhyolite lavas of Shoshone Mountain

0.8

0.4
0.1

0.2
0.1
0.5

0.6
0.6
0.2
0.1
0.1

0.3
0.2
0.3
0.1

0.1
0.2
01

0.2
0.4

Analyses by XRAL Activation Services Inc., using instrumental neutron activation prior to fire assay concentration and radiochemical analyses (Rowe and Simon, 1968; Connors et al., 1990; 1991).
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Table 3. MERCURY CONTENTS OF ROCK-CHIP SAMPLES FROM YUCCA MOUNTAIN

(values given in partsperbillion as the means of replicateanalyses)

Hg

Sample#

Bow Ridge
22.0
40.5
40.5
265
22.0
4535
<10

3SW.569
3SW-571
3SW.573
35W-575
3SW-5m
3SW-579
3SW-581

2sigma

n

Descriptionlocation

at 7knch 14
0.0
3.0
3.0
1.0
4.0
30

2
2
2
2
2
2
4

Rainier Mesa Membe, N wall caliche Impregnated, weak argillic aiteration, adjacent to main carbonate-silica vein.
Member, N wall, -30 Eao main vein; dnrsy quartz, silica tcaliche veins xcut drusy quartz.
brcciated Tha C "yon
brecciated lha Canyon Member, N wall, E of 3SW-571; w/ drusy quartL
brecciated Tha Canyon Member, N wall, E of 3SW-573; w/Ing drusy quartz tcaliche in lithophysae.
breceiated Tha Canyon Member, S wall, -18"E of main vein; w/drusy quartz + caliche.
breccia of Tiva Canyon Member hfgments In carbonatesllica matrix, S wal, adjacent to E edge of main vein.
partially opalized Tha Canyon Member, S wall, between splays of main vein.

4
3
2
2
4

reddish, FeOx-rkh opalized? bedded tuffw/caliche coating, -100 W of Solitario Canyon fault splh.
dark rusty brown, porous bedded tuff -12WNW from 3SW-599A.
caliche vein, N wall ot Trench 8, Solitarno Canyon fault splay.
fault breccia ofdark purplish brown fragments ofTopopah Spring Member, minor opal in fractures; E end Trench 8.
sliceous, strain-hardened? fault breocia of Topopah Spring Member adjacent to caliche vein at E end Trench B

Sofiwaio Canyon fault
3SW-599A
3SW-599B
3SW-603
3SW.605
3SW-607

63.0
67.7
35.5
58.0
33.3

10.5
75
3.0
6.0
103

Bow Rgefauk newar Bow MAl
3SW-593A
3SW-593B

19.5
13.0

5.0
0.0

2
2

opal? cemented fault breccia of dense Tlva Canyon Member, Bow Ridge below saddle W of Bow Ridge
opal-veined fault breccafgouge,-2' of 3SW-593A; fragments of dark Topopah Spring Member? in siliceous matrix.

Fau r y sten lV~ofBussed Rune
3SW-595A
<,3SW-595B

11.0
10.0

0.0

20

2
2

siliceous fault gouge orvein?, fault in saddle S of Dune Wash, -2050' SW of hill 3834.
FcOx-rich Topopah Spring Member? in footwall of fault in saddle S of Dune Wash, adjacent to 3SW-S95A.

'Frahz" 1wo Canyon Member
3SW-S83
3SW-585
3SW-589
3SW-591
3SW-S97

312
<10
120
165
35.5

14.0
2.0
2.
9.6

6
2
2
2
4

TMa Canyon Member, densely welded,
lmv Canyon Member, densely welded,
Tha Canyon Member, densely welded,
T0a Canyon Member, densely welded,
Tha Canyon Member, densely welded,

devitrified, caliche in Ethophysal cavities; E dide Exile Hill.
devitfified, caliche in lithophysal cavities; E side Yucca Mt., NW of Exile Hill.
devitrified, w/caliche in lithoplhysal cavities; ridge E of Bow Ridge.
devitrified, w/caliche in lithophysal caities; just W of Bow Ridge.
devitrified,w~aliche in lithophysal cavities; -2000' SE of 3SW-595A/595B.

Iysfrorhamaiy tdwindrockin Claim Canon
3SW-587A 8275

65.4

4

silicified and partially adularized rhydlite lava between units of the Paintbrush Tuff; -3600' N35E from Prow Pass.

Analyses carried out by M. Desilets, analyst, Nevada Bureau of Mines Analytical LAboratoxy on 10 gram digestions using atomic absorption spectrometry with
hydride generation methods.
Uncertainty expressed in parts per billion Hg at 2 Sigma level; n - number of replicate analyses.
Detection limit is estimated to be 10 parts per billion based an the results of standard addition analysis and intrarun comparison to synthetic control samples.
a sample is from same outcrop as SC-52 of Castor et al. (1989).
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Table 4. PRECIOUS METALS AND INDICATOR-EIEMENT ABUNDANCES IN ROCK-CHIP
SAMPLES FROM YUCCA MOUNTAIN

(Ag andAu expressed in partsper bllion, all otherelements given in partspermillion)
-\..Sample#

AS

As

Au

ESi

Cd

Hg

Sb

SC

Cu

Mo

Pb

4.15
8.41
9.20
4.10
0.790

Zn

Ga

Bow Pidgefaufta Trench 14
3SW-569
3SW-571
3SW-573
3SW-S79
3SW-S81

73
0.5
1.2
1.1
0.9

12
11
14
6
4

11.3
32.0
32.5
17.8
41.2

1.29
0.595

43.0
12.7
27.4
26.2

1.69
0.989
0.812
0.760

4.22
9.88
11.8
6.65
3.83

0.132
0.086
0.093
<0.050
0.057

0.030
0.031
0.032
0.036
0.020

0.026
0.050
0.038
0.048
0.025

0.227
0317
0.267
0.169
0.139

<0.244
c0.249
<0.246
OA12
0323

0.977
0.799
0.931
1.64
0.673

0.280
0.555
0.604
0.232
0.483

1.68
<0.750
1.67
2.26

3.99
1.35
0335
0.334

0.077
0.065
0.034
0.037

<0.058
<0.060
0.024
0.022

0300
0.160
0.089
0.132

<0.723
<0.750
<0.247
<0.247

1.72
1.15
0263
0.255

1.86
0370
0.389
0383

70.5
3.32
1.59
1.49

1.77
1.81

0.047
0.045

0038
0.024

0388
OA10

0.377
<0.246

028
0.313

2.27
2.34

17.3
18.0

0.094
0.066

0.073
0.040

<019
0.030

0.183
0.126

<0.242
0.326

0.597
0.832

1.2
0.591

998
3.58

52.9
47.4

0.608
0.543

0.073

0.047

0.515

0.849

<0.246

0.580

0308

3.80

26.3

0.618

OA31

0.282
0.540

Sokiario CanOWf4
3SW-S99A'
3SW-599B'
3SW-605
X.15t

<9
<9
4
5

1.1
t0.6
4
0.4
.02
4

Fauk systan NWof Busted Dune
3SW-595B
X-16"

5
6

0.5
0.5

1.87
232

8.11
9.48

2.10
2.27

Dense4 wvdde4 flthophysdI'resh"Sjff
3SW-585

58991*

25
14

3SW433NA"
3SW-435NAt
3SW437NAv

<0.2
0.3
OS
0.6
0.6

6.00
2.41

Pauksy~u ean wst side ofBoomerangPoint
Y3SW.5190rX
3SW-519GtP
3SW-521z

0.1
0.2
0.1

Clabn Canyon
3SW-587A

13

0.5

7.78

Analses by Geochemical Services Inc., using inductivelyc-ou~pled plasma emission spectrography fo all elments except Au which was carried out by graphite
furnace -atomic absorption spectrometqy *-S gram digestion all other analses used 15 gram digestion. Values as reported by G5.1. cxcept Ag rounded to
nearest ppb and Au rounded to narest 0.1 ppb; number oftaignicant figures does not indicate precision or aceuracy of analyses.
Measured tellurium contents were <025 ppm in all samples. Measured thallium contents were <0.50 ppm in all samples cmept 3SW-599A and 3SW-599B
which were <1.50 ppm.
t denotes blind duplicate sample of 3SW-605.
"denotes blind duplicate sample of 3SW-595B.
analyses by XRAL Activation Services, Inc., using instrumental neutron activation (INAA) methods.
X middle part of vitrophere of Tiva Canyon Member, INAA analysis by XRAL Activation Services, Inc
Yupper part of vitrophere of Tiva Canyon Member, INAA analysis by XRAL Activation Services, Inc.
2
devitrilied Tha Canyon Mcmber just above vitropherci INAA analysis by XRAL Activation Services, Inc.
# 58991 is composite sample of equal parts 3SW-589 and 3SW-591.
Detection limits quoted by GS.L based on intrarun standards and blanks as follows:
Mo
0.020 ppm
Hg
0.020 ppm
Ag
3.00 ppb
0.050 ppm
Pb
0SO ppm
Au
0.20 ppb
Sb
Se
0.2SO ppm
Zn
0250 ppm
As
0.250 ppm
0.OSO ppm
Ga
0.100 ppm
Bi
0.050 ppm
Tc
Cd
0.020 ppm
Cu
0.010 ppm
n
0500 ppm
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Table 5. Summary of Phenocryst Assemblages of Pre-Timber Mountain Ash-Flow Sheets in the
Gold Mountain - Slate Ridge Area
Unit

quartz

plag

san

bio

hbl

cpx

X

X

X
tr

X

X
X
X
X

X
X
X
X
X

X
X
X

X
X
X

X
X
X

TuffofSphinx Canyon
Tolicha Peak Tuff
TuffoftGold Coln mine
Tuff of Oriental Wash
Tuffof Mount Dunfee

Xs denote minerals present as phenociysts.
plag = plagloclase, san = sanidine, bio = biotite, hbl = hornblende, cpx = clinopyroxene; tr = trace.
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Radiometric age date sample locations
|Quatemary alluvial and colluvial deposits

1.,lRhyoliteof Mount Jackson, stipple shows
1 - a; 1 associated near-vent pyroclastic deposits

E J,Rhyolite
l
I

(A

(A)

I

of the Montezuma Range

Miocene and Pliocene(?) volcanic and
In the Montezuma Range
unit probably includes pyroclastic deposits
related to the Rhyolite of the Montezuma

J Isedimentary rocks.
Range

Paleozoic sedimentary rocks and Mesozoic
granhic intrusive rocks, undivided
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s
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Figure 1. Simplified geologic map of the Mount Jackson dome field. Modified from Albers and St(ewart,
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Figure 3. Frequency diagrams showing gold contents of volcanic rocks of the southwest Nevada volcanic
field as determined by instrumental neutron activation methods. 3a includes one sample of
vitrophere from one of the domes of the Brougher dacite in the Tonopah area.
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Magmatic and Hydrothermal Activity,
Caldera Geology, and Regional Extension in the
Western Part of the
Southwestern Nevada Volcanic Field
Donald C. Noble'. Steven 1.Weiss:. and Edwin H. McKee.Alack Sw-d *rUima. Unrwvm eynwbda. Rero. KV
-U.S. "qd'grcalSann. 3.4 Mddkeie
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Abstract
Igneous activity of the southwestern Nevada volcanic field can be divided into three magmatic stages. The main magmaisfi'age.
which began about 15.2 Ma and ended with eruption of the Tiva Canyon Member of the Paintbrush Tuff about 12.8 Ma. was
characterized by the caldera-forming eruption oia numberof voluminous silicic ash-flow sheets. mostly ofsubalkaline character.
and small volumes of silicic and intermediate lavas. A thick, west-dipping section of intracalderat') ash-flow ruff exposed on
Sleeping Butte appears to mark a newly recognized collapse caldera that predates the Belted Range Tuff. The onset of the Timber
.Ilesutaiz magmatitage followed a lull in volcanic activitq of about I to 1.5 million years. The litholoeicallv distinctive rocks
of of the Timber Mountain magmatic stage include: 1) precursor rhyolite lavas and surge deposits. 2) two majorcomposicionally
zoned ash-flow sheets, the Rainier Mesa and overlying Armrmonia Tanks Members of the I 1.4-Ma Timber Mountain Tuff. and
several overlying small-volume ash-flow units. and 3) an assemblage of lace rhvoliric cuffs and lavas and associated mafic and
intermediate lavas that were erupted prior to about IO Ma. A late magmatic stage is represented by alkaline. peralkaline. and
subalkaline rocks ofthe Black Mountain and Stonewall Mountain volcanic centers and rocks of other centers to the northwest thar
were erupted between about 7 and 9 Ma.
During the Timber Mountain magmatic stage, volcanic activity evolved from caldera-forming eruptions of major ash-flow
sheets toeruption of local unitsof tuffand lava from vents located mainly in the western parrof the southwestern Nevada volcanic
tield. Field relations and geochronologic constraints show that the Rainier Mesa Member of the Timber Mountain Tuff was
erupted from vents within the Timberilomnmain I caldera. which encompasses the formerly recognized Oasis Valley and Sleeping
Butte calderasegments. Eruption ofthe Ammonia Tanks Member resulted in the formation ofa smaller TimberAleaoaini1caldera
nested within the Timber Mountain I caldera. Sphene-bearing ash-flow cooling units of the tuff of Fleur-de-Lis Ranch exposed
locally inside the western margin of the Timber Mountain caldera. on which radiometric ages of 11.3 ± 0.3 and 11.4 ± 0.1 Ma
have been obtained.areofthesame e as the AmmoniaTanks Member: these tuffs may retlect pulsesofpyroclasticactivity related
to the Ammonia Tanks Member. s do the ruffof Butronhook Wash and tutts of Crooked Canyon exposed on and around Timber
Mountain. High-Si rhyolite cuffs that lack splene overlying the Ammonia Tanks Member in the Bullfrog Hills west ofthe Timber
Mountain caldera represent a renewal of Rainier Mesa-type magmatism. These tuffs and associated silicic and intermediate lavas
may in part have been erupted from fissure vents formed during crustal extension.
Hydrothermal activity and mineralization took place during both the main and Timber Mountain magmatic stages.
Epithermal gold and fluorite mineralization at the Sterling, Goldspar. Mother Lode. Secret Pass. Daisy. and other properties along
the northern and eastern margins of Bare Mountain. and probably also at the Wahmonie district. is related to subiacent porphyrytype magmaticsystems about 13 to l1 million yearsold. The most intense and widespread hydrochermal activity and epithermal
Au-Ag mineralization related to the Timber Mountain magmatic stage is found in the Bullfrog Hills in the western part of the
volcanic field. Mineralization at the Bond Gold Bullfrog and Gold Bar mines as well as at a number of previously producing
properties and prospects is structurally controlled by normal faults and appears to be related to magmaricacriviryoirhe later part
of the Timber Mountain stage.
Crusual extension in the western part ofthe southwestern Nevada volcanic field involved movement along both a regional lowangle fault (the "Original Bullfrog-Fluorspar Canyon detachment iault')and higher-angle normal faults that in part postdate and
cut the low-angle structure. Rotation ofafult blocks in the Bullfrog Hills took place mostly aftereruption ofthe Timber Mountain
Tuff and was complete by the time the subhorizontal. 7.-Ma Spearhead Member ofthe Stonewall Flat Tuff was deposited. Very
similar relations are present in the Gold Mountain-Slate Ridge area west of Stonewall Mountain. A younger episode of normal
faulting that postdates the Stonewall Flat Tuff produced most oithe present topography in areas between longitude 11 ` W. and
the Death Valley-Furnace Creek fault zone.
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Introduction

Main magmaic stage v15.2-12.8 Ma)

The southwestern Nevada volcanic field (herein abbreviared SWNVF) (Figs. 1and 2) was the focus of largescale pyroclastic volcanism for about 8 million years
during middle and late Miocene time. Geologic investigations conducted over the past three decades. most
carried out in connection with weapons testing and
nuclear waste disposal programs oi the LRS. Atomic
EnergyCommissionand the U.S. DepartmentofEnergy,
have made the SWNVF one of the most intensely
studied volcanic fields in the world. A recent review by
Byers ec al. (1989) summarizes the wide range of geological and other studies that have been carried out by a
large number of workers.
Most work in the past has focused on the many silicic
ash-flow sheets and associated units of lava and on the
calderas that formed as a result of large-scale pyroclastic
eruption. The eastern part of the SWNVF. which lies
within the NevadaTestSite. haslong been berterknown
than the western part of the field, where many aspects of
the geology remained equivocal or incompletely understood. This reflects both the lesser amount of study
that has been devoted to the area west ofthe NevadaTest
Site and the combined effects of widespread and locally
intense hydrothermal activity and complicated Miocene
faulting. This paper is both a review and a progress
report on our ongoing efforts to resolve fundamental
geologic problems of the western part of the SWNVF
and adjacent areas to the west and north, with an
emphasis on magmatic and hydrothermal activity and
caldera geology and their interrelation with the late
Cenozoic faulting and extensional rectonism of the
region.

During the main magmatic stage, a complex of
overlapping and nested collapse calderas (Fig. 2) developedwith the eruption ofat least ninevoluminoussheets
of silicic ash-flow tuff. as well as many smaller units of
lava and tuff of silicic to intermediate composition. The
oldest well-characterized ash-flow sheet attributed to
volcanism of the SWNVF is the Redrock Vallev Tuff.
which has been radiometrically dated at about 15.2 Ma
(Table 2. Specimens 9 and 10); this age is younger than
the radiometric age of about 16.1 Ma reported by
Marvin et al. (1970) and older than the age of about 14.0
Ma obtained on this unit by Kistler( 1968). (Appreciably
younger ages were obtained bv standard K-Ar methods
on sanidine from this and other units of the SWNVF:
these ages provided the first conclusive evidence for
systematic analytical errors apparently resulting from
the sequestering of argon by Mo films on the argon
extraction bottle (Hausback et al., 1990)). Other major
ash-flow sheets erupted during this period are included
within the tuffofYucca Flat. the Lithic Ridge Tuff, the
Crater Flat Tuff, the Paintbrush TuffE and other, less
well known, units (Byers et al., 1976a; 1989; Carr et al.,
1986). Units of the Paintbrush Tuff are related to the
Claim Canyon Cauldron (Byers et al., 1976a), and Carr
et al. (1986) have proposed that the Craer Flar Tuffwas
erupted from the inferred Crter Flat-Prospector Pass
caldera complex (Fig. 2). In addition, facies relations,
distribution patterns, and subsurface information led
Carr et al. (1986) to propose that one or more older
calderas. buried by youngerrocks, may be present beneath
northern Yucca Mountain. The Belted Range Tuffand
associated peralkaline lavas of the Silent Canyon calderm
(Noble et al., 1968;Sawyerand Sargent, 1989)were also
erupted during this period, although the different
chemical character of these rocks suggests derivation
from a different magma system.
Another caldera may exist in the area of Sleeping
Butte (Fig. 3). There a thick sequence of densely welded
and slightly to moderately hydrothermally altered tuff
dips from 250 to 50° to the west-northwest and is
unconformably overlain by the Grouse Canyon Member
of the Belted Range Tuff. It is not known if this sequence
correlates with older cuffs recognized elsewhere in the
SWNVF(cf. Carret al., 1986). If unbroken, this section
is at least I km thick. The thickness and dip of these
cuffs. combined with the local presence of lithic blocks
of Mesozoic(?) granite as much as 0.5 m in diameter
suggest that the section exposed at Sleeping Butte
represents part of the inctracaldera cuff prism. perhaps
resurged. of an early caldera of the main magmatic stage.
(it is emphasized that this proposed caldera is in no way
related to the Sleeping Butte caldera segmentasproposed
by Byers et al.. 1976a.) An exposure of densely welded,
locally rheomorphically deformed and hydrothermally
altered, quartz and sanidine bearing rhyolite tuff about
5 km southeast of sleeping Butte strikes about N300E
and dips very steeply to both the east and west. One

Magmatic Events of the Southwestern Nevada
Volcanic Field
The middle and late Miocene ash-flow sheets and
lavas of the SWNVF (Table 1) were deposited on a
complexly deformed and locally metamorphosed basement of Precambrian and Paleozoicsedimentarv rocks of
the North American miogeocline (e.g., Cornwall. 1972;
Stewart. 1980; Carr. 1984a). Radiometric ages on rocks
of the SWNVF (e.g., Kistler. 1968: Marvin et al.. 1970;
1989;Jackson, 1988; Table 2. this paper; E. H. McKee,
D. C. Noble, and S. 1. Weiss, unpub. data in conjunction with stratigraphic. petrologic, and other geologic
data (e.g., Byers et al., 1976a; Noble et al.. 1984: Carr
etal..'1986; Broxtoneral.. 1989)suggesr rhatmagmaric
activity of the SWNVF can be divided into three temporally well defined and genetically significant stages.
These are designated the main magmawiestage. with major
activity from about 15.2 to 12.8 Ma. the Timber Mountain magmatirstage,from about 11.5 to about 10.5-10.0
Ma. and the late magmatic stage. from about 9 to 7 Ma.
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Fig. I. Map showing volcanic centers and geographic features of the southwestern Nevada volcanic field and adjacent areas. SM
- Stonewall Mountain volcanic center, OB . Obsidian Butte; BM - Black Mountain volcanic center, TM-I - Timber Mountain
I caldera formed upon eruption of the Rainier Mesa Member of the Timber Mountain Tufl, TM-l - Timber Mountain 11 caldera
formed on eruption of the Ammonia Tanks Member of the Timber Mountain Tuff; CC Claim Canyon cauldron segment, CFPP - Crater Flat-Prospector Pass caldera complex of Carret al. (1986); SC . Silent Canyon calders; DV-FC FZ . Death ValleyFurnace Creek fault zone. Stipple outlines approximate eastern limit of post-7.5-Ma normal faulting.
possibility is that this unit, which is unconformally
overlain by the thick unit of tuff exposed at Sleeping
Butte and by flat-lying tuffof the Rainier Mesa Member
of the Timber Mountain Tuff(see below), is a large slide
block within the possible caldera.
The tuffof Tolicha Peak, a unit of perrographically
distinctive rhyolite ash-flow tuff that underlies the
Belted Range Tuff, is exposed over an area that extends
from Sleeping Butte north to areas east and west of
Stonewall Mountain (Noble and Christiansen, 1968;
Ekren et al. 1971; S. l. Weiss, unpub. mapping, 1989).
A caldera reflecting the source for this unit probably
exists somewhere within its area of known distribution.
Stocks and dikes of silicic to intermediate composition with porphyritic to hypidiomorphic granular textures were emplaced during the latter part of the main
magmatic stage at Bare Mountain, Wahmonie, and
possibly in the Calico Hills (Cornwall and Kleinhampl,
1961; Ekren and Sargent, 1965; Hoover et al., 1982;
Ponce, 1984). Both the north-south trending dikes
exposed on the eastern part of Bare Mountain. which
have classic porphyry textures, and the granitic rocks at
Wahlmonie contain high-salinity fluid inclusions with

halite and other daughter minerals, suggesting the
presence of porphyry system(s) at depth (Noble et al.,
1989). K-Ar ages of 13.9 ± 0.5, 13.9 ± 0.3, and 13.8 '
0.2 Ma have been reported on partly altered dikes at
Tarantula Canyon and Joshua Hollow (Marvin et al.,
1989; Monsen et al., 1990) We have obtained an age of
14.9 ± 0.5 Ma (Table 2, Specimen 8) on biotite from
another slightly altered dike of this group exposed just
north of Bare Mountain. Ages of about 12.9 Ma have
been obtained on adularia from hydrothermally altered
dike rock at the Goldspar Mine (see below). Although
the exact age of the Bare Mountain magmatic system is
uncertain, emplacement of the dikes during the main
magmatic stage of the SWNVF is well demonstrated.
There was a marked decrease in magmatic activity
between deposition ofthe 12.8-MaTivaCanyon Member
of the Paintbrush Tuff and deposition of the 11 A-Ma
Rainier Mesa Member of the Timber Mountain Tuff.
Thislull lastedabout I to 1.5 m.y.,aninrervalabouchalf
as long as the period of time during which the many
centers of the main magmatic stage were active. A
petrochemical transition during this interval is suggested by the differences in phenocryst mineralogy,
915
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Fig. 2. Mapshowing ma jorgeographic features and collapsecalderasofthesouthwestern Nevadavolcanic field and othergeologic
features referred to in text. Dash-dot line shows boundary of the Nevada Test Sire. ATM - outcrops of the Ammonia Tanks
Member of the Timber Mountain Tuff near Sleeping Butte that mantle the east-facing wAill of the Timber Mountain I caldera
andbeyondthecalderaoverlie cuffs oftheRainerMesaMember.BB . BondBullfrogmine;BM - BurtonMouncain;BW . Bearty
Wash; D . Daisy mine; DM a Donovan Mountain; GB a Gold Bar mine; GD . Goldspar (Diamond Queen) mine; IS - Indian
Springs; M . May mine; ML - Mother Lode(Gexa) mine; MS. Montgomery-Shoshone mine; My - Mayflower mine; O .
Original Bullfrog mine; OM a Oasis Mountain; P . Pioneer mine; S . Sterling mine; SB a Sleeping Butte; Si a Silicon mine;
SG - Sober-up-Gulch; SP - Secret Pass Au deposia, T - Telluride mine; Th a Thompson mine; TH . Transvaal Hills; W Wahmonie; Flsp Cny - Fluorspar Canyon; TM-I . Timber Mountain I caldera; TM-Il - Timber Mountain II caldera (SB) Sleeping Butte caldera segment of Byers et al (1976a), herein abandoned; (OV) * Oasis Valley caldera segment of Byers et al.
(197 6a), herein abandoned. Dotted lines show porphyry dikes in Bare Mountain.
chemistry, and general appearance between the Paintbrush and Timber Mountain Tuffs (Byers et al., 1976a;
Broxton et a., 1989; Warren et al., 1989). This change
is but one example of the marked variability in the
petrochemical nature of the magmas of the SWNVF
(Noble et al., 1965).
Timber Mountain magmaric stage (11.5-10+ Ma)
The Timber Mountain magmatic system was
superposed upon the waning magmatic system responsible for rocks of the Paintbrush Tuff of the main
magmatic stage. The interval of time between the
Paintbrush andTimberMou=ainepisodes was, however,
shorter than, forexample, that between the Huckleberry
Ridge Tuffand the lava Creek Tuff of the Yellowstone
volcanic field, Wyoming (Christiansen, 1979), and between the Sunshine Peak Tuff and associated Lake City
calderaand the earlier caidera-forming volcanism ofthe
western part of the San Juan volcanic field, Colorado
(Steven and Lipman, 1976). A number ofvolumetrically
minor units of lava were emplaced between the Tiva
Canyon and Rainier Mesa Members. Some of these lavas
appear tohave petrographic characteristics intermediate
between the Paintbrush and Timber Mountain Tuffs
(Broxron et al., 1989),and may reflect mixingofTimber
Mountain magma with residual magma of the Paintbrush system.
The first majorvolcaniceventoftheTimberMountain
magmatic stage was the eruption of the Rainier Mesa
Member of the Timber Mountain Tuff about I IA Ma
(Table 1). The RainierlMesa Member was preceded a few
tenths of a million years or less by petrographically and
chemically similar lavas erupted east and northwest of
Beatty (Byers et al., 1976a; Broxron et al., 1989; S. I.
Weiss and D. C. Noble, unpub. mapping, 1989). Rejuvenation of the Timber Mountain magmatic system
led to the eruption of the Ammonia Tanks Member of
the Timber Mountain Tuff about 11.4 Ma. The source
area of the Ammonia Tanks Member was largely or
entirely within the Timber Mountain caldera, which
formed concurrently with eruption, and is now marked
by a well developed and preserved resurgent dome. Two
relatively small-volurne units ofash-flow tuffthar overlie
the Ammonia Tanks Member, the tuff of Buttonhook
Wash and the uffis ofCrooked Canyon, are also included
within theTimberMountainTuffby Byersetal.(1976a).
Location of the western margin of the Timber

Mountain calder The geometry of the vent area and
caldera associated with the Rainier Mesa Member has
been a subject of debate. During the early stages of study
of the SWNVF, it was believed that the Rainier Mesa
Member was erupted from essentially the same vent area
as that now accepted for the Ammonia Tanks Member.
Noble, however, argued in 1966 char the caldera related
to eruption of the Rainier Mesa Member extended west
of the Timber Mountain caldera, encompassing what
were subsequently termed by Byers et al. (1976a) the
Oasis Valley and Sleeping Butte segments ofthe Timber
Mountain-Oasis Valley caldera complex (D. C. Noble,
unpub. manuscript, 1966,quoced inByerseral., 1976a).
Critical evidence for this interpretation was the presence
of a distinctive unit of fresh, sphene-bearing ash-flow
tuffcontaining a bimodal population of high-silica and
low-silica rhyolite pumice, identified by Noble as the
Ammonia Tanks Member, that mantles the east-facing
scarpoftheSleepingButtecalderasegmentasdefined by
Byers et al. (1976a, 1976bXFig. 2).
R. L Christiansen, W. C. Carr, and K. A. Sargent
studied parts of the area between Beatty and Sleeping
Butte in 1971 (Byers et a1, 1976a). They considered the
sphene-bearing unit to be older than the Timber
Mountain Tuffand reinterpreted this parrofthe Timber
Mountain caldera, which they named the Sleeping Butte
caldera segment, as being the oldest segment of their
Timber Mountain-Oasis Valley caldera complex (Byers
et al., 1976a).
Field relations and new radiomettic ages strongly
support the original interpretation of Noble. The eastfacing scarp of the Sleeping Butte segment of Byers et al.
(1976a) is developed on a thick unit of ash-flow tuff thar
underlies the Grouse Canyon Member of the Belted
Range Tuff(see Main Magmatic Stage, above; Table 1).
The sphene-bearing cooling unit that mantles this eastfacing scarp can be traced continuously to the north and
northwest (Fig. 2; outcrop indicated by irregular solid
black pattern), where it overlies thick outflow-facies
cuffioftheRainierMesaMemberoftheTimberMounmain
Tuff. In addition,aK-Ar ageo 11.5 ± 0.4 Maand a 'Ar/
'hAr age of 10.7 ± 0.2 Ma (Table 2, Specimen 6) have
been obtained on biorite from the sphene-bearing ruff.
Phenocryst mineralogy, stratigraphic position above the
Rainier Mesa Member, and radiometric age are all
consistent with theoriginal assignmentofthe unit to the
Ammonia Tanks Member. The interpretation that the
scarp is part of the topographic wall of the caldera that
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Table 1. Ash-Flow Sheets and Other Important Volcanic Units
of the Southwestern Nevada Volcanic Field
Late magmatic stage
Stonewall Flat Tuff (Stonewall Mountain volcanic center)
Civet Cat Canyon Member
Spearhead Member (7.6 Mal
Thirsty Canyon Tuff (Black Mountain volcanic center)
Gold Flat Member
Trail Ridge Member
Pahute Mesa Member
Rocket Wash Member
Timber Mountain magmaticstage
Rhyolite ofShoshone Mountain and rhyolite of Beatty Wash
Tufhs and lavas of the Bullfrog Hills
Timber Mountain Tuff (Timber Mountain I and II calderas)
Tuff of Butronhook Wash and tuffs of Crooked Canyon
Tuffs of Fleur-de-Lis Ranch
Ammonia Tanks Member 11 .A Ma)
Rainier Mesa Member (11 4 Ma)
Pre-Rainier Mesa lavas (rhyolite and local basalt)
Main magmaticstage
Rhyolite of Windy Wash and rhyolite lavas of Fornymile Canyon
Paintbrush Tuff
Tiva Canyon Member (12.8 Mal
Yucca Mountain Member
Pah Canyon Member
Topopah Spring Member
Tuffs and lavas ofCalico Hills
Wahmonie and Salyer Formations
Crater Flat Tuff
Prow Pass Member
Tuff of Stockade Wash (not a member of the Crater lat TutE)
Bullfrog Member
.Tram Member
Belted Range Tuff (Silent Canyon volcanic cencer associated and intercalated with peralhaline silicic lavas)
Grouse Canyon Member
Tub Spring Member
Lavas of intermediate composition
Lithic Ridge Tuff
-Older tufts
Unit 'A'
Unit B"
Unit "C'
Sanidine-rich tuff
Tuff of Yucca Flat
Redrock Valley Tuff 115.2 Mal

Modified from Byers et al (1989). Btoxton et al (1989) and other sources. Bold type indicates individual ash-flow
sheets. Ages of certain stratigraphically tecronically and/or volcanogenetically important ash-flow sheets are given in
brackets.
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Table 2.
New Ridiometric Ages on Rocks of the
Southwestern Nevada Volcanic Field
Sample Number

Material

ConomemtsK-A, AV Ddmvixauiew
K.O
'OA&
(moles/tm)

(percent)

(Mat 1a)

5.14

6A93 x 10

72

8.8 ± 0.3

9.28
5.71

1.377 x 10
8.477 x 10

42
50

10.1 ± 0.3
10.3± 0.3

IOAO
8.89
7.52
7.68
8.63
8.62

1.558x 10x
1.445 x 10-'.
1.251x 10
1.434 x 101.863X 10.
I
1.875 x 10-'1

88
39
47
59
48
49

IOA ± 0.3
11.3± 0.3
11.5 ±04A
12.9± 0t4
14.9± 0.5
15.1± 0.4

(we. t)

OBO-IZA
2
3

3DN9-20
SMR~-TOB

4
5
6
7
B
9

Tcr
3DN9-1
3DNB-21
87-2-11-4
TWDK-BIO
IR-BIO-2

nonhyd.
glass
biotite
nonhyd.
glss
anidone
biocite
biorite
adularis
biorire
biotice

Age

§

Sample Number

aAr/l"ArMai-GrainRainaw Farax(Tral) Fmjion Dwmuinaiao
Material
40139
37/39
36/39
Ar(%)

6
10

biocite
sanidine

3DN8-21
171-B

Sample Number

Material

7
ii
12
13

adularia
sanidine
sanidine
sanidine

87-2-11-4
DN8-75
3SW-247
SW-269

2A669
2.1189

0.0502
0.0149

0.0047
2.1573

AVrJ9Ar Sing!. Grasi Lor FjianDuninasomn
Number of Analyses
3 analyses
6 analyses
6 analyses
6 analyses

44
70

I

Age

0.007
0.006

10.7 ± 0.2
15.2 ± 0.2

Age
12.9± 0.8
I IA ± 0.1
11.7±t 0.3
11.9±0.7

I. Nonhydraredaphyric rhyoliteobsidianfrom the south flank of Obsidian Butte; 3r18.3N. 116 52.3Vv.
2. Vapor-phase crystallized rhyolite ash-flow ruff ofthe tuffs and lavas of the Bullfrog Hills; north end of Burcon Mountain;
36 55.9N. 116046.4W.
3. Rhyolite lava. central Shoshone Mountain: 36 57.0-N. 116°16.7W. Specimen is from the basal part of the uppermost flow of
the rhyolire of Shoshone Mountain.
4. Partly welded, vapor-phase crystallized rhvolire ash-flow ruff of the ruff of Cutoff Road; 37OOAN. I 16 035.6VW.
5. Densely welded glassy rhyolite ash-flow tuff from the basal vitrophyre of the lowermost cooling unit of the ruffs of Fleur-de-Lis
Ranch; 37'00.6N. 116°43.2W.
6. Densely welded glassy rhyolite ish-flow tuff fron the basal vitrophyre of the Ammonia Tanks Member of the Timber Mountain
Tuff; 37 007.9'N, 116 0 43.1 W.
7. Hydrochermally altered quartz potphyry dike from the north pit of the Goldspar (Diamond Queen) mine, east flank of Bare
Mountain: 36 50.7 N. 116'38.0'W.
8. Slightly hydrothermally altered quartz porphyry dike north of Bare Mountain; 3654.3NN, 116 40.0'W.
9. Densely welded glassy thyolite ash-flow cuff from the Redrock Valley Tuff; 37°06.6'N, 11610.4'W.
10. Densely welded glassy rhyolite ash-flow ruff from the Redrock Valley Tuit 37°06.6-N, 116°10.4W.
11. Densely welded devicrified rhyollie ash-flow cuff from the upper cooling unit of the ruffs of Fleur-de-Lis Ranch; 37'02.8'N,
116043.5W.
12. Densely welded rhyolite ash-flow tuff from the Rainier Mesa Member of the Timber Mountain Tuff. north slope of Sober-Up
Gulch; 3658.5'N. 116 46.5W.
13. Densely welded devitrified rhyolite ash-flow tuff from the west face of Oasis Mountain; 37'02.7N, 116 45A.W.
Constants: A. 0.581 x 10t. Yr' , - 4.962 x 10." yr ', IKK(toul) - 1.167 10 kmol/kmol. Precision of satindard K-Ar age
determinations in the Menlo Park laboratories is based on replicate analyses of Ar tacers, KO analyses, and calibration analyses.
The plus and minus value of the aArtiAr laser fusion analyses is based on small population statistics of multiple analyses of
individual grains.
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Fig. 3. South side of Sleeping Butte composed of wesr-dipping rhyoliric ash-flow ruff probably belonging to the inrnacaldera cuff
prism of a previously unrecognized collapse caldera.
formed as the result of eruption of the Rainier Mesa
Member. and is not an older caldera wall. is supported by
the absence of cuffs of the Rainier Mesa Member, or of
older units, mantling the scarp beneath the dated exposures of the Ammonia Tanks Member.
Several lines of evidence, in part presented by Byers
et al. (1976a), indicate that the Oasis Valley caldera
segment was formed and subsided as a result of eruption
of the Rainier Mesa Member of the Timber Mountain
Tuff. These include caldera margin breccias, restudied
by our group, similar to those described by Byers et al.
(I976a) in the eastern and southern part of the Timber
Mountain caldera. Additional evidence supporting the
eruption of tuffs of the Rainier Mesa Member from vents
within the Oasis Valley caldera segment are: 1) the
presence of thick. large-scale and commonly lithic-rich
surge deposits with phenocryst mineralogy typical of
the Rainier Mesa Member lying beneath cuffs of the
Rainier Mesa Member in the lower part of Bearty Wash
and northofBeatty in thevicinityofSober-up-Gulch. 2)
the presence of tuffs of the Rainier Mesa Member in the
Sober-up Gulch area north of Beatvy (identification
corroborated by radiometric dating; Table 2. Specimen
12) with secondary flowage, disruption. and crystallization features suggestive of near-vent deposition. and 3)
the presence of lavas and associated surge deposits with

Rainier Mesa phenocryst mineralogy beneath the Rainier
Mesa Member between Fluorspar Canyon and Beatry
Wash and in the Sober-up Gulch area (Fig. 2).
The evidence presented above demonstrates that the
Sleeping Butte and Oasis Valley caldera segments of
Bvers et al. (1976a, 1976b) should not be considered as
separate. older structures ofthe Timber Mountain-Oasis
Valley caldera complex. Instead. these areas comprise
the western part of the area that subsided upon eruption
of the Rainier Mesa Member of the Timber Mountain
Tuff and are part of the Timber Mountain caldera
(Timber Mountain I caldera. see below; Fig. 2). A later
period of caldera collapse took place within the Timber
Mountain caldera upon eruption of the Ammonia Tanks
Member (Fig. 2); the well-preserved Timber Mountain
resurgent dome is related to this inner caldera (Byers et
al., 1976a). The term Timber Mountain alderahas long
been attached to both the larger caldera related to
eruption of the Rainier Mesa Member and the smaller.
nested caldera that formed on eruption of the Ammonia
Tanks Member. We suggest that the older caldera be
referred to simply as the Timber Mosuntain I taLdera and
the younger as the Timber Mountain 11 caldera: collectively they may be termed the Timber Mountain caldera
complex. The terms Oamit Valley caldra segment and
Sleeping B tte saldera segment should be abandoned, as
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perhaps should the term Tixbgr Mawu'aix-Oajis Valley of 11.4 ± 0.1 Ma has been obtained on the upper cooling
unit (Table 2, Specimens 5 and 11). The ruffs of Fleurcaldracomplex.
Tuffs of the Oasis Valley area: A sequence of de-Lis Ranch are therefore coeval, within the limits of
cooling units of ash-flow cuff is exposed in the vicinity
analytical uncertainty, withtheAmmoniaTanksMember
ofOasis Valley (Byers eta., 1976a). In outcrop and hand
of the Timber Mountain Tuff.
specimen these cuffs have the general appearance of the
It is unclear whether most or all of the cuffs of Fleurde-Lis Ranch were erupted from the same magma chamTimber Mountain Tuff.
ber from which the Ammonia Tanks Member was
The lowest unit, exposed on Oasis Mountain, has an
exposed minimum thickness of 500 m and in its upper erupted or whether they are partly or entirely local units
erupted at the same time as the AmmoniaTanks Member
part has undergone strong secondary (rheomorphic)
flowage. Byers et al. (1976a) identified this cuff as the from an independent or semi-independent magma
Ammonia Tanks Member ofthe Timber Mountain Tuff chamber of the Timber Mountain system in a manner
and proposed that its thickness reflected deposition
similar to that described for cuffs related to the
within the westernmost part of the caldera that formed
Yellowstone caldera (Christiansen, 1979) and the
upon eruption ofthe RainierMesa Member. Christiansen
Uncompahgre and SanJuan calderas (Steven and Lipman,
et al. (1977), however, considered Oasis Mountain to lie
1976).TheAmmoniaTanksMemberhas been recognized
outside of the Oasis Valley caldera segment (western
elsewhere as a composite sheet (Broxton et a&., 1989).
Based on petrography, stracigraphic position, and rapart of Timber Mountain I caldema of this paper). The
general phenocryst mineralogy of the unit is consistent
diometric age, the chick unit of cuff exposed on Oasis
with the unit belonging to the Timber Mountain Tuff,
Mountain and/or the upper cooling unit of the tuffs of
and the presence of sphene rules out the possibility hart Fleur-de-Lis Ranch may perhaps correlate with the
the unit is the Rainier Mesa Member. A 40ArP"Ar age of Ammonia Tanks Member of the Timber Mountain Tuff
11.9 I 0.7 Ma (Table 2, Specimen 13) obtained on as defined by Byers et al. (1976a).
sanidine from this unit is indistinguishable within the
Tuffs and lavas of the Bullfrog Hills: West and
limits of analytical uncertainty from the age of the
northwest of Beatty, Nevada (Fig. 2), outflow-facies
Ammonia Tanks Member.
tuffs of the Ammonia Tanks Member of the Timber
The cooling units overlying the thick section of cuff Mountain Tuff are overlain by a locally complex, genexposed on Oasis Mountain provisionally assigned to the
erally east-dipping sequence of lavas and cuffs here
Ammonia Tanks Member have been termed the ruffs of informally termed the ruffs and lavas of the Bullfrog
Fleur-de-Lis Ranch by Byers et al. (1976a). PetrographiHills. These units generally dip less steeply than the
cally, these tuffs range from low-silica rhyolite containAmmonia Tanks Member, and in places appear to be
ing moderately abundant phenocrysts of plagioclase,
separated by an angular unconformity from underlying
biotite, and clinopyroxene accompanied by little or no volcanic rocks. In many areas the Ammonia Tanks
quartz and sanidine to tuffs containing abundant large
Member is overlain by flows of dark olivine-bearing
phenocrysts of sanidine and quar. Sphene has been
basalt or basaltic andesice. These flows are in turn
identified in all units. Locally the first and second
overlain by a sequence of slightly to moderately welded
cooling units areseparated bya flow ofrhyolice lava. The
silicic ruffs that are very similarin phenocryst mineralogy
stracigraphically highest cooling unit of the tuffs of and content to the more silicic parts ofthe Rainier Mesa
Fleur de Lis Ranch is composed of sphene-bearing highMember (Fig. 4a). In some places these high-silica
silica rhyolite megascopicallyand microscopically similar
rhyolice cuffi exhibit poor sorting and lack ofstructure
to high-silica rhyolite tuffs of the Ammonia Tanks
characteristic ofpyroclasric flow origin; in other horizons
Member whereas the other cooling units exhibit sigand/or localities they possess large-scale sand-'wave and
nificant vertical compositional variations.
cross bedding produced by surge transport and deposiSeveral features of the tuffs of Fleur de Lis Ranch
tion. Lithic fragments, mainly of rhyolite lava, are very
suggest contemporaneous movement along nearby faults.
abundant in many horizons and locally form lenses with
A unit of probable talus or debris flow origin composed
relatively little tuffaceous matrix. These lithic-rich zones,
of blocks of tuff and lava, in part of Rainier Mesa whichlocallyconrain blocksas largeas O.5 m indiameter,
lithology, is present at the base of the first cooling unit.
probably represent acombinationofcoarsesurge deposits,
Large (as much as 0.25 m) lithic fragments locally
debris flows, and lag deposits. The common surge
present within the various cooling units, a zone of opaldeposits and typically abundant lithic fragments together
impregnated cuff blocks present beneath the upper indicate proximity to their vent areas. In most localities
cooling unit, and brecciation locally present within the
flows of rhyolite lava are intercalated within and overlie
uppercooling unit are provisionally interpreted as having
the cuffs (Figs. 4a, 4b), suggesting eruption of
resulted from gravity sliding shortly after deposition (K. devolatilized silicic magma from high-level chambers
alternating with the explosive eruption of more deeply
A. Connors, unpub. mapping, 1990). Coarse lithic-rich
horizons re also presemnt in the upper part of the Ammonia situated volatile-rich high-silica rhyolice magma. This
Tanks(?) Member exposed on Oasis Mountain.
sequence of rhyolicic cuffs and lavas has been termed the
'rhyolite lavas flows and tuffs ofRainbow Mountain' by
A K-Arageof 11.3 ± 0.3 Ma has been obtainedon the
stratigraphically lowest cooling unit and a 0Ar 39JAr age Maldonado (1990).
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Fig. 4. Tuffiand lavs ofthe Bullfrog Hills exposed on Rainbow Mountain, southeastern Bullfiog Hills. Asequenceofalternating high4a. view from southwest; 4b. view fiom south.
silica rhvolite ash-flow suff(T) and rhvolite lava (R) are capped by flows of latite WL).
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The sequence of silicic tufts and lavas postdating the
Ammonia Tanks Member is overlain by a number of
flows of biocite-bearing lacice and quartz larite (Fig. 4b).
Some flows, for example the "quartz basalt" of Ransome
et al. (1910). contain abundant large phenocryscs of
quartz. These phenocrysts, which exhibit reaction relations with the groundmass, suggest the coexistence and
mixing of rhyolice ard latice magmas.
K-Ar ages on the silicic and intermediate lavas of
about 10 to 11 Ma (Morton et al., 1977; Marvin and
Cole, 1978; Marvin et al., 1989; Monsen en al., 1990)
and a new age of 10.1 ± 0.3 Ma (Table 2, Specimen 2) for
one of the ash-flow units together indicate that these
rocks were deposited prior to about 10 Ma.
Tuffs are exposed east of Beatty that are perrographically very similar to and probably correlative with
the rhyolitic tuffs of the tuffs and lavas of the Bullfrog
Hills. Between Fluorspar Canyon and Beatty Wash (Fig.
2), the Ammonia Tanks Member is overlain by several
flows of dark olivine-bearing lava that contain an intercalated unit of densely welded rhyolitic ash-flow tuff
(ash-flow tuff Taf of Monsen ec al., 1990) with a phenocryst mineralogy indistinguishable from that of the
ash-flow tuffs belonging to the tuffs and lavas of the
Bullfrog Hills. A cooling unit of rhyolinic ash-flow tuff
exposed on the western flank of the Transvaal Hills was
mapped by Lipman et al. (1966; Byers et al., 1976b) as
the tuffofCutoff Road. We have obtained a K-Ar age of
10.4 ± 0.3 Ma (Table 2, Specimen 4) on this unit. and
believe that it may be a distal facies of the tuffs and lavas
of the Bullfrog Hills. Domes and flows of silicic and
intermediate lava, including large volumes of low-silica
rhyolite generally poor in quartz phenocrysts. are also
exposed over large areas in the western part of the
Bullfrog Hills (Cornwall and Kleinhampl, 1964) and
the eastern part of the Grapevine Mountains (Cornwall,
1972; Fig. 2).
Rocks of similar age and lithology are present, although in lesser volume. east of Bare Mountain. An age
of 9.3 ± 0.3 Ma has been obtained on a specimen from
the basal part of the rhvolice of Shoshone Mountain
southeast of the Timber Mountain caldera (Marvin et al.,
1989) and rhyolite lava that forms the uppermost part of
Shoshone Mountain have been dated at 10.3 + 0.3 Ma
(Table 2. Specimen 3). We believe that the older age,
obtained on nonhydrated glass. more closely approximates
the true age of the sequence of flows. The rhvolite of
Beacty Wash. present in the moatofthe TimberMountain
caldera. is of similar age (Byers cc al.. 1976a; 1976b;
Broxcon et al., 1989).
We consider the silicic rocks of the cuffs and lavas of
the Bullfrog Hills, the rhyolite of Shoshone Mountain,
and the other lithologically similar rhyolitic lavas and
tuffs of comparable age, and probably also the lacice
lavas, are an integral part of the Timber Mountain
volcanic suite, although they are about I m.y. younger
than the Ammonia Tanks Member (Jackson et al.,
1988). The lines of evidence supporting this interpretation are: I ) the close lithologic and petrographic similar-

ity between the post-Ammonia Tanks Member tuffs of
the tuffs and lavas of the Bullfrog Hills and the lower.
rhyolitic cuffs of the Rainier Mesa Member and 2) the
distribution of these rocks around and within the Timber
Mountain I caldera.The Timber Mountain magmatic
stage lasted for I to 1.5 million years, a period comparable to the lifetimes of other major caldera-forming
silicicsystems such as Valles, New Mexico, Long Valley,
California. and Yellowstone, Wyoming. The stage
evolved from major caldera-forming pyroclastic volcanism to the eruption ofsilicic and intermediate lavas and
local units of rhyolitic tuff. This latter phase of volcanic
activity, which was most intense west of the Timber
Mountain I caldera, probably took place over a significant interval of time and did not result in the formation
of collapse calderas or cauldron subsidence structures.
Although the western margin of the Timber Mountain
I caldera is located on the eastern edge of the Bullfrog
Hills, it is emphasized char there is no evidence for a
caldera within or encompassing the Bullfrog Hills, as
was proposed by Cornwall (1962) and Cornwall and
Kleinhampl, (1964).
Lave magmatic stage (9-7 Ma)
Rocks of the late magmatic stage are mostly related
to the Black Mountain and Sonewall Mountain volcanic
centers (Figs. I and 2; Table 1) and indude subalkaline
and peralkaline ash-flow tuffs and highly potassic silicic
to intermediate lavas of alkaline to peralkaline character
(Noble and Christiansen, 1974; Nobl et al., 1984;
Weiss and Noble, 1989; Vogel e al., 1989).
These centers, located in the northwestern parw of the
SWNVF, were active between about 9 and 7 Ma. New
4Ar/39Ar ages on the Spearhead and Civet Car Canyon
Members of the Stonewall Flat Tuff(Deino et al., 989;
Hausback et al, 1990) show that earlier K-Ar ages of 6.3
Ma are in error and that the units were erupted about 7.6
and 7.4 Ma, respectively. The Thirsty Canyon Tuff is
older than the Stonewall Flat Tuff, and new radiometric
ages (E. H. McKee and D. C. Noble. unpublished data)
suggest that activity at the Black Mountain volcanic
center began about 8.5 to 9.0 Ma. Also included in the
late magmatic stage are voluminous aphyric to phenocryst-ppcor rhyolite lavas ofObsidian Butte (Fig. 1). on
which an age of 8.8 ± 0.3 Ma have been obtained (Table
2. Specimen 1).
Mafic and silicic lavas were also erupted during this
period in various places within the SWNVF and in areas
to the west and north (Noble et al., 1990; unpub. data,
1987-1989). Indeed, the very significant period of time
between theTimberMountain and late magmaticstages,
the distribution ofsilicic rocks younger than about 9 Ma
to the northwest ofthe vent areas of the main and Timber
Mountain magmatic stages, and evidence for a major
period of faulting and extension between the two stages
(see below) suggests that the rocks ofthe late magmatic
stage should perhaps not be considered as part of the
SWNVF.
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Figure 5. View of southwest side of MountJackson, the largest endogeneous dome of the MountJackson dome field. Flow-foliated
rhvolite lavas, dated at 2.9 Ma, overlie light-colored crossbedded surge deposits of the associated tuff ring, which in turn overlie
older dacite lavas of the field.
late Pliocene silicic volcanism of the MounrJackson
Dome field southwest ofGoldfield (Figs. 1. 5 XMcKee et
al., 1989; Noble et al., 1990) appears to reflect adistinct
later pulse of magmatic activity more closely related to
late Pliocene and Quaternarv silicic, intermediate, and
mafic volcanism along the western margin ofthe northern
Basin and Range province. Magmatic activity of this
belt includes that of the Long Valley caldera (Bailey
1989). the Coso volcanic field (Bacon et al, 1982; Novak
and Bacon. 1986), and Saline Range volcanic field in
northern Death Valley (Elliott er al., 1984)
Hydrothermal Activity

settings of mineralization in the field, and too few data
to associate hydrothermal activity and mineralization
with magmaric activity.
Two general periods of hydrothermal activity can be
recognized in the SWNVF: An early period related to
the main magmatic stage and a later period related to the
Timber Mountain magmatic stage (Jackson et al., 1988;
Jackson, 1988). Hydrothermal activity was more widely
distributed and more intense, and economic and potentially economic mineral deposits are more abundant, in
the western pan of the volcanic field.

Hydrothermal activity related to main stage
magmatism

A number ofcenters of'Neogene hydrothermal activityand mineralization. includingmajorproducingmines
such as the Sterling, Bond Gold Bullfrog, and Gold Bar,
are found within the SWNVF. Various workers have
reported on the mines and prospects within the SWNVF
(e.g., Ransome et al., 1910; Cornwall and Kleinhampl,
1964; Ahem and Com, 1981; Bell and Larson, 1982;
Odt. 1983; Tingley, 1984; Quade and Tingley, 1984;
Jorgensen et al., 1989; Greybeck and Wallace, 1990;
Mapa, 1990). Until recently. however. there has been
little information on the time-stratigraphic or structural
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Evidence for hydrothermal activity early in the evolution of the SWNVF is found in the Sleeping Butte
area, where altered welded tuffs exposed east of Sleeping
Butte are overlain bv unaltered ash-flow tuff of the 14Ma Grouse Canyon Member of the Belted Range Tuff.
In the Bullfrog Hills between the Mayflower mine and
Sober-up-Gulch (Fig. 2) unaltered rocks predating the
11.4-Ma Timber Mountain Tuffoverlie hydrothermally
altered ash-flow tuffs. At Wahmonie, southeast of the
Timber Mountain caldera complex (Fig. 2). hydrother-

Figure 6. North wall of the open pi of the Bond Gold Bullfrog mine. December, 1989. Welded ash-flow uffi of the Rainier Mesa
Member of the Timber Mountain Tuff and other units dip to the east (right); Light-colored sheared. silicified and otherwise
hydrothermally altered zone containing most of the ore of the deposit dips to the west (left).
mal activity dated at about 12.5 to 13.0 Ma was coeval
with, or slightly younger than, the lavas and intrusive
bodies of the Wahmonie center and with the Paintbrush
Tuff(Jackson. 1988). A similar age has been obtained for
fine-grained hypogenealunite from the Thompson Mine,
which is hosted by the Paintbrush Tuff, adjacent to the
southwestern margin of the Claim Canyon cauldron
segment Jackson, 1988).
Similar age relationships have been established for the
hydrothermal activity that produced the various sedimentaty-andvolcanic-rockhosredgoldandcfluonitedeposits
along theeastern and northern flanks ofBareMountain. At
the Sterling, Goldspar, Telluride.and GEXA properties on
the cast and north sides of Bare Mountain, hydrothermal
activity postdated the emplacement of the previously
mentioned porphyry dikes, which are closely associated
spatially with mineralization. K-Ar and "AriiAr ages of
12.9 ± 0.4 and 12.9 ± 0.8 Ma. respectively, (Table 2,
Specimen 7) have been obtained on hydrothermal potassium feldspar that pseudomorphs phenocrysts of igneous
potassium feldspar in the dikeat theGoldsparmine. In the
upper part of Fluorspar Canyon, hydrothermal alteration
and mineralization has strongly affected the Crater Flat
Tuff as well as pre-Cenozoic rocks in the vicinity of the
Daisy (Crowell) mine (Greybeck and Wallace. 1990J. D.

Greybeck, personal commun., 1989). Ages of 11.2 ± 0.3
and 12.2 ± 0.4 Ma have been obtained on fine-grained
hypogenealunitefromtheTelluridemine(Jackson, 1988).
The gold and fluorite mineralization, accompanied by
anomalous concentrations of Mo, As, Sb, HgS, and TI
(Tingley, 1984; Greybeck and Wallace, 1990), in these
areas was probably deposited from relatively dilute hydrothermal fluids developed late in the evolution of the
magmatic system beneath Bare Mountain (Noble er al.,
1989). High-salinity fluids. as demonstrated by fluid
inclusions containing halite and other daughter minerals,
wereevolvedearlierbythesystem, whichmayperhapshave
pettrchemicalsimilaritiestotheLateCretaceouslithophileelement rich svstems ofthe Great Basin (Barton and Trim,
1990). Possible analogues are provided by the carbonatehosted gold deposits at Tennessee Pass. Colorado (Beatc et
al., 1987), Rico. Colorado (Lirson. 1987), the Kidston
deposit, Australia (Bakeret al., 1987)and the Au-Agveins
of the Shila district, southern Peru (J. Benavides A., D. C.
Noble and K. A. Swanson, unpub. data, 1989). A similar
origin for the epithermal precious-metal veins of the
Wahmonie district seems likely.
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Hydrothermal activity related to Timber Mountain
magmaadsm
Evidence for hydrothermal activity and mineralization that postdate eruption of the Timber Mountain
Tuff is found in a number of aas. The prospects and
mineral deposits of this age are adularia-sericite type
systems characterized by very low base metal contents
and relatively low AgIAu ratios. Intense potassium
metasomatism and adularization is present in many
places, for example in the Mayflower-Pioneer and Montgomery-Shoshone and Bond Gold Bullfrog areas in the
Bullfrog Hills (Fig. 2).
In some places hydrothermal activity followed eruption of units of the Timber Mountain Tuflby 0.5 m.y or
less, and elsewhere took place as much as 2 to 2.5 m.y.
later. Maajor hydrothermal activity ofthis period occurred
in the Calico Hills (Fig. 2) southeast of the Timber
Mountain caldera complex (Jackson et l., 1988; Jackson. 1988) and at Mine Mountain farther to the east (E.
H. McKee and S. I. Weiss, unpub. data). K-Ar ages and
borehole data on alteration minerals in cuffs ofthe main
magmatic stage beneath Yucca Mountain (Aronson and
Bish, 1987; Bish, 1988) indicate that a hydrothermal
system of large lateral extent existed near the southern
marginsofthe TimberMountaincalderacomplexduring
this period.
Areas of hydrothermal alteration and mineralization
are generally more abundant in the western part of the
volcanic field (Fig. 2). Thepresenly producing preciousmetal deposits of this age, including the Gold Bar mine
and the recently opened 7,500 ton/day Bond Gold
Bullfrog mine (Fig. 6), and virtually all of the previously
producing precious-meral deposits of this age, including the Original Bullfrog, Monrgomery-Shoshone,
Mayflower, and Pioneer, are located in the Bullfrog
Hills. Areas outside the Bullfrog Hills include the
Transvaal Hills, Silicon Mine-Tram Ridge, and Oasis
Mountain areas east of U.S. Highway 95 (Jackson et al.,
1988; Jackson, 1988). Srratigraphic and radiometric
data available for these areas indicate that most of the
hydrothermal activity of this period postdates the 11.4Ma Timber Mountain Tuff. Farther to the west, in the
western part of the Bullfrog Hills and the eastern part of
the Grapevine Mountains, hydrothermal alteration affects the Paintbrush and Timber Mountain Tuffs, suggesting a similar age for development of these systems.
Hydrothermal activity during the late magmatic stage
Although no hydrothermal activity occurred at the
Black Mountain volcanic center, hydrothermal activity
and the deposition of presently subeconomic quantities
of precious metals took place at the Stonewall Mountain
center (Noble et al., 1988).
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Extension and Volcano-Tectonic Evolution
The later stages of development of the SWNVF have
most likely involved acomplex interplay between deformation associated with: 1) the rise, accumulation and
eruption of the magma bodies that produced the tremendous volumes of silicic ash-flow tuff, 2) deep
structures of the Walker Lane structural belt, and 3)
shallower structures that have accommodated major
upper crustal extension in the region. The SWNVF is
situated within a part of the Walker Lane belt for which
active, throughgoing strike-slip faults characteristic of
other parts ofthe Walker Lane belt are poorly developed
and, where present, have experienced very little movement since middle Miocene time (Stewart, 1988). Extension in southwestern Nevada has long been recognized, with normal faulting beginning prior to inception of the SWNVF and in places postdating eruption of
the late Miocene Stonewall Flat Tuff(Ekren et al., 1968;
Weiss, 1987; Hausback and Frizzell, 1987). Doming
and faulting related to various stages of caldera development have been important in the area of the Timber
Mountain caldera complex and the Claim Canyon cauldron segment (e.g., Christiansen et al., 1965; 1977).
Pronounced late Paleogene uplift, faulting, and erosion are demonstrated by coarse conglomerates and
interfingering megabreccia deposits in the Oligocene
Titus Canyon Formation exposed in the Grapevine
Mountains and locally in the Bullfrog Hills (Stock and
Bode, 1935;Cornwalland Kleinhample, 1964; Reynolds,
1969). Post-depositional compression is indicated by
rounded cobbles within the Titus Canyon Formation
that have been fractured, deformed, and rehealed subsequent to deposition. Normal faulting of early to
middle Miocene age, in part low-angle and perhaps
locally associated with the exposure of a metamorphic
core complex, is documented in the Mellan HillsTrappman Hills area and the Cactus, Kawich, and
Belted Ranges within the Northern Nellis Bombing
and Gunnery Range (Ekren et al., 1968,1971; McKee,
1983) and within the Goldfield district (Ashley, 1974).
Evidence for the onset of rotational faulting and related
uplift and erosion by early middle Miocene time is
present in the Gold Mountain-Slate Ridge area (J. E.
Worthington, D. C. Noble, and S. 1. Weiss, unpub.
mapping, 1989-1990). Conglomerate of possible early
Miocene age is present at Joshua Hollow on the northeast flank of Bare Mountain (Carr and Monsen, 1988;
Monsen et al., 1990). Schweickert and Caskey (1990)
have suggested that some faults mapped inpre-Cenozoic
rock to the south may be of Cenozoic, and perhaps in part
of Neogene, age. Northwest- (e.g., Yucca-Frenchman)
and northeast-trending strike-slip faults have been
recognized east of Timber Mountain in the Nevada Test
Site (Yucca Flat-Frenchman Flat and Mine MountainSpotted Range structural zones of Carr, 1974, 1984a),
and right-lateral offset along a north- to northwesttrending strike slip fault or fault zone between Yucca
Mountain and Bare Mountain has been proposed by

Schweickert (1989; see also Carr et at., 1986; 1988).
Right-lateral movement along this fault may explain
the clockwise rotation of exposures of the Paintbrush
Tuff in the southern part of Yucca Mountain (Scott and
Rosenbaum. 1986).
Most of the movement along these Walker Lane
structures in the SWNVF. however, appears to have
taken place prior to onset of volcanic activity of the
SWNVF about 15 Ma, although appreciable movement
appears to have taken place on the southern part of the
Walker Lane belt between about 12 and 9 Ma
(Duebendorfer et al., 1990). Volcanic rocks of the main
magmatic stage are in places offset, but only very locally,
as at Mine Mountain. has the Timber Mountain Tuff
been affected by these deep-seated strike-slip structures
(Carr. 1984a). It has been suggested that major volcanic
centers of the field developed above deep-seated pull
apart structures at right steps between shear zone segments(Carr. 1984b; 1988b; Carr et al., 1986); however,
there is little direct evidence to support this model.
Regional topography during Timber Mountain time
TheTimberMountain Tuffis, in general, thickerand
more widely distributed west and northwest of the
Timber Mountain caldera complex than to the east and
south (Albers and Stewart, 1972; Byers et al., 1976a;
Carr, 1984a; S. 1. Weiss and D. C. Noble. unpub.
mapping). The northwestemmosr known exposure of
the Timber Mountain Tuff is in the western Svlvania
Mountains (37'19'N. 117'38W). where an east-dipping section composedofthe RainierMesaand Ammonia
Tanks Members is faulted against granitic rocks of the
Sylvania pluton (McKee, 1985; D. C. Noble and S. I.
Weiss, unpub. data. 1989). This suggests that the area
to the west-northwest of the complex lay at a significantly lower average elevation than the area to the east
and south.
Neogene faulting and block rotation in the Bullfrog
Hills
Volcanic rocks exposed along the northern margin
of Bare Mountain, in the Bullfrog Hills, and in the
Oasis Valley area dip moderately to steeply to the east
and are cut by numerous, generally west-dipping normal faults, a style of deformation Long considered
indicative ofcrustal extension (e.g., Emmons and Garrey,
Fig. 15, p. 84. in Ransorne et al., 1910; Stewart, 1978).
In the southern Bullfrog Hills and along the northern
margin of Bare Mountain the faulted and tilted Neogene section is separated by one or more low-angle
structures (the 'Original Bullfrog-Fluorspar Canyon
detachment fault") from Late Precambrian and Paleozoic sedimentary rocks and, locally, from gneisses and
other meramorphic rocks (Ransome et al.. 1910;
Cornwall and Kleinhampl, 1964; Maldonado. 1985).
Reset ages of 16.3 + 0.4 Ma (muscovite), 14.6 + 0.9 Ma
(homblende), and 11.2 + 1.1 Ma (muscovite) have been

obtained on the metamorphosed rocks (McKee, 1983;
Marvin et al., 1989), and McKee (1983) pointed out the
similarity of the structural picture to that of various
metamorphic core complexes in the Basin and Range
Province. Since then, much attention has been focused
on the nature and amount of cumulative movement on
the Original Bullfrog-Fluorspar Canyon fault system
and on possible eastward and westward extensions of
this structure (Maldonado, 1985; 1988; Scott, 1986.
1988; Scott and Whitney, 1987; Carr, 1988a, 1988b;
Carr and Monsen, 1988; Hamilton, 1988).
Timing of extension and volcanic activity in the
western SWNVF
In contrast to Yucca Mountain and much of the
Nevada Test Site region, where extensional faulting
more strongly affects units of the Paintbrush Tuff and
older rocks (Carr, 1984a; 1988), extension above the
Original Bullfrog-Fluorspar Canyon fault in the Bullfrog Hills began after deposition of the Ammonia Tanks
Member of the Timber Mountain Tuff about 11.4 Ma,
but prior to deposition of the tuffs and lavas of the
Bullfrog Hills. This is shown by the conformable relationships between units of the Timber Mountain Tuff
and the underlying older ash-flow sheets in the southern
Bullfrog Hills, and by the fact that the Timber Mountain Tuff is in many places more steeply dipping than
nearbv rocks of the cuffs and lavas of the Bullfrog Hills
(Cornwall and Kleinhampl, 1964; Weiss et al., 1990; S.
I. Weiss and K. A. Connors, unpub. mapping, 1989).
Extension began earlier in the northern part of Bare
Mountain. Here stratigraphic and structural relations
suggest that faulting and local tilting of the Paintbrush
Tuff and older rocks occurred prior to eruption of the
Timber Mountain Tuff (Carr, 1988; Carr and Monson,
1988;.J. D. Greybeck. unpub. mapping, 1989; Monsen
et al., 1990). In the Oasis Valley area, faulting appears
to have taken place during the time the Ammonia Tanks
Member was deposited (see above).
Several lines of evidence indicate that normal faulting and block rotation in the western part ofthe SWNVF
rook place both during and after eruption of the several
units that compose the of ruff; and lavas of the Bullfrog
Hills. Dips decrease upwards within the tuffs and lavas
of the Bullfrog Hills in several areas. particularly between
rhyolitic ash-flow tuffs and lavas and overlying latite
flows southwest of Donovan Mountain (Cornwall and
Kleinhample, 1964) and locally between flows of latite
southwest of Indian Springs (S. 1. Weiss and K. A.
Connors, unpub. mapping, 1989). In the vincity of the
Mayflower mine and north and east of the Pioneer mine
extensive layers of breccia containing abundant clasts,
some many meters in diameter, of both pre-Cenozoic
rock and Cenozoic welded tuff, including blocks of both
the Rainier Mesa and Ammonia Tanks Members, are
overlain by rhyolitic ash-flow tuffs of the tuffs and lavas
of the Bullfrog Hills. These are interpreted as debris
flows and slide masses shed off nearby fault scarps prior
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Fig. 7. Spearhead Member of the Stonewall Flat Tuff at an elevation of 6,789 feet between Slate Ridge and Gold Mountain.
Horizontal ash-flow tuff unconformably overlies south-dipping gravels chat in turn overlie more steeply dipping rocks of the
Timber Mountain Tuff.
to eruption of some or all of the cuffs and lavas of the
Bullfrog Hills.
Locally silicic domes and lavas are closely associated
with generally north-south trending faults: several small
domes are aligned in a north-south trend at the west base
of Donovan Mountain. and in some areas steeply-dipping flow banding prefrentially strikes north-south. A
feederdike that widens upward intoaflowdirectly south
of Sober-up-Gulch intrudes a north-south fault. These
features suggest that the magmatic activity and volcanism that produced the tuffs and lavas of the Bullfrog
Hills rookplaceunderthesamedirectionofleastprincipal
stress as did extensional faulting, and support the interpretarion of coeval volcanism and extension in the
western part of the SWNVF (Weiss et al., 1990).
The latest generation of normal faults cuts and totates complete sections of the ruffs and lavas of the
Bullfrog Hills, indicating that extension continued after
their eruption. An upper limit on the time of this period
of extension is provided by the 7.6-Ma age of the
Spearhead Member of the Stonewall Flat Tuff. As emphasized by Weiss et al. (1988), the Spearhead Member
was not, as previously believed by Maldonado (1985,
1988), affected by the pervasive tilting that affected
older rocks within the Bullfrog Hills. Flat-lying distal
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flows of the Spearhead Member were deposited in low
areas of the Bullfrog Hills and Oasis Valley
unconformably over the older, highly extended and
tilted rocks of the area. (The last sentence of the Weiss
et al. 1988 abstract was insisted upon by Florian
Maldonado who withdrew his name after submittal
because he then firmly believed that the Spearhead
Member was involved in the rotational faulting of the
Bullfrog Hills.) In the lower part of Oasis Valley and
near the mouth of Beatty Wash. the Spearhead Member
was deposited within and overlain by an extensive, flatlying sequence ofcoarse gravel and conglomerate deposits
that lap directly upon the faulted and rotated rocks
above the Fluorspar Canyon fault to the south and
southeast and the highly extended rocks of the Bullfrog
Hills to the west and southwest.
Faulting very similar in.style and age co that in the
Bullfrog Hills is present in the Gold Mountain-Slate
Ridge area of southern Esmeralda County (McKee et al.,
1990; Noble et al., 1990). where north-norchwest dipping listric(?) faults cut the Timber Mountain Tuff. The
resultant rotated and eroded tuffs and underlying rocks
are overlain unconformably by coarse gravels that in turn
are overlain by the Stonewall Flat Tuff (Fig. 7).

Syntectonic volcanism and geometry of extensional

faults in the western part of the SWNVF
Features of the silicic domes and feeder dikes of the

tuffs and lavas of the Bullfrog Hills and other geologic
relations provide evidence for the interaction of postcollapse magma of Timber Mountain type with highlevel normal faults accommodating extension (Weiss er
al., 1990). An inference drawn from this is that the ashflow ruffs and surge deposits of the tuffs and lavas of the
Bullfrog Hills. within which the rhyolite lava flows are
intercalated, were also erupted from linear fissure vents
controlled by extensional faults, perhaps as these faults
intersected, or were invaded by, bodies of volatilecharged silicic magma.
Similar evidence suggests that the tuffs of Fleur-deLis Ranch (coeval with the Ammonia Tanks Member).
and possibly the underlying unit ofash-flow tuffexposed
on Oasis Mountain provisionally assigned to the Ammonia Tanks Member, were also erupted from fissure
vents produced by extensional faulting. The units are of
small areal extent and locally contain large lithic fragments and lenses of microbreccia. which suggest nearness to vent areas and/or to steep, unstable topography.
The great thickness of the unit of tuff exposed on Oasis
Mountain. the presence of rheomorphically deformed
tuff and angular discordance in compaction foliation.
and lenses of coarse lithic blocks within the unit are
consistent with deposition upon an unstable slope and
possibly within an actively forming tectonic depression.
TheOriginal Bullfrog-FluorsparCanyondetachment
system probably accommodated extension only in the
upper few kilometers of the crust in the western part of
the SWNVF. It is the concensus of recent workers that
west-northwest directed movement of the upper plate is
indicated by the generally eastward rotation of fault
blocks (e.g., Maldonado, 1985; 1988: Carr and Monson,
1988; Hamilton, 1988). The "breakaway zone- oreastem
limit of this faulting is inferred to lie north of Bare
Mountain and west of Tram Ridge, and from lower
Fluorspar Canyon through the southern Bullfrog Hills,
the fault generally dips about 20° to 300 northward
(Ransomeet al., 1910; Cornwall and Kleinhampl. 1964;
Carr and Monson, 1988).
The Cenozoic volcanic section in the Bare MountainBullfrog Hills area was about 3 km or less in thickness
prior to eruption of the tuffs and lavas of the Bullfrog
Hills (Maldonado, 1990; Monson et al., 1990). The
magma bodies that fed the tuffs and lavas of the Bullfrog
Hills and the tuffs oftheOasisValleyareawere, therefore,
situatedarappreciably deeperlevelsthan thedetachment,
even if during extension the fault dipped more steeply
westward than at present. It is inferred that the normal
faults that fed eruptions of the tuffs and lawas of the
Bullfrog Hills and the tuffs ofthe Oasis Valley area must
have penetrated considerable distances beneath the
Original Bullfrog-Fluorspar Canyon low-angle fault
system and that theseand perhaps orherdeeperstructures,
presumably also of extensional origin, facilitated the

upward movement of magma (Weiss et al., 1990).
Either case requires extension well Wdow the Original
Bullfrog-Fluorspar Canyon fault system. which has been
considered as the major extensional structure in the
region. This line of reasoning supports the concept that
in some regions brittle extensional strain is not entirely
accommodated by high-level derachment-style faulting.
The silicic tuffs and lavas of the Bullfrog Hills, cuffs
and lava of the Oasis Valley area, and the thick sequence
of silicic domes, flows and cuffs in the western Bullfrog
Hills and northern Grapevine Mountains represent a
large volume of silicic magma erupted during and after
formation of the Timber Mountain caldera. The rhyolitic cuffs are best developed in the eastern part of the
Bullfrog Hills, and probably were erupted from vents
located relatively close to the western topographic margin
of the Timber Mountain I caldera. The striking petrographic similarity of the high-silica rhyolire tuffs of the
cuffs and lavas of the Bullfrog Hills to the lower part of
the Rainier Mesa Member suggests that they were
derived from the same caldera-relared magma suite as
were the various ash-flow sheets of the TimberMountain
Tuff. The silicic lavas ar more widely distributed.
extending westward into the Grapevine Mountains, and
show a much greater range in phenocrysc abundance and
mineralogy and, presumably, chemical composition.
We hypothesize that rapid syn- and post-Ammonia
Tanks extension in the western part of the SWNVF nor
only provided numerous, closely spaced feeder structures and frequent eruption triggers, but may also have
promoted the generation of relatively small bodies of
chemically diverse magma from which some of the
silicic to intermediate lavas were erupted. The basalt
flows commonly present at the base ofthe ruffs and lavas
of the Bullfrog Hills may be the surface manifestation of
the major impur of mafic magma into the crust required
to produce the more silicic magmas. Thus, extension
may have led to the shift to widespread eruption ofsilicic
and intermediate lava and precluded the accumulation
of volumes of magma of sufficient size and instability
necessary for further large-scale caldera-producing volcanism in the region west of the Timber Mountain
caldera.
Relation of Hydrothermal Mineralization to Extension
and Volcanism
Based on past and current production and on recent
discoveries, it appears that more productive hydrothermal activity of the Timber Mountain stage took place in
the Bullfrog Hills. concurrent with and slightly after
syntecronic volcanism there, than in other parts of the
volcanic field. Numerous, closely spaced extensionrelated faults in the Bullfrog Hills probably provided
better ground preparation and channelways for hydrothermal fluids. Another factor may have been the presence of intermediate magma at high levels in the crust
beneath the Bullfrog Hills. Calc-alkalic lavas of intermediate composition magmas are closely associated
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with epithermal mineralization in many districts, for
example, Bodie, California, Paradise Peak, Nevada, and
Arcata, Peru, (Silberman et al., 1972;John et al., 1989;
Candioti et al., 1990). With the exception of the
Wahmonie center of the main magmaric stage, only
small volumes of intermediate rocks are known elsewhere in the central and eastern parts of the SWNVF.
Studies ofthe pumice fragments and cognate inclusions
in the Timber Mountain Tuff have demonstrated the
presence, presumably within the lower parts of the
magma chambers, of intermediate magmas, some having SiO2 contents of less than 60 wt. percent (Byers et al.,
1968; Broxton etal., 1989; Warren etal., 1989). These
intermediate magmas did not reach the surface within
the Timber Mountain caldera complex, and ray not
have ascended into the upper crust if the geochemical
evidence for a deep silicic magma chamber for the
Timber Mountain Tuff and other units (Warren et al.,
1989; Stormer and Whitney, 1985) is correct. In the
Bullfrog Hills, however, the presence of such magmas
near thesurface isshown by the areally extensive sequence
of latite lava flows that cap Donovan Mountain and are
present in much of the Bullfrog Hills and to the west in
the Grapevine Mountains.
Regional Relations and Volcano-Tectonic Constraints
The ash-flow sheets and cogenetic lavas and intrusions of the SWNVF provide important mime-stratigraphic, compositional, and paleocopographic information spanning about 8 million years of middle and
late Miocene time in southwestern Nevada and record
the interaction between large-scale volcanic activity and
regional extension. It has long been recognized (e.g.,
Armstrong et al., 1969) that large-scale silicic and
intermediate magmatic activity in regions such as the
Great Basin must reflect major input from the asthenosphere. Magmatic activity in the SWNVF can be
subdivided into three stages that may involve major
injection of basalt into the lithosphere.; Although the
formation of peralkaline silicic magmas at the Silent
Canyon volcanic center indicates the presence of mafic
magma during the main magmatic stage, the amount of
mantle-derived material visible in the geologic record
appears to increase with the evolution of the SWNVF.
Pumice fragments and cognate inclusions with less than
60 wt. % SiO, are present in the Timber Mountain Tuff,
and mafic and low-silica intermediate lavas were erupted
within the Timber Mountain caldera (e.g., Dome
Mountain) and in the Bullfrog Hills after eruption of the
Ammonia Tanks Member. Major mafic input is clearly
involved in the alkaline and peralkaline volcanism of the
late magmatic stage (e.g., Vogel et al., 1989; Weiss et
al., 1984; Weiss and Noble, 1989).
The general increase in involvement of mafic magma
with time appears to correlate with the changes in style
of eruption and the onset and/or increase in intensity of
extensional faulting, particularly in the western part of

the volcanic field. These observations provide information on the nature of crustal extension and tend to
support models that relate lithospheric extension to
upwelling and partial melting of mantle material and
large influxes of mantle-derived basalt into the lower
crust, with eventual failure localized in areas of more
intense thermal weakening (e.g., Gans et al., 1989),
rather than 'passive' spreading models such as that of
Wernicke et al. (1987). An episode of major extension
began in southwestern Nevada synchronous with or
shortly following peak magmatic and volcanic activity,
as shown by faulting in the Yucca Mountain area soon
after the eruption ofthe Paintbrush Tuff(culmination of
main magmatic stage) and, with greater intensity, in the
Bullfrog Hills following the eruption of the Timber
Mountain Tuffand subsequent post-collapse volcanism.
The region ofgreatest extension was offset to the west
from the area oflarge-volume, caldera-related volcanism
of themain and TimberMountainmagmaticstages. The
reason for this is unclear, but processes in addition to
magmatic heating probably contributed to localizing
extension. One such factor may have been that premiddle Miocene extension in the region (Hamilton,
1988) had already attenuated the upper crust and
penetratively thinned the lower lithosphere. Magmatic
uplift of the area of the Timber Mountain caldera
complex and the presence of very Large bodies of magma
unable to support directed stresses may have influenced
local andpossiblyregionalstresspartems. Synextensional
volcanism in the strict sense ws not spatially related to
large cauldron structures, which implies a reasonably
coherent crust (e.g., Gins et al., 1989; but see Lipman,
1983; 1988), but rather was related to extensional faults
west of the calderas of the SWNVF.
Stylistically, kinematically, and chronologically
distinct domains of coeval and younger extensional
faulting are present in other as of southwestern Nevada and adjacent California. In the Gold MountainSlate Ridge block west ofStonewall Mountain (Fig. 1),
the Timber Mountain Tuff was rotated by movement
along NNW-dipping listric(?)faults prior todeposition
of the 7.6-Ma Stonewall Flat Tuff. Similar northwestdirected extension may have taken place throughout
-most of the Goldfield section between 11.4 and 7.6 Ma
(Noble et al., 1990). Much of the present topography
north of the Bullfrog Hills and west of longitude 117'W
was, however, formed after 7.6 Ma. This is shown by
differences in elevation of from 1,500 to 3,000+ feet
between outcrops of the Stonewall Flat Tuff on the top
ofSlate Ridge and Gold Mountain and at and above Lida
Summit on the southern flank of the Palmetto Mountains (McKee, 1968b) and outcrops at the margins of
adjacent valleys (McKee cc al., 1990). This faulting
involved relatively little tilting, and thus appears to have
taken place along relatively steep normal faults. Late
Pliocene silicic volcanism of dhe Mount Jadcson dome
field south of Goldfield (Fig. 6; McKee cc al., 1989) was
localized along northeast-trending structures that may
have formed during this period offaulting. Stratigraphic
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relations within the Esmeralda Formation to the north
(Stewart and Diamond, 1988; Stewart, 1989), indicating multiple stages of late Cenozoic. extension, appear
consistent with the patterns that we have recognized.
South ofGold Mountain, in Sarcobarus Flat and in the
northern Grapevine Mountains, the 1imber Mountain
Tuff has been cut and rotated, generally to northwest dips,
by at least eight major NE-striking normal faults (Albers
and Stewart, 1972; S.I. Weiss, unpub. mapping, 1989). It
is not clear whether movement within this zone of swubamawrddiMedextension took place concurrent with the
major northwest directed extension recognized to the
south and north, or whether most, or all, of this faulting
postdates the Stonewall Flat Tuff.
Major faulting of Pliocene and Quaternary age is
largely restricted to areas west of the Death ValleyFurnace Creek fault zone (McKee e al., 1990). Miocene
volcanic rocks are offiet (McKee, 1968a; Fleck, 1970),
late Pliocene and younger basalts in the Saline Range are
cut by normal faults (Elliott et al., 1984), and detachment faults in Death Valley are inferred to cut Pliocene,
Pleistocene, and Holocene(?) alluvial deposits (Wernicke
et aL, 1988). Local young mafic and intermediate volcanism and neotectonic activity in the Lunar CraterReveille Range belt (Scott and Trask, 1972; Naumann
et al., 1990) and in the area of Bare Mountain, Crater
Flat, and Yucca Mountain (Vaniman et al., 1982; Crowe
et al., 1983; Swadley et al., 1984; Whitney et al., 1986;
Swadley and Parrish, 1988; Ramelli etal., 1988; Reheis,
1988) appear to reflect relatively minor extension and
strike-slip movement well east of the zone of major late
Pliocene and Quaternary volcanism and faulting.
Hydrothermal activity and mineralization coeval
with or postdating the Timber Mountain magmatic
stage is better developed in the western than in the
eastern part of the SWNVF. This may reflect the greater
extensional fault dissection and structural involvement
of the western part of the field, which may have both
provided better ground preparation and allowed the
ascent of bodies of "productive" intermediate magma to
high crustal levels.
A final, but important, matter involves the interrelation between late, high-level extensional faulting,
magmatic and hydrothermal activity, and low-angle
extensional faulting. The reset potassium-argon ages of
rocks beneath the Original Bullfrog-Fluorspar Canyon
detachment fault are within the range of activity of the
main and Timber Mountain magmatic stages of the
SWNVF, and are provisionally interpreted as mainly a
result of magmatic heating (e.g., Jackson et al., 1988).
As discussed above, the Timber Mountain Tuff and
older volcanic units in the Bullfrog Hills in general dip
more steeply than do the cuffs and lavas of the Bullfrog
Hills. Moreover, the magmas that erupted to form the
cuffs and lavas of the Bullfrog Hills must have been
derived from beneath the detachment fault (Weiss et al.,
1990). Perhaps movement on the Original BullfrogFluorspar Canyon detachment mostly took place prior to
eruption of the tuffs and lavas of the Bullfrog Hills.

Subsequent extension and rotation along more steeply
dipping faults cut the detachment structures and, at
least in part, provided channelways for the magmas that
erupted to form the tuffs and lavas of the Bullfrog Hills.
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~dGEOLOGIC AND TECTONIC SETTING AND MIOCENE VOLCANIC STRATIGRAPHY
OF THE GOLD MOUNTAIN -SLAATE RIDGE AREA. SOUIHWESTERN NEVADA
NOBLE. Donald C. and WORTHINGTON, Joseph E", IV, Mackay School of Mines, University
of Nevada, Reno, Reno, NV 89557; McKEE, Edwin H}, US. Geological Survey, 345
Middlefield Road, Menlo Park, CA 94025
Early to late Miocene ash-fow sheets and lavas, in part older than rocks of the southwestern
Nevada volcanic field, are exposed in southern Esmeralda County, NV, directly northeast of the
Death Valley-Furnace Creek fault zone. Rock units of this field exhibit major lateral changes in
thickness, distribution, and attitude attributed mostly to slightly earlier and coeval normal fulting.
The oldest ash-flow sheet is a distinctive, previously unrecognized unit of commonly platyweathering, phenocryst-drch low-silica rhyolite ash-flow tuff containing abundant biotite, hornblende, and clinopyroxene. This compositionally zoned unit, well exposed on the southwestern
flank of Mount Dunfee, has been dated at 16.7 t 0.4 Ma. Above this ash-fow sheet are two, or
possibly more, previously unrecognized rhyolitic ash-flow sheets containing phenocrsts of plagiochse, sanidine, biotite, hornblende, sphene, low or moderate quartz, and no clinopyroxene. The
lower sheet, well developed in vicinity of the upper part of Oriental Wash, Ischaracterized by very
abundant sphene. The upper unit, well developed east of the Gold Coin mine and along the south
flank of Gold Mountain, is thick, compositionally variable, shows strong compound cooling, and
contains less sphene. It has been traced from northwest of Oriental Wash to northeast of Slate
Ridge. These units are overlain by the The tuff of Tolicha Peak, a distinctive unit of very phenocryst-poor high-silica rhyolite dated at 13.9 : 0.4 Ma, and by a local overlying ash-flow unit. The
tuff of Tolicha Peak, mapped on the Nellis Air Force Range perhaps as far east as the Belted
Range, has been identified northwest of Oriental Wash. T1bis sequence of ash-flow sheets and
intercalated sedimentary rocks is overlain by the Rainier Mesa and Ammonia Tanks Members of
the ca. 11.5 Ma Timber Mountain Tuff and in turn by the 7.5 Ma Stonewall Flat Tuff and mafic
lavas of similar age. A very thin, but distinctive and possibly genetically related layer of dark mafic
to intermediate aurfall pumice is present at the base of the Rainier Mesa Member.
The restriction of the lowermost ash-flow sheet to the northeastern part of Slate Ridge suggests
2 source to the north of Slate Ridge. The overlying sphene-bearing units were probably erupted
"from sources located south of Gold Mountain based on distribution, thickness variations and size of
lithic fragments in the upper of the two units. Distribution of the tuff of Tolicha Peak suggests that
its source may be located at far west as the northern part of Sarcobatus Flat.
The ash-flow sequence overlies potassium- and olivine-rich basalt that in turn overlies hornblende- and blotite-bearing intermediate lavas. The intermediate lavas belong to a suite of calcalkalic rocks present throughout west-central Nevada and northeastern California and extending
eastward into the Nellis Air Force Range. The basalts, older than 16.7 : 0.4 Ma, are the oldest
mafic lavas yet recognized in the southern Great Basin and are perhaps tectonically equivalent to
coeval K-rich mafic rocks present along the southeastern and western margins of the Great Basin.
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KIRUCTURAL GEOLOGY AND NEOGENE EXTENSIONAL TECTONICS OF THE
GOLD MOUNTAIN - SLATE RIDGE AREA. SOUTHWESTERN NEVADA
WORTHINGTON, Joseph E>, IV, NOBLE, Donald C., and WEISS, Steven L. Mackay School
of Mines, University of Nevada, Reno, Reno, NV 89557
Gqological relations of Neogene volcanic and sedimentary rocks and style and orientation of several ages of normal faults reveal a complicated history of early to late Miocene crustal extension
and uplift in the Gold Mountain-Slate Ridge (GM-SR) area, southern Esmeralda County, NV. The
preservation of early Miocene and early middle Miocene rocks permits documentation of an appreciably earlier period of Neogene history than is available in the Bullfrog Hills to the south and the
Mineral Rldge-Weepah Hills region to the north. Available data nevertheless suggests a continuity
of regional extension over a lrge part of the southern Walker Lane belL
Faulting and extension in the GM-SR area prior to deposition of the oldest (16.7 ± 0.4 Ma)
ash-flow sheet is shown by 1) the rugged topography upon which the unit was deposited, 2) Its irregular distribution, 3) the absence of older ash-flow units cosed NE of the region and 4) the prescnce of basalt beneath the ash-flow sequence. These relations are consistent with the observations
of Albers and Stewart (1972), who recognized pre-volcanic E-W trending normal faults, one of
which along the northern margin of Slate Ridge had 4,000 feet of offset before volcanism.
Normal faulting, block rotation, and differential uplift and subsidence took place throughout
the period of ash-flow deposition. This is demonstrated by 1) the common presence of rapidly
thickening and thinning wedges of conglomerate and fanglomerate between virtually all of the ashflow sheets, 2) angular unconformities between volcanic and/or sedimentary units, 3) erosion and/or
nondeposition of one or more ash-flow units in many localities, 4) presence of growth faults, and 5)
very irregular thickness relations of successive ash-flow sheets. Cenozoic rocks are everywhere in
depositional contact with older units; no detachments or low-angle structures in which volcanic or
associated sedimentary rocks dip into older rock are seen.
Most faults older than the 7.5 Ma Stonewall Flat Tuff trend E-W, changing to ENE to NE to the
east. Offsets are down to the north over most of the area, but between Gold Mountain and Sarcobatus Flat are down to the SE; it is unclear whether the latter group of faults pre- or postdate the
'tonewall Flat Tuff. Neogene normal faults generally parallel folds and dips mapped by Albers and
G-4tewart (1972) in Cambrian and Precambrian strata. Amount of tilt, inferred from the angle of dip
of early and middle Miocene volcanic units, generally ranges from about 1? to 40, with a general
up-section decrease in dip. The eastern pat of the Sylvania pluton was tilted about 1S to 40" to
the south by Neogene faulting. Much fault movement and rotation and deposition of conglomerate
and fanglomerate appears to have taken place after deposition of the 11.5 Ma Timber Mtn. Tuft
After deposition of the Stonewall Flat Tuff, normal faulting with little tilting created many of
the present-day mountain ranges in the region west of ll7W, as discussed by McKee and others
(1990) and Noble and others (1990, 1991). Most fult movement and uplift took place prior to
emplacement of 3 to 7 Ma silicic domes along similar structures to the north.
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MULTIPLE EPISODES OF Au-Ag MINERALIZATION IN THE BULLFROG HILLS,
SW NEVADA, AND THEIR RELATION TO COEVAL EXTENSION AND VOLCANISM
WEIS, Steven L, Mackay School of Mines, Univ. Nevada, Reno, NV 89557; McKEE, E. HI,
U.S. GeoL Survey, 345 Middlefield Road, Menlo Park, CA 94025; NOBLE, D. C,
CONNORS, K. A., Mackay School of Mines, Univ. Nevada, Reno, NV 89557; JACKSON,
M. R., Western States Minerals, Box 3094, Elko, NV, 89801.
In the southern Bullfrog Hills, epithermal Au-Ag vein deposits at the Original Bullfrog, Gold Bar,
Bond Gold Bullfrog, Montgomery-Shoshone and Rhyolite mines are localized along low-,
moderate- and high-angle faults and fractures that formed during a pulse of regional extension accomodated by imbricate normal faulting and movement along the low-angle Original Bullfrog Fluorspar Canyon (OB-FC) detachment fault system. The timing of this deformation has previously been bracketed between 11A Ma and 7.6 Ma based on stratigraphic and structural relations,
with some movement occuring before deposition of the ca. 10-10.5 Ma tuffs and lavas overlying the
T1imber Mountain TuIL 4'ArP9Ar age determinations on adularia (hydrothermal K-spar) are consistent with previous K-Ar ages, and together show that hydrothermal activity and precious-metal
mineralization in the Bullfrog Hills took place over a period of about 2 Ma. These ages, together
with structural and textural relations, also bear on the absolute age of faulting associated with the
OB-FC detachment system. Adularia age determinations from the Bullfrog Hills are:
4OAYP9Ar. 9.2 ± 03 Ma
K-Ar. &7 ± 0.3 Ma
Original Bullfrog mine
4OAr/39Ar. 9.8 ± 03 Ma
Bond Gold Bullfrog mine
K-Ar: 9.5 ± 0.2 Ma
Montgomery-Shoshone mine (Morton et al, 1977)
4QAr/39Ar 9.9 : 0.3 Ma
K-Ar: 10.0 ± 0.3 Ma
Mayflower mine
K-Ar. 11.0 t 0.4 Ma
North of Pioneer mine
40Ar/39Ar 11.3 : 0.3 Ma
Yellowjacket mine
Repeated episodes of brecciation and vein deposition at the Original Bullfrog and Bond Gold
Bullfrog mines provide evidence for syndepositional movements of the host faults at about 9.0 Ma
aud 9.8 Ma, respectively. The Original Bulog vein is shattered and truncated by the OB-FC
t jalt, indicating that movement on this structure continued after about 9 Ma. Well-developed,
Tubparallel fault surfaces bounding the main vein of the Bond Gold Bullfrog deposit post-date vein
deposition, showing that movement of the upper plate continued after about 9.8 Ma. These relations are consistent with the fact that c. 10-105 Ma tuffs and lavas in the Bullfrog Hills are cut
and tilted by imbricate normal faults. Mineralization in the southern Bullfrog Hills closely coincided with and followed by as much as 1 Ma the end of the 10-10.5 Ma volcanism. Mineralization
was penecontemporaneous with extensional faulting, which continued after mineralization.
In the northern Bullfrog Hills, Au-Ag mineralization at the Mayflower mine was of effectively
the same age as the deposits to the south. However, a few kilometers to the north, veins cutting
the Crater Flat Tuff In the Pioneer-Yellowjacket area were formed at most a few tenths of a million years after deposition of the Timber Mountain Tuff and Tuffs of Fleur de LUs Ranch.
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APPENDIX E

CONTRASTING STYLES OF EPITHERMAL PRECIOUS-METAL MINERALIZATION
IN THE SOUTHWESTERN NEVADA VOLCANIC FIELD.
Stephen B. Castor, Nevada Bureau of Mines and Geology, Mackay School of Mines,
University of Nevada, Reno NV 89557.
Steven I. Weiss, Department of Geological Sciences, Mackay School of Mines,
University of Nevada, Reno NV 89557.

ABSTRACT
The southwestern Nevada volcanic field contains epithermal precious-metal
deposits hosted by Miocene volcanic rocks and pre-Tertiary sedimentary rocks with
production + reserves greater than 60 t of gold and 150 t of silver. The volcanic rocks
consist predominantly of ash-flow tuffs erupted between 15 Ma and 7 Ma during
three major magmatic stages.
Hydrothermal activity and precious-metal
mineralization in the southern part of the field took place between ca. 13 and 8.5 Ma,
coinciding with portions of all three magmatic stages. Regional extension during
this period produced imbricate normal and detachment faulting that provided
structural control for some of the mineralization.
Contrasts in the style and geochemistry of mineralization, together with
stratigraphic and radiometric age data and differences in geologic setting reflect the
variable nature of hydrothermal activity during development of the southwestern
Nevada volcanic field. During the main magmatic stage at Wahmonie, silver-rich
vein mineralization of the adularia-sericite type occurred in an intermediate
volcanic center.
Secondary high-salinity fluid inclusions in felsic subvolcanic
intrusions, a trace element suite that includes bismuth and tellurium, and
geophysical data support the presence of a buried porphyry-type magmatic system at
Wahmonie.
Hydrothermal activity at Bare Mountain took place during the main magmatic
stage, and may have continued into the Timber Mountain magmatic stage. Bare
Mountain contains gold-rich, disseminated Carlin-type deposits with high arsenic,
antimony, mercury, and fluorine in sedimentary and igneous rocks.
In northern
and eastern Bare Mountain mineralization is associated with felsic porphyry dikes
that contain secondary high-salinity fluid inclusions.
A genetic relationship
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between porphyry magmatism and shallow Carlin-type gold deposits seems likely at
Bare Mountain.
Sedimentary rock-hosted mineralization at Mine Mountain is spatially
associated with a thrust fault and was apparently deposited, in part, by a
hydrothermal system active during the Timber Mountain magmatic stage. The
silver:gold ratio is high and base-metal, arsenic, antimony, mercury, and selenium
contents are very high.
Mine Mountain mineralization shares features with vein
and disseminated silver deposits at Candelaria, Nevada.
Gold-silver deposits in the areally extensive Bullfrog district comprise the
largest known precious metal resource in the volcanic field. They are mainly
quartz-carbonate ± adularia veins with alteration and mineralization styles similar
to other adularia-sericite type deposits in the Great Basin. Deposits in the Rhyolite
area and at the Gold Bar mine have very low contents of arsenic and mercury
compared to other epithermal deposits in the Great Basin, although copper and
antimony are locally elevated.
Similarities in mineralization style and assemblages,
which include two occurrences of the rare gold-silver sulfide uytenbogaardtite,
indicate deposition under similar conditions in different parts of the district.
Hydrothermal activity in the Bullfrog district was coeval with extensional tectonism
and may have continued from the Timber Mountain stage into the late magmatic
stage. Mineralization at some deposits in the Bullfrog and Bare Mountain districts is
spatially associated with and, in part, structurally controlled by a regional
detachment fault system.
However, significant differences in age, mineralization
style, and geochemistry indicate that mineralization in the two districts is unrelated.

INTRODUCTION
The southwestern Nevada volcanic field (SWNVF) consists of Middle to Late
Miocene volcanic rocks that once covered an area of more than 10,000 km 2 (Byers et
al., 1989) centered about 150 km northwest of Las Vegas (Fig. 1). The southern part of
the SWNVF contains precious-metal deposits that have been exploited intermittently
from the mid 19th century to the present. These deposits are hosted by volcanic
rocks of the SWNVF and underlying pre-Tertiary sedimentary rocks.
In the course of more than three decades of geologic investigations, conducted
mainly in support of nuclear weapons testing and proposed nuclear waste storage
programs, the SWNVF has become one of the most well-studied intracontinental
2
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volcanic fields in the world. Considerable efforts have been directed toward
understanding the intense, long-lived history of magmatic and volcanic activity,
caldera geology, volcano-tectonic evolution, and Neogene structural setting of the
SWNVF. Investigations of hydrothermal activity and mineralization in the SWNVF
have mostly been limited to reports on individual ore deposits and mineralized
districts (e.g., Ransome et al., 1910; Cornwall and KIcinhampl, 1964; Tingley, 1984;
Jorgensen et al., 1989) or to mineral inventories of large areas that include parts of
the SWNVF (e.g., Cornwall, 1972; Quade et al., 1984;). Jackson (1988) summarized timespace patterns of hydrothermal activity and mineralization, and proposed that
hydrothermal activity and epithermal mineralization in the southern part of the
SWNVF were related to magmatic and volcanic activity at major volcanic centers.
More recently, Noble et al. (1991) proposed that hydrothermal activity and
mineralization were associated with specific magmatic stages in the development of
the SWNVF. However, comparisons of geologic and geochemical features of preciousmetal deposits for the SWNVF as a whole are lacking.
In this paper we compare geologic settings, geochemical characteristics,
mineralization and alteration assemblages, and general styles of mineralization of
four selected areas in the southern part of the SWNVF: the Bullfrog district; northern
and eastern Bare Mountain; the Wahmonie district; and Mine Mountain. Contrasts
between these four mineralized areas illustrate the diverse nature of hydrothermal
systems associated with the development of the SWNVF.

GEOLOGY OF THE SWNVF
The SWNVF is composed predominantly of silicic ash-flow tuff, including 12
sheets of regional extent, along with related surge and air-fall deposits and
subordinate silicic to mafic lavas and intrusions. These rocks overlie complexly
deformed and locally metamorphosed Late Precambrian and Paleozoic miogeoclinal
sedimentary rocks. Rocks of the SWNVF are distinctly younger than Late Oligocene to
Early Miocene volcanic rocks exposed to the north (such as the volcanic rocks of the
Goldfield district). Most rocks of the SWNVF were erupted between 15 Ma and 10 Ma
during the development of a large central complex of nested and overlapping
volcanic centers of the collapse caldera type (Fig. 1). From about 9 to 7 Ma volcanism
in the SWNVF shifted to volcanic centers in the northwestern part of the field. Table
1 summarizes the stratigraphy and geochronology of the three major magmatic
3
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stages of the SWNVF proposed by Noble et al. (1991): the 15.2- to 12.7-Ma main stage;
the 11.6- to 9-Ma Timber Mountain stage; and the 9- to 7-Ma late stage.
Although the SWNVF is located within the Walker Lane structural belt,
northwest-trending right-lateral faults and shear zones that characterize other parts
of the belt are poorly developed in the SWNVF (Stewart, 1988). Instead, the majority
of structural features within the SWNVF are attributed to magmatic and volcanic
processes, including magmatic tumescence, caldera collapse, and resurgent doming
(Christiansen et al., 1977) and to Middle to Late Miocene regional extension that
resulted in imbricate normal faulting and detachment faulting.
In the southwestern
part of the SWNVF, much extension appears to have been accommodated along the
Original Bullfrog - Fluorspar Canyon (OB-FC) detachment fault system (Fig. 2), which
is part of a regional fault system that continues southwest into Death Valley (Carr and
Monsen, 1988; Hamilton, 1988).

ANALYTICAL METHODS
Chemical analyses were performed by Geochemical Services Inc., Rocklin,
California, using inductively-coupled plasma emission spectroscopy (ICP-ES). Blind
repeat analyses of sample pulps showed good reproducibility of results for all
elements; but analyses on duplicate rock specimens show some differences
(particularly for moderate to high-level gold analyses) that are probably due to the
"nugget effect." Comparative analyses done at the Nevada Bureau of Mines and
Geology (NBMG) using atomic absorption for arsenic, bismuth, mercury, and
antimony showed excellent agreement for background-level samples collected from
the SWNVF (Castor et al., 1990). Comparative analyses for gold, silver, arsenic, and
antimony performed by Bondar-Clegg, Inc. by instrumental neutron activation
methods showed good agreement with the ICP-ES values for samples that ranged from
background to highly mineralized.
In addition, a comparison of Geochemical
Services Inc. gold and silver values for NBMG standards (Lechler and Desilets, 1991)
showed good agreement at high levels with recommended values* obtained by
averaging analyses by a number of commercial laboratories.
Mineral identifications were made using standard
ray diffraction, and scanning electron microscope (SEM)
compositions were obtained during SEM examination by
(EDX) techniques using pure metal standards at the U. S.
4

petrographic techniques, Xanalyses.
Mineral
energy dispersive X-ray
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Research Center, Reno, Nevada. Mineral compositions reported are as molecular
contents (rather than by weight percent).
Descriptions of vein textures are based on
a formal classification of the textures of vein quartz developed by Dowling and
Morrison (1989).

MINERALIZED AREAS
Although records are sparse, we estimate that early gold production from the
southern part of the SWNVF was about 3 t (100,000 oz) until significant operations
ceased in the 1940s; silver production was of about the same magnitude. However,
extensive exploration and development has taken place since the mid-1970s, and
production and reserves for the SWNVF now total over 60 t (2 million oz) of gold and
150 t (5 million oz) of silver.
In connection with studies of mineral potential at the proposed nuclear waste
site at Yucca Mountain, we obtained multi-elemcnt analyses of 150 vein and(or)
altered wall rock samples from areas with precious-metal mineralization in the
SWNVF. Our results (Table 2) together with data from the literature show significant
variations in trace element suites for different mineralized areas in the SWNVF. For
comparative purposes, analyses of unaltered volcanic rocks from the SWNVF are also
reported (Table 3). Correlation coefficients between trace element contents for each
area represented by 13 or more samples are shown in Figure 3.
WAMONEE DISTRICT
The earliest mining activity in rocks of the SWNVF took place in the Wahmonie
mining district (Figs. 2 and 4) where near-surface ores are thought to have been
worked as early as 1853 (Quade et al., 1984). Discoveries of high-grade silver-gold ore
in 1928 resulted in considerable development, including the 150-m-deep Wingfield
shaft, but little ore was shipped. In 1940, the Wahmonie district was withdrawn from
mineral entry when it was included within the Tonopah Bombing and Gunnery
Range. This area later became part of the Nevada Test Site of the U. S. Department of
Energy and remains excluded from civilian development.
Precious-metal mineralization in the Wahmonie district lies in a northeasttrending 8 km by 4 km elliptical area underlain by intensely altered andesitic to
latitic lavas, tuffs, and breccias of the Wahmonic Formation (Ekren and Sargent,
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1965). The altered area includes a central northeast-trending 3 km by I km horst
containing weakly to strongly altered rhyodacitic volcanic rocks that are cut by
intermediate to silicic subvolcanic intrusions (Fig. 4). The intermediate to felsic
igneous rocks at Wahmonie probably comprise the eroded remnants of a central
volcano or dome and flow field. K-Ar ages (recalculated to current constants)
indicate that these rocks were emplaced between about 13.2 and 12.8 Ma (Kistler,
1968). They are overlain by units of the Paintbrush Tuff (Ekren and Sargent, 1965),
which have similar to slightly younger ages of about 13.0 to 12.7 Ma (Sawyer et al.,
1990).
The area of the most intense prospecting and development, which includes the
Wingfield shaft (Fig. 4), is a northeast-trending zone of abundant quartz veins about
1 km long in strongly altered rock along the southeastern side of the central horst.
Near-vein alteration in this area is dominated by silicification and adularization with
Feldspar phenocrysts are replaced by granular adularia with
some argillic minerals.
illite + sericite i kaolinite or by single crystals of secondary potash feldspar with
mottled extinction. According to Jackson (1988), near-vein adularia + sericite + silica
alteration grades outward to kaolinite-bearing rock. Alunite was reported to occur in
strongly altered rock and in quartz veins (Ekren and Sargent, 1965; Quade et al.,
1984), but no alunite was found during petrographic and X-ray diffraction analyses
by the writers. Sulfide-rich silicified rock on mine dumps in the Wingfield shaft
*area, and widespread limonite indicate that significant amounts of pyrite were
previously present in altered wall rock. Propylitic alteration consisting of chlorite +
albite ± calcite ± pyrite is widespread in the central horst. Argillic alteration,
potassic alteration (with. secondary biotite), and tourmaline veinlets are locally
present in, or adjacent to, central horst intrusions.
Precious-metal-bearing veins consist mainly of fine comb quartz ± calcite
They carry free gold, cerargyrite, hessite, iron and manganese
with minor adularia.
oxides, acanthite, and other sulfides (Quade et al.. 1984). Very finely granular quartz
veins with anomalously high precious-metal contents (up to 0.4 ppm gold and 3.5
ppm silver) are exposed in the vicinity of the Wingfield shaft. Stockworks of fine
comb to granular quartz veinlets with adularia rhombs are also' present.
SEM/EDX studies of highly mineralized rock from Wahmonie disclosed electrum
(Au77Ag23) occurring as irregular threads or flakes in cerargyrite (Fig. 5a) and
hessite (Ag2Te) occurring as colloform bands in cerargyrite (Fig. Sb). Iron tellurite
containing minor gold and manganese (possibly mackayite, Fe2(TeO)3 xH20) was
Frohbergite (FeTc2) and hedlcyite (BiTe2) were also tentatively
found in cerargyrite.
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identified, and cinnabar was found in cavities as micron-size granules on
cerargyrite (J. Sjoberg and J. Quade, personal communication, 1991).
Vein samples analyzed during this study contain up to 109 oz silver and 11 oz
gold per ton, but samples carrying up to 1130 oz silver and 50 oz gold per ton have
been reported previously (Quade et al., 1984). Mineralized and(or) altered samples
from the Wahmonie district have relatively high silver:gold ratios (Table 2) and
bismuth, mercury, and tellurium correlate well with gold (Figs. 3 and 6). Copper,
lead, and antimony are locally high, but do not correlate with gold. Base-metal
contents are low in mineralized samples from Wahmonie, with the exception of a
single vein sample with secondary copper minerals that is enriched in copper and
lead but poor in silver and gold. Arsenic content is generally low (Table 2), but
pyrite-rich silicified rock with 360 ppm arsenic was collected from a dump near the
Wingfield shaft.
Rock with high precious-metal and tellurium contents in the Wahmonie
district is not restricted to the Wingfield shaft area, and may occur widely in the
district. Hessite-bearing comb quartz from a small dump in the central horst 1 km
northeast of the Wingfield shaft contains 748 ppm silver 11 ppm gold and 90 ppm
tellurium. Granodiorite altered to a mixture of quartz and illite 4 km northeast of the
Wingfield shaft also has elevated gold and tellurium contents (Quade et al., 1984).
Adularia from altered rocks with abundant silica-adularia veins in the
Wahmonie district gave K-Ar ages of 12.6 ± 0.4 and 12.9 ± 0.4 Ma (Jackson, 1988).
These ages indicate that hydrothermal activity and mineralization closely followed
magmatic and volcanic activity of the main magmatic stage of the SWNVF at
Wahmonie.
On the basis of a positive residual gravity anomaly centered about 1 km
southwest of the mineralized area at Wahmonie and associated magnetic highs, Ponce
(1981) inferred the presence of a large buried felsic intrusive mass similar to and
contiguous with granodiorite exposures in the central horst. The highest portions of
this intrusive body appear to be along the east side of the central horst. coincident
with the area of precious-metal mineralization. As pointed out by. Hoover et al.
(1982), the edges of the inferred intrusion correspond approximately with alteration
in the Wahmonie district.
Relatively high resistivity in the inferred intrusion
indicates high porosity due to fracturing, faulting, alteration, and(or)
mineralization.
Induced polarization data indicate that 2% or more sulfides are
present below the water table at Wahmonie (Hoover et al., 1982).
3-68
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Alteration and veining in granodioritic porphyry intrusions in the central
horst, along with high bismuth and tellurium support the presence of a porphyry
magmatic-hydrothermal system at Wahmonie.
In addition, quartz phenocrysts
containing hypersaline secondary fluid inclusions, which are indicative of
magmatic hydrothermal fluids, occur in samples with secondary biotite (D. C. Noble,
personal communication,

1990).

BARE MOUNTAIN AREA
Between initial discovery in 1905 and the late 1970s small amounts of gold and
mercury were produced intermittently from deposits in northern and eastern Bare
Mountain, including the Panama-Sterling gold mine and the Telluride gold-mercury
camp (Fig. 2). Fluorspar was produced more-or-less continuously from the same area
between 1918 and 1989 from the Daisy, Goldspar and Mary mines. Approximately 2.5 t
(80,000 oz) of gold were produced from disseminated deposits at the Steriing and
Mother Lode mines between 1983 and 1990 (Bonham and Hess, in review). Additional,
currently subeconomic disseminated gold deposits are present at the Daisy mine,
Secret Pass, Goldspar mine, and near the Mother Lode mine (J. Marr, personal
communication, 1987; Greybeck and Wallace, 1991).
Bare Mountain consists predominantly of weakly metamorphosed Late
Proterozoic through Late Paleozoic sedimentary rocks of the Cordilleran miogeocline
that underwent Mesozoic folding and thrust-faulting and Tertiary low- to high-angle
normal and strike-slip faulting (Cornwall and Kleinhampl, 1961; Monsen et al., 1990).
In northern Bare Mountain these rocks are separated from overlying, imbricately
faulted volcanic rocks of the SWNVF by the north-dipping, low- to moderate-angle
Fluorspar Canyon fault (Cornwall and Kleinhampl, 1961) which is considered by
recent workers to be the eastern continuation of the Original Bullfrog fault (e.g.,
Carr and Monsen, 1988). In contrast to the Bullfrog Hills, where major faulting and
tilting post-dated deposition of the 11.4 Ma Ammonia Tanks Member, deformation in
northeastern Bare Mountain had mostly ceased by 11.6 Ma, as indicated by strong
angular discordance between the flat-lying, 11.6-Ma Rainier Mesa Member of the
Timber Mountain Tuff and underlying tilted units of the SWNVF (Carr, 1984; Carr and
Monsen, 1988; Monsen et al., 1990; Weiss et al., 1990).
A swarm of north-trending felsic porphyry dikes intrudes the pre-Cenozoic
rocks in eastern and northern Bare Mountain. The dike rocks typically have
coarsely granophyric groundmass and have been affected by variable degrees of
8
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potassium-feldspar, sericitic, and argillic alteration.
Hypersaline fluid inclusions
that are present in quartz phenocrysts reflect the passage of an early high-salinity
hydrothermal fluid (Noble et al., 1989). The dikes were emplaced during the main
magmatic stage of the SWNVF, as demonstrated by radiometric age determinations
ranging between 14.9 ± 0.5 Ma and 13.8 ± 0.2 Ma (Marvin et al., 1989; Monsen et al.,
1990; Noble et al., 1991). Most mineral deposits along the east flank of Bare Mountain
are spatially associated with, and post-date or are nearly contemporaneous with the
emplacement of, these dikes.
Several base-metal ± gold occurrences, generally associated with quartz veins
in Precambrian and Cambrian rocks, have been reported along the west flank of
Bare Mountain (Cornwall, 1972; Tingley, 1984). However, most of the mineral deposits
in Bare Mountain are located in its northern and eastern flanks.
At the Sterling mine (Fig. 2), sediment-hosted disseminated gold-silver
mineralization is controlled by the intersection of normal faults with a thrust fault
that juxtaposes clastic rocks of the Late Proterozoic to Early Cambrian Wood Canyon
Formation over carbonate rocks of the Middle Cambrian Bonanza King Formation
(Odt, 1983). This mineralization is associated with alteration assemblages that include
kaolinite, illite, sericite, jarosite, and alunite, and with very little introduction or
removal of silica and iron (Odt, 1983). Stibnite, cinnabar and fluorite are present in
ore and in nearby exposures of hydrothermal breccia (Tingley, 1984).
Hydrothermally altered porphyry dikes are abundant in the Sterling Mine area, and
locally have elevated gold contents (Odt, 1983; Tingley, 1984; Jackson, 1988).
North of the Sterling mine, a zone of argillic alteration and bleaching
accompanies the porphyry dikes. and locally contains fluorite and disseminated gold
mineralization in Paleozoic carbonate rocks (Tingley, 1984; D. Odt, personal
communication, 1987). At the Goldspar mine (Fig. 2), fluorite replaces brecciated and
sheared carbonate rocks of the Nopah Formation and fills fractures in altered dike
rock (Papke, 1979; Tingley, 1984; Jackson, 1988). Similar fluorite mineralization and
alteration is present in Silurian dolomite at the Mary mine.
The Goldspar deposit has been interpreted as a high-level breccia pipe (e.g.
Tingley, 1984). Altered clasts of Tertiary volcanic rocks in the breccia (Jackson,
1988) are unlikely to have been transported from below the Cambrian host rocks.
This suggests that the breccia was open to much higher stratigraphic levels at the
time of hydrothermal activity.
In the Telluride mine area (Fig. 2), gold mineralization is present with quartz,
opal, alunite, and pyrite along the Fluorspar Canyon fault (Jackson, 1988) and occurs
9

in altered porphyry dikes that intrude carbonate rocks in the foot wall of the fault.
Mercury was mined from pipelike breccia bodies and also occurs as disseminated
cinnabar with fluorite, calcite, opal, and alunite at the Telluride mine (Tingley, 1984).
The Mother Lode gold mine is situated immediately to the north of the Telluride
mine area, near the northeasternmost exposure of the Fluorspar Canyon fault
segment of the OB-FC fault system (Fig. 2). Disseminated gold mineralization is
present in felsic porphyry dikes, sills and extrusive(?) rocks and in adjacent
interbedded sandstone, siltstone, and limestone. Mapa (1990) considered the
sedimentary host rocks to be part of the Mississippian Eleana Formation, whereas
others (e.g., S. Ristorcelli, personal communication, 1990) interpret them as
belonging to the Silurian Roberts Mountain Formation and to the Early(?) to Middle
Miocene rocks of Joshua Hollow of Monsen et al. (1990). Alteration is primarily
argillic, with pyrite in unoxidized rocks and jarosite in oxidized rocks. Altered rock is
mostly composed of quartz and illite, and feldspar phenocrysts are generally
completely replaced by illite :k calcite, but some samples contain sanidine that is
apparently unaltered. Mafic minerals are replaced by sericite ± illite ± calcite ±
rutile. Sooty remobilized carbon is abundant locally in the sedimentary rocks. Very
sparse, irregular veins containing fine to medium drusy quartz + manganese oxide ±
opal occur in oxidized ore, and calcite veins cut limestone. About 150 m west of the
mine, glassy bedded tuff that is considered to lie stratigraphically between the
Paintbrush and Timber Mountain Tuffs (Monsen et al., 1990) contains very fineIn addition, chalcedony replaces conglomerate and opal replaces
grained alunite.
bedded tuff in the same unit about 600 m northwest of the mine.
Three mineralized zones containing a total of 12.3 Mt that average 0.81 g/t of
gold (13.5 Mst @ 0.026 oz/st) have been delineated in Fluorspar Canyon 3 to 5 km
southwest of the Mother Lode mine (Greybeck and Wallace, 1991). In this area, two
disseminated gold deposits associated with fluorite mineralization are present within
Cambrian rocks of the Nopah, Bonanza King and 'Carram Formations in and near the
Daisy fluorite mine (Papke, 1979; Tingley, 1984; Greybeck and Wallace, 1991). These
deposits, which are situated beneath the Fluorspar Canyon fault (Fig. 2), are
associated with alteration that ranges from subtle decalcification *to intense
silicification (Greybeck and Wallace, 1991). Cinnabar commonly accompanies
fluorite in the Daisy mine.
The nearby volcanic-hosted Secret Pass deposit contains disseminated gold in
altered ash-flow tuff of the Bullfrog Member of the Crater Flat Tuff. The deposit is

bounded by the underlying Fluorspar Canyon fault (Greybeck and Wallace, 1991).
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alteration assemblage including quartz, adularia, calcite, and pyrite, with generally
weak silicification, is associated with gold mineralization (Greybeck and Wallace,
1991). Although precious-metal mineralization is confined to the Crater Flat Tuff,
adularia- and illite(?)-bearing alteration assemblages continue up into the overlying
ca. 13-Ma Topopah Spring Member of the Paintbrush Tuff. In addition, chalcedonic
veins that may be related to this mineralization are present in the 12.7-Ma Tiva
Canyon Member.
Altered and(or) mineralized samples from the Bare Mountain area collected
during this study include 20 samples from the Mother Lode orebody and 16 samples
from workings and outcrops within I km south and west of the mine. The average
silvergold ratio for all samples is 10:1. but samples from the Mother Lode mine
average about 2:1. The samples have high arsenic and antimony contents, and gold
correlates strongly with these two elements (Figs. 3 and 6). Gold is also correlative
with copper, lead, mercury, tellurium, and thallium, although the contents of these
metals are not highly anomalous. In general, Mother Lode mine samples with the
highest gold contents contain drusy quartz and(or) opal along with manganese oxide.
Pyritic ore contains gold contents similar to adjacent oxidized ore (W. Hickinbotham,
personal communication, 1990). Gold-bearing phases could not be found using
reflected light and scanning electron microscopy in samples containing up to 7 ppm
gold.
The mineralized areas in Fluorspar Canyon southwest of the Mother Lode mine
have similar correlations between gold and other trace elements, particularly
antimony, thallium, and molybdenum (Greybeck and Wallace, 1991). Arsenic,
mercury, and base metals are also correlative with gold, but not in all three deposits.
Silver:gold ratios are generally low.
Gold-rich samples from the Sterling mine area have high arsenic, antimony,
mercury, and thallium contents (Odt, 1983; Hill et al., 1986). Tingley (1984) reports
high arsenic, antimony, and molybdenum contents in samples from the Telluride,
Sterling, and Daisy mine areas, and high lead and zinc from the latter two areas.
The presence of hydrothermal alteration, fluorite, and locally elevated gold
concentrations in porphyry dikes indicates that much, or all, of the mineralization
in Bare Mountain postdates emplacement of the dikes. Radiometric ages of about 12.9
Ma were obtained on hydrothernal potassium feldspar that replaces groundmass and
phenocrysts of igneous potassium feldspar in altered dike rock at the Goldspar mine,
indicating that hydrothermal activity took place there during the main magmatic
stage of the SWNVF (Noble et al., 1991). Close similarities in mineralization style and
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trace element signatures support a similar timing for gold mineralization in preCenozoic rocks in the vicinity of the Daisy mine. At the nearby Secret Pass deposit,
hydrothermal alteration extends into the ca. 13-Ma Topopah Spring Member of the
Paintbrush Tuff, but not into adjacent exposures of the 11.6-Ma Rainier Mesa Member
of the Timber Mountain Tuff. In the Telluride mine area, alunite occurs in altered
gravel in the hanging wall of the Fluorspar Canyon fault and in hydrothermal
breccia in the foot wall of the fault. Samples of this alunite were dated at 12.2 ± 0.4
Ma and 11.2 ± 0.3 Ma, respectively, by K-Ar methods (Jackson, 1988). Alunitic
alteration is also found near the Mother Lode mine in bedded tuff between the
Paintbrush Tuff and Rainier Mesa Member of the Timber Mountain Tuff.
The dated alunite is fine-grained, suggesting either a supergene origin or a
vapor-dominated depositional environment (e.g., Thompson, 1991), and the dates
If the alunite was deposited
therefore represent minimum ages for mineralization.
by hypogene fluids, the ages suggest the possibility of more than one period of
activity or that hydrothermal activity in the Telluride-Mother Lode area was of long
duration.
A number of lines of evidence suggest a shallow or high-level environment
for mineralization in Bare Mountain. Hydrothermal breccia in the Sterling,
The altered
Goldspar, and Telluride mine areas indicates a high-level environment.
Tertiary volcanic rocks present in fluoritized breccia at the Goldspar mine include
clasts of the Paintbrush Tuff. The most reasonable interpretation is that the volcanic
rock fragments fell into the breccia prior to, or during, hydrothermal activity.
Because the age of hydrothermal activity is essentially the same as the age of the
Cinnabar
Paintbrush Tuff, the deposit was probably open to the paleosurface.
and(or) high mercury concentrations are widespread in northern and eastern Bare
Mountain and alunite ± opal is present in several mineralized areas. Such mineral
associations are considered indicative of a shallow hydrothermal environment,
although it is possible that the alunite is not entirely hypogene.
Noble et al. (1989) inferred the presence of a buried, granite-type porphyry
molybdenum system in Bare Mountain from the presence of porphyry-style
crystallization textures and hypersaline fluid inclusions in the felsic dikes, the
spatial association of mineralization with the dikes, and the fluorite-molybdenum
component of the trace element assemblage of the mineralization in Bare Mountain.
Gold-silver-mercury-fluorite mineralization in Bare Mountain may represent the
distal, near-surface expression of hydrothermal activity related to a deeper porphyry
molybdenum system (Noble et al., 1989).
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MINE MOUNTAIN
Mine Mountain, in the southeast part of the SWNVP (Fig. 1), was the site of
mercury, base-metal. and precious-metal prospecting in the 1920s, but was
subsequently included in the Nevada Test Site and withdrawn from mineral entry.
2-km-long northeast-trending

A

area along the crest of Mine Mountain contains

quartz + calcite ± barite ± sulfides in veins, hydrothermal breccia, and silicified areas
(Quade et al., 1984; L. T. Larson and S. I. Weiss, unpub. mapping, 1989). Mineralization
is closely associated with the flat-lying Mine Mountain thrust fault, which separates
underlying Mississippian clastic rocks from Devonian carbonate rocks in the upper
plate (Orkild, 1968). The mineralization occurs both above and below the thrust fault,
but appears to be most strongly developed within a few tens of meters above the fault
in highly brecciated rock (L. T. Larson and S. I. Weiss, unpublished mapping, 1989).
Above the Mine Mountain thrust, mineralization is closely associated with
moderate- to high-angle northeasterly-striking faults and fractures, and north- to
Subhorizontal slickensides on these
northwest-striking high-angle fractures.
structures indicate lateral slip probably related to movements along the nearby,
northeast-trending, left-slip Mine Mountain fault zone of Carr (1984). Locally,
quartz-barite veins both crosscut and are offset by faults with subhorizontal
slickensides, indicating that mineralization was coeval with strike-slip movement.
In the lower plate of the Mine Mountain thrust, quartz- and calcite-cemented
fault and hydrothermal breccia comprise narrow veins that trend NW to nearly E-W
and can be traced for as much as 1 km in clastic rocks of the Eleana Formation.
Samples of these veins, which yielded the highest gold analyses of any rocks from
Mine Mountain, contain very finely granular to chalcedonic quartz along with
alunite and cinnabar. SEMIEDX examination of a breccia-vein sample with 0.6 ppm
gold and very high arsenic and lead contents shows an arsenate, iodide, and selenide
assemblage including mimetite (3Pb3(AsO4)2 PbC12), conichalcite
(8(Cu,Ca)As2O3*3H20), tocornalite (HgAgI), and tiemannite (HgSe). Trace amounts of
pyrite and arsenopyrite are also present.
Alteration mineralogy at Mine Mountain is dominated by fine-grained
silicification.

In massive carbonate rocks in the upper plate, silicification includes

variable amounts of chalcedonic replacement (jasperoid) and millimetercentimeter-width sheeted or stockwork quartz veins. White calcite veins
abundant in carbonate rocks surrounding the area of silicification.
Vein
fine- to medium-granular or fine comb textures, and clear drusy quartz is
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present. Barite, calcite, galena, sphalerite, and anglesite have been identified in
veins and silicified rocks. Cinnabar is present in veins and is also disseminated in
leached, decalcified, and silicified carbonate rocks. Small amounts of gossan are
associated with massive white calcite and barite-rich hydrothermal breccia.
Samples from Mine Mountain have high base-metal contents, along with an
epithermal precious-metal

suite that includes arsenic, antimony, and mercury (Table

2). Lead, zinc, selenium, cadmium, antimony, and mercury contents are very high
relative to other mineralized areas in the SWNVF. The gold and silver correlation
with base metals is strong at Mine Mountain (Fig. 3). The correlation between gold
and selenium is particularly striking, but silver correlates much more strongly with
cadmium, mercury, and base metals than does gold. The gold-silver correlation is
weaker at Mine Mountain than it is in other mineralized areas in the SWNVF (Fig. 3).
The timing of hydrothermal activity at Mine Mountain is constrained by
indirect stratigraphic and structural relations. Based on the presence of argillic and
alunitic alteration in tuffs as young as the Ammonia Tanks Member of the Timber
Mountain Tuff on the south flank of Mine Mountain, Jackson (1988) inferred the
mineralization to be approximately contemporaneous with Timber Mountain
magmatic activity. Alunite from an outcrop of the altered Ammonia Tanks Member
has given a K-Ar age of 11.1 ± 0.3 Ma (E.H. McKee, S.I. Weiss and L.T. Larson, unpub.
data, 1989), consistent with alteration shortly after deposition of the 11.4 Ma
Ammonia Tanks Member. Alteration has not been traced from the dated outcrop
directly into the main mineralized area. However, if syn-mineralization lateral slip
movements on fault surfaces along the crest of Mine Mountain were associated with
deformation along the Mine Mountain strike-slip fault system, which offsets both
units of the Timber Mountain Tuff (Orkild, 1968; Carr, 1984), then mineralization
occurred after 11.4 Ma as well, consistent with the K-Ar age of the alunitic alteration.
The geochemical data at Mine Mountain are consistent with mineralization
from more than one hydrothermal system. Base-metal and silver vein or
replacement mineralization in Paleozoic sedimentary rocks may have been
remobilized and overprinted by later epithermal metallization during magmatic
activity of the Timber Mountain stage of the SWNVF.
BULLFROG DISTRICT
The Bullfrog district in the Bullfrog Hills west of the town of Beatty (Fig. 1),
has been the most important source of precious metals in the SWNVF. The district
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contains gold-silver vein deposits that are scattered within large areas underlain by
hydrothermally altered rock, particularly in the southern part of the Bullfrog Hills
(Fig. 2).
The Original Bullfrog mine in the southwest comer of the Bullfrog district was
discovered in 1904, but most early production came from the Montgomery-Shoshone
mine 6.5 km to the east (Fig. 2). By 1940, the Bullfrog district had recorded precious
metals production totalling about 3 million dollars (Couch and Carpenter, 1943).
Minor precious-metal production came from the Gold Bar mine and from several
mines near the town of Rhyolite.

The Mayflower and Pioneer mines, about 12 km

north of Rhyolite, also had minor early production.

Renewed exploration in the

district since the mid-1970s resulted in open-pit mining for three years at the Gold
Bar mine, the delineation of open-pit mineable reserves at the MontgomeryShoshone mine, and the discovery and development of the Bond Gold Bullfrog mine
(Fig. 2), an entirely new deposit on the east side of Ladd Mountain that is expected to
produce about 7.5 t (240,000 oz) of gold annually for 5 to 7 years (Jones, 1990).
The Bullfrog Hills consist of an upper, imbricately normal-faulted, extensional
allocthon composed mostly of Miocene volcanic rocks that is separated from
underlying Paleozoic and Proterozoic sedimentary and metamorphic rocks by a lowangle fault first recognized by Ransome et al. (1910). This structure is the Original
Bullfrog segment of the regional OB-FC detachment fault system (Fig. 2) (Carr and
Monsen, 1988; Maldonado, 1990a). Upper-plate rocks consist chiefly of silicic ashflow sheets including units of the Crater Flat, Paintbrush and Timber Mountain Tuffs
that were erupted from the central caldera complex of the SWNVF between about 15
and 11.4 Ma. Lesser volumes of lava flows, domes and local tuffs of silicic
composition, and relatively minor amounts of mafic and intermediate composition
lava flows are intercalated with the regional ash-flow sheets. Units of tuffaceous
sandstone, conglomerate, shale and lacustrine limestone are present mainly in the
lower part of the volcanic section. Lying with angular discordance upon the Timber
Mountain Tuff and older ash-flow sheets is a local sequence of interbedded rhyolitic
flows, domes and associated pyroclastic deposits which are capped by latite flows.
These post-Timber Mountain Tuff rocks were erupted prior to about 10 Ma (Marvin et
al., 1989; Noble et al., 1991).
Throughout much of the Bullfrog Hills, upper-plate rocks are cut by numerous
west-dipping normal faults, many of listric geometry, that mostly strike north to
northeast. This deformation has long been recognized as the result of WNW-ESE
directed upper crustal extension, and estimates of the amount of extension range
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from about 25% (Ransome et al., 1910) to more than 100% (Maldonado, 1990a). Most of
the faulting and tilting began after about 11.4 Ma as demonstrated by conformable
and paraconformable relations between the Ammonia Tanks Member of the Timber
Mountain Tuff and underlying ash-flow sheets. Major tilting and faulting ceased
before deposition of the flat-lying, 7.6 Ma Spearhead Member of the Stonewall Flat
Tuff and local, Late Miocene conglomeratic deposits (Weiss et al., 1990).
Original Bullfrog Mine
The Original Bullfrog mine was developed in a complex. shallowly northdipping vein that is approximately 10 m thick. The vein is a shattered mass of banded
crustiform quartz, calcite, and silicified breccia that lies along the Original Bullfrog
fault (Ransome et al., 1910). This fault, which appears to truncate the vein material
against underlying, strongly sheared Palcozoic clastic and carbonate rocks that
contain only minor veining, is part of the Bullfrog detachment fault system of
Maldonado (1990a; 1990b). The main vein grades upwards into sheeted veins within
moderately east-dipping silicified ash-flow tuff of the 13.85 Ma Lithic Ridge Tuff
(Carr et al., 1986; Sawyer et al., 1990). Adularia and albite replace feldspar
phenocrysts and groundmass potash-feldspar and locally, between closely spaced
veins, the tuff has been pervasively adularized. This alteration grades laterally and
up-section into quartz-illite and sericite-albite-calcite assemblages, and at greater
distances, into weak illite-calcite i albite alteration.
Vein quartz ranges from white, yellow and grey banded fine granular or
chalcedonic material to white, clear or amethystine fine to medium comb quartz.
Calcite occurs as coarsely crystalline masses intergrown with comb quartz, as
inwardly-growing crystals along the walls of veins that were subsequently filled
with comb quartz, or as irregular drusy veins with little or no quartz.
In addition to quartz and calcite, the main vein carries visible gold that is
associated with limonite, malachite, chrysocolla, and sulfide. SEM/EDX examinations
of high-gradc ore show that gold occurs in irregular electrum grains up to 1 mm in
diameter (Fig. 7) with compositions that range between Au52Ag4S and Au42Ag5S.
Gold also occurs in mixed grains of native metal (Au80Ag2o) and uytenbogaardtite
(Ag3AuS2). Silver is also present as acanthite, which occurs as irregular grains in
quartz, and as mixed grains with uytenbogaardtite and gold. Textural relations
In ore containing visible gold, early
indicate a complex paragenetic sequence.
calcite was followed by white comb quartz with sulfide and clectrum, and lastly by
vein-filling grey to amethystine quartz. The calcite is locally replaced by malachite
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and chrysocolla, which also occur in irregular masses surrounding gold and sulfide,
and in late veinlets with sulfide and limonite. Textural relationships indicate that
electrum and acanthite are the earliest ore minerals, followed by uytenbogaardtite
and gold.
Samples from the Original Bullfrog Mine have relatively high average
silver.gold when compared to other mineralized areas in the Bullfrog district (Table
2). In addition, Original Bullfrog samples have strong arsenic, copper, antimony, and
bismuth correlations with gold (Figs. 3 and 6).
Adularia from altered Lithic Ridge Tuff adjacent to the main vein has given a
K-Ar age of 8.7 ± 0.3 Ma (Jackson, 1988) indicating that hydrothermal activity took
place about I to 1.5 Ma aflter the end of volcanic activity in the Bullfrog Hills. This
age, along with shattering of the vein and apparent truncation of the vein by the
underlying Original Bullfrog fault, is consistent with mineralization during the
major period of detachment-style faulting in the region between 11.4 and 7.6 Ma.
Gold Bar Mine,
At the Gold Bar mine in the northwest corner of the Bullfrog district (Fig. 2),
silver-gold mineralization is present in quartz-calcite veins and quartz-calcite
cemented breccia along a northeast-trending, west-dipping normal fault system
cutting units of the Crater Flat and Paintbrush Tuff and minor basaltic rocks. The
main area of mineralization lies about 2 km from the surface trace of the Bullfrog
detachment fault system (Maldonado, 1990a). Veins consist of banded crustiform
intergrowths of calcite and fine granular and comb quartz commonly with drusy
quartz and calcite and minor amethystine comb quartz. Late calcite veins are also
present. Pyrite is the only sulfide mineral reported in vein material at the Gold Bar
mine (Ransome et al., 1910). Wall-rock alteration appears to be similar to that at the
Original Bullfrog mine. Variable albitization and adularization of feldspar
phenocrysts and groundmass, along with illite/sericite alteration, are associated with
silicification adjacent to veins. Disseminated pyrite is also present in unoxidized
altered wall rock.
Samples collected from the Gold Bar mine have a moderate average silver:gold
ratio and show only a weak gold-copper association (Figs. 3 and 6). Arsenic,
antimony, mercury, and the base metals are extremely low (Table 2). The highest
gold and silver contents are in veins of finely crystalline quartz with intergrown
thinly bladed calcite (Fig. 8a).
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Alteration and mineralization at the Gold Bar mine postdate deposition of the
ca. 13- to 12.7-Ma Paintbrush Tuff but have not been dated directly. Vein and
alteration styles, textures, and mineral assemblages are similar to those of other
deposits in the Bullfrog district, suggesting that mineralization at the Gold Bar mine
is genetically related to mineralization elsewhere in the district. In addition, veins at
the Gold Bar mine were localized by upper-plate faults that were probably active
during detachment-related extensional deformation between 11.4 and 7.6 Ma,
indicating vein emplacement at approximately the same time as mineralization in the
other deposits (see below).
Rbyolite

Area

The Rhyolite area contains the largest and highest grade known gold-silver
ore reserves in the SWNVF. It includes vein systems at the Montgomery-Shoshone
mine, the Bond Gold Bullfrog mine and several small mines near the town of Rhyolite
(Fig. 2). Most of the reserves are in the Bond Gold Bullfrog deposit where 13.0 Mt of
ore averaging 3.77 g/t (14.3 Mst @ 0.110 oz/st) were reported to be present prior to the
start of production in 1989 (Jorgensen et al., 1989). Most of the historic gold and
silver production in the Bullfrog district came from the Montgomery-Shoshone
mine, about 1.5 km northeast of Rhyolite (Couch and Carpenter, 1943), which has
current reserves of 2.8 Mt of gold ore at an average grade of 2.5 g/t (3.1 Mst @ 0.072
oz/st) (Jorgensen et al., 1989). Host rocks for veins in the Rhyolite area are
predominantly densely welded, devitrified portions of ash-flow sheets of the
Paintbrush and Timber Mountain Tuffs.
At the Bond Gold Bullfrog mine gold-silver ore is mined from a moderately
west-dipping vein system that lies along a normal fault ("middle-plate fault" of
Jorgensen et al., 1989) at the eastern foot of Ladd Mountain. Ore comprises a central
zone, -as much as 70 m thick, of complexly cross-cutting veins, hydrothermal breccia
and silicified volcanic rock, that lies within the vein system. Closely-spaced veins in
the ore zone form stockworks and/or sheeted swarms. More widely-spaced veins also
form stockworks above and below the ore zone (Jorgensen et al., 1989). Well
developed faults that have been the locus of significant displacement bound the ore
zone in most places and are accompanied by gold-rich hydrothermal breccia (B.
Claybourne, personal commun., 1991). The hanging wall rocks are well exposed on
Ladd Mountain, an east-tilted fault-block that is composed mainly of a pervasively
altered section of the Timber Mountain Tuff, a thin basaltic flow or sill, and
underlying units of the Paintbrush Tuff and Crater Flat Tuff (Maldonado and
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Exposed foot wall rocks include strongly altered rocks probably
belonging to the Crater Flat Tuff and an underlying unit of dacitic to rhyodacitic lava
that is widely exposed beneath the Crater Flat and Lithic Ridge Tuffs elsewhere in the
Hausback, 1990).

Bullfrog Hills (c.f., Maldonado and Hausback, 1990).
Vein material consists mostly of crustiform fine granular and comb quartz
(locally amethystine) * intergrown calcite of anhedral to finely bladed habit (Fig.
8b). Bands and veins of very finely granular to chalcedonic quartz and moderately
coarse comb quartz are also present, and bands of fine adularia occur in minor
amounts. Fluorite and barite have also been reported (Jorgensen et al., 1989).
Fragments of wallrock are included in the veins and have been partly to nearly
completely replaced by fine-grained quartz and potash feldspar.
Multiple generations of cross-cutting quartz ± calcite veins, open space infillings, and fragments of vein material surrounded by later stages of quartz ± calcite
provide evidence for a multi-stage paragenesis and for fracturing and brecciation
concurrent with vein deposition. Much of the vein material is highly fractured, and
faults generally form the margins of the main ore zone. These features suggest that
the latest movements on the host fault post-date the last stages of vein deposition.
The style of mineralization at the Montgomery-Shoshone mine is similar to
that at the Bond Gold Bullfrog deposit (Jorgensen et al., 1989). Most of the gold-silver
ore came from veins and breccia along a major, northeast-trending high-angle fault
that juxtaposes unmineralized and unaltered, to very weakly altered, post-Timber
Mountain rhyolitic to latitic rocks on the north against strongly altered rocks,
mainly of the Ammonia Tanks Member of the Timber Mountain Tuff, to the south.
Mineralization extends southward for as much as 0.5 km in and along several
north-trending quartz-calcite veins that occupy fractures and minor faults
(Jorgensen et al., 1989; Maldonado and Hausback, 1990). Faults and fractures that
control mineralization are part of the imbricate fault system associated with
extension above the OB-FC fault (Maldonado, 1990a).
A number of smaller gold-silver bearing quartz and quartz-calcite veins
similar to those of the Bond Gold Bullfrog and Montgomery-Shoshone deposits were
mined in the immediate vicinity of Rhyolite. The most notable workings include
those of the National Bank mine, where sheeted and stockwork veins of fine granular
quartz cut silicified and adularized tuffs of the Paintbrush Tuff and the Rainier Mesa
Member of the Timber Mountain Tuff. At the Denver-Tramp mine these units host a
system of subparallel steeply-dipping north-south-trending quartz-carbonate veins
up to 8 m wide that carry visible gold. The Denver-Tramp veins contain banded very
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finely granular to fine comb quartz that is locally amethystine, and pockets of calcite
that has been partially leached, leaving dark earthy manganese and iron oxides.
In addition to local silicification, mineralization in the Rhyolite area is
associated with local potash feldspar flooding and widespread adularization and
albitization of feldspar phenocrysts. Thin veins within the Rainier Mesa Member on
Ladd Mountain west of the Bond Gold Bullfrog mine have potash feldspar envelopes
up to 1 cm thick, and sheeted veins at the National Bank mine occur in hard rock
composed almost completely of secondary potash feldspar. In the Bond Gold Bullfrog,
Montgomery-Shoshone,

National Bank, and Denver-Tramp mines, near-vein
alteration consists of replacement of feldspar phenocrysts with adularia (Fig. 9a)
and(or) albite (Fig. 9b) and probable adularization of groundmass feldspar. Small
amounts of illite are present, generally intergrown with secondary K-feldspar and
quartz.
Strong phyllosilicate alteration is uncommon in the Rhyolite area, except
locally at the Montgomery-Shoshone mine.
Primary biotite is commonly preserved,
even in strongly altered rocks, reflecting the high activity of K+ needed to produce
adularia. At the Bold Gold Bullfrog mine pseudomorphs of limonite after pyrite are
present in oxidized rock, and unoxidized rocks contain 1-2% disseminated pyrite.
Near-vein alteration described above grades outward from mineralized
structures to much more subtle, but nevertheless pervasive and widespread illitecalcite ± quartz ± albite assemblages that could be considered propylitic in character
(e.g., Sander and Einaudi, 1990).
Chlorite-and carbonate-bearing assemblages have
been reported only from sedimentary and metamorphic rocks beneath the Original
Bullfrog - Fluorspar Canyon fault (Jorgensen et al., 1989).
All of the gold identified. visually in samples from the Rhyolite area was found
in fine granular and comb quartz. Very fine granular vein quartz is generally
present in gold ore, but was not seen to contain gold. Finely bladed calcite
intergrown with quartz in vein material from the Bond Gold Bullfrog mine is similar
to that observed in vein material from the Gold Bar mine. Acanthite is a major silverbearing phase in some ore at the Bond Gold Bullfrog mine and minor amounts of
chalcopyrite, galena, and sphalerite have also been reported (Jorgenson et al., 1989).
Cerargyrite was reported at the Montgomery-Shoshone mine by Ransome et al.
(1910). Secondary copper minerals are locally associated with gold at depth in the
Bond-Bullfrog mine (B. W. Claybourn, personal communication, 1991) and
tetrahedrite has also been identified (D. Brosnahan, personal communication, 1991).
This mineral association is similar to that at the Original Bullfrog mine.
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Ransome et al. (1910) reported that gold in the Bullfrog district
characteristically occurs as ciectrum in limonitic specks that represent oxidized
pyrite crystals. Electrum of this type is present at the Bond Gold Bullfrog mine as
well (Fig. 10a). We found other types of gold in the district. Electrum occurs as
contorted flakes between quartz grains (Fig. 1Ob) at the Bond Gold Bullfrog and
Denver-Tramp mines. SEM/EDX analysis shows that electrum in this form from the
Bond Gold Bullfrog mine has a composition of Au44Ag56. In addition, electrum and
gold are present in irregular lenses composed of quartz, limonite, chrysocolla,
acanthite, and uytenbogaardtite that are similar to mineralization described above at
the Original Bullfrog mine. The electrum (Au57Ag43 to Aus5Ag49) is in irregular
grains up to 1 mm in maximum dimension, and gold (Au72Ag28) is present as narrow
borders on elect.-am. The uytenbogaardtite is intergrown with gold (AU72Ag28 to
Au77Ag 2 3) and acanthite, and appears to replace electrum (Fig. 10c).

V~,

Most samples of veins and(or) altered volcanic rocks from the Rhyolite area
contain elevated gold and silver contents relative to unaltered silicic volcanic rocks,
but have low contents of other trace elements (Table 2). A sample of unusually rich
ore containing 9223 ppm gold and 2.1% silver from the Bond Gold Bullfrog mine is an
exception, containing high copper, lead, antimony, zinc, selenium, and tellurium. A
few samples contain anomalous Mo or Te, but copper is the only trace element that
correlates well with precious metals (Fig. 3). Copper reportedly increases in
abundance with depth at the Bond Gold Bullfrog mine (Jorgenson et al., 1989)
Arsenic is remarkably low; maximum arsenic content in samples that we obtained
from the Rhyolite area is 88 ppm, and arsenic values are not correlative with gold
(Figs. 3 and 6).
Alteration and mineralization in the Rhyolite area post-date deposition of the
11.4-Ma Ammonia Tanks Member of the Timber Mountain Tuff and are structurally
controlled by faults and fractures that formed in the upper plate of the Bullfrog
detachment system during the period of regional extensional faulting between 11.4
and 7.6 Ma. A K-Ar age of 9.5 i 0.2 Ma on adularia from the Montgomery-Shoshone
mine (Morton et al., 1977) indicates that mineralization took place there during this
period. Fault relationships and quartz-healed brecciation in the Bond Gold Bullfrog
vein suggest that mineralization took place during faulting and prior to the last
The similarities in structural control,
movements along the controlling structure.
mineralogy, style of veins, and alteration lead us to infer that mineralization
throughout the Rhyolite area took place at about the same time as that at the
Montgomery-Shoshone

mine.
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Mayflower-Pioneer

area

The Mayflower and Pioneer mines, about 12 km north of Rhyolite, were
developed between 1905 and the early 1920s, but little production was recorded
(Ransome et al., 1910; Comwall, 1972). The original gold strike at the Pioneer mine
consisted of mineralized gouge and breccia along a steeply southwest-dipping shear
zone (unpublished information, NBMG mining district files). At the Mayflower mine,
gold ore was found in a southwest-dipping fracture zone with sheeted to irregular
quartz-calcite veins (Ransome et al., 1910). Both mines are in rocks containing
adularia-albite-illite alteration and quartz-calcite veining similar to that in the
Rhyolite area. Host rocks include the Crater Flat Tuff as well as overlying coarse
volcaniclastic and megabreccia deposits consisting of debris that includes preTertiary rock and ash-flow units as young as the 11.4-Ma Tuffs of Fleur de Lis Ranch
(S. Weiss and K. Connors, unpublished mapping, 1990). The coarse clastic rocks are
overlain by rhyolitic tuffs and lavas erupted by about 10 Ma (Marvin et al., 1989;
Noble et al., 1991).
Analyses of a small number of mineralized and altered samples reported gold
values up to 15.3 ppm along with high mercury and antimony, but relatively low
arsenic. A vein sample from the Mayflower mine was found to contain contorted
electrum flakes in fine grey comb quartz with finely bladed calcite (Fig. 8c) similar
to that found in gold-rich veins in the Rhyolite area and at the Gold Bar mine.
Adularia from mineralized rock at the Mayflower mine has given a K-Ar age of
10.0 I 0.3 Ma (Jackson, 1988), consistent with stratigraphic constraints. This date
the adularia age-date for the Montgomeryoverlaps, within analytical uncertainty,
Shoshone mine, but is appreciably older than the date reported for adularia from the
Original Bullfrog mine.

DISCUSSION
Hydrothermal activity and precious-metal mineralization in the southern part
of the SWNVF took place over a period of approximately 4.5 million years that
overlapped with episodes of magmatic activity. Although all of the mineralization is
epithermal in nature, its style and geochemistry varies significantly from area to
area.
Silver-gold mineralization in the Wahmonie district differs from
mineralization in other parts of the SWNVF in that it is situated in the eroded
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remnants of a volcanic center dominated by rocks of intermediate composition.

K-Ar

ages indicate that hydrothermal activity at Wahmonie occurred during the main
magmatic stage of the SWNVP, and coincided with, or closely followed, the end of
magmatic and volcanic activity at the Wahmonie-Salyer volcanic center. Based on
mineral assemblages in ore, vein, and wallrock alteration, type of host rocks, and
available geochemical data, mineralization at Wahmonie comprises an epithermal
precious-metal system of the adularia-sericite type of Heald et al. (1987) or the low
sulfur type of Bonham (1989).
Available data show that base metals, arsenic, antimony and mercury at
Wahmonie are relatively low compared to high base-metal, adularia-sericite type
deposits (e.g., Creede, Colorado, Heald et al., 1987), and suggest kinship with high
silver:gold ratio, relatively base-metal-poor deposits such as Tonopah, Nevada (e.g.,
Bonham, 1989). However, the high bismuth and tellurium concentrations of the
Wahmonie district are not typical of adularia-sericite type precious-metal deposits:
these elements are more commonly associated with porphyry-related gold deposits
such as the Top deposit at Bald Mountain and the Fortitude and McCoy deposits in
Nevada (e.g., Bonham, 1989; Brooks et al., 1991). Two other characteristics of the
Wahmonie area suggest that exposed and near-surface mineralization may be
associated with an underlying porphyry system. First, subvolcanic stocks and
rhyolite dikes exposed in the central horst as well as geophysical evidence for a
pluton beneath the district are consistent with the presence of a buried, perhaps
Secondly, the presence of hypersaline fluid
composite, porphyry intrusion.
inclusions in quartz phenocrysts, secondary biotite, and tourmaline veinlets within
the porphyritic granodiorite argue strongly for at least some porphyry-type
activity.
magmatic-hydrothermal
Although it is apparently similar in age to Wahmonie, precious-metal
mineralization in the Bare Mountain district occupies an entirely different geologic
setting.
Mineral assemblages, chemistry, and style of Bare Mountain mineralization
and alteration are also markedly different from the Wahmonie district.
Stratigraphic, structural and radiometric age relations indicate that gold-silver i
mercury + fluorite mineralization in Bare Mountain took place during the main
magmatic stage of the SWNVF subsequent to the emplacement of the felsic dike
swarm. With the exception of the Secret Pass deposit, areas of gold-silver
mineralization in northern and eastern Bare Mountain have geochemical and
geologic characteristics of Carlin-type, sedimentary rock-hosted disseminated
deposits (e.g., Radtke, 1985; Bagby and Berger, 1985). Gold deposits in Bare Mountain
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consist of disseminated mineralization in sedimentary, hypabyssal. and extrusive
rocks with only minor quartz veining, little or no silicification, and common fluorite
and cinnabar. Alteration is mainly illitic to kaolinitic with decalcification ± silica
replacement of sedimentary rocks.
Lode deposit.

Remobilized carbon is conspicuous at the Mother

High contents of arsenic, antimony, mercury, and molybdenum as well

as anomalous thallium are associated with mineralization in the north and east parts
of Bare Mountain, and base metals are locally high. Silver contents, however, are
generally low, and silver:gold ratios are distinctly lower than in other areas of
precious-metal mineralization in the southern part of the SWNVF.
The Secret Pass deposit differs from the sediment-hosted deposits in host-rock
Although
lithology, alteration assemblage, and in having lower thallium contents.
significant veining and(or) silicification have not been reported at Secret Pass, the
alteration assemblage, perhaps strongly influenced by host lithology, best fits that of
the adularia-sericite type of epithermal precious metal system.
Gold-silver mineralization in Bare Mountain is clearly epithermal in nature,
and has features strongly suggestive of a shallow level of emplacement;
nevertheless, it is similar in several respects to Carlin-type disseminated deposits. As
Noble et al. (1989) proposed, the presence of a buried, granite-type porphyry
likel on the basis of geologic, geochemical,
molybdenum system in Bare Motns
propose that most f'the gold-silver deposits in Bare
and fluid inclusion data. ,.
Mountain provide exampaes of distal disseminated sediment-hosted deposits
genetically related to magmatic-hydrothermal systems (e.g., Sillitoe and Bonham,
1990) such as deposits in the Bau District, Sarawak (Percival et al., 1990), Purisima
Concepcion, Peru (Alvarez and Noble, 1988) and Barney's Canyon, Utah (Sillitoe and
Bonham, 1990).
Sediment-hosted precious-metal mineralization is also present within the
SWNVF at Mine Mountain. Structural relations and the K-Ar age of alunitic alteration
at Mine Mountain indicate that hydrothermal activity and mineralization were, at
least in part, concurrent with magmatic and volcanic activity of the Timber
Mountain magmatic stage of the SWNVP as first proposed by Jackson (1988). The
hydrothermal breccia veins, cinnabar, and chalcedonic quartz at Mine Mountain,
along with abundant mercury, arsenic and antimony (Table 2), are indicative of
Mine Mountain also possesses characteristics common to
epitherinal mineralization.
Carlin-type disseminated gold deposits, including association with a thrust fault,
occurrence in sedimentary rocks that are variably decalcified, veined, silicified
(including jasperoid) and cut by hydrothermal breccia, and the presence of barite
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veins. However, the high lead and zinc contents, low thallium contents, high
silvergold ratio, and abundance of quartz in veins at Mine Mountain are not typical
of Carlin-type deposits (e.g., Radtke, 1985).
On the basis of geology and trace element chemistry, Mine Mountain is similar
to the Candelaria silver district approximately 150 km northwest of Mine Mountain.
At Candelaria, disseminated silver ore is associated with thrust faults and intrusions
Carbonate-quartz
cutting Mesozoic sedimentary and igneous rocks (Moeller, 1988).
veins mined for silver, gold, lead, zinc, and antimony are present as well (Page, 1959).
Candelaria veins have lead, zinc, arsenic, antimony, and cadmium contents similar to
the Mine Mountain veins and also carry anomalously high mercury (Hill et al., 1986),
though not as high as at Mine Mountain. Alternatively, geochemical and geologic
data at Mine Mountain are consistent with more than one period of hydrothermal
activity that may, in part, have preceded development of the SWNVF.
A distinctly younger episode of mineralization is present in the Bullfrog
district. Hydrothermal activity in the district, at ca. 9 to 11 Ma, occurred during the
latter part of the Timber Mountain magmatic stage and may have extended into the
late magmatic stage of the SWNVF as proposed by Jackson (1988). The age of
mineralization in the Bullfrog district overlaps with a period of intense extensional
tectonism in the Bullfrog Hills that provided structural preparation for
mineralization, and may also have displaced mineralized rock.
Vein and alteration mineral assemblages, along with mineralization style and
host-rock lithology, show that mineralization in the Bullfrog district was the result
of adularia-sericite (low sulfur) type hydrothermal activity. Wall rock alteration in
the Bullfrog district, which includes large volumes of rock with subtle potash
feldspar and albite replacement of feldspar phenocrysts, is similar to alteration
described at Round Mountain, Nevada (e.g, Sander and Einaudi, 1990). Precious-metal
mineralization in the Bullfrog district is mainly restricted to several quartzcarbonate vein deposits that are similar to each other in texture and mineralogy.
The low content of precious-metal-related trace elements serves to distinguish
the Rhyolite area from other areas that contain economic gold and silver
mineralization in adularia-sericite systems. In comparison with such systems
elsewhere in the Great Basin (e.g., Round Mountain, Tingley and Berger, 1985;
Sleeper, Nash et al., 1990; Hollister, Bartlet et al., 1991; Rawhide, Black et al., 1991; and
Hart Mountain, Capps and Moore, 1991), altered and mineralized rock from the
Rhyolite area has the lowest overall contents of precious-metal pathfinder elements,
particularly arsenic, antimony, and mercury. Most, but not all, of the samples
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collected during this study came from the oxidized zone, and low metal contents might
be the result of supergene leaching; however, most of the data from the other
systems listed above are also from analyses of oxidized material. Rhyolite area
mineralization took place in an areally extensive hydrothermal system from which
typical epithermal and base-metal elements may have been flushed by late-stage
fluids. The uytenbogaardtite that appears to replace electrum in the Bond Gold
Bullfrog mine in association with acanthite may be evidence of such a
because uytenbogaardtite can only occur in equilibrium with acanthite
temperatures below 1130 C (Barton et al., 1978) Alternatively, Rhyolite
mineralization may simply have been introduced by fluids with lower

process,
at
area
base-metal and

pathfinder element budgets than those responsible for other volcanic-hosted
precious-metal deposits.
The Gold Bar mine in the northwest part of the Bullfrog district has a similar
lack of trace elements to mineralized rock at Rhyolite. In comparison, available trace
element data show that the Original Bullfrog and Mayflower mines have higher trace
element contents. The style of veining and occurrence of uytenbogaardtite in both
the Original Bullfrog and Bond Gold Bullfrog deposits indicates that physical
conditions were similar during precious-metal mineralization in widely separated
parts of the Bullfrog district, despite differences in trace element geochemistry.
Precious-metal deposits in the Gold Bar mine, Original Bullfrog mine, Rhyolite
area. Fluorspar Canyon , and Mother Lode mine are located within 2 km of the trace
of the OB-FC detachment fault (Fig. 2). Jorgensen et al. (1989) implied that deposits in
the Bullfrog district and Fluorspar Canyon resulted from the same hydrothermal
system. We believe that this is not the case. Mineralized rock in the Bare Mountain
district contains a consistent suite of trace elements that contrasts with the trace
element suite in the Bullfrog district, and the age of hydrothermal activity is
significantly younger in the Bullfrog district than in the Bare Mountain area.
Moreover, the quartz-carbonate ±t adularia veins and style of wall rock alteration that
are typical of the Bullfrog district are uncommon in the Bare Mountain area, and
large areas of unaltered rock separate the two districts.
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CONCLUSIONS
Strong differences in ore and gangue mineralogy, style of mineralization,
wall-rock alteration assemblages, and trace element chemistry between areas of
precious-metal mineralization reflect the variable geologic settings and chemical
diversity of hydrothermal systems active during the development of the SWNVP.
These systems were active over a period of about 4.5 million years that spanned
portions of the three magmatic stages of the field and gave rise to a broad spectrum
The presence of intrusive porphyry, trace element suites associated
with porphyry-related mineralization, and evidence for the passage of high-salinity
fluids suggest that mineralization during the main magmatic stage of the SWNVF at
Bare Mountain and Wahmonie was associated with porphyry-type magmatic systems.
At Wahmonie silver-rich vein mineralization of the adularia-sericite type is hosted
by an intermediate volcanic center, and is temporally and spatially associated with
At Bare Mountain, a genetic relationship between porphyry
subvolcanic intrusions.
magmatism and shallow Carlin-type gold deposits seems likely.
The relatively base-metal- and silver-rich system at Mine Mountain was
apparently active during the Timber Mountain stage of SWNVF volcanism. It shares
of deposit types.

features with vein and disseminated silver mineralization at Candelaria, Nevada, and
may be the result of mineralization from more than one hydrothermal system.
The style of mineralization and alteration in the Bullfrog district is similar to
other quartz-adularia precious-metal deposits in the Great Basin. The district
contains gold-rich deposits that are largely devoid of epithermal elements and basemetals. Hydrothermal activity was coeval with strong extensional tectonism and may
Mineralization in the
have continued into the late magmatic stage of the SWNVF.
Bullfrog district and some deposits in the Bare Mountain district were structurally
controlled by the OB-FC detachment fault system. However, differences in age,
mineralization style, and geochemistry' indicate that mineralization in the two
districts is unrelated.
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FIGURES
Figure 1. Map of the southwestern Nevada volcanic field showing major volcanic
centers and mineralized areas. BM = Black Mountain caldera, CF-PP= Inferred Crater
Flat-Prospector Pass caldera complex, CC = Claim Canyon cauldron, SC = Silent Canyon
caldera, SM = Stonewall Mountain volcanic center, TM-I = Timber Mountain caldera
complex 1, TM-II = Timber Mountain caldera complex II. Heavy dashed line is
approximate limit of SWNVF. Modified from Noble et al.(1991) and Byers et al. (1989).
Figure 2. Map of the south part of the southwestern Nevada volcanic field showing
caldera margins, mineral deposits. and other features cited. BB = Bond Gold Bullfrog
mine, D = Daisy mine, GB Gold Bar mine, GD = Goldspar mine, M = Mary mine, ML =
Mother Lode mine, MS = Montgomery-Shoshone mine, My = Mayflower mine, P =
Pioneer mine, S = Sterling mine, SP = Secret Pass deposit, T = Telluride mines. Heavy
dashed line shows approximate surface trace of the OB-FC detachment fault system.
Figure 3. Spearman correlation coefficients for trace element analyses in samples
from mineralized areas in the southwestern Nevada volcanic field.
Figure 4. Map showing mine workings and generalized geology for part of the
Wahmonie district. Modified from Ekren and Sargent (1965).
Figure 5. Backscattered SEM images showing precious-metal minerals in high-grade
ore from the Wingfield shaft, Wahmonie district: (a) threads or flakes of native gold
(bright) in cerargyrite (gray); (b) colloform layers of hessite (light gray) in
cerargyrite (grey).
K-'

Figure 6. Plots of Ag, As, Hg, and Cu against Au in samples from mineralized areas in
the southwestern Nevada volcanic field. Plots on the left represent samples from
Wahmonie ( K) Bare Mountain (X), and Mine Mountain (4&). Plots on the right are of
samples from the Bullfrog mining district: Original Bullfrog mine ( 0); Gold Bar mine
(0); and Rhyolite area (a).
Figure 7. Backscattered SEM image of electrum (e) in a veinlet with border of Sb-BiCu silicate (x) and inner zones of chrysocolla (c), acanthite (a), and uytenbogaardtite
(u). Sample is quartz + carbonate vein from the Original Bullfrog mine with 117 ppm
gold and 1100 ppm silver.
Figure 8. Reflected light photomicrographs of finely bladed calcite (dark) in quartz
from (a) Gold Bar, (b) Bond-Bullfrog, and (c) Mayflower mines.
Figure 9. Photomicrograph in cross-polarized transmitted light of (a) adularized and
(b) albitized feldspar phenocrysts from near-vein altered rhyolite in the Bullfrog
mining district.
Figure 10. Backscattered SEM photomicrographs of electrum in ore from the BondBullfrog mine: (a) clectrum replacing a limonitized pyrite cube; *(b) an irregular
flake of electrum; (c) electrum that is partially replaced by uytenbogaardtite.
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TABLES
Table 1. Generalized stratigraphy and geochronology of the southwestern Nevada
volcanic field.
Table 2. Median. maximum and minimum trace element contents of mineralized and
altered samples from areas of precious-metal mineralization in the southwest Nevada
volcanic field, based on analyses by Geochemical Services, Inc. All values are in
ppm.
Table 3. Trace element analyses of background samples from the southwestern
Nevada volcanic field. Analyses by Geochemical Services, Inc. All values are in ppm.
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APPENDIX F
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A GRAMCAL APPROACK TO MKINlEIL-SOLITION ZOUZERXA
DEImitS, K.S.
The familiar D-pH and other potential-potential diagrams
need to be turned inside out. Using conserved properties
as axes and contouring the potentials on the interior of
the diagram emphasisas that the potentials, like ED and
Following
pR. are usually symptoms and not causes.
Redlich's useage, the conserved properties are called
e
a=in = and the potentials
Coordinates, in this sense, are those properties which
of two solutions. They are indeare conserved an mix
Examples of coorpendant of pressure and temperature.
dinatens er 1) the SUmof silver (in all dissolved forms)
and 3) the *u of
per kilogram of water, 2) allinity,
all sulfur species per kilogram of water. On qraphs using
these coordinates vector sm work and the lever rule
correctly describes the mizing of solutions.
ForceS are independent of the volume of solutions they
can often be measured by inserting a probe into a large,
Examples of forces are gas presend unknown. volume.
sures. voltages across an electroet pair (tZ and pM).
solid phase solubilities, and aseorbance of light or
sound.
These diagrams associate one force as a mater variable
a typical choice would associate
with each coordinate.
Aqc ativity,
as a force, with the sum of all silver, as a
coordinate.
In addition to the two coordinates on the
page, any number of additional coordinates can be held
constant. In effect, the page is a two-dimensional slice
Specifying that the
through a siltidimensional system.
solution is in equilibrium with a solid always results in
eliminating one force and one coordinate. The electroneutrality requirement can be handled through an approEquilibration with a gas
priate definition of alkalinity.
volume, as during boiling. results in an apparent equilibrium constant incorporating Henry's Law. a set of
simultaneous nonlinear equations result. one for each
Roots of the equations are found in order to
coordinate.
produce contours of chemical species *sums or products ef
species, gas pressures, or electrode voltae es.
Even a relatively slow personal computer finds result
ahead of a pen plotter. Modern
fast enough to sy
workstations can compute *vhat-if- diagrams rapidly on the
screen. Examples Of geologically interesting diagrams
include the solubility of gold in the presence of iron
oxide and pyrite, and mixing of a gold bisulfide solution
with oxygenated water. An example from extractive
metallurgy optimizes the cyanidation of silver sulfide.
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Righ-grade * Au-A; telluride mineralization In thle Mayflower
Mine occurs In hYdrOthermally altered carbonates of the Middle
Primary element dispersion
Cambrian Meagher Formation.
patterns end hydrothersal alteration zoning eungest that the
mineralization and alteration were Principally guided by
detrital quarts-bearing. palsio-tidal chennels in rho vertical
to overturned Meaghar Formation where this unit is cut by the
Late Creteceous to Paleocene Mayf lover fasuit. Proximity of
th. Mayflower aineralizetion to the deep-seated. Mayflower
fault and lateral geocebmical zoning slang strike of the
the fault suggests that the
Ileagiler Formation avay fro
Ma~fllower I suit acted es a source conduit for the hydrothermal
fluids. With increasing dietance .freom the Mayflower I cult,
Cu. Ph. Ag, Amand V decrease. Kin ed MgtOIncrease. end Kg.
TI, Ae. end Zs teed to remain tUe same or thaw a alight
increase. Vertical zoning is evident by en increase in basemetals and Ag to the presently axpiored depth of 670 a.
Alteration and geochemistry Is zoned relative to the pasiotidal channels with: 1) a oentreal sone of quartz. adularia end
rosccelite anomalous in ?e, V. Un. Ho. end fh; 21 a proximal
Bone of quarts and adularias and 3) a distal zone of
hydrothermal dolomite with anomalous fln. The quartz-adulerle
and dolomite zcons show significzt increases in sic. and ro
and Vigo respectively relative to unaltered carbonates of thie
Neaglier Formation. Anomalous Mg, T11 As, end Cu overlap zones
I and 3. Hiqh-grade. gold and silver mineralilatian is beat
developed in and adjacent to sane 1. The &ajor controls on
elamant dispersion are principally: I) lithoiog3ic (permeable,
Pa leo-tidal chamois. reactive carbonates med hydrothermal
alteration),* 21 structural (deep-seated, Mayflower fault as a
fluid conduit), and 2) distance from source (lateral along
strike and vertical along palto-tidal channels) that may also
reflect changes in the chemistry. pressure end temperature of
the hydrothermal fluids.
COMPOSMTONAL CONTROLS ON THE GOLD CONTENTS OF SIUCIC
VOLCANIC ROCZS
tSL.
Y. NOBLE. D.C.. WEISS. S. L and BSLSEY. S.D.
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APPENDIX G

EOS, Trans. Am. Geophys. Union,
v. 72, p. 570.
N\
Ash-Flow Volcanism of Ammonia Tanks Age In the Oasis Valley Area, SW
Nevada: Bearing on the Evolution of the Timber Mountain Calderas and the
Timing of Formation of the Tlmber Mountain 11Resurgent Dome.
K A Connors (Mackay School of Mines, University of Nevada-Reno, Reno,
NV 89557)
E H MeKee (US OeoL Survey, 345 Middicfleld Rd, Menlo Park, CA 94025)
D C Noble and S I Weiss (both al Mackay School of Mines, University of
Nevada-Reno, Reno, NV 89557)
A sequence or four ash-Now sheets of nearly the same age Is exposed In the
Oasis Valley area north of Beaty, Nevada. The sequence begins with the
Ammonia Tanks Member (ATM), the second of the two major ash-flow sheets
of the Timber Mountain Tuff (MT). More than 600 m of the ATM is exposed at Oasis Mtn., where the unit ips to the east. Our mapping has shown
that the ATM composes the bottom of the sequence exposed south of Fleurde-Lis Road (FDLR), where It was previously identiled by others as the older
Rainier Mesa Member (RMM) of the TMT. The ATM is compositionally
variable, ranging from tuff containing abundant hornbiende. biotte and plagloclase with little quartz and sanidine, to high-Si rhyolhie with abundant large
rhen cvtso
oruarrz and sanidine. East of Oasis Mtn. the ATM iLs overl31n by
hne-graniac
bustrlne s~edimentary rocks wvith Interbeds of fresh-water limestone. These are overlain by the turfs of i-:eur-de-Lis Ranch (TFL), which
consist ofdtwo local units ofquanrz-poor, plagboclase- and botite-rich tufHs that
lack sphene, and arc separated by aunit of rhyolite lava. The first TFDL unit,
which Contains abundant lithics, including granitic and metamorphic rock, can
be traced only a short distance south of the FDLR where It pinches out
between the ATMu-i and overlyin rhyolite lava Sows. The rhyollie lva fowws
also pinch out just south of the FDLR To the south the second TFDL sheet
directly overlies the ATM. The second TFDL unit has smaller phenocrysis
and contains clinopyroxene, which Is lacking in the first. The to of the
sequence Is an ash-fow sheet Identified as the turf of Cutoff Road (TCR) by
USGS geologists (USGS Prof. Paper 919, P. P. Orkild, oral commun., 1991).
Our work supports this correlation The TCR is poor In quartn, but contains
abundant horablende and sphene. This unit generally overlies the second
-ITFDL unit conformably, with the contact marked by a cooling break. Directly
be a slight angular discordance and a
cast f Oasis Mtn, however, there nmay
thin, discontinuous debris-flow breccia is present which contains blocks of the
second TFDL unit; here, the cooling break Is equivocal.
The Ammonia Tanks Member has been precisely dated at 11.44
t 0.03 Ma by
Fleck et al. (1990), the age being an average of a number of 40Ar/"Ar ages determined by the USGS, Menlo Park, CA. Noble e al. (1990, 1991) published
an age of 114A 0.1 on the TCR at Oasis Valley. This age was rounded from
the value of 1138 (or 11.42 weighing individual determinations according to
the Inverse of their uncertainty) obtained by averaging six high-precision laser
fusion 4OArP9Ar age determinations made at the Berkeley Seochronology
Center. There may be differences of as much as 1.5 percent between ages
reported by the two laboratories, with Berkeley ages being older. ThIs appears
to reflect both differences in monitor age value (ca. 1%), peak measurement
procedures, and/or Irradiation flux.
The thick sequence of tuffs of the coeval ATM, TFDL and TCR support the
Oasis Valley area as the location for the western margin of the Timber Mn. I
caldera. Secondary flowage features In the uppfer part of the ATM at Oasis
Mtn. probably resulted from over-steepening o the very thick sequence of hot
turf as it compacted against the topographic wall of the Timber Mtn. I caldera
located west of Oasis Mtn. Uthic fragments as large as S m In diameter present In the ATM at Oasis Mtn. may have travelled from the vent area of the
Timber Mtn. 11 caldera, facilitated by the considerable elevation difference between the resurgent dome of the Timber Mtn. I caldera, Itself further uplifted
by AMT magma, and the western moat of the Timber Mtn. I caldera. The
blocks may also have been derived from the nearby wall of the Timber Mtn. I
caldera. The local occurrence of the ash-flow units and the absence of sphene
suggest that the TFDL may not be related to the ATM magmatic system, but
rather to a discrete system In the vicinity of the western margin of the Timber
Mtn. I caldera.
The age of the TCR appears to be, at most, 0.2 to 03 Ma younger than the
Ammonia Tanks Member. To the east, in the Transvaal Hills, the TCR overlies the turf of Buttonhook Wash (TBW) (P.P. 919). As the TBW unconformably overlies the ATM along the western flank of the resurgent dome
of the Timber Mtn. 11caldcra, the TCR must post-date resurgence, and the age
of the TCR provides an upper limit on the time of resurgence. The high-prccision ages and stratigraphic and structural data demonstrate that, as In the
Quaternaqy Long Valley, Yellowstone and Valles calderas, rcsurgencc of the
Timber MIL.11ealdera took place very shortly after eruption and subsidence.
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MICROEARTHQUAXES AT YUCCA KOUNTAIN,

NEVADA

James R. Brune, Walter Kicks, and Arturo Aburto
Seismological Laboratory and Center for Neotectonics
University of Nevada, Reno
ABSTRACT
We operated a microearthquake array in the neighborhood of the proposed
high level nuclear waste repository at Yucca Mountain, Nevada. The array consists
of four high-gain (up to 34 million), narrow band (25 hz) telemetered stations.
Based on approximate magnitude calibration of the array we expect during
quiet periods, for distances less than 15 km. complete recording of events at
Yucca Mt. for K a -1. We have operated the four stations for 12 hour periods
overnight between August and October, 1990 and intermittently afterward, until
April, 1991, when we began more or less continuous operation.
The pattern of microearthquake activity confirms the existence of a zone
of seismic quiescence In the vicinity of proposed repository. We recorded only
about 10 events with S-P times less than 3 sec. (&< 24 km). Most events had S-P
times between 3 and 6.5 sec., consistent with the higher seismic activity at
distances between 24 and 52 km observed by Rogers et al.. (1987), and Gomberg
(1991). Oliver et al. (1966) found, contrary to what has been observed by us for
Yucca Mountain, that in seismically active areas, most of the events had S-P
times less than 3 sec. We confirmed this expectation for four microearthquake
stations near Mammoth Lakes, where we observed uicroearthquake rates of over 100
per day, most with S-P times less than 3 seconds. Extrapolation of seismicity
data from the Southern Great Basin Seismic Network confirms the low
microearthquake activity in the immediate vicinity of Yucca Mountain.
INTRODUCTION
The proposed high level waste nuclear repository at Yucca Mountain, Nevada,
would be one of the largest and most important construction projects ever
undertaken by mankind.
Tectonic stability is a crucial issue because the
facility must be engineered to specifications for 10,000 years in the future.
There are many questions that need to be answered concerning earthquakes,
volcanic activity, and the response of the facility to excavation and thermal
stressing from the 70,000 tons of high level radioactive material expected to be
stored at the site. There are unanswered questions relating to the interaction
of the tectonic stress field and the hydrologic regime of the region.
Hydrofracture experiments have been interpreted to indicate possible incipient
Important questions and uncertainties
normal faulting (Stock et al., 1985).
about the site ate expected to be answered by the Site Characterization Plan,
which will last at least several years and cost billions of dollars. Because of
the critical importance of understanding all tectonic, geological, and
geophysical aspects of the site, we undertook extended microearthquake monitoring
there.
Submitted to Bulletin of the Seismological Society of America. May 1991.
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PREVIOUS STUDIES
Previous seismicity studies of the region have been based primarily on data
from the Southern Great Basin Seismic Network (SCBSN), currently consisting of
55 stations operated by the USGS (Rogers et &I., 1987; Comberg, 1991). The
station spacing is denser (a few km spacing) in the immediate neighborhood of
Yucca Mountain. Gomberg (1991) has estimated that the detection threshold of the
array is about ML - 0.1-0.3. but there is considerable uncertainty in this
because magnitudes are determined based on both the Richter ML scale and oh a
duration scale, and many smaller local events are recorded at only a few stations
near the epicenter, while larger events may saturate the records.
Several features of the spatial seismicity pattern are discussed in the
Rogers et al. (1987) an Gomberg (1991) studies.
There is a concentration of
seismicity in regions of previous nuclear testing, at a distance of several tens
of kilometers from the Yucca Mountain site, but It is unclear how much of this
is directly connected with nuclear testing. Of most importance to this study is
the almost complete lack of seismicity near Yucca Mountain.
It is not known
whether this is simply a result of statistical temporal and spatial variations
in seismicity or whether it is closely connected with some aspect of the strain
field. Gomberg (1991) suggests that the "gap* in seismicity may be either a gap
ready to be filled by a large event, or simply a region where shear strain is not
accumulating. Parsons and Thompson (1991) suggested that volcanic magma pressure
could temporarily lock up faults in a region of active volcanism. They suggested
that this might be the case for the region of low seismicity at Yucca Mountain.
Continued monitoring of seismicity should help to answer some of these questions,
especially if coupled with accurate measurements of the strain field, which we
have proposed be carried out at the site.
Kicroearthquake surveys have been made in several areas of Nevada and
California. Oliver et al. (1966) recorded microearthquake rates in northern
Nevada ranging from several per day to over two hundred per day (magnitudes
mostly less than zero), with highest rates observed in areas of recent faulting.
Rates at all sites were considerably higher than in aseismLc areas. Molnar et
al. (1969) operated high gain microearthquake seismographs for several weeks
before and after the nuclear explosion Benham (at nearby sites in Nevada and
California). Although a pronounced increase in seismic activity was observed in
the immediate vicinity of the explosion, no significant increase in activity was
observed near ( <25 km) any of the microearthquake recording sites, indicating
no far field triggering of microearthquakes by either the dynamic or static
change in strain field associated with the explosion. An average of about 1 event
per day was detected by the experiment, considerably less than observed by Oliver
et al. (1966). This could in part be a result of different instrumentation, but
was also probably due to the lower level of tectonic activity in southern Nevada
as compared to the northern and central Nevada sites occupied in the Oliver et
al. (1966) study.
Brune and Allen (1967) carried out a microearthquake study along the San
Andreas Fault System in southern California and found that short term activity
is not necessarily positively correlated with long term activity and seismic
hazard, even though in this study and others there is a general similarity
between microearthquake activity and macroseismicity. Observed microearthquake
activity varied from more than 75 events per day in Imperial Valley to virtually
nil along the central section of the San Andreas fault (near Palmdale and Lake

Hughes). The area of minimal microearthquake activity along the central segment
of the San Andreas fault, the very segment which broke in the great 1857
earthquake, is a particularly dramatic example of a lack of correlation between
In a related study Wesnousky
microseismicity and long term fault activity.
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INSTRUMENTATION
Host of the previously discussed microearthquake studies were carried out
with portable seismographs. However, we felt that because of the importance of
the site, microearthquakes should be monitored as close to continuously as
Therefore we decided to test more or less permanent sites, and
possible.
transmit data continuously back to the Seismological Laboratory at the University
of Nevada, Reno. This was accomplished via radio links to a nearby microwave
relay station (see Figure 1). Four sites were selected, two on Yucca mountain
near the Solitario Canyon fault (YNB and YYH), one about 5 kilometers to the west
in Crater Flat (YCF), and one still further west on Black Cone (YBC) near the
center of Crater Flat. The YBC station on Black Cone is important for monitoring
any microseismicity which might be associated with the relatively young volcanic
activity in Crater Flat. The instrumentation and telemetry setup is illustrated
in the block diagram in Figure 2. Because we are using a full radio channel
bandwidth for each station (single vertical component) we have higher dynamic
range, and associated signal to noise ratio, than is possible for the usual
situation of placing several channels on one radio band. The seismometers we are
using are Geotech GS-13 instruments. The amplifiers and band pass filters peak
the system response near 25 hz to help give high gain and relatively low noise
level. Of special interest and importance to the experiment is the high dynamic
Because true
range digital chart recorder, a Astro-Med Inc. DASH IV.
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recording, because the trace does not saturate or become faint or non-linear at
high amplitudes. Since the signal is relatively narrow band, there is little
need for actual storage of the bits of digital information. The four signals
from the four stations are recorded continuously on four traces of the recorder
paper going in one direction, and four traces in the other direction, giving two
days of recording on each role of paper. In the initial part of the study in
August through October we ran at approximately twice this chart speed, and only
recorded at night, except for special occasions.
The response of our system with recording sensitivity set at 1 volt full
scale is compared with the USGS, Yucca Mountain S13Y system as given in Rogers
et al. (1987) in Figure 3. Of course the actual useful sensitivity of the system
depends on the trace noise level at each setting. We found that we could operate
the system as shown in figure 3 with less than 1 mm noise trace amplitude during
quiet nights with little wind. We could occasionally record with twice the
sensitivity for short periods of time. During windy periods we often reduced the
sensitivity because the trace noise level exceeded (sometimes greatly) 1 mm. The

chart recorder automatically records the gain settings of each channel along with
the approximate time. The response curve shown in figure 3 suggests that during
the quietest periods of operation we should be able to detect events 1 to 2
magnitude units lover than the USGS stations.
SEISHOGRAMS
Typical records are shown in figures 4 ab. Figure 4a shows an event
arriving from the west (first at YBC) with an S-P time of about 2 sec at YBC.
This event did not trigger the USGS automated system. Figure 4b shows a more
distant event (about 15 see S-P time) along with an explosive sonic which could
be confused with an earthquake if four recording stations had not been available.
The use of four stations is critical for identifying small events when the noise
level is relatively high, because sonic events always show a slow moveout (slow
sonic velocity) whereas earthquakes appear to arrive nearly simultaneously at the
stations, and a trained observer quickly learns to distinguish earthquakes from
sonic bursts and other noise.
Figure 5 shows typical events with short S-P times at the Yucca Mountain
microearthquake array.
None of these events triggered the USGS automated
recording. These events are relatively rare and only a few were recorded during
the first three months of operation. The magnitudes are estimated to be about
0 to -1 (see later section). This qualitative observation confirms a very low
rate of microearthquake activity at Yucca Mountain, consistent with the low
seismicity for higher magnitudes observed by Rogers et al. (1987) and Comberg
(1991). Of particular note is the lack of events with short S-P times, less than
three seconds (see dashed curve, Fig. 7). Oliver et al. (1966) found that in
seismically active areas most events had S-P times less than 3 seconds, as might
be expected because of the rapid attenuation with distance of 30 hz energy. This
qualitative observation of few events with short S-P times further emphasizes the
relatively low microearthquake activity in the immediate vicinity of the
microearthquake stations at Yucca Hountain.
Because we wished to validate the operation of our system, and the
qualitative arguments given above, we temporarily transferred the recording to
four stations in the Mammoth Lakes region (Red Slate Mountain, Casa Diablo Hot
Springs, Deadman Pass, and Montgomery Pass), with filters applied to give
approximately the same response shape as the Yucca Mountain stations. Typical
seismograms from the Mammoth region are shown in Figure 6. As expected from this
highly active area the great majority of events has s-p times less than three
seconds (Figure 7), and mLeroearthquake rates were orders of magnitude higher
than at Yucca Mountain, over a hundred events per day.
DISTRIBUTION OF S-P TIMES
A careful count of all events with short S-P times was made from the Yucca
Mountain recordings, and compared with results from the Mammoth Lakes region.
Results are shown in Figure 7. The dashed line histogram indicates the results
from Yucca Mountain for 600 hours (25 cumulative days) of low noise recording.
Most of the events recorded have S-P times between 4 and 10 seconds, with a peak
at about 6.5 seconds. The relatively few events recorded with S-P times less
than three seconds confirms the relatively low microearthquake activity in the
immediate vicinity of Yucca Mountain. The overall microearthquake rates with S-P
times less than 10 seconds (distances less than about 80 km) was about 5 events

per day, but the number of events per day with S-P times of less than 3 seconds
was less than 1 event per 5 days. In contrast the events from the Mammoth
region almost all had S-P times less than 3 seconds, (solid line, Figure 7) and
the overall rates were over a hundred events per day.
ATTENUATION AND MAGNITUDE DETERMINATION
In order to approximately calibrate our system with respect to SGBSN
magnitudes we estimated an amplitude versus distance attenuation curve for a
magnitude zero earthquake (as inferred from the SGBSN). We obtained a number of
on-scale recordings of events which were given magnitudes from the SGBSN. In
some cases the gain was considerably lower than shown in Figure 3 so that
recordings were on scale for events large enough to trigger the SGBSN. We then
plotted, as a function of distance, the following quantity:
Log A,(x) - Log A(x) - N
where A. is the estimate of the amplitude of a magnitude zero event at a distance
x, A is the trace amplitude (zero to peak) recorded on our system, corrected to
a recorder sensitivity of 1 volt per millimeter, and X is the SGBSN magnitude.
The results are shown in Figure 8. The black dots are individual estimates
to the data based on
The solid curve is an approximate fit
of Log AG.
theoretical attenuation curves forced to pass through the mean of the data near
Beyond 50 km the theoretical curve has a shape
a distance of 50 km.
corresponding to geometrical spreading proportional to the inverse square root
of distance and a Q (at 20 hz) of 800 (with a small correction for scattering and
dispersion). For distances less than 50 km the theoretical curve corresponds to
geometrical spreading proportional to the inverse of distance and a Q of 400,
corresponding to a lower Q, and to inverse distance spreading, as might be
expected at shorter distances. For the purposes of this study the derivation of
not important, as they. were constrained to have
the theoretical curves is -.
parameters giving an approximate fit to the data in order to define a curve to
be used in the approximate definition of magnitude. As a further comparison, the
curve obtained by Frankel et al. (1991) from narrow band filtering (at 30 hz) of
records form the ANZA seismic array is shown (forced to go through the same point
at a distance of 50 km). At short distances we would expect the attenuation at
ANZA to be similar to that at Yucca Mountain since at close distances the
Because of the low
attenuation due to differences In Q will be minimized.
microseismicity at Yucca Mountain, and consequent lack of data points at near
distances, we wanted an independent estimate of the shape of the attenuation
curve. This is provided by the results of Frankel et al. (1991) since they made
observations with a narrow band system similar to that used by us.
If we accept the solid curve in figure 8 as our definition of magnitude,
it indicates that we should be able to record events down to magnitude about -1.5
at distances of about 10 km (with amplitudes of >1 mm). If we take the Frankel
et al. (1991) curve, the estimated magnitude of on event with lmm trace amplitude
is less than -2. These results are consistent with the relative magnification
curves for the Yucca Mountain and SGBSN stations shown in figure 3. We conclude
that if many events with magnitudes greater than -1 were occurring at Yucca
Mountain, we should have easily observed them.

B-VALUES AND ESTIMATED MICROEARTHQUAKE RATES
Gomberg(1991) estimated the seismicity distribution for the SGBSN using the
Gutenberg-Richter relationship(Cutenberg and Richter, 1941, 1954):

log K(K) - a-bM
where N(K) is the number of earthquakes with magnitude K, and a and b are two
This equation can be
constants derived from the seismicity distribution.
extrapolated to estimate the number of earthquakes occurring in a magnitude range
not covered by the SGBSN data. Gomberg fits two curves to the SGBSK data. The
curve which predicts the lowest number of events near magnitude zero has
constants a-4.56 and b-1.27 (for magnitude intervals of 0.1 magnitude units).
Correcting the area covered by the SGBSN to a region of hypocentral distance
equal to 24 km (s-p time equal or less than 3 sec), and correcting from the time
period of the SGBSK data set (7 years) to the time of quiet operation in our data
set (25 days) gives an estimate of 89 events with magnitude greater than -0.5
which should have been observed by us if the seismicity level at Yucca Mountain
were the same as the average seismicity over the whole SGBSN for 7 years. If we
extend the magnitude range to -1.5, (which should have been detected by us, see
above), the estimated number of events would be over several hundred. Since we
only observe a few events with s-p times less than 3 seconds, this calculation
confirms that the current microearthquake rate in the immediate vicinity of Yucca
Mountain is much lower than the average for the SGBSN region.
CONCLUSION
We have operated a sensitive, narrow band, 4-station telemetered
microearthquake array in the immediate vicinity of the proposed high level
nuclear waste repository at Yucca Mountain, Nevada. Microearthquake rates were
found to be very low, lower than for tectonically active areas in northern
Nevada, lower than most sites in southern California. and lower than the average
microearthquake rates for the whole region of southern Nevada monitored by the
Southern Great Basin Seismic Network. The existence of a region of very low
microearthquake activity in the immediate vicinity of the Yucca Mountain site Is
consistent with the low rate of macroseismicity observed in the same region by
Rogers et al. (1987) and Gomberg (1991). Explanations suggested for the low rate
of activity have ranged from low shear strain accumulation, to a possible seismic
gap related to a future large earthquake (Gomberg, 1991). or possible magmatic
locking by a build up of magma pressure in the Crater Flat region (Parsons and
Thompson, 1991). The lack of microearthquake activity has potential importance
relative to the suggestion that the region is near incipient normal faulting, as
suggested by some hydrofracture measurements- (Stock et al., 19B5). No matter
what the explanation for the current low rate of microearthquake activity, it is
very important to continue monitoring the site to establish a base line of
activity from which to judge the effects of future mining activity and thermal
loading from radioactive decay.
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Real-Time Analogue and Digital Data Acquisition
through CUSP
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University of Nevada
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Abstract
The University of Nevada Seismological Laboratory operates an array of 60 analogue
short-period and 10 three-component digital telemetered seismic stations, 90 data traces in all,
in Nevada and eastern California. Formerly, the seismic data streams were recorded and processed on three separate computers running disparate software and writing incompatible data
formats which made access to the digital data quite cumbersome.

These systems were

recently replaced by a single computer system, a Microvax II running VAX/VMS, together
with Generic CUSP (Caltech -U.S.G.S. Seismic Processing System), a controlled software
system from the U.S.G.S. in Menlo Park. Telemetered digital data is stored simultaneously in
two ways, unique to this network. First, the data is brought asynchronously into the computer
using a standard direct-memory access interface and recorded continuously on an Exabyte 8nun helical-scan tapedrive. Second, the data is passed through a D to A converter and intermixed with the incoming analogue data stream used for routine network processing. In this
way, calibrated digital waveforms are available in the routine data processing stream used to
locate earthquakes. At the same time, this allows easy access to this data in research applications involving the processing of seismic waveforms.
Introduction
The University of Nevada, Reno (UNR) operates a seismic network covering western
Nevada and eastern California (Figure 1). This network has been funded almost entirely by
federal grants and contracts directed at addressing specific scientific problems involved with
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-2the seismicity in this active region. The Defense Advanced Research Projects Agency has
funded recording of Nevada Test Site explosions for basic studies of the seismic source of
nuclear explosions and for regional studies aimed at improved understanding of regional
waveform propagation, crustal structure, and attenuation. The U.S. Geological Survey has
funded operation of this network for almost two decades under a variety of auspices, most
recently the National Earthquake Hazards Reduction Program, whose recent emphasis has
been the intense earthquake sequence at Mammoth Lakes - Bishop which has been underway
since October of 1978 and continues to this writing. The Department of Energy has funded
work aimed at delineating shallow-crustal magma bodies in the western Great Basin, especially near Mammoth Lakes. The Nevada Nuclear Waste Project Office has recently funded a
major systems upgrade in connection with the Yucca Mountain site characterization study in
progress by the Department of Energy. This paper discusses some unique aspects of this system upgrade, which may be of interest to other network operators.
UNR has been acquiring seismic data and recording it via digital computers since 1981.
In 1981, using support from the Air Force Office of Scientific Research, an array of three 3component digital stations was installed in Nevada. The data from this system were brought
into the Lab via telephone lines and radio links and recorded on a PDP 11/23 computer running RT-11. Digital recording of the standard telemetered analogue network commenced in
May of 1984, replacing the analogue recording system that had been in place since the late
1960s. Starting at this time the recording system was the U.S.G.S. - sponsored on-line, offline processor system. The "on-line" processor, a PDP 11/34 running RSX-IIM, was dedicated to event detection; software for this system was written by Carl Johnson at Caltech.
Incoming analogue signals were digitized and presented to a memory buffer. A triggering
algorithm, based on the ratio of short-term to long-term signal averages, was run over this
memory buffer to decide if an earthquake had occurred. If the occurrence of an earthquake
was declared, then the memory buffer, with pre-trigger information stored, was written to a
magnetic tape. Thus, the new network system became an event-triggered digital system rather

1-2 0

- 3than a system in which all of the incoming data were recorded in analogue form. Analysis of
the seismic data was accomplished on the "off-line" processor, a PDP 11/70 running Berkeley
UNIX Tapes written by the 11/34 were read on the ll7O, demultiplexed, and phase timing
and locations were accomplished interactively on a storage tube terminal (Tektronix 4014)
using the interactive PING and PONG programs, developed at the University of Washington
by Steve Malone and Don Leaver, for timing and event locations. The system of three computers was replaced in 1989 by a single computer, a Microvax H running VAX/VMS and
using the Generic CUSP software developed by the U.S. Geological Survey at Caltech and at
Menlo Park (principal authors Carl Johnson, Robert Dollar, and Peter Johnson). A seismic
Bulletin covering the entire operation of this first-generation system through 1989 is nearing
completion (Peppin and others, 1991); bulletins covering seismic observations on the UNR
network extend back to 1969.
One major change in the UNR network since 1984 is that, through the efforts of UNR
technical staff (especially Walter F. Nicks), the entire seismic data stream is brought to Reno
via microwave linkups, thus eliminating the great yearly cost of bringing in signals by telephone lines. In addition, the development of this technology at UNR (e.g., using home-built
microwave equipment) gives us the ability to deploy seismometers almost anyplace in Nevada
and bring in signals via microwave, thus providing the possibility to cover aftershock
sequences using CUSP directly. Recently, we deployed an array of four high-gain stations
near Yucca Mountain which are brought into Reno using UNR-built microwave equipment.
This is recorded by CUSP and on a continuously-recording analogue stripchart recorder used
to scan for microearthquakes.
The Microvax

-

CUSP System

The CUSP processing system (Johnson, 1983; Dollar and Johnson, 1988; Lee and
Stewart, 1989) offered several advantages to us at UNR which dictated its selection from
among the several choices available. First, CUSP has had very extensive field testing, as it
has been involved in routine data collection at two of the largest seismic data acquisition sites,

-4the California Institute of Technology in Pasadena and the U.S. Geological Survey in Menlo
Park. Newer systems based on either PCs or UNIX-based processors take advantage of newer
hardware technology, but do not have the extensive history of shakedown behind the CUSP
software. Second, because of our long association with the U.S.G.S., we felt that it was wise
to adopt a new network data recording strategy consistent with their operation, so that we
could obtain support of systems operations from them, and so that our areas of overlapping
interest and networks (e.g., the Long Valley caldera region) would be recorded in a compatible fashion.. This section describes general features of CUSP which pertain to the UNR
seismic network.
The CUSP system was originally developed on Digital Equipment Corporation (DEC)
computers of the PDP 11 family in 1983, and then later migrated to Vax and Microvax computers. Generic CUSP is a body of software which is controlled in the way that commercial
software packages are controlled. When CUSP is modified, the various CUSP installations
receive a copy of a directory structure containing this software. The update is accomplished
simply by copying this distribution to the disc and discarding the older directory tree (once
testing of the new software is complete). In this way, CUSP sites are freed from the responsibility of supporting the code, which occupies some 25 Mbytes and which contains a wealth of
extremely useful software, not only to support the main purposes of CUSP, but which can
give excellent support to research projects as well. A manual (Wald and Jones, 1989) provides an excellent guide for researchers interested in making use of CUSP data. An extensive
on-line help facility is also provided.
The main purpose of CUSP, and the reason for its development, derives from the general
task of acquiring seismic data from remote field sites. Originally, this exclusively entailed
acquisition of analogue signals from outstations, usually transmitted by FM radio or
microwave, to a common recording site. At this central site, these signals were recorded on
either an analogue or a digital medium, which were later scanned for events of interest. With
the onset of digital recording, only selected time segments were recorded digitally (discrete
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-5 event recording), with the entire frequency-modulated analogue data stream recorded continuously on analogue magnetic tape.
"Selected time segments" was a demanding requirement in the days when discs could
only hold a few tens of Mbytes, and continues to be a problem today: in large networks such
as ours, it is not yet practical to retain the entire incoming data stream (Gbytes/day). Streaming and/or helical scan tape and CD technology have made this choice a possibility, but for
routine network analysis it continues to be cost effective to use discrete event recording.
CUSP, as with most other comparable systems, is an event-detection system. The CUSP
package consists of several programs which run concurrently. One of the programs (CORE)
maintains a circular first in - first out buffer of the incoming data stream in memory. Another
program SCARAB writes disc files from computer memory when the event detection program
SPIDER declares an event and marks a piece of the data stream to save. From this point the
disc files are automatically demultiplexed and "thrashed" to eliminate noise traces. Data
acquisition from the incoming analogue data stream still amounts to 75 Mbytes/day on a system where the open storage ranges between 150 and 300 Mbytes. Mass-storage management
is an important design feature of CUSP, permitting quick reconfiguration of the destination of
data being recorded by the system, e.g., during major aftershock sequences.
A problem with the traditional data collection scheme is that it takes no account of the
fact that seismology has progressed to digital data acquisition, in which the incoming seismic
data arrives not as an analogue signal, but as a pre-digitized bit stream; mixed-mode networks,
in which both analogue and digital data streams arrive at the central site, are becoming common. Up until recently, this entirely different mode of data transmission has made it necessary to record such incoming data streams on a separate computer system, with the attendant
problems and headaches of merging data and system incompatibility. In our case, digital data
extraction from the day tapes written by the PDP 11/23 was very laborious, which
discouraged abundant use of this excellent data set.
Resolution of this problem, that is, how to record the digital data in a way which would

-6allow relatively easy access to it, was a main goal of our recent transition from the former
system to CUSP. The University of Nevada now records both the analogue network data
stream and the asynchronous digital data stream on the same Microvax HI system using two
separate real-time CUSP processes, but in a configuration which is unique to CUSP sites at
this writing as described below. Because CUSP was designed to be general and flexible, the
recording of both data streams on a single computer required changing only one variable
within the entire body of CUSP code. The UNR software contribution was the development
of the program PICKEM to do interactive timing and location of earthquakes. This program
is intended not only for use in routine analysis, and for upward compatibility with future
CUSP software, but also to support research use of the CUSP data.
In addition to the routine acquisition and analysis of the analogue and digital network
data, the CUSP system is used at UNR in an entirely different environment involving laboratory measurements of motions in a foam rubber model (J.N. Brune, Principal Investigator).
The application here is to record accelerations from several tens of sensors located in a system
of foam blocks which is operated to produce stickslip motions. The frequencies involved
reach the kHz range. Data are recorded from this experiment on a VAXstation/GPX running
the third realtime CUSP process. Data streams of up to 50,000 samples/second are easily
treated using this system, which involves home-built electronics to gather the data (up to 64
channels) and present it to the computer. From there all of the existing CUSP processing
software applies. It was the work of a few hours to put up this system on the GPX, a tribute
to the power and generality of the CUSP system in this completely different data acquisition
environment.
Digital Data Acquisition Design Considerations
A number of considerations drove our move to the CUSP system. First, the existing system was near capacity and we were planning to add quite a few new data sources in connection with studies of southern Nevada: we are bringing in 20 data components from this region
today. Second, our research applications called for the ability to acquire digital data taken at
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-7higher sampling rates, as much as 200 samples per second (SPS). The existing digital system
was limited to 50 SPS and a small number of data channels. Our solution to the digital data
acquisition problem depended on the ability to record asynchronous digital data (i.e., data
which arrive independently from different outstations) at a mixture of sampling rates, with a
design capacity of 64 incoming three-component digital streams.

Why asynchronous?

Because two-way technology in so large an area as Nevada was prohibitively expensive; anything we designed would have to involve one-way communications from digital outstations
with independent A to D converters, and therefore the data would necessarily be asynchronous. Why mixed sampling rates? Research requirements at the University of Nevada involve
studies both of teleseismic data (where the lower sampling rate is adequate) and special studies of the seismic source similar to the work being carried out at the ANZA network (Berger
and others, 1984), and proposed by us for analysis of Mammoth Lakes, California seismic
data using deep-hole instrumentation. Therefore, the mix of incoming sampling rates could
reasonably be expected to range between I and 200 samples/second, and we wanted to record
all of this on the same system.
One consideration is the combined total data capacity of the two incoming data streams
(the analogue short-period data and the continuous digital data). At UNR, the combined rate
from the two data streams (90 analogue channels and 30 digital channels) is under 50,000
samples/second, well within the design specifications of realtime CUSP even on the relatively
slow Microvax I hardware. In addition, the same computer is used as the boot node for a
Microvax cluster with three VAXstation 2000 workstations used for the off-line processing of
network data. Therefore, it can be seen that the realtime part of CUSP is quite efficient, as
the Microvax HI is relatively slow compared to processors now being sold by the computer
vendors including DEC.
Digital Data Acquisition
FirstProcess: Direct and Continuous DigitalRecording
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-8Our solution to the problem of digital data acquisition is as follows; see Figure 2. The
digital data are brought into the computer using exactly the same technology as used for the
analogue system at all CUSP installations: the hardware interface is the Q-Bus parallel controller (the DRVl1-W) and the software used to acquire the data is standard realtime CUSP.
Exactly as with the analogue data, a second CORE process runs and acquires data, and a
second SCARAB process writes the data to the disc in 30-minute records (6 Mbytes each
today, with 10 three-component digital outstations). The CUSP process POUNCE is used to
mark the data in overlapping segments, so that all of the incoming data is staged to disc.
Finally, every two hours a process restarts which writes these disc files to an Exabyte streaming tapedrive which can hold five days of continuous data at the present rate. If desired, the
data can be written to a 9-track magnetic tape rather than the Exabyte, with a capacity of
about 10 hours. The Exabyte tape, a VMS COPY tape, can be read either on the Microvax
system or can be read directly on a SUN workstation, making this data accessible either to
VMS or UNIX users with equal ease. Demultiplexing software, written in C by George Randall of the Seismological Laboratory, is available on the UNIXSUN system. These data can
also easily be brought back from the SUN to the Microvax network via TCP/IP software.
The hardware used to bring the digital data to Reno over microwave, a digital data
assembler, and a digital-to-analogue (D to A) converter, were built by Walter F. Nicks of the
Seismological Laboratory. The resulting designs are reliable and modular. This hardware is
the only part of the system which is not commercially available; however, board layouts and
other documentation are available.
Second Process:DigitalData Within the Analogue Data Stream

A frustration faced in our former data-logging system was that, because the analogue
data come from uncalibrated systems, it was not possible to use this data for applications
requiring estimation of ground motion; rather, this information had to come from the digital
data being recorded in an entirely different format. Our aim was to permit easy access to the
calibrated digital data during standard network processing of the analogue data. This was
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accomplished as follows.
The incoming digital data stream is split (Figure 2); it is recorded continuously on Exabyte tape as described above, and it is also passed through a 16-bit digital to analogue converter, built by Walter F. Nicks of UNR. The resulting analogue data stream is intermixed
with the other incoming analogue signals, all of which are resampled at 100 SPS on a Tustin
Industries A/D converter: thus, both the digital and analogue station data are available for routine analysis through CUSP (Figures 2 and 3). Programs are now available to make use of
this high-quality information for the posting of seismometric analyses in the standard eventlocations data base.
Figure 3 shows a presentation of traces as seen by a network analyst doing routine timing and processing of an earthquake. The bottom five traces, each from analogue stations, are
clipped. The top three traces, unclipped, come from the redigitized digital outstations. It is
expected that during incorporation of the digital data with the network traces (Figure 3), redigitization causes a certain amount of distortion. To assess how much, consider a comparison
of spectra on a regional seismogram computed in two ways, first, from the unaltered incoming
digital data recorded on the Exabyte, and second, from the redigitized data which enters the
analogue data set. The signal is above the noise from 0.05 to 25 Hz. Figure 4 compares the
percent difference between the amplitude and phase spectrum for this wideband signal. Over
the whole band the amplitudes agree to 1 percent for all but frequencies quite close to the
Nyquist frequency (15 - 25 Hz), and for those the largest percent differences occur for spectral values which are quite small. The phase spectral differences have occasional spikes
caused by phase wraparound. This shows that the redigitized data can be used interchangeably with the Exabyte data for applications in which some distortion can be tolerated.
Conclusions
The generality of generic CUSP has permitted the University of Nevada, Reno to undertake recording of both analogue and digital data. This includes combining digital data with
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the analogue for immediate access during routine analysis, and recording continuous digital
data on high capacity tapes. All of this is performed on a single commercially-supported
computer environment involving Microvax computers and workstations sold by Digital Equipment Corporation.

This recording configuration is unique among CUSP sites, and permits

research applications with easy access to this excellent and valuable data set.
Acknowledgments. This work was supported by U.S.G.S. Contract 14-08-000l-G1524 and
by the Nevada Nuclear Waste Project Office through the University of Nevada Center for
Neotectonic Studies. Walter F. Nicks designed and built special-purpose hardware components
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Figure Captions
Figure 1. Seismic stations presently being recorded by the University of Nevada
Seismological Laboratory, with the three-component digitals as solid triangles.
Figure 2. Block diagram showing the way in which incoming data streams (analogue
left, digital right) are recorded on the Microvax H computer, enclosed by the dashed
box. Other than the two elements at the upper right, all this equipment is available
commercially.
Figure 3. This image shows what an analyst sees when timing earthquakes within the
routine data processing stream using the UNR program PICKEM. Eight traces at a
time are available for random selection (below); one of these is selected and can be
expanded, moved, filtered, and timed in the upper picking window (topmost, largest
trace labeled WCKRZ; the vertical line indicates the selected P onset. Top three of
the eight traces: three-component data from the broad-band WCK. Lower five traces:
signals from analogue stations. Note that these five are clipped, while the digitals are
on scale except for minor clipping of the north component (third trace, maximum
amplitude 32,767 digital counts). Data shown are for a local earthquake of magnitude
2.5, 26 February 1989 at 1548 GCT
Figure 4. Comparison of wideband spectrum for a regional seismogram recorded at
BMN for the Luning earthquake of 24 March 1990 at 08:16 GCT, M = 4.5, as
recorded directly on the Exabyte and as recorded by CUSP after the redigitization process. The processed trace is shown on the bottom. Above the time trace is the spectrum of the entire Pg wave group (20 seconds), with the Exabyte and redigitized network data, overplotted, visually indistinguishable. The "noise" spectrum was obtained
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by identical processing of the quiet section preceding the event onset. The top two
traces show the amplitude and phase differences in percent between the spectra of the
Exabyte series and the redigitized series. Amplitude discrepancies are below 1 percent
except for isolated frequencies where the signal to noise ratio is low; phase discrepancies are also mostly below 1 percent, with the spikes being caused by phase wraparound.
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PROGRESS REPORT-OCTOBER 1, 1990 TO SEPTEMBER 30, 1991
TASK 5 Tectonic and Neotectonic framework of the Yucca
Mountain Region
Personnel
Principal Investigator:
Research Associate:
30, 1991

Richard A. Schwelckert
Mary M. Lahren

July 1, 1991 to September

Graduate Research Assistants:
Caskey, S. J.--October, 1990-July, 1991
a.
Elwood, R.--October, 1990-January, 1991
b.
Donovan, D.--October, 1990; March-April, 1991
c.
Hoffard, J.-October, 1990; January-February, 1991
d.
Zhang, Y.-October, 1990-July, 1991
e.
Funding levels during 1990-1991 were Insufficient to provide
adequate support to all GRA's and allowed only a minimal
amount of fieldwork. Several of the accomplishments below
were made by GRA's with only partial funding from this project.
Part 1.

Highlights of major research accomplishments

a. Completion of M.S. theses of S. J. Caskey. D. Donovan. and J.
Hoffard
b. Final revision of manuscript submitted to GSA Bulletin on
Mesozoic thrust belt by S.J. Caskey and R. A. Schweickert
c. Publication of two abstracts based upon research funded under
Task 5: Elwood (1991). and Zhang and Schweickert (1991).
d. Publication of an article on extensional faulting by M.A. Ellis
(Nature. v. 348. p, 689-693) (Ellis's work was supported in
1989-1990 by Task 5).
e. Completion of mapping of late Quaternary to Holocene(?) strikeslip and normal faults in southern Amargosa Valley and
Stewart-Pahrump Valleys (DD and JH).
f. Completion of detailed structural mapping of Paleozoic and

a.

Cenozoic deposits in CP Hills. Nevada Test Site (SJC).
Completion of regional cross-section from Eleana Range to Sheep
Range (SJC)

b..- Recognition of significance of pre-Middle Miocene normal and

strike-slip faulting at Bare Mountain (YZ)
L- Completion of mapping and stratigraphic analysis of Miocene ash
flow tuffs along western part of Pahranagat shear zone (RE).
i. Paleomagnetic sampling of Paleozoic and Cenozoic units at Bare
Mountain and Jurassic granitic rocks at Slate Ridge (RS. in
conjunction with Y. Zhang. S. Gillette. and R. Karlin).
Part II.

Research projects

This section highlights the research projects conducted by Task 5
personnel.
1. Tectonics and Neotectonics of the Pahranagat shear zone, Lincoln
County, Nevada; R. Elwood (T. Reynolds, formerly supported here, has left
UNR but still plans to complete his study).
The rationale for this study has been that the Pahranagat shear zone
lies on trend with the Spotted Range - Mine Mountain structural zone,
which is composed of seismically active, ENE - striking, sinistral faults,
and which lies immediately south of Yucca Mountain. Studies of the
Pahranagat shear zone have been undertaken to evaluate whether the two
zones are parts of a related zone of crustal weakness that may be active.
In addition, the Pahranagat shear zone shows clear evidence that
shortening occurs within the Basin and Range province. Such shortening
may be manifest as thrust earthquakes and (or) as shortening through
aseismic folding. Elwood's part of this project was completed in 1991,
and her thesis report is in progress.
2. Structure and geometry of the Mine Mountain and CP Hills thrust
complex, NTS, Nye County, Nevada; S. J. Caskey.
The rationale for this study has been to develop an understanding of
kinematics and geometry of Mesozoic thrusts east of Yucca Mountain to
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enable more confident modeling of the deep structural geometry of preTertiary units beneath Yucca Mountain and correlation of deep structures
through the region. In addition, this study has placed better constraints
on the magnitude and direction of extension in the southern Great Basin. A
by-product of this study is a better understanding of pre-, syn, and postvolcanic normal faulting in the Yucca Mountain region. This project was
completed in 1991.
3. Active tectonics of the central and northwest parts of Pahrump
and Stewart Valleys, Nevada and California. J. Hoffard.
Pahrump and Stewart Valleys are host to the strike-slip
Pahrump Valley fault system, considered to represent the youngest
tectonic feature to the south of the Yucca Mountain area. This NWtrending fault system is at least 60 km in length and is composed of three
important fault zones that cut deposits of late Quaternary to Holocene
age. Most evidence suggests the zone has been characterized by dextral
strike-slip displacements. The Pahrump Valley fault system trends
northward into the southern Amargosa Valley near Ash Meadows. Ihbi
project was completed in 1991.
4. Active tectonics of the eastern half of the Death Valley 2-degree
sheet, with emphasis on the southern half of Amargosa Valley; D. Donovan.
This work has involved a detailed analysis of low-sun angle
photography and other images to develop a compilation of all Quaternary
and active faults. The project concentrated on southern Amargosa Valley,
which is the location of multiple short, variably oriented fault scarps.
These have been investigated in the field and several trenches have also
been excavated and logged. The results suggest that several Quaternary
fault systems extend northward from Stewart Valley and the Resting
Spring Range into southern Amargosa Valley. One or more of these may be
kinematically linked to the Pahrump fault system and may have dextral
strike-slip displacement. One northeast-trending fault zone may be the
SW continuation of the Rock Valley fault of the southern NTS area. Ihis
project was completed in 1991.
5. Regional overview of structure and geometry of Mesozoic thrust
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faults and folds in the area around Yucca Mountain; R. A. Schweickert.
Together with 2 above, this study aims to provide information about
the deep geometry of Paleozoic units and their bounding faults, which is
necessary both for understanding of Tertiary faults and for the correct
formulation of regional hydrologic models. It has also provided evidence
for a previously unknown strike-slip fault beneath Crater Flat, and for the
existence of major pre-Middle Miocene extension in the NTS region.
6. Kinematic analysis of low and high angle normal faults in the
Bare Mountain area, and comparison of structures with the Grapevine
Mountains Y. Zhang.
The purpose of this study is to determine the timing and slip
directions of high and low-angle normal faults exposed at Bare Mountain,
which is a direct analogue of the deep structure beneath Yucca Mountain.
This will provide better constraints on the displacement histories of the
faults. In addition, metamorphic fabrics will be characterized in the
deeper northern parts of the mountain and traced to the lower grade,
shallower part of the mountain. Finally, the development of these
structures will be compared with possible analogues in the Grapevine
Mountains and the CP Hills to develop firm constraints on the deep
structure beneath the Yucca Mountain area.
7. Evaluation of pre-Middle Miocene structure of Grapevine
Mountains and its relation to Bare Mountain. R. Schweickert and M.M.
Lahren
This project is intended to establish the Mesozoic and Cenozoic
structural geometry and timing of deformation in the Grapevine Mountains,
which presumably developed in close proximity to the Bullfrog Hills and
Bare Mountain prior to post-10 Ma displacement on the Bullfrog HillsBoundary Canyon detachment fault. This will lead to a deeper
understanding of the significance of pre-Middle Miocene and possibly preTertiary extension and detachment faulting on crustal structure in the
area between the NTS and Death Valley.
8. Evaluation of paleomagnetic character of Tertiary and pre-
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Tertiary units in the Yucca Mountain region, as tests of the Crater Flat
shear zone hypothesis and the concept of oroclinal bending. S. Gillett, R.
Karlin, Y. Zhang, and R. A. Schweickert.
Paleomagnetic data from various volcanic units at Yucca Mountain
show that up to 300 of progressive north-to-south clockwise rotation has
occurred since mid-Miocene. These studies are geographically relatively
limited; one of the goals of this study is to expand the data base to
various Paleozoic and Mesozoic units to understand the regional variations
of magnitude and timing of rotations. In addition, since the timing of
rotation is poorly known, this study will expand the data base through the
Tertiary section as far as possible.
Part

l1l.
Brief summaries of research results
This section presents a summary of progress to date. Because these
projects are long-term and field-intensive, the results are still
preliminary, and should not be quoted without permission. Many of our
interpretations are speculative. Low budget levels have hampered our
research efforts.
1. Structure and geometry of the Mine Mountain and CP Hills thrust
complex, NTS, Nye County, Nevada; S. J. Caskey. (see attached abstract
from Caskey's thesis).
2. Tectonics and neotectonics of the Pahranagat shear zone, Lincoln
County, Nevada. (see attached abstract published in 1991).
3. Quaternary fault patterns and basin history of Pahrump and
Stewart Valleys, Nevada and California. (See attached abstract from
Hoffard's thesis)
4. Active tectonics of the eastern half of the Death Valley 2-degree
sheet, with emphasis on the southern half of Amargosa Valley. (See
attached abstract from Donovan's thesis).
5. Regional overview of structure and geometry of Mesozoic thrust faults
and folds in the area around Yucca Mountain. R. A. Schweickert.
-5.5

(See abstract of manuscript by Caskey and Schweickert).
6. Kinematic analysis of low and high angle normal faults in the Bare
Mountain area, and comparison of structures with the Grapevine Mountains
Y. Zhang. (see attached abstract by Zhang and Schweickert).
7. Evaluation of pre-Middle Miocene structure of Grapevine Mountains and
its relation to Bare Mountain. R. Schweickert and M.M. Lahren.
Limited field work and map-scale structural analysis has confirmed
that the Oligocene Titus Canyon Formation unconformably overlaps a
major detachment fault system related to the Titus Canyon fault (as
mapped by Reynolds (1969)). This detachment fault excises the upright
limb of a major Mesozoic recumbent fold, the Titus Canyon anticline, and
has a structural relation similar to that of the Wildcat Peak normal fault
at the southern end of Bare Mountain, which excises the upright limb of a
large recumbent anticline in the hangingwall of the Panama thrust (as
mapped by Monsen and others (1990)). The Titus Canyon fault is undated,
and could even be of Late Cretaceous age. Our working hypothesis Is that
the Late Miocene Fluorspar Canyon-Bullfrog-Boundary Canyon detachment
system pulled apart and exposed elements of a much older detachment
system, which includes the Titus Canyon fault, the lower detachment in
the Bullfrog Hills, and the Conejo Canyon and Wildcat Peak faults at Bare
Mountain. We suspect that this older detachment system was largely
responsible for the exhumation of deep metamorphic rocks at northern
Bare Mountain, Bullfrog Hills, and the Funeral Mountains, and that these
metamorphic rocks were already exposed at high structural levels when
ash flow tuffs of the Southwest Nevada Volcanic Field were erupted.
8. Evaluation of paleomagnetic character of Tertiary and pre-Tertiary
units in the Yucca Mountain region, as tests of the Crater Flat shear zone
hypothesis and the concept of oroclinal bending. S. Gillett, R. Karlin, Y.
Zhang, and R. A. Schweickert.
In January, 1991, paleomagnetic sampling of the following units was
completed: Lower Cambrian Carrara Formation at Carrara Canyon and Gold
Ace Canyon at Bare Mountain, and in Striped Hills; Devonian rocks of
Tarantula Canyon in Tarantula Canyon, at north end of Bare Mountain; 14
Ma dacite dikes at Tarantula Canyon; Middle Jurassic Sylvania pluton at

Slate Ridge. These units were sampled to determine whether Paleozoic
units in the Bare Mountain area show large clockwise rotation, as
suggested by the oroclinal bending hypothesis, and to test whether any
rotations in these rocks are matched by rotations of Miocene dikes in Bare
Mountain. The Jurassic plutonic rocks will be tested to see whether
possible oroclinal bending affected units at the north end of Sarcobatus
Flat.
Part [V.
1.

Other activities of Task 5 personnel

Technical review of reports for the Center
None formally assigned;
reviewed new publications by Maldonado (1990), Wernicke
(1990), and Carr (1991)

2.

Meetings attended in relation to the Center
a. SOBART (Southern Basin and Range Transect) Meeting, Phoenix,
Arizona, October 9-12, 1990; Schweickert served on Steering
Committee, and acted as Coordinator of discussions on
Tectonics of southern Basin and Range province; also attended
by S.J. Caskey. Schweickert subsequently wrote parts of
Science Plan.
b. Lecture given by Schweickert on Tectonic evolution of Nevada
Test Site, at Lawrence Livermore Laboratory, January, 1991
c. Geological Society of America, Cordilleran Section, San
Francisco, March 25-27, 1991 (attended by Schweickert,
Elwood, and Zhang; see abstract by Elwood)

3.

Field work
a. Structural mapping and paleomagnetic sampling, January, 12-16,
1991--localities in Bare Mountain, Striped Hills, and Slate
Ridge-Gold Mountain; fieldwork involved S. Gillette, R. Karlin,
R. Schweickert, and Y. Zhang
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b. Structural mapping in Bare Mountain, Y. Zhang, January 5-14,
1991, and May 24- 30, 1991
c. Geologic mapping in the CP Hills, S.J. Caskey--January 6-13,
1991
4.

Professional reports provided to NWPO
a. Donovan, D., 1991, Neotectonics of the southern Amargosa Desert,
Nye County, Nevada and Inyo County, California, 151p.
b. Sawyer, T.L., 1989, Quaternary geology and neotectonic activity
along the Fish Lake Valley fault zone, Nevada and
California, 379 p.
c. Hoffard, J.L., 1991, Quaternary tectonics and basin history of
Pahrump and Stewart Valleys, Nevada and California, 138p.
d. Caskey, S.J., 1991, Mesozoic and Cenozoic structural geology of
the CP Hills, Nevada Test Site, Nye County, Nevada; and
regional implications, 153p.

5.

Abstracts published
a. Elwood, R., 1991, Structure of the western Pahranagat shear
system (abs.): Geol. Soc. America Abs. with Programs, v. 23, p.
22.
b. Zhang, Y., and Schweickert, R.A., 1991, Structural analysis of Bare
Mountain, southern Nevada (abs.): Geol. Soc. America Abs. with
Programs, v. 24, p. 185.

6.

Papers published In peer-review literature
a. G. King and M. Ellis, 1991, The origin of large local uplift in
extensional regions: Nature, v. 348, p. 689-693. (Ellis's role in
this research was supported by Task 5).

7.

Papers submitted for publication In peer-review literature
a. Caskey, S.J., and Schweickert, R.A., Mesozoic thrusting in the
Nevada Test Site and vicinity--a new perspective from the CP
5.8

Hills, Nye County, Nevada: Geol. Soc. America Bulletin,
submitted, 3/91, in final revision, 12/91.
8.

Graduate theses supported by NWPO and completed during
1 99 0-91
a. Hoffard, J.L., 1991, Quaternary tectonics and basin history of
Pahrump and Stewart Valleys, Nevada and California: M.S.
Thesis, University of Nevada, Reno, 138p.
b. Donovan, D.E., 1991, Neotectonics of the southern Amargosa
Desert, Nye County, Nevada and Inyo County, California: M.S.
Thesis, University of Nevada, Reno, 151p.
c. Caskey, S.J., 1991, Mesozoic and Cenozoic structural geology of
the CP Hills, Nevada Test Site, Nye County, Nevada; and
regional implications: M.S. Thesis, University of Nevada, Reno,
153p.

9.

Other facets of research by Task 5

a. Neotectonics: We are almost in a position to compile an
accurate Quaternary fault map covering the eastern half of the Death
Valley 1 x 20 sheet, which includes the southern half of the NTS and Yucca
Mountain, based upon new work of D. Donovan, M. Ellis, J. Hoffard, and P.
Zhang, and published information. This work shows that Yucca Mountain
lies within a broad, northerly trending zone of diffuse Quaternary faulting,
part of which demonstrably shows dextral strike-slip displacements.
Detailed studies of Quaternary deposits are now needed to provide
quantitative constraints on overall rates of displacement throughout this
zone.
b. Tectonic framework of Yucca Mountain: Structural studies
that offer the best hope for modeling the suibsurface structure at Yucca
Mountain are well advanced; S.J. Caskey's study of the CP Hills is
complete, and Y. Zhang's kinematic study of Bare Mountain has made good
progress. Paleomagnetic sampling of key Tertiary and Paleozoic units has
been completed at Bare Mountain, and laboratury measurements await the
completion of the new shielded laboratory at UNR. Yucca Mountain lies
along structural strike between these two areas, and very likely contains
5.9

many of the same structural elements. In addition, these studies and our
reconnaissance of the Striped Hills and the Grapevine Mountains will
allow tests of the hypothesis that a major strike-slip fault extends from
Pahrump Valley through and beneath Crater Flat (Schweickert, 1989).
Appendices
Abstracts and published papers
1. Elwood, R., 1991, Structure of the western Pahranagat
shear system (abs.): Geol. Soc. America Abs. with Programs, v.
23, p. 22.
2. Zhang, Y., and Schweickert, R.A., 1991, Structural
analysis of Bare Mountain, Southern Nevada (abs.): Geol. Soc.
America Abs. with Programs, v. 23, p. A185.
3. Caskey, S. J., 1991, Mesozoic and Cenozoic structural
geology of the CP Hills, Nevada Test Site, Nye County, Nevada;
and regional Implications (abstract of thesis): Reno, University
of Nevada.
4. Donovan, D., 1991, Neotectonics of the southern
Amargosa Desert, Nye County, Nevada and Inyo County, California
(abstract of thesis): Reno, University of Nevada.
5. Hoffard, J., 1991, Quaternary tectonics and -basin
history of Pahrump and Stewart Valleys, Nevada and California
(abstract of thesis): Reno, University of Nevada.
6. Caskey, S.J., and Schweickert, R.A., 1991, Mesozoic
deformation In the Nevada Test Site and vicinity: A new
perspective from the CP Hills, Nye County, Nevada (abs.): In
final revision, Geol. Soc. America Bulletin.
7. G. King and M. Ellis, 1991, The origin of large local
uplift In extensional regions: Nature, v. 348, p. 689-693.
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A.

STRUCTURE OF THE WESTERN PAHRANAGAT SHEAR SYSTEM
ELWOOO. R.. Ceology Ocpt.. Univ. of NV. Reno. Reno.
NV 19557-0072
The Pehrcncget Lake and Vehronegat Lake NU quadrengles.
Nevada. contain the western portion of the Pahrenaget
Shar System. a set of three perallel. northeast striking.
left-lateral faults. At the southern end of the quedrenglee is the Maynard Lake strand which truncates the
Sheep Range to fore a steep, linoer *ountain front. Next
to this strand is a I eq. kt utcrop of Tertiary volcanic
rocks which are folded into e northoeat plunging enticlinc.
About 6 km north of the bcyncrd Lake strand is the
*uckhorn Ranch strand. letwean these two etrends is e
north-south oriented. 4 ke long sliver ef Peleozoic rock of
relatively high relief which dips westward and Tertiery
volcsnic rocks which have been feulted, tilted eastward.
and gently folded. Relatively low relief but significent
stratigrephic emiesion within the volcenic rocks suggests
low-engle faulting.
Three sets of faults ore recognised on the basis of
similar strike: (1) a northeast s(t t2) a north-south set
and (3) a northwest set. The northeast set is mostly topographically espreesad and has horizontal and oblique slickencides essocieted with it. The north-south set often hem
minor movement but con have significant normal offset.
The northwest faults ere responsible for significant strotigrcphic emission within the Tertiary volcanic rocks and
in tone cease *ust have a relatively shallow dip., However.
this sat also displays pure strike-slip eovesent as is
demonstrated by elickensidoe.
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Caskey, 1991
ABSTRACT

Detailed mapping and structural analysis of upper Proterozoic and
X

Paleozoic rocks in the CP Hills of the Nevada Test Site, together with analysis

|

of published maps and cross sections and a reconnaissance of regional
structural relations indicate that the CP thrust of Barnes and Poole (1968)
actually comprises two separate, oppositely verging Mesozoic thrust systems:
1) the west-vergent CP thrust which is well exposed in the CP Hills and at

|

Mine Mountain, and 2) the east-vergent Belted Range thrust located

oI

northwest of Yucca Flat. West-vergence of the CP thrust is indicated by largescale west-vergent recumbent folds in both its hangingwall and footwall and
by the fact that the CP thrust ramps up section through hangingwall strata

{

toward the northwest. Regional structural relations indicate that the CP

|

thrust forms part of a narrow sigmoidal belt of west-vergent folding and
thrusting traceable for over 180 km along strike. The Belted Range thrust
represents earlier Mesozoic deformation that was probably related to the Last
Chance thrust system in southeastern California, as suggested by earlier
workers. A pre-Tertiary reconstruction of the Cordilleran fold and thrust belt

It

in the region between the NTS and the Las Vegas Range bears a close
resemblance to other regions of the Cordillera and has important

!i,

6-.13

implications for the development of hinterland-vergent deformation as well
as for the probable magnitude of Tertiary extension north of Las Vegas Valley.

U
U

Subsequent to Mesozoic deformation, the CP Hills were disrupted by at
least two episodes of Tertiary extensional deformation: 1) an earlier episode
represented by pre- middle Miocene low-angle normal faults, and 2) a later,
post- 11 Ma episode of high-angle normal faulting. Both episodes of
extension were related to regional deformation, the latter of which has

U
3

resulted in the present basin and range topography of the NTS region. There
appears to be a direct correspondence between the regional structural grain of
the earlier episode of low-angle faulting and that of (hinterland-vergent)
Mesozoic structures. Regional structural relations indicate that both
Mesozoic and pre- middle Miocene structures in the CP Hills broadly correlate

U1

with those at Bare Mountain. This has important Implications for subsurface
structural models beneath Yucca Mountain, the candidate high-level nudear
waste repository.
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Donovan, 1991

ABSTRACT

A complex pattern of active faults occurs in the southern
Amargosa Desert, southern Nye County, Nevada. These faults can be
grouped into three main fault systems: (1) a NE-striking zone of faults
that forms the southwest extension of the left-lateral Rock Valley
fault zone, in the much larger Spotted Range-Mine Mountain structural
zone, (2) a N-striking fault zone coinciding with a NNW-trending
alignment of springs that is either a northward continuation of a fault
along the west side of the Resting Spring Range or a N-striking branch
fault of the Pahrump fault system, and (3) a NW-striking fault zone
which is parallel to the Pahrump fault system, but is offset
approximately 5 km with a left step in southern Ash Meadows.
These three fault zones suggest extension is occurring in an E-W
direction, which is compatible with the -NIOW structural grain
prevalent in the Death Valley extensional region to the west.
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Hoffard, 1991
ABSTRACT

The Pahrump fault system is an active fault system
located in Pahrump and Stewart Valleys, Nevada and California, in the southern part of the Basin and Range Province.

This system is 50 km long by 30 km wide and is com-

prised of three fault zones: the right-lateral East Nopah
fault zone, the right-oblique Pahrump Valley fault zone, and
the normal West Spring Mountains fault zone.

All three

zones have geomorphic evidence for late Quaternary activity.
Analysis of active fault patterns and seismic reflection
lines suggests that the Pahrump basin has had a two-stage
genesis, an early history associated with a period of lowangle detachment faulting probably active 10-15 Ma, and a
more recent history related to the present dextral shear
system, probably active post-4 Ma.
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Caskey and Schweickert, 1991

ABSTRACT

Detailed studies in the CP Hills and Mine Mountain area of the
Nevada Test Site

MTS), together with analysis of published maps and cross

sections and a reconnaissance of regional structural relations, indicate that the
CP thrust of Barnes and Poole (1968) actually comprises two separate,
oppositely verging Mesozoic thrust systems: 1) the west-vergent CP thrust
which is well exposed in the CP Hills and at Mine Mountain; and 2) the eastvergent Belted Range thrust located northwest of Yucca Flat. Regional
structural relations indicate that the CP thrust forms part of a narrow
sigmoidal belt of west-vergent folding and thrusting traceable for over 180 km
along strike. The Belted Range thrust represents earlier Mesozoic
deformation that was probably related to the Last Chance thrust system in
southeastern California, as suggested by earlier workers. A pre-Tertiary
reconstruction of the Cordilleran fold and thrust belt in the region between
the NTIS and the Las Vegas Range bears a dlose resemblance to other regions
of the Cordillera and has important implications for the development of
hinterland-vergent deformation as well as for the probable magnitude of
Tertiary extension north of Las Vegas Valley.
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The origin of large local uplift in
extensional regions
Geoffrey King & Michael Elirs t
*United States Geological Survey, 345 Middlefield Road, Menlo Park, California 94025. USA
+Center for Eartqae Research and Information Memphis State University. Memphis, Tennessee 38152. USA

Large localized uplift Is commonly observed in
continental regions undergoing extension. These
observations can be modelled by planar, high-angle
normal faulting of an elastic upper crust overlying
an inviscid lower crust. Isostasy provides the
necessary driving force. The model quantifies the
role of flexural rigidity, density variations In the
crust, and erosion and deposition of sediment.
MANY authors have noted that uplift of several kilometres can
occur in extensional regions. The uplift is usually local in extent,
extending 10-20 kilometres perpendicular to the strike of the
structures and many tens of kilometres along strike. Evidence
for uplift, possibly as much as 15k m, comes from local stratigraphic relations, metamorphic mineral assemblages, and fluidinclusion studies in rocks that must have been generated in the
middle or lower crust. The origin of such large localized uplift
is a subject of lively debate, centering on the geometry of the
normal faults and the role of isostasy and crustal flexural rigidity.
Here we show that the observations may be explained quantitatively by simple planar high-angle faulting of an elastic upper
crust overlying an inviscid lower crust that is subject to isostatic
forces. The model is consistent with observed gravity profiles
and earthquake source mechanisms' 3, and with the observation
of crustal shortening in the upper parts of footwalls. We illustrate
the model with a number of examples of structures from the
Basin and Range province in the United States.

The model
The approach to modelling these structures follows from that
used by King et at' and Stein et aL2. There the mechanical
behaviour of the crust was modelled as an elastic layer overlying
a fluid. The vertical component of motion at the surface was
calculated using the thick-plate solution described by Rundle'.
It was shown that the main features of the geological structures
associated with some dip-slip faults could be explained if the
fault was assumed to be planar through an elastic-brittle layer
dipping at 45' or greater and if the effects of loading due to
erosion and sedimentation were considered. The most surprising
feature of the model was the need to reduce the effective elastic
thickness from the 10-15 km depth of the scismogenic zone to
between 2 and 4 km.
Here we adopt a different computational approach using a
boundary-element system modified, as described below, from
that of Crouch and Starfield'. This allows us to extend the earlier
work and calculate both vertical and horizontal displacements
and strains for two-dimensional models. We use a version of
the boundary-element technique that uses constant relative displacement elements. This approach is very effective. A minimum
of computational steps allow many models to be run on a small
computer and because the approach is easy to understand avoiding numerical errors is straightforward.
The technique consists of introducing a series of disolocation
elements into an elastic medium. The location and amplitude
of slip on the elements is then adjusted such that stresses and
displacements at boundaries and interfaces reasonably approxi-

mate the real problem being examined.
The two-media problem we examine can be expressed as a
solution of the following equations
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where i =I-N. The bx, are displacements (bx, - sx) of or stresses
(bx - oa) on the tth boundary element. For normal components
x - n and for shear x-s. The DV are normal (x-n) or shear
(x - s) displacements between the faces of the jth boundary
element, and the C", are the influence coefficients between the
ith and Jth elements. Subscripts indicate normal (x or y - n) or
shear (x or y - s) components.
The first N, elements are in region I and the remainder
N2 - N - N, are in region 2. These elements may either represent
a free part of the boundary of region I or region 2 or a segment
on the interface between the two regions. If the ith element is
an interface element in region 1 then a corresponding interface
element il must exist in region 2.
Four conditions must be satisfied at an interface and hence
relate any pair of interface elements. These may be conveniently
expressed as two on the region I element and two on the region
2 element.
Two stress conditions are imposed on the region I element
S
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where co") corresponds to an interface stress in region I and
oX2) corresponds to an interface stress in region 2. The stress
conditions are satisfied in equation (1) if
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The A` are influence coefficients relating stress to displacement
for region I and A(2) are similar coefficients for region 2. C~n,, Cin',
and C2, are defined similarly. On the region 2 element, the
following displacement conditions are imposed
U. + us((0 - 0
Un1 )+ o
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which are satisfied in equation (I) if
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The B") are influence coefficients relating displacement to
displacement in region I and B( 2' are similar coefficients for
region 2.
With the appropriate values for element stress, displacements
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and influence coefficients, the 2N equations can be solved for
the 2N values of D by the usual methods. Once the D are
known it is straightforward to calculate displacements anywi here
in region I or 2 for which valid expressions can be writtei a in
terms of D. The procedure for setting up influence coeffici4ents
in an elastic media is straightforward and is described in Cro uch
and Starfield5 . The behaviour of a horizontal gravitating in terface between an elastic medium (region 1) and an inviscid A.uid
medium (region 2), for which the pressure change with de pth
is H, can be expressed if the region 2 influence coefficients take
the following values
A(2),
A;
as

HIf

to
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All other At ) and B82) are zero.
In our models the x, axis is vertical and positive downwards
and the xX axis is horizontal. Two horizontal gravitating interfaces are defined. One represents the Earth's surface (x, - 0 km)
and the second, the base of the brittle layer (x, - 12 kim). At
x3 - -60 km the horizontal displacement along a vertical boundary is fixed (u3 - 0) and the shear stress is set to zero (a,} - 0).
At x3 -48 km both shear and normal stresses are set to zero
(al3 - Ott-0) at a second vertical boundary. These conditions
produce a stress-free floating block 'tethered' at -60km. The
length of the block is sufficient that details of the way in which
the boundary conditions are imposed do not affect the deformation in the region where faulting is introduced.
The driving force to deform the block is derived in the following manner. In the Earth we may suppose that the upper crust
is able to sustain a certain magnitude of deviatoric stress over
a time of millions of years. We further assume that over the

same time repeated motion on major faults in the crust is
appropriately modelled by assuming that the fault is effectively
of zero strength. The nature of this assumption is discussed by
Rundle'. Because we wish to examine the stresses and strains
due to the fault displacement only (rather than these combined
with any initial state of stress) we effectively turn the situation
around in the numerical model by allowing the initial state of
stress to be zero (hence the boundary conditions above) and by
driving displacement with a shear stress rc applied to the fault.
Thus, specifying the right-hand vertical boundary condition in
our model as a3i '-O is not equivalent to assuming that a03 is

actually zero in the Earth. The effective o33 in the real world
determines our choice of shear stress across the fault. In a
gravitating block with free boundaries the vertical stress at depth
h is AoI - hpg. The resolved shear stress on a plane dipping at
an angle 0 is given by w- (aVI -u) sinG cos 0, and its average
by Tot f/2. Assuming a density of upper crustal material of
2,700 kg min, a fault dip of 60' gives T- 140 (I -i) MPa, where
f-,33ou/aoa. To model a fault of zero long-term strength, we
therefore apply to - 70 (I-i) MPa.
The choice of f is open to debate. If f - 0, this implies that
the crust can reach the verge of going into tension. Even with
displacement boundary conditions this is unlikely to occur.
Other have proposed values between 1/3 and 1, based on nearsurface measurements or on models much simpler than ours
(for example, ref. 7). We therefore choose f- 0.5, which we
regard as a likely maximum stress difference. For comparison,
we also show the result for f - 0.75.
At the base of the elastic layer the fluid has a density of
p- - 2,900 kg m3 and in the absence of erosion and sedimentation, the density above the elastic layer would be pi -0 .0 . A
convenient way to represent the effects of erosion and sedimentation is to substitute a medium of significant density for the air.
It would be most straightforward to choose a medium with a

a

b

FRM 1 Representative boundary-element models shaded with
dilational strain at a 0.02 contour interval. The grid units
represent square kiometres and are for scale only. Dark
areas represent extension (areal increase), light areas contraction (areal decrease). The strains are shaded from 0.5 km
to a depth of 11.5 km and represent those due only to the
motion across the fault and not due to any preexisting condition or body forces. These plot limits (0.5-115 km) avoid the
large local strains asoated with the singularitles at the
end of the boundary elements. Effective elastic thkkness Is
-3km assuming a crustal Yourgs modulus of 40GPa and
a Poisson 3ratio of 0.25. Density below the layer is
2.900kg m . We assume 80% erosion and sedimentation,
which corresponds to assuming a density above the top
surface of 2160Okgm-'. The fault and distant shear bourdaries are single elements whereas the upper and lower
boundaries are in 1.5-m segments In the central region.
Increasing to 6-am segments outsIde the region shown. The
vertical boundary at -60km is fixed, and at +48km cs-0.
a and b show a fault model driven by a shear stress that
corresponds to a ratio of vertical to horizontal stress Inthe
crust of 0.75 and OS. respectively. c; A modification of b
Illustrates the effect of erosion and sedimentation and is
anotatedbyCommornyobserved features. The same calculations were carried out for element lengths of 3 and 6 km.
The resulting displacements were the same to within a few
per cent, but the strain patterns became ragged when fewer.
lonWer eements were used. Inboth models. shortening occurs

b

R~elauively
wndeformcd

room-an

in the upper part of the footwall. and extension in the lower
part. Lplift of the footwill Is sgnificant in particular. b and

c show the case with which mid-crustal levels can be exposed

at the surface with relatively minor extension.
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density related to the proportion of underlying material removed
by erosion or added by sedimentation. For example, choosing
a medium of density 2,160 kg mi' is mechanically equivalent to
removing 80% of the uplifted mass by erosion and replacing
80% of the mass removed by subsidence through sedimentation.
Were this the case, the value for H below the elastic layer would
be gp, and that above would be gp,. Net forces applied to the
plate that resists fexure are proportional to (pi - p3)g, and forces
proportional to (p, + p3)g are applied across the plate creating
strains within the plate. Such a model does not allow for the
reduction of modulus E to Ee (where E/Es - 60), introduced
to allow the elastic layer to possess a long-term effective elastic
thickness of-3 km. In the absence of a correction, unreasonably
large strains appear in the layer. A number of corrections are
possible. The flexure islargely determined by the term (p3 - p)g,
which must remain the same. On the other hand, (p, + p3)g must
be reduced by E../E This may be achieved if we replace pa by
pE,,/E and P2 by (p 2 -pl)(l-(E.SE)).
The foregoing provides one approach to applying boundary
conditions to the layer, but others are possible. For example, if
displacements are infinitesimal such that points do not displace
with respect to a fixed axis system, then H at the base becomes
(p3- P2) and at the surface (P2-pJZ
Within reasonable limits, details of the way these boundary
conditions are applied do not affect the final result, provided
that the net restoring force remains proportional to (p3-p,)g.
They may be chosen according to what is perceived to be the
physical processes that cause effects such as the long-term loss
of strength of the elastic layer. Unfortunately, the insensitivity
to details of these boundary conditions also has the consequence
that data of the sort we describe cannot be used to determine
more detail about the behaviour of the plate.
Some representative models are shown in Fig. 1. In Fig. la-c
the fault dips at -60 and cuts through a 12-km-thick layer of
density 2,700 kg m-:. Although the elastic layer is 12 km thick
we use a Young's modulus such that its equivalent fexural
rigidity ( 1 0e N m) is the same as an elastic layer -3 km thick,
assuming a crustal modulus of -40 GPa. Our models support
the previous result"' that only models with an effective elastic
layer 2-4 km thick yield sensible geological structures. Models
with greater elastic thickness produce structures wider than those
observed, and those with a smaller elastic thickness produce
structures that are too narrow.
Figure Ia and b shows the deformation for f-0.75 and
1-05, respectively. The results can be interpreted in several
ways. For example, iff - 0.5 is considered to be the maximum
stress difference, then the deformation shown in Fig. lb is the
maximum that can be achieved by gravity alone. If this is the
case, then the result for f-0.75 (Fig. Ia) may be interpreted
as 50% of the maximum deformation, or as the maximum
deformation if the fault is capable of sustaining half of the
available shear stress. The significance of the model, however,
is separate from these interpretations: large local uplift of the
footwall driven only by gravity is an unavoidable result of a
realistic dynamic model.
Figure le is the same as Fig. lb but shows the effects of
erosion and sedimentation and is annotated with commonly
observed features. In particular, it shows the relatively undeformed but rotated footwall, the zone of shortening In the upper
part of the footwall, exposure of mid-crustal level rocks, and
the inferred development of mylonites in the inviscid lower crust.
The figures ae shaded to indicate strain changes due to fault
motion. Areal strain (gll+ ,3,) is plotted with lighter shades
representing contraction and darker shades dilation. The slight
checkerboard effect at the upper and lower boundaries ar
associated with singularities at the ends of the elements. (See
also the caption to Fg. 1.) At the surface, dilation occurs in the
hanging wall and contraction occurs in the footwall. Field
observations of gentle to close folds and conjugate strike-sip
faults in the footwall reflect the contractional strains produced

in the upper part of the model footwall At the base of the elastic
layer the conditions are reversed with contraction in the hanging
wall and extension in the footwall. We regard the dilational
strains at the base of the footwall as significant, and we suggest
elsewhere (ref. 8 and M.E. and G.K., manuscript in preparation)
that the implied volume increase may provide a mechanism to
tap locally available partial melt, which eventually ascends to
produce the commonly observed Bank volcanism.

Reld examples of finite structures
Many examples of large localized uplift occur in the Basin and
Range province, two of which are shown in Fig. 2. Examples
share the characteristics that uplift and tilting is confined to a
relatively narrow (-10-20km) zone parallel to the associated
high-angle normal fault, and minor shortening occurs in the
upper part of the footwall. It is also commonly observed that
volcanism and shallow intrusives occur preferentially in the
footwall.
Central Death Valley (Fig. 2a) is an asymmetrical east-tilted
graben, bounded to the east by an active high-angle, range-front
normal fault that bounds the western side or the Black Mountains'. The present range-front has been active since at least
10 Myr, although most of the uplift has probably occurred in
the past 6 Myr (ref. 8). Gravity measurements over the valley
Boor' and seismic reflection' 0 and refraction information" suggest that the basin fill is 3-5 km thick.
Significant local uplift of between 7 and 17 km and the eastward tilt of the Black Mountain block, confined to a relatively
narrow 10-20 km perpendicular to the main fault, is evidenced
by exposure of middle-crust rocks near the range-front fault
and lower-grade, atratigraphically higher rocks to the east9 '-"',
by aluminium geobarometry analysis of a local mid-Tertiary
intrusion" and by the geometry of tilted extrusive rocks". Total
displacement across the main fault zone is therefore 10-22 km.
Pliocene basalts exposed near their source in the footwall are
gently folded along axes parallel to the main normal fault
The active Virgin-Beaver Dam fault system (Fig. 2b) marks
the eastern edge of the transition zone between the southern
Great Basin and the Colorado Plateau. The system was initiated
during the middle Miocene and is responsible for -61km of
subsidence in the hanging wall and a minimum of 5 km of uplift
in the footwall (R E. Anderson, personal communication). The
footwall exposes Precambrian basement in an eastward tilted
block and preserves an older part of the normal fault (the Castle
Cliff detachment) now stranded at a low angle on top of the
basement culmination. The Palaeozoic and Mesozoic cover
sequence is gently to closely folded within, and parallel to, the
footwall of the Beaver Dam section and is shortened by conjugate strike-slip faults in the Virgin Mountain section. Significant
Tertiary basalts of local origin are also observed in the footwall.
The age of the folds is not precisely known, although various
arguments suggest that they are associated with the development
of the main normal-fault system".
Further examples from the Basin and Range province include
the Shoshone and Cortez ranges in northern Nevada""', the
Humboldt and Stiliwater ranges of north central Nevada"-",
the Wassuk range of central Nevada'-1', and the Wasatch range
in Utah. Each of these ranges, except the Humboldt, is associated
with a large active range-bounding normal-fault system, which
was initiated in the middle Miocene and which is associated
with volcanic rocks and (or) shallow intrusions in the footwall.
Folds of Pliocene units are observed in the footwalls of the
Stillwater2 and Wassuk ranges"m The adjacent basins are about
3-4km thick and displacement across the normal faults is at
least 4-S km""9 The Humboldt fault system seems to be less
developed (1-2 km displacement) and is probably a younger
system. The presence of relatively young volcanic rocks (late
Pliocene or possibly Pleistocene) confined to the footwall of the
Humboldt range supports the supposed young age of the fault.
The Wasatch range and its associated basin is a particularly

Fit; 2 Examples of ltrutures from the Basin and
Range province haing large localized uplift along
high-angle planar faults 9wrk shading indicates
pre-Tertiary basement Light shading indicates
middle Miocene volcanic rocks or intrusions
associated with the early stages of faulting. White
indicates basin-fill sedimentary units. blacd idicates basalts. a Death Valley. data from refs 9
and 11. Uplift of footwall may 1be up to 17km
based an gecoarometry studies . although the
regional stratigraphic column probably limits displacement to <10km. Source of Miocene volcanics lies within the footwall of the main fatult
a Virgin-Beaver Dam Mountains (cross-section
supplied by R. E Anderson. personal communcation).
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striking example of the potential importance of erosion and
sedimentation. Stratigraphic argumentsu and fluid-inclusion
studics24 suggest that the Wasatch range has a vertical offset of
-I1 km, and seismic reflection and gravity suggest that the basin
is only -4 km deep 23. This type of structure may be modelled
by allowing the system to be open to mass change (see also refs
1, 2), such that the rate of erosion is relatively high (promoting
uplift), and the rate of sedimentation is relatively low (inhibiting
subsidence). Seismic reflection, gravity models and earthquake
seismology suggest that the faults described here, and in general
for the Basin and Range province, are high-angle and planar 26'27.
The models shown in Fig. I are generally consistent with these
examples. In particular, they produce the high uplift of
individual ranges while retaining the relatively narrow
dimension of each basin and range, and they correctly predict
shortening in the elbow of the footwall.

Discussion
Other investigators have addressed some of the observations
described here, and have recognized that a successful model
must incorporate elements of the model we propose'."'. The
numerical modelling illustrates that a simple isostatic model
incorporating only high-angle faults explains the observations
very effectively.
Localized and rapid uplift in extensional regions has been
attributed to the isostatic response of a previously suppressed
crustal root broken by high-angle faulting . Our analysis avoids
the difficulty of assuming that the crust can maintain isostatically
unbalanced roots for extended periods of time before the faulting occurs (such as in ref. 31) and of assuming that each highly
displaced and elevated range was underlain by a preexisting
root. Our model provides a means to produce large uplift and
displacements from an elastic upper crust that was originally in
isostatic equilibrium.
A controversial topic in Basin and Range tectonics is the role
of low-angle faults in extension of the upper crust 32. Our model
shows that the appropriate structural and topographic crosssections can be produced by planar high-angle faulting of the
upper crust. We do not dispute the field evidence for low-angle
faulting and suggest that minor low-angle normal faulting may
be produced along the higher sections of the main fault as it is
rotated with the footwall. Eventually the high part of the fault
will be abandoned (for example, ref. 29) and will continue to
be rotated and uplifted in the footwall. The turtlebacks of central
Death Valley 33 and the Castle Cliff detachment of the Beaver
Dam Mountains represent examples of this abandonment
process.
Low-angle faults will also be produced by imbrication of the
footwall (commonly observed in extensional regions), a process
in which slices of the footwall are transferred into the hanging
wall and subsequently rotated to a lower angle. This process,
as well as imbrication of the hanging wall, also has the effect
of juxtaposing severely attenuated upper-plate rocks against
highly sheared and mylonitized rocks of the lower plate. This
is a fundamental characteristic of metamorphic core complexes.
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The finite structure of Fig. lb is likely to be the maximum
deformation possible given a gravitational driving force, a
reasonable density structure and flexural strength, and the
minimum plausible ratio of horizontal to vertical stress. Large
extension of the continental crust requires the development of
many such structures, giving rise to a distributed basin and range
structure. This distinguishes our model from the rolling footwall
hinge model 2 '30, which requires that substantially more uplift
should readily occur.
Controversy centres around estimates of crustal extension in
the southern Basin and Range. We have shown that significant
uplift of the footwall can occur with only minor horizontal
extension (Fig. 1). Wernicke ci aL, however, suggest that crustal
extension at this latitude is -300% (-250 km), based on palinspastic reconstructions of displaced stratigraphic and structural
features. It is possible that much of this displacement, which is
in any case disputed 35 , may be accomplished by a combination
of strike-slip faulting (see, for example, refs 36, 37) and large
volumes of intrusives, as observed in the Death Valley region
of California.
Conclusions
Our numerical model resolves a number of difficulties with
previous ideas about the origin of large localized uplift in
extensional regions and quantitatively examines factors such as
fiexural rigidity, density differences, and erosion and deposition
of sediment. Others have introduced these ideas but have only
considered them in isolation or in qualitative terms. A striking
feature of the models is that the modelled flexural rigidity of
the elastic upper crust is consistent with results found by other
techniques'-3 ', and the choice of high-angle planar normal
faults is independently justified by results from earthquake
seism0o agy2-2
0

Re-wvea 25 Apnk accpted 2i Pdowniefer
usa.
J. KWCg
QCc.P..Steim
sS.Ruade. At5. gerciiya Re& S&.13307-13318 (1988L
Z stein.R- 5.. YKCaC.P. &RunCK.
,I
A5go0t.a ARAB3.13319-13331 11988).
I .0Aft- I A. CoitulnW &--nwW r~ec,1c1 Spe A&iS gewSot S&.3-17 (1987).
4. ROMd.
I. 8, 4 gePOPy
Ret 37.7787-779611982).
5. Cfmaun.
S. L AStx fieldA. P Bourifty eiemen Aeino insawi Afct-mm Milen &Lhiin.
6. Rundle.
J. 3.A SVWV Amt111 6237-6254 (1988)
7.MM rn.A. .1geoptl Re& 33.13809-13817 M M.8
8. 011sM. A.A MeigaC P. Ce." So Ant AM -t?
Poem 22273 (1390).
0. M
Ce's
& aMIbeY.
D.R Aof P&AUL3#OXSwi'. 494-A (1968).
10.Serne.
L GoanSocc
Am BA I30 1437-1450 11988).
11- aess..
E L Srolwc.
T. PASooki 15.1159-1162 41987h
12. WrOLtL A..Troxe.S.W..&xchiiflI.L Q. OnnwL ft k &1*09cmT. C.Goa).Sac AmfAWi
&V OirnSer.h-2 oV (198
13. WrighiL
L. A.Gen).SocAm Atllr. Awn, a 2219u1
14. 011MM
L Wnghi.L A. P69c. ft 1.&kShum F.C.sme Pt&* Sot Emit pamv 56w, 37.
127-141 (1985).
15. Hoim.D.K.&Werrhdie.
B. Gft~o IL 520-=2 (1980).
16. Anidmirst 1.u& &en 5urvQnen~le *a 33-504 (1983.
11. Ronereft J. Mnnlgnm
em". K. PA&LAlne. K. 1.Atbaft 8 .Ates dent&a.6 ( 98
19. OW&,m
0. A.&Thmo~smn
r. A. Tectonics
4.107-126 (i985).
20. Oben. C. PA Re£f Myd.
P W. de1nt
SocAm Sd 34K2489-2510 (19731.
21. PAnsi0. C. Fivade r.,Arne denL
&A U (l9SIi.
22. Wilden. R.&SPeed.
It C. ?6iui &W.Skie dera&A 93 1974).
23. KMng
C.SYSM-ntc deokag
VOL.1
0U.1.
Gmerinmw Prhitrg Oncwe.
womlfwton. M.1*731

S

X

i ,_

a

t. &In.A IL L GkIgy I. 67-10(1087n
34. n. W.
75 2~.1. K L God S= Af Abm UT. .281 M3
a cow. . L Ri Earth aut wrn4i64- 07)sin
27. cowS. D- & WMn.&&A snot S= An I3 1383-1409 c10991
U. 64540111 68
3. Axam Q A£6wAoSy
3. WWteWW.
3s7.059407(118
29. bu.XW.Rt r7.
U. 2-2802( 1l2l
30. Om_ C IL &Wdia. t. C J owph
m. ILt. &Cow. C C Twbnics , 533444( 12)
31.
C
AmAA"sm hm 3 236-2618MM
32. EiR K A. God,% P. A. &Acbdm A4L Am

741
3
33 WVW*LA. ttM A It. ATroK L W.GWW L t-61
I OLGo SA Am &A 3. 173S-1T57 UM71
34. WWnkdi L AW% 0 A&Sncpw.
35 Cmtatt. K.OW Sm Am Ad W2. 267-270 t4i0).
T6 Wrt L A. 1o 4.489494 10783.
37. Dii, K A VM- P. a Vwmwua L. Ss M 46511L9
643.6
8436 13903
P.Abiwe
3EL Sajt t. 1.. ft sylt. 0. W.. SWftptm V. L A& ie .It A&
Aism W Wvewy
AcwowumaDAhc WeaL*L L Andersn k Ms MW9gtrid hulp. andS.
Offlx.
aid L SduodwrL ML mt mSoLhd by #1. State Of NO"*d Mkgw WastePVOJeCts

TASK 8 PROGRESS REPORT 10/1/90 - 9/30/91

EXECUTIVE SUMMARY
Task 8 is responsible for assessing the hydrocarbon potential of the
Yucca Mountain vicinity. We continue to focus on source rock stratigraphy,
both in the oil-producing region of east-central Nevada and in the NTS
vicinity in southern Nevada. In addition, we are trying to understand the
contractional and extensional structures at NTS, in order to reconstruct
Paleozoic facies trends and better predict the nature of the Mississippian
rocks under Yucca Mountain.
Our stratigraphic studies this year have concentrated on testing our
reinterpretation of the Mississippian - i.e., that rocks mapped as the
UEleana Formation" in fact comprise two different, coeval, sedimentary
units. We have seen the depositional base of the western facies of the
Eleana (at Bare Mountain), and suspect that we can also document the
depositional base of the eastern facies (at Shoshone Mountain). So far, we
have seen the top of the eastern facies only. During the course of our
remapping, we have found that all of the potential source rocks we have
identified (i.e., TOC > 05.%) are from the eastern facies.
Our structural studies have focussed on understanding the
distribution of Mississippian units at NTS. The fault juxtaposing eastern
and western facies Eleana has regional significance, but is poorly exposed.
Several lines of evidence suggest that it is a low-angle east-dipping
feature, probably with reverse motion. In addition, our mapping has
identified both thrust-related and normal fault-related features, but much
remains to be done in order to determine the nature and orientation of the
significant faults offsetting the Eleana Formation. Drillhole information
has added another important dimension to our understanding of both
structure and stratigraphy locally; we will continue to pursue this source
of structural data.
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INTRODUCTION
Our studies continue to focus on source rock stratigraphy, with a
secondary, crucial, emphasis on structural geology. Our intent has been to
establish the stratigraphic framework first (age, thickness, lateral extent
and inter-relationships of the different facies), with the idea that we can
then concentrate the source rock geochemistry and maturation studies
where they will be the most useful. At NTS, a detailed understanding of
the structural geology is needed in order to decipher the stratigraphy;
ultimately, it will also be needed for evaluating the potential for
maturation and trapping of hydrocarbons.
We continue to carry out two parallel studies in different parts of
the Mississippian Antler basin; our work has resulted in major changes to
the conventional stratigraphic interpretations in both places. One of
these studies is in the proven oil-producing region of east-central Nevada
In
(funded by a grant from NSF to Trexler), and one in the vicinity of NTS.
central Nevada, stratigraphic and sedimentologic studies by Trexler and
his students have shown that basin fill is thin, the strata are not
generally progradational, and uplift plays a large role in basin evolution.
They have recognized three unconformity-bounded stratigraphic sequences
in the Antler basin: a submarine fan system, a fluvial and delta plain
system and a delta and shelf carbonate system. Unconformities between
these sequences reflect deformation, uplift and erosion during the orogeny
(Trexler and Nitchman, 1990; Trexler and Cashman, 1991). From the point
of view of hydrocarbon source rock potential, the sequence stratigraphy
interpretation implies that the proven source rocks in Railroad Valley (the
type Chainman Formation, of Chesterian age) do not extend west to the
central part of the state. Rocks mapped as- 'Chainman" in the Diamond
Mountains are in fact Osagian and Meramecian in age, and Chesterian rocks
in the Diamond Mountains and adjacent ranges differ in composition and
depositional environment from the type Chainman. In southern Nevada,
our studies have shown that rocks mapped as the Mississippian Eleana
Formation in fact comprise two completely different, but probably coeval,
sedimentary units (Cashman and Trexler, 1991). The western of these has
affinities with the (allochthon-derived) Antler foreland of central Nevada;
the eastern has affinities with the (craton-derived) shelf assemblage in
8-ia

eastern Nevada. Based on our limited studies to date, it appears that only
the eastern has significant source rock potential.
This report summarizes new results of our stratigraphic and
structural studies in southern Nevada. Directions for future work
conclude each section. These are followed by a summary of regional
stratigraphy and paleogeography, based in part on new work in eastcentral Nevada. In a final section entitled "other considerations", we
discuss several topics from the current scientific and popular literature
which are relevant to evaluation of hydrocarbon potential of the Yucca
Mountain vicinity.
STRATIGRAPHY OF MISSISSIPPIAN ROCKS AT NTS
The main conclusion of our stratigraphic studies -- that rocks
mapped as the Mississippian Eleana Formation in fact comprise two
different, but probably coeval, sedimentary units -- and the lines of
evidence leading to this conclusion were published this year (Cashman and
Trexler, 1991; see Appendix) and will not be repeated here. Our field work
this year has attempted, first of all, to determine the distribution of each
of these units on the ground. Although the informal "a - j" unit
designations of Poole and others (1961) in the original description of the
Eleana Formation can locally be reinterpreted in terms of our new
understanding, the mapping of these units is not consistent, and virtually
all outcrop areas of "Eleana Formation" must be revisited. Until we are
able to correlate one or both of the "Eleana" units definitively with
established stratigraphic units elsewhere in the region, we retain the
informal designations "eastern facies" and 'western facies" defined in our
paper. New stratigraphic information since Cashman and Trexler (1991) is
summarized below:
The exposures of Eleana Formation at Bare Mountain (west of NTS)
all represent the western facies of the Eleana, and provide several new
pieces of information about this unit. The base of the section, which we
have not observed at NTS, is exposed in Tarantula Canyon and is marked at
least locally by a silicifed fossil hash. The Eleana depositionally overlies
a carbonate unit mapped as 'Dc, Devonian carbonate" (Carr and Monsen,
1988). The entire lower, siliciclastic, portion of the section is present -from the base to the first appearance of calcareous detritus. The

siliciclastic section is 540m thick, significantly thinner than the
minimum of 900m we have observed in the Eleana Range. Since our
paleocurrent data indicate that the sediments are derived from a source to
the NNE, it is not surprising to find a decrease in thickness between NTS
and Bare Mountain. A 500m thickness of the upper, calcareous, portion of
the section is present at Bare Mountain below the fault truncation of the
Eleana. This is thicker than the calcareous sections observed to date at
NTS, and suggests that much of the upper part of the section is missing in
our measured sections from the Eleana Range. The Bare Mountain
exposures suggest that there are no surprises in the upper part of the
section, however -- it continues to comprise a mixture of siliciclastic
and calcareous horizons.
The limited biostratigraphic data we have from Bare Mountain only
generally constrain the age of the western facies: The carbonate ("Dc")
that underlies the Eleana Formation was analyzed for endothyrids,
palynomorphs and conodonts. The samples were barren of all traces of
endothyrids, calcareous algae, and shallow water carbonate fossils. A
single palynomorph suggests an age no older than Mississippian and
probably no younger than Early Permian. Numerous conodont elements
suggest an Upper Middle Devonian age; however, conodonts are notoriously
resistant to erosion, and may be recycled into younger sediments to give
an anomalously old age. Further dating (preferably not based on
conodonts) is clearly needed to determine the age of the carbonate below
the Eleana unequivocally. Dates were also obtained from the upper,
calcareous, part of the section; two different dating techniques were
used. Reworked endothyrids indicate a Visean age (i.e., Meramecian or
younger); conodonts constrain the age to post- Early Kinderhook. Although
inconclusive, both of these ages are compatible with the Chesterian
endothyrid ages we have consistently obtained from the calcareous part of
the western facies Eleana at NTS (Cashman and Trexler, 1991, and Mamet,
written communication, 1991).
At NTS, our remapping to distinguish eastern facies from western
facies Eleana has already led to revisions of both the published maps and
the earlier work done by Nitchman for Task 8. The limestone north of
Tippipah Spring (at the base of Nitchman's North Tippipah Spring measured
section) is n.t the depositional basement of the Eleana; it is the upper,
calcareous, part of the western facies and is in a different structural
block than the bulk of the North Tippipah Spring measured section.

Similarly, the black shale structurally overlying this limestone is a faultbounded slice of eastern facies Eleana rather than a part of the western
facies. This is significant to evaluation of hydrocarbon potential because
a TOC value of > 1 from this shale was cited in our last progress report
(10/90) as evidence of source rock potential for the western facies. It
now appears that all TOC values > 1 are from eastern facies rocks. In a
further simplification, the remainder of the North Tippipah Spring
measured section correlates with the West Gap Wash measured section,
which is depositionally overlain by the upper, calcareous part of the
western facies Eleana. Thus, both of these measured sections are now
solidly tied to the known stratigraphy and biochronology, rather than being
"floating" sections.
Drillhole information has added another important dimension to our
understanding of both the structure and stratigraphy in the vicinity of
Syncline Ridge. We have obtained access to well logs, wellsite geologists'
reports, cuttings and cores from all of the deep holes (> 1000') in the
Eleana. The virtually continuous core from UE-17e gives us a much more
accurate idea of the composition of the eastern facies Eleana than the
limited, weathered, surface exposures. The core is dominantly competent
black shale, with local dark gray, deep-water limestone and uncommon
quartz arenite horizons. Biostratigraphic dates from core samples are
somewhat younger than dates previously obtained from correlative
surface rocks; the new dates are probably more reliable, because the core
samples are less weathered than the surface samples. Several folding,
veining and faulting events are apparent in the core, and can be
distinguished on the basis of mesoscopic structural characteristics and of
cross-cutting relationships. The presence of these structures, and the
similarity of biostratigraphic dates throughout much of the core, together
suggest that structural repetition is probable. Thus, estimates of original
thickness of the eastern facies in this area are unreliable. Observations
from several of the other drillholes are significant for regional structural
interpretations; we plan to look into these in the upcoming year.
There are several obvious directions for future work on the
Mississippian stratigraphy at NTS, most of which are designed to test
aspects of our interpretation that rocks mapped as Eleana are in fact
parts of two separate stratigraphic units. The general topics are: 1) The
identity and correlation of unit *Ml" at Shoshone Mountain. If, as we
suspect, it represents the depositional base of the eastern facies Eleana,

it provides inescapable evidence that there are two Mississippian
sedimentary units at NTS. (2) The identity. age and correlation of the
carbonate rocks underlying both eastern and western facies Eleana (at
Shoshone Mountain and Bare Mountain/Carbonate Wash, resp.). This could
provide helpful information regarding paleogeography at the time the
Eleana was deposited, and constrain the amount and possibly sense of
faulting that juxtaposed the two Eleana facies. (3) The source and
correlation of western facies sediments. While this is by far the most
interesting stratigraphic problem resulting from our work at NTS, it does
not appear to have any important implications for hydrocarbon potential
and so cannot be the highest priority for Task 8. (4) Well-constrained
biostratigraphic dates throughout both eastern and western facies Eleana.
At present, we particularly need better age control from the lower part of
the western facies and the upper part of the eastern facies. In addition,
we would like to find a section through the western facies that is not
structurally truncated at the top, so we could date the top of tfeh unit and
see what overlies it. (5) Thorough sampling for TOC (and possibly other of
organic geochemical analyses) throughout both the eastern and western
facies. To be useful, this should be done on stratigraphically complete and
structurally undisrupted sections.
STRUCTURAL GEOLOGY OF MISSISSIPPIAN ROCKS AT NTS
Our most significant new structural interpretation -- that eastern
and western facies Eleana are structurally juxtaposed, probably along an
east-dipping fault -- is also documented in our paper published this year.
Significant structural observations since the publication of Cashman and
Trexler (1991) are summarized briefly below:
Map relationships in the Eleana Range require a fault between the
western and eastern facies along the east edge of the range. We have
tentatively interpreted this fault to be an east-dipping reverse fault,
based on cryptic mesoscopic structures (Cashman and Trexler, 1991).
Bioclastic carbonate is present at the bottom of drillhole UE1I, on the
east side of Syncline Ridge. If, this is equivalent to Eleana unit i of Poole
and others (1961) (which we can usually equate with the carbonate
turbidite unit of the western facies Eleana), it is strong support for a lowangle, east-dipping contact between eastern and western facies.

Near its southern end, the Eleana Range bifurcates into two ridges
which diverge and then converge again southward, reaching maximum
separation in the vicinity of the Pahute Mesa road. Our mapping shows
that western facdes rocks comprise both ridges. The internal structure of
each is relatively simple. The western ridge is composed primarily of the
siliciclastic turbidite unit but also contains some carbonate turbidites,
while the eastern ridge contains rocks of the the carbonate turbidite unit
exclusively. The intervening valley is underlain by eastern facies rocks.
These relationships require at least one additional fault (or fold) in
addition to the fundamental structure which juxtaposes eastern and
western facies. Small-scale folds in the southern Eleana Range record at
least two folding events. An E-verging set characterized by NNE-trending,
sub-horizontal fold axes appears to be the most recent. A very
preliminary interpretation of these folds is that one set may have formed
during juxtaposition of eastern and western facies Eleana, and the second,
NNE-trending, set may have formed during later, east-verging, folding and
thrusting.
Late, brittle, low-angle faulting is present locally, and should be
considered when trying to interpret rock distributions. We have found
evidence for both normal and strike-slip motion along what we interpret
to be late faults; much remains to be done on this faulting.
Interpretations of which Eleana facies occur(s) under Yucca Mountain
must be based on extrapolation of structures and facies trends from the
two closest exposures -- Calico Hills on the east and Bare Mountain on the
west. The most complete section of western facies Eleana we have found
occurs at Bare Mountain; the eastern facies has not been identified there.
Rocks of the western facies depositionally overlie Devonian carbonates in
Tarantula Canyon at Bare Mountain; this is the only known exposure of the
base of the Eleana other than the base of the type section at Carbonate
Wash (Poole and others, 1961). The Tarantula Canyon section also
includes the entire siliciclastic turbidite unit and a thicker section of the
overlying carbonate turbidite unit than we have yet seen at NTS. Both
eastern and western facies Eleana occur at the Calico Hills, but only
eastern facies occurs in the 2500' drillhole UE25a-3. Nitchman's field
notes from a reconnaissance trip to the Calico Hills report the presence of
chert litharenites (which we would now interpret as western facies
rocks) structurally overlying mudstones and quartz arenites (which we
would interpret as eastern facies). This is potentially an important

relationship, and is a high priority for next year's field work.
The highest priority future work on the structural geology at NTS
is designed first, to determine the present position of eastern facies
Eleana and second, to reconstruct the position of eastern facies Eleana
through time -- for estimates of maturation history. [Note: for the time
being, we are assuming that western facies Eleana is not a potential
source rock; if our sampling program shows otherwise, the same kinds of
structural studies must be done for western facies.] The structural topics
to be addressed are: (1) The position. orientation and nature of the
contact between eastern and western facies. This is the most important,
but probably also the most obscure, structural contact at NTS from our
point of view. Detailed surface mapping and examination of the relevant
cores and drillhole records are needed to resolve this question. mZ
Determine the position and orientation of the major Mesozoic
compressional structures. and the amount of shortening across them.
Specific projects to accomplish this include: a) map the thrust and thrustrelated fold at Red Canyon along strike to the north and south; b) map the
slice of Bird Spring Limestone near the southern end of the Eleana Range;
c) map the contact between eastern and western facies at the Calico Hills.
(3) Determine the position and orientation of Cenozoic extensional
structures (note the probability of both low-angle and high-angle faults).
This, too, will involve detailed mapping, both of fault geometries and of
structural styles. The approach will be to document the small-scale
structures associated with faults we know to be extensional features,
then look for these mesoscopic structures at poorly understood contacts
elsewhere. (4) Determine what Paleozoic rocks underlie the tuffs at
This requires determining what thrust sheets project
Yucca Mountain.
under Yucca Mountain and what units (particularly what Mississippian
unit(s)) occur within these thrust sheets.

Regional Stratigraphy/Paleogeography, and Our Present Thinking
on Hydrocarbon Potential at Yucca Mountain
Paleozoic strata in Utah, Nevada and southern California record a
west-facing, passive margin that was stable for at least 200 million
years, and locally, 300 million years. From Cambrian through Devonian
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time, the craton margin was dominated by a broad, carbonate-producing
shelf. This cratonal stratigraphy is characterized by thick, shallow
marine dolomite and limestone sections punctuated by quartz-arenite beds
comprising mature sands derived from the craton interior. In easternmost
Nevada and Utah, this system continued to be stable through Permian time.
Throughout most of Nevada, the passive margin was disrupted in
Late Devonian by the Antler orogeny. In northern and central Nevada, the
western edge of the carbonate platform foundered in the late Devonian and
Mississippian, and Late Paleozoic stratigraphy is a complex interplay of
foreland basin fill derived both from the east (reworked carbonate from
the shelf) and west (mainly oceanic rock eroded from newly emergent
highlands) (Poole, 1974; Poole and Sandberg, 1977; Johnson and others,
1991; Poole and Sandberg, 1991; Goebel, 1991). In north-central Nevada,
this evolution has been attributed to the collision-obduction of the Antler
allochthon along a west-dipping subduction zone that finally sutured
oceanic terrane to the craton margin at the longitude of Carlin-Eureka
(Poole, 1974; Smith and Ketner, 1977, 1978; Johnson and Pendergast,
1981). The final docking of the Antler allochthon against the craton
margin in central Nevada is presently thought to have been complete by
the early Kinderhookian (Johnson and Pendergast, 1981; Murphy and others,
1984), based on stratigraphic arguments in the Roberts Mountains and
Pifion Range.
The Mississippian stratigraphy we have identified in southern
Nevada differs in several important regards from that elsewhere in the
state. Stevens and others (1991) note that there is no record of terrane
accretion in the Mississippian rocks at this latitude. Our studies show
that western facies Eleana records a Late Devonian and/or Mississippian
foundering of the margin and influx of siliciclastics from an oceanic
allochthon. The abrupt change from siliciclastic turbidites to calcareous
turbidites in earliest Chesterian time documents a change in the sediment
source for the western facies at this time. The eastern facies Eleana does
not appear to be derived from the allochthon, nor does it record an early
Chester deformational event. Many questions remain about stratigraphic
correlations between both eastern and western facies Eleana and known
Mississippian strata elsewhere in the state.
Lateral and vertical variations in the Late Paleozoic straigraphic
record are critical to the investigation of hydrocarbon potential because

these strata comprise both proven source rocks and potential reservoir
rocks. Most of the hydrocarbon produced in Nevada is sourced primarily in
the Mississippian Chainman Shale (French, 1983). The Chainman and its
lateral equivalents have been mapped throughout southern Nevada and
adjoining California (many refs., e.g., Stevens and others, 1991).
The
Eleana Formation is thought to be the lateral equivalent of the Chainman
on NTS (Reso, 1963); we suggest that the eastern facies of the Eleana is
the most likely equivalent of the Chainman and adjacent units (Cashman
and Trexler, 1991).
For Task 8, the two most important questions about the ChainmanEleana are (1) do these strata maintain their organic content (i.e.,
hydrocarbon source rock potential) -- known from Railroad Valley -- as
they change lithofacies to the west, and (2) can we reasonably expect the
Eleana to be present under Yucca Mountain? Both these questions must
have a strong "yes" answer before we can reasonably pursue the question
of actual hydrocarbon reservoirs under Yucca Mountain.
(1) Hydrocarbon source-potential of the Chainman-Eleana:
The Chainman Shale is known to be the source of much of the oil being
produced in Railroad Valley (French, 1983; Poole and Claypool, 1984). In
the Pahranagat Mountains (the nearest accessible outcrops of Chainman
east of the Nellis/NTS reserve), the Chainman has been analyzed for
organic content and shown to contain quite high TOC values locally (up to
13%, Poole and Claypool, 1984). These rocks are probably thermally
immature (Poole and Claypool, 1984). We in Task 8 (and our predecessor
in Task 3) have analyzed a total of about thirty samples of the Eleana for
TOC content, and results to date have been marginal to low. We have not
undertaken a systematic sampling program since our recognition of
eastern and western Eleana facies; we intend to establish a better
internal stratigraphy of each facies before undertaking such a program.
Our results to date are extremely limited for the western facies, and are
not encouraging. We have three analyses from the western facies and
three from Devonian(?) limestone probably associated with it. All have
TOC < 0.55%, and are not good potential source rocks. The majority of our
results to date from the eastern facies have TOC contents between 0.5%
and 1.0%, with a few higher and a few lower than this range. Although
these are at the low extreme of the range usually considered to be source
rocks, they are reasonable background values. A program of closely spaced
sampling might locate horizons higher in TOC, but we need to identify the

most complete eastern facies sections (complete both stratigraphically
and structurally) before doing detailed sampling. Although the industry
rule of thumb set minimum TOC for potential source rocks at 0.5% or 1.0%,
Lewan (pers. comm., 1991) has shown that rocks having less than about 2.0 2.5% TOC will not normally generate hydrocarbons that will be expelled
and migrate to other formations (see below). Based on present knowledge,
then, the Eleana is not an outstanding candidate for a hydrocarbon source
in southern Nevada.
(2) Is the Eleana Fm. under Yucca Mountain, and If so, which
facies?
This is a difficult question to answer, because it requires
interpretation of superimposed (a) facies trends, (b) compressional
structures, and (c) extensional structures ... and the limited exposures
mean that none of these can be done with complete confidence. There are
two general interpretations at this point, and they have different
implications for the nature of the Paleozoic strata under Yucca Mountain.
Each will be discussed briefly below.
Stevens and others (1991) believe that the Mississippian carbonate
margin is relatively intact, and facies trends on either side of Yucca
Mountain can thus be projected reliably. These workers map the southeastto-northwest Mississippian facies transition from carbonate platform to
siliciclastic basin as a belt less than 20 km wide which extends from the
vicinity of Las Vegas to Owens Valley. This transition zone is offset by
several throughgoing, right-lateral shear zones, but strata at NTS are not
thought to be affected by lateral offset. While Mesozoic thrusts can be
mapped through the area (and indeed have been correlated using facies
transitions (Wernicke and others, 1988)), Stevens and others (1991) do
not find that these thrusts translate or telescope the Paleozoic facies
long distances.
Assuming that Stevens and others (1991) are correct about the
continuity of the Paleozoic margin, our present understanding of facies
trends suggests that:
The western facies was deposited as part of a southwesterntrending transport system. It is thinning and fining in the direction
of Bare Mountain, and can be expected to comprise siliceous,
generally fine-grained sediments with low TOC values in the
*

vicinity of Yucca Mtn.
* The eastern facies is structurally adjacent to the western facies
in the Eleana Range and Calico Hills, but is not present at Bare
Mountain. Without local thrusting, the eastern facies equivalent
should be expected well to the south of Yucca Mountain -- Stevens
and others (1991) identified strata similar to the eastern facies at
Indian Springs (south of Mercury) and in the Montgomery Mountains
(near Pahrump).
Since the only potential source rocks we have yet analyzed are in the
eastern facies, this interpretation suggests that the Yucca Mountain
vicinity is a poor candidate for potential hydrocarbon reserves.
The other interpretation is that a more rigorous structural
reconstruction from the Eleana Range (or preferably, the Pahranagat
Range) to Bare Mountain is needed before predicting Mississippian facies
trends. Stevens and others (1991) were unaware of the existence of the
western facies of the Eleana when they made their reconstructions, and so
did not consider the fault that has juxtaposed the two Eleana facies. They
were also unaware of recent reinterpetations of the geometry, movement
sense and magnitude of Mesozoic thrusting (e.g., Caskey and Schweickert,
in press) or of Cenozoic extension (e.g., Cole and others, in press).
Although the extent and total offset of these structures are not well
enough understood to allow a palinspastic reconstruction at present, we
feel that a thorough structural analysis is mandatory for understanding
current distributions of Mississippian facies.
OTHER CONSIDERATIONS
A small but vocal group of petroleum geologists is currently
promoting a "thrust belt play" exploration model for use in Nevada. These
workers suggest that a situation analogous to the Wyoming overthrust
belt exists in the east-central and southern parts of the state. This model
implies a different type of hydrocarbon trap, and a different (generally
larger) reservoir volume, than the "fault block play" exploration model
commonly used in Nevada to date. Task 8 will direct some future mapping
toward evaluating the applicability of the thrust belt model at NTS.
Detailed mapping of thrust faults to determine their regional extent,
sense of motion and magnitude of slip will provide the data base to test

this model.
A new approach to source rock geochemical analysis suggests some
modifications to the currently accepted criteria for evaluating source
rock potential and possibly also hydrocarbon maturation. We became
aware of this approach in a lecture shortly before the preparation of this
report, and so have not yet researched the published literature on the
subject. The following summary is based on a lecture delivered by Michael
Lewan, USGS, to the Nevada Petroleum Society in November, 1991.
Lewan's approach has been to understand generation and expulsion of
hydrocarbons through experiments. Traditional (anhydrous) pyrolysis
techniques (e.g., Rock-Eval) use mechanisms that are very different from
those in nature. Lewan has developed a hydrous pyrolysis technique which
has produced hydrocarbons from known source rocks that closely resemble
the naturally occurring hydrocarbons thought to be from the same source
rock. Advantages of the experimental approach include the opportunity to
(1) compare kerogen (the solid organic component), bitumen and oil all
known to be from the same rock, and (2) examine different stages in the
experimental process. Two of his most significant conclusions and their
implications are:
* During hydrocarbon generation, kerogen breaks down into
bitumen, then (at higher temperatures) bitumen breaks down into oil.
This is important because most models have looked for the peak
breakdown of kerogen ... but in fact it is bitumen breakdown which
results in the generation of oil.
* A continuous bitumen network through the rock is necessary
for the liquid oil to be expelled -- i.e., for an effective source rock.
A continuous network won't exist until the rock is 2 or 2.5 wt.% TOC
... considerably higher than the 0.5 or 1% TOC commonly used as a
lower limit for hydrocarbon source rocks.
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Rocke sapped as the Mississippian Uleana
Formation at the type locality on the Nevada Test
Site appear to comprise two completely different,
but coeval, sedimentary units. In the Cleana Range
("western Eleana Formation"), the strata are
siliciclastic and carbonate turbLdites of
Mississippian age. From immediately east of the
Eleana Range to Syncline Ridge (e0astern Cleana
Formation"), the strata are Devonian-MLaissiippian
mudatone and quartzite conformably overlying
Devonian limestone and underlying Pennsylvanian
limestone. Although the contact between the two
sedimentary packages is not exposed, small-scale
structures suggest an east-dipping fault contact
with reverse motion.
Sandstone petrography and stratigraphic consideratlons support the age data in distinguishing
two separate Mississippian units. Sandstones from
the western leana- are chert 1itharenites with
significant amounts of feldspar and both
sedimentary and volcanic lithic grains. These
rocks are interpreted to be a submarine fan
depositl southwest-directed paleocurrent indicators
suggest that they were deposited in an elongate
trough, filled axlally from the northeast. The
source of the sediment was the Antler allochthon
and foreland basin. We tentatively correlate this
section with the Dale Canyon - Chalnman - Diamond
Sandstones from
Peak section near Cureka, Nevada.
the eastern Uleana are quartz arenites with care
chart and detrital heavy minerals.
These strata
are tentatively interpreted to be a shelf deposit,
with sediment derived from the continent to the
east. We tentatively correlate this section with
the Cuilmette - Pilot - Chainman - scotty Wash
section of eastern Nevada. These sedimentary systems were initially separated an unknown distance
across the late Paleozoic continental margin.

II
i" If
4

i
I.--

Figure 1.
Location map of the western United
States, showing the Antler foreland basin and localities mentioned in the text.
The name Eleana Formation" originally was
used by Johnson and Ribbard (1957) for sedimentary
rocks of inferred Mississippian age at the Nevada
Proving Grounds (now the Nevada Test Site, ONTSS
(Fig. 2).
The Eleana Formation is confined to NTS
and vicinity.
t crops out in the Eleana Range and
its northern continuation, Quartzite Ridge, and ln
scattered exposures to the south and west at least
as far as tare Mountain. EquLvalent-age rocks in
the ranges to the north and northeast are dominantly siliLcclastic, and are mapped as Joana Limestone
and Chalrman Shale (QuinlLvan and others, 1974;
Poole and Sandberg, 19773.
Coeval rocks in the
ranges to the south and east are dominantly
carbonates, (e.g.. Monte CrLsto Group and lattleship Wash Formation of the krrow Canyon Range, or
Narrow Canyon Limestone, Mercury Limestone,
limestone of Timpi Canyon and Chairman Shale of the
Spotted Range (Poole and Sandberg, 1977)).
5be
Eleana is lithologically diverse, end includes
argillite, sandstone and distinctive Chert-pebble

IItCDUCMION
Mississippian clastic rocks of the Antler
foreland basin crop out in the western U.S. ln a'
belt that extends from Idaho to southern Nevada
(Fig. 1).
They document emplacement of the Antler
allochthon onto the carbonate-domlnated western
margin of North America (e.q., Nilsen and Stewart,
1980), and subsequent deformation of the foreland
basin itself (Trexler and Cashman, 1990, this volume). The record of the Antler orogeny has been
obscured by later deformation; late Paleozoic and
Mesozoic compressLon, and Tertiary extension and
volcanism have all overprinted any Antler structures. Detailed studies of Mississippian Stratigraphy can improve our understanding of the
Antler orogeny and later deformations byr documenting the compositions of the sediments, establishing
the positions of the continental margin and
allochthon, and constraining the timing and number
of deformation events.
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Figure 2. Generalized geologic map of the Nevada TeSat Site (PTS) and vicinity,
southern Nevada. Area of the maps in Figures 3, 4, and 7 In shown.
conglomerate (Johnson and Hibbard, 1957).
No fos*il were collected in the initial study, but a
KLssLesLppLan age was inferred froa similarities in
both lithologic characteristics and stratigraphic
position to the Mississippian Chainman Shale and
Diamond Peak Jormatlon of the Zureka area to the
north (Johnson and Hlbbard, 1957).
A stratigraphic
study of the Zleana Formation by Poole and others
(1961) confirmed a Mississippian age, by bracketing
the Cleana between Devonian limestones below and
Pennsylvanian limestones above.
The new work presented here has been aided by
two factorse new bLostratigraphic dating, and access to rocks that have been off-limits to most
geologists for the past several decades. Our
setratLgraphLc studies have been aided by age dates
from foraminifera (Xamet and Sklpp, 19701 Mamet,
l976, B. Mamet, written commun., 1989, 1990) and
palynomorphe (T. Butter, written commun., 1990)

that were not available to previous workers. These
bave supplemented the dates from conodonts je.g.
Sandberg and Poole, 1970) and macrofossils (e.g.
Reso, 1963; Gordon and Poole, 1968), and made it
possible to date a wider variety of rock types.
Geologic studies at UTS were possible because of
renewed interest in understanding the bedrock
geology near the proposed Nuclear Waste Repository
at Yucca MountaLn.
Our preliminary studies indicate that rocks
mapped as the Zleana Formation comprise two separate, but coeval, sedimentary units. Although the
interpretations are preliminary and undoubtedly
will be modified by more detailed study, we present
them here in the hope that they will boths (1)
stimulate a more critical examination of XLesisslpplan clastic rocks by other workers in the reglon, and (2) suggest a somewhat different approach
to interpreting late Paleozolc paleogeography in
southern Nevada.
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Flgure 4. Paleocurrent directions from the western
Cleans Formation. Paleocurrent indicators are
primarily flute and tool marks, but also include
planar cross-strata, channel axes or walls, and
rare parting lineations. Number of measurements 82. Notes We suspect that there are structural
complications between rocks at Mine Mountain and
the Cleana Range. Therefore, paleocurrent dlrectLons shown at Mine Mountain and at the southern
end of Syncllne Ridge may not be valid.

Figure 3. Map of the study area, showing localities
discussed in text. Shaded areas are PaleozoLc
bedrock.

STRATIGRAPar
The zleana Formation has not been studied in
detail. The original report, which included all
aspects of the geology at NTS (Johnson and Hibbard,
1957), was followed by a more detailed description
of the Eleana Formation by Poole and others (1961).
Poole and others (1961) present a - 2350m- (7700'-)
thick composite section through the *leana at NSS,
divided into ten lithologlc units. These members
are each highly variable, however, end it is not
possible to map or correlate them into ad5acent
areas. These workers noted that their correlation
between parts of the section was tentative because
of structural complexities and partial cover.
Subsequent work on the PaleozoLc stratigraphy has
been hindered by the inaccessibility of NTS and
adjacent areanj newer studies have relied on remotely sensed data, and on earlier interpretations.
Recent publications on the Zleana are 1Lmited to
summary articles je.g., Poole and Sandberg, 1977),
geophysical studies which infer the presence of
PaleozoLc strata under the Tertiary tuffs (Snyder
and Carr, 1982, summarized ln Carr and others,
1986; Bath and Jahren, 1984), and geochemical analyses included in a study of hydrocarbon source rock
potential (Poole and Claypool, 1984).

sections structurally juxtaposed along a previously-unrecognLzed fault of unknown displacement. We
informally designate these two units as the western Eleana Formation" and the 'eastern Zleana Formation'. As discussed below, the eastern Eleana
probably should be assigned to other stratigraphLc
units.
Western gleana Formation
In the southern Eleana Range, rocks mapped as
the Eleana Formation (herein referred to an western
Zleana Formation) are sLliciclastic and limestone
turbLdLtes of Mississippian age. Grain size ranges
from siltstone to conglomerate. Silicialastic
detrLtus occurs throughout the sections limestone
clasts and fossil debris appear abruptly in the
upper part of the section. The silicLclastLc
turbidite interval is at least 900 M thick, and the
limestone turbidits section above it is at least
300 m thick. Neither the base nor the top of this
section is exposed in the southern Eleana Range.

New measured sections with preliminary
bLostratlgraphLc control in the vicinity of the
Uleana Range and Syncllne Ridge (rig. 3) indicate
that the Eleana Formation actually consists of two
lithologLcally dissimilar yet coeval sedimentary

The internal stratlgraphy of the western
Eleana is characterized by vertical and lateral
variability.
Conglomerate beds throughout the
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274

EASTERN ELEANA FORMATION

WESTERN ELEANA FORMATION
Red Canyon
-4

*
North
Syncline Ridge

300_

200

Drillhole UE17e 100

200:::

Eleana Range

-

Red Canyon Wash

.00'
Ee~~~*
300 4
S1 11

0
O

z_

,

200

*

Morrnwan (conodoits)

@

--

lte Chesteran (nacrossils)
Chesterian (endotyrids)
rinderhoolmn (paIworft)
Farntnenirin/ourraian (pm o )
Farrnenlan (palynomophs)

-_

Devonian (conodorns)

o
*
-a
100

0

*

probably reworked

+

correlted from other secics

1100

1000

900
*

KEY TO UTHOLOGIC SYMBOLS

vertical scale In meters
cover
shale
siltstone
W calcareous siltstone
Interbedded shale and limestone
mcrite
inei-gralned limestone

edlumst-rained limestone

;

200

coarse-gralned limestone
,1 colitic limestone
sandy limestone

^;Xo"l fine sandstone

-'-.'h'.
5
'¢...:
-

300

limestone

-silty

> ,',

400

~

medium sandstone
coarse sandstone
pebbly mudstone
calcareous pebbly sandstone
fine conglomerate

;

medium conglomerate
coarse conglomerate

100

0

800

275

w'

Figure 5 (opposite). Measured stratigraphic sections of the western and eastern Zleana Formation.
The tie line between western Zleana sections is the
first appearance of carbonate detritus in the turbidites.
The tie line between the *aitern Fleana
sections is the lowest resistant quartz arenite
bed.
Locations of measured sections are on Figure
8, and the drill-hole is also shown on Figure 3.

section are laterally limited channel-fill deposits
and lobes which pinch out along strike. Litharenite
beds are thin and laterally persistent. Sedimentary
structures in litharenite beds include graded bedding, flute and scour structures, convolute
laminse, and other features associated with turbidltes. These strata have been interpreted as representing a submarine f an depositional environment
(Poole and others, 19611 Nitchman, 1990).
Paleocurrent indicators occur throughout both
siliciclastLc and carbonate turbidLtesl they consist primarily of flute and tool marks but also
include planar cross-strata, channel axer or walls,
and rare parting lineations. Paleocurrent measurements document 6SW-directed transport (Fig. 4),
suggesting that the submarine fan was deposited in
an elongate trough which filled axially from the
northeast (Nitchman, 1990).
We have attempted to date both siliciclastic
and carbonate samples from the western Eleana, and
have obtained several new age dates (Fig. 5).
Palynomorphs from the siliciclastic rocks are not
particularly diagnostic, and yield Late Devonian Early Mississippian' ages (T. Butter, written commun., 1990). Endothyrids from the carbonate turbidites, however, yield consistent Chesterian (most
commonly zone 16) ages (B. Mamet, written commun.,
1990). Conodontc from rocks currently interpreted
to be western Zleana at Mine Mountain were dated as
Early Mississippian, probably Kinderhookian (unpub.
report from MicroStrat, 1989).
All fossils in the
western Eleana section have the potential of being
reworked by turbidity currents, so we place the
most confidence on the youngest (Chesterian) dates.
Litharenites from the western gleans Fariatlon have a distinctive provenance, supporting a
correlation between these rockr and the Misslssippian section in central Nevada (Traxler and
Cashman, this volume). The sandstone from the
Figure 6. Ternary composition plot of sandstone
samples from the eastern and western Eleana.

Q
Eastem Eleana Fm.
(n=7)

\*
\

F

Westem Eleana Fm.
(n:12)

L

siliciclastic turbidites li chart litharenite.
These rocks contain lithic grains and significant
Lithic
amounts of detrital feldspar (Fig. 6).
clasts include wafic and intermediate volcanic
rocks, chart, argillite, and rare phyllite, schist
and tectonized quartsite. These compositions,
particularly when combined with the paleocurrent
information, suggest that the source of the
sediment was the Antler allochthon and uplifted
foreland basin to the north and northwest.
Therefore, we tentatively correlate the western Eleana
Formation with the Dale Canyon - Chainman - Diamond
Peak section (Diamond Range sequence of Trailer and
Nitchman, 1990: Trexler and Cashman, 1990, and this
volume) near Eureka, Nevada.
Eastern Eleana Formation
Immediately east of the Cleans Range, underlying Gap Wash and Red Canyon Wash, rocks mapped as
the Zleana Formation (herein referred to as eastern
Eleana Formation) are mudatone and quarts arenite.
No complete section is exposed, but this unit is at
least 1450 m thick (Fig. S). Rocks tentatively
interpreted to be the eastern Eleana depositionally
overlie limestone mapped as Devonian Devils Gate
Formation at Shoshone Mountain (Orkild, 1968). The
upper contact of the eastern Eleana is gradational
into the Pennsylvanian Tippipah Limestone.
Poorly exposed, dark greenish to brown
mudstone dominates the eastern Eleana section.
Thin quartz arenite layers occur throughout the
sectioni these become much more common in the upper
200 m. Primary sedimentary structures are not
preserved in the mudatone.
Sandstone beds, particularly the thicker quarts-arenites higher in the
section, have small-scale trough and planar cross-stratification, humsocky cross-stratification in
places, and preserve wood debris on bedding planes.
Paleocurrent indicators consist of planar and
trough cross-stratification. Paleocurrent measurements show a wide range of directions, from southeast to due west (Fig. 7).
These strata are tentatively interpreted to
have been deposited on a shelf. Sedimentary structures in the quarts-arenite beds suggest that depoIntersition occurred above storm wave-base.
calated marine limestone (grading upward into the
Tippipah Limestone) is tentatively interpreted to
have been deposited in moderately deep water (C.E.
Stevens, written commun., 1990).
The eastern Sleana Formation appears to span
the entire Mississippian (Fig. s). Carbonates
mapped as depositLonally underlying the eastern
Uleana Formation are Devonian in age (Orkild,
1968). Palynomorph dates throughout a section in
Red Canyon Wash indicate a progression from Upper
Devonian (Fammenian) to Lower Mississippian
(KLnderhookian) (T. Butter, pers. commun., 1990).
Limestones in the uppermost part of the section
have been dated as Late Mississippian (latest
Chesterian) and Early Pennsylvanian (Morrowan).
The Mississippian dates are based on macrofossils
(Gordon and Poole, 1968), and the Pennsylvanian
ages on conodonts (unpub. report from KicroStrat,
1989).
The composition of sandstone from the eastern
Eleana Formation is very different from that of the
western Uleana Formation, indicating a separate
provenance for this unit. Throughout the section,
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Based on our tentative correlations, it la
probably desirable to retain the name ltleana Formation" for the rocks called the western Eleana
Formation in this paper. These rocks make up most
of the Fleana Range, their type locality, and they
have no known correlatives in the immediate vLiLnLty. In contrast, the rocks of the eastern Cleana
Formation appear to be correlative with the Scotty
Wash and adjacent formations in the ranges to the
east of the NTS. Contingent on mapping of units
between the area we describe at NTS and the well
documented stratigraphy of the Pahranagat Range,
the eastern Eleana rocks would more accurately be
remapped as the CuLlmette, Pilot, Chainman and/or
Seotty Wash formations. Interestingly, Reso (1963,
p. 912) stated that the Peers Spring, Chairman and
Scotty Wash formations he mapped in the Pahranagat
Range "are probably represented in" the Eleana
Formation of NTS.
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Post-MLssLssLppLan deformation at NTS includes Mesozoic thrusting, Cenozoic extensional
faulting, and possibly other deformatlonal events.
The Cenozoic faulting did not cause penetrative
deformation or interleaving of the MLssLssLppLan
section. and will not be discussed further here.
The Mesozoic thrusting, however, has resulted in
truncation and out-of-sequence juxtaposition of
units of the tleana Formation, so an understanding
of thrust geometry li crucial to unravelllng the
internal stratlgraphy of the gleans. Johnson and
HKbbard 11957) reported several thrust relationships in the Paleozolc strata of ITS. They estLmated offset and suggested possible correlations
between some of these thrusts, but did not have
evidence for sense of motion on them. More recent
maps (Orkild, 19631 Gibbons and others, 19631
Orklld, 19685 XcKeoun and others, 1976) confirmed
the thrust relationships with local revisions, but
did not include discussions of thrust sense or
displacement. Barnes and Poole (1968) and Hinrichs
(1968) interpreted several mapped thrust faults to
be parts of a single, east-vergent thrust system,
the CP thrust. Current workers believe that the
'CP thrust' actually includes two separate, opposltely verging thrust systems (Caskey and
Schwelckert, 19891 Caskey and Schweickert, in reilssisilpplin rocks occur in the common
view).
footwall of these thrusts.

1

The Figure 7. Paleocurrent directions from the
eastern Zleana Formation. Paleocurrent indicators
are primarily planar cross-strata, but also' include
trough cross-stratification. Total number of measurements - 35.
the sandstone is pure quartz arenite (fig. 6). The
only clasts other than quartz are chart and heavy
minerals such as *pidote and smphLbole; neither of
these makes up more than 2% of any sandstone. Katrix makes up much less of these rocks than it does
of the western Cleana -- generally <IO%. These
compositional characteristics resemble those of the
Seotty Wash Formation (Westgate and Knopf, 1932),
exposed in the Pahranagat Range to the northeast of
ITS (Reso, 1963). The Scotty Wash is interpreted
to have been deposited in a shallow, near-shore
environment (Reno, 1963). We tentatively correlate
the eastern Eleana formation with the craton-derived Guilmette - Pilot - Chairman - Scatty Wash
section of eastern Nevada.

Our preliminary mapping of a thrust in the
southern Cleana Range allows us to expand on the
interpretations of Johnson and Hibbard (1957) and
Orkild (1963). This thrust Li a relatively smallscale feature, containing silicLclastLc and
carbonate turbLdltes of the western Cleana in both
upper and lower plates. Several lines of evidence
confirm eastward vergencet the thrust clearly cuts
up-section to the east, and bedding orientations in
the upper plate document an east-verging antlcllne
which we interpret to be the hanging-wall portion
of a faulted fault-propagatlon fold (Fig. 8).
Bedding orientations in the lower plate are consistent with a footwall syncllne, but other structural
complications obscure the details of the structure
of the footwall. Displacement along the thrust ls
approximately 1 km, based on matching of a distLnctive stratlgraphLc horizon across the fault. At
the regional scale, this li a minor feature which
occurs in the footwall of the east-vergent Belted
Range thrust of Caskey and Schwelckert (in review).

In summary, the sediments of the western
Jleana Formation and the eastern Sleana Formation
were derived from different sources and deposited
in different environments, and the available dating
indicates that they were, at least in part, being
deposited at the same time (i.e., Late Mlslsssippian). Rocks previously mapped as the 'Eleana
Formation' therefore represent two different
sedimentary systems. At the time of their formation, these sedimentary systems were separated by
an unknown distance across the late Paleozoic
continental marglns since that time, they have been
structurally juxtapobed.

le-III
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Figure 8. Diagrammatic geologic map and cross section of the southern Zleana Range
and northern Syncline Ridge. Cray - Tertiary volcanic rocks.
tast-vergLng thrust
is shown with open teeth, went-vergLng thrust with solid teeth. Dotted lines are
measured section traverses, with labele: ZR - Eleana Range section, RC - Red Canyon
Symbols
section, RCW - Red Canyon Wash section, NSR a north Syncllne Ridge section.
for age dates are the same as on Figure 5. Representative strike and dip symbols
Vertical scale in the cross-sectLon
are from our mapping, and from Orkild (1963).
is not exaggerated.
The contact between the eastern Uleana Formatlon and western Uleana Formation is not exposed,
but small-scale structures near the contact suggest
reverse motion along an east-dlppiLg fault Eli.
a). The strike ridges of the Eleana Range (western
Eleana) and Syncllne Ridge (eastern Uleana) clearly
converge southward, requiring that part of the
lower eastern zleana be cut outj the proposed fault
explains this observation in addition to explaining
the stratlgraphLc juxtaposition described above.
The clastic rocks on both sides of the fault are
east-dlppLng and generally conformable, so they
were previously interpreted to be a continuous
(presumed XLsslsslppLan) section (Johnson and
HEbbard, 19571 Poole and others, 1961t Mitchman,
The mudstones cf the eastern Eleana
1990).
Formation are not penetratlvely deformed, either in

00--r

the scattered exposures in Red Canyon Wash, or in a
core obtained from drlllhole VE-17e (Fig. 5) that
includes the upper 870m of the - 1450 m section. A
penetrative cleavage Il developed, however, in the
closest outcrop to the contact with the western
Eleana Formation, near the mouth of Red Canyon.
This outcrop is characteried by boudlnage and
disrupted west-vergent folds in thin sandstone
beds, steeply east-dLppLng slaty cleavage that is
axial planar to the folds in the mudstone beds, and
planar jointing perpendicular to the fold hingeAll of these structures document
lines (Fig. 9).
shortening in the plane of the foliation and extenThe
slon in the direction of the fold hLngelLnes.
&symmetry of the folds suggests a component of
east-over-west simple shear (l.e., reverse motion)
along an east-dipping surface. We have done very
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Figure 9. Stereogram (equal area) of small-scale
structures near the western Eleana/eastern gleans
contact. Computed fold axis (solid star) plunges
20 toward 171.
Tilled squares a poles to bedding;
pluses - poles to foliationt open squares - poles
to joints in sandstone; open stars - measured
hingelLnes.
little
structural work to date, and therefore have
little
evidence for the age of this deformation or
for its occurrence elsewhere at TS . Our map relations (Fig. 6) suggest that the juxtaposition of
eastern and western Cleana pre-dates the east-vergent thrust in the western Cleana.
(Note that
present evidence for the timing of deformation
precludes correlation of this west-vergLng thrust
with the west-verglng CP thrust system described by
Caskey and Schwelckert (in review).)
We have no
other evidence for the timing, and Paleozoic
deformation cannot be ruled out. Nilsen (1977)
described a very similar facLes juxtaposition in
Idaho, and interpreted the contact to be an eastverging thrust. In this Idaho example, sediments
derived from the thrust plate are thought to be
Late Mississippian in agel the thrusting Ls therefore thought to have occurred in early Late
Mississippian time (Nilsen, 1977).
DISCUSSIOU

&

The western Zleana Formation apparently records both Early Mississippian (Roberts Mountains
phase) and Late XlssLssLppian (Christina Peak
phase) deformation (Traxler and Cashman, this volume).
The Antler peripheral foreland basin, caused
by obduction of the Antler allochthon, may be represented here by the sillclclastLc turbidite sectlon of the western Eleana. These rocks are
thought to occupy a narrow, axial trough filled by
turbidity currents forming a southern lobe of the
submarine fan system to the north (the Diamond
Range sequence of Traxler and Nltchman, 1990)
(Trexler and Cashman, 1990).
Alternatively, these
silLLclastic sediments may have been reworked from
the Diamond Range sequence in central Nevada as it
was uplifted in late Kerameclan time. Resolution
of these alternatives requires better age control
of the western Eleana strata.

In late KeramecLan (Late XLssLssLppLan) time,
the Antler foreland basin was uplifted and deformed
in central Nevada (the Christina Peak phase) followed by erosion and gradual subsidence (Trexler
and Cashman, this volume). In central Nevada, deposltlen of the sillcLclastLc Newark Valley sequence
accompanied post-deformation subsidence. This consisted of fluvlal and deltaic sedimentation, gradually succeeded by carbonate sedimentation on a
challow marine platform. The first
appearance of
carbonate turbldltes ln the western Cleana Formation correlates well with the deposition of the
basal Newark Valley sequence - both are early
Chesterlan in age (E. Xamet, written commun.,
1990). The SSW-directed paleocurrents in the
western Eleana Formation also support the
conclusion that central Nevada was the source of
carbonate as well as silLciclastLc western Eleana
Formation sediment. Interestingly, the eastern
Uleana Formation does not contain sedlmentological
evidence of the Christina Peak phase of deformation
and basin subsidence.
Re-examLnatLon of all rocks mapped as Eleana
Formation will be necessary, in order to determlne
which have cratonal affinities (i.e., are part of
the eastern lleana Formation) and which have afflnltles to the allochthon and foreland basin (i.e.,
are part of the western Cleana Formation).
Such a
re-examination will result in a better understandlng of the KLssLssLppLan continental margin, and of
the geometry and extent of deformation related to
(1) the Antler orogeny, and (2) other late
Paleozoic deformatLonal events.
A better understanding of XLssLssLppian
stratigraphy in southern Nevada also will aid in
structural lnterpretationss
at present, very llttle is known about the fault that juxtaposes the
eastern Eleana and western Cleana, but mapping of
these as different units will reveal the position
and orientation of this fault, and may constrain
its displacement and timing.
in addition, a detailed internal stratigraphy of the western Eleana
Formation, in particular, may provide markers which
can be used to reconstruct both MesozoLc
(compressional) and Cenozoic (extensional)
deformation.
Zn conclusion, a reinterpretation of the
Eleana Formation, dividing it into two partially
coeval units with different provenances end deposltlonal environments, has resulted Las (1) a better
explanation of the geologic relationships in the
vicinity of the Eleana Range, (2) testable predictLons about Mississippian stratigraphy in southern
Nevadat and (3) a new framework for evaluating
other aspects of both structure and late Paleozolc
stratlgraphy in southern Nevada. We suggest that
the name *Cleana Formation, be restricted to the
rocks containing chart litharenltes (i.e., to the
unit we have termed the western Yleana Formation,
and have interpreted to be derived from the Antler
allochthon and foreland basin). We suggest that
the rocks characterized by quartz arenites (L.e.,
the unit we have termed the eastern Eleana Formatlon and interpreted to be derived from the craton)
be mapped as cuLlmette, Pilot, ChaLnman and/or
Scotty Wash, depending on detailed correlations
with the well described Paleozolc section to the
east of MTS.
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ABSTRACT

Mississippian strata in central Nevada record
two tectonic phases: the Roberts Mountains phase
which is the latest part of the larger-scale Antler
orogeny, and the Christina Peak phase which we
interpret an a poet-Antler episode of folding,
uplift, erosion, and basin subsidence. The Roberts
Mountains phase involved obduction of allochthonous
strata from the west onto the continental margin,
accompanied by down-flexing of the craton margin
due to loading. The Antler foreland basin subsided
rapidly, and received submarine fan sediments
(Diamond Range sequence) from the Antler highlands
The Christina Peak phase deformed
to the west.
Diamond Range sequence strata. It documents eastward migration of deformation, involving broad
folding and uplift in the vicinity of the Diamond
Mountains. Subsidence of the successor basin was
slow and probably Liostatic. The resulting strata
(Newark Valley sequence) represent a marine transgressLon over a fluvlal and deltaic environment,
and establishment of a shallow-marlne, carbonatedominated seaway between the low-lying Antler highlands and the craton. SilcLcl1astic sediments in
this successor basin were derived both from the
craton to the east, and from locally uplifted and
eroded Antler foreland strata to the west.
INTRODUCTION
The late Faleorolc continent margin of the
western Cordillera li often characteriaed as having
a long history of terrane-aecretion. West-dipping
subduction (Speed and Sleep, 1982) of the early and
middle PaleozoLc passive margin resulted in
structural juxtaposition of oceanic and cratenal
rocks (DLckinson, 19773. Major episodes of allochthan obduction occurred at the beginning and end of
this collisLonal hLetorys the Devonian-Mlssls*lpplan Antler orogeny, and the Permo-Trlausic
Sonoma orogeny. Deformation continued between
these two ebduction events. The detailed tectonic
history of the Mississippian through PermLan craton
margin li only beginning to be understood, but can
be viewed as a series of tectonic phases (Trexler
and others, 19901 this volume).
Mississippian stratigraphy In the Diamond
Mountains records two distinct tectonic episodes
the Roberts Mountains phase, which represents the
final emplacement of the Antler allochthon in the
Early Mississippian, and the Christina Peak phase,
which was a folding and uplift episode in the Late
Each tectonic pulse resulted in
Mississippian.
formation of a sedimentary basin with distinctive
characteristics related to the setting In which it
formed. The detailed stratigraphy of these two
basins li the key to understanding the timing and
style of this tectonism.

Figure 1. The Antler orogenic belt in the western
United States.

THE ROBERTS MOUNTAINS PHASE

The Antler orogeny was originally designated

as comprising all Devonian-MLssLssLppian orogenic
activity gRoberts and others, 1956: Johnson, 1971).
However, many workere now restrict the definition
to the ebduction of allochthonous oceanic strata
onto the North American craton margin in Late
Devonian to Early Mississippian time (lNsen and
Stewart, 19803. Obductlon probably was complete by
early RinderhookLan time (Johnson and Pendergast,
1981i Murphy and others, 19843, although many workers suggest later reactivation along the fault
contact (i.e.. Roberts Mountains thrust and related
structuresg Ketner and Smith, 19821 Stahl, 19893.
following the scheme of Trexler and others (19903.
we refer to the actual emplacement of the
allochthon as the Roberts Mountains phase.
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The Diamond Range Sequence
The most obvious atratigraphic result of
Early Missiasippian thrusting was thrust-induced
subsidence which created a peripheral farmland
basin (rig. 1). In central Nevada, this was a
marine basin that received sediments shed from
highlands in the allochthonous terranes to the west
(SadlLCk,

19601 Poole, l974; Poole and Sandburg,

In the vicinity of Eureka, Nevada frig. 2.
1977).
3), basin fill comprising strata of the Dale Canyon
Formation, the ChaLnman Shale, and in some places
part of the Diamond Peak Formation is interpreted
as a submarine fan sequence 1(ig. 4). This, the
original foreland-basin fill, la the Diamond Range
sequence (Trexler and Sltchman, 1990).
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The Diamond Range sequence li defined as the
west-derLved submarine fan systems trect within the
Antler foreland basin in central Nevada following
the definition of "sequence* by Mitchum and others,
Figure 2. Location map of the Diamond Mountains and
vicinity, east-central Nevada. Measured sections
(Tig. 6) are in boxes. Major *tratigraphic bound-

ariee are shown; see geologic map (Fig. 5).

360_L

basin subsidence
deformation erosion

FLgure 3. Schematic MsslissippLan stratigraphy
along the Antler foreland-basln belt.

Tectonic

phases from Trexier and others (1990i this volume).
Stratigraphy after Poole 11974,
and Uitchman, 1990.
1977).

1976)1 and Trexler

The base of the Diamond Range sequence li

the bass of the Chainman Shale, or the Dale Canyon
ToimatLon where it occurs (Fig. 3, 4). The lower
Chainman Shale in the Diamond Range has been dated
as early Ovagean based on palynomorphx (T. Butter,
written commun., 1989). The Dale Canyon FormatLon,
which has been identified in the southern Diamond
Mange and in the southern Pinon Range to the northwest of the study area, but does not occur in the
central and northern Diamond Range, li
KinderhookLan to Omagean in age (VlscontL, 1983).
Zn the Diamond Mountains the basal contact of the
sequence li conformable on the Joana Limestone or
the Pilot Shale.
Strata below the Diamond Range sequence are
related to the craton to the east. The Joana Limestone in the Diamond Mountains li KinderhookLan ln
age (K. Coebel, pars. commun., 1990) and consists
4L bioclastic limestone turbidites which have been

correlated with the Tripon Pass Limestone (Poole
and Claypool, 1984). The Joans Limestone was shed
from a carbonate platform, westernmost outcrops of
which occur in the Pancake Range, where the plat-

form rocks also are mapped as Joans (K. Coebel,
The Pilot Shale was derived
pars. commun., 1990).
from the craton, and may represent sedimentation
down a westward-steepening off-shore slope (Poole,
1974, 1977).

Black
Point '

The Diamond Range sequence in the Dlamond
Range comprises a minimum of 1000 and not more than
1800 m of mudrock and siltatone, punctuated by
intervals of 1ltharenite and conglomerate (Fig. 6).
With the exception of Dale Canyon litharenite,
coarse intervals are traceable for a few kilometers
at most along strike, and are not persistent enough
to be useful for correlation.
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Figure 5. Geologic map of the Diamond Mountains,
showing t he Dale Canyon Formation, Chainman Shale,
Diamond I,eak Formation, and Ely Limestone, here
rerapped an the Diamond Range sequence and the
N w rk Vj he1y sequence.

Flgure 4. Ceneralised geologic map of the Diamond
Mountains and vicinity (after Roberts and others,
1967; Kose and Slake, 1976).
The Diamond Range sequence, which is folded
and erosionally truncated, im overlain unconformably by the Newark Valley sequence (Tig. 5). The
youngest ages obtained from the Diamond Range sequence are middle-upper Osagean (T. Mutter, written
eommun., 1989J. Because of the angular nature of
the upper unconformity, it li impossible to determine the age of the top of the Diamond Range sequence here.
Moat of the Diamond Range sequence In the
Diamond Mountains is mapped as Chainman Shale (Fig.
4, S), but locally the upper part of the sequence

includes the Diamond Peak Formation. The base of
the Diamond Peak Tormatlon commonly is placed at
I the beae of the lowest prominent conglomerate.
This contact rarely coincides with the unconformLty
11 at the top of the sequence, which may occur either
in places
I above or below the lowest conglomerate.
where coarse clastLe rocks first appear low In the
section, such as at Walters Canyon (rig. 6), the
base of the Diamond Peak Formation le mapped below
I the s*quence boundary. At Rattlesnake Mountain,
the sequence boundary occurs in a mostly fineI grained Interval and the lowest conglomerate occurs
i well within the overlying Newark Valley sequence
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fining- and thinnLng-upward intervals from 5 to 10
metere thick.

Sedimentolog=
The Diamond Range sequence coneists of thick
intervals of uudrock and fine lItharenite, and
thinner intervals of lithic conglomerate.
finer
parts of the section tend to be covered, whereas
coarser part. form well-exposed ribs. The
eedLmentology of these rocks has been documented by
Brow (1g71), Poole (1974, 1976), Harbaugh (1980).
Harbaugh and Dickinson 11981). and Visconti (19821.
The following description, drawn frcm the authors'
observations, agrees substantially with previous
work, and ls intended here only as a review.

Conglomerate beds ln this sequence are matrixsupported and mud-rieh: they range from pebbly
mudstone to muddy conglomerate. Clest size ranges
from grit to cobble, and clasts are typically wellrounded.
The coarsest clasts are LntraformatLonal
mudstone rip-ups up to 1 m across. Conglomerate
beds display channellzed and eroded bases, and In
many places are 15 to 20 m thick. Conglomerate
units are not traceable laterally for more than a
few hundred meters, and In many places occur in
laterally stacked sets.

Mudrock intervals of the Diamond Range sequence are finely laminated elltetene and shale
with wisps of fine sand and local starved-ripple
lminma.
The most striking aspect of the finegrained rocks is the abundance of Herites. a bedding plane trace-fossil that indicates quiet, but
well-oxygenated. sarine conditions.

t

I

Litharenite intervals are typically thinbedded and laterally persistent, with many of the
I
features associated wlth 'ouma
sequence, turbidItesa secoured and fluted bases, graded bedding, and ii
convolute laminae. Ltharenite bed-sets commonly
form both coarsening- and thLekening-upward and
I
-1

Sandstone point-count data for this study of
the Diamond Range sequence shows most sandstones to
be lltharenites and quartz-arenites (Tig. 7). The
most abundant lithic clast type is chert, and most
samples have significant feldspar and volcanic
clasts. Volcanic clasts are highly altered, in
many cases to pseudomatrix. but they appear to
reflect an intermediate volcanic composition.
Preliminary elast data from conglomerates in this
sequence shows that there are numerous different
clast types, including (in approximate order of
1

L

_ _____-

___I_______

abundance) quartzLte, chert, arglllte, lltharenite, llthlc wacke, recrystallised limestone, and
*lltetone.
The silLciclastlc sediments of the Diamond
Range sequence reflect a provenance in the Antler
Mout of the sediment apallochthon to the went.
pears to be derived from the VlnLnL chert, an
pointed out by many workers (Poole, 1974, 19771
Harbaugh, 1980 Marbaugh and DLckinson, 198l1
Dickinson and others, 19833. The relative abundance of feldspar and volcanic fragments in these
rocks has not been previously recognized. The
abundance of feldspars and volcanic fragments Ls
wlde-rangLng trig. 7)1 it is not presently understood what controls the distribution of these
grains, but the volcanic signature reflects Lnfluonce of an arc that was only sporadically available
as a sediment source.
Depositional Pnvironment
Rocks of the Diamond Range sequence have been
identified by several workers as a submarine fan
sequence (Poole, 1974, 1977; Marbaugh, 1910;
Marbaugh and Dickinson, 1981; Visconti, 1982), and
our study confirms this interpretation. Kudrock
intervals have the characteristics of dlstal and
lnterlobe deposits. Sections with litharenLte and
conglomerate represent fan lobes and channel
deposits.

@

Measured sections suggest several eastward
lobe-buLldLng episodes. The section at Rattlesnake
Mountain (Fig. 63 contains at least two of these
intervals, at 300 and 700 m respectively. South of
Eureka at Secret Canyon and at Packer Basin (fig.
23, the Dale Canyon formation forms a single fanlobe interval at the base of the section, and the
remainder of the sequence has only thin beds of
coarser material near the top of the section. A
similar fan lobe mapped as Dale Canyon formation
occurs in the southern Plion Range northwest of
Eureka (Visconti, 1982), but the two lobes are not
laterally connected. At Walters Canyon (Flg. 2, 6)
the bottom of the section la dominated by mudrock,
but three fan-lobe intervals occur in the middle of
this section. Tan-lobe intervals are not correlatable from suction to section, consistent with an
interpretation of east-bulldlng, laterally limited
facies.
Measured sections in the Diamond Range sequence do not suggest any systematic vertical or
lateral trends. The upper sectione at Water and
Walters Canyons ing. 2. 63 are coarse at the top,
but the sections at Secret Canyon and Rattlesnake
Mountain are fine at the top. The Dale Canyon Yormation fan lobes occur only in sections at the
south end of the Diamond Mountains and to the
northwest in the PLnon Range; elsewhere the base of
the section Ls fine grained.
Dramatic differences
in the thickness of the section at different localltles is attributed to deformation and erosional
truncation at the upper sequence boundary.
TIM aCIISTINA MAXPUAt

s

Introduction
Sn late MeramecLan time, the Diamond Range
sequence and subjacent strata were deformed, uplifted, and erosionally beveled in a tectonic eplsode we have called the Christina Peak phase.
(This was previously called the Diamond Mountain
phase by Trexler and Cashman, 1990; we rename it
here to avoid confusion with the similarly named

-.

Diamond Peak Formation and Diamond Range sequence.)
This tectonic phase is a regional event. In southe*r Idaho, Nilsen (19773 documented an unconformlty
of this age, and proposed an orogenlc origin.
Dorobek (1990) has documented renewed subsidence at
In southern Nevada, a prothis time in Montana.
nounced shift in sedimentary provenance occurs in
strata of this age (Cashman and Trexler, this volevada,. Johnson and Pendergast
ume).
In central
(1981) have suggested Liostatlc uplift in the late
MLssxsslpplan and reworking of submarLne-fan
sediment.
in the Diamond Mountains, the local tectonic
effects of the Christina Peak phase are referred to
here as the Overland Pass event. An angular
unconformLty separates mlddle-upper MeramecLan
submarine fan strata of the Diamond Range sequence
from early ChesterLan deltaic and shallow marine
This
sediments of the Newark Valley sequence.
relationship documents deformation and uplift of
the Diamond Range sequence, and establishment of a
successor basin overlying the Antler peripheral
foreland basin.
The Newark Valley Sequence
The Newark Valley sequence la defined as the
systems tract of fluvial, deltaic, and shallow
marine sediment that filled the successor basin
formed by subsidence after Christina Peak phase
deformation. The base of the Newark Valley sequence li early Chesterlan everywhere it has been
dated; this includes sections not only in the
Diamond Range, but also at luck Mountain and the
Pancake Range to the east. The sequence ranges in
age into the Pennsylvanian, but the upper limit li
unknown due to erosion during the Permian. In the
Diamond Range, the sequence li overlain unconformably by the Permian Carbon Ridge TormatLon.
Strsatioraphy

Strata of the Newark Valley sequence include
the Diamond Peak and parts of the Ely Formations.
The lower boundary of the sequence only rarely
coincides exactly with the base of the Diamond Peak
Formation Frig. 5. 6), because submarLne-fan
conglomerates of the Diamond Range sequence commonly are included in the Diamond Peak Formation (see
discussion above).
The Diamond Peak Formation
grades upward into the Ely Limestone, and thus at
least the lower Ely is considered to be part of
this systems tract.
The Newark Valley sequence li at least 1000 n
thick, based on measured sections throughout the
Diamond Range (Flg. 6). In all sections measured
to date, the top of the sequence li truncated by a
Permian unconformity; in Secret Canyon only about
100 m of the Newark Valley sequence li preserved.
The lower 400 to 700 m of the Newark Valley
lllciclastLc conglomerate
and sandstone, and generally li mapped as Diamond
Peak Formation. The base of the Ely Limestone li
taken as the level at which limestone first domlnates the section. At Rattlesnake Mountain Ing.
5) the Diamond Peak Formation li over 1000 meters
thick, but at Walters Canyon to the north, the
Diamond Peak only accounts for 400 meters of sectlon. Basal limestone of the Ely invariably carries latest Mississippian or very early
Pennsylvanian mLcrofoseils (3. Mamet, written
commun., 1988, 1989).

sequence li dominated by

*Sedijentolov
The Newark Valley sequence comprises
lnterbedded intervals of conglomerate and
sandatone, mudatona, lithic-pabble limeetone,
calcarenlte, and mlcrite. The *edimentology of
theee rocks has been studied by many workers (Brow,
19711 Pools, 1974, 1976; Harbaugh, 1980* Narbaugh
and Dickineon, 1981). The following descriptions
taken from data obtained for this study are in
agreement with previous work; thi discussLon is
Intended only an a review.
Conglomerate and sandstone in the Newark
Valley sequence ls clean, clast-supportmd, end the
clasts are well-rounded.
Coarse clastLc rocks are
most common in the lower part of measured sections
tFig. 6).
Bedform fabric, well developed in most
places, generally consists of foresets at many
scales, nested channels, and-trough or planar
crosa-laminatLon.
Large-scale foreset fabric ls up
to 10 m thick, with foreset angles between 12 and
200. Conglomerate and sandstone beds are lenticular
in cross-sectLon, and persist laterally from tens
to hundreds of meters.
They commonly are Laterbedded with mudatone.
Mudstone intervals are volumetrLeally signiflcant low in the Newark Valley sequence.
Typically, mudetone beds are dark maroon or olive green in
color, and show evidence of dLagenetic migration of
the minerals that give the rock its color. Silty
laminations and thin sandy beds are cormon.
The
upper part of the Newark Valley sequence land entire
sections measured in ranges to the east of the
Diamond Mountains) are mud-free.
Lithlc-pebble limestone consists of rounded
chert and quartaite pebbles in a calcarenite matrlx, with variable mounts of LnterstratifLed,
clean litharenite.
Sedimentary fabric consists of
low-angle planar stratification, trough crosslamination, and imbrication. Lthlc-pebble
limestone beds cormonly are Interbedded with
calcarenite or micrite intervals.
Limestone beda occur throughout the Newark
Valley sequence, and are more abundant ln the upper
part of all sections. Crainatone and wackestone
predominate, but Intervals of micrite are common.
Calcarenite beds show current-reworking structures
such as cross-laminatlen and grain-orLentatLon
fabric In most cases. They are commonly
fossiliferous, and contain a wide variety of taxa
including crinoLd fragments, brachlopods, pelecypods, corals, bryosoans, and foraminifera. The,
latter allow high-resolutLon dating of many sections (B. Mamet, written comun., 1988). Limestone
intervals coaxonly contain lithic-pebble and lltharenite beds, especially near the Diamond Peak/Ely
contact. Hlcrite beda in many places have a
nodular fabric termed phanoplastLcl, which has
been associated with shallow-marLne, wave-reworked
deposits (Caroszl, 19S16.
Petroloov
Sand grains and conglomerate clasts of the
Newark Valley sequence consists almost entirely of
quarts and stable lithic grains (rig. 7).
Conglomerate clasts are chert and quartzite. Sand
grains are chart, monocrystalline and polycrystalline quartz, and Lntrabasinal carbonate grains.
Newark Valley sequence sediments inspected to date
are virtually free of volcanic lithlc clasts and

feldspar.

Some sections contain ortho-quartaLtes,
and the quartz grains are highly rounded both in
these beds and in nearby litharenite beds. In
general, quarts grains appear texturally more mature than the chart and quartuite grains with which
they are mixed, indicating recycling, and possibly
a different source, for the quarts.
We suggest two sources for the Newark Valley
sequence sediments eroded and reworked Diamond
Range sequence, and the craton.
Because these
sediments are in most cases free of voleanic-derived material, the allochthon no longer seems to
be a direct sediment source. The overmature and
clearly reworked quart: grains apparently are derived from the craton. Paleocurrent studies corroborate both local and eastern sources for much of
this sediment (see below). Previous work on the
Mississippian clastLi section in the region has not
made a petrographic distinction between the two
sequences, although Poole (1977) postulated that
there li an upward trend toward greater maturity,
due to reworking.
Dickinson and others (1983)
pointed out the occurrence of volcanic fragments
and feldapars in the Chainman Shale, and lack of
them in the Diamond Peak rormation, but they did
not draw any conclusions from these data.
Devositional Environment
We interpret the Newark Valley sequence as
being a fluvial-deltaLc to shallow marine
tranegressive sequence.
Lower parts of the sequence in all measured sections are either deltaic,
fluvlal, or lagoonal marine. Higher in the sectlon, deltaic silLcLclastlc beds are Lnterbedded
with shallow marine limestone, and finally marine
limestone dominates.
This paleoenvironmental lnterpretatlon is largely in agreement with that of
Brew (1971) and Marbaugh (1980).
Some workers have proposed that the coarser
clastic section li a progradatLonal molasse aequence derived from the Antler allochthon (Poole,
1974, 19771 Harbaugh, 1980). Harbaugh and
Dickinson (1981) demonstrated that the Diamond Peak
Formation was tranegressive rather than progradatlonal. Our interpretation provides the additional
insight that the coarse elastic section (lower
Newark Valley sequence, Diamond Peak Formation) ls
not a clastlc wedge that represents the proximal
equivalent of the Diamond Range sequence submarine
fan system. Rather, it Is a transgressive successor basin with sediment derived both from the east
and locally.
Thick conglomerate and sandstone intervals at
the base of some sections (Fig. 6) contain largescale forenet fabric and nested channel geometries
typical of a braLd-delta setting. Foreset progradatlon direction in the Alpha Peak area slnorthnorthwest Fig. I), along the ftreland axis and
possibly back toward the allochthon. Other correlative sections from ranges to the east show many
examples of west-directed paleotlow. Maroon and
green mudrock intervals associated with these
conglomerates are probably delta-plain muds (trew,
1971).
Phenoplastic limestone. in this part of the
section are interpreted to be lagoonal, tidal flat,
or near-shore deposits.
Limestone Lnterbedded with litharenite and
lithic-pebble limestone are characteristic of upper
parts of the sequence, and are interpreted to have
been deposited on a relatively high-energy

I
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Figure S. oreest attitudes (topuete restored to
horizontal) for *ix, stacked deltaic lobes near
Alpha Peak. tach symbol type refers to a *separate
lobe.

See Figure 2 for location.

7
carbonate platform. Lltharenites represent beach
and shoal deposits, and moms appear to be derived
from ililciclastic shelf sands to the east, such as
the Scatty Wash Quartzite. Llthic-pebble
limestone. are off-shore bar deposits of deltaic
conglomerate reworked onto the carbonate platform.

The Newark Valley sequence documents a waning
clastic source and a subsiding basin. SilicLelastic sediment was distributed throughout the
basin by large fluvLal and deltaic systems early ln
the successor basin history, but no systematic
dlitrlbutary organization li yet apparent. Lowest
fluvlal and deltaic strata in the Newark Valley
sequence preserve paleoflow indicators (rig. 9)
that show a variety of directions. In the Diamond
Mountains, these dietributaries appear to have
flowed north and west. At Buck Mountain and at
Pancake Sunmit, east of the Diamond Mountains, the
flow was south and west. In several cases, *epecially In the northern Diamond Mountains, the bl-

Figure 9. Palsocurrent data from the lower part of
the Newark Valley sequence.
Numbers with arrows
are the number of measurements (each group from a
bedding coset), and arrow azimuths are vector
means.

directional flow suggests estuarine deposition. By
middle ChesterLan time, the major fluvLal systems
were drowned and silicclastic sediment was being

reworked around the basin by tides or waves. The
mud associated with the lower deltaic deposits was
no longer present, so calcium carbonate production
was no longer inhibited. Limestone dominates the
upper section, and calcium carbonate production
kept pace with subsidence.

The subsidence history of the Diamond Range
s
sequence
li poorly underetoodg age control li mostly of low resolution, and the paleobathymetry li
virtually unconstrained. The Pilot Shale and Joana
Limestone slope deposits, however, Indicate that
| the basin subsided quickly, early ln its history
I (Poole. 1977). Znitial Diamond Range sequence

TEZ MISSISSIPPIAN 'ANTLER rORELND's TWO
SUPERIMPOSED BASINS
Mississippian stratigraphy eo the Diamond
Mountains record. two orogenic phases and two postZn early Mississippian time,
tectonic basins.
allochthon obduction and margin down-warp (Roberts
Mountains phase) produced the initial peripheral
foreland basin, as documented by the Diamond Range

rocks (Chalnman Shale and/or Dale Canyon Formation)
appear to be relatively 'deep' marine, that ls. at
least below storm wave-base. When the Newark ValI ley sequence (DLamond Peak Formation) li recognized
as being a separate stratigraphLc sequences, the

sequence. This phase fits present concepts of the
Antler orogeny (e.g., Dickinson and others, 1983).
and Poole's (1974, 1977) ftlysch trough, reconstruction.
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Oprogradational
I,

Talbeit tranegressive) trends

proposed by Poole (1974, 1977), Marbaugh (1980),
Harbaugh and Dickinson (1981), and Dickinson and
others (1983) disappear. The Diamond Range se-

I quence alone shows no obvious trends such as deepening, shaliowing, prograding, or regressing.

I

w
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Unfortunately, the critical upper and
proximal parts of this foreland basin history are
mostly missing due to latest feramecian erosion.
The Antelope Range Formation in the limh Creek
Mountains south of Eureka may be a relict of the
proximal foreland. These strata comprise a thick
section of litharenite and conglomerate of early
Mississippian age that has been interpreted as
deltaic or estuarine (Sans, 1986).
In late HeramecLan time, the peripheral
foreland wax deformed and uplifted (the Christina
Peak phase) and a successor basin was created,
resulting in deposition of the Newark Valley sequence. This basin was filled with eroded and
reworked Antler foreland basin sediment, plus intrabaslnal limestone and cratonal sediment, in a
transgressive sequence. Paleocurrent data (Fig. 9)
indicate topographic highs within the Antler
foreland and to the east of the present position of
the Diamond Mountains.
The timing of the Christina Peak phase la
well constrained by dated strata above and below
the unconformity. The youngest pre-deformatLon
strata dated so far are middle-late Merameclan.
The oldest post-uplift strata are early Chesterian.
This restrict. the uplift end deformation event to
latest Merameclan time.

Figure 10. Sub-unconftrmity attitudes on the
Diamond Range sequence, with overlying Newark Vally sequence strata restored to horizontal. See
Figure 2 for localities.
for the early transgression of the Newark Valley
sequence basin. By contrast, late Chesterian time
marks a major regressive cycle world-wide, but at
that time the Newark Valley basin was drowning its
deltas and becoming a subsiding, carbonate-domlmated system.

The style of deformation at this time La lees
Mapping of the unconformity in
well understood.
the Diamond Range demonstrates a considerable range
of sub-unconformity attitudes. When the unconformity li restored to a flat surface (Fig. 10),
the Diamond Range sequence strata appear to be
folded around a north-northwest trending axist this
trend is roughly coaxial with Mesozoic folding in
the area. The position of this folding (e.g. In
the Diamond Mountains) indicates a shift in the
locus of deformation from the Roberts MountaLns
(Roberts Mountaine phase, above) eastward toward
the craton.

Several themes are apparent ln the development of the foreland and successor basins. Deformatlonal episodes seem to have been relatively
short-lived pulses. This la less clear for the
Roberts MountaLns phase, although that obduction
event seems to cease abruptly sometime in
UinderhookLan time. The Christina Peak phase
deformation li constrained to a short period in
latest Nerameclan time. In both phases, the basins
that resulted were persistent features that lasted
for tens of millions of years.

Whereas the reasons for renewed subsidence in
Chesterian time are a subject of speculation at
this point in our investigation, some constraints
are known. The upper Missimaippian transgression
in central Nevada has been attributed to isostatic
subsidence of the craton margin subsequent to the
Antler orogeny (Johnson and Pendergast, 1981).
However, at least 25 million years elapeed between
the Roberts Mountains phase and deposition of the
tranegressive Newark Valley sequence. Deformation
of the Christina Peak phase was apparently centered
in the area of the Diamond MountaLns, so thrustforced crustal thickening could account for local
Subsidence subsequent to this later epLuplift.
mode could have played a role In the transgression.
iliLciclastic sedimentation did not
In any case,
keep pace with subsidence in the Newark Valley
sequence, and therefore was not a factor in driving
the basin down.

Compressional deformation thickened the cruet
during both the Roberte Mountaine and Christina
Peak phases. In the former case this created both
a highland sediment source and an asymmetric peripheral foreland basin. In the latter, local
highlands were uplifted but a deep basin never
formed, and subsidence seems to have accomnodated
slostatic loading at a much slower rate. We speculate that this change in tectonic style reflects a
change In accommodation of plate-margin compresi*Lonoceanic-terrane obduction at the craton edge
was replaced by deformation of the continental
cruet Inboard of the craton margin.
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Eustatic controls seem to play a minimal role
in basin sea-level during deposition of the upper
Newark Valley sequence. tustatic sea-level fluctuation has often been invoked as a control on
sedimentation in the Carboniferous, a time of
known, large--cal-, eustatic changes. Certainly,
eustacy must have affected Miesluisppian strata in
Nevada (e.g. Johnson, 1971).
Early and middle
Chesterian time was a period of worldwide transgresslon (Ross and Rose, 1987), perhaps accounting
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INTRODUCTION

ABSTRACT
Mississippian through Permian strata in eastern Nevada, and related strata in southern Nevada
and southern Idaho, document a series of tectonicor
episodes that are either generally unrecognized,
assigned to the Antler or Sonoma orogenies. Some
of these were local and others were regional in
scale, and none fit either the Antler or Sonoma
orogenies as normally defined. They are listed
below, along with the last phase of the Antler and

The upper Paleozoic tectonic history of the
western craton margin in the United States is generally thought of as a long and complex story
bracketed by two collision episodes: the Late
DevonLan-Early MississLppLan Antler orogeny, and
the Permo-TriassLc Sonoma orogeny. Several authors
have noted aspects of tectonic unrest between the
Antler and Sonoma orogenies. Tor example, Speed
(1977) noted continued, but unexplained, dlfferential uplift within the Antler orogenic belt.
Ketner (1977) coined the term 'Humboldt orogeny"
for Late Pennsylvanian reactivation of the Antler
orogenLe belt and dispersal of elastic debris eastward into a stable "epLcontLnental seal. Dickinson

phase of the 6omoma orogenLes:

the first

>- Antler orogenv: Roberts Mountains phase (Early
Mississippian) - emplacement of Antler
accretionary wedge on the passive
margin
3 Wendover phases (early MissLssippLan)
regional uplift, eroslons
3 Christina Peak phases (middle Mississippian)
- uplift, folding, and erosiong
> Oquirrh phase: (Early-Middle Pennsylvanian)
- basin segmentation and subsidence;
3 Eumboldt phases (Middle-Late Pennsylvanian)
- uplift, tilting and erosionj
3 Dry Mountain phase: (latest PennsylvanianEarly Permian) - uplift, tlltlng, erosion,
and basin segmentation;
> Iehbel phase: (late Early - early Late
Permian) - uplift, tltLng, and erosionj
3 Sonoma orooen:s Golconda phase (early Triassic)
- obduction of the Golconda allochthon.

(1981),

(e.g., Dickinson,

19771 Burchflel,

19791 Speed and

The result of this tectonic history li a very
only
complicated upper PaleozoLe stratigraphy, not
in parautochthonous and allochthonous strata in
accreted terranes to the wast, but also in cratonmargin and overlap strata. Devonian through
Permian craton strata, when traced east to west,
undergo dramatic facles changes in areas where
tectonlsm affected sedimentation, and some are
locally missing due to uplift and erosion. ClastLc
sediment shed from syntectonlc highlands along the
margin formed strata that are difficult to correlate with units to the east. Many workers have

1"1. Phlmab
CH., eds..
J.D.. ad SteymS.

~fI.

and Smith and

others, 1988; Coney, 1989). A large-scale, lowresolution tectonic scenario for the ilsxlssipplan
through Triassic li generally agreed upons the
western edge of the craton was a colllslonal margin
along which various oceanic terranes were accreted.
The specific details of how the margin and nearby
craton interior accommodated this orogenesis are
not well understood. Arguments about timing and
style of tectonic episodes are ongoing (e.g. Ketner
and Smith, 1982; Janema and Speed, 1990).

history.

Palmogeepophyof do WOMM Dobed SMAnel Pacdfic
Vo. W7.p. 317-329.
Secc~as

Oldow and others (1989)

Killer (1990) mentioned the formation of several
late PaleozoLc basins within the Antler belt and
along its eastern edge, and suggested a period of
possible regional extension. Stewart (1980) summarLted much of the Penneylvanlan-PermiLan tectonLsm
that affected Nevada. Nevertheless, most review
papers describe a quiet tectonic setting from middle Mississippian through early Late Permian time

The tectonic episodes between the Antler and Sonoma
orogenies have mostly escaped notice until now for
two reasons: (1) established cratonal stratigraphy,
when applied to highly variable craton-edge *equences, tends to obscure important local perturbationss and, (2) the comonly held assumption that
there were only two late Paleozoic - early KesozoLc
orogenies with a quiet interlude between leaves
little room for more complexity, and inevitably
leads to unresolvable arguments about timing and
style. Little used, older terminology (e.g.
'Wendover phase") 1J available to describe theseof
events in some caseal refinement or abandonment
existing terminology may be necessary in others.
Careful, objective stratigraphLe studies will result in a more accurate, and complex, regional

In Cow.

Patricia H. Cashman
Department of Geological Sciences
and Center for MeotectonIc Studies
University of Nevada, Reno
Reno, Nevada 89557
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rLgure 1 (opposite)* Tectonic phases presently
known from latest Devonian through earliest
STriassic time in the North American mlogeocline.

to this as the oerts Mountains phas, arguably
the last part of the larger-scale and longer-lived
Antler orogeny.

recognized this lateral varlabillty -(.g., Poole
and Sandberg, 1977), but now work in the region
suggests that the *ituation li even more complex
than was thought. Detailed knowledge of this
stratlgraphLe record Ls the key to unravelllng the
details of the tectonic history of the margin.

Whereas a full description of what is known
of the timing and style of the Antler orogeny ls
beyond the scope of this paper, a brief discussion
of the Roberts Mountains phase of this orogeny is a
starting point for a review of the evolution of
late *aleozole, post-Antler tectonics in the Great
Basin region.

We propose that a somewhat different
stratlgraphLc approach to resolving the details of
the tectonic evolution of this continental margin
is to identify tectonic *events* and Ophases' ln
the sense of Trexler and others (1990). Events are
tectonic episodes with effects visible at outcrop
scale, such as angular unconformLties, pervasive
deformation, and stratigraphic evidence for basin
formation. These events should be defined in terms
of local evidence. Phases are episodes with regional effects, but of short duration, and reflect
a characteristic tectonic style. Ideally, events
should be established first, based directly on
field evidence. These events can then be linked
together to define phases. This approach has the
advantage of establishing the local evidence first,
and then building the regional picture.
There are various ways of assembling events
Lato phases and orogenies, but this is not the
problem we address here. Our approach is not to
redefine the Antler and Sonoma crogenLes, but rather to identify and describe as many specific phases
of orogeneoLs as possible. This can provide a
framework for a fresh look at the detailed tectonic
history of the craton margin.
MissiesippLan through Permian orogenesis can
therefore be viewed as a series of phases of relatively short duration (Fig. 1). Each of these
phases comprises local events that document its
style and extent. Some, such as the Roberts Kountalns phase, are well known. Some, such as the
Christina Peak, Dry Mountaln, and Ishbel phases,
are newly documented. Others, like the Humboldt
phase, are controversial. Each can be thought of
as a discrete episode in the evolution of the
craton margin.
In the following discussion, the
Mississippian history was primarily reviewed by
Trexler and Cashman, and the Pennsylvanian-Permian
history by tnyder, Callegos, and Spinoza. All of
the authors do not necessarily agree on all points,
and Trexler and Snyder take responsibility for the
approach and synthesis.
XISSISSIPPWIN TZCTONIC PRASRS
The Roberts Mountains Phase

i,

Tectonic activity in the Devonian and
XlsslssLppLan has been generally attributed to the
Antler orogeny (Johnson, 1971; Poole, 1974). Currently, this orogeny ls widely understood to include the obduction of an accretionary prism onto
the craton margin, and the subsequent filling of a
peripheral foreland basin (Poole and Sandberg,
19773 Speed and Sleep, 1182). Defined in this way,
the last deformation event of the Antler orogeny ls
the emplacement of allochthonous western assemblage
roeks over autochthonous cratonal strata. We refer

Central Wevada
Evidence for the Roberts Mountains phase ln
central Nevada includes both the thrust fault along
which obduction ls thought to have occurred (Roberts Mountains thrust), and sedimentary strata
deposited both in the hinterland and in the subsequent foreland basin. There are four main lines of
evidence that, taken together, suggest a Late
Devonian to Early Mississippian age for Antler
compression, and an Early XMLsLssLppLan age for the
episode that we call the Roberts Mountains phases
(1) Motion on the Roberts Mountains thrusts
The Roberts Mountains thrust is commonly belleved to be the thrust along which the Antler
allochthon was emplaced over the craton margin
(Merriam and Anderson, 19421 Roberts and othera, 1958). Most contacts between strata of
the Antler allochthon and rocks related to the
craton are identified as this thrust. tvldence for the age of motion ranges from middle
Paleozoic (Roberts and others, 195) to postPermian (Nolan and others, 19561 Ketner and
Smith, 1982) to Jurassic (Stahl, 1989). Most
workers agree that reactivation on this thrust
is likely.
(2)Oldest strata overlanoino the Roberts
Mountains thrusts Overlapping stratigraphic
relationships in the Roberts Mountains have
led some workers to suggest that motion on the
Roberts Mountains thrust ceased in late
Klnderhooklin time (Johnson and Pendergast,
19815 Murphy and others, 1984).
13) Inception of the Antler foreland basins
The sedimentologlcal signal for downwarplng of
the craton margin may be the Trlpon Pass Formatlon and the western facles of the Pilot
Shale and Joan- Limestone (Poole and Sandberg,
1977) of late Devonian to early Mississippian
age. Strata of the middle and upper ilsslsslpplan Diamond Peak Formation have been
assigned to the Antler foreland basin (Poole,
19741 Poole and Sandberg, 1977), but are now
known to be related to later and different
tectonic phases (see Trexler and Cashman, this
volume).

(4) Youncest strata incorporated into the
al£tthorni Rocks that range up to
1inderhooklan age (and are assigned to the
allochthonous VLninL Formation) are clearly
deformed by emplacement of the allochthon
(Coles and Snyder, 1985).
The Roberts Mountains phase, then, is defined
as a regional, compresslonal episode that placed
the Antler allochthon on the craton margin. Most
effects of this tectonlim are limited to the early
issLeisLppLan. The resulting 'Antler foreland
basin, trig. 2) is the sedimentary fill of the
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thrust in southwestern Idaho, and some workers have
suggested that none exists (Paull, 1970, 1976).
The Antler foreland basin li represented ln
the vicinity of the Nevada Test Site (KTS) in
southern Nevada by part of the Eleana Formation
(Johnson and Hibbard, 1957; Poole and others.
1961). Coarse, s*llciclastLc turbLdLtes of Herameclan age are preserved in a narrow, southwesttrending belt. These strata have been interpreted
as a remnant-ocean basin receiving sediment along a
southwest-trendlng trough axis, based on
paleocurrent studies. The sediment may have been
derived from the large submarine fen systems in the
Zureka area (Nitchman, 1990).
This southern
portion of the Antler foreland basin did not have a
sediment source in the allochthon directly to the
west. The eastern part of the marginal succession
in southern Nevada is represented by a section of
mudstone and thin quartzite beds, suggesting that
east-derived sediment prograded completely across
the basin here, and there was no cratonal carbonate
shelf nearby; these craton-derived pelagic muds and
deltaic sands are coeval with the silLcLclastic
turbidltes (Cashman and Trexler, this volume).
Wendover Phase

Figure 2. Schematic paleogeography during the
Roberts Mountains, Wendover, and Christina Peak
phases in the MLssLssLppLan.

b,

peripheral foreland basin that formed on the downflexed craton margin. These strata in central
Nevada (Fig. 3) primarily consist of the Osagean to
Meramecian Chainman Shale. Locally, some of the
rocks mapped as Diamond Peak Formation also are
In the southern Pion
part of this sequence.
Range, southern Diamond Range, and Fish Creek
Mountains, the Dale Canyon Formation la also part
of this sequence.
These strata are composed of
submarine fan sediments *hed eastward into a marine
basin (Sadlick, 1960p Poole, 19741 Poole and
Sandberg, 1977; Narbaugh, 1980; Harbaugh and
Dickinson, 1981) from allochthonous highlands to
the west. This sequence ls a genetically defined
facies tract called the Diamond Range sequen e in
central Nevada (Trexler and Nitchman, 1990; Traxler
and Cashman, 1990). For a detailed description of
this tectonic phase, see Trexler and Cashman (this
volume).

,

Idaho and Southern Nevada
In Idaho, the Roberts Mountains phase and
resulting foreland basin are represented by the
Copper ZasLn formation (Fig. 3) and related strata
(Nilsen, 1977). The peripheral foreland basin
there is of early to middle XLssLssLppLan age, and
like in central Nevada, it contains both slliclclastic turbidLtes shed from the allochthon to the
west, and limestone turbidites derived from the
cratonal carbonate shelf to the east. Whereas
facies relationships strongly suggest a structural
setting similar to that of central Nevada (Wilsen,
1977), there is no known obduction-related thrust
relationship analogous to the Roberts Mountains

In the Silver Island Range northeast of
Wendover, Nevada, Chainman Shale of middle
Mississippian age unconformably overlies older
folded strata (SadlLck and Schaeffer, 1959). The
unconformlty places Chairman on strata as young as
Osagean (Joana Limestone) to as old as Late
Devonian (FsmmenLan Pilot Shale). Rocks mapped as
Chainman here include eastward-thlikenlng
limestones and westward-thlckening slliciclastLc
rocks correlated with the Diamond Peak Formation.
These coarse clastLc rocks apparently are concentrated locally in the vicinity of the Silver Island
Range.
The age of folding is constrained to early
Valceyer (middle NLsslszLppLant time, based on
fossils occurring both above and below the
unconformlty (Sadllck and Schaeffer, 1959).
StratlgraphLc triming on the unconformlty is lowangle, and the folding event is thought to be mild.
It is not presently known whether the coarse
clastic section in the Silver Island Range li recycled material derived from uplifted foroland
strata, or first-cycle-sediment from rejuvenation
of the allochthonous highlands to the west. The
age of the unconformlty corresponds to a period of
apparently continuous deposition in central Nevada,
where slightly older (KLnderhookLan) Joana
Limestone is conformably overlain by lower Osagean
Chalnman Shale and deposition was continuous until
late Merameclan time.
The Christina Peak Phase
Central Nevada
In the Diamond Mountains in east-central
Nevada, lower and middle Mississippian strata of
the Diamond Range sequence (Trexler and Nltchman,
1990) were uplifted, deformed into broad folds, and
erosLonally truncated. This has been defined as
the Overland Pass event (Trexler and Cashman, 1990t
this volume). The youngest sub-unconformity strata
yet identified are middle-late Meramec1an. Diamond
Range sequence strata are deformed into open folds
with axes trending north-northwest, suggesting
east-west shortening.
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overlying strata of the Newark Valley sequence (Trexler and Nitchman, 1990) represent a
successor basin with a lower age limit of early
The Newark Valley sequence includes
Chesterian.
most of the Diamond Peak Formation and the lower
Ely Limestone in a transgressive succession of
recycled Antler foreland basin clastlc sediment and
local shelf carbonates.
These strata and relatlonships are discussed in detail elsewhere in this
volume (Trexler and Cash-an).
Idaho
ln Idaho, Nilsen (1977) suggested an upper
KississLppLan compressional event that structurally
telescopes the Copper Iasin submarine fan system,
juxtaposing proximal and distal fan facies. Analysis of XissiLsLppLan and Pennsylvanian strata in
Montana and Idaho also suggests a tectonlcally
driven subsidence event at about this time (Dorobek
and Reid, 1990). Whereas all these lines of evidence indicate a renewal of compression in the
upper KLssLssLppLan, evidence from Idaho does not
indicate uplift and significant erosion.
t'

Poole, 1974;
Cashman &Trexter,
hsvokrme

routhern Nevada
The Ileana Yormation of southern Nevada includes a sequence of limestone turbidites of
Chesterian age. They conformably overlie
milLcLclastLc turbidltes which are attributed to

the Roberts Mountains phase (Cashman and Srexler,
this volume).
The limestone turbidites were derived from a carbonate platform, we believe that
this source of carbonate detrltus was the
Chesterlan carbonate shelf in the Newark Valley
sequence of central Nevada. We call this dramatic
change in provenance, from allochthon-derlved
siliciclastics to shelf-derived carbonate clasts,
the Red Canyon event. Thus, the Christina Peak
phase affects the southern Nevada Antler remnant
ocean basin by providing a new source of carbonate
detrltus, but structural deformation of this age
has not been documented this far south.
Christina Peak Phase Overvie.
Renewed crustal shortening driven by eastdirected compression in the Late Mississippian had
varying effects along the creton margin in the
Great Bacin region. The most severe effects were
folding, uplift, and erosion of foreland basin
strata in central Nevada (the Overlsnd lass event).
Related effects in Idaho and Montana included renewed subsidence and structural telescoping.
In
southern Nevada, the effects apparently were NestrLeted to a dramatic change in elastic provenance
(the Red Canyon event).
Lateral variation in effects of the Christina
Peak phase *long the Antler belt can be attributed

322

I

ANTLER
BELT

V

~~~~I
f

-

WYOMING SHELF

4

OQUIRRH

ANTLER

i-i-.

ANTLER/(
N

~,_

FRONTRANGE

A

BELT
<

.I*t

/
)
,
BIRD
.r
StPRING6 yr..
!LATLLV

/

InterUdal

UVia-

++v'

IPLATFORML

UNCOMPAHGRE

I

o

I
I108

KM

200
IV.

Figure 4. Middle Pennsylvaniln paleogeography during the Oquirrh tectonic phase.
to unevenness in the trace of the craton margin,
heterogeneity of the marginal crust, and the dlitrlbution ef the Antler accretionary prism and
volcanic arc. Uplift and structural telescoping of
the Overland Pass event suggests that central
Nevada was a salient in the margin. The Red Canyon
event is recorded in sediment deposited in a persistent ocean basin that probably occupied a
reentrant in the margin.
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Tectonic activity continued to disrupt the
'miogeocline
during Pennsylvanian and Pernian
time. Regional and local uplifts, folding, tllting, and basin formation document this tectonLem.
Recognition of these Pennsylvanian and Permian
tectonic phases helps to clarify some aspects of
the latraplate deformation associated with the
Ouachita-Karathon orogeny (e.g., Snyder and others,
1989; Smith and Killer, 1990) and the nature and
age of the Sonoma crogeny (Stewart. and others,
19775 Dickinson, 1977t Gabrielse and others, 1983t
Snyder and Brueckner, 1983).
Cquirrh Phase

Lfi
X-'

The Norrowan through medial Desmoinesian
Oquirrh tectonic phase (Fig. 1) li marked by the
appearance of the Ely and Oquirrh basins. Ancestral Rocky MountaLn uplifts were well developed at
this time and may reflect the same tectonic drive
that produced the Ely and Oquirrh basins. In
Canada, Oquirrh phase tectonlsm may be recorded

within the youngest strata of the Prophet trough, a
Late Devonian to Early Pennsylvanian, fault-generated basin that extended along most of the Canadian
continental margin (Richards, 1989).
Evidence for the Oquirrh phase in the Great
Basin includes early tectonic subsidence within the
Oquirrh basin. The Oquirrh basin formed to the
west and northwest of the synchronously developing
Ancestral Rocky Kountain uplifts and basins. Znltlal
subsidence within the Oquirrh basin produced a
distinct, although still
shallow-marlne, basin
(e.g., Roberts and others, 196St Armstrong, 19688
lissell, 1974t Jordan and Douglas, 19801 Stevens
and Armin, 1983).
In east-central Nevada, the Oquirrh phase li
marked by the development of the Ely basin, a deeper-water shelf basin similar to the Oquirrh basin
(lissell. 1964, 19671 Rich, 19711 wardlaw, 1980)
(Fig. 4).
Ely basin sediments were deposited from
Morrowan through DesmoLnesLan and possibly Lato
Kissourian time. The Ely basin encompassed much of
the region occupied by the earlier Antler foreland
basin. The *llt- and eicrlte-rlch strata of the
Ely contrast with the predominant packetone, wanksstone and gralnstone of the surrounding shallowerwater shelf. A small area of subaerLal uplift may
have separated the Oquirrh and Ely basins. A reglonal unconformity marks the uplift of the Ely
basin and the end of the Oquirrh phase in eastcentral Nevada.
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Late Pennsylvanian paleogeogxaphy during the 4umboldt tectonic phase.

In central Nevada within and adjacent to the
Antler highlands, the coarse elastic units of the
Atokan and Desmoineeian Battle Conglomerate and
Tomera formation (Dott. 1955 Saller and Dickinson,
19821 suggest renewed tectonic activity. The davelopment of the Bird Spring basin in southern
The
Nevada may be due to Oquirrh phase tectonLsam.
Blrd Spring basin was a deeper-water portion of the
miogeecline and may reflect a basinal phase similar
to that for the Sly and Oquirrh basins.
Humboldt Phase
The Late Pennsylvanian Humboldt phase
tectonism is marked by localized, but regionally
extensive, uplift and erosion (TLg. S). In the
Canadian Cordillera, this tectonic unrest produced
a major, sub-Permian unconformity that forms the
boundary between the Carboniferous Prophet trough
(youngest preserved strata are earliest
DesmoinesLan age) and the Early Permian rocks of
the lshbel trough (Henderson, 1989).
Crest 8aonl
During Late Pennsylvanian time the Oquirrh
basin had become a discrete structural trough. A
thick succession of laminated siltstone, subarkosic
sandstone, pebble and cobble conglomerate, and
bloclastLc packetone was deposited within the
basin. The siltatone is only rarely bioturbated
and is interpreted to reflect hemipelagLc
The
sedimentation under low oxygen condItions.
clastic beds are interpreted as turbLdites. Lack
of wave-generated sedimentary structures implies

that deposition within the basin was below wavebase.
Jordan and Douglass 11980) suggested that
the conglomerate was deposited adjacent to basinThis episode of Oquirrh basin
bounding faultse
development has been linked to continued tectonic
activity in the Ancestral Rocky Xountains (Jordan
and Douglas, 1980).
To the west of the Oquirrh basin, a regional
unconformity separates lenusylvanian Ely Limestone
from overlying Permian units. The unconformity
developed only within the region encompassed by the
rlybasin, and did not form in the surrounding
shelf. This unconformity indicates differential
uplift and erosion of the former Ely basin. Zn
most areas Permian strata rest dLsconformably on
Pennsylvanian rocks, but adjacent to and along the
edge of the Antler highlands thl contact li a
marked angular unconformlty (the sub-Strathearn
unconforamty of Dott (1955)).
Uninterrupted Late Pennsylvanian deposition
occurred in a small region of northeastern Nevada,
west of Uendover in the Butte basin (Marcantel,
1975). The Butte basin may be a remnant of the Ely
Basin and therefore reflect differential
subsidence with respect to uplift of the Ely.
The uplift of the Ely basin during a sea
level hlghstand, the local angularity of the
Pennsylvanian-Pernian unconformlty, and the sustalned relative submergence of the Butte and
Oquirrh basins, all strongly Suggest structural
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control for uplift and subsidence.
go unconformLtLes have been recognized within the Late
Pennsylvanian strata of the Uird Spring basin. The
Bird Spring basin, however, contlnued to be a site
of somewhat deeper water shelf *edimentation
relative to that of the Callvllle platform, and
this may reflect continued differential subsidence.

/
/
/
/

Death Valley
In Death Valley, DesmoLnesLan through early
WolfoampLan sedimentary facies suggest that
tectonLm disrupted the eiogeoclins (Stone and
Stevens, 1984). in the southeastern part of the
Death Valley region, deposition of a thick sequence

of fossilLferous limestones reflects a shallowwater shelf. In the northwestern part of the reglon, however, a large volume of calcareous turbidltes was deposited during the DesmoLnesLan to
earliest Volfcamplan and are interpreted to reflect
deposition in a deeper-water basin northwest of the
shelf. Between shelf and baslnal sequences, a
dlsconformlty between Atokan and VolfcampLan strata
has been explained as a period of nondepositLon or
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submarine erosion on a sediment by-pass slope
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(Stone and Stevens, 1984, 1968a,b).
Dry Mountain Phase

KOOTENA

The Dry Mountain phase began in medial to
late Wolfcoanpian time with the development of a

series of sedimentary basins along the continental

t;

AN

\h

margin (Fig. 6).
The phase ended in medial
Leonardian time when regional uplift end low lntenslty compressive deformation initiated the Ishbel
phase. During the Dry Mountain phase, a series of
deeper water basins and associated higha (e.g., the
Deep Creek-Tintic uplift) developed along the
continental margin from the Mojave Desert region

northward to the Yukon (rig. 6). A shallow-marine
carbonate shelf occupied the region between and
east of these basins.
Canad

in Canada, Dry Mountain phase tectonlm la
iBSN
exhibited by the formation of the Zshbel trough, an
Early to early Late Permian basin that occurs along
most of the western margin of the Canadian craton
(Fig. 6) (Henderson, 1989).
The laterally peraistent sedimentary rocks of the Ishbel trough extend
from 49 north latitude to the Ancestral Aklvik

Arch in the northern Yukon. A regional unconformity juxtaposes the early Wolfcampian basinal rocks
of the Ishbel trough with the subjacent Morrowan to
DesmoLnesian strata. This unconformity reflects
Humboldt phase tectoniem and is similar to the prePermian unconformity of the Dry Mountain trough in

Nevada.
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Great Banin
Within the Great Basin, Dry Mountain phase
tectonien is recorded by a progression of Permian
basinst the Wood River basin, Casuia basin,
Ferguson trough and Dry Mountain trough (rig. 6).
in east-central Idaho, Late Pennsylvanian (?) Permian basinal sedimentary rocks record subsidence
within the Antler orogenLc belt and formation of
the Wood River basin. A thick, poorly dated sequence of turbidite and black shale reflects this
subsidence. Present stratigraphic control suggests

MOUNTAIN AND

FERGUSON TROUGt

Although not a thick sequence, the

sedimentary rocks delineate a distinct basinal
phase of deposition. at least locally, development
of the Ishbel trough was structurally controlled
(Henderson, 1989).
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Figure 6. Permian paleogeography during the Dry
Mountain and Iehbal tectonic phases.
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it is part of the Dry Mountain phase (Link and
others, 1989).

named for the discrete second stage development of
the Ishbel trough in the Canadian Cordillera.

BasLnal WolfcampLan to Leonardian units in
the CassLa basin ln mouth-e ntral Idaho and northeastern Nevada (Flg. 6) consiut of turbldltes and
hemLpelaglc sedimentary rocks reflecting subsidence
synchronous with the Wood Rliver basin evolution.
The Oquirrh basin may have been connected to the
Cassia and possibly the Wood River basins (Kytton
and others, 19831 Miller, S.S., and others, 19841
Link and others, 1989)
However, the Oquirrh, in
contrast with the Wood River and CassLa basins,
ceased active subsidence and was passively filled
during the late Wolfcampian (Jordan end Douglas,
1980).

Canada

The Lower Permian Dry Mountain and Ferguson
troughs developed in east-central Nevada adjacent
to the Antler orogenLc belt (Stevens, 1977, 1979)
(Fig. 6). Wolfcampian to mid-Leonardian carbonate
and sillclclastlc sediment was unconformably deposlted on the Ely Limestone ever most of east-central
Nevada. However, along the eastern margin of the
Antler highlands this sediment was deposited on the
Mississippian Diamond Peak Formation, and locally
on Late Devonian Slaven Chert* Faults bounded the
Dry Nountaln trough on the west (Gallegos and others, this volume), and the Ferguson trough on the
north (Marcantel, 1975).

\_

The geometry of the Dry Mountain trough li
reflected by depositional facLes. On the western
edge of the basin, medium to thlck-bedded
packstone, wackestone, and conglomerate indicate
marginal to shallow-marine and deltaic facles depo*ltlon (Gallegos and others, this volume).
Eastward, thln-bedded, dark, organlc-rlch LicrLtLc
sLltstone and silty mlcrlte with Lnterbedded
packstone and wackestone reflect a baslnal facies
characterized by deeper water hemlpelaglc, pelagic
and turbidlte deposition. Farther east, the basinal facies grades into a carbonate ramp environment
(Gallegos and others, 1989). The carbonate ramp
then grades eastward into a carbonate platform
environment that also forms the southern boundary
of the Ferguson trough. A regional unconformity,
locally angular, caps the sequences of the Dry
Kountain and Ferguson troughs, and marks the end of
Dry Mountain phase.
Death Valleh

In Death Valley, middle end late Wolfcampian
folding and thrusting produced a submarine ridge
that segmented the margin into two distinct basins
(Stevens and Stone, 19885 Stone and Stevens, 1984,
1988a,b).
The southeastern basin, formerly a shallow-water shelf, became the depositional mite for
large amounts of quartzose and calcareous turbldlte
sediment. The northwestern basin was transformed
from a region of active turbidite deposition to a
sedlment-starved basin receiving mostly hemlpelaglc
mudstone. Terrlgenous clastic sedimentation was
cut off in the northwestern basin due to a sediment
dam created by the submarine ridge.
lehbel phase
The late Leonardlan-Guadaluplan Ishbel phase
ls defined by the development of sedimentary basins
and basal unconformitLes typically developed on
folded and tilted subjacent strata. The basins
formed include the Phorphorla basin end an unnamed
basin in the Mojave Desert. The Ishbel phase ls

The second stage of the Ishbel trough in
Canada comprises a transgressLve sequence with a
basal chert-pebble conglomerate that grades upward
into phosphatic and spicular chert, shale and then
locally to quartzose sandstone. This sequence was
deposited above a regional disconformity ("LntraPermian dLeconformity"), forming a consistent depo*ltlonal sequence from southeastern British Columbla to the southern Mackenzie Told Belt (Henderson,
1989). The sequence ranges in age from late
Leonardlan to early Guadaluplan and includes the
Ranger Canyon, Fantasque and Nowitch Formations.
Lower Triassic Spray River Group ls regionally
dieconformable on strata of the Ishbel trough.
Therefore the end of the Ishbel phase in Canada can
only be bracketed as between late Guadalupiln and
earliest Triassic.
Great lasi

In the Great Basin, signatures of the Ishbel
phase include the initiation of the PhosphorLa
basin and a renewed influx of sliLciclastLc debris
from the Antler highlands. The term "sag basin"
has been used by Wardlaw and Collinson (1986) to
describe the origin of the Phosphoria basin. The
tectonic drive for its subsidence has not been
determined, and like its Canadian counterpart,
structure may be at least locally important.
Throughout much of the Great Basin, and south of
the Phosphoria basin, shallow-marlne carbonate
deposition was reestablished during the Late
Permian (e.g., Park City Group and equivalents).
However, within the Dry Mountain trough, the lower
Ishbel phase boundary ls marked by an angular
unconformity and the rapid progradation of
Leonardlan Carden Valley conglomerates eastward
from the Antler highlands fGallegos and others,
this volume).
In the CassLa basin, Xytton and
others (1983) pointed out that a disconformity,
based on missing conodont zones, separates the
Early Permian strata from overlying late Leonardlan
and Guadalupian rocks. This dleconformity correlates with the Dry Iountaln-Ishbel phase boundary.
A similar sequence boundary may exist in the
Ferguson trough, but has not yet been documented.
Death Vally

In Death Valley. map relationships document
Leonardlan and early Guadaluplan regional uplift
via thrust faults and en echelon folds. The age of
the tectonic activity is constrained by folded late
WolfcampLan units below the unconformlty and by the
late Guadalupian (Capltanlin) Conglomerate Mesa
Formation above the unconformlty. The Conglomerate
Mesa strata are interpreted to have accumulated
while uplift and erosion were taking place in other
localized areas. If this deformation began during
the Leonardlan, it correlates with the Inhbel
tectonic phase.
Golconda Phase
The 'Sonoma orogeny" ls a poorly defined
tectonic episode. Despite attempts at clarificatlon (GabrLelse and others, 1983), an all-encompassing definition of the Sonoma orogeny has not
been generally accepted. At a mLnimum, the Sonoma
orogeny involves some deformation within the
Golconda allochthon (or -Golconda terrane") and the
accretion (obduction) of this terrane onto the

I
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continental margin. We prefer to describe the
emplacement of the Golconda allochthon (that la,
accretion of the Golconda terrane) as part of the
OGolconda phase, - distinct from the earlier
continental margin tectonism of the Irhbel phase
and older deformatLonal events recorded within the
Golconda allechthon.
Creat Basin

The Golconda phase Ls herein defined to include the eastward thrust emplacement of the
Golconda allochthon to its pre-.urassle position
structurally above the remnants of the Antler
highland and the Pennsylvanian-early Late Permian
overlap sequence. The definition should include
other events associated with this emplacement,
although a listing of all the events that comprlse
this phase ls not yet possible. The timing of
emplacement la constrained in central Nevada by the
youngest rock beneath the allochthon (the
Guadaluplan Edna Mountaln Tormation) and the
overlapping Late Triassic Auld Lange Syne Group
(Snyder and Brueckner, 1983).
Thus, the Golconda
phase within Nevada is latest Permian to early Late
Triassic ln age, as presently defined, but this age
range may narrow with additional data. Regardless,
the definition of the Golconda phase avoids the
problem of whether or not deformation recorded
within the allochthon is longer lived than just the
emplacement of the allochthon (compare Snyder and
Urueckner (1983) and Brueckner and Snyder (198S)
with Miller, E.L., end others, (1984).

a

_,

Death Valley-Moinve
Continued tectonic activity in the Death
Valley-Mojave region during the Late Permian
Colconda phase is recorded by the development of
unconformities, deformation of Leonardlan and older
strata, and latest Permian-earllest Triassic
volcanism and plutonium. Within the Inyo
Mountains-Argus Range area of the Death Valley
region, an unconformlty separates the late
Guadalupian Conglomerate Mesa FormatLon from
overlyLng Early-MLddle (?) Triassic strata (Stone
and Stevens, 1988a).
Latest Permian-Early Triassic
deformation and magmatism occurred in the Kojave
Desert region. Near Victorvllle, the region was
deformed and intruded by a 241-Ma monwonite pluton
(J.I. Wright, " Walker, 1988) prior to deposition
of Lower Triassic rocks. In the E1 Pas, Mountains,
Permian strata were deformed and subsequently intruded by a 249-Ma pluton (latest Permian to earliest Trlassic)(Walker, 19883. Therefore, this latest Permlan-Early Triasuic tectonlim in the Mojave
Desert is broadly coeval with the emplacement of
the Golconda terrane to the north (Walker, 1988).
This deformation end magmatiam thus may be consld*red as an event within the Golconda phase of
tectonlam.

phases seems to represent propagating and sometimes
localized compression, accompanLed by segmentation
of the margin Lite localized sedimentary basins
with separate subsidence histories.
The collision of South and North America (the
OuachLta-Rarathon orogeny) has been suggested as a
tectonic drive for the formation of the Ancestral
Rockies as well as for portions of the Pennsylvanlan-Permian, western continental-margln
tectonism (Schwarz, 19871 Snyder and others, 19895
Link and others, 1989: Smith and Miller, 1990:
Snyder and others, ln press). Although this explanation ls reasonable for the scale and style of
deformation observed, it does not explain tee timlng. The Oquirrh and Humboldt phases could have
resulted from this collision of North and South
America, but the Wendover and Christina Peak phases
are too old and the Dry MountaLn and Sahbel are too
young.
Alternatively, all the phases discussed here
(and others yet to be described) may simply be
Lntraplate effects of the Antler, Ouachita, and
Sonoma orogenies (Dickinson, 1977).
For instance,
the Wendover and Christina Peak phases can be interpreted as post-obductLon, eastward-propagatLng
compression related to continued margin collapse.
It ls our view that assembly of phases into
orogenies ls not merely a semantic problem; phases
within an orogeny should be genetically linked.
It
is not very productive to argue over the slgnlflcance of outcrop data to something as nebulous as
an orogeny, but it can be very instructive to fit
those data into a scheme of tectonic phases. Until
we have identified and described all the phases
involved ln this history, the debate about largescale orogenies and tectonic drive may be premature.

This paper li an outgrowth of research projects in the MLssLsLppian rocks of central and
southern Nevada sponsored by NS.S.
(EAR -8916525 to
Trexler) end the Nevada Nuclear Waste Project offlce (Cashman and Trexler), and work in Pennsylvanlan and Permian strata supported by w.s.r.
grants rAR-8618450, EAR-8746085, and EaR-9004909,
and Idaho State Board of Education Grant #91-090
(Snyder, Gallegos, and Spinosa).
Discussions with many workers have contrLbuted to the ideas presented here, including especially W. SilberlLng, K. Nichols, J. Stewart, P.C.
Poole, C. Senderson, C. Stevens, E. Ketner, 3.R.
Wardlaw, and visitors to our poster session at the
Dallas Geological Society of America national
meeting, 1990, too numerous to mention.

DISCUSSION
The Roberts Mountains and Golconda phases
reflect obduction of bazlnal to oceanic rocks, and
in both cases the lower plate was little
deformed.
The Roberts Mountalns phase resulted in a foreland
basin, whereas the Golconda did not. Both erogenic
phases were continent-accretion phasesp that is,
rocks were added to the craton margin.
The phases between these two ebduction epl*odes, the Wendover, Christina Peak, Oquirrh,
Humboldt, Dry Mountain, and Iehbel, probably are
not margin-accretion episodes. This series of
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