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EVALUATION REPORT: IGNEOUS CONSEQUENCE PEER REVIEW
(FEBRUARY 2003)

1. INTRODUCTION

The U.S. Department of Energy's Office of Repository Development directed Bechtel SAIC
Company, LLC (BSC) to conduct a peer review of potential consequences from igneous events
(intrusive and extrusive) that intersect a geologic repository at Yucca Mountain. Six subject
matter experts were contracted for this effort. The planning and conduct of this peer review was
performed under AP-2.12Q, Peer Review. The Igneous Consequences Peer Review (ICPR) was
initiated in April 2002, and the final report was issued in February 2003. The ICPR addressed
eight questions in its review. These questions are related to:

* Adequacy of the models being used by Office of Repository Development to represent
the initiating events and associated processes

* Ability of the models to quantify uncertainties in the analyses

* Level of analysis necessary to satisfy the igneous consequence scenarios given the
limitations of the science.

The ICPR's view is that "the consequences of an igneous event are neither clear-cut nor readily
quantifiable." The ICPR also states that the DOE's "overall conceptual model for a rising dike
intersecting several drifts, followed by localization into a pyroclastic Strombolian eruption along
a conduit, is both adequate and reasonable." As a result, the ICPR focused on providing
recommendations related to reducing uncertainty where possible, including:

* Restricting the range of magma properties and eruptive scenarios including event
chronology and characteristics of magma flow into drifts

* Better understanding of the mechanics of dike propagation

* More realistic treatment of waste entrainment in an igneous event.

2. COMMENTS AND RESPONSES

The comments of the ICPR are both observations and recommendations. They occur throughout
the report; however, Chapter 5 of the ICPR report presents eight specific comments. Twenty-
nine comments were identified from the ICPR report; however, most are related to the comments
specifically called out in Chapter 5 of the ICPR report. The 29 comments can be summarized in
11 summary comments. These summary comments and responses are presented in the following
discussion. The first eight summary comments are consistent with the comments from Chapter 5
of the ICPR report. The remaining three summary comments capture other ICPR comments that
are not directly related to the first eight.

BOOOOOO-01717-5700-00042 REV 00, ICN 1 I November 2003



2.1 SUMMARY COMMENT 1: (CHAPTER 5.1)-Conceptual model of igneous event is
adequate and reasonable.

ICPR Statements - The overall conceptual model (namely, that of a rising dike intersecting
several drifts into which magma flows, followed by localization into a pyroclastic Strombolian
eruption along a conduit) is both adequate and reasonable. No fully satisfactory mechanistic
explanation of the localization process is currently available, and separation of the hazards into
additive components, on the one hand, for damage done to canisters by magma flowing from a
dike into drifts and, on the other, for that done by pyroclastic conduit flows past canisters is
justified. It would be unreasonable to expect major advances in understanding of the
localization process within the next three years, and we do not recommend any alteration to the
present overall model. (Statement made again in Section 4.7, page 74.)

Response-The Yucca Mountain Project's position is consistent with the ICPR
panel in that scientific knowledge and computational capabilities are limited for
developing more complex mechanistic models; however, the project continues to
work on more sophisticated codes and models to better represent magma
properties and behavior.

2.2 SUMMARY COMMENT 2: (CHAPTER 5.2)-Approach giving Pleio-Pleistocene
igneous events near Yucca Mountain greater weight is reasonable; however,
additional geochronological work and field mapping should be performed.

ICPR Statement-As far as the range of quantitative characteristics of the igneous event
considered is concerned, we have reviewed all the literature available and conclude that the
approach adopted so far - namely, that the analog evidence from recent (< 5 Ma) igneous
events that have occurred close to (Crater Flats, Lathrop Wells) be given more weight than
earlier events or those further afield - is entirely reasonable. We recommend that further high-
resolution geochronological work be performed to better constrain the ages of exposed Pliocene
and Quaternary basalts in Crater Flat as well as possible basaltic volcanic rocks identified by
aeromagnetic studies. (More detailed discussions and proposals are presented at the end of
Sections 2.3, 2.4, 2.5, and 2.6.1-3, pages 19-21.)

Project Response - A new field program has been planned and is being
implemented to address potential buried volcanic centers and to better understand
the age relationships of the volcanic centers within Crater Flat and the
surrounding area. The program consists of geophysics and drilling to constrain
the number and age of buried volcanic centers inferred from aeromagnetic
anomalies near Yucca Mountain. In conjunction with this work, additional
geochronology and geochemistry analyses will be conducted to better understand
the age relationships among known Plio-Pleistocene volcanoes, including Little
Cones in Crater Flat and possibly the Sleeping Butte volcanic center near Beatty.
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2.3 SUMMARY COMMENT 3: (CHAPTER 5.3)-Priority should be given to
developing a three dimensional (3-D) model for dike/drift interaction that addresses:

a) Gas/vapor evolution
b) Gas/vapor cavity length
c) 3-D coupled models for unsteady dike/drift flow
d) Gas pressure loss through wall rock magma permeability

ICPR Statement-Quantitative assessment of the rate and type of magma flow into drifts from a
rising dike has not been as carefully analyzed in the past as it could be. Chapter 3 and its
appendices provide a structured approach to tackling the problem, and we recommend that this
be pursued as a high priority activity. Particular attention should be paid to

(a) modeling the region near the magma front in a rising dike to account for gas/vapor
evolution, and embedding this in globalplanar dike propagation models,

(b) estimating the length of the gas/vapor cavity behind the dike tip in (a) for various
scenarios,

(c) developing coupled 3-D models for unsteady dyke/drift flow when a planar vertical
dike intersects drifts, acting as regularly spaced sinks (this would be relevant both to
refining arguments about the probability of dog-legs arising and to calculating the
impact of driftflows on canisters within the drifts affected), and

(d) modeling the effect of infiltrating tephra and variable gas pressure on the loss of gas
through permeable dike and drift walls.

Further discussions related to this comment are found in Section 2.7.6, page 28;
Sections 3.5.1-.3, pages 58 and 59; and Sections 3.5.4.1 and .2, page 60.

Response-Modeling of gas/vapor evolution near the magma front is necessary for
understanding the complex phenomena associated with the first encounter of a dike with
a drift. The analyses conducted to date consider incompressible magma flow inside the
dike. The effect of gas exsolution into the tip region has been considered in a simplified
way. The gas pressure inside the tip cavity was varied and its effect on the tip cavity
length investigated. There is potential for using more advanced numerical codes that
account for magma compressibility that can better simulate the processes of gas flow near
the magma front and cavity tip.

Quantitative assessment of the rate and type of magma flow into drifts and possible crack
propagation from the drift is a complex problem involving several factors, including:

1) Separation of gas and liquid (and possibly solids suspended in the liquid) with
exchanges of momentum, energy, and mass

2) Effects of non-equilibrium (mechanically, thermally and compositionally)
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3) Variability of important parameters (viscosity, surface tension, multi-species
solubility, species diffusivity) with temperature, pressure and composition

4) Fracture growth using assumptions equivalent to linear elastic fracture mechanics.

Progress has been made to incorporate most aspects of (1) through (3) into an existing
multi-phase computational fluid dynamics code (CFDLib). New work currently
underway will incorporate (4). The steps needed to accomplish that objective are:

1) Qualification of a 3-D incompressible version of CFDLib (v03. 1)

2) Qualification of a 3-D compressible version of CFDLib (v03. 1) with implicit viscosity,
surface tension, and multi-species gas equations of state

3) Incorporation of physics-dependent switching from liquid-dominated flow to vapor
dominated flow into said code and its qualification

4) Incorporation of temperature-, pressure- and composition-dependent viscosity and
surface tension into said code and its qualification

5) Incorporation of viscosity-dependence on content of bubbles and crystals into said
code and its qualification

6) Incorporation of empirical rules for diffusion of volatile constituents through
condensed phases into the CFDLib code

7) Addition of a model that allows fracture initiation and growth

A 3-D model of dike propagation in which drifts are represented as regularly spaced sinks
is being used. At this stage a simplified boundary condition is employed, but this model
will be coupled with a multi-phase model of magma flow inside the drifts in the future.

The additional comments provided below are related to Summary Comment 3 and are found in
Chapter 3 of the ICPR report. They also have corresponding responses.

2.3.1 Comment 3.1: (Section 3.5.1, Dike Propagation Models with Compressible Flow)

ICPR Statement-As was pointed out above, models of dike propagation available in the
literature do not account for some of the processes that are likely to take place during ascent of a
dike at Yucca Mountain and that are thought to be criticalfor the sequence of events following
the intersection of a dike with the repository. These processes include gas exsolution from the
magma with decrease of the pressure, fragmentation of the magma, gas bleed-off into the
country rock and, perhaps, pyroclastic flow above the fragmentation front. To assess the
implication of these processes, the Panel has expended some effort into formulating
mathematical models that account in some approximate way for these processes and in writing
software dealing with propagation of dikes to quantify their effects. This work is preliminary
and needs to be extended by removing some of the simplifying assumptions and by including
additional physics. The Panel is of the opinion that it is possible in the short- to medium-term to
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expand on the work presented in this report by including computation of the gas bleed-offfrom
the tip cavity into the host rock and of dynamic gasflow in some region above the fragmentation
front.

These enhanced dike propagation models should then be used to carry out a parametric analysis
to scan the range ofplausible conditions at Yucca mountain (including varying thermal stresses
and magma composition), with the objective of placing tighter bounds on the tip cavity length
and pressure, melt and gas velocity, magma front velocity, pressure increase behind the magma
front, and the critical depth at which dike tip instability takes place. In particular, these
calculations should verify the adequacy of the statements pertaining to the cavity length in the
presence of large thermal stresses (as the implication of a non-monotonic variation of horizontal
stress with depth has not yet been assessed) and should include situations before and after the
magma front reaches the repository.

Response-Magma is a complex mixture in which volumetric fractions of gases and,
consequently, its compressibility, depends on magma pressure. Magma front velocity
and magma pressure evolution at the repository level (after the dike intersects the drifts),
and consequently conditions of dike/drift interactions, are affected by the assumption of
incompressible flow. As part of the work of the Igneous Consequences Peer Review
Panel, a prototype code was developed to simulate the ascent of a dike driven by
compressible magma. The salient features of this code were: compressible magma flow,
existence of a growing pure melt region above the fragmentation front, and an explicit
algorithm coupled with a stretching mesh. The Project will make this prototype
compressible-hydrofracture code more robust for parametric analysis with a new logic
coded so that the three regions (tip cavity, pure melt region, and compressible flow
region) each have their own stretched mesh. In other words, both the magma front and
the fragmentation front will coincide with the interface between the two mesh regions. In
addition, consideration for an arbitrary horizontal stress profile will be provided.

After qualification of the compressible-hydrofracture code, parametric analysis of dike
propagation using the new numerical model will be carried out. Different stress states
(thermal stresses induced by the repository), the tip cavity pressures and magma leak-off
into the emplacement drifts will be considered. The leak-off will be determined through
coupling with the model of magma flow through the emplacement drifts. The potential
for sill formation due to negative buoyancy (resulting from thermally induced horizontal
stresses) will also be investigated.

2.3.2 Comment 3.2: (Section 3.5.2, Dike Propagation Once Magma Reaches the
Repository)

ICPR Statement-The position of the dike tip when magma reaches the repository and when it
fills the drift system is an important factor affecting the likelihood of the dog-leg scenario. The
dominant role of thermal stresses in controlling the position of the tip with respect to the position
of the magma front (i.e., the length of the tip cavity), as well as the tip run-away instability as it
comes close to the free surface, was discussed earlier in this chapter. On the basis of this
discussion, we have concluded that it is very likely that the dike breaches thefree surface if the
horizontal stresses at the repository depth and above are not signifcantly larger than those
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measured today. Under much larger horizontal in-situ stress conditions than contemporary
ones, the tip is at distance of order of 10 m or less beyond the magma front, and progression of
the tip will be hindered once magma flows into the repository.

The qualitative analysis of the magma flow splitting into a fraction moving up the dike and a
fraction filling the drift system should be complemented by a series of numerical simulations
using a 2-D dike-propagation model in which the magma loss into the repository is simulated as
a point (line) sink in the model. Several degrees of approximation for the magma sink could be
envisioned, ranging from a constant rate to a time-varying rate accounting for the progressive
filling of the drifts. The main objective of this analysis would be to ascertain whether it is likely
that the repository could be filled before the dike breaks at the surface.

Response-The conditions of dike propagation once the magma reaches the
repository have been analyzed and will be presented in the Dike/Dri Interactions
Model Report. Dike propagation model analyses that have been completed show
that the higher thermal stresses help create a smaller tip zone and also stabilize the
fracture so that the instability occurs at much shallower depths. As a result of that
modeling, additional analyses have been conducted to assess the effect of magma
loss on dike propagation. These models have shown that the magma front moves
more slowly than the crack tip and that the magma front will propagate upward
very little until the intersected drifts are filled; however, the crack tip is much less
affected and will quickly propagate to the surface. Magma then will continue to
move upward toward the surface. In addition, modeling of magma that intersects
the repository and flows down the intersected drifts indicates that, if magma
intrudes into joints that intersect the drifts, it will stop because the magma cools
faster than the joint can open to accommodate a through-going dike. These
results are being documented in the Dike/Drift Interactions Model Report.

If any natural analogs are identified that show basaltic magma intersecting an
open cavity (e.g., a lava tube, karstic cavern) and that relationship of interaction,
the Project will evaluate the need to study these analogs. The evaluation to
proceed with studies would be based on the importance of information gained
from these analogs for enhancing the technical basis.

2.3.3 Comment 3.3: (Section 3.5.3, Nature of the Magma Flow Erupting into the Drift)

ICPR Statement-The consequences of a gas-rich and a gas-poor magma flowing into the drifs
have been discussed in this report. Improved dike models that take into account gas bleed-off
into the host rock above the fragmentation front, could provide improved limits on the gas
content of the magma entering the drift as a function of time. However, it is not clear at this
point in time what the precise additional ingredients are that would have to be considered in the
dike models and, thus, what efforts would be needed to carry out such exercise. Nonetheless, any
knowledge that would be gainedfrom such modeling exercises wouldfurther limit the nature of
flow during filling of the repository.

Response-The critical component of this interaction is the exsolution of the
volatile component from the magma as the pressure drops. Analysis of this will
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be addressed with the multi-phase CFDLib model that was discussed earlier in
response to Summary Comment 3. Specifically, quantitative assessment of the
rate and type of magma flow into drifts from a rising dike involves several
factors, including:

1) Separation of gas and liquid (and possibly solids suspended in the liquid) with
exchanges of momentum, energy, and mass

2) Non-equilibrium effects (mechanically, thermally, and compositionally)

3) Variability of important parameters (viscosity, surface tension, multi-species
solubility, and species diffusivity) with temperature, pressure, and
composition.

2.3.4 Comment 3.4: (Section 3.5A, Magma Flow into the Repository and the Dog-Leg
Scenario - Pyroclastic Flow)

ICPR Statement-Evaluating the consequences of the pyroclastic eruption of a gas-rich magma
into the drifts will require carrying out numerical simulations, using a 2-D (axisymmetric)
computationalfluid-mechanics code, that include magma compressibility and gas exsolution in
the calculations.

Instead of the uniform dike pressure/thickness initial condition adopted by Woods et al. (2002),
these new simulations should be performed using dike pressure/thickness profiles that are
generally consistent with those predicted from 2-D dike propagation models. One approach
would be to couple the two computational models (dike propagation and pyroclastic flow into a
drift) in such a way that there is continuity of the pressure andflux from the dike into the drift at
the drift/dike intersection (while recognizing the need for some patching" in view of the
different 2-D natures of the two models). A simpler approach would be to advect past the drift
opening, at the dike propagation velocity, the thickness/pressure profile of the dike computed in
the absence of a repository. More complete numerical calculations can be conducted to capture
the 2-D (sic 3-D?) nature of the flow field in the dike as the drifts fill. The consequence of
implementing more realistic initial! boundary conditions at the dike/drift intersection would be a
much more gradual pressurization of the drift than in the calculations of Woods et al. (2002),
because of the low pressure and the narrow aperture near the dike tip. Other processes that
should be included, relative to the Woods et al. (2002) calculations, are (1) gas loss by diffusion
out of the drift and (2) the disruptive effect of the canisters and other material in the drift on an
idealized "shock tube" geometry. Thought should be given to the possibility of laboratory or
numerical experiments designed to assess whether the intrinsic permeability of the host rock can
be greatly reduced by infiltration offine pyroclastic debris.

This series of computations would be directed at predicting the evolution of the pressure feld in
the drifts, as part of the information needed to evaluate the possibility of a surface eruption via a
secondary dike. (Another objective of the calculations is to compute the hydrodynamic forces
acting on the canisters, as discussed in Chapter 4)
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More calculations of choked flow during violent Strombolian eruptions can be carried out to
determine if pressures at 300 m are large enough to exceed even modest additions of thermal
stress.

Response-The approaches to fu-ther refine the time-dependence of flow from a
dike into a drift, outlined in the comment could lend additional confidence to the
Project's conceptual and quantitative understanding of dike/drift interaction. The
comment refers to a one-way coupling of 1- or 2-D calculations of dike thickness,
pressure, and magma flux to a 2-D or 3-D model of multiphase flow in a drift.
The multiphase flow analysis requires 3-D calculations (i.e., there is no radial or
planar symmetry, taking into account gravitational forces that strongly influence
multiphase processes). 3-D calculations require implementation of a fluid
dynamics code on a parallel, processing platform in order to conduct a useful
number of "numerical experiments" in a reasonable time frame. Allowance for
leakage of gases into the host rock during dike/drift interaction can also be
included as part of a single complex calculation. With the development of
CFDLib and a compressible-hydrofracture code this comment will be addressed.

2.4 SUMMARY COMMENT 4: (CHAPTER 5.4)-More sophisticated software and
modeling will be necessary to quantify effects of dike propagation

ICPR Statement- "Hand calculations" will not suffice for obtaining useful quantitative results
from the models recommended in 3 (a-d) above. Suitable CFD and geotechnical software, using
either commercially available codes or special-purpose codes (available to consultants or at
National Laboratories) could be customized to quantify these models within a year. We note that
a degree of idealization is always required when converting a general mathematical model into a
well-posed numerical problem using particular algorithms. Therefore, we recommend that such
work be planned under a single manager to ensure close collaboration between modelers,
numerical experts and Earth scientists.

Response-The work to support this comment is similar to that described in
Summary Comment 3.

2.5 SUMMARY COMMENT 5: (CHAPTER 5.5)-The assumptions and abstractions used
as inputs to Total System Performance Assessment (TSPA) for evaluating impacts on
the engineered barrier system from an igneous event are overly conservative

ICPR Statement-Significant large-scale dispersal of tephra will be dominated by violent
Strombolian phases of the eruption. The key issues are the number of canisters affected by the
erupting mixture, the extent to which these canisters are disrupted and the consequential
distribution of particle size of the high-level waste that is then dispersed aerially. Although this
problem involves engineering topics outside our specialty, our knowledge of volcanic processes
incline us to believe that the assumptions made in the published TSPA (namely, that the contents
of all canisters within or closer than 3 canister lengths to conduits will be converted to small
particles and widely dispersed) is overly conservative. The probability that a violent erupting
mixture could follow dog-leg conduits, thus potentially entraining a larger number of canisters,
is, in our opinion, small and is more than offset by the level of conservatism built into the

BOOOOOOOO-01717-5700-00042 REV 00, ICN 1 8 November 2003



existing estimates. (Further discussions of magma/waste package interactions are captured in
Sections 4.3.1 and .2, pages 65 and 67.)

Project Response- Only those waste packages intersected by the volcanic conduit
(vent) are affected and the median number of waste packages intersected by the
conduit is five. The integrity of the waste packages adjacent to the conduit is not
affected.

The CFDLib code will calculate mechanical and thermal loads on waste packages
from multiphase flow for a variety of viscosities representing variations of magma
composition, temperature, crystallinity, and bubble content. Direct calculations of
drag forces and dynamic pressure will be conducted with the 3-D model for
multiphase magma flow in drifts as described in the response to Comment 3.4.
These analyses would provide a basis for additional studies related to magma
drainback into the conduit, subsequent conduit eruptions, and waste package
response during an eruption.

2.6 SUMMARY COMMENT 6: (CHAPTER 5.6)-Quantifying the probability of a "dog-
leg" scenario remains an issue; however, additional work related to addressing
uncertainties discussed in Comments 3 and 4 will provide a basis for quantifying this
scenario

ICPR Statement-The Panel has not been able to quantify the probability of a dog-leg conduit in
any rigorous fashion, nor its effect on canisters. The opinion expressed in 5 above was arrived
at by combining our separate independent views of where the upper limits would lie. We
recommend that any results obtained by following recommendations 3(a)-(d) and 4 be applied to
obtaining time-dependent material and pressure fields within invaded drifts with the aim of
reducing the uncertainties we now face. (Additional discussions and comments on this concern
are expressed in Section 3.4.3.2, page 54, and Section 4.7, page 74.)

Response-The "dog-leg" scenario has been analyzed in the Dike/drift Interactions
Model Report using simple analytical techniques. No plausible scenarios have
been found to date that lead to the formation of a secondary dike emanating from
a magma-filled drift. Specifically, analysis of heat loss in newly forming magma-
filled cracks (1 and 3 mm in width) in cold rock shows that such cracks will be
unable to grow to any appreciable width and sustain a dike before the dike is
halted by magma solidification. Additional work addressing this comment is
described in the response to Summary Comment 3.

2.7 SUMMARY COMMENT 7: (CHAPTER 5.7)-Additional laboratory experiments and
analyses will reduce uncertainties related to:

* Transition between bubbly magma and gas-filled cavity
* Chemical/mechanical effects on waste packages
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ICPR Statement-Experimental studies could play a role in resolving various uncertainties.
These would have to refer to laboratory-scale processes or to processes where scaling laws
could be relied upon. Candidates for consideration are:

(a) transition region from bubbly magma to a gas-filled cavity near a magma front in a
dikeflow or near the corresponding nose in a drift flow; and

(b) chemical and mechanical effects of basaltic magma on canisters in drift and conduit
flows.

We recommend that (b) be carried out as a priority, because of its direct impact on TSPA
estimates, but that (a) be restricted to accelerating existing work or commissioning new work at
those centers that are already carrying out related work on model systems easily handled in a
laboratory. (Also see related comments in Section 4.3.3, pages 68 and 69.)

Response-Any experimental studies would be confirmatory.

(a) Experiments of the type described by the ICPR could contribute to
enhancing confidence in the understanding of the multi-phase flow models
of gas/vapor exsolution as described in several of the preceding
comments. However, no work is planned to conduct experiments of this
kind.

(b) For TSPA, it is assumed that all waste packages that come into contact
with magma are fully compromised. This is a very conservative
assumption that bounds the uncertainty in chemical and mechanical effects
of magma on waste packages.

2.8 SUMMARY COMMENT 8: (CHAPTER 5.8)-Consider repository design
modifications to minimize impacts of igneous events

ICPR Statement-Repository design and operation play a significant and possibly critical role in
determining the extent and effects of igneous intrusion into the repository drifts containing
canisters. Although such considerations were not part of our original brief, we suggest that the
following design elements be considered or reconsidered in light of ourfindings:

(a) orientation of drifts to minimize the number statistically intersected by rising dikes;

(b) diameter and spacing of drifts to increase the chance of continued rise of planar dikes to
surface;

(c) separation and fixing (to one another as well as to the floor) of canisters to reduce the
chance of movement when magma flows into drifts and, hence, of damage to them;

(d) introduction of bulkheads suitably spaced along drifts to minimize magma flow into drifts
and reduce the length ofpossible dog-legs;
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(e) backfilling of drifts after the cooling-off period to further minimize magma-canister
interactions; and

(I the possible redesign of canister exteriors to make them more resistant to damage by
flowing magma, if such can be accomplished without otherwise sacrificing their integrity.

Response-Analyses have been conducted to assess the viability of engineered
systems for impeding magma flow in drifts, including bulkheads and backfill.
Questions considered include:

1. What characteristics would be necessary for backfill to be an effective
block to magma flow (e.g., compaction properties, allowable gap
between drift crown and top of backfill)?

2. What are the first-order effects of such engineered features on overall
repository performance (i.e., is there a balance between reducing igneous
consequences and altering geochemical environments around waste
packages)?

These analyses allow a rough assessment of the cost and benefits of various
engineering options. Preliminary analyses indicate that engineered backfill will
contain the magma within the dike-intersected drifts. For example, the Project is
currently considering the design for a backfill notch (limited to the inside of the
turnout from the main access to the emplacement drift) that would contain the
magma in the emplacement drift intersected by the dike (Dike/drift Interaction
Modeling Report). The solution includes the particular size distribution of the
rock used for the backfill and possibly blasting a portion of the drift roof to assure
backfill extends above the height of the drift. Some concepts, such as diversion
drifts beneath the repository, can be screened out based on simple arguments
(e.g., since volume of available magma would greatly exceed any practical
volume of diversion drifts, such a concept probably does not need further
consideration).

2.9 SUMMARY COMMENT 9: (CHAPTER 4.6)-Consider comparing predictions of
ashplume using a fixed set of known eruption and meteorological parameters with the
ashfall and rams/hypact models

ICPR Statement-Since the Jarzemba (1997) study, there has been continued study of methods to
forecast ash transport and fallout with application to recent eruptions. In particular, ash
dispersal following three volcanic eruptions in 1995 and 1996 of Ruapehu volcano in New
Zealand has been studied in considerable detail using the model ASHFALL. These eruptions
raised ash to heights IO kn above sea level. When the forecast wind direction was correct,
predictions from ASHFALL proved accurate within a factor of two of measured ash surface
loadings. In order to evaluate accuracy of ASHPLUME isopachs, a study should be made
comparing predictions of ASHPLUME, ASHFALL and RAMS/IYPACT for a fixed set of
eruption and meteorological parameters. This would provide an independent measure of the
accuracy ofASHPLUME, which is currently used in the TSPA.
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Response-Alternative models/codes will be acquired and implemented using a
common set of input parameter values to make comparisons with ASHPLUME
outputs. This work will enhance the technical basis for modeling the ash plume
from a volcanic eruption.

2.10 SUMMARY COMMENT 10: (CHAPTER 4.7)-Plan future work related to
addressing uncertainties related to impacts on the engineered barrier with input from
both materials and underground design

ICPR Statement-The objective offurther work should be to reduce the uncertainty. As a guide
for further work; we offer our own estimates of the order of magnitude uncertainty in some key
numerical parameters (Table 4-2). Observations of conduit diameter, ash dispersal, and the
fraction of violent Strombolian products ejected in cinder-cone eruptions constrain the
uncertainty in the second, fifth, and sixth parameters in this table to an order of magnitude or
less. Regarding the first parameter, we accept the conservative assumption that an intrusion that
reaches the repository will have a >10% probability of erupting. Ironically, the two parameters
that appear most poorly constrained are those that we feel least qualified to evaluate: the
fraction of waste that escapes from entrained canisters, and the average grain size of erupted
waste. The former conceivably could be two orders of magnitude less than the 100% assumed in
the TSPA-SR. The latter could also be two orders of magnitude larger than the TSPA median
value of 15 m. (he size of waste pellets is about 1J 2 m.) The uncertainty in these
parameters is likely to be reduced only by experiments that are carefully designed by both
volcanologists and engineers familiar with waste canister and waste form materials.

Response-The assumptions that are currently made about waste form response to
magma are conservative to compensate for a general lack of knowledge about
how nuclear waste might behave in a magmatic environment. Any future work in
this area would be confirmatory.

2.11 SUMMARY COMMENT 11: (CHAPTER 4.3)-Consider further studies to constrain
conduit geometry

ICPR Statement-The TSPA-SR assumes conduit diameters range from 15 m to 150 m (mode =

50) and conservatively assumes that each conduit will be centered along a drift (CRWMS M&O
2001, p. 41). This range of diameters is based on sparse observations of ancient, eroded basaltic
conduits (e.g., WoldeGabriel et al., 1999) and xenolith studies of historical eruptive deposits
(Doubik and Hill, 1999). We encourage more field observations of eroded conduits that can
constrain diameter. Numerical models (Table 4-1) suggest that mass flow rates commensurate
with violent Strombolian activity (105 kg/s to 106 kg/s) can be delivered through a conduit I m to
6 m in diameter. The fact that many basaltic conduits observed in the field have greater
diameters suggests that only a small fraction of the cross-sectional area may be active during
such eruptive phases. Large conduits likely grow by repetitive episodes of erosion, collapse and
repeated expulsion of wall rock, and rock magma freezing, perhaps during prolonged eruptions.

Response-The Project agrees that a survey of eroded conduits of analogous
volcanoes could reduce the uncertainty of the conduit diameter distribution used
in TSPA. Additional field studies may provide information to determine if an
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entire conduit was simultaneously active or whether only a small portion was
active at any given time, as alluded to in the ICPR comment. Most eroded
conduits exposed in the western United States fed volcanic eruptions of larger
volume than the small volume (<0.1 in3 ) eruptions characteristic of Quaternary
volcanism near Yucca Mountain. Because larger eruption volume and duration
may significantly impact the final size of the subsurface conduit, it is important to
assess whether the entire diameter of analog conduits is appropriate for inclusion
in the conduit diameter distribution used in the TSPA. Additional field studies to
address conduit diameter will be carried out in 2004; however, the median values
used for conduit diameter in TSPA are sufficiently conservative to bound the
associated uncertainties.

In addition the field studies will address the width of conduits at depth and the
process of conduit formation, i.e., does the conduit grow in diameter from the
feeder dike or from the top (vent) down to the feeder dike. For the TSPA, the
Project has assumed that the conduit extends to repository depths and maintains a
constant diameter. In reality, the conduit may taper to a smaller diameter with
depth or may not extend to repository depths. Depending on the results of the
field studies discussed above, it may be appropriate to drill the Lathrop Wells
conduit in an attempt to gain information on conduit geometry at the repository
level (300 m below cone). The feasibility of such an endeavor with respect to the
ability to slant drill and encounter the feed dike and what would be gained by
doing this versus the expense must first be evaluated. This evaluation will be
completed at the end of the field investigations of analog conduit diameter.
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