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1.0 INTRODUCTION

One of the primary objectives of the U.S. Nuclear Regulatory Commission's (NRC)
refocused prelicensing program is to direct all activities towards resolving 10 key technical
issues (KTIs) considered most important to repository performance. This approach is
summarized in Chapter 1 of the staff's fiscal year (FY) 1996 Annual Progress Report
(Sagar, 1997). Other chapters address each of the 10 KTIs by describing the scopu of
the issue and subissues, path to resolution, and progress achieved during FYI 996. For
the purposes of this report, "staff" shall refer to NRC and Center for Nuclear Waste
Regulatory Analyses (CNWRA) staff.

Consistent with NRC regulations on prelicensing consultations and a 1992 agreement with
the U.S. Department of Energy (DOE), staff-level issue resolution can be achieved during
the prelicensdrg consultation period; however, such resolution at the staff level would not
preclude the issue being raised and considered during licensing proceedings. Issue
resolution at the staff level during prelicensing is achieved when the staff has no further
questions or comments (i.e., open items), at a point in time, regarding how the DOE
program is addressing an issue. There may be some cases where resolution at the staff
level may be limited to documenting a common understanding regarding differences in the
NRC and the DOE technical positions. Pertinent, additional information could raise new
questions or comments regarding a previously resolved issue.

An important step in the staff's approach to issue resolution is to provide DOE with
feedback regarding issue resolution before license application. Issue Resolution Status
Reports (IRSRs) are the primary mechanism that NRC and CNWRA staff will use to
provide DOE with feedback on KTI subissues. IRSRs focus on: (i) acceptance criteria for
issue resolution; and (ii) the status of resolution, including areas of agreement or when the
staff currently has comments or questions. Feedback is also contained in the staff's
Annual Progress Report, which summarizes the significant technical work toward
resolution of all KTIs during the preceding fiscal year. Finally, open meetings and
technical exchanges with DOE provide opportunities to discuss issue resolution, identify
areas of agreement and disagreement, and develop plans to resolve such disagreements.

In addition to providing feedback to DOE, the IRSHs have guided the staff's review of
information in the DOE viability assessment and will guide the staff's review of future DOE
documents. Revision 2 of this IRSR was developed specifically to provide DOE timely
input on NRC staff questions on information presented in the DOE Total System
Performance Assessment - Viability Assessment (TSPA-VA), so that these questions can
be addressed in the DOE Site Recommendation and License Application (if any)
documents. Acceptance criteria and review procedures developed in the IRSRs also are
being used to develop the Yucca Mountain Review Plan for any DOE repository license
application.

Each IRSR contains five sections. This introduction is Section 1.0. Section 2.0 defines
the KTI, all the related subissues, and the scope of the particular subissue that is the
subject of the IRSR. Section 3.0 discusses the importance of the subissue to repository
performance including: (1) qualitative descriptions; (2) reference to total system
performance (TSP); (3) results of available sensitivity analyses; and (4) relationship to the
DOE Repository Safety Strategy (RSS), that is, its approach to the viability assessment.
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Section 4.0 provides the staff's review methods and acceptance criteria, which indicate
the technical basis for resolution of the subissue and that will be used by the staff in
subsequent reviews of DOE submittals. These acceptance criteria are guidance for the
staff and, indirectly, for DOE as well. The staff's technical basis for the acceptance
criteria is also explained in detail to further document the rationale for staff decisions.
Section 5.0 concludes the IRSR with the status of resolution, indicating those items
resolved at the staff level or those items remaining open. These open items will be
tracked by the staff, and resolution will be documented in future IRSRs.



2.0 KEY TECHNICAL ISSUE AND SUBISSUES

The Igneous Activity KTI (IA KTI) has been defined by the NRC as "predicting the
consequence and probability of igneous activity affecting the repository in relationship to
the overall system performance objective." Igneous activity is the process of the
formation of igneous rocks from molten or partially-molten material (magma). Igneous
processes are normally divided into two classes; intrusive activity, whereby magma is
emplaced into preexisting rocks, and extrusive or volcanic activity, whereby magma and
its associated materials rise into the crust and are deposited on the earth's surface. The
dividing line between intrusive and extrusive processes and events is at times indistinct.
Dikes, which are by definition intrusive features, can break through to the earth's surface
and are responsible for many lava flows. In addition, many volcanoes first start as a dike
in which flow becomes constricted to a certain location, the volcanic vent. For purposes of
this IRSR, volcanic activity is restricted to mean only those features and processes
associated with the volcano and volcanic vent itself.

The main objective of work within the IA KTI is to evaluate the significance of igneous
activity to repository performance by reviewing and independently confirming critical data,
and evaluating and developing alternative conceptual models for estimating the probability
and consequence of igneous activity at the proposed repository site. The scope of work
includes reviewing various DOE documents, as well as applicable documents in the open
literature, participating in meetings with DOE to discuss issues related to the KTI,
observing of Quality Assurance (QA) audits ot DOE, conducting independent technical
investigations, and performing sensitivity studies related to igneous activity and TSP.

The IA KTI has been factored by NR` into two subissues, which contain specific technical
components. The first subissue, probability, focuses on: (1) definition of igneous events;
(2) determinatinn of recurrence rates; and (3) examination of geologic factors that control
the timing and location of igneous activity. Under this subissue, nine acceptance criteria
have been developed that relate to these areas of focus and use this information to
dovelop probability values. The second subissue considers the consequences of igneous
activity within the repository setting. The primary topics addressed for the second
subissue are: (1) definition of the physical characteristics of igneous events;
(2) determination of the eruption characteristics for modern and ancient basaltic igneous
features in the Yucca Mountain Region (YMR) and analogous geologic settings;
(3) models of the effect of the geologic repository setting on igneous processes;
(4) evaluation of magma-waste packagelwaste form interactions; and (5) determination of
volcanic deposit characteristics relevant to the consequences of igneous activity.
Revision 0 of this IRSR (U.S. Nuclear Regulatory Commission, 1997b) addressed
Subissue 1 (probability) with specific emphasis on the probability of volcanic activity
disrupting the repository. Revision I (U.S. Nuclear Regulatory Commission, 1998a) was
intended to specifically address Subissue 2, as well as provide some updates on SuDissue
1. Revision 2 of this IRSR is intended to provide feedback on the staff's review of the DOE
Viability Assessment such that NRC questions can be addressed during the preparation of
the DOE Site Recommendation and License Application (if any) doct - - ts.

Issue resolution regarding probability has been achieved by gaining agreement on
reasonable mechanisms and realistic ranges of the critical parameters necessary to
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evaluate the likelihood and character of future igneous activity at or near the proposed
repository site. This required an evaluation of existing data and models from DOE, the
CNWRA, and others to arrive at a reasonably conservative value for the probability o1
future igneous activity at the proposed repository site. Probability models will need to
reflect the limitations of YMR characterization activities along with the uncertainties
associated with understanding igneous processes. Reasonably conservative values are
needed due to the limitations and uncertainty in our understanding of igneous processes
in general, and within the YMR in particular. Further, there must be confidence that the
values used do not underestimate possible effects of igneous activity on the proposed
repository site.

Issue resolution for the consequences of igneous activity will be achieved through
comparison of results from independent estimates of the staff with those from the DOE
program and through agreement on reasonable or bounding mechanisms and realistic or
bounding ranges of parameters necessary to evaluate the potential effects of igneous
activity on repository performance. This will require an evaluation of direct and indirect
effects of both the intrusive and extrusive aspects of igneous disruption of a waste
repository, to include the physical, chemical, and thermal effects of magma on engineered
systems. Critical to this resolution is the building of confidence in the consequence
models by testing some of their components (e.g., ash dispersal) against known data from
analogous basaltic volcanoes.
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3.0 IMPORTANCE OF ISSUE TO REPOSITORY PERFORMANCE

Basaltic igneous activity has been characteristic of the region around the proposed
repository site since cessation of caldera magmatism at about 11 Ma. Prior to this time.
silicic volcanic activity had been characteristic of the YMR, however, since about 10 Ma,
such activity has been absent from the YMR. As a result, during the Technical Exchange
between NRC and DOE on February 25-26, 1997, NRC and DOE agreed that silicic
activity need not be considered in performance assessment of the Yucca Mountain site.
Since about 1 Ma, five basaltic volcanoes have erupted within 20 km of the proposed
repository site. Based on the long record of scattered, small-volume basaltic volcanism in
the region and large time-scales of geological processes that likely control the production
and distribution of basaltic volcanism, the YMR has the potential for a basaltic volcano to
erupt during the next 0,000 to 1,000,000 years. Staff from NRC, CNWRA, DOE, and the
State of Nevada have conducted numerous investigations regarding the probability and
likely consequences of repository disruption by basaltic igneous activity. Results of these
investigations demonstrate that the probability and likely consequences of future igneous
activity are sufficiently large, such that basaltic igneous activity needs to be considered in
repository performance assessments.

3.1 RELATIONSHIP AND IMPORTANCE OF SUBISSUES TO TOTAL SYSTEM
PERFORMANCE

The staff is developing a strategy for evaluating the performance of a proposed repository
at Yucca Mountain. As is currently visualized by the staff, key elements of this strategy
are defined oy those elements necessary for DOE to demonstrate repository
performance. These elements are illustrated in Figure 1, pg. 13. Figure 1 is a simplified
illustration of the key elements of system and subsystem abstraction that are needed for
input into the performance assessment models,

If igneous activity were to resume in the YMR, there are four possible outcomes: (i) the
activity would not intersect the repository and would have no effect on repository
performance; (ii) such activity would result in features and processes that would not
directly intersect the repository, but would have indirect effects on the repository; (iii) the
igneous features would directly intersect the repository, have direct and indirect effects on
the repository, but a volcano would not form within the repository boundary; and (iv)
basaltic volcanic activity would directly intersect the repository, and both directly and
indirectly affect repository performance.

The most probable outcome of basaltic igneous activity in the YMR would be outcome
(i); there would be no effect on repository performance. It is believed that as a result of
outcome (ii), the results of such features as intrusions modifying the groundwater flow
system (modification of both unsaturated (UZ) and saturated (SZ) flow, Figure 1, pg. 13),
or intrusions changing the thermal regime: and possibly resulting in release of magrnatic
gases that could result in degradation of the waste package/waste form and modification
of the geochemistry of the system (effects on waste package corrosion, Figure 1, pg.13)
would have relatively minor consequences. Outcome (iii) could occur either solely through
intrusive activity developing features tha. directly intersect the repository causing thermal,
mechanical, and chemical changes to the repository, waste package, and waste forrr -
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by development of a volcano outside the repository boundary with the associated
intrusions intersecting the repository causing the same effects. Such an outcome could
increase waste package/waste form degradation by corrosion, mechanical disruption or
changing the quantity and chemistry of water contacting the waste packages and waste
form allowing more rapid release of radionuclides, and could locally modify the UZ and SZ
flow systems (Figure 1, pg.13). Waste material could be brought to the surface by an
intrusion, but in this case, the material would be wholly incorporated into the lava, and
although it would be available for leaching and erosion, for all practical purposes, the
waste material would be immobilized. The only potentially significant health effect from
this scenario would be through direct exposure to an individual in the vicinity of the
exposed intrusion or associated lava flows. Scoping calculations are planned to evaluate
outcomes (ii) and (iii).

The fourth outcome, intersection of the repository by a volcano with resulting direct
release of the material to the accessible environment, is the scenario that NRC has spent
the most effort analyzing, as it appears to be the most significant from a dose- or risk-
based perspective. This is illustrated by the Direct Release path on Figure 1, pg.13. The
emplacement of basaltic magma (i.e., molten rock) in or through a high-level radioactive
waste repository introduces thermal, mechanical, and chemical loads on engineered and
surrounding geologic systems that are difficult to evaluate. Basaltic magma can be
generally described as a material with a temperature of about 1,100 *C, density around
2,600 kg mA3 , viscosities between about 1-100 Pa s, and a chemical composition that
produces acidic gases in addition to very low oxygen fugacities (roughly 10 log units below
atmospheric conditions). During initial dike ascent or lava flow through open drifts,
magma velocities will be on the order of 1 m s '. Flow velocities in the magma conduit,
however, can reach 100 m s-' once a volcano is established at the surface. There has
been little quantitative evaluation of the effect of these thermal, mechanical, and chemical
loads on the engineered repository systems. All previous total system performance
assessments (TSPA) sponsored by DOE (Link, et al.. 1982; Barnard, et al., 1992; Barr, et
al., 1993; Wilson, et al., 1994) have assumed that a waste package fails upon contact with
basaltic magma. This assumption appears reasonable, based on current information, but
will be re-evrluated as new data or models become available.

The consequences of the extrusive component of basaltic volcanic activity are governed
by two primary processes and associated assumptions. First, radioactive waste is
incorporated into the ascending magma under the physical conditions outlined in the
preceding paragraph. Particle diameter is a critical parameter because of the difficulty in
transporting dense spent-fuel (about 10,000 kg m 3) in viscous, ascending 2,600 kg m 3

basaltic magma. Although spent-fuel pellets are originally 1 cm diameter, they are highly
fractured and have average particle diameters on the order of 1 mm (Jarzemba and
LWgnTI' rr esetMaj oap7a"YOflI>5 are relativea, friable and under tests in which
spent fuel is subject to simple physical disruption (impact from a steel plate) degrade to an
average particle diameter of 0.001-0.01 mm during disruptive events (Ayer. et al., 1988).
In addition, during heating, oxidation of the fuel proceeds rapidly to U30, producing
micron size particles (Einziger, et al..1992). Under the thermal and physical conditions of
a volcanic event. it appears reasonable to assume that the spent fuel can degrade to the
millimeter to micron size. The NRC model, discussed in Section 3.4. assumes that small
waste particles will be incorporated into larger ash particles (Jarzemba. et al.. 1997). The



second primary process concerns transport and dispersal of contaminated tephra to
subaerial locations. Only traces remain of the distributed tephra erupted from YMR
volcanoes, requiring comparison with analog volcanoes to determine suitable dispersal
characteristics (e.g., Connor, 1993). Historically active basaltic volcanoes are capable of
dispersing tephra particles >0.1-mm diameter at least 30 km from the vent, resulting in 1-
to 100-mm thick deposits (Hill, et al., 1996). Based on the highly-fragmented character of
some Quatemary YMR volcanoes (Crowe and Perry, 1991; Crowe, et al., 1995; Hill,
1996), YMR volcanoes were potentially capable of transporting material these distances.
A repository-disrupting volcano would likely be capable of directly transporting some
amount of high-level waste at least 30-km downwind. Basaltic volcanism, thus, appears
capable of breaching waste canisters, incorporating some finite amount of spent fuel, and
potentially transporting some portion of the incorporated spent-fuel to likely inhabited
regions (e.g., Link, et al., 1982).

3.2 RELATIONSHIP OF SUBISSUES TO DOE'S REPOSITORY SAFETY STRATEGY

The IA KTI has been defined by NRC as "predicting the consequence and probability of
igneous activity affecting the repository in relationship to the overall system performance
objective.' This definition is a comparable but broader definition than the hypothesis
evaluated in the DOE RSS (U.S. Department of Energy, 1998a) that Volcanic events
within the controlled area will be rare and the dose consequences of volcanism will be too
small to significantly affect waste isolation." As the majority of the NRC effort has been
directed toward understanding the effects of volcanic activity, the differences in the focus
of the two programs has been minor. The probability and consequence subissues of the
overall issue are directly incorporated in both the NRC issue and the DOE RSS.

3.3 CONSIDERATION OF IGNEOUS ACTIVITY IN PREVIOUS PERFORMANCE
ASSESSMENTS

3.3.1 Unk, et al. (1982)

Link, et al. (1982) provides the most detailed analysis of the effects of igneous activity on
a site in the YMR. This report considered thermal effects from a dike, the effects of
dispersion of radioactive waste particles, and carried the analysis through ingestion,
exposure and dose. While the input values, assumptions, and methodology are outdated,
the report does provide a good first approximation of the relative contributions of the
various possible exposure scenarios on overall dose. Volcanism was assumed to occur
through development of a dike that localized into a volcanic vent within the repository.
The probability assumed in the report for disruption of the repository by the dike was
2.9 x 10 5/yr.

3.3.2 TSPA 91

In TSPA 91 (Barnard. et al., 1992), the effects of igneous activity were modeled as a dike,
which localized into a volcano, intersecting the repository. The probability of the dike
intersection was 2.4 x 10 4 in 10,000 yr This probability is within the low end of the
general range that NRC considers representative for a volcano erupting through a
repository. However, this analysis was based on the remanded EPA standard.

7



Therefore, the consequence analysis was only concerned with transporting waste to the
"accessible environment (i.e., the ground surface), rather than to a 'critical group.'
Nevertheless, the values used to represent the incorporation or the entrainment of waste
mover' the surface (i.e., the relative relationship of waste volume to magma volume) did
not reflect values that are representative of the expected conditions in the YMR.

For example, the TSPA analysis assumed a mean entrainment factor of 0.03%. Because
there are no actual data on "waste" entrainment in magma, a practical approach is to
assume that the entrainment of lithic fragrients in magma in the YMR provides a
reasonable approximation. Crowe, et al. (1986) performed particle-size analyses on
<0.7 mm diameter tephra from Lathrop Wells vo!cano. That study found that for normal
eruptive sequences, an average value for the entrainment of lithic fragments was
approximately 1%, and that values for hydrovolcanic sequences reached 17%. Doubik
and Hill (1999) measured 0.9% fithic fragments with average diameters >1 mm in Lathrop
Wells cone deposits. Consequently, the use of .03% in TSPA 91 instead of the values
reported by Crowe, et al. (1986) appears to substantially underestimate entrainment, and
if so. could result in underestimating consequences by approximately two orders of
magnitude.

3.3.3 TSPA 93

In TSPA 93 (Wilson, et al., 1994), there was no new analysis beyond what was performed
in TSPA 91 with respect to the effects of a direct volcanic eruption through a repository.
TSPA 93 concentrated on the indirect effects caused by the intrusion of a dike into the
repository. The analysis was such that the dike was constrained from intersecting waste
canisters. Therefore, the consequence analysis was only concerned with the effects of
temperature and magmatic gases on repository performance. In the analysis, probability
values from 1.0 to 1.8 x 10i4 per 10,000 yr were used. These values are at the extreme
low end of those values that NRC considers reasonable for direct volcanic disruption.

As discussed in Section 4.1.6.3, the probability of indirect disruption by the intrusion of a
dike into the repository is necessarily higher than the probability of direct volcanic
disruption. Therefore, the probability values used in TSPA 93 are low. By analogy with
the San Rafael volcanic field (Delaney and Gartner, 1997), the probability of dike intrusion
into the repository is two to five times the probability of direct volcanic eruption through a
repository. While NRC considers this probability value low, the results of TSPA 93
suggest that the releases due to these indirect effects would be much less than releases
from direct effects.

3.3.4 NRC Iterative Performance Assessment Phase 2 - 1995

In the NRC Iterative Performance Assessment Phase 2 (IPA Phase 2), volcanism was
modeled as a dike intersecting the repository. To simulate the effects of direct disruption,
4 percent of the material intersected by a dike was assumed to be released to the
atmosphere. While the methodology was extremely simplistic, the results did suggest
that: (i) the effects of direct release through volcanism could make a discernable
difference in the expected releases in the tails (low probability) portion of the distribution
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function, and (ii) the effects of igneous processes other than direct volcanic release will
probably have a very minor effect on overall dose or risk.

These calculations have been used to revise NRC's TSPA code (i.e., TPA-3, Manteufel, et
al., 1997) and evaluate dose sensitivity to variations in key igneous activity parameters.

3.3.5 TSPA-VA

The TSPA for viability assessment (TSPA-VA) (U.S. Department of Energy, 1998b)
represented a substantially revised approach by DOE to modeling the effects of igneous
activity on repository performance. Using these models, the DOE concluded there is no
risk from direct volcanic disruption of the proposed repository site during the first 104 yr of
post-closure operation. These calculations assume that the inner waste package would
not fail unless it had been reduced in thickness by approximately 50 percent, which
according to the DOE calculations would not occur until after about 160,000 yr postclosure
(CRWMS M&O, 1998a). Extending the performance period to 106 yr gave a peak annual
dose of <2 x 10-5 mremlyr when weighted by a IO-" annual probability of volcanic
disruption (U.S. Department of Energy, 1998b). These calculations, however, relied on 5
critical modeling assumptions:

(1) Volcanic events do not intersect the repository for 63% of the realizations
(2) Waste packages (WP) are not breeched in 20% of remaining realizations that

have an event intersect the repository
(3) High-level waste (HIW) is not removed from 50%h of WP that actually breech
(4) HLW not entrained in the eruption column for 70% of events that have HLW

removal from the WP
(5) Eruption cloud with entrained HLW only travels toward the critical group location

14% of the time HLW is actually entrained in the eruption column

Following review of U.S. Department of Energy (1998b) and CRWMS M&O (1 998a), staff
concludes the modeling assumptions are not substantiated by information in the literature
or independent DOE stud 3s, and therefore, will not meet acceptance criteria presented in
this IRSR. Details of these concerns are presented in appropriate sections of Chapters 4
and 5 of this IRSR. In addition, staff analyses presented in Section 3.4 of this IRSR and,
for example, U.S. Nuclear Regulatory Commission (1998b) demonstrate that alternative
interpretations are possible for available data that result in the expected annual dose from
igneous activity being the dominant contributor to total-system expected annual dose
during the first 10,000 yr of post-closure repository operations.

J.4 NRCICNWRA SENSMVITY STUDIES

Under 10 CFR Part 60 (U.S. Nuclear Regulatory Commission, 1997a), risk associated
with basaltic volcanic activity was calculated by weighing the average peak dose from the
volcanism scenario by its occurrence probability during the proposed 10,000-yr post-
closure period. Initial risk calculations for basaltic volcanic activity were completed using
NRC's Total-system Performance Assessment code (TSPA) Version 3.1.3. This approach
has not changed significantly in the current version of the code, TSPA 3.2. These
calculations built on previous calculations used to evaluate the possible impacts on
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repository performance associated with basaltic volcanism (Jarzemba and LaPlante,
1996; Jarzemba, et al., 1997; Manteufel, et al.. 1997). The results of these calculations
are presented in Figure 2A, pg.14, which shows annual peak doses calculated for
eruptions that disrupt the repository. The exceedance probability in Figure 2A, pg.14,
considers that volcanic disruption of the proposed repository site has a 10 3 probability of
occurring during a 10' yr post-closure period. These calculations had the following basic
assumptions:

* Critical group located 20 km from repository along the axis of the main
contaminant plume.

* Volcanic eruption occurs through repository between +1 and +10,000 yr post-
closure.

* One to ten canisters fail and all waste (10-100 MTU) is available for magmatic
transport.

* NRC TSPA 3.1.3 approach used for dose calculations.

* Waste-particle diameters are between 1-100 pm.

* Eruption power and duration (i.e., column height, eruption rate, mass), time of
eruption, wind speed, and tephra diameter are uncorrelated random variables.

Using these parameters and 400 simulations, mean annual peak dose 20 km south of the
proposed repository site due solely to aerial dispersion of HLW through basaltic volcanism
was 8 rem yr-t with a standard error on the mean of 2 rem yr-' (See Figure 2A. pg.14).
Risk associated with basaltic volcanic activity during the proposed 10,000-yr post-closure
period was calculated by weighing the conditional cumulative distribution function of dose
by the occurrence probability. Using this methodology with a 10 3 probability of volcanic
disruption over 10,000 yr, the mean peak annual risk from basaltic volcanic activity was
estimated at 8 ±2 mrem yr' . This calculation represented dose incurred during the first
year of the eruption (i.e., peak dose).

Initial studies demonstrated that dose from volcanic disruption is most sensitive to ash-
particle diameter, wind direction, conduit diameter, and wind speed (U.S. Nuclear
Regulatory Commission, 1 998b). One of the more interesting results of this analysis is
that, within the range of eruptive energies considered reasonable for the YMR, relatively
low energy eruptions result in higher doses to a critical group 20 km from the repository
than more energetic eruptions. Although more energetic eruptions may result in release
of more HLW, the wider dispersion of the HLW effectively dilutes the dose to a critical
group. Largest doses are realized for a relatively small-volume eruption that occurs
shortly after repository closure, during a period of high annual wind speed. Another result
is that the amount of contaminated ash resuspended from the fall deposit is very
important to calculating volcanism dose, as there is a nearly linear relationship between
dose and airborne mass-loading factor. In addition, about 90 percent of the dose from
volcanism is caused by inhalation of contaminated ash. Parameters used to support
these sensitivity analyses are examined in Section 4.2.5.3 of this IRSR.
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Under the proposed 10 CFR Part 63 rule, the expected annual dose is used to determine
compliance with proposed performance objectives. Expected annual dose is the dose
weighted by probability of event occurrence (i.e., risk), with the maximum annual risk
during the post-closure period used to determine compliance. Two distinct processes
contribute to the volcanism annual expected dose. First are the doses incurred by
exposure to contaminated tephra deposits during the year of the eruption. These doses
correspond to the peak doses used in analyses described above. For any given year, the
magnitude of these doses is controlled primarily by radiological decay of the HLW
inventory, as shown in Figure 2B, pg.14. Following the eruption, contaminated tephra-fall
deposits remain on the ground surface for thousands of years. The annual dose from
these residual ash-deposits will be less than the peak dose acquired during the first year
of the eruption, due to elutriation of fine-ash particles, deposit erosion, and radioactive
decay. Figure 2C, pg.14, shows the annual dose received from a tephra-tatl deposit
deposited at post-closure year 1,000. Although the dose-time curve in , Figure 2C, pg.14,
has a general exponential form, differences in the HLW age for each initiating eruption
result in different explicit exponential functions to the resulting dose-time curve. This
dose-time relationship, however, can be treated as a general exponential function
governed by the half-life of the tephra-fall deposits. As described in Section 4.2.5.3.2 of
this IRSR, YMR tephra-fall deposits likely had a half-life on the order of 1.00O yr.

In accordance with the procedures in proposed 10 CFR Part 63, expected annual dose
calculations, thus, require a summation of the risk from the peak dose received during any
year along with the risk from ash deposits that could have been deposited in prior years.
To calculate the expected dose, the peak dose for each year (i.e., Figure 2B, pg.14) is
multiplied by the 10'7 annual probability of volcanic disruption. In addition, for each year
preceding the year of interest, the dose effects from a tephra-fall deposit erupted in the
preceding year are calculated for the year of interest, assuming exponential decay of the
residual deposit (i.e., Figure 2C, pg.14). This dose is then multiplied by the 10 7 annual
probability of volcanic disruption and summed with the probability-weighted dose of an
eruption in the year of interest. The expected annual dose for the year of interest is, thus,
the probability-weighted sum of doses incurred by prior volcanic eruptions and the
probability-weighted dose from an eruption in the year of interest. For example, to
calculate the expected annual dose in post-closure year t + 1000, the dose incurred in
year t + 1000 from a deposit erupted in t + 1 (e.g., Figures 2B and 2C, pg.14) is multiplied
by the 1o ' annual probability of volcanic disruption (i.e., 0.0060 mremlyr), summed with
the probability-weighted dose incurred in year t + 1000 from a deposit erupted in t + 2,
summed with the probability-weighted dose incurred in year t + 1000 from a deposit
erupted in t + 3, and so on to year t + 999. The dose from an eruption in t + 1000
(Figure 2B, pg.14) is then multiplied by the 10 7 annual probability of volcanic disruption
and added to the sum of doses from residual tephra-fall deposits. This sum is the
expected annual dose for post-closure year t + 1000.

Using this methodology, the expected annual dose from volcanic disruption is calculated
for post-closure years t + 10, t + 100. t F 250, t + 500, t + 1000, t + 5000 and t + 10,000 in
Figure 2D, pg. 14. The maximum expected annual dose from volcanic disruption is around
1 mrem/yr at t + 1000 (Figure 2D, pg.14). The timing and magnitude of this maximum
expected annual dose is relatively insensitive to assumptions of tephra-tall deposit hall-life
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(Figure 2D. pg.14). requiring a halt-life of 100 yr (i.e., deposit lifetime of 1000 yr) to lower
the maximum expected annual dose significantly.

The additional effects of intrusion on repository performance have not been evaluated in
detail. These effects. however, will likely result in early failure of some fraction of the
waste package inventory (e.g., U.S. Department of Energy. 1998b). Dose to affected
individuals from intrusive events will occur through hydrologic flow and transport
processes, in contrast to direct dispersal of HLW into the accessible environment through
a volcanic eruption. Preliminary volcanism consequence calculations only consider doses
produced through the air transport pathway. These calculations do not include any
contribution from the groundwater pathway as a result of igneous activity failing some
additional portion of waste packages, or other potential thermal, mechanical, and chemical
effects on the repository. These calculations also do not include erosion of tehpra
deposits in the Fortymile Wash drainage and redeposition in the area of the critical group.
As calculation of expected dose requires analysis of the tehpra deposit through time, the
potential contribution from this source could be significant. In addition, contributions to
dose from leaching of radionuclides that were brought to the surface through volcanic
activity and then leached to the groundwater have not been included. The total dose that
would occur during a volcanism scenario would, thus, be the summation of direct airborne
dose, secondary contributions from such things as leaching of surface materials, surfical
erosion. transportaton and deposition of tephra deposits, and dose expected via
groundwater pathways.

To date, NRC has only analyzed the probability of direct (i.e., extrusive) volcanic activity
affecting the repository. As is stated in the following (for example, Section 4.1.6.3.3).
available information allows only an approximation of probability values for the other
igneous scenarios. Also, preliminary consequence analysis has been done only for the
tephra-fall portion of this scenario. During FY2000, the staff will continue to work on the
consequences of direct volcanic disruption of the repository. Effort will also be directed to
determining the consequences of an intrusion in the repository, which will evaluate if these
effects are indeed minor as indicated by preliminary calculations. If so, NRC will conclude
that additional effort on refining the probability of intrusion is unnecessary. As discussed
in Section 4.1.6.3, NRC will be using an interim probability value of 2 to 5 times the
probability of volcanic disruption (Delaney and Gartner, 1997) to evaluate intrusive effects
at the repository.
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Figure 1. Flowdown diagram for total system performance assessment.
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FiVure 2. (A) CCDF for peak annual ground-surface dose from volcanic disruption
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(B) Variation In peak annual ground-surface dose from volcanic disruption with
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4.0 REVIEW METHODS AND ACCEPTANCE CRITERIA

Review methods and acceptance criteria are listed for the probability and consequence
Subissues. Detailed technical bases are presented in subsequent subsections to support
these acceptance criteria and review methods. These technical bases address the most
significant topics for resolution of these subissues, including reviews of relevant work and
newly developed models that provide an independent technical basis for resolution.

4.1 PROBABILlTY

DOE will need to estimate the probability of future volcanic eruptions arid igneous
intrusions affecting the performance of the proposed repository. Staff will review DOE
assumptions made in estimation of the probability of volcanic eruptions and igneous
intrusions for consistency with known past igneous activity in the YMR and to determine it
the analysis and assumptions do not underestimate effects. The following nine
acceptance criteria apply to the probabilistic assessment of igneous hazards.

Estimates of the probability of future igneous activity in-the "MR will be acceptable
provided that:

(1) The estimates are based on past patterns of igneous activity in the YMR.

(2) The definitions of igneous events are used consistently. Intrusive and extrusive
events should be distinguished and their probabilities estimated separately.

(3) The models are consistent with observed patterns of volcanic vents and related
igneous features in the YMR.

(4) Parameters used in probabilistic volcanic hazard assessments, related to
recurrence rate of igneous activity in the YMR. spatial variation in frequency of
igneous events, and area affected by igneous events are technically justified
and documented by DOE.

(5) The models are consistent with tectonic models proposed by NRC and DOE for
the YMR.

(6) The probability values used by DOE in performance assessments reflect the
uncertainty in DOE's probabilistic volcanic hazard estimates.

(7) The values used (single values distributions, or bounds on probabilities) are
technically justified and account for uncertainties in probability estimates.

(8) If used, expert elicitations were conducted and documented, using the guidance
in the Branch Technical Position on Expert Elicitation (U.S. Nuclear Regulatory
Commission, 1996), or other acceptable approaches.
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(9) The collection, documentation, and development of data and models have
been performed under acceptable QA procedures, or it data was not collected
under an established OA program, it has been qualified under appropriate OA
procedures.

The following sections present the review methods, technical basis, and status of
resolution of these criteria. These technical bases represent a summary of relevant
information used to evaluate the status of the subissue.

4.1.1 Probability Criterion 1

4.1.1.1 Acceptance Criterion

Estimates of the pnbability of future igneous activity in the YMR will be acceptable
provided that:

- The estimates are based on past patterns of igneous activity in the YMR.

4.1.1.2 Review Method

During its review, staff should ascertain the adequacy and sufficiency of DOE
characterization and documentation of past igneous activity, including the remaining
uncertainties about the distribution, timing and nature of this past igneous activity. At a
minimum, documentation of past volcanic activity should encompass the Yucca Mountain-
Death Valley isotopic province of Yogodzinski and Smith (1995) since the cessation of
large-volume silicic volcanism in the region at approximately 11 Ma. Particular attention
should be given to assuring that the locations, ages, volumes, geochemistry, and geologic
settings of <6-Ma basaltic igneous features, such as cinder cones, lava flows, igneous
dikes, and sills, are adequately documented. Staff should determine that DOE used
geological and geophysical information relevant to past volcanic activity contained in the
literature (e.g., references in Appendix A).

4.1.1.3 Technical Basis

Acceptable probability models use past patterns of YMR igneous activity to estimate
probabilities of future igneous events. Current models in the available literature for the
spatial and temporal recurrence of basaltic volcanism rely on probabilistic methods (e.g.
Ho, 1 9911; Kuntz, et al., 1986; McBirney, 1992; Wadge, et al., 1994; Connor and Hill,
1995). In these models, patterns of future activity are primarily estimated from patterns of
past volcanic activity, including eruption location, frequency, volume, and chemistry. In
addition, geologic processes, particularly structural deformation, have been investigated
as partially controlling the distribution and timing of volcanism (Bacon, 1982; Parsons and
Thompson, 1991; Connor, et al., 1992; Lutz and Gutmann, 1S95; Conway, et al., 1997).
Probabilistic models of volcanism at the proposed repository site should be consistent with
rates and timing of past volcanism and with observations made in the YMR and other
volcanic fields, regarding the relationship between igneous activity and other tectonic
processes.
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Basaltic igneous activity has been a characteristic of the Western Great Basin (WGB) in
Nevada and California since about 12 Ma (e.g., Luedke and Smith, 1981). Although much
of this activity has occurred near the boundaries of the WGB since 10 Ma (Figure 3.
pg.91), distributed volcanism between Death Valley, Yucca Mountain, and the Reveille
Range is a well-recognized feature of the WGB (e.g., Carr, 1982). Basaltic volcanism,
however, is localized in specific areas of the WGB and often shows regular spatial shifts
through time (Connor and Hill, 1994). Many of the WGB basaltic volcanic fields exhibit
clear spatial and temporal boundaries to igneous activity. In contrast, diffuse basaltic
volcanism in the YMR is distributed over a relatively large area with often ambiguous
spatial and temporal bounds (Figure 3, pg.91). Defining the spatial and temporal extent of
the YMR magma system is the first step in quantifying patterns of igneous activity for use
in probability models. Quantitative criteria, however, do not clearly define the extent of the
YMR basaltic volcanic system in space and time. For example, to date, petrogenetic
relationships between <6-Ma and 6-i 1-Ma basalts are ambiguous, as similar composition
basalts occur within each interval of time. Isotopic geochemical characteristics are distinct
for s 6-Ma basalts located within 40 km of the proposed repository site, which is a
distance that encompasses the main YMR system. Some s 6-Ma basalts within 90 km
south and west of the proposed repository site, however, have the same distinct
compositional characteristics and, thus, may be part of the YMR volcanic system.

Numerous attempts to define the extent of the YMR basaltic volcanic system have been
based on qualitative to semi-quantitative criteria. Early workers (Vaniman, et al., 1982;
Crowe, et al., 1982) concluded that basalts younger than about 9 Ma were petrologically
distinct from 9- to 11-Ma basalts and, thus, constitute the igneous system of interest.
Subsequent work (Crowe, et al., 1983; 1986) generally confirmed this interpretation;
however, many analyzed Plio-Quatemary basalts have petrogenetic characteristics similar
to some 9- to 11-Ma basalts (i.e.. Crows, et al., 1986). Crowe and Perry (1989) used
similar petrogenetic arguments to define the Crater Flat Volcanic Zone (CFVZ), which is a
northwest-trending zone based on the occurrence of <5-Ma volcanoes between Sleeping
Butte and buried volcanoes in the Amargosa Desert (Figure 4, pg.92). Smith, et al. (1990)
expanded the CFVZ to include Buckboard Mesa. Numerous other subdMsions are
possible, based on the pattern of <5-Ma basaltic volcanoes (e.g., Crowe, et al., 1995;
Geomatrix, 1996).

Isotopic geochemical characteristics commonly are used to define the extent of basaltic
igneous systems (e.g.. Leeman, 1970; Farmer, et al., 1989). Isotopes of Sr and Nd are
distinct for 5 6-Ma basalts located within 50 km of the proposed repository site (Farmer, et
al., 1989; Yogodzinski and Smith, 1995; Hill, et al., 1996). In addition, Pliocene basalts in
the Grapevine Mountains, Funeral Formation, and southern Death Valley (Figure 4, pg.92)
also share these distinctive isotopic characteristics. These more distal basalts, however,
are located in significantly different tectonic regimes than the YMR. Crustal tectonics
likely influence magma ascent and eruption rates (e.g., McKenzie and Bickle, 1988).
Although the distal basalts may have originated from a compositionally-similar mantle,
differences in tectonic history or crustal lithologies may have resulted in spatial and
temporal controls on basaltic volcanism that are significantly different from the YMR.
Figure 4, pg.92, shows the extent of basalts that are potentially part of the YMR igneous
system, based on temporal, spatial, and geochemical affinities. Although a range of
geochronological techniques has been utilized in the YMR to date Quatemary basaltic
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features, most basalts older than about I Ma have been dated dising standard K-Ar and
4OAr/39Ar methods (Hill, et al., 1993). These data are compiled in Appendix A and are
used in subsequent probability analyses. The extent of the YMR magmatic system was
also considered during the DOE-sponsored formal expert elicitation (Geomatrix, 1996).
This report utilized areas that generally encompassed about the same general region as
that shown on Figure 4, pg.92. However, more extensive regions were often included in
the background or regional recurrence rate estimates. In general, the report concluded
that the <5 Ma basalts were most important to define temporal recurrence rates for the
YMR. However, it appears from Geomatrix, 1996, that petrologic data and models were
not used to define spatial patterns or process models. It also is not clear why the 5-11 Ma
volcanics were not considered by all experts to define spatial patterns or derive process
models. As a result, the areas used for the regional recurrence rate estimates do not
appear to be well supported by the petrologic data and models. The significance of
basaltic centers >40 km from the site to probability issues depends on the model being
evaluated. Probability models that depend heavily on the timing of past events (e.g., Ho,
1992) are strongly affected by inclusion of these centers in the YMR system. Depending
on the time used to calculate futL.e recurrence rates inclusion of the distal centers may
substantially elevate or decrease the probability of future eruptions at the proposed
repository site. In contrast, models that spatially define the extent of the system and
evaluate tie area of the system to the area of the proposed repository (e.g., Crowe, et al.,
1982; Geomatrix, 1996) may exhibit a marked decrease in probability at the site due to
expansion of the YMVR system to accommodate distal volcanoes. Finally, the presence of
the distal volcanic centers has little effect on spatio-temporal recurrence models (e.g.,
Connor and Hill. 1995), as distal centers are too old and too far away from the proposed
repository site to strongly influence the locus of volcanism in Crater Flat basin.

4.1.1.4 Summary

Sufficient information exists on the spatial and temporal extent of the YMVR basaltic system
to support spatio-temporal probability models (e.g., Connor and Hill, 1995). Evaluation
and acceptance of other models, however, requires assessment of the petrogenesis of
0.1-11-Ma basalt of the YMR. A reasonably-conservative, working hypothesis for these
assessments is that all s 6-Ma basalt within the dashed boundaries of Figure 4. pg.92 is
part of the YMR igneous system. Relevant data for these volcanic centers are
summarized in Appendix A. In addition, some 6-11-Ma basalt within these boundaries
has the same petrogenesis as 5 6-Ma basalt and, thus, may be part of the YMR igneous
system of interest.

All current probability estimates for future igneous activity at the proposed repository site
are based on past patterns of igneous activity in the YMR. These models are, thus,
acceptable to NRC. Some parameter values or ranges used in these probability models.
however, are dependent on definitions of the spatial or temporal extent of the YMR
igneous system. Models that may be developed by DOE subsequent to those discussed
in this report will need to be evaluated independently by NRC to assure that the
parameters and definitions are internally consistent.



4.1.2 Probability Criterion 2

4.12.1 Acceptance Criterion

Estin.: .of the probability of future igneous activity in the YMR will be acceptable
provided that:

-The definitions of Igneous events are used consistently. Intrusive and
extrusive events should be distinguished and their probabilities estimated
separately.

4.1.22 Review Method

Staff should determine that igneous events are defined consistently by DOE and that
probabilities of intrusive and extrusive igneous events are calculated separately.
Definitions in current use for extrusive volcanic events include formation of a new volcano
(Crowe, et al., 1982; Connor and Hill 1995); an episode of eruptive activity at a new or
existing volcano following an extended period of quiescence (Ho, et al., 1991; Bradshaw
and Smith, 1994); and mappable eruptive units, each being an assemblage of volcanic
products with internal stratigraphic features that indicate a cogenetic origin and eruption
from a common vent (Condit and Connor, 1996). Definitions of intrusive events include
injection of single, igneous dikes and formation of dike swarms (Delaney and Gartner,
1995).

4.1.2.3 Technical Basis

Although all volcanic events are associated with an intrusive event, basaltic intrusions may
reach subsurface depths of less than 300 m without forming a volcano (Gudmundsson,
1984; Carter Krogh and Valentine 1995; Ratcliff, et al., 1994). Therefore, probability
calculations must distinguish between volcanic (i.e., extrusive) and intrusive events in
order to be applicable in repository performance and risk assessment models.

Because recurrence rates used in many probability models are sensitive to the size,
duration, and area affected by igneous events, Igneous event definitions must be used
consistently throughout an acceptable analysis. Furthermore, differences in igneous
event definitions must be considered when comparing the results of different probabilistic
hazard analyses (See Probability Criterion 6). In addition, the method used to count
igneous events affects the outcome of the probability analysis. Definitions of volcanic and
intrusive igneous events commonly found in the geologic literature include:

* lndiviciual, mappable eruptive units

* Episodes of vent or vent-alignment formation

* Emplacement of an igneous intrusion

* Volcanic eruption and accompanying dike injection
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As discussed in the following section, igneous activity in the YMR can be categorized
using each of these definitions with varying degrees of confidence.

4.1.2.3.1 Individual Eruptive Units

Definitions of volcanic events vary widely in the literature (Condit, et al., 1989; Bemis and
Smith, 1993; Delaney and Gartner, 1995; Lutz and Gutmann, 1995; Connor and Hill,
1995). Ideally, volcanic events would correspond to eruptions. Unfortunately, subsequent
geologic processes often obliterate evidence of previous eruptions from the geologic
record (e.g., Walker, 1993). Consequently, volcanic events often have been defined as
mappable eruptive units, each unit being an assemblage of volcanic products having
internal stratigraphic features that indicate a cogenetic origin and eruption from a common
vent (Condit and Connor. 1996). A simple definition that can be applied to young cinder
cones, spatter mounds, and maars is based on morphology: an individual edifice
represents an individual volcanic event (Connor and Hill, 1995). In older, eroded systems.
such as Pliocene Crater Flat, evidence of vent occurrence, such as near-vent breccias or
radial dikes, is required. One important advantage of this definition of volcanic events is
its reliance on geological and geophysical mapping, with no requirement for
geochronological data. Therefore, this definition can be applied with greater confidence
than the other definitions, which require relatively precise geochronotogical data. Volcanic
hazard analyses using the individual vent definition for volcanic events assume all
mapped volcanic units occur as independent events. The resulting probability estimate is
for direct disruption of the proposed repository by a single vent-forming volcanic eruption
(e.g.. Connor and Hill, 1995).

Several edifices can form, however, during an essentially continuous basaltic eruptive
episode. For example, three closely-spaced cinder cones formed during the 1975
Tolbachik eruption (Tokarev, 1983; Maguskin, et al., 1983). In this case, the three cinder
cones represent a single eruptive event that is distributed over a larger area than
represented by an individual cinder cone. The three 1975 Tolbachik cinder cones have
very different morphologies and erupted adjacent to three older (Holocene) cinder cones
(Braytseva, et al.. 1983). Together, this group of six cinder cones forms a 5-km-long,
north-trending alignment. Without observing the formation of this alignment, it likely would
be difficult to resolve the number of volcanic events represented by these six cinder cones
it the number of volcanic events was defined as the number of eruptions. This type of
eruptive activity raises uncertainties about how a number of volcanic events represented
by individual volcanoes should be assessed, even where these volcanoes are
well-preserved.

Geochemical and apparent geochronological variations present at some YMR Quaternary
volcanoes have been interpreted as reactivation of individual volcanoes after more than
10,000-yr quiescence (Wells, et al., 1990; Crowe, et al., 1992; Bradshaw and Smith,
1994). Results from paleomagnetic (Champion, 1991; Turrin, et al., 1991) and
geochronologic (Heizier et al., 1999) studies, however, contradict this interpretation and
cast doubt on the likelihood that cinder cones in the YMR have reactivated long after their
original formation (Whitney and Shroba, 1991; Wells, et al., 1990. 1992; Turrin, et al.,
1992; Geomatrix, 1996; Perry et al., 1998). Given the possibility of cinder cone
reactivation, the number of volcanoes present in the YMR may underestimate the rate of
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future YMR volcanic eruptions. In the context of volcanic hazards for the proposed
repository, however, the spatially-dispersed character of volcanism is extremely important
in calculating the probability of occurrence, whereas the reactivation of an existing cinder
cone is more important in determining consequence of the activity. Thus, reactivation of
cinder cones is interesting as a gauge of overall activity in the volcanic system, but, is not
easily related to rates of new volcano formation.

4.12.3.2 Episodes of Vent or Vent-Alignment Formation

Additional investigations in other volcanic fields have demonstrated that some cinder cone
alignments develop over long periods of time during multiple episodes of volcanic eruption
(Connor, et al., 1992; Conway, et al., 1997), particularly where a large fault controls the
locations of basaltic vents. For example, Conway, et al. (1997) found that the northern
segment of the Mesa Butte fault zone in the San Francisco volcanic field, Arizona,
repeatedly served as a pathway for magma ascent for at least I m.y. and formed a 20-
km-long cinder cone alignment (Figure 5, pg.93). Isotopic dates reported in Conway, et
al. (1997) indicate volcanism along the northern Mesa Butte fault was episodic, and
successvc episodes were separated in time by as much as 400 k.y. (Figure 6, pg.94).
Spatial patterns of volcanism along the Mesa Butte alignment apparently were
independent of field-wide trends, indicated by the large lateral shifts in volcanic loci
between successive episodes (Conway, et al., 1997). These observations help clarify
trends observed in the development of young, potentially active volcanic alignments. For
example, the largely Holocene Craters of the Moon volcanic field, Idaho, shows similar
eruption patterns characterized by multiple episodes of magmatism and frequently shifting
loci of volcanism along the Great Rift (Kuntz, et al., 1986), albeit on a time scale of
thousands of years. This behavior contrasts sharply with eruption patterns of other short-
lived fissure eruptions, such as the Laki fissure eruption (Thordarson and Self, 1993) or
the Tolbachik eruption of 1975 (Tokarev, 1983). Evidence of episodic volcanism along the
Mesa Butte fault indicates independent magmatic episodes may recur along geologic
structures even following periods of quiescence lasting 100 k.y. or more. Volcano
alignments in the YMR, such as the Amargosa Aeromagnetic Anomaly A alignment
(Connor, et al., 1997), thus, may constitute multiple volcanic events. Paleomagnetic
(Champion, 1991) and radiometric dating (Appendix A) of the Quatemary Crater Flat
cinder cones (Figure 7, pg.95) suggests these cinder cones may have formed during a
relatively brief period of time (<100,000 yr) and, therefore, may represent a single
eruptive event like the Tolbachik alignment. Evidence from aeromagnetic and ground
magnetic surveys (Langenheim, et al., 1993; Connor, et al., 1997) suggests that older,
buried volcanoes also exist in southern Crater Flat along this alignment. Therefore, the
alignment may have reactivated through time, in a manner similar to the Mesa Butte
volcano alignment.

Defining aligned volcanoes of similar ages as single volcanic events effectively reduces
both the total number of volcanic events in the region and the regional recurrence rate.
The area affected by the entire cone alignment, however, is much greater than the areas
impacted by individual cinder cones. This variation in disruption area must be propagated
through the volcanic hazard analysis.
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Hazard analyses defining vents and vent alignments as volcanic events are used to
estimate the probability of direct disruption of the proposed repository. Primary
uncertainties in those probability estimates result from uncertainty in the number and
distribution of volcanic vents along alignments.

4.1Z3.3 Emplacenmnt of an Igneous Intrusion

Igneous events are a broader class than volcanic events in that igneous events must
encompass the intrusive and extrusive components of igneous activity. The number of
mapped, igneous dikes generally is not considered a reasonable definition of an igneous
event because multiple dikes often are injected into the shallow crust during single
episodes of igneous intrusion. Furthermore, individual dikes frequently coalesce at lower
stratigraphic levels. As a result, several mapped dikes may represent a single igneous
event. For example, Delaney and Gartner (1995) mapped approximately 1,700 individual
dikes in the Pliocene San Rafael volcanic field, Utah (Figure 8, pg.96). These dikes are
associated with approximately 60 breccia zones and volcanic buds, which are interpreted
as the roots of eroded, volcanic vents. Based on their mapping, Delaney and Gartner
(1995) suggested that approximately 175 episodes of intrusion resulted in the
emplacement of the 1,700 dikes and 60 volcanic vents, but also indicated that this
grouping of mapped units was a subjective process.

In the YMR, the number of Plio-Quatemary igneous events is unknown. Based on
analogy with the San Rafael volcanic field, YMR intrusive events may be a factor of two or
more greater than the number of volcanic events (Delaney and Gartner, 1997). Studies in
the YMR by Ratclif, et al. (1994) and Carter Krough and Valentine (1995) have
demonstrated that some Miocene basaltic igneous intrusions stagnated within several
hundred meters of the surface without erupting. These basaltic dikes and sills are
mapped in Miocene tufts, similar in character and composition to those underlying Yucca
Mountain. Thus, probability estimates based on the number of igneous events
characterized by this approach would encompass both direct disruption of the repository
with transport of waste into the accessible environment during a volcanic eruption and the
indirect effects, such as canister failure during dike or sill intrusion. Additional
complications arise with this definition based on the limited ability of a shallow dike to
laterally transport entrained material into the volcanic conduit (e.g., Spence and Turcotte,
1985). A volcano may form outside of the repository boundary, with an associated
subsurface dike that penetrates the repository directly. Although an intrusive, igneous
event definition would indicate disruption of the repository, the ability of the waste to be
transported laterally by the dike and dispersed into the accessible environment by the
volcano would be extremely limited. The definition of an igneous event as encompassing
both volcanic and intrusive components, while strictly correct from a geologic perspective,
is unsuitable for application in risk assessments because of the dramatically different
consequences of intrusive and extrusive igneous activity. Therefore, it is best to consider
only the intrusive component of igneous events under this definition, reserving extrusive
components for definitions based on vents and vent alignments.

Geomatrix (1996) combined dike emplacement and volcano formation into a single
igneous event class, which had a range of annual probabilities from 10 '° to 10 ' with a
mean probability of 1.5 x 10 8, In the TSPA-VA, the DOE calculated the probability of



volcanic disruption of the proposed repository site by assuming the 1.5 x 10 8 mean
annual probability from Geomatrix (1996) represented the probability of a dike intersecting
the repository. Using the volcanic source-zone approach in Geomatrix (1996) and
assuming that 0-4 vents would form along the intersecting dike, DOE calculated the mean
annual probability of volcanic disruption would thus be about 6 x 10 9 (CRWMS M&O,
1998a) (See section 4.1.7). This low probability would allow screening of volcanic
disruption from scenarios considered in future DOE-TSPAs (U.S. Department of Energy,
1998b).

4.1.2.3.4 Volcanic Eruptions with Accompanying Dike Injection

An igneous event can be similarly defined in terms of the subsurface area disrupted by the
intrusion of magma during a volcanic event. For example, numerous dikes in the San
Rafael volcanic field were injected laterally through the shallow subsurface for hundreds of
meters away from volcanic vents during volcanic eruptions (Delaney and Gartner, 1995).
Uncertainties re..ilting from this definition of an igneous event include estimates of
probable lengths and widths of dike zones associated with the formation of vents and the
locations of vents along these dike zones (e.g-, Hill, 1996). The effects of these laterally-
injected dikes on performance, however, are substantially less than the direct effects of
vent formation, because of the limited ability of the waste to be directly transported to the
surface along nearly the length of the dikes when compared to the transportation ability of
the volcanic vent itself.

4.1.2.4 Summary

There is no one generally-accepted criterion to singularly define an igneous event.
Probability models are acceptable, provided igneous events are explicitly defined and the
definition is applied consistently throughout the model. Therefore, all the above definitions
can be considered acceptable. Repository performance considerations, however, require
that the probability of volcanic disruption is calculated discretely from the probability of
intrusive disruption. All volcanic events that may penetrate the proposed repository are
accompanied by a subsurface intrusion. However, intrusive events may occur without
direct volcanic disruption, either because a volcano does not form at the surface or the
location of the volcano is at a distance greater than the lateral transport ability of a shallow
dike. Therefore, the probability of intrusive, igneous events affecting the proposed
repository is at least as large as, and could be significantly larger than, the probability of
volcanic disruption.

Potential intrusive and extrusive events must be considered separately because the
effects on repository performance are significantly different for extrusive and intrusive
processes. A volcanic, igneous event that penetrates the repository has the potential to
entrain, fragment, and transport radioactive material into the subaerial accessible
environment. In contrast, an intrusive, igneous event that penetrates the repository would
produce thermal, mechanical, and chemical luads on engineered systems, which could
impact waste-package degradation. Radioactive release associated with intrusive.
igneous events is through hydrologic flow and transport, rather than through direct
transport by volcanic processes. Therefore, probability calculations must distinguish



between volcanic and intrusive, igneous events in order to be applicable in repository
performance and risk assessment models.

4.1.3 Probability Criterion 3

4.1.3.1 Acceptance Criterion

Estimates of the probability of future igneous activity in the YMR will be acceptable
provided that:

- The models are consistent with observed patterns of volcanic vents and
related igneous features in the YMR.

4.1.3.2 Review Method

Staff should determine if DOE probability models are consistent with known Pliocene and
Quatemary igneous events in the Yucca Mountain-Death Valley magmatic system and
that the proposed probability models are consistent with patterns of igneous activity in
other, comparable volcanic fields. Current interpretations indicate these patterns include a
tendency for basaltic volcanic vents to cluster and form northeast-trending vent
alignments in the YMR. Structural control of the locations of individual volcanoes by faults
also is prevalent. Other interpretations that lead to reasonably-conservative estimates of
probability will be acceptable.

4.1.3.3 Technical Basis

Previous studies of volcanism in the YMR, and elsewhere, cumulatively indicate that
models describing the recurrence rate or probability of basaltic volcanism should reflect
the clustered nature of basaltic volcanism and shifts in the locus of basaltic volcanism
through time. Models also should be amenable to comparison with basic geological data,
such as fault patterns and neotectonic stress information, that affect vent distributions on
a comparatively more detailed scale. The models used to estimate future igneous activity
in the YMR should either explicitly account for the following or obtain bounding estimates:

* Shifts in the locus of volcanic activity through tirre

* Vent clusters

* Vent alignments and correlation of vents and faults

Data from other basaltic volcanic fields may be used to test the models. Each of these
spatial patterns is reviewed in this section, with emphasis on the nature of these spatial
patterns in the YMR and how these compare with spatial patterns in cinder cone
volcanism observed in other basaltic volcanic fields. This comparison is followed by a
discussion in Section 4.1.4.3 of how these spatial patterns in volcanic activity can be used
to calibrate and test probabilistic volcanic hazard models for disruption of the proposed
repository.
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4.1.3.3.1 Shifts In the Location of Basaltic Volcanism

Spatial variation in recurrence rate of volcanism in the YMR has been suggested based
on apparent shifts in the locus of basaltic volcanism from east-to-west since the cessation
of caldera-fom. ng volcanism in the Miocene Southern Nevada Volcanic Field (Crowe and
Perry, 1989). Well-defined shifts in volcanism have occurred in many other basaltic
volcanic fields. In the Coso volcanic field. California, Duffield, et al. (1980) found that
basaltic volcanism occurred in essentially two stages. Eruption of basalts occurred over a
broad area in what is now the northern and western portions of the Coso volcanic field
from approximately 4 to 2.5 Ma. In the Quatemary, the locus of volcanism shifted to the
southern portion of the Coso volcanic field. Condit, et al. (1989) noted the tendency for
basaltic volcanism to gradually migrate from west to east in the Springerville volcanic field
between 2.5 and 0.3 Ma. Other examples of continental basaltic volcanic fields in which
the location of cinder cone volcanism has migrated include the San Francisco volcanic
field, Arizon&, (Tanaka, et al., 1986), the Lunar Crater volcanic field, Nevada, (Foland and
Bergman, 1992), the Michoac~n-Guanajuato volcanic 'ield, Mexico, (Hasenaka and
Carmichael, 1985), and the Cima volcanic field, California, (Dohrenwend, et al., 1984;
Turrin, et al., 1985). In some areas, such as the San Francisco and Springerville volcanic
fields, migration is readily explained by plate movement (Tanaka, et al., 1986; Condit, et
al., 1989; Connor, et al., 1992). In other areas, the direction of migration or shifts in the
locus of volcanism does not correlate with the direction of plate movement. In either case,
models developed to describe recurrence rate of volcanism or to predict the locations of
future eruptions in volcanic fields need to be sensitive to these shifts in the location of
volcanic activity.

Sensitivity to shifts in the locus of volcanism can be accomplished by weighing more
recent (e.g., Pliocene and Quaternary) volcanic events more heavily than older (e.g.,
Miocene) volcanic events. Shifts in the locus of volcanism, however, also introduce
uncertainty into the probabilistic hazard assessment. For example, in the Cima volcanic
field, 41.2-Ma basaltic vents are located south of significantly older volcanic vents
(Dohrenwend, et al., 1984; Turrin, et al., 1985). This suggests that probability mode:s
based on the distribution of older vents would not have forecast the location of
subsequent (<1.2 Ma) eruptions adequately. In the Springerville volcanic field, large-scale
shifts in the locus of volcanism accompanied a major geochemical change in the basalts
from tholeiitic to more alkalic, suggesting that a fundamental change in petrogenesis inay
have affected shifts in the locus of volcanism (Condit and Connor, 1996).

As the period required for large-scale shifts in the locus of volcanism is much greater than
the period of performance of a repository, the effects of these shifts can be effectively
mitigated in the probability mnodels by simply applying a more heavy weight to the
distribution of Quaternary volcanic events than older volcanic events in the probability
analysis.

4.1.3.3.2 Vent Clustering

Crowe, et al. (1992) and Sheridan (1992) noted that basaltic vents appear to cluster in the
YMR. Connor and Hill (1 995) performed a series of analyses of volcano distribution that
wielded several useful observations about the nature of volcano clustering in the region.
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First, vents form statistically-significant clusters in the YMR. Spatially, volcanoes younger
than 5 Ma form tour clusters: Sleeping Butte, Crater Flat, Amargosa Desert, and
Buckboard Mesa. The Crater Flat and Amargosa Desert Clusters overlap somewhat due
to the position of Lathrop Wells volcano and the three Amargosa Aeromagnetic Anomaly
A vents (Figure 9, pg.97). Second, a volcanic event located at the repository would be
spatially part of, albeit near the edge of, the Crater Flat Cluster, rather than forming
between or tar from clusters in the YMR. Third, three of the four clusters reactivated in
the Quaternary, indicating these clusters are long-lived and, thus, provide some
constraints on the areas of future volcanism.

Cinder cones are known to cluster within many volcanic fields (Heming, 1980; Hasenaka
and Carmichael, 1985; Tanaka, et al., 1986, Condit and Connor, 1996). Spatial clustering
can be recognized through field observation or through the use of exploratory data
analysis or cluster analysis techniques (Connor, 1990). Clusters identified using the latter
approach in the Michoacan-Guanajuato and the Springerville volcanic fields were found to
consist of 10 to 100 individual cinder cones. Clusters in these fields are roughly circular to
elongate in shape with diameters of 10 to 50 km. The simplest explanation for the
occurrence, size, and geochemical differences between many of these clusters is that
these areas have higher magma supply rates from the mantle. Factors affecting magma
pathways through the upper crust, such as fault distribution, appear to have little influence
on cluster formation (Connor, 1990; Condit and Connor, 1996). In some volcanic fields,
such as Coso, the presence of silicic magma bodies in
the crust may influence cinder cone distribution by impeding the rise of denser mafic
magma (Eichelberger and Gooley, 1977: Bacon, 1982), resulting in the formation of mafic
volcano clusters peripheral to the silicic magma bodies.

Basaltic vent clustering has a profound effect on estimates of recurrence rate of basaltic
volcanism. For example, Condit and Connor (1996) found that recurrence rate varies by
more than two orders of magnitude across the Springerville volcanic field due to spatio-
temporal clustering of volcanic eruptions. In the YMR, Connor and Hill (1995) identified
variations in recurrence rate of more than one order of magnitude from the Amargosa
Desert to southern Crater Flat due to the clustering OQaternary volcanism. In contrast,
probability models based on a homogeneous Poisson density distribution that ignores
clustering will overestimate the likelihood of future igneous activity in parts of the YMR far
from Quaternary centers and underestimate the likelihood of future igneous activity within
and close to Quaternary volcano clusters.

4.1.3.3.3 Vent Alignments and Correlation of Vent Alignments and Faults

Tectonic setting, strain-rate, and fault distribution all may influence the distribution of
basaltic vents within clusters, and sometimes across whole volcanic fields (Nakamura,
1977; Smith, et al., 1990; Parsons and Thompson. 19?1; Takada, 1994). Kear (1964)
discussed local vent alignments, in which vents are the same age and easily explained by
a single episode of dike injection, and regional alignments, in which vents of varying age
and composition are aligned over distances of 20 to 50 km or more. For example, by
Kear's (1964) definition, the Mesa Butte alignment (Figure 5, pg.93) would be a regional
alignment that is more likely to reactivate after a long period of quiescence than a local
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alignment. Thus, this distinction between local and regional alignments can potentially
alter probability estimates.

Numerous matheir dtical techniques have been developed to identify and map vent
alignments on different scales, including the Hough transform (Wadge and Cross, 1988).
two-point azimuth analysis (Lutz, 1986), frequency-domain map filtering techniques
(Connor, 1990), and application of kernel functions (Lutz and Gutmann, 1995). Regional
alignments identified using these techniques are commonly colinear or parallel to mapped
regional structures. For example, Draper, et al. (1 994) and Conway, et al. (1997) mapped
vent alignments in the San Francisco volcanic field that are parallel to, or colinear with,
segments of major fault systems in the area. About 30 percent of the cinder cones and
maars in the San Francisco volcanic field are located along these regional alignments
(Draper, et al., 1994). Lutz and Gutmann (1995) identified similar patterns in the Pinacate
volcanic field, Mexico. Although alignments clearly can form as a result of single episodes
of dike injection (Nakamura, 1977) and, therefore, are sensitive to stress orientation
(Zoback, 1989), there are also examples of inject on along pre-existing faults (e.g., Kear,
1964; Craper, et al., 1994; Conway, et al., 1997). Therefore, stress orientation ii the crust
and orientations of faults are indicators of possible vent-alignment orientations.

In the YMR, Smith, et al. (1990) and H-o (1992) define north-northeeast-trending zones
within which average recurrence rates exceed that of the surrounding region. The trend
of these zones corresponds to cinder cone alignment orientations, including Quaternary
Crater Flat and Sleeping Butte, that Smith, et at. (1990) and Ho (1992) hypothesize may
occur as a result of structural control. Recent geophysical surveys of Amargosa
Aeromagnetic Anomaly A provide further evidence of the significance of northeast-
trending alignments in the YMR (Connor, et al., 1997). The ground magnetic map of data
collected over Aniargosa Aeromagnetic Anomaly A delineates three separate anomalies
associated with shallowly-buried basalt with a strong reversed polarity remnant
magnetization (Figure 9, pg.97). These anomalies are distributed over 4.5 km on a
northeast trend, each having an amplitude of 70-150 nT. Although these features can be
partially resolved with aeromagnetic data (Langenheim, et al., 1993). trenchant details
emerge from the ground magnetic survey that are important to probabilistic volcanic
hazard analyses and tectonic studies of the region. The southernmost anomaly, which
has a smaller amplitude than those to the north but is nonetheless distinctive. and the
northeast-trending structure within the negative portion of the central anomaly, which
mimics the overall trend of the alignment (Figure 9, pg.97), are important characteristics.
The ground magnetic data also enhance the small positive anomalies north of each of the
three larger-amplitude, negative anomalies, reinforcing the interpretation that Amargosa
Aeromagnetic Anomaly A is produced by coherent basaltic vents with strongly-reversed
remnant magnetization.

A key result of this ground magnetic survey is identification of the northeast trend of tne
anomalies, which is quite similar to the alignment of five Quaternary cinder cones ;n
Crater Flat (Figure 7, pg.95) and to the Sleeping Butte cinder cones, a Quaternary vent
alignment 40 km to the northwest of Crater Flat. Although the age of the Amargosa
Aeromagnetic Anomaly A alignment is at present uncertain, it suggests that development
of northeast-trending cone alignments i! a pattern of volcanism that has persisted through
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time in the YMR and supports the idea that future volcanism may exhibit a similar pattern
(Sitifth, et al., 1990).

Other ground magnetic surveys provide further evidence of cinder cone localization along
faults (Stamatakos, et al., 1997a; Connor, et al., 1997). Northern Cone is located
approximately 8 km from the repository site in Crater Flat and is the closest Quaternary
volcano to Yucca Mountain. Its proximity to the site of the proposed repository makes the
structural setting of Northern Cone of particular interest to volcanic hazard assessment.
Northern Cone consists of approximately 0.4 km2 of highly magnetized (10-20 A m ') lava
flows, near-vent agglutinate, and scoria aprons resting on a thin alluvial Ian. Large-
amplitude, short-wavelength magnetic anomalies were observed over the lavas. No
evidence of northeast-trending structures was discovered that could directly relate
Northern Cone to the rest of the Quaternary Crater Flat cinder cone alignment. Instead,
prominent linear anomalies surrounding Northern Cone trend nearly north-south and have
amplitudes of up to 400 nT (Figure 10, pg.98). These anomalies likely result from offsets
in underlying tuft across faults extending beneath the alluvium (cf. Faulds, et al., 1994).

The relationship between faults and Northern Cone is clarified when the ground magnetic
map is compared with topographic and fault maps (Frizzell and Schulters, 1990; Faulds,
et al., 1994). The north-trending anomalies at Northern Cone roughly coincide with
mapped faults immediately north of the survey area that have topographic expression
resulting from large vertical displacements. These mapped faults and faults inferred from
the magnetic map are all oriented north to north-northeast, which are trends favorable for
dilation and dike injection in the current stress state of the crust (e.g., Morris, et al., 1996).
Thus, the Northern Cone magnetic survey provides further support for the concept that
volcanism on the eastern margin of Crater Flat was localized along faults.

Thus, there is ample evidence to suggest patterns in YMR basaltic volcanic activity are
influenced by the stress state of the crust and by fault patterns. This influence includes
the development of northeast-trending volcanic alignments and the localization of vents
along faults. Smith, et al. (1990) noted that the occurrence of northeast-trending
alignments is particularly important because much of the Quatemary volcanic activity in
the region has occurred southwest of the proposed repository site. Furthermore, faults
that bound and penetrate the repository block have a map pattern similar to those faults
that have hosted volcanism at Northern Cone and Lathrop Wells. Given these
observations. probability models for igneous disruption of the proposed repository need to
account for these trends because they tend to increase the probability of igneous activity
at the site relative to spatially-homogenous models.

4.1.3.4 Summary

Good agreement exists on the basic patterns of basaltic volcanism in the YMR. These
patterns include changes in the locus of volcanism with time, recurring volcanic activity
within vent clusters, formation of vent alignments, and structural controls on the locations
of cinder cones. Each of these patterns in vent distribution has an important impact on
volcanic probability models and is considered in current NRC. DOE, and State of Nevada
probability models.
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4.1.4 Probability Criterion 4

4.1.4.1 Acceptance Criterion

Estimates of the probability of future igneous activity in the YMR will be acceptable
provided that:

- The parameters used in probabilistic volcanic hazard assessments,
related to recurrence rate of igneous activity in the YMR, spatial
variation in frequency of igneous events, and area affected by igneous
events, are technically justified and documented by DOE.

4.1.4.2 Review Method

Staff should ascertain whether parameters used in volcanic hazard assessments are
reasonable, based on data from the YMR and comparable volcanic systems.

4.1.4.3 Technical Basis

Models to estimate the probability of volcanic disruption of the proposed repository are
likely to rely on a set of parameters. Use of values or ranges for these parameters must
be justified using geologic data and analyses. In the following, current understanding of
parameters related to:

* Temporal recurrence rate of volcanism

* Spatial recurrence rate of volcanism

* Area affected by volcanic and igneous events are discussed and evaluated.

4.1.4.3.1 Temporal Recurrence Rate

Probability models use estimates of the expected regicnal recurrence rate of volcanism in
the YMR in order to calculate the probability of future disruptive volcanic activity. Previous
estimates have relied on past recurrence rates of volcanism as a guide to future rates of
volcanic activity. This approach has yielded estimates of regional recurrence rate
between I and 12 volcanic events per million years (vfm.y.) (e.g., ho, 1991; Ho, et al.,
1991; Crowe, et al., 1992; Margulies, et al., 1992; Connor and Hill, 1995), with the various
definitions of what constitutes a volcanic event accounting for at least part of this range.

The simplest approach to estimate regional recurrence rate is to average the number of
volcanic events that have occurred during some time period of arbitrary length. For
instance, Ho. et al. (1991) average the number of volcanoes that have formed during the
Quaternary (1.6 m.y.) to calculate recurrence rate. Through this approach, they estimate
an expected recurrence rate of : v/m.y. Crowe, et al. (1982) averaged the number of new
volcanoes over a 1 .8-m-v. period. Crowe, et al. (1992) considered the two Litt:e Cones to
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represent a single volcanic event, and, therefore, concluded that there are seven
Quaternary volcanic events in the YMR. This lowers the estimated recurrence rate to
approximately 4 vlm.y. The probability of a new volcano forming in the YMR during the
next 10,000 yr is 4-5 percent. assuming a recurrence rate of between 4 and 5 vim.>.

An alternative approach is the repose time method (Ho. et al., 1991). In this method, a
recurrence rate is defined using a maximum likelihood estimator (Hogg and Tanis, 1988)
that averages events over a specific period of volcanic activity:

(N-1)
r(T-T

where N is the number of events, Jo is the age of the first event, T, is the age of the most
recent event, and A, is the estimated recurrence rate. Using eight Quaternary volcanoes
as the number of events, N, and 0.1 Ma for the formation of Lathrp Wells (Appendix A),
the estimated recurrence rate depends on the age of the first Quaternary volcanic
eruption in Crater Flat. Using a mean age of 1.0 Ma (Appendix A) yields an expected
recurrence rate of approximately 8 v/m.y. The ages of Crater Flat volcanoes, however,
are currently estimated at approximately 1.0± 0.2 Ma (Appendix A). Within the limits of
this uncertainty, the expected recurrence rate is between approximately 7 and 10 vwm.y.
Of course, using different definitions of volcanic events leads to different estimates of
recurrence rate. For example, using the formation of vents and vent alignments during
the Quaternary, N = 3 and the recurrence rate is 2-3 v/m.y. The repose-time method has
distinct advantages over techniques that average over an arbitrary period of time because
it restricts the analysis to a time period that is meaningful in terms of volcanic activity. In
this sense, it is similar to methods applied previously to estimate time-dependent
relationships in active volcanic fields (Kuntz, et al., 1986). Application of these methods
has shown that steady-state recurrence rates characterize many basaltic, volcanic fields.

Ho (1991) applied a Weibull-Poisson technique (Crow, 1982) to estimate the recurrence
rate of new volcano formation in the YMR as a function of time. Ho (1991) estimates Q(l)
as:

X = (-(.0)( f2

where t is the total time interval under consideration (such as the Quaternary), and 3 and
6 are intensity parameters in the Weibull distribution that depend on the frequency of new
volcano lormation within the time period, t. In a time-truncated series, e and 8 are
estimated from the distribution of past events. In this case, there are N= 8 new
volcanoes formed in the YMR during the (&uaternary- d and B are given by (Ho, 1991):

N

and

lN: " I4
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where t, refers to the time of the e' volcanic event. If 13 is app. oximately equal to unity,
there is little or no change in the recurrence rate as a function of time, and a
homogeneous nonstationary Poisson model would provide an estimate of regional
recurrence rate quite similar to the nonhomogeneous Weibull-Poisson model. If P>1, then
a temporal trend exists in the recurrence rate and the system is waxing; new volcanoes
form more frequantly with time. If c1., new volcanoes form less frequently over time, and
the magmatic system may be waning.

Where few data are available, such as in analysis of volcanism in the YMR, the value of 1
can be strongly dependent on the period t and the timing of individual eruptions. This
independence strongly reduces the confidence with which 1 can be determined. Ho
(1991) analyzed volcanism from 6 Ma. 3.7 Ma, and 1.6 Ma to the present and concluded
that volcanism is developing in the YMR on time scales of t = 6 Ma and 3.7 Ma, and has
been relatively steady, 1 = 1 1. during the Quaternary.

Uncertainty in the ages of Quaternary volcanoes has a strong impact on recurrence rate
estimates calculated using a Weibull-Poisson model. For example, if mean ages of
Quaternary volcanoes are used (Appendix A) and t = 1.6 Ma then, as Ho (1991)
calculated, 1 = 1.1, and the probability of a new volcano forming in the region within the
next 10,000 yr is approximately 5 percent. This agrees well with recurrence rate
calculations based on simple averaging of the number of new volcanoes that have formed
since 1.6 Ma.

Crowe, 3t al. (1995), however, concluded that the Weibull-Poisson model is strongly
dependent on the value of t and suggested that t should be limited to the time since the
initiation of a particular episode of volcanic activity. This has an important effect on
Weibull-Poisson probability models. If mean ages of Quaternary volcanoes are used and
t = 1.2 Ma, the probability of a new volcano forming in the next 10,000 yr drops from 5
percent to 2 percent, and 3<11, indicating waning activity. Alternatively, if volcanism was
initiated along the alignment approximately 1.2 Ma but continued through 0.e Ma, the
expected recurrence rate is again close to 5 v/m.y., and the probability of new volcanism
in the YMR within the next 10,000 yr is about 5 percent (t= 1.2 Ma). The confidence
intervals calculated on A(t) are quite large in all of these examples due to the few volcanic
events (N = 8) on which the calculations are based (Connor and Hill, 1993).

Cumulatively, these analyses indicate that a broad range of recurrence rates should be
considered, this range varying with the definition of igneous event used. Many recurrence
rate models depend on additional information to estimate recurrence rates of volcanism.
Bacon (1982) observed that cumulative-erupted volume in the Coso volcanic field since
about 0.4 Ma is remarkably linear in time. Successive eruptions occur at time intervals
that depend on the cumulative volume of the previous eruptions. This linear relationship
was used by Bacon (1982) to forecast future eruptions and to speculate about processes,
such as strain rate, that may govern magma supply and output in the Coso volcanic field.
Kuntz, et al. (1986) successfully applied a volume-predictable model to several areas on
the Snake River Plain, where recurrence rates of late Quaternary volcanism are much
higher than in the Coso volcanic field, but the cumulative volumetric rate of basaltic
magmatism is, nonetheless, linear in time. Condit and Connor (1996) discovered volume
eruption rates were relatively constant in the Springerville volcanic field between 1.2 and
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0.3 Ma, but the number of cone-torming eruptions varied in time, in conjunction with
changes in petrogenesis. These relationships between eruption volume, petrogenesis,
strain rate, and frequency of volcanic events observed in other volcanic fields suggest that
recurrence rate estimates in the YMR can be further refined by considering fault location,
magma generation, and strain rate.

A recent paper by Wernicke, et al. (1998) has suggested that the strain rates in the Yucca
Mountain area are at least an order of magnitude higher than would be predicted from the
Quaternary volcanic and tectonic history of the area. Wemicke. et al. (1998) further
suggest that because of what they consider anomalous strain in the Yucca Mountain area,
the current probabilities of future magmatic and tectonic events may be underestimated
by an order of magnitude. Based on analysis of available information, staff conclude that
several alternative interpretations are possible for the strain-rate data presented by
Wernicke, et al. (1998). These alternative interpretations do not result in an increase in
volcanic recurrence rate (Connor, et al., 1998). It is the NRC's understanding that DOE
will be funding studies to determine if the strain rates observed by Wemicke, et al. (1998)
can be verified.

Subsequent to the release of the paper by Wremicke, et al. (1998) NRC received a copy of
a study by Earthfieid Technology, Inc., (Earthfield Technology, 1995) from DOE that
provides processing and interpretation of the available regional gravity and aeromagnetic
data. Appendix 1i of Earthfield Technology (1995) contains a map that shows the
locations of 42 aeromagnetic anomalies that are interpreted as buried intrusions in the
Yucca Mountain arua (Figure I 1, pg.99). These anomalies cannot be correlated with
previously recognized volcanic centers buried beneath alluvium in the Amargosa Desert
(Langenheim, et al., 1993; Connor, et al., 1997). As part of ongoing uncertainty analyses,
CNWRA staff conducted 12 ground magnetic surveys (Figure 11. pg.99) over
aeromagnetic anomalies with characteristics suggesting buried basalt (Magsino, et al.,
1998). Two of these surveys encountered features consistent with small, buried basaltic
centers, coincident with Earthfield Technology (1995) interpretations (features El and E2,
Figure 11, pg.991. A third survey, coincident with an Earthfield Technology (1995)
anomaly (feature E3), imaged faulted tuffaceous bedrock.

Earthfield Technology (1995) interpreted 6 buried intrusions within about 5 km of the
proposed repository site. If these anomalies represented basaltic igneous features, their
relative proximity to the proposed repository site could affect probability models
significantly. Although these anomalies have not been investigated with ground magnetic
surveys, CNWRA surveys east of the proposed repository site (Figure 1 1, pg.99) mapped
features consistent with faulted tuffaceous bedrock (Magsino, et al., 1998). The proximity
of these six Earthfield Technology (1995) anomalies to surface exposures of tuf, their
limited extent, and overall magnetic characteristics are very similar to anomalies east of
the repository site investigated by Magsino, et al. (1998). Although these six Earthfield
Technology (1995) anomalies are most likely caused by faulted tuffaceous bedrock, the
limited available data cannot preclude some relationship to buried igneous features.

Earthfield Technology (1995) anomalies east of 560000E and near the Funeral Mountain
foothills (Figure 11, pg.99) may be related to nearby surface exposures of Miocene basalt.
These possible buried basaltic features, however, are too old and too distant from the
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proposed repository site to affect probability models significantly. Several Earthfield
Technology (1995) anomalies in southern Crater Flat may possibly relate to nearby
surface. exposures of 11.2 Ma basalt. Based on comparison with anomalies surveyed by
Magsino, et al. (1998). these and other nearby Earthfield Technology (1995) anomalies
are most likely caused by faulted tuffaceous bedrock.

Although NRC has no independent basis for disagreeing with the strain-rate data
presented by Wernicke, et al. (1998), it recognizes that other interpretations of these data
can be made that do not require any change In the volcanic hazard assessment for Yucca
Mountain (Connor, et al., 1998). The results of Earthfield Technology (1995) and
Magsino, et al. (1998), however, could be used to support the arguments of Wemicke, et
al. (1998) that volcanic recurrence rates are greater than currently estimated.

DOE has not addressed the interpretations of Earthfield Technology (1995) in recent
probability models for the YMR (U.S. Department of Energy. 1998b). In addition, these
interpretations have not been discussed or incorporated into the Volcanism Synthesis
Report (Perry, et al., 1998) or the Technical Basis Document for VA (CRWMS M&O,
1998a). Anomalies within 5 km of the proposed repository site would affect many
probability models used In Geomatrix (1996), if these anomalies represented buried
basaltic Igneous features. DOE will need to demonstrate that recurrence rates used in
licensing accurate.y reflect the number and timing of past igneous events In the YMR.
Buried igneous features, such as those interpreted by Earthfield Technology (1995) and
Magsino, et al. (1998) will need to be evaluated to provide reasonable assurance that all
appropriate igneous features have been used to determine recurrence rate parameters.

4.1.4.3.2 Spatial Recurrence Rate

Early models assessing the probability of future volcanism in the YMR and the likelihood
of a repository-disrupting igneous event relied on the assumption that PlIo-Ouaternary
basaltic volcanoes are distributed In a spatially-uniform, random manner over some
bounded area (e.g., Crowe, et al., 1982; Crowe, et al., 1992; Ho, et al., 1991; Margulies,
et al., 1992). However, as discussed in Section 4.1.4 patterms in the distribution And age
of basaltic volcanoes in the YMR make the choice of tW se bounded areas subjective. For
example, Smith, et al. (1990) and Ho (1992) define north-northeast-trending zones within
which average recurrence rates exceed that of the surrounding region. These zones
correspond to cinder cone alignment orientations that Smith, et al. (1990) and Ho (1992)
hypothesize may result from structural control. These narrow zones lead to comparatively
high estimates of spatial recurrence rate and probability of volcanic disruption of the
proposed repository site. Utilizing bounded areas that are large compared to the current
distributions of cinder cone clusters, however, results in relatively low estimates of spatial
recurrence rate. Ho (1992) argued that, under these circumstances, using narrow
bounding areas that include the proposed repository gives conservative estimates of
probability of volcanic disruption.

Alternatively, spatial recurrence rate can be estimated using models that explicitly account
for volcano clustering (Connor and Hill, 1995). This approach features several
characteristics of nearest-neighbor methods that make them amenable to volcano
distnibution studies and hazard analysis in areal volcanic fields. First, volcanic eruptions,
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such as the formation of a new cinder cone, are discrete in time and space. Using
nearest-neighbor methods, the probability surface is estimated directly from the location
and timing of these past, discrete volcanic events. As a result, nearest-neighbor models
are sensitive to patte;ns generally recognized in cinder cone distributions. Resulting
probability surfaces also are continuous, rather than consisting of abrupt changes in
probability that must be introduced in spatially-homogeneous models. Continuous
probability surfaces can be readily compared to other geologic data, such as fault
locations, that may influence volcano distribution. Nearest-neighbor methods also
eliminate the need to define areas or zones of volcanic activity, as Is required by all
spatially homogeneous Poisson models.

Past volcanic activity can be used to estimate parameters used in these spatially
nonhomogeneous Poisson probability models for disruption of the proposed repository.
This is particularly Important in modeling the distribution of volcanism in the YMR because
of vent clustering. As discussed previously (Section 4.1.2.3), vent clustering results in
dramatic changes In spatial recurrence rate across the YMR. In order to model clustering
and use these models In the probabilistic volcanic hazards assessment (PVHA), it is
necessary to estimate parameters used in the models. One approach to parameter
estimation Is to use observed volcano distributions as a basis for comparison. This
parameter estimation can be done formally, if appropriate models are used.

One estimation method for the spatial recurrence rate of volcanic events in the YMR and
the probability of future volcanic events uses kernel functions (Silverman, 1986: Lutz and
Gutmann, 1995; Connor and Hill, 1995; Condit and Connor, 1996). In volcanic hazard
analysis, the kernel function must be estimated and used to deduce a probability density
function for spatial recurrence rate of volcanism. Several types of kernels, including
Gaussian and Epanechnikov kernels, are discussed by Silverman (1986). All multivariate
kernels have the property:

fK(x) dx = 1
I

where K(x) is the kernel function, and x is an «dimensional vector in real space R. A
Gaussian kernel function for 2D spatial data is:

K(x.y) = 1 exp (6 - ) I P - x-Y Y ]6)

where the kernel is calculated for a point x, yand the center of the kernel, In this case the
volcano location, is xv, Yv*. If the kernel is normalized using the smoothing parameter, h,

then the kernel function is a Gaussian function, and h is equivalent to the standard
deviation of the distribution:

I I~~~~~~
Kr y) = - exp { (7)

It x and y locations are on a rectangular grid, the probability density function based on the
distribution of N volcanoes is:
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fixw*} X YN K(x.Y) (8)

where Ax and Ay are grid spacing in the x and y directions, respectively. The above
equations can be used to estimate spatial recurrence rate of volcanism, or the probability
of volcanic disruption of the proposed repository site, given a volcanic eruption in the
region. The results of this probability estimate depend on h. The approach to bounding
uncertainty in the probability estimates resulting from this calculation is to evaluate
probability using a wide range of h (Connor and Hill, 1995). Alternatively, the
effectiveness of the kernel model and optimal values of h can be deduced from the
distribution of nearest-neighbor distances between existing volcanoes. For example, the
2D-Gaussian kemel model can be compared with the distribution of nearest-neighbor
distances between existing volcanoes by recasting the kernel function (Eq. 7) In polar
coordinates:

K(r.e) = h(2 ).exPL 2( (9)

where r, e Is distance and direction from the nearest-neighbor volcanic event. The
cumulative probability density function then becomes

AtR) 4ex (10)

where f(R) is the expected fraction of volcanic events within a distance Rof their
nearest-neighbor volcanic event.

Distance to nearest-neighbor volcanic event In the YMR varies, depending on the
definition used for a volcanic event. Treating all vents as Individual volcanic events, the
mean dkitance to nearest-neighbor volcanic event is 3.8 km with a standard deviation of
5.8 km. Some vents, such as southwest and northeast Uttle Cones, however, are quite
closely spaced and may be treated as single volcanic events. Treating vents spaced
more closely than 1 km as single volcanic events, the mean distance to nearest-neighbor
volcanic event increases to 5.0 km and the standard deviation to 5.9 km. Alternatively,
volcanic events can be defined in terms of vents and vent alignments. In this definition,
Quatemary Crater Flat volcanoes are taken as a single event, as is Pliocene Crater Flat.
Using this definition, mean distance to nearest-neighbor volcanic event Increases to
7.0 km with a standard deviation of 6.4 km.

The observed fraction of volcanoes erupted at a given nearest-neighbor distance or less is
compared with a Gaussian kernel model with standard deviations of 3-7 km in Figure 12.
pg.100. A Gaussian kernel model with h = 5 km reasonably describes the expected
distance to nearest-neighbor volcano, particularly between 5 and 10 km. Smaller values,
such as h = 3 km, model the distribution of individual vents at distances less than 4 km,
but do not compare well with vent distributions at distances greater than 4 km. For
instance, the h = 3 km model predicts that 95 percent of all volcanoes will be located at
nearest-neighbor distances less than 6 km, but actually 15 to 40 percent of all volcanoes
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in the YMR are located at greater distances than this, depending on the definition of
volcanic events used. The h = 7 km model tends to slightly overestimate the number of
volcanoes at nearest-neighbor distances greater than 8 km. Thus, the h = 5 km model
best describes the overall distribution of YMR vents and vent pairs for use in evaluation of
hazards at the repository, located approximately 8 km from the nearest Quaternary
volcano. This Is slightly less than the standard deviation of the observed distribution,
because Buckboard Mesa. located 25 km from its nearest-neighbor, is an outlier in the
observed volcano distribution and increases the variance.

Vents and vent alignments have fewer nearest-neighbors than expected at distances less
4 km if this distribution is modeled using a Gaussian kernel (Figure 12, pg.100). Ra'
this distribution can be modeled using a simple modification of the Gaussian kernel to
account for a mean offset of the probability density function from zero:
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where x is the mean offset. Incorporating a mean offset of 5-7 km and h = 3 km results
in an improved fit between the observed distribution of distance to nearest-neighbor
volcanic events and the Gaussian kernel model (Figure 13, pg.101). The need for this
mean offset arises because vent alignments are more widely spaced than individual vents.
Variance does not increase significantly as a result of this increased spacing, however,
when vent alignments are considered as single volcanic events. This comparatively low
variance suggests there is a characteristic nearest-neighbor distance of 5-10 km in the
YMR for volcanic events defined as vents or vent alignments.

This analysis indicates volcanic event distribution can be modeled using a Gaussian
kernel with h 2 5 km provided volcanic events are defined as Individual vents or vent pairs.
When vent alignments are considered as individual volcanic events, the value of h must
increase to h a 7 km or the Gaussian kernel needs to be modified to include an offset
distance. Thus, model testing indicates that the types of kernels and parameters used
within each kernel to evaluate probability should vary with the definition of volcanic event.
The Epanechnikov kernel function Is widely used to estimate spatial recurrence rate in
basaltic volcanic fields (Lutz and Gutmann, 1995; Connor and Hill, 1995; Condit and
Connor, 1996) and may be tested in a similar manner as the Gaussian kernel function.
The Epanechnikov kernel in 2D-Cartesian coordinates is:
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where

otherwise
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In polar coordinates this kernel function becomes

K,(r) I ( r s h 13)

where rIs distance from the volcano and e is direction. The cumulative probability density
function is then:

As was accomplished with the Gaussian kernel, the cumulative probability density function
for the Epanechnikov kernel can be compared with the observed fraction of volcanoes
erupted at a given nearest-neighbor distance or less for various values of h (Figure 14,
pg.102). This comparison Indicates an Epanechnlkov kernel function with h = 10 km best
models the distribution of distance to nearest-neighbor volcanic events, if volcanic events
are defined as vents or vent pairs. H volcanic events are defined as vents or vent
alignments. 16 km h<l 8 km better approximates the distribution of distances to nearest-
neighbor volcanic events, given the distribution of YMR volcanoes. Comparison of the
Epanechnikov and Gaussian kernel models suggests the Gaussian kernel models better
fit the observed volcano distribution than Epanechnikov distributions. particularly at
nearest-neighbor distances greater than 6 km. The difficulty fitting the observed
distributions with the Epanechnikov kernel function results from truncation of this
distribution at distances greater than h.

Testing models against observed distributions also leads to a natural definition of
conservatism. For example, the distance between the proposed repository and its
nearest-neighbor Quaternary volcano is 8.2 km. A Gaussian kernel function with h z 7 km
dearly Is conservative because a greater fraction of volcanic events occur at nearest-
neighbor distances less than 8.2 km than predicted by the model, whereas a Gaussian
kernel function with h = 3 km Is not conservative (Figure 12, pg.100). Similarly, probability
models based on Epanechnikov kernel functions and h 2 10 km are conservative where
volcanic events are defined as vents and vent pairs, and h 2 16 km where volcanic events
are defined as vents and vent alignments.

4.1.4.3.3 Area Affected by Igneous Events

The area affected by Igneous events varies with the definition of igneous event (Section
4.1.2). Where igneous events are defined In terms of Individual, mappable eruptive units,
the resulting probability estimate Is for direct disruption of the proposed repository and
release of waste into the accessible environment. The probability of a volcanic event
disrupting the repository depends on the repository area potentially disrupted by fluw of
magma through the subsurface conduit of the volcano as the eruption develops.
Observations at cinder cones in the process of formation (e.g., Luhr and Simkin. 1993;
Fedotov. 1983; Doubik. et al., 1995) are that these eruptions initiate by dike injection at
comparatively-low ascent velocities, on the order of 1 m s ', which can deform an area of

37



the ground surface several hundred meters in length. Basaltic eruptions. however, quickly
localize into vent areas as the eruption progresses and magma flow velocities increase to
around 100 m s '. Hill (1996) reviewed literature on subsurface areas disrupted by basaltic
volcanoes analogous to past volcanic eruptions in the YMR. Based on this review and
data collected at Tolbachik volcano, Russia, Hill (19 96) concluded that typical subsurface
conduit diameters are between 1 m and 50 m at likely repository depths of about 300 m.
Vent conduits exposed in the San Rafael volcanic field (Delaney and Gartner, 1995),
however, often have diameters on the order of 100 m. Therefore, areas disrupted by vent
formation, potentially leading to the release of waste into the accessible environment, are
on the order of 0.01 km2 or less. Conservatively, such a volcanic event, centered within
50 m of the repository boundary, may result in transport of waste to the surface.

Using this approach, the probability of a volcanic eruption through the repository, given an
eruption, can be approximated as:

Pleruption through repositoryleruption centered at x.yj { o 15)

where the effective area, A,, is the area of the repository and the region about the
repository within one conduit radius of the repository boundary (Geomatrix, 1996).

Other definitions of igneous events result In the need for more complex analyses of area
affected because these events have length and orientation (Sheridan, 1992; Geomatrix,
1996). In these cases, probability density functions must be estimated for both the length
and orientation of igneous events. Geomatrix (1996) gave the probability of an intrusive,
Igneous event centered on a given location intersecting the repository, which can be
expressed as:

PLkl, 9I0S921 = I i fL(1) -fo dydI 16)
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where 0 Is the azimuth of the igneous event with respect to north, with q, and p2
representing the range of azimuths that would result in intersection with the repository.
given an igneous event centered on x.y, a distance 1, from the repository boundary. The
probability that the Igneous event of half-length, L, will exceed 1, at an azimuth between tP,
and q2 depends on the probability density functions IL(/) and faP) for igneous event half-
length and azimuth, respectively.

This characterization of area affected by igneous events must be modified further
depending on the type of event considered. Defining igneous events as volcanic vents or
vent alignments may result in a probability estimate for volcanic disruption of the
repository, if the frequency of vent formation along the alignment is included in the
calculation. The length of the vent alignment is taken as the distance between the centers
of the first and last volcanoes in the alignment. For example. the length of the Amargosa
Aeromagnetic Anomaly A alignment of three vents is 4.0 km (Figure 9, pg.97). The length
of the Quaternary Crater Flat alignment of five vents is 11.2 km. based on the distance
between southwest Little Cone and Northern Cone (Figure 7, pg.95). Six vents occur
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along the 3.6-km Pliocene Crater Flat alignment. Average vent density along these
alignments is on the order of 0.5-2.0 vents per km. This vent density suggests that, if an
alignment defined by the distance between the first and last vents in the alignment
intersects the repository. a vent will likely form within the repository boundary as a result
of this intersection.

Uncertainty increases considerably when the functions fL(I) and ,,(ip) are introduced
because these functions must be estimated from limited YMR geologic data. If the
igneous event is defined as the development of a vent or vent alignment, mapped vent
locations are useful in constraining the functions 1,(q)) and fL(). Considering Piio-
Quatemary volcanism in the YMR, six igneous events consist of the formation of Isolated
vents, and four Igneous events resulted in the formation of vent alignments (Figure 15,
pg.103). Of these four vent alignments, two are leE . than 4 km long, the Pliocene Crater
Flat vents and the Sleeping Butte vent pair. The Amargosa Aeromagnetic Anomaly A
alignment is slightly longer than 4 km. The Quatemary Crater Flat alignment, one of the
youngest and most important volcanic events in the YMR, is also the longest alignment,
approximately I1 km long. Although these data provide an idea of the range of alignment
lengths possible In the YMR, they are not sufficient to estimate a probability distribution for
vent alignment lengths, j(1).

In order to compensate for the lack of data within the YMR, analog information can be
used. Draper, et al. (1994) note that approximately 30 percent of the vents in the San
Francisco volcanic field form alignments. The remaining vents are isolated and appear to
have formed during independent episodes of volcanic activity. This value appears
comparable to the ratio of vent alignments to individual vents in the YMR. Data on vent
alignment lengths from other volcanic fields suggests vent alignments may be
considerably longer than the Quatemary Crater Flat alignment. For example, Connor, et
al. (1992) identified vent alignments >20-km long in the Springerville volcanic field,
Arizona. Vent alignments of comparable or greater length have been Identified in the
Michoacdn-Guanajuato volcanic field, Mexico (Wadge and Cross, 1988; Connor, 1990),
and the Pinacate volcanic field, Mexico (Lutz and Gutmann, 1995). Smith, et al. (1990)
suggested alignments may be up to 20 km long, with a lower probability of 40-km-long
alignments, based on mapping in the Lunar Crater, Reveille Range, and San Francisco
volcanic fields. None of these authors, however. developed distributions for vent
alignment lengths in these areas. Furthermore, it is not clear that the conditions for vent
alignment formation and factors controlling vent alignment length are directly comparable
between these different regions and the YMR. As a result, estimation of the distribution
function for fjl) for YMR vents and vent alignment formation is extremely uncertain.

However, given these caveats, the probability density function for event length can be
expressed as:

1.1 0o

fill) : , ( 17)
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By this definition, 50 percent of igneous events have zero length and only disrupt the
repository f they tall within the effective area of the repository. The remaining 50 percent
of igneous events form alignments that affect areas up to a distance tout from the point
x~y. This percentage assigned to zero-length igneous events is a source of uncertainty in
probability estimates and is not well constrained by available data. The probability density
function is construed to be a uniform random distribution between 4, and I.,, because the
distribution of alignment lengths is so poorly known.

Using this definition of f,(1), probability estimates of irtersection of the repository. given an
event at xy, will not be strongly dependent on 4/, compared to 4.,. The value of 4.s, can
be chosen as 5.6 km, taking the Quaternary Crater Flat alignment as the maximum
alignment half-length. Given observations in other volcanic fields, however, U,,, may be
10 km or more.

The distribution function for azimuth of alignments or dike zones, 1,(q), is better
constrained by the data on vent alignments, regional stress distribution, and the
orientations of high-dilation tendency faults. Three of the alignments in the YMR trend
0200 to 0300, perpendicular to the least principal horizontal compressional stress in the
region, 028° (e.g., Morris, et al.. 1996).

Under these circumstances, f,(q) may vary over a narrow range. For example.
.4,( = U [020-. 03501 (18

Alternatively, tO(T) near the repository may respond to the distribution of fault orientations
(Figure 16, pg.104) if ascending magmas tend to exploit faults as low-energy pathways to
the surface (Conway, et al., 1997; Jolly and Sanderson, 1997).

Other definitions of igneous events attempt to capture the probability of igneous intrusions
intersecting the repository boundary (Sheridan, 1992; Geomatrix, 1996). Igneous
intrusions commonly form anastomosing networks at shallow levels in the crust, forming
multiple dike segments at a given structural level (e.g., Gartner and Delaney, 1988).
Consequently, a term may be added to Eq. (16) to account for the width of igneous
events, such as the width of the dike swarm formed during Igneous intrusion:
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where tw(w) is a probability density function describing the half-width of the igneous event.
which may be a significant fraction of the half-length, and w, is the shortest distance to the
repository boundary perpendicular to the event azimuth, for a given azimuth and event
length. Numerous individual dikes, dike segments, and sills may be located within this
zone. Little is known about the distribution fw(w). In Pliocene Crater Flat, the hall-width of
the dike swarm appears to be on the order of 200 m. In contrast. Gartner and Delaney
(1988) mapped dike zones up to 5 km wide (W= 2.5 km) in the San Rafael volcanic field
(Figure 8. pg.96).

Given the spatial density of these igneous features, it is conservative to consider
intersection of the area defined by Eq. (19) with the effective repository area as resulting



In igneous disruption of the site. This definition of an igneous event, however, does not
necessarily result in direct transport of radioactive waste to the surface by erupting
magma.

4.1.4.4 Summary

All probability models for volcanic disruption of the proposed repository rely on estimation
of parameters to bound the temporal and spatial recurrence rates and magnitudes of
Igneous events. Ranges of these parameters adopted in the volcanic hazard analysis
must be justified using geologic data and models. Estimation of the temporal recurrence
rate relies on the frequency of past volcanic events in the YMR. These past recurrence
rates indicate volcanism has persisted throughout the Pliocene and Quatemary at a low
recurrence rate compared to many other Basin and Range volcanic fields. Therefore,
such low temporal recurrence rates should be used to model probabilities. No evidence
exists to indicate that basaltic volcanism has ceased in the YMR. Because the time
elapsed since past volcanic eruptions within the YMR is short compared to common
repose periods, the YMR should be considered a geolcgically-active basaltic volcanic
field, with recurrence rates greater than zero. Conversely, recurrence rates in the YMR
are not as large as those in many other WGB volcanic fields, such as the Cima volcanic
field where at least 30 volcanic eruptions have occurred since 12 Ma. Current evidence
suggests that such an intense episode of volcanism is not likely in the YMR during the
next 10,000 yr.

The temporal recurrence rate must be specified based on the definitions of Igneous
events. The current staff estimates for these recurrence rates are 2-12 vlm.y. for
Igneous events defined as individual mappable units or vents and 1-5 vlm.y. for vents and
vent alignments. Staff concludes that new information presented in Wemicke, et al.
(1998) and Earthfield Technology (1995) does not warrant a significant revision of
recurrence rates used In NRC probability models. This new information, however, may
affect probability models used by DOE (e.g., U.S. Department of Energy, 1998b) and as
such will need to be addressed by DOE. The staff will continue to evaluate new
information to determine the effects that it may have on estimated temporal recurrence
rates. Temporal recurrence rate for igneous intrusions without volcanic eruptions is not
estimated because data Is not available to support such estimates. Based on analog data
(Delaney and Gartner. 1997) a factor of two or greater is probably ret enable.

Spatial recurrence rate varies across the YMR because of vent clustering and the
tendency for volcanism to recur within these clusters. For example, all Quatemary
volcanism in the YMR occurs in proximity to Pliocene volcanoes. Estimations of spatial
recurrence rate then must rely on patterns In past volcanic activity, which is done using
kernel models. Spatial recurrence rates of igneous events at the repository or elsewhere
on Yucca Mountain that are assumed to be at or near zero are not supported by existing
data. Yet, spatial recurrence rates of zero or a slightly larger than zero regional
background value are assumed at the repository in some models presented in Geomatrix
(1996). Staff conclude that the distribution of sparse events does not provide an accurate
basis to conclude that spatial recurrence rate within the repository boundary is zero or a
low background value. Spatial analyses (e.g., Connor and Hill, 1995) indicate that the
repository site is close to the edge of the Crater Flat cluster, within which most YMR
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Quatemary basaltic volcanism has occurred. A reasonably-conservative model would,
therefore, indicate that the spatial recurrence rate at the repository is greater than median
spatial recurrence rates across the YMR.

Similarly, areas affected by igneous events must be described using parameter
estimation, which will vary with the definition of igneous events. If igneous events are
defined as Individual mappable units and vents, then only those that erupt within the
effective area of the repository significantly affect performance. Vent alignment lengths
and orientations must be considered if igneous events are defined as vents and vent
alignments. Vent alignment length is poorly constrained by available data, but its effect on
probability is readily assessed using sensitivity studies. Alignment orientation Is well
constrained by the correlation between existing vent alignments and crustal stresses.
Areas affected by igneous Intrusions must be larger than areas affected by individual
alignments, but the parameter distributions are poorly constrained.

4.1.5 Probability Criterion 5

4.1.5.1 Acceptance Criterion

Estimates of the probability of future igneous activity in the YMR will be acceptable
provided that:

- The models are consistent with tectonic models proposed by NRC arid
DOE for the YMR.

4.1.5.2 Review Method

NRC staff should determine whether features of proposed probability models, such as
boundaries of volcanic source-zones, patterns of vent distribution. and recurrence rate of
igneous activity are consistent with tectonic models. It will be acceptable to use more
than one tectonic model (consistent with the available data) to obtain an upper bound on
probability. At a minimum, NRC staff should determine whether volcanic probability
models are consistent with the range of tectonic models discussed In th Structural
Deformation and Seismicity (SDS) 1(11 and used in resolution of other KTIs to assess
phenomena such as seismic source characterization and patterns of groundwater flow.

4.1.5.3 Technical Basis

Probability models need to be consistent with tectonic models proposed for the YMR.
Tectonic processes affect igneous processes across a large range of scales. Low
recurrence-rate basaltic volcanic activity in the Basin and Range may occur where
magmas are generated by decompression of fertile mantle during crustal extension (e.g.,
Bacon, 1982; McKenzie and Bickle. 1988). Magma ascent through the crust is enhanced
by crustal structures produced by extension, leading to correlation between basaltic
volcanism and structure across a range of scales. from the superposition of individual
faults and vents to the occurrence of entire volcanic fields at the margins of extensional
basins (Connor, 1990; Parsons and Thompson, 1991: Conway, et al., 1997). Volcanic
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hazard analysis of the proposed repository must quantity these often complex geological
relationships.

The relationship between structure and volcanism has been used to suggest both higher
and lower probabilities of volcanic disruption of the repository than are predicted using
spatio-temporal patterns in vent distribution alone (Connor and Hill, 1995). Smith, et al.
(19O0) suggested a narrow northeast-trending, structurally controlled source-zone cf
potential volcanism extends through the repository site, resulting in comparatively high
probabilities of volcanic disruption. Alternatively, structure models that exclude the
repository from volcanic source-zones result in comparably low probabilities. For
example, Crowe and Pery (1989) proposed the north-northwest-trending CFVZ, with an
eastern boundary located west of the repository site, effectively isolating the proposed
repository. Thus, wide variation in probability estimates is a direct result of the varying
ways in which these source zones have been drawn.

In the TSPA-VA, DOE uses source zones derived from Geomatrix (1996) to restrict the
origin of an initiating dike to locations west of the proposed repository she (U.S.
Department of Energy, 1998b). These source zones assume some fundamental
geological differences occur between Crater Flat and Yucca Mountain, such that initiating
igneous events are restricted to the Crater Flat source-zone. Although dikes of sufficient
length can propagate from the source zone through the repository, this modeling
approach biases, without sufficient basis, volcano locations away from the repository site
such that the mean annual probability of volcanic disruption is <10oo (U.S. Department of
Energy, 1998b; CRWMS M&O. 1998a).

Although these source-zone examples often are referred to as structural models, none are
defined by specific structural elements appearing on geologic maps or published
subsurface structural interpretations (U.S. Nuclear Regulatory Commission, 1 998c).
Much of the confusion regarding volcanism source-zones coL'!d be resolved If the
relationships between volcanism and structure are considered mechanistically and in light
of mapped YMR structural features. In the following, current understanding of these
relationships is discussed in terms of:

* Regional tectonic models of Yucca Mountain and surrounding geologic
features

* Mechanistic relationships between crustal extension and magma generation

* Local structural controls on magma ascent

4.1.5.3.1 Regional Tectonic Models

Yucca Mountain lies within the Basin and Range Province of the western North American
Cordillera; a province characterized by spatially-segregated regions of east-west
extension between zones of northwest-trending, dextral strike-slip or oblique strike-slip
faults. Coupled with the overall pattern of crustal extension and transtension are
numerous small-volume volcanic fields (Figure 17, pg.I05). Within this tectonic
framework, five viable tectonic models that describe the pattern of regional and local
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deformation around Yucca Mountain emerge from all those that have been proposed in
the geologic literature over the past two decades (Stamatakos, et al., 1997b). These five
models are:

* Half-graben with deep detachment fault

* Half -graben with moderate depth detachment fault

* Elastic-viscous crust with planar faults with Internal block deformation and
ductile flow of middle crust

* Pull-apart basin (rhombochasm or sphenochasm)

* Amargosa shear or Amargosa Desert fault system

In a broad sense, these five models can be considered in two general categories of
deformation. The first three are dominantly related to extensional deformation, and the
latter are dominantly related to strike-slip deformation. Moreover, the five models are not
mutually exclusive. Locally extensional-dominated deformation, within Crater Flat for
example, can exist within a larger region of transtensional deformation related to a pull-
apart basin.

In the deep detachment fault model (e.g., Ferrill. et al., 1996b), the Crater Flat-Yucca
Mountain faults are envisioned as soling Into the Bare Mountain fault at the base of the
seismogenic crust, at approximately 15 km depth (Figure 18a, pg.106). The faults at
Yucca Mountain accommodate strain within the hanging wall of the Bare Mountain fault.
This model is dominantly extensional and compatible with a regional strike-slip system in
which the Crater Flat-Yucca Mountain domain has largely dip-slip faulting, smilar to a pull-
apart basin. In addition, the model respects the geologic constraints on the timing of
deformation (i.e., variable dips of fault blocks with growth of tuff strata across faults that
were active during tuff deposition), as well as rollover in fault blocks. Restored cross-
sections, however, are more difficult to balance than with a moderatedepth detachment
fault.

The moderatedepth detachment fault model (Young, et al., 1992; Ferrill, et al., 1995;
Ofoegbu and Ferrill 1995) Is similar to the deep detachment model, but the Crater Flat-
Yucca Mountain faults sole Into a detachment fault at 5-10 km depth (Figure 18b,
pg.1O6). The detachment then terminates against the deeper, larger Bare Mountain fault.
The geometry of this model is the most reasonable for obtaining a balanced, restored
cross-section of the upper crustal section.

Both shallow and moderately deep detachment models may influence basaltic magmatic
activity in two ways. First, faults that sole into the detachment may serve as conduits for
magma ascent in the shallow crust, if these faults provide relatively low-energy pathways
to the surface (McDuffie, et al., 1994; Jolly and Sanderson, 1997). Second, dominantly-
extensional models result in large-scale density contrasts in the shallow crust. Relatively-
dense, PreCambrian and Paleozoic rocks dominate the upper crustal section west of the
Bare Mountain fault. East of the Bare Mountain fault, extension results in the formation of
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a half-graben and the upper crustal section is dominated by less-dense tufts and alluvium.
This broad, density contrast may influence rates of partial melting, a topic discussed in
Section 4.1.5.3.2.

Alternatively, Crater Flat-Yucca Mountain faults have been interpreted as planar to the
ductile middle crust (Fridnch, 1998). This is an extension-dominant model; fault dips do
not become more shallow with depth. This model, which serves as the conceptual basis
for the United States Geological Survey boundary element model (Stamatakos, et al.,
1997b), assumes the surface geometry of faults and fault blocks cannot be used to
constrain deformation at depth. Internal fault-block deformation and ductile flow (and
perhaps magma intrusion) at depth are assumed to compensate for variable fault-block
dips, which otherwise would produce large triangular-shaped gaps in the subsurface.

The pull-apart basin model envisions Crater Flat as a pull-apart basin that formed in a
releasing bend of a north-northwest-trending, regional strike-slip system (Minor, et al.,
1997; Fridrich, 1998). The pull-apart basin Is a haf-graben with a well-defined western
edge In the Bare Mountain fault, the diffuse set of Crater Flat-Yucca Mountain faults to the
east, and an eastern edge in western Jackass Flats. The regional strike-slip system
remains hypothetical, presumably buried beneath Amargosa Desert alluvium southeast of
the southern end of the Bare Mountain fault. The pull-apart model explains the vertical
axis rotation of the southern reaches of Crater Flat-Yucca Mountain (e.g., Hudson, et al.,
1994) as crustal-scale block rotations within overall regional dextral shear. This shear is
related to diffuse boundary Interactions between the North American and Pacific plates.
The model explains the north-northeast arcuate trend of Quatemary volcanic centers of
Crater Flat as an alignment along a Reldel shear within the basin.

Fridrich (1998) has proposed two versions of this model. In the rhombochasm version of
the pull-apart model, the basin-bounding, strike-slip fault trends north-northwest out of
Crater Flat and is concealed beneath the Timber Mountain-Oasis Valley calderas. In the
sphenochasm version, the northern extent of the bounding strike-slip fault is pinned at the
northern end of Crater Flat. Strike-slip deformation increases south and east from the pin
point. In response, the basin fans open to the south, and extension on basin bounding
normal faults Eke the Bare Mountain fault increases southward (Scott, 1990; Stamatakos,
et al., 1997a).

The Amargosa shear model is similar to the rhombochasm model, with Crater Flat
representing a diffuse dextral shear-zone along a major north-northwest-trending crustal
shear (e.g., Schweickert and Lahren, 1997). The shear zone extends northward along a
hypothetical strike-slip fault extending north-northwest from Crater Flat beneath the
Timber Mountain and Oasis Valley calderas. The lack of offset of these calderas is
explained as diffuse detachment of the tufts from underlying crust, in which offset is
absorbed by horizontal faults within the tuft layers (Hardyman and Oldow, 1991). The
southern extension of the shear links with the Stewart Valley-Staie Line fault. Total length
of the fault and shear zones is greater than 250 km.

The Crater Flat shear zone includes the motion on faults within weste.n Bare Mountain,
the vertical axis rotation within southern Yucca Mountain, and the sites of volcanic activity
in Crater Flat. The Ouatemary cone alignment is believed to represent a Reidel shear
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oblique to the main shear axis. Based on a palinspastic reconstruction between southern
Bare Mountain and the Striped Hills, this model calls for >30 km of right-lateral offset
along the southern extension of this shear since 11.5 Ma (Schweickert and Lahren, 1997).
This aspect of the model is suspect because of disparate exhumation ages for Bare
Mountain and the Striped Hills, based on fission-track ages (Ferrili, et al., 1997) and
paleomagnetic results (Stamatakos, et at., 1997c).

Strike-slip-dominated models have been used to infer an entirely different basis for
distribution of volcanoes in the YMR other than purely-extensional models. For example,
Schweickert and Lahren (1997) envision a relatively-uniform melt generation region
beneath the YMR. In these circumstances, crustal structures such as Reidel shears in
pull-apart basins allow magmas to ascend to the surface. Fridrich (1998) also proposed
that tensional structures control the ascent of magma through the crust and that
volcanism will be limited to areas where these tensional structures exist. Some source-
zone probability models (e.g., Crowe and Perry, 1989) propose that Yucca Mountain lies
outside of pull-apart basins, and, therefore, the probability of volcanism at Yucca Mountain
is extremely low, compared with Crater Flat As noted above, however, the strike-slip fault
on the eastern edge of the pull-apart has not been mapped or identified. This lack of
direct geologic evidence for a bounding fault on the east side of Crater Flat basin greatly
reduces the confidence with which such source zones for basaltic volcanism can be
drawn.

The amount of vertical axis rotation exhibited by Paintbrush and Timl X. Mountain
formation tifs is used by Fridrich, et al. (1999) to define rotational dtirm, Ins within the
Crater Flat basin. They observe that 10. Ma basaltic volcanisrr Is . rincted to domains
with more than 20° of vertical axis rotation. Although O'Leary (1996, r ; 87) concludes
that volcanic activity is not correlated with degree of vertical axis rotatiot., Fridrich, et al.
(1999) and CRWMS M&O (1998a) use this degree of vertical axis rotation to define
volcanic source-zones that restrict the proposed repository site from areas of future
volcanism. As shown by Minor, et al. (1997) and Hudson, et al. (1994), vertical axis
rotation Initiated between 11.6-11.45 Ma during emplacement of Timber Mountain tuffs.
Recent studies by Stamatakos and Ferrill (1998) measured direction of remnant
magnetization for 11.2 t 0.1 Ma basalt In southern Crater Flat (Figure 7, pg.95). These
basalts overlie Timber Mountain tufts that are rotated about 400 clockwise (Hudson, et al.,
1994; Minor, et al., 1997). In contrast, the 112 Ma Crater Flat basalts have a <10"
counterclockwise rotation (i.e., Stamatakos and Ferrill, 1998), coincident with the minor
vertical axis rotation measured in nearby 3.8 Ma Crater Flat basalt (i.e., Champion. 1991).
Thus, the tectonic deformation that produced the significant vertical axis rotations
occurred prior to eruption of basalt at 11.2 a 0.1 Ma. and these basalts erupted in a
different tectonic regime than present during Timber Mountain tuff emplacement. The
dikes emplaced near Solitario Canyon have a poorly constrained age (Appendix A)
between 10.0 t 0.4 and 11.7 t 0.3 Ma but represent the same period of post-caldera
volcanic activity. as the 11.2 t 0.1 Ma southern Crater Rat basalt (Perry, et al., 1998). The
Solitano Canyon dikes were emplaced in Tiva Canyon Tuff, which has experienced no
significant vertical axis rotation at the dike locations (Hudson, et at., 1994: Minor, et al.,
1997). In contrast, many other areas to the south and west contained Tiva Canyon Tuff
that had experienced up to 40-' of vertical axis rotation. Thus. the degree of vertical axis
rotation, which was formed prior to the basalt emplacement, did not define a structural
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domain that somehow controlled the location basaltic volcanic activity around 11 Ma (i.e.,
O'Leary, 1996). Although the locus of <12 Ma basaltic volcanic activity is in southwestern
Crater Flat, coincident with the most likely zone of maximum crustal extension (e.g., Scott.
1990; Hudson. et al., 1994 ), volcanism clearly Is not restricted to only areas of the highest
crustal extension or vertical axis rotation. Models that define volcanic source-zones based
on degree of vertical axis rotation (e.g., Fridrich, et al., 1999; CRWMS M&O, 1998a) do
not appear supported by available data.

Geophysical data for Yucca Mountain also provide some constraints on tectonic models
and associated volcanic source zones. These data and associated models consistently
show the Bare Mountain fault as the western boundary of the Crater Flat structural basin.
Seismic reflection data In Brocher, et al. (1998) places the eastern bounding faults to
Crater Flat structural basin significantly east ot the Solitario Canyon fault, in the general
vicinity of the Ghost Dance fault. Earthfic'id Technology (1995) provides a detailed
evaluation of YMR aeromagnetic data within the limits shown In Figure 11, pg.99.
Magnetic basement maps In Earthfield Technology (1995) depict the eastern boundary of
the Crater Flat structural basin in the area of the Paintbrush Canyon Fault. Minor, et al.
(1 997) use a pronounced gravity gradient east of Fortyrmile Wash to define the eastern
boundary of the Crater Flat structural basin. Although the eastern boundary of the Crater
Flat structural basin is often diffuse In these geophysical and tectonic models, these
models clearly locate the proposed repository site within the Crater Flat structural basin.
Consequently, volcanic source-zone models that localize volcanism awty from the
proposed repository site do not appear consistent With available geophysical data or
tectonic models. Similarly, volcanic source-zone models that localize volcanism to
narrowly defined zones intersecting the proposed repository she also do not appear
consistent with available geophysical data or tectonic models.

Elements of the above tectonic models are not mutually exclusive. For example,
predominately-strike-slip deformation may have given way to predominantly-extensional
deformation as regional shear resulted in rotation of the direction of maximum horizontal
compressional stress relative to fault planes. In light of these models, it is appropriate to
consider P.'echanistic relationships between crustal extension In the YMR and basaltic
magma generation. These relationships rely on a physical Uink between regional
extension of the brittle crust and magma production deeper in the lithosphere.

4.1.6.3.2 Mechanistic Relationships Between Crustal Extension and Magma
Generation

Crustal extension controls or strongly influences basaltic magmatism in the WGB (e.g.,
Leeman and Fitton, 1989; Lachenbruch and Morgan, 1990; Pedersen and Ro, 1992).
Magmas that originate In WGB lithospheric mantle, including those of the YMR, were
likely produced through decompression melting associated with extension (Farmer, et al.,
1989; Hawkesworth, et al., 1995). Decompression melting is favored in zones of mantle
lithosphere that have been previously enriched in incompatible elements, which enables
nelt formation at lower temperatures (e.g., McKenzie and Bickle, 1988). Based on
mineralogical phase relationships and geochemical studies, decompression-induced
lithospheric melting likely occurs at depths between 40-0 km (Takahashi and Kushiro,
1983; Rogers. et al.. 1995). Extension and associated crustal deformation will produce

47



local changes in lithostatic pressure at the base of the crust. Variations in lithostatic
pressuire produced through this extension may decompress enriched zones in lithospheric
mantle sufficiently to partially melt and produce basaltic magma. Thus, lateral changes in
lithostatic pressure across the YMR may control areas of future igneous activity.

Crustal extension has resulted in large density differences in the upper 5-6 km of the
crust in the YMR due to the displacement of Paleozoic and PreCambrian rocks across the
Bare Mountain fault, the formation of the Crater Flat basin, and subsequent deposition of
tuft and alluvium in Crater Flat (Figure 19, pg.107). The average density of a 5.6-km
column of rock beneath Crater Flat and Bare Mountain can be calculated from this cross-
section using average rock densities for the region (McKague, 1980; Howard, 1985). This
difference in average density Is 280 kg m 3 . Beneath this 5.6-km column, little density
difference is expected because any faulting that occurs below 5.6 km does not juxtarose
rocks of significantly-different densities. Given lithostatic pressure as:

z
PL f p(z)g da: (20)

0

where g is gravity (9.8 m/s2), p(z) is rock density at a given depth z, and zis the total
depth (5.6 km). this density difference in the upper crust produces a lithostatic pressure
difference between Bare Mountain and Crater Flat of approxImately 16 MPa at a depth
equivalent to the base of the Paleozoic section In Crater Flat. This lithostatic pressure
estimate excludes topographic effects, because these effects attenuate rapidly with depth
(Anderson, 1989).

Lateral changes in density at the surface, such as those produced by topographic
variations or the development of a basin, attenuate with depth because of changes In the
magnitudes of horizontal stresses relative to vertical stress as a function of depth. In this
case, lithostatic pressure Is best estimated as:

, = , -K3 , | a) (21)

where cA a,.,, and v are the orthogonal normal stresses.

Because of this attenuation, comparatively large-scale density variations are required to
create lateral pressure changes in the mantle. Furthermore, lateral density contrast in the
crust will cause lateral pressure changes in the mantle only if the Moho discontinuity is not
deflected as a result of isostatic compensation (Figure 20, pg.108). Isostatic
compensation is not likely because the scale of features like Bare Mountain and Crater
Flat are small compared to the scale of features normally compensated for by isostasy
(Anderson, 1989). Existing geophysical data (Brocher, et al., 1996) support a flat Moho
discontinuity in the YMR.

Bouguer gravity anomalies indicate that large-scale crustal density variations necessary to
produce pressure variation in the mantle at >40 km occur in the VMR (Figure 21, pg.109).
The gravity map is dominated by large, negative anomalies produced by Timber
Mountain-Oasis Valley calderas and a positive gravity anomaly associated with the
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Funeral Mountains. A north-trending area of largely-negative gravity anomalies extends
through Crater Flat and the Amarposa Desert.

These gravity data can be used to create an apparent crustal density map, following the
methods of Gupta and Grant (1984), and to inter changes in apparent lithostatic pressure,
APL, at comparatively-shallow depths. Construction of the apparent density, or AP,, map

ftrom the gravity data requires several assumptions:

* The gravity data must be on a regular grid. In this case, the gravity data were
interpolated to a regular grid using a minimum tension bicubic-spline gridding
algorithm.

v All density variation occurs due to lateral density variation between grid points.
Density is taken to be constant between the surface and a depth, Z. within
each grid cell. Density variations In the Earth below Zare not considered to
contribute to the gravity anomalies.

* The method assumes a horizontal ground surface. The YMR gravity data have
been reduced to a Bouguer anomaly, meaning density variations produced by
topography and altitude effects have been removed from the gravity map.
Using this data set results In lower density variation than expected, if
topography is factored into the calculation. However, topographic effects have
relatively-short wavelengths, do not produce significant pressure differences at
depths of magma generation, and, therefore, may be neglected.

Using the notation of Gupta and Grant (1984), the gravity anomaly at a point, Ag(xy1, at
the surface due to density variation at a point, Ap(4,Q.T) beneath the surface, is:

Mxy,0) { f I fi 2*(y dZ ) (22)
.-; .- _ & _V+(YqY(Z-rY ..

where G is the universal gravitational constant. Note that, in this formulation, density does
not vary as a function of depth. Al density variation is lateral, and the amplitude of the
gravity anomaly changes with depth of the anomalous mass only because of the change
In distance from the mass anomaly to the gravity meter. Only the vertical component of
the gravity anomaly is considered becausethis is measured by the gravity meter.
Differentiating with respect to zgives

-R(Xy°) - [ j~~j f otX~s+(v'-i (23)

then integrating across depth

Ag1xy.o) = G f f AP1 d - G f f ' dk (24)
~). /x(v-q s r -$(-+2

which expresses the change in gravity in terms of the horizontal distance between the
gravity meter and the density anomaly, and the average anomalous density averaged
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between the surface and depth Z Because all gravity variations are assumed to result
from lateral variations in density, the relationship between gravity anomalies and apparent
density anomalies can be expressed using a 21) Fourier transform of the gravity data.
The 2D Fourier transform of the gravity field is given by:

Agumv} = f fg(xy.O) exp+" I) dvdo
_ _ z ~~~~~~~~~~25)

where u and vare wave numbers. Gupta and Gram (1984) developed a simple filter to
relate density and gravity in the wave number domain, based on the wavelengths of
anomalies:

Ap(u.v) = x x Ag(u.v) 26)
2icG I -cxp

where
tj = JUi +. v' (27)

The inverse Fourier transform then yields apparent density in the spatial domain:

Ap(xy) E 2K-~ I - exp t A,(uy) dvdu (28

The change in lithostatic pressure across the map region is then
AP,(x.Y) aA PvY)Z (29)

where g is now the average gravitational acceleration, 9.8 m s ', and Zis the thickness of
the crust within which all density changes are assumed to have occurred. Again. no
significant density changes, In terms of overall change In lithostatic pressure, are
assumed to occur at depths greater than Z.

For Z= 5000 m, Ap(Xy,) varies from approximately -100 to +240 kg m 3 across the YMR
(Figure 22. pg.1 10). The apparent density contrasts across the Bare Mountain fault in
southern Crater Flat of 240-280 kg m ' are in agreement with density contrasts obtained
from the balanced cross-section and measured density values in the region (Figure 19,
pg.107). The most prominent feature of this map is the abrupt change in apparent density
from high values west of the Bare Mountain fault to low values east of the Bare Mountain
fault. Although this change is most abrupt adjacent to the Crater Flat basin, the apparent
density map also reveals that this change persists south of Bare Mountain into the
Amargosa Desert, and north of Bare Mountain. The apparent density map also shows
that this change in density across the Bare Mountain fault is a long-wavelength feature.
Apparent density values remain low east of the Bare Mountain fault for at least 50 km and
high west of the Bare Mountain fault to the edge of the gravity map (Figure 22. pg.1 10).

Because the magnitude of lateral pressure change will attenuate as a function of depth,
only long-wavelength density variations in the crust will produce pressure changes in the
mantle at depths of 40-80 km, the probable depth of magma aeneration in the YMR. The
magnitude of pressure variations resulting from crustal density contrasts calculated across
the Bare Mountain fault can be explored using finite element analysis. Based on a
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simplified geometric representation of the development of the basin, lateral pressure
variations on the order of 7 MPa are expected to occur at depths of 40 km (Figure 20,
pg. 108), attenuating to 2 MPa at a depth of 80 km, and Ad 1 MPa at 100 km. Mantle rocks
at depths of 40-100 km are under average Uithostatic pressures of 1000-3000 MPa. Thus,
a change of 2-7 MPa across the density discontinuity represents a small fraction of the
total pressure at that depth. This small difference reinforces the idea that extension and
deformation of the magnitude observed in the YMR can only result In renewed
magmatism if mantle rocks are already near their solidus (Figure 20, pg.108).

Observations of the distribution of volcanoes in the YMR suggest that these small.
lithostatic pressure differences are sufficient to generate basaltic melt. Pio-Quatemary
volcanoes lie in
the lower APL(xy) areas east of the Bare Mountain fault, as expected I decreases In
rthostatc pressure result in production of partial melts in the YMR. Nearly all of these

volcanoes occur within the gravity low, which, in part, defines the Amargosa Gravity
Trough (O'Leary, 1996) (Figure 21, pg.109). Topographically, Lathrop Welts cinder cone
les outside Crater Flat but, based on gravity data, is within the larger north-trending basin
and at the margin of the prominent basement low in southernmost Crater Flat.
Aeromagnetic anomalies (Langenheim, et at., 1993) in the Amargosa Desert produced by
buried Pliocene(?) basaits also lie within or at the margins of the southern extension of
this basin. The easternmost of these buried basalts lies close to the north-trending gravity
anomaly demarcating the eastern edge of the Amargosa Desert alluvial basin in this area.

These YMR volcanoes erupted In areas of lower AP,(xy) than expected If eruptions
occurred randomly throughout the map area. In fact, only one Plio-Quatemary volcano
erupted where APL(XY) >+2 MPa, and this volcano, Aeromagnetic Anomaly E (Appendix
A), erupted in a high gravity-gradient area along the southern projection of the Bare
Mountain fault. These observations suggest that long-wavelength density differences in
the YMR, dominated by displacement across the Bare Mountain fault and Its apparent
extension south into the Ainargosa Desert, are sufficient to produce the pressure changes
in the mantle that cause partial melting and volcanism.

This lithostatic pressure model suggests a correlation between the timing of extension and
the timing of volcanism. Magma generated in response to extension, resulting in
Quaternary volcanism within vent clusters formed by Miocene and Pliocene basaltic
volcanism, occurred because mantle rocks beneath these regions were near their solidus
and partially melted when comparatively small amounts of extension took place. A given
rate of extension will result in the greatest rate of change In mantle pressure directly
beneath the lateral change In crustal density, such as at the Bare Mountain fault. Thus,
with continuing extension, mantle in the region of this inflection has the greatest
opportunity of producing partial melts as a result of a given amount of crustal extension.
Episodes of extension and basaltic volcanism may correlate temporally, because pressure
variations in the mantle will likely equilibrate due to ductile flow over time. In other words,
pressure changes in the mantle that result from crustal extension will be transitory.
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Change in lithostafic pressure also affects magmatism, because magmas ascend by
buoyant rise. The buoyancy forces acting on the magma are equivalent to the hydrostatic
pressure gradient, given by Uster and Kerr (1991) as:

z
Pt= f.pjzI - p 3g,)g d: (30)

0

where p,,k and p,,,, are densities of rock and magma, respectively, g is gravitational
acceleration, and Zis the depth of magma generation. Rock density vanes as a function
of depth, most dramatlcaUy at the Moho. Because the dansity of magma is typically less
than that of mantle, but greater than most crustal rocks, a level of neutral magma
buoyancy exists In the crust. An isolated pod of magma above the level of neutral
buoyancy sinks and a pod below the level of neutral buoyancy rises. Magmas fed by
conduits respond to the integrated hydrostatic pressure along the conduit but also have
flow chanicteristics that respond to the local hydrostatic pressure. Thus, dikes propagate
laterally above the level of neutral buoyancy (Lister and Kerr, 1991). The level of neutral
buoyancy is deeper In the crust beneath basins than beneath mountains. As Quatemary
basalts in the YMR demonstrate, basalts do not stagnate in the alluvia? basins as they rise
through them because hydrostatic pressure Is Integrated over the depth from origination
of the melt. Longer dikes and dike swarms. however, preferably form in these alluvial
basins because of the basins comparatively low lithostatic pressure. Thus, from the
perspective of volcanic hazards analysis, understanding changes In Othostatic pressure
across the region constrains areas of likely melt generation and areas of likely dike
propagation above the level of neutral buoyancy.

4.1.5.3.3 Local Structural Controls on Magma Ascent

Observations In the YMR Indicate a strong correlation between structure and volcanism.
These observations Include vent alignments (Smith, et al., 1990; Connor, et al., 1997) and
cinder cones along faults (Section 4.1.4 and Connor. et al., 1997). These observations
suggest that structural influences should be considered In PVHA of the proposed
repository.

Basaltic magmas are transported from the mantle to higher levels in the crust or to the
surface by igneous dikes. Propagating dikes, like other hydraulic fractures. typicafly form
perpendicular to the least principal stress and parallel to the principal horizontal stress in
extensional terrains (Stevens, 1911; Anderson, 1938).

Under some conditions, preexisting faults or extension fractures serve as pathways for
magma instead of propagating a new dike-fracture. Assuming that a pre-existing fault or
extension fracture has no tensile strength, pre-existing fractures dilate (i.e., capture
magma) If the fluid pressure exceeds the normal stress resolved on that fracture
(Delaney, et al., 1986; Reches and Fink, 1988; Jolly and Sanderson, 1997). The
likelihood of dilation and capture Is controlled by the magnitude of the three principal
stresses (al, %, cA, fluid pressure, and orientations of pre-existing fractures in the in situ
stress field.
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The ability of any fault or fracture to dilate during magma injection is directly related to the
normal stress acting across the fracture. Assuming cohesionless faults, the relative
tendency for a fault of a given orientation to dilate in a given stress state (i.e.. dilation
tendency) can be expressed by comparing the normal stress acting across the fault with
the differential stress (e.g.. Morris, et al., 1996).

Dilation tendency of the fault is expressed as:

(aI- ,,)

where a, and a3 are the maximum and minimum compressional stresses, respectively,
and a, is the normal stress acting across the fracture. Faults with Td greater than some
threshold value, such as 0.8, are considered to 'ave a high-dilation tendency (Morris, et
al., 1996). A Schmidt plot of dilation tendency and fault poles indicates that, in the YMR
region, faults oriented 355o085a with dips >50 have a high dilation-tendency (Figure 23,
pg.111).

In the YMR region, a, is vertical. 02 is horizontal and oriented 028-, and 03 is horizontal
and oriented 2980 (Morris, et al.. 1996). The relative magnitudes of 1,:02:0, are
estimated to be 90:65:25. As a result of this stress pattern, steeply-dipping, north-
northeast-trending faults have a greater dilation tendency than faults of other orientations.
Areas with higher concentrations of high dilation-tendency faults, therefore, are more
likely to be the areas of volcanic activity. Cinder cone alignments form over prolonged
periods of time if high dilation-tendency faults repeatedly serve as conduits for magma
ascent (e.g., Conway, et al., 1997). McDuffie, et al. (1994) provide analytical results that
show that the ability of a fault or fault zone to redirect ascending magma depends on the
depth at which the dike Intersects the fault and the dip of the fault zone. Only high-angle
faults with dips greater than 4G-50" are capable of dike capture at depths below 1 km. At
depths of 10 km. faults dipping at angles less than 704 do not provide low-energy
pathways to the surface, comparsd to vertical dike propagation.

Steeply-dipping, high-dilation-tendency fauits in the YMR include many faults that bound
the Yucca Mountain block, such as the Solitario Canyon and Ghost Dance faults. The
Solitprio Canyon fault adjacent to the repository site hosted dike injection at approximately
10.S Ma. Moreover, the Solitatio Canyon fault extends to the detachment fault at depths of
5-10 km (Figure 17. pg.105). The distribution of faults with relatively high potentials for
acting as magma conduits can be inferred from geologic mapping. In areas of alluvial
cover, gravity and magnetic data provide the best indication of the distribution of these
faults (e.g.. Connor, et al., 1996).

4.1.5.4 Summary

Tectonic setting is important to consider in volcanic hazard analyses at several scales.
On regional scales, crustal extension results 'n changes in pressure in the mantle and
gives rise to partial melting. Extension also results in the formation of dip-slip fault
systems, which serve as conduits for magma rise. On local scales and at shallow depths,
individual dikes may propagate along faults that have high dilation-tendencies and dike



lengths may be controlled in part by local lithostatic pressure. Field investigations in the
YMR have shown that all of these factors operate in the YMR, partially controlling the
distribution and timing of basaltic volcanism.

Sufficient evidence exists to Indicate basaltic volcanism in the WGB is linked to crustal
deformation. Currently, several tectonic models are in use for the YMR, including detachment
fault, simple horst and graben, Amargosa shear, and pull-apart models. Some commonality
exists among these models with regard to basaltic volcanism. In particular, all of these models
evaluate Crater Flat as an extensional haff-graben, bounded on its western margin by the Bare
Mountain fault. Although the eastern boundary of the Crater Flat structural basin is diffuse, most
workers interpret this boundary east of the proposed repository site, usually between the Ghost
Dance fault and the Fortymile Wash/Jackass Flat area. This structural basin appears to localize
basaltic volcanism since about 12 Ma. Detachment fault, pull-apart, and Amargosa shear
models all characterize the Bare Mountain fault as a major structure, transecting the brittle crust.
The occurrence of the Bare Mountain fault can Impact basaltic volcanism at several scales. On
a regional scale, the Bare Mountain fault creates a substantial density contrast in the brittle
crust. This density contrast causes changes in lithostatic pressure in the mantle that may induce
partial melting. The Bare Mountain fault also may serve as a conduit for magma ascent through
the brittle crust. The planar fault model is closer to a classical Basin and Range model of horst
and graben formation (e.g., Stewart, 1971) than other tectonic models proposed for the YMR.
However, this model shares elements with the other tectonic models in that the Bare Mountain
faull -s a major structure and Crater Flat basin is formed by extension (U.S. Nuclear Regulatory
Commission, 1998c). Regardless of ultimate deformation mechanism, most of the tectonic
models proposed to date include Yucca Mountain in the same structural domain is Crater Flat
'Young, et al., 1992; Hudson, et al., 1994; Ferrill, et al., 1995; Ofoegbu and Ferrill. 1995;
Schweikert and Lahren, 1997; Minor, et al., 1997; Stamatakos, et al., 1997a). Staff conclude
that these models and available geophysical data reasonably demonstrate that the proposed
repository site is located in the same structural domain that contains the <12 Ma basalts in
Crater Flat basin. Although the locus of <12 Ma basaltic volcanic activity cledrly lies southwest
of the repository site, staff conclude that past patterns of igneous activity in Crater Flat basin
accurately reflect the structural setting governing the likely locations of igneou: activity during
the next 10,000 yr. Probability models that restrict the location of future volcanism to sub-zones
within the Crater Flat structural basin are not supported by available geophysical data or most
structural models used in other aspects of the Yucca Mountain project (U.S. Nuclear Regulatory
Commission, 1998c).

Results of a number of analyses indicate that incorporation of tectonic models into probability
studies increases the probability of vole-'nic disruption of the proposed repository site compared
to models that do not account for tMe tectonic setting of the site explicitly (Connor, et al., 1996;
Hill, et al., 1996). This result primarily reflects the fact that Yucca Mountain is structurally part of
the Crater Flat basin, with high dilation-tendency faults bounding and penetrating Yucca
Mountain itself. Because of the presence of these structures, the lower limit on probability is
represented by the nonhomogeneous Poisson models that do not incorporate structure.
Probability models that incorporate tectonic features (e.g.. the modified. kernel model) are similar
to some source-zone models in that the probability surface is elongate in a north-nor'iwest
direction, similar to the CFVZ proposed by Crowe and Perry (1989). The same tectonic features
that enhance the probability of volcanism in Crater Flat, however, increase the probability of
volcanism at Yucca Mountain. albeit to a lesser degree.



On local scales and at shallow depths, individual basaltic dikes may propagate along faults that
have high-dilation tendencies. Dike lengths may be, in part, controlled by local hydrostatic
pressure. Field inv stigations in the YMR have shown that all of these factors may operate in
the YMR, partially controlling the distribution and, possibly, the timing of basaltic volcanism.
There is general agreement thay volcano distribution is affected by local structural control. Dikes
and vent alignments tend to be oriented northeast throughout the region, in response to
horizontal stresses in the crust. Northeast trends have been accounted for in most analyses
(e.g., Geomatrix, 1996; Smith, et al., 1990; Connor, et al., 1997).

4.1.6 Probability Criterion 6

4.1.6.1 Acceptance Criterion

Estimates of the probability of future Igneous activity in the YMR will be acceptable provided that:

- The probability values used by DOE in performance assessments reflect the
uncertainty in DOE's probabilistic volcanic hazard estimates.

4.1.6.2 Review M4ethod

NRC staff should review these probability values in light of the range of values used in the
literatuwe for the YMR and comparable volcanic fields. At a minimum, NRC staff should evaluate
probability models by tasting their sensitivity to uncertainties about the past distribution of
volcanic vents, the recurrence rate of volcanism, and the relationship between igneous activity
and tectonism. Probability models must be sufficiently robust to reasonably approximate the
current distribution of volcanoes. Probability values need to have estimates of the uncertainties
assciated with calculated values in order to be acceptable. Uncertainty for reported probability
values needs to incorporate both the precision of the y robability model (e.g., influence of
parameter uncertainty on the range nf model results) and accuracy of the probability model (e.g.,
how well does the model predict the locations of volcanoes). Also, I a conservative value of
probability is used in performance assessment, then the reasons why this value is considered to
be conservative should be clear and transparent.

4.1.6.3 Technical Bases

One of the difficulties inherent in the PVHA of the proposed repository is that the small number
of volcanoes in the YMR makes it difficult to evaluate models quantitatively. Application of
probability models in other volcanic fields (e.g., Condit and Connor, 1996) provides one method
of evaluating probability models applied to the YMR. A second, equally important approach to
model evaluation Is to apply a range of models to estimate the probability of igr.eous events
affecting the proposed repository and evaluate the sensitivity of probability estimates to bound
the range of models. In the following, such a sensitivity analysis is perfo.rmed os a range of
models. The models differ primarily in how igneous events are defined and how more realistic,
but often less well-constrpined, geologic processes are included in the analysis. These
probability models are based ol:

a Individual mappable eruptive units and verts



V Vents and vent alignments

* Vents and vent alignments with regional tectonic control

* Igneous intrusions

In the following, annual probabilities of igneous events are calculated and compared, using
these models and a range of parameters for recurrence rate and area affected by volcanism.

4.1.6.3.1 Individual Mappaole Eruptlve Units and Vents

Individual mappable eruptive units and vents were used by Connor and Hill (1993, 1995) to
estimate the probability of volcanic eruptions at the site. This definition of igneous events
involves the fewest assumptions about volcanism, resulting in a straightforward sensitivity
analysis.

Assuming that the probability of more than one event in a given year Is small, the annual
probability of volcanic eruptions within the repository boundary is given by:

Pivolcanic eruptions within repository boundary] 1 -expl-1, x, A,) (32

where A, is the annual regional recurrence rate of volcanic vent formation. A, is the effective
repository area (Geomatrix, 1996). and A, is the spatial recurrence rate of volcanic eruptions at
the repository, given a volcanic event in the region. Using a Gaussian kernel:

A.,Ix~y) -- 2 | exp 332&h 2N"vi

where x.y is a Cartesian coordinate within the repository boundary, xK,,y. is the coordinate of the
center of an Igneous event, N Is the number of such Igneous events, and h is a smoothing
parameter Section 4.1.4.3). For the following calculations, Xryls 548500,4078500 and xy,
are in Universal Transverse Mercator coordinates (Appendix A). Based on the analysis in
Section 4.1.4.3, a smoothing parameter, h 2 5 km. is apropriate for the Gaussian kernel. An
effective repository area of 5.49 km is used in this analysis, based on the current repository
design (Figure 7, pg.95) and a 50-m buffer zone about the repository perimeter. The number o'
igneous events, N, depends on whether Pliocene and Quaternary or only Ousternary volcanoes
are considered in the probability estimate.

Eight igneous events have occurred in the YMR during the Quatemary, ift these events Are
defined as individual mappable eruptive units and vents. Connor and Hill (1995) used this
definition for igneous events and varied recurrence rates between 5-10 v/m.y. Here, we model
a range of 2-12 vlm.y. A recurrence rate >12 v/m.y. would signal a marked increase in activity
compared to other WGB volcanic fields. Recurrence rates in the Cima volcanic field. California,
which is one of the most active basaltic volcanic fields in the WGB, are on the order of 30 v/m.y.
(Turrin. et al., 1985). Comparable rates of basaltic voicanism have not occurred during the Plio-
Quatemary in the YMR, with the possible exception of in the Funeral Formation. Rates of less
than 2 v/m.>. would signal a marked decrease in magmatism in the YMR. No evidence currently
available suggests such a decrease is likely. Therefore. the assumption that such a decrease in
regional recurrence rate will occur can not be supported for the volcanic hazard analysis.
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Estimated probabilities using this model are sensitive to temporal recurrence rate of igneous
events in the YMR, Ah and choice of h in the calculation of A, (x.y) (Figure 24, pg. 112). Based on
these parameters, the annual probability of volcanic eruptions within the repository boundary is
between 0.5 x 10 I and 3.5 x 10 '. Probabilities are slightly higher if the distribution of
Quaternary volcanoes is considered in estimation of A,, rather than the distribution of Plio-
Quatemary volcanoes, because Quaternary volcanoes are, on average, located closer to the
repository site. These values are quite close to those calculated by Connor and Hill (1995) using
Epanechnikov kernel and nearest-neighbor estimators of spatial and spatio-temporal recurrence
rate. Connor and Hill (1995) used A, = 8 km2 and estimated annual probabilities of volcanic
disruption of the site between 1 x 10 S and 5 x 10'.

4.1.6.3.2 Vent Alignments

If igneous events are defined as vents and vent alignments, probability of volcanic eruptions
within the repository boundary Incorporates distance and direction of an igneous event centered
at a point. xy, from the repository boundary. The probability of an igneous event centered at x~y
is given by:

P., ( igneous event at x,yv zI -exp(- ,).AxAy) (34

where A, is the regional recurrence rate and A, is the spatial recurrence rate at point x~y,
calculated using the Gaussian kernel [Eq. (33)]. In practice, A, is calculated on a grid of points
with map extent X,Yand grid spacing Ax, by. This probability Is then weighted by the probability
that an igneous event centered at xy, or occurring within Ax, Aywill result in a volcanic eruption
within the repository boundary. For vent alignments in the YMR, the spacing of vents along the
alignments is small compared to the size of the repository (Section 4.1.3.2). Vent alignment
length is defined as the distance between the centers of the first and last vents on the alignment.
Therefore, the probability that an igneous event centered at xy will result In vent alignment
intersection with the repository boundary and subsequent volcanic eruption within the repository
boundary is:

P , [volcanic eruptions within repository boundary igneous event at x.y]

1. xm yEAr

_[m.X Imm -K I, Imaglg(3

0 ,, > I..

where ",", and Im, are the minimum and maximum alignment haff-lengths, respectively, and I, is
the distance from x,y to the nearest repository boundary along the direction of the alignment.
For this analysis, vent alignments are assumed to be oriented 028u, perpendicular to the
direction of minimum cornpressional stress in the YMR. Experimentation indicates that choosing
a range of values of alignment orientation between 0200 and 035° has a negligible effect on
probabilities of volcanic eruptions within the repository boundary. Probabilities are sensitive to
'ma which is varied over a range of values in the following analysis, but are not sensitive to the
selection of tmn which for the following calculations is 100 m. As indicated in Eq. (35), 50
percent of all igneous vents are not part of vent alignments in this model. The probability of
volcanic eruptions within the repository boundary is then:
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where x,, y, are on a rectangular grid of extent X,Yand grid spacing Ax. Ay.

Annual probability of volcanic eruptions within the repository boundary were calculated using
5200 m s 5s 10,200 m, and h = 5 and 7 km (Figure 25, pg.1 13). Based on nearest-neighbor
vent and vent alignment distances in the YMR, h 2 7 km is reasonably conservative (Figure 12,
pg. 100). Using three Quaternary Igneous events (Lathrop Wells, Quatemary Crater Flat,
Sleeping Butte), results in annual probabilities of volcanic eruptions within the repository
boundary between 1 x 10 ' and 3 x 10 ', assuming a regional recurrence rate of 3 v/m.y. A rate
of 5 vim.y. results in annual probabilities of 6 x 10S0.

4.1.6.3.3 Vent Alignments With Tectonic Control

For a more complete analysis, the above probabiBty estimates should be modified to incorporate
additional geologic controls on volcanism. Tectonism in the YMR has led to regional variations
In crustal density that may cause variation In rates of partial melting across the YMR
(Section 4.1.4.3). These variations are most apparent across the Bare Mountain fault. Plio-
Quatemary basaltic volcanism clusters east of this fault, in areas of anomalously low crustal
density. In contrast, basaltic volcanism since the mid-Miocene is apparently absent west of the
Bare Mountain fault and its syuthem extension Into the Amargosa Desert. Standard Gaussian
kernel functions do not take Into account these geologic details. As a result, the standard
Gaussian kernel [i.e, Eq. (33)) is too simple and overestimates probabilities of volcanic eruptions
in some areas, for example on Bare Mountain, and underestimates probabilities elsewhere In the
YMR.

The standard Gaussian kernel model developed above was modified by developing a weighting
function that accounts for crustal density. The model for basaltic volcanism in extensional
environments developed in Section 4.1.5.3 relates lithostatic pressure gradients in the mantle to
regional changes In crustal density caused by extension. As Illustrated In Figure 20, pg.108,
partial melting occurs where partial melting had occurred previously and close to active graben-
bounding faults where slip in the crust causes the greatest pressure change in the mantle.

Pressure change In the mantle is inferred conceptually from simple numerical models of mantle
stresses (Figure 20, pg.108). The weighting function can be estimated from the frequency of
volcanic eruptions as a function of crustal density. The distribution of this function, fxy), was
defined based on average crustal densities in the upper 5 km of the crust at the locations of
existing volcanoes, derived from application of the density filter to the gravity data set (Figure 26,
pg.1 14). The Gaussian kernel was then modified to estimate the recurrence rate of volcanism at
x,y:

K:; { ,I Vr-'~ -z-9 ilt - 3^7
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Introduction of the ratio at assures that the integral of the modified Gaussian kernel 'or a single
volcano over a large inap extent X,Y relative to the smoothing parameter, h, will be unity
[Eq. (5)]. The probabilities, however, are redistributed based on crustal density variations in the
vicinity of the volcano.

Comparison of the modified and standard kernels was made by contouring A,(xy) across the
YMR, using the distribution of Quaternary vents and vent alignments and h = 9,000 m. As
previously, N = 3 in this model, defined by Quatemary Crater Flat, Lathrop Wells, and Sleeping
Butte as the three Quatemary igneous events. In Figure 27, pg.115 Alx,y) is contoured across
the map region using Eq. (33). Given an Igneous event hi the region, there is a 68-percent
chance that the Igneous event will occur within this map area. The Sleeping Butte alignment lies
north-northwest of the mapped region (see Figure 4, pg.92). Larger values of Atx,y) Indicate
areas where igneous events are most likely centered. The largest values occur in southern
Crater Flat because of the proximity of Lathrop Wells and the Quatermary Crater Flat alignment.
In this area, Axy) varies between 8 x 1 0 volcanic events per square kilometer (v/km2) and
2 x 10 4 V/km2 .

Figure 28, pg.1 16 is based on the modified kernel [Eqs. (37) to (39)) using the same parameters
as used in the standard kernel calculation (N= 3, h = 9,000 m), but weighting the kernel using
crustal densities derived using Eqs. (22) to (29). Use of the modified kernel reduces the area of
the AAxy) surface at, for example, the 2 x 10'4 v/km2 contour and Increases the amplitude of the
surface. The Axy) surface also becomes asymmetric as a result of application of the modified
kernel function. Values of AJx.y) are greatest in southern Crater Flat, exceeding
1.2 x 10 3 v/km2, and decrease abruptly near the Bare Mountain fault. Probability values
decrease less abruptly on the eastern boundary of Crater Flat because crustal densities change
less rapidly on the eastern edge of the basin. This more gradual change in Axy) on the eastern
edge of the basin is consistent with the proposed model linking crustal extension and basaltic
volcanism (Figure 20, pg.108).

The annual probability of volcanic eruptions within the repository boundary increases when the
modified kernel function is used. Annual probability of volcanic eruptions within the repository
boundary was calculated using 5,200 mn s /... fs 10,200 m, and h = 7 km (Figure 29, pg 117).
Using the three Quaternary igneous events (Lathrop Wells, Quaternary Crater Flat, Sleeping
Butte) results in annual probabilities of volcanic eruptions within the repository boundary
between 3 x 10 a and 5.5 x 10 8, assuming a regional recurrence rate of 3 v/m.y. Including
Pliocene volcanoes in the estimation of A,(xy) decreases the annual probability at the repository
because many Pliocene volcanoes are located in the Ainargosa Desert. Annual probabilities
based on the modified kernel distribution and Plio-Quaternary volcanoes vary between 1.5 x 10 8
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and 3 x 10 e, comparable to the annual probabilities estimated using the standard kernel and the
distribution of Quaternary vents and vent alignments. The regional recurrence rate of vent and
vent alignment formation is poorly constrained in the YMR. Varying regional recurrence rate of
igneous events between I and S v/m.y. results in nearly one order of magnitude variation in the
annual probability of volcanic eruptions within the repository boundary. Using the modified
kernel model, h = 7 km, and 5,200 m s 41, f 10,200 m, annual probability of volcanic eruptions
Wthin the repository varies between 1 x 10 ' and 9 x 10 e (Figure 30, pg.1 18).

4.1.6.3.4 Igneous Intrusions

The probability of igneous intrusions, such as dike swarms, intersecting the repository is greater
than the probability of volcanic eruptions within the repository, because igneous intrusions must
have greater areas than vent alignments and most likely occur with greater frequency. All
alignments have associated intrusions but not all intrusions produce vent alignments. The
recurrence rate of igneous intrusions and their geometry, however, are so poorly constrained by
available data that these parameters are not estimated. Based on analogy with the San Rafael
volcanic fi3ld (Delaney and Gartner, 1997), probabilities of Igneous intrusion Into the repository
boundary may be two to five times the probability of volcanic eruptions within the repository
boundary. While such a value Is speculative it does provide a basis for development of an
interim probability value for Igneous intrusion intersecting the repository.

4.1.6.4 Summary

Annual probability of volcanic eruptions within the repository boundary varies between 10 ' to
10 7based on a range of models. This range accounts for varying definitions of Igneous events
and uncertainty in parameter distributions used to estimate probability. As discussed in Section
4.1.4.3.1 of this IRSR, staff conclude that the past patterns of volcanic activity accurately
represent volcanic recurrence rates for use in YMR probability models. Staff conclude that
strain-rate data presented In Wemicke, et al. (1998) or the anomalies identified in Earthfield
Technology (1995) do not provide a reasonable technical basis to conclude the volcanic
recurrence rates used within this IRSR have been underestimated significantly for the proposed
repository site. Additional basaltic centers identified in Magsino, et al. (1998) also will not affect
significantly an annual probability range of 10.6 to 10'. This, however, Is not the case with the
probability models provided within the Viability Assessment (DOE, 1998b) or supporting
documents. The event counts used in these various models would need to be re-evaluated,
based on the new data. As a strong reliance has been placed on the Probabilistic Volcanic
Hazard Assessment (Geomatrix, 1996), It Is impossible to say, without discussion with the
individual panel members, what this information would do to the event counts and factors for
undetected events used by the various panel members. At best, the staff consider the
recurrence rates, and hence the probability values, as lying at the low end of the range of
acceptable values.

Annual probabilities are generally between 1 x 10 ' and 3 x 10 8 for igneous events defined as
individual mappable units and vents. This definition of igneous events requires the fewest
assumptions about underlying parameter distributions but also neglects some features of vent
distribution that are important in the YMR. In particular, the formation of vent alignments is not
accounted for in this model. Defining igneous events as vents and vent alignments results in a
similar range of probability estimates for the annual probability of volcanic eruptions within the
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repository boundary, I x 10 to 6 x 10 8. Although recurrence rates are lower using this
definition of igneous events, the area affected by Individual events is greater. The distribution of
alignment length and regional recurrence rate of these igneous events Introduces the greatest
uncertainties into these probability models. Incorporating regional crustal density variation into
this model results in a model more closely linked to geologic processes. Based on the crustal
density models and similar models presented previously (Hill, et al., 1996; Connor, et al., 1996).
the annual probability of volcanic eruptions within the repository boundary Is between I x 10 8
and 9 x 10'. Probabilities of intersection of Igneous intrusions with the repository are likely
higher but cannot be confidently estimated from available geologic data. As a value is needed
for use In performance assessment, NRC will assume the rate is a factor of between 2 to 5
higher than for volcanic disruption. Finally. it is noted that this range of probability values, 108
to IO"7 arises from the application of a variety of models and a range of parameter distributions.
Nothing In the above analysis suggests that this range of probabilities has central tendency, that
the mean or median of this range of probabilities Is significant, or that high or low values in this
range are more or less likely. This situation arises because, at least at the current time, It is not
feasible to develop an objective basis for assigning likelihood to Individual models, due to both
lack of data and uncertainty In our understanding of the process. For the purpose of
performance assessment, the NRC will assume the value of IO ' for volcanic disruption of the
proposed repository site. As the NRC recognizes the potential effect on probabilities that the
nsw information discussed above could produce, based on the models used in this report, the
NRC sees no present basis for changing this value and considers that the new Information
further justifies the use of the 10i7 value.

The WGB, which includes Yucca Mountain, Is a magmatic province characterized by Quatemary
basaltic volcanism (Fitton, et al., 1991). At least 211 basaltic volcanoes <2 Ma occur in the
82,000 km' region defined by Amboy volcano, the Big Pine volcanic field, and the Lunar Crater
volcanic field (Figure 3, pg.91; Luedke and Smith, 1981; Connor and H1-l, 1994). Assuming that
volcanism is randomly distributed throughout this source-zone (cf. Crowe, et al., 1995;
Geomatrix, 1996), volcano recurrence rates are 1.3 s 10.1 yr1' km-". The annual probability of
volcanic disruption of any 5-km2 area (i.e., repository area) in this source zone Is thus 6 x 10 9.
This analysis overlooks the fact that volcanoes cluster within the WGB (Figure 3, pg.91). The
YMR, however, constitutes one of the volcano clusters within the WGB (Connor and Hill, 1995),
within which probability should be higher than expected, based on a uniform random model. An
annual probability of 6 x 10' appears a reasonable and general measure of background volcano
occurrence for any 5-km2 area within the WGB, Including the Yucca Mountain repository site.
Models that propose an annual probability of volcano formation at the proposed repository site of
less than 6 x 10 9, thus, do not appear to be reasonable, based on geologic data.

The likely regional background rate for basaltic intrusions Is necessarily higher than that of
single volcanoes, due to the larger area affected by a shallow basaltic dike. Using conditions
appropriate for the Yucca Mountain repository site, the regional probability of a shallow basaltic
intrusion can be assessed by sampling a uniform random distribution of dike half-length between
0.1-4 km and trending 28° from north. The annual probability of igneous disruption of any 5-km2

area in the WGB is then 1.7 x 10 '. This simple calculation does not consider the possibility of
unmapped shallow dikes that were emplaced without an associated volcanic eruption or the
presence of misdated Quaternary cinder cones in the WGBB. Models that propose an annual
probability of igneous dike intersection with the proposed repository site of less than 1.7 x 10'
do not appear to be reasonably supported.
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Uncertaintv associated with any probability model consists of two components that measure
precision and accuracy. Precision is also referred to as "parameter uncertainty," whereas.
accuracy often reflects Omodel uncertainty (Performance Assessment Working Group, 1997).
Of the range of probability models proposed for the YMR, only the spatio-temporal
nonhomogeneous models of Connor and Hill (11995) have been evaluated for model accuracy
(Condit and Connor, 1996). This initial evaluation demonstrates that these probability models
reasonably estimate the locations of basaltic volcanoes in the Springervlle volcanic field when
basalt petrogenesis remains relatively constant. These models are unsuccessful in estimating
the future locations of basaltic volcanoes when the magmatic system undergoes abrupt and
large shifts in petrogenesis (Condit and Connor, 1996). The YMR has not undergone similar-
magnitude petrogenetic shifts since about 5 Ma (e.g., Crowe, et at., 1986), thus, these
probability models should be reasonably accurate when applied to the YMR system.

4.1.7 Probability Criterion 7

4.1.7.1 Acceptance Criterion

Estimates of the probability of future igneous activity in the YMR will be acceptable provided that:

- The values used (single values, distributions, or bounds on probabilities) are
technically justified and account for uncertainties in probability estimates.

4.1.7.2 Review Method

The NRC considers a range of different approaches for evaluating uncertainty in performance
models used In licensing nuclear facilities. The end-members of the uncertainty analysis are
represented by a deterministic bound on the upper limits of dose and a probabilistic approach
that represents a distribution of model results (Performance Assessment Wcrking Group, 1997).
Regardless of the method used, the rationale used in making the analysis anl a reasonable and
comprehensive understanding of the system being modeled are required for acceptance.

Staff should confirm whether the probability values were directly incorporated or models were
appropriately abstracted for use in assessments of repository performance, taking into
consideration uncertainties in these estimates.

4.1.7.3 Technical Basis

A deterministic approach evaluates uncertainty by bounding mode! parameters. Parameter
values are generally selected such that overall risk is not underestimated. This approach results
in a single, straightforward value that bounds performance but does not provide any quantitative
information on the uncertainty associated with this value (Performance Assessment Working
Group, 1997). Detailed documentation and justification for parameter values used in this
approach are required in order to determine the appropriate level of conservatism needed to
represent the range of data.

A probabilistic approach provides a distribution of model results, which, in turn, provides a
quantitative measure of uncertainty. This approach is more objective than a deterministic
approach in that a level of conservatism is not implicitly required. The range of parameter
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values must be reasonable, and appropriate sampling methods must be used in the analysis
(Performance Assessment Working Group, 1997). The mean value of a probabilistic analysis is
generally used .-. determine compliance with the performance objective (Performance
Assessment V::.r;riKg Group, 1997). For low-level waste licensing, NRC staff also
recommended i.;4t the 95" percentile of the performance distribution be less than a given value
to demonstrate compliance (Performance Assessment Working Group, 1997). As NRC is using
a single value in performance assessment for volcanic probability, it is further justification of the
use of the value of 10 '.

4.1.7.4 Summary

Based on the range of work currently a bailable, the probability of igneous events at the proposed
repository site can be described by single values, mean values of various distributions, entire
probability distributions, or bounds on probability distributions. Any of these approaches may be
used, based on current NRC regulations. Regardless of the value(s) used, the methods used to
derive the values must be justified, and the data used to derive the values must be clearly
presented.

4.1.8 Probability Criterion 8

4.1.6.1 Acceptance Criterion

Estimates of the probability of future igneous activity in the YMR will be acceptable provided that:

If used, expert elicitations were conducted and documented using the
guidance In the Branch Technical Position on Expert Elicitation (U.S.
Nuclear Regulatory Commission, 1996), or other acceptable approaches.

4.1.8.2 Review Method

If DOE uses expert elicitation in developing estimates of the probability of future volcanism and
igneous intrusion, staff will review the documentation to assure that the expert elicitation:
(I) followed the procedure described In the Branch Technical Position on Expert Elicitation (U.S.
Nuclear Regulatory Commission, 1996); (ii) considered the range of models in the relevant
literature; (iii) considered the range of data in the relevant literature; and (iv) is consistent with
available information, including information developed subsequent to the elicitation.

4.1.8.3. Technical Basis

As summarized in U.S. Nuclear Regulatory Commission (1996), the NRC expects that subjective
judgments of groups of experts will be used by DOE to assess issues related to overall
performance of the proposed high-level radioactive waste repository site at Yucca Mountain.
NRC has traditionally accepted expert judgment as par' of a license application to supplement
other sources of scientific and technical data. Expert elicitation is commonly used when

* Empirical data are not reasonably obtainable or analyses are not practical to
perform.

* Uncertainties are large and significant to a demonstration of compliance.
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* More than one conceptual model can explain, and be consistent with, the available
data.

* Technical judgments are required to assess whether bounding assumptions or
calculations are appropriately conservative.

U.S. Nuclear Regulatory Commission (1996) also summarize a series of technical positions and
procedures concerning the use of expert elicitation in demonstrating compliance with geologic
repository disposal regulations. These procedures emphasize the need for detailed
documentation during the elicitation and for transparency in the aggregation of multiple expert's
judgments. An elicitation also should provide a means to evaluate new data that may arise
between completion of the elicitation and submittal of licensing documents (U.S. Nuclear
Regulatory Commission, 1996).

DOE used expert judgement to arrive at a probability value for igneous activity at the repository
site (Geomatrix, 1996). Although the report generally followed the NRC Branch Technical
Position (BTP) regarding expert elicitation (U.S. Nuclear Regusatory Commission, 1996), several
areas of weakness In the elicitation procedure were noted in the September, 1996 Appendix 7
meeting with DOE:

- Criteria and procedures for incorporating new data into the existing elicitation need
to be established and published,

- Central issues need to be deconvoluted as much as possible, so that standard
definitions of terms can be used consistently throughout the elicitation.

- Greater balance is needed on the panel to encompass a w.ider range of viewpoints,
along with more thorough documentation of the selection processes and potential
conflicts of interest for panel members.

- intermediate judgments of fte experts after the elicitation and any changes of
rationales need to be documented.

Following the Appendix 7 meeting, NRC concluded that the elicitation (Geomatrix, 1996) is
generally consistent with the BTP regarding the conduct of an expert elicitation. NRC will, thus,
give the elicitation the appropriate level of consideration in the review of licensing documents
(Bell, 1997).

Staff have performed a technical review of the PVHA elicitation report (Geomatrix, 1996) and, as
explained in previous sections of this report, have several technical concerns regarding the
PVHA results and their application in the Yucca Mountain program. The most significant
concern is that many of the models in the PVHA are critically dependent on the definition of
volcanic source-zones. Many of the source-zone models bypass the proposed repository site
due to a lack of previous igneous activity at the site (Geomatrix, 1996). Although some
geological data appear to suggest such division, critical analyses reveal that these apparent
divisions are only manifestations of surficial features and not important to deeper structural
control of volcanism (e.g., Stamatakos, et al., 1 997b). In addition, larger-scale geologic features
that commonly affect the localization of basaltic igneous activity are remarkably similar between
the proposed repository site and the locations of past igneous activity. Based on these geologic
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relationships, staff conclude that volcanic source-zones that fail to include the proposed
repository site are not reasonably conservative.

According to Geomatrix (1996) mean annual probability of repository disruption is 1.5 x 10 S yr'.
This is, however, a combined probability for both volcanic and igneous events. Utilizing the
source zone models that preclude volcanoes from forming at the repository site, as was done
repeatedly in Geomatrix (1996), requires that the actual probability of volcanic disruption based
on this methodology is necessarily lower than 1.6 x 10 e yr '. A rough estimate is that the mean
PVHA probability for volcanic disruption may be an order of magnitude lower than the combined
probability for all classes of igneous events. In order to use probability estimates in performance
assessment they must, in some way, be separated into volcanic and intrusive events. In
TSPA-VA (U.S. Department of Energy, 1998b), the igneous event probabilities from the PVHA
elicitation were erroneously referred to as probabilities of volcanic disruption. In order to derive
probabilities of volcanic disruption of the proposed repository site from the igneous event
probabilities in the PVHA (Geomatrix, 1996), CRWMS M&O (1998a) used an average dike
Intersection probability of 1.5 x 10 'yr 'from Geomatrix (1996). Dikes were assumed to
originate In a volcanic source zone that did not include the proposed repository site, thus, every
dike in CRWMS M&O (1998a) extended beyond the repository boundaries. CRWMS M&O
(1998a) then assumed 1-5 volcanic vents could localize randomly along the dike, resulting in
0-4 vents potentially localizing within the repository footprint. This method resulted in an
average annual probability of volcanic disruption around 6 x 10 ' in CRWMS M&O (1998a). As
noted in section 4.1.6.4 of this IRSR, staff considers an annual probability of 6 x 10 ' as
representative of background hazard rates for randomized volcanism throughout the entire WGB
region and not representative of the long history of recurring basaltic volcanism in the YMR.

Although CRWMS M&O (1998a) developed a new methodology to interpret the results of
Geornatrix (1996), significant amounts of new information developed subsequent to the PVHA
elicitation was not addressed or Incorporated Into these interpretations. Many of the probability
models in Geormatrix (1996) used volcanic source-zones, defined in part by panel members
understanding of the structural setting of the Yucca Mountain area. Recent structural studies by
Hudson, et al. (1994), Langenheim and Ponce (1995), O'Leary (1996), U.S. Nuclear Regulatory
Commission (1997b, 1997c), and Minor, et al. (1997), in addition to new geophysical information
in Earthfield Technology (1995). U.S. Nuclear Regulatory Commission (1997b). and Brocher, et
al. (1998) provide technical bases to conclude the proposed repository site is within the same
structural setting (i.e., volcanic source-zone) as basaltic volcanoes located in the Crater Flat
area. In addition, data and analyses presented in Earthfield Technology (1995), U.S. Nuclear
Regulatory Commission (1997b), Wemicke, et al. (1998) and Magsino, et al. (1998) question
the validity of recurrence rate estimates used in Geomatrix (1996). This new information was not
utilized in CRWMS M&O (1998a) and resulting conclusions In U.S. Department of Energy
(I998b).

4.1.8.4 Summary

There are no generally-accepted methodologies for calculating the probabilities of future igneous
activity in distributed volcanic fields over periods of 1 ,OCO yr. In addition, more than one
conceptual model can be applied to this problem, resulting in a wide range of probability values.
DOE is using expert elicitation (Geomatrix, 1996) to evaluate a range of probability models,
estimate uncertainties in model results due to reasonable variations in model parameters, and
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determine a probability distribution for use in performance assessment models. New information
has been developed subsequent to the PVHA elicitation which needs to be incorporated into
DOE probability models.

4.1.9 Probability Criterion 9

4.1.9.1 Acceptance Criterion

Estimates of the probability of future Igneous activity in the YMR will be acceptable provided that:

T the collection, documentation, and development of data and models has
been performed under acceptable QA procedures, or if data was not
collected under an established QA program, it has been qualified under
appropriate QA procedures.

4.1.9.2 Review Method

NRC will attend, as observers, DOE-conducted QA audits of program participants who are
Involved In technical Investigations related to Igneous activity. NRC will also track the progress
made in resolving deficiencies and nonconformities in the program that arise from QA audits and
independent review of DOE products.

4.1.9.3 Technical Basis

Both DOE and NRC have approved QA programs for technical investigations conducted by their
respective agencies and contractors, and NRC has stated that the quality of data will be
acceptable if the data are developed under an approved QA program (U.S. Nuclear Regulatory
Commission, 1997a). These QA programs detail the procedures necessary to collect,
document, and develop data and models in an acceptable manner. Periodic technical audits are
conducted by DOE and NRC to ensure that appropriate QA procedures are implemented in
technical investigations. These audits are usually attended by observers from each agency. who
provide an independent assessment of audit effectiveness and conclusions.

Independent, technical evaluation Is still warranted for many data collected under an approved
QA program. One common area of concern is reconciling new data with previously-published
data, which is a problem that may not be apparent during a routine QA audit. For example,
many of the 3He dates in Crowe, et al. (1995) were internally Inconsistent, in addition to
contradicting, previously-published values for the same geological units (Hill. 1995). Similar
discrepancies were noted in the September 1996 Los Alamos National Laboratories (LANL) QA
audit (e.g., Austin, 1996). Discrepancies between new and previously-ublished data will need
to be reconciled in order to provide a solid technical basis for evaluating licensing documents.

The Volcanism Synthesis Report (Perry, et al., 1998) contains a mixture of qualified and non-
qualified data originating from the DOE site characterization program. Following initial review of
Perry, et al. (1998) two QA issues in this document directly affect the results of U.S. Department
of Energy (1998b). First, some of the non qualified isotopic age determinations and
paleomagnetic data In chapter 2 of Perry, et al. (1 998) are used to support probability models
used in U.S. Department of Energy (1998b). Of significantly greater concern is the lack of
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qualification for most of the models and data in chapter 6 of Perry, et al. (1998), which are used
to develop the probability models in U.S. Department of Energy (1 998b).

Site characterization activities have produced an abundance of data on YMR basaltic volcanoes.
In addition to DOE. the State of Nevada, the U.S. Geological Survey, the CNWRA and NRC
have conducted independent geological investigations in the YMR. Each of these organizations
operate under different QA programs. Other researchers associated with universities and
national labs also conduct high-quality investigations in the YMR, with varying degrees of formal
QA programs. Many of these data are clearly important to licensing issues and must be
considered during review of DOE licensing documents. As part of the license application, DOE
will likely quality many of these externally-produced data. Qualification procedures for these
externally-produced data include production under a QA program equivalent to U.S. Nuclear
Regulatory Commission (1997a), publication through the peer-review process, Independent
corroboration, or confirmatory testing.

4.1.9.4 Summary

Staff have participated In recent QA audits of DOE and its contractors (e.g., Austin, 1996) and
provided numerous reviews of DOE study plans and contractor reports (e.g.. Connor, et al..
1993). NRC staff continue to monitor DOE QA activities related to the IA KTI and disposition of
QA deficiencies from the September. 1996, LAN.D QA audit. Staff have concluded that the LANL
QA performance was *marginally effective" and will continue to monitor the DOE/LANL QA
program (Austin. 1996). As a result of this audit, the DOE audit team concluded that the LANL's
QA performance was "marginally effective.- The NRC agreed with this finding, and the NRC
concerns identified during this audit were deferred to the appropriate DOE deficiency reports
(YM-96-D-105 to 108). NRC recently reviewed the remedial actions proposed for these
deficiencies and determined that the proposed actions appeared appropriate. Review of the
associated Volcanism Synthesis Report Is needed to determine If these actions have been
effectively carried out, and if the concerns have been resolved.

Staff have conducted independent technical investigations in Igneous activity to: (i) evaluate
DOE data and models likely contained In licensing documents; (ii) develop and test alternative
hypotheses to those proposed by DOE; (iii) evaluate relevant data and models proposed by
other agencies, such as the State of Nevada; and (iv) reduce uncertainties in models of
repository performance. The results of these Investigations have been presented In numerous
CNWRA reports and peer-reviewed journal articles, many of which are cited in this report. As
part of these investigations, staff have compiled all relevant data on the age and location of YMR
basaltic igneous features younger than about 11 Ma (Appendix A). These data form the basis for
probability models and review of appropriate DOE licensing documents. Staff will continue to
evaluate data in the peer-reviewed literature and products from other agencies, in addition to
data produced by DOE and its contractors.

4.2 CONSEQUENCES

The DOE will need to estimate the dose consequences of igneous activity affecting the
performance of the proposed repository. Basaltic igneous systems exhibit a wide range of
physical characteristics that must be interpreted from sparse, often poorly-preserved geologic
features in the YMR. In addition, the interactions of basaltic magma with the geologic repository
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system have no known analog. Dose calculations will require significant extrapolation of igneous
process models to the disturbed geologic setting of the repository and to potential interactions
with the engineered barrier systems. Staff will review DOE assumptions and models used to
estimate the effects of volcanic eruptions and igneous intrusions for consistency with past
igneous activity in the YMR and with processes observed at historically-active volcanoes
analogous to those In the YMR. Staff also will determine If the dose analyses have been
performed in a way such that the effects of igneous activity have not been underestimated. The
following seven acceptance criteria apply directly to assessing the consequences of igneous
hazards.

Estimates of the dose consequences of igneous activity on the proposed Yucca
Mountain high-level radioactive waste repository will be acceptable provided that:

(1)The models are consistent with the geologic record of basaltic igneous activity
within the YMR.

(2)The models are verified against igneous processes observed at active or recently-
active analog igneous systems and reflect the fundamental details of ash-plume
dynamics.

(3)The models adequately account for changes in magma ascent characteristics and
magma-rock interactions brought about by repository construction.

(4)The models account for the Interactions of basaltic magma with engineered
barriers and waste forms.

(5)The parameters are constrained by data from YMR Igneous features and from
appropriate analog systems such that the effects of igneous activity on waste
containment and isolation are not underestimated.

(6)lf used, expert elicitations were conducted and documented, using the guidance
in the Branch Technical Position on Expert Elicitation (U.S. Nuclear Regulatory
Commission, 1996). or other acceptable approaches.

(7)The collection. documentation, and development of data and models have been
performed under acceptable QA procedures, or if data was not collected under an
established QA program, it has been qualified under appropriate OA procedures.

These criteria address: (i) the characteristics of basaltic volcanic eruptions that would be
expected in the YMR; (ii) the dynamics of the eruptive column; (iii) the effects of the repository
on the eruption characteristics: (iv) waste package/waste torm-magma interactions: and
(v) important parameters necessary to allow reasonable dose conversion models to be
implemented, along with necessary programmatic concerns (6 and 7).



4.2.1 Consequences Criterion I

4.2.1.1 Acceptance Criterion

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that:

The models are consistent with the geologic record of basaltic igneous activity within
the YMR.

4.2.1.2 Review Methods

Staff should determine the adequacy and sufficiency of DOE characterization and
documentation of past YMR igneous activity, including uncertainties about the interpreted
characteristics of past actvi, such that reasonable projections can be made of the expected
characteristics of potential future eruptions in the YMR. Particular emphasis will be placed on
igneous processes that directly affect the ability of igneous events to disrupt and transport HLW
into the accessible environment. Models will need to address the apparent changes in disruption
potential for YMR igneous events since approximately 4-5 Ma.

4.2.1.3 Technical Basis

This criterion outlines staff's current understanding of the range of physical processes
represented by the basaltic igneous systems in the YMR. Because most of these basaltic
systems are poorly preserved or exposed in the YMR, igneous processes important to
performance must be Interpreted from sparse data. Within these limitations, however, staff
conclude that the character of past YMR igneous activity represents the most conservative
bounds on future YMR actity. In order to test performance models for consistency with past
YMR basaltic igneous activity, staff must develop an independent technical evaluation of the
range of Important processes represented by existing YMR basaltic igneous systems. A detailed
technical basis for this criterion will be developed in subsequent revisions.

Basaltic Igneous activity in the YMR since around B Ma has encompassed a wide range of
processes that effect different Implications for repository performance. Many of these processes
are interpreted from a sparse, poorly-preserved geologic record, especially for basaltic centers
older than about 4 Ma. Observations at some older YMR centers, in addition to historically-
active basaltic volcanoes, indicate that low-energy, low-dispersivity eruptions have limited
potential to disperse HLW to critical group locations. Such volcanoes commonly are referred to
as hawaiian or low-energy strombolian style and are characterized by small volumes of
subsurface disruption, low eruption velocities, and limited dispersal of tephra (e.g., Walker,
1993). The youngest YMR volcanoes and many analogous historically- active cinder cones,
however, clearly had relatively high-energy, high-dispersivity eruptions with the potential to
disperse HLW to proposed critical group locations (Connor, 1993; Hill and Connor, 1995; Hill
et al., 1995; Hill, 1996). These eruptions are commonly referred to as violent strombolian style
and are characterized by relatively large volumes of subsurface disruption, high eruption
velocities, and extensive dispersal of tephra (e.g., Blackburn, et al., 1976; Walker, 1993).
Acceptable consequence models will examine in detail the characteristics of violent strombolian
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basaltic volcanoes, as these eruption styles present the greatest potential hazard to inhabitants
located tens of kilometers away from the proposed site.

For example, several features at Lathrop Wells and Little Black Peak volcanoes indicate a
violent strombolian eruption style. First, these volcanoes have unusually high subsurface rock-
fragment abundances relative to other Quaternary YMR volcanoes and other basaltic volcanoes
in the western Basin and Range. Rock fragments cI mm average around 1 volume percent at
Lathrop Wells (Crowe, et al., 1986). As explained in Section 4.2.3.5.1, millimeter-to-decimeter
diameter xenoliths at Lathrop Wells average 0.9 volume percent. Larger rock fragments also
appear to be about 0.5 percent at Little Black Peak. In contrast, other typical Basin and Range
basaltic volcanoes have less than 0.01 volume percent rock fragments (e.g., VaYentine and
Groves. 1996). Second, juvenile cone scoria at Lathrop Wells and, to a lesser extent, Little
Black Peak consists of angular, broken pieces of larger fragments that were cool on impact with
the cone slope. Typically, cinder cone eruptions do not eject material high enough to coot
sufficiently to permit brittle fragmentation (e.g., Walker and Croasdale. 1972) whereas violent
strombolian eruptions do. Finally, a common strombolian cinder cone feature is beds of
agglutinated tephra that accumulated at temperatures high enough to deform plastically and
form highly cohesive beds (e.g., Walker, 1993). Lathrop Wells and, to a lesser extent, Little
Black Peak consist of loose, nonagglutinated tephra, indicating that these eruptions were more
explosive than typical stromnbolian basaltic volcanoes. Relative to other Quatemary YMR
volcanoes, Hidden Cone and the Little Cones also show scoria fragmentation and agglutination
characteristics representative of periodically-sustained eruption columns and may have had
periods of violent strombolian activity.

Lathrop Wells was an unusually explosive basaltic volcanic eruption, as evidenced by
anomalously high rock-fragment abundances and loose accumulations of broken tephra. To a
lesser degree. Little Black Peak also was more explosive than typical strombolian cinder cone
eruptions. Remnants of the latest, most potentially-disruptive stage of these eruptions, however,
are only preserved on the cone flanks. Erosion has removed the upper several meters of the
Lathrop Wells tephra-fall deposits (e.g., Crowe. et al., 1995), whereas fall deposits have been
completely eroded at Little Black Peak. As documented in Hill (1996), xenolith breccias
indicated that late-stage disruption events likely occurred at Lathrop Wells volcano and possibly
at Little Black Peak, analogous to those that occurred during the 1975 Tolbachik eruption
(Budnikov, et al., 1983; Doubik, 1997). As outlined in Section 4.2.3.5.1 and in Hill (1996), these
late-stage events are a previously undocumented feature of violent strombolian eruptions and
have the potential to widen the subsurface conduit to many tens of meters in diameter.

In the TSPA-VA, DOE uses a volcanic disruption model based on the depth at which an
ascending magma becomes fragmented (i.e., discontinuous particles of magma in a gaseous
matrix). CRWMS M&O (1998a) assumes this fragmentation depth is between 100-400 m,
based on interpretations of magmatic volatile contents. There are several difficulties with this
modeling approach. First, wall-rock xenoliths from depths >400 m are observed at basaltic
volcanoes with relatively low degrees of magma fragmentation and tephra dispersivity (Valentine
and Groves, 1996). These xenoliths demonstrate that ascending magma can break, entrain,
and erupt wall-rocks through mechanisms besides conduit abrasion (e.g., Macedonio, et al.,
1994; Doubik and Hill, 1999). As wall-rock behavior is used as a general analog for waste-
package behavior (CRWMS M&O, 1 998a), similar process below the fragmentation depth thus
appear capable of breaking, entraining, and erupting HLW. Second. CRW MS M&O (1998a)
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concludes that basalt above the fragmentation depth has cooled to ambient temperatures and
that only solid particles impact affected waste packages. However, many observed basaltic
eruptions have sustained tephra columns supported by a core of incandescent (i.e.. temperature
>700'IC), fragmented magma. In addition CRWMS M&O (1998a) does not describe a physical
mechanism to rapidly cool large volume<, of roughly 1 100'C magma under a two-phase flow
regime (e.g., Vergniolle and Jaupart, 1986), where the only significant heat-loss mechanisms are
conductive cooling along <400 m of conduit walls and differential flow of the low heat-capacity
magmatic gas. Alternatively, the available information indicates little, if any, cooling occurs
during the transition to a fragmented magma at depths c100 m. Finally, CRWMS M&O (1998a)
uses magmatic water contents as low as 1 weight percent to effect fragmentation depths around
100 m. Also, It should be noted that available experimental data on basalts very similar to YMR
basalts (Knutson and Green, 1975) clearly demonstrates that YMR magmatic water contents
must have been greater than about 2 weight percent to result in observed mineralogical features
(e.g., Vaniman, et al., 1982; CRWMS M&O, 1998a). Although magmatic volatile contents are
not used in the current NRC TSPA modeling approach, these volatile contents can be related to
the dispersal capability of basaltic volcanoes with violent strombolian eruption styles (e.g.,
Roggensack, et al., 1997).

4.2.1.4 Summary

The physical volcanology of YMR basaltic volcanoes is varied but indicates that violent
strombolian activity was common and appears characteristic of the most recent eruptions.
Violent strombolian eruptions appear capable of widening subsurface conduits to tens of meters
in diameter. entraining and dispersing large volumes of wall rock, and transporting tephra at
least tens of kilometers down wind. Thus, models of volcanic eruption through the proposed
repository need to encompass dose-estimates resulting from this style of volcanic activity. In the
TSPA-VA, DOE uses a model based on fragmentation depth that does not appear consistent
with violent strombolian activity (CRWMS M&O, 1998a).

4.2.2 Consequences Criterion 2

4.2.2.1 Acceptance Criterion

Estimates of the dose consequences of igneous actiity on the proposed Yucca Mountain high-
level radioactive waste repository wilt be acceptable provided that:

The models are verified against igneous processes observed at active or recently active
analog igneous systems and reflect the fundamental details of ash-plume dynamics.

42.22 Review Methods

Because many of the Igneous processes important for consequence evaluation are not
preserved in the YMR geologic record, proposed process-level consequence models should be
verified with data from reasonably analogous small-volume basaltic volcanic systems in order to
be acceptable. Staff will evaluate the effectiveness of proposed eruption and dispersion models
in quantifying transport mechanics at basaltic violent-strombolian volcanoes. Staff will compare
proposed models with igneous processes and deposits documented for reasonably analogous
eruptions, including but not limited to the 1975 Tolbachik, Russia, 1943-52 Paricutin, Mexico,
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and 1850-1995 Cerro Negro. Nicaragua, violent strombolian eruptions. Staff also will evaluate
the effectiveness of proposed models in quantifying HLW transport based on the physics of
proposed models.

4.22.3 Technical Basis

Acceptable estimates of radiological dose and risk associated with volcanic eruptions through
the Yucca Mountain repository depend on numerical models of HLW transport upward in a
volcanic tephra column, advection and dispersion of HLW with volcanic ash in the atmosphere,
and deposition of HLW in the tephra deposit at a critical group location. The accuracy of these
estimates depends on capturing fundamental details of volcanic ash-plume dynamics (e.g.,
Sparks. 1986; Sparks, et al., 1997), of which there are numerous historical examples from
basaltic cinder cone eruptions (Figure 31, pg 119). Models of volcanic tephra eruptions range
from simplistic models that can capture the general pattern of tephra dispersion without
attempting to portray the physics of volcanic columns accurately (e.g.. Suzuki, 1983), to thermo-
fluid-dynamic models of eruption columns and particle advection and dispersion (e.g.. Woods
and Bursik, 1991: Sparks, et al., 1992; Woods. 1993; 1995; Sparks, et al., 1997). These latter
models make a convincing case that accurate, quantitative descriptions of tephra deposition at
the ground surface result from application of physically accurate models. Thus, although
computationally complex, these models can likely provide Insight into the behavior of HLW in the
eruption column despite the very different physical properties of HLW relative to basaltic tephra.

These same arguments for physical detail extend to the sedimentation of tephra and HLW out of
the atmosphere. For example, Bonadonna, et al. (1998) have shown that particle Reynolds
number plays a critical rote in particle setting velocity and, as a result, the particle-s :e density
distributions in the resulting tephra deposit. One of the first attempts to quantify the dispersion of
tephra in volcanic eruptions was by Suzuki (1983). Suzukis model has been modified and
applied to volcanic eruptions by Glaze and Self (1991) and Hill, et al. (1998), and applied to the
transport of HLW during volcanic eruptions by Jarzemba (1997). In the Suzuki model, the
erupting column is treated as a line source reaching some maximum height governed by the
energy and mass flow of the eruption. A linear decrease in the upward velocity of particles is
assumed, resulting in segregation of tephra or tephra and waste particles in the ascending
column by settling velocity. which is a function of particle size, shape. and density. Particles are
removed from the column based on their settling velocity, the upward decrease In velocity of the
column as a function of height, and a probability density function that attempts to capture some
of the natural variations In the parameters governing particle diffuslon out of the column.
Dispersion of the ash diffused out of the column is modeled for a uniform wind-field and is
governed by the diffusion-advection equation with vertical settling.

The Suzuki (1983) model does not attempt to quantify the thermo- iluid-Jynamics of volcanic
eruptions. The more recent class of models, pioneered by Woods (1988). concentrates on the
bulk thermophysical properties of the column, defining a gas thrust region near the vent and a
convective region above, within which the thermal contrast between the atmosphere and the
rising column results in the entrainment of air and buoyancy forces loft particles upward. In
contrast to Suzuki (1983), this class of models results in a highly nonlinear velocity profile within
the ascending column. This difference can have a profound effect on the ascent height of HLW
particles in an ascending eruption column and ensuing dispersion in the accessible environment.
Woods (1988; 1995) developed the following method of modeling the physical state for the
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eruption column. Vertical flux of material in the rising column is given by rL2uI3. where u, L, and
,8 are column velocity, column radius, and column bulk density, respectively. Air is entrained in
the column based on an entrainment coefficient, e (typically equal to 0.1). and the surface area
of the column. In the steady-state, conservation of mass in the gas-thrust region of the eruption
column is given by d___ 2_) =L

where a is the ambient air density and z is vertical distance above the vent. In the convective
region of the eruption column, conservation of mass is expressed as:

d(UL 2j) = 2etuL (41
d;

1 his formulation does not account for the loss of large particles from the plume that have settling
velocities greater than the upward velocity of the plume or are ejected as projectiles from the
margins of the column. Woods (1988, 1995) casts the conservation of momentum equation for
buoyantly rising volcanic columns as:

dzu2L P) P ( -)gL 2 (42)
4-

where g is gravitational acceleration, and conservation of enerG y as:

d Cd 2L) U2d --(CPOPuL 2 ) = CT-7 IDuL + u (PuL-) - ruL'g (43
d: ~ 2d

where:

Cr z C,, 4. l, _ Cu) ( nI -ni4)

Tis air temperature, C. is the bulk specific heat of the gas column (magmatic gas + entrained air
+ pyroclasts), e is the temperature of the column, C, is the specific heat of air, CO is the specific
heat of the magma, n Is the gas mass-fraction in the column, and n. is the gas mass-traction in
the column at the vent. Bulk density of the ascending column is:

I ~I itRO
z O - n I-+ (4.
p ~~a P

where a is the pyroclast density, P is atmospheric pressure, and R. is the molecular weight of
the bulk gas in the eruption column multiplied by the gas constant. The gas mass-fraction is in
turn given by

n (n ( L46u,.,) 46)

where LO, u0, and A.0 are the initial vent radius, velocity, and bulk column density at the vent and
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where R., and R. are the products of the gas constant and the molecular weight of gas in the
eruption column at the vent and air, respectively. These equations can be recast in terms of
three variables, here called Mi. M2, and M3, and the three coupled differential equations can be
solved numerically for a given set of initial conditions. In the gas thrust region:

Mi = ulna (48)

M2 = u-L' (49)

M3 = CrOBuL 7

dM1 =!!L Ct
dM 8

dM2 = (a -P~gL2
d;

(50)

(51 )

(52)

(53)dM3
d.

=C~T ,U. d' ) - auLRg

where:
M2
Mi

and

(54)

( 55 )e0ij
CP

1* 1 + (n,,
1 U

- I) 6. O )

MfI
( 56

In the convective region of the column:

dU1 2cMa! ( 57 1
d:

and the other equations remain unchanged.

As an example using the initial conditions and constants from Table 1. pg.124. the gas-thrust
region extends to approximately 150 m above the vent. At this point, 0 = 921 K. n = 0.31.
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u = 58.7 m s t, and L = 75 m. The plume then becomes buoyant above 150 m and rises to a
column height of approximately 4.5 km. At about 4 km, the radius of the eruption column begins
to increase rapidly to L > 1 km. and the upward velocity of the column begins to decrease rapidly
(Figure 32, pg.120) as the column reaches neutral buoyancy. Thus, these initial conditions and
parameter distributions yield a column height appropriate for the sustained column during a
violent strombolian eruption (Figure 31, pg.119).

Total rise time in the plume (fRr) IS calculated as:

(a < a). d, 1"10U: 0 I

IRT~ f dz f - dz (

and for the above example is approximately 185 s. With wind velocities on the order of 9 m s .
the center of the column will be displaced approximately 1.6 km down wind between the vent
and the level of neutral buoyancy. Based on the vertical velocity profile (Figure 32, pg.120),
nearly all of the horizontal displacement will occur in the upper few hundred meters of the
ascending column as the vertical velocity approaches the wind velocity.

An important conclusion from this analysis Is that velocities In the eruption column remain high
until near the top of the column. As particle transport in the eruption column depends on the
bulk properties of the column, there is little opportunity for dense HLW particles to fall out of the
erupting column, unless they are advected to the column edge during ascent. This is a different
result than predicted from Suzuki (1983), who estimates the height at which material diffuses out
of the column as a simple function of the particle settling velocity. Hence, the Suzuki (1983)
model predicts that dense HLW particles will tend to be "released" from the eruption column at
comparatively low altitudes, resulting In comparatively lower dispersion. In contrast, the thermo-
fluid-dynamic model tends to transport HLW and HLW4aden particles to higher altitudes,
resulting in wider dispersion of this material. The difference between these models will become
more pronounced at higher eruption velocities. Furthermore, parameters like bulk density
(Eq. 45) of the column can be modified to specifically examine the dispersion of HLW.
Differences between these models may significantly affect dose calculated at critical group
locations 20 km from the proposed repository site.

Less energetic stages of a cinder cone-forming eruption produce weak plumes that bend over as
they rise due to advection by wind (Figure 31, pg.1 19). Sparks, et al. (1997) note that these
weak plumes can remain highly organized as they are advected downwind. Such plumes can
form convection cells or retain a puffy character with little entrainment and mixing with air. Thus,
sedimentation out of these plumes may be slower than expected using the diffusion-advection
equation. For example, although the 1995 eruption of Cerro Negro (Figure 31, pg. 119)
produced a relatively small volume of tephra (3 x 106 m3 ) in a column that rose to only 2-2.5 km,
ash-fall deposits 20 km downwind were 0.5 cm (Hill, et al., 1998). Eruptions of this magnitude
are capable of effecting peak annual total effective dose equivalents (TEDE) on the order of
reins for critical groups located 20 km from a repository-penetrating volcanic eruption. Clearly,
reasonably-conservative consequence analyses wal need to evaluate dose from large,
convective eruptions that ascend to atmospheric ievels of neutral buoyancy as well as smaller
eruptions with column ascent limited by prevailing winds.
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4.2.2A Summary

Basaltic eruptions that build cinder cones evgr~ce dramatic variations in energy, duration, and
style. Numerical models that quantify the physics of these eruptions have reached a stage of
development that allows exploration of the parameters governing this variation. Thus, many of
the nuances of observed eruption columns and their deposits can now be understood in terms of
fundamental physical processes (e.g., Sparks, et al., 1997). Such an understanding is critical for
volcanic risk assessment related to the proposed Yucca Mountain repository because there are
no observations of the behavior of very dense HLW particles in eruption columns. There also is
considerable uncertainty in how to simulate the entrainment and dispersal of HLW in these
columns. Physically accurate eruption column models provide an opportunity to extend our
understanding of tephra plumes to encompass the distribution and deposition of dense HLW
particles in tephra deposits. In these circumstances, application of physically accurate models is
a fundamental step In stochastic modeling of dose and risk to a critical group. In the TSPA-VA,
DOE used the tephra dispersal models of Suzuki (1983) as modified by Jarzemba (1997) and
Hill, et al. (1998).

4.2.3 Consequences Criterion 3

4.2.3.1 Acceptance Criterion

Estimates of the dose consequences of Igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that:

The models adequately account for changes in magma ascent characteristics and
magma/rock interactions brought about by repository construction.

4.2.32 Review Methods

Staff will determine if DOE has accounted for significant changes in igneous processes that are
effected by construction of the subsurface geologic repository and emplacement of HLW. As
there are no known analogs to ascending basaltic magma intersecting a relatively large tunnel
network at 300-m below the surface, acceptance will necessarily be evaluated through review of
physical process models. Acceptable models will evaluate the influences of rock-stress
redistribution Induced by drift emplacement on the ascent characteristics of basaltic magma.
Acceptable models also will evaluate decompression effects on magma encountering the
relatively free-surface of the drifts while under 300-rn lithostatic confining pressures. As rock-
strength characteristics can change with temperature, acceptable models also may need to
evaluate how igneous processes may change if significant wall-rock heating is Induced through
HLW emplacement.

4.2.3.3 Technical Basis

This criterion outlines how repository construction can potentially interact with anc modify the
characteristics of the volcanic eruption. Construction and the effects of the repository will cause
stress redistribution associated with drift free-surface effects and possibly thermal effects on
rock strength associated with waste emplacement. These effects, in turn, affect rates of magma
injection into repository tunnels following the dike intersection, the temperature, pressure,
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geochemical conditions prevailing in the repository following dike injection, and the development |
of volcanic vents and associated tephra dispersal rates.

Basaltic intrusion propagation is largely controlled by the distribution of stress in the shallow (i.e.,
IO km) crust (e.g.. Delaney, et al., 1986). The emplacement of 5- to 1 0-m diameter drifts at

300-m depths represents a free surface that will likely affect the distribution of crustal stress for
some distance around the drifts. In addition, the thermal conditions. The upward ascent of
basaltic magma may be affected by this stress redistribution, resulting in ascent characteristics
that are not reasonably analogous with magma ascent In undisturbed geologic settings. Lateral
Intrusion propagation also may be affected by this stress redistribution, which affects the area
disrupted by an igneous event.

In addition to stress redistribution, the repository drifts represent free surfaces where lithostatic
confining pressure is zero. Ascending basaltic magma, which contains dissolved volatiles, will
be under roughly 10 MPa Ethostatic confining pressure when it encounters the drifts.
Nonequilibrium decompression will ensue, resulting in rapid volatile exsolution (e.g., Connor and
Hill, 1 993b). Although the magnitude and consequences of this rapid exsolution have not yet
been modeled, volatile expansion and magma fragmentation are often related to conduit erosion
and wall-rock entrainment (i.e., Macedonjo, et al., 1994; Valentine and Groves, 1996).

The approach used to address this complex problem of magma-repository Interactions was to
first perform analytical calculations that help bound conditions during and following magma
injection. These calculations are not intended to model or predict exact conditions within the
repository during igneous events. Rather. these analytic calculations are Intended to help
identify which processes require further analyses using more sophisticated numerical and
experimental techniques. The Initial scoping calculations for: (1) flow conditions during injection
of volatile-poor and volatile-rich magmas into repository drifts; and (2) Fracturing of the rock
above the drifts due to pressure conditions following magma Injection. Results of these initial
calculations are summarized In the following sections. Temperature conditions within repository
drifts following magma injection are discussed in Section 42.4.3.1.

4.2.3.3.1. Flow Conditions

Woods and Sparks (1998) performed Initial scoping calculations for magma flow inside a
repository drift. To estimate flow conditions In a repository drift, Woods and Sparks (1998)
assumed that a 1-2 m wide dike originates from a magma reservoir at a depth of 5-10 km and
intersects the drift. An overpressure within the dike system of 1-10 MPa is required to
propagate this dike upward and to maintain a dike fracture-width of 1-2 m. Assuming that the
drifts are located at a depth of 300 m, where lithostatic pressure is on the order of 10 MPa, the
total pressure at the dike tip just prior to breaking into this drift also is on the order of
10-20 MPa. Pressures in t'ie drift are assuimed to be much less than lithostatic, on the order of
atmospheric pressures (i.e., 0.01 MPa). Under such conditions, magma would probably be
diverted into the horizontal drifts. Sample calculations were performed for volatile-free magmas
using typical basaltic magma viscosities of 10-100 Pa s. Under initial pressure conditions of
5-20 MPa and dike widths of 1-2 m, magma is expected to accelerate to 1-20 m s ' as it enters
the drift, potentially filling the drift in several tens of seconds. In response to this acceleration at
the magma front, however, pressure within the dike is expected to decrease and the dike may
narrow or collapse after this initial acceleration of magma within the drift. Under these
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circumstances, magma injection may become pulsed. with overpressure building at the dike tp.
followed by periodic injection of magma into the drift.

Initial scoping calculations also were made for basaltic magmas containing 1-3 weight percent
water at high pressures (i.e., Section 4.2.3.1). During decompression events, such as when the
magma intersects repository drifts at near atmospheric pressure, the volatiles become
supersaturated and exsolve from the magma. This exsolution of votatiles increases the volume
of the magma-gas mixture, decreases the mixture's density, and yields a compressible flow.
These changing conditions accelerate flow of the magma-gas mixture into the drift. Initial
calculations suggest that a shock wave can develop at 89 times atmospheric pressure and
propagate through the tunnel at speeds of up to 150 m s '. This also is a typical flow velocity for
normal strombolian-style volcanic eruptions, obserma at the earth's surface during the eruption
of basaltic magmas similar In composition to Quaternary basalts of the YMR.

These initial scoping calculations do not capture the true complexities of high pressure and
temperature flows. Nonetheless, the results of these calculations indicate that basaltic magma
will be diverted and accelerate into drifts during dike Injection. Ongoing numerical and physical
analog experiments should reveal significant details about these flow conditions.

4.2.3.3.2. Fracturing of Drift Walls

if a significant amount of the magma intersecting the repository is redirected into drifts, it
oecomes necessary to consider conditions following magma injection that may lead to the
development of volcanic eruptions at the surface above the repository. In the following
caL-ulations, the fluid pressures required to initiate vertical fracturing above the drift and upward
propagation of magma are estimated using the Kirsch solution for rock hydrofracturing (e.g.,
Goodman, 1980).

The Kirsch solution solves for the compressive stresses near a conduit or drift:

GI + a2 1 a,2 I G 2 - 3aI -04 20 59

Z§~ - a 2 1|+ - a4 sin 26 (60)

t2( 2 I l co% 2) (61)
2\ rJ r)

where

a is the conduit or drift radius
r is the distance from the center of the conduit (r < a)
e varies from 0 deg in the direction of a, and 90 deg in the direction a.
a, is the greatest principal compressive stress, in the case of a drift a, = a Pl, ,,,,
a, is the least principal compressive stress, in the case of a drift a, = a m,. host
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a, is the radial compressive stress
a, is the tangential compressive stress
r,#is the shear stress

Tangential compressive stress is minimum along the a, axis at the drift wall and is:

0.=3O02 0 a (62)

and the tangential compressive stress is at a maximum along the axis at the drift wall and is:

ao=3a, - 02 (63)

The magnitudes of displacements are also derived from the Kirsch solution assuming elastic
behavior and are:

di +O2a 2 'GI*C-2 4lV)-ialc2
aj4(f cos 20 (64)
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and

UBs --0 |(l-2v).+i. sin 2B (65)
4GrrJ

where

u, is the radial outward displacement
i is the tangential displacement
G Is the shear modulus (i.e., modulus of rigidity)
v is Poisson's ratio

For a typical host rock, Uster and Kerr (1991) use G = 1 x 101' Pa. Alternatively, Pollard (1987)
argues for a much lower value G = 1 x 10' Pa and v = 0.25. These differences in G may be
important for models at repository depths.

Assume that the drift isl km long, G Is 1 x 10' Pa. and v = 025. For a one-meter-wide dike to
propagate to the surface, the driving pressure (P-S) = 1.3 x 106 Pa. This result is highly
dependent on a value of G, which could be as high as 1 x 1010 Pa, indicating that 1 x 106 Pa.c
(P-S) < 1 x IVo Pa. This suggests that a fluid pressure of at least 3 MPa is needed to form a 1-
m-wide dike along the length of the drift trending perpendicular to the least horizontal
compressive stress and at least 5-6 MPa is needed to form a 1 -m-wide dike along the length of
the drift trending perpendicular to the maximum horizontal compressive stress. These fluid
pressures might need to be one order of magnitude higher depending on the value assumed for
the shear modulus. Measured values of Young's modulus and Poisson's ration at Yucca
Mountain are 27-32 GPa and 0.21, respectively, giving G as 1-1.3 x 10'0 Pa for the intact rock
mass (CRWMSMO, 1997). This Indicates higher fluid pressures are required. Thermal
conditions around the magma-filled drift may lower the value of G (Pollard, 1987).
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If the magma pressure in the drift is p,, then an additional stress of magnilude p, is added
everywhere around the drift wall. In order for a new tensile fracture to form, the tensile stress
along the o, axis (where tangential compressive stress is minimum) must equal the uniaxial
tensile strength of the rock, T., and

p, -X,- 3o.-a, (66)

where P, is the fluid pressure in the drift and TO is the tensile strength of the rock. Note that if the
rock is already jointed, then the effective tensile strength is reduced by some factor. For a
horizontal drift in tuff trending perpendicular to the regional maximum horizontal compressive
stress at 300 m depth:

a, = pgh = 2600 x 9.8 x 300 = 7.6 x 106Pa
a2 = 5.5 x 10' Pa (in the YMR 01a:2:a3 = 90:65:25.)
T.= 1 x to Pa
and
pf= 9.9 x la, Pa

to form a vertical fracture along the length of the roof for a drift trending perpendicular to the
regional maximum horizontal compressive stress.

For a horizontal drift in tuft trending perpendicular to the regional minimum horizontal
compressive stress at 300 m depth:

of =pgh=2600x9.8x300=7.6x 10Pa
a2=2.1 x1O4 Pa
To=1 x10Pa
and
p,= -2.5 x 10' Pa

to form a vertical fracture along the length of the roof for a drift trending perpendicular to the
regional minimum horizontal compressive stress. The negative value for p, In this case Indicates
that tensile fractures will likely already exist in a drift trending perpendicular to the regional
minimum horizontal compressive stress (roughly N25E in the YMR); the-fore, the mriagma will
not need excess fluid pressure to form these fractures.

Note that sill formation is less likely because a, ; u2 in Yucca Mountain at repository depths and
in order to propagate the horizontal fracture p, > o, + T.. Thus, based on these calculations, a
volcanic eruption will likely follow magma injection into the repository. A caveat to this result is
that materials lining the drift walls may have significantly different mechanical properties and
could impede the development of fractures if the drift walls were intact.

The magma-driving press' res required to open a conduit to the surface along the length of the
tunnel can be estimated using techniques developed by Pollard (1987):
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where:

t is the dike thickness
Iis the dike length (in this case equal to-the length of the tunnel)
P-S is the driving pressure
G is the shear modulus
v is Poisson's ratio

Using a drift length of 1 km. G = 1 x 109 Pa, and v = 0.25. For a 1-m-wide dike to propagate to
the surface, the driving pressure (P-S) = 1.3 x 106 Pa. This result is highly dependent on the
value of G, which could be as high as 1 x 1010 Pa, indicating that 1 x 106 Pa c (P-S)
< 1 X Io Pa. This suggests that a fluid pressure of at least 3 MPa is needed to form a 1-m-wide
dike along the length of the tunnel trending perpendicular to the least horizontal compressive
stress and at least 5-6 MPa Is needed to form a 1r-m-wide dike along the length of the tunnel
trending perpendicular to the maximum horizontal compressive stress. These. fluid pressures
might need to be one order of magnitude higher depending on the value assumed for the shear
modulus (G).

These overpressures are on the same order as those required to initiate dike propagation from
great depth and are greater than or comparable to the overpressures required to Initiate
hydrofracturing of the tunnel roof based on the Kirsch solution. This result suggests that if
(1) most or all of the magma in the dike is redirected into drifts, and (2) a flow path into the
repository is reestablished after the Initial disruption associated with rapid magma acceleration in
the drits and drainage of the dike, then dike injection may be Initiated vertically above the drift
along its entire length. For Yucca Mountain drifts, vertical hydrofracturing In the drift roof is
much more likely to occur in N-trending tunnels, but fluid pressures needed to Initiate
hydrofracturing in E-trending tunnels may also be reached. Given the comparatively shallow
depth of the tunnels, exsolutlon of volatiles within the tunnel may also increase the fluid pressure
available to inject a 1-m-wide dike to the surface.

These calculations suggest that, following disruption of the repository by injection of magma,
volcanic eruptions are likely to be initiated at the surface above the repository. assuming that
sufficient magma volume Is available to drive the eruption. These calculations also suggest that
the location of conduits above the repository and volcanic vents at the surface may be controlled
by drift geometry, rather than only by dike geometry. Under the.se circumstances, the character
of eruption columns, used in modeling ash and waste dispersion, may be influenced by this
geometry of the shallow conduit system.

4.2.3.4 Summary

The repository itself, potentially affects the shallow subsurface ascent of magma. These effects
include change in the depth of volatile exsolution, resulting in potential changes in eruption style,
and changes in intrusion geometry. As work in these areas is ongoing, staff have only
completed initial scoping calculations for flow conditions during injection of volatile-poor and
volatile-rich magmas into repository drifts, and pressure conditions required to initiate fracturing
of rock above drifts following magma injection. These scoping calculations indicate that basaltic
magma will be diverted and accelerate into open repository drifts during dike ascent. In addition,
this magma may have sufficient volume and fluid pressure to propagate vertical fractures along



the roof of intersected drifts. These fractures could localize volcano formation over the
intersected drifts. In the TSPA-VA, DOE did not evaluate the effects of the repository on magma
ascent characteristics (U.S. Department of Energy, 1998b).

42.4 Consequences Criterion 4

42.4.1 Acceptance Criterion

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that:

The models account for the interactions of basaltic magma with engineered barriers
and waste forms.

42±42 Review Methods

Staff will evaluate models that account for the behavior of engineered barriers and HLW under
basaltic magmatic conditions. These models will need to represent physical condijor's that
generally exceed the design conditions for these systems. Models that credit engineered
barriers with HLW containment during igneous disruption wt" need to be supported by analyses
that explicitly consider the physical conditions associated Seth basaltic igneous activity
characteristic of the YMR. Although no known physical analogs for these models exist.
acceptable models need to address the physical behavior of geologic materials and man-made
materials during basaltic igneous events. Staff also will need to evaluate models of HLW
behavior during igneous events, for which there is little information available. Acceptable models
will address how the thermal, physical, and chemical effects of Igneous activity will likely affect
HLW form.

4.2.4.3 Technical Basis

DOE performance assessments have all assumed that the waste package fails upon contact
with basaltic magma (Link, et al., 1982; Barnard, et at., 1992; Barr, et al., 1993; Wilson, et al.,
1994). The general physical characteristics of basaltic magma exceed the design criteria
commonly applied to HLW emplacement canisters, such that canister failure appears to be a
reasonable, though conservative, initial assumption. For example, basaltic magma in the YMR
has an initial temperature of around 1100 tC (i.e., Vaniman, et al., 1982; Knutson and Green,
1975). Assuming no external stress, such as that induced by magma flow, 2.5Cr-i Mo steel will
fail through intergranular creep rupture alone at these temperatures at time scales equivalent to
the duration of historical basaltic volcanic eruptions (Fields, et al., 1980; Viswanathan, 1989).
Ascending basaltic magma a& j has a nonvesiculated density around 2600 kg m 3 and likely
impacts the HLW canister between 1-100 m s ', creating significant external stress that will
enhance failure through ductile fracturing (e.g., Ashby, et al., 1979). In addition, basaltic
magmatic oxygen fugacities commonly are 10 log units below atmospheric conditions (e.g..
Carmichael and Ghiorso, 1990), which may affect Fe' 2/Fet 3 and NVNiO phase relationships in
the canister. In addition, basaltic magmas m:y contain aroun.d 0.1 weight percent sulfur, which
!s readily degassed from the magma at iow pressures (e.g., Carroll and Webster, 1994) and
likely witl affect nickel and chrome alloy phase relationships. A HLW canister failure thus
appears reasonably likely for canisters directly intersected by a volcanic conduit. Canisters in
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contact with basaltic magma introduced through dikes and intradrdt lavas may also fail, although
thermal anid mechanical loads are much lower than those encountered in the volcanic conduit
area.

4±.4.3.1. Canister Heating by Magma

Assuming magma injection into the repository, waste canisters may fail due to mechanical load.
chemical corrosion, and thermal load. In sevefat res ects. thermal load on the canisters is the
simplest of these adverse conditions to evaluate. He sing of the canister by submersion in
magma may result in the failure of the canister. Prefirs.'nary calculations by CRWMS M&O
(I998a) of the TSPA-VA design suggest that canister failut w.11 occur around 800 'C. The
behavior of proposed canister materials at magmatic temperatures (around 1100 cC) is pouly
known because high temperature tests have not been perforrnmd on proposed canister materials
and because final canister desigr- currently is not known. In the following analysis, temperatures
in the canister are calculated after the intrusion of basaltic magma into the repository drifts and
compared to the rate of magma cooling in a drift. The intent of these calculations Is to bound
the temperature conditions within the canister following magma injection. These calculations are
simplified by: (i) assuming that the canisters and drifts are infinite in length, (.J) using bulk
thermal conducthivties for the canisters and wall rock, rather than attempting to account for
heterogeneties in these materials, and ({i) assuming canisters are completely submerged in a
convecting magma within the drift.

For simplicity, it is assumed that the canister is instantaneously submerged in the convecting
magma. Heat transfer within the canister will follow the equation (Carslaw, 1921):

aT d aT
_=__(r~-) (68)

Tm 7 r a r

where tis temperature, tis time, a is the thermal diffusivity, and ris radius. with initial
conditions:

T(rbr-O)JT, (69)

and a convective boundary condition at the surface o' the canister, at r . ro:

-k aT =h(T-T.) (70)
ar"

White (1984), following Schneider (1955), gives the solution to this heat transfer equation as:

T-T IID, = AP _ Cie 0,t (71

along the centerline ni the cylinder and
0 = 0z7J,2r~r) iE

off the centerline of the cylinder, for all times greater than:
r > O.2r,,/a 73 7



In this formulation, J, is a Basset function of the firs? kind. Eq. (71) may also be written using
Bessel functions, but here Is written using Heisler coefficients, C, and A3 for the centerline
formula. These coefficients depend on the Biot number (Bi):

Bi - h,,rIk v74;

and are tabulated in White (1984). Approximation of heat transfer in this way only results in
errors at short times [Eq. (73)] after immersion. Thermophysical properties of the canister,
basaltic magma, and wall rock are taken from Manteufel (1997) and McBirney (1984) (Table 2.
pg.1 25).

Temperature of the canister as a function of radial distance and calculated at 30 min intervals is
shown in Figure 33, pg. 121. The initial canister temperature is assumed to be 250 'C, and the
magma temperature is 1100 °C and does not change for the duration of the calculation (i.e.,
magma is an infinite heat reservoir). For this calculation, it is assumed that high Biot numbers
persist for the duration of heating (BI = 50, 13, = 2.35, and C, = 1.65). This implies a high heat
transfer coeffioient between the magma in the tunnel and the canister wall. The heat transfer
coefficient, however, may be strongly reduced by formation of a chilled basalt rind on the outer
canister wall. Using a very low Biot number (Bi = 0.1, 1, = 0.44, and C, = 1.02) results in much
slower heating of the canister and produces much lower temperature gradients inside the
canister because the heat flux Into the canister is limited by h. (Figure 34, pg.122).

.The same equations can be used to calculate rate of cooling of the magma inside the tunnel,
neglecting latent heat of crystallization, the heating of the wall rock, or flow In the tunnel. Here,
the heat transfer coefficient is given by

A,, = 35 (75

where D is the hydraulic diameter of the tunnel. This gives Si = 1.75 (a, = 1.5, and C, = 1 3).
For the 5-m-diameter tunnel. temperatures remain near 1100 'C for more than 20 days
(Figure 35, pg.123), indicating that there is ample time to heat the canisters to the point of failure
during a typical basaltic eruption.

In TSPA-VA, DOE concludes that the waste package will not fail significantly during a volcanic
eruption until the inner corrosion resistant material has degraded to <50 percent of original
thickness (CRWMS M&O, 1998a). Waste package failure mechanisms evaluated in CRWMS
M&O (1998aa are corrosion by volcanic gases, mechanical collapse, and internal pressurization.
These analyses used corrosion rates 1IC greater than used in base-case TSPA-VA analyses,
based on 800 'C data in Wang and Douglass (1983). Mechanical collapse was modeled by
extrapolating critical-stress temperature dependencies for alloy 625 from a data range of
20-430 'C to a presumed magmatic temperature of 1000 'C (CRWMS M&O, 1998a).
Neglecting all external stress imparted by dense (2600 kg m 3) magma impacting the canister at
velocities 10-100 m s ', CRWMS M&O (1998a) concludes a waste package nust be at <50
percent of original thickness to fail through mechanical collapse. Staff note that this analysis has
not considered the considerable dynamic stress on the waste package induced by the dense,
flowing magma within the volcanic conduit, and that alloy behavior at temperatures . 430 'C
cannot be readily extrapolated to temperatures >1000-C (e.g., Ashby, et al.. 1979). Finally.
although CRWMS M&O (1998a) concludes that waste package end-cap failure is likely at
temperatures >800 C, staff notes that DOE appears to assume that HLW apparently cannot be



entrained from a waste package with intact container walls in subsequent mechanical models.
In contrast to the analysis for direct volcanic disruption. CRWMS M&O (1998a) concludes that
exposure to magmatic temperatures of 870 'C for 100 hr results in waste package failure for the
enhanced source-term scenario. Staff agree that this conclusion appears reasonable for a
temperature of 870 *C and note that temperatures more representative of magmabc
temperatures (i.e.. around 1100 'C) would increase waste-package failure in this model.

4.2.4.3.2 HLW Particle Size

In addition to affecting the emplacement canister, the physical conditions associated with
ascending basaltic magma will likely affect HLW form. This is important because particle size
will directly affect how HLW is incorporated and dispersed during a volcanic event. Particle size
also will determine the dosimetry effected through inhalation of contaminated tephra and
discrete HLW particles. The high temperature, reducing conditions associated with basaltic
magma will likely result in a reduction in spent fuel particle-size through fracturing along grain
boundaries and transgranular fracturing (e.g., Ayer, et al., 1988; Einzinger, 1994; Einzinger and
Buchanen, 198d). As magma fragments during ascent, parte size will be decreased further
through shear induced by conduit flow and volatile expansion. Cooling and atmospheric mixing
will occur rapidly in the column (e.g., Thomas and Sparks, 1992), Inducing additional thermal
and chemical stress on the waste particles. These rapid and relatively large changes in
temperature and oxygen fugacity aiso will likely affect the oxidation state of the HLW, which can
affect the mobility of actinide elements at surficial conditions. Process models that calculate the
dose consequences of Igneous activity will need to account for how the physical conditions of a
volcanic eruption affect HLW form.

During the 1960s, the U.S. government developed nuclear-power rocket engines that operated
at temperatures comparable to basaltic igneous events (500-1600 IC). Uterature from this
program was reviewed to determine if there was reasonable analogy with potential HLW
behavior during igneous events. The nuclear rocket engines used a reactor core consisting of
hollow hexagonal tubes made from 1-7 percent UO2-Y.03-ZrO2 fuel in a ceramicized BsO matrix
(Cahoon. et al., 1962). Although these tubes were stable at pressures of 342 psi and
temperatures of 1454 eC (Lorence, 1973), they do not appear chemically or mechanically
analogous to HLW potentially exposed to basaltic magma. Spent reactor-fuel pellets consist of
100 percent UO2 and associated fission products and are formed from pressed powders having
initial particle sizes around 1 pm. They lack a BeO matrix and are not ceramicized, both of
which will enhance high-temperature stability significantly. Behavior of nuclear-rocket fuel during
engine operation, thus, does not appear reasonably analogous to behavior of HLW during
igneous disruptive events.

In the TSPA-VA (CRWMS M&O, 1998a), DOE used in situ HLW particle-size distributions from
Jarzemba and LaPlante (1996). These particle-size distributions were used in a preliminary
analysis for volcanic disruption and did not consider padlicle-size degradation induced by
mechanical, thermal, or chemical processes during igneous events, as outlined auove (e.g., U.S.
Nuclear Regulatory Commission, 1998b). These effects are important because the TSPA-VA
uses a kinetic energy transfer model to entrain HLW from a breeched waste package. In this
model, 50 percent of the simulations in TSPA-VA had HLW particle sizes that were too large to
entrain from a breeched container. Of th.5 remaining 50 percent that entrained HLW, 70 percent
of the simulations had eruption velocitits !hat were too low to eject HL-W from the volcano
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(CRWMS M&O, 1998a). The use of larger than expected HLW particle sizes in TSPA-VA likely
significantly underestimates the amount of HLW potentially dispersed during a volcanic eruption.

4.2.4.4 Summary

Preliminary information suggests that the waste package will not be an effective deterrent to the
transport and dispersion of HLW during volcanic eruptions. Aoditional analyses cl waste
package behavior at high temperature and high mechanical loads malt nrnvW-a new insights,
however, a reasonably conservative interpretation of available data is that the waste package
fails during a volcanic eruption. Volcanic disruption analyses in TSPA-VA did not consider
physical conditions representative of YMR basaltic volcanic eruptions and used lower-
temperature data from analog waste-package materials to conclude waste package resiliency
when exposed to an erupting volcanic conduit. In contrast, TSPA-VA analyses for the enhanced
source-term scenario conclude exposure to an intradrift lava flow imparts a thermal load
sufficient for waste-package wall failure. Staff analyses support this conclusion. The TSPA-VA
analyses, thus, do not provide reasonable technical basis that a waste package remains intact
when exposed in an erupting volcanic conduit. Staff conclude that waste-package failure during
igneous events remains a reasonably conservative interpretation of available information.

Current analyses also suggests that HLW particle fragmentation will occur during a volcanic
eruption, due to the mechanical, thermal, and chemical loads imparted on HLW during igneous
events. These processes will likely reduce the average HLW particle size significantly below that
observed in undisturbed HLW forms. HLW entrainment and transport models in the TSPA-VA
did not consider these processes and thus likely underestimated the amount of HLW transported
into the accessible environment during volcanic events.

4.2.5 Consequences Criterion 5

4.2.5.1 Acceptance Criterion

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that:

The parameters are constrained by data from YMR igneous features and from
appropriate analog systems such that the effects of igneous activity on waste
containment are not underestimated.

4.2.5.2 Review Method

Staff will review parameters used in DOE performance models for consistency with the range of
characteristics interpreted for YMR oasaltic igneous systems. Because many important
parameters cannot be derived directly from YMR igneous systems. staff also will compare
proposed parameters values with parameters measured directly at reasonably analogous.
historically active basaltic igneous systems.
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4.2.5.3 Technical Basis

Basaltic igneous activity encompasses a wide range of characteristics that effect significantly
d"erent dose consequences. Low-energy basaltic eruptions, such as those characteristic of
oceanic island volcanism, have limited ability to entrain subsurface material or transport
entrained material more than several kilometers from the vent. High-energy basaltic eruptions
characteristic of arc volcanism, however, are capable of entraining and transporting significant
amounts of subsurface material. Eroded basaltic volcanoes in the YMA are interpreted to
represent a wide range of eruption styles (e.g., Crowe, et al., 1983, 1995; Hill and Connor, 1995;
Hill, 1996). As outlined In Section 4.2.1.3, however, the youngest YMR volcanoes have deposits
characteristic of highly dispersive, violent strombolian eruptions. This eruption style provides a
reasonably-conservative estimate of the type of eruption most likely to occur during potential
future periods of YMR basaltic volcanic activity.

Igneous features of the YMR provide the best possible basis to derive parameters used to
calculate the dose consequences of igneous activity on repository performance. Many important
model parameters, however, can only be derived accurately from erupting or recently-erupted
basaltic volcanoes. For these parameters, data from reasonably analogous basaltic igneous
systems will provide an acceptable basis to derive parameter values.

The dose consequences of igneous activity currently are evaluated using the NRC TSPA code
version 3.1.3. as outlined in Section 3.4 of this IRSR. For the TSPA code, parameters can be
generally classified as those affecting subsurface disruption, waste transport, and dose
conversion. Key parameters for TSPA 3.1.3 and the current technical basis for these
parameters are discussed In the following sections.

4.2.5.3.1 Subsurface Disruption

The diameter of the volcanic conduit controls the amount of HLW available for transport.
Conduits for <5 Ma YMR volcanoes are only exposed to depths of several dekameters, which
will not accurately represent conduit diameters at 300-m depths. Conduit diameters can be
estimated, however, through the volume of shallow wall-rock xenoliths erupted. Xenoliths
<0.7 mm in diameter at Lathrop Wells volcano average around 1 volume percent for
nonhydromagmatic facies (Crowe, et af., 1986). Staff recently evaluated millimeter-to-decimeter
diameter xenolith abundances at Lathrop Wells volcano using image analysis methods. For 17
exposures, each encompassing about 1 M2, millimeter-to-decimeter diameter xenoliths at
Lathrop Wells average 0.9 t 0.6 volume percent (Doubik and Hill, 1999). Most of these |
xenoliths are derived from Miocene tufts, which have an estimated thickness of around 500 m
beneath Lathrop Wells volcano (Swadley and Carr, 1987). The Lathrop Wells volcano also is
characterized by relatively fragmented cone scoria and lacks significant agglutinate beds,
indicating a relatively high energy eruption (e.g., Hilt, 1996). Historically-active basaltic
volcanoes with cone and tephra-fall characteristics similar to Lathrop Wells have tephra-fall
deposits roughly twice the volume of the cone (Segerstrom, 1950; Booth, et al., 1978; Budnikov,
et al., 1983; Amos, 1986; Hill, et al., 1998). By analogy, tephra-fall deposits at Lathrop Wells
volcano were likely twice the cone volume. Lathrop Wells volcano, thus, produced around
7.2 x 10' man of tephra (Table 3, pg.126), of which 1 perceit was likely composed of tuwfaceous
xenoliths. Assuming the conduit was cylindrical and the xenoliths were derived from 500 m,
this volume corresponds to a 40-m diameter conduit beneath Lathrop Wells volcano. In
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comparison, 1975 Tolbachik Cone 1 produced a 49± 7-m diameter conduit during late-stage
disruption (Hill, 1996; Doubik and Hill, 1999). For TSPA-VA analyses, DOE assumed a mean
conduit diameter of 50 m, with a log-normal distribution to a maximum conduit diameter of
120 M.

Only sparse and incomplete exposures of tephra-fall remain for Lathrop Wells volcano, which is
the youngest and best-preserved YMR volcano (Hill, et al., 1995). With the exception of eroded
tephra-fall remnants that occasionally crop out beneath Pliocene lavas and in fault trenches
located in and around Crater Flat, tephra-fall deposits have been eroded from other Miocene
and younger YMR volcanoes. Tephra-fall volumes for Quaternary YMR volcanoes, however,
can be estimated by comparison with fall:cone and core:lava volume-ratios for well-preserved
young basaltic volcanoes. These data are summarized in Table 3, pg.126. Violent strombolian
volcanoes have tephra-fall deposit volumes roughly twice that of the volcanic cone, whereas less
energetic strombolian cones have roughly equivalent tephra-fall and cone volumes. These
relationships are used to estimate fall volumes for Quaternary YMR volcanoes (Table 3, pg.126).

Note that cone:lava ratios for YMR Quatemary volcanoes also encompass the same range as
historically-active analog volcanoes (Table 3, pg.1 26). Using an estimated DRE tephra-fall
volume of 2.2 x 10' m3 for Lathrop Walls, an average mass-flow rate of 25 m3 s ' (Table 4,
pg.127), and the relationships In Wilson, et al. (1978) and Walker, et al. (1984), the main tephra-
producing phase of the Lathrop Wells eruption lasted roughly 10 days and produced a 3.8-km
high column.

Wind velocity is the final parameter that significantly affects initial tephra dispersion from basaltic
volcanoes (e.g., Hill, et al., 1998). The column from the next YMR eruption will likely reach
altitudes of 2-6 km above ground level, as is observed for most violent-strombolian basaltic
eruptions (e.g., Table 4, pg.127). Although near ground-surface v and data are available for the
proposed repository site, low-altitude winds will be affected significantly by surface topographic
effects and, thus, have little relevance to modeling dispersal from 2-6-km-high eruption columns
(e.g.. U.S. Department of Energy, 1997). The nearest available high-altitude wind data are from
the Desert Rock airstrip, which Is located about 50 km southeast of Yucca Mountain. Based on
data in U.S. Department of Energy (1997), average wind speeds at about 2 km above ground
levei (i.e., 700 mbar) are 6 m s"'. These average wind speeds Increase to about 12 m s I at
altitudes of about 4 km above ground level (i.e., 500 mbar). Staff conclude that an average wind
speed of 12 m s' provides a reasonably-conservative basis to model aerial tephra dispersal
from the proposed repository site.

For TSPA-VA analysis, DOE used wind speeds and directions obtained from near surface
stations (CRWMS M&O, 1998a) to reduce the percentage of time a dose could get to the critical
group. This approach does not consider several important factors that could result In calculated
doses greater or less then those presented by DOE. First, the near surface data is highly
controlled by the local topography, and, therefore, is not representative of the directions and
speeds at the attitude of the ash plume (i.e. in the range of 2 to 6 km above ground surface).
Second, there are no site-specific data and the nearest available data (from from Desert Rock
Airstrip) is constrained to 4 km above ground surface ( U.S. Department of Energy J1997).
Finally, tephra fall deposit, would be reworked and redistributed by near surface winds following
initial deposition. As a result, at least some component of the deposit would likely be displaced to
the location of the critical group, providing a dose to the critical group. even if originally the



original deposit not located in that area. Absent data and analysis on wind speeds and
directions at the altitude of the ash plume, and information and analysis on redistribution, a
reasonably conservative approach for PA analysis is to assume the winds depositing the tephra
fall deposit are directed south to the critical group.

4.2.5.32 Dose Conversion

Individuals loated 20 km downwind from a repository-penetrating volcanic eruption would
receive a radiological dose primarily through Inhalation of contaminated ash particles. Particles
<200 pm in diameter are resuspended through wind-shear. saltation, and mechanical
disturbance of the deposit (e.g., Watson, 1989). A mass-loading model describes the amount of
contaminated ash in airborne suspension and is controlled by two critical parameters, (I) airborne
mass load, and (ii) thickness of the surficial deposit capable of eolian entrainment.

Mass load is defined as the airborne mass of particulates per unit volume of air and consists of
two primary components: (1) airborne mass composed of particles less than 10 pm in diameter,
which can be inhaled directly Into the pulmonary regions of the lung (i.e., respirable fraction),
an.: (2) airborne mass composed of particles 10-200 pm In diameter, which are deposited in the
naso-pharynx and tracheal-bronchial regions of the respiratory tract upon inhalation. Mass-
loading factors can range from 10tt to 10' g m ' for tropical t temperate climates (e.g., Tegen
and Fung, 1994) and 10-. to lot g m-

3 for more arid climates (e.g., Sehmel, 1977; Anspaugh, et
al.,1975). Intemal dosimetry of the inhaled particles depends on depositional site within the
respiratory tract. While no direct mass load information is available for fresh to 10,000-yr-old
basaltic volcanic fall deposits, studies of non-basaltic eruptions indicate that Inhalation of fine-
grained particles may represent a significant health risk (e.g., Baxter, et al.. 1999). This
suggests that basaltic eruptions could result In a relatively large opportunity for Inhalation doses.

Mass-loading factors available in the literature are derived from geological deposits that have
limited applicability to basaltic tephra-fall deposits. In addition, little Information is presented in
most of the relevant literature toe discern particle size-distributions for suspended and surficial
deposits, degree of soil development or soil type, vegetative cover, wind conditions, or soil
moisture content. This information is necessary to address the suitability of published mass-
loading factors in evaluating Inhalation dose for volcanic deposits. Based on general soil
characteristics from the studied environments, however, these soils likely contain significantly
lower abundances of suspendable fine particulates than occur In basaltic volcanic fall deposits.
These nonvolcanic deposits appear depleted in- suspendable fine-grained particulates, represent
evolved soil-types, and occur In significantly vegetated areas. Based on these characteristics,
mass-loading factors for these deposits may significantly underestimate the amount of
suspendable fine particulates, and thus the inhalation dose associated with basaltic volcanic fall
deposits,

There are some nonvegetated soils and deposits that occur, which in some and environments
have general grain-size characteristics that can be compared with the volcanic fall deposits.
Dune sands, for example, commonly have average grain-sizes comparable to volcanic falls (i e.,
150-300 pm); however, the amount of particles <60 pm is often <1 weight percent (e.g.,
Watson, 1989), much lower then expected from basaltic fall deposits.
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To better understand the characteristics of basaltic fall deposits, fresh basaltic volcanic fall
deposits were collected 21 km from the vent during the 1995 Cerro Negro, Nicaragua eruption.
Preliminary analysis of the Cerro Negro fall deposits indicates that about 2 weight percent of the
deposit consists of particles less than 10 pm in diameter, with particles <60 pm constituting
about 10 weight percent of the deposit and those <200 pm constituting 50 weight percent of the
deposit. Other fall deposits from larger basaltic cinder cone eruptions may contain 2-5 weight
percent with diameters <10 pm at 20 km distances (Segerstrom, 1950; Budnikov, et al., 1983;
Amos, 1986). Basaltic volcanoes may also produce unusually fine-grained deposits late in the
eruption during subsurface brecciation events (Hill, 1996). These types of deposits from the
1975 Tolbachik eruption have more than 40 percent of the associated particles smaller than
60 pm (Doublk, 1997). Similar late-stage, conduit-widening events likely occurred at the
youngest YMR volcanoes (Hill, 1996). The largest amount of HLW entrainment would probably
occur during this type of event, when the subsurface conduit expanded to dekameters in
diameter. Thus, a reasonably conservative risk assessment needs to consider the mass-loading
factors associated twith tephra-fall deposits arising from these conduit widening events, in
addition to normal violent-strombolian tephra-fall deposits.

Using data from the most reasonably-analngous deposits in the available literature (Anspaugh,
et al., 1975; Tegen and Fung, 1994), and comparing it to the information above on basaltic fall
deposits, the staff have determined that a mass-loading factor of 10 ' to 10.2 g m 3 can be used
initially to describe the amount of resuspended particles above a fresh basaltic tephra-fall.

In the TSPA-VA, DOE evaluated dose from the contaminated tephra-fall deposit by assuming a
unit surface activity of 1 pCi m2 (CRWMS M&O, 1998b). Although mass-loading parameters are
not identified for the tephra-fall deposits, CRWMS M&O (1998b) uses an average mass load of
1.9 x 10 5 g m 3 for other dust inhalation scenarios. However, no technical basis was presented
for the assumption of a I pCi nr tephra-fall deposit activity. As NRCICNWRA analyses show
that initial deposit activities may be significantly higher than this value. Consequently, the mass
loading factor used In dose modeling in the TSPA-VA appears to significantly underestimate the
amount of Inhaiable and respirable particulates suspended over undisturbed and mechanically
disturbed tephra deposits.

Fall-deposit characteristics will change with time as the deposit is exposed to subaerial
environmental conditions. The amount of resuspendable ash particles will decrease through
time by wind elutriation and rainwater infiltration. In addition, the fall deposit will be eroded
through sheet-wash and channelized surficial flow. Erosion, however, will expose deeper layers
of the deposit that likely contain initial abundances of resuspendable ash particles. The final
stage of deposit erosion will expose a basal layer that has likely been enriched in ash
particulates through rainwater infiltration. These significant changes in tephra-fall deposit
morphology and granulometry through time are very poorly constrained. Erosion of basaltic
tephra-fall deposits through time can be constrained initially through examination of reasonably
analogous deposits. Only trace amounts of tephra-fall deposit rjmaln within 3 km of the roughly
100 ka Lathrop Wells volcano. Excluding deposits preservp in irregularities on associated lava
flows. fall deposits have been completely eroded from otner YMR volcanoes. In contrast, tall
deposits are significantly intact 20 km from the vent at the 1065 A.D. Sunset Crater, Arizona
(Amos, 1986), and the 2 ka Xitle volcano near Mexico City (Delgado-Granados. et al., 1998),
both of which are located in areas that receive 3-4 times YMR average rainfall. Although fall
deposits are eroded within decades from areas with steep topographic gradients, deposits on
relatively flat-lying areas are resistant to erosion (Segerstrom. 1960; Malin, et al., 1983; Inbar, et
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al., 1994). Based on comparison with these young analog deposits, staff conclude that tephra-
fall deposits will likely be present up to 10,000 yr after deposition in the semi-arid environment
20 km from the proposed repository site. The correct mass loading factor to apply to these older
deposits is presently unknown, but it is assumed that the factor is significantly lower than for
fresh deposits. In the TSPA-VA, DOE did not evaluate doses from contaminated tephra-fall
deposits for times greater than 1 yr following the eruption (CRWMS M&O, 1 998b).

An additional factor that has not yet been considered by either the DOE or NRC Is the
contribution from surficlal processes eroding, transporting, and depositing material that has been
deposited in the Forlymile Wash drainage basin. If a volcano were to erupt through the
repository, regardless of the wind direction, a large percentage of the material will be deposited
in the Fortymile Wash drainage basin. Following eruption, this material would be subject to
erosion and down-stream transport. The change from erosion to deposition generally occurs
just north of Highway 95. Therefore, in the general area of the proposed critical group, the effect
of this process would be to add contaminated volcanic material and should be factored into the
expected annual dose calculation. The overall effect of this process in terms of expected annual
dose is presently totally unkown.

4.2.6A Summary

While significant uncertainty exists, many of the parameters necessary for calculating the dose
consequences of volcanic disruption of the proposed repository can be bounded throuplanned
modeling and observations at historical eruptions. Other parameters, primarily related to
interactions between basaltic magma and engineered barrier systems, are difficult to constrain.
Consequently reliance upon reasonably conservative interpretations of limited, available
information regarding the effects of basaltic magmatism on engineered barrier systems and the
waste form is required unless a better technical basis for other assumptions can be provided.
Certain DOE TSPA-VA assumptions, such as those related to wind speed and direction and its
effects on overall dose, have no data to support them. DOE has conducted limited
investigations into calculating radiological doses during and following a volcanic eruption. These
calculations assume that HLW has a very low activity in the tephra-fali deposits and that particle
resuspension occurs at very low concentrations over these deposits.

4.2.6 Consequence Criterion 6

4.2.6.1 Acceptance Criterion

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that:

- If used, expert elicitations were conducted and documented using the
guidance in the Branch Technical Position on Expert Elicitation (U.S.
Nuclear Regulatory Commission, 1996), or other acceptable approaches.

4.2.6.2 Review Method

If DOE uses expert elicitation in developing estimates of the consequences of future volcanism
and igneous intrusion, staff will review the documentation to assure that the expert elicitation:
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(i) followed the procedure described in the Branch Technical Position on Expert Elicitation (U.S.
Nuclear Regulatory Commission, 1996); (ii) considered the range of models in the relevant
literature; (ii) considered the range of data In the relevant literature; and (iv) is consistent with
available information, including Information developed subsequent to the elicitation.

4.2.6.3 Technical Basis

As summarized in U.S. Nuclear Regulatory Commission (1996), NRC expects that subjective
judgments of groups of experts will be used by the DOE to assess issues related to overall
performance of the proposed high-level radioactive waste repository site at Yucca Mountain.
NRC has traditionally accepted expert judgment as part of a license application to supplement
other sources of scientific and technical data. Expert elicitation is commonly used when:

* Empirical data are not reasonably obtainable or analyses are not practical to
perform.

* Uncertainties are large and significant to a demonstration of compliance.

* More than one conceptual model can explain, and be consistent with, the available
data.

* Technical judgments are required to assess whether bounding i:sumptions or
calculations are appropriately conservative.

U.S. Nuclear Regulatory Commission (1996) also summarize a series of technical positions and
procedures concerning the use of expert elicitation In demonstrating compliance with geologic
repository disposal regulations. These procedures emphasize the need for detailed
documentation during the elicitation and for transparency in the aggregation of multiple expert's
judgments. An elicitation also should provide a means to evaluate new data that may arise
between completion of the elicitation and submittal of licensing documents (U.S. Nuclear
Regulatory Commission, 1996).

The staff is not aware of any plans by DOE for the use of expert elicitation in evaluating the
consequences of igneous activity. In addition. DOE has committed to following the NRC BTP
guidance on all future elicitations (Brocoum,1 997a).

4.2.6.4 Summary

As there are no plans for expert elicitation in this area, and DOE has committed to performing
future elicitations in accordance with 1NRC policy, this issue Is considered resolved.

4.2.7 Consequence Criterion 7

4.2.7.1 Acceptance Criterion

Estimates of the dose consequences of igneous activity on the propot ad Yucca Mountain high-
level radioactive waste repository will be acceptable provided that;
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The collection, documentation, and development of data and models has
been performed under acceptable QA procedures, or if data was not
collected under an established QA program, it has been qualified under
appropriate OA procedures.

42.7.2 Review Method

NRC will attend, as observers, DOE-conducted QA audits of program participants who are
involved in technical investigations related to igneous activity. NRC will also track the progress
made in resolving deficiencies and nonconformities in the program that arise from QA audits and
independent review of DOE products.

4.2.7.3 Technical Basis

Set Section 4.1.9.3

4.2.7.4 Summary

See Section 4.1.9.4
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Figure 7. Basaltic volcanic rocks of the Crater Flat area, Nevada. Data sources listed in
Appendix A, ages queried when uncertain or unknown. Extent of burled anomalies
Interpreted from magnetic data In Langenhelm, et al. (1993), Connor, et al. (1997), and
Magsino, et al. (1998).
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Figure 21. Bouguer gravity anomaly map of the Yucca Mountain region. Data compiled
from numerous sources and obtained from Geophysics Data Repository at Lawrence-
Berkeley Laborasory.
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Figure 22. Apparent density variation across the Yucca Mountain region, derived from
gravity data. Change from the mean apparent density in the map area Is contoured in kg
m '. Volcanoes tend to occur In areas of relatively low averaget density, cist of the Bare
Mountain fault.
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Figure 23. Schmidt plot of fault dilation tendency for yucca Mountain region stresses.

High dilation-tendency faults are oriented 355'085u with dips greater than 50 (cf. Figure

16).
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Figure 24. Annual probability of volcanic eruptions within the repository boundary.
Igneous events are defined as Individual mappable eruptive units and vents. A Gaussian
kernel Is used with smoothing parameter, h, varying from 0-20 km. Curves are shown for
various regional recurrence rates of volcanic vent formation ( A, a2x10' vyr, A, = Sxl 0'
v/yr, A, = 12xlO 4v/yr), based on the distribution of Quaternary volcanoes (heavy lines)
and Plio-Quaternary volcanoes (light lines). The effective repository area, A,, is 5.49 km2.
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Figure 25. Annual probability of volcanic eruptions within the repository boundary.
Igneous events are defined as vents and vent alignments. A Gaussian kernel Is used with
smoothing parameter, h, of 5 and 7 km (labeled lines) and Is based on the distribution of
three Quaternary igneous events. Vent alignment halfflength, lI,..al varied between 5,200
and 10,200 m, roughly changing probability estimates by a factor of two. Probabilities are
calculated using A, = 3 x 10 S'yr.
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Figure 26. The weighting function, tt(xy), Is der! led from changes in average crustal
densities under the locations of Plio-Quaternary Yucca Mountain Region Volcanoes.
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Figure 27. The spatial recurrence rate (v/km2) is contoured In the area of Yucca Mountain,
using the Gaussian kernel function (Wq.35). In this model, h = 9,000 m and N = 3, based
on the number of Igneous events. The contour Interval Is 2x104 v/km2. Other symbols
are as In Figure 7.
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Figure 28. The spatial recurrence rate (vikm ) is contoured in the area of Yucca Mountain,
using the modified Gaussian kernel function (Er,. 37 to 39) to Incorporate tectonic control
on the probability estimate. In this mod#lI. h = 9,000 m and N = 3, based on the number of
Igneous events. The contour Interval Is 2x104 vlkm2. Other symbols are as In Figure 7.
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Figure 29. Annual probability of volcanic eruptions within the repository boundary using a
modified Gausslana kernel. Igneous events are defined as vents and vent alignments. A
modified Gaussian kernel Is used with a smoothing parameter, h = 7 km, based on thE
distribution of three Quaternary Igneous events. Vent alignment half-length, I., varied
between 5,200 and 10,200 in, roughly changing probability estimates by a factor of two.
Probabilities are calculated using A, = 3 x 10 " Iyr. Curves are shown calculated using
Pilo-Quaternary events (Af= 12) and the modified Gaussian kernel, and Quaternary events
(N = 3) and the standard Gaussian kernel for comparison.
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1975 Tolbachik, Russia

1968 Cerro Negro 1995 Cerro Negro, Nicaragua

Figure 31. Ash columns on erupting cinder cones vary from strong vertical columns with
sustained gas-thrust regions and little deflection by the wind [e.g., 1947 Paricutin
(McGregor and Abston, 1992), 1975 Tolbachik, and 1968 Cerro Negro], to weaker plumes
with little or no gas-thrust region above the vent and that bend easily In the wind (e.g.,
1995 Cerro Negro). Models that estimate the consequences of eruptions through the
proposed repository need to quantity these varying styles of activity.
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Figurc 32. (a) Vertical velocity of particles in the volcanic column and (b) change in the
column radius as a function of height for a violent strombolian eruption, based on the
parameters in Table 1.
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Figure 33. Temperature profiles Inside the canister In near perfect thermal contact with a
convecting magma at 1100 -C ( 5 = 0; Tr = 250 C, T,. 1100 C cfor a 1.2 m diameter
canister). The canister Is assumed to be Infinite In length, which is a reasonable
approximation for a cylinder five times longer than in diameter. Temperature profiles for
times between 2 and 4 hr are shown. Centerline of canister at 0. Crosshatch area
represents magmatcanister boundary.
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Figure 34. Temperature profiles Inside the canister In poor thermal contact with a
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Figure 35. Temperature profile Inside a magma-filled tunnel 20, A0, 40, and 50 days after
magma emplacement. Centerline of the tunnel at 0. Crosshatch area represents tunnel
wall.
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Table 1. Example Initial conditions and constants for eruption column model

Initial Conditions Example Value Units Explanation

no 0.01 dimensionless mass fraction of gas
at vent

10 m vent radius

UO 50 m s velocity at vent

190 1100 K temperature of the
column at vent

CPo 1617 Jkg 'K heat capacity of
column at vent

Rgo 462 J K kg molecular weight of
gas in eruption
column at vent x gas
constant

Constanta

a 1000 kg m 3 density of solid
pyroclasts

P 10000 Pa air pressure

t 293 K air temperature

C, 998 J kg 1K' heat capacity of air

I:-t



Table 2. Thermophysical properties used In heat transfer models, from Manteufel
(1997) and McBlmey (1984)

l I I Wall Rock
PyilProper tieL s Canister Basaltic Magma (Ignimbrite)

Thermal Conductivity (W/m "K) s0 1.25 2.1

Bulk Density (kg / M
3 ) 7800 3000 2200

Heat Captivty (J/kg 0K) 450 1041 930

Thermal Diffusivity (m2 Is) 1.4 x 1o s 4.4 x 10' 1.0 x to'
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Table 3. Volumes of historically-active
volumes for YMR Quaternary volcanoes

basaltic volcanoes used to estimate fall-deposit

Cone Lavas Falls i Fall Fpll Cone
Volcano Age (km") (kmi) (kmi) [cone lava j lava

Tolbachik Cone 1 1975 A.D. 0.093 0.025 0.122 1.3 4.8 3.6
Tolbachik Cone 2 1975 A.D. 0.098 0.242 0.099 1.0 0.4 0.4
Sunset Crater 1200 A.D. 0.2b4 0.150 0.440 1.6 2.9 1.9
Paricutin 1943-1951 A.D. 0.069 0.700 0.410 5.9 0.6 0.1
Heimaey 1973 A.D. 0.015 0.180 0.012 0.8 0.1 0.1
Serra Gorda _ 5 ka 0.030 0.015 0.042 1.4 2.8 2.0
Cerro Negro 1850-1995 A.D. 0.080 0.043 0.132 1.7 3.1 1.8

Lathrop Wells 0.13±0.01 Ma 0.024 0.038 0.048 2 n/a 0.6
Hidden Cone 0.38*0.02 Ma 0.019 0.009 0.038 2 nla 2.0
Utile Black Peak 0.31*0.02 Ma 0.006 0.007 0.012 2 r/a 0.9
SW Little Cone 0.90*0.02 Ma 0.002a 0.022 0.004 2 n/a 0.1
Red Cone 1.01±0.04 Ma 0.0050 0.089 0.005 1 n/a 0.1 I
Black Cone 0.94±0.03 Ma 0.011 0.065 0.011 1 n/a 0.2
Note: (a) Cone volume corrected for 50% erosion, (b) cone volume corrected for 33% erosion.
Data sources: Tolbachik (Budnikov, et al., 1983); Sunset Crater (Amos. 1986); Parlcutin
(Segerstrom, 1950); Heimaey (Self, et al., 1974); Serra Gorda (Booth, et al., 1978); Cerro Negro
(Hill, et al.. 1998). YMR volcanoes from USGS 7.5' topographic map data.
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Table 4. Summary of eruption parameters with calculated column heights and eruption
powers for historically-atlve basaltic volcanoes reasonably analogous to YMR
volcanoes. DRE Is dense rock equivalent (I.e., nonvesiculated). Wilson refers to the
method of Wilson, et al. (1978), where magma density Is 2600 kg m 3, specific heat Is
1100 J kg' IK 1, a 1055 0K temperature change, and thermal efficiency of 0.7. Walker
refers to the method of Walker, et al. (1984)

1=; - -.

Column
height
(km)

Eruption
duration

(M)

ORE
volume

(i )

Wilson,
column
height
(km)

Wilson,
power

(W)

Walker,
column
height
(fm)Volcano

Heimaey 1973 2 2.2 x 106 5.2 x 10' 2.2 4.9 x 109 2.1
Paricutin 1943 4-6 7.3 x 10' 1.9 x 10' 4.0 5.6 x 10'° 3.9
Tolbachik Cone 1
1975 6-10 1.2 x 10' 6.0 x 10 4.7 1.0 x 10" 4.5
Tolbachik Cone 2
1975 2-3 3.3 x 10 4.6 x 10' 3.4 3.0 x 10'0 3.3
Cerro Negro 1947 4-6.5 6.6x 10' 1.1 x 1W 6.3 3.5 x 10" 6.2
Cerro Negro 1968 1-1.5 3.6 x 10' 4.5 x 10' 1.9 2.6 x 10' 1.8
Cerro Negro 1971 6 6.0 x 10' 1.4 x 107 3.9 4.9 x 10'0 3.8
Cerro Negro 1992 3-7 6.4 x 10 1.1 x iOr 6.4 3.6 x 10" 6.2
Cerro Negro 1995 2-2.5 3.5 x 10' 1.3 x 10' 2.4 7.9 x 10' 2.4

Data derived from: Helmaey (Self, et al., 1974); Pericutin (Segerstrom, 1950); Tolbachik
(Budnikov, et al., 1983; Hill, unpub. res.); Cerro Negro (Hill, et at., 1998).
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5.0 STATUS OF ISSUE RESOLUTION AT STAFF LEVEL

6.1 STATUS OF RESOLUTION OF PROBABILITY ISSUES

Based on available Information, staff conclude that a range in annual probabilities of from 10 ' to
10 ' bounds the range of credible models on the annual probability of future volcanic activity
intersecting the proposed repository site. Although a probability distribution can be constructed
to evaluate ui.certainty due to parameter variations, this uncertainty is small relative to variations
in conceptual models used (i.e., Geomatrix, 1996) or to uncertainties associated with model
accuracies. As there is no basis for distinguishing between values in this range, the staff will use
an annual probability value of 10 'in performance assessment. The staff wiU evaluate the new
information referred to In Section 4.1.4.3.1 of this report to determine if this value needs to be
modified, and future versions of this IRSR will provide this evaluation. The staFt does not believe
that a meaningful probability for Igneous intrusion can be determined with the present data base.
Based on field studies at analog sites, the number of intrusive events may be a factor of two or
more greater than the number of volcanic events, and the area affected by intrusive events may
be orders of magnitude greater than the area affected only by volcanic events. Based on the
analog studies, as interim measure, the staff will assume that the probability of an igneous
intrusive event is a factor of 2 to 5 higher than that of a volcanic event. The njed to refine this
value further depends on the sensitivity of the expected annual dose from al classes of igneous
events to variations in igneous intrusion probability. Staff's current understanding is that direct
volcanic disrnption is the dominant contributor to total system expected annual dose during ine
first 10,000 yr post-cosure, with a relatively minor contribution from intrusive events. Staff will
continue, however, to evaluate the contribution to expected annual dose from igneous intrusions.

DOE and the NRC have not yet reached agreement on the appropriate range of volcanic and
intrusive probability estimates to use in performance assessment. As stated above, the staf
conclude that a 1 x 10 7 annual probability of volcanic disruption provides a reasonably
conservative value for use in performance assessment. As discussed under Probability
Criterion 4 and 5 (Section 5.1.4, and 5.1.5) the following points are made: (a) The DOE models
presented in the VA and supporting documents use source zone models that provide some type
of boundary between the site and Crater Flat and which do not agree with most tectonic models
or any geophysical data; and (b) The DOE analysis has not accounted for many of the known
and inferred volcanic centers In the region and have not considered the possible effects the
studies by Wemicke. et al. (1998) could have on the recurrence rates used in the DOE analysis.
In addition, as is discussed in Section 4.1.6.4, values below 1.7 x 10 ' are below the regional
background value for random igneous disruption of any area of the size of the repository within
the WGB. The NRC, therefore, considers the DOE preferred value of 1.5 x tO 0 as. at best,
representing the low end of acceptable probability values. Further, this value' represents the
combined probability for intrusive and volcanic events. In the TSPA-VA, DOE used an average
annual probability of 1.5 x 10 ' from Geomatrix (1996) for dike intersection of the proposed
repository site. Additional analyses in CWRMS M&O (1998a) concluded the average annual
probability for a volcano intersecting the proposed repository site was around 6 X 10 9. Using
the 90 percent confidence interval on the elicitation models, these analyses indicated DOE
viewed the upper bound to the annual probability of volcanic disruption as 1.8 x 10 3 (U.S.
Department of Energy. 1998b). Based on these analyses, U.S. Department of Energy (1998b,
Table 4.3) concludes the probability of volcanic events during a 10' performance penod was
cIO '. Use of this low value could possibly allow DOE to omit consideration of volcanic
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disruption in future TSPAS and from its license application. as this scenario would be below the
consideration limits proposed in 10 CFR Part 63.

During the January 26, 1999, Appendix 7 meeting with DOE, staff concerns with the probability
analyses in the TSPA-VA were discussed. DOE staff concurred that the 1.5 x 10 " annual
probability from Geomatrnx (1996) for dike intersection could be used to reasonably represent
the annual probability of volcanic disruption, as magma flow would likely localize towards
repository drifts rather than randomly along the dike. NRC and DOE staff also concurred that
the 10 ' upper bound from the PVHA elicitation (Geomatrix, 1996) clearly demonstrates that the
probability of volcanic disruption is >10 ' in 104 yr and that volcanic disruption will need to te
considered in future DOE TSPAS and in the licence application. While all these discussions
were informal ani nonbinding, if implemented in future DOE TSPAs or site characterization
documents, they could provide a substantive basis for meaningful resolution of the probability
subissue. Use of an annual probability value of 1.5 x 10 8 in the calculations along with analysis
that would demonstrate the change in overall risk resulting from the use of the NRC-preferred
value of 10 7 should remove any substantive differences between the NRC and DOE on this
subissue.

3..1.1 Probability Criterion 1

Estimates of the probability of future igneous activity iil the YMR will be acceptable provided that:

- The estimates are based on past patterns of igneous activity in the YMR.

Sufficient information exists to define the extent of the YMR igneous system based on past
patterns of igneous activity in the YMR. Probability estimates from most models are insensitive
to volcanoes older than about 6 Ma or located more than about 30 km from the proposed
repository site. Some probability models using nonstationary Poisson or spatially-homogeneous
Poisson methods, however, are relatively sensitive to spatial and temporal definitions of the
YMR igneous system, and probability estimates derived from these methods will need to be
supported with clear definitions of the YMR igneous system. Staff have no questions with the
material presented in the TSPA-VA related to this acceptance criterion.

5.1.2 Probability Criterion 2

Estimates of the probability of future igneous activity in the YMR will be acceptable provided that:

- The definitions of igneous events are used consistently. Intrusive and extrusive
events should be distinguished and their probabilities estimated separately.

Sufficient information exists to calculate the probability of volcanic disn iption for the proposed
repository site, when the event is defined as an individual mappable eruptive unit, or as episodes
of vent or vent-alignment formation (e.g., Connor and Hill. 1995; Condit and Connor. 1996). The
staff does not consider, however, that there is presently enough information to rigorously define
the probability of igneous activity. or the related probability of intrusive activity affecting the
repository. Based on preliminary estimates, it appears that the effects from intrusions
intersecting the repository without volcanic eruption may be significantly less thar the effects of
volcanic disruption. Further work to rigorously define a probability of igneous intrusion is not
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warranted until completion of the consequence analysis. The TSPA-VA (U.S. Department of
Energy. 1998b) often used the probability for all classes of igneous events (Geomatrix, 1996)
interchangeably as tl a probability for volcanic disruption or dike intersection. A DOE-preferred
probability model for volcanic events was produced in CRWMS M&O (1998a). which concluded
the average arnnual probability for volcanic disruption of the proposed repository site was <10 8.

This model assumes a volcano would localize at some random location along a dike that only
partially intersects the proposed repository site. Subsequent discussions with DOE staff at
Appendix 7 meetings and DOE workshops suggest that this model is no longer preferred by
DOE staff. Instead, it appears that future DOE models will assur e that a volcano will localize
within the repository if the initiating dike penetrates the repository site, as magma flow will likely
localize in areas of reduced lithostatic pressure. This model would, thus, equate the average
annual igneous event probability of 1.5 x 10 ' from Geomatrix (1996) as the average annual
probability of volcanic disruption. While the NRC staff consider that this value is at the low end
of the range of acceptable probability values, if used by COE in performance assessment, along
with analysis at 107 that would demonstrate the effect that this range in probability values has on
overall risk, the NRC would have a basis to resolve its questions concerning this acceptance
criterion. The staff have no other questions with this criterion at this time.

5.1.3 Probability Criterion 3

Estimates of the probability of future igneous activity in the YMR will be acceptable provided that:

The models are consistent with observed patterns of volcanic vents and related
igneous features in the YMR.

Good agreement exists on the basic patterns of basaltic volcanism in the YMR. These patterns
include changes in the locus of volcanism with time, recurring volcanic activity within vent
clusters, formation of vent alignments, and structural controls on the locations of cinder cones.
Each of these patterns in vent distribution has an important impact on volcanic probability
models and is considered in current probability models. Staff have no questions with the
material presented in the TSPA-VA related to this acceptance criterion.

5.1.4 Probability Criterion 4

Estimates of the probability of future igneous activity in the YMR will be acceptable provided that:

Parameters used in probabilistic volcanic hazard assessments, related to
recurrence rate of igneous activity in the YMR, spabal variation in frequency of
igneous events, and area affected by igneous events, are technically justified and
documented by DOE.

While sufficient evidence exists to technically justily parameters related to the recurrence rate of
igneous activity in the YMR, spatial variation in frequency of igneous events, and area affected
by igneous events. recently available information brings to question the validity of the recurrence
rate values used. Staff have conducted independent technical investigations in igneous activity
to: (1) evaluate DOE data and models: (2) develop and test alternative hypotheses: and
(3) reduce uncertainties m' models of repository performance. The resualts of these investigations
have been presented in numerous CNWRA reports and peer-reviewed journal articles. As part
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of these investigations, staff have compiled all relevant data on the age and location of YMR
basaltic igneous features younger than about I 1 Ma (Appendix A). These data form the basis
for proh3bility models and revier of the VA and appropriate DOE licensing documents. Staff
concludes that new information presented in Wernicke, et al. (1998) and Earthfield Technology
(1P95) does not warrant a significant revision of recurrence rates used in NRC probability
models. This new Information, however, could directly affect thz recurrence rates used in DOE
probability models (e.g., Geomatrix, 1996; U.S. Department of Energy, 1998b). As this effect on
recurrence rate could be significant, the new information will need to be addressed by DOE.
The staff will continue to evaluate new information and determine the effects this information
may have on temporal recurrence rates. If DOE would provide analysis which address the
effects that inclusion of the above information has on overall probability values NRC questions
related to this criterion would be resolved. The staff have no other questions with this criterion at
this time.

5.1.5 Probability Criterion 5

Estimates of the probability of futute Igneous activity in the YMR will be acceptable provided that:

The models are consistent with tectonic models proposed by NRC and DOE for
the YMR.

Most of the currently proposed tectonic models for Ytueca Mountain indicate that the prooosed
repository site and the locations of <5-Ma YMR volcanoes are in the same tectonic regime.
These models are consistent with seismic reflection. gravity, and mannetic data that all indicate
the boundary of the Crater Flat structural basin is located east of the proposed repository
location. In contrast, most DOE models, including those used in the TSPA-VA, propose some
tyrke of boundary between Crater Flat and Yucca Mountain. This results in much lower
probabilities at the site than for those areas Just adjoining in Crater Flat. In most cases, the
models will not allow, or severely constrain, the probability of a volcanic event forming at Yucca
Mountain. while allowing dikes from such features to propagate to the site. Although some
geologic data appear to suggest such a division, critical analyses reveal that these apparent
divisions are only manifestations of surficial features and not Important to deeper structural
%.ontrol of volcanism (e.g., U.S. Nuclear Regulatory Commission, 1998c). Therefore, reasonably
conservative probability models must be based on source zones that are consistent with Yucca
Mountain being part of the same structural domain as the Crater Flat basin. Probability models
considered within this IRSR (Section 4.1.6) satisfy this requirement. New probability models
used in the TSPA-VA, however, do not meet this critenon. Narrow source-zone models
proposed in, for example, Smith, et al. (1990) also do not meet this criterion. The staff's
question regarding this criterion is, therefore, the ability of DOE to reconcile the volcanological
models with the tectonic models and geophy;ical data.

5.1.6 Probability CriterIon 6

Estimates of the probability of future igneous activity in the YMR will be acceptable provided that:

- The probability values ti ed by DOE in performance assessments reflect the
uncertainty in DOE's pro .abilistic volcanic hazard estimates.

134



Uncertainty associated with any probability model consists of two components that measure
precision and accuracy. Precision is also referred to as "parameter uncertainty," whereas
accuracy often reflects model uncertainty (Performance Assessment Working Group, 1997).
Of the range of probability models proposed for the YMR, only the spatio-temporal,
nonhomogeneous models of Connor and Hill (1 995) have been evaluated for model accuracy
(Condit and Connor, 1996). This evaluation demonstrates that these probability models
reasonably estimate the locations of basaltic volcanoes In the Springerville volcanic field when
basalt petrogenesis remains relatively constant. These models are unsuccessful in estimating
the future locations of basaltic volcanoes when the magmr`- stem undergoes abrupt and
large shifts in petrogenesis (Condit and Connor, 1996). 7:;, YMR has .!t undergone similar-
magnitude potrogenetic shifts since about 5 Ma (e.g., Crc-4e, tJ al., 1986), thus, these
probability models should be reasonably accurate when applied to the YMR system.

New models develop'Tf in thA TSPA-VA propose the average annual probability of volcanic
disruption of the repository site is around 6 X 10-§, with an upper bound around 2 x 10 v, Staff
analyses Indicate these low values do not accurately account for the long history of recurring
basaltic volcanism around Yucca Mountain and better represent the annual probability of a
volcano erupting randomly within the WGB province. In addition, the accuracy of TSPA-VA
models in predicting the location of future igneous events in the YMR or reasonably analogous
areas was not evaluated.

5.1.7 Probability Criterion 7

Estimates of the probability of future igneous activity in the YMR will be acceptable provided that:

The values used (single values, distributions, or bounds on probabilities) are
technically Justified and account for uncertainties in probability estimates.

DOE has stated that they will use the probability distribution derived from the PVHA elicitation
(Geomatrix, 1996) to conduct sensitivity studies regarding Igneous activity (Encoum, 1997b). In
addition, DOE wili use a series of alternative approaches to evaluate model sensitivities to
probability values or distributions (Brocourn. 1997b). This approach is generally acceptable to
the NW'C staff (Stablein, 1997). In the TSPA-VA, DO. often portrayed the average annual
probabilities froin Geomatrix (1996) as the metric of significance. Subsequent discussions with
DOE staff at Appendix 7 and workshop meetings suggest that future TSPA s will utilize the upper
bounds of Geomatrix (1996) in probability assessments, in addition to average values. While the
NRC staff consider that the DOE probability value is at the low end of the range of acceptable
probability values, if used by DOE in performance assessment, along with analysis at 1o7 that
would demonstrate the effect that this range in probability values has on overall risk, the NRC
would have a basis to resolve its questions with this acceptance criterion. NRC staff will track
how this is implemented. The staff have no additions questions with this criterion at this time.

5.1.8 Probability Criterion 8

Estimates of the probability of future igneous activity in the YMF will be acceptable provided that:
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- If used, expert elicitations were conducted and documented using the guidance in
the Branch Techniual Position on Expert Elicitation (U.S. Nuclear Regulatory
Commission, 1996), or other acceptable approaches.

DOE used expert Judgment to arrive at a probability hazcard assessment for the proposed
repository site (Geomatrix, 1996). While there were areas of weakness, the probability hazard
assessment elicitation (Geomatrix, 1996) is generally consistent with the BTP regarding the
conduct of an expert elicitation. NRC will, thus, give the probability hazard assessment
elicitation the appropriate level of consideration in review of licensing documents (Bell, 1997).
Although CRWMS M&O (1 998a) developed a new methodology to interpret the results of
Geomatrix (1996) for the TSPA-VA, C'IWMS M&" (199da) did not consider new information
such as Earthfield Technology (1995), O'Leary (1996), U.S. Nuclear Regulatory Commission
(I997a), Brocher, et at. (1998), Wemicke, et al. (1998) or Magsino. et al. (1998) that would
affect vcolcano recurrence rates or source-zone definitions significantly. Of particular concern Is
the location of Interpreted igneous intrusions from Earthfield Technology (1995) in, around, and
east of the proposed repository site. These Interpreted intrusions are located well outside the
primary source-zones used by many of the experts in Geomatrix (1996) and likely would have
affected how these experts defined their source zones if this information had been present
during the elicitation. In developing probability values for use in a License Application (if any).
DOE would need to reconcile this new Information with the Geomatrix (1996) results if they are
the technical basis for DOE probability values. This would resolve NRC questions related to this
criterion.

6.1.9 Probability Criterion 4

Estimates of "le probability of future igneous ativity in the YMR will be acceptable provided that:

- The collection, documentation, and develop'nent of data and models has been
perform xd under acceptable OA procedures, or if data was not collected under an
established QA program, t has been qualified under appropriate QA procedures.

The most recent audit that fli.i; obse, rad related to tV e igneous Activity KTI was in September,
1996, when DOE audited LANL. Durirg this audit, to i NRC statff observers noted several
discrepancies and Inconsistenries in the Armedor di .a both within the Draft Votcanism Synthesis
Report and between the draft report and d Ia prrvu ited in other reports and journal articles
(Austin, 1996). As a result of this audit the DOE audit team concluded that the LANL's QA
performance was "M arginally effective." NRC agreed with this finding, and NAC concerns
identified during this audit were deferred to the appropriate DOE deficiency reports (YM-96-D-
105 to 108). NRC recently reviewed the remedial actions proposed for these deficiencies anI
determined that the proposed actions appeared appropriate.

The final Volcanism Synthesis Report (Perry, et al., 1998) contains a mixtL e of qualified and
non-qualified data originating from the DOE site characterization program. Staff note tliat most
of the models and data in Chapter 6 of Perry, et al. (1998) are not qualified but are used to
develop the probability models in U.S. Department of Energy (1998b). Staff also note that none
of the data, cod is, or models used to support igneous activity analyses in tie TSPA-VA
(CRWMS M&O, 1998a) were qualified. Although the VA was not designed to be a Quality
Controlled document. staff is concerned that limited time remains for DOE to quality these data.
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The staff have formed an NRC OA Task Force to conduct an independent and objective review
of the DOE HLW OA program and its implementation. Through this task force and standard
review of the progress of DOE's technical program, the staff will continue to monitor DOE's
progress in the area of GA.

5.2 STATUS OF RESOLUTION OF CONSEQUENCES ISSUES

Based on available Information, staff conclude that basaltic volcanic eruptions characteristic of
the YMR are capable of disrupting HLW canisters, entraining fragmented HLW, and dispersing
this waste to distances of 20 km or greater downwind. There is considerable uncertainty in
applying volcanological data and process models derived from undisturbed geologic settings to
the engineered systems located in the disturbed geologic setting of the proposed repository site.
Directed technical investigations still are needed to evaluate the entrainment and dispersal of
HILW during volcanic eruptions, to examine granulometric characteristics of basaltic tephra-fall
deposits through times, and to quantify interactions between basaltic magma, HLW, and waste
canisters. Staff conclude, however, that conservative assumptions on available data provide a
reasonable basis to conduct initial assessments of volcanic consequences on repository
performance, with the understanding that these assessments may change substantially as new
information becomes available. The NRC is actively reviewing the data and assumptions
inherent in its niodeling to evaluate the degree of conservatism in the analysis. As discussed
under SectionS 5.2.3 and 5.2.5, magma-repository interactions represent the major area where
the staff consider they may be underestimating effects, while the assumptions on airborne
particle concentrations through time appears to be the major area where the staffs present
calculations are overly conservative.

Analyses outlined in Section 3 and substantiated in Section 4 of this IRSR show that, neglecting
the effects of magma/repository interactions, the maximum expected annual dose from direct
volcanic disruption of the proposed repository site is around I mrem yr '. As the expected
annual dose from undisturbed repository operations is significantly below this value for a 10,000
yr performance period, staff conclude that volcanic disruption associates a credible measure of
risk to the proposed repository site, but the current calculations suggest that the level of risk is
clearly below limits in proposed 10 CFR Part 63.

Effects of igneous intrusions on repository performance have not been evaluated in detail,
Although intrusions Into the repository will likely enhance HLW canister failure, subsequent
radiological releases will be through hydrologic flow and transport. The significance of igneous
intrusions to overall system performance remains difficult to evaluate. If repository performance
relies on highly corrosion-resistant canisters, then disruptive events such as igneous intrusion
may be the only significant canister-failure mechanism during a 10,000-yr performance period.
In this event, the effects of igneous intrusions will need to be examined in detail to provide a
reasonably conservative evaluation of long-term repository safety. Critical to this evaluation is
the presence of backfill in repository drifts. If. however, some HLW canisters fail durinq the first
1 0,000 yr through mechanisms other than disruptive events, then the effects of igneous
intrusions can be reasonably evaluated through bounding analyses.

As outlined in Section 3 of the IRSR. previous DOE total system performance assessments have
evaluated a limited range of effects from volcanic disruption of the proposed repository In the
TSPA-VA. DOE relies upon several critical assumptions to support the conclusion that there is
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no risk from volcanic disruption during a 10,000-yr perlormance period (U.S. Department of
Energy. 1998a). As discussed in Section 4.2 of this IRSR, these assumptions are based on
minimal levels of information that are not sufficient to substantiate waste package and waste
form resilience during igneous events. As the DOE safety case appears based on waste
package and waste form resilience during igneous events. additional data and models will need
to provide a reasonable basis that waste packages can indeed withstand exposure in an actively
erupting volcanic conduit and that HLW will not be substantially entrained by such an eruption.
Staff are encouraged by recent informal discussions with DOE staff regarding the need for
models and data that address waste package and waste form resiliency. If work plans outlined
in these discussions are implemented by the DOE. the resulting analyses should provide a path
forward to resolution of this subissue with the DOE.

5.2.1 Consequences Criterion 1

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that:

-Models used in these calculations are consistent with the geologic record of basaltic
igneous activity within the Yucca Mountain Region.

Basaltic volcanoes in the YMR record a range of eruption characteristics that are significant to
performance. The youngest and best preserved of these volcanoes indicate an eruption style
that is commonly referred to as violent strombolian and characterized by sustained eruption
columns that can transport tephra tens of kilometers downwind. In addition, these eruptions can
have late-stage disruption events that widen conduit diameters to tens of meters. Although
deposits are very poorly preserved at YMR volcanos older than 1 Ma, these older volcanoes
appear to have eruption styles that were significantly less disruptive and dispersive than many
Quaternary YMR volcanoes. Initial staff analyses conclude that acceptable performance models
will be based on a violent strombolian eruption style, as this style presents the greatest credible
risk of HLW transport to critical groups locatea 20 km from the vent and is the most likely style of
any future YMR eruption.

In the TSPA-VA. DOE uses an ascent model that assumes the degree of magma fragmentation
is the critical process for disrupting waste canisters and entraining HLW. These analyses use
fragmentation depths that often are too shallow to represent YMR-type eruptions. In addition,
these analyses are not consistent with wall-rock entrainment patterns commonly observed at
YMR and other basaltic volcanoes and rely upon undocumented heat-transfer processes that
are inconsistent with observations at historically active basaltic volcanoes. Staff conclude that
analysis that do not consider the effects ot violent strombolian activity significantly
underestimates the thermal and physical loads. and entrainment potential of YMR volcanoes.
and is inconsistent with the geologic record of basaltic igneous activity within the YMR. Use of
physical conditions representative of violent strombolian activity would resolve NRC questions
under this criterion



5.2.2 Consequences Criterion 2

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain High-
level radioactive waste repository will be acceptable provided that:

- Process-level models are verified against igneous processes ot:erved at active or
recent i-active analog igneous systems.

Many of the igneous processes necessary for performance modeling are not preserved in the
YMR geologic record and can best be derived through study of reasonably-analogous basaltic
igneous systems, Staff conclude that the modified tephra-dispersal model of Suzuki (1983)
provides an acceptable approach to calculating tephra-fall deposits from violent strombolian
volcanoes and would appear to provide an acceptable approach to calculating HLW
contaminated tephra fall leposits. DOE has adopted the modified tephra-dispersal model of
Suzuki (1983) for use in one TSPA-VA (U.S. Department of Energy, 1998a). Staff have no
current questions regarding the Implementation of this model in the TSPA-VA.

5.2.3 Consequences Criterion 3

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that:

-The models adequately account for changes in magma ascent characteristics and
magma-rock interactions brought about by repository construction.

Currently available models and data are derived from igneous systems that have not
encountered a large tunnel network 200-300 m below the surface. The redistribution of crustal
stress around the repository drifts will likely affect how ascending basaltic magma interacts with
the engineered barrier systems. Magmatic processes affected Include, but are not limited to,
extent of conduit diameter, magma fragmentation induced by rapid decompression. formation of
lavas in drifts, and Intrusion geometries through drift networks. Although work in these areas is
ongoing, staff have completed initial scoping calculations for flow conditions during injection of
volatile-poor and volatile-rich magmas into repository drifts, and pressure conditions required to
initiate fracturing of rock above drifts following magma injection. These calculations indicate that
basaltic magma should be diverted and accelerate into open repository drifts during dike ascent.
In addition, this magma may have sufficient volume and fluid pressure to propagate vertical
fractures along the roof of intersected drifts. These fractures would localize volcano formation
over the intersected drifts. The combined effect of these interactions would be to increase the
potential number of waste packages effected, and, therefore, represents an area of potential
underestimation of risk. In the TSPA-VA. DOE did not evaluate the effects emplacement of a
repository would have on magma ascent charactenstics (U.S. Department of Energy, 1998b).
and would have to consider these effects to resolve NRC questions related to this criterion.

5.2.4 Consequences Criterion 4

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that
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- Models used in performance calculations account for the interactions of basaltic
magma with engineered barriers Arid waste forms.

Erupting basaltic mEgmas exert large physical, chemical, and th.rmal loads on HLW and
associated waste Banisters. These loads commonly are beyond the limits of available
experimental studies. Models that propose canister- or HLW-resiliency during igneous events
will need to be supported by data that explicitly considers the physical, chemical, and lermal
characteristics of basaltic igneous events in order to be acceptable. Extrapolations from low
temperature, low strain-rate data, for example, will need to evaluate changes In failure
mechanism produced by high temperature, high strain-rate igneous events. Staff conclude that
canister failure during an Igneous event is a reasonably-conservative assumption for
performance assessment calculations. In addition, HLW reasonably can be expected to
fragment during volcanic disruption events.

A significant part of the TSPA-VA conclusion of no risk from vrWcanism during the first 10,000 yr
post-closure is based on a waste package surviving direct exposure in a volcanic conduit. The
TSPA-VA analysis has not considered physical conditions appropriate for YMR basaltic igneous
features and Is based on data from analog materials behavior at considerably lower
temperatures and strain rates than expected during basaltic igneous events. In addition,
analyses presented for the enhanced source term scenario in TrlSPA-VA conclude the waste
package will tail when it Is >50 percent surrounded by an intradrift lava flow, which imparts
significantly lower physical, thermal, and chemical loads on a waste package than a volcanic
conduit. Independent staff analyses support this conclusion. Staff conclude that the analyses
presented in the TSPA-VA do not provide a rersonable basis that a waste package will remain
substantially intact when entrained In an actively erupting volcanic conduit. In informal
discussions during early 1999, DOE staff recognized the need to develop additional technical
bases to support the conclusion of waste-package resdiency during direct volcanic disruption.
NRC will continue to evaluate results of anticipated DOE work on waste package and HLW
behavior during volcanic disruptive events to determine i! staff questions with this criterion can
be resolved.

Current analyses also suggests that HLW particle fragmentabon will occur during a volcanic
eruption, due to the mechanical, thermal, and chemical loads imparted on HLW during ignec .s
events. These processes will likely reduce the average HLW particle size significantly below that
observed in undisturbed HLW forms. HLW entrainment and transport models in the TSPA-VA
did not consider these processes and, thus, likely underestimated the amount of HLW
transported into the accessible en, ironment during volcanic events. The staff has looked at
potential analogs of spent fuel, such as nuclear-engine rocket fuel, however, this mate- it does
not appear to be a good analogy. While the staff is seeking other potentially-analogous
information, satisfactory resolution of this cntenon may depend mainly on modeling.

5.2.5 Consequences Criterion 5

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable prcsvded that.
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-Parameters used in performance calculations are constrained by data from YMR
igneotis features and from appropriate analog systems such that the effects of
igneous activity on waste containment and isolation are not underestimated.

Suff iiient data exists to technically justify key parameters used by NRC to evaluate the dose
consequences of basaltic volcanic activity. These data are derived from YMR basaltic volcanoes
and reasonably-analogous, historically-active basaltic volcanoes. The main areas of volcanic
parameter uncertainty are associated with the characteristics of the contaminated tephra-fall
deposit following the eruption. Significant uncertainty also is associated with parameters related
to behavior of the waste package and HLW form during igneous disruptive events. Although the
effects of igneous intrusions have not been investigoted in detail, key parameters for intrusive
processes can be reasonably constrained by available deta. from igneous features in the YMR
and basaltic analog systems.

In the TSPA-VA, many of the parameters used in DOE models appear reasonable for YMR
Igneous features. Staff note, however, that many of these parameters are derived from
Jarzemba (1997) and that some parameter ranges have been modified in current NRC TSPA
calculations (e.g., U.S. Nuclear Regulatory Commission, 1998b). Staff conclude that there is
substantial agreement between the NRC and DOE on this criterion, and that most differences
are not significant. The modeling assumptions presented in the TSiPA-VA related to wind speed
a, d directions and the lack of consideration of redistribution must either be modified or
supported by data. The remaining substantive area of disagreement is that DOE has condurte .
only limited investigations Into calculating radiological doses during and fellowing a volcanic
eruption. These calculations assume HLW has a very low activity in the tephra-fall deposits anj
that particle resuspension occurs at very low concentrations over these deposits. In addition,
DOE has not investigated how contaminated tephra-fall deposits will change in character
through time. The staff presently only consider crocion of the ash blanket and radiological decay
in their analysis and recognize that consideration of other factors, such as fine-particle
redistribution, could significantly reduce NRCs "expected dose" calculation. This is an area
where the NRC is presently conducting research. For DOE to resolve the NRC's questions
related to this criterion. it will need to develop a reasonably conservative technical basis for
these processes, as this is necessary to calculate expected annual dose from volcanism, as
proposed in 10 CFR Part 63.

5.2.6 Consequence Criterion 6

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that:

- If used, expert elicitations were conducted and documented using the guidance ir
the Branch Technical Position on Expert Elicitation (U.S. Nuclear Regulatory
Commission. 19961. or other acceptable approaches.

As DOE is not expected to conduct expert elcitations in this area, and as they have agreed to
follow NRC procedures (Brocoum. 1997a) this issue is considered resolved. In the TSPA-VA.
DOE did not conduct an expert elicitatbo;i to develop models or data used to evalu use
consequences of igneous events. As several parameters were denrvad from the PVHA
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elicitation (Geomatrix, 1996), staff questions expressed in Section 5.1.7 of this IRSR also apply
to this critericn.

5.2.7 Consequence Criterion 7

Estimates of the dose consequences of igneous activity on the proposed Yucca Mountain high-
level radioactive waste repository will be acceptable provided that:

The collection, documentation, and development of data and models has been
performed under acceptable OA procedures, or I data was not collected under an
established QA program, it has been qualified under appropriate QA procedures.

The most recent audit which the NRC observed related to the Igneous Activity KTI was in
September, 1996, when DOE audited LANL. During this audit the NRC staff observers noted
several discrepancies and inconsistencies in the reported data both within the Draft Volcanism
Synthesis Report, and between the draft report and data presented in other reports and journal
articles (Austin, 1996). As a result of this audit the DOE audit team concluded that the LANiL's
QA performance was 'marginally effective.3 The NRC agreed with this finding, and the NRC
concerns Identified during this audit were deferred to the appropriate DOE deficiency reports
(YM-96-D-105 to 108). The NRC recently reviewed the remedial actions proposed for these
deficiencies and determined that the proposed actions appeared appropriate. As described In
Section 5.1.9, the NRC has significant questions regarding with the ability of DOE to qualify data
and models necessary to substaitiate an acceptable license application and has formed a task
force to monitor and review DOEs' progress In this area. In addition, the staff will continue to
attend DOE-sponsored meetings and OA audits to assure that the questions are being
addressed as part of the DOE program to develop a license application.

5.3 NRC DISPOSITION OF COMMENTS RELATED TO IGNEOUS ACTIVITY

During review of the DOE Site Characterization Plan rSCP), and Study Plans 8.3.1.8.1.1,
8.3.1.8.1.2, and 8.3.1.8.5.1, the NRC developed 57 ccnments and questions related to igneous
activity. The changu in the overall DOE program has rk!iulted in some of the comments losing
validity, and additional information both from DOE and frc m ongoing work by NRC and CNWRA
staff has become available to close many others. As a result, 34 of these comments and
questions had been closed prior to the development of this IRSR. Thirty one of the remaining
comments were closed in Revision 0, and as a result of TSPA-VA review the staff has closed the
remaining comments.

SCA Comment 45: Reliance on volcanic rate calculations that are developed largely
independent of consideration of the uiderlying volcanic-tectonic processes
appears likely to underestimate potential impacts on the performance of
the repository.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. The underlying
basis of this comment was a concem as to whether rates of volcanic activity should be
considered to be increasing, decreasing, or remaining essentially the same for the period of
performance. It must be recognized that, at this time. the underlying processes responsible for
volcano formation are very poorly understood.
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Recent work by both the State of Nevada (Yogodzinski and Smith, 1995) and the CNWRA (Hill
and Connor, 1995) indicates the YMR can be described as lying in a geochemical province that
extends south to the Death Valley region and Includes the area of the Funeral Formation in the
Greenwater Range. The geochemical similarity of various volcanic units indicates that, although
not understood, comparable geological processes have acted on all these units. When
considering the entire YMR, including the area of the Funeral Formation, the rate of volcanic
vent formation has remained relatively constant through the Ouaternary and into the Pliocene.
The geologic evidence, therefore, suggests that a relatively steady state of volcanic vent
formation has occurred for millions of years in the YMR.

The NRC staff, therefore, considers that there is no basis for assuming either an increasing or
decreasing mte of volcanic vent formation during the period of repository performance. In
review of DOE probability values, and In development of independent probability values, NRC
will use recurrence rates that reflect a relatively steady state of volcanism.

SCA Comment 51: Geophysical survey programs as identified in the SCP may not be
sufficien' to identify and characterize both the deep crustal and shallow
geologic features and their interrelationship.

NRC DISPOSITION OF COMMENT: NRC considers this comment resoled. See Response to
Comment 9, Study Plan 8.3.1.8.1.1.

SCA Comment 52: No specific geophysical program appears to be planned to Identify
volcanic or igneous features and their extent under or close to the site.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. See Response to
Comment 9, Study Plan 8.3.1.8.1.1.

SCA Question 12: Why has the Lunar Crater area not been included as a possible analog for
detailed study of the processes related to basaltic volcanism in the Death
Valley-Pancake Range Volcanic Belt?

NRC DISPOSITION OF COMMENT: NRC considers the question resolved. NRC will use its
analog studies, primarily at Tolbach;k and Cerro Negro, to evaluate volcanic processes and DOE
assumptions about volcanic processes.

STUDY PLAN 8.3.1.8.1.1 Comment 1: The use of the term "event' in this study plan appears to
be limited to cone formation, and, therefore, provides an Incomplete description of
magmatic processes and events, and the requirement to determine consequence of the
resultant activity.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. As discussed
under Probability Criterion 2. the use of the proper definition of event and the ability to carry this
definition through the calculations can have a large effect on the resultant probabilities. NRC
has carried the calculations through to the probability and will assure that the analyses of DOE
also reflect the event definitions.

I4



STUDY PLAN 8.3.1.8.1.1 Comment 2: Use of surface extrusion rates to approximate magma
production rates could underestimate the effects of the magmatic process on repository
performance.

NRC DISPOSITION OF COMMENT: NRC considers the comment resolved. Recent worl. on
the size of Little Cones (Stamatakos, et al., 1997a) and the Amargosa magnetic anomalies
(Connor, et al., 1997) shows that additional volumes of material have been erupted and were not
considered in the various volume predictive calculations presented in the probabilistic hazard
assessment report or DOE status reports (e.g., Crowe, el al., 1995).

Examination of Geomatrix (1996) shows that this approach had a negligible effect on any
probability values reported, and the overall effect of this approach, when averaged over the
results of the entire panel, appears negligible (Brocoum, 1997b).

Although NRC has concerns related to a volume predictive approach, it appears that these
concerns do not need to be resolved in evaluating DOE probability models. NRC-preferred
probability values do not rely on eruption volumes.

STUDY PLAN 8.3.1.8.1.1, Comment 3: The evaluation of the presence of crustal magina
bodies in the vicinity of Yucca Mountain must consider the requirements of 10 CFR
Part 60.122(a)(2).

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. See response to
Study Plan 8.3.1.8.1.1. Comment 9.

STUDY PLAN 8.3.1.6.1.1 Comment 4: One of the main activities within this study plan, as
stated on page 8, is to estimate the probability of future magmatic disruption of the
Yucca Mountain site; however, the probab~ilitv calculations that this study plan is
intended to produce appedr too limited to resolve the geologic and regulatory concerns.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. The IRSR
provides an accdptable probability for volcanic disruption of the repository and has an interim
method for determining the probability of igneous intrusion. If the results of consequence
analysis show that a more refined probability for igneous intrusion is necessary. an appropriate
concern will be raised.

STUDY PLAIT R.3.1.8.1.1 Comment 5: It is unclear how a volcanic recurrence model can be
constructed without knowledge of magmatic events of a size less than that needed to
produce a cone.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. See response to
Study Plan 8.3.1.8.1.1., Comment 2.

STUDY PLAN 8.3.1.8.1.1 Comment 6: This study plan does not appear to be calculating a
"recurrence rate." but rather the average recurrence rate for the sampled populJ:tion.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. The methodology
utilized by DOE in the probabilistic hazard assessment report (Geomatnx, 1996) and by the
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CNWRA in developing the NRC-preferred numbers, alleviates this concern. The IRSR provides
an acceptable probability for volcanic disruption of the repository and has an interim method for
determining the probability of igneous intrusion.

STUDY PLAN 8.3.1.B.1.1 Comment 7: The study plan does not appear to adequately consider
models that assume volcanism is a non-Poissonian process.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. The methodology
utilized in the probabilistic hazard assessment report (Cieomatrix, 1996) and in developing the
NRC-preferred probability numbers In this IRSR alleviates this concern, as models other than
simple homogeneous Polsson processes were considered.

STUDY PLAN 8.3.1.8.1.1 Comment 9: The geophysical program described in the SCP and
referred to in this study plan appears too limited to provide the information necessary to
develop reasonable probability models.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. SCA 51, and 52,
Study PIF.n 8.3.1.8.1.1, Comments 3 and 9; and Study Plan 8.3.1.8.5.1, Comments 1 and 5; and
Question 3 all deal in some way with NRC concerns related to DOE program of geophysics as it
relates to volcanism.

Due to redirection of the DOE program, many planned activities were curtailed. The DOE
internal report, "Synthesis of Borehole and Geophysical Studies at Yucca Mountain, Nevada and
Vicinity," provides a summary of the DOE program as it stands at present

Even prior to the DOE program redirection, due to the concerns of NRC with the limitations of
the program, NRC authorized the CNWRA to initiate a program of ground magnetics evaluation
of several of the known and suspected igneous features in the area of Yucca Mountain to
determine if geophysics could cheaply and efficiently resolve many of the basic questions about
these features. The ground magnetic work of the CNWRA (Stamatakos, et al., 1997a; Connor,
et al., 1997) has demonstrated that ther3 are more buried volcanic bodies in the vicinity of Yucca
Mountain than had been suspected during the elicitation of the probabilistic hazard analysis
panel (Geomatrix, 1996). These buried features, In general, also lie outside the boundaries of
the high-probability zones defined in the Geomatrix report. In addition. the characteristics of
these features, such as the size of Little Cones, were not as assumed in Geomatrix (1996) and
there appears to be a strong association of volcanoes with faulting. Based on evaluation of the
results of the DOE program and the work of the CNWRA, the following steps have been taken to
address these concerns:

1. As additional burl d volcanoes have been detected, some in areas outside locations
previously knowr .o contain buried volcanoes, it must be assumed that even more
buried volcanoeb are present, both within and outside the locations known from
surface work. As a result, the total number of volcanic events utilized in the
probability assessments must reflect both the increase in the total number of events
and the unc" tainty in this number.
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2. The subsurface characteristics of known igneous bodies in the vicinity of Yucca
Mountain are presently poorly defined. Therefore, conservative assumptions about
these features are being used in both probability and consequence analyscs

3. The characteristics and location of smaller igneous intrusive bodies, such as dikes
and sills, is poorly known in the YMR. Therefore, undetected dikes and sills must be
assumed to exist in the area of Yucca Mountain.

4. Information at present is insufficient to resolve concerns related to potential
occurrence of crustal magma bodies in the vicinity of Yucca Mountain, Therefore, it
is assumed that a source for magma generation is present in the Yucca Mountain
area.

5. There are many open questions regarding the interrelationship of structure and
igneous features. The ground magnetics of the CNWRA (Stamatakos, et al., 1997a;
Connor, et al., 1 997) strongly suggest that there is a strong relationship in the YMR.
Therefore, a conservative series of assumptions is being made regarding this kind of
interrelationship.

6. The present geologic and geophysical data provides no geologic basis for structural
separation of Yucca Mountain and Crater Flat. Rather, the data drives one to the
conclusion that Yucca Mountain is part of the Crater Flat basin. Therefore, it is
assumed that the Yucc Mountain site lies within the same source region as the
basaltic volcanoes of Crater Flat.

It is the staff's opinion that use of the above assumptions can compensate for the limitations of
the geophysical program as implemented. These assumptions have been utilized in the
development of the probability values contained within the fRSR. Therefore, the concerns can
be resolved, as the IRSR provides an acceptable probability for volcanic disruption of the
repository and has an interim method for determining the probability of igneous intrusion.

In evaluation of Yucca Mountain site performance and evaluation of programmatic documents,
such as the Viability Assessment, NRC will utilize the value of Io J for direct volcanic disruption
of the repository itself.

STUDY PLAN 8.3.1.8.1.1 Comment 10: The MODEL 1 urethodology for calculating the
probability for repository disruption presented in Section 3.2.2.2 appears to be incorrect.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. The methodology
of concern was not vised in the development of the probabilistic hazard assessment report cr in
the development of the NRC-preterred probability numbers by the CNWRA.

STUDY PLAN 6.3.1.8.1.2 Comment 2. The study plan does not add -ess how volatile contents
of basaltic eruptions will be described and assessed.

NRC DISPOSITION OF COMMENT: NRC considers this comment closed. As a result of TSPA-
VA review the staff u ,erstands that DOE is not using volatile content directly in its
consequence modeling.
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STUDY PLAN 8.3.1.8.1.2 Comment 9: The proposed studies for wall-rock fragmentation and
subsurface efects do not appear to account for the modif. 'on in lithostatic pressures
that will occur due to repository construction and operation.

NRC DISPOSITION OF COMMENT: NRC considers this comment closed. While the NRC still
has concerns related to this comment, following TSPA-VA review these concerns have been
transferred to Consequence Criterion 3 (See Section 5.2.3)

STUDY PLAN 8.3.1.8.5.1, RO Question 3: Have additional analog studies, aside from those
presented in this activity, been considered by DOE?

NRC DISPOSITION OF QUESTION: NRC considers this question resolved. The primary
concern remaining on this question was the DOE assumption of waning patterns of volcanism.
As is stated in the response to SCA Comment 45, NRC considers that the geologic evidence
supports a relatively steady state of YMR volcanism from the Pliocene into the Quaternary.
Therefore, recurrence rates used in probability calculations will be evaluated utilizing this
assumption.

STUDY PLAN 8.3.1.8.5.1 Ri Comment 1: The aeromagnetic data described in Section 2.1.1
may iot be sufficient to detect and resolve magnetic anomalies associated with small
intrusions that are of regulatory concern.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. See response to
Comment 9, Study Plan 8.3.1.8.1 .1.

STUDY PLAN 8.3.1.8.5.1 RI Comment 4: It is unclear how the volume of eruptive basalt is
being calculated.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. As was shown in
the response to Comment 2. Study Plan 8.3.1.8.1.1, this concern has been somewhat alleviated
due to the fact the probability calculations have, in general, rot used the volume pre dictive
approach. The concern is applicable, however, when considering the volume of material tI'at
must be considered In evaluating consequence of igneous events for performance assessment.

The remaining concern in this comment will be addressed primranly by using independem
calculations of volume and values obtained by analogs in determining consequences of igneous
events.

STUDY PLAN 8.3.1.8.5.1 RI Comment 5: It is unclear how the model that assumes northwest-
trending structures provide deep-seated control on magma pathways will be tested.

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. While NRC has
remaining concerns as to the geologic basis of the various volcanic zones proposed by DOE,
such as the northwest-trendtng CFVZ. NRC will rely on independent methods of calculatir,
probability that do not rely on volcanic zone definition. such as the methods of Connor e -d Hill
(1995).

I.



STUD" PLAN 8.3.1.8.6.1 R1 Comment 7: It is unclear how the research discussed in this
study plan will resolve alternative petrogenetic models.

NRC DISPOt:i1l ION OF COMMENT: NRC considers this comment closed. As a result of
TSPA-VA rev ew the stati has transferred concerns related tI this comment to the Consequence
Subissue.

STUDY PLAN 8.3.1.8.5.1 RI Question 3: How are the intrusive geometnes associated with the
development of the Crater Flat alignment to be characterized?

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. See response to
Study Plan 8.3.1.8.1.1, Comment 9.

STUDY PLAN 8.3.1.8.5.1 RI QuestIon 5: If the theory of polycyclic volcanism is correct for the
volcanoes in the region of Yucca Mountain, how will it be assured that the age
determinations accurately represent the age of the various cones?

NRC DISPOSITION OF COMMENT: NRC considers this comment resolved. The results of
recent dating and trenching studie3 at Lathrop Wells volcano have shown that there has been
significant erosion of the cone and that no significant age difference between eruptive units can
be demonstrated (see Site Characterization Progress Report #15). As these were two of the
main basis points for the theory of polycyclic volcanism, NRC considered that this theory has
been refuted and no longer deserves consideration. This theory also was given little weight
during the probabilistic hazard assessment (Geomatrix. 1996).

STUDY PLAN 8.3.1.8.5.1 R1 Question 8: How will volumetric relationships from the different
systems in western North America be used to develop specific. timo-dependent,
volume-predictive models for the Crater Flat system?

NRC DISPOSITION OF COMMENT: NRC considers the comment resolved. The use of
volume-predictive methods for developing volcanic probabilities does not appear to be utilized by
DOE, therefore, this question is no longer of concern. See also response to Comment 2, Study
Plan 8.3.1.8.1.1.
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APPENDIX A

COMPILATION OF DATES FOR BASALTIC ROCKS
OF THE YUCCA MOUNTAIN REGION



(ompiaiition tf K-Ar and Az/Ar data±% for P)'-I. I I .d1z !)I>1 III, * liy% ilie Ih NI:Y t nits .ind %nimple numnber%
iz terxpnrdM :) uthor% 4g'id mean correpond% t1i weighicki mein m itr %.*npkc% and I -%ignia heX1 ealim;ikeJ
trror. fraylor. 09'M. multiplied by the '4uare root ot the nican -.quare tit the AcighteJ desitte% MSWUDj
it MSW) > I ice . F:leel. et atl . 1996i Avriuge i% average t I %tandard deslaition of repusned date, fUAn
3% unlnivmn, unpub rei i unpublhhed rcwarch. andl eri * fnton i- permhnal .mmunLjitkon Coordinate.
for *cnt lucation in U nivermal Tran'.versc Mercatocr meters. Zone 1. North Anwtricai Datum 1927 Vent
kwations detennmned by viled author% and field otbriiionrs zIB hill. unpub res . 1i991- 19461

Lathrop Welhs 54170E.L 406380().N. Nonnal magnetic polan) lChampion. 1991 i.

Date error
LVniSl/ample f Method I aM) IMa) N__tes Reference

Unmkn K/Ar 0.6 .03 O Smith. et al. 19Y90

|Jnkn K/Ar 0 23 0.02 Vaniman. et l.. 1982

Qlla Ar/Ar 0.14 0.05 Wgtd mean. Tuffin. et al.. 1991

QI la Ar/Ar 0.125 0.(X)5 Tumnn. 1995

Ql2a At/Ar O.Is 0.02 Wgtd mean. Turrin. et al. 1991
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ n = 1 6 _ _ _ _ _ _ _ _

Q12a/31472 Ar/Ar 0.142 0.019 Tumn. et al.. 1992

Q13 Ar/Ar 0.22 0.05 Wgtd mean, Tumn. et al., 1991

Q%' ?/Qsu Ar/Ar 0.15 0.05 Wgid mean. Turrin. et al.. 1991
n

Q12a/TSV- I K/Ar 0.29 0.2 Vaniman and Crowe.
. I~l"

Q%3/TSV- 12 '-78 K/Ar 0.30 0.10 Vaniman. et al., 19K2

Average: 0.18 * 0.08 Ma, MSWD = 4.92, Wgtd mean = 0.13 t 0.01 Ma

Not included in Lathrop Wells data *el due to questiorabke apparent accuracy

tUnl in.fll K/Ar .0 0.6 Anomalously Marvin. et al.. 1973
old

La%3 aK/Ar 0.3( 0.02 Wgtd mean. Sinntxk and
!________ _______ ________ in = 25 Easterling. I951
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Little Black Peak 52212(*F, 4110340N. Nomial magrietia polant) (Chumpion. 1991 i.

tol
Date error

UUdtSampl # Method (Ma) (May Notes Reference

NNTS89- 10 K/Ar 0.17 0.16 Fleck.etal.. 1996

NNTS 89-111 K/Ar 0.19 0.10 Fleck. et J., 1996

Unkn. lava K/Ar 0.21 0.3 Crovwe & Perry. 1991

Unkn. lava K/Ar 0.22 0.1 Crowe & Perry. 1991

Unkn. lava K/Ar 0.24 0.22 Crowe. et al.. 1982

Unkn. lava K/Ar 0.29 0.11 ____ _ Crowe. et al.. 1982

Unkn. lava K/Ar 0.32 0.15 Crowe. et al.. 1982

TSV-5-77 K/Ar 0.33 0.03 _ Fleck. et al., 1996

TSV-6-77 K/Ar 0.39 0.07 F Fleck. etal.. 19%6

Average: 0.26 * 0.07 Ma, MSWD 0.69, Wgtd mean = 0.31 ±t 0.02 Ms

Hidden Cone: 523400E. 41 12600N. Normal magnetic polarity (Champion. 1991).

tlo
Date error

Unit/Sample # Method (Ma) (Ma) Notes Reference
, L- =

Unkn. lava K/Ar 0.32 0.20 Crowe & Perry. 1991

RDSBaI4 K/Ar 0.34 0.07 Fleck, et al.. 1996

NNTS 89-109 K/Ar 0.37 0.07 _ Fleck. el al.. 1996

Unkn. lava Ar/Ar 0.38 0.02 Turnn. 1995

TSV-64-78 K/Ar 0.40 0.09 _________ Fleck. el al. 1996

913-8B2 K/Ar 0.43. 0.11 _ Fleck. el.. 1996

Average: 0.37 ± 0.04 Ma. MSWD = 0.14, Wgtd mean = 0.38 ± 0.02 Ma
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Northern (one 540350E. 4079360N Revtered magnetcl polarity (Chaimpiun. 199 I

Dale error
Unit/Sample # Method (Ma, (MR) Notes Rererence

Unkn. lava K/Ar 1.04 0.03 'unpublished Crowe. et al.. 1995
_ _ _ _ _ _ _ _ _ _ __ _ 1J'iGS date'

Unkn. lava K/Ar 1.05 0.07 Feldspar Smith. et al.. 1990
separate

NNTS 7-86 K/Ar 1.06 0.05 Fleck, et al., 1996

TSV-128-7h KIAr 1.07 0.04 Vaninun. et al.. 1982

TSV-X18-78 K/Ar 1.09 0.03 _ _ _ Flkck. et al.. 1996

Unkn. lava K/Ar 1.09 0.07 Feldspar Faulds. et al.. 1994
separate

TSV- 128 K/Ar 1.14 0.3 Vaniman and Crowe.
1981

Unkn. lava K/Ar 1.66 0.5 'unpublished Crowe, et al, 1995
__ _ __ _ _ __ _ __ _ _ _ _ _USGS date"

Average: 1.15 * 0.21 Ma, MSWD = 0.44, Wgtd mean = 1.07 ± 0.02 Ma
Age mut be <0.98 Ma or >1.05 Ma to correspond with Cl r. In subchron boundaries in Cande
and Kent (1992).
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Black Cone 538840E. 4074120N. Reversed magne'w polurity (ChamFr--. 1991)

Date error
Unit/Sample U Method (Mai (Ma) Notes Reference

Northern flow K/Ar 0.71 0.06 Feldspar Smith. et al., 1990
separate

NNTS 9-86 K/Ar 0.79 0.09 Fleck. c al.. 1996

Lava S of cone K/Ar 0.8 0.06 'unpublished Crowe. et al.. 1995
USGS date"

NNTS 8-86 K/Ar 0.82 0.07 Fleck. ct al.. 1996

Summit lava lake K/Ar 0.83 0.09 'unpublished Crowe, e al.. 1995
USGS date"

NNTS-106-89 K/Ar 0.91 0.07 Fleck. et al.. 1996

S lavaIBC6FVP Ar/Ar 0.94 0.05 Crowe, Cl al., 1995

Duplicate of BC3FVP Ar/Ar 0.96 0.15 Crowe, et al., 1995

NNTS 105-89 K/Ar 1.03 0.06 ____ Fleck, et al.. 1996

N lava/BC I 2FVP ArJAr 1.05 0.08 Crowe, et al.. 1995

Summit lava lake/BCIFVP Ar/Ar 1.05 0.14 __ Crowe, et al.. 1995

TSV-2A-77 K/Ar 1.06 0.05 Fleck, et al., 1996

TSV-2-77 K/Ar 1.07 0.05 Fleck,.t al.. 1996

TSV-2A K/Ar 1.07 0.4 Vaniman and Crowe,
1981

Lava lake S K/Ar 1.09 0.12 Feldspar Smith, et al.. 1990
separate

TSV-2 K/Ar 1.09 0.3 Vaniman and Crowe.
1981

Average: 0.95 ± 0.12 Ma, MSWD: 3.12, Wgtd mean = 0.94 * 0.03 Ma
Age must be (0.98 Ma or > 1.05 Ma to correspond with C I r. In subchron boundaries in Cande
and Kent (1992).
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Red Cone: 5375K0F., 407 1 980N. Revermed magnetic polarity (Champion. 199 1.

Date error I
UnIt/Sample # Method (Ma) (Ma) Notes Reference

NNT_ S 10-B6 K/Ar 0.84 0.12 Fleck. et al., 1996

Flow E of cone K/Ar 0.84 0.15 "unpublished Crowe. et al.. 1995
_________ ______ USGS date"

Sandia 6 iJAr 0.93 0.1 Fleck, et al.. 1996

Top of main cone K/Ar 0.95 0.08 Feldspar Smith. et al., 1990
___________________________ __________ sep arate

Sandia 7 K/Ar 0.97 0.04 Fleck, et al.. 1996

Sandia 5 g&Ar 0.97 0.06 _ _ Fleck, et al., 1996

Scoria-mound dike K/Ar 0.98 0.1 Feldspar Smith. et al.. 1990
L ______________________ _ .separate

Main cone K/Ar 1.01 0.06 Feldspar Smith, .;z O., 1990
_________ ________ separate _ _ _ _ _ _ _ _ _ _

Flow E of cone K/Ar 1.07 0.34 "unpublished Crowe, et al.. 1995
USGS date"

NNTS 11-86 K/Ar 1.09 0.2 Fleck. et al.. 1996

Sandia 213 K/Ar 1.09 0.16 Fleck, et al., 1996

Sandia 214 K/Ar 1.11 0.09 _Fleck, et al.. 1996

TSV-378-81 K/Ar 1.5 0.1 Vaniman. et al.. 1982

Average: 1.03 ± 0.17 Ma, MSWD = 2.64, Wgtd mean = 1.01* 0.04 Mal
Age must be <0.98 Ma or > 1.05 Ma to correspond with C l r. I n subchron boundaries in Cande
and Kent (1992).

Not included in Red Cone data set due to quest.anable apparent accuracy

Lab B K/Ar 1.12 0.27 Average Sinnock and
n =6 Easterling. 1983

LabC KlAr 1.55 0.15 Average Sinnock and
III n = 6 Easterling. 1983

Lab A K/Ar 1.55 0 31 Average Sinnock and
I________ _ _ n=6 Easterling. 1983
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LiUle Cones: 535200E, 4069360N; bocca at 5354X0E, 4069560N. Reversed magnetic polarity
(Champion, 1991).

- I Date error |
Unit/Sample # Method (Ma) Oa) Notes Reference

SE lava K/Ar 0.76 0.2 Crowe. et at.. 1995

NE cone summit K/Ar 0.77 0.04 Feldspar Smith. et al.. 1990
_ separate

Unkn. Ar/Ar 0.904 0.01 1 sanidine Heizier. et al.. 1994
xenocryst

SE lavafCFI5FVP Ar/Ar 1.02 0.1 Crowe, et al.. 1995

UnknlTSV-3-77 K/Ar 1.04 0.05 Fleck, cl al.. 1996

SW lavarrSV-3 K/Ar 1.11 0.3 Vaniman and Crowe,
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~1 9 8 1

Average: 0.93 t 0.15 Ma, MSW = 4.18 Ma, Wgt Mean 0.90 * 0.02 Ma
Age must be <0.98 Ma or > 1.05 Ma to correspond with C I r. 1 n subchron boundaries in Cande
and Kent (1992).
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Buckboard Mesa: 5551 80E. 4109200aN; second vent possible at about 555500E. 4108500N (Lutton.
1969). Nonnal magnetic polarity (Minor, et al., 1993).

Date error
Unit/Sample U Method (Ma) (Ma) Notes Reference

TSV-413-82 K/Ar 2.7 0.2 Marvin, et al., 1989

WDH-12 K/Ar 2.77 0.08 Fleck. etal., 1996

Unkn. K/Ar 2.79 0.1 Crowe. et al.. 1982

Unkn. IUAr 2.82 0.04 Crowe, et al., 1982

WDH- II K/Ar 2.82 0.04 Fleck. et al.. 1996

NNTS- 15 Ar/Ar 2.91 0.01 7umin. 1995

Unkn. K/Ar 2.93 0.03 Crowe. et al.. 1995

NNTS 16-86 K/Ar 2.95 0.06 Fleck. et al., 1996

Unkn. KfAr 3.07 0.29 Crowe, et al., 1995
NNTS 15-86 K/Ar 3.21 0.12 Fleck, et al.. 1996

Average: 2.90 * 0.15 Ma, MSWD = 2.50 Ma, Wgtd Mean = 2-90 * 0.01 Ma
Age must be 2.60-3.05 Ma tocorrespond with C2An. In subchron boundaries in Cande and Kent
(1992).
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a - -
-

Crater Flat: 540330E. 4)70O50N: 540420E, 4068780N; 540360., 4068440N; 540680E. 4068820N.:
5407E00. 4068260N; possible vent area at 54030(E., 4071600N. All reversed magnetic polarnty
(Champion, 199 1).

Date error
Unoifsample # Method j (Ma) (Ma) Notes Reference

Sandia 32 K/Ar 3.59 0.06 Fleck.etaa.. 1996

Sandia 17 K/Ar 3.64 I 003 Fleck, et al., 1996
VH-1-126 K/Ar 3.64 0.10 Fleck. et al.. 1996

CF79-2&1I K/Ar 3.64 0.13 Vaniman and Crowe,
___________ _ __ _ 1981

S vent/CF IOFVP Ar/Ar 3.65 0.06 Crowe. et al.. 1995
Central ventCFI2FVP Ar/Ar 3.69 0.05 Crowe. et al., 1995

Sandia 212 K/Ar 3.69 0.06 Fleck, et al. 1996

Sandia 217 K/Ar 3.70 0.11 Fleck. et al.. 1996
Sandia 211 K/Ar 3.71 0.11 Fleck. et al., 1996

Sandia 20 K/Ar 3.73 0.02 Fleck. et al. 1996
Sandia 215 K/Ar 3.73 0.04 Fleck, el al., 1996

Sandia 31 K/Ar 3.73 0.17 _ Fleck, et al., 1996
N lava/CF14FVP Ar/Ar 3.75 0.04 Crowe, et al.. 1995

Unkn. K/Ar 3.75 0.12 Crowe. et al., 1995
NNTS-14-86 K/Ar 3.75 0.07 Fleck. et al.. 1996

Sandia 19 K/Ar 3.77 0.05 Fleck. etal., 1996
Sandia 29 K/Ar 3.78 0.06 Fleck. et al., 1996

Sandia 30 K/Ar 3.79 0.03 Fleck. et al.. 1996
Sandia 18 K/Ar 3.81 0.08 Fleck.-el al.. 1996

CF79-72-24-8 K/Ar 3.84 0.15 Marvin. et al., 1989
CF79-24-8 K/Ar 3.85 0.13 Fleck, et al .. 1996

NNTS- 14 Ar/Ar 3.86 0.02 Turrin. 1995
Unkn. K/Ar 3.91 0.2 Crowe. et al.. 1995

NNTh-13-86 K/Ar 4.01 0.13 _ Fleck. et al.. 1996

Average: 3.75 ± 0.10 Ma, MSWYD = 2.94, Wgtd mean = 3.76 * 0.02 Ma
Age must be 3.55-4.03 Ma to correspond with C2An. 3n-C3n. In subchron boundaries in Cande
and KentI1992).
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Crater flat: W 130E. 407(X050N; 540420F., 406H780N; 540300E. 4068440N. 540680E. 406"20N ;
540700k. 406X260N; po-iible vent area at 540300E. 4071tiON. All reversed magnetic polarity
(Chamnpion. 1991Ij.

Date error
UntAiRample # Method (Ma) i Ma) Notes Reference

Not included in Craier Flat data set due to questionable appirent accuracy

Lava 4, Lab B K/Ar 3.69 0.09 Average Sinnock and
n = 6 Easterling, 1983

Lava 3, Lab B K/Ar 3.73 0.06 Average Sinnock and
n = 6 Easterling. 1983

Lava 3, Lab C K/Ar 3.89 0.17 Average Sinnock and
____ __ _ __ __ __ _ ____ _ n =6 Easterling. 1983

Lava 4, Lab C K/Ar 4.00 0.13 Average Sinnock and
n =6 Easterling. 1983

Lava 4. Lab A K/Ar 4.22 0.08 Average Sinnock and
n =6 Easterling, 1983

Lava 3. Lab A K/Ar 4.27 0.46 Average Sinnock and
n = 6 Easterling. 1983
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Amargoa Desert Aeromagnetic Anomaly "B": Estimated vent location 553700F.. 4052900N.
Rcversed magnetic polarity (Langenheim. et al.. 1993).

.~~~~~ to

Date error __
UnItlSamplc # Method (Ma) (Ma) Notes Reference

We1n FF-25-1I Ar/Ar 3.85 0.05 Crowe. et al.. 1995

WI) iF-25-1 Ar/Ar 4.11 0.07 B. Turrin. unpub.
Weli___ Ff2 IAl~ .8 .O roe.. 1995

Well FF-25-1 Ar/Ar 4.19 0.05 B. Turrin, unpub.
_____________________ ________ ~~~~~~~~res, 199-5

Well FF-25-1 Ar/Ar 4.19 0.06 B. Turrin, unpub.
____ _______ ____ ___ res .. 1995

Well FF-25-I Ar/Ar 4.19 0.07 B. Turrin. unpub.
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ,~~~~~~r s.. 199 5

Well FF-25- I Ar/Ar 4.15 0.07 B. Tumn. unpub.
____________________ _ ________ ____________ res.. 1995

Well FF-25-1 Ar/Ar 4.16 0.06 B. Tuffin. unpub.
_______________________ _________ ~~res ,. 19 95

Well FF-25-1 Ar/Ar 4.16 0.05 B. Turrin, unpub.
res.. 1995

Average: 4.13 ± 0.11 Ma, MSWD = 4.9S, Wgtd Mean = 4.11 0.S Ma.
Age must be 3.55-4.03 Ma or 4.12-4.27 Ma to correspond with C2An.3n-C3n.In subchron
boundaries in Cande and Kent (1 992).
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Amargosa Desert Aeromagnetic Anomalies -"A": Eslimated vent locuwions for Al: 5461MEh.
40551WlN; A2: 5461M0E, 4053100N: A3: 544500E. 4051400)N (Connor. el al., 1997). Alt
reversed magnetic polarity. Age of 4.1 ± 0.1 Ma estimated by analogy with Anomal) B

Amargosu Desert Aeromagnetic Anomaly "C": hstimawd vent locauon 5470KO)Ei. 404290.N.
Revened magnetic polarity (Langenheim.et al., 1993). Age of 4.1 ± 0.1 Ma estimated by analogy
with Anomaly B.

Amargosa Desert Aeromagnetdc Anomaty "D": Estimated vent location 549400E. 4040000N. Normal
magnetic polarity (Langenheim. et al.. 1993). Age of 4.1 ± 0.1 Ma e'timated by analogy with
Anomaly B and correspondence with 4.03-4.13 Ma C3n. In normal subchron in Cande and Kent
(1992).

Amargosa Desert Aeromagnetic Anomaly "E": Estimated vent location S38300E,4047200N. Normal
magnetic polarity (Langenheim, et al., 1993). Age of 4.1 ± 0.1 Ma estimated by analogy with
Anomaly B and correspondence with 4.03-4.13 Ma C3n. I n normal subchron in Cande and Kent
(1992).

Magnetic Anomaly, SW Crater Flat: Estimated vent location 535000E, 4067800N. normal magnetic
polarity (Kane and Bracken. 1983; Connor, et al.. 1997). Age of 6 + I Ma estimated by applyingI
0-I Ma sedimentation rate of 0.03 mmyr 'at Little Cones (Stamatakos,et al., 1997) to modeled
150-200 m depth of burial to causative body (Connor, ct al.. 1997).

Thirsty Mountain: Main vent location 529520E, 4l121SON. Small boccas at 529480E. 4112040N
and 529540E. 411 1680N. Reversed magnetic polarity (Fleck. et al.. 1996).

t lo
Date error

Unit/Sample # Method (Ma) (Ma) Notes Reference

913-6A K/Ar 4.60 0.04 Fleck. et al.. 1996

913-6B K/Ar 4.66 0.03 Fleck. et al., 1996

913-6C K/Ar 4.61 0.10 Fleck. et al.. 1996

NE-10-1-91-1 Ar/Ar 4.68 0.03 Crowe. el al.. 1995

NE 10-1-91-2 Ar/Ar 4.88 0.04 Crowe. et al.. 1995

Average: 4.69 ± 0.1 1 Ms. MSWD = 7.34, Wgtd Mean = 4.69 * 0.05 Ma.
Age must be 4.61-4.69 Ma to correspond with C3n.3n nonnal subchron boundaries, in Cande
and Kent (1992).
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Nye Canyon: Main vent location% are Nonh unit: 60468(iIi, 4094260N: Middle unit. 602 170E.
4088W60N. Suth unit 6OU950E. 4085920N und 6(X)550E., 40854SN; Ring dike main vent: 599 1I)E.
4085820N; Scarp Canyon vent: 597930F. 4082470N (Hunrichs and McKay. 1965; Tschanm and Pampeyan
1970. Crowe, et al.. 1986). Normal magnetic polarity (f) Champion, unpub res.. 1994).

Date error
Unit/Rample # Method (Ma) (Ma) Notes Reference

NortzhTSV-293-80 K/Ar 6.3 0.2 Crowe. er al.. 1983a

MiddleitSV-63D K/Ar 6.8 0.2 _ _ Crowe, et al.. 1983a

SouthhT.SV-96 K/Ar 7.2 0.2 Crowe. ct al.. 1983a

South/L-7420 Ar/Ar 7.27 0.03 B. Turrin. unpub.
______________________ ______ _ _ _ _ _ _ _ res., 1995

Ring dikelL.7405 Ar/Ar 7.34 0.03 B. Turrin. unpub.
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ res.. 19 9 5

Middle/L-7400 Ar/Ar 7.36 0.05 B. Turrin. unpub.
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ e s.. 19 9 5

Average: 7.OS t 0.07 Ma, MSWD = 7.14, Wgtd Mean = 7.30 t 01.5 Ma.
Age must be 7.25-7.38 Ma to correspond with C4n. I n subchron boundaries in Cande and
Kent (1992).
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Frenchman Flat: Basaltic lava in drill holes Ue5i 286-293 i)., 595260E. 40809X0N; and leSIK
1289-299 m), 593520E,4081480N(Carre ci al., 1975). Dnll hole locations used as vent proxies. Carr. et
al. (1975) show 2 discrete lavas based on interpretations of magnetic and gravity data. Magnetic polarit)
unknown.

2 | ~~Datce error|
Unit/Sample # Method (MaI (Ma) Notes Reference

UE5-1/940' Ar/Ar 8.57 0.21 Tumn, 1995

UE5- [M5.) ArlAr 8.4 0.16 Turrin, 1995

UE5-/960' Ar/Ar 8.67 0.08 Tumin, 1995

UES-K/960' Ar/Ar 8.37 0.21 Turrin. 1995

UES-K/970' Ar/Ar 8.43 0.19 Turrin. 1995

UE5-K/980' Ar/Ar 8.59 0.29 Turrin. 1995

Average: 8.51 * 0.12 Ma, MSWD _ 0.83, Wgtd Mean = 8.57 ± 0.06 Ma.

Yucca Flat: Basaltic lava in drill holes UElh (226-308 m). 582980E. 4095280N; UElj (415-429 mn).
582440E. 4096580N; and UE6d (about 1000 m depth; Carr, 1984), 583740., 4093400N (Fernald, et al..
1975). Drill hole locations used as vcnl proxies. Magnetic polarity unknown.

* ra

Date error |
Unit/Sample # Method (Ma) (Ma) | Notes Reference

[uEihn84' I/Ar 8.1 0.3 Carr, 1984

Rocket Wash: Main vent location estimated at 536 IOOE. 4109 lOON (Lipman. et al., 1966: O'Conner. et
al.. 1966; Crowe. et al.. 1995). Unknown magnetic polarity.

_ .l.

Date error
Unit/Sample # Method (Ma) (Ma) Notes Reference

Lava K/Ar 8 0.2 Crowe, et al.. 1983a
& _____________________________
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Palute Ridge: Main vent locations estimated at 592400E, 4106800N'. 592800E. 4105900N (Beyers
and Barnes, 1967; Crowe, et al.. 1983b); 593400E. 4 105500N. Cog, neuic ven% in northern Scarp
Canyon at 594800E. 4107900N and 595800F. 4106300N. Other small. dike-fed vents are possible in
the complex. Transient nornal-to-teversed magnetic polarity (Ratcliff. et al.. 1994)._~~~~~~ . 10 - 1 --

Date error
UnIt/sample M Method (Ma) (Ma) Notes Reference

Scarp Canyon dike K/Ar 8.7 0.3 Crowe. et al., 1983b

TSV.309-80 K/Ar 8.5 0.3 _ Crowe, et al.. 1983b

Sanidine xenocrysts Ar/Ar 8.65 0.1 __ _ 0.1_ Raicliff, el al., 1994

Sanidine xenocrysts Ar/Ar 8.66 0.18 .. Ratcliff. et al.. 1994

Sanidine phenocryst Ar/Ar 8.59 0.07 . Ratcliff, et al.. 1994

Average: 8.62 t 0.08 Ms. MSWD = 0.13, Wgtd Mean = 8.61 t 0.05 Ma

Pahute Mesa: Main vent locationsestimated at 548900E. 41 3330tN; 554100E. 41 34500N; and 562400E.
4132700N (Ekren. et al., 1966; Noble, e al., 1967; Crowe, et al., 1995). Unknown magnetic polarity.

tla
Date error

UnitiSample # Method (Ma) (Ma) Notes Reference

NE Basalt Ridge I TSV-55 K/Ar 8.8 0.1 Crowe. et al.. 1983a

Basalt Ridge / TSV- 17 K/Ar 10.4 0.4 j Crowe. et al.. 1983a

Basalt Ridge dikeITSV-16 K/Ar 9.1 j 0.7 . Crowe, etal.. 1983a

Average: 9A t 0.9 Ma, MSWD = 7.57, Wgtd Mean = 8.9 * 0.1 Ma.
TSV-17 overlays 9.40 t 0.03 Ma Rocket Wash Tuff of the Thirsty Canyon Group (Ekren. et
al., 1966; Sawyer, et al.. 1994). Correlative lavas 20 km W of Basalt Ridge overlay 9.15 ±
0.02 Ma Gold Flat Tuff of the Thirsty Canyon Group (Rogers, et al., 1968: Sawyer. et al..
1994).
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Basalt of Sleeping Butte: Vent locations at 525700E. 41 12 IO(N: 524300E. 4l1 36001N - others likely .
Unknown magnetic polarity.

Date error
Unit/Sample M [1ethod (Ma (M) Noes Reference

913-8C Ar/Ar 9.70 0.13 Fleck. et al., 1996

913-61 ArlAr 9.70 0.21 Fleck. et al.. 1996

913-SD Ar/Ar 9.29 0.06 R. Fleck, unpub. res.,
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 9 9 5

RDSBc23 Ar/Ar 9.81 0.07 R. Fleck. unpub. res.,
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 9 9 5

RDSBbl Ar/Ar 9.84 0.07 . Fleck, et al.. 1996

NNTS 89-107 Ar/Ar 9.85 0.19 ___ Fleck, et al.. 1996

Average: 9.7 * 0.2 Ma, MSWD = 9.89, Wgtd Mean = 9,6 * 0.1 Ma.
Overlain by 9.40 ± 0.04 Ma Rocket Wash Tuff (Fleck, et al., 1996; Sawyer, et al.. 1994).

Solitario Canyon: Vent location estimated at 546800E, 4082400N, after Scott and Bonk ( 1 984).
Unknown magnetic polarity.

Date error
Unit/Sample # Method (Ma) (Ma) Notes Reference

TSV-168-79 K/Ar 10.0 OA Crowe, ct al., 1983a

dike K/Ar 11.7 0.3 Groundmrass Smith, ce al.. 1997
felp spart

I .~~~~~~~~~~~~~~~sprt

Large disparity in ages precludes averaging. Dike intrudes 12.70 $ 0.03 Ma Tiva Canyon Tuff
(Sawyer. et al., 1994). Compositionally distinct from other Miocene Crater Flat basalt (i.e..
Crowe. et al., 1986).
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Miocene Basalt of SW Crater Hlat: Vent lixations estimated at 536400E. 40640(0)N. and 5.4700E.
4066500N after Swadley and Carr 41987) and Connor, et al. (1997b. Revered magnetic polarity.

Date |error
Unit/Sample # Method (hat 1 MR) Notes Reference

Main vent area K/Ar 10.5 0.1 Ctowe, et al., 1983a

W LavalDFCF-2 Ar/Ar 11.29 0.12 This report

W Lava/D)FCF-1 Ar/Ar 1 1.19 0. 13 . This__ report

Average: 11.0 t 0G4 Ma. MSWD = 15.73, Wgtd mean = 10.9 ± 0.3 Ma.
Overlies 11.45 t 0.03 Ma Ammonia Tanks Tuff of the Timber Mountain Group (Sawyer. et al.,
1994). Compositionally similar to basalt in VH-2 drill core (i.e., Crowe, et al.. 1986).

Basalt olVH-2: Vent location(s) unknown. estimated at VH-2 location 537900E, 4072950N. May extend
S and W of VH-2 ICrowe, et al., 1995). Reversed magnetic polarity (Carr and Parrish, 1985).

D late error
Unit/Sample # Method (Ma) (Ma) Notis Reference

VH-2-1200 |K/Ar |11.1 A 0 |Carr and Parrish.
l l l | -_ _ 1985

Overlies I I A5 0.03 Ma Ammonia Tanks Tuff of the Timber Mountain Group (Sawyer. et al.. 1994).
Compositionally similar to Miocene basalt in SW Crater Flat (i.e., Crowe. ct al.. 1986). Possibly
correlative dike in VH- I drill core intruding Topopa_ Spring Tuff at 353 m (Carr, 1982).

_ _
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Basalt of Skull Mountain: Unknown vent locations and magnetic polarity.
1 ~ *to

_ Date error
Unit/Sample # Method (Ma) (Ma) Notes j Reference

Unkn. K/Ar 10.2 0.5 Crowe. et a]..1983a

Overlies 11.45 t 0.03 Ma Ammonia Tanks Tuff of the Timber Mountain Group (Sargent and Stewart,
1971). May correl-.*e with basalt in eastern Amargosa Desert (i.e.. Swadley. 1983).

Basalt of Kiwi Mesa: Vent locations at 568940E, 4078740N and 568820E. 4079000N; others
possible. Unknown magnetic polanry.

:t la
Date error

UnitrSample 4 Method (Ms) (B4a) Notes Reference

TSV-382481 KlAr 11.2 0.5 Kiwi Mesa Marvin. et al.. 1989
basalt at Little
Skull
Mountain

TSV-382-81 K/Ar 11.4 0.5 Kiwi Mesa Marvin. et al., 1989
basalt at Little
Skull
Mountain

Unkn. K/Ar 9.7 0.3 Crowe, et al.. 1983a

TSV-370S1 K/Ar 9.9 0.4 Marvin, et al., 1989

TSV-370-8l K/Ar 10.0 0.4 . Marvin. et al.. 1989

Average: 10.4 0 .9 Ms, MSWD = 3.34, Wgtd Mean = 10.2± 0.3 Ma.
Overlies I11 A5 ± 0.03 Ma Ammonia Tanks Tuff of the Timber Mountain Group (Ekren and
Sargent, 1965).
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Basalt of Little Skull Mountain: Unknown vent locations and magnetic polarity. Multiple flow unit%.
compositionally diverse (Crowe, et al., 1986).

I:I1
Date error

Unit/Sample # Method (Ma) (Ma) Notes Reference

Upper lava | Ar | 8.4 0.4 ICrowe,etal., 1995

Ovet lies 11.45 t 0.03 Ma Ammonia Tanks Tuff of the Timber Mountain Group (Sargent and Stewart.
1971). Date thought too young (Crowe. et al., 1995) based on correlation with basalt of
Jackass Flat.

Basalt of Jackass Flat: Unknown vent locations and magnetic polarity.

| | s Date | error |
Unit/Sample # Method (Ma) (Ma) Notes Reference

TSV-372-81 K/Ar 11.0 0.5 "Poor date" Marvin. et al., 1989

TSV-372-81 KIAr 9.6 0.4 tPrefrred Marvin, et al., 1989
daete"

Overlies 12.80* 0.03 Ma Topopah Spring Tuff of the Timber Mountain Group (McKay and Williams,
I964J. Marvin, et al. (1989) identify 11.0 Ma date as "poor" and the 9.6 Madate as the 'preferred
date" based on analytical uncertainties.

Basalt of Northeastern Aruargosa Desert: Near-vcnt luatior a 563300E. 4'i4C_ h1 (i.e., Swadley.
1983); other locations likely. Compositionally distinct from Basalt of Soutneastern Amargosa
Desert; contains quartz phenocrysts (?) and may correlate with Basalt of Little Skull Mountain.
Likely correlates with shallow. highly rejiective unit in western part of AV- I seismic reflection
line (Brocher. et al.. 1993). Unusual shallow inclination to paleomagnetic direction may correlate
with Basalt of Southeastern Amargosa (D. Champion. pers. comm.. 1995).
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Basalt otfSoutheftstem Amargosa Desert: Exposed only in drill cnres and cuttings at drill holes MSWl-C
(565300E. 403970X)N: 149-157 m) and water wells around 569200E. 4043600N (Johnston. 1968). Likely
cunrelates with shallow, highly reflective unit in eastern part of AV-1 seismic reflection line (Brocher.
et al., 19931

Date error 1
Unit/Sample # Method (Ma) (MaW Notes Reference

MSH-C-501 K/Ar | 9.6 0.1 R.lFleck. unpub.
I res. 1996

Shallow inclination to MSH-C paleomagnetic direction (300) similar to direction of Northeastern
Amargosa Desen basalt outcrops (D. Champion, pers. comm. 1995). Fine-grained holocrystalline
olivine-pyroxene basah compositionally distinc from Northeastem Amargosa Desertbasalt (Hill
and Luhr. unpub. res. 1997).

Basalt of the Specter Range: Small outcrops of subvolcanic basalt in the Specter Range at 571SOOE.
4057600N and 571 900E, 4055350N (Sargent and Stewart, 1971). Compositionally primitive and
distinct from other basalts within 20 klm (Hill and Luhr, unpub. res.). intrudes carbonate rocks
of the Cambrian Bonanza King Formation (Sargent and Stewart, 1971).
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Basalt of Dome Mountain: Unknown vent locations. normal magnetic polarity (Minor. et al.. 1993.1.

Date error
UnlUtSample f Method (Ma?) iMa) Notes Reference

Unkn. K/Ar 10.8 0.5 Kistler, 1968

LTpper/RR.30a16R Ar/Ar 10.4 0.4 R. Fleck. unpub
,__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ res.. 1995

MatnfRR3Oa4 Ar/Ar 10.7 0.2 R. Fleck, unpub
res.. 1995

Lowcr/RR3aI14 ArJAr 10.7 0.07 R. Fleck, unpub
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~res.. 19 9 5

Basal/RR30aI5 Ar/Ar 10.5 0.05 R. Fleck. unpub
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ re s.. 19 9 5

Average: 10.6 * 0.2 Ma,, MSWD = 1.98, Wgtd mean = 1058* 0.06 Ma.
Overlies 1 1.2-1 1 A Ma Beatty Wash Formation and is overlain by 10.3 Ma Rhyolite of Shoshone
Mountain(Chnstiansen and Lipman, 1965: Minor. et al., 1993). Dateconcordant with 9.78-10.83
normal polarity chron C5n.Zn (Candie and Kent. 1992).

Basalt of the Amargosa Range: Diffuse outcrops of highly eroded basaltic rock between SOS000E.
4077000N and 521000E, 4062000N, on the eastern flank of the Amargosa Range. Nevada.

* 1o Reference (Ma)
UnitlSample # Method Date error Notes (Ma)

... =-8 .. . . . et ... 8
Basalt BF-3X3 K/Ar 9.0 0.3 |_______ Marvin. et al., 1989
Basalt BF-380 K/Ar 10.3 0.4 | Marvin, et al.. 1989

Basalt BF-379 K/Ar 7.5 0.3 ? Marvin, et al.. 1989

Basalts BF-38.3 and -380 overlay 11.45 I 0.03 Ma Ammonia Tanks Tuff of the Timber Mountain Group
(Marvin et al.. 1989, Sawyer. et al.. 1994).

Beatty Basalt: Vents preserved at 525300E, 4085600N; 527400E,4085200N; and 514800E.4090800N1
(Maldonado and Hausback. 1990); other vents likely. Unknown magnetic polarity. Diffuse outcrops of
highly eroded basaltic rock between 502000E. 408 1OOON and 529000E. 4092000N.

: la | Reference IMa)
Unit/sample # Method lDate error Notes | (NIN

Lava Th2 K/Ar |10.3 .4 Maldonado and
Haurbac .. 19890

Basalt BF-.380A KfAr B .l 1 .4 ||Marvin. elt a...- 1989
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Beanty iasalt Venr prewerved al 525(XISfX4 4t85600N; 527401-iE. 4(f2(K)N' : and 51 4l4K)F., 4090X()ON
(Maldonado and Hausback. 1990Jl. other vents likely. Unknotn magnetic pxlanty. [)iffue outcrops of
highly crixied bunaltic rock between 50200XX., 4081(XJON and 5290(X)F., 4092000N.

I la Reference (Ma)
Unitfisample # Method Date error Notes _ Ma)

Tbl/102887.1 K/Ar '10.7 0.2 Monsen. et al..

Lava TB2 overlain by 10.0 t 0.4 Ma locally erupted latite lavas (unit 'n). Maldonado and Hausback
( 1990). Basalt BF 380A overlie% 9..36 0.02 Ma Pahute Mesa Tuff of the Thirsty Canyon Group
(Marvin. et al.. 1989; Sawyer et al., 1994).

Basalt of the Grapevine Mountains: Eroded vents at 476400E, 4101800N, 476800E, 4102700N. and
477900E. 4106600N; more vents likely to west. Poor age constraints, likely late Pliocene of
Pleistocene (Albers and Stewart. 1972). Similar isotopic character as YMR basalis (Yogodzinski
and Smith, 1995; Hill and Connor, 1996).

Basalt or the Funeral Formation: Over 25 vents exposed between about 515000E. 4010000N and
542000E. 4030000N (McAllister. 1970. 1971. 1973; Conway, et al., 1997). Normal and reversed magnetic
polarities. Similar isotopic character as YMR basalts (Yogodzinski and Smith. 1995; Hill and Connor,
1996j.

l l | :t 1o |la Reference (Ma)
Unit/Sample # Method Date error Notes (Ma)

TSV-383-81 K/Ar 4.0 0.1 Marvin, et aL. 1989

N Ryan area K/Ar 4.03 0.12 McAllister. 1973

E Black Mtns. K/Ar 4.90 Unkn. Asmerom. et al.,
1994

Funeral Fm.. upper' K/Ar 3.20 Unkn. Asmerom, et al.,
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 9 94
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Basalt of Southern Death Valley: Cinder Hill vent at 523900E. 3977100N. Multiple vents possible for
Shtcreline Butte, summit 526200E. 3973700N. Unknown magnetic polanties. Similar iotopic character
as YMR basaltt (Yogodzinski and Smith, 1995; Hill and Connor. 1996)

1 1 | t lo | Reference (Ma)
Unit/Sample# Method Dale error Notes IMa)

Shoreline Butte K/Ar 1.5 Unkn. Wright and Troxel,
_________________________ H l t06 kiW h d re1984

Cinder Hill K/Ar 0.69 Unkn. Wright and Troxel.
______ ______ 1984
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