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Annual Progress Report----General Task
Prepared by Steven G. Wesnousky

October 1, 1993 to September 30, 1994~
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)." A similar report was previously provided for
the period of 1 October 1992 to 30 September 1993. The report initially covers the activities
of the General Task and is followed by sections that describe the progress of the other
ongoing Tasks which are listed below.

Task 1: Quaternary Tectonics

Task 3. Mineral Deposits, Volcanic Geology
Task 4: Seismology

Task 5: Tectonics

Task 8: Basinal Studies

General Task

Staff -

Steven G. Wesnousky, Project Director; Nina G. Krob, Administrative Assistant
Administrative Activities

The General Task continued the (1) coordination and oversight of the research of
Tasks 1, 3, 5, and 8, the (2) oversight of budgets and (3) the collation and preparation of
required monthly reports. As well, Dr. Wesnousky has continued to represent NWPO at
meetings with the National Academy of Sciences, the Nuclear Regulatory Commission,
and the Department of Energy. .

Steven G. Wesnousky attended the following meetings and provided the following
seminars for NWPO:

Nov. 9-10, 1993, Lecture to the National Academy of Sciences’ Committee on the

Technical Bases for Yucca Mountain Standards in Las Vegas entitled
" “Uncertainties in Seismic Hazard Analysis’.

Nov. 17, 1993, Nuclear Regulatory Commission/DOE Technical Exchange on
Seismic Hazard Methodology in Washington, D.C,

Dec. 22-23, 1993, Field Trip to examine Neotectonic studies of Paintbrush,
Solitario, Ghost Dance, and Bare Mountain Faults at Yucca Mountain with
NWPO

Jan. 30-31, 1994, AC&W field trip to Yucca Mountain.

March 8-9, 1994, Invited lecture to Nuclear Waste Technical Review Board Panel
on Structural Geology & Geoengineering entitled ‘How Good is
Probabilistic Seismic Hazard Analysis?’ in San Francisco.

April 28, 1994, Seminar to Las Vegas section of the Geological Society of Nevada
describing earth science studies related to Yucca Mountain overseen by the
Center for Neotectonic Studies.
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May 2-5, 1994, Field trip with NWPO sponsored investigators to examine fault
lineaments at Yucca Mountain.

June 29-30, 1994, Attend ACNW meeting and provide presentation “Low Sun
Angle Photography as it relates to Tectonics of Yucca Mountain”

July 14, 1994--Meeting of PI's of NWPO sponsored technical programs in Carson
City.

Technical Activities

Technical activities have been divided between research activities and review of
technical reports.

Teghnical Reports Reviewed:
Sept. 23, 1994--DOE Topical Report on Seismic Hazard Analysis Methodology

Research Activities:

Projects Completed:

Subsequent to the Little Skull Mountain earthquake of June 1992,
NWPO sponsored the collection of a set of high-altitude 1:12,000 scale
low-sun-angle aerial photographs. During the year, graduate student
Takashi Kumamoto, under the supervision of Steven G. Wesnousky,
completed a first analysis of the photos. The results of the analysis are
provided as a set of 1:12,000 fault lineament maps in the appendix
accompanying this report. The analysis includes all or part of the following
7.5 minute topographic quadrangles in Nevada: Cane Spring, Camp Desert
Rock, Specter Range, Jackass Flats, Striped Hills, and Skull Mountain.
The maps have not been field-checked: Future work could entail mapping of
Quaternary units offset by faults in the vicinity of Yucca Mountain to place
limits on the most recent time of motion and, possibly, slip rate of these
faults.

Ongoing Projects: )
The General Task currently is overseeing two projects, each being

conducted through partial support of graduate students Takashi Kurnamoto and

Mike Sleeman. Each is related to the analysis of seismic hazard at Yucca Mountain,

A, Estimation of Earthquake Size.

Estimation of the size of expected earthquakes along mapped faults is
generally determined from empirically derived relationships between fault
length and seismic moment or magnitude for historical earthquakes. There
are numerous of these compilations, including a most recent by Wells and
Coppersmith (BSSA, v.84, 974-1003, 1994). Many of these compilations
and resulting regressions of earthquake size versus fault length tend to
ignore an observation that has been in the seismological literature for some
time, which is that the relationship of earthquake size versus rupture len gth
in earthquakes is a function of the repeat time or fault slip rate on which the
earthquake occurs (e.g. Scholz et al, BSSA, v. 76, 65-70, 1986; Kanamori-
and Allen, in Earthquake Source Mechanics, v. 6, 1985; Wesnousky, JGR,
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v. 91, 12,587-12,631, 1986). For that reason, in collaboration with John
Anderson, we have begun to quantify the relationship between earthquake
rupture length, fault slip rate, and earthquake size for a data set of historical
earthquakes using a least-squares multivariate regression on those three
variables. Table 1 is a synthesis of historical earthquakes for which there
exist estimates of moment-magnitude, fault rupture length, and the slip rate
of the fault on which the respective earthquake occurred. The result of a
least squares regression on the data is shown in Figure 1. The results of the
regression actually results in a reduction of the misfit of predicted to
observed values as compared to the predictions of a two-variable regression
on moment-magnitude versus length. Moreover, the result indicates that
slow slipping faults will generally produce a larger moment-magnitude
earthquake than a faster slipping fault, by as much as .3 to .4 magnitude
units when considering faults slipping at .01 to 10 mm/yr, respectively.
Ongoing work will entail a rigorous review of the input. If the review
supports the data, the resulting analytic regressions will be the firm basis to
suggest that information regarding fault slip rate should be used in assessing
the expected size of future earthquakes.

B. Analysis of Seismic Hazard.

Mike Sleeman, under the supervision of Steven G. Wesnousky, has
implemented a synthesis of currently available data bearing on the location
and activity of mapped faults and the instrumental record of seismicity in the
Yucca Mountain area which will be the basis to begin assessing the
uncertainties in seismic hazard analysis of the region attendant to the
assumption of various models of fault behavior and empirical relations
between earthquake size, source-to-site distance, and strong ground motion.

Principally funded by other sources but of important consequence to
understanding the tectonic framework and style of earthquake faulting in the
Basin and Range, and more generally the mechanics of earthquake faults, as
well as the state of the art in seismic hazard analysis, Steven G. Wesnousky
along with graduate students Janice Murphy, John Caskey, Mark Stirling,
and Takashi Kumamoto and former Research Associate Craig Jones have
presented the following abstracts at professional meetings and published the
following papers.

Meetings and Abstracts:

1993 AGU Annual Fall Meeting, San Francisco, CA

Hirabayashi, C. K., T. K. Rockwell, S. G. Wesnousky, Clustering of
Seismic Activity on the San Miguel Fault, Baja, California, EOS
Supplement, Program and Abstracts, Oct. 26, 1993, p. 428.

Stirling*, M. W, S. G. Wesnousky, and M. D. Petersen, Slip Rates,
Paleoearthquake Histories, Earthquake Frequency Distributions, and
Seismic Hazard in Southern California, EOS supplement, Programs
and Abstracts, Oct. 26, 1993, p. 575.

Jackson, D. D., K. Aki, C. A. Cornell, J. Dieterich, T. Heaton, T.
Henyey, Y. Kagan, M. Mahdyiar, k. McNally, S. Park, S.
Salyards, D. Schwartz, S. Ward, R. Weldon, and S. G.
Wesnousky, Future Seismic Hazards of Southern California, EOS
Supplement, Programs and Abstracts, Oct. 26, 1993, p. 426.
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1994 SSA Annual Meeting, Pasadena, CA
Caskey*, S. J., S. G. Wesnousky, and P. Z. Zhang, Surface Rupture
Characteristics and Slip Distribution for the 16 December 1954
Fairview Peak (Ms=7.2) and Dixie Valley (Ms=6.8) Earthquakes,
Central Nevada, Seismological Research Letters, v. 65, no. 1,
1994, p. 31.
Kumamoto, T., S. G. Wesnousky, N. Chida, T. Nakata, K. Shimazaki,
and m. Okamura, High Resolution Seismic Reflection Survey in
Lake Tahoe: Preliminary Evidence of Faulting in Young Sediments,
Seismological Research Letters, V. 65, no. 1, 1994, p. 31.
1994 Paleoseismology Conference, Sept. 16-18, Monterey
Caskey*, S. J., S. G. Wesnousky, and P. Z. Zhang, Surface Rupture
Characteristics and Slip Distribution for the 16 December 1954
Fairview Peak (Ms=7.2) and Dixie Valley (Ms=6.8) Earthquakes,
Central Nevada. -

Publications

Guang*, Y., S. G. Wesnousky, and G. Ekstrom (1993), Slip Partitioning
along Major Convergent Plate Boundaries, Journal of Geophysical

Research, Pure and Applied Geophysics (PAGEOPH), 140, 183-
210.

Murphy*, J., and S. G. Wesnousky (1994), Seismic Hazard within the
Greater San Francisco Bay Region: A Reevaluation after the Loma
Prieta Earthquake, U.S. Geological Survey Professional Paper
1551-A, A255-A272.

Wesnousky, S. G. (1994), The Gutenberg-Richter or Characteristic
Earthquake Distribution, Which is it?, Bulletin of the Seismological
Society of America, v. 84, no. 6., in press.

Wesnousky, S. G. and C. H. Jones (1994), Slip Partitioning, Spatial and
Temporal Changes in the Regional Stress Field, and the Relative

Strength of Active Faults in the Basin and Range, GEOLOGY,
v. 22, no. 11, 1031-1034.

References

Kumamoto, T., and S. G. Wesnousky, 1994, Low Sun Angle Aerial
Photo Reconnaissance of Active Faults in Vicinity of Little Skull

Mountain, Nye County, Nevada, Cane Spring Quadrangle, U.S.
Geological Survey.

» 1994, Low Sun Angle Aerial Photo Reconnaissance of Active
Faults in Vicinity of Little Skull Mountain, Nye County, Nevada,
Camp Desert Rock Quadrangle, U.S. Geological Survey.

» 1994, Low Sun Angle Aerial Photo Reconnaissance of Active
Faults in Vicinity of Little Skull Mountain, Nye County, Nevada,
Specter Range, NW Quadrangle, U.S. Geological Survey.
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, 1994, Low Sun Angle Aerial Photo Reconnaissance of Active
Faults in Vicinity of Little Skull Mountain, Nye County, Nevada,
Jackass Flats Quadrangle, U.S. Geological Survey.

, 1994, Low Sun Angle Aerial Photo Reconnaissance of Active
Faults in Vicinity of Little Skull Mountain, Nye County, Nevada,
Striped Hills Quadrangle, U.S. Geological Survey.

, 1994, Low Sun Angle Aerial Photo Reconnaissance of Active

Faults in Vicinity of Little Skull Mountain, Nye County, Nevada,
Skull Mountain Quadrangle, U.S. Geological Survey.
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SUMMARY OF ACTIVITIES CONDUCTED DURING THE CONTRACT PERIOD
During the contract period, the following activities were conducted by Task 1:

* C.M. dePolo completed and published the paper "The Maximum background Earthquake for
the Basin and Range Province, Western North America” in the Seismological Society of America
Bulletin, v. 84, p. 466-472.

*J.W. Bell completed and published with J.E. Faulds, D.L. Feuerbach, and A. Ramelli the map
"Geologic Map of the Crater Flat Area, Nevada" as Nevada Bureau and Mines and Geology
Map 101, scale 1:24,000.

* J.W. Bell completed the paper "Late Quaternary Geomorphology and Soils in Crater Flat,
Yucca Mountain Area, Southern Nevada” which has been accepted for publication in the January .
1995 issue of the Geological Society of America Bulletin. ’

* C.M. dePolo completed compilation of the maps showing ruptures associated with the 1932
Cedar Mountain earthquake. The maps will be initially open-filed at NBMG and the fully
annotated version will be published as a NBMG map. -

* C.M. dePolo completed the draft manuscript “"Surface Faulting Associated with the 21
December 1932 Cedar Mountain Earthquake and Implications for Seismic Hazard Studies” which
will be submitted to the Seismological Society of America Bulletin.

* C.M. dePolo presented the paper "Surface Faulting from the 1932 Cedar Mountain
Earthquake" at the Annual Meeting of the Seismological Society of America.

* C.M. dePolo attended 2-day Nevada-sponsored field trip to Yucca Mountain to view trenches
and the Sundance fault.

* C.M. dePolo attended the Technical Review Board meeting on probabilistic seismic hazard
analyses. .

* C.M. dePolo attended the American Geophysical Union and Geolégical— Society of America,
Cordilleran Section, annual meetings and observed presentations related to Yucca Mountain.

* C.M. dePolo participated in a field review of Quaternary surficial chronology organized by
the U.S. Geological Survey at Yucca Mountain.

* C.M. dePolo attended the Nuclear Regulatory Commission review of exploratory trenches at
Yucca Mountain in May 1994.

* C.M. dePolo participated in the 1994 U.S Geological Survey HARM campaign to establish
high-precision GPS stations across Nevada.




* C.M. dePolo presented the papers "The 1932 Cedar Mountain Earthquake, Central Nevada,
USA: a Major Basin and Range Province Earthquake that had a Widely Distributed Surface
Rupturing Pattern” and "Estimating fault slip rates in the Great Basin, USA" at a paleoseismic
conference sponsored by the American Geophysical Union.

* J.W. Bell conducted research on temporally clustered earthquake activity.

TECHNICAL REPORT

‘Technical studies conducted during the contract period consisted of several separate projects,
some of which are still on-going. Below we summarize the results of the principal topics
addressed during the period. a

Preliminary Review of Bare Mountain Trench BMT-1

As part of the continuing field review of DOE exploratory trenching, the Bare Mountain trench
BMT-1 excavated by the U.S. Bureau of Reclamation (USBR) was reviewed by Craig dePolo
during the NRC field trip in May 1994. The principal conclusions drawn by USBR investigators
were: 1) the rate of Quaternary faulting on the Bare Mountain fault is very low, and 2) the age
of the most recent surface faulting event is significantly older than previously reported. The
USBR reevaluated previous work (Reheis, 1988) which had concluded that there was evidence
for Holocene activity on the Bare Mountain fault, and on the basis of trench exposures and fault
scarp morphology they concluded that the most recent event was at least an order of magnitude
older than previously believed— on the order of 100 ka or older.

Based on the NRC field review and on a subsequent separate field review by John Bell,
significant discrepancies have been found in the USBR conclusions regarding the age of the most
recent surface faulting event. An analysis of low-sun angle aerial photography and examination
of exposures in trench BMT-1 contradict USBR conclusions and strongly suggest that latest
Pleistocene-Holocene activity has been high compared to the longer term late Quaternary rate.
The following is a preliminary reinterpretation of structural-stratigraphic relations observed in
the trench.

The trench exposes a major trace of the Bare Mountain fault which displaces deposits of several
ages. The lowermost, and oldest, unit displaced by the fault is an alluvial-fan deposit containing
a well-developed argillic Bt underlain by a strongly cemented petrocalcic horizon (Bqkm); this
unit is equivalent to the Early Black Cone (Qfeb) unit of Peterson ez al. (in press) and is on the
order of 150-200 ka in age. This deposit is offset approximately 1-2 m by this fault trace.

Overlying the offset Qfeb unit is an alluvial deposit of mid- to late Holocene age that forms a
broad terrace and fan apron across the piedmont surface radiating from the mouth of Tarantula
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Canyon. This young alluvial unit is widely recognized on aerial photography and is exposed as
a thin (< 1m) veneer in the other exploratory soil pits excavated by the USBR in the area. In
the trench, this unit extends the length of the trench, thickening at the fault scarp. The USBR
investigators attributed theses relations to eolian accumulations buttressed against the fault scarp.
We believe, however, that these uppermost deposits are tectonically produced colluvial wedges.

The north wall of the trench exposes stratigraphy suggestive of 2, and possibly 3, colluvial
deposits overlying the offset Qfeb soil. The uppermost grey silt is part of the most recent late
Holocene sediment described above. It is horizontally laminated, and it is clearly uncut by the
fault. The thickening of this silt at the fault contact, however, is suggestive of a colluvial wedge
contact. Underlying this uppermost unit is 20 cm thick light grey silt that is similarly
horizontally laminated. This unit, although partially recognized within the shear zone is
apparently disrupted by shear fabric. Apparent displacement may be as much as 20 cm across
the entire shear zone based on correlation of this unit through the zone. Underlying this silt is
a brown-gray gravelly silt which lies directly on the displaced Early Black Cone argillic Bt. This
silt is weakly laminated, with laminations dipping approximately 10° west toward the fault. This
unit is in clear angular unconformity with the overlying silt unit.

Light gray silt; horizontally laminated;

uncut by fault
Light gray silt; horizontally laminated;
p— disrupted by shear fabric; possibly displaced
T as much as 20 cm across shear zone.
° Bqkm ——— —_ _
== \| F —
S~ \l ————1 - Brown-gray gravelly silt; laminated,
TUe——a ~ % disrupted by shear zone; dipping 10°
-~ o -
~d e toward shear zone.
- -
s -
Im e (= _B
Trench Ledge - Bqkm
/
Shear zone \

Sketch of deposits exposed in north wall of USBR trench BMT-1.




The two lower silt units exposed in the trench wall are tectonic colluvial deposits; they are
thickest at the fault contact, and thin, or wedge out, downslope. Each wedge represents a single
tectonic event. The lowermost gravelly silt is colluvium deposited after the Qfeb soil was
displaced about 1 m. This gravelly silt was then offset and tilted by a later event which may
have had a displacement of about 30-40 cm. The grey silt which overlies the tilted gravelly silt
with angular unconformity is colluvium derived from this second event. This colluvium was then
probably offset in the most recent event which had a displacement on the order of 20 cm. The
uppermost unfaulted silt is likely the colluvium derived from this most recent faulting. A
displacement on the scale of 20-30 cm is also suggested for the most recent event by the size of
small scarps noted in numerous places along the Bare Mountain fault, including areas to the
north of Tarantula where USBR investigations found no evidence of faulting.

The recognition of the three possible tectonic colluvial wedges overlying offset Qfeb soil
strongly suggests that fault slip has been more freqent and more recent than concluded by USBR
studies. The lack of any significant pedogenic development in the three silt deposits suggests that -
they are all of latest Pleistocene-Holocene age, and hence that the faulting events are likewise
all of latest Quaternary age. The strong argillic soil developed on offset Qfeb deposits indicates
that a long period of quiescence-- perhaps tens of thousands of years-- characterized the fault
history up until the most recent activity. Such behavior is strongly suggestive of temporal

- clustering, a pattern of activity discussed later in this report.

Preliminary Detailed Lineament Map of the Southwestern Part of the Proposed Repository Block

It has long been known that Yucca Mountain has numerous internal faults of many different
scales and sizes (Scott and Bonk, 1984; Barton and Larson, 1985), and recent studies have begun
to delineate and characterize some of these faults. Mapping along the Ghost Dance fault led to
the discovery of the northwest-trending Sundance fault and many other smaller faults (Spengler
et al., 1994).

For this contract period we have completed a preliminary detailed lineament map of the
southwestern part of that block. The study area extended east from the crest of Yucca Mountain
to the study area of Spengler er al. (1994) and north from Highway Ridge to Antler Ridge. A
few lineaments had been previously mapped in this area by Wesling er al. (1992), but many
more are apparent on existing large-scale photography. The photographs used for this
preliminary map were USGS black and white photographs flown for the Yucca Mountain project
in 1981 at a scale of 1:7,000 (DOE 24-05).

The preliminary lineament map consists mostly of tonal and vegetation lineaments, with a few
bedrock scarps. Many are faint, and some may be lithologic, cooling, or otherwise non-tectonic
in nature. However, field reconnassaince reveals that several of these lineaments correspond to
fractures (zones), breccia zones, and possible small faults.
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The mapped lineaments are short and discontinuous, although many are persistent and numerous
throughout the study area. The orientations of these lineaments are trimodal, with northwest
trends dominating and northeast-trending lineaments secondary. Northerly-trending lineaments
are third most common, and become more prevalant in the southern part of the study area.
These orientations mimic those found in the eastern Yucca Mountain region by Wesling ez al.
(1992).

The 1994 Double Spring Flat, Nevada earthquake (M6)

An earthquake of M; =6.0, M,=6.3 occurred on September 12, 1994 south of Minden, Nevada.
Ground investigations were conducted by C.M. dePolo and J.W Bell, as well as by several other
investigators (principal investigators, Alan Ramelli and Jim Yount). The epicentral area was
examined and spot checks made along regional faults.

Local surface cracking was found distributed in a zone within 4 km of the epicenter, and two"
other areas of far-field sympathetic slip were found. This fracturing was probably secondary
in nature, and it can be generally described as minor, ranging in opening from one to two
millimeters, up to a centimeter wide. The longest zone of cracks was about 1 1/4 km long.
Overall, cracks were found over a northwest-trending area 6 to 6 1/2 km in length and 2 km in
width. Seven groups of cracks were found, all along faults with north or northwest trends. The
far-field cracks are inferred to be sympathetic in nature, i.e., dynamically triggered; both occur
along faults with prior reports of fracturing. One.area of sympathetic cracking is in Fish Spring
Flat, east of Gardnerville, and it occurs along a fault having a history of aseismic creep. Other
similar faults in the Fish Spring Flat area were surveyed and no additional evidence of cracking
was found. The second area of sympathetic cracking occurred in northern Smith Valley, along
a fault that is reported to have cracked previously during an earthquake around 1980.

Evidence for Temporal Clustering

The recently released DOE Topical Report "Methodology to Assess Fault Displacement and
Vibratory Ground Motion Hazards At Yucca Mountain" highlights the importance of temporally-
clustered earthquake behavior in estimating seismic hazard at the Yucca Mountain site. They
note (p. A-13)

"Temporal clustering may have a significant effect on the accuracy of recurrence
rates that are based on fault slip rates."”

This conclusion is based on the observation that faults which are presently in an actice cluster
period will have higher recurrence intervals, and consequently higher hazards, than those either
in a quiescent period or those characterized by the long-term average recurrence rate.

There is growing evidence form trench investigations at Yucca Mountain that some Yucca
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Mountain faults exhibit clustered event behavior. Menges er al. (1994) found that trenches
excavated across the Painbrush Canyon, Bow Ridge, and Stagecoach Road faults reveal evidence
between 3 and 8 surface-rupturing events during the late Quaternary. A reinterpretation of the
Midway Valley trench (MWV-T4) indicated that 4-5 events are_recorded in offset colluvial
wedge deposits, and that recurrence intervals may be less than 10* years based on the lack any
significant soils within the colluvial wedge sequence. The Bare Mountain fault trench described
above may also be an example of such activity.

These results together with similar results from several other trenches led Menges et al. (1994)
to conclude that the presence or absence of temporal clustering in occurrence of earthquake
ruptures at Yucca Mountain was a particularly important topic which needed to be addressed by
future work. If temporal clustering is valid model for fault behavior at Yucca Mountain,, the
seismic hazard estimated from this higher rate of activity could be as much as an order of
magnitude greater than the hazard estimated from the presently used average values.

Due to the emerging importance of the temporal clustering model, we have investigated the
evidence for the validity of this model on a global scale. While on sabbatical leave this past
year, John Bell investigated the world-wide evidence for temporal clustering of paleoearthquakes
in the paleoseismic record. This research was conducted while he was a visiting researcher at
-the Institut de Physique du Globe, Strasbourg, France. The preliminary report "Temporal
~ Clustering of Paleoearthquakes” is included here.
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Introduction

The character of the earthquake cycle is important in understanding and modelling behavior of
seismogenic sources. Of particular importance is the question of whether the cyclic tectonic
loading and release process is periodic or aperiodic, because recurrence data are incorporated
into most seismic hazard estimates (cf., Scholz, 1990). Most probabilistic seismic hazard models
utilize a periodic recurrence model (e.g., Bender and Perkins, 1987), in which it is assumed that
the average long-term recurrence interval adequately represents real fault behavior. This is
essentially the classical Reid concept where uniform stress accumulation is used to estimate the
timing of regular, periodic earthquakes having uniform stress drops.

Within the last decade, however, a growing body of seismic data, largely derived from plate
boundary faults, suggests that actual fault behavior is far more complex than that suggested by
the original Reid concept, and that the seismic cycle is not so simple (cf., Wyss, 1990). For
example, Shimazaki and Nakata (1980) proposed two additional earthquake recurrence models
based on studies of less-regular Japanese earthquakes: the time-predictable and the slip-
predictable models. Thatcher (1989, 1990) further illustrated that some major plate-boundary
faults do not display periodic behavior as commonly assumed, and that such activity is actually
the exception rather than the rule.

For intra-plate regions, such as the Basin and Range Province, seismic data are less able to
define the nature of the earthquake cycle; seismicity is lower and more diffuse, distributed
among hundreds of seismogenic faults. In addition, most faults have earthquake cycles that are
one to three orders of magnitude longer than those on plate boundary faults. Within such
regions, paleoseismic data are thus required to understand the earthquake cycle. Wallace (1987)
first hypothesized that faults in the Basin and Range Province are characterized by irregular and
varied patterns of activity (Fig. 1). In contrast to the conventional theory that regular, periodic
earthquake cycles characterize fault behavior (Fig. 1B), Wallace (1987) proposed that the
earthquake cycle in the Basin and Range is better represented by a grouping, or clustering, of
events (Fig. 1A). Several earthquakes of similar size may cluster closely together in time with
individual clusters separated by lengthy periods of fault quiescence, and although the bursts of
clustered activity have short interseismic (recurrence) intervals, the long-term average recurrence
interval remains the same as in the periodic recurrence model. Wallace (1987) referred to such
behavior as temporal grouping, but it has more commonly been termed temporal clustering.

The occurrence and frequency of temporal clustering is a significant consideration in estimating
earthquake hazard in the Basin and Range Province. At the proposed Yucca Mountain high-level
nuclear waste repository, evidence for temporal clustering will be a major element in modelling
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Figure 1. Diagrammatic graphs of two types of fault-displacement time histories. A) Temporal grouping of slip
events separated by periods of quiescence. B) More regular recurrence of slip events. Dashed lines show average
displacement rate which is the same in both examples (Wallace, 1987).

fault displacement within the repository (U.S. Department of Energy, 1994). Probabilistic logic
tree analyses intended for use in characterizing seismic hazard at Yucca Mountain require that
conditional probabilities be estimated for event clustering on repository faults (Electric Power
Research Institute, 1993). ’

In this study, I have combined published world-wide data with independent field studies of
selected faults to test the theory of temporal clustering. Preliminary results of this limited test
indicate that although many faults exhibit periodic behavior, clustering appears to be a far more
common behavior than generally believed. I present in this overview some of the best
documented examples, and discuss the models that explain aperiodic fault behavior.

What is the Evidence for Earthquake Clustering?

Evidence from the Historical Seismicity Record

Examples of temporal clustering are frequently found in short- and long-term seismic records
from both intra-plate and plate boundary settings. The long historical records of China and the
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Mediterranean provide particularly useful insights into fault behavior (cf,, Allen, 1975), and
suggest that clustered activity characterizes some major tectonic provinces. McGuire (1979)
examined the Chinese seismic catalog which spans nearly 3000 years and found that earthquake
activity was episodic. He concluded that earthquake activity cycles appear to occur on average
every 300 years, separated by periods of quiescence. Ambraseys (1970) compiled data from
more than 3000 earthquakes during the last 2000 years in Turkey, and found that alternating
patterns of activity and quiescence could be identified on the Anatolian fault zone in Northern
Turkey and on Red Sea-Dead Sea Border Zone of the eastern Mediterranean (Fig. 2).

o
100
,
50
100 b
,
0
100 500 1000 1500
AD

Figure 2. Time distribution of damaging earthquakes. a) Red Sea-Dead Sea Border fault zone. b) Anatolian fault
zone. N, number of earthquakes (Ambraseys, 1971).

Some of the strongest evidence for clustering comes from plate boundary systems previously
thought to exhibit periodic, characteristic earthquake behavior. A strong case for non-
characteristic behavior of major plate boundary fault systems is made by several studies of
historical seismic recurrence cycles. Thatcher (1989, 1990) examined seismic catalogues from
12 segments of circum-Pacific plate boundary faults, and found that while seismic strain release
was relatively well ordered, the source dimensions, slip, and cumulative seismic moment varied
considerably from cycle to cycle. Interevent times on individual boundary segments were found
to be relatively uniform, but the seismic records were punctuated by temporal clusters of gap-
filling events and cycle-to-cycle diversity among gap-filling events.

Kagan and Jackson (1991) examined several world-wide earthquake catalogues in order to
compare relatively short-term and long-term records for evidence of clustering. They found that




4

the longer term record clearly displayed clustering, not periodicity, for all earthquakes regardless
of focal depth. They concluded that circumstantial evidence strongly suggested that the long-term
variation of seismicity is governed by a power-law temporal distribution which is scale-invariant.

As noted by Scholz (1990), who used the slip history of the San Andreas as an example, some
earthquake behavior may be characterized as chaotic. Huang and Turcotte (1990) similarly
described interactions between segments of major faults as chaotic in nature, and they compare
simple slider-block laboratory simulations with patterns of seismicity on the San Andreas and
Nankai trough of southeastern Japan. Hodder (1991) took the results of Huang and Turcotte
(1990) and examined the behavior of the New Zealand plate boundary system. He found the
New Zealand seismic record to be consistent with the chaotic model and concluded that there
was evidence for clustered multi-events. .

Nishenko and Buland (1987) compiled seismic recurrence data from California, Mexico, Japan,
Chile, and Alaska to examine the relation between interevent and long-term recurrence intervals.
They found that the ratio of the individual recurrence interval to the long-term average
recurrence interval demonstrated non-periodic, non-linear, or chaotic fault interactions.

A Physical Model for Clustered Behavior

The concept of fractals appears to closely describe observed clustered behavior in the seismic
record. As noted by Scholz (1990), the commonly used Gutenberg-Richter relation which
describes earthquake frequency and moment is a power-law size distribution function which is
typical of fractal sets. Such fractal characteristics are derived from the apparent self-similarity
of earthquakes and the fracture process and suggest that earthquake clustering can be adequately
modelled by fractal behavior.

Smalley e al. (1987) used fractal analysis to characterize the seismicity of the New Hebrides,
and they found that the clustered seismic activity closely fit a fractal model. Relatively constant
fractal dimensions suggested that there were significant deviations from the Poisonnian behavior
normally attributed to earthquake recurrence. Kagan and Jackson (1991) also applied fractal
theory and concluded that earthquake clustering on both short- and long-term scales was scale-
invariant. They found that a fractal power-law distribution best described recurrence behavior,
and that time-space clustering of earthquakes was apparently a universal phenomenon.

Fluctuating earthquake behavior has been modelled numerically by Rundle (1988) who concluded
that earthquakes are perturbations or fluctuations on the long-term plate motion. He argued that
interaction of neighboring fault segments is responsible for clustering of events. Similar
arguments were made by Sykes and Jaumé (1990) based on seismic activity in the San Francisco
Bay region.




Evidence From the Paleoseismic Record

Although temporal clustering of earthquakes appears to be frequently observed within the
historical seismic record and can be adequately modelled using fractal concepts, well-documented
examples in the paleoseismic record are comparatively few (Table 1). There are likely several
reasons for this paucity of data. First, the concept of clustering only recently became a popular,
widely discussed theory of paleoearthquake recurrence, thus many paleoseismic studies did not
explicitly search for evidence of such behavior. In some cases, the evidence was not regarded
as greatly significant and was only mentioned in passing (e.g., Zoback, 1979).

Second, not all faults exhibit evidence of clustered activity, and the periodic earthquake model
still provides a credible explanation for some fault behavior. In a paleoseismic study of
extensional faults in southern Tibet, Armijo et al. (1986) compared short- (Holocene) and long-
term (60 ka) slip rates and found that although some faults had somewhat elevated Holocene
rates, the short- and long-term rates were relatively comparable. Similar results were obtained
by Peltzer ez al. (1988) for the strike-slip Chang Ma fault in China. Based on offset terraces on
the Wellington fault in New Zealand, Berryman (1990) concluded that the displacement rate of
the terraces had been relatively constant over the last 150 ka. Pantosti et al. (1993) found that
the Irpinia, Italy, fault exhibited characteristic earthquake behavior with 4 similar events
preceding the 1980 rupture. Schwartz (1988) also found characteristic earthquake behavior in
a paleoseismic study of the Cordillera Blanca fault in the Peruvian Andes.

Third, stratigraphic and age controls necessary for recognizing aperiodic fault slip are commonly
not present or available in many paleoseismic studies. Although Wallace (1987) showed that
temporal clustering and event migration were common characteristics of many Basin and Range
faults, detailed data supporting this concept remain to be fully developed. For example, although
Wallace (1987) effectively made the case for irregular earthquake occurrence in the Dixie
Valley, Nevada areas on the basis surficial geologic evidence, detailed evidence of slip rate
change was not available until detailed paleoseismic studies were conducted (Bell and Katzer,
1987, 1990).

Best World-wide Examples

The following four examples comprise some of the strongest cases for clustering of earthquake
events in the paleoseismic record. These studies are all based on detailed determination and
comparison of short- and long-term slip rates or recurrence intervals.

The Oued Fodda fault, Algeria

Paleoseismic studies of the Oued Fodda fault which ruptured in 1980 in association with a M7.3
earthquake were first conducted by Swan (1988). Exploratory trenching of the 1980 fault trace




Table 1. World-wide Examples of Temporal Clustering

Region
Northern China

Eastern China

Northem Turkey

Northern Algeria

South Island,

New Zealand.

South Island,
New Zealand

North Island,
New Zealand

u.s.

Great Basin

Nevada

Idaho

Utah

California

California

California

California

New Mexico

Oklshoma

Tennessce

Eastern U.S,

Fault and Type

Several Unnamed;
intraplate

Yishu;
intraplate; strike-slip

Anatolian;
intraplate; strike-slip

Oued Fodda;
intraplate; reverse

Pisa-Grandview;
intraplate; reverse

Alpine system;
plate boundary; strike-slip

Hikurangi system;
plate boundary; reverse

Lost River, East Range,
Dixie Valley; intraplate;
normal

Dixic Valley;
intrapate; normal

Lost River;
intraplate; normat

Wasatch;
intraplate; normal

San Andreas-Pallett Creek;
plate boundary; strike-slip

San Andreas-Yucaipa;
plate boundary; strike-slip

Sierra Nevada system;
intraplate; normal

San Jacinto;
plate boundary; strike-slip

La Jencia;
intraplate; normal

Meers;
intraplate; strike-slip

Reclfoot Lake;
intraplate; strike-slip?

Charleston, New Madrid,
Charlevoix, Meers;
intraplate

Reference

Allen (1975)

Huang (1993)

Ambraseys (1970; 1971)

Swan (1988); Meghraoui e al. (1988)

Beanland and Berryman (1989)

Knuepfer (1992)

Berryman et al. (1989)

Wallace (1987)

Bell and Katzer (1990)

Scott ez al. (1985)

Machette ez al. (1990)

Sich ez al. (1989)

Harden and Matti (1989)

Bursik and Sich (1989)
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revealed evidence for three and possibly four previous events on the fault during the preceding
1.5 ka. Well-constrained dates on the previous events indicated that the average late Holocene
recurrence interval on the fault was about 450 years and that the Holocene slip rate was on the
order of 3 mm/yr. In contrast, Swan (1988) found that the longer term average late Quaternary
recurrence interval determined by offset older alluvium was at least an order of magnitude
longer and that the long-term slip rate was on the order of 0.3 mm/yr.

Meghraoui er al. (1988) also excavated exploratory trenches across the Oued Fodda and,
although obtaining somewhat different slip rate and recurrence interval results than Swan (1 988),
they provided additional evidence for temporal clustering. They found evidence of six faulting
events within the past 7,000 years and estimated the Holocene recurrence interval to be about
1061 years. Although Meghraoui et al. (1988) did not examine the longer late Quaternary
record, they found that the dated paleoevents grouped together forming irregular patterns of
activity (Fig. 3). Clusters of activity were observed at around 4000 years and within the last
1000 years.
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Figure 3. Distribution of events versus time that characterize the paleoseismic activity of the EI Asnam fault.
Horizontal lines are time boundaries for each event which is additionally characterized as definite (d) and possible
(p). Seismic clusters around 4000 and 1000 years BP are alternating with periods of quiescence (Meghraoui ez al.,
1988).
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The Alpine Fault System, New Zealand

Based on estimates of late Quaternary slip in offset stream terraces and moraines crossing the
Alpine fault system on the South Island of New Zealand, Knuepfer (1992) found that late
Holocene slip rates differed significantly from longer term late Quaternary rates. Examination
of the Wairau, Awatare, Clarence, Hope, Kekerengu, and Porters Pass faults showed all to have
undergone substantial changes in slip rate during the last 3-5 kyr. On the Awatere fault,
Knuepfer (1992) found that offset river terraces provided evidence that an early to mid-Holocene
slip rate of 9.4 mm/yr had decreased to 3.8 mm/yr during the late Holocene (Fig. 4). Similarly,
dated river terraces across the Hope exhibited evidence of a comparable reduction in the late
Quaternary slip rate, declining from a very high rate of 60 mm/yr to about 4 mm/yr (Fig. 4).

Knuepfer (1992) also compared cumulative fault slip rates to the known plate boundary rate of
40 mm/yr and found that the sums of lateral motion during the 5-15 ka period exceeded the plate
boundary rate, while the sum of activity for the late Holocene was less than half of the plate
boundary rate. He concluded that the best explanation for these variations was that the slip
across the plate boundary is episodic, varying over perhaps 5000 year intervals. '
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Figure 4. Left: Lateral offset of Saxton River terraces across the Awatere fault. Right: Lateral fault-slip data for
the Charwell River terrace sequence, Hope fault. Crosses indicate position of most likely offset and age surface;
boxes enclose uncertainties in both offset and age. (Knuepfer, 1992).

The San Andreas Fault

In the detailed paleoseismic study of the San Andreas fault at the Pallett Creek site, Sieh ef al.
(1989) document 10 episodes of faulting during the past 2000 years. Utilizing accelerator mass
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spectrometry ages for 32 samples of peat collected from faulted deposits at Pallet Creek, Sieh
et al. (1989) developed a detailed chronology for recurrent faulting along the San Andreas
allowing the detection of clustered paleoseismic events. Although previous studies had revealed
12 events during the past 1800 years, the dates of individual events and the lengths of individual
recurrence intervals were not well known, and the new refined dating allowed the discrimination
of a more detailed slip history for the fault.

Sieh et al. (1989) found that the past 10 earthquakes occurred in four clusters, each consisting
of two or three events (Fig. 5). They observed that earthquakes within the clusters were
separated by several decades, but the clusters were separated by dormant periods of two to three
centuries. Groupings of events occur around 1800 AD, 1400 AD, 1000-1100 AD, and 700-800
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Figure 5. Estimates of the dates for earthquakes recorded in the sediments at Pallett Creek. Bars give 95%
confidence intervals. Open circle on bar of event X indicates preferred date of AD 1812 (Sieh et al., 1989).

AD. In comparison to the dated events at Wallace Creek (Sieh and Jahns, 1984), the Pallett
Creek event clusters may correspond to large single events at that site. -
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(Note: Although Sieh et al. (1989) contend that the new radiocarbon dates from Pallet Creek are
precise enough to allow the discrimination of clustered events-- - a conclusion also supported by
Jacoby er al. (1988), new statistical corrections of radiocarbon calibration ages by Biasi and
Weldon (1994) suggest that the Pallett Creek ages may not be as clustered as indicated by Sieh
et al. (1989)).

The Wasatch fault

Extensive exploratory trenching and related paleoseismic studies along the Wasatch fault system
indicate that the system consists of 10 discrete fault segments which have been repeatedly active
during the Holocene. Machette et al. (1990) summarized all recent studies and provided new
interpretations of the faulting originally used by Schwartz and Coppersmith (1984) to define the
concept of periodic, characteristic earthquakes. Although Machette ef al. (1990) found that the
long-term composite recurrence interval for the Wasatch is about the same as that estimated by
Schwartz and Coppersmith (1984)-- about 400 years-- the frequency of large earthquakes during
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Figure 6. Slip rates on the Wasatch fault zone for different time intervals as determined from deposits of Holocene
to middle Quatemnary. Letters A through I indicate locations of slip-rate determinations. Vertical and horizontal bars
indicate the range in probable amounts of displacement and ages of deposits. Dashed lines indicate different rates
of slip (Machette er al., 1990).
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the late Holocene appears to be more frequent than suggested by the longer term rate. During
the time period of 0.4-1.5 ka, at least six faulting events have occurred, yielding an average late
Holocene recurrence interval of about 220 years. This recurrence is about half of the long-term
rate. This observation together with the shortness of intervals between recent events and the long
average recurrence intervals for individual fault segments (about 1900 years) led Machette et al.
(1990) to conclude that major faulting events along the Wasatch fault system occurred in clusters
interspersed with less-frequent random events between clusters.

Machette ez al. (1990) also found that there were significant differences in slip rates for fault
segments offsetting deposits which both pre-date and post-date the Lake Bonneville Lake cycles
(Fig. 6). Comparing the net slip across faults for the last 200 ka, they found that several discrete
rates could be discriminated. The slip rates during the past 15 ka were found to be distinctly
higlier by factors of 2 to 3 than the longer term average rates of 0.1-0.3 mm/yr determined from
deposits older than the Lake Bonneville cycle.

New Field Data From the Nevada Basin and Range and Southeastern Spain

New data were collected from recent field studies in Nevada and southeastern Spain to further
test the concept of temporal clustering. Previous data obtained from paleoseismic studies in the
1954 Dixie Valley, Nevada, earthquake (Bell and Katzer, 1987, 1990) were reevaluated for
evidence of clustered behavior. Paleoseismic investigations recently completed on the Genoa
fault (Ramelli ez al., 1994) provide new data on clustered activity of the Sierra Nevada fault
system. A paleoseismic investigation of the Carboneras fault system in southeastern Spain
provides new data for a tectonically active part of the western Mediterranean region where little
paleoseismic data are available.

The 1954 Dixie Valley, Nevada, Earthquake Area

Exploratory trenching and drilling studies in the 1954 Dixie Valley earthquake (M6.9) showed
that coseismic faulting occurred along two fault zones lying along the eastern flank of the
Stillwater Range (Bell and Katzer, 1987). Cumulative displacements on these two zones were
used to estimate both short- and long-term slip rates (Bell and Katzer, 1990). These cumulative
displacements have been plotted here to examine the evidence for temporal clustering (Fig. 7).

Fault displacement associated with the 1954 earthquake was about 3 m, and a similar amount
of displacement occurred during an event 1.5-6.8 ka ago. Beach gravels estimated to be 12 ka
old exhibit the same offset as the younger alluvial fan deposits; intermediate-age alluvial fan
deposits estimated to be of late Pleistocene (late Wisconsin) age are cumulatively offset about
8.5 m, and older alluvial fan deposits have more than 40 m of cumulative offset.

Figure 7 demonstrates that the most recent activity on the Stillwater fault zone has been clustered
in comparison to the longer term level of activity. The 1954 earthquake and the event which
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occurred between 1.5-6.8 ka ago together yield a relatively high recent slip rate (>1 mm/yr),
in contrast to the cumulative offsets of both intermediate and older age alluvial deposits. Even
by assuming conservatively young minimum ages for these alluvial-fan deposits (the maximum
ages were preferred in previous studies), the late Holocene slip rate is significantly higher than
the longer term rate, a strong indication that the most recent activity has been clustered.
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Figure 7. Plot of cumulative displacement on Dixie Valley faults and age of offset alluvial deposits. Dots represent
approximate age and displacement: 1954, offset associated with the 1954 Dixie Valley earthquake; Qfy, young
alluvial-fan deposits 1.5-6.8 ka in age; Qbg, 12-13 ka shoreline gravel deposits; Qfi, intermediate-age alluvial-fan
deposits 30-100 ka in age; Qfo, older alluvial-fan deposits, 100-200 ka in age. Average slip rate of 0.3 mm/yr from
Wallace and Whitney (1984).

The Genoa Fault

The Genoa fault is a principal trace of the Sierra Nevada fault segment extending from
Markleeville, California, to Reno. Exploratory trenching across the Genoa fault at three locations
revealed evidence for two large displacement (4-5 m each) events during the late Holocene
(Ramelli ez al., 1994). Extensive radiocarbon dating of faulted deposits indicated that both events
occurred within the last 3 ka, and the most recent event occurred about 500-600 years ago. At
one trenching site (Walleys Hot Springs), Holocene stream terrace deposits which are offset
about 9 m lie adjacent to older Quaternary alluvium cut by a large (18 m) scarp. Although the
age of this older deposit is not precisely known, the presence of a thick (> 1m) argillic soil on
the fan surface is indicative of at least an age of 100 ka. The Genoa fault can be traced
discontinuously to Woodfords, California, where Tioga-age (12-35 ka) glacial stream deposits
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are offset about 16 m.

Plotting cumulative slip along the Genoa fault based on trenching and exposures at the
Woodfords site and Walleys Hot Springs site (Fig. 8), a higher rate of fault slip has occurred
during the Holocene compared to the longer term rate represented by the older (> 100 ka) offset
alluvial deposits at Walleys Hot Springs. If the two most recent events recorded on the Genoa
fault were indeed indicative of the long-term event rate (>1 mm/yr), the older scarp would
exhibit a displacement on the order of 100 m, nearly an order of magnitude more than that
observed.
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Figure 8. Plot of cumulative displacement across the Genoa fault and age of offset deposits. Dots represent
approximate amount of displacement and age. Composite exploratory trenching data taken from three locations
yielding radiocarbon ages; Woodfords and Walleys Hot Spring scarp data based on measured profiles and estimated
ages based on glacial chronology and soil development (data from Ramelli ez al., 1994).

The Carboneras fault

The Carboneras fault is one of several large Quaternary strike-slip faults which comprise the
Trans-Alboran fault system. This system trends across the western Mediterranean region coming
on-shore in southeastern Spain and northern Africa, and it is part of the wide Europe-Africa
plate boundary zone, a portion of which ruptured at the Oued Fodda site of the 1980 El Asnam,
Algeria, earthquake described earlier. A paleoseismic investigation was conducted along the
Carboneras fault in order to identify patterns and rates of late Quaternary faulting (Bell et al.
1994). Results indicated that a high rate of fault slip occurred during the mid-Quaternary, and
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that this rate has substantially diminished during the late Quaternary.

This study found that 100-m left-lateral offsets of alluvial-fan streams occurred between 200-500
ka. The absence of offset late Quaternary alluvial-fan deposits indicates that little lateral
displacement has occurred on the Carboneras fault during the past 35-100. Where the fault
intersects the coastline, 100 ka marine shorelines are vertically displaced a maximum of 10 m,
and there is circumstantial evidence of 1-3 m of vertical uplift along the fault at the coastline
during the last few thousand years. These data suggest that the style of faulting has changed
from strike slip to normal during the late Quaternary and that the rate of slip has declined
substantially during the past 100-200 ka (Fig. 9). The 100-m stream offsets are confined to
deposits older than 100-200 ka, and no discernible lateral displacements have occurred during
the last 35 ka and probably during the last 100 ka. Marine terraces radiometrically dated at
between about 85-125 ka exhibit no visible lateral offset component. At the same coastal
locations, late Holocene (3 ka) stream channels flowing to the Mediterranean Sea are uplifted
1-3 m. These relations together strongly suggest that slip rates during the mid-Quaternary were
comparatively high relative to those during latest Quaternary, and that the style of faulting has
changed. A period of accelerated slip apparently characterized fault activity up until about 200
ka, after which time slip diminished by an at least an order of magnitude, suggesting that the
fault is presently in a state of relative quiescence.
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Figure 9. Plot of cumulative displacement and age of offset units along the Carboneras fault. Dots indicate
approximate amount of displacement and age. Offset shorelines measured at locations where fault intersects marine
terrace sequence; offset streams measured on alluvial fans crossing the fault.
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The world-wide evidence for temporal clustering of earthquakes suggests that fault behavior in
both plate boundary and intraplate settings is characterized commonly, but not universally, by
periods of activity separated by periods of dormancy. The historical seismicity record provides
substantial documentation of clustered activity, particularly in regions where the record dates
back several millenia. Seismicity associated with principal plate boundary faults, such as those
in the circum-Pacific region, has frequently been found to be punctuated by clusters of gap-
filling events and cycle-to-cycle diversity. Comparisons of short- and long-term seismic records
suggest that the long-term record is characterized by scale-invariant power-law temporal
distributions, or clusters. The fractal concept has been found to closely describe this clustered
behavior, and numerical laboratory models have been described which account for such aperiodic
or irregular activity. '

Although the historical seismic record has provided numerous examples of clustered activity, and
the concept of fractals appears to adequately model such behavior, comparatively few examples
of temporal clustering have been described in the paleoseismic literature. This is in part due to
the fact that the periodic earthquake model still provides a credible explanation for some fault
slip histories. But this is also due to the fact that paleoseismic investigations have only recently
begun to collect and examine relevant data capable of discriminating clustering in the geologic
record. In addition, detailed stratigraphic and age controls necessary for discriminating clustered
events are not always present or available.

A list of about 20 examples from published literature provides the present basis for recognizing
clustered activity in the paleoseismic record. The best examples from this list include the Oued
Fodda fault in Algeria, the Alpine fault in New Zealand, the San Andreas fault, and the Wasatch
fault. Of particular interest to characterizing fault behavior in the Basin and Range Province are
the results of paleoseismic studies along the Wasatch fault. There, the extensive trenching and
surficial geologic evidence appears to unequivocally point to clustered behavior during the
Holocene.

In support of the concept of temporal clustering, new data are provided from investigations
conducted during the last year. Previous slip data from the 1954 Dixie Valley, Nevada,
earthquake area, Nevada, have been plotted to demonstrate the presence of clustered activity
along the Stillwater fault during the Holocene. Similarly, recent trenching investigations along
the Genoa fault in western Nevada indicate that this principal fault of the Sierra Nevada fault
system exhibits strong evidence of clustered activity during the Holocene compared to the longer
term Quaternary rate. Based on new paleoseismic studies along the strike-slip Carboneras fault
of southeastern Spain, a tectonically active part of the western Mediterranean region, it is found
that a high rate of fault slip occurred during the mid-Quaternary, but that this rate, and thus the
frequency of events, has diminished substantially during the late Quaternary. This suggests that
the fault is in a period of dormancy.
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INTRODUCTION

This report summarizes the work of Task 3 that was initially discussed in our monthly
reports for the period October 1, 1993 through September 30, 1994, and is contained in our
various papers and abstracts, both published and in press or currently in review (see appen-
dices). Our efforts during this period have involved the continuation of studies begun prior
to October, 1993, focussed mainly on aspects of the caldera geology, magmatic activity,
hydrothermal mineralization and extensional tectonics of the western and central parts of
the southwestern Nevada volcanic field (SWNVF), studies of the subsurface rocks of Yucca
Mountain utilizing drill-hole samples obtained in 1991 and 1992, and studies of veins and
siliceous ledges cropping out in northwestern Yucca Mountain. These veins and ledges pro-
vide evidence for near-surface hydrothermal activity in northwestern Yucca Mountain dur-
ing the Crater Flat Tuff period of volcanism.

During the period of this report we have concentrated our efforts on the production
and publication of documents summarizing many of the data, interpretations and conclu-
sions of Task 3 studies pertaining to hydrothermal activity and mineralization in the Yucca
Mountain region and their relations to volcanism and tectonic activity. The resulting two
. manuscripts for journal publication and a compilation of radiometric age and trace-element
geochemical data are appended to this report (see below).

The first manuscript, intended for publication in the journal Economic Geology, is enti-
tled Multiple episodes of hydrothermal activity and epithermal mineralization in the southwest-
em Nevada volcanic field and their relations to magmatic activity, volcanism and regional
extension and is included in this report as Appendix A (Weiss et al., 1995b). This lengthy
paper provides both important general information, and a large amount of specific and
detailed decriptive information, radiometric age data and our interpretations concerning the
nature and timing of hydrothermal activity and associated mineralization in the Yucca
Mountain region. Although an initial draft of this paper was completed in September, 1993,
much time during the period of this report has been devoted to the construction of map fig-
ures and revisions of the text. In late March of 1994 the manuscript entered formal U.S.
Geological Survey review. Such review is required prior to submission to a journal, due to
the co-authorship on this paper of our colleague Edwin H. McKee of the Branch of Western
Minerals Resources. Following constructive reviews by Brent Turrin and Roger Ashley of
the U. S. Geological Survey, the manuscript was returned to us in September, 1994. The
manuscript is more lengthy than is normally accepted by many journals, mainly as a result of
our inclusion of data and discussion for all of the many known areas of hydrothermal activity
and mineralization in the central, southern and western parts of the southwestern Nevada
volcanic field. Presently we are attempting to shorten the manuscript.




STUDIES OF DRILL CORE AND CUTTINGS FROM
THE SUBSURFACE OF YUCCA MOUNTAIN
Update on the Distribution, Origin and Significance of Pyrite in Tuffs of Yucca Mountain

An entirely new manuscript entitled Pyritic ash-flow tuff, Yucca Mountain, Nevada--A
discussion has recently been prepared for submission to Economic Geology and is included
in this report as Appendix B (Weiss et al., 1995a). The main objective of this paper is to
dispute the interpretation of Castor et al. (1994) that pyrite in ash-flow tuff units in Yucca
Mountain is mainly xenolithic material incorporated from previously altered wallrocks dur-
ing the eruptions of the tuffs. Based on our studies of core and cuttings from the 12 drill
holes that penetrate into andfor through the Crater Flat Tuff in Yucca Mountain, and
detailed studies by personnel of the Los Alamos National Laboratory and the U. S. Geologi-
cal Survey, we summarize our new information on the subsurface lateral and vertical distri-
bution and textural characteristics of the pyrite, and consider phase stability relations and
the conditions of major ash-flow eruptions that are inconsistent with the "lithic" origin of
Castor et al. (1994). Our paper presents several lines of evidence that strongly support the
in-situ formation of most, if not all, of the pyrite from hydrothermal fluids containing small,
but geochemically significant, amounts of reduced sulfur. We explicitly point out that such
fluids are clearly and unequivocally capable of transporting and depositing precious metals,
that trace-elements associated with epithermal types of hydrothermal activity (e.g., As, Sb,
Hg, Bi) are elevated with respect to fresh, unaltered rhyolitic ash-flow tuff at Yucca Moun-
tain, and that the 12 existing deep drill holes are too widely spaced to rule out the presence
of potentially attractive mineral resources beneath the proposed repository. Furthermore,
as a progressively better understanding of the conditions of transport and deposition of gold,
both in magmatic and hydrothermal systems (e.g., Connors et al., 1993) is obtained, it is
clear that one critical factor in the formation of gold deposits is the existence of a gold-rich
hydrothermal solution. An important corollary of this recognition is that the absence of gold
in many areas of hydrothermal alteration does not demonstrate that a major deposit may
not be present.

DATA COMPILATION

Appendix C consists of a data chart entitled Compilation of radiometric age and trace-
element geochemical data, Yucca Mountain and surrounding areas of southwestern Nevada for
use by the Nevada Nuclear Waste Project Office, their contractors and other interested
groups. Part I of this document provides a compilation of presently available radiometric
ages of pre-Quaternary volcanic rocks and hydrothermal activity in the southwestern
Nevada volcanic field. Part II provides a compilation of trace-element analyses of surface
and subsurface rocks in and near Yucca Mountain.




ROCK UNITS OF YUCCA MOUNTAIN AS HOSTS
FOR PRECIOUS-METALS DEPOSITS

For some time it has been apparent to us that the same rock units that compose Yucca
Mountain, such as the Lithic Ridge Tuff, and units of the Crater Flat, Paintbrush and Tim-
ber Mountain Tuffs, as well as underlying sedimentary rocks of pre-Cenozoic age, are the
principal host rocks for economic and presently subeconomic precious-metal deposits in the
surrounding Bare Mountain, Bullfrog, Wahmonie and Mine Mountain mining districts. This
demonstrates that rock units composing Yucca Mountain are indeed suitable hosts for
hydrothermal mineral resources. Direct radiometric dating of hydrothermal minerals and
stratigraphic relations show that multiple, widespread pulses of Miocene hydrothermal
activity and local precious-metal mineralization occurred in the Yucca Mountain region
(Weiss et al.,, 1995b). At least one episode of hydrothermal activity took place in northwest-
ern Yucca Mountain (and possibly in the repository area) between eruptions of the Tram
Member and the 13.2 Ma Bullfrog Member of the Crater Flat Tuff (Weiss et al., 1993a), and
at Jeast one aerially extensive, laterally flowing hydrothermal system existed in the subsur-
face of Yucca Mountain coeval with widespread Timber Mountain magmatic activity
(Aronson and Bish, 1987; Jackson et al., 1988; Bish and Aronson, 1993).

The fact that rocks of Yucca Mountain are suitable hosts for Au-Ag deposits and that
multiple episodes of potentially mineralizing hydrothermal activity have occurred in or near
Yucca Mountain (Weiss et al., 1995b) strengthen the possibility that mineral resources may
have formed in the subsurface of Yucca Mountain and currently remain undiscovered. It is
our opinion that estimates of the potential for undiscovered mineral resources and human
interference at Yucca Mountain should explicitly recognize the demonstrated suitability of
the rocks as hosts and that one, or more, possibly ore-forming episodes of hydrothermal
activity have occurred. In an effort to draw attention to this, we prepared an abstract enti-
tled Potential for undiscovered mineral deposits at Yucca Mountain, NV: host rocks, timing and
spatial distribution of nearby mineralization (Weiss et al., 1994). This abstract has been
accepted for presentation at the 1994 national meeting of the Geological Society of America
(GSA) in Seattle, Washington. GSA has deemed our abstract to be of possible interest to
the general public and has recently requested that we prepare a news release to provide
additional information for the news media.

ADDITIONAL GEOCHEMICAL DATA FROM VEINS AND SILICEOUS DEPOSITS,
NORTHWESTERN YUCCA MOUNTAIN

Additional trace-element data have been obtained from veins, altered rocks and
siliceous ledges in northwestern Yucca Mountain and are reported in Table 1. Through a
program of repeat and duplicate analyses, carried out blind to the analytical laboratory, the
elevated concentrations of As, Bi, Hg, Sb and TI reported last year (Weiss et al., 1993a)
were corroborated and the effects of different sample pulverizing equipment were tested.
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The data indicate that extremely hard, siliceous rocks gain as much as about 3.5 ppm Mo
from pulverization in the shatterbox, relative to samples ground with steel plates in the
rotary pulverizer at the Nevada Bureau of Mines and Geology (Table 1). Concentrations of
the other elements analysed are not significantly affected by differences in the preparation
equipment used. Analyses reported for surface and subsurface samples from Yucca Moun-
tain by Weiss et al. (1990; 1991a; 1992) were from samples prepared in rotary pulverizers
utilizing ceramic and steel plates and therefore do not reflect added Mo. Analyses reported
last year (Weiss et al., 1993a) were, unfortunately, all on samples pulverized in the shatter-
box, suggesting that Mo concentrations reported for the harder samples are from about 0.5
to 3.5 ppm too high. Nevertheless, "corrected" Mo concentrations of as much as about 4
ppm are present in veins of hydrothermal breccia and the siliceous ledges in northwestern
Yucca Mountain (Table 1). ‘

The elevated concentrations of As, Sb, Hg, Bi and TI, + Mo, (Weiss et al.,, 1993a; -
Table 1, this report) in veins, silicified siltstone and laminated silica (sinter) deposits are
extremely difficult to ascribe to weathering or other surficial processes. We continue to view
these data, as was stated last year (Weiss et al,, 1993a), as evidence for the involvement of
hydrothermal fluids in the formation of the veins and ledges. Similar concentrations of Hg
and Sb, significantly elevated with respect to fresh tuff (Table 1), are locally present in
argillically altered rocks of the Crater Flat Tuff and in thin veins of hydrothermal breccia in
Windy Wash and in an altered area west of the siliceous ledges.

Analyses of rocks from altered and mineralized areas in Bare Mountain reported by
Tingley (1984) were carried out by methods having poor sensitivity at low levels of concen-
tration for Au, Ag, As, Sb, Bi, Mo and other trace elements. The analyses of Tingley (1984)
also do not include data for elements such as Te and TI, which are now recognized to be
characteristic of certain classes of epithermal mineral deposits. We have obtained data on
samples of the porphyry dikes, nearby wallrocks of Paleozoic sedimentary rocks, dikes of
hydrothermal breccia and other rocks in Bare Mountain (Table 1) utilizing the much more
highly sensitive methods of organic-extraction inductively-coupled plasma-emission spec-
trometry (ICP) that were unavailable to earlier studies such as Tingley (1984).

Our new data supplement the data of Tingley (1994) and are similar to the data of
U.S. Precious Metals, Inc., from the Mother Lode mine as summarized by Weiss et al.
(1993b). Altered rhyolitic porphyry dike rocks and, to a lesser degree, nearby Paleozoic
carbonate wallrocks in the vicinity of Tarantula Canyon contain modest to low-level concen-
trations of added As, Hg, Sb, and Mo, =+ Bi, = Tl (Table 1). Silicified dikes of hydrothermal
breccia from 0.3 to about 2 m in width that intrude Paleozoic rocks near the Telluride mine
and in Joshua Hollow, and contain abundant volcanic rock fragments, have much greater
concentrations of Ag and Au, and generally higher concentrations of As, Sb, Hg, Te, Mo and
Tl than do the altered porphyry dikes. Breccia composed mainly of argillically altered car-
bonate rocks of the Nopah Formation that have been partly replaced by fluorite at the
Goldspar/Diamond Queen mine contain 1.16 ppm Au, low Ag, and anomalous As, Bi, Hg,
Sb, Te, Mo and T1.
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Differences in the style of mineralization and greater amounts of base metals, Ag and
W in veins and altered rocks in western and southern Bare Mountain have led us to infer,
following Tingley (1984) and Jackson (1988), that gold deposits in northern and eastern
Bare Mountain reflect fundamentally different and likely younger hydrothermal events
associated with the deeper parts of the large, genetically related porphyry magma system
that we infer to underlie the porphyry dikes (Noble et al., 1989; 1991). We have proposed
that the disseminated Au deposits of northern and eastern Bare Mountain formed from
Carlin-type (or Carlin-like) hydrothermal activity genetically related to the porphyry-type
magmatic activity (Weiss et al., 1993b; 1995). A sample containing macroscopic particles of
gold along fractures in somewhat argillized dolomitic rock of the Wood Canyon Formation
from the Gold Ace mine in western Bare Mountain was analyzed (Table 1). Other than the
presence of visible gold, which is entirely absent in even the highest-grade ores of the
Mother Lode and Sterling mines, and the relatively low contents of As and Sb, the Gold Ace
sample differs little, geochemically, from ore-grade specimens of the disseminated Au
deposits elsewhere in Bare Mountain.

UPDATE ON ANALOGUE STUDY OF THE BALD MOUNTAIN GOLD DEPOSITS

During the period of this report, additional age data were obtained on igneous rocks
in the Bald Mountain district. The age dates show that igneous activity is clearly of Jurassic
age. The age data and geologic information are presently being summarized in a new
manuscript entitled Geology and gold deposits of the Bald Mountain mining district, White
Pine County, Nevada (Hitchborn et al., in prep.). This paper will be submitted to the Geo-
logical Society of Nevada for publication in the symposium volume to be published for the
1995 Geological Society of Nevada Symposium entitled Geology and Ore Deposits of the
American Cordillera.

PROGRESS IN RADIOMETRIC ])ATING STUDIES
Timing of Au-Ag mineralization at the Mother Lode mine, northern Bare Mountain

We have continued our efforts to better constrain the absolute age of gold mineraliza-
tion in northern Bare Mountain and the timing of these gold deposits relative to porphyry
magmatic activity. Our previous attempt, through K-Ar age determinations on illite-smec-
tite at the Mother Lode mine, gave mixed results (Weiss et al., 1993a). Much of the ore at
the Mother Lode mine is hosted by argillically altered silicic porphyry dikes. Similar dikes
exposed nearby in Joshua Hollow, Tate’s Wash and at a greater distance, in Tarantula
Canyon, have given biotite K-Ar ages of 13.9 and 14.9 Ma (Marvin et al., 1989; Noble et al.,
1991; Monsen et al., 1992). This spread in ages and the somewhat altered nature of the
dated dikes has led us to question their reported ages and pursue additional dating of the
age of dike emplacement using 4°Ar/3?Ar experiments.

Dike rocks exposed between the Telluride and Mother Lode mine are only weakly
propylitically altered, containing phenocrysts of variably chloritized hornblende, clear sani-
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dine, unaltered clinopyroxene and plagioclase partly replaced by turbid K-feldspar
(adularia). Scanning electron microscope analyses of more strongly altered dike rocks from
the Mother Lode mine show that the clear sanidine phenocrysts have compositions of about
27 to 34 mole % Nay0, 0.25 to 0.5 mole % CaO and 1 to 2 mole % BaO, inconsistent with
hydrothermal replacement by adularia. Using conventional magnetic, heavy liquid, hand-
picking and acid treatment techniques, clear sanidine, turbid K-feldspar and unaltered
hornblende grains were separated from the relatively weakly altered dike rock and sent to
Dr. William McIntosh for °Ar/3%Ar dating in the laboratories of the New Mexico Bureau of
Mines and Mineral Resources. Through a combination of step-heating and single-crystal
laser fusion experiments we expect to better constrain the ages of dike emplacement and
hydrothermal activity.

At this time the sanidine and turbid K-feldspar have not yet been analysed. Step
heating of the hornblende gave an unusual, saddle-shaped Ar release spectra (Figure 1). -
The initial 10% and the last 16% of the Ar released gave apparent ages of between 35 and
53 Ma. Most of the Ar was released in the intermediate heating steps with an apparent age
of about 19.2 Ma. The much older apparent ages of the initial heating steps suggest the
presence of excess radiogenic Ar, perhaps trapped in fluid inclusions during growth of the
hornblende, as has been documented for anomalously old hornblende crystallized from
extremely volatile-rich mafic intrusions at the Porgera gold deposit in Papua, New Guinea
(Richards and McDougall, 1990). Such excess radiogenic Ar suggests the 19.2 Ma age date
is @a maximum age for the dike. This raises the possibility that the biotite K-Ar ages may also
in part reflect the presence of excess Ar. If this is the case, the 13.9 Ma ages should be con-
sidered maximum ages and the ca. 12.5 to 13 Ma hydrothermal activity suggested by adu-
laria and alunite ages from nearby locations (Noble et al., 1991; McKee and Bergquist, 1993;
Weiss et al., 1995b) may have occurred within, at most, about 1.5 Ma after magmatic activ-
ity. We hope that results from the clear sanidine and turbid K-feldspar grains will provide
additional information bearing on this problem.

UPDATE ON MINING AND MINERAL EXPLORATION

Gold production continues from the main pit and the underground workings at the
Lac Gold Bullfrog mine in the southern Bullfrog Hills. It is believed that only a few months
of production of mill-grade ore from the main vein system remain accessible by open-pit
mining methods. Stripping of overburden at the Montgomery-Shoshone mine is nearly
complete and production from an open-pit resource is expected to begin in the next few
weeks. In efforts to replace declining reserves, Lac Minerals Ltd., which is currently being
acquired by American Barrick, has undertaken an aggressive program of detailed geologic
mapping and continued exploratory drilling in the southern Bullfrog Hills, particularly in
Bonanza Mountain west of the townsite of Rhyolite. Lac Minerals/American Barrick con-
tinues to hold extensive land positions in the northern Bullfrog Hills. Sunshine Mining and
Pathfinder Exploration have dropped their leases on claims in the northern Bullfrog Hills
held by D. Spicer and other individuals.
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InterRock Exploration, a spin-off of Cordex Exploration Company, carried out two
exploratory drilling programs in the upper reaches of Fluorspar Canyon and Tate’s Wash in
efforts to expand the presently subeconomic Secret Pass gold deposit. This currently sub-
economic resource, hosted largely within the Crater Flat Tuff (Greybeck and Wallace,
1991), is located 19 km northwest of the proposed repository site.

HG Mining Inc. of Beatty, NV. continues production of cut stone products from ash-
flow tuffs quarried within the geographic limits of the Timber Mountain caldera complex.
Ash-flow units from which cut stone is currently produced include the glassy, partially
welded caprock of the Rainier Mesa Member of the Timber Mountain Tuff in northern
Crater Flat, the lower, lithic-rich, unwelded part of the Ammonia Tanks Member of the
Timber Mountain Tuff in the Transvaal Hills, the tuff of Cut-off Road in the Transvaal Hills
and the Pahute Mesa and Rocket Wash Members of the Thirsty Canyon Tuff in upper Oasis
Valley.

REVIEWS, PUBLICATIONS AND PRESENTATIONS

Reviews

None
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 appen-
dices as follows:

Appendix A:

Weiss, S. 1., Noble, D. C., Connors, K. A., Jackson, M. R., and McKee, E. H., Multiple
episodes of hydrothermal activity and epithermal mineralization in the southwest-
ern Nevada volcanic field and their relations to magmatic activity, volcanism and
regional extension: (in revision following formal U.S. Geological Survey review,
for submission to Economic Geology).

Appendix B:

Weiss, S. I, Larson, L. T., and Noble, D. C,, Pyritic ash-flow tuff, Yucca Mountain,
Nevada--A discussion: (for submission to Economic Geology).
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Appendix C:

Weiss, S. 1., Noble, D. C., and Larson, L. T., Compilation of radiometric age and trace-
element geochemical data, Yucca Mountain and surrounding areas of southwest-
ern Nevada: unpublished data compilation prepared for the Nevada Nuclear
Waste Project Office by Task 3 of the Center for Neotectonic Studies, University
of Nevada, Reno, 45 pp.

Appendix D:

Weiss, S. I, Noble, D. C., and Larson, L. T, 1994, Potential for undiscovered mineral
deposits at Yucca Mountain, NV: host rocks, timing and spatial distribution of
nearby mineralization [abst]: Geological Society of America Abstracts with Pro-
grams, v. 26, p. 311.

Presentations

D. C. Noble gave a presentation entitled Mineral Resources and Potential and Related
Human Interference at Yucca Mountain to the meeting of the National Academy of Science
Board on Radioactive Waste Management in Las Vegas, Nevada on November 9, 1993.

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

New corroborating geochemical data confirms that elevated concentrations of As, Sb,
Hg, Bi, Mo and TI are present in veins and in altered rocks in northwestern Yucca Moun-
tain, although measured Mo concentrations are as much as 0.5 to 3.5 ppm too high for some
of the more siliceous samples. Elevated concentrations of this suite of elements are difficult
to explain as the result of weathering or other surficial processes. The most reasonable
explanation of the data is that hydrothermal fluids were involved in the formation of the
veins, siliceous ledges and areas of alteration. As we stated last year, this hydrothermal
activity must have occurred prior to deposition of the Bullfrog Member of the Crater Flat
Tuff and therefore can not be detected by surface sampling in most of Yucca Mountain.

It is clear from stratigraphic relations and radiometric age data that multiple episodes
of ore-forming and potentially ore-forming hydrothermal activity have occurred in large
areas of the southwestern Nevada volcanic field, including the Yucca Mountain region
(Weiss et al., 1995b). The pyritic rocks penetrated by the deep drill holes in Yucca Moun-
tain provide important evidence, in addition to the large body of textural and mineralogical
data on rock alteration reported in various papers by personnel of the Los Alamos National
Laboratory and the U. S. Geological Survey, that one or more of these episodes has affected
rocks deep within Yucca Mountain.  More importantly, the presence of pyrite in these
rocks indicates that the fluids contained small, but geochemically significant amounts of
reduced sulfur and were therefore capable of transporting and depositing precious metals.
The absence of elevated concentrations of precious-metals in drill hole samples analyzed to
date does not mean that a major deposit may not be present, particularly when the wide
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spacing of the existing deep drill holes is considered. We strongly disagree with the view of
Castor et al. (1994) that pyrite in ash-flow units at Yucca Mountain is xenocrystic in origin.

We believe that the assessment of the potential for undiscovered mineral resources
and possibly associated human interference at Yucca Mountain must include serious con-
sideration of the fact that the same rock units that compose Yucca Mountain are the hosts
for significant economic and potentially economic gold-silver deposits in neighboring mining
districts, and that at least one episode of potentially mineralizing hydrothermal activity has
occurred in Yucca Mountain. Our abstract entitled Potential for undiscovered mineral
deposits at Yucca Mountain, NV: host rocks, timing and spatial distribution of nearby mineral-
Ization, to be presented to the annual meeting of the Geological Society of America in
. October, 1994, endeavors to draw attention to these observations.

As we have concentrated on the production and publication of papers based on results
of our past work, we have postponed the start of new work on the hydrothermal dispersion
of trace elements at volcanic-rock hosted precious metals deposits. During the coming year
we hope to begin to investigate the trace-element contents of hydrothermally altered (but
unmineralized) rocks from within and peripheral to several silicic volcanic-rock hosted
epithermal mineral deposits. This would involve the same types of low-level, multi-element
analyses reported in Table 1. We plan to obtain specimens and/or high-quality chemical
data from rocks peripheral to a number of different types of deposits, including Round
Mountain, Secret Pass, Rawhide, and Paradise Peak, Nevada, and perhaps Castle Moun-
tain, California. The resulting data will provide important information for the evaluation of
existing and future trace-element data from the subsurface of Yucca Mountain.
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Figure 1. Argon release spectra for stepwise heating of hornblende separated from silicic
gorphyry dike in northern Bare Mountain; field sample number 3SW-653.
ample collected from dike outcrop about 1300 feet SSW from the open pit of

the Mother Lode mine.
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Abstract

Volcanic rocks of middle Miocene age and underlying pre-Mesozoic sedimentary rocks host
widely distributed zones of hydrothermal alteration and epithermal precious metal, fluorite and mer-
cury deposits within and peripheral to major volcanic and intrusive centers of the southwestern
Nevada volcanic field (SWNVF) in southern Nevada, near the southwestern margin of the Great
Basin of the western United States. Radiometric ages indicate that episodes of hydrothermal activity
mainly coincided with and closely followed major magmatic pulses during the development of the
field and together spanned more than 4.5 m.y. Rocks of the SWNVF consist largely of rhyolitic ash-
flow sheets and intercalated silicic lava domes, flows and near-vent pyroclastic deposits erupted
between 15.2 and 10 Ma from vent areas in the vicinity of the Timber Mountain calderas, and
between about 9.4 and 7 Ma from the outlying Black Mountain and Stonewall Mountain centers.
Three magmatic stages can be recogniz Three magmatic stages can be recognized: the main magm

Mountain magmatic stage (11.7 to 10.0 Ma), and the late magmatic stage (9.4 to 7.5 Ma).

During the main magmatic stage most hydrothermal activity coincided with and closely fol-
lowed eruption of the 12.8 to 12.7 Ma Paintbrush Tuff. Precious-metal vein deposits of adularia-
sericite type formed in the Wahmonie-Salyer volcanic center at about 12.9 to 12.5 Ma, penecontem-
poraneous with, or at most a few tenths of a million years after, Wahmonie-Salyer volcanism. At
about the same time, fluorite and disseminated gold deposits formed in northern and eastern Bare
Mountain, about 1 to 2 Ma after the intrusion of a swarm of silicic porphyry dikes. This timing,
together with high Mo, fluorine, Bi and Te, and the spatial association of much of the mineralization
with the dikes, suggests a genetic relation to deeper porphyry-type magmatic activity. Alunite dated
at about 12.9 Ma at the Thompson mine indicates that shallow, steam-heated acid-sulfate alteration
and Hg mineralization took place peripherél to the margin of the Claim Canyon cauldron within at

most a few tenths of a million years after eruption of the Paintbrush Tuff.

Hydrothermal activity was more widespread d{Jring the Timber Mountain stage, occurring
within a few tenths of a million years after the climactic eruptions of the Timber Mountain Tuff and
coeval with, to as much as 1 Ma after, the end of post-collapse volcanism of the Timber Mountain

magma system. Steam-heated acid-sulfate alteration of units of the Timber Mountain Tuff and older




rocks at the Silicon mine and in the south flank of Mine Mountain took place at about 11.6 and 11.1
Ma, respectively. Identical, aerially extensive alteration in the Calico Hills, dated at about 10.3 Ma,
closely preceded the eruptions of nearby and overlying rhyolite domes along the southeast margin of
the Timber Mountain I caldera. Acid-sulfate alteration took place at Bailey’s hot spring at about
10.2 Ma and in the Transvaal Hills at about 9.9 Ma. Quartz veins and adularia in Oasis Mountain

formed under water-saturated conditions at about 10.6 Ma.

Two and possibly three periods of hydrothermal activity during the Timber Mountain stage are
recognized in the Bullfrog Hills. Gold and silver-bearing, epithermal vein deposits of the low base-
metal adularia-sericite type formed in faults cutting the Timber Mountain Tuff and older ash-flow
sheets, and breccia deposits intercalated with the 10.5 to 10 Ma tuffs and lavas of the Bullfrog Hills
(TLBH). Quartz-calcite veins at the Yellowjacket mine and north of the Pioneer mine formed
within at most a few tenths of a million years after volcanism of the 11.45 Ma Ammonia Tanks M'em-
ber of the Timber Mountain Tuff and the tuffs of Fleur de Lis Ranch. Younger and economically
more important period(s) are represented by the Au-Ag bearing, multistage quartz-calcite fissure
veins at the Original Bullfrog, Lac Gold_BullfroQ, Montgomery-Shoshone, Gold Bar, Denver-Tramps
and Mayflower mines. Adularia ages show that these deposits formed between about 10.0 to 9.5 Ma,
and possibly as young as about 9.0 Ma, coeval with and as much as about 1 Ma after, volcanism of

the TLBH.

Although hydrothermal activity took place within and adjacent to individual volcanic centers,
deposits of economic significance were structurally controlled by normal faults related to regional
extensional tectonism, rather than by volcano-tectonic structures such as caldera ring or radial faults,
or faults formed by resurgent doming. In areas to the southeast, south and southwest of the central
caldera complex two pulses of WNW-ESE directed extension are recognized and included the
development of the Original Bullfrog-Fluorspar Canyon (OB-FC) fault system, a regional, presently
low-angle system of normal faults separating highly faulted and tilted rocks of the SWNVF from pre-
Cenozoic rocks. Fluorite and disseminated gold mineralization in Bare Mountain broadly coincided
with the first pulse of faulting, bracketed between 12.8 and 11.7 Ma. Faults and fractures hosting the

veins of the Wahmonie district may represent an early phase of this faulting. The later pulse




involved displacements along the Original Bullfrog segment of the OB-FC fault system and imbricate
normal faulting and tilting of volcanic rocks to dips as steep as 90°, mainly to the southwest of the
central caldera complex. The onset of this deformation took place after 11.45 Ma, but prior to the
initial eruptions of the TLBH. Faulting and tilting in the Bullfrog Hills continued synchronously
with, and after volcanism of the TLBH and some of the steeply dipping faults cut the low-angle OB-
FC fault, indicating that brittle extension was not rooted in a shallow décollement, but also affected
deeper levels of the crust. Faults formed during this pulse provided the s1:tes of vein deposition in the

Bullfrog Hills. Textural evidence shows that faulting took place during and after mineralization.

Spatial association and close temporal correspondence provide strong evidence for a genetic
relation between magmatic and hydrothermal activity in the SWNVF. Faults related to regional
extension were critical in localizing precious-metals deposits in the Bullfrog, Bare Mountain and
probably the Wahmonie districts, as in other precious-metals districts of late Cenozoic age in the
western Great Basin.

Introduction

Volcanic centers of the southwestern Nevada volcanic field (SWNYVF) (Fig. 1) record 6 million
years of intense Miocene igneous activity near the éouthwestern margin of the Great Basin in south-
ern Nevada. Scattered epithermal precious-metal, fluorite and mercury deposits are present in
widespread zones of hydrothermal alteration within rocks of the field and in underlying pre-Tertiary
sedimentary and metasedimentary rocks contain (Fig. 2). These areas have attracted appreciable
exploration and mining activity since the beginning of the 20th century, with total production plus
reserves conservatively estimated at about 60 tons of gold and 150 tons of silver (Castor and Weiss,
1992). Although the volcanic stratigraphic framework, caldera geology and regional hydrology of the
SWNVF and younger basaltic activity in the region have been intensively studied (e.g., Byers et al.,
1989; Turrin et al., 1991), until recently little attention was directed toward understanding
hydrothermal activity in the region either as a process associated with the development of individual
volcanic centers or within the context of the development of the entire volcanic field. Initial studies
of the timing and stratigraphic settings of hydrothermal alteration and mineralization (Jackson, 1988;

Jackson et al., 1988) provided evidence for the broad correspondence of hydrothermal activity to




magmatic and volcanic events of the Timber Mountain caldera complex. Noble et al. (1991) pro-
posed that hydrothermal activity and mineralization were associated with specific magmatic stages in
the evolution of the field and Castor and Weiss (1992) emphasized the diverse nature and geologic

settings of precious-metal deposits associated with the development of the SWNVF.

In this report we present and interpret geologic information and radiometric age data obtained
on hydrothermal minerals from altered and mineralized areas of the SWNVF. This information
demonstrates the long-lasting temporal and spatial association of hydrothermal activity and miner-
alization with magmatic and volcanic activity of the SWNVF, and their relations to pulses of exten-
sional faulting in the region. We emphasize that multiple, widely distributed hydrothermal systems
were broadly coeval with major culminations in magmatic activity of the field, unlike for example,
parts of the San Juan volcanic field where hydrothermal mineralization followed caldera formation
and major volcanism by 5 to 10 million years. Although hydrothermal activity took place within and
adjacent to individual volcanic centers, structures related to regional extension were a more impor-
tant element in the control of precious-metal deposi-ts than were volcano-tectonic structures such as

caldera ring-fracture systems.
Regional Setting and Volcanic-Stratigraphic Framework

The SWNVF forms part of a broad, discontinuous belt of volcanic rocks erupted around the
periphery of the Great Basin during middle to late Miocene time. This belt is younger than, and in
part overprints, southward migrating, ignimbrite-dominated Oligocene and Early Miocene
volcanism. (Armstrong et al., 1969; Stewart and Carlson, 1976; Best et al., 1989). Situated near the
southwestern margin of the Great Basin about 150 km NW of Las Vegas, Nevada (Fig. 1), the

SWNVF consists largely of voluminous silicic ash-flow sheets and intercalated silicic lavas of middle

to late Miocene age that were deposited on to late Miocene age that were deposited on sedimenta

Miocene age and a complexly deformed and locally metamorphosed basement of Late Precambrian
- and Paleozoic sedimentary rocks (Ransome et al., 1910; Cornwall, 1972; Stewart, 1980; Carr, 1984a).
The pre-Cenozoic rocks comprise a fairly complete sequence of Late Proterozoic through Mississip-

pian clastic and carbonate continental shelf deposits (Monsen et al., 1990). Most of the volcanic




rocks were erupted between about 15.2 Ma and 10 Ma from vents within and peripheral to the cen-
tral, long-lived complex of collapse-caldera volcanic centers in the Timber Mountain area, and
between about 9 Ma and 7 Ma from the outlying Black Mountain and Stonewall Mountain centers

(Fig. 1; Byers et al., 1989; Noble et al., 1991).

Major stratigraphic units and the volcanic development of the SWNVF are summarized in
Table 1. Numerous radiometric ages constrain the timing of major volcanic events and individual
eruptive centers within the field. All radiometric ages have been corrected, where necessary, using

presently accepted abundance and decay constants (Steiger and Jager, 1977; Dalrymple, 1979).

Three distinct periods of magmatic activity may be recognized in the evoliltion of the SWNVF
(Table 1) based on radiometric ages of rocks of the field, together with stratigraphic, petrologic and
other geologic data (e.g., Byers et al., 1976a; Noble et al., 1984; Carr et al., 1986; Broxton et al.,
1989). These periods have been termed by Noble et al. (1991) the main Nmagmatic stage, extending
from 15.2 Ma to about 12.7 Ma, the Timber Mountain magmatic stage from about 11.7 Ma to about
10 Ma and the late magmatic stage from about 9.4 Ma to 7.5 Ma. Within these time intervals, one or
more successive ash-flow sheets and cogenetic lava units were erupted from petrologically related
magma systems in short, episodic bursts that spanned only 0.1 to 0.4 million years (Sawyer et al.,
1990; Noble et al., 1991). Small-volume basaltic cinder cones and lava flows of Pleistocene age in the

region (e.g. Turrin et al., 1991) are unrelated to magmatic activity of the SWNVF.

At least nine major ash-flow sheets and many local ash-flow units of rhyolitic compositions
were erupted during the main magmatic stage, with most of the volcanism occurring between about
14 and 12.7 Ma. Ash-flow units of this stage are commonly zoned from high-silica to low-silica rhyo-
lite and range from calc-alkaline to peralkaline compositions. Magmatic activity culminated at about
12.8 to 12.7 Ma with the rapid eruption of the four ash-flow sheets of the Paintbrush Tuff, with a

combined original minimum volume of more than 2000 km3 (Scott et al., 1984).

Eruption of the Paintbrush Tuff was followed by a lull in volcanism of about 1 million years,
during which only relatively small volumes of rhyolitic lava and associated pyroclastic deposits were

erupted, mainly near the southern margin of the Claim Canyon cauldron. The Timber Mountain




stage began at about 11.7 to 11.6 Ma with the eruption of rhyolite domes and related pyroclastic
aprons (Table 1), remnants of which are preserve& within the Claim Canyon cauldron, in the lower
part of Beatty Wash and northern Bare Mountain, and in the Bullfrog Hills. This activity was fol-
lowed closely at 11.6 Ma by the eruption of the voluminous Rainier Mesa Member of the Timber
Mountain Tuff and the formation of the Timber Mountain I caldera (Fig. 2) (Byers et al., 1976b;
Noble et al,, 1991). Eruption of the Ammonia Tanks Member of the Timber Mountain Tuff at 11.45
Ma was accompanied by the formation of the smaller, nested Timber Mountain II caldera. Uplift of
intracaldera tuffs formed the prominent resurgent dome within, at most, 0.3 million years after erup-
tion of the Ammonia Tanks Member (Connors et al,, 1991). Magmatic activity then decreased, but
continued for about 1 million years with the emplacement of moat-filling rhyolite tuffs and lavas in‘
the southern part of the caldera (Byers et al., 1976a; 1976b), and the formation of extracaldera rhyo-
lite domes such a;c, those of Shoshone Mountain and in the Bullfrog Hills (Weiss et al., 1990b; Noble
et al., 1991). By about 10.5 to 10 Ma, cooling and consolidation of the Timber Mountain magmatic
sys;tem were sufficient to allow the ascent and eruption of the capping latitic to basaltic lavas in the

Bullfrog Hills and the mafic lavas of Dome Mountain within the caldera moat.

Volcanism then shifted to areas northwest of the Timber Mountain caldera complex (Noble et
al., 1991). From about 9.4 to about 7 Ma, major magmatic and volcanic activity were focussed in the
outlying Black Mountain and Stonewall Mountain volcanic centers and in the vicinity of Obsidian
Butte (Fig. 1). Three extensive and at least three more local units of ash-flow tuff of subalkaline to
strongly peralkaline rhyolitic compositions were erupted during this lafe magmatic stage, as well as
less voluminous units of silicic to mafic lava. Volcanic rocks of this sfage partially filled the moats of
the Timber Mountain I and II calderas and distal parts of the Stonewall Flat Tuff reached as far
south as Beatty Wash and the southwestern Bullfrog Hills and as far west as the east side of northern

Death Valley (Weiss et al., 1988; 1993c).




Relations to Walker Lane structures

The major volcanic centers of the SWNVF are situated near the eastern margins of the Gold-
field and Mine Mountain - Spotted Range blocks of the Walker Lane belt (Stewart, 1988). Through-
going NW-trending right-lateral strike-slip faults and shear zones of late Cenozoic age, which are
characteristic of other parts of the Walker Lane belt, are poorly developed in the SWNVF and,
where present, have experienced very little post-midddle Miocene offset. A major, northwest-
trending, right-lateral strike slip fault of possible late Cenozoic age between Yucca Mountain and
Bare Mountain has been inferred by Schweickert (1989) and northeast- and northwest-trending
strike-slip faults have been recognized east of Timber Mountain in the Nevada Test Site (Carr, 1974;
1984a). Most of the movement on these structures appears to have taken place prior to the onset of
volcanism of the SWNVF and only locally, as at Mine Mountain (Fig. 2), are rocks of the Timber
Mountain Tuff offset (Orkild, 1968). In places, such as at the north end of Frenchmen Flat (Fig. 2),
where faults cutting rocks as young as units of the Timber Mountain Tuff have been interpreted to
define a northwest-trending zone of right-lateral flexural shear (Carr, 1984a), paleomagnetic data
show little evidence of vertical-axis rotations and the fault pattern most likely defines an accommo-
dation zone between oppositely tilted extensional domains (Hudson, 1992). Similarly, paleomag-
netic data from volcanic strata in other parts of the SWNVF show no evidence for significant rota-
tions about vertical axes that would be expected from major, right-lateral, Walker Lane tectonism

during or after development of the SWNVF (Hudson et al., 1994).

It has been propo;ed that magmatic activity and the development of major volcanic centers of
the SWNVF were focussed by deep seated pull-apart structures at right steps between northwest-
trending, right-lateral shear zone segments along the eastern margin of the Walker Lane belt (Carr,
1974; 1984a; 1984b). There is little direct evidence to support this idea except, perhaps, for a north-
trending gravity low inferred by Carr (1988; 1990) to mark a regional rift zone of middle Miocene
age. Most structural features in the SWNVF can be attributed to volcano-tectonic processes,
including magmatic tumescence, caldera collapse and resurgent doming (Christiansen et al., 1977),

and to the effects of broadly coeval regional extensional tectonism.




Extensional faulting

Episodes of pre-Middle Miocene extension in southwestern Nevada are poorly known from
fragmentary evidence (Ekren et al., 1968; Ekren et al., 1971; Schweikert and Caskey 1990; Noble et
al., 1991). Basin-and-range style faulting along north-trending normal faults began in the northeast-
ern part of the field between 17 Ma and 14 Ma (Ekren, 1968) and continued into Quaternary time
(Ekren et al., 1971; Frizzell and Shulters, 1990). Basin-and-range fault displacements are small in
much of the field and the large, distinct ranges and valleys of adjacent south-central Nevada pass
southwards into the broad volcanic upland of Pahute Mesa. Much of the topography of the SWNVF
reflects volcanic and pre-volcanic landforms buried to greater or lesser degrees by successive ash-
flow sheets; the exceptionally well-preserved calderas and outflow sheets of the Black Mountain and
Timber Mountain centers attest to relatively mild tectonism in the central and northern parts of the

field since middle Miocene time.

South and west of the Timber Mountain caldera complex rocks of the SWNVF have been
more steeply tilted than in areas to the east and north, locally to dips as steep as 90°, and normal
faults are more numerous and more closely spaced (e.g., Carr, 1990). Much of this deformation is -
associated with the low-angle Original Bullfrog, Amargosa and Fluorspar Canyon normal faults (OB-
FC, Fig. 2), which separate highly faulted and tilted rocks of the SWNVF from underlying pre-Ceno-
zoic sedimentary and metamorphic rocks in the southern Bullfrog Hills and northern Bare Mountain
(Ransome et al., 1910; Cornwall and Kleinhampl 1961; 1964; Maldonado, 1990a; 1990b; Maldonado
and Hausback, 1990; Monsen et al., 1992). Recently some geologists have iflterpreted these faults as
segments of a single, upper crustal, regional detachment fault that accommodated WNW-directed
extension of upper-plate rocks, and propose that this fault probably cuts down-section to the south-
west through pre-Cenozoic rocks in the Funeral Mountains (Fig. 2), where it is known as the Bound-
ary Canyon fault (Maldonado, 1985; 1990a; 1990b; Carr and Monsen, 1988; Hamilton, 1988; Carr,
1990). Conformable relations between the units of the Timber Mountain Tuff and older, underlying
ash-flow sheets in the southern Bulifrog Hills constrain the onset of major faulting and tilting along
the Original Bullfrog and Amargosa segments of the OB-FC fault system to after 11.4 Ma (Carr,
1990; Maldonado, 1990a; 1990b; Maldonado and Hausback, 1990). Extensional faulting began ear-




lier above the Fluorspar Canyon segment of the OB-FC fault as shown by angular discordance of as
much as 30° between the 12.7 Ma Tiva Canyon Member of the Paintbrush Tuff and the 11.6 Ma
Rainier Mesa Member of the Timber Mountain Tuff (Carr and Monsen, 1988; Carr, 1990; Monsen
et al,, 1992). Extensional deformation between 12.7 Ma and 11.6 Ma also affected areas to the east,
such as Yucca Mountain and the Calico Hills where units of the Paintbrush Tuff and older rocks
were offset and tilted prior to deposition of the Rainier Mesa Member (McKay and Williams, 1964;
Lipman and McKay, 1965; Orkild and O’Connor, 1970; Scott and Bonk, 1984; Carr, 1990).

In the Bullfrog Hills and near the north flank of Bare Mountain the Spearhead Member of the
Stonewall Flat Tuff is interbedded with flat-lying conglomeratic deposits that 6verly and pinch out
against the faulted and tilted middle Miocene rocks, indicating that major extension ceased in this
area prior to 7.6 Ma (Weiss et al., 1988; 1990b). Most of the deformation associated with the OB-FC
f:flult system and in areas to the east is therefore bracketed between 12.7 and 7.6 Ma. Structural rela-
tions in western Pahute Mesa show that extensional faulting in areas to the northwest of the Timber
Mountain caldera complex began prior to 13.7 Ma (Minor et al., 1991). Post-7.5 Ma tectonic activity
has involved mainly block uplift and faulting with little tilting in areas between northern Death

Valley and Pahute Mesa (Noble et al., 1990; Weiss et al., 1993c).

The timing of major WNW-directed extension associated with the OB-FC fault system and in
areas to the east corresponds closely to the timing of extension, tilting and basin development else-
where in the southern Walker Lane belt. Large-magnitude extensional faulting and tilting took place
in the Death Valley area between 14 Ma and 8.5 Ma (e.g, Cemen et al., 1985; Wright et al., 1991)
and between about 12 and 9 Ma in the Lake Meade-Las Vegas Valley area to the south (Weber and
Smith, 1987; Duebendorfer and Smith, 1991; Duebendorfer and Wallin, 1991). To the north in the
Silver Peak-Weepah Hills region, detachment-style extension, core complex cooling and
development of the Esmeralda basin took place between about 13 Ma and 6 Ma (McKee, 1983;
Powers, 1983; Stewart and Diamond, 1990), coeval with much of the faulting and tilting in the Gold
Mountain - Slate Ridge area of Esmeralda County (Worthington, 1992; Weiss et al, 1993c).

10




Timing and Nature of Hydrothermal Activity and Mineralization

Hydrothermal alteration and epithermal mineralization of Neogene age affected volcanic rocks
of the SWNVF and underlying, basement rocks of pre-Mesozoic age (Fig. 2). Precious-metal and
fluorite mines with significant present or past production include the Montgomery-Shoshone, Lac
Gold Bullfrog, Sterling, Mother Lode, Gold Bar and Daisy mines (Fig. 2). The Wahmonie, Mine
Mountain, northern Bullfrog Hills, Clarkdale and Tolicha districts have little recorded produc}ion,
although rich ores are locally present. In addition, dozens of shallow prospect workings are scattered
in areas of hydrothermal alteration near Sleeping Butte, Oasis Mountain, north of Bare Mountain
and in the Transvaal Hills, the Calico Hills, and northwestern Yucca Mountain (Fig. 2). Various
workers have reported on individual mines and prospects (e.g., Ransome et al., 1910; Cornwall and
Kleinhampl, 1964; Odt, 1983; Tingley, 1984; Quade and Tingley, 1984; Jorgensen et al., 1989; Grey-
beck and Wallace, 1991). Castor and Weiss (1992) summarized the general styles of mineralization,
alteration and ore mineral assemblages, geochemical characteristics and geologic settings of the
Wahmonie, Mine Mountain, Bare Mountain, and Bullfrog districts (Fig. 2). Preci-bus-metal miner-
alization in these four districts is of the low-sulfidation (adularia-sericite) class of epithermal deposits
and includes disseminated deposits and vein systems generally of base metal-poor types. The
deposits are hosted by felsic ash-flow tuff, lava, intercalated sedimentary rocks and intrusive rocks of
the SWNVF, and by underlying sedimentary rocks of pre-Mesozoic age. In the case of Wahmonie
and Bare Mountain, epithermal precious metal mineralization may be genetically related to deeper

porphyry-type igneous activity (Noble et al., 1989; 1991; Castor and Weiss, 1992; Weiss et al, 1993b).

The timing of hydrothermal events is constrained by radiometrically dated rock units (Table 1)
and by K-Ar and 40Ar/39Ar age determinations on adularia and alunite of hydrothermal origin
obtained during this study (Table 2 and McKee and Bergquist, 1993). Alunite and adularia were
concentrated using conventional magnetic and heavy liquid techniques. K-Ar and 40Ar/3%Ar analy-
seswere carried out in the Menlo Park, California, laboratories of the U.S. Geological Survey. The
estimated analytical uncertainty at one standard deviation is based on experience with replicate
analyses in the Menlo Park laboratories and reflécts the uncertainty in the measurement of the argon

isotopes, radiogenic 40Ar, and K,0, and for the 40Ar/39Ar analyses, an estimated J-value uncer-



tainty of 0.5 percent. 40Ar/39Ar analyses of samples 10 and 11 were carried out on splits of the
same concentrates used in the K-Ar analyses. Additional information concerning initial sample

mineralogy and collection is given in Appendix 1 and in Mckee and Bergquist (1993).

Hydrothermal Activity Associated with the Main Magmatic Stage

Evidence for hydrothermal activity early in the development of the SWNVF is found in the
vicinity of Sleeping Butte (Fig. 2), where tuffs of a thick, unnamed ash-flow unit that have undergone
variable degrees of silicification and adularization are overlain by unaltered ash-flow tuff of the 13.7
Ma Grouse Canyon Member of the Belted Range Tuff (Noble et al., 1991). One or more early
episodes of hydrothermal activity may have occurred south of the central caldera complex as well.
Approximately 10 km northwest of drill hole USW G2, in the hills at the north end of Crater Flat
(Fig. 2), numerous thin veins of hydrothermal breccia cemented by chalcedonic silica and iron oxides
cut the Tram Member of the Crater Flat Tuff, but do not penetrate the overlying Bullfrog Member
of the Crater Flat Tuff (Weiss et al., 1993a; Fridrich.et al., 1994). In drill core from the subsurface of
Yucca Mountain, portions of both the 14.0 Ma Lithic Ridge Tuff and a lithic-rich subunit of the
Tram Member of the Crater Flat Tuff (age bracketed between 13.7 and 13.2 Ma) contain dis-
seminated pyrite and veinlets of pyrite, locally with quartz, in lithic fragments that have been variably
silicified, albitized and adularized (Weiss et al., 1990a; 1992; Castor et al., 1994). Veinlets in some of
the altered fragments appear to be truncated by the edges of the fragments and may have formed
prior to their incorporation in the pyroclastic units. Likely vent areas for these tuffs are located
beneath northwestern Yucca Mountain and northern Crater Flat (Carr et al., 1986). Pyrite is also
sparsely disseminated in the groundmass of these tuffs and in some cases can be found along edges
of lithic fragments. This pyrite has the same fine-grained, anhedral to subhedral, commonly skeletal
and pitted morphology as pyrite disseminated in propylitically altered silicic lavas beneath Yucca
Mountain and probably reflects sulfidation by later hydrothermal solutions, most likely during the
Timber Mountain stage (see below), more than 2 Ma after deposition of these ash-flow sheets (cf.

Castor et al., 1994).
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Wahmonie district: At the Wahmonie district in the southeastern part of the field (Fig. 2) Ag-
Au ores at shallow depths were worked on a small scale intermittently prior to 1930 from a NE-
trending swarm of quartz-calcite veins that locally contain small amounts of adularia. The veins are
situated within a >30 km? area of propylitically and argillically altered andesitic to rhyodacitic lavas,
tuffs and breccias of the Wahmonie and Salyer formations, and dikes and stocks of granodiorite por-
phyry, andesite and rhyolite (Ball, 1907; Ekren and Sargent, 1965; Castor and Weiss, 1992). These
rocks comprise the Wahmonie-Salyer volcanic center (Poole et al., 1965), the eroded remnants of a
composite central volcano or dome and flow field of mainly intermediate composition. Volcanism of
this center, satellitic to the southeast margin of the Timber Mountain caldera complex, is bracketed
between the Crater Flat Tuff and the rhyolite of Calico Hills (Broxton et al., 1989). K-Ar ages of |
about 13.2 Ma and 12.8 Ma have been obtained from rocks near the bottom and top, respectively, of
the Wahmonie Formation (Kistler, 1968), consistent with stratigraphic constraints (Table 1). The
dikes and stocks have volcanic and subvolcanic groundmass textures and, although not dated radio-

metrically, are reasonably interpreted as cogenetic with the surrounding extrusive rocks.

The veins at Wahmonie, as much as 1 to 2 m wide, and quartz-cemented breccia trend north-
east and are exposed discontinuously for at least 1 km along strike. These veins contain electrum,
hessite and other tellurium-bearing minerals, have bismuth contents as high as 211 ppm, moderately
low base-metal contents and are characterized by gangue and selvages containing adularia and
sericite (Quade and Tingley, 1984; Castor and Weiss, 1992). K-Ar ages of 12.9 + 0.4 Ma and 12.6 +
0.4 Ma (samples 1 and 2, Table 2) have been obtained from adularia separated from intensely
adularized and silicified dacitic(?) wall rock with abundant, closely-spaced quartz + adularia veinlets.
These ages indicate that hydrothermal activity and mineralization took place in the Wahmonie-

Salyer center coeval with, or very shortly after magmatic activity.

As pointed out by Noble et al. (1991) and Castor and Weiss (1992), several lines of evidence
suggest the Ag-Au mineralization at Wahmonie may be related to an underlying porphyry system.
An altered granodioritic porphyry stock with equigranular to granophyric groundmass texture is
exposed <1 km north of the veins and locally contains abundant quartz veinlets carrying actinolite

and pyrite, secondary hypersaline fluid inclusions in quartz phenocrysts and traces of secondary
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biotite, consistent with the passage of highly saline hydrothermal fluids with a magmatic component.
A large felsic pluton beneath and south of the stock is inferred from geophysical data to underly the

district and induced polarization data suggest the presence of \2% sulfides below the water table at

Wahmonie (Ponce, 1981; 1984; Hoover et al., 1982). In addition, a highly altered body of "intrusive

breccia” (Ekren and Sargent, 1965) in the district and the presence of elevated concentrations of tel-
lurium and bismuth in the veins (Castor and Weiss, 1992) are consistent with porphyry-related.

hydrothermal activity.

Mining activity in the Wahmonie district is believed to have taken place as early as 1853
(Quade eand 'i‘ingley, 1984), and three shafts to depths of as much as 150 m were sunk following
high-grade discoveries in 1928. The stock market crash and ensuing depression in 1929 halted work
and little ore was shipped (Cornwall, 1972). In 1940 the district was withdrawn from civilian access
for inclusion in a part of the Tonopah Bombing and Gunnery Range that subsequently became part
of the Nevada Test Site. The deepest shaft was used for the disposal of radioactive waste.
Consequently, there has been no drilling or systematic geochemical sampling of the veins and work-
ings in the district have been limited to shallow test pits and a few shalloﬁ shafts. Assays of recon-
naissance samples from prospect dumps and vein outcroppings as high as 38.7 kg silver and 1.7 kg
gold per ton (Quade and Tihgley, 1984; Castor and Weiss, 1992), provide evidence for locally rich
Ag-Au mineralization in the district. These data, together with the large lateral extent of the mostly
unexplored veins and surrounding alteration zone, suggest a potential for economic Ag-Au mineral-

ization despite the lack of appreciable past production.

Northern and eastern Bare Mountain: ‘To the west, in the northern and eastern parts of Bare
Mountain, epithermal fluorite and finely disseminated gold mineralization of approximately the
same age as the Ag-Au veins in the Wahmonie district are hosted both by pre-Mesozoic clastic and
carbonate rocks and by rocks of late Cenozoic age (Castor and Weiss, 1992) (Fig. 2). Small amounts
of gold and mercury were produced intermittently from the Sterling gold mine and the Telluride
gold-mercury camp between 1905 and the late 1970’s. From 1980 through 1993 approximately
150,000 oz of gold were produced from disseminated deposits at the Sterling mine and the Mother

Lode mine (Bonham and Hess, 1992; Randol, 1993). Currently subeconomic disseminated gold
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deposits are present at the Goldspar mine, at and near the Mother Lode mine, the Secret Pass
prospect and in the vicinity of the Daisy mine (Greybeck and Wallace, 1991; Castor and Weiss,
1992). Fluorite was produced from 1918 to 1989, mainly from the Daisy mine, with smaller produc-
tion from the Goldspar and Mary mines (Papke, 1979; Castor and Weiss, 1992).

Most of Bare Mountain consists of complexly faulted sedimentary and low-grade metasedi-
mentary rocks deposited on the North American continental shelf that qnderwent folding, metamor-
phism and thrust faulting during Mesozoic time and were exhumed by uplift associated with Ceno-
zoic regional extension (Cornwall and Kleinhampl, 1961; Monsen, 1983; Hamilton, 1988; Monsen et
al,, 1992). In northern and eastern Bare Mountain the pre-Cenozoic rocks host a swarm of north-
trending, steeply dipping, discontinuous, rhyolitic porphyry dikes that are exposed over a north-south
distance of 13 km (Fig. 2). The dikes, generally less than 10 meters in thickness, are hydrothermally
altered to greater or lesser degrees. Dikes between the Sterling mine and the Mary mine contain
phenocrystic and primary groundmass feldspar that is partly to completely pseudomorphed by
adularia; biotite exhibits little visible alteration. Strong biotite- and potassium feldspar-stable
propylitic alteration affects the NNE-trending dike south of the Mother Lode mine. Seemingly
unaltered biotite from several of the dikes has given K-Ar ages ranging from about 14.9 Ma to about
13.9 Ma (Marvin et al., 1989; Monsen et al., 1990; Noble et al., 1991), indicating emplacement during
the main magmatic stage. Although the dikes are thin and contain varying amounts of quartz
phenocrysts, they have coarsely granophyric groundmass textures and contain secondary, hypersaline
fluid inclusions in quartz phenocrysts, consistent with the passage of a highly saline magmatic fluid
phase after intrusion. These features, and the large lateral extent of the dikes, are not typical of
other silicic dikes of the SWNVF, and strongly suggest that the dikes are unrelated to the magmatic
system that produced the Crater Flat Tuff, as proposed by Carr et al. (1986). Instead, the silicic
dikes probably represent the upper part of a large magmatic system (Noble et al., 1989; 1991), per-
haps with petrochemical similarities to Late Cretaceous, lithophile-element rich stocks and plutons

of the Great Basin (Barton and Trim, 1990).

Argillic alteration, bleaching and decarbonatization of the wallrocks accompany the dikes and

also are present near the trace of the Fluorspar Canyon fault. Within these zones are areas of
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fluorite and disseminated gold mineralization at the Sterling, Goldspar, Mary, Mother Lode, Tel-
luride and Daisy mine areas (Fig. 2). A consistent trace element suite elevated in As, Hg, Sb, Ag,
Mo, Tl, and with low concentrations of Cu, Pb, and Zn accompanies gold and fluorite (Odt, 1983;

Tingley, 1984; Greybeck and Wallace, 1991; Castor and Weiss, 1992).

The fluorite deposits at the Goldspar, Mary and Daisy mines consist of banded fluorite veins
and small replacement bodies, commonly with cinnabar, in early Paleozoic limestone and dolomite
(Cornwall and Kleinhampl, 1964; Papke, 1979; Tingley, 1984). Finely disseminated gold is hosted by
clastic and carbonate rocks of latest Precambrian and early Paleozoic age at the Ste;ﬁng and
Goldspar mines, aﬁd in the vicinity of the Daisy mine (Odt, 1983; Greybeck and Wallace, 1991). At
the Mother Lode mine approximately 35,000 oz of Au were produced from the oxidized cap of a
large, finely disseminated, sulfidic and refractory deposit hosted mostly by silicic porphyry dikes and
adjacent tuffaceous sandstone, siltstone and interbedded carbonaceous marl and limestone of prob-
able Early Miocene age (rocks of Joshua Hollow of Monsen et al., 1990) (Weiss et al., 1993b).
Underlying Paleozoic sedimentar} rocks are mineralized and a smaller, entirely separate deposit has
been delineated nearby within quartzite and carbonate rocks probably of the Wood Canyon Forma-
tion and other early Paleozoic units (Ristorcelli and Ernst, 1991).

In all of these deposits alteration is dominantly argillic and quartz veins are not abundant. Sili-
cification is typically absent or weak, although small jasperoid bodies are present near the Mother
Lode mine. Base-metal concentrations are low (Cu+Pb+Zn generally < 150 ppm) and Ag is low,
with Au:Ag ratios generally 1 to 10 for rocks containing 1 ppm or more Au (Odt, 1983; Geybeck and
Wallace, 1991; Weiss et al., 1993b). Most sulfides at the Sterling mine are oxidized (Odt, 1983), but
at the Mother Lode mine incompletely oxidized rocks contain veinlets and disseminated grains of
pyrite, marcasite, arsenian pyrite, arsenopyrite and stibnite (S. I. Weiss and S. J. Ristorcelli, unpub.
data, 1993). SEM studies and metallurgical tests on ores of the Mother Lode deposit show that gold
is submicroscopic and resides within sulfide grains (Ristorcelli and Ernst, 1991; S.L Weiss, unpub.
data, 1993). Taken together, the overall style and mineralogy of Au mineralization and associated
alteration, elevated As, Sb, Hg, and T, and low base-metals and Ag contents are typical of the broad

class of epithermal, disseminated Au deposits often referred to as "Carlin-type" gold deposits else-
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where in the Great Basin (e.g., Percival et al., 1988; Berger and Bagby, 1990). Unlike most sedi-
mentary-rock hosted disseminated gold deposits, Bi and Te concentrations as high as 60 ppm and 5

ppm, respectively, have been found in rocks of the Mother Lode deposit (Weiss et al., 1993b).

Moderately to steeply dipping faults and fractures structurally below the Fluorspar Canyon
fault system provided the principal structural controls and conduits for hydrothermal fluids at the
Sterling mine and in the vicinity of the Daisy mine (Odt, 1983; Greybeck and Wallace, 1991).
Although much of the Mother Lode deposit is situated adjacent to the northern part of the
Fluorspar Canyon fault system, mainly in the hanging wall, exploration drilling has shown that the
dikes provided the primary structural control, with relatively high grade ores (0.1 - 0.3 oz/ton Au)

comprising a shell along and close to the top of the main dike (Weiss et al., 1993b).

Similar, but generally low grade, disseminated gold mineralization is hosted by the Bullfrog
Member of the Crater Flat Tuff above the Fluorspar Canyon fault at the currently subeconomic
Secret Pass deposit (Fig. 2). Silicification is generally weak and gold is associated with quartz, adu-
laria, calcite, and pyrite (Greybeck and Wallace, 1991). Despite the difference in host-rock lithology,
the trace-element assemblage of elevated As, Hg, Sb, Mo, Ag and T1 (Greybeck and Wallace, 1991)
is the same as that of the Sterling, Mother Lode and Daisy mine gold deposits (Castor and Weiss,
1992).

Several lines of evidence indicate that hydrothermal activity and gold-fluorite-mercury miner-
alization in the northern and eastern parts of Bare Mountain took place during the main magmatic
stage after emplacement of the porphyry dikes. Bleached rocks, argillic alteration and mineraliza-
tion of the sedimentary rocks with high Mo, F, As, Sb, Hg, = Tl, Au and Ag in eastern Bare Moun-
tain are spatially closely associated with the dikes. The dikes are widely altered and contain sparse
fluorite veins at the Goldspar and Mother Lode mines. Mineralized dike rock comprises a large
proportion of the Mother Lode gold deposit and altered dikes near the Sterling mine locally contain
strongly elevated Au, Ag, As, Sb, Mo and Hg concentrations. These relations indicate that much or
all of the hydrothermal activity occurred after emplacement of the porphyry dikes. K-Ar and
40Ar/39Ar ages of about 12.9 Ma have been obtained from adularia that replaces igneous ground-

mass feldspar and phenocrysts in altered dike rock at the Goldspar mine (Noble et al., 1991),
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suggesting that alteration and mineralization occurred near the end of the main magmatic stage, 1to
2 million years after emplacement of the dikes. The similar style of fluorite and gold mineralization,
alteration and trace-element signature in the vicinity of the Daisy mine lead us to infer, following
Castor and Weiss (1992), a similar timing of hydrothermal acitivity at the Daisy mine area. This also
is the case at Secret Pass, where Au-Ag mineralization must be no older than ca. 13.2 Ma, the age of
the host rocks of the Bullfrog Member. Adularia- and illite-bearing alteration can be traced in out-
crop into the lower part of the overlying, 12.8 Ma Topopah Spring Member of the Paintbrush Tuff,
suggesting an even younger maximum age. A younger limit is provided by the timing of displacement
along the Fluorspar Canyon fault which, according to Greybeck and Wallace (1991), truncated min-
eralization of the Secret Pass deposit and tilted the host rocks and overlying units of the Paintbrusﬂ
Tuff as much as about 50° eastward prior to the deposition of onlapping, nearby flat-lying tuffs of the
11.6 Ma Rainier Mesa Member. The Secret Pass deposit therefore formed within a few hundred
meters of the paleosurface, between 13.2 Ma and 11.6 Ma, and probably after 12.8 Ma.

The timing of Au-fluorite mineralization 1 to 2 million years after dike emplacement, together
with the spatial association with the porphyry dike swarm in eastern Bare Mountain, the high Mo
and F contents of altered rocks and the presence of significant Bi and Te at the Mother Lode deposit
suggest that Carlin-type (or Carlin-like, cf. Seedorf, 1991) disseminated gold mineralization in Bare
Mountain is related to the porphyry magmatic activity (Noble et al., 1989; 1991; Weiss et al, 1993b).

Interbedded ash-fall, surge and thin ash-flow tuffs associated with the pre-Rainier Mesa rhyo-
lite domes are altered to alunite-, kaolinite-, and opal-bearing assemblages adjacent to the Mother
Lode mine and similar acid-sulfate alteration is present southwest of the mine within older rocks
along the Tates Wash segment of the Fluorspar Canyon fault. A K-Ar age of 12.2 + 0.4 Ma has
been obtained on fine-grained alunite separated from altered tuffaceous conglomerate of the rocks
of Joshua Hollow beneath the pre-Rainier Mesa Member bedded tuffs along the Tates Wash fault
(Table 2, sample 3). The alunitized conglomerate is part of a poorly exposed section of the
sedimentary rocks of Joshua Hollow, which elsewhere underly units of the Crater Flat Tuff (Monsen
et al,, 1992) and the 12.2 Ma K-Ar age is therefore not unreasonable. Silurian dolomite along this

portion of the fault is strongly silicified and subeconomic quantities of gold and mercury are report-
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edly present along the fault at depth (D. Fanning, pers. commun., 1987). A short distance to the
east, near the Telluride mine, a pipe-like body of hydrothermal breccia in silicified dolomite contains
rounded, monomineralic clasts of fine-grained alunite. A K-Ar age Ef 11.2 + 0.3 Ma has been
obtained on this material (Table 2, sample 4). There is no evidence for the prior existence of signifi- -
cant amounts of sulfide minerals in topographically higher rocks nearby, or in rocks that would have
overlain these localit_ies, arguing against a supergene origin for this alunite. Moreover, the carbonate
rocks would have buffered fluids associated with the weathering of sulfides. Our interpretation is
that alunitic alteration along the Tates Wash segment and in the Telluride mine area reflects shallow
hydrothermal activity producing weak gold-mercury mineralization at about 12-11 Ma. The high sul-
fate activity required for alunite formation perhaps was produced by acid condensates of HZS-beaf-
ing steam. It is unclear to what extent this alteration reflects a continuation of the ca. 12.9 Ma activ-
ity, at shallow depths, or perhaps reflects a separate, later hydrothermal event. The shallow setting
implied by this alteration is consistent with the shallow setting of the nearby Secret Pass deposit and
requires that considerable uplift and erosion occurred between the time that the hypersaline fluid

inclusions were trapped in the dikes, and about 12 to 11 Ma.

Base metals, in place.s accompanied by silver, are found in quartz veins in the western part of
Bare Mountain (Cornwall, 1972, Tingley, 1984). These veins postdate cleavage and ductile and
metamorphic fabrics of inferred Mesozoic age (Monsen, 1983; Monsen et al., 1990) within the upper
Proterozoic Stirling Quartzite and the Wood Canyon Formation of lower Cambrian age. The quartz
veins, in turn, are truncated by altered andesite dikes that have a minimum age of 26 Ma (Monsen et
al., 1990), showing that base-metal mineralization in western Bare Mountain occurred more than 10
million years before, and is unrelated to, the emplacement of the silicic dikes and fluorite-Au-Hg
mineralization elsewhere in Bare Mountain. At the Gold Ace mine (Fig. 2) coarse, macroscopically
visible gold is present along bedding surfaces and compositional layering in marble of lower units of
the Stirling Quartzite. Although the age of this deposit is not known, the difference in style of min-

eralization suggests it is unrelated to the fluorite, Hg and disseminated Au deposits described above.
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Thompson mine: Small amounts of mercury were produced during the early 1900’s from the
Thompson mine, about 5.5 km north of Bare Mountain, near the northern end of Crater Flat (Fig. 2)
(Cornwall, 1972; Tingley, 1984). The mine is situated within a large area of argillic and acid-sulfate
altered rocks of the Crater Flat and Paintbrush Tuff. (U.S. Geological Survey, 1984; Jackson, 1988).
Alteration is structurally controlled by post-Paintbrush, NE- and NNW-trending normal faults, is
most intense at intersections between these two fault sets (Ristorcelli and Ernst, 1991), and near the
Thompson mine affects rock units as young as the 12.7 Ma Tiva Canyon Member. Cinnabar is pre-
sent as discontinuous stringers within veins composed of fine-grained alunite, halloysite and opaline
silica, and as disseminated grains in ash-flow tuff replaced by porous, fine-grained intergrowths of
alunite, opal-CT and kaolinite. We interpret the style and mineral assemblages of alteration and
mercury mineralization in and surrounding the Thompson mine to reflect high-level acid alteration
and mercury deposition in the vapor-dominated cap above a boiling hydrothermal system. A K-Ar
age of 12.9 + 0.5 Ma has been determined on fine-grained vein alunite probably of steam-heated
origin (Rye, 1993) from the Thompson mine (Table 2, sample 5). This age is indistinguishable,
within the limits of the analytical uncertainty, from the age of the host rocks and demonstrates that
hydrothermal activity took place within, at most, a few tenths of a million years after deposition of
the Tiva Canyon Member. In exposures of several square kilometers mainly to the northeast of the
Thompson mine the alteration does not penetrate the uppermost 30 to 90 m of the Tiva Canyon
Member, although the lower part of the ash-flow sheet is pervasively altered, showing that in some

areas shallow, syn- to post-Paintbrush hydrothermal activity did not reach the paleosurface.

Hydrothermal activity associated with the Timber Mountain magmatic stage

Several areas of hydrothermal alteration and epithermal Au-Ag mineralization within and out-
side the margins of the Timber Mountain caldera complex provide a record of widespread, in part
near-surface, hydrothermal activity penecontemporaneous with eruption of the 11.6 to 11.45 Ma

Timber Mountain Tuff and genetically related local units of lava and tuff.

Silicon mine: Ceramic-grade silica was produced at the Silicon mine (Fig. 2) from steam-

heated acid-sulfate altered rocks of the Rainier Mesa Member of the Timber Mountain Tuff (Fig. 3).




Alunite separated from alunite and opal-CT bearing tuff at the Silicon mine has given a K-Ar age of
11.6 = 0.4 Ma (Table 2, sample 6), indicating that hydrothermal activity occurred near the margin of
the Timber Mountain I caldera coeval with or, at most, a few tenths of a million years after eruption
of the Timber Mountain Tuff. Near-surface activity occurred at about the same time 7 km to the
south at the Telluride mine. Argillic alteration, opalization and pervasive reddish-orange colored
iron-oxide staining surround the alunitic alteration of the Silicon mine and, except where hosted by
the Rainier Mesa Member, are indistinguishable and have not been separated in Figure 2 from the

older argillic and acid-sulfate alteration in the vicinity of the Thompson mine.

Calico fkills: Extensive areas of high-level argillic and advanced argillic alteration are exposed
in the Calico Hills, largely within the eroded volcanic dome complex of lavas and near-vent tuffs of
the rhyolite of Calico Hills, and overlying units of the Paintbrush Tuff (McKay, 1963; McKay and
Williams, 1964; Jackson, 1988; Simonds, 1989). The volcanic rocks have been altered over wide
a}eas to mixtures of alunite, kaolinite, quartz, opal-CT, and/or chalcedony, locally with sparse pyrite,
and to porous acid-leached rock composed mainly of opaline silica. Tabular and irregular replace-
ment bodies of chalcedony and opaline silica are present locally. This style of alteration is inter-
preted to result from high-level, acid-sulfate alteration in a steam-heated, largely vapor-dominated
environment. Simonds and Scott (1990) reported the presence of adularia associated with silica and
interpreted the alunitic alteration and opaline and chalcedonic silica replacement bodies to reflect
areas of paleo hot spring activity. These silica bodies and the presence of adularia within an area of
intense alunitic and argillic alteration likely reflect fluctuating water table levels during shallow
hydrothermal activity. Argillic and alunitic alteration and silicification can be traced upwards into
the Ammonia Tanks Member of the Timber Mountain Tuff in the eastern part of the Calico Hills,
but in the central Calico Hills strongly altered rocks of the Paintbrush Tuff are directly overlain by
unaltered flows of the rhyolite of Shoshone Mountain (Table 1). The rhyolite of Shoshone Mountain
consists of rhyolite lava and tuff that represent a thick complex of overlapping and coalesced
endogenous domes erupted along the margin of the Timber Mountain caldera complex at and per-
haps slightly before 10.3 Ma, probably from the waning Timber Mountain magmatic system (Noble

etal., 1991). These relations bracket hydrothermal activity in the Calico Hills between 11.4 Ma and



about 10.3 Ma. Identical K-Ar ages of 10.4 + 0.3 Ma, have been determined on alunite from two
widely separated localities (Table 2, samples 7 and 8) in the western and eastern parts of the Calico
Hills, consistent with hydrothermal activity shortly before eruption of the rhyolite of Shoshone

Mountain.

Beneath the altered volcanic rocks in the central part of the Calico Hills, units of Devonian
carbonate rock lie in fault contact above shale and argillite of the Mississippian Eleana Formation
(McKay and Williams, 1964; Orkild and O’Connor, 1970). Narrow rhyolitic dikes intrude the Eleana
Formation and a large, shallow stock or pluton is inferred from geophysical data to underlie the area
(Maldonado et al., 1979; Snyder and Oliver, 1981; Carr, 1984a). The Paleozoic rocks have locally
undergone contact metamorphism, presumably associated with the inferred pluton (e.g., Carr,
1984a), and in places contain elevated concentrations of Au, Ag, Sb, As, Cu, Pb, and Zn, scattered
base-metal bearing quartz veins, and replacement bodies and veins of brucite, magnesite, fluorite,
barite and garnet (Quade and Tingley, 1984; Jackson, 1988; Simonds, 1989; Simonds and Scott,
1990). Although the pluton has been considered to be of late Mesozoic age (Carr, 1984a), a middle
Miocene age was postulated by Simonds and Scott (1990) based on the fact that alteration and min-
eralization in both the pre-Cenozoic and Miocene rocks are roughly centered on the geophysically
inferred location of the pluton. Further evidence is needed to resolve the relations, if any, between
the acid alteration in the volcanic rocks, the contact metamorphism and hydrothermal activity in the

underlying sedimentary rocks, and the inferred pluton.

Yucca Mountain: A number of deep drill holes have penetrated rocks of the Crater Flat Tuff,
Lithic Ridge Tuff, older tuffs and intercalated flows of dacitic and rhyolitic lava that have been
altered to zeolite- and illite/smectite-dominated assemblages over a lateral extent of at least 20 km2
beneath Yucca Mountain (e.g. Spengler, 1981; Caporuscio et al., 1982; Maldonado and Koether,
1983; Bish 1987). Veins and irregular cavity fillings of fluorite, barite, quartz and calcite locally are
present in these altered rocks and adularia and albite replace feldspar phenocrysts in some intervals
(e.g. Warren et al., 1984). The silicic lavas in drill hole USW G2 are silicified, contain abundant veins
of drusy quartz and locally calcite and fluorite, and have undergone pervasive quartz-albite-calcite,

*chlorite, *pyrite (propylitic) alteration (Broxton et al., 1982; Caporuscio et al., 1982; Weiss et al,,
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1992). Portions of the Tram and Bullfrog Members of the Crater Flat Tuff and the Lithic Ridge Tuff
contain small amounts of finely disseminated pyrite in the groundmass, within argillicallly altered
pumice fragments and partially replacing biotite (Weiss et al., 1992), as well as in lithic fragments.
These relations provide strong evidence for sulfidation after deposition of the ash-flow units, in con-
trast to the interpretation of Castor et al. (1992; 1994). The degree of illite-smectite ordering and
fluid inclusion homogenization data indicate that alteration temperatures of at least 275°C were
reached in the deeper rocks penetrated in drill hole USW G2 and that maximum temperatures of
200°C and 100°C were reached in rocks of USW G1 and USW G3, respectively (Bish, 1987). K-Ar
ages of 11 to 10 Ma have been obtained from illite (Aronson and Bish, 1987), consistent with alter-
ation coeval with post-collapse volcanism and magmatic activity of the Timber Mountain II caldera
to the north. These ages are 1.7 to 2.7 million years younger than the youngest altered unit and
therefore can not reflect diagenetic or deuteric water-rock interaction during cooling of the host
units as suggested by Castor et al. (1992). Taken together, the age data, mineralogy and textural fea-
tures are best interpreted as the result of a large, south-flowing hydrothermal system driven by heat

—

from magmatic activity in the nearby Timber Mountain caldera system.

Mine Mountain: Evidence for hydrothermal activity soon after eruption of the Timber Moun-
tain Tuff is also preserved on the south flank of Mine Mountain, east of the Timber Mountain
caldera complex (Figs. 2 and 4). Here argillic and alunitic alteration are present along a northwest-
striking normal fault separating the Ammonia Tanks Member from pre-Paintbrush tuffs (Orkild,
1968). Alunite from this locality has given a K-Ar age of 11.1 + 0.3 Ma (Taiale 2, sample 9), provid-
ing evidence for alteration within a few tenths of a million years of eruption of the Timber Mountain

Tuff.

On the crest of Mine Mountain, about 1.5 km northeast of the area of alunitic alteration, zones
of silicification, quartz and quartz-barite veins and hydrothermal breccia mainly within Devonian
limestone and dolomite directly above the Mine Mountain thrust fault (Fig. 4) were prospected for
silver and mercury during the 1920’s (Orkild, 1968; Quade and Tingley, 1984; Castor and Weiss,
1992). This structure, originally considered part ofa Mesozoic thrust fault éystem (Barnes and

Poole, 1968), is now thought to have accomodated low-angle normal movement during Tertiary time
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(Carr, 1984a; Caskey and Schweikert, 1992; Hudson and Cole, 1993). Geologic and geochemical
data suggest similarities to the Candelaria, Nevada, silver district, or alternatively, overprinting of a
Pb and Zn-rich base-metal system by later precious-metal and mercury mineralization (Castor and

Weiss, 1992).

Structural relations suggest that some or all of this mineralization may be younger than the 11.4
Ma Ammonia Tanks Member of the Timber Mountain Tuff. The veins and hydrothermal breccia
cut the Mine Mountain thrust fault, supporting a Tertiary age for hydrothermal activity. Quartz-
barite veins both fill and are cut by moderately to steeply dipping minor faults and fractures that
commonly have subhorizontal slickensides (S.I. Weiss and L.T. Larson, unpub. data, 1989). These
relations most likely reflect strike-slip movements coeval with vein formation. On the south flank of
Mine Mountain, units of the Timber Mountain Tuff and northwest-striking faults that cut them, are
offset with apparent left-lateral displacement of about 1 km by closely spaced northeast-striking
féults (Orkild, 1968) referred to by Carr (1984a) as the Mine Mountain fault (Fig. 4). The area of
most numerous veins and intense silicification along the crest of Mine Mountain trends northeast,
paralle] to the Mine Mountain fault. Synmineralization strike-slip movements of faults and fractures
in the zone of veins and silicification may have been kinematically related to the post-Ammonia
Tanks displacement along the Mine Mountain fault. If this is the case, hydrothermal activity along
the crest of Mine Mountain may be, at least in part, younger than 11.4 Ma, consistent with the 11.1 =
0.3 Ma age obtained on the nearby alunite-bearing tuff.

Bullfrog Hills - Oasis Mountain area: Multiple episodes of Au-Ag mineralization during the Timber
Mountain magmatic stage

The most important production in the SWNVF has been from gold and silver bearing vein
deposits in the Bullfrog Hills, west of the Timber Mountain caldera complex, situated within large
areas affected by post-Timber Mountain Tuff hydrothermal alteration (Fig. 2). Following the initial
discovery of gold at the Original Bullfrog mine in 1904, gold and silver production from the Bullfrog
district totalled at least $3 million by 1940 (Couch and Carpenter, 1943). Most production came
from the Montgomery-Shoshone mine, with much smaller production from the Original Bullfrog and

Gold Bar mines, several small mines near Rhyolite, and the Mayflower and Pioneer mines about 12
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km to the north (Fig. 2). Exploration since the mid-1970’s led to the delineation of bulk-mineable
reserves at the Montgomery-Shoshone mine, open-pit production for three years at the Gold Bar
mine, and the discovery and development of an entirely new deposit, now known as the Lac Gold
Bullfrog mine, that is expected to produce at least 1.8 million ounces of gold (Jorgenson et al., 1989;
Castor and Weiss, 1992).

The Bullfrog Hills largely consist of an upper structural plate of highly faulted and tilted -
Miocene volcanic and minor intercalated sedimentary rocks that are separated from underlying
sedimentary and metamorphic rocks of Paleozoic and Proterozoic age by normal faults, including the
low-angle Original Bullfrog segment of the OB-FC fault system (Ransome et ai., 1910; Cornwall and
Kleinhampl, 1964; Maldonado, 1985; 1990a). The volcanic units are mainly silicic ash-flow sheets
erupted from volcanic centers of the SWNVF, including the Lithic Ridge Tuff, members of the
Crater Flat, Paintbrush, and Timber Mountain Tuffs, and intercalated lavas of silicic to mafic com-
position. A local sequence of dominantly rhyolitic lava flows, domes and related near-vent pyroclas-
tic deposits, in many places capped by flows of latitic to basaltic lava, overlies the Timber Mountain
Tuff and older ash-flow sheets with apparent angular unconformity of as much as about 35° (Fig. 5)
(cf. Maldonado, 1990a; Ahern and Corn, 1981; Weiss et al., 1990; S.I. Weiss and K.A. Connors,
unpub. mapping 1989-1991). Radiometric ages show that this sequence, informally termed the tuffs
and lavas of the Bullfrog Hills (TLBH) (Table 1), was erupted prior to about 10 Ma (Marvin et al.,
1989; Noble et al., 1991).

Upper-plate rocks are cut and tilted, mainly to the east, as much as 90° by numerous north- to
northeast-striking, generally west-dipping normal fauits (Ransome et al., 1910; Cornwall and Klein-
hampl, 1964; Maldonado, 1990b; Maldonado and Hausback, 1990; S.I. Weiss and K.A. Connors,
unpub. mapping 1989-1991). Fault patterns and structural relations reflect numerous imbricated
faults and suggest the presence of both planar-rotational and listric faults. This deformation has long
been recognized as the result of strong WNW-ESE directed upper crustal extension estimated at
about 25 percent (Ransome et al., 1910) to more than 100 percent (Maldonado, 1988; 1990a).

Landslide and debris-flow deposits containing blocks of volcanic units and pre-Tertiary rocks as
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much as 700 m in length interfinger with the TLBH and provide evidence for crustal instability and

steep topography during this major pulse of extension (Weiss et al., 1990).

All of the Au-Ag production has come from quartz-calcite fissure veins hosted by the Original
Bullfrog segment of the OB-FC fault and, more importantly, by moderately- to steeply-dipping nor-
mal faults within the upper plate (Fig. 5). The veins consist primarily of banded, crustiform and
drusy quartz, bladed calcite, and quartz-calcite cemented breccia of vein fragments and highly
altered wallrock fragments. Throughout the district the veins contain trace amounts of adularia,
illite, pyrite (now largely oxidized), electrum and acanthite, and show textural evidence for multiple
stages of fracturing, crustiform and banded vein filling, and brecciation (Ransome et al, 1910;
Jorgenson et al., 1989; Castor and Weiss, 1992). Concentrations of Hg, As, Sb and base metals are
generally low in the veins and altered wallrocks (Hg <0.25 ppm; As <50 ppm; Sb <4.0 ppm; Cu <50
Ppm; Pb <25 ppm; Zn <50 ppm), although Cu concentrations as high as a few thousand ppm and
Sb as high as a few hundred ppm have been reported for high-grade ores of the Original Bullfrog
and Lac Gold Bullfrog mines (Castor and Weiss, 1§92). Copper contents are generally greater than
Pb or Zn (8. B. Castor and S. I. Weiss, unpub. data, 1990). Silver to gold ratios are low (8:1 at the
Montgomery-Shoshone mine and 1:1 to 2:1 at the Lac Gold Bullfrog mine, Jorgenson et al., 1989).
Wallrocks are mainly rhyolitic ash-flow units of the SWNVF and near-vein alteration is characterized
by replacement of igneous alkali and plagioclase feldspar by adularia, silica flooding, and the pres-
ence of numerous quartz veinlets, disseminated pyrite and small amounts of illite. This alteration
grades out initially into zones of adularia +albite replacement of feldspar phenocrysts, thin discon-
tinuous quartz veinlets and minor illite, and at greater distances into large areas of illitic alteration,
where plagioclase phenocrysts and groundmass are partly to completely replaced by illite and calcite
xalbite, +adularia (Castor and Weiss, 1992). X-ray fluorescence analyses of a small number of sam-
ples from the Lac Gold Bullfrog and Montgomery-Shoshone mines show that potassium and rubid-
ium concentrations are highly elevated with respect to unaltered host rocks and have a clear positive
correlation, providing evidence for locally intense potassium and rubidium metasomatism within and
near major veins (Fig. 6a). This metasomatism is particularly apparent coﬁsidering that silicification

has not reduced potassium contents through dilution (Fig. 6b). Metasomatized rocks are strongly
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depleted in sodium (0.07 to 1.68 wt%) and calcium (0.02 to 0.89 wt%). Homogenization
temperatures of about 200°C to 150°C and salinities of <1.5 wt% NaCl equivalent have been
reported by Jorgenson et al. (1989) for fluid inclusions in samples from the Lac Gold Bullfrog and
Montgomery-Shoshone mines. Together, the above characteristics indicate that mineralization in
the Bullfrog district is of the low base metal type of the adularia-sericite (low-sulfidation) class of
volcanic-hosted epithermal precious metal deposits, including Oatman, Arizona, Aurora, California,

and Round Mountain, Sleeper and National, Nevada.

Southern Bullfrog Hills: The principal fissure vein at the Lac Gold Bullfrog mine (Fig. 2)
follows a normal fault (Middle Plate fault of Jorgenson et al., 1989) dipping apbro:drﬁately 45° west-
ward that brings an east-dipping hanging-wall section of Crater Flat Tuff, Paintbrush Tuff and Tim-
ber Mountain Tuff against rocks of the Crater Flat Tuff and an underlying unit of silicic lava that is
widely exposed beneath the Crater Flat and Lithic Ridge Tuffs elsewhere in the Bullfrog Hills (cf.
Maldonado and Hausback, 1990). The main vein (Fig. 7a) varies from about 10 to 60 m in width and
consists of multiple generations of complexly cross-cutting and closely spaced veins and sheeted
veins, and altered wallrock fragments and brecciated vein fragments surrounded by later stages of
quartz and/or calcite. Some of the quartz is amethystine. These features provide strong evidence for
multiple stages of vein deposition concurrent with repeated episodes of fracturing and brecciation
and demonstrate fault movements during mineralization. Fragments of pre-Cenozoic sedimentary
rock derived from below the deposit are locally not uncommon, requiring upward transport by
hydrothermal fluids. Ore minerals include Ag-poor and Ag-rich electrum, acanthite and uytenbo-
gaardtite (Ag;AuS,) in close paragenetic association, commonly accompanied by chrysocolla,
suggesting final Au-Ag-S equilibration or reequilibration at temperatures near 113°C (Barton, 1980;
Castor and Weiss, 1992; Castor and Sjoberg, 1993). Traces of tetrahedrite, chalcopyrite and galena
have also been reported (Jorgenson et al,, 1989). In higher levels of the mine well-developed sub-
paralle] fault surfaces form the upper and lower boundaries of the main vein, much of which is highly
shattered (Fig. 7b); at deeper levels these fault surfaces become anastomosing and transect the main
vein, indicating that movement of the host fault continued after the final stages of vein deposition

(Weiss et al., 1991; Castor and Weiss, 1992). Adjacent hanging-wall rocks, largely of the Rainier
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Mesa Member of the Timber Mountain Tuff, contain disseminated pyrite and abundant adularia as
intergrowths with fine-grained, secondary quartz in the groundmass and abundant thin veins of
quartz and calcite, locally with traces of adularia. Adularia, less commonly albite, and locally quartz
replace the sanidine and plagioclase phenocrysts. Footwall lavas adjacent to the main vein are
albitized, contain disseminated pyrite, and are cut by ore-grade stockwork zones of quartz-calcite-
adularia veinlets and veins containing mixtures of hydrothermal breccia, solid black hydrocarbon,

pyrite, quartz, chlorite and calcite (Fig. 7c).

Gold and silver were produced at the Montgomery-Shoshone mine 2 km to the north (Fig. 2)
from quartz-célcite veins and vein-cemented fault breccia texturally, chemically and mineralogically
similar to mineralization at the Lac Bullfrog deposit (Jorgenson, et al., 1989; Castor and Weiss,
1992). The veins at the Montgomery-Shoshone mine are hosted by steeply-dipping faults and frac-
tures in the upper-plate, largely within the Ammonia Tanks Member of the Timber Mountain Tuff
(Maldonado and Hausback, 1990). Alteration, including strong adularization and silica flooding
within and adjacent to the veins, is identical to that observed at the Lac Gold Bullfrog mine and
elsewhere in the southern Bullfrog Hills, such as at the Denver-Tramps and Gibraltar mines near
Rhyolite (Fig. 2 and Fig. 5). At the Denver-Tramps and Gibraltar mines Au-Ag bearing quartz-
calcite veins are also hosted by high-angle faults within units of the Paintbrush and Timber Mountain
Tuffs, and are texturally, mineralogically and geochemically similar, if not identical, to those of the

Montgomery-Shoshone and Lac Gold Bullfrog mines (Castor and Weiss, 1992).

At the Original Bullfrog mine in the western part of the district Au-Ag ore was mined along the
shallowly north-dipping Original Bullfrog segment (Ransome et al., 1910) of the OB-FC fault within
a shattered, tabular mass of complexly cross-cutting open-space quartz and calcite veins, brecciated
veins and vein-encrusted and silicified wallrock fragments. Cross-cutting and textural relations
reflect repeated episodes of fracturing, brecciation and open-space filling, consistent with fault
movements during vein formation. Sheeted veins and quartz-calcite cemented breccia extend
upward into adjacent adularized and silicified rocks of the moderately east dipping Lithic Ridge Tuff
and underlying silicic lava, but the main body of vein material appears to be truncated against

underlying, highly sheared Paleozoic clastic and carbonate rocks (Carr et al., 1986; Maldonado,
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1990a). This truncation, along with the shattered nature of the vein, provides evidence for late
movement of the Original Bullfrog fault after the final stages of vein deposition (Ransome et al.,
1910). Ore and gangue mineralogy and textures, initially described by Ransome et al. (1910), and
minor element signatures are remarkably similar to that of the Lac Gold Bullfrog mine, including the
presence and close paragenetic association of uytenbogaardite replacing gold-poor electrum and
intergrown with gold-rich electrum, acanthite and chrysocolla. (Castor and Weiss, 1992; Castor and

Sjoberg, 1993).

Adularia separated from ore composed of a mixture of quartz-calcite veins and adularized
wallrock fragments at the Lac Gold Bullfrog mine has given an 40Ar/39Ar age of 9.8 + 0.3 Ma (Table
2, sample 16). This age is indistinguishable, within the limits of analytical uncertainty, from the K-Ar
age of 9.5 + 0.2 Ma reported by Morton et al. (1977) for adularia separated from vein and altered
wallrock material at the Montgomery-Shoshone mine. The similarities in style of alteration and
mineralization, structural and stratigraphic settings, and radiometric ages of adularia suggest miner-
alization at both mines was essentially contemporaneous and related to a single large hydrothermal
system, rather than separate but similar systems. Veins and Au-Ag mineralization at the nearby
Denver-Tramps and Gibraltar mines, 1.5 km west of the Lac Gold Bullfrog mine, also share the

above similarities, consistent with deposition from the same hydrothermal system.

K-Ar and 40Ar/*%Ar ages of 8.7 = 0.3 Ma and 9.2 = 0.3 Ma, respectively, have been obtained
on two splits of adularia separated from a single specimen of thoroughly adularized and silicified
Lithic Ridge Tuff at the Original Bullfrog mine (Table 2, sample 10). These ages are indistinguish-
able within the limits of the analytical uncertainty. Although 40Ar/39Ar age determinations of sani-
dine are in some cases considered to be more reliable than K-Ar ages (e.g. Hausback et al., 1990), on
the basis of the analytical data alone it is difficult to assign greater weight to one determination over
the other; a reasonable estimate of the age of hydrothermal activity and mineralization could be
about 9 Ma. The 40Ar/39Ar age also overlaps the ages determined from adularia from the Lac Gold
Bullfrog and Montgomery-Shoshone mines where mineralization is very similar in mineralogy, geo-
chemistry and overall style. The presence of the rare mineral uytenbogaardtite in high-grade ores at

both the Original Bullfrog and the Lac Gold Bullfrog mines provides additional evidence for a com-
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mon origin for the veins. Following this line of reasoning, the older age of 9.2 + 0.3 Ma would sug-
gest a common age of mineralization of about 9.5 Ma for the Lac Gold Bullfrog, Montgomery-
Shoshone, Original Bullfrog and rlated mines. Alternatively, the age data may reflect nearly identi-
cal hydrothermal activity and mineralization at the Original Bullfrog mine as much as a million years

after that of the Lac Gold Bullfrog-Montgomery-Shoshone area.

Multi-stage quartz-calcite veins and vein-cemented breccia along normal faults in the upper
plate were also mined for gold and silver at the Gold Bar mine, located about 4 km to the northwest
of the Original Bullfrog mine (Fig. 2 and Fig. 5). Wallrocks include units of the Crater Flat Tuff and
the Paintbrush Tuff, demonstrating that hydrothermal activity is younger than 12.8 to ‘12.7 Ma. The
veins occupy faults that formed during the same pulse of extensional faulting, bracketed between
11.4 Ma and 7.6 Ma, and gangue mineralogy and textures, wallrock alteration style and assemblages
and trace-element geochemistry are essentially identical to those at the Original Bullfrog, Lac Gold
Bullfrog, and Montgomery-Shoshone mines. As pointed out by Ransome et al. (1910), slickensided
fault surfaces and thin seams of gouge present within the veins and locally separating the veins from
adjacent wallrocks indicate that faulting continued after deposition of the veins. Although not dated
radiometrically, mineralization at the Gold Bar mine is inferred to have taken place at the same time
as, and to be genetically related to, ore formation elsewhere in the southern part of the Bullfrog

Hills.

Northern Bullfrog Hills and Oasis Mountain: The coarse landslide and debris-flow deposits that
interfinger with the TLBH host gold and silver bearing quartz-calcite veins along fractures and nor-
mal faults at the Mayflower mine in the northern Bullfrog Hills (Fig. 2 and Fig. 5). These veins are
texturally, mineralogically and geochemically similar to veins in the southern Bullfrog Hills (Castor
and Weiss, 1992). North of the Mayflower mine, rocks of the Crater Flat and Paintbrush Tuffs are
silicified and adularized in the vicinity of quartz, qua;tz-calcite and calcite veins hosted by normal
faults and fractures. Silicified and adularia-bearing rocks are surrounded by areas in which sanidine
has been preserved and plagioclase has been replaced by illite and/or kaolinite. Similar alteration is
present at Oasis Mountain (Fig. 2) where quartz and quartz-calcite veins containing subeconomic
concentrations of Au and Ag are present along a steeply dipping fault within a thick section of the
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Ammonia Tanks Member of the Timber Mountain Tuff. Alteration to the south and southwest,
between Oasis Mountain and Bailey’s Hot Spring, is largely argillic, but includes areas of opal-
alunite-kaolinite alteration, locally with pyrite, interpreted as the result of shallow, steam-heated
acid-sulfate alteration above a fluctuating water table. This zone includes the area of intense alunitic
alteration and silica leach-rock within the Ammonia Tanks Member of the Timber Mountain Tuff at

Bailey’s Hot Spring (Fig. 2).

Two splits of adularia from the same sample of adularized and silicified wallrock fragments
incorporated in vein material from the Mayflower mine give K-Ar and 40Ar/39Ar ages of 10.0 = 0.3
and 9.9 + 0.3 Ma, respectively (Table 2, sample 11). These ages are identical to those of the
Montgomery-Shoshone and Lac Gold Bullfrog mines, within the limits of the analytical uncertainty,
and are about 0.7 Ma older than the 40Ar/39Ar age from the Original Bullfrog mine.

An earlier episode of hydrothermal activity is evident north of the i\dayﬂower mine. At the
Yellowjacket mine (Fig. 2) adularia separated from quartz-calcite-pyrite vein material containing
fragments of adularized tuff has given an 40Ar/39Ar age of 11.3 0.3 Ma (Table 2, sample 17). AK-
Ar age of 11.0 £0.4 Ma has been obtained on adularia separated from metasomatized wallrock of
Crater Flat Tuff along a quartz vein about 1.5 km south of the Yellowjacket mine (sample 12, Table
2). These ages reflect hydrothermal activity in the northern part of the Bulifrog Hills within at most
a few tenths of a million years after deposition of the Ammonia Tanks Member and volcanism of the
local tuffs of Fleur de Lis Ranch and tuff of Cut-off Road in the nearby, western part of the Timber

Mountain I caldera.

A K-Ar age of 10.6 +0.3 Ma determined on adularia separated from potassium and silica
metasomatized tuff of the Ammonia Tanks Member adjacent to the veins in Oasis Mountain
(sample 13, Table 2) falls between, and overlaps within the limits of the analytical uncertainty, both
the K-Ar age from the Mayflower mine and the K-Ar age from the northern Bullfrog Hills. Alunite
replacing phenocrysts and groundmass in the Ammonia Tanks Member at Bailey’s Hot Spring has
given a K-Ar age of 10.2 +0.3 Ma (sample 14, Table 2). This age is identical, within the limits of the
analytical uncertainty, to the age from Oasis Mountain and the ages from the Mayflower and Lac

Gold Bulifrog mines. In contrast to the water-saturated conditions reflected by the veins and
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adularia-stable alteration within the Ammonia Tanks Member at Oasis Mountain, vapor-dominated
conditions south of Oasis Mountain between about 10 to 10.5 Ma are implied by the high-level acid-
sulfate alteration within the same unit at Bailey’s Hot Spring, and within overlying megabreccia
deposits (presumeably deposited in topographically low areas) that are widely exposed west and
northwest of Bailey’s Hot Spring (Fig. 5). Stratigraphically equivalent megabreccia and conglomer-

ate at the Mayflower mine apparently were below the water table at about 10 Ma.

Southeast of Oasis Mountain in the Transvaal Hills, argillic and alunitic alteration and silicifica-
tion affect intracaldera units of the Timber Mountain Tuff and related, post-collapse lava and tuff
within the Timber Mountain I and II calderas (Fig. 2). The altered rocks are locally overlain by unal-
tered basaltic lava and ash-flow sheets of the Thirsty Canyon Tuff (Bye;rs et al,, 1976b), demonstrat-
ing that hydrothermal activity ceased prior to about 9.4 Ma. Alunite lining fractures within acid-sul-
fate altered intracaldera-facies tuffs of the Rainier Mesa Member has given a K-Ar age of 9.9 +0.4
Ma (sample 15, Table 2). This age is consistent with the ages of the host rocks and overlying units

and is interpreted to reflect the timing of hydrothermal activity in the Transvaal Hills.

Hydrothermal activity poorly constrained in time

Areas of argillic alteration, quartz veins, opaline silicification, and/or locally abundant iron
oxides after pyrite are present near the structural margin of the Claim Canyon cauldron in northern
Yucca Mountain (Fig. 2). Units of the Crater Flat Tuff, Paintbrush Tuff and Paintbrush-related lava
and caldera margin breccia (Byers et al., 1976b) are affected by this alteration. Accordingly,
hydrothermal activity in these areas(must at least in part be younger than 12.7 Ma, although earlier
alteration of the; Crater Flat Tuff can not be ruled out. These areas may represent stratigraphically
and topographically higher parts of the large, ca. 11-10 Ma hydrothermal system in Yucca Mountain,
where hydrothermal fluids perhaps ascended to higher stratigraphic and topographic levels along
numerous faults and fractures near the structural margin of the Claim Canyon cauldron, and/or as a

result of closer proximity to Timber Mountain magmatic activity.

Northwest of the Timber Mountain caldera complex, areas of hydrothermal alteration and

precious-metal mineralization are present in Quartz Mountain and in the Clarkdale and Yellow
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Gold mine areas (Cornwall, 1972; Quade and Tingley, 1984). Gold- and silver-bearing epithermal
quartz veins are hosted by north- to northeast-trending faults and fractures (Quade and Tingley,
1984). Veins and silicification in the Quartz Mountain area are present in silicic lavas stratigraphi-
cally below the 13.7 Ma Grouse Canyon Member of the Belted Ran;e Tuff (Noble and Christiansen, -
1968) and possibly older than the 13.9 Ma tuff of Tolicha Peak (Minor et al., 1993). The Grouse
Canyon Member isvnot present in the mineralized areas and it is not altered in exposures 1 to 2 km
to the east; it is therefore impossible to place a lower limit on the age of mineraliztion. The strati-
graphic position and timing of alteration and Au-Ag mineralization in the Clarksdale and Yellow
Gold mine areas are less firmly constrained, but examination of aerial photographs and brief field
reconnaissance of the southwestern edge of the altered area indicates that the alteration affects bbth
the Rainier Mesa and Ammonia Tanks members of the Timber Mountain Tuff and may affect the
rhyolite of Obsidian Butte (Minor et al., 1993).

Interrelations with Magmatic Activity, Volcanism and Extensional Faulting

Epithermal mineralization is found in areas of hydrothermal alteration within and marginal to
volcanic and intrusive centers of the SWNVF (Fig. 2), as has been observed in other large intraconti-
nental volcanic fields of late Cenozoic age, such as the Mogollon-Datil (Elston et al., 1973), San Juan
(e.g., Lipman et al., 1976), Jemez (Gardiner et al., 1986; Woldegabriel and Goff, 1989) volcanic
fields. This distribution around and within the Timber Mountain caldera complex, and initial K-Ar
age determinations and stratigraphic information, led Jackson et al. (1988) and Jackson (1988) to
propose that, with the exception of Wahmonie, the Thompson mine and possibly eastern Bare
Mountain, most areas of hydrothermal activity and epithermal mineralization in the southern part of
the field were related to the intense, widespread magmatic and volcanic activity of the Timber
Mountain magmatic system. Further work led Noble et al. (1991) to emphasize the temporal and
spatial association of hydrothermal activity and mineralization with magmatic events of borh the

main and Timber Mountain magmatic stages in the development of the SWNVF.

Radiometric ages of hydrothermal activity from the southern part of the field (Fig. 8) fall into

two principal groups that overlap and closely follow the culminations of the main and Timber Moun-
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tain magmatic stages at about 12.7 Ma and 11.45 Ma, respectively. During the main magmatic stage,
silicic porphyry dikes in Bare Mountain and calc-alkaline, intermediate composition lavas, tuffs and
intrusions at Wahmonie were derived from magma systems periphere_ll to the central caldera com-
plex. Most fluorite and gold mineralization in the eastern part of Bare Mountain was associated with
hydrothermal activity between about 13 Ma and 12.5 Ma that followed the emplacement of the silicic
porphyry dikes by about 1to 2 Ma. This time lag probably reflects continued and/or renewed mag-
matic activity of the deeper porphyry system. Shallow acid-sulfate alteration and epithermal mer-
cury mineralization took place at the Thompson mine, near the southwestern margin of the Claim
Canyon cauldron, within a few tenths of a million years after eruption of the Tiva Canyon Member of
the Paintbrush Tuff, which marked the culmination of the main magmatic stage (Broxton et al., 1989;
Noble et al,, 1991). Epithermal Ag-Au vein deposits formed in the Wahmonie district at about the
same time, coeval with the latter stages of, or shortly following, volcanism and igneous activity of the

Wahmonie-Salyer volcanic center.

During the Timber Mountain magmatic stage, alunitic alteration formed at the Silicon mine,
near the Telluride mine and at Mine Mguntain, probably as the result of oxidation of H,S and acid
leaching in shallow, steam-heated portions of hydrothermal systems peripheral to the Timber Moun-
tain caldera complex. The earliest episode of adularia-stable alteration and associated quartz-calcite
vein formation in the northern Bullfrog Hills occurred at about 11.3 to 11 Ma, coeval with or at most
a few tenths of a million years after eruption of the Ammonia Tanks Member, Tuffs of Fleur de Lis
Ranch and the 11.4 Ma Tuff of Cut-off Road. South of the caldera complex, ages of from 11 to 10
Ma on illite from tuffs of pre-Paintbrush age in the subsurface of Yucca Mountain suggest that a
hydrothermal system of large lateral extent was associated with the waning Timber Mountain mag-
matic system centered not far to the north. Alteration in northern and northwestern Yucca Moun-
tain affected rocks as young the Paintbrush Tuff, and, although not radiometrically dated, may be of
the same age. Hydrothermal fluids may have ascended to higher stratigraphic and topographic lev-
els in northern Yucca Mountain along faults and fractures related to the Claim Canyon cauldron

margin, and/or because of the close proximity to the Timber Mountain magma system.
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Following collapse of the Timber Mountain II caldera and eruption of the Tuffs of Fleur de Lis
Ranch and Tuff of Cut-off Road in the western i)art of the caldera complex, magmatic activity and
volcanism continued until about 10 Ma with the eruption of mainly rhyolitic domes and related pyro-
clastic deposits, and smaller volumes of latitic and basaltic lavas in the Bullfrog Hills (see below) and
within and adjacent to the southern margins of the complex. Shallow, steam-heated alunitic and
argillic alteration in the Calico Hills, Transvaal Hills and at Bailey’s Hot Spring, and adularization
and quartz vein formation at Oasis Mountain were penecontemporaneous with this volcanism. In
the southern Bullfrog Hills and at the Mayflower mine adularia ages of about 10 to 9 Ma indicate
that alteration and epithermal Au-Ag mineralization were penecontemporaneous with, and contin-
ued for about 1 Ma after, the end of volcanism in the Bullfrog Hills.

Coeval extension, magmatic activity and volcanism, and precious-metal mineralization in the Bullfrog
Hills-Oasis Mountain area -

~

A simplified stratigraphic diagram showing major units, radiometric ages and structural rela-
tions of the TLBH to older and younger rocks in the Bulifrog Hills is given in Figure 9. Two princi-
pal units of interbedded ash-flow tuff and surge deposits, consisting of high-silica rhyolite, are each
overlain and intruded by rhyolite plugs, domes and flows (Fig. 9). These two units of ash-flow tuff
and surge deposits, and a number of the rhyolite plugs, domes and flows are petrographically and
lithologically similar to tuffs of the Rainier Mesa Member of the Timber Mountain Tuff, containing
abundant large phenocrysts of quartz and alkali feldspar, with lesser amounts of sodic plagioclase,
accessory biotite and only traces of hornblende in some rocks. The pyroclastic rocks have abundant
small- and large-scale cross bedding, scour-and-fill structures and discontinuous, extremely lithic-rich
layers, and are best interpreted as near-vent, precursor pyroclastic deposits associated with the erup-
tion of certain of the rhyolite domes and flows (Maldonado and Hausback, 1990; Weiss et al,, 1990;
Noble et al,, 1991). Radiometric ages from rocks of the TLBH (Fig. 9), including thin flows of olivine
basalt locally present at the base of the sequence, suggest that the entire sequence was erupted
rapidly between about 10.5 to 10 Ma. The rhyolitic domes, flows and related tuffs of the TLBH are

reasonably interpreted as products of the waning Timber Mountain magma system, based on their
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ages, proximity to the western margin of the Timber Mountain caldera complex and similarities to

the Rainier Mesa Member of the Timber Mountain Tuff (Noble et al., 1991).

Several lines of evidence indicate that extensional faulting and tilting in the Bullfrog Hills were
coeval with the magmatic and volcanic activity of the TLBH, during the latter part qf the Timber
Mountain stage. No obvious angular discordance is present between the units of the Timber Moun-
tain Tuff or underlying ash-flow sheets, constraining major faulting to be younger than 11.45 Ma.
However, throughout the Bullfrog Hills the Ammonia Tanks Member and older units dip more
steeply than do nearby younger rocks of the TLBH (Cornwall and Kleinhampl, 1964; Maldonado,
1990b; Maldonado and Hausback, 1990) and in widely separated locations, an angular discordance
of as much as 35° is present between units of the TLBH and the underlying rocks (Fig. 5) (Ahern and
Corn, 1981; Connors, Weiss and Noble, Plate 1in Connors , 1994). This discordance most
likely represents a district-wide angular unconformity (Fig. 9) and demonstrates that faulting and
substantial tilting began prior to volcanism of the TLBH (cf. Maldonado, 1990a). Layers of coarse
breccia that locally contain enormous blocks, including blocks of the Rainier Mesa and Ammonia
Tanks Members of the Timber Mountain Tuff, tuffs of Fleur de Lis Ranch and the tuff of Cut-off
Road, interfinger with units of the TLBH (Fig. 5 and Fig. 9). The unequivocal presence of blocks of
the post-Ammonia Tanks units rules out an origin associated with collapse of the Timber Mountain I
or Il calderas. These breccia layers are interpreted as tectonic megabreccia, consisting of landslide
and debris-flow deposits shed from steep topography, such as fault scarps, during deposition of the
TLBH. A major scarp probably formed along the inferred fault or faults that have displaced the
Ammonia Tanks Member of the Timber Mountain Tuff below the surface in Oasis Valley (Fig. 5),a
throw of at least 2000 to 3000 feet. Further evidence for synvolcanic tectonism comes from the latitic
lavas near the top of the TLBH (Fig. 9). Locally there is an upwards decrease in the dip of succes-
sive latite flows and in the northern Bullfrog Hills the latites drape fault scarps and irregular topog-
raphy cut in underlying rhyolite flows and tuffs (Cornwall and Kleinhampl, 1964; Connors, Weiss and
Noble, Plate 1lin Connors, 1994). Rhyolite plugs and dikes of the TLBH, which in some
cases can be traced upwards into domes and flows, both intrude and are also cut by normal faults,

providing evidence for the interaction of silicic magmas that fed eruptions of the TLBH with faults at
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shallow levels in the upper plate. Basaltic dikes also intrude and are cut by faults in the upper plate
in the southern Bullfrog Hills (Ransome et al., 1910) and at the 916 m level in the Lac Gold Bullfrog
mine a thin, hydrothermally altered and brecciated basaltic dike can be seen to intrude and pinch out

within the main fault and vein system.

Throughout the Bullfrog Hills numerous, generally west-dipping normal faults cut tilted sec-
tions of the TLBH, indicating that faulting and tiltiné continued or resumed after deposition of the
sequence. Map patterns and exposed fault surfaces indicate that some of these faults are steeply
dipping and in all probability cut the Original Bullfrog segment of the OB-FC fault system.
Exploratory drilling in the southern Bullfrog Hills near Rhyolite and in the vicinity of the Lac Gold
Bullfrog mine has demonstrated offsets of the OB-FC fault system of on the order of several hun-
dreds of feet by faults such as the Lac Gold Bullfrog mine fault (middle plate fault of J orgenson et
al., 1989) and the Montgomery-Shoshone fault which have dips of 45 to 80°, respectively. (Jorgenson
et al., 1989; J. Marr, pers. commun., 1990; T. Osmondson, pers. commun., 1992). A similar relation-
ship is exposed 3 km east of the Mayflower mine (Figs. 5 and 10) where low-angle normal faults cut
an east-facing, vertical to slightly overturned section of Lithic Ridge, Crater Flat and Paintbrush
Tuffs and separate these units from underlying strata of Early Cambrian age. Although this situation
is analogous to the truncation of the same sequeﬁce of east-dipping ash-flow units against pre-Ceno-
zoic rocks near the Original Bullfrog mine by the gently north-dipping briginal Bullfrog fault, east of
the Mayflower mine the low-angle faults are offset as much as several hundred meters by younger,
steeply-dipping faults (Fig. 10). The gently west-dipping to approximately 25° east dips of the low-
angle faults in Figure 10 are inferred to result from the cumulative displacement of relatively late,
down-to-the-west faults further to the east, perhaps following, or penecontemporanous with, isostatic
rebound and flexure of the lower plate (e.g. Spencer, 1984; Buck, 1988). The offsets indicated by
drilling in the southern Bullfrog Hills and the relations observed east of the Mayflower mine reflect
extension at least in part accommodated by brittle structures that cut the OB-FC fault system. Such
offsets and brittle deformation in the lower plate contradict the model of Maldonado (1990a, 1990Db)
and Maldonado and Hausback (1990), and argue for revisions to their cross-sections which show that

all faults in the upper plate are inferred to merge with, and/or are truncated by, the Original Bullfrog




segment of the OB-FC fault system. The presence of dikes and plugs intruding some of these faults
is consistent with a connection to deep structureé, presumably also of extensional nature, that chan-
neled magmas upward to, and/or above, the level of the OB-FC detachment fault system (Weiss et
al,, 1990).

The Au-Ag vein deposits in the Bullfrog Hills are hosted by shallowly to steeply-dipping faults
and fractures that formed near the base of, and within, the upper plate during the pulse of post-
Ammonia Tanks extensional faulting. The older ages of about 11.3 and 11.0 Ma for veins in the
northern Bullfrog Hills are consistent with faulting and hydrothermal activity in the vicinity of the
Yellow Jacket mine early during this interval of deformation. Vein textures at the Original Bullfrog,
Lac Gold Bulifrog, Montgomery-Shoshone and Gold Bar mines reflect episodic brecciation and are
best explained as a result of movements along the host faults during mineralization, although breccia
of probable hydrothermal origin is present as well. The K-Ar and 40Ar/39Ar ages therefore provide
g:;'idence that the faults at the Lac Gold Bullfrog and Montgomery-Shoshone mines were active at
about 9.8 (or possibly 9.5) Ma, and for faulting at the Original Bullfrog mine at about 9.0 Ma. The
well-developed post-mineral fault surfaces and shattered nature of the vein at the Lac Gold Bullfrog
mine indicate that fault movements in the upper plate continued after about 9.8 Ma. Veins at the
Montgomery-Shoshone mine are both hosted within and truncated by the northeast-trending Mont-
gomery-Shoshone fault that juxtaposes essentially unaltered units of the TLBH against altered and
mineralized rocks of the Timber Mountain Tuff (Ransome et al., 1910; Maldonado and Hausback,
1990), indicating substantial fault displacement after about 9.5 (or possibly 9.8) Ma. Likewise, the
shattered nature of the Original Bullfrog vein and its truncation against unmineralized rocks below
the Original Bullfrog fault show that movement of the Original Bullfrog segment of the OB-FC fault
system continued after about 9.0 Ma. These relations are consistent with the fact that entire sections
of the ca. 10 to 10.5 Ma TLBH are commonly tilted as much as 35° and cut by numerous faults. Min-
eralization in the Bullfrog Hills was, therefore, penecontemporaneous with, as well as structurally

controlled by, extensional faulting that continued after mineralization.
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Discussion and Summary

Since the advent of radiometric dating numerous workers have demonstrated close space-time
associations of hydrothermal activity and mineralization with volcanic and shallow igneous activity.
In many cases, such as at Bodie, California, (Silberman et al., 1972), various deposits of the Mari-
cunga belt, Chile (Sillitoe et al., 1991), Tavua caldera in Viti Levu, Fiji (Setterfield et al., 1992),
Sleeper, Nevada (Conrad et al. 1993), Arcata, Peru (Candiotti de los Rios et al., 1990) and Oroco-
pampa, Peru (McKee et al., 1994), it has been shown that hydrothermal activity took place tm;ard
the end of, or shortly after, volcanism and was presumably related to the emplacement and cooling
of subjacent, late-stage magma bodies. Few studies of the duration of epithermal mineralization
have been carried out using 40Ar/3?Ar dating techniques and cross-cutting relations, but it has gen-
erally been accepted that individual hydrothermal systems responsible for volcanic-related epither-
mal precious-metal deposits have lifespans on the order of 0.5 Ma or less, to about 1.5 Ma (e.g., Sil-
berman, et al,, 1985). K-Ar and 40Ar/39Ar ages suggest that hydrothermal activity may have taken
place over a period as long as 2 Ma at the volcanic dome-hosted Sleeper gold-silvér deposit in
northwestern Nevada (Conrad et al., 1993). Evidence for longer-lasting, episodic and/or more com-
plex hydrothermal activity, in some cases involving multiple hydrothermal centers, comes from por-
phyry systems and large volcanic centers and intracontinental volcanic fields (e.g., Butte, Montana,
Meyer et al., 1968; western San Juan caldera complex, Lipman et al., 1976; Julcani, Peru, Noble and
Silberman, 1984; Jemez, New Mexico, Woldegabriel and Goff, 1989; Woldegabriel, 1990; Chila
Cordillera, Peru, Swanson et al., 1993) where hydrothermal activity overlapped multiple periods of

magmatic and volcanic activity.

In the SWNVF multiple hydrothermal systems were active over a period of at least 4.5 Ma,
overlapping portions of the main and Timber Mountain magmatic stages. The earliest recognized
hydrothermal activity occurred in the Sleeping Butte area early in the main magmatic stage, prior to
the eruption of the 13.7 Ma Grouse Canyon Member, and possibly prior to 14.0 Ma in the vent area
of the Lithic Ridge Tuff. Radiometric ages and stratigraphic relations indicate that presently known
episodes of hydrothermal activity in large part were coeval with, and continued for 1 to 2 million

years after, the climactic eruptions of the Paintbrush Tuff and Timber Mountain Tuff at about 12. 8
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Ma and 11.5 Ma, respectively, and the main stage magmatic activity in Bare Mountain and the
Wahmonie-Salyer center. In the southern Bullfrog Hills hydrothermal activity and mineralization
may have taken place as late as about 9 Ma. No evidence has been recognized for hydrothermal
activity 5 to 10 million years afer the caldera cycles, as is the case, for example, with the Silverton
and Summitville calderas of the San Juan volcanic field (Lipman et al., 1976; Bartos, 1993), and the
Alunite Ridge-Deer Trail Mountain area of the Marysvale volcanic field (Cunningham et al., 1984;
Beaty et al., 1986).

A broad spatial association between hydrothermal and magmatic activity in the SWNVF is
shown by the distribution of alteration and mineralization within and peripheral to the southern and
western margins of the Timber Mountain caldera complex and the older Claim Canyon cauldron,
and in outlying centers of igneous and volcanic activity at Bare Mountain, and Wahmonie. Alter-
ation is widespread in the Bullfrog Hills and the Calico Hills, in and adjacent to areas of extracaldera
domes and flows erupted late in the Timber Mountain magmatic stage. The spatial association, in
combination with the close temporal correspondenc_e between magmatic-volcanic activity and N

hydrothermal activity, provides strong evidence in support of a genetic relation between pulses of

magmatic activity and multiple episodes of hydrothermal alteration and mineralization.

Contrasting styles and types of epithermal precious-metal mineralization were produced during
the main and Timber Mountain stages. Silver-rich precious metal-bearing quartz and quartz-calcite
veins with abundant Te, and locally Bi, but modest base-metal contents, were deposited at the
Wahmonie-Salyer center between about 13 to 12.5 Ma, possibly above a porphyry-type magmatic
system near the end of, or shortly following, local volcanism. At about the same time, fluorite and
disseminated Au mineralization formed in the northern and eastern parts of Bare Mountain in and
near silicic porphyry dikes emplaced 1 to 2 m.y. earlier. The disseminated style of mineralization,
abundant As, Sb, Hg, and T, low base metal concentrations and high Au:Ag ratios are features typi-
cal of sedimentary rock-hosted disseminated Au deposits commonly referred to as Carlin-type
deposts elsewhere. At Bare Mountain the presence of hypersaline fluid inclusions in the altered
dikes, abundant Mo, F and, locally, Bi and Te, and the timing of mineralization 1 to 2 Ma after dike

emplacement, are consistent with a magmatic affinity, perhaps as distal products of deeper por-
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phyry-type magmatic-hydrothermal activity (Noble et al., 1989; 1991; Weiss et al., 1993b). Structural
relations suggest that silicification and deposition of quartz and quartz-barite veins containing high
concentrations of base metals, Ag and Hg in Paleozoic rocks at Mine Mountain may have taken
place at about 11.1 Ma. Excellent examples of adularia-sericite deposi place at about 11.1 Ma. Ex
formed in the Bullfrog Hills during at least two periods of hydrothermal activity between 11.3 and
about 9 Ma. A similar style of alteration and mineralization is inferred for the little-studied Au-Ag
bearing veins in the Clarkdale and Tolicha-Quartz Mountain districts. Zones of alunitic and argillic
alteration on the south flank of Mine Mountain, in the Calico Hills, Transvaal Hills, Silicon and
Thompson mine area, near the Mother Lode and Telluride mines, and in areas of the Bullfrog Hills
and Oasis Valley, including Bailey’s Hot Spring, are interpreted as the result of steam-heated acid;
sulfate processes near and/or above paleo-watertables, implying relatively shallow hydrothermal
environments. In summary, altered and mineralized areas of the SWNVF are diverse in style, min-
eralogy, alteration and trace-element signatures, suggesting that in addition to differences in their

geologic settings, the hydrothermal systems varied significantly in their composition and origin.

Two pulses of E-W to ESE-WNW regional extension of Miocene age are recognized in the
southern and southwestern parts of the SWNVF. Based on the strikes of the silicic dikes in Bare
Mountain, the least principal stress direction was oriented in a E-W to WNW-ESE direction at about
14 Ma. The first pulse coincided with the 1 Ma hiatus in volcanism between the main and Timber
Mountain magmatic stages and involved tilting along N-S to NE-trending faults, mainly in areas
south of the Timber Mountain caldera complex, including the area of Yucca Mountain and in the
northern part of Bare Mountain. Extension was in part accommodated by the Fluorspar Canyon
segment of the OB-FC fault system. The contrast between relatively shallow alunitic alteration and
Hg mineralization in the Telluride - Mother Lode mine area and porphyry-type groundmass crystal-
lization and hypersaline inclusions in the dikes suggests that considerable uplift, on the order of 1 to
2 km, took place in the northern part of Bare Mountain between 13.9 and 12.2 Ma. This uplift may
have, in large part, resulted from tectonic denudation associated with the early pulse of extension
and faulting along the Fluorspar Canyon segment, although some uplift prior to deposition of the

13.2 Ma Crater Flat Tuff is possible as well.
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Major displacements along the Original Bullfrog segment of the OB-FC fault system, and the
major tilting and imbricate normal faulting in the Bullfrog Hills took place during the younger pulse
of extension between 11.4 Ma and 7.6 Ma. This younger deformation overlapped in time and space
with magmatic activity and volcanism of the waning Timber Mountain system west of the Timber
Mountain caldera complex. Precious-metal deposits at the Lac Gold Bullfrog, Montgomery-
Shoshone, Rhyolite, Original Bullfrog, Gold Bar, Mayflower and Yellowjacket mines are structurally
controlled by the Original Bullfrog fault and related, more steeply dipping faults in the upper plate
that formed during the younger pulse of extension. Vein and breccia textures and structural rela-
tions show that mineralization took place concurrently with extensional faulting, and that faulting
continued after mineralization. Radiometric ages indicate at least two periods of hydrothermal
activity and vein deposition: one at about 11.3 to 11 Ma in the northern part of the Bullfrog Hills,
and the second at about 10 to 9 Ma in the southern part of the Bullfrog Hills and at the Mayflower
mine in the northern Bullfrog Hills. The older period closely followed eruption of the Ammonia
Tanks Member and the tuffs of Fleur de Lis Ranch. The younger period, possibly consisting of two
sub-episodes, began at about the end of volcanism of the TLBH and perhaps extended for about 1
Ma. The ages are consistent with mineralization at the Original Bullfrog mine at about 9 Ma, as
much as 0.5 to 1 million years after formation of nearly identical deposits at the Lac Gold Bullfrog
mine and elsewhere in the Bullfrog Hills. This suggests that mineralization in the southern Bullfrog
Hills was episodic and may have been produced by simﬂar, but separate, perhaps spatially
overlapping hydrothermal systems. Nevertheless, the identical styles of alteration and
mineralization, similar mineralogy and trace-element signatures, and the presence of
uytenbogaardtite at both the Lac Gold Bullfrog and Original Bullfrog mines can be used to argue
that widely separated, productive veins in the southern Bullfrog Hills were deposited in a single,
aerially extensive hydrothermal system active between about 10 to 9.5 Ma. Such a large system may
have developed in response to high heat flow over a wide area, resulting from the combination of
extensional thinning of the crust, the rise of synextensional magmas that fed eruptions of the TLBH,
and the high fracture permeability created by the numerous, closely spaced faults in the upper plate.

High heat flow and high permeability could have persisted long after the end of local magmatic
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activity as extensional faulting and tectonic denudation of the heated middle to upper crust
continued, providing a potential mechanism for hydrothermal activity as late as about 9 Ma at the
Original Bullfrog mine. The fact that productive veins are widely scattered in a large area of
alteration suggests that gold and other metals may not have been evenly distributed through the
hydrothermal fluids. For this reason, and considering the extremely low initial gold contents of the
subalkaline rhyolitic rocks in the upper plate (~0.2 to 0.4 ppb Au, Connors et al., 1993), we
speculate that ores in the district may reflect locallized inputs of gold to the hydrothermal system,

possibly from magmatic fluids (e.g. Bartos, 1993).

The economically most important producers of precious metals in the SWNVF, the Bullfrog
and Bare Mountain districts, are, along with the Wahmonie district, spatially and temporally associ-
ated with centers of igneous and volcanic activity. Nevertheless, in all three areas faults and frac-
tures related to regional extension provided the most important structural controls for mineraliza-
tion, rather than volcano-tectonic features such as ring fractures, caldera margin faults, or faults
associated with resurgent doming. Veins in the Bullfrog Hills are hosted by, and were deposited
during movements of, upper crustal extensional faults that were active during and after the waning
stages of local magmatic and volcanic activity. At Wahmonie the veins formed within northeast
trending high-angle faults and fractures associated with horst-and-graben structures (Ekren and Sar-
gent, 1965) that developed shortly after volcanism of the Wahmonie-Salyer center. The gold and
fluorite deposits of similar age in Bare Mountain were structurally controlled largely by north-south
to northeast-southwest trending, moderately- to steeply-dipping faults and fractures mainly below
the Fluorspar Canyon fault, as well as by the porphyry dikes, consistent with regional east-west to
WNW-ESE extension. The importance of regional extension as a major factor in the genesis of pre-
cious metals deposits of early Miocene age in the southern Walker Lane belt, including Paradise
Peak, Tonopah and Goldfield, Nevada, has recently been pointed out by John et al. (1989) and See-
dorf (1991). We believe that this is also the case with the Bullfrog, Wahmonie and Bare Mountain
districts in the SWNVF, where multiple episodes of magmatic activity, volcanism, extension and

mineralization were closely interrelated during middle and late Miocene time.
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Figure Captions:

Fig. 1

Fig.2

Fig.3

Map showing calderas and major volcanic centers of the southwestern Nevada volcanic
field. Modified from Noble et al. (1991). SM = Stonewall Mountain; OB = Obsidian
Butte; BM = Black Mountain; SC = Silent Canyon center; WS = Wahmonie-Salyer cen-
ter; PP(?) = proposed Prospector Pass caldera of Carr et al. (1986). FLV-DV-FCFZ =
Fish Lake Valley-Death Valley-Furnace Creek fault zone.

Locations of mineral deposits, areas of hydrothermally altered rocks, caldera margins, and
other structural and physiographic features of the southern part of the southwestern
Nevada volcanic field. Porphyry dikes in Bare Mountain shown by dotted lines. OB-FC =
the Original Bullfrog-Fluorspar Canyon fault system; BC = Boundary Canyon fault. B =
Bailey’s hot spring, BW = Beatty Wash, C = Clarkdale district, CH = Calico Hills, D =
Daisy mine, G = Gold Bar mine, GA = Gold Ace mine, GD = Goldspar/Diamond Queen
mine, LGB = Lac Gold Bullfrog mine, M = Mary mine, ML = Mother Lode mine, MM =
Mine Mountain, MS = Montgomery-Shoshone mine, My = Mayflower mine, OB = Origi-
nal Bullfrog mine, OM = Oasis Mountain, P = Pioneer mine, R = Denver-Tramps and
Gibralter mines near Rhyolite, S = Sterling mine, Si = Silicon mine, SP = Secret Pass
prospect, T = Telluride mine, Th = Thompson mine, TH = Transvaal Hills, TO =
Tolicha-Quartz Mountain district, W = Wahmonie, YJ = Yellowjacke—t mine. O =
Obsidian Butte, SB = Sleeping Butte. Small open dots labeled G1, G2 and G3 refer to
deep drill holes USW-G1, USW-G2 and USW-G3. TM-I caldera associated with the erup-
tion of the 11.6 Ma Rainier Mesa Member of the Timber Mountain Tuff; TM-II caldera
associated with the eruption of the 11.45 Ma Ammonia Tanks Member of the Timber
Mountain Tuff. Hammer and pick = active and recently producing mines, & = historic

mines, X = prospect.

Residual silica and acid-leached rocks of the Rainier Mesa Member of the Timber Moun-
tain Tuff near the Silicon mine, interpreted as the result of shallow, steam-heated acid-sul-

fate alteration.
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Fig. 4

Fig. 5

Fig. 6

Fig. 7.

Geologic map of Mine Mountain showing structural features and the principal areas of

alteration and mineralization. Modified from Orkild (1968) and Frizzell and Schulters

(1990).

Generalized geologic map of the Bullfrog Hills. Modified from Ransome et al. (1910),
unpublished mapping of S. I. Weiss and K. A. Connors (1989-1991), Maldonado (1990b),
Maldonado and Hausback (1990), and Monsen et al. (1992). Section A - A’ shown in
Figure 10. OBF = Original Bullfrog fault, AF = Amargosa fault, FC = Fluorspar Canyon
fault and OVFZ = Oasis Valley fault zone. Mines and other features labeled as in Fig. 2.
Zpu = Late Precambrian and Early Paleozoic sedimentary and metémorphic rocks, undi-
vided; Tmo = Timber Mountain and older ash-flow sheets and units of lava and tuffaceous
sedimentary rocks, Tpi = silicic, coarse-grained porphyritic dike of undetermined age; Tbh
= tuffs and lavas of the Bullfrog Hills, m denotes landslide (niégabreccia) deposits; Tri =
rhyolitic plugs, dikes and domes of the tuffs and lavas of the Bullfrog Hill, includes post-
Crater Flat Tuff phenocryst-poor rhyolitic plugs and dikes in the Pioneer - Yellowjacket

area.

Plot of A) K,O vs. Rb and B) K, O vs. SiO,/Al,O; for samples of altered wallrock at the
Lac Gold Bullfrog and Montgomery-Shoshone mines. Dashed boxes show approximate
range of values for unaltered high- and low-silica rhyolite of the Timber Mountain Tuff
(Broxton et al., 1989). X’s and +’s show rocks from the Montgomery-Shoshone and Lac
Gold Bullfrog mines, respectively. Triangle shows banded quartz-calcite vein with about
25% wallrock fragments from the Polaris vein at the Montgomery-Shoshone mine.
Analyses by X-ray fluorescence methods in the analytical laboratory of the Nevada Bureau

of MInes and Geology under the supervision of P.J. Lechler.

A) North wall of the open-pit, Phase I, at the Lac Gold Bullfrog mine showing the main
vein (between arrows); view is to the northwest. B) West-dipping fault in northwest wall,
Phase I, of open pit at the Lac Gold Bullfrog mine. Fault separates east-dipping, strongly

silicified and potassium metasomatized ash-flow tuff of the Rainier Mesa Member of the
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Fig. 8

Fig.9

Fig. 10

Timber Mountain Tuff, above, from underlying ore composed of brecciated quartz-calcite
veins and altered wallrock fragments. C) Altered footwall lava cut by stockwork of dark
colored veins and veinlets containing mixtures of quartz, E]ack hydrocarbon, calcite, pyrite,
chlorite and wallrock fragments. Carbonaceous veins are cut by light colored veins

containing quartz, calcite, adularia and locally pyrite.

Timing of hydrothermal activity in the southwestern Nevada volcanic field. Dots show
radjometric age determinations, error bars at =1 r. ** signifies 40Ar/39Ar ages. Open
symbol shows timing constrained by stratigraphic relations. 6 age recalculated from

Morton et al. (1977); 66 ages from Noble et al. (1991).

Diagrammatic summary of volcanism, extensional faulting and hydrothermal activity of the
Bullfrog Hills. Open diamonds show radiometric ages of volcanic rocks from Marvin and
Cole (1978), Marvin et al. (1989), Hausback et al. (1990), Maldonado and Hausback,
(1990), and Noble et al. (1991); solid diamonds show 4CAr/39Ar ages of adularia, x’s show
K-Ar ages of adularia; error bars at =1 r. ! = rhyolite of the Tracking Station (Marvin et
al., 1989) and rhyolite of Sober Up Guich (Maldonado and Hausback, 1990). 2 = latite of
Donovan Mountain (Minor et al., 1993). 3 includes the rhyolite of Burton Mountain
(Marvin and Cole,1978; Carr 1984a). AT = Ammonia Tanks Member of the Timber
Mountain Tuff. NBH = ﬁorthem Bullfrog Hills; SBH = southern Bullfrog Hills.

Simplified cross section (A - A’) in the northern Bulifrog Hills showing early, presently low-
angle normal faults displaced and rotated by younger, higher-angle normal faults.
Megabreccia deposits within the TLBH near the east end of A - A’ dip approximately 18°
to 20° to the east. cWu, ¢Z and cC refer, respectively, to the Early Cambrian upper Wood
Canyon Formation, the Zabriskie Quartzite and the Carrera Formation, most recently
described by Monsen et al. (1992) from more complete exposures at Bare Mountain. Tot
= older tuffs; Tlr = Lithic Ridge Tuff; Tc = single cooling unit of the Crater Flat Tuff; Tpi

= silicic porphyry intrusion containing sanidine phenocrysts as large as 1.5 cm in maximum
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dimension. Tp = single cooling unit of the Paintbrush Tuff; m = coarse landslide
(megabreccia) deposits within the TLBH; Tht, = unwelded, pumice-rich rhyolite ash-flow
tuff and surge unit #2 of the TLBH (Fig. 9); Thri = rhyolite plug of the TLBH; Qac =

Quaternary alluvium and colluvium.
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APPENDIX

Descriptions of samples used in K-Ar and 40Ar/39Ar dating. Field numbers correspond to Table 2.
Additional information concerning sample collection and sample localities is given by McKee and
Bergquist (1993).

3MJ-224B: Mixture of quartz-adularia-calcite + pyrite veins and altered wallrock fragments of
aphyric andesite or dacite lava flow of the Wahmonie Formation, from outcrop about 800’
NNW of the Hornsilver mine. Wallrock fragments are composed of fine-grained inter-
growths of quartz, adularia and illite.

3SW-147: Altered porphyritic hornblende-biotite andesite or dacite lava flow of the Wahmonie
Formation containing quartz +adularia veinlets from outcrop about 650' NW of the Horn-
silver mine. Biotite and hornblende phenocrysts are completely replaced by illite, plagio-
clase is pseudomorphed by adularia, and groundmass is composed of fine-grained inter-
growths of quartz, illite and adularia.

3MIJ-118: Alunitized, poorly sorted, matrix-supported tuffaceous conglomerate adjacent to the .
Tate’s Wash segment of the Fluorspar Canyon fault, north flank of Bare Mountain.
Volcanic clasts and matrix replaced by mixtures of fine-grained quartz, alunite and hal-
loysite. Alunite comprises anhedral to blocky crystals of about 0.005 mm in maximum
dimension. Conglomerate underlies pre-Rainier Mesa Member bedded ash-fall and ash-
flow tuffs (cf. Jackson, 1988; Bergquist and McKee, 1993).

3MJ-130a: Angular to subrounded clasts composed of pure, very fine-grained alunite in matrix-sup-
ported breccia body cutting carbonate rocks of the Roberts Mountain Formation. Matrix
consists of partially to completely alunitized porous tuff, including originally glassy pumice
fragments. Alunite comprises anhedral to blocky crystals of about 0.010 mm in maximum
dimension.

Thompson mine: Vein composed of 85% fine-grained alunite and 15% halloysite cutting altered
rocks of the Paintbrush Tuff. Wallrocks altered to porous mixtures of opal-CT, kaolinite
and alunite.

Silicon mine: Dense, alunitized and silicified rhyolitic ash-flow tuff containing small phenocrysts and
phenocryst fragments of quartz and relict feldspar; sample is composed of about 35% alu-
nite (\ 0.2 mm in maximum dimension) intergrown with about 65% fine-grained quartz
and opal.

3MJ-216A: Vein containing about 95% fine-grained alunite and about 5% quartz within argillically
altered ash-flow tuff of the Rainier Mesa Member of the Timber Mountain Tuff, eastern
Calico Hills. Alunite comprises aggregates of anhedral to blocky crystals \ 0.010 mm in
maximum dimension.
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3SW-137A: Alunitized tuff of the rhyolite of Calico Hills; sample consists of a porous mixture of
50% fine-grained alunite, nearly 50% opal-CT, and traces of kaolinite. Alunite comprises
anhedral to blocky crystals \ 0.010 mm in maximum dimension.

3SW-303: Alunitized, previously vitric, partially welded ash-flow tuff of the Ammonia Tanks Mem-
ber of the Timber Mountain Tuff, south flank of Mine Mountain. Feldspar and mafic
accessory phenocrysts and pumice fragments completely replaced By granular mosaics of
blocky to’bladed alunite (crystals \0.2 mm in maximum dimension), = small amounts of
kaolinite. Many large shards and pumice fragments replaced by finer-grained granular
alunite; most of the groundmass glass is altered to kaolinite.

3MIJ-176: Silicified lithic-rich ash-flow tuff of the Lithic Ridge Tuff adjacent to the main vein at the
Original Bullfrog mine; contains numerous thin quartz and quartz-adularia veinlets.
Groundmass replaced by fine-grained quartz, adularia and illite/smectite. Feldspar
phenocrysts replaced by adularia, albite, illite and quartz.

Mayflower mine: Adularized nonwelded, crystal-rich, rhyolitic ash-flow tuff from dump at the
Mayflower mine. Adularia crystals are present as coatings on fracture surfaces and
feldspar phenocrysts are pseudomorphed by non-turbid adularia having mottled extinc-
tion; groundmass composed of fine-grained polygonal to granophyric intergrowths of
quartz with anhedral to euhedral adularia.

Bullfrog Hills: Silicified and adularized rhyolitic ash-flow tuff of the Crater Flat Tuff adjacent to thin
quartz vein along NE-striking fault between the Yellowjacket and Pioneer mines.
Contains quartz veinlets and is composed of approximately 75% quartz, 20% adularia and
5% illite.

3MIJ-74a: Silicified and adularized rhyolitic ash-flow tuff of the Ammonia Tanks Member of the
Timber Mountain Tuff, adjacent to north-trending quartz vein in Oasis Mountain.
Contains numerous veinlets of quartz. Feldspar phenocrysts pseudomorphed by adularia,
albite and quartz, and mafic accessory phenocrysts replaced by illite. Groundmass consists
of fine-grained intergrowths of quartz with sparse adularia and illite.

BAILEY’S: Alunitized Ammonia Tanks Member of the Timber Mountain Tuff near active,
presently near-neutral hot spring. Feldspar and accessory phenocrysts replaced by granu-
lar mosaics of blocky to bladed alunite (\0.4 mm in maximum dimension). Groundmass
altered to mixtures of fine-grained alunite, opal-CT, chalcedony, and kaolinite.

3MIJ-6: Drusy veinlets of clear alunite crystals, as much as 0.5 mm in maximum dimension, along
‘ fractures in altered, originally glassy, densely welded, ash-flow tuff (vitrophyre) of the
Rainier Mesa Member of the Timber Mountain Tuff, Transvaal Hills. Vitrophyre is al-
tered to a fine-grained mixture of alunite, kaolinite and opal.
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BBSF-2: Silicified and adularized wallrock fragment composed of ash-flow tuff cut by chalcedonic
quartz veinlets, within vein ore of the upper silica-flooded zone, "middle-plate fault", west
wall at 1018m level, Lac Gold Bullfrog mine. Feldspar phenocrysts pseudomorphed by
adularia and quartz, and small amounts of illite and albite. Groundmass composed of gra-

nophyric intergrowths of secondary quartz with anhedral to euhedral, very fine-grained
adularia and traces of illite.

35W-357: Pyritic quartz vein containing silicified and adularized fragments of welded, rhyolitic ash-
flow tuff of the Crater Flat Tuff, dump of the Yellowjacket mine. Feldspar phenocrysts
pseudomorphed by adularia, quartz and illite; groundmass composed of quartz, anhedral
adularia, illite/smectite and disseminated pyrite partly replaced by jarosite.
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Table 1. Volcanic-Stratigraphic Framework and Geochronology of the Southwestern Nevada Volcanic Field

Major Ash-flow Units and Lavas Radiometric Volcanic Center/location
Formation Member Age (Ma)
Late Magmatic Stage ’
Stonewall Flat Tuff Civet Cat Canyon 75 Stonewall Mountain caldera complex
Spearhead 7.6
Rhyolite of Obsidian Butte 8.8 Obsidian Butte
Thirsty Canyon Tuff  Gold Flat 9.2 Black Mountain caldera complex
Trail Ridge
Pahute Mesa
Rocket Wash 94
Timber Mountain Magmatic Stage
maﬁ_c lavas

Timber Mountain caldera II; moat and
periphery .

Tuffs and Lavas of the Bullfrog Hills!, 10.5-10.0  Periphery and west of Timber Mountain
Rhyolite of Shoshone Mountain calderall
Tuff of Cut-off Road, Rhyolite lavas of 114 Western part of Timber Mountain
Beatty Wash, Tuffs of Fleur de Lis Ranch, caldera complex
Tuff of Buttonhook Wash
Timber Mountain Tuff Ammonia Tanks 1145 Timber Mountain caldera II
> Rainier Mesa 11.6 Timber Mountain caldera I
pre-Rainier Mesa rhyolite lavas, domes 11.7-11.6  Periphery and west of Timber Mountain
- caldera I
Main Magmatic Stage
post-collapse rhyolite lavas, domes 12.7-12.5  South margin of Claim Canyon cauldron
Paintbrush Tuff Tiva Canyon 127 Claim Canyon cauldron
‘Yucca Mountain All others from area of Timber
Pah Canyon Mountain caldera complex
Topopah Spring 12.8
Calico Hills Formation 129 Flow-dome complexes southeast of Claim
Canyon cauldron and Area 20 caldera
Wahmonie and Salyer Formations 13.2-128 Wahmonie
Crater Flat Tuff Prow Pass Uncertain; likely sources include area of Timber
Bullfrog 13.2 Mountain, Silent Canyon-Area 20 caldera
Tram complex, NW Yucca Mountain, and/or
proposed Prospector Pass caldera complex
Belted Range Tuff Grouse Canyon 13.7 Silent Canyon caldera complex
Tuff of Tolicha Peak 139 Uncertain; likely source area in the vicinity of
Mount Helen
Dacitic lavas and breccias Bullfrog Hills, periphery of Crater Flat
Lithic Ridge Tuff 14.0 Uncertain
Rhyolitic lavas and dikes; 14-15?  Bullfrog Hills, periphery of Crater Flat,
Silicic dikes of Bare Mountain eastern Bare Mountain
Belted Range Tuff Tub Spring 14.9 Silent Canyon caldera complex
"Older" tuffs Unknown
Sanidine-rich tuff Unknown
Tuff of Yucca Flat 15.1 Unknown
Red Rock Valley Tuff 15.2 Unknown




Table 1, continued.

Compiled from discussions given by Byers et al. (1976a, 1989), Christiansen et al. (1977), Noble et
al. (1984, 1991), Carr et al. (1986), Sawyer and Sargent (1989), Weiss and Noble (1989) and
radiometric age data of Kistler (1968), Noble et al. (1968), Marvin et al. (1970; 1989), Hausback
et al. (1990), Fleck et al. (1991), Sawyer et al. (1990; 1994), Noble et al. (1991), Monsen et al,

(1992) and Weiss et al. (1993c). Ages corrected for modern constants.

! Includes Rhyolite of Rainbow Mountain of Maldonado (1990) and Maldonado and Hausback

(1990), as well as overlying latitic to basaltic lavas.
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PYRITIC ASH-FLOW TUFF, YUCCA MOUNTAIN, NEVADA--A DISCUSSION
Steven 1. Weiss, Lawrence T. Larson, and Donald C. Noble

Department of Geological Science, Mackay School of Mines
University of Nevada, Reno, Reno, Nevada, 89557

Sir: Ample, well-documented textural and mineralogic evidence exists for at least one
episode of widespread hydrothermal alteration of volcanic rocks deep in Yucca Mountain,
Nevada (Broxton et al., 1982; Caporusio et al., 1982; Scott and Castellanos, 1984; Vaniman
et al., 1984; Warren et al., 1984; Bish, 1987; Bish and Aronson, 1993). Despite this evidence,
Castor et al. (1994) infer that most of the pyrite found in tuffs at Yucca Mountain was intro-
duced as ejecta (lithic fragments) incorporated during the eruptions of the tuffs, rather than
by in-situ hydrothermal activity. Their conclusions appear to be based on their observation
that most of the pyrite resides in unaltered to-variably altered and veined lithic fragments,
whereas pyrite-bearing veins are absent in the tuff matrix, titanomagnetite and mafic phe-
nocrysts in the matrix are generally not replaced by pyrite, and feldspar phenocrysts in the
pyritic tuff matrix are generally unaltered. Castor et al. dismiss the much smaller quantities
of pyrite disseminated in the tuff matrix, including relatively rare pyritized hornblende and

biotite grains, as xenolithic as well.

The pyritic tuffs belong to large-volume, subalkaline rhyolite ash-flow units (ca. >150
to 250 km3 each, Carr et al., 1986; Sawyer et al., 1994). The interpretation of Castor et al.
(1994) has broad implications for the temperature, fO, and fS; of major ash flow eruptions.
In addition, the origin of this pyrite also bears on the nature of past fluid flow and water-
rock reactions at Yucca Mountain, which in turn are important factors in assessing the
potential for currently undiscovered mineral resources in the area of the proposed nuclear
waste repository. We have studied core and cuttings from the same drill holes studied by
Castor et al., as well as other drill holes. It is ~our contention that the inconsistent lateral and

stratigraphic distribution of the pyrite, textural features of the pyrite, and phase stability




considerations are incompatible with the "lithic" origin of Castor et al. (1994), and are more
reasonably explained by in-situ formation from hydrothermal fluids containing low, but geo-

chemically significant, concentrations of reduced sulfur.
Textural and stratigraphic evidence for in-situ origin of pyrite

Castor et al. (1994) state that pyrite in the tuff matrix is from "pulverized ejecta and is
commonly in rounded grains (Fig 3.), probably due to abrasion during pyroclastic transport",
We have not observed rounded pyrite grains. In fact, the pyrite (bright) grains shown in
their Figure 3 and observed by us in our polished sections are not rounded, but are rather
anhedral, have somewhat pitted to embayed margins, and have as many as two poorly
developed crystal faces. The small, possibly subspherical voids surrounding two of these
grains (dark in their Figure 3) are in the soft, clay-rich matrix and may be artifacts of grind-
ing and polishing, particularly if the specimen was not impregnated with epoxy prior to
grinding. Moreover, abrasion of the relatively hard pyrite grains is difficult to accept when,
as shown in their Figure 3, the much more delicate points and cusps of the glass shards have
not been destroyed. We note that phenocrysts in ash-flow tuffs are invariably angular and

are commonly fractured, but are not rounded. -

In lithic fragments and in the groundmass of the ash-flow units in Yucca Mountain the
disseminated pyrite consists of anhedral to subhedral, generally pitted and wormy to seived,
or skeletal(?), individual crystals and granular aggregates of from <5 um to ~0.5 mm in
maximum dimension (Fig. 1). In some grains pits and poikiliiic texture appear to result
from the presence of numerous inclusions of altered groundmass, whereas other grains,
mainly those smaller than about 10 um in diameter, are not uncommonly subhedral in shape
and free of pits. Propylitically altered silicic lava in drill hole USW G-2 contains dissemi-
nated pyrite grains having textures and morphology indistinguishable from those of the
pyrite in the tuffs (Fig. 2). Fractures, not uncommon in granular pyrite in the tuffs, are pre-

sent as well in pyrite grains in the altered lava. The pyrite in the lava is not lithic material,




demonstrating that fragmentation and degassing processes of ash-flow eruptions are not
neccessarily responsible for the textures and morphology of the pyrite in the tuffs. Instead,
as is clearly the case in the altered lavas, the observed textures of pyrite in the tuffs more
likely result from in-situ precipitation and growth (% partial dissolution ?) from hydrother-

mal solutions.

Pyrite in tuffs at Yucca Mountain is identical within the range of textures and mor-
phologies of pyrite formed during hydrothermal alteration of initially porous ash-flow tuff
within and peripheral to precious-metal deposits such as Round Mounte;in, Divide and Lac -
Gold Bullfrog, Nevada (Fig. 3). In these and other districts (e.g. Tonopah, Bonham and
Garside, 1979) intermediate to mafic volcanic fragments commonly have been preferentially
pyritized, without pyrite rinds, and/or have greater pyrite contents relative to the surround-
ing groundmass of hydrothermally altered tuff (Fig. 3D). This is a common observation of
geologists wofking in volcanic terranes and it is generally attributed to the greater abun-

dance of iron in the fragments.

In Yucca Mountain drill hole USW G-2 (Fig. 4) small amounts of pyrite are dissemi-
nated in the altered dacitic lava and associated tuff that lies between the Lithic Ridge Tuff
and the Tram Member at depths between 4072 to 4149 ft. Between 3457 and 3544 ft. par-
tially to densely welded ash-flow tuff of the Bullfrog Member contains small amounts (<
1%) of pyrite disseminated in the groundmass, in altered pumice fragments (see below), in
sparse lithic fragments and in and near thin quartz and quartz+calcite veinlets (Fig. 5). A
steeply dipping, drusy quartz vein cutting the Bullfrog Member, although largely oxidized,
contains traces of filmy pyrite on and intergrown with quartz (Fig. 6). This dexﬂonstrates
that processes of in-situ formation of pyrite have occurred, at least locally, after the deposi-
tion of the ash-flow flow units in USW G-2, although the Lithic Ridge and Tram Member in
this drill hole are largely barren of pyrite. Caporuscio et al. (1982) reported the presence of

pyrite in bedded tuffs at the base of the Prow Pass and Tram Members, in the densely



welded, upper Lithic Ridge Tuff, and in the pre-Lithic Ridge rhyolitic lavas in USW G-2.

We have examined these rocks and have not observed any pyrite.

Castor et al. (1994) imply that the pyritic tuffs are eruptive subunits, and apparently
consider that the pyritic fragments and disseminated pyrite define distinctive lithic fragment
assemblages that mark time-stratigraphic horizons. These proposed "subunits" must be dis-
continous on both regional and local scales, being restricted to certain areas of the Bullfrog
Hills and certain drill holes in Yucca Mountain, (both are areas of recognized episodes of
hydrothermal activity (e.g., Ransome et al., 1910; Carr et al., 1986; Bi.;h, 1987; Bish and -
Aronson, 1993). Regionally, pyrite, lithic or otherwise, is not described by Carr et al. (1986)
(or observed by our group) in the Lithic Ridge Tuff at the type locality 18 km northeast of
Yucca Mountain or in exposures west of the Bullfrog Hills. We have not observed pyrite in
the thick sections of the Tram Member exposed in northwestern Yucca Mountain (Fridrich

et al,, 1994).

At the local scale, in the subsurface of Yucca Mountain in drill hole USW G-1 (Fig. 4),
pyrite is present in the lower part of the Tram Member, but is absent in the Lithic Ridge
Tuff. Less than 0.5 km to the east in drill hole USW H-1 (Fig. 4) pyrite is present in the
Lithic Ridge Tuff, but it is absent from the Tram Member. Pyrite is present in lower parts of
the Bullfrog Member and in the upper part of the Tram Member at 3593 to 3595 ft. in USW
G-2, approximately 2.5 km north of USW G-1 and H-1. In UE25B 1H, only 1.9 km south-
east of USW H-1, pyrite appears again in the lower Tram Member, but is absent from the
Lithic Ridge Tuff. Similarly, in USW G-3 (Fig. 4) pyrite is present in both the lower part of
the Tram Member and the Lithic Ridge Tuff, but less than one kilometer to the north, only
the lower Tram Member is pyritic in USW H-3. Less than 4 km east of USW H-3 Ppyrite is
absent from both the Tram Member and the Lithic Ridge Tuff in UE25 P1, but is present in
argillically altered tuffs below the Lithic Ridge Tuff. In USW H-4 we have observed pyrite




in welded and devitrified Crater Flat Tuff, probably within the Bullfrog Member, whereas in
USW H-5 pyrite is absent.

The laterally discontinuous and stratigraphically inconsistent pyrite distribution, over
distances of as little as 0.5 km, would require unrealistically abrupt and fortuitous differ-
ences in original deposition, or in subsequent preservation by variations in cooling, water-
table elevations and/or weathering. We consider the pyrite distribution to have little, if any,
relation to genetically meaningful stratigraphic units defined by primary—depositional fea-
tures (e.g., bedded tuff horizons, cooling and crystallization relations) and differences in :
phenocryst assemblages. Such irregular distribution is, however, reasonably attributable to
the channeling of fluids having sufficient activity of reduced sulfur to precipitate pyrite, per-

haps near faults, fractures and other zones of enhanced permeabilit;'.

Considerations of phase stability relations and conditions of ash-flow eruption and emplace-
ment

Pyrite is not a stable phase in magmas of any composition; even the most sulfur-rich
magmas do not contain pyrite. Blebs of pyrrhotite crystallized from magmatic sulfide solu-
tions are present in trace amounts in many subalkaline silicic ash-flow tuffs and lavas
(Hildreth, 1979; Whitney and Stormef, 1983), but survive eruption and cooling only when
encapsulation in phenocryst phases and dense glass prevents breakdown by loss of S, gas
(Keith et al,, 1991). Therefore, pyrite disseminated in argillically-altered pumice fragments
of the Bullfrog Member in USW G-2 and in the Tram Member in UE25 B1H (Figs. 5 and 7)

must have formed after eruption and cooling from magmatic temperatures.

Pyrite exposed in vent walls is unlikely to survive the conditions of major ash flow
eruptions. Subalkaline silicic magmas typically erupt at temperatures between about 720
and 900+°C. The principal units of the Paintbrush Tuff and the Timber Mountain Tuff
have given Fe-Ti oxide equilibrium temperature estimates of between 700 and 900+°C

(Warren et al., 1989). We see no reason for appreciably lower magma temperatures for the




earlier Crater Flat Tuff, Lithic Ridge Tuff and older tuffs units. Within the vents of major
ash flow eruptions cooling is negligible from the incorporation of atmospheric gases and
adiabatic expansion, owing to the overwhelming mass and energy flux of the magmatic
volatiles and vesiculating magma fragments. The 742°C stability limit of pyrite mentioned by
Castor et al. is the maximum temperature at which pyrite is stable in the Fe-S system, and
requires the activity of S° = 1 (ie. presence of Sliq): and the absence of O, (Kullerude and
Yoder, 1959), conditions unlikely for most subalklaine rhyolite magmas and their exsolved
gasses (Whitney, 1984). During initial degassing the dominant sulfur species is SO,
(Whitney, 1984), but the gasses mainly comprise water vapor, CO,, Hp, HCI, and HF, and

would likely be corrosive to pyrite at temperatures well below 742°C.

Numerical models suggest that the incorporation of large vol‘umes of lithic fragments
in ash-flow tuffs will lower the bulk flow temperatures into the 500 to 650°C range over
times on the order of minutes to months and may in some cases inhibit welding
(Eichleberger and Koch, 1979; Marti et al., 1991), consistent with the common observation
of envelopes of glassy tuff surrounding intracaldera slide blocks and wedges of megabreccia
(e.g. Lipman, 1984, Fig. 10b; Fridrich, 1987). However, these models also indicate that lithic
fragments less than a few millimeters in diameter are heated to the bulk flow temperature
nearly instantaneously, with sub-millimeter fragments equilibrating in less than one second,
prior to significant bulk cooling. The disseminated pyrite in the Yucca Mountain tuffs con-
sists of grains less than 0.5 mm in diameter that would have been destroyed by heating to
magmatic or near-magmatic temperatures in the presence of magmatic gasses during erup-

tion and transport.

The lack of welding, low magnetic remanence and high magnetic susceptibility cited by
Castor et al. (1994) as evidence for emplacement of the pyritic tuffs at temperatures below
550 to 580°C are, at best, weak arguments. Welding is a function of glass composition, water

content and loading, as well as temperature and is thought to occur over minutes to years




(Rhiele, 1973; Eichleberger and Koch, 1979). According to Fisher and Schmincke (1984)
temperatures of up to 645°C were measured in fumeroles in poorly welded ash-flow tuff in
the Valley of Ten Thousand Smokes 7 years after deposition. Various pyroclastic deposits
of the 1980 eruptions of Mount Saint Helens, all non-welded, glassy and 2 to 3 orders of
magnitude smaller in volume than the pyritic units in Yucca Mountain, were emplaced at
temperatures in the range of 750 to 850°C near the vent and between 300 to 730°C further
away, with no significant decrease in temperatures along their flow paths (Banks and
Hoblitt, 1981). Detailed rock magnetic and transmission electron microscope studies have
shown that the bulk of the magnetic remanence and susceptibility characteristics in glassy
ash-flow tuff, including that of the Paintbrush Tuff at Yucca Mountain, are carried by
abundant Fe-Ti oxide microcrystals precipitated in the glass during cooling (Schlinger et al.,‘
1988; 1991). In the pyritic units in Yucca Mountain the original quenched glass has largely
been altered to clay, zeolites, silica and calcite (Bish, 1987; Broxton, et al., 1982; Caporuscio
et al., 1982; Vaniman et al., 1984; \_)Varren, et al,, 1984). The low magnetic remanence and
high magnetic susceptibility are equally consistent with, and more plausibly explained by, the
destruction of the remanence carrying microcrystals during hydrothermal alteration of the
glass, leaving only the large, high-susceptibility magnetite phenocrysts (= secondary(?) mag-

netite).
Trace-metal geochemistry

Concentrations of As, Bi, Hg, Mo, Sb, Te and Zn reported by Castor et al. (1994) for
the Yucca Mountain drill core are as much as one to two orders of magnitude higher than
the low levels found in surface samples of unaltered rhyolite ash-flow tuff in the Yucca
Mountain area (Castor et al., 1990; Weiss et al., 1991; Castor and Weiss, 1992). Indeed, the
elevated trace-metal concentrations in the drill hole samples are not unlike those reported
by Castor and Weiss (1992) for altered volcanic rocks in the nearby Bullfrog, Bare Mountain

and Wahmonie precious-metal districts when ore samples are excluded, and are comparable




to those of altered, but unmineralized rocks in other districts (e.g. Rawhide, (Black et al,,
1991)). The 142 ppm As and 249 ppm Sb concentrations reported by Castor et al. in USW
G-2 are from the weakly pyritic vein shown in our Figure 6. Castor et al. provide little
explanation for the observed enrichments, which we believe are most simply explained by in-

situ hydrothermal activity, rather than by derivation from altered lithic fragments.

Figure 5 of Castor et al. (1994) leads the reader to believe there is continuous assay
data for the drill hole. This is not the case. Most samples, representing no more than a few
tens of cm of core, are separated by distances of 10 to 70 m. Data points should have been

shown as small dots or ticks to more accurately depict the sample spacing.

Although pyrite encapsulated within lithic rock fragments could perhaps retain sulfur
and survive entrainment in major ash flow eruptions, in all probability unencapsulated
grains of millimeter or smaller sizes would be destroyed by the near-instantaneous heating
to magmatic and near-magmatic temperatures in magmatic gases, followed by cooling over
minimum times of 10’s of minutes to days or months. This probability, together with the tex-
tural similarities of the groundmass pyrite to that observed in altered lavas in USW G-2 and
in altered porous tuffs in the Divide, Round Mountain and Bullfrog districts, the inconsistent
lateral and stratigraphic distribution, the presence of pyrite locally in units overlying and
underlying the Lithic Ridge and Tram Member, including propylitically altered silicic lava,
the presence of pyrite in altered pumice fragments, and in and near silica veinlets in the
Bullfrog Member in USW G-2, leads us to conclude that a much more simple and common
process formed the pyrite in the groundmass of the tuffs: sulfidation of iron in the rocks
from HS" bearing hydrothermal fluids. Castor et al. considered this possibility an "untenable
alternative" because of the generally unaltered feldspar phenocrysts, lack of pyritic veins and
scarcity of pyritized titanomagnetite, hornblende and biotite phenocrysts in the tuffs. Within
the tuff matrix, particularly under low permeability conditions within the clay-zeolite altered

tuff matrix, fluids may have been buffered by the alteration of the rhyolitic glass to the




observed illite/smectite, silica, zeolite and carbonate minerals, allowing feldspar, biotite and
hornblende phenocrysts to remain stable or metastable. Such stability would inhibit sulfida-

tion and explain the scarcity of pyritized biotite and hornblende in the tuffs.

As pointed out by Castor et al. (1994), most of the pyritic lithic fragments consist of
volcanic rocks of intermediate to mafic compositions. Fluids entering these fragments
would encounter higher iron contents and would no longer be buffered by alteration of the
tuff matrix, perhaps promoting preferential destabilization and sulfidation of the more
abundant mafic silicate and Fe-Ti oxide phases. The uneven lateral and .vertical distribution
of pyrite can reasonably be attributed to the flow pathways of fluids that had activities of
reduced sulfur species sufficient to sulfidize iron-rich phases in the rock mass. Pyrite in the
lithic fragments is unlikely to have been dissolved in cool, dilute groundwater and re-precipi-

tated in the tuff matrix.

Yucca Mountain is situated in a region containing presently and formerly producing
precious-metal mines of middle and late Miocene age. Consequently, it is extremely impor-
tant to assess the possibility of future human intrusion of the proposed high-level radioactive
waste repository. A critical factor is the degree to which future generations perceive min-
eral potential beneath Yucca Mountain. It is therefore critical to determine the origin of the
pyrite and the trace-metal enrichments. The textural, stratigraphic and phase stability rela-
tions discussed above are inconsistent with the interpretation of Castor et al. (1994) of a
“lithic" origin related to major ash-flow eruptions. We believe that the evidence, including
the trace-metal data, is internally consistent with, and strongly supports, in-situ formation
from hydrothermal fluids containing reduced sulfur. Such bisulfide-bearing fluids may have
been capable of carrying and depositing gold and silver. Although it is true that the pyritic
rocks have been found only at depths of greater than 900 m, 11 of the 12 existing deep bore-
holes are situated from about 1.0 to more than 3.0 km apart (Fig. 4), a spacing far to great to

rule out the potential presence of mineral deposits beneath the Paintbrush Tuff. Such




deposits, real or perceived, could well prove attractive to future explorationists. This is par-
ticularly true because the enormous amount of mined rock from excavation of the repository
will indicate the existence of major underground workings, which could both suggest the
possibility of previous mining and suggest relatively easy access to potential or perceived

mineral deposits beneath Yucca Mountain.
October 13, 1994
REFERENCES

Banks, N. G., and Hoblitt, R., P., 1981, Summary of temperature;étudies of 1980 deposits: in
Lipman, P. W., and Mullineaux, D. R., eds., The 1980 eruptions of Mount Saint Helens,
Washington, U.S. Geological Survey Professional Paper 1250, p. 295-313.

Black, J. E., Mancuso, T. K., and Gant, J. L., 1991, Geology and mineralization at the
Rawhide Au-Ag deposit, Mineral County, Nevada: in Raines, G.L., Lisle, R.E., Shafer,
R.W., and Wilkinson, W.W., eds., Geology and Ore Deposits of the Great Basin, Reno,
Geological Society of Nevada, p. 1123-1144.

Bish, D.L., 1987, Evaluation of past and future alteration in tuff at Yucca Mountain, Nevada
based on clay mineralogy of drill cores USW G-1, G-2, and G-3: Los Alamos
National Laboratory Report LA-10667-MS, 41 p.

Bish, D. L., and Aronson, J. L., 1993, Paleogeothermal and paleohydrologic conditions in
silicic tuff from Yucca Mountain, Nevada: Clays and Clay Minerals, v. 41, p. 148-161.

Bonham, H. F., Jr., and Garside, L. J., 1979, Geology of the Tonopah, Lone Mountain,
Klondike and northern Mud Lake Quadrangles, Nevada: Nevada Bureau of Mines and
Geology Bulletin 92, 142 p., 1:48,000.

Broxton, D. E., Vaniman, D., Caporuscio, F., Arney, B., and Heiken, G., 1982, Detailed pet-
rographic descriptions and microprobe data fro drill holes USW G2 and UE25b-1H,
Yucca Mountain, Nevada: Los Alamos, New Mexico, Los Alamos National Laboratory
Report LA-10802-MS, 168 p.

Caporuscio, F., Vaniman, D.T., Bish, D.L., Broxton, D.E., Arney, D., Heiken, G., Byers,
F.M,, and Gooley, R., 1982, Petrologic studies of drill cores USW G2 and UE25b-
1H,Yucca Mountain, Nevada: Los Alamos, New Mexico, Los Alamos National Labo-
ratory Report LA-9255-MS, 114 p.

10




Carr, W.J., Byers, F.M., and Orkild, P.P., 1986, Stratigraphic and volcano-tectonic relations
of Crater Flat Tuff and some older volcanic units, Nye County, Nevada: U.S. Geologi-
cal Survey Professional Paper 1323, 28p.

Castor, S. B., and Weiss, S. I, 1992, Contrasting styles of epithermal precious-metal miner-
alization in the southwestern Nevada volcanic field, USA: Ore Geology Reviews, v. 7,
p. 193-223.

Castor, Feldman and Tingley, 1990, Mineral potential report for the U.S. Department of
Energy, Serial No. N-50250: Nevada Bureau of Mines and Geology, University of
Nevada, Reno, 24 pp.

Castor, S. B., Tingley, J. V., and Bonham, H. F., Jr., 1994, Pyritic ash-flow guﬁ, Yucca Moun-
tain, Nevada: Economic Geology, v. 89, p. 401-407.

Eichleberger, J. C., and Koch, F. G., 1979, Lithic fragments in the Bandelier Tuff, Jemez
Mountains, New Mexico: Journal of Volcanology and Geothermal Research, v. 5, p-
115-134. '

" Fridrich, C. J., 1987, The Grizzly Peak cauldron, Colorado: structure and petrology of a
deeply dissected resurgent ash-flow caldera: unpublished PhD dissertion, Stanford,
Stanford University, 201 p.

Fridrich, C. J., Orkild, P. P., Murray, M., Price, J. R., Christiansen, R. L., Lipman, P. W,,
Carr, W. J., Quinlivan, W. D., and Scott, R. B., 1994, Geologic map of the East of Beatty
Mountain Quadrangle, Nye County, Nevada: U.S. Geological Survey Open-file Report,
4 sheets, 1:12,000 (in review).

Hildreth, W., 1979, The Bishop Tuff: Evidence for the origin of compositional zonation in
silicic magma chambers: Geological Society of America Special Paper 180, p. 43-75.

Keith, J. D., Dallmeyer, R. D., Kim, C., and Kowallis, B. J., 1991, The volcanic history and
magmatic sulfide mineralogy of latites of the central East Tintic Mountains, Utah; in
Raines, G.L., Lisle, R.E., Shafer, R.W., and Wilkinson, W.W., eds., Geology and Ore
Deposits of the Great Basin, Reno, Geological Society of Nevada, p. 461-483.

Kullerude, G., and Yoder, H. S., 1959, Pyrite stability relations in the Fe-S system: Economic
Geology, v. 54, p. 533-572.

Lipman, P. W., 1984, The roots of ash flow calderas in western North America: windows into
the tops of granitic batholiths: Journal of Geophysical Research, v. 89, p. 8801-8841.

11



Marti, J., Diez-Gil, J. L., and Ortiz, R., 1991, Conduction model for the thermal influence of
lithic clasts in mixtures of hot gases and ejecta: Journal of Geophysical Research, v. 96,

p. 21,879-21,885. ~

Ransome, F.L., Emmons, W.H., and Garrey, G.H., 1910, Geology and ore deposits of the
Bullfrog district, Nevada: U.S. Geological Survey Bulletin 407, 130 p.

Rhiele, J. R., 1973, Calculated compaction profiles of rhyolitic ash-flow tuffs. Geological
Society of America Bulletin, v. 84, p. 2193-2216.

. Sawyer, D. A, Fleck, R. J., Lanphere, M. A., Warren, R. G., Broxton, D.-E., and Hudson,
M. R, 1994, Episodic caldera volcanism in the Miocene southwestern Nevada volcanic
field: revised stratigraphic framework, 9Ar/*Ar geochronology, and implications for
magmatism and extension: Geological Society of America Bulletin, in press.

Scott, R.B. and Castellanos, M., 1984, Stratigraphic and structural relations of volcanic rocks
in drill holes USW GU-3 and USW G3, Yucca Mountain, Nye County, Nevada: U.S.
Geological Survey Open-File Report 84-491, 121 p.

Schlinger, C. M., Rosenbaum, J. G., and Veblen, D. R., 1988, Fe-oxide microcrystals in
welded tuff from southern Nevada: origin of remanence carriers by precipitation in vol-
canic glass: Geology, v. 16, p. 556-559.

Schlinger, C. M., Veblen, D. R., and Rosenbaum, J. G., 1991, Magnetism and magnetic min-
eralogy of ash flow tuffs from Yucca Mountain, Nevada: Journal of Geophysical
Research, v. 96, p. 6035-6052.

Vaniman, D.T., Bish, D., Broxton, D., Byers, F., Heiken, G., Carlos, B., Semarge, E., Capor-
uscio, F., and Gooley, R., 1984, Variations in authigenic mineralogy and sorptive zeolite
abundance at Yucca Mountain, Nevada, based on studies of drill cores USW GU-3 and
G-3.

Warren, R.G., Byers, F.M., and Caporuscio, F.A., 1984, Petrography and mineral chemistry
of units of the Topopah Springs, Calico Hills and Crater Flat Tuffs, and some older vol-
canic units, with emphasis on samples from drill hole USW G-1, Yucca Mountain,
Nevada Test site: Los Alamos, New Mexico, Los alamos National Laboratory Report
LA-10003-MS.

Warren et al., 1989 JGR

12




Weiss, S. 1., Noble, D. C,, and Larson, L. T., 1991, Task 3: Evaluation of mineral resource
potential, caldera geology and volcano-tectonic framework at and near Yucca Moun-
tain; report for October, 1990 - September, 1991: Center for Neotectonic Studies, Uni-

versity of Nevad-Reno, 37 p. plus appendices.

Whitney, J. A., 1984, Fugacities of sulfurous gases in pyrrhotite-bearing silicic magmas:
American Mineralogist, v. 69, p. 69-78.

Whitney, J. A., and Stormer, J. C,, Jr., 1983, Igneous sulfides in the Fish Canyon Tuff and
the role of sulfur in calc-alkaline magmas: Geology, v. 11, p. 99-102. ~

13




Figure Captions

Figure 1  Pyrite in volcanic rocks of Yucca Mountain. A. XXX. B. XXX. C. XXX.D.
XXXX. p = pyrite. -

Figure2 Disseminated pyrite in propylitically altered silicic lava from a depth of 5232.9 ft.
in drill hole USW G-2. A. Large inclusion-bearing, pitted, subhedral pyrite
grain. B. Small, subhedral pyrite grains and larger, embayed, anhedral grain. p
= pyrite.

Figure 3  Disseminated pyrite in altered, porous ash-flow tuff near precious-metal

| deposits. Groundmass (A) and lithic fragment (B) of hydrothermally altered
Tonopah Summit Member of the Fraction Tuff (Bonham and Garside, 1979)
from dump of the Belcher-Divide mine, Divide mining district, Nevada. C.
Altered porous Rainier Mesa Member of the Timber Mountain Tuff, within 30
m of ore, 916 bench, Phase IV, Lac Gold Bullfrog mine, Nevada. D. Porous
type II ore, Round Mountain mine, Nevada. Note anhedral to subhedral,
granular to embayed morphologies. p = pyrite.

Figure 4  Distribution of drill holes in Yucca Mountain showing spacing relative to the
areal extent of selected volcanic-hosted Au-Ag deposits in Nevada. CFT =
Crater Flat Tuff, PT = Paintbrush Tuff.

Figure 5  Pyrite in the Bullfrog Member of the Crater Flat Tuff in drill hole USW G-2. A.
Pyrite disseminated in groundmass and in clay-altered pumice fragment at
XXX ft. B. Pyrite along margin and within silica veinlet at 3459.4 ft. p = pyrite.

Figure 6  Filmy pyrite on quartz in drusy vein cutting the Bullfrog Member of the Crater
Flat Tuff, drill hole USW G-2, 3260.8 ft.

Figure 7  Pyrite within clay + zeolite altered pumice fragments. A. Tram Member of the
Crater Flat Thuff, drill hole UE25 B1H, 3825.5 ft. B. Bullfrog Member of the
Crater Flat Tuff, drill hole USW G-2, XXX ft. p = pyrite.
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TASK 4 ANNUAL REPORT
October 1993 - September 1994
James N. Brune and Rasool Anooshehpoor

OBJECTIVES

1. YUCCA MOUNTAIN MICROEARTHQUAKE NETWORK OPERATION AND DATA
ANALYSIS

2. THREE-STATION BROADBAND REGIONAL NETWORK OPERATION AND DATA
ANALYSIS

Objective 1: Yucca Mountain Microearthquake Network (YMMN) Operation and
Data Analysis

Instrumentation

Most previous microearthquake studies have been carried out with temporary portable
seismographs. However, because of the importance of the site, we felt microearthquakes should
be monitored as close to continuously as possible. Therefore we decided to 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 Fig. 1). Four sites were
selected, two on Yucca Mountain near the Solitario Canyon fault (YNB and YYM), one about 5
km to the west in Crater Flat (YCF), and one still further west on Black Cone (YBC) near the
center of Crater Flat. The instrumentation and telemetry setup are discussed in Brune et al.
(1992). The actual useful sensitivity of the system depends on the background seismic noise level.
During windy periods we often reduced the sensitivity. Several stations of a permanent recording
network (Southern Great Basin Seismic Network, or SGBSN) are also located in this same area.
Data from this network is also telemetered to Reno, and it is prcoessed through a realtime
detection system called CUSP. Sensors of this network do not pass as high frequencies as those
of the four microearthquake stations.

Seismograms

Typical records are shown in Figures 2a and 2b. Figure 2a 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
CUSP system. Figure 2b shows a more distant event (about 15-sec S-P time) along with an
explosion sonic that could have been 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. Sonic events show a slow moveout (slow sonic velocity), whereas
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earthquakes arrive nearly simultaneously at the stations, and a seismic observer quickly learns to
distinguish earthquakes from sonic bursts and other noise.

Figure 3 shows typical events with short S-P times on the Yucca Mountain
microearthquake array (YMNN). None of these events triggered the automated CUSP system..
These events are relatively rare. The magnitudes are estimated to be about 0 to -1. Qualitative
observation confirms a very low rate of microearthquake activity at Yucca mountain, consistent
with the low seismicity observed by Rogers et al. (1987), Gomberg (1991) and Von Seggern and
Brune (1994). Of particular note is the lack of events with short S-P times (less than 3 sec.)
Oliver et al. (1966) found that, in seismically active areas in Nevada, most events had S-P times
of less than 3 sec, as might be expected because of the rapid attenuation of 30-Hz energy with
distance. This qualitative observation with short S-P times further emphasizes the relatively low
microearthquake activity in the immediate vicinity of the microearthquake stations at Yucca
Mountain.

Because we wished to validate the operation of our systems, and the qualitative arguments
given above, we temporarily transferred the recording of continuous data 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. As expected from this highly active area, the great majority of events
has S-P times of less than 3 sec, and microearthquake rates were orders of magnitude higher than
at Yucca Mountain (over 100 events per day, Brune et al. 1992). A very similar result was
obtained in the aftershock zone of the Little Skull Mountain earthquake.

Microearthquake Magnitude Detection Threshold

Brune et al. (1992) derived a magnitude definition curve based on observed trace
amplitudes of the microearthquake network and magnitudes given by the USGS-operated
Southern Great Basin Seismic Network (SGBSN) data reports. There was very little data for
events in the immediate neighborhood of Yucca Mountain, and thus the curve was uncertain at
close distances. Assuming R for geometrical spreading and a Q at 20 Hz of 400, they estimated
the magnitude detection threshold as M approximately -1.5 at distances of 10 km (for the quietest
noise level periods). They concluded that, if many events with magnitudes greater than -1 were
occurring at Yucca Mountain, they would have been observed. The fact that only one
microearthquake was observed with an S-P time less than 2 sec in 600 hours of low noise
recording indicated a very low rate of microearthquake activity.

Two occurrences since the Brune et al. (1992) paper was published allow further checks
on the microearthquake detection threshold: the occurrence of the Little Skull Mountain

earthquake with its aftershock sequence, and the occurrence of a M, = 2.1 earthquake in the
northeast Crater Flat region (M, = duration magnitude).

The Little Skull Mountain earthquake of June 29, 1992, (M = 5.6) produced an aftershock

2




sequence of microearthquakes which still continues. Since the surface geology at Little Skull
Mountain is similar to that at Yucca Mountain, (layered tuffs over paleozoic basement), the
attenuation and site effects properties are probably quite similar; and thus we can estimate the
detection threshold at Yucca Mountain by establishing it at Little Skull Mountain. After the
earthquake, UNRSL installed 7 local telemetered stations around Little Skull Mountain, in
addition to the Little Skull Mountain (LSM) station installed years earlier by the USGS. These
stations have continued to operate to the present. In order to use these stations to estimate
microearthquake rates and threshold magnitudes, we band-pass filtered the transmitted signals
from 4 stations (LSM, LMT, KRV and LTS) and recorded the signals on strip chart recorders
similar to those recording the YMMN. The microearthquake rates were very high, up to over
100 events per day. In order to calibrate the stations, we operated them at 20 times lower gain
for several weeks in January 1994 to obtain on-scale recordings of events with magnitudes high
enough to be reported by the regular network (coda magnitude, Mp). The formula used by
UNRSL is somewhat different than that used previously by the USGS. Comparison of
magnitudes during the overlap period of September 1992 indicated a small systematic difference,
~ 0.25 units (VonSeggern, 1993). The coda magnitude is set up to be similar to the Richter
magnitude M; for magnitudes near 4, but may differ significantly for lower magnitudes; we
discuss this further below.

In order to establish the magnitude threshold for each station we computed mean values
using;

Log;y A-Mp=Log, A, 1)
for three filtered stations: LMT, LSM and KRV. A suite of 11 earthquakes, located in the
center of the aftershock region, was used. M, magnitudes were provided by the SGBSN. A is
the estimated trace amplitude for a magnitude zero event. My, is the coda duration magnitude and
A is the peak amplitude recorded on the strip chart recorder when it is set at 1 volt full scale (full
scale = 112.5 mm). We also include an estimate of Log,, A for these same events at the Yucca
Mountain station YNB. For this station many of the events were clipped, but we could estimate
the peak amplitude from the coda amplitude and the average coda shape for smaller events.

Average values of Log,, A, for the suite of events was about 0.8 mm at LMT and KRV,
about 1.2 mm at LSM (all three at epicentral distances less than 10km) and about 0.4 mm at YNB
(epicentral distance about 22 km). Based on these values, an event with amplitude 1 mm (the
lowest amplitude readable with essentially no noise present) has a magnitude of about -0.8 at
LMT and KRV and about -1.2 at LSM. For the station YNB at a distance of about 22 km the
corresponding 1 mm magnitude is about -.4, but if we make an approximate distance correction
(based on the curve in Brune et al., 1992) of about 0.5 magnitude units, we obtain a 1 mm trace
amplitude magnitude of about -0.9. For the Brune et al. (1992) study, the estimated 1 mm
magnitude at distances of about 10 km was about -1.5, but was quite uncertain because of the
large extrapolations involved. Differences could be caused by differences in instrument gain, site
effects, as well as differences in magnitude definition (Brune et al., 1992, used the USGS SGBSN




definition, and here we use the UNRSL SGBSN coda magnitude definition).

Calibration with M, = 2.1 Northeast Crater Flat Event

The My, = 2.1 northeast Crater Flat event occurred only a few km from the YMMN (Fig.
4). The seismogram was recorded on the new digital recording system, as well as on the strip
charts used from August 1990 until September 1994, and thus allows a calibration of the network
sensitivity relative to this event. The strip chart recordings for this event were clipped but the
digital recordings were on scale (Fig. 5). By matching the coda amplitudes for the strip chart
recording and the digital recording, we determined the true peak amplitudes that would have been
recorded on the strip chart recordings if they had had a higher dynamic range. For the YMMN
station YCF this was about 924 mm. Thus Log,, A, = Log,, A - M, was about 1.0, and the
estimated magnitude for a 1 mm amplitude event would be about -1.

For the station YNB the sensitivity has been increased since the Brune et al. (1992) study
by placing an L4 seismometer 75' down a drill hole very near the previous site (~100'), and
increasing the gain by about a factor of 2 to take advantage of the decreased noise level. For this
event Log,, A, was about 1.3 and the corresponding 1 mm amplitude event was about -1.3. Thus
for events with the same geometry as the My, = 2.1 northeast Crater Flat event, the YMMN
should be able to detect events at distances of about 10 km with magnitudes My, about -1 (during
periods of low background noise level). This result is consistent with the results for the Little
Skull Mountain test described above.

Adjustment of USGS _SGBSN and UNRSL SGBSN Magnitudes

As mentioned above, the USGS SGBSN M, magnitudes were calculated with a different
formula than the UNRSL SGBSN magnitudes. Von Seggern (1993) made a comparison of these
magnitudes for the one month overlap test period of September 1992. The UNRSL M,,
magnitudes were about 0.2 - 0.3 units higher than the USGS average magnitudes. Since Brune et
al. (1992) used USGS magnitudes, whereas the above comparisons use UNRSL magnitudes, for
strict comparisons we should decrease the above magnitudes by about 0.25 units. This makes the
comparison of threshold 1 mm magnitudes between the two studies better (-1.5 for Brune et al.
1992 study and -1.3 for the adjusted UNRSL M, magnitude).

Comparison with M; Magnitudes

The original Richter M; magnitude definition was based on peak amplitudes as a function
of distance, whereas M magnitudes are based on coda amplitude durations above a certain
defined amplitude, to first order independent of distance (because the distance travelled by the
scattered energy at times long after the S wave arrival time is to first order independent of
distance between epicenter and recording station, but rather dependent on the travel path of the
scattered energy, which is to first order proportional to the time after the origin time).




However, for small magnitude events the coda lengths are too short to be independent of
distance and thus coda length magnitude definitions are cast in doubt (For the M = 2.1 northeast
Crater Flat event the coda durations were only about 20 seconds). Furthermore, the USGS and
UNRSL coda magnitude definitions were both adjusted to agree approximately with M; at
magnitudes above 3.5 and thus may not agree with M, at lower magnitudes. These potential .
differences may become important at small magnitudes when attempting to estimate quantitative
source parameters, such as seismic moment, source size and stress drop.

Savage and Anderson (1994) determined M attenuation curves for M; > 3.5 for the Great
Basin, including the Southern Great Basin, and found nearly perfect agreement with the standard
Richter M attenuation curves, thus giving confidence in the use of M; to estimate seismic
moment, M, based on results from California. However, they noted an apparent discrepancy in
plots of My, vs M for the SGBSN, with M values apparently averaging about 0.4 magnitude
units less than My, values at M, about 3.5, and scattering about 1 unit. However they cautioned
that this could have been due to a bias problem because no events with My, less than 3.5 were
used in the regression.

Von Seggern and dePolo (1994) made a similar comparison for My, events down to M,
about 3.0, and found a similar result, with average M; values being about 0.6 magnitude units less
than My, values at My, ~ 3. This seems to confirm that the discrepancy of values at small
magnitudes is real. Since the M; magnitudes determined at close distances and small magnitudes
are nearly directly proportional to Log,, M,, where M, is seismic moment, it will be important to
obtain a direct estimate of seismic moment, M,, relative to M; and M;,. We plan to do this in the
coming year. For the present we will make a preliminary estimate of M, based on the current
data.

If we project the results of Von Seggern-(1993) to M, ~ 2.1, the M, magnitude of the
northeast Crater Flat event, we conclude that M; is approximately one unit less than My, or
about 1. Direct determination of M at five close stations gives M; ~ 0.3 (within the range of
scatter of M; vs My, points indicated in the Von Seggern, 1993, plots).

If we take -1 as a preliminary estimate of the correction to go from My, to M, at these
small magnitudes, we obtain, using the threshold estimates above, corresponding M; thresholds of
about M ~ -2.0. Recent regressions of My, vs M; (Bakun, 1989, Vidal and Mungia, 1991), and
the data of Woods et al. (1993) give the moment for M; = 2 as about 3 x 10" dyne-cm. Fora -
detection threshold event of M; ~ -2, M, would be about 3 x 10"* dyne -cm. Using the standard
formulas o = (7/16) M/r*, where o is the stress drop and r is the source radius, gives, for ¢ =
100 bars, a source radius of about 2 meters. We conclude that the YMMN current detection
threshold corresponds to ruptures of a few meters in dimension. Since the surface rocks at Yucca
Mountain appear to have fractures on this scale, there is no known reason why events of this size
could not occur if the stresses were high enough.




Microearthquakes and b-values near Yucca Mountain

The empirical relationship between earthquake magnitude and frequency of occurrence proposed by
Gutenberg and Richter [1944] is well known:

Log(N) = a -bM @)

where N is the number of earthquakes which occur in a given area and time period, larger than
magnitude M. The constant a is a measure of the level of seismicity and the constant b is typically
close to 1. This relationship has been found to hold globally from about magnitude 3 to 6.5, and is
consistent with a self similarity of earthquake sources in this size range. Magnitude-frequency
statistics from earthquake catalogues, however, typically depart from the constant b-value at low
magnitudes. This departure has traditionally been attributed to the detection threshold of the

recording network, under the assumption that many small earthquakes occur undetected. Some recent
studies, however, have proposed that this decrease in number of small earthquakes, compared to that

expected from a constant b-value, is not just an artifact of the recording system but is due to the fact

that there really are fewer small earthquakes than self similarity predicts. Abercrombie and Brune

(1994) presented evidence that in California (including Baja California and the Mammoth Lakes

region) the b value (from equation 2) was essentially constant down to magnitudes of about zero.

We have verified that this is also true for aftershocks of the Little Skull Mountain earthquake. We

filtered the traces for the station LMT near Yucca Mountain and recorded it on a strip chart recorder

like that used for the Yucca Mountain Microearthiquake Network (described above). We then

counted all microearthquakes with trace amplitudes above 5 mm for the period 15 Dec 1993 to 5 Jan
1994 and determined a microearthquake rate for this magnitude (M, about 0.3). This value is plotted

as the large open circle with error bars in Figure 6 (the error bars are rough estimates of the errors

in determining magnitude and in estimating earthquake rates). For comparison we plotted cumulative

numbers of Little Skull Mountain aftershocks as a function of magnitude for various time periods

(taken from the Southern Great Basin Seismic Network catalog). Microearthquake activity has been
progressively decreasing since the earthquake, as indicated by the curves, but there are local

fluctuations in activity over shorter periods of time, including bursts of increased activity lasting a
few days. From Figure 6 we can see that the counted microearthquake rate is roughly consistent
with extrapolations of the seismicity rates from the catalog, with no indication of a negative deviation
from the curve at low magnitudes (We also made a rough count of events with trace amplitude above
1 mm on the station LSM which had a somewhat higher magnification and verified that the curve
continues to smaller magnitudes with more or less the same slope). Based on this result, and similar
results from Abercrombie and Brune (1994), we expect formula (2) to extend to lower magnitudes;
and thus the numbers of events will continue to increase with a b-value of about 1 if we increase the
sensitivity of the system. Equation (2) may not be applicable to predicting the frequency of larger
earthquakes, although it has often been used to do this.

The seismicity rate near Yucca Mountain ( distances less than 15 km) is very low (Rogers et
al.,, 1987; Gomberg, 1991; Von Seggern and Brune, 1994). At the microearthquake level, Brune et
al. (1992) recorded only one microearthquake with magnitude greater than zero at Yucca Mountain




during a period of 25 days quiet recording time. This one event is not sufficient to establish a
microearthquake rate, however it is roughly consistent with the catalog rates of seismicity
extrapolated to the microearthquake level. Fig. 7 (from Von Seggern and Brune, 1994) compares
the catalog b-value curve for events within 10 km of the Exploratory Studies Facility at Yucca
Mountain with the general b-value curve for the whole SGBSN. As can be seen from this figure, the
seismicity rate in the immediate vicinity of Yucca Mountain is more than an order of magnitude
lower than that for the entire southern great basin region (the downward pointing arrows indicate that
some of the smallest events in the catalog have been found to be noise bursts ratherthan true
earthquakes). Also, the one microearthquake reported by Brune et al. (1992) is roughly consistent
with the extrapolation of the curve (open circle above M = -1).

Microearthquakes and Stress Level

\

When rocks are stressed to near the failure point they almost always begin to undergo small
scale fracturing prior to the main failure. In the laboratory the small events are called acoustic
emissions. In mining operations they are called rockbursts. It is uncertain how to extrapolate these
results to the scale of earthquakes, even microearthquakes. Many large earthquakes are preceded by
foreshocks, which may represent the same phenomenon; but for many large earthquakes there is
apparently no foreshock sequence, although this often could be a consequence of lack of sensitive
recording equipment in the hypocentral region prior to the earthquake. The concept of foreshock,
or foreshock sequence, is not well defined. In particular there is no generally accepted interval time
preceding an earthquake during which events are labelled foreshocks. Also, it is well known that
there is often a seismic quiescence prior to a large earthquake, evidently due to "locking up" of the
tectonic system. The time scale of periods of quiescence or increased activity vary greatly; and, in
areas like the Basin and Range where the repeat times of major earthquakes may be thousands of
years, the whole historical record might be included in one of these periods. Nevertheless, there is
a general tendency for earthquakes to nucleate in regions that have had relatively high recent activity,
even though the majority of the rupture may then propagate into regions which have had little prior
seismic activity. The Little Skull Mountain earthquake of June 29, 1992, occurred in or near an area
of relatively high small-magnitude activity and also had a clear foreshock sequence. We may assume
that areas of currently high small-magnitude earthquake activity are likely sites for future
earthquakes.

Hydrofracture experiments at Yucca Mountain have been interpreted to indicate possible
incipent normal faulting at shallow depths by Stock et al. (1985). If the rocks are indeed stressed
to near failure, one would expect microearthquakes at some magnitude level. Watters et al. (1990)
found that, near the failure point, Yucca Mountain tuffs began to yield acoustic emissions typical of
most rocks, with the character of the acoustic emissions depending on the porosity and other
properties of the rock. On the other hand Brune et al. (1992) found no evidence of microearthquake
activity above the magnitude zero level. This would suggest that the rocks at Yucca Mountain are
not near the failure point. Possible explanations of these contradictory indications include: (1) the
hydrofracture interpretation may be incorrect, (2) microearthquakes may be occurring at a magnitude
level too low to be detected with current equipment, and (3) there may be special circumstances




which make it inappropriate to extrapolate laboratory results to actual field conditions. We feel that
it is important to reduce the microearthquake detection threshold to magnitudes as small as possible
in order to provide further understanding of the state of stress in the Yucca Mountain area, as well
as to establish a background base-level of microearthquake activity for comparison with possible
future increases in microearthquake activity caused by tunneling activities or possible future heating
by storage of radioactive materials.

Lack of microearthquake activity in a local area such as Yucca Mountain, which is in the
otherwise tectonically active region of southern Nevada, might be a result of several conditions: (1)
the local stress level may be permanently low due to more or less permanent complex variations in
rock elastic properties or fault geometry, (2) magmatic activity may be absorbing the elastic strain
(Parsons and Thompson, 1991), or (3) the stress level may be temporarily low due to complex
changes in the stress field due to ongoing tectonic processes (e.g., reduction in stress by prior
earthquakes or fault creep). These considerations lead to four possible hypotheses concerning
microearthquake and earthquake activity at Yucca Mountain:

1. There will never (at least for > 10,000 years) be any significant seismic energy release at the site.
2. Microearthquake activity will increase prior to the next major earthquake in the area.

3. Microearthquake activity will increase prior to any rupture which might "nucleate" in the area, but
may not increase prior to all earthquakes rupturing the area because the nucleation point of ruptures
may be outside the area, or a rupture may be triggered by other ruptures outside the immediate area.

4. Microearthquake activity will not increase even if there is nucleation of a large earthquake in the
immediate vicinity of Yucca Mountain.

At the present time we cannot definitely prove or disprove any of these hypotheses. However
either (3) or (1) seems the most likely. Further study may improve our understanding of the situation.
Irregardless, microearthquakes will continue to be one of several possible indicators of major
changes in stress level at the site, caused either by tectonic changes or changes induced by human
activities such as tunneling and radioactive storage.

Description of the New Digital Recording System

Since July 1994 a new digital recording system has replaced the strip chart recorder. The data
acquisition system consists of a 486 PC equipped with a state-of-the-art 330 kHZ analog-to-digital
board (DAP 1200e/6 manufactured by Microstar Laboratories). The DAP 1200e/6 has an on-board
processor and 1 Mb of memory for real-time data processing.

The analog data from YMMN transmitted to the Seismological Laboratory at UNR, along
with a time channel (IRIG-E), is continuously digitized and transferred to a SUN workstation every
5 minutes (the digital data consists of 12-bit, 200 sample-per-second data). The data is then




demultiplexed (separating data for each station) and written in SAC format into separate files
identified by the time at the beginning of the 5-minute files and the channel numbers corresponding
to each station (e.g. JJJHH.MM.SS.CH). The digitized time channel is saved as well. A PASSCAL
Quick Look (PQL) program is used to look at each Julian day's data in order to monitor the
microseismic activities in the Yucca Mountain region. Finally, two copies of the compressed data of
each Julian day are saved on digital cassette tapes and stored in a safe place. See Figure 5 for an
example of the recorded data.

Objective 2: 3 Station Broadband Digital Network

Three broadband digital stations near Troy Canyon, NV, Nelson, NV, and Deep Springs, CA,
(Fig. 8) were originally installed by UNRSL and the Institute of Geophysics and Planetary Physics
(IGPP), University of California, San Diego, in 1986, with funding from the Natural Resources
Defense Council. In 1988 operation of these stations was taken over by UNRSL under funding from
the Nevada Nuclear Waste Projects Office (NWPO) and operated as part of Task 4 of the UNR
Neotectonics Project of NWPO. The stations have broadband sensors located in 30 m boreholes,
and the data is transmitted by radio and microwave to UNRSL. The stations have operated more or
less continuously since 1988 (except for down time due to floods, vandalism, etc.), and have collected
a large amount of data useful for crustal structure studies, as well as for earthquake source
mechanism studies. The data has only begun to be utilized. The data will provide an important
compliment to the data from DOE Broadband Digital Upgrade Network, scheduled to be operational
in 1995 or 1996.

As a preliminary test of the usefulness of the data, we have examined a number of My, > 3 Little Skull
Mountain and Rock Valley aftershocks recorded on the broadband network. We have made rough
measurement of signal/noise ratios, peak broadband amplitude, and peak amplitude through a 0.2 -
0.5 Hz bandpass filter.

Figure 9 shows approximate signal/noise ratios plotted as a function of My,. The larger events have
high signal/noise ratios (> 3), but for smaller events the ratio approaches 1., as the signals become
no larger than the noise. It is well known that signal/noise can often be improved by narrowband
filtering. To check this, we have narrowband filtered the records with a two-pole Butterworth band-
pass filter, with corners at 0.2 and 0.5 Hz. Signal/noise ratios for magnitudes near 3.0 were
s1gmﬁcantly improved in some cases. Of course signal/noise ratios depend not only on earthquake
size but also on ambient noise conditions (storms, wind).

One of the uses of the broadband data is to determine linearity of scaling relationships, e.g., between
magnitude, M; or My, and moment, M,. As a preliminary test of this, we have plotted peak
broadband amplitude and peak filtered amplitude as a function of magnitude M, (Fig. 10, Little Skull
Mountain events, and Fig. 11, Rock Valley events). These relationships should be linear to first
order, with the bandpass filtered data more linear. As can be seen, the plots indicate approximate
linearity down to M ~ 3.5. However, at small magnitudes there is a serious deviation, with observed
peak amplitudes falling significantly below a line projected with slope 1. Since peak amplitude should
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scale approximately linearly with M, these results again indicate that M, values are high relative to
M, at magnitudes below My, = 3.5. This is consistent with the M, vs My, data discussed above.
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Date: 14 July 1994

Time: 23:28:76.91 GMT

Epicenter: 36N53.68 [16W33.06 (P-wave), 36N53.58 116W33.18 (S-wave)
Depth: 4.92 km (P-wave), 5.80 kin (S-wave)
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Figure 4 Location of 14 July 1994 Northeast Crater Flat
event relative to microearthquake stations and

proposed Exploratory Studies Facility
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Broad Band Digital Network (Rock Valley Eq.)
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PROGRESS REPORT--OCTOBER 1, 1993 TO SEPTEMBER 30, 1994

TASK 5--Tectonic_and Neotectonic framework of the Yucca
Mountain_Region

Personnel
Principal Investigator: Richard A. Schweickert -
Research Assistant Professor:- Mary M. Lahren, July, 1994 to
September, 1994
Graduate Research Assistants:
a. Zhang, Y.--October, 1993-September, 1994
b. Wellman, E.--August-September, 1994
c. Plank, G.--August-September, 1994

Part I. Highlights of research accomplishments-

a. Completion of new manuscript on the Amargosa fault system

b. Structural studies in_Grapevine Mountains, Bullfrog Hills, and
Bare Mountain

c. Publication_of abstract based upon research funded under Task 5:
Schweickert and Lahren (1994 GSA National Meeting, Seattle).

d. Preliminary results of U-Pb_isotopic analysis of peamatites and

orthogneisses in Bullfrog Hills and Funeral Mountains

Part Il. Research projects

This section highlights the research projects conducted by Task 5
personnel.

1. Regional overview of structure and geometry of Mesozoic thrust
faults and folds in the area around Yucca Mountain; R. A. Schweickert and
M. M. Lahren.

The purpose of this study is to provide information about the deep
structural 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. This study has also provided
critical new 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. The study involves new field work in selected areas and
a synthesis of structural relations in areas both east and west of Yucca
Mountain, including the CP Hills-Mine Mountain area to the east, and Bare
Mountain-Bullfrog Hills-Grapevine Mountains to the west.

2. Kinematic analysis of low and high angle normal faults and
strike-slip faults in the Bare Mountain area, study of metamorphic rocks,
and comparison of structures with the Grapevine Mountains Y, Zhang and R.
Schweickert

Bare Mountain is a direct analog of the deep structure beneath
Cenozoic ash flow tuffs at Yucca Mountain. The purpose of this study is to
determine the structural evolution of Bare Mountain by ‘field analysis of
the timing and slip directions of high and low-angle normal faults exposed
there, and by integrating field data into structural cross-sections. This
work has provided better constraints on the displacement histories of the
faults. A number of deep cross-sections have been constructed through
Bare Mountain to build up a model of the structural evolution of the area.
In addition, metamorphic fabrics are being studied in metamorphic rocks
in the northern parts of the mountain and traced to lower grade rocks in
the southern part of the mountain. Finally, the development of these
structures will be compared with possible analogs in the Grapevine
Mountains and the CP Hills to develop firm constraints on the deep
structure beneath the Yucca Mountain area.

3. Evaluation of pre-Middle Miocene structure of Grapevine
Mountains and its relation to Bare Mountain. R. Schweickert and M.M.
Lahren

The goal of this study is to establish the Mesozoic and Cenozoic
structural geometry and timing of deformation in the Grapevine Mountains,
which developed in close proximity to the Bullfrog Hills and Bare Mountain
areas, prior to post-10 Ma displacement on the Builfrog Hills-Boundary
Canyon detachment fault. This study is clarifying the significance of pre-




Middle Miocene and possibly pre-Tertiary extension and detachment
faulting on crustal structure in the area between the NTS and Death
Valley, and beneath Yucca Mountain.

4. 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.

Paleomagnetic data from various volcanic units at Yucca Mountain
show that up to 30° 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.

5. Late Quaternary fault patterns in southern Amargosa Valley,
Stewart Valley, and Pahrump Valley. M.M. Lahren and R.S. Schweickert.

This project involves the compilation of all available data on the
distribution and style of late Quaternary faults in the region, primarily
from mapping by Donovan and Hoffard (M.S. Theses completed under Task 5)
and USGS mapping. This compilation will reveal the nature of the late
Quaternary structural setting of Yucca Mountain. Field checking of certain
key areas is not complete.

6. Tectonics and Neotectonics of the Pahranagat shear zone, Lincoin
County, Nevada; (R. Elwood and T. Reynolds, formerly supported here, have
both left UNR; R. Elwood plans to complete her studies by December Of
1994). )

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.

Part il

Brief summaries of research results during FY 1994

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.

1. _Regional overview of structure and geometry of Mesozoic

thrust faults and folds in the area around Yucca Mountain. and
Quaternary fault patterns and basin history of Pahrump and
Stewart Valleys. Nevada and California. (Also see 1993 progress
report) :
R. A. Schweickert and M. M. Lahren. ,
(See preprint and abstract by Schweickert and Lahren; Appendix 1).
We summarize evidence based upon gravity, seismic, paleomagnetic,
structural, stratigraphic, volcanic, spring, and stratigraphic data that a
major N24W-trending dextral strike-slip system passes beneath Crater
Flat and Yucca Mountain. This is one of several active systems in the
southern part of the Walker Lane belt, based upon evidence of Quaternary
faults in southern Amargosa Valley that provide a connection from the
Pahrump-Stateline fault zones to Crater Flat. It represents the principal
zone of late Quaternary fault movements in the area east of Death Valley.
Both normal faults and late Cenozoic volcanic cones in Crater Flat appear
to be manifestations of this strike-slip fault system.

3. Evaluation of pre-Middle Miocene structure of Grapevine
Mountains and its relation to - Bare Mountain. R. Schweickert and
M.M. Lahren. (see 1993 progress report). -

New field work was done in March on a 3-day trip to Death Valley,
Panamint Valley, and Amargosa Valley, March 18-20, 1994, with R.A.
Schweickert and M.M. Lahren. Contacts between the Oligocene Titus
Canyon Formation and underlying Cambrian rocks were examined in upper
Titanothere Canyon and determined to be depositional, confirming




observations of FY 1993. Clast compositions of the Titus Canyon
Formation were also studied.

Prelimary results of U-Pb isotopic dating indicate that deformed and
undeformed granitoids in the Bullfrog Hills are associated with
metamorphic rocks in the footwall of the Bullfrog Hills detachment fault
are of Late Cretaceous age (J. D. Walker, oral commun., 1994), suggesting
the metamorphic rocks there may be analogous to those in the Funeral
Mountains.

4. Kinematic analysis_of low and hlgh angle_normal faults in the
Bare Mountain area, and comparison of structures with the
Grapevine Mountains Y. Zhang has continued to work on a new
structural model for Bare Mountain (Fig. 1).

Bare Mountain provides evidence that the deep structures of
Paleozoic rocks that lie beneath Yucca Mountain include major top to the
southeast low angle normal faults and pre-14 Ma N-S stnkmg dextral
strike-slip faults.

Geologic map compilations and cross-section constructions on the
basis of field data and air-photo information are approximately 3/4
complete. These maps and sections will show the structural patterns and
Mesozoic and Cenozoic geologic history of Bare Mountain.

A model of structural evolution of Bare Mountain has been developed
by analysis of kinematic data, truncation relationships and styles of
various structures, especially faults, at Bare Mountain. A number of
cross-sections and geological maps, constructed by integrating field data,
provide new insights into the structural evolution at Bare Mountain.
Highlights of the geological chronology are listed below.

1)Panama thrust

This is the oldest fault at Bare Mountain and is of Mesozoic age. The
north-vergent thrust emplaced Proterozoic and Cambrian rocks over
Paleozoic rocks. A couple of kiippen of upper plate rocks rest upon
Paleozoic rocks as young as Mississippian age. The klippe resting on
Mississippian rocks near the north end of Bare Mountain was probably
dismembered from the Panama thrust root zone by east-dipping oblique-
slip normal faults during the Tertiary.

2)Meiklejohn Peak thrust
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This south-vergent thrust formed northeast of Bare Mountain and
emplaced Ordovician-Silurian rocks upon a south-facing footwall syncline
of Devonian-Mississippian rocks. Drag folds in the upper plate indicate
southward movement of the upper plate. The rocks and structures of both
upper plate and lower plate of the thrust are distinctly different from the
rest of Bare Mountain. This implies that the entire Meiklejohn Peak thrust
sheet and part of its footwall may have been transported from an area
north of Bare Mountain during Mesozoic or early Cenozoic deformation.

3)Conejo Canyon detachment fault

The oldest detachment fault at Bare Mountain is exposed in the footwall of
the Fluorspar Canyon detachment fault in the northwest part of Bare
Mountain. Kinematic and structural data indicate that the Conejo Canyon
detachment fault roots to the south. The Conejo Canyon fault was
responsible for much of the denudation of amphibolite-facies rocks in the
area, although Monsen (1982) reported that metamorphic minerals also .
occur in the upper plate of the detachment. The unroofing and detachment
faulting could range back to the late Mesozoic based upon analogies with
the Funeral and Grapevine Mountains. .

4)Wildcat Peak detachment fault

Overturned Upper Cambrian rocks rest upon Precambrian rocks at the south
end of Bare Mountain along the Wildcat Peak detachment fault. The
detachment fault truncated the Panama thrust and emplaced both upper
and lower plates of the Panama thrust to the south. Black Marble Butte at
the south end of Bare Mountain may be part of the upper plate of the
detachment fault. The consistent orientation of 13.9 Ma dikes in the
eastern parts of Bare Mountain indicates that Wildcat Peak detachment
fault may be pre-13.9 Ma. Structural relations indicate that this fault
formed at a much higher structural level than the Conejo Canyon fault.

5)North-south striking, oblique-slip faults

The north-south striking faults at Bare Mountain have a unique style: they
are steeply east-dipping, right lateral oblique-slip faults with
downthrown blocks to the southeast. Some may have several km of dextral
displacement. These faults displaced unmetamorphosed, high level rocks
from the western parts of Bare Mountain to the southeast. These faults
truncate both Mesozoic thrusts and older detachment faults like the




Conejo Canyon and Wildcat Peak faults. They may be responsible for both
uplift of the northwest parts of Bare Mountain and for regional extension
in the Miocene. Most displacement on these faults appears to predate 13.9
Ma dikes. -

. Evaluation of paleomagnetic character of Tertiarv 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.

(See 1993 progress report; no new work on this phase of the study
was done in 1994)

Part IV. Other activities of Task 5 personnel

1. Technical review of reports for the Center

None formally assigned; reviewed new publications by Brocher and
others, 1993, Faulds and others, 1994, Hudson and others, 1994, Snow and
Prave, 1994, Coplen and others, 1994; Savage and others, 1994, and
Sawyer and others, 1994:

Brocher, T. M., Carr, M. D., Fox, K. F., and Hart, P. E., 1993, Seismic
reflection profiling across Tertiary extensional structures in the
eastern Amargosa Desert, southern Nevada, Basin and Range rovince:
Geol Soc. America Bull., v. 105, p. 30-46.

Hudson, M. R., Sawyer, D. A., and Warren, R. G., 1993, Paleomagnetism and
rotation constraints for the middle Miocene southwestern Nevada
volcanic field: Tectonics, v. 13, p. 258-277.

Faulds, J. E., Bell, J. W., Feuerbach, D. L., and Ramelli, A., 1994, Nevada
Bureau of Mines and Geology, Map 101.

Snow, J. K., and Prave, A. R., 1994, Covariance of structural and ,
stratigraphic trends: Evidence fof anticlockwise rotation within the
Walker Lane belt Death Valiey region, California and Nevada:
Tectonics, v. 13, p. 712-724.

Coplen, T. B., Winograd, 1. J., Landwehr, J. M., and Riggs, A. C., 1994,
500,000-year stable carbon isotopic record from Devils Hole,
Nevada: Science, v. 263, p. 361-365.

Savage, J. C., Lisowski, M., Gross, W. K., King, N. E., and Svarc, J. L., 1994,




Strain accumulation near Yucca Mountain, Nevada: Jour. Geophys.
Res., v. 99, p. 18103-18107.

Sawyer, D. A., Fleck, R. J., Lanphere, M. A., Warren, R. G., Broxton, D. E., and
Hudson, M. R., 1994, Episodic caldera volcanism-in the Miocene
southwestern Nevada volcanic field: Revised stratigraphic
framework, 40Ar-39Ar geochronology, and implications for
magmatism and extension: Geol. Soc. America Bull., v. 106, p. 1304-
1318.

2. Meetings attended in relation to the Yucca Mountain Project
and the Center for Neotectonic Studies

a. Advisory Committee on Nuclear Waste, Bethesda, Maryland, June
28-30, 1994; Schweickert presented a paper on Tectonics Research on
Yucca Mountain Project for State of Nevada, emphasizing alternative
structural models.

b. Geological Society of America, National Meeting, Seattle,
Washington, October, 23-27, 1994 (attended by Schweickert and Wellman;
see abstract of paper presented by Schweickert and Lahren)

4. Professional reports provided to NWPO
a. None

5. Abstracts published

a. Schweickert, R.A., and Lahren, M. M., 1994, Amargosa fault system
near Yucca Mountain, Nevada (abs.): Geol. Soc. America Abs. with
Programs, v. 26, p. A250.

6. Papers accepted for publication in peer-reviewed literature
a. None
7. Graduate theses supported by NWPO
a. Zhang, Y., in progress, Structural and kinematic analysis of
Mesozoic and Cenozoic structures at Bare Mountain, Nye

County, Nevada

Appendix 1.
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EXECUTIVE SUMMARY

The goal of research performed by Task 8 is to evaluate the potential for
hydrocarbon (oil or gas) reserves in the rocks in the vicinity of Yucca Mountain- We
have pursued this goal in several ways:

. Evaluate the bedrock stratigraphy of the region in terms of source rock and
reservoir rock potential.

J Refine the Paleozoic stratigraphic data base in the Yucca Mountain region in
order to better understand the distribution of strata with hydrocarbon potential.

. Reconstruct the structural history by mapping visible structures and identifying
cryptic ones through stratigraphic control.

Our results to date can be summarized as follows:

1. The only stratigraphic unit in the area that has potential as a hydrocarbon source is
the Mississippian Chainman Shale. This unit is a hydrocarbon source elsewhere in
the state, but had not previously been recognized near Yucca Mountain. It crops out in
a belt from the Calico Hills northeast toward Groom Lake, and has significant
hydrocarbon content in strata that are in the oil and gas “maturity window”.

2. The Mississippian Eleana Formation represents the siliciclastic Antler foreland
basin in southem Nevada. It comprises a thick section of conglomerate and sand that
is mid- to late Mississippian in age. It has been telescoped eastward along internal
thrust faults that also juxtapose it against the coeval Chainman Shale. The Eleana
Formation has no source rock potential, but could be a reservoir rock under the right
conditions.

3. Important, high-angle faults trending mainly north-south place different Paleozoic
units together that were originally widely separated. These faults cut the low-angle
thrusts, and are in turn cut by Tertiary low-angle extensional faults. Paleogeographic
reconstruction of controls on the distribution of the Chainman Shale will rely on
understanding of these faults.

4. Prior to our work, upper Paleozoic stratigraphy in the NTS area was poorly
constrained, and based mainly on reconnaisance-level lithostratigraphy. We have
systematically improved our understanding of these strata by careful depositional
facies mapping and biostratigraphy. Our age control on these units continues to
improve, with the addition of ‘in-house’ experts Mira Kurka (conodonts) at UNR and
Betty Skipp (endothyrids and calcareous algae) who works with colleague Jim Cole at
the USGS in Denver.
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Our ultimate goal is to project Paleozoic strata and structure southwestward
under Yucca Mountain. In order to do this, we will have to gain substantially better
understanding of the faults that both juxtapose and dismember the strata. In the
coming year we will pursue this understanding through more and better stratigraphic
control, and geophysical data analysis where possible.
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INTRODUCTION

Our studies focus on the stratigraphy of Late Devonian to early Pennsylvanian
rocks at the NTS, because these are the best potential hydrocarbon source rocks in
the vicinity of Yucca Mountain. In the last year, our stratigraphic studies have
broadened to include the regional context for both the Chainman and the Eleana
formations. New age data based on biostratigraphy constrain the age ranges of both
Chainman and Eleana; accurate and reliable ages are essential for regional
correlation and for regional paleogeographic reconstructions. Source rock analyses
throughout the Chainman establish whether these rocks contained adequate organic
material to generate hydrocarbons. Maturation analyses of samples from the
Chainman determine whether the temperature history has been suitable for the
generation of liquid hydrocarbons. Structural studies are aimed at defining the
deformation histories and present position of the different packages of Devonian -
Pennsylvanian rocks. ‘

This report summarizes new results of our structural, stratigraphic and
hydrocarbon source rock potential studies at the Nevada Test Site and vicinity.
Stratigraphy is considered first, with the Chainman Shale and Eleana Formation
discussed separately. New biostratigraphic results are included in this section. New
results from our structural studies are summarized next, followed by source rock and
maturation analyses of the Chainman Shale. Directions for future work are included
where appropriate.

STRATIGRAPHY
Chainman_Shale

The primary focus of Task 8's stratigraphic work this year was the internal
stratigraphy and regional extent of the Mississippian Chainman Shale in southern
Nevada. Our previous understanding of the Chainman (see Task 8 progress report
9/98) was based on relatively poor surface exposures in the vicinity of the Eleana
Range, and on the UE17e core from the northern end of Syncline Ridge (Fig. 1). New
information for this report comes from surface exposures at Shoshone Mountain, the
Calico Hills, and the Spotted Range, and from drillholes at the Calico Hills, the
Syncline Ridge vicinity, and the western part of Yucca Flat. More work remains to be
done with the available drillhole data.

There were several breakthroughs this year in Task 8's work on the Chainman
Shale on the NTS. The depositional base (previously unknown in the area) has been
observed in a core and probably also in outcrop. The underlying carbonate has been
sampled for conodonts, and has provisionally been dated. The Late Devonian - Early
Mississippian depositional history recorded by the rocks between the Devonian
carbonate and the typical Chainman mudstone is consistent with the lower
Mississipian regional record. At the east edge of the NTS, the Chainman Shale is
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exposed in the Spotted Range. Here, the Chainman section comprises calcareous
siltstones and mudstones in a thin interval truncated at the top by a regional thrust
fault. There is no evidence of carbonaceous shales (potential source rocks) in the
Spotted Range, suggesting that they are confined to a present geographic area
between Mercury Ridge and the Eleana Range.

The Chainman Shale was deposited on Devonian (7) laminated carbonates.
The depositional base can be observed in the core from drillhole UE25a-3 in the
Calico Hills; these carbonates have been sampled for dating. This core was logged
for Task 8 by consulting petroleum geologist Donna Herring; her lithologic log is
shown in Fig. 2. The lower part of the section contains graded sandstone. This was
not found in the UE17e core (Fig. 3), and presumably represents a part of the section
that was not reached in UE17e. The Chainman mudstone that makes up the bulk of
the core resembles the extensive lower mudstone section in the UE17e core at
Syncline Ridge (see Task 8 progress report 9/93). The relatively thin section of
siltstone, fossiliferous limestone and interbedded mudstone that characterizes the top
of the UE17e core does not occur in UE25a-3, but does crop out at the surface in the -
vicinity of the UE25a-3 drill pad, supporting a correlation between the rocks in these
two cores.

The Late Devonian - Early Mississippian section at Shoshone Mountain (Fig. 4)
is probably a surface exposure of the lower part of the Chainman Shale. If so, it is the
only surface exposure we have found. Karst is developed at the top of the Devonian
Guilmette Formation at Shoshone Mountain. This is overlain by shallow marine or
fluvial sands with wood debris, and then by argillite and mudstone. Two limestone
horizons occur in the mudstone, a lower grainstone interbedded with chert, and an
upper laminated micrite. Conodonts from the upper limestone are late Kinderhookian
(with reworked Famennian forms), based on identifications by Mira Kurka. Forams in
the upper limestone are probably middle Mississippian (Osage-Meramec), based on
preliminary identifications by Betty Skipp.

The Shoshone Mountain measured section and new dates document the Late
Devonian and Early Mississippian depositional history there: Sea-level lowstand in
late Devonian time resulted in erosion and karsting of the Devonian carbonate
surface, and deposition of quartz sand in a subareal environment. The surface was
drowned in the early Mississippian, and fine-grained siliceous mud was deposited. In
Kinderhookian time, carbonate debris was transported in as turbidite beds. These in
turn were buried by an unknown thickness of siliceous shale.

Work is in progress to test the correlation of the Shoshone Mountain section
with the base of the Chainman, by comparing the ages of the carbonates: The
carbonate at the bottom of the UE25a-3 core has been sampled for conodont dating.
A small amount of carbonate is also present at the bottom of the UE1| drillhole, from
the east side of Syncline Ridge; this may be datable based on forams. Both UE25a-3
and UE1! contain thick sections of Chainman Shale, so an age from either one would
date the base of the Chainman.
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Eleana Formation

The Eleana Formation does not have hydrocarbon source rock potential, so our
objectives in further studying it are to: (1) determine the internal stratigraphy of the
several structural slices and (2) interpret the depositional history, in order to (3)
describe the regional paleogeography, incoporating the records in both the Chainman
and the Eleana. These stratigraphic data will enable us to unravel the complex
structure of the area. We have summarized our work to date in a paper on the
stratigraphy, depositional environment, and basin history of the Eleana Formation; this
paper has been submitted to the AAPG Bulletin.

New information this year on the Eleana Formation includes: (1) the history of
the base of the Eleana section, and (2) the recognition of an Eleana section at Mine
Mountain that appears to be transitional between the Eleana and the Chainman. The
history of the base of the section is based on exposures at Bare Mountain and on
samples and descriptions (J.C. Cole, pers. commun., 1994) of the type section at
Carbonate Wash. The history of the base of the section is also recorded in the
transitional section at Mine Mountain. We have new dates for samples from the Mine
Mountain section, based on Mira Kurka's conodont identifications Anita Harris’s
conodont identifications, and Betty Skipp's foram identifications.

The biggest breakthrough in Task 8's study of the Eleana Formation is the
recognition of a transitional Eleana section at Mine Mountain (Figs. 5, 6). This section
is generally finer grained than other Eleana sections, and it contains some
compositional characteristics of the Chainman, particularly near the top of the section.
It appears to have been deposited geographically between the typical Eleana, as seen
in the Eleana Range, and the typical Chainman, as seen in core UE17e near Syncline
Ridge. A complete section is preserved relatively intact, from the depositional base on
Late Devonian carbonates through the bioclastic debris turbidites that were deposited
in Late Mississippian (Chesterian) time. Limestones interbedded with fine-grained
clastic rocks at the base of the Mine Mountain section are Kinderhookian (with
reworked Famennian forms), based on conodonts identified by both Harris and Kurka.
In the same horizon, abundance of radiosphaerids, as identiified by Skipp, suggests a
late Devonian through Kinderhook-Osage age. Endothyrids from sandy packstones in
the upper part of the Mine Mountain section are upper Mississippian in age (Skipp,
pers. comm., 1994). A distinctive pebbly mudstone occurs near the top of the section;
it appears in the core from the UE1m drillhole (Fig. 6), and is exposed on the surface at
the northeastern end of the range. More work is needed to determine the source and
depositional environment of this unit.

A new interpretation, based on these data and on regional sequence
stratigraphy, is that the coarse clastic part of the Eleana Formation was probably
deposited in middle Misissippian time, rather than ranging in age from latest Devonian
to latest Mississippian.

Also new this year is a good description of the base of the Eleana section. The
type section of the lowest part of the Eleana is at Carbonate Wash, on the Nellis Air
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Force Range, and has therefore been inaccessible to us. In the last year, however, it
has been described, photographed and sampled for us by our colleague Jim Cole
(USGS). The lowest part of the Eleana crops out again at Bare Mountain, west of the
NTS. At both places, the Eleana Formation overlies Devonian carbonates. The base
of the Eleana Formation (as originally described at both localities) is marked by a
sedimentary breccia, followed by quartz sand interbedded with carbonates. After a
hiatus, there is an influx of chert lithic sand and conglomerate. These chert lithic
sediments seem to have been derived from the northeast, and to be equivalent to the
bulk of the Eleana section in the Eleana Range. At Bare Mountain to the southwest
the section is thinner and finer grained, and thus is interpreted to be a much more
distal version of the section at Carbonate Wash.

Based on the Bare Mountain and Carbonate Wash sections, we can interpret
the Late Devonian - Early Mississippian history of the Eleana Formation: The breccia
and quartz sand at the bottom of the section seem to reflect the earliest tectonic uplift
due to the Antler orogeny (possibly time equivalent to the karsting event recorded in
the Shoshone Mountain and Mine Mountain sections farther east). A hiatus in middie
Mississippian was followed by down-axis filling of a northeast-trending trough.
Objectives for future work on the tectonic history recorded by the Eleana include a
measured section and conodont samples from Bare Mountain, and, if possible,
samples and paleocurrents from the Carbonate Wash type section.

It is now clear that the “Eleana Formation” as originally defined includes several
upper Devonian and lower Mississippian units that have separate histories. These
units were juxtaposed by east-west shortening, and by additional faulting which is not
yet completely understood. However, in addition to the structural complications, it is
clear that there were dramatic east-to-west facies changes in this syntectonic basin
stratigraphy. The paleogeography was the primary control on the distribution of the
more easterly, organic-rich, Chainman Shale.

STRUCTURAL GEOLOGY

Structural studies for Task 8 focus on the deformational histories of the different —-
Late Devonian - Early Pennsylvanian sections, and particularly on the fault
relationships between them. New work summarized in this report includes (1)
structure of the transitional Eleana section at Mine Mountain (worked out with Jim Cole
of the USGS), (2) fault relationships between the Eleana and the Chainman in the
Callico Hills, (3) thrusting between the Eleana and the Chainman Shale, and within the
Eleana Formation, in the Eleana Range, (4) extensional faulting in the Eleana Range,
and (5) distribution of the Chainman and Eleana formations under Yucca Flat, based
on drillhole information. In addition, our new stratigraphic interpretation (specifically,
the presence of a transitional Eleana section at Mine Mountain) requires a significant
unrecognized fault between Mine Mountain and Syncline Ridge; future work is
planned to identify this structure.
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The biggest structural breakthrough this year is the recognition that there is no
Mine Mountain thrust (Cole and others, 1994). Northwest-dipping beds, which
comprise the western limb of a broad anticline, contain an essentially intact lower
Devonian to upper Mississippian section, although the Devonain-Mississippian
contact was originally mapped as the “Mine Mountain thrust”. At its type location, this
“thrust” is a low-angle normal fault complex that transports dismembered slabs of the
middie Paleozoic carbonate section southwestward over the Mississippian siliciclastic
section (Hudson and Cole, 1993). Throw on this fault complex is regionally
insignificant. ~

At the Calico Hills, a thin, fault-bounded slice of the Eleana Formation overlies a
deformed but intact section of Chainman Shale. The Eleana rocks are from the upper
part of the Eleana section, and include bioclastic limestones which are Chesterian in
age (Mamet, personal communication, 1993): Although there is no unequivocal
evidence for the nature of the fault contact, it apears to be an extensional fault. The
presence of Devonian carbonates in low-angle extensional fault contact over the
Chainman here (and, locally, over the Eleana as well) support this interpretation.

New mapping in the southern Eleana Range documents several styles of
structures that have accommodated east-vergent thrusting. Locally, near the Eleana-
Chainman contact, slices of Eleana and Chainman are imbricated along sub-
horizontal surfaces. However, most exposures of this contact show a steeply west-
dipping fault with local overturning in hanging wall and/or footwall. Elsewhere, east-
vergent folding is associated with a moderately to steeply west-dipping thrust within
the Eleana. This thrust occurs in the core of a macroscopic hanging-wall anticline
Throughout, cleavage (where developed) dips steeply west, and fold axes plunge
gently south-southwest (Fig. 7).

Extensional faulting truncates the Paleozoic section along the west side of the
southern Eleana Range, just below the Tertiary volcanic cover (Fig. 7). Numerous
kinematic indicators document top-to-the-west motion. This deformation may be fairly
local, and may be related to the presence of several large Tertiary calderas
immediately to the west of the Eleana Range.

Drillhole information along the west side of Yucca Flat shows that the
Chainman Shale extends northward well beyond where it can be mapped from
surface exposures. Numerous shallow drillholes (designed to stop after drilling into
bedrock) penetrated a few tens to hundreds of feet of black or brown shale interpreted
~ to be Eleana unit j ... which we would now call Chainman. In addition, there are
several deeper (1500’ -6000") drillholes in the vicinity of Syncline Ridge which we
have not yet examined in detail. We plan to examine the cuttings from these holes, to
confirm the unit identification. Rock distributions under the basin fill of Yucca Flat may
constrain the position and orientation of the both Eleana/Chainman contact, and also
the previously unrecognized fault that we have hypothesized between Syncline Ridge
and Mine Mountain.
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SOURCE ROCK AND MATURATION ANALYSES OF THE CHAINMAN SHALE

Samples from the two most complete cores of Chainman Shale were analysed
for source rock potential and maturation history. Unweathered core samples are
preferable to surface samples for this purpose. Total organic carbon (TOC) content is
measured; TOC > 0.5% is generally considered to be of interest in oil industry
exploration. Maturation history can be evaluated from Tmax, a measurement of the
temperature at which hydrocarbons are driven off from the sample. Tmax values for
immature, overmature and “oil window” rocks are shown in Fig. 8. A regional heating
event -- e.g. stratigraphic or structural burial -- resuits in heating throughout the
section, with highest temperatures reached in the deepest part of the section. Local
heating -- e.g., due to hydrothermal fluids moving through fractures -- results in heating
histories that are much less systematic. '

Analysis of 27 Chainman Shale samples from the UE17e drillhole (see Fig. 1 for
location) documents that TOC content is within the range for hydrocarbon source rocks
throughout the length of the core. TOC is greater than 0.5% for virtually all of the
samples, and is substantially higher than that for some of them (Fig. 9). Although most
of the samples were selected because of their black color -- usually an indicator of
high organic content -- the other samples had TOC values within the same range as
the black ones. This suggests that source rock potential is good throughout the
section at UE17e.

Maturation studies on the same samples show that although many have been
heated past the best temperatures for oil production, there are scattered immature
results, including some from near the bottom of the core (Fig. 9). This shows that the
heating recorded by the other samples is a local, not a regional, event.

TOC contents of twelve Chainman Shale samples from the Calico Hills (UE25a-
3 core) are within the some range as those from the UE17e core (Fig. 10). This
suggests that the Chainman contains good source rocks throughout a large areal and
vertical extent. Maturation results from these samples cannot be used: S2 values are
low enough that Tmax estimates are not reliable. S2 values are generally an order of
magnitude lower than those in the UE17e core; with S2 values this low, Tmax results
are also low, possibly by as much as 200°.
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FIGURE CAPTIONS

Figure 1: Location map showing drillholes and geographic localities mentioned in the
text.

Figure 2: Consultant D.M Herring's lithologic log of drillhole UE25a-3, Calico Hills
(Chainman Shale).

Figure 3: Consultant D.M Herring’s lithologic log of drillhole UE17e, north Syncline
Ridge (Chainman Shale). -

Figure 4: J.H. Trexler's measured section at Shoshone Mountain (base of the
Chainman Shale (?)).

Figure 5: J.H. Trexler's measured section at Mine Mountain (transitional Eleana
Formation).

Figure 6: Consultant D.M Herring's lithologic log of drillhole UE1m, northeast Mine
Mountain (upper part of the transitional Eleana Formation).

Figure 7: Geologic map of east-verging folding and thrusting in the Eleana Formation
in the southern Eleana Range. Stereograms show poles to bedding, poles to
cleavage (where present), and computed fold axes for: (a) the macroscopic
hanging-wall anticline; n = 18; (b) mesoscopic folds at the base of the hanging-
wall anticline, adjacent to the thrust; n = 13; (c) mesoscopic folds associated
with imbricate faulting in the core of the hanging-wall anticline; n = 13; and (d)
poles to bedding at the south end of the hanging-wall anticline; n = 27.

Figure 8: Correlation of maturation indices, showing Tmax values for hydrocarbon
generation.

Figure 9: TOC (total organic carbon) and maturation results for samples from drillhole
UE17e; analyses performed at the USGS lab of Charlie Barker. -

Figure 10: TOC (total organic carbon) and maturation results for samples from
drillhole UE25a-3; analyses performed by MicroStrat, Inc.
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