LA-13478

Approved for public release;
distribution is unlimited.

Volcanism Studies: Final Report
for the Yucca Mountain Project

. os Alamos

NATIONAL LABORATORY

Los Alamos National Laboratory is operated by the University of California
for the United States Department of Energy under contract W-7405-ENG-36.




This work was supported by the Yucca Mountain Site Characterization
Project Office as part of the Civilian Radioactive Waste Management
Program of the U.S. Department of Energy.

An Affirmative Action/Equal Opportunity Employer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither The Regents of the University of California, the United States
Government nor any agency thereof, nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its
use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by The Regents
of the University of California, the United States Government, or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of

The Regents of the University of California, the United States Government, or any agency
thereof. Los Alamos National Laboratory strongly supports academic freedom and a
researcher’s right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness.



Volcanism Studies: Final Report
for the Yucca Mountain Project

Editors:

Frank V. Perry
Bruce M. Crowe
Greg A. Valentine
Lynn M. Bowker*

*University of Wyoming College of Law, Laramie, Wyoming.

| os Alamos

NATIONAL LABORATORY
Los Alamos, New Mexico 87545

LA-13478

Issued: December 1998



This report has been reproduced directly from the
best available copy.

It is available to DOE and DOE contractors from the
Office of Scientific and Technical Information,

P.O. Box 62,

Oak Ridge, TN 37831.

Prices are available from

(423) 576-8401.

http://www.doe.gov/bridge

It is available to the public from the
National Technical Information Service,
U.S. Department of Commerce,

5285 Port Royal Rd.,

Springfield, VA 22161.

(800) 553-6847



| os Alamos

NATIONAL LABORATORY

Los Alamos, New Mexico 87545



Abstract

This report synthesizes the results of volcanism studies conducted by scientists at the Los Alamos
National Laboratory and collaborating institutions on behalf of the Department of Energy’s
Yucca Mountain Project. An assessment of the risk of future volcanic activity is one of many site
characterization studies that must be completed to evaluate the Yucca Mountain site for potential
long-term storage of high-level radioactive waste. The presence of several basaltic volcanic
centers in the Yucca Mountain region of Pliocene and Quaternary age indicates that there is a
finite risk of a future volcanic event occurring during the 10,000-year isolation period of a
potential repository. Chapter 1 introduces the volcanism issue for the Yucca Mountain site and
provides the reader with an overview of the organization, content, and significant conclusions of
this report. The risk of future basaltic volcanism is the primary topic of concern including both
events that intersect a potential repository and events that occur near or within the waste isolation
system of a repository. Future volcanic events cannot be predicted with certainty but instead are
estimated using formal methods of probabilistic volcanic hazard assessment (PVHA). Chapter 2
describes the volcanic history of the Yucca Mountain region (YMR) and emphasizes the Pliocene
and Quaternary volcanic record, the interval of primary concern for volcanic risk assessment. The
distribution, eruptive history, and geochronology of Plio-Quaternary basalt centers are described
by individual center emphasizing the younger postcaldera basalt (<5 Ma). The Lathrop Wells
volcanic center is described in detail because it is the youngest basalt center in the YMR. The age
of the Lathrop Wells center is now confidently determined to be about 75 thousand years old.
Chapter 3 describes the tectonic setting of the YMR and presents and assesses the significance of
multiple alternative tectonic models. The Crater Flat volcanic zone is defined and described as
one of many alternative models of the structural controls of the distribution of Plio-Quaternary
basalt centers in the YMR. Geophysical data are described for the YMR and are used as an aid to
understand the distribution of basaltic volcanic centers. Chapter 4 discusses the petrologic and
geochemical features of basaltic volcanism in the YMR, the southern Great Basin and the Basin
and Range province. Geochemical and isotopic data are presented for post-Miocene basalts of the
Yucca Mountain region. Alternative petrogenetic models are assessed for the formation of the
Lathrop Wells volcanic center. Based on geochemical data, basaltic ash in fault trenches near
Yucca Mountain is shown to have originated from the Lathrop Wells center. Chapter 5
synthesizes eruptive and subsurface effects of basaltic volcanism on a potential repository and
summarizes current concepts of the segregation, ascent, and eruption of basalt magma. Chapter 6
synthesizes current knowledge of the probability of disruption of a potential repository at Yucca
Mountain. In 1996, an Expert Elicitation panel was convened by DOE that independently
conducted PVHA for the Yucca Mountain site. Chapter 6 does not attempt to revise this PVHA;
instead, it further examines the sensitivity of variables in PVHA. The approaches and results of
PVHA by the expert judgment panel are evaluated and incorporated throughout this chapter. The
disruption ratio (E2) is completely re-evaluated using simulation modeling that describes volcanic
events based on the geometry of basaltic feeder dikes. New estimates of probability bounds are
developed. These comparisons show that it is physically implausible for the probability of
magmatic disruption of the Yucca Mountain site to be > than about 7 x 10-8 events yr™. Simple
probability estimates are used to assess possible implications of not drilling aeromagnetic
anomalies in the Amargosa Valley. The sensitivity of the disruption probability to the location of
northeast boundaries of volcanic zones near the Yucca Mountain site is assessed. A new section
on modeling of radiological releases associated with surface and subsurface magmatic activity
has been added to chapter 6. The modeling results are consistent with past total system
performance assessments that show volcanic and magmatic events are not significant components
of repository performance.
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conventional K-Ar age determinations of Turrin et al.

Figure 2.23  Probability and box plots of the **Ar/**Ar data of Turrin et al.

Figure 2.24  Probability and box plots of the **Ar/* Ar data set of Turrin et al.

with outliers removed
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CHAPTER ONE

Overview

Bruce M. Crowe

Frank V. Perry

Greg A. Valentine

Earth and Environmental Sciences Division, Los Alamos National Laboratory

A thousand probabilities does not make a single fact.
—ltalian Proverb

I. Introduction

This report presents the results and synthesis of concluding volcanism studies conducted by
scientists at the Los Alamos National Laboratory and collaborating institutions on behalf of the
Department of Energy’s Yucca Mountain Project. It follows the format and content of the report
by Crowe et al. (1995) titled “Status of Volcanism Studies for the Yucca Mountain Site
Characterization Project” (volcanism status report) and adds information obtained since that
report was completed in March 1995. The interested reader is referred to the volcanism status
report for a complete perspective on Los Alamos volcanism studies conducted between 1988 and
1995. Chapter 1 of the volcanism status report, which describes the major technical issues and
strategies involved in volcanic hazard assessment at Yucca Mountain, as well as the major
conclusions of that report, is included as Appendix 1 of this chapter.

This report has been revised, based on the following significant new information:

1. results of a probabilistic volcanic hazard assessment (PVHA) conducted by an expert
judgment panel convened by the DOE;

2. new geochronology data for Pliocene and Quaternary volcanic centers in the Yucca
Mountain region (YMR);

3. results of simulation modeling of the disruption of a repository and repository system
using the FracMan computer code;

4. results of performance assessment simulations of radiological releases associated
with magmatic disruption of a repository and repository system using the Repository
Integration Program (RIP);

5. continuing acquisition of geophysical data for the YMR;

6. results of field and tectonic studies on the origin of the Crater Flat basin;

7. results of modeling of geochemical data for Pliocene and Quaternary volcanic centers
of the YMR;

8. results of the correlation and age of basaltic ashes in fault trenches near Yucca
Mountain;
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9. results of eruptive effects studies at analog volcanoes yielding data critical to
performance assessment calculations of the quantity of debris that can be entrained
and erupted onto the surface during basaltic eruptions (Strombolian, Hawaiian, and
hydrovolcanic);

10. studies of the factors controlling geometry of shallow basaltic intrusions, based on
data collected at analog sites, which provides information for subsurface (indirect)
effects;

11. results of studies of chemical and mineralogical alteration of silicic tuffs intruded by
basalts at analog sites (subsurface effects);

12. results of initial theoretical and numerical modeling studies aimed at predicting
subsurface effects of basaltic intrusions; and

13. revisions of the eruptive history of the Lathrop Wells volcanic center.

The chapters were written by different authors, and the report is structured so that each
chapter may be individually referenced. The degree of revision is different for each chapter, and
to maintain continuity, the organization of the original volcanism status report (Crowe et al.,
1995) has been retained.

II. Chapter Summaries

This section provides a brief overview of how this report compares with the volcanism status
report (Crowe et al. 1995).

Chapter 1. This chapter has been completely revised. The original chapter is included as an
appendix to Chapter 1 of this report to provide documentation of the background and scope of
volcanism studies conducted by the Los Alamos National Laboratory.

Chapter 2. The original content of chapter 2 of the volcanism status report (Crowe et al.,
1995) has been kept largely intact, except for correction of errors and the revision of tables to
reflect the most current data. We have made significant additions to the chapter, largely in the
area of geochronology; additions are highlighted in boxes labeled “FY96 & FY97 revisions” and
are in a different font.

Because the post-5-Ma record of basaltic volcanism in the YMR is judged to be the period
most relevant to probabilistic volcanism studies, PVHASs conducted by the authors and by the
expert judgment panel focused only on this period. Our recommendation to the DOE is that the
pre-5-Ma record of basaltic volcanism is of minor importance for site suitability and licensing-
application decisions. Consequently, we have added very little material to the sections on the pre-
5-Ma record of basaltic volcanism in the YMR.

New geologic maps on digitized topographic bases have been included for the basalts of
southeastern Crater Flat, Sleeping Butte, Makani Cone, Little Cones, and Lathrop Wells.

Additional information on the occurrence and distribution of aeromagnetic anomalies in the
Amargosa Valley has been added to this chapter. New geochronology data for the basalt of
Buckboard Mesa have resulted in a minor revision of the age of this center. Minor revisions have
also been added to the geology and chronology sections of the Quaternary basalt of Crater Flat.
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The results of new geologic mapping of the Hidden Cone center have been included in chapter 2,
and we now agree with other researchers that a northern lava lobe was erupted from the center.
New geochronology and geochemical data have been obtained and provide somewhat
contradictory evidence on the eruptive history of the center.

We have extensively revised discussion of geochronology and geochemical data for the
Lathrop Wells volcanic center, but have retained most of the descriptions of the field data. At the
end of field studies, trenching of the crater of the main cinder cone provided stratigraphic
evidence that the cone is more erosionally modified than previously thought. This finding
reconciles some of the perceived discrepancies in field relationships and aids in the interpretation
of *He cosmogenic exposure ages measured on volcanic bombs from the cone rim. New “Ar/*’Ar
data, combined with data on thermoluminescence ages for the scoria-fall sheet, and data on
cosmogenic “He ages for surface exposure of volcanic deposits, agree with and provide
compelling support for an age of about 75 Kyr for all eruptive units of the center. Our revised
geochemical models of the Qs4 scoria units indicate that the inferred unique chemistry of the
deposits results from infiltration of loess and pedogenic alteration. The distribution and
sedimentological features of the deposits remain enigmatic, but we now believe the unit did not
result from Holocene eruptive activity at the center. Collectively, our new information on the
Lathrop Wells center provides greatly increased support for a conventional, monogenetic eruptive
history but some perplexing aspects of field and geomorphic data remain and appear
contradictory with that interpretation.

Chapter 3. There are minor changes in the introduction and in the section on regional
background. Some new references were added, and minor editorial changes were made. The
section on tectonic models has been modified considerably, and interpretative sections of
individual volcanic-tectonic models have been refined. A major addition is an expanded section
on the origin of the Crater Flat basin. The regional seismic reflection/refraction line across Crater
Flat and Yucca Mountain has greatly improved our understanding of the subsurface structure of
the basin and basin edge. These data show conclusively that the shallow detachment and caldera
models are not valid interpretations of the tectonic setting of the YMR. In contrast, the
geophysical data are consistent with a pull-apart half-graben origin of the Crater Flat basin
involving combined extension and strike-slip faulting. The section on time-space patterns of post-
9-Ma basaltic volcanism in the YMR has been revised, incorporating new information on the
sequences of volcanic events. These data are consistent with a southwest drift of sites of basaltic
volcanism through time and allow recognition of small-scale (< 10 km) fractal processes in event
distributions (clustered, near- synchronous volcanic centers) and larger scale (> 15 km) Brownian
processes in the formation of successive, age-distinct new volcanic centers. The larger-scale
processes are the volcanic events that are important to PVHA. The sequence and location of sites
of formation of new volcanic centers oscillate between mostly NW- and SE-directions. The
location of Pliocene and Quaternary volcanic centers provide limited constraints on the location
of future volcanic events except for a tendency for event sites to oscillate between the Sleeping
Butte/Thirsty Mesa cluster and the Crater Flat cluster. These patterns are consistent with the
inference that the next volcanic event may occur near the former cluster.

Chapter 4. Much of this chapter has been extensively revised. We present new data and
discussion concerning the isotopic and geochemical composition of post-Miocene basalts in the
YMR and their implications for the evolution of volcanism in the YMR. Geochemical modeling
is presented for soil-bound tephras at Lathrop Wells, which show that the composition of the Qs4
tephra deposit is probably due to pedogenic alteration of tephra from the main cinder cone.
Alternative petrogenetic models are presented to account for the systematic compositional
variations observed in lava flows at Lathrop Wells. Lastly, geochemical evidence is presented
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that correlates ashes found in fault trenches near Yucca Mountain to the Lathrop Wells volcanic
center, consistent with an age of the trench ashes of ~75 + 10 ka.

Chapter 5. This chapter is substantially revised. The original version focused on theoretical
aspects of magma system dynamics. The new version includes detailed reports on studies of
eruptive effects and subsurface effects carried out at analog sites throughout the southwestern US.
These include detailed lithic abundance studies that constrain eruptive effects (quantity of
potential repository debris that can be erupted onto the surface given formation of a new volcano
that penetrates the potential repository) for Strombolian (including limited data on violent
Strombolian eruptions), Hawaiian, and hydrovolcanic eruptions. Also reported are data and
interpretations of alteration of silicic-tuff host rocks induced by intrusion of basaltic dikes and
sills. These studies, which pertain to subsurface (indirect or secondary) effects, were conducted at
sites where the host rocks were both vitric and zeolitic tuffs, as is the case at the Yucca Mountain
site. Also reported are studies of factors influencing shallow intrusion geometry. Preliminary
modeling and theoretical studies of subsurface effects are also presented.

Chapter 6. Chapter 6 of the volcanism status report, which described the history of
volcanism studies for the YMR, has not been included in this report. We have replaced chapter 7
of the former report with chapter 6 in this report. The introductory sections of this new chapter 6
are similar to the original chapter 7, but they have been shortened and partially rewritten to reflect
the decision by the DOE to terminate volcanism studies. The remainder of chapter 6 is completely
rewritten. The new sections do not revise estimates of PVHA; instead, they describe further
examinations of the sensitivity of variables in PVHA. The approaches and results of PVHA by
the expert judgment panel are evaluated and incorporated throughout this chapter. The disruption
ratio (E2) is completely re-evaluated using simulation modeling that describes volcanic events
based on the geometry of basaltic feeder dikes. Disruption of a repository or repository system
can occur either by direct intersection by a volcanic event (conduit plug) or by intersection by
feeder dikes. This approach solves a previous problem of assessing the likelihood of disruption of
a repository for volcanic zones that do not include the areas of interest. The sensitivity of event
rates are assessed by treating them as probability distributions both for individual volcanic centers
and individual spatial and structural zones. Contrasting assumptions are used to describe the
probability distributions, and these assumptions incorporate and contrast the results from the
expert judgment panel and an assessment of undetected events. New estimates of probability
bounds are developed. These comparisons show that it is physically implausible for the
probability of magmatic disruption of the Yucca Mountain site to be greater than about 7 x 10
events per year. Simple probability constraints are used to assess possible implications of not
drilling aeromagnetic anomalies in the Amargosa Valley. The PVHA results are insensitive to
drilling data for the anomalies if they are assumed to be buried centers and not young (Late
Quaternary) intrusions. However, the aeromagnetic anomaly south of Little Cones should be
drilled to adequately characterize the Pliocene and Quaternary volcanic record of Crater Flat. The
sensitivity of the disruption probability to the location of northeast boundaries of volcanic zones
near the Yucca Mountain site is assessed. A new section on modeling of radiological releases
associated with surface and subsurface magmatic activity has been added to chapter 6. The
modeling results are consistent with past total system performance assessments that show
volcanic and magmatic events are not significant components of repository performance.

Ill. References
Crowe, B., F. Perry, J. Geissman, L. McFadden, S. Wells, M. Murrell, J. Poths, G.A. Valentine,

L. Bowker, and K. Finnegan, “Status of Volcanism Studies for the Yucca Mountain Site
Characterization Project,” Los Alamos National Laboratory report LA-12908-MS, 1-363 (1995).
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CHAPTER 1: INTRODUCTION TO THE VOLCANISM ISSUE
I. Summary

An assessment of the risk of future volcanic activity is one of many site characterization
studies that must be completed to evaluate the Yucca Mountain site for potential long-term
storage of high-level radioactive waste. There are two topics for volcanism that require study. The
first is the risk of silicic volcanism. This risk is judged to be negligible primarily because of the
absence of silicic volcanism in the region for the last 8.5 million years (Ma). The second topic is
the risk of basaltic volcanism. The presence of multiple basaltic volcanic centers in the Yucca
Mountain region (YMR) of Pliocene and Quaternary age indicates that there is a finite risk of a
future volcanic event occurring during the 10,000-yr isolation period of a potential repository.
The risk is that magma feeding a surface eruption could ascend directly through a repository or
erupt/intrude near a repository and modify the waste isolation system.

Four scenarios have been identified with respect to the risk of future basaltic volcanic events.
The first scenario, which is the most important event from the perspective of disqualification of
the potential repository site, is penetration of a repository by ascending magma that erupts at the
surface. Such an event could possibly lead to eruptive (direct) release of radionuclides to the
accessible environment. The second scenario includes volcanic eruptions through the controlled
area, or the YMR. The third scenario includes intrusion of magma near a repository without
accompanying eruptions. The fourth scenario includes intrusion of magma into the controlled
area, or the YMR, also without accompanying eruptions. The latter three scenario classes may not
lead to immediate releases of radionuclides; their effects are primarily on the waste isolation
system. The latter two scenarios, the intrusion scenarios without eruptions, may be unlikely in the
YMR. All basaltic eruptions are accompanied by the formation of minor to significant intrusions
(dikes, conduit plugs, sills). However, intrusion of magma into the shallow crust (<1 km) without
an associated eruption appears unlikely. All known occurrences of shallow basalt intrusions in the
YMR were associated with eruptions. Each scenario component of volcanic risk is studied from
the perspective of suitability of the Yucca Mountain site as well as the contribution of future
volcanic processes to radiological releases from the waste isolation system (system performance).
The emphasis of thisreport is on assessment of the likelihood of occurrence of the first two
scenarios. the probability of basaltic eruptions through or near a potential repository. The
timing and location of future volcanic events in the YMR cannot be predicted with certainty
because of the small number of Pliocene and Quaternary volcanic events. A probabilistic
assessment of the risk of future volcanic events can be modeled as a conditional probability
comprising the recurrence rate of volcanic events, the probability of disruption, and the
probability of volcanic-driven, radiological releases exceeding regulatory requirements. This
volcanism status report summarizes work through April 1994 on probabilistic assessment of
magmatic disruption of a potential repository at the Yucca Mountain site.

The major conclusions of the report include:

1. the recurrence probability of silicic volcanism is so low that it is not a significant
issue for the potential Yucca Mountain site;

2. the most current estimate of the probability of future volcanic events directly
penetrating the repository and erupting at the surface are low (slightly greater
than 10~ events per yr or about 1 chance in 10,000 during the 10,000-yr period
of required waste isolation);
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3. the low estimate of the probability of repository disruption continues to support
the previous judgments that the Yucca Mountain site is not disqualified solely on
the basis of volcanic risk;

4. the uncertainty of the estimates of the probability of magmatic disruption is
constrained through development of cumulative probability distributions using
multiple eruptive, chronological and structural models, and comparison with
analog basaltic volcanic fields; and

5. the uncertainty of probability estimates is sufficiently great that no classes of
volcanic scenarios can be excluded from consideration with respect to their
contribution to the cumulative releases from the waste isolation system.

Il. Introduction

An evaluation of the risk of future volcanic activity with respect to geologic isolation of
high-level radioactive waste is an important part of studies for the Yucca Mountain Site
Characterization Project (YMP). The issues generated by questions about future volcanic activity
are among a number of issues requiring resolution, either positively or negatively, for assessing
the suitability of the Yucca Mountain site (Department of Energy [DOE] 1988). Volcanism
studies have been ongoing for over a decade (Crowe and Carr 1980; Crowe et al. 1992, 1993).
Future volcanism is a natural geologic process that could pose a risk to the integrity of a
repository’s waste isolation system (risk is used as a general term to describe attempts to quantify
an identified hazard; volcanic risk assessment refers to attempts to quantify the occurrence
probability and consequences of a future volcanic or intrusive event). Volcanic risk assessment
must be performed for the 10,000-yr period required for isolation of high-level radioactive waste.
Penetration of a repository by ascending magma followed by surface eruption of waste
contaminated volcanic rocks could, under some conditions, lead to direct releases of
radionuclides to the accessible environment. Also, intrusion of magma through or near an
underground repository could alter the integrity of the waste isolation system even if no magma
erupts at the surface. If the risk of volcanism from future eruptions of magma through or near a
repository is judged to exceed the regulatory requirements for licensing of such a repository, the
Yucca Mountain site cannot be found acceptable. If the risk of magmatic intrusion accompanied
or not by eruptions exceeds regulatory requirements, the Yucca Mountain site cannot be found
acceptable as a repository. Alternatively, if the risk of volcanism or intrusion is judged to be
acceptable, the Yucca Mountain site still may not be suitable for a repository. The site must also
meet regulatory requirements that limit the allowable releases of radionuclides over the next
10,000 yr. The DOE is charged with the responsibility of assessing the significance of issues that
could potentially disqualify the Yucca Mountain site.

There are two aspects to an assessment of the risk of future volcanism. The first is the risk of
future silicic volcanic activity. The rocks that were uplifted by faulting in the Miocene to form
Yucca Mountain were deposited as outflow facies of large volume, explosive eruptions of silicic
magma. These eruptions produced hot pyroclastic flows (ignimbrites) and formed multiple,
coalesced caldera complexes. The age of this silicic activity ranges from about 15 to 11 Ma.
Silicic volcanism in a related but spatially separated caldera complex occurred about 8.5 Ma (in
the Black Mountain caldera complex). There are no Pliocene or younger silicic centers within a
50-km radius of the Yucca Mountain site. The nearest young silicic center is the Mount Jackson
rhyolite dome (2.9 Ma). It is located 105 km to the northwest of Yucca Mountain. Quaternary
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centers of silicic volcanic activity occur at the eastern and western margins of the Great Basin,
more than 100 km from Yucca Mountain. The absence of post-Miocene silicic volcanism in the
YMR provides the major basis for the interpretation that the likelihood of recurrence of a large
volume, explosive silicic eruption is very low, perhaps extremely low. Accordingly, it is judged
not to be a significant issue for isolation of high-level radioactive waste isolation at the potential
Yucca Mountain site (Crowe et al. 1983a; National Research Council 1992).

A second more critical issue for studies of the Yucca Mountain site is an evaluation of the
risk of future basaltic volcanism. There are five small-volume Quaternary basalt centers within a
25-km radius centered at the exploratory block of the Yucca Mountain site. The closest
Quaternary volcanic center is the 1.0-Ma Black Cone center. It is 9 km from the southwestern
edge of the exploratory block. The youngest volcanic center in the region, the Lathrop Wells
center, is 20 km south of the exploratory block. Other basalt sites of Pliocene or Quaternary age
include two centers of the basalt of Sleeping Butte (0.32 Ma) and that of Buckboard Mesa (2.9
Ma). These centers are located, respectively, 47 km northwest and 35 km northeast of the
potential site. A north-trending alignment of eroded basalt centers (five or six centers), which are
about 3.7 Ma, is present in the southeast part of Crater Flat. A 4.8-Ma basalt mesa is located south
of Black Mountain. It is 35 km northwest of Yucca Mountain. A 3.8-Ma basalt center is buried
beneath alluvial deposits several kilometers south of the town of Amargosa Valley and 25 km
southeast of the central part of Yucca Mountain.

Stated simply, the risk represented by the Quaternary record of volcanism is the possible
recurrence of basaltic eruptive activity during the 10,000-yr performance period of a potential
repository at Yucca Mountain. The nature of the future risk of volcanism can be summarized in
the context of four questions:

1. Could a future pulse of basaltic magma penetrate through or near the repository, erupt, and
release waste radionuclides to the accessible environment (eruption scenario)?

2. Could intrusion of magma into or around the repository perturb the waste isolation system
and cause increased or accelerated release of waste radionuclides (subsurface scenario)?

3. Is the risk of eruption, subsurface magmatic effects, or combined eruption and subsurface
effects sufficient to disqualify the Yucca Mountain site from consideration for
underground storage of high-level radioactive waste?

4. Is the contribution of accelerated radiological releases from possible future magmatic
processes (eruptive and subsurface) significant for the integrated performance of a
repository system over a 10,000-yr period?

Several types of data are required to answer these questions. The recurrence rate or the
frequency of occurrence of basaltic eruptions and subsurface intrusions needs to be established
for the YMR. Possible future sites of eruptions or intrusions need to be identified or bounded. An
evaluation of subsurface intrusion effects requires estimating the likelihood of intrusions and their
effect on both the repository and the waste isolation system encompassing the repository. A
subset of the first question, the eruption scenario, is that an identified event could directly affect
the suitability of the potential Yucca Mountain site. The volcanic event of concern is disruption of
a repository by ascending magma followed by eruption of waste-contaminated magma at the
surface. This scenario could lead to immediate release of radionuclides along pathways that may
bypass the multiple natural barriers of the waste isolation system.
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Acquisition of the data needed to answer these questions has been the focus of volcanism
studies for the last decade. The emphasis of current volcanism studies includes completion of
field and geochronology studies, assessment of geochemical models of basalt centers, studies of
the evolutionary patterns of basaltic volcanic fields, and a recent emphasis on studies of the
effects of basaltic eruptions and intrusions on the repository and the waste isolation system
(Valentine et al. 1992, 1993a). However, two principal areas of progress have been in gathering
the data needed for site characterization studies (Crowe 1990; Perry and Crowe, 1992; Crowe et
al. 1993) and estimating the occurrence probability of magmatic disruption of a potential
repository (Crowe 1986; Crowe et al. 1992, 1993). There has been sufficient progress in these
studies to bound the range of possible events (minimum and maximum values) and estimate the
cumulative probability distribution for the case of intersection of the repository by ascending
magma and eruption at the surface (intrusion-eruption scenario). This subset of volcanic scenarios
has been examined in a series of papers and reviews both external and internal to the YMP. The
conclusions reached in the papers and reviews have been that current data indicate the probability
of magmatic disruption of a repository with accompanying eruption is too low to disqualify the
potential Yucca Mountain site (Crowe et al. 1983a; Link et al. 1983; Crowe 1986; DOE 1986,
1988; Younker et al. 1992; National Research Council 1992; Wallmann et al. 1993; Crowe et al.
1993). The DOE will make the formal assessment of the potential disqualification of the Yucca
Mountain site with respect to the issue of future volcanism.

The Nuclear Regulatory Commission (NRC) has evaluated the conclusions concerning the
volcanism studies for the YMP. They have neither refuted nor accepted conclusions about the
significance of volcanism for the potential Yucca Mountain site. The NRC has provided questions
and comments about the methods used for probability calculations, the uncertainty of the
probability calculations, and the completeness of information used in risk assessment. The state
of Nevada has argued in both oral and written form that volcanism is an unresolved issue with
respect to the safety of the Yucca Mountain site. Their arguments were derived from qualitative
judgments of the risk of volcanism and from uncertainty in evaluations of volcanic risk. The
potential risk of future volcanism with respect to underground storage of radioactive waste at the
Yucca Mountain site is an issue of considerable interest and some difference of opinion.

The view that future volcanic events are not a significant issue for the disqualification of the
potential Yucca Mountain site requires clarification. There can be apprehension from the simple
perception of a finite probability of a future volcanic event. An erupting volcano invokes images
of explosions accompanied by ejection of towering columns of ash, and devastation of the
surrounding areas, destruction of forests and wildlife, lost lives, and ruined property. This
imagery is reinforced by media dramatizations of volcanic eruptions, filled with photography of
the eruptions and zones of destruction. The series of well publicized major eruptions in the last 12
years (Mount St. Helens 1980; EI Chichon 1982; Mount Pinatubo 1991-1992) have made the
public more aware of the potential effects of explosive volcanic eruptions.

However, the public is generally unfamiliar with the wide range in the eruptive energy,
particle fragmentation, and eruptive volume, and of the mechanisms of dispersal of volcanic
materials in different types of volcanic eruptions. Additionally, critics of the Yucca Mountain site
often exaggerate publicly sensitive issues, such as, the risks of volcanic eruptions and
earthquakes. The Pliocene and Quaternary volcanic centers (basaltic volcanoes) in the YMR
comprise relatively small scoria and spatter cones with associated low-volume, blocky aa lava
flows. The nature of the deposits of the basalt centers requires that they were formed from mildly
explosive, hawaiian and strombolian eruptions and more explosive, but less common,
hydrovolcanic eruptions of basaltic magma. The depth of the water table at the potential Yucca
Mountain site (0.6 km) should limit but not preclude the occurrence of hydrovolcanic eruptions
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(Crowe et al. 1986). The expected type of volcanic eruption with magma penetrating a potential
repository at Yucca Mountain should have a limited capability to carry radioactive waste from
depth and disperse the material long distances at the surface of the earth. There is a finite risk to
storage of high-level radioactive waste from future basaltic volcanic events, but the risks are
limited by the established geologic record of mildly explosive, small volume eruptions of basaltic
magma at locations well removed from the Yucca Mountain site. Future basaltic volcanic events
would have to intersect or erupt near a potential repository under most conditions to release
radionuclides directly into the accessible environment.

An important, perhaps critical, aspect of geologic predictions concerned with future volcanic
events is the uncertainty associated with the predictions. A common misconception is that
comprehensive studies will lead to highly precise predictions of the time and location of future
volcanic eruptions. That is impossible for two reasons. First, predictions of future events are
based on the assumption that the record of volcanism provides a suitable indicator of the rates and
style of future volcanic activity, or simply that the history of eruptive activity can be used to
predict the most likely patterns of future volcanic activity. However, rates and processes of
volcanic activity can change, and moreover, the record of past volcanic processes may be
incomplete or hard to decipher, particularly with increasing age of the deposits. Second, there is a
limited record of volcanic events in the YMR, providing only a small number of past events to
forecast future volcanic events.

These uncertainties markedly constrain both the formulation and accuracy of volcanic
predictions. We have a limited ability to predict the location in space and time of future volcanic
activity. In fact, such predictions are probably not possible for the types of volcanoes and the
small number of past volcanic events in the YMR. Currently, volcanic eruptions have been
predicted only for special conditions at historically active volcanoes (UNESCO 1971; Bolt et al.
1975; Tazieff and Sabroux 1983; Swanson et al. 1985), in which a relatively large number of
recent events or a consistent pattern of past events provides the basis for predictions.

The problem of prediction of eruptions is much more difficult for spatially isolated, small-
volume basalt centers, because there is insufficient data to statistically define or test distribution
models for the timing of future volcanic events. We can bound models of how often volcanoes
might occur but cannot predict the specific time of a future eruption. Equally, we can define the
general area where volcanic events might occur but cannot define specific sites of future volcanic
events. We currently lack, and are unlikely to develop during the next few decades, predictive
models of the triggering mechanisms of generation, ascent, or eruption of magma for areas of
intermittent volcanic activity like the southern Great Basin.

Further, the recently evolving ideas of chaos and nonlinear dynamics arising in complex
natural systems provide a new perspective of how unpredictable complex processes may be
through time (Briggs and Peat, 1989; Stewart 1989; Devaney 1990; Peitgen et al. 1992). The
processes controlling the intermittent generation, ascent, and eruption of magma at the surface
exhibit many properties of chaotic systems (Shaw 1987; Dubois and Cheminee 1991; Sornette et
al. 1991; Turcotte 1992) and may be particularly applicable to the relatively new field of
spatiotemporal chaotic dynamics (Moon 1992). Studies applying these ideas suggest currently
that accurate predictions of future volcanic events over an extended period may, like weather
forecasts, be impossible. The record of scientists at predicting the future across a range of
disciplines is marginal at best (Casti 1990). These difficulties appear, on first examination,
disconcerting. But the questions posed for the volcanism studies at Yucca Mountain are not how
well we can predict the future. The challenge for volcanism studies for the potential Yucca
Mountain site is assessing risk. There is a subtle but important distinction between prediction of
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events and assessing the risk of future volcanic events. The prediction of future volcanic
eruptions requires identifying when and where an eruption might occur and forecasting its type,
or nature. The usefulness of the predictions is determined by their accuracy in time and space. In
contrast, risk assessment requires estimating the likelihood and effects of future volcanism. Exact
predictions of when (timing), where (location), and how large (magnitude) are not required.
Instead, the risk of future volcanic events is estimated through probabilistic assessment of the
likelihood and effects of the events. The important questions for forecasting volcanic risk for a
10,000-yr period become what methods can be used for assessment, what are the differences in
the estimated risk using alternative methods of risk identification, and what is the uncertainty
associated with the risk assessment? Ultimately, the volcanism issue will be resolved by assessing
the estimation of risk, coupled with realistic estimations of the uncertainty of the risk assessment.

The statement that current data support the judgment that the Yucca Mountain site will not
be disqualified because of the risk of a future volcanic eruption through the potential repository
must be examined within the perspective of the uncertainty of that conclusion (DOE, 1986 1988).
First, this judgment does not constitute a decision about the suitability of the potential site. The
suitability of the site will be based on an assessment of the performance of the waste isolation
system site. Second, the DOE will, in future program documents, make the formal decision on the
qualification of the Yucca Mountain site with respect to volcanism. Third, no consensus on the
issue of volcanic risk will ever exist. A judgment must be made about what constitutes a
sufficient level of agreement to make a decision. Disagreement among reputable scientists is
common, perhaps expected, when dealing with uncertain data and events. However, the
significance of different views must be examined from a risk perspective, not on judgments of the
individual merits of different data interpretations. Fourth, an indeterminate aspect of assessing
volcanic risk is judging the amount and confidence needed in the information used to resolve the
issue. What level of information is required for completeness? There will always be benefits from
further studies, further testing of assumptions and conclusions, and further development of
alternative models. These potential benefits must be weighed against the cost, the time
requirements, and reasonableness of continuing studies. Part of the process of balancing these
alternatives is assessing what level of uncertainty is acceptable for judging issues that could
disqualify a site. These decisions will be made by the DOE in future program documents.

Finally, there is a paradox that envelops volcanism studies. There were only a few volcanic
centers (seven or eight centers) formed in the YMR during the last 2 Ma (Crowe 1990). This
small number of past events means the risk of future eruptions is low, but the uncertainty of
calculating that risk is large. If there had been more volcanic events in the Yucca Mountain area,
there would be a more robust data set to define the risk of future eruptions, but the risk of a future
eruption would be higher. This tradeoff must, of course, be viewed positively. Again, the
challenge is to define risk, bound the risk by realistic assessments of uncertainty, and compare
the results with both the qualification and licensing requirements. While this is a difficult task,
data summarized in this report provide a reasonable degree of confidence that the risk of future
volcanism can be adequately assessed for geologic disposal of high-level radioactive waste.

The purpose of this volcanism status report is to bring a sense of scientific perspective to the
many questions raised in this Introduction. Additionally, this report should provide a better
understanding of the uncertainty associated with volcanic risk assessment. Society has entered an
era of increased concern over the interactions between man and the environment, and we must
somehow learn to make objective decisions balancing risk with potential benefits (Lewis 1990).
This report provides a summary current to the date of publication of the results of a long history
of volcanism studies (1978 to early 1994). It provides more complete arguments, with
accompanying supporting data, that the Yucca Mountain site is not disqualified with respect to
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the risk of a future volcanic eruption through the potential repository site. The conclusion
continues to be supported by site characterization studies and will continue to be assessed in
future studies pending formal decisions on site suitability by the DOE.

The unique perspectives of this volcanism status report are several. First, we present the
most current and comprehensive information concerning the geologic record of the YMR.
Second, we assess topics related to volcanism such as the tectonic setting of past volcanic events,
the petrology of the basaltic lavas, and the current scientific understanding of processes of magma
dynamics. Third, we present our best estimates of the probability of magmatic disruption of a
potential repository at Yucca Mountain, the controlled area surrounding a repository, and the
YMR. These estimates are presented both as mean, or most likely values, and as cumulative
probability distributions obtained through risk simulation. These probability estimations are used
primarily to aid the DOE in assessing the possible disqualification of the Yucca Mountain site,
and the data presented in the report may eventually become an important component of future
studies concerned with evaluation of the performance of the waste isolation system.

The approach used to assess the risk of volcanism follows a threefold process (Crowe et al.
1992). We first identify the sequence of volcanic events and coupled effects that could affect a
buried repository. Second, data are obtained to predict the controlling rates of volcanic activity
and the spatial relations of this activity with respect to the location of a repository site. Third,
those events are combined into a logical framework to estimate the risk of future volcanism. The
framework of these volcanism studies involves a probabilistic assessment of risk, where risk is a
combination of the probability of a volcanic event and the consequences of that event for an
underground repository (Crowe et al. 1982; Crowe 1986; Crowe et al. 1992). This probabilistic
approach provides a progressive, or iterative, method of evaluating the volcanism problem. Initial
probability calculations are made using assumptions supported by the most current data for the
Yucca Mountain site. These calculations are tested continuously and refined as more data are
gathered.

The initial stages of probability calculations were made from 1980 to 1982. We have tested
these conclusions with respect to site disqualification nearly continuously for more than a decade.
It is time, therefore, to present the calculations formally and to solicit evaluations of the validity
of the arguments. By making decisions now concerning the presented assessments of the risk of
future volcanism, we can assess the validity of these decisions, the assumptions required for the
decisions, and the quality of data supporting the decisions.

The risk of volcanism can be divided into four categories or scenarios from the perspective
of the geometry of magma intersection and the mechanism of potential dispersal of waste
radionuclides. These are

1. Direct intersection of a potential repository by ascending magma accompanied by eruptions
(upper two parts of Fig. 1.1);

2. Direct intersection of the controlled area or the YMR by ascending magma accompanied
by eruptions;

3. Intrusion of magma near the repository (below, into, or above) without eruptions (bottom
part of Fig. 1.1); and

4. Intrusion of magma away from the repository in the controlled area or the YMR without
eruptions.
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These categories are established from the perspective of the mechanisms of dispersal of
radioactive waste (Fig. 1.1). For the first two categories, the radioactive waste is dispersed by
eruptive processes. There may be enlargement of the zone of magma/waste contact by secondary
processes (thermal convection, groundwater effects) but the driving force for dispersing the waste
is magmatic, and the dispersal is nearly instantaneous (compared with a 10,000-yr isolation time).
The driving force for the dispersal of waste for categories three and four is secondary or coupled
processes. Not only the effects of volcanism on a repository must be forecast, but also how those
effects might change the ability of a repository system to isolate waste.

The categories are useful for identifying the effects on a repository of different volcanic
events, but they cannot be completely separated as physical processes. Basaltic volcanic eruptions
are invariably accompanied by intrusions at depth. The intrusions mark the shallow pathways of
magma ascent to the

surface and may range from simple vertical dikes to complex, sill-like bodies (Crowe et al.
1983b; Valentine et al. 1992; 1993a). Intrusion of basalt magma into the shallow crust (>1 km)
may be unlikely without associated eruptions. All known field sites of shallow basalt intrusions in
the YMR were also sites of eruptions (Crowe et al. 1983a; 1986; Crowe 1990; see also Chapters 2
and 7). Generally, the closer to the surface a basalt magma ascends in the crust, the more likely it
is to erupt simply because of decreasing lithostatic overburden.

This report provides a summary of volcanism work through April 1994 and is divided into
nine chapters. Chapter 1 is this introduction. Chapter 2 describes the geologic setting and history
of volcanism in the YMR. Chapter 3 describes the tectonic setting of the YMR and the
relationship of sites of basaltic volcanism to that setting. Chapter 4 provides a brief overview of
the geochemistry of basalt magmatism and magmatic models of the evolution of basalt centers in
the YMR. Chapter 5 presents an overview of magma dynamics. The evolutionary pathways of
volcanism are traced from generation of magma in the mantle, through ascent and interim storage
in the mantle or crust. Pertinent parts of the problem are surveyed and mathematical and physical
descriptions of magma processes are emphasized. Chapter 6 is a summary, in chronological order,
of the papers and conclusions developed in volcanism studies providing a complete bibliography
of volcanism studies and documenting important conclusions developed from past work.
Volcanism studies are summarized for work sponsored by the DOE, the NRC and their
contractors, the state of Nevada, and other participants in the repository program. Many review
questions and comments about volcanism studies neglect material already covered at length in
published volcanism studies. We have attempted to make this work more assessable by
summarizing the results of the past decade of volcanism studies. Chapter 7 of this report describes
the current results of an assessment of volcanic risk for the Yucca Mountain site. The status of
data is summarized current to the writing of this report. Chapter 8 examines remaining site
characterization issues. The pros and cons of different interpretations of volcanism data are
examined, and the impact of these different models is evaluated for the probabilistic risk
assessment. Chapter 9 summarizes conclusions of this volcanism status report.
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Fig. 1.1. Schematic diagrams of eruption and intrusion scenarios for potential magmatic activity in the Yucca Mountain
region.

Each chapter of this report is written purposefully to stand alone. Sufficient background
discussion and reference material are presented in each chapter so it can be read separately. To
facilitate access to background material, we provide a reference list at the end of each section.
This organization leads to some repetition of information, but it allows the reader to focus on
selected topics of interest without having to read the entire report. The most important chapters
for understanding the volcanism issue are Chapters 1, 2 and 7. Chapters 3, 4, 5, and 6 provide
extended background information on specific topics.
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The following conclusions concerning the risk of volcanism for the Yucca Mountain site of
the potential repository are presented early in order to guide the reader to relevant chapters for
further information. A major goal is to encourage discussion about the completeness or validity of
the conclusions in order to resolve some volcanism issues by illuminating any differences of
opinion that may exist and identifying any gaps in the logic of the arguments used. We are still in
the site characterization phase of studies and have continuing opportunities to collect focused data
to resolve different views that affect probabilistic volcanic risk assessment. We recognize also
that no attempt to synthesize data and complex arguments will be fully acceptable to all readers.
By presenting the volcanism work and conclusions in a single report, we hope to facilitate
identification of any parts of the work that may be unacceptable, as well as identify topics that
may benefit from further study or modification.

Stated briefly, the major conclusions and perspectives of this volcanism status report are

1. The absence of post-Miocene silicic volcanism in the YMP makes the recurrence
probability so low that the risk of silicic volcanismisinsignificant for the potential Yucca
Mountain site. No additional information is needed to resolve this issue other than an
evaluation of the results of drilling of exploratory holes at acromagnetic anomaly sites
identified as potential buried volcanic centers or intrusions to determine if the anomaly
sites are produced by Pliocene or Quaternary silicic volcanic rocks.

2. The occurrence probability of future volcanic event’s directly intersecting the repository
and dispersing radioactive waste through surface eruptions is low—mean and median

values are dightly greater than 108 events per yr. This conclusion supports the
judgments that the potential Yucca Mountain site is not disqualified solely because of the
risk of a future volcanic eruption through the site. The logic, supporting data, and risk
simulation modeling for this conclusion are presented in Chapter 7.

3. The judgment of a low probability of magmatic disruption of the potential Yucca Mountain
siteisnot final. It will be tested constantly and reformed, if required, through the full
process of site characterization. Alternative models will continue to be developed and
tested to decide if they invalidate any conclusions or any steps leading to the conclusions.
Lists and discussion of alternative models for the recurrence rate and structural controls of
sites of basaltic volcanism are described in Chapters 3 and 7.

4. The uncertainty of estimates of the probability of magmatic disruption of the repository,
the controlled area, and the YMR can be constrained by considering both (1) multiple
alternative chronology models and (2) multiple eruptive and structural models of basaltic
volcanism. Bounds on the distribution of these data can be established through
comparison with analogous basaltic volcanic fields. The uncertainty of this information is
conveyed by presenting the data as cumulative probability distributions. The data and
background information explaining the derivation of cumulative probability distributions
are presented in Chapter 7.

5. The uncertainty of the estimations of the probability of magmatic disruption is sufficiently
large that no major classes of volcanic scenarios can currently be eliminated from
consideration for their contribution to the cumulative releases of the waste isolation
system during 10,000 yr. All volcanic events will be considered in studies of the
performance of the waste isolation system of the potential Yucca Mountain site.
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6. The conclusions presented for parts of the volcanismissue do not imply prejudgment of the
information. The basic premise of scientific research is continuous testing of models. The
best approach to establishing the validity of a conclusion is through repeated attempts to
disprove either the conclusion or its assumptions. By stating early judgments concerning
the volcanism issue, we can extend the process of attempting to disprove. Additionally, if
the site should be disqualified because of the risk of volcanism, then it is prudent to do so
immediately.

7. The conclusions of this report are presented primarily to solicit formal interactions and
comments frominterested parties. It is important to determine now, if there are
disagreements with the methodology and the logic of the approaches used, if there are
flaws in the assumptions, or if the conclusions are incorrect or supported inadequately. The
logic, the methodology, and the results of probabilistic risk assessment of volcanism are an
important part of performance assessment studies that will provide the basis for judging
the suitability of the site should it be submitted for a license application. The basis for
estimation of the probability of magmatic disruption of the repository, the controlled area,
and the region needs to be examined. Are the assumptions and conclusions of the
estimations valid? Are supporting data sufficient to draw conclusions? Have data been
ignored? Are alternative models omitted from the analyses? It is critical to start a
questioning period immediately.

8. A secondary goal of this report is to subject the volcanism studies and conclusions to the
scrutiny of the scientific community by publishing it in the open literature.

9. Important topics of continuing work in volcanism studies are drilling of aeromagnetic
anomalies; completion of field, geochronology, and geochemistry studies; and
assessment and analog comparisons of the magmatic evolution Crater Flat volcanic
zone. Revised probability calculations will incorporate the results of thiswork.
Probability calculations will be completed for the probability of polygenetic activity at
existing volcanic centers and for the formation of polygenetic volcanic clusters. These
topics are discussed in Chapters 2, 4, 7, and 8.

10.  Amajor emphasis of future volcanism studies will be on assessing eruptive and subsurface
effects of volcanic activity. This work is not described in this volcanism status report. It is
discussed in Study Plan 8.3.1.8.1.2 (Valentine et al. 1993b).
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.  Summary

FY96 & FY97 revisions

This chapter includes most of the original text, figures, and tables of chapter 2 of Crowe
et al. (1995). Descriptions of geochronology results in the original text were corrected if
they did not accurately represent the original data sources, although in many cases the
original data has been superseded by newer data. This chapter includes significant
new data (particularly geochronology data) and interpretations from late FY95, FY96,
and FY97 not included in chapter 2 of Crowe et al. (1995). New text, highlighted in
boxes and displayed in a different font, is interspersed throughout the original text.
Some of the original tables in Chapter 2 of Crowe et al. (1995) have been updated or
deleted to reflect the latest geochronology data. Figures 2.A, 2.B, and 2.C and Tables
2.A — 2.D have been added to present new geochronology data. Appendices 2.1 — 2.4
present complete “°Ar/*°Ar analytical results for post-Miocene basalts of the Yucca
Mountain region (YMR) and paleomagnetic data for Lathrop Wells.

The main new data presented are age determinations of post-Miocene centers in the
Yucca Mountain region. New “°Ar/*°Ar ages are presented for the basalts of Buckboard
Mesa, Crater Flat, Sleeping Butte, and Lathrop Wells. New U-Th disequilibrium ages
and thermoluminescence (TL) ages are presented for basalt of Lathrop Wells. Revised
*He ages (Table 2.4) are presented for the basalt of Lathrop Wells, based on new
production rate data from Cerling and Craig (1994). These new data supersede
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corresponding data presented in any previous Los Alamos reports (e.g., Crowe et al.
[1995] and Los Alamos Milestone 4049). A major new conclusion of the geochronology
studies is that the age of the Lathrop Wells center can be confidently interpreted to be
~75+10 ka, with the possible exception of the youngest stratigraphic unit, which U-Th
data indicate may be as young as ~50 ka.

Trenching results at Sleeping Butte and Lathrop Wells completed in late FY95 provide
new information on the eruptive history of these volcanic centers and potentially resolve
some of the stratigraphic complexity at Lathrop Wells. Trenching of the crater of the
main scoria cone at Lathrop Wells indicates that the cone is more erosionally modified
than previously thought. This result, combined with geochemical modeling indicating
that the Qs4 tephras are probably pedogenically altered tephra that may have been
derived from the main cone, leads us to conclude that the Qs4 tephras probably are a
reworked deposit and not a primary Holocene volcanic deposit. Greater erosional
modification of the main cone also suggests that perceived erosional differences
between the main cone and the Qs2 scoria fall-sheet may not be significant.

Based on new field study and geochronology results, five alternative models are
presented for the evolution of the Lathrop Wells volcanic center. Weighting each of
these models for relative probability, we conclude that there is a 70% probability that
Lathrop Wells is a complex monogenetic center and a 30% probability that it is
polygenetic.

Yucca Mountain is a linear mountain range, which is composed of Miocene ignimbrite
erupted from the Timber Mountain-Oasis Valley (TM-OV) caldera complex, the major silicic
complex of the southwest Nevada volcanic fidd. Miocene silicic volcanism in the field was
succeeded by late Miocene/Quaternary basaltic volcanic activity. This basaltic activity is divided
into two episodes: basalt of the Silicic episode (BSE) that occurred during the waning stage of
silicic volcanism and Postcaldera basalt (9 million years [Ma] to Quaternary). These two major
episodes of basaltic volcanism have been studied as part of the Yucca Mountain Site
Characterization Project (YMP). Thelevds of detail of the studies vary with the age of the
volcanic activity. The most detailed studies are of the Pliocene and Quaternary (4.8 to 0.1 Ma)
basaltic volcanic centers because they provide the most representative record of the nature of the
moast recent volcanic activity in the Yucca Mountain region (YMR) and the most important data
for assessing the risk of future volcanism.

The BSE occurs in three major geographic groups: (1) basalt exposed in the moat zone of the
Timber Mountain caldera, (2) basalt near and flanking the Black Mountain caldera, and (3) basalt
of the YMR. The Postcaldera episode includes the Older postcaldera basalt (OPB) that occurs
north and northeast of Y ucca Mountain and the Y ounger postcaldera basalt (Y PB) that crops out
west, southwest, and south of Yucca Mountain (except the basalt of Buckboard Mesa). The OPB
consists of the 8 Ma basalt of Rocket Wash, the basalt of Pahute Mesa (~9 Ma), the basalt of
Paiute Ridge (8.0-8.7 Ma), the basalt of ScarpyGa (8.7 Ma), the basalt of Frenchman Flat
(8.6 Ma), and the basalt of Nye Canyorb{&..0 Ma). Each basalt unit is a relatively small-
volume basalt center (<1 Rrformed by clusters of scoria cones with associated lava flows. The
centers formed at or along basin-range faults and at the intersection of basin-range faults and ring-
fracture zones of caldera complexes, except for the basalt of Nye Canyon. The latter basalt unit
forms a northeast-cluster of centers that does not follow local structure. Two centers of the basalt
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of Nye Canyon formed partly from hydrovolcanic eruptions. The basalt of Paiute Ridge consists of
dissected scoria cones and flows underlain by a complex of sills, dikes, and lopalithic intrusions.

The YPB consists of seven clusters of Pliocene and Quaternary volcanism; six of the clusters
occur in a narrow northwest-trending zone called the Crater Flat volcanic zone (CFVZ). The oldest
and largest volume basaltic volcanic center of the YPB is the basalt of Thirsty Mesa, a newly
recognized Pliocene volcanic center. It consists of three coalesced, small scoria cones surmounting
alavamesa. The age of the unit is 4.8 Ma. A negative aeromagnetic anomaly was drilled by a
private company and has been shown to be a buried basalt center of 3.9 Ma. The 3.7-Ma basalt of
southeast Crater Flat comprises six north-trending dissected scoria cones and associated moderate-
volume lava flows. It is the largest volume Plio/Quaternary basalt in the Crater Flat alluvial basin.
The unit formed largdly from Hawaiian fissure eruptions accompanied by outpouring of sheet-like
lobes of aa lava flows. The basalt of Buckboard Mesa (2.9 Ma) crops out in the moat zone of the
Timber Mountain caldera, northeast of Yucca Mountain. Nearly 1 km? of lava vented from a small
scoria cone and an associated northwest-trending fissure located southeast of the scoria cone. The
Quaternary basalt of Crater Flat consists of an arcuate alignment of basalt centers extending along
the axis of Crater Flat. Individual centers of the alignment include, from southwest to northeast, the
Little Cones, the Red Cone, the Black Cone, and the Makani Cone centers. Greater than 90% of
the volume of the four centersis contained in the scoria cone and lava units of the Red Cone and
Black Cone centers. The Little Cones center consists of two closdy spaced, small scoria cones.
Lava flows were extruded from and breached the south wall of the southwest center. The Little
Conesyidd K-Ar age determinations of 1.1 to 0.76 Ma. These ages are consistent with the degree
of dissection, the degree of horizon development in soils, and with the magnetic polarity of the
center. The Red Cone and Black Cone centers are analogous volcanic landforms with similar
eruptive histories. Each consists of a main scoria cone surmounted by a crater filled with
agolutinated spatter, large lava blocks, and scoria. The main scoria cones of both centers are
flanked to the south by eroded scoria mounds that vented aa lava flows. Potassium-argon ages of
between 0.84 and 1.55 Ma werereported for Red Cone; radiometric ages for Black Cone range
between 0.8 and 1.1 Ma. Soil and geomorphic data are consistent with these ages. The Makani
center is a deeply dissected remnant of a scoria cone and lava flow. Potassium-argon age
determinations for this center range from 1 to 1.66 Ma. A continuing area of controversy for the
Quaternary basalt of Crater Flat is the eruptive modds of individual centers, and the age
differences between each center. Exploratory data analyses of K-Ar and “Ar/*Ar age
determinations using standard statistical methods (with outliers removed) indicated that the mean

age of all centers is 1.0 £ 0.1 Ma. Paleomagnetic data are consistent with the findings that the
centers are all close in age and formed from a single pulse of magma, but they do not provide
conclusive proof of this. Field, geomorphic, soil, and petrologic data suggest some of the centers
could be polygenetic and might differ slightly in age. The difference in ages of the centers must be

less than the detection limits of K-Ar afiélr/*Ar chronology methods (0.1 Ma).

The Sleeping Butte centers are located 45 km northwest of Yucca Mountain. They consist of
two centers: the southwest Little Black Peak center and the northeast Hidden Cone center. Each

consists of a small-volume main scoria cone flanked by blaghstva flows that vented from

radial dikes at the base of the cone. The Little Black Peak center appears from field, geomorphic,
petrologic, and paleomagnetic data to be a simple monogenetic center with a K-Ar age of about
320 to 380 thousand years (ka). The Hidden Cone center is more complex and may have formed
from at least two temporally distinct eruptions. The age of the major volume of the Hidden Cone
center is also about 320 to 380 Ma. The scoria-fall eruptions that mantled the main cone of the

center may be as young as late Pleistocene.
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The Lathrop Wells volcanic center is the youngest and most carefully studied basaltic
volcanic center of the YMR. The center is located at the south end of Yucca Mountain, near the
intersection of northwest- and northeast-trending fault systems; most of the vents are aligned along
northwest-trending fissure systems. The basalt center formed from multiple time-distinct eruptions
that comprise four chronostratigraphic units. The oldest chronostratigraphic unit (I) consists of
four groups of lava flows and local pyroclastic deposits marking the vents for the lava flows. These
volcanic deposits occur along multiple, northwest-trending fissures located south, beneath, north,
and northeast of the main cone. The scoria and spatter deposits of chronostratigraphic unit | were
modified extensively by erosion prior to formation of chronostratigraphic unit 11.
Chronostratigraphic unit 11 consists of two sets of lava and pyroclastic deposits. The largest
volume lava of the center was erupted from a northwest-trending fissure that is coparalld to a
northwest-trending normal fault, which displaces the Timber Mountain tuff but not the basaltic
deposits. Small-volume lobes of lava were erupted from a west/northwest-trending fissure that
extends from the north end of the northwest-trending fissure system. A short, northwest-trending
fissure marked by scoria mounds formed at the northeast base of the main scoria cone. Widespread
scoria-fall and pyroclastic-surge deposits were erupted from vents that are inferred to be concealed
beneath the modern main cone. The eruptive events of chronostratigraphic unit 11 formed most of
the main scoria cone and small-volume lobes of a blocky aa lava flow that erupted from a vent
northeast of the main cone. Chronostratigraphic unit 1V includes small-volume eruptions from a
cluster of inferred small satellite vents south of the main cone that have been removed by
commercial quarrying. The eruptive events of this chronostratigraphic unit have been established
through the identification of local tephra beds that have distinctive major- and trace-element
chemistry.

The ddineation of individual chronostratigraphic units has been established on the basis of
detailed fidld, stratigraphic, geomorphic, and soils studies. Theindividual chronostratigraphic units
can be discriminated uniquely by their major- and trace-element geochemical compositions. The
chemistry of the unitsis inconsistent with a simple monogenetic eruption modd and instead
requires formation from multiple magma batches consistent with a polygenetic classification of the
volcanic center (multiple, time-distinct volcanic eruptions).

The difficult problem of establishing the age of the multiple volcanic events at the Lathrop
WiIs volcanic center has been approached by applying multiple geochronology and age-correlated
methods (K-Ar, U-Th disequilibrium, cosmogenic helium, thermoluminescence (TL), geomorphic,
soils, paleomagnetic, and petrologic studies). Recent results show some convergence in the range of
ages obtained using the different methods, but the data remain consistent with multiple eruptive and
chronology models. Conventional whole-rock K-Ar ages of lava units of the Lathrop Wells
volcanic center give a mean age of 137 + 52 K&. The age is obtained by averaging age
determinations from chronostratigraphic units of probable different ages. Moreover, the age
determinations show a positive correlation between percentage radiogenic argon and the measured
age of the sample. Publish@dr/*Ar age determinations of the same rock samples as the
conventional K-Ar data set also show a positive correlation between percentage radiogenic argon
and age. The mean age of all meastfad*Ar age determinations is 162 + 62g)lka and is
again obtained by averaging age determinations from separate chronostratigraphic units. At best,
the K-Ar and®Ar/®*Ar ages provide maximum estimates of the ages of the two oldest
chronostratigraphic units (I ahij. The data sets caot be used to establish the range in age of
the volcanic center or to discriminate the ages of individual chronostratigraphic units. Uranium-
thorium disequilibrium age determinations have been obtained for lavas of chronostratigraphic
units | and Ill. Mass spectrometric analyses of separated phases yielded isochrons with ages of 135
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+ 20 — 15 and 125 + 45 — 30a0ka, in apparent agreement with the K-Ar &ada/*Ar age
determinations. Problems with the results of U-Th disequilibrium measurements include 1) a small
degree of U-Th fractionation in measured phases, and 2) a similarity in measured ages of volcanic
units that are inferred to be of probable different ages.

The ages of the chronostratigraphic units at Lathrop Wells center have also been estimated by
measuring the accumulation of cosmogéHie in 25 surface samples. The prefefide ages of
chronostratigraphic unit | range from about 80 to 90 ka, but represent minimum ages because the
sampled deposits were covered by scoria-fall deposits of chronostratigraphic unitHeTdges
of chronostratigraphic unit 1l range from 80100 ka. Deposits of cbnostratigraphic unit IlI
show the greatest range’itte ages (30-65 ka) because many of the samples were collected from
the main scoria cone, a nonresistant geomorphic feature. The age of the unit may be >65 ka if the
ages are interpreted as minimum ages. This interpretation does not explain, however, the wide
variations (40%) in replicate ages for samples collected from the geomorphically unmodified main
cone. A sample collected from the interior of a lava flow yielded an age of about 6 ka consistent
with a zero age. TL age determinations give reproducible and consistent ages of 4 to 8 ka for
tephra units of chronostratigraphic unit IV that are interbedded with soils showing horizon
development. TL ages of about 30 ka for baked sediments beneath lava of chronostratigraphic unit
Il are inconsistent with the age determinations of all other chronology methods.

Geomorphic studies of the degree of dissection of deposits of the Lathrop Wells volcanic
center are consistent with an age of no older than 20 ka for the youngest events
(chronostratigraphic unit$l and IV) at the center. This is consistent with the TL ages of the
youngest tephra units but is somewhat younger than the me&sarades of the main cone. The
systematic differences in degree of erosion of volcanic landforms of chronostratigraphic units I, II,
and Ill require a time difference between each unit. Paleomagnetic data have been obtained to
augment studies by Champion (1991) and Turrin et al. (1991b) and now have been measured for
all chronostratigraphic units at the volcanic center. The between-site dispersion of directions of the
primary magnetization of units differs considerably for some sites because of a combination of
difficulty in sampling intact material and lightning strikes. Paleomagnetic data obtained are not
dissimilar from those reported by Turrin et al. (1991b). However, the data do not support the
contention that individual eruptive features have unique paleomagnetic signatures that can be
confidently separated from other eruptive features. Eruptive features of the center have recorded
directions of the latest Quaternary geomagnetic field that are well within the expected one-sigma
range of paleosecular field variation about the spin-axis direction and have limited application to
stratigraphic studies. There is no indication of a single volcanic event occurring during a period of
unusual geomagnetic activity.

The field relations of the volcanic units are well constrained. The chronology of the units
remains uncertain, and the existing data must be used cautiously to test the field relations. Three
alternative models are presented for the eruptive history of the Lathrop Wells center. These
include, respectively, a four-event eruption model (>130, 80-90, 65, and 4-8 ka), a three-event
eruption model (120-140, 65 and 4-8 ka), and a two-event eruption model (120-140, 4-8 ka).
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IIl. Introduction

Yucca Mountain is alinear range located in southern Nevada, near the south end of the Great
Basin physiographic province. The range extends from Highway 95 northward to Y ucca Wash
(Figure 2.1). Yucca Mountain is broken into individual blocks separated by linear valleys. These
physiographic features were produced by sets of north and northeast-trending faults that have
displacedfault-boundedblocks downto the west accompaniedby gertle (6—7°) east-directed tilting

(Scott and Bonk,1984).The linear valleys mark generally the surface traces of the block-bounding
faults.
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Figure 2.1. Digital satellite image showing the location of the Yucca Mountain site and Quaternary
volcanic centersin the YMR. The YMR is defined as the area of the irregular polygon that encloses
the Yucca Mountain site and the Pliocene and Quaternary basaltic vol canic centers in the region.
YuccaMountain is alinear range located on the southwest edge of the Nevada Test Site, about 160
km northwest of Las Vegas, Nevada. The mountain extends from Highway 95 on the south to Yucca
Wash on the north, a distance of about 25 km. The mountain is bounded on the east by Jackass Flat
(the western boundary of Jackass Flat is defined by Fortymile Wash), on the west by Crater Flat, and
on the south by the Amargosa Valley. An approximately 6-km? areain the center part of Yucca
Mountain has been identified as the exploratory block (DOE, 1988). It is surrounded by the controlled
area, about 86 km?. There are seven Quaternary basaltic volcanic centersin the Yucca Mountain area
(<1.6 Ma). These centers are noted by the special symbol on Figure 2.1.
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Early exploration studies of the YMR consisted primarily of drilling of continuously cored
boreholes for geologic studies and large diameter boreholes for hydrologic investigations
(Department of Energy [DOE], 1986, 1988). The drilling was supplemented by surface mapping
and geophysical studies. These combined studies lead to the identification of a central part of the
range as the most structurally intact segment. A 6-kn¥ area was designated as the exploratory
block (Figure 2.1), and an area surrounding the exploratory block (86 kn) was designated as the
controlled area.

The volcanic rocks that formed Y ucca Mountain were emplaced during eruptive cycles of the
TM-QV caldera complex (Christiansen et al., 1977; Byers et al., 1976; Broxton et al., 1989; Byers
et al., 1989). The Yucca Mountain siteitsdf, including the surface rocks and the rocks extending
to the depth of the potential repository horizon, comprise volcanic units of the Paintbrush Tuff,
which isamajor outflow ignimbrite of the Claim Canyon caldera segment of the TM-QOV caldera
complex (Lipman et al., 1966a).

The voluminous record of silicic volcanisminthe YMR is part of an extensive, time-
transgressive pulse of mid-Cenozoic volcanism that occurred throughout much of the southwestern
United States. The Yucca Mountain rangeis in the south-central part of a major Cenozoic volcanic
fidd that covered an area exceeding 11,000 kn?. The field has been named the Southwestern
Nevada Volcanic Fidd (SNVF) (Christiansen et al., 1977; Byers et al., 1989) (Figure 2.2).

The time-space distribution of volcanic activity in the Basin and Range province has been
described by many authors (Armstrong et al., 1969; McKee, 1971; Lipman et al., 1971; Lipman et
al., 1972; Christiansen and Lipman, 1972; Snyder et a., 1976; Stewart et al., 1977; Stewart and
Carlson, 1978; Christiansen and McKee, 1978; Cross and Pilger, 1978; Smith and Luedke, 1984;
Luedke and Smith, 1984; Axen et al., 1993). During the Mesozoic era, magmatism in the cordillera
was distributed in linear belts paralld to the continental margin (Armstrong and Ward, 1991). In
the southwestern United States, these belts became locally inactive or disrupted about 80 Ma and
formed the Laramide magmatic gap (Armstrong, 1974). Renewed silicic magmatism following the
Laramide hiatus initiated about 50 Ma in the northeastern part of the Great Basin. Sites of eruptive
activity migrated south and southwest progressively in time and space across an area of Nevada
and adjoining parts of Utah (Stewart et al., 1977; Armstrong and Ward, 1991). Theloci of
eruptive centers during this voluminous silicic volcanism were distributed along arcuate east/west-
trending volcanic fronts (Stewart et a., 1977). The leading edge of the migrating front during
successive increments of time marked the area of the most intensive volcanic eruptions. There was
adramatic waning of volcanic activity in the lee, or backside, of the front (Stewart et al., 1977)
and virtually no volcanic activity ahead of the front. The period of most voluminous silicic volcanic
activity in the YMR occurred between 15 to 11 Ma. The YMR marks the southern limit of the
spread of time-transgressive volcanic activity.

Two significant changes in the regional volcanic and tectonic patterns occurred about 13 to 10
Ma at the approximate latitude of the YMR. First, the progressive southern migration of volcanism
halted. Silicic eruptive activity continued in diminished volumes and migrated predominantly to the
southwest and southeast, following less systematic spatial patterns than the preceding silicic
volcanic activity. Post-Miocene volcanic activity approached present positions along the east and
west margins of the Great Basin (Christiansen and McKee, 1978; Smith and Luedke, 1984). These
changed patterns in the migration of volcanism left a conspicuous amagmatic gap extending from
the southern edge of the Nevada Test Site south to the latitude of Las Vegas (Figure 2.3). This gap
coincides with amagjor increase in theregional gravity field that forms the southern boundary of the
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gravity low of the Great Basin (Eaton, 1978). This latitude (35° N) also coincides with the
approximate position at 10—-20llion years ago of the boundary between the incoherent subducted
slab or “slab gap” south of the Mendocino fracture zone and the persisting subducted slab to the

north (Severinghaus and Atwat&g90).
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Figure 2.2. The Southwest Nevada Volcanic Field (from Byers et al., 1989). Yucca Mountain is
upheld by athick sequence of ignimbrites derived from multiple caldera-forming, eruptive cycles of
the Claim Canyon and TM-OV caldera complexes. The existence of caldera complexes at Crater Flat,
which borders Y ucca Mountain to the west, is regarded as controversial by some workers.

Second, at about 10 million years ago, a transition in the composition of volcanic activity
occurred. This change is consistent with a time-transgressive switch across the southwestern
United States from predominantly silicic volcanism to bimodal basalt-rhyolite volcanism
(fundamentally basaltic volcanic activity) (Christiansen and Lipman, 1972). The exact timing of
this transition in the YMR cannot be defined precisely. It may be marked by a transition from near
homogeneous quartz latite and rhyolite ignimbrite (>13 Ma) to eruptions of compositionally zoned
ash-flow units (<12 Ma) that range from high-silica rhyolite at their base §15%) to quartz
latitic caprocks (Si@< 70%). This transition in the Nevada Test Site region is probably marked
by the eruption of the Paintbrush Tuff (Christiansen and Lipman, 1972; Christiansen et al., 1977).
Alternatively, the transition may be recorded by the widespread appearance of moderately
voluminous basaltic volcanism (Crowe, 1990). The age of this basaltic volcanic activity is
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bracketed between the eruption of the Timber Mountain Tuff (11.2 Ma) and the peralkaline ash-
flow sheets of the Black Mountain caldera complex (8.5 Ma) (Crowe, 1990).
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Figure 2.3. Time-transgressive, mid-Cenozoic vol canism of the Basin and Range province (modified
from Farmer et al., 1989). Numbered contour lines |ocate the position of arcuate, migrating fronts of
silicic volcanism during increments of Cenozoic time. Y ucca Mountain is located at the southern limit
of the southern migration mid-Cenozoic silicic volcanism. The YMR borders the north edge of a zone
in southern Nevada distinguished by its absence of Mesozoic and Cenozoic volcanism and plutonism.
This zone, referred to as the amagmatic gap, includes much of the central Basin and Range
subprovince of Wernicke (1992) and Jones et al. (1992).

lll. Basaltic Volcanism: Yucca Mountain Region

FY96 & FY97 revisions

We have restricted the scope of revisions of Chapter 2 of the volcanism synthesis
report (Crowe et al., 1995). The following restrictions have been used: 1) only very
limited revisions have been made for volcanic rocks olderthan 5 Ma because this older
record of basaltic volcanism is not used in probabilistic volcanic hazard assessment
(PVHA) (Crowe et al., 1995; Geomatrix, 1996), 2) for rocks younger than 5 Ma,
revisions have been made only to those sections that have changed significantly as a
result of newly acquired data, and 3) existing text, except for minor corrections, has
been retained to provide a record of volcanism investigations, which is particularly
important where studies have focused on assessment of alternative volcanism models.
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Field and geochronology data for the basaltic volcanic rocks of the YMR define two episodes
(Crowe, 1990). Thefirst episode of bimodal basalt-rhyolite volcanism is called the basalt of the
Silicic episode (BSE) and this episode postdates but is close in age to most of the silicic eruptions
of the TM-OV complex. For this report, we describe only the basaltic units present in and around
the Timber Mountain highland and the YMR. Other basaltic units, associated primarily with the
Black Mountain-Stonewall Mountain calderas, are not described.

The second basaltic episode includes spatially scattered, small-volume centers marked by
scoria cones and lava flows of alkali basalt. These rocks range in age from 8 Mato Quaternary.
They are divided into two cycles (Crowe, 1990), the Older postcaldera basalt (OPB) and the
Y ounger postcaldera basalt (YPB). The fidd rdations and geochronology of the basalt cycles of
the YMR are described in the following sections.

Theleved of detail of studies of basaltic units of the YMR varies with the age of the volcanic
units. Pre-Pliocene basalt units of the region (>6.5 Ma) were studied primarily in reconnaissance.
The outcrop relations of the units, as depicted on published quadrangle maps of the U.S.
Geological Survey, were checked in the field, and samples were collected of the basalt units. They
were examined petrographically and analyzed geochemically (Crowe et al., 1986). The
stratigraphic relations of the pre-6.5 Ma basaltic volcanic units were evaluated in the field, and
geochronology data (whole-rock K-Ar age determinations) were obtained, where required, to
discriminate the ages of the rocks.

By contrast, the basaltic units of the Y PB have been the focus of much more detailed studies.
All units of this cycle have been mapped or remapped at scales of 1:12,000 to 1:4000, with the
exception of the basalt of Thirsty Mesa and the basalt of Buckboard Mesa. The eruptive sequences
of individual centers were assessed largely by detailed mapping using new geochronology data
(Crowe, 1990; Crowe et al., 1992) aided by petrographic and geochemical analyses of the rocks.
Geochronology results from conventional K-Ar age determinations have been supplemented with
results from application of age-calibrated geochronology methods to cross check the ages of the
youngest Quaternary volcanic centers. The increased level of detail of geologic and geochronologic
data as the age of basalt centers decreasesis a purposeful attempt to focus the work on assessment
of the Pliocene and Quaternary volcanic history of the YMR. It is this part of the geologic record
that provides the most important basis for forecasting the risk of future volcanic activity.

Much of the geochronology data for the basalt of the YMR is unpublished or collected before
implementation of a fully qualified Quality Assurance program. While these data are of high
scientific quality, they do not meet the recent Los Alamos Y MP quality assurance requirements.
Because of this problem, we present only minor discussion of the nonqualified geochronology data,
adding references to publications, if available. In contrast, the fully qualified data are presented in
Table 2.1 and are discussed in the text. Again, this treatment of the nonqualified data is not a
negative reflection on the scientific quality of the data. If necessary, some of these data will be
evaluated with respect to current QA requirements. If the data cannot meet the new QA
requirements, it will be used to guide the acquisition of new needed information should the Y ucca
Mountain site be considered formally as a potential repository site for high-level radioactive waste.
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Table2.1. “Ar/*Ar Ages of Basaltic Volcanic Centersin the YMR !

Sample Laboratory  Geologic Unit Description OAr/PAr? Ar/PAr? ®Arar? SAr “Ar*  Age (20) Weighted Age
(10%mol) % rad. (Ma) (Ma)
NE-10-1-91-1-BMC Lehigh Thirsty Mesa Basal lava flow, 19.58 1.05 0.04 7.47 405 468 0.04 4.68+ .03
west side 23.1 1.06 0.05 5.69 339 468 0.05
NE-10-1-91-2-BMC Lehigh Thirsty Mesa Dike, sunmit scoria 19.29 0.92 0.04 5.22 419 479 0.05 4.88+ .04
cone 231 0.93 0.05 5.73 357 496 0.05
Well 25-1-BMC Lehigh AmargcsaValley  Cuttings, drill hole 2322 1.48 0.06 411 278 388 0.07 3.85+ .05
24.92 1.47 0.06 3.34 259 381 0.08
CF10RV/P Lehgh SE Craer Hat Dike, outhernvent 40.04 2.16 0.12 3.14 149 358 0.09 3.65+ .06
29.4 2.18 0.08 4.07 211 371 0.08
CF12R/P Lehgh SE Craer Hat Lavalake,certral 30.23 2.3 0.08 3.49 209 371 0.07 3.69+ .05
vent 2871 231 0.08 3.99 213 367 0.06
CF14RV/P Lehgh SE Craer Hat Lava flow, north 19.85 2.29 0.05 458 322 3.8 0.06 3.75+ .04
exposure 17.74 2.32 0.04 9.15 35 3.73 0.04
BC1FVP Lehigh Quat.Crater Flat  Black Cone, 89 1.98 0.3 3.8 1.9 1.03 021 1.05+ .14
summit lava lake 7421 1.94 0.25 2.89 2.4 1.07 0.18
BC3AFVP Lehigh Quat.Crater Flat  Black Cone, 8231 1.89 0.27 455 2 1.01 021 0.96+ 0.15
replicateof 77.27 2 0.26 248 2 091 021
BC1FVP
BC6FVP Lehigh Quat.Crater Flat  Black Cone, 27.29 2.05 0.09 3.75 59 0.96 0.07 0.94+ .05
southern lava flow 291 2.07 0.09 3.45 5.1 0.92 0.07
BC12FRVP Lehigh Quat.Crater Flat  Black Cone, 33.37 1.62 0.11 431 54 1.08 0.09 1.05+ .08
northern lava flow 3814 1.75 0.12 3.94 4.2 0.99 0.12
CF15FVP Lehigh Quat. CraterFlat Little Cones, 58.88 1.64 0.19 3.65 3.1 1.11 014 1.02+ 0.10
southern dke 56.65 1.65 0.19 4.82 2.7 0.93 0.15
LW20RVP Lehgh Lathrop Wells Ql1d, Old Quarry 29.63 1.62 0.1 59 16 0.28 0.06 rkk
Flow 29.62 1.65 0.1 5.98 1.8 0.31 0.08
2375 1.63 0.08 5.13 0.7 0.09 0.06

! Samples were irradiated at the Ford Reactor, University of Michigan, using ANU K-Ar standard GA1550 biotite as a flux monitor and Fish Canyon biotite as a cross check. J-factor =

0.00033 + 1.

2 Not corrected for interfering reactions. K correction (“’Ar/*°Ar ) = 0.0467; Ca correction (*°*Ar/*’Ar) = 0.0002279; Ca correction (*>Ar/*’Ar) = 0.0007.

*+* Replicate ages are too variable to calculate a meaningful weighted age.

2-11




FY96 & FY97 revisions

Fifteen new whole-rock “°Ar/*’Ar ages were completed in late FY95 and FY96 for

younger, post-Miocene basalts of the YMR. These ages were obtained under the Los
Alamos Quality Assurance program at either the New Mexico Bureau of Mines (NMBM)
or Lehigh University. A summary of this data (excluding the basalt of Lathrop Wells) are

presented in Table 2.A, with complete analytical data in Appendices 2.1 and 2.2. A

summary of all “?Ar/*°Ar ages obtained during the volcanism studies, sorted by age,

is

presented in Table 2.B. New ages were obtained for the basalts of Buckboard Mesa,
the Pliocene and Quaternary centers in Crater Flat, and Sleeping Butte. These ages

are discussed individually in the discussion of younger postcaldera basalt.

Table 2.A. Additional “Ar/*Ar (Plateau) Ages of Basaltic Volcanism in the YMR (not including Lathrop Wells)*

Sample Laboratory Geologic Unit Description Age(Ma) (x20)
CF6-17-94-1BMC NMBM? SE Crater Flat eastern exposure 3.75 0.04
BB1FVP Lehigh Buckboard Mesa  dike, Scrugham Peak 3.08 0.04
BB4FVP Lehigh Buckboard Mesa main flow 3.15 0.08
MC7-18-94-1A-BMC Lehigh Makani Cone west flow 117 0.07
MC7-18-94-3B-BMC Lehigh Makani Cone northeast flow 1.16 0.10
RC7-18-94-4BMC Lehigh Black Cone southeast flow 1.10 0.05
LW149FVP NMBM Red Cone southwest flow 0.92 0.06
RC1FVP NMBM Red Cone east flow 1.08 0.04
RC4FVP NMBM Red Cone dike in south scoria complex 1.05 0.14
LW147FVP NMBM Little Cones bomb, SW Little Cone 0.83 0.16
LW146FVP NMBM Little Cones bomb, NE Little Cone 0.77 0.02
HC17FVP NMBM Hidden Cone east flow 0.32 0.03
SB5-24-95-1BMC NMBM Hidden Cone north flow 0.56 0.10
SB90-8-20-1BMC NMBM Little Black Peak southwest flow 0.39 0.03
SB90-8-20-1BMC NMBM Little Black Peak southwest flow 0.36 0.04

'Complete analytical data are in Appendices 2.1 and 2.2.
*New Mexico Bureau of Mines

A. Basalt of the Silicic Episode

The BSE crops out throughout the YMR and the basaltic rocks of this episode are identified
by a suite of characteristics; however, none of the features are individually unique. Thefirst isthe

close association, in space and time, with the eruptive activity of the calderas of the TM-OV

complex. The BSE postdates closdly the eruption of the Timber Mountain Tuff (11.2 Ma). Many

of the basalt units of this episode underlie stratigraphically the Thirsty Canyon Tuff (8.5 Ma).

Second, the largest-volume centers of the BSE are located in the ring-fracture zone of the Timber

Mountain caldera complex and record a waning phase of the caldera-related volcanic activity

(Figure 2.4). Third, all centers of the BSE were large volume eruptive units (>3 km?® dense rock
equivalent [DRE]). Their present surface outcrops form major topographic features (eroded shied
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volcanoes or lava mesas where basalt lavas cap modern topographic ridges). Third, the BSE
exhibit a wide range in geochemical composition (basalt to basaltic andesite or latite). They exhibit
amuch larger range of compositional variation than the Postcaldera basalt (Crowe et a., 1986;

Crowe, 1990).

Table 2.B. Summary of “Ar/*Ar ages (excluding Lathrop Wells) from Tables 2.1 and 2.A, sorted by age

Geologic Unit Age (Ma) (x20) Description Laboratory Sample

Thirsty Mesa 4.88 0.04 Dike, summit scoriacone  Lehigh NE-10-1-91-2-BMC
Thirsty Mesa 468  0.03 Basal lavaflow, west side  Lehigh NE-10-1-91-1-BMC
Amargosa Valley 3.85 0.05 Cuttings, drill hole Lehigh Wdl 25-1-BMC

SE Crater Flat 3.75 0.04 Eastern exposure NMBM CF6-17-94-1BMC
SE Crater Flat 3.75 0.04 Lavaflow, north exposure Lehigh CF14FVvP

SE Crater Flat 3.69 0.05 Lavalake, central vent Lehigh CF12FVP

SE Crater Flat 365 0.06 Dike, southern vent Lehigh CF10FVP
Buckboard Mesa 315 0.08 Mainflow Lehigh BB4FVP
Buckboard Mesa 3.08 0.04 Dike, Scrugham Peak Lehigh BB1FVP

Makani Cone 117 0.06 West flow Lehigh MC7-18-94-1A-BMC
Makani Cone 1.16 0.10 Northeast flow Lehigh MC7-18-94-3B-BMC
Black Cone 110 0.05 Southeast flow Lehigh RC7-18-94-4BMC
Red Cone 1.08 0.04 East flow NMBM RC1FVP

Red Cone 1.05 0.14 Dike, south scoriacomplex NMBM RC4FVP

Black Cone 1.05 0.14 Summit lavalake Lehigh BC1FVP

Black Cone 1.05 0.08 Northernlavaflow Lehigh BC12FVP

Little Cones 1.02 0.10 Dike, SW Little Cone Lehigh CF15FVP

Black Cone 0.96 0.15 Replicate of BC1FVP Lehigh BC3AFVP

Black Cone 0.94 0.05 Southern lava flow Lehigh BC6FVP

Red Cone 0.92 0.06 Southwest flow NMBM LW149FVP

Little Cones 0.83 0.16 Bomb, SW Little Cone NMBM LW147FVP

Little Cones 0.77  0.02 Bomb, NE Little Cone NMBM LW146FVP

Hidden Cone 0.56 0.10 North flow NMBM SB5-24-95-1BMC
Little Black Peak 0.39 0.03 Southwest flow NMBM SB90-8-20-1BMC
Little Black Peak 0.36 0.04 Southwest flow NMBM SB90-8-20-1BMC
Hidden Cone 0.32 0.03 East flow NMBM HC17FVP

The BSE is divided into three major groups based on their geographic distribution. These are
(1) basalt exposed in the moat zone of the Timber Mountain caldera, (2) basalt near and flanking
the Black Mountain caldera, and (3) basalt of the Yucca Mountain area (Figure 2.4).

1. Mafic Lavas d Dome Mountain. The most important occurrence of basaltic rocks by
volumeis in the southeastern edge of the Timber Mountain caldera (Figure 2.4). Here, mafic lavas
are interbedded with two major successions of rhyolite lava. They overlie therhyolite of Fortymile
Wash and undelie therhyolite of ShashoneMountain (10.3 £0.3 Ma) (Minor etal., 1993).The
basalt and rhyolite déine abimodal association marking the waning postresurgerce stage ofthe
Timber Mountain caldera (Christiansen et al., 1977).The largest volume of basaltic magmaiis the
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mafic lavas of Dome Mountain. These lavas have been described by Luft (1964) and Marsh and
Resmini (1992). They form an assemblage of basalt and basaltic andesite with alocal thickness of
>300 m. The volcanic rocks are locally interbedded with volcaniclastic breccia and conglomeratein
the ring-fracture zone of the Timber Mountain caldera and these sedimentary units are moat
breccias deposited in the collapsed interior of the Timber Mountain caldera. The outcrops of the
mafic lavas of Dome Mountain form a dightly arcuate shield volcano centered at Dome Mountain
proper (Figure 2.4). The area of surface exposure of the mafic lavas of Dome Mountain is about
50 kn? and their minimum volume is about 10 km?® (DRE). The feeder vents for the mafic lavas of
Dome Mountain, as noted by L uft (1964), are not exposed. However, a source near Dome
Mountain is required by the near-symmetrical centering and increased thickness of the lava shield
and individual lava flows at Dome Mountain. The likely structural control for the eruption of the
mafic lavas of Dome Mountain is the ring-fracture system of the Timber Mountain caldera.

The mafic lavas of Dome Mountain can be divided into two informal units, based on their
petrographic features. Porphyritic basalt (phenocrysts of olivine-clinopyroxene) crops out in east
Cat Canyon. The lavas are overlain locally by the Thirsty Canyon Tuff and have been dated at
10.8+ 0.5 Ma(Kistler, 1968).T hese basalts were mapped as sparate units from the mafic lava of
Dome Mountain (Carr and Quinlivan, 1966;Byers et al., 1966). Hwever, basalt lavas interbedded
in the upper part of the mafic lavas of Dome Mountain in Fortymile Canyonare idenical
petrographically and chemically and are probably equivalents of the Cat Canyon bvas. Pilotaxitic
to trachytic textured basaltic andesite forms the major volume of the shield lavas of Dome
Mountain. Luft (1964)describes trachyandesite to latite lavas in the upper part of the section at
Dome Mountain that ae similar to the basdtic andesite but with somewhat higher contents of SiO.
(56—60weight percentage [wt%]).

In the nothern and western part of the autcrop areaof the mafic lavas of Dome Mountain, the
unit is onlapped with aslight angular discordance by thin basalt flows informally call ed the basalt
of Beatty Wash. These lavas were mapped separately from the mafic lavas of Dome Mountain
(Christiansen and Lipman, 1965)and extend from Dome Mountain west along Betty Wash
(Figure 2.4).

2. Basaltic Rocks of the Black M ountain Caldera. Basaltic volcanic rocks crop out on all
but the astern flanks of the Black Mountain caldera (Figure 2.4). These basalt units ovelap in age
with the peralkaline volcanic units of the caldera. They underlie, are interbedded with, and owerlie
ash-flow units of the Thirsty CanyonTuff (Minor etal., 1993). Many of the outcrops of basalt are
located in the Nellis Bombing and Gunnery Range. Because of restricted access the basalts have
been sampled only at scattered localities around Black Mountain (Crowe et a., 1986).A sequence
of eroded basalt vents and lava flows are exposed south of Black Mountain (Minor et al., 1993).
These lavas underlie the Thirsty Canyon Tuff. Basalt lava exposed nath of Black Mountain
(Minor et al., 1993) uderlie and locally overlie the Thirsty Canyon T uff.

3. Basaltic Volcanic Rocks, Yucca Mountain Area. Basaltic volcanic rocks ofthe BSE
comprise three geologiwnits in the astern Yucca Mountain areaand two additional units at and
southwest of Yucca Mountain. Two of the astern units wae shown onpulbished geologianaps
(Ekren and Sargent, 1965; Srgent and Stewart, 1971; Srgent et al., 1970).These are the basaltic
andesite of Skull Mountain and the basalt of Kiwi Mesa(Figure 2.4). A third unit, the basalt of
Jackass Hats, has been separated in more recent geologic reports (Growe et a., 1986; Fizzd and
Shulters, 1990).
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Figure 2.4. Distribution of the BSE. CC: basalt of Cat Canyon, DM: basalt of Dome Mountain, BW:
basalt of Beatty Wash, B: basalt of the Beatty area, SM: basaltic andesite of Skull Mountain, LSM:
Little Skull Mountain, KM: mafic rocks of Kiwi Mesa, JF: basalt of Jackass Flat, YD: dike of Yucca
Mountain, OCF: older basalt of Crater Flat (modified from Crowe, 1990).The basalt of Kiwi Mesa
crops out as a small lava mesa on the east side of Jackass Flats. The lavas overlie the Timber
Mountain Tuff and are locally overlain by the rhyolite of Shoshone Mountain. The basaltic andesite of
Kiwi Mesais chemically and petrographically identical to the mafic lavas of Dome Mountain (Crowe

etal., 1986).

The southern and southeastern perimeters of Jackass Flat are bounded by Skull and Little
Skull Mountains. These small ranges are capped by a sequence of mesa-forming lava flows and
flow breccia that locally exceed 60 min thickness. This unit is the basaltic andesite of Skull
Mountain. The lavas are distinguished in the field by the presence of abundant phenocrysts of
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bipyrimidal quartz (Crowe et al., 1986). Moreover, they are the only known lavas in the region that
are subalkaline in composition (Crowe et al., 1983a, 1986). This quartz-bearing basaltic andesite
of Skull Mountain overlies the lavas of the Wahmonie-Salyer center and the Paintbrush and
Timber Mountain tuffs. It has awhde-rock K-Ar ageof 10.2+ 0.5 Ma.

Several small outcrops of dissected lava are flanked by alluvium in the central part of Jackass
Flats (Fg 2.4) (Fizzd and Shulters, 1990).These lavas have been dated by the K-Ar method at
110+ 0.4and11.2 £ 0.4 Ma. Correlative lavas (petrographically and ge@heamically) are
interbedded with the upper part of the sequence of basaltic andesite of Skull Mountain at Little
Skull Mountain butnat at Skull Mountain (Crowe et al., 1986). &mples of the lavas at Little
Skull Mountain have been dated at 8.4 + 0.4 Ma, which isinconsistent with the age of the inferred
correlative lavasof Jackass frats.

The Solitario Canyonfault forms the western edge othe Yucca Mountain site (Scott and
Bonk, 1984).The north trace of the faut near its intersection with Drill Hole wash isintruded by a
basaltic dike. The dike isexposed Iccally along the nathwestern edge otheblock (Figure 2.4) and
in trench 10. Exwsures of the dikein trench 10 ow that the dike both intrudes the fault plane and
has been dfset by subsequent episodesof movementon the Solitario Canyonfault. North of trerch
10, thestrike of the dikeswingsto the nathwest. It crops out discortinuously, forming en echelon
dikesin the Tiva Canyonmember of the Paintbrush Tuff. This change instrike coincideswith an
abrupt change inthetrend ofthetopography of ridgesand valleys, from narth/south- to nathwest-
trending,and accurs at the nathern end ofthe exploratory block of Yucca Mountain. Scott etal.
(1984) sggest that the northwest-trending vall eys are underlain by right-dlip faults that are
inferred to be part of the Walker Lane structural system. Alternatively, Carr (1984, 1988, 1990),
Carr and Parrish (1985),and Carr et a. (1986) sggest tat the dikes foll ow the outer-ring fracture
zore of a buried caldera. The dike has been dated at 10.0+ 0.4 Ma(Carr and Parrish, 1985).

The older basalt of Crater Flat (Crowe et al., 1986) copsout alongthe south slope ofan
arcuate ridgeforming the southern boundary of Crater Flat (Figure 2.4). The autcrops consist of
the remnants of oxidized vent-scoria intruded by dikes and small plugs. These units are probable
erodedroats of at least one,and more likely seveaal, scoria cones. Directly east of the scoria
deposits, there isa sequerce ofthin lava flows and flow brecda that are petrographically similar to
and probably derived from theplugsor cones. These lavas are ovelain by slide blocks of Paleozoic
carbonate. They rave been dtedby the wholerock K-Ar methodat 10.5 + 0.1 Ma. The bvas dip
to the natheast and are inferredto undelie the southern and southwestern parts of Crater Flat.
Thisis sggested by several lines of evidence (Crowe et al., 1986). Frst, thelavas have areversed
magndic polarity. Theycoincide with, and are the probable source d, an arcuate negtive
magnetic anomaly that borders the southwest part of Crater Flat (Kane and Bracken, 1983).
Second, petrographically and chemically similar lavas were cored at about 360 m beneath the
surface in Drill Hole USW VH-2 located between Red Cone and Black Core in the central part of
Crater Flat (Carr et al., 1984; Cowe et a., 1986).These lavas were dated at about 11 Ma(Carr et
al., 1984).Thelavasin the drill hole have a reversed magnetic polarity, similar to the older basalt
of Crater Flat. Theyarethe irferredsource ofalargecircular negative aeromagndic anomaly
located in west-central Crater Flat (Kane and Bracken, 1983).This aeromagnetic anomaly extends
south to the decribedanomaly of southwest Crater Flat. The combinedfield, geahronology,
geahamical, and aeromagndic data suggest that the western and southwestern parts of Crater Flat
are floored by an extensive basalt unit of 10.5 b 11 Ma.
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B. Postcaldera Basalt of the Yucca Mountain Region

The second recognized episode of basaltic volcanism in the YMR is the Postcal dera basalt.
These basalt centers occur at sites either well removed from eruptive centers of the TM-OV
complex or are younger than and cannot be related in time to the silicic magmatic activity. The
basalts consist of small-volume (<1 km®) centers marked by clusters of scoria cones and lava flows
(except for the basalt of Thirsty Mesa that has a volume of >3 knr’). They are divided into two
groups, the Older postcaldera basalt and the Y ounger postcaldera basalt. This division is based on
differences in their ages and geographic distribution (Figure 2.5).
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1

- 37-00°

T
116°

Figure 2.5. Postcaldera Basalt of the YMR. Solid areas are the Older postcal dera basalt, including:
RW: basalt of Rocket Wash, PM: basalt of Pahute Mesa, PR: basalt of Pauite Ridge, SC: basalt of
Scarp Canyon, NC: basalt of Nye Canyon, FF: buried basalt of Frenchman Flat. Stippled areas are the
Y ounger postcaldera basalt, including: TM: basalt of Thirsty Mesa, AV: basalt of Amargosa Valley,
PCF: Pliocene basalt of southeast Crater Flat, BB: basalt of Buckboard Mesa, QCF: Quaternary basalt
of Crater Flat, SB: basalt of Sleeping Butte, LW: basalt of Lathrop Wells. Asterisks mark
aeromagnetic anomalies identified as potential buried basalt centers or intrusions (Kane and Bracken,
1983, Crowe et al., 1986). Dashed line encloses the area of the Crater Flat Volcanic Zone. Numbers
associated with the symbols for the volcanic units of the OPB and Y PB are the age of the volcanic
centers in million of years. Modified from Crowe and Perry (1989).
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1. Older Postcaldera Basalt. The OPB occurs at five localities, all north and east of Yucca
Mountain (Figure 2.5). The OPB was erupted along either north/northwest-trending basin-range
faults or at the intersection of basin-range faults with the ring-fracture zone of older calderas. Field
evidence shows that some of the basalt units were erupted contemporaneously with movement on
the extensional faults (Crowe et al., 1983b, 1986). The OPB rangesin age from 9t0 6.3 Ma
(Figure 2.5).

a. Basalt of Rocket Wash. A platy series of thin, basalt lava flows, informally named the
basalt of Rocket Wash, overlies the Thirsty Canyon Tuff in the northwestern edge of the Timber
Mountain caldera (Figure 2.5). This basalt, which was mapped by Lipman et al. (1966b),

O’ Connor etat. (1966),and Minor et al. (1993),erupted along anarth-trending nomal fault that
marks the approximate edge ofthering-fracture zone ofthe Timber Mountain caldera. The ventfor
thebasalt lavas was located at the nothe'n edge othemapped aitcrops based ontwo features.
First, the aitcrops oftheflow thicken consistertly northward. Second, deposits of erodedcone
scoria are presentat the nathen end ofthe exposed autcrops where they have beenpreserved
beneath lava flows. Thebasalt of Rocket Wash ovelies the Thirsty Canyon Tuff and the
approximate volume of lavas (DRE) is about 0.2 km?. The basalt yielded a K-Ar age of 8.0 + 0.2
Ma

b. Basalt of Pahute Mesa. Three spatially separate but related basalt units of the OPB crop
out in the nathern part of thering-fracture zone ofthe Silent Canyoncaldera. These basalts, which
are informally named the basalt of Pahute Mesa, are locali zed at the intersection of
north/northeast-trendingbasin-rangefaults within thering-fracture zone ofthe Silent Canyon
caldera (Figure 2.5). Theyare dvidedinto threeunits, each separate geogaphically. Theseare a
western basalt, acentral basalt, and an eastern basalt.

The western basalt is distinctly porphyritic with large resorbed megacrysts of black
clinopyroxeneand plagioclase and ovelies the Thirsty Canyon Tuff. Exposed aitcrops are
primarily dissected conescoria with numerous intrusive dikes. A feederdike associated wih the
scoria deposits can be tracedto the southwest and parallels thetrend ofbasin-rangefaults. The
minimum volume of the basalt center is about 0.7 km® (DRE). A sample collectedfromthefeeder
dikewas dated at 9.1+ 0.7 Ma.

The central basalt center consistsof at least three separate but subjaralld dike systems
asociated with probable surface scoria cones. The existence of the scoria cones is inferred from
thepreserce of erodedscoria deposits containing aerodyramically shapedbombs. Thescoria
deposits ovelie the Thirsty Canyon Tuff, and feederdikesof the certer intrudethe Timber
Mountain Tuff and rhyolite of Quartet Dome. The lava of the middle basalt center is conspicuously
less porphyritic than the western basalt; megacrysts of black clinopyroxeneand plagioclase are
rare. The central basalt yielded a K-Ar age of 8.8 + 0.1 and 104 + 0.4 Ma. The older ageis
inconsistent with the stratigraphic relations of the central basalt center (overlying the Thirsty
CanyonTuff) andis probably in error.

The astern basalt occurs only as threesmall remnant outcrops of lava and dikes. Two of the
lavas crop out in alluvium, the third intrudes the Trail Ridge member of the Thirsty Canyon Tuff.
The aitcrop patterns of each site are elongte parallel to nath/northeast-trendingbasin-range
faults and are located onthering-fracture zone ofthe Silent Canyoncaldera (Orkild etal., 1972).
The astern basalt is idertical petrographically to the western basalt and hes not been dited.
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c. Basalt of Paiute Ridge. The Halfpint Range, which forms the eastern margin of Yucca
Flat, exposes a complex sequence of sills, dikes, and lopolithic intrusions of basaltic composition
(Byers and Barnes, 1967). Dissected scoria cones and lava flows are associated with the intrusive
bodies indicating that surface eruptions accompanied the formation of the intrusions (Crowe et al.,
1983b; Vaentine et al., 1992). The sills and lopolithic bodies occur in the interior of a northwest-
trending graben. Subsurface magma intruded generally upward and locally eastward from dikes
that are coplanar with northwest-trending basin-range faults. Eastward intruded magma formed
sills by lifting and locally intruding the overlying sequence of tuff. At several localities, primarily
in the axis of the graben, the sills sagged to form lopolithic intrusions (Byers and Barnes, 1967,
Croweet a., 1983b; Valentine et al., 1992). Some of the sills differentiated in situ to form pods of
syenite (Byers and Barnes, 1967).

The northwest-trending dikes locally expand or flare upward forming vertically jointed,
cylindrical bodies with associated near-vertical radial dikes. These are probably roots of eroded
scoria cones (Crowe et al., 1983b; Valentine et al., 1992). In the eastern and central area of the
graben, irregular feeder dikes can be traced upward into surface deposits of scoria cones and lava.
This complex of intrusive and extrusive basalt, which isinformally called the basalt of Paiute
Ridge, exposes the geometry of shallow intrusive rocks and feeder dikes and provides an ideal
locality to study the effects of shallow basalt intrusions (Valentine et al., 1992).

The surface lava from the basalt of Paiute Ridge has been dated by the whole-rock K-Ar
method at 8.5 + 0.3 Ma (Crowe et d1983b). The geologic relations of the surface basalt
outcrops and dikes and sill complexes record a complex history of basin-range faulting in the Half
Pint range. Dikes of basalt intrude into and are coplanar with several northwest-trending faults.
The faults and the main graben system must, therefore, predate the basalt (>8.5 Ma). Sills of basalt
are offset and downfaulted outcrops of cone scoria are present in the center of the graben. Both
relationships require continuing offset on the faults after eruption and intrusion of the Miocene
basalt. A possible correlative basalt with the basalt of Paiute Ridge has been reported in the
subsurface of southern Yucca Flat (Drill hole UE1784 ft below the surface) and has been dated
at 8.1 + 0.3 Ma.

Recent paleomagnetic investigations by Ratcliff et al. (1994) have demonstrated that
emplacement of the basalt of Paiute Ridge occurred during a geomagnetic polarity transition,
probably from reverse to normal polarity. All the sills, dikes, lopolithic intrusions, and lava flows
give transitional paleomagnetic data and, together, define a relatively smooth “path” for the field
reversal. These data are of considerable interest for the emplacement dynamics of mafic magmas in
such a setting. Given our current understanding of the duration of geomagnetic polarity reversals, it
is probable that the entire complex of mafic intrusions at Paiute Ridge was emplaced in less than a
few hundred to a few thousand years.

A separate but petrologically related basalt, the basalt of Scarp Canyon, crops out southeast
of the basalt of Paiute Ridge and west of Nye Canyon. It consists of a 3- to 4-km-long,
north/south-trending basalt dike that intrudes nonwelded ash-flow, ash-fall, and reworked tuff that
predates the Paintbrush Tuff. The dike locally branches into vertical radial dikes of irregular strike,
then widens where it crosses a northwest-trending normal fault (Henrichs and McKay, 1965). The
widened dike portion has funnel-shaped outer contacts marked by scoriaceous breccia mixed with
country rock and forms a plug mass that is probably the eroded roots of a former surface center.
The basalt of Scarp Canyon yielded a whole-rock K-Ar date of 8.7 £ 0.3 Ma.
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d. Basalt of Nye Canyon. Thelast major unit of the OPB is the basalt of Nye Canyon
(Figure 2.5). This unit consists of at least four centers; oneis buried benesth alluvial deposits of
northeast Frenchman Flat (Carr, 1974). There are three surface centers of basalt that define a
northeast-trending alignment of basalt centers. The basalt of Nye Canyon is the oldest basalt unit
inthe YMR that shows a northeast-structural trend. That direction is the predominant one of dike
orientation and alignment of clusters of centers in post-Pliocene basalt in theregion (Croweet al.,
1983b; Crowe and Perry, 1989; Crowe, 1990).

The northeastern center of the basalt of Nye Canyon consists of a moderately dissected scoria
cone surrounded on the south and southwest by a thin lava flow, maostly buried beneath alluvial
deposits. The natheastern certer hes been dtedat 6.3 £ 0.2 Ma. Themiddle and southern basalt
centers are eroded tuff rings (Qrowe et al., 1986) drmed by mixed strombolian and hydrovolcanic
activity. The interiors of both tuff ringsare partly to completely fill ed by scoria deposits and lava
and record episodes ofmixed strombolian and hawaiian eauptive activity that followedthe
hydrovolcanic eruptions. The middle basalt center is the most primitive basalt geochemically in the
region (Croweet a., 1986; Farmer et al., 1989). It ontains abundant nodules of gbbro, and less
commonly, whelite. A plug from themiddle certer has been @dtedat 6.8 + 0.2 Ma. The southen
certer isformedat the @stern edge of aargering dike. The dike &tends nerly continuously in a
320°arc extending westward from the southern center (Henrichs and McKay, 1965).Thering dike
has an approximate diameter of 1 km. It locally widensto form cylindrical plugsthat probably
mark the eodedroats of former scoria cones. Thesouth certer res been @dtedat 7.2 +0.2 Ma

A fourth basalt center was intersected in a dill hole in alluvium beneath Frenchman Flat
(Carr, 1984). Ithas been dated at 8.6 Ma. This basalt may be correlative with the basalt of Nye
Canyon. Akernatively, its K-Ar agesuggests it may be correlative with the basalt of Scarp Canyon
(Figure 2.5).

FY96 & FY97 revisions

Additional unpublished “°Ar/*>Ar whole-rock ages have been obtained for the basalts of
Nye and Scarp Canyons through site characterization studies for the DOE low-level
radioactive waste disposal site in Frenchman Flat. The ages are generally consistent
with previously obtained age determinations and support several minor changes in the
volcanism status report. First, the new age determinations are superior analytically to
the older conventional K-Ar whole-rock age determinations and provide preferred ages
for the basalts. Second, the age of the basaltic volcanic rocks penetrated in the
subsurface in Frenchman Flat (8.6 Ma) are consistent with their correlation with the
basalt of Scarp Canyon, not the basalt of Nye Canyon. Third, the results of the new
age determinations for the basalt of Nye Canyon are consistent with an age of about
7.2 Ma for each of the centers. The new age determinations will be published through
DOE-funded studies of the low-level radioactive waste disposal site in Frenchman Flat.
Dennis Gustafson of Bechtel Nevada (702-295-0684) can be contacted for further
information on the chronology data for these rocks.

2. Younger Postcaldera Basalt. A brief but regionally significant hiatus in vokanic activity
of about 2.5 Mafollowed euption of thebasalt of Nye Canyon. No volcanic rocks ofthe YMR,
including both surface and subsurface rocks, have yieldedage deéerminations intherangefrom 7.2
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Ma (basalt of Nye Canyon) to 4.7 Ma (basalt of Thirsty Mesa). The second cycle of the post-
caldera basalt, the YPB includes all volcanic rocks younger than the basalt of Nye Canyon. In
order of decreasing age, these basalts include the basalt of Thirsty Mesa, the basalt of Amargosa
Valley, the basalt of southeast Crater Flat, the basaltic andesite of Buckboard Mesa, the
Quaternary basalt of Crater Flat, the basalt of Sleeping Butte, and the Lathrop Wells basalt center
(Crowe, 1990). These basalt centers, except the basaltic andesite of Buckboard Mesa, all occur in
a narrow northwest-trending zone located west and south of the Yucca Mountain site (Figure 2.5),
and this zone has been named the Crater Flat VVolcanic Zone (Crowe and Perry, 1989). The basalt
centers of the YPB, with two exceptions, consist of clusters of probably coeval, small-volume
centers aligned along predominantly northeastern (one northern) structural trends. The exceptions
are the basaltic andesite of Buckboard Mesa and the Lathrop Wells center. The basaltic andesite of
Buckboard Mesa consists of a main scoria cone located on a northwest-trending fissure. The
Lathrop Wells cone consists of only one center.

a. Basalt of Thirsty Mesa. The basalt of Thirsty Mesa comprises a thick accumulation of
fluidal lava and local feeder vents marked by dissected scoria cones surmounting the lava mesa
(Figure 2.5). These lavas, viewed from the west, appear to form a shield volcano, but the volcanic
landformis actually more complex than a simple shield. The lavas were erupted onto a pre-existing
plateau formed by ignimbrite of the Thirsty Canyon Tuff. The flows form a convex upward-mesa
surface above the plateau.

The topographic summit of the mesa is formed by eroded deposits of scoria marking subdued
mounds that probably represent the main sites of extrusion of the lavas. Thisinterpretation is
supported by the gradual increasein thickness and the symmetrical distribution of the lava flows
about the scoria mounds. The mounds trend north/south, probably reflecting the predominant
structural control of the center. The basalt of Thirsty Mesa covers an area of about 22 ki? with a
maximum thickness of about 200 m. The approximate volume of the center was estimated at 3 km?®
(DRE)(Croweet al., 1992). However. recent field work revealed that we may have overestimated
the lava thickness and the volume of the center may be less than 3 knv’. The lavas are sparsdly
porphyritic olivine-basalt with phenocrysts and microphenocrysts of olivine.

The lava mesa shows moderate geomorphic degradation. Lava flow margins are eroded. The
lava flow surfaces have well-devel oped surface pavements containing soil with horizon
development. Thereis no evidence of preserved primary flow-top topography. The scoria vents
have been dissected significantly but still maintain a rounded mound-form and uphold the high-
standing topography of the mesa. Minor et al. (1993) reported an “Ar/*Ar age of 4.6 Mafor the
basalt of Thirsty Mesa. We have obtained “Ar/*Ar ages for a sample collected from the west base
of thelavas of Thirsty Mesa and a dike sample collected from one of the summit scoria cones. The
ages are, respectively, 4.68+ 0.03and 4.88+ 0.04 Qo) Ma (Table 2.1). These ages are in good
agreament with the age reported by Minor et al. (1993),and geomorphic data (Crowe et al., 1992).
Thebasalt of Thirsty Mesa hes arevased magndic polarity. Adequate gea@hronology dita have
been dtainedto dacumenttheage ofthebasalt of Thirsty Mesa.

FY96 & FY97 revisions
There are several minor data additions for the basalt of Thirsty Mesa since completion

of the volcanism status report. First, Fleck et al. (1996) reported a weighted mean
“Ar/*°Ar age of 4.68 + 0.03 Ma for the basalt of Thirsty Mesa. This age is consistent
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with previously obtained chronology data (Crowe et al., 1995). We use an age of 4.7
Ma for the basalt of Thirsty Mesa that is the mean of our data set and the data set of
Fleck et al. (1996). Second, Fleck et al. (1996) reported a volume for the basalt unit of
3.4 km® that is consistent with our volume determination when corrected to magma
densities (3.0 km®). The consistency in volume estimations suggests that we may not
have overestimated volume as we suggested in the volcanism status report (Crowe et
al., 1995).

Thelava mesa, prior to 1992, was thought to underlie the Thirsty Canyon Tuff, and,
therefore, to be of Miocene age. The revised field relations and the new age determinations show
that it is a newly identified Pliocene volcanic unit of the YMR as first noted by Fleck et al. (1991).
Accordingly, the basalt of Thirsty Mesais significant for several reasons. First, the mesa is located
in and provides additional evidence for the existence of the CFVZ of Crowe and Perry (1989).
Second, the basalt of Thirsty Mesa is the largest-volume volcanic unit of the YPB. The volume of
basalt (<3 knr’) equals the volume of some of the basaltic units of the BSE. Third, the basalt of
Thirsty Mesa is an evolved alkali basalt, but is distinguished chemically from the basalt of Crater
Flat by significantly higher potassium content (Vaniman and Crowe, 1981; Vaniman e al., 1982).

b. Basalt of Amargosa Valley. A negative aeromagnetic anomaly was identified in the
Amargosa Valley, several kilometers south of the town of Amargosa Valley (Kane and Bracken,
1983; Crowe et al., 1986) (Figure 2.5). The anomaly was drilled in 1991 by a private company
(Harris et al., 1992). Samples of cuttings of the basalt were obtained and submitted for K-Ar age
determinations. An age 0f3.85 +0.05 Ma was dotainedfor the cuttings under YMP cortrols
(Table 2.1). Turrin (1992, p. 231jeported an “Ar/*Ar age of abasdt sanple from the
exploratory drill hole of 4.4 +0.07 Ma. This age is significantly older than the age of 3.85 Ma, and
additional age determinations may be required to investigate the discrepancy in ages.

FY96 & FY97 revisions

We regard the difference in apparent ages of the basalt samples as insignificant. We
favor our age of 3.85 Ma for the age of the buried basalt because this age is close to
the age of the basalt of southeast Crater Flat. The simplest interpretation is that the
buried basalt is part of an existing volcanic episode. The difference in measured ages
is not significant for PVHA.

The boundaries ofthis rewly drill ed basalt unit are prominently delineated onaeromagnetic
maps (Kane and Bracken, 1983; langenheim et a., 1991, 1993)The main massof the basalt is
located 3 kn south of thetown of Amargosa Valley. The ner-circular outline of the nathern part
of theanomaly suggests it may be themain conduit or verts for thecerter. A lobate aeromagnéic
mass etendsto the south of the main mass and may outline a bva flow deived from the certer.
The aeromagnetic anomaly is inferred to represent aformer surface basalt center buried by
aluvium deposits in azone of highesedimertation along thetrace of the Fortymile Wash (Figure
2.1; Figure 2.5). Thearea ofcoverage ofthe aeromagneic anomaly is about 20 kn. If the basalt
is aburied center and has dmensionstypical of local lava flows and scoria cones, its voume is
estimated to be alout 0.2 b 0.4km?* (DRE). An estimate of 0.3km?® wasobtaned for the basét
based on modding of the gravity and aeromagnetic data (Langenheim, 1995).Two other
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aeromagnetic anomalies are present in the south-central part of the Amargosa Valley and may
represent buried basalt centers (Langenheim et al., 1993).

FY96 & FY97 revisions

New aeromagnetic studies (Langenheim, 1995) show that there are a total of 6
anomaly sites that could be buried basalt centers in the Amargosa Valley. These sites
are described and assessed with respect to PVHA in separate reports (Geomatrix,
1996 and Chapter 6); both reports used the aeromagnetic data of Langenheim (1995).

c. Basalt of Southeast Crater Flat. The basalt of southeast Crater Flat has been described
by Crowe and Carr (1980), Vaniman and Crowe (1981), Vaniman et al. (1982), Crowe (1990),
and Perry and Crowe (1992). Geologic maps of the centers were presented in Vaniman and Crowe
(1981). The basalt unit consists of an alignment of north-trending dissected scoria cones and
associated moderate-volume lava flows (Figure 2.5). The scoria cones extend south in an en
echelon pattern from the east-central part of Crater Flat. The former presence of individual centers
isindicated primarily by the presence of eroded deposits of oxidized cone scoria. The scoria
contains aerodynamically shaped bombs and spatter. The large size of the bombs (>0.5 m) and
local agglutination of the spatter requires near-vent deposition. However, scoria outcrops are
deeply eroded, discontinuous, and retain no primary constructional topography.

FY96 & FY97 revisions

We have completed a revised geologic map of the basalt of southeast Crater Flat
compiled on 1:12,000-scale orthophotographic quadrangles and transferred to a 20-
foot-contour-interval topographic base (Appendix 2-M1).

The geometry of vent zones can be reconstructed by detailed mapping of three surface
features. First, the northern and eastern parts of one cone (here named the Radial center) are
preserved beneath a cover of thin aa flows probably derived from the center. The south side of this
coneis uphed by an increased degree of induration of the scoriain proximity to a north/south-
trending swarm of lenticular dikes. This combination of features provides sufficient preservation of
theradial dips of scoria deposits to reconstruct the location of the former near-circular cone.
Second, a series of eongate lava masses are exposed in the center parts of vents of the basalt of
southeast Crater Flat. These masses are not lava flows. They are preserved remnants of lava
ponded in the eongate vent of individual centers. This interpretation is suggested by the gentle
inward dips of the lava (10—20) around the circumference of the exposures and the presence of
scoria deposits beneath and buttressed against the lava ponds. These dliptical lava ponds have long
axes trending north/south suggesting that the lava ponds filled elongate vents (fissures), and not the
craters of symmetrical scoria cones. The direction of the eongation of the lava ponds is coparalld
to the trend (north/south) of linear feeder dikes. Third, lenticular dikes enlarge locally to form
irregular plugs with vertical cooling joints and these plugs are associated with areas of increased
thicknesses of indurated deposits of scoria. The dips of the scoria deposits, recognized by the
presence of aerodynamically shaped bombs, are relatively steep (15—25) and require deposition at
or near eruptive vents.
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Lavas of the basalt of southeast Crater Flat are the most aerially extensive of the YPB. They
form sheet-like flows that flank, to the south and east, the described vent zones. In no case,
however, can the lavas be traced directly to their individual feeder sources. Cross sections of the
flows show that they are relatively thin (3—5m) aa flows with basal brecda of clinker and blocky
vesicular upper sufaces. The flows are offset more than a meter (west-gde down) along
north/south-trendingfaults that may be relatedto exposedfaultsin the nathwestern part of Yucca
Mountain (Crowe and Carr, 1980; 3nith et al., 1990).The lava flows are covered to the east by
aluvium, and the section is probably displaced downverd seveal tensof meters by faults
concealed beneath alluvium. This displacement is suggested by several features. First, the eroded
outcrop edge ofheflows trendsnorth/south and parallels local basin-rangefaults, suggesting that
the present flow margin is fault-controlled. Second, petrologically similar lava flows are exposed in
easternmost Crater Flat where theyare faulted against the bedrock tuff of Yucca Mountain or
ovelie an easional surface develped onthepoorly consolidated deposits of the Paintbrush and
Timber Mountain Tuffs. Third, aeromagndic data showthe lbva flows are continuous beneath the
aluvium (Kane and Bracken, 1983).Vents distinguished in the field can be identified in the
aeromagndic data by narth/south elongation and local near-circular patterns of magneic contours.
These patternsare notobservedin the estern autcrop areas of the basalt of southeast Crater Flat
where therocks are concealed beneth alluvium or are faulted against Miocenetuff. This fact
suggests that there are probably no major eruptive centers concealed beneath the alluvial deposits.

The basalt of southeast Crater Flat was dated initialy at 3.84+ 0.13and 3.64+ 0.13 Ma
(Vaniman et al., 1982).Sinnack and Easterling (1983)obtained ages of 4.27 £ 0.46, 3.73 = 0.06,
and 3.89 £0.17 Mafor replicate sets of wholerock, K-Ar age déerminations obtainedfrom splits
of the same sample coll ected atore ste in the basédt of southeast Gater Flat. The samples were
analyzedat threeseparate chronology bboratories (valuesreported as unweighed averageswith
1o standard devations). A second sample site was collected from outcrops of the basalt of
southeast Cradr Flat and analyzed at the same three laboratories. This Ste yielded average ages of
4.22 +0.08, 3.69 £ 0.09, and 4.00 +0.13 Ma, respectively (Sinnock and Easterling, 1983).The
differercesin age déerminedfromthethreelaboratoriesare systenstic (i.e., laboratory “B”
geneally reportedthe yaingest date from any sample site) and are probably relatedto diff ererces
in sample preparation methodsand instrumertation amongthethree bBboratories. Unpulished K-
Ar ages of about 3.91+ 0.20and 3.75+ 0.12 Mahave been obtained by the U.S. Geological
Survey for samples collected from a dike exposed in cone scoria and alava, respectively. New
“Ar/*Ar ages of 3.65+ 0.06,3.69+ 0.06,and 3.75+ 0.04 (2) Ma have been dtainedfor the
basalt of southeast Crater Flat (Table 2.1). The consistency of age determinationsfor this unit at
multiple analytical laboratories suggests the chronology ofthis unit is well established by the
existing radiometric ages. All measured samples of the basalt of southeast Crater Flat have a
reversed magnetic polarity (Vaniman and Crowe, 1981;Vaniman et a., 1982).The amilarity in
age ofthebasalt of Amargosa Valley and thebasalt of Crater Flat suggests that the units were
probably erupted about the same time butas sgtially separate units.

FY96 & FY97 revisions

Fleck et al. (1996) report a weighted mean K-Ar age of 3.73 = 0.02 Ma for the basalt of
southeast Crater Flat. A new “°Ar/**Ar age determination from NMBM indicates an age
of 3.75 £ 0.04 for the eastern-most exposure in Crater Flat (Table 2.A).
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d. Basalt of Buckboard Mesa. The basalt of Buckboard Mesa is the second largest basalt
by volume of the postcaldera basalt units of theregion (1 km? [DRE]). It comprises aphyric to
sparsely porphyritic lavas erupted in the northeastern part of the ring-fracture zone of the Timber
Mountain caldera (Figure 2.5). The lavas were erupted mainly from a scoria conein the
northwestern part of the outcrop area (Scrugham Peak). Additional lava flows vented from a
fissure that extends southeast for about 5 km from the base of Scrugham Peak. Thisfissureis
marked both by a subdued linear ridge in the present-day topography and by the presence of scoria
and agglutinated spatter exposed in craters excavated during high-explosive experiments (L utton,
1968, Figure 1). The basalt erupted into and filled topographic valleys between the eastern and
western branches of Fortymile canyon (Lutton, 1968). Subsequent erosion lead to inverted
topography and the flows now form a mesa top. The majority of outcrops of the basalt of
Buckboard Mesa around the margins of the mesa and within the explosion craters expose a single
major lava flow with only local multiple flow lobes (Lutton, 1968). Lutton (1968) described cores
from boreholes near Scrugham Peak in which two flows could be distinguished. A second lava flow
can also be discriminated in outcrops northwest of Scrugham Peak by local changes in topography
and the presence of phenocrysts of kaersutite in the upper lava flow.

Themagjor volume of the basalt of Buckboard Mesa is an aphyric to sparsely porphyritic
olivine-bearing trachyandesite (mean SiO, content of 53.5 wt% (L utton, 1968; Crowe et al., 1986)
with abundant plagioclase microphenocrysts and microlites and minor clinopyroxene. Whole-rock
K-Ar ages of 2.82+ 0.04and 2.79+ 0.10 Mawere obtained for cores from the basalt of
Buckboard Mesa recovered from Drill holes WDH-11 and WDH-12. Unpullished wholerock K-
Ar ages of 2.93+ 0.03 Ma or the kaersuite-bearing flow and 3.07+ 0.29 Ma or the main flow
unit have been ttainedby the US. Gedogcal Survey; these agesare consistent with the positive
magneic polarity of the bvas. Additional samples ofthe basalt of Buckboard Mesa have been
submitted for “Ar/*Ar age deéerminations and these data should be avail able in calendar year
1995.

FY96 & FY97 revisions

Fleck et al. (1996) report a weighted mean K-Ar age of 2.87 =+ 0.06 Ma for the basalt of
Buckboard Mesa. Two new “°Ar/*°Ar age determinations from Lehigh University indicate
an age of ~3.1 Ma (Table 2.A). We do not consider these ages to be significantly
different for PVHA, for which an age of 3.0 Ma was used (see Chapter 6)

e. Quaternary Basalt of Crater Flat. A series of four Quaternary basalt centers form a
northeast-trending,slightly arcuate cluster of basalt certers extendingalong theaxis of Crater Flat.
From southwest to natheast, these certers consist of, respectively, Little Cones, Red Cone, Bbck
Core, and the Makani Core (the latter coneis named informally in this report). 1:5000-gale
topographic base maps wee notavail able through the YMP to compile geologicmaps for the
Makani and Little Cones. Aerial phatographs wih mapping of these certers have been etered irto
the volcanism QA record.

(1) TheLittle Cones. The Little Cones consist of two separate cones of small dimensions.
The southwestern cone isbreached onthe southern side, probably from extrusion of a bva flow
that is buried beneath aluvial deposits. Two, posshly three small mounds oferoded-cone scoria
are present about 0.5km south of the southwest cone and are marked by erosional rubde of cone
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scoria containing aerodynamically shaped bombs; a small feeder dike is exposed in the cone rubble.
Most of the samples of basalt of Little Cones that have been collected for chemistry and K-Ar age
determinations have been obtained from this feeder dike. Trenching of the scoria deposits show that
they are deposits of vent facies and represent eroded remnants of satellite cones. Two small lava
flows partly covered by alluvium flank the northwestern and southwestern edges of the
southeastern satellite cone.

The northeastern coneis a symmetrical scoria cone and is slightly smaller than the
southwestern cone. Thereis no evidence of extrusion of lava from this cone, based either on
examination of surface exposures or the aeromagnetic data of Kane and Bracken (1983).

Both of the Little Cones centers are eroded significantly, and rills are conspicuously devel oped
on the cone slopes. The cone-slope angles are less than the angle of repose and cone-slope aprons
are developed at the base of the cones. Wells et al. (1990) described preliminary soils and
geomorphic data for both centers. They note that the degree of soil development and geomorphic
degradation of the Little Cones is comparable to stage-Il soilsin the Cima volcanic fidd. A K-Ar
age ofabout 1.1 + 0.3 Ma was dtainedfor thefeeder dikesouth of the Little Cones(Crowe etal.,
1982;Vaniman et al., 1982).An unpubished K-Ar age of a sample coll ected at the same site was
dated by the US. Geologtal Surveyat 0.76 +0.20 Ma. A recertly obtained“Ar/*Ar age ofthe
Little Cones feeder dikeis 1.02 £0.10 Ma (Table 2.1). Additional samples ofthe Little Cones
certer, including vokanic bombs from the cones, have beensubmittedfor “Ar/*Ar age
deeerminations. Bath theLittle Conecerters have revased magndic polarity consistent wih the
negative aeromagnetic anomaly as®ciated with the centers (Kane and Bracken, 1983).The
revased magndic polarity and thecurrentK-Ar ages indcate the Little Conescerter was probably
formed inthe Matayama reve sed magnetic epoch.

FY96 & FY97 revisions

We have completed a revised geologic map of the Little Cones compiled on a
1:12,000- scale orthophotographic quadrangle and transferred to a 20-foot-contour-
interval topographic base (Appendix 2-M2).

Fleck et al. (1996) report a single K-Ar age from Little Cones of 1.042 + 0.045 Ma. To
compare the ages of the two scoria cones that comprise Little Cones, “°Ar/**Ar ages
were determined at NMBM from volcanic bomb samples collected from each of the
cone summits. These samples yielded reasonably reproducible ages of 0.77 £ 0.04 Ma
and 0.83 + 0.16 Ma (Table 2.A). In addition, two “°Ar/*’Ar measurements of sanidine
within a tuff xenolith from SW Little Cone yielded ages of 902+34 and 905+92 ka
(Table 2.D, page 2-86). It is thus not clear whether the age of the Little Cones is ~1 Ma
or ~0.75 Ma.

(2) Red Cone and Black Cone Centers. The Red and Black cone centers are analogous
volcanic landforms with similar eruptive histories. Each consists of a main scoria cone surmounted
by a summit crater filled with agglutinated spatter, large lava blocks, and scoria (Vaniman and
Crowe, 1981; Smith et al., 1990; Feuerbach et al., 1990; Ho et al., 1991). The main cones are
flanked by scattered scoria mounds, which are erosional remnants of satellite vents. Some, or
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perhaps all, of the lavas of both centers were erupted from the satdllite vents (Vaniman and Crowe,
1981; Vaniman et al., 1982; Smith et al., 1990; Ho et al., 1991).

The Red Coneis significantly modified by erosion. The basal diameter of the coneis 440 m
and the height is 55 m (measurements made using the morphometric parameters of scoria cones
and colluvial aprons of Wells et al. [1990]). The cone slopes have extensive development of rills,
integrated channd networks, and deep radial gullies filled with reworked scoria interbedded with
soil. Erosional processes have produced a cone-slope apron extending as much as 400 m from the
base of the cone slope (Wedls et al., 1990). Two small dikes, which are probable offshoots from the
main conduit, are exposed in the western wall of the cone (Vaniman and Crowe, 1981). The vent or
summit crater of the coneis filled by an accumulation of inward-dipping scoria and agglutinated
gpatter; aerodynamically shaped bombs in the crater-fill sequence exceed 2 min length (Vaniman
and Crowe, 1981). A series of satdllite cones or scoria mounds is exposed south of the main cone
(Vaniman and Crowe, 1981; Ho et al., 1991). These are clustered along northeast and northwest
trends. Locally, the mounds were the source vents of aa lava flows that flank the south part of the
main cone and surround the scoria mounds (Smith et al., 1990). These lavas extend for as much as
1 km from the vents. The outcrop edges of the lavas have abrupt flow fronts with steep flow
foliations, indicating the present edges are close to the original flow margins, however, there has
been sufficient removal of flow-top clinker and flow-margin breccia to expose the massive interior
lobes of some of the aa flows.

The Black Cone center is 75 m high. The summit of Black Cone is uphdld by a crater-fill
sequence consisting of large blocks of strongly agglutinated spatter and small lava masses. This
agolutinated sequence is much more resistant to erosion than the surrounding nonaggl utinated
scoria deposits and may explain partly the better geomorphic preservation of the Black Cone
center, which has generally steeper cone slopes, a higher cone-height to cone-width ratio, and
smaller apron development than Red Cone (Wells et al., 1990, Figure 2).

Thereis limited evidence of preservation of original primary flow topography of the lava
flows of both the Red Cone and Black Cone centers. The lava surfaces have been smoothed from a
combination of erosion, deposition of loess, and pedogenic processes. The flow surfaces
immediately north of the Black Cone center, however, retain local irregularities in the flow-top
surface that are probably remnants of primary flow topography. Smith et al. (1990) noted that the
northern flow abutted against topography created by the southern flows and the main cone. This
abutment prevented the northern flow from flowing south of the main cone.

An initial K-Ar age determination of 1.5 + 0.1 Ma was dotained for a bva flow directly east
of the main cone of the Red Cone center (Crowe et al., 1982;Vaniman et al., 1982). $nack and
Easterling (1983)obtained ages of, respectively, 1.53+ 0.31, 1.12+ 0.27,and 1.55+ 0.15 Ma or
spits of a sample coll ected from the same lava flow. Smith et a. (1990)reported ages of 0.98 +
0.10, 1.01+ 0.06,and 0.95+ 0.08 Ma br samples from the Red Cone center. Unpulished ages
by the US. Geologcal Survey for two samples ofthe same lava site located est of themain cone
are0.84+ 0.15and 1.07 + 0.34 Ma. Thereis a $ightly larger spread in K-Ar ages of the Red
Conecerter than aher certers. Additional samples have beensubmittedfor “Ar/*Ar age
determinations from the Red Conecerter to providefinal documertation of thechronology ofthis
center.
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FY96 & FY97 revisions

Fleck et al. (1996) report a weighted mean K-Ar age of 0.977 + 0.027 Ma for the basalt
of Red Cone. *Ar/*Ar ages determined at NMBM vyielded ages of 0.92 + 0.06, 1.05 +
0.14, and 1.08 + 0.04 Ma (Table 2.A). These determinations indicate that the age of
Red Cone is ~1 Ma.

Potassum-argonagesof 1.09 + 0.3 and 1.07 + 0.4 Ma were dotainedfor the Black Cone
center (Crowe et al., 1982;Vaniman et a., 1982).Unpubished K-Ar ages by the U.S. Geological
Survey are 0.80+ 0.06 br lava at the southern edge of the Black Cone center and 0.83+ 0.09 Ma
for a spatter sample from the crater-fill at the summit of the cone. New “Ar/*Ar agesof the Black
Core center are 1.05+ 0.14,0.96 £ 0.15,0.94 £ 0.05 (2) Ma (Table 2.1)

FY96 & FY97 revisions

A single new *°Ar/*Ar age was determined at Lehigh for a basalt from the southeast
side of the Black Cone center. This sample yielded an age of 1.10 + 0.05 Ma (Table
2.A), which is consistent with previous age determinations from Black Cone. Fleck et al.
(1996) report a weighted mean K-Ar age of 0.986 + 0.047 Ma for Black Cone.

(3) Makani Cone. The northernmost basalt center of the Quaternary basalt of Crater Flat is
herein ramedthe Makani Cone.lt is themost degly incised ofthefour Quaternary basalt certers.
TheMakani Coneconsists of two small erodedremnants of aa lava flows onthe western and
southeastern sidesof thecerter. We aiginally were puzzled by the apparentdegee ofdissection of
the Makani center (Vaniman and Crowe, 1981; GCowe et al., 1992)and speculated that it may be
attributed to several causes. The center is located on ahigher and stegoer topographical part of the
Crater Flat basin than the dher certers, which may have resulted in highererosion rates.
Alternatively, thecerter may be slightly older than the dher Quaternary basalt certers of Crater
Flat, but newage deéerminations show that thisis notthecase. A third alternative is the M akani
conemay have aiginally been asmall certer. Themajor volume of eruptions of the Quaternary
basalt of Crater Flat is cortained inthe Red Coneand Black Conecerters. The voume oftheLittle
Conescenter represerts, for example, only about 5% of the volme ofthe Black Coneand Red
Conecenters. TheMakani Conemay have been only asmall certer like theLittle Conescerter,
and asmall original size may account for its poor geamorphic preservation. New geologianapping
has shownthat the major part of the certer is formedby a scoria-spatter conethat has been eoded
to anear horizontal surface. Lava flows that flank the certer probably vertedfrom radial dikes
similar to many of the dher Plio-Quaternary basalt certersin the YMR (Little Cones, basalt of
Slegping Butte, and the Lathrop Wells certer). Themajor erupted voume ofthe Makani cone
certer formed asmall scoria cone,andtheratio of pyroclastic deposits to lava is low. We irfer that
the degee ofdissection of the certer is a combination of threefactors: accelerated eosion ratesat
higherand stegper parts of the Crater Flat basin, arelatively small erupted volme ofthecerter,
and acerter formed mostly of relatively norresistant conescoria-spatter. Our original estimatesof
the volume of lava and pyroclastic components of the center (Crowe et a., 1983b)areincorrect
and will berevised.
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Potassum-argonagesof 1.14 + 0.3 and 1.07 + 0.04 were dotainedfor the Makani certer
(Croweet al., 1982;Vaniman et al., 1982).Unpulished ages of 1.66+ 0.5 and 1.04 £ 0.03 Ma
have been dtainedfor the Makani certer by the US. Geologtal Survey. The olderage was
obtainedfor a sample of a basalt dike that is modeately altered. Theage may be anomalously old.
Additional “Ar/*Ar age determinationswill be obtained for the center to attempt to resolve the
chronology @ta.

FY96 & FY97 revisions

We have completed a revised geologic map of Makani Cone compiled on a 1:12,000-
scale orthophotographic quadrangle and transferred to a 20-foot-contour-interval
topographic base (Appendix 2-M3).

Fleck et al. (1996) report a weighted mean K-Ar age of 1.076 £+ 0.026 Ma for “Northern-
most” cone (Makani Cone). Two new “°Ar/*°Ar ages determined at Lehigh University
indicate an age of ~1.2 Ma (Table 2.A). These ages and the age reported in Fleck et al.
(1996) are slightly older than ages reported from any of the other Quaternary Crater
Flat basalt centers and indicate that Makani Cone may be slightly older than the other
Quaternary centers in Crater Flat.

(4) Eruptive Models for the Quaternary Basalt of Crater Flat. One area of continuing
controversy is assessing eruptive modds for individual centers of the Quaternary basalt of Crater
Flat. This a problem for three reasons:. (1) it has been difficult to evaluate whether each center
formed in a single eruption (monogenetic) or multiple time-separate eruptions (polygenetic),
analogous to the Lathrop Wells center (Crowe et al., 1988; Wels et a., 1990; Crowe and Perry,
1991; Crowe et al., 1990; Perry and Crowe, 1992), (2) it is difficult to apply detailed methods of
field, geomorphic, and soils studies because of the degree of dissection of the centers, and (3), with
the uncertainty of the chronology methods it is difficult to discriminate the ages of eruptive activity
between volcanic centers. Twenty-one K-Ar and “Ar/*Ar age determinations have been obtained
for the Quaternary basalt of Crater Flat (Table 2.2), and the mean age of the centersis 1.11+ 0.25
Ma. Exploratory statistical analyses of the K-Ar ages using the stem and leaf, box, and probabili ty
plots show that the data distribution is nonnamal, and four samples are identified as outliers. If
these samples are removed, the mean age of the centers is 1.00 + 0.11 Ma (1), and the data show
a near normal distribution with no aitliers. The statistically refined data set can be interpreted to
indicate the centers are coeval. Howeve, based onanalog studiesof the Lathrop Wells certer
(Croweet al., 1992), he time between polygenetic events may be less han the 90% confidence
interval of themean ages. Thus, the precision of the chronologymethodsmay be insufficient to test
the polygenetic modd. We prefer to reserve judgment onthe ages and eruptive models of the basalt
centers until additional “Ar/*Ar age déerminations have been dtainedand geahemical studies
completed.
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Table 2.2. K-Ar and “Ar/*Ar Age Determinations for the Quaternary Basalt of Crater Flat.

Volcanic Center Age Error (1o) Method Sour ce
Little Cones
11 0.3 Whole-rock. K-Ar USGS (Carr)
0.76 0.2 Whole-rock. K-Ar USGS (Carr)
1.02 0.1 (20) “CAr[*Ar This Report
Red Cone
15*** 01 Whole-rock. K-Ar USGS (Carr)
1.53*** (.31 Whole-rock. K-Ar USGS (Carr)
112 0.27 Whole-rock. K-Ar Sinnock
1.55%** 0.15 Whole-rock. K-Ar Sinnock
0.98 0.1 Mineral Separate K-Ar  State of Nevada (Smith)
1.01 0.06 Mineral Separate K-Ar  State of Nevada (Smith)
0.95 0.08 Mineral Separate K-Ar  State of Nevada (Smith)
Black Cone
1.09 0.3 Whole-rock. K-Ar USGS (Carr)
1.07 0.4 Whole-rock. K-Ar USGS (Carr)
0.8 0.06 Whole-rock. K-Ar USGS (Turrin)
0.83 0.09 Whole-rock. K-Ar USGS (Turrin)
1.05 0.14 (20) “CAr/*Ar This report
0.96 0.15 (20) CAr/®Ar This report
0.94 0.05 (20) CAr/®Ar This report
Makani Cone
114 0.3 Whole-rock. K-Ar USGS (Carr)
1.07 0.04 Whole-rock. K-Ar USGS (Carr)
1.66*** 0.5 Whole-rock. K-Ar USGS (Turrin)
1.04 0.3 Whole-rock. K-Ar USGS (Turrin)
Mean (all data) 1.11 0.25 n=21
Mean (outliers removed) 1 0.11 n=17
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Champion (1991) suggested all Quaternary basalt centers of Crater Flat record a single
reversed-polarity remanent magnetization on the basis of field and paleomagnetic analyses of
samples collected from 20 sites. These paleomagnetic data were interpreted by Champion (1991) to
permit the inference that the Quaternary basalt centers of Crater Flat formed contemporaneously
(single magma pulse) with each center being of monogenetic origin (formed in one brief eruptive
cycle). Although this interpretation is consistent with the paleomagnetic data, it requires several
critical underlying assumptions. First, Champion (1991, p. 63) argued that modern (Holocene)
secular variation occurs at a rate of about 4° to 5° per century. He did not assess the temporal
variability of the geomagnetic field during the period of eruption of the Quaternary basalt of Crater
Flat. Second, the paleomagnetic data for the Quaternary centers of Crater Flat were assumed to
adequately represent all volcanic events at these centers. The sample sites for collection of
paleomagnetic material were not identified (Champion, 1991), so this assumption cannot be
evaluated. Third, and related to the second argument, is the rdliability of the overall paleomagnetic
data. Champion (1991) presented only site-mean directions of remanent magnetization for the
Quaternary basalt of Crater Flat. Both lava and scoria were sampled for the paleomagnetic studies
(Champion, 1991, p. 63). The latter material may be a less reliable recorder of the ancient
geomagnetic fidd. Without presentation of data, and in particular the demagnetization results, it is
impossible to assess the variability of the field magnetization directions. The dispersion of sample
directions at a site leve is particularly important if the secular variation is less than the assumed 4°
to5 per century. Fourth, the four basalt centers extend in a northeast-trending arc for a distance of
about 12 km, a distance longer than expected for basalt feeder dikes (except bladed dikes), which
makes it unlikely that the centers were fed by a single-feeder dike system (Crowe et al., 1983b).
More information is required to determineif the centers were fed from multiple dike systems and if
the geochemistry of the centersis consistent with single or multiple pulses of magma. Finally, the
paleomagnetic data must be considered in light of the evidence of geochemical diversity in the lavas
(Vaniman et al., 1982; Perry and Crowe, 1992). The assumptions associated with the
paleomagnetic study must be more carefully evaluated before accepting the conclusion that each
center is monogenetic and, specifically, that all centers were formed from a single magmatic event.

Therecognition of time-separate events at basalt centers must be based on establishing
unequivocal time gaps between eruptive events, such as the presence of soil-bounded
unconformities (Crowe et al., 1992). The variable K-Ar age determinations provide permissive but
not conclusive evidence of polygenetic events. Additionally, the precision of the K-Ar methods may
beinsufficient to test the polygenetic modd.

f. Sleeping Butte Centers. The Sleeping Butte volcanic centers are located about 20 km
north of Beatty, straddling the boundary of Nellis Air Force Range (Figure 2.5). They are 47 km
northwest of the potential Y ucca Mountain site. The Sleeping Butte centers consist of two spatially
separate small-volume (<0.1 km®) basaltic centers. The basalt centers comprise a main scoria cone
flanked by small satellite scoria cone(s). Each center erupted multiple lobes of blocky aa lava
flows that extruded from the base of their main scoria cone. The southwestern center, the Little
Black Peak Cone, erupted through fanglomerate deposits. The northeast center, the Hidden Cone,
erupted through and draped the north/northeast-facing slope of Slegping Butte. This prominent
topographic mount is uphdd by resistant outcrops of moderately welded ignimbrite of Miocene age
located about 1 km inward of the range front of the Pahute Mesa-Black Mountain highland. The
two centers are aligned in a north/northeast direction, the preferential direction of alignment of
post-Pliocene volcanic centers in the YMR (Crowe et al., 1983; Crowe and Perry, 1989). The
separation of the centersis 2.6 km, measured from crater center to crater center. These centers
have been mapped at a scale of 1:5000 (Crowe and Perry, 1991).
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(1) The Little Black Peak Center. The oldest volcanic unit of the Little Black Peak volcanic
center includes two mound-shaped accumulations of basalt scoria and volcanic bombs (Qs3,
Figure 2.6) located at the southern margin of the main cone. These mounds are similar to the scoria
mounds described at the Red Cone, Black Cone (Smith et al., 1990; Crowe, 1990), and the Lathrop
Wils centers (Crowe et al., 1992). There are no distinct vents or craters at the crest of the mounds.
However, the abundance of large bombs (>1 min diameter) suggests the mounds were vents for
basaltic eruptions. Lenticular dikes are exposed locally in the mounds. The dikes fed short, lobate
lava flows exposed west of the eastern scoria mound (Crowe and Perry, 1991).

The main scoria cone (Qsl, Figure 2.6) of the Little Black Peak center has a basal diameter of
500 m and a height of 70 m. The cone is symmetrical with a summit crater eongated slightly in a
north/south direction. The upper slopes of the eastern side of the cone collapsed, forming an east-
facing landslide scarp extending from the eastern edge of the crater halfway down the eastern cone
flank. Exposures of scoria depositsin the scarp show that the main coneis composed
predominantly of scoria-fall deposits with minor agglutinated spatter. Zones of oxidized scoriain
the cone deposits were produced by oxidization of the deposits from volcanic gases emitted from
the conduit or feeder dikes. The zone of oxidization is éongate in a north-northwest direction,
probably reflecting the strike of the underlying feeder dike for the volcanic center. The outer slopes
of the scoria cone are moderately dissected with development of radial rills. The base of the coneis
encompassed by a well-devel oped cone-slope apron (Qsl, Figure 2.6).

Aa lava flows were extruded from two sites on the flanks of the scoria cone. The larger,
western flow vented from the northwestern base of the main scoria cone. This vent site is marked
by a concave indentation in the profile of the cone slope, although the vent is largely covered by
deposits of the cone-slope apron. The vent location is also suggested by the thickening of the flow
near the vent, and an asymmetrical extension of the zone of red oxidization of cone scoria also
extends radially from the summit crater to the flank vent. The latter evidence suggests the lava flow
was fed by aradial dike extending from the main conduit (Crowe and Perry, 1991). Original
primary flow topography of the aa flow has been infilled by eolian material, producing a largely
smooth pavement surface. Remnants of the primary flow topography occur only aslocal areas of
stepped topography in the flow top, and margins of the lava flow are eroded.

A second lava flow was extruded from the east side of the cone, and is concealed partly by the
landslide deposits, so the actual vent site could not be confirmed. Cross-sectional exposures of the
flow show that it exhibits aa morphology. This flow shows the same degree of geomorphic
modification as the western flow.

Minor et al. (1993) reported a K-Ar age of about 350 ka for the Little Black Peak volcanic
center.

(2) Hidden Cone Center. The Hidden cone center consists of a main scoria cone formed on
the north-facing slope of Sleeping Butte (Figure 2.7). The center was constructed in two stages: (1)
amain scoria cone formed from central vent eruptions of the mildly explosive strombolian type,
accompanied by extrusion of multiple lava flows at the northeastern flank of the cone, and (2) a
thin sequence of scoria-fall deposits was erupted during mildly explosive strombolian eruptions.
These deposits mantled the eroded slopes of the previously formed main scoria cone.

Thefirst, or oldest, event at the Hidden Cone center was the formation of most of the volume
of the main scoria cone (Figure 2.7). Scoria was deposited from strombolian eruptions and built an
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asymmetrical cone that draped the north-facing slope of Sleeping Butte. Because of the steeply
sloped topography underlying the cone, it is highest on the northern side (downslope) and lowest on
the southern side (upslope). The basal diameter of the coneis 0.62 km, and it is 110 m high
measured from the northern cone base and 25 m high measured from the southern cone base. The
scoria cone has an dliptical summit crater, elongate to the north. Oxidization of the cone scoriais
centered on the crater but skewed slightly to the west, which suggests the eruptions that formed the
center were fed by magma that moved upward along a west-dipping dike. Because of the
subsequent mantling of the cone slopes by younger scoria deposits, the older scoria deposits (Q4,
Figure 2.7) are exposed only in the summit crater and the eastern side of the cone (Crowe and
Perry, 1991). A cone-slope apron containing soils with well-developed soil horizons is exposed
mostly at the northern and western base of the main scoria cone (Crowe and Perry, 1991).

Lava vented from two radial dike sets and from a satdllite cone at the northeastern flank of
the main scoria cone. The major feeder vent for the flows is the northern radial dike that passes
upward into a thin lava flow. The lava breached the surface above the dike about 10 m upsiope
from the cone base and extended eastward and laterally down the cone slope for 1.3 km. Other
lavas were fed from a second set of radial dikes and a satellite cone located east of the northeastern
base of the main scoria cone (Crowe and Perry, 1991). All lava flows of the center show an aa
flow morphology.

Thelava flow units of Hidden Cone show similar degrees of erosional degradation to the lava
units of the Little Black Peak center. Most of the original aa flow topography has been smoothed
and the flow tops are pavement surfaces. Margins of the lava flow are erosional, not flow margins.

The youngest unit of the Hidden Cone center (Qsl, Figure 2.7) comprises scoria-fall deposits
that mantle the older cone except for the perimeter of the northern and eastern base of the cone.
The existence and inferred young age of this eruptive event are suggested by the following:

1 The outer slopes of the main cone are smaooth, showing only minor degradation denoted by
the formation of rills and other evidence of mass wasting on the cone slopes.

2. Thereis amarked contrast in the degree of degradation of the cone slopes of the Little
Black Peak cone compared to the Hidden Cone despite their geographic proximity.

3. There are no apron deposits associated with the Qs deposits, suggesting there was an
insufficient time subsequent to the youngest eruption for significant cone-slope erasion.

4, Thereis an erosional unconformity between the Qs4 and the Qs1 deposits exposed in the
northeastern section of the main cone.
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Figure 2.6. Generalized geologic map of the Little Black Peak volcanic center of the basalt of
Sleeping Butte compiled on an uncorrected aerial photograph. Lines mark contacts between geologic
units and are dashed where they have been approximately located and dotted where inferred or
concealed. The area outlined by dots at the summit of the main cone is the vent area and underlying
feeder dikes. These features are inferred from the distribution of zones of oxidization of the cone
scoria. The large arrow marks the vent for the western lava lobe. Wide, dark lines are feeder dikesin
cone scoria. The line with inward facing dashes marks the crater rim of the summit cone. The line
with cross-dashes is the slump scarp of the eastern crater wall. Fg: Plio-Pleistocene fanglomerate
deposits, Qs3: scoria deposits of the south scoria mounds, QI2: older lava associated with the south
scoria mounds; queried where identification is uncertain, Qsl: scoria deposits of the main cone; Qsla:
cone-slope apron deposits of the main cone, QIs: slide deposits, Ql1: lava flows derived from the main
cone. Figureis modified from Crowe and Perry (1991).
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Figure 2.7. Generalized geologic map of the Hidden Cone vol canic center of the basalt of Sleeping
Butte. Map is compiled on uncorrected aerial photographs. Lines mark contacts between geologic
units and are dashed where they have been approximately located and dotted where inferred or
concealed. The area outlined by dots at the summit of the main cone is the vent area and underlying
feeder dikes. These features are inferred from the distribution of zones of oxidization of the cone
scoria. The line with inward facing dashes is the summit crater; the line with cross-dashes outlines
the slump scarp of the eastern crater wall. Wide dark lines are feeder dikes. Bm: Miocene basalt, Ql4:
lava flow associated with the radial feeder dike, Qs4: older scoria deposits of the main cone, Qsla:
cone-slope apron deposits of the main cone, Qls: lava flow associated with the Qs3 scoria mound,
Qs3: flank scoria mound, QI2: lava flow associated with the radial feeder dikes, Qsl: late Pleistocene
or Holocene scoria-fall deposits. Figure is modified from Crowe and Perry (1991).
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5. Thereis significant horizon development in the soil on the Qs4 deposits and limited
horizon development in the soil on the Qs1 deposits.

6. Fine-grained scoria-fall deposits are preserved on the modern alluvial surface about 0.5 km
northeast of the main scoria cone.

Champion (1992, pp. 254-255) and Minor et al. (1993) noted the presence of a possible
second lava flow associated with the Hidden Cone center, located northwest of the north cone base.
Champion (1992) reported a K-Ar age of about 380 ka for the flow, consistent with the age of the
lava flows of the Hidden Cone center. This western lava flow was identified in preiminary
mapping in 1981 as being part of the Hidden Cone center. However, detailed field examination
showed that the western lava flow could not be traced to the Hidden Cone. Instead, it appears to be
associated with deeply dissected scoria deposits that mark one of a series of basalt centers
stratigraphically beneath the Thirsty Canyon Tuff. Additionally, the western lavas are overlain by
athick soil with dramatically greater horizon development than the Hidden Cone lava flows. The
new K-Ar age determination provides evidence that the western flow could be associated with the
Hidden Cone center. Additional field work will be conducted to verify the stratigraphic position of
the western lava flow.

FY96 & FY97 revisions

We have completed a revised geologic map of the Sleeping Butte basalt centers
compiled on a 1:29,800 air photo (EG&G aerial photograph 6615-002-BMC) and
transferred it to a 20-foot-contour-interval topographic base (Appendix 2-M4).

Field geologic studies, including trenching and collection of samples for geochemistry
studies at the basalt of Sleeping Butte, were completed in FY95 (Crowe and Perry,
1995). Geologic mapping of the northern lava lobe of the Hidden Cone center was
completed to assess whether the lava is associated with the center. The lava was
mapped as part of the center in geologic mapping completed during the early 1980s
(see data appendix for the volcanism status report). Subsequently the flow was re-
mapped and judged not to be derived from the center (Crowe and Perry, 1991). The
new geologic mapping shows conclusively that the northern lava flow is from the
Hidden Cone center (see also Fleck et al., 1996). The controversy in the source of the
lava flow resulted from two somewhat confusing geologic relationships:

1. The flow near the base of the scoria cone is mantled by strongly oxidized scoria-fall
deposits and rafted parts of the cone walls.

2. The lava flow wrapped around and buttressed against topography northwest of the
Hidden Cone center. This topography is upheld by eroded scoria deposits with
exposed feeder dikes that were source vents for the eruption of Miocene basalt that
underlies and interfingers with ash-flow deposits of the Thirsty Canyon Tuff.

Geochemical analyses of the northern flow indicate that it is geochemically distinct from
the eastern flow. The La/Th ratio of the northern flow is higher than that of the eastern
flow, indicating that it may be derived from a separate magma batch or be related to the
eastern flow by a magmatic process that fractionates Th from La (see Chapter 4).
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A remaining controversy concerning the Hidden Cone volcanic center is the possibility
of multiple, time-separate eruptive events (polycyclic or polygenetic eruptions; see
Crowe and Perry, 1991; and Crowe et al., 1995). Trenching was completed in cone-
slope apron deposits on the northern flank of Hidden Cone to test eruptive models of
the center. We excavated and described three shallow trenches (less than 1.5m depth)
using a 4 x 4 truck-mounted backhoe. Additionally, several sections in cone-tephra on
the slopes of the scoria cone were excavated by shovel. Deposits exposed in the
trenches demonstrated that there is significant development of horizons in soils
preserved on the cone-slope apron of the Hidden Cone. The degree of horizon
development is sufficient to be consistent with an age of at least several hundred
thousand years. The dilemma at the center is how to explain the marked difference in
degree of horizon development in soils on deposits of the cone-slope apron with the
extremely weak horizon development (weak vesicular Av horizon) on the cone slopes.
We have developed two alternative eruptive models for Hidden Cone. Because of
limited and conflicting data, we do not strongly favor either model, and the choice of
model does not affect PVHA, unless it could be shown that the last eruption at Hidden
Cone was very recent (see Chapter 6).

Model 1: Monogenetic Center. Model 1 assumes the Hidden Cone center is a simple
monogenetic center formed during a single and brief eruptive event (months or years).
Most volcanologists accept the interpretation that small volume basalt centers are
monogenetic. The apparently conflicting geomorphology of center are judged to not be
important. The cone slopes of the center are unstable and are undergoing erosion, thus
promoting continuous removal and destabilization of deposits that allow the
development of soils. For model 1, the poor development of horizons in soils are
inferred to be a result of slope instability and are not indicative of differences in the
ages of deposits of the center. The major inconsistency with this model however, is the
smooth profiles of the cone and the steep cone slopes (near the angle of repose of the
scoria deposits) and the contrast in slope angle and soil development on the northern
cone apron versus the steep upper cone slopes.

Model 2: Polygenetic Center. Model 2 assumes the Hidden Cone center formed in
multiple, time-separate volcanic events and there is a significance age difference
between the deposits forming the upper cone slopes of the center and the cone-slope
apron deposits. These age differences allowed horizon development in soils on the
cone-slope apron and different degrees of geomorphic preservation of the deposits
(unrilled cone slopes with weak horizon development in soils contrasted with significant
erosional dissection and significant horizon development in soils formed on the cone-
slope apron at the base of the scoria cone). Recently obtained geochronology data
provide further support for model 2. Two reproducible *He cosmogenic surface
exposure ages of ~15-20 ka were obtained (Poths, unpublished data) for samples
collected from 1) a location southwest of the present cone crater on the low-angle
saddle surface between the cone crater and the underlying topography of the Sleeping
Butte topographic feature, and 2) a location on the smooth, high-angle southern cone
flank. These young ages would require removal by erosion of several tens of meters of
scoria deposits that would have shielded the sampled deposits from the cosmic-ray
influx if the scoria deposits are > 300 ka. This amount of erosion is inconsistent with the
observed geomorphic characteristics of the scoria cone. Inconsistencies with model 2
are the absence of soils or erosional unconformities in the walls of the summit crater
and the absence of an identifiable vent or crater that can be related to a separate and
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younger eruption (late Pleistocene?) that would have mantled the cone slopes and
cone-slope apron deposits with scoria-fall deposits.

A significant observation made at the Hidden Cone center during field studies
conducted in FY95 is the geomorphic implications of the somewhat unusual setting of
the Hidden Cone center. The scoria cone of the center was constructed on and drapes
a topographic high upheld by Miocene tuff. The geomorphic models developed for cone
erosion at the Cima volcanic field apply to cones that were constructed on alluvial
surfaces. Thus, the base of the scoria cones in Cima volcanic field are sites of
accumulation of reworked scoria transported down the cone slopes. In contrast, the
eastern and western base of the scoria cone of the Hidden Cone center formed on the
steep slopes of the underlying topography. Reworked scoria transported down the cone
slope does not accumulate but instead continues to be transported downslope from the
base of the cone by processes of slope erosion. Thus, the base of the cone in this
somewhat unusual setting is not a site of depositional accumulation and a cone-slope
apron would not be expected to form. By inference, the steep cone slopes (angle of
repose) of Hidden Cone could be maintained because of the steep topographic slopes
below the base of the cone. The only site at which cone-slope apron deposits might be
expected to form is at the northern base of the cone where a depositional platform is
upheld by topography created by the northern lava flow. Here, the cone-slope apron
deposits are present and were studied through the trenching studies. Thus, these
observations allow the development of a conceptual model that may explain the
apparently conflicting soil and geomorphic features of the Hidden Cone.

Whole-rock, K-Ar age determinations have been obtained for both centers of the basalt of
Sleeping Butte. They are 0.29 + 0.11, 0.32 £ 0.15, and 0.24 + 0.22 Ma (Crowe et al., 1982). The
analytical uncertainty of individual analyses generally exceeds 100 ka (Crowe and Perry, 1991).
Turrin (1992, p. 231) reportétAr/*Ar ages of about 380 ka for lavas of both Sleeping Butte
centers. Minor et al. (1993) reported an age of about 350 ka for the Hidden Cone center. The
degree of erosional dissection of the lavas we found is consistent with these age determinations.
Also, the degree of horizon development of soil on the lavas and cone-apron deposits and the
degree of dissection and development of a cone-slope are consistent with a minimum age of greater
than several hundred thousand years (Crowe and Perry, 1991). A U-Thlidiseoquage
measurement is being processed for the western lava lobe of the Little Black cone. Cosmogenic
surface exposure ages using¥ie method will be obtained for surface scoria deposits of the
youngest event of the Hidden cone. We will also olftAii*Ar age determinations of multiple
eruptive units of both Little Black Peak and Hidden Cone by the end of 1995.

Preliminary paleomagnetic data from a limited number of sites in the lava and scoria deposits
of both basalt centers were interpreted as a single or closely grouped direction of remanent
magnetization (Champion, 1991). Champion (1991) inferred from these data that both centers
formed in a single eruptive event and, therefore, are monogenetic volcanic centers. Such an
interpretation is consistent with the geology and stratigraphy of the Little Black Peak center
(Crowe and Perry, 1991). Unfortunately, thenmgenetic classification of the Hidden Cone center
may not be verifiable using paleomagnetic data, because there are no deposits of agglutinated
spatter associated with the youngest eruption of the Hidden Cone center, which would provide
reliable indicators of the field direction at the time of formation of this deposit. Additional
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geochronology work is planned to evaluate the different moddls of the eruptive history of the
Hidden Cone center (Crowe and Perry, 1991).

FY96 & FY97 revisions

Several new ages of the Sleeping Butte centers became available in FY96. Fleck et al.
(1996) report weighted mean K-Ar ages of 0.323 + 0.027 Ma and 0.373 = 0.042 Ma for
Little Black Peak and Hidden Cone, respectively. Duplicate *°Ar/*’Ar measurements of
the main flow at Little Black Peak from NMBM vyielded reproducible ages of 0.39 + 0.03
and 0.36 £ 0.04 Ma (Table 2.A), slightly older than the K-Ar ages reported by Fleck et
al. (1996). A U-Th disequilibrium age of 445+ « -156 (20) ka was measured at Los
Alamos for the same Little Black Peak sample measured for “°Ar/*°Ar at NMBM (Figure
2.A).
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Figure 2. A U-Th disequilibrium isochron for Little Black Peak

“Ar/**Ar measurements of the eastern and northern flow at Hidden Cone from NMBM
yielded ages of 0.32 £ 0.03 and 0.56 + 0.10 Ma (Table 2.A). Additional measurements
would have to be obtained to verify whether the northern flow is in fact significantly
older than the eastern flow as indicated by the “°Ar/**Ar data, but we note that Fleck et
al. (1996) report that the two flows have distinct remanent magnetization directions,
consistent with an age difference between the two flows. We also note that *He
cosmogenic surface exposure ages obtained from Hidden Cone indicate that the scoria
cone surface may be much younger than the lava flows (discussed above). In
summary, the age of Hidden Cone cannot be completely resolved with existing data.
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V. The Lathrop Wells Center

A. Introduction

FY96 & FY97 revisions

After several years of study, we now have obtained sufficient data to bring the Lathrop
Wells studies to closure. Several new conclusions have brought us to this point. First,
and most important, new “’Ar/*’Ar data for both basaltic lava samples and partially
fused sanidine in tuff xenoliths provide convincing and reproducible evidence that the
Lathrop Wells center formed about 75 thousand years ago. These data provide a
foundation for integrating all other chronology data. Second, cosmogenic *He and

% Cl ages, new TL ages for silt beneath the scoria-fall deposits, and most of the
geomorphic and pedogenic features of the center provide a generally consistent set of
data that further support the interpretation of a single eruptive event at ~70-90 ka.
Third, we conclude that the isochron ages from the U-Th disequilibrium measurements
in some cases do not record the crystallization age of the basalt flows. Fourth,
paleomagnetic data support an interpretation of a monogenetic eruptive history of the
center but do not preclude a more complex eruptive history. Fifth, the stratigraphy of
primary and reworked deposits in the summit crater of the main scoria cone provide
evidence for a greater degree of erosional modification of the cone than originally
estimated, consistent with an age of the cone of ~75 ka. Sixth, new geochemical
studies indicate that tephras of the Qs4 deposits are pedogenically altered and do not
have a composition requiring a new volcanic event. However, like many geologic data
sets, interpretation of the origin of the Qs4 deposits are ambiguous, and some fabric
and depositional features of the rocks remain enigmatic. This uncertainty is
exacerbated by the complete removal of the Qs4 deposits by quarrying. Resolution of
the origin of the Qs4 deposits is not particularly significant for probabilistic volcanic
hazard assessment (PVHA). Finally, an age difference between eruptive events of no
more than about 15 ka at the center (mean “°Ar/*°Ar ages and the youngest U-Th
disequilibrium age from the flows) allows resolution of many of the somewhat puzzling
geomorphic features of the volcanic center. Discriminating ages at this level with
geomorphic data is almost certainly difficult or impossible. But the refined age of the
center does remove much of the original controversy that developed when the lavas
were considered to be possibly as old as about 120 or 130 ka, resulting in a total age
span of the center that might possibly be discriminated through application of
geomorphic criteria. Some of the field and geomorphic data for the Lathrop Wells
center remain problematic. The center-wide erosional unconformities and degradational
differences between the Q1 and the Q2/Q3 deposits are difficult to explain without an
age difference between the respective deposits. We continue to suspect that there is
an age difference between the Q1 and the Q2/Q3 deposits, but this age difference
must be less than about 10 ka according to geochronology results and is unresolvable
using current geochronology methods. Again, this possible age difference is not
significant in PVHA. Thus, we conclude that it is reasonable to assign an age of 75 ka
to the Lathrop Wells center and bring this aspect of volcanism studies to closure.

The issue of the age and eruptive history of the Lathrop Wells center (polygenetic

versus monogenetic) has been given much attention in volcanism studies. While we
have never preferred the polygenetic model from the perspective of volcanic
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processes, the potential significance of this model with respect to a potentially young
age of the center cannot be ignored. Our responsibility has been to investigate multiple
alternative models so that no model that might significantly affect PVHA is overlooked.

The geology and chronology of the Lathrop Wells volcanic center was described by Crowe
and Carr (1980), Vaniman and Crowe (1981), Crowe et al. (1983), Crowe (1986), Wells et al.
(1990, 1991, 1992), Turrin et a. (1991b, 1992), Crowe et al. (1992), and Zreda et al.(1993). The
volcanic deposits of the center overlie volcanic bedrock of the Paintbrush and Timber Mountain
Tuffs, and aluvial deposits. These deposits are overlain locally by younger alluvium and are
mantled on the north and south sides by sand, silt, and loess of Holocene age. Active sand dunes
are present on the surface of lava flows exposed in the east part of the center. The Lathrop Wdlls
center islocated near the intersection of several northwest-trending faults that extend from the west
parts of Yucca Mountain and the northeast-trending Stagecoach Road fault (Figure 2.8). The
center consists of a large main scoria cone and three or four sets of fissures marked by paired or
individual accumulations of spatter, bombs, and scoria. Multiple-eruptive events repeatedly
reoccupied two sets of the fissure systems. The majority of vents and fissures for the center are
aligned along northwest trends, paralld to the northwest-trending faults. Small-volume, blocky aa
lava flows vented from numerous sites along some of the fissures.

Thelargest scoria cone of the Lathrop Wells center, the main cone, is elongate northwest.
This eongation probably was controlled in part by prevailing winds during the pyroclastic
eruptions that formed the cone. Additionally, the feeder dike for the center appears to be oriented
north-northwest, as indicated by two lines of evidence. First, there is a summit zone of red scoria
centered about the crater and extending to the southeast and northwest. This cone feature was
formed from oxidization of the scoria deposits by rising volcanic gases emitted from an inferred
underlying northwest-trending dike. Second, multiple sets of northwest-trending, locally paired
gpatter cones and scoria mounds that demarcate eruptive fissures are present along the east base of
the main cone, southeast of the main cone, and at the northeast edge of the volcanic center. An
alignment of west/northwest-trending spatter cones and scoria mounds marking another fissure
zoneis located north-northeast of the main cone.

In the early stages of this research, the Lathrop Wels center was assumed to be a simple
monogenetic volcano with an age, based on whole-rock K-Ar age determinations, of about 300 ka
(Vaniman and Crowe, 1981; Vaniman et al., 1982; Crowe, 1986). However, two lines of evidence
resulted in reevaluation of the chronology and eruptive history of the volcanic center. First,
additional whole-rock, K-Ar age determinations were obtained (Sinnock and Easterling, 1983)
These ages ranged from about 20 to >700 ka, an unacceptably large range to have even the
remotest confidencein the results of K-Ar age determinations. Second, the degree of horizon
development in soils and geomorphic features of the main cone were recognized to be inconsistent
with an inferred age of 300 ka. They were judged to be more consistent with an age of late
Pleistocene or Holocene (Wells et al., 1988). This was a critical observation because we did not
want to disregard potential evidence of recent eruptive events at the center that could result in
underestimation of therisk of future volcanism for the potential Yucca Mountain site (Crowe et al.,
1992). Accordingly, a new phase of field and geochronology studies was initiated in 1987.
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Figure 2.8. Geologic setting of the Lathrop Wells volcanic center. The center is located at the south
end of Yucca Mountain. Volcanic deposits of the center overlie Miocene tuff and alluvial deposits and
are locally overlain by alluvium and eolian deposits. Mt: Miocene tuff undivided, Pb: Pliocene basalt
of Crater Flat, Qb: Quaternary lava and pyroclastic deposits of the Lathrop Wells center, Qbs: Main
scoria cone of the center. Cross-hatched lines are eruptive fissures and denote structural trends of
eruptive vents. The star symbols mark sites where distal ash deposits from the Lathrop Wells volcanic
center have been identified. Modified from Crowe et al. (1992).

The Lathrop Wells volcanic center was remapped at a scale of 1:4000, and the volcanic rocks
were divided into five lithostratigraphic units (Crowe et al., 1988). More than 60 soil and tephra
pits, and trenches were constructed to expose stratigraphic contacts, to assess the degree of soil
development, and to facilitate collection of samples for geochronology and geochemistry studies.
Five large trenches were constructed using heavy construction equipment; four were constructed on
the north flanks of the center and one on the south flank. The northern trenches exposed the
contacts between lava units and pyroclastic deposits, and the internal geometry and stratigraphy of
scoria mounds. The south trench exposed possible late Pleistocene or Holocene tephra and soils
(Wdlset al., 1990; Crowe et al., 1992). Additional geochronology studies were attempted using
multiple independent isotopic methods to further constrain the age of the center (Crowe et d.,

1992). Tephra-fall units were identified in surficial deposits mantling topography 3 km north of the
Lathrop Wdls center.

The wealth of new stratigraphic, geochemical, and geochronologic information provided us
with increased confidence that the Lathrop Wells center was formed during four distinct eruptive
episodes. Two episodes of lava extrusion occurred along flank fissures that are secondary to the
site of the main cone. This eruptive activity was accompanied by deposition of scoria-fall sheets
from a probable vent or vents now concealed beneath the main cone. A third eruptive episode
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formed the major volume of the main cone and lobes of blocky aa lava extruded from a satellite
vent northeast of the main cone. The youngest eruptions of the main cone did not produce widdy
distributed scoria-fall deposits. The delineation of the three oldest eruptive episodes is based
primarily on the recognition of erosional unconformities in the scoria-fall and vent-scoria deposits.
Thefourth eruptive episodeis marked only by small-volume and local fall-and-pyroclastic-surge
deposits present on the south part of the center, locally separated from underlying volcanic deposits
by nonconformities marked by soils with horizon development. The vents for the youngest deposits
have not been identified and areinferred to have been destroyed by commercial quarrying.
Recognition of these deposits has been aided, however, by their unique geochemistry, which can be
discriminated from all other deposits of the center.

The complex evolution of the Lathrop Wells volcanic center requires that it is not a simple
monogenetic volcano and instead must be classified as a polygenetic volcano (Crowe et al., 1988,
1989; Wdls et al., 1990). Primary evidence of polygenetic events at the center is provided from
fidd, stratigraphic, geomorphic, and soils data. Geochemical data for the volcanic center are
inconsistent with a monogenetic eruptive model and are consistent with the polygenetic eruption
mode (see Chapter 4). Current geochronology data, while generally supporting the polygenetic
mode, do not definitively prove or refute the concept of multiple eruptive events. The
geochronology data are inconsistent with a monogenetic mode, but the model cannot be excluded
solely on the basis of geochronology data. Disproving the monogenetic mode requires
consideration of both the geochronology and the field, stratigraphic, geomorphic, soil, and
geochemistry data. Some workers regard the latter data as controversial (Whitney and Shraba,
1991; Turrin et al., 1991b, 1992). Because of this controversy, we consider both monogenetic and
polygenetic modes in probabilistic volcanic risk assessment (see Chapter 6).

From oldest to youngest, the eruptive intervals of the Lathrop Wells volcanic center consist of

1. Chronostratigraphic unit I: Chronostratigraphic unit | consists of four groups of lava
flows and local pyroclastic deposits that crop out along multiple, northwest-trending fissures
located south, beneath, north, and northeast of the main cone. The scoria and spatter deposits mark
eruptive vents of chronostratigraphic unit | and were modified extensively by erosion prior to
emplacement of chronostratigraphic unit 11. The age of the lava and scoria deposits of
chronostratigraphic unit | are constrained to be >85 or 95 ka (minimum, cosmogenic helium and
chlorine suface exposure ages), and possbly about 135 + 20 — 1%a (U-Th disequili brium age).
The eruptions of chronostratigraphic unit | are inferred to be the source of a carbonate-
cemented, basal fall deposit interbedded with alluvial deposits several kilometers northwest,
north, and northeast of the main cone.

FY96 & FY97 revisions

We no longer use the term “chronostratigraphic unit” for the eruptive units of the
Lathrop Wells center because there is not a demonstrated age difference between
deposits. Instead, we designate the four possible eruptive episodes at Lathrop Wells
Q1-Q4 (oldest to youngest) with subunit designations remaining the same. We still
regard the scoria and lava units of eruptive unit Q1 to be more extensively modified by
erosion than the other eruptive units. The U-Th disequilibrium age of Q1 probably does
not reflect the crystallization age of the lavas because the olivine phenocrysts do not
exhibit reliable U-Th systematics (see section F below).
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Examination of carbonate-cemented basal scoria-fall deposits in trenches has raised an
alternative interpretation of the tephra deposits ~2 km north of the main cone. The
observed carbonate induration in the lower tephra unit may be due to the effect of
pedogenic alteration associated with lateral movement of water from upslope infiltration
along a permeability contrast (interflow). Whatever the origin of the lower tephra, the
upper tephra has been positively correlated geochemically with the Q2/Q3 fall-sheet
deposits.

2. Chronostratigraphic unit | 1: Chronostratigraphic unit |1 consists of the largest-volume
lava of the Lathrop Wells center, local spatter and scoria deposits that form a short, northwest-
trending fissure at the northeast base of the main cone, and widespread scoria-fall and pyroclastic-
surge deposits erupted from vents inferred to be concealed mostly beneath the present main cone.
Thelava sequence erupted from a northwest-trending fissure that parallels a northwest-trending
normal fault that predates the basaltic center. The ages of deposits of chronostratigraphic unit 11
are presently constrained to be between about 80—90ka (cosmogenic helium suface exposure
ages) and 107+ 33ka (“Ar/*Ar step-heating isochron). Existing chronology dta cannot
discriminate the ages of chronastratigraphic unit | from chronastratigraphic unit 1. The
chrongstratigraphic units (1 and Il) are distinguished by their spetially separate eruptive vents,
stratigraphic position, contrasts in their degee ofgeanorphic preservation and develpment of
pedogeniacarbonate, and dfferentgeachemical compositions. Thescoria-fall deposits of
chrongstratigraphic unit 11 are corrdated tentatively with fall and surge deposits interbedded with
aluvium that overlie ash deposits of chroncstratigraphic unit | several kilometers narth and
northeast of themain coneand are exposed infault trercheson the west and east sidesof Yucca
Mountain.

3. Chronostratigraphic unit |11: The eruptive events of chronastratigraphic unit 111 f ormed
most of the main scoria cones of the Lathrop Wells volcanic center and small-volume lobes of
blocky aa lava flows from aventlocated natheast of themain cone.Thescoria deposits were
emplacedby intermixed strombolian and wesk hydrovolcanic eruptionsand did notform an
extensive scoria-fall sheet. The age of this event is >40 ka, and possbly >65 ka on the basis of
cosmogenic®He and *Cl agesof bombs from the main coneand cosmogenic®He agesof thelava
flow. Presentgeahronology @ta indicate the main coneand lava flow are yaingerthan the
deposits of chronastratigraphic units | and [l but do notconclusively rule out the posgbili ty that
themain conecould be as old as chrongstratigraphic unit 11. Howeve, the marked contrast
betweenthe degee ofgeamorphic modification of themain coneand fall deposits of
chrongstratigraphic unit 11 indicate that chronastratigraphic unit 111 is significantly younger than
chronastratigraphic unit 11.

FY96 & FY97 revisions

Two interpretations have changed since the volcanism status report. First, we have
returned to an earlier interpretation that the most likely event to have produced a
scoria-fall sheet is the formation of the main cone. This requires that the geochemical
differences between the main cone and the fall-sheet are produced by continuous
magmatic processes that as of now are not fully understood (see Chapter 4). Further,
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equating stratigraphically the fall-sheet and the main cone previously required ignoring
the perceived dissection differences between the upper surfaces of the respective
deposits (i.e., the perception that the fall-sheet surface is more eroded than the main
cone surface). The perceived difference in erosion must be reconsidered now in light of
new evidence, discussed below, that the main cone is more erosionally modified than
previously thought. Thus, there may be no difference in the degree of erosion of the
main cone and the scoria-fall sheet. Second, the lava flow ages of ~75 ka are now
considered to be compatible with a similar age of the main cone, an interpretation that
is also largely compatible with the cosmogenic *He and **Cl age determinations.

4. Chronostratigraphic unit I'V: Small-volume eruptions formed probable small satellite
vents south of the main cone that have been removed by commercial quarrying of the scoria
deposits. The eruptive events of chronostratigraphic unit 1V have been established from recognition
of local thin beds of scoria that overlie scoria and lava flow deposits of the older
chronostratigraphic units. Theidentification of scoria deposits of chronostratigraphic unit IV is
aided by ther distinctive major- and trace-element geochemistry. The age of chronostratigraphic
unit 1V may be bracketed by TL age determinations of silt from soil beneath (8 and 4 ka) and
above (4 ka) the units.

FY96 & FY97 revisions

The origin and significance of the Q4 scoria deposits and the possibility that they might
represent Holocene eruptive events has been one of the more controversial aspects of
volcanism studies (Wells et al., 1990; Whitney and Shroba, 1991; Wells et al., 1991;
Turrin et al., 1991b, 1992; Wells et al., 1992). We conclude that the Q4 deposits
represent an incompletely understand deposit (either volcanic or non-volcanic) that
postdates the age of the main cinder cone by at least 10 ka, as evidenced by the
presence of soils separating the two units and the results of TL dates on these soils. If
the age of the main scoria cone is ~75 ka, then the age of the Q4 deposits is probably
in the range of 60-65 ka.

There is now convincing evidence that the geochemistry of Q4 does not require a
unique volcanic event but originated from pedogenic alteration of scoria from Q3 (see
Chapter 4). Revisions to our interpretation of the origins of Q4 are discussed fully in
Section E below.

The subdivisions of chronostratigraphic units for the Lathrop Wells volcanic center are
described below, from oldest to youngest. The subdivisions used in this report are modified from
Croweet a. (1988), and Crowe et al. (1992). They are based on the most recent geologic mapping,
interpretation of stratigraphic relations observed from field studies and geologic contacts exposed
in trenches, and geochemical and geochronology data for all units. The unit identifications used in
thisreport replace all previous stratigraphic subdivisions of the Lathrop Wells volcanic center. We
have informally named each of the major lava sequences at the center (Figure 2.9). These names
are used in combination with the unit designations to facilitate descriptions of the eruptive events.
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Figure 2.9. Generalized map of the outlines of the Lathrop Wells volcanic center showing the
informal names of the lava units. LW-1 through LW-5 are, respectively, the location of major trench
excavations at the vol canic center.

B. Chronostratigraphic Unit |

The oldest identified chronostratigraphic unit at the Lathrop Wells center comprises four sets

of lava flow units associated with a series of overlapping, northwest-trending fissure systems that
extend beneath and flank the main cone, and a second set of west/northwest-trending fissures
northeast of the main cone (Figure 2.10). Spatially associated with the lavas are eroded mound-
shaped accumulations of scoria, spatter, and bombs. These pyroclastic deposits mark the vents for
weakly explosive (hawaiian) pyroclastic eruptions and the eruptive sites of the lava flows.
Chemically, the lavas and related pyroclastic deposits of chronostratigraphic unit | are
characterized by depletions in rubidium, thorium, and the heavy rare-earth e ements and by
enrichments in strontium, phosphorous, the middle rare-earth dements and titanium relative to the
other chronostratigraphic units (Figure 2.11).

2-46



Chronostratigraphic Unit |

Z

=
% Qlic—"»

L% g
Ny

S

Sl Qi ©
2%
-4
Quarry %

0
Site |* 0
3

Qst

Qlw Iy
wufh (i 3
i
&

Qla Qlis

]
0 1 km

Figure 2.10. Geologic map of the distribution of volcanic subunits of chronostratigraphic unit | of the
Lathrop Wells volcanic center. The black areas of the figure represent the lava flow subunits; the
cross-hatched areas outline recognizable vents (scoria and spatter mounds) for the lava subunits and
fissure systems.

1. The QsL/QI1 Unit. The Qs1/QI1 unit is subdivided into four subunits on the basis of the
spatial distribution of their source vents and lava flows (subunit designations areindicated on
Figure 2.10; lava names on Figure 2.9).

a. Subunit Qs1d/Ql1d: The Old Quarry Flow. Subunit Qs1d/QI1d, informally named the
Old Quarry flow because of its proximity to the original site of commercial quarrying of the scoria
deposits, consists of northwest-trending, degraded mounds of scoria, local sites of agglutinated
spatter, and minor, small-volume lavas. The scoria mounds, which are presumed to be the vents for
the scoria deposits, have no recognizable vents or craters. They consist of conical mounds of scoria
with eroded upper surfaces. However, the local thickness of scoria deposits, the coarse size of
bombs (locally >1 min long dimension), and the presence of lenticular zones of
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Figure 2.11. Spidergram of elemental compositions normalized to an average composition for all
analyzed samples of the volcanic units of the Lathrop Wells center (n = 99). Samples are designated
by lava and vent deposits. Each pattern is plotted as the average of multiple analyses of specific
eruptive subunits.

agolutinated spatter require that the deposits were erupted at the approximate site of the mounds.
There has been sufficient erosional modification of the mounds to remove or obscure the primary
constructional features of the vent or vents. Derivation of the scoria mounds from lava-rafting and
destruction of the main cone can be diminated by: (1) field and trench exposures that show the lava
flows overlie the scoria deposits; (2) exposure of dikes in the scoria deposits; (3) the size of spatter
and bombs in the scoria-mound deposits exceeds the size of spatter and bombs in the main cone;
and (4) the chemistry of the scoria-mounds matches the chemistry of the associated lavas and is
distinct from the scoria deposits of the main cone.

FY96 & FY97 revisions

The alternative view of Qs1 outcrops, that they were produced by rafting of the walls of
the main cone on QI1 lavas, was preferred by some members of the volcanism expert
judgment panel (Geomatrix, 1996). We disagree with a rafting interpretation of the
deposits for the reasons presented above and, additionally, because the morphology of
the lavas of the Lathrop Wells center is consistent with formation from low effusion
rates that typically do not raft cone scoria. Moreover, road cuts and trenching
exposures show that the scoria deposits have radial dips. In contrast, rafted deposits
should have mostly unidirectional dips consistent with the portion of the wall of main
cone that was rafted. We find it unlikely that a rafted cone segment would show the
radial dips of the observed outcrops. Finally, while we disagree with a rafting
interpretation of these outcrops, we think it is important to record the rafting model as
an alternative interpretation of the described outcrops. Neither interpretation (rafting
versus satellite vent) is significant with respect to monogenetic versus polygenetic
interpretations or PHVA.
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Blocky aa lava flows flank the scoria mounds on the north (now covered by quarry debris),
west, and south sides. The lavas overlie or can be traced to the scoria mounds and were extruded
from multiple sites, mostly at the base of and on the lower slopes of the scoria mounds. The flows
are blocky aa lavas and were unusually viscous for magma of basaltic composition. They form
small lobate flows that extend no further than several tens of meters from their vents (Figure 2.10).
The blocky aa flows were disrupted by flowing down the slopes of their associated scoria mounds.
This dowrslope movament (15° to 20° slopes) ovestegoenedtheflows causing slumping and local
breakup of the va ldbes. Outcrops oftheflows epose steepzones ofcontortedflow foliation,
blocky flow-top rubde, andinternal zones of massve lava that mark the cores of the aa-flow
interiors.

The Old Quarry flow subunit can be distinguished in outcrop by the presence of small
microphenarysts of plagioclase. It is the onlyunit with visible (hand lens idetfication)
microphenocrystsof plagioclase. A scoria mound of the subuwit, identified on the basis of
geahamical composition and the preserce of plagioclase microphenarysts, could be traced
originally beneth themain cone ofthe Lathrop Wells certer. The exposures ofthis mound rave
now beenremovedby thecommercial quarrying activity.

A sample of theQl1d Old Quarry flow has been dtedby the U-Th disequili brium method at
135 + 20-15 (&) ka. A cosmogenic helim age (surface exposure age) of80 + 14 (20) ka has
been dotained for abomb collected from the surface of a scoria mound. This is irferred to be a
minimum exposure agefor two reasors. First, thesampled autcrops oftheOld Quarry flow
subunit are adjacent to the main core. They were covered by scoria-fall deposits from multiple
eruptive phases ofthemain coneand verns located beneth the main cone. Second, themoden
sufaces of the Qs1 subuit are erosional; an unknownthickness of scoria has beenremovedfrom
the sample site. Replicate “Ar/*Ar ages ofthe Old Quarry flow are highly \ariable, and provide
limited information onthe age of the Qs1d/QI1d unit (Table 2.1).

b. TheNorthern Lava Subunit. The Qs1c/Ql1lc subunits comprise eroded scoria mounds
exposed beneth and extending noth of themain cone,scoria degposits that mark a west/northwest-
trendng fissue, andlocal lava wnits derived from the scoria mounds. The subunits are degly
eroded, draped by scoria-fall deposits from chronastratigraphic unit 11, and locally covered by
aluvium, and sand and st of eolian origin. The distribution of the subunits, where obscured by
ovelying deposits, has been atablishedthrough excavation of rumerous small pits and two large
trenches (Figure 2.9).

A north/northeast-trendingcluster of scoria mounds is @&posed drectly north of themain cone
(Figure 2.10). These deposits have subduedtopography and dif use boundaries betweenthe
mounds. Themounds fave been eodedsignificantly and no longer &ve dstinct topographic
expresson (primary constructional topography). Three lines ofield evidere indicate considerable
erosion of thescoria mounds. First, shart segmerts of vetically dipping dikesare exposedat
several locations inthe scoria mounds. The dikes project 1 to 1.5 m above the scoria surface. The
dikesmust have been enplaced aiginally in scoria deposits. The projection of the dikesabovethe
moden surface requirestheremoval of more than ameter of unconsolidated scoria above and
flanking the dikes. Second, the crests of themoundsare marked by an anomalous concertration of
largebombs. Trerching of sevea of the scoria moundsrevedled that the abundance of large
bombs is naably less inthe irterior of themoundsthan onthecrests. Theaccumulation of bombs
onthecrests ofthemounds is ifierredto be an dfect of eosion. Thecoarser bomb débris was not
removed diring degadation of themoundsand became concertratedas a bg deosit during
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progressive stripping of the finer-grained scoria. Third, exposure windows through the overlying
scoria-fall deposits show that the Qslc surfaces have well developed cut-and-fill structures forming
an integrated network of rills. At the north flank of the cone, theserilled surfaces can be traced
beneath the geomorphically unmodified slopes of the main cone (Figure 2.10).

FY96 & FY97 revisions

An alternative interpretation of the above described rocks expressed by some members
of the expert judgment panel (Geomatrix, 1996) is that they are rafted remnants of
cone scoria and rest directly on mostly concealed aa lava flows. Thus, the subdued,
non-primary topography of the scoria mounds by this interpretation did not result from
erosion but is simply an expected irregular form of rafted segments of cone-wall scoria
deposits. Further, the eroded dike in cone scoria was inferred to be a channel-edge
segment of an aa lava flow channel. While acknowledging that this is an alternative
interpretation, we argue that multiple lines of evidence are inconsistent with a rafted
origin of the deposits. First, trenching of one of the scoria mounds shows that it has
radial dips consistent with a vent, not rafted scoria. Second, measurement of the field
magnetization direction of scoria deposits exposed in the trench walls using a
specialized sampling method (see paleomagnetic studies in section F below) shows
that the deposits have a coherent field magnetization direction, which is unlikely if the
deposits are rafted segments of the main cone. Further, studies of the field
magnetization directions of scoria deposits of the main cone show incoherent field
magnetization directions consistent with emplacement temperatures below the Curie
isotherm, evidence again that is inconsistent with the scoria deposits being rafted from
the main cone. Third, trench exposures at the north outcrop area of the QI1 lava flows
show that they overlie, not underlie the scoria deposits. Finally, there are excellent
exposures of outcrops of cone scoria at the southern edge of the scoria deposits.
These outcrops can be traced continuously toward and beneath the main cone, a very
unlikely geometry if lava flows are inferred to have rafted the scoria deposits from the
main cone.

An arcuate band of lava (Ql1c), informally named the arcuate flow, crops out north of and
flanks the scoria mounds of Qslc (Figures 2.9, 2.10). This lava unit was probably derived from the
flanking scoria mounds, but the exact relations have been obscured by erosion. The lavais similar
in morphology to the flanking lava flows of the other Ql1d unit described previously; and they were
erupted from the base and flank scoria mounds of the Qslc scoria mound. The QI1c lava can be
traced beneath and underlies lava of the topographically higher-standing QI2 unit. Moreover, there
are local contrasts in the degree of development of carbonate coating on lava clastsin the Ql1c lava
compared with the younger QI2 lava (trenches LW-1 and LW-2). These differences may reflect
different ages of the lava units, although we have not systematically examined the accumulation of
carbonatein the lavas to discriminate uniquely the causes of the variations of secondary carbonate.

A second site of the Qsl1c unit is present northeast of the previously described lava and scoria
(Figure 2.10). Here the scoria deposits are completely buried by pyroclastic-surge deposits of
chronostratigraphic unit 11 and eolian sand and silt. Identification of the scoria deposits is based
entirdy on exposure of the unitsin trenches (Figure 2.9) and the coincidence of the distribution of
the scoria deposits with a sand draped, topographic mound. A lava unit of this northeast flow crops
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out discontinuously beneath a thick cover of eolian sand and silt and flanks the north side of the
concealed Qslc scoria deposits (Figure 2.9). This lava was informally named the buried flow
(Croweet al., 1988;, 1992) (see Figure 2.9, this paper). A T-shaped trench was constructed across
the east edge of the buried flow. The base of the buried lavais locally greater than 10 m below the
modern aluvial surface. Thelava consists of a massive lobe (2 m thick) of a single flow of blocky
aa lava that overlies lava clinker and thin scoria-fall deposits. The lava lobeis overlain by 5 m of
autoclastic flow rubble. The flow rubbleis overlain by 2 m of reworked flow rubble, in turn
overlapped unconformably by eolian sands. At the south end of the trench, the buried lava
underlies pyroclastic-surge deposits (Qs2fs), lava of the QI2 subunit, and scoria of the Qslc
subunit (Figure 2.10). Field relations here provide constraints on the interval between eruptive
events of chronostratigraphic unit | and I1. The flow interior of the upper part of the buried lava
flow contains irregular coatings of calcite on fracture surfaces. Overlying the flow is a colluvial
wedge consisting of calcite-coated scoria clasts derived from colluvial deposits formed at the north
base of the scoria mound of Qslc. Both the buried flow and the colluvial deposits are overlain by
the pyroclastic surge deposits of Qs2fs, which have only minor coating of pedogenic carbonate on
the bottom of tephra clasts. These stratigraphic relations require a time break between
chronostratigraphic units | and |1 of sufficient duration to allow formation of extensive secondary
pedogenic carbonate in fractures of the buried lava and Qs1c scoria deposits before deposition and
cover by the pyroclastic surge deposits.

A discontinuous, west/northwest-trending fissureis marked by € ongate mounds of subunit
Qslc (Figure 2.10). These lavas are draped by scoria-fall deposits and are partly overlapped to the
east by lava flows of chronostratigraphic unit 11. The mounds have been exposed by trenching at
two locations and are identical in morphology and origin to the previously described scoria mounds
of the Qsld subunit. Scattered pods of lava, partly concealed by scoria-fall deposits, are present
within the scoria mounds (Figure 2.10) and probably are small flows (tens of n¥’) fed from radial
dikes at the flanks of the mounds of either chronostratigraphic units| or I1.

No chronology data have been obtained for the Qs1c/Ql1c unit. A sample of theinterior of the
buried lava flow was collected for dating by the U-Th disequilibrium method and is still being
processed. A sample of a Ql1c lava was dated by the cosmogenic *He method and is also being
processed.

c. Subunits Qsla/Qlla and Qs1b/Ql1b: The South and Southeast Flows. Subunits
Qsla/Qlla and Qslb/QI1b areinformally named the south and southeast flows because of their
locations in the south part of the Lathrop Wells volcanic center (Figure 2.10). They consist of two
separate lava flows (south and southeast flows), scattered outliers of lava, and eroded scoria
mounds. The south flow and vent complex were erupted from multiple sites near the southwest
base of scoria mounds exposed in the central part of the outcrop area of subunits Qlla and Ql1b
(Figure 2.10). Theflow consists of three, possibly four, lobes that partly coalesced on their distal
ends but can be traced to separate sites at the inferred source vents. Scattered small outcrops of
lava are present on the scoria deposits. These are partly covered by both scoria-fall deposits from
chronostratigraphic unit 11 and eolian sands. Some of these lava outcrops can be traced laterally to
their vents where they are ddineated by vertical dikes. They areinferred to represent erosional
remnants of small lava lobes extruded from radial dikes that extended outward from the scoria
mounds. These dikes breached the surface at the flanks of some scoria mounds and erupted small
volumes of lava (tens of m®). The scoria mounds of subunit Qsla are identical to previously
described deposits. They consist of erosionally beveled deposits of vent scoria with surficial
concentrations of coarse aerodynamically shaped bombs. The scoria mounds form discontinuous
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alignments of vents that mark fissures coparallel to and west of the Ql1d fissure. En echelon
fissure systems of the Qsla unit extend close to and probably project beneath the main cone
(Figure 2.10).

Six samples of the south flow (Ql1a) were dated by the cosmogenic *He method and give
calculated ages tat range from 83 b 97+ ~15ka (Table 2.4). Zreda et al. (1993)obtained a
cosmogenic®*Cl age of81 + 7.3 kafor theQlla lava, closely agreeing wth the cosmogenic*He
ages. Interpretation ofthe agesis complicatedby thepreserce of extersive scoria-fall deposits that
originally mantled the south lava flow. Scoria-fall deposits more than 1 m thick (exposed by
trerching) ovelie bedrock surfaces ofPaintbrush Tuff directly east of the south lava flow. These
deposits locally overlie and must have draped the lava units of chroncstratigraphic unit I;
cosmogeric ages ofthelava surfacestherefore must be minimum ages.

Turrin et a. (in press)reported aweighted mean of 157 + 98 ka for the Ql1lalava (mean of
the data st is 214+ 86 ka) from convertional whole-rock, K-Ar age déerminations. Subsequertly,
Turrin et al. (1991b)obtained a weighted mean of 138+ 54 ka, and amean of 170+ 114ka for
“Ar/*Ar ages oftheQlla lava. These inferred mean agesare somewteat olderthan the cosmogenic
ages, but analytical uncertainty of theages oveap. The widerange inreplicate K-Ar and “Ar/*Ar
agesis o large to discriminate the age of the Ql1a subuit.

Thesoutheast flow (QI1b) eruptedfrom multiple veris markedby erodedscoria mounds
(Qslb) distributed along coparallel, northwest-trendingfisaures wth minor conjugate natheast-
trending vets. These scoria moundsmark discortinuous fisauresthat extendfrom the south part of
the center to the westharthwest-trending fissure of subuwnit Qslc and flank the east $de of the site
of themain cone.The lva flows ofthesoutheast flow are inferredto have vertedfrom the
southeast ends ottheen echelon fisaures(Figure 2.10). The kvas ofthe southeast flow are blocky
aa lava flows similar in morphologyto the south flow. Howeve, individual lobes ofthe southeast
flow cannotbe ditinguishedbecause ofthick eolian sand cover. One Ide ofthe southeast flow is
ovelain by topographically higher-standing bvas of chronastratigraphic unit 11.

Eruptive verts ofthe southeast flow are eodedscoria mounds with local small lava ldbesand
exposedfeeder dike Theyare idertical in morphologyand ccaurrerce to the verts ofthe south
flow with one &ception. A small cluster of natheast-trendingmounds iscappedby an
asymmetrical accumulation of coarse agglutinated spatter. The morphology and shape ofthe
gpatter mounds indcate that theyformedfrom weakly explosive spatter guptions. The magma
columns that vented to form the spatéer mounds probaldy dipped to the southwest  that spatgy
eruptedand accumulated preferertially to the notheast side ofthe vens (northeast-directed, wek-
lava fountains).

A sample of flow-top clinker from the southeast flow was dated by the cosmogenic®He
methodat 98 + 17 ka(Table 2.4), within therange ofcosmogenicages ttainedfor the south flow.
This ageis also interpreted as aminimum age because the sample site must have been covered by
scoria-fall deposits of chronastratigraphic unit II. A sample of aerodyremically shaped spatter was
collectedfrom the surface of asoutheast spatter mound (Qslb). It yielded acosmogenic®He age of
64 + 13 ka(Table 2.4). This age is slightly younger than all other cosmogenic *He ages dtained
for deposits of chronastratigraphic unit | (Table 2.4). Howeve, the spatter mound, lccated onthe
immediate flanks ofthemain cone, vas d-apedby thick scoria-fall deposits of chroncstratigraphic
unit 1l. Again, the measured *He age nust be a ninimum exposure age.
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Turrin et al. (1991b) reported an age of 116 + 13 (weighted mean) and 214 + 86 (mean) for
the samples collected from deposits of the Qs1b fissure for conventional whole-rock, K-Ar age
determinations. These mean ages were obtainedniyining the Qs1b ages with age
determinations from the south flow (the Qlla lavas of chronostratigraphic unit I). The large
analytical uncertainty and poor reproducibility of replicate ages indicates that the age
determinations are not useful for constraining the age of the Qsla or the Qslb subunits. The
“Ar/*Ar age determinations for samples that are inferred from the sample locations and
descriptions of Turrin et al. (1991b) to be collected from the Qs1b fissure are 149 + 45 (weighted
mean) or 129 + 77 (mean) ka (Turrin et al., 1991b). The large analytical uncertainty and poor
reproducibility of these ages suggest they provide limited constraints on the age of the Qsl1b
subunit.

d. Scoria-Fall Deposits of chronostratigraphic unit 1. An episode of cone-building
pyroclastic eruptions that produced regionally dispersed scoria-fall deposits is correlated with
chronostratigraphic unit I. However, because of the extensive erosion of chronostratigraphic unit I,
these deposits are only partly preserved in the mappable volcanic units of the center. The
recognition of this eruptive event is based on multiple lines of inferential stratigraphic and
pedogenic relationships. First, carbonate cemented scoria-fall deposits have been recognized at
scattered localities several kilometers north and northwest of the Lathrop Wells center. These
deposits consist entirely of scoria with well-developed bubble-wall textures drydimwolcanic
ash. Second, the basal scoria-fall deposits underlie scoria-fall and pyroclastic-surge deposits with
local interbeds of alluvium between the two ashes. The upper ash is markedly less affected by
pedogenic alteration than the underlying ash. Thirdypiper ash is correlated with
chronostratigraphic unit Il on the basis of the presence of pyroclastic-surge depositgpjpethe
ash. The correlative pyroclastic-surge deposits at the Lathrop Wells center are interbedded with
lava flows and proximal scoria-fall deposits of chronostratigraphic unit Il (see discussion below).
Fourth, the degree of carbonate cementation of the basal scoria-fall deposit is consistent with the
degree of erosional dissection and pedogenic alteration of deposits of chronostratigraphic unit I.

Several potential inconsistencies with the correlation of the basal distal scoria-deposit to the
deposits of chronostratigraphic unit | exist. Accumulations of widely dispersed scoria deposits
associated with the subunits of chostratigraphic unit | have not been identified at the Lathrop
Wells center. Scoria deposits of the subunit are composed mostly of coarse spatter and agglutinate
probably formed in weak hawaiian eruptions that typically do not produce widely dispersed scoria-
fall deposits. These inconsistencies have several possible explanations. First, scoria deposits of
chronostratigraphic unit | may have been deposited around the Lathrop Wells center but then were
removed by erosion. If the time between eruptions of chronostratigraphic units | and Il was of
sufficient duration (several tens of thousands of years), there may have been time to erode scoria-
fall deposits of chronostratigraphic unit | prior to deposition of the scoria-fall deposits of
chronostratigraphic unit 1l. This is consistent with the erosion of vent scoria of chronostratigraphic
unit I and the field relations of the distal scoria-fall deposits that are correlated tentatively with
chronostratigraphic unit I. The deposits are present only where preserved in topographic lows
marked by sites of accumulation of alluvium. Second, scoria deposiibwiits of
chronostratigraphic unit | (Qs1d, Qslc, and Qsla) can be traced beneath the main cone. Thick
accumulations of scoria associated with chronostratigraphic unit | may have been present at and
beneath the present site of the main cone. These deposits have been maodified by erosion, by
hydrovolcanic eruptions of chronostratigraphic unit 1, and are concealed by deposits of
chronostratigraphic unitl. These interpretations are supported in part, by the identification of
bombs in deposits of chronostratigraphic uihithat are chemically identical to scoria of
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chronostratigraphic unit | (see following discussions). Finally, hawaiian eruptions accompanied by
high-eruption fountains can sometimes produce voluminous scoria-fall deposits (Cas and Wright,
1987). We are in the process of obtaining geochemical data for the distal ashes that can be used to
further test unit correlations.

C. Chronostratigraphic Unit II

1. Unit Qs2/QI2. Chronostratigraphic unit |1 was formed by the most voluminous
pyroclastic and lava eruptions of the Lathrop Wells volcanic center. The lavas vented
predominantly from a northwest-trending fissure located on the east-northeast edge of the volcanic
center that coincides with the projected trace of a fault offsetting the underlying Timber Mountain
Tuff (Figure 2.12). The scoria eruptions occurred from a small, northwest-trending cluster of
scoria mounds that crop out at the east base of the main cone and, inferentially, from vents beneath
the main cone (Figure 2.12). The lava and scoria subunits of chronostratigraphic unit |1 can be
distinguished from the lava and scoria subunits of chronostratigraphic unit | by the lesser degree of
erosional modification of the former. The scoria mounds of chronostratigraphic unit |1 are higher
standing topographically than those of chronostratigraphic unit 1, they have more complete conical
forms, and the boundaries between individual scoria mounds can be readily identified by their
topographic expression. The lava and scoria of chronostratigraphic unit 11 can be distinguished
chemically from deposits of chronostratigraphic unit | by higher thorium concentrations and lower
concentrations of strontium, phosphorus, the middle rare-earth e ements, and titanium (Figure
2.13).

a. Subunit Qs2b. A northwest-trending fissure system consisting of four paired and
individual spatter mounds forms subunit Qs2b (Figure 2.12). The fissure is coparalld with and
partly overlaps the northwest-trending fissure system of the Qslb subunit. Spatter mounds of
subunit Qs2b are exposed for a distance of 0.5 km at the east base of the main cone (Figure 2.12).
The Qs2b deposits are overlain by the scoria-fall deposits of the main cone and therefore predate
the eruptions of the main scoria cone (chronostratigraphic unit 111). The spatter and scoria mounds
of Qs2b show minor to moderate erosional modification. The summits of the conical mounds are
marked by an increased concentration (erosional lag) of large volcanic bombs. Trench exposuresin
alargetrench cut at the northwest scoria mound of the fissure show that thereis a direct
correation between the dip of spatter and scoria depasits forming the mounds and the mound
topography. That is, the present topography of the scoria mounds represents partially the primary
volcanic topography. Thisis the main basis for contrasting, in the field, the scoria units of
chronostratigraphic units Il and I. There are two small outcrops of lava associated with the Qs2b
subunit and these are exposed beneath scoria-fall deposits and eolian sand just north of the
northwest scoria mound (Figure 2.12). The lava outcrops are correated with the Qs2b vents on the
basis of similaritiesin major and trace eement chemistry. No age determinations have been
obtained for subunit Qs2b.
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Chronostratigraphic Unit |1 N

0 lkm
Figure 2.12. Geologic map of the distribution of volcanic subunits of chronaostratigraphic unit Il of the
Lathrop Wells volcanic center. The black areas represent lava flows; the cross-hatched areas denote
scoria and spatter mounds; the dotted area outlines the distribution of outcrop areas of the scoria-fall
sheet (with interbedded pyroc astic-surge deposits).
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Figure 2.13 Spidergram of elemental compositions normalized to an average composition for all
analyzed samples of the volcanic units of the Lathrop Wells center (n = 99). Samples of
chronostratigraphic unit |1 are designated by lava and vent deposits. Each pattern is plotted as the
average of multiple analyses of specific eruptive subunits.
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FY96 & FY97 revisions

One member of the volcanism expert judgment panel argued that the Qs2b fissure
system was not formed by spatter/scoria vents and, instead, consists of rafted scoria
formed during partial collapse of the east wall of the main scoria cone. The arguments
in support of a rafted origin of the deposits are the proximity of the deposits to the main
cone, the slightly arcuate form of the Qs2b deposits, and the slight topographic
asymmetry of the eastern side of the summit crater. The rafted interpretation of the
deposits requires that the main cone was reformed by subsequent eruptions after
collapse of the crater wall, a not uncommon sequence of eruptive events based on
historic observations of scoria-cone forming basaltic volcanic eruptions. While the
rafting origin of the Qs2b deposits is an intriguing alternative interpretation of the
eruptive history of the volcanic center, multiple lines of evidence are inconsistent with
this interpretation. First, and most important, the required eruptive event that was
inferred to have rafted the scoria deposits is eruption of the Ql2a lava. However,
detailed mapping of this lava unit shows that it cannot be traced to the main cone and,
instead, erupted from a northwest fissure system near the northeast edge of the
volcanic center. In fact, no lava flow in the center can be traced to the main cone;
therefore, there is no lava unit capable of rafting the Qs2b deposits. Second, trenching
of the northern scoria mound of the Qs2b deposits reveals radial dips that are
inconsistent with a rafted origin of the deposits. Finally, paleomagnetic studies show
that the scoria mounds have a coherent direction of field magnetization consistent with
emplacement of the scoria clasts at high temperatures with the magnetization
representing a post-emplacement thermally acquired remanence. It is extremely
unlikely that the deposits could have been rafted or acquired the magnetization after a
rafting event. Further, paleomagnetic studies of scoria clasts in quarry exposures of the
main cone show mechanical disruption at moderate temperatures after acquisition of
magnetization. Thus, the studied parts of the cone are consistent with deposits formed
from dispersed eruptions with cooling of clasts prior to deposition. These types of
deposits could not been rafted to form the Qs2b scoria mounds.

b. Subunit Qs2a/Ql2a. Three sites of small-volume blocky aa lavas crop out, forming a
northwest-trending fissure alignment that parallels a previously formed west-northwest fissure of
subunit Qslc. These lavas mark a fissure system that did not vent notable quantities of scoria. The
lavas are identical in morphology to the QI1 subunits. They consist of overstespened and broken
lobes of lava where they extruded down the slopes of underlying scoria deposits of Qslc. All of the
lavas are small volume. They appear to have vented directly from a fissure without any significant
pyroclastic eruptions.

Themajor lava and scoria subunit of chronostratigraphic unit 11, Qs2a/Ql2a, includes a series
of scoria mounds and related lavas erupted along a northwest trending fissure at the northeast edge
of the volcanic center (Figure 2.12). Thefissureis coparalld to the trace of a west-down,
northwest-trending fault that offsets the underlying Timber Mountain Tuff. The fault does not
offset the lavas of the subunit. However, the preexisting topography associated with the fault
controlled partly the distribution of the lava flows of subunit Ql2a (Figure 2.12).

Themain eruptive sites for the subunit are marked by one large and one smaller scoria mound
that define the trace of the northwest-trending fissure. The fissure may extend further to the
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southeast, but it is covered both by its own lava flows, and eolian sand. The Ql2a lavas, informally
named the Lathrop flow, form a near-continuous sheet of coalesced lobate blocky aa lava flows
extending for a maximum length of 2.1 km and a maximum width of 0.9 km (Figure 2.12). The
Qs2a lavas ponded against topography upheld by the Qslc scoria mounds on the northwest and,
therefore, postdate these deposits. West of the source fissure zone, the lavas of subunit Ql2a
flowed into and coalesced within a fault-controlled topographic low. This topographic low
probably coincided with a buried stream channd that followed the trace of the northwest-trending
fault. The trace of the stream was diverted subsequently by emplacement of the Ql2a lavas and
now follows the eastern margin of the lava flows.

East of the northwest-trending fissure, the Qs2a lavas consist of multiple flow lobes extruded
from the fissure zone eastward down the dip slope formed on a shallow-dipping hogback upheld by
the underlying Timber Mountain Tuff. Two lines of evidence indicate the eastern Ql2a lavas were
extruded from multiple sites along the strike of the northwest-trending fissure. First, detailed field
and aerial photographic examination of flow fronts and flow morphology shows that the flows
form distinct flow lobes and are not a single continuous flow; a minimum of twenty individual flow
lobes have been identified. There are probably more flow [obes on the southern exposure edge of
the subunit but there they are obscured by a thick cover of eolian sand. Second, the flow directions
of the lavas are marked by the trace of narrow (2 to 5 m width; 1 to 3 m depth) linear depressions
on the flow surfaces. The features marked poorly developed aa channds that deflated below their
adjoining aa flow surfaces by continued lateral flowage at the ends of the flow when lava extrusion
ceased. The channds extend east and southeast of the main northwest-trending fissure indicating
the lavas were extruded along the fissure length and the southeast projection of the fissure (Figure
2.14).

Age determinations using the cosmogenic *He method were obtained for three samples
collected at multiple sites on a Ql2a lava at the northeast exposure edge of the subunit. These ages
rangefrom 85 to 99 +~18 ka(Table 2.4). These agesaretightly clustered, suggesting an
uncompli cated surface exposure hstory. A secondsample site lacated onthe west/northwest-
trendingfisare yieldedthe oldest cosmogenic®He age of 107+ 19ka (Table 2.4). Thereis some
uncertainty in the assgnment of the former sample to subunit Ql2a. Thiswill be tested by
obtaining geochemical data for the sample Site. The lavas of subunit Ql2aare located northeast of
the main cone, outside the primary dispersal axis of scoria-fall depaosits of chrongstratigraphic unit
I, which reach maximum thickness nathwest and southeast of themain cone.Moreove, stream-
cut exposures ofthebase ofthe Ql2a lava flow showthat the units ovelies pyroclastic surge
deposits that ae correlated with more extensive pyroclastc surge deposits o the west. These
pyroclasic surge deposits occur in the upper third of the scoria-fal deposits andindcate the lava
flows were extruded diring the btter stages offormation of the scoria-fall deposits. This
stratigraphic position and the location of the QI2a lava unit indicates that only a Iimited thickness
of scoria was dgposited onunit Ql2a. Thetight clustering of cosmogenic®He ages siggests he
ages may approach the crystalli zation age of the subunit. The cosmogenic *He ages are slightly
youngerthan but are notanalytically distinguishable from the ages dtainedfor theQl1a, Ql1b and
Qllc lavas; the enplacementage ofthelatter lavas is amaost certainly older because they wee
covered by the scoria-fall deposits of chronastratigraphic unit 11.

Converional K-Ar wholerock ages ofthe same Ql2a lavas are 188+ 22 ka (wveighted mean)
and 139+ 68ka (arithmetic mean) for threereplicate samples (Turrin et a. in press). The “©Ar/*Ar
age determinations of splits of the same samples yielded aweighted mean of 217 + 64kaand a
mean of 153+ 110ka (Turrin et al., 1991b).An age of 239+ 189ka was obtained by the
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conventional K-Ar method (mean of all whole-rock age determinations of the Ql2a subunit reported
in Turrin et al. [in press]). They also reported a weighted mean of the K-Ar age determinations of
137+ 37ka, but his number was obtained by discarding the resuts of one sample st of the Ql2a
lava. Turrin et al. (1991b)reported an age of 183+ 21 ka for the Qs2alavas based on“Ar/*Ar
age determinations, but this age was reported as aweighted mean that included samples from both
the Ql1c and Ql2a subuits. Moreover, four samples were discarded from the data st without
defined rejection criteria. The mean age of the “Ar/*Ar age determinations is 277+ 234ka for the
combined data sts usng the pulished values of Turrin et al. (1991b,Table 1). The mean age of
the sample set becomes 182+ 97 ka if four samples are removed from the data st. These samples
are identified as autliers using standard statistical tests ofthe data dstribution and can be rejected
onthat basis. Turrin et al. (1992)reported an isochron age of 107 £ 33ka from “Ar/*Ar step-
heating spectra for a sample of the Ql2alava (ealso discussonin Zreda et al., 1993).Thisageis
in close agreement wth the cosmogeric ®He surface exposure ages. All of these K-Ar and “Ar/*Ar
age deerminationsare in agreement wth the cosmogeric ®*He ages orthebasis of thefollowing
asumptions: (1) the calibration accuracy of the *He exposure agesis + 30%,and (2) the best
represertation of the K-Ar and “Ar/®Ar agesis the mean, nat the weighted mean, of replicate age
delerminations (see dscussons inSection F of this chapter).

TL age deéerminations onsedimernts eposed beneth the Ql2a lava yieldedages 0f28.0 3.0
and 31.0 £ 3.0 ka. These agesare discordant with ages dtainedby other chronologymethodsand
may notreflect the enplacementage ofthe bva. We have beenunable to explain this discordance.
To further constrain the enplacementage ofthis unit, weare dtaining “Ar/*Ar dating of sanidine
from tuff xenoliths enclosed within the Ql2a lava.

c. Subunit Qs2fs: The Scoria-fall sheet of chronostratigraphic unit I1. A subunit of
chrongstratigraphic subunit Il is formed by widespread interbedded scoria-fall and pyroclastic-
surge deposits (Qs2fs) of chronastratigraphic unit 11. This unit is distributed dli ptically around the
main coneand wes probably eruptedfrom concedled vernts beneth thecone. The d@osits are
corrdated with chrongstratigraphic unit 11 on the basis of multiple lines of evidence. First, the
pyroclastic-surge dgosits areinterbedded wth the scoria-fall shed. These pyroclastic-surge
deposits owrlie lavas of QI2b in trench LW-2 and underlie lavas of Ql2a in stream-cut exposures
at the nath autcrop area oftheLathrop lava. These interfingering stratigraphic relationsrecuire
that the fall shed is equivalent stratigraphically to the QI2 lava sequence. Second, exposed deposits
of the widespread scoria-fall shed arereworked. Locally, the upper parts of the fall sequence have
beenremovedby erosion even whee the scoria deposits covered lowangletopography. The brge
continuous mantle of scoria-fall deposits nathwest of themain conethat drapes aridge upheldby
exposures ofthe Topopah Springstuff has well develpedrills. The degee ofrewaking and
geomorphic modification of the scoria-fall deposits contrasts markedly with the unrill ed, 29 slopes
of the auter surface ofthemain cone.Thus, the d@osits that form the auter coneslopes ofthe
main cone (chronastratigraphic unit I1l) must ke younger than and cannotbe correlated wih the
rilled, reworked scoria-fall shed. Finally, the scaria-fall shed can be distinguished chemically from
scoria deposits of the main cone (chrongstratigraphic unit 1) by lower thorium and higher
titanium concentrations (Figures 2.13and 2.16).

FY96 & FY97 revisions

An alternative explanation of the correlation of the scoria-fall sheet is that it is
correlative to eruptive units Q2 and Q3 (i.e., Q2 and Q3 are contemporaneous). The
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primary evidence for this interpretation includes: 1) the most likely eruptive event to
produce the scoria-fall sheet is the eruptions that formed the main cone; the Qs3
eruptive unit, 2) no depositional or erosional breaks have been recognized in the
scoria-fall sheet in shallow trenches constructed around all parts of the main cone
except the eastern side—-the absence of a break in the deposits is not consistent with
the stratigraphic divisions and inferred time breaks between the Q2 and Q3 eruptive
units, 3) the interfingering stratigraphic relations between the QI2 lavas and the scoria-
fall sheet require correlation of the units, and 4) the above relations lead, by inference,
to correlation between the Q2 and Q3 units. This alternative interpretation is now made
more reasonable because of the recognition through trenching of the crater of the main
cone that the cone is more erosionally modified than previously thought; thus, the
perceived difference in erosional modification of the scoria-fall sheet versus the main
cone may not be significant. Geochemical differences between the Q2 and Q3 units
are still not understood. There may have been gradational geochemical variations in
the magma composition associated with the fall-sheet and cone-forming eruptions,
which are now reflected as geochemical differences between the fall sheet and the
cone This would suggest that the two units are related and time equivalents. However,
we have not been able to identify gradational geochemical changes in either the scoria-
fall sheet or the main cone.

The scoria-fall deposits (Qs2fs) mantle the underlying basaltic and alluvial units and locally
rest on bedrock of Miocene tuff. Thefall deposits are thickest on the northwest and southeast sides
of the cone, probably reflecting prevailing winds during the eruptions. We have systematically
examined the scoria-fall deposits in trenches constructed around the cone except on the east side,
where the mantle of sand covering the depositsis too thick to penetrate with our backhoe
equipment. Three distinctive layers are present in the scoria-fall deposits. Each layer consists of
multiple-fall units with reversely graded bases and fine-grained tops. The subdivisions in the fall
sheet areidentified on the basis of multiple fine-grained ash layers between layers and the local
presence of pyroclastic-surge deposits, which form the middle layer of the scoria-fall deposits. Size
data for maximum clast size and layer thickness have been measured in the fall layers and are
currently being processed. We will usethe clast size data to constrain models of the location of the
vents for the deposits and to reconstruct column dynamics for studies of effects of volcanism
(Vaentineet a., 1992, 1993).

FY96 & FY97 revisions

Studies of eruption dynamics for volcanism studies are important only if the results can
be applied to suitability or regulatory issues for the Yucca Mountain site. Regulatory
requirements for licensing of an underground repository for disposal of high-level
radioactive waste are currently based on cumulative release standards where the
identified site of sensitivity is the accessible environment. These regulations do not
require assessment of dispersal patterns of radioactive waste within the accessible
environment. We have chosen, for this reason, not to process clast-size data for the
scoria-fall sheet in an attempt to constrain eruption-column dynamics. This conclusion
could change however, if the regulatory standard for high-level radioactive waste is
changed to a dose- or risk-based standard.
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Locally the Qs2fs fall sheet rests on scoria-fall deposits of chronostratigraphic unit I. The
upper part of these underlying scoria-fall deposits are weathered and thereis a marked increase in
the degree of pedogenic alteration of the scoria-fall deposits of chronostratigraphic unit | versus the
overlying scoria deposits; the alternation contrast can be traced along a planar contact suggesting
the fall-sheet deposits of chronostratigraphic unit 11 buried a weathered surface formed on the
underlying deposits. Locally, there are stringers of carbonate cemented silt at the contact but no
development of soil.

Hydrovolcanic eruptions occurred during the middle eruptive stage of chronostratigraphic unit
I1. The distribution of pyroclastic-surge deposits from the hydrovolcanic eruptions has been
determined through systematic examination of the scoria-fall sheet in trenches. The deposits crop
out extensively northwest and west of the main scoria cone (Figure 2.12). Deposits of the
pyroclastic surge are present in the subsurface beneath eolian sands and silt north of the main cone;
they locally exceed 2 m in thickness where ponded in topographic lows. The contact between
pyroclastic-surge deposits and Ql1c lavas was exposed in trenches LW-1 and LW-2. In trench
LW-1, vesicular clinker marking the upper surface of the lava shows coatings of pedogenic
carbonate along fractures at the edges and bottoms of lava blocks. The overlying pyroclastic-surge
deposits contain very limited or no amounts of carbonate coating. This requires a time break
between emplacement of the QI1c lava flow and subsequent deposition of the pyroclastic-surge
deposits, consistent with stratigraphic relations described above.

The pyroclastic-surge unit was probably derived from a vent located beneath the main cone.
This conclusion is based on two observations. First, the pyroclastic-surge deposits are present in
outcrops on the north and northwest circumference of the main cone. The proximity of the deposits
to the cone suggest they were derived from the vicinity of the main cone. Second, the pyroclastic-
surge deposits are interbedded with the scoria-fall deposits that encompass the main cone. The
thickest accumulations of the pyroclastic-surge deposits occur directly north and northwest of the
main cone. This locally reflects channeling of the pyroclastic surges in preeruption topographic
lows. Additionally, the phreatomagmatic eruptions that produced the deposits may have been
erupted preferentially to the north and northwest by the blast dynamics. The volumes of the surge
deposits are sufficiently large that the eruptions should have formed a tuff ring or wide, flat-floored
crater. The absence of such a volcanic landformis enigmatic. The preferred explanation for the
absence of atuff ring isthat it is buried beneath deposits of subsequent strombolian eruptions of
chronostratigraphic unit 111. Continued commercial quarrying of the main cone may resolve this
question.

Probable correative scoria and ash deposits are present ~2 km north and northwest of the
Lathrop Wells center and in a trench exposure cut across the Stagecoach fault, 5 km northeast of
the Lathrop Wells center (Figure 2.9). At both localities, an upper ash with recognizable cross-
bedded deposits characteristic of deposition by pyroclastic-surge processes overlies an alluvial
deposit that in turn is underlain by fall deposits correlated with chronostratigraphic unit I. The
distal ash deposits thus closdy match the stratigraphic relations of the lower part of the volcanic
stratigraphy of the Lathrop Wells volcanic center.
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Figure 2.14. Digitized image of aerial photograph of the Lathrop Wells volcanic center showing the
outcrop distribution of the Lathrop lava flow. The flow was emplaced in two settings. West of the
northwest-trending fissure, the lavas ponded in a topographic low formed parallel to the trace of the
now buried northwest-trending (down to the west) fault (ponded flows). East of the fissure, the lavas
were extruded down a gentle, east-tilted hogback formed on the upthrown side of the fault. The lavas
formed lobate flows with small aspect ratios (lava lobes). Aa flow channels extend along the central
part of individual lava lobes channels and can be traced toward their source: the trace of the
northwest-trending fissure.

D. Chronostratigraphic Unit Ill

1. Unit Qs3/QI3. Chronostratigraphic unit 111 of the Lathrop Wells center comprises two
subunits, Qs3, the scoria deposits of the main cone and QI3, multiple lobes of small volume blocky
aa lavas erupted along the trace of the west/northwest-trending fissure of chronostratigraphic unit
Il (Figure 2.15). The scoria and lava units of chronostratigraphic unit 111 are distinguished from
units | and Il by thorium enrichment and titanium depletion of the former units (Figure 2.16).
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Chronostratigraphic Unit I11
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Figure 2.15. Geologic map of the distribution of volcanic subunits of chronostratigraphic unit 111 of the
Lathrop Wells center. The solid black area represents the lava flow subunit; the black, horizontally-
hatched area represents the main scoria cone. The scoria-fall deposits for unit 111 are not widely
distributed and they are infiltrated by eolian sand. They cannot be mapped as a separate geol ogic unit.
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Figure 2.16. Spidergram of elemental compositions normalized to an average composition for all
analyzed samples of the volcanic units of the Lathrop Wells center (n = 99). Samples of
chronostratigraphic unit 11l are designated by lava and vent deposits. Each pattern is plotted as the
average of multiple analyses of specific eruptive subunits.
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a. Subunit Qs3: The Main Cone. The scoria deposits of the main cone comprise subunit
Qs3 (Figure 2.16). These depaosits were emplaced from mildly explosive strombolian eruptions
with intervals of more energetic explosions of hydrovolcanic origin. The resulting landformisa
composite scoria cone with dimensions slightly larger than typical scoria cones (Wood, 1980;
Crowe et a., 1983a). The main scoria cone is ongate northwest/southeast, has a maximum
diameter of 1 km (northwest/southeast), a minimum diameter of 0.5 km (southwest/northeast), and
a height of about 100 m. The coneis surmounted by a crater, dongate to the northwest, with a
maximum diameter of 250 m and depth of <20 m. The cone has been excavated extensively on the
southeast side. Cliff exposures reveal theinternal structure and sequence of eruptive events that
formed the volcanic landform. Interior parts of the cone consist of massive-to-fine-bedded scoria-
fall deposits exhibiting radial dips of 15° to >22°. The irterior exposuresof these deosits are
strongly oxidizedalong a nothwest-trendingzone; aiter dgoosits of the coneaway from thezone
areformed ofblack tephra. The idization, as nated above, was probably producedby alteration
of thescoria from gases enittedfrom an undelying feeder dikeThe nathwest trend ofthe
oxidized scoria depositsis coparall € to the elongation of the cone, and also aligns with theen
echelon fisauresof the southern fisaure systems of chronastratigraphic unit I. This northwest-
trendingzonecontrolled the euptive sitesof part of the oldet eruptive everts and was reaccupied
by subsequenteruptive evers during formation of chronastratigraphic units 11 and 111.

Middle cliff exposures in the main cone expose radially dipping scoria deposits, interbedded
with lerticular zonesof slope-rewakedscoria deposits. The btter bedsformedfrom avalanching
or slumping of scoria downthe coneslopes diring cone gowth. These types ofdeposits and the
processesasciated wih their formation wee describedfor the gowth of Mount Etna votano by
McGetchin et al. (1975).The upper parts of the cliff exposures on the southeast and southwest
sides of the main cone expose distinctive plane-paralld to low-angle crossbedded scoria. These
bedsare composed ofmixturesof redand black scoria and were anplaced by pyroclastic surge
processesassociated wih weak hydrovolcanic euptions. The irfererce of hydovolcanic euptive
evensis based onthe preserce inthe Qs3 deposits of fragmertal clasts with angular facesbroken
across vesicular structure, the preserce of sideromelaneand hydovolcanic shardsin groundmass
ash (Crowe et al., 1986; Wohetz, 1986),local lenses of slightly palagonitizedfine-grainedash in
the deposits, and an abundance of cauliflower-shaped bombs (®eFisher and Sdminike, 1984).
Theredand black scoria deposits, which have adistinctive purple appearance in aitcrop, are
composed ofvarying proportions of scoria rewakedfrom preexisting parts of scoria cone. These
deposits have been observed only on the southern sides of the main core. The upper suface of the
main coreis capped by thin soil s with weak horizon development (Wells et al., 1990).

FY96 & FY97 revisions

The inference of hydrovolcanic eruptions associated with the Qs3 eruptive units is also
supported by trenching at the west rim crest and west crater interior that exposed
relatively fine-grained scoria deposits that anticlinally drape the rim crest, which is a
common feature of hydrovolcanic deposits and rarely observed in the rim crests of
cones formed by predominantly strombolian eruptive activity. Additionally, the
somewhat large crater compared to the cone size is consistent with mild hydrovolcanic
activity. We note that two members of the volcanism expert judgment panel (Geomatrix,
1996) do not interpret any of the deposits of the Lathrop Wells center to have been
formed by hydrovolcanic activity. The different interpretations are probably not
significant for PVHA for the Yucca Mountain site because the probability of the
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occurrence of hydrovolcanic activity in the YMR based on assignments by the
volcanism expert judgment panel (Geomatrix, 1996) is less than 10 per year or 1 in
10,000 in 10,000 years and, thus, probably does not require consideration in the total
systems performance assessment.

Theinterior of the crater walls of the main cone is composed predominately of relatively fine-
grained, highly vesiculated scoria with a paucity of large bombs. Thereis no agglutination of the
scoria-fall deposits exposed through the complete section of depositsin the quarry cliffs at the
south end of the cone. The cone must have been constructed from strombolian bursts that
efficiently fragmented the melt. A slightly greater content of moderate-sized bombs are exposed in
the summit crater compared to the interior parts of the cone.

Accidental lithic fragments of the underlying Miocene tuff are present in the scoria deposits.
They range in size from <1 mm to >0.3 m. The fragments were partly to moderately fused during
contact with basalt mdt; some of the fragments are banded with intermixed layers of basalt and
fused tuff. Thelithic fragments are conspicuous in outcrop because of their marked contrast in
color with the red and black scoria. While visually striking, their abundance by volumeis <0.1%
(Croweet al., 1983a).

FY96 & FY97 revisions

Field studies in FY96 in conjunction with researchers from the tectonics program of the
YMP allowed constraints to be placed on the stratigraphic position of the lithic
fragments observed in the scoria deposits of Qs3. Lithic fragments were identified that
were derived from the Timber Mountain, Paintbrush, and Crater Flat Tuffs as well as a
distinctive sequence of fluvial and lake deposits exposed locally beneath the Bullfrog
Member of the Crater Flat Tuff.

The pyroclastic eruptions of chronostratigraphic unit 111 did not form a widdy distributed
scoria-fall sheet. There are exposures of the eroded deposits of Qslc at the north base of the main
cone. These deposits are not erosional windows through a fall sheet of chronostratigraphic unit 111,
but instead are areas of the older deposits that were not covered by the younger eruptions. Thisis
indicated by two lines of evidence. First, the outer slopes of the main cone are unmodified (Wells et
al., 1990). They have not been affected by down-slope wasting. Second, trenches constructed at the
north base of the main cone show that there are no cone-slope apron deposits at the base of the
cone. We have been unable to find identifiable scoria-fall deposits beyond the flanks of the main
cone primarily because of development of a limited fall sheet associated with subunit Qs3.
However, the base of the coneis covered by thick ramps of eolian sand and silt, which probably
conceal scoria-fall deposits of Qs3. The surficial exposures of the scoria-fall sheet of
chronostratigraphic unit 11 are distinguished from cone-slope deposits of chronostratigraphic unit
I11 by two criteria. First, the scoria-fall deposits of chronostratigraphic unit |1 are extensively
reworked, rilled, and locally channeled. The cone slopes are unmodified except for minor slope
slumping (Wdls et al., 1990). The prominent geomorphic differences between the deposits require
atime break between the eruptions of chronostratigraphic units Il and 111 (Figure 2.15). Second,
the scoria deposits of chronostratigraphic units 11 and 111 have slightly different geochemical
compositions (Figures 2.13 and 2.16).
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Multiple cosmogenic *He ages have been obtained for the scoria deposits of
chronostratigraphic unit 111. Cone scoria scraped from the outer cone-slope surface several tens of
meters below the west summit of themain cone yieldedagesof ~40 + 10 ka(Table 2.4). Multiple
bombs collected from the conesummit yieldedagesrangingfrom 64 + 15 to 30 + 9 ka(Table 2.4).
Thebombs were collectedfrom aflat part of therim crest of the main coneto minimize the df ects
of erosion through masswasting down the cone dopes. A large bomb coll ected about 10—-20 m
below the crestyielded an age of 47 + 7 ka (Table 2.4). This bomb projected 20 cm above the
modern cone surface. The variabili ty in exposure ages for the multi-sample cosmogenic *He ages
indicates the samples do notshare a uniform exposure history.

Thetraditional interpretation of the cosmogenic ages is that the best approximation of the age
of the coreis >64+ 15ka. Thisis the maximum measured exposure age (Poths and Crowe, 1992).
Zreda et a. (1993)reported cosmogenic *Cl ages of 83 + 9.2and 68+ 5.7 ka for bombs from the
summit of themain cone.Thetwo agesare indstinguishable analytically and give amean age of
76 + 10 ka. The mean age is slightly older than the cosmogenic *He agesof summit bombs.
However, Zreda et al. (1993)nated that the bomb sample giving the oldest cosmogenic *Cl ageis
atered, and thealteration componentcould not be separatedfrom therest of therock. If this
sample is suspect and should be discarded because of alteration, the remaining sample (68 + 5.7
ka) is in reasonable agreamentwith the oldat cosmogenic®He age.

An aternative explanation for the spread of cosmogenicsurface agesfor chronastratigraphic
unit 11l is that some of the dated bombs debris may be derived from the underlying deposits of
either chronastratigraphic unit | or Il. Theytherefore could have had cosmogenicexposure hstory
prior to thelr incorporation in degposits of chroncstratigraphic unit 11l and thus give anomalously
old ages. This alternative explanationis rejected for two reasons. Frst, only the upper suface of
older coneswould have been &posedto the cosmogenicinflux, and theundelying and larger
volume ofthe deosits shauld have beenshielded.Second, the geahemistry of summit bombs used
for thecosmogenic®He age déerminations matchesthe gechemistry of chronastratigraphic unit
.

There is aremaining unresolved inconsistency with the results of the cosmogenic *He ages.
The oldet agesobtainedfor bombs from the summit are about 40% older than *He agesobtained
for scoria and bombs on the coneslopes. The yaingeragesof the btter ssmpleswould require a
minimum 0.5 m of erosional removal of scoria to shield the deposit and produce the resulting age
differerces. Thepristine, unrilled coneslopesand abserce of a coneslope apron at thebase ofthe
core areinconsistent with this interpretation.

The cosmogenic®He agesare slightly youngerthan the exposure agesobtainedfor the
subunits of chronastratigraphic units | and I1. The cosmogenic *Cl agesfrom the conesummit are
youngger if the altered sample is discarded. If that sample is included, the cone summit and lava
ages of chronastratigraphic unit | overlap analytically (Zreda, 1993).However, the cosmogenic
%Cl sampleswere collected from the south lava flow at a locality that must have beencovered by
at least a meter of scoria-fall deposits. Thus, the coincidence in ages of the *Cl agesof thecone
summit (chronastratigraphic unit [l) and the southern lava flow is attributable to the lava flow’s
being shielded by the now eroded scoria-fall depasits of chrongstratigraphic unit 11.

Turrin and Champion (1991) $iow sample stes for convertional K-Ar age deéerminationsfor

the main cone (samples TSV-283and TSV-129) butdo nat report resuts. Champion (1991)and
Turrin et a. (1991b)have argued that the main cone and as<ociated subunits of
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chronostratigraphic unit 11 are no more than 100 years younger than the lava flow units. This

conclusion is based largely on paleomagnetic studies where the authors cite a 4.7° difference in the
two grand mean magnetization directions for the main cone and associated subunits and the lavas
of chronostratigraphic unitl. Regardless of the interpretation of the paleomagnetic data, the
reported differences in the grand mean magnetization directions, if valid, are consistent with the
contrasting degrees of erosional modification of the respective chronostratigraphic units. (Note:

The cited paleomagnetic correlations may be obscured by the inclusion of data from scoria and
lava deposits of Qsla and Qlla with the volcanic units of the main cone. We assign, in this report,
Qsla/Qlla to the oldest chronostratigraphic unit based on field, geomorphic, and petrologic
criteria.)

There are several concerns with the quality of the paleomagnetic data and the stratigraphic
and chronological interpretations based on the paleomagnetic data of Chat@pibnand Turrin
et al. (1991b). First, samples for paleomagnetic studies ahasiratigraphic unit Il were
collected from both weakly agglutinated and nonagglutinated scoria deposits (Turrid @dHb).
At best, some of the samples may be marginally suitable for reliable high-precision determinations
of field directions (Holcomb et al., 1986). In addition, the sample sites should have markedly
different measurement precision although there is no way of evaluating this because the data are
not presented in sufficient detail. Discrimination of the chronostratigraphic units can be
demonstrated only through presentation and analysis of both demagnetization data and statistical
parameters for individual sites. Second, the cone summit is formed primarily of nonagglutinated
spatter. There is only a small population of slightly agglutinated bombs that possibly could record
satisfactorily the field magnetization directions. Third, the cone summit is the highest topographic
point in the area. Samples collected from the summit for paleomagnetic studies should be highly
susceptible to modification from exposure to lightning strikes. We encountered difficulties in
obtaining high-precision magnetization directions for samples collected from the topographically
low-standing lava flows because of high-intensity lightning effects (Crowe et al., 1992). Fourth, the
summit eruptions of the main scoria cone were formed partly by hydrovolcanic eruptions. This
interpretation is based on the local presence of fine-bedded, partly palagonitized ash and
cauliflower bombs (Crowe et al., 1986, Wohletz, 1986) in the summit deposits. These deposits,
unless carefully screened to eliminate sampling of redeposited hydrovolcanic clasts, are unsuitable
for paleomagnetic studies. This has been verified by the identification of bombs in the summit
deposits that have been reworked from scoria deposits of chronostratigraphic unit I. Finally, it is
difficult, if not impossible, to use paleomagnetic data to provide absolute differences in the ages of
volcanic deposits. The measured field magnetic directions of the center are close to the mean
Quaternary dipole field (spin axis) (Turrin et al., 1991b, 1992; Crowe et al., 1992; Wells et al.,
1992). Even if the main cone and @hostratigraphic unitil prove to be distinct, the different
directions can be used only to establish a minimum age difference between the rocks (Turrin et al.,
1992; Wells et al., 1992).

FY96 & FY97 revisions

In late FY95 trenching was completed within the summit crater of the main cone. The
purpose of the trenching was to further evaluate the eruptive and erosional history of
the cone, assuming that eruptive or erosional deposits formed within the crater would
have a high likelihood of preservation because of the internally drained, closed crater
form. A series of trenches were constructed within the crater that extended from the

western rim to the crater floor. Trenching revealed that the uppermost primary tephra
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unit is a ~1 meter thick, black, primary scoria-fall deposit that overlies red oxidized
scoria deposits with no evidence of any temporal break between the units. Significantly,
the black scoria unit does not extend to the crater rim but is truncated within the present
inner crater wall by an erosional surface ~4 meters vertically below the present rim.
Truncation of the upper black tephra unit below the present cone rim can be seen on
color aerial photographs as a contact between red and black tephra on both the inner
and outer crater slopes and is particularly prominent on infrared photos. The contact
between the black and the underlying red scoria deposit has a dip of 33°. The contact
intersects the present inner crater surface, which has a dip of ~20£2° at the point of
intersection, at 17 meters surface distance below the midpoint of the present rim. Using
these angles and distances as constraints, trigonometric calculations indicate that the
red-black contact would project ~4.5 meters above the present rim surface, assuming
that the contact maintained a constant 33° dip to the rim midpoint. An additional 1
meter of black tephra probably existed above the contact based on trench exposures
inside the crater, bringing the minimum thickness of tephra removed by erosion from
the cone rim to ~5.5 meters. This assessment does not take into account that the
present inner-crater-surface slope decreases as the rim is approached. If the geometry
of the present rim is accounted for, the true amount of scoria removed by erosion would
be greater than 5.5 meters. Analysis of digital elevation data from the cone indicates
that up to 9 meters of rim material may have been removed.

Trenching also revealed a colluvial wedge of sand-supported reworked tephra exposed
in the lower 2/3 of the crater interior. In the center of the crater, the colluvial unit is at
least 1.3 meters thick (constrained by limit of trenching depth), but is overlain by a 0.5-
meter-thick clast-supported tephra unit infilled with sand. The upper tephra unit has a
sharp basal contact and fabric and scoria characteristics similar to the Qs4b deposit
south of the main cone. Overall, while differing in detail, the crater-fill sequence is
similar to the sequence of soil-bounded tephra units described south of the main cone
(Wells et al., 1990). It is notable that the upper tephra unit present within the crater fill is
thicker and composed of larger scoria clasts than the Qs4b unit south of the cone.

The described section of colluvial and scoria deposits and the constraints on crater
geometry obtained from trenching studies indicate that the cone is more modified by
erosion than previously thought; the elevation of the original rim may have been 5-9 m
above the present rim. Cosmogenic *He surface exposure ages obtained from the
samples of volcanic bombs in the cone deposits yield exposure ages ranging from 64
to 30 ka (Table 2.4) and appear consistent with the erosional history of the cone. The
spread in ages is probably a result of shielding of the dated samples by overlying scoria
deposits for variable intervals prior to erosional exposure. A minimum age of ~64+15 ka
is consistent with reproducible “’Ar/*°Ar ages of ~75 ka and cosmogenic *He ages of
~90 ka determined from lava flows, and provides evidence that both the cone and flows
erupted at ~75ka. Alternatively, if QI3 and the main cone are contemporaneous (as
suggested by chemical correlation), the oldest *He age from the cone is within error of a
new U-Th isochron age of ~50+15 ka for QI3, which could suggest that both the cone
and QI3 are measurably younger than the Q1 and Q2 eruptive units.

b. Subunit QI3. All lava subunits were assumed in previously published field studies of the
Lathrop Wéls volcanic center to predate eruptions of the main cone (chronostratigraphic unit I11).
Newly obtained geochemical data provide evidence that one set of lavas is chemically identical to
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the scoria deposits of the main cone (thorium enrichment and titanium depletion) and could be
assigned to chronostratigraphic unit 111. These lavas comprise a group of topographically high-
standing lavas (QI3) that crop out about 0.5 km northeast of the north base of the main cone
(Figure 2.15). They are herein informally named the Sand Ramp lava flow because they were
emplaced over alow-angle sand-ramp surface.

The QI3 lava consist of three distinct lobes of blocky aa lava flows. They were erupted from
the center part of the west/northwest-trending fissure of chronostratigraphic unit I1. The QI3 lava
was erupted over low-angle sand-ramp surfaces. Several lines of geomorphic evidence are
consistent with the assignment of the QI3 lavas to chronostratigraphic unit 111. First, the lavas are
not draped by scoria-fall deposits of chronostratigraphic unit |1, and they have a rdatively thin
covering of eolian sand. Second, they have steegp, unmodified flow fronts ranging in height from 3
to 4 m with only minimum areas of exposure of massive aa flow interiors. In contrast, the aa flow
interiors are commonly exposed in all other lava units from erosion of the blocky aa flow rubble.
Third, the lava has the best preserved surface morphology of any lava flow in the center using
comparative assessment of the morphology of lava units from aerial photographs.

Replicate cosmogenic *He surface exposure ages were obtained for a surface sample from the
QI3 subunit. Two measurements of the sample giveages of 72+ 12and 59+ 15ka (Table 2.4).
Thesurface exposure ages, which are from samples ofunmodified lava flow surfaces, ovelap with
the oldet cosmogenic®He ages ofbombs from the summit of thecone. This providesan
indgpendentcollaboration that formation age ofthe main conecould be recordedby the oldet
cosmogenic ages ofthe main cone. One potential inconsistency remains, however, in establi shing
theage ofthe QI3 lava flow. A cosmogenic®He age of 107 + 19 ka was obtained for a suface lava
sample collected near the source of the QI3 lava. We tentatively correlate this sample with the QI2b
lava subuit but caonot dstinguish definitively the sample site from the QI3 lava unit. We are
obtaining geochemical data for this sample to assgn it more definitively to ether
chronastratigraphic unit 11 or I11.

FY96 & FY97 revisions

Sample LW152FVP was collected from the same site as the sample collected for *He
dating that has an age of 107 ka. Based on a Th concentration of 6.76 ppm measured
from this sample, the sample with a *He age of 107 ka can be confidently assigned to
the QI2 flow. QI2 samples have Th concentrations ranging from 6.84 to 7.15 ppm, while
QI3 samples have Th concentrations ranging from 7.26 to 7.40 ppm (Perry and Straub,
1996). The first sample collected from QI3 gave replicate ages of 72 and 59 ka (Table
2.4). This sample was collected early in the *He exposure age study at Lathrop Wells.
Late in the study, a second sample was collected from an aa spine near the toe of the
QI3 flow, with the objective of maximizing the probability of obtaining a “true” surface
exposure age. This sample yielded an age of 92 £ 17 ka (Table 2.4), which is within the
range of both the Q1 and Q2 eruptive units. Our interpretation of these ages is that the
earliest collected sample does not represent an original flow surface (basalt had likely
been spalled off from above the sample). The second sample, collected to maximize
the probability that it most closely represented the original flow surface, is interpreted to
represent the best *He exposure age of the QI3 flow.
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A U-Th disequilibrium isochron age of the QI3 lavais 125 + 45 — 30 (Io) ka, areproducible
age verified by replicate analyses of mineral and phase separates collected from the same sample of
the QI3 lava. Analytically this appears to be a \alid isochron age, but the age is determined from
phases wth only small degrees offractionation of uranium and thorium.

FY96 & FY97 revisions

A new U-Th disequilibrium isochron age of 49.5 +16.9 -14.6 (20) ka for the QI3 lava
flow supersedes the previous age of 125 ka because of more efficient mineral
separations. This result is discussed more fully in section F below.

The “Ar/*Ar age determinations for the QI3 lavas range from 66 © 311ka with a mean age
of 153+ 110ka (Turrin et a., 1991b).These ages are too variable to constrain precisdy either the
age orthestratigraphic assgnment ofthe bva.

E. Chronostratigraphic Unit IV

1. Unit Qs4. The deposits of chronastratigraphic unit 1V are small-volume tephra deposits
that crop aut only south of the main cone (Figure 2.17). This is inan area of commercial quarrying
activity and many critical outcrops have beenmodified orremoved;the south side ofthe cone
continues to be an area of active commercial quarrying of cinder. The Qs4 unit consists of local
fall and flow-emplaced basaltic tephra, inferred to be derived from small satelli te cones (now
quarried with only remnants presert) south of themain cone. Thetephra units of
chronastratigraphic unit 1V overlie deposits of chronastratigraphic units |, 11 andlll, and are
separated from tephra of chronastratigraphic unit 111 by soil deposits with horizon development.
Theythus must be separated by atime break from deposits of chroncstratigraphic unit Ill. The
tephra units of chroncstratigraphic unit 1V are chemically diverse and have chemical
characteristics that are distinct from other chronastratigraphic units (Figure 2.18).

a. Qs4c. Subunit Qs4c consists of a locally prominent black tephra-fall deposit about 0.5 m

thick with thin interbedded pyroclastic-surge units. It is exposed only in giarry cuts southeast of

the main cone. This dgposit cannotbe traced directly to local vent concuits but does owerlie

deposits of chronastratigraphic unit 1. We therefore identify the black tephrafall as asubunit of
chrongstratigraphic unit 1V on the basis of its stratigraphic position and dgtinctive chemical

composition. This subumit has the highest magnesium number ([Mg/Mg + Fe2+] x 100)of any

volcanic unit at the Lathrop Wells center (58 versus 54 + 1for all other units) indicating a kss
evolvedmagma. Lesser fractionation may account for the lower irtompatible trace-element
concentrations of this subuit relative to all other eruptive units at the Lathrop Wells center.
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Figure 2.17. Spidergram of elemental compositions normalized to an average composition of all
analyzed samples of the volcanic units of the Lathrop Wells center (n = 99). Samples of
chronostratigraphic unit IV are designated by subunit. Each pattern is plotted as the average of

multiple analyses of specific eruptive subunits.
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Figure 2.18. Geologic map of the distribution of volcanic subunits of chronostratigraphic unit 1V of
the Lathrop Wells volcanic center. The deposits consist only of thin beds of tephrathat are
interbedded with soil containing horizon devel opment. These deposits occur only on the south side of
the volcanic center, mostly in the area outlined by the vertical rectangle.

FY96 & FY97 revisions

We now believe that the Qs4c deposits are not a primary volcanic unit but are simply a
subunit of the scoria-fall deposits of Qs2/3, based primarily on equivalent La/Th ratios.

b. Subunit Qs4b. Scoria-fall and pyroclastic-surge (?) deposits probably associated with or
erupted from the Qs4 vents were described originally at only one outcrop (Crowe et al., 1988,
1992; Wdls et al., 1990), a small cliff exposed by quarrying activity, several tens of meters south
of the base of the main cone. Here, thin tephra beds, inferred to be primary flow deposits of
hydrovolcanic origin, are separated by multiple soils with weak horizon development. These tephra
units were correlated initially with a distinctive sequence of plane-parallel bedded, scoria-fall and
hydrovolcanic deposits identified in the south quarry wall of the main cone (Crowe et al., 1992).
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However, petrologic studies have shown that the tephra units in the quarry (Qs4b) are chemically
distinctive from the scoria units (Qs3) of the main cone.

The presence of the soil deposits beneath and between the Qs4b tephra units at the base of the
cone requires their separation as a distinct chronostratigraphic unit. While this separation is used
herein, there is controversy concerning the origin of the tephra deposits (Whitney and Shraba,
1991; Turrin et al., 1992). The basis of the controversy is whether the tephra beds are primary
(deposited directly from fallout from eruption columns) (Wells et al., 1991) or have been reworked
from tephra deposits on the flanks of the main cone (Qs3) by surficial processes. If the deposits are
of primary volcanic origin, they record a complex history of intermittent volcanic activity with
periods of inactivity that must exceed several thousands of years to permit the development of
horizons in the interbedded soils. Alternatively, if the deposits are reworked, they record episodes
of surficial erosion and deposition and do not require multiple eruptive events.

Evidence cited in support of a reworked origin of the deposits include the presence of eolian
sand or silt in the tephra deposits (Whitney and Shroba, 1991) and granulometric data for the
tephra beds that are inferred to be inconsistent with a primary origin of the deposits (Turrin et al.,
1992). The authors of both papers suggest the deposits were formed from slope erosion of the main
scoria cone of the Lathrop Wells center. The evidence supporting a primary origin of the beds
includes the planar tops and bottom contacts over an outcrop distance of several tens of meters,
draping or uniformity of the thickness of the depaosits over basal contact irregularities, unsupported
fabric of the deposits, and reverse grading reflecting eruption column dynamics (Wells et al., 1991,
p. 662).

Several points provide strongly contradictory evidence for a reworked origin of the deposits.
First, thereis an absence of cross-bedding and bedding lenticularity. The tephra deposits show
uniformity of bedding thickness and no bedding lamination except poorly developed, reverse
grading. These deposits contrast markedly with a sequence of reworked deposits that overlie the
section above the tephra beds (Wdls et al., 1990). These reworked deposits are lenticular, and
locally cross-bedded within discrete erosional channels. They contain supported clasts of basaltic
debris with rotated long dimensions. Second, proponents of the interpretation that the tephra beds
are rewakedsuggestedtheyare”. . . yaingerconeapron deposits formed during subsequent
erosion of the cinder cong’ (Turrin et al., 1992, p. 556)A key and generally undispued
observation of thecharacteristics ofthemain cone ofthe Lathrop Wells certer istheabserce of
cone-slope erosion and formation of a cone-slope apron (Wdls et al., 1990).A further
complicationis that the tephra deposits aelocated several tens of meters from the ba of the main
cone.The only vay thetephra bedscould represent coneslope dgposits wauld be if the south part
of the cone(which has beenremovedby quarrying) was, in contrast to therest of thecone,
significantly eroded.To investigate this unlikely possbility, historic photographs ofthe south cone
exposure have been obtained. These phatographs were taken in the 1930s pior to any
modification of the coneby quarrying (Figure 2.19). There is no evidere inthephatograph of
extersive coneslope eosion of the south cone wall that would be requiredto form coneslope
apron deposits tens ofmeters from thebase ofthecone.Third, the preserce of eolan silt and sand
in thetephra beds is not inonsistent with aprimary origin of the dgoasits. This material was
introducedas a windblown constituent during soil pedogensis. It is precisely the preserce and
formation of soil harizons inthis material that requires time intervals between the tephra-fall units.
Granulometric analysescannot esily be usedto discriminate rewakedfrom primary tephra.
Granulometric analyses of undisputed scoria-fall deposits with soil at the Lathrop Wells center and
other Quaternary basalt certers inthe southwest United States ovelap with the gain-size
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distribution curves of Turrin et al. (1992). Finally, the distinctive geochemistry of the Qs4b tephra
rules out derivation by reworking from either the main cone or any other eruptive unit identified at
the Lathrop Wells volcanic center (Figure 2.18). Thetephra is distinguished by higher
concentrations of thorium, rubidium, and the heavy rare-earth dements, indicating that it represents
a primary volcanic event from a magma of different chemical composition than preceding eruptive
units. Thus, multiple lines of evidenceindicateit is physically impossible for the tephra deposits to
be reworked, cone-slope deposits.

FY96 & FY97 revisions

The arguments summarized above continue to be consistent with a primary origin of
the Qs4b deposits with three exceptions: 1) based on new geochemical modeling, the
composition of the Qs4b scoria is due to pedogenic alteration of a (likely) Qs3 parent
composition (see Chapter 4), and thus cannot be used as additional evidence for a
primary origin; 2) careful re-examination of field notes, field photographs of the
deposits, and discussion with researchers specializing in pedogenic processes has
revealed that some fragmental clasts of the Qs4b deposits are partially coated with thin
layers of pedogenic calcite-silica. Furthermore, these coatings were broken during clast
fragmentation, and the coatings of the clasts in the deposits are not confined to the
bottom surfaces of the clasts, as would be expected if the coatings had developed after
clast deposition. These relations require that the clasts were exposed to a period of
pedogenic alteration prior to incorporation in the Qs4b deposits and fragmentation of
the clasts; and 3) no vent has been identified that could be the source of the Qs4b
deposits.

Thus, we are faced with somewhat conflicting evidence for the origin of the Qs4b
deposits. The depositional and textural data described above continue to be consistent
with a primary-volcanic rather than secondary-erosional origin of the deposits.
Moreover, several somewhat puzzling features of these deposits remain unexplained.
First, extensive trenching described in the volcanism status report has been completed
for all but the sand-mantled east side of the main cone. Moreover, the outer cone walls
have been increasingly exposed through quarrying activity. The perplexing relationship
is that deposits like the Qs4 deposits have been observed only at the south cone base.
At every other site, there are no cone-slope apron deposits, and trenched sand-ramp
deposits at the base of the cone have only minor components of basaltic scoria. In all
cases scoria clasts in the sand ramp deposits are supported in a sand matrix and do
not form distinct beds like the Qs4 deposits. These relations are inconsistent with a
secondary or erosional origin of the Qs4 deposits, as slope erosion should produce
cone-slope apron deposits that are distributed nearly uniformly around the base of the
cone slope. This observation is also somewhat inconsistent with a volcanic origin of the
deposits as eruptive processes generally disperse scoria approximately radially. A
second perplexing relationship relative to a non-volcanic origin of the Qs4 deposits is
the planar geometry of the base of the deposits, their sheet-like geometry (thickness <<
length) and location several tens of meters from the south base of the cone.

Three speculative interpretations of the origin of the deposits are that they formed
during 1) a local but significant collapse of the south-cone wall where the deposits were
formed by higher energy avalanche or debris-flow mechanisms; 2) hydrovolcanic
explosions and associated mass-flow processes that affected only the south cone wall;
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or 3) phreatic explosions that disrupted and redeposited Qs3 tephra without the
involvement of any juvenile magma. Any of these events would have had to occur
several thousands of years after formation of the main cone, given the presence of soil
horizons between the Qs3 and Qs4b deposits (Wells et al. 1990). A phreatic explosion
would not necessarily require a new magmatic event and is consistent with most of the
geologic observations, including the primary fabric of the deposits, the presence of
broken, partially coated and rotated clasts, and the planer nature of the deposits. It
would not be surprising that a small and shallow phreatic crater would not be preserved
in the geologic record after several tens of thousands of years.

The first two interpretations involving disruption of the south cone wall are not very
appealing given the apparent smooth profile of the south cone wall on the historic
photograph (Figure 2.19). The third possibility of a phreatic explosion several
thousands of years after the main volcanic activity at the center had ceased must
remain speculative, but would seem to satisfy all of the geologic observations related to
the Qs4 deposit. A phreatic explosion could not have originated within the present
crater, given the preservation of crater-filling deposits revealed by trenching. Because
of the removal of the Qs4 deposits by the quarrying activity at the Lathrop Wells
volcanic center and the closure of volcanism studies, it is highly unlikely that the origin
of the deposits will be resolved in future studies.

A surficial cover of local lenses of reworked tephra overlie the surface of the Qlla lava flow
at multiple localities 0.5 to 1.0 km south of the Qs4b quarry. Samples of the tephra were collected
and analyzed for their major and trace-element composition. These data show that the tephra can
be correlated geochemically and texturally with the Qs4b tephra and thus indicate the Qs4b unit
represents a relatively widdy dispersed tephra fall event.

FY96 & FY97 revisions

As mentioned earlier and described in detail in Chapter 4, geochemical analysis and
modeling of silt addition to tephra indicates that the unique Qs4b composition is due to
the presence of ~10% eolian silt within tephra vesicles. The parent tephra probably had
a composition similar to Qs3. Geochemical evidence alone, therefore, cannot be used
to argue that the Qs4b tephra represents a widely dispersed volcanic event.

c. Subunit Qsda. Recent trenching a few tens of meters east of the original Qs4b quarry
exposure revealed a 0.5 m thick section of fine-grained, slightly reworked tephra overlying sand
and silt deposits that, in turn, overlie the Qs4b tephra units. This tephrais somewhat similar to the
scoria of the main cone (Qs3) in concentrations of most incompatible e ements (Figure 2.17), but
has slightly lower concentration of barium, thorium, and lanthanum, lower lanthanum/cesium ratio,
a slightly higher magnesium number (55.2 versus 53.6), and higher cobalt (32.4 versus 30.0).
Thus, for the same reasons presented for the Qs4b tephra, this tephra could not be derived from
scoria reworked from the main cone. Weinterpret this tephra to represent the deposits of a primary
volcanic event.
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Photo courtesy of
Jack Crowell, Beatty, NV

Figure 2.19. Historic photograph of the south flank of the Lathrop Wells vol canic center. The photograph was taken
before initiation of quarrying activity at the center. The south flanks of the center are unmodified by erosion
indicating that tephra deposits south of the cone could not be derived from erosion of the cone slopes. The date of the
photograph is estimated to be about, 1930 based on identification of the approximate date of manufacture of the
automobiles.

FY96 & FY97 revisions

We have no new data to report for subunit Qs4a. Based on revised interpretations of
subunits Qs4b and Qs4c, however (discussed above), we are less confident that this
unit represents a primary volcanic event.

Local sections of thin primary and reworked basaltic scoria were recently noted in field
and trenching studies immediately south of the Old Quarry lava flow. A thin deposit of subunits
Qs4b or Qs4a has been identified tentatively at this site about 1.0 km south of the main cone. Here
unconsolidated, fine-grained tephra about 3 cm thick overlies a thick, prominent Av soil zone that
caps scoria-fall deposits of chronostratigraphic unit I1. Trace eement analyses of this tephra will
be obtained to test for correlations of these upper tephra units.

FY96 & FY97 revisions

Based on relatively low Th concentration, we now interpret this tephra to be reworked
from the adjacent Qs1 deposits.
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Two sail units beneath the tephra beds of chronostratigraphic unit IV in the quarry deposits
have been dated by the TL method at ~8 and 4 ka, and the ages are in correct stratigraphic
sequence (Wells et al., 1992). If these age determinations correctly record the chronology of
primary volcanic activity, two small volume eruptions have occurred at the Lathrop Wells center
since ~4 ka, indicating an unusually long and complicated eruptive history, which is somewhat
unexpected based on historic and geologic studies of small-volume basalt centers (Wood, 1980;
Wood and Kienle, 1990).

No direct radiometric age determinations have been obtained for chronostratigraphic unit V.

FY96 & FY97 revisions

The interpretation of late Holocene eruptions at Lathrop Wells rests on the assumption
that the main scoria cone is itself relatively young, on the order of 20 ka (Wells et al.,
1990). The TL age determinations and presence of soils between Qs3 and Qs4
indicate only that an age difference of ~10-15 ka exists between the two units. If, as we
now believe, the cone has an age of 75 ka, the Qs4 deposits were probably emplaced
at ~ 60-65 ka.

F. Application of Multiple Geochronology Methods: The Chronology of the Lathrop
Wells Center

FY96 & FY97 revisions

A major goal of volcanism geochronology studies since their inception was to constrain
the age of the Lathrop Wells volcanic center by achieving convergence of multiple
geochronologic techniques. This goal has been illusive and difficult to attain, but new
measurements completed in FY96 lead us to believe that we have largely achieved the
original goal. The major accomplishment towards attaining this goal was the completion
of multiple whole-rock and tuff xenolith sanidine “’Ar/*’Ar ages at the New Mexico
Bureau of Mines. These ages are surprisingly reproducible and are generally
concordant with existing *He and **Cl cosmogenic exposure ages and with new TL
ages. Together these techniques indicate that the Lathrop Wells center formed
between about 65 and 85 ka. The only defensible evidence contrary to this conclusion
is a U/Th disequilibrium isochron of 50£15 ka from the stratigraphically youngest flow,
which leaves open the possibility that some eruptive activity took place 10-20 ka after
the majority of the center had formed. The new geochronology data are discussed by
technique in the following sections.

The Lathrop Wells volcanic center has been the subject of comprehensive geochronology
studies. More fidld and geochronology data have been gathered at the Lathrop Wells center than all
of the Pliocene and Quaternary volcanic centers of the YMR; it may be one of the most carefully
studied small-volume Quaternary basaltic volcanic centers in the world. Establishing the
chronology of the center has proven to be problematic using both conventional and devel opmental
geochronology methods. The age of the center (<150 ka) is near the lower analytical limit for the
conventional K-Ar methods, particularly for low-potassium, basaltic volcanic rocks. The ages of
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most of the volcanic units of the center are too old to date using the *C method, even if sources of
datable carbon were present. We are applying developmental chronology methods that have limited
histories of testing and development for young volcanic rocks (U-Th disequilibrium, cosmogenic
*He, TL). Finally, we are attempting to resolve stratigraphic relations and the chronology of
volcanic events at alevd that is near the limit of the discrimination abilities of current
geochronology methods and field geologic studies.

Not surprisingly, given the unprecedented level of detail of studies of the Lathrop Wells
center, there have been and continue to be controversies concerning the interpretations of the data.
The origins of the controversies are differences in interpretation of the age and eruptive history of
the center (Turrin et al., 1991b, 1992; Wdls et al., 1992) and differences in opinions of what
constitutes a conclusive data set (Crowe et al., 1992). We have chosen, in recognition of these
controversies, to apply avariety of largely independent geochronology methods. It is important to
establish the age of the Lathrop Wells volcanic center with an acceptable degree of confidencein
order to apply this information to volcanic risk assessment for the potential Y ucca Mountain site.
Increased confidence in the results of chronology studies will be obtained if there is convergencein
the age determinations using independent chronology methods.

In the following parts of Chapter 2, we assess by individual methods the results of
geochronology studies for the Lathrop Wedls center. We attempt to evaluate the underlying
assumptions, resulting data, and the strengths and the weakness of each method recognizing that
there may never be a complete consensus concerning the results and interpretations of the
geochronology data.

1. K-Ar AgeDeterminations. A large number of conventional K-Ar age determinations of
whole-rock samples of basalt from the Lathrop Wells volcanic center have been obtained from
multiple analytical laboratories (Sinnock and Easterling, 1983; Turrin and Champion, 1991;
Turrin et al., 1991b). These age determinations show a wide range in measured ages (negative ages
to > 700 ka), generally large analytical errors for individual measurements, and poor
reproducibility between analytical laboratories (Crowe et al., 1992). The most comprehensive
summaries of the results of the whole-rock K-Ar age determinations are by Turrin and Champion
(1991) and Turrin et a. (in press). They obtained replicate K-Ar ages of whole-rock, samples
collected at separate sitesin the QI1, Qs3, and QI3 units. The measured ages of their samples range
from 34 © >650ka. Turrin and Champion (1991)reported aweighted mean of 116+ 13 kafor
their QI5 unit (acombination of Qlla, Qslb,and Qs3 wits) and 133+ 10kafor their QI3 wnit (a
combination of QI2 subunits).

There are threeconcernswith these reported ages. First, the combination of units doesnot
correspondto the stratigraphic subdivisions established from the field and trenching studies.
Second, theanalytical errors of the K-Ar agesare too large because oflow radiogenicyield for the
results to be used to discriminate the ages of diff erent volcanic units. Third, the weighted mean is
not an acceptable methodfor calculating theage ofthe units because the daita show anonGausdan
distribution (Croweet al., 1992;Wedls et al., 1992),and thereis evidence of systematic biasin the
age deerminationstoward olderages.

We have attemptedto ewaluate the convertional K-Ar age deéerminations of Turrin and
Champion (1991).Their measured ages are grouped by the defined volcanic stratigraphic units
used inthis report. Theage déerminations were notobtainedunderan approvedQuality
Assurance program and cannotbe usedfor the YMP. Howeve, theage déerminationsare of high
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quality analytically and can be used as an aid to interpreting the age of the volcanic center.
Additional K-Ar or “Ar/®*Ar age determinations are being obtained under a fully qualified Quality
Assurance program and will be used to verify the nonqualified K-Ar data.

Sixteen whole-rock, K-Ar age determinations were reported for chronostratigraphic units|, 11,
and 111 (3 age determinations for subunit QI3, 9 age determinations for subunit Ql2a, and 4 age
determinations for subunit Ql1a) (Turrin et al. in press). Descriptive statistics for the age
determinationsare listed inTable 2.3. Theagesrangefrom aminimum of 37 +29 kato a
maximum of 571 + 360ka.

Table 2.3. Descriptive Statistics for Conventional K-Ar and “Ar/*Ar Data Sets of Turrin et al. (1991b).

Statistics Agesin  Conventional K-Ar  “Ar/®*Ar  “Ar/*Ar (outliers
ka. (outliersremoved) removed)
N 16 12 32 25
Min 37 37 -20 42
Max 571 211 947 311
Range 534 174 967 269
Mean 214 134 231 161
Median 154 147 170 147
Variance 22,719 2,717 40,082 4,545
Standard Deviation 150 52 200 67
Standard Error 38 15 35 13
Skewness 1.13 -0.49 2.1 0.5

The mean of thedata st is 214+ 151ka (1s). The sample varianceis large (22719)and
there are several indicators of a nonniomal data dstribution. These include that the mean (214 ka)
is greater than the median (154ka) and the data ae positively skewed (1.13).The nonnamal
distribution of the dita isshown inFigure 2.20, aprobahility plot of the dita set. Theplot shows a
noninear datadistribution, with sgnificant deviationin the upper tail (older ages). The data &t
was ewaluatedusing thebox, and stem and leaf diagrams. These plots showthe preserce of aitlier
data pointsin the data st. The outliers are samples coll ected from a flow lobe of subunit Ql2a.
This flow is ndable in thefield by the preserce of abundant fragmerts of tuff probably derived
from the underlying Timber Mountain Tuff. These samples were judged to have a highposshili ty
of beingcontaminatedand were removedfrom the dita set. Therevised dita wee rerun through
successve iterations using the statistical routines. All outlier points identified in successve runs
were removedfrom the dita set. TwelveK-Ar determinationsremain after this screening.
Descriptive statistics for the edited sample set are listed in the second colmn of Table 2.3. The
minimum age ofthe edied sample subset is37 + 29 ka(unchangedfrom the aiginal data set), and
the revised maximum ageis 211+ 340ka. The sample mean of the screened data st is 134+ 52
ka and its probabili ty plot is near-linear (Figure 2.21). The variance of the sample set is reduced by
amost an arder of magnitude from the original data set and the mean is close to but still slightly
smaller than the median. The dita set with autliers removedshows negtive skewness (—0.49).
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Figure 2.20. Probability and box plots of the conventional whole-rock, K-Ar data of Turrin et al.
(19914). The data are nonlinear on the probability plot indicating a nonGaussian distribution. Thisis
verified by box diagram, which shows nonsymmetrical hinges and the presence of outliers. The
median of the box diagram is marked by the center vertical line. The median splits the data in half,
and the hinges split the remaining halves in half. The whiskers, or end lines of the box diagram,
bound the range of data, which falls within 1.5 Hspreads, where Hspread is the interquartile range.
Values outside the whiskers are plotted with asterisks and are considered outliers. The scale of the
box diagram is the same as the x-axis of the probability plot. Plots and statistical routines are from
SYSTAT version 5.0.
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Figure 2.21. Probability and box plots of the conventional whole-rock, K-Ar data of Turrin et al.
(19914) with outliers removed. The data show improved linearity on the probability plot and near
symmetrical hinges on the box diagram. The features of the box diagram are the same as for Figure
2.20. The scale of the box diagram is the same as that of the x-axis of the probability plot.
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The sample mean of 134 + 52ka (1s) can be regardedas an approximation of theage of kva
units of the Lathrop Wels volcanic center with two cautons. Frst, the data &t, even with outliers
removed,shows apositive correlation betweenpercerntage radiogenicargonand measured age of
the sample (Figure 2.22). This positive correation suggests the whole-rock age determinations are
probably biasedtoward olderages. Thereal age ofthe dited bvas may be somewhat youngerthan
the mean of 137 ka. Second, themean age ofthe convertional K-Ar data set is \alid only if the
dated volcanic units are from the same volcanic unit or all the volcanic units have the same age.
This iscontradicted by field, stratigraphic, geomorphic, soil, and chemical data that show the dated
lavas are from threedistinct chrongstratigraphic units with probable diff erent ages. We conclude
that theconvertional K-Ar data set provides only a gpss estimation of theage ofthe Lathrop
Weélls volcanic center and cannotbe used to discriminate the identity or ages of individuial units.
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Figure 2.22. Plot of percentage radiogenic argon versus age by the conventional K-Ar age
determinations of Turrin et al. (19914a). The data show a positive correlation between age and
percentage radiogenic argon, suggesting the age determinations are contaminated and biased toward
older ages. The plot uses the same data set as Figure 2.20, so the effect of outliersis removed.

2. “Ar/*Ar Age Determinations. Turrin et a. (1991b)report weighted means of 183+ 21
ka for a mmbination of units Q3 and Ql2a, 138+ 54 ka for unit Ql1la, and 149+ 45ka for unit
Qslb for samples from the Lathrop Wells certer that were analyzedusing a wholerock “Ar/*Ar
method, fundamertally the same methodas the K-Ar method. These age déerminations wee not
obtained underapproved YMP quality asaurance requiremerts. Howeve, theyagain are judgedto
be good dta analytically and useful potentially for constraining the age of the Lathrop Wells
certer. Howeve, the same interpretative concerns «ist for these samples as the convertional K-Ar
age determinations. Specifically, the chronology dta are combined for units that do notcorrespond
to the chrongstratigraphic units. Additionally, the data dstribution is norGausgan and there is
eviderce of contamination (correlation betweenpercertage radiogenicargonand age —Figure 2.25)
of some of the samples. However, in this case, Turrin et al. (1991b)nate that some of the samples
are contaminated and excludethese age deéerminationsfrom their chta interpretations.
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The “Ar/* Ar ages of samples from chronostratigraphic units|, |11, and 111 range from —20 +
263 © 947+ 24ka. Themean ageis 232+ 200ka (Turrin et al., 1991b). [@saiptive sttistics for
this sample set arelisted in Table 2.3 The mean (232ka) is greater than the median (170ka). The
data are strongly skewed positively (2.1), andthereis large variance. The probabili ty plot (Figure
2.23) showsthe dita are nonnomal with an upper tail skewed toward older ages. The box, and
stem and leaf diagrams identify, through successve iterations, four samples as autliers. Theseare
the same four samples that were inferred to be contaminated by Turrin et al. (1991b).The samples
were removedfrom the dita set and the dita set rerun through the statistical routinesuntil all
identified autliers were removed. Descriptive statistics for the revised data set arelisted in Table
2.3. Therevised dita show improved linerity ontheprobabili ty plot (Figure 2.24). Howeve, the
mean still exceadsthe median and the data remain positively skewed (0.5). This strongly suggests
that the variance inthe dhta set cannotbe ertirely analytical. Thebest estimate oftheage ofthe
older threechronastratigraphic units combining all data is162+ 67 (Is) or 162+ 134 (%) ka.
Howeve, therevised dita set oftheAr/®Ar age déerminations, similar to the convertional K-Ar
age deéerminations, shows apositive correlation betweenpercerntage radiogenicargonand age
(Figure 2.25). The “Ar/*Ar data must, like theconvertional K-Ar data set, provide onlyan
estimated maximum age estimate for the older chronastratigraphic units.

Turrin (1992, pp. 226—235gported preliminary resuts of step-heating data for selected
samples oftheLathrop Wells certers. These results show increased abundance of radiogenic
argon,and are less subject to bias toward olderagesfrom thepreserce of excess argon or
contamination. The preliminary results show promise for constraining more precisdy the ages of
the Lathrop Wdlls anter. The revised ages of subunit Ql2a from the Lathrop Wells center are 104,
123,and 122ka (Turrin et al., 1992). hsufficient information was presented to list the analytical
errors asociated with these measurements. However, Turrin et al. (1992) pesented an isochron
age of 107 £+ 33ka for unit Ql2a. These ages are younger than the convertional K-Ar and data of
Turrin and Champion (1991)and Turrin et a. (1991b)and support the interpretation that the latter
age deéerminations are somewhet old because of excess argon. They ovelap analytically with ages
reportedfor the bvas of Ql2a dotained by the cosmogenic®He method.

3. Summary. Converional K-Ar and “Ar/*Ar age déerminations can be examined onlyfor
samples collected from combinations of chronastratigraphic units |, I, and Ill. The methods yield
mean ages of about 137+ 52ka (1s)and 162+ 67 ka (1s),respectively. Both methodsare
insufficiently preciseto discriminate the ages of individual volcanic units. The presence of data
outliers, thepositively skewed @ta dstribution, and the positive correlation betweenpercertage
radiogenicargonand ageall suggest theage deéerminations are biased slightly toward olderages.
Thepreserce of excess argon in olivinephases(Poths and Crowe, 1992)indicates that excess
argoncould be present in dher phases, naably glass which is acommon goundmass constituert.
An alternative source ofthe excess argonmay be from incorporation of lithic fragmerts of
Miocene tuff. These fragments show evidence megascopically of partial melting, and the excess
argon irtroduced irto the lva during partial melting may have hed insufficienttimeto degs
efficiently before solidification of the kvas. Concerns about therange of @ta and particularly the
correlation betweenradiogenicargonand age suggest that the radiometric age deéerminations must
beinterpreted cautioudy. At best they may be maximum ages. Although the age bias may nat be
large, it is canplicated by cambining radiometric ages from diff erent clhronastratigraphic units.
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Figure 2.23. Probability and box plots of the *Ar/*°Ar data of Turrin et al. (1991b). The data show a
nonlinear distribution on the probability plot indicating a nonGaussian distribution. The box diagram
shows nonsymmetrical hinges and the presence of outliers and far outside outliers. The markings of
the box diagram are the same as Figure 2.20. The scale of the box diagram is the same as that of the

x-axis of the probability plot.
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Figure 2.24. Probability and box plots of the **Ar/*°Ar data set of Turrin et al. (1991b) with outliers
removed. The data show an improved distribution on both the probability and box plots but are still
skewed toward older ages. The features of the box diagram are the same as Figure 2.20. The scale of

the box diagram is the same as that of the x-axis of the probability plot.
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Figure 2.25. Plot of percentage radiogenic argon versus age for the “’Ar/*Ar age determinations of
Turrin et al. (1991b). These data, like the conventional K-Ar age determinations, show a positive
correlation between percentage radiogenic argon and age, suggesting the age determinations are
biased toward older ages.

FY96 & FY97 revisions

During FY95 and FY96, new “°Ar/**Ar measurements were completed at NMBM for
eruptive units at Lathrop Wells. Because of their reproducibility and small analytical
error, these measurements, in our opinion, supersede all previous K-Ar and “°Ar/**Ar
measurements for Lathrop Wells discussed in Crowe et al. (1995). The samples
analyzed included modified whole rock (phenocrysts removed) and partially melted
sanidine from Miocene tuff xenoliths in eruptive unit Q2. It should be emphasized that
the basalt whole-rock and xenolith sanidine represent completely independent systems
for estimating the age of the Lathrop Wells center. Concordance in age determinations
using these two systems would suggest with a high degree of confidence that an
accurate age has been determined.

Five samples, from lava flows QI1b, Qllc, Ql1d, QI2 and QI3, were selected for “°Ar/*Ar
analysis. Six replicate splits of four samples and four replicates of the remaining sample
were analyzed using *°Ar/*’Ar incremental step heating. These results, including all of
the individual split plateau and isochron ages as well as the weighted means of the
replicate age determinations for each sample, are summarized in Table 2.C. Individual
replicate plateau ages and weighted means for each sample are summarized and
compared with previous replicate *°Ar/*°Ar whole-rock determinations from Turrin et al.
(1991b) in Figure 2.A. Complete analytical data for all of the replicate splits are
presented in Appendix 2.2.
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Plateau and isochron ages calculated from the “°Ar/*°Ar data give concordant results
for four of the five samples, with ages ranging from ~65 to 85 ka (Table 2.C, Figure
2.B). The fifth sample, from QI3, yields a geologically unreasonable age of ~200-300 ka
for reasons that are not clear. Based on the whole-rock ages of flows Ql1b, Qllc, Qlid
and QI2, no age difference can be demonstrated between flows, and we conclude that
all of the flows erupted at ~75+10 ka. The “°Ar/*°Ar ages are in accord with multiple *He
cosmogenic exposure ages of flows ranging from ~80-100 ka, with no systematic age
differences between flows (Table 2.4).

Thermally reset sanidine within Miocene tuff xenoliths of QI2 and the Qs2fs scoria fall
sheet yield *Ar/*Ar plateau ages ranging from 69-106 ka with an outlier at 309 ka
(Table 2.D). Complete analytical data are presented in Appendix 2.2. These ages are
considered maximum ages because of the possibility of excess argon and degassing of
older crystal cores that were not completely thermally reset. Ages at the younger end of
the age spectrum are, thus, considered to more accurately reflect the true age of the
thermal event (i.e., inclusion within lava). The best sanidine measurement
(LW140FVPal, Lab# 818-01) yielded 5 heating steps with ages ranging from 74 to 81
ka and % radiogenic argon ranging from 21-53% (Appendix 2.2). The plateau age of
this sample (78.8+3.6) is in close accord with whole-rock “°Ar/**Ar ages from Lathrop
Wells, indicating that an age of ~75 ka is a reliable estimate of the age of the Lathrop
Wells center.

500

Ql4 flow ages
O Turrin et al. (1991)
- laser fusion ages
400 u] ® This study 1
i plateau ages

300

200

Age (ka)

100

100

Figure 2.B. Comparison of “?Ar/**Ar whole-rock plateau ages of Q1 flow samples (QI1b, Qllc, Ql1d flows)
from NMBM (solid circles) and Turrin et al. (1991b, open squares). Error bars are 20. Despite the lack of
reproducibility among individual determinations and the large analytical uncertainties, Turrin et al. (1991b)
concluded that the age of the Lathrop Wells center is approximately 140+10 ka. Data from NMBM indicate
the age of the center is ~75+10 ka based on reproducible determinations with relatively small analytical
errors.
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Table 2.C. Summary of whole-rock “Ar/*Ar results from Lathrop Wells using different reduction methods

Sample eruptive unit plateau S&A (1987), plateau steps Isochron  “°Ar/*Ar; MSWD  Isochron  “Ar/*Ar;
(all have age T(1982Y & age’ all steps all steps age€  Plateau step:
“FVP” %*Arin  all steps Plateau
suffixes) plateau steps
LW-154a  QI2 74.7 146,100 bk, 97.7% 87+15  293.4%2.2 1.3 81+16  294.2+2.4
LW-154b  QI2 75.0 13.8,9.2  d-g,62.3% 39.846.2  304.4+2.2 15.3 72434 296.249.4
LW-154c  QI2 62.8 12.8,10.2 c¢-h, 78.0% 57+l15  297.442.6 2.2 77121 292.644.0
LW-154d  QI2 91.2 15.0,9.2  dk, 100% 8016  297.5:2.6 16 80+16  297.542.6
LW-154e  QI2 81.6 14.6,9.0 bk, 100% 9014  294.0+2.2 1.6 90+14  294.042.2
LW-154f  QI2 74.2 12.6,8.6  dk 85.6% 8814  291.742.2 2 84116  293.4B3.0
S&A(1987) 75.529.4 | 74145d 296.4£1.0 52 [ 80616|6 294.9+1)2
T(1982) 77.143.8 ' ' '
LW-157a QI3 np 151414  310.823.0 27
LW-157b QI3 337.6 56, 35 b-,91.0% 344152 344152 2.4 315:60  296.743.0
LW-157c QI3 205.8 51, 26 d-g,53.4% 115224 115424 7.2 140168  303.349.6
LW-157d QI3 np 88+14  311.622.8 12
S&A(1987) 266+136 14749 309.4+1.2 14 192430  300.7+2/4
T(1982) 25321
LW-150a  Qllc 71.9 104,79  ch 752% 89+11  289.7+2.6 1.4 80+18  292.816.
LW-159b  Qllc 72.1 12.1,8.2 bk, 97.9% 77+l11  294.22.4 1.5 73:12  295.442.8
LW-159¢  Qllc 68.9 18.2,10.0  fi,50.7%  65+11  295.8%2.6 3.1 42423 305.547.6
LW-159d  Qlic 76.9 11.0,7.9  ak, 100%  84+11  293.5:2.4 0.8 84111  293.542.4
LW-159e  Qlic 81.1 10.8,8.0  ak, 100%  85:12  294.5:2.4 0.9 85:12  294.542.4
LW-159f  Qlic 58.2 19.6,13.2 ek, 63.9% 81+l6  292.73.2 3.1 43124  298.746.6
S&A(1987) 74.07.4 [ 80.8x4.d 293.5£1.0 1.9 | 763:5)6 294.8+1)4
T(1982) 73.543.6 ' ' '
LW-160a  Ql1b 82.0 210,130 i, 685% 59+17  300.4%2.6 1.7 74126 296.9:4.
LW-160b  QI1b 105.7 236,136  Db-,81.5% 6013  302.9+2.6 6 83122  298.943.0
LW-160c  QI1b 85.8 17.2,128  ck97.1%  66+18  299.02.4 0.6 71320  298.142.8
LW-160d  QI1b 815 19.4,10.2 bk, 100%  58+15 299.241.8 0.8 58+15  299.241.8
LW-160e  Qllb 91.9 16.6,9.4  f§,81.6% 7914  298.8+2.2 2.4 82+16  297.843.0
LW-160f  Qllb 67.0 17.0,9.6  e4,59.0%  55:12  299.842.0 2.1 56116  298.243.8
S&A(1987) 84.312.6 | 63.0:54  300.0+8 2.4 66.9t6|8  298.8+1|2
T(1982) 83.9+4.5 ' S&P(1996)* | 68.6:8.8| 298.1+1.6
LW-169a  Qlid 83.2 19 af 725%  77+18  296.12.6 2 9028  294.215.(
LW-169b  QI1d 81.6 17 c,100%  88+20  294.32.8 0.4 88120  294.312.8
LW-169c  Ql1d 675 36 e4,91.1% 6926  294.6+3.8 1.9 57+30  297.34.8
LW-169d  Ql1d 77.4 21 c,97.6%  53+20  299.9+2.8 0.7 58122  298.8:3.2
Ql1d np 17+4 300.0+3.8 338
LW-169f  Qlid 66.0 31.8,250  c4,100% 7034  295.0+4.4 0.7 70+34  295.044.4
S&A(1987) 7711 | 67.0:8.4] 296.6+1.2 1.8 | 75:11]  296.1+1lp
T(1982) 78.427.4 ' ' '

1 S&A(1987) - Error calculation using the method of Samson and Alexander (1987)
2 T(1982) - Error calculation using the method of Taylor (1982)

3 Isochron intercepts determined using the regression method of Y ork(1969)

4 S&P(1996) - Isochron age given using only the plateau steps from the LW-160 replicates (LW-160a,c,e,f)
which meet the criteria of Singer and Pringle (1996)
Bold type indicates either weighted mean plateau ages of combined replicate runs or isochron ages determined
by regression of all steps of all sample runs or regression of just the plateau steps of all replicate runs

5 -The decimal for the plateau age and error for individual runsis not significant, but is provided to prevent

rounding errors for those wishing to reproduce the wei ghted mean cal culations

All agesareinka, and all errorsare 20
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Table 2.D. Summary of xenolith sanidine plateau ages from NMBM

Sample L ocation HF acid  Plateau steps & Plateau age “Ar/*°Ar; MSWD
(all have Treatment % *Ar in plateau (ka)

“FVP”

suffixes)

LW140al Lathrop Wells, Qs2fs yes G-K, 37.8% 78.8+3.6 2945+6.6 4.1
LW140a2 Lathrop Wells, QsZs no A-J, 461% 75.4+8.4 28812 05
LW143al Lathrop Wdlls, QI2 yes F-J, 355% 83.7+5.9 31214 3.2
LW143a2 Lathrop Wdlls, QI2 no H-N, 309% 1011+7.2 303t11 1.7
LW143a3 Lathrop Wdlls, QI2 yes A-l, 24.3% 7912 3025+6.0 1.8
LW143a4 Lathrop Wdlls, QI2 yes A-K, 38.2% 30911 30415 1.7
LW14301 Lathrop Wells, QI2 yes A-J, 625% 7210 2983+26 1.7
LW14302 Lathrop Wells, QI2 no A-N, 53.4% 69+17 297016 0.8
LW143p Lathrop Wells, QI2 yes A-H, 438% 105746.5 2948+26 14
LW143u Lathrop Wells, QI2 no H-N, 324% 89.2+6.5 2957+26 0.6
LW145al1 Little Cone, SW yes A-G, 15.0% 902+34 297.8.0 1.9
LW145a2 Little Cone, SW no A-F, 20.4% 905+92 292536 1.6

! Plateau a@s and errors calculated with Samson and Alexander (1987) nethod
All errors are 26

4. U-Th Disequilibrium Age Deter minations. Mass spectrometric techniques were used to
obtain 2*U-*Th disequilibrium isochron ages for lavas from chronostratigraphic units | and 1.
Under appropriate conditions, this method can provide the crystallization age of the lava. A
fundamental assumption of application of the U-Th disequilibrium method is a short residence time
for the crystallized mineral assemblages both in storage and in ascent relative to the eruption age of
therocks. The small grain size and the absence of phenocrysts (only microphenocrysts) suggest
this assumption has been met. Application of the U-Th disequilibrium method also requires
measurable fractionation between the phases that can be separated from the rock. We have been
unable, despite considerable laboratory effort, to obtain phases with sufficient U-Th separation to
produce high precision isochrons. The observed small degree of U-Th fractionation in measured
phases appears to be a characteristic of the minerals themsalves, not a reflection of poor physical
separation of phases.

Two attempts were made to obtain an isochron age for the QI3 lava. The first measurement,
made using solid source mass spectrometry, was 140 = 40 (1o) ka (Crowe et al., 1992). Additional
attempts were made to obtain more refined separation of mineral phases using the same sample of
the QI3 lava. A second mass spectrometric measurement gave an isochron age of 125 + 45-30 (lo)
ka (Figure 2.26). A larger spread in U/Th ratios was obtained for the Ql1d lava (Figure 2.27). The
isochron age of this sampleis 135 + 2045 (1) ka. The microphenocrystic olivine and plagioclase
separatesfor the Ql1d isochron plot off the isochron inthe drection of uranium errichment (Figure
2.27). Interactions betweenuranium-rich fluids and magma are commonly discussed inthe
literature and may providean explanation for the points of Figure 2.27 that plot off the isochron.
Howeve, examplessimilar to the plot of the Ql1d data have notbeenreported previously in the
literature. Thefinegrainedphasesof the sample appear to have beenunaff ected by the uranium
errichmentand therefore may postdate the irteraction with uranium-rich fluids. Electron
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microprobe data for the microphenocrysts and fine-grained phases of the sample may provide more
information about the relationship among the analyzed phases used for theisochron of Figure 2.27.

Two lines of evidence support the rdiability of the U-Th disequilibrium isochron ages: (1) the
ages areinternally consistent and reproducible for both replicate and separate samples of lava
units, and (2) the ages are generally consistent with the results of the K-Ar ages of the lava units
(Turrin et al., 1991b;, 1992). The weaknesses or inconsistencies of the isochron ages are twofold:
(2) thereis limited U/Th fractionation of analyzed phases in both sample sets and some evidence of
complexity in the distribution of uranium in the analyzed phases of the Ql1d sample; and (2) fidd,
stratigraphic, geomorphic, and chemical data suggest that the two lava units are from distinct
volcanic events of probably different ages. Thisis perhaps best illustrated by the fied relations of
the lavas of chronostratigraphic units | and 111. A Ql1c lava crops out about 0.4 km directly east of
the analyzed QI3 lava. The flow bottom is 10 m below the modern surface, and the flow top is
covered by several meters of colluvial and eolian debris. The top of the QI3 lavais 3 to 4 m above
the modern surface. We conclude that there should be a measurable difference, using the U-Th
disequilibrium method, in the ages of the analyzed lavas. Two explanations are possible for the
similarity in measured ages. First, differences in the ages of the two lavas may be less than the
analytical precision of the U-Thisochron ages (25 to 40 ka). Second, the U-Th isochron ages may
be affected by other processes and may not record the eruption age of the volcanic events.
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Figure 2.26. U-Th isochron plot for the QI3 lava, sample LW-89-3-21-2BMC.

2-87



1.15
1.10
(230Th/2%2Th)
1.05
1.00 - olv-mag
+20
0.95 - DN ka
WL
0.90 mag, &< s-olv
23/ \plag
2 >2.8 U\
0.85 - mtx en”ch”le/lf A
.. l-olv
~<—equiline
0.80 T T T T T T
080 08 09 095 100 105 110 1.15
(238U/232Th)

Figure 2.27. U-Thisochron for the QI 1d lava, sample LW-2-21-91-1BMC.

FY96 & FY97 revisions

Two new U-Th disequilibrium isochron ages were completed in Late FY95: 1) a bomb
sample from the main cinder cone (Qs3), and 2) a re-measurement of the QI3 lava flow,
using more efficiently separated mineral phases that included groundmass
clinopyroxene (Figure 2.C). Analytical data for these measurements and a previous
measurement of Ql1d are presented in Appendix 2.3.

The U-Th age obtained from Qs3 of 324 ka is geologically unreasonable and is strongly
controlled by the U-Th isotopic composition of olivine and magnetite contained within
olivine. A possible explanation of the apparently old age is that some proportion of the
olivine phenocrysts are older xenocrysts. Calculation of an isochron age using only
groundmass phases would yield a much younger age that may be closer to the
crystallization age of Qs3 but would have a large error. The U-Th age for QI1d of ~135
ka reported earlier in Crowe et al. (1995) is older than the new “°Ar/*°Ar age of ~75 ka
(Table 2.D). Possibly, like the Qs3 isochron, the older age is due to a component of
xenocrystic olivine.

The U-Th age for QI3 of ~50+15 ka is younger than the ~75 ka age of the other lava
flows based on “°Ar/*°Ar data. The U-Th age is strongly controlled by the isotopic
composition of groundmass clinopyroxene, a mineral phase that should reliably record
the crystallization age of the lava. Based on U-Th data, therefore, an argument can be
made that the QI3 flow is measurably younger than the other lava flows by 10-20 ka.

2-88




The only other age constraint on the Q13 flow is 3He cosmogenic exposure ages of
59+15,72+12, and 92+17 ka (Table 2.4). We interpret the oldest (and most recently
obtained) of the *He ages as most accurate, because it was sampled after experience
was gained in identifying lava surfaces most likely to be original lava surfaces. We note
that the ~50 ka isochron for QI3 is the only U-Th isochron from Lathrop Wells not
dependent on the composition of olivine phenocrysts or magnetite inclusions within
olivine. It is therefore probably the most reliable U-Th isochron from Lathrop Wells.
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Figure 2.C. U-Th disequilibrium isochron plots for Qs3 (top) and QI3 (bottom).
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5. Cosmogenic Helium Surface Exposur e Ages. We have estimated the ages of
chronostratigraphic units at the Lathrop Wells volcanic center by measuring the accumulation of
cosmogenic *He in samples collected from surface outcrops of subunits (Crowe et a., 1992, Poths
and Crowe, 1992). Multiple samples were collected from surface exposures on the Ql1, QI2, and
QI3 lavas. Callections of volcanic bombs were made from the summit and the flanks of the main
scoria cone (Qs3), and a scoria mound of the and Qs1 subunit. The results of these measurements
arereported in Table 2.4.

Lava samples were collected from primary lava flow surfaces with unrestricted exposure to the
cosmic ray influx. Several tens of square meters of outcrop were inspected at each sitein an
attempt to identify unmodified surfaces. A variety of criteria were employed. Generally, we
attempted to avoid areas of active sand accumulation. Samples were collected from aa spines that
projected above the height of active sand deposition/movement to avoid samples with histories of
surface cover. Primary surfaces could be identified by the presence of vesicular flow tops and
irregular clinker surfaces. In some cases we were able to collect specimens with preservation of
fragile surface flow textures. Areas of fractured rock were avoided where samples could spall,
rotate, or change surface geometry. The degrees of rock varnish coatings were examined on the
flow surfaces. Freshly exposed surfaces or surfaces with complex exposure history from processes
of rock fracturing, spallation, or mechanical weathering could be identified by the contrastsin
surface coatings of rock varnish. Generally, replicate samples yidded consistent ages for samples
collected in small areas. Additionally, samples collected from related but spatially separate flows
gave consistent results (Ql1a and Ql1b flows). The consistency in the *He ages suggests that
careful collection of surface samples from lava flows can give reproducible results and the
exposure history of lava samples to cosmic ray flux at these sitesis not complicated. Marked
differences in sample ages were noted for only one lava site and the main cone.

Samples collected from scoria cones, not unexpectedly, show more age variability than the
lava samples, directly reflecting the erosional instability of the scoria surfaces. The most variable
cosmogenic *He age measurements were obtained for the suite of samples collected from the main
cone, the most geomorphically unstable feature in the center. The same effect was noted by Zreda
et al. (1993) for *Cl ages of flow and scoria surfaces although they analyzed only a small number
of replicate samples. Generally, ®*He ages collected from scoria deposits should be interpreted as
minimum ages, and the best approximation of the emplacement age should be provided by the
oldest helium exposure ages.

We collected one set of samples to test the assumptions of the cosmogenic *He surface
exposure method for obtaining age determinations and to test independently the assumption of no
unidentified inherited *He component. A sample was collected in the interior of the buried flow
(Ql1c) exposed in trench LW-1. The flow was shielded from the surface by at least 5 m of debris.
If all of the methods for obtaining surface exposure ages are correct and the sample was always
shielded form cosmic rays, it should give a zero age. The measured age of the sampleis 6 + 5 (20)
ka for alava from chrongstratigraphic unit | that should be ~100ka and provides verification that
the method assumptionsfor the cosmogenic*He method are reasonable. The norzero age ofthe
sample may result from peneration of the muon componentof the cosmic ray flux to considerable
depth.
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Table 2.4. Summary of cosmogenic®He data and ages from Lathrop Wells

Sample Unit Sample cosmogenic 26 percent Production rate” *He 26
type *He (x10°  cosmo- (atoms/gram/yr) Age  (ka)
(x10° atomsf® atoms) genic *He (ka)
LW86FV P mostmag/ 1 Qs3 bomb 11.73 3.56 94 230 51 15
LWB86FVP mostmag/2 Qs3 bomb 10.29 3.33 89 230 45 14
LW86FVP medmag Qs3  bomb 14.83 3.37 92 230 64 15
LW86FVP leastmag Qs3  bomb 14.29 2.88 96 230 62 13
LWS87FVP Qs3  bomb 8.79 2.42 91 230 38 11
LW88FVP/1 Qs3  bomb 7.70 2.75 86 230 33 12
LW8BFVP/2 Qs3  bomb 6.90 2.10 90 230 30 9
LW4-2-91-6 BMC Qs3  bomb 10.70 1.61 90 227 47 7
LW4-2-91-8BMC/1 Qs3  bomb 7.81 2.43 8l 229 34 11
LW4-2-91-8BMC/2 Qs3  bomb 8.05 1.97 89 229 35 9
QCSs1-2BMC Qs3 scoria 9.75 2.06 92 228 43 9
QCSs1-1BMC Qs3 scoria 8.67 2.28 90 228 38 10
LW83FVP/1 QI3 flow 14.97 2.59 94 209 72 12
LW83FVP/2 QI3 flow 12.33 3.08 89 209 59 15
QH4-2FVP QI3 flow 19.16 3.63 95 209 92 17
LW4-2-91-1BMC Q2 flow 17.77 3.68 89 208 85 18
LW4-2-91-3BMC/1 Q2 flow 20.54 4.27 97 208 99 21
LW4-2-91-3BMC/2 Q2 flow 18.85 271 96 208 90 13
Q3H-1FVP Q2 flow 18.61 2.21 97 208 89 11
Q4H-1FVP Q2 flow 22.56 3.95 97 210 107 19
LWB89FVP/1 Qlla flow 18.23 271 91 203 90 13
LWB89FVP/2 Qlla flow 16.90 3.68 89 203 83 18
Q5H-1BMC/1 Qlla flow 16.76 2.67 92 203 83 13
Q5H-1BMC/2 Qlla flow 18.39 2.35 93 203 91 12
Q5H-2BMC Qlla flow 19.76 3.02 91 203 97 15
Q5H-3BMC Qlla flow 17.80 2.20 89 203 88 11
Q5H-4BMC Qlla flow 17.63 3.11 94 203 87 15
Q5H-5BMC Qlla flow 18.52 2.35 92 203 91 12
Q5BH-1FVP Qllb flow 19.95 3.51 95 205 98 17
Q7H2-FVP Qllc flow 18.99 3.72 93 211 90 18
Q6H-2BMC Qlld flow 16.59 2.86 96 209 80 14
Q1H-1BMC Qsl bomb 13.42 2.69 85 208 | 64 | 13

@corrected for sample thickness and geometry (generally <5% correction); values also differ from those in Crowe et
al. (1995) due to a 5% correction for *He mass bias during measurement.

® production rates based on data from Cerling and Craig (1994); these production rates result in

ages several percent older than any previously reported from the Los Alamos studies.

“boxed values are considered lower age limits due to uncertainties regarding sample alteration

(Qs3 and Qs samples) and preservation of original volcanic surfaces (all samples).

4*/1" and"/2" indicate replcate analses “mostmag’, “medmag’, and “leastnag’ refer © most, medium, and least
magnetic olivine separates.
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There are two concerns with age determinations obtained by the cosmogenic *He method. The
first is the possible varied surface exposure history of the dated material. Minimum ages will be
obtained if there has been erosional removal of deposits originally covering the sampled surface.
For example, field studies have shown that the deposits of chronostratigraphic unit | were covered
by as much as 2.5 m of scoria-fall deposits. Resulting cosmogenic *He ages of these surfaces must
be minimum ages. We attempt to minimize this effect by measuring samples from multiply
corrdated surfaces, and emphasize the oldest ages obtained from a suite of age determinations. If
the ®*He ages are strongly biased toward younger ages, we should obtain a spread of ages for
samples collected from multiple sample sites. The surfaces can be no younger than the oldest age
determination. Second, the calibration of the *He surface production rates are till subject to debate
and vary significantly with altitude and latitude. Most of the cited helium ages in the western
United States are calibrated to one locality (Cerling, 1990). The calibration of the *He production
rateis undergoing refinements. Several workers have recently published calibrations in the 1020
ka agerangethat are in goodagreament (Cerling and Craig, 1994; Laughlin et a., 1994).
Howeve, some caution is reasonable giventhat calibrations of production ratesfor rock units with
ages >20 kaare lacking in the geologic literature. We cannotrule out the posshili ty that
calibrations may be off as much as 30% (ths and Crowe, 1992) br rocks with ages of 100 ka.

The oldet age dotained by the cosmogenic®He method provides apreferred estimate ofthe
*He age of the chronastratigraphic units ofthe Lathrop Wells center. Mean values of repli cate
measuremerts are not \alid estimates oftheage ofunits. Howeve, comparison of mean valuesand
standard deviations can aid in interpreting the data. The mean value of repli cate measurements is
87 = 9 ka(chronastratigraphic unit I), 94 + 9 ka(chronastratigraphic unit 11), and 50+ 17 ka
(chrongstratigraphic unit Il1). The most variable measurements, as expected are for the saria units
of chronastratigraphic unit Ill. One obvious observation from Table 2.4 is an older mean age of
chronastratigraphic unit 11 compared to chronastratigraphic unit I. However, this dif erence can be
explained readily from the field relations ofthe volcanic units. First, large-volume scoria-fall
deposits wee eupted during the evolition of chronastratigraphic unit 11. Scoria-fall deposits more
than 2 m thick covered and shielded autcrops of chrongstratigraphic unit | near the main scoria
cone. Second, the Lathrop flow ovelies the pyroclastic-surge deosits of chronastratigraphic unit
II. It therefore was enplaced after euption ofthelargest volume ofthe scoria-fall deposits. Third,
theLathrop flow, whee the ngjority of samples wee coll ectedfor cosmogetic *He age
determinations, is located east of the narthwest-trending dli ptical dispersal axis of the scoria-fall
deposits. These field relations strongly suggest that the similarity in cosmogenic®He ages of
chrongstratigraphic units 1 and Il were producedby shielding ofthesurfaces ofchroncstratigraphic
unit | by scoria-fall deposits of chronastratigraphic unit Il. This isfurther demonstrated by Figure
2.28, aplot of the south part of the Lathrop Wells certer showingthe minimum thickness ofthe
Qs2fs deosits and the cosmogenic®He ages of lava surfaces from chrongstratigraphic unit I. The
measured thickness of the scoria-fall deposits is aminimum thickness as nded above, because the
upper suface of the unit is an erosional suface. Thicknessmeasurements show that the lava flows
of chronastratigraphic unit | must have been covered by more than 2 m of scoria-fall deposits.
Moreove, thethickness ofthefall deposits ner the coneflanks probably exceeded 3n. The
measured cosmogenic®He ages for deposits of chronastratigraphic unit | decrease systematically
with decreased dstance from thearea ofthemain cone,the irferred source of the volminous
scoria-fall deposits (Figure 2.28). This provides confirmation that the measured cosmogenic ages
(*Heand *Cl) (Zreda et al., 1993)of chrongstratigraphic unit | are minimum ages.
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Figure 2.28. Cosmogenic *He ages of chronastratigraphic unit | platted with minimum estimated
thickness of scoria-fall deposits of chronostratigraphic unit 1l. The thicknesses of scoria-fall deposits
were measured in trenches cut with a4 x 4, truck-mounted backhoe. The sites listed are localities
where the base of the fall deposits could be located, and most of the section of fall-deposits are
exposed. The top of the fall-deposits is moderately to deeply eroded. All thickness is therefore a
minimum. Reconstruction of the preserved thickness shows that all sites where cosmogenic *He ages
were measured were covered by at least 2 m of scoria-fall deposits. The effect of this cover is shown
by the distribution of the surface exposure ages. They decrease in age with decreasing distance from
the main cone.

Corrections of the cosmogenic ®He ages could possibly be estimated by calculating the
cosmogenic ray shieding produced by the variable thicknesses of scoria for the individual sample
localities. While thisis possible in principle, the assumptions required for the estimations do not
give reasonable constraints on the ages of deposits of chronostratigraphic unit I. Age corrections
can be estimated according to the formula:

Ea = Se+ (Pc depth/Pc surface x Th)

where Ea is the measured cosmogenic *He age, Pc depth is the *He cosmogenic production
rate at depth x, where x is given in cm below the surface, Pc surface is the ®He cosmogenic
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production rate at the surface, and Th is the time buried at depth x. The ratio of Pc depth/Pc
surface can be readily calculated assuming a bulk density of scoria deposits of 1.6 g/cm® and an
attenuation length of 179 g/cn. The Se can be only approximated sinceit is a sum of two
components: (1) the interval following the eruption of chronostratigraphic unit | and preceding
eruption of chronostratigraphic unit 11, and (2) theinterval after erosional exposure of the dated
lava surface. The best estimate of the first component is about 45 ka, but this presumes an estimate
of the age of chronostratigraphic unit |, the information we are attempting to obtain by the
corrected calculation. The Th cannot be estimated because it is dependent on rates of erosion that
must be climate-dependent and, therefore, varied considerably during the last 100 ka. Assuming a 2
m initial depth of burial and substituting this minimum depth in the equation shows that dated
surfaces cannot be buried very long and still give the measured ages of Figure 2.28. The scoria
must have been stripped rapidly in comparison to the age of the surface. One perplexing
observation, however, is the uniformity of measured ages for replicate samples collected from the
south lava flow surface. These samples were collected from aa flow spines that projected variable
distances (0.1 to 0.5 m) above the general flow surface. The observed uniformity of measured ages
for the samples requires that the scoria was stripped both uniformly and rapidly. All assumptions
concerning the measured cosmogenic ®He ages of chronostratigraphic unit I, however require them
to be minimum ages.

A secondary finding from studies of the noble gas components of the lavas of the Lathrop
Wells center is the presence of excess “Ar reeased by crushing olivine (Poths and Crowe, 1992).
Crushing of olivine grains released an argon component with “Ar/*Ar ratios of 371+ 8 and 328 +
7 for the divinein the QI3 and the Ql2a lavas. Theseratios are substantially abovethe
atmospheric ratio of 295 and indicate the presence of “°Ar in excess of that producedby decay of
“K. Age deerminations based onthe “Ar/*Ar systemrequire careful evaluation for the potertial
eff ects of excess argon.

6. Thermoluminescence Age Deter minations. Eight analysesof four diff erentsamples
have been dotained using the TL method. These results are judged to be analytically reliable and
reproducible but must be viewed as preliminary. The TL method Fas not been used previously in
attempts to date soil units for a volcanic center. Analytical methodsused for this methodare
desaibed in Crowe et a. (1992).

Three samples were coll ected from a buried soil separating the upper tephra deposits of the
main core in the south quarry wall and tephra of chronastratigraphic unit IV. These samples
yielded TL agesof 8.0+ 1.0, 8.0+ 2.0,and 8.5+ 1.0ka. Soil units within and above the s@ria-
fall deposits of chronastratigraphic unit IV (Wells et al., 1990)yielded ages of 4.0 £ 0.5,4.0+ 0.5,
and4.5 + 0.5 ka. Important features of these TL ages are that the replicate analyses are
reproducible and that the dita are incorrect stratigraphic sequerce. Theyprovidethe only
numerical age constraints onthe yaingest eruptions of thecerter. TheTL agesof soil units
ovelying thetephra deposits constrain theage ofpedogenigrocessesthat post-date volanic
activity.

A secondset of TL sampleswas collectedfrom rewaked, volcaniclastic deposits. These
deposits were exposedseveal tensof certimeters from thebasal contact of an ovelying aa flow
lobe of QI2. These samples yielded ages of 28.0 + 3.0 and 31.0 + 3.0 ka. Thus, reprodudble TL
agesof theQI2 lava unit are significantly youngerthan theresults of other chronologymethods.
We currertly have noreasonable explanation for theage discrepancy.
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FY96 & FY97 revisions

Based on arguments presented below, it is our conclusion that all TL data obtained and
reported to date (pre-1997, including original text of this chapter) from the Los Alamos
volcanism studies are superseded by new TL data obtained in collaboration with the
USGS. The only exception are the TL dates from the quarry section containing the Qs4
deposits. These analysis were not reproduced before the outcrops were destroy by
guarrying operations, but the existing TL dates are consistent with analyses of soil
profiles present between the Qs3 and Qs4 deposits and indicate that a period of ~10-
15 ka elapsed between deposition of the two units, with the Qs3 deposits being
emplaced at about 75 ka.

In FY94 we began a collaborative study with the USGS to date eruptive unit Q2 at
Lathrop Wells using the TL method (Paces et al., 1995). Silt from three sites was
collected for TL dating: 1) beneath the QI2 lava flow (site 1) that had been previously
dated by TL at Ohio State to test for reproducibility, and 2) beneath the Qs2fs fall sheet
at the south (site 2) and north (site 3) edges of the Lathrop Wells center. Based on
stratigraphic correlation, dating silt from these three sites should yield the same age, as
all three sites are stratigraphically equivalent. TL ages were calculated using both TL
normalization and infra-red stimulated luminescence (IRSL) normalization (Paces et al.,
1995). In every case, TL normalization gave younger ages than IRSL normalizations.
TL normalization results were, however, equivalent to earlier ages obtained at Ohio
State from site 1 (USGS age = 25 £ 5 ka, Ohio State age = ~30 = 3 ka). IRSL
normalizations are preferred for calculating TL ages in the Yucca Mountain region
because of the mineralogical complexity and presence of devitrified tuff in the samples
(Paces et al., 1995). ISRL normalized total bleach TL ages obtained for the three sites
at Lathrop Wells (including a duplicate determination at site 2) are 48 + 17 (20) ka (site
1), 52 £ 23,92 + 17 (site 2), and 55 + 14 (site 3). These ages are reasonably
consistent, given the relatively large errors, with the “’Ar/*°Ar ages from eruptive unit Q2
of ~75+10 ka. For the reasons discussed above, we conclude that the TL age of 48 +17
ka determined by the USGS for the QI2 flow site supersedes the age of ~30 ka
determined earlier at Ohio State using TL normalization, and is more consistent with the
“Ar/*°Ar ages.

7. Geomor phic Studies. Geomorphic features of the Lathrop Wedls volcanic center were
described previously by Wells et al. (1990). They equated the geomorphic and pedogenic features
of the Lathrop Wells center with a 15 to 20 ka conein the Cima volcanic fidd. The close
comparison of the centers suggested, by inference, that the youngest eruption of the Lathrop Wells
center is no older than 20 ka. These constraints are based on the assumption that the rates of
operation of erosion and soil formation are approximatey similar between the Cima and Crater
Flat volcanic fields. New cosmogenic ®*He and TL ages for the Black Tank center in the Cima
volcanic fied provide increased support for the geomorphic correation (Crowe et al., 1992). These
data support an age between 9 and 14 ka for the main cone sequences at the Black Tank center.
Trenching has demonstrated that the base of the main scoria cone at Lathrop Wells is flanked by an
eolian sand-ramp deposit which displays little evidence of mass wasting or colluviation from the
cone slopes, supporting the inference that the cone slope is virtually unmodified by erosional
processes (Wells et al., 1990).
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Preliminary mapping has been completed of the surficial geology of the Lathrop Wells
volcanic center and immediately surrounding areas. The purpose of the mapping is to show the
geologic context of the volcanic center with respect to surficial deposits and landforms that
surround, underlie, and overlie the volcanic units of the center. Three major types of surficial
deposits and features have been mapped: those associated with (1) volcanic landform development
(constructional volcanic features) and the modification of the landforms, (2) eolian erosion and
deposition, and (3) fluvial and colluvial processes. Initial observations from the geologic mapping
include the following:

1 Garland development (eruption-induced mass movement deposits) is primarily limited to
the northern and western flanks of the main scoria cone. Weakly developed rills occur near
the cone summit on the southwestern and eastern flanks of the main cone.

FY96 & FY97 revisions

We now believe, based on the evidence of erosional modification of the cone summit
and cone slopes, that the garland development is from slope-induced mass movement
and not eruption-induced mass movement

2. Large-scale eolian landforms including transverse dunes, coppice dunes, and eolian wind
streaks occur primarily on the Ql2alava flow; older lava flows are mantled by scoria-fall
deposits and eolian sand mantles.

3. The scoria-fall deposits of Qs2fs have been extensively modified by erosional and
depositional processes. These deposits are locally interbedded with alluvial units.

4. The volcanic units at the Lathrop Wells center appear to have the following
landscape/stratigraphic relations with alluvial fan and stream deposits:

a. al volcanic units are inset below and possibly are older than alluvial fan units.
b. the main scoria-fall sheet is interbedded with and underlies alluvial fan deposits.
c. younger aluvial units areinset into or overlie the youngest volcanic units.

The significance of the fidld and geomorphic observations can be related to the models of
landscape evolution which have been developed for desert basins of the western U.S. Time-
transgressive changes from Ple stocene-dominant climatic regimes to those of the Holoceneyied
significant changes in the vegetation and consequently the response of alluvial systems.
Specifically, this transition is marked by destabilization of hill slopes with vegetation reduction,
movement of sediment from hill slopes into streams, and the deposition of alluvial fan units. It is
hypothesized that an alluvial unit designated as Qf1 may be late Pleistocene/early Holocene alluvial
fan deposits which have been recognized so widdy in this region. If so, the scoria-fall sheet and
associated pyroclastic-surge deposits (Qs2fs), which are stratigraphically beneath unit Qf1, should
correspond to the late Pleistocene (<30 ka) and not to the late-middle Pleistocene (>70 ka but <140
ka).

The systematic differences in degree of erosion of volcanic landforms between
chronostratigraphic units|, 11, and 11 suggest a time difference between the units. The most
compdling argument for this time difference is provided by exposures located directly north of the
main cone. Here the degraded surface formed on the Qslc scoria deposits can be traced benesth the
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virtually unmodified cone slope of Qs3. Similarly, thereis a marked contrast between the degree of
erosional modification of the Qs2fs surfaces compared to the main cone slopes (Qs3). These
relations appear difficult to explain without a time gap between the respective units.

Two tephra units have been recognized in outcrops located about 2—3 km north and northwest
of the Lathrop Wells center. Several features of the tephra demonstrate a significant difference in
age between the two deposits. There are marked differences in the amount of calcium carbonate
cementation and the relations of the units to the local landscape and stratigraphy. The older,
cemented scoria shows clast displacement by calcium carbonate plasma and locally is within a
channel bottom that lies below an alluvial fan unit with moderately well-developed soil. The
younger tephra unit is uncemented, lies stratigraphically above the cemented scoria, is concordant
with the slopes of the present landscape, and is overlain by alluvial fan deposits with a weakly
developed soil profile.

8. Sail Studies. Study of soils on volcanic landforms associated with the Lathrop Wells
center shows that weakly developed calcic soils have formed in scoria deposits that flank the north
and south side of the main cone and on the cone slope (Wells et al., 1990). The surface of the lava
flows is almost completely mantled by eolian deposits or by pyroclastic deposits. These deposits
have only incipient soil development in the upper several decimeters. The prileggme
features exhibited by the soils include weakly developed “vesicular A” horizons and weakly
developed B horizons in which fine sands, silt, clay, calcium carbonate, and trace amounts of
soluble salts have accumulated. The presence of substantial amounts of quartz and other pedogenic
materials (calcium carbonate and sulfates or chloride salts) that are rare or absent in the basaltic
tephra unequivocally demonstrates the eolian origin of most of these pedogenic materials.

The most strongly developed soils have been observed on the erosional surface cut into scoria
mound deposits of Qsl1c located northeast of the main cone. These soils have the thickest, most
well-developed vesicular A horizons in soil observed to date, ranging from 5 to 8 cm thick and
possessing strong, coarse, platy structure with subordinate subangular blocky to prismatic
structure. The subjacent Bwk horizons are approximately 8 to 17 cm thick with subangular to
blocky structure. These horizons do not, however, exhibit color hues or chromas substantially
redder than those of the least-altered loamy sandy parent materials or the most recently
accumulated materials above the vesicular A horizon. Pedogenesis in the lowest 1 m of the profile
exposed in pits is characterized by the accumulation of moderately thick to thin, largely
discontinuous coatings of carbonate, gypsum, and soluble salts. A small amount of pedogenic silica
may also have accumulated. The content of these materials diminishes progressively with depth
with the most incipient coatings being observed at depths of 1.3 to 1.5 m in the parent scoria
materials. A soil observed on the steeper part of the cone slope has a similarly thick, calcareous B
horizon, but lacks the well-developed vesicular A horizon.

Soil observed in the sequence of buried scoria units exposed in the quarry on the south side of
the center (Wells et al., 1990) is more weakly developed. It exhibits 2 to 4 cm thick vesicular
horizons and very incipient, calcareous cambic B horizons. The scoria parent materials have
carbonates, salts, and perhaps silica accumulated primarily on the bottoms of scoria fragments.

In contrast, soil formed in sand ramps that flank the cone is very weakly developed.
Pedogenesis is indicated primarily by slight increases in disseminated carbonate with depth and
accumulation of very thin, discontinuous coatings of carbonates and perhaps salts on the bottoms
of many of the larger coarse fragments. Scoria fragments in such deposits commonly exhibit
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thicker and nearly continuous coatings of carbonate. However, the nonsystematic spatial location
of the coatings on the fragments as a function of depth shows that only a minor volume of material
has been derived from higher positions on the cone slope by gravitational forces. Soil on the cone
slope, as noted previously, has Bk horizons with carbonate-coated fragments, which provide a
source for most of the fragments with thick carbonate coatings observed in the sand ramp deposits
and distal cone-slope sediments and soils.

The medium- and fine-grained sandy deposits of eolian origin are inferred to bury previously
formed vesicular horizons of soils in the scoria deposits. These deposits range from 2 cm to over
1.3 mthick in the sand ramps. They are present below the weakly devel oped scoria pavement and
have little or no soil development. These soil/stratigraphic relations suggest an increase in eolian
activity during the late Holocene, resulting in the deposition of locally thick accumulations of sand.
Subsequent to deposition of the sand, geomorphic conditions were presumably sufficiently different
to enable the development of cumulic soils. These soils incorporated much finer-grained desert
loess and formed accretionary cambic B and vesicular A horizons.

Soails formed in scoria deposits or in aprons that flank flows at the Cima volcanic field have
also been examined (Wdls et al., 1985; Renault, 1989; Royek, 1991). These soils are generally
similar to soil on the flow surfaces. However, the soils formed in scoria deposits associated with
the youngest scoria cones in the Cima volcanic field possess relatively weak development of Avk
horizons. Their B horizons are not as red or thick as those typically observed in the phase 1 soils
on associated lavas. This indicates that much of the eolian material entrapped on surfaces
associated with scoriais readily translocated through the highly permeable, open framework scoria
to depths of more than a meter by infiltrating soil water. In the lower part of the sail profiles, the
initially fragile, glass-coated irregularities and edges of scoria fragments are altered by infiltrating
water, as shown by the presence of reddish-brown coatings on the tops of the fragments, the
destruction of vesicle edges and spines, and the chemical alteration of glass. Pedogenic
accumulation of calcium carbonate, salts, and perhaps some amorphous silica primarily on the
bottoms of the fragmentsis a major attribute of these soils. Soil development in cone aprons
resembles that observed on flows. Similarly, soil development on scoria-cone aprons of older cones
resembles observed phase 2 soils, demonstrating the primary role of cumulic pedogenesis on this
volcanic landform.

Crowe et al. (1992) compared the development of soils on volcanic units of the Lathrop Wels
volcanic center with studied centers of the Cima volcanic fidd (Dohrenwend et al., 1986; Wells et
al., 1990). They did not propose that pedogenic processes at the Lathrop Wells center are identical
to those at the Cima volcanic field. However, they did note that there are no indications that the
rates or processes of soil formation are substantially different. If eolian influx had been higher at
the Lathrop Wéls center, thick deposits of desert loess would have mantled stable Pleistocene and
Holocene landforms and soils throughout the area. This has not been observed. Equally, eolian
activity in the YMR cannot be substantially lower than the Cima volcanic field because of the
presence, in the former, of active sand dunes on flows and the nearby dunefield (Big Dune) in the
Amargosa Valley. Abundant sources of eolian materials, including desert loess, are provided by the
adjacent basins, many of which contain large playas. Accordingly, we conclude that the weakly
developed soils of the Lathrop Wels center closdly resemble the Holocene soils in the Silver Lake
area and the Cima volcanic field. We infer that the soils must have formed over a similar time
span, the soil on the volcanic units of the Lathrop Wells center having formed over a period
spanning the |ate Ple stocene and Holocene.
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Sail development on chronostratigraphic unit 111 appeared initially to be inconsistent with K-
Ar and U-Th age determinations for the lava flows of greater than 100 ka (Wedls et al., 1990).
Instead, the degree of soil development is more consistent with the cosmogenic *He age
determinations that indicate the lava flow sequences could be <100 ka. However, several factors
may have affected the degree of soil development on the deposits of chronostratigraphic unit I.
First, studies of volcanic surfaces in the Cima volcanic field show that soil development may be
retarded on rubbly aa flows compared with pahoehoe flows. The fragmental nature of the aa flow
surfaces and resulting high porosity enable repeated deep flushing of eolian materials to depths of
several meters. This may prohibit development of an increasingly less permeable surface mantlein
which wdl developed cumulic soils (and stone pavements) can form. Second, there are local
indicators of greater soil development or pedogenesis on some of the lavas of chronostratigraphic
unit 1. Trench exposures show locally the development of laminated calcite zones in buried soil and
carbonate-coated fractures and joint surfaces in greater thickness and continuity than expected
given the weak development of surface soils. Third, intermittent surface cover by active dunes has
occurred on many of the lava and scoria surfaces of the Lathrop Wels volcanic center. Deposition
of a sand mantle has profoundly influenced soil development. Where the sand deposits are deep, the
development of soils has been terminated. Where sand deposits are thinner, there has been an
accderated rate of development of cumulic horizons. Fourth, the scoria mounds of
chronostratigraphic unit | are not stable landforms where parent materials conducive to soil
formation are preserved. The evidence of erasional modification of the scoria mounds (exposed
feeder dikes, nonprimary [volcanic] surface forms; lag accumulations of bombs) indicates that the
summits and slopes of the mounds are not stable surfaces. Finally, there has been insufficient
trenching of chronostratigraphic unit | to provide thorough documentation of the maximum
development of soils. It is premature and outside the scope of completed soil studies to conclude
that soil development is inconsistent with geochronology data suggestive of ages of >100 ka for
some volcanic units. The major emphasis of work to date has been on the geomorphology and
development of soils on the youngest units of the volcanic center (Wdls et al., 1990, 1991).

The differences in the degree of soil development between chronostratigraphic units | and 11
and chronostratigraphic unit 111 are consistent with a time gap between the units. However, it is
difficult and unwarranted to speculate on the extent of the time differences between the units. The
unmodified geomorphic form and weak degree of horizon development in soil on the Qs3 deposits
(Wdls et al., 1990) are consistent with an age of <50 ka. This unit has been sufficiently well
studied to conclude that the limited development of horizons in soils and unmodified geomorphic
form is inconsistent with an age of the cone of >100 ka (comparewith Turrin et al., 1991b).

9. Paleomagnetic Studies. Considerable paleomagnetic data have been obtained for the
Lathrop Wells volcanic center to test inferred age differences of different eruptive events (Figure
2.29, Appendix 2.4). Turrin et al. (1991b) report that the paleomagnetic data from the volcanic
rocks fall into two statistically distinguishable populations. They correlated the populations with
their revised definitions of units Qs5 and QI3. Champion (1991) and Turrin et al. (1991b)
interpreted the angular difference between the means of the two fidld magnetic populations to
indicate an age difference between the two events of only about 100 years. We note however, that
the geologic unit Qs5 defined by Turrin et al. (1991b) includes subunits of chronostratigraphic
units |, I, and Il as defined in this report. Specifically, our subunit Qs3 (one of the younger
subunits) was included in the paleomagnetic data used to define a magnetization characteristic of
their map unit Qs5. Additionally, not all volcanic subunits of the Lathrop Wells center were
sampled in their paleomagnetic studies (Wells et al., 1992). The conclusions regarding the
paleomagnetic data of Turrin et al. (1991b) are premature, at best, because of inconsistent
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stratigraphic assignment of volcanic units and the incompletely reported paleomagnetic data set.
We have attempted to augment the paleomagnetic data set for the Lathrop Wells volcanic center of
Champion (1991) and Turrin et al. (1991b) for two reasons. First, as noted above, not all units
were sampled for paleomagnetic studies. Unsampled and unstudied units from their studies include
Ql1d, Qsld, Qllc, Qslc, and the Qslb/Ql1b lava flows. This omission includes the major lava
subunits of the oldest volcanic units. Second, previously conducted paleomagnetic studies of the
Lathrop Wells center were not completed under an approved Quality Assurance program.
Although the data may be of good quality analytically, they cannot be used directly for licensing in
the YMP. We have sampled and analyzed new paleomagnetic sites and have attempted to qualify,
by comparison, much of the previously obtained paleomagnetic data.

Paleomagnetic sample locations,
Lathrop Wells volcanic center N
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Figure 2.29. Locations of the 23 paleomagnetic sampling sites at the Lathrop Wells vol canic center
(Appendix 2.4).

Ten paleomagnetic sites were sampled for paleomagnetic studies at the Lathrop Wells center
in 1991. Each sampling site consisted of eight to twelve independently oriented samples, collected
as cylinders using a portable drilling apparatus. Individual sample sites were collected over an area
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of several cubic meters. Four sites were located in the Ql1d lavas, four in the Ql1alavas, and two
in the Ql1c lava on the north flank of the main cone (Figure 2.29). At least one specimen per site
has been subjected to progressive alternating field demagnetization, the technique most commonly
used to assess the direction and relative intensity of all components of magnetization in magnetite-
bearing rocks. In most cases a well-defined, univectoral decay of the magnetization to the origin of
the demagnetization diagram is identified (Figure 2.30). This magnetization is interpreted to be the
primary thermoremanent magnetization acquired in theinitial cooling of each lava flow. The
directions of primary magnetizations have been calculated after visual inspection of
demagnetization diagrams three-dimensional least-squares fit. The observed between-site
dispersion of the directions of the primary magnetization differs considerably (Figure 2.31).

Lathrop Wells
Demagnetization Diagrams N N
Lava Flows I

Lathrop Wells
Demagnetization
Diagrams,

Scoria Samples

Figure 2.30. Representative modified orthogonal demagnetization diagrams showing the endpoint of
the magnetization vector projected onto the horizontal (EW, NS) plane (filled circles) and the true
vertical (horizontal, U/D) plane (open circles) for samples from lava flows (Figure 2.30a) and scoria
mounds (Figure 2.30b) from the Lathrop Wells vol canic center. Each projection shows the complete
demagnetization sequence, using either alternating magnetic field (peak fields given beside vertical
projections, in MilliTesla) or thermal (temperatures beside vertical projections) demagnetization. For
most of the examples shown, the direction of the magnetization vector trending toward the origin of
the diagram and isolated over a broad range of peak fields or |aboratory unblocking temperaturesis
determined with a high degree of confidence.

The differences in direction are interpreted to reflect one of two problems associated with
sampling surface exposures of young basaltic lavas. Thefirst is the difficulty in sampling intact
material. Samplesin one or a series of adjacent and rotated blocks may give directions of
magnetization that are internally consistent yet discrepant in comparison to those from samples
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collected from the same part of the site (Figure 2.31). The second problemis lightning strikes.
Here, an artificial, generally randomly dispersed magnetization is superimposed on a primary, well-
grouped magnetization. In some cases this artificial magnetization can be fully removed in
aternating field demagnetization; in othersit cannot be removed and results at best in a site-mean
direction defined with poor precision.

N N
(a) . b) : :
(c) l (d) l

Figure 2.31. Examples of site-level dispersion of paleomagnetic data from lava flows at the Lathrop
WEells volcanic center. Equal area projections of sample magnetization directions determined from
progressive demagnetization for the following sites: LW1 and LW2 from the Ql1d lava; LW9 and
LW10 from the Ql1c lava. For al projections, lower hemisphere projections are indicated in solid
symbols and upper hemisphere projections in open symbols.

Severa sites give wdl-grouped, interpretable paleomagnetic data. Two sitesin Ql1d give site
mean directions of magnetization (Declination = 2.7, Inclination = 53.5, n = 8 samples, site LW1;
Declination = 13.8, Inclination = 53.3, n = 9 samples site LW?2) (Figure 2.31). These directions are
statistically indistinguishable, at a 95 % leve of confidence, from the directions reported by Turrin
et al. (1991b) for their unit QI3. Two other sitesin Ql1d give dispersed paleomagnetic data.
Finding intact material in the Ql1a subunit has proven more difficult. Three sitesin the Qlla
subunit yield well-grouped site-mean directions of magnetization (Declination = 18.5, Inclination =
53.6, n = 8 samples, LWS5; Declination = 346.3, Inclination = 53.8, n = 10 samples, site LW7; and
Declination = 358.3, Inclination = 45.3, n = 6 samples site LW8) (Figure 2.29). Again, these
directions are similar to the two group mean directions reported by Turrin et al. (1991b) for ther
unit QI3. Two sites sampled in subunit Ql1c (LW9, LW10) yielded magnetizations that vary in
dispersion (Figure 2.31). Because of the poor surface exposures of this flow, it is unlikely that a
well-grouped direction of magnetization will be obtained for these deposits.

New and probably final sets of samples for paleomagnetic study were collected in the fall of
1992. Sample sites (LW11 to LW23) were chosen in an attempt to provide optimum
determinations of field magnetization directions for the volcanic subunits. The buried lava flow of
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subunit Ql1c was excavated to expose the massive interior of the blocky aa flow at two localities,
and the two sites give well-grouped magnetizations (Declination = 11.2, Inclination = 46.9, n =11
samples, site LW11; and Declination = 6.8, Inclination = 54.6, n = 9 samples, site LW12). Scoria
mounds dissected by backhoe, of subunits Qslc and Qs2a (sites LW13, LW14), were studied by
collecting oriented scoria clasts from intact sequences of vent scoria buried originally beneath
several meters of vent scoria. The clasts were sampled using a relatively unorthodox technique that
is explained herein in sufficient detail to preclude confusion. Selected clasts were fixed with glass
cover slips using auto-seal cement. The cement dried in less than an hour providing a firm, flat
surface for orientation that was permanently fixed to the sample. A strike and dip orientation was
made on the cover dlip using both magnetic and, when possible, solar, compass and clinometer.
The scoria clast was then easily removed from the dissected unconsolidated scoria deposits. Clasts
were prepared into specimens for paleomagnetic measurement by drilling cylinders perpendicular
to the oriented cover slip face. The sampling technique proved effective, and the only difficulty
encountered was with labeling of final specimens because of the high vesicularity of the scoria
clasts. All specimens were demagnetized using progressive thermal methods because of their
potentially complex thermal history over the temperature range of magnetization blocking and
because of the possibility that much of the geologically significant remanence was carried in
hematite. The results from the two backhoe-dissected scoria mounds were most acceptable
(Declination = 2.8, Inclination = 57.7, n = 12 independent clasts, site LW13; and Declination =
2.0, Inclination = 46.7, n = 11 independent clasts, site LW14) and consistent with the sampled lava
flows. We interpret the paleomagnetic data to indicate that these deposits remained at elevated
temperatures (.e, at least 500C) throughaut thetime offormation (aerial ejection and
accumulation). Further, the magnetization in the clastsrepresents a st-emplacement thermally
acquiredremanerce. Demagndization behavior and oveall intersities ofmagndization of these
clasts give no indiation that the mounds wee aff ected by lightning strikes.

We also used this technique to collect scoria clasts from a rewly constructed roadcut in
subuwit Qs (ste LW21) and from a quarry exposure of the main cone (ste LW23). Saoria dasts
from site LW21 yield a magnetization direction that is well-grouped at the site level (Declination =
93.8, hclination = 43.9,n = 10independent clasts) but musual with respect to the late Quaternary
time-averaged geomagnetic field for the Lathrop Wélls locality and, ofcourse, all of the other
paleomagndic data dotainedfrom the voktanic certer. Theresults could be interpreted inseveal
ways. One posgbility is that the site records ashort-lived, high-amplitude excursion of the
geanagndic field. A second isthat the magneization characteristic of thesite/deposit is an artifact
of post-emplacementmechanical disruption of at least the sampled part of the dgosit. At presert,
we find thefirst interpretation unreglistic or difficult to assess None ofthe dherfeatures ofthe
Lathrop Wells volcanic center yield magnetization indicative of high-amplitude field excursions.
Moreover, we have limited faith in the paleomagnetic results because of the nature of the sampled
deposits. Thesecondalternative is preferred but remains untested. Individual scoria clasts from site
LW23 geneally give well-dfined magnéization in progressve demagneization (Figure 2.30). The
directions solated from the clasts are highly dispersed at the site level, and no inerpretable
magneization could be dotainedfrom the sampled site inthemain cone. Unlikethe small and
relatively oxidized scoria moundsat sites LW13 and LW14, it appears that scoria clasts
comprising at least part of the main cone have been mechanically disrupted at moderate
temperatures dter the mgjority of the magnetizationin the clastswas termally blocked. Thisis
consistent wih the morphologyand irferred euptive mechanisms of therespective degposits. Sites
LW13 and LW14 were collectedfrom small scoria moundsprobably formedby weak, poorly
dispersed hawaiian spatter euptions. The wellgrouped magndizations are consistent wih limited
cooling ofthesamples before dgposition. In contrast, the euptions ofthemain cone(Qs3)
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produced highly fragmented and dispersed scoria that must have cooled before deposition. This is
consistent with an absence of a well-grouped, interpretable magnetization from the main cone
sample sites.

Outcrops of strongly agglutinated scoria were drilled, and oriented cores were collected from
two vent zones (sites LW 16 and LW18) in unit Qs1 located southwest of the main cone. These
features yield exceptionally well-grouped magnetizations that are statistically indistinguishable
(at >95% confidence) from results reported by Turin et al.(1991b) for their unit QI3 (Declination
= 3.6, Inclination = 52.2, n = 10 samples, site LW 18). For purposes of comparison, one site was
established in the QI2a lava (site LW19) on the southeast margin of the volcanic center. This site
gave a well-defined site-mean direction (Declination = 6.3, Inclination = 52.5, n = 10 samples)
consistent with the findings of Turin et al. (1991b) for this eruptive unit. One additional site was
established in subunit QI1d (site LW17), which gave a site-mean magnetization (Declination =
355.0, Inclination = 52.0, n = 10 samples) that is statistically indistinguishable from the results
from site LW1, the site we place most faith in defining the magnetization characteristic of the
volcanic feature. We occupied a site in QI3 along the northeast margin of the volcanic center (site
LW20) that yielded a site-mean direction of magnetization (Declination = 352.9, Inclination =
53.6, n = 10 samples) slightly west of the majority of the Lathrop Wells results but of similar
inclination. Finally, site LW 22 was in the Qslscoria and yielded an exceptionally well-defined
site-mean direction (Declination = 2.8, Inclination = 53.6, n = 10 samples) that is
indistinguishable from the two unit mean directions reported by Turin et al. (1991Db).

Paleomagnetic investigations at the Lathrop Wells vol canic center were designed to extend
and not duplicate completely the voluminous work by Champion (1991). Rather, the
investigations principally involved gathering paleomagnetic data for newly identified eruptive
units as well as testing the suitability of different types of basaltic volcanic rocks (pyroclastic
deposits versus lava) for recording high-quality paleomagnetic information. The paleomagnetic
data obtained from the two phases of sampling at the Lathrop Wells volcanic center are not
dissimilar from those reported by Turin et al. (1991b). Except for the results from site LW21,
which are difficult to interpret at present, the data obtained in this study do not reveal any
evidence for relatively high-amplitude field phenomena recorded by the Lathrop Wells volcanic
deposits. In addition, the data do not support the contention that individual eruptive features have
unique paleomagnetic signatures that can be confidently separated from other eruptive features.
This conclusion must be placed into perspective. It is difficult to compare thoroughly the results
of the present study with previous efforts (Champion, 1991; Turin et al., 1991b). An insufficient
amount of information has been published in their studies to document the manner in which mean
magnetizations and, thus, associated statistics were established for their unit QI5 (which includes
deposits from both chronostratigraphic units I and III). An even more fundamental concern is the
lack of adequate discussion or documentation of raw demagnetization data and the compilation of
results (for example, acceptance criteria and ratios), including pertinent statistical parameters, at
the site level.

Champion (1991) and Turin et al. (1991b) argue that deposits of their unit Q15 yield a
magnetization direction that differs by 4.7° from what we interpret to be a grand mean
magnetization direction(obtained from several site means) primarily from our chronostratigraphic
unit II. This difference, if real, provides support for the subdivisions between chronostratigraphic
units [ and III and between units II and III. Acceptance of their interpretation requires two sets of
information. First, their information needs to be separated and evaluated independently for each
of the four chronostratigraphic units. Second, acceptance of their interpretation requires more
information on the integrity of the demagnetization data for individual samples as well as the
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statistical parameters associated with site- and overall unit-mean determinations. In principle, the
quality of the determination of a"grand” mean for aparticular eruptive unit (for example, multiple
lobes of asingle lava flow or alignedsets of scoria mounds whee sevea site means rave been
obtained), must consider the dispersion of results at the site level. Methodsfor evaluating this
problem have been discussd by Cox (1970).A “grand’ mean may be associated with ahigh
concertration of site means (and thus a vey small value ofalpha 95), but each of the site means
may in fact be vey pooarly deermined. Other concerns irclude: (1) theability of noregglutinated
scoria dgposits that include a hydovolcanic componentto record and preserve the primary
magneic signature with highfidelity, (2) much of the irformation for the QIS unit of Turrin etal.
(1991 b)was obtained from non-agglutinated voktanic bombs from the summit of themain cone
that is especially susceptibleto lightning strikes, and (3) essentially all of the paleomagnetic data
for the Lathrop Wells center fall near the time-averaged (spin axis), late Quaternary field direction
(Declination = 0.0, hclination = +57) (Fgure 2.32). e daborate below on the third point.

Lathrop Wells Paleomagnetic Data
N

All Site Means

ol T

Axial Geocentric  Present Day Field
Dipole Field

Figure 2.32. Summary of paleomagnetic data from the Lathrop Wells volcanic center. Equal area
projection of in situ mean paleomagnetic directions for the total number of accepted and/or
interpretable paleomagnetic sites. Large squares are the Quaternary time-averaged (spin axis) axia
geocentric dipole field and the present-day (1985) field. Projected cones of 95% confidence are shown
for each site mean. Thereis a 95% level of confidence that the true mean direction for the site,
determined from an infinite number of independent samples, lies within the cone of 95% confidence.

Thesecular variation record of the paleomagnéic field has beenstudied and modeledby
numerous investigators overthe past two decadesusing the highet quality paleomagneic data
avail able (for example, sequences of lava flows from relatively undisturbed areas). The
palecsecular variation is decribed interms ofthe scatter or dgpersion about the spin axis of
Virtual Geamagndic Poles(VGPs) obtainedfrom theraw paleomagneic data. Most modelsfor the
scatter oftheresults are based onsevea possble contributors to paleosecular variation. One is
simple dipole wobble. The result of virtually all the models proposed is that the VGP scatter
(angular standard deviation) is quite large. For example, usng Modd G (McFadden et al., 1991),
the VGP gatter at helatitude of the Lathrop Wells center is alout 15° + 1°. The angular standard
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deviation of field directions, randomly sampled over a period of time of constant polarity (groups
of 10" yr or more) would be slightly less than the VGP scatter, but nonetheless greater than 10°.
Essentially all the eruptive features of the Lathrop Wells center have recorded directions of the
latest Quaternary geomagnetic field that are well within the expected two-sigma range of
paleosecular fidd variation about the spin-axis direction (Figure 2.32). These data provide at best
only avery limited opportunity to identify time-distinctive eruptive events. Thereis no indication of
a single volcanic event occurring during a period of unusual geomagnetic activity.

FY96 & FY97 revisions

10. Summary of Geochronology Studies. The acquisition of new geochronology data
between late FY95 and FY97 clarifies much of the eruptive history of the Lathrop Wells
volcanic center. Based on whole-rock “°Ar/*>Ar measurements, we conclude that all of
the lava flows were emplaced during a short time period at about 75 +10 ka. This
conclusion is independently corroborated by “’Ar/*>Ar measurements of tuff xenoliths
within the Q2 eruptive unit, the most precise of which indicate an age of 75-85 ka.
Cosmogenic *He measurements also indicate that all the flows were emplaced at about
the same time, at about 90 ka. Paleomagnetic data are also consistent with all the
flows being emplaced at about the same time. The slightly older ages derived from the
cosmogenic *He measurements probably reflect uncertainty in determining the
production rate over the past 80 ka. TL ages from the USGS (given that the age
estimates have fairly low precision) indicate that eruptive unit Q2 was emplaced
between about 50 and 90 ka, in accord with the “°Ar/*°Ar and *He results. U-Th
disequilibrium ages are somewhat problematic due to the unreliable U-Th systematics
of olivine phenocrysts, but the most defensible age determination indicates that the
stratigraphically youngest flow (QI3) has an age of about 50 ka. This age, if correct,
provides the only geochronology evidence of a significant time difference between
eruptive units at Lathrop Wells. The only ages obtained from the main scoria cone are
from cosmogenic *He measurements (minimum age of ~65 ka), which are consistent
with some erosion of the cone, and the cone having the same age as the lava flows.

G. Alternative Models of the Eruptive History of the Lathrop Wells Volcanic Center

FY96 & FY97 revisions

Several areas of new data emerged in late FY95 and FY96 that have led us to
reevaluate some of the conclusions of Crowe et al. (1995) pertaining to models of the
eruptive history of the Lathrop Wells volcanic center. These data, discussed previously
but reiterated here, are:

New “°Ar/**Ar data indicate that eruptive units Q1 and Q2 have an age of ~75+10 ka

and that there is no discernible age difference between the two. This conclusion is
consistent with existing *He cosmogenic exposure ages from units Q1 and Q2.

2-106




Trenching of the crater of the main scoria cone (Qs3) indicates that it is more modified
than previously thought. This finding supports the conclusion that the oldest *He age
obtained from the cone (64+15) is a minimum age.

If the main cone has been significantly eroded (5—9 m of rim erosion), there may be no
inconsistency between the degree of erosion of the main cone and the Qs2fs fall sheet.

The age of eruptive unit Q3, consisting of the QI3 lava flow and the main cinder cone
(Qs3), is still problematic. A defensible U-Th isochron age of 50+15 ka from QI3
indicates that QI3 is measurably younger than eruptive units Q1 and Q2. The best *He
age estimate from QI3 is 92 + 17 ka, the same age as the Q1 and Q2 flows. The oldest
*He age of Qs3 (64 ka) can be interpreted to be within error of the U-Th age from QI3
of 50 ka (in which case both Qs3 and QI3 are measurably younger than Q1 and Q2) or
it is @ minimum age consistent with the “°Ar/**Ar and He ages of Q1 and Q2 (i.e., there
is no age difference between the main cone and the lava flows).

The chemical composition of Qs4b, previously used as an argument to support a
primary volcanic origin, was found through geochemical modeling to be a result of
pedogenic alteration, probably from a Qs3 parent tephra. The origin of the Qs4b
deposit remains enigmatic. From a fabric and depositional viewpoint, it appears to be
primary tephra, although partial carbonate coatings on rotated clasts indicate a
previous depositional history. The deposit may represent (1) material reworked by
surface processes, (2) products of a hydrovolcanic eruption, or (3) products of a
phreatic explosion that redeposited Qs3 tephra. An any case, no source, either
representing erosion of the cone slope, or a hydrovolcanic or phreatic vent, has been
identified for the Qs4 deposit.

We have reached an important stage in field, stratigraphic, geochronologic, and geochemical
studies of the Lathrop Wéls volcanic center. Nearly all planned fidd, stratigraphic, and trenching
studies have been completed. The field and stratigraphic studies appear well integrated, and many
diverse observations have converged into a coherent understanding of the eruptive history of the
volcanic center. A particularly gratifying aspect of the work is the strong agreement obtained
between the established stratigraphic units and geochemical data. Four major eruptive intervals
have been identified and described as chronostratigraphic units (time-distinctive eruptive intervals)
and each unit has a distinctive geochemical composition. What remains €usive, however, isthe
establishment of a consistent chronologic framework for the chronostratigraphic units. There are
two philosophies or approaches that can be applied generally to the integration of field and
geochronology data. One approach emphasizes the observable fidd relations over the results of
chronology methods. When apparent conflicts develop between data sets, the field relations are
given precedence over the results of chronology measurements. The second approach takes the
opposite perspective. Proponents of this approach tend to emphasize the results of one chronology
method over another, sometimes but not always with good justification. We prefer the first
approach and place a higher leve of confidence on the fundamental field relationships of
stratigraphic units over discordant chronology data.

Thefollowing field observations and interpretations appear firm for the Lathrop Wells

volcanic center. They provide the fundamental foundation for the development of three
evolutionary modds of the eruptive history of the Lathrop Wells volcanic center.
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The vent deposits of chronostratigraphic unit | are deeply dissected and generally have
poorly preserved primary constructional volcanic landforms. The erosional surface
developed on these deposits can be traced beneath the unmodified slopes of the main cone.
Deeply dissected scoria vents of chronostratigraphic unit | underlie and are juxtaposed with
topographically higher standing scoria vents and lavas of chronostratigraphic unit 1. The
deposits of chronostratigraphic unit | must be significantly older than chronostratigraphic
unit 111 and may be somewhat older than deposits of chronostratigraphic unit 11.

FY96 & FY97 revisions

We consider this interpretation to be still valid for the Lathrop Wells center. There is a
significant apparent difference between the degree of dissection of the Q1 eruptive unit
and all other eruptive events of the Lathrop Wells center. If this is indeed an erosional
unconformity, it requires a time difference between Q1 and the other eruptive units.
However, the results of the new “°Ar/*°Ar studies indicate that the time difference
cannot be large (<10 ka). At present we have no explanation for this apparent
discrepancy between field observations and geochronologic data.

The scoria-fall deposits of chronostratigraphic unit 11 can be uniquely correlated with the
lava events of the unit by the interfingering stratigraphic relations of their associated
pyroclastic-surge deposits.

The degree of erosional dissection of the scoria-fall sheet of chronostratigraphic unit 11

contrasts markedly with the unmodified slopes of the main cone (formed by the eruptions of
chronostratigraphic unitl). The outer slopes of the main cone are as steep as 29°. The
topographic slopes of the scoria-fall sheet are subhorizontal to <15°. It appears physically
impossible for the units to be of similar age and have the observed different degrees of
erosional dissection. This provides strong evidence that deposits of chronostratigraphic unit
Il must be older than deposits of chronostratigraphic linit

FY96 & FY97 revisions

The new U-Th disequilibrium isochron of 50 ka for QI3 supports the conclusion that the
main cone is younger than deposits of eruptive unit Q2, if the main cone and QI3 are
contemporaneous. This conclusion is consistent with geochemical differences between
the cone and the scoria fall sheet, which are difficult to explain if the cone and fall sheet
were emplaced during the same eruption.

4.

Scoria deposits of chronostratigraphic unit IV are separated from scoria deposits of
chronostratigraphic unitl by multiple occurrences of soil with horizon development. The
fundamental debate concerning the deposits of chronostratigraphic unit IV is whether they
are primary or secondary (reworked) in origin. The field characteristics and unique
chemical composition of the deposits of chronostratigraphic unit IV in comparison to
deposits of all other chronostratigraphic units requires that they were formed by a unique
volcanic event—thegannot be reworked from a preexisting deposit.
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FY96 & FY97 revisions

As discussed previously, the origin of the Qs4 deposits remains enigmatic. New
geochemical modeling (see Chapter 4) shows that the geochemical composition of Qs4
is due to pedogenic alteration, probably of a Qs3 parent tephra associated with
formation of the main cone, and thus by itself cannot be used to infer a new volcanic
event.

5. Theremoval of the inferred eruptive vents for chronostratigraphic unit 1V by commercial
quarrying activity may make it impossible to achieve a scientific consensus on the
recognition of this unit.

FY96 & FY97 revisions

We continue to believe that the origin of the Qs4 deposits will never be completely
resolved. Along with their origin, their source also remains unknown (conversely, if their
source were known, so probably would be their origin). A south cone-wall source, either
by erosional or explosive processes, is inconsistent with the relatively undisturbed
profile of the south cone, and a cone crater source is inconsistent with the stratigraphic
sequence within the crater. The only other source constraint is that the Qs4 deposits
are recognized only to the south of the cone, and possibly within the cone crater. If the
Qs4 deposits are the result of a phreatic or hydrovolcanic eruption, the vent area
remains unidentified.

6. Multiple lines of stratigraphic, geomorphic, soil, geochemical, and geochronology data
suggest The Lathrop Wells volcanic center formed during multiple, time-distinct eruptive
events and is not a sSimple monogenetic volcanic center. Figure 2.33 is a geologic map of the
Lathrop Wéls volcanic center showing the combined distribution of rock units for the four
chronostratigraphic units. The chronology data for the Lathrop Wells center are not
definitive with respect to the ages of the four chronostratigraphic units. We have been
unable to obtain definitive chronology data using the applied range of geochronology
methods. New step heating “Ar/*Ar data are being obtained for suites of fragments of
partly fused tuff collected from lava and scoria units of the Lathrop Wells center.
Preliminary data from these studies will be available in early calendar year 1995. We will
make further revisions to the chronology modes of the center using these new results, but
anticipate that the data may not be definitive. The chronology data are used to develop three
alternative models for the evolution of the Lathrop Wels volcanic center. The first mode
(Modd A) isafour-fold division of the volcanic deposits of the Lathrop Wells volcanic
center emphasizing constraints from the field and stratigraphic data. We attempt to assign
approximate or best estimates of ages to the four chronostratigraphic units using primarily
insights from field data supplemented by the chronology data. We emphasize the fidd data
for Modd A where there are inconsistencies in the geochronology data. Models B and C
assign increased importance to the results of chronology data for the four
chronostratigraphic units. These models may be preferred by workers choosing to
emphasize the results of individual geochronology methods over field and stratigraphic
relations.
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Figure 2.33. Geologic map of the Lathrop Wells volcanic center showing the distribution of all
chronostratigraphic units of the center.

1. Modd A. Modd A is afour-event polygenetic model. The age of the lava and scoria
sequences of chronostratigraphic unit | are presumed to be at least 120 to 130 ka based on (in
decreasing order of acceptability) the U-Th disequilibrium age of the Old Quarry flow lava, the
minimum cosmogenic *He ages of multiple units, and the mean ages of multiple K-Ar and “Ar/®Ar
age determinations. The discordance in erosion between chronostratigraphic units | and I1 is
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assumed to have significance in age assignments. The age of chronostratigraphic unit 11 is assumed
to be between 85 and 95 ka (oldest cosmogenic *He age determinations). The age of
chronostratigraphic unit 111 isinferred to be best estimated at about 55 to 65 ka on the basis of the
oldest cosmogenic ages (*He, *Cl) of the main cone and the QI3 lava flow (Sandramp lava). The
erosional unconformity between the scoria-fall deposits of chronostratigraphic unit | and the cone-
slope deposits of the main coneis assumed to be significant. The age of eruptive events of
chronostratigraphic unit 1V is less than ~4 and 8 ka on the basis of TL ages of soil benesth tephra-
fall units. The two tephra units observed in distal sections and fault trenches are correlated with
chronostratigraphic unit 11.

2. Modd B. Modd B is athree-event polygenetic modd. It isidentical to Modd A, except
that chronostratigraphic unit 11 is not inferred to be distinctively younger than chronostratigraphic
unit I. This mode assumes that the differencein erosion and burial of the different units is not
significant and represents differences in the erosional resistance of vent scoria versus lava flows.
The U-Th disequilibrium age of the Old Quarry lava and the mean K-Ar and “Ar/*Ar ages of
other lavas are assumed to be the best estimate of the age of chronostratigraphic units| and I1. All
cosmogenic *He and *Cl ages for the units are assumed to be minimum ages because of shieding
of primary surfaces by scoria-fall deposits of chronostratigraphic unit |1 and local cover by eolian
sand. The ages of chronostratigraphic unit 111 and 1V are assumed to be the same asin Modd A.
Thetephra units observed in distal sections are correlated with the oldest chronostratigraphic units
(>120 to 130 ka) and chronostratigraphic unit 11 (55 to 65 ka).

3. Modd C. Modd C is atwo-event polygenetic model. The age of the three oldest volcanic
units at the Lathrop Wells center is assumed to be about 125 to 140 ka on the basis of the results
of the U-Th disequilibrium ages and the mean K-Ar and “Ar/*Ar ages. Theresults of all other age
determinations are assumed to beinvalid. The results would, in this mode, represent a combination
of poorly developed and/or calibrated methods and shielding of samples used for cosmogenic age
determinations from scoria-fall and eolian deposits. The age of eruptive events of
chronostratigraphic unit 1V is less than ~4 and 8 ka. The multiple ash horizons observed in distal
outcrops and trenches are assumed to be stratigraphic complications of erosional reworking of
surficial ash.

FY96 & FY97 revisions

We have completed a revised geologic map of the Lathrop Wells volcanic center
compiled on 1:12,000 scale orthophotographic quadrangles and transferred onto a 20-
foot-contour-interval topographic base (Appendix 2-M5). Based on field and
stratigraphic data, this map emphasizes the separation of lava flows and scoria
deposits of the center into three eruptive units. This geologic interpretation of the
Lathrop Wells center is not dependent on a specific geochronologic model. Whether
the center formed in one week or over a period of several tens of thousands of years,
field evidence indicates that the volcanic history began with emplacement of lava flows
and scoria deposits of eruptive unit Q1, which erupted from several separate fissures.
Following emplacement of Q1, Q2 was emplaced, consisting mainly of a large lava flow
that flowed to the east of the pre-existing Q1 topography. Finally, the main scoria cone
and small lava lobe of Q3 were emplaced. We continue to show the location of the Qs4
tephra deposit on this map, although we reach no final conclusion as to whether this
deposit has a primary volcanic or reworked non-volcanic origin.
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Based on the existing stratigraphic and geochronologic information and the completion
of volcanism studies, we recognize five modified models of alternative interpretations of
the Lathrop Wells volcanic center. Evidence exists for and against each of these
models and no model can be clearly rejected. We apply a weighting factor that is an
assigned percentage that sums to 100% of our judgment of the likelihood of the validity
of each model recognizing that, like most complex issues, there are no black and

white answers and there are pros and cons to each of the models. Moreover, we
emphasize that it is important to retain multiple alternative models for consideration in
suitability and licensing assessments of the significance of the volcanism issue for the
Yucca Mountain site.

Model A: The Lathrop Wells volcanic center is a complex monogenetic volcanic center.
The Q1, Q2 and Q3 deposits all formed in a single eruptive event within a few months
or years of each other. This is the traditional interpretation of small-volume basalt
centers based on historical observation and somewhat limited studies of prehistoric
centers. The age of the center is ~75 ka and is considered to be well established on the
basis of the “°Ar/**Ar age determinations for samples of the lava units and xenolith
sanidines in the scoria and lava deposits. This age is corroborated by cosmogenic *He,
%Cl, and TL age determinations and paleomagnetic data for the center. Evidence that
may not be compatible with this model are the different degrees of erosional
modification of the Q1 versus Q2 and Q3 eruptive units, systematic geochemical
differences between the eruptive units of a type never previously documented for a
monogenetic center, the U-Th disequilibrium age of ~50 ka for QI3, and the somewhat
younger *He cosmogenic exposure ages from Q3 compared to Q1/Q2. The Q4 unit is
inferred to be a deposit resulting from scoria redepaosition, either from surficial
processes or, perhaps more likely, a phreatic explosion that occurred several
thousands of years after the main activity of the center had ceased. Weighting: 70%.

Model B: The Lathrop Wells volcanic center is a polygenetic center formed during two
relatively closely spaced eruptions associated with the formation of the Q1 (first event)
and the Q2/Q3 (second event) volcanic events. The more pronounced erosional
modification of the Q1 deposits is due to a brief interval (< 10 ka) separating the
volcanic events that possibly occurred during a wetter climate when erosional rates
were higher. Geochemical differences between the Q1 and Q2/Q3 are a result of their
formation from separate magma batches. The perceived erosional differences between
the Q2 and Q3 units are inferred not to be significant nor are the geochemical
differences between the units. The Q4 unit is inferred to be a non-volcanic deposit. The
age of the center is ~75 ka and uses the same assumptions as Model A for the
different geochronology methods. Weighting: 10%.

Model C: The Lathrop Wells volcanic center is a polygenetic center formed during two
events associated with formation of Q1/Q2 (first event) and Q3 (second event). The Q1
and Q2 units formed at ~75 ka, as indicated by the “°Ar/**Ar and *He data. The Q3 unit
formed at ~50-60 ka, as indicated by the U-Th isochron on QI3 and the *He data from
Qs3. Because Q3 is 10-20 ka younger than Q2, this model accounts for the perceived
erosional and geochemical differences between the Qs2 fall-sheet and the main cinder
cone (Qs3). Differences in the erosional modification of Q1 and Q2 are not significant.
Weighting: 10%.
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Model D: The Lathrop Wells volcanic center is a polygenetic volcanic center formed
during three eruptive events. The first event, the Q1 event, is assumed to be similar to
the Q1 event of Model B. The second event—the Q2 event—and the Q1 event are
assumed to be ~75 ka, with a small and unresolvable age difference between the
events. The third event is the Q3 events which consists of the formation of the main
cone and eruption of the QI3 lava northeast of the main cone. This event is separated
from the Q2 event on the basis of chemical differences between the units, and the U-
Th isochron age of ~50 ka for QI3. The Q4 unit is inferred not to be a primary volcanic
deposit. Weighting: 5%.

Model E: The Lathrop Wells volcanic center is a polygenetic volcanic center formed
during four eruptive events. The first three events are identical to model D. The fourth
eruptive event is recorded by the Q4 deposits south of the main cone and is presumed
to have occurred 10-15 ka after the Q3 eruptive event. The Q4 deposits were formed
during weak hydrovolcanic explosions from an area south of the main cone in an area
that has now been extensively quarried. Weighting: 5%.
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Appendix 2.1. Oar/* Ar Analytical results from Lehigh University
Radiogeni
Los Alamos . 40 p /39 38 A /39 37 A /39 36 A /39 AOAr/39Ar Cum. frac. Age +lo
Nurmber LabNumber Temp. Duration “CAr/*°Ar * Ar/PAr + Ar/*Ar * Ar/*Ar + (x10%®md)  *Ar “OArC(%) M3 (M)

Total-Fusion Analyses:
MC7-1894-1A LU5521 1350 10 30555 10642 02748 0.001311 2.0118 0.0082027 1.0225 0.0044592 0.054812 0 114 1929 0092971
BMC
RC7-18-94-4 LU5531 1350 10 22411 0.65921 0.201/5 0.001015 1.735 0.0091534 0.74827 0.0033683 0.072839 0 1.37 1.74 0.67059
BMC
MC7-1894-3B LU5541 1350 10 3628 11747 0.2678% 0.001155 1.4889 0.0056446 12138 0.0055718 0.039697 0 115 2353 11317
BMC
BB1FVP LU5551 1350 10 1068 0.18098 0.10312 0.000525 1.2323 0.0034806 0.34339 0.0012758 0.062035 0 5 3.036 0.23591
CF6-17-94-1 LU556-1 1300 10 16421 046194 0.12453 0.000892 2243 0.0078439 0.53281 0.0022316 0.031923 0 4.09 3.88 045227
BMC
BB4FVP LUS57-1 1350 10 31979 1.0654 0.238% 0.001535 1.1115 0.0060636 1.0667 0.0047989 0.049063 0 145 2601 0.99248
Step-Heating Analyses:
MC7-1894-1A  LU5522 500 10 1842 0.26771 0.2650 0.000553 0.5383% 0.0022903 0.62105 0.001983 0.0395 0.122 0.38 0.38 0.35226
BMC

LU552-3 1350 10 18263 0.024091 0.09271 0.000139 24627 0.0051172 0.05508 0.00019327 0.28528 1 1157 1168 0.03465
RC7-1894-4 LU5532 500 10 14881 0.24846 0.2168 0.000734 0.3225 0.0018772 0.49783 0.0017224 0.10856 0.194 114 0941 0.31301
BMC

LU5533 1350 10 1407 0.018386 0.058x 0.000134 2.3241 0.0047884 0.0413% 0.00014675 0.45215 1 1403 1101 0.02692
MC7-1894-3B  LU5542 500 10 15356 58727 1.0708 0.005819 0.4703% 0.0069634 51948 0.024859 0.005845 0.117 0.03 0.281 5.2824
BMC

LU554-3 1350 10 20381 0.033606 0.048%5 0.000284 2.0213 0.0052565 0.062385 0.0002737 0.044066 1 9.59 1.16 0.04969
BB1FVP LU5552 500 10 65651 3.8764 0.4440L 0.003208 0.63024 0.006761 2217 0.014578 0.0148% 0.039805 021 0.789 3.2638
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Radiogeni

Loslfnlqzirb;os Lab Number Temp. Duration “Ar/*°Ar * BArAr + S AT Ar + AT Ar + (:(;A(‘Trgmgl) Cum A:rac. “OArC(%) (/:\Ag:) (ierg)

LU555-3 700 10 27.09 0.028161 0.03019 0.00011 1.0998 0.002073 0.072932 0.00025795 0.076986 0.2461 20.5 3.149 0.04947
LU555-4 850 10 8.9194 0.010608 0.01672 6.80E-05 0.90702 0.0018869 0.011731 6.86E-05 0.14433 0.63286 60.86 3.093 0.0226
LU555-5 1000 10 12.153 0.014367 0.04257 0.000163 0.99148 0.0020541 0.023026 0.00011972 0.093889 0.88445 43.72 3.038 0.02819
LU555-6 1150 10 28.402 0.040574 0.1889 0.000408 3.8514 0.008208 0.078516 0.00035347 0.037719 0.98552 18.82 3.076 0.06574
LU5S55-7 1350 10 27.858 0.10539 0.18814 0.001575 5.8562 0.024042 0.076212 0.00094705 0.0054007 1 16.85 3.239 0.16937

CF6-17-94-1 LU556-2 500 10 1701.5 9.8621 1.1133 0.007599 0.44626 0.0064001 5.7375 0.038109 0.0066833 0.18172 0.36 3.425 8.409

Bue LU556-3 650 10 129.84 0.7305 0.09825 0.001063 1.7858 0.013016 0.41482 0.0029036 0.0044926 0.30387 5.32 4.143 0.63325
LU556-4 750 10 31.024 0.10612 0.03022 0.000714 1.2654 0.0087322 0.073704 0.0013938 0.0034571 0.39787 22.02 5.236 0.24074
LU556-5 850 10 20.994 0.066047 0.02099 0.000728 1.0677 0.0042443 0.027507 0.0008236 0.0059961 0.56091 46.75 7.26 0.14789
LU556-6 900 10 28.295 0.12133 0.03172 0.001382 1.3425 0.0090914 0.063668 0.0020404 0.0023207 0.62401 20.89 5.372 0.34661
LU5S56-7 950 10 13.273 0.096236 0.02429 0.001884 0.66273 0.019205 -0.061967 -0.000429 0.0022455 0.68506 99.75 17.709 0.13802
LU556-8 1025 10 16.281 0.091796 0.02876 0.001461 1.0528 0.0097678 0.026634 0.0012802 0.0041598 0.79817 31.75 4.758 0.22037
LU556-9 1075 10 17.166 0.08941 0.03766 0.001516 1.8643 0.0097192 -0.015161 -6.19E-05 0.0035133 0.8937 72.83 12.218 0.08913
LU556-10 1150 10 19.615 0.14353 0.04569 0.001367 7.3071 0.054007 0.030938 0.0017602 0.0034445 0.98735 32.79 6.197 0.30497
LU556-11 1350 10 41.739 1.0005 0.04466 0.010709 25.034 0.56909 0.10441 0.011466 0.00046474 1 7.1 7.243 1.981

BB4FVP LUS57-2 500 10 880.34 5.638 0.61123 0.005133 0.25329 0.0048278 2.9723 0.020501 0.0093432 0.05605 0.23 1.131 4.6425
LU557-3 1350 10 24,998 0.052231 0.05199 0.000253 1.3121 0.0040845 0.065491 0.00030287 0.077094 0.51854 22.28 3.207 0.06118
LUS57-4 1350 10 25.75 0.031077 0.05271 0.000175 1.3124 0.0030556 0.068801 0.00031249 0.080258 1 20.81 3.08 0.05765
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Appendix 2.2. Onr/*Ar analytical results from New Mexico Bureau of Mines
ID Temp “ArPAr  TAr/CAr A/ Ar ®Arg K/Ca “OAr Ar Age +20
(°C) (x10%  (x 10" moal) (%) (%) (Ma)  (Ma)
L W154FVPawhole rock, J=0.0000453, NM-39, Lab#=5613-01
A 500 3093 0.9465 1063 0.41 0.54 -1.5 23 -0.38 041
B 600 7320 1.717 246.8 1.29 0.30 0.5 9.3 0.032 0.077
C 700 3741 1.880 124.2 1.76 0.27 2.2 189 0.069 0.039
D 775 2234 1.216 73.20 2.86 0.42 3.5 345 0.065 0.024
E 825 1545 0.9549 48.50 2.63 0.53 7.5 489 0.095 0.021
F 900 13.01 0.9364 41.40 3.12 0.54 6.3 65.9 0.067 0.019
G 1000 15.93 1.028 50.20 152 0.50 7.1 74.2 0.093 0.030
H 1100 26.79 1.291 88.40 1.40 0.40 2.8 81.8 0.060 0.036
| 1200 59.12 2.520 198.8 1.04 0.20 0.9 875 0.046 0.072
J 1300 75.58 8.370 252.6 0.64 0.061 2.1 91.0 013 0.10
K 1650 67.47 7.692 227.4 1.65 0.066 12 100.0 0.068 0.069
total gas age n=11 18.31 0.39 0.061 0.048
L W154FVPb whole rock, J=0.0000456, NM-39, L ab#=5614-01
A 500 3287 0.9409 1123 0.30 0.54 -1.0 16 -0.27 048
B 600 76.38 1.681 257.0 1.08 0.30 0.7 7.5 0.044 0.086
C 700 39.38 1.944 133.2 1.62 0.26 0.3 16.2 0.011 0.046
D 775 21.93 1.285 71.90 2.58 0.40 3.5 30.2 0.063 0.024
E 825 14.62 0.9744 46.40 2.80 0.52 6.6 453 0.079 0.018
F 900 12.23 0.9269 38.70 3.28 0.55 6.9 63.1 0.070 0.015
G 1000 18.49 1.090 59.10 2.85 0.47 5.9 785 0.089 0.021
H 1100 41.72 1.355 132.6 0.54 0.38 6.3 815 0215 0.083
| 1200 53.25 2.469 1721 1.04 0.21 4.8 87.1 0.210 0.061
J 1300 77.80 8.766 251.3 0.51 0.058 5.4 899 035 011
K 1650 66.69 7.579 210.7 1.88 0.067 7.5 100.0 0.411 0.059
total gas age n=11 18.49 0.39 0.115 0.044
L W154FVPc whole rock, J=0.0000455, NM-39, L ab#=5615-01
B 600 4442 0.8550 1500 0.09 0.60 0.2 0.5 0.1 17
D 775 63.23 1.914 213.9 1.16 0.27 0.2 7.3 0.012 0.076
E 826 2942 1.681 97.60 154 0.30 2.3 16.3 0.056 0.037
F 900 16.48 1.097 53.20 3.43 0.47 5.0 36.4 0.068 0.018
G 1000 1251 0.9600 39.80 5.61 0.53 6.3 69.2 0.065 0.015
H 1100 31.78 1.265 105.8 1.50 0.40 19 78.0 0.050 0.036
I 1200 59.36 2.614 194.2 0.87 0.20 3.6 83.1 0.175 0.070
J 1300 56.46 7.014 189.5 1.04 0.073 17 89.2 0.080 0.061
K 1650 47.90 5.727 158.8 1.84 0.089 2.9 100.0 0.116 0.052
total gas age n=9 17.09 0.38 0.072 0.041
L W154FVPd whole rock, J=0.0000455, NM-39, L ab#=5616-01
D 775 50.77 1.877 167.4 2.03 0.27 2.8 11.6 0.117 0.045
E 825 26.01 1.420 85.40 1.66 0.36 3.3 211 0.070 0.033
F 900 15.87 1.053 49.60 2.93 0.48 8.0 379 0.104 0.019
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ID Temp “ArPAr  TAr/CAr A/ Ar ®Arg K/Ca “OAr Ar Age +20
(°C) (x10%  (x 20" mol) (%) (%) (Ma)  (Ma)
G 1000 11.69 0.9214 36.20 4.92 0.55 8.9 66.1 0.086 0.014
H 1100 24.14 1.168 79.20 1.89 0.44 3.3 76.9 0.066 0.029
| 1200 39.68 1.820 129.7 1.26 0.28 3.7 84.1 0.120 0.046
J 1300 59.60 7.068 198.9 1.03 0.072 2.3 90.0 0.111 0.062
K 1650 54.03 6.664 179.5 1.75 0.077 2.7 100.0 0.122 0.054
total gas age n=8 17.48 0.38 0.096 0.031

L W154FV Pe whole rock, J=0.0000460, NM-39, L ab#=5616-02
A 500 5519 1.011 1880 0.12 0.50 -0.6 0.7 -03 14
B 600 1141 1.513 387.6 0.77 0.34 -0.3 52 -003 0.13
C 700 51.43 1.977 172.1 0.93 0.26 13 10.6 0.058 0.069
D 775 26.36 1.475 85.70 2.14 0.35 4.3 23.1 0.095 0.030
E 825 17.19 1.051 54.50 242 0.49 6.6 37.2 0.094 0.023
F 900 1373 0.9353 44.00 3.03 0.55 5.7 54.8 0.065 0.016
G 1000 14.16 0.9964 44.20 2.64 0.51 8.2 70.2 0.096 0.017
H 1100 25.98 1.253 85.00 131 0.41 3.6 77.8 0.077 0.036
| 1200 56.23 2.331 188.0 1.03 0.22 15 83.8 0.069 0.065
J 1300 59.73 7.135 199.3 1.08 0.072 2.3 90.1 0.114 0.065
K 1650 59.43 6.993 201.2 1.70 0.073 0.8 100.0 0.042 0.060
total gas age n=11 17.15 0.38 0.072 0.049

L W154FV Pf whole rock, J=0.0000458, NM -39, L ab#=5616-03
A 500 4088 0.9947 1395 0.27 0.51 -0.8 14 -0.27 0.66
B 600 70.39 1.452 238.3 1.21 0.35 0.1 7.8 0.006 0.074
C 700 32.69 1.578 111.0 161 0.32 -0.1 16.3 -0.002 0.037
D 775 19.69 1.160 63.40 2.72 0.44 5.2 30.8 0.084 0.023
E 825 14.30 0.9181 45.20 2.46 0.56 6.9 438 0.082 0.018
F 900 1182 0.8962 37.40 3.16 0.57 6.9 60.5 0.068 0.015
G 1000 15.47 0.9740 49.10 2.08 0.52 6.5 71.6 0.083 0.021
H 1100 24.88 1.173 82.20 1.29 0.43 2.7 784 0.055 0.035
| 1200 49.04 2.066 163.3 1.29 0.25 19 85.2 0.076 0.057
J 1300 56.79 6.950 193.2 1.10 0.073 0.4 91.1 0.017 0.065
K 1650 58.15 7.135 196.4 1.68 0.072 11 100.0 0.053 0.063
total gas age n=11 18.87 0.40 0.054 0.044

L W157FVPawholerock, J=0.0000746, NM-28, L ab#=3127-01
A 500 276.6 0.4624 919.0 0.81 11 1.8 69 069 052
B 600 83.08 0.8987 265.7 1.39 0.57 55 186 0.62 0.17
C 700 39.28 1.376 1155 197 0.37 13.3 353 0704 0.074
D 775 1712 1.365 47.90 1.97 0.37 17.8 52.0 0410 0.042
E 825 9.226 1.191 26.70 1.70 0.43 15.1 66.5 0.188 0.030
F 900 7.837 1.184 22.80 1.75 0.43 14.9 81.3 0.157 0.027
G 1000 12.72 1.639 37.90 0.82 0.31 12.6 88.3 0.217 0.057
H 1100 18.35 3.006 61.90 0.39 0.17 15 91.6 0.036 0.121
| 1200 26.69 10.58 90.60 0.75 0.048 2.7 97.9 0.096 0.080
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ID Temp “ArPAr  FA/FAr  FAFAr ®Arg K/Ca Opr* ®Ar Age +20
(°C) (x10%  (x 10" mol) (%) (%) (Ma)  (Ma)
J 1650 29.68 7.246 98.90 0.25 0.070 3.3 100.0 0.13 0.18
total gas age n=10 11.79 0.42 0.38 0.10
L W157FVPb whole rock, J=0.0000753, NM-28, L ab#=3128-01
A 500 5817 0.4962 1994 0.97 1.0 -1.3 6.8 -1.0 11
B 600 2304 0.8907 778.2 1.67 0.57 0.2 184 0.06 041
C 700 146.8 1.429 484.9 2.40 0.36 24 351 049 025
D 775 89.35 1.367 289.3 2.30 0.37 4.4 51.1 054 0.16
E 825 4940 1.132 160.1 2.03 0.45 4.4 65.3 0.293 0.092
F 900 2888 1.153 89.60 1.89 0.44 8.5 785 0.335 0.059
G 1000 30.13 1.600 93.90 111 0.32 8.2 86.2 0.337 0.079
H 1100 31.68 2.899 100.3 0.49 0.18 7.1 89.6 031 0.10
| 1200 49.93 8.448 162.7 1.18 0.060 5.0 978 034 0.10
J 1650 41.67 7.606 137.9 0.32 0.067 3.6 100.0 020 0.16
total gas age n=10 14.35 0.42 0.26 0.23
LW157FVPc whole rock, J=0.0000752, NM-28, L ab#=3129-01
A 500 2245 0.5131 746.2 0.83 0.99 1.8 71 054 044
B 600 88.74 0.9327 286.5 1.32 0.55 4.7 184 056 017
C 700 56.32 1.435 177.8 1.93 0.36 6.8 348 052 0.10
D 775 3225 1.341 103.0 1.95 0.38 5.9 51.5 0.257 0.067
E 825 1865 1.151 57.40 1.70 0.44 9.4 66.0 0.239 0.047
F 900 1431 1.167 44.36 1.70 0.44 8.9 80.6 0.172 0.043
G 1000 23.62 1.569 76.20 0.90 0.33 51 88.3 0.164 0.068
H 1100 26.22 3.011 80.10 0.36 0.17 10.6 91.3 038 014
| 1200 24.03 9.977 83.16 0.83 0.051 0.8 98.4 0.027 0.078
J 1650 31.36 7.198 97.50 0.19 0.071 9.8 100.0 042 0.23
total gas age n=10 11.71 0.42 032 011
L W157FVPd whole rock, J=0.0000743, NM-28, L ab#=3130-01
A 500 3035 0.4825 1008 0.76 11 1.8 69 074 057
B 600 8857 0.9022 280.4 1.47 0.57 6.5 204 077 0.6
C 700 36.04 1.383 109.3 1.77 0.37 10.6 36.5 0514 0.070
D 775 14.58 1.331 44.00 1.76 0.38 114 52.6 0.222 0.036
E 825 8.087 1.151 23.60 1.62 0.44 14.6 67.4 0.158 0.027
F 900 7.040 1.179 22.70 1.43 0.43 5.8 80.4 0.055 0.031
G 1000 9.899 1.577 29.90 0.77 0.32 11.9 87.4 0.157 0.052
H 1100 16.24 3.025 49.80 0.35 0.17 10.6 906 023 011
| 1200 22.90 9.436 75.60 0.83 0.054 55 98.2 0.169 0.076
J 1650 29.37 7.452 98.30 0.19 0.068 3.0 100.0 0.12 0.18
total gas age n=10 10.96 0.43 0.34 0.10
L W159FV Pa whole rock, J=0.0000453, NM-39, L ab#=5618-01
A 500 2822 0.8504 973.9 0.27 0.60 -2.0 18 -046 042
B 600 70.08 1.561 239.1 0.95 0.33 -0.7 8.1 -0.039 0.086
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ID Temp “ArPAr  TAr/CAr A/ Ar ®Arg K/Ca “OAr Ar Age +20
(°C) (x10%  (x 20" mol) (%) (%) (Ma)  (Ma)
C 700 33.87 1.883 112.5 1.19 0.27 2.2 16.1 0.060 0.049
D 775 1592 1.309 51.20 2.13 0.39 54 30.3 0071 0.021
E 825 10.13 0.9907 31.20 2.15 0.52 9.6 447 0.079 0.018
F 900 8.19% 0.9339 25.10 2.68 0.55 10.0 62.6 0.067 0.015
G 1000 11.15 1.096 34.70 2.56 0.47 8.5 79.7 0.077 0.014
H 1100 22.40 1.452 75.30 0.54 0.35 11 83.3 0.021 0.055
| 1200 35.97 2.470 123.6 0.74 0.21 -1.1 88.2 -0.032 0.059
J 1300 59.81 9.735 206.5 0.20 0.052 -0.8 89.6 -0.04 0.17
K 1650 4221 7.839 142.7 1.56 0.065 15 100.0 0.050 0.047
total gas age n=11 14.98 0.39 0.044 0.040

L W159FVPb whole rock, J=0.0000456, NM-39, L ab#=5618-02
A 500 2476 0.9487 847.9 0.32 0.54 -1.2 21 -024 031
B 600 61.95 1.631 206.8 1.09 0.31 15 9.4 0.078 0.066
C 700 2951 1.806 97.20 1.50 0.28 3.0 19.3 0.073 0.044
D 775 14.05 1.217 44.80 2.28 0.42 6.2 344 0071 0.022
E 825 9.348 0.9577 27.90 2.18 0.53 12.2 489 0.094 0.018
F 900 7.931 0.9393 24.20 2.75 0.54 104 67.1 0.068 0.013
G 1000 15.08 1.013 48.99 1.01 0.50 4.3 73.8 0.054 0.033
H 1100 17.08 1.317 56.02 1.21 0.39 35 81.8 0.050 0.027
| 1200 32.70 2.333 107.6 0.82 0.22 33 87.3 0.088 0.048
J 1300 5273 8.542 177.7 0.23 0.060 1.6 88.8 0.07 0.15
K 1650 41.98 7.548 141.0 1.68 0.068 21 100.0 0.073 0.047
total gas age n=11 15.07 0.39 0.066 0.039

L W159FV Pc whole rock, J=0.0000455, NM -39, L ab#=5618-03
A 500 2299 0.9612 780.1 0.33 0.53 -0.2 24 -005 031
B 600 66.72 1.626 224.4 1.09 0.31 0.7 10.5 0.041 0.076
C 700 34.36 1.888 115.8 0.73 0.27 0.8 15.9 0.022 0.062
D 775 17.75 1.403 56.97 1.58 0.36 5.6 276 0.082 0.025
E 825 1240 1.084 41.20 0.92 0.47 2.2 344 0.022 0.033
F 900 8.799 0.9407 27.33 2.86 0.54 8.8 55.7 0.063 0.014
G 1000 9.209 0.9657 28.67 1.82 0.53 8.5 69.2 0.065 0.019
H 1100 15.63 1.258 49.70 1.39 0.41 6.5 795 0.084 0.026
| 1200 32.30 2.312 104.7 0.76 0.22 4.7 85.1 0.124 0.051
J 1300 47.60 7.282 154.0 0.29 0.070 55 873 022 011
K 1650 40.44 7.068 136.7 1.71 0.072 14 100.0 0.046 0.045
total gas age n=11 13.48 0.38 0.063 0.042

L W159FVPd whole rock, J=0.0000452, NM-39, Lab#=5619-01
A 500 2736 1.084 926.6 0.34 0.47 0.0 21 -0.01 036
B 600 68.98 1.673 2334 1.20 0.30 0.2 94 0.010 0.070
C 700 33.09 1.836 110.0 1.40 0.28 21 18.0 0.057 0.043
D 775 16.01 1.260 51.30 2.30 0.40 5.9 32.1 0.077 0.020
E 825 10.27 0.9754 31.40 2.20 0.52 10.3 457 0.086 0.019
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ID Temp “ArPAr  TAr/CAr A/ Ar ®Arg K/Ca “OAr Ar Age +20
(°C) (x10%  (x 20" mol) (%) (%) (Ma)  (Ma)
F 900 8.317 0.9334 25.20 291 0.55 10.9 63.5 0.074 0.013
G 1000 11.61 1.061 36.19 2.27 0.48 8.4 775 0.079 0.017
H 1100 21.88 1.382 69.90 0.56 0.37 5.9 80.9 0.106 0.046
| 1200 3042 2.270 99.20 0.87 0.22 4.2 86.3 0.104 0.055
J 1300 4187 6.751 142.2 0.41 0.076 0.8 88.8 0.029 0.084
K 1650 40.67 7.064 136.7 1.82 0.072 2.0 100.0 0.067 0.042
total gas age n=11 16.27 0.38 0.070 0.038
L W159FV Pe whole rock, J=0.000046, NM -39, L ab#=5619-02
A 500 362.0 1.096 1228 0.27 0.47 -0.2 18 -0.06 048
B 600 70.27 1.670 233.6 1.10 0.31 19 9.0 0.110 o0.070
C 700 37.38 1.836 124.8 1.20 0.28 1.7 16.9 0.052 0.046
D 775 17.09 1.299 54.90 2.09 0.39 55 30.6 0.077 0.020
E 825 1051 0.9752 32.30 2.24 0.52 9.6 453 0.084 0.015
F 900 8511 0.9232 25.20 2.49 0.55 12.9 61.7 0.091 0.015
G 1000 10.08 0.9778 31.30 1.26 0.52 8.8 69.9 0.074 0.021
H 1100 17.34 1.258 56.40 1.19 0.41 4.3 777 0062 0.032
| 1200 30.14 2.280 99.30 0.88 0.22 31 835 0.078 0.053
J 1300 36.66 5.755 124.4 0.53 0.089 0.8 87.0 0.025 0.079
K 1650 37.39 6.322 124.3 1.99 0.081 3.0 100.0 0.092 0.045
total gas age n=11 15.24 0.37 0.077 0.041
L W159FV Pf whole r ock, J=0.000046, NM -39, L ab#=5619-03
A 500 3058 0.8444 1046 0.53 0.60 -1.1 32 -028 045
B 600 80.51 1.548 276.5 0.96 0.33 -1.4 9.2 -0.09 0.10
C 700 33.99 1.843 111.6 2.01 0.28 3.3 21.6 0093 0.042
D 775 16.84 1.292 52.80 2.36 0.40 7.8 36.1 0.110 0.030
E 85 1234 1.038 40.33 1.99 0.49 3.9 485 0.040 0.025
F 900 13.20 1.033 41.70 1.94 0.49 7.0 60.4 0.076 0.024
G 1000 18.47 1.156 60.75 1.49 0.44 31 69.6 0.048 0.039
H 1100 3111 1.754 102.1 0.99 0.29 33 75.8 0.087 0.049
| 1200 24.89 3.362 82.10 1.22 0.15 34 83.3 0.071 0.050
J 1300 2053 3.946 68.62 211 0.13 2.6 96.3 0.044 0.033
K 1650 58.99 5.203 197.2 0.60 0.098 19 100.0 0.09 012
total gas age n=11 16.19 0.34 0.051 0.056
L W160FV Pa wholerock, J=0.0000454, NM-39, L ab#=5598-01
B 600 7335 3.483 2456 0.22 0.15 11 1.1 0.7 2.7
C 700 86.46 2.639 284.8 1.33 0.19 2.8 76 020 013
D 775 5111 1.531 164.8 1.17 0.33 4.9 13.3 0.205 0.071
E 825 23.07 0.7841 73.99 2.10 0.65 54 235 0.102 0.033
F 900 1548 0.6880 48.70 3.20 0.74 7.3 39.1 0.093 0.021
G 1000 17.26 0.7679 56.00 4.73 0.66 4.3 62.1 0.061 0.021
H 1100 36.38 1.026 119.8 251 0.50 2.9 74.3 0.086 0.046
| 1200 7854 1.565 261.9 1.53 0.33 16 81.8 0.101 0.097
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ID Temp “ArPAr  FA/FAr  FAFAr ®Arg K/Ca Opr* ®Ar Age +20
(°C) (x10%  (x 10" mol) (%) (%) (Ma)  (Ma)
J 1300 99.66 5.924 330.5 3.02 0.086 24 9%6.4 020 011
K 1650 126.3 4.207 420.6 0.73 0.12 19 100.0 019 0.18
total gas age n=10 20.54 0.47 0.125 0.087
L W160FV Pb whole rock, J=0.0000457, NM-39, L ab#=5599-01
B 600 2994 3.314 1000 0.70 0.15 14 32 034 039
C 700 67.87 2.230 222.6 1.42 0.23 3.3 9.8 0.185 0.085
D 775 3196 0.9736 103.8 247 0.52 4.2 21.1 0111 0.038
E 825 19.96 0.6972 63.90 245 0.73 55 324 0.091 0.027
F 900 16.83 0.7150 52.10 341 0.71 8.7 48.0 0.121 0.024
G 1000 24.62 0.8348 80.30 4.28 0.61 3.8 67.6 0.077 0.029
H 1100 45.53 1.093 148.4 1.42 0.47 3.8 74.1 0.143 0.067
| 1200 86.51 1.678 286.5 1.60 0.30 2.2 815 016 0.0
J 1300 104.1 5.976 344.4 2.79 0.085 2.6 943 023 012
K 1650 92.20 3.522 290.6 1.24 0.14 7.1 100.0 054 011
total gas age n=10 21.78 0.47 0.161 0.068
L W160FV Pc whole rock, J=0.0000456, NM-39, L ab#=5600-01
B 600 254.8 3.359 842.6 0.57 0.15 24 29 050 0.33
C 700 5268 2.385 175.4 1.09 0.21 19 83 0.084 0.082
D 775 2488 1.041 80.10 2.18 0.49 51 19.2 0.105 0.035
E 825 1353 0.7208 43.00 2.38 0.71 6.2 31.1 0.070 0.023
F 900 1207 0.7088 37.50 3.10 0.72 8.4 46.5 0.083 0.026
G 1000 19.83 0.8372 63.60 4.01 0.61 54 66.6 0.089 0.029
H 1100 39.58 1.140 130.4 1.58 0.45 2.8 744 0.091 0.055
| 1200 76.88 1.681 254.5 1.20 0.30 2.3 80.4 0.146 0.098
J 1300 9541 5.840 318.0 2.88 0.087 1.9 948 015 011
K 1650 104.4 4.865 350.1 1.04 0.10 1.2 100.0 011 0.3
total gas age n=10 20.03 0.46 0.113 0.063
L W160FV Pd whole rock, J=0.0000453, NM-39, L ab#=5601-01
B 600 2312 3.272 771.8 0.65 0.16 15 34 028 022
C 700 5893 2.233 193.7 1.29 0.23 31 10.1 0.151 0.064
D 775 2538 0.9390 81.63 2.36 0.54 51 22.3 0.106 0.030
E 85 1674 0.6988 54.00 241 0.73 4.9 34.8 0.067 0.023
F 900 13.60 0.7197 43.20 3.22 0.71 6.3 51.5 0.071 0.017
G 1000 22.89 0.8672 74.60 3.71 0.59 39 70.8 0.072 0.022
H 1100 4176 1.130 136.0 0.88 0.45 39 753 0134 0.061
| 1200 76.33 1.722 253.7 1.52 0.30 19 83.2 0.120 0.067
J 1300 106.3 6.383 355.9 2.00 0.080 15 93.6 0.130 0.085
K 1650 109.1 5.173 363.3 1.23 0.099 19 100.0 017 0.11
total gas age n=10 19.28 0.47 0.107 0.049
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ID Temp “ArPAr  FA/FAr  FAFAr ®Arg K/Ca Opr* ®Ar Age +20
(°C) (x10%  (x 10" mol) (%) (%) (Ma)  (Ma)

L W160FV Pe whole rock, J=0.0000456, NM-39, L ab#=5602-01
D 775 1365 3.311 459.1 0.58 0.15 0.8 31 009 0.16
E 825 36.09 1.957 116.3 1.20 0.26 51 9.6 0.152 0.045
F 900 16.55 0.8751 52.00 2.20 0.58 75 21.4 0102 0.022
G 1000 1271 0.7314 39.70 6.73 0.70 79 57.6 0.083 0.012
H 1100 25.05 0.9425 80.00 2.34 0.54 59 70.2 0.121 0.027
| 1200 51.93 1.580 172.3 177 0.32 2.1 79.8 0.091 0.052
J 1300 74.41 5.575 248.4 212 0.092 19 91.2 0.117 0.064
K 1650 65.27 3911 214.3 1.64 0.13 34 100.0 0.183 0.061
total gas age n=8 18.56 0.46 0.108 0.036

L W160FV Pf whole rock, J=0.0000457, NM -39, L ab#=5603-01
B 600 1305 3.273 433.6 0.74 0.16 2.0 36 021 045
C 700 36.37 2.144 120.2 1.46 0.24 2.8 10.6 0.083 0.047
D 775 1793 0.9178 56.50 243 0.56 7.0 22.3 0104 0.022
E 825 1168 0.7040 37.30 2.60 0.72 6.0 34.9 0.057 0.019
F 900 11.28 0.7238 35.20 3.39 0.70 8.1 51.2 0.075 0.014
G 1000 19.17 0.8822 62.80 3.93 0.58 34 70.2 0.053 0.019
H 1100 37.08 1.134 121.5 0.99 0.45 3.3 75.0 0.102 0.055
| 1200 75.76 1.646 251.4 1.33 0.31 2.1 814 0.131 0.076
J 1300 86.57 6.139 288.1 2.16 0.083 2.2 91.8 0.156 0.073
K 1650 8201 4,917 271.3 1.70 0.10 2.7 100.0 0.182 0.078
total gas age n=10 20.72 0.46 0.100 0.041

L W169FV Pa whole rock, J=0.0000655, NM-48, L ab#=6462-01
A 500 6135 2.835 2053 1.22 0.18 1.2 2.6 0.9 13
B 600 7229 2.628 242.5 1.88 0.19 11 6.7 009 0.16
C 700 26.79 1.397 89.70 5.58 0.37 14 18.8 0.045 0.053
D 775 1474 0.6871 47.10 7.83 0.74 5.7 358 0.099 0.030
E 85 1017 0.6673 32.10 7.70 0.76 6.8 524 0.082 0.021
F 900 12.36 0.9029 39.70 9.27 0.57 5.6 725 0.082 0.026
G 1000 27.70 1.146 94.50 2.63 0.45 -0.5 78.2 -0.018 0.068
H 1100 50.82 1.398 170.7 3.76 0.36 0.9 86.4 0.05 0.10
| 1200 66.34 5.202 221.4 5.04 0.098 19 973 015 0.12
J 1300 1191 8.788 398.9 1.26 0.058 15 100.0 022 0.27
total gas age n=10 46.17 0.49 0.105 0.094

L W169FV Pb whole rock, J=0.0000660, NM-48, L ab#=6463-01
C 700 452.0 2.359 1524 0.31 0.22 04 0.7 0.2 14
D 775 6373 2.506 216.7 3.97 0.20 -0.2 92 -002 0.13
E 85 16.10 0.8847 52.40 10.95 0.58 4.1 329 0.078 0.031
F 900 9.522 0.7104 29.90 14.93 0.72 7.6 65.1 0.087 0.017
G 1000 19.55 1.055 64.40 6.26 0.48 29 78.6 0.068 0.043
H 1100 46.08 1.335 154.0 3.57 0.38 14 86.3 0.08 0.10
| 1200 58.01 5.270 195.1 5.13 0.097 1.2 974 0.09 0.10
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ID Temp “ArPAr  FA/FAr  FAFAr ®Arg K/Ca Opr* ®Ar Age +20
(°C) (x10%  (x 10" mol) (%) (%) (Ma)  (Ma)
J 1300 114.6 8.774 387.3 1.22 0.058 0.7 100.0 0.09 0.25
total gas age n=8 46.34 0.49 0.074 0.065
L W169FV Pc whole rock, J=0.0000655, NM-48, L ab#=6464-01
C 700 4373 2.605 1477 0.10 0.20 0.3 0.8 0.1 24
D 775 6210 2.526 213.7 1.04 0.20 -1.4 89 -010 0.15
E 825 16.63 0.9186 55.10 2.83 0.56 24 31.2 0.047 0.054
F 900 9.728 0.7130 31.10 3.56 0.72 5.7 59.3 0.066 0.034
G 1000 17.07 1.023 55.90 2.07 0.50 35 75.6 0.072 0.053
H 1100 45.13 1.343 150.3 1.16 0.38 1.8 84.8 010 0.3
| 1200 59.98 5.039 198.4 1.53 0.10 29 96.8 020 0.14
J 1300 119.8 8.390 411.7 0.41 0.061 -1.0 1000 -0.15 0.35
total gas age n=8 12.69 0.47 0.06 0.10
L W169FV Pd whole rock, J=0.0000654, NM-48, L ab#=6465-01
C 700 578.9 2.164 1923 0.29 0.24 1.8 06 126 154
D 775 3437 1.362 114.0 15.20 0.37 2.2 32.7 0.089 0.060
E 825 1102 0.6565 35.00 8.53 0.78 6.3 50.7 0.082 0.024
F 900 10.45 0.8488 33.60 8.29 0.60 54 68.2 0.067 0.022
G 1000 22.78 1.143 75.30 5.26 0.45 2.6 79.3 0.070 0.048
H 1099 48.77 1.342 161.6 3.20 0.38 2.3 86.0 0.130 0.093
| 1200 63.15 5.340 210.7 5.51 0.096 2.0 976 015 0.12
J 1300 119.3 8.940 393.5 112 0.057 31 100.0 043 0.27
total gas age n=8 47.40 0.45 0.107 0.068
L W169FV Pe whole rock, J=0.0000660, NM-48, L ab#=6466-01
C 700 450.1 2.706 1511 0.13 0.19 0.8 0.7 0.4 2.6
D 775 59.84 2.448 203.6 1.61 0.21 -0.3 96 -0.02 0.13
E 825 1380 0.7958 44.90 6.70 0.64 4.1 46.6 0.068 0.027
F 900 1042 0.7844 35.70 3.48 0.65 -0.9 65.8 -0.011 0.033
G 1000 20.96 1.110 68.60 2.20 0.46 3.6 77.9 0.090 0.061
H 1100 47.02 1.297 153.7 1.29 0.39 3.6 85.0 020 0.12
| 1200 60.47 4.951 203.8 2.15 0.10 1.0 969 0.07 0.13
J 1300 1124 8.568 373.1 0.57 0.060 24 100.0 033 034
total gas age n=8 18.14 0.48 0.069 0.089
L W169FV Pf whole rock, J=0.0000654, NM-48, L ab#=6467-01
C 700 4955 2.636 1639 0.09 0.19 2.3 0.7 13 34
D 775 67.56 2.536 228.6 0.97 0.20 0.3 91 002 0.18
E 825 1529 0.7950 50.00 4.29 0.64 3.6 458 0.065 0.039
F 900 1252 0.7920 40.40 2.40 0.64 5.0 66.3 0.074 0.040
G 1000 21.50 1121 71.03 1.43 0.46 2.7 78.6 0.068 0.074
H 1100 48.87 1.293 165.3 0.81 0.39 0.2 855 001 014
| 1200 64.08 4.948 217.7 131 0.10 0.2 96.7 001 0.15
J 1300 1111 8.497 367.3 0.38 0.060 29 100.0 038 0.43
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ID Temp “ArPAr  FA/FAr  FAFAr ®Arg K/Ca Opr* ®Ar Age +20
(°C) (x10%  (x 10" mol) (%) (%) (Ma)  (Ma)
total gas age n=8 11.67 0.48 0.07 0.11
RC1FVP whole rock, J=0.0000696, NM-22, L ab#=2305-01
AA 500 303.1 0.4529 1013 0.77 11 1.3 55 048 061
A 600 40.05 0.9836 104.3 1.17 0.52 23.1 138 116 0.10
B 700 2271 1.455 47.60 1.67 0.35 38.5 257 1.099 0.048
C 775 17.46 1.370 29.60 1.30 0.37 50.3 349 1104 0.0%4
D 825 1585 1.253 25.89 1.10 0.41 52.2 428 1.040 0.058
E 900 1594 1.377 27.40 1.21 0.37 49.8 51.4 0.997 0.063
F 1000 2151 1.568 44.20 1.07 0.33 39.7 59.0 1.072 0.079
G 1100 27.56 1.797 63.70 1.36 0.28 32.1 68.7 1.112 0.073
H 1200 38.93 3.477 102.7 1.36 0.15 22.6 78.4 1108 0.091
| 1300 30.60 4.110 72.40 1.67 0.12 31.0 90.2 1.196 0.067
J 1650 3451 2.696 59.40 1.37 0.19 49.7 1000 2.157 0.067
total gas age n=11 14.06 0.34 1.17 0.0
RC4FVP whole rock, J=0.0000677, NM-22, Lab#=2317-01
AA 500 7112 0.6441 24444 0.23 0.79 -1.6 1.8 -14 27
A 600 1605 1.034 5458 0.35 0.49 -0.5 46 -1.0 42
B 700 6027 1.799 2035 0.81 0.28 0.2 111 0.2 1.2
C 775 3032 1.758 994.9 1.03 0.29 31 193 114 057
D 825 196.8 1.397 637.5 0.78 0.37 4.3 256 1.04 040
E 900 108.7 1.134 339.3 1.79 0.45 7.8 399 104 0.19
F 1000 84.15 1.208 252.7 1.82 0.42 11.3 544 117 0.15
G 1100 1535 1.784 491.3 1.18 0.29 55 63.8 1.03 0.29
H 1200 299.5 2171 997.2 1.36 0.23 1.7 746 061 0.53
| 1300 218.6 3.893 713.6 2.10 0.13 3.7 914 098 0.37
J 1650 188.1 3.984 617.3 1.08 0.13 3.2 100.0 074 0.36
total gas age n=11 12.53 0.30 061 0.98
L W149FV P whole rock, J=0.0000692, NM-22, L ab#=2314-01
AA 500 270.2 0.1748 913.6 1.15 2.9 0.1 6.6 002 054
A 600 1244 0.2987 400.6 0.60 1.7 4.8 101 0.75 0.29
B 700 85.18 0.7370 2711 243 0.69 6.0 240 063 0.15
C 775 5834 1.291 174.4 1.38 0.40 11.8 320 086 0.11
D 825 4324 1.342 120.7 0.81 0.38 17.7 36.7 09 0.12
E 900 3741 1.273 100.4 1.95 0.40 20.9 479 0.977 0.075
F 1000 37.49 1.509 102.0 2.09 0.34 19.9 60.0 0.930 0.067
G 1100 49.39 2.071 145.3 111 0.25 13.3 66.3 0.82 0.12
H 1200 65.41 1.936 197.1 2.27 0.26 11.2 794 091 0.12
| 1300 58.73 4,151 174.8 2.97 0.12 12.6 96.5 0924 0.098
J 1650 58.37 6.582 177.9 0.61 0.078 10.8 100.0 0.79 0.16
total gas age n=11 17.38 0.56 0.810 0.141
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ID Temp “ArFAr  FAr/®Ar  FArCAr ®Arg K/Ca Opr* ®Ar Age +20
(°C) (x10%  (x 10" mol) (%) (%) (Ma)  (Ma)
CF6-17-94-1BM C whole rock, J=0.0000691, NM-22, L ab#=2310-01
AA 500 2532 4.569 8591 0.26 0.11 -0.2 12 -07 7.3
A 600 2028 3.198 592.7 0.90 0.16 13.8 54 348 0.39
B 700 86.55 1.660 191.8 2.56 0.31 34.6 172 374 0.14
C 7/5 57.18 1.021 91.20 2.50 0.50 53.0 28.8 3.774 0.067
D 85 5131 0.8213 72.80 191 0.62 58.1 37.6 3.715 0.065
E 900 58.34 0.9506 94.77 231 0.54 52.1 48.3 3.786 0.070
F 1000 4237 1.229 41.40 1.96 0.42 71.3 57.3 3.766 0.047
G 1100 43.63 1.048 46.80 1.66 0.49 68.4 65.0 3.721 0.051
H 1200 47.28 1.252 61.00 1.85 0.41 62.1 73.6 3.658 0.054
| 1300 74.03 5.537 154.1 3.28 0.092 39.0 88.7 3.612 0.096
J 1650 83.69 5.132 180.9 243 0.099 36.6 100.0 382 0.13
total gas age n=11 21.64 0.35 367 0.18
L W146FV P whole rock, J=0.0000691, NM-22, Lab#=2311-01
AA 500 276.3 1.925 927.1 0.85 0.27 0.9 36 030 055
A 600 2395 0.7393 59.70 3.56 0.69 26.5 18.8 0.792 0.040
B 700 15.95 0.5077 33.28 4,92 1.0 38.4 39.8 0.764 0.022
C 775 1655 0.5110 34.30 2.93 1.00 38.9 52.3 0.803 0.032
D 825 1835 0.7520 41.30 1.65 0.68 33.6 59.4 0.769 0.048
E 900 21.68 1.040 53.50 1.30 0.49 27.4 64.9 0.741 0.058
F 1000 26.81 1.427 71.00 1.16 0.36 22.0 69.8 0.736 0.070
G 1100 30.29 1.552 83.10 0.70 0.33 19.2 72.8 0.726 0.092
H 1200 34.16 3.259 96.30 5.36 0.16 174 95.7 0.742 0.053
| 1300 61.89 7.551 191.2 0.51 0.068 9.6 979 074 0.18
J 1650 44.15 2.206 124.7 0.49 0.23 16.8 100.0 093 0.14
total gas age n=11 23.45 0.59 0.751 0.067
L W147FVP whole rock, J=0.0000693, NM-22, L ab#=2308-01
AA 500 11111 3.207 37660 0.13 0.16 -0.2 0.8 -2 60
A 600 668.2 1.307 2248 0.69 0.39 0.6 4.7 0.5 1.2
B 700 3959 0.7396 1313 141 0.69 2.0 127 1.00 0.73
C 775 6125 0.5805 2049 1.09 0.88 11 189 09 1.2
D 825 3529 0.6647 1163 0.74 0.77 2.6 231 117 0.73
E 900 3539 0.7565 1164 0.95 0.67 2.8 285 125 0.69
F 1000 228.2 0.7273 747.1 1.02 0.70 33 343 094 043
G 1100 66.53 0.7782 204.4 1.24 0.66 9.2 414 077 0.15
H 1200 363.2 1.790 1205 8.96 0.29 2.0 923 091 0.68
| 1300 388.9 7.466 1361 0.04 0.068 -3.2 25 -16 56
J 1650 95.64 1.393 214.8 1.32 0.37 337 1000 403 0.15
total gas age n=11 17.61 0.45 11 1.1
HD1070-5 glass, J=0.0000748, NM-28, L ab#=3123-02
A 500 1472 0.0000 4837 0.01 - 2.9 0.1 6 36
B 600 1648 0.7008 5458 0.33 0.73 21 3.6 4.7 41
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ID Temp “ArFAr  FAr/®Ar  FArCAr ®Arg K/Ca Opr* ®Ar Age +20
(°C) (x10%  (x 10" mol) (%) (%) (Ma)  (Ma)
C 700 3479 0.8736 1097 0.26 0.58 6.9 6.3 3.2 1.2
D 775 159.0 1.364 490.0 1.50 0.37 8.9 221 192 023
E 825 91.12 1.828 283.5 1.36 0.28 8.2 364 101 0.15
F 900 8553 2.312 269.9 1.03 0.22 6.9 472 080 0.5
G 1000 213.1 2.333 701.9 151 0.22 2.7 63.1 079 031
H 1100 320.2 2.383 1057 2.06 0.21 25 848 1.07 045
| 1200 167.9 3.131 553.2 131 0.16 2.8 986 063 0.25
J 1300 80.63 4.646 225.8 0.10 0.11 17.7 996 193 0.52
K 1650 122.1 6.719 357.4 0.04 0.076 139 1000 23 14
total gas age n=11 9.50 0.27 1.26 0.49
HC17FVP whole rock, J=0.0000659, NM-48, L ab#=6468-01
C 700 5493 1.323 1870 0.40 0.39 -0.6 10 -04 14
D 775 5801 1.871 186.9 10.78 0.27 5.0 279 0347 0.097
E 825 15.27 1.088 41.40 7.62 0.47 20.3 469 0.370 0.026
F 900 1101 1.008 28.40 8.96 0.51 24.1 69.2 0315 0.023
G 1000 15.48 1111 43.50 6.33 0.46 17.3 85.0 0.319 0.029
H 1100 37.96 1.582 120.1 2.77 0.32 6.7 919 0304 0.074
| 1200 78.82 11.02 255.1 1.15 0.046 54 948 051 021
J 1300 74.54 12.49 241.7 1.73 0.041 54 99.1 048 0.15
K 1650 89.99 9.440 288.3 0.37 0.054 6.1 100.0 066 0.40
total gas age n=9 40.10 0.38 0.343 0.076
SB5-24-95-1BM C whole rock, J=0.0000658, NM-48, L ab#=6470-01
B 600 3272 0.6551 11226 0.17 0.78 -1.4 0.4 -5 17
C 700 1672 0.7659 5671 0.67 0.67 -0.2 20 -05 43
D 775 387.7 1.416 1289 12.53 0.36 1.8 321 083 0.69
E 825 1522 0.8893 493.5 7.58 0.57 4.2 50,3 0.76 0.25
F 900 8170 1.015 259.6 751 0.50 6.2 68.3 0.60 0.14
G 1000 69.24 1.608 216.3 4.98 0.32 7.8 80.2 064 0.12
H 1100 90.58 2.213 294.8 2.26 0.23 40 857 043 0.17
| 1200 96.04 5.562 314.3 3.62 0.092 3.7 944 042 0.18
J 1300 121.0 9.300 401.7 2.27 0.055 25 998 036 024
K 1650 408.1 14.10 1336 0.08 0.036 35 100.0 1.7 3.6
total gas age n=10 41.67 0.38 0.63 0.47
SB90-8-20-1BM C whole rock, J=0.0000694, NM-22, L ab#=2306-01
AA 500 7354 0.9601 2555 0.52 0.53 -2.6 29 -24 1.7
A 600 2240 1.633 771.0 1.00 0.31 -1.7 86 -047 045
B 700 74.53 1.430 246.0 2.54 0.36 2.6 231 024 014
C 775 3297 1.047 102.7 2.73 0.49 8.1 38.6 0.335 0.065
D 825 2093 0.9712 60.90 2.00 0.53 14.3 50.0 0.374 0.050
E 900 16.16 1.189 44.70 2.22 0.43 18.6 62.6 0377 0.042
F 1000 2299 1.396 68.70 1.59 0.37 12.0 71.7 0.346 0.062
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ID Temp “ArFAr  FAr/®Ar  FArCAr ®Arg K/Ca Opr* ®Ar Age +20
(°C) (x10%  (x 10" mol) (%) (%) (Ma)  (Ma)
G 1100 26.19 1.301 75.80 0.94 0.39 14.8 77.0 0.486 0.080
H 1200 25.16 4,104 73.30 1.95 0.12 15.0 88.1 0475 0.057
I 1300 30.96 6.535 89.60 0.71 0.078 16.0 921 062 011
J 1650 41.39 2.269 115.8 1.38 0.22 17.7 100.0 0.92 0.10
total gas age n=11 17.57 0.36 0.29 0.15
SB90-8-20-1BM C whole rock, J=0.0000452, NM-39, L ab#=5604-01
A 500 2086 1.073 7088 0.26 0.48 -0.4 17 -07 41
B 600 509.3 1.932 1728 0.61 0.26 -0.2 58 -0.08 0.59
C 700 183.0 2.042 605.9 0.98 0.25 2.2 123 034 0.19
D 775 86.79 1.538 276.9 1.64 0.33 5.8 23.2 0.413 0.086
E 825 51.20 1.226 156.2 1.88 0.42 10.0 35.8 0417 0.055
F 900 4123 1.168 124.4 141 0.44 11.0 452 0.369 0.053
G 1000 4250 1.363 130.3 1.25 0.37 9.6 53,5 0.331 0.059
H 1100 61.05 1.857 190.7 1.13 0.27 7.9 61.0 0.393 0.079
| 1200 55.03 2.873 171.3 3.40 0.18 8.4 83.7 0.377 0.045
J 1300 45.79 4,559 138.9 1.97 0.11 11.1 96.8 0.415 0.048
K 1650 117.6 7.428 383.0 0.48 0.069 4.2 100.0 041 0.19
total gas age n=11 15.00 0.27 035 0.16
L W140FVPal sanidine, J=0.0000798, NM-10, Lab#=818-01
A 500 2643 0.0109 902.7 0.68 46.8 -0.9 03 -036 058
B 600 797.8 0.0238 2656 0.13 21.4 16 0.4 1.8 3.2
C 700 56.46 0.0205 188.5 0.43 24.9 13 06 010 0.18
D 800 1453 0.0215 46.90 1.64 23.7 4.6 1.4 0.095 0.042
E 900 3.467 0.0180 9.170 5.28 28.3 21.2 3.9 0106 0.013
F 975 1.409 0.0163 2.180 4.42 31.3 52.5 6.0 0.107 0.008
G 1050 1.244 0.0156 2.230 11.09 32.7 45.1 11.2 0.081 0.004
H 1100 1.019 0.0154 1.540 6.66 33.2 53.1 144 0.078 0.006
| 1150 1.275 0.0150 2.360 17.97 34.0 43.5 229 0.080 0.003
J 1180 1.523 0.0150 3.340 21.79 34.0 33.6 33.3 0.074 0.003
K 1220 2597 0.0147 6.830 21.98 34.7 21.3 437 0.080 0.004
L 1300 6.045 0.0147 18.20 30.11 34.7 10.8 58.0 0.094 0.010
M 1400 6.714 0.0145 18.90 65.09 35.2 16.3 88.9 0.157 0.009
N 1500 9.605 0.0138 26.60 19.89 37.0 17.8 98.4 0.246 0.015
O 1650 44.97 0.0166 146.7 3.47 30.7 35 100.0 023 012
total gas age n=15 210.63 344 0.124 0.014
L W140FV Pa2 sanidine, J=0.0000704, NM-22, L ab#=3207-01
A 700 949 1.556 326.4 0.12 0.33 -1.5 04 -018 051
B 800 4.397 0.0000 14.40 0.30 - 3.0 15 002 011
C 900 1972 0.1309 4.740 0.67 3.9 28.2 3.9 0071 0.043
D 950 1.526 0.2620 2.430 0.82 19 52.6 6.8 0102 0.041
E 1000 1.666 0.1833 3.850 112 2.8 31.0 10.8 0.066 0.027
F 1050 1.167 0.1048 1.860 1.40 49 51.3 15.7 0.076 0.019
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ID Temp “Ar®Ar  FArPAr  FAr Ar ®Arg K/Ca “OAr Ar Age +20
(°C) (x10%  (x 20" mol) (%) (%) (Ma)  (Ma)
G 1100 1.166 0.0231 1.890 1.85 22.1 50.0 223 0.074 0.016
H 1130 1.304 0.0677 2.260 1.66 75 47.4 28.2 0.078 0.020
| 1180 1.493 0.0758 2.870 242 6.7 42.0 36.7 0.080 0.013
J 1220 2.062 0.0468 5.010 2.64 10.9 27.2 46.1 0.071 0.014
K 1260 5.165 0.0599 14.70 3.27 8.5 15.6 57.7 0.102 0.015
L 1300 6.991 0.0582 19.60 3.59 8.8 17.1 70.5 0.151 0.018
M 1400 5.608 0.0613 10.80 3.39 8.3 425 82,5 0.303 0.013
N 1650 7.912 0.3053 15.20 3.88 1.7 43.1 96.3 0433 0.018
O 1750 32.20 1.702 100.7 1.06 0.30 7.9 100.0 032 0.0
total gas age n=15 28.19 7.4 0.173 0.024
L W143FVPal sanidine, J=0.0000802, NM-10, L ab#=821-01
A 750 108.7 0.2812 360.8 2.18 1.8 19 09 029 017
B 80 5196 0.0652 170.2 3.89 7.8 3.2 26 0.240 0.085
C 950 17.28 0.0331 55.40 9.78 154 5.1 6.9 0.128 0.026
D 1025 7.817 0.0176 23.80 14.33 29.0 9.6 13.1 0.108 0.012
E 1075 4.405 0.0121 12.50 16.44 42.3 155 20.2 0.099 0.008
F 1120 3.096 0.0109 8.290 20.55 46.8 20.1 29.1 0.090 0.005
G 1140 2616 0.0096 6.900 15.67 53.4 211 359 0.080 0.006
H 1160 2.757 0.0096 7.450 14.36 53.3 19.3 42.1 0.077 0.006
| 1180 3.092 0.0089 8.440 14.17 57.5 185 48.3 0.083 0.007
J 1220 3.977 0.0095 11.32 17.25 53.8 15.3 55.7 0.088 0.007
K 1260 5.697 0.0095 16.90 20.36 53.9 11.9 64.6 0.098 0.009
L 1320 8914 0.0098 26.30 28.72 52.3 125 77.0 0161 0.012
M 1450 8.364 0.0081 21.40 39.45 62.8 24.1 94.1 0.292 0.010
N 1650 14.37 0.0096 38.90 10.37 53.3 19.9 98.6 0414 0.024
O 1650 19.11 0.0098 52.30 3.19 52.3 19.0 100.0 0.525 0.031
total gas age n=15 230.70 494 0.160 0.013
L W143FVPa2 sanidine, J=0.0000703, NM-22, L ab#=2234-01
A 700 1235 1.073 4182 0.44 0.48 -0.1 04 -01 21
B 800 2936 0.8352 991.8 0.67 0.61 0.2 11 0.07 045
C 900 80.62 0.0785 267.3 1.67 6.5 2.0 28 021 011
D 950 4087 0.0469 134.1 1.79 10.9 3.0 46 0156 0.069
E 1000 22.95 0.0278 74.10 2.24 184 45 6.9 0.130 0.038
F 1050 14.15 0.0182 43.70 3.27 28.1 8.6 10.2 0.155 0.024
G 1100 8.047 0.0137 23.40 4.33 37.2 13.8 145 0.141 0.015
H 1120 5.721 0.0123 16.20 3.78 415 15.7 18.3 0.114 0.013
| 1140 4.459 0.0112 12.40 3.67 45.6 17.3 220 0.098 0.014
J 1160 4.136 0.0103 11.00 3.62 49.5 20.7 257 0109 0.011
K 1180 4.132 0.0102 11.20 3.70 50.0 19.2 294 0101 0.012
L 1210 4.031 0.0097 11.10 4.19 52.5 18.3 33.7 0.093 0.010
M 1240 4.596 0.0096 12.90 5.03 53.3 16.5 38.7 0.096 0.009
N 1280 7.118 0.0095 21.20 6.68 53.6 115 455 0104 0.013
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ID Temp “Ar®Ar  FArPAr  FAr Ar ®Arg K/Ca “OAr Ar Age +20
(°C) (x10%  (x 20" mol) (%) (%) (Ma)  (Ma)
O 1350 14.52 0.0088 41.70 16.88 58.3 14.9 62.5 0.275 0.016
P 1400 1218 0.0077 33.25 18.67 66.3 19.1 81.3 0.295 0.013
Q 1650 22.20 0.0079 62.30 12.91 64.3 16.9 94.3 0477 0.023
R 1800 55.80 0.0079 174.6 5.66 64.3 7.5 100.0 0.529 0.062
total gas age n=18 99.21 53.2 0.247 0.033
L W143FV Pa3 sanidine, J=0.0000445, NM-39, L ab#=5610-01
A 700 4683 0.0884 1580 0.19 5.8 0.3 0.3 0.1 16
B 800 7841 0.0499 255.3 0.41 10.2 3.7 08 024 019
C 900 2379 0.0209 75.60 0.97 24.4 6.0 22 0115 0.059
D 950 1151 0.0150 34.90 1.20 34.0 10.3 39 0.095 0.039
E 1000 6.778 0.0128 20.70 1.62 39.9 94 6.1 0.051 0.027
F 1050 4.418 0.0098 10.90 2.39 52.2 26.5 95 0094 0.018
G 1100 2965 0.0096 6.970 3.04 53.2 29.7 13.7 0.071 0.014
H 1130 3.251 0.0085 8.100 3.00 59.9 25.6 17.9 0.067 0.015
| 1180 6.104 0.0081 16.85 4,59 62.9 18.0 243 0.088 0.011
J 1220 4.038 0.0081 9.690 4.89 62.8 28.5 31.1 0.093 0.008
K 1260 4.242 0.0080 10.30 5.94 64.2 27.6 39.4 0.094 0.009
L 1300 6.663 0.0081 17.20 7.17 63.4 23.2 495 0.124 0.009
M 1400 11.71 0.0074 26.30 20.66 68.9 334 783 0.314 0.010
N 1650 16.62 0.0074 38.90 10.09 68.9 30.7 92.4 0410 0.016
O 1750 29.29 0.0105 83.30 5.44 48.6 15.8 100.0 0.373 0.042
total gas age n=15 71.60 61.6 0.224 0.042
L W143FVPa4 sanidine, J=0.0000453, NM-39, Lab#=5612-01
A 700 1734 0.0364 559.5 0.11 14.0 4.6 02 065 082
B 800 2212 0.0266 64.60 0.25 19.2 13.6 0.7 025 017
C 900 7.902 0.0194 14.60 0.60 26.3 45.2 20 0.292 0.063
D 950 6.481 0.0112 10.30 0.81 45.6 52.8 3.7 0280 0.048
E 1000 4.050 0.0108 1.810 1.04 47.2 86.2 58 0.285 0.034
F 1050 4.530 0.0108 1.980 145 47.2 86.6 8.8 0320 0.026
G 1100 4.850 0.0107 4.360 1.94 47.9 72.9 129 0.289 0.021
H 1130 4.776 0.0079 3.890 1.96 64.5 75.4 16.9 0.294 0.020
| 1180 5.126 0.0086 4.670 3.28 59.6 72.6 237 0304 0.012
J 1220 5.946 0.0083 6.890 3.23 61.5 65.4 30.4 0317 0.012
K 1260 6.240 0.0087 7.790 3.78 58.8 62.7 38.2 0320 0.011
L 1300 9.285 0.0083 16.30 4.67 61.8 478 479 0.362 0.012
M 1400 20.08 0.0080 27.60 14.14 63.9 59.3 772 0973 0.013
N 1650 29.94 0.0078 69.30 7.28 65.4 31.6 923 0.772 0.026
O 1750 37.69 0.0109 101.8 3.71 46.8 20.1 100.0 0.620 0.051
total gas age n=15 48.26 59.2 0.602 0.023
L W143FVPol sanidine, J=0.00008, NM-10, L ab#=828-01
A 750 196.1 0.0904 657.6 2.04 5.6 0.9 14 025 034
B 850 15.28 0.0384 49.40 3.96 13.3 43 42 0.095 0.030
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ID Temp “Ar®Ar  FArPAr  FAr Ar ®Arg K/Ca “OAr Ar Age +20
(°C) (x10%  (x 20" mol) (%) (%) (Ma)  (Ma)
C 950 8545 0.0207 26.90 8.15 24.6 6.7 9.8 0.082 0.016
D 1025 6.317 0.0151 19.60 11.57 33.8 8.0 17.9 0.073 0.012
E 1060 6.892 0.0135 21.50 11.88 37.8 7.4 26.1 0.074 0.013
F 1100 7.972 0.0128 25.60 10.52 39.9 49 335 0.056 0.015
G 1120 9.752 0.0124 31.70 9.59 41.1 3.8 40.1 0.054 0.017
H 1160 11.83 0.0118 38.20 12.60 43.2 4.4 489 0.076 0.020
| 1180 16.68 0.0113 54.30 10.31 45.2 3.6 56.0 0.087 0.027
J 1200 2172 0.0115 71.10 9.30 444 3.2 625 0.101 0.034
K 1240 32.08 0.0112 103.7 13.15 45.6 4.4 71.6 0204 0.047
L 1300 45.70 0.0110 146.0 18.97 46.4 5.6 84.8 0.368 0.067
M 1450 51.68 0.0105 162.9 13.70 48.6 6.8 94.3 0508 0.074
N 1650 89.49 0.0115 284.8 8.14 444 5.9 100.0 0.77 0.13
total gas age n=14 143.88  40.6 0.209 0.044
L W143FVPo2 sanidine, J=0.0000705, NM-22, L ab#=2235-01
A 700 1974 0.4609 6662 0.66 11 0.3 0.9 0.7 2.8
B 800 4302 0.4189 1443 0.91 1.2 0.9 21 047 054
C 900 1311 0.1208 438.3 2.01 4.2 1.2 47 019 017
D 950 49.56 0.0593 164.1 2.03 8.6 21 74 0132 0.074
E 1000 31.31 0.0370 104.3 2.32 13.8 15 10.5 0.061 0.049
F 1050 24.65 0.0258 81.10 3.06 19.8 2.7 145 0.083 0.037
G 1100 21.71 0.0191 71.40 3.84 26.7 2.8 19.6 0.076 0.030
H 1120 19.59 0.0173 64.40 311 29.5 2.7 237 0.066 0.034
| 1140 20.54 0.0162 67.70 2.78 315 25 27.3 0.065 0.030
J 1160 21.69 0.0151 71.33 2.87 338 2.7 31.1 0.075 0.033
K 1180 49.54 0.0141 166.1 2.94 36.2 0.8 35.0 0.053 0.068
L 1210 27.65 0.0152 92.60 3.24 33.6 1.0 39.3 0.035 0.037
M 1240 36.74 0.0144 122.6 4.18 35.4 1.3 448 0.063 0.046
N 1280 56.72 0.0150 189.7 6.51 34.0 1.1 53.4 0.081 0.069
O 1350 92.42 0.0153 302.0 14.81 33.3 34 729 040 0.12
P 1400 9091 0.0132 298.1 7.23 38.7 31 825 035 011
Q 1650 103.3 0.0136 334.3 10.66 375 4.3 965 057 0.11
R 1800 163.1 0.0136 532.0 2.63 375 3.6 100.0 0.75 0.20
total gas age n=18 75.81 311 0.27 011
L W143FV Pp sanidine, J=0.0000795, NM-10, L ab#=829-01
A 750 1041 0.1082 347.6 2.00 4.7 1.3 16 019 0.18
B 850 26.97 0.0823 89.70 291 6.2 1.7 3.9 0064 0.051
C 950 14.36 0.0509 46.10 5.84 10.0 49 8.6 0.101 0.030
D 1025 6.449 0.0302 19.30 8.43 16.9 11.3 15.3 0.104 0.011
E 1075 4552 0.0216 12.90 9.51 23.6 155 229 0101 0.010
F 1120 3.9%4 0.0179 10.90 10.12 28.5 18.1 31.0 0.103 0.007
G 1140 4.086 0.0163 11.10 8.49 313 19.0 37.8 0111 0.009
H 1160 4.105 0.0140 11.20 7.60 36.4 19.0 438 0112 0.009
| 1180 4.064 0.0128 10.70 7.53 39.9 216 499 0.126 0.008
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ID Temp “Ar®Ar  FArPAr  FAr Ar ®Arg K/Ca “OAr Ar Age +20
(°C) (x10%  (x 20" mol) (%) (%) (Ma)  (Ma)
J 1220 4.941 0.0119 12.20 10.36 42.7 26.8 58.1 0.190 0.009
K 1260 6.984 0.0111 16.50 9.49 46.0 30.0 65.7 0.300 0.011
L 1320 1211 0.0099 20.50 15.85 51.7 49.8 78.4 0864 0.013
M 1450 13.92 0.0087 18.40 20.19 59.0 60.8 945 1213 0.012
N 1650 32.10 0.0142 65.30 3.55 35.9 39.8 97.3 1833 0.042
O 1650 116.8 0.0145 352.0 3.37 35.2 109 100.0 182 0.18
total gas age n=15 12525 37.7 0.498 0.021
L W143FVPu sanidine, J=0.0000702, NM-22, L ab#=2236-01
A 700 1430 0.2077 4780 0.33 25 12 04 218 310
B 800 329.6 0.1209 1093 0.58 4.2 2.0 10 083 043
C 900 68.76 0.0681 224.9 154 75 33 27 0287 0.082
D 950 34.62 0.0404 113.4 1.67 12.6 31 45 0.137 0.045
E 1000 23.85 0.0250 77.60 2.18 20.4 3.7 6.8 0111 0.031
F 1050 14.15 0.0158 44.70 3.10 32.3 6.5 10.2 0.117 0.019
G 1100 11.43 0.0127 35.90 4.04 40.2 7.1 14.6 0.102 0.015
H 1120 8.753 0.0121 27.10 3.61 42.2 8.1 185 0.090 0.012
| 1140 8.210 0.0121 25.30 3.47 42.2 8.7 223 0.090 0.011
J 1160 7.151 0.0123 21.84 342 415 94 26.0 0.086 0.010
K 1180 8.448 0.0123 26.16 3.49 415 8.2 29.8 0.088 0.012
L 1210 21.69 0.0124 70.80 4.32 41.1 34 345 0.093 0.025
M 1240 35.13 0.0117 116.8 5.43 43.6 1.6 40.4 0.073 0.040
N 1280 15.29 0.0113 49.00 6.12 45.0 5.2 47.0 0.100 0.018
O 1350 28.08 0.0107 87.90 15.01 47.7 75 63.3 0.265 0.029
P 1400 25.69 0.0090 77.28 16.36 57.0 11.0 81.1 0.359 0.026
Q 1650 32.84 0.0085 99.00 12.30 59.8 10.8 945 0451 0.034
R 1800 72.29 0.0084 230.9 5.08 60.7 5.6 100.0 0.510 0.079
total gas age n=18 92.04 46.8 0.255 0.042
L W145FV Pal sanidine, J=0.0000798, NM-10, L ab#=827-01
A 700 3705 0.0392 1222 0.14 13.0 25 0.5 13 16
B 800 12.93 0.0284 19.30 0.28 18.0 55.8 16 104 0.15
C 875 4553 0.0280 -5.7600 0.43 18.2 137 3.2 0897 0.072
D 930 5.249 0.0252  -2.8900 0.56 20.2 116 53 0875 0.067
E 980 9.041 0.0355 9.170 0.72 14.4 69.8 8.0 0908 0.042
F 1030 8.559 0.0333 7.480 0.87 15.3 73.9 11.2 0911 0.037
G 1070 8.888 0.0308 8.420 1.00 16.6 71.8 15.0 0.918 0.029
H 1100 10.30 0.0298 8.890 1.05 17.1 74.3 189 1.100 0.027
| 1120 10.17 0.0265 2.470 1.09 19.3 92.6 230 1356 0.034
J 1140 190.8 0.0292 600.9 1.10 175 6.9 270 190 0.38
K 1170 2212 0.0291 23.53 0.91 175 68.5 305 2179 0.047
L 1200 24.68 0.0273 22.00 1.47 18.7 73.6 36.0 2613 0.040
M 1260 4249 0.0287 26.50 3.55 17.8 815 492 4981 0.031
N 1340 38.46 0.0274 24.50 4.63 18.6 81.1 66.5 4.487 0.032
O 1450 40.71 0.0263 37.52 1.33 194 72.7 715 4.256 0.056
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ID Temp “Ar®Ar  FArPAr  FAr Ar ®Arg K/Ca “OAr Ar Age +20
(°C) (x10%  (x 20" mol) (%) (%) (Ma)  (Ma)
P 1650 4859 0.0300 49.60 5.76 17.0 69.8 93.0 4876 0.042
Q 1650 156.9 0.0410 4124 1.87 124 223 1000 503 022
total gas age n=17 26.77 17.3 3.583 0.074
L W145FV Pa2 sanidine, J=0.0000697, NM-22, L ab#=2246-01
A 700 2736 0.2307 907.7 0.51 2.2 2.0 26 068 0.38
B 800 165.0 0.2567 537.4 0.43 2.0 3.8 47 078 0.25
C 900 105.3 0.0533 329.5 0.67 9.6 75 81 100 0.14
D 950 93.89 0.0419 296.9 0.56 12.2 6.5 11.0 0.77 0.13
E 1000 76.67 0.0363 234.3 0.77 14.1 9.7 149 0.930 0.097
F 1050 70.19 0.0334 212.1 1.09 15.3 10.7 20.4 0942 0.096
G 1100 58.60 0.0318 170.9 1.10 16.0 13.8 26.0 1.015 0.069
H 1120 5042 0.0313 140.0 0.80 16.3 17.9 30.1 1.134 0.069
| 1140 47.09 0.0289 127.5 0.66 17.7 19.9 335 1.179 0.070
J 1160 41.66 0.0285 108.1 0.71 17.9 233 371 1220 0.061
K 1180 43.15 0.0274 112.6 0.60 18.6 22.8 40.2 1.239 0.065
L 1210 41.40 0.0281 105.2 0.71 18.2 248 438 1.293 0.061
M 1240 50.80 0.0299 129.8 114 17.1 245 496 1563 0.060
N 1280 66.45 0.0318 138.9 1.84 16.0 38.2 59.0 3.190 0.059
O 1350 64.37 0.0306 113.4 3.76 16.7 47.9 78.0 3.874 0.051
P 1400 110.0 0.0270 259.7 0.64 18.9 30.2 813 417 0.12
Q 1650 82.80 0.0312 156.8 3.19 16.4 44.0 975 4576 0.065
R 1800 574.3 0.0156 1793 0.49 32.7 7.8 100.0 560 0.87
total gas age n=18 19.67 16.0 260 0.10

Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interfering

reactions.

Individual analyses show analytical error only; mean age errors also include error in J and irradiation
parameters.

Correction factors:
(®Ar/*Ar) ca = 0.0007020.00005
(®Ar/¥Ar) ca = 0.00026+0.00002

(BAr/*An)« = 0.0119

(°Ar/*Ar) = 0.0250+0.0050
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Appendix 2.3. U-Th Disequilibrium Analytical Results.

Sample* Th U Th/U (+-) (GY))] (+-) (*Th)/ (+-) (*Th)/ (+-)
(Ppm) _ (Ppm) (wt.) (%0) (*Th) (%0) (*Th) (%0) Th) (%)

Ql1d plag 39026 11952  3.2653 04545 09291 04545 0.8876 0.4717 0.9554  0.6551
Ql1ld wr 6.0981 18734 32552 04387 09325 04387 0.9036 0.5057 0.9690  0.6695
Qlld olv 0.2645 0.0948 2.7889 04295 10878 0.4295 0.8503 0.6440 0.7817  0.7741
Ql1d mag 24354 07313 33301 04545 09105 04545 0.8910 0.5814 0.9786  0.7380
Ql1d f-olv 05797 01782  3.2523 04295 09238 0.4295 0.9080 0.7467 0.9829  0.8615
Qlid p>2.8 3.6159 10747 33645 04341 09017 04341 0.8833 04518 0.9796  0.6265
Ql1d glass 6.8557 2.0044 34204 04171 08870 04171  0.8679 0.4565 0.9786  0.6184
Ql1d o-mag 02335 0.0861 27106 03600 11192 0.3600 1.0306 1.8682 0.9208 1.9025
QI3 o-mag 0.1890 0.0598 3.1581 0.3808 09606 0.3808  0.9209 14985 0.9587  0.3808
QI3 28 8.2377 24057 34243 05333 08851 05333 0.8823 0.3967 0.9968  0.7310
QI3 pyx 23001 05922 38837 04152 0.7811 04152 0.8470 0.4014 1.0844  0.4152
QI3 wr 75233 22005 34188 12679 08831 12679 0.8756 0.5025 0.9916 1.3629
QI3 olv 0.0861 0.0243 35466 0.3464 08554 0.3464 0.8931 0.3700 1.0441  0.5069
QI3 26 53700 15970 3.3626 04545 09000 04545 0.8920 0.5045 0.9911  0.5737
QI3 mag 32390 09350 34642 03808 08836 0.3808  0.8900 0.5056 1.0073  0.5039
LBP f-plag 05770 0.1461 39494 03682 0.7682 0.3682 0.7715 0.7518 1.0043  0.3682
LBP c-plag 0.3180 0.0583 54515 0.3464 05567 0.3464  0.5719 11016 1.0273  0.3464
LBP o-mag 1.0870 0.2765 39318 04455 0.7713 04455  0.7881 0.4060 1.0218  0.4455
LBPgl 6.6840 16050 41644 03731 0.7285 03731 0.7454 0.6037 1.0232 0.3731
LBP wr 8.6730 21080 41143 04387 0.73714 0.4387 0.7486 0.4007 1.0152  0.4387
LBP alv 0.3990 0.0928 42996 0.3975 0.7060 0.3975 0.7345 11028 1.0404  0.3975
LBP mag 82930 19669 42162 04069 0.7195 0.4069  0.7332 0.3955 1.0190  0.4069
Qs3 wr 7.6226  2.1544 35382 0.3982 08574 03982 0.8694 0.4946 1.0140 0.3982
Qs3colv 0.2018 0.0562 35937 0.3826 08442 0.3826  0.8428 0.5339 0.9984  0.3826
Qs3f olv 0.3091 0.0930 3.3238 04119 09127 0.4119 0.9106 0.7028 0.9977  0.4119
Qs3d 7.6001 21588 3.5204 0.3929 0.8617 03929 0.8726 05042 1.0126  0.3929
Qs3 mag 87082 25111 34679 04387 08748 04387 0.8741 0.5949 0.9992  0.4387
Qs3 f-omag 05977 01864 32064 0.3640 09461 0.3640 0.9476 1.0553 1.0015  0.3640

'Ql1d = sample LW-2-21-91-1BMC; QI3 = sample LW-89-3-21-2BMC; LPB = sample SB-90-8-20-1BMC; Qs3 = sample LW-4-2-91-6BMC
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Appendix 2.4. Paleomagnetic data for the Lathrop Wells Volcanic Center.

Site Rock Type, NRM n/N/No Decl. Incl. 095 Kk 0951-3 a951-2 k1-3 k1-2  Azimuth VGP VGP Comments

[Sample] 1D Intensity Lat Long

Lw1 Flow, Ql1d 9/9/09 27 535 54 932 2.3 6 -201.9 -311 81.3

Lw2 Flow, Ql1d 9/9/09 138 533 35 2109 2.2 3.6 -2164 -829 1454

LW3 Flow, Ql1d, out of place

LW4 Flow, Ql1d, out of place

LW5 Flow, Qlla 8/8/11 185 536 71 623 44 7 -632 -261 1328

LW6 Flow, Ql1a, out of place

LW7 Flow, Qlla 10/10/ 3463 538 53 838 3.6 54 -759 -349 1793
12

LW8 Flow, Qlla 6/6/08 358.3 453 55 147.9 3.6 49 -127.9 -69 106

LW9 Buried Flow, Ql1c 10/10/ 3508 421 75 429 2.8 8.7 -131.5 -141 30.5
10

LW10 Buried Flow, Ql1c 77710 171 522 6.6 852 2.6 7.1 -211.4 -29 66.2

Lw11 Flow Ql1c, trench 11y 112 469 24 359.2 1.6 2.6 -370.5 -136.4 94.4
16

LW12 Flow Ql1c, trench 9/9/13 68 546 51 1023 21 5.8 -2475 -335 1269

LW13 Scoria Mound, Qs2u Spec. Spec. MAD Circle Circle MAD

Decl. Incl

A 291 456 38

B 224 554 37

C 64 611 19

D 3232 645 71

E 7 549 64

F 6.3 553 33

G 243 499 28

H 3037 512 22

I 352.3 56 5.3

J 6.2 492 48

K

L 3531 574 13
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Appendix 2.4. (continued)

Site Rock Type, NRM n/N/No Decl. Incl. 095 0951-3 0951-2 k1-3 k1-2 Azimuth VGP VGP Comments
[Sample] 1D Intensity Lat Long
M 9 613 84
N 8 591 65
o]
P 51 584 6
total Scoria Mound, Qs2u 12/12/12 28 577 6.8 3438 2.2 83 -1471 -11.2 1116 878 -36.9
LW14 Scoria Mound, Qslu Spec. Spec. MAD Circle Circle MAD
Decl. Decl.
A 356.6 421 14
B
C 112 394 55
D 3536 468 25
E 277.8 -6.7 117 plane
E 26 366 438
F
G 355.7 455 27
H
I
J 5 551 33
K 41 557 25
L 95 498 41
M
N 2 524 13
o]
P
Q
R 3546 335 25
S 10 544 08
total 1viv1n 2 467 51 818 29 5.6 -1084 -29.4 16.3 79.8 53.2
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Appendix 2.4. (continued)

Site Rock Type, NRM n/N/No Decl. Incl. a95 Kk 0951-3 0951-2 k1-3 k1-2 Azimuth VGP VGP Comments
[Sample] 1D Intensity Lat Long
LW15 Dike, Qslu 10/10/10 22 522 31 3649 2.3 2.8 -254.3 -184.6 20.7
LW16 Plug, Ql1u 10/10/10 36 522 12 935 0.9 1.3 -675.8 -400.4 33.3
Lw17 Flow, Ql1d 10/10/10 355 52 3.8 1286 2 4.4 -197.7 -43.7 61.3
LW18 Plug, Ql1u 10/10/10 6.8 537 41 1421 2.6 5.8 -239 -485 117.4
LW19 Flow, QI2 10/10/10 63 525 29 307.7 17 3.1 -372.8 -114.4 65.8
LW20 Flow, QI3 10/10/10 3529 536 52 2155 2 5 -4749 -79.8 103.8
Lw21 Ql1d, Rubble Spec. Spec. MAD Circle Circle MAD
Decl Incl.
A 3436 395 42
B 74 349 38 3266 207 149
C 955 615 46
D 875 579 23
E 75 548 41
F 952 592 31
G 1012 594 56
H 204 30 44
I
J 112 254 48
K
L 121 277 75 2207 193 74
M 771 352 85
N
o] 103 60 10.2
P 929 601 82
total 10/10/14 939 489 114 189 83 113 -162 -91 143 15 -53.3 Combined I/p:
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Appendix 2.4. (continued)

Site Rock Type, NRM n/N/No Decl. Incl. a95 Kk 0951-3 0951-2 k1-3 k1-2 Azimuth VGP VGP Comments
[Sample] 1D Intensity Lat Long
Lw22 Plug, Ql1u 10/10/10 28 536 1.8 9379 1 1.9 - 349 1732
1192.3
LW23 Main Cone, Qs3 Spec. Spec. MAD Circle Circle MAD
Decl Incl.

3428 532 6.78 1345 -66.7 153
128.1 -235 34 1933 399 19.3

151 13.2 47 941 -301 212
113.7 -16.9 2.7

120.1 4.9 21 208 -20.5 14.6

384.4 1.9 25

2043 -452 23 350 -335 8.7

7.7 -56.7 72 646 -148 31
1694 76.6 18

223 236 4.3

194 -5 4.1
19 59.2 11 1732 -95 9
164 -47.2 3.8 2846 -28 1.8
92.3 12.3 16.3 -489 3.8

3484  51.8 46 348.8 -48.6 154

1925 557 44 316 188 125

179.1 14 41 896 -121 4.3
164  63.9 8.5

N<Xs<CH0ODOTOZZIrA“"IOTMMOO®>
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Appendix 2.4. (continued)

Site Rock Type, NRM n/N/No Decl. Incl. 0951-3 a951-2 k1-3 k1-2 Azimuth VGP VGP Comments

[Sample] 1D Intensity Lat Long

AA 13.7 19.6 49 1258 48.3 13.2

BB

CcC

DD 9.5 50.8 146.6 29 8

total 26.1 58.2 36.9 16 19.9 208 -26 -24 131.7 78.7 57.1 Combined I/p: 10.5,
49.9

Sample # Corresponding field # Sample # Corresponding fidd #

LW1 LW 6-3-91-1-IWG LW13 LW 11-10-92-13-IWG

LW2 LW 6-3-91-2-IWG LW14 LW 11-10-92-14-IWG

LW3 LW 6-3-91-3-IWG LW15 LW 11-10-92-15-IWG

Lw4 LW 6-3-91-4-IWG LW16 LW 11-23-92-16-JWG

LW5 LW 6-3-91-5- WG LW17 LW 11-23-92-17-IWG

LW6 LW 6-3-91-6- WG LW18 LW 11-23-92-18-IWG

LW7 LW 6-3-91-7-IWG LW19 LW 11-23-92-19-JWG

LW8 LW 6-3-91-8- WG LW20 LW 11-23-92-20-JWG

LW9 LW 6-3-91-9-IWG LW21 LW 11-23-92-21-IWG

LW10 LW 6-3-91-10-IWG LW22 LW 11-23-92-22-IWG

LW11 LW 11-10-92-11-IWG LW23 LW 11-23-92-23-IWG

LW12 LW 11-10-92-12-IWG
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FY96 & FY97 revisions
Appendix 2-M1 through 2-M5: Captions for geologic maps on topographic bases

We have completed, in collaboration with the TRW GIS group, compilation of five
geologic maps of post-Miocene volcanic centers on digital topographic bases.
Equivalent maps for Black and Red Cones in Crater Flat can be found in Faulds et al.
(1994). The five maps consist of

Appendix 2-M1 Geology of Pliocene Basalt of Crater Flat. The revised geologic map of
the basalt of southeast Crater Flat was compiled from geologic mapping on ~1:12,000-
scale uncorrected air photos onto 1:12,000-scale orthophotographic quadrangles and
then transferred to a 20-foot-contour-interval topographic base.

Appendix 2-M2 Geology of Little Cones. The geologic map of Little Cones was
compiled from geologic mapping on ~1:12,000-scale uncorrected air photos onto a
1:12,000-scale orthophotographic quadrangle and then transferred to a 20-foot-
contour-interval topographic base. There is a slight mismatch between the geologic and
topographic data of Little Cones because the topographic data was generated from
digital data of a different scale than that of which the geologic map was compiled.

Appendix 2-M3 Geology of Makani Cone. The geologic map of Makani Cone was
compiled from geologic mapping on ~1:12,000-scale uncorrected air photos onto a
~1:12,000-scale orthophotographic quadrangle and then transferred to a 20-foot-
contour-interval topographic base.

Appendix 2-M4 Geology of the Sleeping Butte Cones: Little Black Peak and Hidden
Cone. The geologic map of the Sleeping Butte basalt centers was compiled from
geologic mapping on a ~1:30,000 uncorrected air photo (EG&G aerial photograph
6615-002-BMC) and then transferred to a 20-foot-contour-interval topographic base.

The geology of the Little Black Peak center is unchanged from the description in Crowe
and Perry (1991). The Hidden Cone center now includes a north flow that was mapped
originally as part of the center but not included in the report by Crowe and Perry (1991).
We now agree with Fleck et al. (1996) that the flow is derived from Hidden Cone. The
line denoting the north Qsf deposits of Hidden Cone is dotted because the contact
edge is very approximate. The dashed line of the north lava flow is a lineament on
aerial photographs and probably marks the flow edge of an aa flow lobe. The flow lobe
overlies an earlier flow-lobe segment exposed to the south and in turn is overlain by
rafted cone-scoria and scoria-fall deposits. The arrows mark flank breakout sites that
were the sources of the flank, blocky aa lava flows.

Appendix 2-M5 Geology of Lathrop Wells Volcanic Center. The revised geologic map
of the Lathrop Wells volcanic center was compiled from geologic mapping on ~1:4,000,
1:7,370, and 1:12,000 uncorrected air photos compiled on 1:12,000-scale
orthophotographic quadrangles and then transferred onto a 20-foot-contour-interval
topographic base.
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CHAPTER THREE
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.  Summary

Yucca Mountain is located in the southern part of the Great Basin physiographic province,
which is a complex region of Cenozoic mantle upwelling, extensional faulting, and time-
transgressive silicic and basaltic volcanic activity. The mountain developed as a physiographic
feature through a combination of eruption and deposition of large-volume ignimbrite from the
Timber Mountain-Claim Canyon caldera complexes and subsequent uplift and offset by
extensional faulting. Yucca Mountain is located at the southern edge of a pulse of time-
transgressive silicic volcanism and at the northern edge of an amagmatic gap that coincides with an
area of preservation of cold lithospheric mantle. The mountain overlaps a 90 mGal gradient in the
regional Bouguer gravity field. Four sets of tectonic models have been developed for the Yucca
Mountain region including regional detachment models, caldera modds, rift models, and models
incorporating and related to systems of the Walker Lane structural zone. Basaltic volcanismin the
Y ucca Mountain region (YMR) includes the basalt of the silicic episode (BSE; 9-12 Ma) that is
temporally and spatially associated with Miocene caldera complexes and the postcaldera basalt
episode (PCB) that is divided into the older postcaldera basalt cycle (OPB; 9-7.2 Ma) and the
younger postcaldera basalt cycle (YPB; 4.7 to 0.07 Ma). The latter cycleis important for volcanic
hazard assessment for the Yucca Mountain site. VVolcanic centers of the YPB occur mostly ina
northwest-trending zone called the Crater Flat volcanic zone (CFVZ). The age and spatial patterns
of the PCB show southwest migration of sites of volcanic activity through time. Analyses of time-
space patterns that include the sequencing of volcanic events show that volcanic processes have
been consistent for the last 9 Ma and operated on two scales: 1) processes involving small-scale
clustering (< 10 km) of contemporaneous volcanic centers and 2) processes involving the formation
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of spatially and temporally discrete volcanic centers with separation distances of > 15 km. The
distribution and sequencing of basaltic volcanic eventsin the YMR during thelast 9 Ma are
consistent with W-SW spatial drift through time coupled with oscillations perpendicular to the drift
direction. Alternative spatial, structural, and temporal models devel oped for basaltic episodes of
the YMR include the preferential occurrence of basalt centers along specific structures (areas of
extension, ring-fracture zones of calderas, and intersections of strike-slip faults), the Death Valley-
Pancake Range, rift models involving combined strike-slip and extensional tectonic processes, and
identification of high risk volcanic chains. Instrumentally recorded seismicity in theregionis
distributed across an east/west zone and displays strike-slip and dip-slip offsets consistent with a
northwest-trending orientation of the least principal stress axis. Yucca Mountain is located in an
earthquake-free zone (historic record), a reflection of either low stress accumulation or prehistoric
seismic release, and there may be a negative correation between seismicity and the distribution of
Quaternary basalt centers. Gravity modds of the YMR show a gravity high associated with Bare
Mountain and a gravity low centered in the Crater Flat basin and extending partly beneath Y ucca
Mountain to the east. Pliocene and Quaternary basalt centersin Crater Flat tend to be associated
spatially with the gravity low of Crater Flat but cannot be correated with specific structural
features. Drape aeromagnetic and local ground magnetic data reveal the presence of multiple
anomalies, some of which correlate with the surface and inferred subsurface distribution of
Cenozoic basaltic volcanic rocks. Exploratory drilling has confirmed these inferences at three sites.
Geodectric and magnetotdluric data show a conductive anisotropy aligned paralld to the
structures of the Walker Lane structural system. Seismic refraction data confirm the general mode
of Yucca Mountain being located above and on the eastern edge of a thick accumulation (3.5 km)
of sediments and volcanic rocks that fill the Crater Flat basin. High-resolution seismic reflection
data show that the basin formed during multiple episodes of extensional and probable strike-dlip
deformation. The seismic reflection data are inconsistent with the presence of an active, west-
dipping detachment system at the Cenozoic/pre-Cenozoic contact and are also inconsistent with
caldera models of the Crater Flat basin. Teleseismic data reveal the possible presence of a low-
velocity anomaly below Crater Flat and the Amargosa Valley that may record the presence of
magma near the crust-mantle boundary. Other interpretations of the data are possible and the
presence of an inferred magma body is inconsistent with integrated geologic, seismic, heat flow,
and magnetic data. The Yucca Mountain site is located in a heat-flow low, and there is no apparent
correation between sites of Quaternary basaltic volcanism and areas of devated heat flow.

II. Introduction

The primary goal of this chapter is to integrate the record of Cenozoic basaltic volcanism of
the Yucca Mountain region (YMR) with the regional tectonic setting of Y ucca Mountain using
current data available through the Y ucca Mountain Site Characterization Project (YMP). The area
under exploration for potential underground disposal of high-level radioactive wasteis an
approximately 5 kn¥ area in the interior of Yucca Mountain (DOE, 1988), a linear mountain range
located on the southwestern edge of the Nevada Test Site (NTS). This exploratory area, hereafter
referred to as the Yucca Mountain site, is located on the southern edge of the southwest Nevada
volcanic fidd (SNVF), and is flanked on the west by the Crater Flat basin, on the east by Jackass
Flats, and on the south by the Amargosa Valley (Crowe et al., 1995; their Fig. 2-1).

Thetask of integrating volcanism and tectonism studies is somewhat difficult for three
reasons. First, thereis alimited geologic record of Pliocene and Quaternary volcanic events in the
YMR. Only 5, possibly 6, volcanic centers of Quaternary age are located within a 25-km radius of
the Yucca Mountain site (Crowe et al., 1995; see Chapter 2). The small number of events does not

3-2



permit hypothesis testing using standard statistical tests of significance and, therefore, multiple
aternative models of tectonism and volcanism must be considered. Second, the geologic and
tectonic setting of Yucca Mountain is complex. Yucca Mountain is upheld by a thick accumulation
of Cenozoic volcanic rocks that overlie largely concealed Paleozoic rocks. The volcanic rocks were
deposited during multiple cycles of large volume silicic volcanic eruptions that were preceded by,
were partly contemporaneous with, and are post-dated by episodic tectonic events associated with
the formation of the Crater Flat basin. During the early phase of basin evolution prior to about 13
Ma, the Yucca Mountain site was part of the Crater Flat basin. The basin geometry has evolved
through time, and the northern part of Yucca Mountain is now a faulted volcanic highland that
flanks the Crater Flat basin whereas the southern part of the mountain merges with the basin and is
still an area of active extension. The Paleozoic rocks that underlie Yucca Mountain were faulted
and folded during multiple episodes of pre-Cenozoic deformation. These rocks are exposed to the
east and west of Yucca Mountain but not within the mountain itself. Their structural configuration
beneath Y ucca Mountain and the Crater Flat basinis only partly known, primarily from
geophysical studies and limited drill hole exploration. Third, thereis not a direct relationship
between tectonic features and sites of Quaternary basaltic volcanism. Quaternary volcanic centers
of the YMR occur generally in or at the edges of alluvial basins with one center (Hidden Cone)
located just inside a range edge. Some of the Pliocene and Quaternary volcanic centers occur on or
near faults or tectonic features (basalt of Buckboard Mesa, Lathrop Wels center) whereas other
centers appear not to follow or be directly related to surface structures (1.0 Ma Quaternary basalt
centers of Crater Flat). Quaternary faults in the YMR can only indirectly be corrdated with sites of
Quaternary volcanism, and the shallow stress field may control the locations and alignment of
individual volcanic centers.

Y ucca Mountain developed as an identifiable physiographic feature during the mid-Miocene.
Multiple large-volume, silicic pyroclastic eruptions resulted in the formation of coalesced calderas
of the Timber Mountain caldera complex, which is the largest caldera complex of the SNVF
(Byers et al, 1976; Christiansen et al, 1977; Crowe et a., 1995; see Chapter 2; Sawyer et al.,
1994). The volcanic rocks that form the surface rocks of Y ucca Mountain were deposited during
closdly spaced explosive eruptions of silicic magma from about 15 to 11.5 Ma (Sawyer et al.,
1994) and formed plateau highlands encompassing the Timber Mountain complex. During the
latter stages of the silicic eruptions, the ignimbrite plateau at the location of what is now Y ucca
Mountain was extended and broken by normal faulting associated with Basin and Range tectonism.
The volcanic rocks were offset along closdy spaced north and north/northeast-trending, mostly
west-dipping faults and the faulting was accompanied by eastward tilting of the volcanic units
(Scott and Bonk, 1984; Scott, 1990). These tectonic events defined the outlines of what is now the
physiographic form of Y ucca Mountain.

Before emplacement of the Paintbrush Group, which is one of the large-volume, caldera-
forming eruptions (Sawyer et al., 1994), there may have been earlier episodes of deformation in the
Y ucca Mountain area involving extensional, strike-slip, and possibly detachment faulting. The
eruption of over 10,000 kn? of mid-Miocene volcanic rocks formed a thick volcanic cover that
blankets the older volcanic rocks of the YMR, making it difficult to reconstruct the detailed history
of early Cenozoic tectonic events.

Large-volume basaltic volcanism accompanied episodic phases of Miocene tectonic activity.
Miocene basaltic volcanism shows strong spatial associations with preexisting structural features
(basin-range faults and ring-fracture zones of caldera complexes). Many sites of basaltic volcanism
formed contemporaneously with phases of extensional faulting (for example, the older basalt of
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Crater Flat, the basaltic volcanic rocks of Dome Mountain; Crowe et al., 1995). In contrast,
Pliocene and Quaternary basaltic activity inthe YMR is of small volume, postdates the major
phases of extensional faulting, and is more difficult to relate to local structural features.

A second purpose of this chapter is to provide a summary of the current understanding of the
geologic and tectonic features of the region, progressing in scale from the southern Great Basin
region to the Yucca Mountain area. Such a progression places the geologic setting of Yucca
Mountain into a regional tectonic perspective and is aided by regional geophysical data that
provide important insights into possible interrel ationships between regional, local, and subsurface
structures. The geophysical data can also be combined with petrologic studies of basaltic
volcanism (Crowe et al., 1995; Chapter 4, this report) to provide constraints on the fundamental
causes and processes of basaltic volcanism. This composite view gives a perspective for evaluating
not only the structural controls of volcanic activity but also the operation of magmatic processes
that produced the past record of volcanism and may control future volcanic events.

Any attempt at describing the relationship between tectonism and basaltic volcanism must be
recognized as an evolving perspective linked to the present state of understanding of the geological
processes affecting the YMR. Concepts concerning, for example, the origin and tectonic
development of the Basin and Range province have changed dramatically during the last few
decades. During the 50s and 60s, the province was recognized as a site of structural extension. The
mountains and valleys were viewed as rigid horsts and grabens, structurally bounded by steeply
dipping, planar faults. Important advances during the latter part of the 60s and early 70s strongly
reshaped thinking about the origin of the Basin and Range province. The unifying concepts of plate
tectonics were developed, and these concepts presented a largely new perspective for evaluating the
driving mechanisms for development of a major extensional province in a continental setting. The
Basin and Range province, based on plate tectonic concepts, attracted comparison to oceanic and
continental rift zones behind active arc systems. The widespread application of radiometric dating
methods to the volcanic and plutonic rocks of the province revealed complex time-space patterns in
the sequences of igneous rocks. The plutonic and volcanic rocks formed during Cenozoic magmatic
activity in the Basin and Range province are now recognized to be part of widespread and
continuing magmatic events that occurred along the western length of the North American
continent since at least the Eocene. Plate-tectonic processes of subduction of oceanic crust
associated inland by overlapping belts of continental magmatism intermixed with extensional
deformation provide a conceptual framework for explaining many, but not all, of the complex time-
Space associations of tectonism and volcanism in the Basin and Range province of the
southwestern United States.

During the 70s and 80s, perplexing sites of low-angle faulting with large sections of rock
displaced or missing were recognized throughout the province. The timing of movement along
many of these low-angle fault systems is now sufficiently well established to relate the tectonic
events to Cenozoic extension. The identification of low-angle faults of Cenozoic age was paralleled
by recognition of exposures of complexes of metamorphic and igneous rocks throughout the Basin
and Range province. The depth of formation of these rocks and their mid-Cenozoic uplift ages
necessitated the removal of many kilometers of crust, presumably associated with the Cenozoic
extension. The Basin and Range province is now recognized as a region of time-transgressive
extension accompanied by spatially varying mantle upweling, volcanism, and lateral flow of the
mantle and crust.
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There undoubtedly will be continued progress in the reconstruction of geologic events that will
lead to further understanding of the processes of tectonism and volcanism in this complex,
continental, arc-rift setting. Future advances in thinking will produce new ideas, force rethinking,
or even invalidate currently accepted concepts. Discussion of the tectonic setting of Yucca
Mountain and the patterns of basaltic volcanism must be viewed only as a time-slice of the present
state of knowledge of the region.

Three perspectives are emphasized in the process of identifying and assessing tectonic models
for the occurrence of Pliocene and Quaternary basaltic volcanism in the YMR. First, it isimportant
to evaluate and incorporate a comprehensive set of al reasonable tectonic-volcanic models for
basaltic volcanism. Because of the small number of basaltic centers, multiple tectonic models are
permissive and can be neither proved nor disproved. Instead, the priority is to assess complete
ranges of alternative models; it is of lesser importance to make judgments about which set or sets
of tectonic modds are most or even more correct. This chapter attempts to identify a range of
tectonic modds for application in probabilistic volcanic hazard assessment (PVHA) (Croweet al.,
1995; Geomatrix, 1996). Second, a key perspective in an evaluation of different tectonic modelsis
an identification of the effects of the alternative models on assessing probabilistic modes of the
hazards of future volcanism for the Yucca Mountain site. Third, while the task of developing
tectonic modds for volcanism is difficult, it must be placed into the perspective of the goals of
isolation of high-level radioactive waste. A required 10,000-yr. isolation period of high-level
radioactive waste is long relative to societal perspectives, but it is ardatively short period
compared to the millions of years required to initiate, evolve, and change the fundamental tectonic
processes that have shaped and will continue to shape the Y ucca Mountain area.

Finally, a third purpose of this chapter is to update information obtained since completion of
the volcanism status report (Crowe et al., 1995). The primary areas of new information included in
this report are the following:

1) Refinementsin the pull-apart models of the Crater Flat basin (Fridrich, in preparation).

2) Incorporation of the interpretative results of regional seismic reflection lines across Crater
Flat and Yucca Mountain (Brocher et al., 1996, in press).

3) Incorporation of preliminary results of data obtained from the upgraded regional seismic
net (Smith et al., 1995).

4) Additional analyses of the spatial patterns of basaltic volcanismin the YMR (Golder
Associates, 1995).

5) Incorporation of the results and tectonic moddls that are part of studies by the Center for
Nuclear Waste Regulatory Analyses (CNWRA), a contractor for the Nuclear Regulatory
Commission (NRC; see Ferrill et al., 1995a,b).

6) Incorporation of results of geophysical studies described in a summary report by the US
Geological Survey (Oliver et al., 1995).

7) Incorporation and description of alternative tectonic modes developed by the volcanism
expert judgment pand (Geomatrix, 1996).
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8) Incorporation of limited new information obtained from ground magnetic surveys across
the Solitario Canyon fault and southern Crater Flat. The planned volcanism work for the
fall of 1995 and calendar year 1996 included additional ground-magnetic studies and
evaluation of aeromagnetic data for an assessment of the detection of basaltic intrusions.
These studies were not implemented in the volcanism work scope and therefore thereis
only limited discussion of new magnetic studies related to the issue of basalt intrusions.

Ill. Southern Great Basin

The Yucca Mountain siteis located in the southern part of the Great Basin, a subpart of the
Basin and Rangephysiographic province of the southwestern United States. Theterm “Basin and
Rangeprovince” as used heeinrefers to thebroad area ofthe western United States deninated by
fault-bounded mountain ranges separated by alluvial valleys (Fig. 3.1; seealso Stewart, 1978).
The province was suldlivided originally on physiographic aiteria (Fig. 3.1, seeFenneman, 1931)
but many geologtal and ge@hysical properties of the province extendbeyondthe strict
physiographic boundaries. Eaton (1982)argued that the Basin and Range province can be defined
as atectongphysical regionthat includesparts of ten western statesand more than 10% of the bnd
areaof the contiguous United States. A much larger areaof the Basin and Rangeprovince can be
demarcated simply from the distribution of late Cenaozoic faults (Fig. 3.2) and this areais close to
the size of the Basin and Range province as defined by the thermophysical criteria of Eaton (1982).

0o 500 1000 MI

0 500 1000 KM

Figure 3.1. Physiographic subdivisions of North America (modified from Bally et a., 1989). The
Basin and Range province (cross-hatched area), defined on geomorphic criteria, occupies a broad
area of the west and southwest United States and adjoining areas of northern Mexico.
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Figure 3.2. Distribution of late Cenozoic faults in the western United States (modified from Stewart, 1978).
The area outlined by faults in this figure denotes the broader Basin and Range province as defined by the
thermophysical criteria of Eaton (1982).

Thereis animportant distinction between the Great Basin part of the Basin and Range
province and the southern Basin and Range (Fig. 3.3) with the former area recognized generally as
being affected by more recent operation of active extensional processes. Accordingly, most areas of
the Great Basin are higher standing topographically with increased seismicity and higher heat flow
in comparison with the southern Basin and Range province (Eaton, 1982; Jones et al., 1992). The
boundary between these subprovinces coincides generally but not exactly with the eastward
projection, between the latitudes of 36° and 37° N, of the Garlock fault, extending from California
across Nevada and continuing to the Colorado Plateau in Arizona (Fig. 3.3) (see also Suppe et
al.1975; Eaton, 1982). This boundary forms the northern edge of an area with no Cenozoic or
M esozoic magmatism or plutonism (Farmer et al., 1989) and marks the approximate location of a
gradient in the Bouguer gravity fidd of almost 100 mGal (increasing to the south; Eaton et al.,
1978; Hildenbrand et al., 1988; Saltus and Thompson, 1995). The boundary or gravity stepisa
recognizable feature on the Bouguer gravity anomaly map of North America (Hanna et al., 1989).
It is less prominent but recognizable on the map of historical seismicity of North America
(Hildenbrand et al., 1988, their Fig. 2.3; Engdahl and Rinehart, 1988).

Wernicke (1992) and Jones et al. (1992) divide the Basin and Range into three tectonic
provinces, the northern Basin and Range, the southern Basin and Range, and the central Basin and
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Range. Their central Basin and Range province encompasses most of the area surrounding the
YMR. The YMR liesin the Walker Lane structural belt, which is a complex zone of northwest-
trending right-slip and subordinate northeast-trending left-slip faults that bounds the southwestern
parts of the Great Basin (Fig 3.3).

There are many published reviews of the geology and geophysical characteristics of the Basin
and Range province, and the following sections provide only a brief overview of the voluminous
literature with an emphasis on aspects of the geologic and geophysical characteristics of the Great
Basin that provide an important framework for tectonic modds of the YMR. Noteworthy papers
that describe important properties of the Basin and Range province with emphasis on the central
Basin and Range subprovince include Nolan (1943), Shawe (1965), Hamilton and Myers (1966),
Armstrong et a. (1969), Atwater (1970), Anderson (1971), Scholz et al. (1971), Stewart (1971),
Lipman et al. (1972), Christiansen and Lipman (1972), Noble (1972), Kistler and Peterman,
(1973), Best and Brimhall (1974), Thompson (1974), Smith and Sbar (1974), Wright et al. (1974),
Snyder et al. (1976), Wright (1976), Proffett (1977), Stewart et al. (1977), Best and Hamblin
(1978), Christiansen and McKee (1978), Eaton et al. (1978), Lachenbruch and Sass (1978), Smith
(1978), Stewart (1978), Zaback and Thompson (1978), Eaton (1979), Eaton (1980), Lipman
(1980), Stewart (1980), Guth (1981), Wernicke (1981), Zoback et al. (1981), Armstrong (1982),
Eaton (1982), Hill (1982), Glazner and Supplee (1982), Vaniman & al. (1982), Wernicke and
Burchfie (1982), Coney and Harms (1984), Farmer and DePaolo (1983; 1984), Smith and L uedke
(1984), Hudson and Geissman (1987), Hamilton (1988), Snoke and Miller (1988), Wernicke et al.
(1988), Farmer et al.,(1989), Gans e al. (1989), Oldow et al. (1989), Carr (1990), Hodges and
Walker (1990), McKenna and Hodges (1990), Scott (1990), Severinghaus and Atwater (1990),
Armstong and Ward (1991), Walker and Colman (1991), Jones et al. (1992), Stirewalt et al.
(1992; Wernicke (1992), and Axen et a. (1993). Parsons (1995) provides a recent overview of
many of the features of the Basin and Range province.

Themost striking feature of the Great Basin, relative to adjacent regions of the western United
States, is the contrasting topography. The region has been broken by complex, spatially and
temporally heterogeneous extensional faulting into broad basins separated by narrow, high-
standing ranges (Stewart and Carlson, 1974; Eaton, 1982; Hildenbrand et al., 1988; Wernicke et
al., 1988; Jones et al., 1992). This extension occurred primarily in the Cenozoic, but the detailed
timing and spatial variability of the faulting remains controversial. Many workers restrict the
development of the so-called classical Basin and Range tectonism to episodes of extensional
faulting that are younger than 17 Ma (post-middle Miocene; see Stewart, 1978; Christiansen and
McKee, 1978). Thereis evidence of early Cenozoic faulting that preceded and was synchronous
with subduction and arc magmatism (Axen et al., 1993). However, this faulting may not be related
directly to the later faulting that shaped much of the modern topography (Coney, 1978; Mayer,
1986; Okaya and Thompson, 1986; Best and Christiansen, 1991). Other workers have emphasized
the time-transgressive nature and spatial complexity of extensional faulting. The onset of the
extensional deformation is emphasized rather than the age of continued faulting. In many areas of
the Basin and Range province, extensional faulting may have begun in the Oligocene (Proffett,
1977; Crowe, 1978; Crowe et al., 1979; Rehrig, 1986; Snoke and Miller, 1988; Gans et al., 1989;
Axen et al., 1993).
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Figure 3.3. Subdivisions of the Basin and Range province. The province is divided into the northern Basin and
Range (Great Basin), and the southern Basin and Range (Sonoran Desert). The YMR is located near the
southern end of the Great Basin north of a transition zone between the provinces that coincides with the
approximate eastward extension of the Garlock fault. This transition zone has been called the central Basin and
Range (Wernicke, 1992; Jones et al., 1992). The cross-hatched area of the southwestern Great Basin outlines
the boundary of the Walker Lane structural zone. SA: San Andreas fault; GF: Garlock fault; WL: Walker Lane
structural zone.

Many workers have noted the association between magmatism, low-angle extensional faulting
and the development of metamorphic core complexes (Crittendon et al., 1980; Gans et al., 1989;
Parsons and Thompson, 1993) although some workers dispute whether magmatism and faulting
are always closdy rdated (Christiansen and McKee, 1978; Best and Christiansen, 1991).
Armstrong and Ward (1991) completed a detailed analysis of the time-space patterns of
magmatism and development of core complexes. They argue that thereis a close link between
magmatism and core complex formation and that magmatism may directly or indirectly lower the
strength of the crust and permit formation of the core complexes. They also note that rates of
magmatism, extension, and core complex formation have declined since the Miocene.

Many authors link the time-transgressive magmatism of the Basin and Range province with
tectonism suggesting the tectonic activity, by inference, was time-transgressive. The time-
transgressive nature of Basin and Range tectonism may be reflected in the modern distribution of
faulting and volcanic activity. The most active areas of volcanism and tectonism in the Great Basin
are along its active western and eastern margins. The present eastern margin of the Great Basin,
for example, appears to be expanding outward into largely unextended terrain of the Colorado
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Plateau (Suppe et al., 1975; Best and Hamblin, 1978; Tanaka et al., 1986). The Yucca Mountain
site, from this perspective, is located in an interior area of the Great Basin where tectonic and
volcanic processes have waned since the late Miocene.

Coney (1978) divided tectonic and magmatic activity in the Basin and Range provinceinto a
period of vast ignimbrite eruptions (ignimbrite flare-up of the late Eocene to early Miocene)
followed by a period of widespread basalt eruptions, block faulting, and collapse of the Basin and
Range province (post-20 Ma). He suggested that the first period was controlled by subduction of
the Farallon plate and the latter period by cessation of subduction and growth of the San Andreas
transform system.

Severinghaus and Atwatet990) provided a refined plate tectonic perspective for the controls
of basin-range faulting and volcanism. They examined the geometry and thermal state of
subducting slabs beneath North America through time by reconstructing the magnetic patterns of
the preserved ocean floor. Severinghaus and Atwa®80) suggested subducting slabs became
aseismic through time and cease to affect continental tectonism strongly. The period required for
reduction of the tectonic activity associated with subduction is dependent not only on the age of
termination of subduction but also on the age of the subducted oceanic crust. The latter factor
became important in the Miocene as segments of the oceanic rise approached the Americas plate
(Severinghaus and Atwater990) resulting in subduction gbung, buoyant oceanic crust.

The tectonic evolution of western North America can be constrained partly by the timing of
formation and expansion of an aseismic slab gap associated with the termination of subduction. A
slab gap developed as early as 35 Ma in southeastern Arizona and southwestern New Mexico and
extended generally northwest in time across the Basin and Range province, paralleling the
development of the San Andreas transform system (Severinghaus and At@@@ertheir Figs. 8—

14). While the associations between plate locations and continental tectonic events have spatial
uncertainty, they provide a conceptual framework from the perspective of plate tectonic

interactions to explain the time-transgressive magmatic and tectonic patterns of the southern Basin
and Range province. Three important constraints for the YMR can be identified through the plate
tectonic reconstruction of Severinghaus and Atwdi@8Q). First, subduction continued in the

Great Basin after development of an aseismic gap in the southern Basin and Range. This is
consistent with higher rates of modern tectonism and a somewhat younger age of initiation of
extension in the Great Basin compared to the southern Basin and Range. Second, a slab-free zone
inland of the Mendocino and Pioneer fracture zones formed beneath the Yucca Mountain area at
about the time of cessation of silicic volcanism and during a major and possibly peak phase of
extensional faulting (11 Ma). Third, the timing of the termination of the southern spread of
volcanism, the development of the amagmatic gap, and the east/west-trending boundary between
the Great Basin and southern Basin and Range provinces coincides with the location and the timing
of development of slab incoherence beneath the southern Great Basin and onland effects of the
Mendocino-Murray transform zones (Severinghaus and AtwE®80). Additionally, the

development and southward spread of the plume head of the Yellowstone hotspot starting about 17
Ma is inferred to have had profound effects on the northern Basin and Range province (Parsons et
al., 1994, Saltus and Thompson, 1995).

Late Cenozoic basin-range faults in the eastern Great Basin trend predominantly north and
northeast. The consistencies of fault trends are interrupted on the southwestern side of the Great
Basin. Here, there may be multiple sets of normal faults with variable strikes and the range trends
are more diverse, which is typical of the Walker Lane structural zone. Evidence of the Walker
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Lane structural features in the southwestern Great Basin include northwest alignment of silicic
volcanic centers (Carr, 1974, 1990; Carr e al., 1984), northwest alignment of large-volume
Miocene basalt centers (Crowe, 1990), zones of oroclinal bending of mountain ranges (Shawe,
1965; Guth, 1981; Scott, 1990), segmented and largdly inactive zones of northwest-trending
probable right-dlip faults (Guth, 1981; Scott et al., 1984; Carr, 1974, 1990), and northeast-
trending left-dlip faults (Carr, 1984). Blakely (1988) noted that magnetic anomalies in the Walker
Lane structural zone of Nevada have arcuate, northwest trends, but the width of the zone of
aeromagnetic anomalies is wider than the boundaries of the Walker Lane. He suggests that the
magnetic anomalies may be shaped by an underlying tectonic fabric that predates the modern
topography—perhaps related to the Precambrian breakup of North America.

Blackwell (1978) and Lachenbruch and Sass (1978) described high values of observed heat
flow in the Great Basin and noted that the data are consistent with the occurrence of Quaternary
volcanic rocks and thermal springs in the region. Lachenbruch and Sass (1978) suggested that
much of the anomalous heat is transferred from the asthenosphere by convection accommodated by
pervasive flow of the crust or intrusion of magma. They developed thermomechanical models of
these processes and demonstrated a relationship between heat flow, asthenosphere flux, lithosphere
thickness, extension rate, and the rate of production of basalt magma in the mantle. Extension,
based on their heat-flow models, was facilitated through brittle fracturing and penetration of the
crust by basalt dikes or by warming and thinning of the crust through underplating by basalt. The
YMR is located in a region of lower heat flow called the Eureka Low. Suppe et al.,(1975), Eaton et
al.,(1978), and Eaton (1982) noted the high average elevation of the Great Basin (>1.4 km) and the
general coincidence of this area of high topography with areas of high heat flow. Eaton (1982)
concluded that the high topography of the region is best explained by isostatically driven vertical
expansion of the lithosphere as a result of heating from below.

An additional major feature of the Great Basin is its position in a regional gravity low (Eaton
et al., 1978; Eaton, 1980, 1982; Hildenbrand et al., 1988; Hanna et al., 1989). Eaton et al.,(1978)
described the collection of associated features that provide constraints on the gravity field and
tectonic setting of the Great Basin. These features are the low Bouguer gravity field with a bilateral
distribution of long-wavelength anomalies, the thin crust, the high heat flow, the past record of
widespread magmatic activity, the concentration of Quaternary volcanic rocks at the east and west
margins, and widespread extensional faults.

Jones et al. (1992) examined the geological, geochemical, and geophysical data for the central
part of the Basin and Range province. They note that there is significant heterogeneity in the record
of the response of the mantle and crust to Cenozoic extension. Jones et al. (1992) suggest that the
limited topographic differences between strongly extended and largely unextended regions of the
central Basin and Range require lateral flow of crustal material into the extended areas. They
summarized geochemical data supporting movement of crustal material. Specifically, these
interpretations are based on isotopic data for basaltic rocks that show preservation of ancient
lithospheric mantle beneath the central Basin and Range (Vaniman et al., 1982; Farmer et al.,
1989; Jones et al., 1992) whereas to the north and west, asthenospheric mantle lies beneath the
crust. The most buoyant and, by inference, warmest mantle lies under the Sierra Nevada range and
not under the strongly thinned crustal sections of Death Valley and Lake Mead (Jond98Pal.,

Thus, there is not a simple relationship between degree of extension of the crust, crustal thickness,
and preservation of lithospheric mantle.

3-11



Hildenbrand and Kucks (1988) and Hildenbrand et al. (1988) compiled aeromagnetic data for
the state of Nevada and the southern Great Basin. Blakely (1988) used a two-step process to
calculate apparent magnetization contrasts for these data. He first analyzed the distribution of the
Curie temperature isotherm and assessed the tectonic implications of regional features from an
analysis of the aeromagnetic data. One of the most prominent features of the region is the presence
of amagneic “quiet zone” which is azone onthe aeromagneic map of Nevada lacated east and
northeastof the YMR (Car, 1984;his fig. 16) $owing alack of magnetization contrasts.This
feature has commonly been irterpretedas the product of arelatively shallow depth to the Curie
temperature isotherm (Zeitz et al., 1970; Qristiansen and McKee 1978). However, Blakdy
(1988) frowed that the absence of short-wave ength anomalies in the quiet zone cannotbe
explainedby a shallow Curie temperature isotherm. He arguedthat deepmagneic sources
influerce the longwavelengh anomalies but not the short-wavelengdh attributes. Blakely (1988)
examined alternative causesand suggestedthat the guiet zonemay be causedby interse
hydrothemal alteration that could have dminishedthemagneic properties ofthe magneic rocks
(seeEatonet al., 1978).

Blakely (1988)described the northern Nevada rift, which is anorth/northwest-trending zone
of aeromagnetic anomalies that is best developed in nath central Nevada. Thisrift zone is inferred
to be undelain by mafic extrusive and irtrusive rocks that formed inresponse to mid-Miocene
extersion perpendcular to thethenactive subduction zoneat the coast (Zoback and Thompson,
1978).Therift zone extends from the Oregonborderto southen Nevada (Zoback etal., 1994),
and its develpment iscoeval with thefirst emergerce ofthe Yellowstonemantle plume and
eruption of the Columbia River basalt. Therift ends incentral Nevada, but gravity data indicate it
could extend further south (Blakely, 1988).The gravity anomalies that extend to the south of the
rift are probably produced by upper crustl sources (Smpsonet al., 1986)and may coincide with
thick low-density fill of caldera complexes (Carr, 1990). Girr (1984;his Hg. 18) swgests hat the
northern Nevadarift may connest with the Death Valley-Pancake range votanic zone(see
following section).

Blakely (1988)applied a Fourier domain technique to the Nevada aeromagnetic data, nating
carefully theasaumptions and cautionsrequired inapplying this method. He usedthese datato
estimate basal depths of magnetic sources. Two regional features persist in his analy ses that
correlate with recognized het-flow anomalies. These are the Battle Mountain highand the Eureka
low. The Battle Mountain high isan area ofshallow depth to the Curie temperature isotherm and
coincides with an area of exceptionally high heat flow (Lachenbrach and Sass, 1978)The Eureka
low has an unusually deepbasal depth to the Curie tenperature isotheam (> 25 km; seeBlakely,
1988).This arreationis nat expected if the Eureka low is caused by a near-surface hydrologic
phenomena (contrast with Sasset al., 1987). Itmust ke associated with deegp-seated features.
Especially natable, again, is the coincidence of this aea with the amagmatic gap and an area of
probable preservation of Proterozoic lithosphere (Farmer et al., 1989; dneset al., 1992).

Patterns of hgtoric seismicity broadly outline the borders ofthe Great Basin with diff use but
significant seismicity in theinterior parts (Smith and Shkar, 1974; $nith, 1978; Ehgdahl and
Rinehart, 1988; Hidenbrand et al., 1988)(Fig. 3.4) Distinctive zones of seismicity extend along
the western margin of the province (eastern edge othe Sierra Nevadarange, Owens \élley-Long
Valley regior). A secondary belt of seismicity extendsfrom this zone into certral Nevada. The
southern seismic belt (Smith, 1978)defines the eastern margin of the Great Basin. A somewhat
diffuse zone of @st/west seismicity extendsacross the southern Great Basin throughthe YMR
(Smith and Sba, 1974).The record of seismicity in the latter area has leen compli cated, however,
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by underground explosions from testing of nuclear weapons at the NTS. A somewhat diffuse but
distinctive zone of seismicity extends around the borders of the Colorado plateau (Smith, 1978;
Engdahl and Rinehart, 1988). Thereis an approximate, although imperfect, correation between
zones of seismicity in the Great Basin and sites of Quaternary faulting (Hill, 1982; Carr et al.,
1988). However, diffuse seismicity commonly does not coincide with surface faults, and seismic
slip at depth may be discordant with fault patterns (Arabasz and Julander, 1986; Gomberg,
1991a,b). Focal depths tend to be shallow and rarely exceed 20 km (Smith, 1978; Eaton, 1982).
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Figure 3.4. Seismicity map of the western United States (from Smith, 1978).

The Great Basin is characterized, from seismic studies, by a reativey thin crust (<30 to 35
km) (Mooney and Braile, 1989; Benz et al., 1990; Jones et al., 1992). Mooney and Braile (1989)
noted slightly lower crustal seismic velocities of the Basin and Range province (6.2 kmiSec ), and
the local presence of a high-velocity basal crustal layer (7.3 to 7Se¢&nwhich is a feature that
may be consistent with intrusion of mantle melts into the lower crust (Lachenbrach and Sass, 1978;
Okaya and Thompson, 1986). An important characteristic of this region is the anomalous low-
velocity, low-density upper mantle with P-wave velocities of 7.6 and 7($ekhfPriestley et al.,
1982; Benz et al., 1990; Hollwk, 1990). Jones et al. (1992) emphasized that there is not a close
correlation between buoyancy of the crustal column and degree of crustal extension. They suggest
that the style of lithospheric extension must vary both along and across the strike of the Great
Basin. Humphreys and Dueker (1994a, 1994b) examined the upper mantle structure of the western
United States through examination of teleseidticave travel time residuals. They argue that

3-13



while the patterns of variation are somewhat heterogeneous, the Great Basin is underlain by a
buoyant upper mantle with decreased solidus temperature and decreased density.

IV. Tectonic and Volcanic Setting: Yucca Mountain Region

In this section, we examine the tectonic and volcanic setting of the YMR focusing on the
structure of Yucca Mountain and the adjacent Crater Flat basin, which is the occurrence area of
most of the Pliocene and Quaternary basaltic volcanic centersin the YMR. The most recent
descriptions of the tectonic setting of the area are emphasized because these discussions include
data acquired through the site characterization studies for the Yucca Mountain site. The tectonic
setting of Yucca Mountain is described for four sets of tectonic models including: 1) detachment
models, 2) caldera models, 3) rift modds, and 4) Walker Lane models.

Y ucca Mountain, as noted in Chapter 2 of the volcanism status report (Crowe et al., 1995),
forms part of the southern flank of the Timber Mountain caldera complex (Byers et al., 1976,
1989; Christiansen et al., 1977), a Miocene volcanic feature, that is till expressed
physiographically. Many of the constructional features formed during volcanic eruptions (caldera
depression, resurgent dome) are still preserved topographically. The caldera depression is outlined
by an annular valley surrounding the central resurgent dome of the caldera.

Ekren et al. (1968) documented two sets of basin-range faults in the Nevada Test Site and
Nelis Air Force Range. They noted that older basin-range faults trend northwest and northeast.
These faults locally predate the Belted Range Group and may have formed as early as about 26 Ma
(Ekren et al., 1968). A second set of north-trending faults is constrained by stratigraphic relations
to be younger than about 18 Ma. These faults had well developed, probable fault-controlled
topography before the eruption of the Thirsty Canyon Tuff (Ekren et al., 1968). Extensional
faulting in the Yucca Mountain vicinity is largely contemporaneous with volcanic activity at about
11-13 Ma (Scott, 1990; Carr, 1990; Fridrich in preparation). There are suggestions of a poorly
documented phase of tectonism, possibly basin and range tectonism, that predates the Paintbrush
Group (Snyder and Carr, 1984; Wright, 1989; Carr, 1990; Fridrich, in preparation). Evidenceis
persuasive that an episode of range-bounding faulting postdates eruption of the Paintbrush Group
(12.8t0 12.7 Ma) and partly predates but locally involves the Timber Mountain Group (11.7 to
11.4 Ma) (see Snyder and Carr, 1984; Scott, 1990; Carr, 1990; Fridrich, in preparation).

Considerable work for the site characterization studies has been conducted to assess the risk of
future seismic activity for the Yucca Mountain site. A key finding from these studies is the
identification of multiple faults with Quaternary displacement (Simonds and Whitney, 1993).
Many of these faults have now been remapped at larger scales building on the work of Scott and
Bonk (1984; for example Dickerson and Spengler, 1994), and paleoseismic studies have been
conducted using information from logged trenches and natural exposures (for example, Menges et
al., 1994). Some key issues concerning seismic risk for both the preclosure and postclosure periods
of a potential repository are the effect of seismicity and tectonic deformation on unsaturated and
saturated ground water flow and the rocks of a repository system, and the relationship between
tectonism and volcanism (for example, Stirewalt et al., 1992; Ferrill et al., 1995h).
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A. Detachment Models

Scott and Bonk (1984; Scott, 1990) provided a comprehensive description of the shallow
structure of Yucca Mountain based on detailed geologic mapping at a scale of 1:12,000. They
argued that Yucca Mountain has been modified by structures that are typically associated with
extended terranes of the Basin and Range province and also contains areas of oroclinal bending,
which is a common feature of strike-slip deformation in the Walker Lane structural system. Scott
(1990) described the mountain as a series of east-tilted, fault-controlled ridges or blocks that
bifurcate southward. The northern end of the rangeis marked by northwest-trending topography
that may be associated with largely concealed northwest-trending strike-slip faults (Scott et al.,
1984; O'Nadll et al, 1992). The interior part of Yucca Mountain and the areas associated with the
exploratory block consist mostly of north-trending, gently east-tilted fault blocks bounded by west-
dipping, high-angle normal faults. The southern part of the mountain shows an increase in the
number of faults, an increase in the offset along the faults, a decrease or shallowing of the west dip
of the faults, and an increase in the amount of eastward to southeastward stratal tilting of the
volcanic section (Scott, 1990). Paleomagnetic data from the TivgoGanember of the
Paintbrush Group indicate a stepped, southward increase in the degree of clockwise rotation across
Yucca Mountain (Scott, 1990; Rosenbaum et al., 1991; D#al., 1992), and this change
coincides approximately with a slight disruption of the range trend and the occurrence of northeast-
trending, left-slip faults (Fridrich, in preparation).

Scott (1990) summarized three types of evidence suggesting that the major normal faults of
Yucca Mountain could be listric faults (flattening downward). First, he cited a 12° downward
decrease in the dip of a fault cutting the western slope of Busted Butte. Second, he noted, from
drilling data, a downward decrease in dip of about 21"lfonthe Ghost Dance fault. The third
line of evidence is a progressive eastward increase in stratal tilts toward the major normal faults
that cut the mountain. Scott (1990) inferred the presence of a low-angle normal fault as an
accommodation structure beneath Yucca Mountain. Such an interpretation requires the faults of
Yucca Mountain to form a low-angle stack of normal faults above a basal detachment fault. The
east-bounding breakaway zone for a detachment system could be the Paintbrush Canyon fault (Fox
and Carr, 1989) or a structural zone bounding the east side of Yucca Mountain (Brocher et al.,
1993). An alternative explanation, however, is that the observed flattening of faults is a near-
surface phenomenon and the faults are high-angle structse®) that extend downward to the
seismogenic base of the crust at 10- to 15-km depth (Brocher et al., in press).

Hamilton (1988) described detachment faulting in the Death Valley region of California and
Nevada. He suggested that detachment faults exposed in Bare Mountain, the Bullfrog Hills, and the
Funeral Mountains to the west and southwest of Yucca Mountain may be domiform exposures of a
single west/northwest-dipping fault surface that was eroded as the upper plate of the Grapevine
Mountains slid westward. Key points of the Hamilton model (1988) are twofold. First, the
detachment faults may be major, initially west-dipping faults that were raised and rotated as they
were unroofed progressively by tectonic denudation. Second, the detachment systems decrease in
age to the southwest. The youngest activity on these systems is in the Death Valley region.
Hamilton (1988) agrees with the model of Scott (1990) that the middle Miocene faulting of Yucca
Mountain represents a headwall complex that allowed slip on the Bare Mountain detachment fault
to reach the surface. However, Hamilton (1988) argues that the Quaternary displacement of these
faults only applies to the final “gasps” of detachment slip. Thus, most of the detachment
deformation predated the episodes of extensional faulting that displaced the ignimbrite sheets of
Yucca Mountain.
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Another perspective for the regional models of detachment systems is provided by Carr and
Monsen (1988). They accept the continuous detachment model of Hamilton (1988) but argue that
the faults of Yucca Mountain have a different movement history than the extensional terrain of
Bare Mountain and the Bullfrog Hills. Fox and Carr (1989) endorse the detachment modes but
argue that the listric nature of normal faults at Y ucca Mountain can be neither confirmed nor
refuted with current data.

Ferrill et al. (1995a) argue that there are two end-member models for detachment fault systems
and their association with faults of Bare Mountain and Y ucca Mountain. Thefirst assumes the
faults of Yucca Mountain are related to a detachment system at the Bullfrog Hills, and the faults of
Y ucca Mountain, while related originally to the detachment system, were cut off by therise of Bare
Mountain. The second mode assumes that faults of the Y ucca Mountain block formed to
accommodate deformation in the hanging wall in response to movement on the Bare Mountain
fault.

A major difficulty with almost all of the detachment models was noted by Brocher et al. (1996;
in press) from their interpretations of studies of seismic reflection lines collected across Crater Flat
and Y ucca Mountain. They argued that the inferred upper contact of the Tertiary and Paleozoic
section of rocks can be traced discontinuously in the reflection data and is offset by relatively steep
faults, which is an observation that is inconsistent with the contact representing an active, low-
angle detachment surface (Brocher et al., in press). None of these observations, however, preclude
low-angle shear deformation at greater depth in the brittle-ductile transition zone of the middle
crust (McCarthy and Thompson, 1988).

Thereis general agreement that even if detachment processes have affected the fault systems at
Y ucca Mountain, the systems are now either inactive or have very limited effects on modern fault
systems. The detachment models may affect interpretations of the timing of past faulting events
and potentially assessments of seismic risk for Yucca Mountain. However, more important to the
purposes of this report, the distribution of basaltic volcanism in the Y ucca Mountain region does
not appear to be rdated in any systematic manner to known or inferred detachment faults.
Moreover the low-angle geometry of detachment systems make them unlikely pathways for ascent
of basalt magma at depth because magma probably follows or is most influenced by near-vertical
structures (see Crowe et al., 1995, Chapter 5). We conclude that tectonic modes involving
detachments systems may be important for seismic studies but probably do not play a significant
rolein the location and structural setting of sites of Pliocene and Quaternary basaltic volcanismin
theYMR.

B. Caldera Models

A second set of largdy different tectonic models for the Yucca Mountain setting,
corresponding to caldera models, has been proposed by W. J. Carr and associated co-authors
(Carr, 1984; Snyder and Carr, 1984; Carr and Parrish, 1985; Carr et al., 1986; Carr, 1988). These
models were proposed mostly before the development of concepts of detachment systems for the
YMR. The caldera modeds infer that Yucca Mountain is bordered to the west and partly underlain
by a caldera complex, the Crater Flat-Prospector Pass caldera. The collapse of two inferred nested
calderas associated with this caldera complex was assumed to be the primary cause for the
formation of the Crater Flat depression which was partly filled by ignimbrites of the Paintbrush
and Timber Mountain Groups and alluvial sediments (Fig. 3.5). Carr et al. (1986) and W. Carr
(1988) suggested that the caldera is divided into two parts. The northern part of the caldera, the
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Prospector Pass caldera segment, is believed to be the source of the Tram Tuff of the Crater Flat
Group. Thelarger Crater Flat calderais bdieved to be the source of the Bullfrog and Prow Pass
Tuffs of the Crater Flat Group. Evidence for the caldera complex includes:
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Figure 3.5. Proposed caldera complexes and the distribution of Quaternary basaltic volcanic rocks of the Crater
Flat area (modified from Carr, 1990). Snyder and Carr (1984), Carr and Parrish (1985), Carr et a. (1986), and
Carr (1982, 1984, 1988, 1990) propose that the southern part of Crater Flat is underlain by the Crater Flat
caldera and the northern half of the Crater Flat basin is a segment of the larger Prospector Pass caldera. The
Pliocene and Quaternary volcanic rocks of Crater Flat occur in the moat zone and across the resurgent dome of
the proposed Crater Flat caldera. One center (Makani cone) islocated in the Prospector Pass caldera segment.
The cross-hatched areas are the inferred resurgent domes of the caldera complexes (after Carr, 1990) and the
black areas are Quaternary basalt centers.
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1. thesemicircular shape of the southern part of Crater Flat;

2. thelarge compound gravity low of Crater Flat (nearly 50 mGal), which isinferred to
be produced by low density fill in a compound caldera depression;

3. thedistribution and thickness of the individual members of the Crater Flat Group;

4. the presence of local Miocene dike systemsin Bare and Y ucca Mountains that may
represent ring dikes of the caldera complex;

5. thepresence of athick local wedge of monolithologic breccia, resembling collapse
breccia, in the upper part of the Bullfrog Tuff near the southern edge of Crater Flat;
and

6. thetruncationin Crater Flat of a persistent east/west aeromagnetic anomaly.

Carr and Monsen (1988), Hamilton (1988), Scott (1990), and Fridrich and Price (1992)
summarized arguments against an origin of the Crater Flat depression as a caldera complex. The
primary arguments are several. First, the facies variations of the Crater Flat Group do not appear
consistent with a caldera sourcein Crater Flat. Second, the stratigraphic sequence noted in VH-1
and VH-2, particularly the absence of a intracaldera deposits between the Prow and Bullfrog Tuffs
of the Crater Flat Group, are inconsistent with the presence of a calderain southern Crater Flat
associated with the eruption of the Crater Flat Group. Third, the gravity data indicate the Crater
Flat basin extends in the subsurface southward beyond the southern physiographic margin of the
Crater Flat and, thus, is not uniquely associated with the proposed caldera boundaries. Oliver and
Ponce (1995) noted that the seismic refraction profile across the Amargosa Valley south of the
town of Amargosa shows a structural depression with dimensions and trends that are similar to the
Crater Flat depression. The subdued aeromagnetic signature of the basin continuation shows that it
cannot be associated spatially with volcanic rocks and cannot be a caldera depression. Fourth,
intrusive dikes inferred to follow the ring-fracture zone and mark the margin of the calderas may
simply follow local basin-range structure. Finally, interpretations from seismic reflection profiling
(Brocher et al., 1996), while not completely definitive, are generally inconsistent with the caldera
mode of Crater Flat. The Crater Flat basinis a non-circular depression and it is degper on the west
than the east side. The eastern side of the basin is bounded by a series of moderate-to high-angle
planar faults rather than arcuate bounding faults typical of ring-fracture zones of a caldera
complex. Additionally, thereis no indication in the reflection data of a resurgent dome or structures
typically associated with a resurgent dome in the subsurface of Crater Flat east of Red Cone and
Black Cone (compare with Carr, 1990).

C. Rift Models

Therift modes are divided into three setsincluding: 1) the Death Valley-Pancake Range
volcanic zone, 2) Rift-caldera modds, and 3) Rift/strike-slip models.

1. Death Valley-Pancake Range Volcanic Zone. Crowe and Carr (1980) and Crowe et al.
(1980) defined the Death Valley-Pancake Range volcanic bet (DV-PR), whichis a north-
northeast-trending zone extending across the central part of the Great Basin from Death Valley on
the south to the Pancake Range on the north and including the Y ucca Mountain site (Fig. 3.6).
They noted that the belt is demarcated by scattered sites of Pliocene and Quaternary basaltic
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volcanism and is similar to a north-trending “prong” of fundamental basaltic volcanism denoted by
the boundaries of zone Il of Best and Hamblin (1978; page 332). Crowe et al. (1983a) attempted to
further define the DV-PR noting that it developed as a recognizable zone of diffuse but persistent
basaltic volcanism following spatial migration and cessation of silicic volcanism in the southern
Great Basin at about 8-9 Ma. They described two types of volcanic fields in the belt including
large volume, long-lived basaltic volcanic fields (Type | field) with high densities of scoria cones
(Lunar Crater and Death Valley volcanic fields), and relatively short-lived, small volume basalt
fields (Type Il fields) with low densities of scoria cones (Crater Flat volcanic field). Vaniman et al.
(1982) described the petogly and geochemistry of the basalt cycles of Crater Flat and briefly
discussed systematic spatial changes (increasing from north to south) in the isotopic ratios of
¥Srf°Sr of Pliocene and Quaternary basalt in the DV-PR (Vaniman et., 1982; their Fig. 1).

Carr (1984) attempted to integrate the DV-PR into the structural and tectonic framework of
the southern Great Basin. He summarized evidence of multiple features that appear to be somewhat
unique for the DV-PR including (Carr, 1984, p. 32-39; his Fig.18):

1. Aligned basalt centers and exposed dikes of less than ~4.0 Ma age trend generally
N. 20°-30° E and parallel the trend of the DV-PR.

2. The DV-PR parallels and is locally east of a tilt reversal of linear ranges in the central
and southern part of the Great Basin. Additionally, the DV-PR parallels and is adjacent
to a series of topographically high-standing mountain ranges.

3. There is a slight increase in concentration of Quaternary faulting in the DV-PR
compared to immediately adjacent regions of the Great Basin.

4. The DV-PR may be a paleoseismic zone. This interpretation is complicated by nuclear
explosions at the Nevada Test Site and aftershocks triggered by the explosions as well
as limited historical record from seismic nets that record lower magnitude earthquakes.

5. While the DV-PR is not well expressed as a geophysical feature, Carr (1984) argues
that a north-south axis of symmetry in the Bouguer gravity field parallels the belt, and it
is also paralleled by prominent magnetic “quiet zone” (see earlier section). Carr (1984)
argues that the DV-PR could be a zone of slightly higher heat flow and may be
associated with an east to west increase in upper mantle velocities.

6. The northern end of the DV-PR may be aligned with the Cortez Rift or the Oregon-

Nevada lineament (see Carr, 1984; his Fig. liB)e: The Cortez Rift of Carr (1984)
is the same as the northern Nevada rift (see pages 11-12 of this paper).
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Figure 3.6. Distribution of post-Miocene silicic (stippled) and basaltic (black) volcanic rocks of the southern
Great Basin. Basaltic rocks are inferred to be part of the Death Valley/Pancake Range vol canic zone (Crowe et
al., 1983a; Crowe, 1986). An alternative interpretation is that the zone may consist of three unrelated, complex
volcanic fields: (1) the Lunar Crater-Reveille range vol canic fields, (2) basaltic and silicic volcanic rocks of the
Timber Mountain-Oasis Valley/Black Mountain-Stonewall Mountain volcanic fields, and (3) basaltic and silicic
volcanic rocks of southern Death Valley. TM-OV: Timber Mountain caldera complex; BM: Black Mountain
caldera; SWM: Stonewall Mountain caldera (cal dera boundaries not shown on the figure); LV: Long Valley
caldera complex; CR: volcanic rocks of the Coso volcanic field; DV: Death Valley; YM: Y ucca Mountain.

Carr (1984) concluded his discussion of the DV-PR by arguing that the zone may simply be a
linear region of slightly higher tectonic flux that has allowed an increased concentration of
Quaternary faulting, seismicity, and basaltic volcanism. Such an interpretation is consistent with
the DV-PR being ardatively subtle feature in which ascending basaltic magma is slightly more
likely to reach the surface than areas flanking the zone.

Smith et al. (1990) defined an “Area of Most Recent Volcanism” (AMRV) and included this
area in the DV-PR (in Smith et al., 1990; their Fig. 2). They emphasized that the direction of
elongation of their high-risk volcanic chains in Crater Flat is parallel to the DV-PR.

Some studies have downplayed or questioned the existence of the DV-PR. Smith and Luedke
(1984) did not include the DV-PR in their summation of potentially active volcanic lineaments and
loci in the western United States. Crowe (1993) noted that there are gaps in the distribution of
Pliocene and Quaternary basaltic volcanic centers in the DV-PR between the YMR and the
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southern Reveille Range and between the central Amargosa Valley and Death Valley. He suggested
the alternative interpretation that the DV-PR zone may consist of three unrelated, volcanic fields:
the Lunar Crater-Reveille volcanic fied, the SNVF, and the late Cenozoic volcanic rocks of
southern Death Valley (see Fig. 3.6). A critical distinction for the DV-PR may be in the use of the
terms “belt” or “zone’ for this feature. Crowe et al. (1986)and Crowe (1986)desaibe the DV-PR
as a zonethat is defined only orthebasis of a slightly greater abundance of Plioceneand
Quaternary basaltic centers than adjacent areas on either side of the zone. This usage is similar to
the definition of the basaltic volcanic zore Il of Bestand Hamblin (1978). h contrast, Carr (1984)
argues that the DV-PR is a belt that is marked by topographic, seismic, and geophysical featuresin
addition to an increased abundance of sitesof Plioceneand Quaternary basaltic volcanism. He
suggests that the DV-PR is a structural feature. The irterpretation and aigin of theDV-PR was
identified as a topic for resolution through geophysical studies by the US Geological Survey
(Croweet al., 1986).However, follow-up studies were not conducted.

Whatevertheinferred aigin of DV-PR, there is agreementhat it marks a zone ofdlightly
increased concertration of Plioceneand Quaternary basaltic volcanism in the southern Great Basin.
TheDV-PR has beenproposedand describedby a rumber ofauthars, and there isagreementthat
theboundariesof the DV-PR erclose the Yucca Mountain site.

Two ather sets of rift mode s—the rift-caldera models and the rift/strike-slip models—are related
partly to the DV-PR but are applied to only the southern part of the zone. Theyare considered as
separate categories of rift modes in the following discussons.

2. Rift-Caldera Models. W. J. Carr extended higoncepts of thetectonic setting of the
YMR and defined the Kawich-Greenwater rift (Carr, 1990),which is anorth-northeast trending rift
that coincides spaitally with the southern part of the DV-PR tet. He suggested that the YMR is
split by anorth-trending votano-tectonic rift, the Kawich-Greenvater rift, that encompasses
several coalesced caldera complexes and represents a pull-apart or a right-stepped zone of rifting in
the larger Walker Lane structural system (Fig. 3.7) Carr (1990)attempted to integrate this rift
with the proposed detachment models for the fault systems of Yucca Mountain. Rater than classc
detachmentfaulting, hearguedthat Y ucca Mountain is located onthe approximate areaof a
breakaway zonethat allowed develpment ofdeachmerti-style faulting to the west as an
accommodation to “ slumping” of the Yucca Mountain highland irto the Crater Flat depression.

Themajor characteristics of the Kawich-Greenwater rift (all from Carr, 1990)include
inferred features that could be important to the Yucca Mountain site.

1. Theriftisidentified structurally on the narth and south by aligned caldera complexes
and by closely spaced sets of narth-to-northeast-trendingfaults that offset the ignmbrite
sheds. Thesefault systems may be dstinguishedby their close surface spacing and the
geametry and dstribution of offset of the Timber Mountain Group. Part of thefault
system is exposed in anortheast zone etendingacross Pahute Mesa with the irferred
southern cortinuation of this fault zone extending through Yucca Mountain (Carr, 1990,
his Fig. 6).

3-21



10 MILES

20 KM

Figure 3.7. Kawich-Greenwater rift zone (after Carr, 1990). The zone is marked by an alignment of coal esced
caldera complexes of the Timber Mountain caldera complex. It extends south across the Amargosa Valley into
the Death Valley area of California and coincides with the southern part of the DV-PR. Notched lines outline
caldera-complexes of the TM-OV (BM: Black Mountain caldera; SC: Silent Canyon caldera; CF-PP: the
proposed Crater Flat/Prospector pass caldera that is not generally regarded as a caldera complex; GVC:
Greenwater Valley caldera (shown as a dashed not notched line because it is a specul ative caldera). The heavy
dashed line outlines the boundaries of the Nevada Test Site (NTS) and the dotted lines outline the boundaries
of the Kawich-Greenwater rift zone. KV: Kawich Valley;, GR: Greenwater Range.

2. Thewest side of therift is structurally more abrupt than the east, and therift forms an
asymmetrical graben structure.

3. Theaxisof therift, particularly on the south side, may be marked by a diffuse gravity
low in theregional Bouguer gravity map.
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4. Volcanic activity occurred along the length of therift, primarily during the Miocene, and
included large-volume eruptions associated with caldera centersin the YMR. The
southern part of therift was active about the same time as the northern rift, but silicic
eruptions continued in the southern part until about 5 Ma (Death Valley area). The
Kawich-Greenwater rift lies near and paralld to aregional volcanotectonic feature, the
DV-PR.

5. Carr (1990) argued that the presence of Pliocene and Quaternary basalt in the Crater
Flat areaindicatesthe®. . . process of rifting may be cortinuing but at a very much
reducedrate and probably undera diff erent stress regime than in the Miocene” (Carr,
1990, p. 290)The basalts are inferred to have foll owed ring-fracture zones of calderas
at depth and divetedto natheast-striking tersion fracturesas they naredthesurface.

The Kawich-Greewater rift modd of Carr (1990)represents an important modfication of his
caldera modeland an attempt to reconcile the mapped patterns of the closely spaced namal faults
of Yucca Mountain. The primary importance of the proposed rift (Carr, 1990) b volcanism studies
is its location and structural orientation. Therift, or structural trough, trendsnorth/northeast from
the Greenvater Range,on the astern flank of southern Death Valley, through the Yucca Mountain
area to Kawich Valley (Carr, 1990)(Fig. 3.7) This proposed rift zone obliquely spans peart of the
Walker Lane structural zore in the southern Great Basin and encompasses the Y ucca Mountain
site. So ddined, it could provide acontrolling structure for the lacation of thepast and possbly
future acaurrercesof basaltic volcanism in the YMR. The Kawich-Greenvater modelretains the
interpretation that Yucca Mountain is at least partly underlain by aburied caldera and the Yucca
Mountain steisincluded in alarger rift zone thatis dso part of the DV-PR.

3. Rift/Strike-Slip Modédls. Multiple models have been proposed that attribute the Crater
Flat basin to diff erent combinations of extersion and strike-slip deformation that may or may not
be associated wih deachmentfaulting. This section briefly reviewsand attempts to contrast the
differentmodek. Themodelsshare many common featuresbut are separated incategaies
correspondingto the waker whoproposedthe dff erentmodek.

a. Amargosa Desert Rift Zone. An alternative rift model of the tectonic setting of Yucca
Mountain involves episodes of older strike-slip faulting directly or indirectly associated with
extensional deformation. Wright (1989)argues that detachment systems typical of the Death
Valley areaare notregioral featuresand suggests instead that they are unconnested systems that
were bounded oiginally by strike-slip faults. Thetiming and style of develgmentof low-angle
detachmentfaults by this modelare dgoendenton the hstory of faulting of individual basins.
Wright (1989)infers that the Crater Flat basin may be the north part of a zone of pull-apart basins
called the AmargosaDesert Rift Zone (ADRZ). This stucture encompasses aseries of structural
blocks boundedby segmerts of strike-slip faults connestedby en ehelon,obliquely ariented
normal faults (Fig. 3.8) The primary evidence in support of thisrift is treefold. First, aseries of
gravity lowsis inferredto ddine pull-apart basins extendingto the south and southeast of Crater
Flat (Wright, 1989).Second, pull-apart basins associated with extensional and strike-slip faulting
have been deumerted in dher adjoining areas of the Basin and Range(Death Valley, Emigrant
Valley). Third, northwest-trending faults of the Pahrump Valley area may be still active strandsof
basin bounding, strike-slip faults.
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Figure 3.8. ADRZ superimposed on the Bouguer gravity map (modified from Wright, 1989). The rift
zone extends from Crater Flat on the north, south-southwest across the Amargosa Valley, and
bifurcates into the Stewart Valey (SV) and Pahrump Valley (PV) basins, and the central Death
Valley plutonic-volcanic field (DV). The YM isthe location of the exploratory block of Yucca
Mountain.

Pull-apart activity based on the Wright mode (1987) may have beguninthe YMR as early as
14 to 16 Ma and was replaced in time by predominantly normal faulting. The Crater Flat basin,
with associated sites of volcanic activity, could represent a northern segment of the ADRZ. A
strike-dlip component of the late Miocene (<12.4 Ma) development of the Crater Flat basinis
suggested by the rotation of the Tiva Canyon member, as inferred from paleomagnetic data
(Rosebaum et al., 1991).

The Wright (1989) modd shares some common features with the Kawich-Greenwater rift
mode of Carr (1990). A key differenceis that the Wright modd attributes basin formation
primarily to tectonic processes with volcanic activity secondary to tectonic activity. The Carr
model relates the primary development of the northern part of the Kawich-Greenwater rift zone to
volcanic processes with tectonic activity only a secondary process. The models overlap and arein
agreement generally for the southern part of the Kawich-Greenwater rift zone and the northern part
of the ADRZ. Both modds emphasize development of tectonic rifts or pull-apart zones south of
Crater Flat and possibly extending to Death Valley (Wright, 1989; Carr, 1990). Wright (1989)
suggests that the ADRZ may not connect with the southern Death Valley volcanic fied but instead
with pull-apart basins formed in the Pahrump-Stewart Valleys. Carr (1990) extends the Kawich-
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Greenwater rift into the volcanic and pull-apart basins of southern Death Valley. The most marked
differences in the rift models are for the origin of the Crater Flat basin. Carr (1990) maintains that
the creation of the Crater Flat depression is from caldera collapse associated with cycles of ash-
flow eruption. He notes, however, that the caldera collapse may have been contemporaneous with
or modified by rifting and graben formation.

The absence of distinctive magnetic anomalies in or beneath the aluvial fill of the Amargosa
Valley suggests strongly that the proposed pull-apart basins of this valley were not accompanied
by eruption of voluminous volcanic rocks (Kane and Bracken, 1983; Wright, 1989; Langenheim,
1995). Wright suggests the timing of development of the basins of the Amargosa Valley is pre-
Paintbrush (>13 Ma). His arguments are based on the geologic relations of the Crater Flat-
Prospector Pass caldera and a K-Ar age of 13.2 Mafor an ash found in sedimentary fill near Ash
Meadows.

The ADRZ modd of Wright (1989) was one of thefirst tectonic modds to recognize the
potential importance of strike-slip faulting in the development of the Crater Flat basin through
comparison to analogous relationships in the pull-apart setting of southern Death Valley. Wright
(1989) also recognized the importance of linear gradients in the Bouguer gravity field that may
mark the locations of inferred basin-bounding, strike-slip faults.

b. Amargosa Valley I sotopic Province. A related but not specific tectonic or volcanic model
of the distribution of the Pliocene and Quaternary basalt centers of the southern Great Basin was
defined by Gene Y ogodzinski (University of Nevada, Las Vegas) at a workshop in conjunction
with probabilistic volcanic hazard analyses for the Y ucca Mountain site (Geomatrix, 1996). He
argued that the isotopic composition of Sr and Nd for basaltic volcanic rocks can be used to outline
a definable spatial province named the Amargosa Valley Isotopic Province (AVIP). The
boundaries of this province coincide almost identically with a composite of the Kawich-Greenwater
rift of Carr (1990) and the ADRZ of Wright (1989). The AVIP represents a zone of basaltic
volcanic activity where the magma source was an unusually thick and temporally persistent section
of Proterozoic lithospheric mantle (Geomatrix, 1996; see dicitation by R. Carlson). This
spatial/geochemical “tectonic” model was used by many panel members of the volcanism expert
judgment panel (Geomatrix, 1996) and, for this reason, is identified as a separate model in this
report.

c. Concealed Strike-Slip Moddl. A slightly different origin for the Crater Flat basin was
suggested by Schweickert (1989) who proposed the presence of a buried right-slip fault that
transects the southern Amargosa Valley and Crater Flat basin. He suggested a cumulative offset of
about 26 km along a concealed fault zone on the basis of offset of a distinctive overturned fold-
thrust system of Mesozoic age. The lack of surface expression of the fault led Schweickert (1989)
to suggest that activity on the fault predates the Paintbrush Group. He argues, however, that the
clockwise rotation of the Tiva Canyon member may indicate continued shear strain along the fault.
Schweickert (1989) notes further that thesgy northwest-trending alignment of the Quaternary
volcanic centers may mark the surface projection of the trace of the concealed strike-slip fault. This
model is largely compatible with the Wright model (1987). However, the strike-slip model of
Schweickert (1989) requires only a single strike-slip fault whereas the rift model of Wright (1989)
requires that the basins of the rifts formed by movement on a combination of en echelon northwest-
trending faults. The latter interpretation is more consistent with the gravity data of southern Crater
Flat and the Amargosa Valley, which shows distinct zones of northwest-trending gravity lows
outlining en echelon basins (Wright, 1989).
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d. Pull-Apart Basin Models. Fox and Carr (1989) emphasized extension over strike-slip
faulting in basin formation and presented a modification of the rift/strike-slip models. They
suggested that the resumption of basaltic magmatism in Crater Flat about 3.7 Ma marked a
renewed episode of extensional tectonism in the Yucca Mountain area. The eruption sites of the
basalts were inferred to coincide with an axis of extension and crustal pull-apart between east-
dipping faults of Bare Mountain and west-dipping faults of Yucca Mountain. O'Nelll et al. (1992)
described evidene of strike-slip faulting and aoclinal bending of Yucca Mountain. They
suggested, onthebasis of fault geanetry, fault off sets, and paleomagndic data, that formation of
strike-slip, pull-apart basins onscales of meters to kilometers may be an ongoingprocess Bath the
Fox and Carr (1989)and the O'Nelll et al. (1992)modd s require extension and pull -apart
formation to be an active process albeit at ratesmuch reducedfrom earlier Miocene &tersion.

A modified pull -apart modd that focuses onthe structural resemblance of the Crater Flat basin to a
sphenachasm has been developed by Fridrich and Price (1992), Fidrich et al. (1994),and Fridrich (in
preparation). The latter paper (Fridrich, in preparation) provides the most recent summeary of studies of
thebasin and it isused as the primary reference in the following summary of the important points
concerning the origin of the Crater Flat basin.

In the sphenachasm modd (Fridrich, in preparation), arguments are presented that the Crater Flat
alluvial basin and the flanking ridge (Y ucca Mountain) are structurally link ed and together corstitute the
Crater FHat stuctural basn, the narthernmost subbais of a large graben that extends from the Timber
Mountain caldera canplex to the Furnace Creek fault. This larger-scale central Amargosa gaben isthe
same feature that Wright (1989)named the Amargosa Desert Rift Zore.

The Crater Flat basin resembles asphenochasm because the magnitudes of extension and vertical-
axis ratationwithin the basn are bath a minimum in the nartheasern corner of the basn, at be narth end
of Yucca Mountain, and bath increase strongly to thesouth and west from there. Thebasin, thus qened
in an dblique manner, indicates atranstensional structural setting.

A key feature of the Crater Flat basin is that it is bounded by discrete structural domain boundaries,
andthereare abrupt fundamertal changes inthestyle, timing, and magnitude of ettersion and dher
deformation across thebasin (Fig. 3.9). Thebasin is bounded orthe west side by the @st-dipping Bare
Mountain range-front fault. The eastern boundery of the basin is less wal defined; it is, apparently, a
large buried west-dipping structure named the Gravity fault by Winograd and Thaordarson (1975)or
buried structuresbeneth Yucca Mountain. Thebasin terminates nothward in the atermost moat of the
Timber Mountain caldera complex, and onthe nartheast side is bounded by the Yucca Wash right-dip
fault. The southern boundary of Crater Flat basin is concealed under alluvium; Fridrich (in preparation)
has interpreted this boundary as being demarcated by aminor gravity highthat separates the dego
gravity low of Crater Flat basin from lows correspondingto the dher subbeasins of the Central
Amargosagraben (ADRZ of Wright, 1989;Fig. 3.8. Theeastern boundary of the Crater Hat basinis
less well déinedand hes migratedto the west-southwest through time (Fridrich, in preparation; Brocher
et a., 1996;in press).The present eastern boundeary of the Crater Hat basin andits implications on
PVHA for the Yucca Mountain steis discus®d in Chapter 6 of this report.
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Figure 3.9. Major structural features of the Crater Flat basin from the Fridrich (in preparation)
tectonic model. Shaded areas show the surface distribution of basaltic volcanism in the Crater Flat
basin, and the major tectonic features of the basin and surrounding area are labeled on the figure.

All of the previoudly proposed models for the tectonics of the Crater Flat basin have been developed

from attempts to explain the structural features of this areain terms of an invoked single master
structure, such as aburied caldera or a concealed detachment fault or strike-dip fault. In contrast, the

sphenochasm modd proposes that this basinis a hybrid feature that can be explained from surface

geologic and geophysical evidence. Structurally, the Crater Flat basin reflects three mgjor influences: (1)
east-west- to northwest-southeast directed extension, (2) northwest-directed dextral deformeation, and (3)

doming around the caldera complex, which also acted as a pivot point for oblique extension. This

mixture of influencesis consistent with the setting of this basin on the flank of alarge caldera complex
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that was active during its formation, and within the Walker Lane belt near the boundary between this
province, which is characterized by strike-dip deformation and extension, and the northern Basin-and-
Range province, which is characterized by more purdy extensional deformation.

The sphenochasm modd stresses the progressive structural evolution of the Crater Flat basin from
its formation in alarge extensional pulse between 12.7 and 11.7 Ma. Deformation in this pesk phase
followed a smple sphenochasm-like pattern of oblique extensional apening of the basin. In contragt,
deformation from 11.7 to 10.5 Mainvolved alarger ratio of strike-dip deformation to extension, and
was concentrated in the southwestern part of the basin. It is this second phase of deformation that is most
responsiblefor creating the physiographic distinction between Crater Flat and Y ucca M ountain within
the structural basin. Since 11.7 Ma, extension in Crater Flat basin has declined in aroughly exponential
pattern to the present, and deformation has become progressively more concentrated in the southern part
of thebasin (Fridrich, in preparation).

The most important implication of the sphenochasm modd with respect to volcanic patternsis the
rdationship between the structural features of the basin and the locations of basaltic vents. Basaltic
volcanism began in the basin during the 11.7 to 10.5 Ma period when therate of strike-dip deformation
was at its peak. In all four episodes of volcanism, vents have been strongly concentrated in the southern
part of the basin wheretranstensional deformation has been greatest at thetime of volcanism. Theonly
basaltic vent area outside of the southwestern part of thebasinisa small cluster of 10.5 Ma dikes (Carr,
1984) located on northern Yucca Mountain. Mogt dikes in this zone are located within the zone of minor
northwest-trending right-dip faults near Y ucca Wash, which is the northeastern domain boundary of the
basin. Basdltic volcanismin Crater Flat may, thus, have been preferentially localized along
transtensional featuresin this basin throughout its history.

D. Walker Lane Models

A fourth set of tectonic/volcanic models relates the distribution of sites of Pliocene and
Quaternary basaltic centersto control by largely concealed structural features of the Walker Lane
structural system (see previous section). Carr (1984, p. 30) summarized the occurrence of largely
northeast-trending structures in the southern part of the Walker Lane structural system and argued
that many of these features are associated with important volcanic centers. He suggested that the
Spotted Range-Mine Mountain zone is one of the more important structures of these systems
becauseit is presently active, and structural features of the zone may affect the southern part of
Y ucca Mountain. Crowe and Perry (1989) defined the Crater Flat volcanic zone (CFVZ), an
elongate north-northwest trending zone that includes the distribution of all Pliocene and Quaternary
volcanic centers of the YMR except the basalt of Buckboard Mesa. Crowe (1990) argued that the
northwest-orientation of the zone may be consistent with structural control by tectonic features of
the Walker Lane structural zone. Crowe et al. (1995) further described the CFVZ and added the
Pliocene basalt of Thirsty Mesa to the zone as well as several additional aeromagnetic anomalies of
the Amargosa Valley (Langenheim, 1995). They noted that the latitude and longitude coordinates
of the Pliocene and Quaternary basalt centers of the CFVZ produce a highly correlated linear
regression fit, including multiple regression models where magma volumeis added as a third
variable,

There are avariety of permissive explanations of the CFVZ, whichis a direct result of the
observation that the zone does not follow a continuous surface structure. The feature may follow
and reflect a preferential pathway for the ascent of basalt magma (Crowe et al., 1995, Chapter 5).
This modd assumes that the mantle beneath most of the Basin and Range provinceis of low
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density and may contain a small component of partial met and is, therefore, capable of generating
basaltic magmas (for example Humphreys and Dueker, 1994b; Crowe et al., 1995; Chapters 4 and
5). Ascent of basalt magma in the crust and surface eruption in a waning tectonic setting such as
the YMR may be facilitated by magma intersecting preferential pathways; for example, structural
features of the Walker Lane system. Thus, zones of the Walker Lane structural system, in this
model, represent permissive regions of fractured rock along which magma has an increased
probability of ascending to the surface. The existence of fractured rock with orientations paralld to
the Walker Lane structural system have been noted from analyses of magnetotdluric data for the
southern Great Basin (Klein, 1995). The widdy scattered distribution of the postcaldera basalt in
the YMR suggests the Walker Lane does not form a discrete structure but rather a range of widely
distributed features that have been partly to completely overprinted by Miocene volcanism and
plutonism.

The most important implication of the Walker Lane structural modd is that northwest-
trending structures of the zone are preferential pathways for ascending basalt magma. The features
are not genetically related to basaltic magmatism but instead are inferred to be more deeply
penetrating crustal structures that permit the ascent of basaltic magma to the upper crust. Thus the
occurrences of sites of Pliocene and Quaternary basaltic volcanism are distributed randomly
wherever ascending basalt magma followed the structures. The northwest alignment of basalt
centersinthe CFVZ (Crowe et al., 1995, Chapter 3) may reflect the overall importance and
geographical controls of the Walker Lane structural system.

There are several possible inconsistencies with the Walker Lane structural modd. First, the
alignment of basalt centersin Crater Flat does not coincide directly with surface faults or
subsurface locations of faults from gravity and seismic reflection data. Second, the Walker Lane
structures do not appear to form a continuous zone or structural feature in the YMR. Third, the
Sleeping Butte and Thirsty Mesa basalt centers are separated from the basalt centers of Crater Flat
by a distance of > 20 km. They may represent a separate volcanic fied that is unreated to the
Crater Flat basalt sites. Fourth, the north end of Yucca Mountain is cross-cut by linear northwest-
trending washes that may be controlled by northwest-trending right-slip faults of the Walker Lane
structural system (Scott et al., 1984; Fridrich, in preparation; see Fig. 3.9 of this report). These
faults potentially could represent preferred pathways for the ascent of basalt magma, yet they have
not been sites of active volcanism since formation of the 10.5 Ma basalt of Solitario Canyon. No
known Pliocene or Quaternary basaltic centers are associated with these faults. One possible
explanation for the absence of basaltic volcanism along these structures is the proximity of the
faults to the southern caldera margin of the Timber Mountain complex. The faults are probably
intruded at depth by extensive plutonic rocks associated with the caldera-forming eruptions so that
the faults are no longer preferred pathways for basaltic magmatism.

E. Summary

This section has summarized multiple alternative tectonic and structural models for the setting
of the YMR and the inferred relationships of sites of post-Miocene basaltic volcanism with respect
to each modd. A number of alternative structural and tectonic models of the YMR have been
proposed by arange of highly credible scientists. This section does not include every modd that
has been proposed but it does attempt to consolidate proposed models into a consistent framework
(see Geomatrix, 1996 for other tectonic models). Not surprisingly, given the limited record of
basaltic volcanism, thereis not a consensus concerning the tectonic setting of sites of basaltic
volcanism or conceptual models used to explain the basaltic centers. However, some
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generalizations are possible. Two of the modds, detachment faulting and caldera models, appear
difficult to support given the recent results of seismic reflection studies of the Crater Flat basin and
the Yucca Mountain highland (Brocher et al., 1996). Moreover the models, even if correct, are
difficult to relate to and may not be important in affecting the patterns of Pliocene and Quaternary
volcanismin the YMR. The caldera modd is potentially important because its leads to the
inference, supported by gravity data (Snyder and Carr, 1984) that the eastern edge of the structure
is beneath the Yucca Mountain site, which is an interpretation shared by other rift modes (for
example, Fridrich, in preparation). The remaining modds share a commonality of features: they all,
ether partly or completely, infer that the Crater Flat basin developed as an extensional rift or pull-
apart; different modes assign different degrees of importance to strike-dlip versus extension
faulting. The models also differ in scale. Some are regional tectonic models whereas others are
specific to the Crater Flat basin and the local setting of the Yucca Mountain site. Third, an area of
agreement of most structural and tectonic modelsis that the shallow stress fied played an
important role in the small-scale location and direction of alignment of Pliocene and Quaternary
volcanic features. Stress measurements in drill holes are consistent with a least horizontal stress
direction of N 60° W (Stock and Healy, 1988); many of the cone alignments and the alignment of
fissure systems within basalt centers are perpendicular to this direction consistent with the local
stress field playing an important role in the location of basalt centers.

Perhaps the most compelling observation concerning the tectonic setting of Pliocene and
Quaternary basaltic volcanism in the YMR is that there are no consistent generalizations that can
be made to explain the setting of all basalt sites. Basalt magma probably ascends on pathways that
follow the path of least resistance (favorably oriented fractured rock), and the seection of one
pathway versus another pathway may, like many complex systems, be largely a random and
unpredictable process.

V. Tectonic Setting: Time-Space Patterns of the Distribution of Basaltic
Volcanism

This section examines the distribution of basaltic volcanic rocks in the region by defined
basaltic episodes (Crowe, 1990; see also Crowe et al., 1995; Chapter 2) and emphasizes
conclusions that can be derived primarily from the temporal and spatial patterns of Miocene and
younger basaltic volcanismin the YMR.

A. Silicic Episode

The basalt of the silicic episode (BSE) was studied in the early 1980s, and maost of the
interpretations of the rock units are from summary information presented in Crowe et al. (19833,
1986). The distribution and stratigraphic relations of surface outcrops of the BSE are well
established from geologic quadrangle maps produced by the U.S. Geological Survey in the 1960s
and early 1970s (Eckd, 1968; see dso Crowe et al., 1995; Chapter 2). More recent studies of the
BSE have not been conducted for the Y MP because the rock units have only limited application to
PVHA (Crowe et al., 1995; Geomatrix, 1996). The PVHA studies that incorporate the Miocene
BSE yidd estimates of magmatic disruption of a repository that approach background estimates
and are nearly an order of magnitude smaller than mean estimates of magmatic disruption of the
Y ucca Mountain site (Geomatrix, 1996; Chapter 6 of this report). The most complete information
on the distribution, age, and composition of basalt sites of the BSE are for those units that are
present inside the boundaries of the Nevada Test Site (NTS) (Crowe et al., 1995; Chapter 2).
Basdltic volcanic rocks outside the NTS, such as scattered outcrops near and west of Beatty and
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flanking the Black Mountain caldera complex, have less complete information. It is possible that
all sites of Miocene volcanism, particularly subsurface sites of volcanism, have not been identified
in areas of limited geological information.

Two major distribution patterns are exhibited by the BSE: (1) spatial associations with
caldera complexes, and (2) distribution parallel to the Walker Lane structural zone (Fig. 3.10).
Many of the basalt units of the BSE occur in or on the flanks of the Timber Mountain caldera
complex. The basalt of Dome Mountain was erupted in the moat zone of the Timber Mountain
caldera and basaltic volcanic rocks crop out along the western caldera, segments of the Timber
Mountain caldera complex (Fig. 3.10; seealso Crowe et al., 1995; Chapter 2). Basaltic volcanic
rocks are present on both the north and south flanks of the Black Mountain caldera. These rocks
underlie and overlie the Thirsty Canyon Tuff. An extensive sequence of basaltic volcanic rocksis
present in the subsurface along the western, southern, and southeastern margins of Crater Flat
(Kane and Bracken, 1983; Crowe et al., 1986). These basaltic rocks were penetrated in VH-2
(Carr and Parrish, 1985). The basalt lavas may have erupted along the ring-fracture zone of the
proposed Crater Flat-Prospector Pass caldera (Carr, 1990). Alternatively, amore likely
interpretation, given the results of seismic reflection exploration of Crater Flat, is that these
basaltic rocks formed at the western edge of a strike-slip bounded, pull-apart basin. North/south-
trending basalt dikes dated at 10.5 Ma (Scott, 1990; Carr, 1990) are exposed along the Solitario
Canyon fault at the northwest edge of the Yucca Mountain site (Fig 3.10). The
dikes areinferred by Carr (1984) b follow the eastern edge of the Crater Flat—Prospector Pass
caldera. Alternatively, as noted by Scott (1990), he dikes may follow basin-range faults. A large
positively polarized aeromagnetic anomaly in the center of Crater Flat (Kane and Bracken, 1983)
remains unexplained dapite exploratory drilling (Carr, 1982)and extensive geophysical studies
(seefollowing sections). One possble interpretation raised from interpretations ofseismic
reflection profiling across Gater Flat (Brocher et al., 1996)is that the anomaly is produced by
basaltic intrusions (sill s), which may be identified by strongreflectionsat depths ofabout 4000 m
near the Tertiary-Paleozoic contact directly below exploratory drill hole VH-1 in central Crater
Flat (seeBrocher et d., 1996; heir Fig. 16). If thisinterpretationis correct, therdatively large
volume of basaltic volcanic rocks required to form the mass represented by seismic reflectors
would be more consistent wih therocks being ofMioceneage. The voume of knownMiocene
basaltic volcanic rocks inCrater Flat is >2 kn? whereas the vdume of surface Plioceneand
Quaternary basaltic volcanic rocks is<1 k.

The basaltic volcanic rocks ofLittle Skull and Skull Mountains (10 Ma) (Crowe et a.,
1983) exhibit no dovious relationships to caldera complexes. They @cur onthesouthen and
southwestern flanks ofthe 15 Ma Wamonie Salyer volcanic certer. Howeve, theage difererce
between the volcanic groups (10 Maversus 14 M) suggests hat they are unrdated. Scattered
volcanic rocks thought to corrdate with the BSE have been reported in dill holes inthe Amargosa
Valley (Brocher et al., 1993; langenheim, 1995; Qiver et al., 1995).Therdatively suldued
aeromagneic signature ofthe Amargosa Valley suggests these basaltic rocks are small in volume.
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Figure 3.10. Distribution of the BSE. CC: basalt of Cat Canyon, DM: basalt of Dome Mountain,
BW: basalt of Beatty Wash, B: basalt of the Beatty area, SM: basaltic andesite of Skull Mountain,
LSM: Little Skull Mountain, KM: mafic rocks of Kiwi Mesa, JF: basalt of Jackass Flat, YD: dike of
Y ucca Mountain, OCF: older basalt of Crater Flat, scattered subsurface occurrences of basaltic
volcanic rocks in the Amargosa are not shown (modified from Crowe, 1990).

The BSE isinferred to represent the final phase of a major pulse of silicic volcanism
associated with the Timber Mountain caldera complex. The close association in space and time
between silicic and basaltic magmatism strongly suggests that the magmatic events are related.
Incursion of basaltic magma into the interior parts of the Timber Mountain caldera complex
suggests that the underlying silicic magma was sufficiently solidified to allow propagation of basalt
magma through the chamber. A waning phase of basaltic volcanism has been recognized as the
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terminal stage of volcanism at many silicic centers in the southwest United States (for example,
Bailey et a., 1976; Crowe et al., 1979).

B. Postcaldera Basalt

Thedistribution of the Postcaldera basalt (PCB) is more restricted spatially compared to the
distribution of the BSE. The PCB occurs at spatially scattered localities including the CFVZ and a
diffuse northwest-trending zone east of Frenchman and Y ucca Flats; most of the basalt centers are
unrelated to the Miocene caldera complexes (Fig. 3.11). Basalt units of the PCB are markedly
smaller in volume than the BSE. The volume decrease and lack of temporal or spatial association
with the caldera complexes are consistent with the PCB representing a phase of basaltic volcanic
activity that is unrelated to Miocene volcanism of the SNVF (Crowe, 1990). The PCB are divided
into two cycles: Older Postcaldera basalt (OPB) and Y ounger Postcaldera basalt (Y PB; Crowe,
1990). Volcanic rocks of the OPB occur northwest (basalt of Rocket Wash), north (basalt of
Pahute Mesa) and northeast (all other centers of the OPB; see Fig. 3.11) of anomalies of Crater
Flat). The basalts of Sleeping Butte and Thirsty Mesa are northwest of Y ucca Mountain and the
basalt of Buckboard Mesa is north-northeast of Yucca Mountain (Fig. 3.11).

Boundaries between the two basalt cycles of the PCB (Fig. 3.11) can be drawn differently
using alternative approaches. The most direct and simple approach is to draw a boundary by visual
inspection to delineate the distribution areas of the two cycles. This boundary (Fig. 3.11) isa
curving line that trends approximately west/northwest and separates geographically the PBC. A
second approach assumes structural features associated with the Walker Lane structural system
have controlled the distribution of the basaltic volcanic centers. Based on this assumption,
northwest-trending boundaries between the basalt cycles can be drawn (Fig. 3.12) that separate the
basalt units into two northwest-trending zones that overlap in the area of the Timber Mountain
caldera (Fig. 3.12). These spatially separate zones are consistent with a southwest migration or
more correctly, a southwestward stepping, through time of the areas of basaltic activity (late
Miocene to Quaternary; Crowe and Perry, 1989; Crowe, 1990). Note that the northwest-trending
boundaries are not drawn soldly from the distribution of basaltic volcanic rocks. Instead the
orientation of thelinesis defined from inferred northwest-trending structural features of the
Walker Lane structural zone and the distribution of Cenozoic volcanic rocks in the SNVF (Carr,
1984; Crowe, 1990). Thelocation of thelinesis, however, partly constrained from the distribution
of the volcanic centers of the PCB.

A third approach is to assume the basaltic volcanic rocks correspond to spatial clusters
regardless of the age of the volcanic units, an approach used by Connor and Hill (1995). They
divided basalt centers of the Y PB into the Buckboard Mesa, Sleeping Butte, Crater Flat and the
Amargosa Valley clusters (see Connor and Hill, 1995; their Fig. 2).

Another approach, which is independent of underlying assumptions, is to use statistical tests
to examine different models of the time-space distribution of basaltic volcanic centers of the PCB.
If there are no temporal or spatial differences in the cycles, the statistical descriptors of the PCB
should be nondiscriminatory. If there has been time or spatial migration, the distributions should be
distinctive.
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Figure 3.11. Geographic subdivisions of the PCB episode of the YMR. Black areas are the volcanic
units of the OPB and Y PB including: RW: basalt of Rocket Wash, PM: basalt of Pahute Mesa, PR:
basalt of Paiute Ridge, SC: basalt of Scarp Canyon, NC: basalt of Nye Canyon, TM: basalt of Thirsty
Mesa, AV: basalt of Amargosa Valley, PCF: Pliocene basalt of southeast Crater Flat, BB: basalt of
Buckboard Mesa, QCF: Quaternary basalt of Crater Flat, SB: basalt of Sleeping Butte, LW: basalt of
Lathrop Wells. Asterisks mark aeromagnetic anomalies identified as potential buried basalt centers or
intrusions (Kane and Bracken, 1983; Crowe et al., 1986). Dashed line encloses the area of the CFVZ.
Numbers associated with the symbols for the OPB and Y PB are the ages of the volcanic centersin
Ma. The thick dashed lineis aline drawn visually that separates the OPB and the Y PB.
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Figure 3.12. Alternative map of the distribution of the PCB in the YMR. Symbols and numbers are
the same as in Figure 3.11. The northwest-trending lines subdivide the OPB and the YBP into
southwest and northeast fields with the boundaries following the orientation of structural features of
the Walker Lane structural system. Modified from Crowe and Perry (1989).

Figure 3.13 is a histogram of the ages of the volcanic events of the PCB using chronology

data from Crowe et a. (1995; Chapter 2). The number of assigned ages for each unit is equated to

the number of volcanic events for each cycle, where an event is a discrete volcanic center. This
approach uniformly weights all volcanic centers and is more representative than examining a
histogram of the distribution of individual K-Ar age determinations, which is partly controlled by

completeness of the K-Ar data set. The histogram shows the distribution of estimated ages for the
PCB is dmodal with peaksin event ages at alout 8—9 ad 3—4 Ma.A two-sanple t-testrgjects the

null hypothesis that the means ae similar for the basét cycles with a p-value of <0.0005.Thus,
the basé#t episodes can be separated statstically soldly on the bass of their ages.
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Figure 3.13. Histogram of ages for the PCB of the YMR. The number of ages assigned to the PCB is
equated to the number of volcanic centers, not individual K-Ar age determinations. The histogram
shows a bimodal distributdn with peaks at 3—4 and 8—9 Ma.two-sanple ttest rejets the null
hypothesis that theneans are siilar for the basaltycleswith ap-valueof <0.0005

Figure 3.14 isaplot of the locations (Mercator-projected) by latitude and longitude of the
volcanic centers of the PCB, separated by basalt cycles. The centroid of each distribution is
calculated at the 95% confidence limit using a Gaussian dlipsoid approximation for the
distributions. The plot confirms observations from Figs. 3.11 and 3.12 that the distribution
centroids of the OPB and the YPB are spatially distinct. A west/northwest-trending dlipse,
calculated for the centroid of the OPB is located near the northeast edge of the Timber Mountain
caldera and the northwest edge of Yucca Flat (Fig. 3.14). A spatially separate centroid at the 95%
confidence limit is obtained for the basalt units of the YPB (Figure 3.14) and is centered in Crater
Flat. The location of the centroids of the basalt distributions is based on the variancein the X and
Y coordinates of the vents, assuming a Gaussian spatial distribution. This distribution assumption
may not be correct but the uncertainty introduced by the assumption is small and would not lead to
rejection of the conclusion that the volcanic centers for the basalt cycles of the PCB have
distinctively different ages and spatial distributions.

An assessment of the spatial-temporal patterns of basaltic volcanism of the PCB was also
completed by Golder Associates (1995) through a study funded by the Y MP volcanism task and
using the data shown on Table 3.1 for the location, age and volume of basalt centers of the PCB
(datafrom Crowe et al., 1995 updated by additional information on the location of aeromagnetic
anomalies in the Amargosa Valley (see Langenhem, 1995; Geomatrix, 1996). Golder Associates
(1995) noted that a weakness of a Poissonian modd (for example Crowe et al., 1982), a
nonhomogeneous temporal modd (for example Ho, 1992) or a nonhomogeneous cluster mode (for
example Connor and Hill, 1995) for spatial analyses is that these models do not account for the
sequence of volcanic events. Accordingly, they evaluated whether it is possible to apply other types
of models for testing the spatial and temporal patterns of volcanic eventsin the YMR. Golder
Associates (1995) agued that the PCB data &t is bestexamined usng a Lévy flight analysis; they
used this appoach for the datain Talde 3.1 While these interpretations ae limited somewhat by
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the sparse and uncertain data, two separate volcanic processes operating at two difference scales in
the YMR could be identified (Golder Associates, 1995).

The first step in application of the Lévy flight modd to the data set of past volcanic events
was aconsideration of spatial flights orthe dstancesbetweensuccessve volcanic everts. Diff erent
approachesto the dita set were used ircluding lumping of all everts ofthe PCB, as wellas
splitting of the evets ino the OPB and YPB. No significant diff erercesbetween dta sets wee
noted for the diff erent basalt episodes (Golder Associates, 1995) an important point that seams to
contradict eviderce of diferercesbetweenthe OPB and YBP based ontemporal and spatial
constraints. Howeve, the Lévy flight analysis damonstratesthat the scaling and geration of the
spatial processes for the two basalt episodes are similar. This doservation is not irconsistent with
thetwo groups having diff erentspatial and temporal distributions.
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Figure 3.14. Location of the volcanic vents (Mercator-projected) and the distribution centroids by
basalt episodes for the PCB. The centroids were drawn as the 95% confidence interval using the
bivariate ellipse module of SY STAT. The northeast centroid is for the OPB and the southwest

centroid is for the YPB, which is centered in the Crater Flat basin. The diamonds mark the vents of the
OPB; the cirlcles mark the vents of the YPB; the star symbol marks the approximated center of the
Yucca Mountain site.
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Golder Associates (1995) noted that the data were somewhat difficult to model using different
fitting functions (power-law, exponential, and normal distributions) and the K olmogorov-Smirnov
statistic as a measure of the significance of data fits. They attributed this problem to an inability to
mode the spatial patterns with a single process and were able to obtain an alternative and
substantially better fit using a power-law mode for events with flight lengths of less than 20 km
and exponential or normal fits for the remaining data (see Golder Associates, 1995; Fig. 3-1).
Based on this analysis, they suggested that smaller scale flight lengths follow a fractal process
whereas longer flight-lengths are Brownian. The scale separation between the two processes is
similar (15 to 25 km) to the scale reported by Conner and Hill (1995) between self-contained
clusters and area-wide linked clusters. Conceptually the smaller scale or short-flight process should
correspond to volcanic clusters as defined by Crowe and Perry (1989) and also by Conner and Hill
(1993; 1995), although the latter workers used a statistical rather than a physical or process
approach in defining their clusters. Crowe and Perry (1989) noted that basaltic volcanic centers of
the PCB tend to form as clusters consisting of multiple small volume scoria cones and associated
lava flows where theindividual centers within clusters tend to be aligned spatially and are of
similar age within the constraints of the geochronology data (Crowe and Perry, 1989; p. 327).
They identified 6 clustered basalt centers in the PCB and 3 basalt centers that do not form clusters.
Based on these concepts, the clustered centers of the PCB probably control or form the small-scale
data set that follows a fractal process in the data analyses by Golder Associates (1995). The
second or larger scale process corresponds to the formation of a new or discrete volcanic center
where the center is not corrdated in time or space with the preceding volcanic event (see Crowe et
al., 1995, Chapter 7). The distinction between the process scales can best beillustrated by
example. The basalt of Buckboard Mesa, an approximately 3.0 Ma basalt center, correspondsto a
discrete volcanic center. That is, it is spatially, temporally and compositionally separate from the
preceding basaltic volcanic event, the basalt of Thirsty Mesa, and the succeeding basaltic volcanic
event, the 1.0 Ma Quaternary basalt of Crater Flat. The latter basaltic event is a discrete volcanic
center but it is composed of 4 clustered centers. Theindividual centers of the 1.0 Ma Quaternary
basalt of Crater Flat correspond to the smaller scale (small flight length) or clustered volcanic
events whereas the jump from the basalt of Buckboard Mesa to the 1.0 Ma Quaternary basalt of
Crater Flat corresponds to the larger scale, Brownian process.

There are insufficient data to identify the crossover point between the two scale processes; it
could be somewhere between 10 or 15 km or as great as 25 km (Golder Associates, 1995).
However, the scale change can probably be identified through examination of the geologic record
of clustered events. Cluster lengths of the 6 clustered centers of the PCB identified by Crowe and
Perry (1989) range from 2.6 km (basalt of Sleeping Butte) to 12.6 km (1.0 Ma Quaternary basalt).
The longest cluster length provides a reasonable estimate of the maximum cluster length and isan
indicator of the approximate scale of the crossover length between fractal and Brownian spatial
processes. This length is consistent with the analyses by both Golder Associates (1995) and
Connorand Hill (1995). @nfirmation of this inferenceis provided by an alternative Lévy flight
analysis by Golder Associates (1995).They plotted the data st for the PCB by “lumping’ closdy
spaced evets, which is analogous to removing the clustered evets and analyzing the dstribution
of thespatial patterns of new or dicrete vokanic everts. The“lumped” data set givesan
acceptable fit to a nomal distribution and they suggest the dhta are well describedby a Brownian-
walk modd.
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Table 3.1. Location, Age, Elevation and Volume of Basaltic Vol canic Centers of the PCB (data from

Crowe et ., 1995)

VOLCANIC EVENTS North West UTM UTM Elevation | Age | Volume
Latitude | Longitude | Easting | Northing (ft) (Ma) (km3)

Younger Postcaldera basalt

Thirsty Mesa -1 37.2 116.7 530792 4113698 NA 4.7 3

Thirsty Mesa -2 37.2 116.7 530792 4113513 NA 4.7

Thirsty Mesa —3 37.2 116.7 530781 4112402 NA 4.7

Amargosa Valley 36.6 116.4 553449 4053595 NA 3.9 0.3

Amargosa Valley 36.5 116.4 549546 4040382 NA * 0.1

Amargosa Valley 36.5 116.5 547094 4043353 NA * 0.1

Amargosa Valley 36.6 116.6 538546 4047304 NA * 0.1

Amargosa Valley 36.6 116.5 545550 4052751 NA * 0.1

Amargosa Valley 36.6 116.5 546012 4054851 NA * 0.1

Crater Flat 3.7 basalts —1 36.8 116.6 540156 4070137 NA 3.8

Crater Flat 3.7 basalts -2 36.8 116.6 540148 4072023 NA 3.8

Crater Flat 3.7 basalts —3 36.8 116.5 540523 4068032 NA 3.8

Crater Flat 3.7 basalts —4 36.8 116.5 540524 4067810 NA 3.8

Crater Flat 3.7 basalts --5 36.8 116.5 540258 4067587 NA 3.8

Crater Flat 3.7 basalts --6 36.8 116.5 540704 4067589 NA 3.8

Crater Flat Anomaly 36.8 116.6 534815 4067008 NA *x 0.1

Buckboard Mesa 37.1 116.4 555610 4108608 5400 3.0 0.92

Makani Cone 36.9 116.6 540114 4079234 3771 1.1 0.006

Black Cone 36.8 116.6 539243 4074792 3687 1.0 0.105

Red Cone 36.8 116.6 537469 4072566 3410 1.0 0.105

Little Cone 36.8 116.6 535349 4069488 3041 0.8 0.002

Hidden Cone 37.2 116.7 523086 4112450 5520 0.4 0.03

Little Black Peak Cone 37.1 116.8 522204 4110229 4826 0.4 0.03

Lathrop Wells Cone 36.7 116.5 544106 4060332 3233 0.1 0.14

Older Postcaldera Basalt

Rocket Wash --1 37.1 116.6 535969 4109333 NA 8.0

Rocket Wash --2 37.1 116.6 536085 4109482 NA 8.0

Paiute —1 37.1 116.0 592460 4105289 NA 8.6

Paiute —2 37.1 116.0 593100 4105459 NA 8.6

Paiute -3 37.1 116.0 592795 4105579 NA 8.6

Paiute —4 37.1 116.0 593309 4106019 NA 8.6

Paiute -5 37.1 115.9 593435 4106239 NA 8.6

Pahute—1 37.4 116.4 553964 4135143 NA 9.1

Pahute—2 37.4 116.4 554142 4134602 NA 9.1

Pahute—3 37.3 116.3 562283 4132819 NA 9.1

Pahute—4 37.3 116.4 549058 4133489 NA 8.8

Pahute—5 37.3 116.4 548839 4133161 NA 8.9

Nye—1*** 37.0 115.8 603934 4095263 NA 7.3

Nye—2 36.9 115.9 602272 4088948 NA 7.4

Nye—3 36.9 115.9 599333 4086580 NA 7.3

Scarp-1 37.0 115.9 600911 4085735 NA 8.6

Scarp-2 37.0 115.9 597970 4090258 NA 8.6

Yucca-1 37.0 116.1 577860 4093930 NA 8.1

Age and volume estimates are from Crowe et al., 1995
* undrilled aeromagnetic anomaly of Amargosa Valley; age estimated to be the same as drilled
aeromagnetic anomaly (3.8 Ma)
** undrilled aeromagnetic anomaly of Crater Flat; no information available for estimating age
*** table and data plots were completed before release of new K-Ar ages for the basalt of Nye Canyon
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A similar analysis was conducted for the timing of basaltic volcanic events using the same
data groups as in the spatial analyses (Golder Associates, 1995). This analyses shows that the time
between eventsis not related to the event age; short and medium intervals (up to 0.5 Ma) can be fit
as a power law, but not the longer intervals, which are better fit with an exponential distribution.
This also suggests that the shorter temporal subdivisions may correspond to clusters of cones
(clustered events which have limited age differences) and the longer times between events are
equivalent to the formation of a new or discrete volcanic center. Lumped events, using an approach
similar to that used in the spatial analyses, are poorly fit by a power law but give an acceptable fit
to an exponential distribution and indicate that a Poisson process provides a reasonable
characterization of the temporal patterns of formation of discrete volcanic centers.

The analyses by Golder Associates (1995) strongly suggests that volcanic processes operate
at two scalesin the YMR including smaller scale processes (clustered events) characterized by a
fractal geometry (10 - 25 km) and larger scale processes that exhibit random spatial and temporal
patterns. They conclude that future volcanism at the Yucca Mountain siteis unlikely to be part of a
clustered event because there are no post-10 Ma events at the site. Instead, event probabilities
should be estimated for Poisson and Brownian walk models with the hazard dominated by the
spatial movements of volcanic centers. These movements are not stationary and show a near-
constant westward drift over the last 3 to 4 Ma. That movement is sufficiently slow to not be
significant in the next 10,000 years but over longer periods (> 10° yr.) could decrease the
likelihood of volcanic events at Y ucca Mountain (Golder Associates, 1995; p. 58). Additionally,
they recognized a consistent oscillation perpendicular to the drift direction (north-northwest or
south-southeast) and suggested modeling strategies that could be used to incorporate this
oscillation.

Fig. 3.15 which is modified from Fig. 3-3 of the Golder report (Golder Associates, 1995), isa
plot of the coordinates of the locations of volcanic centers of the PCB and illustrates the
observations concerning event drift and oscillations. Each star represents a volcanic center of the
PCB and the lines connecting the points are drawn in order of the sequence of events using
geochronology data from Table 3.1. Volcanic events have jumped in predominantly NW and SE
directions while oscillating across eastern and western parts of the YMR. The only reversalsin
those patterns are marked by jumps to and from the basalt of Paiute Ridge and Buckboard Mesa
where jump directions are NE-SW. A southwest/west drift is superimposed on the oscillations
(Golder Associates, 1995) and is consistent with southwestward stepping of volcanic events
through time (Crowe and Perry, 1989).

C. Older Postcaldera Basalt (OPB)

Basalt centers of the OPB show close spatial and temporal associations with sites of
extensional faulting. The vents for the basalt of Rocket Wash are located on a north/south-trending
basin-range fault that follows the approximate location of the ring-fracture zone of the Timber
Mountain caldera (Lipman et a., 1966; O’@nnor etal., 1966).The threespetially separate
eruptive certers ofthebasalt of Silent Canyonall occur onthe Silent Canyonring-fracture zone
whereit isintersected by northeast-trending basin-range faults (Orkild et al., 1969). Eosion has
cut into these centers exposing feeder dikes. These dikes all trend natheast, parall €ing the basin-
rangefaults. Thesefield relations are consistent wih the shallow rise of magma along or
subgralld to the basin and range faults (Orkild et al., 1969).
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The basalt of Paiute Ridge occurs as a complex of basalt dikes, sills, and discordant
intrusions with local preservation of surface lava flows and scoria cones (Byers and Barnes, 1967;
Crowe et al., 1983a; Valentine et al., 1992). Multiple sets of dikes locally fed intrusions that follow
northwest-trending basin-range faults. At several localities, the dikes are offset by the northwest-
trending faults. These reations require that the basaltic magmatism closely accompanied
extensional faulting (Crowe et al., 1983a).
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Figure 3.15. Plot of the location (Mercator-projected) of basaltic volcanic centers of the PCB in the
YMR. The asterisks are the location of centers from Table 3.1. The lines connect successive
locations of volcanic events and trace the sequence of volcanic events. The star symbol is the
location of the center of the exploratory block of Yucca Mountain.

The basalt of Scarp Canyon consists of multiple sets of north/south-trending basalt dikes (3-4
km exposed lengths) that locally follow northwest-trending extensional faults (Henrichs and
McKay, 1965). The dikes expand into probable conduit plugs near the intersection of northwest-
and north-trending faults.

The basalt of Nye Canyon, the youngest basalt cluster of the OPB, does not appear to follow
existing bedrock structure. It comprises an aligned set of three northeast-trending basalt centers.
These centers are parallel to the maximum compressive stress direction, which is the most likely
direction of dike propagation in the modern stress field (Crowe et al., 1983a, Zoback, 1989). This
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represents the first occurrence of a change in the structural-paralle patterns of the basalt centers of
the OPB, which is a change that has persisted for the YPB. Thus, the basalt of Nye Canyon is
significant for two reasons. First, it is the oldest basalt cluster that exhibits a northeast trend of
age-correlated, aligned basalt centers. Second, it is the only basalt unit of the OPB that crosscuts
and appears to have formed independently of the prevailing shallow bedrock structure.

D. Younger Postcaldera Basalt

Crowe and Perry (1989) described the patterns of distribution of volcanic centers of the PCB.
They noted several spatial trends. First, basalt centers of the OPB and the YPB tend to formin
northwest-trending zones paralle to the trends of structures associated with the Walker Lane
system. The northwest-trending alignment of centersis best expressed by the distribution of basalt
centers for the YPB. All centers of this cycle, except the basalt of Buckboard Mesa, occur ina
narrow northwest-trending zone that was named the CFVZ (Fig. 3.11). Second, the time-space
distribution of the PCB is consistent with a southwest-directed stepping of sites of basaltic volcanic
activity through time. Third, basaltic activity of the PCB tends to occur as clusters of volcanic
centers where the centers form distinct aligned clusters and appear to be of similar ages. Finally,
Crowe and Perry (1989) and Crowe et al., 1995 noted that there were no systematic time-space
patterns to the distribution of volcanic events within the CFVZ.

E. Development of Alternative Models of the Distribution of Basalt Centers in the YPB.

There has been an increased effort in recent years to develop more quantitative methods for
assessing patterns of alignment of volcanic vents or centersin volcanic fidds (for example,
Hasenaka and Carmichad, 1985; Lutz, 1986; Wadge and Cross, 1988). Connor (1990) and
Connor et al. (1992) have summarized applications using a range of bivariate methods to assess
patterns in the distribution of vents in volcanic fields with high vent densities. The advantages of
these methods are twofold. First, they provide quantitative and testable methods for identifying
gpatial patterns. Second, the methods can often distinguish random alignments from those produced
by underlying structural or mechanistic controls (Wadge and Cross, 1988; Connor et al., 1992).
Connor (1990) used cluster analysis to search for natural groupings in the spatial distribution of
over 1000 scoria cones in the TransMexican volcanic bet. He demonstrated that thereis
significant structure in cone distribution and used multiple methods for assessing vent alignments
to reveal vent orientations within clusters.

A major difficulty with applying existing methods of evaluating distribution patterns of
volcanic centersin the YMR is the limited number of centers. Additionally, and partly because of
the limited number of volcanic centers, there are both more abundant and a greater diversity of data
available for each volcanic center in the YMR (the data include location, age, volume, composition
of the centers). Thus, evaluation of spatial patterns of volcanic centers can be extended to
multivariate space, where the limited data become, unfortunately, even more restrictive. We are
faced with the situation where, as noted previously, multiple alternative models of the spatial
patterns of volcanic events are possible, and it is difficult to prove or disprove aternative modes.
The approach used for volcanism studies is to develop as many alternative models as possible and
to assess the impact of individual models on PVHA. We use the perspective, as stated in the
introductory sections, that it is of greater valueto the YMP to examine the impact of alternative
models on PVHA than it is to assess the strengths and weaknesses of individual models. The
geographic, structural, and spatial setting, emphasizing alternative interpretations of Pliocene and
Quaternary basaltic volcanic centersin the YMR, are summarized in Table 3.2.
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Table 3.2. Alternative Structural/Spatial Models of the YPB of the YMR.

Volcanic Location Alternative Structural/Spatial Models
Center
Basalt of Lava mesa on the Trace of concealed strike-slip fault (Schweickert, 1989); CVFZ

Thirsty Mesa

south flank of Black
Mountain caldera
complex

(Crowe and Perry, 1989; Sleeping Butte cluster (Connor and
Hill, 1995)

Basalt of Buried basalt DV-PR (Carr, 1984); bounding faults of the of the ADRZ of

Amargosa centers in center of | Wright (1989); closely spaced normal faults of the Kawich-

Valley the Amargosa Greenwater Rift of Carr (1990); CFVZ (Crowe and Perry,

Valley 1989); Amargosa Valley cluster (Connor and Hill (1995);

Amargosa Valley segment of the Crater Flat half graben
(Fridrich, in preparation)

3.7 Ma Basalt | Eastern half of the DV-PR (Carr, 1984); ADRZ of Wright (1989); trace of

of Southeast | Crater Flat basin concealed strike-slip fault (Schweickert, 1989); CFVZ (Crowe

Crater Flat and Perry, 1989); basin projection of bedrock faults of Yucca
Mountain (Smith et al., 1990); moat basalt of caldera model of
Carr (1990); extensional axis of Crater Flat basin (Fridrich, in
preparation); adjacent to major buried basin-edge fault
(Brocher et al., 1996)

Basalt of Moat zone of the Ring-fracture zone of Timber Mountain caldera (Crowe and

Buckboard Timber Mountain Carr, 1980); DV-PR (Carr, 1984); intersection of ring-fracture

Mesa caldera zone and N-NE trending normal fault N-NE fault (Smith et al.,
1990; Nauman et al., 1991); Kawich-Greenwater Rift of Carr
(1990); Buckboard Mesa cluster of Connor and Hill (1995)

1.0 Ma Basalt | Center of Crater Flat | Small rift within Crater Flat basin (Crowe and Carr (1980); DV-

of Crater Flat

basin

PR (Carr, 1984); ADRZ of Wright (1989); trace of concealed
strike-slip fault (Schweickert, 1989); moat basalt of caldera
model of Carr (1990); basin projection of bedrock faults of
Yucca Mountain (Smith et al., 1990); Crater Flat cluster
(Connor and Hill, 1995); axis of Crater Flat basin/half graben
(Fridrich, in preparation)

Basalt of Range edge south DV-PR (Carr, 1984); trace of concealed strike-slip fault

Sleeping of Black Mountain (Schweickert, 1989); CFVZ (Crowe and Perry (1989); AMRV

Butte caldera highland (Smith et al., 1990); localized on N-S trending bedrock fault
(Minor et al., 1993); ;Sleeping Butte cluster (Connor and Hill,
1995).

Basalt of South end of Yucca | Intersection of basin-range and NE-trending faults (Crowe and

Lathrop Wells

Mountain adjacent
to the Amargosa
Valley

Carr, 1980); DV-PR (Carr, 1984); ADRZ of Wright (1989); trace
of concealed strike-slip fault (Schweickert, 1989); north-north-
east trending bedrock faults (Solitario Canyon fault) of Yucca
Mountain (Smith et al., 1990; Trapp and Justus, 1992);
intersection of Windy Wash and Stagecoach faults (Crowe et
al., 1995); Lathrop Wells cluster (Connor and Hill, 1995); active
area of extension in the southeast side of the Crater Flat half
graben (Fridrich, in preparation)
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This section briefly summarizes, in order of sequence of model development, the alternative
models used to identify the structural setting of basaltic volcanic centers of the YPB. The section
repeats information from some previous sections so that discussion of tectonic moddls can be
coupled directly with comments on the strengths and weakness of each model as well as the
significance with respect to PVHA for the Yucca Mountain site.

Crowe and Carr (1980) suggested basaltic volcanic centers occur mostly along: 1) small
northeast-trending rift zones or areas of relatively recent extension, 2) ring-fracture zones of
caldera complexes, and 3) intersection zones between northwest-trending right-dlip faults and
northeast trending Eft dlip faults. They also presented the first description of a “medial basalt belt”
that was namedthe DV-PR (Death Valley-Pancake Range votanic zone)in subsequent
pubications and providedsubjective doservations on the zonesof the southern Great Basin with
respect to the “risk” of future basaltic volcanism. Based ontheir descriptions, the most likey sites
of future vokanism would be the Crater Flat basin, a presumedsite of extersion, and the southen
end ofYucca Mountain, an arealocatedat theg of northwest and natheast structures.

The eploratory block at Yucca Mountain would be asite of lower likelihood obasaltic volcanism
based onthese zonesbecause itis located aitside oftheareas of most active extersion. Information
was not avail able at that time onthe dstribution and rumber of faults showing Quaternary
displacementin the YMR including faults that bound and possbly cut the exploratory block of
YuccaMountain.

Crowe et al. (1982) usd structural controlsin their attempts © identify bounds in PVHA for
the Yucca Mountain ste. They identified the spatal paterns of sets of volcanic events 1o define
aress for estimating volcanic recurrerce ratesand assumedthat the dstribution of everts reflected
structural controls of sitesof basaltic volcanism. Their distribution areas or zoneswere develped
for different time periodsincluding all Quaternary basalt sites (< 1.6 Ma), and the last 2.8 million
years. They also extended their area of interest to include the sites of basaltic volcanism in the
Lunar Crater volcanic field. The votanic zonesused intheir assessmentincorporatedregiorel
structural controls of the distribution of volcanic events but not local or small-scale structural
cortrols. The spatial distribution models they used included the DV-PR as wdl as what was
subgquently defined as the AMRYV (Smith et al., 1990)or the YMR (Crowe et al., 1995).

Carr (1984,1988,1990),Carr et al. (1984,1986),and Carr and Parrish (1985) pesented a
range of arguments in supprt of a caldera origin of the Crater Flat basin and swggested that Sites
of Plioceneand Quaternary basaltic volcanism in the Crater Flat basin were associated wih and
probably controlled by thering-fracture zonesof the calderas. More important, the exploratory
block of Yucca Mountain was irferredfrom gravity data (Snyderand Carr, 1984) © be underlain
at least in part by the estern ring-fracture zone ofa buried caldera, and theMiocene dikesorth of
the intersection of the Drill Hole wash and Solitario Canyon were inferred to follow the caldera
edge.Howeva, the dstribution of Plioceneand Quaternary basaltic certersin the Crater Flat basin
doesnot coincide with the Iacation of thering-fracture zone ofthe irferred calderas. Carr
suggested in afollowing paper that the basalt probably followedthering-fracture zonebut diverted
at shallow levels © follow northeast-stiking tension fractures (Carr, 1990; p. 290)T he possble
existence of acaldera edge beneath Yucca Mountain raises the posshbili ty, based onan doserved
common structural relationships between ring-fracture zones and sites of basaltic volcanism, that a
potertial feederstructure for theascentof basalt magma may be presentdirectly beneath the Yucca
Mountain site. Crowe and Carr (1980; p. 12fated calderaring-zones as the highest“risk” stesin
the southern Great Basin for the recurrence of basaltic volcanism.
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The caldera modd for Crater Flat has not been supported by more recent data obtained during
site characterization studies, particularly the results of seismic reflection studies (Brocher et al.,
1996). Moreover, despite a nearly 4 million years record of Pliocene and Quaternary basaltic
volcanic events in the Crater Flat basin, there are no recognized sites of young basaltic volcanism
along the inferred ring-fracture zone beneath Y ucca Mountain. However, it is possible that small
basaltic intrusion(s) could be present in the subsurface along the structure. Their detectability
using exploratory aeromagnetic data would be limited if the intrusions were located below the
Topopah Springs Tuff of the Paintbrush Group because this ash-flow unit dominates the shallow
magnetic fied (Oliver et al., 1995).

Schweickert (1989) argued that the basalt centers of the CFVZ may mark the location of a
concealed right-slip fault beneath Crater Flat. However, amajor strike-slip fault was not noted on
the seismic reflection line across Crater Flat although the orientation of the seismic line would
make detection of a northwest-trending fault difficult. If a major concealed fault were present, it
would not directly intersect Yucca Mountain.

Smith et al. (1990) proposed an area of most recent volcanism (ARMV) that included all sites
of post-6 Ma volcanismin the YMR and enclosed the Yucca Mountain site. They attempted to
identify high risk zones in the AMRV on the basis of the observation that the alignment of 1.0 Ma
centers of the Quaternary basalt of Crater Flat parallds the orientation of faults that disrupt Y ucca
Mountain. Analog basalt sites in the Fortification Hill volcanic field of Nevada and adjoining areas
of Arizona and the Reveille Range were used to establish dimensions of chains associated with
clusters of volcanic centers. Accordingly, Smith et al. (1990) argued that high risk zones or
rectangles can be placed around Quaternary volcanic centers and future volcanic activity will occur
preferentially within the zones. They suggested that the exploratory block of Yucca Mountain is
located in a high-risk chain that extends to the north-northeast and south-southwest of the Lathrop
Wils center (Smith et al., 1990; his Fig. 7). This latter observation leads to the argument that the
probability of disruption of the Yucca Mountain site may be underestimated by structural models
that do not include the Yucca Mountain site in high risk zones. The potential weaknesses of these
arguments are several. The chain lengths used are longer than the longest observed cluster length of
basalt centers of the PCB. If thelongest cluster length is used for the chain dimension (12.6 km),
the exploratory block would not be located in the high risk zone. The orientation of the high risk
chains is somewhat sensitive to the inclusion of the exploratory block in the chain. The chain
orientation drawn for the Lathrop Wells (Smith et al., 1990; his Fig. 7) is rotated to a more
northerly strike to intersect the exploratory block in comparison to other chains. If the same
orientation of the other chainsis used for the Lathrop Wells high risk zone, the exploratory block
would not be located in the zone. However, in support of the Smith et al. (1990) modd, they orient
the chains rdative to the location of the basalt of Buckboard M esa, which does require amore
northerly strike of the Lathrop Wells chain.

The most important weakness of the modd of Smith et al. (1990) is the observation noted
previously that the sequence of volcanic events does not necessarily follow a predictable pattern
(Crowe et al., 1995; Golder Associates, 1995). Subsequent basalt centers jump to new locationsin
patterns more closely resembling Brownian motion and as a result, the location of previous events
may not be a good predictor of sites of future volcanic events.

Connor and Hill (1993; 1995) used cluster analysis to show that the volcanic centers cluster

and applied nonparametric methods incorporating temporal and spatial variations to estimate the
probability of disruption of an 8-km? potential repository site at Yucca Mountain. The advantages
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of the approaches by Connor and Hill (1995) are several. The method can account for migration in
sites of volcanic activity and should be sensitive to regional structural controls. The approach does
not require definitions of volcanic zones that must be developed for homogeneous Poisson models,
and the models can be modified to incorporate geologic controls, and uncertainty in the location
and chronology of events. They argue that the most significant result of their analysesisthe
observation that the exploratory block of Yucca Mountain is located on a steep probability gradient
on contour maps of the probability of repository disruption. The modding approach devel oped by
Connor and Hill (1995) is not specific to any structural or tectonic feature, but the cluster analyses
should be sensitive to regional structural trends. For example, all of their models show closdy
spaced contours or clusters around Crater Flat, which is a probable pull-apart half graben. The
weaknesses of the nonhomogeneous cluster models are several. The results are strongly dependent
on the choice of h, the smoothing constant (Connor and Hill, 1995; seether Fig. 6). The weighted-
centroid cluster analysis of Connor and Hill (1995; their Fig. 2) shows conclusively that there are
two scales of clusters including smaller clusters with distances of less than 8 to 10 km and larger-
scale clusters with distances of >25 km. These correspond to the process scales described by
Golder Associates (1995) with the smaller-scale processes (fractal) representing clustering about a
center and the larger-scale processes representing jumps to the formation of a new or discrete
volcanic center (Brownian process). The structural-spatial models should be concerned with the
larger-scale processes that potentially could lead to magmatic disruption of the Yucca Mountain
site. Theinclusion of the smaller-scale clusters in the nonhomogeneous models of Connor and Hill
(1995) may bias the data with small-scale spatial processes that are not relevant to volcanic
hazards. The most serious weakness of the Connor-Hill modd is the fundamental assumption
underlying their modd. Application of their cluster modd assumes that the location of an initial
volcanic event constrains the location of a succeeding volcanic event. Assessment of the Yucca
Mountain data for the PCB shows that the location of the next new volcanic center is not
constrained by the location of a preceding event (Crowe et al., 1995; Golder Associates, 1995).
Spatial location only provides information on the potential location of centers within small-scale
clusters.

1. Structural and Tectonic Models used in the Volcanism Expert Judgment Panel: This
final part of section V identifies the tectonic and structural modds applied to the YMR by
individual members of the volcanism expert judgment panel. The assignments of the pand
members are described beow in alphabetical order (all information from Geomatrix, 1996).

a. Richard W. Carlson: Richard Carlson examined volcanism within an area of 50-km
radius of Yucca Mountain. He argued that the area is representative of the Basin and Range
province where extension has occurred in response to a subduction system overriding oceanic
spreading centers. Miocene silicic volcanism is attributed to subduction but post-Miocene basaltic
volcanism is not subduction related and is more likely a response to conductive heating of the
lithosphere. Carlson argues that the extreme isotopic composition of Sr and Nd requires derivation
from unusually thick and non-extended Proterozoic lithospheric mantle beneath Y ucca Mountain.
His region of interest for PVHA isthe AVIP, and he examined subdivisions of the AVIP using data
from teleseismic tomography and caldera locations and concluded that evidence of clustering of
centers is weak and the distribution of volcanic centers appears to be random. Spatial-Structural
Zones: AVIP.

b. Bruce Crowe: Bruce Crowe argued that late Miocene and younger basaltic volcanismin

the YMR are unrdated to the large volume silicic volcanism of the SWNFV and used the melt-
source models of Richard Carlson to explain Pliocene and Quaternary basaltic volcanism. He noted
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that the upper mantle contains or is capable of generating partial melts, that there have been time-
space variations in sites of volcanismin the YMR, and theregion is located at the northern end of
the amagmatic gap. His region of interest is the southern Great Basin, and he used a combination
of spatial and structural models to define zones within the region. These spatial zones include: 1)
the CFVZ, 2) adistribution area similar to the AMRYV of Smith et al. (1990) but expanded to
include the aeromagnetic anomalies of the Amargosa Valley (YMR) and 3) an area corresponding
to the distribution basalt centers of the PCB (see Fig. 3.11). Structural models included the
Quaternary and Pliocene Quaternary pull-apart zone after Fridrich (in preparation), a Walker Lane
structural zone, and a northeast-trending structural zone that is a composite of the models of
Wright (1989), Carr (1990), and Smith et al. (1990). Spatial-Sructural Zones: CFVZ, YMR,
Crater Flat pull-apart, Walker Lane structural system, Northeast rift zone.

c. Wendell Duffield: Wenddl Duffidd argued that the Great Basin is an area of high heat
flow and extension that produced conditions favorable for volcanism along northwest-trending
structure/fracture systems of the Walker Lane structural zone. These zones in the Yucca Mountain
region are inferred to provide structures that focus the location of volcanic centers. He suggests
that volcanism may be a random process, but Quaternary volcanic fields are the most likely sites
for future eventsin the next 10,000years. Duffield's region of interestis acirclewith aradius
equal to themaximum lengh of a dike (30-40 km). He develped aprimary zone ofinterest for
PVHA using the spatial distribution of everis and addedsecondary modificationsfor structural
features. These zoneswere al establishedfor a circular regioncerteredat Y ucca Mountain.
Subzones within this circular zore are: 1) a Craer FlatLathrop Wells aea that coincides with part
of the Crater Flat pull-apart modd, 2) flanking zones adjacent to the Crater Flat-Lathrop Wells
subzone and paralld to the Walker Lane structural system (this zone is largely coincident with the
Plio-Quaternary CFVZ) and 3) a small subzonethat extendsaround the accurrerce areaof the
basdts of Thirsty Mesa and Seeing Butte. Spatial-Sructural Zones:40-km radius circle
centered at Yucca Mountain, Crater Flat basin, CFVZ, Seeping Butte-Thirsty Mesa zone.

d. Richard Fisher: Richard Fisher identified two regions: one within a 100-km radius of
Y ucca Mountain; the dheran areadrawn from volcanism distribution maps that includedthe
Lunar Crater volcanic field and parts of Death Valley. Fisherarguedthat sitesof volcanismin
these areas are no longedriven by subduction processesbut instead devel@ed inresponse to
regional extension. He emphasized that the volcanic events in the area of Crater Flat and the
Amargosa Valley define aCrater Flat field (CFF), and this field differs from the CFVZ by not
including the basalts of Slegping Butte and Thirsty Mesa. Fisher ndedthat the CFF follows the
trend ofthe Walker Lane structural system, but this system has limited importance because it is not
an extensional structure. Spatial-Sructural Zones: Crater Flat basin and part of the Amargosa
Valley.

e. William Hackett: William Hackett identified a region within H00-km radius of Yucca
Mountain wheeregioral extersion is expressedthrough nomal faulting, diking, and strike-slip
offset. He autlinedthe AVIP as an areaof distinctive Sr and Nd isotopic compositions of basalt,
probably reflecting acommon mantle source characterized by preservation of old lithospheric
mantle. Hackett chose regionsof interest that correspondto the nathen AVIP (excluding Desth
Valley but othewise similar to the Greenvater-Kawich zone, the ADRZ, and azonethat
ercompas®esthe dstribution areaof basalt certers youngerthan 10 Ma—each zone is linked to a
time interval and isnot necessarily defined only orthebasis of structural/tectonic setting. He
emphasizedthat volcanoesin theregioncluster as proposed by Connorand Hill (1995)and that
future volcanism will occur near the locations of existing volcanoes. Spatial-Sructural Zones:

3-47



northern AVIP, Greenwater-Kawich zone, ADRZ, distribution area of the post-10 Ma basalt
centers, nonhomogeneous cluster models of Connor-Hill.

f. Méd Kuntz Md Kuntz identified a region enclosed by a circle centered at Yucca
Mountain and with a radius of 100 km. He argues that the structural setting is characterized by
regional extension but included in that extension zoneis the Walker Lane structural system that
acts as an accommodation zone or diffuse boundary between areas of extension and the north-south
tranglational movement of the Sierra Nevada mountain range. He noted that there was a transition
in the nature of volcanism through time from caldera-related eruptions associated with rapid
extension to small volume, widely dispersed basaltic volcanism that is associated with waning
extension. Kuntz argues that the geothermal gradient in the region results in the upper
asthenosphere being close to incipient melting and that generation of basaltic magma may occur
from plume development, decompression melting, or from volatiles/fluids lowering the melting
point of mantle source rocks; these events may or may not be related to regional tectonic events.
The AVIP is used to define aregion of interest and is judged to be the surface expression of a
unique mantle region that has been isolated from the convecting mantle. Magma generation and
ascent to the surface is inferred to be a complex mechanism controlled by many processes that are
poorly understood. He notes that surface eruptions in the YMR may be facilitated either by a
north-south structure or, alternatively, may reflect the orientation of the melting anomaly
represented by the AVIP. At shallow depths, near-surface structures are judged to affect the
orientation of feeder dikes and the location of basalt centers. Kuntz notes that there may be a sharp
boundary between Crater Flat and Y ucca Mountain, but the boundary may not be structural and is
not well defined. Another factor in localizing volcanismin Crater Flat may be the integrated
density contrast over the crustal and mantle column involved in magma ascent and eruption. He
identifies a subregion of the AVIP, extending from Buckboard Mesa on the north to the Amargosa
Valley aeromagnetic anomalies on the south, and uses four alternative modds including:

1. ZoneA that is equivalent to the AMRV (uniform occurrence).

2. ZoneA issubdivided into 5 subzones (B through F) each with different likelihood of
future eruptions.

3. ZoneB isdrawn around the Sleeping Butte-Thirsty Mesa area near the west edge of the
ring-fracture zone of the Timber Mountain caldera.

4. ZoneFistheinterior of the Timber Mountain caldera.

5. Zones E and D are range highlands that have not experienced Pliocene or Quaternary
volcanism (E is around Y ucca Mountain, F is around the Bare Mountain block and
areas west of Beatty), Zone C includes the Crater Flat basin and parts of the Amargosa
Valley.

The nature of the boundaries between the zones are inferred to be variable with the most
important being the Crater Flat basin edge, a boundary Kuntz argues, that cannot be fixed and
must be assessed in PVHA using a smoothing function. Spatial-Structural Zones: northern AVIP,
Crater Flat-Amargosa Valley pull-apart area, Timber Mountain caldera.
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g. Alexander McBirney: Alexander McBirney argues that the time-space distribution of
volcanismis controlled by a combination of conditions in the mantle and overlying lithosphere. He
infers that the AVIP is probably the surface expression of a mdting anomaly, but that resulting
volcanism has an uneven spatial distribution in the AVIP-the primary controls are the orientation
of faults relative to the regional stresses. The distribution of basaltic volcanic centersis, therefore,
mostly a reflection of conditions within each structural block, and he uses a rdative ranking system
for the frequency of eruptions in different structural blocks. These structural blocks are based on
geologic structure, presence or absence of young volcanic centers, the ages of centers (if present)
and the composition of the basaltic volcanic rocks. The southern part of the AVIP is not used in his
analysisfor PVYHA. The Crater Flat basin is judged to be a pull-apart basin with an eastern
boundary that is somewhat difficult to define. However, he argues that the elevated and depressed
blocks must be treated independently. Alluvial valleys are recognized as regions of maximum
extension and the orientations of dike systems areinferred to be consistent with the stress fied
coupled with right-slip movement on boundary faults and possibly buried faults of the Walker
Lane system. The Lathrop Wells center isincluded in the Crater Flat domain but is inferred to
differ somewhat from the cones of Crater Flat. The Lathrop Wells center islocated at the
intersection of several faults. Sites of volcanism are rated in decreasing order of potential for future
eruption including:

1. Pull-agpart basins.

2. Intersections of strike-dlip faults.

w

Ring fracture zones of calderas.
4. Interiors of fault-bounded blocks.
5. Transcurrent fault systems.

Spatial-Sructural Zones: pull-apart basins, intersections of strike-slip faults, caldera ring-
fracture zones.

h. Michad Sheridan: Michad Sheridan argues that new basaltic volcanic fields have
appeared randomly over much of the Basin and Range province in the past 15 Main response to
plate tectonic interactions involving the western margin of the North American continent. The most
likely location of future volcanic events is inside the boundaries of known volcanic fieds. Events
outside of afield represent the initiation of a new field and are much less likely than an event
within a fidld. Magma-generation models provide very limited information on spatial or temporal
patterns of volcanism but volcanic fields may reflect the distribution of melt source zones or be
leaky pathways to the surface. Near-surface faults play limited roles in locating volcanic fields but
may have some influence on the locations of vents and cones. Sheridan uses the concept of volcanic
fiedsto identify aregion of interest for the PVHA and argues that the volcanic fields have lengths
of 15 to 50 km and mean duration of activity of 5 million years. A new volcanic event is unlikely to
be at the exact location of a previous event but has a high probability of occurring in the
boundaries of a volcanic field. Sheridan evaluates volcanic fields within a 200-km radius of Y ucca
Mountain as well as volcanic fields, events, and cones within a 40-km radius area of Y ucca
Mountain, the latter corresponding generally to the northern part of the AVIP. He uses a volcanic
field approach and a volcanic zone approach to define spatial models. The hazard with respect to
Yucca Mountain is largely from the Crater Flat field, and typical dimensions are assigned to the
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field for hazard assessment. Sheridan argues that other volcanic sitesin the YMR are separated
from and are not part of the Crater Flat fidd. Spatial-Structural Zones: volcanic fields, AVIP,
Crater Flat field.

i. George Thompson: George Thompson defines a region within a circle of 50-km radius
and centered at Y ucca Mountain and notes that the mountain is located at the boundary between
the Basin and Range province and the Walker Lane structural system. The setting of Y ucca
Mountain is consistent with Basin and Range extension with volcanic centers following the
maximum compressional stress direction and the Lathrop Wels center being at the southern end of
a zone of active Quaternary faults. Thompson argues that dike emplacement and normal faulting
are mechanisms for accommodating regional extension, and sites of volcanism or magma supply
are exclusionary to sites of faulting. Analogous areas in the Basin and Range province show a
close temporal relationship between normal faulting and dike emplacement. Inherently, extensional
features tend to be concentrated in basins because normal faults that formed the basins dip inward
and converge beneath the basins. The orientation of dikesinthe YMR is roughly paralld with the
trends of active fault systems, and it is unlikdly that future volcanism will occur in structural
blocks with no evidence of late Cenozoic faulting. Accordingly, the Lathrop Wells siteis the most
likely site for future volcanism. The region of interest used by George Thompson isthe AVIP, a
region of a common magma source, and a second region of interest is used that is similar to the
areas of development of volcanic fieds (as described by Michad Sheridan). Spatial zones are
identified in the AVIP with different recurrence rates assigned that take into consideration the age
and style of tectonism. Three local zones are defined. Thefirst isa Local Domain zone that
includes an area south of the Timber Mountain caldera complex, the eastern side of the Bare
Mountain uplifted block, and the uplifted Y ucca Mountain block. Within this domain, thereisa
volcanic subdomain that includes the Quaternary centers of Crater Flat and the Lathrop Wells
center, as well as the aeromagnetic anomalies of the Amargosa Valley and a Quaternary faulting
domain that includes Quaternary faultsin the YMR. The two subzones represent two different
mechanisms for responding to regional extension with the overlap area being in the vicinity of the
area of the 3.7 Ma basalt centers where faulting has replaced dike emplacement. The zones of the
volcanic and faulting domains have changed through time. Spatial-Sructural Zones: AVIP, the
Crater Flat extensional basin.

j.  George Walker: George Walker argues that the presence of basaltic volcanic centersin
the YMR requires the presence of a melting anomaly in the underlying mantle characteristic of
melting anomalies of the Basin and Range province. Volcanic centersin Crater Flat appear
structurally controlled, but it is difficult to determine whether orientations of centers reflects
structure or the shape of the mdting anomaly. Walker infers that the DV-PR zone reflects the
possible trend of a melting anomaly. Theregion of interest identified by Walker isthe DV-PR, and
the CFVZ within the bdt is especially significant to PVHA whereas the DV-PR provides a
background zone. Spatial-Sructural Zones: DV-PR, CFVZ.

VI. Geophysical Studies: Yucca Mountain Region
A wide range of geophysical data has been obtained for the YMR (Oliver et al., 1992; 1995).

In this section, we discuss aspects of the geophysical data and the constraints these data place on
models of the distribution of basaltic volcanisminthe YMR.

3-50



A. Seismic Studies

Seismic studies have constituted a major part of the site characterization studies since the
earliest stages of investigations. A 47-station vertical-component seismic network was installed
within a 160-km radius of Yucca Mountain in 1979 (Rogers et a., 1987). A six-station
supplemental mini-net was deployed on Yucca Mountain in 1981. This net lowered the detection
threshold and improved the accuracy of the location of earthquakes near the Y ucca Mountain site
(Rogers et a., 1987). Horizontal component instruments were deployed at selected stationsin
1984. This network, called the southern Great Basin seismograph network (SGBSN) (Rogers et
al., 1981, 1983, 1987; Mermonte and Rogers, 1987; Gomberg, 1991a, 1991b; Harmsen and Bufe,
1992), was designed to locate and study properties of earthquakes for a region containing tectonic
features of possible significance to seismic risk assessment for the YMR. Tectonic features of
regional interest (not all of which are significant for seismic risk assessment for Y ucca Mountain)
were reviewed by Carr (1984). They include the Death Valley-Furnace Creek fault zone and
extension along the Fish Lake Valley fault zone, the east/west seismic zone (Smith and Shar, 1974;
Smith, 1978), the Nevada-California seismic zone, and the Nevada Test Site Paleoseismic bdt that
now would be called the Kawich-Greenwater rift (Carr, 1990). The process of upgrading the
SGBSN to adigital three-component network is being completed by the University of Nevada,
Reno Seismological Laboratory (UNRSL). The upgrade was undertaken to provide both higher
quality earthquake locations with the routine recording of horizontal S-waves at all stations and the
capability of adapting modern waveform modeling techniques to study seismic source parameters
to further refine models of the crustal structurein and around Yucca Mountain (Smith et al, 1995).

Rogers et al. (1987) summarized earthquake hypocenters and selected focal mechanisms and
other inferred seismicity characteristics through 1987. Conclusions from this report are as follows.

1. Earthquakes are distributed in an east/west zone generally coincident with the east/west
seismic zone.

2. Earthquakes display strike/slip and normal/slip over a depth range from near-surface to
10-15 km consistent with seismic patterns of much of the Great Basin. Thereis an
apparent preference for right/slip on north-trending faults. Left/slip is also observed on
north-northeast striking faults.

3. Earthquakes are consistent with a northwest-trending orientation of the least principal
stress axis, which is rotated clockwise relative to surrounding regions (Carr, 1974;
Zaback, 1989).

4. Earthquake clusters are difficult commonly to associate with specific faults although
epicenter alignments and earthquake nodal planes are frequently subparalld to fault
trends (Hildenbrand et al., 1988, Fig. 2.3).

5. A seismicity minimum may be observed between depths of 3.5 t0 4.0 km.
6. Earthquake energy release per unit areaislower in the immediate Yucca Mountain area
compared to regional levels. This may be attributed to low stress from tectonic

uncoupling or significant prehistoric seismic energy release. Alternatively, it could be
an area of low seismicity with high stresses and locked faults. Rogers et al. (1987)
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summarized several lines of evidence supporting seismic uncoupling but noted that
other interpretations are possible.

Gomberg (1991a) reviewed the seismicity patterns and the detection and location threshold of
the SGBSN. She derived a spatially varying mode of the detection/location capabilities of the
network based on empirical relations and statistics. She used several validation tests for the model
and showed that the threshold map accurately predicts the observed distribution of epicenters for
all magnitude bins. This approach permits use of most of the earthquake catalog and allows
evaluation of the completeness leve of each subroutine. Gomberg (1991a) used the threshold
maode to develop a series of magnitude independent masks that were overlaid on patterns of
seismicity and Quaternary faults. She identified several areas as active because they exhibit the
greatest number of events at all magnitudes. These are the north end of the Furnace Creek fault, the
Pahranagat Shear Zone, and the northern and southeastern parts of the Nevada Test Site. Gomberg
noted that thereis an absence of seismicity at Yucca Mountain. She discussed the same causes of
low seismicity as Rogers et a. (1987) but noted that seismic models predict a minimum in shear
strain at Yucca Mountain. Additionally, she drew attention to reatively low levels of seismicity
west of the Death Valley-Furnace Creek faults despite an abundance of young fault scarps
indicative of recent tectonic activity.

In a companion paper, Gomberg (1991b) evaluated seismicity and shear strain in the southern
Great Basin focusing on identifying information that can be obtained from the distribution of
earthquakes in an area with long intervals between large earthquakes. She developed strain-fied
models assuming that the long-term behavior of faults perturbs an otherwise uniform strain field.
An important conclusion developed from the models is that a complex distribution of seismicity
with off-fault locations is expected. These traits match the seismicity recorded by the SGBSN
(Rogers et d., 1987; Gomberg, 1991a). Gomberg (1991b) developed a boundary € ement
representation of faults with historic or Holocene displacement that she used as input to the shear
strain field. Modeled faults in the Yucca M ountain area were the Bare Mountain fault, the Rock
Valley fault system, and the Y ucca Flat fault. She assumed a maximum extension direction of N
52° W and an orientation of the regional displacement vector of N 34°W. The model relates the
highest shear strain areas, south and east of Yucca Mountain, to regions of observed high
seismicity. The model showed a lack of shear strain in the northern part of the Nevada Test Site.
The high seismicity of this area may be induced by underground explosions from testing of nuclear
weapons (Gomberg, 1991b, pp. 16, 392). The low seismicity in the Yucca Mountain area is
coincident with a region of modeled lowest shear strain. Parsons and Thompson (1991) suggested
this feature could result from non-seismic stress release associated with active magmatism (see
models of Shaw, 1980). Gomberg (1991b) suggests that because of the low strain rate in the Yucca
Mountain area it is not an area of significant seismic hazard. The simple shear model also showed
a rotational component of the regional deformation field, possibly compatible with paleomagnetic
studies (Hudson and Geissman, 1991; Rosenbaum et al., 1991). Additional iterations of the shear
model were used with slip distributions assigned to fault systems (Gomberg, 1991b). Results were
not dissimilar to the simple shear model.

Harmsen and Bufe (1992) summarized seismic data obtained for the seismic net through
1989. They noted the development of a concentration of earthquakes in thie Rawvege. They
also discussed the difficulties of obtaining accurate data for earthquake hypocenters and the
ambiguity this creates for focal mechanism solutions.
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Thelargest and most significant earthquake recorded in the SGBSN since the network was
established in 1979 has been the June 29 1992, M 5.6, Little Skull Mountain (LSM) earthquake
(Lum and Honda, 1992; Harmsen, 1993; Walter, 1993; Meremonte &t al, 1995; Smith et al.,
1997a). The earthquake caused some damage at the Y ucca Mountain Field Operations Center and
was widdy fdt throughout the region. This earthquake appears to have been triggered by theM 7.1
Landers, California, event that occurred approximately 20 hours earlier. LSM foreshock activity
initiated soon after the Landers earthquake and continued until the M 5.6 main shock (Anderson et
al., 1994). This prompted several studies of the triggering mechanism involved. Anderson et al.
(1994) proposed that dynamic stresses resulting from surface waves generated during the Landers
earthquake initiated the LSM sequence, and Bodin and Gomberg (1994) have proposed a mode in
which strain was propagated through the fault systems throughout the region resulting in failure of
thefault at LSM. The LSM earthquake initiated at a depth of 11.7 km and there was no evidence
of surfacerupture. The earthquake occurred on a northeast-striking fault plane dipping steeply to
the southeast (Harmsen, 1993; Meremonte et al., 1995), and the event involved nearly pure
normal-dlip with a small left-slip component. The mainshock rupture and nearly the entire
aftershock sequence was confined to between 6 and 12 km depth (Smith et al, 1997a). The
sequence was recorded on a number of portable digital seismographs deployed in the epicentral
area by the USGS (Meremonte et al., 1993) and the UNRSL (Sheehan et al., 1994). Thesethree-
component waveform data have formed the basis for ground-motion modeling exercises that have
been carried out for the YMP (Schneider, written communication, 1995). Since the LSM
earthquake, there has been a notable increase in earthquake activity in the Rock Valley fault zone
adjacent to LSM (Smith et al., 1997b, Shidds et al., 1995). Only two M 3+ earthquakes are
included in the SGBSN earthquake catalog from 1979 until the LSM earthquake in the southern
NTS region adjacent to the Rock Valley fault zone. Sincethe LSM event, three M 3.5+
earthquakes and an unusual sequence of very shallow earthquakes in mid-1993 (Smith «t. al,
1997b) have taken placein the Rock Valley fault zone (Fig. 3.16). Thisincrease of seismicity in
the Rock Valley fault zone may have resulted from stresses induced by the LSM earthquake (Smith
et al., 1997b).

Smith et al. (1997¢) modeed the P-wave velocity structure through Yucca Mountain along a
reversed refraction profile from Rainier Mesa, on the northern NTS, to Ryan, California, near the
Death Valley National Monument. This profile took advantage of the NPE (Non-Praliferation
Experiment), which was a 3200-Ib. conventional explosion. They observed early P-wave arrivals
through eastern Crater Flat that were modeled as a high-velocity upper crustal material. Mooney
and Shapper (1995) had observed high P-wave velocities at shallow depthsin Crater Flat but only
along their east-west shot line. Observations of early arrivals on the NPE line may have been
because of size of the NPE shot. Smith et al (1997c¢) suggested that this high velocity material may
represent a cooled block or zone of Cenozoic basaltic magma within the upper crust in eastern
Crater Flat.

Thereis no evidence of a positive correlation between recorded seismicity and the distribution
of Quaternary basaltic centersin the Yucca Mountain area. In fact, there may be evidence of a
negative correlation of seismicity with sites of Quaternary volcanismin Crater Flat (see dicitation
section by George Thompson in the report by Geomatrix, 1996). Increased seismicity has occurred
in the Pahranagat Shear Zone (Rogers et al., 1987) near an area of basaltic volcanism (Ekren et al.,
1977). However, these lavas are of Miocene age and the correlation is not significant for PVHA for
the Yucca Mountain site. Two cautions must accompany any discussion of historic seismicity and
the spatial distribution of basaltic volcanism. First, the period of recording of earthquake locations
is very short relative to the recurrence rate of basaltic volcanic events. The latter is on the order of
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several hundred thousands of years (Crowe et al., 1992). Second, patterns of historic seismicity
may not be good predictors or indicators of future sites of Quaternary basaltic volcanism. Basalt
magma probably ascends rapidly through the crust. While the ascent may be facilitated or guided
by fractured rock, these pathways need not necessarily be correlated with areas of historic
sasmicity.

To summarize, seismicity studies of the YMR offer limited potential for evaluating patterns of
future basaltic volcanic activity. Thisis an unsurprising result, given the long recurrence time of
basaltic volcanic events. One interpretation of the aseismic zone noted for the Y ucca Mountain
areais non-seismic stress release associated with Quaternary basaltic volcanism (Parsons and
Thompson, 1991). Alternatively, the shear models of Gomberg (1991b) suggest that the low
seismicity may simply represent an area of low shear strain accumulation. Both models are
compatible with the seismic record of the region.
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Figure 3.16. Earthquakes in the southern Nevada Test Site from the June 29 1992 Little Skull
Mountain earthquake, through September 1995. The location of the 1993 sequence and the series of
M 3.5+ earthquakes in the Rock Valley fault zone locate southeast of the large cluster of activity that
makes up the Little Skull Mountain aftershock zone. The M 3.5 event just north of the 1994 M 3.7
earthquake took place in 1992 at a depth of 10 km; the hypocentral depths for other M 3.5+
earthquakes are less than 5 km. Also shown is a cluster of activity that occurred in 1993 in the
Spotted Range east of the Nevada Test Site.

B. Gravity Investigations

Gravity investigationsinthe NTS and YMR were initiated as early as 1978, and over 33,000
gravity measurements have been made with all measurements adjusted to a common gravity datum
and recompiled (Oliver et al., 1992). Complete Bouguer gravity maps have been published of the
Nevada Test Site (Healey et al., 1987), Death Valley (Healey et al., 1980a), Goldfidd (Healey et
al., 1980b), Caliente (Healey et al., 1981), and Las Vegas (Kane et al., 1979) sheets. A residual
gravity map of Yucca Mountain and vicinity was produced by Snyder and Carr (1982), and free-
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air, Bouguer, and isostatic residual gravity maps were compiled for the YMR (Hilldenbrand et al.,
1988). A 1:100,000-scale isostatic gravity map of the Nevada Test Site that covers an area
northeast of Yucca Mountain was published in 1990 (Oliver and Fox, 1993). An important aspect
of gravity studies is that the gravity fied is particularly sensitive to the large density contrast
between basement rocks and Cenozoic deposits, and the method is useful in identifying the depth
and geometry of the Cenozoic/pre-Cenozoic contact. However, this large density contrast may
mask smaller density contrasts in basement rocks (Oliver and Ponce, 1995).

Snyder and Carr (1982, 1984) summarized the volcano-tectonic setting of the YMR based
largely on gravity data. They summarized interpretations of more than 2500 gravity measurements
on an approximately 2-km, irregular grid. In their original work, Snyder and Carr (1982) analyzed
the complete Bouguer gravity anomalies using a reference crustal density of 2.67 gldnm=. They
reduced the data a second time at a density of 2.0 glén1? to compensate for gravity stations within
lower-density volcanic terrain. They applied an isostatic correction assuming Airy-type isotasy to
remove effects of density variations deeper than 5 km. Density control for ther interpretations was
provided by density measurements of core samples and surface samples. These density data were
augmented by gamma-gamma and borehole gravity measurements in several drill holes (Snyder
and Carr, 1984). Further, they used a two-dimensional model from an east/west cross section and a
three-dimensional multiple-polygon gravity modd!.

Themost distinctive feature of the regional gravity fied is a gravity high associated with Bare
Mountain that is connected with a larger gravity high over the Funeral Mountains. This high may
delineste the devated Paleozoic basement rocks of the Funeral Mountain-Bullfrog Hills-Bare
M ountain detachment complex (Hamilton, 1988; Carr and Monsen, 1988; Oliver and Fox, 1993).
It isinterrupted only by a gravity saddle across the area of the Amargosa River, whichisa
probable result of thick accumulation of clastic sediments of the Amargosa Valley (Snyder and
Carr, 1984). A second gravity high, the Calico Hills gravity anomaly, coincides with the area of
the Calico Hills and probably extends to the southwest beneath Busted Butte. Snyder and Carr
(1984) interpret this gravity high as the product of a shallower depth to Paleozoic rocks, possibly
augmented by a fault zone of pre-Paintbrush age near Busted Butte.

An additional major featureis a large gravity low with amplitude of about 35 mGal, whose
extent is defined by the 8-mGal residual gravity contour (Snyder and Carr, 1984, their Fig. 4c)
centered in Crater Flat but also extending east partly under Y ucca Mountain and south into the
Amargosa Valley. Snyder and Carr (1984) interpret this low as a combination of sector grabens
and caldera collapse associated with the eruption of the Crater Flat Group. A permissive
aternative explanation of these data is that the gravity low is the result of a thick accumulation of
tuff and alluvial fill depositsin a series of pull-apart basins marking Crater Flat and extending to
the south. Neither mode can be discriminated solely on the basis of the gravity data. The base of
the caldera or alluvial section in Crater Flat is estimated to be about 4 + 2 km from gravity
modeling or between 2 and 4 km based on seismic refraction (Snyder anti984drpp. 10, 204).

A narrow band of gravity highs separates the negative gravity anomalies of Crater Flat and the
Claim Canyon and Timber Mountain caldera segments to the north (Snyder ant84yr,
These highs are bounded to the north by a large gravity low associated with the Timber Mountain
and Silent Canyon calderas (Snyder and £84).
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Ponce and Oliver (1995) reviewed gravity investigations conducted in the southern Great Basin
including both compilations of regional gravity data as well as studies associated with the Y ucca
Mountain site and the site vicinity. They noted three major gravity anomalies that are significant
for the Yucca Mountain site including:

1. A northwest decrease of about 20 Mgal in the Bouguer gravity field across Yucca
Mountain.

2. The stegp gravity gradient of about 30 Mgal at the western edge of Crater Flat.

3. A large gravity anomaly centered over the Silent Canyon and Timber Mountain
calderas located north of the Yucca Mountain site.

The gravity decrease across Yucca Mountain, as noted previously, was attributed to the
presence of a caldera complex west of and beneath Y ucca Mountain (Snyder and Carr, 1984).
Ponce and Oliver (1995) noted that the caldera modd is limited somewhat by an absence of density
data for the Cenozoic deposits below a depth of about 2 km. They referenced the alternative
caldera and detachment models for Y ucca Mountain and the Crater Flat basin and argued that
ambiguities in interpretations of the gravity data do not allow differentiation between the caldera or
detachment modes. The gravity data show clearly a structural basin filled with low-density rocks
(tuff and alluvium) but do not discriminate the origin of the basin.

The Fortymile Wash area has also been a site of continuing gravity studies, primarily to
determine whether the east side of Yucca Mountain is fault-controlled. Ponce and Oliver (1995)
note that the largest gravity anomaly in the vicinity of Fortymile Wash is along the Paintbrush fault
near Fran Ridge and suggest that the Wash itsdf does not overlie a fault unless movement has
juxtaposed rock types of similar density.

The combination of the depth of the structural basin and the small volume of Pliocene and
Quaternary basaltic rock makes gravity modes of limited usein ddineating the local structural
controls of sites of basaltic volcanism. However, the Pliocene and Quaternary basalt centersin
Crater Flat are associated spatially with the prominent gravity low of the basin, suggesting that the
basaltic rocks may have followed or been influenced by structures associated with this basin, a
topic that is discussed in more detail in a following section on seismic reflection/refraction studies.
Oliver and Ponce (1995) suggest that the coincidence of the Pliocene and Quaternary basalt field
with the Crater Flat basin requires a genetic relationship between faulting and basaltic volcanism.
They draw an analogy between faulting and volcanism in the southern Death Valley region and
suggest that a similar relationship may be possible for the basalt centers of Crater Flat.

C. Magnetic Investigations

A wide variety of aeromagnetic and ground magnetic data have been obtained for the YMR.
These data have been summarized in recent reports by the U.S. Geological Survey (Oliver et al.,
1992, 1995). Draped aeromagnetic profiles were flown with spacing of 0.4 and 0.8 km for a large
area surrounding Y ucca Mountain extending from Pahute Mesa, south to southern Death Valley,
west to beyond Bare Mountain, and east into Frenchman and Y ucca Flat (Oliver et al., 1992, their
Fig. 2.2-1). This area covers most of the terrain of interest for tectonic and volcanic studies in the
YMR. Compiled maps of these areas were presented by Hildenbrand et al. (1988). Bath (1968) and
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Bath and Jahren (1984, 1985) presented data showing that the remanent magnetization of Cenozoic
volcanic rocks was responsible for most of the aeromagnetic anomalies of the YMR.

Oliver et al. (1995) noted that regional aeromagnetic data show broad magnetic highs adjacent
to the Yucca Mountain site, the Spring Mountains, the Mormon Mountains, and the Greenwater-
Funeral Mountains of eastern Death Valley. They also recognized a northeast-trending zonein
eastern Nevada characterized by an absence of short-wavelength anomalies (see earlier section).
More detailed analyses of aeromagnetic data in the YMR show that the magnetic high near the
Y ucca Mountain site can be resolved into a series of spatially separated highs over the Wahmonie
area, the Calico Hills, the northern part of Yucca Mountain, and central Crater Flat (Oliver et al.,
1995; p. 69).

Kane and Bracken (1983) described aeromagnetic anomalies in the Y ucca Mountain area and
surrounding region and also noted the strong corre ation between Cenozoic volcanic rocks and
aeromagnetic anomalies. The surface basaltic volcanic rocks of the Crater Flat basin have marked
magnetic contrasts with surrounding rocks, particularly the magnetically quiet alluvia fill of the
basin. These rocks can be correated with a high degree of confidence with positive or negative
anomalies on the aeromagnetic map of Kane and Bracken (1983). Langenheim et al. (1991; 1993)
and Langenheim (1995) summarized aeromagnetic studies conducted in direct support of
volcanism studies for the YMP including more detailed studies, with acquisition of ground
magnetic and gravity data, of anomaly sites identified by Kane and Bracken (1983) and suspected
to represent buried volcanic centers.

Crowe et al. (1986) described aeromagnetic anomaliesin Crater Flat and the Amargosa Valley
that may represent buried volcanic centers or intrusive rocks. Exploratory drilling at two sites has
penetrated buried basalt lavas, which correate with recognized surface anomalies (Carr and
Parrish, 1985; Crowe et al., 1986; Langenheim, 1995); athird basalt site was penetrated in an
exploratory hole by a private company (Harris et a., 1992; Oliver et al., 1995; Langenheim,
1995). Langenheim et al. (1991; 1993) and Langenheim (1995) summarized geophysical data for
this anomaly site, which is about 25 km south-southeast of the Y ucca Mountain site. They
constructed alternative two-dimensional magnetic models to fit the anomaly and suggested that the
maximum depth to the top of a magnetic body was less than 150 m below the alluvial surface.
They also argued that the anomaly is most likely a basalt center buried in alluvium. These
conclusions were verified through subsequent exploratory drilling by a private company (Harris et
al., 1992).

Magnetic anomalies near the potential repository site have been described by Bath and Jahren
(1984). These investigations were conducted primarily to evaluate buried geologic units or
structures beneath the potential site area. A tabular mass of sedimentary rock was noted beneath
thick deposits of the volcanic units, and major faults of the site were outlined from their
displacement of the magnetized volcanic rock. The Topopah Springs Tuff of the Paintbrush Group
was identified as the primary source of anomalies from faulted sequences of volcanic rock. An
east/west pattern of anomalies was identified that is part of the regional magnetic high near the
Y ucca Mountain high described by Oliver et al. (1995). However, Bath and Jahren (1984) noted
that the amplitudes of these anomalies were reduced significantly when effects of the deeply buried
magnetic argillite unit were removed.

More detailed drape aeromagnetic studies were conducted for parts of the Yucca Mountain site
(Bath and Jahren, 1985). These studies detected a prominent magnetic anomaly of 290 nT located
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about 1 km northwest of USW H-3. Ground magnetic traverses were run to delineate the identified
anomaly, and three possible contributing sources were assessed (Bath and Jahren, 1985). First,
elevated topography across the Solitario Canyon declivity gives aterrain effect. Second, ground
anomalies south of the drape air anomaly indicate either an increase in magnetization or the
presence of a small intrusive body. Third, thereis an increase in magnetic influence from offset of
the Topopah Spring Member along the Solitario Canyon fault. One possible interpretation of this
anomaly isthat it may berelated to a 10-Ma basalt dike that intrudes the Solitario Canyon fault
(Croweet al., 1983a; Scott, 1990; Carr, 1990). In fact, Bath and Jahren (1985, p. 15) suggested
that the anomaly could represent a small intrusive body of basalt compasition (dike or sill)
emplaced off the main trace of the fault. Ground magnetic data were collected along multiple
profiles across the Solitario Canyon fault adjacent to the northwest edge of the exploratory block;
three of the profiles crossed the fault along or adjacent to surface and trench outcrops of the basalt
dike (Ponce and Langenheim, 1995). The locations of the three ground magnetic profiles (SCF1,
SCF2 and SCF3) and preiminary interpretations of the data are summarized in Ponce and
Langenheim (1995) who noted a magnetic low with an amplitude of about 100 nT that coincides
approximately with the location of a basalt dike near a trench cut along aridge crest at the
intersection of Solitario Canyon and Drillhole Wash. They suggested from modeling of the
magnetic data that the anomaly can be matched to the amplitude of the observed low, assuming the
presence of a vertical dike of reversed polarity and 1.6 m thickness. A second magnetic low of
similar amplitude was noted west of the described trench and could be attributed to a second dike
or the affect of surface rubble (Ponce and Langenheim, 1995). Ground magnetic traverses located
south of the trench show a magnetic high of about 150 nT that could be associated with a basalt
dike of normal polarity or possibly effects of west-down displacement on the Solitario Canyon
fault. The interpretation of the anomaly is complicated by the short length of the magnetic profile
and possible effects of magnetic sources above the sensor in the confines of the Salitario Canyon
(Ponce and Langenheim, 1995). Surface outcrops and trench exposures of the basalt dike of
Solitario Canyon were sampled for paleomagnetic studies. These studies confirmed that the
polarity of the basalt is reversed. The ground magnetic profiles across the basalt dike provide a
representation of the magnitude of magnetic signal (100 to 200 nT) from a basalt dike in Miocene
tuff and can be used with other regional aeromagnetic data to assess the detectability of basalt
dikes in magnetic country rock. A significant finding of the data obtained from the ground
magnetic profilesis that the magnetic anomaly associated with exposures of the basalt dikeis a
magnetic low. In contrast, the anomaly described by Bath and Jahren (1984) is a magnetic high.

High quality drape aeromagnetic data have been obtained for much of the YMR and have been
supplemented locally by ground magnetic data. This information allows a relatively high degree of
confidence in the judgment that all significant sites of Pliocene and Quaternary volcanic activity
have been identified in areas of aluvial fill and nonmagnetic Paleozoic rocksin the YMR. Several
of the aeromagnetic anomalies first identified by Kane and Bracken (1983) have been assessed
through exploratory drilling, and buried basalt has been identified as the source of the anomalies at
two sites (VH-2 in Crater Flat; the Amargosa Valley anomaly). For example, data from drill hole
VH-2 show that basalt lava buried in alluvium at depths of over 300 m was recognized readily
from drape aeromagnetic data (Carr and Parish, 1985; Crowe et al., 1986).

The remaining aeromagnetic sites identified by Kane and Bracken (1983) and the more detailed
studies summarized in Langenheim (1995) may or may not be assessed through exploratory
drilling. Theimplications on PVHA of not drilling the aeromagnetic anomalies has been described
in Chapter 6. Two anomaly sites remain somewhat problematic. First, the small aeromagnetic
anomaly in southern Crater Flat is a positive anomaly whereas all other basaltic sites in the basin

3-58



have reversed polarity. The buried anomaly could record a brief normal event or it could be
produced by buried basaltic rocks that are different in age from the surface centers. The latter
interpretation means that there is some uncertainty in the inferred age of this anomaly. Ground
magnetic data supplemented by gravity data obtained earlier were collected across this anomaly,
which is identified as anomaly 26 on the aeromagnetic data of Kane and Bracken (1983). The
amplitude of the anomaly from ground magnetic profilesis ailmost 1000 nT, and the predicted
depth to the top of the body is about 200 m (Langenheim, 1995). Additional ground magnetic data
have been collected at the Little Cones directly north of the aeromagnetic anomaly site, by the
Center for Nuclear Waste Regulatory Analysis, and suggest the presence of a more extensive
buried lava flow. However, this information was not released at the time of completion of this
report and could not beincluded in the report. A second large positive aeromagnetic anomaly in
central Crater Flat, as noted earlier, remains unexplained despite the drilling of a 2500-foot
exploratory drill hole, VH-1, directly above the anomaly site.

D. Geoelectric Surveys

Geodectric surveys were conducted at the Yucca Mountain site in the early stages of site
characterization studies. The locations of these surveys are presented by Oliver et al. (1992). Over
130 Schlumberger soundings have been obtained in an area labeled F on Figure 2.3-1 in Oliver et
al. (1992) that covers the southern part of Crater Flat and parts of the Amargosa Valley.

Klein (1995) summarized regional magnetotelluric investigations (MT) by the US Geological
Survey that cover al or parts of the YMR. These surveys extend from Death Valley east across the
Amargosa Desert, Bare Mountain, Crater Flat, Yucca Mountain and Jackass Flats, and include
MT measurements made in 1986 that were centered on Yucca Mountain (Klein, 1995; his Fig.
4.1). The MT data from Furgerson (1982) show conductive anisotropy aligned in west to
northwest directions and secondarily conductive zones aligned in northeast directions. These data
are consistent with faults or fractures associated with the Walker Lane structural system that are
ether significantly altered or contain anomalous concentrations of conductive fluids (Klein, 1995).
The one-dimensional interpretations of M T data show significant discontinuities in structure
including a deep low-resistivity zone at depths between 10 and 30 km associated with the
Amargosa Valley and Jackass Flats that could be related to wet crust or the brittle to ductile
crustal transition (Klein, 1995). Two-dimensional MT modeding was completed for soundings
across the southern part of Y ucca Mountain and shows shallow low-resistivity zone probably
associated with westward thickening alluvial and volcanic units (Klein, 1995). This upper crust is
eectrically homogeneous, and resolution and correation to specific rock unitsis limited. Low
resistivities in the upper crust could have a variety of interpretations; onethat is allowableis the
presence of a small degree of partial mdt (Klein, 1995; p. 113).

E. Seismic Investigations

Seismic investigations have included both seismic refraction and seismic reflection surveys
(Oliver et al., 1992). The most useful application from these investigations have been summarized
in recent papers by Mooney and Schapper (1995) and Brocher et al. (1996).

1. Seismic Refraction. Five seismic refraction profiles were obtained in the vicinity of the
Y ucca Mountain site including two refraction profiles collected in 1983 along N-S and E-W
orientations across Crater Flat (Ackerman and others, 1988) and three profiles acquired in 1985:
one across Y ucca Mountain, the second along Fortymile Wash, and the third in an E-W direction
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across the Amargosa Valley directly south of Yucca Mountain (Mooney and Schapper, 1995). The
results of the seismic profiles were described by Mooney and Schapper (1995). They attempted to
integrate the seismic data with intersecting seismic profiles, gravity data, and information from five
drill holes. The data show that Yucca Mountain is an uplifted, east-tilted volcanic plateau that is
located above and at the east edge of a west-thickening sequence of basin-fill deposits of the Crater
Flat basin. In most cases the velocity contrast between the Cenozoic volcanic deposits and basin fill
with the pre-Cenozoic strata is large so that seismic data provide a rdiable representation of the
geometry of this contact. The Crater Flat depression is an asymmetric, westward-degpening
structure with a maximum thickness of about 3.5 km of Cenozoic fill (Mooney and Schapper,
1995). However, at shallow depths veocities of pre-Cenozoic rocks can decrease and become
difficult to separate from the Cenozoic rocks. For example, the Paleozoic rocks at the pre-Cenozoic
contact in drill hole UE-25p#1 are fractured and brecciated with no appreciable velocity contrast at
the contact (Mooney and Schapper, 1995). In this case gravity data (Snyder and Carr, 1984)
provide a more accurate approximation of the pre-Cenozoic contact. South of Yucca Mountain the
seismic data allow interpretation of a higher-standing pre-Cenozoic surface in close agreement with
the gravity mode of Snyder and Carr (1984). Seismic layers within the Cenozoic volcanic section
do not conform to formation boundaries except for the top and bottom of the Crater Flat Group. A
buried basaltic center was probably intersected at the south end of the Fortymile Wash profile, and
the location of the center coincides with an aeromagnetic anomaly (Mooney and Schapper, 1995).
Mooney and Schapper (1995) discuss evidence of detachment faults in the seismic reflection
profiles and conclude that a single detachment surface has not been active during the Cenozoic in
the YMR, but further resolution would require additional high-quality seismic reflection data.

2. Seismic Reflection. Seismic reflection studies have been used primarily to examine
shallow structurein the Yucca Mountain area. Recently acquired test lines that provide data on the
deeper structure (up to 15 seconds) have been run in the Amargosa Valley (Oliver et a., 1992).
Brocher et al. (1990, 1993) described the results of a 27-km seismic reflection profile across the
Amargosa Valley. Theline crossed three Cenozoic alluvial basins. Interpretations of the line were
concerned primarily with extensional structures. A laterally continuous, near-flat-lying reflector at
100 to 200 m was interpreted as a basalt flow, a flow that probably is part of the BSE. Brocher et
al. (1993) reported a large-amplitude reflection or midcrustal bright spot on the seismic reflection
profile. While the reflection could be interpreted as a midcrustal magma body, Brocher et al.
(1993) argue that the Amargosa Valley and a similar anomaly in Death Valley are caused by
focusing of energy reflected from the midcrust by low-velocity basin fill lying above the bright spot
(see also Hamilton, 1988).

Brocher et al. (1996, in press) described the preliminary interpretations of regional seismic
reflection lines collected across Yucca Mountain (37 km of seismic lines). The objectives of this
study were to evaluate the Cenozoic/pre-Cenozoic contact, identify and evaluate faults in the
subsurface, and gather subsurface data related to alternative tectonic models of the Yucca
Mountain setting. Two sesmic lines were acquired. Thefirst ran from the Amargosa Desert on the
southwest, across Steve’s pass and Crater Flat to Yucca Mountain, intersecting drill hole VH-1
and terminating near well UE25 UZ-16 (26 km length). The second line extended from drill hole
USW H-6 on the east side of Solitario Wash to the east through drill h@gpg#& and into
Jackass Flat. The top of the Paleozoic section (Cenozoic/pre-Cenozoic contact) can be traced
discontinuously in the seismic reflection data and is offset by moderate-to steep dipping faults.
Brocher et al. (1996, in press) note that the offset of this surface by high-angle faults indicates it
does not represent antive detachment fault as proposed by many proponents of the detachment
models. The upper volcanic section in southwest Crater Flat is above an angular unconformity that
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deepens westward. The unconformity lies above deposits of the Tiva Canyon member of the
Paintbrush Group in drill hole USW-VH-1 (Brocher et a., 1996), an observation that is consistent
with field relations between the Timber Mountain and Paintbrush Groups (Scott, 1990; Fridrich, in
preparation). The seismic reflection data of Brocher et al. (1996) verify interpretations from
gravity and seismic refraction data (Ponce and Oliver, 1995; Mooney and Schapper, 1995) that
Crater Flat is an asymmetrical basin and is deeper on the west and shallower to the east. The
higher resolution reflection data suggest, with support from magnetic studies, that the east side of
the basin is offset along a series of west-down, west-dipping normal faults. Further, tracing of
inferred volcanic units of the Paintbrush Group shows that the east edge of the Crater Flat basin
extended originally under Y ucca Mountain, consistent with gravity data (Snyder and Carr, 1984;
Fridrich, in preparation) but the modern basin-edge has migrated westward.

Two observations from the seismic reflection data are important for volcanism studiesin the
YMR. First, the Pliocene and Quaternary basalt centers of Crater Flat are above the degpest parts
of the Crater Flat basin and are near areas of east-dipping normal faults (Brocher at al., 1996;
Brocher et al., in press). The basalt centers tend to occur mostly along or near structural features
of the western part of the basin. Second, reflective lower crust isimaged only on the southwest end
of the seismic lines where the depth to reflective lower crust is about 15 km, and the Moho is
between 27 and 30 km (Brocher et al., 1996). However, the reflection studies do not provide an
image of the lower crust in the vicinity of Yucca Mountain. Brocher et al. (1996) did note,
however, that there is no evidence of bright-spot reflectors as observed in the Amargosa Valley
seismic reflection survey (Brocher et al., 1993).

F. Teleseismic Studies

Teesasmic tomography has been used to explore the three-dimensional seismic properties of
the YMR (lyer, 1988; Montfort and Evans, 1982). The recent reports by Evans and Smith (1992,
1995) have the most application to evaluations of volcanism studies for the Yucca Mountain site.
While the results of teleseismic tomography can be ambiguous, the method has been the most
successful of geophysical techniques used for delineating large volume magma bodies (> several
tens of km?®) in the crust or mantle (lyer, 1988).

Evans and Smith (1992) described the results of analyzing analog teleseismic data from 1979
to 1980 and digital data collected in 1982. They noted two large velocity anomalies. Thefirst is
centered beneath the Silent Canyon caldera and the northern part of the Timber Mountain caldera.
Thebody is present near the depth of the Moho downward to about 200 km. This high-velocity
body has been noted in many previous studies (Spence, 1974; Montfort and Evans, 1982; Taylor,
1983). Ithas leen interpreted as he crystdli zed roats of sili cic calderas and the depleted “ paleo-
magma pathway” through the lowercrust and mantle below the coalesced calderas. The second
anomaly is aveocity low inferred to bein the lower crust and upper mantle. It is centered south
and southeast of YuccaMountain and Crater Flat (Evans and Smith, 1992 ,Fig. 3.3. Evansand
Smith (1992 swygest that this velocity low trends eastivest © northeast/uthwest. They argue it
may extendto an areaof Plioceneand Quaternary basaltic volcanism near St. Geage, Utah
(Dueker and Humphreys, 1990). Hmphreys and Dueker (1994a) nate that the seismic velocity of
the uppr mantle of the western U.S. is consideraldy dower than the upper mantle beneath the
North American craton. In a companion paper, Humphreys and Dueker (1994b)infer from P wave
imaging that the lower velocity upper mantle beneath the corntinental interior of the western U.S.
trendsnortheast, discordant to tectonic structure but consistentwith the dstribution of young
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volcanic activity. They suggest that the mantle trends are a consequence of partial melt variations
enhanced by compositional variations.

A third significant observation from the teleseismic tomography data is the presence of low-
velocity material in the crust beneath and east of the Solitario Canyon area (Evans and Smith,
1992). They argue that this featureis most likely related to the eastern edge of an inferred caldera
or volcano-tectonic depression in Crater Flat based on the caldera modd of Carr (1988, 1990). A
more likely interpretation given new information is that the feature noted by Evans and Smith
(1992) is simply the buried edge or basin-margin of the pre-Paintbrush Crater Flat basin (Brocher
et al., 1996; Fridrich, in preparation).

Evans and Smith (1995) provided a more recent summary of their teleseismic studies of the
Y ucca Mountain region. In this paper, similar to their previous study, they identified two large
velocity anomalies. Thefirst is the previously noted high-velocity body beneath the Silent Canyon
caldera and the northern part of the NTS; they describe the anomaly as circular in plan view and
about 3% above the mean mantle velocities (Evans and Smith, 1995; p. 182). Ther second
anomaly is also the previously described low-velocity anomaly south of Crater Flat, and they argue
that it is an eongate anomaly (E-W to NE-SW) that is about 3% slower than the surrounding
mantle. They suggest that the low-velocity anomaly flanks the southern part of the NTS and joins
the Crater Flat basin from the south. Evans and Smith (1995) also note a poorly resolved, high-
velocity body beneath the Funeral Mountains but on the edge of their teleseismic study and suggest
the anomaly could be related to detachment processes in Death Valley. On alocal scale, Evans and
Smith (1995) identify high velocity perturbations associated with Paleozoic rocks at Bare
Mountain and a low associated with the Crater Flat basin. They argue that their data show that the
east edge of the Crater Flat basin is between Solitario Canyon and Fortymile Wash. Evans and
Smith (1995) used an iterative procedure to remove the effects of the low density basin fill of
Crater Flat and find that a low-velocity anomaly remains in the middlie and lower crust beneath
Crater Flat. They argue that this low-veocity anomaly is, therefore, not an artifact of their
inversions nor can it be produced by the basin fill of Crater Flat. Evans and Smith (1995) suggest
that their teleseismic data are more consistent with the Crater Flat basin being a caldera complex,
an interpretation that is somewhat different than most other workers (see earlier sections). They
further argue, drawing on the work of Carr (1984, 1988, 1990), that the Spotted Range-Mine
Mountain section of the Walker Lane structural system may provide structurally controlled
pathways for basaltic magma.

Evans and Smith (1992) note that the large low-velocity anomaly may be partial melt that
represents the source of the basaltic magma that formed the volcanic centersin Crater Flat. They
suggest further, that the location of the Crater Flat field is controlled by the intersection of the
Walker Lane structural zone and the Spotted Range—Mine Mountain subzone and, again because
of the correlation with the data of Dueker and Humphreys (1990), that the low-velocity anomaly
forms a track subparallel to the hot-spot vector of the North America plate with a concentration of
volcanic activity at both ends of the anomaly. This track corresponds to the St. George Volcanic
Trend (SGVT) of Humphreys and Dueker (1994a,b). In their later paper, Evans and Smith (1995)
provide several alternative interpretations of the source of their low velocity anomaly including a
weak hot-spot trace, a deep Proterozoic plate structure, a mantle convection roll, or an effect of
fragmentation of old subducted plates.
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The lowvelacity teleseismic anomaly, if producedby magma, is very large-on ascale
approaching the size of cortinental or oceanic hatspots. If it exists, it would represent a large heat
source possbly capable of geneating significant future voumesof presumably basaltic magma.
The ast/west to nath/nartheast trend ofthe proposed anamaly is parallel to volcanic featuresof
the southwest United Staes that have been interpreted to track motion of the North American plate
(Smith and Luedke, 1984; Sgnce and Gross,1990; Humphreys and Dueker, 1994a,b). The
preserce of sitesof Quaternary basaltic activity at the endf theanomaly are analogous to the
patterns of magmatism in the Great Basin, which are concertratedat the est and west margins
(Best and Brimhall, 1974).The tectonic setting of Crater Flat near the intersection of possble
buried nathwest-trendingright-slip faults and thezone ofnartheast-trending Iét-slip faults may be
conducive to thetransmittal of magma through theupper crust.

Howeve, when excamined in déail, the proposed lowvelocity anomaly has inconsistercies
with the geologic and geophysical record of the region. Multiple lines of evidence areinconsistent
with along-lived magma body. The certer of theanomaly is south of the YMR region whee there
is no Pliocene or Quaternary basaltic volcanism. The anomaly area coincides with the area of the
amagmatic gap of the southern Great Basin, which is an anomalous areathat exhibited no
Cenozoic volcanism during intense episodes of extension (Guth, 1981;Wernicke et al., 1988).
Much of theanomaly is located beneath the Las Vegas shear zone,a structure proposed by Evans
and Smith (1992) b have influenced the shallow rise of basaltic magma. However, no record of
basaltic magma is presentanywhee along the lengh of this zone. The proposed anomaly overlaps
in location with the major step in the regional gravity field, the trend of which partly paralles the
low velccity anomaly. Further, this areawas probably positionedabove azone ofincoheentslab
or aslab gap during the period of extersion and sili cic volcanism to the nath (Seveinghaus and
Atwater, 1990).

Cortinuing, the shape oftheanomaly and its extersion to the est and natheast do notappear
obvious from the data of Evans and Smith (1992, heir Fig. 3.3).The low veocity zone appears
better defined inadjoining areas of Death Valley and southern and southeast Nevadathen in
adjoining areas of east Nevada and western Utah. The volme of surface volcanism associated wih
the lowvelocity anomaly is extremely small. In fact, thetotal volume of Plioceneand Quaternary
basdt magma erupted in Craer Flatis aout 1 km® (Crowe et al., 1995).Thisis about equal to the
volume ofthebasalt of Buckboard Mesa, which isa 3.0 Ma certer formed ner the irterior of the
high-velocity anomaly inferredto be the cooledresiduum from magma production and ascent
asciated with caldera eruptions. These volumes of magma aretrivial to virtually insignificant
comparedto the votanic record of other hatspot traces. Detailed time-volume and petrologic
studiesof thebasalt cyclesof Crater Flat suggest a history of waning vokanism that appears
inconsistent with alarge body of partial melt in the lower crust and upper mantle (Perry and
Crowe, 1992; Goweet al., 1995; seChapter 4).

Thecortinuing and systematic upgrading ofthe SGBSN to adigital three componentnework
(for example, Smith et al., 1995)has all owed acquisition of higher resolution teleseismic data for
the YMR. To date, data acquisition and processing is too preliminary to provide acomprehersive
assesanent of the data and interpretations of Evans and Smith (1992)and Evans et al. (1995).
Howeve, sevaal preliminary observations can be provided.First, the magnitude oftheteleseismic
low velccity zonefor the YMR may be partly an artifact of the daonain depth usedby Evansand
Smith (1992). Braluaions of the sane data st show that the low-velocity anomaly changes from a
3.6 % velocity low comparedto surrounding mantle-crust to a2.8% diff ererce with, respectively, a
41 km versus a 60 km depth damain. Second, some oftheteleseismic delays may be attributedto
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regionally extensive and relatively shallow structure. Third, data reduction methods used by Evans
and Smith (1992) may artificially increase amplitudes of teleseismic anomalies, and the anomaly
may not be as significant as they suggest (for example, Biasi and Humphreys, 1992).

Thereis no recognized surface expression of the low-velacity zone either in the topography or
structure of rocks of southern Nevada. If thereistruly alarge mass of partially molten rock in
southern Nevada comparable to a hotspot trace, it could have only formed recently and not
modified the shallow crust. Y et, there is no modern recognized tectonic or magmatic process
inferred to be affecting the southern Great Basin that would logically lead to formation of such a
body. It would have to be formed by a secondary upwelling of mantle material long post-dating the
time of most intense volcanic and tectonic activity. Isotopic data for the southern Great Basin show
it to be an area of preserved lithospheric mantle with no evidence of a significant asthenospheric
component except for Miocene basaltic rocks east of Frenchman flat (Farmer et al., 1989; Jones et
al., 1992).

Seismic refraction and reflection lines in the Amargosa Valley overlap the northern part of the
teleseismic low-veocity anomaly. No evidence from these seismic profiles (Brocher et al., 1993)
imaged the inferred magma body of Evans and Smith (1992). Finally, perhaps the most compeling
argument against the magmatic mode of Evans and Smith (1992) is the unusually great depth to
the basal horizon of magnetic sources calculated by Blakely (1988). This regional anomaly
contrasts markedly with the Battle Mountain high, an area of high heat flow, young volcanism,
recent faulting, and shallow basal depth of magnetic sources.

The evidence in support of magmatic origin of the teleseismic anomalies of Evans and Smith
(1992; 1995) are not sufficiently compelling to require priority attention in volcanism studies. A
magmatic origin of the P-wave low-ve ocity zones is not unique—other interpretations are possible.
The presence of low-velocity teleseismic P wave travel time residuals in the upper mantle is not
unique to the Yucca Mountain setting—these types of anomalies are common throughout the Basin
and Range province. The more important issue is whether the teleseismic anomalies represent a
relatively recent (Quaternary) phenomenon and if their existence reflects the operation of magmatic
processes that are not recorded in the geologic and volcanic record of the YMR. The presence of
multiple zones of northeast-trending imaged mantle structure suggests that the anomalies developed
from regional processes (Humphreys and Dueker, 1994a,b). Tdvldgy of volcanic activity in
well studied northeast-trending structural zones (Snake River Plains, Jemez Volcanic Zone) shows
that these zones have been active during a significant part of the Cenozoic; there is no evidence to
suggest the zones have developed exclusively in the late Cenozoic. To the contrary, the most
compelling segment of the volcanic record that may be consistent with the formation and
expression of a major zone of partial melt in the mantle is the Miocene pulse of silicic volcanic
activity that formed the SNVF. There appears to be no reason to suspect that the mantle anomalies
in the YMR, if they exist, have developed exclusively in Late Cenozoic time.

G. Thermal Studies

Thermal studies of the YMR have been conducted for the YMP and for the NTS for several
decades (Sass et al., 1995). The Yucca Mountain site, as noted in a previous section, is located on
the southwest edge of the Eureka Low, a large heat-flow minimum that has been attributed to
hydrologic effects (Sass et @987, 1995). Blakely (1988), however argues, based on analyses of
aeromagnetic data, that the Eureka Low is correlated with an area of unusually deep Curie
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temperature, and this would not be expected if the thermal low is exclusively a result of near-
surface hydrologic phenomena.

Sass et al. (1995) note that attempts to measure and characterize the background heat flow in
the YMR have been complicated by evidence from temperature profiles of effects of ground water
flow. They argue that the low heat flow observed at and near Y ucca Mountain results from capture
of heat by water flow at depth in the Paleozoic carbonate aquifer. They note, however, that the low
and variable heat flow is not suggestive of active tectonic processes but instead is a result of the
complexity of the structural and tectonic setting of the Yucca Mountain site. Sass et al. (1995) note
two areas of unusual heat flow that have not been adequately studied. These are at drill hole UE-
25a#3 in the Calico Hills area directly north of central Jackass Flats, where observed heat flow
values are about 50% higher than typical regional values, and in Crater Flat near areas of
Quaternary basaltic volcanism. At the latter site, Sass et al. (1995) noted that temperature logs in
drill holes VH-1 and VH-2 are too distorted by water flow to allow interpretations but argue that
the Quaternary volcanism is too small in volume and likely thermal energy to be source of
significant modification of heat flow.
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CHAPTER FOUR

Petrologic and Geochemical Constraints on Basaltic Volcanism
in the Great Basin

Frank V. Perry

Earth and Environmental Sciences Division, Los Alamos National Laboratory
Lynn M. Bowker

College of Law, University of Wyoming

.  Summary

Basaltic volcanism has been the predominant form of volcanism in the Great Basin over the
last 5-D million years (Ma). Great Basin basalts are primarily alkalic in composition indicating
small degees of partial melting of relatively deep mantle sources. The compositions of basalt
have beame more undersaturated with time, both in the Basin and Range province as awhole
and within individual volcanic fields, suggesting that theintensity of melting in the mantle has
declined with time on aregional scale. The volume of basalt flux into the crusthas also declined
in abroad sense throughout the middle and late Cenozoic, assuming that the enormous volumes
of ash-flow tuff erupted in the mid-Cenozoic were fueled by a comparable or greater volume of
basaltic magma. The transition from the eruption of evolved magmas © basalt in the late
Cenozoic can be attributed to changes in plate tedonic processes and crustl properties with time.
Isotopic and trace-element studes of basdt document the role of both astienospheric mantle and
lithospheric mantle in the gereration of basaltic magmain the wegern United States. The
regional distribution of these sources corrdates with tectonic setting and history and may control
the volume and compositional distribution of basalt relative to major physiographic boundaries.

The generation and eruption mechanisms of Riocene and Quaternary basalt within the
Y ucca Mountain region follow many of the same patterns beli eved to occur in many other
Cerozoic basalt fields of the western United States. Eruptive volumes decrease and the depths of
magma chambers possbly increase with time, suggesting an overall decease in basalt flux from
the mantle with time. Decrease in mantle melt percentageis reflected in increases in several
incompatble element concentrations through time. Geochemical variations at he youngest
volcano in theregion, Lathrop Wels, ae unusual compared to variations reported from other
small-volume basalt centers. Models of fractional crystallization, magma mixing, or crustal
assmilation cannot account for the dataat Lathrop Wells. Remaining hypothesis that have nat
been fully tested are that the geahenical variations at Lathrop Wdls are due to systematic
changes in mantle melting condtions through time, mantle wall-rock reaction with a sngle melt
batch, or in Stu fractional crystallization involving subiquidus phases sich as apatite.

The geochemical composition of basaltic ash found in numerous fault trenches rear Yucca
Mountain indicates that the as originated from Lathrop Wells and not from arny other Quagrnary
volcanoesin theregion. Theage of the ash is therefore ~75 ka. Direct dating of the Solitario
Canyon Fault ash yields an erronepusly old age of ~900ka, probably due to asmall amount of
sample contamination by rhyolitic glass of Miocene age.

Il. Introduction

The Great Basin (encompassirg most of the northern Basin and Range province; se Chapter
3) isaregion that was aff ected during middle and late Cenozoic time by extensional tectonism
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and magmatism. As aresult, it is characterized by thinned lithosphere, high heat flow, active
faulting, high seismicity, abundant thermal springs, and the widespread distribution of Tertiary
volcanic rocks (for example, Eaton, 1982; see Chapter 3). Small-volume basaltic volcanism has
been the characteristic form of volcanism in the Great Basin since 5—10Ma.

Basaltic magmais generated in the upper part of the earth’s mantle by partial melting of
mantle peridotite. Differencesin the presaure and compaosition of the sourceregion, and in the
proportion of source rock melted, create a continuous spedrum of basaltic compositions that
erupt at the suface. In a smple way, basalt can be divided into two compositional categories,
alkalic and tholeiitic (e.g., Morse, 198Q. Alkalic basalts have high total alkalis (NaO + K,O) and
are generated at relatively great depth by small degrees of partial melting. Thdeiitic basalts have
lower total alkalis and are gererated at shallower dephs (35-45 kn) by relatively larger degrees
of partial melting (Jaques and Green, 1980). Exprimental data (Takahashi, 198Q Takahashi and
Kushiro, 1983)indicate that dkalic basédts compositionally similar o those of the Bash and
Range province equilibrated at pressues of 14—20kil obars (kb), equivalent to a depth of 45—65
km. Nearly all of the basédts erupted within the Great Basn since the late Miocene are akalic
(Leeman and Rogers, 1970 Bestand Brimhall, 1974 Farmer et a., 1989 Fitton et al., 1991).

Intermediate to slicic calc-alkaline Cenozoic volcansm began in the northern Great Basn
during the late Eocene and gradually swept south, ending in southern Nevada by the late Miocene
(see Chapter 3). This outhward sweep is thought to be related to declining plate convergence
ratesand stegpening of the dip of the subducted slab, resulting in activation of the asthenospheric
mantle wedge and generation of basaltic magma t fud crusial magmatic systems (Grossand
Pilger, 1978 Lipman, 1980;Best and Christiansen, 1991).Eruption of calc-alkali ne ash-flow
tuffs reached a peak in the Great Basin between 30—-20 Ma (tle “ignimbrite flare-up”) when
>50,000 km? of tuff was erupted (Best and Christiansen, 1991) Isotopic studies of zoned
ignimbrite systems sugg@st that an equal or greater volume of basaltic magma emplaced at depth
was required to gererate these ashflow tuffs (Jomson, 1991).Large-magnitude extension also
migrated southward during the Cenozoic (see Chapter 3), although lesssystematically than silicic
volcanism. Thetiming of extension and volcanism may not be well correlated in any particular
area; extension locally may predate, be contemporaneous with, or postdate silicic volcanism
(Axenetal., 1993.

The initiation of true basaltic volcanism in the Great Basn began in the early to middle
Miocene (<17 Ma) and generally postdates major slicic volcanism and same of the major phases
of extension in any particular region. For example, silicic volcanism of the Timber Mountain
caldera complex and pegk extension rates in the southern Great Basn occurred simultaneously at
15-10Ma (Wernicke et al., 1988 Saott, 199Q Carr, 1990) The conmencement of kasaltic
volcanism occured during the latter part of this period, and small-volume hasaltic vdcanism has
continued into the Quaternary period (see Chapter 2). Citing several similar examples, Gazer
and Usskr (1989)argued that the transition to eruption of basalt in the western United States was
not dueto increased rates of &tension, since basaltic volcanism in any region usually begins after
extension rates have dedined. They proposed instead that the transition wasdue to increases in
mean crustl density resuting from extensional thinning of low-dengty upper crug and intruson
of mafic magma into the lower crust. Derser crust would enhance buoyant ascent and eruption of
basaltic magma (see Chapter 5). This mechanism would, howewr, be limited to areas that had
undergore high-magnitude extension or focused mafic intruson.

The"ignimbrite flare-up” was fuelal by alarge flux of basaltic magma into the crust
(Jomson, 1991;Bestand Christiansen, 1991),probably as aresut of reactivation of the mantle
wedge above a stepening sulbucted dab following the slowing of sulduction rates after the
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Laramide Orogeny (Coney and Reynolds, 1977; Cross and Pilger, 1978; Lipman, 1980). Basaltic
intrusion, convection in the underlying mantle wedge, and thick crust inherited from the
Laramide created an unusually hot crust by the end of the Oligocene epoch. Thermally weakened
crustmay have been a prerequisite for large-magnitude “ ductil€” extension in the Basin and
Range province in the late Oligocene to early Miocene (Morgan et al., 1986. The extensional
collapse of over-thickenal and thermall y weakened crust followed the slowing of subduction and
easing of campressimal forces at the continental margin (Coney, 1987).Coupled with degeased
basalt flux into the crust bginning in the late Oligocene (from breakdown of the mantle wedge),
conductive cooling of the thinned crustwould follow.

Overall coding of the Cordill eran crustin late Cenozoic timeis cansistent with changes in
extensional style and the transition to the eruption of basalt. Two overlapping phases of
extensional deformation are recognized during the Cenozoic: (1) an early, mid-Tertiary phase
characterized by high strain rates, a shallow brittle-ductil e transition, shallow faut penetration,
and eruption of voluminous intermediate to silicic volcaric rocks, and (2) alate, Miocene-
Pleistocene phase (“Basin and Range event”) characterized by lower strain rates, deeply
penetrating faults, the establishment of modern basin and range topography, and bimodal
eruptions of basalt and high-silica rhyolite (Christiansen and Lipman, 1972; Dback et al., 194,
Eaton, 1982 Morgan et a., 1986 Coney, 1987 Keller et a., 1999 Armstrong and Ward, 1991).
The high strain rates characteristic of Oli gocene extension probably in part required ahot and
thermally weakened crust, whil e lower stran rates assciated with deep, high-angke fauting are
consistent with a cooler, more brittle, and mechanically stronger crus (Morgan et a., 1986).
Cooling of the crust may have favored the eruption of basalt because (1) cooling of the crust
increases qustl density on aregional sale (erhancing bugyant ascent of basaltic magma), (2)
contamination or mixing with more silicic crustal magmas would be inhibited, and (3) basaltic
magmas ntruded into brittle crustwould have access b deeper crudal fractures thatwould favor
rapid ascent without dfferentiation (Perry et al., 1993).

Ill. Time-Space Trends in the Location, Composition, and Volume of Basaltic
Volcanism

Basaltic volcanism in the Great Basin and adjoining regions has exhibited systematic trends
in location, composition, and eruption volume through time. These trends can be related to both
tectonic processes in the crustand melt generation processes in the underlying mantle. Figure 4.1
summarizes the distribution of basaltic rocks in the western United Stags (excluding the
Columbia Plateau) during two time periods: (1) 16—5Ma, from near the inception of basaltic
volcanism to the end of the Miocene, and (2) 5—0 Mg, from the end of the Miocene to the present.
Basatic volcansm wasconcentrated increasingly along major physiographic margins with time,
in paricular along the margins of the Great Basn and the Colorado Plateau. Post-Miocene
eruption of basalt within the Great Basin interior has been sparse, with the notable exception of a
band of post-Miocene basalt that extendsfrom Desath Valley to Lunar Crater in central Nevada,
including the basalts of Crater Flat (Crowe et a., 1983) The migration of basaltic volcanism to
the margins of the Great Basn correlates with increased extension ard seismicity in these areas,
indicating that the stressregime exerts a broad control on the location of basaltic eruptions.
(Christiansen and McKee, 1978).
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Figure4.1. Map of the western United States showing the distribution of basalt erupted during the past
16-5 and 5-0 Ma (after Fitton et al., 1991). Labded volcanic fields are: BP: Big Pire, C: Cima, CdR:
Cerros del Rio, CF Crater Flat; CS Coso; G: Geronimo; GC: Grand Canyon; L: Lucero; LC: Lunar
Crater; MT: Mount Taylor; O: Ocate; P: Potrillo; SF SanFrancisco; SG: S. George; SRP. Sndke River
Plain; SV: Springewille; T: Taos;, ZB: Zuni-Bardera.

In the southwestern United States, basaltic volcanic fields of late Miocene and younger age
that erupted the largest volumes and had the highest eruption rates are mostly associated with the
Colorado Plateau margin (Taos, Cerros dd Rio, San Francisco, Springerville, Zuni-Bandera,
Mount Taylor; Figure 4.2). Many of these basalt fields erupted tholeitic basalt in addition to
alkalic basalt, indicating higher degrees of partial melting at shallower mantle depths compared to
the Great Basin/Basin and Range interior. Basalt fields of this agein theinterior of the Basin and
Range have volumes that sldom exceed a few tens of cubic kilometers, while several fields along
the Colorado Plateau boundary have volumesof 100—300 kri(San Francisoo, Springerville,
Zuni-Bandera, Taos). Long-term eruption rates for several volcanic fields an the Colorado
Plateau margin exceed 50 kni/Ma, while rates within the Bashn ard Range are generally <20
km*/Ma (Figure 4.2) The volume and eruption rates of basalt fields of the Colorado Plateau
margin suggest higher production rates of basaltic magma in the mantle benesth these aress,
compared with mantle beneath the Basin and Range interior.

Thecomposition of basalt eruptedwithin the Great Basin/Basin and Range has also changed
systematically through time (Fitton et al., 1991). Basalt erupted since 5 Maare asa group more
silica-undersaturated (more nepheline normative) than basalt erupted before 5 Ma and also have a
higher average MgO content, indicating less factionation en route to the suface (Figure 4.3)
These data suggest that the younger group of basalt represents small er degrees of partial melting
at greater depths in the mantle (e.g., Jagues and Green, 1980). $milar changes in composition
through timeare seen in anumber of individual volcanic fieldswithin the Basin and Range, as
discussed in alater section of this chapter. The more primitive nature of the younger basalt
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indicates rapid ascent from the mantle with minimal crustal residencetime, possibly because of
higher volatile concentrations resulting from smaller degrees of partial melting (Fitton et al.,
1991). A trend to smaller degrees of partial melting through time in the Basin and Range is
consistent with a decrease in volume erupted through time for a number of individual fieldsin the
Basin and Range. The more volatile-enriched nature of these basalts, however, may result in more
frequent eruptions (cf. Smith and Luedke, 1984) since these magmas are more likely to ascend
rapidly through the crust without achieving buoyancy stagnation (Spera, 1984).
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Figure 4.2. Estimated volume versus eruption duration for late Cenozoic basaltic volcanic fiedsin the
southwestern United States.

IV. The Role of the Mantle in Basaltic Volcanism

Numerous isotopic and trace-element studies of basalt have demonstrated that basalt in the
western United States is derived from either asthenospheric mantle (equivalent to oceanic mantle)
or ancient lithospheric mantle that has been isolated from asthenospheric convection for periods
of greater than abillion years (Menzies et al., 1983; Hart, 1985; Perry et al., 1987, 1988; Farmer
et al., 1989; Lum et al., 1989; Menzies, 1989; Cooper and Hart, 1990; Kempton et al., 1991;
Fitton et al., 1991; Daley and DePaolo, 1992). Perry et al. (1987, 1988) proposed that the source
of basalt in the western United States depends on the timing and intensity of lithospheric
extension relative to thetiming of basalt eruption. In regions that have undergone little or only
recent lithospheric extension, basalts are derived from lithospheric mantle because asthenospheric
upwelling has been limited and has not replaced the preexisting lithospheric mantle. In regions of
more pronounced or prolonged extension, asthenospheric mantle eventually replaces lithospheric
mantle and becomes the source for basalt. |sotopic evidence indicates that asthenospheric sources
are present beneath the southern Basin and Range of New Mexico, Arizona, and southeastern
California, aswel asthe central Great Basin of Nevada. These areas generally underwent the
earliest and most intense extension within the Basin and Range province. Lithospheric mantleis
still preserved beneath the stable regions of the Colorado Plateau, Rocky M ountains, and Great
Plains. Mixed asthenosphere/lithosphere sources are present beneath most of the Colorado
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Plateau/Basin and Range transition zone, suggesting that these transitional areas are undergoing
active conversion of lithospheric sources to asthenospheric sources (Perry et al., 1987).
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Figure4.3. MgO versus saturation index for basalts of the Basin and Range province, after Fitton et d.
(1991). Basdlts with saturation index <0 are nepheline normative; basalts with saturation index >0 are
hypersthene normative.

Farmer et al. (1989) presented isotopic and trace-element data which suggest that basalts of
the southern Great Basin have been derived from lithospheric mantle over thelast 10 Ma, despite
erupting in a region that has undergone active extension for the past 15-10 Ma. This region
coincides with the amagmatic gap of Eaton (1982) and was the last portion of the Basin and
Range province to begin extending (15-10 Ma). The relative lack of magmatism in this region
may have left the lithosphere “cold” and difficult to extend (Wernicke et al., 1987). Both the
thermal state and the late initiation of extension of this lithosphere may have combined to
preserve lithospheric mantle beneath this region (Farmer et al., 1989).

The presence of lithospheric mantle beneath the southern Great Basin is not wholly
compatible with the generation of basaltic magma beneath this region, since lithospheric mantle is
generally considered too cold to partially melt. Daley (1992) proposed that if lithospheric mantle
beneath the southern Great Basin is hydrous, it can generate basaltic magma at small rates of
lithospheric extension, since a small amount of water in the mantle will substantially depress the
peridotite solidus. A hydrous mantle source for the basalts of Crater Flat is consistent with their
low rubidium contents relative to other incompatible trace elements, which suggests that
phlogopite may have played a role in the partial melting process (Vaniman et al., 1982). Daley
(1992) calculates that for a 100-km-thick lithosphere and no extension, 2 lkasalt could be
erupted per 100 khof surface, assuming that 10% of the mantle lithosphere is hydrous, 90% of
the melt generated separates from the residue, and 10% of that melt is erupted.
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Melting of hydrous lithospheric mantle may also have played arole in the concentration and
volume of basaltic volcanism along the Colorado Plateau margin. Best and Brimhall (1974) and
Tanaka et al. (1986) suggest that volcanism within the Colorado Plateau transition zone may be
caused by viscous heating as asthenospheric flow encountered the thicker lithospheric “ edge’
beneath the Colorado Plateau. Secondary convedion in the asthenosphere, caused by lateral
temperature variations (juxtaposition of hot asthenosphere and colder Colorado Plateau mantle
lithosphere) may have locally enhanced ashenospheric flow, facilitating heat trensport into the
adjacent lithosphere (Perry et al., 1987) The combination of hydrouslithospheric mantle and
erhanced heat transport from the astherosphere may have favored the gereration and eruption of
voluminous alkalic and, in some cases, tholeiitic basalt. In the Great Basin/Basin and Range
interior, hydrous lithospheric mantle may have been substantially removed by lithospheric
extension and asthenospheric upwelling by the end of the Miocene. The absence of easily fusible
lithospheric mantle, and of lateral mantle discortinuities found at physiographic margins, may
combineto restrict melting to relatively small amounts & greater depths within the dry and
relatively less fusble astlenosphere.

Low upper-mantle seismic velocities berath much of the Basin and Range province suggest
that the upper mantle contains asmall percertage of partial melt. Ascentof this melt through the
crug to produce basaltic vdcanism may depend partly on where local stressregimesare
conducive to magma asceait (Smith and Luedlke, 1984).Against the gereral background of small
melt fractions in the Basin and Range mantle, three northeast-trending zones of enhanced partial
melting have been proposed based on identification of low-velocity mantle anomali es(Spence
and Gross, 1990 Duelker and Humphreys, 1990; Hmphreys et al., 1992. The northernmost and
southernmost of these zones correspord to zones of ronounced magmatism: the Snake River
Plain — Yellowstore zone and the Jemez zore of the southeastern Colorado Plateau margin
(Figure 4.1) The middle zone exterds from central Utah to southern Nevada and corresponds
with surface volcanism at the St. George area of Utah (Dueker and Humphreys, 1990)nd the
Crater Flat area of southern Nevada (Evans and Smith, 1992) The volume of basaltic vdcanism
as®ciated with the St. George zoreis farless tan the zores o the north and south. At Crater
Flat, in particular, 4 Ma ofbasaltic volcanism has produced only about 1 kn? of basalt. If the low-
velocity anomaly beneath Crater Flat does represent an unusial degree of partial melting relative
to the rest of the Bash and Range, this sug@gsts hat the local stressregime does not strongly
favor magma ascent and eruption.

V. Evolution of Basaltic Volcanic Fields

Many long-lived (>2—3 Ma) basitic volcanic fields in the southwestern United States
display a characteristic evolution in terms of eruption volume and basalt composition that can be
related to changes in the intensity and depth of partial melting in the mantle. Perhaps he best
documented example of systematic volume and compasitional relationships through timeis the
Springervill e volcanic field on the southern Colorado Plateau margin of Arizona (Cordit e al.,
1989).At Springerville, the earliest and most voluminous tasalt is thdeiitic (large degree of
partial melting), which erupted between 6.5 and 1.75 Ma (@ndit e al., 1989 Cooper et al.,
1990).After 2 Ma, volcanism shifted to less voluminous eruptions of alkalic basalt, representing
smaller degees of partial melting at greater depth in the mantle. A similar relationship is seenin
the Zuni-Bandera volcanic field on the Colorado Plateau margin of western New Mexico
(Laughlin et a., 1993) Tholeiite was erupted exclusively in the earli est two episodes (700-600
thousand years (ka) and 200—100ka), while the youngestepisode (<100ka) erupted both
tholeiitic and akalic basalts. The relationships at Springerville and Zuni-Bandera are consistent
with gradud waning of the intensity of mantle melting through time ard the eventua extinction
of the volcanic field.
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Less voluminous basalt fields in the Basin and Range interior show similar patterns of
evolution, although the intensity of mantle melting associated with these volcanic fields was
apparently never great enough to produce tholeiitic basalt. Examples are the Cima volcanic field
of southeastern California and the Lunar Crater volcanic field of central Nevada (Crowe et al.,
1986; Wilshireet al., 1991; Foland and Bergman, 1992). In these volcanic fields, Pliocene
eruptions of alkali basalt form relatively voluminous, sheet-like flows, while Quaternary
eruptions were less voluminous and compositionally more undersaturated, again indicating a
progression to less intense and deeper mantle melting.

A. Evolution of Basaltic Volcanism in the Yucca Mountain Region

Post-Miocene (<5 Ma) basalts of the Y ucca Mountain region occur mainly along a loose
north-northwest alignment to the southwest and northwest of Yucca Mountain (Figure4.4). The
exception is Buckboard Mesa, which lies in the moat zone of the Timber Mountain caldera.
Pliocene basalt centers have eruptive volumes of ~1 km® or greater, which is an order of
magnitude larger than any of the Quaternary basalt centers. Thereis, thus, a general decreasein
eruptive volume through time for post-Miocene basalts in the Y ucca Mountain region.
Geochemical data were obtained for these basalts with the ultimate goal of constraining the nature
of magmatic processes beneath the Yucca Mountain region in order to assess whether rates of
certain magmatic processes are expected to increase or decrease in the future.

Major-element, trace-element, and Nd and Sr isotopic data for the post-Miocene basalts
(except Lathrop Wells) are presented in Appendix 4.1, 4.2 and Table 4.1. Equivalent data for
Lathrop Wellsis presented in Perry and Straub (1996). Basalts of the Y ucca Mountain region are
generally evolved, alkali olivine basalts. Magnesium (Mg) numbers [(Mg/(M g+Fe’*)) x 100],
which are a measure of the degree of evolution of basaltic magmas from primary magmas
generated in the mantle, range from 61-49 (Figure 4.5). Primary magmas have Mg numbers of
approximately 70, which decrease as olivine and pyroxene are removed from the magma by
fractional crystallization. Most basalts of the Y ucca Mountain region have Mg numbers < 55 and,
thus, have undergone significant fractionation en route to the surface. On average, Pliocene
basalts have slightly higher Mg numbers than Quaternary basalts (Figure 4.5). If any significance
can be attached to this, one possibility is that higher extension rates in the Pliocene favored more
rapid transit to the surface with less opportunity for fractional crystallization.

Post-Miocene basalts of the Yucca Mountain region vary widely in concentrations of
incompatible trace e ements, which probably reflect differences in the composition of the mantle
and in the conditions of mantle melt generation beneath the Y ucca Mountain region.
Concentrations of Laand Th and La/Th ratios, for instance, vary considerably; in some cases,
even within individual volcanic centers (Figure 4.6). An important observation concerning the
genesis of basaltsin the Yucca Mountain region is that basalts younger than about 3 Ma have
higher concentrations of many incompatible trace elements (e.g., S, Th, U, La, Ce) than older
basalts (Vaniman et al., 1982; Farmer et al., 1989; Fleck et al., 1996). For melting of mantle
source rocks, dements such as Laand Th are diagnostic of relative degrees of partial melting
(e.g., high percentage of partial melt = low concentration of Laand Th). These criteria can only
be used as a broad guideline because source heterogeneity also has to be taken into account.
However, the three Pliocene basalt centers (Thirsty Mesa, SE Crater Flat, Buckboard Mesa) have
generally lower Laand Th concentrations than Quaternary centers (Figure 4.6), implying larger
degrees of partial melting of the mantle source, which is an interpretation that is consistent with
their higher eruption volumes. Fleck et al. (1996) observed that theincrease in incompatible
elements through time is also valid when the time frame is extended to include basalts of Late
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Miocene age (<11 Ma) and concluded that a general decrease through time in the amount of
partial melting of the mantle source is the maost reasonabl e explanation.
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Figure4.4. Quaternary and Pliocene basalt centers of the Y ucca Mountain Region. LW: Lathrop
Wells; HC: Hidden Cone; LBP: Little Black Peak; QCF: Quaternary Crater Flat (Makani, Black, Red,
and Little Cones); BM: Buckboard Mesa; PCF: Pliocene (SE) Crater Flat; TM: Thirsty Mesa. Numbers
below each center designation are approximate agesin millions of years.
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Table4.1. Isotopic compositions of basalts from the YMR.

Sample HCI1FVP HC3FVP LBP2FVP LBPGFVP LBPOFVP BCIFVP BC2FVP BCI3FVP
Center HiddenCone  HiddenCone  LittleBlack Peak  Little Black Pesk  Little Black Peak  Black Cone Bc'g‘rf'; Bc'g‘rf';
RD 155 176 16.9 194 18.7 215 211 23.9
S 1262 1458 1434 1445 1425 1237 1277 1246
875y /2050 0.707033 0.707069 0.707085 0.707138 0.707057 0706943 0.706937 0.706948
sm 10.8 12.3 12.2 12.2 12.2 11.0 11.6 11.1
Nd 80.1 90.7 89.2 90.1 89.8 843 89.1 85.1
NGMND 0.512139 0.512127 0.512108 0.512107 0.512110 0512113 0512137 0.512122
En 07 -10.0 1103 1104 1103 110.2 98 1101
Pb 10.6 11.9 10.9 10.8 10.4 12.8 133 14.1
208pp, 24P 38.340 38.303 38.301 38316 38.312 38375 38362  38.346
207ppy 2Pl 15536 15527 15,540 15.544 15.543 15555 15543 15548
206ppy 2Py 18.486 18.476 18.404 18.415 18.407 18412 18453 18411
Sample RC2FVP RC3FVP CFI5FVP LW148FVP CF3-18-92-3aBMC CF12FVP NE10-1-91-2BMC
Center Red Cone Red Cone Little Cone South Little Cone South ~ SE Crater Flat SEFC|: ;tater Thirsty Mesa

RD 23.0 22.0 18.0 193 261 2.6 470

S 1784 1379 2151 2110 851 941 933

875y /2050 0.707130 0.707002 0.707270 0.707267 0.707442 0707230  0.706424

sm 13.3 12.3 15.8 15.7 8.7 97 10.2

Nd 103.0 91.4 120.0 106.0 516 585 71.0

NGMND 0.512149 0.512135 0.512174 0512178 0.512067 0512061 0.512284

- 95 98 91 9.0 111 113 6.9

Pb 125 14.7 12,6 10.4 6.6 8.8 97

208pp, 24P 38.328 38.402 38.563 38.548 38.465 38507 38482

207ppy 2Pl 15,530 15,554 15,555 15.555 15.500 15532 15543

206ppy 2P 18.498 18.454 18.631 18.637 18.302 18344 18494
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Because La/Th ratios do not change significantly during fractional crystallization, different
La/Th ratios can be used to infer the involvement of different magma batches in volcanism
(Figure 4.6). Clearly, differencesin La/Th between basalts of Buckboard Mesa and Thirsty
Mesa, for instance, are dueto derivation from different magma batches since these centers are 20
km apart and differ in age by almost 2 Ma. This type of analysis can be extended to individual
volcanic centers and clusters of centers to constrain the number of magma batches (each
presumably representing a separate intrusive event) that were involved in the formation of
centers or clusters. In the case of the four Quaternary centers of Crater Flat, La/Th data suggest
theinvolvement of at least five magma batches: one each for Black Cone and Makani Cone, two
for Little Cones, and two for Red Cone (one of which may have also fed Black Cone; Bradshaw
and Smith, 1994). In the case of the two Sleeping Butte centers, Hidden Cone and Little Black
Peak, the La/Th data indicate that each center was formed from a unique magma batch.
Differencesin La/Thratios for basalts of the 3.7 Macyclein SE Crater Flat suggest the
involvement of two or three magma batches. Lathrop Wells has the largest range of La/Th of any
basalt center, indicating that eruptive units may be derived from several separate magma batches
(see discussion below).

Neodymium, strontium, and lead isotopic data have been obtained for most of the post-
Miocene volcanic centers of the Yucca Mountain region (Table 4.1). Except for the basalt of
Thirsty Mesa, all of the basalt cluster at eyq values of -9 to -11 and ¥'Sr/*Sr values of 0.7069 to
0.7075 (Figure 4.7). Theseisotopic values are unusual for alkali basalts of the western United
States and areinterpreted as reflecting the isotopic composition of a lithospheric mantle source
(Farmer et a., 1989). Thedistinctly different Sr and Nd isotopic composition of Thirsty Mesa is
interesting because the nearby Sleeping Butte Centers have compositions typical of the other
Y ucca Mountain region basalts. Crustal contamination is unlikely to be the cause of this
difference. One possibility for the differenceis that the voluminous Thirsty Mesa basalts
represent a larger degree of partial melting than other Yucca Mountain region basalts, and the
melting process involved a higher proportion of an isotopically "depleted" matrix within a
heterogeneous lithospheric source.

B. Crater Flat Volcanism

Basaltic volcanism at Crater Flat occurred in three episodes at approximately 3.7, 1, and <0.1
Ma. All of the basalt erupted at Crater Flat are alkalic (Vaniman et al., 1982), indicating relatively
small degrees of partial melting in the mantle throughout the lifetime of the field. The volume of
alkali basalt erupted through time has decreased, from ~1 kn?® in the oldest cycleto ~0.1 kn?® at
the youngest center (Lathrop Wells). Therelatively long lifetime of the Crater Flat field
combined with the small volume of erupted material resultsin one of the lowest eruptive rates of
any basaltic volcanic field in the southwestern United States (Figure 4.2).

Although declining volumes through time indicate a waning magmatic system, the normative
compositions of basalt from different episodes (Vaniman et al., 1982) do not clearly indicate a
shift to more undersaturated compositions (and hence, smaller degrees of partial melting) through
time. Differences in normative composition appear to be related more to fractionation history
(e.g., amphibole removal) than differences in degree of partial melting (Vaniman et al., 1982).

Another factor bearing on the evolution of the Crater Flat field is changes in the fractionation
depth of magmas through time, which is probably related to changes in magma chamber depth
(Perry and Crowe, 1992). Lavas of the oldest episode contain plagioclase, olivine, and
clinopyroxene phenocrysts, while lavas of the younger episodes contain only olivine.
Experimental studies of alkali basalt (Knutson and Green, 1975; Mahood and Baker, 1986)
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indicate that clinopyroxene will crystallize early in the crystallization sequence relative to
plagioclase at pressures exceeding 8 kb. The lack of plagioclase phenocrystsin lavas of the
younger episodes indicates fractionation at high pressure within the lower crust or upper mantle.
The high strontium (which partitions into plagioclase) of the younger episodes also indicates that
plagioclase was not an important fractionating phase in the younger episodes. Scandium (which
partitions into clinopyroxene) is lower in the youngest episodes relative to the oldest episode,
indicating fractionation of clinopyroxene at high pressure. In contrast, lava of the oldest episode
contains plagioclase phenocrysts, relatively low strontium, and relatively high scandium
(Vaniman et al., 1982), indicating fractionation at low pressure where plagioclase and olivine
dominate fractionation. These relationships indicate that magma chambers wererdatively
shallow (middle to upper crust) at 3.7 Ma but were deep (lower crust or upper mantle) during the
younger two episodes (Perry and Crowe, 1992). This interpretation implies a decreased
generation rate for basaltic magmain the Quaternary. Fleck et al. (1996) noted that the higher
abundances of plagioclase phenocrysts in older basalts extend to basalts of late Miocene age and
likewise concluded that younger basalts equilibrated at higher pressure, consistent with a reduced
magma flux into the crust.

The evolution of volcanism through time near Yucca Mountain has parallels to alkalic
volcanism in Hawaii. Frey et al. (1990) suggest that the depth at which magma chambers were
established at Mauna Kea is controlled by magma flux into the crust, with older, higher-level
chambers being sustained by higher magma flux, and younger, lower crustal chambers being
established after magma flux declines. Y ounger lavas at Mauna Kea are more differentiated (cf.
Figure 4.5), suggesting that lavas derived from lower crustal chambers ascend only after magma
density is lowered by fractionation of olivine + clinopyroxene. The changes in phenocryst
assemblage, trace-element content, and degree of evolution of lavas erupted during the waning of
Mauna K ea vol canism almost exactly mirror the changes seen at Crater Flat, suggesting that the
evolution to deeper magma chambers at Crater Flat may also reflect a waning magma flux.
However, the Mauna Kea model must be applied cautiously to Crater Flat because (1) the
eruption rates at Mauna Kea were orders of magnitude higher, raising questions about whether
vastly different magma fluxes can lead to similar ascent dynamics, and (2) Mauna Keaisasingle
volcano with an integrated plumbing system, whereas eruptive activity at Crater Flat is spread
over severa distinct eruptive centers with separate plumbing systems.

VI. Geochemical Studies of the Lathrop Wells Volcanic Center

Lathrop Wells is the youngest volcanic center in the CFVZ and, as such, has received the
most detailed study of any volcanic center in the Yucca Mountain region. A controversial aspect
of the volcanic center is whether it is monogenetic, erupted during a single eruptive episode, or
polygenetic, formed by multiple eruptive episodes spanning a period of several tens of thousands
of years (Wells et al., 1990; Turrinet al., 1991; Wells et al., 1992; Turrin et al., 1992). A
monogenetic volcano is formed by the ascent and eruption of a single batch of magma, generally
within a period of months to years (Wood, 1980). A small-volume polygenetic volcano, if formed
over a period of thousands to tens of thousands of years, would probably involve the eruption of
multiple magma batches since small-volume magmas have limited lifetimes within the
lithosphere. Geochemical data can generally distinguish whether lavas erupted from a volcanic
center are derived from single or multiple magma batches. To test the possibility that multiple
magmas were involved in the formation of the Lathrop Wells center, extensive sampling of
eruptive units identified by geologic field studies was begun in 1987. To date, over 120 samples
have been collected and analyzed for major-, trace-element, and isotopic geochemistry to
constrain the petrologic evolution of the eruptive center. Compl ete tables of these data have been
published elsewhere (Perry and Straub, 1996) and will not be reproduced in this report.
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Figure4.7. Nd and Sr isotopic composition of post-Miocene basalts of the Y ucca Mountain region.

As discussed in Chapter 2, geologic mapping of the Lathrop Wells center indicates that the
center formed by the emplacement of three eruptive units designated Q1 to Q3 from oldest to
youngest. (Figure 4.8). The trace-element compositions of the three eruptive units define a
continuum with a distinct pattern of depletion and enrichment of incompatible dements relative
to the oldest lava flow of thefirst eruptive unit (Figure 4.9). The relative depletion and
enrichment of incompatible elements requires a petrogenetic process that can fractionate elements
of similar incompatibility during magmatic processes.

A. Composition of Tephras within Soils

Before using the measured compositions of volcanic material to deduce petrogenetic
processes, it is necessary to determine whether the compositions have been modified in any way
since eruption by alteration or other secondary processes. Lava samples from Lathrop Wells are
generally dense, fresh rock with no evidence of alteration under petrographic examination. Thus,
we consider the composition of lava samples at Lathrop Wells to represent magmatic
compositions. Tephra samples are more prone to compositional alteration dueto high porosities
and high surface area to volumeratios. The large majority of tephra samples analyzed from
Lathrop Wells consist of unaltered glass and mineral crystals and are free of secondary material.
In addition, the compasition of these tephras usually are compasitionally equivalent to associated
lava flows, suggesting that they represent magmatic compositions.
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Figure 4. 8. Geologic map of the Lathrop Wells volcanic center.

A sequence of buried tephra deposits separated by soils at the south end of the Lathrop Wells
scoria cone has previously been interpreted as supporting a polygenetic eruptive history at
Lathrop Wells (Wells et al., 1990; Crowe et al., 1995). Geochemical analysis of one of these
tephra units (designated Qs4b) indicated a unique composition which we interpreted as signifying
derivation from a separate magma batch. This is an interpretation that would further support the
validity of the polygenetic model at Lathrop Wells (Crowe et al., 1995; Perry and Straub, 1996).
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Figure 4.9. Normalized multi-element diagram of incompatible elements (except Sc) comparing
compositions of lava flows Ql1a, QI2 and QI3 from Lathrop Wells normalized to lava flow QI 1d.

The Qs4b tephra lies completely within a buried soil horizon, and we were concerned that its
composition may have been affected by pedogenic processes. To test this hypothesis, we
collected two samples of the Qs2 scoria fall-sheet exposed by trenching 1 km north of the Lathrop
WEéls cone. Thefirst sample (LW162FVP) was collected near the top of the deposit within a
well-developed soil horizon; the second sample (LW163FVP) was collected bel ow the sail
horizon at a level that did not appear to be affected by pedogenic processes. Both samples were
sieved, hand-picked to avoid carbonate coatings and cleaned by ultrasound to remove loose dust.
The samples were analyzed by XRF and INAA for major and trace-el ement compositions (Table
4.2). In addition, two size fractions of silt (45-125p and <451) from the soil enclosing
LW163FVP were sieved and analyzed (Table 4.2). These analytical results show that
LW163FVP, collected within the soil, has higher concentrations of Rb, Th, SiO, and K,O, and
lower concentrations of Sr, the light and middle rare-earth elements, TiO,, Fe,0; and MgO
compared to LW162FVP. The pattern of e ement enrichment and depletion is very similar to that
of Qs4b when compared to other eruptive units at Lathrop Wells (Figure 4.10, top).

Examination of the silt compaositions (Table 4.2) suggests that mixing of silt and tephra could
produce the compositions observed in LW163FVP and the analyzed Qs4b tephra. Petrographic
examination and point-counting of Qs4b tephrarevealed ~7% silt, which fills ~25% of the tephra
vesicle volume. To test whether addition of silt produced the unique Qs4b composition, we
constructed a 15-element mixing model using several alternative parental tephra compositions
and the two analyzed silt samples as mixing endmembers. The amount of mixing between tephra
and silt was varied to maximize the modédl fit as measured by minimization of the sum of the
squared residuals for al the elements considered. The best modd fit was obtained by mixing
tephra from the main scoria cone (Qs3) and the smallest size fraction of silt in roughly a 9:1
proportion (Figure 4.10).
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Figure 4.10. Results of amulti-element tephra-silt mixing model to test whether the composition of
Qs4 tephra has been modified by silt addition. Upper frame compares the measured composition of Qs4
to amodd mixture of Qs3 tephraand silt (~9:1 mixture). The amount of silt in the mixture was
determined by minimizing the sum of the squared residuals for all elements. Upper frame inset is soil-
bound fall-sheet tephra normalized to fall-sheet tephranot in soil. Lower frame compares the residuas
(not squared) for severa potentia parental compositions. Vauesin parentheses are the sum of the
residuals squared for different parental compositions considered. Mixing between Qs3 tephraand silt
produced the best fit (bold line) to the measured Qs4 composition. Residuals are based on Qs4-
normalized compositions to minimize the effect of orders-of-magnitude differences in absol ute
elemental abundances on the model results. Using this normalization, residua vaues for each eement
correspond to the proportional misfit between the Qs4 composition and the model composition (e.g.,
0.02 = 2% misfit).

We hypothesize that silt was introduced into the tephra vesicles along fractures via capillary
action during soil wetting events. We do not observe silt in tephras not associated with soil
formation. Given the modeling results and petrographic observations, it is areasonable
conclusion that the composition of Qs4b is aresult of silt addition and does not represent a unique
magma compasition.
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Table4.2. INAA of tephraand st from Lathrop Wells

Sample LW162FVP LW163FVP LW163FVP-S1 LW163FVP-S2
(45-1250) (<451)
Type tephra soil-bound silt silt
tephra
SO, 48.29 48.58 57.69 57.60
TiO, 1.966 1.840 0.798 0.799
Al,O3 16.81 16.69 14.95 15.23
FeO3T 11.76 11.14 5.44 5.52
MnO 0.165 0.165 0.115 0.116
MgO 5.73 5.63 341 3.71
CaOo 8.11 8.15 4.88 4.22
Na,O 3.06 3.01 1.82 1.69
K,0 1.85 197 3.54 3.62
P,Os 1.137 1.124 0.301 0.322
Total 98.88 98.31 92.93 92.83
(XRF)
Vv 175.3 170.5 129.1 162.4
Cr 97.1 101.9 51.1 49.0
Ni 114.0 115.8 69.9 70.9
Zn 140.8 128.7 117.7 129.5
Rb 22.2 31.2 135.9 137.5
Sr 1546.3 1374.9 434.7 419.5
Y 30.1 25.0 27.2 31.0
Zr 360.0 343.7 376.4 332.8
Nb 22.1 30.7 22.3 254
Ba 1394.3 1368.9 607.2 599.5
(INAA)
Sc 18.66 18.46 11.76 12.2
Co 30.6 29.3 12.45 12.99
Rb 24 34 136 141.5
Sr 1500 1370 426 414
Ba 1420 1380 648 621
La 91.9 88.2 58.1 52.9
Ce 184.3 177.2 118.6 110.3
Sm 12.77 11.98 7.69 7.41
Eu 3.25 3.04 1.309 1.295
Tb 1.18 111 0.842 0.844
Yb 2.34 2.29 2.84 2.8
Lu 0.326 0.341 0.421 0.42
Hf 7.19 7.08 9.52 8.58
Ta 14 1.38 1.44 14
Th 6.54 7.49 16.45 16.71
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B. Tests of Alternative Petrogenetic Models

The extent of geochemical variation at small-volume monogenetic basaltic centersis
generally not well documented due to the small number of samples (1 or 2) typically collected
and analyzed from such centers. In the few cases where sufficient samples have been analyzed,
geochemical data often indicate a relatively simple magma evolution involving fractional
crystallization, small amounts of crustal assimilation, or simple mixing between separate magma
batches of different composition (e.g., Luhr and Carmichael, 1985; McBirney et al., 1987; Camp
et al., 1987; Bradshaw and Smith, 1994). The geochemical variations observed among lava flows
and tephra deposits at Lathrop Wells are intriguing, because they are not obviously produced by
any of the aforementioned processes. In the following sections, we test alternative petrogenetic
models to determine which can best account for the geochemical variations observed at Lathrop
Wéls. For all the moddls, we assume that the composition of lava flow Ql1d represents the
composition of the parental magma, because it has the highest MgO content and |owest
concentrations of the highly incompatible elements Rb and Th. Lava flows Ql1d and QI3 exhibit
the maximum contrast in composition at Lathrop Wells (Figure 4.9). The goal of the petrogenetic
modeling is to understand the physical processes that produced the geochemical variations, which
is a key to understanding the processes and evolution of magmatism beneath the Yucca Mountain
region.

1. Fractional Crystallization. An observation of fundamental importancein interpreting
the geochemical variations observed at the Lathrop Wells volcanic center is that Mg numbers
[((Mg/(Mgt+Fe*)) x 100] of the basalts (119 samples) cluster tightly around a value of about 54
(Figure4.11). Mg numbers are a sensitive indicator of the degree of evolution of a magma
undergoing fractional crystallization, particularly of a basaltic magma where ferromagnesium
minerals (olivine and clinopyroxene) are important components of the fractionating mineral
assemblage. A primary basaltic magma formed in equilibrium with normal mantle peridotite will
have a Mg number of approximately 68—72. iring sulsequent fractional crystallization of
olivine and clinopyroxene, this value will deaease. Assuming an initial Mg number of 70 and
purdy olivine fractionation, about 20%removal of olivineisrequired for amagma o evolveto a
Mg rnumber of 54. For a X1 mixture of olivine and cli nopyroxene in the fractionating assemblage,
about 35% renoval of crystals isrequired. This assumes perfectfractional crystallization and
Fe/Mg partition valuesof 0.32 and 0.25 for divine and clinopyroxene, respedively (Furman et
a., 1991) During the evolution of amagma, trace-element concentrations in the magma will
change as a function of the partitioning of a particular dement between the melt and crystallizing
phases and, if asgmilation of crustal material or recharge by new magma occurs, the
concentration of trace e ements n any new material added to the evolving magma. Any model
that attempts © account for the trace-element variations between eruptive units & Lathrop Wells
(Figure 4.9) mustalso satisfy the observation that Mg numbers of eruptive units are almost
invariably the same.

Except for lavas of the first eruptive unit (which contain plagioclase and olivine
pherocrysts),dlivineis the only phenocyst present in Lathrop Wels eruptive units. Lower
scandium contents in Lathrop Wells eruptive units compared to older eruptive centers in the
CR/Z (Vaniman et a., 1982)suggest that clinopyroxene or amphibole may have crystalized
from Lathrop Wells magmas and been removed during high-pressure crystallization, asis
relatively common for alkali basalt magmas (e.g., Mahood and Baker, 1986) High strontium
contents (>1400 pm) relative to “normal” alkali basalts (600—80 ppm) and the lack of
plagioclase phenocrysts irdicate that plagioclase did not crystallize to any sigrificant degree and
that strontium has behaved as an incompatible element during the evolution of Lathrop Wells
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magmas. For these reasons, we consider olivine, clinopyroxene and amphibole as the most likely
fractionating phases when modeling the evolution of the Lathrop Wells magmas.

n=119
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Figure4.11. Histogram of Mg numbers of samples from the Lathrop Wells volcanic center.

Assuming the identity of fractionating phases is known, elements that are incompatible
during fractionation can be used to test whether variations of incompatible elements are the result
of simple fractional crystallization. The ratio of two highly incompatible elements (e.g., Th/La)
should not vary during fractional crystallization because La and Th behave similarly during
fractionation of ferromagnesian minerals. A plot of Th/La versus Mg number should, therefore,
define a nearly horizontal linefor a group of basalts undergoing fractional crystallization. Data
from Lathrop Wels define just the opposite relationship, which is a systematic increasein Th/La
from ol dest to youngest eruptive units at a constant value of Mg number (Figure 4.12). These data
rule out simple fractional crystallization as the mechanism for producing the geochemical
variations at Lathrop Wells. Assimilation of high Th/La crustal wall rock combined with
fractional crystallization (in the general case where crystallization is the dominant process) can
also beruled out using these data because it will also produce a large decrease in Mg number for
any increasein Th/La

Fractional crystallization can also be ruled out by modding fractional crystallization and
examining the results on a normalized multi-element diagram (Figure 4.13). Any combination of
olivine, plagioclase, clinopyroxene, and amphibole fractionation cannot produce the decoupling
of the concentration of enriched incompatible elements, such as Rb and Th, and depleted
incompatible elements such as Nd and Sm. The severe constraint imposed by a lack of variation
in Mg number among the eruptive units also limits the amount of fractional crystallization
“available’ to produce fractionation of incompaible e ements. Any assimilation/fractional
crystdlization process daninated by fractional crystdlization likewise canrot account for the
relative depletion of elements such as Nd, Sm, and Eu, regardless of the composition of the
asgmilate, because the incompatibility of these elementsin aystallizing minerals wil | still result
in anet increase in their concentration in the residua magma.
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Figure4.12. Mg number versus Th/Lafor eruptive units at Lathrop Wdls. Right frame indicates mean
and standard deviation for each eruptive unit. Line near base of |eft frame indicates the model changein
Mg# and Th/Lafor amodel parental magma (Mg#=70) crystallizing a 1:1 assemblage of olivine and
clinopyroxene. Numbers below tick marks on line indicate the amount of residua liquid remaining.

2. Crustal Contamination/M agma Mixing. Previous researchers have ruled out the
involvement of crustal contamination in the genesis of basalts within the Yucca Mountain region,
citing their low Rb/Sr and regional uniformity of Sr and Nd isotopic compositions (e.g., Hedge
and Noble, 1971; Vaniman et al., 1982; Farmer et al., 1989; Fleck et al., 1996). We haverevisited
this question in detail because we note that mixing of upper crustal lithologies with a parental
Lathrop Wells magma can in general account for the trace-element variations at Lathrop Wells.
Compared to eruptive unit Ql1d, the eruptive unit with the highest MgO content (consistent with
a parental role), stratigraphically younger eruptive units at Lathrop Wells have systematically
higher Th, Rb, and heavy rare-earth element (REE) contents and systematically lower contents of
themiddle REE, Sr and Ti (Figure 4.9). Crustal lithologies have higher and lower concentrations
of these same elements, respectively, compared to Lathrop Wells magmas, opening the possibility
that a single parental magma at Lathrop Wells may have progressively mixed with crustal
lithologies to produce the range of compositions seen at Lathrop Wells (Figure 4.14).
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Figure4.13. Normalized multi-element diagram showing the results of modeling of fractionata
crystallization and mixing with Miocene tuff wall rock.

a. Assimilation-fractional crystallization (AFC) versus simple mixing. Assimilation of
crustal wall rock by ascending magmas is generally thought to be accompanied by crystallization
of the magma, which supplies the necessary heat to melt the wall rock (referred to as AFC).
Because of thermodynamic considerations, it is generally assumed that the mass of assimilated
wall rock cannot exceed the mass crystallized in the magma (i.e., mass assimilated/mass
crystallized, r, <1). AFC at r < 1 is precluded as a mechanism to produce the compositional
variations at Lathrop Wells as discussed above. Using a simultaneous multi-element AFC model,
we tested whether models involving r > 1 could account for the observed geochemical variations.
Using a range of upper crustal lithologies as contaminants, r was varied to obtain a best fit to the
composition of QI3 based on a simple routine that minimizes the sum of the squared residuals.
Values of r >5 best fit the data, depending on the specific crustal endmember used. At these
values, the AFC results are indistinguishabl e from the results of simple mixing models (r = o),
both in terms of the amount of wall rock mixed into the magma and the model compositions
produced. We, therefore, used only simple mixing models to test in detail whether the
compositional variations at Lathrop Wells were produced by crustal contamination.

b. Mixing Modes. Lower and upper crustal basement lithologies as well as the thick
section of Miocene tuff in the Yucca Mountain region were considered as potential endmembers
for mixing with a hypothetical Lathrop Wells parental magma (QI1d). Proposed lower crustal
compositions for this region (Hanchar et al., 1994) aretoo low in Rb, Th and K relative to other
elements to account for the range of Lathrop Wells compositions by bulk mixing (Figure 4.14),
and partial melts of such lithologies would have concentrations of ements such as Nd and Sm
that are too high. Upper crustal granitic lithologies and the Miocene tuff beneath Lathrop Wells
have similar compositions (Figure 4.14), and either lithology produces a qualitatively good fit to
the QI3 composition when mixed with QI1d. A small percentage of tuff xenoliths arefound in
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eruptive units at Lathrop Wells, and contamination of magmas by tuff to produce the range of
compositions observed must be considered. Because the composition of tuffs beneath Lathrop
Weélsisvery similar to potential upper crustal compositions, we will only consider the tuff
compositions as potential mixing endmembers.
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Figure4.14. Lathrop Wells eruptive unit QI3 and upper crustal lithol ogies normalized to eruptive unit
Ql1d. Notelog scale. Tuff compositions are from Broxton et d. (1989) and represent the probable
range of tuff compositions found beneath the Lathrop Wells vol canic center. Proterozoic mean
represents the cal culated mean of exposed upper Proterozoic crust in the eastern Mojave (Miller and
Wooden, 1994), which liesin the same crustal province as southwestern Nevada. Cretaceous
peraluminous granite (Miller and Wooden, 1994) may represent a significant partial melt of Proterozoic
crust in thisregion. Lower crustal mean is aweighted mean of lower crustal xenolith compositions
from the eastern Mojave (Hanchar et d., 1994).

A section of Miocene tuff approximately 500-600 meters thick lies directly benesth the
Lathrop Wells center. From top to bottom, this section is composed of the Tiva Canyon and
Topopah Spring Tuffs of the Paintbrush Group, and the Prow Pass, Bullfrog, and Tram Tuffs of
the Crater Flat Group. The Tiva Canyon and Tram Tuffs bound most of the compositional
variation within the tuff section. These two tuff units were used as mixing endmembers to test
whether mixing a parental magma with the composition of eruptive unit Ql1d and tuff could
produce the composition of eruptive unit QI3. The amount of mixing was varied to produce the
best fit to the QI3 data, based on minimization of squared residuals. The best fit to the QI3 data
was obtained by mixing ~4% of the Tram Tuff with Ql1d (Figure 4.13). However, while
providing a qualitatively good fit to the data, many eements are problematical in detail. To test
the mixing model more rigorously, we ran Monte Carlo simulations of mixing using selected
elements to better account for the full compositional variability of these el ements in the tuff
benesth the Lathrop Wells volcanic center. A wealth of compositional datais available for the
tuff units represented beneath Lathrop Wells, allowing statistical treatment of potential mixing
endmembers. Peterman and Spengler (1994) analyzed tuff samples from an ~340-meter-thick
outcrop section (Tram through Topopah Spring) at Raven Canyon, approximately 2 km west of
Lathrop Wells. The Raven Canyon section was sampled at ~5 meter intervals (67 samples),
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providing the best available representation of the compositional variability of tuff beneath
Lathrop Wells. Monte Carlo simulations of basalt-tuff mixing for Rb and Sr allow assessment of
all possible mixing results given the statistical distribution of Rb and Sr in the tuff units. The
simulations indicate that mixing with tuff cannot account for the Rb and Sr compositions of
eruptive units QI2 and QI3, which form a strongly curvilinear array that does not match the
mixing results (Figure 4.15). This conclusion also applies to mixing with upper crustal wall rock,
which has Rb and Sr concentrations encompassed by the Rb and Sr concentrations in the tuff
units. Mixing with a partial melt of wall rock will produce a poorer fit to the data because Rb/Sr
of the melt will be higher than that of bulk wall rock. The curvilinear nature of the Rb/Sr data also
indicates that the range of compositions at Lathrop Wells were not produced by mixing between
two basalt magmas of different composition. Such mixing will produce a linear array between the
endmember compositions (Figure 4.15).

3. Mantle Melting Processes. Variations in incompatible element ratios at constant Mg
number at Lathrop Wells have been interpreted as signifying the involvement of several distinct
magma batches during the formation of the center (Crowe et al., 1995; Perry and Straub, 1996).
Animportant observation is that the variation of any particular e ement is almost always
systematic, either increasing or decreasing in concentration through the eruptive sequence
(Figures 4.9, 4.12, 4.15, 4.16). Thisis strong evidence that the variations are not smply due to
random geochemical variations in the mantle source. It instead indicates that, if the variations are
due to mantle processes, they are processes that varied systematically, such as changesin degree
of partial melting, depth of melting, or source mineralogy. Depletion of certain elements through
time suggests incremental melting and removal of melts from a common source (Figure 4.16).
Complete removal of melt, however, would lead to drastic stripping of incompatible el ements
from the source. Nd and Sm are only depleted by about 8% in QI3 compared to QI 1d, suggesting
that the melt separation process is not efficient and that a large proportion of melt remainsin the
source between melt removal episodes (dynamic melting model of Langmuir et al., 1977). Other
factors that could significantly affect the composition of melt produced during dynamic melting
are changes in source mineralogy and changes in phase proportions entering the melt as melting
proceeds.

4. Conclusions. Geochemical variations at Lathrop Wells are unusual compared to
variations reported from other small-volume basalt centers. Models of (1) fractional
crystallization using likely liquidus phases, (2) magma mixing, or (3) crustal assimilation, which
successfully account for the geochemical variations observed at other small-volume centers,
cannot account for the data at L athrop Wells. Alternative hypothesis that have not been fully
tested to account for the geochemical variations at Lathrop Wéls include systematic changes in
mantle melting conditions through time, mantle wall-rock reaction with a single melt batch, or in
situ fractional crystallization involving subliquidus phases such as apatite.

C. Correlation of Ashes in Fault Trenches to Quaternary Eruptive Centers

Basdltic ash occurs as a dilute component in fissurefillings and stratabound alluvial horizons
exposed by trenching of several faults near Yucca Mountain. Correlating these ashes (or ash) to
the correct eruptive source can constrain the age of the ash and, therefore, provide information
about the dlip history of a fault. Determining the origin of the ash can also provide information
about coupled tectonic-volcanic processes.
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Figure 4.15. Rbversus Sr (determined by isotope dilution) for representative eruptive units a the
Lathrop Wells vol canic center and results of 2500 Monte Carlo simulations for mixing of Miocene tuff
with a magma having the composition of Ql1d. Each individual point represents one sampling iteration
of the Monte Carlo simulation. Percentage of tuff in the mixture ranges from 0-5%. Rb in the tuff
section at Raven Canyon (RC) is normally distributed and has a mean, standard deviation and range of
161.8, 18.9, 116-211. Srisbimodally distributed with ranges of 16-66 and 91-252, with the low range
in the upper haf of the section. The simulations account for the uncertainty of Sr and Rbin Ql1d and
the overall correlation between St and Rbin the tuff (r =-0.4).

1. Geochemical results. Basaltic ash was sampled by scientists from the USGS from 5
trenches near Yucca Mountain: the Solitario Canyon Fault (Trench 8), the Windy Wash Fault
(Trench CF3) and the Fatigue Wash Fault (Trench CF1), west of Yucca Mountain, the
Stagecoach Road Fault (Trench T1) from south of Y ucca Mountain, and the Paintbrush Canyon
Fault (Alice Ridge Trench Al). Non-ash components of the samples were removed at the USGS
using magnetic techniques and hand-picking. These techniques yielded a sample composed of
99% or more pure basaltic ash, with the remaining 1% or less of the sample being composed
mainly of Miocenerhyolitic glass (discussed further below), potassium feldspar, and magnetite.
Because of the high concentrations of incompatible elements in basalts near Y ucca Mountain,
interpretation of the ash compoasition is not significantly affected by 1% contamination from
foreign components. The purified ashes were submitted to Los Alamos for INAA trace-el ement
analysis and interpretation of the trace-element results (Table 4.3).
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Figure4.16. Nd versus Sm (determined by isotope dilution) for eruptive units at Lathrop Wells.

Interpretation of the source or sources of the basaltic ash is based on comparison of the
concentrations of 14 trace elements from the ash samples with representative compasitions of
basalt from the seven Quaternary volcanic centers within 50 km of Yucca Mountain (Figure
4.17). When normalized to a mean Lathrop Wells composition, all of the ashes from trenches
west and south of Yucca Mountain have a similar flat pattern that is near the Lathrop Wells mean
composition. The geochemical pattern is distinct from all other Quaternary basalt centers,
particularly in the concentration of Th and the light rare-earth elements La and Ce (Figure 4.17).
In detail, this geochemical pattern is most similar to the scoria fall-sheet Qs2/3, which is the most
voluminous pyroclastic unit at Lathrop Wells and the most likely to have been regionally
dispersed. Because of the overall similarity of the geochemical pattern for al ash samples west
and south of Yucca Mountain and their geochemical similarity, we interpret this as a single ash
that originated from Lathrop Wells. Based on “Ar/*Ar results from Lathrop Wells (see Chapter
2), the age of thisash is ~75+10 ka.

The ash sample collected at Alice Ridge Trench Al is distinct from the other ash samples
with higher concentrations of Rb, Th and the heavier rare-earth dements Th, Yb, and Lu (Figure
4.17). In Th content it is similar in composition to Little Black Peak at Sleeping Buitte, but it does
not match Little Black Peak in concentrations of La, Ce, Th, Yb, and Lu. Because of these
differences, we cannot confidently match the composition of the Alice Ridge ash with any
Quaternary center in the Yucca Mountain region. It is possible that the composition of the
analyzed ash has been affected by a small component of adhering eolian silt, which could account
for higher Rb, Th, and heavy rare-earth contents.

2. “Ar/*Ar results. An attempt was made to directly date the ash sample from Solitario
Canyon fault Trench 8 using the “Ar/**Ar method at the New Mexico Bureau of Mines. This
sample yielded a plateau age of 0.86+0.16 Ma (Figure 4.18). This result opens the possibility that
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the basaltic ashes in the Crater Flat trenches may have originated from one of the Quaternary
basalt centersin Crater Flat, all of which have ages near 1 Ma. We do not think this interpretation
is geologically reasonable for two reasons. First, the geochemical composition of the ashesis
inconsistent with an origin from any of the 1 Ma Crater Flat centers (Figure 4.17). Second, age
constraints of fault stratigraphy established by the USGS indicate that the basaltic ashes have an
age of <100 ka (Paces et al., 1995).
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Figure 4.17. Normalized multi-element diagram comparing the composition of trench ash samples and
representative compositions of Quaternary basalt centersto a mean Lathrop Wells composition.
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Figure 4.18Ar/*Ar release spectra from HD1070-5, a sample of the Solitario Canyon Fault basaltic
ash. The plateau age of the sample is 0.86+0.16 Ma. Temperatureisindicated for each step.
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One possibility for the anomalously old age determined for the Solitario Canyon ash is that
the sampleis contaminated by a small amount of high-K rhyaolitic glass derived from nearby
Miocene tuff bedrock. This high-K glass would have a higher proportion of radiogenic “°Ar than
the basaltic ash, and the mixture would give “Ar/*Ar ages older than the true age of the basaltic
ash. To test this possibility, we made a grain mount of the sample dated by “Ar/*Ar and
examined it using scanning el ectron microscopy (SEM) to determine if high-K material was
present. We examined an area containing approximately 660 basaltic ash grains, six of which
were determined to be non-basaltic. Three are high-K grains containing subequal amounts of
clear rhyolitic glass and feldspar with lesser opagque minerals; oneis a potassic feldspar crystal,
oneis amagnetite crystal, and oneis a quartz crystal (Figure4.19). All of the grains were then
examined using an optical microscope to verify their identity. Therhyolite glassis optically
cloudy, and it would be impossible by visual hand-picking to separate it from therest of the
sample. Figure 4.20is a detailed SEM element map of the area in Figure 4.19labeled “rhyolite 1”
that shows the relative concentration of potassum in approximately 15 ash grains. The bright
grain is a high-K rhyolite glass the remaining grains are basaltic ash. From this analysis, we
conclude that ~0.5% of the measured sample consistsof Miocene high-K contaminant and thisis
the likely cause of the erroneous age determination

1mm

Figure 4.19. SEM image of arepresentative sampling of ~660 grains from sample HD1070, an ash
from the Solitario Canyon fault trench. The sample was purified using magnetic techniques and hand-
picking under a binocular microscope to remove the non-basaltic component. Circled grains are non-
basdltic components that were not removed by this method and include rhyolite glass, potassic feldspar,
magnetite, and quartz.
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Figure 4.20. SEM e ement map showing the relative concentration of K in approximately 15 grains
from the Salitario Canyon fault ash, sample HD1070. In thisimage, brighter grains have higher
concentrations of K. The bright grain inthisimage is afragment of rhyolite with subequal amounts of
glass and feldspar crystals.
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Table 4.3. INAA of basdtic ash from fault trenches near Y ucca Mountain

Sample E\? 32781 HD1628-P1 HD1628-P2 HD1727-P1 HD1727-P2 HD1728-P1 HD1728-P2 HD1826-P1 HD1826-P2
I Paintbrush Paintbrush . . . _
_ Solitario Canyor_m Canyon Fault Windy Wash Windy Wash FatigueWash FatigueWash  Stage Coach Stage Coach
Locality Canyon Fault Eault, Alice Alice Ridge " Fault Trench Fault Trench Fault Trench  Fault Trench Road Road
Trench8  Ridge Trench CF3 CF3 CF1 CF1 Fault TrenchT1 Fault Trench T1
A1l Trench A1

Rb 23 30 33 25 25 25 25 23 23
Ba 1510 1500 1470 1560 1460 1500 1550 1450 1420
Th 7.09 8.56 8.57 7.33 7.56 7.1 7.28 7.18 7.11
Sr 1520 1350 1450 1470 1440 1460 1450 1370 1430
La 90.1 93.3 93.3 85.1 86.6 92.6 94.5 85.1 84.7
Ce 178.8 190.1 190.3 1755 177.6 185.8 190.2 171.5 168.8
Sm 11.73 12.73 12.67 11.74 11.76 12.51 12.65 11.54 11.43
Eu 3.07 3.09 3.12 2.95 297 3.08 3.2 291 2.87
Tb 11 1.22 1.23 1.13 111 1.15 1.17 1.08 11
Yb 2.4 2.62 2.68 2.33 2.34 2.38 2.47 2.23 2.2
Lu 0.352 0.379 0.388 0.345 0.327 0.336 0.348 0.303 0.331
Hf 7.72 8.16 8.06 7.35 7.49 7.48 7.73 7.34 7.25
Sc 20 19.24 19.16 19 19.28 19.52 20 18.93 18.81
Co 25.4 25.3 25.5 30.4 317 25.9 26.3 34.3 33.3
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Appendix 4.1. Major and trace-element data for basalts of the YMR determined by XRF

Sample HC1FVP HC2FVP HC3FVP HCA4FVP HCS5FVP HC6FVP HC7FVP HC13FVP HCI15FVP

Center Hidden Cone Hidden Cone Hidden Cone Hidden Cone Hidden Cone Hidden Cone Hidden Cone Hidden Cone Hidden Cone

SiO, 48.78 48.49 47.49 48.70 47.86 48.14 48.58 48.26 48.37
TiO, 1.792 1.737 1.806 1.696 1.795 1.821 1.822 1.718 1671
AlL,O; 16.87 16.87 16.72 16.65 16.70 16.98 16.85 16.82 17.03
Fe,OsT 11.68 11.56 11.77 11.49 11.52 11.85 11.75 11.21 10.94
MnO  0.180 0.171 0.174 0.172 0.181 0.174 0.174 0.172 0.181
MgO 5.73 5.62 5.64 5.80 5.61 579 5.62 5.68 541
CaO 919 9.01 9.62 9.08 9.61 9.33 9.23 9.16 9.12
Na,O 3.44 3.40 3.26 3.32 3.37 3.33 3.38 3.25 3.01
K-0 1.64 1.66 164 161 164 1.62 1.65 164 1.66
P,Os  1.102 1.108 1.092 1.071 1.115 1.100 1.113 1.086 1.082
Total 100.40 99.62 99.20 99.59 99.40 100.13 100.18 98.98 98.46
Mg#  53.34 53.12 52.73 54.02 53.13 53.22 52.72 54.11 53.53
V ppm 185.6 187.2 191.3 171.9 174.8 180.1 174.4 193.3 176.4
Cr ppm 90.2 71.9 715 117.9 79.5 83.8 75.8 82.2 78.9
Ni ppm 24.8 27.1 22.6 435 171 20.5 26.5 37.1 574
Znppm 135.5 159.4 157.4 148.4 144.7 146.1 166.0 155.6 146.7
Rb ppm 16.1 19.2 16.5 225 154 14.9 18.7 191 25.9
Sr ppm 1479.8 1417.7 1480.5 1364.9 1468.0 1488.3 1483.7 1422.8 1365.4
Y ppm 36.7 33.7 26.2 34.7 34.5 27.8 22.6 35.7 20.7
Zr ppm 425.7 4131 397.5 380.3 414.6 406.6 411.2 411.8 375.9
Nb ppm 32.4 30.2 32.0 32.3 37.2 37.3 284 29.2 36.7
Bappm 1313.1 14457 1456.4 1401.0 1357.8 1424.1 1449.1 1482.9 1502.0
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Appendix 4.1. continued

Sample SB7-20-95-1BMC SB7-20-95-2BMC LBP1FVP LBP2FVP LBP3FVP LBP4FVP LBP5FVP
Center Hidden ConeN Hidden ConeN  LittleBlack Peak LittleBlack Peak Little Black Peak Little Black Peak Little Black Peak
SiO, 48.96 47.97 48.37 48.15 48.21 48.23 48.05
TiO, 48.96 47.97 1.847 1.882 1.869 1.907 1.892
Al,O4 17.28 16.73 16.80 16.77 16.57 16.67 16.43
Fe,OsT 11.36 11.11 11.88 11.77 11.78 11.76 11.76
MnO 0.173 0.166 0.176 0.174 0.173 0.172 0.175
MgO 5.51 541 5.66 5.63 5.65 571 5.68
Cao 8.90 9.56 9.17 9.37 9.45 9.12 9.34
Na,O 3.44 3.26 3.27 3.36 3.32 341 3.32
K,O 1.66 1.62 1.62 1.65 1.66 1.72 1.65
P,Os 1.121 1.099 1.101 1.122 1.099 1.141 1.149
Total 100.13 98.61 99.90 99.87 99.78 99.83 99.44
Mg# 53.17 53.04 52.62 52.69 52.76 53.07 52.94
V ppm 165.4 164.9 183.8 188.0 178.5 179.1 189.2
Cr ppm 72.7 62.4 84.0 75.5 75.9 76.6 65.8
Ni ppm 61.2 334 28.3 18.4 23.6 23.0 20.0
Zn ppm 127.3 117.6 169.2 148.7 158.0 145.7 148.5
Rb ppm 17.9 21.4 19.2 154 18.8 15.9 15.1
Sr ppm 1421.3 1381.8 1426.4 1462.9 1442.9 1452.7 1462.9
Y ppm 311 35.7 30.2 29.5 21.6 24.6 28.8
Zr ppm 412.0 398.2 387.3 393.1 401.3 401.8 399.5
Nb ppm 26.2 316 311 28.8 30.6 314 32.7
Bappm 1480.3 1412.7 1491.1 1369.5 1420.8 1356.9 1338.1
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Appendix 4.1. continued

Sample LBP6FVP LBP7FVP LBP8SFVP LBPOFVP LBP1OFVP LBP11IFVP  LC7-13-94-1BMC
Center LittleBlack Peak Little Black Peak Little Black Peak Little Black Peak LittleBlack Peak Little Black Peak  Little Cone NE
SiO, 47.78 48.26 47.87 48.40 48.14 47.50 46.86
TiO, 1.885 1.901 1.896 1.875 1.873 1.815 2.461
Al,O4 16.72 16.96 16.54 16.83 16.73 16.31 16.11
Fe,OsT 11.68 11.96 11.92 11.74 11.68 11.58 12.64
MnO 0.175 0.175 0.176 0.179 0.173 0.180 0.167
MgO 571 5.58 5.67 571 5.70 5.55 5.16
Cao 9.42 9.17 9.33 9.12 9.22 9.54 8.62
Na,O 3.37 3.39 3.25 3.39 3.31 3.09 3.67
K,O 1.69 1.65 1.65 1.67 1.65 1.69 2.13
P,Os 1.125 1.129 1.119 1.137 1.104 1.110 1.252
Total 99.55 100.18 99.41 100.05 99.58 98.37 99.07
Mg# 53.26 52.10 52.56 53.14 53.21 52.76 48.73
V ppm 185.7 184.8 179.0 175.3 180.9 189.7 221.6
Cr ppm 87.4 78.0 71.0 78.5 88.0 69.0 63.9
Ni ppm 20.6 33.0 27.1 19.6 20.0 22.5 66.3
Zn ppm 152.1 165.2 147.7 133.6 149.8 153.4 99.0
Rb ppm 16.7 16.7 15.5 16.5 15.8 13.9 18.0
Sr ppm 1471.3 1440.5 1478.7 1458.7 1431.6 1456.1 1465.7
Y ppm 30.1 38.7 29.4 27.7 28.1 27.9 29.6
Zr ppm 388.1 370.7 380.3 402.9 390.6 391.4 384.7
Nb ppm 313 30.7 32.7 354 349 28.3 26.9
Bappm 1394.6 1527.6 1460.5 1363.2 1352.5 1546.8 12745
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Appendix 4.1. continued

Sample CF15FVP LC7-18-94-5BMC LC7-18-94-6BMC LW148FVP BC1FVP BC2FVP BC3FVP BC4FVP
Center LittleConeSW  Little Cone SW LittleConeSW  LittleConeSW Black Cone Black Cone Black Cone Black Cone

SO, 47.10 45.13 47.23 47.40 50.60 50.38 49.89 50.19
TiO; 2.175 2.078 2.209 2.206 1.427 1.502 1.495 1.490
AlO; 16.05 15.29 16.27 16.28 17.19 17.32 17.02 17.22
Fe,OsT 11.77 11.30 11.73 12.05 10.37 10.69 10.57 10.69
MnO 0.170 0.161 0.171 0.173 0.168 0.172 0.169 0.172
MgO 5.35 5.01 5.28 511 5.17 515 5.09 5.22
CaOo 9.34 10.86 9.40 9.18 8.39 8.51 8.69 8.52
Na,O 381 3.77 3.78 3.80 3.24 3.18 321 3.16
K-0 2.00 1.99 2.03 211 1.55 1.84 181 1.78
P.Os 1.353 1.289 1.362 1.338 1.011 1.078 1.050 1.065
Total 99.13 96.87 99.47 99.65 99.13 99.82 98.99 99.51
M g# 51.43 50.82 51.17 49.68 53.74 52.87 52.86 53.23
V ppm 195.7 209.3 210.5 221.6 150.4 161.1 151.0 163.3
Cr ppm 73.6 62.4 66.5 61.2 91.6 93.1 90.2 7.7
Ni ppm 35.8 50.7 42.8 35.5 42.6 38.8 39.8 36.4
Zn ppm 155.9 146.3 148.2 155.1 139.6 141.3 139.0 139.4
Rb ppm 159 16.8 18.3 16.9 18.7 231 215 28.3
Sr ppm 2187.6 2116.1 2212.8 2176.5 12534 1325.7 1326.2 1329.0
Y ppm 28.9 275 24.4 27.9 26.4 30.3 34.4 215
Zr ppm 427.6 419.0 420.6 432.1 386.0 389.0 388.0 386.2
Nb ppm 317 25.6 33.7 35.0 34.2 27.7 27.3 27.8
Bappm 1450.3 1433.4 1642.3 1480.7 1322.2 1464.4 1557.9 1493.8
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Appendix 4.1. continued

Sample BC5FVP BC6FVP BC7FVP BC8FVP BCY9FVP BC10FVP BC11FVP BC12FVP BCI13FVP BC14FVP
Center Black Cone Black Cone Black Cone Black Cone Black Cone Black Cone Black Cone Black Cone Black Cone Black Cone

SiO, 49.84 50.19 49.87 49.75 50.14 50.38 50.09 51.03 50.88 51.30
TiO; 1.480 1.508 1481 1.479 1.483 1.485 1.483 1.457 1.435 1.428
AlO; 17.05 17.21 17.18 17.20 17.32 17.26 1711 17.18 17.04 17.07
Fe,OsT 10.64 10.78 10.75 10.72 10.82 10.69 10.63 10.44 10.32 10.34
MnO 0.172 0.171 0.172 0.175 0.175 0.168 0.167 0.163 0.167 0.168
MgO 5.19 525 514 512 5.07 514 5.19 4.92 5.09 515
CaOo 8.58 8.53 8.66 8.53 8.60 8.48 8.79 8.37 8.47 8.39
Na,O 3.24 3.32 3.17 3.24 3.19 321 3.28 3.16 3.16 3.15
K-0 1.72 1.63 161 1.68 1.76 1.70 1.68 1.80 1.69 177
P,Os 1.077 1.046 1.075 1.069 1.059 1.058 1.048 0.985 0.991 0.986
Total 98.98 99.63 99.11 98.96 99.63 99.58 99.46 99.50 99.24 99.76
M g# 53.22 53.17 52.69 52.66 52.20 52.82 53.21 52.36 53.45 53.74
V ppm 165.9 172.5 169.2 149.0 163.7 153.6 160.5 158.6 148.8 150.9
Cr ppm 92.0 88.6 74.2 88.6 79.1 90.6 90.2 95.9 88.2 91.7
Ni ppm 42.0 45.6 31.2 38.9 50.9 40.5 38.3 51.9 404 37.9
Zn ppm 140.4 143.2 140.1 140.7 141.9 147.2 147.8 139.9 138.3 135.6
Rb ppm 21.0 19.0 181 215 211 225 21.0 23.0 23.6 24.6
Sr ppm 1308.7 13255 1337.6 1312.6 1320.8 1318.0 1306.0 12479 1263.7 1262.1
Y ppm 16.0 29.3 27.3 31.9 24.3 30.7 24.6 35.9 284 36.1
Zr ppm 391.1 397.5 397.1 387.0 401.0 394.9 386.8 3834 379.1 391.0
Nb ppm 30.3 29.8 26.0 27.4 26.4 30.1 24.6 29.8 30.8 28.8

Bappm 1397.9 1442.5 1391.7 1398.4 1439.3 1385.3 1346.7 1407.8 1507.9 1341.3
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Appendix 4.1. continued

Sample MC7-18-94-1BMC MC7-18-94-3ABMC RC2FVP RC3FVP BB2FVP BB3FVP BB5FVP  CF10FVP CF11FVP

Center Makani Cone Makani Cone Red Cone Red Cone Buckboard Buckboard Buckboard SE Crater Flat SE Crater Flat
SiO, 49.07 48.62 51.29 50.60 52.37 53.36 53.04 47.82 48.34
TiO, 1.614 1.579 1.359 1.533 1.445 1.409 1.465 1.806 1.833
Al,O4 17.16 16.77 17.19 17.26 17.48 17.41 17.59 15.59 15.99
Fe,OsT 11.01 10.79 10.26 10.94 8.60 8.35 8.52 12.21 12.09
MnO 0.170 0.168 0.173 0.175 0.139 0.129 0.134 0.176 0.169
MgO 5.20 5.08 475 5.23 4,76 4.87 4,93 7.07 6.24
CaOo 8.70 9.31 8.68 8.61 7.15 6.81 6.90 9.37 9.57
Na,O 3.35 3.29 3.46 3.27 3.90 3.78 3.92 2.95 3.08
K,O 1.66 1.65 1.70 1.87 2.35 2.55 2.37 1.61 1.68
P,Os 1.138 1.117 1.012 1.101 1.084 1.012 1.016 0.699 0.727
Total 99.06 98.39 99.87 100.59 99.28 99.68 99.90 99.31 99.73
M g# 52.38 52.32 51.87 52.67 56.31 57.59 57.42 57.43 54.59
V ppm 172.0 193.5 159.0 166.9 124.3 130.7 135.5 212.3 260.9
Cr ppm 65.8 65.8 71.4 93.6 80.4 92.4 78.2 191.6 133.9
Ni ppm 514 60.0 38.1 39.9 73.7 72.5 68.7 29.6 22.5
Zn ppm 146.6 136.6 133.5 125.6 100.0 107.2 100.6 117.1 121.5
Rb ppm 229 14.7 20.0 20.1 33.2 315 34.0 23.2 26.5
Sr ppm 1396.9 1409.9 1833.4 1411.4 1310.8 1271.7 1320.4 950.5 980.8
Y ppm 154 32.6 34.0 36.6 19.1 20.7 19.9 34.4 32.0
Zr ppm 407.5 407.3 431.1 391.8 3715 373.6 372.2 272.8 287.1
Nb ppm 23.1 25.9 28.0 324 18.9 21.4 28.8 19.7 21.1
Bappm 1405.3 1413.5 1713.1 1530.0 2159.3 2217.0 2207.9 942.6 973.0
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Appendix 4.1. continued

Sample  CF12FVP CF13FVP CF14FVP CF3-18-92-2BMC CF3-18-92-3A-BMC CF3-18-92-3B-BMC CF3-18-92-4-BMC

Center SE Crater Flat SE Crater Flat SE Crater Flat  SE Crater Flat SE Crater Flat SE Crater Flat SE Crater Flat
SiO, 47.69 47.68 47.24 48.60 47.05 47.73 48.60
TiO, 1.856 1.766 1.627 1.782 1.618 1.627 1.777
Al,O4 15.32 15.36 14.87 15.93 15.01 15.07 15.69
Fe,OsT 12.28 12.06 11.36 11.78 11.52 11.52 12.13
MnO 0.175 0.172 0.167 0.169 0.166 0.169 0.172
MgO 6.56 6.92 7.13 5.74 7.86 7.43 6.61
Cao 9.36 9.04 10.44 9.40 9.66 9.70 8.72
Na,O 2.93 2.94 2.78 3.04 2.76 2.79 3.07
K,O 1.58 154 1.60 1.70 1.58 1.59 1.59
P,Os 0.697 0.683 0.608 0.701 0.609 0.606 0.798
Total 98.45 98.17 97.83 98.84 97.83 98.23 99.17
Mg# 55.43 57.22 59.37 53.16 61.37 60.03 55.94
V ppm 232.0 207.3 225.9 241.4 213.2 207.5 202.0
Cr ppm 180.2 191.7 267.3 127.1 280.1 279.2 189.8
Ni ppm 36.9 33.2 38.9 18.2 38.2 34.9 69.4
Zn ppm 113.4 131.4 127.2 127.5 123.5 126.5 136.6
Rb ppm 21.6 24.4 27.8 29.0 26.4 29.3 21.0
Sr ppm 933.4 891.1 910.4 956.3 869.4 878.5 998.7
Y ppm 32.0 30.3 20.8 38.4 329 30.2 28.9
Zr ppm 273.4 273.4 255.3 282.4 261.3 257.6 308.2
Nb ppm 22.7 225 20.2 20.5 18.4 20.5 25.7
Bappm 905.1 937.7 882.8 951.7 868.8 840.9 972.9
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Appendix 4.1. continued

Sample CF3-18-92-6-BMC CF3-18-92-7-BMC NE-10-1-91-2BMC TMI1FVP TM2FVP TM3FVP TM4FVP

Center SE Crater Flat SE Crater Flat Thirsty Mesa Thirsty Mesa Thirsty Mesa Thirsty Mesa Thirsty Mesa
SO, 47.44 47.66 50.90 50.77 50.89 50.96 50.36
TiO, 1.835 1.821 1.850 1.848 1.862 1.828 1.827
Al,Os 15.89 15.68 17.22 17.16 17.39 17.26 17.03
Fe,OsT 11.91 12.01 9.57 9.52 9.41 9.23 9.12
MnO 0.159 0.177 0.157 0.166 0.166 0.160 0.154
MgO 6.23 6.00 4.98 4.69 4.74 4.50 4.37
CaOo 9.64 9.58 6.97 7.08 7.10 7.22 7.55
Na,O 2.88 3.00 4.24 4.22 4.23 4.09 3.98
K,0 1.76 1.66 2.84 2.81 2.85 2.85 2.85
P,Os 0.728 0.716 0.970 0.976 0.978 0.975 1.094
Total 98.47 98.31 99.71 99.25 99.61 99.08 98.34
Mg# 54.93 53.78 54.81 53.44 53.99 53.20 52.76
V ppm 216.3 207.6 155.3 162.0 167.4 156.9 157.9
Cr ppm 116.3 140.7 65.3 61.0 56.7 51.7 55.7
Ni ppm 134 20.9 45.6 77.0 58.5 65.7 50.8
Zn ppm 130.2 136.6 99.1 90.6 76.4 80.9 89.3
Rb ppm 25.0 235 51.1 48.6 475 46.8 46.3
Sr ppm 1011.0 948.2 971.1 952.3 949.4 975.4 978.2
Y ppm 28.5 28.1 324 21.7 32.3 29.1 29.7
Zr ppm 290.9 291.9 379.7 337.3 371.0 368.7 383.6
Nb ppm 22.9 225 34.1 31.6 27.7 38.3 35.5
Bappm 993.9 980.6 1511.9 1516.1 1389.6 1848.0 1820.7
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Appendix 4.2. Instrumental neutron activation trace-element analyses of basalts fromthe YMR

Sample HC1FVP HC2FVP HC3FVP HC4FVP HC5FVP HCE6FVP HC7FVP HC13FVP HCI15FVP SB7-20-95-2BMC
Center Hidden Hidden Hidden Hidden Hidden Hidden Hidden Hidden Hidden Hidden Cone N

Cone Cone Cone Cone Cone Cone Cone Cone Cone

Sc 20.00 19.68 19.93 20.00 19.67 20.20 19.76 19.74 19.03 19.05
Co 27.6 26.6 27.2 28.3 26.7 27.8 26.9 27.6 26.7 27.6
Rb 19.0 20.0 20.0 20.0 19.0 15.0 18.0 21.0 28.0 19
Sr 1440 1440 1470 1430 1460 1460 1400 1390 1330 1380
Ba 1420 1430 1400 1430 1390 1470 1450 1440 1440 1430
La 114.7 114.7 111.6 114.9 110.3 112.9 110.5 119.7 113.1 114.1
Ce 204.0 207.0 202.0 205.0 201.0 207.0 201.0 215.0 208.0 208
Sm 12.60 12.50 12.53 12.40 12.34 12.60 1251 12.65 12.27 12.48
Eu 3.18 3.12 3.17 3.14 3.12 3.21 3.16 3.22 3.03 3.16
Tb 1.12 1.18 1.13 1.13 1.18 1.18 1.16 1.20 1.12 1.14
Yb 2.46 2.34 2.48 2.45 2.40 2.44 2.34 241 2.38 2.32
Lu 0.353 0.341 0.361 0.343 0.351 0.365 0.362 0.355 0.364 0.345
Hf 8.09 7.98 7.97 7.90 7.57 8.07 7.81 8.18 8.03 7.99
Ta 1.62 1.67 1.61 1.61 1.58 1.61 1.62 1.61 1.59 155
Th 12.30 12.12 11.70 12.05 11.45 11.79 11.46 11.89 12.21 10.92
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Appendix 4.2. continued

Sample LBP1FVP LBP2FVP LBP3FVP LBP4FVP LBP5FVP L BP6FVP LBP7FVP LBP8S8FVP
Center LittleBlack Peak Little Black Peak Little Black Peak  Little Black Little Black Little Black Little Black Little Black
Peak Peak Peak Peak Peak
Sc 20.30 19.71 19.14 19.93 19.77 19.62 19.84 19.88
Co 29.2 27.8 27.0 27.8 27.6 27.6 28.0 28.0
Rb 21.0 20.0 19.0 20.0 15.0 20.0 20.0 19.0
Sr 1420 1360 1420 1400 1380 1430 1420 1430
Ba 1400 1440 1380 1450 1430 1440 1440 1480
La 102.9 104.1 101.9 105.7 105.3 104.4 105.2 105.8
Ce 192.2 194.4 191.5 196.7 196.7 195.0 195.8 198.9
Sm 12.30 12.50 12.30 12.46 12.56 12.52 12.62 12.80
Eu 3.22 3.24 3.13 3.22 3.25 3.22 3.26 3.28
Th 1.14 1.17 1.13 1.20 1.14 1.18 1.17 1.19
Yb 241 2.42 2.37 2.38 2.42 2.41 2.44 2.48
Lu 0.346 0.365 0.352 0.353 0.340 0.337 0.344 0.368
Hf 7.73 7.75 7.56 7.95 7.79 7.72 7.80 7.79
Ta 1.46 1.45 1.53 1.46 154 1.52 1.52 1.54
Th 8.06 8.42 8.37 8.80 8.86 8.62 8.49 8.87
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Appendix 4.2. continued

Sample LBP9FVP LBP10OFVP LBP11FVP LC7-13-94- CF15FVP  LW148FVP LC7-18-94- L C7-18-94-
1BMC 5BMC 6BMC

Center Little Black Little Black Little Black Little Cone NE Little Cone LittleCone  LittleConeSW  Little Cone SW

Peak Peak Peak SW SW

Sc 20.00 20.40 19.22 18.83 17.87 17.48 16.74 17.16

Co 28.4 28.6 27.4 30.8 29.6 29.1 27.6 28.3

Rb 21.0 24.0 23.0 17.0 19.0 22.0 18.0 18.0

Sr 1390 1400 1350 1390 2140 2040 2010 2030

Ba 1420 1400 1440 1180 1470 1440 1380 1400

La 104.4 104.2 102.9 89.7 134.3 130.7 126.4 129.3

Ce 195.1 194.1 193.9 182.9 258.0 255.0 244.0 252.0

Sm 12.56 12.35 12.18 13.40 16.08 16.29 15.35 15.90

Eu 3.25 3.27 3.14 3.28 3.96 3.87 3.73 3.86

Th 1.17 1.19 1.14 1.16 1.34 1.32 1.29 1.30

Yb 2.44 2.42 2.36 2.16 2.30 2.26 2.22 2.23

Lu 0.366 0.351 0.348 0.305 0.333 0.339 0.314 0.317

Hf 8.00 7.76 7.67 7.67 7.88 8.03 7.53 7.78

Ta 157 1.53 1.46 1.37 1.67 1.58 151 1.59

Th 8.43 8.11 8.42 5.68 9.65 9.76 9.24 9.60
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Appendix 4.2. continued

Sample BC1FVP BC2FVP BC3FVP BC4FVP BC5FVP BC6FVP BC7FVP BC8FVP BC9FVP BC10FVP BC11FVP
Center Black Black Black Black Black Black Black Black Black Black Black

Cone Cone Cone Cone Cone Cone Cone Cone Cone Cone Cone
Sc 18.44 18.71 18.48 18.01 18.36 18.46 18.07 18.58 18.28 18.43 18.34
Co 27.0 27.9 27.7 26.8 275 28.2 27.0 27.7 26.9 27.7 27.4
Rb 24.0 22.7 24.0 22.0 21.7 22.4 22.0 24.0 22.0 22.2 235
Sr 1230 1300 1290 1240 1280 1300 1260 1280 1220 1300 1273
Ba 1360 1410 1520 1380 1390 1370 1340 1380 1370 1390 1360
La 1125 1174 115.9 113.7 115.6 1154 115.3 117.4 115.1 116.2 114.8
Ce 198.4 210.8 207.8 205.0 207.6 207.3 206.0 209.4 207.0 208.5 208.0
Sm 11.45 12.04 11.77 11.86 11.94 11.88 12.11 12.01 11.92 12.08 11.94
Eu 291 3.07 3.06 3.05 3.01 3.09 3.00 3.07 3.04 3.06 3.06
Tb 1.05 111 1.06 1.07 1.09 1.09 1.07 1.12 1.08 111 1.07
Yb 2.35 2.38 2.33 2.29 2.36 2.36 2.35 2.42 2.34 2.43 2.38
Lu 0.339 0.353 0.352 0.334 0.335 0.345 0.340 0.346 0.333 0.348 0.359
Hf 7.57 7.89 7.77 7.56 7.77 7.70 7.57 7.75 7.68 7.72 7.81
Ta 1.44 1.49 1.43 1.44 1.45 1.47 1.44 1.50 141 1.47 1.48
Th 11.48 11.85 11.75 11.72 11.69 11.78 11.73 11.81 11.44 11.84 11.92

4-47



Appendix 4.2. continued

Sample BC12FVP BC13FVP BC14FVP  MC7-18-94- M C7-18-94- RC2FVP RC3FVP BB2FVP BB3FVP CF10FVP
1BMC 3ABMC
Center Black Black Black Makani Cone Makani Cone Red Red Buckboard Buckboard SE Crater
Cone Cone Cone Cone Cone Flat
Sc 18.00 18.24 18.12 18.34 17.73 17.39 18.22 14.14 14.10 26.60
Co 25.6 26.8 26.8 279 26.9 24.6 27.2 24.0 23.1 38.9
Rb 28.0 26.0 26.3 17.0 19.0 26.0 24.0 33.0 36.0 27.0
Sr 1190 1230 1230 1360 1380 1720 1340 1210 1190 900
Ba 1320 1470 1360 1450 1460 1670 1410 2050 2140 910
La 110.6 112.0 110.9 115.8 112.0 137.6 114.6 84.5 83.5 69.0
Ce 196.9 198.5 196.3 213.0 207.0 244.0 209.0 160.6 158.8 131.5
Sm 11.48 11.38 11.39 12.72 12.49 13.35 12.31 9.36 9.08 9.70
Eu 2.83 2.87 2.86 3.20 3.12 3.25 3.12 2.60 2.52 251
Th 1.01 1.03 1.05 1.09 1.13 1.13 1.09 0.81 0.76 1.04
Yb 2.34 2.35 2.34 2.30 2.27 2.45 2.33 1.90 1.99 2.57
Lu 0.329 0.337 0.337 0.353 0.325 0.346 0.318 0.290 0.299 0.375
Hf 7.51 7.61 7.53 7.79 7.56 7.42 7.56 7.48 7.41 5.83
Ta 1.45 1.47 1.42 1.50 1.46 141 141 1.16 1.17 1.00
Th 11.39 11.67 11.50 10.82 10.37 14.20 11.62 8.81 8.55 6.16
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Appendix 4.2. continued

Sample CFl11FVP CF12FVP CF13FVP CF3-18-92-2- CF3-18-92-3A- CF3-18-92-3B- CF3-18-92-4-
BMC BMC BMC BMC

Center  SE Crater SE Crater SE Crater SE Crater Flat SE Crater Flat SE Crater Flat SE Crater Flat

Flat Flat Flat

Sc 26.00 27.50 24.90 25.70 27.10 26.90 23.30

Co 35.3 37.6 38.8 33.7 39.5 39.5 36.6

Rb 30.0 25.0 23.0 33.0 27.0 26.0 20.0

Sr 970 980 860 950 840 880 1010

Ba 940 920 960 920 880 900 980

La 715 70.0 68.3 70.1 63.0 63.2 82.4

Ce 136.3 135.8 132.2 133.0 121.6 121.7 152.0

Sm 9.94 9.82 9.41 9.71 8.81 8.93 10.12

Eu 2.60 2.61 2.46 2.52 2.31 2.26 2.60

Th 1.07 1.07 1.00 1.00 0.94 0.94 0.99

Yb 2.75 2.72 2.48 2.55 241 2.40 2.29

Lu 0.400 0.408 0.359 0.387 0.335 0.351 0.341

Hf 5.99 6.11 5.88 5.92 5.59 5.50 6.33

Ta 1.08 0.99 1.08 1.05 1.00 1.00 1.22

Th 6.45 6.07 5.98 6.53 6.04 6.03 6.47
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Appendix 4.2. continued

Sample CF3-18-92-7- TM1FVP TM2FVP TM3FVP TMA4FVP
BMC
Center  SE Crater Flat Thirsty Thirsty Thirsty Thirsty
Mesa Mesa Mesa Mesa
Sc 25.80 15.38 14.97 14.62 14.32
Co 35.4 25.3 24.8 23.8 22.8
Rb 27.0 48.0 48.0 47.0 42.0
Sr 940 910 920 950 950
Ba 930 1470 1440 1850 1800
La 70.8 72.8 70.7 72.9 78.6
Ce 134.3 145.8 1422 144.0 155.4
Sm 9.79 9.92 10.06 10.05 10.50
Eu 2.56 2.62 2.58 2.57 2.71
Tb 1.07 1.05 1.04 1.03 0.99
Yb 2.58 2.77 2.64 2.65 2.48
Lu 0.382 0.418 0.402 0.380 0.375
Hf 5.98 7.89 7.55 7.71 8.17
Ta 1.10 1.80 1.90 1.84 1.61
Th 6.41 4.34 4.47 4.50 4.99
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.  Summary

This chapter summarizes data collection and mode calculations through FY 95 under Study
Plan 8.3.1.8.1.2, “Physical Processes of Magmatism and Eff ects on the Potential Repository.” The
objective of this study plan isto gatherinformation that ultimately constrains the consequercesof
small-volume, basaltic magmatic activity at or near a potential repository. Wethen cauple this
information with event-probabili ty estimates, described esewhere in this synthesis report, to yidd a
magmatic risk asgssment.

Two basic clasesof eff ects of magmatism are considered hee: (1) eruptive effects, whereby
rising magma intersects a potertial repository, ertrains radioactive waste, and euptsit orto the
earth's surface and (2) subsurface effects, which include awide range ofprocessessuch as
hydrothemal flow, alteration of mineral assamblagesin the potertial repository system, and
ateration of hydrologic flow properties of therocks surrounding apotertial repository.

» Eruptive (direct) effects — We presentdata on the possble ertrainmentof waste into e'uptive
magma. These chta were collectedfrom analog volcanoesand representa range oferuption
mechanisms including Strombolian, Hawaiian, and hydovolcanic. Strombolian and Hawaiian
eruptionsgeneally entrain little wall-rock material and are unlikely to have astrong irfluerce
ontotal system performance assessmerts. Hydrovolcanic eruptions ertrain 103 - 10* times
more wall rock debris and could influerce performance assessmerts, dgpendingmainly on the
probabili ty of such eruptions.

»  Subsurface (indirect) effects — We presentfield data from analog sitesat which the plumbing
of small basaltic volcanoes is exposed and wlere the volcanoes penetrated silicic tuffs similar
to those at Yucca Mountain. Geometry of shallow intrusionsis determined by a compli cated
interplay betweenpre-existing structures, shallow stress field variations, and rock mechanical
properties. The irtrusion geanetry, in turn, deerminesthealteration of the hat rocks.
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Chemical and mineralogical studies of the host tuffs indicated that for shallow, small-volume
basaltic intrusions, alteration is limited to within a few tens of meters of the intrusion itself.
Thereis no evidence for extensive, long-lived hydrothermal systems. Numerical modeling
studiessuggest that thefarthest reaching “ hydrothermal” process inthe vadose zone, wheh is
conwection of poreair, is limited to within 2.5 km of intrusions ofrelevant sizes.

* Magma system dynamics — examination of processes ofmagmatic activity from melt
geneation through storage, transport, and euption —are important for providing some
“deerministic” constraints onprobabili ty calculations. The lowmagma flux dyramics ofthe
Y ucca Mountain regionare not wellundestood — wereview what is knownand recommend
future drections ofstudy.

Il. Introduction

This dhapter is arevision of Chapter 5 of Crowe et al. (1995). Hre we synthesize work
carried aut as part of Study Plan 8.3.1.8.1.2, “Physical Processes ofMagmatism and Effects on
thePotertial Repository.” Thestudy plan was notcompleted; therefore, this chapter should notbe
viewed as afinal report onthe study plan. Instead, it is areport onresults dotained primarily
during FY93 to FY 95, and it includesapproximately onehalf of the wak originally planned.

This chapter consists ofthreesections, correspondingto thethreeactivities ofthe aiginal
study plan: Eruptive Eff ects, Subsurface Eff ects, and Magma System Dynamics. The dhta reported
for theeruptive eff ects section were collectedat analog volcanoes, for which the geologicsettings
alowed the quantity of debris ertrainedby rising magma to be constrainedas afunction of depth
below the volcanoes. Data collected during these field studies provided critical information for
determining howmuch radioactive waste could be ertrained irto magma and eupted orto the
surface if a votano was to form directly through the potertial Y ucca Mountain repository. The
data providedbounds onthe guantity of debris that can be ertrained irto rising magma per meter
along the votanic plumbing for arange of euption mechanisms, including Strombolian,
hydrovolcanic, and df usive. These data can be used drectly in performance asessnent
calculations of waste eupted orto the @rth's surface, given a valanic eventthat intersects a
potertial repository. Howeve, the implications ofthese cata onperformance ofthe potertial
repository cannotbe fully stateduntil they rave beenused inrigorous, total performance
asssanents.

A more challenging problem is déermining the df ect of magma irtrusions (whether
accompanied by surface eruption or nd) on potential repository performance, either by mechanical
or chamical/mineralogical alteration of the potertial repository system, or by hydrothermal flow.
This sulpect comprises the subsuface eff ects portion of the study plan. Here, we report resuts of
field research at two sites in whichbasaltic magmas intruded silicic tuffs at shallow depths. These
results constrain the compositional and mineralogical effects ofthe intrusions ontuff wall rocks
andfactors goveningthe geonetry of the irtrusions. The implications ofthese data for
performance ofthe potertial repository cannotbe quantitatively assesseduntil they rave been
incorporated into rigorous btal system performance asgssnent. However, it appears that for the
Size and shape of irtrusionsthat are relevant for the Yucca Mountain setting, alteration of the het
rock is limited to atmost afew tens of meters distance from the intrusions themselves. We aso
report onsome ofthefirst stages of golanned atersive modelingstudy aimedat predicting such
processesfor a \ariety of intrusion sizesand shapes. Most of thetheay and modelingresults are of
such aprdiminary nature that they cannotbe used in total system performance assesanents.
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However, results of preliminary calculations suggest that unless an intrusion is within about 2.5
km of the potential repository, it will not perturb the unsaturated zone of the repository system.

The magma system dynamics section of the study plan dealt with the physics of magmatism
and the potentially unique processes driving volcanism in the Yucca Mountain region (YMR). Our
original objective was to provide some deterministic predictions to supplement the probabilistic
risk approach in this section. At this time, however, we only present a review of the current state of
related literature.

lll. Eruptive Effects
A. Summary of Eruptive Effects Approach and Results

As magma rises through the lithosphere, it may entrain wall rock debris, and, if the magma
penetrates a potential radioactive waste repository, some waste material could be entrained as well.
Here we describe a suite of field studies aimed at quantifying this entrainment process in a manner
that can eventually be used in performance assessment. The entrainment process depends on the
local hydrodynamic regime of the magma (e.g., velocity, temperature, bulk density), the extent of
interaction of magma with groundwater, and the mechanical properties of the wall rocks. Wall-rock
entrainment results in local flaring of dikes and conduits, which in turn affects the hydrodynamics
of magma ascent and eruption. We studied upper-crustal xenoliths erupted from small-volume
basaltic volcanoes of the Lucero volcanic field (west-central New Mexico; Valentine and Groves,
1996) and of the San Francisco volcanic field (north-central Arizona) to assess the rdative
importance of various entrainment mechanisms during a range of eruptive styles including strongly
hydrovolcanic, Strombolian, and effusive processes. Total xenalith volume fractions range from
0.3-0.9 in hydrovolcanic facies to <10-4-10-2 in most Strombolian facies. The volcanoes erupted
through thick, well-characterized sequences of Paleozoic and lower Mesozoic sedimentary rocks,
so that, in some cases, erupted xenoliths can be correlated with sedimentary units and, hence, depth
ranges. The abundance of xenoliths from a given subvolcanic unit is divided by that unit’s thickness
to obtain an average entrainment rate (xenolith volume fraction derived per unit depth in the
conduit). Shallow (less than a few hundred meters) entrainment rates are very sensitive to the
degree of hydrovolcanic activity. Deeper entrainment is more sensitive to the mechanical properties
of thewall rocks and, in the cases studied here, is thought to depend mainly on brittle failure
related to offshoot dikes, pore pressure buildup, and thermal stresses. The entrainment rate can be
used as a source term in multiphase numerical models of conduit flow. Based on the data presented
here, theoretical models of conduit flow and erosion are justified in neglecting the contribution of
mass and momentum from entrained material during basaltic eruptions driven by magmatic
volatiles, but not in eruptions driven by hydrovolcanic processes.

B. Introduction and Review of the Literature

The ascent and eruption of basaltic magmas through the upper lithosphere are governed by the
initial volatile content and rheological properties of the magma, the pressure at the magma source,
interaction between magma and external water, the solid mechanics of dike or conduit opening, and
the geometry of the dike or conduit through which the magma travels. Numerous authors have
studied the source pressure and the behavior of volatiles in ascending basaltic magmas and their
rolein acceerating the mixture (e.g., Szekely and Reitan, 1971; McGetchin and Ullrich, 1973;
Wilson and Head, 1981; Spera, 1984; Vergniolle and Jaupart, 1986). Similarly, much research has
been done on the physical processes associated with magma-water interaction (e.g., Wohletz and

5-3



McQueen, 1984; Wohletz, 1986; Zimanowski et al., 1991; Dobran and Papale, 1993). The
coupled solid and fluid mechanics of dike propagation, which is the dominant form of basaltic
magma transport through the lithosphere, has been addressed by numerous researchers, as
reviewed by Rubin (1993) and Lister and Kerr (1991). Delaney and Pollard (1981) and Bruce and
Huppert (1990) addressed the transition from flow through dikes to flow through conduits that
occurs in many basaltic eruptions (e.g., Richter et al., 1970) and is also evidenced in exposed neck
and dike complexes. Many individuals have addressed the heat transfer between rising basaltic
magmas and their wall rocks (e.g., Fedotov, 1978, 1981; Delaney and Pollard, 1982; Spence and
Turcotte, 1985; Fabre et al., 1989; Bruce and Huppert, 1990; Carrigan et al., 1992).

An outstanding problem in our understanding of basaltic eruption dynamics has been the
coupling between magma hydrodynamics and dike/conduit geometry at shallow depths. Conduit
geometry partly determines the pressure and velocity distribution of the magma and, hence, the
eruption dynamics and resulting facies, but the pressure and velocity also affect conduit geometry
through various entrainment or erosion processes (for the remainder of the paper, unless otherwise
specified, the term conduit is used to refer to the plumbing for a volcanic eruption in general,
whether it isadike or circular pipe). To date there have been two end-member approaches to the
ascent of magma at shallow depths. One assumes that the conduit has a constant width (or
diameter), in which case, for a given mass flux, the pressure and ve ocity distribution can be found
(e.g., Dobran, 1992) and implies that the wall rocks are perfectly rigid. The second assumes that
the conduit walls are very weak so that any local changein flow pressure relative to the lithostatic
pressurein the country rock isimmediately accommodated by wall failure. In this case the pressure
in therising magma is always equal to the lithostatic pressure, and for a given mass flux the
velocity and conduit geometry can be calculated. This second approach has been the most
commonly used for determining eruption conditions of both basaltic and silicic eruptions (Wilson et
al., 1980; Wilson and Head, 1981).

In reality, wall rocks are neither perfectly rigid nor perfectly weak, but a morerealistic
theoretical treatment is very difficult and poorly constrained by alack of knowledge of the various
mechanisms by which wall rock can be eroded or entrained off conduit walls. Macedonio et al.

(1994) formulated a theory that accounts for three erosion mechanisms. abrasion from pyroclasts
impacting conduit walls, erosion due to shear stress at the wall, and conduit wall collapse where

the magma pressure s sufficiently different from the lithostatic pressure. They used the two-phase
hydrodynamic modd of Daobran and Papale (1992) to compute conditions along the conduit and

then used these conditions to calculate the contributions of the three erosion mechanisms. The next

step in developing volcanic conduit models is to fully couple the hydrodynamic calculation with the
resulting erosion so that the full feedback mechanism can be understood. However, as Macedonio

et al. (1994) point out: “A much more comprehensive study (than existing field studies) of the
origin of lithics within the conduit and their relationship with the eruption dynamics is badly needed
for future progress in quantifying erosion processes” (parenthetical statement added).

The following entrainment mechanisms have also been identified: (1) Spalling of rock into the
low-pressure cavity at the tip of a propagating dike (e.g., Rubin, 1993; Lister and Kerr, 1991).
Variations in proportions of wall-rock types would be expected in the erupted xenolith assemblage
due to the variations in mechanical properties. However, this mechanism is highly transitory and
would only be reflected in early erupted materials. (2) Entrainment of xenoliths at levels in a
conduit where explosive magma-water interaction fragments the wall rocks (e.g., Sef38@&l.,
Wohletz and McQueen, 1984; Wohletz, 1986; Lorenz, 1986; Houghton and Schmincke, 1986;
Barberi et al., 1988; Heiken et al., 1988; White, 1991; Zimanowski et al., 1991; Godchaux et al.,
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1992). (3) Entrainment due to shear stresses exerted on the wall by the flowing magma. Macedonio
et al. (1994) treated the case where roughness el ements extend from the conduit wall into the
flowing magma stream. Another type of shear erosion, which is most applicable where the wall
rocks are unconsolidated sediments or pyroclastic material, is grain-by-grain entrainment. (4)
Isolation of country rock blocks by small offshoot dikes that extend from main dikes. Such
offshoot dikes can propagate some distance paralld to the main dike, and at some point may reoin
the main dike. In this case, the wall rock between the main and offshoot dikes is then included into
the flowing magma. (5) Cracking by thermal stresses (McBirney, 1959) and pore pressure buildup
(Delaney, 1982) and entrainment of fragments into the magma. (6) Interaction between rising
magma and wet sediments, which can be a special case of (2) and (3) above (e.g., Kokeaar, 1982;
Busby-Spera and White, 1987; Leat and Thompson, 1988; White, 1991). In such interactions the
entrainment process is essentially that of two viscous fluids, variably complicated by vaporization
of water in the wet sediments and quenching of parcds of magma.

C. Analog Studies in the Lucero Volcanic Field, New Mexico

1. Introduction. In this section, we present data pertaining to wall-rock entrainment from
two small basaltic volcanoes in the Lucero volcanic field, New Mexico, that exhibit a range of
eruptive mechanisms from hydromagmatic to Strombolian and effusive. Because of the well-
constrained stratigraphy of sedimentary rocks below the volcanoes, we are able to estimate
quantitatively the fraction of debris eroded per meter depth down the conduits. From this
information we can assess to some degree the relative importance of various wall-rock entrainment
mechanisms for different rock types and for different eruptive mechanisms.

2. Geologic Setting. The Lucero volcanic field is a region of isolated basaltic cones, lava
flows, flow-capped mesas, buttes (representing highly eroded volcanic centers), and associated
shallow intrusive bodies that straddles the eastern edge of the tectonically stable Colorado Plateau
and its transition to the Rio Granderift (Figure 5.1). The volcanic field covers about 2000 kn? and
is named after the adjacent Sierra Lucero, a monoclinal uplift. The field was defined by Baldridge
et al. (1987) after being previously mapped and described in fragments for mineral resource
evaluations that focused mainly on the subvolcanic sedimentary rocks (Jicha, 1958; Wengerd,
1958; Moench, 1964, Zilinski, 1976; Machette, 1978; Osburn, 1982, 1984). Baldridge et al.
(1987) established the chronological and geochemical trends of the field, which includes a range of
basaltic compasitions from basanites to alkali-olivine basalts, tholdites, and evolved alkali basalts.
Eruptions took place during three phases of activity: 8.3-6.2, 4.3-3.3, and 1.1-0.3 Ma.

We chose two volcanic centers, Alkali Buttes and VVolcano Hill (Figure 5.1), because of their
wide range of eruptive facies and because a combination of field and petroleum well-log data
constrains the country rock stratigraphy below them. Baldridge et al. (1987) report a K-Ar age of
0.8 +£0.1 Mafor Volcano Hill and interpret Alkali B uttes to be roughly the same age based on
regioral geamorphic relations. The eupted magmas wee nghelinenormative, alkali-olivine
basalts Baldridge et al., 1987).
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Figure5.1. Simplified geologic map of the northern part of the Lucero volcanic field, showing late
Cenozoic basalts, Alkali Buttes, and Volcano Hill. Also shown are the locations of the Sierra Lucero
uplift and two petroleum wells, all of which provided stratigraphic control on subvolcanic
stratigraphy. Inset shows location of map area within the New Mexico and relative to the Colorado
Plateau and Rio Grande Rift. Adapted from Figures 1 and 2 of Baldridge et al. (1987).

The Colorado Plateau is an excellent setting for the detailed study of xenolith derivation as a
function of depth because of its well-established, "layer cake" stratigraphy. Although the eruptive
centers we describe here are only about 30 km from the eastern edge of the Plateau, the rocks
beneath them are relatively unaffected by faulting. In addition to well-known stratigraphy, the
various sedimentary units below the volcanoes are, for the most part, easily distinguished in hand
sample. Stratigraphic descriptions and thicknesses were obtained mainly from Jicha's (1958) and
Zilinski's (1976) reports; most of their data were obtained directly from exposures in the Sierra
Lucero uplift. These thicknesses were confirmed in the vicinity of the Alkali Buttes and Volcano
Hill from logs of two petroleum wells (Figure 5.1). The logs were obtained from the New Mexico
Bureau of Mines and Mineral Resources: (1) Spanel-Heinze oil-well log, #1-M Santa Fe Pacific
9612, Log No. F278, 5-5N-7W, total depth 4992 feet, drilled, 1959; (2) Sun Oil Company oil well
log, #1 Pueblo of Acoma, 2-7N-7W, total depth 4794 feet, driled, 1960, logged by E. R. Hill. The
stratigraphic units are, in descending order, with simplified descriptions:

Chinle Formation (Upper Triassic)-- c. 510 m thick below volcanoes. Mainly red to

reddish brown and purple silty mudstone and clay shale with thin sandstone lenses. Lower
200 m has zones of feldspathic sandstone, and chert and limestone pebble conglomerates.
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San Andres Formation (Lower Permian) — ¢. 130m thick. Mainly gray, fine-to
medium-grained limestones, silty limestones, gypsum, and gypsiferous shale. Distinctive
petroleum odor wherbroken.

Glorieta Sandstone (Lower Permian) — c. 60 m thick. Massve, pale yellow, fine-
grained, well-sorted quartzose sandstone with abundant cross bedding.Erosionally resistant
formation.

Yeso Formation (Lower Permian) — c. 400m thick. Alternating beds of palered,
yellow, and buff gypsiferous shale with grayish white to pink sandstone.Highly
gypsiferous.

Abo Formation (Lower Permian) —c. 280m thick. Mainly dark red, slty sandstones
and shales with lenses of limestore.

Madera Formation (Pennsylvanian) —c. 230m thick. Various combinations of tan,
gray, white, and red dese limestone irterbedded wih white, coarse-grained sandstoneand
light gray to red-brown shale.

Sandia Formation (Pennsylvanian) — c. 75 m thick. Tan-white and tan-brown, derse,
crystalline limestone inerbedded wih white coarse-grained sandstoneand conglamerate.

Granite Wash Formation (Precambrian) — Coarsdy crystalline granite.

We estimate the thicknesses o be accurate to within 10% of the thicknessof each formation,
based oncombined aitcrop and well dita. M ost observed xenolith fragmerts were from the Chinle,
San Andres, or Glorieta formations (depths less han about 700m).

3. Alkali Buttes Volcanic Center. Alkali Buttes (Figure 5.2) are erosional remnants of an
approximately 2-km long, north-nartheast trendingchain of four to five veris that is subparalld to
major structures in the region. This chain probably formed asingle cortinuous landform prior to
erosion. Theabserce of palecsols or rewaked dgosits indicatesthat the chain erupted overa
relatively short time, although the @osional removal of deposits betweenSouth and North Alkali
Buttesprecludesany deermination of relative timing of thetwo.

a. Description of South Alkali Butte. South Alkali Butte is the remnant of a tuff ring or
tuff cone (only the inward-dipping, crater-filling deposits are preserved). The earliest preserved
deposits (Figure 5.3) are massve tuffs containing abundant lapilli and block-sized xenolith clasts;
these dgoosits are only exposedalong the natheastern quadrant. Juvenileclasts in thetuffs range
from ash to as large as ~40 cm and accur both as scattered clasts throughaut the tuff and as lapilli-
rich, dast-supjorted lenses. The lenses are 0.5-2m longand up to 0.3 m thick; some arereverse-
graded.Deree juvenileclasts are typically angular and blocky and, in some cases, have cauliflower
bomb textures. Vesicular clastsin thetuff have raggedmarginswhere basalt may extendas finge's
into the tuff and vice versa, indicating that the clasts were still partly molten upon dgposition. The
ash matrix of the tuffs contains large proportions of disaggregated xenolithic material (discussd in
detail below). Theabundance of xenolths and blocky nonvesicular juvenile clasts indicatesthat
these tuff deposits probably representhydrovolcanic activity at the exrly stagesof eruption. We
infer that these deposits are relatively massgve due to constant churning and redgoosition within or
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near the vent as opposed to fallout and pyroclastic surge deposits (not preserved here) outside the
crater, which would typically be better bedded and show a variety of sedimentary structures.

Thetuffs are overlain by beds of poorly vesicular basalt lapilli with much lower xenolith
content than the tuffs (Figure 5.3). At South Alkali Butte, some of these lapilli beds contain an ash
matrix that comprises less than 30% by volume of the deposits, whereas other beds have little or no
ash and are clast supported. This faciesis interpreted to represent explosive gection of quenched
magma in the upper part of the conduit, driven mainly by hydrovolcanic explosions, and records
the transition from dominantly hydrovolcanic to Strombolian eruptions.

Overlying the lapilli beds are beds of coarse, vesicular scoria and small bombs, which arein
turn overlain by variably agglutinated coarse spatter beds interlayered with thin lava-flow units
(Figures 5.2 and 5.3). At South Alkali Butte, this part of the sequence tends to exhibit upward
coarsening from coarse lapilli to large bombs. Spindle and ribbon bombs are common in these
deposits. Bedding is crudely defined by coarse bombs. This facies, referred to as vesicular scoria
and spatter, isinterpreted to represent Strombolian eruptions driven by vesiculation.

Near the original crater center, the spatter beds are overlain by deposits consisting of a
mixture of mud derived from the Chinle formation and large, highly vesicular, fluidal basalt clasts.
The basalt clasts are highly altered so that they are blue-gray in color and are very soft (chalky),
but vesicles and bomb textures are preserved. The lowest exposures of this unit are composed of
approximately equal amounts of reddish mud matrix and basalt bombs, and the proportion of
basalt clasts tends to increase upward in the deposit. Some of the larger bombs (20-30 cm) have
ydlow-green alteration zones (palagonite). The degree of alteration of basalt clasts decreases
upward and the matrix gradually changes to a greenish-orange color. The deposit is thickest (~3-4
m, base not exposed) and basalt clasts tend to be subhorizontal near the inferred main vent of
South Alkali Butte (Figure 5.2), the deepest part of the crater, and drapes up onto and pinches out
over the vesicular scoria and spatter beds that form the rim of what remains of the crater (the
original rim has been eroded away). This mixed Chinle mud-basalt clast deposit is capped by
lavas. Near the original center of the crater, these lavas have pillow-like structures and may be
pillow lavas; they locally protrude downward into the Chinle-basalt mixture.

b. Interpretation of South Alkali Butte Eruptive Sequence. Weinterpret this sequence of
deposits as recording decreasing hydrovolcanic activity and increasing Strombolian activity
through the main phases of eruption (lapilli and block-rich tuffs, poorly vesicular lapilli, scoria,
and spatter/lava flow units). Theinitial hydrovolcanic eruptions were driven by interaction between
rising magma, wet sediment, or free porewater. At Alkali Buttesit is likely that most of the
magma-water interaction took place within the Chinle formation, as indicated by the abundance of
Chinle-derived material in the ash matrix of the tuffs (see below). According to Jicha (1958) most
wellsin theregion are drilled into and produce water from the Chinle formation, indicating that
much of the formation is saturated. These wells produce water at very low rates (c. 4-8 liters per
minute; Jicha, 1958), indicating low permeabilities. The generally low permeabilities indicate that
mixing between magma and wet sediment may have been an important mechanism for initial
hydrovolcanic activity at Alkali Buttes. The situation at Alkali Buttesis similar to that described
by White (1991) for the Hopi Buttes hydrovolcanic eruptions which penetrated a surface unit
(Bidahochi formation) that is similar in its characteristics to the Chinle formation. Magma-wet
sediment interaction is evidenced by interfingering contacts between basalt clasts and surrounding
xenalithic matrix material (White, 1991; Leat and Thompson, 1988).

5-8



Figure 5.2. Geologic map of Alkali Buttes, showing distribution of volcanic facies, bed orientations,
and station locations.

This main phase was followed by an extended period of weak lava effusion and mud boiling in
the lowest parts of the crater (to produce the mixed Chinle mud-basalt clast unit) and, eventually,
production of a small volume of lava that flowed onto and into the mixed Chinle mud-basalt clast
unit. This mixed deposit can be thought of as having been emplaced as a weakly erupted peperite
and was probably a water-saturated slurry at the time— an extremely muddy crater lake. This
deposit was still very wet when subsequent lava flows were emplaced over and intruded down into
it; hence the possible formation of pillows.
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ML =26 cm MJ=135cm

1-m-thick beds of vesicular basalt
lapilli to coarse bombs; variably welded.
Local beds, ~10-cm thick, are composed
of basalt lapilli in a brown ash matrix.

ML =14 cm MJ =59 cm

~20-50-cm-thick beds of vesicular basalt
lapilli (scoria) in a variable, but minor
coarse ash matrix. Large bombs are
restricted to a few distinct horizons. Beds
are internally massive.

ML=2cm MJ=10cm
~10-40-cm-thick beds of angular, poorly
vesicular basalt lapilli. Rare vesicular
clasts are altered. Minor ash matrix.
Uppermost 70 cm is ash-rich with subtle
wavy bed forms.

Chinle Formation

5 meters

ML=6cm MJ=127 cm

Coarse, variably welded, vesicular bombs
and basalt lapilli (scoria) with little to no
ash matrix. Crudely bedded.

ML=9cm MJ=5cm

~30-50-cm-thick beds of coarse, vesicular
lapilli (scoria), slightly altered, sparse ash
matrix.

ML=9cm MJ=31cm

Mainly massive, ash-rich tuff with
dispersed xenolith and basalt lapilli and
small blocks and bombs. Basalt clasts
range from dense, nonvesicular types to
vesicular types with fluidal shapes and
textures. Basalt lapilli also occur in
isolated lenses that dip ventward and are
locally clast supported. Fragile, vesicular
lapilli in lenses are rounded.

Chinle Formation
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Very low xenolith content.
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and vesicular scoria and small bombs, set
in an ash matrix. Deposit is highly altered,
ranging in color from bluish grey to yellow.

ML =44 cm MJ=20cm

Mainly massive, ash-rich tuff with dispers-
ed xenolith and non- to poorly-vesicular
basalt lapilli and small blocks/bombs.
Some coarse pods are clast-supported.

Chinle Formation
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(avg. dip 20)

ML=12cm MJ=121cm

Coarse bomb layers alternating with thin
layers of basaltic lapilli, all highly vesicu-
lar. Xenolith-cored bombs are abundant.

ML=11cm MJ=81cm

Moderately to highly vesicular, coarse
basalt lapilli with isolated coarse bombs.
Some small bombs are nonvesicular. Unit
becomes coarser upward. Bedding is
poorly defined. Partly welded.

ML =10cm MJ =74 cm

Coarse, vesicular bombs with fluidal
shapes and textures, in a matrix of
vesicular basalt lapilli (scoria). Many
bombs are cored with sedimentary
xenoliths. Sparse xenolith blocks occur
near top of unit. Variably welded.

ML =18cm MJ=11cm

~20-50-cm-thick beds of angular, non- to
poorly-vesicular basalt lapilli to small
bombs. Dominantly clast-supported, but
with isolated layers and lenses with ash
matrices. Local coarse lenses.

PVL

Chinle Formation
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Figure5.3. Four stratigraphic columns from Alkali Buttes (measured sections S1, S7, N4, N6 - see Figure 5.2 for map locations). Thicknesses have been
corrected for the average dip at each measured section. The columns for stations S7 and N4 record the entire succession of pyroclastic facies at Alkali Buttes,
with lapilli and block-rich tuff at the base. Stratigraphic locations of lithic abundance measurements (Table 5.1, Figures 5.6, 5.7, 5.9, 5.10) are shown.
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A small area, about 50 min diameter, on the interior of the center is littered with large
(decimeter to meter) xenolith and dense basalt blocks. The xenoliths are mainly Chinle, San
Andres, and Glorieta rocks. These blocks are interpreted to record a late-stage phreatic explosion.
Although many of the blocks originated at 510-700 m depth, we think that the locus of this phregtic
explosion was probably high within the throat of the volcano. This is supported by the presence of
large, dense basalt blocks and implies that the deeper-seated xenoliths were probably recycled from
earlier stages of eruption. Possible spring depasits (gray to yelow carbonates with massive, vuggy,
and laminated textures) cap the lavain the center of the original crater.

c. Description of North Alkali Butte. North Alkali Butte consists of the remnants of three
scoria/spatter cones and associated craters (Figure 5.2). The southern two conesfilled in a
previously formed tuff ring or tuff cone, of which only the interior, inward-dipping deposits are
preserved. As at South Alkali Butte, the lowest preserved deposits of this tuff ring/cone phase are
lapilli tuffs (only exposed at station N4; Figures 5.2 and 5.3), overlain by poorly vesicular basalt
lapilli beds. The latter deposits are dominantly clast supported with local thin layers and lenses that
arericher in ash and matrix supported. Local coarse lenses may represent small grain avalanche
deposits. Thisfaciesis overlain by vesicular scoria and spatter beds that are variably agglutinated
and are associated with the three cones (Figure 5.3). Small lava flows were also erupted from the
Ccones.

The northern part of North Alkali Butte is poorly exposed and contains only one outcrop
indicative of hydrovolcanic activity (Station N1, Figure 5.2) — a dyposit of coarse juvenile Iapilli
and blocks set in ashaley or mud matrix. Juvenileclasts inthis dgosit rangefrom brokenbombs
and angular clasts to clasts with textures indcative of fluidal mixing with the we-sedimen